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ABSTRACT 

Delivery of oxygen during exercise is critically important for endurance athletes. 

Elite endurance athletes possess superior amounts of haemoglobin versus untrained 

counterparts, which enables a high rate of oxygen delivery during exercise. 

Haemoglobin mass (Hbmass) can be measured via carbon monoxide (CO) 

rebreathing. The research in this thesis utilizes the recently ‘optimised’ method for 

the measurement of Hbmass in elite endurance athletes, predominantly cyclists, with 

the aim of determining the importance of Hbmass for endurance performance by: 1. 

examining factors which influence changes in Hbmass in athletes, 2. the time course 

and magnitude of such changes and 3. the importance of changes in Hbmass for 

cycling performance as reflected by maximal mean power (MMP). 

The ability to accurately measure small changes in Hbmass is essential; thus the first 

part of this thesis is concerned with the methodology underpinning Hbmass 

measurement. Specifically, the uptake kinetics of CO during CO-rebreathing were 

investigated to identify potential sources of error associated with measurement in 

athletes. Compared with the conventional CO-rebreathing method, inhalation of a 

CO bolus during the optimised method resulted in faster carboxy-haemoglobin 

uptake, but did not shorten the time required for CO to mix completely throughout 

the circulation. Individual differences in circulatory mixing time and alterations of 

CO loss to extra-vascular compartments can confound the estimated Hbmass.  

The influence of stage-racing, iron supplementation, training load and altitude on 

Hbmass was examined. Hbmass remained stable throughout a 6-day pro-cycling stage 

race, despite plasma volume induced reductions in haemoglobin concentration and 

haematocrit. Iron supplementation of an anaemic female athlete had rapid and 
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marked effects on Hbmass - increasing 49% within 2-weeks of supplementation and 

continuing to increase for 15-weeks. Hbmass varied by ~3% throughout a competitive 

season in female cyclists, and was related to chronic training load. Additionally, 

changes in Hbmass were associated with changes in MMP during training and racing.  

The time course of the Hbmass response during 3-weeks of natural altitude exposure 

(2760m) was determined, with a substantial increase (3%) in Hbmass observed within 

10-days. The time course was consistent with the hourly rate of increase previously 

documented for simulated altitude. Hbmass and erythropoietin decreased on descent 

to sea level whilst ferritin increased (possibly indicative of neocytolysis), raising 

doubts as to the role of an enhanced Hbmass for subsequent performance benefits at 

sea level. Therefore, in the final part of the thesis, the importance of hypoxia-induced 

increases in Hbmass on cycling performance was examined. Using a unique study 

design, increases in Hbmass induced by altitude exposure were removed, effectively 

‘clamping’ the Hbmass response. MMP4min increased by ~4%, despite blocking a ~5% 

increase in Hbmass suggesting that accelerated erythropoiesis is not the sole 

mechanism by which hypoxia improves performance. However, increases in Hbmass 

appeared to influence the aerobic contribution to high-intensity exercise which may 

be important for subsequent high-intensity efforts. Overall this thesis confirms some 

existing observations regarding the influence of various external factors on Hbmass, 

but challenges other notions regarding the importance of Hbmass for traditional 

measures of endurance performance.   
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else in the world. And to Marilyn Dickson (Maz) - everyday you continue to make 
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To all those at Mapei, my Italian home, thank you for your hard work and 
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broken cables and the nights with ‘no air.’  

To Amanda Spratt, you are an inspiration and the most valuable and rewarding part 
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To Megan Ross, we did it! Thank you for being a fantastic friend, but please come 
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LIST OF ABBREVIATIONS 

AIS  Australian Institute of Sport 

BLa  blood lactate 

bpm   beats per minute 

BV  blood volume 

CL  confidence limit 

CO  carbon monoxide 

∆  change 

∑7  sum of seven (skinfold thicknesses) 

EPO  erythropoietin 

g   gram 

Hb  haemoglobin 

[Hb]   haemoglobin concentration 

Hbmass  haemoglobin mass 

HbCO  carboxy-haemoglobin 

Hct   haematocrit 

HIF-1α  hypoxic inducible factor 1-alpha 

HR  heart rate 

kg  kilogram 

L  litre 

L.min-1  litres per minute 

LHTL   Live high: Train Low 

Mb  myoglobin 

ml.kg.min-1 millilitres per kilogram of body mass per minute 
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mmol.L-1 millimole per litre 

MMP  maximum mean power output 

min  minute 

PV  plasma volume 

Retics  reticulocytes 

RBC  red blood cell 

RCV  red cell volume 

RPE  rating of perceived exertion 

rpm  revolutions per minute 

s   second 

SD  standard deviation 

SL  sea level 

SRM  Schoeberer Resistance Measurement 

SWC  smallest worthwhile change 

TE  typical error 

Tlim  ride time to exhaustion 

Tmix  circulatory mixing time 

VO2peak peak oxygen consumption 

VO2max maximal oxygen consumption 

vs.   versus 

W  watt 

W.kg-1  watts per kilogram of body mass (power to mass ratio) 

U23  Under 23 years of age 

UCI  Union Cycliste Internationale 
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Introduction 

Road cycling is an endurance sport, with success often accompanied by superior 

endurance physiology (Coyle, Coggan et al. 1988). Years of endurance training, 

combined with a favourable genetic disposition, result in a series of physiological 

adaptations, all designed to maximise endurance performance by increasing the 

amount of oxygen (O2) which can be delivered and utilised by working muscles 

(Hawley and Stepto 2001). These adaptations can be broadly divided into two – 

those that occur peripherally such as increased vascularisation, increased 

mitochondrial density and increased enzyme activity, which enable O2 to be 

extracted and metabolised at a high rate; and those that occur centrally, involving the 

cardiovascular system, and affecting the rate at which O2 can be delivered around the 

body. Endurance training enhances this system via adaptations to heart contractility 

and function, blood volume and O2 carrying capacity. 

When both the peripheral and central systems are highly adapted, as in the case of an 

elite endurance athlete, high rates of work can be achieved for extended durations. 

The maximal amount of O2 which can be consumed during exercise, defined as the 

maximal aerobic power (VO2max), is dependent on both the delivery and utilisation 

of O2, and as such will be limited by whichever system is least adapted  In elite 

endurance athletes it is generally believed that VO2max is centrally limited, that is, 

by the rate of O2 delivery (Wagner 1996). Therefore, alterations to the O2 transport 

system have the potential to enhance VO2max further (Schmidt and Prommer 2010). 

Haemoglobin (Hb), the O2 carrying protein contained in red blood cells, is therefore 

critically important for endurance exercise. Total haemoglobin mass (Hbmass) refers 
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to the total amount of Hb within the body, irrespective of compartmental fluid 

volumes. Elite endurance athletes are characterised by a high Hbmass, and indeed, 

there is a strong relationship between Hbmass and VO2max. A 1 g increase in Hbmass 

results in an increase in VO2max of approximately 4 ml.min-1 (Schmidt and Prommer 

2010). It follows, that Hbmass may also be closely related to endurance performance; 

and it is for this reason, that the goal of the majority of blood doping practices in 

endurance sport is to increase Hbmass, either by inducing erythropoiesis (e.g. 

recombinant human erythropoietin administration) or via direct infusion of whole 

blood. Such practices are banned by the World Anti-Doping Agency (WADA 2011) 

due to their overwhelming affect on O2 transport. 

Interestingly, whilst the magnitude of changes to Hbmass incurred though blood-

doping has a significant impact on endurance performance (Gledhill 1982), the 

Hbmass-performance relationship under physiological conditions is not as clearly 

defined as that for VO2max. What is the affect of a 10 g increase in Hbmass on 

individual pursuit time or on the ability to sustain a high power output whilst 

climbing? Much of the difficulty in attempting to answer this question depends upon 

the ability to define and measure endurance performance; since performance itself 

can be influenced by a multitude of factors. In addition, the plasticity and scope for 

alterations to Hbmass via natural means remains to be determined. Therefore the 

primary aim of the research contained in this thesis is to extend previous 

investigations of Hbmass in elite endurance athletes, with a specific focus on road 

cycling performance. Specifically, this thesis aims to quantify the stability and 

plasticity of Hbmass in elite cyclists as well as to determine the importance of any 

changes for subsequent cycling performance. 
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The ability to accurately measure small changes in Hbmass is critically important for 

longitudinal monitoring; thus, the first part of this thesis is concerned with the 

methodology underpinning the measurement of Hbmass. In recent years, measurement 

of Hbmass via carbon monoxide (CO) rebreathing has become a popular research tool, 

largely due to the recent “optimisation” of Burge and Skinner’s method (1995) by 

Schmidt and Prommer in 2005. The optimised methodology greatly reduces the time 

required to complete a single test; which, combined with its relative portability has 

enabled measurement of Hbmass in elite athletes on a more regular basis. In addition 

to its use in a research setting, the optimised rebreathing method has been proposed 

as a potential tool for doping detection (Prommer, Sottas et al. 2008). However, in 

order to guarantee successful application in either instance, the method must be 

shown to be both accurate and reliable – being able to detect small changes in Hbmass 

with a low degree of error. It is with this respect, that the methods of Burge & 

Skinner (1995) and Schmidt & Prommer (2005) were critically compared. 

Specifically, the uptake kinetics of CO into vascular and non-vascular compartments 

during the above two protocols of CO-rebreathing were investigated in order to 

identify the potential sources of error associated with measurement in athletic 

populations, and therein to make any modifications to the method if required. The 

data presented serve to demonstrate the validity of the Schmidt & Prommer (2005) 

method and its suitability for the measurement of small but worthwhile changes in 

Hbmass of elite endurance athletes. 

Owing to the methodology previously available, there is a lack of longitudinal data 

obtained from elite endurance athletes, and as a result, the stability and plasticity of 

Hbmass in this population has not been clearly defined. This thesis presents data 

showing the effect of periods of intense exercise (stage-racing), natural altitude 
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exposure, and iron supplementation on Hbmass of elite endurance athletes. These data 

are important for an overall understanding of natural variations in Hbmass which in 

turn, is an essential prerequisite for its potential application in the fight against blood 

doping in endurance sport. In addition, understanding the natural rhythms of the 

Hbmass protein may assist in designing training programs for optimal aerobic 

adaptation. In this context, longitudinal data are presented which detail the variability 

of Hbmass throughout a 6-month training and competition season in internationally 

competitive female cyclists. Changes in Hbmass are analysed in relation to changes in 

training load and indices of performance, in an attempt to determine the relationship 

between Hbmass and performance during training and racing.  

Based on the current literature, the greatest potential for increasing Hbmass by natural 

means in a healthy athlete arises from hypoxic exposure. Hypoxia, be it simulated or 

terrestrial altitude, is a popular training strategy amongst endurance athletes aiming 

to improve their performance at sea level. The mechanisms responsible for 

performance enhancements are still debated; however the most popular theory is that 

increases in VO2max arising from an enhanced Hbmass are responsible. Therefore, in 

the final part of the thesis, the importance of hypoxia-induced increases in Hbmass on 

cycling performance will be examined. Specifically, using a unique study design, the 

role of Hbmass following simulated-altitude training will be isolated in an attempt to 

establish the relative contribution of Hbmass vs. non-haematological adaptations for 

cycling performance.  

Overall, this thesis provides insight into the importance of Hbmass for cycling 

performance – information which may be useful in the optimisation of athletic 

performance, as well as in the fight against blood – doping in endurance sport. 
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AIMS 

The primary aim of this thesis was to determine the importance of Hbmass for 

endurance performance by addressing the following key questions:  

1. What factors influence changes in Hbmass in elite endurance athletes 

(primarily cyclists), and what is the time course and magnitude of such 

changes?   

2. How important are changes in Hbmass for cycling performance as reflected by 

maximal mean power (MMP) for a fixed duration? 

Specifically, the aims of each of the studies contained in this thesis are outlined 

below: 

Study 1: CO uptake kinetics of arterial, venous and capillary blood during CO-

rebreathing 

1. Compare the uptake and distribution of CO throughout the circulatory system 

during two different methods of CO-rebreathing.  

2. Determine the impact of differences in circulatory mixing time (tmix), CO 

diffusion to myglobin (Mb), and CO wash-out following rebreathing on 

Hbmass. 

Study 2: Stability of haemoglobin mass during a 6 day UCI ProTour cycling race 

1. Quantify the stability of Hbmass throughout a UCI ProTour event in 

professional cyclists.  

2. Assess the reliability of the method in a race setting and its viability as a 

potential anti-doping detection tool. 
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Study 3: Case study - Haemoglobin mass in an anaemic female middle –distance 

runner before and after iron supplementation 

1. Document changes in Hbmass following iron supplementation in a female 

endurance athlete diagnosed with iron-deficient anaemia. 

Study 4: Time course of the haemoglobin mass response to natural altitude 

training in elite endurance cyclists 

1. Determine the time course of Hbmass changes to natural moderate altitude 

during and for 10 days after a 3 week altitude training camp in elite 

endurance athletes. 

Study 5: Seasonal variation of haemoglobin mass in internationally competitive 

female road cyclists 

1. Quantify the seasonal variation of Hbmass in a group of internationally-

competitive female endurance cyclists.  

2. Examine the relationship between changes in training load and changes in 

Hbmass.  

3. Model the relationship between changes in Hbmass with changes in road 

cycling performance, estimated from mean maximal power measured during 

training or racing. 

Study 6: The importance of haemoglobin mass for increases in cycling 

performance induced by simulated LHTL 

1. Investigate the importance of increases in Hbmass for cycling performance 

following simulated normobaric LHTL, by removing any Hbmass gained 
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throughout the period of hypoxic exposure and, thereby, effectively “clamping” 

the Hbmass response.  
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