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ABSTRACT 

Hannah E. Cabré: Evaluation of hormonal contraception effects on strength and recovery across the 
hormone cycle 

(Under the direction of Abbie Smith-Ryan) 
  

Few investigations have evaluated the effects of hormonal contraception on exercise 

performance. The biphasic response of endogenous hormones in eumenorrheic (EUM) females is altered 

with the delivery of exogenous hormones, with oral contraceptives (OC) and intrauterine devices (IUD) 

most commonly used. Hormonal alterations may have undesirable consequences on muscle strength and 

power performance, fatigability, and recovery. The purpose of the study was to evaluate the effects of OC 

and IUD use, compared to a EUM cycle, on maximal strength, power, fatigability, and recovery between 

menstrual cycle (MC) phases. Sixty healthy, active women who were monophasic OC users (n=21), had a 

hormonal-IUD (H-IUD; n=20), or had regular naturally occurring menstrual cycles or were using a non-

hormonal IUD (EUM; n=19) were evaluated in the in the follicular phase/placebo pill (FP) or in the luteal 

phase/active pill (LP). Strength was assessed from upper and lower body one repetition max (1RM) and 

peak force from isometric dynamometry. Power was assessed from counter movement jump and reactive 

strength index. Peak power (PP), average power (AP), time to PP, and fatigue index were measured with 

a repeated sprint ability test (RSA). Blood lactate, vessel diameter, and blood flow were measured prior to 

and immediately post-RSA. Leg press 1RM was significantly different across the MC between groups 

(p=0.027), with higher leg press 1RM in the LP for the OC group (mean difference[MD: ∆LP-

FP]±standard error [SE]: ∆7.3±4.5 kg; p=0.045) compared to the IUD group (∆-8.8±4.6 kg; p=0.045). 

The results showed no significant changes across the MC for other study outcomes (p>0.05). Despite no 

significance, the H-IUD group (Δ320.3±260.3 W) and EUM group (Δ24.0±13.3 W) demonstrated greater 

changes in AP and PP, respectively, in the LP while the OC exhibited greater AP in the FP (Δ-
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248.2±254.0 W). All groups demonstrated greater blood flow in the FP (OC:Δ-133.4±10.3 mL/min; H-

IUD:Δ-128.6±10.6 mL/min; EUM:Δ-137.3±10.8 mL/min) after exercise. Collectively, OC and H-IUD 

users have similar performance and recovery across the MC, suggesting that exercise training does not 

need to be modified for phase or group. It appears that OC and H-IUD users can be equally included in 

research with EUM women.  
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To women in science. 
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CHAPTER I: INTRODUCTION 

 

Over the past decade, female participation in exercise and sport rose from 14.9% in 2003 to 18% 

in 2019 according to the Bureau of Labor Statistics.1 Despite the exponential increase in participation of 

females in exercise and sport, the sex data-gap in exercise physiology research is wide.1 In a recent 

review of 5,261 exercise and sport science publications, only 6% of the studies had female-only 

participants compared to 31% of studies having male-only participants.1 Most of the current exercise and 

sport recommendations for exercise training and nutrition  have been derived from research studies 

utilizing male participants.2 However, these recommendations based on male physiology neglect the 

anatomical, physiological, and endocrinological differences that exist between sexes, specifically in 

regards to the menstrual cycle, as well as the influence of hormonal contraception.  

 

Male and female physiology is similar until puberty where sex hormones diverge leading to sex-

based differences in metabolism,3 fatigability,4 recovery,4 and body composition.5 Female endogenous 

(estrogen and progesterone) and exogenous (ethinyl estradiol and progestin) sex hormones fluctuate in a 

cyclical pattern throughout the menstrual and hormonal contraception cycles, respectively. Estrogen 

receptors are widely distributed in skeletal muscle and mitochondria suggesting variations in estrogen and 

progesterone concentrations across the hormone phases may influence skeletal muscle performance and 

recovery after exercise.6 As such, female skeletal muscle may be more efficient at resynthesizing ATP 

from oxidative phosphorylation during high-intensity exercise, which has particular implications for 

decreased fatiguability and increased exercise recovery.4 Research examining the anabolic functions 

related to estrogen suggests increased concentrations of estrogen, coupled with increased muscle protein 

synthesis via exercise stimulation, can improve skeletal muscle performance.  In contrast, progesterone, 
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which is high in the later phases of the menstrual cycle, may elicit catabolic effects.7–9 Furthermore, 

estrogen has been purported to have a positive effect on voluntary activation during muscle contractions, 

while progesterone appears to have neuroinhibitory properties.10 Despite these hormone counteractions, 

several studies have demonstrated no significant differences in muscle strength between the low hormone 

follicular phase (FP), and the high hormone luteal phase (LP), 8,11,12 although the data are conflicting.13,14 

The impact of exogenous hormones from hormonal contraception is even less understood, with existing 

data suggesting HC use does not significantly impact muscle strength.15–18 Research in healthy, active 

females understanding the influences of various hormonal profiles on strength outcomes is limited.      

 

More than 60% of US adult women use some form of HC with oral contraception (OC; 12.6%) 

being the most common form followed by intrauterine devices (IUD: 7.9%).19,20 The exogenous sex 

hormones provided from OC use suppress endogenous estrogen and progesterone, which may have 

undesirable consequences for optimizing recovery and muscle strength performance.21 Alternatively, IUD 

administers progestin locally having minimal influence on endogenous hormone production, mimicking a 

EUM menstrual cycle. Although intended to prevent pregnancy, HC is commonly prescribed to 

therapeutically reduce menstrual cycle symptoms, treat amenorrhea, and for maintenance of bone density 

21,22 Previous research has shown conflicting findings on the directional effects of OCs on exercise 

outcomes such as muscle function,13,23 anaerobic capacity,24  and power-based tests.23,25 Females utilizing 

monophasic OC, which provides consistent concentrations of ethinyl estradiol and progestin, 

demonstrated larger reductions in recovery compared to eumenorrheic (EUM) or progestin-only pill users 

regardless of cycle phase possibly due to greater inflammatory responses associated with monophasic OC 

use.26,27 In female collegiate soccer players utilizing OC, stress and inflammatory biomarker levels were 

elevated throughout a competitive season compared to non-OC users resulting in less favorable body 

composition changes.28 Currently, there are no previous studies providing an assessment of metabolism or 

exercise performance in females utilizing IUD.29 Given the likelihood that IUD use will continue to 

increase, investigations into the impact of IUD on performance and recovery are warranted. 
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While many animal studies have demonstrated support for the potential of estrogen to support 

improved recovery and skeletal muscle maintenance,30 research in humans has been much less clear.31 

The fluctuations of estrogen across the menstrual cycle and the addition of exogenous hormones may 

influence performance and the rate of recovery, yet the current state of the literature does not warrant 

general guidance on the impact of a normal eumenorrheic menstrual cycle or use of exogenous 

manipulation. The primary aim of the proposed study was to assess the effects of chronic use (≥ 6 

months) of OC, IUD, compared to a EUM on strength, recovery, body composition, and muscle 

characteristics. A secondary aim was to evaluate whether there are differences in outcomes between the 

hormone phases (low hormone phase vs. high hormone phase) among healthy adult women.  

Specific Aims 

Specific Aim 1: To evaluate the effects of female monophasic OC vs. IUD vs. no hormonal contraception 

(EUM) on maximal upper and lower body strength (1 repetition max and isometric dynamometry) and 

power (reactive strength index and counter movement jump) between hormone phases (low hormone 

phase vs. high hormone phase). 

Hypothesis 1: It was hypothesized that 1 repetition max bench press and leg press values, upper 

and lower body peak force, drop jump force, and countermovement jump height would be similar 

between monophasic IUD vs. EUM but both groups would have greater strength and power than 

OC.  

Hypothesis 2: It was hypothesized that there would be no differences in 1 repetition max bench 

press and leg press values, upper and lower body peak force, drop jump force, and 

countermovement jump height between hormone phases.  

Specific Aim 2: To assess the effects of female monophasic OC vs. IUD vs. EUM on recovery measured 

as peak power, fatigue index, workload decrements, blood lactate, and blood flow following a 10 × 6 
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second sprint protocol on a cycle ergometer between hormone phases (low hormone phase vs. high 

hormone phase). 

 Hypothesis 3: It was hypothesized that recovery outcomes would be similar between monophasic 

IUD vs. EUM but both groups would have greater recovery than OC. 

 Hypothesis 4: It was hypothesized that there would be a greater decrease in peak power, fatigue 

index, workload decrements, and blood lactate clearance in the high hormone phase. 

Hypothesis 5: It was hypothesized that there would be no differences in blood flow between 

hormone phases due to estrogen’s influence on vasodilation.  

Specific Aim 3: To determine the effects of female monophasic OC vs. IUD vs. EUM on resting total 

body water, intracellular and extracellular fluid, body composition measures (including lean mass, fat 

mass, and percent body fat), muscle characteristics (including muscle cross sectional area and echo 

intensity), and metabolic outcomes (including respiratory exchange ratio and resting energy expenditure) 

between hormone phases (low hormone phase vs. high hormone phase). 

Hypothesis 6: It was hypothesized that there would be no differences in fluid balance, body 

composition, muscle characteristics, and metabolic outcomes between monophasic OC vs. IUD 

vs. EUM. 

Hypothesis 7: It was hypothesized that intracellular fluid and resting energy expenditure would be 

elevated during the high hormone phase.  

Exploratory Specific Aim: To determine the effects of female monophasic OC vs. IUD vs. EUM protein 

turnover between hormone phases (low hormone phase vs. high hormone phase) in a subsample. 

Hypothesis 8: It was hypothesized that protein turnover outcomes would be similar between 

monophasic IUD vs. EUM but both groups would have less protein turnover compared to OC. 

Hypothesis 9: It was hypothesized that protein turnover, measured by [15N]alanine would be 

increased during the high hormone phase. 

Delimitations 

1. Women between the ages of 18-40 years. 
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2. Recreationally active to active: participated in moderate to vigorous-intensity exercise at least 3 

days a week but were not participating in more than 200 minutes of vigorous exercise and/or 

more than 4 days per week of resistance training. 

3. Normal weight to obese status: body mass index (BMI) of 20.0-35.0 kg/m2 

4. Generally healthy, non-smokers, who were apparently free from disease, reported no current or 

history of metabolic disease (cardiovascular disease, Type 1 or Type 2 diabetes), musculoskeletal 

disorders, disease that could result in significant changes in total body water (i.e. renal disease) or 

weight status (i.e. thyroid abnormalities), polycystic ovarian syndrome (PCOS), or medical or 

surgical events, such as reconstruction surgery, that could significantly influence study outcomes 

or prevent safe participation in exercise. 

5. Was not currently taking medications or inconsistently taking medications that could influence 

study outcomes (i.e. stimulants, insulin, thyroid medications). 

6. Had not experienced a musculoskeletal injury within the past three months. 

7. For women who were not using hormonal contraception: eumenorrheic, reported consistent 

menstruation for three months prior to enrollment, and were not pregnant or planning on 

becoming pregnant. 

8. Women using hormonal contraception had been utilizing the same method for a minimum of 6 

months.  

9. Was not currently nursing or had a child within the previous 6 months prior to enrollment. 

10. Had not undergone a full or partial hysterectomy. 

11. Did not have a self-identified or clinically diagnosed eating disorder. 

12. Weight stable: had not lost or gained greater than eight pounds within two months prior to the 

enrollment. 
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13. Was willing and/or able to comply with the study protocol, including abstaining from caffeine, 

tobacco, alcohol, and physical activity before testing days and recording temperature daily.  

Limitations 

1. One repetition max testing assessed muscle strength, but may not have directly measure muscle 

activation, which can be a limiting factor in exercise performance.  

2. Drop jumps served as a measure of leg extensor muscle function and reactive strength but do not 

provide a direct measure of muscle contraction. 

3. The repeated sprint ability test served as an indirect measure of muscular fatigue, but does not 

directly measure depletion and repletion of ATP and intramuscular accumulation of metabolic by-

products.  

4. Measurements during the follicular/low hormone phase and the luteal/high hormone phase 

informed possible difference between cycle phase, but does not directly inform every change 

across the menstrual/hormone cycle which may occur. 

5. Results may not be transferable to other hormonal contraception types such as triphasic oral 

contraception, implants, patches, injections, etc. 

6. Results may not translate to older (>40 years) and younger (<18 years) females. 

 
Assumptions 

Theoretical 

1. Subjects accurately report health and exercise history information. 

2. Subjects adhered to pre-testing guidelines and provided accurate daily temperature reports (if 

applicable). 

3. Subjects maintained normal daily activity throughout the intervention. 

Statistical 

1. The population from which the sample was taken was normally distributed. 

2. The sample variability was equal. 
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3. There was no time-order effect. 

 

Significance of Study 

In kinesiology research, only 6% of studies are conducted in female-only cohorts.1 The lack of 

female-only studies is often attributed to the complexity of hormonal fluctuations throughout the 

menstrual cycle or the perceived barrier of various hormonal contraception types. Results of this study 

will provide an understanding of how OCs and IUDs influence strength and recovery outcomes between 

hormone cycle phases, providing the opportunity to expand inclusion criteria for females in exercise 

science research. The addition of IUD users in the present study is unique as no previous studies have 

provided an assessment of exercise performance in females utilizing copper IUDs or hormonal IUDs.29 

Results from this study will provide a basis for understanding the physiological impact of OCs and IUDs 

on muscular adaptations thereby informing future research regarding performance considerations such as 

nutrient timing, exercise prescription and recovery recommendations, and dietary supplements. 

Understanding potential performance differences between hormonal contraception types and hormone 

cycle phases could have significant implications for improving strength, recovery, and other performance 

outcomes in female populations.  
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CHAPTER II: REVIEW OF LITERATURE 

 

Introduction 

In sport and exercise science research conducted from 2014 to 2020, only 6% of studies were 

conducted exclusively with female participants, demonstrating a large gap in female-specific research.1 

Considering the growing number of females participating in exercise and sports, accurately assessing 

female physiology is imperative. It is well established that female physiology differs from males largely 

due to the biphasic responses of estrogen and progesterone across the menstrual cycle. Yet most 

performance and recovery recommendations have been derived from studies utilizing male participants, 

then generalized to females.32 It is naïve to assume that all research in males can be directly applied to 

females, particularly when acknowledging the diversity in ovarian hormone profiles between regularly 

menstruating eumenorrheic (EUM) females and those utilizing hormonal contraception (HC). 

 The impact of exogenous hormonal manipulation on exercise physiology cannot go unresolved; 

over 60% of US adult women and 49.5% of female athletes utilize some form of HC with oral 

contraceptive (OC) pills and intrauterine devices (IUD) being the most common forms utilized 19,33. 

However, many previous research studies have not included HC users or have failed to accurately define 

reproductive status. OCs introduce varying concentrations of circulating exogenous estrogen and 

progesterone, which may moderate physiological adaptations to exercise differently than endogenous sex 

hormones. The use of IUDs may be more favorable than Ocs in the context of optimizing female 

performance, as they do not suppress endogenous hormone production, therefore resulting in a 

physiological response similar to a normal menstrual cycle. Currently, there are no previous studies 

providing an assessment of metabolism or exercise performance in females utilizing IUD.29 Thus, this 

review has no data regarding IUD users amplifying the need of female HC specific research. The 



 9 

omission of HC users in research ignores the complexity and generalizability of various female hormone 

profiles and fails to close the gap in understanding the impact of sex hormone perturbations across natural 

and exogenous hormonal manipulation.  

Female Sex Hormone Profiles 

Male and female physiology is similar until puberty where sex hormones diverge. Once the 

transition through puberty is complete, females typically experience a circamensal rhythm, termed the 

menstrual cycle, that is characterized by predictable fluctuations in four female sex hormones, estrogen, 

progesterone, follicle-stimulating hormone (FSH), and luteinizing hormone (LH).32 A regular menstrual 

cycle can range from 23-38 days, and females who experience monthly menstruation are considered EUM 

until they reach menopause (average age 51 years).32 The menstrual cycle consists of two main phases: 

the follicular phase (FP) and the luteal phase (LP) which are separated by ovulation. During the FP (days 

0- ~13), estrogen levels begin low (menstruation), rise then peak at the periovulatory phase. During the 

LP (days ~16- 28), estrogen level rises again, and progesterone peaks until the pre-menstrual phases 

where estrogen and progesterone levels fall if pregnancy does not occur (Figure 1).34  

Hormonal contraceptives provide exogenous female sex hormones to systematically control the 

concentrations of endogenous sex hormones by acting on the hypothalamus and anterior pituitary glands 

leading to the suppression of gonadotropin-releasing hormone, FSH, and LH, thus reducing endogenous 

estrogens and progesterone levels.15 In both nonathletes and athletes, HC are commonly prescribed for 

cycle regulation, contraception, treatment of amenorrhea, and for maintenance of bone density.21,22 There 

are various delivery methods for HCs including OC, implant, injection, transdermal patch, vaginal ring, 

and IUD, with OC and IUD being the most commonly prescribed HC in the United States.20 Furthermore, 

HC can be classified by type: combined, with an estrogenic and progestin component, or progestin-only. 

The type and concentration of estrogen and progestin varies between different HC type and may influence 

physiological responses to exercise. 
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 The OC pill is usually prescribed in the form of a combined estrogen and progesterone tablet that 

is consumed daily. The combined pill can be described as a monophasic, biphasic, or triphasic dose with 

each providing varying release of hormones across a 28-day period.21 Monophasic OC are the most 

common OC pill prescribed and contain low to standard does of ethinyloestradiol and progestins that are 

delivered at a constant dose over 21-days with a 7-day withdrawal period (Figure 1). The second most 

common OC pill prescribed is a triphasic pill in which the dose of estrogen and progesterone change three 

times in a 28-day period.21 This form is thought to mimic the “natural” menstrual cycle more closely and 

has a slightly lower dose of hormones overall. However, the main drawback of this form is difficulty with 

cycle timing due to the variations in synthetic hormone concentrations throughout the doses.21 The 

biphasic form is the least popular form and offers no particular advantage over the other two forms. With 

the biphasic pill, the progesterone level is increased halfway through the pill cycle, while the level of 

progesterone stays consistent.21 Of the various forms, monophasic OC allows for easy manipulation of the 

menstrual cycle for treatment of dysmenorrhea, the timing of menstruation for training and competitions 

for active females, and effective contraception.21,35  

 Unlike an OC which must be taken daily, IUDs are long-acting reversible contraceptives placed 

directly into the uterus and do not require patient intervention for multiple years. There are two forms of 

IUD, a copper IUD that does not contain hormones, and progestin containing IUDs. Copper IUDs have 

less therapeutic benefits than hormonal IUDs but do not provide any exogenous hormones unaltering the 

female sex hormonal profile. There are two types of progestin IUDs: one containing 52 mg of 

Levonorgestrel (progestin) which can last for five years and the other containing 13.5 mg Levonorgestrel 

which lasts for three years.36 Both hormonal IUDs administer the progestin locally, which does not 

systemically suppress endogenous hormone production.37 The hormonal IUDs act by thickening the 

cervical mucus causing endometrial decidualization and glandular atrophy, which inhibits the binding of 

sperm to the ovum and in partial inhibition of ovulation.36 The therapeutic benefits of hormonal IUD 

include possible loss of menstruation aiding in dysmenorrhea and blood loss. The use of IUDs may be 
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more favorable than Ocs in the context of optimizing female performance, as they mimic a EUM cycle, 

therefore resulting in a physiological response similar to a normal menstrual cycle.  

Muscular Strength and Power 

Adequate levels of muscular strength and power are needed for physical functioning, improved 

quality of life, reduced risk of injuries, and optimal performance in athletes.38,39 Females typically have a 

greater proportional area of type I muscle fibers, thereby incurring greater capillarization, mitochondrial 

respiratory capacity, and fatigue resistance compared to males.40 This may be indicative of muscular 

strength and power in females. The contractile apparatus of the skeletal muscle motor pathway, composed 

of actin, myosin, and other proteins, is ultimately responsible for force generation and human 

movement.41 Muscle contractions are initiated by the central nervous system (CNS), and muscle 

activation is a limiting factor to exercise performance with changes in neurotransmitter concentrations 

and motoneurons influencing the ability to drive the muscle.19,42 Previous data suggest that while 

voluntary activation does not differ between sexes,4,40 the fluctuations of estrogen and progesterone across 

the EUM menstrual cycle can affect CNS function due to their ability to cross the blood-brain barrier.43 

Specifically, voluntary activation appears to be highest when estrogen levels peak and lowest when 

progesterone levels peak, suggesting neuromuscular function and fatigability varies across the menstrual 

cycle;10 yet there is a lack of data supporting exercise-induced central fatigue differs when exercise is 

performed in different phases of the menstrual cycle.10  

Muscular power is a major factor for evaluating injury risk and sports performance, especially in 

sports including high-speed moments.44 The mechanical power of jump movements depends on 

neuromuscular coordination and restitution of elastic energy stored in muscles and tendons. Previous 

research has demonstrated significant variations in knee joint laxity, neuromuscular coordination, and 

postural control during the menstrual cycle.24,25,45 Estrogen receptors are widely distributed in skeletal 

muscle, tendons, and mitochondria, so variations in estrogen concentrations, naturally or via exogenous 

influence, may impact skeletal muscle performance and repair.6 Given the fluctuations of sex hormones 
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across the menstrual cycle, skeletal muscle performance, and recovery after exercise may differ in 

response to variations in estrogen and progesterone levels. Several authors have concluded that there are 

no significant differences in muscle strength during different phases of the menstrual cycle,11,12,15–17,25 

although there are conflicting data.13,23,46 In the limited current body of literature on strength and recovery 

related to the menstrual cycle, studies often neglect to account for differences between hormone phases or 

external (e.g. hormonal contraceptives) perturbations to the menstrual cycle. To date, there is minimal 

research investigating EUM menstrual cycle-induced changes in strength, with the impact of OC or IUD 

use on strength is even less understood.  

Maximal Strength and the Hormone Cycle 

To assess muscular strength, one-repetition maximum (1RM) tests are a common field-based 

test.39,44 The 1RM is defined as the maximal weight that can be lifted at once while maintaining the 

correct lifting technique, and it allows for assessing strength in multi-joint exercises.44 While 1RM tests 

are considered the “gold standard” for assessing dynamic strength, most commonly used muscle strength 

tests in previous studies have included a handgrip test and isokinetic testing for knee flexors and 

extensors. There is limited research evaluating the effect of varied hormonal profiles on 1RM strength. 

Romero-Moraleda et al.12 sought to investigate the fluctuations of female sex hormones across the EUM 

menstrual cycle on muscle performance using the Smith machine half-squat exercise in 13 female 

triathletes. Results demonstrated no significant differences in 1RM during the early FP (mean ± standard 

deviation: 97.0 ± 23.2 kg), late FP (98.5 ± 18.1 kg), and mid-luteal phase (98.1 ± 22.2 kg) suggesting 

there are no systematic variations in muscle performance during the different EUM menstrual cycle 

phases.12 Another study examining the effects of HC use on 1RM leg press demonstrated similar strength 

between HC users (114 ± 15 kg) compared to EUM females (118 ± 18 kg).15 A similar trend was 

observed between HC users and EUM for 1RM bench press values (43 ± 8 kg and 41 ± 10 kg, 

respectively).16 However, these two studies did not control for the phase of the hormone cycle participants 

were tested in, or the different types of HC used, limiting the understanding of hormonal influences on 
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1RM strength. The limited amount of research regarding maximal strength output in different hormonal 

profiles highlights the necessity of understanding the differences between HC types and hormone phases 

on maximal strength to accurately prescribe training and nutrition recommendations to active females 

across the lifespan.  

Isometric Dynamometer and the Hormone Cycle 

  In laboratory-based settings, muscular strength is most commonly assessed with force 

measurements from static or dynamic muscle contractions. Static muscle contractions are muscle 

contractions where the force is exerted on a stationary object and involved joints do not move during the 

contraction.47 Specifically, isometric contractions using a dynamometer are the most widely used method 

of measuring static muscle strength.47 Several authors have concluded that there are no significant 

differences in muscle strength during different phases of the menstrual cycle,11,15,17,48 although there are 

conflicting data.13,46 Early research evaluating the isometric strength of the quadriceps across the EUM 

menstrual cycle found that there was a peak in strength around the time of ovulation.46 This observation 

was supported by another study reporting an 11% increase in quadriceps maximum voluntary isometric 

force in the EUM ovulation period compared to early FP or LP.13 However, females using OC in the 

study demonstrated no changes in quadriceps maximum voluntary isometric force suggesting that a peak 

in estrogen may have contributed to the observed changes in isometric strength. Since these early 

investigations, research regarding isometric strength across the menstrual cycle has been equivocal, 

possibly due to the various methods used to estimate the phase of the EUM menstrual cycle and the 

different definitions of reproductive status. When comparing HC users to EUM females, isometric leg 

extension force was similar between groups (HC: 2,840 ± 405 N and EUM: 2,680 ± 631 N, respectively) 

suggesting exogenous hormones may not influence isometric strength.15 However, this study did not 

account for the hormone phase or types of HC. Furthermore, when OC users were compared to EUM 

females, there was no significant differences in the maximal voluntary force of the quadriceps between 

groups despite a significant increase in the concentration of progesterone and estrogen in the LP for EUM 
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and active pill for OC compared to FP and withdrawal.17 Research regarding isometric strength in 

different hormone phases and with different HC types remains limited.  

Muscular Power and the Hormone Cycle 

Muscle power is a major factor for evaluating injury risk and sports performance, especially in 

sports including high-speed moments.44 Drop jumps or maximal vertical jumps can be used to assess 

reactive strength and power. Of the available research assessing muscular power in EUM females and HC 

users, there appears to be no difference between groups or hormone phases on muscular power.23–25  

When evaluating the effect of the hormone cycle phase on maximal jump height in OC users compared to 

EUM, there were no differences between groups or between hormone cycles for maximal jump height.24 

Another study observing monophasic OC use on a 45 cm drop jump reported lower muscular power 

occurring during the withdrawal phase compared to the active phase in trained athletes.23 Considering 

variations in estrogen levels may influence knee joint laxity and neuromuscular coordination, a thorough 

evaluation of the hormone cycle phase and various hormone profiles on muscular power is needed.24,25,45 

Recovery in Females 

For exercise performance, it is essential to be able to perform and recover rapidly from high-

intensity bouts of exercise. Recovery is a critical period relative to the adaptation process during training 

regimes and is associated with an adequate balance between training load and recovery which is essential 

for exercise adaptations.49 The relationship between fitness (a positive outcome of training) and fatigue (a 

negative result of training) is important for exercise performance and adequate recovery. Higher levels of 

fatigue can predispose individuals to injury or overreaching. Importantly, there are sex-based differences 

regarding fatigue, with evidence demonstrating that female skeletal muscle is more resistant to fatigue 

elicited by equivalent dosages of high-intensity exercise compared to males.40 Trained females have 

exhibited faster oxygen uptake kinetics during moderate-intensity exercise and smaller decreases in ATP 

concentrations after all-out- exercise compared to males.50,51 As such, female skeletal muscle may be 

more efficient at resynthesizing ATP from oxidative phosphorylation during high-intensity exercise, 
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which has particular implications for decreased fatiguability and increased exercise recovery.4 Therefore, 

it is possible that females require less rest between intense interval exertions for adequate metabolic 

recovery.  

Effective recovery strategies have demonstrated increased blood flow to the recovering muscles 

may improve oxygen and nutrient delivery, and therefore resynthesis of phosphocreatine and 

glycogen.52,53 The perfusive and hemodynamic properties of female skeletal have indicated improved 

oxygen and metabolite removal during and after exercise aiding in reduced fatigue during exercise and 

increased recovery post-exercise.40 Elevated estrogen levels in females have been shown to promote 

vasodilation by stimulating nitric oxide synthesis and decreasing the production of vasoconstrictor 

agents.54 This increased vasodilatory responses paired with a higher density of capillaries per unit of 

skeletal muscle provides greater blood flow to exercising skeletal muscle. This possibly decreases the 

metabolic perturbations that induce fatigue.4,50,55,56 Increased blood flow may aid in transporting lactate 

and other metabolic by-products away from the active muscle to removal sites possibly increasing blood 

lactate threshold during exercise and expediating lactate clearance post-exercise.57 However, there is 

limited research characterizing blood lactate levels or clearance in both EUM females and those using 

HC. 

Furthermore, estrogen may act to diminish skeletal muscle damage and inflammatory responses 

after exercise by exerting a protective effect on muscle membranes via direct receptor-mediated 

mechanisms.30,31 This reduction of muscle membrane disruption may also be important for muscle repair 

and regeneration. Estrogen has also demonstrated antioxidant-like characteristics inhibiting inflammatory 

responses post-exercise, accelerating faster recovery.30,31 A recent review on the menstrual cycle effects 

on exercise-induced fatigability found 15 studies with a statistical difference between the FP and LP in 

EUM menstrual cycles, with eight studies demonstrating greater fatigue resistance in the FP, and seven 

studies demonstrating greater fatigue resistance in the LP.58 The inconsistencies across studies may be a 

consequence of the differences in methodologies and the techniques used to define the menstrual cycle 
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phase (e.g., serum concentration vs. reported day of menses). Therefore, an evaluation of the impact of 

changes in estrogen concentration across the menstrual cycle, or with exogenous use, is important for 

characterizing recovery and fatigue in females. 

Recovery and The Menstrual Cycle 

Due to estrogen’s role in reduced muscle damage and inflammation after exercise, there may be 

an enhanced recovery response in the FP when estrogen peaks. However, the current body of literature 

examining recovery differences between EUM menstrual cycle phases provides equivocal results. 

Recovery is often measured by evaluating the concentration of inflammatory markers, such as creatine 

kinase (CK) and interleukin-6 (IL-6), which are products of the muscle cell myoblasts and satellite cells’ 

response to muscle injury. Early work reported that resting IL-6 levels are lowest in the LP when 

progesterone levels are elevated, and highest in the FP during normal menstruation when estrogen and 

progesterone are low.59 Recent work by Hackney, Kallamen, and Ağgön 2019 confirmed this observation 

in EUM active females, reporting elevated IL-6 values in the mid-FP at rest, immediately after running 

for 90 minutes at 70% VO2max on a treadmill, and 24-hrs post-exercise (mean difference ± standard 

deviation: 1.4 ± 1.9 pg/mL, 24.9 ± 13.2 pg/mL, and 10.3 ± 7.1 pg/mL, respectively) compared to the mid-

LP (1.2 ± 0.5 pg/mL, 13.5 ± 6.2 pg/mL, and 5.0 ± 3.0 pg/mL, respectively).60 In contrast, another study in 

well-trained EUM females following an eccentric exercise demonstrated a significant interaction for IL-6 

indicating a possible inflammatory response in the mid-LP compared to mid-FP.61 However, the 

participants were well trained and may not have received enough muscle damage to fully observe 

recovery measures. Other work in EUM females has demonstrated no differences in blood markers of 

recovery between menstrual cycle phases.62,63 Additionally, there have been limited studies utilizing other 

recovery outcomes between menstrual cycle phases.  

Recovery and Hormonal Contraception  

Considering OC use downregulates the cyclic hormone activity of the hypothalamic-pituitary-

gonadal axis, recovery outcomes in OC users may differ from EUM females. Some research has shown 
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exogenous hormones of OC may modulate the recovery metrics, such as respiratory rate, sleep, and heart 

rate variability, in a different pattern than the EUM menstrual cycle, with reduced indices of adaptation to 

stress across pill types (progestin-only and combined) and phases.64 One study in healthy, active females 

(EUM and OC users) demonstrated decreased recovery as measured by heart rate reserve, across the 

menstrual cycle from the mid-FP to the mid-LP in EUM females.64 Females utilizing combined OC in the 

same study demonstrated larger reductions in recovery with every unit of increased strain compared to 

EUM or progestin-only pill users regardless of cycle phase.64 The authors suggested recovery in OC users 

may have been attenuated due to greater inflammatory responses associated with OC use,26,27 particularly 

due to increases in free circulating cortisol in the blood often observed with combined OC.65 In female 

collegiate soccer players utilizing OC, stress, inflammatory, and cortisol levels were elevated throughout 

a competitive season compared to EUM females suggesting OC use may be pro-inflammatory leading to 

decreased recovery.28 When observing workload and power decrements during repeated sprint ability test, 

another marker of recovery, in the withdrawal week and active week of monophasic OC, team sport 

athletes demonstrated equivocal workload and power decrements during the withdrawal phase compared 

to the active phase suggesting exercise recovery may not be negatively influenced by OC use.23 However, 

the study did not utilize a EUM group to compare values to. As such, with conflicting findings, it is 

important to understand the implications HCs have on training adaptations and recovery.  

Body Composition and the Menstrual Cycle 

Body composition assessment is essential for optimizing performance, recovery, and overall 

health. However, little is known about the influence of female sex hormones, both endogenous and 

exogenous, on the body composition assessment across the hormone cycle phase. Most previous 

investigations on the influence of the EUM menstrual cycle or HC on body composition outcomes have 

utilized only 2-compartment (2C; i.e. skinfolds, bioelectrical impedance analysis [BIA], air displacement 

plethysmography [ADP]) and 3- compartment (3C; i.e. dual-energy x-ray absorptiometry [DXA]) models. 

Early research utilizing skinfolds in both EUM and women utilizing OC to assess percent body fat (%BF) 
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in the early-FP (day 1 of menstruation), ovulation (day 14), and LP (day 21) found no differences in %BF 

estimations across cycle phase.66 Recent research using four different BIA devices at four time-points 

(menstruation, late-FP, early-LP, and late-LP) reported no significant differences in body mass, %BF, or 

fat-free mass (FFM) between the time-points for any device.67 However while this study included women 

utilizing HC, separate statistical analyses were not conducted for the impact of exogenous hormones on 

study results. Another study in healthy EUM females and those utilizing HC assessed body composition 

using DXA, ADP, and BIA during menstruation and late-FP.68 There were no significant differences in 

%BF or body mass estimates taken between the two-time points in either group suggesting body 

composition may not change in the FP and/or HC use may not influence body composition. However, 

testing was not performed during the LP limiting the understanding of changes in body composition 

across the hormone cycle. When comparing changes in body composition estimates over the EUM 

menstrual cycle (early FP, late-FP, and mid-luteal) inactive EUM females using DXA, standardized 

brightness-mode ultrasound (US), and skinfolds, there were no differences in %BF between cycle phases 

for any of the measurement devices.69 Taken together, it does not appear that %BF measures change 

across menstrual cycle phases. However, the mixed methodologies and lack of division between EUM 

and HC users limit the understanding of changes in female sex hormones on %BF, and other 

compartments of the body that may be more sensitive to hormonal alterations (i.e. fluid, lean mass, etc). 

Additionally, body composition research evaluating changes in lean mass (LM), a compartment largely 

influenced by total body water, is lacking.  

Utilization of a more-detailed methodology that accounts for multiple body compartments, such 

as a 4-compartment (4C) model across the hormone cycle is warranted. As sex hormones influence many 

physiological aspects, the validity of body composition assessments that rely on assumptions, especially 

in 2C and 3C models, may be violated by shifts induced by hormonal fluctuations (i.e. changes in body 

water, fat free body density, body volume, etc.). Due to the 4C model accounting for total body water 

(TBW), body volume, and bone mineral density, the 4C model may be more sensitive to compartmental 
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changes induced by the menstrual cycle and hormonal fluctuations from both endogenous and exogenous 

sources. There is limited research assessing body composition differences with the 4C model across 

hormone phases. One study in EUM females found 4C model measures of FM, FFM, and %BF were 

similar between early-FP and late-FP.70 However, during early-FP, body volume and body mass were 

significantly greater than in late-FP, which is similar to other reports.67,68,71 We are unaware of any studies 

utilizing the 4C model to evaluate body composition changes between the FP and LP or use of a 4C 

model to understand the impact of HC.  

Female Sex Hormones and Total Body Water 

Fluctuations in body mass throughout the menstrual cycle have often been attributed to shifts in 

fluid retention between hormone cycle phases due to the impact of ovarian hormones on body water 

compartments even at the transcapillary level.72–74 Three studies utilizing bioelectrical impedance devices 

to assess TBW have reported no impact of the hormone cycle phases on TBW or other body composition 

measures both in EUM and HC users,67,75,76 while other studies using similar methodologies have reported 

significant shifts in FFM and TBW 77–80. These inconsistent results may be due to varying pre-assessment 

guidelines that failed to control for hydration status, exercise restrictions, fasting protocols, and HC 

use/type, which highlights the need for a thorough evaluation of TBW in EUM females and HC users.  

The variations in female sex hormones impact fluid distribution, with two studies that 

demonstrated changes in the extracellular fluid (ECF) 68 and intracellular fluid (ICF) 81. Elevated estrogen 

has been shown to increase retention of extracellular fluid in plasma, while elevated levels of both 

estrogen and progesterone generally favor retention of fluid within the interstitial space.71 This 

observation was confirmed with recent data comparing LM measurements from early FP, where estrogen 

is low, to mid-FP, where estrogen peaks, in EUM females.70 The results demonstrated extracellular fluid 

was significantly lower in the mid-FP compared to early FP suggesting elevations in estrogen may 

influence measures of total body water and hydration status.70 Fluid distribution changes throughout a 
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EUM cycle, and possibly with HC use, may alter body composition measurements and have implications 

for recovery, such as hydration and thermoregulation, throughout the hormone phases.  

Female Sex Hormones and Muscle Size and Quality 

Determining the impact of endogenous and exogenous hormones on muscle size (muscle cross 

sectional area [mCSA]) and quality (echo intensity [EI]) is important for performance, recovery, and 

metabolism among females. While it is well known that estrogen has several metabolic effects on skeletal 

muscle, more recent research has demonstrated the role of estrogen in muscle mass maintenance.82 In 

animal models, 24-weeks of estrogen deficiency resulted in a 10% decrease in strength that corresponded 

with an 18% decrease in mCSA demonstrating estrogen may support greater force generation and skeletal 

muscle quality.83 In humans, much of the estrogen work has been completed in relation to menopause, 

where females experience a severe decrease in endogenous estrogen and progesterone levels. In a cross-

sectional analysis of 840 postmenopausal women (259 on hormone replacement therapy and 581 

controls), females utilizing hormone replacement therapy demonstrated greater mCSA and grip strength 

than non-users.84 Currently, research characterizing muscle size and quality between hormone cycle 

phases is lacking. One study observing mCSA of the rectus femoris, vastus intermedius, and vastus 

lateralis measured via ultrasound in EUM active females demonstrated no differences between 

measurement values.8 However, after a three-month resistance training protocol, there were significant 

increases in mCSA that were not phase dependent. Another study characterizing mCSA using a peripheral 

quantitative computed tomography (pQCT) in EUM and OC users demonstrated no significant 

differences in mCSA or muscle quality between early-FP, late-FP, or mid-LP in either group.85  However, 

this study did not report the activity level of the participants, which may be a confounding factor. Gaining 

insight into the impact of the various hormonal profiles on muscle size and quality will allow for a deeper 

understanding of the role of endogenous and exogenous estrogen in skeletal muscle. 
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Metabolic Outcomes in Females 

The fluctuations of female hormones across a EUM menstrual cycle facilitate variations in energy 

expenditure and macronutrient metabolism.32 Substantial evidence suggests that estrogen is a master 

regulator of bioenergetics in females.86 The impact of EUM menstrual cycle phase on metabolism and 

performance has been well evaluated.32,87–90 Most previous research demonstrates a decrease in fat 

oxidation, protein oxidation, and glycogen storage with an increase in carbohydrate oxidation in the FP.32 

During the LP, there is an increase in fat oxidation, protein oxidation, and glycogen storage with a 

decrease in carbohydrate oxidation.32 Implications of these phase-based differences in metabolism have 

not been fully evaluated in HC users, with no previous research in IUD users specifically. 

Resting Energy Expenditure 

At rest, EUM females exhibit heightened fat oxidation, as indicated by decreased respiratory 

exchange ratio (RER), and 2.5–11.5% higher resting energy expenditure (REE) during the luteal phase of 

the menstrual cycle when ovarian hormones peak.91,92 One study evaluating REE in EUM females during 

the mid-LP (elevated estrogen and progesterone), the early-FP (low estrogen), and after 6 days of 

estrogen suppression, demonstrated the changes in REE paralleled the changes in estrogen.93 Resting 

energy expenditure was the highest in the mid-LP, lower (−29 kcal/d) in the early-FP, and further reduced 

(−42 kcal/d) after estrogen suppression.93 These results suggest elevated estrogen supports an increased 

energy expenditure in females and that REE may vary across the EUM menstrual cycle. Currently, only 

six studies have investigated the effect of varied OC types on REE with inconsistent results. When normal 

EUM women were compared to OC users, five studies showed no difference in  REE or basal metabolic 

rate 94–98  and one study showed an increase in RER for OC users.99 Due to the heterogeneity of the few 

available studies (i.e., study population, study design, OC formulation and dose), the influence of HC use 

on REE is unclear. 
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Protein Synthesis and Female Sex Hormones 

Skeletal muscle is critical for sport performance, injury risk reduction, and long-term athlete 

health. Protein turnover, the rate of muscle protein synthesis and breakdown, determines the anabolic or 

catabolic state of skeletal muscle.100 Recent evidence suggests estrogen reduces protein oxidation while 

progesterone, which peaks in the LP of the menstrual cycle, may elicit catabolic effects.34,101 Protein 

turnover research is mostly conducted in association with the menopause transition. A recent cross-

sectional study observing protein turnover from [15N]alanine isotope demonstrated a significant reduction 

in whole-body protein balance from pre- to perimenopause, suggesting that with alterations in estrogen 

concentrations, protein turnover may be blunted.102 This reduction in protein turnover, which may parallel 

estrogen concentrations, was consistent with reductions in lean mass, mCSA, and leg strength. Of the 

limited data evaluating protein turnover across the menstrual cycle in healthy EUM females, studies with 

small sample sizes have consistently found phenylalanine, lysine, and leucine oxidation are greater in the 

LP compared to FP.103–105 This suggests elevated progesterone may increase the oxidative disposal of 

amino acids,32 possibly facilitating a global catabolic environment in the LP. Reports on amino acid flux 

and net balance are less consistent, highlighting the need for further evaluation into protein turnover in 

various hormonal profiles. Understanding protein turnover response to the fluctuating hormone 

concentrations across the menstrual cycle is essential for protein and recovery recommendations in female 

athletes. To date, we are not aware of any data evaluating the effects of various HC phases or IUD use on 

protein turnover. 

Conclusion 

There are key physiological differences between the males and females, primarily driven by 

differences in sex hormone concentrations. To optimize female strength performance and recovery, the 

unique responses of female physiology, both naturally and under exogenous hormonal manipulation must 

be considered. The fluctuations of estrogen and progesterone across the menstrual cycle in EUM females 

are known to influence substrate utilization, fluid distribution, and muscle composition. The exogenous 
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sex hormones provided from OC use suppress endogenous estrogen and progesterone, which may have 

undesirable consequences for optimizing recovery and muscle strength performance. Alternatively, IUD 

administers progestin locally having minimal influence on endogenous hormone production, mimicking a 

EUM menstrual cycle, possibly leading to similar performance outcomes as observed in EUM females. 

The impact of exogenous hormonal manipulation on strength and recovery cannot go unresolved 

considering a large percentage of female utilize HC; furthermore, we are aware of no other studies that 

have evaluated exercise performance in participants using IUD. Future research should focus on inclusion 

of HC use which may expand female inclusion criteria in scientific research, while also potentially 

highlighting an optimal testing window within the menstrual cycle for future studies to minimize 

confounding effects. 
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CHAPTER III: METHODOLOGY 

 
Experimental Design 

Using a cross-sectional cohort study design monophasic oral contraceptives (OC) users, 

intrauterine devices (IUD) users, and eumenorrheic (EUM) women, users were recruited through flyers, 

email, word of mouth, and social media. Each cohort was followed prospectively across the hormone 

cycle; two visits occurred during the low hormone phase (days 0-9: EUM/IUD) or placebo week (OC), 

and two visits occurred in the high hormone phase (between two days after ovulation and five days before 

the next predicted period; EUM/IUD) or active pill (OC) (Figure 2). Participants began the study protocol 

in random order of hormone phase (i.e., beginning in the FP or LP) to limit the influence of time effects 

and testing on study outcomes. Participants were tested over one hormone cycle (n= 50), but due to 

scheduling conflicts, data collection also occurred over two (n=7) or three (n=3) hormone cycles. 

Participants in cohorts were matched based on relative lower body (mean difference ± standard deviation: 

0.2 ± 0.2 kg) and upper body (0.01 ± 0.05 kg) strength to ensure a normal distribution of relative strength 

in each group as our primary outcomes were one repetition max (1RM) strength. Relative strength was 

assessed by normalizing the total weight lifted (kg) during the 1RM testing to the participant’s body mass 

(kg).  

 Prior to enrollment, all participants completed a phone screening for inclusion/exclusion criteria. 

Those determined to be eligible based on the phone screening were read a verbal consent form. If the 

participant verbally agreed to be in the study, written informed consent was obtained, and the participants 

completed a health history questionnaire to confirm inclusion/exclusion criteria. Participants were asked 

to arrive to testing sessions following an 8 hour fast, consuming no food, caffeine, or alcohol and were 

also asked to abstain from physical activity for 48 hours prior to testing. Participants provided a urine 
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sample to confirm negative pregnancy status via urine human chorionic gonadotropin concentration and 

to obtain hydration status via urine specific gravity. Measurements of strength, body composition, muscle 

characteristics, and metabolic rate were completed at visits 1 and 3, and explosive strength and recovery 

measures were completed 24 hours later at visits 2 and 4. 

Subjects 

An original 227 women expressed interest and were sent initial information about the study. Of 

those who initially expressed interest, 14 declined, 42 were excluded for not meeting inclusion criteria, 84 

did not respond to the initial contact, 16 met initial criteria but were lost to follow up, resulting in 71 

individuals who met initial inclusion criteria and verbally agreed to be in the study. Prior to providing 

written consent, four women were excluded for reasons related to lack of time (N=3) and musculoskeletal 

injury (N=1). This resulted in 67 women who provided written consent and were scheduled for visits. 

Five women withdrew from the study prior to completing any visits for reasons related to incorrectly 

reporting oral contraception type (N=3), lack of time (N=1), and musculoskeletal injury (N=1). This 

resulted in 62 women completing at least one visit. Two women failed to complete the study for reasons 

related to musculoskeletal injury (N=1) and withdraw for personal reasons (N=1) and were excluded from 

the final analysis. Full CONSORT information is reported in figure 3. 

Sixty healthy, active females between 18 and 40 years participated in the current study (Table 1). 

Recruitment was planned for a 2:2:1 enrollment with a goal of 25 women using monophasic OC, 25 

women using intrauterine devices (IUD), and 15 women having eumenorrheic menstrual cycles. Groups 

for the final analysis were stratified as follows: monophasic OC users (n=21), hormonal-IUD (H-IUD; 

n=20) users, or were using a non-hormonal IUD or had regular naturally occurring menstrual cycles 

(EUM; n=19). Women using monophasic OC, or those who had an H-IUD were required to utilize the 

same hormonal contraception form for at least six months prior to enrollment (Table 2). Eumenorrheic 

women and women with non-hormonal IUDs were required to have consistent menstruation for at least 

three months prior to enrollment. The EUM group was utilized as a comparator for the two hormonal 
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contraception groups. Power was calculated based on effect sizes from previously published data 

evaluating maximal isokinetic/isometric muscle strength9,15,16,25,106 (average effect size= 0.36) and 1 

repetition maximum testing15,16 (average effect size= 0.49) between an oral contraceptive group and a 

non-oral contraceptive group. With an α of 0.05, power of 0.8, three groups, two measures, an estimated 

correlation of 0.5 among repeated measures, a nonsphericity correction є of 1, and a 15% drop-out rate, 

the study would be sufficiently powered with an average of sixty participants. This sample size was 

feasible based on prior work in our laboratory. Additionally, data for the university campus health 

reported there were 646 IUD placed and 1,657 prescriptions for OC over the last year, suggesting there 

was a wide range of qualifying individuals available on campus.    

Potential participants were excluded if they were currently pregnant, planning to become 

pregnant, were currently nursing, or had a child in the previous six months. Age inclusion criteria was 18-

40 years old, and a body mass index (BMI) criterion of 20.0-35.0 kg/m2. A larger BMI range was used as 

BMI categories may not be accurate in active participants or as women age.107 Participants had to be 

healthy, non-smokers, and participated in moderate to vigorous intensity exercise at least 3 days a week, 

but no more than 200 minutes of vigorous exercise and/or more than 4 days per week of resistance 

training. Individuals were excluded from participation if they: 1) had current and/or history of metabolic 

disease (cardiovascular disease, Type 1 or Type 2 diabetes), musculoskeletal disorders, disease that may 

result in significant changes in total body water (i.e. renal disease) or weight status (i.e. thyroid 

abnormalities), polycystic ovarian syndrome, or medical or surgical events, such as reconstruction 

surgery, that could have significantly influence study outcomes or prevent safe participation in exercise; 

2) were currently taking medications or inconsistently taking medications that could have influence study 

outcomes (i.e. stimulants, insulin, thyroid medications); 3) experienced a musculoskeletal injury within 

the past three months; 4) undergone a full or partial hysterectomy; 5) had a self-identified or clinically 

diagnosed eating disorder; 6) had lost or gained greater than 3.6 kg within two months prior to the 

enrollment; 7) was not willing and/or able to comply with the study protocol, including recording 
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temperature daily and/or abstaining from caffeine, tobacco, alcohol, and physical activity before testing 

days. A health history questionnaire was used to confirm inclusion/exclusion criteria. All methodology 

was approved by the University’s Institutional Review Board, and all participants provided verbal and 

written informed consent prior to participation.  

Menstrual Cycle Tracking 

Upon enrollment participants, participants in the EUM or H-IUD groups who were not already 

tracking their menstrual cycles were asked to begin tracking their menstrual symptoms and basal body 

temperature with an app/website (FertilityFriend) that was accessible to both the researcher and 

participant to plan ideal visit times. Body temperature along with symptoms (e.g. dizziness, lower back 

pain, mood changes/anxiety, etc.) was recorded daily to further inform cycle length and to determine visit 

scheduling (i.e. FP vs LP).  Participants who were EUM or were using an H-IUD were asked to utilize 

ovulation tests between days 12-16 (Femometer, Princeton, NJ) according to manufacture guidelines at 

their predicted ovulation dates to confirm ovulation date and hormone cycle phase. 

Salivary Hormone  

Estrogen and progesterone concentrations were determined using a 2.5 mL saliva sample taken at 

visits 1 and visit 3. Estrogen and progesterone levels were determined using ELISA assays (Salivary 17 β-

Estradiol Enzyme Immunoassay Kit, Salimetrics, LLC, State College, PA, USA; Salivary Progesterone 

(P4) Enzyme Immunoassay Kit, Salimetrics, LLC, State College, PA, USA). Participants were asked to 

avoid brushing their teeth for 45 minutes prior to and undergoing dental work for 48 hours prior to sample 

collection to avoid blood contamination. All samples were immediately frozen at -20°C until analysis 

using established enzymatic assays. 

Specific Aim 1 Procedures  

One Repetition Max (1RM) Testing 

Participants completed a five-minute warm-up on a treadmill at a 1% grade and 5.6 kilometer per 

hour pace. To determine 1RM (kg) for leg press and bench press, each participant performed a set of 8-10 
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repetitions, with a weight that is approximately 50% of the anticipated 1RM. Participants then rested for 2 

minutes, after which a set of 4-6 repetitions was completed with a load of 80% of the predicted 1RM.108 

After another 2-minute rest period, the weight was increased to an estimated 1RM load, and the 

participants attempted a single repetition with the weight. After the completion of each successful 1RM 

attempt, the weight was increased until failure was reached, with 2-3 minutes of rest between 1RM 

attempts. 1RM was determined for leg press first, followed by 1RM for bench press. A systematic review 

on test-retest reliability for 1RM tests demonstrated a median intraclass correlation coefficient (ICC) of 

0.97 and median coefficient of variation (CV) of 4.2%.39 

Isometric Dynamometer 

Lower Body Isometric force 

Lower body peak and rapid force variables were examined with a calibrated commercial 

dynamometer (HUMAC Norm, Computer Sports Medicine Inc., Stoughton, MA) during an isometric 

maximal voluntary contraction (MVC) on the dominant leg. Force signal was sampled at either at 600 Hz 

or 2000 Hz and low-pass filtered at 50 Hz using a zero-phase-shift, fourth-order Butterworth filter. 

Participants were seated in the dynamometer chair with straps over the shoulders, hips, and non-dominant 

thigh to prevent extraneous movements during the leg extension. The participants were also asked to 

place their arms across their chest during testing. The dominant knee joint of the participants was fixed at 

60-degrees below full extension, as verified with a goniometer. The padded arm of the dynamometer was 

positioned approximately three centimeters above the lateral malleolus. All chair adjustments were 

recorded and replicated for each testing session.  

Participants were instructed to push into the lever arm as fast and as hard as possible and to 

maintain maximal effort for approximately 3-4 seconds. Research assistants provided standardized oral 

encouragement, and real-time visual feedback of torque production was displayed on a computer monitor 

in front of the dynamometer. Following three submaximal “warm-up” contractions (50% - 75% of 

perceived maximum effort), three to five practice MVCs were conducted to ensure production of maximal 
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effort. Practice trials were continued until the torque measurements ceased to increase within 5% of the 

previous trial. The values of the two highest practice trial MVCs were averaged and used to provide 

visual feedback on a computer monitor in front of the dynamometer of 100% and 110% of the practice 

trials. Participants were instructed to preform three maximal effort MVCs by pushing into the lever arm 

as fast and as hard as possible and to maintain maximal effort for approximately 3-4 seconds. Each force 

output was examined to see if the participants remained relaxed (i.e., performed a countermovement) 

before the MVC and explosively produced force during the MVC (visual inspection of the force-time 

curve). If needed, an additional MVC was performed. Custom written software (LabView 21; National 

Instruments) was used to process all the signals offline. Three maximal effort MVCs were averaged and 

used in the final data analysis. For the knee extensor isometric strength, the ICC= 0.95 and standard error 

of the measure (SEM)= 38 N.109 

Upper Body Isometric Force 

Upper-body peak force (PF) was determined from an upper-body strength assessment utilizing an 

isometric upright row with a calibrated load cell (TSD121C, Hand Dynamometer, Biopac Systems Inc., 

Goleta, CA, USA) on a flat metal platform. The participants were instructed to stand on the flat metal 

platform and hold a metal bar connected to an adjustable chain. Participants were asked to grip the bar 

with a pronated grip, align their hands with their shoulders, their shoulders abducted, and elbows flexed. 

The chain was adjusted to one chain link below the level of the umbilicus and the chain length was keep 

consistent between visits. Following three submaximal warm-up contractions (50%–75% of perceived 

maximum effort), participants were asked to perform three isometric MVCs with a one-minute recovery 

period in between each muscle contraction. Participants were instructed to pull the bar sub-maximally to 

remove the slack in the chain immediately prior to the start of the MVC, while being given strong verbal 

encouragement to pull as hard and as fast as possible on the chain for 3–4 seconds once the baseline force 

was completely steady as confirmed by visual assessment. Each force output was examined to see if the 

participants remained relaxed (i.e., performed a countermovement) before the MVC and explosively 



 30 

produced force during the MVC (visual inspection of the force-time curve). Three MVCs were performed 

with a one-minute recovery period in between contractions. The force signal was sampled at 2 kHz with a 

Biopac data acquisition system (MP150WSW, Biopac Systems Inc.) and stored on a laptop computer 

(ThinkPad T420; Lenovo). Custom written software (LabView 21; National Instruments) was used to 

process all the signals offline. If needed, an additional MVC was performed. For the upright row 

isometric strength, the ICC= 0.96 and SEM= 36.5 N.110 

Drop Jump to Countermovement Jump 

Reactive strength ability was assessed utilizing drop jump test with 30 cm box height positioned 

50% of the participants height from the front edge of two floor-embedded force plates (odel 4060-NC, 

Bertec Corporation, Columbus, Ohio). All participants were outfitted with a rigid cluster of 3 

retroreflective markers placed over the sacrum. Participants were instructed to jump forward off the box 

to a double leg landing with 1 foot on each force plate, followed by an immediate vertical jump for 

maximum height. Prior to the jump trials, participants were asked to stand still in the center of the force 

plates to collect baseline retroreflective marker height. A minimum of 3 practice trials were performed 

followed by 3 successful jump-landing trials. If a trial was unsuccessful, a subsequent trial was collected 

and utilized for analysis. Drop jump data were sampled at 1200 Hz and low-pass filtered at 10 Hz using a 

fourth-order recursive Butterworth filter. Jump height in meters and contact time in seconds was 

calculated using a custom MATLAB code (MATLAB R2021b, Mathworks, Inc., Natick MA.). Jump 

height was normalized to body height in meters then converted into centimeters. Reactive strength index 

(RSI; cm s−1) was calculated by dividing jump height (cm) by ground contact time (s). The best result 

based on RSI was used for analysis. In healthy male and female adults, the jump height for counter 

movement jump ICC= 0.99 and CV= 6.91% and RSI ICC= 0.97 and CV= 11.92%.111  
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Specific Aim 2 Procedures 

Repeated Sprint Ability (RSA) 

Participants completed an RSA test on a friction-loaded cycle ergometer (Monark 894E, 

Stockholm, Sweden). To warm-up, the participants cycled for two minutes at 50 rpm against a resistance 

of 0.5 kg, followed by two 30 second bouts of cycling at a resistance of 1.5 kg, keeping the cadence 

between 85-115 repetitions per minute (rpm). Each warm-up sprint was followed by a 60 second passive 

recovery. Once the warm-up was completed, the participants began the RSA test consisting of 10 six-

second maximal sprints with 30 seconds of passive recovery between each sprint with a load applied of 

65 g/kg of body mass. Peak power (PP; watts [W])), time to peak power (tPP; seconds [s]), average power 

(AP; W), and fatigue index (FI; %) were recorded from the manufacturer’s software. Previous test–retest 

reliability from our lab for peak power is reported as an intraclass correlation coefficient (ICC)= 0.96 and 

standard error of measure (SEM)= 19.7 Watts, fatigue index ICC = 0.97 and SEM = 4.0%, average power 

ICC = 0.97 and SEM = 120.8 W, and time to peak power ICC=0.92 and SEM=678.3 seconds.112 

Blood Lactate 

Blood lactate was measured prior to the RSA test, half-way through (after finishing the 5th bout), 

within 30 seconds of completing the tenth bout, and after resting for 10-minutes post-exercise using the 

Lactate Pro portable blood lactate meter (Arkray, Kioto, Japan) on micro blood samples drawn from the 

tip of the index finger according to the manufacturer’s instructions. Test–retest reliability from for Lactate 

Pro is reported as ICC= 0.99 and SEM= 5.4 mmol/L.113,114 Blood lactate clearance was calculated from 

finger capillary concertation.115  

Equation 3: Lactate clearance = (lactatedelayed – lactateinitial) / lactatedelayed × 100 (expressed as percentage). 

Blood Flow 

Brightness-mode ultrasound (US;Logiq-e, GE Healthcare, Madison, WI) was used to assess 

vessel diameter and blood flow through the brachial artery. Measurements were taken prior to and 

immediately after the RSA. For all measures, the participants were lying down with their right arm 
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extended and positioned about 80 degrees away from the torso. For the prior to exercise measure, a blood 

pressure cuff was positioned on the arm and inflated to 120 mmHg for two minutes. The US was set to 

view continuous blood volume flow in the vascular, pulse wave, and colorflow setting. Transmission gel 

was applied to the US transducer probe (12LRS, 5-13 mhz), and the probe was held against the skin with 

sufficient pressure to obtain a clear image of the brachial artery without compressing its diameter. The US 

was used to record a minimum of four pulses using the pulse wave setting. Artery diameter and arterial 

blood flow (BF) was estimated using the measure function in the device’s default software (Software 

version R8.0.7). Test-retest reliability using these methods for brachial artery diameter from our 

laboratory include ICC= 0.82, SEM= 0.03 cm and blood flow ICC = 0.86, SEM= 5.92 mL/min.1,112 

Specific Aim 3 Procedures 

Body Composition 

To address our third aim and account for the role of lean mass in strength outcomes, body 

composition was assessed using the 4-compartment model as previously validated by Wang et al.,116 was 

used to estimate fat mass (FM; kg), percent body fat (%fat), and fat-free mass (FFM; kg). Components of 

this equation include: 1) body volume, derived from a dual-energy x-ray absorptiometry total body scan 

(DXA); 2) total body water, measured using multi-frequency bioelectrical impedance spectroscopy (BIS); 

and 3) total body bone mineral density, calculated using total body bone mineral content, measured from 

the DXA.  

Equation 1: FM (kg) = 2.748(BV) – 0.699(TBW) + 1.129(Mo) – 2.051(body mass; BM) 

  %BF = (FM/BM) × 100 

  FFM (kg) = BM – FM  

Equation 2:  Mo = BMC × 1.0436 
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where BV is body volume, TBW is total body water, Mo is total body bone mineral and BM is body 

mass. Test re-test reliability from our laboratory for the 4C model is reported as ICC= 0.995, 0.982, 

0.996, SEM= 0.831 kg, 0.960%, 0.999 kg for FM, %BF, and LM, respectively.14 

Dual-energy X-ray Absorptiometry (DXA) 

For total body DXA scans, participants were positioned in a supine position in the center of the 

scanning table, with arms and legs inside the scanning parameter. Participants were asked to dorsiflex 

their feet and a Styrofoam pad was placed at the bottom of the feet and secured with a Velcro strap to 

ensure a standardized foot position. A thin Styrofoam pad was placed between each of the participants 

hands and hips. Participants were asked to straighten their arms fully and hold the Styrofoam pad in place 

to ensure standardized hand placement. Participants were asked to remove all metal, thick clothing, and 

heavy plastic which could interfere with the DXA scans. The participants’ alphanumeric number, age, 

ethnicity, height and weight was entered into the computer prior to the scanning. Regions-of-interest from 

the default software (enCORE Software Version 16) was adjusted by a trained technician. Test-retest 

reliability for DXA measurements from a similar population our lab are as follows: ICC= 0.998, 0.995, 

0.998 and SEM= 0.462 kg, 0.807%, 0.777kg for FM, %BF and LM, respectively.117  

Bioelectrical Impedance Spectroscopy 

A multi-frequency bioelectrical impedance device was used (SFB7 ImpediMed, Queensland, 

Australia) to measure TBW. Prior to testing, participant height, weight, age, and sex were entered into the 

device. Participants laid supine on a table with arms positioned apart from the torso and enough space 

between the legs to ensure no contact. Two electrodes were placed 5 cm apart on the dorsal side of the 

right wrist and hand, and two electrodes were placed 5 cm apart on the dorsal side of the right ankle and 

foot. Device software was automatically estimate TBW, intracellular fluid (ICF), and extracellular fluid 

(ECF). The average of two trials was used to represent TBW. BIS test-retest reliability from our 

laboratory included an ICC= 0.99 and SEM of 0.93 L.118 
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Air-displacement Plethysmography (BodPod) 

The BodPod device was calibrated according to manufacturer guidelines. In a private room, 

participants were asked to wear a swim cap and tight-fitting clothing such as a bathing suit or 

compression shorts and sports bra, and to remove all metal including jewelry, watches and glasses prior to 

measurement to reduce isothermal air. Body mass was measured to the nearest 0.01 kg using the 

software’s corresponding scale. Participants were asked to sit upright in the BodPod, breathe normally 

and to minimize movement. Body volume (BV) was measured by a minimum of two trials that are within 

150 mL of each other. 

Muscle Characteristics 

Muscle cross sectional area (mCSA) and echo intensity (EI) of the quadricep vastus lateralis (VL) 

was determined from panoramic brightness-mode US scans of the thigh (GE LOGIQ-e, Software version 

R8.0.7, GE Healthcare, Madison, WI) with standardized settings (frequency: 10.0; gain: 56; depth: 6 cm). 

The same technician performed each scan while the participant laid supine with the dominant leg 

extended. At the midpoint between the femoral greater trochanter and the femur lateral epicondyle, a 

high-density foam pad was placed under the thigh to guide a wide-band linear array US transducer probe 

(GE: 12L-RS). The probe was held directly against the skin, and equal pressure was applied as the 

technician swept the probe across the skin surface from the lateral VL border to medial fascia separation. 

The technician reviewed the initial quality of the scan on the US monitor, and two acceptable images 

were be saved. Muscle cross-sectional area and EI were measured offline using Image-J software 

(National Institute of Health, Version 1.37). The saved images of the panoramic scans were calibrated by 

measuring the number of pixels within a known distance of 6 cm. To measure mCSA and EI, the same 

technician traced the outline of the VL for each participant’s scan along the fascial border as close as 

possible to capture only the muscle. Echo intensity was determined in the standard histogram function, 

which used gray scale analysis of pixels. To account for the influence of subcutaneous fat thickness (SFT) 

on EI, a previously described correction factor for SFT was used;119 SFT was determined by an average of 

three linear measures from the epidermal layer to the fascial border of the VL at the lateral, medial, and 
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distal points of the image. The following equation was used to determine EI: y2 = y1+ (t × cf), where y1 = 

raw EI, t = SFT, cf = 40.5278, and y2 = corrected EI. Test-retest reliability for EI and mCSA 

measurements taken from this laboratory was an ICC= 0.99 and 0.99, respectively, and a SEM of 1.5 a.u. 

and 0.744 cm2, respectively.120 

Peripheral Quantitative Computed Tomography (pQCT) 

Two-dimensional images of the dominant thigh of each participant was obtained using a 

peripheral quantitative computed tomography (pQCT) scanner (Stratec XCT 3000 software v. 6.0, 

Pforzheim, Germany). To determine the scan position, femur length was measured manually from the 

greater trochanter to femur lateral epicondyle and the midpoint was marked on the participant’s skin with 

a permanent marker. The participants were asked to lay down on a table with their dominant leg extend 

through the gantry, which was manually positioned above the midpoint mark. The dominant leg was 

supported by a custom-built support device between the pQCT gantry opening and table. The 

participants’ foot was secured on the opposite side of the gantry with a Velcro strap placed over the 

metatarsals. Using a longitudinal scout view scan, scanning was taken at 50% femoral length at a scan 

speed of 15 mm/s. The cross-sectional image obtained from the pQCT was calculated by subtracting the 

bone, skin, and subcutaneous fat CSA from the total CSA, which would only leave the mCSA. This 

calculation was performed by the pQCT software (Stratec XCT 3000 software v. 6.00, Pforzheim, 

Germany). Test-retest reliability for muscle CSA measured with the pQCT ICC= 0.996 to 0.998 

and SEM= 1.660–1.101 cm2.121  

Resting Metabolic Rate  

Resting metabolic rate (RMR) and respiratory exchange ratio (RER) was evaluated using a 

ventilated canopy with indirect calorimetry. Before each measurement, the metabolic cart underwent flow 

calibration using a 3-liter syringe and gas calibration using a standard gas concentration. Participants were 

asked to lay in a supine position on a table and breath normally while a plastic bubble hood was placed 

over their head and shoulders. Respiratory gases, oxygen uptake, and carbon dioxide production, was 
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analyzed over 15 second intervals with a metabolic cart (TrueOne 2400, ParvoMedics, Inc., Sandy, UT) 

for 30 minutes. The percentage of carbon dioxide was maintained between 1.0 – 1.2%, with the first five 

minutes of the test discarded to allow for gases to normalize; RMR and RER was be averaged over the 

remaining 25 minutes of the test. Test-retest reliability from our lab produced a RMR ICC= 0.94 and 

SEM of 125.6 kcal/day; RER ICC= 0.83 and SEM= 0.03 arbitrary units (a.u.).122 

Specific Aim 4 Procedures 

Total Body Protein Turnover 

Whole body protein turnover (g N/24hr) was determined by [15N]alanine isotope tracer (98% 

enriched, Cambridge Isotope Lab, Andover, MA)123 in which a subsample of participants were asked to 

ingest a 0.30 gram dose of [15N]alanine mixed with water. For the 24hrs following ingestion, participants 

were asked to collect urine from all voids and keep a diet record of all food and drink consumed. Diet 

records were analyzed with a nutrient analysis program (Food Processor, Esha research) for protein intake 

(g) to account for dietary nitrogen intake. Isotopically labeled nitrogen from the urine samples was used 

to determine nitrogen flux.124 Total body protein synthesis and breakdown was calculated from urine 

samples125 and used to determine net protein balance and flux. Samples were analyzed at Metabolic 

Solutions, Inc. (Nashua, NH). 

Statistical Analysis  
 

Statistical Procedures 
 

Separate one-way analyses of variance tests were used to evaluate descriptive characteristics and 

performance outcome differences between OC, H-IUD, and EUM. Separate univariate analysis of 

covariance (ANCOVA) tests were used to assess the change from FP to LP between groups (OC, H-IUD, 

and EUM) for leg press 1RM, RSI, and CMJ, using total leg LM measures as a covariate. Similarly, 

separate univariate ANCOVAs were used to assess the change from FP to LP between groups for bench 

press 1RM and upper body peak force (PF), using total arm LM measures as a covariate. Lastly, when 
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covarying for dominant leg LM, the change from FP to LP between groups for lower body PF was 

evaluated.  

  For aim 2, separate one-way analyses of variance tests were used to evaluate descriptive 

characteristics and fatigue and recovery outcome differences between OC, H-IUD, and EUM. Separate 

univariate analysis of variance (ANOVA) tests were used to assess the change from FP to LP between 

groups (OC, H-IUD, and EUM) for PP, tPP, AP, FI. Separate univariate ANOVAs were used to assess the 

change from FP to LP between groups (OC, H-IUD, and EUM) for the change in blood lactate 

concentrations half-way through (concentration after finishing the 5th bout- pre concentration), the 

change in blood lactate concentrations immediately post RSA (concentration within 30 seconds of 

completing the tenth bout- pre RSA concentration and post-halfway concentration), for %blood lactate 

clearance. Separate univariate ANOVAs were used to assess the change from FP to LP between groups 

(OC, H-IUD, and EUM) for vessel diameter and BF prior to and post-RSA.  

For aim 3, separate one-way analyses of variance tests were used to evaluate descriptive 

characteristics and body composition and metabolic outcome differences between OC, H-IUD, and EUM. 

Separate univariate analysis of covariance (ANCOVA) tests were used to assess the change from FP to 

LP between groups (OC, H-IUD, and EUM) for total body water, extracellular fluid, and intracellular 

fluid, covarying for hydration. Separate univariate ANOVAs were used to assess the change from FP to 

LP between groups (OC, H-IUD, and EUM) for the 4 compartment measures of fat mass, percent body 

fat, and fat free mass. Separate univariate ANOVAs were used to assess the change from FP to LP 

between groups (OC, H-IUD, and EUM) for muscle characteristics (muscle cross sectional area and echo 

intensity).  

All statistical computations were performed using SPSS (Version 27, IBM, Armonk, NY, USA), 

using an α = 0.05 to determine statistical significance. 
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CHAPTER IV: MANUSCRIPT 1 

 

EVALUATION OF HORMONAL CONTRACEPTIONS EFFECTS ON MAXIMAL 
STRENGTH AND POWER 

 

Introduction 

Since the enactment of title IX 50 years ago, female participation in sport and exercise has 

exponentially increased.126 With females participating in exercise now more than ever, the potential 

impacts of the cyclical menstrual hormones (i.e., estrogen and progesterone) on strength are important to 

understand as adequate levels of muscular strength and power are needed for optimal exercise 

performance.38,39,127 Uniquely, the biphasic responses of endogenous hormones in eumenorrheic (EUM) 

females can be altered with the delivery of exogenous hormones (ethinyl estradiol and progestin or 

levonorgestrel) in the form of monophasic oral contraceptives (OC) or intrauterine devices (IUD).128 

Despite the increase in awareness of the need for female specific research,1 the impacts of exogenous 

hormone delivery, particularly IUDs, on strength performance outcomes are largely unknown.    

Estrogen has been shown to be beneficial for increasing muscle mass and strength, and is 

associated with increasing voluntary activation during muscle contractions.10,82 Estrogen receptors are 

widely distributed in skeletal muscle and mitochondria, so variations in estrogen concentrations across the 

hormone phases [low hormone follicular phase (FP) vs. high hormone luteal phase (LP)] may impact 

skeletal muscle performance.6 Exogenous sex hormones provided from OC purposely suppress 

endogenous estrogen and progesterone to prevent ovulation;129 however, lowering estrogen levels may 

have undesirable consequences on muscle strength performance.21 Despite these hormone counteractions, 

several studies in EUM and OC women have demonstrated no significant differences in muscle strength 
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and power between the low hormone FP and the high hormone LP, 8,11,12 although the data are 

conflicting.13,14 One study comparing healthy, physically active women using OC to those who had EUM 

menstrual cycles demonstrated similar improvements in leg press one repetition max (1RM) and 

dynamometry isometric leg peak force after 10 weeks of resistance training.15 In contrast, a recent review 

evaluating the impact of OC on exercise performance across hormonal phases reported a slight decrease 

in isometric muscle contractions and maximal anaerobic performance compared to EUM women.35 

Additionally, one of the most common forms of contraception, IUDs, has not been explored with respect 

to exercise performance 29.  

Collectively, there is a lack of consensus on the impact of OC use on exercise performance, 

particularly across different hormonal landscapes and with varied contraceptive types. Previous studies 

observing maximal strength and power in women have often failed to account for the different hormonal 

phases, and hormonal contraception type.9,12,15,25,35 Therefore, the purpose of this study was to evaluate the 

effects of OC use and IUD use, compared to a EUM cycle, on maximal strength and power between 

menstrual cycle (MC) phases in active, healthy adult women. It was hypothesized that 1RM bench press 

and leg press, upper and lower body dynamometry peak force, drop jump force, and countermovement 

jump height would be similar between IUD vs. EUM, but both groups would have greater strength and 

power than OC.  

Methods: 

Subjects 

Of an original 227 individuals who expressed initial interest, 67 women provided written consent 

and were scheduled for visits (Figure 2). Recruitment was planned for a 2:2:1 enrollment with a goal of 

25 women using monophasic oral contraceptives (OC), 25 women using intrauterine devices (IUD), and 

15 women having eumenorrheic menstrual cycles. Prior to the completion of the study, 7 women (5 OC 

users, 1 IUD user, and 1 EUM woman) withdrew from the study due to musculoskeletal injury (n=2), 
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meeting exclusion criteria in health history questionnaire (n=3) and personal reasons (n=2) and were 

excluded from the final analysis.  

Therefore, 60 healthy, active females were included for final analysis; groups for the final 

analysis were stratified as follows: monophasic OC users (n=21), hormonal-IUD (H-IUD; n=20) user, or 

were using a non-hormonal IUD or had regular naturally occurring menstrual cycles (EUM; n=19) (Table 

1). Women using monophasic OC, or those who had an H-IUD were required to utilize the same 

hormonal contraception form for at least six months prior to enrollment (Table 2). Eumenorrheic women 

and women with non-hormonal IUDs were required to have consistent menstruation for at least three 

months prior to enrollment. The EUM group was utilized as a comparator for the two hormonal 

contraception groups. Inclusion into the study required that all participants were healthy, non-smokers, 

between the age of 18-40 years, with a BMI between 18.5-35.0 kg/m2, and participated in moderate to 

vigorous intensity exercise at least 3 days a week, but no more than 200 minutes of vigorous exercise 

and/or more than 4 days per week of resistance training. Participants were not currently pregnant, 

planning to become pregnant, currently nursing, or had a child in the previous six months. Participants 

were excluded from participation if they had any disease or medication use that could influence the study 

outcomes, had undergone a full or partial hysterectomy, had a self-identified or clinically diagnosed 

eating disorder, or had lost or gained greater than 3.6 kg within the two months prior to the enrollment. A 

health history questionnaire was used to confirm inclusion/exclusion criteria. All methodology was 

approved by the University’s Institutional Review Board, and all participants provided verbal and written 

informed consent prior to participation.  

 

Experimental Design 

Using a cross-sectional cohort study design, monophasic OC users, H-IUD users, and EUM 

women were recruited through flyers, email, word of mouth, and social media. Each cohort was followed 

prospectively across the hormone cycle; one visit occurred during the low hormone phase (days 0-9: 
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EUM/H-IUD) or placebo week (OC), and one visits occurred in the high hormone phase (between two 

days after ovulation and five days before the next predicted period; EUM/H-IUD) or active pill (OC). 

Participants began the study protocol in random order of hormone phase (i.e., beginning in the FP or LP) 

to limit the influence of time effects and testing on study outcomes. Participants were tested over one 

hormone cycle (n= 50), but due to scheduling conflicts, data collection also occurred over two (n=7) or 

three (n=3) hormone cycles. Participants in cohorts were matched based on relative lower body strength 

(average mean difference ± standard deviation: 0.2 ± 0.1 kg) and upper body strength (0.01 ± 0.01 kg) to 

ensure a normal distribution of relative strength in each group. Relative strength was assessed by 

normalizing the total weight lifted (kg) during the 1RM testing to the participant’s body mass (kg).  

Participants were asked to arrive to testing sessions following an 8 hour fast, consuming no food, 

caffeine, or alcohol and were also asked to abstain from physical activity for 48 hours prior to testing. 

Participants provided a urine sample to confirm negative pregnancy status via urine human chorionic 

gonadotropin concentration (HCG). Measurements of body composition, maximal strength, peak force, 

and power occurred at one visit in each cycle phase (FP/placebo pill and LP/active pill) (Figure 3). 

Procedures 

 Menstrual Cycle Tracking 

Upon enrollment, participants in the EUM or H-IUD groups who were not already tracking their 

menstrual cycles were asked to begin tracking the days between their periods. If women on H-IUDs were 

not having consistent periods, they were asked to record their menstrual symptoms and basal body 

temperature upon waking with a secure app/website (FertilityFriend) that was accessible to both the 

researcher and participant to plan ideal visit times. Body temperature along with symptoms (e.g., 

dizziness, lower back pain, mood changes/anxiety, etc.) were recorded daily to inform cycle length and 

determine visit scheduling (i.e., FP vs LP). Participants who were EUM or were using an H-IUD were 

asked to utilize ovulation tests between days 12-16 (Femometer, Princeton, NJ) according to manufacture 

guidelines at their predicted ovulation dates to confirm ovulation date and hormone cycle phase. 
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Salivary Hormone  

Estrogen and progesterone concentrations were determined using a 2.5 mL saliva sample taken 

during the FP/placebo pill and during the LP/active pill. Estrogen and progesterone levels were 

determined using ELISA assays (Salivary 17 β-Estradiol Enzyme Immunoassay Kit, Salimetrics, LLC, 

State College, PA, USA; Salivary Progesterone (P4) Enzyme Immunoassay Kit, Salimetrics, LLC, State 

College, PA, USA). Participants were asked to avoid brushing their teeth for 45 minutes prior to and 

undergoing dental work for 48 hours prior to sample collection to avoid blood contamination. All samples 

were immediately frozen at -20°C until analysis using established enzymatic assays. 

Total and Regional Body Composition 

Body composition, specifically total body LM, dominate leg LM, and dominant arm LM were 

measured from a total body dual-energy x-ray absorptiometry scan (DXA; GE Lunar iDXA, GE Medical 

Systems Ultrasound & Primary Care Diagnostics, Madison, WI, USA). Participants were positioned in a 

supine position in the center of the scanning table, with arms and legs inside the scanning parameter. 

Participants were asked to dorsiflex their feet and a Styrofoam pad was placed at the bottom of the feet 

and secured with a Velcro strap to ensure a standardized foot position. A thin Styrofoam pad was placed 

between each of the participants hands and hips. Participants were asked to straighten their arms fully and 

hold the Styrofoam pad in place to ensure standardized hand placement. Participants were asked to 

remove all metal, thick clothing, and heavy plastic which could interfere with the DXA scans. The 

participants’ alphanumeric number, age, ethnicity, height, and weight were entered into the computer 

prior to the scanning. Regions-of-interest from the default software (enCORE Software Version 16) was 

adjusted by a trained technician. Test-retest reliability for DXA measurements from a similar population 

our lab are: ICC= 0.998 and SEM=0.777 kg for LM.117  

One Repetition Max (1RM) Testing 

Participants completed a standardized five-minute warm-up on a treadmill at a 1% grade and 5.6 

kilometer per hour pace. To determine 1RM (kg) for leg press and bench press, each participant 
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performed a set of 8-10 repetitions, with a weight that was approximately 50% of the anticipated 1RM. 

Participants then rested for 2 minutes, after which a set of 4-6 repetitions was completed with a load of 

80% of the predicted 1RM.108 After another 2-minute rest period, the weight was increased to an 

estimated 1RM load, and the participants attempted a single repetition with the weight. After the 

completion of each successful 1RM attempt, the weight was increased until failure was reached, with 2-3 

minutes of rest between 1RM attempts. 1RM was determined for leg press first, followed by 1RM for 

bench press. A systematic review on test-retest reliability for 1RM tests demonstrated a median intraclass 

correlation coefficient (ICC) of 0.97 and median coefficient of variation (CV) of 4.2%.39 

Isometric Dynamometer 

Lower Body Isometric force 

Lower body peak force was examined with a calibrated commercial dynamometer (HUMAC 

Norm, Computer Sports Medicine Inc., Stoughton, MA) during an isometric maximal voluntary 

contraction (MVC) on the dominant leg. Force signal was sampled at either at 600 Hz or 2000 Hz and 

low-pass filtered at 50 Hz using a zero-phase-shift, fourth-order Butterworth filter. The dominant knee 

joint of the participants was fixed at 60-degrees below full extension, as verified with a goniometer. The 

dynamometer arm was positioned approximately three centimeters above the lateral malleolus. The pelvis 

and torso were secured to the chair using adjustable straps, and the upper limbs were folded across the 

chest to isolate the contribution of the quadriceps musculature. Participants were instructed to push into 

the lever arm as fast and as hard as possible and to maintain maximal effort for approximately 3-4 

seconds. Research assistants provided standardized oral encouragement, and real-time visual feedback of 

force production was displayed on a computer monitor in front of the dynamometer. Following three 

submaximal “warm-up” contractions (50% - 75% of perceived maximum effort), three to five practice 

MVCs were conducted to ensure production of maximal effort. Practice trials were continued until the 

force measurements ceased to increase within 5% of the previous trial. The values of the two highest 

practice trials were averaged and used to provide visual feedback on a computer monitor in front of the 
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dynamometer with lines at values that were at 100% and 110% of the highest practice trial. Participants 

were instructed to perform three maximal effort MVCs. Custom written software (LabView 21; National 

Instruments) was used to process all the signals offline. Three maximal effort MVCs were averaged and 

used in the final data analysis. For the knee extensor isometric strength, the ICC= 0.95 and standard error 

of the measure (SEM)= 38 N.109 

Upper Body Isometric Force 

Upper-body peak force was determined from an upper-body strength assessment utilizing an 

isometric upright row with a calibrated load cell (TSD121C, Hand Dynamometer, Biopac Systems Inc., 

Goleta, CA, USA) on a flat metal platform. The participants were instructed to stand on the flat metal 

platform and hold a metal bar connected to an adjustable chain. Participants were asked to grip the bar 

with a pronated grip, align their hands with their shoulders, their shoulders abducted, and elbows flexed. 

The chain was adjusted to one chain link below the level of the umbilicus and the chain length was kept 

consistent between visits. Following three submaximal “warm-up” contractions (50%–75% of perceived 

maximum effort), participants were asked to perform three isometric MVCs with a one-minute recovery 

period in between each muscle contraction. Participants were instructed to pull the bar sub-maximally to 

remove the slack in the chain immediately prior to the start of the MVC, while being given strong verbal 

encouragement to pull as hard and as fast as possible on the chain for 3–4 seconds once the baseline force 

was completely steady as confirmed by visual assessment. Three MVCs were performed with a one-

minute recovery period in between contractions. The force signal was sampled at 2 kHz with a Biopac 

data acquisition system (MP150WSW, Biopac Systems Inc.) and stored on a laptop computer (ThinkPad 

T420; Lenovo). Custom written software (LabView 21; National Instruments) was used to process all the 

signals offline. For the upright row isometric strength, the ICC= 0.96 and SEM= 36.5 N.110 

Drop Jump to Countermovement Jump 

Reactive strength ability was assessed utilizing drop jump test with 30 cm box height positioned 

50% of the participants height from the front edge of two floor-embedded force plates (odel 4060-NC, 
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Bertec Corporation, Columbus, Ohio). All participants were outfitted with a rigid cluster of 3 

retroreflective markers placed over the sacrum. Participants were instructed to jump forward off the box 

to a double leg landing with 1 foot on each force plate, followed by an immediate vertical jump for 

maximum height. Prior to the jump trials, participants were asked to stand still in the center of the force 

plates to collect baseline retroreflective marker height. A minimum of 3 practice trials were performed 

followed by 3 successful jump-landing trials. If a trial was unsuccessful, a subsequent trial was collected 

and utilized for analysis. Drop jump data were sampled at 1200 Hz and low-pass filtered at 10 Hz using a 

fourth-order recursive Butterworth filter. Jump height in meters and contact time in seconds was 

calculated using a custom MATLAB code (MATLAB R2021b, Mathworks, Inc., Natick MA.). Jump 

height was normalized to body height in meters then converted into centimeters. Reactive strength index 

(RSI; cm s−1) was calculated by dividing jump height (cm) by ground contact time (s). The best result 

based on RSI was used for analysis. In healthy male and female adults, the jump height for counter 

movement jump ICC= 0.99 and CV= 6.91% and RSI ICC= 0.97 and CV= 11.92%.111  

Statistical Analysis  

Power was calculated based on effect sizes from previously published data evaluating maximal 

isokinetic/isometric muscle strength9,15,16,25,106 (average effect size= 0.36) and 1 repetition maximum 

testing15,16 (average effect size= 0.49) between an oral contraceptive group and a non-oral contraceptive 

group. With an α of 0.05, power of 0.8, three groups, two measures, an estimated correlation of 0.5 

among repeated measures, a nonsphericity correction є of 1, and a 15% drop-out rate, the study would be 

sufficiently powered with an average of sixty participants. Separate one-way analyses of variance tests 

were used to evaluate descriptive characteristics and performance outcome differences between OC, H-

IUD, and EUM. Separate univariate analysis of covariance (ANCOVA) tests were used to assess the 

change from FP to LP between groups (OC, H-IUD, and EUM) for leg press 1RM, RSI, and CMJ, using 

total leg LM measures as a covariate. Similarly, separate univariate ANCOVAs were used to assess the 

change from FP to LP between groups for bench press 1RM and upper body peak force (PF), using total 
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arm LM measures as a covariate. Lastly, when covarying for dominant leg LM, the change from FP to LP 

between groups for lower body PF was evaluated. All statistical computations were performed using 

SPSS (Version 27, IBM, Armonk, NY, USA), using an α = 0.05 to determine statistical significance. 

Results: 

When examining OC vs. H-IUD vs. EUM, there were no significant differences between groups 

age, body mass, BMI, or total and regional LM in the FP (p=0.121-0.644) or LP (p=0.121-0.761) (Table 

3).  

 

One Repetition Max Testing 

When covaried for total leg LM, there was a significant difference for the change in leg press 

1RM across the hormone phases between the groups (p=0.027), with a significantly higher leg press 1RM 

in the LP for the OC group (mean difference [MD; ∆ LP-FP] ± standard error [SE]: ∆ 7.3 ± 4.5 kg; 

p=0.045) compared to the H-IUD group (∆ -8.8 ± 4.6 kg; p=0.045). Although not significantly different, 

the EUM group (∆ 6.1 ± 4.7 kg; p=0.079) also demonstrated a higher leg press in the LP compared to the 

H-IUD group. Individual effects demonstrating the changes between each phase per group are presented 

in figure 4. 

 

When covaried for total arm LM, there were no significant differences for changes in bench press 

1RM across the hormone phases between the groups (p=0.392). All groups demonstrated similar bench 

press 1RM between phases (OC: Δ -0.9 ± 0.6 kg; H-IUD: Δ -0.2 ± 0.6 kg; EUM: Δ 0.4 ± 0.7 kg).  

 

Isometric Dynamometry 

When covaried for dominant leg LM, there were no significant differences for changes in lower 

body PF between groups (p=0.207). The OC group (Δ -5.8 ± 5.9 N) demonstrated greater PF in the FP, 
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while the H-IUD group (Δ 3.0 ± 6.1 N) and EUM group (Δ 9.6 ± 6.2 N) demonstrated greater PF in the 

LP.  

When covaried for total arm LM, there were no significant differences for changes in upper body 

PF across the hormone phases between the groups (p=0.775). The OC group (Δ 9.7 ± 11.8 N) and H-IUD 

group (Δ 0.7± 11.9 N) reported higher upper body PF in the LP, while EUM group demonstrated higher 

PF in the FP (Δ -1.9 ± 12.3 N).  

 

Power Outcomes 

When covaried for total leg LM, there was no significant difference for changes in CMJ across 

the hormone phases between groups (p=0.402). The OC group (Δ 0.4 ± 1.5 cm) demonstrated higher 

jump height the LP, while the H-IUD group (Δ -0.7 ± 1.5 cm) and EUM group (Δ -2.5 ± 1.5 cm) 

demonstrated greater increases in the FP. 

 

When covaried for total leg LM, there was no significant difference for changes in RSI across the 

hormone phases between groups (p=0.739). All groups demonstrated greater RSI values in the FP (OC: Δ 

-3.7 ± 4.0 cm/s; H-IUD: Δ -2.5 ± 4.1 cm/s; EUM: Δ -7.0 ± 4.1 cm/s). 

 

Discussion: 

Currently, only 6% of sport and exercise research studies have been conducted exclusively with 

female participants, with even fewer studies including women utilizing any form of OC.1 Fluctuations of 

estrogen across the MC may mediate muscular performance;127 muscular strength and power are 

imperative for optimal exercise performance and for injury prevention.39 To date, we are unaware of any 

studies that have examined H-IUD, and just a few studies that have evaluated the impact of OCs on 

maximal strength and power.35 The present study demonstrated significantly greater strength measured 

from leg press 1RM in the LP for OC (∆ 7.3 ± 4.5 kg) compared to lower strength in the LP in H-IUD (∆ 

-8.8 ± 4.6 kg). There were no differences in performance across the MC for bench press1RM, lower and 
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upper body PF, and power, when covarying for LM. OCs impacted leg press 1RM strength changes 

resulting in greater strength in the LP. The H-IUD group demonstrated greater 1RM strength and power 

outcomes in the FP. The EUM group resulted in greater CMJ and RSI in the FP, and greater leg press 

1RM in the LP. 

 

Maximal Strength 

Collectively, previous data suggest that strength performance is decreased in the EUM early FP 

(days 1-5) where both estrogen and progesterone are low compared to the mid-FP (days 5-11) or the LP 

(days 17-26),130 indicating that high levels of estrogen, with or without elevated progesterone, may be a 

driving factor in increased strength.10,131 Yet there is conflicting information regarding the influence of the 

MC and OC on maximal muscular strength,15,35 whether strength is greater in the LP or FP,12,127 and if 

women should resistance train differently between MC phases.130,132 The present study demonstrated MC 

phase-based differences in leg press 1RM between groups with the OC group (∆ 7.3 kg) demonstrating 

significantly greater strength in the LP compared to H-IUD reporting greater strength in the FP (∆ -8.8 

kg). While our data support our hypothesis that overall maximal strength may be greater in H-IUD users 

(mean: 176.8 kg) than OC users (mean: 155.0 kg) due to H-IUDs not suppressing endogenous hormone 

production. The increase in strength during the LP for the OC group may be due to the elevated estrogen 

delivered during the active pill. Analysis of salivary hormones will provide greater insight into the role of 

hormonal concentrations on the maximal strength. Similar to previous research, the OC group (∆ 7.3 kg) 

in the present study did not vary significantly from the EUM group (∆ 6.1 kg) in total strength or in 

phase-based outcomes. One study examining OC use compared to EUM women demonstrated similar 

1RM leg press strength between groups (OC: 114 ± 15 kg and EUM: 118 ± 18 kg, respectively),15  

indicating exogenous hormones may not influence maximal strength, or may provide consistent results 

across a cycle. However, this study and other research examining the impact of OC use on maximal 

strength has not reported the dosing/types of OCs utilized.35,133 There are three types of OC pills, 

combined estrogen-progesterone, progesterone-only, and continuous or extended pills with varying 
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dosing amounts of the hormones provided,129 all of which may impact performance outcomes differently. 

The present study utilized monophasic OC, which is the most common form prescribed.129 It appears that 

monophasic OC users demonstrated variations in maximal lower body strength between cycle phases, 

even with slight variations in the dosing amounts and type of exogenous hormones utilized by study 

participants (table 2). Monophasic OCs provide consistent concentrations of estrogen and progesterone in 

the active pill (LP), and the withdrawal of the exogenous hormones during the placebo pill (FP) may 

mimic the early FP of a EUM cycle,129 suggesting that the elevated estrogen levels in the OC LP may 

have led to the significant increases of leg press 1RM. The changes in maximal strength between cycle 

phases in each group surpassed the measurement error demonstrating these changes may be relevant for 

active women seeking to increase strength, particularly for hormonal contraceptive users. The leg press 

1RM utilizes larger muscle groups, which may have more accurately represented muscle activation 

changes across the MC compared to the bench press 1RM which tests smaller muscle groups.16 The 

present study demonstrated that all groups have similar non-significant changes in bench press 1RM (OC: 

Δ -0.9 kg; H-IUD: Δ -0.2; EUM: Δ 0.4 kg). Other data supports these findings with one study examining 

strength gains following a 12-week resistance training program in softball and water polo collegiate 

Division I student athletes using OC or EUM found that bench press 1RM (mean: 48 kg and 45 kg, 

respectively) and 10RM knee extension (mean: 27 kg and 28 kg, respectively) did not differ significantly 

between OC and EUM athletes.16 Taken together, the delivery method of exogenous hormones may 

inversely impact lower body strength across the menstrual cycle. 

 

Peak Force 

Fluctuations in female sex hormones may alter force production, which is essential for maximal 

strength.134 However, to date, there is a lack of consensus regarding the effects of the MC on maximal 

voluntary contractions and force production, which is the foundation for strength.135 Muscular strength 

has been evaluated with various methodologies differing in participant inclusion (only EUM vs. EUM and 

OC) and force production outcomes. Existing studies have utilized isometric knee extension and handgrip 
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dynamometry,15,16,25,48 isokinetic knee extension,11,136 and barbell velocity12 to evaluate group and phase 

differences with equivocal findings. In EUM and OC, it has been hypothesized that greater strength and 

peak force outcomes would be produced when progesterone remains low during the FP, with a reduction 

in   strength resulting in the LP when progesterone is elevated.134 While some studies have demonstrated 

increased PF in the FP compared to LP,106,136–138 while others demonstrated no differences between MC 

phases.11,12,16,25,139 It remains unclear whether force production varies across the MC, despite the expected 

influences of estrogen and progesterone, particularly when considering differences in hormonal profiles 

between EUM and OC/H-IUD. In the present study, the MC phases did not have an effect on lower body 

and upper body PF in the OC (Δ -5.8 N and Δ 9.7, respectively), H-IUD (Δ 3.0 N and Δ 0.7 N, 

respectively) and EUM (Δ 9.6 N and Δ -1.9 N, respectively) groups. Similar to our findings, one study 

observing the effects of the MC in OC (n=8) and EUM (n=9) active women demonstrated no significant 

differences in knee extensor strength (Δ 6.0 Nm and Δ 6.0 Nm, respectively) or handgrip strength (Δ 9.8 

N and Δ 0.01 N, respectively) between the FP and LP or between groups.140 Furthermore, the differences 

between MC phase in the present study for did not exceed the SEM for each measure, suggesting that 

inclusion of women in studies examining force production should not be limited to a specific MC cycle 

phase or only include EUM women. 

 

Power 

Across the MC, variations in knee joint laxity, neuromuscular coordination, and postural control 

have been reported.45,136,139 These variations may influence the production of lower body power and the 

ability to quickly change from eccentric to concentric motions during exercise. When CMJ, a sensitive 

measure of lower body power, is performed as part of a drop jump exercise, RSI can be calculated by 

dividing jump height (cm) by ground contact time (s), thereby providing a comprehensive examination of 

lower body explosive capabilities.111 Of the available research assessing neuromuscular characteristics in 

EUM females and OC users, there appears to be no difference between groups or hormone phases on 

muscular power 23–25 or jump height.24 The present study supports these findings as there were no 
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significantly changes in CMJ (OC group: Δ 0.4 cm; H-IUD: Δ -0.7 cm; EUM: Δ -2.5 cm) across the MC. 

To our knowledge, this is the first study examining RSI across the MC in EUM, OC, and H-IUD. All 

groups demonstrated greater RSI values in the FP (OC: Δ -3.7 cm/s; H-IUD: Δ -2.5 cm/s; EUM: Δ -7.0 

cm/s), despite randomization of testing. For EUM, CMJ and RSI measures were meaningful beyond the 

error of measurement, therefore, could be indicative of power being greater in the FP for all groups, 

although results were not significant. Taken together, muscle performance of the stretch-shortening cycle 

needed to produce power may be impacted by MC phase.131 

 

Limitations 

While the present study provided a comprehensive cross-sectional evaluation across the MC, 

there are limitations associated with cross-sectional study designs. Longitudinal studies may have more 

statistical power to detect group changes over time, however, women in the present study were required to 

have utilized the same contraceptive method for at least six months prior to enrollment with an average 

time of use of 2.7 years for OC users and 3.6 years for H-IUD users. Additionally, this study examined 

changes over one MC which may have prevented possible influences elicited from exercise training, 

however repeating the measurements over multiple MCs may aid in detecting longitudinal changes. While 

the present study utilized ovulation kits in EUM and H-IUD women to confirm cycle phase, it is possible 

some of the participants were tested when unpredictable hormone fluctuations were occurring. The 

present study collected salivary concentrations of estrogen and progesterone which is an acceptable 

method of hormonal analyses even though it is not as sensitive as analysis of hormonal concentrations 

from the blood; these data will be included prior to publication once the analyses are received by the 

research team. The present study had exercise inclusion criteria of no more than 200 minutes of vigorous 

exercise and/or more than 4 days per week of resistance training, with the aim of including active, but not 

highly active, women. While this allows for greater translatability to the general population, these results 

may not apply to women who are highly trained in strength and power exercises.  
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Conclusion 

The current study provides evidence that maximal strength and power did not vary significantly 

between OC, H-IUD, and EUM women when evaluated in a cross-sectional view across the MC. It 

appeared that OC users had a greater leg press 1RM in the LP when compared to H-IUD users, possibly 

due to the variation of progesterone concentrations in the LP. This was the first study to our knowledge to 

include women using H-IUD, with results demonstrating little variation in strength outcomes across the 

MC and compared to OC and EUM. As the prevalence of H-IUDs continues to increase,141 it is 

imperative that future research explores the physiological impacts of varying hormonal landscapes on 

strength and power outcomes to inform best research practices. Results from this study provide a basis for 

understanding the physiological impact of OCs and IUDs on muscular strength and power, thereby 

informing future research regarding training considerations across the MC. Future research should expand 

inclusion criteria for females in exercise science research as the present study demonstrated little variation 

in strength and power across the MC between OC, H-IUD, and EUM women.  
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CHAPTER V: MANUSCRIPT 2 

 

THE MENSTRUAL CYCLE AND HORMONAL CONTRACEPTION EFFECTS ON 
FATIGABILITY AND RECOVERY 

 

Introduction 

Despite an increase in female participation in sport and exercise, only 6% of exercise and sport 

research has been conducted in female only participants.1 Recovery from exercise is a particularly sparse 

area of research in females despite the known physiologic and metabolic differences between males and 

females, that would impact recovery.40 The cyclical menstrual hormones (i.e., estrogen and progesterone) 

in eumenorrheic (EUM) women has been shown to impact fatigability during exercise and subsequent 

recovery adaptations.10,52,53,58,60,64 Importantly, the EUM menstrual cycle can be altered with the delivery 

of exogenous hormones (ethinyl estradiol and progestin or levonorgestrel) in the form of monophasic oral 

contraceptives (OC) or intrauterine devices (IUD).128 Over 10 million women in the United States (U.S.) 

use OC,142 yet the impacts of exogenous hormone delivery, particularly IUDs, on fatigability and recovery 

is unclear. 

 

Evidence suggests that estrogen and progesterone directly mediate fatigue through 

cardiorespiratory, metabolic, vascular, and neuromuscular impact.40,55,86 For example, estrogen can 

stimulate the central nervous system, moderating muscle contractions and cardiovascular functions,40 

whereas progesterone increases glycogen depletion and subsequent lactate concentration.143,144 Given 

these hormonal considerations, recovery rates may vary across the menstrual cycle phases or via 

exogenous hormone delivery.145 Fatigability is often defined as an exercise-induced decrease in the 
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maximal force or power that the muscles can produce and is task dependent.146 The current body of 

literature provides equivocal results in EUM and OC users with some studies demonstrating less muscular 

fatigability in the follicular phase (FP),64,147,148 while others studies exhibit less fatigability in the luteal 

phase (LP).10,17,60 The inconsistencies in study design, particularly with the fatiguing task, may contribute 

to the lack of clarity. Utilizing an intermittent high intensity exercise test, such as repeated sprint ability 

(RSA), may more closely mimic muscular movements commonly carried out in exercise outside of the 

laboratory.149 One study observing workload decrements and peak power in the withdrawal week versus 

the active week of monophasic OC in team sport athletes demonstrated no differences in fatigue outcomes 

between phases.23 This may suggest exercise recovery may vary within the OC hormone phases; however, 

the study did not utilize a EUM group to compare values to thereby limiting the understanding of the 

hormonal impacts on recovery. 

 

Estrogen can mediate vasodilatory responses of the arteries, providing greater blood flow to 

exercising skeletal muscle.54,55 Effective recovery strategies have demonstrated augmented blood flow 

may improve oxygen and nutrient delivery, 52,53 possibly decreasing metabolic perturbations that 

contribute to fatigue.4,55 During exercise, increased blood flow may aid in transporting lactate and other 

metabolic by-products away from the active muscle,52 thereby increasing blood lactate threshold and 

expediating lactate clearance post-exercise.57 Considering these benefits of vasodilation, the fluctuations 

in estrogen across the hormone cycles may indicate recovery differences between cycle phases.54 

Additionally, as OC use downregulates the cyclic hormone activity of endogenous estrogen,129 recovery 

outcomes in OC users may differ from EUM females. A recent review examining the impact of OCs and 

IUDs demonstrated that OC use decreased flow-mediated dilation, while IUDs had no effect.150 In OC 

and EUM women, intense exercise appeared to blunt skin blood flow mechanisms in the OC, but did not 

appear to influence blood lactate concentrations between groups.151 These results suggest OC use may 

impact exercise performance and recovery, particularly through changes in vascular responses. However, 
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few studies examine exercise and blood flow in EUM women and OC users, and one of the most common 

forms of contraception, IUDs, has not been explored with respect to recovery.29 

Decreased fatigability and improved recovery are essential for optimal exercise performance and 

reduced injury risk.49 Collectively, there is a lack of consensus on the impact of female sex hormones, 

both endogenous and exogenous, on exercise recovery.10,23,58,152 With a high prevalence of women 

participating in exercise, along with high use of OC, the purpose of this study was to explore the impact 

of OC and IUD compared to EUM menstrual cycle on exercise fatigability and recovery across the FP 

and LP hormone cycle phases. It was hypothesized that there would be a larger decrease in peak power, 

fatigue index, workload decrements, and blood lactate clearance in the OC group compared to IUD and 

EUM, but that all groups would have decreased recovery in the high hormone phase. 

 

Methods: 

Subjects 

Of an original 227 individuals who expressed initial interest, 67 women provided written consent 

and were scheduled for visits. Recruitment was planned for a 2:2:1 enrollment with a goal of 25 women 

using monophasic oral contraceptives (OC), 25 women using intrauterine devices (IUD), and 15 women 

having eumenorrheic (EUM) menstrual cycles. Prior to the completion of the study, 7 women (5 OC 

users, 1 IUD user, and 1 EUM woman) withdrew from the study and were excluded from the final 

analysis. Therefore, 60 healthy, active females who were using OC (n=21), had a hormonal IUD (H-IUD; 

n=24), or were using a non-hormonal IUD or had regular naturally occurring menstrual cycles (EUM; 

n=19) were included in the final analysis (Table 1). Women using monophasic OC, or those who had an 

IUD were required to utilize the same hormonal contraception form for at least six months prior to 

enrollment (Table 2). Eumenorrheic women and women with non-hormonal IUDs were required to have 

consistent menstruation for at least three months prior to enrollment. Prior to all testing, pregnancy was 

ruled out via urine human chorionic gonadotropin concentration (HCG). A health history questionnaire 

was used to confirm inclusion/exclusion criteria.  



 56 

 

Experimental Design 

Using a cross-sectional cohort study design, monophasic OC, H-IUD, and EUM users were 

followed prospectively across the hormone cycle; one visit occurred during the low hormone phase (days 

0-9: EUM/H-IUD) or placebo week (OC), and one visits occurred in the high hormone phase (between 

two days after ovulation and five days before the next predicted period; EUM/H-IUD) or active pill (OC) 

(figure 2). Participants began the study protocol in random order of hormone phase (i.e., beginning in the 

FP or LP) to limit the influence of time effects and testing on study outcomes. Participants were tested 

over one hormone cycle (n= 50), but due to scheduling conflicts, data collection also occurred over two 

(n=7) or three (n=3) hormone cycles. Participants were asked to arrive to testing sessions following an 8 

hour fast from caffeine and alcohol and were also asked to abstain from physical activity for 48 hours 

prior to testing. Measurements of repeated sprint ability, blood lactate, and blood flow occurred at one 

visit in each cycle phase (FP/placebo pill and LP/active pill). All methodology was approved by the 

University’s Institutional Review Board, and all participants provided verbal and written informed 

consent prior to participation.  

 

Procedures: 

Menstrual Cycle Tracking 

Upon enrollment, participants in the EUM or H-IUD groups who were not already tracking their 

menstrual cycles were asked to begin tracking the days between their periods. If women on H-IUDs were 

not having consistent periods, they were asked to record their menstrual symptoms and basal body 

temperature upon waking with a secure app/website (FertilityFriend) that was accessible to both the 

researcher and participant to plan ideal visit times. Participants who were EUM or were using a H- IUD 

were provided with ovulation tests (Femometer, Princeton, NJ) and were asked to test for ovulation 

around days 12-16 (to confirm ovulation date and hormone cycle phase. 
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Salivary Hormone  

Estrogen and progesterone concentrations were determined using a 2.5 mL saliva sample taken 

during the FP and during the LP. Estrogen and progesterone levels were determined using ELISA assays 

(Salivary 17 β-Estradiol Enzyme Immunoassay Kit, Salimetrics, LLC, State College, PA, USA; Salivary 

Progesterone (P4) Enzyme Immunoassay Kit, Salimetrics, LLC, State College, PA, USA). Participants 

were asked to avoid brushing their teeth for 45 minutes prior to sample collection to avoid blood 

contamination. All samples were immediately frozen at -20°C until analysis using established enzymatic 

assays. 

 

Repeated Sprint Ability (RSA) 

Participants completed an RSA test on a friction-loaded cycle ergometer (Monark 894E, 

Stockholm, Sweden). To warm-up, the participants cycled for two minutes at 50 rpm against a resistance 

of 0.5 kg, followed by two 30 second bouts of cycling at a resistance of 1.5 kg, keeping the cadence 

between 85-115 repetitions per minute (rpm). Each warm-up sprint was followed by a 60 second passive 

recovery. Once the warm-up was completed, the participants began the RSA test consisting of 10 six-

second maximal sprints with a load of 65 g/kg of body mass, interspersed with 30 seconds of passive 

recovery between each sprint. Peak power (PP; watts [W])), time to peak power (tPP; seconds [s]), 

average power (AP; W), and fatigue index (FI; %) were recorded from the manufacturer’s software. 

Previous test–retest reliability from our lab for peak power is reported as an intraclass correlation 

coefficient (ICC)= 0.96 and standard error of measure (SEM)= 19.7 Watts, fatigue index ICC = 0.97 and 

SEM = 4.0%, average power ICC = 0.97 and SEM = 120.8 W, and time to peak power ICC=0.92 and 

SEM=678.3 seconds.112 

 

Blood Lactate 

Blood lactate clearance was calculated from finger capillary concertation.115 A capillary finger 

prick to obtain a small blood sample occurred prior to the RSA test, half-way through (after finishing the 
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5th bout), within 30 seconds of completing the tenth bout, and after resting for 10-minutes post-exercise. 

The blood sample was analyzed using the Lactate Pro portable blood lactate meter (Arkray, Kioto, Japan) 

according to the manufacturer’s instructions. Lactate clearance was then determined using the following 

equation: Lactate clearance = (lactateinitial − lactatedelayed) / lactateinitial × 100 (expressed as percentage). 

Test–retest reliability from the Lactate Pro is reported as ICC= 0.99 and SEM= 5.4 mmol/L.113,114  

 

Blood Flow 

Brightness-mode ultrasound (US; Logiq-e, GE Healthcare, Madison, WI) was used to assess 

vessel diameter and blood flow through the brachial artery. Measurements were taken prior to and 

immediately after the RSA. For all measures, the participants were lying down with their right arm 

extended and positioned about 80 degrees away from the torso. At the resting baseline measure, a blood 

pressure cuff was positioned on the arm and inflated to 180 mmHg for two minutes. The US was set to 

view continuous blood volume flow in the vascular, pulse wave, and colorflow setting. Transmission gel 

was applied to the US transducer probe (12LRS, 5-13 mhz), and the probe was held against the skin with 

sufficient pressure to obtain a clear image of the brachial artery without compressing its diameter. The 

ultrasound was used to record a minimum of four pulses using the pulse wave setting. Artery vessel 

diameter and arterial blood flow (BF) was estimated using the measure function in the device’s default 

software (Software version R8.0.7). Test-retest reliability using these methods from our laboratory for 

brachial artery diameter include ICC= 0.82, SEM= 0.027 cm and blood flow ICC = 0.86, SEM= 5.92 

mL/min.112 

 

Statistical Analysis 

Power was calculated based on effect sizes from previously published data evaluating average 

power and peak power (average effect size= 0.9).112,153 With an α of 0.05, power of 0.8, three groups, two 

measures, an estimated correlation of 0.5 among repeated measures, a nonsphericity correction є of 1, and 

a 12% drop-out rate, the study would be sufficiently powered with an average of sixty two participants. 



 59 

Separate one-way analyses of variance tests were used to evaluate descriptive characteristics and 

performance outcome differences between OC, H-IUD, and EUM. Separate univariate analysis of 

variance (ANOVA) tests were used to assess the change from FP to LP between groups (OC, H-IUD, and 

EUM) for PP, tPP, AP, FI. Separate univariate ANOVAs were used to assess the change from FP to LP 

between groups (OC, H-IUD, and EUM) for the change in blood lactate concentrations half-way through 

(concentration after finishing the 5th bout- pre concentration), the change in blood lactate concentrations 

immediately post RSA (concentration within 30 seconds of completing the tenth bout- pre RSA 

concentration and post-halfway concentration), for %blood lactate clearance. Separate univariate 

ANOVAs were used to assess the change from FP to LP between groups (OC, H-IUD, and EUM) for 

vessel diameter and BF prior to and post-RSA. All statistical computations were performed using SPSS 

(Version 26, IBM, Armonk, NY, USA), using an α = 0.05 to determine statistical significance. 

 

Results: 

When examining OC vs. H-IUD vs. EUM, there were no significant between group demographic 

differences for age, body mass, or BMI in the FP (p=0.121-0.528) or LP (p=0.121-0.539) (Table 4).  

 

Repeated Sprint Ability (RSA) 

For PP, there were no significant differences across the MC between groups (p=0.256). The OC 

group (Δ -0.2 ± 16.6 W) and H-IUD group (Δ -4.9 ± 12.9 W) reported greater PP in the FP, while EUM 

group demonstrated greater PP in the LP (Δ 24.0 ± 13.3 W). Individual effects demonstrating the changes 

between each phase per group are presented in figure 5. 

 

For tPP, there were no significant differences across the MC between groups (p=0.959). All 

groups demonstrated greater tPP values in the LP (OC: Δ 268.0 ± 136.5 s; H-IUD: Δ 222.4 ± 139.9 s; 

EUM: Δ 275.9 ± 143.5 s). 
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For AP, there were no significant differences across the MC between groups (p=0.293). The OC 

group (Δ -248.2 ± 254.0 W) demonstrated greater AP in the FP, while the H-IUD group (Δ 320.3 ± 260.3 

W) and EUM group (Δ 113.9 ± 267.1 W) demonstrated greater AP in the LP. 

 

For FI, there were no significant differences across the MC between groups (p=0.959). All groups 

demonstrated similar FI values between MC phases (OC: Δ 2.0 ± 3.6%; H-IUD: Δ -1.2 ± 3.7%; EUM: Δ 

1.7 ± 3.8%). 

 

Blood Lactate 

For the change in blood lactate concentration half-way through compared to pre-RSA test, there 

were no significant differences across the MC between groups (p=0.553). All groups demonstrated 

similar changes in blood lactate between MC phases (OC: Δ -0.6 ± 0.5 mmol/L; H-IUD: Δ 0.02 ± 0.4 

mmol/L; EUM: Δ -0.6 ± 0.6 mmol/L). Individual effects demonstrating the changes between each phase 

per group are presented in figure 6. 

 

For change in blood lactate concentration immediately post compared to pre-RSA test, there were 

no significant differences across the MC between groups (p=0.137). All groups demonstrated similar 

changes in blood lactate between MC phases (OC: Δ -0.6 ± 0.4 mmol/L; H-IUD: Δ 0.4 ± 0.3 mmol/L; 

EUM: Δ -0.03 ± 0.4 mmol/L). 

 

For blood lactate clearance, there were no significant differences across the MC between groups 

(p=0.503). The OC groups demonstrated greater blood lactate clearance in the FP (OC: Δ 3.9 ± 5.8%) 

while the H-IUD (Δ -5.5 ± 5.5%) group and EUM group (Δ -1.7 ± 6.9%) demonstrated greater blood 

lactate clearance in the LP.  
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Blood Flow 

For vessel diameter pre-RSA, there were no significant differences across the MC between 

groups (p=0.196). All groups demonstrated similar changes in vessel diameter between MC phases (OC: 

Δ -0.01 ± 0.01 cm; H-IUD: Δ 0.01 ± 0.01cm; EUM: Δ -0.04 ± 0.01 cm). 

 

For vessel diameter post-RSA, there were no significant differences across the MC between 

groups (p=0.428). All groups demonstrated similar changes in vessel diameter between MC phases (OC: 

Δ 0.00 ± 0.01 cm; H-IUD: Δ 0.01 ± 0.01 cm; EUM: Δ 0.01 ± 0.01 cm). 

 

For blood flow pre-RSA, there were no significant differences across the MC between groups 

(p=0.958). All groups demonstrated greater blood flow in the LP (OC: Δ 1.8 ± 136.5 mL/min; H-IUD: Δ 

0.09 ± 6.8 mL/min; EUM: Δ 2.9 ± 7.0 mL/min). 

 

For blood flow post-RSA, there were no significant differences across the MC between groups 

(p=0.847). All groups demonstrated greater blood flow in the FP (OC: Δ -133.4 ± 10.3 mL/min; H-IUD: 

Δ -128.6 ± 10.6 mL/min; EUM: Δ -137.3 ± 10.8 mL/min). 

 

Discussion: 

Estrogen has been shown to have a positive influence on endothelial function during intense 

exercise, resulting in greater vasodilation around exercise, compared to men..40 These vascular 

improvements may support greater fatigue resistance and removal of metabolic byproducts.50 With OC 

use, and concomitant suppression of endogenous estrogen production,129 greater fatigability and reduced 

recovery have been reported, although we are aware of only two studies in this area.64,145 With the rising 

prevalence of H-IUD use, particularly among active women, there is an unmet need to understand the 

implications for exercise performance and recovery, with no data to date in this area. Collectively, results 

of the current study demonstrated minimal effects from the MC or OC/IUD use on exercise performance 



 62 

and recovery in active women. There were no changes in tPP, AP, FI, and blood lactate, vessel diameter, 

or blood flow between MC phases in OC, H-IUD, and EUM women. Despite no significance, the H-IUD 

group (Δ 320.3 W) and EUM group (Δ 24.0 W) demonstrated greater changes in AP and PP, respectively, 

in the LP while the OC exhibited greater AP in the FP (Δ -248.2 W). While it appears fatigability 

differences between groups across the MC are minimal, OC users may experience less fatigability in the 

FP.  

 

Fatigability Measures 

It remains unclear whether fatigability varies across the MC, particularly when considering 

differences in hormonal profiles between EUM and OC/H-IUD. A recent review examining isometric and 

dynamic fatiguing tasks in EUM reported variable results with 17% of the studies reporting greater 

fatigue resistance during the FP and 15% in the LP.58 The present study aligns with previous research 

demonstrating no significant differences in metrics of fatigability (PP, AP, tPP, or FI) across MC cycle 

phases. To our knowledge, this is the first study to examine the impact of OC and H-IUD on fatigability 

with results suggesting hormonal contraception has little to no impact on fatigue during intense exercise, 

when compared to EUM women. Interestingly, while not significant, the EUM change in PP between the 

phases (Δ 24.0 W) exceeded the error of the measure, and therefore could be indicative of greater power 

output in the LP. For AP, both the OC (Δ -248.2 W) and H-IUD (Δ 320.3 W) groups demonstrated 

changes in AP in the FP and LP, respectively. Taken together it appears that EUM and H-IUD 

demonstrated greater power output when estrogen levels were elevated in the LP, while the OC group 

exhibited greater fatigability in the LP, when all exogenous hormones were possibly elevated. This will 

be confirmed through analysis of salivary estrogen and progesterone. Previous research examining the 

effects of MC phase on high intensity sprinting in OC and EUM women have demonstrated minimal 

differences in PP (mean difference: 2 W) and AP (mean difference: 0.01 W), suggesting hormonal 

fluctuations may not influence anaerobic sprinting activity.154 Uniquely, the present study evaluated FI 

and tPP, which few previous studies have examined.23 The OC (Δ 2.0%) and EUM (Δ 1.7%) 
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demonstrated a greater FI in the LP, suggesting these groups were unable to maintain PP outputs once 

they were reached. The H-IUD group demonstrated greater FI in the FP (Δ -1.2%) aligning with the 

exhibited lower AP in the FP. Interestingly, all groups showed increased tPP in the LP demonstrating it 

took longer for participants to reach the peak output. Taken together, the OC and H-IUD groups may 

experience greater fatigability in the FP, which may be an important consideration in sports that require 

quick timing when exerting power, such as sprinting and most team sports. 

 

Blood Lactate 

Blood lactate concentrations throughout exercise and lactate clearance rate post exercise can 

represent the alterations in carbohydrate metabolism during exercise, thus these measures may be affected 

by MC phase.155,156 In the present study, all groups demonstrated similar changes in blood lactate halfway 

through (OC: Δ -0.6 mmol/L; H-IUD: Δ 0.02 mmol/L; EUM: Δ -0.6 mmol/L) and immediately post 

exercise (OC: Δ -0.6 mmol/L; H-IUD: Δ 0.4 mmol/L; EUM: Δ -0.03 mmol/L) between MC phases 

indicating exercise capacity during intense exercise may not vary between groups or MC phases. When 

examining blood lactate concentrations prior to, during, immediately post, and 10-minutes post repeated 

intense sprints on a treadmill in EUM in the FP and LP, previous data reported a significant increase in 

blood lactate over time in both phases, with no differences between MC phases at each timepoint (prior: Δ 

0.01 mmol/L; during: Δ -0.8 mmol/L; immediately post: Δ -0.03 mmol/L; 10-minutes post: Δ -0.4 

mmol/L),154 demonstrating similar results to the present study. Other studies examining blood lactate 

values in EUM women have also demonstrated equivocal lactate accumulation after intense exercise, 

supporting findings from the present study.135,157–159 Furthermore, research examining blood lactate 

concentrations in EUM compared to OC users demonstrates no significant differences between groups 

across MC phases in rowing ergometry160 and in intermittent exercise trials.161 Similar to our results, these 

data show that blood lactate values immediately post exercise were slightly lower in the LP, which may 

be indicative of the favorable increases in fat oxidation,89 possibly decreasing fatigability during high 

intensity exercise. With the equation utilized in the present study, a negative lactate clearance indicates a 
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decrease in lactate over time, while a positive lactate clearance indicates an increase of lactate over time. 

Lactate clearance rates were greater in the H-IUD (Δ -5.5%) and EUM (Δ -1.7%) in the LP. This supports 

our hypothesis that blood lactate clearance would be reduced in the OC group (Δ 3.9%) due to variations 

in exogenous hormones provided. While not significant, a 4% decrease in blood lactate clearance in the 

OC group may be meaningful, particularly in the context of recovery from intense exercise sessions.   

 

Vessel Diameter and Blood Flow 

A recent meta-analysis examining the impact of the MC on peripheral vascular function in 

premenopausal women found approximately 30 studies provided evidence that endothelial function 

increased in the LP.162 Other research examining vascular function in EUM and OC women during 

exercise across the MC suggest there are minimal differences in vessel diameter and blood flow,163 yet 

research is limited. In the present study, all groups demonstrated similar changes in vessel diameter at 

baseline (OC: Δ -0.01 cm; H-IUD: Δ 0.01; EUM: Δ -0.04 cm) and immediately post-exercise (OC: Δ 0.00 

cm; H-IUD: Δ 0.01 cm; EUM: Δ 0.01 cm) between MC phases. Previous research has suggested that the 

ultrasound machine provides a reliable and feasible measure for evaluating vessel diameter and blood 

flow of the brachial artery.164 Yet, there is minimal research examining vessel diameter across the MC in 

EUM and OC users. Similar to our findings, one study examining vessel diameter in OC and EUM 

women once each MC phase found no differences in vessel diameter between groups (Δ -0.01 mm and Δ 

-0.05 mm, respectively).163 While this study did not include measures of exercise, the results suggest there 

may be minimal vessel diameter differences between groups across the MC. As vasodilation is task 

specific, it is possible that the exercise session (~10 minutes) was not long enough to elicit large changes 

in vessel diameter following the exercise. Interestingly, the blood flow measures in present study 

demonstrated opposite results to our hypotheses with all groups exhibiting slightly greater blood flow in 

the LP (OC: Δ 1.8 mL/min; H-IUD: Δ 0.09 mL/min; EUM: Δ 2.9 mL/min) at rest and greater blood flow 

in the FP (OC: Δ -133.4 mL/min; H-IUD: Δ -128.6 mL/min; EUM: Δ -137.3 mL/min) after exercise. The 

baseline findings are in line with the results from the recent meta-analysis suggesting increased 
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endothelial function in the LP.162 Additionally, the study examining OC (Δ-0.04 mm) and EUM 

(Δ0.01mm) women at rest found virtually no difference between MC phases.163 Furthermore, these results 

were not outside of the measurement error suggesting the blood flow changes at rest may not be different 

between MC phases. Following exercise, the blood flow values exceeded the measurement error 

indicating blood flow may be improved in the FP for all groups. This may be an adaptation mechanism to 

compensate for the observed lower PP and AP were the FP.   

 

Limitations 

The results of the present study evaluate the impact of female sex hormones on fatigability and 

recovery across the MC. It is possible there may have been some unpredictable hormonal fluctuations for 

women who were tested over two (n=7) or three (n=3) MCs. These data were not covaried for salivary 

estrogen and progesterone concentrations. However, the present study utilized ovulation kits to confirm 

cycle length and cycle phase, reducing the possibility of large variations in hormonal profiles. Salivary 

concentrations of estrogen and progesterone were taken and are being analyzed. While salivary 

concentrations are an acceptable method of hormone analysis, they are less sensitive than analysis of the 

hormone concentrations in the blood. Additionally, the findings in the present study apply to the RSA 

protocol, a highly anaerobic exercise capacity test. Results may be different in an endurance exercise 

protocol.      

 

Conclusion 

The current study provides evidence that there are little differences in fatigability and recovery 

between OC, H-IUD, and EUM women across the MC. It appears that there may be fatigability 

differences between H-IUD/EUM women compared to OC with OC experiencing less fatigability in the 

FP. Blood lactate clearance appeared to be increased in the LP for H-IUD and EUM women in the LP, 

while the OC group demonstrated a 4% decrease in lactate clearance in the LP suggesting OC women 

may need focus on recovery measures in the LP. Vessel diameter and blood flow were largely unchanged 
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with slight improvements in blood flow in the FP for all groups; yet this may be a compensatory 

mechanism for lower power production. Overall, these data suggest that inclusion of women in studies 

examining fatigability and recovery should not be limited to a specific MC cycle phase or only include 

EUM women. In recreationally active women, hormonal contraception and the MC likely have minimal 

impacts on anaerobic exercise performance, suggesting that exercise training does not need to be 

modified.  
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CHAPTER VI: AIM 3 SUMMARY OF RESULTS 

   

Aim 3 Purpose: 

The purpose was to determine the effects of female hormonal contraception use compared to 

EUM on resting total body water, intracellular and extracellular fluid, body composition measures 

(including lean mass, fat mass, and percent body fat), metabolic outcomes (including respiratory 

exchange ratio and resting energy expenditure), and muscle characteristics (including muscle cross 

sectional area and echo intensity) across the menstrual cycle.  

Aim 3 Results: 

When examining OC vs. H-IUD vs. EUM, there were no significant between group demographic 

differences for age, body mass, or BMI in the FP (p=0.121-0.528) or LP (p=0.121-0.539) (Table 5).  

 
Total Body Water (TBW) 

When covaried for hydration status, there were no significant differences for changes in TBW 

across the hormone phases between the groups (p=0.291). All groups demonstrated similar TBW between 

phases (OC: Δ 0.6 ± 0.3 L; H-IUD: Δ -0.1 ± 0.3 L; EUM: Δ -0.04 ± 0.3 L).  Individual effects 

demonstrating the changes between each phase per group are presented in figure 6. 

 

When covaried for hydration status, there were no significant differences for changes in 

extracellular fluid across the hormone phases between the groups (p=0.344). All groups demonstrated 

similar extracellular fluid between phases (OC: Δ 0.2 ± 0.1 L; H-IUD: Δ -0.03 ± 0.1 L; EUM: Δ 0.01 ± 

0.1 L).  
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When covaried for hydration status, there were no significant differences for changes in 

intracellular fluid across the hormone phases between the groups (p=0.929). All groups demonstrated 

greater intracellular fluid in the FP (OC: Δ -0.2 ± 0.3 L; H-IUD: Δ -0.03 ± 0.3 L; EUM: Δ -0.2 ± 0.3 L).  

4 Compartment Model 

For fat mass, there were no significant differences across the MC between groups (p=0.447). The 

OC group demonstrated greater fat mass in the FP (OC: Δ -0.5 ± 0.4 kg) while the H-IUD (Δ 0.3 ± 0.5 kg) 

group and EUM group (Δ 0.1 ± 0.5 kg) demonstrated greater fat mass in the LP.  

For percent body fat, there were no significant differences across the MC between groups 

(p=0.474). All groups demonstrated similar percent body fat between phases (OC: Δ -0.6 ± 0.7%; H-IUD: 

Δ 0.5 ± 0.7%; EUM: Δ 0.1 ± 0.7%). 

For fat free mass, there were no significant differences across the MC between groups (p=0.580). 

All groups demonstrated similar fat free mass between phases (OC: Δ 0.4 ± 0.5 kg; H-IUD: Δ -0.3 ± 0.5 

kg; EUM: Δ -0.1 ± 0.5 kg). 

 

Resting Metabolic Rate 

For respiratory quotient, there were no significant differences across the MC between groups 

(p=0.911). All groups demonstrated similar respiratory quotient between phases (OC: Δ 0.0 ± 0.01 a.u.; 

H-IUD: Δ -0.002 ± 0.01 a.u.; EUM: Δ 0.006 ± 0.01 a.u.). 

For resting metabolic rate, there were no significant differences across the MC between groups 

(p=0.345). The OC and EUM groups demonstrated greater resting metabolic rate in the LP (OC: Δ 56.5 ± 

40.1 kcal/day; EUM: Δ 16.2 ± 42.2 kcal/day) while the H-IUD (Δ -28.1 ± 41.1 kcal/day) group 

demonstrated resting metabolic in the FP.  
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Muscle Characteristics 

For muscle cross sectional area, there were no significant differences across the MC between 

groups (p=0.769). All groups demonstrated greater muscle cross sectional area in the FP (OC: Δ -0.2 ± 

0.5 cm2; H-IUD: Δ -0.7 ± 0. 0.5 cm2; EUM: Δ -0.6 ± 0.5 cm2). 

For echo intensity, there were no significant differences across the MC between groups 

(p=0.376). All groups demonstrated similar echo intensity between phases (OC: Δ -2.6 ± 2.6 a.u.; H-IUD: 

Δ 1.6 ± 2.6 a.u.; EUM: Δ -3.2 ± 2.7 a.u.). 

 

Aim 3 Discussion: 

The use of hormonal contraception does not appear to influence measures of body composition, 

metabolism, or muscle characteristics across the menstrual cycle. Our hypothesis that there would be no 

differences in fluid balance, body composition, muscle characteristics, and metabolic outcomes between 

monophasic OC vs. IUD vs. EUM was supported. However, our hypothesis that intracellular fluid and 

resting energy expenditure would be elevated during the high hormone phase for all groups was not fully 

supported. Intracellular fluid was elevated in the FP for all groups (OC: Δ -0.2 L; H-IUD: Δ -0.03 L; 

EUM: Δ -0.2 L). This aligns with previous work examining the influences of the menstrual cycle on fluid 

balance demonstrating that the rise of estrogen and progesterone levels in the LP decreases the ICF 

volume.71 In the present study, resting metabolic rate varied slightly with the OC group (Δ 56.5 kcal/day) 

and EUM (Δ 16.2 kcal/day) demonstrating greater energy expenditure in the LP, while the H-IUD (Δ -

28.1 kcal/day) exhibited greater energy expenditure in the FP. As H-IUDs provide localized progestin 

consistently throughout the menstrual cycle, it is possible that the expected slightly elevated levels of 

progesterone in the FP caused the shift in resting energy expenditure.96 Interestingly, the respiratory 

quotient did not change between groups across cycle phases, suggesting the change in resting metabolic 

rate may be hormonally driven rather than as a result of substrate utilization.  
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 While the 4-compartment model is the gold standard for body composition assessment,165 there 

are currently no studies examining the influence of hormonal contraception or the different menstrual 

cycle phases on body composition measurements. Additionally, there is limited research examining if 

changes in hormonal profiles across the menstrual cycle influence muscle characteristics. The present 

study suggests that OC and H-IUD use does not influence body composition and muscle characteristic 

measurements across the menstrual cycle.    
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CHAPTER VII: CONCLUSIONS 
 

 Based on the current study results, it appears that OC and H-IUD users can be equally included in 

research with EUM women, and research focused on strength and body composition may not need to be 

limited to a specific phase of the menstrual cycle. For all outcomes, the OC and H-IUD groups did not 

differ significantly from the EUM group. Investigators should use caution when examining lower body 

1RM strength, as OC users had a greater leg press 1RM (5% increase) in the LP when compared to H-

IUD users. This may correspond to ~15-20 pound difference between menstrual cycle phases. These 

small changes may affect acute performance, but may be less relevant for overall training and testing. The 

significant difference in lower body 1RM between OC and H-IUD users may be due to the variation of 

progesterone concentrations in the LP, yet this should be evaluated further. Results from this study 

provide a basis for understanding the physiological impact of OCs and IUDs on maximal strength and 

power, thereby informing future research regarding training considerations and interventions across the 

menstrual cycle. These data suggest that cycle phase or hormonal contraception use may not be limiting 

considerations for testing points for exercise or nutrition interventions as there were no significant 

impacts on exercise and body composition outcomes.   

 The current study suggests that hormonal contraceptives may have minimal effects on fatigability 

during high intensity exercise and subsequent recovery. It appears that there may be fatigability 

differences between H-IUD/EUM women compared to OC, with OC experiencing less fatigability in the 

FP. Interestingly, vessel diameter and blood flow were largely unchanged between groups across the 

menstrual cycle with slight improvements in blood flow in the FP for all groups. This may be a 

compensatory mechanism for lower power production particularly as the exercise was high intensity 

anaerobic exercise. Results add to the growing body of evidence evaluating the influences of female sex 
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hormones on exercise recovery. In recreationally active women, hormonal contraception and the 

menstrual cycle likely have minimal impact on anaerobic exercise performance and recovery, suggesting 

that exercise training does not need to be modified across the menstrual cycle. Future research should 

evaluate if OC and H-IUD use impact adaptations to chronic exercise and nutrition interventions 

especially when considering the menstrual cycle phases.   
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TABLES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Anthropometric and descriptive characteristics of study participants. 

 
Total 

Sample 
(n= 60) 

EUM 
(n=19) 

OC 
(n=21) 

H-IUD 
(n=20) 

Age (yrs) 26.5 ± 7.0 28.4 ± 7.3 24.0 ± 5.9 27.4 ± 7.5 
Height (cm) 165.2 ± 6.3 166.2 ± 6.9 163.7 ± 6.3 165.5 ± 5.6 
Weight (kg) 64.5 ± 8.4 65.0 ± 8.9 64.5 ± 8.9 66.7 ± 10.0 
BMI (kg/m2) 22.5 ± 5.9 23.0 ± 2.4 22.9 ± 6.0 24.0 ± 2.9 
Race 
White 
Black/African American 
Hispanic 
Asian 
Two or more races 

 
83% 
6% 
3% 
1% 
2% 

- - - 

Menstrual Cycle Length 
(days) - 29.8 ± 5.7 - 29.6 ± 3.6 

Length of Time for HC Use 
(yrs) - - 2.7 ± 1.4 3.6 ± 2.3 

Data are presented at mean ± standard deviation (SD). EUM, eumenorrheic; OC, monophasic oral 
contraceptive users; H-IUD, hormonal intrauterine device users; HC, hormonal contraception. 
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Table 2. Types and doses of hormonal contraception used by participants. 

Monophasic Oral Contraceptives (N=21) 

Hormones (progesterone/estrogen) Dose (mg/mcg) N 

Norethindrone acetate/ethinyl estradiol 1.5/30 5 
Norethindrone acetate/ethinyl estradiol 1/35 1 
Norethindrone acetate/ethinyl estradiol 1 /20 7 
Norethindrone acetate/ethinyl estradiol 1/10 1 

Drospirenone/estetrol 3/14200 1 
Drospirenone/ethinyl estradiol 3/20 1 
Norgestimate/ethinyl estradiol 0.25/35 3 
Desogestrel/ethinyl estradiol 0.15/30 1 

Levonorgestrel/ethinyl estradiol 0.1/20 1 

Hormonal Intrauterine Devices (N=20) 

Hormone (progestin) Dose (mg) N 

Levonorgestrel 52 13 
Levonorgestrel 19.5 6 
Levonorgestrel 13.5 1 

Mg, milligram; mcg, microgram 
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Table 3. Participant descriptive and performance outcomes between groups for total sample (n=60). 
Descriptive Characteristics 

 OC (n=21) H-IUD (n=20) EUM (n=19) 
Age (yrs) 24.0 ± 5.9 27.4 ± 7.5 28.4 ± 7.3 
Height (cm) 163.7 ± 6.3  165.6 ± 5.6 166.3 ± 6.9 
FP Weight (kg) 64.5 ± 8.7 66.7 ± 9.9  63.6 ± 8.1 
LP Weight (kg) 64.5 ± 8.6 66.7 ± 10.0 63.6 ± 8.0 
BMI (kg/m2) 24.1 ± 2.9 24.4 ± 3.5 23.0 ±2.4 
FP Total LM (kg) 42.3 ± 4.9  44.3 ± 5.2  43.6 ± 5.0 
LP Total LM (kg) 42.3 ± 4.7 44.2 ± 5.2 43.7 ± 5.0 
FP Leg LM (kg) 15.2 ± 2.1 15.8 ± 2.3 15.5 ± 1.8 
LP Leg LM (kg) 15.2 ± 1.9 15.9 ± 2.0 15.6 ± 2.1 
FP Arm LM (kg) 4.6 ± 0.7 4.8 ± 0.8 4.8 ± 0.7 
LP Arm LM (kg) 4.6 ± 0.6 4.8 ± 0.8 4.8 ± 0.7 
FP dLeg LM (kg) 7.6 ± 1.0 7.9 ± 1.1 7.8 ± 0.9 
LP dLeg LM (kg) 7.7 ± 1.0 7.9 ± 1.0 7.8 ± 1.02 

Performance Outcomes 
 OC (n=21) H-IUD (n=20) EUM (n=19) 
FP LP1RM (kg)  151.2 ± 46.1* 181.2 ± 51.6*  161.6 ± 59.3 
LP LP1RM (kg) 158.7 ± 45.7* 172.3 ± 50.5*  167.7 ± 63.2  
FP BP1RM (kg) 37.6 ± 8.0 38.0 ± 9.1 35.6 ± 8.1 
LP BP1RM (kg) 36.9 ± 8.3 37.7 ± 8.9 36.9 ± 7.8 
FP Leg PF (N) 148.8 ± 39.3 148.3 ± 40.0 155.3 ± 31.5 
LP Leg PF (N) 141 ± 35.7 152.4 ± 41.6 165.0 ± 40.0 
FP Arm PF (N) 376.9 ± 87.3 355.6 ± 72.8 389.9 ± 64.7 
LP Arm PF (N) 388.8 ± 91.1 355.5 ± 67.5 386.4 ± 94.2 
FP RSI (cm/s) 47.6 ± 21.0 40.9 ± 10.8 52.2 ± 20.2 
LP RSI (cm/s) 43.8 ± 14.3 38.4 ± 15.5 45.3 ± 22.7 
FP CMJ (cm) 24.6 ± 3.7 25.2 ± 2.9 26.5 ± 5.0 
LP CMJ (cm) 25.1 ± 3.0 24.5 ± 7.0 24.6 ± 5.8 

OC=oral contraceptive; IUD= hormonal intrauterine device; EUM= eumenorrheic and non-hormonal 
IUD users; FP= follicular phase; LP= luteal phase; LM= lean mass; LP1RM= leg press one repetition 
max; BP1RM=bench press one repetition max; PF=peak force; RSI= reactive strength index; CMJ= 
countermovement jump; *indicates significance between OC and IUD as denoted from the ANCOVA    
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Table 4.  Participant descriptive and fatigue and recovery outcomes between groups for total sample 
(n=60). 

Descriptive Characteristics 

 OC (n=21) H-IUD (n=20) EUM (n=19) 

Age (yrs) 24.0 ± 5.9 27.4 ± 7.5 28.4 ± 7.3 

Height (cm) 163.7 ± 6.3 165.6 ± 5.6 166.3 ± 6.9 

FP Weight (kg) 64.5 ± 8.7 66.7 ± 9.9 63.6 ± 8.1 

LP Weight (kg) 64.5 ± 8.6 66.7 ± 10.0 63.6 ± 8.0 

BMI (kg/m2) 24.1 ± 2.9 24.4 ± 3.5 23.0 ±2.4 

Fatigue and Recovery Outcomes 

 OC (n=21) H-IUD (n=20) EUM (n=19) 

FP PP (W) 423.2 ± 109.7 475.3 ± 73.8 413.7 ± 84.5 

LP PP (W) 422.9 ± 115.1 470.5 ± 105.2 437.7 ± 60.8 

FP tPP (s) 1843.0 ± 578.1 1860.0 ± 646.8 1837.8 ± 548.4 

LP tPP (s) 2111.0 ± 645.6 2082.5 ± 445.7 2113.7 ± 489.7 

FP AP (W) 3278.1 ± 872.0 3137.7 ± 671.9 3089.4 ± 888.4 

LP AP (W) 3029.9 ± 948.4 3457.9 ± 900.0 3203.3 ± 487.8 

FP FI (%) 33.1 ± 14.8 34.1 ± 17.3 29.8 ± 10.5 

LP FI (%)  35.1 ± 16.0 32.9 ± 18.3 31.5 ± 8.7 

FP Pre-Blood Lactate 
(mmol/L) 1.4 ± 0.4 1.8 ± 0.8 1.5 ± 0.7 

LP Pre-Blood Lactate 
(mmol/L) 1.8 ± 0.9 1.7 ± 0.8 2.0 ± 1.6 

FP Half-Blood Lactate 
(mmol/L) 7.6 ± 2.4 7.3 ± 2.4 7.4 ± 2.0 

LP Half-Blood Lactate 
(mmol/L) 7.4 ± 2.2 7.6 ± 1.8 7.0 ± 2.1 

FP Post-Blood Lactate 
(mmol/L) 9.8 ± 2.4 10.4 ± 2.6 10.0 ± 2.0 
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LP Post-Blood Lactate 
(mmol/L) 9.6 ± 2.7 10.8 ± 3.4 10.5 ± 2.2 

FP 10 min-Post-Blood 
Lactate (mmol/L) 8.5 ± 3.1 9.4 ± 3.1 9.0 ± 2.0 

LP 10 min-Post-Blood 
Lactate (mmol/L) 8.3 ± 2.6 9.4 ± 2.5 9.0 ± 2.5 

FP Blood Lactate 
Clearance (%) 10.8 ± 2.8 10.3 ± 3.0 10.4 ± 2.1 

LP Blood Lactate 
Clearance (%) 11.4 ± 3.6 9.6 ± 2.1 10.0 ± 2.2 

FP Resting Vessel 
Diameter (cm) 0.33 ± 0.04 0.30 ± 0.05 0.32 ± 0.05 

LP Resting Vessel 
Diameter (cm) 0.32 ± 0.04 0.31 ± 0.05 0.31 ± 0.04 

FP Post Vessel Diameter 
(cm) 0.31 ± 0.04 0.30 ± 0.06 0.30 ± 0.04 

LP Post Vessel 
Diameter (cm) 0.32 ± 0.05 0.32 ± 0.04 0.31 ± 0.04 

FP Resting BF 
(mL/min) 56.0 ± 29.3 59.0 ± 31.5 45.2 ± 22.4 

LP Resting BF 
(mL/min) 57.8 ± 35.3 59.1 ± 32.2 48.1 ± 21.8 

FP Post BF (mL/min) 65.8 ± 25.5 67.6 ± 33.8 61.0 ± 23.6 

LP Post BF (mL/min) 67.6 ± 29.9 61.0 ± 29.9 76.3 ± 28.3 

OC=oral contraceptive; H-IUD= hormonal intrauterine device; EUM= eumenorrheic and non-
hormonal IUD users; FP= follicular phase; LP= luteal phase; PP= peak power; tPP= time to peak 
power; AP= average power; FI= fatigue index; BF= blood flow  
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Table 5. Participant descriptive, body composition, and metabolic outcomes between groups for total 
sample (n=60). 

Descriptive Characteristics 

 OC (n=21) H-IUD (n=20) EUM (n=19) 

Age (yrs) 24.0 ± 5.9 27.4 ± 7.5 28.4 ± 7.3 

Height (cm) 163.7 ± 6.3 165.6 ± 5.6 166.3 ± 6.9 

FP Weight 
(kg) 64.5 ± 8.7 66.7 ± 9.9 63.6 ± 8.1 

LP Weight 
(kg) 64.5 ± 8.6 66.7 ± 10.0 63.6 ± 8.0 

BMI (kg/m2) 24.1 ± 2.9 24.4 ± 3.5 23.0 ±2.4 

Body Composition and Metabolic Outcomes 

 OC (n=21) H-IUD (n=20) EUM (n=19) 

FP TBW (L) 33.5 ± 4.5 34.8 ± 4.5 34.5 ± 4.0 

LP TBW (L) 33.9 ± 4.0 34.8 ± 4.7 34.5 ± 4.1 

FP ECF (L) 13.5 ± 1.5 14.2 ± 1.6 14.0 ± 1.6 

LP ECF (L) 13.7 ± 1.4 14.2 ± 1.7 14.0 ± 1.6 

FP ICF (L) 20.4 ± 3.3 20.6 ± 2.9 20.4 ± 2.5 

LP ICF (L) 20.2 ± 2.7 20.6 ± 3.0 20.3 ± 2.4 

FP 4C FM 
(kg) 18.8 ± 5.0 18.8 ± 6.3 17.3 ± 5.2 

LP 4C FM 
(kg)  18.3 ± 5.2 19.1 ± 6.5 17.4 ± 6.1 

FP 4C BF (%) 28.7 ± 4.9 27.7 ± 6.3 26.9 ± 6.5 

LP 4C BF (%) 28.1 ± 5.8 28.2 ± 6.8 27.0 ± 7.6 

FP 4C FFM 
(kg) 45.8 ± 5.2 48.0 ± 5.7 46.3 ± 5.7 

LP 4C FFM 
(kg) 46.2 ± 5.8 47.6 ± 6.3 46.2 ± 5.9 
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FP RQ (a.u.) 0.8 ± 0.05 0.8 ± 0.06 0.8 ± 0.06 

LP RQ (a.u.) 0.8 ± 0.06 0.8 ± 0.06 0.8 ± 0.07 

FP RMR 
(kcal/day) 1525.6 ± 184.7 1547.0 ± 197.3 1423.1 ± 159.9 

LP RMR 
(kcal/day) 1582.1 ± 189.4 1518.9 ± 252.3 1439.3 ± 188.5 

FP mCSA 
(cm2) 21.6 ± 5.1 22.2 ± 3.4 21.5 ± 5.4 

LP mCSA 
(cm2) 21.4 ± 5.4 21.5 ± 3.6 20.8 ± 5.1 

FP EI (a.u.) 107.0 ± 18.6 108.7 ± 19.5 105.8 ± 17.3 

LP EI (a.u.) 104.4 ± 17.3 110.3 ± 23.1 102.6 ± 17.9 

OC=oral contraceptive; H-IUD= hormonal intrauterine device; EUM= eumenorrheic and non-
hormonal IUD users; FP= follicular phase; LP= luteal phase; TBW= total body water; 
ECF=extracellular fluid; ICF= intracellular fluid; FM=fat mass; BF= percent body fat; FFM=fat free 
mass; RQ=respiratory quotient; RMR=resting metabolic rate; mCSA=muscle cross-sectional area; 
EI=echo intensity.  
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FIGURES 
 

 

Figure 1. Various hormonal profiles of a eumenorrheic cycle, intrauterine device, and monophasic oral 
contraception. Adapted from a paper by Chidi-Ogbolu et al.82  
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Figure 2. Study Design. 
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Figure 3. CONSORT diagram. 
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Figure 4 A-F. Individual data points for each group for strength and power outcomes. Bars represent 
group averages. OC= oral contraceptives; H-IUD= hormonal contraceptives; EUM= eumenorrheic 
women. 
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Figure 5 A-D. Individual data points for each group change score for fatigability outcomes. Bars represent 
group averages. OC= oral contraceptives; H-IUD= hormonal contraceptives; EUM= eumenorrheic 
women. 
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Figure 6 A-C. Individual data points for each group change score for recovery outcomes. Bars represent 
group averages. OC= oral contraceptives; H-IUD= hormonal contraceptives; EUM= eumenorrheic 
women. 
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Figure 7 A- H. Individual data points for each group change score for body composition and metabolism 
outcomes. Bars represent group averages. OC= oral contraceptives; H-IUD= hormonal contraceptives; 
EUM= eumenorrheic women.  
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Figure 8 A-B. Individual data points for each group change score for muscle characteristics. Bars 
represent group averages. OC= oral contraceptives; H-IUD= hormonal contraceptives; EUM= 
eumenorrheic women. 
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APPENDIX 1: EXPLORATORY AIM 

The exploratory aim of the originally proposed study included evaluation of protein turnover in a 

subsample to understand the impact of the menstrual cycle and use of hormonal contraception on protein 

breakdown. These samples were collected and sent to Metabolic Solutions for analysis. The processed 

data was recently received but has not been analyzed due to the quick timeline for the dissertation 

document. These data will be analyzed and results will be reported in a manuscript. Additionally, estrogen 

and progesterone samples were sent to the UNC Biobehavioral Laboratory to be analyzed. HEC and ASR 

have been in conversation with the laboratory manager and expect to receive the data in early April. Upon 

receipt, values will be analyzed and reported within manuscripts 1 and 2 prior to publication. Co-authors 

will be kept informed of progress of these analyses.  
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APPENDIX 2: RAW DATA 
Table A.2. Participant descriptive and performance outcomes between groups for total sample 

(n=60). 

 

  

Descriptive Characteristics 
 OC (n=21) IUD (n=24) EUM (n=15) 
Age (yrs) 24.0 ± 5.9 27.7 ± 7.0 28.2 ± 8.0 
Height (cm) 163.7 ± 6.3 164.9 ± 5.7 167.5 ± 6.8 
FP Weight (kg) 64.5 ± 8.7 64.9 ± 10.3 65.6 ± 6.9 
LP Weight (kg) 64.5 ± 8.6 64.9 ± 10.4 65.6 ± 6.8 
BMI (kg/m2) 24.1 ± 2.9 23.8 ± 3.4 23.0 ± 2.4 
FP Total LM (kg) 42.3 ± 4.9 43.4 ± 5.4 44.8 ± 5.4 
LP Total LM (kg) 42.3 ± 4.7 43.3 ± 5.5 45.0 ± 4.3 
FP Leg LM (kg) 15.2 ± 2.1 15.5 ± 2.3 15.5 ± 1.8 
LP Leg LM (kg) 15.2 ± 1.9 15.9 ± 2.0 16.0 ± 1.4 
FP Arm LM (kg) 4.6 ± 0.7 4.6 ± 0.8 5.0 ± 0.5 
LP Arm LM (kg) 4.6 ± 0.6 4.6 ± 0.8 5.0 ± 0.5 
FP dLeg LM (kg) 7.6 ± 1.0 7.7 ± 1.2 8.1 ± 0.7 
LP dLeg LM (kg) 7.7 ± 1.0 7.8 ± 1.1 8.1 ± 0.9 

Performance Outcomes 
 OC (n=21) IUD (n=24) EUM (n=15) 
FP LP1RM (kg)  151.2 ± 46.1 168.2 ± 56.2 177.1 ± 56.2 
LP LP1RM (kg) 158.7 ± 45.7 161.2 ± 50.5 184.2 ± 60.7 
FP BP1RM (kg) 37.6 ± 8.0 36.9 ± 9.1 36.8 ± 8.1 
LP BP1RM (kg) 36.9 ± 8.3 36.9 ± 8.3 36.6 ± 9.1 
FP Leg PF (N) 148.8 ± 39.3 147.8 ± 36.9 157.9 ± 34.4 
LP Leg PF (N) 141 ± 35.7 150.4 ± 39.5 171.5 ± 40.1 
FP Arm PF (N) 376.9 ± 87.3 351.4 ± 68.4 405.6 ± 61.2 
LP Arm PF (N) 388.8 ± 91.1 351.3 ± 63.6 401.4 ± 99.8 
FP RSI (cm/s) 47.6 ± 21.0 43.0 ± 15.2 51.9 ± 25.6 
LP RSI (cm/s) 43.8 ± 14.3 41.3 ± 19.9 42.6 ± 19.2 
FP CMJ (cm) 24.6 ± 3.7 25.4 ± 2.8 26.6 ± 5.6 
LP CMJ (cm) 25.1 ± 3.0 23.6 ± 7.8 24.6 ± 5.8 
OC=oral contraceptive; IUD= hormonal and non-hormonal intrauterine device; EUM= eumenorrheic; 
FP= follicular phase; LP= luteal phase; LM= lean mass; LP1RM= leg press one repetition max; 
BP1RM=bench press one repetition max; PF=peak force; RSI= reactive strength index; CMV= 
countermovement jump. Summary of results per original recruitment goals. There were no significant 
differences reported between groups. 
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