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Preface 

In both Australia and world-wide, ‘the female athlete’ is becoming a buzz phrase. Despite 

competing in organised sport for centuries, female athletes are only recently becoming 

popularised in sport and exercise science. While there are still many gaps in our understanding 

of all the unique considerations of female athletes and their physiological responses to exercise, 

there is certainly more research that has captured this information in the last decade.  

 

Women, including myself, have noticed the lack of knowledge on the menstrual cycle and 

hormonal contraceptives in society, as well as limited research on how the female sex steroids 

(or lack thereof) may influence responses to training and/or performance in female athletes. 

This stimulated my inquisition into the area of female physiology. In particular, the area of 

oxidative stress and inflammation due to an event at age 23 when I was using oral contraception 

(OC) and considered to have rheumatoid arthritis owing to inflamed joints and blood profile 

results; these symptoms were exacerbated after high-intensity exercise. The rheumatologist 

was oblivious to the role OC has on markers of oxidative stress so naturally, did not recommend 

cessation of its use.  

 

If OC can exacerbate basal oxidative stress and inflammation, how does this affect female 

athletes playing contact sports that involve high impact and collisions? Has anyone considered 

this? Fast forward 12 months and I met the Australian Rugby League Women’s Strength and 

Conditioning Coach; Simon Buxton or ‘Bucko.’ He certainly had not considered OC use and 

the potential contribution to the player’s internal loads, but he was extremely receptive to the 

idea of learning more. Due to limited support (personnel and financial) in rugby league 

women’s pathways at the time, there was very little information describing the movement 

patterns or physical attributes of women playing rugby league. Furthermore, the national 

premiership competition in Australia (National Rugby League Women’s; NRLW) was 

announced to commence the following year after I met Bucko (2018), and between 2017 and 

2018 there was a 29% increase in participation to rugby league in Australia. More women and 

girls were playing rugby league, but there was a paucity of benchmark data in professional 

female rugby league players that could provide contemporary movement patterns of players 

during competition and physical performance standards to support their development.  

 

Since meeting Bucko, I have provided support to the rugby league women’s pathways as a 

sports scientist by developing the female rugby league physical and physiological benchmarks, 
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facilitating talent identification for the inaugural NRLW competition, and provided education 

of the menstrual cycle and use of hormonal contraception to the development and elite female 

rugby league players and referees in Australia. This work lead to an invitation on the 2018 and 

2019 Australian Women’s Prime Minister’s XIII Team that played in Papua New Guinea and 

Fiji, respectively, working with the National Rugby League Women’s Team “Jillaroos” within 

their 2018, 2019, 2020 and 2021 campaigns with a key focus on preparation for the 2021 World 

Cup, as well as working for the NRLW Brisbane Broncos 2019 and 2020 premiership team as 

their Sports Scientist. These experiences have shaped the five chapters of this thesis, whereby 

Chapter 1 provides a review of the literature that demonstrates the knowledge gaps associated 

with the external and internal loads that are relevant to female rugby league players and their 

coaches. In particular, biological markers such as blood oxidative stress that may be influenced 

by endogenous and exogenous female sex steroids. Chapters 2, 3, 4, and 5 present the 

experimental findings. Of note, is the transition from applied sports science research into 

laboratory-based research due to the complexities (i.e., controlling for the menstrual cycle) 

surrounding robust data collection in women when ‘in the field’, and furthermore, the large 

need for a better understanding of OC-induced changes in physiology of women, which can be 

examined more intimately when contextual factors can be accounted for (e.g., total amount of 

work performed during exercise, time of testing to account for circadian rhythm, temperature 

and humidity). Finally, Chapter 7 includes a summary of these findings and also discusses the 

potential practical applications, limitations, and future directions of this thesis.   

  

Each experimental chapter is presented in manuscript format with its own abstract, 

introduction, methodology, results and discussion section. Included in this thesis are Chapters 

(2, 3, 4 and 5) that are co-authored with other researchers. My contribution to each co-authored 

chapter is outlined at the front of the relevant chapter. A single reference style was used 

throughout the thesis for the ease of the reader, and all references have been placed together at 

the end of the thesis rather than at the end of each chapter. The overall aim of this thesis was 

to report on the movement patterns of women playing rugby league for immediate application 

in-the-field, and to conduct laboratory-based studies focusing on areas unique to female 

physiology, including the manipulation of endogenous sex steroids with OC use, to better 

inform practitioners of considerations for workload monitoring in female athletes. 
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Abstract  

There is a growing number of female athletes playing in ‘professional’ contact team sport 

competitions in Australia. One such sport is rugby league with a year-on-year increase in 

participation of girls and women. Undoubtedly, women have unique physical and physiological 

characteristics that are likely to alter competition loads and subsequent recovery when 

compared to men. Nonetheless, there is limited research that has characterized the external load 

(e.g., movement patterns) of female rugby league players during competition. Therefore, the 

aim of the first study of this thesis was to describe the movement patterns of women playing 

rugby league during competition for immediate application in training prescription programs. 

In addition to external load monitoring, longitudinal biological monitoring is an important 

consideration in contact team sports, whereby biochemical disturbances such as oxidative 

stress can inform how athletes are responding to training and competition. Blood biomarkers 

are typically assessed via a sample of saliva, urine or blood, which are analyzed in a laboratory 

by highly skilled technicians using expensive procedures that can take several hours or days. 

Therefore, while the locomotive movement patterns of players during rugby league can be 

measured ‘in the field’ with validity and reliability and in real-time, it can be difficult to 

measure biochemical responses to exercise in an applied sport science setting. Portable point-

of-care devices have become available to make this process easier to conduct ‘in the field’, 

with such tests offering rapid results. While two point-of-care blood oxidative stress 

biomarkers (i.e., Free Oxygen Radical Test and Free Oxygen Radical Defense) have been used 

in an applied setting, their between-day reliability remains to be determined. Therefore, the aim 

of the second study of this thesis was to determine the between-day reliability of these two 

point-of-care tests to measure oxidative stress at rest and after exercise. Although ‘in the field’ 

studies are important for understanding biological changes in response to sport-specific training 

and/or competition, a reductionist approach must be taken in women since the female sex 

hormones are likely to influence blood biomarkers in addition to alterations in training and 

competition loads. As such, the influence that exogenous and endogenous female sex hormones 

have on physiology should be determined before blood biomarker monitoring is applied ‘in the 

field’ to monitor the responses to training in an elite team sport environment. Furthermore, 

women are heavily underrepresented in sports science research so, at present, greater control 

over contextual factors in laboratory-based studies will help to contribute to a more robust 

understanding of female physiology. Therefore, the aim of study three and four in this thesis 

were to conduct well-controlled laboratory studies to interrogate the effects of the exogenous 
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and endogenous female sex hormones on blood oxidative stress biomarkers at rest and during 

exercise. 

 

The first study in this thesis examined the movement patterns of women playing rugby league 

during international match-play to enable specificity in training prescription for women. Global 

Positioning Systems and associated technology recorded the movements of players from the 

Australian Rugby League Women’s team (n = 31) during seven international rugby league 

matches. Total distance traveled was greater in the first compared to the second half (3332.9 m 

compared to 3249.0 m; p = 0.044), along with distances traveled at speeds >15 km·h-1 (p < 

0.05), whereas players traveled further at speeds < 6 km·h-1 in the second half (p = 0.005). 

Backs traveled further at speeds < 6 km·h-1 (p = 0.002) and > 15 km·h-1 (p = 0.007) compared 

to forwards. Mean speed significantly reduced across the first and second halves (p < 0.05), 

while mean speed above 12 km·h-1 reduced by ~40% in the first half of the match (i.e., first ~5 

min compared to the last ~5 min). These results provide practitioners and coaches with sport-

specific activity profiles of female rugby league players that can be used to individualize 

training prescription.   

 

Since oxidative stress monitoring has been used to assess training stress, a device that can 

provide rapid results and be used reliably in the field is desirable. The purpose of Study 2 was 

to establish between-day reliability measures of two point-of-care tests; 1) free oxygen radical 

test (FORT) and, 2) free oxygen radical defense (FORD) for determining oxidative stress so 

reliable longitudinal monitoring can be employed in future applied research. Active 

participants completed two trials performed on separate days comprising blood sampling at 

rest (n = 22) and after treadmill-running (n = 14). Between-day coefficient of variation for 

FORT (4.6%) and FORD (4.8%) were acceptable at rest. There was no difference in the 

between-day magnitude of change in FORT or FORD from pre- to post-exercise (p > 0.05). 

Therefore, these point-of-care tests could be reliably implemented across multi-week team 

sport competitions to make informed decisions about optimal recovery and reduce the risk of 

illness or injury. However, it was noted in this study that FORT was significantly higher in 

women using OC, and this required further examination to ensure the interpretation of 

oxidative stress monitoring in women using OC was accurate. 

 

Within-group changes in oxidative stress across a menstrual cycle (follicular and luteal phase) 

and across a 4-mo OC cycle (active and inactive OC) were examined to inform practitioners 
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and researchers of the variation in selected blood biomarkers for data interpretation and 

deciding on appropriate hormone profiles for experimental research designs where biomarkers 

of oxidative stress are a primary outcome, respectively. Blood samples were acquired from 

women using OC (WomenOC) and women natural-cycling (WomenNC) at three time-points 

of the menstrual cycle and OC packet for determination of estradiol, progesterone, oxidative 

stress, C-reactive protein (CRP) and other cardiometabolic biomarkers. Malondialdehydes 

(MDA), lipid hydroperoxides and CRP concentrations were significantly higher in WomenOC 

during the last week of the active OC compared to the inactive OC (+23% +96% and +104%, 

respectively, p < 0.05). However, there were no significant changes in these biomarkers across 

the menstrual cycle in WomenNC (p > 0.05). WomenOC presented with elevated lipid 

hydroperoxides (+28, +48% and +50%) and CRP (+71%, +117% and +130%) concentrations 

compared to WomenNC (p < 0.05, partial η2  > 0.25). This study demonstrated temporal 

changes in oxidative stress across one month of habitual OC use. As such, the day of OC use 

should be taken into account when interpreting changes in oxidative stress and CRP in 

conjunction with competition loads acquired via training or competition. From these findings, 

it was apparent that a laboratory-based study was required to investigate how OC may influence 

the redox environment during exercise, and whether specific antioxidant support i.e., N-

acetylcysteine (NAC) may help to blunt excessive RONS generation in women using OC 

during exercise. 

 

The purpose of Study 4 was to characterise blood indices of oxidative stress and physiology 

during a controlled exercise task in WomenOC compared to WomenNC, as well as assess 

whether NAC supplementation acts as an ergogenic aid for performance in active women using 

OC. Twenty recreationally-active or trained women (n = 11, WomenNC; n = 9, WomenOC) 

completed five trials/visits, including two cross-over experimental trials that controlled for OC 

(late active-OC) and menstrual cycle (mid-luteal) phase. Cardiopulmonary parameters and 

blood biochemistry were assessed during and after a 40-min of fixed-intensity cycling at 105% 

of gas exchange threshold and a 1-km cycling time-trial after acute (1-h) ingestion of a 

beverage containing NAC or placebo. WomenOC had higher ventilation (β [95% confidence 

interval] = 0.07 L·min-1 [0.01, 0.14]) and blood biomarkers of lipid peroxidation (MDA; β = 

12.00 mmol·L-1 [6.82, 17.17]) and inflammation (CRP; 1.53 mg·L-1 [0.76, 2.30] compared to 

WomenNC (i.e., effect of Group) during fixed-intensity cycling. The exercise-induced increase 

in lipid peroxidation observed in the placebo trial was blunted from NAC ingestion in 

WomenNC but not in WomenOC. NAC did not affect 1-km cycling time-trial performance. 
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This study provided evidence of alterations in exercise physiology in women using OC 

compared to women naturally-cycling. Excessive oxidant damage to lipids from both OC 

metabolism and exercise metabolism may have implications for exercise adaptations associated 

with redox signalling or recovery from exercise.  

 

This thesis provided new insights into the locomotive movement patterns of female rugby 

league players during international competition, and female-specific physiology at rest and 

during exercise that may have practical implications when conducting future applied sports 

science research in women playing rugby league (or other team sports). The implications of 

high oxidative stress at rest and during exercise in women using OC are unknown. However, 

the characterization of the temporal changes in blood oxidative stress biomarkers across the 

weeks of OC use, and responses to exercise provide impetus for future mechanistic studies 

examining redox signalling processes related to training adaptations, recovery or health in 

female athletes. 
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1.1 Introduction  

Opportunities for women to play in professional team sport competitions in Australia are 

expanding rapidly [1]. The application of sport science forms an important part of the 

knowledge base required for practitioners to prescribe appropriate training programmes that 

reduce the incidence of injury and optimize performance [2, 3]. However, women are heavily 

underrepresented in sports science research [4], which is one barrier for women to reach their 

athletic potential. Thus, a greater investment into sports science research in women is 

paramount for the safe and effective development of female athletes to prepare them for the 

demands of high-level competition [2, 5, 6].  

 

Contact team sports such as rugby league are among the sports that now have greater 

opportunity for women to play in a professional domestic competition. In 2018, women played 

in the first professional domestic competition in Australia called the National Rugby League 

Women’s (NRLW). Players were paid to play (i.e., contracted) for a professional sporting club, 

and the matches were televised. However, female athletes have unique physical and 

physiological characteristics that may affect speed, strength and power that likely influence 

competition load when compared to male athletes. In team sports, external load is typically 

quantified using time-motion analysis and described as a distance, speed or (de)acceleration 

(i.e., movement patterns); however, leading into the inaugural year of the NRLW competition, 

there had been no research to examine the movement patterns of women playing rugby league. 

This is despite women competing in international rugby league matches since 1995. Therefore, 

it was paramount that the movement patterns during rugby league match-play were examined 

in women to optimize training prescription for high-level competition.  

 

In addition to external load monitoring, longitudinal biological monitoring is an important 

consideration in contact team sports [7-9]. Rugby league involves severe impact and collisions 

to players or surfaces that can induce biochemical disturbances in the days after a match such 

as increased oxidative stress, inflammation and markers of muscle damage monitored in men 

[10, 11], that are often accompanied with decrements in performance [12]. Furthermore, the 

monitoring of blood biomarkers can assist practitioners to make inferences about the health of 

athletes, efficacy of training interventions and/or nutritional strategies with objective data [7, 

9, 13-15]. As such, there has been growing interest in blood biological monitoring in high 

performance environments [13]; however, 1) it can be difficult and/or impractical to measure 

blood biomarkers in an applied sports science setting due to factors such as the invasive nature 



3 
 

of venepuncture or waiting for ill-timed results from laboratories, and 2) there is a lack of 

understanding as to how the female sex hormones influence blood biomarkers and thus, the 

practical outcomes of biological monitoring to date cannot be generalized to women since 

majority of studies are conducted in men.  

 

The implementation of point-of-care (POC) testing has become desirable in applied sports 

science with the ability to provide rapid results. While two POC blood oxidative stress 

biomarkers (Free Oxygen Radical Test and Free Oxygen Radical Defense) have been 

effectively used to monitor training stress, injury and illness [14, 15], their between-day 

reliability remains to be determined. Since contact team sports have been demonstrated to elicit 

biochemical disturbances such as oxidative stress and inflammation [11, 16], these tests could 

value-add to applied research in rugby league. However, before such research can be 

implemented in team sports, it is paramount that the isolated effects of the female sex hormones 

on such blood biomarkers are determined so that practitioners and researchers understand 

changes that may be expected across a normal training phase (e.g., 4 week meso-cycle) 

regardless of training load.  

 

In Australian football codes, it is suggested that one third of women playing at an elite-level 

are using hormonal contraception [17]. Therefore, the influence of the exogenous female sex 

hormones on blood biological monitoring should also be considered. One of the most 

commonly used hormonal contraceptives is the monophasic, combined oral contraceptive (OC) 

[18, 19].  This type of hormonal contraception has been reported to alter redox homeostasis, 

with women reported to have substantially higher resting indices of oxidative stress compared 

to naturally-cycling women [20, 21]. This adds further complexity to implementing applied 

research in women playing in team sports with several gaps pertinent in the literature 

surrounding the typical changes in oxidative stress in women at rest and during exercise when 

exposed to varying concentrations of endogenous and/or exogenous female sex hormones. As 

such, well-controlled laboratory-based studies may provide a more robust understanding of the 

contribution of the endogenous and exogenous female sex hormones on physiology when 

considering the current paucity of literature available in women. 

 

Broadly, oxidative stress is the result of an imbalance between the overproduction of reactive 

oxygen and nitrogen species (RONS) and antioxidant defenses. During exercise, low levels of 

RONS are beneficial to skeletal muscle force production and adaptation [22, 23]. However 
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large increases in RONS during prolonged, submaximal exercise have been suggested to play 

a role in the development of muscle fatigue [24]. Therefore, along with potential implications 

for biological monitoring, differences in the hormonal profiles of women may impact 

performance, physiological adaptation to exercise or recovery processes [25-29]. Some 

evidence suggests that RONS-induced depression in force can be attenuated by specific 

antioxidants [30-34]. In particular, the ingestion of N-acetylcysteine (NAC) in the days to hours 

before an exercise task by active men has been associated with improved exercise tolerance 

[24, 33, 35, 36]. This may also benefit women, nonetheless, no research has examined the 

effects of NAC on performance in a women-only cohort of participants. Since women using 

OC are already subjected to oxidative stress at rest, it could be postulated that exercise poses 

further physiological stress in active women using OC that may have implications for 

performance. As such, supplementation with dietary antioxidants in this context may reduce 

OC-induced redox disturbance and/or improve exercise performance in women.  

  

At present, experimental research pertaining to female physiology in sports science is limited 

[4]. The purpose of this thesis was to i) determine the movement patterns of female rugby 

league players during international match-play ii) to understand the between-day reliability of 

two POC tests for the evaluation of oxidative stress in an applied sports science setting, iii) to 

better understand the variability of resting oxidative stress occurring with habitual OC use 

compared to naturally-cycling women across the menstrual cycle and, iv) to examine the blood 

oxidative stress response to a controlled, fixed-intensity exercise bout in women using OC 

before and after ingestion of an antioxidant supplement. 

 

1.2 Sports science research in women 

Research that informs best practise for exercise prescription, recovery strategies, and 

performance in female athletes is still in its infancy [4, 37, 38]. In three highly-ranked sports 

science journals according to the Thomson Reuters science citation index, only 4-13% of 

original research was solely conducted in women between 2011 - 2013 [4]. This 

underrepresentation of female participants in sports science research suggests that sports 

science practitioners are implementing protocols or interventions that are largely biased to 

research outcomes derived from male participants [37], which is of concern given the known 

anatomical and physiological differences between men and women [39]. Moreover, the 

research available that examines performance across the menstrual cycle is suggested to be 

mostly of low quality and does not always consider psychological stress related to menstrual 
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cycle phase (in addition to physiology) on performance [38]. Poor methodological planning for 

female-specific research (e.g., naïve to the participants’ menstrual cycle phase) can further 

hinder the translation of research to practise. While there is a large gap in sports science 

research in women, surprisingly, female athletes also have limited knowledge on basic 

endocrine physiology and function [18] of which, there are many decades of research [40, 41]. 

Collectively, there is a greater need for sports science research and educational resources for 

women, particularly given the growing level of participation of girls and women in sport [42]. 

 

1.3 Participation of women in sport 

Historically, there have been more boys and men participate in sport than girls and women 

[42]. Barriers to participation in sport can stem from socio-cultural factors, physical literacy 

and visibility of role models [43, 44]. However, the introduction of women-focused policies 

(e.g., the International Olympic Committee policy, Women in Sport), development of clear 

professional sporting pathways (e.g., the NRLW competition), and movement towards equality 

(e.g., equivalent prize money received by male and female tennis players at Grand Slam events) 

have been the impetus for change. The International Olympic Committee predicts that the 

upcoming Tokyo 2021 Olympic Games will have equal participation between male athletes 

(51.2%) and female athletes (48.8%). This is a dramatic increase from 33 years ago where only 

26.1% of athletes in the Seoul 1988 Olympics were women. A greater inclusion of women 

competing at the Olympics promotes gender equality and increases the visibility of female 

athlete role models. Professional sporting organisations in Australia have too committed to 

greater opportunities for female athletes. In 2017, the Australian Rules Football (AFL) 

launched the ‘NAB Women’s AFL’ national competition that has seen significant expansion 

over the last 5 years. The competition commenced with 8 teams in 2017 that has increased to 

14 teams in 2021. Moreover, the NRLW competition featuring four teams from Australia (n = 

3) and New Zealand (n = 1) was introduced in 2018. The competition has committed to an 

extension of the original season duration from four weeks (including a final) to seven weeks 

(including the final), and two new teams in 2021 to ensure the successful growth of the sport 

as a competition. Since the introduction of these competitions, there has been a greater number 

of girls and women participating in contact team sports [1, 45]. In particular, the sheer number 

of women playing rugby league has increased over the last 5 years, with a 29% increase in 

participation during 2018 alone; the inaugural year of the NRLW [1]. However, the level of 

sports science research and its integration into practise has not matched the growing 

participation and professionalism of sporting competitions for women. To ensure women 
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playing rugby league are adequately prepared for the match demands, there is a greater need 

for research to be conducted in women so that practitioners and coaches can appropriately 

prescribe training to mitigate injury risk and optimize performance.  

 

1.4 Rugby league 

Rugby league is played over two, 40-min halves separated by a 10-min rest interval. The sport 

is characterized by repeated bouts of high-intensity locomotion (e.g., accelerations, high-speed 

running, sprinting) interspersed with recovery periods (e.g., standing still, walking, low-speed 

jogging), as well as frequent tackles involving opposition players [46, 47]. As such, elite 

players are required to have superior muscular strength and power, speed, agility and maximal 

aerobic power [48, 49]. Thirteen players are on the field at a given time that have varying match 

demands relative to their positions (i.e., prop, hooker, second row, lock, halfback, five-eighth, 

centre, wing and fullback). These positions can also be grossly separated into forwards (n = 6) 

and backs (n = 7), whereby forwards are predominately involved in a greater number of 

collisions, and backs are involved in more high-speed running [47]. However, the 

aforementioned studies that describe rugby league were conducted in men, and it would be 

naïve to assume that rugby league match-play in women is identical.  

 

The Australian Rugby League Women’s team (i.e., Jillaroos) have been playing international 

rugby league since 1995. At present, the team is arguably the best in the world having won the 

two previous Rugby League World Cup finals (2013, 2017). Furthermore, the team will enter 

the into the 2021 Wold Cup having been undefeated since 2017 in the Trans-Tasmin Test 

Matches against the New Zealand Ferns. In addition to the development of pathways for 

women to play rugby league at a high level of competition, the increase of women participating 

in rugby league can be attributed to the ongoing success of the Australian Rugby League 

Women’s team [50]. Despite successfully representing Australia year-on-year, no research has 

characterised the Jillaroos’ external outputs during international matches, nor had any research 

investigated rugby league match-play in women of any level before the commencement of the 

present doctoral candidature. With a greater presence of women playing rugby league, 

quantification of the external load and responses to that load (i.e., internal load) is paramount 

to ensure the demands of training sufficiently prepare the players for competition and reduce 

the risk of injury [51]. 
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1.4.1 Competition load in rugby league 

Competition loads are derived from a combination of volume, intensity, and frequency [52]. 

These loads encompass both external and internal parameters, whereby external load represents 

the total work completed by an individual, while the internal load represents the physiological 

and/or perceptual response to that load [52]. There is no single criterion to assess competition 

or training load that can be applied to all athletes. Thus, a multi-dimensional approach is ideal 

in team-sports. Understanding the relationship between the external and internal load in rugby 

league has the potential to improve training prescription, periodization and load management.  

 

1.4.1.1 External load  

In team sports, external load is typically quantified using time-motion analysis and described 

as a distance, speed or (de)acceleration [53]. The use of Global Navigation Satellite Systems,  

such as the GPS and its associated technology (i.e., receivers and software) can be used to 

quantify discrete player movements making up the intermittent activity profile in team sports 

[53]. However, a disadvantage of GPS-technology alone when used to quantify external loads 

is that it is not a valid method for the quantification of jumping, kicking the ball and tackling 

actions [53], thus the data derived from GPS is not all-encompassing of external load and the 

term movement patterns or external output is more appropriate. Piezonelectric tri-axial 

accelerometers embedded within GPS are now commercially available for greater 

quantification of total physical movement in collision-based team sports [54]. The 

accelerometer has greater estimation of movements such as collisions and tackles that incur 

little horizontal displacement [54, 55]. Thus, there is a greater application for understanding 

the movement patterns of rugby league as wearable technology develops. 

 

Prior to 2016, there were no studies that described the movement patterns of women during 

rugby league matches, while other Australian-representative team sports, including women 

competing in rugby sevens [56], football [57] and field-hockey [58] have been documented via 

GPS technology. There are a number of studies that have profiled the movement patterns of 

male rugby league players, whereby the external output of players appears to be position 

specific [47, 59]. In rugby league matches played by elite men, backs covered more distance at 

high-speed and very-high-speed during peak 10-min periods compared to forwards who 

completed more collisions [47, 59]. Furthermore, the distances covered at low-intensity 

running, moderate-intensity running, high-intensity running, very high-intensity running, and 

total distance were significantly lower in forwards compared with outside backs and 
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adjustables in male English Super League players [60]. This data indicates that training 

prescription should be position-specific. Moreover, the match demands of female rugby league 

players have been generalized from male data; which may under or overestimate appropriate 

training loads and prescription for female rugby league athletes, which could lead to the under-

preparation of physical performance and/or increased risk of injury or illness. 

 

1.4.1.2 Internal load 

The quantification of the internal load is important for determining how an athlete responds to 

an external load or output [51]. Accordingly, measures of internal load reflect an athlete’s 

psychophysiological responses during exercise [51], and are valuable for prescribing 

individualised training intensity. For example, the same external load prescribed in two athletes 

could result in a dissimilar internal load and furthermore, functional adaptation [61]. There are 

a myriad of variables that can reflect the psychophysiological responses to exercise including, 

but not limited to, rate of perceived exertion (i.e., RPE), heart rate or biological markers (e.g., 

blood lactate concentration). While these are all valid measures, the efficacy of the indicator to 

reflect internal load may depend on the context of the exercise modality. For example heart 

rate is not a valid indicator of internal load during resistance training compared to endurance 

training. Furthermore, it is not always possible to measure heart rate during rugby league 

competition due to the placement of the device (e.g., chest, head or wrist) and associated impact 

from collisions and tacking. Therefore, a common measure of internal load in team sports is 

session RPE [52, 62, 63], which is the sum of the athlete’s RPE [64] and session duration. The 

main advantage of session RPE is that it is able to provide an internal measure across all modes 

of exercise, and is easy to administer or apply with large groups of athletes. Gabbett [65] found 

that with increased match load (player session RPE multiplied by duration of playing time) 

there was a greater incidence of match injuries in semi-professional male rugby league players 

across one annual competition season. Nevertheless, due to the nature of rugby league match-

play (i.e., tissue trauma) and ecological factors (e.g., travel, change room media), a large 

portion of rugby league research (in men) focuses on the responses to competition load in team 

sports hours or days after the stimulus has ceased. These parameters are often referred to as 

monitoring systems or tools that can provide subjective and objective information on the time-

course of recovery after match-play and can further be used to optimize preparation for 

upcoming competition.  
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1.4.2 Athlete monitoring tools in rugby league 

Routine athlete monitoring can provide objective information to make inferences about 

ongoing adaptation or recovery [13]. Given the physical nature and intense demands of multi-

week rugby league competition, longitudinal monitoring of an athlete’s physical, physiological 

and/or psychological status can ensure deleterious outcomes (e.g., injuries or functional 

overreaching) are minimized. Common athlete monitoring tools include wellness and muscle 

soreness questionnaires, jump testing to assess neuromuscular fatigue, and blood biomarker 

evaluation of muscle damage, inflammation and oxidative stress [7, 13]. While the subsequent 

section includes a broad overview of tests that can be used to monitor psychophysiological 

status, the intricacies of the majority of these tests fall outside of the scope of this thesis. 

However, there will be a focus on blood biomarkers, and in particular oxidative stress given 

that this concept is a major feature of the experimental studies of this thesis.  

 

1.4.2.1 Subjective questionnaires 

Subjective assessments of psychophysiological stress such as readiness to train, sleep quality 

and muscle soreness can help practitioners monitor fatigue and recovery in rugby league 

players in a cost effective manner [7, 8, 66]. There are many questionnaires that exist to monitor 

perceptual fatigue, some of which include the Recovery-Stress Questionnaire for athletes [67], 

the Total Quality Recovery scale [68] and Profile of Mood States questionnaire [69]. 

Alterations in perceptual parameters of fatigue have been demonstrated to outlast other 

objective markers of psychophysiological stress such as neuromuscular fatigue [8]. However, 

when questionnaires are completed on a daily basis, compliance can be of concern. 

Furthermore, athletes are able to manipulate a response to give a favourable outcome, such as 

low fatigue in order to remain in the selected playing team [7]. Nonetheless, McLean et al. 

[70], demonstrated that a custom-designed psychometric scale was sensitive to changes in 

training load. While no studies have assessed pre-match wellness and external output in rugby 

league, Ihsan et al. [71] demonstrated that pre-match wellness ratings were associated with 

subsequent match running performance during a hockey tournament. Whereas, Bellinger et al. 

[72] demonstrated that pre-match wellness was not associated with the subsequent external 

output during match-play of Australian Rules football male players, however, players reported 

higher wellness scores (more positive) following a winning match compared to a loss. While 

there are contextual factors that may influence player wellness ratings, the ease of use and 

association with training load may make wellness questionnaires a worthwhile addition for 

monitoring the subjective recovery of rugby league players. 
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1.4.2.2 Performance tests and neuromuscular fatigue 

Measures of performance and neuromuscular fatigue are often used to monitor recovery in 

rugby league players after competition [7, 8, 66, 70, 73]. While several measures exist (e.g., 

isokinetic and isoinertial dynamometry, plyo-push up and sprint performance), variations of 

jump procedures using portable force plate systems are arguably the most common [73, 74] 

given they are easy to administer and cause minimal additional fatigue. Furthermore, jump 

procedures can reflect stretch-shortening capability of the lower limb, and thus, act as a 

surrogate measure for low-frequency neuromuscular fatigue [7]. Although the sensitivity of 

some jump procedures and parameters have been questioned in team-sports [75, 76], several 

parameters derived from force plate systems including flight-time, flight-time to contraction 

time ratio, and rate of force development have been associated with player fatigue [66, 75]. 

Reductions in peak power, but not peak force derived from a countermovement jump has been 

identified 12 h after a rugby league match [66]. As such, parameters that encapsulate the 

velocity of a movement are suggested to be more sensitive for monitoring lower limb 

neuromuscular fatigue after rugby league matches compared to peak force [66, 75]. In men, 

measures of neuromuscular fatigue and performance tests can return to baseline typically 

between 2- to 4-d post team sport competition [70, 73], whereas, some blood biomarkers can 

be elevated for >3 d [73], highlighting that although some monitoring tool suggest otherwise, 

men may still be recovering from competition after several days. The recovery timeline of 

performance tests and biological markers in women after contact team-sports needs to be 

explored.  

 

1.4.2.4 Blood biomarker monitoring 

The monitoring of blood biomarkers can be described as the frequent longitudinal assessment 

(i.e., days to weeks) of various blood parameters and is a useful component of athlete 

monitoring systems  [13]. The improvements in biotechnology, including POC devices has 

enabled more routine blood biomarker monitoring in the high-performance sport setting. In 

particular, markers of muscle damage, inflammation, oxidative stress and iron have all been 

used to monitor competition load, recovery and athlete health in contact team sports [8-10]. 

Inflammation has been reported to increase in players 24 to 48 h after contact participation in 

team sport [10]. While, Twist et al. [8] reported a positive correlation between the numbers of 

collisions during a rugby league match with blood markers of tissue trauma (i.e., creatine 

kinase) in men. This objective information can provide insight into the appropriate length of 

recovery for players after a game. Moreover, ferritin levels in women are suggested to decline 
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mid-season in contact team sport when competition load is high [9]. Monitoring the iron status 

of women is particularly important as one out of three female athletes experience heavy 

menstrual bleeding [77], and low iron can increase fatigue, and increase the risk of infection 

[78, 79]. Another candidate for blood biomarker monitoring is oxidative stress, given its 

association with training and/or competition load in team-sports across their respective season 

[80-83], overtraining in athletes [28], as well as illness and injury risk in athletes [15]. Montorsi 

et al. [84] demonstrated that mid-way through a competition season of professional rugby there 

was a decline in the male players’ non-enzymatic antioxidant status (i.e., thiol redox status), 

whereas ultra-endurance male marathon runners were found to have an increase partway 

through their competition season. Indeed, prolonged exercise is a stimulus for antioxidant 

adaptions, thus this finding of reduced thiol redox status in rugby (league or union not 

specified) players may be related to the nature of contact team sports (i.e., high-intensity and 

physical collisions) with little recovery or possibly related to habitual dietary practises. Since 

biomarker monitoring can provide objective information to better understand how athletes may 

be tolerating the demands of rugby league, factors that can influence the level of biochemical 

disturbance in players outside of match-play should be of interest to practitioners so that data 

interpretation is as accurate as possible.  

 

To date, all of the literature that has assessed biochemical disturbances after rugby league 

matches have been conducted in men. Therefore, the transferability of this information to 

women playing rugby league is limited. It is well-known that there are sex differences in 

response to muscle damaging exercise [85, 86]. Minahan et al. [86] demonstrated that in 

response to the same relative workload of lower limb damaging exercise, men had higher 

evidence of biochemical disturbance via creatine kinase and myoglobin compared to women. 

This provides evidence to suggest that women could be less susceptible to exercise-induced 

muscle damage when compared to men. As such, prescription of recovery between male and 

female contact team sports may look different in practise. Further to this, Minahan et al. [86] 

demonstrated that women using OC had higher indices of creatine kinase 24-h after muscle 

damaging exercise compared to naturally-cycling women. Thus, within a women’s rugby 

league team, players could have variable biochemical responses to match-play due to the use 

of hormonal contraception, and this may be associated with differences in the restoration of 

skeletal muscle strength [86]. Limited research has implemented blood biomarker monitoring 

in women after accounting for female sex hormones in an applied- or a controlled laboratory 

environment. Given the potential influence of the female sex steroids on blood biomarker 
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monitoring, it is paramount that laboratory-based studies are preliminary to field-based studies 

as there is greater control over female-specific research methodology and thus effects of the 

female sex hormones can be better isolated from environmental factors.  

 

1.5 The ovarian cycle and menstrual cycle  

The endogenous female steroids include the gonadotropic hormones; luteinizing hormone (LH) 

and follicle stimulating hormone (FSH), as well as the sex steroids; estrogen and progesterone. 

Estrogen refers to estradiol, estrone and estriol, however, estradiol has the greatest biological 

potency [87]. The endogenous female sex steroids are secreted by the endocrine tissues 

including the hypothalamus, anterior pituitary gland, adrenal glands and ovaries in response to 

positive and negative feedback loops to regulate the ovarian cycle and menstrual cycle (see 

Figure 1.1). These two cycles are synchronised over an average cycle length of 28 d, whereby 

the ovarian cycle relates to events within the ovary, while the menstrual cycle describes 

changes within the uterine lining. These events can be categorised into two phases for the 

ovarian cycle including the i) follicular phase and ii) luteal phase, and three phases for the 

menstrual cycle; the i) menstrual phase, ii) proliferative phase and iii) secretory phase. 

Although these terms refer to physiological function in separate tissues, they are often used 

interchangeably within the scientific literature [38], possibly due to the concurrent changes in 

the female sex steroids and/or familiarity of the audience to the terms. From herein, the 

menstrual cycle will be used to describe the monthly cyclic fluctuations in the endogenous 

female sex hormones, and the follicular and luteal phase will be terms used to describe these 

events in more detail. These were selected in alignment with the literature, given that research 

cited in this thesis generally do not use the terms “secretory” or “proliferative” despite their 

association with the menstrual cycle.  

 

The onset of menses (or menstruation; d 1) signifies the early-follicular phase and this is where 

estrogen and progesterone are at their lowest levels. At this point, gonadotropin-releasing 

hormone (GnRH) secreted from the arcuate nucleus of the hypothalamus, stimulates production 

and release of FSH and LH from the anterior pituitary. The continual release of FSH and LH 

stimulate follicle maturation and estradiol secretion. Levels of estrogen progressively increase 

across the late-follicular phase without any change in progesterone. A peak in estrogen 

concentration causes a surge of LH from the anterior pituitary, which triggers ovulation (~ d 

14). At this time, the mature egg (i.e., oocyte) is released from the ovary and the ruptured 

follicle transforms into an endocrine structure named the corpus luteum. This structure 
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promotes the release of both progesterone and some estrogen, and marks the start of the luteal 

phase. Rising levels of the female sex steroids exert a negative feedback effect on the 

hypothalamus preventing GnRH release. If the oocyte is not fertilized, the corpus luteum 

degenerates, which causes a sharp drop in the female sex hormones. This signifies the start of 

a new cycle [40]. It is important to note that ovulatory menstrual cycles can vary between 

women and cycle length of 21-35 d is considered healthy [88]. In contrast, menstrual cycles 

lasting more or less than this may be indicative of menstrual disturbances. Any variations in 

cycle length are typically due to changes in the length of the follicular phase, whereas the luteal 

phase is stable and occurs every ~14-15 d in ovulating women. Of the research studies that 

include women, there are many that have methodological limitations such as not verifying 

menstrual cycle phase, or controlling for the various hormonal profiles (e.g., early-follicular, 

late-follicular and/or luteal phase) that are unique to women [89]. In addition to these 

considerations, many women use hormonal contraceptives, including ~50% of elite female 

athletes [18, 90], which further alter the hormonal milieu. Given the influence of female sex 

steroids on multiple biological systems, researchers should apply suitable methodology to 

account for the various hormonal profiles in women when investigating physiological 

responses to exercise.   
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Figure 1.1 Fluctuations in the endogenous female sex steroids (estradiol, progesterone, 

luteinizing hormone; LH and follicle-stimulating hormone; FSH) across an average 28-day 

cycle (A) that mediate concurrent changes within the ovary (B) and uterine lining i.e., 

endometrium (C). Concentration changes are not to scale. Figure adapted from: 

https://www.amboss.com/us/knowledge/The_menstrual_cycle_and_menstrual_cycle_abnorm

alities. Accessed 27.01.202.  

 

 

1.6 Hormonal contraception  

Hormonal contraception refers to a variety of birth-control methods (e.g., implants, OC, 

hormonal intrauterine devices) containing synthetic (i.e., exogenous) sex steroids. There are 

two types of available OC; the “combined pill,” which contains both exogenous estrogen (i.e., 

ethinyl-estradiol) and exogenous progesterone (i.e., progestin), and the “mini pill;” also known 

as the “progesterone-only pill”, which does not contain any ethinyl-estradiol [91]. There are 

three combined pill formulas that can be categorised on the basis of their steroid dose and the 

timing of these doses across the OC cycle [92]. Biphasic and triphasic preparations provide an 

increasing concentration of ethinyl-estradiol and/or progestin employed two or three times 

across the cycle, respectively [92]. Whereas, a monophasic preparations provides a consistent 

dose of ethinyl-estradiol and progestin over 21 days, followed by 7 days of a placebo (“sugar 

pill”). Combined, monophasic OC’s are the most commonly prescribed form of hormonal 

contraception in Australia, possibly due to the wide availability and considerable evidence of 

efficacy and reversibility [18, 19], and therefore, will be the predominant type of hormonal 

contraception discussed in this thesis. The monophasic preparation is available in a variety of 

different chemical formulas that include one of several progestins, such as levonorgestrel, 

desogestrel, drospirenone, norgestimate, accompanied with ethinyl-estradiol [93]. Thus, a 

monophasic preparation can have variably different biochemical and subsequently 

physiological effects depending on its chemical composition. The designation of first-, second-

, third- or fourth-generation progestins are classified based on year of arrival to the market and 

has no notation to the structural composition of the progestin. However, the fourth generation 

progestins have been noted to have less androgenic properties than older generations [94]. The 

different progestin derivatives oppose the actions of ethinyl-estradiol at varying levels 

depending on its androgenicity and potency [92, 95]. The androgenicity refers to the degree at 

which progestin binds to androgen receptors and produces masculinizing effects, while the 

potency depends on the relative binding affinity to progesterone receptors. Together, these can 

be referred to as the androgen-to-progestin (A/P) receptor binding ratio. In addition to 

interactions between the androgen and progesterone receptors at different binding affinities, 
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progestin is able to interact with estradiol receptors, glucocorticoid receptors and 

mineralocorticoid receptors. A comparison of these interactions by different progestins are 

presented in Table 1.1.  

 

 

Table 1.1 Interaction of different types of progestin with steroid receptors other than 

progesterone receptors with descriptive biological effects 

 

+ effective; ± mildly effective; – not effective. Source: [96] 

 

 

The administration of combined, monophasic OC is accompanied by a marked reduction in the 

natural secretion of estrogen and progesterone via inhibitory-feedback on the hypothalamic-

pituitary system [97]. This mechanism of action prevents the mid-cycle surge of gonadotropin-

releasing hormone and the subsequent production and secretion of FSH and LH. Without 

stimulus from the gonadotropic hormones, follicular development, ovulation, and pregnancy 

cannot occur [92]. While OC is most widely used for contraceptive purposes, there are other 

non-contraceptive advantages that make their use attractive in physically active women. These 

include the ability to manipulate and/or predict the timing and frequency of menstrual bleeding, 

as well as reduce the volume of bleeding [90]. However, OC users also report to experience a 

variety of negative symptoms such as weight gain, breast soreness, headaches and migraines 

[90]. In addition to physical symptoms, OC use has been associated with altered physiological 

function [98-100], likely due to the multifaceted role of the endocrine system in endothelial, 

myocardial, vascular, neurohumoral and metabolic processes [101, 102]. However, female 
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athlete knowledge is poor regarding the types of OC available, mechanism of action and 

hormonal composition [18], which is concerning given that physiology plays an integral role 

in training adaptations, recovery and overall health.  

 

1.6.1 Physiological changes induced by oral contraception 

The suppression of the endogenous and/or increase in the exogenous female sex steroids are 

associated with changes to physiological function at rest and during exercise. The following 

section will discuss some of the existing evidence that has investigated the effect of combined 

OC (unless otherwise stated) on substrate oxidation, thermoregulatory, respiratory and 

cardiovascular function. For readership, the term ‘OC’ will be used rather than re-defining the 

type of OC (i.e., combined) on each occasion. It is beyond the scope of this thesis to provide 

an exhaustive summary of the literature. Instead, a comprehensive summary will be provided 

on the alterations in redox status with OC use. 

 

1.6.1.1 Substrate oxidation 

Carbohydrate and fat are the two main substrates used during exercise and their rates of 

utilization are inherently linked to submaximal and maximal exercise performance. One study 

reported altered substrate utilization during exercise in women using OC [103] whereas several 

do not [104-107]. Bemben et al. [103] reported lower fasting blood glucose and increased 

serum triglycerides, which accompanied lower carbohydrate usage during moderate-intensity 

exercise in OC users. Conversely, Bonen et al. [104] documented an increase in free fatty acids 

in OC users compared to non-OC users after exercise, however there was no difference in the 

gas exchange derived substrate oxidation. Similarly, in a within-subject design, Suh et al. [106] 

found that there were significant reductions in glucose rates of appearance and disappearance 

during exercise at both 45% and 65% of peak oxygen uptake (V̇O2peak) after women 

commenced OC compared to the early-follicular and luteal phase of their menstrual cycle, but 

this did not affect overall carbohydrate and lipid oxidation rates during moderate-intensity 

exercise [106]. In summary, there is evidence to show altered levels of circulating substrates 

during exercise in OC users, but equivocal evidence demonstrating altered whole-body 

substrate oxidation. It could be postulated that a complex compensatory mechanism is 

occurring with OC use that accounts for this discrepancy, or that the various findings are due 

to the type of progestin used and/or study design methodology.   
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1.6.1.2 Thermoregulation  

Effective thermoregulation is necessary for maintaining thermal homeostasis and exercise 

performance in the heat [108]. Synthetic sex steroids, particularly progestins, have been 

demonstrated to effect thermoregulatory processes regardless of their androgenicity [99, 109-

111]. Compared to women naturally-cycling, core-body temperature is higher at rest (+0.2-0.5 

˚C) in women using OC, and this difference is maintained during the early stages (~14-22 min) 

of a cycling task, but eventually dissipates with increaing duration and intensity [99, 111]. 

Furthermore, the internal threshold for cutaneous vasodilation is shifted to higher internal 

temperatures [109, 111], and during exercise in  hot conditions (35 ˚C), women using OC have 

higher rates of perceived exertion [99]. Therefore, the use of OC may pose further challenges 

to thermoregulatory processes in women exercising in hot conditions. However, the OC-

induced alteration on thermoregulation has not been shown to influence exercise performance 

[111]. 

 

1.6.1.3 Respiratory drive and ventilation  

During exercise, respiratory drive and ventilation is coordinated in the respiratory control 

centre in response to changes in the partial pressure of oxygen and carbon dioxide. These 

changes are, in part, mediated through the central and peripheral chemoreceptors. Synthetic 

sex steroids have been associated with changes to the chemo-responsiveness [112], which may 

represent one of the most robust changes that occur in the respiratory system with OC use. This 

centrally-mediated response is thought to be driven predominately by progestin, since ethinyl-

estradiol alone does not affect ventilation in animals [113]. In humans, Montes et al. [114] 

reported OC-induced increases in tidal volume, minute ventilation and carbon dioxide 

production at rest and during exercise. In support of this, Rechichi et al. [115] demonstrated 

that well-trained cyclists using OC have increased minute ventilation (~7%) during active-OC 

consumption compared to the inactive-OC (placebo) week during endurance exercise. 

Whereas, Reilly and Whitley [116] reported increased ventilation/V̇O2 (~8%) during the active- 

compared to inactive-OC consumption, but not ventilation. The OC-induced changes in 

ventilation may be dependent on the relative exercise intensity and/or duration whereby some 

studies only report differences in respiratory responses to exercise during prolonged exercise 

[100, 116, 117]. Further research is required to assess whether OC-induced respiratory changes 

in response to exercise are affected by training status, the type of progestin as well as whether 

it has any impact on female athletic performance.  
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1.6.1.4 Cardiovascular and hemodynamic responses  

Earlier research has found OC to affect both central [118-120] and peripheral [121] 

hemodynamics at rest and during exercise [122]. For example, Lehtovirta et al. [122] found 

higher stroke volume and thus, cardiac output during exercise in women using OC compared 

to non-users. Whereas, heart rate has not been shown to change significantly with OC use 

during exercise [88, 99, 100, 111]. The effects on cardiac output are thought to be secondary 

to an increase in the liver protein angiotensinogen, which indirectly acts to elevate blood 

volume and blood pressure via the renal system [123]. Indeed, Walters and Lim [118], reported 

elevated systolic blood pressure after OC use. Nonetheless, these earlier studies should be 

interpreted with caution given the formulation of newer OC preparations have less potency 

than the older generations [95]. More recently, Lei et al. [111] observed augmented forearm 

vascular resistance (i.e., improved peripheral hemodynamics) in trained women using OC 

(androgenic and anti-androgenic progestin preparations) compared to non-users during steady-

state cycling at 75% V̇O2peak, but no differences in stroke volume or cardiac output. However, 

within the OC group, stroke volume (~20-30 mL) and cardiac output (2-4 L·min−1) were 

elevated during the final week compared to the first week of the active pill-taking days. There 

do not appear to be any shifts in hematocrit or hemoglobin with OC use [88, 124, 125]. 

However, Keller et al. [124] found higher hemoglobin mass in women using OC (formulation 

not specified) compared to naturally-cycling women at both phases of the menstrual cycle. 

Nonetheless, this study did not report participant aerobic fitness parameters, nor exercise 

performance so these differences may have been due to random sampling bias in relation to 

training status between groups (OC users n = 11; non OC users n = 10). It is clear from these 

findings that there are some complex mechanisms that may be altered in relation to 

cardiovascular and hemodynamic responses induced by OC use but the literature is scarce when 

considering the various OC generations, hemodynamic variables of interest, and the type of 

study design (within- compared to between-group).  

 

1.6.1.5 Oxidative stress 

There is robust evidence to suggest that healthy, pre-menopausal women consuming active OC 

have increased levels of resting oxidative stress than non OC users; Table 1.2 [20, 21, 98, 126-

129]. One study reports up to a 60% rise in lipid peroxidation after only 3 days of active OC 

administration compared to the inactive (placebo) OC week [130]. Blood biomarkers such as 
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lipid peroxides (+176%), oxidized LDLs (+145%) and copper (+103%) have all been reported 

to be higher in women using OC compared to naturally-cycling women, while some non-

enzymatic (e.g., β-carotene, glutathione) and enzymatic (e.g., glutathione peroxidase; GPx) 

antioxidants have been reported to decrease [20, 21]. Conversely, there is little evidence to 

conclude any effect of OC on blood biomarkers of protein oxidation (e.g., protein carbonyls). 

The generation of OC may influence the magnitude of increase in biomarkers of lipid 

peroxidation, whereby one study noted that women using the second generation OC (e.g., 

containing levonorgestrel) had lower hydroperoxides than women using the third and fourth 

generation OC [126]. Nonetheless, these differences between OC formulations may be 

negligible when compared to the substantial difference in oxidative stress observed between 

users and non-users of OC. Moreover, a large scale study of 208 healthy women aged 40-48 

years, found lipid peroxides to be significantly higher in women using combined OC (n = 49; 

878 ± 274 µM) compared to women using a progestin or copper intrauterine device (n = 41; 

377 ± 192 µM), or women not using any form of hormonal contraception (n = 119; 493 ± 196 

µM) [129]. Thus, it could be proposed that the type of hormonal contraception  and/or the route 

of administration are factors that play a role in the magnitude of change in lipid peroxidation. 

In support of the latter (i.e., route of administration), Pincemail et al. [129] reported no 

differences in any biomarkers of oxidative stress between the women using a copper (i.e., non-

hormonal) IUD (n = 6) compared to women using a progestin (levonorgestrel) IUD (n =32); 

although sample size is a limitation to this. Since women using combined, monophasic OC are 

observed to have the highest resting indices of oxidative stress [129], and this is a common 

formula for many sportswomen [17, 18], it warrants further investigation within a sports 

science context. In particular, future research is required to interrogate the active and non-active 

OC with the follicular and luteal phase of the menstrual cycle to better understand the within- 

and between-group changes in resting indices of oxidative stress, as well as during exercise.  

 

Regular aerobic exercise upregulates antioxidant defenses for the enhanced ability to resist 

subsequent oxidative challenges [131]. Thus, athletes have lower oxidative stress than non-

athletes [132, 133]. However, there is data to suggest OC use is associated with oxidative stress 

regardless of training status. Cauci et al. [98] evaluated resting oxidative stress in 42 OC users 

and 102 normally-menstruating women from a variety of sports (e.g., volleyball, soccer, 

basketball), that were competing at an international, national or regional level. The authors 

found lower non-enzymatic antioxidant capacity (-13.9%), as well as elevated hydroperoxides 

(i.e., > 2.36 mmol·L-1 H2O2 equivalents) [134] in 92.9% of OC users compared to 23.5% of 
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Other OC-related pathways that have been proposed to increase RONS include redox cycling 

between o-quinones and semi-quinones [138], over regulation of nitric oxide synthase, 

increased serum copper concentrations and oxidised low-density lipoproteins [20]. While a 

complete understanding of how OC regulates the progress of oxidative stress is yet to be 

established, growing evidence links these mechanisms to ethinyl-estradiol and to a lesser extent 

the progestin [20, 130, 135]. 

 

1.7 Oxidative stress and oxidative damage 

1.7.1 Terminology and chemistry  

The terms reactive oxygen and nitrogen species, radical, antioxidant, oxidative stress and 

oxidative damage, are inherently intertwined within the field of redox biology. However, in 

order to appreciate these biological terms, it is important to understand the chemistry behind 

oxidation and reduction reactions. Oxidation is a process in which a loss of electrons occurs, 

while a reduction is a chemical reaction in which a molecule gains electrons [139]. When these 

reactions occur concurrently, they are called redox reactions, and form the basis of many 

biological signalling pathways. Any chemical compound, including oxygen that can accept 

electrons are called oxidants, whereas agents that donate electrons are termed a reductant [140]. 

In biology, an oxidant is termed as a pro-oxidant, and a reductant can be referred to as an 

antioxidant; thus redox-reactions are key to biological oxidation and antioxidant effects [141]. 

 

Oxygen and nitrogen derived pro-oxidants are also known as RONS, which can be categorized 

into two groups; radicals, or non-radicals (see Table 1.3). A radical contains one unpaired 

electron in its outer orbit, which increases its affinity to donate or obtain electrons in order to 

achieve stability. When the presence of RONS exceeds that of antioxidant defense 

mechanisms, the cell is in a state of oxidative stress and can lead to oxidative damage.  
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Table 1.3. Radical and non-radical metabolites 

Name Symbol 

Oxygen radicals 

Oxygen Ö2 

Superoxide ion Ȯ2
- 

Hydroxyl OḢ 

Peroxyl ROȮ 

Alkoxyl RȮ 

Nitric oxide NȮ 

  

Non-radical oxygen derivatives 
 

Hydrogen peroxide H2O2 

Organic peroxide ROOH 

Hypochlorous acid HOCL 

Aldehydes HCOR 

Peroxynitrite ONOOH 

 

 

1.7.2 Measurement of RONS 

In the last 38 years there have been substantial advances in measurement techniques to enable 

quantification of RONS. However, given their highly reactive nature, most oxygen derived 

radicals have short half-lives (e.g., hydroxide), and it remains a challenge to employ affordable, 

in vivo techniques to directly measure radical production [142]. Therefore, the majority of 

redox research in humans uses indirect methods to determine the level oxidative stress and 

oxidative damage. For example, RONS react with biomolecules that form more stable 

molecular products including, lipid peroxidation end products (e.g., hydroperoxides, MDA, 

thiobarbiuric acid, F2-isoprostanes), oxidised proteins (e.g., protein carbonyls) and nucleic 

acids (e.g., 8-hydroxy-2-deoxyguanosine); all commonly used as biomarkers of oxidative 

stress and damage [143]. Alternatively, oxidative stress levels can be determined by measuring 

fluxes in the antioxidant defense system. The redox changes in non-enzymatic antioxidants or 

the activity of enzymatic antioxidants can be used to indicate the level of oxidative stress 

imposed on the cell or tissue [143]. The ratio of reduced glutathione (GSH) to oxidised 

glutathione (GSSH) has been used as a biomarker of exercise-induced redox alterations in 

numerous exercise related research [144]. However, regardless of the biomarker, a rigorous 



24 
 

study design should incorporate two or more measures of oxidative damage, since the 

formation and removal pathways of biomarker molecules differ after exercise [144].  

 

A common disadvantage for perhaps the most well accepted measurements (e.g., F2-

isoprostanes) are the complexity of analysis techniques and their time-consuming nature [145]. 

This, along with the invasive protocols of acquiring venous blood may preclude redox 

monitoring as being common practise in the applied sports sciences. Through the use of 

portable blood analysers, POC testing provides real-time results using less invasive collection 

methods (e.g., fingertip- or earlobe-prick). This can be desirable for immediate application of 

results by practitioners to inform decision making processes of athlete wellbeing (e.g., 

recovery) [14, 15]. Nonetheless, it is important to note that oxidative stress can be represented 

by a myriad of biomarkers measured in different tissues (e.g., red blood cells, skeletal muscle) 

and thus, the over-simplification of oxidative stress derived from a POC test is recognized 

[146].  

 

The Free Oxygen Radical Test (FORT) and Free Oxygen Radical Defense (FORD) are two 

POC tests that can provide a measure of lipid hydroperoxide concentration in a heparinised 

whole blood capillary sample and antioxidant capacity predominately by ascorbic acid, 

glutathione, albumin and Trolox; the water-soluble a-tocopherol analogue [134, 147], 

respectively. Previous research has demonstrated the effective use of FORT and FORD within 

clinical studies [148-150] and in elite sport [15, 98, 151-153]. In 2011, Sperlich et al. [153] 

used the FORT test in elite swimmers to determine whether hyperoxia would increase oxidative 

damage to lipids. More recently, Lewis et al. [14], examined the relationship between redox 

homeostasis and ‘under-performance’ of elite endurance athletes, as well as with injury and 

illness in Olympic athletes [15]. The within-day reliability of FORT and FORD at rest are 3.9% 

and 3.7%, respectively, thus supports the potential research capabilities using these POC tests. 

However, for FORT and FORD to be implemented as a sports science monitoring tool such as 

across a competition season or intensified tournament, it is important to also understand the 

between-day measurement reliability and well as after exercise, which has not been previously 

evaluated.  

 

1.7.3 Sources of RONS 

There are several exogenous and endogenous sources of RONS that exist in the human body. 

One major exogenous source of RONS is from oxidised foods in the gastrointestinal tract such 
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as peroxides, aldehydes, oxidised fatty acids, and transition metals [154]. Other exogenous 

sources include drugs, pollutants, UV radiation and toxins. Endogenous sources of RONS arise 

from diseases (e.g., ischemic processes), cells (e.g., neutrophils), direct- and indirect-producing 

RONS enzymes (e.g., NO synthase and xanthin oxidase, respectively), and metabolism (e.g., 

mitochondria). The mitochondria are a major source of RONS generation [155], which were 

previously thought to lack physiological function [156]. RONS can indeed have detrimental 

cellular effects (e.g., cellular damage), however, generation of RONS by the mitochondria are 

now appreciated to be biologically important for numerous cellular processes and pathways 

(e.g., immune function, metabolic adaptation). For this dissertation, sources of RONS that are 

most relevant to athletic women using OC including, drug metabolism, exercise-induced, 

predominately from contraction of skeletal muscle and antioxidant imbalances will be 

discussed.  

 

1.7.4 Generation of RONS in skeletal muscle 

The predominant RONS formed in skeletal muscle is the superoxide radical [157]. Superoxide 

acts as the parent molecule that can be reduced to hydrogen peroxide, hydroxyl radicals and 

other reactive oxygen derivatives. Skeletal muscle fibres can generate superoxides at several 

cellular locations at rest and during contractile activity. The reduction of oxygen to water in 

the mitochondria for adenosine triphosphate production is an essential process for aerobic 

metabolism. This process requires the donation of four electrons to oxygen and inevitably 

provides the opportunity for reactive oxygen derivatives to be formed. It was thought that 

complexes I and III of the electron transport chain were the major site for RONS generation 

during exercise [158-161]. However, evolving technologies including new spin probe 

approaches to examine RONS generation by skeletal muscle provides evidence that multiple 

subcellular sites including sarcolemma, transverse tubules, phospholipase A2-dependant 

processes and xanthine oxidase also heavily contribute to RONS generation in response to 

contractile activity; see Figure 1.2 [158, 162]. This is indeed a current topic of scientific interest 

where our understanding is continuously evolving.  
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Figure 1.2. Illustration of potential redox-sensitive sites in skeletal muscle. ADP = adenosine 

diphosphate; ATP = adenosine triphosphate; Ca2+ = calcium; H2O2 = hydrogen peroxide; NO 

= nitric oxide; NOS = nitric oxide synthase; Pi = inorganic phosphate; ROS = reactive oxygen 

species; SERCA = sarco-endoplasmic reticulum calcium ATPase; SOD = superoxide 

dismutase. Source: [162] 

 

 

1.7.5 Mechanisms for protection against RONS 

Protection against RONS-induced oxidative damage is achieved by several enzymatic and non-

enzymatic molecules that orchestrate the antioxidant defense system. These antioxidants are 

located throughout cellular compartments (e.g., cytoplasm) and exist in the intracellular, 

extracellular, and vascular spaces [158]. The direct-acting antioxidant enzymes that protect 

cells from oxidative stress include superoxide dismutase (SOD), catalase and GPx. SOD has 

three isoforms that catalyses the conversion of superoxide to form hydrogen peroxide and 

water; see Equation 1. All three isoforms require a transition metal in the active site to 

accomplish the catalytic breakdown of superoxide demonstrated in Equation 1. Two isoforms 

are found within cells: the cytoplasmic Cu/ZnSOD (SOD1), and mitochondrial MnSOD 

(SOD2); while the third can be found in the extracellular space, Cu/ZnSOD (SOD3) [162]. 

Although superoxide radicals are not highly reactive, they are able to reduce into other reactive 

species such as hydroxyl radicals, and thus SOD plays an important role in the regulation of 

oxidative damage. Several studies have acknowledged that regular bouts of endurance exercise 

increase SOD activity in the contracting skeletal muscle, with the highest activity in oxidative 
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muscles that contain mostly type I or type IIa fibres [131, 163-166]. Despite evidence to suggest 

SOD activity in skeletal muscle is modified by exercise, some studies do not support exercise-

induced changes in SOD activity [25, 167, 168]. The contrasting reports could arise from 

inconsistent analysis techniques such as assays that have low sensitivity, differences in exercise 

intensities, as well as measurement of fibre types from varying muscles. 

 

  

Equation 1.    2O2
− + 2H−  →      H2O2 + O2 

 

Catalase is an antioxidant enzyme that catalyses the breakdown of hydrogen peroxide into 

water and oxygen: see Equation 2. In order to do so, catalase requires iron as a co-factor that 

is attached to the active site. There is ambiguity regarding the magnitude of change in catalase 

expression evoked by exercise. Vincent et al. [169] concluded short-term exercise increases 

catalase activity (+24%), while others suggest that catalase activity decreases [170] or does not 

change [171] following exercise.  

 

 

Equation 2.     2H2O2    →      2H2O +   O2 

 

 

GPx is able to catalyse the breakdown of hydroperoxide to form water, using GSH as the 

electron donor [142]. When GSH donates a pair of hydrogen ions, it is oxidised to glutathione 

disulfide (GSSG); see Equation 3. There are five known isoforms of GPx, which can differ in 

substrate specificity (i.e., range of hydroperoxides) and cellular localisation (i.e. cytosol vs. 

mitochondria). This enables GPx to be an effective antioxidant, as it is able to reduce not only 

hydroperoxide, but other more complex organic hydroperoxides. Like SOD, the highest 

activity of GPx has been found in oxidative skeletal muscle fibres [165, 172]. Indeed, repeated 

skeletal muscle recruitment from regular exercise (especially endurance exercise) promotes an 

increase in GPx [131, 165, 167, 172]. Powers et al. [173] suggests that compared to short 

duration exercise (i.e., ≤ 30 min·d-1), longer duration exercise (i.e., ≥ 60 min·d-1) promotes an 

increase in GPx activity. Moreover, the same authors established that both moderate- and high-

intensity exercise increases muscle GPx activity greater than low-intensity exercise [173]. 

 

SOD 

Catalase 
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Equation 3.    2GSH +  H2O 2 →   GSSG + 2H2O 

 

 

While skeletal muscle cells can synthesise enzymatic antioxidants, there is surprisingly limited 

synthesis of non-enzymatic antioxidants. Most non-enzymatic antioxidants arise from dietary 

sources such as vitamin A (retinol), vitamin C (ascorbic acid) and vitamin E (α-tocopherol). 

Those that can be synthesised by the cell include: glutathione, carnosine, and histidine di-

peptides, while other non-enzymatic antioxidants are derived from cellular waste products such 

as uric acid or bilirubin [142]. 

 

1.7.6 Influence of RONS on skeletal muscle force production and fatigue  

The first theoretical model to describe the effect of RONS on skeletal muscle force production 

was proposed by Reid et al. [174]. The model illustrated in Figure 1.3 suggests there is an 

optimal intracellular redox state for skeletal muscle force production, and deviations from this 

optimal range (i.e., increase or decrease in RONS) can depress force. From basal levels, a 

modest increase in RONS can improve force production in unfatigued muscle, while high 

exposure to RONS can have a detrimental effect on skeletal muscle force production in a time 

and dose-dependent manner [23, 174]. 

Glutathione peroxidase 
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Figure 1.3 A theoretical model depicting a biphasic effect of RONS on skeletal muscle 

isometric force. 1: Force production by unfatigued muscle exposed to antioxidants. 2: Force 

production of skeletal muscle at its basal state (i.e., no addition of pro-oxidants or antioxidants). 

3: Optimal redox state for force production of unfatigued muscle; exposed to low-levels of 

RONS. 4. Reduced force production of skeletal muscle due to excessive RONS e.g., high-level 

exposure, accelerated generation by fatigued muscle or inflammation. Source: [23, 174]. 

 

 

Although the exact sites of RONS generation are still under debate, it is clear that RONS 

increase in response to a variety of mechanical and metabolic stimuli, and that changes in the 

concentration of RONS in skeletal muscle fibres can influence force production and fatigue 

[175-177]. One definition of fatigue is a decline in muscle performance associated with muscle 

activity [178]. While several mechanisms contribute to skeletal muscle fatigue, changes in 

calcium sensitivity [179, 180] and/or the Na+-K+ pump activity [24, 181] are two sites that are 

known to be susceptible to RONS. During early research [32], antioxidant supplementation 

(i.e., RONS scavengers) was implemented to explore the role that redox disturbances play in 

the development of muscular fatigue. These studies used both in vitro and in situ preparations 

to conclude that the use of antioxidant supplementation can delay muscle fatigue during periods 

of high exposure to RONS [32, 175, 180]. This observation has stimulated much interest in the 

possibility of antioxidant supplementation as an ergogenic aid to preserve muscle function 

during aerobic and anaerobic exercise for human performance. 
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1.7.7 Evidence for antioxidant supplementation as an ergogenic aid to performance 

Although there have been several reports to indicate RONS scavengers are effective in 

attenuating muscle fatigue in animals, evidence supporting the use of common dietary 

antioxidants (e.g., vitamin C and vitamin E) to improve human performance are relatively poor 

[182-185]. Bryant et al. [183] examined trained cyclists supplementing with vitamin C and 

vitamin E over four treatment periods. Neither supplement, when taken together or separately, 

improved cycling performance at 70% V̇O2peak. Similarly, Gaeini et al. [184] reported no 

improvements in V̇O2peak measured during exhaustive cycling after eight-weeks 

supplementation with vitamin E. In contrast, Margaritelis et al. [186] reported an improvement 

in V̇O2peak after 30 d of vitamin C supplementation. However, the participants were 

specifically screened to have a vitamin C deficiency, thus individual redox status may 

contribute to the efficacy of the antioxidant supplement to improve performance [186]. An 

exception is the antioxidant supplement; N-acetylcysteine (NAC), whereby several authors 

have reported that NAC can delay muscle fatigue and/or improve exercise performance in 

humans with or without an antioxidant deficiency; see Table 1.4 [24, 30, 31, 33, 34, 36, 187, 

188]. It is suggested that NAC protects cells against oxidative insults by acting as a cysteine 

donor for; glutathione (re)synthesis, mitochondrial sulfane sulphur production and/or to a lesser 

extent, a direct scavenging ability [189-192]. The improvements in exercise performance from 

using NAC range from ~2.4% to 65% in humans (Table 1.4) and supporting evidence has been 

established in animal experiments (both in vitro and in situ muscle preparations) [180, 193, 

194]. Nonetheless, the effects of NAC on performance are limited to findings derived from 

male participants in sports science research. In Table 1.4, only 4% of the total number of 

participants (n=181) included in the studies were women. Therefore, examination of NAC on 

performance in women will provide a novel contribution to the literature. 

 

There are conflicting findings regarding the exercise intensity at which NAC is most effective 

in delaying muscle fatigue [24, 30, 33, 34, 36, 187, 188, 195, 196]. NAC has been reported to 

improve repeat-sprint cycling performance [30], performance of a repeated high-intensity 

intermittent shuttle (running) test [33], maximum shuttle (running) sprint time [188] and 

cycling time-trial (TT), Wingate and V̇O2peak [34]. Whereas, cycling TT performance [195], 

high-intensity cycling efforts [196] and endurance cycling performance [197] were not 

influenced by NAC supplementation. The incongruent findings may be related to the wide 

variety of exercise tasks including both sprint and endurance protocols, the length of 
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supplementation period, dietary control and/or the training status of recruited participants 

[181]. However, the most consistent findings of performance improvements appear to be for 

prolonged, high-intensity exercise.  

 

 

Table 1.4. Summary of pertinent studies that have evaluated the use of N-acetylcysteine on 

submaximal completion tasks or exercise performance in humans 

Reference Participants 
(Total men = 96% 

and total women = 

4%) 

Mode of 

exercise 

NAC 

supplementation 

protocol 

Task or 

measure of 

performance 

Percent 

change in 

task or 

performance  

Matuszczak 

et al. [187] 

18 healthy but 

untrained (8 

women, 10 

men)  

Repetitive 

handgrip 

exercise  

150 mg·kg-1 

Signal IV dose 

prior to exercise  

Submaximal, 

time-to-task 

failure  

+15% 

McKenna et 

al. [24] 

4 team sport 

and 4 endurance 

trained 

cyclists (men) 

Cycling  125 mg·kg-1 

Multiple IV dose 

pre and during 

exercise  

Sub-maximal, 

time-to-task 

failure 

+24% 

Medved et 

al. [181] 

4 team sport 

and 4 endurance 

trained 

cyclists (men) 

Cycling  125 mg·kg-1·h-1  

Multiple IV pre 

and during 

exercise  

Sub-maximal, 

time-to-task 

failure  

+26% 

Travaline et 

al. [31] 

18 healthy but 

untrained (men) 

Breathing 

against 

inspiratory 

load 

150 mg·kg-1, 

Single IV dose 

pre exercise 

Time-to-task 

failure  

+65% 

Reid et al. 

[198] 

 

18 healthy but 

untrained 

(men)  

Repeated 

electrical 

stimulation 

of limb 

muscle  

150 mg·kg-1, 

Single IV dose 

pre exercise  

Force decline 

during 30 min 

of 

contractions  

+15% 

Nielsen et 

al. [199] 

19 trained 

rowers (men) 

Rowing 6000 mg·d-1, 

3-d oral loading 

pre-trial 

Total power 

produced 

during a 

maximal 6-

min rowing 

test 

-0.3% NS 

Corn and 

Barstow 

[35] 

7 healthy but 

untrained 

(men)  

Cycling 70 mg·kg-1·d-1, 

1-h oral loading 

pre-exercise 

Time-to-task 

failure at 80% 

maximal 

power 

+~21% 

Zembron-

Lacny et al. 

[200] 

15 healthy but 

untrained (men) 

n=8 NAC 

n=7 CON 

Cycling 2 x 600 mg·d-1, 

8-d oral loading 

pre-trial 

600 mg 2-h pre-

exercise 

V̇O2peak 

 

NS 
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Slattery et 

al. [30] 

10 well-trained 

triathletes (men) 

Cycling 1200 mg·d-1, 

9-d oral loading 

pre-trial  

Repeated 

sprint cycling 

performance; 

race 

simulation 

Percent NA.  

Significant 

improvement  

Cobley et al. 

[33] 

12 

recreationally-

trained (men) 

n=6 NAC   

n=6 CON  

 

Running 50 mg·kg-1, 

6-d oral loading 

pre-trial, 

1-h pre-exercise 

and immediately 

post-exercise 

Performance 

level of 

intermittent 

shuttle test 

+~50% 

Trewin et 

al. [201] 

9 well-trained 

cyclists (men) 

Cycling 200 mg·kg-1·d-1, 

2-d oral loading 

pre-trial. 

100 mg·kg-1 30-

min-1 pre-

exercise. 

Mean power 

during a 10-

km time trial 

-4.9% NS 

Paschalis et 

al. [34] 

 

100 

recreationally- 

active (men)  

Cycling 2 x 600 mg·d-1, 

1-mo loading pre-

trial 

Time-trial  

Wingate test 

V̇O2peak 

+15% 

+10% 

+14% 

Rhodes et 

al. [188] 

17 semi-elite 

rugby 

players (men) 

n=8 NAC   

n=9 CON  

 

Running 1000 mg·d-1, 

6-d loading pre-

trial 

Maximum 

shuttle sprint 

time  

+2.4% 

(likely 

beneficial) 

Margaritelis 

et al. [186] 

73 

recreationally-

active (men; 

screened for 

plasma VITC 

and erythrocyte 

glutathione 

levels)  

n=12 NAC   

n=12 VITC  

n=12 CON  

 

Cycling 2 x 600 mg·d-1, 

1-mo loading pre-

trial 

V̇O2peak 

Wingate 

  

+8.1% 

No 

improvement  

CON = control group; NAC = N-acetylcysteine; NS = non-significant, VITC = Vitamin C 

Percent change in task or performance is significant unless otherwise stated.  
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While reversibility of skeletal muscle fatigue during competition may demonstrate an 

advantage of antioxidant supplementation [33], research has shown that chronic antioxidant 

supplementation prevents health-promoting effects and skeletal muscle adaptations by exercise 

[202-206]. Gomez‐Cabrera et al. [203] and Gomez-Cabrera et al. [204] reported allopurinol 

supplementation prevented activation of signalling pathways (e.g., mitogen-activated protein 

kinases and activated nuclear factor kB) after exhaustive exercise in rats ( 7 d supplementation) 

and in humans (marathon running; 13 d supplementation), respectively. Another study [205] 

demonstrated that NAC disrupts skeletal muscle inflammatory responses (e.g., blunts the 

myogenic determination factor and tumor necrosis factor-α) when consumed up to 8 d after 

muscle-damaging exercise (not before or during exercise), and this may impact recovery for 

subsequent performance in men. Whereas, Slattery et al. [30] demonstrated that 9 d of oral 

NAC supplementation (1200 mg·d-1 pre-trial) may promote physiological adaptations (e.g., 

increased nuclear factor kB activity) after a sprint cycling performance in men. Therefore, the 

timing (pre-, during or post-exercise) and duration (acute supplementation vs chronic loading) 

are critical factors when considering the effects of antioxidant supplementation on 

performance. However, there is currently inadequate research to conclude an optimal NAC 

dosing protocol [207], and furthermore, whether these findings are consistent in women is also 

unknown. Another consideration of NAC supplementation is the resultant side effects. 

Common side effects of NAC include diarrhoea, vomiting, nausea and headaches [207], which 

may preclude the use of NAC within practical sporting settings. Ferreira et al. [208] suggests 

that individuals (sex not specified) experience a heightened intensity of adverse reactions at 

higher oral NAC liquid-based doses. In particular, a dose of 140 mg·kg-1 body mass is 

considered to have a greater intensity of gastrointestinal side effects compared to 70 mg·kg-1 

body mass NAC ingestion [208]. Furthermore, Ferreira et al. [208] found no difference in thiol 

concentration in plasma after 140 mg·kg-1 compared to 70 mg·kg-1 body mass. Therefore, 70 

mg·kg-1 body mass of NAC is sufficient to induce changes to the redox environment, whilst 

minimising gastrointestinal discomfort. Nonetheless, future studies should refine dosing 

protocols to reduce gastrointestinal side effects whist maximising the ergogenic benefit for 

exercise performance.  

 

While it is argued that well-nourished athletes should not need to supplement with antioxidants, 

particularly during training [209], short-term supplementation may be beneficial to 

performance in specific situations such as athletes undertaking intensified training, in 
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individuals consuming a hypocaloric diet [210], or that have a specific antioxidant deficiency 

such as glutathione [34]. Furthermore, it could be hypothesized that females using OC may 

benefit from exogenous antioxidant support given that OC use has been associated with 

oxidative stress, including evidence of oxidant damage to lipids, as well as low reduced 

glutathione and GPx [21]. Nonetheless, a paucity of literature describes alterations in redox 

homeostasis during exercise in women so this hypothesis is limited to findings of previous 

research in men. In particular, no research has characterised alterations in redox homeostasis 

in women using OC during a controlled exercise task to identify whether oxidative stress is 

further exacerbated during exercise (as compared to naturally-cycling women). Understanding 

differences in biochemical disturbances during exercise in women that have varying hormonal 

profiles is imperative in understanding the recovery process after an acute bout of exercise, and 

thus the interpretation of biological monitoring. 

 

1.8 Summary  

Rugby league competition for women is becoming more professionalised, and the level of 

participation is growing markedly from the grass roots through to elite female athletes. 

However, there is a paucity of experimental sport and exercise science research in women that 

provides practitioners with evidence-based knowledge of how to optimize rugby league 

training prescription for women, and that examines the impact of endogenous and exogenous 

female sex steroids on physiological responses to exercise, particularly relevant to contact 

sports.  

 

The research described in this thesis is the first to examine the movement patterns women 

playing high-level rugby league competition. Furthermore, the level of collision that women 

are subjected to during match-play generates interest in the biological monitoring across a 

competition season. While there are several physiological and perceptual markers available, an 

area of particular interest is oxidative stress as highlighted in the literature review, given that 

blood oxidative stress biomarkers are elevated in women using OC. As discussed, biomarkers 

of oxidant damage are also commiserate with training load across a rugby league season [84], 

and are associated with muscular fatigue [162], illness [15] and maladaptation [28]. One current 

limitation to examining oxidative stress in an applied setting is the application of a rapid and 

reliable POC device for real-time results. Moreover, a better understanding of within-group 

fluctuations in oxidative stress is required for interpretation of data in women, and designing 

between-group comparison studies. Lastly, it could be argued that prolonged, high-exposure to 
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RONS due to OC use is further devastating to antioxidant defenses, and may affect mechanisms 

relating to skeletal muscle fatigue and thus performance. Antioxidant supplementation may not 

be necessary for most athletes, however the need for dietary interventions or antioxidant 

supplementation in athletic women using OC to restore their redox balance warrants 

investigation. Expanding our understanding of OC-induced changes to the redox environment 

will help clarify these uncertainties and may aid coaches and female athletes in the prescription 

of exercise, implementation of recovery, and consideration of nutritional support (e.g., 

antioxidants).  

 

1.9 Thesis aims 

The overall aim of this thesis is to provide new insights into the movement patterns of female 

rugby league players during competition for immediate application in training prescription 

programs, and secondly, to conduct tightly controlled laboratory-based studies for a greater 

interrogation into female physiology and oxidative stress that can be built upon for future 

applied rugby league research in women. 

 

The specific aims were to:  

1. Characterise the movement patterns of the Australian Rugby League Women’s team 

during international competition. 

2. Determine the between-day reliability of two POC tests to enable real-time results of 

oxidative stress monitoring for applied sports scientists  

3. Determine the within-group and between-group (temporal) changes in biomarkers of 

oxidative stress across the menstrual cycle and with OC use in active women 

4. Characterise exercise-induced oxidative stress between women naturally-cycling and 

women using OC, and examine whether antioxidant supplementation can mitigate 

oxidative stress in OC users during exercise  
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2.1 Abstract 

Purpose: To describe the movement patterns of the Australian Rugby League Women’s team 

during international competition. Design: Retrospective observational study. Methods: Global 

Positioning Systems technology recorded the movements of players from the Australian Rugby 

League Women’s team (n = 31) during seven international rugby league matches. A subgroup 

of players (n = 18) that played at least 80 min in a match were categorized into three positional 

groups: forwards (n = 7), backs (n = 7) and halves (n = 4), and analyzed for external outputs 

that were classified into multiple speed zones. Mean speed (m·min-1) and mean speed when 

traveling >12 km·h-1 (MS12; m·min-1) were calculated for each 10% interval of playing time of 

both groups to assess changes in match intensity. Results: Total distance traveled was greater 

in the first half (3332.9 m compared to 3249.0 m), along with distances traveled at speeds >15 

km·h-1 (p < 0.05), whereas players traveled further at speeds < 6 km·h-1 in the second half (p = 

0.005). Backs traveled further at speeds < 6 km·h-1 (p = 0.002) and >15 km·h-1 (p = 0.007) 

compared to forwards. Mean speed significantly reduced across the first and second halves (p 

< 0.05), while MS12 reduced by ~40% in the first half of the match (i.e., first ~5 min compared 

to the last ~5 min). Conclusion: These results provide coaches with sport-specific activity 

profiles of female rugby league players that can be used to individualize training prescription. 

Given that match-intensity deteriorated across the first and second halves, programs may be 

targeted at improving endurance and supramaximal exercise tolerance in order for female 

players to withstand high match-demands of international competition.   

 

Key words: Female; Athlete; GPS analysis; Football; Athletic performance; High-intensity 

running  
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2.2 Introduction 

Capturing the movement patterns of elite-level team-sport athletes during international 

competition is important to understand the match demands and the physiological requirements 

of successful players. A greater understanding of these movement patterns can advance training 

programs, such as small-sided training games that simulate the high-intensity movements of 

team-sports while improving skill [211]. Furthermore, the knowledge of benchmark (i.e., 

successful international teams) external outputs such as speed and distances attained in a match 

can inform coaches and sports scientists of individual and/or team performance [212], 

including the performance potential of developing athletes (i.e., talent identification) [213]. 

 

The Australian Rugby League Women’s team are arguably the leading rugby league women’s 

team in the world, having won the two previous Rugby League World Cup finals (2013, 2017). 

Furthermore, the commencement of the Australian NRLW competition, in parallel with a 29% 

increase in female rugby league participation in 2018 [1] demonstrate a growing interest in 

rugby league in Australia, and a need for sport science support. The movement patterns of 

female Australian-representative rugby sevens [56], football (i.e., soccer) [57], and field-

hockey [58] players have been described using speed and distance measurements determined 

by GPS technology. Nonetheless, the movement patterns of the Australian Rugby League 

Women’s team have not been described in the current literature.  

 

Men’s rugby league has benefited from the use of GPS technology with improved 

understanding of player movement patterns [46, 214]. The sport is recognized as predominantly 

low-intensity, interspersed with bouts of high-intensity movements including sprinting and 

collisions [46, 215]. Furthermore, these movement patterns can vary depending on playing 

position such that backs cover greater distances at higher speeds compared to forwards [47].  

Nonetheless, our current knowledge of the sport is conceived through physiological data 

collected from men, and should not be assumed in women. For example, Clarke et al. [56] 

demonstrated that the use of speed thresholds derived from male team-sport GPS data can 

underestimate the volume of high-intensity running performed in female team-sport athletes, 

which may lead to misrepresentation of player load and injury risk. 

 

Historically, the Australian Rugby League Women’s team play two international matches each 

year. However, the 2017 Rugby League Women’s World Cup provided a unique opportunity 

to collect a series of match GPS data. They competed in a total of seven international matches 
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in 2017, which provided a platform for analyses of player external loads. The aim of this study 

was to profile, for the first time, the movement patterns of players in the Australian Rugby 

League Women’s team during international competition. Specifically to; i) quantify the 

external loads attained in a match, ii) determine the positional differences in external loads and, 

iii) determine changes in match-play intensity. 

 

2.3 Methods  

The study included 31 players from the 2017 Australian Rugby League Women’s team; 

“Jillaroos” (i.e., Team; mean ± SD: age = 27 ± 5 yr, playing experience = 8.2 ± 2.6 yr). Given 

that individual playing time can affect the mean external loads attained for the ‘team’ in a match 

[216], a subgroup of players (n = 18) that played at least 80 min per match (i.e., ‘80-min 

players’; mean ± SD: age = 26 ± 4 yr, playing experience = 7.5 ± 3yr) were selected for a 

separate analysis of external loads for position and match-half to the ‘team’ analysis. These 

players were categorized into three positional groups: forwards (n = 7), backs (n = 7) and halves 

(n = 4). Ethical approval to obtain de-identified previously collected data was granted from the 

Griffith University Human Research Ethics Committee.  

 

The present study was observational with retrospective analyses of data obtained from GPS 

technology. Data was recorded during the 2017 ANZAC Test Match, 2017 Prime Minister’s 

XIII and five matches from the 2017 Rugby League Women’s World Cup. The athletes wore 

a customized harness that secured a SPI-ProX unit (GPSports, Canberra, Australia) between 

the scapulae to minimize movement artifact. These were worn during training for 

familiarization purposes prior to competition. The GPS units were turned on prior to warming-

up to allow for satellite lock and continuously sampled at an interpolated 10 Hz. Horizontal 

dilution of precision was not available at the time of data collection in the SPI-ProX units. The 

matches consisted of two, 40-min halves plus injury time. The GPS data was downloaded from 

the units using proprietary software (TeamAMS, GPSports), and analyzed using the lme4 and 

afex packages in R statistical software (R v3.5.2, R Foundation for Statistical Computing) [217, 

218]. A total of 114 out of a possible 119 data entries were included in the analysis of the team, 

and 46 data entries were included for the analysis of “80-min players”. In order to account for 

differences in total match time among the seven matches (91.8 ± 4.7 min) due to differences in 

“out of play” duration, the GPS data was segmented into 10% intervals that allowed the 

aggregation of data across matches. Each 10% interval equated to a mean interval duration of 

4.5 ± 0.3 min. Match-play intensity was assessed via mean speed (m·min-1) and mean speed 



41 
 

when traveling > 12 km·h-1 (i.e., MS12; m·min-1) in 80-min players and separately using all 

players in the team. A high-intensity running speed of > 12 km·h-1 was selected after 

considering that: 1. The speed of  > 3.5 m·s-1 (i.e., 12.6 km·h-1) has been identified as high-

intensity in women’s rugby sevens [56], and 2. The observation that female rugby league 

players [219] are heavier than rugby 7’s players [56] with presumably a lower relative 

physiological threshold. Linear mixed effects modelling was performed on all data where 

position, match-half and 10% interval within each half were treated as fixed effects. Players 

and match were treated as random effects to account for multiple entries of players across the 

seven matches. External outputs were characterized by distance covered in multiple speed 

zones that were defined as i) Z1 = 0-6 km·h-1 (0-1.66 m·s-1), Z2 = 6.01-9 km·h-1(1.67-2.50 m·s-

1), Z3 = 9.01-12 km·h-1 (2.502-3.33 m·s-1), Z4 = 12.01-15 km·h-1 (3.34-4.17 m·s-1), and Z5 = > 

15 km·h-1 (> 4.17 m·s-1) [47, 214]. F-scores were calculated for positional differences, mean 

speeds and MS12 analyses, while t-scores were calculated for the half-to-half comparison in 

total distance traveled and distances traveled within each speed zone. Significance level was 

set at α = 0.05 and data is presented as mean ± SD unless otherwise stated. 

 

2.4 Results  

Of the seven international matches, all were won by the Australian Rugby League Women’s 

team with a mean score difference of 39 ± 25 points (Jillaroos: 46 ± 24 points, opposition: 5 ± 

5 points). The playing time for the first and second halves were 45.6 ± 3.9 min and 46.2 ± 1.3 

min, respectively. Table 2.1 describes the average total distance and average distance traveled 

in each speed zone during the first and second halves of the matches for 80-min players. Total 

distance covered was significantly different between halves (t(101.4) = 2.036, p = 0.044). 

Specifically, distances in speed zone three (t(104.3) = 2.163, p = 0.033), speed zone four 

(t(107.6) = 3.546, p < 0.001), and speed zone five (t(103.9) = 3.035, p = 0.003) were lower in 

the second half. Distance covered in speed zone one (t(98.5) = -2.903, p = 0.005) was 

significantly higher in the second half. 

 

The distances traveled in each speed zone accounting for position are presented in Table 2.2 

(80-min players). There was no significant difference in the total distance traveled between 

forwards, backs, or halves, (F(2, 20.05) = 3.39, p = 0.05). Although not statistically significant, 

forwards covered 4.4% and 8.5% less distance than backs and halves, respectively. After 

accounting for speed, backs traveled significantly further in speed zone one (F(2, 29.06) = 7.57, 

p = 0.002) and speed zone five (F(2, 17.75) = 6.62, p = 0.007) compared to forwards. There 
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were no differences in distance traveled in speed zone two (F(2, 38.49) = 2.21, p = 0.12), speed 

zone three (F(2, 30.20) = 2.09, p = 0.14), or speed zone four (F(2, 20.41) = 0.60, p = 0.56) 

between positions.  

 

Figure 2.1 illustrates the changes in match-intensity described by mean speed attained in 80-

min players (A) and the team (B) and MS12 attained in 80-min players (C) and the team (D) 

within each 10% interval of playing time in the first and second halves. There were significant 

fluctuations in mean speed throughout the first half (80-min players, F(9, 557) = 7.93, p < 

0.001; Team, F(9, 805) = 9.40, p < 0.001) and second half  (80-min players, F(9, 485) = 4.20, 

p < 0.001; Team, F(9, 798) = 9.31, p < 0.001). The accumulation of MS12 by the players 

significantly reduced across the course of the first half (80-min players, F(9, 557) = 7.26, p < 

0.001; Team, F(9, 802) = 9.42, p < 0.001). In the second half, there was minimal fluctuation in 

MS12 for the 80-min players (F(9, 485) = 0.94, p = 0.49). Whereas, there were fluctuations in 

MS12 for the team (F(9, 793.9) = 3.63, p = 0.002) in the second half.   
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Table 2.1 Half-by-half analysis of external outputs obtained from GPS technology of 80-

min players during international rugby league women’s matches (mean; CI 95%) 

Metric 1st Half 2nd Half 

Total Distance (m) 3332.9 (3142.7 to 3523.1) 3249.0 (3059.7 to 3438.3)* 

Z1 Distance (m) 1376.9 (1257.6 to 1496.2) 1442.0 (1323.8 to 1560.7) ** 

Z2 Distance (m) 680.0 (623.3 to 736.7) 664.7 (608.3 to 721.0) 

Z3 Distance (m) 662.6 (599.9 to 725.2) 621.7 (559.8 to 683.6)* 

Z4 Distance (m) 333.7 (291.8 to 375.6) 285.4 (243.8 to 326.9)*** 

Z5 Distance (m) 276.0 (206.8 to 345.3) 230.2 (161.2 to 299.1)** 

Maximal Speed 

(km·h-1) 

24.6 (23.4 to 25.7) 24.0 (22.8 to 25.1) 

N.B. Values presented as mean (95% CI). Z1 = 0 – 6 km·h-1, Z2 = 6.01 – 9 km·h-1, Z3 = 

9.01 – 12 km·h-1, Z4 = 12.01 – 15 km·h-1, and Z5 = >15 km·h-1. Significantly different 

from the first half (p < 0.05*, p < 0.01**, and p < 0.001***) 
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Table 2.2 Positional comparison of external outputs obtained from GPS technology of 80-min 

players during international rugby league women’s matches.  

Metric Forwards (n = 7) Backs (n = 7) Halves (n = 4) 

Total Distance (m) 

6415.9 (5972.7 to 

6859.2) 

6709.7 (6280.5 to 

7138.9) 

7010.5 (6508.8 to 

7512.1) 

Z1 Distance (m) 

2656.3 (2404.2 to 

2908.4) 

3071.5 (2821.0 to 

3321.9)* 

2949.7 (26 67.8 to 

3231.7) 

Z2 Distance (m) 

1396.7 (1226.7 to 

1566.6) 

1286.6 (1117.3 to 

1455.9) 

1492.2 (1300.4 to 

1684.1) 

Z3 Distance (m) 

1382.2 (1176.0 to 

1588.5) 

1136.6 (937.0 to 

1336.1) 

1358.8 (1102.6 to 

1615.1) 

Z4 Distance (m) 

600.9 (491.6 to 

710.1) 

561.7 (462.2 to 661.3) 

641.4 (505.1 to 

777.8) 

Z5 Distance (m) 

411.0 (265.4 to 

556.5) 

659.1 (524.1 to 

794.2)* 

554.9 (388.0 to 

721.9) 

N.B. Values presented as mean (95% CI). Z1 = 0 – 6 km·h-1, Z2 = 6.01 – 9 km·h-1, Z3 = 9.01 – 

12 ·h-1, Z4 = 12.01 – 15 ·h-1 and Z5 = >15 km·h-1. Significantly different from forwards (p < 

0.05*) 
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Figure 2.1 Fluctuations in match-intensity as described by mean speed (m·min-1) (A and B) and mean speed when running > 12 km·h-1 (MS12; 

m·min-1; C and D) within each 10% interval of the first and second halves of international matches played by the Australian Rugby League 

Women’s Team. A and C (top) denotes players that remained on the field for at least 80-min per match (n = 18), while B and D (bottom) denotes 

all players in the team (n = 31). Significantly different from *0-10%, @10-20%, #20-30%, %60-70%, ^70-80% (p < 0.05).
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2.5 Discussion 

This study describes the movement patterns of players in the Australian Rugby League 

Women’s team during international competition using distance and speed measured via GPS 

technology. Total distance covered was higher in the first half along with the distance traveled 

at speeds > 9 km·h-1, whereas players traveled further at speeds < 6 km·h-1 in the second half 

(i.e. less running and more walking). Backs performed more walking (< 6 km·h-1) and sprinting 

(> 15 km·h-1) than forwards. MS12 reduced by 40% (80-min players) and 39% (Team) during 

the last ~5 min of the first half compared to the first ~5 min of the first half. During these same 

intervals of the second half, MS12 reduced by 14.9% (80-min players) and 22.8% (Team). 

Whether the observed magnitude of reduction in the first half is characteristic of rugby league 

women’s match-play, or contingent on the players’ physical capacity, is unknown. The most 

likely candidates that affect distances covered at high speeds are team tactics and/or residual 

fatigue, which could be, in part, due to the environment (e.g., heat), increased physiological 

demand of international matches (e.g., game-intensity, tournament-game style, game duration) 

and/or inadequate opportunity for player physical preparation (e.g., limited training). 

 

Rugby league is described as a predominantly low-intensity activity, interspersed with bouts 

of high-intensity exercise [46, 215]. This is supported by the findings of the present study where 

17% of the total distance covered by 80-min players was > 12 km·h-1, whereas 83% of the total 

distance covered during the match was ≤ 12 km·h-1. Across the course of the match (i.e., half-

to-half comparison), the total distance covered was lower in the second half, along with 

distances covered at high speeds. This is a common finding in team-sport movement patterns 

[5, 220, 221] and could be a result of accumulative match-fatigue, likely due to the high 

physical loads of elite level competition [212]. However, the variation in game duration 

between Australian women’s state (60-70 min), national (60 min) and international (80 min) 

rugby league competitions may act as a contextual factor that could influence the movement 

patterns due to player unfamiliarity with match tactics, interchange timing and game pacing for 

80-min matches. It would be reasonable to infer that an extension of match duration by 25% 

for international matches would contribute to an increased match-load for players. 

Consequently, this may affect high-speed running across the match, particularly during the 

latter stages where accumulative fatigue is more likely evident. Therefore, it is paramount that 

future research continues to monitor movement patterns of female rugby league players via 

GPS technology so that decisions to modify the duration or structure of rugby league matches 

are established from evidence-based resources.  
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In present study there were no significant positional differences in relation to total distance 

covered, which is congruent with some [47], but not all research examining men’s rugby league 

match play [46, 214, 215]. However, this finding should be interpreted with caution given that 

the difference in distances covered between positions approached statistical significance. 

Similar to the present study, the results of McLellan et al. [47] included a small sample size (n 

= 5 matches) which highlights the need of having a greater number of matches analyzed from 

longitudinal GPS data in order to capture the variation in position-specific movement patterns. 

The limited number of matches played by the Australian Rugby League Women’s team along 

with the documented limitations to GPS technology rationalizes our cautious approach to the 

number of external outputs included in the present analyses [222]. After accounting for speed 

in the positional analysis, there were differences in distances covered between forwards and 

backs. Backs covered greater distances while traveling at speeds < 6 km·h-1 and > 15 km·h-1 

compared to halves and forwards. While no research to date has reported external outputs of 

positional comparisons in female rugby league players, the finding that backs travel further at 

higher speeds in comparison to forwards is consistent with findings in male rugby league 

research [47, 48]. These differences are likely explained by the rugby league-specific positional 

requirements where forwards have a high number of physical collisions and tackles 

predominately occurring in close proximity of center of play [46]. Backs tend to cover greater 

distances at high speeds as they have tasks such as kick chases. Moreover, backs are situated 

on the outer edge where there is more distance between them and the opposition, thus creating 

greater opportunity to accelerate into high running speeds [46]. This finding is supported by 

the performance characteristics of elite female rugby league players where backs are faster over 

40 m compared to forwards [219, 223]. These positional differences have traditionally been 

assumed because of findings derived from rugby league research in men. However, the results 

from the present analysis enables strength and conditioning coaches to prescribe from female-

specific positional movement patterns in rugby league. 

 

The present study observed reductions in intensity of match-play within each half of the 

international matches. MS12 reduced by 40% (80-min players) and 39% (Team) in the final 

10% of the first half compared to the first 10% of the first half. Whereas, MS12 reduced by 

14.9% (80-min players) and 22.8% (Team) between the same intervals of the second half. The 

smaller percent reduction in MS12 within the second half could be from accumulating less high 

intensity running at the beginning of the second half. Few studies describe the within-half 
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changes in the intensity of match-play and the data available may not be appropriate for 

comparison to rugby league played by women. Black and Gabbett [224] assessed high-intensity 

running changes in whole-game players of state cup rugby league boys. However, the observed 

reduction in high-intensity running (∼15–20%) was analyzed from the first quarter of the first 

half, compared to the last quarter of the first half. Furthermore, lower-level competition teams 

have been reported to provide less support runs [212], and subsequently could affect the overall 

movement patterns. Another example from the literature [220] proposes that higher standard 

female soccer players have minimal or no reduction in high-intensity running in the first half 

of a match, with subsequent reduction in the second half. This may suggest that the large 

reduction in MS12 during the first half is contingent on the player’s physical capacity rather 

than being characteristic of rugby league match-play in women. The percent difference 

between elite female soccer [225-227] and rugby league players [219] in 10 m sprint speed 

(1.85; 2 s, respectively; 7.8%), 40 m sprint speed (5.92; 6.46 s, respectively; 8.7%) and 

estimated maximal oxygen uptake (50.8; 33.8 ml·kg-1·min-1, respectively; 39.2%) is notably 

larger than that of comparative male soccer [228] and rugby league players [48] for 10 m sprint 

speed (1.79; 1.77 s, respectively; 1.1%), 40 m sprint speed (5.51; 5.37 s, respectively 2.7%) 

and estimated maximal oxygen uptake (63; 62.6 ml·kg-1·min-1, respectively; 0.6%). While the 

study of Gabbett [219] may not represent the same athletes of the present study, the greater 

relative difference between the aforementioned female team-sport athletes compared to the 

male team-sport athletes, highlights that female rugby league is at its’ infancy and it could be 

expected that the physical capacity of female rugby league players will improve with the 

growing professionalism of the sport. Nonetheless, there is certainly a need for more 

contemporary data that describes the physiological characteristics of the current Australian 

Rugby League Women’s team to clarify this.   

 

Accumulative fatigue can be exacerbated by an intense series of rugby league matches [66]. 

During the 2017 Rugby League Women’s World Cup, the Australian Women’s team were 

required to play five matches within 17 days in a tournament-style competition. The high 

physical loads placed on the players during each match, in succession with limited recovery, 

likely imposed accumulative muscle damage and residual fatigue [66, 229]. This should not be 

ignored as another contextual factor that can affect high-intensity match movements [66], 

particularly for 80-min players during the second half due to greater duration in match-play 

and exposure to physical collisions and high-intensity running. It was interesting that there was 

a significant decrease in the whole team MS12 from the first 10% of the second half compared 
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to the next 10% of the second half whereas, there was no reduction in MS12 between the same 

time points for 80-min players. During this time, it could indicate that there was a greater 

reduction in MS12 performed by the whole team or that the 80-min players commenced the 

second half with at a lower intensity of match-play. Given either of these circumstances, 

emphasis should be placed on training that prepares players to tolerate the congested fixture, 

and for coaches to be strategic in team selection during periods of intensified rugby league 

competition. This may well be of emphasis leading into the 2021 Rugby League Women’s 

World Cup given that the tournament duration has decreased so that teams will be required to 

play five matches in 14 days (i.e., three less days to recover).  

 

The most likely candidates for a decrease in high-speed running are player fatigue and/or team 

tactics. Factors that contribute to acute team-sport player fatigue are dehydration, muscle 

glycogen depletion and/or lowered pH, among others [230]. Appropriate nutritional strategies 

can minimise the deleterious effects of dehydration and low muscle glycogen, while targeted 

training interventions that aim to augment muscle buffering capacity [231] can maintain 

homeostatic pH and delay fatigue. However, in comparison to the men, there are currently 

limited resources to provide comprehensive training and support to female rugby league 

players (special communications), which may contribute to inadequate opportunity for player 

preparation. For example, it could be reasoned that the duration which the Australian Rugby 

League Women’s team are given the opportunity to prepare (e.g., 6-week camp for the 2017 

World Cup) is inadequate to fully prepare for international competition. Nonetheless, the 

successful outcome of all seven matches indicate a high level of strategic planning 

implemented by the 2017 Australian Rugby League Women’s coaches.  

 

This study reports the first descriptive movement patterns of female rugby league players 

during international competition. There were greater total distances covered in the first half 

(3333 m) compared to the second half (3249 m) of matches, including distance traveled at 

speeds > 9 km·h-1 in the first half, whereas players covered greater distances at speeds < 6 

km·h-1 in the second half. Of the total distance traveled by 80-min players, 17% was > 12 km·h-

1, whereas 83% of the total distance traveled during the match was ≤ 12 km·h-1. Positional 

differences were present in multiple speeds zones, specifically, backs performed more walking 

(< 6 km·h-1) and sprinting (> 15 km·h-1) than forwards. Match intensity (i.e., MS12) reduced by 

~40% across the course of the first half, which highlights an area that may be targeted in 

training programs to ensure players withstand the physiological demands of international 
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matches (e.g., increased match duration from 60-min to 80-min), particularly during intensified 

tournament-style competition such as the 2021 Ruby League Women’s World Cup. These 

findings can assist coaches and sport scientists develop strategies to prepare female rugby 

league players for international competition and enhance overall team performance. 
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__________________________________________________________________________________ 

 

CHAPTER 3: Reliability of a point-of-care device to determine oxidative stress in whole 

blood before and after acute exercise: A practical approach for the applied sports sciences 

 

__________________________________________________________________________________ 
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3.1 Abstract 

Purpose: Measuring alterations in redox homeostasis in athletes can provide insights into their 

responses to training such as adaptations or fatigued states. However, redox monitoring is 

impractical in athletes given the time burden of venepuncture and subsequent laboratory assays. 

The ability of POC tests: 1) FORT and 2) FORD, to reliably measure whole blood oxidative 

stress between days and after exercise is unknown as well as their relationship with laboratory 

measures (F2-isoprostanes, total antioxidant capacity; TAC). Methods: Participants completed 

two trials performed on separate days comprising blood sampling at rest (n =22) and after 

treadmill-running (n = 14). Results: Between-day coefficient of variation for FORT (4.6%) 

and FORD (4.8%) were acceptable at rest. There was no difference in the between-day 

magnitude of change in any biomarker from pre- to post-exercise (p > 0.05), yet the within-

trial change in FORD was variable (trial one: +4.5%, p = 0.15; trial two: +6.3%, p < 0.05). 

TAC and FORD were significantly correlated pre- and post-exercise (r = ~0.53, p < 0.05), 

whereas F2-isoprostanes and FORT had a significant correlation pre-exercise only (r = 0.45, p 

= 0.03). Conclusion: Overall, the POC tests are reliable and could be used for baseline 

longitudinal redox monitoring. More data is required on POC tests for assessing redox 

perturbations induced by exercise. 

 

Key Words: Athletes; Antioxidants; Lipid peroxidation; Monitoring 
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3.2 Introduction  

An acute bout of exercise increases production of RONS, which can modulate training-induced 

adaptive processes such as upregulation of antioxidant defenses [204] and mitochondrial 

biogenesis [232]. However, a large imbalance in redox homeostasis from excessive RONS can 

overwhelm antioxidant defenses and result in oxidative damage to macromolecules, which is 

associated with negative consequences such as decreased skeletal muscle force production 

during submaximal exercise [175, 233], overtraining in athletes [28, 234, 235] and illness or 

injury [15]. As such, knowledge of an athletes’ redox status may provide useful information 

for monitoring physiological adaptation to training, insufficient recovery from high training 

loads and/or overall health.  

 

Given the highly reactive nature of RONS, it is more common to make indirect assessments of 

redox status via biomarkers such as lipid peroxidation end-products (e.g., F2-isoprostanes) or 

antioxidants (e.g., albumin, glutathione) found in human biological fluids such as plasma. 

However, the invasive nature of acquiring venous blood, as well as the time-consuming and 

often expensive laboratory-based techniques required to obtain these assessments may preclude 

redox monitoring as being common practise in the applied sports sciences. Through the use of 

portable blood analysers, POC testing provides real-time results using less invasive collection 

methods (e.g., fingertip- or earlobe-prick).  FORT and FORD are POC tests that can provide a 

measure of hydroperoxide concentration in a heparinised whole blood capillary sample and 

antioxidant capacity predominately by ascorbic acid, glutathione, albumin and Trolox (the 

water-soluble a-tocopherol analog) [134, 147], respectively. These POC tests have been 

demonstrated to be reliable for within-day resting samples, whereby FORT has an intra-assay 

coefficient of variation of 3.9% and FORD of 3.7%, when sampled from the earlobe [236]. 

However, for FORT and FORD to be implemented as a monitoring tool such as across a 

competition season or intensified tournament, it is important to also understand the between-

day reliability and the smallest detectable change in an individual that is not attributable to 

measurement error. Moreover, the sampling site may affect the magnitude of variability in a 

measurement due to systemic changes in the mean [237], and in some cases (e.g., sports that 

require headwear) a finger-tip sample may be preferred. 

 

Previous research has demonstrated the effective use of FORT and FORD within clinical 

studies [148-150] and in elite sport [15, 98, 151, 152]. For example, resting FORT is elevated 
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in athletes with sickle cell trait, a disease known to increase oxidative processes [151], in 

female athletes when using OC [98] and has been correlated with C-reactive protein (CRP), a 

recognised inflammatory marker [149]. Being able to rapidly determine alterations in redox 

homeostasis at rest can provide coaches or sports scientists with valuable information regarding 

the health of an athlete [15], however, the exclusive use of redox monitoring at rest may 

disregard further insights that are otherwise difficult to assess without further physiological 

perturbation such as exercise that is known to challenge redox homeostasis [238, 239]. 

Therefore, the use of POC testing post-exercise might assist in a more rigorous monitoring 

protocol by measuring an individual’s pro- and antioxidant balance in response to exercise. 

Although FORT and FORD have been characterised in response to acute exercise [152] the 

test-retest repeatability of the individuals’ magnitude of change in FORT and FORD induced 

by exercise is currently unknown. 

 

The aims of the present study were to determine i) the intra- and inter-test reliability of FORT 

and FORD at rest using two different biological mediums (capillary and venous whole blood) 

compared to Lewis et al. [236], ii) the inter-day reliability before and after 30 min of sub-

maximal treadmill exercise. In order to provide physiological context of the FORT and FORD 

test within the present study, two laboratory measures (F2-isoprostanes and total-antioxidant 

capacity; TAC) were assessed for their relationship to the POC tests pre- and post-exercise.  It 

was hypothesised that the POC assays will have sufficient reliability between-days, which will 

be more variable in the response to exercise than baseline monitoring. The POC results 

determined from venous blood will be more reliable than capillary and lastly, FORT and FORD 

will have a significant association with F2-isoprostanes and TAC, respectively, but there will 

be some unexplained variability given that no two redox assays have the exact same molecular 

target and/or reaction type.  

 

3.3 Methods  

Participants  

Twenty-two recreationally-active individuals (mean ± SD: age 24 ± 4 yr; 12 women, 10 men) 

volunteered to participate in the baseline testing of the present study. Of those, 14 individuals 

successfully completed the repeat-exercise trials (mean ± SD: age 24 ± 5 yr; 8 women, 6 men). 

There was a smaller sample size for the exercise trials since five individuals did not provide 

written consent to exercise and three participants had incomplete data sets. All participants 

reported to perform between 150-300 min∙wk-1 of moderate-intensity exercise (i.e., an intensity 
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described as 3-4 on a 10-point perceived exertion scale), not use any form of dietary supplement 

and were without any documented history of endocrinological, musculoskeletal, cardiac, 

respiratory, metabolic or rheumatoid disorders (Adult Pre-Exercise Screening Tool, Exercise 

and Sports Science Australia). The women were using combined, monophasic OC for at least 

12 months prior to partaking in the study (i.e., WomenOC). WomenOC were actively included 

in the present study to challenge the reliability of FORT at elevated concentrations [98] and 

because they administer a fixed dose of ethinyl-estradiol and a progestin they also have an 

stable hormonal milieu for repeat-testing (as compared to the estrogen and progesterone 

fluctuations apparent throughout a natural menstrual cycle). All participants were informed 

verbally and in writing as to the requirements of the study and provided written informed 

consent (in accordance with the Delaration of Helsinki). This research received approval by 

the Griffith University Human Research Ethics Committee (GU ref: 2017/543). 

 

Experimental procedures  

Participants visited the Griffith University Sports Science laboratory on three separate 

occasions. The first visit included a questionnaire to ensure the participants were healthy and 

low-risk to an adverse event from exercise (Adult Pre-Exercise Screening Tool, Exercise and 

Sports Science Australia). Participants that volunteered for the exercise trials were 

subsequently familiarized with the exercise protocol. Briefly, participants were instrumented 

with a heart rate strap (Polar H10 heart rate Sensor, Kemplele, Finland) around their bare chest 

and performed a standardized warm-up of 5 min at 6 km·h-1 on a motorized treadmill (Quasar, 

H/P Cosmos, Germany) set at 1% grade. The treadmill speed was subsequently increased to 

establish an intensity that elicited a heart rate of 80% age-predicted maximum ((220-age) x 

0.8), which was sustained for 10-min to ensure participants were familiar with the intensity. 

While this method of estimating maximum heart rate has its limitations [240], in the context of 

the present study this method was sufficient to guide the prescription of exercise at a relative 

intensity (i.e., heart rate response to exercise) for a repeated measures, within-subject design.  

 

The second and third visits comprised of two, repeat experimental trials, which were conducted 

7 d apart at the same time of day (0700 ± 1 h). Participants were instructed to maintain habitual 

physical activity (intensity x duration) throughout the study, however, were to abstain from 

strenuous exercise 48 h prior to experimental testing. Prior to each trial, participants completed 

a pre-exercise questionnaire that included questions such as: “Evaluate your last week of 

physical training (Likert scale: 0-5; 0 = easy and 5 = strenuous),” “How fatigued are you today? 
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(Likert scale: 0-5; 0 = not at all and 5 = extremely)”, and “How many hours ago did you last 

exercise?” Moreover, they provided details (duration and perceived intensity) of any physical 

activity and/or organized exercise sessions that occurred within 48-h of the experimental trial. 

Participants were asked to complete a 48-h diet recall diary (standard questionnaire of food 

ingredients, brands and portion sizes) and were provided with a copy with the instruction to 

replicate the diet as close as possible for the subsequent trial. Furthermore, participants were 

instructed to avoid alcohol, excessive amounts of antioxidant-rich foods such as spinach, 

avocados, and asparagus, and supplements containing selenium or cysteine (e.g., whey protein) 

during this period (48 h). Participants arrived at the laboratory in a fasted state (i.e., water only 

for 8 h prior) to control for the effects of acute food consumption, including caffeine on 

physiological responses to exercise.  

 

Laboratory conditions including temperature (22.0-22.5˚C) and relative humidity (50-55%) 

were maintained throughout testing. Participants arrived fasted for capillary and venous blood 

sampling, as described below. Participants that performed the repeat exercise trials were then 

instrumented with a heart rate monitor and performed the standardized warm-up for 5 min. The 

treadmill speed subsequently increased to the intensity established during familiarization that 

elicited a heart rate of 80% predicted maximum. The participant’s heart rate was recorded every 

minute and the speed was titrated so that the target heart rate was maintained for 25 min. Any 

changes in running speed that were recorded during trial 1 were replicated in trial 2. The 

protocol was designed to elicit a change in redox homeostasis and previous studies have 

identified post-exercise redox alterations from acute exercise of sufficient intensity (e.g., > 

75% V̇O2peak and/or > ~70% predicted heart rate max [152, 241]), including greater success 

in running compared to cycling protocols [242]. Following completion of the running trial, an 

immediate post-exercise capillary and venous blood sample were acquired simultaneously by 

two members of the research team and prepared for analysis and storage, respectively as 

explained below.  

 

Blood sampling 

Capillary whole blood samples were acquired from a finger prick at multiple time points (see 

Figure 3.1 for schematic) and analyzed immediately for determination of FORT and FORD. 

The process for all capillary sample collection was as follows: the fingertip was cleaned with 

an alcohol wipe and the skin was pierced using a lancet. The first drop of blood was wiped 
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Biochemical analysis 

The FORT and FORD tests were purchased as commercially available kits (FormPlus, Parma, 

Italy) that permit colorimetric assays analyzed by a tabletop, dedicated spectrophotometer 

instrument (CR3000, FormPlus, Callegari, Parma, Italy). The assays were completed according 

to manufacturer’s instructions [134]. Briefly, the wet chemistry uses 20 µL whole blood sample 

for FORT and 50 µL for FORD that are immediately mixed with dedicated reagents and 

centrifuged (microcentrifuge, Callegari, Parma, Italy) at 5000 rev·min-1 for 1 min, before being 

added into ready-filled cuvettes for subsequent analysis with the dedicated spectrophotometer 

controlled at 37 ˚C with an absorbance set at a wavelength of 505 nm. This process takes 

approximately 6 min for concurrent determination of FORT and FORD.  

 

FORT assay  

The FORT test is based on the ability of transition metals (e.g., iron) to catalyse the breakdown 

of hydroperoxides (Reaction 1 and 2) in a biological sample. The hydroperoxides are trapped 

by an amine derivative (CrNH2), which forms a colourful, radical cation (Reaction 3). The 

intensity of colour directly correlates to the quantity of hydroperoxides in the sample. 

 

Reactions:  

1. R-OOH + Fe2+   RO + OH- + Fe3+ 

2. R-OOH + Fe3+  ROO + H+ + Fe2+ 

3. RO + ROO + 2CrNH2  ROO- + RO- + [CrNH2+](purple) 

 

FORD assay 

A chromogen (4-Amino-N, N-diethylaniline) forms a stable and coloured radical cation in the 

presence of an acidic buffer (pH = 5.2) and an oxidant (FeCl3; Reaction 4). The antioxidants 

in the plasma sample are able to reduce the radial cation by quenching the colour and producing 

decolourization of the solution (Reaction 5), which is proportional to the antioxidant content 

of the sample according to Lambert Beer’s law. 

 

Reactions: 

4. Chromogen(no colour) + Fe3+ + H+  Chromogen•+(purple) 

5. Chromogen•+
(purple) + AOH  Chromogen+

(no colour) + AO 
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F2-isoprostanes 

Total F2-isoprostanes were extracted from plasma and analyzed in duplicate using gas 

chromatography mass spectrometry (Varian, Belrose, Australia) as described previously [243]. 

The laboratory coefficient of variation for this assay is 7%.  

 

TAC 

Plasma TAC was determined using an assay previously described [244], and adapted for a 

Cobas Mira autoanalyser (Cobas Mira, Roche Diagnostica, Switzerland). Briefly, plasma was 

incubated with metmyoglobin and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid 

(ABTS). Hydrogen peroxide was subsequently added, and the sample was incubated again. 

Absorbance was measured spectrophotometrically to determine TAC. The laboratory 

coefficient of variation for this assay is 1.9%. 

 

Statistical analysis  

The intra-assay, inter-assay and inter-day reliability of FORT and FORD at rest was determined 

using typical error (TE), intraclass correlation coefficients (ICC) with 95% confidence intervals 

(CI), the smallest detectable change (SDC) and the coefficient of variation (CV). The ICC were 

calculated for degree of absolute agreement using a two-way mixed effects model and the 

following qualitative ratings of agreement were used: ≤0.40 as poor, 0.40–0.59 as fair, 0.60–

0.74 as good, and ≥0.75 as excellent [245]. A CV of ≤ 10% will be set as the criterion to declare 

a variable as reliable within the context of the TE [246]. The SDC, defined as the minimum 

amount of change in the value that needs to occur in order to be confident the change score is 

not attributable to measurement error, was calculated as 2.08 x standard error of the 

measurement (SEM) x √2 [247]. Limits of agreement were calculated using Bland and Altman 

plots to identify any systemic differences in the measurements [248]. A three-way analysis of 

variance (ANOVA) was used to compare resting FORT and FORD results by sampling site, 

group, and trial. Where necessary, Tukey’s pairwise comparisons were performed. Within-trial 

change scores (pre- v post-exercise) of the dependant variables were analyzed using paired t-

tests and Cohen’s d effect sizes (d) with a level of confidence of 95%, and were expressed as a 

percentage change. Paired t-tests were also used to compare the repeatability of the magnitude 

of percent change between trials. Qualitative descriptors of d were trivial (< 0.2), small (0.2-

0.49), moderate (0.5-0.79) and large (> 0.8) [249]. Total group associations between the POC 

and laboratory-based antioxidant and lipid peroxidation measurements were examined using 

Pearson’s correlation coefficient. Data was analyzed in SPSS software (V. 24.0, IBM, New 
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York, USA) and significance level was set at α=0.05. Results are presented as mean ± SD 

unless otherwise stated. 

 

3.4 Results  

Pre-exercise questionnaire 

Subjective whole-body fatigue leading into trial one was 1.5 ± 0.5 and 1.5 ± 0.7 for trial two. 

The participants rated the difficulty of their weekly physical training as 1.0 ± 0.5 preceding 

trial one and 1.0 ± 0.5 preceding trial two. The median and interquartile range of complete rest 

was 26 (19-38.5) h for trial one and 25 (19.5-27) h for trial two. In the exercise diary, one 

participant reported to partake in strenuous exercise within 48 h of the scheduled trial and was 

therefore rescheduled for two days later.  

 

Resting within- and between-day reliability 

The mean values and measurements of reliability for the POC tests at rest are presented in 

Table 3.1 (within-day) and Table 3.2 (between-day). There was no statistically significant 

three-way interaction between sampling site (venous v finger), group (WomenOC v Men), and 

trial (trial one; BL1 v trial two; BL1) for either FORT (F = 0.005, p = 0.945) or FORD (F = 

0.112, p = 0.728). There was also no two-way interactions between any combinations of the 

three independent variables; sampling site and group (FORT: F = 0.821, p = 0.368; FORD: F 

= 1.99, p = 0.153), sampling site and trial (FORT: F = 0.012, p = 0.914; FORD: F = 0.043, p = 

0.837), group and trial (FORT: F = 0.864, p = 0.391; FORD: F = 0.074, p = 0.787). The 

sampling site had a significant effect on FORD (F = 31.64, p < .001) but not FORT (F = 0.580, 

p = 0.580). Group had a significant effect on FORT (F = 122.18, p < 0.001) but not FORD (F 

= 2.03, p = 0.161). Trial (i.e., between day) did not influence either parameter (FORT: F = 

0.651, p = 0.420; FORD: F = 0.267, p = 0.607). Post hoc comparisons indicated that FORD 

was significantly lower when measured in venous blood compared to capillary blood samples 

(t = -5.63, p < 0.001, d = 1.35 ± 0.62). FORT was significantly higher in WomenOC compared 

to Men at rest (t = 7.65, p < 0.001, d = 2.85 ± 0.58). 

 

Test re-test response to exercise 

The physiological data in response to treadmill running is presented in Table 3.3. The mean 

speed for both trials was 9.3 ± 0.4 km·h-1. The participant’s mean heart rate during exercise did 

not significantly differ from trial one (166 ± 13 beat·min-1) to trial two (166 ± 12 beat·min-1; F 

= 0.076, p = 0.783). The ‘Pre’ FORT and FORD values were used to assess the response to 
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exercise since there was no significant difference between BL1, BL2 and Pre FORT values 

(trial one: F = 0.019, p = 0.998; trial two: F = 0.187, p = 0.843) or FORD values (trial one: F = 

0.813, p = 0.451; trial two: F = 0.271, p = 0.763) values. In comparison to pre-exercise, mean 

FORT (trial one: +11.8%, t = 3.18, p = 0.004; trial two: +9.6%; t = 3.95, p < 0.001) and TAC 

(trial one: +8.3%, t = 5.76, p < 0.001; trial two: +6.6%, t = 5.75, p < 0.001) increased post-

exercise. In contrast, mean FORD did not significantly increase from pre- to post-exercise in 

trial one (+4.5%, t = 0.118, p = 0.150), but significantly increased in trial two (+6.3%, t = 3.028, 

p = 0.005). The oxidant-antioxidant (FORT/FORD) ratio significantly increased from pre- to 

post-exercise in trial one (+7.52%, t = 3.72; p < 0.001), but not trial two (+2.6%, t = 0.65; p = 

0.520). There was no significant change in mean F2-isoprostanes in response to exercise for 

either trial (trial one: +24.7%, t = 0.068, p = 0.920; trial two: +16.1%, t = 0.086, p = 0.360). 

The magnitude of change from pre- to post-exercise was not significantly different between 

trials for FORT (t = 0.554, p = 0.590, d = 0.15 ± 0.15), FORD (t = -0.726, p = 0.482, d = -0.197 

± 0.59), Ratio FORT/FORD (t = 1.184, p = 0.259, d = 0.328 ± 0.22), F2-isoprostanes (t = -

0.746, p = 0.474, d = 0.24 ± 0.23) or TAC (t = 0.536, p = 0.605, d = 0.169 ± 0.16). 

 

Comparison of laboratory to POC measures  

The results of the Pearson correlation demonstrated a significant positive relationship between 

FORD and TAC (r = 0.53, p = 0.004), F2-isoprostanes and FORT (r = 0.48; p = 0.026), as well 

as between FORD measured with venous blood compared to capillary blood (r = 0.84; p < 

0.001) during quiet rest. FORD and TAC (r = 0.54, p = 0.013) remained significantly correlated 

post-exercise, whereas FORT and F2-isoprostanes (r = 0.06, p = 0.800) were not. Bland-

Altman plots were constructed to assess whether any systematic differences were present 

between-days (Figure 3.2). The difference in FORT capillary samples at rest was -0.06 ± 0.13 

mmol·L-1 H2O2 and the 95% limit of agreement (LOA) was -0.31 to 0.19 mmol·L-1 H2O2, 

whereas the differences in FORD capillary samples at rest was 0.01 ± 0.11 mmol·L-1 Trolox 

and the 95% LOA was -0.21 to 0.22 mmol·L-1 Trolox. The difference in resting FORT venous 

samples was -0.02 ± 0.13 mmol·L-1 H2O2 with 95% LOA of -0.27 to 0.23 mmol·L-1 H2O2 and 

the difference in FORD was 0.01 ± 0.09 mmol·L-1 Trolox with 95% LOA of -0.16 to 0.18 

mmol·L-1 Trolox. The difference in the resting ratio of FORT/FORD between-days was -0.01 

± 0.22 mmol·L-1 and the 95% LOA was -0.44 to 0.45 mmol·L-1, whereas the post-exercise ratio 

was 0.29 ± 0.43 mmol·L-1 and the 95% LOA was -0.54 to 1.13 mmol·L-1. The level of 

agreement between TAC and FORD was 0.05 ± 0.10 mmol·L-1 (95% LOA was -0.15 to 0.25 

mmol·L-1) pre-exercise and 0.05 ± 0.13 mmol·L-1 (95% LOA was -0.21 to 0.30 mmol·L-1) 
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post-exercise. Bland-Altman plots were not constructed for FORT and F2-isoprostanes since 

they represent two different biological markers of assessing lipid peroxidation. 

 

 

Table 3.1 Within-day reliability variables for FORT and FORD measured in venous and 

capillary blood samples 

Reliability Variables 
Mean 

(± SD) 
TE ICC 

95% CI 

(lower, upper) 

Total 

CV (%) 

Capillary       

 FORT (mmol·L-1 H₂O₂)      

  Intra-assay (BL1-BL2) 2.55 ± 0.91 0.14 0.993  (0.983, 0.997) 3.64 

  Inter-assay (BL1-Pre) 2.48 ± 0.88 0.14 0.994 (0.983, 0.998) 3.68 

 FORD (mmol·L-1 Trolox)  
   

 

  Intra-assay (BL1-BL2) 1.36 ± 0.16 0.09 0.880 (0.678, 0.958) 3.90 

  Inter-assay (BL1-Pre) 1.37 ± 0.18 0.08 0.861 (0.637, 0.947) 3.99 
        

Venous  
     

 FORT (mmol·L-1 H₂O₂)   
  

 

  Intra-assay (BL1-BL2) 2.58 ± 0.94 0.11 0.996 (0.990, 0.999) 3.41 

 FORD (mmol·L-1 Trolox)      
    Intra-assay (BL1-BL2) 0.95 ± 0.15** 0.05 0.967 (0.897, 0.990) 3.76 

 Typical error = TE; intraclass correlation coefficient = ICC; confidence interval = CI; 

coefficient of variation = CV; free oxygen radical test = FORT; free oxygen radical defense = 

FORD; baseline sample one = BL1; baseline sample two = BL2; pre-exercise = PRE.  

Significantly different from whole blood capillary sample compared to venous sample of the 

same assay (p < 0.01**) 
 

 

 

Table 3.2 Between-day (trial one baseline 1 and trial two baseline 1) reliability variables for 

FORT and FORD measured in venous and capillary blood samples 

 Reliability Variables  

Mean            

(± SD) TE SDC ICC 

95% CI 

(lower, upper) 

Total 

CV (%) 

Capillary        

 FORT (mmol·L-1 H₂O₂) 2.47 ± 0.82 0.12 0.34 0.964 (0.905, 0.987) 4.55 

 FORD (mmol·L-1 Trolox) 1.39 ± 0.14 0.08 0.24 0.857 (0.624, 0.946) 4.78 

         
Venous        

 FORT (mmol·L-1 H₂O₂) 2.47  ± 0.86 0.11 0.32 0.978 (0.936, 0.992) 3.71 

  FORD (mmol·L-1 Trolox) 1.03  ± 0.20** 0.06 0.18 0.962 (0.903, 0.985) 4.81 

Typical error = TE; smallest detectable change = SDC; intraclass correlation coefficient = ICC; 

confidence interval = CI; coefficient of variation = CV; free oxygen radical test = FORT; free 

oxygen radical defense = FORD. Significantly different from whole blood capillary sample of 

the same assay (p < 0.01**) 
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Table 3.3 Physiological response to submaximal treadmill running between two repeat trials 

Free oxygen radical test = FORT; free oxygen radical defense = FORD; total antioxidant 

capacity = TAC; N.B. Values presented as mean ± SD. Significantly different from pre-

exercise (p < 0.05* and p < 0.01**); significantly different from men at the same time point (p 

< 0.05^ and p < 0.01^^) 

Pre Post Change (%) d ± CI 95% Pre Post Change (%) d ± CI 95%

FORT (mmol·L¯¹ H₂O₂) 2.48 ± 0.85 2.76 ± 1.00** 11.13 0.31 ± 0.20 2.52 ± 0.89 2.73 ± 0.93** 9.07 0.23 ± 0.20

Men 1.74 ± 0.24 1.89 ± 0.24* 8.99 0.62 ± 0.16 1.76 ± 0.27 1.97 ± 0.35* 12.30 0.70 ± 0.19

WomenOC 3.22 ± 0.49^^ 3.63 ± 0.58*^^ 13.26 0.78 ± 0.26 3.17 ± 0.68^^ 3.38 ± 0.76*^^ 6.30 0.30 ± 0.22

FORD (mmol·L¯¹ Trolox) 1.33 ± 0.08 1.39 ± 0.15 4.50 0.51 ± 0.20 1.40 ± 0.17 1.49 ± 0.15* 6.28 0.62 ± 0.21

Men 1.37 ± 0.07 1.46 ± 0.05** 6.78 1.55 ± 0.23 1.43 ± 0.16 1.53 ± 0.13** 6.90 0.65 ± 0.22

WomenOC 1.30 ± 0.07 1.33 ± 0.19 2.55 0.22 ± 0.20 1.38 ± 0.18 1.46 ± 0.17 5.75 0.45 ± 0.20

Ratio (FORT/FORD) 2.07 ± 0.78 2.28 ± 1.03** 7.52 0.23 ± 0.20 2.04 ± 0.80 2.11 ± 0.91 2.63 0.09 ± 0.19

Men 1.33 ± 0.16 1.34 ± 0.15 1.07 0.06 ± 0.20 1.33 ± 0.29 1.38 ± 0.31 1.59 0.14 ± 0.20

WomenOC 2.63 ± 0.54^^ 2.98 ± 0.81*^^ 12.35 0.53 ± 0.20 2.49 ± 0.68^^ 2.56 ± 0.84^^ 2.23 0.13 ± 0.20

F2-Isoprostanes (pg·mL¯¹) 485.25 ± 342.70 492.07 ± 325.05 24.66 0.04 ± 0.19 447.12 ± 240.42 634.00 ± 623.07 16.13 0.03 ± 0.20

Men 303.41 ± 262.12 407.78 ± 328.67 51.63 0.40 ± 0.20 355.59 ± 136.80 435.79 ± 236.19 31.17 0.43 ± 0.22

WomenOC 759.50 ± 265.85^ 618.50 ± 294.65 -15.79  -0.50 ± 0.21 591.96 ± 305.72 489.82 ± 234.93 -6.44  -0.35 ± 0.20

TAC (mmol·L¯¹) 1.29 ± 0.09 1.39 ± 0.09** 8.26 1.09 ± 0.21 1.32 ± 0.07 1.42 ± 0.09** 6.57 1.17 ± 0.21

Men 1.35 ± 0.07 1.44 ± 0.04* 7.14 1.69 ± 0.23 1.37 ± 0.03 1.46 ± 0.07** 6.13 1.81 ± 0.23

WomenOC 1.22 ± 0.08^^ 1.30 ± 0.07^^ 10.21 1.09 ± 0.21 1.23 ± 0.01^^ 1.32 ± 0.03*^ 7.61 4.11 ± 0.35

Trial 1 Trial 2
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Figure 3.2 Bland-Altman plots of between-day differences in measures of a) Free oxygen 

radical test (FORT) baseline capillary samples, b) free oxygen radical defense (FORD) baseline 

capillary samples, c) FORT baseline venous samples, d) FORD baseline venous samples, e) 

oxidant-antioxidant ratio (FORT/FORD) pre-exercise in capillary samples, f) oxidant-

antioxidant ratio (FORT/FORD) post-exercise in capillary samples and the level of agreement 

between g) FORD and TAC pre-exercise and h) FORD and TAC post-exercise. Dashed lines 

represent the 95% limits of agreement (LOA; mean ± 1.96 standard deviation) 
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3.5 Discussion 

The present study explored the reliability of two POC redox tests (FORT and FORD) and their 

association with laboratory-based redox assays (F2-isoprostanes and TAC) at rest and in 

response to acute, submaximal treadmill exercise. FORT and FORD produced rapid and 

reliable within- and between-day resting measures from capillary and venous blood samples, 

however, FORD (absolute units) was lower when measured in venous blood compared to 

capillary samples. During both trials, exercise had a small effect on FORT and moderate effect 

on FORD concentrations and there was no between-day difference in the magnitude of change 

in any of the redox biomarkers, yet the absolute pre- to post-change in FORD was variable in 

response to exercise. FORD had a significant correlation with TAC pre- and post-exercise, 

whereas, FORT and F2-isoprostanes displayed differences in their magnitude of change to 

exercise. Overall, the POC tests could be effectively used for baseline longitudinal redox 

monitoring within team or individual sports and this may provide insights into responses to 

training such as exercise adaptations or fatigued states, but more data is required for certainty 

within the POC tests for assessing whole blood redox perturbations induced by exercise. 

 

A key aim of this study was to assess the within-day and between-day reliability of a POC 

method for determining whole blood oxidative stress. The TE ranged from 0.11 – 0.14 mmol·L-

1 and 0.05 – 0.09 mmol·L-1 Trolox for all resting FORT and FORD measures, respectively. 

The ICC was excellent (> 0.861) for all within-day measurements of FORT and FORD, with 

the lower bounds of the 95% CIs greater than 0.637. Similarly, the between-day ICC was 

excellent (> 0.857), with the lower bounds of the 95% CIs greater than 0.624. The resting 

between-day CV for FORT and FORD was higher than the resting within-day CV, however 

remained less than 5%. This is less than the criterion of < 10%, and the CV of other laboratory-

based measures such as lipid hydroperoxides (inter-assay: 6.0%), malondialdehyde (inter-

assay: 9.1%) [250], plasma isoprostanes (intra-assay: 4.5%) and TAC (intra-assay: 1.9%) [251] 

are within a similar range. When the CV is interpreted with the limits of agreement, which 

provides an indication of absolute agreement, the results suggest acceptable reliability of the 

POC tests between days, provided samples are obtained at the same time of day due to the 

effects of biological variation [236]. Since alterations to redox homeostasis at rest have been 

associated with overtraining [28] and illness [15] in athletes, longitudinal POC monitoring and 

understanding day to day variability is valuable for early detection of redox alterations and thus 

identification of athletes where intervention may be required. 
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In conjunction with data from the current study, FORT and FORD have now been assessed for 

intra-assay reliability from three sampling sites, including the earlobe [236], fingertip and an 

antecubital vein. The CV of the POC tests analyzed with capillary blood and venous blood in 

the present study is comparable to that of previously reported earlobe capillary samples (FORT: 

3.9%; FORD: 3.7%) [236], suggesting reasonable integrity between capillary sampling sites, 

equipment (i.e., CR3000 device) and testers, although we cannot specifically isolate the 

contribution of these. In support of our hypothesis, the CV of FORT analyzed with fresh 

heparinised venous blood was lower when compared with fresh heparinised capillary blood 

(average difference of 0.44%), which has been noted previously in biological samples [237]. 

Factors that could increase the variability when sampled from the fingertip are, but not limited 

to, lysed red blood cells from pressure on the finger or contamination of the sample with 

interstitial and/or intracellular fluid [252]. Nevertheless, the capillary method of analysing 

FORT displayed acceptable results of reliability that were not overtly different from the venous 

results. The CV of FORD was comparable between the venous and capillary samples (average 

difference of 0.12%), however, the smallest detectable change was 0.18 mmol·L-1 Trolox from 

venous blood compared to 0.24 mmol·L-1 Trolox from capillary blood. The CV calculation can 

be influenced by the magnitude of the measured values [246] and the FORD measurement in 

absolute units was lower in venous samples compared to capillary samples. Recognising the 

potential differences between sampling site method of analysis is an important consideration 

when interpreting data and comparing across the literature, particularly between applied sports 

science research and research that may use venous samples for laboratory studies as opposed 

to capillary samples in the field.  

 

Only one other study has measured FORT in response to submaximal treadmill exercise and 

found no change from rest [152]. Here we report that submaximal, moderate-intensity exercise 

had a small effect on FORT, which significantly increased by 11.1% in trial one and 9.1% in 

trial two indicating reasonable repeatability of FORT in response to exercise. These differing 

outcomes between the two studies could be attributed to the exercise protocol (incremental 

compared to continuous) or training status of the recruited participants. Given that exercise 

increases RONS, which promotes upregulation of antioxidant defenses to resist subsequent 

oxidative stress, the highly-trained individuals recruited by Lewis et al. [152] likely had a well-

adapted antioxidant defense system to quench exercise induced RONS during submaximal 

intensities in comparison to recreationally-active individuals recruited for the current 
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investigation. To support this, Lewis et al. [152] also reported a significant correlation between 

FORD and lactate threshold; a determinant of endurance performance. The results of the 

present study suggest that the pro- and antioxidant balance was maintained (i.e., similar 

FORT/FORD ratio pre- and post-exercise) in the first trial. However, the FORT increase in 

response to exercise was greater than the change in FORD during the second trial, reflecting 

oxidative stress. Although the responses to exercise were not identical, we did not observe a 

greater increase in FORD compared to FORT in our recreationally-active participants which is 

in contrast to the observations reported by Lewis et al. [152] in athletes. Exercise had a 

moderate effect on the change in FORD during both trials, however, exercise in trial one 

induced a non-significant positive change in FORD, whereas in trial two there was a significant 

positive change, and this explains the variability in the overall FORT/FORD ratio. A lower 

pre- to post-exercise change in non-enzymatic antioxidants measured in trial one could be due 

to error in the measurement itself or contextual factors that could influence the individual 

response to exercise including previous eccentric exercise or dietary factors. While we did not 

provide a standardized food package for subjects to consume before each trial, we did ask 

subjects to complete a 48 hr diet recall and exercise diary prior to the first trial. Analysis of the 

exercise diary revealed no difference in habitual exercise between the trials, and participants 

were instructed to consume similar types and amounts of food leading into the second trial. 

Nonetheless, TAC increased after exercise in both trials and appeared to have less inherent 

variability than FORD. Other than technical error or participant preparation, the differing TAC 

and FORD measurement could also be attributed to the various antioxidants that contribute to 

the assay of interest and how they are regulated in response to exercise, the use of different 

chromogens (i.e., 4-Amino-N,N-diethylaniline sulfate compared to the chromogen 2,2'-azino-

di(3-ethylbenzthiazoline-6-sulfonic acid used in TAC), sample handling [253, 254] or the 

timing of blood collection after exercise [241]. Overall, the results suggest some between-day 

variability in FORD in response to exercise, however, it is challenging to differentiate the 

contribution of between-day biological variability compared to actual variability in the 

measurement with the current data.  

 

The present study was not designed to validate the FORT and FORD tests against redox 

measures, but to assess the performance of the tests and utility for POC whole blood redox 

assessment after exercise. The inclusion of TAC and F2-isoprostanes in the overall analysis 

was to provide further contextual information on the POC tests (i.e., beyond their technical 

performance) and to assist in detecting whether variability in the POC may have been due to 
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biological factors compared to the measure itself. F2-isoprostanes are produced within the 

pathway of non-cyclooxygenase dependent peroxidation of arachidonic acid [255] and were 

selected as a single measure of lipid peroxidation given it is recognised as a stable biomarker 

[256] that is considered a ‘gold-standard’ [257] and is well-characterised in exercise studies 

[251, 258]. At the pre-exercise time point there was a significant association between F2-

isoprostanes and FORT, but not post-exercise. It was also interesting to note that in WomenOC 

there was a moderate decrease in F2-isoprostanes during both trials, whereas there was a large 

and moderate increase in FORT during trial one and trial two, respectively. These findings 

reinforce that observed differences in response to exercise in the various redox biomarkers may 

not always reflect one another given that exercise-induced RONS can result in oxidative 

damage to different cellular constituents [251]. While the application of some redox POC tests 

have been questioned [259, 260], there is data available that suggests FORT can satisfactorily 

assess oxidative processes in whole blood as rest [15, 148, 150], by detection of oxidised 

products that are biological substrates for the Fenton reaction [134]. Nonetheless, future 

research is required to comprehensively assess the relationship between FORT and a variety of 

redox biomarkers after exercise. Similarly, this approach of using a board array of biomarkers 

would satisfactorily validate the use of FORD as a measure of non-enzymatic antioxidant 

capacity after exercise. There was a significant correlation between FORD and TAC pre-

exercise and post-exercise, and moreover, we interpret the results of the Bland Altman plot to 

have no bias and narrow limits of agreement. Therefore, within the constraints of the present 

study (i.e., one measure of synergistic non-enzymatic antioxidants), the data supports FORD 

in being an effective method for assessing non-enzymatic antioxidant status. This could be due 

to similarities in the FORD and TAC biochemistry including the use of Trolox as a standard 

curve, as well as the model of assessing synergistic non-enzymatic antioxidant activity [253], 

and rationalize why this particular antioxidant assay (TAC) was selected for comparison with 

FORD. However, the overall application of TAC and FORD are not without limitations, 

including the omission of enzymatic antioxidant activity [261]. Given there was narrow limits 

of agreement between FORD and TAC post-exercise, it was surprising that there was some 

variability in the magnitude of change in FORD between trials, and poses reason for further 

investigation.  

 

While the purpose of this study was not to examine sex hormone differences with whole blood 

redox POC testing, the inclusion of Men and WomenOC did allow for assessment of the 

reliability of the POC tests across a wide physiological range, which may be representative of 
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how the POC test would be employed in applied settings. It has been reported previously that 

FORT is elevated in women using OC [98], and in the present study, significant elevations in 

FORT among WomenOC were also noted. Future research may look to examine redox 

responses to exercise in women using hormonal contraceptives. The post-exercise sampling 

time can also affect the magnitude of the redox biomarker measured [241] and must be a 

consideration when comparing alterations in redox homeostasis from a variety of biomarkers. 

This is one limitation to the present study since only an immediate post-exercise sample was 

assessed, however, given the aim of this study was more concerned for the repeatability of the 

change in comparison to the magnitude of the change in response to exercise it may be less 

relevant in the context of the particular aims.  Lastly, FORT and FORD captures the pro-and 

antioxidant balance in blood samples, which limits interpretation of redox alterations occurring 

within skeletal muscle. 

 

The present study was able to demonstrate rapid and reliable determination of an individual’s 

pro- and antioxidant balance at rest using a simple POC method, through a series of intra-assay, 

inter-assay and inter-day assessments of blood. The sampling site (i.e., venous or capillary) did 

not affect the performance of the tests, however, the absolute value of non-enzymatic 

antioxidant capacity (i.e., FORD) was lower when measured in venous compared to capillary 

samples. There was no between-day difference in the magnitude of change in any of the redox 

biomarkers, yet the absolute pre- to post-change in FORD was variable in response to exercise. 

FORD had a significant correlation with TAC pre- and post-exercise, whereas, FORT and F2-

isoprostanes displayed differences in their magnitude of change to exercise. Overall the POC 

tests could be effectively used for baseline longitudinal redox monitoring within team or 

individual sports that may provide insights into rate of recovery or adaption to training but 

more data is required for certainty within the POC tests for assessing redox perturbations 

induced by exercise.  
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CHAPTER 4: Temporal changes in blood oxidative stress biomarkers across the 

menstrual cycle and with oral contraceptive use in active women 
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4.1 Abstract  

Purpose: To examine the temporal changes in blood oxidative stress biomarkers in 

recreationally-active women that were naturally-cycling (WomenNC) or using oral 

contraceptives (WomenOC) across 1-month. Methods: Blood samples were acquired at three 

time-points of the menstrual cycle (1: Early-follicular, 2: Late-follicular and 3: Mid-luteal) and 

oral contraceptive packet (1: InactiveOC, 2: Mid-activeOC and 3: Late-activeOC) for 

determination of estradiol, progesterone, oxidative stress, C-reactive protein (CRP) and other 

cardiometabolic biomarkers in plasma and serum. Results: There was a Group by Time effect 

on estradiol (p<.001, partial η2=0.64) and progesterone (p<.001, partial η2=0.77). 

Malondialdehyde, lipid hydroperoxides and CRP concentrations were higher in WomenOC 

during Late-activeOC compared to InactiveOC (+96%, +23% and +104%, respectively, 

p<0.05). However, there were no changes in these biomarkers across the menstrual cycle in 

WomenNC (p>0.05). At all time-points (i.e., 1, 2 and 3), WomenOC had elevated lipid 

hydroperoxides (+28, +48% and +50%) and CRP (+71%, +117% and +130%) compared to 

WomenNC (p<0.05, partial η2 >0.25). There was no Group by Time effect on non-enzymatic 

antioxidants or glutathione peroxidase, however, glutathione peroxidase was lower in 

WomenOC i.e., main effect of group (p<0.05, partial η2 >0.20). Conclusion: These findings 

demonstrate that WomenOC not only have higher oxidative stress and CRP than WomenNC, 

but also a transient increase across one month of habitual oral contraceptive use. Since changes 

in oxidative stress and CRP often relate to training stress and recovery, these outcomes may 

have implications to workload monitoring practices in female athletes. 

 

 

Key words: Antioxidants, Estrogen, Female athlete, Hormones, Inflammation, Monitoring 
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4.2 Introduction 

Monitoring of blood biomarkers has gained increased attention within exercise physiology 

research [29] and in elite athletes [13] to provide objective measures of biological function. Of 

particular interest is the measurement of oxidative stress, which can be described as an 

overproduction of RONS that exceeds antioxidant defense mechanisms. While a transient pro-

oxidant environment after intense, prolonged exercise can lead to beneficial cellular adaption 

[144], a chronic pro-oxidant environment at rest is associated with adverse outcomes for 

various age-related diseases [262]. Furthermore, temporal changes in oxidative stress at rest 

has been associated with training and/or competition load in team-sport players across a season 

[80-83], overtraining in athletes [28], and illness risk in athletes [15]. Thus, the outcomes (i.e., 

‘beneficial’ or ‘harmful’) of redox signalling can be influenced by the magnitude and temporal 

patterns of RONS generation and/or bioavailability of antioxidant defenses. If practitioners are 

to use blood biomarker monitoring to assess training stress in athletes, it is important to identify 

inherent factors that can impact the magnitude and temporal changes in oxidative stress in a 

controlled laboratory environment where contextual factors can be minimized, before 

implementing and interpreting ‘in-the-field’.  

 

One inherent factor with the potential to influence an individual’s redox status is the female 

sex steroids. The endogenous female sex steroids fluctuate throughout the follicular and luteal 

phases of the menstrual cycle where there are three distinct changes in the ratio of progesterone 

to estradiol. Cyclic changes in progesterone and estradiol have been correlated to biological 

variability in certain markers of oxidative stress [263, 264], inflammation [265] and other 

cardiometabolic biomarkers [266], although findings are varied [267]. Furthermore, the use of 

exogenous sex steroids via OC have been reported to induce alterations to redox homeostasis 

[21]. Compared to naturally-cycling women, women who use combined, monophasic OC have 

greater resting indices of oxidant damage to lipids (i.e., lipid peroxidation) and inflammation 

characterised by CRP [20, 21, 98, 128, 268]. While a number of previous studies have adopted 

this between-group comparison, one major limitation is that the design of these studies has not 

taken into consideration that women using 28 d monophasic OC are exposed to two hormonal 

profiles. The monophasic OC contains one week of an inactive pill (‘placebo’ or ‘sugar’ pills) 

and three weeks of an active pill that contains ethinyl-estradiol and a progestin. Data from one 

study reports that lipid peroxidation decreases during the inactive pill week [130]. However, 

this study only assessed one biomarker of lipid peroxidation; d-ROMS, and it is recommended 

that alterations to redox homeostasis are examined using a variety of biomarkers. Furthermore, 
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since the synthetic sex steroids contained in OC have a ~28 hr half-life [269], it could be 

hypothesized that there are transient changes in other blood biological markers including CRP 

that have not previously been assessed during active and inactive OC use. Transient changes 

that may occur across OC weeks could affect researchers’ or practitioners’ interpretation of 

blood profiling results. Moreover, the dynamics of redox and inflammatory intracellular 

processes often relate to the time course of recovery and/or adaptation to exercise such as 

mitochondrial biogenesis [15, 144, 235]. Therefore, a better understanding of how OC 

influences redox homeostasis may be of particular interest to practitioners working with female 

athletes, particularly since the prevalence of OC use is ~33-35% in this population [18, 90].  

 

There is a lack of data that describes the temporal patterns of resting biological markers across 

the various hormonal profiles that are unique to women, which is likely due to the time elusive 

nature of conducting female-specific research [89, 270]. The aims of this study were to 

characterise the within- and between-group changes in resting blood biomarkers across three 

time points of a monophasic, combined OC pill cycle or a natural menstrual cycle with a key 

focus on oxidative stress. Other cardiometabolic markers were included for analysis so a k-

means clustering algorithm could be applied to a dataset that was representative of a blood 

profile i.e., a variety of blood biomarkers. An objective of this study was to employ strict 

methodological control of female-specific considerations for research. It was hypothesised that 

when consuming the active pill, women using OC will have higher concentrations of oxidant 

damage to lipids and indices of inflammation compared to naturally-cycling women at the late-

follicular and the mid-luteal phase, whereas, the concentration of these biomarkers would be 

comparable during the inactive pill week and early-follicular phase.    

 

4.3 Methods 

Participants  

Thirty-two healthy, recreationally-trained women volunteered to participate in this study. 

These women were required to either 1) have natural menstrual cycles (WomenNC; n = 20), 

or 2) use combined, monophasic OC (WomenOC; n = 12; Table 1); and report consistency in 

their use or non-use of OC for at least 6 months prior to participation. WomenNC were required 

to complete a 4-month menstrual-cycle diary. Seven WomenNC had irregular cycles, which 

precluded them from further participation from the study (WomenNC; n = 13). In addition to 

screening for hormonal status, participants completed all stages of the Adult Pre-Exercise 

Screening Tool (Exercise and Sports Science Australia) and performed an incremental cycling 
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test to exhaustion to quantify cardiopulmonary fitness. All participants reported no history of 

endocrinological, musculoskeletal, respiratory, inflammatory or cardiovascular disorders, as 

well as not knowingly pregnant. Since training status may influence antioxidant capacity [169], 

women were excluded if they were sedentary, well-trained or an elite/professional athlete using 

criteria published by  Decroix et al. [271]. The protocols of the study were approved by the 

Griffith University Human Research Ethics Committee (in accordance with the Declaration of 

Helsinki), and all participants provided written informed consent prior to the commencement 

of the study.   

 

Study design 

WomenNC were tested at different confirmed phases of the menstrual cycle to capture three 

distinct hormonal profiles: 1) early-follicular phase (d 2-4) i.e., low estradiol and low 

progesterone, 2) late-follicular phase (~d 12-14) i.e., high estradiol and low progesterone, and 

3) mid-luteal phase (~d 20-25) i.e., high estradiol and high progesterone. WomenOC were 

tested three times during similar intervals as the WomenNC: 1) InactiveOC (d 2-4) i.e., no 

exogenous female sex steroid ingestion, 2) Mid-activeOC (d 12-14) i.e., between 5-7 days of 

exogenous female sex steroid ingestion and 3) Late-activeOC (d 20-25) i.e., between 14-19 

days of exogenous female sex steroid ingestion. Participants visited the Griffith Sports Science 

laboratory on three separate occasions for venous blood sampling; the starting point for the 

series of three visits was randomized between participants. However, the incremental cycling 

test to exhaustion was scheduled during the mid-luteal phase or Late-activeOC (i.e., high 

concentration of endogenous or exogenous sex steroids) to account for the randomized design 

implemented for venous blood sampling.  Blood collection occurred between 0700 and 0830 h 

after an 8-h fast, and the time of collection was replicated on subsequent visits for each 

participant. Participants rested in a supine position while blood was sampled from their 

antecubital vein by a trained phlebotomist using standard venepuncture procedures. Prior to 

each visit, participants were contacted to confirm the absence of illness and compliance to a 

minimum of 48 h of rest from vigorous or eccentric exercise. Participants completed a 

questionnaire on arrival to document perception of resting soreness from physical activity 

during the previous week (Likert scale), and a 3-d diet diary. Participants were asked to 

replicate usual diet during the 24-h period before each trial and refrain from alcohol. 

Furthermore, participants completed a validated 1-mo antioxidant questionnaire [272] to 

quantify dietary consumption of antioxidant rich foods during the month prior to, and during 

participation.  
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Cardiopulmonary fitness test 

Participants performed an incremental cycling test to exhaustion on a cycle erogometer (Lode 

Excalibur Sport, Groningen, Netherlands) to determine cardiopulmonary fitness [273]. 

Participants completed a 5-min cycling warm-up at 50 W, after which the work rate increased 

by 20 W·min-1 until volitional exhaustion. Breath-by-breath gas exchange (Ultima, CardiO2, 

PMedical Graphics, St. Paul, MN) and beat-by-beat heart rate (Polar H10 heart rate Sensor, 

Polar Electro, Australia) were acquired continuously during the test. Rate of perceived exertion 

[64] was obtained every minute and capillary whole blood was sampled from the earlobe upon 

volitional exhaustion to determine peak blood lactate concentration using a portable blood 

lactate analyzer (Lactate Pro™, Arkay KDK, Japan). Participants self-selected and maintained 

a comfortable pedal cadence between 70-80 rev·min-1 throughout the test. �̇�O2peak was 

determined as the highest 30-s rolling average of �̇�O2 achieved during the test.  

 

Verification of testing phase 

WomenNC: The early-follicular phase was determined by counting the days from the onset of 

menstruation. The late-follicular phase blood sample was collected one or two days prior to the 

expected LH surge [274]. To guide the collection of this blood sample, the individual’s average 

cycle length calculated from four consecutive months was used in a predictive equation for 

determining the approximate time of the LH surge [275]. In conjunction with at home urinary 

LH testing (One Step Ovulation Test, Home Health Diagnostics, UK), WomenNC followed 

the manufacturer’s instructions to perform the urinary testing at home. The participant 

photographed the test strip so it could be visually inspected by the primary investigator to 

control for subjective interpretation. A positive test provided the researchers with a level of 

confidence of 95% that ovulation would occur 14-26 h later [276]. The ML phase was defined 

as 6-11 d after predicted ovulation. All phases were subsequently confirmed by serum hormone 

measurements, and a mid-luteal progesterone concentration of ≥ 16 nmol·L-1 was used to 

confidently verify that ovulation had occurred [277]. Values < 16 nmol·L-1 were excluded (n 

= 1), and therefore results presented include WomenNC (n = 12). 

 

WomenOC: The visits were determined by counting the days from the onset of bleeding during 

inactive pill consumption, since the half-life of synthetic female sex steroids can vary between 

women [278]. Furthermore, WomenOC confirmed pill ingestion at similar times each day.  
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Venous blood handling and analysis  

Venous blood (~20 mL) was collected into an EDTA plasma collection tube and a serum 

separation tube (Becton–Dickinson, BD, Juiz de Fora, MG, Brazil). The tubes were gently 

mixed by inversion. The EDTA tube was immediately centrifuged for 10 min at 1500 x g and 

4˚C, whereas the serum separator tube was inverted five times and left to clot at room 

temperature for 30 min before the same centrifugation protocol. Plasma and serum were then 

immediately stored in aliquots and frozen at -80℃ for subsequent analysis. Serum estradiol 

(Cat. no: 33540, Beckman Coulter, Australia) and progesterone (Cat. no: 33550, Beckman 

Coulter, Australia) were assessed in WomenNC and WomenOC using an automated clinical 

immunoassay analyzer (Access 2, Beckman Coulter, Australia) as per the manufacturer’s 

instructions for use. The intra-assay CV was 4.04%. Serum albumin, alanine aminotransferase 

(ALT), aspartate aminotransferase (AST), cholesterol, CRP (high sensitivity), creatinine, 

ferritin, gamma-glutamyl transferase (GGT), glucose, iron, lactate dehydrogenase (LDH), total 

protein, unsaturated iron binding capacity (UIBC), urea and uric acid concentrations were 

assessed using an automated clinical chemistry analyser (AU480, Beckman Coulter, Australia) 

according to the manufacturer’s instructions. Total iron binding capacity (TIBC), transferrin 

saturation was calculated as per convention. Samples were analyzed in duplicate and the CV 

was 2.6%. Free oxygen radical test (FORT) and Free oxygen radical defense (FORD) provide 

reliable measures of non-enzymatic antioxidant capacity and lipid hydroperoxide 

concentrations in a heparinized whole blood capillary sample [279], respectively. The FORT 

and FORD tests were analyzed by a spectrophotometer (CR3000, FormPlus, Callegari, Parma, 

Italy) according to manufacturer’s instructions. Plasma glutathione peroxidase (GPx; 

colorimetric; ab102530), free thiols (fluorometric; ab112158), lipid peroxidation (MDA; 

ab118970; Acbcam Australia Pty Ltd, Melbourne, Australia) and total glutathione (ADI-900-

160; Sapphire Bioscience Pty.Ltd, Redfern, Australia) were determined using commercially 

available kits as per manufacturer’s instruction. The intra-assay CV was 2.6%, 6.4%, 8.0% and 

4.6%, respectively. Analysis of antioxidant assays were normalized to total protein 

concentration obtained using Pierce bicinchoninic acid (BCA) Assay Kit (Thermo Scientific, 

Australia) following the manufacturer’s instructions.  
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Total antioxidant capacity (TAC) assay 

TAC was determined as described previously [280], with minor modifications. Briefly, 2,2'-

azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) was dissolved in water to a 

concentration of 7 mmol·L-1. ABTS radical cation (ABTS•+) was then produced by adding 2.45 

mmol·L-1 potassium persulfate. The mixture was left in the dark at room temperature for 12-

16 h before use. ABTS•+ stock solution was diluted to an absorbance of 0.7 at 750 nm using 

either phosphate buffered saline (PBS; pH 7.4) for the study of hydrophilic antioxidant activity 

or ethanol for the study of lipophilic antioxidant activity. Plasma samples (2 µL of straight 

plasma; 10 µL of lipophilic extract) were added to a 96-well flat bottom plate in triplicate. 

Trolox (6-hydroxy-2,5,7,8-tetramethychroman-2-carboxylic acid) was used as a standard and 

dissolved in PBS or ethanol (final concentration 0 – 40 µM). Diluted ABTS•+ solution (190 

µL) was added to all wells and absorbance measurements were taken at 750 nm at 30°C, 5 min 

after the initial mixing. Measurements were made using a Tecan Sunrise Absorbance Reader 

with Magellan Standard software (TECAN, Austria). Decolourisation of the assay is linear with 

increasing concentrations of the standard, Trolox. The results were expressed relative to Trolox 

activity (mmol·L-1 Trolox equivalent). The Intra-assay CV was 3.9%. 

 

Statistical analyses 

Statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS, 

Version 24.0, Champaign, IL, United States). Data was tested for normality using a Shapiro-

Wilk test and distributions visualized using frequency histograms. Non-normally distributed 

data was log-transformed for statistical analysis but are displayed as absolute biomarker 

concentrations in figures and tables to represent physiologically meaningful results. Physical 

characteristics, cardiopulmonary fitness and dietary antioxidant intake were normally 

distributed and analyzed using an independent sample t-test. A repeated measures, multivariate 

analysis of variance (MANOVA) was performed where clear latent variables could be 

identified from the biochemistry parameters (i.e., non-enzymatic antioxidants). The dependent 

variables were tested for the assumption of linear relationships, without multicollinearity 

between the dependent variables. Where there were no clear latent variables, or the data 

violated a MANOVA assumption, a two-way repeated measures ANOVA was performed. 

Where appropriate, post-hoc tests (Bonferroni adjustments) were performed. Qualitative 

descriptors of partial η2 were small (0.0099), moderate (0.0588) and large (0.1373) effects 

[281]. The alpha-level was set at 0.05 and results are presented as mean ± 95% confidence 

interval unless otherwise stated.  
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A principal component analysis (PCA) was performed as part of an exploratory analysis using 

all biochemistry variables from time point 2 and 3. While this method was not used for any 

statistical purpose, it can help with the interpretability of large multivariate datasets by reducing 

the dimensionality of the data [282, 283]. The objective was to obtain a two-dimensional visual 

representation of the groups’ blood biochemistry, which was performed using the prcomp 

function in R (version 4.0.3; [218]. Since this method relies on the distance between points in 

a mathematical space, the data was standardized using the scale function in R [218, 284]. 

Furthermore, a k-means clustering algorithm (k = 2) [285] was applied to the standardized data 

using the kmeans function [218]. This is an unsupervised learning method that identifies 

“clusters” in the dataset, and was used to explore whether WomenNC and WomenOC could be 

identified from their data without prior reference to OC-use (i.e., no grouping variable). The 

algorithm [285] partitions the observations into k groups such that the sum of squares of the 

observations to their assigned cluster centre (i.e., centroid) is a minimum. 

 

4.4 Results  

Table 4.1 describes the physical characteristics, cardiopulmonary fitness and subjective dietary 

antioxidant intake of WomenNC and WomenOC, where there were no significant differences 

between groups (p > 0.05). There were three types of progestin’s consumed by WomenOC; 

Drospirenone (n = 4), Cyproterone acetate (n = 3) and Levonorgestrel (n = 5). The 

concentration of progestin delivered in the OC ranged from 150 to 300 µg and the concentration 

of ethinyl-estradiol ranged from 30 to 35 µg. WomenNC had an average cycle length of 29  ± 

3 d and menstrual cycle phase was confirmed via serum hormone measurements; early-

follicular (median and interquartile range) [estradiol: 156.71 (60.53) pmol·L-1, progesterone: 

2.46 (2.44) nmol·L-1], late-follicular [estradiol: 633.75 (750.30) pmol·L-1, progesterone: 1.78 

(2.05) nmol·L-1] and med-luteal [estradiol: 497.56 (184.04) pmol·L-1, progesterone: 27.08 

(6.54) nmol·L-1]. 
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Table 4.1 Participant characteristics of women with a natural menstrual cycle (WomenNC) 

and women using combined, monophasic contraceptives (WomenOC) 

Variable 
WomenNC 

(n=12) 

WomenOC 

(n=12) 

p value 

Age (yr) 25 ± 4 23 ± 3 0.721 

Body mass (kg) 62.8  ± 7.3 66.6 ± 10.2 0.297 

Height (m) 1.67  ±  0.05 1.70 ± 0.07 0.389 

Body mass index (kg·m²) 21.18 ± 2.39 22.50 ± 3.33 0.648 

Resting blood pressure (mmHg)    

 Systolic  105 ± 14 106 ± 12 0.764 

 Diastolic  60 ± 10 64 ± 8 0.548 

�̇�O2peak (mL·kg-1·min-1) 41.03 ± 6.89 38.40 ± 4.49 0.295 

�̇�O2peak (L·min-1) 2.50 ± 0.58 2.57   ± 0.36 0.587 

Dietary antioxidant intake (mmol·d-

1 across 2-mo) 
12.61 ± 5.71 10.80 ± 4.54 0.374 

Values are mean ± SD. �̇�O2peak = Peak oxygen uptake 

 

 

There was a significant Group by Time effect on the endogenous female sex steroids; estradiol 

(F(2, 21) = 19.04, p < 0.001, partial η2 = 0.64) and progesterone (F(2, 21) = 35.01, p < 0.001, 

partial η2 = 0.77), lipid peroxidation biomarkers; FORT (F(2, 21) = 20.09, p < 0.001, partial η2 

= 0.66) and MDA (F(2, 21) = 4.60, p = 0.022, partial η2 = 0.30), oxidative stress ratio; 

FORT/FORD (F(2, 21) = 9.03, p = 0.001, partial η2 = 0.46), and the inflammatory marker; CRP 

(F(2, 21) = 3.50, p = 0.048, partial η2 = 0.25). There was no Group by Time effect on GPx (F(2, 

20) = 0.25, p = 0.78, partial η2 = 0.02), however, there was a main effect of Group whereby 

WomenOC had lower GPx than WomenNC (F(1, 21) = 5.12, p = 0.034, partial η2 = 0.20). 

There was no Group by Time effect on the selected biomarkers of non-enzymatic antioxidants 

within the MANOVA (i.e., total glutathione, thiols, TAC, FORD, uric acid, total protein, 

albumin; Wilk's λ = 0.51, F(14,9) = 0.61, p = 0.810 , partial η2 = 0.47), nor a main effect of 

Time (Wilk's λ = 0.28, F(14,9) = 1.76, p = 0.190, partial η2 = 0.73), however, there was a main 

effect of Group (Wilk's λ = 0.26, F(7,16) = 6.47, p = 0.001, partial η2 = 0.74). Bonferroni post 

hoc tests were performed and these results are illustrated in Figure 4.1 (female sex steroids) 
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and Figure 4.2 (lipid peroxidation, inflammation and antioxidants). All other serum 

biochemistry data are presented in Table 4.2.  
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Figure 4.1 Changes in resting estradiol (A) and progesterone (B) concentrations across three 

time points of the menstrual cycle (1: Early-follicular, 2: Late-follicular, 3: Mid-luteal) in 

women naturally-cycling (WomenNC) and across an oral contraceptive cycle (1: InactiveOC, 

2: Mid-activeOC, 3: Late-activeOC) in women using combined, monophasic oral 

contraceptives (WomenOC). Values are mean ± 95% confidence interval. A two-way (Group 

and Time) repeated measures ANOVA with Bonferroni post-hoc analysis was used. ∍ 

Significantly different between time points indicated for WomenNC; # significantly different 

between time points indicated for WomenOC; * Significantly different between WomenNC 

and WomenOC at the same time point (p < 0.05). 
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Figure 4.2 Changes in resting blood biochemistry across three time points of the menstrual 

cycle (1: Early-follicular, 2: Late-follicular, 3: Mid-luteal) in women naturally-cycling 

(WomenNC) and across one month of combined, monophasic oral contraceptive pill use (1: 

InactiveOC, 2: Mid-activeOC, 3: Late-activeOC) in women using combined, monophasic oral 

contraceptives (WomenOC). Values are mean ± 95% confidence interval. A two-way (Group 

by Time) repeated measures ANOVA with Bonferroni post-hoc analysis was used. MDA = 

Malondialdehyde; CRP = C-reactive protein; FORT = free oxygen radical test; FORD = free 

oxygen radical defense; TAC = total antioxidant capacity. † Significantly different between 

WomenNC and WomenOC, i.e., main effect of Group; # Significantly different between time 

points indicated for WomenOC; * Significantly different between WomenNC and WomenOC 

at the same time point (p < 0.05).  
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Table 4.2 Concentration changes in serum metabolites across three time points of the menstrual cycle in women naturally-cycling (WomenNC) 

and across one month of combined, monophasic oral contraceptive pill use (WomenOC).  

 

 

 

Values are mean ± 95% confidence interval. A two-way (Group by Time) repeated measures ANOVA analysis was used.  ALT = Alanine 

aminotransferase; AST = aspartate aminotransferase; GGT = Gamma-glutamyl transferase; LDH = lactate dehydrogenase; TIBC = total iron 

binding capacity; T saturation = transferrin saturation; UIBC = unsaturated iron binding capacity. * Significantly different between WomenNC 

and WomenOC (p < 0.05)

Variable WomenNC WomenOC Interaction Group Time 

    Early-follicular Late-follicular Mid-luteal InactiveOC Mid-activeOC Late-activeOC 

F 

statistic 

P 

value 

partial

 η2  

F  

statistic 

P 

value 

partial

 η2  

F 

statistic 

P 

value 

partial

 η2  

Urea (mmol·L-1) 5.56 ± 1.01 5.45 ± 0.86 5.89 ± 0.86 4.43 ± 1.01 4.53 ± 0.86 4.07 ± 0.86 1.57 .231 0.13 6.26* .020 .221 0.19 .981 .002 

Creatinine (µmol·L-1) 67.67 ± 5.95 71.9 ± 4.33 72.92 ± 5.56 82.52 ± 5.95 78.65 ± 4.33 77.88 ± 4.40 2.74 .087 0.21 11.41* .003 .341 0.20 .823 .018 

Direct Bilirubin (µmol·L-1) 1.24 ± 0.12 1.28 ± 0.09 1.3 ± 0.09 1.32 ± 0.12 1.39 ± 0.09 1.35 ± 0.09 0.39 .679 0.04 1.88 .184 .085 0.93 .412 .081 

Total Bilirubin (µmol·L-1) 7.51 ± 1.66 8.08 ± 1.46 7.69 ± 1.52 8.48 ± 1.66 9.3 ± 1.46 8.66 ± 1.52 0.04 .965 0.01 1.48 .237 .060 0.80 .461 .071 

LDH (U·L-1) 149.5 ± 17.68 160.5 ± 17.21 142.1 ± 25.44 179.2 ± 17.68 169.6 ± 17.21 155.4 ± 25.44 1.24 .311 0.11 2.52 .127 .115 2.55 .101 .196 

Iron (µmol·L-1) 12.92 ± 4.72 15.73 ± 5.38 13.47 ± 4.89 13.18 ± 4.72 16.95 ± 5.38 17.37 ± 4.89 0.35 .708 0.03 0.16 .692 .013 2.76 .092 .112 

Ferritin (µg·L-1) 33.94 ± 9.59 35.27 ± 9.63 38.23 ± 11.24 14.15 ± 9.59 19.64 ± 9.63 16.51 ± 11.24 2.05 .154 0.16 9.31* .006 .304 1.49 .247 .125 

UIBC (µmol·L-1) 53.08 ± 9.61 52.92 ± 10.12 52.75 ± 9.23 73.65 ± 9.62 67.81 ± 10.10 65.31 ± 9.23 1.13 .342 0.10 8.19* .009 .275 1.33 .285 .113 

TIBC (µmol·L-1) 65.69 ± 9.86 71.69 ± 9.88 68.77 ± 9.50 86.83 ± 9.86 84.79 ± 9.88 82.68 ± 9.50 1.35 .280 0.11 7.29* .013 .253 0.66 .527 .059 

T Saturation (%) 20.12 ± 6.87 25.27 ± 9.19 21.57 ± 7.65 15.07 ± 6.87 20.71 ± 9.19 21.09 ± 7.65 0.73 .453 0.03 0.02 .881 .015 2.53 .107 .103 

ALT (U·L-1) 15.46 ± 3.72 18.61 ± 3.50 16.18 ± 3.01 21.12 ± 3.72 19.38 ± 3.50 16.04 ± 3.01 2.25 .130 0.18 1.33 .261 .064 3.50 .052 .250 

AST (U·L-1) 24.35 ± 3.69 25.56 ± 2.67 23.54 ± 3.28 27.64 ± 3.69 25.24 ± 2.67 23.91 ± 3.28 0.86 .436 0.08 0.49 .490 .023 1.42 .264 .119 

GGT (U·L-1) 11.31 ± 3.24 11.92 ± 4.80 11.63 ± 3.15 13.43 ± 3.24 14.98 ± 4.8 13.33 ± 3.15 1.07 .361 0.09 0.64 .430 .031 1.55 .236 .128 
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The PCA revealed patterns of separation between WomenNC and WomenOC as indicated by 

the 95% confidence ellipse (shaded circle; Figure 4.3A). Figure 4.3B displays the contribution 

of the variables to the principal components, and indicates the relationship between the 

variables whereby those that are correlated are grouped together, and variables that are 

negatively correlated have arrows pointing in opposite directions of the origin. The k-means 

clustering algorithm that returned the natural grouping of the data points correctly identified 

88.5% of cluster 1 to be WomenNC (i.e., three observations incorrectly appointed) and 100% 

of cluster 2 to be WomenOC (Figure 4.3C). Iron homeostasis variables (i.e., UIBC, TIBC, iron, 

transferrin saturation and ferritin) were removed from the analysis since there were significant 

between-group differences (Table 4.3D) that may be attributed to dietary consumption of iron. 

Thus, act as a confounding variable in the context of understanding OC-induced changes in the 

blood profile of women. However, analysis using this data is presented (Figure 4.3D) and did 

not overtly affect the group clustering. 
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Figure 4.3 Two-dimensional representation of biochemistry profiles from women naturally-

cycling (NC) and women using oral contraceptives (OC). Explained variance along principle 

component 1 (PC1) and principle component 2 (PC2) are shown. Panel A illustrates the 

patterns of separation by group with 95% confidence ellipses. Panel B displays the 

configuration of the variables contributing to PC1 and PC2. Variables that are negatively 

correlated have arrows pointing in opposite directions of the origin, and variables that had a 

greater contribution (%) to PC1 (i.e., dimension 1) and PC2 (i.e., dimension 2) are represented 

by a darker color gradient. Panel C (iron homeostasis biomarkers removed) and Panel D (all 

data) illustrates an unsupervised learning, k-means clustering analysis (k = 2) that returned the 

natural grouping of the data points without prior reference to oral contraceptive use (cluster 1 

= blue; cluster 2 = pink; cluster centroid = square). These data points were superimposed with 

triangles (NC) and circles (OC) to identify the true groups 
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4.5 Discussion   

The present study has provided insight into the temporal changes in blood oxidative stress 

biomarkers and inflammation (CRP) across one month of the menstrual cycle and OC-use in 

recreationally-trained women. A key finding was that MDA, FORT and CRP concentrations 

were higher during Late-activeOC compared to InactiveOC. Furthermore, WomenOC had 

lower GPx, as well as elevated CRP and oxidative stress (FORT:FORD) compared to 

WomenNC at three time points across the month. The findings of the present study indicate 

that there are changes in the biological profile (e.g., estradiol, liver metabolites, oxidative 

stress) of  WomenOC between inactive and active OC, and whether these changes influence 

physiological adaptation is worthy of future investigation. Furthermore, these outcomes may 

have important applications in understanding biological variability with synthetic sex steroid 

use to optimize physiological monitoring practises. 

 

The elevated concentration of MDA, FORT and CRP in WomenOC during Late-activeOC 

compared to WomenNC during the mid-luteal phase confirm results reported in previous 

studies [98, 128, 268]. However, this information is limited to only one hormonal profile, and 

can hinder a practitioner’s ability to adequately forecast the redox status or other biomarker 

concentrations that may shift with endogenous or exogenous female sex steroids 

concentrations. Therefore, unique to the present study design is the investigation of blood 

biomarkers at two additional time points (i.e., InactiveOC vs early-follicular phase and Mid-

activeOC vs late-follicular phase). FORT and CRP were higher in WomenOC compared to 

WomenNC at all three time points, whereas MDA was only higher in WomenOC during Late-

activeOC compared to WomenNC during the mid-luteal phase. This highlights that research 

reporting on differences in blood biomarker concentrations between women naturally-cycling 

and women using OC need to consider the hormonal profile not only between groups, but also 

within a single group across a month/cycle. Furthermore, MDA, FORT and CRP 

concentrations systematically increased across the month in WomenOC, with the highest 

concentration of all variables measured during Late-activeOC. Given that estradiol and 

progesterone were suppressed during Mid-activeOC and Late-activeOC, the temporal changes 

that occurred between these two time points could be concomitant with the administration of 

the exogenous female sex steroids, and less likely resultant from the suppression of the 

endogenous female sex steroids with OC use. Ethinyl-estradiol is metabolised in the liver by 

isoforms of the cytochrome P450 family [136]. Therefore, the consistent metabolism of 

ethinyl-estradiol during active OC use may overwhelm conjugation pathways in the liver and 
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increase the presence of hydroxyl radicals [286]. The finding of lower CRP during InactiveOC 

compared to Late-activeOC has not been reported previously in the literature, and may also be 

associated with the hepatic metabolism of ethinyl-estradiol [287]. A similar finding has been 

reported in postmenopausal women whereby supplementation with conjugated estrogens but 

not 17β-estradiol stimulates pro-inflammatory metabolites such as CRP [287]. The route of 

administration (oral vs transdermal) is also thought to have a greater contribution in the 

concentration change in liver metabolites [288], and indeed CRP decreased when ingestion of 

OC ceased. Examination into the biological profile of women using other types of hormonal 

contraceptives such as injections or implants would provide further insight into explanatory 

mechanisms of the temporal increase in MDA, FORT and CRP in WomenOC.  

 

CRP is a systemic marker of inflammation and tissue damage [289], and elevated 

concentrations are associated with an increased risk of cardiovascular disease [290]. When 

assessing the cardiovascular risk using published thresholds in healthy women [291, 292] it 

appeared that WomenNC fell into the cardiovascular “no risk” category (i.e., 0.51 – 1.00 mg·L-

1) regardless of menstrual cycle phase. Whereas WomenOC were at “high risk” (i.e., 3.01 – 

10.00 mg·L-1) during Mid-activeOC and Late-activeOC compared to “intermediate risk” (i.e., 

1.01 – 3.00 mg·L-1) during the InactiveOC [291, 292]. Together with the results of MDA and 

FORT, these findings suggest a brief alleviation of oxidant damage and inflammation during 

InactiveOC, but not always returning to a level that is considered normal as represented by 

WomenNC. This may be of interest to high-performance sporting organisations where OC 

could act as a contextual factor in longitudinal blood biomarker monitoring. Indeed, biological 

monitoring for individual athletes may be optimised using bioinformatics to identify individual 

thresholds for a meaningful change in oxidative stress. While identifying thresholds across 

several weeks may be one-dimensional for men, the present results highlight that methods used 

to identify individual thresholds in women using OC would need to take into consideration the 

changes in redox status relative to the week of OC use. Furthermore, the potential exposure to 

augmented oxidative stress and elevated CRP from active OC use may particularly need to be 

considered during periods of intensive training or competition when female athletes are often 

exposed to physiological and psychological stress. Future research may investigate whether 

oxidative stress at rest affects redox responses to exercise and subsequent adaptations in women 

using OC. 
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Antioxidant enzymes such as GPx, catalase and superoxide dismutase protect tissues against 

oxidative damage from RONS generated by metabolic processes. GPx catalyzes the reduction 

of hydrogen peroxide as well as peroxide radicals, thereby playing a key role in mitigating 

oxidant damage. Regardless of time point, GPx was lower by 55.8% in WomenOC compared 

to WomenNC, and GPx was similar between InactiveOC and ActiveOC, suggesting the 

magnitude of change in GPx is chronic while using OC. This may be due to an inability of the 

system to respond to high oxidative stress or a depletion in key hormones e.g., estradiol [293], 

or other biological markers (e.g., selenium). Selenium is a trace element and a key constituent 

of GPx [294]. There is evidence for altered concentrations of some trace elements (e.g., zinc 

and copper) in women using OC [295] and decreased GPx found in the present study and in 

previous research [21, 296] may due to reduced selenium. However, more research is required 

to support this hypothesis. Non-enzymatic antioxidants are capable of rapid removal of RONS, 

and in the present study, were represented by thiols, total glutathione, albumin and uric acid as 

well as the synergistic antioxidant assays; TAC and FORD. Multivariate analysis demonstrated 

lower non-enzymatic antioxidant capacity in WomenOC compared to WomenNC. 

Nonetheless, when followed up with post hoc testing only FORD was significantly lower in 

WomenOC compared to WomenNC (i.e., main effect of Group). The finding of lower FORD 

in WomenOC may be explained by the synergist effects of the endogenous antioxidants that 

contribute to FORD, including ascorbic acid, glutathione, albumin and Trolox (the water-

soluble a-tocopherol analog), since previous research has also identified some of these specific 

non-enzymatic antioxidants to be altered with OC use. Specifically, previous research has 

reported albumin [100], and lipid-soluble antioxidants such as coenzyme Q10 [264], reduced 

glutathione [21], α-tocopherol [264] and β-carotene [20, 264] to be lower in women using OC 

compared to naturally-cycling women. Collectively, these findings suggest that specific 

endogenous non-enzymatic antioxidant pathways are altered in women using OC, which could 

be explained by the downstream effects of endogenous sex steroids suppression from OC use. 

Estradiol is involved in upregulating antioxidant capacity via a direct free-radical scavenging 

ability [297], as well as indirectly via interactions with estradiol receptors to regulate 

antioxidant gene expression [298]. Therefore, long term suppression of estradiol could 

potentially affect signalling involved in these pathways. Indeed, estradiol was lower during 

Mid-activeOC and Late-activeOC compared to commiserate time points of the menstrual cycle 

in WomenNC, as well as compared to InactiveOC. Alternatively, alterations in antioxidant 

defenses may be a consequence of the introduction of the synthetic sex steroids that challenge 

liver metabolism due to increased RONS and thus overwhelm antioxidant defenses. Overall, 
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there was no evidence for temporal changes in endogenous antioxidants in either group, 

however, OC use may affect specific blood biomarkers that contribute to the endogenous 

antioxidant system. Future research may investigate whether women using OC is a cohort that 

could benefit from targeted nutritional support.   

 

The PCA provided a visual representation of the dataset, which demonstrated broad separation 

between WomenNC and WomenOC. The principle components; PC1 and PC2, can be thought 

of as new axes that best represents the variance in the data. While the principal components 

only contributed to 38.6% of the variance in the data (sum of x and y axis), the PCA was largely 

used as an exploratory tool given the multidimensional nature of our data. The unsupervised 

learning k-means clustering algorithm retained these two groups, with only three data points 

incorrectly grouped within the two clusters. Given that the unsupervised learning method 

independently grouped WomenNC and WomenOC using only the participant’s blood 

biochemistry data, it further supports that women who use OC have distinguishable blood 

biochemistry profiles from women with natural menstrual cycles.  Other blood biomarkers that 

were observed to be different between the groups were urea and creatinine. Urea is a marker 

of protein breakdown and urea was found to be lower in WomenOC. Progesterone is known to 

promote protein catabolism [185, 299] and so the suppression of progesterone within 

WomenOC could be one factor that may contribute to the observed difference in urea. 

Creatinine is a product of creatine and creatine phosphate metabolism and its concentration can 

be influenced by various factors such as creatine uptake into the muscle, the ability of muscle 

to retain creatine, disturbances of ion gradients in skeletal muscle and glomerular filtration rate 

[300]. Creatinine was lower in WomenNC than WomenOC, however, both groups were still 

within normal references ranges (i.e., 50 – 110 µmol·L-1). Similarly, the two groups were 

within normal reference ranges for UIBC, and TIBC despite these being significantly higher in 

WomenOC. Low ferritin can indicate an iron deficiency, and it is not uncommon for naturally-

cycling women to have low ferritin due to menstrual blood loss [77]. However, ferritin 

concentrations were below reference ranges (i.e., < 15 µg·L-1) in WomenOC. This finding 

could be due to low dietary iron intake, or possibly from more complex physiological 

mechanisms relating to iron regulation [301]. One hypothesis is that high inflammation could 

increase hepcidin synthesis, which results in decreased iron absorption [301]. Since no previous 

research has reported lower ferritin in OC users compared to non-users, we provided a PCA 

and k-means clustering analysis with and without the iron homeostasis variables to account for 

effects of diet. There were no significant differences in MDA, FORT or CRP in WomenNC 
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across the menstrual cycle despite varying endogenous female sex hormones. Similar to the 

present results, previous research has demonstrated no changes in lipid peroxidation [302-304] 

or CRP [305] across the menstrual cycle. However, other studies have identified variations 

[265, 306-308]. Two studies [265, 306] found CRP to be highest during menses, whereas, 

another [308] reported CRP to be highest at mid-cycle and at the luteal phase compared with 

the follicular phase. These conflicting results may be due to individual variably, for example; 

CRP has been reported to be higher in women with a greater number of follicular waves [309], 

and some women may experience elevated inflammation during menses due to the release of 

prostaglandins and other inflammatory markers associated with the withdrawal of progesterone 

[310]. However, the present study did not report on a variety of inflammatory biomarkers and 

so limited conclusions can be reached. Overall, blood oxidative stress biomarkers and CRP 

were unaffected by menstrual cycle phase in the participants of the present study indicating 

that fluctuations in the endogenous female sex steroids may be of insufficient magnitude to 

exceed inherent individual variation, but the exogenous female sex steroids appear to cause a 

physiologically meaningful shift in these same blood biomarkers.  

 

A strength of the present study was the rigorous inclusion criteria for WomenNC and a three-

step method to determine menstrual cycle phase. This selective recruitment strategy limited the 

number of participants that could be included for analysis (12 compared to 27 enquires). 

Similarly, we did not include women that habitually ‘skipped’ or did not have a one-week break 

from the active OC, which reduced the potential group size for WomenOC (12 compared to 22 

enquires). While the participant’s OC contained one of three different progestins, the elevation 

in oxidative stress is suggested to be linked with the metabolism of ethinyl-estradiol so it is not 

anticipated that this would have influenced the between-group outcomes for our primary aims. 

However, secondary biomarkers that were included for exploratory purposes such as creatinine 

or the liver enzymes may be influenced by the androgenicity of the progestin and is a limitation 

to the current design. We selected a wide range of blood parameters to provide an appropriately 

broad assessment of the redox environment; however, there are many other biomarkers within 

the redox pathways that were not assessed, such as catalase, that may also be altered with OC 

use [21]. Furthermore, redox biomarkers were examined from plasma, which limits 

interpretation of redox alterations that may occur within other tissues such as skeletal muscle 

or red blood cells. A further limitation may be the choice of redox assay, as the TAC assay 

does not identify specific antioxidants present in plasma and the MDA assay used may 

potentially react with other aldehydes in plasma and not just those derived from lipid peroxides 
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[311]. Lastly, further research is required to explore the practical implications of our finding in 

elite female athletes. 

 

The present study found a transient increase in resting blood markers of oxidative stress and 

CRP across 1-month of OC-use in physically-active women (i.e., InactiveOC v Mid-activeOC 

v Late-activeOC). Furthermore, WomenOC had lower GPx, as well as elevated CRP and redox 

imbalance (i.e., FORT:FORD) compared to WomenNC at three time points across the month. 

These results have implications for researchers and practitioners working with young, 

physically-active women. For example, when blood tests are conducted for screening or 

monitoring purposes, it is recommended to record the day of OC use, and whether the inactive 

OC is habitually used (alike to noting the day of the menstrual cycle) for greater accuracy when 

interpreting the data. Furthermore, researchers should consider whether study outcome 

variables could be affected by inactive OC use, and if so, control for this in the study design. 

Lastly, this study demonstrated that OC-induced changes in oxidative stress were transient, 

therefore, clarification of not only menstrual cycle phase but also OC phase terminology (e.g., 

inactive, mid- or late-active) in research will assist in a more robust understanding of female-

physiology.   
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5.1 Abstract 

Purpose: To characterise blood indices of oxidative stress and other physiology during 

exercise in women using oral contraceptives (WomenOC) compared to naturally-cycling 

women (WomenNC), as well as assess whether N-acetylcysteine (NAC) supplementation acts 

as an ergogenic aid for performance in active women with high resting indices of oxidative 

stress. Methods: Twenty recreationally-trained women (n = 11 WomenNC; V̇O2peak = 42.34 

± 5.81 mL·kg-1·min-1; n = 9 WomenOC; V̇O2peak = 39.70 ± 3.71 mL·kg-1·min-1) completed 

five trials (visits), including two cross-over experimental trials that controlled for OC (late 

active-OC) and menstrual cycle (mid-luteal) phase. Cardiopulmonary parameters and blood 

biochemistry were assessed during, and after 40-min of fixed-intensity cycling at 105% of gas 

exchange threshold (GET) and a 1-km cycling time-trial 1 h after acute ingestion of a beverage 

containing NAC or placebo. Results: WomenOC had higher ventilation (β [95% confidence 

interval] = 0.07 L·min-1 [0.01, 0.14]) and blood biomarkers of lipid peroxidation 

(malondialdehyde; β = 12.00 mmol·L-1 [6.82, 17.17]) and inflammation (C-reactive protein; 

1.53 mg·L-1 [0.76, 2.30]); whereas glutathione peroxidase was lower (β = -22.62 mU·mL-1 [-

41.32, -3.91]) compared to WomenNC (i.e., effect of Group) during fixed-intensity cycling. 

Plasma thiols were higher at all time points after NAC ingestion compared to placebo, 

irrespective of group (all p < .001; d = 1.45 to 2.34). For WomenNC but not WomenOC, the 

exercise-induced increase in malondialdehyde observed in the placebo trial was blunted with 

NAC ingestion, with lower values at 40 min (p = .018; d = 0.73) and after the 1-km time-trial 

(p = .017; d = 0.50). NAC may have improved cycling efficiency at 105% GET in both groups 

(β=0.012% [-0.001, 0.026]); however, NAC did not affect 1-km cycling time-trial 

performance, with completion time statistically equivalent within and between groups, based 

on the bounds of 0 ± 4.8 s. Conclusion: Blood biomarkers relating to oxidative stress and 

inflammation are elevated in WomenOC during exercise compared to WomenNC. NAC 

supplementation had opposing effects on exercise-induced lipid peroxidation in these two 

groups, but did not influence sprint-cycling performance. Excessive oxidant damage to lipids 

from both OC metabolism and exercise metabolism may have implications for exercise 

adaptations associated with redox signalling or recovery from exercise. 

 

Key words 

Antioxidants; Female athlete; Inflammation; Performance; Physiology; Ventilation  
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5.2 Introduction  

Prolonged high-intensity exercise is one stimulus that transiently disrupts the pro-oxidant and 

antioxidant (i.e., redox) environment, often resulting in oxidative stress and damage [162, 312, 

313]. While an acute increase in exercise-induced oxidative stress is imperative for training 

adaptations [232, 314], excessive production of RONS during prolonged exercise has been 

associated with skeletal muscle fatigue [162, 175]. Thus, exercise generated RONS can be 

described by a bell-shaped (hormesis) curve, whereby there are two endpoints of physiological 

function [315]. Another factor that may moderate performance is the effect of OC on the redox 

environment during exercise. Irrespective of training status, OC-use has been associated with 

oxidative stress and damage measured at rest via blood biomarkers e.g., elevated MDA and 

low lipid-soluble antioxidants [20, 21, 100, 264]. Thus, it could be postulated that exercise-

induced oxidative stress is exacerbated in women using OC compared to women-naturally 

cycling, and this may affect skeletal muscle function and subsequent performance. 

Alternatively, this could widen the endpoints of physiological function and represent a better 

tolerance against subsequent stressors. However, there is a paucity of experimental research in 

women that controls for female sex hormones, thus better characterisation of the exercise-

induced redox response is necessary.  

 

To our knowledge, only one study has previously investigated the change in lipid peroxidation 

in women using OC [128], which found that MDA significantly increased in both OC-users 

and non-users after a combat (Judo) training session, but the percent magnitude of change (i.e., 

pre- to post-exercise) was greater in OC non-users. However, the implications that this has on 

performance was not investigated, and tightly-controlled research that accounts for relative 

work performed is required to clarify the influence of OC-use on exercise-induced oxidative 

stress. Characterizing these relationships is crucial given that approximately 50% of female 

athletes use OC [18, 90].  

 

In an effort to understand the effect of RONS on skeletal muscle function, study designs have 

employed the use of antioxidant supplementation [34, 187]. Associated findings suggest that 

when the concentration of exercise-generated RONS is high, the administered antioxidant may 

protect muscle cells against RONS-related fatiging mechanisms (e.g., calicium sensitivity) and 

thus enhance performance [179, 187, 315]. One such antioxidant is NAC, which has been 

shown to protect cells against oxidative insults by acting as a cysteine donor for; the 

(re)synthesis of glutathione, mitochondrial sulfane sulphur production and/or to a lesser extent, 
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a direct scavenging ability [189, 191]. In exercise physiology research conducted 

predominately in men, NAC has been established as an ergogenic aid in hand-grip exercise 

[187], intermittent high-intensity running [33, 188] and high-intensity cycling exercise [24, 30, 

34, 36]. More recently, the use of NAC as an ergogenic aid has been demonstrated to be more 

effective in male participants with a glutathione deficiency compared to those with normal or 

high glutathione levels [34, 186]. While it is challenging to formulate hypothesise without 

existing data in women, the available research may suggest that that NAC supplementation will 

be beneficial for women using OC given there is preliminary evidence demonstrating low 

glutathione and GPx in OC users at rest [21].  

 

Previous intervention trials investigating the effects of NAC on exercise performance have 

implemented multiple-day oral NAC protocols such as 6-d [33, 188], 9-d [30] and 1-mo [34] 

or with intravenous infusion protocols [24, 36, 187]. However, these longer antioxidant 

supplementation and wash-out protocols can be problematic with female-specific experimental 

research due to the methodological intricacies of controlling for menstrual cycle phase [89, 

270]. Furthermore, intravenous administration has ethical issues in sport [316], thus, an acute 

(same-day) oral supplementation protocol may be more practical for athletes who could 

experience the acute benefits from antioxidant supplementation for exercise performance, but 

avoid the undesirable dampening of training adaptations that have been associated with chronic 

antioxidant supplementation regimens [209].  

 

Our primary aim was to determine whether there are differences in blood biomarkers of oxidant 

damage and antioxidants during heavy, fixed-intensity exercise in women naturally-cycling 

compared to women using OC. We were also interested in exploring whether acute (i.e., 1 h 

prior to exercise) NAC supplementation alters blood biomarkers during fixed-intensity cycling 

in the two groups and whether there is any subsequent effect on 1-km cycling time trial (TT) 

performance.  It was hypothesized that oxidant damage would change similarly for both groups 

in response to exercise, however, women using OC would have higher absolute oxidant damage 

measured in the blood after exercise compared to naturally-cycling women. It was also 

hypothesized that NAC supplementation would dampen the increase in biomarkers of oxidant 

damage in both groups, however, improve cycling TT performance only in women using OC.  
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5.3 Methods  

Participants  

There were 68 expressions of interest received from women aged 18–35 yr to participate in the 

present study (Figure 5.1). Women were screened and excluded if they were using an 

antioxidant or vitamin supplement, smoked, were using any form of hormonal contraception 

other than monophasic, combined OC or had a history of endocrinological, musculoskeletal, 

inflammatory, respiratory or cardiovascular disorders as determined by all stages of the Adult 

Pre-Exercise Screening Tool (Exercise and Sports Science Australia, 2019). As such, 47 

women were eligible and subsequently stratified into two groups: 1) women with natural 

menstrual cycles (WomenNC; n = 22) and 2) women using combined, monophasic oral 

contraception for at least 12 months (WomenOC; n = 15). WomenNC were asked to complete 

a 4-month menstrual-cycle diary to determine average menstrual cycle length and regularity. 

Ten WomenNC were excluded from further participation due to irregular menstrual cycles 

[317]. Of the remaining thirty-seven screened volunteers, 17 women ceased their participation 

part-way through the study for reasons such as pregnancy, skeletal muscle injury, time-burden 

of the study, development of an irregular menstrual cycle after screening or commencing 

hormonal contraception partway through the study. Therefore, 20 women (WomenNC; n = 11 

and WomenOC; n = 9) that were classified as recreationally-active [271] successfully completed 

all five stages of this experimental investigation. All women provided written informed consent 

prior to commencing the study, which was approved by the Griffith University Human 

Research Ethics Committee, Queensland, Australia. 

 

Verification of OC and menstrual cycle phase 

WomenNC and WomenOC completed all experimental trials in the mid-luteal phase and 

during 13-18 d of active OC use, respectively. This enabled testing to occur during concomitant 

days of the participants’ respective cycles (~20-25 d; i.e., inactive OC followed by active OC 

or follicular phase followed by luteal phase). Average menstrual cycle length was calculated 

from four consecutive months and used in a predictive equation for determining the 

approximate time of the LH surge [275]. This information was accompanied with colorimetric 

enzyme immunoassay urinary LH testing to predict ovulation (One Step Ovulation Test, Home 

Health Diagnostics, UK). WomenNC performed the urinary LH testing at home according to 

the manufacturer’s instructions, and photographed the test strip so it could be visually inspected 

by the primary investigator to control for subjective interpretation. A positive test indicated, 

with a level of confidence of 95%, that ovulation would occur 14–26 h later [276]. The mid-
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luteal phase was defined as 6–11 d after predicted ovulation and the mid-luteal phase was later 

verified by a progesterone concentration of ≥ 16 nmol·L-1 [277], which was measured in the 

participant’s first supplementation trial. 

 

Study design 

Participants reported to the Griffith Sports Science laboratory on five separate occasions to 

perform an incremental cycling test to exhaustion, a familiarization session, an experimental 

trial without any intervention (NULL), and two experimental trials with an intervention (see 

Figure 5.1 for schematic). The exercise protocol included a 40-min heavy, fixed-intensity 

cycling bout immediately followed by an all-out 1-km cycling TT. A bi-phasic exercise 

protocol was implemented to enable the investigation of female-specific physiology in a 

controlled exercise setting, as well as assess performance related outcomes. The NULL trial 

served to quantify baseline performance outcomes without any supplement. The intervention 

trials included the consumption of a placebo beverage, or a beverage containing NAC, that 

were performed as an acute dosing, double-blind, placebo-controlled, randomized crossover 

study design. Venous blood sampling during the intervention trials enabled the determination 

of serum and plasma biochemistry parameters in WomenNC and WomenOC. Two trials could 

be performed during one menstrual cycle (i.e., mid-luteal phase testing window of 5 d). 

Therefore, laboratory testing was conducted over three consecutive months, to enable 

consistency in female-sex hormone ratios (i.e., high endogenous estrogen and progesterone) in 

WomenNC, and was replicated for WomenOC given known differences in oxidative stress 

between weeks of OC use (Chapter 4). The experimental trials were performed at 07:00 (± 2 

h) to minimise the influence of circadian rhythm, and laboratory temperature (22–23 °C) and 

humidity (55–65%) remained constant throughout. 

 

Dietary and exercise constraints  

Participants were instructed to maintain their normal training and dietary practices throughout 

the study. An antioxidant intake food-frequency questionnaire [272] that covers 70 food items 

was completed during the NULL trial and the first intervention trial, to assess two-months of 

habitual antioxidant-rich food intake. All subjects completed a one-day food record and 3-d 

exercise diary before every test, including questions of subjective sleep quality and muscle 

fatigue. Participants were instructed to replicate these food and exercise regimes before testing, 

as well as 3 d of rest from muscle-damaging exercise (i.e., eccentric dominant or unaccustomed 

exercise), and 24 h of complete rest leading into each trial. These questionnaires were 



102 
 

monitored by the primary investigator and two tests were postponed for reasons relating to 

muscle-damaging exercise within the 3-d criteria.
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Figure 5.1 Schematic of study design and protocol. Investigation of blood oxidative stress biomarkers to fixed-intensity cycling at 105% of gas 

exchange threshold (GET) and a 1-km cycling time-trial in women with natural, regular menstrual cycles (WomenNC) and women using combined, 

monophasic oral contraceptives (WomenOC) after ingestion of no beverage (NULL), a placebo beverage (PLA) and beverage containing N-

acetylcysteine (NAC) supplied in two doses (D1 and D2). All participants were familiarized (FAMIL) to the experimental protocols. This study 

was controlled for menstrual cycle phase (i.e., mid-luteal phase); top arrows with open triangle denotes start of new menstrual cycle.  
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Incremental cycling test to exhaustion 

Participants performed an incremental cycling test to exhaustion on a cycle ergometer (Lode 

Excalibur Sport, Groningen, Netherlands) to determine V̇O2peak and the gas exchange 

threshold GET. The Lode handle bar, seat height and position was individualized for each 

participant and these dimensions were recorded to be reproduced in subsequent trials. 

Participants completed a 10-min cycling warm-up at 50 W, after which, advanced into an 

incremental work rate of 20 W·min-1 until the participant reached volitional exhaustion. A self-

selected pedal cadence between 70–80 rev·min-1 was maintained throughout. Beat-by-beat 

heart rate (Polar Electro, Australia) and breath-by-breath gas exchange (Ultima, CardiO2, 

PMedical Graphics, St. Paul, MN) were acquired continuously during the test. RPE [64] was 

recorded on each minute, and peak blood lactate concentration was measured from the ear lobe 

immediately after volitional exhaustion using a POC device (Lactate Pro™, Arkay KDK, 

Japan). V̇O2peak was considered the highest 30-s rolling average of oxygen consumption 

achieved in the incremental cycling test. Two experienced researchers independently 

determined GET using traditional V-slope methods [318], and recorded the corresponding 

power output for each participant. When there was a discrepancy (n = 3), a third researcher 

evaluated the data and an average of the three values was obtained. 

 

Familiarization and NULL trials 

A familiarization trial was conducted to ensure participants were accustomed to the 

experimental testing procedures that would be replicated in the intervention trials, to minimize 

any learning effects. Briefly, participants cycled on a Lode ergometer for 40 min at a power 

output corresponding to 105% of GET. This design permitted each individual to complete the 

same relative amount of total work that was of sufficient intensity [319, 320] and duration [321] 

to induce redox alterations and a moderate level of muscular fatigue prior to completing the 

performance trial. If the workload did not elicit a steady-state during the familiarization trial 

(i.e., blood lactate concentration increased by >1 mmol·L-1 between 20–40 min or exceeding 4 

mmol·L-1 [322], the prescribed power output was reduced by 5% for subsequent trials. This 

systematic approach to reduce the workload was used for two women, and the decision was 

accompanied with corresponding heart rate, RPE and gas exchange data. The all-out 1-km 

cycling TT was completed on a Wattbike cycle ergometer (Wattbike Pro, Nottingham, UK). 

The magnetic resistance was set at zero, while the air resistance was self-selected with the 

guidance of an accredited sports scientist and these settings, along with the Wattbike 
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dimensions were replicated for each 1-km cycling TT. The NULL trial was completed three to 

four days following the familiarization session.  

 

The reliability of 1-km TT performance was determined from seven participants who had data 

available from both the familiarization and NULL trial. Without familiarization, performance 

in the 1-km TT was shown to have good reliability, with an intraclass correlation coefficient 

(2, k) of 0.90 [95% CI; 0.62, 0.98] and a SEM of 1.7 s [323]. Based on this SEM, the minimum 

difference for a worthwhile change was calculated as 4.8 s, and this value was considered the 

smallest effect size of interest [324]. 

 

Experimental trials  

Participants arrived at the laboratory after an 8-h overnight fast. A 23G indwelling catheter 

(InsyteTM, Becton–Dickinson, BD, Juiz de Fora, MG, Brazil) was inserted into the participant’s 

antecubital vein by a trained phlebotomist using standardised procedures (World Health 

Organisation guidelines on drawing blood, Geneva, Switzerland), to collect five venous blood 

samples for determination of female sex-steroid concentrations (first trial) and blood redox 

biochemistry (both trials). Sampling occurred before consuming any beverage (baseline), 60-

min after consuming the first beverage and before commencing exercise (Pre), 20-min into 

fixed-intensity exercise (EX20), 40-min into fixed-intensity exercise (EX40) and 2-min after 

completing the 1-km time trial (Post). Dose one and dose two of the beverage containing 

placebo or NAC were delivered at 60 min and 30 min prior to exercise, respectively. Exactly 

2 min of gas exchange, RPE, heart rate and blood lactate concentration were acquired at Pre 

(i.e., at rest), EX20 and EX40. On completion of the fixed-intensity cycling, the gas analysis 

ceased and participants were transferred to the Wattbike within 2 min. The participants were 

instructed to complete the 1-km TT in the fastest time possible, with no other instruction, with 

the exception of strong verbal encouragement during the trial. Participants were able to view 

distance remaining in the last 400 m of the trial and were instructed to remain in the saddle. 

Performance parameters were recorded from the computer monitor attached to the Wattbike. 

Measurements of peak heart rate (i.e., determined as the highest heart rate recorded during the 

time trial), peak RPE (obtained immediately post-exercise) and blood lactate concentration 

(defined as the highest value measured from a capillary earlobe sample at 1 min or 3 min post-

exercise) were obtained. Participants returned to the laboratory three to four days later to 

perform identical procedures after consuming the alternate beverage (placebo or NAC). 
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Placebo and N-acetylcysteine supplementation 

Participants consumed a commercially available beverage (Powerade Ion4 Lemon Lime, The 

Coca-Cola Company, USA) that was mixed with lemon juice (i.e., placebo trial) or with lemon 

juice and powdered NAC (i.e., NAC trial). Pilot work in a group of individuals that did not 

complete the trials (n = 10) demonstrated that the taste-matched placebo beverage was 

indistinguishable from the NAC beverage. Each beverage was prepared the night before the trial 

by an individual not involved in the study and refrigerated at 4℃ to ensure NAC was dissolved 

adequately. The volume of Powerade consumed by each participant was calculated relative to 

body mass, which equated to 0.5 g·kg-1 of carbohydrate per beverage (i.e., < 50 kg = 415 mL; 50–

54 kg = 455 mL; 55–59 kg = 500 mL; 60–64 kg = 540 mL; > 65 kg = 590 mL). Six teaspoons of 

commercially available lemon juice (Zesty Lemon Juice, Woolworths, Australia) were mixed into 

the beverage before the volume was split in to a 60:40 ratio. NAC was batch tested (HASTA, 

Melbourne, Australia) after being purchased in a powder formula from Bulk Nutrients (Batch: 

4006 2203, Tasmania, Australia) and weighed on electronic scales (AUX Analytical Balance, 

Shimadzu, Japan) in two separate quantities (dose one: 70 mg·kg-1 of body mass and dose two: 

35 mg·kg-1 of body mass of NAC; [35, 208]. A two-dose protocol was used to control for 

between-participant rate of beverage consumption as well as increase the likelihood of NAC to 

be elevated in the plasma during the 1-km cycling TT [35]. Dose one was dissolved in 60% of 

the total beverage volume and dose two was dissolved in 40% of the total beverage volume that 

was delivered in a double-blinded fashion (one researcher not involved in the day-to-day 

administration of trials was not blinded for safety precautions). Participants were asked to report 

whether they experienced any adverse symptoms after 1 h, 2 h and 5 h of supplementation 

ingestion. All participants were naive to NAC supplementation before commencement of the 

study. 

 

Preparation and analysis of venous blood samples 

Approximately 15 mL venous blood was collected at each time point from the indwelling 

catheter and distributed into EDTA and serum separation tubes (Becton–Dickinson, BD, Juiz 

de Fora, MG, Brazil). All tubes were gently mixed by inversion. Immediately after collection 

at each time point, the serum separation tube was left to clot at room temperature for 30 min 

before centrifugation for 10 min at 1500 x g and 4 ̊ C, whereas the EDTA tube was immediately 

centrifuged using the same protocol. Plasma and serum were stored in aliquots and frozen at -

80 ˚C for subsequent batch analysis at the completion of all data collection.  

 



107 
 

All biochemistry parameters were analyzed in duplicate, with the exception of TAC, which 

was analyzed in triplicate. Serum estradiol (Cat. no 33540) and progesterone (Cat. no 33550) 

were assessed using an automated clinical immunoassay analyser (Access 2, Beckman Coulter, 

Australia) as per the manufacturer’s instructions. The intra-assay CV was 4.04%. Serum 

albumin and CRP were assessed using an automated clinical chemistry analyser (AU480, 

Beckman Coulter, Australia) according to the manufacturer’s instructions. The serum 

biochemistry intra-assay CV was 2.6%. Plasma GPx (colorimetric; ab102530), thiols 

(fluorometric; ab112158), MDA (ab118970), 3-nitrotyrosine (3NT; ab210603; Acbcam 

Australia Pty Ltd, Melbourne, Australia) and total glutathione (ADI-900-160; Sapphire 

Bioscience Pty.Ltd, Redfern, Australia) were determined using commercially available kits as 

per manufacturer’s instructions. The intra-assay CV was 2.6%, 6.4%, 8.0%, 4.8% and 4.6%, 

respectively. 

 

TAC assay  

As described previously [280], 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) 

was dissolved in water to a concentration of 7 mmol·L-1. ABTS radical cation (ABTS•+) was 

then produced by adding 2.45 mmol·L-1 potassium persulfate. The mixture was left in the dark 

at room temperature for 12-16 h before use. ABTS•+ stock solution was diluted to an absorbance 

of 0.7 at 750 nm using either phosphate buffered saline (pH 7.4) for the study of hydrophilic 

antioxidant activity or ethanol for the study of lipophilic antioxidant activity. Plasma samples 

(2 µL of straight plasma; 10 µL of lipophilic extract) were added to a 96-well flat bottom plate 

in triplicate. Trolox (6-hydroxy-2,5,7,8-tetramethychroman-2-carboxylic acid) was used as a 

standard and dissolved in phosphate buffered saline or ethanol (final concentration 0–40 µM). 

Diluted ABTS•+ solution (190 µL) was added to all wells and absorbance measurements were 

taken at 750 nm at 30 °C, 5 min after the initial mixing. Measurements were made using a 

Tecan Sunrise Absorbance Reader with Magellan Standard software (TECAN, Austria). 

Decolourisation of the assay is linear with increasing concentrations of the standard, Trolox. 

The results were expressed relative to Trolox activity (mmol·L-1 Trolox equivalent). The intra-

assay CV was 3.9%. 

 

Statistical analyses 

All analyses were performed using R statistical package (version 4.0.3) [218]. Participant 

characteristic data were analyzed using unpaired t-tests. Heart rate, expired gas variables (i.e., 

oxygen consumption, ventilation, respiratory exchange ratio; RER, and efficiency) and lactate 
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during fixed-intensity cycling were analyzed using linear mixed-effect models [325]. 

Candidate models included all two-way interactions between Time (or Time2), Group and 

Supplement, or the three-way interaction between these variables, and a random intercept, or 

intercept and slope (supplement), for each participant. Cadence was included as a standardised 

covariate (mean 0, SD 1), for expired gas variable models. Final models were selected based 

on the lowest Bayesian Information Criteria (BIC) value. RPE was modelled using beta-

regression. The beta distribution is flexible and can handle skew, making it suitable for scale 

data with known upper and lower bounds, such as RPE [326]. The model was fit in a Bayesian 

framework, where random effects can be easily specified [326]. Two models were considered: 

the first with all two-way interactions between the variables Time, Group and Supplement, and 

the second with the three-way interaction. Both models included participant as a random effect 

variable. The final model was chosen based on the smallest Deviance Information Criteria 

value. A normal (mean 0, precision 0.001) prior distribution was set for the regression 

coefficients and a Uniform (mean 0, SD 20) prior for the SD of the random effect. 

 

A series of candidate linear mixed-effect models were fit to each biochemical variable (i.e., 

GPx, thiols, TAC, total glutathione, MDA, 3NT, CRP, albumin), with the final model chosen 

based on the lowest BIC value. The candidate models ranged from: a base model, which 

included Time (or Time2), Group, and Supplement as fixed effects (i.e., no interaction terms), 

to a model with all possible interactions, between Time (or Time2), Group and Supplement. All 

models included a random intercept and slope (supplement) for each participant. 

 

The unscaled difference in 1-km TT completion time between placebo and NAC, denoted yi, 

was calculated for each participant, using the equation yi = NACi – placeboi, and analyzed using 

linear regression, with Group included as a fixed factor. Equivalence tests were used, to 

determine whether the within, and between, group difference in completion time fell inside the 

smallest effect size of interest (i.e., 0 ± 4.8 s) [324]. When the 90% CI of the parameter estimate 

for group (i.e., βGroup) was within the bounds of 0 ± 4.8 s, it was concluded that performance 

was statistically equivalent between the groups [324]. Peak heart rate measured during the 1-

km TT was analyzed using a linear mixed-effect model, with Group, Supplement and Group 

by Supplement included as fixed factors, and a random intercept for each participant in the 

study. Pacing behaviour was examined by calculating the mean velocity across two splits: 

within the first minute, and between 1-min and task completion. 
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When appropriate, pairwise contrasts were made, with p-values adjusted (Tukey) [327]. 

Cohen’s d was calculated for the standardized difference between groups, supplements or time 

points ‘k’ and ‘l’ [328]. The pooled SD was used as the denominator of d. Data are reported as 

the mean and 95% CI, unless otherwise stated. The α for all tests was set at 5%. 

 

5.4 Results  

Participant characteristics 

Serum estradiol and progesterone concentrations measured during the first supplementation 

trial (i.e., placebo or NAC) were lower in WomenOC than WomenNC (Table 5.1). WomenNC 

had an average cycle length of 30 ± 3 d, and all women were confirmed to have ovulated during 

the month of experimental testing [277]. All other participant characteristics were not 

statistically different between groups, including V̇O2peak (Table 5.1). There were three types 

of progestin’s consumed by WomenOC; Drospirenone (n = 3), Cyproterone acetate (n = 3) and 

Levonorgestrel (n = 3). The concentration of progestin ranged from 150 to 300 µg and the 

concentration of ethinyl-estradiol ranged from 30 to 35 µg. 

 

Adverse events 

No major adverse reactions were reported by any participant. However, two participants 

reported mild gastrointestinal discomfort after 2 h of NAC ingestion and another participant 

after 5 h of NAC ingestion. All symptoms had resolved within the same day.  
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Table 5.1 Participant characteristics of women with natural, regular menstrual cycles 

(WomenNC) and women using combined, monophasic contraceptives (WomenOC) 

Variable 
WomenNC 

(n=11) 

WomenOC 

(n=9) 

p value 

Age (yr) 25 ± 4 24 ± 3 0.804 

Body mass (kg) 64.1 ± 9.2 67.8 ± 8.7 0.365 

Height (m) 1.69 ± 0.08 1.70 ± 0.06 0.408 

Body mass index (kg·m²) 22.41 ± 2.48 22.80 ± 2.13 0.736 

Blood pressure (mmHg)    

 Systolic  108 ± 12 106 ± 12 0.667 

 Diastolic  66 ± 10 64 ± 8 0.689 

Total cholesterol (mmol·L-1) 3.87 ± 0.95 4.01 ± 0.65 0.777 

Fasting glucose (mmol·L-1) 3.33 ± 0.89 3.31 ± 0.39 0.954 

HDL (mmol·L-1) 1.53 ± 0.23 1.50 ± 0.33 0.978 

Estradiol (pmol·L-1) 543.76 ± 202.02 63.54 ± 30.17 < 0.001 

Progesterone (nmol·L-1) 27.59 ± 13.51 3.37 ± 1.58 < 0.001 

Dietary antioxidant intake (2-mo 

average; mmol·d-1) 
10.66 ± 6.97 10.06 ± 4.69 0.934 

Training (4-mo average; h·wk-1) 7 ± 2 7 ± 2 0.954 

V̇O2peak (mL·kg-1·min-1) 42.34 ± 5.81 39.70 ± 3.71 0.220 

V̇O2peak (L·min-1) 2.71 ± 0.52 2.70 ± 0.20 0.781 

Peak heart rate (beats.min-1) 187.1 ± 5.1 183.4 ± 9.1 0.273 

Values ± SD. HDL = High-density lipoprotein, Training (i.e., ≥ moderate-intensity), V̇O2peak 

= peak oxygen uptake



111 
 

Fixed-intensity cycling physiology and RPE 

Heart rate increased with Time (Figure 5.2A), but was not different between Supplement or 

Group. Oxygen consumption increased with time (β = 0.003 L·min-1 [0.002, 0.004]), but was 

not different between Group or Supplement (Figure 2B). Ventilation increased during cycling 

(β = 0.10 L·min-1 [0.04, 0.15]), and the magnitude of increase was greater in WomenOC 

compared to WomenNC (β = 0.07 L·min-1 [0.01, 0.14]), irrespective of supplementation 

(Figure 5.2C). RER decreased over time (β = -0.0024 [-0.0029, -0.0019]), but was not different 

between Group or Supplement (Figure 5.2D). There was an effect of Time (β = -0.03% [-0.04, 

-0.02]) on efficiency (Figure 5.2E). There may also have been a Time by Supplement effect on 

efficiency (β = 0.012% [-0.001, 0.026]), with efficiency possibly preserved over time in the 

NAC compared to placebo trial, irrespective of group (Figure 5.2E). 

 

RPE increased during cycling (logit β = 0.017 [0.011, 0.023]), but was not different between 

Group or Supplement (Figure 5.2F). Lactate increased as a result of exercise, but was not 

different between Ex20 and Ex40, or between Group or Supplement at any time point. For 

WomenNC, mean [95% CI] lactate at pre-exercise, Ex20 and Ex40 during placebo was 1.5 [0.8, 

2.1], 3.3 [2.6, 3.9] and 3.1 [2.4, 3.8], respectively; and during NAC was 1.4 [0.7, 2.1], 3.2 [2.5, 

3.8] and 3.0 [2.3, 3.7], respectively. For WomenOC, lactate at pre-exercise, Ex20 and Ex40 

during placebo was 1.6 [0.8, 2.3], 3.2 [2.5, 3.9] and 3.1 [2.3, 3.8], respectively; and during 

NAC was 1.6 [0.9, 2.3], 3.2 [2.4, 3.9] and 3.0 [2.3, 3.8], respectively. 
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Figure 5.2 Heart rate (A), expired gas variables (B–D), efficiency (E), and rating of perceived exertion (RPE; F) response during 40 min of fixed-

intensity cycling in with natural, regular menstrual cycles (WomenNC) and women using combined, monophasic oral contraceptives (WomenOC), 

after ingestion of a placebo beverage (PLA) and a beverage containing N-acetylcysteine (NAC). Solid (WomenNC) and dashed (WomenOC) lines 

indicate the mean response and shaded ribbons show the 95% confidence interval. Heart rate, oxygen consumption, and RPE increased with time, 

while respiratory exchange ratio decreased; however, these variables were not statistically different between groups or supplements. Ventilation 

(C) increased with time, and to a greater extent in WomenOC compared to WomenNC (β = 0.07 L·min-1 [0.01, 0.14]), irrespective of 

supplementation (indicated by a dagger; †). Efficiency (E) decreased with time; possibly to a lesser extent in the NAC compared to placebo trial, 

irrespective of group (β = 0.012% [-0.001, 0.026])
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Biochemical variables 

GPx was lower in WomenOC (β [95% CI] = -22.62 mU·mL-1 [-41.32, -3.91]; Figure 5.3A). 

Thiols were higher at all time points in the NAC trial compared to the placebo trial after 

supplement ingestion (i.e., after baseline), irrespective of group (all p < 0.001; d = 1.45 to 2.34; 

Figure 5.3B). There was a Time (β = 3.43 mmol·L-1, [1.38, 5.49]) and a Time by Supplement 

effect on TAC (β = -3.09 mmol·L-1 [-6.04, -0.14]). However, it was not clear whether TAC 

was statistically higher after the 1-km cycling TT (i.e., time point ‘post’) in the NAC trial 

compared to the placebo trial (p = 0.089; mean difference (MD) [95% CI] = 0.45 mmol·L-1 [-

0.07, 0.97]; d = 0.36; Figure 5.3C). 

 

There were effects of Time (β = 1.71 µmol·L-1 [0.24, 3.16]), Supplement (β = -0.29 µmol·L-1 

[-0.56, -0.02]) and Time by Supplement (β = -4.19 µmol·L-1 [-6.24, -2.09]) on total glutathione. 

Irrespective of group, total glutathione was statistically lower in the NAC trial compared to the 

placebo trial (Figure 5.3D) at the end of the 40-min cycling task (p = 0.005; MD = -0.47 

µmol·L-1 [-0.79, -0.16]; d = -0.40) and after the 1-km cycling TT (p < 0.001; MD = -0.80 

µmol·L-1 [-1.20, -0.41]; d = -1.01). 

 

There were Time (β [95% CI] = 13.47 mmol·L-1 [4.10, 22.84]) and Group (β = 12.00 mmol·L-

1 [6.82, 17.17]) effects on MDA. In the placebo trial, MDA was statistically higher after the 1-

km cycling TT compared to pre-exercise in WomenNC (p = 0.036; MD = 2.86 mmol·L-1 [0.14, 

5.58]; d = 0.32) and WomenOC (p < 0.001; MD = 5.22 mmol·L-1 [1.98, 8.46]; d = 0.55).  There 

was also a Time by Group by Supplement effect, with the ingestion of NAC attenuating the 

increase in MDA associated with exercise for WomenNC only (Figure 5.3E). In the NAC trial, 

MDA statistically lower after the 40-min cycling task (p = 0.018; MD [95% CI] = -3.28 

mmol·L-1 [-5.96, -0.61]; d = -0.73) and 1-km TT (p = 0.017; MD = -3.69 mmol·L-1 [-6.67, -

0.70]; d = -0.50) compared to placebo trial in WomenNC. NAC ingestion did not attenuate the 

exercise-associated increase in MDA for WomenOC (Figure 5.3E). There was an effect of 

Time on 3NT (βtime
2 = 9.25 mol·L-1 [2.78, 15.75]), but no effect on Group or Supplement 

(Figure 5.3F). 

 

CRP was higher in WomenOC (β [95% CI] = 1.53 mg·L-1 [0.76, 2.30]), but there was no effect 

of Time or Supplement (Figure 5.3G). There was a Time effect on albumin (βtime = 53.53 g·L-1 

[42.35, 64.72], but there was no effect of Group or Supplement (Figure 5.3H).
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Figure 5.3  Time course changes (mean ± 95% confidence interval) of biochemical variables in 

naturally-cycling women (WomenNC) and women using combined, monophasic oral 

contraceptives (WomenOC) from baseline to pre-exercise (Pre) i.e., 1 hr after ingestion of a 

beverage containing N-acetylcysteine (NAC) or placebo (PLA), during (20 min) or at 

termination of a submaximal, fixed-intensity 40-min cycling task (40 min), and after a 1-km 

cycling time-trial (Post; grey shaded area). Biochemical variables: glutathione peroxidase 

(GPx; A), thiols (B), total antioxidant capacity (TAC; C), total glutathione (D), 

malondialdehyde (MDA; E), 3-nitrotyrosine (3NT; F), C-reactive protein (CRP; G) and 

albumin (H). † Statistically different between WomenNC and WomenOC, i.e., main effect of 

group; †† statistically different to placebo trial i.e., main effect of supplement; ‡ statistically 

different to the placebo trial at the corresponding time point, for both WomenNC and 

WomenOC; ‡‡ statistically different to the placebo trial for WomenNC. 

 

 

Time trial performance 

The 1-km TT completion times are presented in Figure 5.4A. Completion time was not 

statistically different, and was statistically equivalent between the placebo and NAC trial for 

WomenNC (d = 0.05; Figure 4B) and for WomenOC (d = 0.17; Figure 5.4C). There was no 

Group effect on the difference in completion time between the NAC and placebo trial (β [95% 

CI] = 0.4 s [-3.3, 4.1]), with completion time statistically equivalent between the groups (β 

[90% CI] = 0.4 s [-2.7, 3.5]), based on the equivalence bounds of 0 ± 4.8 s (Figure 5.4D). 

Participants adopted a negative-shaped pacing behaviour in all trials (Figure 5.5). 

 

Mean [95% CI] mean power output during the placebo trial 1-km TT for WomenNC and 

WomenOC was 276 W [238, 314] and 298 W [256, 340], respectively, whereas was 272 W 

[234, 310] and 285 W [243, 327], respectively during the NAC trial. Peak heart rate for 

WomenNC and WomenOC during the placebo trial 1-km TT was 187 beat·min-1 [182, 192] 

and 185 beat·min-1 [179, 190], respectively, whereas was 186 beat·min-1 [181, 191] and 185 

beat·min-1 [180, 191], respectively during the NAC trial. Mean power output and peak heart 

rate were not different between groups in the placebo or NAC trial. 
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Figure 5.4 Panel A shows completion time of a 1-km cycling time-trial by women naturally-

cycling (WomenNC) and women using combined, monophasic oral contraceptives (OC), after 

ingestion of a placebo beverage (PLA) and a beverage containing N-acetylcysteine (NAC). 

Individual participants’ completion time shown in light grey lines. Panel B (WomenNC) and 

Panel C (WomenOC) shows the mean difference (MD), as well as 90% (thick line) and 95% 

(thin line) confidence interval in completion time (s) between PLA and NAC. Panel D shows 

the parameter estimate of ‘Group’ with 90% and 95% confidence interval, from a linear model 

used to fit the difference in time between PLA and NAC, for each participant in the study, 

where the difference (yi) was calculated using the equation: yi = NACi – PLAi. The grey shaded 

areas on Panels B, C and D show the region of statistical equivalence, determined from 

reliability data to be within the bounds of 0 ± 4.8 s. Dark grey vertical lines on Panels B, C and 

D indicate zero difference. Completion time was not statistically different, and was statistically 

equivalent, between the PLA and NAC trial for WomenNC and for WomenOC. There was no 

evidence of a Group effect on the difference in completion time between the PLA and NAC 

trial, with performance considered statistically equivalent between groups, as the 90% CI of 

the MD fell within the equivalence bounds of 0 ± 4.8 s. 
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Figure 5.5 Cycling velocity split by the first 1-min (1) and from 1-min to task completion (2), 

demonstrates that women naturally-cycling (WomenNC) and women using combined, 

monophasic oral contraceptives (OC) adopted a positive pacing strategy during the 1-km 

cycling time-trial, after ingestion of a placebo beverage (PLA) and a beverage containing N-

acetylcysteine (NAC).  
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5.5 Discussion  

This study explored the effect of acute (1 h) oral NAC supplementation on the physiological 

and biochemical responses to exercise in WomenOC and WomenNC, in a double-blind, 

placebo-controlled, randomised, crossover experimental designed study, whilst controlling for 

menstrual cycle phase and OC phase. The results from this study indicate that i) OC-use is 

associated with elevated oxidative stress, inflammation (CRP) and ventilation during cycling 

at a fixed, heavy-intensity, ii) NAC attenuated the exercise-induced increase in lipid 

peroxidation (MDA) in WomenNC, but not for WomenOC, and iii) NAC did not affect 1-km 

cycling TT performance in either group. These results provide experimental evidence for 

variance in selective physiological and biochemical responses to exercise in women using OC, 

and the long term implications of this on exercise adaptations and/or exercise recovery should 

be investigated. 

 

OC and exercise physiology (placebo trial) 

Resting levels of MDA and CRP were significantly higher in WomenOC compared to 

WomenNC; these between-group differences persisted during the fixed-intensity cycling bout, 

as well as after a 1-km cycling TT. These observations are novel as no previous research has 

compared exercise-induced oxidative damage or CRP between users and non-users of OC in a 

controlled exercise or performance task. Nonetheless, previous studies have reported similar 

findings in resting indices of lipid peroxidation and CRP [21, 98, 125, 268]. This largely 

indicates that redox alterations observed during exercise are, in part, related to differences 

observed at rest. High concentrations of lipid peroxidation and CRP measured in the blood 

have been associated with oxidative processes and cardiovascular risk, respectively, often 

accompanying a decrease in cellular function [155, 183, 290]. The higher presence of blood 

biomarkers of oxidative stress measured in women using OC are likely to be derived from the 

metabolism of the exogenous sex steroids in the liver, which overwhelms conjugant pathways 

contributing to an increase in some liver proteins, RONS and oxidant damage [137].  

 

In addition to OC-use, exercise can increase RONS and subsequent oxidant damage by 

interacting with cellular lipids [329]. In support of this, our results suggest there was an 

exercise-induced increase in MDA in both groups during the placebo trial, and the mean 

increase from pre-exercise to post the 1-km TT , was +2.86 mmol·L-1 in WomenNC, whereas it 

was +5.22 mmol·L-1 in WomenOC. In contrast, Massart et al. [128] did not find any between-

group differences in absolute MDA concentrations after a combat (Judo) training session. 
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However, the authors did note that the percent change (i.e., pre- to post-exercise) was 

significantly larger in non-users (pre: 0.04 ± 0.01 μg.mL- 1 to post: 0.07 ± 0.01 μg.mL-1) 

compared to OC users (pre: 0.09 ± 0.01 μg.mL-1 to post: 0.13 ± 0.01 μg.mL-1). These 

differences may be surprising given that the absolute magnitude of change appears to be larger 

in the OC user group. The present study provides a deeper understanding of the changes in 

MDA between users and non-users of OC during a controlled exercise task, indicating that 

exercise may pose a further challenge for WomenOC to maintain redox homeostasis during 

exercise. Since accumulation of RONS during exercise can result in altered cellular redox 

signalling related to training adaptations and/or cellular function [329, 330], and excessive CRP 

and MDA production are associated with various pathological states [290, 331, 332], the long 

term consequences of this elevation in WomenOC should be examined in greater detail. In 

particular, mechanistic research is required to investigate the specific locations (tissues) or 

pathways (signalling molecules) for which OC-induced alterations in redox homeostasis at rest 

and during exercise have implications for training adaptations, recovery and possibly health in 

female athletes.  

 

There was a similar exercise-induced increase in a blood biomarker that reflects protein 

nitration (i.e., 3NT) after 40-min fixed-intensity cycling and after 1-km cycling TT compared 

to baseline in both groups. 3NT can act as a surrogate marker for the formation of a strong 

oxidant; peroxynitrite [333]. This is due to the reaction of a superoxide anion with nitric oxide, 

which forms peroxynitrite [333]. In the presence of peroxynitrite, the tyrosine residue of 

proteins can then undergo nitration, giving rise to 3NT. Previous research has reported plasma 

NO to be similar [100, 334], while tissue endothelial NO synthase mRNA levels to be higher 

[335] in women using OC compared to women naturally-cycling. Since the present study found 

no significant differences in 3NT between groups at rest or during exercise, this may indicate 

vascular oxidative stress related to superoxide and nitric oxide production and/or subsequent 

protein modification is not affected by OC use.  

 

An increased tolerance to RONS production (e.g., upregulation of endogenous antioxidant 

defenses) is an important aspect of physiological adaption. One important enzymatic-

antioxidant that is important for physiological function due to its ability to catalyse the 

breakdown of hydroperoxide is GPx. The present study found lower GPx at rest and during 

exercise in WomenOC compared to WomenNC. While GPx upregulates in response to skeletal 

muscle recruitment from regular exercise [131, 165, 167, 172], there was no exercise-induced 
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change in GPx in response to exercise in either group. This could possibly be due to the duration 

of the exercise task [173], or that the highest activity of GPx has been found in oxidative 

skeletal muscle fibres [165, 172], whereas we measured GPx in plasma. The homogeneity of 

the two groups, including training status supports that this finding is related to OC use over 

other contextual factors [336], and that previous research has noted similar findings of lower 

GPx in OC users at rest [21]. In contrast, there was no indication of between-group differences 

in non-enzymatic endogenous antioxidant defenses including thiols, TAC, albumin, and total 

glutathione. However, previous literature has found lipid-soluble antioxidants such as 

coenzyme Q10 [264], α-tocopherol [264] and β-carotene [20, 264] to be lower in women using 

OC compared to non-users. Collectively, our results, in conjunction with previous research 

suggest that only specific redox cycling pathways are affected by OC use and the impact of 

these specific pathways on biological function is relatively unexplored.  

 

In addition to differences observed in the blood biomarkers, the ventilatory response to fixed-

intensity cycling was different between groups (i.e., ventilation was 2.8 L·min-1 higher in 

WomenOC compared to WomenNC at Ex40), and the magnitude of difference was dependant 

on exercise duration. This finding has been noted during some studies [100, 112], but not all 

[111]. However, Lei et al. [111] did note a significant difference in ventilation during steady-

state cycling between the first week compared to the last week of active OC use. Since there 

has been limited research to support OC-induced changes in ventilation, this study provides an 

important contribution to the literature. A change in ventilatory drive is suggested to occur 

from the stimulatory effect of (synthetic) progestin on mechanisms relating to respiration, such 

as increased sensitivity of chemoreceptors [112]. This is also apparent for (natural) 

progesterone, whereby ventilation increases during pregnancy [337] and in the luteal phase of 

the menstrual cycle compared to the follicular phase [338]. Considering WomenNC were tested 

in the luteal phase when progesterone levels are at the highest concentration, it could suggest 

that progestin has more potent physiological effects related to respiration than progesterone. 

While ventilation was different between groups during fixed-intensity cycling, there were no 

differences observed in lactate, heart rate or perceived exertion between WomenNC and 

WomenOC during our exercise conditions, which is consistent with previous literature of 

exercise in similar temperature and humidity [99, 100, 111]. 
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NAC and exercise-physiology  

Another key finding was that lipid peroxidation (MDA) significantly increased during the 

fixed-intensity cycling bout and 1-km TT in WomenOC after NAC supplementation. In 

contrast, NAC blunted the exercise-induced increase in MDA in WomenNC. Indeed, a blunting 

effect of NAC on MDA is supported by previous research in men, whereby antioxidant 

supplementation mitigates exercise-induced increases in markers of oxidative damage [30, 196, 

339, 340]. Slattery et al. [30] reported lower post-exercise F2-isoprostanes and thiobarbituric 

acid reactive substances in well-trained male triathletes after 9 d of NAC supplementation. 

Additionally, Jówko et al. [339] found lower exercise-induced MDA concentrations after 4-

wk’s of polyphenol supplementation in male college sprinters. In the present study, plasma 

thiols increased in both groups after 1 hr of NAC ingestion, which remained elevated during 

exercise, providing evidence that antioxidant defense was increased in the plasma. Thus, the 

inability of NAC to blunt exercise-induced increases in MDA in WomenOC may reflect an 

OC-induced depletion of the body’s endogenous antioxidant capacity, likely resultant from 

excessive RONS production that is compounded from mechanisms related to both OC 

metabolism and exercise metabolism. It could also be postulated that a higher NAC dose in 

WomenOC may be required to observe a synonymous outcome. However, there is a greater 

risk of gastrointestinal discomfort with higher NAC doses (e.g., 140 mg/kg BM) [208]. Plasma 

total glutathione was lower in both groups after the 40-min cycling task and 1-km TT during 

the NAC trial compared to placebo. Previous research in men has reported an increase in total 

glutathione after NAC supplementation [196] or that it remains stable [187, 341], and this may 

be due to equivalent changes in the reduced to oxidised glutathione ratio [187, 208, 341]. Our 

finding of a reduction in total glutathione during exercise may represent a translation of NAC 

into specific pro-oxidants that  were quenched by glutathione [342, 343]. For example, thiols 

were elevated close to 5-fold in the plasma from acute NAC ingestion, which may have resulted 

in mixed disulphide formation [343]. Alternatively, glutathione is shuttled from the liver into 

the circulation during exercise and it could be hypothesized that increased thiols in the plasma 

affected complex signalling mechanisms related to the release of glutathione to the circulation 

[344]. Nonetheless, limited interpretation can be provided without other key redox biomarkers 

including reduced and oxidized glutathione. 
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NAC and performance 

Gross cycling efficiency significantly declined in both groups across the fixed-intensity cycling 

bout. However, it was interesting to note that NAC may have lessened the slope of the decline 

in gross efficiency during the fixed-intensity cycling bout. While not clearly different from a 

statistical standpoint, with the 95% CI just including zero (i.e., 0.001), the difference in gross 

efficiency between NAC and Placebo after 40 min of cycling was 0.48% (i.e., 0.012% x 40 

min), which could equate to meaningful performance improvement during a longer task, such 

as a 2-h performance test (i.e., 0.012% x 120 min) [345]. Nonetheless, the theoretical duration 

of this linear relationship is unknown. We are confident that this is a supplement effect since 

the bike dimensions, crank length and cadence and other factors that can alter the metabolic 

cost of cycling were controlled for within the study [345-349]. The mechanism that may 

support the preservation of cycling efficiency by NAC could be related to the maintenance of 

key ion transporter activity by reducing oxidant interference [24, 181] and/or via improved 

regulation of calcium release within contracting myofibers [179, 180].  

 

Despite NAC acting to preserve gross efficiency during cycling, and possibly having an effect 

on performance during submaximal exercise, there appeared to be no effect of NAC 

supplementation on 1-km TT performance in women with exogenous and endogenous sex 

hormones and thus, the data does not fully support our hypothesis. This null finding agrees 

with some studies [195, 196], but not all, whereby several studies have found oral NAC 

supplementation to have ergogenic effects on performance [30, 33, 34, 188]. NAC has been 

reported to improve repeat sprint cycling performance [30], performance of a repeated high-

intensity intermittent shuttle (running) test [33], maximum shuttle (running) sprint time [188] 

and cycling TT, Wingate and V̇O2peak [34]. Whereas, cycling TT performance [195], and high 

intensity cycling efforts [196] were not influenced by NAC supplementation. The incongruent 

findings may be related to a sex-specific differences in redox processes, the wide variety of 

exercise tasks including both sprint and endurance protocols, the length of supplementation 

period and/or the training status of recruited participants [181]. While the fixed-intensity 

exercise bout performed before the 1-km TT allowed us to characterize the physiological 

responses to exercise between the two groups, submaximal pre-fatiguing protocols have also 

been amenable to a performance improvement by NAC [33, 34]. Previous studies have 

employed intravenous NAC delivery or multi-day supplementation protocols, whereas the 

current study utilized a more practical single day supplementation regimen. While a significant 
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increase in thiols and possible preservation in efficiency provided evidence for altered blood 

redox status after acute NAC supplementation, perhaps this did not translate to a discernible 

change in skeletal muscle intracellular redox state, and function, as may occur with multi-day 

supplementation protocols. 

 

Study considerations 

An acute, same-day dosing study was employed over a chronic loading study given the 

complexities already established with menstrual cycle phase control. For example, multi-day 

supplementation requires a washout period and this would have surpassed the testing window 

of the mid-luteal phase. To provide us with the best chance of a successful supplementation, 

the protocol was carefully derived from data reported in previous literature that suggested 

plasma thiols increase after ingestion of NAC that is i) solution-based compared to capsule-

based and, ii) at least 70 mg·kg-1 of body mass 1-h before exercise [208], which is supported 

by our results. The outcomes of the study are limited by the selected blood biomarkers, as well 

as the sampling time points [241]. However, including more assays and measuring multiple 

post-exercise samples (e.g., 30-min or 1-h into recovery) were not within the constraints of the 

study. A further limitation may be the choice of redox assay, as the TAC assay does not identify 

specific antioxidants present in plasma and the MDA assay used may potentially react with 

other aldehydes in plasma and not just those derived from lipid peroxides [311]. A strength of 

the present study was the rigorous inclusion criteria for WomenNC and a three-step method to 

determine the mid-luteal phase. This selective recruitment strategy, as well as other contextual 

factors such as pregnancy or changing OC formulas part-way through the study introduced 

high attrition rates, which limited participant numbers. Nonetheless, the nature of the study 

design (i.e., cross-over experimental) represents a strength that accounted for some of the 

individual variation. While the participants’ OC contained one of three different progestins, the 

elevation in oxidative stress is predominately associated with the metabolism of ethinyl-

estradiol rather than progestin so it is not anticipated that this would have influenced the 

between-group outcomes for our primary aims [126]. However, other parameters such as 

ventilation may be influenced by the androgenicity or the concentration of the progestin and is 

a limitation to the current design. Lastly, the results should be extrapolated to elite female 

athletes with caution as all participants were recreationally-trained.  
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Conclusion 

The present study demonstrated that WomenOC have altered levels of oxidant damage to lipids 

and inflammation, specifically increased MDA and CRP during heavy-intensity and sprint 

cycling compared to WomenNC. Another key finding was that acute NAC supplementation 

(i.e., 1-h prior to exercise) increased plasma thiols in both groups, which blunted the exercise-

induced increase in MDA in WomenNC, but not in WomenOC. These findings provides 

preliminary evidence for increased strain on the endogenous antioxidant system during exercise 

when using OC, nonetheless, there was no evidence of a deleterious effect on sprint cycling 

performance.  
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CHAPTER 6: Thesis summary  

 

6.1 Thesis discussion 

The advancement of sporting pathways and increased professionalism for female athletes 

playing contact sport has increased dramatically in the last 5 years [350] and this is likely to 

have ongoing expansion. Female athletes have unique physical and physiological 

characteristics that may affect competition load when compared to male athletes. As such, there 

is a requirement for more sports science research to be conducted in women that examines 

movement patterns and female-specific physiology relevant for contact sports such as rugby 

league. While the external load of players during rugby league can be measured ‘in the field’ 

with validity and reliability [351], it is difficult to robustly measure physiological and 

biochemical responses to exercise in an applied setting due contextual factors. Therefore, the 

purpose of this thesis was to report on the movement patterns of women playing rugby league 

during international competition for immediate application in training prescription programs, 

and secondly, to conduct foundational studies in a controlled, laboratory environment that can 

eventually be built upon for future applied rugby league research in women. 

 

Prior to this thesis, there was no published research examining the external loads of women 

playing rugby league. As such, training programs were delivered from the intellectual 

knowledge of practitioners, as well as GPS data derived from men playing rugby league. 

Chapter 2 described the external loads covered during international rugby league matches 

played by the Australian Rugby League Women’s team [352], which indicates that players 

cover a greater total distance in the first half (3333 m) compared to the second half (3249 m) 

of international (80 min) match-play. Similar to data derived from men playing rugby league 

[47], the data from Chapter 2 demonstrated that there were positional differences in the distance 

traveled in various speed zones. Specifically, players positioned as a ‘back’ performed more 

walking (< 6 km·h−1) and sprinting (> 15 km·h−1) than players positioned on the field as a 

‘forward’. There was also a ~40% decline in match-intensity across the duration of the first 

half, which highlights that training programs should be designed to evoke improvements in 

high-intensity running capacity. Following publication of Chapter 2 [352], our research group 

characterized the movement patterns of female players in the domestic rugby league 

competition in Australia [353], which will help to refine training programs to prepare players 

for the demands of 60-min rugby league matches. Notable was the shift in match intensity 
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(mean speed) recorded in forwards during the 60-min NRLW matches (~78 – 83 m·min−1) 

compared to the 80-min international matches (~71 m·min−1), whereas the match intensity of 

wingers and backs were relatively comparable between domestic and international competition 

[352, 353]. Furthermore, intensity (m·min-1) in multiple speed bands significantly decreased 

during the second half compared to the first half of international matches, whereas, the intensity 

was maintained across both halves in the domestic NRLW matches. The preservation of match 

intensity in NRLW matches may be due to an improvement in the physical performance of 

players [354], the reduction in playing time (60 min compared to 80 min) and/or team tactics 

based on the opposition. Despite the successful characterisation of match movement patterns 

in female rugby league players achieved by this work [352, 353], there is still more research 

that can be performed to guide the prescription of training and recovery in women playing 

rugby league. One such area is blood biomarker monitoring, which may provide insight into 

how players are coping with the demands of training and competition [7]. One downfall is that 

majority of the available research has validated the use of blood biomarker monitoring for 

assessment of physiological responses to rugby league training load and recovery in men 

[8, 10, 11, 16]. It is clear that outcomes from these studies cannot be extrapolated to women 

given that it is relatively unknown as to how endogenous and exogenous female sex hormones 

influence these blood biomarkers. For example, Souglis et al. [355] demonstrated that protein 

carbonyls (lipid peroxidation biomarker) returned to baseline five days after a soccer match in 

women but not their counterpart men of the same playing position. However, this study did not 

report on whether these women were using hormonal contraceptives or make any note of their 

menstrual cycle phase during testing. A greater understanding of the female participants 

hormonal status would improve the quality of the data and, therefore, practical application of 

the findings. Indeed, there was a paucity of literature that described the ‘typical’ variation in 

blood biomarkers in women across their menstrual cycle or in women using OC; the latter is 

important to consider since one third of women playing in elite-level football codes in Australia 

are using hormonal contraceptives [17]. However, the interpretation of blood biomarker 

monitoring is difficult in athletic team-sports due to an (often) uncontrollable environment, 

large inter-individual variation in menstrual cycle phase and use of hormonal contraceptives. 

As such, before blood biomarker monitoring can be employed ‘in the field’ to understand the 

responses to training load and recovery in female athletes, it was imperative to understand 

how blood biomarkers respond to different phases of the menstrual cycle and weeks of OC use 

in a controlled laboratory environment. Blood biomarkers are typically assessed via a sample 

of saliva, urine or blood, which are analysed in a laboratory by highly skilled technicians using 
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expensive procedures that can take several hours or days. This poses an issue for the routine 

measurement of blood biomarkers in elite sport. Portable POC devices have become available 

to make this process easier to conduct in the field, with such tests offering convenience, rapid 

results and the ability to make swift decisions on manipulation in training load and recovery. 

However, whether measurements can be taken reliably will contribute to their uptake in elite 

sport. In light of the unknown influence that endogenous and exogenous female sex hormones 

have on blood biomarkers, and whether POC tests (i.e., FORT and FORD) can be used to 

reliably assess between-day responses at rest, and in response to exercise, a series of laboratory-

based studies (Chapter 3-5) were designed that had rigorous control over these considerations.  

 

Chapter 3 explored the reliability of intra- and inter-day and pre- to post-exercise measurements 

of oxidative stress (i.e., FORT/FORD) using a practical POC analyser [279]. Previous research 

demonstrated that FORT and FORD had acceptable within-day reliability at rest [236]. 

Nonetheless, if these tests were to be used across a rugby league season or for a multi-week 

tournament (e.g., 2021 Rugby League World Cup), it was critical to further identify their 

between-day reliability. Extending on the findings of Lewis et al. [236], the data from Chapter 

3 demonstrated that the POC tests could reliably assess between-day resting measures of FORT 

and FORD from capillary samples with a CV of 4.55% and 4.78%, respectively. Furthermore, 

there was no significant difference in the magnitude of change in FORT and FORD in response 

to exercise between-days. The contribution of this work to the field supports that these tests 

could be employed after exercise (e.g., rugby league match) to assess the acute change in 

oxidative stress or for resting longitudinal monitoring purposes. Previous research has 

identified increases in blood biomarkers of inflammation, muscle damage and perceptual 

measures of muscle soreness that persist for at least 48 hr after rugby league matches played 

by men [356]. The assessment of FORT and FORD in athletes may complement these types of 

assessments to better understand responses to training load and competition, and are arguably 

more convenient than other blood biomarkers such as creatine kinase or CRP due to ability of 

the device to provide rapid results.  

 

Given that the findings of Chapter 3 demonstrated acceptable between-day reliability in the 

FORT and FORD tests, these POC tests were implemented in Chapter 4 (Study 3) to evaluate 

oxidative stress across the menstrual cycle or one month of OC use to explore temporal changes 

in oxidative stress with varying sex steroids (endogenous and exogenous). In addition to the 

POC tests, this study employed a wide array of validated blood biomarkers representing lipid 
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peroxidation (e.g., MDA), an enzymatic antioxidant (i.e., GPx), and non-enzymatic 

antioxidants (e.g., TAC). A key finding of this study was that there were temporal changes in 

resting oxidative stress with habitual OC use. Lower concentrations of FORT, MDA and CRP 

were observed during InactiveOC compared to the Late-activeOC. As participants had 

habitually used OC for at least 12 months prior to testing, it could be reasonable to suggest that 

this pattern of change in FORT, MDA and CRP is cyclical every month. The mechanism of 

OC-induced oxidative stress is linked to factors relating to liver function [137, 138], therefore, 

a gradual increase in oxidative stress across the month may also indicate an incremental burden 

placed on the liver during active OC use. The Faculty of Sexual and Reproductive Healthcare 

advise women of no health benefit from using inactive OC to induce a withdrawal bleed [357]. 

However, the findings of Chapter 4 may suggest re-evaluating this advice in particular 

situations such as increased training volume where it may be advantageous to lower OC-

induced CRP and oxidative stress for subsequent recovery of muscle function [358] by using 

the inactive OC week. It was also interesting to note that resting CRP and FORT  concentrations 

reported in the recreationally-trained WomenOC of the present thesis were comparable to those 

reported previously in elite female athletes using OC [98, 268]. Therefore, the biological shift 

in oxidative stress and CRP induced by OC use is of sufficient magnitude to overcome training-

induced antioxidant adaptations in elite female athletes. This shift in baseline oxidative stress 

could also be suggested to be a new ‘set point’ of biological function. However, since there 

were transient changes in some blood biomarkers (e.g., MDA, CRP, FORT) across the month 

in women using both active and inactive OC, this may hinder the body adapting to a new set 

point. Whereas, if women continuously use active OC it could be hypothesized that these 

biomarkers are no longer transient and remain at a higher baseline or ‘set point’. The 

implications of transient changes in the redox environment compared to a steady, but higher 

‘set point’ of oxidative stress remains to be elucidated in young, physically active women using 

OC. In addition to these temporal changes, there was significantly lower GPx and FORD in 

WomenOC regardless of time point (i.e., main effect of Group) indicating that while there are 

temporal changes with habitual OC use, some redox pathways are chronically affected; the 

implications of this are currently unknown. Conversely, there were no significant changes in 

blood biomarkers of oxidative stress across the menstrual cycle in WomenNC, however, this 

does not mean fluctuations do not exist. There is little consensus on whether blood biomarkers 

of oxidative stress fluctuate across the menstrual cycle, likely due to high inter-individual 

variations in redox physiology [27, 34], and indeed, each individual’s menstrual cycle has its 

own inherent fluctuations [359] that may hinder the identification of true individual changes. 



129 
 

While the purpose of this study was to compare the temporal changes in oxidative stress 

between OC users and naturally-cycling women, additional longitudinal research across the 

menstrual cycle using advanced statistical approaches, such as an adaptive Bayesian network 

approach to model the menstrual cycle and associated blood biomarkers would support a more 

individualized monitoring approach, particularly for high-performance sport.  

 

When assessing the data of WomenOC presented in this thesis, the mean FORT values reported 

in Chapter 3 (3.22 ± 0.49 mmol·L-1 H₂ O₂ ) were observed to be less than the mean FORT 

values presented in Chapter 4 (4.68 ± 0.57 mmol·L-1 H₂ O₂ ). On further investigation, 9 out 

of 12 (i.e., 75%) of participants recruited in Chapter 3 were using a second generation OC 

whereas, only 5 out of 12 (i.e., 42%) of participants recruited in Chapter 4 used this same 

generation. When comparing the FORT values measured in women reporting use of second 

generation OC, compared to fourth generation, average FORT values were approximately 43% 

higher (p < .001) in fourth generation users (Appendix A). Previous research has demonstrated 

increased cardiovascular risk with the third and fourth generations compared to the second 

generation of OC [360], which may be related to the androgenic properties of levonorgestrel 

(contained in second generation OC’s) that counteracts the ethinyl-estradiol-induced 

production of hepatic proteins [360]. Differences in OC formulations may, in part, explain the 

range of FORT values presented between studies [98, 126, 279]. While more research is 

required to understand the implications of elevated lipid peroxidation in women using OC, it 

is possible that some OC formulas may be better suited to females in particular sports (e.g., 

second generation for rugby league players). Nonetheless, these types of recommendations are 

not possible without more research. 

 

Considering the observations from Chapter 4 that indicated high resting indices of oxidative 

stress and CRP when using active OC, it was of interest to further resolve whether 1) the OC-

induced increase in resting oxidative stress persist during exercise, and if so, 2) can antioxidant 

supplementation alleviate the elevated oxidative stress in women using OC? In addition, the 

findings from Chapter 4 guided the study design of Chapter 5, whereby the exercise trials were 

scheduled within a 5-d window, and on the same day of the OC pill packet each month to 

reduce variability in resting concentrations of blood biochemistry (e.g., MDA, CRP). Within 

Chapter 5, the placebo trial enabled the characterization of changes in blood oxidative stress in 

response to fixed-intensity exercise between WomenOC and WomenNC (i.e., what is a 

‘typical’ physiological response to exercise?). This demonstrated that WomenOC had higher 
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MDA and CRP during exercise; whereas GPx was lower compared to WomenNC. 

Furthermore, WomenOC had significantly higher ventilation in response to the same relative 

workload as WomenNC during fixed-intensity cycling. However, there was no evidence that 

OC impaired cycling efficiency or increased perceived exertion during submaximal cycling. 

NAC likely preserved cycling efficiency in both groups during the fixed-intensity cycling bout, 

but did not influence RPE or heart rate. As the margin of difference in cycling efficiency 

between the placebo and NAC trial increased with duration of exercise, it could be 

hypothesized that NAC is more effective in longer events where preservation of cycling 

efficiency is a determinant of performance (e.g., ≥15 km cycling TT). Another effect of NAC 

supplementation was that it blunted exercise-induced increase in MDA in WomenNC, but not 

WomenOC. Given that MDA was higher at rest in WomenOC, which was also supported by 

the findings of Chapter 4, collectively these observations may indicate that the additive 

challenge of exercise-induced RONS surpassed that of the molecules orchestrating the 

antioxidant defense system, regardless of assistance from NAC. Nonetheless, this did not 

translate to a performance decrement in the 1-km cycling TT. While previous research has 

identified performance improvements with NAC supplementation [30, 33], our findings may 

be related to the duration of supplementation protocol or the type of performance test used.  

 

6.2 Thesis considerations 

Chapter 2 of this thesis was the first study to characterize the movement patterns of elite female 

rugby league players during match-play. While the findings are derived from only one rugby 

league team, the Australian Rugby League Women’s team was arguably the world’s best rugby 

league women’s team during data collection having won the previous two world cup 

competitions. Since there were minimal opportunities for females to compete in professional 

rugby league matches there was also a small number of match files available for analysis. 

Furthermore, the movement pattern characterization was based on total and relative distance, 

as well as the distance accumulated in velocity thresholds. It is likely that including acceleration 

metrics and the number of collisions would have provided a more thorough characterization of 

the movement patterns of elite female rugby league players during match-play. However, these 

metrics were not included because the GPS units that were available to the team did not have 

the capacity to derive these variables. 

 

Redox status was determined from blood samples (plasma and whole blood) in Chapters 3, 4, 

and 5, which limits the interpretation of redox alterations that may occur in other tissues such 



131 
 

as skeletal muscle. However, it should be noted that a systematic review of redox analysis in a 

variety of samples suggests blood biomarkers including GPx and MDA have good agreement 

with muscle tissue and other organs [361]. Within the blood, there are several biomarkers that 

reflect oxidative stress. While we made an effort to select a number of blood biomarkers that 

provide a valid reflection of redox status, there are several others that were not included within 

each chapter due to analysis capabilities such as budget. Indeed, finance is also a consideration 

for oxidative stress monitoring and biological monitoring in general in an applied environment. 

However, the financial burden of POC biochemical analysis is decreasing with the 

advancement of biotechnology. One other consideration to the design of the studies that utilized 

FORT and FORD POC testing was the fasted state of the participants. Since fasting is 

sometimes impractical in an applied sports science environment, the dietary impact of these 

biomarkers require examination. 

 

A strength of the experimental studies in this thesis was the stringent inclusion and exclusion 

criteria and the three-step method for menstrual cycle phase verification. Unfortunately, a 

consequence of these requirements was the exclusion of many willing subjects. One of the 

main reasons for exclusion were hormonal disturbances (e.g., amenorrhea, oligomenorrhea, 

endometriosis), which was also a reason as to why these participants were eager to volunteer 

i.e., in exchange for personalized data and anticipated education on this topic (personal-

communication). This may indicate that access to female endocrinology resources is lacking 

for women and thus, women are seeking information from researchers in this area. In addition 

to the stringent inclusion and exclusion criteria, the specificity of the day of each experimental 

trial relative to each subject’s menstrual cycle phase (i.e., little flexibility with allocated testing 

days) in Chapter 4 and 5, as well as the total duration of the study in Chapter 5 (four to six 

months per participant) led to a high participant attrition rate. Nonetheless, data collection for 

Chapter 5 spanned two and a half years to increase the time frame for expressions of interest 

in anticipation of participant attrition. 

 

The influence that exogenous and endogenous female sex hormones have on physiology is yet 

to be fully elucidated. As such, there was a shift from applied sports science research to well-

controlled study designs conducted in a laboratory. As a result of this, the research had reduced 

specificity towards the sport of rugby league but allowed the research outcomes to provide a 

robust, and more broadly appreciated understanding of female physiology. For example a 

fixed-intensity exercise protocol was utilized over repeated sprints in Chapter 5 so that the 
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physiological responses in WomenNC and WomenOC could be interrogated during a relative-

intensity continuous exercise bout. While repeated sprints may better replicate rugby league 

exercise, this increases the inter-individual variability of total work performed which would 

likely mask any OC-induced changes in ventilation and other physiological variables. 

Furthermore, to conduct a double-blind, placebo-controlled, randomised, crossover design 

study whilst controlling for menstrual cycle phase and OC phase, it required participants to 

attend the laboratory across several consecutive months. The sheer timeline of volunteered 

hours was not viable for elite female athletes. Furthermore, the timeline of testing would have 

crossed into more than one training block resulting in changes in training load during the study, 

and lastly there were considerations regarding the consent of novel dietary supplementation for 

research. Indeed, the last study that was designed for inclusion into this thesis, but unable to be 

conducted due to Coronavirus Disease 2019 restrictions, aimed to recruit elite female rugby 

league players, and would have likely tied the Chapters of this thesis together more succinctly.  

 

One other factor that may influence OC-induced alterations in resting physiology and the 

physiological responses to exercise is the androgenicity of the progestin. For example, our 

findings presented in Appendix A (Figure 1A) and that of Cauci et al. [126] suggest that the 

second generation of OC is associated with the lowest levels of lipid peroxidation (FORT) 

compared to the third and fourth generation of OC. While we recruited female subjects without 

controlling for the generation of OC formula, it should be highlighted that when compared to 

naturally-cycling women, OC users who consume the second-generation formula still have 

significantly elevated levels of FORT. Given that oxidative stress was a primary outcome 

measure for Chapters 3, 4, and 5 of the experimental studies in this thesis, these findings justify 

our inclusion of the second-generation OC users. 

 

6.3 Practical applications  

This thesis has important implications for researchers and applied sports science practitioners 

working with females in contact team sports, particularly rugby league. The outcomes from 

Chapter 2 for the first time, have comprehensively described the movement patterns of 

arguably the best rugby league women’s team in the world and this data can be used to design 

conditioning programs with greater specificity for women. Indeed, this data was shared with 

the NRL and has been implemented in the elite rugby league women’s training programs. For 

example, the identification of a decline in match-intensity by 40% provided an impetus to 

enhance high-speed running ability in the elite squad. 
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The use of FORT and FORD to rapidly and reliably assess oxidative stress can advance 

biological monitoring capabilities in professional and Olympic sports. Biological monitoring 

is in part, implemented to reduce the risk of injury, illness, and non-functional overreaching  

[362], all of which have been previously associated with oxidative stress [15, 28]. While these 

tests are not intended for diagnostic purposes, the application of these tests could be used to 

provide greater insight (or foresight) into how the body may be recovering from collisions 

sustained in rugby league or adapting to increased training load. Indeed, biological monitoring 

for individual athletes may be optimised using bioinformatics to identify individual thresholds 

for a meaningful change in oxidative stress. While identifying thresholds across several weeks 

may be one-dimensional for men, Chapter 4 highlights that methods used to identify individual 

thresholds in women using OC would need to take into consideration the changes in redox 

status relative to the week of OC use.   

  

Chapter 4 provided tightly controlled within- and between-participant comparisons of OC users 

and naturally-cycling women across 4-wk. After one week of inactive OC use, there was a 

transient increase in oxidative stress concomitant with the days of active OC use, which 

indicates that caution should be employed when designing research studies reliant on stable 

blood biomarker profiles. Furthermore, when blood tests are conducted for athlete screening or 

monitoring, it is recommended to record the day of OC use and whether the inactive OC week 

is habitually used (alike to noting the day of the menstrual cycle) for greater accuracy when 

interpreting the data. Indeed, more research needs to include women and these commentaries 

should not justify the exclusion of women from research but offer contextual considerations. 

These recommendations can be extended upon from the outcomes of Chapter 5, whereby it is 

strongly encouraged for sports scientists working in high-performance sporting organizations 

to record whether an athlete has natural, regular menstrual cycles or is using hormonal 

contraception when undertaking physiological testing in a laboratory. The results of Chapter 5 

indicate that ventilation is significantly higher during prolonged, fixed-intensity cycling in 

WomenOC compared to WomenNC. As such, cardiopulmonary data collected to determine the 

ventilatory thresholds are likely to be affected in female athletes that switch between using OC 

and naturally-cycling in an ongoing manner. Ignorance of the influence of OC on physiological 

responses to exercise may impact feedback to the coaches and/or athlete on physiological 

adaptations to training.  

 



134 
 

Acute (1 hr) supplementation with NAC (70 mg·kg-1 body mass followed by 30 mg·kg-1 body 

mass) before exercise was sufficient to increase plasma thiols and may have improved 

efficiency during prolonged, heavy-intensity cycling. This may appeal to athletes competing in 

high-intensity endurance sports (e.g., 15 km cycling TT, 10 km run, or sprint distance 

triathlon). However, the use of NAC as an ergogenic aid in sport is relatively under explored 

compared to other efficacious nutritional strategies such as β-alanine. Therefore, further 

investigation for optimal dosing protocols and sporting events where NAC may have the most 

impact, and least gastrointestinal disruption is required. The observation that NAC was able to 

blunt the exercise-induced increase in MDA in WomenNC, but not WomenOC, in Chapter 5 

provides preliminary evidence for increased strain on the antioxidant system during exercise 

when using OC. This could suggest that women using OC may benefit from targeted nutritional 

support to counteract these changes in the redox environment induced by exogenous sex steroid 

use. Nonetheless, we did not find any change in 1-km TT performance after NAC 

supplementation, so without further research there is inconclusive evidence to recommend 

antioxidant supplementation in women using OC for performance related outcomes.  

 

6.4 Future directions 

Using the findings of this thesis as a platform to inform future sports science research in 

women, subsequent studies may look to employ longitudinal oxidative stress monitoring using 

FORT and FORD in an elite rugby league women’s team across a multi-week competition. In 

fact, a study of this nature had been designed, and was intended to be the last experimental 

chapter of this thesis. However, data collection was interrupted by the strict protocols that were 

implemented into professional rugby league teams during the 2020 COVID19 outbreak.  

 

While our research established that oxidative stress and CRP are elevated during exercise in 

OC users compared to naturally-cycling women, future research is required to establish the 

clinical or performance-related significance of these findings. For example, measurement of 

skeletal muscle biopsies and redox-related molecules involved in training adaptation pathways 

during exercise would help to clarify whether physiological adaptations related to RONS 

signalling are affected by OC use. Extending on this, it would be of interest to determine 

whether the higher indices of CRP and oxidative stress (WomenNC v WomenOC and 

InactiveOC v ActiveOC) impacts recovery after prolonged, high-intensity exercise [360]. 

Furthermore, it would be of interest to quantify whether the different types (e.g., implants, 

intrauterine devices, OC) and formulations (e.g., second, third, fourth generation) of hormonal 



135 
 

contraceptives play a role in recovery rates (e.g., +24 h, +48 h, or >72 h) of tissue damage, 

inflammation and oxidative stress blood biomarkers from contact sports such as rugby league.  

Indeed, future research may look to re-test the hypothesis from Chapter 5 by employing a 

longer NAC dosing protocol, as well as testing a variety of exercise modalities and durations 

for a possible ergogenic effect of NAC on performance in women using OC. Lastly, the 

participants recruited into Chapter 5 completed a fitness screening to ensure they had a 

reasonable level of aerobic fitness, however, the blood redox responses to exercise reported in 

Chapter 5 need to be clarified in elite female athletes using OC.  

 

6.5 Summary 

This thesis addresses, in part, the under-representation of women is sports science research by 

presenting experimental chapters that are focused on female physiology and performance. The 

external output including total and relative distance, as well as the distance accumulated in 

velocity thresholds of females during international rugby league matches are now documented 

for practitioners to implement in training programs with better specificity to women playing 

rugby league (Chapter 2). In addition to external load monitoring, the findings from Chapter 3 

provide practitioners with a reliable longitudinal monitoring tool for the evaluation of oxidative 

stress, which could be used across multi-week team sport competitions to make informed 

decisions about recovery and reduce the risk of illness, injury or possibly non-functional 

overreaching. It was a key aim of this thesis to embrace some of the methodological challenges 

associated with research in women such as controlling for menstrual cycle phase. The 

implementation of specific study design elements allowed for a greater interrogation into 

female physiology at difference time points of the menstrual cycle and OC weeks. Chapter 4 

highlighted that women using OC can have variable physiology across a training phase e.g., 4-

wk mesocycle given that CRP and blood oxidative stress biomarkers gradually increased across 

a month of habitual OC use. Furthermore, the assessment of physiology during a controlled 

exercise trial in Chapter 5 with and without NAC supplementation provided evidence for 

changes in the physiological response to exercise in women using OC. Specifically, the key 

findings were that WomenOC had higher ventilation, oxidative stress and a marker of 

inflammation (CRP), while GPx was lower during heavy-intensity exercise compared to 

WomenNC. While the OC-induced changes in physiology are intriguing and may have 

implications to signalling pathways related to training adaptations, there was limited evidence 

identified to suggest these translate to alterations in exercise performance.  
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Appendix A: Comparison of Free Oxygen Radial Test in women using different 

generations of oral contraception. 

This Appendix to the main text, provides results of an exploratory analysis using data presented 

in Chapter 3 and Chapter 4. The aim of this was to interrogate the effects of OC generation on 

FORT. The generation of OC used by participants recruited into Chapter 3 and Chapter 4 are 

shown in Table A1. A one-way ANOVA with post-hoc (Tukey) was performed in R software 

[218]. Results are presented in Figure 1A. FORT was lower in WomenNC (luteal) compared 

to women using second generation OC (p = 0.014; MD [95% CI] = 0.70 mmol·L-1 [0.16, 1.24]). 

However, women using second generation OC had lower levels compared to those using fourth 

generation OC (p < 0.001; MD [95% CI] = 2.94 mmol·L-1 [1.30, 2.58]). Statistical analysis 

was not performed for the third generation of OC as this was only used by one participant (n = 

1). However, one recent study has reported that FORT concentrations are not different between 

the third and fourth generation of OC [126].  

 

 

 

Table A1. The generation of monophasic, combined oral contraceptive (OC) used by women 

(WomenOC) recruited in Chapter 3 and Chapter 4. 

Thesis Chapter Progestin of WomenOC Generation of OC 

Chapter 3  Levonorgestrel (n=10) 

Desogestrel (n=1) 

Cyproterone acetate (n=1) 

Drospirenone (n=2) 

Second 

Third 

Fourth  

Fourth 

Chapter 4  Levonorgestrel (n=5) 

Cyproterone acetate (n=3) 

Drospirenone (n=4) 

Second  

Fourth  

Fourth 
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Figure 1A. A comparison of blood lipid peroxidation via Free Oxygen Radical Test (FORT) 

in women naturally-cycling (WomenNC; Luteal phase) to the generation of oral contraceptive 

(OC) used by women (Panel A), and compared to all generations of OC used by women 

(WomenOC; Panel B). Values are mean [95% CI]. Second generation OC containing 

levonorgestrel; third generation OC containing desogestrel; and fourth generation OC 

containing drospirenone, cyproterone, and dienogest. *Statistically significant between groups 

indicated; p < 0.05. 
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