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DISSERTATION ABSTRACT 
 
Kaitlyn G. DiMarco 

Doctor of Philosophy in Human Physiology 

The Examination of Inflammation, Iron Availability, and Patent Foramen Ovale as Factors 

that Influence Variability in Erythropoietin, Hemoglobin Mass, and Pulmonary Vascular 

Tone 

 Individual variability in the cardiopulmonary system is often ignored in favor of focusing 

on group or treatment means. Erythropoietin (EPO) concentrations in response to renal 

hypoxemia, sea level hemoglobin (Hb) mass (Hb mass), and pulmonary vascular pressure 

changes in response to environmental stimuli are known to be markedly varied among 

individuals, yet very little research examines factors that may be responsible for that variability. 

Iron availability, immune system activity, and the presence or absence of a patent foramen ovale 

(PFO) are all factors that may play a modulatory role in EPO regulation, Hb mass, and 

pulmonary vascular tone regulation, yet our understanding of these factors in humans is largely 

unknown.  

 In Chapter IV, we demonstrate that carbon monoxide (CO) inhalation (COi) and hot 

water immersion (HWI) independently and in combination (COi + HWI) increased EPO 

concentration to the same degree. Importantly, the increase in EPO was driven by females. 

Baseline iron availability and inflammatory cytokine concentrations did not predict EPO 

concentration in response to COi or HWI. This study emphasizes the need for future studies to 

examine mechanisms underlying sex differences in EPO concentrations in response to COi and 

HWI.  
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 In Chapter V, we show that some inflammatory cytokine concentrations and white blood 

cell counts moderately predicted Hb mass, but iron availability was the strongest predictor of Hb 

mass. The presence of a PFO did not alter Hb mass, although we do report lower ferritin in males 

with a PFO compared to males without a PFO. This study provides novel information that will 

provide direction to future research looking to utilize interventions aimed to alter Hb mass.  

 Lastly, in Chapter VI, we demonstrated that SCUBA dives not requiring decompression 

on the ascent do not increase pulmonary pressure or resistance. However, some cytokine 

concentrations increased post SCUBA diving, so future research should examine the role of 

inflammatory cytokines in modulating pulmonary pressure during SCUBA dives requiring 

decompression that elicit increases in pulmonary pressure and resistance.  

 This dissertation includes previously unpublished co-authored material.   
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CHAPTER I 

This dissertation contains previously unpublished co-authored material. Chapters I, II, III, 

and VII, and VIII do not contain co-authored material and are written entirely by me with 

editorial assistance solely from my dissertation committee. Chapters IV, V, and VI contain co-

authored material. Co-authors are listed at the beginning of each applicable chapter and include 

Karleigh E. Bradbury, Aaron W. Betts, Tyler Kelly, Emma R. Matsell, Natasha E. Weiser, 

Margaret M.B. Grivette, Dr. Christopher L. Chapman, Kathryn M. Lucernoni, Samantha Chacon, 

Dr. John R. Halliwill, Dr. Christopher T. Minson, Elizabeth A. Gideon, Dr. John W. Duke, Joel 

E. Futral, Dr. Rachel N. Lord, Dr. Otto Barak, Dr. Justin Edward, Dr. Ivan Drvis, Dr. Igor 

Glavičić, Ivana Miloš, Dr. Željko Dujić, and Dr. Andrew T. Lovering.  

INTRODUCTION 

The primary function of the cardiopulmonary system is to facilitate transport of gases, 

nutrients, and cells through movement of blood. The pulmonary arterial circulation delivers low 

oxygenated blood to the lungs. At the lungs, oxygen diffuses into the blood and binds to Hb in 

red blood cells and dissolves in plasma, while carbon dioxide diffuses out of the blood to be 

exhaled. Once blood returns to the left side of the heart, the systemic circulation delivers 

oxygenated blood to organs and tissues.  

Blood is composed of plasma, red blood cells, white blood cells, and platelets. Plasma 

contains various proteins and ions and makes up approximately 54-59% of blood. Red blood 

cells are crucial for oxygen transport and make up approximately 40-45% of blood at sea level, 

and white blood cells regulate the immune response and make up approximately 1% of blood. 

Platelets are involved in the clotting process and make up a minute amount of the total blood 

volume. 
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Red blood cells are denucleated cells that functionally consist of Hb and cytoplasm. Hb is 

a protein that is composed of four subunits surrounding an iron molecule and is required for 

oxygen transport in the blood, but Hb can also bind other gases like CO, which will outcompete 

oxygen for Hb binding. Red blood cells are regulated by the protein EPO such that EPO is 

maintained at low concentrations at sea level to maintain red blood cell mass, also called Hb 

mass, in the face of red blood cell turnover. EPO is produced mainly by the kidney in adult 

humans, and when oxygen delivery to the kidney is compromised, significant increases in 

circulating EPO occur to increase Hb mass and restore oxygen delivery. Most research on EPO 

has examined EPO concentrations in response to normobaric or hypobaric hypoxia (Abbrecht & 

Littell, 1972; Milledge & Cotes, 1985; Berglund et al., 2002; Ge et al., 2002; Wojan et al., 

2021), but pertinent to this dissertation, there is growing interest in the use of COi and whole 

body heat stress as ways to stimulate EPO, increase Hb mass, and thereby increase aerobic 

exercise performance (Lorenzo et al., 2010; Ryan et al., 2016; Wang et al., 2019a; Oberholzer et 

al., 2019; Schmidt et al., 2020; Rønnestad et al., 2021, 2022).  

The pulmonary and systemic circulatory systems are differently regulated. Regulation of 

the pulmonary circulation is largely passive and involves minimal neural control, unlike its 

systemic circulation counterpart. However, there are situations in which pulmonary vascular tone 

is actively regulated, most notably during hypoxic pulmonary vasoconstriction (HPV), which 

occurs when there are reductions in pulmonary arterial and alveolar oxygen tension. When 

alveolar hypoxia occurs globally, such as would occur at high altitude, increases in pulmonary 

vascular resistance and pressure occur due to the global vasoconstriction of the pulmonary 

arterioles. Importantly for this dissertation, SCUBA diving also results in an increased 

pulmonary pressure post-dive (Dujić et al., 2006; Marabotti et al., 2013), although the 
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mechanisms causing this increased pulmonary arterial pressure are unclear given that SCUBA 

diving while breathing air results in alveolar and arterial hyperoxia and not hypoxia.  

A key aspect of the regulation of EPO concentration, Hb mass, and pulmonary vascular 

tone is the large degree of individual variability. The current understanding is that changes in 

circulating EPO concentration, sea level Hb mass, and pulmonary pressure changes are solely 

dependent on the stimulus; however, at a given stimulus there is still a notable degree of 

variability in these responses and baseline values in humans (Ge et al., 2002; Swenson, 2013; 

Falz et al., 2019; Oberholzer et al., 2019; Rønnestad et al., 2021, 2022; Skattebo & Hallén, 

2022). The goal of this dissertation was to examine the potential roles of various immune system 

components, iron status parameters, and a PFO on these cardiopulmonary variables in females 

and males to determine if these factors modulate the cardiopulmonary system and help to explain 

inter-individual variability.  

Despite comprising only 1% of total blood volume, white blood cells swiftly and 

effectively mount a strong response to foreign pathogens through the release of proteins called 

cytokines, which regulate immune cell recruitment, proliferation, and differentiation as well as 

other immune responses such as the fever response and inflammation. Inflammatory cytokines 

can negatively regulate EPO concentration in response to hypoxia (Fandrey & Jelkmann, 1991; 

Faquin et al., 1992; La Ferla et al., 2002), but no studies to date have examined this response in 

healthy humans or if cytokines negatively regulate EPO in response to COi or acute heat stress. 

Cytokines and white blood cells can also negatively regulate red blood cells independent of their 

effect on EPO (Fraenkel, 2017; Weiss et al., 2019; Ganz, 2019), but similar to EPO, this 

relationship has not been well studied in healthy humans. Lastly, inflammatory cytokines have 

been shown to augment pulmonary vasoconstriction (Tsai et al., 2004). Importantly, SCUBA 
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diving is a non-pathogenic situation in which inflammatory cytokine concentrations increase 

(Žarak et al., 2021; Rocco et al., 2021), but no studies to date have examined whether there is a 

modulatory role of inflammatory cytokines in pulmonary vascular tone regulation post-SCUBA 

diving.  

Iron status, which we define as a combination of total blood iron, ferritin, and transferrin 

concentrations, is an important factor in regulating red blood cell production and development. 

Since Hb is a ferric protein, iron is crucial to the formation of red blood cells. Additionally, low 

intracellular iron has been shown to suppress HIF-2a, the primary transcription factor required 

for the increase in EPO concentration (Haase, 2013). Therefore, understanding iron status may 

help explain variability in EPO and Hb mass regulation.  

Lastly, a foramen ovale is a right-to-left shunt present in all fetuses that functionally 

closes upon birth. When the infant begins to breathe, alveolar oxygen increases and the 

pulmonary vascular resistance subsequently decreases such that the pressure in the left atrium 

exceeds that in the right atrium, favoring functional closure of the foramen ovale. The foramen 

will anatomically close over time in the majority of infants but remains open in approximately 

25-40% of the population (Hagen et al., 1984; Marriott et al., 2013; Elliott et al., 2013), which is 

termed a PFO. Despite the PFO being a source of shunt, the presence of a PFO alone does not 

cause a significant degree of arterial hypoxemia (Lovering et al., 2011; Duke et al., 2020) that 

could result in a compensatory erythropoietic response or HPV. However, it is possible that the 

presence of a PFO alters expression of inflammatory cytokines, white blood cells, or iron status 

parameters. Data suggests a link between the presence of a PFO, iron deficiency, and increased 

stroke risk (Shovlin, 2014; Topiwala et al., 2021), although this has not been confirmed, and no 
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data exists on whether the presence of a PFO alters the expression of various immune system 

components.  

Accordingly, the overarching purpose of this dissertation was to examine factors that 

modulate EPO regulation, sea level Hb mass, and pulmonary vascular tone regulation, and in 

doing so, explain the individual variability in these responses (EPO and pulmonary pressure) and 

baseline values (Hb mass). The first objective addressed in Chapter IV was to examine EPO 

concentrations in response to COi, HWI, and COi + HWI in females and males. In addition, we 

wanted to determine what additional factors may explain the variability in EPO concentrations, 

including baseline inflammatory cytokine concentrations and baseline iron status. The second 

objective, addressed in Chapter V, was to quantify the associations of immune system 

components (white blood cell counts and cytokine concentrations), iron status parameters, and 

the presence or absence of a PFO on Hb mass in females and males. Lastly, the third objective, 

addressed in Chapter VI, was to determine whether two different depth and time SCUBA dive 

profiles increased pulmonary pressure and resistance. In addition, we wanted to quantify 

inflammatory cytokine concentrations pre- and post-SCUBA diving and determine the role of 

cytokines, nitric oxide (NO), and the presence of a PFO in modulating pulmonary pressure post-

SCUBA diving.  

HISTORICAL PERSPECTIVE 

 Cardiopulmonary physiology has a colorful history characterized by failure to accept new 

ideas. Many of these inaccuracies persisted for centuries, and much of our current understanding 

of cardiopulmonary physiology has only been elucidated in the last 150 years. These recounted 

stories are taken from various works of Dr. John West (West, 2011, 2015; West et al., 2013) and 

Dr. Andrew Lumb (Lumb, 2005).  
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These pertinent histories begin as far back as ancient Greece with Claudius Galen, a 

Gladiator physician in the second century AD. He was the first documented scientist to describe 

the existence of the PFO. However, one of his most prominent ideas is also his most problematic. 

He believed that blood was made in the liver and from there traveled to the right side of the 

heart. He incorrectly believed that only some of the blood then traveled to the lungs, while most 

of the blood flowed through pores in the interventricular septum. The blood in the lungs was 

mixed with “pneuma” from the trachea and converted into a “vital spirit” in the heart, where it 

mixed with blood that traveled through the interventricular pores. “Galen’s pores” as they would 

come to be called, persisted as the accepted reality of the cardiopulmonary system for nearly 

1400 years, despite no scientist being able to find them.  

 In the 13th century AD, an Islamic scientist named Ibn Al Nafis directly refuted Galen’s 

ideas. He found that there were no pores in the interventricular septum and therefore all blood 

flows through the lungs where it mixes with air. However, his ideas were largely ignored, 

allowing Galen’s ideas to persist for a few hundred more years. Michael Servetus, a western 

physiologist who was apparently unaware of Ibn Al Nafis’ work, supported Al Nafis’ ideas that 

there are no interventricular pores in the heart. In addition, Servetus is credited with discovering 

that blood can change color when it passes through the heart, although he was unaware that 

oxygen was responsible for this color change. Unfortunately, Servetus was deemed a heretic, and 

he and his books were burned at the stake. Finally, in 1616, William Harvey published his 

findings that blood circulates continuously throughout the body and lungs. He is also credited 

with discovering the “lesser” and “greater” circulations, which we know as the pulmonary and 

systemic circulations, respectively.  
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 The next sequence of stories recounts those individuals who discovered that oxygen was 

actually the “vital spirit” or “pneuma” that was crucial to life. In a set of rather gruesome 

experiments, in the 17th century, Robert Boyle, Richard Lower, John Mayow, and Robert Hooke 

experimented with vacuums and discovered that flames were extinguished, and animals could 

not survive. Lower also discovered that the color change in blood due to gases occurs in the 

lungs and not the heart. Then, in the 18th century, the theory of phlogiston emerged (phlogiston is 

defined as the part of air that combusts). During this time, Joseph black is credited with the 

discovery of carbon dioxide. Later, Joseph Priestly performed a set of experiments in which he 

burned mercuric oxide and noticed that mice thrived breathing this gas, further supporting the 

idea that there is a component of air that is vital to life. Carl Scheele supported the ideas of 

Priestly and discovered what he called “fire air”. Finally, Lavoisier, a French scientist, 

discovered the actual chemical element of oxygen in 1777. He also correctly described the 

process of oxygen entering the lungs, carbon dioxide being expired by the lungs, and nitrogen as 

a passive medium that enters and exits the lungs without being consumed.   

 After John Dalton published his law of partial pressures in the 19th century (Dalton, 

1826), Gustav Magnus discovered that oxygen and carbon dioxide could be dissolved in blood. 

Importantly, Lothar Meyer then discovered that oxygen binds to Hb in the blood and is not just 

transported by being dissolved. Later, in the mid-1800s, Hüfner found that Hb has a binding 

affinity of 1.34 mL oxygen per gram of Hb. Hüfner is the first to describe the association 

between oxygen tension and Hb saturation, but his oxyhemoglobin curve was not the sigmoidal 

relationship we know today.  

At this point in history, scientists had discovered and/or correctly described the 

cardiopulmonary anatomy and the gases that are important in respiration, as well as how those 
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gases are transported in the blood. Next are the stories of those that studied the process of gas 

exchange at the lung. In the late 1800s, Christian Bohr published his oxygen secretion theory. 

His idea was that the lung actively secreted oxygen into the blood since his experiments showed 

that the oxygen tension of blood was higher than in the air. However, despite this incorrect 

theory of oxygen secretion, Bohr is credited with discovering the sigmoidal oxyhemoglobin 

dissociation curve. Haldane, a prominent respiratory and altitude physiologist at the time, was a 

staunch supporter of Bohr’s ideas. However, one of Bohr’s pupils, August Krogh, and Krogh’s 

wife, Marie, refuted Bohr’s oxygen secretion ideas and showed that oxygen passively diffuses 

from the lungs into the blood. August discovered that arterial oxygen tension was less than that 

of air, while his wife Marie investigated the diffusing capacity of the lung and created a 

technique we still use today – using CO to measure lung diffusing capacity. Marie and August 

Krogh conducted their work in the early 20th century, so it is surprisingly recent that we came to 

discover one of the most fundamental aspects of respiratory physiology.  

In the late 19th century, Viault discovered that reduced arterial oxygen content (CaO2) 

would stimulate erythropoiesis. Then, in 1911, Haldane led an altitude research expedition to 

Pikes Peak at 4300m. Despite his prevailing oxygen secretion ideas, he is credited with showing 

polycythemia with extended altitude exposure. It was not until decades later though that the 

mechanisms of this response and many of the other hypoxic responses would be discovered. In 

1991, Dr. Gregg L. Semenza discovered hypoxia inducible factors, and he would go on to win 

the Nobel Prize in Physiology or Medicine in 2019 for his work in this area along with Peter J. 

Ratcliffe and William G. Kaelin. Importantly, his discovery of HIF occurred while studying the 

EPO gene (Semenza et al., 1991). Human EPO was first isolated only a few years prior in 1977 

(Miyake et al., 1977; Kalantar-Zadeh, 2017).  
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 Also in the 20th century was the discovery of hypoxic pulmonary vasoconstriction. Von 

Euler and Liljestrand demonstrated an increase in pulmonary pressure in cats ventilated with low 

oxygen in 1946 (Euler & Liljestrand, 1946). The first demonstration of HPV in humans occurred 

the year after by Motley (Motley et al., 1947).  

Overall, the stories above point to a long history of prevailing inaccuracies from leaders 

in the field, even amongst those with successful discoveries. Given the relatively recent 

discovery of much of what we know to be true in cardiopulmonary physiology, it is perhaps 

unsurprising that we have yet to fully examine modulators of these responses and individual 

variability. This history was provided to show that there are still many gaps in our understanding 

of cardiopulmonary physiology, particularly when working with intact humans.  

BACKGROUND AND SIGNIFICANCE  

Red blood cell and EPO regulation 

Red blood cell production is largely regulated by the protein EPO. Baseline EPO 

production is important for the maintenance of Hb mass in the face of normal red blood cell 

turnover, and increased EPO production is crucial to the formation of new red blood cells 

(Jelkmann, 2011). EPO production is increased when oxygen delivery to the kidney is 

compromised. Oxygen sensitive renal cells, called renal fibroblasts, sense reduced oxygen 

delivery and respond by increasing EPO protein concentration (Jelkmann, 2011). The kidney is 

the primary site of EPO production, although the liver can also produce EPO (Haase, 2013). 

Oxygen delivery to the kidney can be reduced in numerous ways that target either renal 

perfusion and/or CaO2. More recently in the world of performance physiology, there is increased 

interest in using CO and whole body heat stress to stimulate EPO, increase Hb mass, and 
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increase aerobic exercise performance (Lorenzo et al., 2010; Ryan et al., 2016; Wang et al., 

2019a; Oberholzer et al., 2019; Schmidt et al., 2020; Rønnestad et al., 2021, 2022).  

EPO is directly downstream of hypoxia inducible factor (HIF) pathways. HIFs are 

composed of an alpha and beta subunit, both of which are constitutively expressed. However, in 

the presence of oxygen, prolyl hydroxylases tag the alpha subunit for proteasomal degradation 

and render the HIF inactive. With hypoxia, prolyl hydroxylases are inhibited, allowing the HIF 

alpha and beta subunits to dimerize and act as transcription factors for numerous downstream 

targets. There are three alpha subunits of HIF currently known – 1, 2, and 3. EPO is primarily 

downstream of HIF-2a, which is also known as endothelial per-arnt-sim domain-containing 

protein 1 (EPAS1) (Jelkmann, 2011; Haase, 2013).  

EPO is involved primarily in promoting the survival and differentiation of the erythroid 

precursors called colony forming units-erythroid (CFU-E) and blast forming units-erythroid 

(BFU-E) (Jelkmann, 2011; Nandakumar et al., 2016; Bhoopalan et al., 2020). These erythroid 

precursors have many surface receptors for EPO, while downstream erythroid precursors express 

fewer and fewer EPO receptors (Broudy et al., 1991). When EPO binds its receptor, it initiates a 

signaling cascade by acting through numerous pathways but acts primarily through Janus Kinase 

2/Signal transducer and activator of transcription 5 (JAK2/STAT5) signaling (Bhoopalan et al., 

2020). The downstream targets of these signaling cascades are numerous and largely involved in 

promoting cell survival by preventing apoptosis as well as providing negative feedback on EPO 

signaling (Bhoopalan et al., 2020).  

 When there is a sustained reduction in renal oxygen delivery, Hb mass will increase 

through the actions of EPO. A notable example of this is during chronic sustained altitude 

exposure. EPO peaks in approximately 48 hours after the onset of hypoxia (Abbrecht & Littell, 
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1972; Milledge & Cotes, 1985; Garvican et al., 2012), while it takes red blood cells 

approximately 1-2 weeks to fully mature and increase Hb mass (Garvican et al., 2012; Ryan et 

al., 2014). This is likely because EPO is involved upstream in the erythropoiesis process, and the 

maturation from CFU-E and BFU-E precursors to reticulocytes to functionally mature red blood 

cells takes days to weeks.  

 While EPO has been studied in both acute and chronic hypobaric and normobaric 

hypoxia (Abbrecht & Littell, 1972; Milledge & Cotes, 1985; Berglund et al., 2002; Ge et al., 

2002), minimal studies have examined the response of EPO to CO (Wang et al., 2019a; Schmidt 

et al., 2020) or acute heat stress (Akerman et al., 2017; Oberholzer et al., 2019). Most studies 

examining hematological responses to heat stress or COi examine chronic changes in Hb mass 

(Ryan et al., 2016; Wang et al., 2019a; Oberholzer et al., 2019; Schmidt et al., 2020; Rønnestad 

et al., 2021, 2022; Lundby et al., 2023). Therefore, there more research needs to be done to 

examine acute mechanisms by which these interventions increase Hb mass. In addition, heat 

stress and COi presumably reduce oxygen delivery to the kidney via two different mechanisms, 

reduced renal perfusion and reduced CaO2, respectively, yet no studies have examined whether 

heat stress and COi provide an additive stimulus for EPO production. Lastly, no studies have 

examined EPO concentrations in both females and males in response to interventions aimed to 

increase EPO concentration, so any sex differences in this response are entirely unknown.   

Pulmonary pressure regulation  

 Pulmonary circulation is notably different from systemic circulation. Despite receiving 

the same cardiac output (Q), the regulation of the pulmonary circulation allows blood pressure to 

be 1/5 of that experienced by systemic circulation. Unlike its systemic counterpart, the 

pulmonary circulation is characterized by much less neural control, and the blood vessels have 
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much less muscle tone. Regulation of pulmonary circulation is therefore a largely passive 

process with blood flow distribution in the lung driven by the architecture of the pulmonary 

vasculature. To maintain pulmonary vascular pressures in the face of increased Q and therefore 

pulmonary blood flow, vessels can passively distend, and more vessels can be recruited to 

receive blood flow.  

 Pulmonary vascular tone can be actively regulated in some contexts, however. The most 

well studied example of this is HPV. As the name implies, during regional lung hypoxia the 

pulmonary arterioles constrict to redirect blood flow to better ventilated areas of the lung and 

thus maintain adequate ventilation/perfusion matching and optimal pulmonary gas exchange 

efficiency. However, when the alveolar hypoxia is global, as would occur at altitude, the global 

vasoconstriction results in an increased pulmonary vascular resistance and therefore an increased 

pulmonary arterial pressure (Swenson, 2013). HPV is primarily sensitive to decreases in alveolar 

oxygen tension but is also sensitive to decreased pulmonary arterial oxygen tension. Venous 

blood with low oxygen returning to the right side of the heart gets pumped to the lungs, and that 

blood can provide an additional, albeit less influential, stimulus for HPV in addition to alveolar 

hypoxia.  

 Interestingly, pulmonary pressure is reportedly elevated following SCUBA diving 

breathing air that requires decompression during the ascent (termed decompression SCUBA 

dives) (Dujić et al., 2006; Marabotti et al., 2013). SCUBA diving while breathing air results in 

hyperoxic lung and blood conditions due to the hyperbaria, which may not be initially expected 

to cause a vasoconstriction. Despite this, there is evidence that hyperoxia can redistribute 

pulmonary blood flow, which suggests that hyperoxia may cause an active redistribution of 

blood flow via a vasoconstriction mechanism (Melsom et al., 1999). However, the increase in 
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pulmonary pressure is presumably due to some degree of sustained vasoconstriction independent 

of hyperoxia, since the response lasts hours after a dive (Marabotti et al., 2013) when any effects 

of hyperoxia and other conditions experienced during a dive would be expected to be negligible. 

Importantly, this has not been confirmed, and whether the mechanisms responsible for the 

increase in pulmonary pressure with SCUBA diving mirror those that cause HPV is unknown. 

Lastly, it is unknown whether non-decompression SCUBA diving increases pulmonary pressure.  

Roles of the immune system, PFO, and iron status on inter-individual variability 

 As the central focus of this dissertation identifies, the cardiopulmonary variables 

described above have a large degree of inter-individual variability. Increases in EPO 

concentration with hypoxia have been shown to vary from -41 to 400% (Ge et al., 2002). While 

some of this response is stimulus driven (i.e., EPO increases to a greater degree at higher 

altitudes (Ge et al., 2002)), at a given stimulus there is a large degree of inter-individual 

variability. Similarly, there is also a wide range of ‘normal’ physiologic values of Hb mass (Falz 

et al., 2019; Goodrich et al., 2020; Skattebo & Hallén, 2022). Even within one sex assigned at 

birth and when normalized to either whole body mass or lean body mass, Hb mass is markedly 

varied (Falz et al., 2019; Goodrich et al., 2020). Lastly, for a given hypoxic stimulus, there is a 

notable degree of variability in HPV (Swenson, 2013). While this dissertation does not directly 

study HPV, the similarities in the outward appearance of HPV and increases in pulmonary 

pressure post SCUBA diving led us to believe that there would be notable variability in the 

SCUBA response as well.  

One potential source of the variability is immune system activity. Data suggest that 

inflammatory cytokines can regulate or modulate pulmonary pressure in response to hypoxia 

(Tsai et al., 2004), red blood cells (Fraenkel, 2017; Weiss et al., 2019; Ganz, 2019), and/or EPO 
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concentrations in response to hypoxia (Fandrey & Jelkmann, 1991; Faquin et al., 1992). 

Additionally, iron is crucial for Hb formation and therefore plays a role in modulating Hb mass 

as well as regulating EPO concentration (Haase, 2013). Low iron availability can inhibit 

increases in EPO to preserve iron stores from being used to make more red blood cells (Haase, 

2013). Therefore, iron status may play a crucial modulatory role in both Hb mass and EPO 

regulation.  

Lastly, despite those with a PFO having the potential to have worse pulmonary gas 

exchange efficiency at rest (Lovering et al., 2011; Duke et al., 2020), under sea level resting 

conditions there is no evidence of arterial hypoxemia in those with a PFO nor any PFO driven 

differences in pulmonary pressure with normobaric hypoxia (Lovering et al., 2011; Duke et al., 

2020; DiMarco et al., 2021). Therefore, the presence of a PFO alone is not expected to alter Hb 

mass or pulmonary pressure regulation post-SCUBA diving due to hypoxemia, but the presence 

of a PFO may influence iron availability (Shovlin, 2014; Topiwala et al., 2021) and/or 

expression of various immune system components and therefore indirectly alter Hb mass and/or 

pulmonary pressure post-SCUBA diving, although this remains unstudied.  

STATEMENT OF PROBLEM  

Historically, in the field of human physiology, individual variability to various 

physiological challenges is not well understood, with the majority of studies aiming to show 

significant differences in group or treatment means. Although cardiopulmonary responses are 

largely driven by their various stimuli, there are likely multiple reasons for the individual 

variability that are not yet appreciated or fully understood. For example, despite a good 

understanding of how altitude stimulates EPO via the HIF pathway, the mechanisms underlying 

the significant variability in EPO concentrations remain poorly understood. In addition, the study 
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of alternate forms of renal hypoxemia on EPO production is still in its infancy, and no studies 

that have examined EPO concentration in response to COi or heat stress have included females. 

Similar to EPO, there is a large degree of variability in Hb mass between individuals. While 

normalizing Hb mass to lean body mass can eliminate some variability (Falz et al., 2019; 

Goodrich et al., 2020), at a given lean body mass there is still an approximate range up to 300 

grams of Hb within the same sex assigned at birth, which can represent roughly 25-60% of an 

individual’s total Hb mass (Goodrich et al., 2020). Lastly, mechanisms behind the post-SCUBA 

diving increase in pulmonary pressure are incompletely understood, and the mechanisms 

explaining the variability in pulmonary vascular tone regulation post-SCUBA diving are 

unknown. A more wholistic approach to understanding how all the integrated systems interact 

may better explain the reasons for the substantial variability in EPO production with renal 

hypoxemia, red blood cell regulation and Hb mass at sea level, and pulmonary pressure changes 

post-SCUBA diving. 

PURPOSE AND HYPOTHESES 

 The primary purpose of this dissertation was to quantify the associations of various 

immune system components, iron status parameters, and the presence of a PFO with 1) 

circulating EPO concentration in response to COi and acute heat stress, 2) Hb mass at sea level, 

and 3) pulmonary pressure regulation post-SCUBA diving. We sought to determine the strength 

of these associations in an effort to better understand the individual variability in these values 

and responses to various environmental stimuli. Each aim had a primary cardiopulmonary 

outcome as well as an additional secondary outcome to reconcile the inter-individual variability 

in the cardiopulmonary outcomes.  
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Aim 1. Quantify serum EPO concentration in response to COi, HWI, and COi + HWI and 

determine if there are sex differences in this response. Quantify the association of these 

changes in EPO concentration with baseline cytokine concentrations and iron status.  

 Despite decades of EPO research, studying the renal response to acute COi and/or acute 

heat stress is in its infancy. Furthermore, no studies have examined the combined effects of these 

interventions on EPO concentration, and no studies have employed these acute interventions in 

females to test whether there are any sex differences in EPO concentrations. Accordingly, the 

extent to which these acute interventions work independently and in combination to increase 

circulating EPO concentration in females and males is unknown. However, the change in EPO 

concentration in response to hypoxia is known to be markedly varied, so in addition to 

characterizing the renal response to the interventions, we sought to examine the influence of iron 

status parameters and serum concentrations of inflammatory cytokine as potential sources of the 

variability in EPO concentration for a given stimulus. We hypothesized that 1) COi + HWI 

would augment increases in serum EPO concentrations, 2) there would be no sex differences in 

EPO in response to these interventions, and 3) those with the highest concentrations of baseline 

inflammatory cytokines and transferrin and lowest concentrations of iron and ferritin would have 

blunted EPO concentrations in response to renal hypoxemia.  

Aim 2. Quantify the influence of immune system components (white blood cell counts and 

cytokine concentrations), iron status parameters, and the presence or absence of a PFO on Hb 

mass in females and males at sea level.  

 Even when Hb mass is normalized to lean body mass, there is still a large degree of 

variability (up to approximately 300grams), even within one sex assigned at birth at a given lean 

body mass (Goodrich et al., 2020). While data support the role of the immune system and iron 
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availability in regulating Hb mass, no studies have examined whether the presence or absence of 

a PFO influences Hb mass and whether it does so indirectly by altering inflammatory cytokine 

concentrations, white blood cell counts, or iron status parameters. Therefore, the association of 

PFO presence or absence with Hb mass and the potential reasons by which this intracardiac 

shunt could explain Hb mass variability is entirely unknown, but data suggests a link between 

PFO presence, iron deficiency, and stroke risk (Shovlin, 2014; Topiwala et al., 2021). 

Accordingly, we measured Hb mass and determined whether there were differences associated 

with various immune system components, iron status parameters, and the presence or absence of 

a PFO. We hypothesized that 1) those with the lowest iron availability, highest inflammatory 

cytokine concentrations, and highest white blood cell counts would have the lowest Hb mass and 

2) those with a PFO would have lower Hb mass, which would be largely driven by those with a 

PFO having lower iron availability.  

Aim 3. Determine whether two non-decompression SCUBA dive profiles increase pulmonary 

pressure and resistance. Examine the influence of NO bioavailability and the presence of a 

PFO on modulating pulmonary pressure post-SCUBA diving. Quantify SCUBA-induced 

changes in cytokine concentrations and determine the association between cytokines and 

pulmonary pressure post-SCUBA diving. 

 Despite decades of research into HPV, there are limited studies examining the pulmonary 

pressure changes in response to SCUBA diving, and none that have investigated the mechanisms 

behind the reported increase in pulmonary pressure in humans. Therefore, we used sildenafil to 

directly increase NO bioavailability to reduce pulmonary pressure post-SCUBA diving. In 

addition, we measured serum concentrations of inflammatory cytokines pre- and post-dive to 

quantify their relationships with pulmonary pressure and determined whether the presence of a 
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PFO altered pulmonary pressure. We hypothesized that 1) there would be an increase in 

pulmonary artery systolic pressure (PASP) and total pulmonary resistance (TPR) with SCUBA 

diving that would be reversed by sildenafil treatment; 2) cytokine concentrations would increase 

post-dive, and those that had the greatest pre- and post-dive concentrations of inflammatory 

cytokines would have the greatest increases in pulmonary pressure post-SCUBA diving; and 3) 

the presence of a PFO would not alter pulmonary pressure.  
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CHAPTER II 

REVIEW OF LITERATURE 

INTRODUCTION 

 This review of literature will begin with a discussion of red blood cell and EPO 

regulation, with particular emphasis on recent studies that examined COi and heat stress. Next 

there will be an exposition on pulmonary pressure regulation, including a deep examination of 

HPV and what little is known about pulmonary vascular tone regulation following SCUBA 

diving. Lastly, there will be a discussion on the three factors that may modulate inter-individual 

variability in these cardiopulmonary variables, including several immune system components, 

iron status parameters, and the PFO.  

RED BLOOD CELL MASS AND REGULATION OF EPO PRODUCTION  

When oxygen delivery is compromised, hypoxia inducible factor (HIF) pathways are 

stimulated. HIFs are composed of two subunits, an alpha and beta subunit. Both subunits are 

constitutively expressed, but under normoxic conditions the alpha subunit is tagged for 

proteasomal degradation, rendering the HIFs inactive. There are 3 known HIF-a variations, and 

HIF-2a is essential to EPO production (Jelkmann, 2011; Haase, 2013). EPO is produced 

primarily by the kidney in adult humans, and when there are reductions in oxygen delivery to the 

kidney, the peritubular fibroblasts in the renal cortex will increase transcription of EPO mRNA 

(Jelkmann, 2011), resulting in increased EPO protein concentration.  

In addition to the kidney, there are extra-renal sites implicated in EPO protein production. 

These sites may either directly produce EPO or modulate EPO production by the kidney. The 

liver is the primary site of EPO production during embryonic development and can contribute to 

adult EPO production (Haase, 2010). However, EPO mRNA has been shown to be expressed in 
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most other tissue types, including the brain, lungs, heart, bone marrow, spleen, and reproductive 

tract (Haase, 2010). In addition, the skin has also been shown to modulate EPO production. 

Chronic hypoxia can be sensed in the epidermis via a HIF-dependent mechanism, and the HIF-

dependent increase in NO will alter skin blood flow, which can modulate EPO production 

(Boutin et al., 2008; Haase, 2010; Nairz et al., 2012). It is important to note that the kidney is 

still required to sense a reduction in renal perfusion for EPO concentration to increase.  

Hypoxia studies consistently show dramatic increases in EPO gene and protein 

expression, and this response is largely dose dependent (Abbrecht & Littell, 1972; Ge et al., 

2002). Notably, however, there is a large degree of variability in EPO concentration in response 

to hypoxia, with one study showing changes in EPO concentrations in humans ranging from -41 

to 400% after 24 hours at 2800m (Ge et al., 2002). Importantly, this was not an abnormal 

finding, as an additional study reports variability in EPO concentration ranging from an 

approximate 20% increase to a 200% increase in response to breathing hypoxia (fraction of 

inspired oxygen of 0.15) for 4 hours (Friedmann et al., 2005). Altitude studies characterized by 

sustained hypoxia (greater than approximately 48 hours) show that the EPO concentration peaks 

around 24-48 hours after the onset of altitude exposure (Faura et al., 1969; Abbrecht & Littell, 

1972; Milledge & Cotes, 1985; Berglund et al., 2002), whereas acute hypoxic exposure 

(approximately 2 hours) elicits a peak increase in EPO concentration approximately 4-6 hours 

post-exposure (Wojan et al., 2021).  

When an increase in EPO is sustained beyond a few hours, it can elicit an increase in Hb 

mass. In addition, the lifespan of red blood cells is approximately 120 days, so approximately 1.7 

• 1011 new red blood cells are made every day to replace those that are no longer functional (Lew 

& Tiffert, 2017). The process of maintaining Hb mass in the face of high cell turnover is tightly 
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regulated by EPO, such that EPO is maintained at low concentrations at sea level, with 

concentrations just sufficient to maintain Hb mass (Jelkmann, 2011).  

EPO acts primarily on early erythroid precursors and not on later stage erythroid 

precursors, reticulocytes, or red blood cells. The distinct erythroid cell line occurs downstream of 

the common myeloid progenitor with a cell called a BFU-E (Jelkmann, 2011; Dzierzak & 

Philipsen, 2013; Nandakumar et al., 2016). Downstream of BFU-E cells are CFU-E cells. While 

not involved in every step of differentiation and maturation, EPO is primarily responsible for the 

survival of CFU-E cells (Jelkmann, 2011; Nandakumar et al., 2016). EPO is also involved in the 

differentiation of BFU-E cells to CFU-E cells (Jelkmann, 2011; Nandakumar et al., 2016) (Fig 

1).  

 

Figure 1. Process of erythropoiesis. EPO primarily acts on CFU-E cells and to a 

lesser extend BFU-E cells. Later stage erythroid precursors do not express the EPO 

receptor (EPOR). BFU-E is blast forming unit-erythroid; CFU-E is colony forming unit-

erythroid; ProE is proerythroblast; BasoE is basophilic erythroblast; PolyE is 

polychromatic erythroblast; OrthoE is orthochromatic erythroblast; RBC is red blood cell.  

 

BFU-E and CFU-E cells each express the EPO receptor (EPOR) in high concentrations 

on their cell surface, allowing them to be highly responsive to circulating EPO. As cells in the 
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erythroid cell line continue to differentiate and mature, the expression of EPOR diminishes such 

that later steps in erythropoiesis become EPO independent, and reticulocytes do not express 

EPOR (Broudy et al., 1991). EPOR is associated with JAK2. When EPO binds its receptor, it 

activates JAK2, which phosphorylates EPOR and allows for binding of other signaling 

molecules that contain the SH2 domain (Gillinder et al., 2017; Bhoopalan et al., 2020; Tóthová 

et al., 2021). The primary signaling pathway involves the activation of STAT5 via its SH2 

domain (Haase, 2010; Nairz et al., 2012; Gillinder et al., 2017; Perreault & Venters, 2018; 

Bhoopalan et al., 2020; Tóthová et al., 2021). Along with JAK2/STAT5 signaling, EPO has also 

been shown to activate phosphoinositide 3-kinase (PI3K) and mitogen-activated protein kinase 

(MAPK) (Haase, 2010; Nairz et al., 2012; Perreault & Venters, 2018; Tóthová et al., 2021), but 

it has been shown that the EPO-JAK2-STAT5 axis is sufficient to induce erythropoiesis (Grebien 

et al., 2008). Along with STAT5, there are other transcription factors important for 

erythropoiesis, namely T-cell acute lymphocytic leukemia protein 1 (TAL1), GATA binding 

factor 1 (GATA1), and erythroid kruppel-like factor 1 (KLF1), which are often termed ‘master 

regulators’ (Perreault & Venters, 2018). In one study, EPO stimulation in murine J2E cells 

resulted in STAT5 occupation on hundreds of genetic locations, and those genes that were co-

occupied by the master regulators, GATA1 and KLF1, were linked to genes involved in 

erythropoiesis (Gillinder et al., 2017).  

The downstream targets of the EPO-JAK2-STAT5 axis are numerous and still being 

elucidated. However, hundreds of downstream targets have been identified (Gillinder et al., 

2017; Bhoopalan et al., 2020), and their functions are largely involved in providing negative 

feedback on EPOR, preventing apoptosis of erythroid cells, promoting erythroid proliferation, as 

well as various non-erythropoietic functions (Silva et al., 1996; Dolznig et al., 2002; Nairz et al., 
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2012; Bhoopalan et al., 2020; Tóthová et al., 2021). It is thought that EPO acts on the Fas ligand 

(FasL) system to prevent apoptosis (Nairz et al., 2012) but also acts through B-cell lymphoma 

extra-large (Bcl-XL) and B-cell lymphoma 2 (Bcl-2) to prevent apoptosis (Silva et al., 1996; 

Dolznig et al., 2002). EPO’s non-erythropoietic mechanisms include altering immune system 

function and iron regulation (Nairz et al., 2012; Bhoopalan et al., 2020). In addition to its more 

well-studied role of increasing Hb mass, EPO has also been implicated in altering the renin-

angiotensin-aldosterone axis and therefore regulating plasma volume (Lundby et al., 2007), 

which is important during early hours of ascent to high altitude. 

Despite the relatively rapid increase in EPO when oxygen delivery to the kidney is 

reduced, it takes approximately 7-14 days for a measurable increase in Hb mass, depending on 

the strength of the stimulus (Garvican et al., 2012; Ryan et al., 2014). An interesting question, 

however, is what causes EPO protein concentration to decrease after approximately 48 hours of 

sustained hypoxic exposure and how Hb mass increases without the consistent EPO stimulus. 

After only 48 hours, there is no meaningful increase in Hb mass, so this cannot be the negative 

feedback signal to decrease EPO production. Some have postulated that the increased affinity of 

Hb for oxygen or the actions of EPO on plasma volume and therefore Hb concentration are more 

important in negatively regulating EPO (Klausen, 1998; Lundby et al., 2007). In addition, since 

EPO is involved early in the process of red blood cell differentiation, the delay between the peak 

in EPO and the increase in Hb mass likely reflects EPO-independent aspects of red blood cell 

development and maturation.  

Even if two individuals have comparable increases in EPO with a given stimulus, this 

may not translate to the same increase in Hb mass. This is most typically seen clinically, in 

which chronic kidney disease (CKD) patients may need different doses of EPO stimulating 
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agents to increase Hb mass despite the same degree of anemia (López-Gómez et al., 2008). 

Similarly, there are racial differences (Lacson et al., 2008; Kaufman, 2008) and sex differences 

(Coronado Daza & Cuchi, 2019) in EPO responsiveness in CKD patients. To the best of our 

knowledge, no studies have specifically looked at the degree of EPO responsiveness by 

quantifying the strength of the relationship between acute EPO increases and chronic Hb mass 

increases. What is well known is that to have a measurable increase in Hb mass, EPO 

concentration must increase, but there are other hormones aside from EPO that can regulate red 

blood cells and may explain differences in the ability of EPO to increase Hb mass (Lodish et al., 

2010). Some of these factors will be discussed in the immune system and iron regulation 

subsections below. In addition, the variation in EPO stimulating agent dosage can be at least 

somewhat complicated by potential unmeasured differences in renal blood flow (QR). This is an 

important consideration, as most studies examining EPO and Hb mass only quantify one half of 

the stimulus, CaO2, and not QR. 

As described earlier, the primary function of mature erythrocytes is oxygen delivery. 

During erythrocyte maturation, cells expel their nucleus and most organelles such that mature 

erythrocytes are functionally composed of cytoplasm and the protein Hb. Hb is a ferric protein 

with four subunits, each capable of binding a molecule of oxygen. Of all the oxygen in the blood, 

the majority of it is carried bound to Hb. In fact, without the oxygen carrying capacity of Hb, 

resting Q would need to exceed 80 L/min in humans in order to maintain necessary resting 

oxygen consumption, and Q this high is not physiologically possible in humans (Levitsky, 2007). 

As Hb binds more oxygen, the affinity of oxygen for Hb increases, a process called 

cooperativity. Cooperativity is what gives the oxyhemoglobin curve its sigmoidal shape.   
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Along with oxygen, Hb can also bind other gasses. A small amount of carbon dioxide in 

the blood is transported by Hb. In addition, CO has an extremely high affinity for Hb, 

approximately 210 times higher than that of oxygen (Levitsky, 2007). CO therefore has 

important clinical and research uses, and more recently it has been implicated as a therapeutic 

tool in a clinical setting (Hess, 2017; Goebel & Wollborn, 2020). Techniques to measure Hb 

mass rely on the increased binding affinity of Hb for CO by having participants breathe a small 

volume of CO and measuring changes in HbCO% (the percentage of Hb bound to CO, or 

carboxyhemoglobin) (Siebenmann et al., 2017). This technique is a central method to the 

dissertation work presented here. In addition to its use measuring Hb mass, breathing CO results 

in functional hypoxemia. For this dissertation, COi was used as a form of hypoxemia that only 

reduced CaO2 without altering the partial pressure of oxygen in the blood, which avoided 

stimulating other responses to hypoxia, such as increased ventilation (Dominelli et al., 2019). In 

addition, unlike breathing air with a reduced fraction of inspired oxygen, the hypoxic stimulus 

with COi lasts beyond the period of COi, as CO clearance in the blood takes several hours 

(Zavorsky et al., 2014).  

Aim 1 of this dissertation examined EPO concentrations in response to two different 

forms of decreased renal oxygen delivery, COi and acute heat stress via HWI. The form of 

hypoxia is an important consideration to any study design. As noted above, COi specifically 

reduces the amount of Hb bound to oxygen and therefore lowers CaO2 but does not alter blood 

oxygen tension. Studies have shown that increased EPO concentration in response to hypoxia is 

CaO2 dependent and independent of oxygen tension (Montero & Lundby, 2019). Therefore, COi 

is an appropriate intervention to increase renal EPO production without stimulating additional 

effects of hypoxia. Importantly, there are other effects of CO, such as its role as an anti-
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inflammatory molecule (Goebel et al., 2008; Hess, 2017; Goebel & Wollborn, 2020) and its 

inhibition of the carotid body (Prabhakar et al., 1995), which may result in unforeseen systems 

interactions.  

Renal oxygen delivery is a product of QR and CaO2 (equation 1, “Equations appendix”). 

On one hand, COi will decrease renal oxygen delivery by decreasing the amount of Hb bound to 

oxygen and therefore decrease CaO2 (equation 2, “Equations appendix”). On the other hand, 

heat reduces oxygen delivery to the kidney by reducing QR. At rest, the kidney receives up to 

20% of Q, well in excess of its own metabolic demand as an organ (Rowell, 1993). When blood 

flow needs to be diverted elsewhere during a physiological stressor, such as during exercise or 

heat stress, blood is diverted from the kidney to areas requiring blood flow, like skin and skeletal 

muscle. Therefore, the goal of using heat was to reduce the Q being delivered to the kidney 

(equation 1, “Equations appendix”). Importantly, it is possible that COi and heat stress do not 

exclusively target CaO2 and QR, respectively. COi may also alter QR, although this is unknown. 

As noted above, hypoxia will stimulate HIF, which can increase NO production in the epidermis, 

and the increased skin blood flow due to NO can reduce renal perfusion and thereby increase 

EPO (Boutin et al., 2008). Whether COi alters QR via this pathway or another unanticipated 

pathway is unknown. In addition, heat stress can alter CaO2 by right shifting the oxyhemoglobin 

dissociation curve, lowering the binding affinity of oxygen for Hb, and thereby reducing CaO2.  

Few studies have examined the effects of COi on EPO production and on Hb mass. 

However, from these few studies, the stimulus for EPO production and subsequent formation of 

red blood cells with COi appears to be dependent on the severity and frequency of the stimulus. 

In two studies, one by Wang et al. (2019a) and one by Schmidt et al. (2020), periodic COi was 

shown to increase Hb mass chronically. Both studies had participants breathe similar volumes of 
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CO for a comparable amount of time – Wang et al. (2019a) had participants breathe 1 mL/kg 

body mass in 4L of 100% oxygen for 2 minutes, and Schmidt et al. (2020) had participants 

breathe 0.8-1.0 mL/kg body weight in room air for 2 minutes. Additionally, both studies elicited 

a peak HbCO of approximately 4-7%. The main differences in study design were that Wang et 

al. (2019a) had participants breathe CO once daily for 5 days a week prior to exercise training 

for 4 weeks, whereas Schmidt et al. (2020) did not employ exercise but rather had participants 

breathe CO 5 times daily for 3 weeks to elicit a sustained increase in HbCO. Interestingly, only 

Wang et al. (2019a) found a statistically significant 42% increase in serum EPO concentration 

approximately 4 hours after COi. The likely explanation for the lack of significant increase in 

EPO from Schmidt et al. (2020) is that EPO concentration was measured in the whole group 

only once weekly, so the peak EPO concentration acutely post-COi may not have been captured. 

They did measure EPO concentration in a subset of 3 participants every 8 hours for 72 hours 

post-COi and found that EPO concentration was higher compared to their control group. One last 

important note from the work conducted by Schmidt et al. (2020) is that the increase in Hb mass 

coincided with a decrease in ferritin concentration, indicating that iron stores were being utilized 

in the formation of new red blood cells.  

Despite those two studies finding COi can increase Hb mass, one other study showed 

negative results on the effect of COi on Hb mass. Breathing CO (1.2 mL/kg body mass for 30 

seconds) once daily for 10 days to raise HbCO to approximately 4.4% elicited no increase in Hb 

mass (Ryan et al., 2016). Compared to the study by Schmidt et al. (2020) in which the reduction 

in oxygen delivery was continuous and sustained, or the study by Wang et al. (2019a) in which 

exercise may have provided an additive stimulus, it is likely that one bolus of CO per day for 

only 10 days was not a strong enough stimulus. This could be because either the reduction in 
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renal oxygen delivery was not severe enough, the frequency of intermittent stimulus was not 

sufficient, or 10 days was not a long enough duration to achieve a measurable increase in Hb 

mass. It takes approximately two weeks for full erythropoiesis to occur, data which is supported 

by Schmidt et al. (2020). One of the few studies that has shown significant increases in Hb mass 

in 7 days was at an extreme altitude of 17,260 feet that also involved exercise (Ryan et al., 

2014), and the reduction in oxygen delivery achieved by Ryan et al. (2016) was not nearly as 

strong. At 17,260 feet arterial oxygen saturation (SaO2) was approximately 78% (Subudhi et al., 

2014) while the HbCO achieved by Ryan et al. (2016) would result in SaO2 values of 

approximately 92-95%. Consequently, it seems that in order to have an increase in EPO acutely 

that results in an increased Hb mass with COi, there either has to be 1) a sustained hypoxic 

stimulus (Schmidt et al., 2020), 2) additive stimuli which reduce QR such as exercise (Wang et 

al., 2019a), or 3) a more severe stimulus (not yet investigated).  

Similar to the use of COi, the study of the hematological adaptations to acute and chronic 

heat stress are in their infancy. Chronic whole body heating has been used to elicit increases in 

endurance exercise performance in both temperate and hot environments (Scoon et al., 2007; 

Lorenzo et al., 2010; Buchheit et al., 2011; Racinais et al., 2014; Kirby et al., 2021; Lundby et 

al., 2023), so there is presumably another adaptation beyond being acclimated to exercise in the 

heat that is resulting in better exercise performance, which is likely through augmenting Hb 

mass. This is supported by studies that found that in various endurance athletes, training while in 

a heated chamber, heated suit, or clothing that prevents heat loss resulted in increases in Hb mass 

compared to control participants after approximately 5 weeks (Oberholzer et al., 2019; 

Rønnestad et al., 2021, 2022; Lundby et al., 2023). Interestingly, Rønnestad et al. (2021, 2022) 

did not see an increase in VO2max despite an increase in Hb mass with chronic heating, but it is 
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important to note that both studies employed elite athletes who may have had an exercise 

performance limitation unrelated to Hb mass. Despite chronic whole-body heating increasing Hb 

mass and endurance exercise performance, two studies showed that EPO did not increase after 

acute heat stress (Akerman et al., 2017; Oberholzer et al., 2019). However, similar to data 

obtained by Schmidt et al. (2020) on the effect of COi on EPO concentration, the negative results 

by Oberholzer et al. (2019) could be a result of only measuring EPO once after the intervention 

and not capturing the 4-6 hour window in which EPO increases acutely post-intervention (Wang 

et al., 2019a; Wojan et al., 2021). However, Akerman et al. (2017) did not find an increase in 

EPO 2 hours post-heat stress, so exploration of the acute mechanisms by which heat stress works 

to chronically stimulate an increase in Hb mass is needed to reconcile the contradiction between 

the studies showing heat stress does not increase EPO but does increase Hb mass and exercise 

performance. 

An additional factor considered in this dissertation, primarily in Aim 1 and to a lesser 

extent Aim 2, is the role of sex assigned at birth. It is well documented that females have 

significantly lower Hb mass than males when expressed as absolute grams and when normalized 

to body mass (Goodrich et al., 2018; Falz et al., 2019). Females also have lower Hb 

concentration (Murphy, 2014; Handelsman et al., 2018). Additionally, regardless of the method 

used to quantify lean body mass (the gold standard dual x-ray absorptiometry or bio-impedance 

analysis), females have lower Hb mass when normalized to lean body mass (Falz et al., 2019; 

Goodrich et al., 2020). However, Goodrich et al. (2020) found that the group means between 

females and males were closer when comparing Hb mass normalized to lean body mass 

compared to when they normalized Hb mass to whole body mass.  
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Red blood cells can be regulated by sex hormones, which likely accounts for much of the 

sex differences in Hb mass observed. Testosterone stimulates red blood cell production. It does 

so by stimulating EPO production as well as increasing the sensitivity of erythroid precursor 

cells to EPO, and testosterone can also suppress hepcidin, which increases iron availability for 

production of red blood cells (Shahani et al., 2009; Bachman et al., 2014). Females have lower 

testosterone and therefore do not get the stimulatory effects of this hormone on Hb mass. In 

addition, female sex hormones can be inhibitory towards the formation of red blood cells by 

inducing apoptosis (Dukes & Goldwasser, 1961; Blobel & Orkin, 1996). Despite females having 

lower Hb concentration and Hb mass, there is not an increased drive for erythropoiesis in 

females, indicating sex differences in the set point of this response (Murphy, 2014). 

Interestingly, Hb mass normalized to body mass was found to be higher in females using oral 

contraceptives compared to females not using oral contraceptives (Keller et al., 2020), which 

may point to differences in red blood cell regulation by synthetic versus natural sex hormones or 

to the relative concentrations of sex hormones.  

Importantly, even though lean body mass has the strongest correlation with absolute Hb 

mass, for a given lean body mass, Hb mass can range approximately 200-300 grams, even within 

the same sex assigned at birth (Goodrich et al., 2020). A change in Hb mass of only 34 g elicited 

a significant increase in VO2max of 1.6 mL/kg/min (Wang et al., 2019a), so it is likely that a 300 

gram range of Hb mass is physiologically meaningful as it pertains to oxygen delivery and 

exercise performance. Reasons for the individual variability independent of lean body mass will 

be explored in Aim 2 of this dissertation and discussed in the iron, immune system, and PFO 

subsections of this literature review below.  
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In contrast to Hb mass, there are no differences in reference baseline values for EPO 

between females and males (Murphy, 2014). As noted above, there may be sex differences in 

EPO responsiveness (Coronado Daza & Cuchi, 2019), at least in CKD patients, but no data exists 

to support sex differences in baseline EPO concentrations or EPO concentrations in response to 

hypoxia in healthy participants. However, there are sex differences in immune function and iron 

regulation, which may result in sex-based differences in EPO concentration in response to 

hypoxia. Sex differences in immune function and iron regulation and how that impacts EPO 

concentrations will be discussed in more detail in the appropriate sections below.  

REGULATION OF PULMONARY VASCULAR TONE 

Compared to systemic circulation, pulmonary arteries are characterized by relatively less 

muscle and neural control of vascular tone. Because of the minimal neural control, the 

pulmonary arteries are largely controlled by local mechanisms and physical forces. At resting sea 

level conditions, pulmonary arteries have little to no active tone. This contrasts with systemic 

circulation in which some degree of resting vascular tone exists, allowing vessels to either dilate 

or constrict in response to stimuli like exercise, hypoxia, heat, or vasoactive molecules. When Q 

rises, to keep mean pulmonary artery pressure low, the pulmonary vessels will passively distend, 

and under-perfused and non-perfused vessels will be recruited. That is, not all pulmonary vessels 

are recruited and receive blood flow at rest. However, despite the largely passive nature of the 

pulmonary circulation, there are instances in which pulmonary vascular tone is actively rather 

than passively regulated. Notably, hypoxia will cause an active vasoconstriction of pulmonary 

arterioles, termed hypoxic pulmonary vasoconstriction (HPV), which can result in an increase in 

pulmonary pressure if the lung hypoxia is global. In addition, SCUBA diving during 



 48 

decompression dives has been shown to increase pulmonary pressure (Dujić et al., 2006; 

Marabotti et al., 2013).  

The increase in pulmonary pressure is seen post-SCUBA diving when oxygen saturation 

is normal (Dujić et al., 2006; Marabotti et al., 2013). Unlike high altitude, SCUBA diving is a 

hyperbaric condition and therefore a hyperoxic environment, so the mechanisms underlying this 

response remain unclear. Studies have shown that there is redistribution of pulmonary blood flow 

with hyperoxia (Melsom et al., 1999; Hlastala et al., 2004), and this active redistribution of 

blood flow suggests vasoconstriction may be at play. In addition, acute hyperoxia during an 

altitude expedition does not reduce pulmonary pressure (Groves et al., 1987), indicating that 

hyperoxia may actively regulate pulmonary pressure and does not simply shut off HPV. Another 

possible explanation for increased pulmonary pressure post-SCUBA diving is redistribution of 

blood flow related to immersion and hyperbaria. The hyperbaria and reduced effects of gravity 

during immersion will increase pulmonary blood volume and therefore pressure (Moon et al., 

2009). However, pulmonary pressure is reported to remain elevated hours after a dive has 

occurred (Marabotti et al., 2013) when hyperbaria and hyperoxia, redistribution of pulmonary 

blood flow, etc. is no longer a factor. Therefore, the increase in pulmonary pressure is not simply 

related to the effects of water immersion or hyperoxia.  

Pulmonary pressure can increase due to either an increase in Q or pulmonary resistance, 

or both. Studies that show increased pulmonary pressure post-SCUBA diving fail to distinguish 

between the contribution of increased TPR and Q (Dujić et al., 2006; Marabotti et al., 2013), so 

whether SCUBA diving results in pulmonary vasoconstriction is unknown. However, because 

Marabotti et al. (2013) found pulmonary pressure to be elevated two hours post-dive when any 

changes in Q due to water immersion or exercise would no longer be a factor, it is presumed that 
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a sustained vasoconstriction is responsible for the increase in pulmonary pressure post-SCUBA 

diving.  

While one focus of this dissertation is on regulation of pulmonary vasculature during 

SCUBA diving, I will spend a portion of this literature review discussing the mechanisms of 

HPV. The mechanisms causing an increase in pulmonary pressure post-SCUBA diving are 

unknown, but both SCUBA diving and hypoxia are characterized by an active increase in 

pulmonary pressure. Therefore, despite SCUBA diving being a hyperoxic environment, some of 

the mechanisms responsible for governing vascular tone during hypoxia may be at play during 

and/or post-SCUBA diving as well.  

 HPV occurs in response to a combination of alveolar hypoxia and pulmonary arterial 

hypoxemia and can occur throughout the entire lung or regionally within the lung. The benefit of 

this response is particularly notable during regional lung hypoxia. In this context, the pulmonary 

vessels surrounding the local hypoxic region of the lung can constrict, which will divert blood 

flow to other regions of the lung to ensure better oxygenation via improved ventilation to 

perfusion matching. In this context, improving ventilation perfusion matching has a positive 

impact on oxygen delivery by improving arterial PO2 (PaO2). HPV can be detrimental in the 

context of whole lung hypoxia, such as that which occurs during high altitude exposure. During 

whole lung hypoxia, there are no areas of the lungs that are better ventilated to divert blood flow 

to, so the global vasoconstriction results in an increase in pulmonary pressure and does not 

improve oxygenation of the blood to the same degree as it does with regional alveola hypoxia. 

This increase in pressure can vary drastically among individuals despite the same stimulus 

(Grünig et al., 2000; Swenson, 2013), so understanding the mechanisms regulating pulmonary 
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vascular tone post-SCUBA diving may explain individual variability and help elucidate 

mechanisms governing pulmonary vascular tone in hyperoxic environments.  

HPV has been shown to occur in isolated pulmonary artery smooth muscle cells (Madden 

et al., 1992), so this response is primarily driven by the smooth muscle itself. Within the smooth 

muscle cells, oxygen-dependent potassium channels are inhibited during hypoxia, resulting in 

membrane depolarization and calcium influx, causing muscle contraction (Post et al., 1992; Weir 

& Archer, 1995; Sommer et al., 2008). While hypoxia can inhibit multiple potassium channels, 

HPV is driven by inhibition of the Kv1.5 channel specifically (Archer et al., 2001). The 

potassium and calcium channels are necessary for HPV to occur, as evidenced by a diminished 

HPV with calcium channel blocking (McMurtry et al., 1976) and an augmented HPV with 

potassium channel activation (Hasunuma et al., 1991). The primary oxygen sensors for HPV are 

mitochondria, which are responsible for producing reactive oxygen species (ROS). The ROS are 

then responsible for the potassium channel inhibition, initiating HPV (Archer et al., 1993; Weir 

et al., 2005; Sommer et al., 2008; Schumacker, 2011; Dunham-Snary et al., 2017).  

In addition to the changes in ion currents that drive HPV, there are vasoactive substances 

that may be modulating pulmonary vascular tone, including but not limited to NO, endothelin-1, 

ATP, and inflammatory cytokines. Evidence suggests that hypoxic production of endothelin-1 

may play a role in HPV (Oparil et al., 1995), partially by directly inhibiting potassium currents 

(Shimoda et al., 1998). However, historically, vasoactive substances were viewed as moderators 

rather than primary regulators of HPV due to the ability of isolated pulmonary artery smooth 

muscle cells to contract in the absence of intact endothelium (Weir & Archer, 1995). More recent 

evidence, particularly in intact humans, suggests larger roles for vasoactive substances.  
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Importantly, there is a biphasic HPV response, with an initial increase in pulmonary 

pressure occurring in the first few minutes of hypoxic exposure, followed by a delayed, greater 

increase within a few hours (Talbot et al., 2005; Sylvester et al., 2012; Swenson, 2013). It is 

thought that the phase I initial increase in pulmonary pressure is due directly to the actions of the 

pulmonary artery smooth muscle cells and inhibition of potassium channels, while the delayed 

phase II increase is a result of additive modulating substances, such as NO and endothelin 

availability, inflammation, or erythrocyte byproducts (Aaronson et al., 2002; Sylvester et al., 

2012; Swenson, 2013). This is seen by a reduced phase II constriction in pulmonary arteries 

without intact endothelium (Aaronson et al., 2002). Given the time delay and sustained increase 

in pulmonary pressure seen post-SCUBA diving, it is reasonable to speculate that the mechanism 

for the increase in pulmonary pressure may be largely driven by vasoactive substances similar to 

those that regulate the phase II HPV response. Aim 3 used sildenafil to increase NO availability, 

which is a potent vasoactive substance that may play a role in pulmonary pressure regulation 

post-SCUBA diving. In addition, inflammatory cytokine concentrations were analyzed pre- and 

post-dive as modulators of pulmonary pressure, and their potential role in regulating pulmonary 

vascular tone will be discussed further in the immune system subsection of this literature review.  

NO is a potent vasodilator, both in the systemic and pulmonary circulations. Under 

normoxic conditions, NO plays a role in maintaining resting pulmonary vascular tone (Cooper et 

al., 1996). Additionally, under hypoxic conditions, studies have shown that inhibition of NO 

synthase, and therefore reduced NO availability, potentiates HPV in humans (Blitzer et al., 

1996). However, there are other studies that show no role of NO in HPV in in vitro models 

(Aaronson et al., 2002). Despite the negative results found by Aaronson et al. (2002), studies in 

intact humans showed that HPV was NO dependent (Blitzer et al., 1996; Bailey et al., 2010). 
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The reason for this discrepancy is unclear, but the NO dependence in human studies led us to 

believe that NO may play a role in the SCUBA diving increase in pulmonary pressure. Studies 

have used sildenafil as a treatment for pulmonary hypertension, particularly in those forms of 

pulmonary hypertension secondary to lung diseases like COPD where HPV may be a factor and 

NO may play a role (Barnes et al., 2019). Additionally, sildenafil has been shown to reduce 

pulmonary pressure with hypoxia (Carter et al., 2019; Kelly et al., 2022) and mean pulmonary 

artery and wedge pressure with immersion pulmonary edema (Moon et al., 2016; Martina et al., 

2017). Therefore, NO is a significant vasoactive molecule involved in regulating pulmonary 

vascular tone, and it may play a role regulatory role during the changes in pulmonary vascular 

tone post SCUBA diving as well.   

IMMUNE SYSTEM 

Overview 

The human immune system can be divided into the innate and adaptive immune systems. 

The combination of these two systems allows the human immune system to have very rapid, 

strong, specific, and tailored responses to a foreign pathogen (virus, bacteria, etc.), foreign 

benign particle (such as dust, or another allergen), or even a benign non-self-cell (such as would 

occur during an organ transplant). Immune cells, commonly called white blood cells, are part of 

the hematopoietic stem cell (HSC) lineage. The two main cell lines that arise from HSCs are the 

lymphoid cells, which primarily make up our adaptive immune system, and myeloid cells, which 

compose our innate immune system. The myeloid cell line also gives rise to red blood cells 

(erythrocytes), as discussed above. For this literature review, we will discuss cells downstream of 

the HSC cell line as being myeloid, lymphoid, or erythroid cell lines.  
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Cells of the myeloid cell line consist of the general classes of granulocytes and 

phagocytes. Types of granulocytes include neutrophils, basophils, and eosinophils. Macrophages, 

monocytes, and dendritic cells are the main types of phagocytes. Within the lymphoid cell line, 

cell types include T cells (cytotoxic and helper T cells), B cells, and natural killer 

cells. Phagocytes are important for antigen presenting as well as phagocytosis. They will engulf 

foreign particles or pathogens and digest those proteins, as well as recycle old or senescent cells. 

Additionally, phagocytes will present antigen peptides on their surface, which is important in 

initiating an adaptive immune response. Neutrophils also have phagocytotic capabilities and can 

cause direct harm to pathogens. Basophils help regulate the adaptive immune response and are 

implicated in inflammation as well as vasodilation and smooth muscle activation via histamine 

contained in the basophils (Owen et al., 2013). Lastly, eosinophils are anti-viral & phagocytic 

and help modulate the adaptive immune response (Owen et al., 2013). The main function of B 

cells is to secrete antibodies specific to pathogen peptides. Helper T cells will mainly work by 

secreting cytokines to help tailor B cell and cytotoxic T cell responses. Cytotoxic T cells are 

responsible for killing pathogens.  

Cytokines and chemokines are cellular messenger proteins that modulate the immune 

response and mobilize the immune cells discussed above. Cytokines are released by immune 

cells but can also be released by epithelial cells and smooth muscle cells. They can have 

endocrine, paracrine, or autocrine functions, and the effector cell must have a receptor for the 

cytokine to respond. Cytokines have a wide range of functions and generally help either suppress 

or activate the immune system, or in some instances both. Chemokines are similar proteins, but 

their main function is initiating cell migration. Importantly, cytokines and chemokines rarely act 

alone and are all released in an inflammatory cascade. In addition, the human immune system is 
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characterized by redundancy and pleiotropy. Redundancy describes the process by which 

multiple cytokines and immune cells share the same function, and pleiotropy is the process by 

which one cytokine or immune cell has numerous functions. Therefore, it is difficult to 

determine the functions of individual cytokines in an immune response in an intact human 

model.  

There are many classes of cytokines. Some are characterized by similarities in function, 

while some are characterized primarily by structural similarities and have a wide range of 

functions. For this dissertation, the following cytokines and chemokines were studied: 

Interleukins (IL)-1b, 6, 8, 10, 12p70, 17A, 18, 23, and 33; interferons (IFN)-a2 and g; tumor 

necrosis factor (TNF)-a; and monocyte chemoattractant protein (MCP)-1. These cytokines and 

chemokines were selected due to both their known roles in the areas of research we examined 

and the lower costs of using a pre-defined multiplex assay instead of many single cytokine 

immunoassays for protein concentration quantification. 

The IL-1 family consists of IL-1b, IL-18, and IL-33, and these cytokines are responsible 

for initiating a robust pro-inflammatory response (Arend et al., 2008; Owen et al., 2013). These 

cytokines are typically produced by monocytes or macrophages early in the immune response, 

and they can stimulate the production of other cytokines (Owen et al., 2013). In addition, IL-33 

is expressed in smooth muscle cells (Owen et al., 2013), which will become important in the 

discussion below on regulation of pulmonary vascular tone.  

IL-6, IL-12p70, and IL-23 fall into the hematopoietin family, which has a large range of 

functions. EPO falls into this category as well and can act as an anti-inflammatory cytokine 

(Nairz et al., 2012). When elevated concentrations of EPO are sustained, it promotes the 

differentiation of hematopoietic cells to the erythroid cell line, thus minimizing the number of 
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white blood cell precursors (Paulson et al., 2020). With fewer white blood cells, there is likely to 

be less cytokine release, which may partially explain the anti-inflammatory effects of EPO. IL-

12p70 and IL-23 are known to induce the generation of two subsets of T helper cells, Th1 and 

Th17 cells respectively, which promote inflammation (van der Heijden et al., 2019). IL-6 is 

primarily involved in stimulation of B cells, but it has a large range of functions. It is considered 

both pro- and anti-inflammatory depending on the context, and it is secreted by numerous cell 

types, including endothelial cells (van der Heijden et al., 2019). While it can induce 

inflammation and activate the immune system, its release, particularly during exercise, can also 

help suppress a downstream inflammatory cascade by inhibiting TNF-a and inducing IL-10 

expression (Petersen & Pedersen, 2005a).  

The interferon family consists of IFN-a2, IFN-g, and IL-10, although more recent studies 

characterize IL-10 in its own cytokine family (Rutz & Ouyang, 2016). IFN-g is the most potent 

activator of the Th17 subset of cells. IL-10 is considered one of the most potent anti-

inflammatory cytokines and will suppress the immune system. It is often released in response to 

other inflammatory cytokines to suppress excessive inflammation (Rutz & Ouyang, 2016). 

However, it has also been shown to have pleiotropic effects that are largely dependent on the 

microenvironment and co-release of other cytokines and can promote cytotoxic T cell and B cell 

functions (Bedke et al., 2019).  

TNF-a falls into the tumor necrosis factor family and is a pro-inflammatory cytokine. IL-

17A is part of the interleukin 17 family, which is also pro-inflammatory (Gaffen, 2009). Lastly, 

IL-8 and MCP-1 fall into the chemokine family. IL-8 is essential to the recruitment of 

neutrophils during an LPS stimulated immune challenge (Harada et al., 1994), and given its 

name, MCP-1 is implicated in monocyte recruitment during immune challenges.  
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Non-pathogenic immune system activation & sex differences 

Notably, the immune system can be activated in situations where there is no pathogen 

present, such as during SCUBA diving. SCUBA diving has been shown to increase circulating 

granulocytes (Marabotti et al., 1999), increase neutrophil counts and activation (Nossum et al., 

2002; Thom et al., 2013; Madden et al., 2014), increase inflammatory cytokine expression 

(Žarak et al., 2021; Rocco et al., 2021), and upregulate genes and mRNA related to the immune 

response (Eftedal et al., 2013; Sureda et al., 2014). Importantly, SCUBA diving induces changes 

to the immune system in both decompression and non-decompression dive profiles. Of 

importance to this dissertation, Žarak et al. (2021) showed increases in IL-6 post-dive in each of 

5 repeat dives to 20-30 meters for 30 minutes separated by one week, data which is supported by 

the increase in IL-6 observed by Rocco et al. (2021) in which divers completed a decompression 

dive profile of 50 m for 20 minutes. Therefore, SCUBA diving is sufficient to induce changes in 

the expression of immune cells and cytokines, both during decompression and non-

decompression dives. In addition to SCUBA diving, exercise can induce changes in 

inflammation. IL-6 increases immediately post-exercise, which will then initiate an anti-

inflammatory cascade downstream (Petersen & Pedersen, 2005a). It is thought that the release of 

IL-6 post-exercise and the subsequent suppression of pro-inflammatory cytokines is responsible 

for the anti-inflammatory benefits of chronic exercise (Petersen & Pedersen, 2005a). Depending 

on the intensity of swimming during a dive, it is possible that the compounded effects of exercise 

and SCUBA diving should be considered.  

Additionally, there are known sex differences in immune cell expression and function. 

Generally, females mount a stronger immune response to a pathogen (Spitzer, 1999; Klein & 

Flanagan, 2016). Males will have greater IL-10 production (Torcia et al., 2012), whereas females 
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have higher neutrophil and macrophage numbers and activity (Bain & England, 1975; Bain, 

1996; Spitzer, 1999). It is thought that the sex differences originate from both the influence of 

sex hormones as well as genes encoded on the X-chromosome (Pennell et al., 2012). 

Importantly, it has been shown that there are immune fluctuations related to menstrual cycle 

phase, largely driven by differences in sex hormone expression throughout the menstrual cycle 

(Oertelt-Prigione, 2012). Studies have reported an elevation of IL-1 and T cells during the 

follicular phase, while the luteal phase is characterized by elevated TNF-a and monocyte count 

and a decrease in T cell count (Oertelt-Prigione, 2012). There are also age-related differences in 

immune cell expression in females, which are thought to be due to changes in sex hormones 

post-menopause (Chen et al., 2016). One last consideration is that immune cell expression can be 

altered by contraceptive use, with females on oral contraceptives showing higher counts of 

neutrophils and leukocytes during both menstrual cycle phases than females not using oral 

contraceptives (Timmons et al., 2005). Therefore, sex differences in immune system activity 

may be partially responsible for sex differences in Hb mass and/or EPO concentrations, if any 

sex differences in these variables exist. 

Immune system, red blood cell, and EPO interactions 

Along with EPO, there are numerous other cytokines, transcription factors, and additional 

variables that can play a secondary role in regulating red blood cell differentiation, maturation, 

and survival (Jelkmann, 2011; Dzierzak & Philipsen, 2013; Nandakumar et al., 2016). 

Inflammatory cytokines have negative effects on erythropoiesis and therefore Hb mass (Cooper 

et al., 2003; Nandakumar et al., 2016). When circulating inflammation causes a clinically 

significant reduction in Hb mass it is termed anemia of inflammation and presents a situation in 

which Hb mass may be compromised by overactivity of the immune system (Fraenkel, 2017; 
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Weiss et al., 2019; Ganz, 2019). Anemic hemodialysis patients that respond poorly to 

erythropoietic stimulating agents were found to have higher expression of various cytokines, 

including TNF-a and IFN-g, emphasizing that inflammation can create a disconnect between 

EPO signaling and production of new red blood cells (Cooper et al., 2003). Similarly, TNF-a, 

IL-6, and IL-8 were found to be elevated in anemic patients (Keithi-Reddy et al., 2008), and 

treatment with IL-12 can result in anemia (Dybedal et al., 1995).  

The immune system can affect Hb mass via numerous pathways, including altering EPO 

production in response to hypoxia, impairing proliferation and/or differentiation of HSCs and 

erythroid precursors, or influencing the lifespan and recycling of mature red blood cells. In 

addition, when the immune system becomes activated and hematopoietic cells are driven towards 

myeloid and lymphoid cell lines, the erythroid cell line is inhibited (Paulson et al., 2020). The 

immune system can also regulate iron availability, particularly through the actions of IL-6, but 

those pathways will be discussed in more detail in the iron regulation section below. A summary 

of these pathways is provided below in Figure 2, and a detailed discussion of how cytokines can 

alter Hb mass via these pathways is discussed in the following paragraphs.  

Another important consideration to this discussion is the microenvironment in question. 

Some cytokines may act differently depending on whether they are expressed in the bone 

marrow, spleen, or in circulation, and some cytokines may have seemingly contradictory roles in 

modulating Hb mass depending on whether they’re acting on EPO, HSCs, or other erythroid 

precursors. An additional complicating factor to this discussion is a phenomenon called stress 

erythropoiesis. While the focus here is on inflammation-induced inhibition of steady state 

erythropoiesis in the bone marrow, inflammation can also promote stress erythropoiesis in the 
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spleen. This may be partly responsible for the different actions of cytokines in different 

microenvironments.  

IL-1b, TNF-a, IFN-g, and IL-6 have all been shown to affect EPO concentrations in 

response to hypoxia (Fandrey & Jelkmann, 1991; Faquin et al., 1992; Vannucchi et al., 1994; La 

Ferla et al., 2002). The addition of IL-1b, TNF-a, and IFN-g to hypoxic cell cultures has been 

shown to directly inhibit EPO production (Fandrey & Jelkmann, 1991; Faquin et al., 1992; 

Vannucchi et al., 1994; La Ferla et al., 2002). Additionally, when IFN-g was co-cultured with 

IL-1 and TNF-a, it was found to have an additive and synergistic effect on EPO production, 

respectively (Vannucchi et al., 1994). The mechanism by which both IL-1b and TNF-a impair 

EPO production has been shown to be a result of increased GATA2 and NF-kB activity 

downstream of the cytokines (La Ferla et al., 2002). Conversely, in the presence of hypoxia, IL-6 

can stimulate EPO production, a contrast from the other pro-inflammatory cytokines IL-1b, 

TNF-a, and IFN-g (Faquin et al., 1992; Vannucchi et al., 1994). When IL-6 is co-cultured with 

pro-inflammatory cytokines, the effect is additive such that IFN-g, IL-1b, and TNF-a all reduce 

the degree of IL-6 dependent EPO production (Faquin et al., 1992; Vannucchi et al., 1994). 

Nearly all cytokines of interest in this dissertation have been found to affect the survival, 

proliferation, or function of various erythroid precursors ranging from HSCs to later stage 

erythroblasts. At the level of HSCs, cytokines like IL-1, IFN-g, and TNF-a largely act by driving 

the differentiation of HSCs into the myeloid cell line and away from the erythroid cell line (Xiao 

et al., 2002; Libregts et al., 2011; Pietras et al., 2016; Etzrodt et al., 2019). Specifically, both 

IFN-g and TNF-a upregulate a transcription factor called PU.1, which promotes HSC 

differentiation into white blood cells and opposes the differentiation into erythroid precursors, 

thereby negatively regulating Hb mass (Libregts et al., 2011; Rothenberg et al., 2019; Etzrodt et 
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al., 2019). In addition, IL-1 can reduce the self-renewal capacity of HSCs (Pietras et al., 2016). 

However, unlike IL-1, IFN-g, and TNF-a, which largely act on HSCs by preferentially driving 

their differentiation away from the erythroid cell line, IL-17 induces the proliferation of HSCs 

(Mojsilović et al., 2015). However, even promoting proliferation of HSCs could have a negative 

effect on Hb mass because the HSCs may still be driven towards the myeloid cell line with the 

addition of other cytokines. The role of IL-8 on HSCs is less clear. Some studies find IL-8 

mediated inhibition of HSCs (Lu et al., 1993), while others show IL-8 mediated proliferation of 

HSCs (Corre et al., 1999). The action of IL-8 is likely dose dependent, with lower doses of IL-8 

stimulating HSCs and higher doses of IL-8 inhibiting them. However, work by Hermouet et al. 

(2002) emphasizes that IL-8 is elevated in serum and bone marrow plasma of polycythemia vera 

and idiopathic erythrocytosis patients, which would suggest a role of IL-8 in promoting the 

erythroid cell line. As noted above, IL-8 is also slightly elevated in anemic patients. Given the 

elevation of IL-8 in both anemia (Keithi-Reddy et al., 2008) and polycythemia (Hermouet et al., 

2002), the role of IL-8 on erythropoiesis is not completely understood. Likely, it depends on the 

disease state and microenvironment. The role of IL-8 in a healthy human model is still largely 

unknown.  

In addition to acting on HSCs, many cytokines will act downstream of HSCs on early 

erythroid precursors. IFN-a and IFN-g can both inhibit BFU-E cell survival and promote 

apoptosis (Mamus et al., 1985; Raefsky et al., 1985; Tarumi et al., 1995), and at higher 

concentrations IFN-g can suppress CFU-E cells as well (Wang et al., 1995). IFN-g has been 

shown to increase cell surface expression of Fas in erythroid precursors, resulting in apoptosis 

(Dai et al., 1998), and it can upregulate members of the TNF family, which suppress erythroid 

growth and differentiation (Felli et al., 2005). Similarly, IL-1b, IL-6, and IL-33 have all been 
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shown to inhibit the proliferation of and suppress the maturation of erythroid precursors 

(Schooley et al., 1987; McCranor et al., 2014; Swann et al., 2020). Swann et al. (2020) found 

that HSCs and downstream erythroid precursors highly expressed the receptor for IL-33 and that 

IL-33 was necessary for inflammation induced inhibition of erythropoiesis in the bone marrow. 

In addition, when they treated their mice with exogenous IL-33, the healthy mice decreased Hb 

expression and subsequently developed anemia. Lastly, these authors targeted the pathway by 

which IL-33 suppresses erythropoiesis and found it was NF-kB dependent (Swann et al., 2020). 

IL-10 and IL-12 are both interesting cytokines with seemingly contradictory actions on 

erythropoiesis. IL-10 treatment can inhibit BFU-E formation in peripheral mononuclear blood 

cells derived from patients with polycythemia vera (Geissler et al., 1998) and healthy patients 

(Oehler et al., 1999), and IL-12 was found to be expressed at higher concentrations in anemic 

patients (Dybedal et al., 1995), suggesting that both of these cytokines inhibit erythropoiesis. 

However, co-culturing IL-10 with EPO was found to stimulate erythroid precursors, and 

similarly co-culturing IL-12 with EPO and IL-4 was found to stimulate erythroid precursors 

(Dybedal et al., 1995; Wang et al., 1996). In addition, IL-10 treatment has been shown to reduce 

inflammation and hepcidin and therefore improve anemia of inflammation (Huang et al., 2017), 

and the addition of exogenous IL-12 prevented anemia in mice with malaria (Mohan et al., 1999) 

and positively regulated the growth of HSCs (Jacobsen et al., 1993). Therefore, it seems that IL-

10 and IL-12 can both suppress and augment erythropoiesis. The reason for these contradictory 

results is unknown but perhaps related to the necessity for EPO and/or other cytokines to be 

present, such that IL-10 and IL-12 may have a stimulatory role on erythropoiesis only when 

combined with other proteins. However, this is an example of why it is crucial to study the 

effects of these cytokines in an intact model when investigating physiologically relevant 
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outcomes. As emphasized above, cytokines are rarely released alone and in vivo act on, and 

respond to, other cytokines. Despite the above studies pointing to IL-12 stimulating 

erythropoiesis in vitro, when IL-12 was administered in vivo, it suppressed erythropoiesis by 

inducing the expression of IFN-g (Eng et al., 1995). Therefore, the role of IL-12 in erythropoiesis 

is largely dependent on the model being used and the co-release of other cytokines.  

Similar to IL-10 and IL-12, the role of IL-17 depends on what erythroid precursors are in 

question. As noted above, IL-17 induces HSC proliferation. In addition, IL-17 promotes BFU-E 

development, but it inhibits CFU-E development (Krstic et al., 2012; Mojsilović et al., 2015). 

The effects of IL-17 are dependent on the microenvironment since IL-17 has a greater 

stimulation on erythroid precursors in the spleen than the bone marrow (Mojsilović et al., 2015). 

To further emphasize the importance of the microenvironment, IL-17 can promote CFU-E cell 

development in the spleen even while it inhibits CFU-E development in the bone marrow 

(Mojsilović et al., 2015). However, similar to other cytokines, when IL-17A and EPO are added 

together to an in vitro cell model, IL-17 further enhances the proliferative effects of EPO on 

erythroid precursors (Hwang et al., 2017) even though it may play an inhibitory role on some 

erythroid precursors without the addition of EPO.  

Lastly, some cytokines are involved in the regulation of later stage erythroblasts and 

mature red blood cells. IL-33 is necessary for the development of splenic red pulp macrophages, 

which are responsible for recycling red blood cells (Lu et al., 2020; Xu & Huang, 2020). 

Therefore, when IL-33 expression is chronically elevated, it may promote increased recycling of 

red blood cells. Additionally, IFN-g can reduce the lifespan of red blood cells (Libregts et al., 

2011). IL-6 has also been shown to suppress genes involved later in erythropoiesis and impair 

Hb synthesis (McCranor et al., 2014). However, the actions of IL-6 on both early and late-stage 
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erythroid precursors appears to directly contradict the actions of IL-6 on EPO concentration, 

such that IL-6 can stimulate EPO production but inhibit erythroid precursors. What ultimate role 

IL-6 plays in regulating Hb mass in healthy humans is unknown despite its implication in anemia 

of inflammation (Keithi-Reddy et al., 2008).  

The roles of the other cytokines being examined in this dissertation on erythropoiesis are 

less clear. There have been no direct studies examining the role of MCP-1, IL-18, or IL-23 on 

erythropoiesis, but based on their general functions we can speculate as to how they may regulate 

erythropoiesis. For example, EPO can upregulate MCP-1 in human umbilical vein endothelial 

cells and human vascular smooth muscle cells (Desai et al., 2006), so perhaps EPO increases 

MCP-1, which then promotes inflammation and monocyte recruitment and serves as a negative 

regulator of erythropoiesis. Additionally, similar to many pro-inflammatory cytokines, IL-18 was 

found to be elevated in aplastic anemia patients (Wu et al., 2019). Despite the elevation of IL-18 

in these patients, IL-18 deletion in donor lymph node cells did not reduce concentrations of 

cytokines downstream of IL-18, indicating that IL-18 is likely part of a general immune response 

and not a direct regulator of aplastic anemia (Wu et al., 2019). However, IL-18 can induce the 

expression of IFN-g (Okamura et al., 1995; Wu et al., 2019), so in vivo it may play a negative 

regulatory role on erythropoiesis indirectly through activating IFN-g. Lastly, given that IL-23 

shares the IL-12p40 subunit with IL-12 (Ong’echa et al., 2008), it may act via a similar 

mechanism to IL-12. Children with malarial anemia were found to have higher circulating IL-23 

(Ong’echa et al., 2008), though higher IL-23 has not been shown in anemia of inflammation. IL-

23 can increase the expression of other pro-inflammatory cytokines like TNF-a and IL-17 

(Pastor-Fernández et al., 2020), so it may indirectly alter erythropoiesis by its actions on those 

cytokines.  
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Figure 2. Summary of the pathways through which the immune system can 

modulate Hb mass. Cytokines and immune cells can negatively regulate Hb mass via 

numerous pathways, including promotion of red blood cell recycling, reducing red blood 

cell lifespan, inhibiting iron availability for Hb synthesis, inhibiting EPO production in 

response to hypoxia, promoting the myeloid cell line, and inhibiting the erythroid cell line. 

The cytokines and immune cells listed have a known function in each of these pathways, 

summarized above.  

 

Overall, these studies emphasize a few key points. First, we have limited knowledge on 

how these cytokines affect Hb mass and EPO concentrations in healthy humans. The studies that 

use in vivo human models mostly show an association of elevated cytokine concentrations with 

anemia. Other studies use cell culture models or animal models to show how these cytokines 

target specific erythroid precursors and/or alter the actions of EPO. While the mechanisms of 

action are important, these studies bring up another key issue, which is that the actions of a 

single cytokine in a controlled, cell culture model are unlikely to represent the actions of the 



 65 

cytokine in vivo. The co-release of other cytokines, the microenvironment in question (spleen 

versus circulation, for example), and the model used are all likely to alter the results and is likely 

why the field has seemingly contradictory results. Importantly, there are also some cytokines that 

may inhibit part of the erythropoiesis pathway but stimulate another. IL-6 is one example in 

which it can stimulate EPO production in the presence of hypoxia but can inhibit erythroid 

precursor cell proliferation. Its ultimate role in modulating Hb mass in an intact human model is 

largely unknown. Therefore, while not in its infancy of exploration, the topic of immune 

regulation of erythropoiesis in vivo is still incompletely understood.  

Immune system and pulmonary pressure regulation 

It has been shown that SCUBA diving alters endothelial function (Nossum et al., 1999, 

2002; Brubakk et al., 2005; Madden et al., 2010; Culic et al., 2014) and immune system activity, 

as discussed above (Marabotti et al., 1999; Nossum et al., 2002; Thom et al., 2013; Eftedal et al., 

2013; Sureda et al., 2014; Madden et al., 2014; Žarak et al., 2021; Rocco et al., 2021). 

Therefore, baseline inflammatory cytokine expression and/or the change in cytokine expression 

after a dive may play a regulatory role in the changes in pulmonary pressure with SCUBA 

diving.  

There is ample evidence that inflammatory cytokines can regulate pulmonary vascular 

tone (Groth et al., 2014). However, important to this discussion is the context in which each 

cytokine regulates pulmonary vascular tone. Most studies examine these cytokines in the context 

of pulmonary artery hypertension (PAH), of which there are multiple types. Most literature in the 

clinical field focuses on the association of elevated cytokines with PAH, and in some cases, tests 

the efficacy of anti-inflammatory treatments on reducing symptoms of PAH (Groth et al., 2014). 

Rarely do these studies focus on mechanisms by which inflammatory cytokines may act on 
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pulmonary vascular smooth muscle cells. In addition, PAH is a chronic condition and is not 

defined by a sustained pulmonary vasoconstriction but rather by pulmonary vascular remodeling 

(Fujita et al., 2002). Some cytokines can act on pulmonary vascular smooth muscle cells but only 

in a way that promotes cellular proliferation or some additional aspect of vascular remodeling 

and not vasoconstriction itself (Groth et al., 2014). Conversely, we are examining acute 

elevations in pulmonary pressure only. This section of the literature review will focus on those 

few mechanistic studies to show that inflammatory cytokines can directly act on pulmonary 

vascular smooth muscle cells and therefore may promote vasoconstriction. Importantly, no 

studies to date have examined inflammatory cytokine regulation of pulmonary vascular tone in 

SCUBA diving, so understanding the mechanisms by which these cytokines can directly act on 

the pulmonary vasculature independent of SCUBA diving is important in framing Aim 3.  

In isolated rat pulmonary arteries, IL-1b and TNF-a have a regulatory role in HPV (Tsai 

et al., 2004). While we are not directly studying HPV, these data emphasize the role of cytokines 

in acting directly on the pulmonary vasculature acutely. These authors reported a biphasic HPV 

response, similar to those studies in humans (Talbot et al., 2005; Sylvester et al., 2012; Swenson, 

2013). Importantly, IL-1b and TNF-a expression were significantly increased with hypoxia 

specifically in the pulmonary artery tissue (Tsai et al., 2004), and since the pulmonary artery ring 

preparations included intact endothelium, it is likely that the pulmonary artery endothelial cells 

were producing the cytokines. In addition, Tsai et al. (2004) examined the pathway through 

which these cytokines might cause vasoconstriction and found it to be protein kinase C (PKC) 

dependent. Blocking PKC reduced the expression of IL-1b and TNF-a and subsequently the 

strength of the phase II HPV, and activating PKC resulted in the opposite effect (Tsai et al., 
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2004). Therefore, it is likely that the role of PKC in regulating HPV is dependent on increasing 

IL-1b and TNF-a expression.  

There is no evidence for the role of interferons (IFN-a and IFN-g) on HPV, but there is 

evidence for their role in PAH and the mechanism by which they alter PAH. These data should 

be interpreted cautiously since this dissertation does not aim to study pathophysiological chronic 

elevations in pulmonary pressure. Rather, these data are provided to show a potential regulatory 

role that interferons have on the pulmonary vasculature that is independent of vascular 

remodeling that occurs with PAH. Interestingly, the role of interferons in regulating pulmonary 

vascular tone came to be understood accidentally, as PAH was found to be a rare side effect of 

interferon therapy (Kramers et al., 1993; Savale et al., 2016; Papani et al., 2017). In one study, it 

was found that both IFN-a and IFN-g induced the expression of endothelin-1, a potent 

vasoconstrictor, in pulmonary artery smooth muscle cells but not endothelial cells (George et al., 

2014). Importantly, the pulmonary artery smooth muscle cells were primed with TNF-a, so it 

may only be a combined effect of the interferons with TNF-a that result in an increased 

endothelin-1 expression (George et al., 2014).  

IL-6 has been studied extensively in the context of PAH (Groth et al., 2014). However, 

little research exists to its role acutely in pulmonary vascular tone regulation. A study by Savale 

et al. (2009) examined the effect of IL-6 on the acute and chronic pulmonary pressure responses 

to hypoxia. They found that acutely, wild type and IL-6 knockout mice had the same increase in 

right ventricular systolic pressure in response to hypoxia (Savale et al., 2009). Chronically, IL-6 

knockout mice showed lower right ventricular hypertrophy and less muscularization of the 

pulmonary artery, indicating that IL-6 likely affects pulmonary remodeling rather than acute 

responses to hypoxia (Savale et al., 2009).  
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There are no data to suggest that the chemokines studied in this dissertation, IL-8 and 

MCP-1, are involved in acute regulation of pulmonary vascular tone. However, data exists to 

support MCP-1’s role in PAH progression. A study by Kimura et al. (2001) showed that IL-1b, 

TNF-a, and MCP-1 were all elevated in PAH patients but only MCP-1 positively correlated with 

pulmonary vascular resistance. IL-8 has similarly been implicated in PAH but not acute 

elevations in pulmonary pressure (Scott et al., 2019).  

IL-10, IL-18, IL-23, and IL-33 have no known role in acute elevations in pulmonary 

pressure. IL-33 has been shown to cause vascular remodeling in pulmonary hypertension by 

acting on vascular endothelial cells (Liu et al., 2018a), but this cytokine has yet to be shown to 

play an acute role in pulmonary pressure regulation. Alternatively, given its similarities to IL-1, 

IL-18 is similarly implicated in PAH (Groth et al., 2014), with elevated concentrations of IL-18 

seen in pulmonary vascular smooth muscle cells (Ross et al., 2012). IL-1b also regulates HPV 

(Tsai et al., 2004), so perhaps IL-18 also plays a similar, albeit unknown, regulatory role. IL-10 

administration has been shown to reduce mean pulmonary artery pressure in patients with PAH 

(Ito et al., 2007), but no acute mechanisms of action have been tested. Lastly, IL-23 has no 

known role in pulmonary pressure regulation acutely or in PAH.  

Preliminary data from our laboratory suggest that baseline concentrations of IL-17A 

positively correlate with 4- and 7-hour PASP and TPR in response to 11.5% oxygen, indicating 

an acute role of this cytokine in pulmonary pressure regulation with hypoxia. In addition, further 

support for the role of IL-17 comes from a study by Wang et al. (2019b) in which they found 

elevated IL-17 in lung tissue of humans with COPD-associated pulmonary hypertension as well 

as mice with hypoxic pulmonary hypertension. In a series of mechanistic studies, it was shown 

that IL-17 contributes to hypoxic pulmonary hypertension by inducing proliferation, 
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angiogenesis, and adhesion of pulmonary artery endothelial cells (Wang et al., 2019b), and 

blocking IL-17 prevented these actions. However, this work required 4 weeks of hypoxia, so it 

was not an acute model. Thus, although our data suggest an acute role of this cytokine with 

hypoxia-induced increases in pulmonary pressure, no direct acute mechanistic studies exist. In 

addition to IL-17, data from our laboratory show that baseline concentrations of IL-12p70 

positively correlate with 7-hour pulmonary PASP and TPR in response to 11.5% oxygen. No 

additional studies exist to show the role of IL-12 acutely on pulmonary pressure regulation, but 

IL-12 expression is higher in patients with PAH (Soon et al., 2010; Rabinovitch et al., 2014).  

Importantly, no studies have investigated the regulatory role of cytokines on pulmonary 

pressure in either hyperoxia or hyperbaria. Therefore, an important question to answer is whether 

the relationships identified and discussed above between inflammation and pulmonary vascular 

tone regulation also exist after SCUBA diving. The data support a role of IL-1b and TNF-a in 

regulating acute increases in pulmonary pressure with hypoxia, but limited data exists as to 

whether the other cytokines in question will play a role in the post-SCUBA diving induced 

increase in pulmonary pressure. Taken together, these studies emphasize that the role of the 

immune system on acute regulation of pulmonary vascular tone is incompletely understood, and 

no studies have examined a modulatory role of the immune system on pulmonary pressure 

regulation post-SCUBA diving.  

IRON REGULATION 

Essential to red blood cell formation is the bioavailability of iron. As noted above, the Hb 

molecule contains various heme groups that bind oxygen. Therefore, Hb cannot be formed 

without dietary iron. Iron deficiency is the leading cause of anemia, particularly in females (GBD 

2016 Disease and Injury Incidence and Prevalence Collaborators, 2017; Cappellini et al., 2020), 
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and presents a serious pathological condition by limiting oxygen delivery to tissues. In addition 

to total iron, iron availability can be regulated by the state of the iron. In every person, a small 

portion of the total Hb has its iron atoms in the inactive ferric state, called methemoglobin. 

Furthermore, when discussing iron status, it is important to consider ferritin and transferrin 

concentrations as well as total iron. Ferritin is the stored form of iron, and transferrin is necessary 

for the transport of iron once ferritin is mobilized. Therefore, low ferritin and high transferrin 

may be indicative of reduced iron availability even in the face of normal total iron 

concentrations. Lastly, hepcidin is a protein that is the main regulator of iron metabolism. It is 

made in the liver and functions to sequester iron and prevent the mobilization of iron stores. 

Hepcidin also inhibits the release of recycled iron from macrophages (Ganz, 2007, 2016).  

Although its most well-known function is increasing EPO transcription, HIF-2 has also 

been shown to help with iron uptake and utilization (Haase, 2013). During hypoxia, HIF-2 

stabilization will increase bioavailability of iron in order to make more red blood cells (Haase, 

2013). In addition, erythropoiesis will inhibit hepcidin to increase iron availability for 

erythropoiesis (Ganz, 2007). However, intracellular iron can provide negative feedback on this 

process, as low intracellular iron concentrations were found to suppress HIF-2a translation 

(Haase, 2013), subsequently reducing EPO production. Therefore, in humans who have low iron, 

EPO hyporesponsiveness to hypoxia may be partially explained by low iron availability, which 

can be determined by examining complete iron status rather than iron alone.  

The immune system can also regulate iron availability. During infection, iron is 

sequestered into macrophages and hepatocytes, iron uptake is limited, and expression of iron 

storage proteins like ferritin are increased to limit iron availability to pathogens (Slaats et al., 

2016; Ni et al., 2022). In addition, many of the cytokines of interest for this dissertation can 
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regulate iron availability. For example, much of the work on how IL-6 regulates erythropoiesis 

shows that it modulates Hb mass through its regulation of the protein hepcidin. IL-6 can increase 

hepcidin expression (Nemeth et al., 2004; Banzet et al., 2012), which reduces iron availability 

for red blood cell synthesis. Specifically, IL-6 is known to increase hepcidin through the 

induction of STAT3, which binds to the promoter region of the hepcidin gene to increase its 

transcription (Nemeth et al., 2004; Wrighting & Andrews, 2006; Wessling-Resnick, 2010; 

Banzet et al., 2012; Fraenkel, 2017). Conversely, IL-10 treatment can alleviate anemia of 

inflammation by reducing inflammatory cytokine expression and downregulating hepcidin 

(Huang et al., 2017). In fact, excessive IL-10 was shown to contribute to high altitude 

polycythemia (Liu et al., 2018b). IL-10 acts through the STAT3 pathway to directly oppose IL-6 

(Huang et al., 2017). MCP-1 targets iron via a different pathway in which it suppresses the 

transferrin receptor (Muckenthaler et al., 2011). In mice with MCP-1 knockouts, there was 

decreased blood iron and transferrin saturation as well as iron overload in the spleen and 

duodenum (Muckenthaler et al., 2011). IFN-g decreases iron availability to pathogens by 

promoting iron export from macrophages (Abreu et al., 2020), which may increase circulating 

iron. Alternatively, TNF-a induces hypoferremia by inhibiting macrophages from releasing iron 

and increasing iron storage (Alvarez-Hernández et al., 1989; Scaccabarozzi et al., 2000), and in 

endothelial cells, TNF-a has been found to induce iron accumulation (Nanami et al., 2005). As 

noted above, IL-33 is necessary for the development of red pulp macrophages (Lu et al., 2020; 

Xu & Huang, 2020). These macrophages recycle iron in red blood cells, and in IL-33 deficient 

mice, iron recycling was impaired and there was increased iron deposition in the spleen (Lu et 

al., 2020). Thus, in summary, these studies suggest that high concentrations of inflammatory 

cytokines may limit iron availability for red blood cell synthesis.  
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 Iron availability can also influence expression of cytokines and immune cells. In iron 

overloaded myelomonocytic cells, IL-1b production in response to LPS administration was 

reduced, and upon iron chelation, IL-1b production was augmented (O’Brien-Ladner et al., 

2000). Additionally, iron overload is associated with increased susceptibility to many disease 

states, such as tuberculosis and malaria, whereas iron deficiency is associated with increased 

resistance to infection (Wessling-Resnick, 2010). Iron acts on nearly all immune cells, including 

macrophages, NK cells, neutrophils, and T- and B-lymphocytes (Ni et al., 2022). Iron regulates 

macrophage polarization into various subtypes of macrophages, regulates neutrophil recruitment 

and neutrophil derived inflammation, and inhibits T cell differentiation into Th1, Th2, and Th17 

subtypes (Ni et al., 2022). Together, these data support a role of iron and immune interactions as 

a regulatory component of Hb mass as well as EPO concentrations in response to hypoxia.  

PATENT FORAMEN OVALE 

Normal fetal circulation is structured differently than that of a developed adult human. 

Since the fetus is not breathing on its own and receives oxygen from the mother through gas 

diffusion across the placenta, there are pathways in the fetal circulatory system that allow blood 

to bypass the lungs. These include the ductus arteriosus, a vessel connecting the aortic arch to the 

pulmonary artery, and the foramen ovale, a tunnel connecting the right and left atria. In utero, the 

fetus is hypoxic, which promotes higher right atrial pressures, but not left atrial pressures (Malik 

& Kidd, 1976; Groves et al., 1987), so the pressure gradient largely drives blood flow from the 

right to the left atria through the foramen ovale, where it can then enter systemic circulation from 

the left side of the heart.  

When an infant takes its first breaths, the pressure gradient across the atria changes. 

Given the relatively hyperoxic environment for the newborn, the pressure in the right atrium 
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drops, and left atrial pressure largely exceeds that of the right atria due to reductions in 

pulmonary vascular resistance and increased pulmonary blood flow. This favors near immediate 

functional closure of the foramen ovale. After a few months, the cells around the foramen ovale 

undergo endothelial-to-mesenchymal transition leading to fibrosis, and anatomical closure occurs 

(Elliott et al., 2014a). However, in some cases, for reasons currently unknown, the foramen 

ovale does not close, and it is termed a PFO.  

A PFO is a remnant fetal circulatory system structure present in approximately 25-40% 

of the adult population (Hagen et al., 1984; Marriott et al., 2013; Elliott et al., 2013). It is an 

intracardiac right-to-left shunt. Accordingly, it would not be unexpected to hypothesize that a 

PFO might present a mechanism of increased arterial hypoxemia. Arterial hypoxemia could 

result in decreased oxygen delivery to the kidney, resulting in a compensatory erythropoiesis and 

higher baseline Hb mass. It could also result in increased pulmonary vasoconstriction and 

therefore higher pulmonary pressures. In support of this, in a study by Lovering et al. (2011), 

participants with a PFO (PFO+) had lower PaO2 of approximately 5mmHg at rest and had worse 

resting gas exchange efficiency. However, the PaO2 in those participants with a PFO was still on 

average 94mmHg, which does not represent a large degree of arterial hypoxemia (Lovering et 

al., 2011). Additionally, Duke et al. (2020) found no differences between those with and without 

a PFO in arterial hypoxemia at sea level even though PFO+ participants had worse gas exchange 

efficiency. An important consideration for whether a PFO causes arterial hypoxemia are sex and 

PFO size. Preliminary data from our lab suggests that females with a large PFO have worse gas 

exchange efficiency and arterial hypoxemia at rest but that males with a PFO do not have worse 

gas exchange efficiency or arterial hypoxemia (Kelly et al., 2023. In Review). It could be that 

those with a small PFO, those with normal right and left heart pressures, and most males do not 
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exhibit a significant amount of shunting at rest and therefore do not have worse pulmonary gas 

exchange efficiency and/or arterial hypoxemia.  

Despite studies suggesting those with a PFO would have higher pulmonary pressure in 

response to hypoxia compared to those without a PFO due to increased PFO driven susceptibility 

to high altitude pulmonary edema (Allemann et al., 2006), there were no differences in 

pulmonary pressures between those with and without a PFO after 30 minutes of varying degrees 

of hypoxia (Duke et al., 2020), and in this same set of participants, there were no PFO driven 

differences in PASP or TPR with 10 hours of normobaric hypoxia (DiMarco et al., 2021). 

However, as noted above, Duke et al. (2020) found no arterial hypoxemia in those with a PFO at 

rest, so it could be that only those that shunt more at rest may have a greater stimulus PO2 needed 

to observe greater HPV.  

Accordingly, simply the presence of a PFO is not expected to result in differences in Hb 

mass (Aim 2) or pulmonary pressure with SCUBA diving (Aim 3) given that 1) there is likely 

not a significant degree of arterial hypoxemia without considering sex or PFO size, and 2) no 

studies have shown that those with a PFO have higher pulmonary pressures under normoxic or 

hypoxic resting conditions. However, some considerations that have yet to be studied are 

differences in immune system activity and iron regulation in those with a PFO. There is data to 

suggest a link between the presence of a PFO, iron deficiency, and stroke risk, although this link 

has not been confirmed (Shovlin, 2014; Topiwala et al., 2021). Therefore, if the presence of a 

PFO does result in some degree of iron deficiency, this may negatively regulate Hb mass. There 

is no data to suggest that the presence of a PFO alters inflammation, but if the presence of a PFO 

alters inflammation, it has the potential to alter Hb mass and/or pulmonary pressure.   
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CHAPTER III 

METHODS 

INFORMED CONSENT 

 All protocols completed for this dissertation were approved by the University of Oregon 

Research Compliance Services (protocol #s STUDY00000174, STUDY00000189, 

STUDY00000019, and 07302018.031). Additionally, the University of Split School of Medicine 

Ethics Committee approved all research activities for Aim 3 (protocol #2181-198-03-04-19-

0052), and Aim 3 is registered at clinicaltrials.gov (protocol #07302018.031). I verbally 

discussed all procedures, risks, and benefits with each participant, and each participant 

completed written informed consent prior to participation in any research activities. For Aim 3 

(Chapter VI), many participants spoke Croatian as a first language, so a researcher fluent in 

Croatian (Otto Barak, MD) was able to aid in the informed consent process and appropriately 

answer any questions the participants might have.  

HB MASS & COi 

 The gold standard for measuring Hb mass is the CO rebreathe technique (Siebenmann et 

al., 2017). This technique was used in Aims 1 and 2 (Chapters IV and V, respectively). For this 

test, participants breathed on a custom-made Hb mass circuit. The circuit consisted of a one-way 

open circuit, which was connected to a Douglas bag, and a closed-circuit, which was used for the 

CO rebreathing. A sliding valve (Series 2870, Hans Rudolph, Shawnee, KS, USA) was used to 

switch between the open and closed circuits. To administer CO into the closed circuit, a 200mL 

syringe was mounted to a custom metal plate with a metal stopper that could be positioned at 

increments of 10mL. A small 3-way stopcock was attached to the end of the CO syringe, which 

was used to prevent contact with room air as well as attach to the closed circuit for CO 
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administration. Figure 3 diagrams the setup of the complete Hb mass circuit. Prior to any testing, 

the deadspace in the circuit was directly measured with water and remained constant throughout 

all studies.  

 

 

 

 

 

  

 

Upon arrival, participants began by having height and weight measured. Weight was used 

to calculate the volume of CO to administer during the CO rebreathe (0.8 mL of CO/kg of body 

mass for females and 1.0 mL of CO/kg of body mass for males rounded to the nearest 10mL). 

This volume of CO was chosen to raise HbCO by approximately 4-7% in a single test. All Hb 

mass tests were performed in duplicate on the same day, so HbCO was raised by approximately 

Figure 3. Hb mass rebreathe circuit. The circuit consisted of two connected circuits. 

One was an open circuit used to breathe 100% oxygen from a Douglas bag and exhale into 

the room, and the other was a closed circuit used to rebreathe a bolus of CO in 100% 

oxygen for 10 minutes. A sliding valve connected to one-way non-rebreathe valves was used 

to switch between the two circuits. A T-shaped connector was used to connect a piece of 

tubing to the Douglas bag to fill the closed circuit with oxygen as needed as well as connect 

a rubber balloon to the circuit to allow the participant to breathe. The gas tank pictured 

contains 100% oxygen. 
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8-14% by the end of the duplicate measures. After having weight measured, participants had an 

intravenous catheter (IV) placed in an antecubital vein (See “IV placement & blood draw 

procedure” below). The IV was used for various small blood draws to measure HbCO. Room 

temperature and barometric pressure were recorded. After instrumentation, the participant began 

the Hb mass test.  

To begin the test, the participant laid down in the supine position with their feet elevated 

approximately 8 inches with a small box that they could prop their legs on. The participant 

remained laying down for 20 minutes for the normalization of plasma volume shifts due to 

gravity (Hagan et al., 1978; Keiser et al., 2013). During this time, the Douglas bag connected to 

the one-way open circuit was filled with 100% oxygen. Additionally, the closed circuit was filled 

and flushed three times with 100% oxygen. After 20 minutes of supine rest, the participant began 

breathing on the mouthpiece connected to the open circuit, where they breathed 100% oxygen 

for 4 minutes (hyperoxia period). The purpose of the four minutes of hyperoxia was to lower 

baseline HbCO and increase SaO2 by as much as possible. During the 4-minute hyperoxia 

period, the CO syringe was filled and flushed 3 times with the pre-calculated volume of CO 

based on body weight, then filled to the desired volume. To avoid over-pressurizing the syringe 

and therefore administering too much CO, a small piece of tubing was connected to the 3-way 

stopcock at the end of the syringe. The end of the tubing was placed into a small water column 

(5cm H2O). The 3-way stopcock was then opened between the CO syringe and tubing to allow 

equalization of pressures and then promptly closed. At the end of the hyperoxia period, a small 

venous blood sample was drawn from the IV into a pre-heparinized syringe. After, the 

participant was instructed to exhale completely then switched to breathe on the closed circuit, 

and the CO was immediately injected into the closed circuit. Upon injecting all the CO, a timer 
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began for 10 minutes of CO rebreathe. At the end of 10 minutes, another small blood sample was 

drawn as before. The participant was again instructed to exhale completely, the closed circuit 

was shut, and the participant came off the mouthpiece and remained laying in the supine position 

breathing room air for 10 minutes. 

While the participant was resting between measures, the volume of air and the parts per 

million (ppm) of CO remaining in the rebreathe circuit were measured. The volume was 

measured by attaching a large 3-way stopcock to the circuit and using two 3-liter calibration 

syringes to draw out the remaining gas. The volume was measured to the nearest 1/10 of a liter. 

The air was then injected back into the closed circuit. After, a CO monitor (CO-220 Carbon 

Monoxide Meter, Fluke, Everett, WA) was held to the opening of the circuit where the 

mouthpiece attached. The air in the circuit was slowly squeezed out, and the maximum reading 

on the CO monitor was recorded.  

Following the volume and ppm measurements, both open and closed circuits were 

refilled and flushed with 100% oxygen, and the participant then completed the 4-minute 

hyperoxia period followed by 10-minute CO rebreathe once again as described above. All 4 

blood samples collected were analyzed via co-oximetry to obtain HbCO before and after CO 

rebreathing for each of the duplicate measures (See ‘co-oximetry’ below). To calculate Hb mass, 

the volume of CO administered, change in HbCO, atmospheric temperature and pressure, 

participant height and age, deadspace of the circuit, volume of gas remaining in the circuit, and 

ppm of CO remaining in the circuit were used. Participant age and height were used to estimate 

residual volume, which was used with the deadspace of the circuit, volume of gas remaining in 

the circuit, and ppm of CO remaining in the circuit to calculate the volume of CO that was not 

taken up or absorbed by the participant. The volume of CO unabsorbed was subtracted from the 
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volume of CO administered to obtain the volume of CO absorbed by the participant. Using 

atmospheric temperature and pressure, the volume of CO absorbed was converted into moles, 

and then converted into moles of total Hb using the change in HbCO. Moles was then converted 

into grams to achieve the total grams of Hb. Percent error was calculated as the standard 

deviation of the duplicate measures divided by the square root of 2, which was all divided by the 

mean of the duplicate measures, multiplied by 100 to express as a percent. The test was 

considered valid if the percent error between duplicate measures was less than 3%. A sample 

calculation of Hb mass and the percent error are provided in the Calculation appendix. Hb mass 

was measured for Aim 2 (Chapter V) as a main outcome variable, but this protocol was also 

employed to administer CO to participants for Aim 1 (Chapter IV).  

HOT WATER IMMERSION 

 Heat stress for Aim 1 (Chapter IV) was done via HWI. All participants arrived between 

06:30 and 08:30 and were asked to arrive well hydrated. Hydration was assessed with urine 

specific gravity upon arrival, and if a participant had urine specific gravity below 1.020, they 

were asked to consume 5 mL/kg of body weight of water prior to starting HWI.  

The hot tub was heated to 40°C (104°F). While in the hot tub, participants were seated in 

an upright position submerged to approximately the level of the shoulders. The participant was 

instrumented with an IV catheter in their right arm and blood pressure cuff on their left arm, so 

both arms remained unsubmerged during HWI. All participants had body core temperature 

monitored via either a rectal thermistor or a telemetric core temperature pill. If participants opted 

to use a core temperature pill (HQInc CorTemp Sensor, Palmetto, FL), they came to the lab the 

day prior to their study visit and were instructed to ingest the pill approximately 10 hours prior to 

their scheduled arrival time (approximately 20:30-22:30). If a participant opted to use the rectal 
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thermistor probe (ZOLL Medical Corporation YSI Reusable rectal temperature probe, 

Chelmsford, MA) they were instructed on how to self-insert the thermistor and provided with 

lubricant. While in the hot tub, we sought to increase core temperature to 38.5°C with water 

immersion up to the sternum. In the event that core temperature of 38.5°C was reached, water 

immersion up to the waist was performed and a fan turned on in an attempt to clamp core 

temperature at 38.5°C to improve participants’ thermal perception at this elevated core 

temperature. 

SCUBA DIVING 

 For Aim 3 (Chapter VI) participants all completed a recreational, non-decompression 

SCUBA dive. All participants held at least their open water SCUBA dive certification through 

the Professional Association of Diving Instructors (PADI) or their 1 Star certification through 

Confédération Mondiale des Activités Subaquatiques (CMAS) and were recruited from 

professional and local dive clubs and organizations in and around Split, Croatia. Participants 

were instructed to maintain either an 18-meter dive profile for 47 minutes of bottom time or a 

30-meter dive profile for 20 minutes of bottom time. Both times were chosen as the longest a 

person can spend at those respective depths without requiring decompression on the ascent. The 

shallower dive profile was considered moderately deep and was chosen to allow participants 

with a range of experience to be able to complete the dive with one tank of gas, while the deeper 

dive profile is deeper than an Open Water Certified Diver is allowed to dive and required an 

Advanced Open Water certification. Participants all wore dive computers (Scubapro Mantis 2, El 

Cajon, CA) that continuously monitored dive depth, dive time, and water temperature. All 

participants dove with at least one dive buddy, and there were no complications because of the 

dive profiles. Each participant completed two dives for the study on back-to-back days, with the 



 81 

exception of one participant who completed his dives two days apart. Three participants 

completed both dive profiles. 

DRUG TREATMENT 

 For Aim 3 (Chapter VI), participants received sildenafil and placebo in a balanced, 

randomized crossover design for females and males. Sildenafil was given in an oral dose of 

50mg, which has been shown to be effective at reducing hypoxic pulmonary vasoconstriction 

(Carter et al., 2019; Kelly et al., 2022) and pulmonary artery and pulmonary wedge pressure in 

those susceptible to immersion pulmonary edema (Moon et al., 2016; Martina et al., 2017) but is 

a small enough dose to minimize unwanted side effects such as headache. Half of the participants 

received sildenafil after their first dive, and half of the participants received sildenafil after their 

second dive. The ultrasonographer, participants, and investigators making measurements and 

calculations were blinded to the treatments.  

 Upon resurfacing from the dive, participants were given their assigned drug treatment for 

the day. The first participant ingested their assigned drug treatment immediately upon 

resurfacing, and every 15 minutes thereafter the next participant ingested their assigned drug. 

Post-dive measurements were made one hour after ingesting the drug, which is the time it takes 

sildenafil to reach its peak effect.  

ULTRASOUND MEASURES 

Comprehensive ultrasound 

 Comprehensive cardiac ultrasound was performed as part of the screening procedures for 

all participants in Aim 3 (Chapter VI) of this dissertation. All comprehensive cardiac ultrasound 

was done by a licensed registered diagnostic cardiac sonographer (Joel Eben Futral, Freddy 

Garcia, Doug Elton, and Dr. Rachel Lord) due to the technical difficulty of obtaining accurate 
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images of the heart. The purpose of the comprehensive cardiac ultrasound was to screen out 

participants with potential cardiac limitations that might have prevented their safe participation 

in the study; however, no participant was screened out of the study due to a finding during the 

comprehensive ultrasound. All measured were done according to standards set by the American 

Society of Echocardiography (Lang et al., 2015; Mitchell et al., 2019). 

Participants all had a 3-lead electrocardiogram placed and were positioned in a reclining 

phlebotomy chair. Measures obtained by the comprehensive echocardiogram included right 

ventricular wall thickness, interventricular septum thickness at end diastole, left ventricular 

internal dimension at end diastole, left ventricular internal dimension at end systole, left 

ventricular posterior wall thickness at end diastole, left atrial size, pulmonic valve peak velocity, 

left ventricular outflow tract velocity, aortic valve velocity, aortic valve velocity time integral, 

aortic valve area, mitral valve ejection velocity, mitral valve acceleration velocity, early diastole 

velocity waveform, ratio of E wave to e’ wave, right ventricular end diastolic area, right 

ventricular end systolic area, ventricular ejection fraction, left ventricular end diastolic volume, 

left ventricular end systolic volume, heart rate at the left ventricular volume measurement, left 

ventricular ejection fraction, diameter of the inferior vena cava (IVC), and IVC collapsibility.   

IVC diameter and collapsibility were used to estimate right atrial pressure (PRA). IVC 

collapsibility was calculated as the percentage difference between the maximal and minimal IVC 

size upon a rapid sniff. If the IVC diameter was less than 2.1cm and the IVC had greater than 

50% collapsibility, PRA was assigned a value of 3mmHg. If the IVC diameter was greater than 

2.1cm and the IVC had greater than 50% collapsibility, PRA was assigned a value of 8mmHg. If 

the IVC diameter was less than 2.1cm and the IVC had less than 50% collapsibility, PRA was 
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assigned a value of 8mmHg. Lastly, if the IVC diameter was greater than 2.1cm and the IVC had 

less than 50% collapsibility, PRA was assigned a value of 15mmHg (Bamira & Picard, 2018).  

PFO screening 

 The presence of a PFO can be detected via direct catheterization, transesophageal 

echocardiography, or transthoracic echocardiography. Because transthoracic echocardiography is 

the least invasive and most accessible to research participants, our lab uses this method for the 

detection of a PFO. All PFO screening was done by a licensed registered diagnostic cardiac 

sonographer (Joel Eben Futral, Freddy Garcia, Doug Elton, and Dr. Rachel Lord) due to the 

technical difficulty of obtaining accurate images of the heart.  

 PFO screening was done with a procedure called transthoracic saline contrast 

echocardiography, which has been validated to detect the presence of a PFO and estimate the 

severity of the shunt (estimate of PFO size) against direct invasive measures (Fenster et al., 

2014). When participants arrived, they had an IV catheter placed into a peripheral vein in the 

upper limb (See “IV placement & blood draw procedure” below). The participant lied semi-

recumbent in a phlebotomy chair in the left lateral decubitus position. This position allowed the 

heart to be closest to the ribcage for easier imaging. The sonographer placed a small probe 

against the left ribcage of the participant near the apex of the heart. This allows the sonographer 

to visualize all 4 chambers of the heart, and the image they obtain is called the 4-chamber apical 

view. Cardiac tissue is visualized as white, and blood in the heart chambers is visualized as 

black. Once the sonographer obtained a good view of the heart, two 10mL syringes were 

attached to the 3-way stopcock connected to the participant’s IV. Saline and air were agitated 

between the two syringes. Saline agitation creates microbubbles which were then rapidly injected 

into the IV. The ultrasound was used to visualize the bubbles, which appeared opaque. Upon 
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injection of the microbubbles, the bolus of bubbles appeared on the right side of the heart. If the 

participant had a PFO, some bubbles appeared on the left side of the heart within three 

heartbeats.  

 Blood flow through a PFO is dependent on right atrial pressure exceeding left atrial 

pressure. Therefore, to visualize a PFO, the microbubbles must be injected and coincide with a 

time when right atrial pressure exceeds left atrial pressure. This occurs naturally when the end of 

an inspiration coincides with end of ventricular diastole and start of ventricular systole (Strunk et 

al., 1987; Fenster et al., 2014). However, during most resting, sea level conditions right atrial 

pressure does not exceed left atrial pressure. Rather than try to time the injection of microbubbles 

so that they appear in the right side of the heart during end inspiration and diastole to allow 

conditions in which blood will flow through a PFO, we had participants perform a Valsalva 

maneuver. To perform this maneuver, participants bore down using their abdominal muscles, 

similar to bearing down during a bowel movement. This allowed for a transient increase in 

intrathoracic pressure, which inhibited blood flow returning to the right side of the heart. Upon 

release of the Valsalva, the surge in blood flow returning to the right atrium created a situation in 

which right atrial pressure exceeded left atrial pressure and blood readily flowed through a PFO 

if present.  

 A participant was said to have a PFO (PFO+) if any number of microbubbles appeared on 

the left side of the heart within three heartbeats. Furthermore, the sonographer graded the PFO 

on a scale of 1-5 depending on the number of bubbles seen in the left atrium. Grades 1-2 had 

fewer than 12 bubbles seen in the left atrium. Grade 3 indicated greater than 12 bubbles 

appearing in the left atrium. Grade 4 represented an uncountable number of bubbles that 

appeared heterogeneously in the left atrium, and grade 5 indicated an uncountable number of 
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bubbles that appeared homogenously in the left atrium. The bubble scoring system is designed to 

approximate the size of the PFO, with grades 1-2 representing a small PFO and grades 3-5 

representing a large PFO. However, measuring the true size of the PFO or the amount of blood 

traveling through the PFO is beyond the scope of this dissertation, as it requires more direct 

measures. Therefore, while the terms ‘large PFO’ and ‘small PFO’ may be used, the 

interpretation of these terms as the true size of the PFO should be done with caution.  

A participant was said to have no PFO (PFO-) if no bubbles appeared in the left atrium. 

However, some participants had late bubbles, which were defined as bubbles appearing in the 

left atrium later than three heartbeats. These late bubbles were attributed to large diameter 

intrapulmonary shunt pathways that allowed for the bubbles to pass through pulmonary 

circulation without being filtered out in the small capillaries. Pulmonary transit time of blood is 

estimated to be about 9.3 seconds at rest (Hopkins et al., 1996). Therefore, in a person with a 

resting heart rate of 60 bpm, it would take approximately 9 cardiac cycles for blood to travel 

through pulmonary circulation and through any potential intrapulmonary shunts. Additionally, 

assuming a normal stroke volume of 70mL per beat and a pulmonary blood volume of 210mL, it 

would take 4 heart beats for blood pumped out of the right ventricle to return to the left atrium. 

Saline contrast would not appear on the left side of the heart within 3 heart beats if a participant 

had intrapulmonary shunts but no PFO, so any participant with late bubbles were considered to 

have no PFO.  

 PFO screening was performed for Aims 2 and 3 (Chapters V and VI, respectively) of this 

dissertation. Aim 2 (Chapter V) combined data collected from three studies (study 1, study 2, 

and study 3). Those that participated in studies 2 and 3 were imaged for the presence of absence 

of a PFO, while those that participated in study 1 were not.  
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Right heart measures 

For Aim 3, various right heart measures (right ventricular outflow tract (RVOT) velocity 

time integral (VTI), RVOT acceleration time (RVOT AT), RVOT ejection time (RVOT ET), 

right ventricular end diastolic (RVED) area, right ventricular end systolic (RVES) area, right 

ventricular diameter at the base (RV dim base) and middle (RV dim mid), and tricuspid annular 

plane systolic excursion (TAPSE)) were taken pre- and post-SCUBA diving to confirm normal 

right heart function (Lang et al., 2015). This measurement was also done to examine whether 

changes in pulmonary pressure and resistance were associated with changes in right heart 

function. All measurements were made in triplicate and triplicate values averaged.  

Pulmonary artery systolic pressure, cardiac output, and total pulmonary resistance 

The following measurements were performed for Aim 3 (Chapter VI) of this dissertation. 

PASP was measured to represent the peak pressure exerted upon the pulmonary arteries during 

right ventricular systole. This can be estimated by measuring the peak velocity of retrograde 

blood flow across the tricuspid valve (v). During systole when the right ventricle contracts, the 

tricuspid valve closes, but a small amount of blood can still flow backwards into the right atrium. 

The peak retrograde blood flow across the tricuspid valve can therefore represent the pressure 

gradients across the right ventricle and atrium. Because right ventricular pressure can change 

with pulmonary artery pressure, a larger v is indicative of higher PASP. The method used in this 

dissertation is an indirect measure of pulmonary pressure. Direct right heart catheterization can 

provide more direct measurements and allows for measurement of mean pulmonary artery 

pressure rather than PASP. However, studies have shown that indirect doppler ultrasound 

correlates strongly with measures obtained during direct heart catheterization (Yock & Popp, 

1984; Himelman et al., 1989a).  
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v was measured pre- and post-SCUBA diving in triplicate, and triplicate values were 

averaged. The average v was then applied to the modified Bernoulli equation (equation 3, 

“Equations appendix”), as we and others have previously done (Yock & Popp, 1984; Himelman 

et al., 1989b; Rudski et al., 2010; Laurie et al., 2010, 2012; Norris et al., 2014a; Duke et al., 

2014; Elliott et al., 2014b; Duke et al., 2016, 2020; DiMarco et al., 2021). PASP is calculated as 

4 times the v squared plus the PRA (equation 3, “Equations appendix”). PRA pressure is estimated 

from the IVC diameter and collapsibility as described above in “comprehensive ultrasound”.  

 Q was calculated by measuring the left ventricular outflow tract (LVOT) VTI and 

diameter. LVOT diameter was used to calculate the cross-sectional area of the LVOT. The 

LVOT diameter was divided by two to obtain the radius of the LVOT, which was then squared 

and multiplied by pi (approximated 3.14) (equation 4, “Equations appendix”). LVOT VTI was 

measured pre- and post-SCUBA diving in triplicate, and the triplicate values were averaged. The 

average LVOT VTI was multiplied by the cross-sectional area of the LVOT to obtain an estimate 

of stroke volume. The heart rate measured with a 3-lead ECG was multiplied by stroke volume 

to obtain Q.   

 TPR was calculated as the PASP divided by Q. however, while vascular resistance is 

primarily a function of the vessel radius, blood viscosity is an additional variable that should be 

taken into consideration when analyzing vascular resistance (Hoffman, 2011; Vanderpool & 

Naeije, 2018). To correct for blood viscosity, TPR and PASP were corrected for hematocrit 

(HCT). A reference HCT (HCTr) of 0.45 was used to normalize all measured TPR irrespective 

of their measured HCT (HCTm). The measured TPR was then divided by e2(HCTr – HCTm) 

(Vanderpool & Naeije, 2018). The HCT corrected TPR was multiplied by Q to obtain HCT 
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corrected PASP. The HCT corrected values of PASP and TPR are used throughout Aim 3 

(Chapter VI) of this dissertation.  

Renal ultrasonography 

Renal blood velocity was measured via Doppler ultrasound as previously described 

(Chapman et al., 2020) during all interventions in Aim 1 (Chapter IV) of this dissertation. The 

blood velocity of the renal vasculature was measured in the distal segment of the right renal 

artery. The same artery, for a given participant, was used throughout the experimental protocol. 

Renal blood velocity was measured across three consecutive cardiac cycles during which 

participants were instructed to perform a mid-exhalation, non-Valsalva breath hold lasting no 

more than 10 seconds. The same sonographer obtained all renal blood velocity measurements 

(Dr. Christopher Chapman, PhD). In addition, the location of the transducer was kept consistent 

by marking the participant with indelible ink.  

Prior to the interventions in Aim 1, baseline measurements of renal blood velocity were 

obtained that were consistent with the body position during the interventions. For example, 

participants were in the supine position during COi, so all baseline measurements were made in 

the supine position. Participants were seated upright in the hot tub, so baseline measurements 

were made in an upright seated position. On the COi + HWI visit, two baseline periods, one 

seated and one supine, were performed to compare renal blood velocity measurements made 

during the interventions to the baseline in the same body position. During COi, renal blood 

velocity was measured at the end of the 4 minutes of hyperoxia, 5 minutes into the 10-minute CO 

rebreathe, and at the end of the 10 minutes of CO rebreathe for both tests. During HWI, renal 

blood velocity was measured every 5 minutes.  



 89 

CALCULATION OF RENAL OXYGEN DELIVERY 

For Aim 1, renal oxygen delivery was estimated to compare the strength of the stimuli 

during COi, HWI, and COi + HWI. Since renal oxygen delivery is a product of CaO2 and QR 

(equation 1, “Equations appendix”), we used (100-HbCO)/100 as an approximation of CaO2 and 

renal blood velocity as an approximation of QR since renal blood velocity and HbCO were the 

variables that changed with the interventions. Baseline HbCO was averaged from measurements 

made on the COi and COi + HWI visits and used to calculate the estimated resting CaO2 for all 

three study visits. Measured baseline renal blood velocity was multiplied by the baseline 

estimated CaO2 for all three visits to obtain the baseline estimate of renal oxygen delivery. For 

the COi + HWI visit, the seated baseline renal blood velocity was used in the calculation since 

the minimum renal blood velocity occurred during HWI in every participant, and we wanted to 

compare measurements in the same body position. For the COi and COi + HWI visits, peak 

HbCO was used to calculate the minimum estimated CaO2. For the HWI visit, the baseline 

estimated CaO2 was assumed to be unchanged. The minimum renal blood velocity measured 

during each intervention was multiplied by the minimum estimated CaO2 to obtain the minimum 

estimation of renal oxygen delivery. An example calculation is provided in the Calculations 

appendix.  

LUNG FUNCTION 

Forced vital capacity 

 The forced vital capacity maneuver (FVC) measures the maximal amount of air that can 

be exhaled during a maximal expiratory effort following a maximal inspiration. It is a common 

clinical tool to assess adequate lung function and was performed according to societal standards 



 90 

(Miller et al., 2005). FVC was used as a screening tool for Aim 3 (Chapter VI) of this 

dissertation.  

 During this test, participants breathed on a low-resistance mouthpiece with nose clips on. 

The mouthpiece was connected to a pneumotachograph, which had a space that allowed for a 

small sampling probe to be inserted that could measure volume and flow of the gas moving past 

it. The sampling probe was connected to a MedGraphics Elite Series Plethysmograph (Saint 

Paul, MN). To start, participants were seated comfortably upright with their feet flat on the 

ground and were asked to breathe normally for a minimum of 4 breaths. After at least 4 normal 

tidal breaths, participants were asked to maximally inhale as fast as possible to total lung 

capacity. They were immediately instructed to ‘blast it out’ and exhale maximally for at least six 

seconds until residual volume was reached. To achieve repeatability, a minimum of three similar 

tests were performed.  

 From this test we obtained maximal flow volume loops from which we could determine 

forced vital capacity (FVC). We also obtained the forced expiratory volume in the first second of 

expiration (FEV1), which can show flow limitations if one exists. The FEV1/FVC ratio is 

approximately 0.80 in most healthy adults. Lastly, we obtained the mid-expiratory flow (FEF25-

75).  

IV PLACEMENT & BLOOD DRAW PROCEDURE 

IV catheter placement 

 Prior to blood draws and some ultrasound measures (see ‘PFO screening’ above), an IV 

catheter was placed into a vein in the antecubital space. If a blood draw only required collection 

of vacutainer tubes, an alternative option was to use a straight needle attached to a vacutainer 

needle that could be inserted into a participant’s vein.  
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 Prior to placing an IV or straight needle, a tourniquet was instrumented around the 

participant’s arm and the participant was instructed to rhythmically make a fist and relax. An 

appropriate peripheral vein in the antecubital space was identified visually and by palpating the 

area. The area was then thoroughly disinfected with an alcohol swab and the needle placed into 

the vein. If using an IV, adequate blood flow was tested by drawing back slightly on a syringe 

attached to the IV extension set, and if there was adequate blood flow, the IV was taped into 

place. Whenever the IV was not being actively used for a blood draw or for injection of saline 

bubbles, the extension set was flushed with sterile saline and closed off to prevent any foreign 

material from entering the IV.  

Blood draw procedure 

 All blood for all studies was drawn into either serum separator vacutainer tubes (SSTs; 

gold or tiger top tubes pre-filled with a polyester-based gel with silica particles that act as a clot 

activator; Becton-Dickinson, Franklin Lakes, NJ), Ethylenediaminetetraacetic acid (EDTA; 

purple top tubes, Becton-Dickinson, Franklin Lakes, NJ)) coated vacutainer tubes, or heparinized 

syringes. Heparinized syringes were used to collect whole blood samples that were to be 

analyzed for HCT and co-oximetry, as heparin is an anti-clotting agent. To heparinize blood 

draw syringes, a tiny volume of heparin was drawn into the syringe via a fill needle. The volume 

of heparin was just sufficient to fill the reservoir tip of the blood draw syringe. SSTs were used 

to collect serum, and serum was used to measure inflammatory cytokine concentrations, EPO 

concentrations, iron concentration, ferritin concentration, and transferrin concentration. All SSTs 

contained a gel that was a density between that of serum and the additional components of blood 

(mostly red blood cells and some platelets and white blood cells), and this gel would end up 

between the serum and additional blood components after centrifugation. EDTA tubes were used 
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to collect whole blood that was used for white blood cell counts, as EDTA is also an anti-clotting 

reagent.  

For all blood draws through an IV, a small amount of blood was drawn into a waste 

syringe to ensure no saline was being drawn into the blood collection tubes and/or syringes. 

After drawing waste, blood was drawn into the appropriate blood collection tubes and/or 

syringes. Following the blood draw, the IV catheter was fully flushed with sterile saline to ensure 

there were no clots that would form. If using a straight needle for blood draws into vacutainer 

tubes only, it was not necessary to draw waste, and the vacutainer tubes were each pressed 

against the vacutainer needle and held in place until filled.  

BLOOD PROCESSING & ANALYSIS 

Co-oximetry  

 Co-oximetry was performed on venous blood samples drawn into the pre-heparinized 

syringes. After drawing blood into the pre-heparinized syringe, it was immediately ready to be 

analyzed, or it was capped for later analysis. Co-oximetry was performed using the Radiometer 

OSM3 (Copenhagen, Denmark). To analyze a blood sample, the inlet flap of the OSM3 was 

opened and the syringe pressed against the sampling probe to form a tight seal. A tiny volume of 

blood was pushed through the sampling probe until sufficient sample was read, and then the inlet 

flap closed. The OSM3 provided total Hb (tHb) in g/dL, oxyhemoglobin (HbO2), HbCO, 

methemoglobin (MetHb), and oxygen content (CO2). The primary measure used from the OSM3 

was HbCO. This was used to measure Hb mass (see ‘Hb mass & COi’ above). Participants were 

also excluded from Hb mass and COi if their baseline HbCO was above 3% to prevent too great 

of an increase in HbCO post-COi, so co-oximetry was used as a screening tool as well.  
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HCT analysis 

 To analyze HCT, a small microcapillary tube was filled with blood from blood collected 

in a heparinized syringe. HCT was measured in at least duplicate. The microcapillary tubes were 

then spun in a centrifuge for 10 minutes at 10,000 rpm.  

EPO analysis 

 EPO concentration was analyzed in the serum obtained from Aim 1 (Chapter IV). To 

obtain serum for EPO analysis, venous blood drawn into SSTs was allowed to fully clot at room 

temperature for at least 30 minutes. After, it was spun in a centrifuge at 1500 g for 10 minutes. If 

the serum was not fully separated from the red blood cells after the initial spin, the blood was 

spun at the same speed for another five minutes. After the blood had been centrifuged, the serum 

was pipetted into pre-labeled crytotubes, and the cryotubes were stored in a -80°C freezer until 

analysis.  

Frozen serum samples were thawed fully refrigerated on ice prior to analysis. EPO was 

analyzed via enzyme linked immunosorbent assay (ELISA) (BioLegend LEGENDMAX Human 

EPO ELISA,San Diego, CA, USA). Each participant had 22 different samples obtained across 

three study days (COi, HWI, and COi + HWI) that were analyzed in duplicate, so each 

participant was analyzed on their own plate with their own set of standard curves. However, all 

assays were the same lot number (Lot # B354852) and therefore had the same concentration of 

the top standard and identical protocols. The standard curve was generated by performing serial 

1:2 dilutions of the top standard, which was 125 mIU/mL. A blank sample was also used. Per the 

manufacturer guidelines, serum samples were not diluted prior to analysis. To perform the assay, 

samples were first incubated on the pre-coated EPO antibody plate, and then incubated with a 

detection antibody. After forming the antibody ‘sandwich’, reagents were added to allow the 
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detection antibody to fluoresce. The plates were immediately analyzed via a plate reader (BioTek 

Synergy HT, Winooski, VT, USA). Samples were analyzed at both 450 and 570 nm, and the 

absorbance at 570 nm was subtracted from the absorbance at 450 nm. The difference in 

absorbance between the two wavelengths was used to calculate concentration based on a 

logarithmic standard curve. The sensitivity of the assay was 0.25 mIU/mL. All samples were 

above limits of detection of the assay except for one participant who was excluded from analyses 

(see ‘Chapter IV’ below). 

Inflammatory cytokine analysis 

Serum from all dissertation aims (Chapters IV-VI) was analyzed for the concentration of 

13 different inflammatory cytokines: interleukin (IL)-1b, interferon (IFN)-a2, IFN-g, tumor 

necrosis factor (TNF)-a, monocyte chemoattractant protein (MCP)-1, IL-6, IL-8, IL-10, IL-

12p70, IL-17A, IL-18, IL-23, and IL-33. To obtain serum for cytokine analysis, venous blood 

drawn into SSTs was allowed to fully clot at room temperature for at least 30 minutes. After, it 

was spun in a centrifuge at 1500 g for 10 minutes. If the serum was not fully separated from the 

red blood cells after the initial spin, the blood was spun at the same speed for another five 

minutes. After the blood had been centrifuged, the serum was pipetted into pre-labeled 

crytotubes, and the cryotubes were stored in a -80°C freezer until analysis. Blood obtained from 

Aim 3 was temporarily stored at -20°C while at the dive site, and after approximately 2 weeks 

was transferred to a -80°C freezer at the research facility until analyzed.  

Frozen serum samples were fully thawed refrigerated on ice prior to analysis. Samples 

were analyzed using a multi-analyte flow assay kit (BioLegend LEGENDplex Human 

Inflammation panel 1, San Diego, CA, USA). The principal of the assay is nearly identical to that 

of an ELISA. However, rather than a plate that is pre-coated with the antibody specific to the one 
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protein in question, populations of capture beads with specific antibodies to the numerous 

proteins in question are used. The standard curve was generated by performing serial 1:4 

dilutions of the top standard, concentrations of which were different for each analyte. A blank 

sample was also used. Serum samples were diluted twofold then incubated with 13 different 

capture beads. Following the first incubation, the samples were incubated with detection 

antibodies. The last incubation involved incubating samples with the chosen fluorophores, which 

were streptavidin (SA) and phycoerythrin (PE).  

Following the assay procedure, all samples were analyzed via flow cytometry (BD 

Biosciences Accuri C6, Franklin Lakes, NJ, USA) according to manufacturer guidelines 

(Biolegend.com/legendplex). Samples were run on a low flow rate, which equated to a sampling 

rate of 14 µL/min and a core size of 10 mm. Beads were separated into two bead populations 

based on size. Within each different size bead population, the six or seven beads within that 

population were further separated based on fluorescence intensity. The slow flow rate allowed 

for adequate separation of bead populations without much background noise. The aim was to 

collect approximately 300 beads per analyte, or approximately 4,000 beads total. To ensure 

sufficient bead counts, approximately 5,500 beads were obtained during flow cytometry 

sampling.  

All samples were run in duplicate and duplicates averaged. Upon analysis, any duplicate 

sample with a coefficient of variance (CV) > 30% was excluded from analysis, per suggestion in 

the manufacturer manual. Any sample with a high CV was re-run on a second assay, and those 

concentrations were used if the subsequent CV was < 30%. The lower limit of detection for each 

cytokine was defined as the mean plus 3 times the standard deviation of the mean fluorescence 

intensity of the blank. Samples below limits of detection were not excluded from analysis, and 



 96 

concentrations were calculated from the extrapolated standard curve. The number of samples 

below limits of detection for each cytokine as well as the range of the lower limits of detection 

for each cytokine are provided in each individual chapter (Chapters IV – VI).   

White blood cell count analysis 

 White blood cell counts were analyzed by QUEST Diagnostics (Secaucus, NJ, USA). 

Whole venous blood drawn into EDTA coated tubes was left at room temperature and did not 

require any additional processing. Whole blood was kept at room temperature for less than 48 

hours before being analyzed by QUEST Diagnostics. Blood was analyzed via cell counting. 

White blood cell counts were measured for those that completed study 2 as a subset of Aim 2 

(Chapter V) of this dissertation.  

Iron, ferritin, and transferrin analysis 

 Venous blood samples for iron, ferritin, and transferrin quantification were drawn into 

SSTs. Rather than centrifuging and pipetting serum into cryotubes and storing serum frozen on 

site, samples were instead kept at room temperature and analyzed by QUEST Diagnostics 

(Secaucus, NJ, USA) within 7 days. All samples were stable at room temperature for at least this 

amount of time. Iron was analyzed via spectrophotometry, ferritin via immunoassay, and 

transferrin via immunoturbidimetric assay. 
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CHAPTER IV 

GREATER INCREASE IN ERYTHROPOIETIN IN FEMALES IN RESPONSE TO CARBON 

MONOXIDE INHALATION AND HOT WATER IMMERSION 

 This chapter was submitted to The Journal of Physiology with Dr. Christopher Chapman, 

Natasha E. Weiser, Emma R. Matsell, Kathryn M. Lucernoni, Samantha Chacon, Margaret M.B. 

Grivette, Dr. John R. Halliwill, Dr. Andrew T. Lovering, and Dr. Christopher T. Minson as co-

authors. All experimental work was performed either by me independently or by C.L.C., N.E.W., 

E.R.M., K.M.L., S.C., and M.G.B.G. under my direction. The writing is entirely mine. All co-

authors provided editorial assistance.  

INTRODUCTION 

When oxygen delivery to the kidneys is reduced in response to alveolar hypoxia, 

secretion of EPO from the kidneys markedly increases and returns to baseline once oxygen 

delivery is restored (Faura et al., 1969; Abbrecht & Littell, 1972; Berglund et al., 2002; Ge et al., 

2002; Jelkmann, 2011). The main function of EPO is to stimulate an increase in Hb mass, and 

more recently COi and heat stress have been utilized as interventions to target this pathway 

(Wang et al., 2019a; Oberholzer et al., 2019; Schmidt et al., 2020; Rønnestad et al., 2021, 2022; 

Lundby et al., 2023). Acutely, COi (a single bolus of CO that raises HbCO 4-8%) has been 

shown to increase EPO, and chronic COi (3-4 weeks) can increase Hb mass (Wang et al., 2019a; 

Schmidt et al., 2020). Similarly, chronic heat stress (approximately 5 weeks) has been shown to 

increase Hb mass (Oberholzer et al., 2019; Rønnestad et al., 2021, 2022; Lundby et al., 2023).  

Despite studies showing that heat acclimation and chronic COi independently increase 

Hb mass, the studies examining the acute mechanisms by which these interventions work remain 

limited. To the best of our knowledge, no studies have found increases in EPO concentration in 
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response to an acute bout of heat stress, and very few studies have shown that acute COi can 

increase EPO concentration (Wang et al., 2019a; Montero & Lundby, 2019; Schmidt et al., 

2020). Acute heat stress most likely stimulates EPO by causing renal vasoconstriction via 

increased renal sympathetic nerve activity, which reduces renal perfusion to support cutaneous 

vasodilation. The reduced renal perfusion would reduce renal oxygen delivery, thereby 

stimulating EPO secretion, but this has yet to be explored. Alternatively, COi reduces SaO2 and 

therefore CaO2, resulting in reduced renal oxygen delivery, but whether COi alters renal 

perfusion is unknown. Lastly, no studies have examined the effectiveness of combining acute 

COi and heat stress on EPO secretion, which plausibly leads to greater reductions in renal 

oxygen delivery via two different mechanisms and may provide an additive stimulus.  

It is also important to note that there is a large degree of individual variability in EPO 

concentration in response to acute hypoxia, despite the same stimulus (Ge et al., 2002; 

Baranauskas et al., 2022). For example, changes in EPO concentration in response to moderate 

altitude (2800 meters) can range from -41 to 400% (Ge et al., 2002). The reasons for this 

variability despite the same stimulus may be at least partially due to modulatory factors such as 

sex, concentrations of inflammatory cytokines, and/or iron status. The addition of inflammatory 

cytokines have been shown to reduce EPO concentration in response to hypoxia in cell culture 

models (Fandrey & Jelkmann, 1991; Faquin et al., 1992; Jelkmann, 1998; La Ferla et al., 2002), 

and low intracellular iron can suppress the transcription factor necessary for the production of 

EPO in vitro (Haase, 2013). Additionally, a significant knowledge gap exists regarding the 

characterization of these responses in females, because the few studies that have investigated 

EPO concentration in response to COi have been conducted only in males (Wang et al., 2019a; 
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Montero & Lundby, 2019; Schmidt et al., 2020), and only one study has shown that chronic heat 

acclimation can increase Hb mass in females (Lundby et al., 2023).  

Therefore, the purposes of this study were twofold. First, we sought to determine whether 

COi and HWI would increase EPO concentration and whether COi + HWI would augment EPO 

secretion. In addition, we sought to determine whether there were any sex differences in this 

response. A secondary aim was to determine whether inflammation or iron status were associated 

with the variability in EPO concentrations. Specifically, we hypothesized that 1) COi + HWI 

would augment increases in EPO concentration, 2) there would be no sex differences in EPO 

concentrations, and 3) those with the highest iron and lowest inflammation would have the 

greatest EPO concentrations in response to COi, HWI, and COi + HWI.  

METHODS 

Ethical approval and participant population 

 A total of 21 individuals volunteered to participate in this study after being advised both 

verbally and in writing to the nature of the experiments. Participants signed an informed consent 

form to participate in the study approved by the University of Oregon Research Compliance 

Services (protocol STUDY00000189). All studies were performed in accordance with the 

standards set forth by the Declaration of Helsinki except for registration in a database. Of the 21 

individuals who volunteered for the study, 4 participants were lost to follow-up communication. 

Of the 17 participants that completed data collection, one participant had EPO concentrations 

below limits of detection for all time points during all interventions and was therefore excluded 

from analyses (see ‘EPO analysis’ below). Therefore, data are presented for 16 participants. 

There were equal numbers of females and males (n = 8 females). All participants identified as 

recreationally active and were free from self-reported cardiovascular and renal diseases. To the 
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best of their knowledge, no participants reported as being descendants from major high-altitude 

populations (Aymaran, Tibetan, or Ethiopian); however, one female participant was born in 

Colorado (elevation ~5,500’ or 1675 meters). The remaining participants were all born in low 

altitude cities. In addition, none of the participants traveled to altitudes greater than 2000 meters 

for greater than 6 hours of time in the month leading up to the study.  

Study design and instrumentation 

 Participants completed one screening visit followed by three interventional study visits in 

a balanced and randomized crossover design, illustrated in Figure 4. The interventions were COi, 

HWI, and COi + HWI. Given the acute nature of the study, each intervention was separated by at 

least one week to avoid any compounding effects of the interventions (e.g., heat acclimation). All 

participants started the study visits in the morning between 06:30 and 08:30.  

 

 

 

 

 

 

 

 

 

 

Figure 4. Overview of the study design for Aim 1. Participants completed three 

interventions in a randomized, balanced, crossover design. Data collected included renal 

COi

HWI

COi + HWI
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blood velocity measures and venous blood samples for measurement of HbCO, cytokine 

concentrations, and EPO concentration. 

Upon arrival on all study visits, participants provided a urine sample for measurements of 

urine specific gravity. All participants had urine specific gravity <1.020 or were asked to 

consume 5mL/kg body weight of water if  ≥ 1.020. Afterwards, participants were instrumented 

with an IV catheter for blood draws. In addition, participants were instrumented with a blood 

pressure cuff to measure brachial artery blood pressure during the interventions (SunTech 

Medical Tango M2 Stress Test Monitor, Morrisville, NC). On the days that involved HWI, 

participants were instrumented with either a rectal temperature probe (ZOLL Medical 

Corporation YSI Reusable rectal temperature probe, Chelmsford, MA; n = 8) or a core 

temperature pill (HQInc CorTemp Sensor, Palmetto, FL; n = 8) for monitoring core temperature. 

If a participant opted to use a core temperature pill, they were asked to ingest the pill 

approximately 10 hours before they began their study visit. Participants had nude weight 

measured before and after HWI. After instrumentation, baseline measurements were made (see 

“Measurements” below), and then participants completed the assigned intervention. 

Subsequently, participants had blood drawn from the IV catheter once every hour for 6 hours 

post-intervention. On the COi + HWI visit, participants had one additional post-intervention 

blood draw immediately after HWI (0 hr time point), which corresponded to 1 hour after COi. 

Participants were permitted to leave the lab but were instructed not to exercise between blood 

draws.  

Interventions 

 For the COi visit, participants completed duplicate Hb mass measurements via the 10-

minute optimized CO rebreathe technique (Siebenmann et al., 2017). Participants began by 
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resting supine for 20 minutes for normalization of plasma volume shifts due to gravity (Hagan et 

al., 1978; Keiser et al., 2013). After 20 minutes of supine rest, we obtained baseline 

measurements (see “Measurements” below). Afterwards, participants breathed 100% oxygen for 

4 minutes followed by rebreathing a small bolus of CO in 100% oxygen for 10 minutes. The 

volume of CO was determined based on participant weight (0.8mL/kg body weight for females 

and 1.0 mL/kg body weight for males) (Siebenmann et al., 2017). After the first Hb mass test, 

participants completed a duplicate Hb mass test, which was intended to raise the peak HbCO to 

10-15%.  

 For the HWI visit, participants sat upright in a hot tub heated to 40°C for 45 minutes. 

Prior to entering the hot tub, participants rested in a seated upright position for 20 minutes in the 

laboratory (temperature = 23.0 ± 0.8°C; humidity = 37.3 ± 10.3%). After 20 minutes of upright 

rest, we obtained baseline measurements (see “Measurements” below). While in the hot tub, we 

sought to increase core temperature to 38.5°C with water immersion up to the sternum. In the 

event that core temperature of 38.5°C was reached (n = 4), water immersion up to the waist was 

performed and a fan turned on in an attempt to clamp core temperature at 38.5°C to improve 

participants’ thermal perception at this elevated core temperature. All participants were given 

2mL of water per kg of body weight after 25 minutes in the hot tub.  

 On the COi + HWI visit, participants completed the above interventions back-to-back. 

COi occurred first, followed by HWI to ensure a quick transition between interventions. Baseline 

data was obtained prior to either intervention in both an upright position as well as supine. This 

allowed us to compare measurements during the intervention to the baseline data in the same 

body position.  
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Measurements  

Renal blood velocity, mean arterial pressure, and renal vascular resistance. Renal artery 

blood velocity was measured via Doppler ultrasound before and during every intervention as 

previously described (Chapman et al., 2020, 2023). Briefly, renal blood velocity was measured 

in the distal segment of the right renal artery (renal artery) using the coronal approach. The same 

artery, for a given participant, was used throughout the experimental protocol. Measurements 

were taken in the supine position (Chapman et al., 2023) for the COi visit and were taken in the 

seated position during the HWI visit to replicate the position of participants in the hot tub. 

During the COi + HWI visit, measurements were first taken in the seated position following 20 

minutes of rest and were then taken in the supine position following another 20 minute rest. This 

was deemed necessary so that changes in renal blood velocity could be effectively compared to 

the same body posture at baseline within a given intervention. During visits involving HWI, a 

clear surgical sleeve (CIVCO Medical Solutions, Kalona, IA) was used to cover the transducer 

and allow for underwater renal blood velocity measurements. Renal blood velocity was 

measured across three consecutive cardiac cycles during which participants were instructed to 

perform a mid-exhalation, non-Valsalva breath hold lasting no more than 10 seconds. The same 

sonographer obtained all renal blood velocity measurements (C.L.C.). In addition, the location of 

the transducer was kept consistent by marking the participant with indelible ink.  

During COi, renal blood velocity was measured during the final minute of the 4 minutes 

of 100% oxygen, 5 minutes into the 10-minute CO rebreathe, and during the final minute of the 

10-minute CO rebreathe for both tests. While in the hot tub, renal blood velocity was measured 

every 5 minutes. Due to the difficulty of this measurement, a small number of renal blood 

velocity data points are missing (n=2 on the COi visit; n=0 on the HWI visit; n=1 on the COi + 
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HWI visit). Brachial artery blood pressure was measured at the same time points. Renal vascular 

resistance was calculated as mean arterial pressure/renal blood velocity.  

Venous blood samples. An IV catheter was placed into an antecubital vein for obtaining 

blood draws on all visits, including screening. On the screening visit, participants had 15 mL of 

blood drawn for analyses of iron, ferritin, and transferrin. Blood samples were drawn into serum 

separator tubes (SSTs; gold or tiger top tubes pre-filled with a polyester-based gel with silica 

particles that act as a clot activator; Becton-Dickinson, Franklin Lakes, NJ),) and kept at room 

temperature to be analyzed within 7 days (QUEST Diagnostics, Secaucus, NJ). Iron was 

analyzed via spectrophotometry, ferritin via immunoassay, and transferrin via 

immunoturbidimetric assay.  

On the intervention study visits, prior to the interventions and every hour after the 

intervention for 6 hours, a 15 mL venous blood sample was drawn from the IV catheter into 

SSTs (Becton-Dickenson, Franklin Lakes, NJ). Baseline blood samples from all three 

interventions were used to measure cytokine concentrations, and blood samples from all time 

points and all interventions were used to measure EPO concentration. Due to IV issues, a small 

number of blood samples were unobtainable: 1) HWI visit, n=3 total samples (n=1 at hour 1, n=1 

at hour 2, and n=1 at hour 6) and 2) COi+HWI visit, n=3 total samples (n=1 at hour 1, n=1 at 

hour 3, and n=1 at hour 6). All venous blood samples drawn on the intervention visits for 

cytokine and EPO analyses were allowed to sit at room temperature for at least 30 minutes to 

fully clot, after which they were centrifuged at 1500g for 10 min. Serum was separated and 

frozen at -80°C until analyzed.  
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Blood analysis 

Cytokine analysis. Frozen serum samples were fully thawed, refrigerated on ice. Only 

baseline samples from each of the three interventions were analyzed for cytokine concentrations. 

Three different plates were used for cytokine analysis, but all three samples from a given 

participant were analyzed on the same plate with the same standard curve. Samples were 

analyzed using a multi-analyte flow assay kit as described in the manual (BioLegend 

LEGENDplex Human Inflammation panel 1, San Diego, CA). Briefly, samples were incubated 

with 13 different capture beads: IL-1b, IFN-a2, IFN-g, TNF-a, MCP-1, IL-6, IL-8, IL-10, IL-

12p70, IL-17A, IL-18, IL-23, and IL-33. Samples were diluted twofold prior to analysis. All 

samples were analyzed via flow cytometry (BD Biosciences Accuri C6) according to 

manufacturer guidelines (Biolegend.com/legendplex). All samples were run in duplicate, and 

duplicates were averaged. Any duplicate sample with a coefficient of variance (CV) > 30% was 

excluded from analysis, per manufacturer recommendations. Table 1 documents the number of 

samples excluded for this reason. The lower limit of detection for each cytokine was defined as 

the mean plus 3 times the standard deviation of the mean fluorescence intensity of the blank. 

Samples below limits of detection were included in the analysis. The calculated concentration 

based on the extrapolated standard curve was used for the samples below limits of detection. The 

number of samples below limits of detection for each cytokine as well as the range of the lower 

limits of detection from the 3 different plates for each cytokine are listed in Table 1.  

EPO analysis. EPO was analyzed via ELISA (BioLegend LEGENDMAX Human EPO 

ELISA, San Diego, CA), with assay sensitivity of 2.5 mIU/mL. Frozen serum samples were fully 

thawed, refrigerated on ice. Per the manufacturer guidelines, sampleSan Ies were not diluted 

prior to analysis. All samples were above limits of detection of the assay except for one 
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participant (noted above in “Ethical approval and participant population”) who was excluded 

from analyses.  

 

Calculation of estimated renal oxygen delivery index 

 To compare the strength of the stimulus between the COi and HWI visits, we estimated 

renal oxygen delivery. Since renal oxygen delivery is a product of CaO2 and QR, we used (100-

HbCO)/100 as an approximation of CaO2 and renal blood velocity as an approximation of QR 

since these variables changed with the interventions. Baseline HbCO was averaged from 

measurements made on the COi and COi + HWI visits and used to calculate the estimated resting 

CaO2 for all three study visits. Measured baseline renal blood velocity was multiplied by the 

baseline estimated CaO2 for all three visits to obtain the baseline estimate of renal oxygen 

delivery. For the COi + HWI visit, the seated baseline renal blood velocity was used in the 

calculation since the minimum renal blood velocity occurred during HWI in every participant, 

and we wanted to compare measurements in the same body position. For the COi and COi + 

HWI visits, peak HbCO was used to calculate the minimum estimated CaO2. For the HWI visit, 

the baseline estimated CaO2 was assumed to be unchanged. The minimum renal blood velocity 

measured during each intervention was multiplied by the minimum estimated CaO2 to obtain the 

minimum estimation of renal oxygen delivery.  



 

 

 
 

Table 1. Inflammatory cytokine data from Aim 1.  

Samples were analyzed using three assays. The lowest and highest lower limit of detection (LLOD) from the three assays is 

provided (LLOD range). On each study day, the mean ± standard deviation (SD), number of observations included in the 

analysis (n included), number of observations with a CV greater than 30% (n with CV > 30%), and number of observations 

below LLOD (n < LLOD) are provided. 

LLOD range n included Mean ± SD n with CV>30% n < LLOD n included Mean ± SD n with CV>30% n < LLOD n included Mean ± SD n with CV>30% n < LLOD

IL-1b (pg/mL) 0.86 - 1.97 16 38.52 ± 44.39 0 1 16 38.05 ± 51.98 0 3 16 34.95 ± 41.06 0 0

IFN-a2 (pg/mL) 0.92 - 1.63 16 36.78 ± 30.83 0 0 16 35.15 ± 30.34 0 0 16 35.49 ± 28.12 0 0

IFN-g (pg/mL) 1.88 - 3.59 16 40.52 ± 50.02 0 2 16 39.28 ± 53.27 0 4 16 34.33 ± 45.00 0 1

TNF-a (pg/mL) 0.64 - 3.87 16 78.10 ± 100.30 0 2 16 75.51 ± 94.37 0 1 16 70.86 ± 82.62 0 2

MCP-1 (pg/mL) 5.70 - 7.08 16 663.70 ± 266.60 0 0 15 664.50 ± 235.30 1 0 16 701.00 ± 215.30 0 0

IL-6 (pg/mL) 0.49 - 2.47 16 32.95 ± 29.91 0 0 16 27.22 ± 25.77 0 1 16 25.27 ± 19.85 0 0

IL-8 (pg/mL) 13.91 - 23.20 16 166.70 ± 146.90 0 0 16 137.80 ± 139.60 0 1 16 163.40 ± 128.50 0 0

IL-10 (pg/mL) 1.30 - 4.06 16 34.38 ± 40.64 0 2 16 27.58 ± 39.60 0 3 16 28.63 ± 42.24 0 2

IL-12p70 (pg/mL) 1.28 - 2.91 16 24.11 ± 30.69 0 1 16 23.07 ± 32.12 0 2 16 21.45 ± 29.56 0 0

IL-17A (pg/mL) 0.24 - 0.78 16 6.24 ± 4.59 0 0 16 6.31 ± 5.54 0 1 16 5.84 ± 4.79 0 0

IL-18 (pg/mL) 2.40 - 11.22 16 676.60 ± 138.3 0 0 16 612.80 ± 142.70 0 0 16 635.70 ± 184.90 0 0

IL-23 (pg/mL) 3.66 - 10.41 16 52.95 ± 80.38 0 3 16 55.96 ± 85.08 0 3 16 55.65 ± 83.79 0 1

IL-33 (pg/mL) 10.96 - 98.13 16 625.10 ± 578.10 0 1 16 577.90 ± 543.00 0 1 16 569.60 ± 513.00 0 0

COi HWI COi + HWI



Data and statistical analysis  

 Statistical analyses were performed using GraphPad Prism (version 9.4.1) with p a priori 

set to equal 0.05. A one-way mixed-effects analysis with Sidak post hoc was performed to 

compare baseline EPO concentrations from each participants’ first, second, and third 

interventional visits. HbCO, renal blood velocity, renal vascular resistance, mean arterial 

pressure, estimated renal oxygen delivery, and EPO concentrations were analyzed over time and 

between interventions via a 2-way mixed effects analysis with Sidak post-hoc.  

The change in EPO concentrations were analyzed over time and between sex within each 

interventional visit via a 2-way mixed effects analysis with Sidak post-hoc. To determine if there 

were sex differences in the stimulus variables within each of the three study visits (peak and ∆ 

HbCO, minimum and ∆ renal blood velocity, and maximum and ∆ renal vascular resistance), 

unpaired t-tests were used. Additionally, the mimimum and change in estimated renal oxygen 

delivery were analyzed between interventions and sex via a 2-way mixed effects analysis with 

Sidak post-hoc. 

 Simple linear regressions were used to test whether there were significant relationships 

between iron variables (iron, ferritin, and transferrin) and baseline cytokine concentrations with 

peak and changes in EPO concentrations on each study visit. Because cytokines are rarely 

released alone and exhibit a large degree of redundancy and pleiotropy (Ozaki & Leonard, 2002), 

we created a multiple linear regression model to predict EPO concentrations from all 13 

cytokines. To avoid the issue of multicollinearity in our model, we performed principal 

component analysis (PCA) followed by principal component regression (PCR) using parallel 

analysis as the method to choose which components to use in the model. Baseline cytokine 

concentrations on each visit were reduced to one component (COi: eigenvalue of 8.864 
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accounted for 68.18% of the variability; HWI: eigenvalue of 9.704 accounted for 74.65% of the 

variability; COi + HWI: eigenvalue of 9.058 accounted for 69.67% of the variability). These 

components were then regressed onto the peak EPO concentration and change in EPO 

concentration for each of the three interventions.  

RESULTS 

EPO concentrations in response to COi, HWI, and COi + HWI  

  There was an effect of the study visit on baseline EPO concentration (p = 0.0419), but 

there were no pairwise differences when comparing baseline EPO concentrations on the first 

(5.78 ± 3.42 mIU/mL), second (6.15 ± 3.93 mIU/mL), and third (7.59 ± 4.98 mIU/mL) visits. 

EPO concentration increased over time in all three visits, and the pattern of this response did not 

differ between interventions (Fig 5A). When comparing only baseline and peak EPO 

concentrations, all three interventions increased EPO from baseline to peak concentration, and 

there were no differences between the interventions (Fig 5B).  

Sex differences in EPO concentrations  

Interestingly, the increase in EPO was driven entirely by females. There was an 

interaction between sex and time on the change in EPO concentration for the COi (Fig 6A), HWI 

(Fig 6B), and COi + HWI (Fig 6C) visits. Females increased EPO concentration on all three 

study visits while males did not (Fig 6). In addition, females had a significantly greater change in 

EPO concentration than males 5- and 6-hours post-COi (Fig 6A).  

Iron, inflammation, & EPO 

Of the iron and immune variables measured, transferrin was the only variable that 

predicted EPO concentration across all three study visits (Table 2). However, the relationship 

was a positive linear relationship, indicating that lower iron availability in the form of high 
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transferrin resulted in a greater EPO increase in response to the interventions. Neither ferritin, 

iron, nor any of the baseline cytokine concentrations predicted the peak concentration or change 

in EPO (Table 2). Principal component regression results indicate that baseline inflammation did 

not predict the peak EPO concentration (COi: p = 0.2489; HWI: p = 0.2877; COi + HWI: p = 

0.2767) or change in EPO concentration (COi: p = 0.5610; HWI: p = 0.8679; COi + HWI: p = 

0.4282) for any of the interventions.   

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Comparing EPO concentration across the interventions. A) EPO concentration 

over time on COi, HWI, and COi + HWI visits. B) EPO concentration from baseline to 

peak concentration on COi, HWI, and COi + HWI visits. COi = closed circles, solid lines; 

HWI = open circles, dashed lines; COi + HWI = half-filled circles, dotted lines. p-values for 

main effects and interactions are provided. * denotes significant pairwise comparisons (p < 

0.05) compared to baseline within each intervention. 
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Figure 6. Sex differences in the change in EPO. Females (open triangles, dashed lines) 

increased EPO from baseline whereas males (closed squares, solid lines) did not in response 

to all three interventions: A) COi, B) HWI, and C) COi + HWI. The change in EPO was 

calculated as the EPO concentration at that time point minus the baseline concentration. p-

values for main effects and interactions are provided. * denotes significant pairwise 

comparisons (p < 0.05) compared to baseline within a sex; † denotes significant pairwise 

comparisons (p < 0.05) comparing females to males at that time point. 
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Table 2. Relationships between immune & iron variables with EPO.  

The slope, R2, and p-value of the regression between each predictor and the peak and change (∆) in EPO concentration 

are provided for each of the three interventions. p-values presented represent whether the slope of the regression is 

significantly non-zero. * indicates p < 0.05. 

 

Slope R2 p-value Slope R2 p-value Slope R2 p-value Slope R2 p-value Slope R2 p-value Slope R2 p-value

Iron (mcg/dL) -0.0515 0.1326 0.1656 -0.0607 0.2604 0.0434 * 0.0008 0.0000 0.9986 -0.0248 0.0368 0.4768 -0.0400 0.0560 0.3775 -0.0541 0.1685 0.1142

Ferritin (ng/mL) -0.0609 0.1845 0.0969 -0.0516 0.1878 0.0935 -0.0486 0.0940 0.2481 -0.0543 0.1760 0.1057 -0.0563 0.1106 0.2082 -0.0586 0.1972 0.0849

Transferrin (mg/dL) 0.1050 0.7235 < 0.0001 * 0.0880 0.7199 < 0.0001 * 0.0713 0.2663 0.0407 * 0.0712 0.3990 0.0087 * 0.1022 0.4800 0.0029 * 0.0962 0.7005 < 0.0001 *

IL-1b (pg/mL) -0.0440 0.1117 0.2058 -0.0200 0.0327 0.5028 -0.0265 0.0441 0.4349 0.0033 0.0010 0.9061 -0.0660 0.1501 0.1381 -0.0419 0.1000 0.2328

IFN-a2 (pg/mL) -0.0512 0.0730 0.3116 -0.0333 0.0436 0.4379 -0.0605 0.0787 0.2927 -0.0234 0.0177 0.6229 -0.0603 0.0589 0.3650 -0.0551 0.0810 0.2854

IFN-g (pg/mL) -0.0277 0.0564 0.3760 -0.0130 0.0175 0.6257 -0.0246 0.0402 0.4567 -0.0034 0.0012 0.8994 -0.0274 0.0311 0.5133 -0.0177 0.0213 0.5895

TNF-a (pg/mL) -0.0174 0.0984 0.2607 -0.0109 0.0493 0.4087 -0.0216 0.0972 0.2399 -0.0065 0.0132 0.6722 -0.0298 0.1239 0.1812 -0.0209 0.1003 0.2320

MCP-1 (pg/mL) 0.0032 0.0208 0.5946 -0.0003 0.0002 0.9600 -0.0067 0.0566 0.3931 -0.0034 0.0221 0.6968 0.0046 0.0199 0.6020 -0.0007 0.0009 0.9144

IL-6 (pg/mL) -0.0430 0.0484 0.4129 0.0214 0.0169 0.2406 -0.0384 0.0228 0.5765 0.0471 0.0516 0.3975 -0.0754 0.0459 0.4259 0.0083 0.0009 0.9117

IL-8 (pg/mL) -0.0137 0.1186 0.1915 -0.0089 0.0708 0.3193 -0.0147 0.0989 0.2355 -0.0059 0.02360 0.5700 -0.0158 0.0848 0.2738 -0.0099 0.0552 0.3813

IL-10 (pg/mL) -0.0409 0.0808 0.2861 -0.0076 0.0039 0.8180 -0.0344 0.0432 0.4397 0.0090 0.0044 0.8068 -0.0418 0.0639 0.3447 -0.0190 0.0216 0.5867

IL-12p70 (pg/mL) -0.0357 0.0352 0.4867 -0.0006 0.0000 0.9891 -0.0365 0.0322 0.5064 0.0203 0.0149 0.6524 -0.0610 0.0665 0.3349 -0.0218 0.0141 0.6618

IL-17A (pg/mL) -0.3275 0.0660 0.3368 -0.2194 0.0419 0.4468 -0.3825 0.1046 0.2217 -0.2039 0.0448 0.4316 -0.3583 0.0603 0.3593 -0.1899 0.0279 0.5362

IL-18 (pg/mL) -0.0067 0.0248 0.5602 0.0062 0.0307 0.5165 -0.0060 0.0168 0.6319 0.0036 0.0094 0.7209 0.0179 0.2249 0.0634 † 0.0139 0.2221 0.0654

IL-23 (pg/mL) -0.0214 0.0868 0.2680 -0.0152 0.0622 0.3518 -0.0249 0.1046 0.2216 -0.0103 0.0267 0.5453 -0.0296 0.1258 0.1776 -0.0178 0.07481 0.3053

IL-33 (pg/mL) -0.0030 0.08682 0.2679 -0.0017 0.0392 0.4623 -0.0043 0.1265 0.1764 -0.0012 0.0159 0.6422 -0.0046 0.1135 0.2020 -0.0035 0.1109 0.2075

COi HWI COi + HWI

Peak EPO ∆EPO Peak EPO ∆EPO Peak EPO ∆EPO 



Stimulus for EPO secretion 

The stimulus data does not fully explain why COi + HWI did not augment EPO, nor does 

the stimulus data fully explain the sex differences in EPO. As expected, HbCO increased 

following COi and was identical on the COi and COi + HWI visits (Fig 7A). HWI reduced renal 

blood velocity and mean arterial pressure and increased renal vascular resistance on both the 

HWI and COi + HWI visits (Fig 7B-D), while COi did not change these variables (Fig 7E-G). 

All three interventions reduced estimated renal oxygen delivery from baseline (Fig 8). Baseline 

estimated renal oxygen delivery was not different between interventions, but the minimum 

estimated renal oxygen delivery was lower on the HWI and COi + HWI visits compared to COi 

(Fig 8). However, the minimum estimated renal oxygen delivery was not different between the 

COi + HWI and HWI visits (Fig 8).  

Additionally, there were no sex differences in the minimum or change in estimated renal 

oxygen delivery for each of the three interventions (Fig 9A & 9B). Similarly, there were no sex 

differences in the minimum or change in renal blood velocity or the maximum or change in renal 

vascular resistance for each of the three interventions (Table 3). However, females did have a 

greater peak and change in HbCO on both the COi and COi + HWI visits (Table 3). 
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Figure 7. Stimuli for EPO production. A) HbCO on the COi and COi + HWI visits. B) 

renal blood velocity on the HWI and COi + HWI visits. C) renal vascular resistance on the 

HWI and COi + HWI visits. D) mean arterial pressure on the HWI  and COi + HWI visits. 

E) renal blood velocity on the COi and COi + HWI visits. F) renal vascular resistance on 

the COi and COi + HWI visits. G) mean arterial pressure on the COi and COi + HWI 

visits. COi = closed circles, solid lines; HWI = open circles, dashed lines; COi + HWI = 

half-filled circles, dotted lines. p-values for main effects and interactions are provided. For 

panels E-G, shaded bars indicate the measurements taken during CO rebreathe. * denotes 

significant pairwise comparisons (p < 0.05) compared to baseline within each intervention 
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Figure 8. Estimated renal oxygen delivery. Baseline estimated renal oxygen delivery and 

minimum renal oxygen delivery achieved during each intervention (COi = white bars, 

closed circles; HWI = light grey bars, open circles; COi + HWI = dark grey bars, half-filled 

circles). Brackets indicate pairwise comparisons, and the values above the brackets indicate 

p-values of the comparisons. p-values for main effects and interactions are provided. 
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Figure 9. Sex differences in estimated renal oxygen delivery. A) Minimum estimated renal 

oxygen delivery in females and males during each intervention. B) The change in estimated 

renal oxygen delivery in females and males during each intervention. COi = white bars, 

closed circles; HWI = light grey bars, open circles; COi + HWI = dark grey bars, half-filled 

circles. p-values for main effects and interactions are provided. 
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The mean ± standard deviation of the females and males are provided. Changes in stimulus 

values were calculated as the baseline value subtracted from the maximum or minimum 

value. p-values represent comparisons between females and males. * indicates p < 0.05. 

 

DISCUSSION 

 In the present study we found that COi and HWI, both independently and when 

combined, increased EPO concentration. However, contrary to our hypothesis, the combination 

of COi and HWI did not further augment the increased EPO concentrations above either COi or 

HWI alone. An additional important finding was that the increase in EPO observed was driven 

by the female participants, and males did not increase EPO. The reasons for the observed sex 

differences are unknown but unlikely to be completely explained by sex differences in the 

stimulus. Additionally, it is intriguing that the males in the present study did not increase EPO 

Table 3. EPO stimulus data in females and males. 

Females Males p-value

Peak HbCO (%) 13.96 ± 2.35 11.66 ± 1.34 0.0300 *

∆ HbCO 12.48 ± 2.43 10.19 ± 1.07 0.0287 *

Min renal blood velocity (cm/s) 43.23 ± 4.98 43.10 ± 6.60 0.9679

∆ Renal blood velocity -3.42 ± 3.61 -3.15 ± 4.16 0.8957

Max renal vascular resistance (cm/s/mmHg) 1.84 ± 0.33 1.68 ± 0.24 0.3329

∆ Renal vascular resistance -0.04 ± 0.17 -0.13 ± 0.21 0.4155

Min renal blood velocity (cm/s) 32.31 ± 6.64 32.45 ± 5.48 0.9646

∆ Renal blood velocity -13.49 ± 7.92 -14.12 ± 5.84 0.8582

Max renal vascular resistance (cm/s/mmHg) 1.73 ± 0.36 1.74 ± 0.34 0.90503

∆ Renal vascular resistance 0.02 ± 0.50 -0.13 ± 0.35 0.4981

Peak HbCO (%) 14.0 ± 2.75 11.42 ± 1.06 0.0270 *

∆ HbCO 12.63 ± 2.80 9.85 ± 0.89 0.0181 *

Min renal blood velocity (cm/s) 36.84 ± 4.13 35.18 ± 8.02 0.6293

∆ Renal blood velocity -10.12 ± 7.07 -12.57 ± 5.86 0.4772

Max renal vascular resistance (cm/s/mmHg) 1.46 ± 0.22 1.64 ± 0.22 0.1450

∆ Renal vascular resistance -0.34 ± 0.22 -0.20 ± 0.24 0.2614

COi

HWI

COi + HWI
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concentration in response to COi, which contradicts several previous studies (Wang et al., 

2019a; Montero & Lundby, 2019; Schmidt et al., 2020). Reasons for these contradictory 

observations will be examined in greater detail in the subsequent subsections. Lastly, we found 

that iron and inflammation did not predict peak EPO concentrations or the change in EPO 

concentrations in response to COi and HWI independently and in combination.  

Effects of COi and HWI on EPO concentration 

 All three interventions significantly increased EPO concentration from baseline, which is 

expected as both interventions reduced estimated renal oxygen delivery, and this is presumably 

the mechanism causing increased EPO. We confirmed results from other studies that show that 

COi alone can increase EPO concentration (Wang et al., 2019a; Montero & Lundby, 2019; 

Schmidt et al., 2020). However, to the best of our knowledge we are the first to show that heat 

alone can acutely increase EPO concentration in humans since other studies have shown no 

increase in EPO in response to acute heat stress (Akerman et al., 2017; Oberholzer et al., 2019).  

Despite finding that all three interventions stimulated an increase in EPO concentration, 

combining COi and HWI did not augment EPO secretion. This was contrary to our hypothesis 

given that COi and HWI presumably target different components of renal oxygen delivery, 

specifically QR and CaO2. However, COi + HWI may not have provided a truly additive stimulus 

for EPO secretion. Estimated renal oxygen delivery was lower during COi + HWI than it was on 

the COi visit, indicating that COi + HWI was a more potent presumptive stimulus than COi 

alone. However, COi + HWI did not significantly reduce estimated renal oxygen delivery below 

that of HWI, which supports the conclusion that COi + HWI may not have provided an additive 

stimulus. Still, the estimated stimulus data do not fully explain the observation that EPO 

increased to the same extent from all interventions, as we would expect to see lower EPO 
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concentration in response to COi if the response was entirely dependent on the estimated 

stimulus. This likely indicates that either we are not fully capturing the stimulus for EPO 

secretion and/or EPO can be produced in response to a stimulus that is in addition to changes in 

renal oxygen delivery.  

One limitation to the present study is that renal doppler can only reliably measure renal 

blood velocity and not renal artery diameter, which is needed to calculate QR. It is generally 

assumed that the diameter of the renal artery does not change during acute interventions such as 

HWI (Conboy et al., 2010; Chapman et al., 2020), but we were not able to confirm this. 

Similarly, we did not obtain arterial blood samples, so we were unable to directly measure CaO2 

and instead had to estimate CaO2 with HbCO. Additionally, we did not measure variables such as 

renal metabolic rate, oxygen extraction, or oxygen utilization, which may have altered the true 

stimulus for EPO secretion. Therefore, it is possible that the indirect measures obtained in the 

present study did not fully capture the stimulus for EPO secretion.  

Additionally, while the kidney is the primary site of EPO production in the adult human, 

there are numerous extrarenal sites of EPO production. The liver is the primary site of EPO 

production during embryonic development and can still produce EPO in the adult human (Haase, 

2010). In addition, EPO mRNA has been shown to be expressed in most other tissue types, 

including the brain, lungs, heart, bone marrow, spleen, and reproductive tract (Haase, 2010). It is 

possible that we did not account for extrarenal stimuli and that extrarenal EPO production 

contributed to our findings.  

Because COi + HWI did not reduce estimated renal oxygen delivery below that of HWI, 

it is possible that hypoxia and heat have overlapping mechanisms of action, which could lead to 

them being antagonistic or hypo-additive in their effects on EPO concentration rather than 
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additive (Lloyd & Havenith, 2016). We chose COi and HWI because we wanted to provide 

stimuli that did not overlap in their mechanisms of action, but it is nevertheless possible that 

there is more overlap in how heat and hypoxia affect the kidney than previously understood. For 

example, higher core temperatures during HWI will right shift the oxyhemoglobin dissociation 

curve, reducing SaO2 and therefore CaO2. It was previously unknown whether COi would alter 

QR, but we confirmed that there was no effect of COi on renal blood velocity or renal vascular 

resistance. Therefore, if there are additional overlapping mechanisms of action between COi and 

HWI independent of heat’s effect on CaO2, it is currently unknown.  

Although we are the first to examine this non-augmented EPO concentration in response 

to COi + HWI, other studies have shown that heat and other forms of hypoxia do not provide 

additive stimuli. One study found that EPO concentration was not significantly different in post-

exercise trials in which participants cycled in either heat and normobaric hypoxia (FiO2 of 

14.5%) or heat only (Hayashi et al., 2020), further supporting the results from the present study. 

Chronically, combining live-high-train-low with heat acclimation did not increase exercise 

performance beyond that achieved with heat acclimation training only (McCleave et al., 2017). 

Lastly, one study examined acute exercise performance decrements in response to hypoxia and 

heat and found that although combining heat and hypoxia worsened exercise performance below 

that of heat alone, combining heat and hypoxia did not reduce exercise performance below that 

of hypoxia alone (Bradbury et al., 2019). These studies, combined with the present data, indicate 

that heat and hypoxia likely do not provide an additive stimulus to augment EPO secretion, and 

future work should explore the potential overlapping mechanisms of action between these 

interventions.  
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Sex differences in EPO 

 We found that females had a significant increase in EPO in response to each intervention 

and that males did not increase EPO in response to any of the three interventions. One potential 

explanation for why females had a greater increase in EPO in response to COi is that females had 

a higher peak HbCO on both visits involving COi. Therefore, on the COi and COi + HWI visits, 

the higher HbCO in females likely provided a greater stimulus for EPO secretion. However, this 

does not explain why there were differences in the change in EPO concentration between 

females and males on the HWI visit. There were no differences between females and males in 

any stimulus variable on the HWI visit that could explain the sex differences in EPO in response 

to HWI, so the reasons for the observed sex differences in EPO in response to HWI are 

unknown.  

Additionally, it is important to speculate why we did not see an increase in EPO 

concentration in males in response to COi, which has been shown by others  (Wang et al., 2019a; 

Montero & Lundby, 2019; Schmidt et al., 2020). In the study by Schmidt et al. (2020), EPO 

concentration did not appear to be drastically different between the COi and placebo groups until 

16 hours after COi. However, EPO was only measured in a subset of participants (n = 3) every 8 

hours, so it is difficult to directly compare to the present study. Wang et al. (2019) and Montero 

& Lundby (2019) both found that COi increased EPO concentration within 6 hours, which is 

more comparable with the timing in our study. The discrepancies between these two studies and 

the present study are most likely explained by the stimulus. Montero & Lundby (2019) raised 

HbCO to approximately 18% while the peak HbCO in the males in the present study averaged 

approximately 11.5%, indicating that the CO stimulus in the present study was less severe. While 

the CO stimulus provided by Wang et al. (2019) (HbCO of approximately 4.4%) was lower than 
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in the present study, they also utilized exercise training immediately post-COi, which could have 

augmented the stimulus. Additionally, EPO only increased approximately 1 mIU/mL (Wang et 

al., 2019a), which is comparable to our study in which EPO increased approximately 1 mIU/mL 

in males in response to COi after 6 hours. 

Interestingly, in a meta-analysis aimed to study variability in Hb mass increases in 

response to altitude training camps, males were found to respond better to altitude training 

camps, as measured by a greater increase in Hb mass (Nummela et al., 2021). Additionally, 

females and males similarly increased Hb mass in response to heat acclimation (Lundby et al., 

2023). Those studies did not present EPO data, so it is unknown whether there were any 

differences in EPO concentrations between females and males. However, it is interesting to 

speculate that although males may have a blunted EPO secretion in response to acute stimuli 

compared to their female counterparts, functionally they may require a lower EPO concentration 

to significantly increase Hb mass. Despite females having greater increases in EPO 

concentrations in response to our acute interventions, chronic use of these interventions may not 

result in a greater increase in Hb mass in females compared to males. In support of this, in 

hemodialysis patients, females required a greater exogenous EPO dose to maintain Hb 

concentration in a healthy range compared to males (Coronado Daza & Cuchi, 2019). This 

supports the idea that a greater change in EPO or a greater concentration of EPO may be 

necessary to increase Hb mass in females. Therefore, there are possible differences between 

females and males in the translation from EPO to viable red blood cells, although this remains 

largely unstudied.  

In addition to sex, it is worth considering other factors that could contribute to 

heterogeneity of the participants in the present study. There may be differences in EPO due to 
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factors such as race and/or birthplace that could affect EPO. There are known racial differences 

in EPO responsiveness, with Black hemodialysis patients requiring higher doses of exogenous 

EPO to maintain Hb mass (Lacson et al., 2008). Additionally, there may be a 

hyporesponsiveness in EPO production due to high altitude birthplace. High altitude population 

studies show blunted responses to hypoxia in Tibetan and Ethiopian natives (Petousi et al., 2014; 

Bigham, 2016) given that these populations have long-term generational adaptations as a result 

of high birth altitude. As noted in the methods, one participant was born in a high-altitude city in 

Colorado, and the participant excluded for having EPO concentrations below limits of detection 

at all time points was Black. Therefore, heterogeneity within our participant pool may explain 

some additional variability in EPO concentration.   

The relationships between EPO, iron, and inflammation 

 The present study found that regardless of whether individual cytokines were considered 

or all cytokines were considered together, there were no significant linear relationships between 

inflammatory cytokine concentrations and either the peak or change in EPO concentration on all 

three study days. Data from multiple cell culture studies suggest that higher concentrations of 

inflammatory cytokines, primarily IL-1b, IFN-g, and TNF-a would blunt EPO production in 

response to hypoxia while high IL-6 would promote it (Fandrey & Jelkmann, 1991; Faquin et al., 

1992; Vannucchi et al., 1994; La Ferla et al., 2002). We speculate that our differing results may 

be related to our use of a human model, only studying baseline cytokine concentrations, or the 

relative concentrations of cytokines. It is likely that in otherwise healthy humans, baseline 

cytokine concentrations are not expressed at high enough concentrations to disrupt EPO and that 

higher concentrations like those measured under pathological conditions are required to disrupt 

EPO production. In support of this idea that higher cytokine concentrations are needed to inhibit 
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EPO production, studies have shown that EPO inhibition is dose-dependent such that cells 

treated with the highest cytokine concentrations, particularly, IL-1b, TNF-a, and IFN-g, had the 

greatest EPO inhibition (Faquin et al., 1992; Vannucchi et al., 1994). 

We found a positive linear relationship between baseline transferrin and the change in 

EPO concentration on all three study days. During hypoxia, hypoxia inducible factor (HIF)-2 

stabilization will increase EPO but will also increase bioavailability of iron in order to make 

more red blood cells (Haase, 2013). In addition, erythropoiesis will inhibit hepcidin to increase 

iron availability for erythropoiesis (Ganz, 2007). However, intracellular iron can provide 

negative feedback on this process, as low intracellular iron concentrations were found to 

suppress HIF-2a translation (Haase, 2013), thereby reducing EPO production. Therefore, in 

humans who have low iron, EPO hyporesponsiveness to hypoxia may be partially explained by 

iron status. However, the positive linear relationship between transferrin and EPO that we 

observed refutes our hypothesis given that high transferrin is indicative of low iron availability, 

which would theoretically suppress EPO. Importantly, the individuals driving this associative 

relationship are a subset of female participants who had the highest transferrin that responded to 

the interventions with the greatest change in EPO.  

Conclusions & ethical implications 

  Overall, this study shows that COi and HWI can increase EPO, although there is 

variability in who responds to these interventions. A significant observation was that there were 

no differences in EPO concentration between COi and HWI. Even though COi can increase 

EPO, it is nevertheless potentially dangerous, particularly if not used in well controlled 

environments. Our results emphasize that HWI is an equally effective alternative therapy that can 
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be used by those wishing to increase circulating EPO concentration but without the risks 

associated with COi.  

Our data also suggest that these interventions, at least acutely, are more effective in 

females. This may be partially due to an augmented stimulus in females in response to COi, but 

the reasons for the sex differences in EPO in response to HWI are still unknown. Therefore, 

future work should examine mechanisms underlying the sex differences in EPO. Lastly, baseline 

iron and inflammation likely do not play a modulatory role in EPO production, so future work 

should examine other potential factors that can explain inter-individual variability in EPO.   
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CHAPTER V 

ASSOCIATIONS OF HEMOGLOBIN MASS WITH INFLAMMATION, IRON STATUS, 

AND PATENT FORAMEN OVALE IN FEMALES AND MALES 

 This chapter was submitted to American Journal of Physiology – Heart and Circulatory 

Physiology with Aaron W. Betts, Karleigh E. Bradbury, Emma R. Matsell, Tyler Kelly, 

Elizabeth A. Gideon, Dr. John W. Duke, and Dr. Andrew T. Lovering as co-authors. All 

experimental work was performed either by me independently or by A.W.B., K.E.B., E.R.M., 

and T.K. under my direction. The writing is entirely mine. All co-authors provided editorial 

assistance.  

INTRODUCTION 

Adequate tissue oxygen delivery is dependent upon having a sufficient number and 

concentration of red blood cells. Accordingly, making this measurement is of physiologic 

importance and is done by quantifying the total Hb mass (Siebenmann et al., 2017). However, 

there is a large degree of variability in what are considered normal Hb mass values, likely 

suggesting there are a multitude of factors influencing or modulating Hb mass. Some of this 

variability can be explained by sex assigned at birth, as it is well documented that females have 

significantly lower Hb concentration and Hb mass when expressed in absolute (grams) or 

relative (grams/kg of body weight) units than males (Murphy, 2014; Handelsman et al., 2018; 

Falz et al., 2019). Likewise, it has been shown that lean body mass has the strongest correlation 

with Hb mass (Falz et al., 2019; Goodrich et al., 2020), and this is responsible for most of the 

inter-individual variability in Hb mass. However, while normalizing Hb mass to lean body mass 

can eliminate some variability (Falz et al., 2019; Goodrich et al., 2020), at a given lean body 

mass there is still variability in Hb mass of approximately 300 grams within the same sex 
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(Goodrich et al., 2020), which can represent roughly 25-60% of an individual’s total Hb mass. 

Therefore, it is important to understand what other factors may modulate Hb mass and explain 

the observed substantial individual variability.  

One potential modulator of Hb mass is the immune system, which can have negative 

effects on erythropoiesis and therefore Hb mass (Cooper et al., 2003; Nandakumar et al., 2016).  

In fact, in clinical conditions characterized by elevated concentrations of circulating cytokines 

and white blood cells, anemia of inflammation can occur (Fraenkel, 2017; Weiss et al., 2019; 

Ganz, 2019). The immune system can affect Hb mass via numerous pathways, including 

impairing proliferation and/or differentiation of HSCs and erythroid precursor cells (Mamus et 

al., 1985; Raefsky et al., 1985; Schooley et al., 1987; Wang et al., 1995; Tarumi et al., 1995; 

Xiao et al., 2002; Felli et al., 2005; Libregts et al., 2011; McCranor et al., 2014; Pietras et al., 

2016; Etzrodt et al., 2019; Swann et al., 2020), impairing Hb synthesis (McCranor et al., 2014), 

reducing the lifespan of red blood cells (Libregts et al., 2011), and promoting the recycling of 

mature red blood cells (Lu et al., 2020; Xu & Huang, 2020). However, the associations between 

circulating cytokines and white blood cells with Hb mass in healthy humans is unknown.  

Additionally, iron availability, which is essential to the formation of Hb, may also be a 

key modulator of Hb mass. Iron deficiency is the leading cause of anemia, particularly in females 

(GBD 2016 Disease and Injury Incidence and Prevalence Collaborators, 2017; Cappellini et al., 

2020). Furthermore, in the context of iron availability, it is important to consider iron storage and 

transport in the form of ferritin and transferrin, respectively, in addition to total blood iron. Low 

ferritin and high transferrin can be indicative of reduced iron availability even in the face of 

normal total blood iron, and together these factors may play a modulatory role in baseline Hb 

mass by limiting Hb synthesis.  
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An additional factor that may influence Hb mass is the presence of a PFO. A PFO is a 

remnant structure of the fetal circulatory system present in approximately 25-40% of the adult 

population (Hagen et al., 1984; Marriott et al., 2013; Elliott et al., 2013) that acts as an 

intracardiac right-to-left shunt (Duke et al., 2020). Accordingly, it is reasonable to speculate a 

PFO presents a mechanism of increased arterial hypoxemia, which could result in a 

compensatory increase in Hb mass. However, despite studies showing those with a PFO have 

worse gas exchange efficiency compared to those without a PFO at sea level, there is no 

evidence the presence of a PFO alone results in arterial hypoxemia in otherwise healthy humans 

(Lovering et al., 2011; Duke et al., 2020), and thus the PFO is unlikely to cause a sufficient 

magnitude of hypoxemia to drive an increased erythropoietic response. However, some 

considerations that have yet to be studied are differences in immune system function and iron 

regulation in those with a PFO. There are data to suggest iron deficiency and the presence of a 

PFO are both linked to stroke (Shovlin, 2014; Topiwala et al., 2021), but whether there is a 

direct link between a PFO and iron deficiency, and how this relationship alters Hb mass, is 

unknown. It is also unknown if those with a PFO have altered expression of inflammatory 

cytokines, so this needs to be explored as a potential source of variability in Hb mass.  

 Taken together, the primary purpose of this study was to determine whether various 

immune system components and/or iron status parameters are related to Hb mass. Likewise, we 

were interested in whether or not the presence of a PFO affected sea level Hb mass and whether 

the presence of a PFO altered the relationships between immune system components and/or iron 

status parameters with Hb mass. an Hb mass. Additionally, those with a PFO would have lower 

Hb mass, and this would be largely driven by those with a PFO having lower iron availability.  
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METHODS 

Ethical approval  

 Participants that completed the present study are pooled from three larger studies with a 

variety of aims that all involved Hb mass testing and venous blood draws. All protocols were 

approved by the University of Oregon Research Compliance Services (Protocol numbers 

STUDY00000189, STUDY 00000174, and STUDY 00000019). Participants signed an informed 

consent form specific to the study or studies they participated in. All studies were performed in 

accordance with the standards set forth by the Declaration of Helsinki except for registration in a 

database. Some participants participated in multiple studies, and for those participants, replicate 

data were averaged. Figure 10A provides an overview of how many participants participated in 

each study and how many participants participated in multiple studies. 

Study design  

Study 1. The primary aim of study 1 was to examine EPO concentrations in response to 

COi and HWI. As part of the screening process for this study, participants had venous blood 

samples drawn to quantify iron, ferritin, and transferrin, but white blood cell counts and the 

presence or absence of a PFO was not assessed. Following screening, there were three 

experimental visits each separated by one week. Two of the experimental visits from this study 

involved Hb mass testing, and Hb mass data were averaged from those two visits. In addition, 

baseline blood samples were taken on all three experimental visits and used for measurements of 

inflammatory cytokines (see “Cytokine analysis” below for the list of measured cytokines). 

Inflammatory cytokine concentrations were averaged from all three visits. All testing was 

completed within approximately 2 hours in the morning (start time between 06:30 and 08:30). 

Blood samples were taken immediately before any interventional testing.  
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Study 2. The primary aim of study 2 was to determine thermoregulatory mechanisms that 

may be responsible for PFO related differences in core temperature previously reported (Davis et 

al., 2015, 2017). A sub-aim of study 2 was to determine differences in Hb mass between those 

with and without a PFO as part of the current work here. As part of the screening process for this 

study, participants had venous blood samples drawn for measurements of iron, ferritin, and 

transferrin. Participants did not have white blood cell counts measured. All participants had PFO 

screening performed as part of this study. On a separate experimental day, venous blood was 

drawn prior to and after 1 hour of submaximal exercise for measurements of inflammatory 

cytokines. Baseline inflammatory cytokine concentrations alone were used for the present study. 

Baseline inflammatory cytokines were measured in the morning (approximately 07:15). Some 

female participants participated in two study days where venous blood was drawn pre- and post-

exercise to account for menstrual cycle phases (or high/low hormone phases of birth control), so 

for those participants, baseline cytokine data were averaged from both experimental days. 

Because there are potential immune fluctuations throughout the menstrual cycle (Oertelt-

Prigione, 2012), we opted to take an average of cytokine concentrations in both menstrual cycle 

phases rather than assume one phase or the other was representative of a participant’s baseline. 

Hb mass was measured on a different day than blood draws, and Hb mass was not restricted by 

time of day.  

Study 3. The overarching aim of study 3 was to determine the effect of exogenous iron 

and EPO treatment on Hb mass and exercise performance at a moderate altitude. As part of the 

screening process for this study, participants had venous blood samples drawn for quantification 

of iron, ferritin, transferrin, and white blood cell counts. All participants had PFO screening 

performed as part of this study. On a separate day, Hb mass was measured, and a second venous 
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blood sample was taken for measurements of inflammatory cytokine concentrations. All testing 

occurred prior to any drug interventions. Hb mass measurements were not restricted by the time 

of day. Blood for cytokine analysis was drawn immediately prior to Hb mass testing and was 

similarly unrestricted by time of day.  

Measurements 

Measurements made in the present study included PFO screening, Hb mass 

quantification, and venous blood draws for quantification of iron and immune variables. Because 

participants were drawn from multiple studies, not every participant completed every 

measurement. In addition, some participants withdrew from their respective study prior to 

completing all testing, but already had Hb mass measured at the time of their withdrawal and are 

therefore included in the study. Figure 10B provides details on how many participants completed 

each measurement, which are described in detail below.  

 

 

 

 

 

 

 

 

 

Figure 10. Study overview for Aim 2. A) The number of participants who participated in 

each of the three studies individually, as well as the number of participants who 
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participated in multiple studies. B) The number of data points for each of the four 

modulatory variables examined in the present study. WBC = white blood cell. 

 

PFO screening. An initial echocardiography (Philips ie33) screening and bubble study 

was performed on participants in studies 2 and 3, but not study 1, as previously published 

(Lovering & Goodman, 2012; Elliott et al., 2013). Briefly, an IV catheter was placed in a 

peripheral vein for injection of saline contrast with and without a Valsalva maneuver to confirm 

the presence or absence of a PFO. The release of a Valsalva maneuver is not required to open a 

PFO but instead creates conditions where right atrial pressure transiently exceeds left atrial 

pressure as bubbles appear in the right side of the heart while we are simultaneously imaging so 

that we can see if bubbles travel to the left side of the heart during these optimal conditions. We 

considered a PFO to be present if bubbles appeared in the left ventricle ≤3 cardiac cycles 

following right heart opacification with saline contrast. Participants with no bubbles detected in 

the left ventricle were considered to have no PFO and were assigned to the PFO- group. 

Participants with bubbles in the left ventricle within 3 cardiac cycles were considered to have a 

PFO and assigned to the PFO+ group. Those with bubbles appearing in the left ventricle in 

greater than 3 cardiac cycles were considered to have no PFO and assigned to the PFO- group.  

Hemoglobin (Hb) mass test. All Hb mass tests were done in duplicate on the same day 

via the 10-minute CO rebreathe technique (Siebenmann et al., 2017). Briefly, an IV catheter was 

placed into a peripheral vein in the participant’s arm. Then, participants laid supine for 20 

minutes with feet elevated approximately 20 cm for normalization of plasma volume due to 

gravitational shifts (Keiser et al., 2013). Next, participants breathed 100% oxygen from an open 

circuit for 4 minutes. At the end of 4 minutes, a 2mL venous blood sample was drawn into a 
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heparinized syringe and analyzed for HbCO (Radiometer OSM3). After, participants were 

switched to a closed circuit via a manual sliding valve (Series 2870, Hans Rudolph, Shawnee, 

KS, USA), and a small bolus of CO was injected based on body weight (0.8 mL/kg for females; 

1.0 mL/kg for men) (Siebenmann et al., 2017). This volume was chosen to increase HbCO by 

approximately 4-7% for one test, which is sufficient to measure changes in HbCO while being a 

safe concentration of CO for participants. The rebreathe circuit was pre-filled and occasionally 

filled as needed with 100% oxygen during the rebreathe period, and the circuit also contained a 

CO2 scrubber to prevent hypercapnia. After 10 minutes of CO rebreathing, another venous blood 

sample was drawn into a heparinized syringe and analyzed for HbCO (Radiometer OSM3). The 

volume of gas remaining in the rebreathe circuit and the concentration of CO (ppm) was 

measured (CO-220 Carbon Monoxide Meter, Fluke, Everett, WA). Participants then repeated the 

4 minutes of 100% oxygen and 10 minutes of CO breathing. Duplicate tests were averaged. All 

duplicate tests had an error less than 3% to be included in the study. The average percent error 

between duplicate tests was 0.89%. Absolute Hb mass was measured in grams (g), and relative 

Hb mass was measured in grams relative to body weight (g/kg).  

Venous blood draws & processing. Venous blood was drawn via an IV catheter and/or a 

venipuncture for measurement of iron, ferritin, transferrin, white blood cell counts, and 

inflammatory cytokines. Blood for iron, ferritin, and transferrin was drawn into serum separator 

tubes (SSTs; gold or tiger top tubes pre-filled with a polyester-based gel with silica particles that 

act as a clot activator; Becton-Dickinson, Franklin Lakes, NJ) and kept at room temperature, and 

were subsequently analyzed via QUEST Diagnostics (Secaucus, NJ) within 6 days of being 

drawn. Whole venous blood for white blood cell counts was drawn into an EDTA-coated tube 

(purple top tube, Becton-Dickinson, Franklin Lakes, NJ) and kept at room temperature, and 
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blood was analyzed via QUEST Diagnostics (Secaucus, NJ) within 2 days of being drawn. 

Lastly, blood for inflammatory cytokine analysis was drawn into SSTs (gold or tiger top tubes 

pre-filled with a polyester-based gel with silica particles that act as a clot activator; Becton-

Dickinson, Franklin Lakes, NJ). Blood was allowed to sit for at least 30 minutes to fully clot. 

After, the blood was spun at 1500g for 10 minutes and serum frozen at -80°C until analysis. 

Blood analysis  

 Venous blood was analyzed for iron, ferritin, and transferrin concentrations by QUEST 

Diagnostics (Secaucus, NJ, USA). Iron was analyzed via spectrophotometry, ferritin via 

immunoassay, and transferrin via immunoturbidimetric assay. White blood cell counts were also 

measured by QUEST Diagnostics (Secaucus, NJ, USA) via cell counting.  

To measure inflammatory cytokine concentrations, serum samples were first thawed 

while fully refrigerated on ice. Samples were analyzed using a multi-analyte flow assay kit as 

described in the manual (BioLegend LEGENDplex Human Inflammation panel 1, San Diego, 

CA, USA). Briefly, samples were incubated with 13 different capture beads: IL-1b, IFN-a2, 

IFN-g, TNF-a, MCP-1, IL-6, IL-8, IL-10, IL-12p70, IL-17A, IL-18, IL-23, and IL-33. Samples 

were diluted twofold prior to analysis. All samples were analyzed via flow cytometry (BD 

Biosciences Accuri C6, Franklin Lakes, NJ, USA) according to manufacturer guidelines 

(Biolegend.com/legendplex). All samples were run in duplicate and averaged. All samples were 

analyzed with 7 different assays all from the same lot number (Lot #B347171) with the same top 

standard concentrations.  

Upon analysis, any duplicate sample with a coefficient of variance (CV) >30% was 

excluded from analysis, as suggested by the manufacturer. There were two participants’ samples 

that each had one analyte with a CV >30% (n = 1 for MCP-1; n = 1 for IL-18), but both of those 
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participants participated in multiple studies, so cytokine concentrations were taken from those 

samples instead and the analytes with high CVs were excluded. Therefore, in the 85 participants 

included in inflammatory cytokine analysis, there were no missing data points due to high CVs 

(Table 4). Additionally, any cytokine concentrations below limits of detection were included in 

the analysis. Limits of detection were defined as three times the standard deviation of the mean 

fluorescence intensity of the blank. Table 4 documents the number of samples which were below 

limits of detection for each cytokine for each of the six study days on which cytokine 

concentrations were analyzed. These values below limits of detection were calculated using the 

extrapolated standard curves.  

Statistical analysis  

 All variables (height, weight, age, absolute and relative Hb mass, iron, ferritin, 

transferrin, concentrations of all 13 inflammatory cytokines, and white blood cell counts) were 

analyzed with an ordinary 2-way ANOVA with PFO status and sex as independent variables. 

Alpha set a priori to be or less than 0.05. Even though the main purpose of this study was not to 

examine sex differences in Hb mass and its potential modulatory variables, there are known sex 

differences in Hb mass, iron regulation, and the immune system (Klein & Flanagan, 2016; Falz 

et al., 2019; Cappellini et al., 2020), so we included sex as a factor to avoid drawing conclusions 

about the effect of a PFO that were masked by sex differences. Post-hoc testing was performed 

using the Sidak post-hoc analysis to examine differences between PFO status within each sex.  

 To determine whether there were linear relationships between iron and immune variables 

with absolute and relative Hb mass, simple linear regressions were performed. P-values 

presented represent whether the slope of the relationship was significantly non-zero. In addition, 

simple linear regressions were performed to determine whether the presence or absence of a PFO 
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altered the slope or intercept of the relationships between iron and immune variables with 

absolute and relative Hb mass. 

In addition to simple linear regressions, we created 3 multiple linear regression models 

that were used predict Hb mass. Iron, ferritin, and transferrin were analyzed together in one 

model. Similarly, all 13 inflammatory cytokines were analyzed together in another model, and 

white blood cell counts were analyzed together in a third model. However, because cytokines are 

rarely released alone and exhibit a large degree of redundancy and pleiotropy (Ozaki & Leonard, 

2002), there was an issue of multicollinearity in the cytokine model. To avoid this issue, we 

performed principal component analysis (PCA) followed by principal component regression 

(PCR) using parallel analysis as the method to choose which components to use in the model. 

Baseline cytokine concentrations were reduced to one component (eigenvalue of 7.19 accounted 

for 55.3% of the data variability), which was then regressed onto absolute and relative Hb mass.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4. Inflammatory cytokine data from Aim 2.  

 

Data were collected from three studies, each of which involved 1-3 days in which cytokine concentrations were 

measured. The number of samples analyzed on each study day are presented (“n analyzed”), as well as the number of 

samples that were below limits of detection (“n < LLOD”) on each study day and for each analyte. The total number of 

analyzed samples and the mean ± standard deviation (SD) for each analyte are also presented. The total number of 

analyzed samples does not equal the sum of samples analyzed on each study day because some participants participated 

in multiple studies, and cytokine concentrations were averaged for these participants. Table continued on following 

page.  

 

LLOD Range
n analyzed 

Day 1
n < LLOD 

Day 1
n CV > 30 

Day 1
n analyzed

 Day 2
n < LLOD 

Day 2
n CV > 30 

Day 2
n analyzed 

Day 3
n < LLOD 

Day 3
n CV > 30

 Day 3
n analyzed 

Day 1
n < LLOD  

Day 1
n CV > 30 

Day 1
n analyzed

Day 2
n < LLOD  

Day 2
n CV > 30 

Day 2

IL-1b (pg/mL) 0.78 - 5.80 17 1 0 17 3 0 17 0 0 34 3 0 7 0 0

IFN-a2 (pg/mL) 0.32 - 1.63 17 0 0 17 0 0 17 0 0 34 0 0 7 0 0

IFN-g (pg/mL) 0.22 - 3.59 17 0 0 17 1 0 17 0 0 34 2 0 7 1 0

TNF-a (pg/mL) 0.42 - 3.87 17 0 0 17 0 0 17 0 0 34 3 0 7 1 0

MCP-1 (pg/mL) 0.24 - 7.08 17 0 0 17 0 1 17 0 0 34 0 0 7 0 0

IL-6 (pg/mL) 0.22 - 4.43 17 0 0 17 1 0 17 0 0 34 2 0 7 0 0

IL-8 (pg/mL) 0.29 - 23.20 17 0 0 17 0 0 17 0 0 34 2 0 7 0 0

IL-10 (pg/mL) 0.27 - 4.06 17 1 0 17 2 0 17 1 0 34 0 0 7 0 0

IL-12p70 (pg/mL) 0.44 - 2.91 17 2 0 17 4 0 17 1 0 34 2 0 7 0 0

IL-17A (pg/mL) 0.06 - 0.77 17 1 0 17 3 0 17 1 0 34 2 0 7 1 0

IL-18 (pg/mL) 0.79 - 11.22 17 0 0 17 0 0 17 0 0 34 0 1 7 0 0

IL-23 (pg/mL) 0.82 - 10.41 17 0 0 17 0 0 17 0 0 34 3 0 7 1 0

IL-33 (pg/mL) 2.44 - 98.13 17 0 0 17 0 0 17 0 0 34 1 0 7 0 0

Study 1 Study 2



 

 

 

 

 

 

 

 

 

 

 

RESULTS 

Participant characterization  

 There were 39 females and 51 males that completed the present study. Out of the 39 

females, 21 did not have a PFO (PFO-) and 12 had a PFO (PFO+). Out of the 51 males, 30 did 

not have a PFO (PFO-) and 18 had a PFO (PFO+). There were 6 females and 3 males that did not 

have PFO screening performed due to either participating only in study 1 in which PFO 

screening was not part of the study protocol or withdrawing from the study prior to PFO 

screening. Within each sex, the percentage of PFO+ participants (36.4% of females and 37.5% of 

males) is representative of the PFO prevalence within the population (Hagen et al., 1984; 

Marriott et al., 2013; Elliott et al., 2013). All participants, regardless of sex and the presence or 

absence of a PFO, were approximately 24-26 years old, and there were no differences in 

Table 4 continued. 

LLOD Range n analyzed 
Day 1

n < LLOD  
Day 1

n CV > 30
 Day 1

n included Mean ± SD

IL-1b (pg/mL) 0.78 - 5.80 42 8 0 85 26.21 ± 34.73

IFN-a2 (pg/mL) 0.32 - 1.63 42 1 0 85 35.04 ± 26.25

IFN-g (pg/mL) 0.22 - 3.59 42 0 0 85 30.62 ± 37.46

TNF-a (pg/mL) 0.42 - 3.87 42 0 0 85 92.83 ± 130.09

MCP-1 (pg/mL) 0.24 - 7.08 42 0 0 85 736.68 ± 255.30

IL-6 (pg/mL) 0.22 - 4.43 42 3 0 85 29.47 ± 29.33

IL-8 (pg/mL) 0.29 - 23.20 42 3 0 85 138.48 ± 109.18

IL-10 (pg/mL) 0.27 - 4.06 42 3 0 85 39.52 ± 52.29

IL-12p70 (pg/mL) 0.44 - 2.91 42 9 0 85 22.22 ± 27.09

IL-17A (pg/mL) 0.06 - 0.77 42 5 0 85 6.08 ± 4.99

IL-18 (pg/mL) 0.79 - 11.22 42 0 0 85 591.44 ± 232.85

IL-23 (pg/mL) 0.82 - 10.41 42 2 0 85 54.32 ± 86.00

IL-33 (pg/mL) 2.44 - 98.13 42 2 0 85 608.29 ± 481.48

Study 3 Total
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participant age as a result of sex or the presence or absence of a PFO (Table 5). There was an 

effect of sex but not PFO on height and weight, as expected (Table 5).  

Relationships between immune variables & Hb mass 

 There was a positive linear relationship between MCP-1 and absolute Hb mass (Fig 11A; 

Table 6). Conversely, there were negative linear relationships between IFN-a2 and neutrophil 

counts with absolute Hb mass (Fig 11B & C; Table 6). Additionally, neutrophil counts had a 

negative linear relationship with relative Hb mass (Fig 11D; Table 6). However, although the 

slopes of the relationships between these immune variables and Hb mass were significantly non-

zero, the R2 of these relationships were all less than 0.10 (Fig 11; Table 6).  

 Together, white blood cell counts (neutrophils, monocytes, lymphocytes, eosinophils, and 

basophils) did not predict absolute (p = 0.3144; R2 = 0.1172) or relative (p = 0.1875; R2 = 

0.1457) Hb mass. Similarly, all cytokines together did not predict absolute (p = 0.0646; R2 = 

0.0406) or relative (p = 0.2906; R2 = 0.0134) Hb mass. 
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Means ± SDs are presented for all variables for PFO- females, PFO+ females, PFO- males, 

and PFO+ males. The p-values of the ANOVA results are also presented. The “Sex” 

column presents the p-values for the main effect of biological sex, the “PFO” column 

presents the p-values for the main effect of a PFO, and the “Interaction” column presents 

the p-value of the interactions between PFO and biological sex. Asterisks denote p-values < 

0.05. WBC = white blood cell.  

 

PFO- PFO+ PFO- PFO+ Sex PFO Interaction

Age (years) 25 ± 5.4 26 ± 7.2 25 ± 5.4 24 ± 4.8 0.6282 0.9216 0.4857

Height (cm) 163.6 ± 6.4 164.5 ± 5.0 179.9 ± 6.5 180.3 ± 4.6 < 0.0001 * 0.6679 0.8622

Weight (kg) 61.0 ± 9.3 69.5 ± 12.5 78.6 ± 10.1 78.4 ± 9.4 < 0.0001 * 0.0869 0.0743

Absolute (g) 571.3 ± 78.1 585.3 ± 61.0 890.8 ± 134.3 923.4 ± 105.4 < 0.0001 * 0.3547 0.7109

Relative (g/kg) 9.5 ± 1.3 8.6 ± 1.4 11.4 ± 1.2 11.9 ± 1.4 < 0.0001 * 0.5903 0.0302 *

Iron (mcg/dL) 121.6 ± 37.7 111.8 ± 42.2 113.4 ± 36.9 128.3 ± 49.9 0.6723 0.7901 0.2301

Ferritin (ng/mL) 28.4 ± 15.7 27.3 ± 13.5 98.8 ± 63.9 60.0 ± 24.7 < 0.0001 * 0.0456 * 0.0596

Transferrin (mg/dL) 295.3 ± 51.4 296.1 ± 38.6 264.5 ± 42.1 270.7 ± 26.9 0.0051 * 0.7209 0.779

IL-1b (pg/mL) 27.2 ± 25.2 33.6 ± 33.0 24.4 ± 46.5 27.1 ± 27.1 0.6023 0.6053 0.8372

IFN-a2 (pg/mL) 37.8 ± 19.5 45.5 ± 32.3 32.0 ± 29.1 34.7 ± 28.2 0.2132 0.4399 0.7114

IFN-g (pg/mL) 32.2 ± 27.7 30.2 ± 33.9 28.1 ± 46.7 36.2 ± 39.6 0.9216 0.7476 0.6015

TNF-a (pg/mL) 76.1 ± 69.2 147.2 ± 211.6 105.9 ± 167.0 71.3 ± 49.4 0.4867 0.5815 0.1130

MCP-1 (pg/mL) 638.5 ± 243.5 659.7 ± 294.2 862.8 ± 245.9 715.0 ± 201.5 0.0209 * 0.2885 0.1578

IL-6 (pg/mL) 29.4 ± 17.2 35.1 ± 30.3 32.9 ± 42.3 21.3 ± 12.7 0.4886 0.6929 0.2450

IL-8 (pg/mL) 142.7 ± 78.2 157.4 ± 76.4 146.6 ± 155.2 130.9 ± 72.5 0.6852 0.9839 0.5861

IL-10 (pg/mL) 38.7 ± 39.6 46.1 ± 52.8 49.7 ± 73.4 26.0 ± 20.6 0.7358 0.5401 0.2457

IL-12p70 (pg/mL) 22.6 ± 16.7 24.0 ± 18.5 26.9 ± 40.6 16.5 ± 12.3 0.8131 0.5119 0.3938

IL-17A (pg/mL) 6.5 ± 3.6 5.4 ± 3.1 6.4 ± 6.7 6.4 ± 4.8 0.7245 0.6734 0.6536

IL-18 (pg/mL) 570.6 ± 186.4 707.2 ± 433.2 598.9 ± 225.8 528.0 ± 140.5 0.1975 0.5723 0.0777

IL-23 (pg/mL) 38.8 ± 44.1 59.5 ± 55.8 57.3 ± 91.7 74.4 ± 131.2 0.4506 0.3936 0.9339

IL-33 (pg/mL) 776.2 ± 427.2 623.7 ± 379.8 542.0 ± 500.8 621.3 ± 588.5 0.3285 0.7618 0.3385

Neutrophils (cells/µL) 4569 ± 2239 5006 ± 1707 3520 ± 985 2903 ± 1020 0.0015 * 0.8481 0.2651

Lymphocytes (cells/µL) 2134 ± 585 1891 ± 126 1923 ± 552 1842 ± 441 0.4640 0.3615 0.6485

Monocytes (cells/µL) 557 ± 235 546 ± 169 514 ± 150 498 ± 102 0.4108 0.8058 0.9669

Eosinophils (cells/µL) 147 ± 174 163 ± 89 145 ± 147 159 ± 155 0.9604 0.7678 0.9907

Basophils (cells/µL) 43 ± 18 45 ± 17 47 ± 23 36 ± 15 0.7336 0.5366 0.3697

Anthropometrics

Hb mass

Iron status

Cytokines

WBC counts

Females Males ANOVA results

Table 5. Anthropometrics, Hb mass, & blood values in females and males with and 
without a PFO. 
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Figure 11. Linear relationships between immune variables & Hb mass. Each point 

represents an individual participant, and lines are the simple linear regressions. A) the 

relationship between MCP-1 concentration and absolute Hb mass; B) the relationship 

between IFN-a2 concentration and absolute Hb mass; C) the relationship between 

neutrophil counts and absolute Hb mass; and D) the relationship between neutrophil 

counts and relative Hb mass. 
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Slopes, R2 values, and p-values are presented for the regressions between each of the iron 

and immune variable predictors and absolute and relative Hb mass. Asterisks denote p-

values < 0.05. 

 

Relationships between iron variables & Hb mass 

 There was a positive linear relationship between ferritin and absolute Hb mass and a 

negative linear relationship between transferrin and absolute Hb mass (Fig 12A & B; Table 6). A 

similar pattern was observed in the relationships with relative Hb mass – there was a positive 

linear relationship between ferritin and relative Hb mass and a negative linear relationship 

Slope R2 p-value Slope R2 p-value

Iron (mcg/dL) 0.5778 0.0151 0.2492 0.0072 0.0250 0.1370

Ferritin (ng/mL) 1.6670 0.1893 <0.0001 * 0.0124 0.1105 0.0014 *

Transferrin (mg/dL) -2.0270 0.2384 <0.0001 * -0.0173 0.1840 <0.0001 *

IL-1b (pg/mL) -1.1060 0.0403 0.0655 -0.0056 0.0110 0.3406

IFN-a2 (pg/mL) -1.8980 0.0678 0.0161 * -0.0101 0.0203 0.1931

IFN-g (pg/mL) -0.7066 0.0191 0.2069 -0.0021 0.0017 0.7039

TNF-a (pg/mL) -0.2270 0.0238 0.1585 -0.0011 0.0056 0.4963

MCP-1 (pg/mL) 0.1605 0.0459 0.0490 * 0.0011 0.0243 0.1541

IL-6 (pg/mL) -1.3110 0.0404 0.0652 -0.0089 0.0196 0.2011

IL-8 (pg/mL) -0.2265 0.0167 0.2386 -0.0013 0.0055 0.4490

IL-10 (pg/mL) -0.5575 0.0232 0.1639 -0.0020 0.0032 0.6064

IL-12p70 (pg/mL) -1.2900 0.0333 0.0944 -0.0073 0.0111 0.3369

IL-17A (pg/mL) -4.6870 0.0149 0.2650 -0.0426 0.0130 0.2989

IL-18 (pg/mL) -0.0718 0.0076 0.4268 -0.0007 0.0074 0.4334

IL-23 (pg/mL) 0.0471 0.0004 0.8474 0.0000 0.0000 0.9859

IL-33 (pg/mL) -0.0772 0.0377 0.0750 -0.0005 0.0194 0.2042

Neutrophils (cells/mL) -0.0387 0.0944 0.0268 * -0.0003 0.0894 0.0313 *

Lymphocytes (cells/mL) -0.0253 0.0047 0.6278 0.0000 0.0011 0.8140

Monocytes (cells/mL) 0.1410 0.0140 0.4032 -0.0003 0.0013 0.8033

Eosinophils (cells/mL) -0.0902 0.0050 0.6179 -0.0019 0.0349 0.1849

Basophils (cells/mL) -0.3353 0.0013 0.8012 -0.0143 0.0354 0.1814

Absolute Hb mass Relative Hb mass

Table 6. Hb mass regressions data table. 
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between transferrin and relative Hb mass (Fig 12C & D; Table 6). The R2 of these relationships 

ranged from approximately 0.11 to 0.24. Iron, ferritin, and transferrin together predicted absolute 

(p < 0.0001; R2 = 0.3130) and relative (p < 0.0001; R2 = 0.2313) Hb mass. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 12. Linear relationships between iron variables & Hb mass. Each point represents 

an individual participant, and lines are the simple linear regressions. A) the relationship 

between ferritin and absolute Hb mass; B) the relationship between transferrin and 
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p < 0.0001



 144 

absolute Hb mass; C) the relationship between ferritin and relative Hb mass; D) the 

relationship between transferrin and relative Hb mass. 

 
  
Effect of PFO and sex on iron & immune variables 

 The only variable affected by the presence or absence of a PFO was ferritin, with PFO+ 

males exhibiting lower ferritin concentrations compared to PFO- males (Fig 13; Table 5). When 

the effect of sex was not considered and PFO- and PFO+ participants were compared, there were 

no differences in ferritin between PFO- and PFO+ participants (p = 0.0537). Additionally, 

females were found to have lower ferritin, higher transferrin, and lower MCP-1 concentrations 

compared to males, but there were no interactions between sex and PFO on any immune variable 

or iron variable (Table 5).  

 

 

 

 

 

 

 

Figure 13. PFO, sex and ferritin. Ferritin concentration was compared between PFO- 

(closed circles, white bars) to PFO+ (open circles, gray bars) participants within each sex. 

Data are presented as mean ± SD. Brackets above the bars indicate p-values of pairwise 

comparisons. 
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Effect of PFO and sex on Hb mass 

 Females had lower absolute (Fig 14A; Table 5) and relative (Fig 14B; Table 5) Hb mass 

compared to males, as expected. However, there were no effects of a PFO on absolute (Fig 14A; 

Table 5) or relative (Fig 14B; Table 5) Hb mass. Interestingly, however, there was an interaction 

between sex and PFO on relative Hb mass only, but pairwise comparisons indicated there were 

no significant differences in relative Hb mass between PFO- and PFO+ participants within each 

sex (Fig 14B).  

Presence of a PFO on the relationships between iron & immune variables with Hb mass 

 The presence of a PFO affected the slope of the relationship between blood iron and 

absolute Hb mass as well as the slopes of the relationships between IL-6 and monocyte counts 

with relative Hb mass (Fig 15; Table 7). The slopes of these relationships were significantly 

different between those with and without a PFO (Fig 15; Table 7). The slope of the relationship 

between iron concentration and absolute Hb mass was only non-zero in those with a PFO, while 

there was no relationship between iron and absolute Hb mass in those without a PFO. A similar 

pattern was observed with the relationships between IL-6 and monocyte counts with relative Hb 

mass in that the slope of the relationships were only non-zero in those with a PFO (Fig 15; Table 

7).  

 

 

 

 

 

 



 146 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. PFO, sex and Hb mass. A) Comparing absolute Hb mass (g) between PFO- 

(closed circles, white bars) to PFO+ (open circles, gray bars) participants within each sex. 

B) Comparing relative Hb mass (g/kg) between PFO- (closed circles, white bars) to PFO+ 

(open circles, gray bars) participants within each sex. Data are presented as mean ± SD. 

Brackets above the bars indicate p-values of pairwise comparisons. Values within the bars 

are the group means.  
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Figure 15. Linear relationships associated with the presence/absence of a PFO. Each point 

represents an individual participant, and lines are the simple linear regressions. PFO- 

participants are presented in closed circles with a solid line, and PFO+ participants are 

presented in open circles with a dashed line. A) the relationship between iron and absolute 

Hb mass in PFO- and PFO+ participants; B) the relationship between monocyte count and 

relative Hb mass in PFO- and PFO+ participants; and C) the relationship between IL-6 

concentration and relative Hb mass in PFO- and PFO+ participants. 
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Slopes, R2 values, and p-values are presented for the regressions between each of the 

predictors and absolute and relative Hb mass in PFO- and PFO+ participants. The slopes 

and intercepts of the linear regressions between PFO- and PFO+ were compared, and p-

values are presented for these comparisons in the columns titled “Slopes different?” and 

“Intercepts different?”. Asterisks denote p-values < 0.05.  

 

Slopes 
different?

Intercepts 
different?

Slopes 
different?

Intercepts 
different?

Slope R2 p-value Slope R2 p-value p-value p-value Slope R2 p-value Slope R2 p-value p-value p-value

Iron (mcg/dL) -0.8652 0.0270 0.2488 1.6900 0.1731 0.0222 * 0.0157 * NA -0.0051 0.0152 0.3887 0.0138 0.0919 0.1035 0.0536 0.9475

Ferritin (ng/mL) 1.4530 0.2045 0.0009 * 3.5260 0.2370 0.0064 * 0.1121 0.1095 0.0082 0.1050 0.0204 * 0.0303 0.1404 0.0413 * 0.0824 0.5686

Transferrin (mg/dL) -1.9560 0.2332 0.0003 * -2.2220 0.1563 0.0306 * 0.8068 0.3667 -0.0101 0.0996 0.0241 -0.0285 0.2059 0.0118 0.0782 0.9085

IL-1b (pg/mL) -1.1380 0.0528 0.1085 -1.2720 0.0392 0.3123 0.9257 0.3197 -0.0067 0.0288 0.2386 -0.0023 0.0011 0.8696 0.7444 0.6800

IFN-a2 (pg/mL) -2.3920 0.1002 0.0251 * -1.6550 0.0696 0.1749 0.6421 0.2678 -0.0082 0.0188 0.3426 -0.0158 0.0510 0.2477 0.6138 0.6327

IFN-g (pg/mL) -0.8836 0.0332 0.2054 -0.4551 0.0083 0.6448 0.7225 0.3409 -0.0034 0.0076 0.5482 0.0007 0.0001 0.9502 0.7171 0.7056

TNF-a (pg/mL) -0.1414 0.0099 0.4913 -0.4431 0.1015 0.0985 0.3742 0.3633 -0.0001 0.0001 0.9387 -0.0034 0.0509 0.2485 0.2827 0.7099

MCP-1 (pg/mL) 0.2318 0.1021 0.0237 * 0.1067 0.0182 0.4938 0.4944 0.2186 0.0014 0.0595 0.0878 0.0011 0.0169 0.5094 0.8778 0.5419

IL-6 (pg/mL) -0.8624 0.0234 0.2890 -3.2210 0.1365 0.0530 0.2096 0.4611 -0.0024 0.0028 0.7128 -0.0366 0.1414 0.0486 * 0.0471 * NA

IL-8 (pg/mL) -0.2312 0.0237 0.2854 -0.2749 0.0119 0.5809 0.9361 0.3924 -0.0014 0.0133 0.4258 -0.0006 0.0004 0.9187 0.8723 0.7314

IL-10 (pg/mL) -0.4205 0.0181 0.3523 -1.4670 0.0806 0.1431 0.3467 0.4700 -0.0009 0.0013 0.8014 -0.0114 0.0388 0.3152 0.3107 0.7782

IL-12p70 (pg/mL) -1.0870 0.0344 0.1974 -3.6080 0.0843 0.1339 0.3277 0.4813 -0.0046 0.0098 0.4951 -0.0393 0.0805 0.1436 0.1444 0.8109

IL-17A (pg/mL) -6.8120 0.0391 0.1689 0.5853 0.0002 0.9465 0.4604 0.4026 -0.0606 0.0487 0.1234 -0.0073 0.0002 0.9403 0.5614 0.7522

IL-18 (pg/mL) 0.1004 0.0118 0.4525 -0.1787 0.0765 0.1542 0.1287 0.3805 0.0006 0.0071 0.5612 -0.0010 0.0197 0.4765 0.3356 0.7197

IL-23 (pg/mL) -0.0477 0.0004 0.8969 0.0401 0.0006 0.9051 0.8602 0.3857 -0.0017 0.0074 0.5519 0.0008 0.0017 0.8350 0.5805 0.7091

IL-33 (pg/mL) -0.1206 0.0903 0.0339 * -0.0327 0.0083 0.6454 0.3277 0.3853 -0.0007 0.0450 0.1391 -0.0006 0.0236 0.4352 0.9411 0.7330

Neutrophils (cells/mL) -0.0293 0.0491 0.2010 -0.0543 0.2384 0.0467 * 0.5070 0.4891 -0.0002 0.0317 0.3061 -0.0006 0.2541 0.0391 * 0.1341 0.9171

Lymphocytes (cells/mL) 0.0021 0.0000 0.9735 -0.1167 0.0758 0.2848 0.3866 0.3724 0.0003 0.0132 0.5111 -0.0007 0.0200 0.5878 0.3982 0.8331

Monocytes (cells/mL) -0.0346 0.0009 0.8613 -0.6058 0.1863 0.0836 0.2015 0.3645 0.0013 0.0274 0.3417 -0.0082 0.2774 0.0298 * 0.0079 * NA

Eosinophils (cells/mL) -0.0390 0.0009 0.8642 -0.2496 0.0455 0.4112 0.6030 0.3322 -0.0005 0.0029 0.7597 -0.0056 0.1887 0.0814 0.1104 0.8040

Basophils (cells/mL) 0.2985 0.0011 0.8514 -1.9530 0.0326 0.4878 0.5219 0.3615 -0.0056 0.0078 0.6135 -0.0529 0.1960 0.0751 0.0890 0.9601

Relative Hb massAbsolute Hb mass

PFO+PFO- PFO+ PFO-

Table 7. Regressions in those with and without a PFO. 
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DISCUSSION 

 The purpose of this study was to examine the role of iron status parameters, immune 

system components, and a PFO in modulating sea level Hb mass to help explain the large degree 

of inter-individual variability in this measurement. We hypothesized that low iron availability, 

high cytokine concentrations, and high white blood cell counts would correlate with low Hb 

mass, and that the presence of a PFO would result in lower Hb mass primarily by reducing iron 

availability. In support of our hypothesis, we found baseline blood concentrations of certain 

immune system and iron variables had linear relationships with absolute and relative Hb mass. 

Contrary to our hypothesis, we found the presence of a PFO did not result in lower Hb mass, and 

we also show that the presence of a PFO did not result in higher concentrations of inflammatory 

cytokines or white blood cell counts. However, the presence of a PFO did result in reduced 

ferritin in males, and the presence of a PFO altered the relationships between some immune 

system components and iron parameters with Hb mass.  

Immune system & Hb mass 

 We found only some of the immune variables examined in the present study had 

significant relationships with Hb mass irrespective of the presence or absence of a PFO, 

primarily IFN-a2, MCP-1, and neutrophil counts. The negative linear relationship between IFN-

a2 and Hb mass is expected, as IFN-a2 has been extensively studied and has been shown to 

reduce Hb mass via numerous pathways, including suppressing colony formation and 

proliferation of erythroid precursor cells as well as causing apoptosis of erythroid cells 

(Broxmeyer et al., 1983; Raefsky et al., 1985; Lai et al., 1995; Tarumi et al., 1995).  

However, in contrast to IFN-a2, no studies to date have shown a modulatory role of 

MCP-1 on Hb mass. Interestingly, we found the relationship between MCP-1 and Hb mass was a 
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positive linear relationship, which is the opposite of the hypothesized negative relationship given 

MCP-1 is typically a pro-inflammatory chemokine. The reasons for this positive linear 

relationship are unknown. It could be that MCP-1 stimulates red blood cell formation or survival 

via an unknown mechanism, or this result could simply be the result of an associative 

relationship and not represent an active modulatory role of MCP-1 on red blood cells.  

Interestingly, MCP-1 is responsible for recruiting monocytes, so it is unexpected that we 

did not observe a linear relationship between monocytes and Hb mass when there was a linear 

relationship between MCP-1 and Hb mass. Additionally, monocytes can differentiate into 

macrophages, which are responsible for recycling old red blood cells, making it more intriguing 

monocytes did not appear to have a significant relationship with Hb mass. The only immune 

cells found to have a linear relationship with Hb mass were neutrophils, and similar to MCP-1, 

there are no studies to suggest the potential mechanism by which neutrophils could modulate Hb 

mass. However, this may be a result of the present study showing only an association between 

these variables rather than a direct regulatory role. More research should be done to determine 

whether MCP-1 and neutrophils actively regulate Hb mass by inhibiting these specific immune 

system components and/or treating participants with a non-specific anti-inflammatory drug to 

determine a more causal role of these immune system components.  

Interestingly, we found most immune system components that we examined did not have 

a linear relationship with either absolute or relative Hb mass. This seemingly contradicts 

previous work in cell culture and animal models which demonstrated multiple immune cells and 

inflammatory cytokines can negatively affect red blood cell formation and survival (Mamus et 

al., 1985; Raefsky et al., 1985; Schooley et al., 1987; Wang et al., 1995; Tarumi et al., 1995; 

Xiao et al., 2002; Felli et al., 2005; Libregts et al., 2011; Prince et al., 2012; McCranor et al., 
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2014; Pietras et al., 2016; Etzrodt et al., 2019; Lu et al., 2020; Swann et al., 2020). However, 

cytokines are well known to act differently depending on the microenvironment and co-release 

of other cytokines, so the seemingly contradictory results may be partially due to the 

experimental models used. For example, IL-6 can both stimulate EPO (Faquin et al., 1992; 

Vannucchi et al., 1994) and inhibit Hb synthesis (McCranor et al., 2014) in cell culture. 

Similarly, IL-17 can promote the development of some erythroid precursor cells but inhibit 

others, and whether it acts in an inhibitor or stimulatory fashion is dependent on whether it’s 

acting in the spleen or bone marrow (Krstic et al., 2012; Mojsilović et al., 2015). Therefore, the 

results of the present study may be a result of more complicated immune relationships that do not 

exist in a reductionist cell culture model or animal model, which likely are not representative of 

human physiology.  

Despite this, there are data showing humans with anemia of chronic disease have higher 

circulating concentrations of inflammatory cytokines (Keithi-Reddy et al., 2008). It could 

therefore be expected that we would see lower Hb mass in our participants with higher 

concentrations of cytokines. However, our study utilized a healthy human model. It is possible 

that in otherwise healthy humans, concentrations of inflammatory cytokines are simply not high 

enough to disrupt red blood cell regulation or are met with a compensatory mechanism to 

maintain Hb mass. In our participants that exhibited higher concentrations of cytokines, it could 

be that the concentrations of cytokines that we quantified were only elevated acutely at the time 

of our measurement. If a chronic systemic low-grade inflammation was induced in healthy 

humans, it is possible that red blood cell dysregulation would be evident.   

One additional explanation for not observing significant relationships between 

inflammation and Hb mass may be the result of only studying baseline sea level conditions. It 
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may be that inflammatory cytokines and/or immune cells only play a regulatory role in Hb mass 

in healthy humans in situations where red blood cell synthesis increases, such as during chronic 

altitude exposure or with exercise training. Lastly, an important point is the relationships 

between the immune system measures and Hb mass should be interpreted cautiously because the 

R2 of these regressions range from approximately 0.045 to 0.094, indicating each of these 

variables on their own do not predict a very large percent of the total Hb mass. Additionally, 

when analyzed together in a multiple linear regression or principal component regression, white 

blood cells and cytokines do not significantly predict absolute or relative Hb mass. 

Iron & Hb mass 

 This study showed ferritin and transferrin concentrations had linear relationships with 

absolute Hb mass. Interestingly, when considering all participants regardless of the presence or 

absence of a PFO, total iron concentration did not have a significant relationship with Hb mass. 

Therefore, iron storage and transport may be more important in the formation of red blood cells 

than total blood iron. In support of this, one study which used chronic COi to increase Hb mass 

showed the increase in Hb mass occurred alongside decreased ferritin (Schmidt et al., 2020). 

Similarly, increases in Hb mass with chronic altitude exposure have been shown to occur 

alongside decreased ferritin concentration (Govus et al., 2015; Koivisto-Mørk et al., 2021), and, 

upon return to sea level, post-altitude sojourn ferritin concentrations increase while Hb mass 

decreases (Garvican et al., 2012). Additionally, Goodrich et al. (2020) found ferritin had a 

significant relationship with Hb mass normalized to lean body mass in their female participants. 

However, no studies to date have quantified the relationship between transferrin and Hb mass 

that we report in the present study. Therefore, for future studies examining iron availability and 

red blood cell regulation, considering transferrin concentration may be of particular importance.   
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PFO & Hb mass 

 This study showed the presence of a PFO did not affect absolute Hb mass. However, 

there was an interaction between biological sex and a PFO on relative Hb mass. The most likely 

explanation for the significant interaction on relative Hb mass but not absolute Hb mass are 

differences in participant weight. The mean relative Hb mass of PFO+ females was 

approximately 0.9 g/kg lower than the mean relative Hb mass of PFO- females, whereas the 

mean relative Hb mass of PFO+ males was approximately 0.5 g/kg higher than the mean relative 

Hb mass of PFO- males. However, while the average weights of PFO- and PFO+ males were 

nearly identical, the PFO+ females included in this study on average weighed approximately 8.5 

kg more than PFO- females. Higher body weights would lead to lower relative Hb mass in PFO+ 

females when absolute Hb mass is similar, so this is the most likely explanation for why we 

observe a significant PFO and sex interaction in relative Hb mass but not in absolute Hb mass. 

To further explore if this is a plausible explanation, we estimated lean body mass using the Boer 

equation (Boer, 1984) and determined that there was an effect of sex (p < 0.0001) but not PFO (p 

= 0.8053) on Hb mass normalized to estimated lean body mass. PFO- females had approximately 

12.9 g of Hb/kg of lean body mass while PFO+ females had approximately 12.5 g of Hb/kg of 

lean body mass. This likely indicates that the PFO+ females in the present study had more fat 

mass but not more lean mass, resulting in the observed PFO and sex interaction on Hb mass 

relative to total body mass.  

PFO & iron 

An interesting result from this study was males with a PFO had significantly lower 

ferritin than males without a PFO. Importantly, both the presence of a PFO and iron deficiency 

are associated with increased incidence of stroke, and it is possible higher incidence of iron 
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deficiency in those with a PFO partially contributes to increased stroke risk (Shovlin, 2014; 

Topiwala et al., 2021). We are the first to show a potential link between the presence of a PFO 

and iron deficiency and that the presence of a PFO alters iron availability in young, healthy 

males. However, lower ferritin was only evident within the males. When PFO- participants were 

compared to PFO+ participants regardless of sex, there was no effect of a PFO. Why this was 

only seen in males is unknown but warrants future investigation to determine if this is a 

repeatable finding.  

However, despite the presence of a PFO resulting in lower ferritin in males, the presence 

of a PFO did not result in a significantly different slope or intercept of the linear relationship 

between ferritin and Hb mass, indicating the presence of a PFO does not affect the relationship 

between these variables. Additionally, it appears contradictory that males with a PFO had lower 

ferritin, and ferritin has a significant relationship with Hb mass, yet males with a PFO did not 

have lower Hb mass compared to males without a PFO. The most likely explanation is ferritin is 

not the only modulatory factor of Hb mass. The R2 of the relationship between ferritin and 

absolute Hb mass was approximately 0.19. Because ferritin only predicts approximately 19% of 

absolute Hb mass, a significantly lower ferritin concentration in PFO+ males does not 

necessarily have to translate to a lower Hb mass in PFO+ males. There are no studies which have 

examined iron regulation in those with and without a PFO and how that might affect Hb mass, so 

whether this is a repeatable finding or simply due to the participants included in this study is 

unknown.  

 An additional unexpected finding in the present study is the presence of a PFO resulted in 

a significantly different slope of the relationship between iron and absolute Hb mass. The 

reasons for this, and the extent to which this is a physiologically relevant finding, are unknown 
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and require further investigation. There are data to suggest biological sex can influence the 

relationships between iron variables and Hb mass (Goodrich et al., 2020), but no studies to date 

have examined the potential mechanisms to explain why the presence of a PFO alters the 

relationship between iron and Hb mass.  

Effects of sex assigned at birth 

 While not the primary purpose of our study, we have confirmed females have 

significantly lower absolute and relative Hb mass compared to males, which is supported by 

previous work (Falz et al., 2019; Goodrich et al., 2020). In addition, there was an effect of sex on 

ferritin and transferrin concentrations, as well as MCP-1 concentration and neutrophil counts. 

These results are expected, as others have found sex differences in iron and immune regulation 

(Klein & Flanagan, 2016; Falz et al., 2019; Cappellini et al., 2020).  

 Given the purpose of the study was not to examine the known sex differences in Hb 

mass, data were not initially included on whether sex assigned at birth affected the relationship 

between iron and immune variables with Hb mass. However, the slope of the relationship 

between ferritin and absolute Hb mass was significantly different between males and females. 

There was a significantly non-zero slope in females only, with an R2 in females of approximately 

0.28 while the R2 in males was only 0.017. It is interesting to speculate iron stores may be more 

meaningful in modulating Hb mass in females compared to males. Goodrich et al. (2020) found 

comparable results, showing the relationship between ferritin and Hb mass was only significant 

in females with low ferritin. It is possible that because ferritin is higher in males than in females, 

ferritin is not the limiting factor in the formation of Hb in males, which would lead to an 

insignificant relationship between ferritin and Hb mass in males.  
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Limitations  

 Although this study provides novel data quantifying the associations between 

inflammation, iron, the presence or absence of a PFO, and Hb mass, the present study was not an 

interventional study. The only way to directly understand the causal effect of inflammation, iron, 

and the presence or absence of a PFO on Hb mass would be to design a study which alters 

inflammation and/or iron availability or would be done in participants before and after 

percutaneous PFO closure. Furthermore, fluctuations in inflammatory cytokine concentrations 

and iron availability can be transient and change more quickly than Hb mass will change, so 

examining these associations at a single time point minimizes our ability to determine a more 

regulatory role of these cytokines. It is possible the concentrations of cytokines and iron 

parameters we measured on a given day are not representative of the normal range for that 

participant and do not represent the concentrations which would normally play a more influential 

role on Hb mass. However, we had a small number of participants complete all three studies. In 

these participants, there were no data to suggest that fluctuations in Hb mass correlated with 

fluctuations in iron parameters or immune system components. In other words, the lowest Hb 

mass quantified within a single participant did not necessarily coincide with the highest 

inflammation and/or lowest iron availability. Additionally, the data in these participants did not 

fluctuate dramatically. Even across a span of months, iron and immune parameters as well as Hb 

mass remained relatively consistent within a participant.  

Conclusions & future directions 

 Overall, our study shows under sea level conditions there are some moderate 

relationships between immune system components (i.e., white blood cells and cytokines), iron 

status, and Hb mass. Additionally, the presence of a PFO did not affect Hb mass or any immune 
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system measures made in this study, but it surprisingly resulted in lower ferritin in PFO+ males. 

Lastly, the presence of a PFO may be important in modulating the relationship between iron, 

immune variables, and Hb mass. Importantly, these data provide a basis for future work to more 

directly explore the mechanisms of interaction between the immune system and Hb mass and 

concentration. Future studies should focus on interventions that alter iron availability and/or 

immune system activity and determine how that alters chronic Hb mass regulation. Additionally, 

studying these parameters pre- and post-percutaneous PFO closure would provide useful insight 

into the direct role of a PFO on iron availability, immune activity, and Hb mass regulation.  
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CHAPTER VI 

NON-DECOMPRESSION SCUBA DIVING INCREASES INFLAMMATION BUT NOT 

PULMONARY PRESSURE 

This chapter will be submitted to The Journal of Science and Medicine in Sport with Joel 

E. Futral, Dr. Rachel N. Lord, Dr. Otto Barak, Dr. Justin Edward, Dr. Ivan Drvis, Dr. Igor 

Glavičić, Ivana Miloš, Dr. Željko Dujić, and Dr. Andrew T. Lovering as co-authors. All 

experimental work was performed either by me independently or by J.E.F., R.N.L., O.B., J.E., 

and A.T.L. under my direction. The writing is entirely mine. All co-authors provided editorial 

assistance.  

INTRODUCTION 

 PASP increases in humans following SCUBA diving and remains elevated hours after a 

dive has occurred (Dujić et al., 2006; Marabotti et al., 2013). Importantly, these studies utilized 

decompression dive profiles (Dujić et al., 2006; Marabotti et al., 2013), so it is unknown whether 

PASP increases following non-decompression dives. In addition, the mechanisms responsible for 

the increase in PASP post SCUBA diving remain unclear. It is unknown whether the elevated 

PASP post SCUBA diving is a result of increased Q and/or increased TPR from pulmonary 

vasoconstriction. However, it is hypothesized to be a result of sustained pulmonary 

vasoconstriction secondary to elevated vasoactive substances that remain in circulation after a 

dive rather than the effects of exercise, immersion, hyperoxia, and hyperbaria that occur during a 

dive, although this has not been confirmed.  

NO is a potent vasodilator that regulates pulmonary vascular tone in humans during both 

normoxia (Cooper et al., 1996) and hypoxia (Blitzer et al., 1996; Bailey et al., 2010), and 

sildenafil, which increases NO bioavailability, has been shown to improve pulmonary 
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hypertension (Barnes et al., 2019), reduce pulmonary pressure with hypoxia (Carter et al., 2019; 

Kelly et al., 2022), and reduce pulmonary pressure with immersion pulmonary edema (Moon et 

al., 2016; Martina et al., 2017). Therefore, post SCUBA diving NO bioavailability may alter 

pulmonary vascular tone, and sildenafil may be effective at reducing pulmonary pressure post 

SCUBA diving. Additionally, while not as potent as NO, circulating inflammatory cytokines can 

also modulate pulmonary vascular tone. For example, high concentrations of IL-1b and TNF-a 

have been shown to augment hypoxic pulmonary vasoconstriction (Tsai et al., 2004), implicating 

these cytokines as modulators of acute PASP. Importantly, it has been shown that SCUBA 

diving alters endothelial function (Brubakk et al., 2005; Culic et al., 2014) and increases immune 

system activity (Eftedal et al., 2013; Sureda et al., 2014; Žarak et al., 2021; Rocco et al., 2021), 

so baseline inflammatory cytokine concentrations and/or the increase in circulating cytokine 

concentrations after a dive may further modulate pulmonary vascular tone. 

 Lastly, the presence of a PFO may alter PASP regulation post SCUBA diving. No studies 

have examined the role of a PFO in modulating PASP with hyperoxia, hyperbaria, or SCUBA 

diving, but there are studies that examine the modulatory role of a PFO on pulmonary pressure 

during hypoxia. The literature on the effect of a PFO on pulmonary pressure is mixed, with some 

studies showing no effect of a PFO (Duke et al., 2020; DiMarco et al., 2021), while others show 

that the presence of a PFO is associated with susceptibility for developing high altitude 

pulmonary edema, a condition characterized by elevated pulmonary pressure (Allemann et al., 

2006). The role of a PFO in modulating PASP post SCUBA diving is unknown. 

 Therefore, the purpose of this study was to examine whether two different non-

decompression dive profiles caused PASP to increase, and whether the increase was due to 

increased Q and/or increased TPR. In addition, we determined whether NO bioavailability and/or 
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the presence or absence of a PFO altered PASP post SCUBA diving. Lastly, we examined the 

effect of SCUBA diving on cytokine concentration and associations between pulmonary pressure 

and cytokine concentrations. We hypothesized that PASP and TPR would increase post SCUBA 

diving and that this would be reversible with sildenafil (50 mg, p.o.), that those with the greatest 

pre and post-dive serum concentrations of pro-inflammatory cytokines would have the greatest 

increase in PASP and TPR, and that the presence of a PFO would not alter PASP or TPR.   

METHODS 

Ethical approval  

 A total of 50 individuals volunteered to participate in this study after being advised both 

verbally and in writing as to the nature of the experiments. Participants signed an informed 

consent form to participate in the study approved by the University of Oregon Research 

Compliance Services and University of Split School of Medicine Ethics Committee (University 

of Oregon protocol #07302018.031; University of Split School of Medicine protocol #2181-198-

03-04-19-0052). All studies were performed in accordance with the standards set forth by the 

Declaration of Helsinki, and this study is registered at clinicaltrials.gov (protocol 

#07302018.031). All participants held at minimum either a PADI Open Water Diver certification 

or a CMAS 1 Star certification and were recruited at Big Blue Diving in Croatia. All participants 

were given the option to complete the informed consent process in Croatian. All data collection 

occurred in the city of Bol, on the island of Brac, Croatia. Age, sex, and anthropometric data 

from the 50 participants that completed the study are presented in Table 8.  

Screening 

All participants performed spirometry including forced vital capacity maneuvers. 

Pulmonary function testing was done according to societal standards (Miller et al., 2005). 
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Absolute and Global Lung Initiative (GLI) calculated percent of age and sex predicted values for 

forced vital capacity, forced expiratory volume in 1 second, forced expiratory volume in 1 

second to forced vital capacity ratio, and mid expiratory flow are presented in Table 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Anthropometrics, spirometry, and comprehensive cardiac ultrasound data are presented as 

averages ± SDs for the participants that completed the shallow and deep dive profiles. n 

females, males indicates the number of females and males that completed each dive profile, 

Shallow profile Deep profile 

Age 43.3 ± 12.2 43.9 ± 10.3

Height (cm) 177.3 ± 8.3 178.0 ± 8.6
Weight (kg) 81.1 ± 15.7 84.2 ± 18.2

n females, males 6, 20 4, 20
n PFO+, PFO- 13, 13 7, 13

FVC (L) 5.2 ± 1.0 5.1 ± 0.9
FVC (% pred) 105.5 ± 9.1 102.0 ± 11.6

FEV1 (L) 4.1 ± 0.8 4.0 ± 0.7
FEV1 (% pred) 102.1 ± 12.5 98.7 ± 13.2

FEV1/FVC 0.78 ± 0.08 0.77 ± 0.07
FEV1/FVC (% pred) 96.4 ± 10.4 96.4 ± 8.2

FEF25-75 (L) 3.7 ± 1.1 3.6 ± 1.2
FEF25-75 (% pred) 100.0 ± 31.2 95.3 ± 29.9

RV wall 5.3 ± 0.9 4.1 ± 1.1
IVSd 9.3 ± 1.5 9.3 ± 1.4
LVIDd 46.9 ± 3.9 48.9 ± 5.4

LVPWd 9.4 ± 1.5 10.1 ± 1.5
LVIDs 31.3 ± 3.6 28.6 ± 6.5
LA s 32.0 ± 5.2 34.0 ± 4.0

PV pk vel 1.0 ± 0.2 1.0 ± 0.2
LVOT vel 1.1 ± 0.2 1.1 ± 0.2
AoV vel 1.4 ± 0.4 1.2 ± 0.3
AoV VTI 26.5 ± 4.0 23.3 ± 4.1

AVA 3.0 ± 0.6 6.1 ± 1.8
MV-E vel 0.7 ± 0.2 0.7 ± 0.2
MV-A vel 0.6 ± 0.2 0.5 ± 0.1

LAT e' 0.2 ± 0.2 0.2 ± 0.0
E/e' ratio 5.2 ± 1.7 4.6 ± 0.9

RVED area 18.1 ± 4.7 25.0 ± 5.0
RVES area 11.9 ± 3.4 13.3 ± 3.0

%RVEF 34.0 ± 8.4 46.9 ± 5.5
LVED vol 106.0 ± 26.3 131.2 ± 25.2
LVES vol 46.9 ± 11.5 51.6 ± 13.6

HR at LV vol meas 71.5 ± 13.8 70.6 ± 9.5
%LVEF 55.0 ± 8.0 61.1 ± 5.9

IVC size supine 1.7 ± 0.3 2.3 ± 0.4

Anthropometrics

Spirometry

Comprehensive 
echo

Table 8. Anthropometrics and comprehensive cardiopulmonary characterization. 
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and n PFO+, PFO- indicates the number of PFO+ and PFO- participants that completed 

each dive profile. FVC = forced vital capacity; FEV1 = forced expiratory volume in one 

second; FEV1/FVC = the ratio of FVC to FEV1; FEF25-75 = mid-expiratory flow; RV wall = 

right ventricular wall thickness; IVSd = interventricular septum thickness at end diastole; 

LVIDd = left ventricular internal dimension at end diastole; LVIDs = left ventricular 

internal dimension at end systole; LVPWd = left ventricular posterior wall thickness at end 

diastole; LA s = left atrial size; PV pk vel = pulmonic valve peak velocity; LVOT vel = left 

ventricular outflow tract velocity; AoV vel = aortic valve velocity; AoV VTI = aortic valve 

velocity time integral; AVA = aortic valve area; MV-E vel = mitral valve ejection velocity; 

MV-A vel = mitral valve acceleration velocity; LAT e’ = early diastole velocity waveform; 

E/e’ ratio = ratio of E wave to e’ wave; RVED area = right ventricular end diastolic area; 

RVES area = right ventricular end systolic area; %RVEF = right ventricular ejection 

fraction; LVED vol = left ventricular end diastolic volume; LVES vol = left ventricular end 

systolic volume; HR at LV vol meas = heart rate at the left ventricular volume 

measurement; %LVEF = left ventricular ejection fraction; IVC size supine = diameter of 

the inferior vena cava.   

 

An initial comprehensive echocardiography (Vivid iq, GE HealthCare, Chicago, IL) 

screening and bubble study was performed on all participants as previously published (Lovering 

& Goodman, 2012; Elliott et al., 2013). Briefly, an IV catheter was placed in a peripheral vein 

for injection of saline contrast with and without a Valsalva maneuver to confirm the presence or 

absence of a PFO.  The release of a Valsalva maneuver is not required to open a PFO but instead 

creates conditions where right atrial pressure exceeds left atrial pressure transiently as bubbles 
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appear in the right side of the heart while we are simultaneously imaging so that we can see if 

bubbles travel to the left side of the heart during these optimal conditions.  We considered a PFO 

to be present if bubbles appeared in the left ventricle ≤3 cardiac cycles following right heart 

opacification with saline contrast. Participants with no bubbles detected in the left ventricle were 

considered to have no PFO and were assigned to the PFO- group. Participants with bubbles in 

the left ventricle within 3 cardiac cycles, regardless of how many bubbles, were considered to 

have a PFO and assigned to the PFO+ group. Of the 50 participants included in the present study, 

20 had a PFO and 26 did not have a PFO. Four participants did not have PFO screening 

performed due to technical difficulty imaging. After PFO screening, a comprehensive 

echocardiogram was performed on all participants according to standards set by the American 

Society of Echocardiography to confirm normal cardiac function (Mitchell et al., 2019). Data 

from the comprehensive echocardiogram are presented in Table 8.  

Dive protocol & study design 

 Participants completed two dives on back-to-back days, with the exception of one 

participant whose dives were two days apart due to scheduling conflicts. Half of the participants 

completed their dives in the morning (approximately 10:45 dive start time), and half of the 

participants completed their dives in the afternoon (approximately 15:30 dive start time). Prior to 

the dive, participants had resting, baseline measurements made (see “Measurements” below). 

Then, participants took a boat to the dive site (approximately 15-30 minute boat ride) and 

completed their dive. Participants were instructed to maintain one of two dive profiles – 18 

meters of seawater for 47 minutes, or 30 meters of seawater for 20 minutes. These times were 

chosen as the longest duration at these depths that were within recreational non-decompression 

dive limits. The two dive depths were chosen to represent a more moderate dive profile (18 
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meters) and a more aggressive dive profile (30 meters). The studies reporting SCUBA-induced 

increases in pulmonary pressure utilized a 30 meter dive profile for 30 minutes (Dujić et al., 

2006; Marabotti et al., 2013). 26 participants completed the 18-meter dive protocol, and 24 

participants completed the 30-meter dive protocol. 3 participants completed both dive protocols. 

All participants wore a dive computer (SCUBAPro Mantis M2, El Cajon, CA) so that they could 

monitor their dive depth and bottom time, and all participants dove with at least one dive buddy. 

Upon resurfacing from the dive, participants were given sildenafil (50 mg, p.o.) or placebo in a 

randomized and balanced crossover design for females and males. After waiting 1 hour for the 

peak effect of the drug, post-dive measurements were made (see ‘Measurements’ below). 

Participants did not take sildenafil prior to the dive to avoid potential risks associated with a 

systemic vasodilator underwater.  

Measurements  

All measurements described below were made at four time points – pre-dive 1, post-dive 

1, pre-dive 2, and post-dive 2. Measurements included cardiac ultrasound and venous blood 

draws.  

Cardiac ultrasound. Cardiac ultrasound measures included various right heart measures 

(RVOT VTI, RVOT AT, RVOT ET, RVED area, RVES area, RV dim base and RV dim mid, 

and TAPSE) as well as various measures used to calculate PASP, Q, and TPR (v, IVC 

collapsibility, IVC size, LVOT diameter, LVOT VTI, and heart rate measured with a 3-lead 

ECG). All measurements were made in triplicate and triplicate values averaged. 

IVC size and collapsibility were used to estimate PRA according to standards set by the 

American Society of Echocardiography (Lang et al., 2015; Mitchell et al., 2019). IVC 

collapsibility was calculated as the percentage difference between the maximal and minimal IVC 
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size upon a rapid sniff. If the IVC diameter was less than 2.1cm and the IVC had greater than 

50% collapsibility, PRA was assigned a value of 3mmHg. If the IVC diameter was greater than 

2.1cm and the IVC had greater than 50% collapsibility, PRA was assigned a value of 8mmHg. If 

the IVC diameter was less than 2.1cm and the IVC had less than 50% collapsibility, PRA was 

assigned a value of 8mmHg. Lastly, if the IVC diameter was greater than 2.1cm and the IVC had 

less than 50% collapsibility, PRA was assigned a value of 15mmHg (Bamira & Picard, 2018).  

To calculate PASP, we applied v and the estimated PRA to the modified Bernoulli 

equation (PASP = 4v2 + PRA) as we and others have previously done (Yock & Popp, 1984; 

Himelman et al., 1989b; Rudski et al., 2010; Duke et al., 2020; DiMarco et al., 2021). Stroke 

volume was calculated by using LVOT diameter and VTI (Tan et al., 2017). The LVOT diameter 

was divided by two to find the radius, then squared and multiplied by pi to determine cross-

sectional area (CSA) of the LVOT. LVOT CSA was then multiplied by LVOT VTI to obtain 

stroke volume. Stroke volume was multiplied by heart rate to determine Q. TPR was calculated 

as the PASP divided by Q, as before (Foster et al., 2014; DiMarco et al., 2021).   

Due to technical difficulty imaging, a small number of data points were unobtainable. For 

those assigned to the shallow dive profile, two participants were missing LVOT VTI 

measurements post-dive 1 and therefore do not have Q or TPR data at that time point. PRA was 

unable to be measured in one participant assigned to the deep dive profile, so PASP and 

therefore TPR were unable to be calculated at all four time points. An additional participant 

assigned to the deep dive profile could not have v measured post-dive 2 and is therefore missing 

PASP and TPR measurements at that time point. One last participant assigned to the deep dive 

profile could not have v measured at any time point and therefore does not have any PASP or 

TPR data.  
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 While the radius of the vessel is the most important factor in regulating TPR, blood 

viscosity is an additional variable that should be taken into consideration (Hoffman, 2011; 

Vanderpool & Naeije, 2018). To correct for blood viscosity, TPR was corrected for hematocrit 

(HCT). A reference HCT (HCTr) of 0.45 was used to normalize all measured TPR irrespective 

of their measured HCT (HCTm). The measured TPR was divided by e2(HCTr – HCTm) (Vanderpool 

& Naeije, 2018). The HCT corrected TPR was multiplied by Q to obtain HCT corrected PASP. 

The HCT corrected values of PASP and TPR are reported and used for this study.  

 Venous blood draws and processing. An IV catheter was placed into an antecubital vein 

for obtaining blood draws. At all four time points, a 15mL venous blood sample was drawn from 

the IV catheter into serum separator tubes (SSTs; gold or tiger top tubes pre-filled with a 

polyester-based gel with silica particles that act as a clot activator; Becton-Dickinson, Franklin 

Lakes, NJ). A small venous blood sample was also drawn into a pre-heparinized 3mL syringe at 

all time points, and a microcapillary tube was filled to measure HCT.  

 Due to technical difficulties with the IVs, a small number of blood samples were 

unobtainable. There are no missing blood samples from those that completed the shallow dive 

profile. For those that completed the deep dive profile, there was one blood sample missing from 

the post-dive 1 time point, one blood sample missing from the pre-dive 2 time point, and one 

blood sample missing from the post-dive 2 time point.  

All venous blood samples drawn into SSTs were allowed to sit at room temperature for at 

least 30 minutes to fully clot, after which they were centrifuged at 1500g for 10 min. Serum was 

separated and frozen at -20°C for up to 2 weeks while at the dive site in Bol, Island of Brac, 

Croatia and then transferred from -20°C to a -80°C freezer until analyzed. Venous blood drawn 

for HCT was analyzed immediately by centrifuging at 10,000 rpm for 10 minutes.  
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Cytokine analysis 

Frozen serum samples were thawed fully while refrigerated on ice. Samples were 

analyzed using a multi-analyte flow assay kit as described in the manual (BioLegend 

LEGENDplex Human Inflammation panel 1). Due to the number of samples, multiple assays 

were used for analysis, but all samples from a given participant were analyzed within the same 

assay. Briefly, samples were incubated with 13 different capture beads: IL-1b, IFN-a2, IFN-g, 

TNF-a, MCP-1, IL-6, IL-8, IL-10, IL-12p70, IL-17A, IL-18, IL-23, and IL-33. Samples were 

diluted twofold prior to analysis. All samples were analyzed via flow cytometry (BD Biosciences 

Accuri C6) according to manufacturer guidelines (Biolegend.com/legendplex). All samples were 

run in duplicate and duplicates averaged. Upon analysis, any duplicate sample with a coefficient 

of variation (CV) > 30% was excluded from analysis, per suggestion in the manufacturer manual. 

Table 3 documents the number of samples excluded for having high CVs. Samples below limits 

of detection were not excluded from analysis, but the number of samples below limits of 

detection are documented in Table 9. Concentrations below limits of detection were calculated 

from the extrapolated standard curve. Lower limits of detection were calculated as three times 

the standard deviation of the mean fluorescence intensity of the blank.  

Statistical analysis 

 Statistical analyses were done using GraphPad Prism v.9.4.1 with alpha set a priori to be 

equal to 0.05. PASP, Q, TPR, and right heart measures were analyzed via 2-way repeated 

measures mixed effects analyses with time (pre- to post-dive) and drug (sildenafil and placebo) 

as the two factors. The absolute change in PASP, Q, and TPR were also analyzed with a 2-way 

repeated measures mixed effects analysis with drug (sildenafil and placebo) and PFO (PFO- and 
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PFO+) as the two factors. The two dive profiles were analyzed independently. All post-hoc 

testing was done with the Sidak post-hoc test.  

Inflammatory cytokine concentrations were all initially analyzed via 2-way repeated 

measures mixed effects analyses between time (pre- to post-dive) and drug (sildenafil and 

placebo) with Sidak post-hoc analysis within each dive profile. Upon confirmation that no 

cytokine concentrations were affected by sildenafil, inflammatory cytokine concentrations were 

analyzed via paired t-tests pre- to post-dive within each day.  

RESULTS 

Participant characterization  

 Spirometry and comprehensive echocardiography are presented in Table 8 to confirm 

normal cardiopulmonary and respiratory function in participants. In addition, right heart 

measures were taken at all four time points to determine if changes in pulmonary pressure had 

any measurable effects on right heart function (Table 10). All values were within normal ranges 

(Lang et al., 2015; Mitchell et al., 2019), and the right heart measures did not change pre to post-

dive when participants received placebo and were not altered by sildenafil (Table 10).   

Effect of SCUBA diving, sildenafil, and PFO on pulmonary pressure 

PASP did not increase in response to SCUBA diving when participants received a 

placebo (Fig 16). This pattern was consistent regardless of the dive profile, as neither dive profile 

evoked an increase in PASP when participants took a placebo (Fig 16). Similarly, Q and TPR did 

not increase in either dive profile when participants took the placebo (Fig 16). However, there 

was a main effect of the drug treatment on TPR during the shallow dive profile, but there were 

no significant pairwise differences (Fig 16E). Additionally, there was an interaction between the 
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drug treatment and time when participants completed the deep dive profile, but there were no 

significant pairwise differences (Fig 16F).  

There was no effect of a PFO on PASP or Q during either dive profile (Fig 17). During 

the deep dive profile, there was similarly no effect of a PFO on TPR (Fig 17F). However, there 

was an interaction between the presence of a PFO and drug treatment on TPR when participants 

completed the shallow dive profile (Fig 17E). When participants received sildenafil, PFO+ 

participants had a greater increase in TPR compared to PFO- participants (Fig 17E).  

Inflammatory response to SCUBA diving 

The use of sildenafil did not affect the concentrations of any cytokines during the shallow 

or deep dive profile (data not shown), so cytokine data are presented pre and post-dive within 

dive 1 and within dive 2. When divers completed the shallow dive profile, IL-6 concentration 

increased post-dive 1 (p = 0.0057; Fig 18A). Both IL-6 (p = 0.0045) and MCP-1 (p = 0.0005) 

increased post-dive 2 (Fig 18C & 18D) for participants that completed the shallow dive profile. 

No cytokines increased post-dive during the deep dive profile on day 1 (Fig 19A & 19B). 

However, IL-6 (p = 0.0460) and MCP-1 (p = 0.0434) increased while IL-23 (p = 0.0145) 

decreased post-dive for those that completed the deep profile (Fig 19C & 19D).   



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The range of lower limits of detection (LLOD range) for the assays used in the study are provided. The number of 

samples below lower limits of detection (n < LLOD) as well as samples excluded for high coefficients of variation (n CV > 

30%) are provided from each of the four time points inflammatory cytokine concentrations were measured. The total 

number of samples analyzed per time point from both the shallow and deep profiles is included (n included).  

 

Table 9. Inflammatory cytokine data from Aim 3. 

LLOD range n < LLOD n CV>30% n included n < LLOD n CV>30% n included n < LLOD n CV>30% n included n < LLOD n CV>30% n included

IL-1b (pg/mL) 0.78 - 4.55 5 0 50 9 0 49 9 0 49 8 0 49
IFN-a2 (pg/mL) 0.32 - 4.33 0 0 50 0 0 49 0 0 49 0 0 49
IFN-g (pg/mL) 0.22 - 5.03 7 0 50 7 0 49 8 0 49 8 0 49
TNF-a (pg/mL) 0.42 - 4.37 5 0 50 3 0 49 4 0 49 3 0 49
MCP-1 (pg/mL) 0.24 - 6.28 0 0 50 0 0 49 0 0 49 0 0 49

IL-6 (pg/mL) 0.22 - 2.47 1 0 50 0 0 49 1 0 49 0 0 49
IL-8 (pg/mL) 0.29 - 29.36 8 0 50 5 1 48 6 1 48 6 0 49
IL-10 (pg/mL) 0.27 - 5.61 1 0 50 2 0 49 2 0 49 2 0 49

IL-12p70 (pg/mL) 0.34 - 2.91 3 0 50 4 0 49 5 0 49 4 0 49
IL-17A (pg/mL) 0.06 - 0.78 1 0 50 4 0 49 2 0 49 2 0 49
IL-18 (pg/mL) 0.37 - 12.03 0 0 50 0 0 49 0 0 49 0 0 49
IL-23 (pg/mL) 0.29 - 14.08 4 0 50 5 0 49 4 0 49 6 0 49
IL-33 (pg/mL) 2.44 - 104.87 3 0 50 3 0 49 4 0 49 5 0 49

Pre dive 1 Post dive 1 Pre dive 2 Post dive 2
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Additional measurements of right heart function were made pre and post SCUBA diving on both dive days. Data are presented 

for both shallow and deep dive profile groups. RVOT VTI = right ventricular outflow tract velocity time integral; RVOT AT = 

right ventricular outflow tract acceleration time; RVOT ET = right ventricular outflow tract ejection time; RVED area = right 

ventricular end diastolic area; RVES area = right ventricular end systolic area; RV dim base = right ventricular basal diameter; 

RV dim mid = right ventricular mid diameter; TAPSE = tricuspid annular plane systolic excursion.  

 

Pre Post Pre Post Pre Post Pre Post
RVOT VTI 18.47 ± 2.95 17.57 ± 2.41 18.61 ± 2.72 18.07 ± 3.26 18.26 ± 3.73 18.77 ± 3.25 18.57 ± 2.41 18.01 ± 2.37

RVOT AT (ms) 140.96 ± 27.87 140.38 ± 31.52 146.88 ± 27.15 141.00 ± 21.09 139.91 ± 21.68 132.36 ± 19.83 139.96 ± 25.62 136.65 ± 24.02
RVOT ET (ms) 312.96 ± 30.65 293.88 ± 25.81 311.65 ± 40.78 297.68 ± 25.62 304.86 ± 39.94 295.59 ± 40.58 308.91 ± 33.66 313.22 ± 34.73

RVED area 18.94 ± 3.82 18.23 ± 4.15 19.11 ± 4.20 18.75 ± 3.42 25.36 ± 3.94 24.96 ± 4.30 26.07 ± 3.63 25.67 ± 4.11
RVES area 12.73 ± 3.13 11.32 ± 2.66 12.03 ± 2.11 11.91 ± 2.42 13.89 ± 2.46 13.20 ± 2.64 13.83 ± 2.64 14.00 ± 2.62

RV dim base (cm) 3.71 ± 0.51 3.51 ± 0.42 3.65 ± 0.38 3.62 ± 0.40 4.23 ± 0.48 4.17 ± 0.49 4.32 ± 0.47 4.33 ± 0.49
RV dim mid (cm) 2.67 ± 0.48 2.68 ± 0.45 2.63 ± 0.47 2.67 ± 0.42 3.36 ± 0.29 3.19 ± 0.30 3.34 ± 0.33 3.36 ± 0.30

TAPSE (cm) 2.45 ± 0.45 2.36 ± 0.32 2.47 ± 0.33 2.42 ± 0.40 2.45 ± 0.38 2.35 ± 0.38 2.46 ± 0.27 2.33 ± 0.32

Shallow profile Deep profile 

Sildenafil Placebo Sildenafil Placebo

Table 10. Right heart function pre and post SCUBA diving. 



DISCUSSION 

Our results suggest that non-decompression SCUBA diving does not result in an increase in 

PASP or TPR but can increase concentrations of some inflammatory cytokines. Sildenafil did not 

reduce PASP or TPR, but we most likely observed a lack of effect of sildenafil because SCUBA 

diving did not evoke increases in PASP and/or TPR. Accordingly, the exact role of NO in 

regulating pulmonary vascular tone post SCUBA diving remains unknown. Interestingly, the 

presence of a PFO may alter the effects of sildenafil on TPR, although this observation was not 

consistent between dive profiles and more work should be done to determine whether this is a 

repeatable finding.  

Lastly, because PASP and/or TPR did not increase with either dive profile in the whole 

group or in just PFO+ or PFO- participants, we did not examine relationships between 

inflammation and pulmonary pressure. Therefore, the role of cytokines in modulating pulmonary 

pressure remains unknown, and future work should examine this relationship with SCUBA dive 

profiles that cause increased PASP and TPR.  
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Figure 16. PASP, Q, and TPR pre and post SCUBA diving with sildenafil and placebo. 

PASP (mmHg), Q (L/min), and TPR (mmHg/L/min) are shown pre- and post-dive when 

participants received sildenafil and placebo for both dive profiles. Sildenafil is represented 

with closed circles and solid lines and placebo with open circles and dashed lines. Main 

effects of time (pre- to post-dive) and drug (sildenafil and placebo) as well as interactions 
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between the two are provided below each panel. A) PASP over time and between drug 

treatments for the shallow dive profile; B) PASP over time and between drug treatments 

for the deep dive profile; C) Q over time and between drug treatments for the shallow dive 

profile; D) Q over time and between drug treatments for the deep dive profile; E) TPR over 

time and between drug treatments for the shallow dive profile; F) TPR over time and 

between drug treatments for the deep dive profile.  

 

The effect of decompression on pulmonary vascular tone regulation  

  The previous studies that have shown an increase in pulmonary pressure post SCUBA 

diving utilized a decompression dive profile of 30 meters for 30 minutes (Dujić et al., 2006; 

Marabotti et al., 2013), so the negative PASP and TPR results of the present study may be at 

least partially attributed to the use of non-decompression dive profiles. Even more interesting is 

that pulmonary pressure does not appear to simply be a factor of dive depth up to 30 meters of 

sea water for 20 minutes. This further supports the idea that there is something fundamental to 

decompression dives that causes an increased pulmonary pressure.  

During SCUBA diving, inert gases become dissolved in tissues relative to the degree of 

increased ambient pressure. Decompression refers to the reduction in ambient pressure a diver 

experiences during an ascent that allows those dissolved gases to escape solution, which have the 

potential to form venous gas emboli. The professional association of diving instructors (PADI) 

created guidelines for safe diving practices with the intention of minimizing the formation of 

venous gas emboli during decompression, which pose the potential to cause decompression 

sickness. However, many studies find venous gas emboli even when safe diving practices are 
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utilized, and the venous gas emboli are more common in the more aggressive decompression 

dive profiles (Marabotti et al., 1999, 2013; Dujic et al., 2005a, 2005b; Dujić et al., 2006).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Changes in PASP, Q, and TPR between drug and PFO. The absolute change in 

PASP, Q, and TPR are shown between PFO- (gray bars) and PFO+ (white bars) 

participants when they received sildenafil and placebo. Main effects of the drug (sildenafil 

and placebo) and PFO (PFO- and PFO+) as well as interactions between the two are 

provided below each panel. A) The change in (∆) PASP between drug treatments and PFO 
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for the shallow dive profile; B) The change in (∆) PASP between drug treatments and PFO 

for the deep dive profile; C) The change in (∆) Q between drug treatments and PFO for the 

shallow dive profile; D) The change in (∆) Q between drug treatments and PFO for the 

deep dive profile; E) The change in (∆) TPR between drug treatments and PFO for the 

shallow dive profile; F) The change in (∆) TPR between drug treatments and PFO for the 

deep dive profile. Bars indicate pairwise comparisons. * indicates p < 0.05. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Inflammation in response to shallow dive profile. Concentrations of 13 

inflammatory cytokines pre and post SCUBA dive on days 1 and 2 are shown for 

participants that completed the shallow dive profile. Panels A and B show cytokine 

concentrations pre and post-dive 1, and panels C and D show cytokine concentrations pre 

and post-dive 2. Bars represent the range of data, and the line within each bar represents 
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the group means. Pre dive values are in gray bars, and post-dive values are in white bars. * 

indicates p < 0.05 comparing post-dive to pre-dive values. 

 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 19. Inflammation in response to deep dive profile. Concentrations of 13 

inflammatory cytokines pre and post SCUBA dive on days 1 and 2 are shown for 

participants that completed the deep dive profile. Panels A and B show cytokine 

concentrations pre and post-dive 1, and panels C and D show cytokine concentrations pre 

and post-dive 2. Bars represent the range of data (absolute maximum and minimum 

values) and the line within each bar represents the group means. Pre dive values are in 

gray bars, and post-dive values are in white bars. * indicates p < 0.05 comparing post-dive 

to pre-dive values. 
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 It is possible that venous gas emboli are at least partially responsible for increasing 

pulmonary pressure, which could explain differences in the pulmonary pressure response 

between decompression and non-decompression dives, although the literature on this is mixed. In 

support of venous gas emboli causing increased pulmonary pressure, Marabotti et al. (2013) 

found that PASP increased only in those participants that produced venous gas emboli upon 

resurfacing. Additionally, in a pig model, the greatest increases in pulmonary pressure were 

associated with the greatest production of venous gas emboli (Vik et al., 1993). Conversely, 

Valic et al. (2005) found that venous gas emboli are not responsible for increasing pulmonary 

pressure. Valic et al. (2005) used a hyperbaric chamber meant to simulate an 18-meter dive at 

varying times that represented both decompression and non-decompression dive times. They 

found that pulmonary pressure did not increase at any time spent at the simulated 18 meters 

despite the presence of significant venous gas emboli (Valic et al., 2005).  

Importantly, hyperbaric chambers do not fully capture the conditions experienced during 

a SCUBA dive, which also include immersion, cold, and mild exercise. Therefore, hyperbaria 

alone and venous gas emboli produced during decompression may not be directly responsible for 

increasing pulmonary pressure. Rather, water immersion, cold, or a combination of these factors 

experienced during a SCUBA dive that get more extreme during decompression dives may be 

responsible for increasing pulmonary pressure. This could explain the association between 

venous gas emboli and pulmonary pressure observed by Marabotti et al. (2013) during a real 

world SCUBA dive and the lack of association between venous gas emboli and pulmonary 

pressure observed by Valic et al. (2005) in a simulated (dry) SCUBA dive. In support of this, 

water immersion independent of SCUBA diving, particularly in cold water, can cause 

immersion-induced pulmonary edema, which is characterized by elevated mean pulmonary 
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artery pressure and pulmonary wedge pressure (Moon et al., 2016; Martina et al., 2017). 

Therefore, cold water immersion rather than the venous gas emboli produced during 

decompression may be more significant in regulating pulmonary pressure. However, this does 

not explain why pulmonary pressure remains elevated hours after a dive occurs when immersion 

is no longer a factor, but some speculations on the links between venous gas emboli, endothelial 

dysfunction, immune system activity, and pulmonary pressure regulation are discussed below.  

Effect of SCUBA diving on inflammation 

 The present study found that MCP-1 and IL-6 concentrations increased post-dive in both 

non-decompression dive profiles utilized. These results are supported by other studies showing 

increased immune system activity post SCUBA diving, including increased circulating 

granulocytes (Marabotti et al., 1999), increased neutrophil counts and activation (Nossum et al., 

2002; Thom et al., 2013; Madden et al., 2014), increased inflammatory cytokine expression 

(Žarak et al., 2021; Rocco et al., 2021), and upregulation of genes and mRNA related to the 

immune response (Eftedal et al., 2013; Sureda et al., 2014). Rocco et al. (2021) specifically 

found that IL-6 concentrations increased and MCP-1 concentrations trended towards increasing 

in their decompression dive profile of 50 meters of seawater for 20 minutes, and Žarak et al. 

(2021) similarly found increased IL-6 after SCUBA diving to 20-30 meters of seawater for 30 

minutes.  

It is not unexpected that the only cytokines found to increase were MCP-1 and IL-6, as 

these cytokines are typically involved in immediate acute responses to other stressors. MCP-1 

increases within minutes of hypoxic exposure in rats (Chao et al., 2011) and humans (Mishra et 

al., 2016). Similarly, IL-6 is typically the only cytokine that increases immediately post exercise 

(Pedersen et al., 2001; Petersen & Pedersen, 2005b; Banzet et al., 2012) in order to stimulate an 
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increase or decrease in additional cytokines. Had we measured cytokine concentrations later than 

approximately 1-2 hours post-dive, it is possible we would have observed greater increases in 

other cytokines downstream of IL-6 and MCP-1.   

Endothelial dysfunction, immune activation, and pulmonary pressure regulation 

In addition to immune activation, SCUBA diving and hyperbaric SCUBA simulations 

can induce endothelial dysfunction in both human and animal models (Nossum et al., 1999, 

2002; Brubakk et al., 2005; Madden et al., 2010; Culic et al., 2014). There is support that venous 

gas emboli are responsible for the endothelial dysfunction (Nossum et al., 1999, 2002) and that 

in turn the endothelial dysfunction is responsible for the increased immune activity observed post 

SCUBA diving. One study showed that the endothelial dysfunction secondary to gas bubbles 

resulted in no visible endothelial damage but did induce increases in neutrophil count (Nossum et 

al., 2002). Additionally, Marabotti et al. (1999) found that in those that produced venous gas 

emboli, granulocyte count increased, further supporting the link between SCUBA induced 

production of venous gas emboli, endothelial dysfunction, and immune activation. It is 

interesting that both non-decompression dives and decompression dives alike induce these 

immune changes. This further supports the idea that venous gas emboli, which can be produced 

in both decompression and non-decompression dives, may be partially responsible for the 

immune changes due to the induction of endothelial dysfunction.  

However, an interesting question is whether the increased immune activity from venous 

gas emboli-induced endothelial dysfunction is responsible for changes in pulmonary pressure. If 

this link does exist, we theoretically should have seen an increased pulmonary pressure in the 

present study that coincided with the increased IL-6 and MCP-1. However, the literature on the 

role of inflammatory cytokines in modulating acute changes in pulmonary vascular tone are 
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limited to only a few cytokines, primarily IL-1b and TNF-a (Tsai et al., 2004). Therefore, it is 

possible that IL-6 and MCP-1 do not modulate acute pulmonary vascular tone. This is supported 

by Savale et al. (2009) who found that IL-6 knockout mice had the same increase in pulmonary 

pressure in response to hypoxia as wild type mice, indicating that IL-6 does not acutely regulate 

pulmonary vascular tone. Even if MCP-1 and IL-6 were produced because of endothelial damage 

induced by venous gas emboli, a more aggressive dive profile may be required to induce changes 

in more acute acting vasoactive inflammatory cytokines. This could also explain why Valic et al. 

(2005) found venous gas emboli without increased pulmonary pressure – it is possible that the 

venous gas emboli induced only mild changes in the pulmonary vascular endothelium, which did 

not produce vasoactive molecules. Therefore, in more aggressive dive profiles, greater changes 

in vasoactive substances produced secondary to venous gas emboli may be responsible for 

increasing pulmonary vasoconstriction and pressure, but this remains speculative. More research 

should be done to directly examine the link between venous gas emboli, pulmonary endothelial 

dysfunction, production of inflammatory cytokines, and increases in pulmonary pressure.  

The role of NO in pulmonary pressure regulation 

 The present study found that the use of sildenafil did not alter PASP or Q. Additionally, 

TPR did not decrease when participants received sildenafil in either dive profile, which is 

contrary to our hypothesis. It is possible that the dose of sildenafil was not strong enough to 

induce changes in pulmonary resistance. However, 50 mg of sildenafil was sufficient to reduce 

mean pulmonary artery pressure and pulmonary wedge pressure in those susceptible to 

immersion pulmonary edema (Moon et al., 2016; Martina et al., 2017). Similarly, this dose was 

sufficient to reduce the degree of hypoxic pulmonary vasoconstriction (Carter et al., 2019; Kelly 
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et al., 2022). Therefore, the lack of reduction of TPR is unlikely to be related to the dose of 

sildenafil chosen and more likely related to the availability of NO.  

Interestingly, SCUBA diving does not reduce inducible NO synthase (Sureda et al., 

2014) but does reduce endothelin-1 (ET-1), the antagonist of NO (Žarak et al., 2021). Inducible 

NO synthase also increased 3 hours post-dive from baseline values (Sureda et al., 2014). 

Therefore, NO availability may not be a limiting factor during or post SCUBA diving, and a lack 

of NO availability and/or an increase in ET-1 may not be responsible for increasing pulmonary 

pressure post decompression SCUBA diving. From the current literature and results of the 

present study, it seems more likely that increased immune activity secondary to endothelial 

dysfunction is responsible for increased pulmonary pressure rather than a lack of NO availability. 

However, this is still very speculative, as no studies have definitively shown simultaneous 

increases in pulmonary pressure and immune activity in humans undergoing a real-world 

SCUBA dive.   

The effect of a PFO 

 The present study found no effect of a PFO on PASP in either dive profile. This confirms 

the results of others that show no PFO differences in acute PASP changes with hypoxia (Duke et 

al., 2020; DiMarco et al., 2021). However, an interesting observation is that the presence of a 

PFO altered the effect of sildenafil treatment on TPR. Contrary to our hypothesis, PFO+ 

participants increased TPR when they received sildenafil, and the increase in TPR was 

significantly greater than PFO- participants receiving sildenafil. Any potential mechanisms that 

could cause sildenafil to increase TPR only in those with a PFO are entirely unknown. 

Additionally, this was only observed during the shallow dive profile, so more work needs to be 

done to determine if this is a repeatable finding or simply a result of the participants studied. 
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Limitations  

 A primary limitation to the present study, as well as all studies on SCUBA diving 

physiology, is that measurements cannot be made during the SCUBA dive itself. It would be 

extremely interesting to directly measure pulmonary blood volume and pressure during a 

SCUBA dive to determine whether or not the changes in cardiopulmonary function only occur 

post SCUBA diving or whether those changes begin during the dive. Lastly, the measures of 

PASP and Q obtained in the present study are indirect measures, the limitations of which are 

discussed in greater detail by (Parasuraman et al., 2016). Nevertheless, using this approach, we 

have demonstrated that we can detect differences between groups (Norris et al., 2014b; Laurie et 

al., 2018) when those differences have been shown to exist using direct catheterization measures 

(Kovacs et al., 2012; Goss et al., 2018).  

Conclusions  

 Overall, we found that two different non-decompression dive profiles resulted in no 

increases in PASP or TPR. Sildenafil did not reduce PASP or TPR in either dive profile, but 

because our dive profiles did not increase PASP, the role of NO in regulating pulmonary 

vascular tone is inconclusive. Studies employing a dive protocol that induces greater increases in 

PASP and/or TPR should examine whether NO is a potential vasoactive substance responsible 

for the changes in pulmonary pressure observed following SCUBA diving requiring 

decompression. Lastly, future work should examine intraindividual responses to various 

decompression and non-decompression dive protocols to determine whether there are inherent 

differences between decompression and non-decompression SCUBA diving on pulmonary 

pressure and immune responses to SCUBA diving and whether there is a link between venous 

gas emboli, endothelial dysfunction, immune activity, and pulmonary pressure regulation. 
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CHAPTER VII 

CONCLUSIONS  

MAIN FINDINGS 

 Most studies examining cardiopulmonary regulation opt to focus solely on the 

cardiovascular and respiratory systems and largely ignore potential systemic influences from 

other physiologic systems or modulatory factors such as the immune system, iron availability, 

and cardiopulmonary anomalies. The three studies in this dissertation all had primary 

cardiopulmonary outcome measures alongside secondary outcome measures that examined the 

role of iron status parameters, immune system components, and the presence or absence of a 

PFO as modulators of the primary cardiopulmonary responses and variables. The findings from 

this dissertation on the roles of these modulatory variables are mixed, with some 

cardiopulmonary variables exhibiting a degree of association with these variables while others 

did not.  

Specifically, in Chapter IV, we show that COi and HWI can stimulate a similar increase 

in EPO independently and when combined. An unexpected but significant finding from this 

study was that females had greater increases in EPO in response to COi, HWI, and combined 

COi and HWI, and this can only be partially explained by sex differences in the stimulus for 

EPO production. However, contrary to our hypothesis, inflammatory cytokine concentrations 

and iron availability in these otherwise healthy humans were not associated with the large degree 

of variability in EPO concentrations in response to the CO and heat interventions.  

In chapter V, we examined the relationships between iron status parameters, various 

immune system components, and the presence or absence of a PFO with sea level Hb mass. 

Ferritin and transferrin, which indicate iron storage and transport, respectively, were the 
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strongest predictors of Hb mass. Other studies have shown similar significant relationships 

between ferritin and Hb mass (Garvican et al., 2012; Govus et al., 2015; Schmidt et al., 2020; 

Goodrich et al., 2020; Koivisto-Mørk et al., 2021), but we are the first to show that transferrin 

may be just as important of a predictor of Hb mass. While we do show some significant linear 

relationships between immune system components, primarily IFN-a2 and MCP-1 concentrations 

and neutrophil cell counts, with Hb mass, these relationships all had R2 values below 0.10 and 

therefore do not predict a large degree of the variability in Hb mass. Contrary to our hypothesis, 

we show that the presence of a PFO did not alter sea level Hb mass, but PFO+ men did exhibit 

lower ferritin concentration. Additionally, the presence of a PFO altered the slope of the linear 

relationship between some iron and immune variables with Hb mass.  

Rather than examining red blood cell regulation, Chapter VI examined pulmonary 

vascular tone regulation in response to recreational SCUBA diving and determined whether NO 

availability, inflammatory cytokine concentrations, and the presence or absence of a PFO were 

potential modulators of this response. However, contrary to our hypothesis, two different non-

decompression SCUBA diving profiles did not elucidate increases in pulmonary pressure or 

resistance on average. Despite this observation, we still expected sildenafil, a drug that increases 

NO availability, to reduce pulmonary pressure and resistance from pre-dive values, a finding that 

we did not observe, indicating that NO availability may not regulate pulmonary vascular tone 

during SCUBA diving. However, if SCUBA diving did not reduce NO bioavailability, it is 

possible that this is why sildenafil did not alter PASP or TPR. Additionally, PFO+ participants 

did not have greater increases in PASP or TPR, data which supports our hypothesis. These 

findings add to the growing body of work reporting that the presence of a PFO is not associated 

with altered acute pulmonary pressure regulation in otherwise healthy humans with 
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environmental challenges such as hypoxia (Duke et al., 2020; DiMarco et al., 2021). Lastly, 

because PASP, TPR, and most cytokines did not increase with SCUBA diving, the exact role of 

inflammatory cytokines in modulating pulmonary vascular tone regulation post SCUBA diving 

is still unknown.   

SUMMARY AND FUTURE DIRECTIONS 

One of the most intriguing findings from Chapter IV were the sex differences in EPO 

responsiveness. There were sex differences in the CO stimulus, with females having greater peak 

HbCO than males, which can partially explain these unexpected results. However, there were no 

sex differences in any of the stimuli involved in HWI. Future work should examine potential 

mechanisms underlying these sex differences in EPO, particularly in response to acute heat 

stress. More direct measurements of the stimuli, such as taking arterial blood samples to directly 

measure CaO2 and measuring QR instead of renal blood velocity, would be useful in this 

quantification. In addition, while we found sex differences in EPO in response to acute heat 

stress, Lundby et al. (2023) do not suggest that there are sex differences in increases in Hb mass 

in response to heat acclimation. In those studies that do show sex differences in chronic increases 

in Hb mass, males typically have greater increases in Hb mass than females (Nummela et al., 

2021). Therefore, the work provided in this dissertation combined with the literature on chronic 

Hb mass regulation leaves a large gap in the literature. Namely, there may be sex differences in 

the translation from EPO to viable red blood cells, and work should be done to explore whether 

this is true and what that mechanism may be.  

 One of the primary limitations in Chapter V of this dissertation is that it was not an 

interventional study, but this limitation also allows for many follow-up studies. We provided 

novel information characterizing the relationships between iron status parameters, various 
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immune system components, the presence or absence of a PFO, and Hb mass, and this data 

provides useful direction in designing potential interventional studies that could closely examine 

red blood cell regulation in humans. Directly inducing a systemic low-grade inflammation and/or 

using a general anti-inflammatory treatment such as an NSAID and monitoring Hb mass changes 

over weeks would provide useful insight into a more direct regulatory role of the immune system 

on Hb mass in healthy humans. Additionally, an interesting future study would be to compare Hb 

mass in those with and without iron deficiency anemia. After, an iron supplement could be 

employed in those with iron deficiency anemia to determine if Hb mass increases over weeks as 

a result. Lastly, although we did not find the presence of a PFO altered Hb mass, we did find that 

the presence of a PFO affected ferritin, so future work should examine how iron regulation is 

altered by a PFO, whether percutaneous PFO closure can increase ferritin, and why lower ferritin 

is not seen in females with a PFO.  

 The main cardiopulmonary outcomes of interest in Chapter VI were pulmonary pressure 

and resistance post-SCUBA diving, and we found that non-decompression SCUBA diving 

profiles did not induce increases in these variables as expected. Therefore, the conclusions we 

can draw about the regulatory or modulatory roles of NO, inflammatory cytokines, and the 

presence or absence of a PFO are not definitive. The most important future study to come from 

the work provided in Chapter VI would be to examine the role of these modulatory variables 

during more aggressive SCUBA diving profiles that induce increases in pulmonary pressure and 

resistance. The literature suggests a stronger role of the immune system in modulating 

pulmonary vascular tone than NO during SCUBA diving, so rather than use a drug treatment 

such as sildenafil, an important next step could be to utilize a general anti-inflammatory 

treatment post-SCUBA diving to determine whether that reduces the SCUBA diving induced 
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increase in inflammatory cytokines, and whether that reduces pulmonary pressure. However, that 

study would need to be performed during a SCUBA dive in which pulmonary pressure and 

perhaps more vasoactive inflammatory cytokines like TNF-a and IL-1b increase.  

 Overall, the work provided in this dissertation provides novel and prefatory work 

regarding the modulatory role of iron status parameters, various immune system components, 

and the presence or absence of a PFO on red blood cell and pulmonary vascular tone regulation 

in humans. All of the studies provided within this dissertation answer important cardiopulmonary 

questions, but they also provide associative relationships between these modulatory variables and 

the primary cardiopulmonary variables in question. As a whole, future work would benefit from 

direct interventional studies aimed to increase or decrease immune system activity and/or iron 

availability. In addition, studying Hb mass and pulmonary pressure regulation pre- and post-

percutaneous PFO closure would provide useful insight into the direct role of a PFO in 

modulating these aspects of the cardiopulmonary system.  
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CHAPTER VIII 

APPENDICES 

EQUATIONS APPENDIX 

Equation 1: calculation of renal oxygen delivery  

4. Renal oxygen delivery (mL O2/min) = QR (L/min) • CaO2 (mL O2/L) 

Equation 2: calculation of CaO2 

1. CaO2 = [(1.34 ml O2/ g Hb) • ([Hb]/100 ml blood) • SaO2] + [(0.003 ml O2/ 100 ml 

blood/ mm Hg) • PaO2)] 

Equation 3: Modified Bernoulli equation 

2. PASP = [4(v)2] + PRA mmHg 

Equation 4: calculation of stroke volume 

5. Stroke volume = [(LVOT diameter/2)2 • π] • LVOT VTI 
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CALCULATIONS APPENDIX 

Calculation 1: example calculation of estimated renal oxygen delivery  
 
COi 

Baseline 

Baseline HbCO = 1.28% 

(100 – 1.28)/100 = 0.9872 

Renal blood velocity = 44.55 cm/s 

Estimated renal oxygen delivery = 43.98 arbitrary units (au) 

Post-COi 

Peak HbCO = 10.7% 

(100 – 10.7)/100 = 0.8930 

Minimum renal blood velocity = 43.60 cm/s 

Estimated renal oxygen delivery = 38.93 arbitrary units (au) 

HWI 

Baseline 

Baseline HbCO = 1.28% 

(100 – 1.28)/100 = 0.9872 

Renal blood velocity = 47.67 cm/s 

Estimated renal oxygen delivery = 47.05 arbitrary units (au) 

Post-HWI 

Unchanged HbCO = 1.28% 

(100 – 1.28)/100 = 0.9872 

Minimum renal blood velocity = 35.90 cm/s 



 191 

Estimated renal oxygen delivery = 35.44 arbitrary units (au) 

COi + HWI 

Baseline  

Baseline HbCO = 1.28% 

(100 – 1.28)/100 = 0.9872 

Renal blood velocity = 42.97 cm/s 

Estimated renal oxygen delivery = 42.42 arbitrary units (au) 

Post-COi + HWI 

Peak HbCO = 10.7% 

(100 – 10.7)/100 = 0.8930 

Minimum renal blood velocity = 30.10 cm/s 

Estimated renal oxygen delivery = 26.88 arbitrary units (au) 
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Calculation 2: Hb mass 
 
Participant data 
 
Height: 180.3cm 

Weight: 78.7kg 

Age: 19 

Sex: M 

Volume of CO administered: 80 mL 

Barometric pressure (Pbar): 749.5mmHg 

Room temperature (test 1): 22.9•C 

Room temperature (test 2): 22.8•C 

Volume of gas remaining in circuit (test 1): 4000mL 

Volume of gas remaining in circuit (test 2): 3800mL 

ppm of gas remaining in circuit (test 1): 250 

ppm of gas remaining in circuit (test 2): 420 

Change in HbCO (test 1): 5.30% 

Change in HbCO (test 2): 5.23% 

Deadspace of circuit: 1242 mL 

Equations used:  
 
Patm = Pbar • 0.0013157896611399 
 
Room temperature (K) = room temperature (C) + 273.15 
 
Residual volume (mL) = (0.0275 • age) + (0.0189 • height (cm)) – 2.6139 
 
Volume of CO unabsorbed (mL) = (ppm remaining in circuit • ((volume of gas remaining in 
circuit (mL) + deadspace of circuit (mL)) + (residual volume (mL)) ÷ 1000000) 
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Volume of CO absorbed (L) = [volume of CO administered (mL) – volume of CO unabsorbed 
(mL)] ÷ 1000 
 
nCOabsorbed (moles) = [Patm • Volume of CO absorbed (L)] ÷ [0.08206 • room temperature (K)] 
 
nHbtagged (moles) = nCOabsorbed (moles) ÷ 4 
 
nHbtotal (moles) = (nHbtagged (moles) ÷ ∆HbCO) • 100 
 
Hb mass (g) = nHbtotal (moles) • 6.44•104 

 
Calculation of Hb mass (test 1):  
 
Patm = 749.5 • 0.0013157896611399 = 0.986 
 
Room temperature (K) = 22.9 + 273.15 = 296.05 
 
Residual volume (mL) = (0.0275 • 19) + (0.0189 • 180.3) – 2.6139 = 1.3163 
 
Volume of CO unabsorbed (mL) = (250 • ((4000 + 1242) + (1.3163)) ÷ 1000000) = 1.6396 
 
Volume of CO absorbed (L) = [80 – 1.6396] ÷ 1000 = 0.0784 
 
nCOabsorbed (moles) = [0.986 • 0.0784] ÷ [0.08206 • 296.05] = 0.003180961 
 
nHbtagged (moles) = 0.003180961 ÷ 4 = 0.00079524 
 
nHbtotal (moles) = (0.00079524 ÷ 5.30) • 100 = 0.0150 
 
Hb mass (g) = 0.0150 • 6.44•104 = 966.29 
 
Calculation of Hb mass (test 2):  
 
Patm = 749.5 • 0.0013157896611399 = 0.986 
 
Room temperature (K) = 22.8 + 273.15 = 295.95 
 
Residual volume (mL) = (0.0275 • 19) + (0.0189 • 180.3) – 2.6139 = 1.3163 
 
Volume of CO unabsorbed (mL) = (420 • ((3800 + 1242)) + (1.3163)) ÷ 1000000) = 2.6704 
 
Volume of CO absorbed (L) = [80 – 2.6704] ÷ 1000 = 0.0773 
 
nCOabsorbed (moles) = [0.986 • 0.0773] ÷ [0.08206 • 295.95] = 0.003140173 
 
nHbtagged (moles) = 0.003140173 ÷ 4 = 0.000785043 
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nHbtotal (moles) = (0.000785043 ÷ 5.23) • 100 = 0.0150 
 
Hb mass (g) = 0.0150 • 6.44•104 = 966.05 
 
Calculation of percent error:  
 
Mean Hb mass = 966.17 
 
Standard deviation (StDev) = 0.1688 
 
StDev/square root of 2 = 0.1193 
 
Percent error = [(StDev/square root of 2) ÷ mean] • 100 = 0.1193 ÷ 966.17 = 0.0124% 
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