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PREFACE 

 

“Women have natural strength in stamina and endurance and they will  

be increasingly competitive in ultra-marathons.” 

CATHERINE SPRITZER 

 

 

Over 10 years ago, as a young adult, I was introduced to the sport of long-distance 

running. I quickly developed a passion for ‘pounding the pavement’ and it is still a 

great hobby of mine. It was my interest in endurance training and performance that 

sparked my initial curiosity in sport science. I had heard anecdotal stories from 

recreational runners, competing athletes, and coaches that when it came to periods of 

high-volume training, generally females proved to be ‘tougher’ than males. A running 

coach once told me that his female athletes could train much harder and for longer, 

yet still recover better than his male athletes. I found these anecdotal reports 

regarding women and long-distance running intriguing.  

It was not until my final year of undergraduate study that I had an overwhelming 

awareness that historically, the inclusion of female subjects in sport science research, 

particularly that pertaining to athletic performance, was not general practice. It was 

not uncommon to read sport science literature that had excluded female participants 

because it was identified that gender and menstrual cycle differences in hormone 

concentrations diminished experimental control. On the other hand, I became 

increasingly conscious of scientific researchers who were interested in the effect of 
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endogenous female sex hormones on the exercise response, particularly in the areas of 

metabolism and muscle damage. Could the anecdotal reports of improving 

performance with increasing exercise duration in women be attributed to the presence 

of endogenous female sex hormones?  

With the increasing use of oral contraceptives among women, the effect of high 

concentrations of exogenous female sex hormones and low concentrations of 

endogenous female sex hormones on the exercise response is of growing importance. 

Could the long-term suppression of endogenous female sex hormones diminish the 

‘toughness’ in female athletes? In 2011, when Chrissie Wellington completed Ironman 

South Africa running a marathon time that was faster than all the men in the field, I 

couldn’t help but wonder what her hormonal profile might look like? 

This thesis is written in six parts: Chapter 1 provides an overview to the potential role 

of estrogen in the exercise response.  Specifically, the effect gender and the long-term 

suppression of endogenous estrogen with oral contraceptive use on the exercise 

response are explored. The responses to intense, lower-body eccentric resistance-

exercise (i.e., exercise-induced muscle damage) and high-intensity cycling (i.e., 

endurance-exercise performance) are the key focus of Chapter 1. Chapter 1 concludes 

with the research aims that are addressed in the thesis. Chapter 2, 3 and 4 provide 

detail of the three research experiments that were conducted to address the research 

aims. Each of these chapters includes an independent introduction, methods, results 

and discussion section. Chapter 2 is a comprehensive investigation of the effect of 

long-term oral contraceptive use on determinants of endurance performance and 
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endurance-exercise performance. Chapter 3 focuses on the role of gender and oral 

contraceptive use in the response to muscle damage after intense, lower-body 

eccentric resistance-exercise. Chapter 4 examines the effect of exercise-induced 

muscle damage on the responses to submaximal exercise in men, normally-

menstruating women, and women using oral contraceptives. An overall summary of 

experimental findings is featured in Chapter 5, along with a statement of conclusions. 

Chapter 6 expands on the method sections of Chapter 2, 3 and 4 and provides 

additional and more detailed information regarding the experimental design, subject 

selection and screening, laboratory set up and equipment, data analysis and 

calculations used in this thesis.   

 

Sarah M. Joyce 
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SUMMARY 

 

The primary aim of this thesis was to investigate the effect of gender and oral 

contraceptive use on the responses to eccentric resistance-exercise and endurance-

exercise performance. The results of the three experiments conducted to achieve this 

aim are presented in this thesis. All subjects included in the present experiments were 

recreationally active individuals (exercised > 3 d·wk-1 for 30 min·session-1) that did not 

participate in regular cycling exercise or regular resistance-exercise training.  

The aim of experiment one was to examine the effect of long-term oral contraceptive 

use on endurance-exercise performance in recreationally-active women. Eight 

normally-menstruating women, not taking oral contraceptives (WomenNM) and eight 

women taking oral contraceptives (WomenOC) performed an incremental cycling test 

to determine peak O2 uptake and to estimate the anaerobic threshold (AnT). Subjects 

also completed a continuous submaximal cycling test across three work stages (two 6 

min work stages performed below the AnT, and one work stage performed above the 

AnT to exhaustion). Pulmonary gas exchange, heart rate, blood pressure, blood lactate 

concentration ([La-]), and rate of perceived exertion were measured throughout, and 

cycling economy was calculated. Physical characteristics were comparable between 

the groups (p > 0.05). Peak O2 uptake (WomenNM, 2.59 ± 0.50 L·min-1; WomenOC, 

2.13 ± 0.20 L·min-1) and O2 uptake at the AnT (WomenNM, 1.47 ± 0.27 L·min-1; 

WomenOC, 1.18 ± 0.15 L·min-1) were significantly different between the groups (p < 

0.05). Expired minute ventilation, heart rate, blood pressure, [La-1] and cycling 

economy for all constant-load work stages were not significantly different (p > 0.05) 
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between the groups. Furthermore, time to exhaustion for severe-intensity cycling was 

similar (p > 0.05) between WomenNM and WomenOC. The results of experiment one 

suggest that peak O2 uptake and O2 uptake at the AnT are reduced after long-term use 

of oral contraceptives, but taking oral contraceptives does not alter endurance-

exercise performance.  

The purpose of experiment two was to examine the influence of gender and/or the use 

of oral contraceptives on muscle damage and leg strength after intense, lower-body 

eccentric resistance-exercise. Nine MEN, nine normally-menstruating women (i.e., 

WomenNM), and nine women using oral contraceptives (i.e., WomenOC) participated 

in experiment two. Subjects performed 240 maximal-effort bilateral eccentric 

contractions of the quadriceps muscle groups designed to elicit exercise-induced 

muscle damage (EiMD). Serum creatine kinase (CK), myoglobin (Mb), and fatty-acid 

binding protein (FABP) concentration was measured before (pre) EiMD, as well as 0, 6, 

24, and 48 h after (post) EiMD. Peak isometric quadriceps torque (i.e., leg strength) 

was measured pre EiMD, as well as 24 and 48 h post EiMD. The increases in CK, Mb, 

and FABP concentrations from pre to post EiMD were greater in MEN and WomenOC 

compared to WomenNM (p < 0.05). The decline in leg strength was about 10% pre to 

24 h post EiMD in all groups and decreased a further 10-15% by 48 h post EiMD in MEN 

and WomenOC only. The findings of experiment two suggest an important role of 

endogenous estrogen in blunting the muscle damage response to intense eccentric 

resistance-exercise, and preserving muscle function after EiMD. 
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The purpose of experiment three was to determine if gender and/or the use of oral 

contraceptives would alter the responses to heavy-intensity cycling performed with 

EiMD. Subjects performed a three-stage cycling test 48 h before and 48 h after 240 

maximal-effort bilateral eccentric contractions of the quadriceps muscle group 

designed to elicit EiMD. There were increases in indices of muscle damage (e.g., range 

of motion about the knee joint and serum CK concentration) from pre compared to 

post EiMD in all groups with the magnitude of change greater for MEN and WomenOC 

compared to WomenNM. The O2 cost of heavy-intensity cycling was greater post 

compared to pre EiMD for MEN and WomenOC, but not for WomenNM. Similarly, time 

to exhaustion decreased from pre to post EiMD for MEN and WomenOC, but not for 

WomenNM. The results of experiment three suggest that estrogen may provide some 

protection against, or assist with an earlier recovery from, EiMD that is manifest in 

improved preservation of exercise tolerance during heavy-intensity cycling. 

Furthermore, this mechanism is exclusive to endogenous estrogen and cannot be 

replicated with an exogenous synthetic estrogen replacement. 

The results presented in this thesis suggest that gender and the long-term suppression 

of endogenous estrogen with oral contraceptive use negatively affect the responses to 

EiMD and subsequent muscle strength and heavy-intensity cycling performance. 

Therefore, the use of oral contraceptives should be an important consideration for 

sport science research involving females and for female athletes. 
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CHAPTER 1 Introduction and overview  

 

 

1.1  INTRODUCTION 

The number of women participating in sport at recreational and elite levels has risen 

considerably over the past few decades (Australian Sports Comission, 2010). At an 

Olympic level, women’s participation in sport has also grown dramatically. For 

instance, at the 1960 Rome Summer Olympic Games women represented just 11.5% of 

the total competing athletes compared to the 2012 London Summer Olympics where 

almost half (45%) of the total competing athletes were women. In accordance with 

increased participation, the performance of women in athletic events has noticeably 

improved and female athletes are now receiving public and media attention, lucrative 

sponsorship deals, and prize money equal to that of their male counterparts. Not 

surprisingly then, there has also been growing scientific interest in the influence of 

gender on the exercise response. 

Several anatomical and physiological characteristics distinguish women from men and 

contribute to gender differences in the responses to exercise. One major factor 

thought to alter the exercise response in women compared to men is the presence of 

endogenous female sex hormones. High concentrations of endogenous estrogen and 

progesterone in women compared to men appear to effect a range of cardiovascular 

(Hayes et al., 2002; Soleimany et al., 2012; Wiebe et al., 1998), respiratory (Harms, 

2006; Hopkins et al., 2000), immunological (Timmons et al., 2005), hormonal 

(Giannoulis et al., 2005; Zouhal et al., 2008), thermoregulatory (Kaciuba-Uscilko & 
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Grucza, 2001; Stephenson & Kolka, 1985) and metabolic (Tarnopolsky et al., 2000; 

Weber & Schneider, 2002) responses to exercise. Despite the known effects of 

endogenous female sex hormones on the exercise response, current 

recommendations for exercise prescription and training for women are largely derived 

from scientific research including only male participants.  

With growing awareness and interest in the unique physiological responses to exercise 

in women, recent sport science research has focused on the effect of menstrual cycle 

fluctuations in endogenous estrogen and progesterone on the exercise response. 

Nevertheless, it is currently estimated that the use of oral contraceptives among 

active/athletic females could be as high as 80%, thus significantly altering the 

hormonal profile of the menstrual cycle. Indeed, women who take oral contraceptives 

are exposed to regular doses of exogenous synthetic sex hormones and when 

compared to normally-mentruating women, experience chronically low levels of 

endogenous estrogen and progesterone. Despite the high prevalence of active/athletic 

women taking oral contraceptives and the potential effects of long-term use on 

adaptations to exercise training, little is currently known about the effects on the 

exercise response.  

The present thesis focuses on the long-term effect of taking oral contraceptives on the 

exercise response, and examines whether chronic administration of exogenous 

synthetic female sex hormones and/or suppression of endogenous female sex 

hormones have significant effects in active women. This research provides additional 

understanding about the effect of gender and female sex hormones on the exercise 
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responses and provides new information regarding the unique physiological issues for 

the active/athletic female.  

 

1.2 ENDOGENOUS FEMALE SEX HORMONES 

Key functions of endogenous estrogen and progestogen. Endogenous female sex 

hormones, estrogen and progestogen, belong to a class of hormones known as steroid 

hormones. Derived from cholesterol, endogenous estrogen and progestogen are 

synthesised and secreted from endocrine glands principally in the gonads (ovaries and 

testes) and in smaller amounts from extragonadal sites including the adrenal cortex, 

adipose tissue, skin, bone, vascular endothelial as well as a number of sites in the brain 

(Nelson & Bulun, 2001; Simpson et al., 1999). Like all steroid hormones, estrogen and 

progestogen are fat-soluble lipids that pass through cell membranes and bind to 

specific receptors in target cells. Carried in the blood and bound to specific carrier 

proteins such as sex hormone-binding globulin or corticosteroid-binding globulin, 

estrogen and progestogen produced in the gonads act globally on distal target tissues. 

Estrogen and progestogen that are synthesized in extragonadal sites act locally at the 

tissue level in a paracrine or intracrine fashion (Labrie et al., 1997; Simpson, 2003).  

Circulating estrogen and progestogen are present in both men and women. 

Nevertheless, the major site of synthesis is the female ovary, and therefore the highest 

concentrations are found in sexually mature, premenopausal, non-pregnant women. 

Three types of endogenous estrogen (17β-estradiol, estrone, estriol) and three types 

of endogenous progestogen (progesterone, 17α-OH-progesterone, pregnenolone) are 

http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Sex_hormone-binding_globulin
http://en.wikipedia.org/wiki/Corticosteroid-binding_globulin
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synthesised and secreted by the ovary. However, 17β-estradiol and progesterone are 

the most predominant and potent hormones produced (Van Look & Baird, 1980). 

Therefore, throughout the present thesis 17β-estradiol and progesterone will be used 

to distinguish endogenous female sex hormones from their synthetic counterparts 

(i.e., ethinyl-estradiol and progestins). Table 1.1 compares the resting concentrations 

of 17β-estradiol and progesterone in men and women during two phases (follicular 

and luteal) of the menstrual cycle.  

 

Table 1.1. Resting concentrations of 17β-estradiol and progesterone in men and 

normally-menstruating women during two phases of the menstrual cycle.  

 Men 
Women 

Follicular Luteal 

17β-estradiol (pmol·L-1) 134 ± 70 195 ± 188 361 ± 263 

Progesterone (nmol·L-1) 2.9 ± 1.0 1.8 ± 0.4 10.3 ± 8.3 

Timmons et al. (2005) 

 

A key component in the regulation of reproductive function and development, 

progesterone displays both androgenic and antiestrogenic properties, and also serves 

as a precursor compound for other steroid hormones. The main reproductive effects of 

progesterone include: i. The release of mature oocytes from the ovary, ii. Facilitation of 

implantation and maintenance of pregnancy by promoting endometrium growth and 

suppression of uterine myometrial contractility, and iii. mediation of signals required 

for sexually responsive behavior in the brain (Graham & Clarke, 1997). In addition to its 



 

 

 

5 

role in reproductive function, the physiological effects of progesterone are 

widespread. During pregnancy, progesterone acts on the mammary glands to 

stimulate lobular-alveolar development in preparation for milk secretion and 

suppression of milk protein synthesis before parturition (Conneely et al., 2002). 

Progesterone also plays a role in the promotion of bone formation and/or increases 

bone turnover and is crucial in the modulation of bone mass (Seifert-Klauss & Prior, 

2010; Graham & Clarke, 1997).   

Essential for sexual reproduction, 17β-estradiol drives the development of secondary 

sex characteristics and the typical pattern of fat deposition in subcutaneous tissues.  

Implicated as a protective hormone, 17β-estradiol exerts potent effects on the 

cardiovascular system (Xing et al., 2009). For instance, 17β-estradiol provides 

protection against atherosclerosis by lowering low-density lipoproteins and increasing 

high-density lipoproteins (Farhat et al., 1996). 17β-estradiol also influences the 

production and release of nitric oxide and bradykinin, and has a blocking action on 

calcium channels, causing an overall vasodilatory effect on vascular smooth muscle 

cells (Xing et al., 2009; Masi et al., 2006) that result in decreased vascular resistance 

and blood pressure (Rosano et al., 1993). Further to this, evidence also suggests that 

17β-estradiol beneficially modulates blood pressure through action on the renin-

angiotensin system and natriuretic peptides (Koh, 2002). In spite of the protective 

effects, 17β-estradiol has also been demonstrated to have some detrimental effects of 

the cardiovascular system and may increase the risk of thrombosis by altering platelet 

aggregation and fibrinolytic activity (Farhat et al., 1996). 
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Menstrual cycle fluctuations in 17β-estradiol and progesterone. In women, 

fluctuating levels of 17β-estradiol and progesterone directly influence the reproductive 

system and coordinate the progression of global physiological changes that occur 

throughout the menstrual cycle. The duration of the average menstrual cycle is 28 ± 7 

d, beginning and ending with the first day of menstruation. Throughout the menstrual 

cycle, the production and concentrations of 17β-estradiol and progesterone fluctuate 

in a cyclic manner to coordinate the development and release of an egg, as well as the 

conditions required in the uterus to support pregnancy. If no fertilization of the egg 

occurs, the lining of the uterus breaks down, menstruation occurs and the cycle starts 

again.        

The cyclic patterns in 17β-estradiol and progesterone concentrations that occur 

throughout the menstrual cycle are controlled by complex interactions between the 

hypothalamus, anterior pituitary gland and the ovaries. Hypothalamic release of 

gonadrotropin-releasing hormone is transported to the anterior pituitary, where it 

stimulates the release of luteinizing hormone (LH) and follicle-stimulating hormone 

(FSH). These hormones regulate the release of 17β-estradiol and progesterone from 

the ovaries. The effects of LH and FSH on the female reproductive system vary during 

the three phases of the menstrual cycle. The three phases of the menstrual cycle are 

named based on ovarian function occurring during that phase and are differentiated 

by the ratio of 17β-estradiol and progesterone concentrations: i. Follicular phase (day 

1-13), low 17β-estradiol and low progesterone, ii. Ovulatory phase (~day 14), high 17β-
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estradiol and low progesterone, and iii. Luteal phase (day 15-28), high 17β-estradiol 

and high progesterone. 

The primary role of 17β-estradiol and progesterone is in sexual reproduction. 

Nevertheless, circulating levels of 17β-estradiol and progesterone have global 

physiological effects that cause variations in a range of parameters that are involved in 

the exercise response (e.g., cardiovascular, respiratory, metabolic, inflammatory 

immunological). Consequently, differing concentrations 17β-estradiol and 

progesterone have implications for the responses to aerobic and anaerobic-type 

exercise, as well as resistance exercise. The present thesis builds on information 

regarding the effect of varying levels of 17β-estradiol (i.e., estrogenic status) on the 

exercise response.  

In the area of exercise physiology, gender comparisons provide an avenue to examine 

the effect of chronic differences in 17β-estradiol concentrations on the exercise 

response. In the past decade, the influence of gender on the exercise response has 

received increasing scientific interest and is still currently evolving. Within the female 

population, there are four main approaches to investigate differing concentrations of 

17β-estradiol on the exercise response: i. Across the menstrual cycle phases, ii. Pre- 

and post-menopause, iii. With and without hormone replacement therapy, and iv. 

With and without oral contraceptives. The response to exercise across the phases of 

the menstrual cycle has been investigated extensively and provides information 

regarding the effect of acute fluctuations in 17β-estradiol on the exercise response 

(Constantini et al., 2005; Janse de Jonge, 2003; Lebrun et al., 1995). However, when 
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comparing research findings, accurate verification of the menstrual cycle phase is also 

an important consideration. Some studies rely on counting the days from the onset of 

menstruation. However, this assumes a regular ovulatory cycle and does not account 

for the large inter-individual variation in hormone concentrations. Other studies have 

determined ovulation by measuring basal body temperature or urine concentration of 

LH. However, neither of these methods reflects sex hormone concentrations. 

Measuring hormone concentration in serum, saliva or urine is the ‘gold-standard’ 

method of determining cycle phase and is more common in recent studies. 

Determination of hormone concentrations also allows intra- and inter-individual 

variability in hormone concentrations to be considered. The interaction between 17β-

estradiol and progesterone creates difficulty in interpreting menstrual cycle research. 

The antiestrogenic properties of progesterone should be considered, particularly in the 

luteal phase when both hormones are high. Research has not yet conclusively 

answered the question of the effects of menstrual cycle phase on athletic 

performance. However, despite the methodological issues amongst menstrual cycle 

and exercise performance research, overall it does not appear that transient 

fluctuations in hormone concentrations throughout the menstrual cycle effects 

exercise performance. 

Examination of women pre- and post-menopause, as well as with and without 

hormone replacement therapy or with and without oral contraceptives are avenues to 

investigate the effect of chronic differences in 17β-estradiol concentrations on the 

exercise response. Aging and age-related differences in women pre- and post-
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menopause, as well as between women with and without hormone replacement 

therapy can influence the exercise response and are not particularly relevant to 

younger active females concerned about exercise performance. Oral contraceptives 

suppress the normal menstrual cycle and provide consistent control of 17β-estradiol. 

Inter- and intra-individual variations in 17β-estradiol concentrations associated with 

the menstrual cycle may be limited with the use of oral contraceptives. Thus, oral 

contraceptives provide a well-controlled model to examine the effect of chronically 

low levels of 17β-estradiol on the exercise response and exercise performance. 

Therefore, a comparison of active female adults taking oral contraceptives with 

normally-menstruating women not using oral contraceptives is the objective of the 

current thesis. 

 

1.3 HORMONAL CONTRACEPTIVES 

Composed of synthetic female sex hormones, hormonal contraceptives act on the 

endocrine system to prevent ovulation and control fertility. Synthetic female sex 

hormones (i.e., ethinyl-estradiol and progestin) closely, but not precisely, mimic the 

chemical structure of 17β-estradiol and progesterone and exert similar effects on the 

reproductive system (Oesterheld et al., 2008).  

Hormonal contraceptives are available in two forms: i. Combined methods, containing 

both ethinyl-estradiol and progestin, and ii. Progesterone-only methods, containing 

only progestin. Combined and progesterone-only contraceptive methods can be 

administered by a variety of routes, in differing concentrations of synthetic hormones, 
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and acting over varying durations. The most common types of hormonal 

contraceptives include combined and progesterone-only oral contraceptives, 

combined contraceptive patches and rings, long-lasing injections, implants and intra-

uterine systems. In Australia, it is estimated that more than 80% of adult women 

currently use a method of hormonal contraceptives (Yusuf & Siedlecky, 2007) with 

combined oral contraceptives being the most commonly prescribed form (Mazza et al., 

2012).   

Oral contraceptives were first developed based on the potent progestational 

properties of progesterone. That is, the continuous secretion of progesterone during 

pregnancy suppresses ovulation and fertility (Zalanyi, 2001). Following the 

development of synthetic progestin in the 1950’s, large scale clinical trials of oral 

contraceptives commenced. Initial investigations discovered that the oral 

administration of progestin effectively inhibited ovulation, but if taken alone resulted 

in menstrual irregularities (Rivera et al., 1999). This led to the development of 

combined oral contraceptives in which the progesterone constituent acts to inhibit 

ovulation and the estrogen constituent prevents irregular shedding of the 

endometrium (Lobo & Stanczyk, 1994). The first combined oral contraceptive pill, 

Envoid®, containing 150 µg of ethinyl-estradiol and 9.8 mg of progestin, was made 

available to the public for contraceptive purposes in 1960 (Goldzieher & Rudel, 1974).  

By the late 1970’s, scientific evidence was suggesting that high doses of ethinyl-

estradiol contained in the original combined oral contraceptive formulations were 

associated with serious cardiovascular events such as venous thromboembolism, 
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stroke and myocardial infarction (Burkman, 2001; Lewis, 1998; Vandenbroucke, 2001). 

A strong link between the high doses of ethinyl-estradiol contained in combined oral 

contraceptives and the risk of breast cancer was also emerging (Burkman, 2001). In 

addition to negative health risks, high-dose combined oral contraceptives were also 

associated with unpleasant side-effects such as nausea, menorrhagia, headaches, 

migraines, fatigue, mood disturbances and weight gain (Lebrun et al., 2003). The 

health risks and side effects associated with taking high-dose combined oral 

contraceptives led to the development of new oral contraceptive preparations. The 

major developments included significant reductions in the ethinyl-estradiol contained 

in combined oral contraceptives as well as the development of multiphasic 

preparations, more potent types of progestin, and progesterone-only oral 

contraceptives. 

Combined oral contraceptives. The concentration of synthetic hormones contained in 

modern-day combined oral contraceptives has been reduced by ~40%, while the 

contraceptive effectiveness has been maintained (99.7% when taken correctly; Kost et 

al., 2008).  The reduction in the concentration of synthetic hormones has been 

associated with lower incidence of negative side effects and health outcomes (Lobo & 

Stanczyk, 1994). The ethinyl-estradiol contained in modern day combined oral 

contraceptives ranges in concentrations between 15-35 µg and there are seven major 

types of progestins currently used (levonorgestrel, norethindrone acetate, desogestrel, 

norgesrimate, norgestrel, etynodiol) in concentrations ranging between 100-300 µg.  
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Several types of combined oral contraceptive formulations are currently available. 

Monophasic preparations contain pills with the same amount of ethinyl-estradiol and 

progestin, which are taken for 21 d of each 28 d cycle. Multiphasic preparations (i.e., 

biphasic and triphasic) take form of two or three types of pills, with varying amounts of 

ethinyl-estradiol and progestin. It was originally believed the multiphasic preparations 

were associated with better contraceptive effects and less side effects than 

monophasic preparations. However, current research suggests that multiphasic 

preparations are not superior to monophasic preparations and offer no significant 

advantages in taking multiphasic preparations (Yusuf & Siedlecky, 2007). Accordingly, 

monophasic formulations are currently the most commonly prescribed oral 

contraceptives in Australia (Yusuf & Siedlecky, 2007). Table 1.2 lists the most common 

brands of low-dose monophasic oral contraceptive formulations that are available in 

Australia. 

Non-contraceptive benefits of oral contraceptives. In addition to contraceptive 

purposes, low-dose oral contraceptives provide non-contraceptive health and lifestyle 

benefits. Long-term low-dose use of oral contraceptives is associated with lower 

incidence of ovarian and endometrial cancer, non-malignant ovarian cysts, pelvic 

inflammatory disease and breast tumours (Huber et al., 2008). Taking oral 

contraceptives may also reduce the risk of iron deficiency by decreasing menstrual 

blood flow (Bennell et al., 1999) and is also associated with reduced risk of 

atherosclerosis due to lipid neutralising effects (Vanheest et al., 2005). Non-

contraceptive benefits that may be particularly beneficial to active/athletic females 
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include predictable menstrual cycle and menstrual cycle manipulation for training and 

competition as well as the management of premenstrual and menstrual symptoms 

(Burrows & Peters, 2007). In addition, oral contraceptives can assist in the 

management of menstrual problems such as dysmenorrhea and menorrhagia. 

Table 1.2. Common brands of low-dose monophasic oral contraceptives available in 

Australia 

Trade Name 
Ethinyl-estradiol 

dose (µg) 

Progestin 

Type Dose (µg) 

Diane-35 ED 35 Cyproterone acetate 200 

Estelle-35 ED 35 Cyproterone acetate 200 

Fomeden ED 30 Gestodene 750 

Normin 28 Day 35 Norethisterone 500 

Normin-1 28 Day 35 Norethisterone 100 

Juliet-35 ED 35 Cyproterone acetate 200 

Microgynon 20 ED 20 Leveonorgestrel 100 

Leveln ED 30 Leveonorgestrel 150 

Loette 20 Leveonorgestrel 100 

Marvelon 28 30 Desogestrel 150 

Microlevin ED 20 Leveonorgestrel 100 

Minulet 28 30 Gestodene 750 

Monofeme 28 30 Leveonorgestrel 150 

Nordette 28 30 Leveonorgestrel 150 

Yasmin 30 Drospirenone 300 

 

Hormonal profiles of women taking low-dose monophasic oral contraceptives. Low-

dose combined oral contraceptives inhibit ovulation and prevent pregnancy by 

suppressing the production and secretion of endogenous female sex hormones (Figure 

1.1). The exogenous hormones contained in oral contraceptives act directly on the 
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anterior pituitary inhibiting the secretion of LH and FSH (Burrows & Peters, 2007). In 

turn, anterior pituitary inhibition reduces the natural production of 17β-estradiol and 

progesterone.  

 
 

 

Figure 1.1. Suppression of 17β-estradiol and progesterone by combined oral 

contraceptives. FSH = follicular-stimulating-hormone; LH = luteinising hormone. 

Burrows & Peters, (2007). 

 

Low-dose monophasic oral contraceptives involve a fixed dose of ethinyl-estradiol and 

progestin over 21 d (consumption phase), followed by 7 d of placebo (withdrawal 

phase). Serum concentrations of ethinyl-estradiol peak approximately 60 min following 

ingestion and decline rapidly in the initial 6 h following peak concentration, before 

declining more steadily (Jung-Hoffman & Kuhl, 1989). About 24 h following the 

ingestion of ethinyl-estradiol, serum ethinyl-estradiol concentration are ~33% of peak 

(Jung-Hoffman & Kuhl, 1989) and is completely undetectable 2 d following ingestion 
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(Fotherby, 1996). By contrast, progestin is detectable in serum for up to 5 d following 

the cessation of oral contraceptive ingestion (Fotherby, 1996). Therefore, during the 

oral contraceptive consumption phase (day 8 to 28) endogenous sex steroid hormones 

are suppressed due to the circulating ethinyl-estradiol and progestin delivered in oral 

contraceptives. Throughout the withdrawal phase (day 1 to 7), as the concentration of 

serum ethinyl-estradiol and progestin decrease, circulating endogenous sex steroid 

hormones increase.  

In women taking low-dose monophasic oral contraceptives, 17β-estradiol 

concentrations range between 20 and 30 pmol·L-1 during the oral contraceptive 

consumption phase (Rosenberg & Long, 1992). These levels are lower than that found 

during the follicular phase of normally-menstruating women, not taking oral 

contraceptives (Rhoades & Pflanzer, 2003) and in post-menopausal women (Lee et al., 

2006). Peak serum 17β-estradiol concentrations achieved on day 7 of the withdrawal 

phase are ~150 pmol·L-1 (Rechichi et al., 2009). Serum 17β-estradiol values for 

normally-menstruating, not taking oral contraceptives, peak at a value of ~400 pmol·L-1 

during the late follicular phase and ~200 pmol·L-1 during the luteal phase. Therefore, 

women who take oral contraceptives experience chronically low 17β-estradiol 

throughout the whole oral contraceptive cycle. Given the body of research suggesting 

that 17β-estradiol alters the exercise response in women, it is reasonable to suggest 

that chronically low levels of circulating 17β-estradiol in women taking oral 

contraceptives may affect their response to exercise. The present thesis aims to 

examine the role of oral contraceptives on the exercise response with particular focus 

on the responses to EiMD and endurance-exercise performance.  
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1.4 DETERMINANTS OF ENDURANCE-EXERCISE PERFORMANCE  

Endurance exercise involves the integration of various physiological systems to supply 

energy to working muscles to sustain repeated muscle contractions. Successful 

endurance-exercise performance is dependent on an individual’s ability to sustain a 

high velocity or power output over the event distance. The physiological determinants 

of endurance-exercise performance have been well documented and include peak 

aerobic power (Bassett & Howley, 2000; Billat et al., 2001), the AnT (Coyle et al., 1995; 

Svedahl & MacIntosh, 2003) and exercise economy (Bassett & Howley, 2000; Coyle, 

1999; Midgley et al., 2007). 

Peak aerobic power, defined as the highest rate of O2 uptake that an individual can 

obtain during dynamic large muscle mass exercise (i.e., peak O2 uptake), sets the upper 

limit of endurance-exercise performance (Bassett & Howley, 2000). Peak O2 uptake is 

limited by the ability of the cardiorespiratory system to deliver O2 to the exercising 

muscles. Therefore, the potential physiological limitations to peak O2 uptake include 

pulmonary diffusion capacity, maximal cardiac output, O2 carrying capacity and 

skeletal muscle characteristics (Joyner & Coyle, 2008; Saltin & Strange, 1992).  

Although peak O2 uptake is highly correlated with endurance-exercise performance 

(Billat & Koralsztein, 1996) and has previously been considered as the most important 

physiological prerequisite of endurance-exercise performance (Bassett & Howley, 

2000), it is not possible to maintain a power output equal to or above peak O2 uptake 

for more than a few minutes. Therefore, it is now recognised that the highest 

percentage of peak O2 uptake that can be maintained for extended periods of time is 
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also important for endurance-exercise performance (Faude et al., 2009). The ability to 

sustain high work rates for extended periods of time is dependent on multiple 

determinants of endurance-exercise performance including the AnT and exercise 

economy. An improved AnT would reduce the contribution of the anaerobic energy 

system to the exercise bout and delay fatigue while improved exercise economy would 

reduce the energy required to maintain a higher work rate during endurance exercise 

(Jones & Carter, 2000). A higher AnT and improved exercise economy have been 

reported in elite compared to recreational runners and in active compared to 

untrained individuals (Morgan et al., 1995). Therefore, in addition to peak O2 uptake 

the present thesis will examine the AnT, exercise economy and endurance-exercise 

performance in women of varying estrogenic status. 

 

1.5 THE ROLE OF ORAL CONTRACEPTIVES IN ENDURANCE-EXERCISE 

PERFORMANCE 

A significant reduction in peak O2 uptake has been associated with the use of oral 

contraceptives (Casazza et al., 2002; Notelovitz et al., 1987; Suh et al., 2003). In a 

longitudinal study, six moderately active women (2-6 h·wk-1 of exercise) performed an 

incremental cycle test to exhaustion before and after taking oral contraceptives for 4 

mo (Casazza et al., 2002; see Figure 1.2). These authors reported a significant decrease 

in both absolute (11%, L·min-1) and relative (13%, mL·kg·min-1) peak O2 uptake after, 

compared to before, 4 mo of oral contraceptive administration. They also 

demonstrated a significant reduction in time to peak exercise (14%) and the peak 

power output attained (8%) from before to after oral contraceptive administration. 
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There were no significant changes in peak heart rate, peak minute ventilation, or peak 

respiratory exchange ratio. In support of these findings, Notelovitz et al. (1987) 

reported a 7.3% reduction in peak O2 uptake with 6 mo of oral contraceptive 

administration without changes in peak heart or peak minute ventilation. However, an 

earlier study demonstrated that peak O2 uptake did not change after 3 wk of oral 

contraceptive administration (Bullen et al., 1985). Therefore, it appears that taking oral 

contraceptives does affect peak O2 uptake; however, this seems dependant on the 

duration of use/treatment.  

Rebelo et al. (2010) examined the effect of oral contraceptives on peak O2 uptake and 

the AnT in active and sedentary women using a cross-sectional study design. Eighty-

eight healthy women were assigned to four groups based on their oral contraceptive 

(OC) status and physical activity level (Active OC, n = 20; Active non-OC, n = 23; 

Sedentary OC, n = 23; Sedentary non-OC, n = 22). The active subjects had been 

engaging in physical activity (4-5 session·wk-1). The OC groups had been taking oral 

contraceptives for at least 18 mo prior to the study. The non-OC groups were 

normally-menstruating and had not been using any form of hormonal contraceptives 

for at least 10 mo prior to the study. In both the Active and Sedentary groups, oral 

contraceptives had no effect on peak exercise values (i.e., O2 uptake, power output, 

minute ventilation, heart rate or respiratory exchange ratio). Similarly, oral 

contraceptives did not affect the O2 uptake or power output at which the AnT was 

achieved. In contrast to previous longitudinal studies, the findings of Rebelo et al. 
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(2010) suggests that the long-term use of oral contraceptives does not affect peak O2 

uptake or the AnT in active or sedentary women.  

 

 
Figure 1.2. Peak O2 uptake (mL·kg·min-1) in six moderately-active women (2-6 h·wk-1 of 

exercise) before and after 4 mo of oral contraceptive administration. All six subjects 

experienced a decline peak O2 uptake and there was a significant reduction in mean 

peak O2 uptake from before (42.5 ± 3.3 mL·kg·min-1) to after (36.9 ± 3.3 mL·kg·min-1; p 

< 0.05) oral contraceptive administration. Casazza et al., (2002). 

 

Physiological factors that could reduce peak O2 uptake include decreases in O2-carrying 

capacity, stroke volume, muscle blood flow, O2 extraction, or changes in substrate 

utilization. Only two previous studies have examined the effect of oral contraceptive 

use on iron status (Larsson et al., 1992; Mooij et al., 1992) and both studies reported 

no change in blood ferritin concentrations in women taking oral contraceptives. 

Therefore, it is unlikely that a change in O2-carrying capacity explain decrements in 

peak O2 uptake after taking oral contraceptives. One previous study reported 
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increased activity in the renin-angtiotensin-aldosterone system in women taking oral 

contraceptives (Oelkers et al., 2000). Therefore, based in the findings of this study it is 

unlikely that changes in peak O2 uptake are attributable to decreases in stroke volume.  

Oral contraceptives may affect temperature regulation by altering in central and 

peripheral thermoregulatory systems. Previous work has demonstrated that when 

administered is isolation, ethinyl-estradiol decreases core body temperature (Brooks et 

al., 1997), yet progestin increases core body temperature (Stachenfeld et al., 2000). 

Examination of thermoregulation in women taking combined oral contraceptives has 

shown increases in core body temperature at rest (Charkoudian & Johnson, 1997; 

Salkeld et al., 2001; Stachenfeld et al., 2000). Charkoudian and Johnson (1997) 

reported a shift in baseline core temperature and the threshold for vasodilatation to 

higher internal temperatures with the use of oral contraceptives. For example, during 

the active phase of oral contraceptive administration skin vasodilatation decreased 

blood flow to the skin by 43% for a given internal temperature during passive heating 

compared to withdrawal phase of oral contraceptive administration (Charkoudian & 

Johnson, 1997). Despite the evidence that oral contraceptives affect thermoregulation 

at rest, there is conflicting data regarding the effect of oral contraceptives on 

thermoregulation during exercise. Some studies have reported no effect of oral 

contraceptives in thermoregulation during exercise (e.g., Kenny et al., 2008), whereas 

others (e.g., Grucza et al., 1993; Charkoudian & Johnson, 2000, Rogers & Baker, 1997) 

have reported significant increases in core temperature accompanied by increases in 



 

 

 

21 

heart rate during exercise with oral contraceptive use. Therefore, oral contraceptives 

may affect thermoregulation and consequently blood flow distribution during exercise.   

Some research suggests that weight gain is a common adverse side effect of oral 

contraceptives (Casazza et al., 2002; Notelovitz et al., 1987). Fluid retention, increased 

subcutaneous fat, anabolic effects on appetite and androgenic effects on muscle mass 

are some of the hypothesized mechanisms to account for weight gain during 

administration of oral contraceptives. This could be of particular concern to female 

athletes because small changes in body composition may have a negative impact on 

endurance-exercise performance. Casazza et al. (2002) reported that 4 mo of oral 

contraceptive administration resulted in a significant increase in body weight and fat 

mass which was accompanied with a 11% decrease in absolute peak O2 uptake (e.g., 

not normalised to body mass). However, some studies evaluating body composition 

during oral contraceptive administration show no significant changes in body weight or 

fat mass (Lloyd et al., 2002; Reubinoff et al., 1995). Therefore, it is not clear if changes 

in peak O2 uptake with the long-term use of oral contraceptives are attributable to 

changes in body mass and body composition.  

Based on current literature, it appears that the long-term use of oral contraceptives is 

associated with reductions in peak O2 uptake. However, the mechanisms responsible 

for the observed reduction in peak O2 uptake are not clear. Furthermore, it is not 

known if the reduction in peak O2 uptake is associated with a reduction in other 

determinants of endurance-exercise performance (i.e., the AnT and exercise economy) 

or actual endurance-exercise performance. Further investigations of the effect of long-
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term oral contraceptive use on multiple physiological determinants of endurance-

exercise performance as well as actual endurance-exercise performance (e.g., time to 

exhaustion or time-trial performance) would provide valuable information about the 

effect of oral contraceptives on endurance-exercise performance.   

1.6 THE ROLE OF ORAL CONTRACEPTIVES IN MUSCLE STRENGTH 

Some of the studies pertaining to the use of oral contraceptives and muscle strength 

have compared strength measures across the oral contraceptive cycle (i.e., 

consumption vs. withdrawal phase). Elliot and colleagues (2005) tested maximal 

isometric and dynamic leg-strength in fourteen women taking oral contraceptives and 

seven normally-menstruating acting as controls. The women taking oral contraceptives 

were tested twice during the consumption phase and once during the withdrawal 

phase. The control group were tested on day 2 and 21 of the menstrual cycle. For both 

groups there was no effect of phase/cycle on isometric or dynamic leg strength. 

Similarly there was no difference in leg strength between the groups. These findings 

are supported by Sarwar et al. (1996) who reported no change in leg or hand-grip 

strength across 28 d in women taking oral contraceptives. If 17β-estradiol does impact 

muscle function and strength, it is not surprising that changes in strength across the 28 

d in women taking oral contraceptives have not been observed due to chronically low 

17β-estradiol concentrations.  

Rickenlund et al. (2004) tested isometric knee extension and isometric handgrip 

strength in active and sedentary women before and after 10 mo of oral contraceptive 

administration. These authors reported no change in isometric knee extension or 
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isometric handgrip strength in both groups. However, the subjects were restricted to 1 

h of moderate-intensity aerobic exercise per week and did not undergo any physical 

training designed to increase muscle strength. A more recent study investigated the 

effect of a 12 wk (3 sessions·wk-1) resistance-training program on leg and chest 

strength in women taking oral contraceptives and normally-menstruating women not 

taking oral contraceptives (Nichols et al., 2008). There were no differences in leg and 

chest strength between the groups before or after the 12 wk resistance-training 

program. However, leg and chest strength increased significantly in both groups. 

Although these findings suggest that oral contraceptives have no effect strength gains 

after resistance training, the study design makes the results difficult to interpret. For 

instance, Nichols et al. (2008) did not report which type of oral contraceptives the 

participants were taking (monophasic or multiphasic) or compliance to taking oral 

contraceptives throughout the experimental period.  

Although there is currently limited data regarding the effect of oral contraceptives on 

muscle strength, there is growing evidence suggesting that 17β-estradiol deficiency in 

older females compromises muscle function, force, and strength (Cauley et al., 1987; 

Lowe et al., 2010). Given that the use of oral contraceptives is associated with 

chronically low levels of 17β-estradiol, it is not unreasonable to suggest that muscle 

function and strength may be diminished in women who take oral contraceptives.  
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1.7 THE ROLE OF ORAL CONTRACEPTIVES IN EXERCISE-INDUCED MUSCLE 

DAMAGE AND RECOVERY  

Unaccustomed exercise or exercise with increased intensity and/or duration 

commonly leads to delayed onset muscle soreness (DOMS). Common symptoms of 

DOMS include muscle tenderness, feeling of stiffness, pain on movement and 

weakness. Exercise-induced muscle damage (EiMD) can lead to immediate functional 

impairments such as reductions in strength (Child et al., 1998) and power (Avela & 

Komi, 1998). Importantly, EiMD can affect sprint (Semark et al., 1999) and endurance-

exercise performance (Gleeson et al., 1995) by impairing metabolism and 

neuromuscular control (Eston et al., 2003).  

There is a growing body of evidence suggesting that 17β-estradiol has the potential to 

reduce indices of muscle damage and inflammation and enhance factors associated 

with muscle repair (Dannecker et al., 2012; Kendal & Eston, 2002). Research suggests 

that 17β-estradiol may protect muscle from injury by enhancing the stability of muscle 

membranes, either through its antioxidant effects or its ability to directly stabilize 

muscle membranes (Amelink et al., 1990; Tiidus, 2005). By protecting muscle 

membranes from disruption, 17β-estradiol may also limit secondary muscle damage by 

minimizing inflammation and leukocyte infiltration (Savage & Clarkson, 2002). In 

addition, the attenuation of muscle membrane disruption by 17β-estradiol may also 

limit signalling mechanisms, which activate enzymes that break down specific muscle 

proteins following damage (Amelink et al., 1990). Research examining the differences 

in muscle damage and recovery between men and women has produced varying 

results. Some studies report no gender differences in markers of muscle damage 
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(Eston et al., 2000; Miles et al., 1994; Tiidus & Enns, 2009) whilst other studies report 

greater muscle damage in males compared to females (MacIntyre et al., 2000; Sayers 

& Clarkson, 2001; Tiidus & Enns, 2009).  

 

 

Figure 2.3. Mean peak quadriceps soreness (with palpation) pre, immediately-post (0), 

48, 72, and 96 h after bench-stepping exercise. Soreness scale: 1 = normal and 10 = 

very, very sore. NM, normally-menstruating women; OC, women using oral 

contraceptives *Significant difference between groups, p < 0.01. Thompson et al. 

(1997). 

 

To date, the research regarding the effect of oral contraceptives on EiMD and recovery 

has produced inconsistent results. Thompson et al. (2002) examined the effect oral 

contraceptives on measures of EiMD (muscle soreness, range of motion, dynamic and 
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isometric strength, leg circumference and serum CK concentration following 50 min of 

bench stepping. The female participants, including seven women taking oral 

contraceptives and six normally-menstruating women, were recreationally active but 

not trained in resistance exercise. Muscle soreness was significantly higher in the 

normally-menstruating women compared to women taking oral contraceptives 48 h 

after bench stepping (p < 0.01; Figure 2.3). There were no differences in other markers 

of muscle damage between the two groups. In contracts to the finding of Thompson et 

al. (2002), Carter et al. (2001) reported lower CK concentrations, without differences in 

soreness, following downhill running in normally-menstruating women compared to 

women taking oral contraceptives. Despite, these differences, bench-stepping exercise 

and downhill running have previously been associated with a significant rise in 

soreness without concurrent rises in CK concentration (Newham et al., 1983). 

Therefore this type of stimulus may not be effective in inducing histological damage in 

muscle.  

It is widely accepted that muscle damage (i.e., EiMD; Brown et al., 1997b; Clarkson, 

1992; Eston et al., 2003) occurs after a bout of unaccustomed exercise involving 

eccentric movements. Savage and Clarkson (2002) examined the effect of oral 

contraceptives on muscle damage using an established eccentric exercise protocol. 

Twenty-two women (taking oral contraceptives, n = 8; normally-menstruating, n = 14) 

were recruited to participate in the study. The subjects performed two sets of 25 

repetitions of eccentric contractions in their non-dominant arm. The exercise protocol 

was performed on day 3 of the withdrawal phase for women taking oral contraceptives 

and on day 3 of the menstrual cycle for normally-menstruating women. Measures of 
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EiMD including perceived muscle soreness, arm circumference, range of motion, 

maximal isometric strength, and serum CK concentration were measured pre-, post-, 

and for 5 d following the eccentric exercise protocol. The authors demonstrated a 

significant difference in strength between the two groups 2 and 3 d following exercise 

(Figure 1.4). Normally-menstruating women began re-gaining strength on day 2 

compared to day 4 in women taking oral contraceptives. There were no significant 

differences between groups by time for any other indicators of damage. The findings 

of Savage and Clarkson (2002) suggest that women who use oral contraceptives and 

normally-menstruating women experience similar damage following eccentric 

resistance-exercise. However, women who use oral contraceptives experience slower 

recovery.  

 

Figure 1.4. Maximal isometric force measured before (pre), immediately after (post) as 

well as for 5 d following 50 eccentric contractions of the elbow. Values presented are 

mean (± SE). * Significant difference between groups (p < 0.05). Source: Savage & 

Clarkson (2002). 
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Overall, there is lack of consensus regarding the role of oral contraceptives in 

endurance-exercise performance and the response to eccentric resistance-exercise. To 

date, most studies have investigated the effects of oral contraceptives on body 

composition, substrate utilization and metabolism, and peak O2 uptake. However, key 

determinants of endurance-exercise performance such as the AnT and exercise 

economy have not been examined. Furthermore, the effects of oral contraceptives on 

EiMD and recovery are yet to be determined. Despite varying formulations of the oral 

contraceptive pill being included in previous literature, it is possible that different 

amounts and types of exogenous hormones would change the response to exercise. 

Thus, we have noted the type of oral contraceptive formulation of our subjects in 

each experiment.  

 

1.8 AIMS OF THIS THESIS 

General aim. A large percentage of athletic and active females use oral contraceptives. 

It appears that the suppression of 17β-estradiol and/or the administration of ethinyl-

estradiol with long-term oral contraceptive use may affect the physiological responses 

to exercise. Despite the apparent advantages for active/athletic females to use oral 

contraceptives, its effect of the exercise response may have detrimental consequences 

for performance and training. It is therefore surprising that gender based studies have 

not controlled for the use of oral contraceptives in female participants. This thesis 

intends to provide valuable information for exercise specialists, coaches and active 

females on the effect of oral contraceptive administration on the exercise response 
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and assist them in making informed decisions about oral contraceptive use with the 

view of optimising exercise athletic performance.   

 

Specific aims. i. To examine the effect of the long-term use of oral contraceptives use 

on determinants of endurance-exercise performance in recreationally-active women, 

ii. To examine the influence of gender and the long-term use of oral contraceptives on 

muscle damage and leg strength after lower-body eccentric resistance-exercise, iii. To 

determine if gender and the long-term use of oral contraceptives alter severe-intensity 

cycling performed with EiMD. 
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CHAPTER 2 Effect of long-term oral contraceptive use on determinants 

of endurance-exercise performance  

 

2.1  INTRODUCTION 

In women taking the oral contraceptive pill, plasma ethinyl-estradiol suppresses the 

production of 17β-estradiol (Burrows & Peters, 2007) and appears in concentrations 

six times that of naturally occurring estrogen present in normally-menstruating 

women. While, relatively smaller fluctuations in endogenous female sex hormones 

across the menstrual cycle can influence the cardiovascular system (Altemus et al., 

2001; Chan et al., 2001), ventilation (Behan et al., 2003; Saaresranta & Polo, 2005), 

thermoregulation (Notelovitz et al., 1987) and substrate metabolism (Bunt, 1990) 

during exercise, less is known about the effect of exogenous ethinyl-estradiol on the 

exercise response in oral contraceptive users. Indeed, early research demonstrates a 

significant reduction in peak O2 uptake in women following 4-6 mo of oral 

contraceptive use (Casazza et al., 2002; Notelovitz et al., 1987; Suh et al., 2003). 

In contrast to earlier studies (Casazza et al., 2002; Notelovitz et al., 1987; Suh et al., 

2003), recently published work (Rebelo et al., 2010; Vaiksaar et al., 2011) reported no 

differences in peak O2 uptake between oral contraceptive users and normally-

menstruating women. It is difficult to interpret these opposing findings because of 

differences in oral contraceptive preparations and duration of administration between 

studies, as well as variations in experimental design. For example, Rebelo et al. (2010) 

utilised a cross-sectional design comparing women who had been using oral 
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contraceptives for at least 18 mo with normally-menstruating women, and reported no 

differences in peak O2 uptake. In contrast, earlier studies reporting a lowered peak O2 

uptake delivered short-term (4-6 mo) administration of ethinyl-estradiol in previously 

ovulating women (Casazza et al., 2002; Notelovitz et al., 1987; Suh et al., 2003). 

Therefore, it is possible that the deleterious effect of oral contraceptive use on peak O2 

uptake is short-term (i.e., < 6 mo) in nature. 

Although the possible reduction in peak O2 uptake with oral contraceptive use is 

intriguing, the effect of oral contraceptives on endurance-exercise performance has 

not been thoroughly examined. Previous studies that have demonstrated a reduction 

in peak O2 uptake with oral contraceptive use (Casazza et al., 2002; Notelovitz et al., 

1987; Suh et al., 2003) have not investigated other determinants of endurance such as 

the AnT, exercise economy and time trial performance. Therefore, the purpose of this 

investigation was to comprehensively examine the effects of long-term oral 

contraceptive use on endurance-exercise performance as measured by peak O2 

uptake, the AnT, exercise economy, and time to exhaustion during heavy-intensity 

cycling. It was hypothesised that long-term oral contraceptive use would be associated 

with: i. A decrement in markers of endurance-exercise performance (i.e., peak O2 

uptake, the AnT and exercise economy) and ii. A decrement in endurance-exercise 

performance (i.e., time to exhaustion during heavy-intensity cycling). Based on the 

results of this study, female endurance athletes and their coaches will be able to make 

informed decisions about oral contraceptive use with the view of optimising 

performance. It is currently estimated that the prevalence of oral contraceptive use in 

athletic females matches that within the general community and could be as high as 
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80% (Bennell et al., 1999). Therefore the findings of this study have the potential to 

provide valuable information to a large proportion of female athletes and impact their 

current oral contraceptive practices. 

 

2.2 METHODS 

Experimental approach to the problem. To investigate the effect of long-term oral 

contraceptive use on endurance-exercise performance, one group of normally-

menstruating women, who were not using oral contraceptives (i.e., WomenNM) and 

one group of women using oral contraceptives (i.e., WomenOC) completed the study 

protocol in a paired approach. Baseline blood samples were collected from 

participants for the subsequent determination of serum 17β-estradiol and 

progesterone concentrations. Later, participants performed an incremental cycle test 

to exhaustion to determine peak O2 uptake and to estimate the AnT. The subjects then 

completed two continuous submaximal cycling tests each comprising three distinct 

power outputs (two 6 min work stages below the AnT, and one above the AnT, 

performed to exhaustion). Pulmonary gas exchange, heart rate, [La-1], rating of 

perceived exertion and time to exhaustion were measured, and cycling economy was 

calculated and compared between groups. 

Subjects. A total of sixteen women (WomenNM, n = 8; WomenOC, n = 8) participated 

in the present study. The subjects were apparently healthy and did not have any 

documented history of pulmonary, cardiovascular or metabolic disorders. All women 

were recreationally active individuals (exercised > 3 d·wk-1 for 30 min·session-1) that 
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currently participated in formally scheduled team sports (e.g. netball, touch football 

and/or soccer) on a weekly basis, but were not participating in regular cycling exercise. 

Each subject in WomenNM was matched with a subject in WomenOC for weekly 

duration of physical activity, age of menarche and body mass index. Volunteers who 

could not be matched with an appropriate partner to form a pair were excluded from 

the study. Subjects were informed of the experimental procedures and provided 

written informed consent before any data collection, and the Griffith University 

Human Research Ethics Committee approved the experimental procedures. 

The WomenOC were all using combined monophasic oral contraceptives for at least 12 

mo (mean use, 32.3 ± 24.2 mo; range, 12–72 mo) prior to commencing the study, and 

continued oral contraceptives use throughout the experimental period. The 

WomenNM had regular menstrual cycles (i.e., 28 to 30 d cycle) for at least 12 mo prior 

to the study and throughout the experimental period. All subjects had never knowingly 

been pregnant. 

Incremental cycling test to exhaustion. To account for cyclic fluctuations in blood 

hormone concentrations, the incremental cycling test to exhaustion took place on the 

second day of menstruation for WomenNM, and on the second day of withdrawal (2 d 

post-active pill cessation) for WomenOC. The incremental exercise comprised 3 min of 

cycling at 30 W, followed by power output increments of 10 W every 30 s until 

volitional exhaustion. Subjects were required to maintain a pedal cadence of 70 

rev·min-1 throughout the test. The test was terminated when the subjects could not 

maintain a cadence greater than 65 rev·min-1 despite strong verbal encouragement. 
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The incremental cycling test was performed on an electronically braked cycle 

ergometer (Excalibur Sport 925900, Lode BV, Groningen, Netherlands). Gas exchange 

parameters were measured breath-by-breath using a calibrated metabolic 

measurement system (MedGraphics Ultima CardiO2, Medical Graphics Corporation, St 

Paul, MN). Cardiac rhythm and heart rate were measured continuously using a 5-lead 

electrode configuration (X12+, Mortara Instrument, Milwaukee, WI).  

Metabolic parameters were averaged over 30 s intervals to determine peak O2 uptake 

and to estimate the AnT. Peak exercise values were determined as the highest 

completed 30 s stage before termination of exercise. The AnT was estimated non-

invasively using the modified V-slope and ventilatory equivalents methods (Sue et al., 

1988; Wasserman et al., 2005). 

Submaximal cycling tests. The subjects completed a total of four submaximal cycling 

tests on separate days. The first two submaximal cycling tests were used as practice 

trials (Practice T1 and Practice T2), and performed 2 and 4 d following the incremental 

cycling test. About 1 mo after the incremental cycling test, subjects completed the first 

experimental submaximal cycling test (Experimental T1), which took place on the 

second day of menstruation for WomenNM, and on the second day of withdrawal for 

WomenOC. Exactly 3 d following Experimental T1, subjects completed the second 

submaximal cycling test (Experimental T2). 

The submaximal cycling tests comprised continuous cycling at a pedal cadence of 70 

rev·min-1, across three constant-load work stages. The first and second work stages 

were each 6 min in duration, and performed at power outputs equal to 40% (40%AnT) 
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and 80% (80%AnT) of the power output achieved at the AnT. The third work stage was 

performed to exhaustion at a power output equal to 50% of the difference between 

the power output achieved at the AnT and peak power output (Δ50%) obtained during 

the incremental cycling test. The workloads were chosen to ensure power outputs 

were distinctly below (moderate intensity) and above (heavy/severe intensity) the AnT 

(Carter et al., 2002). 

Subjects provided a rate of perceived exertion at the end of each work stage using the 

Borg scale (6-20). Blood was sampled from a hyperaemic earlobe 5 min after the 

beginning of each work stage, and 1 min after exhaustion. Blood [La-1] was determined 

using an automated lactate analyser (Lactate Pro, ARKRAY Inc., Japan). The 

experimental equipment (i.e., electronically braked cycle ergometer, metabolic 

measurement system and ECG system) used in the submaximal cycling tests were the 

same as that used in the incremental cycling test. 

The breath-by-breath O2 data from min five to six of each work stage were averaged 

and used to determine the O2 demand of cycling for each power output. Cycling 

economy was calculated as the change in O2 uptake for a given change in power 

output between consecutive stages (ΔO2 uptake/ΔW; mL·min-1·W-1; Loveless et al., 

2005). Time to exhaustion for the final work stage was recorded to the nearest second. 

Timing started when the power output for the final work stage was applied and the 

test terminated when the subject could not maintain a cadence greater than 65 

rev·min-1 despite strong verbal encouragement. The same investigator always 

performed timing of the final work stage. 
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Experimental controls. Throughout the 2 mo testing period, subjects were instructed 

to continue their normal diet and physical activity regime. However, they were asked 

to avoid intense physical activity and refrain from the consumption of caffeine and 

alcohol during the 24 h period preceding each exercise test. Subjects were asked to 

record and duplicate their food intake for 24 h before the incremental cycling test and 

Experimental T1 and T2. The participants were in a post-absorptive state having eaten 

a meal approximately 2 h before each exercise test. All testing took place at the same 

time of that day (±2 h) for each subject. 

Determination of hormone concentrations. Resting venous blood samples were 

collected before the incremental cycling test (month 1, day 2) for the determination of 

serum 17β-estradiol and progesterone concentrations. Serum samples were frozen at -

800C until analysis. Serum samples were analysed in duplicate by a commercial 

pathology laboratory (Sullivan Nicolaides Pathology, QLD, Australia) using a 

radioimmunoassay technique that required no sample extraction. The intra- and inter-

assay coefficients of variation for 17β-estradiol ranged from 2.1 to 7.2% and 2.9 to 

8.7%, respectively, and progesterone ranged from 6.5 to 8.2% and 4.5 to 8.1%, 

respectively (Sullivan Nicolaides Pathology, QLD, Australia). 

Data and statistical analyses. Descriptive statistics (mean ± standard deviation) were 

used to characterise group data. A priori power analysis was performed to compute 

the required sample size given an alpha level of 0.05 and a power of 0.80. Based on the 

results of Casazza et al. (2002), an effect size of 1.6 was used based and a total sample 

size of 16 was determined. The repeatability of time to exhaustion and physiological 
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responses during Experimental T1 and T2 was determined using a paired t-tests and 

Interclass Correlation Coefficient (ICC). All dependent variables were analysed using a 2 

(group) x 3 (work stage) ANOVA with repeated measures. Where statistically significant 

F values were detected, pair-wise comparisons using Fisher’s least significant 

difference were performed to determine differences among work stages and between 

groups. Where statistical significance was observed between primary group variables, 

Cohen’s effect size (d) was calculated. Statistical Package for the Social Sciences (SPSS 

Inc., Release 19.0) was used for all statistical analyses and significance was accepted at 

p < 0.05. 

 

2.3 RESULTS 

Subject characteristics. No significant differences (p > 0.05) in age (22 ± 3 vs. 20 ± 2 yr), 

height (1.68 ± 0.05 vs. 1.65 ± 0.05 m), body mass (63.0 ± 7.9 vs. 60.1 ± 5.7 kg), body 

mass index (22.3 ± 2.2 vs. 22.1 ± 1.5 kg·m-1), age of menarche (12.9 ± 1.7 vs. 13.5 ± 1.2 

y) and weekly duration of physical activity (2.9 ± 1.0 vs. 2.8 ± 1.0 h·wk-1) were observed 

between WomenNM and WomenOC, respectively. Six women in WomenOC were 

using an oral contraceptive formula containing 35 μg of ethinyl-estradiol and 200 μg of 

progestin (i.e., cyproterone acetate) and the remaining two women in WomenOC were 

using an oral contraceptive formula containing 30 μg of ethinyl-estradiol and 150 μg of 

progestin (i.e., levonorgestrel). Serum 17β-estradiol concentration was higher (F = 

16.27, p < 0.001) in WomenNM (123.5 ± 19.6 p·mol-1) compared to WomenOC (47.8 ± 

26.5 p·mol-1). There was no significant difference (F = 2.25, p = 0.13) in progesterone 
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concentration between WomenNM (1.0 ± 0.3 n·mol-1) and WomenOC (0.6 ± 0.2 n·mol-

1). 

 

Table 2.1. Cardiorespiratory parameters measured at peak exercise and O2 uptake 

measured at the anaerobic threshold (AnT) for normally-menstruating women 

(WomenNM; n = 8) and long-term oral contraceptive users (WomenOC; n = 8). 

Variable WomenNM  WomenOC  

Peak O2 uptake (L·min-1) 2.59 ± 0.50 2.13 ± 0.20*  

Peak minute ventilation (L·min-1) 87.5 ± 15.3 85.9 ± 16.5 

Peak respiratory exchange ratio 1.25 ± 0.07 1.26 ± 0.09 

Peak power (W) 231 ± 44 198 ± 25 

O2 uptake at AnT (L·min-1) 1.47 ± 0.27 1.18 ± 0.15*  

AnT (% peak O2 uptake) 56.7 ± 3.2 55.8 ± 3.9 

Values are mean ± standard deviation; AnT: anaerobic threshold. *Significantly 

different from WomenNM, p < 0.05. 

 

Peak exercise and anaerobic threshold values. Table 2.1 summarizes the 

cardiorespiratory parameters measured during the incremental cycling test. Peak O2 

uptake (F = 5.89, p = 0.03, d = -1.22) and O2 uptake at the AnT (F = 6.41, p = 0.02, d = -

1.24) was higher in WomenNM compared to WomenOC. However, when AnT was 

expressed as a percentage of peak O2 uptake there were no differences between the 

two groups (F = 0.27, p = 0.61). Peak respiratory exchange ratio (F = 0.102, p = 0.10), 

peak minute ventilation (F = 0.40, p = 0.85), peak heart rate (F = 2.24, p = 0.16) and 



 

 
 

39 

peak power output (F = 3.54, p = 0.08) were not significantly different between the 

two groups. 

Physiological responses to submaximal exercise. No significant difference (n = 16, t = 

0.159, p = 0.88) was observed in the mean cycling time to exhaustion between 

Experimental T1 (8.23 ± 3.7 min) and T2 (8.27 ± 3.4 min). The ICC value of 0.95 (p < 

0.01) determined in the present study indicates a high level of repeatability for time to 

exhaustion recorded during the submaximal cycling tests. Furthermore, no statistical 

differences between Experimental T1 and T2 were detected for any other dependent 

variables (p > 0.05) and all ICC’s were > 0.8. Therefore, values for each variable were 

averaged and reported as one value to represent the two trials. 

The heart rate, minute ventilation, [La-] and rate of perceived exertion responses 

measured during the submaximal cycling test are listed in Table 2.2. Heart rate, minute 

ventilation and rate of perceived exertion increased significantly with each progressive 

stage (p < 0.01). Blood [La-] measured at 80%AnT, Δ50% and at exhaustion was 

significantly higher (p < 0.01) than 40%AnT. There were no differences in heart rate, 

minute ventilation, [La-] and rate of perceived exertion measured at any stage 

between WomenNM and WomenOC (p > 0.05). There were no differences in cycling 

economy (p > 0.05; Table 2.3) or time to exhaustion (WomenNM 7.54 ± 3.01 min, 

WomenOC 9.48 ± 3.98 min; F = 1.48, p = 0.25) between the two groups. 
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Table 2.2. Cardiorespiratory and metabolic parameters measured during a submaximal cycling test for normally-menstruating women 

(WomenNM; n = 8) and long-term oral contraceptive users (WomenOC; n = 8).  

Variable 

40%AnT  80%AnT  ∆50%  Exhaustion 

WomenNM WomenOC  WomenNM WomenOC  WomenNM WomenOC  WomenNM WomenOC 

Heart rate (b·min-1) 105 ± 8 110 ± 10  135 ± 12 140 ± 8  180 ± 9 184 ± 9  184 ± 7 187± 8 

Ventilation (L·min-1) 23.1 ± 2.1 20.5 ± 2.4  35.8 ± 3.4 31.5 ± 3.8  73.6 ± 9.5 68.3 ± 12.6  77.5 ± 13.5 76.8 ± 15.3 

Resp Exch Ratio 0.91 ± 0.05 0.91 ± 0.04  1.00 ± 0.04 1.01 ± 0.04  1.15 ± 0.05 1.14 ± 0.03  1.13 ± 0.04 1.12 ± 0.05 

[La-] (mmol∙L-1) 1.4 ± 0.3 1.5 ± 0.5  2.7 ± 0.8 2.4 ± 0.5  8.3 ± 2.2 7.8 ± 1.7  10.8 ± 2.2 9.8 ± 2.1 

Rate of Perc Exer 8 ± 1 9 ± 2  12 ± 2 12 ± 2  17 ± 2 16 ± 2  19 ± 1 19 ± 1 

Values presented are means ± SD. The cycling test comprised of continuous cycling across three distinct power outputs (power output 

equal to 40% of the power output attained at AnT, 40%AnT; 80% of the power output achieved at the AnT, 80%AnT; 50% of the 

difference between the power output attained at the AnT and peak power output obtained during the incremental cycling test, (∆50%) . 

The 40%AnT and 80%AnT stages were 6 min in duration. The subjects cycled at ∆50% until volitional exhaustion. Resp Exch Ratio: 

respiratory exchange ratio; [La-]: blood lactate concentration; Rate of Perc Exer: rate of perceived exertion. No significant differences 

between groups 
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Table 2.3. ΔO2 uptake/ΔW (ml·min-1·W-1) values calculated between submaximal 

power outputs for normally-menstruating women (WomenNM; n = 8) and long-term 

oral contraceptive users (WomenOC; n = 8).  

 WomenNM WomenOC  

40%AnT - 80%AnT 9.91 ± 1.19 10.03 ± 1.00 

40%AnT - ∆50% 10.93 ± 0.78 11.06 ± 0.48 

80%AnT - ∆50%  11.58 ± 0.86 11.67 ± 0.86 

Values presented are means ± SD. ΔO2 uptake/ΔW: change in O2 uptake (measured 

from 5:00 – 6:00 min of each stage) divided by the change in power output (economy); 

AnT: anaerobic threshold, % AnT: power output at the indicated percentage of the 

power output achieved at the AnT; ∆50%: 50% of the difference between the power 

output attained at the AnT and peak power output attained during the incremental 

cycling test. No significant differences between groups. 

 

2.4 DISCUSSION 

The present study demonstrates that long-term oral contraceptive use (> 12 mo) is 

associated with reduced peak O2 uptake and O2 uptake at the AnT. However, we did 

not find differences in cycling economy or time to exhaustion for a submaximal cycling 

test between women using oral contraceptives and normally-menstruating women. 

Our findings provide evidence that despite a reduction in peak O2 uptake, long-term 

oral contraceptive use does not affect all measures of endurance-exercise 

performance. 

Previous studies have reported significant reductions in peak O2 uptake ranging 5–17% 

after 4–6 mo of oral contraceptive administration (Casazza et al., 2002; Notelovitz et 

al., 1987; Suh et al., 2003). In agreement, we found peak O2 uptake to be 22% lower in 
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WomenOC compared to WomenNM. It is important to note that in the current study 

the average duration for oral contraceptive use in WomenOC was 32 mo. While the 

impact of oral contraceptive use on O2 delivery during exercise has generally been 

discounted (Larsson et al., 1992; Lehtovirta et al., 1977), Casazza et al. (2002) suggests 

that reduced sympathetic nervous system activation may be responsible for the 

observed reduction in peak O2 uptake with oral contraceptive use. Lower plasma 

epinephrine, norepinephrine and [La-] at peak exercise in amenorrheic women 

compared to normally-menstruating women (Schaal et al., 2011) provides 

experimental evidence that reduced plasma ovarian hormone concentrations are 

associated with reduced sympathetic nervous system activity during maximal exercise. 

We also observed that O2 uptake at the AnT was 23.5% lower in WomenOC compared 

to WomenNM. The AnT is thought to be influenced by muscle blood flow, lactate 

removal, fibre type recruitment, and mitochondrial respiration (Svedahl & MacIntosh, 

2003). Therefore, the decrement in peak O2 uptake and O2 uptake at the AnT following 

long-term oral contraceptive use might be due to mechanisms at the level of the 

muscle. Despite the differences in O2 uptake at the AnT, the relative intensity at which 

the AnT occurred (i.e., % of peak O2 uptake) was similar between WomenNM and 

WomenOC. 

Given that we used a similar cross-sectional experimental design to Rebello et al. 

(2010), who found no differences in peak O2 uptake between non-oral contraceptive 

users and oral contraceptive users, it is worth considering why our findings are 

different. While women in both studies were of similar age, height and body mass, 
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peak O2 uptake was ~36% lower in the physically active women described by Rebello et 

al. (2010), raising the question of an interactive effect between oral contraceptive use 

and training status. Alternatively, given that peak exercise heart rate in the Rebello et 

al. (2010) study was 15-23 beats·min-1 below the age-predicted maximum, and the AnT 

(65% peak O2 uptake) was particularly high for recreationally active females (Robbins 

et al., 2009), it is possible that these subjects did not reach a genuine peak, which 

could have potentially masked the effect of oral contraceptive use on peak O2 uptake. 

We observed no differences in cycling economy between WomenNM and WomenOC. 

Additionally, there were no differences in the physiological responses during 

submaximal exercise (i.e. heart rate, minute ventilation, respiratory exchange ratio and 

[La-]) between WomenNM and WomenOC. In contrast to our findings, an earlier study 

(Giacomoni et al., 2000) reported improved running economy following 21 d of oral 

contraceptive use without changes in the physiological responses to submaxiaml 

exercise. Therefore, the effect of oral contraceptive use on exercise economy may be 

dependent on the mode of exercise and/or the duration of oral contraceptive use, 

timing of testing and muscle fiber type composition.   

Performance may be the most important factor when considering the effect of oral 

contraceptive on endurance. We demonstrated no difference in time to exhaustion 

during a submaximal cycling test between WomenNM and WomenOC. Similarly, an 

earlier study (Lebrun et al., 2003) demonstrated that 2 mo of oral contraceptive use 

was associated with a 4.7% decrease in peak O2 uptake with no change in time to 

exhaustion during severe-intensity (~90% peak O2 uptake) running. Such observations 



 

 

 
44 

suggest that if oral contraceptive use does have a deleterious effect on peak O2 uptake 

and O2 uptake at the AnT, the mechanisms responsible for these differences are 

unrelated to endurance-exercise performance. 

In conclusion, the present study demonstrated that compared to normally-

menstruating women, long-term oral contraceptive users have a lower peak O2 uptake 

and O2 uptake at the AnT, although relative intensity at which the AnT occurred did 

not differ between non-oral contraceptive users and oral contraceptive users. We also 

demonstrated that exercise economy and performance during an endurance challenge 

(i.e., time to exhaustion) was not different between normally-menstruating women 

and long-term oral contraceptive users. Therefore, despite a reduction in peak O2 

uptake and O2 uptake at the AnT, long-term oral contraceptive use did not alter 

endurance-exercise performance (when exercising at relative intensity, i.e., % of the 

AnT and peak O2 uptake) as indicated by exercise economy and time to exhaustion. We 

recognise that comprehensive longitudinal investigations examining several 

determinants of endurance will be required to confirm our findings. In addition, 

further work is required to elucidate the mechanisms underlying the observed 

decrement in peak O2 uptake and the AnT in oral contraceptive users in comparison to 

normally-menstruating women and in oral contraceptive users over time. 

2.5 PRACTICAL APPLICATIONS 

The findings of this study add to the increasing interest in the effect of oral 

contraceptive use on performance in female athletes. Our data suggests that despite a 

reduction in peak O2 uptake and O2 uptake at the AnT, long-term monophasic oral 
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contraceptive use does not affect cycling economy or time to exhaustion during heavy-

intensity cycling. Based on the findings of this study, we propose that long-term oral 

contraceptive use in female endurance athletes will not negatively affect endurance-

exercise performance. Therefore, female athletes do not need to be concerned about 

the effect of long-term oral contraceptive use on endurance-exercise performance. 
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CHAPTER 3 The influence of endogenous estrogen on muscle damage 

and leg strength after eccentric resistance-exercise 

 

3.1 INTRODUCTION 

Given the evidence suggesting that endogenous estrogen (i.e., 17β-estradiol) can be 

neuroprotective (Garcia-Segura et al., 2001), osteoprotective (Imai et al., 2010), and 

cardiovascular protective (Mendelsohn & Karas, 1999), it is not surprising that sport 

and exercise scientists are interested in the role of 17β-estradiol in the muscle damage 

and repair response to exercise. In order to examine the role of 17β-estradiol in the 

muscle damage response to exercise, comparisons can be made between gender 

(Dannecker et al., 2012; Sewright et al., 2008; Stupka et al., 2000), and in women with 

varying estrogenic status: across the menstrual cycle (Kendall & Eston, 2002b), pre- 

and post-menopause (Roth et al., 2000; Buckley-Bleiler et al., 1989), as well as with 

and without the use of hormone replacement (Dieli-Conwright et al., 2009) or oral 

contraceptives (Carter et al., 2001; Kendall & Eston, 2002b; Roth et al., 2001; Savage & 

Clarkson, 2002; Thompson et al., 1997). Many of these studies report no effect of 17β-

estradiol on markers of EiMD (Dannecker et al., 2012; Kendall & Eston, 2002b; Savage 

& Clarkson, 2002; Stupka et al., 2000; Thompson et al., 1997), while others 

demonstrate greater muscle damage after eccentric exercise in individuals deficient in 

17β-estradiol (Dieli-Conwright et al., 2009; Roth et al., 2000, 2001). Thus, there 

remains uncertainty as to the influence of 17β-estradiol on EiMD.   

In addition to the initial mechanically-induced disruption of the muscle fibres that is 

associated with EiMD, a coordinated inflammatory response is initiated that can 
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exacerbate muscle damage early in the repair phase (Clarkson & Tremblay, 1988; 

Tidball, 2005). Stupka et al. (2000) found no gender difference in sarcomere damage 

after intense eccentric leg exercise yet reported a lower number of inflammatory cells 

in women compared with men 48 h after EiMD. Thus, it is possible that 17β-estradiol 

may not protect muscle from mechanically-induced damage; rather, 17β-estradiol may 

dampen the inflammatory response by reducing the infiltration of skeletal muscle by 

neutrophils and macrophages (St Pierre-Schneider et al., 1999; Tiidus & Enns, 2009). 

Nonetheless, any effect of 17β-estradiol on the inflammatory response after EiMD has 

been recently opposed (Chaffin et al., 2011; Dannecker et al., 2012). Furthermore, 

measuring inflammatory markers in the muscle is invasive (Stupka et al., 2000), and 

the inflammatory response can be difficult to interpret after EiMD due its complex and 

potentially ambiguous nature (Chaffin et al., 2011; Pizza, 2009).  

Perhaps the most compelling measure of the role of 17β-estradiol in EiMD and repair is 

muscle function, which can be determined via repeated measures of skeletal muscle 

strength (Pizza, 2009; Sayers & Clarkson, 2001; Warren et al., 1999). In a study 

commensurate with the findings of Stupka et al. (2000), Savage and Clarkson (2002) 

reported no difference in indices of muscle damage, yet demonstrated that leg 

strength took longer to recover after EiMD in women taking oral contraceptives when 

compared to normally-menstruating women. It was suggested that lower 17β-estradiol 

concentrations may affect the recovery capacity of the muscle, thereby delaying 

recovery in strength in women taking oral contraceptives.  
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The blending of women on and off oral contraceptives in gender-comparison studies 

(Dannecker et al., 2012; Stupka et al., 2000), a lack of statistical power and/or 

substantial variability in blood data (Carter et al., 2001; Roth et al., 2001; Thompson et 

al., 1997) in studies of women with varying estrogenic status, makes it difficult to 

accurately determine the role of 17β-estradiol in EiMD. The purpose of the present 

study is to examine the role of gender and oral contraceptive use in the response to 

muscle damage after intense eccentric resistance-exercise. 

 

3.2 METHODS 

Subjects. Nine MEN, nine normally-menstruating women (i.e., WomenNM), and nine 

women who were taking oral contraceptives (i.e., WomenOC) volunteered to 

participate as subjects in this study. All subjects were involved in regular physical 

activity (exercised > 3 d·wk-1 for 30 min·session-1) but were not participating in any 

regular resistance-exercise training. The subjects did not have any documented 

history, or clinical signs and symptoms of pulmonary, cardiovascular or metabolic 

disorders. All WomenNM had regular menstrual cycles occurring every 28 to 30 d. All 

WomenOC had been using combined monophasic oral contraceptives for at least 12 

mo (mean use, 32.3 ± 24.2 mo; range 12 to 72 mo) and continued taking their oral 

contraceptives throughout the experimental period. All subjects had never knowingly 

been pregnant.  

Experimental design. After pre-exercise health screening had been performed and 

written informed consent attained for each subject, a sample of blood was collected 
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before the start of the experiment during the follicular phase of the menstrual cycle 

for WomenNM (i.e., day 2 to 6), and during the withdrawal phase for WomenOC (i.e., 

day 2 to 6 of placebo pill ingestion) for the subsequent determination of serum 17β-

estradiol concentration (Sullivan Nicolaides Pathology, QLD, Australia). Each subject 

completed a bilateral, lower-limb eccentric resistance-exercise protocol designed to 

induce muscle damage of the quadriceps muscle groups (i.e., EiMD protocol). The 

EiMD protocol took place during the follicular phase of the menstrual cycle (i.e., day 2 

to 6) for WomenNM, and during the withdrawal phase (i.e., day 2 to 6 of placebo pill 

ingestion) for WomenOC. Measures of muscle damage and function were made at 

varying time points that included immediately before (pre) and after (0 h post) the 

EiMD protocol, as well as 6, 24, and 48 h post the EiMD protocol. The Griffith 

University Human Research Ethics Committee approved all procedures. 

Assessment of leg strength.  Peak isometric quadriceps torque (i.e., leg strength) was 

assessed for both legs using a Biodex dynamometer (Biodex Medical Systems, NY, 

United States) pre, 24 h post, and 48 h post EiMD. Subjects were seated upright on the 

Biodex with their back supported and hips at 85°. The rotational axis of the 

dynamometer lever arm was aligned with the lateral femoral epicondyle and the 

resistance pad positioned on the tibia, proximal to the malleoli. Each subject’s pelvis 

and thighs were strapped to the seat to avoid any extraneous movement during 

exercise and subjects were required to cross their arms over their chest. Before 

completing the strength tests, each subject performed a warm-up comprising ten 

submaximal contractions at an angular velocity of 30° s-1 through their entire range of 
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movement. A 5 min rest period separated the warm up and the experimental trials. 

The peak torque for each subject was measured at a knee-joint angle of 75° during 

three, 5 s maximal-effort contractions separated by 60 s of passive rest. The right and 

left legs were tested in a randomised order determined by flipping a coin, and the 

highest peak torque recorded for each leg was averaged together and reported as leg 

strength. 

Blood sampling and analyses. Baseline venous blood samples (~12.5 mL) were 

collected 20 min before the commencement of the EiMD protocol as well as 0, 6, 24 

and 48 h after. The blood samples were collected directly into serum separator tubes 

(BD Diagnostics Systems, NJ, United States) for the subsequent determination of Mb, 

CK, and FABP concentration. Whole blood samples were stored on ice for ~30 min 

before centrifugation at 1600-g for 10 min. Serum samples were stored frozen at -80oC 

until analysis and were subjected to only one freeze-thaw cycle. All assays were 

performed on the Abbott Architect ci16200 (Abbott Diagnostics, IL, United States) 

using assays supplied by Abbott Diagnostics.  

Exercised-induced damage protocol. Subjects were warmed up before the EiMD 

protocol and seated on the Biodex in the same position as the leg strength assessment. 

Range of movement was set to 60o (110–50o of knee flexion) and repetitions were 

performed at an angular velocity of 30°·s-1. Each subject attempted to resist the 

downward force of the dynamometer arm by maximally contracting his or her 

quadricep muscle group. The eccentric resistance-exercise bout was divided into 48 

sets of 10 contractions. Subjects performed 6 sets of 10 maximal eccentric 
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contractions on one leg, before completing 6 sets of 10 maximal eccentric contractions 

on the other leg. This cycle was repeated four times, completing a total of 24 sets for 

each leg. A 1 min rest interval was allowed between sets. To ensure maximal effort, 

participants were verbally encouraged to resist the action of the dynamometer lever 

arm with maximal effort and visual feedback of the angular torque was provided 

throughout the EiMD protocol.  

Statistical analysis. All results are presented as group means ± standard deviation. 

Fully-factorial ANOVA was used to make comparisons among groups (MEN, 

WomenNM, WomenOC) as well as before and repeatedly after the EiMD protocol. 

Where statistically significant F values were detected, least squares difference post hoc 

tests and pair-wise comparisons were performed. Statistical Package for the Social 

Sciences (SPSS Inc., Release 19.0) was used for the data analyses and significance was 

accepted at P ≤ 0.05.  

 

3.3 RESULTS 

Subject characteristics. See Table 3.1 for subject characteristics and peak isometric 

quadriceps torque measures. The MEN were older, taller and heavier than the women 

(p > 0.05), whereas there were no differences in age (p = 0.26), height (p = 0.06), or 

body mass (p = 0.20) between the two female groups. The age of menarche was not 

different between WomenNM (13 ± 2 yr) and WomenOC (13 ± 1 y; p = 0.52). Seven 

women in WomenOC were using an oral contraceptive formula containing 35 μg of 

ethinyl-estradiol and 200 μg of progestin (i.e., cyproterone acetate) and the remaining 
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two women in WomenOC were using an oral contraceptive formula containing 30 μg 

of ethinyl-estradiol and 150 μg of progestin (i.e., levonorgestrel). Compared to 

WomenNM, 17β-estradiol was lower in MEN (p < 0.01) and WomenOC (p < 0.01). 

There was no significant difference (p = 0.13) in progesterone concentration between 

the groups.  

 

Table 3.1. Subject characteristics and baselines measures of peak quadriceps torque 

for MEN (n = 9), normally-menstruating women (WomenNM; n = 9) and long-term oral 

contraceptive users (WomenOC; n = 9). 

Values presented are mean ± standard deviation. Torque, peak isometric torque 

calculated as the average of the right and left legs. *Different from WomenNM and 

WomenOC, p < 0.05. #Different from WomenNM, p < 0.05. 

 

Response to the eccentric resistance-exercise protocol. Mean torque calculated for 

both legs across the 240 eccentric contractions was greater in MEN (199 ± 46 Nm) 

compared to WomenNM (142 ± 20 Nm, p < 0.01) and WomenOC (134 ± 19 Nm, p < 

0.01), but there was no difference between the two female groups (p = 0.59). 

 MEN  WomenNM  WomenOC 

Age (yr) 25 ± 4*  22 ± 3  20 ± 2 

Body mass (kg) 80.0 ± 5.6*  62.3 ± 6.3  59.4 ± 5.9 

Height (cm) 180.7 ± 4.5*  168.6 ± 5.4  163.8 ± 5.4 

17β-estradiol (pg·mL-1) 87.8 ± 11.2#  141.0 ± 34.8  41.1 ± 9.2# 

Torque @ 75°(Nm) 192.7 ± 13.9*  101.2 ± 19.3  107.6 ± 10.4 
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However, mean torque expressed relative to body mass were not different between 

groups (MEN, 2.5 ± 0.5; WomenNM, 2.3 ± 0.4; WomenOC, 2.3 ± 0.4 Nm·kg-1, p = 0.60).  

Figure 3.1 illustrates the CK, Mb, and FABP responses to EiMD. Serum CK 

concentration measured pre EiMD was not different between WomenNM and 

WomenOC (p = 0.34), whereas MEN had a higher concentration of CK pre EiMD 

compared with both female groups (p < 0.05). The EiMD protocol resulted in an 

immediate increase in CK concentration (p < 0.05), and the group differences remained 

the same. A further increase in CK at 6 h post was observed in all groups (p < 0.05); 

MEN reached a peak CK concentration that was higher than both female groups (p < 

0.05), and WomenOC increased to a value greater than WomenCON (p = 0.04). CK 

concentration remained stable to 24 h post EiMD in MEN (p = 0.75), but decreased in 

both female groups (p > 0.05). Neverheless, CK concentration at 24 h post EiMD 

remained higher in WomenOC compared to WomenNM group (p = 0.05), and were still 

higher than pre EiMD values in both groups (p < 0.01). CK concentration decreased in 

MEN at 48 h post compared to 24 h post EiMD (p = 0.01), but remained higher than 

their pre EiMD values (p < 0.01) and higher than both female groups (p < 0.05). CK 

concentration in the female groups continued to decrease from 24 h post to 48 h post 

EiMD (p < 0.01), but remained higher than their pre EiMD values (p < 0.01) and 

comparably different (p = 0.04).  

Serum Mb concentration was not different pre EiMD among groups (p > 0.05). 

Although Mb increased in both the female groups (p < 0.01), the magnitude of change 

was greater in WomenOC (p = 0.05). Mb measured in MEN increased (p < 0.01) to a 
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greater extent than both female groups (p < 0.01). Mb remained stable in MEN 6 h 

post EiMD (p = 0.68) and decreased in both WomenNM (p < 0.01) and WomenOC (p < 

0.01) to values not different from each other (p = 0.51), but higher than their 

respective pre EiMD concentrations (p > 0.05). MEN demonstrated a sharp decrease in 

Mb 24 h post EiMD (p < 0.01) but did not return to pre EiMD   values until 48 h post 

EiMD (p = 0.21). There was a further decrease in Mb concentration in both female 

groups from 6 to 24 h post EiMD (p < 0.05), where it remained constant in both groups 

at a level not different from pre EiMD (p > 0.01).  

Serum Mb concentration was not different pre EiMD among groups (p > 0.05). 

Although Mb increased in both the female groups (p < 0.01), the magnitude of change 

was greater in WomenOC (p = 0.05). Mb measured in MEN increased (p < 0.01) to a 

greater extent than both female groups (p < 0.01). Mb remained stable in MEN 6 h 

post EiMD (p = 0.68) and decreased in both WomenNM (p < 0.01) and WomenOC (p < 

0.01) to values not different from each other (p = 0.51), but higher than their 

respective pre EiMD concentrations (p > 0.05). MEN demonstrated a sharp decrease in 

Mb 24 h post EiMD (p < 0.01) but did not return to pre EiMD values until 48 h post 

EiMD (p = 0.21). There was a further decrease in Mb concentration in both female 

groups from 6 to 24 h post EiMD (p < 0.05), where it remained constant in both groups 

at a level not different from pre EiMD (p > 0.01).  

 

Serum FABP concentration was greater in MEN (p < 0.01) but not different between 

the two female groups (p = 0.94) pre EiMD. FABP concentration increased in all groups 

immediately after EiMD (p < 0.05), with MEN displaying a greater increase than both 
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female groups (p < 0.05), and WomenOC displaying a greater increase than 

WOmenNM (p = 0.03). FABP did not change in WomenOC after 6 h, whereas FABP
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Figure 3.2 Leg strength, determined by measuring peak isometric quadriceps torque in MEN (squares), normally-menstruating women 

(WomenNM; open circles) and women using oral contraceptives (WomenOC; shaded circles) pre, 24 h post, and 48 h post exercise-

induced muscle damage (EiMD). The group mean relative (%) change in peak torque is shown (dashed lines) for each group from pre. 
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concentration decreased in both MEN (p = 0.03) and WomenNM (p < 0.01). All groups 

displayed decreases in FABP concentration at 24 h post EiMD (p < 0.05) to values not 

different from pre EiMD (p > 0.05). FABP concentration at 48 h were not different from 

those measured at 24 h in all groups (P > 0.05).  

Figure 3.2 shows peak isometric quadriceps torque (i.e., leg strength) achieved by each 

subject pre, 24 h post, and 48 h post the EiMD protocol, as well as the group mean 

relative (percentage) change in peak torque (dashed lines) from pre EiMD at 24 and 48 

h post EiMD. MEN attained higher peak torque pre EiMD (192.8 ± 13.9 Nm) compared 

to both WomenNM (101.2 ± 5.2 Nm, p < 0.01) and WomenOC (107.6 ± 4.9 Nm, p < 

0.01), whereas there was no difference between the two female groups (p = 0.38). 

MEN (p < 0.01) demonstrated a relative decrease in peak torque, as did WomenNM (p 

= 0.01) and WomenOC (p < 0.01), from pre EiMD to 24 post EiMD. Peak torque 

continued to decrease from 24 to 48 h post EiMD in MEN (12 ± 13%, p < 0.01) and 

WomenOC (17 ± 19%, p = 0.01), but no further change was observed in WomenOC 

group (5 ± 7%, p = 0.27). 

 

3.4 Discussion 

When asked, more than 10 years ago, “Are women less susceptible to exercise-induced 

muscle damage?” Clarkson and Hubal (2001) responded, “No”. Ten years and several 

experiments later, we and others (Dannecker et al., 2012) are still pondering this 

question as there has been recent support for both answers: Yes (Sewright et al., 2008) 

and No (Fredsted et al., 2008; Miles et al., 2008). In the present study, we found 
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greater concentrations of CK, and other indices of damage, measured in men 

compared to women after EiMD, thus reinforcing support for the affirmative. 

Variances observed among studies might be due to inconsistencies in inducing muscle 

damage in all subjects (Fredsted et al., 2008; Thompson et al., 1997), the inclusion of 

women on oral contraceptives in the female group (Sewright et al., 2008; Dannecker et 

al., 2012; Stupka et al., 2000), as well as the inherent variability in (Clarkson & Hubal, 

2001; Carter et al., 2001; Sayers & Clarkson, 2001), and ambiguity of (Warren et al., 

2006) CK concentration as a marker of damage after EiMD.  

The present study employed a maximal-intensity, high-volume eccentric resistance-

exercise protocol, engaging a large muscle mass. This protocol was designed to 

promote extensive muscle damage and large increases in circulating CK, while 

imposing an equal relative mechanical load for men and women. Furthermore, the 

delineation of normally-menstruating women from women on oral contraceptives 

provided a true comparison of EiMD between sexes (MEN v WomenNM) without the 

potential influence of exogenous synthetic hormones. We also measured Mb and FABP 

concentration after EiMD in order to substantiate earlier evidence of muscle damage 

(Montgomery et al., 2008; Sorichter et al., 1998). Both Mb and FABP concentrations 

were greater in MEN compared to WomenNM after EiMD in the present study. Thus, 

our study provides strong evidence to suggest that women are less susceptible to 

EiMD when compared to men.    

The role of 17β-estradiol in EiMD cannot be clearly explained from sex-comparison 

studies alone, given other inherent differences between men and women such as 
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muscle mass, familiarity with maximal exercise (Esbjorsson-Liljedahl et al., 1996; 

Sewright et al., 2008), and resting concentrations of markers of muscle damage 

(Sorichter et al., 2001). In order to examine large, long-term differences in 17β-

estradiol, without conceding confounding gender- or age-related differences, 

experiments comparing normally-menstruating women and women on oral 

contraceptives have been performed (Thompson et al., 1997; Roth et al., 2001; Carter 

et al., 2001; Sewright et al., 2008; Savage & Clarkson, 2002). Despite reporting mean 

peak CK concentrations 1.5-4.0 fold higher in women using oral contraceptives 

compared to normally-menstruating women, Clarkson and colleagues routinely report 

no statistically significant effect of oral contraceptives on blood markers of EiMD 

(Thompson et al., 1997; Savage & Clarkson, 2002; Sewright et al., 2008). In contrast, 

the results of the present study and those of Roth et al. (2001) demonstrate that 

women using oral contraceptives have higher serum CK concentration after EiMD 

compared to normally-menstruating women. These findings are supported by the 

higher concentrations of Mb and FABP observed at 0 and 6 h after EiMD in WomenOC 

compared to WomenNM, and indicate greater muscle damage in women with lower 

circulating 17β-estradiol.      

This is the first study to report CK, Mb, and FABP concentrations for MEN, normally-

menstruating women, and women on oral contraceptives after EiMD, and concludes 

that there is a protective role of 17β-estradiol in EiMD. However, WomenOC 

demonstrated lower CK, Mb, and FABP concentrations after EiMD compared to MEN, 

suggesting that they are less susceptible to EiMD despite comparable baseline 17β-

estradiol concentrations. These findings raise doubt in the notion that 17β-estradiol is 
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solely responsible for protection against muscle damage after EiMD. It is possible that 

previously mentioned differences between men and women such as muscle mass and 

muscle fiber type are responsible for the difference in EiMD between MEN and 

WomenOC in the present study. Nonetheless, the relative increase in Mb (MEN, 92 ± 4; 

WomenOC, 91 ± 5%) and FABP (MEN, 74 ± 13; WomenOC 82 ± 15%) was similar in 

MEN and WomenOC, whereas the relative increases in WomenNM were less (Mb, 83 ± 

5; FABP 64 ± 17%) in the present study. Therefore, we conclude that normally-

menstruating women sustain less muscle damage compared to men and women using 

oral contraceptives due to sustained blood concentrations of 17β-estradiol.   

A reduction in muscle function after EiMD may be the result of initial muscle damage 

and/or the resultant inflammation. Reduced muscle function is an important 

consideration for athletes preparing to compete on consecutive days during 

tournament events (Montgomery et al., 2008). Indeed, measurements of muscle 

strength after EiMD are regarded by some as the most relevant measurement to 

assess the role of gender and estrogenic-status in the response to muscle damage 

after intense eccentric exercise (Stupka, 2009; Warren, 2009). Strength measured on 

the day after strenuous eccentric exercise does not typically expose any gender- or 

estrogen-related differences in the degradation of muscle function with EiMD (Savage 

& Clarkson, 2002; Sayers & Clarkson, 2001; Sewright et al., 2008). However, there is 

mounting evidence to suggest that the absence of 17β-estradiol results in a delayed 

recovery in strength from EiMD (Sayers & Clarkson, 2001; Savage & Clarkson, 2002). 

Savage and Clarkson (2002) illustrated group differences in maximal isometric force 48 

and 72 h after eccentric exercise of the elbow flexors, concluding that women taking 
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oral contraceptives have prolonged recovery in strength after EiMD compared to 

normally-menstruating women. In accordance with these findings, the present study 

observed a similar loss (~10%) of peak isometric quadriceps torque (i.e., leg strength) 

24 h post EiMD in all groups, with no further loss of leg strength in WomenNM, while 

both MEN and WomenOC continued to demonstrate significant losses in leg strength 

to 48 h post EiMD. These findings suggest that the protective effects of 17β-estradiol 

are blunted in women using oral contraceptives (by replacement with ethinyl-

estradiol), who consequently display an attenuated rate of recovery from EiMD that is 

similar to men. Conversely, elevated concentrations of 17β-estradiol appear to 

preserve muscle function after the initial mechanical damage insult by potentially 

attenuating the secondary phase of muscle damage resulting from a localised 

inflammatory response (Savage & Clarkson, 2002). Finally, in addition to its protective 

role, animal studies provide some evidence to suggest that 17β-estradiol might 

augment the regenerative process including satellite cell activation and proliferation 

(see Enns & Tiidus, 2010). Thus, the speeded restoration of muscle strength after EiMD 

in normally-menstruating women compared to men and women using oral 

contraceptives might be due to speeded muscle repair in the presence of 17β-estradiol 

concentrations.  

Our findings suggest an important protective role of 17β-estradiol in the muscle 

damage response to intense eccentric resistance-exercise, and support the 

preservation of muscle function after EiMD in the presence of 17β-estradiol. 

Nevertheless, the mechanisms by which 17β-estradiol reduces mechanically induced 
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muscle damage, modulates muscle damage from post-injury inflammatory processes 

and/or augments muscle repair remain speculative.    
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CHAPTER 4 The role of gender and oral contraceptives in the muscle 

damage effect on heavy-intensity cycling 

 

4.1 INTRODUCTION 

Previous studies have reported reduced exercise tolerance (Braun & Dutto, 2003; Chen 

et al., 2009; Davies et al., 2008) as well as changes in minute ventilation (Burt & Twist, 

2011; Schneider et al., 2007), O2 uptake (Braun & Dutto, 2003; Burt & Twist, 2011; 

Chen et al., 2009; Davies et al., 2008) and [La-]; Braun & Dutto, 2003; Gleeson et al., 

1995; Schneider et al., 2007) during submaximal exercise performed with EiMD. While 

the effects of EiMD on submaximal exercise has previously been investigated 

separately in both men (Gleeson et al., 1995) and women (Schneider et al., 2007). the 

role of gender and estrogen (endogenous and exogenous) on the responses to 

dynamic exercise following EiMD have yet to be elucidated. 

Estrogen has known antioxidant and membrane stabilisation properties that are 

thought to reduce the extent of EiMD (Tiidus, 2003). Animal studies have shown direct 

histochemical evidence of diminished exercise-induced skeletal muscle damage in 

female compared to male rats (Komulainen et al., 1999), and a lower exercise-induced 

efflux of CK in rats fed with estrogen (Bär et al., 1988). In contrast, studies in humans 

have yielded conflicting results (for reviews see Clarkson & Hubal, 2001; Tiidus, 2005). 

Thus, there is currently no consensus as to whether circulating estrogen confers 

protection from exercise-induced skeletal muscle damage in women compared to men 

(Clarkson & Hubal, 2001; Hicks et al., 2001, Tiidus, 2005). Furthermore, studies by 
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Thompson et al. (1997) and Savage and Clarkson (2002) suggest that administration of 

exogenous estrogen (in the form of oral contraceptive pills) may exacerbate, or 

negatively affect recovery from, muscle damage by suppressing 17β-estradiol.    

No previous study has investigated if gender and oral contraceptive use effect 

submaximal exercise performed with EiMD. Therefore, the aim of this study was to 

examine the effect of an eccentric resistance-exercise protocol, designed to induce 

severe muscle damage, on the responses to submaximal exercise in men, normally-

menstruating women, and women using oral contraceptives.  

 

4.2 Methods 

Subjects. Nine MEN, nine normally-menstruating women (i.e., WomenNM), and nine 

women who were using oral contraceptives (i.e., WomenOC) volunteered to 

participate as subjects in this study. All subjects were involved in regular physical 

activity (exercised > 3 d·wk-1 for 30 min·session-1) but were not participating in any 

regular resistance-exercise training. The subjects did not have any documented 

history, or clinical signs and symptoms of pulmonary, cardiovascular or metabolic 

disorders. Subjects provided written informed consent to participate in the study and 

the Griffith University Human Research Ethics Committee approved all procedures. 

All WomenNM had regular menstrual cycles (i.e., occurring on a 28 to 30 d cycle) for at 

least 12 mo prior to the study and throughout the experimental period. WomenOC 

were using a combined monophasic oral contraceptive pill for at least 12 mo (range 12 

to 72 mo) prior to the beginning of the study and continued their oral contraceptive 
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pill throughout the experimental period. All subjects had never knowingly been 

pregnant. 

Experimental design. Each subject completed four exercise tests on separate days 

over a 2 mo period: i. An incremental cycling test to exhaustion to determine peak O2 

uptake and the AnT; ii. A three-stage (i.e., three discrete work rates) submaximal 

cycling test performed to exhaustion (3-stage cycling test) exactly 1 mo after the 

incremental cycling test and before EiMD; iii. An eccentric resistance-exercise protocol 

designed to induce muscle damage (i.e., EiMD protocol) performed 48 h after the 3-

stage cycling test; and iv) a second 3-stage cycling test performed 48 h after the EiMD 

protocol. The exercise tests took place during the follicular phase of the menstrual 

cycle (i.e., day 2 to 6) for WomenNM, and during the withdrawal phase (i.e., day 2 to 6 

of placebo pill ingestion) for WomenOC.  

All cycling tests were performed on an electronically-braked cycle ergometer (Excalibur 

Sport 925900, Lode BV, Groningen, Netherlands). Gas exchange variables were 

measured breath-by-breath using a calibrated metabolic measurement system 

(MedGraphics Ultima CardiO2, Medical Graphics Corporation, St Paul, MN, United 

States). Cardiac rhythm and heart rate were monitored continuously using a 5-lead 

electrode configuration (X12+, Mortara Instrument, Milwaukee, WI, United States). 

Incremental cycling test to exhaustion. The incremental cycling test commenced with 

3 min of cycling at 50 W (MEN) or 30 W (WomenNM and WomenOC), after which the 

power output increased by 12.5 W (MEN) or 10 W (WomenNM and WomenOC) every 

30 s until volitional exhaustion. All subjects were required to maintain a pedal cadence 
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of 70 rev·min-1 throughout the test. The test was terminated when the subject could 

not consistently maintain a cadence greater than 65 rev·min-1 despite strong verbal 

encouragement. During the incremental cycling test, gas exchange variables were 

measured breath-by-breath and averaged over 30 s intervals to determine peak O2 

uptake and the AnT. Peak exercise values were determined as the highest fully 

completed 30 s interval before termination of exercise. The AnT was determined using 

the modified V-slope and ventilatory equivalents methods (Sue et al., 1988; 

Wasserman et al., 1994). 

Three-stage submaximal cycling test performed to exhaustion. Each subject 

performed a 3-stage cycling test 48 h before (pre) and 48 h after (post) the EiMD 

protocol. The 3-stage cycling tests comprised continuous cycling, at a pedal cadence of 

70 rev·min-1, across three distinct constant work rates. The first and second stages 

were each 6 min in duration and performed at a work rate equal to 40% (40%AnT) and 

80% (80%AnT) of the power output achieved at the individual’s AnT. The third stage 

was performed to exhaustion at a work rate equal to 50% of the difference between 

the power output achieved at the AnT and the highest power output obtained during 

the incremental cycling test (denoted by 50%). Time to exhaustion for the third stage 

was recorded to the nearest second. The test was terminated when the subject could 

not maintain a cadence greater than 65 rev·min-1, despite strong verbal 

encouragement.  

Blood was sampled from a hyperaemic earlobe 3 min after the beginning of each stage 

and 1 min following exhaustion. The [La-] were determined immediately using an 
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automated lactate analyser (Lactate Pro, ARKRAY Inc., Japan). Breath-by-breath O2 

uptake data from minutes four to six of the first two stages (i.e., 40%AnT and 80%AnT) 

were averaged to reflect the O2 cost of cycling for each work rate. The O2 cost for the 

final stage ( 50%) was also quantified as the slow component, and represents the rise 

in O2 uptake between 3 min (average of the breath-by-breath values from 2:45-3:15 

min) and the end of constant-load exercise (average of the breath-by-breath values 

from the final 30 s of exercise). To account for differences in time to exhaustion before 

and after the eccentric resistance-exercise intervention, the amplitude of the slow 

component was expressed relative to the total amplitude for the stage and divided by 

the duration of the slow component (Sabapathy et al., 2004). This value represents the 

contribution of the slow component to the overall response per unit time (% change 

per min). A more formal characterisation of the slow component (using non-linear 

curve-fitting of breath-by-breath data) was not performed because only a single 

iteration of the 3-stage cycling test was performed pre- and post-EiMD, yielding 

relatively high signal-to-noise ratios and, consequently, unacceptably poor confidence 

intervals for the parameter estimates. 

Exercise-induced muscle damage protocol. The EiMD protocol was performed on both 

lower limbs using an isokinetic dynamometer (Biodex 3, Biodex Medical Systems, NY, 

USA). Subjects were seated upright on the dynamometer, with their back supported 

and hips at 85o. The rotational axis of the dynamometer lever arm was aligned with the 

lateral femoral epicondyle and the resistance pad positioned on the tibia proximal to 

the malleoli. No practice trials were given because an adaptation to EiMD has 
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previously been demonstrated (Brown et al., 1997a; Newham et al., 1987). However, 

subjects were able to warm-up by slowly moving the unloaded lever arm through a 

full-range of motion three times for familiarization.  

Each subject performed a total of 240 maximal effort eccentric contractions of the 

quadriceps muscle group on each leg, with the pelvis and thighs strapped to the seat 

and arms crossed over the chest to avoid extraneous movement. The eccentric 

resistance-exercise bout was divided into 48 sets of 10 contractions. Subjects 

performed 6 sets of 10 maximal eccentric contractions on one leg, before completing 6 

sets of 10 maximal eccentric contractions on the other leg. This cycle was repeated 

four times with each leg completing a total of 24 sets. A 1 min rest interval was 

allowed between sets. Range of movement (ROM) was set to 60o (110 to 50o of knee 

flexion) and repetitions were performed at an angular velocity of 30°·s-1. To ensure 

maximal effort, participants were verbally encouraged to resist the action of the 

dynamometer lever arm with maximal effort and visual feedback of the angular torque 

was provided throughout the EiMD protocol. This protocol has previously been shown 

to induce significant muscle damage and soreness (Barnes et al., 2010; MacIntyre et 

al., 1996).  

Measures of quadriceps soreness and muscle damage were made immediately before, 

and 48 h after, completing the EiMD protocol. Subjects were asked to rate the level of 

pain they were experiencing while maintaining a squat position with a knee angle of 

90° and heels in contact with the floor. Subjective muscle soreness was assessed using 

a Visual Analogue Scale with “none at all’ or “0” on one end and “worst possible” or 
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“10” on the other end of the 20 cm line. Quadriceps muscle length (i.e., knee-joint 

angle) was measured, always by the same technician, using a gravity goniometer with 

the subject in a prone position using methods described by Piva et al. (2006). Venous 

blood samples were collected for the subsequent determination of serum CK 

concentration. Upon collection, whole blood samples were stored on ice for ~30 min 

before centrifugation at 1600 g for 10 min. Serum samples were frozen at -80oC until 

analysis by a commercial pathology laboratory (Healthscope Pathology, QLD, Australia) 

using an automated clinical chemistry analyser (ADVIA® 2400, Siemens, Erlangen, 

Germany).  

Statistical analysis. All results are presented as group means ± standard deviation. 

Fully factorial ANOVA with repeated measures for condition (i.e., pre and post EiMD) 

was used to examine markers of muscle damage and responses to submaximal cycling. 

Where statistically significant F values were detected, least square difference post hoc 

tests and pair-wise comparisons were performed to determine differences among the 

groups and conditions. Statistical Package for the Social Sciences (SPSS Inc., Release 

19.0) was used for the data analyses and the level of significance was accepted at p < 

0.05.  

4.3 Results 

Subject characteristics and peak exercise values. Seven women in WomenOC were 

using an oral contraceptive formula containing 35 μg of ethinyl-estradiol and 200 μg of 

progestin (i.e., cyproterone acetate) and the remaining two women in WomenOC were 

using an oral contraceptive formula containing 30 μg of ethinyl-estradiol and 150 μg of 
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progestin (i.e., levonorgestrel). Compared to WomenNM, 17β-estradiol was lower in 

MEN (p < 0.01) and WomenOC (p < 0.01). There was no significant difference (p = 0.13) 

in progesterone concentration between the groups. 

 

Table 4.1. Subject characteristics and peak exercise values for men (MEN; n = 9), 

normally-menstruating women (WomenNM; n = 9) and long-term oral contraceptive 

users (WomenOC; n = 9). 

Values are mean ± standard deviation. *Significantly different from WomenNM and 

WomenOC, p < 0.05. 

 

Table 4.1 summarizes the subject characteristics and peak exercise values measured 

during the incremental cycling test. The MEN were older, taller and heavier than the 

women (p < 0.05), whereas there were no differences in age (p = 0.26), height (p = 

0.06), or body mass (p = 0.20) between the two female groups. Peak exercise values for 

O2 uptake, heart rate and the respiratory exchange ratio were not different between 

Variable MEN WomenNM WomenOC 

Age (yr) 25 ± 4* 22 ± 3 20 ± 2 

Body mass (kg) 80.0 ± 5.6* 62.3 ± 6.3 59.4 ± 5.9 

Height (cm) 180.7 ± 4.5* 168.6 ± 5.4 163.8 ± 5.4 

Peak O2 uptake (mL·kg·min-1) 41.8 ± 1.9 39.9 ± 6.7 36.8 ± 7.1 

Peak HR (beats·min-1) 193 ± 6 188 ± 10 191 ± 10 

Peak RER 1.32 ± 0.06 1.25 ± 0.06 1.26 ± 0.08 

Peak Ventilation (L·min-1) 130.7 ± 153.7* 89.7 ± 15.6 89.3 ± 15.3 

Peak power (W) 305 ± 38 W* 234 ± 42 202 ± 28 
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the three groups (p < 0.05), while minute ventilation and peak power was higher in 

MEN compared to WomenNM and WomenOC. There was no difference in peak 

exercise values between the two female groups (p > 0.05).  

Indices of exercise-induced muscle damage. Serum CK increased from pre (MEN, 

174.4 ± 37.8; WomenNM, 91.6 ± 16.9; WomenOC, 85.3 ± 20.0 IU·L-1) to post EiMD 

(MEN, 579.6 ± 112.7; WomenNM, 219.7 ± 70.9; WomenOC, 362.9 ± 117.1 IU·L-1); 

however, the magnitude of the increase in CK in response to EiMD was greater in MEN 

and WomenOC compared to WomenNM, whereas there was no difference between 

MEN and WomenOC (Figure. 4.1). Knee joint angle followed a similar pattern, with 

joint angle increasing from pre (MEN, 42.1 ± 5.4; WomenNM, 38.4 ± 4.0; WomenOC, 

41.7 ± 3.8 degrees) to post EiMD (MEN, 52.2 ± 10.4; WomenNM, 43.2 ± 4.8; 

WomenOC, 51.2 ± 7.3 degrees). Furthermore, the magnitude of the increase in knee 

joint angle was greater in MEN and WomenOC compared to WomenNM, whereas 

there was no difference in the change in knee joint angle from pre to post EiMD 

between MEN and WomenOC (Figure 4.1). Quadricep soreness increased in MEN (1.0 

± 0.8, 6.4±2.2), WomenNM (0.8 ± 0.5, 5.8 ± 1.9) and WomenOC (1.2 ± 0.7, 7.1 ± 2.2) 

from pre to post EiMD, respectively (Figure 4.1), but there was no difference between 

groups in the magnitude of the increase.  
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Figure 4.1. The change (∆) in serum creatine kinase (CK) activity, knee joint angle, and 

perceived quadriceps soreness after exercise-induced muscle damage in MEN (black 

bars), normally-menstruating women (WomenNM; white bars), and women using oral 

contraceptives (WomenOC; grey bars). Values illustrated represent the mean ± 

standard deviation change. *Significantly different from WomenNM, p < 0.05.  
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Figure 4.2. Time to exhaustion determined during heavy-intensity (i.e., ∆50%) cycling 

before (Pre EiMD) and after (Post EiMD) an eccentric resistance-exercise protocol 

designed to induce muscle damage in MEN (squares), normally-menstruating women 

(WomenNM; open circles) and women using oral contraceptives (WomenOC; shaded 

circles). 

 

Responses to the three-stage submaximal cycling test. The time to exhaustion 

calculated from the third stage of the 3-stage cycling test pre EiMD was greater in MEN 

(13.36 ± 4.53 min) compared to the two female groups (7.96 ± 3.29 min) pre EiMD. 

However, time to exhaustion decreased from pre compared to post EiMD in MEN 

(∆time to exhaustion, 5.19 ± 4.58 min) and in WomenOC (∆time to exhaustion, 2.86 ± 

2.83 min) but did not change in WomenNM (∆time to exhaustion, 0.98 ± 2.28 min; 

Figure. 4.2). The EiMD protocol did not affect O2 uptake measured during the 3-stage 
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cycling test for intensities below (i.e., 40% and 80%AnT) or above the AnT (i.e., 50%) 

for any group. However, the relative amplitude of the O2 uptake slow component (O2 

SC, %·min-1) determined during cycling at 50%, was greater post compared to pre 

EiMD in MEN and WomenOC, but not in WomenNM. The EiMD protocol did not affect 

minute ventilation during cycling performed at intensities below the AnT in any group, 

but minute ventilation measured above the AnT ( 50%3min) was greater post compared 

to pre EiMD for MEN. There was no difference in minute ventilation measured 

at 50%3min from pre to post EiMD in the two female groups. Minute ventilation 

measured at the end-of-exercise ( 50%end) was greater post compared to pre EiMD in 

MEN and WomenOC, but not in WomenNM. Similarly, the relative change in minute 

ventilation over the same period as the slow component during the 50% stage was 

higher post compared to pre EiMD in MEN and WomenOC, but not WomenNM. In all 

three groups, the EiMD protocol did not affect the [La-] response to cycling performed 

at intensities below the AnT. The relative change in [La-] during stage 3 of the cycling 

test was increased similarly in all groups. Table 4.1 details O2 uptake, minute 

ventilation and [La-] during the 50% work-stage performed pre and 48 h post EiMD. 
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Table 4.1. O2 uptake, minute ventilation, and blood lactate concentration ([La-]) response to severe-intensity cycling (∆50%) before and 

48 h after exercise-induced muscle damage (pre and post EiMD) in MEN (n = 9), normally-menstruating women (WomenNM; n = 9), and 

women using oral contraceptives (WomenOC; n = 9). 

 MEN  WomenNM  WomenOC 

 Pre EiMD Post EiMD  Pre EiMD Pre EiMD  Pre EiMD Post EiMD 

O2 uptake          

    50%3min (L min-1) 2.80  0.38 2.84  0.37  2.31  0.28 2.31  0.34  1.96  0.21 1.96  0.23 

    50%end (L min-1) 3.14  0.39 3.16  0.45  2.52  0.29 2.49  0.36  2.19  0.20 2.14  0.24 

    O2 SC (% min-1) 2.83  1.50 4.75  2.42*  6.21  2.97 7.53  3.52  4.77  2.18 7.91  5.05* 

Minute ventilation          

    50%3min (L min-1) 71.9  7.4 83.4  9.9*  61.5  6.5 65.6  4.9  56.7  7.5 61.2  11.2 

    50%end (L min-1) 89.6  13.6 106.8  16.1*  74.3  8.4 78.3  11.0  64.9  12.3 75.8  13.9* 

   Ventilation (% min-1) 9.13  5.16 16.17  5.98*  22.81  9.29 30.20  20.55  14.04  6.29 29.76  18.65* 

[La-]          

    50%3min (mmol·L-1) 7.7 ± 1.6 7.6 ± 2.1  7.7 ± 1.8 8.1 ± 1.5  8.9 ± 1.1 8.0 ± 1.2 

    50%end (mmol·L-1) 11.2 ± 2.0 9.9 ± 1.9  9.5 ± 2.1 9.9 ± 2.7  10.4 ± 2.0 8.8 ± 1.9* 

    [La-] (% min-1) 8.1 ± 4.6 14.5 ± 4.8*  11.9 ± 5.2 21.6 ± 9.4*  17.3 ± 7.8 33.8 ± 22.8* 

Values presented are mean ± standard deviation. ∆50%, 50% of the difference between the power output achieved at the AnT and peak 

power output obtained during the incremental cycling test; O2 SC, O2 uptake slow component. *Significantly different from pre-EiMD, p < 

0.0
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4.4 DISCUSSION 

The present study examined the role of gender and oral contraceptives in the EiMD 

effect on heavy-intensity submaximal cycling performance. Three important findings 

resulted from the present study: i. Markers of muscle damage after unaccustomed 

eccentric resistance-exercise were less pronounced in normally-menstruating women 

compared with men, and women using oral contraceptives, ii. Exercise tolerance 

during heavy-intensity submaximal cycling with EiMD was diminished in men and 

women using oral contraceptives, but not affected in normally-menstruating women 

iii. EiMD resulted in an increased O2 cost during heavy-intensity submaximal cycling for 

men and women using oral contraceptives, but not for normally-menstruating women. 

These findings suggest that normally-menstruating women are either protected 

against EiMD or are better able to recover from EiMD due to improved repair and 

regeneration mechanisms; and, that this improved EiMD response is associated with 

improved exercise tolerance during subsequent heavy-intensity cycling.  

 

The magnitude of muscle damage cannot be precisely determined from the findings of 

the present study. However, a decrease in knee ROM as well as increases in perceived 

muscle soreness and CK activity determined in the subjects suggests that the 

quadriceps muscle group was damaged after 240 maximal-effort eccentric 

contractions in both men and women. The smaller rise in CK activity with EiMD 

determined for normally-menstruating women compared to men in the present study 

is in accordance with previous findings demonstrating a significantly greater increase in 

serum CK in men compared to women following a single bout of downhill running (30 
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min, 10% grade; Webber et al., 1989). Animal studies suggest that the existence of 

gender-related differences in EiMD might be due to the protective role of estrogen in 

stabilizing the structural integrity of the muscle membrane (Komulainen et al., 1999), 

thereby decreasing leakage of myofibre proteins (e.g., CK) into the blood and 

decreasing swelling and pain caused by structural damage. In contrast, Sorichter et al., 

(2001) reported no difference in CK activity between men and women after 20 min of 

downhill running at 70% peak O2 uptake. Furthermore, Stupka et al. (2000) showed 

that although eccentric leg exercise at 120% one-repetition maximum resulted in 

increased serum CK and z-line disruption of the muscle fibres, there was no difference 

between men and women. Therefore, it remains to be confirmed if there are gender-

related differences in the magnitude of muscle damage during eccentric contractions 

or if estrogen plays a protective role in membrane stability after EiMD in humans.  

For athletes, impairments in muscle function (e.g., reductions in strength and power) 

are perhaps the most important consequence of EiMD, and thus the effect of estrogen 

on muscle recovery and repair becomes an important consideration. Savage and 

Clarkson (2002) reported no difference in serum CK, yet demonstrated that women 

taking oral contraceptives have prolonged recovery in strength after EiMD when 

compared to normally-menstruating women. These authors suggested that lower 

endogenous estrogen concentrations (i.e., 17β-estradiol) in women taking oral 

contraceptives may affect the recovery capacity of the muscle, thereby delaying 

regains in strength. In accordance with these findings, the present study observed a 

significant reduction in the time to exhaustion during heavy-intensity  submaximal 

cycling performance in men, and in women taking oral contraceptives 48 h after EiMD, 
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while time to exhaustion was unaffected by EiMD in normally-menstruating women. 

No previous study has examined exercise tolerance during heavy-intensity submaximal 

exercise between men and women, or normally-menstruating women and women 

taking oral contraceptives. It is difficult to speculate whether the reduction in exercise 

tolerance during heavy-intensity submaximal cycling after EiMD is due to increased 

muscle damage or attenuated muscle recovery and repair. Nevertheless, our results 

suggest that the presence of 17β-estradiol acts to reduce the effects of EiMD on 

subsequent heavy-intensity submaximal cycling performance in order to maintain 

exercise tolerance.  

Exercise tolerance after EiMD may be dependent on changes in the thermoregulatory 

response (Montain et al., 2000), increased anaerobic metabolism (Gleeson et al., 1998; 

McCully et al., 1992; Walsh et al., 2001), reduced exercise economy (Jones, 1996; 

Montain et al., 2000), and or perceived soreness/fatigue/effort/pain (Marcora & Bosio, 

2007). We did not measure subjects’ core temperature in the present study making it 

impossible to comment on the potential effect of thermoregulation on exercise 

tolerance after EiMD. While we did not directly determine the rate or volume of 

anaerobic metabolism, [La-] measured during heavy-intensity submaximal cycling after 

EiMD indicated a similar increase in the contribution of anaerobic metabolism among 

men, normally-menstruating women, and women using oral contraceptives. Thus, it is 

unlikely that changes in anaerobic metabolism during heavy-intensity submaximal 

exercise after EiMD accounted for any gender-, or hormonal-related difference in 

exercise tolerance in the present study. The potential for 17β-estradiol to modulate 

pain has been previously investigated, but the results are conflicting (for review see 
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Kendall & Eston, 2002a). Although soreness was not measured during the 3-stage 

cycling test, we found no group differences in perceived quadriceps soreness 

measured during a static squat after EiMD. This suggests that group differences in 

muscular pain were unlikely to explain the differences observed in exercise tolerance 

during heavy-intensity cycling.  

Previous studies (Gleeson et al., 1995; Marcora & Bosio, 2007; Walsh et al., 2001) 

demonstrate that EiMD does not change O2 uptake during heavy-intensity constant-

load exercise (70-80% peak O2 uptake) suggesting that exercise economy is unaltered. 

Previous work in our laboratory also demonstrated that the amplitude of the O2 

uptake slow component measured during heavy-intensity cycling was unaffected by 

prior eccentric exercise (Schneider et al., 2007). Nevertheless, we postulated that “a 

more severe degree of muscle damage” might increase the magnitude of the slow 

component (Schneider et al., 2007). Indeed, although ∆50%3min and ∆50%end O2 uptake 

were unaltered with EiMD in the present study, the rate of increase in O2 uptake from 

the start to the end of the final stage of the 3-stage cycling test (i.e., O2 SC, %·min-1) 

was greater in men, and women taking oral contraceptives post, compared to pre 

EiMD. This suggests that after EiMD, exercise economy is reduced during heavy-

intensity cycling in men, and women taking oral contraceptives, but not in normally-

menstruating women. The higher relative intensity of the cycling protocol in the 

present study when compared to previous work (Gleeson et al., 1995; Marcora & 

Bosio, 2007; Walsh et al., 2001) may accentuate the need for the damaged muscle to 

recruit additional motor units in order to maintain the prescribed work rate 

(MacDonald et al., 1997), and/or increase type II fibre recruitment (Kushmerick et al., 
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1992), thus eliciting an increased requirement for O2 when performing exhaustive, 

constant-load cycling. Alternatively, an increase in the O2 SC (%·min-1) may be due, in 

part, to a progressive rise in the work of breathing that occurs during high-intensity 

exercise (Cross et al., 2010). In the present study, minute ventilation was elevated post 

compared to pre EiMD at ∆50%end in MEN and WomenOC. Furthermore, the relative 

increase in minute ventilation during the slow component phase of stage three of the 

cycling test  (i.e., minute ventilation, %·min-1) was increased post compared to pre 

EiMD in men, and women taking oral contraceptives, but not in normally-menstruating 

women. This suggests that an increase in respiratory muscle work in men, and women 

taking oral contraceptives may, in part account for the increased rate of change in O2 

uptake observed in MEN and WomenOC. Nonetheless, Schneider et al. (2007) 

demonstrated a similar magnitude of increase in minute ventilation during heavy-

intensity exercise performed with delayed onset muscle soreness without a 

concomitant increase in O2 uptake. Consequently, the magnitude of increase in minute 

ventilation reported here and elsewhere may not be sufficient to influence the O2 cost 

of high-intensity exercise performed following EiMD.   

 

 

4.5 Conclusions 

The present study has demonstrated that the magnitude of EiMD in response to 

eccentric resistance-exercise, and its subsequent detrimental impact upon submaximal 

exercise performance, may be blunted in normally-menstruating women when 

compared to women taking oral contraceptives and men. We postulate a potential 
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role for 17β-estradiol in either mitigating the degree of muscle damage or improved 

recovery from eccentric resistance-exercise to explain the observations that time to 

exhaustion and exercise economy were not negatively impacted by EiMD in normally-

menstruating women. 
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CHAPTER 5 Statement of conclusion 

 

5.1 REVIEW OF THE FINDINGS 

Summary of findings. Peak O2 uptake and O2 uptake at the anaerobic threshold (AnT) 

was lower in WomenOC compared to WomenNM. However, the relative exercise 

intensity (i.e., % peak O2 uptake) at which the AnT occurred, exercise economy, and 

time to exhaustion during heavy-intensity cycling (i.e., exercise tolerance) was not 

different between WomenOC and WomenNM. These findings indicate that despite a 

lower peak O2 uptake and O2 uptake at the AnT, the long-term use of oral 

contraceptives does not alter endurance-exercise performance.   

The magnitude of muscle damage in response to lower-body eccentric resistance-

exercise was different among MEN, WomenOC and WomenNM. Serum CK, Mb, and 

FABP concentrations were greater in MEN compared to both female groups during the 

48 h period after the EiMD protocol. However, CK, Mb and FABP concentrations 

following the EiMD protocol were greater in WomenOC compared to WomenNM. In 

agreement with these findings, the increase in knee-joint angle after the EiMD 

protocol was greater in MEN and WomenOC compared to WomenNM. Furthermore, 

isometric quadriceps torque followed a similar pattern indicating that the decrement 

in leg strength from 24 to 48 h after the EiMD protocol was greater in MEN and 

WomenOC compared to WomenNM. The blood markers of muscle damage, as well as 

the loss of range of movement and leg strength suggest a reduced extent of, or 

enhanced recovery from, muscle damage in response to lower-body eccentric 
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resistance-exercise in women not taking oral contraceptives compared to women 

taking oral contraceptives and men.  

Finally, the rate of increase in O2 uptake after 3 min of constant-load heavy-intensity 

cycling (i.e., the slow component of O2 uptake) was greater post, compared to pre 

EiMD in MEN and WomenOC, but unchanged in WomenNM. Accordingly, time to 

exhaustion for heavy-intensity cycling decreased pre, compared to post EiMD for MEN 

and WomenOC, while there was no change in exercise tolerance for WomenNM. 

Collectively, these findings suggest that estrogen may provide protection against, or 

assist with an earlier recovery from, EiMD that is demonstrated by improved 

preservation of muscle strength and exercise tolerance 48 h after eccentric resistance-

exercise. Nevertheless, the mechanism inducing this effect may be exclusive to 17β-

estradiol and may not be replicated with exogenous synthetic estrogen replacement.  

Limitations. One limitation to the current thesis is the inclusion of two oral-

contraceptive formulations in the WomenOC group. In particular, differences in the 

amount and type of progestin among subjects (i.e, 200 μg cyproterone acetate and 

150 μg levonorgestrel) may have affected the exercise response despite no previous 

evidence indicating an effect of synthetic progestin on the exercise response. 

Furthermore, given that the blood levels of the serum concentrations of endogenous 

progesterone were consistent with both oral contraceptive formulations, it is unlikely 

to have affected the exercise response. Nonetheless, it is suggested that future 

research includes one oral contraceptive formulation for certainty.  
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In addition, the cross-sectional experimental design in the present thesis does not 

provide definite information about cause-and-effect relationships. Ideally, a 

longitudinal study involving the administration and complete withdrawal of oral 

contraceptives over several months in one group of subjects would have provided a 

stronger experimental design reducing between-subject variation and separating the 

oral contraceptive effects from group effects. 

Future considerations. The clear and consistent findings across the three experiments 

in this thesis lend strength to the assertion that gender and oral contraceptives affect 

the exercise response. Presently, one can only speculate about the mechanisms 

responsible for differences in peak aerobic power, strength and exercise tolerance 

among the groups. For instance, the mounting evidence (including in this thesis) 

suggesting that women taking oral contraceptives have reduced peak aerobic power is 

thought to be mediated by the effect of estrogen on the sympathetic nervous system. 

Consequently, it would be interesting to substantiate the proposed effect of estrogen 

on the sympathetic nervous system funtion during maximal exercise and explore its 

effect on blood flow in normally-menstruating women and women taking oral 

contraceptives.  

It is well accepted that the muscle damage and repair process induced by eccentric 

exercise is multiphasic. Without serial images of the muscle ultra structure and 

measurements of pro- and anti-inflammatory markers measured before and after 

EiMD, this thesis was unable to precisely determine the role of estrogen in the muscle 

damage response and/or repair cycle after eccentric exercise. However, clear 



 

 

 

85 

differences in markers of muscle damage among groups in the present thesis suggests 

a mediating role of 17β-estradiol in the initial damage response, and not just in the 

subsequent infiltration of neutrophils and macrophages that exacerbate damage 

(Stupka et al., 2000). Further comparisons of muscle ultrastructure changes and 

immune response in women using oral contraceptives and normally menstruating 

women would provide clarity on the role of estrogen in the muscle damage response 

and/or repair cycle after eccentric exercise.  

The ability of 17β-estradiol to reduce muscle damage appears favorable for preserving 

muscle function and exercise tolerance during heavy-intensity cycling. Nonetheless, 

there may be other physiological consequences of increased muscle damage that are 

beneficial to skeletal muscle adaptation and improved long-term performance. The 

process by which the initial muscle damage stimulates neutrophil invasion not only 

results in further muscle injury, but also acts to promote the activation of satellite cells 

and muscle cell proliferation (Tidball, 2005). Therefore, it could be postulated that a 

dampening of muscle injury may reduce long-term, training induced, muscle growth 

and adaptation. Nonetheless, there is evidence from animal studies that improved 

muscle fiber regeneration and increased satellite cell numbers are associated with 

increased concentrations of circulating estrogen (Tiidus et al., 2005). Therefore, while 

mechanical damage may be a trigger for signaling cascades that lead to increased 

cytological adaptations after exercise, 17β-estradiol does not appear to prevent signals 

from promoting other physiological adaptations such as satellite cells proliferation.  

Further work is required to clarify the role of 17β-estradiol in the inflammatory 
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processes that disrupt muscle homeostasis and processes that promote muscle repair 

and regeneration after EiMD. In addition, a longitudinal training study including 

normally menstruating women and women using oral contraceptives is required to 

provide a better understanding of the effects of long-term oral contraceptive use on 

exercise training and performance. 

 

5.2 CONCLUSIONS 

Approximately 80% of female athletes take oral contraceptives. However, few studies 

have examined the effect of long-term oral contraceptive use on exercise 

performance. Furthermore, many studies examining the effect of gender on the 

exercise response have failed to control for oral contraceptive use. This thesis provides 

new evidence to suggest that the use of oral contraceptives is an important 

consideration in the responses to exercise and that the use of oral contraceptives 

should be disclosed in all studies involving females subjects. 

With regard to the findings of experiment one in the present thesis, it is important to 

consider the results of experiment three; that is, although exercise tolerance is 

unaffected by oral contraceptive use when initiated from a rested state, exercise 

tolerance is altered during heavy-intensity cycling after intense lower-body eccentric 

resistance-exercise in women using oral contraceptives, yet is preserved in normally-

menstruating women. Therefore, there may be a role for 17β-estradiol in either 

mitigating the degree of muscle damage or improved recovery from eccentric exercise 

to explain the observation that EiMD did not negatively impact exercise tolerance in 
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normally menstruating women. 

The relative preservation of leg strength in normally menstruating women, as 

demonstrated in experiment two in the present thesis, could be responsible for the 

preservation of exercise tolerance observed during heavy-intensity cycling in 

experiment three (Østerås et al 2002; Marcinik et al. 1991). A reduction in force 

generating capacity in the women taking oral contraceptives and men may hasten 

fatigue of initially recruited muscle fibres at the onset of heavy-intensity cycling, 

necessitating the recruitment of additional motor units to maintain power output and 

augmenting the slow component. Nevertheless, the mechanisms by which estrogen 

reduces mechanically induced muscle damage, modulates muscle damage from post-

injury inflammatory processes and/or augments muscle repair remain speculative.    

Based on the findings of the present thesis, it is suggested that gender and the long-

term suppression of 17β-estradiol with the use of oral contraceptives exacerbate EiMD 

and negatively affect subsequent muscle strength and high-intensity cycling 

performance.  
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CHAPTER 6 Methods 

 

6.1 PREPERATION FOR EXERCISE TESTING 

Subject selection. Thirty young adults including nine males and nineteen females were 

selected from volunteers to participate in these experiments. The subjects were 

accepted for participation in the study based on the following criteria:  

 Aged between 18 and 36 yr 

 Involved in regular physical activity (>3 d·wk-1 for 30 min·session-1) that did not 

involve regular cycling exercise  

 Not regularly performing exercise that heavily utilises eccentric contractions  

 No known history or signs of cardiovascular, pulmonary or metabolic disease 

and exceed no more than one coronary artery disease risk factor threshold as 

defined by the American College of Sports Medicine (ACSM; Thompson et al., 

2010)  

 Free from any other condition (e.g. musculoskeletal injury) that could be 

worsened by physical activity 

One group (n = 10) of women were normally-menstruating, not using oral 

contraceptives (i.e., WomenNM) and one group (n = 10) of women were using oral 

contraceptives (i.e., WomenOC). The inclusion criteria for the two female groups are 

outlined in Table 6.1.  
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Table 6.1. Inclusion criteria for normally menstruating, not using oral contraceptives 

(WomenNM) and women using oral contraceptives (WomenOC). 

Group Inclusion Criteria 

WomenNM  Regular menstrual cycle (i.e., occurring on a cycle of every 28-30 d) for at 

least 12 mo prior to the study 

 Currently not using any form of hormonal birth control 

 Had not used any form of hormonal birth control 12 mo prior to 

commencing the study 

 Never pregnant 

WomenOC  Currently using a low-dose monophasic oral contraceptives (e.g., 

Monofeme, Levlen)* 

 Had been using a low-dose monophasic oral contraceptives for at least 

12 mo prior to commencing the study 

 Never pregnant 

*The oral contraceptive formulations had 21 active pills containing 30 - 35 mg ethinyl 

estradiol and 7 placebo pills with no hormones. 

 

General procedures. Throughout the testing period, subjects were instructed to 

continue their normal diet and physical activity regime. However, subjects were asked 

avoid intense physical activity and refrain from the consumption of caffeine and 

alcohol during the 24 h period preceding each testing session. In addition, subjects 

were encouraged to repeat their diet consumed 24 h prior to their first testing session 

before each subsequent testing session. To facilitate a consistent diet before each 

testing session, subjects were provided with a record of their diet 24 h prior to their 

first testing session and were asked to complete a diet diary for the 24 h period before 

each subsequent testing session. To minimise diurnal fluctuations, all testing took 
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place at the same time of that day (±2 h) for each subject. To account for cyclic 

fluctuations in blood hormone concentrations, all testing took place during the early 

follicular phase for WomenNM and during the pill withdrawal phase for WomenOC. All 

experimental procedures were approved by the Griffith University Human Research 

Ethics Committee (GU Ref No: PES/05/07/HREC). 

Pre-participation health screening. Subjects completed a Physical Activity Readiness 

Questionnaire, followed by a Griffith University Medical History Questionnaire. Height 

and body mass were measured with the subjects wearing light clothing and body mass 

index was calculated. Each subject was then screened for resting electrocardiography 

abnormalities and performed lung function tests to exclude pulmonary disease. 

Resting blood pressure was also measured. Finally, the subjects were asked to provide 

a fasting blood sample for the determination of blood glucose and lipid profile.  

Subject familiarisation. Subjects were familiarised with the cycle ergometer and 

isokinetic dynamometer. The seat height and handlebars were adjusted on the cycle 

ergometer and the subject was instructed to pedal at low revolutions to ensure that 

they were comfortable with the settings. For each subject, the settings were recorded 

and used in subsequent testing sessions. While pedaling on the bike subjects were also 

familiarised with the mouthpiece and nose clip. Prior to inserting the mouthpiece, 

subjects were briefed about the hand signals that would be used to communicate 

throughout the each test. With the mouthpiece and nose clip fitted, the subjects were 

allowed to pedal until they felt comfortable and familiar with the testing setup.  
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The seatback tilt and seat fore and height were adjusted on the isokinetic 

dynamometer with the subject in the seated position. The resistance pad on the 

dynamometer lever arm was adjusted so it was positioned on the tibia proximal to the 

malleoli, with the rotational axis of the dynamometer lever arm aligned with the 

lateral femoral epicondyle. For each subject, the settings were recorded and used in 

subsequent testing sessions. Subjects performed a series of submaximal dynamic and 

isometric contractions until the investigator was confident that they were comfortable 

and familiar with the movements required.      

Subject safety. Prior to experimental testing, safety precautions were explained to 

each subject. If subjects experienced any of the following symptoms during 

experimental testing, they were encourage to terminate the exercise test:   

 Moderate chest pain (angina) 

 Dizziness 

 Confusion 

 Nausea 

 Dyspnoea 

 Joint pain 

 Any other significant limb or respiratory discomfort 

Subjects were monitored closely by the investigators throughout the testing 

procedures. Exercise tests were immediately terminated if any of the following signs 

were observed: 

 A change in skin colour such as pallor or cyanosis 
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 Ventricular tachycardia or exercise-induced heart block 

 Significant ST-segment depression or elevation 

 

6.2 OVERVIEW OF EXPERIMENTAL DESIGN 

An overview of the experimental design is displayed in Figure 6.1. Subjects were 

required to visit the Griffith University Exercise Physiology and Biomechanics Research 

Laboratories on ten separate occasions to complete this study. On the first visit to the 

Exercise Physiology Research Laboratory, subjects performed an incremental cycling 

test to exhaustion on a cycle ergometer. Each subject’s AnT and peak O2 uptake was 

determined from this test. Subsequent to the incremental cycling test, subjects 

returned to the Exercise Physiology Research Laboratory on six separate occasions to 

complete six constant-load cycling tests, performed at three distinct sub-maximal 

power outputs. The subjects also visited the Griffith University Biomechanics Research 

Laboratory on three separate occasions to complete three strength tests and an 

eccentric resistance-exercise protocol to induce muscle damage. 

Performed 2 and 4 d following the incremental cycling test, the first two constant-load 

cycle tests acted as practice trails (Practice T1 and T2) for the experimental trials 

(Experimental T1 – T4). The protocol and experimental procedures were identical to 

the experimental trials except that gas exchange was not measured.  

Approximately 1 mo following the incremental cycling test, subjects returned to the 

Exercise Physiology Research Laboratory to perform the first experimental constant-

load cycling test (Experimental T1).  Experimental T1 took place on the second day of 
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menstruation for WomenNM, on the second day of withdrawal for WomenOC. Exactly 

3 d following Experimental T1, subjects completed the second experimental constant-

load cycling test (Experimental T2). Experimental T3 was performed approximately 1 

mo after Experimental T2 (second day of menstruation for WomenNM and second day 

of withdrawal for WomenOC). Just prior to Experimental T3, subjects performed a 

strength test (Strength test 1) to determine maximal isometric and dynamic leg 

strength. Exactly 2 d after Experimental T3 subjects performed an eccentric resistance-

exercise protocol to induce muscle damage (EiMD protocol). Exactly 24 h after the 

EiMD protocol subjects completed another strength test (Strength test 2). Two days 

after the EiMD protocol, subjects performed the fourth and final experimental 

constant-load cycling test (Experimental T4) and a final strength (Strength test 3).  

 

6.3 EXPERIMENTAL EQUIPMENT 

Cycle ergometer. An electronically braked cycle ergometer (Excalibur Sport V2.0, Lode 

BV, Gronigen, Netherlands) interfaced with a Work Load Programmer (Lode BV, 

Gronigen, Netherlands) was used for the incremental and constant-load cycle tests. 

Electronically braked cycle ergometers incorporate a feedback mechanism that allows 

work rate to be independent of pedal cadence. Therefore, if cadence varies during 

cycling, the frictional force will fluctuate and power output is maintained constant. To 

ensure synchrony between gas exchange measurements and the onset of workloads 

during the incremental and constant-load cycling tests the Work Load Programmer 

was controlled by a computer running the gas exchange software (Breeze Suite, 

Version 6.0, Medical Graphics Corporation, St. Paul, MN). 
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Metabolic cart. Metabolic parameters during the incremental and constant-load 

cycling tests (i.e. O2 uptake, CO2 output, expired ventilation) were measured breath-by-

breath via open circuit spirometry using a MedGraphics CPX/D gas analysis system 

interfaced with a computer running Breeze Suite software (Version 6.0, Medical 

Graphics Corporation, St. Paul, MN, United States). The subjects breathed through a 

mouthpiece, which was attached to a bi-directional pressure differential 

pneumotachograph (pre-Vent, Medical Graphics Corporation, St. Paul, MN, United 

States) while wearing a nose-clip. Fractional O2 and CO2 concentrations of the expired 

air were measured using fast-response analysers (O2: differential paramagnetic, CO2: 

infra-red absorbance). Before each test, the O2 and CO2 analysers were calibrated 

against both atmospheric and known gases (calibration-gas). The pneumotachograph 

was calibrated with a 3 L syringe at varying flow rates (30-360 L·min-1) before the 

commencement of each test. 

Electrocardiogram and sphygmomanometer. Each subjects’ heart rate and rhythm 

was monitored continuously throughout all cycle tests using a wireless ECG (X12+, 

Mortara Instrument, WI, United States) with a 5-lead electrode configuration to 

provide a view of all limb leads and V5. Anatomical landmarks were identified on the 

anterior aspect of the thorax and cleaned prior to the application of five adhesive 

electrodes (Meditrace 200, Ag-Ag/Cl, Graphic Controls, Buffalo, NY, United States), 

using 70% isopropyl alcohol and gauze and where necessary, chest hair was shaved. 

The ECG leads were connected to the electrodes and secured to the subject’s thorax 

using transpore tape to minimise movement artefact. Blood pressure was be 
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measured by auscultation, using a manometric sphygmomanometer (Standby model, 

W.A. Baum Co Inc., Copiague, NY, United States). 

 

 

Figure 6.1. Schematic representation of the experimental design. Day # refers to 

corresponding day of the menstrual or oral contraceptive cycle (i.e. Day 2 represents 

second day of menstruation for WomenNM and second day of withdrawal for 

WomenOC. Men were tested using identical timing between sessions. T = trial (e.g. T1 

refers to Trial 1).  
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Blood lactate analyser. During the constant-load cycle tests, [La-] was determined 

immediately using a hand-held blood lactate analyser (Lactate Pro, ARKRAY Inc., 

Japan). At each sample point, approximately 5 μL of blood was drawn from a 

hyperaemic earlobe onto a test strip. The lactate in the blood sample was oxidised to 

form potassium ferrocyanide and pyruvate. The accumulation of reduced ferricyanide 

produces an electrical current, which is proportional to the lactate concentration of 

the blood sample. 

Isokinetic dynamometer. An isokinetic dynamometer (Biodex System 4, Biodex 

Medical Systems, NY, United States) and knee extension/flexion attachment interfaced 

with a computer running Biodex Advantage Software (Biodex Medical Systems, NY, 

United States) was used to assess maximal voluntary isometric and dynamic strength 

of the quadriceps and for the eccentric resistance-exercise protocol. Before each test, 

a Calibration Verification Procedure was performed according to the manufactures 

instructions.  

Biochemistry analytical systems and assays. Venous blood samples were collected 

directly into 12.5 ml serum separator tubes (BD Diagnostics Systems, New Jersey, 

United States). Upon collection, whole blood samples were stored on ice for ~30 min 

before centrifugation at 1600 g for 10 min. Serum samples were stored frozen at -80oC 

until analysis. The details of the blood analysis for each study are detailed below: 

Study One – Effect of long-term oral contraceptive use on determinants of 

endurance-exercise performance. Serum samples were analysed for 17β-estradiol and 

progesterone by a commercial pathology laboratory (Sullivan Nicolaides Pathology, 
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QLD, Australia). Samples were transported to the pathology clinic on dry ice where 

they were analysed in duplicate using a radioimmunoassay technique that required no 

sample extraction. The intraassay and interassay coefficients of variation for 17β-

estradiol ranged from 2.1 to 7.2% and 2.9 to 8.7%, respectively, and progesterone 

ranged from 6.5 to 8.2% and 4.5 to 8.1%, respectively. 

Study Two – The influence of endogenous estrogen on muscle damage and leg 

strength after eccentric resistance-exercise. The analysis of CK, Mb and FABP 

concentrations was performed using an Abbott Architect ci16200 Integrated System 

(Abbott Diagnostics, IL, United States) and assays supplied by Abbott Diagnostics. The 

performance characteristics for the assays are as follows. The limit of detection (LoD) 

for CK is 5.0U·L-1 with imprecision of 1.4% at 147.0U·L-1 and 1.8% at 482.0U·L-1. The 

LoD for Mb is 1.0ug·L-1 with imprecision of 3.6% at 57.0ng·L-1 and 4.5% at 803.0ng·L-1. 

The analytical sensitivity was assessed at <0.1ug·L-1. Assay imprecision for FABP in this 

study was 19% at 0.2 ug·L-1 and 8.6% at 2.7 ug·L-1.  

Study Three – The role of gender and oral contraceptives in the muscle damage effect 

on heavy-intensity cycling. Serum samples were analysed for CK and female sex 

hormone concentrations (i.e., 17β-estradiol and progesterone) by a commercial 

pathology laboratory (Sullivan Nicolaides Pathology, QLD, Australia). Samples were 

transported to the pathology clinic on dry ice. 17β-estradiol and progesterone 

concentrations were analysed in duplicate using a radioimmunoassay technique that 

required no sample extraction. Serum CK concentration was analysed using a Hitachi 
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automated clinical chemistry analyser (Roche Diagnostics Corporation, IN, United 

States) using reagents supplied by Roche Diagnostics Corporation. 

 

6.4 CALCULATIONS  

Anaerobic threshold. Metabolic parameters (O2 uptake, 2 output, expired 

ventilation) collected during the incremental cycling test to exhaustion were averaged 

over 30 s intervals to determine the gas exchange threshold and estimate the AnT. The 

gas exchange threshold was determined using the modified ‘V-slope’ method 

developed by Sue et al. (1988) and confirmed using the ventilatory equivalents method 

(Wasserman et al., 2005). On equal axes, the O2 uptake (L·min-1) and 2 output (L·min-

1) measured during each subject’s incremental cycling test was plotted. The data point 

immediately before the point at which O2 uptake and 2 output consistently departed 

from a linear relationship was considered the gas exchange threshold i.e. the slope of 

the O2 uptake and 2 output relationship exceeded a gradient of one. The ventilatory 

equivalents method required the ventilatory equivalents for 2 (VE/CO2) and O2 

(VE/O2) to be plotted against power output. The point at which VE/CO2 systematically 

increased without an associated rise in VE/O2 was recorded as ventilatory threshold. 

Two investigators performed the V-slope and ventilatory equivalents method process 

independently, before discussing their findings. If the investigators could not agree on 

a particular gas exchange threshold, a third investigator was consulted. 

Exercise economy. The O2 uptake data from the final minute of the first two work 

stages (i.e., 40%AnT and 80%AnT) and from minutes five to six of the final work stage 
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(∆50%) was averaged and used to determine the O2 cost for each power output. 

Cycling economy was calculated as the ∆O2 uptake/∆work rate (mL·min-1·W-1), where 

∆O2 uptake is the difference in O2 uptake (mL·min-1) between two consecutive work 

stages (e.g. between 40%AnT and 80%AnT, and between 80%AnT and ∆50%) and 

∆work rate is the difference in power output between consecutive work stages. 

Slow component of O2 uptake. It is well established that the O2 response during 

constant-load exercise performed below the AnT typically attains steady-state values 

within 2-3 min of exercise onset in healthy individuals (Hughson, 2009). Thus, the 

breath-by-breath O2 uptake data from minutes four to six of the first two work stages 

(40%AnT and 80%AnT) were averaged to reflect the O2 cost of cycling for each power 

output. In contrast, constant-load exercise performed above the AnT is characterised 

by a slow component rise in O2 that typically manifests 2-3 min after exercise onset 

(Hughson, 2009).  Consequently, the O2 cost of exercise for the final work stage (∆50%) 

was quantified as the slow component, and represents the rise in O2 uptake between 3 

min (average of the breath-by-breath values from 2:45-3:15 min) and the end of 

constant-load exercise (average of the breath-by-breath values from the final 30 s of 

exercise). To account for potential within- and between-group differences in time to 

exhaustion before and after the eccentric resistance-exercise intervention, the 

amplitude of the slow component was expressed relative to the total amplitude for the 

work stage and divided by the duration of the slow component (Sabapathy et al., 

2004). This value represents the contribution of the slow component to the overall 

response per unit time (% change per min).  
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SYMBOLS AND ABBREVIATIONS 

~     approximately 

β     beta 

Δ     delta (difference) 

o     degree 

>     greater than 

<     less than 

μ·g-1     microgram 

%     percent 

±     plus/minus 

ANOVA   analysis of variance 

AnT     anaerobic threshold 

b·min-1    beats per minute 

CK     creatine kinase 

2     carbon dioxide 

d     days 

DOMS    delayed muscle onset soreness 

ECG     electrocardiograph 

d·wk-1    days per week 

EiMD     exercise-induced muscle damage 

FABP     fatty-acid binding protein 

FSH      follicle-stimulating hormone   
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g     grams 

h      hour 

h·wk-1    hours per week 

ICC     Interclass Correlation Coefficient 

kg     kilogram 

kg·m-1    kilogram per metre 

L     litre 

La-      lactate 

[La-]     blood lactate concentration 

LH     luteinizing hormone  

L·min-1    litres per minute 

Mb     myoglobin 

MEN     experimental group – men  

m     metre 

min     minute 

min·session-1   minutes per session 

mL·kg·min-1   millilitre per kilogram per minute 

mL     millilitre  

mL·min·W-1   millilitre per minute per watt 

mmol·L-1   millimoles per litre 

mo     months 

n·mol-1    nanomole 

Nm     Newton metre 
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Nm·kg -1    Newton metre per kilogram 

O2     oxygen 

p     p-value 

μ·g-1     picoogram 

p·mol·L-1    nanomole per litre 

p·mol-1    picomole 

p·mol·L-1   picomole per litre 

rev      revolution  

rev·min -1   revolutions per miute 

s     second 

sessions·wk-1   sessions per week 

SD     standard deviation 

T1     Trial 1 

T2     Trial 2 

TTE     time to exhaustion 

VE/CO2    ventilatory equivalent for CO2  

VE/O2     ventilatory equivalent for O2 

W     watt 

wk     week 

WomenNM experimental group – normally-menstruating women 

WomenOC experimental group - women taking oral contraceptives 

yr     year 




