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ABSTRACT 

Altitude is one naturally occurring source of low oxygen levels (hypoxia) and altitude 

acclimatization has been utilized to trigger cellular protection in elite athlete training.  

Acclimatization to low oxygen (pre-conditioning) confers cross protection to other 

physical, environmental and pharmacological stressors, and using animal models 

this phenomenon has been translated for use in the clinical setting, for example in 

ischemic preconditioning used immediately prior to brain and cardiac surgery.      

An alternative to altitude acclimatization is passive intermittent hypoxia exposure 

(IHE), a laboratory-based technique developed to simulate the effects of altitude 

acclimatization.  In healthy individuals IHE has been reported to stimulate 

adaptations produced in the body in response to altitude.  These adaptations include 

increases in hypoxia inducible factor, erythropoietin, red blood cell count, hematocrit, 

haemoglobin concentration and reticulocyte production. Such increases offer a 

protective role by enhancing oxygen delivery to the tissues and by increasing cellular 

protection and tolerance to further hypoxic insults. 

Ideally, a laboratory-based hypoxia-training program could confer the advantages of 

acclimatizing to altitude without the disadvantages of travelling to altitude.  However, 

the results of such laboratory-based interventions remain controversial either 

because they were not well controlled, the protocols differed or because different 

researchers came to opposing conclusions. One difficulty in providing the same 

stimulus to all participants is that individuals vary in the length of time that their 

arterial blood oxygen takes to desaturate when exposed to the same level of inspired 

oxygen (FiO2).  In addition for the same level of FiO2 the level of desaturation differs 

markedly. 
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This research project assessed the efficacy of a laboratory controlled hypoxia-

training programme based on the IHE technique. Two populations were selected: 

healthy young normally active participants (23 4 yrs) and healthy mature normally 

active participants (67±6 yrs).  The two different age groups were selected to 

compare young and mature responses to the same treatment.  The difference 

between this study and previous studies was that each participant’s IHE protocol 

was individualised to ensure that they each reached the same mean target blood 

oxygen saturation levels (SaO2) for the same duration.  Previous studies have based 

the IHE protocol for participants on using the same percentage O2 or the same time 

interval as the target.  In this study, healthy volunteers were exposed to 3 

consecutive weeks of treatment.  Week 1 consisted of five consecutive days of 

breathing room air without a mask to determine if Baseline measures changed 

significantly from pre-test measures, followed by Week 2 which consisted of five 

consecutive days of intermittent normoxic mask breathing (21% FiO2) to check for an 

effect of mask breathing alone, and ending with Week 3 consisting of five 

consecutive days of individualised IHE in which the normoxic and hypoxic time 

intervals at 10% to 12% FiO2  were altered using a formula devised to achieve the 

required mean SaO2 of 85%.  Specific haematological and immunological 

adaptations to IHE were examined and compared to each volunteer’s own 

responses at normal FiO2.   

IHE was used in this project because a) the recovery periods of normoxia afford 

additional stimulus and time period for gene translation, antioxidant upregulation and 

blood oxygen resaturation to occur; b) it is less physiologically stressful for the body 

than sustained hypoxia; c) it acts to prime the body for future hypoxic insults.  
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Following completion of IHE exposures, and the willingness of our participants to 

return for further studies, we investigated whether a continuous hypoxia (CH) 

intervention could provide an additional insight into the effect of “intermittency” per se 

on specified haematological measures. Taking account of the RBC lifespan (120 

days), the CH study was commenced after allowing sufficient time for the complete 

replenishment of the RBC pool to occur (i.e. 4 months).  A further 1 month delay, due 

to logistical issues, resulted in our first group of “return” participants being studied 5 

months after their participation in the IHE study.   To maintain consistency in all 

studies, subsequent studies were scheduled with a 5 month delay between IHE and 

CH treatments.  Also, ‘washout’ data revealed small elevations above Baseline 

haematological measures in 7 of 10 participants for two months post IHE. This 

confirmed that a ‘washout’ period was required post IHE before the same 

participants could complete a similar trial using the same total duration of hypoxia 

and maintaining the same mean SaO2 using CH.  This ‘washout’ period was required 

to allow any residual effects of the IHE treatment to dissipate and to ensure that the 

measured biomarkers completely returned to normal range before another treatment 

intervention was performed.   

The primary aims of this study were to: 

 Examine and compare the effect of a 3-week regime including one week of 

acute IHE on specified haematological responses in healthy young and 

mature participants. 

 Examine and compare the effect of a 3-week regime including one week of 

acute IHE on specified immune and stress responses in healthy young and 

mature participants. 

 Examine and compare the effect of a 3-week regime including one week of 

continuous hypoxia (CH) on specified haematological responses in healthy 

young and mature participants. 
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 Examine and compare the effect of a 3-week regime including one week of 

CH on specified immune and stress responses in healthy young and 

mature participants. 

 Examine and compare the effect of a 3-week regime with one week of IHE 

on specified haematological, immune and stress responses with those 

responses found during a comparable delivery of CH with an equivalent 

total hypoxic exposure time. 

 Examine and compare the haematological, immune and stress responses 

to IHE and CH in healthy young and mature participants. 

 

Specific research hypotheses: 

It was hypothesized that if the IHE treatment was successful, the participants would 

have significantly different levels of key haematological, immune and stress 

responses in reaction to the 3rd week of treatment compared with Baseline 

measures.   

i. Exposure to a laboratory environment alone alongside other participants for 

the purpose of engaging in a research study has no effect on erythrocyte 

profile in either normally active young or mature healthy individuals. 

 

ii. Spontaneous breathing of room air through a facemask (i.e. sham condition 

for hypoxic exposure) has no effect on erythrocyte profile in either young or 

mature individuals 

 

iii. (a) Daily exposure (approx. 2 hours) to intermittent hypoxia (IHE) for 5 days 

will  result in significant increases in red blood cell count (RBCc), percentage 

of reticulocytes (% Retics), haemoglobin concentration [Hb] and hematocrit 

(Hct) when compared to the sham treatment. (b) The responses to an 

equivalent dose of continuous hypoxia (CH) will be significantly less. (c) For 

either IHE or CH there will be no difference in response between young and 

mature individuals. 

 

iv. (a) Exposure to IHE for 5 days will result in no significant change in salivary 

cortisol compared to pre exposure levels. (b) The responses to an equivalent 

dose of CH will result in significantly increased cortisol levels. (c) For either 
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IHE or CH there will be no difference in response between young and mature 

individuals. 

 

v. (a) Exposure to IHE for 5 days will result in no significant change in secretory 

immunoglobulin A (S-IgA) compared to pre exposure levels. (b) The 

responses to an equivalent dose of CH will result in significantly decreased S-

IgA levels. (c) For either IHE or CH there will be no difference in response 

between young and mature individuals. 

 

The results indicated that in mature participants there were significant changes in the 

mean response to IHE compared to mean Baseline values: a mean  8 % increase in 

RBCc, (SD 0.1), a mean 15% elevation in [Hb] (SD 0.6), and a mean 12% increase in 

Hct levels (SD 0.9). In young participants, there was a mean 14% increase in RBCc 

(SD 0.4), a mean 17% increase in [Hb] (SD 0.7), and a mean 25% increase in Hct 

levels (SD 1.5) after IHE compared to Baseline measures.  These changes were 

significantly different to any changes occurring during the sham protocol.  Since 

some significant changes from Baseline did occur in % Retics during the sham 

protocol in young and mature participants, the results from mask-delivered hypoxia 

need to be interpreted with caution.  The results also indicated that the protocol 

containing a week of CH had no significant effect in either young or mature 

participants.  Furthermore, the results also revealed that mucosal immunity and 

stress levels remained unchanged in both the young and mature participants during 

both the IHE and CH treatments.  Therefore the possibly remains that the hypoxic 

stimulus utilised in this study was moderate enough to do no harm in terms of 

activation of the immune system and hormonal stress response.  In summary, IHE 

stimulated significant key haematological changes that are characteristic of 

acclimatization to altitude without disturbing mucosal immune function or disrupting 

stress levels in young and mature participants. 
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INTRODUCTION 

Oxygen (O2) is crucial to aerobic metabolism.  Apart from being an essential 

component of energy supply in mammals, oxygen plays a major role in the structure 

of organic molecules, the maintenance of homeostasis and a signal for gene 

transcription.  Vital organs such as the brain and heart are unable to survive 

prolonged periods of O2 deprivation because of the irreversible membrane damage 

and loss of cellular ion homeostasis that occurs as a consequence (Boutilier, 2001).   

Considering the importance of O2 in survival, it is remarkable that most humans will 

experience some degree of decreased oxygen availability (hypoxia) during the 

course of their natural life, either as a consequence of ambient exposure (e.g. to 

altitude; low in-flight cabin pressure characteristic of long distance air travel) or 

through metabolic, respiratory and/or circulatory insufficiency (Boutilier and St-Pierre, 

2000).  The most common cause of hypoxia is ischaemia (reduced blood supply) 

(Kumar et al., 1997, McCance and Huether, 1998) resulting from impeded arterial 

flow to, or reduced venous drainage from, a tissue (Kumar et al., 1997). Hypoxia is 

characterized by inadequate oxygenation of cells in tissues with a resulting 

imbalance between oxygen demand and energy supply (Maulik and Das, 2002).  

Such hypoxic episodes can vary from a few seconds, to minutes, hours, days, or 

even weeks (Schmidt, 2002), and the effects of hypoxic exposure vary according to 

the severity of oxygen deprivation.   

Hypoxia is an extremely important and common cause of cell injury and death 

(Kumar et al., 1997) in that ATP utilization exceeds ATP production thus impacting 

diminished oxidative respiration accompanied by increased free radical production 

and oxidative stress upon reoxygenation.  While oxygen deprivation depresses 

oxidative metabolism, lowered oxygen levels also activate a suite of genes that 
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contain a hypoxia responsive element (HRE) via a stabilised transcriptional activator, 

hypoxia inducible factor 1 alpha (HIF-1alpha), discussed in more detail in section 

2.1.  HREs up-regulate gene expression resulting in increased cellular protection and 

tolerance to subsequent periods of oxygen deprivation (Blanco et al., 2006, Bolli, 

2007, Ran et al., 2005a, Rezkalla and Kloner, 2006, Rezkalla and Kloner, 2007, 

Stenzel-Poore et al., 2007, Verbeke et al., 2001, Westberg et al., 2007).  Such 

increased cellular tolerance to a sub-lethal stressor is known as preconditioning.  

This preconditioning phenomenon was described in goldfish in 1957 (Prosser et al., 

1957).  Prosser examined goldfish acclimation to low oxygen to determine if it altered 

critical oxygen pressure and standard oxygen consumption.  Furthermore, he 

examined if changes in haemoglobin concentrations and tissue metabolism 

accompanied acclimation to low oxygen.  According to Prosser (Prosser et al., 

1957), goldfish acclimated to low oxygen by an increased oxygen capacity of the 

blood reflected in increased haemoglobin concentrations and red cell counts.   As a 

result of these increases, the oxygen carrying capacity of the blood was enhanced.  

Preconditioning has also been described in a mammalian model where short-lasting 

periods of myocardial ischaemia resulted in reduced infarction during subsequent 

long-lasting coronary artery occlusion (Leiman et al., 1987).  It has been reported 

that preconditioning to one stressor confers cross-protection to other physical, 

environmental or pharmacological stressors resulting in increased cellular resistance 

to injury. This phenomenon probably represents a general adaptive response to 

cellular stress, but the mechanisms involved have not been fully clarified 

(Sommerschild and Kirkeboen, 2002). 

Such preconditioning principles have been translated to the clinical setting.  For 

example, ischemic preconditioning has been used immediately prior to brain and 
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cardiac surgery (Das and Maulik, 2006, Ferriero, 2005, Ran et al., 2005b, Shi et al., 

2007, Westberg et al., 2007, Zhang et al., 2007b).  Hypoxic preconditioning is also 

utilized in elite athlete training techniques as an ergogenic stimulus presented in a 

variety of modes including: intermittent hypoxia training (IHT); live-high train-high 

(LH-TH); live-high train- low (HI-Lo); and Living High-Training Low and High, 

interspersed (LHTLHi) (Ashenden et al., 1999, Bailey and Davies, 1997, Fulco et al., 

2000, Gore et al., 2001, Hoppeler and Vogt, 2001, Levine and Stray-Gundersen, 

1997, Levine and Stray-Gundersen, 2001, Meeuwsen et al., 2001, Rodriguez et al., 

1999, Townsend et al., 2002, Chapman and Levine, 2007, Millet et al., 2010).   

Not only are these techniques highly controversial, but the results need to be 

interpreted with caution because several of these studies failed to include a control 

group.  Also, sustained hypoxia (as used in LH-TH method) is accompanied by such 

risks as acute mountain sickness (AMS), sympathetic nervous system (SNS) 

stimulation (resulting in increased heart-rate, hypertension and increased pulmonary-

circulation resistance), cerebral and coronary vascular problems, and 

neurodegeneration (Banasiaka et al., 2000, Douglas et al., 2003, Fletcher, 2001).  

These effects can be due to a reduction in FiO2 or a reduced barometric pressure at 

altitude, both of which result in reduced arterial PO2 and oxyhaemoglobin saturation. 

(Ambient air consists of approximately 78.6% Nitrogen (partial pressure = 597 mm 

Hg at sea level), 20.9% Oxygen (159mm Hg), 0.04% Carbon Dioxide (0.3 mm Hg) 

and 0.5% water vapour (3.7 mm Hg).  

In the studies reported in this thesis, the partial pressure of oxygen administered will 

be lowered by reducing the fraction of inspired oxygen under normobaric conditions.  

Intermittent normobaric hypoxia exposure (IHE) provides an alternative to sustained 

hypoxic-preconditioning.  The term ‘intermittent hypoxia’ describes conditions of 
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repeated, transient reductions in O2 interspersed with episodes of normoxia.  It has 

been suggested that the rest periods occurring during IHE reduce the risks and 

potentially detrimental effects of long-term O2 deprivation, mentioned above (Clanton 

and Klawitter, 2001). Furthermore, IHE could activate unique metabolic adaptations 

(Clanton and Klawitter, 2001) which include not only elevated haematological 

responses, and improvements in oxygen uptake, transport and utilisation, but also 

improvements in neuroendocrine regulation and immunity (Astakhova and 

Panchenko, 2003, Kojima et al., 2003, Makino et al., 2003).  These adaptations have 

been proposed to be beneficial in providing protection against disease, and in 

improving exercise performance in athletes (Neubauer, 2001). 

IHT was developed in the former Soviet Union more than 60 years ago 

(Serebrovskaya, 2002), and was originally conducted under strict medical 

supervision. Recently, the athletic community has adopted diverse intermittent 

hypoxia (IH) treatments, and a variety of unsupervised training practices are 

presently in use, for example the use of hypoxic chambers and tents.  Consequently, 

IH treatment is a contentious issue in Australia and New Zealand with a large 

amount of media promotion on its theoretical benefits, based on anecdotal reports 

from football teams and athletes (Hellemans, 1998, Hellemans, 2002b, Hellemans, 

2002a).  It is not surprising that the efficacy of some of the protocols used remains 

controversial because studies range from well designed carefully controlled 

experiments to those in which the claims lack sufficient scientific substantiation.  

Central research question: 

Does Intermittent Hypoxic Exposure (IHE) have a beneficial effect on key 

haematological and immune-stress responses in normally active humans? 
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Potential outcomes from this study. 

Since IH is widely used in the sporting community, often under unsupervised 

conditions, it is important to establish whether a particular protocol is safe and has 

direct benefit. This project used blood and saliva samples to measure key 

haematological and immune-stress responses with a focus on maximising tissue 

protection via an increased O2 delivery as indicated by the preconditioning 

phenomenon mentioned above, and by ensuring the maintenance of normal healthy 

immune responses to environmental stressors.  

It was reasoned that if these key responses (haematological changes associated 

with altitude acclimation) were changed by IHE without disturbances to the immune 

system, then it could be possible that they would contribute to increased tolerance to 

further stressors (e.g. ischaemia), by augmentation of endogenous protective 

mechanisms  such as a hypoxia-inducible factor-1 alpha (HIF-1α) which regulates 

oxygen dependent genes via their hypoxia responsive element (HRE) discussed in 

more detail in section 2.1.   Such an increased tolerance to hypoxia could have direct 

clinical applications.  Further research is needed to determine whether IHE could be 

useful as a preconditioning treatment prior to surgery and/or as a post conditioning 

treatment to assist in rehabilitation after heart attack, stroke or surgery.  
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1.0  LITERATURE REVIEW. 

It has been shown that people who live and work at high altitude (e.g. Nepal, Bolivia) 

have 20% higher 2, 3-bisphosphoglycerate (BPG) levels in their blood and higher red 

blood cell counts (RBCc)  compared to people living at sea level (Voet et al., 1999).  

The extra red blood cells (RBCs) provide more haemoglobin to carry more oxygen 

per ml of blood, and the extra BPG has an important function in oxygen transport, 

increasing the efficiencies of haemoglobin unloading of oxygen to tissues  (Holum, 

1996).  Such observations may have inspired the development of IH treatments. 

 When IHT was originally developed for humans (Serebrovskaya, 2002), it consisted 

of repeated exposures to 5-7 minutes of steady or progressive normobaric hypoxia, 

interrupted by equal periods of recovery in which participants breathe room air 

(normoxic interval). This protocol was used extensively in the areas of aviation and 

clinical medicine. More recently, the protocol was adapted and applied in sports 

training, altitude acclimatization, and in a clinical context to treat a variety of 

conditions spanning coronary heart disease to Caesarean delivery (Bernardi et al., 

2001, Casas et al., 2000, Essop, 2007, Ponsot et al., 2006, Zhuang and Zhou, 

1999).  Acclimatization to both altitude and IH is based on evidence that shows that 

repeated exposures to a reduced concentration, or a progressively reduced 

concentration (Balke et al., 1965b, Serebrovskaya, 2002) of inspired oxygen (FiO2), 

will decrease tissue oxygen levels, thereby triggering a retaliatory increase in 

hypoxia inducible factor alpha (HIF-1α) stabilisation.  Increased HIF-1α stabilisation 

leads to an increased expression of a suite of genes some of which function to 

restore the partial pressure of oxygen (PO2) of the tissue close to the original.  

Among these is increased erythropoietin (EPO) plasma levels and the consequent 
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augmented production of red blood cells (Balke et al., 1965a, Serebrovskaya, 2002, 

Hopfl et al., 2003). 

The aim of the present study was to examine whether the exposure to intermittent 

normobaric hypoxia of normally active human volunteers caused specific 

haematological and immune- stress adaptations that parallel those reported in other 

hypoxic preconditioning treatments (Table 1). The study differs from all previous 

published studies because the standard hypoxic dose in this study was defined in 

terms of the blood oxygen saturation (SaO2) level reaching a mean of 85% at an FiO2 

of 10 to 12% rather than in terms of the duration of the hypoxic interval at a fixed 

FiO2. This approach ensured that every participant received the same hypoxic 

challenge whereas exposure to a fixed FiO2 for a set duration results in a wide range 

of SaO2 responses indicating a range of hypoxic challenges (described in more detail 

in Chapter 2). The hypoxic exposure used in this study consisted of five consecutive 

days of individualised Intermittent Hypoxia Exposure (IHE) in which short individually 

determined periods of hypoxia (3-7min) at 10% to 12% FiO2 were followed by 2-min 

room-air breathing intervals (normoxia).  The individual IHE time intervals were 

altered using a formula devised to achieve the required mean SaO2 of 85% 

(described in more detail in Chapter 2 Methods, Section 2.3).  The total duration of 

hypoxic exposure of 70-72 minutes, was designed to correspond to previously 

published literature on the duration of hypoxia required to up-regulate the specified 

haematological variables examined.  Interventions using various forms of intermittent 

hypoxic preconditioning treatments developed for normally active human participants 

(except where indicated by *) to relate with this study, as well as studies of human 

cell cultures, have yielded mixed results (Table 1).  
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Table 1: Brief Summary of Past Studies Investigating the Effects of Hypoxic Conditioning 

upon Haematological and Immunological Responses in Humans and Human Cell Cultures 

 

Responses Key findings 
Previous publications and study 

design 

Haematological 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Haematological 

 

Reticulocytes (Rtc), Red 

Blood Cells (RBC) and 

Hematocrit (Hct) 

(Savourey et al., 1996) * 

n=9 

Hypobaric (chamber)  

progressive IHT 5 times x 8 hours 

over 5 days  

simulated altitude of 4500m day 1 

to 8500m day 5  

 

 

RBC, Rtc and Haemoglobin 

(Hb) 

(Rodriguez et al., 2000b) * 

n=5 

Hypobaric chamber 

IHT = 1 time x 90 minutes 

FiO2 ~11% (simulated altitude 

5000m) 

& 

n=8 

Hypobaric chamber 

IHT = 9 times over 3 weeks x 90 

minutes day  

progressive exposure 

FiO2 ~13% day 1 to ~11.5% from 

day 3 (simulated altitude 4000m to 

5000m) 

 

(Koistinen et al., 2000) 

n=10 

Hypoxic flat/apartment 

IHT = 7 days x 12 hours day 

Intermittent normobaric hypoxia 
and continuous normobaric 
hypoxia 

FiO2 =15.4% (simulated altitude  

2500 m) 
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Responses Key findings 
Previous publications and study 

design 

12 hours daily for 7 days 15.4%  

Rtc, 

No change Hct or Hb 

(Garcia et al., 2000b) * 

n=9 

IHT = 12 days x 2 hours daily 

normobaric intermittent hypoxia  

FiO2 = 13%  equivalent to 3800 m  

Hb, Hct, and RBC 

(Casas et al., 2000) 

n=6 

Hypobaric chamber 

IHT = 17 days X 3.5 hours day 

FiO2=~13% to10.5%  

simulated altitude of 4,000 m to 

5,500 m 

No change in Hct, Hb 

(Ricart et al., 2000) 

n=9 

Hypobaric chamber 

IHT = 14 days x 2 hours day 

simulated altitude of 5000 m 

 

No change RBC, Hct, Rtc or Hb 

 (Clarke et al., 1999) * 

n=8 

IHT = 14 days by 90 minutes day 

FiO2 = 12/2% 

5 min hypoxia:5 min normoxia 

 

 

Hb, Hct, and RCV 

(Heinicke et al., 2002) * 

n=10   

IHT 6 month, 3500m x 11days, 

sea level 3days intermittently 

n=9   

Long-term IHT 22year, 3550m  

3.5 days, sea level 3.5days 
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Responses Key findings 
Previous publications and study 

design 

Long-term altitude residents, 

3550m 

Immunological 

 Secretory Immunoglobulin A 

(S-IgA)   

(Chohan et al., 1975) 

n=10 * 

high altitude residents  

n=8 * 

high altitude residents for 2 years  

 n=12  

 sea level residents 

 altitude = 3,692m to 5,538m 

Immunological 

 

 

 

 

 

 

 

 

Immunological 

 S-IgA  transcytosis 

(Baylor et al., 2003)  

Hypoxic cell culture  

(5% O2, 10% CO2, 85% N2) 

1 exposure 90 mins 

 

 S-IgA 

No change cortisol 

(Tiollier et al., 2005) * 

n=11 

hypoxic rooms 

LHTL =6, elite cross-country 

skiers 

control =5 

trained at 1,200 m;  lived at a 

simulated altitude of 2,500, 

3,000 and 3,500 m  

3 x 6 day 11 hours/day; 

progressive hypoxia 

  Cortisol adrenal cells 

(Raff and Bruder, 2006) 

hypoxic cell culture 2hours  at 

10% O2 

cells from human adrenal glands 

 

No change cortisol 

(Louis and Punjabi, 2009) 

            n=13 

IHT = 8 hours  
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Responses Key findings 
Previous publications and study 

design 

95% N2 and 5% O2 

 Cortisol 

(Simeoni et al., 2011) 

n=21 

Hypobaric chamber 

7,260m simulated altitude 

 1 exposure x 4-5minutes 
  

 
 

The table above demonstrates that data on Intermittent Hypoxia represent disparate 

results and appear to be inconclusive. This may be due to differences in the 

methodology between studies, differences in the populations and differences in the 

calibre of athletes studied, and in some instances, the absence of a control group for 

comparison.  This has resulted in data that are difficult to compare, leaving the 

findings of most IH studies open to debate.  However, based on the data above, it is 

clear that in some experiments IH/IHT has been utilized to bring about significant 

increases in serum blood factors including RBCc, red cell volume (RCV) and 

erythropoietin (which will result in an increase in red blood cells), with the hope of 

this leading to an improved exercise performance or aerobic capacity.  Since it is 

well known that exercise and sports training affect the rate of haemopoesis and the 

average life span of erythrocytes, a new approach is needed to clarify the 

contribution that IH can make in healthy untrained participants without the 

confounding effects of physical training. 

There are other reasons proposed for the disparity in results shown in table 1 

including:  a) the lack of standardization of the intensity of hypoxia in terms of FiO2 of 

or  SaO2 levels; b) the lack of the standardization of the duration of hypoxic episodes 
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both in terms of periodicity and total exposure; c) the use of different outcome 

measures making it difficult to interpret of the effects of intermittent hypoxia; d) the 

use of different study populations and the different rationales for exposure including 

preparation for sporting competition, prevention of altitude sickness or as a pre-

conditioning treatment for surgery. In particular, elite athletes undergoing IHT may 

respond differently to non-athletes as a result of the physiological stress imposed by 

their physical training.  

 

1.1 BIOLOGICAL MECHANISMS INVOLVED IN HYPOXIC AND ISCHAEMIC 

INJURY: 

Pattern of Degenerative Changes. 

Cellular injury occurs if the cell is unable to maintain homeostasis (a normal or 

adaptive steady state) in the face of injurious stimuli (McCance and Huether, 1998).  

The extent of cellular injury depends on the type, state (including level of cell 

differentiation), and adaptive processes of the cell, as well as the type, severity, and 

duration of the injurious stimulus.  However, two individuals exposed to an identical 

stimulus may incur varying degrees of cellular injury (McCance and Huether, 1998). 

Hypoxia acts on a number of cellular levels.  Current research is summarised in 

Figure 1 on the following page.  At the first level: hypoxia acts on mitochondria, 

reducing the level of aerobic respiration, i.e. oxidative phosphorylation.  As a 

consequence of reduced oxygen tension, the intracellular generation of ATP is 

markedly reduced.  The resulting depletion of ATP has widespread effects on many 

systems within the cell (Kumar et al., 1997).   In vitro severe depletion of ATP is a 

proteotoxic stress that leads to dysfunction (Glanemann et al., 2004), destabilization, 
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and aggregation of many cellular proteins, including enzymes, ion pumps, and 

constituents of cytoskeletal and contractile structures (Kabakov et al., 2002).  

However, the reduced oxygen tension has a two-fold effect in that it also activates 

protective mechanisms (e.g. Heat shock protein 70 (Hsp70,) representing one of the 

survival kinases) (Downey et al., 2007, Blanco et al., 2006). At level two:, 

inflammatory and stress pathways are activated, and at level three markers of cell 

damage and /or suppression of cellular activity/responses occur.  
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Figure 1.  The effect of hypoxia on gene expression and cell survival (refer to the 
following text/sections for abbreviations). 
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The oxidative stress caused by hypoxia at the first level also activates the 

hypothalamic-pituitary-adrenal (HPA) axis on a second cellular level, causing stress-

induced increases in levels of serum cortisol  (Chen and Du, 1996, Feng et al., 2005, 

Kudielka et al., 2004a, Kudielka et al., 2004b).  Cortisol, a stress hormone, is a 

glucocorticoid endocrine marker known to have suppressive effects on immune 

function (Ader, 2000, Leonard, 2000, Leonard and Song, 1996, Smyth et al., 1997).  

This lipophilic steroid hormone is secreted from the adrenal glands and released into 

the circulating blood where it is bound to proteins (McCance and Huether, 1998). 

Salivary cortisol levels will be measured in response to intermittent hypoxia exposure 

(IHE) and continuous hypoxia (CH) in this thesis as an indicator of the second level 

effects of hypoxic exposure, and to allow quantitative comparison of the two modes 

of hypoxic treatment. 

Despite the suppressive effects of cortisol on immune function, cortisol has several 

beneficial effects in the body, mobilising substances needed for cellular metabolism.  

One of the primary effects of cortisol is the stimulation of gluconeogenesis (McCance 

and Huether, 1998).  In addition, cortisol is involved in inflammatory responses, 

vascular responsiveness, central nervous system (CNS) and immune functioning, 

and in the body’s response to physiological or psychological stress (Christiansen, 

2005, Grillon et al., 2006, Kirschbaum and Hellhammer, 2000, Kudielka et al., 2009, 

McCance and Huether, 1998, Wolf, 2009, Wust et al., 2000). However, increased 

cortisol acts as an immunosuppressant by: 

 causing atrophy of lymphoid tissue:  

 suppressing protein synthesis, including synthesis of immunoglobulins;  

 reducing the peripheral blood population of eosinophils, lymphocytes, 

and macrophages;  
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 inhibiting the response of lymphocytes to antigenic or mitogenic 

stimulation;  

 depressing cytokine responses by lymphocytes;  

 suppressing natural killer (NK) cell activity (Friedman et al., 1996, 

McCance and Huether, 1998) 

 

Increased levels of glucocorticoids also inhibit virtually all of the functions of 

macrophages and monocytes and, on a third cellular level, along with decreasing 

protein syntheses, may inhibit secretory immunoglobulin A (S-IgA) mobilisation 

(Hucklebridge et al., 1998). Salivary IgA levels will be measured in response to IHE 

and CH in this thesis as an indicator of the third level effects of hypoxic exposure, 

and to allow quantitative comparison of the two modes of hypoxic treatment. 

S-IgA, is locally produced in the gastro-intestinal and upper respiratory tracts, nose, 

middle ear, gallbladder, uterine mucosa and biliary tree, as well as in glandular 

tissues such as salivary, lactating mammary, prostate and lacrimal glands (McGhee 

and Kiyono, 1999).  While it is the principal immune defence at mucosal surfaces, 

the protective effect of S-IgA under low oxygen conditions is largely unknown.  

However, a continuous reduction in S-IgA levels has been observed during periods 

of stress (Bosch et al., 2001, Baylor et al., 2003) and during periods of Living High-

Training Low (LHTL) (Tiollier et al., 2005).  Conversely, Chohan (1975) reported 

significant increases in S-IgA in response to acute and chronic altitude exposure 

(Chohan et al., 1975). 

Some of the effects of acute hypoxia on the immune system within localized tissues 

e.g. during tissue injury, inflammatory diseases, and cancer are known (Brouwer et 

al., 2009, Walshe and D'Amore, 2008, Frantz et al., 2005). In these cases, localized 
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hypoxia leads to the recruitment and increased survival of macrophages, neutrophils 

and other granulocytes (Walmsley, 2005, Burke et al., 2003, Bosco et al., 2006).  

Peripheral blood monocytes migrate to and accumulate in hypoxic areas of 

inflammatory and tumour lesions, and neutrophils, key effector cells of the innate 

immune response, possess the hypoxia-inducible factor (HIF)-1α which is directly 

involved in regulating neutrophil survival in hypoxia.   However, little is known of the 

effects of IHE and CH on immune-stress responses in humans.  This study aims to 

determine the effects of IHE and CH on both cortisol and S-IgA responses with the 

objective of assessing the level of physiological stress resulting from the IHE and CH 

treatment and their effect on innate immunity providing a potential measure of the 

harmful effects of the hypoxic insult.  The expected cortisol and S-IgA responses 

from this study are tabled below (Table 2).  
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Table 2.  Expected Key Immune-stress Responses: 

KEY 

IMMUNE-STRESS 

RESPONSES 

EXPECTED 

CONTROL 

RESPONSE 

 

EXPECTED EXPERIMENTAL RESPONSE 

 

IHE CH 

Young  

and  

Mature 

Young Mature Young Mature 

Salivary cortisol No change 
No 

change 

No 

change 

 

 

 

Secretory 

Immunoglobulin A 

(S-IgA) 

No change 
No 

change 

No 

change 
  

 

The damaging effects of hypoxia occur on the second cellular level as hypoxia 

reduces the activity of the plasma membrane ATP-driven ‘sodium (Na+) pump’ with 

the subsequent accumulation of intracellular sodium and diffusion of potassium (K+) 

out of the cell.  The net gain of sodium solute is accompanied by an isosmotic gain of 

water (H2O), producing acute cellular swelling.  The inward flow of H2O is further 

exacerbated by the increased osmotic load from the accumulation of other 

metabolites, such as inorganic phosphates, lactic acid, and purine nucleosides.  The 

decrease in cellular ATP and associated increase in adenosine monophosphate 

(AMP) also stimulate the enzyme phosphofructokinase, resulting in an increased rate 

of anaerobic glycolysis. As a result, glycogen is rapidly depleted and lactic acid and 
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inorganic phosphates accumulate (from hydrolysis of phosphate esters), culminating 

in reduced intracellular pH.   

In addition, hypoxia causes protein damage because calcium transporters, which 

normally ensure that cytosolic free calcium (Ca2+) remains at extremely low 

concentrations, are ATP-dependent.  Hypoxic injury and the resultant ATP depletion 

allows a net influx of extracellular Ca2+ across the plasma membrane, followed by 

release of Ca2+ from the intracellular stores of the mitochondria and endoplasmic 

reticulum; this leads to cell death and loss of calcium homeostasis.  Increased 

cytosolic Ca2+ in turn activates a variety of phospholipases (promoting membrane 

damage), ATPases (accelerating ATP depletion), and endonucleases (fragmenting 

genetic material causing nuclear chromatin damage/clumping) (Kumar et al., 1997). 

While on the first cellular level, hypoxia not only impairs the action of a number of 

mitochondrial enzymes (e.g. cytochrome c oxidase and manganese superoxide 

dismutase (Mn SOD) (Chen et al., Fridovich, 1978), it also activates macrophages, 

leading to the formation of mitochondria reactive oxygen species (ROS).  Hypoxia 

can also have a protective role via ROS signalling which elicits expression of host 

defence genes. The difference between detrimental changes and adaptive changes 

is determined by the level of ROS produced during hypoxia and reoxygenation. 

Increased ROS levels cause damage to enzymes, molecules and cell structures, in 

particular by interacting with the fatty acid side chains of lipids in mitochondrial 

membranes, causing lipid peroxidation and destruction of the cell.  However, ROS 

also play a protective role in the response to hypoxia by coactivating the hypoxic 

response element (HRE) in a suite of hypoxia-related genes.   
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Activation of the HRE on hypoxia-sensitive cells triggers a variety of protective gene 

responses, which include upregulation of heat shock proteins (HSPs), stabilization of 

hypoxia inducible factor (HIF), synthesis of erythropoietin (EPO), and expression of  

vascular endothelial growth factor (VEGF) (Chandel, 2010, Chandel and Budinger, 

2007, Chandel et al., 1998, Kirito, 2011, Kirito et al., 2009, Adams et al., 2009).  HIF-

1 (hypoxia-inducible factor-1 alpha) is the main transcription factor involved in the 

adaptation of cells to hypoxia (the implications are discussed in more detail below).  

While HIF-1 was initially identified as a key modulator for oxygen homeostasis and 

most physiological responses to hypoxia (Semenza, 2000, Greijer et al., 2005, Lahiri 

et al., 2006), it is now appreciated as an inflammatory mediator via its pro-

inflammatory effect on leukocytes (Cramer, 2003, Gale and Maxwell, 2010, Benizri et 

al., 2008, Hellwig-Burgel et al., 2005).  At the same time, hypoxia inhibits 

macrophage migration, leading to macrophage accumulation in hypoxic areas.  

Macrophage accumulation leads to further ROS production and the release of 

hydrolytic enzymes which break down protein, carbohydrate, and fat molecules, 

disrupt normal cell function, and disturb homeostasis (Rydberg et al., 2003, Rubin et 

al., 2005).  These deleterious effects could be compounded if cortisol levels 

concurrently increase. 

Another phenomenon to occur at the intracellular level of the hypoxia response, 

which leads to cellular derangement, is the detachment of ribosomes from the rough 

endoplasmic reticulum (RER) and the dissociation of polysomes into monosomes, 

with a consequent reduction in protein synthesis (Kumar et al., 1997).  This also 

compounds the disruption in homeostasis, leading to cellular damage, and cell 

necrosis. 
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Hypoxia can ultimately lead to the disruption of selective permeability (i.e. transport 

mechanisms) of the plasma membrane; the reduction or cessation of cellular 

metabolism; a lack of protein synthesis; damage to lysosomal membranes, with 

leakage of destructive enzymes into the cytoplasm; enzymatic destruction of cellular 

organelles; cellular death (characterised by nuclear changes); and phagocytosis of 

the dead cell by cellular components of the acute inflammatory response (McCance 

and Huether, 1998, Rubin et al., 2005). 

 

Reperfusion and the generation of reactive oxygen species. 

While cellular damage occurs during tissue hypoxia, a phase of marked cell injury 

also occurs during reoxygenation after a period of prolonged tissue hypoxia (Girn et 

al., 2007, Bhogal et al., 2010, den Hengst et al., 2010).  Cellular hypoxia and 

reoxygenation are two essential elements of ischaemia-reperfusion injury, although 

this type of hypoxia is physiologically different than that experienced at high altitude 

or during IHE.  During hypoxia and reoxygenation, cells undergo specific changes in 

enzyme activities, mitochondrial function, cytoskeletal structure, membrane 

transport, and antioxidant defences, which then collectively predispose them to 

reoxygenation injury (Li et al., 2007, Li and Jackson, 2002).   Post-hypoxic cellular 

injury also occurs through mechanisms involving ROS derived from normal redox 

reactions (Li and Jackson, 2002). 

The best-known reactive oxygen species is the superoxide radical O2
-, a precursor of 

other reactive species.  Protonation of O2
-
 yields the hydroperoxyl radical (HO2) a 

much stronger oxidant than O2
-. However, the most potent oxygen species in 

biological systems is probably the hydroxyl radical (•HO), which forms from the 
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relatively harmless signalling molecule hydrogen peroxide (H2O2), and from the 

reaction of superoxide with H2O2.  Although most free radicals are extremely short-

lived they readily extract electrons from other molecules, converting them to free 

radicals thereby initiating a chain reaction (Voet et al., 1999). 

However, superoxide may spontaneously decay into O2 and H2O2 and antioxidants, 

either endogenous or exogenous can either block synthesis of, or inactivate free 

radicals.  These antioxidants include vitamin E, vitamin C, cysteine, reduced 

glutathione, superoxide dismutase, and catalase to name a few.  Enzymes also 

contribute to the inactivation or termination of free radicals.  Superoxide dismutase 

(SOD), present in nearly all cells (Fridovich, 1978) is considered a first-line defence 

against reactive oxygen species.  SOD converts superoxide to H2O2; catalase (in 

peroxisomes) degrades H2O2 to H2O and O2; and glutathione peroxidase 

decomposes •HO and H2O2 and catalyses the breakdown of organic hydroperoxides 

(McCance and Huether, 1998, Rubin et al., 2005). Several antioxidant defensive 

systems have been shown to improve in response to intermittent hypoxia (Guo et al., 

2007, Abdel Baky et al., 2010, Aminova et al., 2008, Lai et al., 2001). Abdel Baky et 

al., found that a combination of a free radical scavenger (idebenone) with a nitric 

oxide precursor (l-arginine) exerted a synergistic antioxidant effect by blocking the 

induction of lipid peroxidation, preserving brain energy (ATP) content, and reducing 

the hypoxic alterations in brain enzymatic and non-enzymatic antioxidants (Abdel 

Baky et al., 2010), while Aminova (2008) found that antioxidants annul the ability of 

HIF-mediated transactivation of specialized proteins to potentiate oxidative death in 

normoxia.  This suggests that intermittent hypoxia may offer a potential treatment for 

preventing CNS damage and stroke, and may minimize the pro-death effects of HIF-
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1 in neurologic conditions associated with hypoxia and oxidative stress, such as 

stroke and spinal cord injury. 

   

Damaging Effects of Reactive Oxygen Species. 

Although wide-ranging effects can occur from these reactive species, three are 

particularly important for cell injury: 

1. lipid peroxidation 

2. alterations of proteins causing fragmentation of polypeptide chains 

3. alterations of DNA, including breakage of single strands and point mutations 

(McCance and Huether, 1998, Rubin et al., 2005). 

The random nature of free-radical attacks makes it difficult to characterize their 

reaction products, but all classes of biological molecules are susceptible to oxidative 

damage caused by free radicals.  Because the mitochondrion is the site of the bulk of 

the cell’s oxidative metabolism, its lipids, DNA, and proteins probably bear the brunt 

of free radical-related damage (Voet et al., 1999). 

It was thought that the formation of oxygen-derived free radicals decreased during 

hypoxia (de Groot and Littauer, 1989), apparently due to decreased PO2 in the 

ambient air and therefore reduced blood oxygen saturation.  However, hypoxia 

increases ROS (Rathore et al., 2008), but, during hypoxia, hypoxia inducible factor-1 

(HIF-1) attenuates hypoxia-induced mitochondrial ROS production through the 

induction of pyruvate dehydrogenase kinase-1 (PDK-1) (Kirito et al., 2009).  The 

effect of IHE on the formation and attenuation of oxygen-derived free radicals is 
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expected to reproduce this effect.  However, severe hypoxia (as well as ischaemia, 

anoxia, stress, reoxygenation and reperfusion) facilitate ROS formation due to 

excess electron donors, interferes with recovery of damaged cells, and is reported to 

increase the level of lipid peroxidation in the myocardium and brain (Zhuang and 

Zhou, 1999, Li and Jackson, 2002).   

 

1.2  HYPOXIA INDUCED GENE EXPRESSION: 

Hypoxia and Erythropoiesis  

Long-term hypoxia responses include the upregulation of EPO, a glycoprotein 

hormone produced in the kidney that is increased in response to hypoxia and is the 

primary regulator of red blood cell production (Bunn, 2007, Caro, 2001, Madan et al., 

1997, Kugler et al., 1993).  HIF-1  binds to an HRE on the EPO gene leading to an 

increased expression of EPO mRNA and eventual increases of EPO protein 

concentration in the plasma (Caro, 2001).  Once in the circulation, EPO travels to 

areas of red bone marrow, where it stimulates proliferation and differentiation of 

erythroid precursor cells in the bone marrow and accelerates maturation of existing 

erythroblasts (reticulocytes).  

EPO has two major effects.  It: 

o stimulates increased rates of cell divisions in erythroblasts and in the 

stem cells that produce erythroblasts; 

o speeds up the maturation of red blood cells, primarily by accelerating 

the rate of haemoglobin synthesis.  

 

Under maximum EPO stimulation, the bone marrow can increase the rate of RBC 

formation tenfold, to about 30 million per second (Martini, 1998). Because these cells 



25 
 

transport oxygen, the increase in their number improves oxygen delivery to 

peripheral tissues; however, the increase in number also elevates blood volume.  It is 

believed but not demonstrated that IHE-induced VEGF angiogenesis will overcome 

complications that arise from an increase in blood volume. 

 
 
Table 3.  Expected key haematological responses 

 

KEY HAEMATOLOGICAL 

RESPONSES. 

 

EXPECTED  

CONTROL 
RESPONSE. 

 

EXPECTED RESPONSE TO 
TREATMENT. 

 

Hematocrit No change  

Red blood cells No change  

Reticulocytes No change  

Haemoglobin No change  
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1.3  SURVIVING HYPOXIC AND ISCHAEMIC INJURY: 

Adaptations to Altitude. 

In order to adapt to low oxygen and turn-on the protective hypoxia-sensitive gene 

responses, it is necessary first to be able to detect hypoxia, then to initiate the 

appropriate defence mechanisms.  A physiological response to hypoxia requires the 

existence of an O2 sensor coupled to a signal transduction system, which in turn 

activates the functional response (Chandel and Schumacker, 2000).  There are two 

basic detectors: molecular sensors that are directly linked to gene regulation, and 

metabolic indicators that are triggered when the cell goes into a state of energy 

imbalance (Lutz and Prentice, 2002).  Although there is a plethora of recent research 

these mechanisms are still poorly understood (Neubauer and Sunderram, 2004, 

Anokhina and Buravkova, 2010, Ellsworth, 2000, Fahling, 2009, Kumar, 2007, Lahiri 

et al., 2006, Prabhakar, 2000, Ward, 2008).  It has been suggested that HIF 

activation is a universal cell response to decreased oxygen. 

Nevertheless, a healthy person responds, within minutes to hours, to acute hypoxia 

exposure.  Some or all of the following have been reported: increased ventilation, 

stimulation of the sympathetic nervous system, increased heart rate, increased 

pulmonary-circulation resistance, reduced plasma volume, stimulation of 

erythropoiesis, and maintenance of cellular energy with increased glycolysis and 

inhibited anabolic pathways (Angerer and Nowak, 2003, Essop, 2007, Esumi et al., 

2002, Favret and Richalet, 2007, Foster et al., 2009, Foster et al., 2005, Hainsworth 

and Drinkhill, 2007).     

Shortly after ascending to high altitude a noticeable degree of adaptation occurs to 

increase the number of erythrocytes and the amount of Hb per erythrocyte in addition 
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to an increase in O2 off loading at the periphery due to a rapid increase in the amount 

of 2,3-bisphosphoglycerate (2,3-BPG) synthesized in erythrocytes (Voet et al., 1999).  

The consequent decrease in haemoglobin’s O2 - binding affinity, as indicated by its 

elevated oxygen tension at half saturation (50%) of blood (p50), increases the amount 

of O2 that haemoglobin unloads in the capillaries. 

While several other theories exist on the mechanisms involved in adaptation to 

hypoxia and the tolerance induced in various cells which may represent a previously 

unknown physiological response related to hypoxia preconditioning (Esumi et al., 

2002), they are outside the scope of this project.  The pre-conditioning phenomena 

to induce tolerance (previously mentioned in the Introduction to this thesis, page 2) 

will be dealt with more fully in the following Section 1.4, below. 

 

1.4  HYPOXIC PRECONDITIONING:  

The concept of hypoxic training arose prior to World War 11 because pilots who flew 

in open cockpits to altitudes of 5000 to 6000 meters required altitude acclimatization 

(Serebrovskaya, 2002).  To the present day, IH been used extensively for altitude 

pre-acclimatization.  It has been reported that hypoxia training and exposure can be 

used for the treatment of a variety of clinical disorders, including chronic lung 

diseases, bronchial asthma, hypertension, diabetes mellitus, Parkinson's disease, 

emotional disorders, in prophylaxis of certain occupational diseases, in sports and in 

weight loss (Serebrovskaya, 2002, Quintero et al., 2010, Yingzhong et al., 2006)   

However, controversy exists with respect to the mode of IH application and in the 

accurate interpretation of results.   
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Nevertheless, the basic mechanisms underlying the beneficial effects of IH include 

stimulation of antioxidant defence mechanisms, stabilization of cellular membranes, 

and improved O2 transport in tissues, indicating that hypoxia exposure has a positive 

effect on the risk factors for cardiovascular disease (Hoppeler and Vogt, 2001, Guo 

et al., 2009, Ostadal and Kolar, 2007). 

The mechanisms underlying the cardioprotective and neuroprotective effects of 

intermittent hypoxic adaptation and IH preconditioning in the clinical situation are not 

well understood.  Even studies on the beneficial effects of ischaemic preconditioning 

in the human heart have yielded conflicting results and therefore remain 

controversial.  The investigation of the role of prior ischaemic stress as a protective 

mechanism against cerebral infarction in rats has revealed that endogenous 

molecular mechanisms may explain how hypoxic preconditioning protects against 

subsequent ischaemia (Bernaudin et al., 2002).  An association between ischaemia-

induced stress, Hsp72 induction, and attenuation of injury from subsequent focal 

cerebral ischaemia was demonstrated by Simon et al., (1993) and Zhan et al., (2010) 

(Simon et al., 1993, Zhan et al., 2010).  The latter reported that activation of the Akt 

kinase signalling pathway contributes to the induction of neuroprotection in response 

to diminished oxygen supply (Zhan et al., 2010).  Further evidence supporting the 

cardioprotective benefits of hypoxic preconditioning in humans has been provided by 

Zhuang et al., (1999) who demonstrated an upregulation of antioxidant reserves of 

the heart which exerted a potent cardioprotective effect (Zhuang and Zhou, 1999).   

They suggest that stress proteins may also play a part in the complex mechanisms 

contributing to the cardioprotection offered by intermittent hypoxic adaptation, a 

finding supported by Li (1999), Kabakov (2002), and Zhang (2007) (Kabakov et al., 

2002, Li and Mivechi, 1999, Zhang et al., 2007b).  Furthermore, evidence supporting 
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the use of IH induction of myocardial protection was reported by Milano (2002), who 

demonstrated improved responses in markers of oxidative stress, and myocardial 

tolerance to reoxygenation in rats.  Most importantly, Milano’s group concluded that 

the protection in animals exposed to hypoxia appears to be conferred by the 

recovery periods of the IH protocol (Milano et al., 2010).  Consequently, a key aspect 

of this thesis is a comparison of the effect of intermittent versus continuous hypoxia. 

 
The focus of this study is on the effects of IHE on normally active healthy participants 

in two different age groups.  By contrast, IHE has been widely used in athletic 

populations employing normobaric hypoxia at a fixed fraction of inspired oxygen 

(FiO2) from 11 to 15% (Rodriguez et al., 1999, Koistinen et al., 2000)  or exposure at 

altitudes over 2500 m (Fulco et al., 2000, Koistinen et al., 2000, Levine, 2002, 

Friedmann et al., 2005).  Both altitude and laboratory-based hypoxic exposure with a 

fixed FiO2 have yielded conflicting results, which may have occurred because non-

equivalent protocols had been used, and also because there is a wide variability in 

individual responses to the same FiO2 (Chapman et al., 1998, Friedmann et al., 

2005, Ge et al., 2002).   Nevertheless research using laboratory based Intermittent 

Hypoxia Training (IHT) by both Rodriguez et al., (1999) and Garcia et al., (2000) on 

elite athletes, as well as IHT and Continuous Hypoxia (CH) research by Koistinen et 

al.  (2000) using healthy volunteers, has demonstrated significant increases in red 

blood cell count (RBCc), and percentage of reticulocytes (% Retic) (Garcia et al., 

2000a, Koistinen et al., 2000, Rodriguez et al., 1999).  Haemoglobin concentration 

[Hb] has also been demonstrated to increase in both trained and healthy participants 

in response to IHT or altitude exposure (Klausen et al., 1991, Rodriguez et al., 1999, 

Rodriguez et al., 2000b), and hematocrit (Hct) in healthy participants has been 
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shown to increase in response to IHT (Berglund et al., 2003, Berglund et al., 2002).  

These significant changes were reported to occur within 5 days.  Research 

investigating the effect of Intermittent Hypoxia (IH) or continuous hypoxia (CH) with 

differing exposures &/or training schedules, at fixed FiO2, on haematological 

responses in young participants has been summarized in Table 4 below.   

Table 4: Summary Table of Past Studies Investigating the Effects of Intermittent Hypoxia on 
Haematological Responses in Young Human Subjects 

 

REFERENCE 

 

PARTICIPANTS 

 

STUDY DESIGN 

 

FINDINGS 

 

(Berglund, 

1992) 

 

 4 groups athletes 
 

Unacclimatized 
cyclists normally 
living at sea level, 
20 men & 7 women 

 

 Unacclimatized elite 
endurance athletes 
(cross-country 
skiers) 14 men & 6 
women 

 

 Altitude-acclimatized 
trained judo 
athletes, 10 men & 
11 women 

 

 Altitude-acclimatized 
cyclists, 10 men & 
10 women. 

 

 Group 
comparison 
 

 Group 1 -2 wks 
at 1900m 

 

 Group 2 -2 
weeks at 2600-
2800m 

 

 Group 3 - living 
1900m above 
sea level min 3 
years 

 

 Group 4 -living 
1900m above 
sea level min 3 
years 

 

 Hematocrit 
(Hct) 
significantly 
higher in group 
4 
 

 Hct increased 
significantly 
from day 1 to 
day 7 in 
women in 
group 1  



31 
 

REFERENCE 

 

PARTICIPANTS 

 

STUDY DESIGN 

 

FINDINGS 

 

(Knaupp et al., 
1992) 

 6 healthy volunteers  normobaric 
hypoxia 10.5% 
O2-89.5% N2 
continuously 
for: 

o 5 mins  
o 60 mins120 
mins 
 

 Intermittently 
for: 
o 240 min.  

 O2 saturations 
maintained 
between 75% 
and 85%  

 

 s-EPO 
increased 50% 
4hr post 
120min CH 
exposure 

 s-EPO 
increased 52% 
6hr post IHT 

(Piehl Aulin et 
al., 1998) 

 

 15 healthy subjects  

 

 

 Intermittent 
exposure 10 
days 
consecutively 
12 hours/day. 
to normobaric 
hypoxia  

 6 persons at  
2000 m above 
sea level 

 9 persons at 
2700 m  above 
sea level; 

 

 Haemoglobin 
concentration 
[Hb] and Hct 
decreased 
significantly 
after 2 days in 
hypoxia and 
then returned 
to pre-study 
levels. 

 Reticulocytes 
were 
significantly 
increased 
during 7 days 
of exposure  
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REFERENCE 

 

PARTICIPANTS 

 

STUDY DESIGN 

 

FINDINGS 

 

(Rodriguez et 
al., 1999) 

 17 members of high-
altitude expeditions 

 

 Hypobaric 
chamber 

 IH 9 days 
progressively 
increased from 
4000 to 5500 m  

 Sessions 
ranging from 
3hours to 5 
hours x days 
(1). 

 Group 1 (N = 7; 
HE group) 
combined 
passive 
hypoxic 
exposure with 
low-intensity 
exercise 

 Group 2 (N = 
10; H group) 
was exposed to 
passive 
hypoxia.  

 

 No significant 
differences 
were observed 
between the 
two groups 

 Significant 
increase in  
Packed Cell 
Volume (Hct)  
(p<0.0001) 

 Significant 
increase in red 
blood cell 
count (RBCc)  
p<0.0001) 

 Significant 
increase in 
Reticulocytes 
(p<0.0001)  

 Significant 
increase in 
[Hb] 
(p<0.002). 
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REFERENCE 

 

PARTICIPANTS 

 

STUDY DESIGN 

 

FINDINGS 

 

(Koistinen et 
al., 2000) 

 10 healthy non-
smoking volunteers 

 

 Normobaric 
hypoxia 
continuously or 
intermittently 
12 hours daily 
for 7 days 
15.4% (2500 
m) simulated / 
flat 

 

 Red cell 2,3-
DPG rose 
(p<0.05) after 
the first day in 
continuous 
hypoxia and 
on day 3 
(p<0.05) 
during 
intermittent 
hypoxia.  

 Reticulocyte 
count rose 
significantly 
(p<0.05) after 
5 days   

(Garcia et al., 
2000b) 

 9 adult males (age: 
29.3+/-3.4) 

 

 12 days 
normobaric 
intermittent 
hypoxia 2 
hours daily at 
FiO2=0.13 
equivalent to 
3800 m  

 

 Reticulocyte 
count 
increased by 
Day 5 (p<0.01)  

 s-EPO 
increased 
(p<0.05) after 
the 1st night in 
continuous 
and 
intermittent 
hypoxia, & 
remained 
elevated  
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REFERENCE 

 

PARTICIPANTS 

 

STUDY DESIGN 

 

FINDINGS 

 

(Berglund et 
al., 2003) 

 10 healthy subjects, 
9 men and 1 
woman,  median 
age 22 years (range 
20-32) 

 

 3 sub-groups;  

 Group 1 and 
Group 2 : 12 
hours hypoxia 
and 12 hours 
normoxia up to 
10 days:  

 IM 2000 and IM 
2700 living in 
16.2% and 
14.9% O2, 
corresponding 
to 2000 and 
2700 m above 
sea level, 
respectively, 
training in 
normoxia.  

 Group 3, C 
2700, lived in 
hypoxia, 14.9% 
O2 
corresponding 
to 2700 m, 
continuously 
for 48 hours. 

 s-EPO 
increased after 
2 days CH and 
after 10 days 
exposure for 
intermittent 
hypoxia. 
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REFERENCE 

 

PARTICIPANTS 

 

STUDY DESIGN 

 

FINDINGS 

 

(Wehrlin et al., 
2006) 

 10 elite endurance 
athletes (5 males 
and 5 females) - 
altitude group (AG) 

 7 elite endurance  
athletes (3 males 
and 4 females) 
control group (CG) 

 AG 2500m 
(18hours a 
day) trained at 
1800m and 
1000m above 
sea level for 24 
days 

 CG sea level 
(500 - 1600m) 
control group 
14 days 

 Repeated exp 
– 5 –7mins with 
equal periods 
of recovery. 
Steady or 
progressive  
hypoxia 

AG increased  

 Hbmass 
(p<0.01),  

 RCV (p<0.01), 

 s-EPO 
(p<0.001)  

 Reticulocytes 
(p<0.001), 

 Hematocrit 
(p<0.01)  

 

(Hamlin and 
Hellemans, 
2007) 

 22 multi-sport 
athletes of mixed 
ability;  

 n=12 IHT, 

     n=10 control     
     (placebo) 

 15 days 
normobaric 
intermittent 
hypoxia  

 5min 
hypoxia:5min 
normoxia 

 90 min daily 

  FiO2=13% 
reducing to 
10% by week 3  

 Rtc, Hb and 

Hct at  day 12 

 

 

 

The table above further demonstrates that data on Intermittent Hypoxia yield 

disparate results and appear to be inconclusive.  This has resulted in data that are 

difficult to compare, leaving the findings of most IH and CH studies open to debate.  
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However, based on the data above, it is clear that in some experiments IH/IHT/and 

CH have been utilized to bring about significant increases in serum blood factors with 

the hope of this leading to an improved exercise performance or aerobic capacity.  It 

is well known that exercise and sports training affect the rate of haemopoesis and 

the average life span of erythrocytes, but a new approach is needed to clarify the 

contribution that IH can make in healthy untrained participants. 
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1.5 AGE RELATED CHANGES IN RESPONSE TO HYPOXIA: 

Normal aging is characterised by a reduced metabolic and physiological functional 

capacity, an increase in neoplasms and an increase in the incidence of coronary-

vascular disease (Figure 3) (Brockow et al., 2011).   In 2009, the leading underlying 

cause of death for all Australians was ischaemic heart disease which includes 

angina, blocked coronary arteries and heart attacks (ABS, 2011).  In many ways 

cardiovascular disease (CVD) can be considered Australia’s most costly disease.  It 

costs more lives than any other disease and has the greatest level of health 

expenditure.  It also imposes a burden of disease, measured in terms of disability 

and premature death, second only to cancer (Figure 4) (Brockow et al., 2011).  

 

Figure 2.  Cardiovascular disease by age and sex, 2007-08.  AIHW 2011 
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Figure 3.  Deaths in Australia, by disease group, 2008.   AIHW 2011 

 

It has been repeatedly demonstrated that aged cells exhibit a reduced ability to 

respond to stress and environmental challenges (Blake et al., 1991, Bruunsgaard 

and Pedersen, 2000, Rao et al., 1999, Verbeke et al., 2001), with the elderly being 

more vulnerable to illnesses such as chronic low-grade inflammation, cancer, 

infection, and higher oxidative stress, reduced telomere length, chronic 

glucocorticoid exposure, thymic involution, changes in cellular trafficking, reduced 

cell-mediated immunity, and steroid resistance.  These senescent features are 

related to increased morbidity and mortality (Bauer et al., 2009).  Healthy aging has 

been associated with emotional distress and increased cortisol levels, which 

contribute to an enhanced exposure of lymphoid cells to deleterious glucocorticoid 

actions and to changes in both innate and adaptive immune responses (Bauer et al., 

2009).  Senescence itself, a physiological process occurring in all organisms, can 

also be considered as a potential response to accumulated stressors (Cataldi, 2010).  

Aging results partly from accumulated damage to molecules, cells, and tissues that 

exceeds the capacity of the organism to repair or adapt to the damage.  
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Accumulating experimental evidence supports the proposal that many of the 

changes which occur during aging occur as a consequence of oxidative damage.  

ROS react with all three of the major cellular macromolecules: nucleic acids, lipids, 

and proteins (Levine and Stadtman, 2001).  Links between aging and oxidative 

stress have been proposed based on the fact that there is an inverse relationship 

between the maximum life span of organisms and the age-related accumulation of 

oxidative damage (Stadtman, 2002) and, while outside the scope of this research 

project, would be relevant to the discussion of results and to the formulation of follow 

on experiments. 

IH has been reported to stimulate protective mechanisms in the body that counter-

act such oxidative damage.  The induction of heat shock proteins (HSPs) is a 

biological response that aids in the maintenance of cellular and organismal 

homeostasis.  The magnitude of this induction declines as a function of increasing 

age, which may contribute to a reduced stress tolerance by aged animals (Deguchi 

et al., 1988, Jurivich et al., 1997, Liu et al., 1989).   Perturbations in heat shock gene 

transcription have consistently been noted in senescent cells from several species 

(Jurivich et al., 1997), and attenuation of the heat-shock response during ageing may 

be responsible for the accumulation of damaged proteins as well as the abnormal 

regulation of cell death.  The effects of an attenuated heat shock response could be 

far reaching because heat shock proteins serve several vital functions within cells, so 

changes in the ability to mount a stress response could potentially contribute to 

impaired cellular function.  The adaptive and survival capacity of the organism 

depends on its ability to respond to stress rapidly and with sufficient magnitude.  This 

capacity is considerably diminished in ageing organisms because the activation of 

transcription factors is reduced (Krause, 2003). 
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Hsp70 gene expression is attenuated at the translational level in human peripheral 

lymphocytes and other major human HSPs are similarly diminished with age.  

However, lymphocytes from aged individuals are able to respond to a heat shock, 

albeit at a diminished level by comparison with young individuals (Rao et al., 1999).  

Inadequate promoter priming by the transactivator of heat shock genes, heat shock 

factor 1 (HSF-1), is thought to account for age-dependent diminution in expression of 

these genes, although the exact mechanism for this loss is not clearly understood. 

Exposure to hypoxia stabilises HIF-1 , a transcriptional activator responsible for the 

increased expression of HSPs which limit damage in response to subsequent 

stressors. It is likely that recurring on/off hypoxic signalling to induce HIF-1  

repeatedly could limit potential damage more than continuous hypoxia, which would 

only represent one elevation of HIF-1 . 

Interestingly, advanced age is also associated with impaired angiogenesis in part 

because of reduced levels of VEGF expression. To investigate potential mechanisms 

responsible for this age-dependent defect in VEGF expression, Rivard et al.,  (2000) 

conducted a study on aortic smooth muscle cells isolated from young rabbits (ages 

6-8 months) or old rabbits (ages 4-5 years).  They found that hypoxia-induced VEGF 

expression was significantly lower in old versus young cells, but that VEGF mRNA 

stability in hypoxic conditions was similar in both young and old cells. To explain 

these findings Rivard et al., (2000) suggest that age-dependent reduction in hypoxia-

induced VEGF expression results from reduced HIF-1  activity which may explain 

the previously described age-dependent impairment of angiogenesis in response to 

ischemia (Rivard et al., 2000). 
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Therapeutic angiogenesis. 

Given that HIF-1  has emerged as a central regulator of hypoxic responsive genes, 

including the expression of VEGF (Yamakawa et al., 2003, Abaci et al., 2010), EPO 

(Ran et al., 2005b), and heat shock proteins, all of which play a role in protecting 

cells from damage (Njemini et al., 2003),  Verbeke et al., (2001) suggests that the 

maintenance of the heat-shock response by repeated mild stress (e.g. IH) may 

cause anti-ageing hormetic effects on cells and organisms and aid in surgical 

recovery (Verbeke et al., 2001) which has implications for the potential applications 

of this research. If downstream oxygen dependent genes such as erythropoietin 

(EPO) result in  elevated red blood cell numbers, then co-activation of other hypoxia 

response elements in the suite of genes that responds to elevations in HIF-1 , such 

as VEGF is likely. 

To determine the effect of IHE and CH on healthy normally active participants at two 

age groups in the lifespan, this project will examine hypoxic exposure in a) young 

(17-30 yr), and b) mature (50-77 yr) participants.  It is predicted that the two groups 

could reflect age related differences in response. The younger group may respond 

with higher levels of haematological adaptation and lower immune-stress responses 

than the mature group for the reasons discussed above.  If IH has an effect in both 

groups that is clearly mediated by HIF-1  responses, such as elevated red blood cell 

counts, it will have particular relevance for clinical application for the mature 

participants, especially in reference to coronary-vascular disease.  HIF-1  

modulation of genes induces cardiac protection through the increased expression of 

EPO, VEGF and HSP 70 and confers cross protection to other physical, 

environmental or pharmacological stressors, resulting in increased cellular resistance 

to injury.  Moreover, the low physiological stress associated with IHE suggests that 
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IHE may be well tolerated and therefore be a preferred training mode for mature and 

cardiac patients in pre- and post-surgery recovery. 

 

1.6 SUMMARY AND FUTURE DIRECTIONS. 

Sustained O2 deprivation leads not only to cessation of cellular activity but also to 

irreversible cell damage and cell death.  Rapidly respiring tissues, such as the heart 

and brain, are particularly susceptible to damage by oxygen deprivation. It is 

therefore reasonable to hypothesise that hypoxia could be damaging to overall host 

defence. Moreover, both hypoxia and the immune system present potentially 

significant challenges to the body; of interest, both processes are regulated by 

shared transcriptional and hormonal networks (e.g. HIF-1α).   

Nevertheless, IH has been reported to stimulate the physiological adaptations found 

in altitude acclimatization.  Hypoxia elicits an adaptive response through the 

existence of O2 sensors coupled to signal transduction systems.  These signal 

transduction systems activate the functional response.  The multifactorial response 

to intermittent hypoxic adaptation, which includes the involvement of several 

signalling transduction pathways, antioxidant enzymes and stress proteins, confers 

cross protection to future hypoxic insult and may contribute to cardioprotection in a 

vulnerable population.  Furthermore, IH increases levels of key molecular 

chaperones that clear damaged proteins and aid in stress and environmental 

responses.   

Ageing reduces the ability of the body to respond to stress and environmental 

challenges, and significantly increases the risk of cardio-vascular disease.  Recent 

advances have shed significant light on our understanding of how cells respond to 
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stress associated with insufficient oxygen supply or oxidative stress. This study will 

determine first whether IHE changes key haematological and immune-stress 

responses in two age groups, and second whether IHE can be used in mature 

participants to counteract the diminished response to physiological stress. It is 

hypothesised that if IHE can be used to manipulate key protective mechanisms, then 

it can be safely applied to humans in the clinical setting, especially to improve the 

level of damage control in the area of cardiac disease.  For example it could be used 

as a pre-conditioning treatment prior to cardiac surgery to stimulate capillary growth 

and O2 delivery to the tissues, but it could also be used in a post-surgical situation as 

an adjunct to rehabilitation programs for cardiac patients such as the 10,000 steps 

program (Townsville) as a means of speeding cardiac rehabilitation in mildly 

compromised patients and in post-surgery patients after a 15% improvement in 

cardiac function. 

This project, using an FiO2 of 11 - 12% under normobaric conditions, which is 

equivalent to the hypobaric conditions found at ~5000m altitude, will determine 

whether the haematological adaptive response to altitude can be stimulated in a 

laboratory setting, and will compare and contrast two modalities of treatment, one 

with rest between hypoxic exposure (IHE) and the other without rest (CH).  The 

present study has examined how IHE affects key haematological measures and 

immune-stress responses in both young & mature normally active humans, and 

compared its effects to those elicited by CH.   
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2.0 Chapter 2: 

 

NORMOBARIC INTERMITTENT HYPOXIA EXPOSURE AT A FIXED SaO2 RATHER 

THAN FIXED FiO2 SIGNIFICANTLY CHANGES HAEMATOLOGICAL VARIABLES 

IN HEALTHY NORMALLY ACTIVE YOUNG PARTICIPANTS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



45 
 

2.1 Abstract  

For nearly half a century, athletes have used altitude training to enhance sea level 

performance.   In recent times laboratory based hypoxic exposures at a fixed FiO2 

have been used to elicit haematological changes comparable to those that occur at 

altitude for enhancing athletic performance.  The results have not been uniform and 

controversy still exists over the effectiveness of altitude training.  Purpose: To 

determine whether an individually-tailored laboratory based Intermittent Hypoxia 

Exposure program focusing on a mean SaO2 of 85% rather than a fixed FiO2 could 

elicit significant haematological changes in ten normally active healthy young (23 4 

yr) volunteers.  Methods: Each participant took part in a 3-phase trial over 3 

consecutive weeks.  Phase 1 consisted of five consecutive days of breathing room 

air without a mask (Baseline measures).  Phase 2 occurred in the following week and 

consisted of five consecutive days of intermittent normoxic mask breathing (0.21 

FiO2).  Phase 3 began the following week and consisted of five consecutive days of 

individually determined Intermittent Hypoxia Exposure.  Blood collection occurred on 

days 1, 3 and 5 during each phase.  Results: After 1 week of Intermittent Hypoxia 

Exposure, compared to normoxic mask breathing, there were significantly higher 

values for mean red blood cell count (5.05 to 5.56 x 106 l-1; p<0.01), mean 

haemoglobin concentration (15 to 16  g.dl-1; p<0.05), and mean hematocrit (46.7% to 

48.8% p<0.05).  Following a five month wash out period, the same participants 

completed a similar trial using the same total duration of hypoxia and maintaining the 

same mean SaO2 using a Continuous Hypoxia protocol.  After 1 week of Continuous 

Hypoxia exposure there were no significant changes in haematological measures 

compared to the normoxic mask breathing.  Conclusion: These findings reveal that 

in non-athletic healthy young participants, an individualized laboratory based 
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Intermittent Hypoxia Exposure protocol with a mean SaO2 of 85% significantly 

stimulated the key haematological changes characteristic of acclimatization to 

altitude.  The significant changes in haematological measures did not occur in 

response to exposure to Continuous Hypoxia of the same duration at the same mean 

SaO2. These adaptations are thought by some to be beneficial in that they lead to an 

increased oxygen carrying capacity of the blood which may improve exercise 

performance in athletes, provide protection against disease, or provide protection 

prior to surgery.  This study will present further insight into the effects of intermittent 

hypoxia to increase oxygen carrying capacity and utilization within the body in 

response to the pattern of diminished oxygen availability. 
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2.2 Introduction  

Exposure to hypoxia caused by the decreased partial pressure of inspired oxygen 

(PiO2) at altitudes above 2500 m represents the threshold for stimulating the up-

regulation of a number of adaptive myocardial, neurological and haematological 

responses in humans (Banai et al., 1994, Bickler and Donohoe, 2002, Asemu et al., 

1999, Essop, 2007).  Tissue hypoxia can act as a physiological  stressor which elicits 

protective changes in gene expression as a result of direct O2 sensing and reduced 

aerobic ATP production (Renshaw and Nikinmaa, 2007, Katayama et al., 2004).   

While Knaupp et al., (1992) used a fixed FiO2 of 0.105 and a maintained SaO2 of 

between 75-85% to examine the time course of erythropoietin expression, the effect 

of fixing the SaO2 at this level, irrespective of FiO2, on haematological responses, has 

never been fully examined (Knaupp et al., 1992).  Furthermore, there is controversy 

about how low SaO2 needs to fall and how long individual hypoxic exposure needs to 

be in order to stimulate either immediate or long-term changes in haematological, 

physiological and biochemical responses. 

A novel experimental protocol was devised and tested in this study, which was based 

on using variable FiO2 and hypoxic interval times to achieve a fixed stimulus in terms 

of SaO2. This was done  for three reasons: first, to determine the effects of an 

individually tailored normobaric intermittent hypoxic exposure at a mean SaO2 of 85% 

on haematological variables in young normally active participants;  second,  to 

determine whether such laboratory based Intermittent Hypoxia Exposure (IHE) could 

stimulate the haematological changes elicited by longer durations of laboratory 

based hypoxic exposures (Koistinen et al., 2000, Rodriguez et al., 2000b);  third,  to 

compare our results with those normally elicited by acclimatization to altitude (Fulco 

et al., 2000, Wehrlin et al., 2006) . 
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It has been suggested that the normoxic periods occurring during IHE reduce the 

risks and potentially detrimental effects of long-term O2 deprivation, by activating a 

suite of oxygen dependent genes that contain a hypoxia responsive element (HRE).  

HREs activate transcriptional factors, which in turn up-regulate gene expression 

resulting in increased cellular protection and tolerance to subsequent periods of 

oxygen deprivation.  One of the possible mechanisms of this hypoxia-induced 

tolerance involves hypoxia-inducible factor-1 alpha (HIF-1α) a transcription factor 

which binds to promoter elements in hypoxia-responsive target genes during periods 

of hypoxia. This results in upregulation of HIF target genes, including vascular 

endothelial growth factor (VEGF) and erythropoietin (EPO) and other oxygen 

dependent genes, to reversibly reprogram metabolism in order to protect against 

energy failure and subsequent metabolic damage, which in turn, increases tolerance 

to subsequent stressors (Ran et al., 2005a, Westberg et al., 2007). 

Since it is highly likely that the threshold stimulus required to increase 

haematological variables differs for each individual and is influenced by age and 

training level, the present study examined the effects of a standardized hypoxic 

challenge (a mean SaO2 of 85%) in young untrained volunteers in order to avoid the 

complexities of training induced pre-adaptation in athletes  (Levine, 2002, Millet et 

al., 2010).   It could be expected that young healthy normally active participants 

would respond readily to physiological stressors such as hypoxia.   
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2.3 Method 

Participants 

Ten healthy normally active (untrained) participants, 5 men and 5 women, 

volunteered to take part in this study.  Young females were included in this study 

(and in the immune-stress study) to ensure the study group was representative of the 

general population albeit at the cost of including a known confound, and in 

accordance with current policy of grant awarding agencies that women be 

appropriately represented in clinical trials (NIH, 2001).  Several studies have 

highlighted the effect of the menstrual cycle on haematological variables.  Amongst 

these are Vellar (1974) who found that there are appreciable fluctuations in the daily 

mean Hb and Hct values during the course of the menstrual cycle with a 2.8 % 

difference of the Hb mean value for the entire 28 day period and a 3.1 % difference 

of the Hct mean value for the entire 28 day period (Vellar, 1974).  While these 

differences are far lower than the changes recorded in this study, they need to be 

acknowledged.  Furthermore, Vellar reasoned that the actual loss of erythrocytes 

during menstrual bleeding probably also contributed slightly to hemodilution as the 

lowest values of Hb and Hct were recorded during the bleeding phase; however, 

hormonal factors seemed to be more responsible as values which were nearly as low 

were observed just before menstruation (Vellar, 1974).  In order to assess whether 

young females differed from other participants in these studies, comparisons were 

performed on the haematological and immune-stress responses of this young female 

group to (a) young males and (b) mature females. Although the sample sizes are 

small, none of these comparisons (ANOVAs) were statistically significant.   
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Throughout these studies, participants were asked to maintain their usual levels of 

incidental activity, and were able to confirm that their level of activity did not change 

during study periods.   Median age was 23 years (17-29).  All participants were sea-

level residents recruited from the Gold Coast, Queensland, Australia.  Participants 

were pre-screened to ensure that inclusion criteria were met (a full list of inclusion 

criteria can be found in Appendix D).  Participant screening involved a resting 12-

lead electrocardiogram (ECG, Quinton Cardiology, NSW), a forced spirometry test 

(Spirovit, Schiller AG Barr, Switzerland), resting blood pressure measurements 

(sphygmomonometer, Baumanometer, NY, USA), a resting full blood count (pre-

treatment level), (Beckman Coulter® Ac·T diff™ Analyzer, Beckman Coulter™, 

Australia), and % reticulocytes (BD FACSCalibur™ Flow Cytometry, Becton 

Dickinson, Australia).  Participants were rejected from the study if these screening 

measures were not within the normal range.    No remuneration was offered to the 

participants.    In addition, as required by the ethics committee, all participants 

completed a medical history questionnaire and underwent a detailed medical 

examination by a registered Medical Practitioner who provided written consent for 

participant involvement in this low risk project (a copy of the medical history 

questionnaire can be found in Appendix B).  Participants provided their voluntary, 

written, informed consent to participate in this study which also included an assay to 

measure immune-stress necessitating saliva collection for cortisol and S-IgA 

analysis.  This study was approved by the Griffith University Human Research Ethics 

Committee and conformed to the principles outlined in the Helsinki Declaration 

(Seals, 2003).  A copy of the participant informed consent form can be found in 

Appendix A.  The anthropometric characteristics of the participants are provided in 

Table 5.   
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Table 5: Anthropometric and Haematological measures taken during pre-treatment 
screening: Values are mean ± SD with the range in parentheses (n=10) 

 

Anthropometric data Haematological data 

Gender (M:F) 5:5 RBCc 4.9±0.2 x 106 l-1 

(4.6-5.2 x 106 l-1) 

Age (years) 
23 ± 4 

(17 - 29) 

Retic % 2.3 ± 0.7 

(1.3-3.4) 

Height (cm) 173 ± 10 

(162 - 193) 

[Hb] 15.0±1.9 g.dl-1 

(12.5-16.7g.dl-1) 

Body Mass (Kg) 65 ± 6 

(56 - 72) 

Hct % 46.0 ± 5.6% 

(39.0-51.3%) 

BPrest systolic 
(mmHg) 

114 ± 5 

(100-140) 

BPrest  diastolic 
(mmHg) 

73 ± 4 

(60-90) 

FEV1 

(L) 

3.7 ± 0.6 

(3.0 - 4.6) 

FEV1/FVC (%) 101.7 ± 4.1 

(97-107) 

 

Hypoxia Exposure 

Rather than use the same FiO2 and the same exposure time for all participants 

irrespective of how easily they desaturate and resaturate SaO2 to 85% after a 

hypoxic challenge, the experimental protocol used in the present study focused on 

maintaining a mean SaO2 of 85% for all participants.  In order to assess the individual 

differences in SaO2 in response to a fixed FiO2, one week prior to the 

commencement of each 3 wk trial, each participant completed a 1-7 min “hypoxic 

test” consisting of a mask delivered hypoxic challenge using 0.11 FiO2.  The “hypoxic 
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test” used in this project was a built-in component of the computer software system 

designed by the manufacturer (Biomedtech, Melbourne, Australia) to differentiate 

‘responders’ to hypoxia from ‘non-responders’.  This test measured the time taken to 

desaturate (Td) from an initial 98-100% SaO2 to 85% SaO2 as well as the time taken 

to regain normal SaO2 (Tr)   In this project, the inclusion threshold for ‘responders’ 

was set at 6 min to achieve a fixed degree of homogeneity in the group.  

Furthermore, each participant’s Td response from this hypoxia test was utilized to 

calculate the initial duration of the hypoxic breathing intervals at a starting FiO2 of 

0.11.  It was noted that during 70-72 min successive cycles of Intermittent Hypoxia 

Exposure (IHE) followed by normoxia within each session, the SaO2 fell 

progressively.  Consequently, to maintain the mean SaO2 at 85%, regular manual 

adjustments of each individual’s FiO2 as well as the duration of the hypoxic interval 

were required in each session. 

For responders with a Td of 1-4 or 6 min (to the closest minute) the total length of 

hypoxic exposure was 72 min.  If Td was 5 minutes then the total minutes of hypoxic 

exposure for a participant had to be adjusted to 70 minutes.  The calculation we 

devised to determine the breathing regime and total treatment time for each 

participant was as follows:  

 

 

 

 

Te = Total hypoxic exposure (72 min); Td = Time to desaturate;  

Cn = Number of cycles; TTT = Total treatment time; Ai = Air interval (2 min) 

 

 

 

Te/Td = Cn  . 

TTT= (Cn x Ai) + Te 
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The hypoxic test was followed by a 15 min ‘Sham’ treatment delivering 0.21 FiO2 to 

further familiarize the participants with ‘mask breathing’, the fingertip pulse oximeter, 

and the individual monitoring stations.    

Individualized intermittent hypoxia treatment or a sham treatment (breathing  room 

air through a mask attached to the hypoxicator) for each participant was 

administered via individual monitoring stations, through a hand-held mask 

(physiological dead space 300ml) with one-way directional valves attached to a 12L 

Douglas bag which was filled automatically by the connected pre-programmed 

hypoxicator modulator.  The hand-held, air-cushioned mask was used primarily as a 

mandatory safety requirement (as stipulated in the GO2 Altitude Operational Manual) 

to ensure the mask could be rapidly removed if feelings of discomfort arose, or if 

participants fell asleep; neither of these occurred.  The modulators were calibrated 

daily prior to treatment and the O2 concentration in the room air and Douglas bag 

were measured prior to and during treatment with calibrated O2 sensors (supplied by 

GO2Altitude® Hypoxic Training System Biomedtech Melbourne, Australia).  The 

participants remained seated at rest for every session and each participant reached 

the mean target SaO2 of ~85%.  No significant adverse clinical symptoms were 

observed during or after the sessions. 

Study Design 

Each participant was involved in a 3-phase trial over 3 consecutive weeks.  With 

respect to the order of presentation of experimental interventions over a 3 week 

study period, we took the view that the hypoxia condition should always follow the 

sham condition due to the increased likelihood of a carry-over effect with hypoxia 

which was observed in a pilot study. Despite this lack of randomisation, we took 

every effort to ensure that the study was blinded in that during phases 2 and 3, 
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participants were not aware if and when they were receiving hypoxia through the 

mask.  All participants followed the same protocol and all were provided with a list of 

blood and saliva collection dates, saliva collection tubes and protocols to follow prior 

to and during the study (Appendix C). 

 

Phase 1 was comprised of five consecutive days of breathing room air without a 

mask (Baseline measures).  Room-air breathing without a mask was used to 

determine if haematological values differed from the initial values due to the social 

interaction of participating in an experiment, and were used as Baseline values.  The 

specified haematological measures were compared at each sample point, during the 

room-air breathing week to the pre-test level and there were no significant 

differences between the readings (F=2.057, p=>0.05).  Phase 2 occurred in the 

following week and consisted of five consecutive days of intermittent normoxic mask 

breathing (0.21 FiO2), using the same intermittent mask breathing protocol as that 

calculated for use in the Intermittent Hypoxia Exposure phase.  During phase 2, SaO2 

levels remained at 97% ± 2% and this second phase was included to investigate the 

effect of mask breathing alone (Sham-IHE) to control for the small but inherent 

increased resistance and dead-space associated with breathing through a mask.  

Phase 3 began in the following week and consisted of five consecutive days of 

Intermittent Hypoxia Exposure (IHE) comprising short individually determined periods 

of hypoxia (3-7min), each followed by 2-min room-air breathing intervals (normoxia) 

to allow time for each participant to re-saturate to SaO2 levels above 95%.  The time 

intervals of normoxia, reduced FiO2 and normoxia as well as the level of FiO2 were 

individually adjusted to maintain a mean SaO2 of 85% over the entire duration of each 

IHE session using the formula above.  The total duration of hypoxic exposure of 70-
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72 minutes was designed to correspond to previously published literature on the 

duration of hypoxia required to up-regulate the specified haematological variables 

examined (Garcia et al., 2000b, Garcia et al., 2000a, Klausen et al., 1996, Knaupp et 

al., 1992, Casas et al., 2000, Rodriguez et al., 2000b).  IHE was administered from 

0.10 to 0.12 FiO2 to achieve the required mean SaO2 of 85%. 

 

The same participants returned for Continuous Hypoxia (CH) treatment in which the 

first week of Baseline was identical to Phase 1 of the previous IHE trial.  The IHE and 

CH studies were not randomized.  We decided that a CH intervention would provide 

useful comparison to the effect of IHE on haematological variables.  The first CH 

study was undertaken 5 months after the IHE to allow complete replenishment of the 

RBC pool as well as to accommodate minor logistical difficulties relating to morning 

laboratory sessions and the availability of medical supervision. To maintain 

consistency in all studies, subsequent studies were scheduled with a 5 month delay 

between IHE and CH.  The sham and hypoxia training phases differed in that the 

participants were exposed to continuous mask-delivered normoxia during the Sham 

phase (Sham-CH) and to CH for a total period of 70-72 minutes (depending on their 

earlier responses to IHE).  Manual adjustments of each individual’s FiO2 were made 

to ensure that the mean SaO2 was maintained at 85%.  

All testing and hypoxic exposures were held under strictly controlled environmental 

conditions in the Clinical Exercise Testing and Research Facility at Griffith University.  

Laboratory conditions and relative humidity were monitored (Perception II, Davis 

Instruments, Hayward, Ca, USA) and maintained at a temperature of 21 ± 1ºC with a 

relative humidity of 55 ± 5%.  On weekdays during the 3-week testing schedule, the 

interventions began between 5:30 am and 7:00 am following a 12-h fast, and 
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weekends were spent in normoxia.   Table 6 represents a timeline of the testing 

schedule. 

Table 6: Timeline for each 3 wk testing schedule: Participants were subjected to IHE or CH 

~0.11 FiO2 for 5 consecutive days in phase 3.  Blood was sampled on days 1, 3, and 5 of 

each week (n=10). 

Phase Pre Phase 1 

Normoxia 

Room air 

without mask 

Phase 2  

Normoxia with 

intermittent or 

continuous 

mask 

Phase 3  

IHE or CH with 

mask 

Blood 

collection 

days 

Day: 1 Days: 1  3    5 Days: 1   3    5 Days: 1   3    5 

 Baseline Sham Treatment 

 

Evaluation of plasma volume shifts using the formulae of Dill and Costill (Dill and 

Costill, 1974) were used to ensure that any significant alterations in haematological 

variables were not due simply to haemoconcentration or haemodilution (Appendix 

M).  No caffeine was allowed on the morning of each treatment session and no 

dietary supplementation was given to the participants.  Apart from the fluid guidelines 

imposed by the investigators, the participants followed their normal diet.  It was not 

possible to control the normal diet of participants, and while the full blood counts 

prior to testing were within normal range for each participant it is possible that 

uncontrolled variations in the dietary intake of iron could be a confounding factor in 

this study.  However there were no significant differences in haematological 
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measures between Phase 1 and the initial Baseline measure. To control for any 

incidental exercise during the duration of the study, participants reported daily to 

confirm that their level of activity did not change. 

Blood pressure was measured before and during each session, respiratory 

frequency was measured during each session, and the heart rate and rhythm of each 

participant was monitored continuously during each treatment session with a single 

channel ECG (CM5 electrode placement, Lohmeier M607, Munich Germany) and 

supervised by a qualified medical practitioner.  SaO2 and heart rate were recorded 

via articulated finger clip pulse oximetry (Nonin Medical, Inc. North Plymouth, 

Minnesota) built into the GO2Altitude® unit. Venous blood was drawn from the 

medial cubital vein into 4 ml ethylene diamine tetra acetic acid (EDTA) blood tubes 

within 1-2 h after treatment on days 1, 3 and 5 of each phase according to the 

experimental plan.  Blood was subsequently analysed:  RBCc, [Hb], and Hct were 

measured using a Coulter Analyser, and % Retic values obtained using Flow 

Cytometry.  The Coulter Analyzer and the Flow Cytometer were standardized 

immediately prior to sample analysis using the instructions and materials provided by 

each company for that purpose.  

 

RBC count, Haemoglobin and Hematocrit. 

Blood collection occurred on Days 1, 3 and 5 for each of the 3 weeks in each phase 

to determine whether i) Baseline values differed from pre-test values i) there was a 

change attributable to the resistance of mask breathing alone (Sham-IHE or Sham-

CH); or ii) there was an effect of hypoxia treatments via mask breathing at a mean 

SaO2 of 85% (IHE or CH).   
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While no change in the measured haematological variables was expected on Day 1 

of each treatment, blood collection occurred on Days 1, 3 and 5 of all treatments to 

facilitate the statistical comparison of the different treatments with respect to 

cumulative exposure.  Moreover, repeated sampling throughout the Baseline phase, 

provided reliable pre-treatment measures against which any changes due to mask 

breathing alone, or to hypoxia treatment, (either IHE or CH) could be compared.   

All blood samples were immediately placed on a roller mixer (Selby, Australia) for 1-2 

hours at room temperature until analysis.  A full blood count for each participant was 

analysed in triplicate using a Beckman Coulter® Ac·T diff™ Analyzer (Beckman 

Coulter™, Australia) to provide measures of RBCc, haemoglobin concentration [Hb] 

and hematocrit percentage (Hct).  The triplicate results were subsequently averaged 

to provide a single value for each variable per participant. The data from the Coulter 

Counter analysis was recorded as a single value according to the following criteria. If 

triplicate values were within 5% of each other, then their mean was recorded.  If one 

of the triplicate values was more than 5% different from the other 2, it was discarded 

and the mean of the remaining values was recorded. On no occasion was there 

greater than a 5% discrepancy between all three samples.  

Furthermore, to assure accuracy of our haematological measures, blood samples 

were randomly selected for analysis by a certified Pathology laboratory (Sullivan and 

Nicolades (S&N)) over the duration of the studies reported in this thesis and these 

results were compared to the values obtained from the Coulter analyser.  In all, 27 

samples were analysed commercially and the results of these comparisons are 

found in Appendix F.  All sample values were found to be comparable between our 

Coulter Analyser results and pathology laboratory results (Appendix F).  In addition, 



59 
 

the Coulter Analyser was found to have good precision with a coefficient of variation 

below 5% for all standards (Appendix G). 

Percent Reticulocytes  

The reticulocyte percentage was analysed in duplicate by BD FACSCalibur™ Flow 

Cytometry within 4h of blood collection using the commercially available BD Retic-

COUNT  Kit (Becton Dickinson, Australia).  The instrument software was set up to 

record a mean of the two samples; measures of individual samples were not 

recorded.  The FACSCalibur™ was calibrated using BD CaliBRITE™ 3 Beads 

(Becton Dickinson, Australia), which can also be used to set the fluorescence 

compensation, check the instrument sensitivity, and monitor the performance of the 

flow cytometer. To ensure the accuracy of Retic-COUNT™ test results, the following 

quality-control procedures were followed each day of use:   

 a commercial sample with a known reticulocyte value in each reticulocyte run 

was included to serve as a positive control.  

 CaliBRITE™ beads and FACSComp software were used to adjust the PMT 

voltages and to check the instrument’s signal-to-noise discrimination. 

The process of reticulocyte percentage analysis involved whole blood samples being 

stained with Retic-COUNT™ reagent and acquired on the flow cytometer.  BD Retic-

COUNT™ reagent was purchased from Becton Dickinson for determining 

reticulocytes as a percentage of total erythrocytes in human peripheral blood by a 

FACSCalibur™ flow cytometer. The reagent binds to both RNA and DNA, forming a 

fluorescent nucleotide-reagent complex which exhibits an absorption band at 475 nm 

(blue light) and a fluorescence emission band at 530 nm (green light).  During 

acquisition the cells travel past the laser beam and scatter the laser light.  The 
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scatter signals provide information about the cell’s size and internal granularity.  The 

stained cells fluoresce when excited by the laser beam. Analysis is restricted to the 

red blood cell (RBC) population falling within a forward scatter (FSC) versus side-

scatter (SSC) gate.  Cells within this RBC gate were analyzed to determine the 

amount of bound Retic-COUNT™ reagent measured by the fluorescence-1 (FL1).  

Cells that reacted with Retic-COUNT™ reagent fluoresced and were detected in the 

FL1 channel, and exhibited similar patterns  The equation for the percent positive 

reticulocyte result is: % gated stained tube – % gated unstained tube = % 

reticulocytes.   

Statistics 

Statistical significance for all analyses was accepted at p<0.05.  All data used in the 

graphs and reported in the text are expressed as means  SD.    All quantitative data 

were analysed using SPSS Predictive Analytic Software Version 19 (SPSS; Chicago, 

USA).  Independent t-tests were used to determine differences in participant 

characteristics.  Two-way ANOVA with repeated measures was used to determine 

differences in each blood variable for each sample day (Day 1 = Mon, Day 3 = Wed 

and Day 5 = Fri), and between treatments: firstly Baseline vs Sham-IHE vs IHE; 

secondly Baseline vs Sham-CH vs CH.  In addition, two-way ANOVAs with repeated 

measures plus one between group factor were used to determine significant 

differences between gender (male and female).  Additional, two-way ANOVAs with 

repeated measures plus between group factor were used to determine significant 

differences between age groups (young and mature).  The results of these are 

included in the Discussion section of Chapter 3 and in the Final Discussion. 

The mean values calculated for the haematological markers in Phase 1 did not 

change significantly from the pre-test level.  Accordingly, the values measured on 



61 
 

Day 1, 3 and 5 of Phase 1 provided  a  robust number of Baseline measures used to 

compare the corresponding Day 1, 3 and 5 of Sham/IHE and Sham/CH treatments.    

Data analysis confirmed that there was no need for correction for changes in plasma 

volume shifts (Appendix K).  All participants began the trial with mean RBCc, % Hct 

and [Hb] Baseline readings that were within the normal range for their age (provided 

in Table 5 page 50).   The mean Baseline Retic % in all participants was higher than 

normal range for a healthy young population.   

Where significant F values were observed, pair-wise comparisons with Bonferroni 

adjustment were performed to determine specific differences within treatment and 

between treatments, as well as between gender to identify the means that were 

significantly different.  For all results with a statistically significant ‘p’ value, Cohen’s 

effect size ‘d’ was also determined.  All effect size estimates ranged from 0.42 – 1.52 

indicating that any significant results from this chapter will have small to large effects 

respectively.  A summary table of effect size can be found in Appendix L.  Paired t-

statistics were used to compare pre-IHE and pre-CH Baseline measures to 

determine the effect of ‘seasonality’. 
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2.4 Results  

RBC count. 

The day to day sequential analysis of RBCc responses to Baseline, Sham, and IHE 

are presented in Figure 4 A, while the mean RBCc in responses to Baseline, Sham, 

IHE and CH are presented in Figure 4 B.  During the IHE study, there was a 

significant effect of treatment (F = 9.053, p<0.05, d=0.50) irrespective of day, with 

RBCc values increasing significantly above Baseline in response to both Sham-IHE 

and IHE.  IHE significantly increased RBCc by 14% when compared to Sham-IHE 

values (p<0.001, d=0.50) and by 15% when compared to Baseline values (p<0.05, 

d=0.40).  During the IHE treatment week there was a 7.6% increase in RBCc.   There 

was no significant interaction between Treatment and Day values for RBCc (F = 0.68, 

p>0.05); there were no significant differences in RBCc during the IHE study between 

male and female participants (F= 3.47, p>0.05). 

In contrast to the IHE study there was no statistically significant effect of treatment on 

RBCc responses, during the CH study Moreover, there was no significant interaction 

between Treatment and Day (F = 2.106, p>0.05) nor were there significant 

differences in RBCc between male and female participants (F=0.84, p>0.05). 

 

 



63 
 

 

 
Figure 4 A.  Sequential analysis of RBC count determined in young participants at days 1, 3 
and 5 during Baseline, Sham (room air breathing using a face mask) and IHE Intermittent 
Hypoxia Exposure).Dark line represents mean response. 
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Figure 4 B.  Mean RBC count measured in young participants at days 1, 3 and 5 during 
Baseline, Sham (room air breathing using a face mask), IHE (Intermittent Hypoxia Exposure) 
and CH (Continuous hypoxia) treatments, (revealing a significant effect of Treatment).  Error 
bars denote SD. Significance is indicated by: * (p<0.05 IHE versus Baseline and Sham). 

       

Percentage of Reticulocytes.  

The changes in the mean % Retic value, in response to Sham, IHE and CH 

treatments are presented in Figure 5.  For the IHE study, the group demonstrated a 

statistically significant treatment effect (F= 19.482; p < 0.001, d=1.52) with both the 

Sham and IHE conditions showing significantly lower levels compared to Baseline. In 

addition there was a significant interaction between treatment and day (F= 9.54; p 

<0.001).      This resulted from the fact that for Day 1 there were no significant 

differences between the 3 treatments, whereas for Days 3 and 5 both Sham and IHE 

were significantly lower than on the corresponding Baseline Days. (Sham vs 
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p <0.001, d=1.31; Day 5 p <0.05, d=0.61) Furthermore, % Retic values on Day 3 of 

IHE showed a significant 30% decrease (p <0.005, d=0.09) compared to Day 3 of 

Sham-IHE.  There were no significant differences in % Retic during the IHE study 

between male and female participants (F= 0.04, p>0.05). 

In respect to the CH study, there was a significant interaction between Treatment 

and Day values for % Retic (F = 6.58, p<0.005).  A significant increase occurred in 

the % Retic value in response to CH but not in response to Sham-CH.   On CH Days 

1 and 5 the % Retics were not significantly different to Baseline or to Sham-CH Day 

1 and 5 (p>0.05).  However, on Sham-CH Day 3, the % Retic values were 

significantly higher by 30% compared to Baseline values (p = <0.005, d=0.93).  

There were no significant differences in % Retic during IHE between male and 

female participants (F= 0.08, p>0.05).  
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Figure 5.  Mean % Reticulocytes measured in young participants at days 1, 3 and 5 during 
Baseline, Sham (room air breathing using a face mask), IHE (Intermittent Hypoxia Exposure) 
and CH (Continuous hypoxia) treatments, revealing the significant interaction between 
Treatment and Day. Error bars denote SD. Significance denoted for young: by: * (p<0.005 
Sham Day 3 versus Baseline); † (p<0.005 Sham Day 5 versus Baseline); ‡ (p<0.005 IHE 
Day 3 versus Baseline); § (p<0.05 IHE Day 5 versus Baseline) ∆ (p<0.05 Sham CH day 3 
versus Baseline day 3).  
 

Haemoglobin concentration   

The changes in mean [Hb] in response to the Sham, IHE and CH treatments are 

presented in Figure 6.  The group demonstrated a significant effect of treatment (F = 

6.402, p<0.05, d=0.8) irrespective of day with [Hb] showing a significant 17% 

increase over Baseline and Sham-IHE values, and a 13.5% increase in [Hb] 

occurring between Day 1 and Day 5 of IHE. There was no significant difference in 

[Hb] between Baseline and Sham-IHE values (p>0.05). There was no significant 
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responses (F=13.981, p=0.010, d= 0.7) when on Day 5 of IHE female [Hb] increased 

by 22% over Baseline levels and by 10% over male values. 

 

In the CH study there was no significant effect of treatment on [Hb] and no significant 

interaction between Treatment and Day for [Hb] values (F = 1.917, p>0.05), and 

there was no difference in [Hb] when Baseline values were compared to Sham-CH 

values, or when Sham-CH values were compared to CH values (p>0.05).  

Furthermore, there were no significant differences in [Hb] responses between the 

male and female participants in response to CH (F=1.113, p=>0.05). 

 

 

Figure 6. Mean [Hb] measured in young participants at days 1, 3 and 5 during Baseline, 
Sham (room air breathing using a face mask), IHE (Intermittent Hypoxia Exposure) and CH 
(Continuous hypoxia) treatments, revealing a significant effect of Treatment.  Error bars 
denote SD. Significance is indicated by: * (p<0.05 Day 5 IHE compared to both Baseline and 
Sham Day 5). 
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Figure 6b. Mean [Hb] measured in young participants at days 1, 3 and 5 during Baseline, 
Sham (room air breathing using a face mask), IHE (Intermittent Hypoxia Exposure) and CH 
(Continuous hypoxia) treatments.  Error bars denote SD. Significance is indicated by: * 
(p<0.05 Female vs Male Day 5 IHE). 
 

Hematocrit percentage 

The mean Hct responses to Sham, IHE and CH treatments for young participants are 

presented in Figures 7A and 7B.  The main effect was a significant 25% increase in 

Hct on the final day of IHE compared to the final day of Baseline (p<0.05, d=0.42). 

The group demonstrated a significant interaction between Treatment and Day values 

for Hct during the IHE study (F = 4.012, p<0.05).  Hct values did not change 

significantly from Baseline at either days 1, 3 in response to Sham-IHE or on Days 1 

and 3 of IHE, and no significant differences were found between male and female 

Hct responses to IHE (F=2.035, p>0.05). 

There was no significant interaction between Treatment and Day for Hct values (F = 

0.209, p>0.05), in response to Sham-CH and CH, and there were no significant 
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young male and young female participants (F=7.933, p=<0.05, d=0.5).    Young 

females began the study with 12% lower Hct than young males, but on Day 5 of 

Sham-CH, female Hct levels increased by 15.7% above Baseline and by 6% above 

male Hct levels to then fall and decrease by 12% below male Hct levels on Day 3 of 

CH. 

 

Figure 7A.  Mean Hematocrit % determined in young participants at Baseline, and at days 1, 
3 and 5 during Sham (room air breathing using a face mask),IHE (Intermittent Hypoxia 
Exposure) and CH (Continuous hypoxia) treatments, revealing the significant interaction 
between Treatment and Day. Error bars denote SD.  Significance is denoted by: * (p<0.05 
Sham Day 5 versus IHE Day 5); † (p<0.005 IHE Day 5 versus Baseline Day 5). 

 

30 

35 

40 

45 

50 

55 

60 

65 

70 

Day 1 Day 3 Day 5 Day 1 Day 3 Day 5 Day 1 Day 3 Day 5 

Baseline Sham Hypoxia 

H
c
t 

%
 

YOUNG  PARTICIPANT HEMATOCRIT % RESPONSES 
TO INTERMITTENT AND CONTINUOUS HYPOXIA 

EXPOSURES 

IHE CH * † 



70 
 

 

Figure 7B.  Mean Hematocrit % determined in young participants at Baseline, and at days 1, 
3 and 5 during Sham (room air breathing using a face mask), IHE (Intermittent Hypoxia 
Exposure) and CH (Continuous hypoxia) treatments.  Error bars denote SD.  Significance is 
denoted by: * (p<0.05) Female Day 5 Sham-CH vs Male Day 5 Sham-CH); † (p<0.05) 
Female Day 3 IHE vs Male Day 3 IHE. 
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Table 7:  Summary Table of the key Haematological Responses in Young Participants in 

response to Sham, IHE and CH treatments (compared to Baseline values) 

 Day 1  Day 3 Day 5 

RBC –Sham IHE    

RBC - IHE    15% 

RBC – Sham CH    

RBC -CH    

    
Retic % - Sham IHE   37%*  38%* 

Retic % - IHE   50%*  42% 

Retic % Sham CH   34%*  

Retic % -CH    

[Hb] – Sham IHE    

[Hb] - IHE    17%* 

[Hb] Sham CH    

[Hb] -CH    

Hct – Sham IHE    

Hct - IHE    25% 

Hct Sham CH    

Hct - CH    

 

increase;   decrease;   no change; * significant 

  



72 
 

2.5 Discussion 

In previous studies, the percentage of oxygen in the inspired air has been used to 

describe the hypoxic dose.  However, in a pilot study we noted that at any given 

fraction of inspired oxygen (FiO2) each individual experienced a different level of 

hypoxia as evidenced by the differences in their SaO2 (Tobin and Renshaw, 

unpublished observations Appendix J).  The advantage of this new approach to 

laboratory based IHE, is that it provided a uniform level of tissue hypoxia in all 

participants based on their final mean SaO2 rather than on their diverse cardio-

respiratory response to a fixed FiO2.   This novel approach resulted in statistically 

significant changes in some but not all haematological measures in a group of 

healthy young untrained volunteers.   

At first, the small number of participants and the use of participants of mixed gender 

may be considered a limitation in this study.  However, based on previous studies 

(as tabled on pages 30-35), the number and gender of participants in this study is 

comparable to those cited.  Although the methodology of using a standardised SaO2 

as the dose in this study is vastly different from that used in published data, some of 

the results recorded in this study are similar to those previously published studies.   

Furthermore the two-way ANOVAs with repeated measures and one between group 

factor used to determine significant differences between males and females found 

only two instances of significant differences between gender responses out of the 

sixteen examined. 

 

Sham response 

The second phase of the trial was included to investigate the effect of mask 

breathing alone.  This Sham phase was employed to investigate the extent to which 
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any apparent responses to hypoxia might be accounted for as a result of mask 

breathing, and because in an initial pilot study using a cross over design, we had 

noted small but significant changes in haematological values in participants 

breathing normoxic air intermittently through a mask (Tobin and Renshaw, data not 

shown).  The pilot study involved participants who were randomly selected into one 

of two groups.  Each group was given a mask through which they breathed an air 

mixture – half of the group were exposed to varying degrees of intermittent hypoxia 

for one week (starting at 15% FiO2 on a 5 minute delivery of hypoxia followed by a 5 

minute interval of breathing room air), while the remainder of the group were 

exposed to 21% FiO2 also using the same 5 x 5minute protocol.  The study was 

blinded in that neither group knew if they were being exposed to hypoxia or normoxia 

& the participants were seated interspersed between each other.  After one week of 

either hypoxia exposure or normoxia exposure through the mask, the participants 

breathing normoxia were changed to the hypoxia exposure while the hypoxia 

exposed participants were changed to a normoxia exposure.  All participants 

(including those breathing normoxia through the mask) recorded small but significant 

changes in haematological values.  None of the participants noticed the difference in 

oxygen % exposure (all believed that they were being exposed to hypoxia and all 

reported feelings of well being in the afternoons of the exposure).   

The extra resistance provided by the mask may contribute to the accelerated 

senescence of mature red blood cells that have decreased elasticity.   Increased 

shear stress in the circulation and associated haemolysis has been found to occur 

under differing psychological and physical conditions e.g. alterations in hematocrit, 

genetic disorders, abnormal local tissue metabolism, oxidant stress, and various 

forms of exercise (Baskurt and Meiselman, 2003, Maruyama et al., 2012, Kasperska-
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Zajac et al., 2010, Telford et al., 2003).  Moreover, a number of studies have 

reported increases in hematocrit, red cell width (RCW), and VEGF associated with 

sleep apnoea (Choi et al., 2006, Peled et al., 2008, Peled et al., 2007, Sokucu et al., 

2012, Lavie, 2003, Lavie and Lavie, 2009, Lavie and Polotsky, 2009, Lavie, 2009, 

Schulz et al., 2006, Schulz et al., 2002). The presumed increase in intrathoracic 

pressure changes during obstructive sleep apnoea (OSA) might give rise to these 

changes although the associated hypoxia could also be responsible.  In the current 

studies the resistance to airflow provided by the mask was 4 cm H2O/L/s, a two and 

a half fold increase in airway resistance over intrinsic levels (typically 1.6 cm 

H2O/L/s). Moreover, the mask deadspace of 300mls would have increased tidal 

volume further adding to the magnitude of intrathoracic pressure fluctuations. Such 

increases in intrathoracic pressure swings could lead to a more pulsatile venous 

return, increased shear stress and increased haemolysis in turn leading to an 

increase in reticulocyte release. 

Since the data demonstrate that significant changes clearly did occur in response to 

mask breathing alone, it highlights the need to compare measures taken during IHE 

and CH with those taken during the Sham treatments.  Furthermore, Sham 

measurements should be compared with those taken at Baseline in order to 

determine which significant changes could be clearly attributable to IHE or CH alone 

rather than to its method of delivery, namely, through a mask.  Comparison of 

haematological variables during Sham-IHE with Baseline values revealed that during 

the IHE trial, the mean % Retic value decreased significantly in the young group, a 

haematological finding which has not previously been reported in normally active 

healthy young participants, whereas during Sham-CH treatments, the % Retic values 

were significantly higher.   
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It is possible that seasonal fluctuations could be responsible for the 34% increase in 

% Retic value in young participants during the Sham-CH treatment as this trial ran in 

our winter season 5 months post the IHE trial (Maes et al., 1995, Kristal-Boneh et al., 

1997, Broadbent, 2011, Garde et al., 2000).   However, such an interpretation is not 

substantiated by any significant change in [Hb], RBCc or Hct during the same phase; 

nor did it persist into the CH phase of the trial.  However, this 34% spike in % Retic 

value on Sham-CH Day 3 may be the reason why our CH does not appear to have 

an impact.  This result highlights a limitation of our trial; if it had continued for a 

longer period, we may have seen an increased RBCc during a CH phase of longer 

duration.  Alternately, this may just be a spurious finding.  Careful quality control of 

the Flow Cytometer makes it unlikely that the higher than normal reticulocyte count 

recorded in this population was a technical error; it may be due to the small number 

of participants included in this study.  Interestingly, the decrease in % Retic value in 

the young participants in response to the Sham-IHE also did not cause any 

significant change in [Hb], RBCc or Hct during the same phase.   

Several studies have confirmed that significant changes occur in haematological 

variables in response to seasonality.  Maes et al., (1995); found that most of the 

hematologic variables examined in a one year study showed seasonal rhythms with 

yearly variations in the number of RBC, Hct, MCV, MCH, MCHC and RDW being 

very low (all < 8.5%).   Maes et al., (1995) also suggested that climate-induced 

alterations in sympathic-adrenal system activity may affect erythrocyte concentration 

(Maes et al., 1995).  In addition, Kristal-Boneh et al., (1997) found that haemoglobin 

concentration and hematocrit ratio were lower in summer than in winter and 

suggested that ambient temperatures during the year affected erythrocyte 

concentration due to warm temperature-related plasma volume increases (Kristal-
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Boneh et al., 1997) and these findings are supported by  Garde et al., (2000)  and 

Broadbent (2011) both of whom demonstrated cyclic seasonal variations in 

haematology (Broadbent, 2011, Garde et al., 2000, Maes et al., 1995, Kristal-Boneh 

et al., 1997).  In order to examine for the possibility of a seasonal effect on 

haematological variables in the present study, Baseline measurements collected just 

before both the IHE and CH interventions (5 months apart) have been compared 

using a paired t-test. There were no statistically significant differences in mean 

values for any of these variables (Table 8).  

Table 8:  Summary Table of paired t-test results in young IHE and CH Baseline measures 

taken 5 months apart. 

 

Variable Mean 

p 

values Variable Mean 

p 

values 

RBC 4.85 0.86 Retic 2.15 0.72 

Hct 44.75 0.55 Hb 14.90 0.49 

 

Since the full extent of the physiological impact of mask breathing is not fully 

understood at present, there is no clear answer as to why the mean reticulocyte 

count decreased by 37 - 38% on Days 3 and 5 in response to Sham-IHE or 

increased by 34% on Day 3 of Sham-CH.  These changes cannot simply be 

accounted for by normal circadian rhythms because all trials were held at the same 

time of the day, and each trial lasted only 3 wks.   The significant changes in the 

mean reticulocyte count needs to be investigated further to determine whether an 

elevation represents an increased rate of haemopoesis and/or an accelerated 
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maturation of erythroblasts or simply a change in the ratio of red blood cells (RBCs) 

to reticulocytes occurring as a result of increased removal of fragile RBCs by an 

increased shearing stress associated with the resistance of mask breathing, or if this 

is simply a random artefact.  Likewise, a decreased mean reticulocyte count may 

indicate an accelerated maturation of reticulocytes (Wagner et al., 2000, Tavrovskaia 

et al., 1975) to replace the accelerated senescence of RBCs provided by any extra 

shearing stress imposed by mask breathing.  

Comparison of Young Male and Female Participant Sham Responses 

The significant difference found between young male and young female Hct during 

the Sham-CH phase of the trial is of note.  During the Sham-CH phase of the trial, on 

Day 3, young female Hct decreased significantly from Baseline measures (p=<0.05 

or p=0.034, d=0.5) followed by an increase on Day 5 of Sham-CH.    During CH, 

female Hct fell steadily and significantly decreased from Day 1 to Day 3, followed by 

a significant increase on Day 5 of IHE (p=0.03, d=0.5).  The changes in Hct are not 

reflected by either an increase in RBCc or [Hb], during the Sham-CH phase, or by a 

decrease in these values during CH.  The fluctuations in Hct may be due to increased 

shear stress coupled with haemolysis in the circulation associated with intrathoracic 

pressure fluctuations from mask breathing.  If haemolysis is responsible for the 

decrease in Hct during Sham breathing, then the decrease in RBCs could be the 

stimulus for an increased maturation and release of reticulocytes, reflected in the 

increase in Hct on Day 5 of mask breathing.  The same mechanism of RBC loss may 

not have occurred in the male population as testosterone, a hormone that regulates 

erythropoiesis and is associated with the processes of acclimatization and adaptation 

to high altitude, increases during acute exposure to high altitude (Gonzales, 2011)   
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The Hct decreases associated with IHE are not reported in any of the published 

literature.  It is unlikely that decreased Hct was due to the menstrual cycle since 

none of the female participants were at the same phase of their cycle at any given 

time.  Garcia et al., (2000) reported increases in Hct in 4 subjects exposed to 8 

weeks of CH, but Koistinen et al., (2000) reported no change in Hct levels in 10 

healthy non-smoking volunteers exposed to normobaric hypoxia continuously or 

intermittently 12 hours a day for 7 days in a flat/apartment.  In this study, Hct did start 

to increase again by Day 5 of IHE.  According to Millet et al., (2010),  the minimum 

daily dose for stimulating erythropoiesis seems to be 12 hours a day (Millet et al., 

2010); however, the increase in Hct on Day 5 of IHE in this study is reflected in 

similar increases in both [Hb] and Hct, suggesting that the hypoxia treatment is 

responsible for the significant change.   

Comparison of IHE with CH response 

The second finding of this study was that the decrease in Retic % during the Sham-

IHE phase continued into the IHE phase of the trial.  Since this study provided a 

standardised challenge based on reducing SaO2 to a mean 85% it is plausible that 

during the IHE trial, reticulocytes in the young participants matured at an accelerated 

rate as part of the compensatory response (Tavrovskaia et al., 1975).  It can be 

argued that the significant 17% increase in [Hb] in response to IHE is evidence that 

there was an accelerated maturation of reticulocytes into red blood cells, which 

significantly increased by 14% during IHE compared to Sham and by 15% compared 

to Baseline (Peled et al., 2008). 

Several studies have confirmed that significant increases in haematopoietic 

variables, including reticulocyte counts, occur in young participants during laboratory-
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simulated altitude within 5 days of exposure (Berglund et al., 2003, Eckardt et al., 

1989, Ge et al., 2002, Knaupp et al., 1992, Koistinen et al., 2000).  Conversely, 

young athletes showed no significant change in reticulocyte counts following 

Intermittent Hypoxia Exposure (IHE) delivered for 3 h/d for 14 days at an FiO2 of 12% 

(Katayama et al., 2004); and no significant change in haemoglobin mass or 

reticulocyte counts using a live high, train low protocol which involved a simulated 

altitude of 3000 m for 23 nights (Ashenden et al., 1999).  Furthermore no significant 

changes in reticulocyte counts have been demonstrated following 5 nights (8-11 h 

per night) at a simulated altitude of 2650 m (Ashenden et al., 2000), and no 

significant change in red cell volume or reticulocyte counts was found following  4 wk 

of IHE 3h/d, 5d/wk at 4000-5500m (Gore et al., 2006).  In addition, Julian et al., 

(2004) found no change in reticulocyte values in national-class distance runners who 

completed a 4-wk IHE regimen (5:5 min hypoxia-to-normoxia ratio for 70 min, 5 

times/wk) (Julian et al., 2004).  Such discrepancies may occur because the 

physiological response of an athlete has already been maximised by the 

physiological stress imposed by training. 

Comparison of Young Male and Female IHE and CH Responses 

One significant difference was found between male and female participants in 

response to the hypoxia treatments.  Female [Hb] fell significantly on Day 3 of IHE 

(p=<0.05, d=0.5) in comparison to male [Hb] values and then increased significantly 

on Day 5 of IHE p=<0.05, d=0.5).  The differences in male and female [Hb] 

responses to IHE may again have occurred as a result of the increased shearing 

stress associated with the resistance of mask breathing (see above Comparison of 

Young Male and Female Participant Sham Responses) or because the reticulocytes 

matured at an accelerated rate as part of the compensatory response (Tavrovskaia 
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et al., 1975), as it is reflected in a significant decrease in reticulocytes on both Days 

3 and 5 of IHE with a significant increase in RBCc on Day 5 of IHE.   

The present study demonstrated significant increases in Hct, [Hb] and RBCc while 

other studies did not (Ashenden et al., 2000, Ashenden et al., 1999, Gore et al., 

2006, Julian et al., 2004, Katayama et al., 2004).  One way to explain these 

disparate findings is to examine the mode of hypoxia delivery; we used a mean SaO2 

of 85% which could have provided the necessary stimulus threshold to trigger long-

term hemopoietic changes; previous studies have used a fixed FiO2 which may have 

provided a stimulus that only elicited compensations based on short-term changes 

such as an increased ventilatory response and the autoregulation of blood flow.  

Secondly, it is possible that the stimulus needed to bring about long-term changes in 

elite athletes may be greater than that needed to bring about stress erythropoiesis in 

healthy untrained participants. 

The Hct percentage in young participants increased by an average of 25%; in 

addition RBCc increased by 15% and [Hb] increased by 17%.  The increased values 

observed in this study far exceed those attributed solely to inter-individual variation  

(Friedmann et al., 2005) or circadian rhythms (Haus et al., 1983).  Taken together, 

these findings strongly demonstrate the effectiveness of IHE at a mean SaO2 of 85%, 

and the simulated altitude effect of laboratory hypoxia on haematological variables.    

These results, although using a less active cohort, support prior studies by Casas et 

al., (2000), Garcia et al., (2000), and Rodriguez et al., (2000), in which IHE 

exposures of short duration (from 90 mins/d for 3wks to 3-5 h/d for 17 days) resulted 

in significant increases in RBCc, and/or [Hb].  It has been claimed that the proposed 

mechanism for these haematological adaptations may be the repeated triggering 

effect of IHE on gene transcription (Rodriguez et al., 2000b). 
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Both acclimatization to altitude and laboratory based hypoxic preconditioning are 

capable of eliciting beneficial protective changes (Jin et al., 2000, Neubauer, 2001).  

Since IHE at a fixed SaO2 of 85% significantly increased haematological factors 

normally regulated by oxygen dependent genes, such fixed SaO2 protocols may have 

useful clinical applications in the prevention and management of pathophysiologies 

associated with the under-perfusion of vulnerable tissues such as the brain and heart 

and during recovery from surgery.  Such protocols may also improve exercise and 

time trial performance in athletes by increasing maximal oxygen uptake (Bailey and 

Davies, 1997, Hamlin and Hellemans, 2007, Hamlin et al., 2008), serve as 

preparation for high altitude competitions and for prevention of acute mountain 

sickness, and through the activation of the hypoxia gene cascade protect  the 

function of surrounding cells and vasculature during oxidative stress-related brain 

diseases.  Furthermore, IHE at a fixed SaO2 of 85% may aid in wound healing, have 

therapeutic potential in the treatment of ischemic stroke and anaemia, and provide 

therapeutic targets against the pathologies in which hypoxia is implicated.   

2.6 CONCLUSION  

The major finding of this study is that a week of individually tailored normobaric IHE 

with a mean SaO2 of 85% for 70-72 mins a day for 5 consecutive days, rather than a 

similar exposure to CH, provided sufficient threshold stimulus/physiological challenge 

to significantly increase RBCc, [Hb] and Hct in young untrained participants.  

Although the range of treatment protocols, hypoxic dose and duration differed, these 

haematological changes could be expected to result in an improved arterial blood O2 

delivery and support the findings of previous studies by Rodriguez et al., (1999 and 

2000), and Casas et al., (2000).  The data clearly indicate that IHE at a mean SaO2 of 

85% used in the present study was adequate to stimulate erythropoiesis in untrained 
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participants.  Therefore it seems likely that adaptive changes in cellular, local and/or 

systemic responses to hypoxia may require not only a specific time course and a 

specific hypoxic stress threshold level be achieved, but also that a repeated signal is 

more effective than a continuous one. 

     

 

 

  

  



83 
 

3.0 Chapter 3: 

 

NORMOBARIC INTERMITTENT HYPOXIA AT A FIXED SaO2 RATHER THAN 

FIXED FiO2 SIGNIFICANTLY CHANGES HAEMATOLOGICAL VARIABLES IN 

HEALTHY NORMALLY ACTIVE MATURE PARTICIPANTS. 
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3.1 Abstract  

Background: It is well known that exposure to hypoxia at an altitude above 2500 m 

is the threshold for stimulating the up-regulation of a number of adaptive and 

protective mechanisms in humans which involve myocardial, neurological and 

haematological changes.  The up-regulation of compensatory mechanisms, in 

response to the decreased inspired oxygen pressure (PiO2) found at altitude, 

provides tissue protection by enhancing oxygen delivery/off-loading and by 

increasing cellular tolerance to further hypoxic insults.  Purpose: To determine if an 

individually tailored laboratory-based Intermittent Hypoxia Exposure focusing on a 

mean SaO2 of 85% rather than a fixed FiO2 elicits significant haematological changes 

in fifteen normally active healthy mature volunteers.  Methods: Each participant took 

part in a 3-phase trial over 3 consecutive weeks.  Phase 1 consisted of five 

consecutive days of breathing room air without a mask (establishing Baseline 

measures).  Phase 2 occurred in the following week and consisted of five 

consecutive days of intermittent normoxic mask breathing (21% FiO2), the Sham 

control.  Phase 3 followed and consisted of five consecutive days of individually 

determined Intermittent Hypoxia Exposure (IHE).  Measures of red blood cell count 

(RBCc), haemoglobin concentration [Hb], hematocrit (Hct) and the percent of 

reticulocytes (% Retics) were made on the days of blood collection, which occurred 

on days 1, 3 and 5 during each phase.  Results:  Following 1 week of Intermittent 

Hypoxia Exposure, compared to Baseline measures, there were significant % 

change increases in the mean for: RBCc (5.00 to 5.16 x 106 l-1; p<0.005); 

haemoglobin concentration (14.9 to 15.9 g.dl-1; p<0.005); and  hematocrit percentage 

(47.6% to 54.7%;  p.<0.005).  After a 5-month wash out period, the same participants 

completed an identical three-phase trial, except that the final phase consisted of one 
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week of Continuous Hypoxia (CH) with the same total duration of hypoxia as the IHE 

protocol and the same mean SaO2 of 85%.  Analysis of CH results revealed a 

significantly increased mean hematocrit percentage (6%) and a significantly 

decreased [Hb] (15%) compared to Baseline.   Conclusion: These findings reveal 

that an individualized laboratory based IHE protocol with a mean SaO2 of 85% 

significantly stimulated the key haematological changes characteristic of 

acclimatization to altitude in normally active mature age participants, while exposure 

to CH of the same duration at the same mean SaO2 did not.  The small but significant 

adaptations in response to IHE may have therapeutic benefits in clinical settings 

especially in improving oxygen delivery (e.g. via increased red blood cell count, 

haemoglobin and hematocrit levels) pre- or post-surgery and in improving the 

outcomes of cardiovascular pathologies.  
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3.2 Introduction 

Aerobic organisms cannot survive without oxygen and the maintenance of oxygen 

homeostasis is critical for human survival.  Alterations in oxygen homeostasis play 

key roles in the progression of cancer and cardiovascular disease (Semenza, 

2011b).  However, brief periods of oxygen deprivation trigger the stabilisation of 

hypoxia inducible factor 1 alpha (HIF-1α).   HIF-1α is a master transcription factor 

which up-regulates over 250 genes that have cytoprotective effects and result in 

increased tolerance to subsequent periods of oxygen deprivation by controlling 

adaptive responses to hypoxia (Semenza, 2011a, Renshaw and Nikinmaa, 2007).  

Many of these adaptive responses either increase the delivery of O2 to cells or 

change cell metabolism to allow cells to survive short periods of O2 deprivation 

(Semenza, 2011c).   

Hypoxia is one of the most frequently encountered stresses in health and disease. 

Depending on the severity and duration of the hypoxic insult, both chronic and 

intermittent hypoxia have been implicated in the pathophysiology of a number of 

serious conditions which include endothelial dysfunction, inflammation and 

atherosclerosis  (through the formation of reactive oxygen species (ROS), pulmonary 

and systemic hypertension, myocardial infarction, stroke, and cognitive dysfunction 

(Neubauer, 2001, Chiang, 2006, Foster et al., 2007).  Hypertension, atherosclerosis, 

myocardial infarction, and stroke increase both cardiovascular morbidity and 

mortality and the demand on healthcare resources.   Conversely, if the duration is 

brief or the reduction in inspired oxygen is moderate, hypoxia may produce 

favourable effects including cytoprotection and increased blood oxygen capacity 

(Essop, 2007, Dziurla et al., 2010).   
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Chronic hypoxia is a stressor that contributes to the aetiology of a number of 

diseases.  An elevation in ROS can either have an instrumental role in turning on 

host defense genes as part of normal physiologic functions or can be detrimental to 

the organism, depending on the oxidant/antioxidant balance (Kulkarni et al., 2007). 

During chronic hypoxia, molecular oxygen is transformed into highly reactive oxygen 

species (ROS).  If the production of ROS outweighs the body’s antioxidant defence 

then oxidative stress occurs, which damages structural and functional components of 

the membrane surrounding cells and organelles (Cataldi and Di Giulio, 2009).  ROS 

accumulation affects aging (Rubin et al., 2005) through peroxidation of membrane 

lipids, DNA modifications and protein oxidation, and oxidative damage to 

mitochondria is a basic mechanism of aging.  Because hypoxia modulates 

mitochondria activity and this influences oxygen consumption, a link has been 

proposed between hypoxia and aging (Cataldi and Di Giulio, 2009).  Unfortunately, 

antioxidant concentrations decline with age (de Gonzalo-Calvo et al., 2011, Marcotte 

et al., 1995, Cataldi and Di Giulio, 2009).  Yet intermittent hypoxia has been reported 

to improve the level of several antioxidant defence systems, some of which enhance 

functional recovery and reduce cardiac cell necrosis (Guo et al., 2007, Abdel Baky et 

al., 2010, Aminova et al., 2008, Lai et al., 2001).  

Improved cardiovascular function also occurs in response to regular, long-term, 

moderate intensity exercise (ACSM, 1998, Ring-Dimitriou et al., 2007, Stewart et al., 

2005a, Stewart et al., 2005b, Vincent et al., 2002).    The metabolic, cardiovascular 

and functional changes that occur with ageing are well documented (Marcotte et al., 

1995, Jurivich et al., 1997, Fernhall and Tymeson, 1987, Kulkarni et al., 2007, Rubin 

et al., 2005, Ring-Dimitriou et al., 2007, Stewart et al., 2005b, Stewart et al., 2005a, 

Vincent et al., 2002, ACSM, 1998).  Aside from exercise, there are several other 
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approaches to the treatment of heart disease.  Both diet and drug interventions can 

be administered to patients with safety, regardless of the severity of heart disease.  

Exercise on the other hand is not advisable for some heart disease patients, 

whereas exposure to intermittent hypoxia could provide a safe, alternate approach to 

improve cardiac function and increase cardioprotection in patients when exercise is 

not an option.  It is important to determine whether intermittent hypoxia is able to 

significantly affect haematological responses in a healthy mature population and if so 

whether the treatment has any adverse effects on troponin levels. 

It is known that exposure of the heart to short episodes of ischemia protects against 

tissue injury following prolonged ischemia, a phenomenon known as preconditioning.  

Protection of the heart against ischemia-reperfusion injury was induced in mice by 

exposing them to ambient hypoxia, which induced the HIF-1-dependent synthesis 

and secretion of EPO by the kidney (Park et al., 2007, Semenza, 2011a).  Similarly, 

a number of studies have demonstrated that hypoxic pre- and post- conditioning can 

turn on cytoprotective pathways in animals and humans. For example: to increase 

neuroprotection against hypoxia-ischemia injury in piglets (Ara et al., 2011); to 

increase VEGF levels and reduce infarct size from ischemia-reperfusion injury in rat 

hearts (Berger et al., 2010); to upregulate antioxidant reserves and exert a potent 

cardioprotective effect in the human heart (Zhuang and Zhou, 1999); and to protect 

human myocardium from ischemia-reperfusion injury (Sivaraman et al., 2009, 

Sivaraman et al., 2007).   

In aged human atrial myocardium, the capacity to recover contractile function after in 

vitro hypoxia or simulated ischemia is reduced compared with the younger 

myocardium (Mariani et al., 2000) suggesting that enhanced myocardial protective 

strategies may be needed for elderly patients undergoing cardiac surgery (Mariani et 
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al., 2000).  Nevertheless, the basic mechanisms underlying the beneficial effects of 

IH include stimulation of antioxidant defence mechanisms, stabilization of cellular 

membranes, and improved O2 transport in tissues, indicating that hypoxia exposure 

can have a positive effect on reducing the risk factors for cardiovascular disease 

(Hoppeler and Vogt, 2001, Guo et al., 2009, Ostadal and Kolar, 2007).  It is likely that 

a laboratory-based hypoxia exposure intervention could act to improve cardio-

protection prior to surgery by changing ROS and antioxidant concentrations.   

Since mature populations are less able to cope with oxidative stress and are more 

susceptible to hypoxia or ischemia, a healthy, normally active mature-aged 

population was selected to compare the haematological responses to IHE at a mean 

SaO2 of 85% with those of a young population, presented in Chapter 2.  More 

importantly, this study is needed because mature populations have a high risk of 

cardiovascular disease as a result of declining levels of immune functions that 

protect the young against disease.  Consequently, ageing results in a reduced ability 

to respond to stressors such as the oxidative stress that could accompany hypoxia.  
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3.3 Methods 

Participants 

Fifteen healthy normally active (untrained) participants, 10 men and 5 women, 

volunteered in this study.  Throughout these studies, participants were asked to 

maintain their usual levels of incidental activity, and were able to confirm that their 

level of activity did not change during study periods.  Median age was 67 years 

(67 6 yr).  All participants were sea-level residents recruited from the Gold Coast, 

Queensland, Australia from local ‘senior’ members social clubs;  through leaflets 

(Appendix E) left in letter-box drops in local areas, in local Doctor’s waiting rooms 

and in local ‘independent-living’ nursing homes and aged-care facilities;  and finally 

via radio news interviews.  Initially, respondents to the recruitment drives were 

interviewed by telephone at which time they completed a verbal medical 

questionnaire.  Following the initial telephone interview, those participants identified 

as potentially suitable were invited to attend the laboratory for further screening and 

a familiarisation session.  

Each participant was screened identically to the young participant screening 

described in Chapter 2.  Briefly, each participant: i) was provided with an information 

sheet setting out the details of  Experiment 1 (Appendix A), ii) had a detailed medical 

examination by a registered Medical Practitioner and completed a comprehensive 

medical history questionnaire (Appendix B) which was then signed by a registered 

Medical Practitioner; iii) had a resting 12 lead electrocardiogram (ECG, Quinton 

Cardiology, NSW), spirometry  (Spirovit, Schiller AG Barr, Switzerland), and blood 

pressure measurement (sphygmometer, Baumanometer, NY, USA); iv) had standing 

height and body mass measurements; v) had venepuncture at rest to provide a full 

blood count (pre-treatment level, Beckman Coulter® Ac·T diff™ Analyzer ); vi) was 
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provided with a list of dates, saliva collection tubes and protocols to follow prior to 

and during the study (Appendix C).   

Table 9: Anthropometric and Haematological measures taken during IHE study pre-
treatment screening: Values are mean ± SD with the range in parentheses (n=15) 

 

Anthropometric data Haematological data 

Gender (M:F) 10:5 
 

RBCc 

 

4.7 ± 1.3  x 106 l-1 

(4.5-6.7 x 106 l-1) 
Age (years) 

67±6 

(56-77) 

Height (cm) 
159±12 

(152-183) 
Retic % 

2.7 ± 0.4 

(1.8-3.0) 

Body Mass (Kg) 
66.8±12 

(56-100) 

[Hb] 

14.7±1.8 g.dl-1 

(13.6-19.3g.dl-1) 

 

RBP (mmHg) 

systolic 

123±7                                                                                                         
(100-148) 

Hct % 
46.0 ± 5.7% 

(39-60 %) 

RBP (mmHg) 

diastolic 

76±4                                  
(60-90) 

  

FEV1 

(% age-predicted) 

2.6±0.7                                      
(1.3-3.4) 

  

FEV1/FVC  (%) 
105.5±11                                      
(85-120) 

  

 

Participants were pre-screened prior to the start of the 3-week treatment programme 

to ensure that inclusion criteria were met (a full list of inclusion criteria can be found 

in Appendix D).  The anthropometric characteristics of the participants are provided 

in Table 9 above.  No remuneration was offered to the participants and the study was 

approved by the Griffith University Human Research Ethics Committee (PES 

09/01/HREC) and was in accordance with the ethical standards laid down in the 

World Medical Organization Declaration of Helsinki (1996). 
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Hypoxia Exposure 

After a clear explanation of the study, including the purpose, risks and potential 

benefits of participation, the participants were familiarised with the testing procedures 

and equipment prior to the commencement of the study.  Each participant underwent 

a hypoxic test as previously described in Chapter 2 to determine the total minutes of 

hypoxic exposure required to desaturate and then resaturate SaO2 to 85%.  Each 

participant then received an individually tailored IHE programme, with a total hypoxia 

exposure ranging from 70 to 72 min, based on the same calculation formula 

presented in Chapter 2.  This formula was used to determine the breathing regime 

and total treatment time.   

Study Design 

The participants followed the same study design described in Chapter 2 and 

illustrated in Table 10 below.  Briefly, participants undertook two 3-wk testing 

schedules (separated by a 5-month ‘wash-out’ interval), that included three 5-day 

phases.  The first week consisted of 1 week of breathing room air (Baseline), 

followed by a second week of normoxic mask breathing (Sham protocol), followed by 

the final week of individually tailored Intermittent Hypoxia Exposure (IHE) or 

Continuous Hypoxia (CH) where the individual’s mean SaO2 was maintained at a 

mean of 85%.  During the IHE phase of the study, short cycles of hypoxic mask 

breathing (2-7 mins) were alternated with short cycles of room air breathing (2-3 

mins), whereas during the CH study (5 months later),  continuous hypoxic exposure 

was administered for 70-72 minutes (CH) which represented the total time spent in 

hypoxia during the IHE phase.    
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Table 10: Timeline for each 3 wk testing schedule. Participants were subjected to IHE or CH 

~11% FiO2 for 5 consecutive days in Phase 3.  Blood was sampled on Days 1, 3, and 5 of 

each week. 

 

Phase Pre Phase 1 

Normoxia 

Room air 

without mask 

Phase 2  

Normoxia with 

intermittent or 

continuous 

mask 

Phase 3  

IHE or CH with 

mask 

Blood 

collection 

days 

Day: 1 Days: 1  3    5 Days: 1   3    5 Days: 1   3    5 

 Baseline Sham Treatment 

 

Haematological responses in Mature participants 

Blood collection occurred on Day 1, 3 and 5 for each of the 3 weeks (representing 

each phase of the study, as presented in the methods section of Chapter 2).  Briefly, 

blood taken by venepuncture was used to determine the RBCc, [Hb], %Hct and the 

% Reticulocytes.  While no change in the measured haematological variables would 

be expected on Day 1, blood collection occurred on Days 1, 3 and 5 to determine 

whether the values remained within the mean and 2SDs of the pre-test values, and 

to establish: 
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 Baseline values 

 whether there were changes due to the resistance of mask breathing 

alone (Sham-IHE and/or Sham-CH);  

 whether there was a cumulative effect of hypoxia treatments via mask 

breathing at a mean SaO2 of 85% in IHE and/or CH.   

 

All blood samples were treated in an identical manner to those of the young 

participants to provide measures of RBCc, [Hb], %Hct and the % Reticulocytes as 

described in Chapter 2. 

Statistics 

Statistical significance for all analyses was accepted at p <0.05.  All data used in the 

graphs and reported in the text are expressed as means  SD.  All quantitative data 

were analysed using SPSS Predictive Analytic Software Version 19 (SPSS; version 

19, Chicago, USA).  Independent t-tests were used to determine differences in 

participant characteristics.  A two-way ANOVA with repeated measures was used to 

determine differences in each blood variable for each sample day (Day 1 = Mon, Day 

3 = Wed and Day 5 = Fri), and between treatments, initially Baseline, Sham-IHE, 

IHE; then Baseline, Sham-CH, CH.  In addition, two-way ANOVAs with repeated 

measures plus one between group factor were used to determine significant 

differences between gender (male and female).  Additional, two-way ANOVAs with 

repeated measures plus between group factor were used to determine significant 

differences between age groups (young and mature).   

The mean values calculated for the haematological markers in Phase 1 did not 

change significantly from the pre-test level establishing that a ‘Hawthorn effect’ did 

not occur in these participants.  Therefore, the values measured on Day 1, 3 and 5 of 



95 
 

Phase 1 provided  an increased number of Baseline measures used to compare the 

corresponding Day 1, 3 and 5 of Sham-IHE or IHE treatments.  Data analysis using 

the formulae of Dill and Costill, (Dill and Costill, 1974) confirmed that there was no 

need for correction for changes in plasma volume shifts (Appendix M).  No 

participants were dehydrated or overhydrated.  All participants began the trial with 

mean RBCc, Hct, [Hb] and percent reticulocyte Baseline readings that were within 

the normal range for their age (provided in Table 9 page 91).  Of interest, Banfi 

(2008) reports that the intra-individual variability of % Retic is high when compared 

with other haematological parameters such as haemoglobin and hematocrit (Banfi, 

2008). 

Where significant F values were observed, pair-wise comparisons with Bonferroni 

adjustment were performed to determine specific differences within treatment and 

between treatments, as well as between groups and between gender to identify the 

means that were significantly different.  For all results with a statistically significant 

‘p’ value, Cohen’s effect size ‘d’ was also determined.  All effect size estimates 

ranged from 0.5-0.9 indicating that any significant results from this chapter will have 

small to moderate effects respectively.  A summary table of effect size can be found 

in Appendix L.   

 

 

.   
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3.4 Results  

RBC count 

The day to day sequential analysis of RBCc responses to Baseline, Sham, and IHE 

are presented in Figure 8 A, while the mean RBCc in responses to Baseline, Sham 

IHE and CH are presented in Figure 8 B.  There was a significant interaction 

between Treatment and Day for RBCc (F = 3.156, p<0.05), with mean RBCc values 

increasing in response to both Sham-IHE and IHE.  In response to Sham-IHE the 

mean RBCc increased significantly on Day 1 and 3 over Baseline values (p <0.05, 

d=0.40 and p <0.05, d=0.50 respective to Day 1 and 3 of Week 1).  However, by the 

end of 1 Week of Sham-IHE, the mean RBCc was 4.6% lower than Day 5 of Week 1.  

In contrast, by Day 5 of IHE, the RBCc had significantly increased by 7.7% when 

compared to Day 5 Baseline values (p<0.01, d=0.63) and by 13% when compared to 

Sham values (p<0.01, d=0.60).  Overall there was a 21% increase in the RBCc from 

Day 1 of IHE to Day 5 of IHE.  This is greater than the 10% increase in the RBCc 

from Day 1 of Baseline (Week 1) to Day 5 of Baseline and was in contrast to the 

6.7% decrease in the RBCc from Day 1 of Sham-IHE to Day 5 of Sham-IHE.  

Consequently RBCc values were increased significantly by 16% on the final day of 

the IHE when compared to the final day of Sham (p <0.035, d=0.50).  In addition, the 

RBCc values by Day 5 of the IHE treatment were significantly higher than both Day 1 

IHE values (p <0.010, d=0.6) and Day 3 IHE values (p <0.010, d=0.6). No significant 

differences were found when comparing mature male RBCc with mature female 

RBCc responses (F=0.272, p>0.05) during the IHE study.  In summary, there was a 

significant increase in the mean RBCc (5.00 to 5.16 x 106 l-1; p<0.005) at the end of 

5 days of IHE compared to Baseline.   
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Figure 8 A.  Sequential analysis of RBC count determined in mature participants at Baseline 
days 1, 3 and 5, during Sham at days 1,3 and 5 (room air breathing using a face mask) and 
during days 1, 3 and 5 of IHE(Intermittent Hypoxia Exposure). Dark line represents mean 
response. 

 
 
 
In response to Sham-CH and CH there was a significant interaction between RBCc 

values for Treatment and Day (F = 4.796, p = 0.01).  RBCc values appeared to 

increase in response to the Sham-CH treatment and decline in response to the CH 

treatment.  However, on analysis mean RBCc values did not change significantly in 

response to the Sham-CH treatment when compared with Baseline values.  There 

was one isolated change, in response to CH on Day 1, the mean RBCc was 

significantly lower by 17% than on Day 1 of Sham-CH treatment (p = <0.05, d=0.53).  

There were no other significant differences in RBCc values measured during the 

Sham-CH and CH treatments in the mature group, nor were there any significant 
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differences found when comparing the CH study mature male RBCc with mature 

female RBCc responses (F=0.484, p>0.05).    

 

Figure 8B.  Mean RBC count determined in mature participants at days 1,3 and 5 of 
Baseline, Sham (room air breathing using a face mask) IHE(Intermittent Hypoxia Exposure) 
and CH (Continuous Hypoxia) treatments, revealing a significant interaction between 
Treatment and Day. Error bars denote SD.   Significance is indicated by *   (p<0.05 Sham 
Day 1 versus IHE Day 1); † (p<0.05 Sham Day 3 versus IHE Day 3); ‡ (p<0.05 IHE Day 5 
versus Sham Day 5 and p<0.01 IHE Day 5 versus IHE Day 1 and Day 3); § (p<0.05 CH Day 
1 versus Sham Day 1). 

 

Percentage of Reticulocytes  

The mean % Retics in response to Sham, IHE and CH are presented in Figure 9.  

During IHE there was no significant interaction between Treatment and Day values 

for % Retics (F = 2.882, p>0.05); nor was there was a significant effect of treatment 

(F = 0.344, p>0.05) irrespective of day.  There were no significant differences in % 
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IHE.  Furthermore, in response to Sham-CH and CH there were no significant 

interactions between Treatment and Day for % Retic values (F = 1.632, p>0.05), with 

% Retic values remaining stable throughout the three different treatments, i.e. 

Baseline, Sham-CH and CH.  No significant differences were found when comparing 

mature male % Retic values with mature female % Retic values in either IHE 

(F=0.570, p>0.05) or CH (F=0.677, p>0.05).   

 

Figure 9.  Mean Reticulocyte % determined in mature participants at Day 1, 3 and 5 of 
Baseline, Sham (room air breathing using a face mask), IHE (Intermittent Hypoxia Exposure) 
and CH (Continuous hypoxia) treatments.  

 

Haemoglobin concentration   

The changes in mean [Hb] in response to the Sham, IHE and CH treatments for 

mature individuals is presented in Figure 10.  During the IHE study, there was a 

significant interaction between Treatment and Day for [Hb] (F = 3.939, p <0.01).  

0 

1 

2 

3 

4 

5 

6 

Day 1 Day 3 Day 5 Day 1 Day 3 Day 5 Day 1 Day 3 Day 5 

Baseline Sham Hypoxia 

R
e
ti

c
u

lo
c

y
te

 %
 

MATURE PARTICIPANT RETICULOCYTE RESPONSES 
TO INTERMITTENT AND CONTINUOUS HYPOXIA 

EXPOSURES 

IHE CH 



100 
 

There was a non-significant increase of 9% in [Hb] at the end of 5 days of room air 

breathing over the pre-treatment value, followed by a 7% decrease in [Hb] over the 5 

days of Sham-IHE treatment, but this change was non-significant compared to 

Baseline.  Nevertheless, on Day 1 of Sham-IHE, [Hb] levels significantly increased 

by 18% when compared to Baseline values (p=<0.03. d=0.5) and on Day 3 of Sham-

IHE, this significant increase was maintained at 18% (p=<0.03, d=0.5).  In response 

to IHE, the [Hb] rose steadily with a significant increase occurring on Day 5 of IHE 

(p<0.05, d=0.50) compared to Day 1 of IHE.  While on Day 1 of IHE, [Hb] was 

significantly lower (16%) than Day 1 of Sham-IHE (p <0.05, d=0.50), by Day 5 of IHE 

the [Hb] had increased by 15% over Baseline [Hb], and by 14% over Day 5 of Sham-

IHE [Hb} (p<0.005, d= 0.50 and p<0.05, d= 0.50 respectively).  There were no other 

significant differences in [Hb] during the IHE phase, nor were there any significant 

differences between mature males and mature females (F=0.232, p=>0.05).  In 

summary, there was a significant increase in the mean [Hb] (14.3 to 17.9 g.dl-1; 

p<0.005, d=0.50) compared to Baseline which mirrored the significant increase in 

mean RBCc described above. 

In response to Sham-CH and CH there was a significant interaction among 

Treatment and Day values for [Hb] (F = 5.005 p = 0.013).   [Hb] initially decreased 

then increased in response to the Sham-CH treatment, with a non-significant 3% 

decrease over the 5 days of Sham-IHE treatment compared to Day 1 of Sham-CH.  

However since [Hb] was elevated on Day 1 of Sham-CH, the [Hb] on Day 1 of CH 

was significantly lower by 15% when compared to Day 1 Sham-CH (p <0.05, 

d=0.60).    
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No other significant differences were found in [Hb] during the CH phase, nor were 

significant differences found when comparing CH mature male [Hb] with mature 

female [Hb] responses (F=0.4.568, p>0.05).   

 

 
 
 
Figure 10.  Mean [Hb] determined in mature participants at Day 1, 3 and 5 of Baseline, 
Sham (room air breathing using a face mask), IHE (Intermittent Hypoxia Exposure) and CH 
(Continuous hypoxia) treatment, revealing a significant interaction between Treatment and 
Day. Error bars denote SD. Significance denoted by * (p<0.05 Sham Day 1 versus Baseline;  
† p<0.05 Sham Day 3  versus Baseline; ‡ p<0.05 IHE Day 1 versus Sham Day 1); § (p<0.05 
IHE Day 5 versus Baseline and p<0.05 IHE Day 5 versus Sham Day 5, and p<0.005 IHE 
Day 5 versus IHE Day 1 and p<0.05 IHE Day 5 versus IHE Day 3); ◊ (p<0.05 CH Day 1 
versus Sham-CH Day 1). 
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Treatment and Day values for Hct (F = 4.07 p=<0.01) with Hct values initially 

increasing then decreasing by 7% at the end of 5 days of Sham-IHE. In response to 

Sham-IHE the mean Hct increased significantly from Day 1 to Day 3 (p=0.03, 

d=<0.05), and then by Day 5, Hct stabilized to Baseline levels.   

 A significant 23% increase in Hct values occurred between Day 1 and Day 5 of IHE, 

with significant increases occurring on Day 3 and Day 5 of IHE (p<0.05, d=0.4 and 

p< 0.05, d=0.5 respectively) compared to Day 1 of IHE.  There was a significant 13% 

increase in Hct values which occurred on the final day of IHE (p <0.005, d=0.43) 

compared to the final day of Sham-IHE (p=0.036, d=0.4), and a significant 12% 

increase (p<0.005. d=0.7) on the final day of IHE compared to Baseline levels.  No 

other significant differences were found, nor were there any significant differences 

when comparing mature Hct values with mature female Hct values (F=0.080, 

p=>0.05).  In summary, there was a significant increase in the mean hematocrit 

percentage (47.7% to 54.75%; p<0.005, d=0.42) compared to Baseline which 

mirrored the significant increase in RBCc and [Hb] described above. 

In response to Sham-CH and CH there was a significant interaction among 

Treatment and Day values for Hct (F = 5.938; p = 0.007).  A significant 6% increase 

in Hct levels occurred on Sham-CH Day 1 compared to Baseline values (p<0.05, 

d=0.60) and Sham-CH Hct values on Day 3 were significantly higher by 5% when 

compared to Baseline values (p<0.05, d=0.54).  However, there was a 3% decrease 

in Hct from Day 1 to Day 5 of Sham-CH, followed by a 5% increase from Day 5 of 

Sham-CH to Day 5 of CH.  This represented a non-significant 13% decrease from 

Day 5 Baseline values.  No other significant differences were found during CH, nor 

were there any significant differences during the CH study in [Hb] between mature 

males and mature females (F=3.205 p=>0.05). 
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Figure 11.  Mean Hematocrit % determined in mature at Day 1, 3 and 5 of Baseline, Sham 
(room air breathing using a face mask), IHE (Intermittent Hypoxia Exposure) and CH 
(Continuous hypoxia) treatment, revealing a significant interaction between Treatment and 
Day. Error bars denote SD. Significance is denoted by *  (p<0.05 Sham Day 3 versus 
Baseline); † (p<0.05 IHE Day 3 versus IHE Day 1);  ‡   (p<0.05 IHE Day 5 versus IHE Day 1 
and Day 3 and versus Sham and Baseline Day 5); § (p<0.05 Sham-CH Day 3 versus 
Baseline).); ◊ (p<0.05 CH Day 1 versus Sham-CH Day 1 and Baseline) 
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which the same participants were exposed to 70-72 minutes of continuous mask-

delivered normoxia (depending on their earlier responses to IHE). 

Table 11:  Summary Table of the key Haematological Responses in Mature 
participants in response to Sham, IHE and CH treatments (compared to Baseline 
values) 
 

 Day 1  Day 3 Day 5 

RBC –Sham IHE  12%*  16%*  

RBC - IHE    8%* 

RBC – Sham CH    

RBC -CH    

    
Retic % - Sham IHE    

Retic % - IHE    

Retic % Sham CH    

Retic % -CH    

[Hb] – Sham IHE  18%*  18%*  

[Hb] - IHE 
   15%* 

[Hb] Sham CH    

[Hb] -CH ↓15%*   

Hct – Sham IHE    

Hct - IHE  12%* 12%* 

Hct Sham CH  6%*  5%*  

Hct - CH    

 

increase;   decrease;   no change; * significant 
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Comparison of Young and Mature Participant IHE and CH Responses  

Red Blood Cells 

In response to the IHE study, there were no significant differences in the RBCc 

responses of young and mature participants (F=0.002, p>0.05), nor were any 

significant differences found in the RBCc in the young and the mature CH study 

(F=2.343, p=>0.05). 

Reticulocytes 

The mean % Retic responses to Baseline, Sham, and IHE treatments for young and 

mature individuals are presented in Figure 12.   Significant differences were found in 

% Retic between the young and mature participant responses to the IHE study.  The 

groups demonstrated a significant interaction between Treatment and Day values 

(F=5.944, p=<0.05) with % Retic values decreasing significantly below Baseline in 

the young cohort and increasing significantly above Baseline in the mature cohort in 

response to both Sham-IHE and IHE.  The young participants began the IHE study 

with 11% lower % Retic on Day 1 of Baseline compared to the mature participants.  

During the Sham phase of the IHE study, % Retic in the young cohort decreased 

while in the mature cohort % Retic increased.  On Day 3 of Sham-IHE, % Retic in the 

young cohort were significantly lower by 97% compared to those in the mature 

cohort (p=0.0001, d=0.60 ) and on Day 5 of Sham-IHE, % Retic in the young cohort 

were significantly lower by 190% compared to those in the mature cohort 

(p=0.000001, d=0.48).  Furthermore, during the IHE phase, % Retic were 

significantly lower in the young cohort on Day 3 and Day 5 of IHE, (78% and 81% 

respectively) compared to the mature cohort F=7.415, p=<0.05, d = 0.5 and 

F=10.961, p=<0.007, d=0.60 respectively).  
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No significant differences were found in % Retic between the young and mature 

cohort during the CH study.  

 

 

Figure 12.  Mean Reticulocyte % comparison of mature and young participants at Day 1, 3 
and 5 of Baseline, Sham (room air breathing using a face mask) and IHE (Intermittent 
Hypoxia Exposure). Error bars denote SD. Significance is denoted by * (p<0.05 Sham Day 3 
young vs mature); † (p<0.05 Sham Day 5 young vs mature); ‡ (p<0.05 IHE Day 3 young vs 
mature), § (p<0.05 IHE Day 5 young vs mature).   

 

Haemoglobin  

No significant differences in [Hb] were found between the young and mature cohort 

during the either the IHE study (F=2.389, p=>0.05) or CH study (F=1.516, p=>0.05). 
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Hematocrit 

No significant differences in Hct were found between the young and mature cohort 

during the either the IHE study (F=1.413, p=>0.05) or CH study (F=0.217, p=>0.05). 

Heart Rate and SaO2 

Both heart rate responses and SaO2 were monitored throughout this study.  The 

second-by-second heart rate and SaO2 responses of all participants were recorded 

throughout each session by the software analysis which accompanied the hypoxia 

program over the period of the intervention.  Neither IHE nor CH had a statistically 

significant effect on heart rate compared to room air breathing or sham hypoxia for 

either the young or mature participants (Tables 12 and 13). 

Table 12.  Summary table of Young Participant Mean Heart Rate (HR) and SaO2 data in both 
IHE and CH treatments 

 

Heart rate 
(HR) & 

SaO2 
Treatment  

IHE CH 

HR SaO2 HR SaO2 

Young Rm Mon 68.67 98.50     

          

Msk Mon 73.94 97.87 74.53 97.02 

Msk Wed 74.32 96.61 75.64 98.03 

Msk Fri 78.55 96.28 82.68 97.80 

mean 
75.60 96.92 77.62 97.62 

hypoxia Mon 79.06 86.97 90.03 85.04 

hypoxia Wed 82.76 85.81 83.97 84.66 

hypoxia Fri 84.60 86.02 84.56 84.83 

mean 

82.14 86.27 86.19 84.85   
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Table 13.  Summary Table of Mature Participant Mean Heart Rate (HR) and SaO2 data in 
both IHE and CH Treatments 

 

Heart rate 
(HR) & 

SaO2 
Treatment  

IHE CH 

HR SaO2 HR SaO2 

Mature Rm Mon 76.63 96.76     

          

          

Msk Mon 70.73 96.22 69.56 97.29 

Msk Wed 68.41 95.97 69.80 96.75 

Msk Fri 66.61 95.05 70.83 96.76 

mean 
68.58 95.74 70.06 96.93 

hypoxia Mon 69.28 84.48 72.90 84.02 

hypoxia Wed 64.85 84.55 67.30 83.59 

hypoxia  Fri 72.70 85.95 71.64 82.90 

mean 
68.94 84.99 70.61 83.50 
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3.5 Discussion  

Several studies have confirmed that significant increases in haematopoietic 

measures, including reticulocyte counts, occurred within 7 days of exposure to 

altitude/simulated altitude (Eckardt et al., 1989, Knaupp et al., 1992, Koistinen et al., 

2000, Ge et al., 2002).  In a pilot study prior to the present research, we noted that 

the threshold stimulus required to increase haematological measures differed for 

each individual (Tobin and Renshaw, unpublished).  Changes in haematological 

measures are also likely to be influenced by both age and training level, and since 

few studies have examined the response of healthy normally active mature 

participants to hypoxia, the present study examined the effects of a standardized 

hypoxic challenge designed to achieve a mean SaO2 of 85% on healthy mature 

participants.  A healthy mature age group was selected for this study in order to 

determine whether responses to an IHE protocol could elicit significant 

haematological changes in a mature age population as well as in young healthy 

volunteers (Chapter 2).  The small number of participants and the use of participants 

of mixed gender could have been a limitation in this study.  However, the two-way 

ANOVAs with repeated measures plus one between group factor used to determine 

significant differences between gender found no significant differences between 

gender responses.   

Senescence is associated with aging (Jurivich et al., 1997, Bruunsgaard and 

Pedersen, 2000, Armstrong et al., 2011, Croley et al., 2005) and could be expected 

to reduce the hypoxic response in mature participants.  However, data on the effect 

of the novel approach to IHE used in this study to reduce SaO2 to a mean 85%, 

revealed that statistically significant changes occurred in most but not all 

haematological measures in a group of healthy mature untrained volunteers aged 



110 
 

67 6 yr, responses similar to those found in the young healthy volunteers (Chapter 

2).  The significant increase in RBCc accompanied by a significant 15% increase in 

[Hb] demonstrates proof of the concept that a standardised hypoxic challenge to 

reduce SaO2 to a mean 85% in a mature group results in beneficial increases to 

oxygen carrying capacity. Such an increase in oxygen carrying capacity could be 

interpreted as a hypoxic pre-conditioning effect, and therefore similar IHE treatment 

could be used prior to surgery and/or to assist in rehabilitation after heart attack, 

stroke or surgery.  The next necessary step would be to determine the safety of IHE 

in hospitalised patients.  However, it is likely that only the sub-set of clinical cases 

who did not have vascular problems would be selected for a hypoxic test and 

screening.  

Sham response 

In order to determine whether mask breathing alone could have an effect, the second 

phase (Week 2) of the trial was included to investigate the effect of a sham treatment 

using normoxic mask breathing.  In both the IHE study and the CH study there was 

evidence that sham mask breathing alone could elicit significant changes in 

haematological measures.  In general these were of a smaller magnitude than those 

occurring from Day 1 to Day 5 of IHE.  The sham treatment data obtained here 

indicates that all results from mask delivered hypoxia treatments need to be 

interpreted with caution.  Furthermore, the results obtained from mask delivered 

hypoxia treatments reveal that mask delivered IHE should be preceded by 

adaptation to sham mask breathing in order to determine which significant changes 

can be clearly attributable to IHE or CH alone rather than to its method of delivery, 

i.e. through a mask.   
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In this study, comparison of haematological variables during the Sham-IHE treatment 

with Baseline values revealed that mean RBCc, [Hb] and Hct changed significantly in 

the group.  There was a 16% increase in RBCc in all participants in Week 2 

irrespective of treatment in Week 1.  However, this RBCc increase was temporary 

and did not persist.  RBCc had stabilized to Baseline values by Day 5 of Week 2 

(Sham).  We have found no evidence in published scientific literature on the effects 

of mask breathing per se on haematological variables, but it is well known that a 

significantly increased RBCc, [Hb] and Hct occurs during diving (Bakovic et al., 2003, 

Bakovic et al., 2005, Espersen et al., 2002) as a result of splenic contracture, and in 

sleep apnoea and ageing (Foster et al., 2007, Bakovic et al., 2003, Choi et al., 2006, 

Sokucu et al., 2012, Lavie, 2003, Peled et al., 2007, Schulz et al., 2002). 

 There are a number of reasons that could explain the increases in the RBCc during 

the Sham phase compared to Baseline.  It is plausible to suggest that the Sham 

treatment may have stimulated either splenic contracture, veno-constriction, 

intrathoracic pressure changes and/or an accelerated maturation of RBC in response 

to an increased pulmonary and/or mechanical resistance associated with mask 

breathing (Lopata et al., 1977).  It is likely that the Sham phase resulted in an 

apparent RBCc increase because the adaptation to mask resistance induced a 

physiological stress response such as pulmonary vasoconstriction or a combination 

of the factors described above.  In the current study, the resistance to airflow 

provided by the mask was 4 cm H2O/L/s, a two and a half fold increase in airway 

resistance over intrinsic levels (typically 1.6 cm H2O/L/s). Moreover, the mask 

deadspace of 300mls would have increased tidal volume further adding to the 

magnitude of intrathoracic pressure fluctuations. Such increases in intrathoracic 

pressure swings could result in a fast turnover of late red blood cell precursors and 
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an increase in enucleated reticulocytes into the circulation, accompanied by a 

decrease in the reticulocyte maturation period, to elevate RBCc. 

Further comparison of haematological variables during Sham-IHE with Baseline 

values revealed that during IHE, there was a significant 18% increase in the mean 

[Hb] values in all participants in Week 2 irrespective of treatment in Week 1.  

However this [Hb] increase was also temporary and had stabilized to Baseline values 

by Day 5 of Week 2 (Sham).  In addition, during both the Sham-IHE and Sham-CH 

phases, Hct significantly increased by 16% and 6% respectively.  The Sham-IHE 

16% increase in Hct levels is a reflection of the Sham-IHE RBCc increase; however, 

the Sham-CH increase in Hct would appear to be compatible with dehydration/cell 

shrinkage.  Alternatively, the Hct increase during Sham-CH could be an anomaly.  

Using the formulae of Dill and Costill (Dill and Costill, 1974) to evaluate plasma 

volume shifts, there was no evidence of dehydration.  The significant increases in the 

mean RBCc, [Hb] and Hct % need to be investigated further to determine whether an 

elevation represents responses in the spleen and/or splanchnic bed  or pulmonary 

system to compensate for an increased intrathoracic or emotional and/or 

physiological stress associated with mask breathing in the group.  There was no 

significant change in the group in RBCc, [Hb] or % Retic values in response to Sham-

CH. 

Comparison of Mature Male and Female Participant Sham Responses 

No significant differences were found between mature male and female 

haematological responses during the Sham-IHE study.  
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Comparison of IHE with CH response 

In response to IHE, there was a significant 21% increase in RBCc from Day 1 to Day 

5 of IHE in contrast to the 7% decrease in RBCc from Day 1 to Day 5 of Sham-IHE. 

However, there was no significant change in RBCc during CH.  The data revealed 

that the increased RBCc was mirrored by a significant 26% increase in [Hb] and a 

23% increase in Hct from Day 1 to Day 5 of IHE.  As could be expected, an increase 

in RBCc will correspond to an increase in [Hb], and elevated Hct.  Alternatively, the 

significant 26% increase in [Hb] and the significant 23% increase in Hct in response 

to IHE compared to Baseline could be interpreted as evidence of an increased 

erythropoiesis from Day 1 to Day 5 of IHE and/or an accelerated maturation of 

reticulocytes into red blood cells to elevate RBCc and total [Hb].  Measurements of 

erythropoietin levels and RBC deformability would be needed to determine the 

relative contributions of these two adaptive responses to decreased SaO2.  The 

increase in [Hb] also reveals that there were no signs of RBC iron carrying capacity 

depletion throughout the exposure.   In contrast, during CH there was no change in 

RBCc, no change in % Retic, a decrease in [Hb], and highly variable Hct levels.  It is 

possible that dehydration could be responsible for the 5% increase in Hct on Day 3 

of CH; however, this 5% increase above Baseline was preceded by a 6% increase in 

Hct on Day 1 of CH. Again, this variability could indicate cell swelling and cell 

shrinkage respectively; alternatively, it could be just an irregularity.  Evaluation of 

plasma volume shifts using the formulae of Dill and Costill  (Dill and Costill, 1974) 

were used to verify that there was no evidence of dehydration or of hyper-hydration.  

The mean % Retic value in the mature participants did not significantly change in 

response to either the IHE or CH treatments.   
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IHE is known to be an effective pre-conditioning treatment (Das and Maulik, 2006, 

Ferriero, 2005, Ran et al., 2005a, Shi, 2009, Shi et al., 2007, Westberg et al., 2007, 

Zhang et al., 2007a), and in this study it was reasoned  that mature participants 

would respond well to IHE and less well to CH.  The responses of mature 

participants to IHE in this study are supported by previous studies that confirm that 

the basic mechanisms underlying the beneficial effects of IHE include adaptation in 

response to repeated signals (Rodriguez et al., 2000a, Renshaw and Nikinmaa, 

2007), with the repeated presentation of a stressor providing a greater impetus for 

adaptation compared to a continuous episode of an equivalent stressor with a simple 

on/off toggle.  Therefore, it was reasoned that the repeated signal provided by IHE 

would produce significant increases in the RBC profile, while the simple on/off supply 

of CH with no programmed recovery time would be more of a physiological insult to 

the system and would not result in similar positive changes or adaptations. 

Furthermore, it was suggested that the sustained hypoxic insult of CH may even 

cause a disruption of homeostatic mechanisms.  The significant increases in RBCc, 

[Hb] and Hct in mature participants during IHE and not during CH reveals that the 

normobaric IHE treatment used in this study was effective in providing a sufficient 

threshold stimulus/physiological challenge to significantly increase these key 

haematological adaptations in mature untrained participants, while the CH treatment 

was not. 

Very few studies have quantitatively assessed  the effects of IH on cells or 

participants from a senior human cohort (Burtscher et al., 2010, Hamlin et al., 2008, 

Armstrong et al., 2011, de Gonzalo-Calvo et al., 2011, Shatilo et al., 2008), and the 

majority of these studies concentrate either on combining exercise training with an 

hypoxia treatment, or on ischemic preconditioning often by means of blood vessel 
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occlusion. Therefore, factors apart from IH alone may have contributed to the 

outcomes of those studies.   

The present study utilized a passive and individually tailored normobaric IHE at a 

mean SaO2 of 85% to stimulate the haematological changes elicited by longer 

durations of laboratory based hypoxic exposures.  The findings of the present study 

are in agreement with Burtscher et al., (2004) who found increased [Hb] in sixteen 

sedentary senior males (aged 50-70) who completed 15 very short IHE sessions 

(totalling 9-11minutes) during a 3-wk regimen (3-5 min hypoxia with 3-min normoxia) 

using 14-10% oxygen.  Furthermore, Shatilo et al., (2008) found that untrained, 

healthy senior men (aged 60-74years) tolerated IHE well (5:5 min hypoxia-to-

normoxia ratio for 10 days) with greater positive effects on hemodynamics, 

microvascular endothelial function, and work capacity  (Shatilo et al., 2008).  Shatilo 

targeted 85-86 % SaO2 which is similar to the SaO2 target in the present study, but 

this was as a final reading, whereas our study used a mean SaO2 of 85-86%, 

meaning that our participants could have desaturated to an SaO2 of around 71-74% 

to achieve an overall mean of 85%.    Furthermore, Shatilo used a typical 5:5 minute 

protocol, whereas our study included an individualized hypoxia protocol to ensure 

that the mean SaO2 of 85-86% was achieved. 

Circadian rhythms would not explain the significant changes in haematological 

measures observed in the current study because care was taken to ensure that all of 

the interventions and samples occurred at the same time of day throughout all 

studies for the mature group.  Seasonal variations could be responsible for the 

changes as these can have an effect on haematological variables (Maes et al., 1995, 

Garde et al., 2000, Kristal-Boneh et al., 1997, Broadbent, 2011).  In order to examine 

for the possibility of a seasonal effect on haematological variables in the present 
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study, participant-paired Baseline measurements collected just before IHE and CH 

interventions (5 months apart) have been compared using a paired t test.  There 

were no statistically significant differences in mean values for RBCc, Hct or Retic %, 

but a statistically significant difference was found in mean Baseline [Hb], with levels 

in the pre-CH limb higher than levels in the pre-IHE limb of the study (p=0.007) 

(Table 14).  

Table 14.  Table of paired t-test results in mature IHE and CH Baseline measures 
taken 5 months apart. 

Variable Mean 

p 

values Variable Mean 

p 

values 

RBC 4.86 0.07 Retic 2.68 0.57 

Hct 46.08 0.71 Hb 14.69 0.01 

 

The higher Baseline mean levels of [Hb] prior to the CH study (15.2 g.dl-1 recorded 

for CH Baseline vs 14.7 g.dl-1 recorded for IHE Baseline) may be seen as a result of 

a seasonal effect.  The IHE study was conducted in the months spanning February, 

May and November, whereas the CH study was conducted in the months of July, 

October and April, and this temporal separation of five months between the IHE and 

the CH studies could increase the likelihood of a confounding seasonal effect.  

However, as each Baseline measure for the IHE and CH studies were taken prior to 

each respective study and were used as Baseline measures against which to 

measure changes during each intervention, perhaps the effect of seasonal variation 

did not contribute a systematic error since each was controlled for by its own 

Baseline measure.  Seasonal effect may have had little relevance in this regard.  
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There remains the possibility that any hypoxia-induced changes could exhibit 

seasonal variation. 

Comparison of Mature Male and Female IHE and CH Responses 

No significant differences were found between mature male and female 

haematological responses to either IHE or CH. 

Comparison of Young and Mature Participant Responses to IHE and CH 

While, RBCc, Hct, and [Hb] significantly increased from Day 1 to day 5 of IHE in both 

the young and mature participants, there was a greater percentage increase in RBCc 

(4.8 to 5.7 x 106 µl-1) in mature participants than in young participants (5.2 to 5.7 x 

106 µl-1).  However, the increases in RBCc and Hct and [Hb] are not statistically 

different between the young and mature cohorts. 

Significant differences were found in % Retic between the young and mature 

participant responses to the IHE study, where during the Sham phase of the IHE 

study, % Retic in the young cohort were significantly lower when compared to those 

in the mature cohort on Day 3 and on Day 5.  Furthermore, during the IHE phase, % 

Retic in the young cohort were significantly lower on Day 3 and Day 5 when 

compared to those in the mature cohort.  

The significant decrease in the mean % Retic value in the young group is a 

haematological finding which has not previously been reported in normally active 

healthy young participants.  A decreased mean reticulocyte count may indicate an 

accelerated maturation of reticulocytes (Wagner et al., 2000, Tavrovskaia et al., 

1975) to replace the accelerated senescence of RBCs provided by any extra 

shearing stress imposed by mask breathing.  



118 
 

Several studies have confirmed that significant increases in haematopoietic 

variables, including reticulocyte counts, occur in young participants during laboratory-

simulated altitude within 5 days of exposure (Berglund et al., 2003, Ge et al., 2002, 

Knaupp et al., 1992, Koistinen et al., 2000).  Other studies support these findings. 

Casas et al., (2000) and Rodriguez et al., (2000) report that short IHE/IHT exposure 

of 3-5 h/d for 17 days, and 90 minutes exposure three times per week for three 

weeks increased Hct, RBCc, reticulocytes and [Hb] (Casas , 2000, Rodriguez et al., 

2000a).  Conversely, Serebrovskaya (2011) found no alteration in reticulocyte count 

in healthy male volunteers after 14 days of IHT (Serebrovskaya et al., 2011).  

Increased reticulocyte counts have also been found by Risso et al., (2012) who 

found reticulocyte increases in five mountain climbers (one female and four males, 

aged 41–53 years) after 17 days spent at high altitude exposure,  and Engan (2011) 

who found that reticulocyte count increased in 10 untrained subjects following a 2-

week training program with 10 maximal effort apneas per day (Engan et al., 2011, 

Risso et al., 2012).  

The hypoxia protocol used in the present study is a novel protocol and its 3 phase 

design may explain the magnitude of the significant findings.  Furthermore, these 

results are in agreement with a prior study by Mozhina et al., (1978) who found that 

in the early periods of hypoxia (the 1st-5th day) there is an increase in erythrocyte 

count, an enlargement of erythrocyte respiratory surface, and an increase in 

hemoglobin content (Mozhina et al., 1978).  According to Mozhina et al., (1978), 

these changes are adaptive, but during longer durations of hypoxia erythropoietic 

bone marrow capacity becomes exhausted (Mozhina et al., 1978) . 

Heart disease remains an important cause of morbidity and mortality in Australia 

despite years of focused research and treatment and with an ageing population, the 
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prevalence of heart disease is predicted to increase.  Ageing is a function of both 

genetic and environmental factors (Bruunsgaard and Pedersen, 2000, Fernhall and 

Tymeson, 1987) and frequently involves a progressive decline in health and an 

increase in morbidity (Peters, 2011, De Luca d'Alessandro et al., 2011, Marcotte et 

al., 1995).  Furthermore, ageing is characterized by decreased oxygen supply to 

tissue, a reduction of tissue PO2, and a reduction in the activity of several enzymes 

and metabolic factors (Cataldi and Di Giulio, 2009). 

While detrimental pathophysiological changes have been reported as a result of  

chronic hypoxia (Essop, 2007, Neubauer, 2001), both acclimatization to altitude and 

laboratory based hypoxic preconditioning are capable of eliciting beneficial protective 

changes (Jin et al., 2000, Neubauer, 2001, Vij, 2009).  There is evidence that IHE is 

suitable for use in mature participants.  In a parallel study, using the same 

participants and the same fixed SaO2 protocol, there was no increase in cardiac 

troponin T after either IHE or CH.  However, participants in the mature group did 

have a significant decrease in their total antioxidant capacity following IHE 

suggesting that antioxidant defences may have been used to counteract increased 

free radical production during exposure to a hypoxic challenge (Mann, Tobin and 

Renshaw, unpublished results 2008).  Taken together these results indicate that the 

level of hypoxia achieved by our novel protocol did not compromise heart tissue.   

 

3.6  CONCLUSION.  

The major finding of this study is that 5 consecutive days of individually tailored 

normobaric IHE provided a sufficient threshold stimulus/physiological challenge to 

significantly increase RBCc, [Hb] and Hct in mature untrained participants. Since IHE 
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at a mean SaO2 of 85% significantly increased haematological parameters normally 

regulated by oxygen dependent genes, such fixed SaO2 protocols could be expected 

to result in an improved arterial O2 delivery and may have useful therapeutic benefits 

in the area of adaptive changes in cardiac function, and in the prevention and 

management of pathophysiologies associated with the under-perfusion of vulnerable 

tissues such as the brain and heart during surgery and post-surgical recovery. 
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4.0 Chapter 4: 

 

NORMOBARIC INTERMITTENT HYPOXIA EXPOSURE AT A FIXED SaO2 DOES 

NOT AFFECT MARKERS OF PHYSIOLOGICAL AND IMMUNOLOGICAL STRESS 

IN HEALTHY NORMALLY ACTIVE PARTICIPANTS. 
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4.1 Abstract  

Background: Acute and chronic exposures to high altitude are environmental 

stressors which induce various physiological adaptive changes, including the 

activation or inhibition of diverse hormonal and metabolic responses.  Among the 

adaptive changes are stress responses which influence immune function through the 

actions of catecholamines and hormones.  Cortisol is one such hormone, which 

when activated can have deleterious effects on immune function.  More specifically, 

stress responses affect Secretory immunoglobulin A (S-IgA) levels which constitute 

the main specific immune defence mechanism in saliva.   The mucosal immune 

system, consisting of both cell-mediated and humoural protection, is considered the 

first line of defence against invading pathogens which colonize or invade surfaces 

bathed by external secretions.  S-IgA is an important component of this system.  S-

IgA status may be regarded as an indication of total body mucosal immune function.  

Both S-IgA and cortisol are readily accessible in saliva.  Purpose: The purpose of 

this study was to investigate the stress and immune responses of 16 healthy 

normally active participants exposed to IHE and CH treatments.   Eight young 

participants (4 males and 4 females; 23 4 yr) and eight mature participants (5 males 

and 3 females; 67 6 yr) completed both the IHE and CH exposures.  Whole saliva 

collections for the measurement of salivary cortisol and S-IgA were examined using 

ELISA for stress and immune responses.   Methods: Salivary samples were 

collected on 4 occasions (on 2 consecutive days at Baseline prior to both the IHE 

and CH exposures, and on 2 consecutive days at the end of both IHE and CH 

exposures).  Results: Following normalization for flow rate, the concentrations of S-

IgA and cortisol did not change from Baseline in response to IHE or CH.  

Conclusion: The findings revealed that in normally active healthy participants in two 
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age groups, an individualized laboratory based Intermittent Hypoxia Exposure 

protocol with a mean SaO2 of 85% had no effect on S-IgA concentration or on cortisol 

levels.  Similarly for CH, the level of hypoxia utilised in this thesis did not significantly 

alter the response of the selected immune system or stress response markers.  

These findings contribute to a better understanding of human immune and stress 

responses in response to specified types of hypoxia administration. The data from 

this study indicate that the short term hypoxic conditions with (IHE) and without 

recovery periods (CH) had no adverse effect on the immune system nor was a stress 

response initiated via elevated cortisol levels. This information is useful in designing 

interventions for clinical and sub-clinical populations.  
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4.2 Introduction  

A decade ago, the immune system was considered a self-regulating, autonomous 

agency of defence, independent of neural influences, and critical in defending an 

organism against the invasion of foreign substances (Kaye et al., 2000).  It was 

known that hormones, or at least adrenal hormones, could influence immunity, and it 

was suspected that emotional states were associated with the development or 

progression of diseases related to the immune system (Ader, 2000).  More recent 

research has confirmed that immuno-regulatory processes are influenced/modulated 

by the central nervous system (CNS) and, conversely, that neural, endocrine 

functions and behaviour are influenced by the immune system (Ader, 2000, 

Petrovsky, 2001, Wachterman, 2000, Banks, 2009, Tausk et al., 2008).  The 

nervous, endocrine and immune systems communicate bi-directionally via shared 

messenger molecules such as neurotransmitters, cytokines or hormones (Petrovsky, 

2001, Briones, 2007, Schubert and Schussler, 2009, Tausk et al., 2008).   

This bi-directional interaction is complex (Irwin, 2008).  Two pathways link the brain 

with the immune system: the autonomic nervous system (ANS, separated into two 

divisions: the sympathetic nervous system and the parasympathetic nervous system 

– SNS and PNS) and neuroendocrine outflow via the pituitary gland (Friedman et al., 

1996, Kaye et al., 2000, Yang and Glaser, 2002, Segerstrom, 2010, Shanahan, 

1999)  Both routes provide biologically active molecules which are perceived by the 

immune system via cell surface receptors on lymphocytes, monocytes/macrophages 

and granulocytes (Friedman et al., 1996).  Thus, all immuno-regulatory processes 

take place within a neuroendocrine environment that is demonstrably sensitive to the 

influence of the individual's perception of and response to events occurring in the 

external world.  Conversely, activation of the immune system is accompanied by 
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changes in hypothalamic, autonomic, and endocrine processes and by changes in 

behaviour (Ho et al., 2010, Irwin, 2008).  For example, cytokines influence activation 

of the hypothalamic-pituitary-adrenal HPA axis - and, in turn, are influenced by 

glucocorticoid secretion (Friedman et al., 1996, Boranic et al., 2008, Besedovsky and 

Rey, 2007, Weiss et al., 1996).   

A reciprocal regulation therefore exists between the CNS and the immune system, 

through which the CNS signals the immune system via hormonal and neuronal 

pathways, and the immune system signals the CNS through cytokines (Banks, 2009, 

Boranic et al., 2008, Petrovsky, 2001).    The primary hormonal pathway by which 

the CNS regulates the immune system is the HPA axis, through hormones of the 

neuroendocrine stress response (Banks, 2009, Boranic et al., 2008, Petrovsky, 2001, 

Besedovsky and Rey, 2007, Ziemssen and Kern, 2007).  The SNS regulates the 

function of the immune system primarily via adrenergic neurotransmitters released 

through neuronal routes (Petrovsky, 2001)  Neuroendocrine regulation of immune 

function is essential for survival during stress or infection and to modulate immune 

responses in inflammatory disease  Glucocorticoids are the main effector end-point 

of this neuroendocrine system, and interruptions of this regulatory loop result in 

expression of immune diseases and changes in glucocorticoid effects on immune 

cells and molecules (Petrovsky, 2001).  Thus, stress, through the hypothalamic-

pituitary-adrenal (HPA) and the sympathetic-adrenal medullary (SAM) axes, can 

result in the dysregulation of the immune system (Yang and Glaser, 2002). 

Ageing is associated with many social changes which are likely to induce 

psychological stress, and in combination with the senescence that occurs in the 

ageing immune system, this added social stress can lead to clinically relevant 

illnesses (Ho et al., 2010, Skinner et al., 2009, Wong et al., 2010).  Furthermore 
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stress and daily events influence the S-IgA secretion rate; in the elderly  saliva flow, 

S-IgA secretion rate and S-IgA levels are significantly lower than in the young (Miletic 

et al., 1996).  

S-IgA is an antibody, the primary immunoglobulin (Ig) involved in protection of 

mucosal surfaces.  Antibodies, the soluble arm of the immune system, have  a range 

of different functions, including direct inactivation of the pathogen, complexing with 

antigen to allow removal, and activation of complement (Benjamini et al., 1996).  The 

secretory antibodies provide an immunological barrier that prevents foreign antigens, 

including bacteria, viruses, parasites and toxins, from attaching to, and penetrating 

mucosal surfaces (Corthesy and Kraehenbuhl, 1999).   

S-IgA is locally produced in the gastro-intestinal and upper respiratory tracts, nose, 

middle ear, gallbladder, uterine mucosa and biliary tree, as well as in glandular 

tissues such as salivary, lactating mammary, prostate and lacrimal glands (McGhee 

and Kiyono, 1999), where it plays a major role in preventing adherence of 

microorganisms to mucosal sites, activation of the alternative complement pathway, 

and activation of inflammatory reactions.  The bulk of the body’s IgA antibodies, as 

well as the body’s total pool of immunoglobulins, are produced by plasma cells in the 

mucosal lamina propria, the loose connective tissue beneath the epithelium that lines 

a mucous membrane (Lamm, 1998)  Most of this IgA is destined for local secretion 

because the Fc portion of the antibody is adapted for binding to the transmembrane 

glycoprotein polymeric immunoglobulin receptor (pIgR), expressed on the basolateral 

surface of mucosal epithelial cells (Lamm, 1998).  The pIgR synthesised by 

enterocytes and other mucosal epithelial and glandular cells mediates the 

transcytosis of polymeric IgA through the epithelium as shown in Figure 13 below.  It 

is enzymatically cleaved from the epithelial cell luminal surface, leaving the secretory 
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component and the final formation of S-IgA  (Iijima et al., 2001).  This allows IgA to 

function in host defence in the lamina propria by binding antigens and excreting 

them, and, as S-IgA in the lumen, by preventing antigens and microbes from 

adhering to and penetrating the underlying epithelium (Lamm, 1998).   Although all 

classes of immunoglobulins are present in the mucosal lamina propria, only 

polymeric IgA and IgM are able to pass through the epithelial layer and enter the 

secretions to a significant extent (Lamm, 1998).   

 

Figure 13.  The process of transcytosis of IgA, an immunoglobulin, within an 
epithelial cell. Source: (Janeway et al., 2005)  
 

Much is known about the immediate effects of stress on S-IgA (Deinzer et al., 2000, 

Kugler, 1991, MacKinnon, 2000, Tsai et al., 2010, Hucklebridge et al., 1998)    S-IgA 

has been shown to be sensitive to variations in subjective and objective stress levels, 

to emotions such as frustration and anger, to nutrients, commensals, pathogens and 

inflammation, and to altitude and hypoxia (Baze, 2011, Chohan et al., 1975, 
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Mirrakhimov et al., 1978, Tiollier et al., 2005, Baylor et al., 2003).  Because both 

hypoxia and the immune system present potentially significant challenges to 

mammals, it could be predicted that hypoxia might negatively affect immune function.  

Results from altitude and hypoxia studies have yielded conflicting results, 

exacerbated by the inclusion of exercise in some of these hypoxia studies, by the 

high inter-individual variability of S-IgA displayed within particular age groups, by the 

effects of mood and temperature on S-IgA, and by a lack of definition of normal S-

IgA levels in healthy populations (Kugler et al., 1992).   

However, Bailey (1997) reported that hypoxia in itself is responsible for a depression 

of immune function and increased tissue damage mediated by oxidative stress, and 

that the possible implications of changes in immune function at altitude have also 

been largely ignored, despite accumulating evidence of hypoxia mediated immuno-

suppression (Bailey and Davies, 1997). 

As mentioned earlier, glucocorticoids are the main effector end point of the 

neuroendocrine system, and some of the suppressive effects of psychological stress 

on immune functions have been attributed to stress-induced increases in serum 

cortisol, a glucocorticoid endocrine marker, which is known to have 

immunosuppressive effects in normal volunteers and depressed patients (Bauer et 

al., 2009, Ader, 2000).  Cortisol (also known as the hormone of stress) is a lipophilic 

steroid hormone secreted from the adrenal glands and released into the circulating 

blood where it is bound to plasma proteins: 90% to corticosteroid-binding globulin 

(CBG) and 8% to albumin (Hall, 2011).  Only about 2% of the total cortisol in the 

blood is free, and only this part is active on target cells.  In saliva, only free cortisol 

exists, therefore the measurement of salivary cortisol provides an important index of 
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the biologically active fraction of this hormone (Kirschbaum and Hellhammer, 2000, 

Lewis, 2006).   

Cortisol has several beneficial effects in the body, mobilising substances needed for 

cellular metabolism (Hall, 2011, McCance and Huether, 1998).  One of the primary 

effects of cortisol is the stimulation of gluconeogenesis which provides an emergency 

energy source needed to ameliorate physiological stress.  In addition, cortisol is 

involved in inflammatory responses, vascular responsiveness, central nervous 

system (CNS) and immune functioning, and in the body’s response to physiological 

or psychological stress (Hall, 2011, Kirschbaum and Hellhammer, 2000, Markianos 

et al., 2007, Mastro et al., 1999, McCance and Huether, 1998, Wolf et al., 2001).  It is 

not entirely clear why cortisol secretion during stress is beneficial, but it has been 

suggested that gluconeogenesis promoted by cortisol ensures an adequate source 

of glucose for body tissues, and nerve cells in particular (Hall, 2011, McCance and 

Huether, 1998). 

The neuropeptide corticotropin-releasing hormone (CRH) from the hypothalamus, 

and adrenocorticotropic hormone (ACTH) from the anterior pituitary gland, regulate 

cortisol release in a negative feedback mechanism (Hall, 2011, McCance and 

Huether, 1998) as illustrated in Figure 2 below.  This release is influenced by 

situations like stress and physical exercise, mainly because of the positive feedback 

effect of higher adrenaline levels on ACTH release.  The HPA axis responds rapidly 

and rather specifically to a wide range of environmental and internal demands, and it 

is thought that the cortisol response to stress plays a pivotal role in an organisms 

attempt to maintain function through change, as expressed in the allostasis model 

(Kirschbaum and Hellhammer, 1994, Kirschbaum and Hellhammer, 1999).  While the 

HPA hormones CRH and ACTH may exert additional adaptive effects, accumulating 
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evidence   suggests that cortisol is  the main hormone responsible for the allostatic 

stress responses (Kirschbaum and Hellhammer, 1994, Kirschbaum and Hellhammer, 

1999).  

It has been shown that anticipation and 

exposure to psychological or physical stress 

frequently causes HPA axis activation (Wolf 

et al., 2001). Chronic dysregulation of the 

HPA axis and cortisol levels have been 

implicated in both psychiatric and somatic 

illness, including depression, stress disorder 

and immunosuppression (Bonifazi et al., 

2006, Dedovic et al., 2009, Gil-Bea et al., 

2010, Havermans et al., 2011, Jokinen and 

Nordstrom, 2008, Kudielka et al., 2004a, 

Manthey et al., 2011, Pfeffer et al., 2009).   

For example, HPA axis hyperactivity is 

observed in major depression, and seems to 

be associated with susceptibility to infections 

and cardiovascular diseases (Ho et al., 2010, 

Skinner et al., 2009, Wolf et al., 2001).   

Cortisol-induced effects can be adaptive or destructive, depending on the intensity 

(Lewis, 2006), type, and duration of the stressor, and the subsequent concentration 

and length of cortisol exposure that the target cells experience (McCance and 

Huether, 1998).  Chronic stress, epitomised by prolonged elevations of plasma 

cortisol, has been found to be generally detrimental to immune status (Ader, 2000).   

Stress and other 

factors 

Hypothalamus 

Secretion of CRH 

ACTH secretion by 

anterior pituitary 

Increased plasma 

ACTH 

Increased secretion of 

cortisol by adrenal 

cortex 

Increased plasma 

cortisol 

Inhibits 

Inhibits 

Stimulates 

Inhibits 

   Figure 14.   Release of Cortisol as 
    a Consequence of Stress.   
    adapted from Pocock 
    (Pocock and Richards, 1999).   
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Increased cortisol acts as an immunosuppressant by suppressing protein synthesis, 

including synthesis of immunoglobulins; by reducing the peripheral blood population 

of eosinophils, lymphocytes, and macrophages; by inhibiting the response of 

lymphocytes to antigenic or mitogenic stimulation; by depressing cytokine responses 

by lymphocytes; and also by suppressing natural killer (NK) cell activity  (Friedman et 

al., 1996, Hall, 2011, McCance and Huether, 1998)  Also, increased levels of 

glucocorticoids inhibit virtually all functions of macrophages and monocytes, and may 

actually inhibit secretory immunoglobulin A (S-IgA) mobilisation; the synthetic 

glucocorticoid dexamethasone has been shown to reduce salivary and vaginal S-IgA 

in the rat (Hucklebridge et al., 2000a).  

Since the mid-1980s the assessment of free cortisol in saliva has become an 

increasingly important tool in stress research because it has a number of advantages 

over the measurement of cortisol in blood or urine.  Recent studies have 

demonstrated that the free cortisol response to awakening can serve as a useful 

index of HPA axis activity (Lewis, 2006, Gozansky et al., 2005) able to uncover 

subtle changes which are, for instance, related to persisting pain and chronic stress. 

Exposure to hypoxia can result in physiological stress depending on its intensity and 

duration.  It was not known whether IHE and CH at a mean SaO2 of 85% would result 

in activation of the HPA axis and/or diminished innate immunity, two of the effects of 

other physiological stressors such as exercise. Since mature populations are less 

able to cope with stress and are more susceptible to hypoxia or ischemia, a healthy, 

normally active mature-aged population was selected to examine the effect of IHE 

and CH at a mean SaO2 of 85%: i) on cortisol levels, as a marker of changes to the 

level of physiological stress; and ii) on S-IgA levels, as a marker of the status of the 

innate immune response. In addition, these stress related responses were examined 
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against those in a healthy, normally active young population for comparison.  More 

importantly, the response of the mature-age group needed investigation to establish 

whether IHE is safe to use as a potential therapeutic pre-conditioning treatment prior 

to surgery and/or as a post-conditioning treatment after surgery, or whether it has 

deleterious effects on the HPA axis and/or depresses innate immunity.   

  



133 
 

4.3 Methods      

Participants     

Sixteen participants volunteered to participate in this study; 8 young participants (4 

males and 4 females; 23 4 yr) and 8 mature participants (5 males and 3 females; 

67 6 yr) from the previous studies on the effects of IHE /CH on haematological 

factors.   Throughout these studies, participants were asked to maintain their usual 

levels of incidental activity, and were able to confirm that their level of activity did not 

change during study periods.   

All 16 participants participated in the cortisol study, but one young participant’s data 

had to be removed from the cortisol data analysis for the IHE limb of the study 

because of higher than normal IHE room response (possibly due to ELISA plate 

contamination or fault.  The remaining data for this participant (i.e. IHE, Rm-CH, and 

CH) fell into the normal range of responses).   All 8 young participants were included 

in the S-IgA study, but only 6 of the mature participants (4 males and 2 females) 

were available for the S-IgA study.  Two of the mature female participants did not 

produce enough quality saliva sample to be included in both the S-IgA and cortisol 

assay analysis, and as the cortisol assays were performed before the S-IgA assays, 

these 2 participants had to be removed from the S-IgA saliva sample analysis. 

The participants were asked not to change their regular lifestyles during the     

experimental periods, and none of the participants used dietary supplements on a 

regular basis. The mean (± SD) anthropometric values of the participants can be 

found in Chapter 2 (young) and Chapter 3 (mature) respectively.    
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Saliva collection procedure 

Saliva collection was painless and non-invasive and sterile techniques were used.  

Saliva kits each containing two 50ml sterile closed plastic tubes in a ziplock bag were 

prepared for the collection of expectorated unstimulated whole saliva.  The ‘Saliva Kit 

Instruction Sheet’ issued to each participant (a copy can be found in Appendix C), 

contained notification of the number of samples required, instruction on collection of 

samples to ensure purity, and guidelines for the storage of the samples prior to 

delivery to the research laboratory.  Each labelled 50ml tube contained the following 

clearly visible information: 

 Tube number (one or two) 

 Protocol (Baseline, IHE or CH) 

 A 6-digit code number 

 Date 

Participants were asked to provide a total of eight saliva samples over the course of 

the IHE and CH protocols, samples one and two to be taken on the two consecutive 

mornings prior to the beginning of each experiment (to give Baseline readings prior 

to the IHE and CH exposure), and samples three and four to be taken on the final 

two consecutive days of each experiment (i.e. on the last two mornings of week 3 of 

IHE and CH respectively).  Participants were instructed to take the sample within 30 

minutes of waking, prior to consuming food or liquid. 

Attached to the outside of each ziplock bag were two more labels, one reminding the 

participants of the date for collection of their samples, and the other requiring the 

participant to complete details of their age and the time of sampling. 



135 
 

Experimental design     

 The participants took part in two trials separated by at least five months; an IHE and 

a CH trial as described in Chapter 2 Methodology.  Saliva samples were obtained 

from the participants after overnight fasting and 12 hour abstention from alcohol 

according to methods described below & in Appendix C.   

Saliva samples      

Briefly, the participants were advised to collect the samples at approximately the 

same time every morning on awakening.  Instructions requested that the participants 

refrain from eating and drinking, smoking or cleaning their teeth on awakening.  The 

participants were further advised to relax (encouraged to stay in bed) and to allow 

the saliva to collect in the mouth and, instead of swallowing as normal, to spit the 

collected saliva into the correctly labelled sterile tube and to close the tube after each 

portion of sample was collected.  The entire sample collection each morning was to 

last for a period of five minutes.  The time and date of sample collection was to be 

recorded on the tube by the participant, and the sample was then to be placed in the 

ziplock bag in the participant’s freezer.  The same procedure was to be repeated the 

following day using the second 50ml tube, and then both frozen samples were to be 

brought to the research laboratory on the first morning of Phase 1.  Samples three 

and four were collected in an identical manner on the final two consecutive days of 

the IHE trial, frozen and then brought to the research laboratory on the final morning 

of Phase 3.  After a washout period of 5 months, the second trial (CH) commenced, 

and the saliva collection, freezing and delivery procedures were identical to those 

followed in the previous IHE limb of the study, with the first two samples collected, 

frozen and delivered on the first morning of Phase 1, and the final two samples 
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collected, frozen and delivered to the research laboratory on the final morning of 

Phase 3 of the CH trial. 

Once the samples were delivered to the research laboratory, they were immediately 

frozen at -80°C. Upon collection of all samples, the samples were thawed, the 

volume of each was recorded and aliquots were made of each sample.  One millilitre 

aliquots were placed into labelled sterile 2.5ml Eppendorf tubes and stored in the -

80°C freezer.  Any remaining sample was aliqotted into labelled sterile 2.5ml 

Eppendorf tubes and stored in the -80°C freezer.  (Seven of the samples produced 

minimal saliva – from 0.33ml to 0.75ml and these were stored and used along with 

the other seven samples in the -80°C freezer.)   

The S-IgA flow rate (ml/min) was calculated by dividing the absolute S-IgA 

concentration (μg/ml) by the time taken to collect the sample (5 minutes), and the 

corrected S-IgA concentration ug/min) was calculated by multiplying the absolute S-

IgA concentration (μg/ml) with the saliva flow rate (ml/min). Salivary S-IgA 

concentrations and cortisol levels were analysed using commercially available ELISA 

kits (Salimetrics LLC, Salivary Secretory IgA Indirect Enzyme Immunoassay Kit and 

Salimetrics LLC, High Sensitivity Salivary Cortisol Enzyme Immunoassay kit).   

S-IgA 

The procedure follows an indirect competitive immunoassay technique.  An enzyme-

labelled antigen is added to saliva sample where it binds to the S-IgA in the sample; 

this is incubated and then added to a 96-well plate.  The amount of free antibody 

remaining is inversely proportional to the amount of S-IgA present (Salimetrics, 

2010).  The kit provides all reagents: 6 standards, two controls (1high and 1 low), 
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and most of the materials required for the quantitative measurement of S-IgA in 

saliva.  All performance characteristics are stated in µg/ml.   

Briefly, frozen samples were thawed, vortexed and then centrifuged at 1500 x g @ 

3000rpm for 15 minutes, while all reagents were brought to room temperature and 

mixed prior to use.  Fifty microlitres (50µl) of diluted enzyme-labelled antigen (S-IgA 

Antibody-Enzyme Conjugate) was added to each of the six standards, two controls 

and saliva samples and incubated for 90 minutes at room temperature.  Then, fifty 

microlitres (50µl) of each the six standards (ranging in S-IgA concentration from 

600μg/ml to 2.5μg/ml), the two controls and the saliva samples were directly 

dispensed into the 96 well plate (pre-coated with human S-IgA), the plate was 

covered and incubated at room temperature on a platform rotator for a further 90 

minutes.  The plate was washed by hand 6 times with the provided wash buffer, and 

50µl of enzyme substrate (Tetramethylbenzidine, TMB) was added, the solutions 

were mixed on a platform rotator, and the plate was incubated in the dark for a 

further 40 minutes.  Finally, 50µl of an unidentified but acidic stop solution was 

added, and the plate was mixed on a platform rotator for 3 minutes.  Absorbance 

was read at 450 nm.   

All standards and controls were run in duplicate and the samples were run in 

triplicate.  Test-re-test reliability and reproducibility of the assay was determined by 

repeating the assay in duplicate over two days then calculating the coefficient of 

variation (CV) (%).  The reproducibility of our calibration procedure and the low 

coefficient of variation in intra-assay (2%) and inter-assay (4%) indicate that the 

results are accurate.   
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A copy of the raw data results file was also sent to the scientific company 

(Stratech Scientific Australia (Salimetrics LLC,)) who provided the assay kits for S-IgA 

analysis.  These data were analysed on the Salimetrics analysis software, and the 

results were compared to the values obtained from the MasterPlex® ReaderFit: 2010 

Curve-Fitting Software for ELISA Analysis (Hitachi Solutions America, Ltd) used in 

this study.  A sample of the results from these comparisons is found in Appendix K.  

Furthermore, the data from the ELISA assay analysis was recorded as a single value 

according to the following criteria. If triplicate values were within 5% of each other, 

then their means were recorded.  If one of the triplicate values was more than 5% 

different from the other 2, it was discarded and then the mean of the remaining 

values were recorded. The mean absorbance of each standard, control and sample 

was then calculated, and a four-parameter-curve-fit graph (Figure 15 below) was 

plotted with S-IgA concentrations on the y-axis and absorbance readings on the x-

axis. This project used the MasterPlex® ReaderFit: 2010 Curve-Fitting Software for 

ELISA Analysis (Hitachi Solutions America, Ltd).  

 

Figure 15.  Free S-IgA Standard Curve from Supplied Standard Controls 
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S-IgA sample data were tabulated in the MasterPlex® ReaderFit computer program 

and the triplicate results were combined and averaged to give one result per 

participant; the data were transferred to Microsoft Excel computer program for 

correction of S-IgA concentration for saliva flow rate; finally the data were transferred 

to the IBM SPSS Predictive Analytic Software Version 19 for analysis. 

Cortisol 

The cortisol assay follows a direct competitive immunoassay technique, involving 

competition between an unlabelled antigen (standards and saliva samples) and an 

enzyme-labelled antigen (cortisol linked to horseradish peroxidase) for a fixed 

number of antibody sites.   The amount of enzyme-labelled antigen detected is 

inversely proportional to the amount of cortisol present (Salimetrics, 2010).  The kit 

provides all reagents: 6 standards, two controls (1 high and 1 low), and most of the 

materials required for the quantitative measurement of cortisol in saliva.  All 

performance characteristics are stated in µg/dl.   

Briefly, frozen samples were thawed, vortexed and then centrifuged at 1500 x g @ 

3000rpm for 15 minutes, and all reagents were brought to room temperature and 

mixed prior to use.  Twenty-five microlitres (25µl) of each the six standards (ranging 

in cortisol concentration from 3.00 to 0.012 μg/dl), the two controls and the saliva 

samples were directly dispensed into the 96 well plate (pre-coated with monoclonal 

antibodies to cortisol).  200µl of the enzyme conjugate solution was added to all 96 

wells; the plate was mixed for 5 mins on a plate rotator, and then incubated for 55 

minutes at room temperature.  The plate was washed by hand 4 times with the 

provided wash buffer, and 200µl of the enzyme substrate TMB was added.  The 

plate was then mixed for 5 mins on a plate rotator, and the plate was incubated in the 

dark for a further 25 minutes.  Finally, 50µl of an unidentified but acidic stop solution 
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was added, the plated was mixed on a plate rotator for a further 3 minutes.  

Absorbance was read at 450 nm.   

All standards and controls were run in duplicate and samples were run in triplicate. 

Test-re-test reliability and reproducibility of the assay was determined by repeating 

the assay in duplicate over two days then calculating the coefficient of variation (CV) 

(%).  The reproducibility of our calibration procedure and the coefficient of variation in 

intra-assay (3%) and inter-assay (3%) indicate that the results are accurate. The 

mean absorbance of each standard, control and sample was then calculated, and a 

four-parameter-curve-fit graph (Figure 16) was plotted with cortisol concentrations on 

the y-axis and absorbance readings on the x-axis. This project used the MasterPlex® 

ReaderFit: 2010 Curve-Fitting Software for ELISA Analysis (Hitachi Solutions 

America, Ltd).   

 

 
Figure 16.  Free Cortisol Standard Curve from Supplied Standard Controls 
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Cortisol sample data were tabulated in the MasterPlex® ReaderFit computer 

program and the triplicate results were combined and averaged to give one result per 

participant.  The data were then transferred to the IBM SPSS Predictive Analytic 

Software Version 19 for analysis without flow rate conversion as salivary cortisol 

levels are unaffected by salivary flow rate (Vining and McGinley, 1987, Garde and 

Hansen, 2005). 

Statistics 

Statistical significance for all analyses was accepted at p <0.05.  All data used in the 

graphs and reported in the text are expressed as means  SD.    All quantitative data 

were analysed using IBM SPSS Predictive Analytic Software Version 19 New York, 

USA).  Independent t-tests were used to determine differences in participant 

characteristics.  Repeated measures two-way ANOVA was used to determine 

differences in each stress and immune variable for each phase of the trial (day x 

treatment), and between treatments, initially Room IHE vs IHE; and Room-CH vs 

CH.  

In addition, two-way ANOVAs with repeated measures plus one between group 

factor were used to determine significant differences between gender (male and 

female).  Additional, two-way ANOVAs with repeated measures plus between group 

factor were used to determine significant differences between age groups (young 

and mature).   

As no significant interactions were found, no post-hoc tests or pair-wise comparisons 

were performed. 
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4.4 Results 

Salivary S-IgA response to IHE and CH in healthy young participants.  

The mean salivary S-IgA responses for young participants to Baseline, IHE and CH 

are presented in Figure 17. All S-IgA level responses in the young participants were 

found to be within the normal range of the standards supplied with the Salimetrics 

Salivary Secretory IgA Indirect Enzyme Immunoassay Kit. 

 S-IgA levels in young participants during IHE Baseline ranged from 2µg/ml to 

465µg/ml with a mean level of 173µg/ml and a standard deviation (SD) of 188µg/ml.  

IHE salivary S-IgA levels ranged from 0.8µg/ml to 252µg/ml with a mean level of 

100µg/ml and a SD of 94µg/ml.  Baseline CH S-IgA levels  ranged from 3µg/ml to 

316µg/ml with a mean level of 87µg/ml and a SD of 106µg/ml while CH S-IgA levels  

ranged from 3µg/ml to 235µg/ml with a mean level of 113µg/ml and a SD of 99µg/ml.   

During the IHE study there was no significant interaction between Treatment and 

Day values for S-IgA concentration (F=.993, p>0.05), nor was there significant 

interaction between Treatment and Day values for S-IgA concentration during CH 

(F=1.947 p>0.05).  There were no significant differences in S-IgA concentration 

when IHE Baseline values were compared to IHE (p>0.05) or when CH-Baseline 

values were compared to CH (p>0.05), nor were any significant differences found 

between young male and female participants. 

 

  

. 
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Figure 17  Mean S-IgA concentration measured in young participants during IHE Baseline 
(room air breathing without mask), IHE (Intermittent Hypoxia Exposure), CH Baseline (room 
air breathing without mask), and CH (Continuous hypoxia) treatments.  Error bars denote 
SD. 

 

Salivary S-IgA response to IHE and CH in healthy mature participants.  

The mean salivary S-IgA responses for mature participants to Baseline, IHE and CH 

are presented in Figure 18.  All S-IgA level responses in the mature participants were 

found to be within the normal range of the standards supplied with the Salimetrics 

Salivary Secretory IgA Indirect Enzyme Immunoassay Kit. 

S-IgA levels in mature participants during IHE Baseline ranged from 0.15µg/ml to 

0.52 µg/ml with a mean level of 0.35µg/ml and a standard deviation (SD) of 0.1µg/ml.  

IHE salivary S-IgA levels ranged from 26µg/ml to 539µg/ml with a mean level of 

192µg/ml and a SD of 198µg/ml.  Baseline CH S-IgA levels  ranged from 75µg/ml to 

730µg/ml with a mean level of 246µg/ml and a SD of 250µg/ml while CH S-IgA levels  
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ranged from 24µg/ml to 345µg/ml with a mean level of 134µg/ml and a SD of 

134µg/ml.   

During IHE, there was no significant interaction between Treatment and Day values 

for S-IgA concentration (F=.343, p>0.05), nor was there significant interaction 

between Treatment and Day values for S-IgA concentration during CH (F=1.687 

p>0.05).  Furthermore, there were no significant differences in S-IgA concentration 

when IHE Baseline values were compared to IHE (p>0.05) or when CH-Baseline 

values were compared to CH (p>0.05).  In addition, no significant differences were 

found between mature male and female participants, nor were there any differences 

found between young and mature responses. 

 

 Figure 18.  Mean S-IgA concentration measured in mature participants during IHE Baseline 
(room air breathing without mask), IHE (Intermittent Hypoxia Exposure), CH Baseline (room 
air breathing without mask), and CH (Continuous hypoxia) treatments.  Error bars denote 
SD. 
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Comparison of SI-gA responses in young and mature participants 

There were no statistically significant between group differences (young vs mature 

participants) in any of the treatment phases (Baseline, IHE or CH/pre vs post), nor 

were statistically significant differences found between gender groups (young male 

vs young female, mature male vs mature female,) in any of the treatment phases. 

  

Salivary cortisol response to IHE and CH in healthy young participants. 

The mean cortisol responses for young participants to Baseline, IHE and CH are 

presented in Figure 19.  During the IHE study, there was no significant interaction 

between Treatment and Day values for cortisol concentration (F=1.731, p>0.05), nor 

was there significant interaction between Treatment and Day values for cortisol 

concentration during CH (F=.693, p>0.05).  Furthermore, there were no significant 

differences in cortisol concentration when IHE Baseline values were compared to 

IHE (p>0.05) or when CH-Baseline values were compared to CH (p>0.05).  During 

IHE-Baseline, cortisol levels ranged from 0.04µg/dl to 1.2 µg/dl with a mean of 

03µg/dl and a SD of 0.4µg/dl. IHE cortisol levels ranged from 0.16µg/dl to 0.6µg/dl 

with a mean level of 0.3µg/dl and a SD of 0.15µg/dl.  CH-Baseline cortisol levels 

ranged from0.15 µg/dl to 2.92µg/dl with a mean level of 0.6µg/dl and a SD of 

1.0µg/dl, whereas CH cortisol levels ranged from 0.09µg/dl to 0.47µg/dl with a mean 

of 0.3µg/dl and a SD of 0.1µg/dl.  Figure 19 below, illustrates the mean cortisol 

responses of participants, with cortisol concentrations within normal range for age. 
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Figure 19.  Mean cortisol concentration measured in young participants during IHE Baseline 
(room air breathing without mask), IHE (Intermittent Hypoxia Exposure), CH Baseline (room 
air breathing without mask), and CH (Continuous hypoxia) treatments.  Error bars denote 
SD. 
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supplied with the Salimetrics High Sensitivity Salivary Cortisol Enyzme Immunoassay 

kit. 

Furthermore, there were no significant differences in cortisol concentration when IHE 

Baseline values were compared to IHE (p>0.05) or when CH-Baseline values were 

compared to CH (p>0.05).  During IHE-Baseline, cortisol levels ranged from 0.2µg/dl 

to 0.5 µg/dl, with a mean level of 0.4µg/dl and a SD of 0.14µg/dl. IHE cortisol levels 

ranged from 0.15µg/dl to 0.4µg/dl with a mean level of 0.3µg/dl and a SD of 0.1µg/dl.  

CH-Baseline cortisol levels ranged from 0.13 µg/dl to 0.83µg/dl with a mean level of 

0.4µg/dl and a SD of 0.2µg/dl, whereas CH cortisol levels ranged from 0.31µg/dl to 

0.59µg/dl with a mean of 0.4µg/dl and a SD of 0.1µg/dl. 

 

 
 
Figure 20.  Mean cortisol concentration measured in mature participants during IHE 
Baseline (room air breathing without mask), IHE (Intermittent Hypoxia Exposure), CH 
Baseline (room air breathing without mask), and CH (Continuous hypoxia) treatments.  Error 
bars denote SD. 
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Comparison of Cortisol responses in young and mature participants 

There were no statistically significant between group differences (young vs mature 

participants) in any of the treatment phases (Baseline, IHE or CH/pre vs post), nor 

were statistically significant differences found between gender groups (young male 

vs young female, mature male vs mature female) in any of the treatment phases.  
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4.5 Discussion 

The purpose of this study was to test whether exposure to IHE and/or CH had 1) a 

significant effect on the adaptive (mucosal) immune system, using S-IgA as a 

marker; 2) an increase in the stress-response, using cortisol as a marker of HPA 

activation; and 3) an effect on the interaction of the mucosal immune system and the 

HPA axis.  The working hypothesis for this project was that IHE would not act as a 

stressor which would increase cortisol levels and decrease mucosal immunity.  

Hypoxia and exercise share a number of common pathways, for example the 

activation of oxygen dependent genes via stabilisation of HIF-1α; it is known that 

exercise provides a physiological stress which can enhance the action of the 

adaptive immune system at moderate intensity but decrease the adaptive immune 

system at high intensity (Shephard et al., 1994).   

S-IgA  

Secretory mucosal immune function was considered important for this study because 

the mucosal surfaces of the oral cavity form the first line of defence against infection.  

When innate immune defences are breached, the adaptive immune system is 

activated.  S-IgA, part of the adaptive immune defence and a component of the 

secretory mucosal immune system, is capable of antigen exclusion at mucosal 

surfaces, and virus and endotoxin neutralization within epithelial cells without 

causing tissue damage.  Furthermore, S-IgA levels are thought to be representative 

of the functional status of the entire mucosal immune system (Hucklebridge et al., 

2000a).   

S-IgA measured in saliva has repeatedly been shown to be sensitive to 

psychological variables (Hucklebridge et al., 2000a).   Among the variables affecting 

S-IgA concentration are mood, exercise, temperature and variations in subjective 
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and objective stress levels (Miletic et al., 1996).  Although the physiological 

mechanisms underlying the decline in S-IgA are still unclear, it is likely that both   

neural and endocrine factors influence the immune response to exercise (Fleshner, 

2000).  Several studies have correlated S-IgA levels with stress measures (Deinzer 

et al., 2000, Graham et al., 1988, Groer et al., 2010, Lester et al., 2010, Tsai et al., 

2010), and stress is thought to play a role in mucosal infections such as upper 

respiratory tract infection and periodontal inflammation (Cohen et al., 1991, Deinzer 

et al., 2002, Graham et al., 1988, MacKinnon, 2000, Mishra and Ganju, 2010)  

Observations that reduced S-IgA is implicated in upper respiratory tract infection, and 

that chronic psychosocial stress is associated with reductions in S-IgA, suggest that 

S-IgA may mediate the relationship between psychosocial stress and respiratory 

illness (Cohen et al., 1991, Deinzer and Schuller, 1998).   

Previous researchers have measured S-IgA in response to standard laboratory 

stressors (Ohira et al., 1999, Perera et al., 1998, Reid et al., 2001, Ring et al., 2002, 

Hucklebridge et al., 2000b) demonstrating its sensitivity to stressors and its 

usefulness as a stress marker.  Although reductions in S-IgA have occasionally been 

noted in response to passive coping tasks, such as watching gruesome surgery 

videos (Bosch et al., 2001), most acute laboratory tasks are associated with 

increases in S-IgA (Ohira et al., 1999, Ring et al., 2002)  For example, brief exposure 

to active stress tasks, such as mental arithmetic or public speaking has revealed 

increases in both S-IgA concentration and secretion rate (Evans et al., 1993).  

However, most laboratory studies have employed tasks lasting only between fifteen 

and thirty minutes (Bosch et al., 2001, Dolbier, 2001).   

In separate studies conducted by Deinzer et al., and Glaser et al.,  decreases were 

found in S-IgA levels under chronic stress conditions with levels returning to Baseline 
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after some time of recuperation (Deinzer et al., 2000, Deinzer and Schuller, 1998).  

Increases in S-IgA have also been found in response to hypoxia.  Hypoxia   does not 

exert only beneficial effects on the body; it has been associated with marked 

alterations of the immune system  (Pedersen et al., 1994).  Baylor et al., (2003) 

exposed canine kidney cells to varying oxygen percentages (normoxic, hypoxic 

5%O2, and hyperoxic  95% O2) for 90 minutes  and found that hypoxia increased S-

IgA levels and S-IgA transcytosis after reoxygenation (Baylor et al., 2003). 

The few studies that have examined the effect of hypoxia on IgA have focused on 

circulating IgA.  Increased serum IgA levels (not S-IgA) have been found in response 

to the immune challenge of altitude (Kleessen et al., 2005).  Altitude studies 

conducted on mice have shown increased expression of IgA and immunoglobulin 

joining chain (IgJ), the genes necessary for the production of circulating IgA 

antibodies, with a greater than two-fold expression of both at high altitude (Baze, 

2011).  Conversely, Kleessen et al., (2005) found that serum IgA decreased in 

response to 47 days of high altitude exposure (Kleessen et al., 2005).  Another study 

by Tiollier et al., (2002) reported the impact of an 18-day (11h/d, 6 d/week for 3 

weeks) Living High-Training Low (LHTL) training camp on S-IgA levels in 11 (6 

females and 5 males) elite cross-country skiers. Their data suggested a cumulative   

negative effect of physical exercise and hypoxia on S-IgA levels during LHTL training 

(Tiollier et al., 2005).  Several other studies have reported high altitude modifications 

in the number and function of various immune cells in the human system, eg, 

increased  circulating leukocytes and decreased circulating CD4+ T cells (Chohan et 

al., 1975, Facco et al., 2005).  These observations are consistent with the known 

effects of acute hypoxia on immune system activation within localized tissues, such 

as during tissue injury, inflammatory diseases, and cancer (Brouwer et al., 2009, 
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Frantz et al., 2005, Walshe and D'Amore, 2008, Hasko et al., 2009).  However, high 

altitude has also been shown to either reduce (Conforti et al., 2003) or have no effect 

on human B cells, (not necessarily S-IgA), (Facco et al., 2005, Meehan et al., 1988).  

In a recent study Facco et al., (2005), observed that the number of B cells was not 

affected in 13 female individuals at high altitude (Facco et al., 2005).  In contrast, 

Chohan et al., (1975) found that high altitude adapted guinea pigs have an increased 

resistance to pneumotrophic viruses and show an associated rise in beta globulins 

and gamma globulins and a quantitative change in immunoglobulin synthesis; on 

arrival at high altitude when the stress is greatest the immunoglobulin synthesis is 

also at its peak (Chohan et al., 1975).  The above studies suggest that the 

immunoglobulin levels were affected by the high altitude exposure not the B cell 

numbers (Mishra and Ganju, 2010). 

It is important to note that the majority of human studies conducted at high altitude 

used trained athletes as participants and often exposed them to the added stressor 

of exercise.  It is reasonable to assume that the exposure to hypoxia during this type 

of training could represent an additional stressor that would compound the effect that 

exercise normally has on the mucosal immune system. 

All 8 young participants were included in the S-IgA study, but only 6 of the mature 

participants (4 males and 2 females) were available for the S-IgA study.  Two of the 

mature female participants did not produce enough quality saliva sample to be 

included in both the S-IgA and cortisol assay analysis, and as the cortisol assays 

were performed before the S-IgA assays, these 2 participants had to be removed 

from the S-IgA saliva sample analysis. 
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The S-IgA data in the present study were somewhat surprising. Neither IHE nor CH 

exposures appeared to have had a statistically significant effect on the mucosal 

immune system in either young or mature participants, nor in a statistical comparison 

of the young cohort with the mature cohort.  Furthermore, there was no statistically 

significant difference between male and female participant responses.  First, 

Baseline data revealed normal levels of S-IgA in both young and mature participants 

and second, there was no change in response to either IHE or CH, although the 

inter-participant variability was high.  This raises three questions about the apparent 

stability of S-IgA: i) Were the hypoxic stimuli of sufficient intensity and duration? ii) 

Was the sample size too small given the high level of inter-participant variability; and 

iii) Are IHE and CH better tolerated as stressors than exercise which results in a 

similar decrease in SaO2?  Since there were significant haematological responses to 

the IHE study but not in the CH study in the same participants, it seems unlikely that 

the physiological stress caused by these treatments was of insufficient intensity and 

duration.  It also seems unlikely that the high level of variability obscured a real 

change, because a similar level of inter-participant variability occurred in 

haematological measures.  It seems more likely that hypoxia does not cause as 

much physiological stress as exercise because high intensity exercise has a large 

component of metabolic stress as well as a potential hypoxic stress.  It is possible 

that the hypoxic stimuli used in this study does not compromise or enhance immune 

function and that it may be safer to use to affect remodelling than exercise alone. 

However, caution is warranted when interpreting these results; it is difficult to define 

normal ranges of S-IgA because of the large inter-individual variability, even in 

healthy populations (Kugler et al., 1993), and in the current study we had no way of 

knowing whether participants already had elevated S-IgA levels due to a recent low 
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level illness; a medical diary and more specific blood tests would assist in the 

interpretation of inter-participant variability. 

 

Cortisol 

Some researchers have noted significant seasonal variations in the production of 

cortisol (Canon et al., 1986, Boctor et al., 1989, Brock, 1987, Maes et al., 1997, 

Mann et al., 2000). 

In relation to the stress response, no significant differences in cortisol levels were 

apparent between the two different age groups or between the IHE and CH 

exposures.  This is in contrast to several studies using a variety of stressors which 

consistently increased levels of cortisol.  Stress studies have been conducted in the 

laboratory using imposed stress (Hamer et al., 2010, Kudielka et al., 2004a, Almela 

et al., 2011, Balodis et al., 2010) and in adverse life and extreme situations 

(Beidleman et al., 2006, Ermolao et al., 2009, Hill et al., 2008, Nunes et al., 2011, 

Dettenborn et al., 2010, Fragala et al., 2011) and a variety of bodily solutions (whole 

blood, serum, plasma and saliva) have been used for the analysis of cortisol levels.    

Several altitude exposure studies have been conducted on the stress response 

(using cortisol as a stress marker).  Unlike the results of this study, cortisol levels 

increase or increase slightly in response to stress and acute exposure to altitude.   

According to Kraemer et al., (2005) the slight increase in cortisol observed during 

acute altitude exposure seems linked to an enhanced input of peripheral 

chemoreceptor activity resulting from the initial hypoxic stimulus (Kraemer and 

Rogol, 2005).  Ermolao et al., (2009) assessed the relationship between the stress 

response and immunological parameters using healthy women and 21 days of high 
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altitude exposure (5050 m), and found increases in cortisol on the first and on the 

21st day of altitude exposure (Ermolao et al., 2009).  However, in support of the 

results found in this study, both Blegen (2008) and Kon (2012) reported no change in 

cortisol levels under different hypoxic conditions.  Blegen, examined the responses 

of 9 subjects in response to varying intensities of exercise in normoxic and hypoxic 

environments using a using a commercially available hypoxic chamber.  The result 

from the study was that there was no change in cortisol from hypoxia alone (Blegen 

et al., 2008), and hypoxia did not seem to dramatically alter the response of the 

selected immune system.  Kon determined the effects of low-intensity resistance 

exercise under acute systemic hypoxia in 8 subjects  (FiO2 13%) and reported no 

cortisol increase (Kon et al., 2012).  As with S-IgA studies, several studies on cortisol 

responses to stress or altitude have included an exercise element.  Altitude training 

is frequently used by endurance athletes in an attempt to improve sea-level athletic 

performance.  Indeed, exposure to moderate to high altitude induces haematological 

adaptations, which may positively affect oxygen transport capacity and therefore, 

endurance performance.  Wilber et al., (2000) used young elite triathletes and 

exposed them to an hypobaric hypoxic environment (equivalent to 1860m) and a 

progressively intensive exercise training regime during a 5 week altitude training 

camp (Wilber et al., 2000).  Cortisol levels increased, but only at the end of the 5 

week training camp, reflecting the additive effect of 5 weeks of altitude exposure in 

combination with a progressively increased training intensity and/or volume (Wilber 

et al., 2000).  In support of the results of this study,  Biedleman et al., (2006) 

combined exercise and intermittent altitude exposure (equivalent to 4300 m altitude) 

for 4 hr/d, 5 days a week for 3 weeks in sea-level residents and found no changes in 

cortisol levels in response to altitude (Beidleman et al., 2006).   Furthermore, Tiollier 
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et al., (2005) found cortisol levels unchanged in a  study of elite athletes undergoing 

a LHTL protocol (simulated altitude of 2,500, 3,000 and 3,500 m) for 11 hr/d, 6 days 

a week for 3 weeks (Tiollier et al., 2005), and Benso et al., (2007) demonstrated 

similar results reporting no change in cortisol or ACTH levels in response to active 

mountain climbing in  a 7 week high altitude study (5200m) on elite athletes (Benso 

et al., 2007). Louis et al., (2009) also found no change in cortisol levels in healthy 

adult volunteers exposed to 2 days of normoxia or hypoxia separated by an interval 

of 1 wk ( 5-8 hr  at 5% O2, ~25 hypoxic events/hr) (Louis and Punjabi, 2009).  Tiollier 

et al., (2005), also found no relationship between cortisol and S-IgA levels (Tiollier et 

al., 2005).   Cortisol is the end product of the neuroendocrine stress response in 

humans.  Although high levels of cortisol have been demonstrated to inhibit antibody 

production in vitro (Tiollier et al., 2005), it has been suggested that elevated 

glucocorticoids are necessary, but not sufficient, to suppress the antibody response 

(Fleshner, 2000).   

The fact that both salivary output and composition depend on the activity of the 

autonomic nervous system, and that any modification of this activity can be observed 

indirectly by alternations in salivary excretion (Chicharro et al., 1998),  provides the 

physiological basis for a potential involvement of neural factors in the S-IgA changes 

related to hypoxia (Tiollier et al., 2005). 

In the present study, cortisol levels at Baseline were within the normal range for both 

young and mature participants and were not changed by either IHE or CH treatment. 

Inter-participant variability was high and these findings raise the same three 

questions considered above in the discussion of S-IgA.  Therefore it is suggested 

that this aspect of the study provides significant information for a detailed follow-up 

study. In the next study a dose-response study could be conducted to examine 
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cortisol and S-IgA responses with a second phase focused on one dose 

administered for different durations. 

 

4.6  CONCLUSION 

Currently, there is a general agreement that acute exposure to hypoxia results in 

alterations of specific components of the immune system.  Initial exposure to hypoxia 

is a sufficient enough stressor to elicit a neuroendocrine response that may alter 

immune function and affect many components of the immune system.  A number of 

studies support the relationship between immunity and the environment as a result of 

the interaction between the immune and neuroendocrine systems (Facco et al., 

2005).  Two major pathway systems are involved in this cross-talk, the HPA axis and 

the sympathetic nervous system (SNS) (Elenkov et al., 2000).  Most of the hypoxia 

induced immune responses described above can be tied to regulation by either 

Hypoxia Inducible Factor (HIF) and/or Nuclear Factor Kappa Beta (NFκB) (Baze, 

2011).  Both of these transcription factors have been identified as hypoxia sensitive, 

proinflammatory mediators (Michiels et al., 2002). 

Many studies have addressed the question of a training effect on S-IgA levels  

(Gleeson and Pyne, 2000) but little attention has been directed toward the influence 

of a normobaric intermittent hypoxia exposure on S-IgA.  The data obtained in the 

present study should be considered as an indication that the IHE and CH 

administered to achieve a mean SaO2 of 85% and to achieve beneficial 

haematological responses can be used without compromising mucosal immunity or 

increasing physiological stress levels, and so may be a safe alternative to exercise in 

clinical populations. 
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5.0 Chapter 5:             

 

FINAL SUMMARY, DISCUSSION AND CONCLUSION 

  



159 
 

5.1 Final Summary, Discussion and Conclusions. 

 

Hypoxia and exercise share a number of common pathways and are regulated by 

some shared transcription factors (e.g. HIF 1α).  These shared transcription factors 

govern the expression of cytoprotective oxygen dependent genes that provide 

beneficial adaptive responses (Lima et al., 2009, Zarember and Malech, 2005, 

Cramer et al., 2003, Imtiyaz and Simon, 2010, Cramer and Johnson, 2003, Abaci et 

al., 2010, Adams et al., 2009, Caro, 2001, Yamakawa et al., 2003).  However 

exercise at intensities that could result in a mean SaO2 of 85% have a component of 

metabolic stress that are not suitable for mature normally active or clinical 

populations.  It is therefore proposed that for those at high risk of myocardial 

infarction or those too ill to exercise, the non-invasive treatment option of hypoxia 

may be a good substitute for exercise, conferring similar benefits but at a much lower 

risk. 

The primary purpose of this study was to examine the effects of IHE and CH on 

haematology. A secondary purpose of this study was to assess the effects of IHE 

and CH on immune and stress responses.  A total of twenty-five participants 

completed 3 phases of two treatments (IHE and CH) over a period of two years.  

IHE was used in this project because a) the recovery periods of normoxia afford 

additional time for gene translation, antioxidant upregulation and blood oxygen 

resaturation; b) it is less physiologically stressful for the body than sustained hypoxia; 

c) it acts to prime the body for future hypoxic insults.  

Furthermore, adaptation to stress often occurs in response to repeated signals rather 

than a simple on/off toggle (Renshaw and Nikinmaa, 2007).  In this thesis, it was 
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proposed that the repeated signal provided by IHE would produce significant 

increases in red blood cell count (RBCc), percentage of reticulocytes (% Retics), 

haemoglobin concentration [Hb] and hematocrit percentage (Hct) illustrating a 

haematological adaptation similar to that acquired during altitude training, whereas 

the simple on/off toggle represented by CH would not have the same effect on 

haematological factors, and may even cause a disruption of homeostatic 

mechanisms through  a reduction in oxidative phosphorylation  and the 

consequential  destabilization of proteins and ion pumps. 

This research project assessed the efficacy of a laboratory controlled hypoxia-

training programme based on the IHE technique. Two populations were selected: 

healthy young normally active participants (23 4 yrs) and healthy mature normally 

active participants (67+6 yrs).  The two different age groups were selected to 

compare young and mature responses to the same treatment.   

5.1 Research hypothesis 1. 

In this study, healthy volunteers were exposed to 3 consecutive weeks of treatment.  

Phase 1 was comprised of five consecutive days of breathing room air without a 

mask (Baseline measures).  Room-air breathing without a mask was used to 

determine if haematological values differed from the initial pre-test values due to the 

increased social interaction provided by participating in an experiment.  The specified 

haematological measures were compared at each sample point (Day 1, Day 3 and 

Day 5), during the room-air breathing week to the pre-test level.  The mean values 

calculated for the haematological markers in Phase 1 did not change significantly 

from the pre-test level establishing that exposure to a laboratory environment alone 

alongside other participants for the purpose of engaging in a research study has no 
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effect on the haematological profile in either young or mature individuals, so any 

changes in Phase 1 (Sham) and 2 (IHE or CH) are most likely due to the treatments 

administered in each. Thus the first experimental hypothesis was accepted. 

Therefore, the values measured on Day 1, 3 and 5 of Phase 1 provided  an 

increased number of Baseline measures used to compare the corresponding Day 1, 

3 and 5 of Sham, IHE and Sham and CH treatments.   

5.2  Research hypothesis 2. 

Phase 2 of the trial (Week 2) was included to investigate the effect of spontaneous 

breathing of room air through a facemask (i.e. sham condition for hypoxic exposure) 

on the erythrocyte profile in young and mature individuals.   Week 2 consisted of five 

consecutive days of intermittent normoxic mask breathing (0.21 FiO2), and 

immediately followed Phase 1 of the trial.    

Young participant responses to Sham-IHE. 

Young participants responded to the Sham-IHE study with a significant decrease in 

mean % Retic over Days 3 and 5 of Sham. 

Comparison of Young Male and Female participant Sham-IHE Responses. 

The only significant difference in haematological profiles between young males and 

young females was in the mean female Hct during the Sham-CH phase of the trial.    

During this phase of the trial, young female mean Hct decreased significantly from 

Baseline measures on Day 3, compared to young male responses. 

Young participant responses to Sham-CH. 

Young participants responded to the Sham-CH study with a significant decrease in 

mean % Retic values on Sham-CH Day 3.  The mean % Retic values were 30% 

significantly lower on Day 3 Sham-CH compared to Baseline values. 



162 
 

Comparison of Young Male and Female participant Sham-CH Responses. 

One significant change was recorded in male and female comparisons for young 

participants during the Sham-CH phase of the study, when young female Hct 

increased 6% over male Hct on Day 5. 

Mature participant responses to Sham-IHE. 

In response to Sham-IHE the mean RBCc increased significantly in mature 

participants on Day 1 and 3 over Baseline values, along with a significant 18% 

increase of [Hb] on Day 1 of Sham-IHE when compared to Baseline values.  

Furthermore on Day 3 of Sham-IHE, this significant 18% [Hb] increase was 

maintained.  

Mean Hct also increased significantly in response to Sham-IHE in mature 

participants.  From Day 1 to Day 3, mean Hct increased significantly by 6% on 

Sham-CH Day 1 compared to Baseline values.  Furthermore, Sham-CH Hct values 

on Day 3 were significantly higher by 5% when compared to Baseline values.  

Comparison of Mature Male and Female participant Sham-IHE Responses. 

No significant differences were recorded in male and female comparisons for mature 

participants during the Sham-IHE phase of the study. 

Mature participant responses to Sham-CH. 

In mature participants, Hct levels increased significantly by 6% on Sham-CH Day 1 

compared to Baseline values, and on Day 3 of Sham-CH, Hct values were 

significantly 5% higher when compared to Baseline values. Interestingly, RBCc 

decreased significantly by 17%, in response to CH on Day 1. 
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Comparison of Mature Male and Female participant Sham-CH Responses. 

No significant differences were recorded in male and female comparisons for mature 

participants during the Sham-CH phase of the study. 

Comparison of Young and Mature participant Sham-IHE Responses. 

Significant differences were found in % Retic between the young and mature 

participant responses to the Sham-IHE study.  During the Sham phase of the IHE 

study, % Retic in the young cohort were significantly lower than those in the mature 

cohort on Day 3 and Day 5.  While in the young participants % Retic decreased on 

Days 3 and 5, the mature participants’ % Retic increased on Days 3 and 5 of Sham-

IHE. 

Comparison of Young and Mature participant Sham-CH Responses. 

No significant differences were recorded in young and mature participant 

comparisons during the Sham-CH phase of the study. 

Summary and Discussion of Research Hypothesis 2. 

In both the IHE study and the CH study there was evidence that sham mask 

breathing alone could elicit significant changes in haematological measures.  Thus, 

the second experimental hypothesis was rejected.  The sham treatment data 

obtained here indicates that all results from mask delivered hypoxia treatments need 

to be interpreted with caution.  Furthermore, the results obtained from mask 

delivered hypoxia treatments reveal that mask delivered IHE should be preceded by 

adaptation to sham mask breathing in order to determine which significant changes 

can be clearly attributable to IHE or CH alone rather than to its method of delivery, 

i.e. through a mask.   
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In this study, comparison of haematological variables during the Sham-IHE treatment 

with Baseline values revealed that mean RBCc, [Hb] and Hct changed significantly in 

the group.  There was a 16% increase in RBCc in mature participants in Week 2 

irrespective of treatment in Week 1.  However, this RBCc increase was temporary 

and did not persist.  RBCc had stabilized to Baseline values by Day 5 of Week 2 

(Sham).  There are a number of reasons that could explain the increases in the RBCc 

during the Sham phase compared to Baseline.  It is plausible to suggest that the 

Sham treatment may have stimulated either splenic contracture, veno-constriction, 

intrathoracic pressure changes and/or an accelerated maturation of RBC in response 

to an increased pulmonary and/or mechanical resistance associated with mask 

breathing (Lopata et al., 1977).  It is likely that the Sham phase resulted in an 

apparent RBCc increase because the adaptation to mask resistance induced a 

physiological stress response such as pulmonary vasoconstriction or a combination 

of the factors described above.  Such increases in intrathoracic pressure swings 

could result in a fast turnover of late red blood cell precursors and an increase in 

enucleated reticulocytes into the circulation, accompanied by a decrease in the 

reticulocyte maturation period, to elevate RBCc. 

 Further comparison of haematological variables during Sham-IHE with Baseline 

values revealed that during Sham-IHE, there was a significant 18% increase in the 

mean [Hb] values in mature participants in Week 2 irrespective of treatment in Week 

1.  However this [Hb] increase was also temporary and had stabilized to Baseline 

values by Day 5 of Week 2 (Sham).  In addition, during Sham-CH, Hct significantly 

increased by 6%.  The Sham-CH increase in Hct would appear to be compatible with 

dehydration/cell shrinkage.  Alternatively, the Hct increase during Sham-CH could be 

an anomaly.  Using the formulae of Dill and Costill (Dill and Costill, 1974) to evaluate 
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plasma volume shifts, confirmed that there was no evidence of dehydration.  It is 

possible that the increase in Hct occurred because of an elevated maturation of 

reticulocytes; however there was no significant change in the in RBCc, [Hb] or % 

Retic values in response to Sham-CH.  The significant increases in the mean RBCc, 

[Hb] and Hct % need to be investigated further to determine whether an elevation 

represents responses in the spleen and/or splanchnic bed  or pulmonary system to 

compensate for an increased intrathoracic pressure or emotional and/or 

physiological stress associated with mask breathing in the group.  Since the data 

demonstrate that significant changes clearly did occur in response to mask breathing 

alone, it highlights the need to compare measures taken during IHE and CH with 

those taken during the Sham treatments.  Furthermore, Sham measurements should 

be compared with those taken at Baseline in order to determine which significant 

changes could be clearly attributable to IHE or CH alone rather than to its method of 

delivery, namely, through a mask.  Comparison of haematological variables during 

Sham-IHE with Baseline values revealed that during the IHE trial, the mean % Retic 

value decreased significantly in the young group, a haematological finding which has 

not previously been reported in normally active healthy young participants, whereas 

during Sham-CH treatments, the % Retic values were significantly higher.   

5.3 Research hypothesis 3. 

Phase 3 of the trial consisted of five consecutive days of Intermittent Hypoxia 

Exposure (IHE) comprising short individually determined periods of hypoxia (3-7min), 

each followed by a 2-min room-air breathing interval (normoxia) to allow time for 

each participant to re-saturate to SaO2 levels above 95%.  The time intervals at 

normoxia, reduced FiO2 as well as the level of FiO2 were individually adjusted to 

maintain a mean SaO2 of 85% over the entire duration of each IHE session.  The total 
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duration of hypoxic exposure of 70-72 minutes was designed to correspond to 

previously published literature on the duration of hypoxia required to up-regulate the 

specified haematological variables examined.  IHE was administered from 0.10 to 

0.12 FiO2 to achieve the required mean SaO2 of 85%.  Phase 3 began the week 

following Phase 2, and consisted of five consecutive days of individually determined 

Intermittent Hypoxia Exposure.   

Following a washout period of 5 months the second trial of Continuous Hypoxia (CH) 

commenced.  The same participants returned for CH treatment involving the same 

three-phase trial design as the IHE study, with the final phase consisting of one week 

of Continuous Hypoxia (CH) with the same total duration of hypoxia as the IHE 

protocol and the same mean SaO2.  The first week of Baseline was identical to Phase 

1 of the previous IHE trial, and the CH procedures were the same as those followed 

in the IHE limb of the study.   The participants were exposed to continuous mask-

delivered hypoxia for a total period of 70-72 minutes (depending on their earlier 

responses to IHE).  Manual adjustments of each individual’s FiO2 were made to 

ensure that the mean SaO2 was maintained at 85%.   

Young participant responses to IHE. 

In Week 3, IHE significantly increased RBCc by 14% when compared to Sham-IHE 

values, and by 15% when compared to Baseline values.  Overall there was a 7.6% 

increase in RBC from the start to the finish of IHE.   

Comparison of the % Retic value at Baseline and during IHE, revealed a significant 

50% decrease on Day 3 of IHE which was maintained at a similar 42% decrease on 

Day 5 of IHE compared to Baseline.  Furthermore, % Retic values on Day 3 of IHE 

showed a significant 30% decrease compared to Day 3 of Sham-IHE.   
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During IHE [Hb] showed a significant 17% increase over Baseline and Sham-IHE 

values, and a 13.5% increase in [Hb] occurring between Day 1 and Day 5 of IHE, 

supported by a significant 25% increase in Hct on the final day of IHE compared to 

the final day of IHE-Sham. 

Comparison of Young Male and Female participant IHE Responses. 

One significant difference in female [Hb] was found in comparison between male and 

female participant responses to IHE.  Female [Hb] decreased significantly on Day 3 

of IHE in comparison to male [Hb] values, and   then increased significantly on Day 5 

of IHE.  

Young participant responses to CH. 

No significant differences were found in any of the haematological studies in the 

young participant in response to the CH study. 

Comparison of Young Male and Female participant CH Responses. 

There were no significant differences found when comparing the CH study young 

male with young female responses. 

Mature participant responses to IHE. 

By Day 5 of IHE, the RBCc in mature participants had significantly increased by 8% 

when compared to Day 5 Baseline values and by 13% when compared to Sham 

values.  Overall there was a 21% increase in the RBCc from Day 1 of IHE to Day 5 of 

IHE.  Consequently RBCc values were increased significantly by 16% on the final 

day of the IHE when compared to the final day of Sham.  In addition, the RBCc 

values by Day 5 of the IHE treatment were significantly higher than both Day 1 IHE 

values and Day 3 IHE values. 
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In response to IHE, the [Hb] rose steadily with a significant increase occurring on 

Day 5 of IHE compared to Day 1 of IHE.  By Day 5 of IHE the [Hb] had increased by 

15% over Baseline [Hb], and by 14% over Day 5 of Sham-IHE [Hb].   

A significant 23% increase in Hct values occurred between Day 1 and Day 5 of IHE, 

with significant increases occurring on Day 3 and Day 5 of IHE compared to Day 1 of 

IHE.  There was a significant 13% increase in Hct values which occurred on the final 

day of IHE compared to the final day of Sham-IHE and a significant 12% increase on 

the final day of IHE compared to Baseline levels. 

Comparison of Mature Male and Female participant IHE Responses. 

There were no significant differences found when comparing the mature male and 

mature female IHE responses. 

Mature participant responses to CH. 

There were no significant changes in any of the haematological measures in mature 

participants in response to CH. 

Comparison of Mature Male and Female participant CH Responses. 

There were no significant differences found when comparing the CH study mature 

male with mature female responses. 

Comparison of Young and Mature participant IHE Responses. 

One significant difference between young and mature participants was recorded 

during the IHE phase, % Retic were significantly lower in the young cohort between 

Day 3 and Day 5 when compared to the mature cohort. 
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Comparison of Young and Mature participant CH Responses. 

No significant differences were recorded in the blood profile between young and 

mature participants in response to CH.   

Summary of Research Hypothesis 3. 

In the IHE study significant changes in haematological measures were recorded, 

while in the CH study the same did not occur.  Thus, experimental hypothesis 3 was 

accepted.  While, RBCc, Hct, and [Hb] significantly increased from Day 1 to day 5 of 

IHE in both the young and mature participants, there was a greater percentage 

increase in RBCc (4.8 to 5.7 x 106 µl-1) in mature participants than in young 

participants (5.2 to 5.7 x 106 µl-1).  These significant increases in RBCc represented 

a 19% increase in mature participants with no change in reticulocyte number 

compared to a 10% increase in young participants.  However, this significant change 

in young participants was accompanied by a ~46% decrease in % Retics in the 

young cohort in response to IHE.  Several studies have confirmed that significant 

increases in haematopoietic variables, including reticulocyte counts, occur in young 

participants during laboratory-simulated altitude within 5 days of exposure (Berglund 

et al., 2003, Ge et al., 2002, Knaupp et al., 1992, Koistinen et al., 2000).  Other 

studies support these findings, Casas et al., (2000) and Rodriguez et al., (2000) 

report that short IHE exposure of 3-5 h/d for 17 days, and 90 minutes exposure three 

times per week for three weeks increased Hct, RBCc, reticulocytes and [Hb], through 

IHE and IHT (Casas et al., 2000, Rodriguez et al., 2000b).  Meeuwsen et al., (2001) 

has also reported significant elevations in Hct and [Hb] following 10 days of IHT for 

75-90 minutes a day (Meeuwsen et al., 2001).      

Conversely, in trained young athletes there was no significant change in reticulocyte 

counts following Intermittent Hypoxia Exposure (IHE) delivered for 3 hr/day for 14 
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days at an FiO2 of 0.12 (Katayama et al., 2004); and no significant change in 

haemoglobin mass or reticulocyte counts using a LHTL protocol which involved a 

simulated altitude of 3000 m for 23 nights (Ashenden et al., 1999).  Furthermore no 

significant changes in reticulocyte counts have been demonstrated following 5 nights 

(8-11 h per night) at a simulated altitude of 2650 m (Ashenden et al., 2000), and no 

significant change in red cell volume or reticulocyte counts following  4 wk of IHE 3 

hr/day, 5 day/wk at 4000-5500m (Gore et al., 2006).  In addition, Julian et al., (2004) 

found no change in reticulocyte values in national-class distance runners who 

completed a 4-wk IHE regimen (5:5 min hypoxia-to-normoxia ratio for 70 min, 5 

times/wk) (Julian et al., 2004).  Such discrepancies may occur because the 

physiological response of an athlete has already been maximised by the 

physiological stress imposed by training. 

Furthermore, the present study demonstrated significant increases in [Hb] and Hct 

that mirrored the significant elevations in RBCc in response to 5 days of IHE that 

were of greater magnitude than fluctuations that occurred at other phases of the 3 

week trial. In young participants a 13.5% increase in [Hb] occurred between Day 1 

and day 5 of IHE, while in mature participants [Hb] rose steadily with significant 

increases occurring on both Days 3 and 5 of IHE (p<0.05 and p<0.05 respectively) 

compared to Day 1 of IHE and culminated in a 26% increase in [Hb] on day 5 of IHE 

compared to Day 1 of IHE.  The pattern of significantly elevated Hct followed that 

measured for RBCc and [Hb] with a significant 25% increase in Hct on the final day of 

IHE compared to the final day of IHE-Sham (p<0.05) in young participants, while in 

mature participants there was a significant 23% increase in Hct values between Day 

1 and day 5 of IHE (p<0.05) compared to Day 1 of IHE.   
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These significant findings are in contrast to the findings of other studies which did not 

use a mean SaO2 as an end point but rather used fixed FiO2, (Ashenden et al., 2000, 

Ashenden et al., 1999, Gore et al., 2006, Julian et al., 2004, Katayama et al., 2004).  

The mean SaO2 of 85% could have provided the necessary stimulus threshold to 

trigger long-term hemopoietic changes; while using a fixed FiO2 may have provided a 

stimulus that only elicited compensations based on short-term changes such as an 

increased ventilatory response and the autoregulation of blood flow.  Secondly, it is 

possible that the stimulus needed to bring about long-term changes in elite athletes 

may be greater than that needed to bring about stress erythropoiesis in healthy 

untrained participants. 

The response of young and mature participants to CH of the same duration at the 

same mean SaO2 differed to that of IHE. In mature participants, analysis of CH 

results revealed a decrease in mean hematocrit percentage (49.7% to 46.3% 

p<0.05) after CH exposure and in young participants there was no significant 

difference in any haematological value after CH. Taken together the data support the 

proposal that repeated presentation of a stressor provides a greater impetus for 

adaptation than a continuous episode of an equivalent stressor.  As stated 

previously, the data support the hypothesis that IHE at a fixed SaO2 of 85% 

significantly increased haematological factors normally regulated by oxygen 

dependent genes, such fixed SaO2 protocols may have useful clinical applications in 

the prevention and management of pathophysiologies associated with the under-

perfusion of vulnerable tissues such as the brain and heart and during recovery from 

surgery.  Such protocols may also improve exercise and time trial performance in 

athletes by increasing maximal oxygen uptake, serve as preparation for high altitude 

competitions and for prevention of acute mountain sickness, and, through the 
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activation of the hypoxia gene cascade protect the function of surrounding cells and 

vasculature during oxidative stress-related brain diseases, aid in wound healing, 

have therapeutic potential in the treatment of ischemic stroke and anaemia, and 

provide therapeutic targets against the pathologies in which hypoxia is implicated.   

Previous studies show that the basic mechanisms underlying the beneficial effects of 

IH include stimulation of antioxidant defence mechanisms, stabilization of cellular 

membranes, and improved O2 transport in tissues.  Furthermore, adaptation to stress 

often occurs in response to repeated signals with the repeated presentation of a 

stressor providing a greater impetus for adaptation compared to a continuous 

episode of an equivalent stressor with a simple on/off toggle. 

This thesis proposed the theory that the repeated signal provided by IHE would 

produce significant increases in the RBC profile, while the simple on/off supply of CH 

could be more of a physiological insult to the system but it would not result in similar 

positive changes or adaptations as there were no recovery times programmed into 

the delivery to reinforce signalling pathways. 

5.4 Research Hypothesis 4. 

Acute and chronic exposures to high altitude are environmental stressors which 

induce various physiological adaptive changes, including the activation or inhibition 

of diverse hormonal and metabolic responses.  Among the adaptive changes are 

stress responses which influence immune function through catecholamines and 

hormones.  Cortisol is one such hormone, which when activated can have 

deleterious effects on immune function.   

Exposure to hypoxia can result in physiological stress depending on its intensity and 

duration.  It was not known whether IHE and CH at a mean SaO2 of 85% would result 
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in activation of the HPA one of the effects of other physiological stressors such as 

exercise.  Since mature populations are less able to cope with stress and are more 

susceptible to hypoxia or ischemia, a healthy, normally active mature-aged 

population was selected to examine the effect of IHE and CH at a mean SaO2 of 85% 

on cortisol levels, as a marker of changes to the level of physiological stress.   In 

addition, these stress related responses were examined against those in a healthy, 

normally active young population for comparison. 

Sixteen participants volunteered to participate in this study; 8 young participants and 

8 mature participants from the previous studies on the effects of IHE /CH on 

haematological factors.   

Participants were asked to provide a total of eight saliva samples over the course of 

the IHE and CH protocols, samples one to four taken on the two consecutive 

mornings prior to the beginning of each experiment (to give Baseline readings prior 

to the IHE and CH exposure, i.e. ‘pre’ readings), and samples five to eight taken on 

the final two consecutive days of each experiment (i.e. on the last two mornings of 

week 3 of IHE and CH to give ‘post’ readings). 

Young participant pre and post cortisol responses to IHE and CH. 

No statistically significant differences were found in the cortisol stress measure in 

young participants in response to either IHE or CH.  Furthermore, there were 

nostatistically significant differences found between gender groups (young male vs 

young female). 

Mature participant pre and post cortisol responses to IHE and CH. 

No statistically significant differences were found in the cortisol stress measure in 

mature participants in response to either IHE or CH.  Furthermore, there were no 
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statistically significant between group differences (young vs mature participants) in 

any of the treatment phases (Baseline, IHE or CH/pre vs post), nor were statistically 

significant differences found between gender groups (mature male vs mature 

female,) in any of the treatment phases. 

Comparison of Young and Mature participant pre and post cortisol responses 

to IHE and CH. 

No significant differences were found between the young and mature participant 

pre/post cortisol responses to IHE or CH. 

Summary of Research Hypothesis 4. 

Neither IHE nor CH exposures appeared to have had a statistically significant effect 

on the cortisol stress response in either young or mature participants, nor were there 

statistically significant differences between the mature and young responses, or the 

young and mature male and female responses.  Thus experimental hypotheses 4 a) 

and 4 c) are accepted.  Experimental hypothesis 4 b) is rejected as the responses to 

an equivalent dose of CH did not result in significantly increased cortisol levels.   

5.5 Research Hypothesis 5. 

Currently, there is a general agreement that acute exposure to hypoxia results in 

alterations of specific components of the immune system.  Initial exposure to hypoxia 

is a sufficient enough stressor to elicit a neuroendocrine response that may alter 

immune function and affect many components of the immune system.  Stress 

responses effect Secretory immunoglobulin A (S-IgA) levels which constitutes the 

main specific immune defence mechanism in saliva. 
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Young participant pre and post S-IgA responses to IHE and CH. 

No statistically significant differences were found in the S-IgA immune measure in 

young participants in response to either IHE or CH.  Furthermore, there were no 

statistically significant differences in S-IgA levels between gender groups (young 

male vs young female). 

Mature participant pre and post S-IgA responses to IHE and CH. 

No statistically significant differences were found in the S-IgA immune measure in 

mature participants in response to either IHE or CH.  Furthermore, there were no 

statistically significant between group differences in S-IgA levels (young vs mature 

participants) in any of the treatment phases (Baseline, IHE or CH/pre vs post), nor 

were statistically significant differences found between gender groups (mature male 

vs mature female) in any of the treatment phases. 

Comparison of Young and Mature participant pre and post S-IgA responses to 

IHE and CH. 

No significant differences were found between the young and mature participant 

pre/post S-IgA responses to IHE or CH. 

Summary of Research Hypothesis 5. 

Neither IHE nor CH exposures appeared to have had a statistically significant effect 

on the S-IgA immune measure response in either young or mature participants, nor 

were there statistically significant differences in S-IgA levels between the mature and 

young responses, or the young and mature male and female responses.  Thus 

experimental hypotheses 5 a) and 5 c) are accepted.  Experimental hypothesis 5 b) 

is rejected as the responses to an equivalent dose of CH did not result in significantly 

decreased S-IgA levels.   
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It seems likely that the hypoxia treatments used in this study (both IHE and CH) do 

not cause as much physiological stress as exercise.  High intensity exercise has a 

large component of metabolic stress as well as a potential hypoxic stress.  It is 

possible that the hypoxic stimuli used in this study does not compromise or enhance 

immune function and may be safer to use to affect remodelling than exercise alone. 

 

The primary aims of this study were to: 

 examine and compare the effect of a 3-week regime including one week of 

acute IHE  on specified haematological responses in healthy young and 

mature participants 

 examine and compare the effect of a 3-week regime including one week of 

acute IHE on specified immune and stress responses in healthy young and 

mature participants 

 examine and compare the effect of a 3-week regime including one week of 

continuous hypoxia (CH) on specified haematological responses in healthy 

young and mature participants 

 examine the haematological response to intermittent hypoxic exposure 

(IHE) vs. continuous hypoxia (CH). 

 examine and compare the effect of a 3-week regime including one week of 

CH on specified immune and stress responses in healthy young and 

mature participants 

 examine and compare the effect of a 3-week regime with one week of IHE 

on specified haematological, immune and stress responses with those 

responses found during a comparable delivery of CH with an equivalent 

total hypoxic exposure time 

 examine and compare the haematological and immune and stress 

responses to IHE and CH in healthy young and mature participants 

 examine the efficacy of IHE as a rehabilitation treatment post surgery in 

conjunction with the Cornish-walking program 
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Conclusion. 

Since there were significant haematological responses to IHE and CH in a parallel 

analysis of blood from the same participants, it seems likely that the physiological 

stress caused by IHE but not CH was of sufficient intensity and duration to elicit 

haematological compensation to a mean SaO2 of 85%.  The tailored intermittent 

hypoxia protocol, devised in this thesis, did not appear to impair innate immunity nor 

increase the levels of cortisol.  While this may suggest that IHE is a safe protocol, the 

level of inter-participant variation was high and that suggests that future studies 

should examine other doses and hypoxic durations in healthy participants to 

determine the window of safety before these protocols can be tested in clinical 

populations.   

Now that we have data supporting the notion that significant haematological 

adaptation, without elevations in troponin and cortisol or depression of S-IgA, occurs 

in response to IHE to achieve a mean SaO2 of 85% as administered in this study, the 

ultimate goal is to test IHE in combination with and without participation in a 

standardised graduated exercise program such as the Cornish Walking program, a 

Gold Coast City Council’s community-based initiative (GCCC, 2008),  as a means of 

speeding cardiac rehabilitation in mildly compromised patients and in post-surgery 

patients after a 15% improvement in cardiac function. 

In summary, the present study suggests that IHE at a mean SaO2 of 85% has health 

benefits and potential clinical applications for both young and mature individuals, by 

improving the oxygen carrying capacity of the blood in both males and females. 

These adaptations require further research in sub-clinical populations with and 

without an added exercise component, as described in the previous paragraph.  

Furthermore, since the IHE treatment used in this study does not appear to activate 
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the stress response or to be immuno-suppressive it could be a candidate for 

interventions prior to surgery or during later phases of post-operative recovery. 
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Limitations of the Study 

Although the research was carefully prepared and has reached it aims, there were 

some unavoidable limitations. 

1. The Sham treatment gave unexpected results and needs to be investigated 

further. 

2. Each hypoxia exposure lasted one week.  If hypoxia exposure was of a longer 

duration, greater haematological effects may have been evident. 

3. Each study took place with a five month interval between – we were not able 

to control for environmental/seasonal conditions. 

4. The S-IgA & cortisol studies are underpowered; however several studies with 

similar / greater numbers of participants report the same results as found in 

this study. 

5. This study could not control for outside nutrition. 

6. This study included both male and female participants.  This could potentially 

be a confound;  not only were statistical analysis of gender effects undertaken 

but also based on previously published studies, participants of mixed gender 

is acceptable.  

7. The effect of the menstrual cycle was not controlled, but was recorded; a 

study group was selected that was representative of the general population 

albeit at the cost of including a potential confound.  

8. Studies were conducted without performing initial power calculations, and 

study participant numbers were based on previous published hypoxia studies 

and our pilot studies which indicated low inter-participant variation in the 

mean.  Furthermore, participant numbers were limited by time restrictions. 

 



180 
 

APPENDIX A 

Project Information Sheet and Informed Consent Form 
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Previous research has shown that acclimatisation to the low  

oxygen levels (hypoxia) found at high altitude result in increased  

red blood cell count, increased growth of capillaries and increased antioxidant levels. 

We are trying to determine if we can simulate such changes in a laboratory setting so 

we need to try a number of different protocols before we can expect to find one that 

mimics being at altitude.  Healthy volunteers are asked to consider participating in 

our research study consisting of 15 sessions of 1.5 hours, 5 days a week.  All details 

identifying the participants will be kept confidential. Feedback will be provided, at the 

end of the study, to the participants involved in the form of a letter containing a 

summary of our findings. 

 

Prior to the first IHT session, each participants will be screened using a 12 lead 

electrocardiogram to examine heart function, and spirometry equipment to examine 

lung function. Medical clearance from a General Practitioner, prior to commencement 

of the study, is required.  Upon commencement, the investigators will request that 

you keep a medication and activity diary, which will be kept with your confidential 

records. 

 

Our long-term goal is to find a lab-based treatment that could speed or 

improve recovery from surgery: The extent and speed of recovery of post-surgical 

cardiac patients depends on the efficiency of oxygen delivery to the heart muscle, 

which is in turn dependent on new blood vessel formation after surgery and the 

number of oxygen carrying red blood cells present. There is “pilot study evidence” 

that brief periods of low oxygen alternated with breathing normal air stimulates the 

formation of new blood vessels and new red blood cells, resulting in improved 

oxygen delivery.  The present study aims to investigate the optimal dose (within safe 

levels) required to elicit the best post-surgical response. 

The Effect of Exposure to Intermittent 
Hypoxia Training on Key Biochemical, 

Haematological and Immune Variables. 
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The intermittent hypoxia training program (IHT): Consists of alternately breathing 

a gas mixture of 11% oxygen (similar to being in the Andes mountains at ~5000m but 

without the pressure change) for 2 to 5 minutes, followed by breathing normal 

atmospheric air for 2 minutes. These alternating cycles will be repeated for 90 

minutes once a day, for 5 days, in the presence of a qualified medical practitioner. 

Participants will be comfortably seated throughout the sessions and will be able to 

read if they wish. Prior to this week of IHT, all  participants will act as a control group 

using identical facemasks and breathing atmospheric air of normal oxygen 

concentration at sea level (approximately, 21% oxygen).  

All participants will be fitted with a finger-clip pulse oximeter to measure the oxygen 

saturation of the blood to ensure blood oxygen saturation does not fall below a mean 

of 85%. In addition the action of the heart will be continuously monitored via a 3-lead 

electrocardiograph to ensure that there are no irregularities in heartbeat.  Blood 

pressure will be taken prior to the session. For each group, a 10ml blood sample will 

be taken on alternate days throughout the session, and aliquots will be used to check 

each participants’s blood count and blood chemistry. Participants will be informed 

immediately if there is any departure from normal blood values at any of these 

sample points. 

 
There are two possible risks when participating the study, which must be 

considered: 

Firstly, exposure to the reduced oxygen level found at altitude can in some 

individuals cause a temporary change in heart rhythm (arrhythmia) which, if 

undetected, could cause tissue damage to the heart muscle.  Heart function will be 

constantly monitored in all participants during each session. Small sensors will be 

placed on the skin over the heart, which will transfer information about the heart back 

to an electrocardiograph so that the doctor can monitor the electrocardiograph 

(ECG). The IHT session will be stopped immediately if there is any indication that an 

irregularity has occurred in the heart rhythm and the participants notified 

immediately.  

 

Secondly, there is always the risk of infection when blood samples are taken.  The 

qualified phlebotomist will take every precaution by always using sterile, single use 
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needles and syringes.  The area to be used will be swabbed with alcohol prior to 

sampling. 

 

I have read the information sheet and the consent form.  I agree to participate in the 

project titled “The effect of exposure to intermittent hypoxia training on key 

biochemical, haematological and immune variables” and give my consent freely. I 

understand that my participation in this study is voluntary and that I am not required 

to participate in this research project if I do not wish to do so.  I also understand that I 

can withdraw from the study at any time without needing to explain my reasons for 

withdrawing.  Loss of benefit or treatment will not occur, nor will a penalty be 

incurred, as a result of my withdrawal. I understand that the project will be carried out 

as described in the information statement, a copy of which I have retained.  I realise 

that whether or not I decide to participate is my decision and will not affect any 

treatment I am receiving.  I also realise that I can withdraw from the study at any time 

and that I do not have to give any reasons for withdrawing.  I have had all questions 

answered to my satisfaction. 

 

Signatures: 

 

………………………………………………..  ………………..….. 

Participants       Date 

 

.……………………………………………….       .…………………… 

Investigator(s)       Date 
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Thank you for your assistance with this research project. 

The University requires that all participants be informed that if they have any 

complaints concerning the manner in which a research project is conducted, it may 

be given to the researcher, or, if an independent person is preferred, to either:  

The University's Research Ethics Officer, Office for Research, Bray Centre, Griffith 

University, Kessels Road, Nathan, Qld 4111, Telephone (07) 3875 6618;  

or 

The Pro Vice-Chancellor (Administration), Bray Centre, Griffith University, Kessels 

Road, Nathan, Qld 4111, Telephone (07) 3875 7343. 

 

  



185 
 

APPENDIX B 

Medical History Questionnaire 
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MEDICAL HISTORY QUESTIONAIRE    

 

SURNAME:………………………  GIVENNAMES:………………………. 

DATE OF BIRTH:………………………... SEX:………………………… 

ADDRESS…………………………………………………………………… 

PHONE: 

HOME.:………………………WORK...................................... 

 

1. When was the last time you had a physical examination? Please give the name  

of the Doctor who examined you. 

 

2. Who is your regular Doctor 

 

3. If you are allergic to any medications, foods or other substances, please name 

them.   

 

4. If you have been told that you have any chronic or serious illnesses, please  

 

5. name them. 

 

6. Have you been hospitalised in the past three years? Please give details. 

 

7. During the past twelve months: 

Has a physician prescribed any form of medication for you?   Y/N 

Has your weight fluctuated by more than a few kilograms?   Y/N   
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If yes, did you attempt to bring about this weight change  

through diet and/or exercise?    Y/N 

Have you experienced any faintness, light-headedness or  

blackouts?    Y/N 

Have you occasionally had trouble sleeping?   Y/N 

Have you experienced unusual heartbeats such as skipped 

beats or palpitations?    Y/N 

Have you experienced periods in which your heart felt as  

thought it were racing for no apparent reason?   Y/N 

 

8. At present: 

Do you get pains or cramps in your legs?   Y/N 

Do you experience any pain or discomfort in your chest?   Y/N 

Do you experience any pressure or heaviness in your chest?   Y/N 

9. Have you ever had asthma? 

 

10. Do you currently suffer from any respiratory disorder? 

 

11. .How often would you characterise your stress level as high? 

 occasionally ..… frequently ..… constantly..… 

 

12. Have you ever been told that you have any heart problems?   Y/N 

If so, lease tick on the dotted line 

Myocardial infarction……arteriosclerosis……heart disease…… heart block…… 
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coronary thrombosis……rheumatic heart……heart attack……aneurism…… 

coronary occlusion……Angina……heart failure……heart murmur…… 

 

12. Has any member of your immediate family been treated for or suspected to 

have any of the following conditions?  Please identify their relationship to you (eg. 

Father, mother, sibling, uncle and aunt.). Are you aware of these diseases in earlier 

generations (eg. Grandparents and their brothers and sisters)? 

(a) Diabetes…………………………… 

(b) Heart disease………………………. 

(c) Stroke……………………………… 

(d) High blood pressure…………..…… 

(e) Don’t know………………………… 

 

13. Do you experience sudden tingling numbness or loss of  
feeling in your arms, hands, legs, feet or face?   Y/N 

 

14. Do you experience swelling in your feet and ankles?   Y/N 

 

15.  Have you had any severe headaches or have dizzy episodes?   Y/N 

 

16.  Do you experience shortness of breath or loss of breath 

 while walking?    Y/N 

 

17. Do you have diagnosed hypertension or a resting systolic blood  Y/N 
(Blood Pressure > 140 or diastolic blood pressure > 90mmHg)  
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and/or do you take antihypertensive medication? (We will be able to take   

resting blood pressure on all participants at the time of screening.)  

 

SBP…..….mmHg DBP…….mmHg 

 

18.  Do you know your serum (blood) cholesterol level?    Y/N 
 

(>5.5 mmol. is considered a risk factor; if participants do not have  

recent blood lipid measures, we will automatically assume that  

they are above  5.5 mmol and we will include a lipid profile in your pre-screen 

blood tests).  ). 

 

19. Do you regularly donate blood?   Y/N 
 

20.  If so, how often?  ……………………………………………………..  
 

21. Do you smoke?    Y/N 
 

22. Did you ever smoke? Please supply the length of time involved 
 

……………………………………………………………………… 

 

23. Do you have diabetes?    Y/N 
 

 

 

………………………………………………….. ……….. 

Participant signature   Date 
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In my medical opinion ……………………………………………  …is fit to participate in 

the Altitude training study being conducted in the School of Physiotherapy and 

Exercise Science at the Gold Coast Campus of Griffith University 

 

 

…………………………………………………….. ………… 

Doctor’s signature  Date 

 

 

 

In order for us to best interpret the results of your participation in this study, please 

complete the following questions. 
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Please indicate your perceived level of fitness below: 

___  Normally active/untrained 

___  Mildly trained 

___  Highly trained 

___  Elite athlete 

 

How many times per week do you exercise? 

___ Do not have a regular program 

___ Once per week 

___ 2-3 times per week 

___ 4-5 times per week 

___ more than 5 times per week 

Do you participate in any of the following activities?  Please tick the 

appropriate boxes. 

 

Activity 

20-30 

minutes 

per day 

30-60  

minutes 

per day 

over  

1 hour 

per day 

1 

time  

per 

week 

2 or more 

times 

per week 

Gardening      

Walking      

Jogging (slow pace      

Combination walk/jog        

Running (faster pace)      
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Short distance 

jogging/running   

     

Long distance 

jogging/running    

     

Swimming      

Cycling      

Rowing/canoeing        

Bowling      

Tennis      

 

Do you participate in gym classes?     Y/N  

What type of workout do you do, & how frequently?   

(e.g. aqua aerobics, weightlifting, special program etc) 

___________________________________________________________________ 

___________________________________________________________________ 

___________________________________________________________________ 

 

Other physical activity? 

Type of activity 

___________________________________________________________________ 

Frequency 

___________________________________________________________________ 

Duration 

___________________________________________________________________ 
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Are you currently taking any prescription medicine?  If yes, please provide 

details: 

 

 

 

 

Are you currently taking any health, nutritional or vitamin supplements?  If 

yes, please provide details: 

 

 

 

 

 

 

Do you regularly donate blood? If yes please provide details: 

 

 

 

…………………………………………. ……………………… 

Participants Signature  Date 
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APPENDIX C 

Saliva Project Information Sheet 

Saliva Kit Instructions                             

Participant Daily Protocol 
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SALIVA INFORMATION SHEET 

 

RESEARCH PROJECT INFORMATION SHEET 
 

Title of Research Project: 

Effects of Intermittent Hypoxia on Key Biochemical, Haematological and 

Immune Variables. This research has been approved by the Human 

Research Ethics Committee of Griffith University. 

Researcher:   Ms Barbara Tobin, PhD student, School of Physiotherapy and 

Exercise Science, Griffith University.  Phone: 07 555 28281,  

e-mail:  B.Tobin@griffith edu.au.  The research is being conducted as part 

of a PhD student's work for a Doctorate in Science. 

 

Principle Supervisor:  A/Prof. Gillian Renshaw, Senior Lecturer, 

School of Physiotherapy and Exercise Science, Griffith University.  

Phone: 07 555 28392, e-mail: G .Renshaw@griffith.edu.au. 

 
 

Project Description: 
 

This study involves research to assess the relationship between hypoxia and 
your health. Specifically, this section of the study is looking at the effects of 
hypoxia on your immune system, using saliva.  The knowledge gained from 
this type of research will help in understanding how our bodies respond to 
different kinds of stress. 
Another aim of this research is to relate our immune system reactions to other 
measures of health. 

Saliva samples (which will take approximately 5-minutes of your time on each 
occasion) will be needed on two consecutive mornings. 

 
Saliva sampling: 
 

Saliva collection is non-invasive and painless.  Sterile techniques are used.  The 
saliva assays used in this project do NOT allow diagnosis of any infection or 
disease.  If you agree to participate in this part of the study, you will receive 
detailed instructions on how to collect the saliva yourself in the privacy of your 
home. 

•       You will be asked to salivate into a sterile collection tube for five 
(5) minutes.  This should involve no discomfort on your behalf. 

•       Once you have provided a saliva sample, it will be coded 
for identification by the investigators. 

•       Your age and precise time of sampling will also be recorded. 

•      Your saliva samples will only be used for this research, but may be pooled 
with others (anonymously) to produce a 'standard' sample. 

mailto:.Renshaw@griffith.edu.au
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We believe there are no elements of this research that might cause physical, 
emotional, mental, social or cultural pain, discomfort or stress; or constitute a risk 
to physical, emotional or mental health.  We also believe that none of the 
procedures or research elements will adversely affect you or anyone else, 
including those conducting the project. Participating in this research may be 
beneficial to both you and the wider community by contributing to future health 
services. The research findings are likely to be presented at a scientific meeting, 
and published in a scientific journal.  Any data included will in no way be linked to 
you.  You are able to take your time to think about whether you wish to 
participate in this study.  If after having some time to think about it you decide 
you would like to participate, please read and sign the consent form, and follow 
the instructions provided in this kit. 

 
Participation is voluntary, and a choice not to participate will involve no penalty 
or loss of benefits to which you might otherwise be entitled.  You may discontinue 
participation at any time without penalty or the need to provide an explanation. A 
coding system will be used which will be operated only by the Principle 
Supervisor to identify participants.  Information provided by you will only be seen 
by the researchers involved in this study and will be kept confidential and 
anonymous in a locked cabinet in the principle supervisor's office.  A summary of 
the overall outcomes of the research will be available at the end of the study if 
you are interested. 

 
 
The principle supervisor of this project, Dr. Gillian Renshaw, is an experienced 
physiologist, and Dr. Fiona Burnell, an immunologist who has developed several 
immunoassays prior to this research, will collaborate on the project. Participants 
may contact the supervisor about any matter of concern about the research on the 
contact number I email address given above. 

 

 
We know that you are very busy, and we thank you for your willingness to 
participate in this research study.  We hope that you will find our research topic of 
interest and also that you will be able to find the time to provide your samples. 

 
 
Barbara Tobin, Dr Gillian Renshaw, Professor Lewis Adams, and Griffith 
University, Queensland, appreciate your assistance with this research project. 

 

 
If you have any complaints about the way this research project is being conducted 
you can either raise them with the Principle Supervisor, or if you prefer an 
independent person, contact the Chairperson of the Human Research Ethics 
Committee at Griffith University 
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SALIVA KIT INSTRUCTIONS                             

 
What you need to know about saliva sampling. 
 

Please read these instructions before attempting to produce your  

saliva samples.  You have been given two (2) closed sterile plastic tubes, 

each with a code number.  Please store these tubes safely and do not open 

them until the time of sampling. 

 
You are asked to produce two (2) saliva samples over two (2) consecutive 

mornings, just after you wake-up. 

 

For successful saliva sampling, please: 

1. do not eat  drink, (except water), or clean your teeth prior to giving the 

samples,  

2. do not smoke, eat or drink  during the sample collection 

3. collect the samp les a t  a p p r o x i m a t e l y  the same time each morning, 

prefe rably upon waking up 

4. collect the first sample into the tube numbered 1  

5. collect each sample for five (5) minutes 

6. record the exact time you finish the collection on each tube 

 
 
Please collect the first sample into the tube numbered 1. Collecting a saliva sample 

requires you to relax and allow the saliva to collect in your mouth.  Instead of swallowing 

as normal, please spit the collected saliva into the sterile tube, closing the tube after 

each portion of the sample is collected. 

 

Allow a total of five minutes for each sample, to allow sufficient saliva to be collected.  

After the collection, please close the tube, place it in the plastic bag, seal the bag, and 

place it in your freezer.  The next day, please repeat the same procedure using the 

second tube (tube number 2).  Both samples can then be brought into Griffith University 

(G05 room 2.43) for collection by the researcher Barbara Tobin. 

 

We thank you for your 

participation. 
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April 4 -April 22 ' 05 

 

Participant Daily Protocol 

 

As your  fluid  intake  can  affect  blood/plasma  volume  and  interfere  with  our 

measurements,  we ask that you follow the guidelines below. 

 
1.  Each morning please do not eat or drink prior to coming into the lab. 

 
2.  Breakfast at Uni after treatment: 

 - weetbix and milk  

      - chocolate milk or water 

 
3.  We will give you a set amount of liquid (0 .25L )  throughout the 1.5 hr 

treatment daily and we ask that you consume this liquid throughout the 

duration of the treatment. 

 
On  Mondays,   Wednesdays  &  Fridays  each  week  we  need  to  take  blood 

samples from you. 

 
These must be taken 2 hours AFTER the treatment has finished because one 

of  the  very  important  protective  mechanisms  (hsp-70)  has  been  found  to 

reach a peak level 2 hours after the body has detected low oxygen levels. 

 
Could you please refrain from eating or drinking until after the blood sample 

has been taken?  (If you MUST drink something, please make a note of how 

much liquid you consume.   We request that you do not drink tea or coffee 

during this time also.) 

 
We  have  booked  the  nurse  (Anne  Finch)  to  take  blood  samples  in  the 

Interview  room  2.38  GO2 from  9.45am - 10.15  am.   If you cannot  make 

these  times  on Mondays,  Wednesdays  &  Fridays,  please  let  us know,  as 

these blood samples are the most important aspect of the trial. 
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On Tuesdays & Thursdays we do not take blood samples from you, so at the 

end of the treatment you can eat & drink as normal. 

 
To ensure accuracy in the interpretation of our results we also request that 

you- 

 

Do not change your daily routine, exercise habits or vitamin/herbal 

supplement intake, 

Refrain from donating blood during the length of the trial. 
 

 
SALIVA SAMPLES 

 
Please bring your 2 saliva samples into the lab on Tuesday morning  5th  

April. We  will provide  you  with 2 more  saliva  collection tubes  for you to 

repeat  the saliva  collection process  on the final 2 days of the trial i.e on the 

21st and 22nd of April  and  we ask  that  you  bring  these  2 tubes  in on the  

final  morning  of treatment. 

 
We  realise  that  your  time  is precious,   and  we thank  you  for  volunteering 

to participate in  this  trial.   If  this  intermittent hypoxia  treatment stimulates 

the hypoxia-responsive genes  that are activated  by altitude  acclimatization, 

then it may  have  a clinical  application as a pre-  and -post-conditioning 

treatment in cardiac  surgery.   Your blood sample data will help to give us 

some indication of this possibility. 

 

 
Thankyou. 
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APPENDIX D 

Participant Inclusion Criteria 
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Participant inclusion criteria 

Participant inclusion was based on the following criteria:  

 free from a current illness 

 free from medical history of past or present respiratory and/or cardiovascular  

problems  

 a non-smoker 

 free from metabolic diseases and infectious diseases  

 free from chronic diseases affecting the immune system, 

 free from any known immune dysfunction, systemic viral condition or 

inflammatory disease  

 not taking any medication with known effects on the respiratory, immune 

and/or cardiovascular system (e.g. inotropic agents, bronchodilators, aspirin, 

statins, antiarrhythmias, corticosteroids) 

 with haematology measurements (full blood count) within the normal ranges  

 with normal spirometry 

 with normal resting 12 lead ECG 

 with a resting blood pressure of less than 150/90 mmHg, and unacclimatized 

to altitude 

 with a time to desaturate to an SaO2 of 85% in response to an hypoxia test 

falling within 1-7min. (This will eliminate volunteers who are resistant to 

hypoxia.) 

 uninvolved in night shift work, affecting the normal circadian rhythms of the 

biomarkers used in this study 

Participants were rejected from the study if these screening measures were not met.   
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APPENDIX E 

Hypoxia Leaflet 
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Research   into a treatment that 

could protect the  heart  and brain  

from damage   is  being  carried  out  

at   the School  of  Physiotherapy and 

Exercise Science  at Griffith 

University's  Gold Coast campus. 

We need people like you to be 

involved. 
 

 
 
What is the study about? 

When you climb a mountain there is 

less oxygen available.  In order to 

improve oxygen delivery at these 

altitudes, our bodies make 

protective adjustments, such as: 

• Increasing EPO & red blood 

cell number to collect more 

oxygen 

•  Increasing capillaries to carry 

the extra blood cells 

•  Increasing antioxidant levels  

This placebo controlled   double   blind 

study simulates temporary high 

altitude conditions in a laboratory 

setting to determine whether these 

favourable changes can be induced. 

 

 

 

What are the benefits of 

the study? 

The   beneficial    changes   that   

occur when we go to high altitude 

are part of a suite of natural 

protective mechanisms prompted 

by hypoxia (low oxygen). If  we can 

learn  how to  cause these 

changes  without  actually  having to  

climb a  mountain  it  could  be 

beneficial  to promote: 

 General well being.; 

Accelerated recovery  

after cardiac  surgery;  

 Rehabilitation after 

stroke; Minimal affects 

of birth hypoxia in the 

newborn. 

 
If you participate, what would be 

required? 

Commitments: 

•  A 1-hour screening to ensure 

you are healthy and able to 

participate. During this 

screening you will have an ECG, 

a blood pressure reading, a lung 

function test, an assessment 

of your    exercise   level   and    

a medical questionnaire. 

• One and a half hours of 

intermittent hypoxia training  

(IHT)  5 days a week for  three 

weeks. (We provide breakfast!) 

Blood tests before, during and 

after IHT to determine if you 

have an increase in red blood 

cell number, and saliva samples 

to determine IHT effects on 

immune function. 
 

How do I find out more? Give Associate Prof Gillian 
Renshaw  a call on (07) 5552 8392 Or to become 
involved Phone Barbara Tobin on (07) 5552 9208 I 

mobile: 040 200 7239 
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APPENDIX F 

Comparisons of Blood Results from a Certified Pathology Laboratory with Our Results from 

Coulter Counter  

1 Young Participant - S&N and Coulter Counter 

1 Mature Participant - S&N and Coulter Counter 

 

Comparison Table of S&N RBCc, Hct and [Hb] Analysis with Coulter Counter RBCc, Hct and 
[Hb] Analysis 
 

 

  



205 
 

 

Sullivan Nicolaides Path 
 

Southport Laboratory 
 

Sample 10:     04 
 

Patient Name: 
 

Run  Date/Time: 1610912005 03:51:13 PM Patient 10: Seq#:  2470      

Gender: OPR:                  BCI 

Flagging Set:     Man 

Comments: 
 

Unknown 
 

DOB: Age: 

 

Collect Date/Time: Physician: Location: 

 

 
Range                                                                                                                    
Flags and Messages 

 

I   WBC        6.9                    10"91L       3.4         15.0 
                                                                      I 

 

RBC        5.03                 10"121L    1.90   I  7.70 

HGB        158                  g/L             100    I  170 

HCT         0.469               L/L            0.200 I  0.650 

MCV        93                    fl          79      I  100 

MCH        31.4                 pg             26.0   I  34.0 

MCHC     336                  g /L           325    I  355 
 

ROW       12.9               %              10.0   I  17.0 
 
 

PLT         234                   10"91L      150    I  600 

MPV        9.2                   fl          7.0     I  12.0   
 

 PLT 

 

 
100       300  
 

400fl 
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GRIFfiTH UNIVERSITY GOLD 
COAST BIOCHEMISTRY  
LABORATORY 
SCHOOL OF PHYSIOTHERAPY  +  EX. SC. 
 
ID: 03160905                16-09-05 
WB                              11:01 

Patient 
Limits 2 

 
WBC 7.0  x10 3/uL 4.8 10.8 

LY   43.0  %   20.5 51.1 

MO      8.5                       1.7     9.3 % 

GR   48.5  %   42.2 75.2 

LY# 3.0  x10 3/uL 1.2 3.4 

MO# 0.6  x10 3/uL 0.1 0.6 

GR# 3.4  x10 3/uL 1.4 6.5 

RBC 5.12  x10 6/uL 4.20 5.40 

Hgb 15.6  g/d L 12.0 16. o -1, 

Hct 47.7 H 
 

 37.0 47.0-t 
MCV 93.1  fL 81.0 99.0 

MCH 1.89  fmol 1.68 1.92 

MCHC 32.8 L g/dL 33.0 37.0/ 

RDW 12.6  % 11.5 14.5 

Plt    232.  x10 3/uL 130. 400. 

MPV     9.2  fL 7.4 10.4 

Pet .214  % 0.190 0.360 

PDW 15.7   15.5 17.1 

 

 WBC HISTOGRAM              
 

 RBC HISTOGRAM                 

 PLT HISTOGRAM 
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Sullivan Nicolades 
 
DOB    05/09/1928Age     76 Yrs  Sex F 
Lab     555995620 
 
Requested      26/11/2004 
Collected        26/11/2004  09:45 hrs 
Printed            27/11/2004 00:41 hrs 

 
 
 

 
 
 

Your ref                                                          Page 1 
(End) 

Haematology  Collected 26/11/2004 09:45 hrs 
Completed:  HBsAg,FBE,Retic. To follow  HepA-IgM,_HI 
 
Ph  H0755378945 
4216 
Dr Jon D Linnett  cc: Ms G Renshaw 
 
Patient Address Ref by 

 
 
Haematology      05/12/02      20/08/04      16/11/04     26/11/04 
                                11 :00          08:45           08:30           09:45 
Haemoglobin               125              129              
120      128Hematocrit                0.39             0.39             
0.36     0.39Ree               4.1               4.0               3.7       
         4.0 
Reticulocytes                                                                        79 
MeV                          94                99                99                98 
 
Neutrophils             2.76             4.10             3.20     
2.40 
Lymphocytes           2.52             1.80            2.60     
2.40 
Monocytes              0.43             0.30            0.40     
0.40 

  Eosinophils             0.25             0.20             0.2Q   
0.20 
Basophils                0.04             0.00             0.10     
0.00 

Platelets                    172              185              162     
172 
 
Report 
Tests 
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GRIFfiTH UNIVERSITY GOLD 
COAST BIOCHEMISTRY  
LABORATORY 
SCHOOL OF PHYSIOTHERAPY  +  EX. SC. 
 
ID: 1291104                 26-11-04 
WB                              11:11 

Patient 
Limits 2 

 
WBC 5.5  X10A3/uL 4.8 10.8  

LY    45.5  % 20.5 51.1 

MO  4.4  % 1.7 9.3 

GR    50.1  % 42.2 75.2 

LY# 2.5  X10A3/uL 1.2 3.4"' 

MO# 0.2  X10A3/uL 0.1 0.6t 

GR# 2.8  X10A3/uL 1.4 6.5 

RBC 4.07 L X10A6/uL 4.20 5.40 

Hgb 12.5  g/dL 12.0 16.0  

Hct        39.                                                              37.0       47.0 0 

MCV 97.5  fL 81.0 99.0-1 

MCH 30.7  pg 27.0 31.0 

MCHC 31.4 L g/dL 33.0 37.0 

RDW 13.6  % 11.5 14.5 

Plt   150.  X10A9/L 130. 400.,. 

MPV 9.  fL 7.4 10.4 

Pet .146 L % 0.190 0.360 

PDW    16.3   15.5 17.1 

 

 WBC HISTOGRAM              
 

 RBC HISTOGRAM                 

 PLT HISTOGRAM 
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Comparison Table of S&N RBCc, Hct and [Hb] Analysis with Coulter Counter RBCc,  
Hct and [Hb] Analysis 
 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

  

Young S&N 
Coulter 
counter S&N 

Coulter 
counter S&N 

Coulter 
counter 

RBC Hct Hb 

MEAN 4.94 5.00 44.52 45.91 15.05 14.91 

 SD 0.30 0.37 2.93 3.56 1.07 1.15 
SD 
S&N        
vs GU 

 
1.64 

 
13.95 

 
3.75 

CV 6.12 7.48 6.58 7.76 7.11 7.75 

T-test   0.07   0.01   0.35 

Mature S&N 
Coulter 
counter S&N 

Coulter 
counter S&N 

Coulter 
counter 

RBC Hct Hb 

MEAN 4.26 4.28 41.40 41.44 13.42 13.28 

SD 0.38 0.40 4.51 3.89 1.18 1.12 

SD 
S&N        
vs GU 

  0.56   5.18   1.92 

CV 8.88 9.42 10.88 9.39 8.79 8.46 

T-test   0.54   0.91   0.14 
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APPENDIX G 

Beckman Coulter® Ac·T diff™ Analyzer Coefficient of Variation 



211 
 

 

 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
RBC HGB HCT MCV MCH MCHC 

Low 2.3 6.3 19.0 81.4 27.0 33.1 

  2.4 6.4 19.5 81.6 26.9 32.9 

  2.3 6.3 19.1 81.7 26.9 32.9 

  2.3 6.2 19.0 81.8 26.9 32.9 

  2.4 6.3 19.3 80.9 26.5 32.7 

  2.3 6.2 18.9 80.8 26.6 32.9 

  2.5 6.5 19.7 79.6 26.1 32.9 

  2.5 6.6 20.2 79.8 25.9 32.5 

  2.6 6.8 20.8 79.8 26.1 32.7 

  2.4 6.3 19.0 78.9 26.3 33.3 

  2.5 6.6 19.9 80.1 26.7 33.3 

  2.6 6.9 20.9 79.0 26.3 33.2 

  

     
  

mean 2.4 6.5 19.6 80.5 26.5 32.9 

SD 0.1 0.2 0.7 1.1 0.4 0.2 

CV 4.5 3.6 3.6 1.3 1.4 0.7 

       Normal 4.1 12.2 36.3 88.8 29.8 33.5 

  4.2 12.4 37.2 88.6 29.5 33.2 

  4.2 12.4 37.0 88.2 29.6 33.6 

  4.2 12.0 36.6 88.0 28.9 32.9 

  4.4 12.8 38.7 87.9 29.1 33.1 

  4.3 12.5 37.7 88.5 29.4 33.2 

  4.4 12.5 38.2 87.1 28.6 32.8 

  4.2 11.9 36.1 87.1 28.8 33.0 

  4.3 12.4 37.2 87.3 29.0 33.2 

  4.3 12.4 37.2 87.0 29.0 33.3 

  4.4 12.8 38.4 86.9 29.0 33.4 

  4.4 12.6 37.9 86.7 28.9 33.3 

  4.1 11.9 35.5 86.9 29.2 33.5 

  

     
  

mean 4.3 12.4 37.2 87.6 29.1 33.2 

SD 0.1 0.3 0.9 0.7 0.3 0.2 

CV 2.7 2.4 2.5 0.8 1.2 0.7 

       High 5.5 17.9 54.6 98.9 32.5 32.8 

  5.6 18.2 55.1 99.1 32.8 33.0 

  5.5 17.9 54.5 99.4 32.7 32.9 

  5.6 17.9 54.5 97.8 32.2 32.9 

  5.5 18.2 54.6 98.5 32.8 33.3 

  5.6 18.0 54.8 97.2 32.0 32.9 

  5.5 17.5 53.2 97.4 32.0 32.9 

  5.5 17.7 53.6 98.0 32.3 33.0 

  5.6 18.0 54.2 96.9 32.3 33.3 

  5.6 18.1 54.1 96.9 32.4 33.4 

  5.4 17.6 52.5 97.4 32.7 33.6 

  5.7 18.4 54.8 96.6 32.5 33.6 

  

     
  

mean 5.5 18.0 54.2 97.8 32.4 33.1 

SD 0.1 0.3 0.8 0.9 0.3 0.3 

CV 1.4 1.5 1.4 1.0 0.9 0.9 

The CV values obtained for 

normal control samples, 

using our Coulter Analyzer, 

were 2.7%, 2.4%, and 2.6% 

for RBCc, [Hb] and Hct 

respectively.    For “abnormal 

high-level” control samples, 

the CV values were 1.4%, 

1.4%, and 1.4% for RBCc, Hb 

and Hct respectively.  The 

order of analysis for samples 

was randomly selected 

through-out the trial. The 

mean coefficient of variation 

(CV) for the Beckman 

Coulter® A
c
·T diff™ Analyzer 

was calculated over 12 

consecutive days for all 

blood measures (RBCc, [Hb], 

Hct) using Beckman Coulter 

low, normal and high control 

samples.  The mean CV 

values ranged from 1.4%-

4.5% for RBCc, 1.5%-3.6% 

for [Hb}, and 1.4%-3.6% for 

Hct  
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APPENDIX H 

Graph of Typical Mature and Young Participant mean Heart Rate and mean SaO2 

responses to Mask Breathing, IHE and CH 
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APPENDIX I 

 
Summary Table of Mean Sao2 and Mean Heart Rate Data during Different 

Treatments:  (Room, Mask breathing, IHE and CH). 
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Heart rate 
(HR) & 
SaO2 

Treatment  
IHE CH 

  HR SaO2 HR SaO2 
Young Rm Mon 68.67 98.50     

          

Msk Mon 73.94 97.87 74.53 97.02 

Msk Wed 74.32 96.61 75.64 98.03 

Msk Fri 78.55 96.28 82.68 97.80 

mean 
75.60 96.92 77.62 97.62 

hypoxia Mon 79.06 86.97 90.03 85.04 

hypoxia Wed 82.76 85.81 83.97 84.66 

hypoxia Fri 84.60 86.02 84.56 84.83 

mean 
82.14 86.27 86.19 84.85 

Rm Mon 76.63 96.76     
Mature           

          

Msk Mon 70.73 96.22 69.56 97.29 

Msk Wed 68.41 95.97 69.80 96.75 

Msk Fri 66.61 95.05 70.83 96.76 

mean 
68.58 95.74 70.06 96.93 

hypoxia Mon 69.28 84.48 72.90 84.02 

hypoxia Wed 64.85 84.55 67.30 83.59 

hypoxia  Fri 72.70 85.95 71.64 82.90 

mean 
68.94 84.99 70.61 83.50 
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APPENDIX J 

Graphs of Pilot Study Fio2 and Sao2 Responses in Different Subjects 
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APPENDIX K 

Table of 12 Participant S-Iga Results Comparing Stratech Analysis with Masterplex 

Analysis 
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Table of 12 Participant S-Iga Results Comparing Stratech Analysis with Masterplex 

Analysis 

 

 

 

 

Stratech MasterPlex MEAN SD CV 

876.64 878.80 877.72 1.53 0.00 

          

2653.42 2635.28 2644.35 12.83 0.00 

          

1723.30 1723.30 1723.30 0.00 0.00 

          

1161.06 1161.05 1161.06 0.01 0.00 

          

1545.99 1522.65 1534.32 16.50 0.01 

          

868.01 878.80 873.41 7.63 0.01 

          

1545.99 1546.00 1546.00 0.01 0.00 

          

1227.29 1227.30 1227.30 0.01 0.00 

          

205.53 213.40 209.47 5.56 0.03 

          

1713.99 1733.93 1723.96 14.10 0.01 

          

2891.54 2895.28 2893.41 2.64 0.00 

          

3845.25 3850.25 3847.75 3.54 0.00 
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APPENDIX L 

Summary Table of Effect Size of IHE and CH compared to Baseline in Young and 

Mature Participants using Cohen’s d Formula 
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Summary Table of Effect Size in Young and Mature Participants using Cohen’s d Formula 

IHE 

Young p value Cohen’s d Effect 

RBCc <0.005 0.50 small 

% Retic <0.0005 1.52 large 

[Hb] <0.05 0.82 moderate 

Hct <0.05 0.42 small 

    

CH 

Young p value Cohen’s d Effect 

RBCc n/a n/a n/a 

% Retic <0.005 0.93 moderate 

[Hb] n/a n/a n/a 

Hct n/a n/a n/a 

    

 

IHE 

Mature p value Cohen’s d Effect 

RBCc <0.01 0.63 moderate 

% Retic n/a n/a n/a 

[Hb] <0.005 0.50 small 

Hct <0.005 0.70 moderate 

    

CH 

Mature p value Cohen’s d Effect 

RBCc n/a n/a n/a 

% Retic n/a n/a n/a 

[Hb] <0.05 0.60 moderate 

Hct n/a n/a n/a 
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APPENDIX M 

Calculation File of % Change Plasma Volume in Young and Mature Participants 

Using Dill and Costill Formula 
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Subject ID 
IHE Hb 

Pre 
IHE 
Hb   

  

IHE 
Hct 
Pre 

IHE 
Hct     BVA CVA PVA BVB CVB PVB  PV, % CV, % 

C01 0205 15 15 47 47   95 4525 
-

4429 100 4670 -4570 -3 -3 

C02 0205 15 13 47 42   113 4778 
-

4665 100 4690 -4590 2 2 

C03 0205 15 15 46 45   98 4409 
-

4311 100 4580 -4480 -4 -4 

C04 0205 14 14 44 43   101 4343 
-

4241 100 4420 -4320 -2 -2 

B01 1104 12 13 37 43   88 3743 
-

3654 100 3720 -3620 1 1 

B02 1104 13 14 42 43   98 4225 
-

4127 100 4220 -4120 0 0 

B03 1104 15 15 46 48   99 4685 
-

4587 100 4590 -4490 2 2 

B04 1104 16 16 52 51   102 5165 
-

5063 100 5150 -5050 0 0 

          mean 99 4484 
-

4385 100 4505 -4405 0 0 

                      SD 2   

    

E03 0805 15 16   50 55   98 5433 
-

5335 100 5000 -4900 9 0 

A02 1004 15 15   47 47   102 4806 
-

4704 100 4700 -4600 2 2 

A03 1004 13 14   42 47   96 4564 
-

4468 100 4150 -4050 10 0 

A04 1004 13 14   39 40   91 3659 
-

3569 100 3930 -3830 -7 0 

A05 1004 18 15   55 44   120 5244 
-

5124 100 5490 -5390 -5 -4 

A06 1004 15 14   45 47   102 4758 
-

4656 100 4520 -4420 5 0 

            mean 102 4744 
-

4643 100 4632 -4532 3   

                        SD 7   
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