GOLDENSTEIN, SAMANTHA J. Ph.D. Energy Availability and Sex Steroid Hormones in
Physically Active Females. (2023)
Directed by Dr. Laurie Wideman. 215 pp.

Sex steroid hormones (i.e., estrogen, progesterone) are major determinants of a
women’s health status and play a role in almost every physiological system, including
reproductive, endocrine, urinary, nervous, immune, musculoskeletal and cardiovascular.
Physically active females have lower estrogen and progesterone when compared to inactive
individuals, yet exercise alone does not appear to decrease hormones but alters hormones as a
component of energy availability. Energy availability is the amount of energy left after
subtracting the energy cost of exercise relative to fat free mass (FFM) from energy intake. When
energy availability is inadequate (i.e., low energy availability (LEA)), disruptions to hormonal and
metabolic systems occur that can lead to performance decrements and serious psychological
and physiological (i.e., menstrual dysfunction) health outcomes. Furthermore, stress can disrupt
estrogen and progesterone but how stress affects the relationship between energy availability
and sex steroid hormones is unknown. Most research surrounding this topic includes only highly
competitive, elite level female athletes and little is known about how energy availability alters
hormone levels in physically active females. Since low sex steroid hormone concentrations and
LEA are associated with serious health risks, further investigation into the association of energy
availability and menstrual cycle hormones in physically active females is warranted. Thus, the
purpose of this dissertation was to examine the relationship between energy availability and sex
steroid hormones in active females across the menstrual cycle. Healthy, exercising females
(n=21; age 21.3 + 3.1 years) not on oral contraceptives completed measures over two
menstrual cycles. Daily saliva measurements were taken across both menstrual cycles to create
hormonal profiles of estrogen and progesterone. Energy availability was measured twice within
one menstrual cycle, with energy intake recorded for seven days at two timepoints. Participants

were all physically active and were asked to continue exercising normally and to record all



exercise with a heart rate monitor. The first timepoint (T1) started during menses between day
(D) 2-4 and the second timepoint (T2) started between 5-8 days post ovulation. A laboratory
visit occurred on the first day of each timepoint, where resting metabolic rate and body
composition were measured. Stress was measured with the Acute Recovery and Stress Scale
at the beginning and end of each timepoint. Area under the curve (AUC) and range (i.e.,
difference in minimum and maximum values) for estrogen and progesterone for T1 and T2 was
used for analyses. Most of the active females (71%, n = 15) were in a reduced energy state and
23% (n = 6) had subclinical menstrual dysfunction. Energy intake and energy availability
remained constant across the two timepoints despite that estrogen and progesterone were
significantly different (p = .003, p = .001, respectively). When the components of energy
availability and hormones were assessed, progesterone range was positively associated with
FFM (T1 p =.015, r=.537; T2 p = .001, r = .674) and RMR (T2 p = .005, r = .605) yet T2
progesterone range, FFM, and RMR were all negatively associated with energy availability (p =
.032,r=-.479; p=.001, r=-.672; p=.009, r = -.558). Energy intake was correlated with the
progesterone to estrogen ratio (P:E2) (p = .026, r=.321, 95% CI [0.04, 0.55]), but not
progesterone or estrogen alone. The results also demonstrated that estrogen, progesterone,
and the estrogen progesterone product in T1 exhibited a negative relationship with T2 energy
availability ((B =-.36, p=.009; B =-.37, p=.008; B =-.31, p=.029), in active females across a
single menstrual cycle. In addition, stress and recovery do not moderate the relationship
between hormones and energy availability within a timepoint or across timepoints of one
menstrual cycle even though a stress subscale, negative emotional state, was significantly
higher post ovulation towards the end of the cycle while recovery and other stress scales
remained constant (F (3, 54) = 7.07, p = .000). These data suggest that physically active
females are at risk for inadequate energy availability and subclinical menstrual dysfunction.

Estrogen and progesterone affect energy intake at the beginning of the cycle and energy



availability across timepoints but do not appear to be altered by stress and recovery. A higher
progesterone to estrogen ratio was associated with higher energy intake during T1.
Furthermore, higher estrogen and progesterone at the beginning of the menstrual cycle are
associated with lower energy availability post ovulation. These data highlight the importance of
including physically active females in future research on energy availability and emphasizes
issues with energy availability are present in physically active females, not just elite athletes.
Further investigations are needed to fully elucidate the relationship between energy availability,

estrogen and progesterone.
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CHAPTER I: INTRODUCTION

Sex steroid hormones (i.e., estrogen, progesterone) are major determinants of
premenopausal women’s health status. Estrogen (E2) is the predominate female sex hormone
and plays a role in almost every physiological system, including reproductive, endocrine,
urinary, nervous, immune, musculoskeletal and cardiovascular. E2 serves a protective role from
multiple diseases in premenopausal women, therefore disruption of E2 is associated with
diseases such as cancer, cardiovascular disease, osteoporosis, neurodegenerative diseases,
and metabolic disorders (Prossnitz & Barton, 2011). Progesterone regulates not only
reproductive function but the nervous system and vessels as well. Further research is needed to
fully understand the role of endogenous progesterone but research has demonstrated a
neuroprotective effect in traumatic brain injury, stroke, and myelin repair (Sitruk-Ware & EI-Etr,
2013). Additionally, the estrogen to progesterone ratio can influence core body temperature,
sleep, and fluid volume (Giersch et al., 2021; Grant et al., 2020).

Proper menstrual cycle function is commonly thought of as a vital sign for women’s
health and inadequate E2 and progesterone concentrations can disrupt the menstrual cycle
(American Academy of Pediatrics et al., 2006). A ‘normal’ menstrual cycle ranges from 21-35
days and hormones (luteinizing hormone (LH), follicle stimulating hormone (FSH), E2, and
progesterone) vary throughout the cycle, but work together in negative feedback loops to
maintain proper function. Disturbances in the feedback loop can result in menstrual dysfunction,
which occurs on a spectrum ranging from subclinical (i.e., luteal phase defect (LPD),
anovulation) to clinical (i.e., oligomenorrhea, amenorrhea). Anovulation—failure of the ovary to
release an egg in response to LH stimulation, occurs in over a third of normal menstrual cycles
(Prior et al., 2015), while luteal phase defect (LPD) (i.e., luteal phase less than 10 days) affects

up to 20% of women (De Souza, 2003). LPD allows ovulation to occur but due to decreased
1



progesterone, implantation of the egg is not supported (De Souza, 2003). Menstrual dysfunction
prevalence rates are even higher in exercising women, with De Souza et al. (2010)
demonstrating that 50% of exercising females experience subclinical menstrual disturbances
while one third may be amenorrheic (De Souza et al., 2010a).

It is widely accepted that exercising females (i.e., engaging in physical activity for health
or fitness) have lower menstrual cycle hormones (i.e., E2, progesterone) when compared to
sedentary individuals (Cumming et al., 1985; De Souza et al., 1998a; Ellison et al., 1987; Fisher
et al., 1986; Jasienska et al., 2006; Lehmann et al., 1993; Matthews et al., 2012; Stoddard et al.,
2006). However, exercise alone does not appear to decrease menstrual cycle hormones but
alters hormones as a component of energy availability with energy intake as a driving factor
(Williams et al., 2001). Energy availability is the amount of energy left after subtracting the
energy cost of exercise relative to fat free mass (FFM) from energy intake. When energy
availability is inadequate (i.e., low energy availability (LEA)), disruptions to hormonal and
metabolic systems occur that can lead to performance decrements and serious psychological
and physiological health conditions (e.g., menstrual dysfunction, cardiovascular disease,
decreased bone mineral density) (Mountjoy et al., 2014). While there is no accepted threshold
of energy availability that induces negative health conditions, when energy availability falls
below 30 kcal/kg/FFM/day, females have a 50% increased risk of menstrual dysfunction
(Lieberman et al., 2018). Nonetheless, it is unclear why menstrual function is disrupted by LEA
in some females while menstrual function remains normal in others.

However, other factors such as the stress of exercise should also be considered when
evaluating LEA. Excess exercise stress and inadequate recovery can place an individual into
nonfunctional overreaching and over training states, which have demonstrated similar
symptoms to LEA (e.g., decreased estrogen and progesterone) yet energy availability and

2



menstrual function are rarely assessed. Since low sex steroid hormone concentrations are
associated with serious health risks, further investigation into the association of LEA and
menstrual cycle hormones is warranted, especially since most research on this topic includes
only highly competitive, elite level women athletes and little is known about how LEA alters
hormone levels in physically active females (i.e., not a professional or national level athlete).
Therefore, the purpose of this study is to examine energy availability and menstrual cycle
hormones in physically active females across the menstrual cycle and the following overarching
guestions will be addressed:
1. What is the relationship of energy availability, estrogen, and progesterone across a
menstrual cycle?
2. What is the association of estrogen, progesterone, and energy availability in the follicular
phase and post ovulation?
3. Do stress and recovery influence the relationship of energy availability with estrogen and
progesterone?
To investigate these questions, this project has the following specific aims and research
hypotheses:
Specific Aim 1
To determine the relationship of energy availability, estrogen and progesterone changes
across the menstrual cycle in physically active women.
H1.1: Regardless of fitness level (VOzpeax), women with lower fat free mass will have
lower energy availability, lower resting metabolic rate ratio, lower levels of estrogen and
progesterone, and less range in hormone levels (less differences in min to max values)

across one menstrual cycle and more anovulatory cycles across two menstrual cycles.



H1.2: Energy intake will have a negative correlation with estrogen concentrations, with
energy intake being high when estrogen concentrations are low.
Specific Aim 2
To examine the association between energy availability, estrogen, and progesterone in
the follicular and luteal phase while controlling for the previous phase in one menstrual cycle.
H2.1: Energy availability in the follicular phase will predict estrogen and progesterone
concentrations post ovulation.
H2.2: Estrogen in the follicular phase will predict energy availability in post ovulation
while progesterone will not affect energy availability.
Exploratory H2.3: Lower energy availability will be associated with lower estrogen and
progesterone concentrations, which will be associated with greater risk of menstrual
dysfunction.
Specific Aim 3
To determine if stress and recovery moderate the relationship between energy
availability and estrogen and progesterone.
H3: Energy availability will predict menstrual cycle hormone concentrations, but this
relationship will be stronger with increased recovery and decreased stress scores.
Delimitations and Limitations
The study design has delimitations. It is restricted to premenopausal women up to 35
years of age. This delimitation is introduced to obtain the clearest picture of the menstrual cycle
hormones. Around the age of 40, women tend to enter perimenopause and estrogen and
progesterone start to decrease for reasons related to age and thus, including this age group
would make it difficult to determine if lower estrogen and progesterone levels were due to
perimenopause or energy availability. Additionally, this study is deliminated to women who are

4



not on any hormonal contraceptive. There are a multitude of hormonal contraceptive options
and each affects the endogenous estrogen and progesterone levels differently. Also, the study
only investigates two menstrual cycles with the hope of increasing patient compliance. Lastly,
menstrual cycle length was deliminated to menstrual cycles that are consistently between 21-50
days in length due to altered estrogen and progesterone levels in longer menstrual cycle lengths
(i.e., oligomenorrhea, amenorrhea).

As a free-living study, there are limitations. Participant compliance could be an issue due
to the length and requirements of the study. To counter this, the researchers ensured clear and
concise instructions along with the importance of collecting the data as asked. The researchers
also maintained weekly contact, more if necessary. The Training Peaks app served as a central
data base, with energy intake and exercise data automatically uploading to the app. The
allowed continuous monitoring with participant interaction to ensure the participant was being
compliant. Training Peaks was also used a study calendar, with data collection reminders
entered into the app. Accelerometer data was be recorded every day and provided heart rate
monitors were worn with all purposeful exercise but there may be time periods the participant
does not wear or is unable to wear (e.g., swimming) the watch or heart rate monitor. To counter
this, participants were requested to annotate the time frame the watch or heart rate monitor was
not worn and the activity that was performed during that time in Training Peaks. Saliva was
collected every day, but a day may be skipped. If the sample was not collected shortly after
waking, the participant was asked to skip that day and to begin again on the next saliva
collection day. At home ovulation tests were performed for a certain number of days based off
the length of each participant’s menstrual cycle, therefore allowing the researchers to know
when the ovulation testing should begin and end. The participant was expected to text the
researchers a picture of the ovulation test result. If a picture is not received, the researchers
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remind the participant to take the ovulation test. An energy intake entry may be missed.
MyFitnessPal sends automatic reminders to the participants phone if a meal has not been
logged. MyFitnessPal also automatically uploads each entry to Training Peaks, allowing the
researchers to spot check and ensure compliance with the food log. Lastly, changes in the
participant’s normal routine could occur. The participants were asked to annotate anything
abnormal (e.g., illness, life and social stressors) in Training Peaks and to inform the

researchers.



CHAPTER II: REVIEW OF LITERATURE

Introduction

Physical activity and exercise can have many positive health benefits, but an imbalance
of energy intake and energy expenditure may negate many of these positive effects. Energy
availability describes the amount of energy available for metabolic functions after exercise
energy expenditure (EEE) is subtracted from energy intake, and is expressed relative to fat-free
mass (FFM) (Energy availability = Energy intake (kcal) — EEE (kcal)/ FFM (kg)) (Loucks et al.,
1998; Mountjoy et al., 2014). When a negative balance emerges between energy intake and
EEE over time, otherwise known as low energy availability (LEA), an energy conservation state
is created where metabolic fuels are focused on life sustaining metabolic processes and are
shifted from other systems such as the reproductive axis (De Souza, 2003).

The menstrual cycle is a complex and highly variable physiologic event controlled by the
precise integration of multiple biological systems (e.g., endocrine, reproductive) (Alvergne &
Tabor, 2018; Berbic & Fraser, 2013). The menstrual cycle is considered a ‘vital sign’ for women,
indicative of overall health (American Academy of Pediatrics et al., 2006; Saei Ghare Naz et al.,
2020) and represents an important, yet often ignored, factor in research involving females. The
menstrual cycle is one component of the Female Athlete Triad, which also consists of LEA and
bone health. LEA underpins the concept of the Female Athlete Triad, which illustrates the
negative health consequences of LEA on menstrual function and bone mineral density (De
Souza et al., 2017). LEA disrupts gonadotropin-releasing hormone (GnRH) pulsatility in the
hypothalamus and the subsequent release of hormones from the pituitary and the ovaries,
leading to menstrual dysfunction (Mountjoy et al., 2014). Dysfunction of the menstrual cycle
occurs on a spectrum, ranging from the least severe perturbation (i.e., luteal phase defect

(LPD)) to the most severe dysfunction, amenorrhea (Figure 1) (De Souza, 2003). The least
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severe menstrual cycle dysfunctions (i.e., LPD, anovulation), are considered subclinical and
occur within the framework of an outwardly ‘normal’ menstrual cycle, but they can potentially
progress into oligomenorrhea or amenorrhea.

Menstrual cycle dysfunction is present in 6-79% of females involved in sport and varies
within the specific sport and level of competition (Warren & Perlroth, 2001), yet little research is
focused on exercising premenopausal females. Physically active females (i.e., not a
professional or national level athlete) account for a large portion of the active population and
engage in a wide variety of intensity, duration, and volume of exercise. Female exercisers may
exercise less than elite athletes but may be at the same or higher risk of menstrual dysfunction
since access to education and knowledgeable personnel is very limited compared to elite
athletes. Knowledge of the female athlete triad and menstrual dysfunction has proven to be low
amongst recreational exercisers (Folscher et al., 2015). Thus, identification of LEA and/or
menstrual dysfunction may not occur, which may lead to severe long-term consequences (e.g.,
infertility, decreased bone mineral density).

Figure 2.1. Continuum of Menstrual Cycle Dysfunctions

Continuum of Menstrual Dysfunction

A ———

Ovulatory LPD Anovulation Oligomenorrhea Amenorrhea

Note. Menstrual dysfunctions are listed from least to most severe, starting with a normal,
ovulatory menstrual cycle and ending with amenorrhea.

Menstrual Cycle Hormones
Normal menstrual cycles (i.e., 21-35 days) follow the same basic pattern in healthy
females (i.e., menses, follicular, and luteal phase) but there are significant intra and inter-

individual variations and cycles rarely follow the ‘typical’ 28-day cycle (Soumpasis et al., 2020).



The menstrual cycle is defined as the onset of menses through to the day before the next onset
of menses and is divided into the follicular and the luteal phase (Silberstein & Merriam, 2000).
Ovulation—a specific event, separates the two phases with the follicular phase starting at the
onset of menses and continuing to ovulation, while the luteal phase begins the day after
ovulation and ends the day before the onset of menses (Yen, 1979).

The menstrual cycle is influenced by five major hormones—estrogen (E2), progesterone,
luteinizing hormone (LH), follicle stimulating hormone (FSH) and GhnRH—produced by the
ovaries, pituitary, or hypothalamus, with feedforward and multiple nonlinear feedback loops (see
Figure 2.2) (Derry & Derry, 2010). The arcuate nucleus of the hypothalamus secretes GnRH in
a pulsatile fashion and is crucial to initiate ovulation and regulation of the reproductive axis
(Allaway et al., 2016; Silberstein & Merriam, 2000; Suh & Betz, 1993). GnRH pulse frequency
varies, slowing from one pulse every 90-100 minutes in the follicular phase when E2 is high to
one pulse every 8-12 hours in the late luteal phase when progesterone is elevated (Chabbert-
Buffet & Bouchard, 2002; Silberstein & Merriam, 2000). GnRH stimulates the anterior pituitary to
produce and secrete gonadotropins (i.e., LH, FSH), which are reliant on the timing and
concentration of GnRH (Franz, 1988). Continuing the feedforward loop, the gonadotropins
stimulate production of the sex steroid hormones (i.e., E2, progesterone) in the ovaries. LH
activates progesterone production in the outer ovarian theca cells while the inner granulosa
cells respond to FSH to produce E2. E2 and progesterone regulate GnRH and gonadotropins in
both negative and positive feedback loops, depending on the phase of the menstrual cycle
(Silberstein & Merriam, 2000).

In the early follicular phase (i.e., menses), E2 and progesterone levels are low while
FSH has high pulsatility that stimulates follicular growth. As the dominate follicle matures and
secretes E2, FSH levels fall while E2 gradually rises throughout the follicular phase. A sharp
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elevation of E2 in the late follicular phase triggers the GhnRH and LH surge needed for ovulation
with a small increase in FSH (Alvergne & Tabor, 2018; Chabbert-Buffet & Bouchard, 2002). The
LH surge lasts for 24-48 hours, releasing the oocyte during this time. Once the oocyte is
expelled, the follicular cells luteinize to form the corpus luteum and signifies the start of the
luteal phase. The corpus luteum is responsible for the rise of progesterone secretion and a
second, but smaller, rise of E2 while FSH and LH remain low. Progesterone levels will peak
within 6-8 days after ovulation (i.e., midluteal) (Allaway et al., 2016; Yen, 1979). If no
implantation occurs, the corpus luteum degenerates and decreases progesterone and E2
concentrations, triggering the shedding of the endometrium. Inhibition of the pituitary is removed
and FSH will rise to begin a new menstrual cycle by stimulating follicular growth again (Allaway
et al., 2016).

Figure 2.2. Schematic of Menstrual Cycle Hormones with Positive and Negative Feedback Loops

GnRH

LH and FSH

Estrogen and
Progesterone

Menstrual Function
It is well-established that exercising females have decreased menstrual cycle hormones
and increased menstrual dysfunction compared to sedentary females (Cumming et al., 1985; De

Souza, 2003; Ellison et al., 1987; Fisher et al., 1986; Jasienska et al., 2006; Lehmann et al.,
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1993; Matthews et al., 2012; Stoddard et al., 2006). Decreased GnRH frequency alters the
gonadotropins and sex steroid hormone release, resulting in a spectrum of menstrual
dysfunctions (see Figure 2.1) (Marshall et al., 1993). Subclinical menstrual dysfunctions (i.e.,
LPD, anovulatory) are difficult to diagnosis because the disturbances occur with seemingly
‘normal’ menstrual cycles, may not occur every menstrual cycle, and can only be confirmed with
hormone measurements (i.e., LH, progesterone) (De Souza et al., 1998b). Oligomenorrhea and
amenorrhea are easier to identify by a delayed or absent menses and hormone measurements
are not essential for diagnosis.

Due to the complex nature of the menstrual cycle and the intra and inter-individual
variations, multiple menstrual cycles should be examined in exercising females to address the
issue of normal function and may include tracking two or more menstrual cycles prior to the start
of, or within the framework of, the research. While more time consuming and arduous for both
participant and researcher, this tracking provides confirmation of outwardly normal menstrual
cycle function. In addition, confirmation of ovulation (i.e., LH, progesterone) and hormones are
essential to correctly verify the menstrual cycle phase, with the outcome measures repeated in
a second menstrual cycle (Elliott-Sale et al., 2021; Smith et al., 2022). Failure to confirm the
menstrual cycle may result in inaccurate data as hormones influence multiple systems within the
body, not just the reproductive system. Collecting data on a given day based on counting
methods and assumptions of cycle length (e.g., day 14 as ovulation) is also imprecise since not
all females experience 28-day cycles and even those that do, vary substantially on when
ovulation occurs (Wideman et al., 2013). Participants that present with oligomenorrhea or
amenorrhea should also rule out organic reasons (i.e., hyperandrogenism) that may cause

menstrual dysfunction (Koltun et al., 2020).
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Luteal Phase Defect (LPD)

The average luteal phase has a normal variation of 11-17 days and a progesterone peak
6-8 days after ovulation (American Society for Reproductive Medicine and the Society for
Reproductive Endocrinology and Infertility, 2021; Schliep et al., 2014). LPD is defined as a luteal
phase less than 10 days, inadequate progesterone levels, or a combination of both (American
Society for Reproductive Medicine and the Society for Reproductive Endocrinology and
Infertility, 2021; De Souza, 2003; De Souza et al., 2017). Ovulation occurs but as a result of
decreased progesterone, implantation of the oocyte is not supported (De Souza et al., 1998b).
There are multiple hypotheses on the etiology of LPD. One proposed mechanism relates to a
defective corpus luteum, which is unable to secrete adequate amounts of progesterone during
the luteal phase (Boutzios et al., 2013). An alternate mechanism is increased LH pulsatile
secretion in the early follicular phase that downregulates the midcycle LH surge, resulting in
lower progesterone levels in the luteal phase (American Society for Reproductive Medicine and
the Society for Reproductive Endocrinology and Infertility, 2021; Ayabe et al., 1994; Bukulmez &
Arici, 2004; J. Jordan et al., 1994; Schliep et al., 2014; Soules et al., 1989; Suh & Betz, 1993).

No widely accepted progesterone cutoff values for LPD have been established for blood
samples (American Society for Reproductive Medicine and the Society for Reproductive
Endocrinology and Infertility, 2021; Bukulmez & Arici, 2004; De Souza, 2003; Janse De Jonge
et al., 2019; Mesen & Young, 2015). In healthy subjects, progesterone responds to LH pulses
and can fluctuation from 5-15 ng/mL in a 24-hour time period, indicating that a single value is
not accurate to diagnose LPD (American Society for Reproductive Medicine and the Society for
Reproductive Endocrinology and Infertility, 2021; Filicori et al., 1984; J. Jordan et al., 1994;
Mesen & Young, 2015; Sonntag & Ludwig, 2012). Recommendations of either 1) three daily
progesterone values during midluteal phase days 5-9 with a total progesterone <30 ng/ml (J.

12



Jordan et al., 1994), 2) <5 ng/ml for 5 or more luteal phase days (Schliep et al., 2014), or 3) a
single midluteal progesterone measurement <10 ng/ml have been suggested (J. Jordan et al.,
1994; Schliep et al., 2014). Another recommendation is to measure urinary pregnanediol
glucuronide (PdG), a progesterone metabolite, daily in the first urine void each day in the luteal
phase. By measuring the metabolite, it eliminates the variability of the progesterone secretion
(Bukulmez & Arici, 2004; Chatterton et al., 1982; Mesen & Young, 2015). It is recommended to
use the criteria of 1) the sum of the 3-day midluteal PdG peak of <10 pg/ml and 2) a peak PdG
concentration <5 pg/ml to define LPD when using urine specimens (De Souza et al., 1998a,
2010a; Santaro et al., 2002). Currently, there are no accepted guidelines or cut points related to
LPD for salivary assessments of progesterone and this has not been addressed in the literature.
In LPD, conflicting data of the hormonal profiles of LH, FSH, and E2 are reported and
could potentially reflect that most studies only measure a single menstrual cycle with minimal
hormone sampling. De Souza et al. is the only investigator to examine LPD in three consecutive
menstrual cycles with daily hormone measures in exercising females (De Souza et al., 1997,
1998b, 2004, 2010a). LPD cycles had a longer follicular phase, later ovulation, a shorter luteal
phase and decreased PdG compared to ovulatory cycles. FSH was decreased in the last five
days of the menstrual cycle, which may explain why decreased follicular estrogen conjugate
(E1C) was found. De Souza et al. had conflicting results when reporting LH levels, indicating no
difference (De Souza et al., 1998b, 2003) in two studies but showed a decreased LH peak in
two additional studies (De Souza et al., 1997, 2010a). Other research has presented decreased
LH pulsatility with LPD in exercising females (Loucks et al., 1989). LPD can disturb the
subsequent menstrual cycle, which could account for the variation in E2 and is an indication that

multiple menstrual cycles should be measured (Liu et al., 2004).
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When only one or two menstrual cycles were evaluated, LPD hormonal profiles varied
from De Souza’s findings. Schliep et al. (2014) also found decreased FSH but in contrast
identified decreased E2 in both the follicular and luteal phases over two menstrual cycles
(Schliep et al., 2014). Conversely, Soules et al. (1989) and Pirke et al. (1990) investigated one
menstrual cycle and discovered lowered E2 concentrations in the luteal phase only (Pirke et al.,
1990; Soules et al., 1989) and normal FSH levels (Soules et al., 1989). Other research found
neither E2 (Suh & Betz, 1993) or FSH (Grunfeld et al., 1989; Suh & Betz, 1993) to be abnormal.
Prior et al. (1990) looked at two nonconsecutive menstrual cycles (month 1 and 12) and
identified no difference in E2 or progesterone with shortened luteal phases compared to
sedentary controls. However, only one sample was obtained in each phase of the two menstrual
cycles (Prior et al., 1990).

LPD occurs in 3-20% of all women but may affect up to 48% of menstrual cycles in
exercising females. LPD is the most common menstrual dysfunction in an active population (De
Souza, 2003) and has been associated with a hypometabolic state (De Souza et al., 2010a).
Yet research in LPD in regularly exercising females is lacking, with most research investigating
LPD in untrained females initiating an intense exercise program (Beitins et al., 1991; Bullen et
al., 1985).

Anovulation

Anovulation is a failure of the oocyte to expel from the ovary and is associated with low
FSH, LH, E2, and progesterone levels (Balasch & Fabregues, 2006; Hamilton-Fairley, 2003; Li
& Ng, 2012). Decreased FSH affects development of the ovarian follicles and E2 production,
while decreased LH fails to stimulate follicular rupture and subsequent ovulation. Furthermore,
failure of luteinization results in decreased progesterone and E2 production (Hamilton-Fairley,
2003; Levi-Setti et al., 2004; Wallach et al., 1995). Menstrual cycle length can remain normal,
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extended (i.e., oligomenorrhea), or the menstrual cycle may be absent (i.e., amenorrhea) (De
Souza & Williams, 2004).

Ultrasounds are the gold standard to determine follicular growth and rupture but are
costly and not widely available (McConnell et al., 2002). Therefore, home urine tests are
commonly used as a validated and reliable way to determine ovulation (Gudgeon et al., 1990;
Guermandi et al., 2001; Leiva et al., 2014). However, LH surge levels vary in amplitude and
duration and there is no consensus on the LH threshold to determine anovulation (Balasch &
Fabregues, 2002; Johnson et al., 2015; Park et al., 2007). Thus, it is recommended to confirm
ovulation with secondary measures (Janse De Jonge et al., 2019; McGovern et al., 2004)
although the literature also disagrees on the necessary progesterone level to confirm ovulation
in the midluteal phase. Progesterone levels of 2-3 ng/mL in the mid-luteal phase are indicative
of ovulation (American Society for Reproductive Medicine and the Society for Reproductive
Endocrinology and Infertility, 2021; Israel et al., 1972; Schliep et al., 2014; Wideman et al.,
2013) yet other literature states that 4.5-5 ng/ml (de Jonge, 2003; Janse De Jonge et al., 2019;
Landgren et al., 1980) and even 9.4 ng/ml of progesterone (Hull et al., 1982; Li & Ng, 2012) is
necessary. Urinary metabolites may also be used to assess ovulation with luteal estrone-1-
glucuronide (EIG) peak levels above 35 ng/ml and peak PdG above 5 pg/ml (De Souza et al.,
2008; Kesner et al., 1992; Santaro et al., 2002). Again, these criterion cut points have not been
established in salivary samples.

Exercising females experience higher anovulation rates (10-58%) (Prior et al., 2015;
Wideman et al., 2013) than sedentary females (2-9%) (Johnson et al., 2015). Prior et al. (2015)
reported a 58% rate of anovulation, using a progesterone threshold of 23 ng/ml for ovulation
confirmation across one menstrual cycle in a combined population of sedentary and exercising
females with no LH surge confirmation. Whereas Wideman et al. (2013) measured anovulation
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in exercising females with a 2 ng/ml progesterone cutoff, multiple sampling days and a LH surge
confirmation over two menstrual cycles and reported a 10% prevalence rate. The latter is more
common amongst the literature that ranges from 12-21% with LH confirmation and multiple
sampling days of progesterone (in serum or urine) over more than one menstrual cycle (De
Souza et al., 1998b, 2010b).

Oligomenorrhea

Oligomenorrhea is commonly characterized as irregular and inconsistent menstrual
cycles 36-90 days in length (De Souza & Williams, 2005; Loucks & Horvath, 1984; Riaz &
Parekh, 2022) or 4-9 menstrual cycles per year (Barrack et al., 2014; Gibbs et al., 2014).
Oligomenorrhea is similar to amenorrhea but presents as an insufficient stimulation, not a
complete suppression, of the hypothalamus-pituitary-gonadal (HPG) axis (Baggio et al., 2019).
Ovulation may or may not occur (De Souza et al., 2010b) and severe oligomenorrhea can
present with decreased LH pulse frequency (Veldhuis et al., 1985). E2 is typically low due to the
follicles struggling to achieve dominance but is also erratic with E2 being produced independent
of ovulation. Hormone levels are rarely assessed in oligomenorrheic exercising females but
Reed et al. (2015) reported erratic ELG concentrations in 30 oligomenorrheic women across a
28-day period (Reed et al., 2015).

It is hard to determine the prevalence of oligomenorrhea in a physically active
population, due to the fact that oligomenorrhea and amenorrhea results are commonly
combined (Cokkinades et al., 1990; Koltun et al., 2020; Rosetta et al., 2001; Rosetta, Harrison,
et al., 1998; Rosetta, Williams, et al., 1998), or the data is a combined population (e.g., elite and
recreational) (Barrack et al., 2014; Burrows, 2003; Gibbs et al., 2013). Oligomenorrhea
prevalence in all athletic populations (i.e., elite, recreational) ranges from 0.9%-52.5% (Gibbs et
al., 2013), with a lower prevalence in recreationally active females, ranging from 6.6-18%
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(Folscher et al., 2015; Shangold & Levine, 1982). Oligomenorrhea was reported in 6.6% of ultra-
marathon runners (Folscher et al., 2015), while Shangold et al. (1982) observed 18% of
marathon runners had oligomenorrhea. Prevalence of oligomenorrhea is commonly assessed
with unvalidated questionnaires (Cokkinades et al., 1990; Gray & Dale, 1983; Hetland et al.,
1995; Reed et al., 2015; Rosetta et al., 2001; Rosetta, Harrison, et al., 1998, 1998; Shangold &
Levine, 1982; Thompson & Gabriel, 2004) with only two studies determining oligomenorrhea
with a validated questionnaire (i.e., Low Energy Availability in Females Questionnaire (LEAF-Q))
(Folscher et al., 2015; Meng et al., 2020).
Secondary Amenorrhea

Amenorrhea is the most severe reproductive dysfunction that presents as chronic
anovulation and is defined as the absence of three or more consecutive menstrual cycles
(Allaway et al., 2016; American Academy of Pediatrics et al., 2006; De Souza & Williams, 2005;
Klein et al., 2019; Roupas & Georgopoulos, 2011). Some literature applies more stringent
criteria (i.e., absence of 6 or more menstrual cycles) but the former is recommended due to the
high risk of health complications (e.g., decreased bone mineral density) associated with
amenorrhea (American Academy of Pediatrics et al., 2006; De Souza & Williams, 2005).
Functional hypothalamic amenorrhea (FHA) is a form of secondary amenorrhea (i.e., cessation
of the menstrual cycle after menarche) and is not due to identifiable organic causes (e.g.,
polycystic ovarian syndrome) but can be corrected by changing behavioral factors such as
exercise, energy availability, and stress (Gordon et al., 2017). An energy deficit is a common
trigger that disrupts GnRH secretion and results in diminished LH, FSH, E2, and progesterone
levels (Gordon et al., 2017; Klein et al., 2019), that do not contain the normal hormonal peaks
seen across the normal menstrual cycle (Allaway et al., 2016). A reduction in FSH can decrease
E2 while a decrease in LH will disrupt progesterone secreted by the corpus luteum (Allaway et
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al., 2016; De Souza et al., 1998b, 2010b). LH presents with decreased amplitude or erratic
pulses that resemble LH in early puberty (Allaway et al., 2016; Loucks et al., 1989; Veldhuis et
al., 1985). FSH pulsatility has not been well characterized in amenorrhea (Loucks & Thuma,
2003) but Fisher et al. (1986) found no difference in LH or FSH pulse frequency with
amenorrhea (Fisher et al., 1986).

The prevalence of amenorrhea ranges from 2-5% in sedentary females (Allaway et al.,
2016; De Souza & Williams, 2005), 1-60% in all physically active females (i.e., recreational,
elite) (Gibbs et al., 2013), and 0-31% in recreationally active females (Boyden et al., 1984;
Rosetta, Williams, et al., 1998; Thompson & Gabriel, 2004). However, many exercising females
have low knowledge levels about whether or not oligomenorrhea and amenorrhea are
abnormal, therefore it could be underreported (Folscher et al., 2015). Even though amenorrhea
is a severe condition, it is reversable. Menses was successfully resumed in amenorrheic
athletes by adding only 330-360 kcal/day for twelve and six months respectively (Cialdella-Kam
et al., 2014; De Souza et al., 2021).
Measures of Sex Steroid Hormones

Hormones measured through serum are costly, invasive, and have a high participant
burden when multiple timepoints across the menstrual cycle need to be measured. Urine and
saliva are alternate methods to measure hormone concentrations and allows the patrticipant to
collect the specimen at home, allowing a lower participant burden and potentially higher
participant retention when daily sampling is required. Urine and saliva are both stable at room
temperature for a few days, considered non biohazardous, and are easily obtained. However,
each method measures hormone concentrations differently. While serum measures hormones
at a single point in time, urine represents a pooled value of hormone concentrations over 6-8
hours and saliva represents levels over a few hours. Additionally, urine only has metabolites of
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E2 and progestogen and have variable water content that require additional measurements (i.e.,
creatinine for correction), while saliva does not require any additional steps. Measurements of
E2 and progesterone in saliva and urine also have strong correlations with serum
concentrations in premenopausal women (Bellem et al., 2011).

Saliva’s correlation with serum is strongest in women of reproductive age and decreases
when E2 and progesterone are low in populations such as postmenopausal women and
prepubescent children (Bellem et al., 2011; Shirtcliff et al., 2000). Albeit serum hormone
concentrations are the gold standard, saliva can be a useful tool in diagnosing menstrual
dysfunction but further research is needed as no cutoff points for menstrual dysfunction have
been well established. Ishiwaka et al. (2002) compared serum and saliva in 121 women and
determined a saliva cutoff value of 189 pmol/L (51.48 pg/mL) in the midluteal phase provided
high diagnostic efficiency for diagnosing luteal phase defect (LPD) (Ishikawa et al., 2002).
Progesterone levels of 60 pg/mL or greater are indicative of ovulation when compared to serum
threshold of 4 ng/mL (Codner, Eyzaguirre, et al., 2011; Codner, Villarroel, et al., 2011; Gandara
et al., 2007). However, a secondary analysis of seven studies that measured salivary E2 and
progesterone concentrations cautioned against using immunoassays to analyze salivary E2 and
progesterone and found the highest validity with mass spectrometry. A weak association was
found between estradiol and menstrual cycle phase, potentially due to the small concentrations
of E2 available in saliva and low sensitivity of immunoassays. Progesterone had a higher
association than E2 with menstrual cycle phase but demonstrated variability based on the assay
used. Nonetheless, all the research used in this secondary analysis did not always control for

the menstrual cycle and in some cases, only took two measures (Arslan et al., 2022).
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Energy Availability and Menstrual Dysfunction

The relationship between LEA and menstrual function in exercising women is confirmed
in both short term (Loucks & Thuma, 2003) and long-term studies (Williams et al., 2015). The
exact mechanism of LEA in menstrual disorders has yet to be determined but LEA is known to
disrupt GnRH and LH. Decreased LH pulsatility occurred in only five days with sedentary
females restricted to an EA below 30kcal/kg/FFM/day (Loucks & Thuma, 2003). An energy
availability threshold of 30 kcal/kg/FFM/day was originally thought to induce menstrual
dysfunction but more recent research has indicated otherwise (De Souza et al., 2019). In a
cross-sectional study, the 30 kcal’kg/FFM/day threshold discriminated amenorrhea from
eumenorrhea but not from subclinical menstrual disorders (Reed et al., 2015). Additionally, a
three-month diet and exercise intervention in eumenorrheic sedentary females induced
menstrual dysfunction that occurred above the 30 kcal/kg/FFM/day threshold and alternatively
menstrual function remained normal in some females that were below the 30 kcal/kg/FFM/day
threshold (Williams et al., 2015). Even though the threshold was unsupported, a linear
relationship did emerge for energy availability and menstrual dysfunction risk, identifying a 50%
risk of menstrual dysfunction occurring if energy availability is below 30 kcal/kg/FFM/day
(Lieberman et al., 2018). Thus, these findings indicate that a greater understanding of the
relationship between menstrual cycle hormones and energy availability is needed. Additionally,
this formula has limitations due to total energy expenditure is calculated by more than exercise
(i.e., resting metabolic rate, thermic effect of food, physical activity) but was created due to the
complexity of measuring all the components of energy availability.

The etiology of LEA is likely specific to the individual and may be intentional or
unintentional. Energy intake may be reduced intentionally to decrease body fat percentage, to
optimize performance or for social reasons, with many young females attempting to lose weight
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to improve appearance (Martinsen et al., 2010). Eating disorders (clinical and subclinical) are
another potential cause and are hard to distinguish from athletes who are only trying to improve
performance and should be evaluated by a medical professional. LEA may unintentionally be
caused by suppression of appetite by prolonged exercise, as exercise stimulates anorexigenic
hormones (Hackney & Constantini, 2020) or by consuming a low energy density diet (Melin et
al., 2016). Regardless of the origin, LEA must be identified and corrected before detrimental
long term effects (i.e., bone mineral density loss, infertility) materialize (De Souza et al., 2017;
Mountjoy et al., 2014).

Nonetheless, daily or average LEA are not the only factors to consider with menstrual
dysfunction and warrants a more in-depth analyses of LEA. Fahrenholtz et al. (2018) measured
energy availability every hour for 24 hours in elite athletes and revealed that there was no
difference in energy availability between the eumenorrheic and menstrual dysfunction (i.e.,
oligomenorrhea, amenorrhea) groups. Yet, the menstrual dysfunction group had decreased E2
and resting metabolic rate (RMR) ratio (i.e., measured RMR: predicted RMR) but importantly,
the menstrual dysfunction group also experienced a greater within-day energy deficiency,
spending four hours more in an energy deficient state (i.e., -300kcal/hour/day) than the
eumenorrheic group (Fahrenholtz et al., 2018).

Sex Steroid Hormone Influences on Energy Availability

Energy intake can vary between 100-300 kcal across the menstrual cycle but there is no
consensus regarding fluctuations in macronutrient intake across the cycle (Buffenstein et al.,
1995; Chappell & Hackney, 1997; Hirschberg, 2012). Energy intake is the lowest in the follicular
phase and peaks in the luteal phase (Barr et al., 1995; Buffenstein et al., 1995; Rocha-
Rodrigues et al., 2021), potentially due to the energetic costs of reproduction (Jasienska, 2003)
and sex hormones modulating energy intake (Asarian & Geary, 2006). Menstrual function may
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also influence energy intake as women with anovulatory cycles (i.e., decreased estrogen and
progesterone) had unchanged energy intake across the menstrual cycle (Barr et al., 1995; Rock
et al., 1996) further indicating that research should look at the associations between menstrual
dysfunction and energy intake.

E2 and progesterone directly and indirectly affect energy intake. E2 is considered a
potential appetite suppressant but the role of progesterone is not fully elucidated. Progesterone
by itself does not change eating behavior in rats but stimulates appetite when E2 is present
(Hirschberg, 2012). Energy intake decreases when E2 is high, with energy intake being the
lowest prior to ovulation, which is when E2 is the highest, and can result in an ~10% decrease
in energy intake (Asarian & Geary, 2006). Additionally, postmenopausal women and women
with ovariectomies demonstrated increased energy intake but E2 replacement therapy
normalized energy intake (Lépez & Tena-Sempere, 2015).

E2 acts centrally on the hypothalamus and alters neural processing of feedback signals
that control eating. Mice with deleted brain estrogen receptor (ER) a experienced increased
abdominal obesity that resulted from hyperphagia (i.e., increased appetite) and hypometabolism
(Xu et al., 2011). Additionally, an association between the Era receptors and anorexia nervosa
was found, indicating a potential role of E2 and restricted eating (Versini et al., 2010). E2 may
exhibit a bidirectional role on energy intake depending on the energy state. Previous research
has indicated that when mice are in a satiated state, E2 inhibits feeding (Dragano et al., 2020).
When ovariectomized (OVX) mice (i.e., no endogenous E2) were treated with E2, hyperphagia
occurred. Interestingly, when OVX mice were fasted overnight, refeeding was slower than the
control mice but when treated with E2 refeeding was the same (Yu et al., 2020). This indicated
that E2 is required to adapt to refeeding from an energy deficient state, which may be an
important factor for anorexic and postmenopausal women that are in an E2-deprived state.
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Resting Metabolic Rate (RMR), Energy Availability and Menstrual Function

RMR is measured via indirect calorimetry and can be calculated from FFM (e.g.,
Cunningham equation) or dual energy X-ray absorptiometry (DXA) but only DXA considers all
metabolically active tissues. RMR can be an additional method to determine LEA, with values
20-40% less than expected in chronically energy-deficient women (Jasienska, 2003). The ratio
of measured (i.e., indirect calorimetry) to predicted RMR (i.e., Cunningham, DXA)
(mRMR:pRMR) is correlated with total triiodothyronine (TTs) levels, which is a biomarker of
energy deficiency. RMR ratio cutoff values below .90 and .94 for the Cunningham equation and
DXA respectively, are indicators of LEA and have proven to be reliable measures regardless of
menstrual function (i.e., amenorrhea, LPD) (Strock, Koltun, Mallinson, et al., 2020; Strock,
Koltun, Southmayd, et al., 2020).

When using indirect calorimetry and DXA-predicted RMR, ovulatory women displayed
similar measured and predicted RMR. In contrast, amenorrheic females had ~8% lower
measured RMR than DXA-predicted RMR and had higher predicted RMR than the ovulatory
controls. FFM and fat mass (FM) were similar in both groups but the amenorrheic group had
13% higher residual mass (e.g., organ tissue, soft tissues). Given that the amenorrheic group
had lower RMR but not reduced tissues, this is an indicator that amenorrhea is not caused from
decreased tissue mass but potentially metabolic and endocrine adaptations at the tissue level
that are indicative of energy conservation (Koehler et al., 2016). Conversely, DXA-predicted
RMR was similar between ovulatory, menstrual dysfunction (i.e., oligomenorrhea, LPD,
anovulation), and amenorrheic groups but the metabolically active body compartments were not
reported so it is unclear if there was a difference in residual mass as in the Koehler et al. study.
Furthermore, indirect calorimetry RMR and the RMR ratio with DXA predicted RMR was
significantly lower in all amenorrheic groups compared to subclinical menstrual dysfunction
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groups and ovulating controls (De Souza et al., 2007; Strock, Koltun, Southmayd, et al., 2020).
All groups had similar FFM but the ovulatory and the subclinical menstrual dysfunction group
had significantly higher body fat percentage, body mass, and TT; than the amenorrheic group.
RMR is commonly accepted as being lower in amenorrheic exercising females when compared
to eumenorrheic (De Souza & Williams, 2005; Myerson et al., 1991) yet Koltun et al. (2020)
reported oligomenorrheic and amenorrheic females as having similar RMR and TTs; compared
to eumenorrheic females (Koltun et al., 2020). The oligomenorrheic and amenorrheic females
were reported as a single group and were classified by medical history. However, an average
menstrual cycle length of 32 days was reported, which may indicate that even though the
oligomenorrheic/amenorrheic group had decreased E1G and PdG compared to the
eumenorrheic females, an energy deficit may be present but not be severe enough during data
collection to result in a decreased RMR. Furthermore, when amenorrhoeics increased energy
intake and maintained consistent exercise volume for 6 months resulting in increased energy
availability, menses resumed but RMR did not change with the intervention. RMR was similar to
eumenorrheic controls and when expressed in relative terms, RMR was actually higher in the
amenorrheic group. The amenorrheic group exercised an average of 250 minutes more per
week compared to the control group, which is consistent with previous research that indicated
higher volume or frequency of physically activity may result in higher RMR due to the residual
effect of exercise on RMR (Bullough et al., 1995). Additionally, both groups displayed similar
body fat percentage and FFM prior to the intervention and after 6 months, FFM did not change
but body fat percentage did increase in the amenorrheic group (Guebels et al., 2014).

A recent meta-analysis was unable to determine the influence of the menstrual cycle on
RMR due to most research not controlling for the phase of the menstrual cycle (Benton et al.,
2020). Therefore, it is indiscernible if RMR fluctuates with the menstrual cycle, with some
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research indicating it is stable (Elliott et al., 2015; Howe et al., 1993) while other research has
described variability across the menstrual cycle (Day et al., 2005; Henry et al., 2003). Thus,
further research is needed with RMR and the menstrual cycle that incorporates control for
menstrual cycle phase and hormonal confirmation of menstrual cycle dysfunction.

Body Composition

Menstrual dysfunction was originally thought to be caused by low body fat percentage.
This hypothesis is no longer accepted, given that research could not consistently verify an
association of menstrual status with body composition (Loucks & Horvath, 1985). There are low
body fat eumenorrheic females (Baker et al., 1981) and normal to high body fat amenorrheic
females (McArthur et al., 1980), implicating that there is no critical body fat threshold to maintain
menstrual function (Loucks, 2003; Loucks & Horvath, 1985). Furthermore, when female rats
were kept underweight, puberty was delayed. In less than 24 hours after ad libitum feeding, LH
pulsatility began and occurred before any weight could be regained, demonstrating a coupling of
energy intake and the GnRH pulse generator (Bronson, 1986)—although this study used a
rodent model, it indicates that further research is needed to determine if similar results would be
seen in humans.

Adipose tissue is a conversion site for androgens to estrogens, indicating a potential
correlation of body fat percentage and estrogens (Loucks & Horvath, 1985). Conversely, a U-
shaped association with E2 to body fat was discovered in exercising eumenorrheic females
across the menstrual cycle, with both low body fat percentages (<22%) and high body fat
percentage (>30.8%) resulting in decreased E2 concentrations in women (Ziomkiewicz et al.,
2008).

Leptin is secreted from adipose tissue and therefore has been investigated as a link
between the adipocyte and reproductive system (Thong et al., 2007). Leptin concentrations are
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correlated to adiposity and relays nutritional status to the hypothalamus (Corr et al., 2011), such
that low leptin and disruption of the diurnal rhythm is also associated with menstrual dysfunction
and LEA (De Souza et al., 2003). Changes in leptin levels have been observed with increased
energy intake after energy restriction, with the increase in leptin occurring prior to changes in
adiposity. Therefore, changes in leptin levels are believed to be dependent on energy intake
and energy availability (Hilton & Loucks, 2000; Loucks, 2003).

Diet

LEA does not always result in menstrual dysfunction; therefore, energy intake should be
evaluated separately from energy availability and in detail. Additionally, previous research has
identified exercising eumenorrheic and amenorrheic females with similar total energy intake
(Broocks et al., 1990; Burrows, 2003; Friday & Drinkwater, 1993; Laughlin & Yen, 1996; Perry et
al., 1996; Petkus et al., 2019; Rosetta et al., 2001; Rosetta, Williams, et al., 1998) and similar
macronutrients (Perry et al., 1996; Rosetta et al., 2001; Rosetta, Williams, et al., 1998) with only
a few studies reporting lower fat intake (Friday & Drinkwater, 1993; Laughlin & Yen, 1996).
Furthermore, no difference was found between LPD, anovulatory cycles and controls in energy
intake but information on macronutrients was not provided (Broocks et al., 1990; Klein et al.,
2019; Reed et al., 2015).

Most research focuses on energy intake and energy availability with few studies
investigating diets and nutrient intake associated with menstrual function. The BioCycle study
investigated 259 eumenorrheic females over two menstrual cycles and performed 24-hour
dietary recalls 4 times across each menstrual cycle to investigate the effects of diet on
ovulation. Decreased E2 levels were associated with low vitamin D and increased dairy and
riboflavin intake (Harmon et al., 2020; K. Kim et al., 2017, 2020). Moderate amounts of caffeine
(i.e., 2200mg/d) was inversely related with E2 in Caucasian women only, yet caffeinated soda,
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green tea intake, and high added sugar and fructose beverages were positively associated with
increased E2 in all races (Schliep et al., 2012, 2013).

High fiber intake was inversely associated with E2, progesterone, LH, and FSH and
positively associated with risk of anovulation (Gaskins et al., 2009) and LPD (Andrews et al.,
2015). This research agrees with previous studies that also reported a relationship between
high fiber intake and decreased E2 and progesterone (Barr et al., 1995; Boyd et al., 1997). The
effect of high fiber intake on LH levels was attenuated after factoring in E2 levels, indicating that
fiber may impact LH through decreased E2, not LH directly (Gaskins et al., 2012). In addition to
high fiber, LPD was associated with high isoflavone and low selenium intake (Andrews et al.,
2015). Chavarro et al. (2007) found a ‘fertility diet’ (i.e., high in monosaturated fats, vegetable
protein, iron, high-fat dairy) decreased anovulation (Chavarro et al., 2007). The Biocycle study
did not find any ‘fertility diet’ associations when analyzed with LPD cycles, indicating that LPD
and anovulation might be affected differently by dietary components (Andrews et al., 2015).
While both studies included exercising participants, it was not an inclusion criterion for either
study and both studies reported a lower anovulation and LPD rate than is typically reported in
exercising females.

Special diets are increasing amongst athletes and need to be examined with menstrual
dysfunction. 62% of runners consumed a ‘special diet’ compared to 13% of controls, with
vegan/vegetarian being the most popular (12%). The Mediterranean diet was associated with
increased LPD even though this diet is linked to many other health benefits (Andrews et al.,
2015). However, the Mediterranean diet is typically high in fruits and vegetables which are low
in energy density and that could result in unintentional LEA (Witko$ & Hartman-Petrycka, 2022).

Calculating energy intake through food logs produces a large burden on the participant
and researchers, results are prone to underreporting and food logs are known to change usual
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intake, which may not give an accurate representation of the long term intake (Burke et al.,
2018). A meta-analysis determined that self-reporting energy intake resulted in 19%
underreporting of energy intake in athletes, resulting in an average underestimate of 600 kcal
(Capling et al., 2017). A 600 kcal deficit could inappropriately categorize an athlete as LEA so to
minimize underreporting, it is recommended that food logs should be validated using Goldberg
or Black cutoffs (A. Black, 2000; Goldberg et al., 1991). The Goldberg method assumes energy
intake = energy expenditure. A cut-off value based off the ratio of reported energy intake to
basal metabolic rate (BMR) is used but varies from .9-1.28 depending on the researcher but this
method could exclude someone with low energy availability. However, an actual measurement
of energy expenditure through an accelerometer or heart rate would allow energy intake to be
compared directly to energy expenditure and the Goldberg cutoff would no longer be needed (A.
Black, 2000; A. E. Black, 2000).

An alternative method to traditional paper food logs is mobile dietary apps. Mobile apps
link directly to databases therefore no data entry by the study personal is required. Additionally,
mobile dietary apps allow real time recording due to the portability of the app and features such
as bar code scanning and image taking. The ease of the mobile app can decrease subject
burden and improve reporting (Pendergast et al., 2017). MyFitnessPal is a validated
smartphone app and with reliable dietary analysis (Evenepoel, Clevers, Deroover, Loo, et al.,
2020; Evenepoel, Clevers, Deroover, Matthys, et al., 2020; Teixeira et al., 2018). Furthermore,
MyFitnessPal is a popular commercial app with over 165 million users in 2016 and is the
preferred app of sport dietitians in multiple countries. The MyFitnessPal data base is extensive,

with over 6 million food items and brands (Evenepoel, Clevers, Deroover, Loo, et al., 2020).
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Low Energy Availability Assessment with Questionnaires

Questionnaires are a less time consuming and less costly method of determining energy
availability and can act as surrogate markers to determine LEA risk. However, questionnaires
may not properly identify athletes that unintentionally fail to increase energy intake with
increased energy demands (Sim & Burns, 2021). The Low Energy Availability in Females-
Questionnaire (LEAF-Q) evaluates LEA by assessing symptoms associated with LEA (i.e.,
injury, menstrual and gastrointestinal function). The LEAF-Q demonstrates a high prevalence of
LEA in recreationally active females, ranging from 16-63% (K. Black et al., 2018; Sharps et al.,
2021) with the most common prevalence ranging from 35-45% (Folscher et al., 2015; Logue et
al., 2019; Meng et al., 2020; Slater et al., 2016). However, the LEAF-Q only evaluates LEA
symptoms and may not be appropriate for preventative measures, as the LEAF-Q may be
unable to appropriately identify exercising females at high risk that only manifest with subclinical
symptoms. Furthermore, it does not assess eating behavior or exercise. Therefore, the LEAF-Q
should be used as a screening tool, not as a diagnostic tool (Rogers et al., 2021).
Physical Activity and Exercise

Both multiple weeks of high intensity (Bullen et al., 1985) and an average exercise
volume of over 60 minutes per day (Green et al., 1986) are known to increase risk of menstrual
dysfunction. Exercise may not be the primary stressor for menstrual dysfunction although the
energy cost of exercise does influence energy availability (Loucks, 2003). Loucks et al. (2003)
performed an intervention with exercise and LEA and discovered LH pulsatility was disrupted
only in the females with LEA, not with exercise alone (Loucks & Thuma, 2003). Williams et al.
(2001) furthered this hypothesis by inducing amenorrhea in monkeys through an exercise and
restricted diet intervention. When energy intake was increased, normal menses resumed even
when exercise remained constant (Williams et al., 2001).
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Only two studies to date have investigated exercise energy expenditure, energy intake,
and subclinical menstrual dysfunction. Reed et al. (2015) examined exercising ovulatory,
inconsistent ovulatory, oligomenorrhea, and amenorrheic females with similar EEE (i.e., no
difference in exercise volume, frequency, or intensity), energy intake and energy availability.
The RMR ratio (NRMR:pRMR) differentiated the oligomenorrhea and amenorrhea groups when
compared to ovulatory and subclinical menstrual dysfunction (Reed et al., 2015). De Souza et
al. (1998) examined exercising ovulatory, LPD, and anovulatory groups. LPD and ovulatory
groups were similar in EEE, energy intake, energy availability, and macronutrients. However,
anovulatory had a higher 24-hour energy expenditure and EEE with lower energy availability,
carbohydrate intake, and fat intake when compared to LPD (De Souza et al., 1998b).

Energy intake may be similar regardless of menstrual function, therefore EEE needs to
be examined closely to accurately determine energy availability. Yet, guidelines to calculate
energy availability are unclear, both in length of assessment and methods used making it
difficult to accurately assess these variables (Burke et al., 2018). The most common method to
estimate EEE is through Metabolic Equivalent of Task (METS) from activity logs or
guestionnaires but these do not directly measure EEE (Burke et al., 2018). Ainsworth et al.
(2000) derived the compendium of physical activity that can be used to determine the
appropriate MET level for the exercise performed (Ainsworth et al., 2000).

Accelerometers are used to estimate energy expenditure and are commonly wrist or hip
worn. Common issues with accelerometers are decreased participant comfort and compliance,
along with accelerometers underestimating activity in free living conditions (O’Driscoll et al.,
2020). When compared to doubly labeled water, some accelerometers underestimated between
100-600 kcal, depending on the device (Murakami et al., 2016, 2019). Total physical activity
energy expenditure can be assessed with accelerometers but varies greatly depending on the
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device and daily activities (e.g., running, household tasks), with energy expenditure being
underestimated in many devices. Pairing accelerometers with heart rate can improve the
estimates of energy expenditure but still presents limitations with non-weight-bearing activities
(e.g., cycling). Conversely, this pairing tends to moderately overestimate energy expenditure
during ambulation and stair climbing (O’Driscoll et al., 2020).

EEE can also be measured via a heart rate monitor and the heart rate index method
(6*(HRansolute/HRmr)-5) that determines the metabolic equivalent of task (MET). The heart rate
index is a validated measure that has proven to be an accurate measure of VO, and different
intensities (KANG et al., 2020; Wicks et al., 2011; Wicks & Oldridge, 2016). A MET is equal to a
resting value of 3.5 ml/kg/min but this varies by participant and females typically have lower
values. Therefore, corrected METs are recommended to avoid over or underestimation of EEE.
Corrected METSs can be calculated by using a correction factor by dividing 3.5ml/kg/min by
indirect calorimeter VO, ml/kg/min (Correct MET value = MET value * 3.5ml/kg/min / VO
ml/kg/min (Ainsworth et al., 2011; Byrne et al., 2005; Kozey et al., 2010).

The definition of exercise is inconsistent, with some research using only purposeful
exercise, while others include leisure activities or other activities at a lower intensity level than
prescribed (Burke et al., 2018). Guebels et al. (2014) demonstrated that the calculation of
energy availability is highly dependent on the methods chosen. Energy intake was assessed
with a 7-day food log and EEE was calculated from activity logs and accelerometers. Four
exercise energy expenditure methods were used to determine energy availability 1) all planned
exercise 2) all planned exercise plus bike commuting and all walking 3) all exercise at 4 METS
and greater (= 4.0 METS) and 4) all exercise greater than 4 METS (> 4.0 METS). Bicycle
commuting was the only activity equal to 4 METS and was the only difference between method
3 and 4. A 30% variation in energy availability resulted, depending on the method chosen.
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When energy availability was expressed in relative terms, the values ranged from 28.2-36.7
kcal/kg/FFM/d, falling above and below the previously proposed threshold of 30 kcal/kg/FFM/d
for LEA. All planned exercise plus bike commuting and walking gave the largest EEE, and all
exercise > 4.0 METS gave the smallest. Method 1 and 3 were comparable, with a difference
ranging from ~10-87 kcal/d (Guebels et al., 2014).

Most research participants are endurance athletes or ‘leanness’ sports (e.g. ballet,
gymnastics), which have been found to have a high prevalence of LEA and menstrual
dysfunction (Roupas & Georgopoulos, 2011). However, less is known about the risk levels in
females that are general exercisers, power sports, etc. and deserves further investigation.
Classification of activity level can be subjective when using terms such as ‘trained’ or ‘elite’
athlete. Even with ‘recreational’ athletes, this term normally refers to an active individual that is
not a professional or collegiate athlete, but total exercise can vary greatly. McKay et al. (2022)
has proposed a five-tier system that would help classify individuals from sedentary to world
class. Tier 4 and 5 classify the high-performance athletes as world class/Olympic level (Tier 5)
or competing internationally along with National Collegiate Athletic Association (NCAA) Division
| athletes as Tier 4. Tier 3 consists of athletes that are training at near maximal training volume
for their respective sport, compete at the national level, or are NCAA Division Il or Ill athletes.
Athletes that are training 3 times or more per week with the intent to compete are considered
trained (Tier 2) while recreationally active athletes (Tier 1) must meet the World Health
Organization (WHO) 2020 guidelines for physical activity which are to perform per week either
two sessions of muscle-strengthening activities, 150 minutes of moderate activity, 75 minutes of
vigorous activity, or an equivalent combination of moderate and vigorous activity (Bull et al.,
2020). Anyone that does not meet the WHO guidelines is classified as sedentary (Tier 0)
(McKay et al., 2022). Additionally, a flow-chart is supplied to assist in determining the category
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however the classification may need to be adjusted per sport, especially with Tier 2 and 3
athletes. In individual sports (e.g., triathlon, cycling) competitive amateur athletes win events
while competing against NCAA athletes outside of collegiate competitions, displaying the need
for Tier 2 and 3 to be clarified. Also, competitive amateur athletes differ greatly in proficiency
and training volume and may need additional tiers. For example, USA cycling categorizes
racers from 5 (i.e., novice) to 1 (i.e., elite) but all levels are considered competitive amateurs
and would fall under Tier 2. Regardless, this tier system is a much needed first step in
classifying athletes and could be beneficial in identifying menstrual dysfunction and LEA within
different athletic levels.
Confounding Factors of Menstrual Dysfunction
Stress and Recovery

Regarding menstrual dysfunction, the stress of exercise should be examined. Exercise
stress with proper recovery is required to stimulate adaptations from exercise and varies
amongst individuals. However, when excessive stress or inadequate recovery occurs,
individuals may experience a physiological or psychological imbalance that results in deleterious
conditions and decreased performance (Kellmann & Kolling, 2019). Individuals in a functional
overreaching, nonfunctional overreaching, and over training state have demonstrated similar
symptoms (e.g., decreased E2, progesterone, Ts) to LEA (Stellingwerff et al., 2021), yet energy
availability and menstrual function are rarely assessed in these states. Therefore, future
research is indicated to examine the relationship between stress-recovery states and energy
availability and the menstrual cycle.

Exercise stress can be estimated using algorithms that are designed to calculate training
stress, training load, and fatigue from each exercise session. Training Peaks is an online
platform that allows exercise to be synced from various devices and apps to allow analyses of
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chronic training load (CTL), training stress score (TSS), acute training load (ATL), and training
stress balance (TSB). Chronic training load combines duration and intensity to provide a value
of how much the athlete has trained historically. TSS is an estimate of the training load based
off intensity and duration and can be used to determine how much recovery may be needed
after an exercise session. TSS has also demonstrated a strong dose-response relationship for
changes in aerobic fitness (Sanders et al., 2017). ATL assess fatigue based off duration and
intensity over the past seven days. Finally, TSB represents the balance of training stress, and
the value is representative for the following day. A negative TSB indicates that an individual is
not adapted to a training load (e.g., fatigued, low form) while a neutral or positive number
indicates potentially adapted or over adapted (e.g., ‘fresh’, high form) to a training load
(TrainingPeaks, n.d.).

However, external training load alone is not sufficient to determine stress and recovery
and the athletes internal load such as ratings of perceived exertion (RPE) and stress-recovery
state also needs to be considered. A higher training load (i.e., TSS) is associated with a higher
RPE (Alfonso & Capdevila, 2022), further substantiating RPE can be an accurate measure of
internal load. Additionally, a high RPE with a low training load could be an indicator of an
imbalanced stress-recovery state, indicating a need to report RPE with exercise. Surveys such
as the Acute Recovery and Stress Scale (ARSS) use a multidimensional approach by assessing
the current recovery-stress state at an emotional, mental, physical, and overall level (Kellmann
& Kolling, 2019). The ARSS has been validated in monitoring acute recovery and stress in
athletes (Kolling et al., 2015, 2020).

Reproductive Maturity
It has been proposed that age, pregnancy, early age of menarche, training status prior to
menarche, and previous menstrual history are factors in current menstrual dysfunction. The
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average age of menarche (i.e., onset of menstruation) is between 12-13 years and is affected
by racial and ethnic differences (Skinner, 2018). If menarche does not occur by 15 years or
three years post-thelarche, it is considered primary amenorrhea (Klein et al., 2019; Roupas &
Georgopoulos, 2011; Seppa et al., 2021). A higher prevalence of current menstrual dysfunction
is associated with a later age of menarche (Anai et al., 2001; Baker et al., 1981; Feicht et al.,
1978; Fisher et al., 1986; Frisch et al., 1980; Koltun et al., 2020; Loucks et al., 1989; Reed et al.,
2015) and a lower gynecological age (i.e., number of years since menarche) (Fisher et al.,
1986; Koltun et al., 2020; Reed et al., 2015). Conversely, only a small number of studies have
not found an association between age of menarche (Laughlin & Yen, 1996; Schwartz et al.,
1981; Thompson & Gabriel, 2004) or gynecological age (Laughlin & Yen, 1996) and menstrual
function. Age of menarche (Broocks et al., 1990; De Souza et al., 1997, 2004) and
gynecological age (Broocks et al., 1990; De Souza et al., 1997; Pirke et al., 1990) appear to
have no influence on subclinical dysfunction such as LPD or anovulatory cycles.

Collegiate athletes that started athletic training post menarche achieved menarche three
years earlier and experienced less oligomenorrheic and amenorrheic cycles than their peers
that started training prior to menarche (Frisch, 1981). In Fisher et al. (1986), all participants
began training after menarche, yet amenorrheic females had a later age of menarche and
started running at an earlier age that was closer to menarche than the eumenorrheic runners
(Fisher et al., 1986). Finnish club athletes from endurance, aesthetic, technical (e.g., horse
riding), ball games, and power sports and nonathletes reported menstrual cycles between 14-16
years then again when the athletes were 18-20 years. The biggest predictor of current
menstrual dysfunction was past menstrual dysfunction in athletes and nonathletes (Ravi et al.,
2021). Menstrual cycles are often irregular through adolescence with 60-80% of menstrual
cycles consistently staying between 21-35 days by the third year post menarche (American
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Academy of Pediatrics et al., 2006). Since athletes with menstrual dysfunction had a higher age
of menarche than eumenorrheic athletes and all menstrual dysfunction athletes were grouped
together (i.e., primary and secondary amenorrhea, oligomenorrhea), it is difficult to determine if
menstrual dysfunction is due to gynecological age or other factors.

Research suggests that menstrual function prior to the start of athletic training is highly
associated with current menstrual irregularity (Cokkinades et al., 1990; Gray & Dale, 1983;
Lutter & Cushman, 1982; Schwartz et al., 1981; Shangold & Levine, 1982). Additionally,
nulliparous females have a higher prevalence of amenorrhea compared to females who have
had at least one pregnancy (Baker et al., 1981; Dale et al., 1979; Loucks et al., 1989; Schwartz
et al., 1981). However, age should be considered. The nulliparous females were younger than
the parous females and the younger females (i.e., less than 30 years) had a significantly higher
amenorrhea rate regardless of pregnancy history (Baker et al., 1981).

Fat Free Mass (FFM)

Body weight and body mass index (BMI) are useful common measures to track overtime
but they do not provide insight into body composition. BMI is discouraged as the only tracking
measure, as it can be misleading and be inaccurate measure in active populations that have
high FFM. FFM is the body’s most metabolically active tissues (Mountjoy et al., 2014) and is
composed of brain, bone, and skeletal muscle mass. Furthermore, FFM can be used to
calculate RMR which is used as a measure of energy status (De Souza et al., 2019) but current
research is conflicting as to the effect of FFM on menstrual function. FFM percentage was lower
and body fat percentage was higher in exercising females with subclinical menstrual dysfunction
than the eumenorrheic exercising females (Broocks et al., 1990) but when investigating only
LPD, higher fat mass but no difference in FFM was found (Schaumberg et al., 2017). Reed et al.
(2015) determined no difference in FFM when investigating regular, irregular, anovulatory,
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oligomenorrheic, and amenorrheic exercising females (Reed et al., 2015) with similar results
found in amenorrheic and eumenorrheic females (Koehler et al., 2016; Laughlin & Yen, 1996).
However, oligomenorrheic/amenorrheic exercising females with LEA had lower FFM and body
fat percentage when compared to eumenorrheic controls (Koltun et al., 2020).

Additionally, sex steroid conversions take place in muscle, indicating a need to assess
FFM when assessing the menstrual cycle (Loucks & Horvath, 1985). Estrogen in skeletal
muscles can stimulate growth of muscles and can inhibit inflammatory pathways. Decreased
estrogen has been associated with decreased FFM but the effects of progesterone are less
studied and the effects are unclear (Y. J. Kim et al., 2016).
Conclusion

Menstrual function and energy availability are coupled in exercising females; therefore,
both should be evaluated. Additionally, physically active females are at a higher risk for
menstrual dysfunction and LEA than sedentary females and further research is urgently needed
to identify risk factors that may help detect women who need preventive intervention. Menstrual
dysfunctions span a spectrum, making it imperative to identify subclinical menstrual disorders
early, which could potentially prevent the progression to more severe menstrual dysfunction and
thwart other medical conditions from occurring. However, current research is conflicting when
evaluating menstrual dysfunction and LEA, potentially due to the lack of guidelines and high
variation in protocols. Consensus needs to be achieved on the best practice for measuring
energy availability, energy intake and EEE, as well as determining menstrual dysfunction.
Additionally, further analyses of the association of menstrual cycle hormones and energy
availability is needed to fully understand this relationship in active women. This proposal

attempted to address many of these gaps in the literature.
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CHAPTER III: RELATIONSHIPS OF SEX STEROID HORMONES AND ENERGY

AVAILABLITY IN PHYSICALLY ACTIVE FEMALES

Abstract

Exercise alone does not appear to decrease estrogen and progesterone, but these
hormones appear to be altered tangentially as a component of energy availability, with energy
intake as a driving factor. Energy intake is reported to vary between 100-300 kcal across the
menstrual cycle and is affected both directly and indirectly by estrogen and progesterone. In
addition, fat-free mass (FFM) and resting metabolic rate (RMR) are the main drivers for energy
intake and energy expenditure, as FFM is the body’s most metabolically active tissue and RMR
is a major component of energy expenditure (50-70%). OBJECTIVE: To examine the
relationships of energy availability, estrogen, and progesterone in physically active females.
METHODS: Healthy, exercising females (n=21; age 21 + 3 years) not on oral contraceptives
completed measures over two menstrual cycles. Daily saliva measurements were taken across
both menstrual cycles to create hormonal profiles of estrogen and progesterone and determine
if subclinical menstrual dysfunction was present (i.e., anovulation, luteal phase defect). Energy
availability ([Energy intake (kcal) — Exercise Energy Expenditure (kcal)]/ FFM (kg)) was
measured twice within one menstrual cycle, with energy intake recorded for seven days at two
timepoints and exercise participation recorded with a heart rate monitor at the participant’s
discretion. The first timepoint (T1) started during menses between day (D) 2-4 and the second
timepoint (T2) started between 5-8 days post ovulation. A laboratory visit occurred on the first
day of each timepoint, where resting metabolic rate and body composition were measured.
RESULTS: Most (71%, n = 15) of the physically active females were in a reduced energy
availability state and 23% (n = 6) had subclinical menstrual dysfunction. Energy intake, energy

availability, FFM, and RMR remained constant across the two timepoints despite that estrogen
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and progesterone were significantly different (p = .003, p = .001). A repeated measures
correlation revealed energy intake was correlated with the progesterone to estrogen ratio (P:E2)
(p =.026, r=.321, 95% CI [0.04, 0.55]) in T1, but not progesterone or estrogen alone or in T2.
When the components of energy availability and hormones were assessed, progesterone range
was positively associated with FFM (T1 p = .015, r=.537; T2 p =.001, r =.674) and RMR (T2 p
=.005, r =.605) yet T2 progesterone range, FFM, and RMR were all negatively associated with
the average energy availability for the cycle (p =.032, r=-.479; p=.001,r =-.672; p=.009, r =
-.558). CONCLUSIONS: These data suggest that physically active females are at risk for
inadequate energy availability and subclinical menstrual dysfunction. Furthermore, this
population did not follow typical patterns expected, yet when only eumenorrheic females were
examined, the typical associations with hormones and FFM emerged. A higher progesterone to
estrogen ratio was associated with higher energy intake during T1 but not progesterone or
estrogen alone. Exercising females have lower hormone levels which may contribute to the
discrepancies and warrants further investigation as much of the current research has focused
on either highly active females or a sedentary population.
Introduction

It is widely accepted that exercising females (i.e., engaging in physical activity for health
or fitness) have lower sex steroid hormones concentrations (i.e., estrogen, progesterone) when
compared to sedentary individuals (Cumming et al., 1985; De Souza et al., 1998a; Ellison et al.,
1987; Fisher et al., 1986; Jasienska et al., 2006; Lehmann et al., 1993; Matthews et al., 2012;
Stoddard et al., 2006). However, exercise alone does not appear to decrease sex steroid
hormones but alters hormones as a component of energy availability with energy intake as a
driving factor (Williams et al., 2001). Energy availability is the amount of energy left after
subtracting the energy cost of exercise relative to fat free mass (FFM) from energy intake. When
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energy availability is inadequate (i.e., low energy availability (LEA)), disruptions to hormonal and
metabolic systems occur that can lead to performance decrements, serious psychological (e.g.,
irritability, depression) and physiological health conditions (e.g., menstrual dysfunction,
cardiovascular disease, decreased bone mineral density) (Mountjoy et al., 2014). While there is
no accepted threshold of energy availability that induces negative health outcomes, when
energy availability falls below 30 kcal/kg FFM/day, females have a 50% increased risk of
menstrual dysfunction (e.g., decreased hormone concentrations, anovulation) (Lieberman et al.,
2018). Nonetheless, it is unclear why menstrual function is disrupted by LEA in some females
while menstrual function remains normal in others, indicating a need for more nuanced
investigations of the components of energy availability (i.e., energy intake, FFM) to try to identify
why estrogen and progesterone and ultimately menstrual function are altered.

Sex steroid hormones (i.e., estrogen, progesterone) are major determinants of
premenopausal women’s health status. Estrogen is the predominate female sex hormone and
plays a role in almost every physiological system, including function of the reproductive,
endocrine, urinary, nervous, immune, musculoskeletal and cardiovascular systems. Estrogen
serves a protective role from multiple diseases in premenopausal women, therefore disruption
of estrogen is associated with diseases such as cancer, cardiovascular disease, osteoporosis,
neurodegenerative diseases, and metabolic disorders (Prossnitz & Barton, 2011). Progesterone
regulates not only reproductive function but the nervous system and blood vessels as well.
Further research is needed to fully understand the role of endogenous progesterone but
research has demonstrated a neuroprotective effect in traumatic brain injury, stroke, and myelin
repair (Franklin & ffrench-Constant, 2008; Sitruk-Ware & EI-Etr, 2013; Stein & Wright, 2010).
Additionally, the estrogen to progesterone ratio can influence core body temperature, sleep, and
fluid volume (Giersch et al., 2021; Grant et al., 2020). Although it is theorized that energy
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availability disrupts estrogen and progesterone through the GnRH pulse generator and
luteinizing hormone (LH), the exact mechanism of how this occurs is unknown (Mountjoy et al.,
2014) and the magnitude of the effect of LEA on estrogen and progesterone differs amongst
individuals (Lieberman et al., 2018). Therefore, it is imperative to understand the relationship of
estrogen and progesterone with energy availability, since decreases in estrogen and
progesterone that result from LEA are likely to disrupt more than the menstrual cycle and
reproductive system.

Energy intake can vary between 100-300 kcal across the menstrual cycle but there is no
consensus regarding fluctuations in macronutrient intake across the cycle (Buffenstein et al.,
1995; Chappell & Hackney, 1997; Hirschberg, 2012). Energy intake is the lowest in the follicular
phase and peaks in the luteal phase (Barr et al., 1995; Buffenstein et al., 1995; Rocha-
Rodrigues et al., 2021), potentially due to the energetic costs of reproduction (Jasienska, 2003)
and sex hormones modulating energy intake (Asarian & Geary, 2006). Menstrual function may
also influence energy intake as women with anovulatory cycles (i.e., decreased estrogen and
progesterone) had unchanged energy intake across the menstrual cycle (Barr et al., 1995; Rock
et al., 1996) further indicating that research should look at the associations between menstrual
dysfunction, sex steroid hormones, and energy intake.

Estrogen and progesterone directly and indirectly affect energy intake. Estrogen is
considered a potential appetite suppressant but the role of progesterone is not fully elucidated.
Progesterone by itself does not change eating behavior in rats but stimulates appetite when
estrogen is present (Hirschberg, 2012). Energy intake decreases when estrogen is high, with
energy intake being lowest prior to ovulation (when estrogen is highest), and can result in an
~10% decrease in energy intake (Asarian & Geary, 2006). Additionally, postmenopausal women
and women with ovariectomies demonstrated increased energy intake but estrogen
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replacement therapy normalized energy intake (Lépez & Tena-Sempere, 2015). Sex steroid
conversions take place in muscle, indicating a need to evaluate FFM with estrogen and
progesterone (Loucks & Horvath, 1985). Estrogen in skeletal muscles can stimulate growth of
muscles and can inhibit inflammatory pathways. While decreased estrogen has been associated
with decreased FFM, the effects of progesterone are less clear since the number of
investigations specifically addressing progesterone are very limited (Y. J. Kim et al., 2016).

FFM and resting metabolic rate (RMR) are the main drivers for energy intake and energy
expenditure (Blundell et al., 2020). FFM is the body’s most metabolically active tissue (Mountjoy
et al., 2014) that accounts for 60-70% of RMR. Furthermore, RMR is a major component of
energy expenditure (50-70%), is strongly related to energy intake (Blundell et al., 2020), and
can be an indicator of LEA, with values 20-40% less than expected in chronically energy-
deficient women (Benton et al., 2020; Jasienska, 2003). The ratio of measured (i.e., indirect
calorimetry) to predicted RMR (i.e., Cunningham, DXA) (IMRMR:pRMR) is correlated with total
triiodothyronine (TT3) levels, which is a biomarker of energy deficiency. RMR ratio cutoff values
below .90 and .94 for the Cunningham equation and DXA respectively, are indicators of LEA
and have proven to be reliable measures regardless of menstrual function (i.e., amenorrhea,
LPD) (Strock, Koltun, Mallinson, et al., 2020; Strock, Koltun, Southmayd, et al., 2020).

Exercise alone does not appear to disrupt estrogen and progesterone but these
hormones appear to be altered tangentially via energy availability. Although previous research
has investigated the relationship of LEA with lower estrogen and progesterone by proxy of
menstrual dysfunction, direct associations with varying levels of energy availability with estrogen
and progesterone across the cycle are less clear. Therefore, the purpose of the current study
was to examine the relationships of energy availability, estrogen, and progesterone in physically
active females. We hypothesized that: 1) lower energy availability, lower resting metabolic rate
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ratio and lower levels of estrogen and progesterone, less range in hormone levels (less
differences in min to max values) and more anovulatory cycles will be associated with lower fat
free mass, regardless of fithess level (VOzpeax), and 2) energy intake will have a negative
correlation with estrogen concentrations, with energy intake being high when estrogen
concentrations are low at the beginning of the menstrual cycle.
Methods
Study Design

This longitudinal study took place across two menstrual cycles. Participants were
required to attend seven in person visits (Figure 3.1 and Figure 3.2) at the Exercise
Endocrinology Laboratory at the University of North Carolina at Greensboro (UNCG). Both
menstrual cycles were used to collect data at home (e.g., menstrual cycle function, exercise)
with in laboratory energy availability data (e.g., RMR) collected only in one menstrual cycle.

The baseline visit occurred prior to the participant’'s expected start date of their
menstrual cycle. Participants were (1) consented, (2) received instructions on how to collect
saliva and the vials for the first week, and (3) set up a Training Peaks (TP) account with
instructions on how to record exercise. The TP account was also used as a study calendar (i.e.,
which days to record energy intake, ovulation testing), to track the menstrual cycle, and to
annotate any major changes in a normal routine (i.e., iliness, life or social stressor). If any major
routine changes occurred, the participant was instructed to contact the researchers and a
determination would be made to end, pause, or continue with the study. One participant was
paused prior to her first visit due to ililness and restarted on her next menstrual cycle while two
participants ended the study after the first menstrual cycle due to time constraints.

The study assessed participants over two menstrual cycles, with different requirements
per cycle and are listed below. Menstrual function was assessed for two consecutive menstrual
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cycles. Saliva was collected every day, at home ovulation tests were done during the prescribed
days (Table 3.1), and serum was obtained in both cycles. Participants did not perform the cycle
requirements in the same order and were assigned based off equipment availability. The first
visit had to be scheduled within 3 days of the start of the cycle and the shared equipment (i.e.,
metabolic carts) had limited availability therefore the first cycle was determined by the
participants schedule and the equipment available. Nine participants started C1 first and 12
participants started C2 first.

Menstrual Cycle 1 (C1): Menstrual Function.

Figure 3.1. Research Study Design for Menstrual Cycle 1
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VO2 Peak
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1 2 3 4 5 6 7 8 9 10 11 12 13 14*1 *2 *3 *4 *5 *6 *7 *8 *9 *10*11*12*13*14
Menstrual Cycle Day

‘ serum collection

Note. This protocol is based off a 28-day cycle with ovulation occurring at D14. Collection days
were adjusted per menstrual cycle and ovulation. VOazpeak and the first serum collection occurred between
D2-D4 in the follicular phase; additional serum collections occurred between D9-11 and +D5-8. D1: day of
onset of menses; +: post ovulation.

One menstrual cycle (C1) (Figure 3.1) consisted of four visits. The primary focus of this
menstrual cycle was to assess menstrual function since it is recommended to assess menstrual
function over a minimum of two cycles due to intra-variation across cycles (Elliott-Sale et al.,
2021). The first visit occurred between day (D) 2-4 (i.e., early follicular) of a menstrual cycle that
consisted of resting heart rate (RHR), blood pressure, serum collection, and VO 2peax testing.
Additional visits to collect serum included another visit between D9-11 (i.e., late follicular) and
two days between D5-D8 post ovulation (i.e., midluteal). Each visit took place between 0500-
1000 and participants we instructed to fast for 8 hours prior to the visit. At home data collection
consisted of daily saliva collection shortly after waking to assess hormones. At home ovulation

tests were done during the prescribed days (Table 3.1).
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Menstrual Cycle 2 (C2): Energy Availability.

Figure 3.2. Research Study Design for Menstrual Cycle 2
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Note. This protocol is based off a 28-day cycle with ovulation occurring at D14. Collection days
were adjusted per menstrual cycle and ovulation. Timepoint 1 (T1) started between D2-D4 in the follicular
phase; Timepoint 2 (T2) started between +D5-8. D1: day of onset of menses; +: post ovulation.

The other menstrual cycle (C2) (Figure 3.2) consisted of two visits (i.e., timepoint 1 (T1)
and timepoint 2 (T2)) and assessed energy availability and its components. Participants were
required to fast for 12 hours prior to the visit and all visits occurred as close to waking as
possible which took place between 0500-1000. Each visit marked the first day of the timepoint.
T1 started in the follicular phase between D2-4 when estrogen and progesterone should be low,
with estrogen starting to increase at the end of T1 while T2 started between D5-8 post ovulation
when estrogen and progesterone should be high (Figure 3.3). Each visit (T1 and T2) consisted
of RHR, blood pressure, resting metabolic rate (RMR) and dual energy x-ray absorptiometry
(DXA) assessments. Additionally, serum was collected at the T2 visit. At home ovulation tests
determined the start of T2 (i.e., D5-8 post ovulation). If ovulation did not occur based on our
criterion time frame (Table 3.1), the cycle was considered anovulatory and T2 measurements
occurred no later than two days after the final ovulation test. Energy intake was recorded for 7
days during each timepoint, starting the day of the laboratory visit unless an anovulatory cycle
or late ovulation occurred, then energy intake recording started prior to the visit. Exercise was

not prescribed and participants were encouraged to continue their normal exercise routine.
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Therefore, exercise was conducted at the participant’s discretion and recorded with an app and
a heart rate monitor. Energy availability was calculated for each day energy intake was recorded

in T1 and T2. At home data collection consisted of daily saliva collection shortly after waking to

assess hormones.

Figure 3.3. An Example of the Salivary Estrogen and Progesterone Profiles Across a Single
Menstrual Cycle for One Participant
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Notes. Progesterone AUC: T1, 325.97; T2, 853.44. Progesterone mean: T1, 52.82; T2, 142.19.
Estrogen AUC: T1, 3.19; T2, 4.56. Estrogen mean: T1, 0.54; T2, 0.76. Cycle days are centered on day of
ovulation (day=0). Blue lines indicate start and end of each timepoint. T1, Timepoint 1, Day 4-10 (day -9
to -3 pre ovulation on graph); T2, Timepoint 2, Day 6-12 post ovulation. Values are presented as pg/mL.

Study Procedure

Participants. Participants were recruited from UNCG via word of mouth, emails, and
flyers. This study was approved by the Institutional Review Board and all subjects provided
written informed consent prior to enrollment in the study. Screening procedures consisted of a
modified American College of Sports Medicine (ACSM) Exercise is Medicine Health History
Questionnaire and questions regarding menstrual cycle, exercise, and medical health history.
Inclusion criteria were as follows: (1) have a menstrual cycle between 21-50 days, (2) age 18-35

years, (3) a minimum of 2.5 hours of exercise per week (approximately 30-45 min per day or
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more) and must be habitual exercisers for at least 6 months, (4) have no history of metabolic or
cardiovascular diseases, eating disorders, or polycystic ovary syndrome (PCOS), (5) not take
any hormonal contraceptives for 3 months prior to the start of the study or take any medications
that would alter the metabolic or reproductive hormones (e.g. anxiety, depression, stimulants),
(6) must not currently be using tobacco products (e.g. smoking, vaping), (7) not be actively
dieting to lose weight, (8) are not or do not plan to become pregnant during the duration of the
study and (9) have no internal metal (e.g. hip replacement, fixation of the spine).

Menstrual Cycle Characteristics

A menstrual cycle was defined as the first day of menses (Day 1) until the day prior to
onset of the next menses. For this study, the follicular phase was defined as D1 through the day
of the LH surge (i.e., indicating ovulation) regardless of length and the luteal phase is the day
after the LH surge until the day before the onset of menses regardless of length. Luteal phase
days are referred to as days post ovulation. If ovulation did not occur, phases could not be
determined.

Participants verified having consistent menstrual cycles every 21-50 days or were asked
to track one menstrual cycle prior to starting the study to determine eligibility. The menstrual
cycle length 21-50 days was selected because even though a ‘normal’ menstrual cycle is
between 21-35 days, it is also considered normal for menses to fluctuate up to a cycle length of
45 days for the first few years after menarche (Klein et al., 2019). Additionally, this allowed
participants with potentially subclinical menstrual dysfunction (e.g., anovulation) to participate.
Menses was logged into Training Peaks for both menstrual cycles and menstrual cycle function
and history was assessed once with the Low Energy Availability in Females Questionnaire
(LEAF-Q) (Melin et al., 2014) prior to the first visit. Participants reported age of menarche (i.e.,
first menses) and gynecological age was determined from subtracting current age from age of
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menarche. Participants were instructed to contact the research team on D1 of each menstrual
cycle in order to schedule subsequent visits.
Menstrual Cycle Classification

Ovulation was measured in both menstrual cycles and testing days were adjusted based
on the length of the previous menstrual cycle (Table 3.1). Ovulation testing days were selected
as the highest probability of ovulation occurring within that menstrual cycle length (Soumpasis et
al., 2020). Participants sent a text message via WhatsApp to the research team daily that
included a picture of that day’s ovulation test and continued testing daily until the research team
confirmed a positive ovulation or the number of testing days has been reached (see Table 3.1).
If the participant failed to text a picture for two days, the research team contacted the
participant. At home ovulation testing is proven to be accurate but ovulation was also confirmed
by serum progesterone values post conclusion of the study. Failure to receive a positive
ovulation test and failure to obtain either a serum progesterone > 3.0ng/mL (American Society
for Reproductive Medicine and the Society for Reproductive Endocrinology and Infertility, 2021)
or an increase of salivary progesterone that was 2 SD above the follicular mean post ovulation
(Ellison, 1988), resulted in the cycle being classified as anovulatory. A luteal phase deficit (LPD)
was defined by < 10 days post ovulation to the start of the next menses (De Souza et al.,
1998b). Eumenorrheic cycles are defined as ovulatory cycles with luteal phase length greater
than 9 days. Menstrual dysfunction refers to anovulatory and/or LPD cycles.

Table 3.1. Ovulation Testing Days based on MC length

MC Length Testing Days
21-23 5-18
23-28 7-20
29-35 8-25
36-50 8-30
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Anthropometrics

Nude body mass was measured to the nearest 0.1 kg on a digital scale (WB-800S Plus;
Tanita Corporation, Tokyo, Japan) at each visit while height was measured by a wall mounted
stadiometer (Model216; Seca, Chio, CA) to the nearest 0.5 cm at the beginning of the study.
Body mass was also calculated via the DXA analyses. Body mass index (BMI) was calculated
as weight divided by height squared (kg/m?).

Body Composition (DXA)

Dual-energy X-ray absorptiometry (DXA) (Lunar Prodigy Advance, GE Healthcare,
Madison, Wisconsin) was utilized to determine whole-body composition by a certified operator.
Participants were fasted for a minimum of 2 hours prior and a pregnancy test was administered
prior to the scan to confirm that the participant was not pregnant. Each participant wore a gown
and removed all metal before the scan, which was performed twice in one menstrual cycle (C2)
(i.e., T1, T2) to determine if body composition changed across the menstrual cycle. The DXA
scanner has a <1% coefficient of variation for body composition measurements. Body
composition was calculated using enCORE 2011 software (version 13.60) by one researcher.
Energy Availability

Energy availability describes the amount of energy available for metabolic functions after
exercise energy expenditure (EEE) is subtracted from energy intake, and is expressed relative
to fat-free mass (FFM) (Loucks et al., 1998).

Energy availability = [Energy intake (kcal) — EEE (kcal)]/ FFM (kg)

Although there is no widely accepted threshold for energy availability, the
recommendation for adequate energy availability is = 45 kcal/kg FFM/day, whereas < 30 kcal/kg

FFM/day has been recommended as the threshold for low energy availability.
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Energy availability was calculated for 7 consecutive days during T1 and T2 during C2.
The average FFM from T1 and T2 from the DXA analysis was used. Energy intake and exercise
energy expenditure collection procedures are listed below. Daily energy availability was used in
the repeated measures correlation while the 7-day average was used in the Pearson
correlation.
Low Energy Availability in Females Questionnaire (LEAF-Q)

The Low Energy Availability in Females Questionnaire (LEAF-Q) was administered once
via Qualtrics prior to the first visit. The LEAF-Q is a validated screening tool comprised of 25
guestions that has a 78% sensitivity and 90% specificity. The LEAF-Q assesses risk for low
energy availability (LEA) though injuries, gastrointestinal (Gl) and menstrual function.
Participants with a total score of 28 are considered at risk for LEA (Melin et al., 2014) (Appendix
B).
RMR and RMR Ratio

RMR was assessed with indirect calorimetry (TrueOne 2400; Parvo Medics Inc., Salt
Lake City, UT) during T1 and T2 in C2. Participants were instructed not to perform exercise or
intake alcohol 24 hours prior to testing and to fast overnight (=12 hours). RMR was measured
by a ventilated hood that was placed over the head for 30 minutes, after a 20—30-minute rest
period. The participant was instructed to lay as still as possible and not to sleep. The first five
minutes of data were discarded to allow for stabilization and a total of 20 minutes was used to
calculate RMR.

Predicted RMR was measured with data from the DXA analysis (i.e., organ tissue mass
of the brain, skeletal muscle, bone, adipose tissue, residual mass) with methods outlined by

Hayes et al. (M. Hayes et al., 2002). A calculation of measured RMR to predicted RMR
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(MRMR:pRMR) assessed energy availability, with a cutoff value of < 0.94 for the DXA equation
indicating low energy availability (Strock, Koltun, Southmayd, et al., 2020).
Energy Intake

Energy intake was assessed for seven days at two timepoints (i.e., T1, T2) across one
menstrual cycle (C2). Due to subject burden and to increase compliance, only two timepoints
were assessed and seven days was chosen to best evaluate the association of energy intake
and exercise. Energy intake was self-logged in MyFitnessPal and began the day of each
follicular and luteal phase laboratory visit, whenever possible. If the participant was anovulatory
or had a late ovulation, energy intake was recorded prior to the T2 visit to allow the full seven
days to be logged. Participants received detailed instructions from the researcher on how to log
all food and beverages as well as a handout with portion sizes. The same researcher also
confirmed MyFitnessPal entries at the next visit to ensure accuracy. MyFitnessPal is a validated
smartphone app with reliable dietary analysis (Evenepoel, Clevers, Deroover, Loo, et al., 2020;
Evenepoel, Clevers, Deroover, Matthys, et al., 2020; Teixeira et al., 2018). Total energy intake
and macronutrient composition were calculated from data from MyFitnessPal. Total daily energy
intake was used for the repeated measures correlation and the 7-day total energy intake and
macronutrients average was used for the Pearson correlation.
Exercise

Participants were given a Polar H10 heart rate monitor (Polar H10 Heart Rate Sensor;
Polar Electro Inc., Bethpage, NY) to wear during all purposeful exercise greater than 10 minutes
in duration during C2. Purposeful exercise can include activities such as jogging, strength
training, etc. but not daily living activities such as house cleaning. The heart rate monitor was
linked to a recording device of the participants choice (e.g., Polar Beat, Garmin, Apple) that
automatically uploaded data to the Training Peaks (TP) app. Ratings of perceived exertion
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(RPE) was recorded using a built-in function of TP that utilized a modified sliding scale of 0-10
for each exercise session.

Calculation of exercise energy expenditure used training heart rate divided into 7 heart
rate zones equally distributed between resting heart rate (RHR) and maximum heart rate. For
each heart rate zone, the metabolic equivalent (MET) was calculated using the heart rate index
method (6*(HRabsolute/HRmr)-5). This method has been validated and shown to be an accurate
measure of VO, at different intensities (KANG et al., 2020; Wicks et al., 2011; Wicks & Oldridge,
2016). A MET is approximately equal to a resting value of 3.5 ml/kg/min but this varies by
participant and females typically have lower values (Byrne et al., 2005). Therefore, corrected
METs were calculated using the measured resting VO, (MET * 3.5ml/kg/min / resting VO-
ml/kg/min). Kilocalories from exercise were quantified using the corrected METs multiplied by
exercise duration (min) and weight (kg). MET values contain resting values, therefore measured
resting energy expenditure (kilocalories/min) were subtracted from the exercise kilocalories to
obtain the correct exercise energy expenditure (Reed et al., 2015).

If heart rate was not recorded, the participant logged a description of the activity,
duration, intensity, and RPE in training peaks which was used to determine the appropriate
METs with the compendiums of physical activities (Ainsworth et al., 2011). Corrected METs was
calculated prior to calculating kilocalories as described above by the same researcher.

Physical Activity

Wrist-worn actigraphy (ActiGraph GT9X Link) assessed total daily activity for 7 days,
starting the day of the T1 visit. Participants were instructed to continuously wear the
accelerometer on their nondominant wrist, except for activities that involved water (i.e.,
swimming, showering). Accelerometers were programmed and downloaded using Actigraph
software. The raw data analyses were performed with R- package GGIR (Hees et al., 2013) that

52



was expressed in gravitational equivalent units called milli-gravity (mg, where 1000mg = 1g =
9.81 m/s?). There is no criterion for categorizing total physical activity (i.e., low, high) when
calculating the physical activity with raw data. Therefore the data is used to assess total

physical activity, with higher values indicating higher physical activity. To be included in the
analyses, participants needed four days that included a minimum of 16 hours of wear time. Daily
physical activity was used in the repeated measures correlation, while the 7-day average of
daily physical activity was used for the Pearson correlation.

Maximal Aerobic Exercise Testing (VO2peak)

Maximal aerobic exercise testing (VOzpeak) Was administered between D2-4 in C1.
Participants were tested in a climate control chamber (CES-5-43; CANTROL International Inc.,
Markham, Ontario) set at 20°C and 40% humidity. Oxygen uptake and related gas exchange
was captured using indirect calorimetry (TrueOne 2400; Parvo Medics Inc., Salt Lake City, UT)
and included VO, and respiratory exchange ratio (RER). A heart rate chest strap (Polar H10
Heart Rate Sensor; Polar Electro Inc., Bethpage, NY) measured heart rate every minute. A 5-
minute warm up at a self-selected pace was allotted on a motorized treadmill (T150;
h/p/cosmos, Munich, Germany). The maximal exercise test was performed at a self-selected
pace where the grade of the treadmill increased 1% every minute of the test until the participant
reached volitional fatigue. During the test, the rating of perceived exertion (RPE) was collected
every other minute via the Borg 6-20 scale (Borg, 1998).

Hormones

Blood Collection and Preparation. Participants reported to the UNCG Exercise
Endocrinology Laboratory between the hours of 0500-1000 for one visit during the following
ranges: D2-4, D9-11, and two consecutive days between D5-8 post ovulation in one menstrual
cycle then again between D5-8 post ovulation (i.e., T2) in the other menstrual cycle for a total of
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5 blood samples. Participants were instructed to be fasted for 8 hours prior to arrival.
Approximately 10mL of blood was collected in a serum blood collection tube. Blood samples
were allowed to clot for 20 min at room temperature then centrifuged at 3000 rpm for 15 min at
4°C. The serum samples were aliquoted into multiple 2 mL polyethylene storage tubes and
frozen at -80°C.

Saliva Collection and Preparation. Saliva collection was chosen to measure the daily
hormonal profile for two menstrual cycles to reduce invasiveness and increase participant
compliance. Measurements of E2 and progesterone in saliva have a strong correlation with
serum concentrations in premenopausal women and additionally are stable at room temperature
for a few days and at -20°C long-term (Bellem et al., 2011). Serum was collected to confirm the
correlation between saliva and serum.

Saliva was collected every day via passive drool using polyethylene storage tubes with
straws supplied to the participant by the investigator. Participants were instructed to collect their
saliva immediately after waking and to refrain from brushing teeth, eating, or drinking until the
sample is collected. Participants stored saliva samples in a home freezer (-20°C) until they were
returned to research team at every visit, then the samples were stored at -80°C. Saliva samples
were thawed at room temperature and then centrifuged at 13,000 rpm for 15 minutes prior to
assay. Salivary collection occurred every day but to minimize cost, only every other day was
analyzed.

Serum and Saliva Measurements. Estrogen (17-B estradiol) and progesterone were
guantified in serum and saliva samples by enzyme immunoassay (Immuno-Biological
Laboratories, Minneapolis, MN (serum); Salimetrics, Carlsbad, CA (saliva)). All hormone
determinations were assayed in duplicate with all samples from a given participant on the same
assay whenever possible. The sensitivity of the serum and saliva E2 assays are < 1.399 pg/mL
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and 0.1pg/mL and the progesterone assays have a sensitivity of 0.045 ng/mL and 5pg/mL,
respectively. Samples were reanalyzed if a coefficient of variation was > 25% for saliva and >
20% for serum. The intra-assay coefficients of variation for low and high controls were 9.6% and
3.3% (saliva progesterone), 3.1% and 5.9% (saliva estrogen), and 19.2% and 5.7% (serum
estrogen) respectively. Inter-assay coefficients of variation for low and high controls were 19.6%
and 34.2% (saliva progesterone), 13.5% and 16.6% (saliva estrogen), and 22.9% and 22.5%
(serum estrogen) respectively. Serum and salivary hormones were used to verify ovulation and
for salivary hormonal profiles for each menstrual cycle.
Statistical Analysis

Statistical analyses were conducted using SPSS Statistics 24 (IBM, Armonk, NY, USA)
and R Statistical Software (v2022.12.0; R Core Team 2021). Data was summarized as mean +
SD.

Estrogen and progesterone were analyzed separately and as progesterone:estrogen
(P:E2) ratio. Salivary hormonal profiles were created by quantifying each hormone every other
day across two menstrual cycles. Area under the curve (AUC) was calculated using the
trapezoidal method for the entire cycle, T1, and T2 to determine the total value of the free
concentration of each hormone. Total AUC for each menstrual cycle was calculated off the
length of each cycle and was not normalized. Hormone values were imputed for T1 and T2 to
ensure the AUC equaled 7 days for every participant at each timepoint. Additionally, the mean,
minimum and maximum, difference between minimum and max (i.e., hormone range), and
difference from the mean (i.e., hormone variability) values of each hormone were assessed per
menstrual cycle. The hormone range was the difference between the maximum and minimum
value of each cycle. Variability was the individual difference from the average mean of all
participants per cycle. The estrogen peak was defined by the highest concentration in the
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follicular phase and the peak mean was calculated by averaging 2 days prior and 2 days after
the peak value. The progesterone peak was the highest concentration in the luteal phase, and
the peak mean was calculated by averaging 2 days prior and 2 days after the peak value. If
anovulatory, follicular was considered the first half of the cycle and the luteal phase was the
second half to determine the peaks only. Otherwise, no ‘phases’ were assigned for anovulatory
cycles.

Estrogen and progesterone were analyzed separately per menstrual cycle (i.e.,
variability, AUC) then a paired t-test was conducted to determine if there was a difference
between cycles. A paired t-test was performed to test if resting metabolic rate, body
composition, and energy availability changed within one menstrual cycle. If no difference was
detected with the paired t-test, the average was taken from the two measurements and used for
analyses when appropriate.

A repeated measures correlation determines within-individual association for measures
occurring on multiple occasions for multiple individuals. A repeated measures correlation
determined the relationship between daily energy intake, physical activity, and energy
availability for seven days at T1, then again at T2. A repeated measures correlation also
assessed the relationship of estrogen, progesterone, and P:E2 with energy intake every other
day in each timepoint. Hormones were measured every other day and the corresponding energy
intake from that day was used and was assessed in both T1 and T2.

A Pearson correlation coefficient determined the relationship of fat free mass with
energy availability, estrogen, progesterone, hormone variability, hormone range. The Pearson
correlation identified significant correlations with FFM and the significant variables were used in

a multiple step-wise linear regression analyses to determine which measures predicted fat free
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mass, while controlling for VOpeak. An independent t-test assessed if FFM was different
between eumenorrheic females and females with subclinical menstrual dysfunction.
Results
Demographic and Reproductive Characteristics

The demographic and reproductive characteristics are shown in Table 3.2 and Table 3.3.
Twenty-one participants completed the study, with 18 participants completing both menstrual
cycles consecutively. Three participants only completed one cycle (C2) due to time constraints.
Two additional participants started the study (C1) but stopped the study prior to finishing a full
menstrual cycle because of time constraints and an irregular menstrual cycle. Overall, 21
participants completed the study but due to one participant having low compliance with
collecting saliva, only 20 participants are used for analyses. Participants identified themselves
as Caucasian (43%), Hispanic (19%), African-American (33%) and an unlisted ethnicity (5%).
All participants were nulliparous and underwent menarche prior to 15 years of age. Strength
training was the primary mode of physical activity for most of the participants (81%). Many
participants engaged in multiple activities, including running (57%), yoga (29%), indoor cycling
(31%), soccer (19%), Zumba (14%), and dance (10%).

Table 3.2. Demographic and Reproductive Characteristics of Participants

n=21
Age (years) 21+3
Height (cm) 163.2+4.5
BMI (kg/m?) 23.8+4.0
Age of menarche (years) 11+1
Gynecological age (years) 9+3
VO2peak (Ml/kg/min)* 399+14
Physical activity (mg/d) 40.8 + 14.7
LEAF-Q 5.2+3.8

Values are mean + SD. *n=19; mg/d, milli-gravity per day; LEAF-Q, Low Energy Availability in Females
Questionnaire. A LEAF-Q score of = 8 indicates at risk for low energy availability.
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Table 3.3 summarizes the demographics measured in T1 and T2. Weight, BMI, body fat
%, and fat free mass did not change across the cycle (p > .05). The mean of both timepoints is

listed and was used in analysis since there were no difference between timepoints.

Table 3.3. Demographic Characteristics at T1 and T2

T1 T2 p Mean
Body Mass (kg) 63.2+11.4 63.2+11.5 .756 63.22+11.4
Body fat (%) 30.1+8.7 29.9+9.1 .509 30.0+8.9
Fat free mass (kg) 434 +5.8 435+5.8 671 434 +5.8

Values are mean = SD. All value are n=21.
Energy Availability Characteristics

Energy availability characteristics are summarized in Table 3.4. Energy availability
measures were obtained during a single menstrual cycle only, at two timepoints: timepoint 1
(T1) that started between D2-4 after the start of the menstrual cycle, when estrogen and
progesterone are low (typically, the early follicular phase) and timepoint 2 (T2) that started
between D5-8 post ovulation when estrogen and progesterone are high (typically, the luteal
phase). Despite the use of home ovulation tests, retrospective serum hormone analysis could
not confirm all participants met ovulation and/or luteal criterion measures. Although T1 is
definitively representative of the follicular phase, T2 did not always definitively represent the
luteal phase and thus, T1 and T2 will be used instead of follicular phase and luteal phase.
No measures of energy availability changed across the cycle (p > .05). The mean of both
timepoints is listed and was used in analysis since there were no difference between timepoints.
Most participants (71%; 15/21) were in a reduced energy availability state, with 19% (4/21)
classified as low energy availability (< 30 kcal’kg FFM) while only 10% (2/21) were above the
recommended 45 kcal’kg FFM. Energy availability, energy intake, macronutrients, RMR, and
RMR ratio did not change from T1 to T2 (p >.05). No participants were deemed to have LEA
(<.94) by the RMR ratio. Yet, the LEAF-Q classified six participants at risk (total score =8) for

LEA. Only one participant was classified as LEA by both the < 30kcal’lkg FFM value and the
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LEAF-Q. An a priori analysis with an independent t-test looked at the characteristics of five
participants with the highest energy availability and five with the lowest energy availability.
Females with the lowest energy availability had significantly larger values for weight (kg) (74.1 £
14.8 vs 55.6, p =.047), FFM (kg) (48.6 + 6.9 vs 38.7, p =.031), BMI (27.3 + 20.8 vs 20.8 + 2.0,
p = .032) and less total energy intake (kcal) (1443.6 + 152.1 vs 1886.1 + 247.3, p = .012)
compared to the females with the highest energy availability. No difference was found in body

fat percentage (33.3 £ 9.3 vs 28.1 + 11.3) or total duration of exercise hours per week (3.7 £ 2.2

vs 2.7 £ .8).
Table 3.4. Energy Availability Characteristics at T1 and T2 Across One Menstrual Cycle
T1 T2 p Mean

EA (kcal/lkg FFM/day) 35.8+115 35.8+7.5 .993 35.8+8.8
Energy Intake (kcal/d) 1682.6 £ 390.3 1667.6 £ 179.8 .855 1675.1 £ 240.1
Carbohydrate (% kcal/d) 45.0+ 6.2 448+ 7.2 .849 449+6.2
Fat (% kcal/d) 38.5+6.6 36.3+7.5 .298 374+54
Protein (% kcal/d) 174+ 43 16.7+5.7 430 17.0+ 4.7
Protein (g/kg/d) 1.2+05 1.1+.37 .860 1.2+04
Exercise duration (hour/week) 3.2+1.8 25+19 .190 29+14
EEE (kcal/d) 168.9 + 142.1 143 £ 152.0 .255 156.0 + 138.3
RMR (kcal/d) 1406.7 + 141.2 1400.3 £ 183.1 .798 1403.5 £ 153.4
DXA pRMR (kcal/d) 1241.8 + 134.4 1248.3 + 128.3 515 1245.0 £ 129.4
mMRMR : pRMR 1.1+£0.1 1.1+£0.1 .638 11401

Values are mean + SD. d, day; EA, energy availability; EEE, exercise energy expenditure; RMR, resting metabolic
rate; mMRMR, Measured RMR; pRMR, predicted RMR. All values are n=21.

Menstrual Cycle Characteristics

Menstrual cycle characteristics are displayed in Table 3.5 for the participants that
completed both menstrual cycles (n=18). When evaluating both menstrual cycles together (n=21
first menstrual cycle, n=18 second menstrual cycle), 39 menstrual cycles were assessed that
ranged from 21-38 days. 77% (30/39; n=15) of cycles were categorized as ovulatory and 23% of
women (n=6) had subclinical menstrual disturbances and had cycles that were either

anovulatory (6/39) or LPD (3/39). Three participants experienced menstrual dysfunction for both
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cycles. One participant was anovulatory for both cycles and the other two had one anovulatory
and one LPD cycle. The remaining three participants only had menstrual dysfunction for one of
the two cycles. Out of the six females that experienced menstrual dysfunction, only three were
identified at risk for low energy availability. Only one female with menstrual dysfunction was
classified at risk for low energy availability with the LEAF-Q and < 30 kcal/kg FFM/d threshold.
One additional female had energy availability < 30 kcal/kg FFM/d and the third female was
classified at risk for low energy availability by the LEAF-Q. Neither method identified three
females with menstrual dysfunction at risk for low energy availability.

Total menstrual cycle days, days in the follicular and days in the luteal phase, and day of
ovulation did not change between the two menstrual cycles (p > .05).

Table 3.5. Menstrual Cycle Characteristics in Two Menstrual Cycles

Cycle 1 Cycle 2 p Mean
Menstrual cycle length (d) 30.0+3.9 28.6 £ 3.0 .381 296+ 34
Day of ovulation (d) 15.3+ 3.7 16.4+ 3.9 941 158+ 3.8
Anovulatory cycles n=3 n=3
LPD cycles n=0 n=3

Values are mean + SD. Menstrual cycle characteristics are listed in the order the cycles occurred. Only participants
that completed both menstrual cycles are presented (n=18), except for day of ovulation n=12. LPD, luteal phase
defect; AUC, area under the curve.

Hormone Characteristics

Salivary Hormone Characteristics. Salivary hormone characteristics are shown in
Table 3.6 and Table 3.7. Note that hormone values in Table 3.6 provide the values for the entire
cycle (C1 and C2; not standardized for cycle length), while Table 3.7 presents the mean values
at T1 and T2 for the seven days included in these assessment times (standardized AUC for 7-
days).

Displayed in Table 3.6 for both menstrual cycles are the estrogen and progesterone area
under the curve (AUC), variability, range, and peak mean. These values were similar in both

menstrual cycles (p > .05). Progesterone and estrogen total AUC for the first menstrual cycle
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are shown in Figure 3.4 and 3.5, respectively. Three participants salivary hormonal profiles for
two consecutive menstrual cycles are displayed in Figure 3.6.

Table 3.6. Salivary Hormone Characteristics in Two Menstrual Cycles

Cycle 1 Cycle 2 p Mean
Salivary Progesterone*
Total AUC 6092.7 + 3717.3 6165+ 929.2 877 6128.8 + 3653.9
5-d peak 331+179.0 345.3+£189.4 .670 338.6 £172.8
Total mean 231.74 + 139.6 228.4 £142.9 .858 230.1 £136.1
Variability -12.3+139.6 .0004 + 142.9 514 -6.1+136.1
Minimum 76.43 + 84.0 68.8 + 86.6 672 72.6+£77.2
Maximum 440.5 £ 226.1 480.7 £ 246.6 .265 460.6 £ 225.5
Range 364.1 £ 190.7 411.9 £204.2 .081 388.0 £190.3
Salivary Estrogen*
Total AUC 41.7£13.2 44.14 + 15.8 413 429+ 13.2
5-d peak 18+ .5 1.8+.6 .556 1.8+05
Total mean 16+ .4 16+.5 577 1.7+ 5
Variability -04+4 -.003 .6 .659 .002 +74.8
Minimum 92+ 5 76+ .5 144 84+ .4
Maximum 25+£0.6 24+ .8 .909 24+0.6
Range 16+05 1.7+.7 672 16+.5

Values are mean + SD. Menstrual cycles are listed in the order the cycles occurred. Only hormone values for
participants that finished two cycles with adequate hormone collection are presented, n=17. * all saliva concentrations
are expressed as pg/mL. All hormones are for the entire menstrual cycle except for peak. AUC is presented as total,
not normalized for days. Progesterone peak, average of 5 days centered on the peak post ovulation. Estrogen peak,
average of 5 days centered on peak pre-ovulation. AUC, area under the curve.

Table 3.7 summarizes hormones for T1 and T2. Estrogen (8.27 + 4.4vs. 10.55+ 4.2, p =
.003) and progesterone (1197.4 + 932.0 vs. 1765 + 1033.9, p = .001) were lower in T1
compared to T2.

Table 3.7. Salivary Hormone Characteristics in T1 and T2 Across One Menstrual Cycle. Hormone
values at T1 and T2 represent 7-day standardized values for progesterone and estrogen.

T1 T2 p
Progesterone AUC 1197.4 £ 932.0 1765.17 £ 1033.9 .001
Progesterone range 154.3+ 1094 226.8 £ 136.4 027
Progesterone minimum 128.4 £ 122.8 180.9 £ 137.1 .094
Progesterone maximum 282.7+174.1 407.7 £223.0 .001
Estrogen AUC 8.3+4.4 10.5+4.2 .003
Estrogen range .8+.6 1.0+.7 176
Estrogen minimum 10x.6 12+ 5 .017
Estrogen maximum 1.8+.8 22+ .9 .004

Values are mean + SD. d, day; AUC is presented as total for each timepoint, not normalized for days.
*all hormones are presented as pg/mL, n=20. T1, timepoint 1; T2, timepoint 2; AUC, area under the curve.
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Figure 3.4. Variation of Progesterone (pg/mL) Total Area Under the Curve (AUC) in the First
Menstrual Cycle by Participant
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Note. X-axis represents progesterone AUC (pg/mL). Y-axis represents day of menstrual cycle
and hormones are centered on the day of ovulation (day=0) unless the cycle was anovulatory (Participant
20, 21, 23). Total menstrual cycle days for each participant are presented and vary per participant.
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Figure 3.5. Variation of Estrogen (pg/mL) Total Area Under the Curve (AUC) in the First Menstrual
Cycle by Participant
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Note. X-axis represents estrogen AUC (pg/mL). Y-axis represents day of menstrual cycle and
hormones are centered on the day of ovulation (day=0) unless the cycle was anovulatory (Participant 20,
21, 23). Total menstrual cycle days for each participant are presented and vary per participant.
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Figure 3.6. Estrogen and Progesterone is shown for Three Participants Across Two Eumenorrheic
Menstrual Cycles to Display the Large Intra- and Inter-individual Variation in Menstrual Cycles.
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Note. Days are labeled as they occurred and are not normalized, with the black line separating
menstrual cycle 1 (MC1) from menstrual cycle 2 (MC2).

Serum and Saliva Hormone Characteristics. Serum hormone characteristics are
displayed in Table 3.8, while the serum with matching same day saliva correlations for
progesterone and estrogen are displayed in Table 3.9, 3.10, and 3.11. Serum and saliva
characteristics are shown to illustrate the complexity of menstrual cycle hormone profiles and to
show the values that determined menstrual function. Furthermore, little research has been
performed across the menstrual cycle with salivary hormone concentrations so the comparison
of serum (i.e., gold standard) to salivary hormones is shown. Four serum samples were
collected in C1 and one serum sample was collected in C2. Serum samples were used to
confirm menstrual function and since only one serum sample was collected in C2, serum
hormones are not used for analysis for the primary aims. Not all five-serum samples were

successfully collected in each participant, with only 14 participants with all five serum samples.
63



In addition, even though saliva was collected every day, participants missed days or had low
volume. All participants with serum values are listed in Table 3.8 and serum and saliva
comparisons in Table 3.9, regardless of the total days collected. Participants with five matching
serum and saliva samples (n=6) are listed in Table 3.10 and Table 3.11 are the serum saliva
correlations for participants that had less than 5 corresponding serum and saliva samples. Four
out of six progesterone serum and saliva correlations were in the expected range of .75 to .93.
Only two correlations were significant, but this could be due to only having five participants with
five matching samples. The serum and saliva estrogen correlations were much lower than the
expected .76 to .89 range, with no significant correlations. The correlation of all saliva and

serum samples for progesterone (r = .276, p = .022) was significant but not for estrogen (r = .05,

p =.67).
Table 3.8. Serum Characteristics
T2 (C2) D2-4 (C1) D9-11 (C1) D5-8+ D5-8+
(C1.1) (C1.2)
Serum Progesterone (ng/mL) 7.7 +7.9 .88 + .32 90+ .4 6.2+3.8 7.7+£75
Serum Estrogen (pg/mL) 132.6 £59.5 89.7+66.7 143.0+64.5 130.1+86.7 145.7+64.1

Values are mean + SD. +, post ovulation. T2, n=16; D2-4, n=18; D9-11, n=14; D5-8+(1), n=17; D5-8+(2), n=16. T2
was taken during one menstrual cycle (C2) between D5-8+ and the remaining timepoints were taken in the other
menstrual cycle (C1). D5-8+(C1_1) and (C1_2) were taken on consecutive days whenever possible.

Table 3.9. Serum Characteristics with Same Day Saliva Values

. D2-4 (C1) D9-11 (C1) D5-8+ (C1_1) D5-8+(C1_2)
Serum Progesterone 7.5+ 8.1 87+ .4 89+ 4 58+35 72+6.7
(ng/mL)
Saliva Progesterone  346.7 +£238.5 217.5+162.5 179.8+177.1 286.5+247.9 432.8+289.4
(pg/ml)
% free / total 4.6 25.0 20.1 4.9 6.0
Serum Estrogen 140.8+£58.8 92.9+69.2 143.0+£64.5 129.7+86.5 145.8+70.8
(pg/mL)
Saliva Estrogen 177+ .6 14+ .6 16+.6 19+ .8 1.88+1.0
(pg/mL)
% free / total 1.3 1.5 1.1 1.5 1.3

*p <.05. +, post ovulation Values presented are based of serum and saliva samples obtained on the same day. Only
participants with the maximum 5 corresponding serum and saliva samples are presented in this table. Even though
saliva was collected daily, participants missed days or gave low sample volumes. Additionally, not all participants had
all 5 serum samples. Progesterone: T2, n=14; D2-4, n=15; D9-11, n=13; D5-8+(1), n=16; D5-8+(2), n=11; Estrogen:
T2, n=14; D2-4, n=16; D9-11, n=14; D5-8+(1), n=16; D5-8+(2), n=11. T2 was taken during one menstrual cycle (C2)
between D5-8+ and the remaining timepoints were taken in the other menstrual cycle (C1).
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Table 3.10. Salivary and Serum Correlations

Participant Progesterone Estrogen
2 .46 .66

5 .99* A7

12 -12 .09

18 .89* -.30

20 a7 .16

26 .87 .48

*p < .05. Values presented are based of serum and saliva samples obtained on the same day. One sample was
taken during one menstrual cycle (C2) between D5-8+ and the remaining 4 timepoints were taken in the other
menstrual cycle (C1). Only participants with the maximum 5 corresponding serum and saliva samples are presented
in this table. Even though saliva was collected daily, participants missed days or gave low sample volumes.
Additionally, not all participants had all 5 serum samples.

Table 3.11. Salivary and Serum Correlations

Participant Progesterone Estrogen
1 .85 -.62
3 na 44t
6 .65*% .98

7 .64 .62
14 52% .85%
15 .86 767
16 97* -.84
22 62f 957
23 -.467 -97*
24 .98* .94

*p < .05. n=4 unless otherwise noted;{n=5, £n=3; na, < 3 matching serum and saliva samples. Values presented are
based of serum and saliva samples obtained on the same day. Sample were taken during one menstrual cycle (C2)
between D5-8+ and the remaining 4 timepoints were taken in the other menstrual cycle (C1).

Energy Availability and Salivary Hormone Relationships

A repeated measures correlation was performed to determine the relationship between
energy availability, energy intake, physical activity, estrogen, progesterone, and P:E2 within T1
and T2. Energy intake, energy availability, and physical activity were measured daily for seven
days in each timepoint. Hormones were analyzed every other day for 7 days in each timepoint.
When hormones were used in the analysis, the corresponding value (i.e., energy intake) for
each variable for the same day was selected. If hormones were not part of the analysis, all
seven days in each timepoint were used.

Only energy availability and physical activity were correlated across both timepoints

(p=.002, r=-0.174, 95% CI [-0.28, -0.06]) with a stronger correlation in T1 (p = .004, r=-0.293, CI
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[-0.47, -0.09]) compared to T2 (p > .05). Additionally in T1, salivary P:E2 and energy availability
demonstrated a potential moderate (r = .277), albeit nonsignificant (p = .056), relationship.
Energy intake was not correlated with either estrogen or progesterone concentrations across
both timepoints (p > .05). However, energy intake and P:E2 were moderately correlated for T1
(p =.026, r = .321, 95% CI [0.04, 0.55]) but not for T2 (p = .44).

A Pearson correlation assessed the relationship between energy availability, its
components, and estrogen and progesterone and is displayed in Table 3.12. Lower FFM was
associated with higher energy availability (p = .001, r = -.672), lower progesterone range (T1: p
=.041,r=.460; T2: p=.001, r = .674), and lower T1 estrogen AUC (p = .041, r = .460). Using
an independent t-test, FFM was similar when assessed in females with and without menstrual
dysfunction (p > .05).

Higher energy availability was associated with lower RMR, FFM, and T2 progesterone
range (p =.009, r =-.558; p =.001, r =-.672; p = .032, r = -.479) and higher carbohydrate intake
(p =.039, r = 4.54), but no relationship emerged with fat or protein intake (p > .05). RMR and
FFM demonstrated similar relationships, with RMR and FFM both having a positive relationship
with T1 estrogen AUC (p =.046,r =4.51; p=.041, r = .460), T1 (p =.069, r = .415; p=.015,r =
.537) and T2 progesterone range (p = .005, r = .605; p = .001, r = .674) while the RMR ratio was

only correlated with RMR (p = .044, r = .44).
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Table 3.12. Energy Availability Correlations
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
1. FFM 1.00
2. RMR 0.86"" 1.00
3. pRMR 0.87** 0.66"* 100
4. mRMR:pRMR 0.02  .447 038 1.00
5 EA -0.67** -0.56*" -0.46° 014 100
6. Energy Intake -0.11  -012 005 -0.18 0.73** 1.00
7. Carbohydrate 0.08 003 020 -025 045 079" 100
8. Fat -023 022 001 -024 030 013 0.01 1.00
9. Protein 0.01 012 001 013 002 O0M 026 014 1.00
10. Exercise 0.03 008 005 -013 -033 006 -002 -020 021 1.00
1. PA 034 027 043 016 013 025 023 010 018 0238 1.00
12. PAUC T 0.38 0.34 040 -0.05 0.05 0.33 023 -0.07 0.3 -0.10 0. 1.00
13. PRange T1 0.54* 042 070" 031 007 026 026 017 018 022 026 057" 100
14. PAUC T2 0 0.33 025 013 007 0.3 023 0.00 0.3 -0.11 0.23 0.80** 0.58** 1.00
15. PRange T2 0.87** 0.81"* 043 025 -0.48° 014 002 026 002 005 032 0.58" 041 0.77*  1.00
16. EZAUC T1 0.46* 045 055° 011 -012 017 007 0.02 033 003 043 0.74** 0.56* 0.43 0.28 1.00
17. E2Range 71 003 014 003 012 007 -009 -017 013 023 016 002 005 027 -004 018 042 1.00
18. EZAUC T2 038 0.35 042 008 -011 007 013 011 0.31 -002 0.48* 0.56* 047" 049 041 0.77% 0N 1.00
19.E2Range T2 009 016 005 021 -018 -028 035 -023 -012 -015 016 015 -002 000 018 040 0.80"™ 0.58"" 100
N 21 21 21 21 21 21 21 2 | 21 21 20 20 20 20 20 20 20 20

*p <.05; **p < .01; FFM, fat free mass (kg); RMR, resting metabolic rate; pPRMR, DXA predicted RMR; EA, energy
availability; PA, physical activity; P, progesterone; E2, estrogen; AUC, area under the curve. All energy intake is

measured in kcal. All hormones are measured in pg/mL.

Linear regression was performed to determine if energy availability and hormones

predicted FFM, using all significant bivariate variables from the correlation matrix above. RMR

(B =.015, 95% CI [.006, .025], predicted DXA RMR (B =.022, 95% CI [.012, .032], and T2

progesterone range (B = .009, 95% CI [.001, .017) were the strongest predictors (r? = .929) of

FFM while controlling for fitness (VO2peax) (Figure 3.7).
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Figure 3.7. Predictors of FFM
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Note. Individual correlations of RMR, predicted DXA RMR, and Progesterone T2 range with FFM
are displayed.

Relationships without Menstrual Dysfunction

A secondary analysis was performed that included only females without menstrual
dysfunction. The three participants that had menstrual dysfunction during the cycle when RMR,
DXA, and energy intake were measured also had menstrual dysfunction for both cycles. These
participants were removed, and the data was reanalyzed. A paired t-test confirmed that no
changes in significance to the previous values in demographic, energy availability, hormones,
and menstrual cycle characteristics, with the exception that the progesterone minimum became
significant (p=.046) when the values in T1 and T2 (116.8 + 127.2, 184.63 + 138.7) were

compared.
68



A secondary Pearson correlation that mirrored the previous analyses was ran with only
eumenorrheic females (Table 3.13). By removing participants with menstrual dysfunction (n =
3), the relationships changed. FFM was no longer correlated with T1 progesterone range and
T2 estrogen AUC (p > .05) but had significant correlations with physical activity (p = .024, r =
.528), T2 progesterone AUC (p = .044, r = .496), and T2 estrogen AUC (p = .028, r = .533).
Additionally, RMR was no longer correlated with predicted RMR while energy availability

became correlated with T2 progesterone AUC (p = .043, r = .496).

Table 3.13. Energy Availability Correlations with Only Eumenorrheic Females
1 4 5

2 3 6 7 8 9 10 11 12 13 14 15 16 7 18 19
1 FFM 1.00

2. RMR 0.77* 1.00

3. pRMR 0.78"* 0.382f 1.00

4 MRMRpRMR -0.02 0.54° -0.56"% 1.00

5. EA -0.54 -0.41t -025t 016 100

6. Energy Intake 002 002 022 -0.18 076" 1.00

7. Carbohydrate 0.20 011 039 -024 0.52° 0.83* 100

8. Fat 022 -024 007 02 028 012 002 100

9. Protein 005 021 -002 021 008 014 -015 025 1.00

10 Exercise 011  -0.03 014 011 042 009 004 -021 003 100
11.PA 0.53'%+ 042 61 017 -018 024 028 -011 017 037 100

12. P AUC T1 040 037 041 005 015 036 030 -004 024 -016 032 100

13.PRange T1 038t 020 .82+ -03 016 037 036 024 020 023 030 057" 1.00

14. P AUC T2 0.50°% 0.50* 03 012 005 032 032 001 028 -017 021 0.82** 0.66** 1.00

15.P Range T2 0.71"" 0.83" 0341 025 -0411 -0.09 -003 -025 005 0.00 037 080" 034 078" 100

16.E2AUCT1 043F 042 537 013 001 022 018 005 025 008 045 073" 053 043 026 1.00

17.E2Range T1 011 027 009 012 012 011 016 013 026 019 000 005 032 006 016 044 100

18.E2AUCT2 0.5%%# 043 0.52%# 011 011 009 003 012 019 010 047 055" 050" 046 047 077" 030 1.00

19 E2Range T2 026 035 004 021 029 030 037 026 012 016 016 018 004 001 023 047 060" 0.62" 100
N 18.00 1800 1800 1800 1800 1800 1800 1800 1800 1800 1800 1700 1700 17.00 17.00 1700 1700 1700 A17.00

*p <.05; **p < .01; significance gained, tsignificance lost compared to Table 3.12; FFM, fat free mass (kg); RMR,
resting metabolic rate; pPRMR, DXA predicted RMR; EA, energy availability; PA, physical activity; P, progesterone;

E2, estrogen; AUC, area under the curve. All energy intake is measured in kcal. All hormones are measured in
pg/mL.

The multiple step-wise linear regression results were similar to the previous results when
all the participants were pooled, with RMR, DXA predicted RMR, and T2 progesterone range
being the best predictors of FFM (r2=.928), but controlling for fitness no longer affected the
results. Albeit, not significant (p = .053), T2 progesterone AUC is a potential predictor. However,
when physical activity (B = -.055, 95% CI [-.105, -.005]), was controlled for instead of fitness,

RMR, DXA predicted RMR, T2 progesterone range, and T2 progesterone AUC were all
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significant predictors of FFM (r?=.957; 3 = .017, 95% CI [.010, .024], B = .029, 95% CI [.021,
.036], B =.018, 95% CI [.010, .026], B = -.001, 95% CI [-.002, .001]).
Discussion

This study explored the relationship of energy availability, estrogen, and progesterone in
physically active females. On average, the females in this study exercised ~3 hours per week,
which slightly exceeds the ACSM recommendation of 150 minutes per week and is
representative of a physically active population. Our findings revealed that most of the females
had reduced energy availability (71%) or low energy availability (19%), while only 10%
displayed adequate energy availability. This latter finding is bothersome, since it suggests that
most physically active females are not properly balancing energy intake with energy
expenditure. Furthermore, females in a reduced energy availability state did not follow typical
patterns expected for the relationships between FFM, estrogen and progesterone. However,
when only eumenorrheic females were included in the analyses, the expected patterns
emerged.

Our first hypothesis stated that regardless of fitness level (VO2zpeak), Women with lower fat
free mass will have lower energy availability, lower RMR ratio, lower levels of estrogen and
progesterone AUC, less range in hormone levels (less differences in min to max values) and
increased anovulatory cycles. However, when the relationships between energy availability and
hormones were analyzed with all females in the study, FFM and RMR followed the expected
positive relationship with each other as did progesterone range and T1 estrogen AUC with FFM,
yet the other relationships were not as expected. For example, instead of energy availability
having a positive relationship with FFM, a negative relationship emerged and no relationship
was found for FFM and the RMR ratio, indicating females in a reduced energy availability state
may not follow typical patterns. Koltun et. al (2020) found that oligomenorrheic/amenorrheic
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exercising females with LEA had lower FFM and body fat percentage when compared to
eumenorrheic controls. In contrast, when our lowest energy availability participants (n=5) were
compared to our high energy availability participants (n=5), the group with the lowest energy
availability had higher FFM but no difference in body fat percentage when compared the highest
energy availability group. However, since the majority of our participants were only in a reduced
energy availability state it is not directly comparable to FFM in LEA but these results suggest
women with higher FFM are not properly balancing energy intake and exercise. Our females
with the lowest energy availability had an average of 10kg more of FFM than the females with
the highest energy availability yet recorded an average of ~400 kcal less per day. It is hard to
discern the etiology for the decreased energy intake, as decreased energy availability can be
intentional or unintentional. Energy intake may be reduced intentionally to decrease body fat
percentage, to optimize performance or for social reasons, with many young females attempting
to lose weight to improve appearance (Martinsen et al., 2010). Eating disorders (clinical and
subclinical) are another potential cause and are hard to distinguish from athletes who are only
trying to improve performance and should be evaluated by a medical professional. LEA may
unintentionally be caused by suppression of appetite by prolonged exercise, as exercise
stimulates anorexigenic hormones (Hackney & Constantini, 2020) or by consuming a low
energy density diet (Melin et al., 2016).

Females with lower FFM had lower estrogen AUC during T1 but not T2, progesterone
AUC was not associated with FFM, yet the progesterone range was significantly lower at both
timepoints. Previous research has shown that decreased estrogen and progesterone are
associated with decreased FFM in ovariectomized rats (Toth et al., 2001) and postmenopausal
women (Poehlman, 2002), but this research does not take into account fluctuations of estrogen
and progesterone across the menstrual cycle. Our study found that FFM was not associated
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with progesterone AUC at either timepoint across the cycle and was only correlated with
estrogen at the beginning of the cycle in the follicular phase. Even though progesterone AUC
was not associated with FFM, progesterone range in both timepoints was association with lower
FFM, indicating that women with lower FFM have less of a change (i.e., difference from
minimum to maximum) in progesterone values per timepoint.

However, removing the three participants with menstrual dysfunction during the month
that T1 and T2 were measured from the analyses, the expected positive relationship between
FFM and estrogen and progesterone AUC in T2 emerged and the positive relationship with T2
progesterone range was sustained. The positive associations during T2 were expected since
hormones were lowest in T1, while T2 should have captured estrogen and progesterone peaks
post ovulation. These results indicate the need to distinguish between eumenorrheic women
with normal cycles and those with menstrual dysfunction when measures are taken across the
menstrual cycle. This aligns with the current recommendation by De Jonge et al. (2019) to use
hormones to confirm menstrual function and exclude any participants with menstrual
dysfunction. Without confirming hormones and menstrual function, participants may be
classified into the wrong menstrual phase, which is particularly important if menstrual phase is
imperative to the research question. For example, it is impossible to categorize an anovulatory
cycle into follicular and luteal phase since ovulation did not occur. Since physically active
females have a high prevalence of subclinical menstrual dysfunctions, it is recommended to
confirm menstrual function with hormones to identify true menstrual cycle related changes.

Females with lower FFM were hypothesized to have lower energy availability, RMR, and
RMR ratio. Our results indicated lower FFM was associated with lower RMR as expected, since
FFM is the main driver of RMR (Blundell et al., 2020). Surprisingly, FFM was not associated
with RMR ratio in either analysis, while lower FFM was associated with higher energy
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availability when all participants were pooled but this relationship no longer existed when only
eumenorrheic females were analyzed. Decreased RMR is an indication of an energy
conservation state and is associated with LEA (De Souza et al., 2003). In previous studies,
energy deficient female’s RMR measured 20-40% less than expected (Benton et al., 2020;
Jasienska, 2003) and a RMR ratio with a cutoff value of .94 (predicted was measured with DXA)
was indicative of LEA (Strock, Koltun, Southmayd, et al., 2020). Conversely, our results showed
no direct relationship with energy availability or the RMR ratio while a moderate negative
relationship between energy availability and RMR occurred. The cutoff value of .94 for the RMR
ratio is based off total triiodothyronine (TTs) levels, since decreased TTs is a well-known
biomarker associated with LEA. Most of the participants were only in a state of reduced energy
availability, indicating that a RMR ratio of .94 might only be applicable for identifying females
with LEA. In addition, a previous study (Koehler et al., 2016) indicated that this cutoff value may
not discriminate females with LEA that have normal or subclinical menstrual dysfunction. This
may also explain why the RMR ratio was not correlated with any estrogen and progesterone
measurements. Interestingly, the relationship between predicted RMR and RMR was no longer
significant when females with menstrual dysfunction were removed. Although we did not have a
large enough sample size to directly compare, Stock et al. (2020) determined no difference
between subclinical menstrual dysfunction and eumenorrheic participants when comparing DXA
predicted RMR or RMR ratio, but did not investigate the relationship between the two. The
negative association between energy availability and RMR could be partially explained by the
decrease in FFM. FFM is the main driver of RMR, therefore less FFM should equate to a lower
RMR. Females with higher energy availability had decreased FFM, accounting for the lower

RMR. Furthermore, higher FFM was associated with higher physical activity. This could indicate
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that females with lower FFM had higher energy availability due to less energy expenditure
during physical activity.

In the current sample of physically active females, FFM was not different in females with
and without menstrual dysfunction. Interestingly, even though there was not a significant
difference, the females that experienced menstrual dysfunction (n=6) had higher FFM (46.3
7.4 vs 42.2 £ 4.8), BMI (25.9 £ 4.2 vs 22.9), and body fat percentage (31.5 + 10.4 vs 29.4 £ 8.5)
than females without menstrual dysfunction (n=15). However, the sample size with menstrual
dysfunction was low, with 15% of the cycles considered anovulatory and 8% LPD occurring in
nine out of 39 menstrual cycles amongst six participants, making it difficult to compare the two
groups. Research is limited but our results are in agreement with previous studies that found no
difference in FFM and subclinical menstrual dysfunction (Reed et al., 2015; Schaumberg et al.,
2017). Furthermore, the percentages of anovulation are similar to previously reported values
(12-21%) in exercising females (De Souza et al., 1998b, 2010b), and while our percentage of
LPD cycles was normal when compared to all women (3-20%), it was much lower than the
previously reported prevalence of 47% of menstrual cycles in exercising females (De Souza,
2003). This difference may be due to the population used in this study. Most menstrual function
studies have focused on endurance athletes whereas this study used a diverse population of
athletes that were largely involved in strength training. Menstrual dysfunction should also not
always be assumed to be due to energy availability and other factors associated with menstrual
dysfunction, such as hyperandrogenism or polycystic ovary syndrome (PCOS) should be ruled
out. Koltun et al. (2019) discovered 17% of presumed hypothalamic oligomenorrheic and
amenorrheic athletes had hyperandrogenism but the prevalence is not known in an exercising

population with subclinical menstrual dysfunction. Our results only identified three out of six
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females at risk for low energy availability, with the remaining three in a reduced energy
availability state and unexplained menstrual dysfunction.

It is hard to identify if our energy availability, energy intake, and exercise are comparable
with other physically active females, due to the variance in exercising females and very few
free-living studies have assessed these variables in physically active females. Nonetheless,
other free-living studies have reported energy availability ranging from 35-42 kcal/kg FFM/d in
females that are eumenorrheic or have subclinical menstrual dysfunction, indicating the
exercising females studied in these previous investigations were in a reduced energy availability
state as well (Ihalainen et al., 2021; Reed et al., 2011, 2015). Comparisons of energy availability
should be done with caution, depending on the methods used to calculate energy availability.
Guebels et al. (2014) calculated energy availability from exercise logs and 7-day weighed food
records using four different methods: 1) all exercise, 2) all exercise + walking + bike community,
3) all exercise =2 4.0 METS, and 4) All exercise 2 4.1 METS. Energy availability was 34.0, 28.2,
34.2, and 36.7 respectively. However, the participants in this study were amenorrheic, not
allowing for us to directly compare our results. However, this previous study does indicate the
need to determine how energy availability is calculated in various studies. For our study, all
exercise greater than 10 minutes was included and restrictions were not placed on the type of
exercise, therefore walking was included. Our energy intake appeared lower compared to other
studies that investigated the same population. Our average energy intake was 1675 kcal/day
while others reported 1957—2340 kcal/d (Reed et al., 2011, 2015) but our participants exercised
~3 hours less per week compared to other studies, which could account for the difference in
energy intake. Furthermore, the total FFM (kg) was also similar to our participants (44.3 vs 43.4)
and BMI (21.1 vs 23.8) respectively but our participant’s did have a larger average body fat
percentage (25.2 vs 30.0). Overall, our finding appear to be similar to previous free-living
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studies, indicating our calculated energy intake and energy availability are comparable with
other studies focused on physically active females.

To summarize, the majority of our first hypothesis is rejected. Lower FFM was not
associated with lower RMR ratio, lower energy availability, lower levels of progesterone in T1,
lower levels of progesterone and estrogen in T2, and less estrogen range in either timepoint.
However, lower FFM was associated with lower levels of estrogen in T1 and lower ranges of
progesterone in T1 and T2. Additionally, only RMR, DXA predicted RMR and T2 progesterone
range significantly predicted FFM.

Our second hypothesis stated that energy intake will have a negative correlation with
estrogen concentrations, with energy intake being high when estrogen concentrations are low
and this hypothesis is also rejected. Using 3-4 days of hormones and energy intake (hormones
were only assessed every other day) per timepoint, a repeated measures correlation indicated
no relationship with energy intake and progesterone or estrogen, but a higher P:E2 ratio was
associated with lower energy intake at the beginning of the cycle. Additionally, energy intake
was not correlated with estrogen and progesterone AUC or range in either timepoint. One
potential reason for these findings may be due to estrogen, which acts as an appetite
suppressant at high levels. After evaluating the salivary hormone profiles, 44% experienced
peak estrogen values post ovulation as opposed to the expected maximum peak value that
should occur prior to ovulation. Progesterone acts as an appetite stimulant in the presence of
estrogen yet no optimal P:E2 ratio has been determined. Therefore, progesterone may not be
able to fully function as an appetite stimulant if estrogen is higher than expected and the P:E2
ratio is decreased. It is important to understand how sex steroid hormones modulate energy
intake. It is unlikely that a physically active female will see physical performance gains if a diet is
adjusted to fluctuating hormones but this is necessary to understand from a health perspective.
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If a female is not adjusting energy intake to accommodate physiological needs, a reduced or low
energy availability state could occur. Laboratory studies have demonstrated that hormones can
be disrupted after 4 days of low energy availability (Loucks et al., 1998) but less is known about
long term effects of reduced energy availability.

No current research has focused on the P:E ratio and energy intake, indicating that
further research is needed in physically active females. Furthermore, as stated previously,
hormonal profiles experience high inter-individual variability which may not be apparent when
mean values or AUC are used. AUC can vary greatly depending on the individual length of the
menstrual cycle and means may not capture the variability of a cycle. Thus, investigations are
warranted that focus specifically on variability in the hormonal values using person-centered
approaches for analysis that can capture the nuanced differences in hormone levels across the
menstrual cycle.

Furthermore, our findings also do not align with previous studies related to energy intake
patterns across the menstrual cycle. Several studies have noted that energy intake can fluctuate
between 100-300 kcal across the cycle, with energy intake lowest in the follicular and peaking in
the luteal (Barr et al., 1995; Buffenstein et al., 1995; Rocha-Rodrigues et al., 2021). The
fluctuation is attributed to the variation of estrogen and progesterone throughout the menstrual
cycle. Estrogen acts as an appetite suppressant while post ovulation, high progesterone can
increase appetite in the presence of estrogen and is also associated with increased RMR
(Hirschberg, 2012). Our results indicated no change of energy intake or macronutrients from T1
(follicular) to T2 (~ luteal), which started 5-8 days post ovulation. Barr et al. (1995) reported
~300kcal higher energy intake in the luteal phase compared to the follicular phase. However,
energy intake in this previous study was recorded at the beginning and end of different
menstrual cycles, with no set criteria to normalize the data to the same timepoints. This is
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important because without set days based off menses and ovulation, it is hard to compare
timepoints in menstrual cycles due to the extreme variation in menstrual cycle length and inter-
individual differences in menstrual cycle phase lengths. At home ovulation tests were used to
confirm ovulation in our study, a procedure that is an improvement over simply using calendar
counting methods to select menstrual cycle phases. However, even though these tests are
accurate for identifying rises in LH, at home ovulation tests are not 100% accurate at identifying
if and when ovulation actually occurred. Without using transvaginal ultrasound to confirm
ovulation, it is impossible to say with absolute certainty that ovulation occurred even if an LH
surge was detected by the urinary ovulation test strips and although the T2 assessment was
always made 5-8 days post positive urinary ovulation test, it is not possible to determine if the
T2 measure truly reflects the luteal phase without the gold standard for ovulation and multiple
days of serum hormone levels to confirm luteal phase.

Our research conflicted with previous studies and did not find a change in energy intake
across the menstrual cycle, which may be a potential explanation for the lack of association with
estrogen and energy intake and rejection of our hypothesis. Additionally, previous studies
indicating a change in energy intake across the menstrual cycle did not use an exercising
population, who have lower hormone levels compared to sedentary individuals. Lower hormone
levels could be a factor and warrants further investigation into an exercising female population
to determine the associations between energy intake and estrogen, progesterone, and P:E2
ratio. However, if energy intake does not change across the cycle in physically active females,
multiple measures of energy intake across the cycle may not be needed which would greatly
decrease the burden on the participants in future research investigations.

Although the focus of this study was not to address the quality of the diet consumed by
these women but it is important to note the macronutrient intake. Our results (see Table 3.4)
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indicate adequate protein intake (1.2g/kg/day) which is well over the RDA recommendation for
protein (0.8/g/kg/day) for the general population and still meets the 1.2-2.0g/kg/day
recommendation for athletes. Carbohydrates were adequate (45%) albeit on the very low end of
current dietary recommendations of 45-65% of total intake. Most athletes should take in 5-10
g/kg/day of carbohydrates, but it varies per sport and due to the large variance in activity
choices of our participants, it is hard to definitively determine the adequacy of this intake for
carbohydrates. Regardless, low carbohydrate intake is a concern and has been associated with
LEA, overtraining, and micronutrient deficiencies (S. L. Jordan et al., 2020; Viner et al., 2015).
Even though our participants were in a reduced energy state, a positive relationship between
energy availability and carbohydrate still emerged. The percentage of fat intake should be
noted, which was 39% of total intake in T1 and 36% of total intake in T2, with T1 fat intake
exceeding the current recommended 20-35% of total intake (Dietary Guidelines for Americans,
2020-2025, n.d.). Thus, we can’t discern whether these women were also undernourished in
addition to having low or reduced energy availability (low caloric intakes compared to energy
expended). However, it is important to recognize that self-report may have biased the results,
since individuals are known to chronically underreport what they eat and overreport activity
levels (Lissner et al., 1989). Furthermore, a meta-analysis determined an average
underreporting of ~600 kcal, which is large enough to erroneously categorize energy availability.
To minimize this, an app was used to help increase compliance of recording energy intake and
exercise was only self-reported when the heart rate monitor was not worn. The same researcher
also reviewed days with the participants if the kilocalories appeared low (i.e., < 1000 kcal/day)
and all participants verified the food logs were correct. Thus, compared to studies that utilize
only self-report measures, this study has reasonable validity of results for EA and suggests that
most physically active women are not properly fueling for their active lifestyle.
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In addition to menstrual function, other factors should be considered when interpreting
results associated with menstrual cycles. The high hormone variation in T2 between participants
should be investigated further. The minimum and maximum salivary progesterone ranges and
AUC in T2 varied from 54-546 pg/mL and 342-3734 pg/mL respectively and indicates a need for
the range and AUC to be considered as opposed to a mean value. This large inter-individual
variation could be attributed to multiple factors. Females may follow the same pattern across the
menstrual cycle, but there is large inter-individual variability in hormones, making it difficult to
compare groups and implies that individual-level analyses may be required to properly assess
the influence of menstrual cycle phases on energy availability (Figure 3.3, 3.4, 3.5). Whereas
ovulation tests are a validated method to determine ovulation, only transvaginal ultrasound is
the gold standard to conclude ovulation occurred. If an ovulation test incorrectly classified
ovulation (i.e., positive or negative), this would have affected the start of T2 and could have
resulted in a situation where we did not capture the progesterone peak during T2. Furthermore,
less is known about salivary hormone profiles with exercising females, which represent free
hormones only and is equivalent to 1-2% of total serum concentrations (Janse De Jonge et al.,
2019).

Although direct comparison of serum estrogen and progesterone is difficult due to
different methodologies and hormone variation, our serum estrogen and progesterone
concentrations aligned with previous research and values were within expected ranges. A study
assessing estrogen in female rowers reported serum estrogen and progesterone (29 pg/mL, 0.4
ng/mL) in the follicular and in the luteal phase (125 pg/mL, 7.0 ng/mL) respectively (Vaiksaar et
al., 2011). Interestingly, our serum estrogen measurements were higher in the follicular phase
(90 pg/mL) but closer in the luteal phase (146 pg/mL) while progesterone was very similar in
both phases (0.9 ng/mL, 7.7 ng/mL). Conversely, Shults et al. (2011) measured serum days 1-8
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post ovulation and reported peak estrogen (214 pg/mL) and progesterone (16.5 ng/mL) that
were both higher than the values from this study (Shultz et al., 2011). However, a
radioimmunoassay (RIA) assay was used whereas our hormones were measured with an
enzyme linked immunosorbent assay (ELISA). Plus variation in the menstrual cycle and
menstrual function could account for the differences. Although our saliva and serum samples fell
into the range as prescribed by the manufacturer of the assays, the comparison between
different manufactures and types of assays can be difficult with each identifying a different
‘normal’ range. Elliot-Sale et al. (2021) highlighted difference between the estrogen and
progesterone serum clinical reference ranges from three different sources with a wide variance.
For example, two clinical estrogen reference ranges for the luteal phase were similar (220-734
pmol/L, 205-786 pmol/L) while a third refence range had a much greater range (82-1251
pmol/L) than the previous two ranges.

Since literature is limited on salivary estrogen and progesterone across the menstrual
cycle, it is important to understand the pattern of salivary hormones compared to serum
hormones. Furthermore, most previous literature is based off urinary or serum hormones,
making it difficult to compare to our salivary hormones. The majority of previous research that
used salivary measures, quantified hormones via RIA and resulted in different quantities than
our ELISA assays. Ellison et al. (1987) reported salivary peak progesterone concentrations of
120 pg/mL in runners and 178 pg/mL in controls during the luteal phase when measured with
RIA compared to our salivary luteal peak progesterone of 433 pg/mL measured with an ELISA.
Even though our salivary hormones followed the typical patterns (e.g., progesterone peak in the
luteal phase), the expected percentage of free hormones were different than expected.
Interestingly, our salivary estrogen values all fell into the predicted 1-2% of total serum
concentrations but our salivary progesterone did not. Post ovulation values ranged from
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between 4-6% while follicular phase values were much larger at 20-25%. Serum progesterone
values are the lowest in the follicular phase yet had the highest percentage of free progesterone
in saliva. Evans et al. (1986) evaluated plasma and salivary progesterone and found a higher
percentage of salivary free to plasma total in the follicular phase (12.5%) compared to the luteal
phase (3%). Although plasma and salivary progesterone had a high correlation, the lack of
parallelism was potentially due to progesterone transferred across the saliva gland membrane
was not determined by the unbound concentration in plasma (Evans, 1986).

Previous research has published correlations between saliva and serum that range from
.76 to .89 for estrogen and .75 to .93 for progesterone (Ellison, 1993; Lu et al., 1999; Worthman
et al., 1990). When serum and saliva from six participants at five timepoints across two
menstrual cycles were examined individually, only two had significant progesterone correlations
and no significant estrogen correlations emerged, although utilizing more samples may have
increased the significance. Four out of the six participants had progesterone correlations
between .75-.93, while one displayed a negative correlation. No estrogen serum and saliva
samples were correlated within the previously published ranges of .76-.89. This is concerning
since serum is the gold standard for estrogen and progesterone, but as stated previously, our
salivary hormonal profiles followed the expected patterns (i.e., two estrogen peaks across the
cycle, elevated luteal progesterone). Concerns have been expressed about the difficulty of
measuring estrogen accurately in saliva due to the low concentrations (Arslan et al., 2022; Lu et
al., 1999) but validated assays were used to analyze salivary estrogen and progesterone and
we were able to detect estrogen in most of the saliva samples (97.3%).
Limitations and Future Directions

Energy availability was measured using an established formula (energy intake —
exercise energy expenditure / FFM). However, measuring the components of energy intake
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poses many challenges. There is the potential to have inaccurate results with any self-report
method to determine energy availability, due to the risk of underreporting in food logs and low
compliance from participants in recording/logging exercise or overreporting their exercise
participation. Participant compliance with measurement requirements could be improved by
identifying an easier method for energy availability assessment, which would allow earlier
detection of low energy availability and menstrual cycle dysfunction so that serious medical
conditions could be prevented.

Exercise energy expenditure was measured with a heart rate monitor and energy
expended during exercise was calculated based off heart rate from the maximal exercise test
(VOzpeak). However, some participants struggled with exercise compliance and either forgot to
wear the heart rate monitor or had lower than expected exercise participation during the study.
All participants stated they performed an average of 150 minutes of exercise per week on the
screening form while some participants did not achieve 150 minutes in T1 and/or T2. When the
heart rate monitor was not worn, METs had to be estimated based off the participants
description of the exercise. Since participants were students, it is possible that unexpectedly
heavy scholastic workloads may have limited exercise participation. Many college students
struggle to maintain regular exercise habits during school, with exercise typically decreasing
towards the end of the semester (Pope & Harvey-Berino, 2013).

Menstrual cycles have large intra- and inter-individual variability. Our study design
attempted to minimize this by having T1 assessments shortly after menses started and T2
assessments after a positive urinary ovulation test. At home ovulation tests are commonly used
as a validated and reliable way to determine ovulation (Gudgeon et al., 1990; Guermandi et al.,
2001; Leiva et al., 2014) but it is recommended to confirm ovulation with secondary measures
(Janse De Jonge et al., 2019; McGovern et al., 2004). Serum was not collected on the day of
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ovulation because it would have caused undue burden to the participants given everything else
being asked of them, so the LH surge could not be confirmed in serum. Serum was analyzed 5-
8 days post ovulation but upon analyses of the serum and saliva hormonal profiles, it is unclear
if the LH surge detected by the ovulation test always resulted in an ovulatory event. Despite that
the researchers confirmed each ovulation test with a picture sent by the participant to minimize
inaccurate readings, the day with the darkest line did not always match with the estrogen peak
in the follicular phase or 5-8 days from the progesterone peak. Without further hormone
analysis, it is difficult to say when or if ovulation occurred. To minimize this, each timepoint was
used for hormone analyses instead of determining phases.

Despite the limitations listed above, this study gave an in depth look at energy
availability, estrogen, and progesterone across the menstrual cycle. Each participant recorded
14 days of energy intake and exercise (seven days at each timepoint) that allowed energy
availability to be assessed across the cycle. Exercise is not always consistent in intensity,
duration, and number of sessions and seven days allowed that variation to be captured,
therefore giving an accurate average of energy availability. Furthermore, body composition and
RMR were measured at both timepoints which gave further insight into energy availability. Body
composition and RMR were consistent across the both timepoints, which was necessary to
evaluate since both body composition and RMR can influence energy availability and its
components. This study gave a comprehensive view of estrogen and progesterone across two
menstrual cycles with serum and saliva. Additionally, menstrual function was determined in both
menstrual cycles.

Future investigations should focus on individual differences instead of collapsing into
groups. Due to the large variation in hormones, this could prove to be a more accurate way to
determine the association of energy availability and hormones. More investigations should aim
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to explore the relationships between energy availability and hormones, with the classification of
menstrual function. Albeit hormone assessments are costly, but using saliva is a non-invasive
way to get a full hormonal profile across a menstrual cycle. Furthermore, participants with a
seemingly normal menstrual cycle could have subclinical menstrual dysfunction, which follows a
different hormonal pattern than a eumenorrheic cycle. Grouping eumenorrheic females with
females that have menstrual dysfunction could alter the results of studies that take place across
a menstrual cycle. Most research is 1) cross-sectional, which does not display the true
relationship across the menstrual cycle or 2) counting days is used to assign menstrual phase
and participants may end up in different parts of the luteal phase, making it hard to compare
results across phases. Importantly, the advent and wide availability of wearables will continue to
make menstrual cycle tracking easier and will hopefully provide insights into less invasive and
less intrusive ways to accurately track the menstrual cycle, but for the foreseeable future,
hormonal confirmation will still be required to accurately assess menstrual cycle function and
phases.
Conclusion

In summary, most physically active females in this study were in a reduced energy
availability state and did not follow typical patterns expected, except for FFM and RMR having a
positive relationship. Changes across the cycle in the components of energy availability are
attributed to variations in estrogen and progesterone in previous literature, but even with a
significant change in hormones, energy intake and RMR remained constant in this study. When
the components of energy availability and hormones were assessed, progesterone range was
positively associated with FFM and RMR yet T2 progesterone range, FFM, and RMR were all
negatively associated with energy availability. While energy intake did not show a positive
relationship with estrogen, energy intake was correlated with P:E2, not progesterone or
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estrogen alone. Exercising females have lower hormone levels which may contribute to the
discrepancies and warrants further investigation as much of the current research has focused
on a sedentary population. It is important to understand why exercising females have lower
hormones and to identify if there are any additional health risks other than menstrual
dysfunction and at what threshold these start to occur. Further studies are needed to examine
the relationship of energy availability and hormones in physically active females as a group but

also as individuals, due to the large inter-individual variations in hormones.
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CHAPTER IV: ASSOCIATIONS OF EARLY FOLLICULAR AND POST OVULATION
PROGESTERONE, ESTROGEN, AND ENERGY AVAILABILITY IN PHYSICALLY ACTIVE

FEMALES

Abstract

Energy availability describes the amount of energy available for metabolic functions after
exercise energy expenditure (EEE). When a negative balance emerges between energy intake
and EEE over time, otherwise known as low energy availability (LEA), an energy conservation
state is created where metabolic fuels are focused on life sustaining metabolic processes and
are shifted from other systems such as the reproductive axis (De Souza, 2003). LEA disrupts
gonadotropin-releasing hormone (GnRH) pulsatility in the hypothalamus and the subsequent
release of hormones from the pituitary and the ovaries, leading to a reduction of estrogen and
progesterone and ultimately, menstrual dysfunction (Mountjoy et al., 2014). Furthermore,
estrogen and progesterone directly and indirectly affect energy intake, yet less is known about
their effects on energy availability. OBJECTIVE: To examine the association between energy
availability, estrogen, and progesterone in the follicular phase (T1) and post ovulation (T2) while
controlling for the previous phase in one menstrual cycle. METHODS: Healthy, exercising
females (n=21; age 21.3 £ 3.1 years) not on oral contraceptives completed measures over one
menstrual cycle. Daily saliva measurements were taken to create hormonal profiles of estrogen
and progesterone. Energy availability (energy intake (kcal) — EEE (kcal)/ FFM (kg)), was
measured twice within one menstrual cycle, with energy intake recorded for seven days at two
timepoints and exercise participation recorded with a heart rate monitor at the participant’s
discretion. The first timepoint (T1) started during menses between day (D) 2-4 and the second
timepoint (T2) started between 5-8 days post ovulation. RESULTS: A linear regression

determined that T1 estrogen significantly predicted (r?>= .65) energy availability in T2 (3 = -.61, p
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=.02), while adjusting for T1 energy availability, but progesterone did not affect energy
availability. No direct relationship was identified between T1 energy availability and either
hormone in T2. A cross-lagged model demonstrated that estrogen, progesterone, and the
estrogen progesterone product (E2 x P) in T1 exhibited a negative relationship with T2 energy
availability (B = -.36, p =.009; $ =-.37, p =.008; B = -.31, p =.029). CONCLUSIONS: These
findings provide important context to the relationship between estrogen and progesterone with
energy availability across the cycle. Our data suggests that lower estrogen, progesterone, and
estrogen progesterone product at the beginning of the menstrual cycle are associated with
higher energy availability post ovulation and hormones may have potential time-lagged
influences on energy availability.

Introduction

Physical activity and exercise can have many positive health benefits, but an imbalance
of energy intake and energy expenditure may negate many of these positive effects. Energy
availability describes the amount of energy available for metabolic functions after exercise
energy expenditure (EEE) is subtracted from energy intake, and is expressed relative to fat-free
mass (FFM) (Energy availability = Energy intake (kcal) — EEE (kcal)/ FFM (kg)) (Loucks et al.,
1998; Mountjoy et al., 2014). When a negative balance emerges between energy intake and
EEE over time, otherwise known as low energy availability (LEA), an energy conservation state
is created where metabolic fuels are focused on life sustaining metabolic processes and are
shifted from other systems such as the reproductive axis (De Souza, 2003).

The menstrual cycle is a complex and highly variable physiologic process controlled by
the precise integration of multiple biological systems (e.g., endocrine, reproductive) (Alvergne &
Tabor, 2018; Berbic & Fraser, 2013). The menstrual cycle is considered a ‘vital sign’ for women,
indicative of overall health (American Academy of Pediatrics et al., 2006; Saei Ghare Naz et al.,
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2020) and represents an important, yet often ignored factor in research involving females. LEA
disrupts gonadotropin-releasing hormone (GnRH) pulsatility in the hypothalamus and the
subsequent release of hormones from the pituitary and the ovaries, leading to a reduction of
estrogen and progesterone and ultimately, menstrual dysfunction (Mountjoy et al., 2014). Of
particular interest is subclinical menstrual dysfunction (i.e., luteal phase defect, anovulation),
which occurs within the framework of an outwardly ‘normal’ menstrual cycle but has abnormal
(i.e., decreased) estrogen and progestogen compared to a eumenorrheic cycle (i.e., ovulatory).
Additionally, it is widely accepted that exercising females (i.e., engaging in physical activity for
health or fitness) have lower sex steroid hormones (i.e., estrogen, progesterone) (Cumming et
al., 1985; De Souza et al., 1998a; Ellison et al., 1987; Fisher et al., 1986; Jasienska et al., 2006;
Lehmann et al., 1993; Matthews et al., 2012; Stoddard et al., 2006) and increased subclinical
menstrual dysfunction (De Souza et al., 1998b) when compared to sedentary individuals.
However, exercise alone does not appear to decrease estrogen and progesterone but alters
hormones as a component of energy availability with energy intake as a driving factor (Williams
etal., 2001).

Energy intake is known to vary between 100-300 kcal across the menstrual cycle and
this is thought to reflect, at least in part, changes in hormones across the cycle, since estrogen
and progesterone directly and indirectly affect energy intake. While estrogen is considered a
potential appetite suppressant, the role of progesterone is not fully elucidated. Progesterone by
itself does not change eating behavior in rats but stimulates appetite when E2 is present
(Hirschberg, 2012). Furthermore, estrogen acts centrally on the hypothalamus and alters neural
processing of feedback signals that control eating. Mice with deleted brain estrogen receptor
(Er) o experienced increased abdominal obesity that resulted from hyperphagia (i.e., increased
appetite) and hypometabolism (Xu et al., 2011). Additionally, an association between the Era
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receptors and anorexia nervosa was found, indicating a potential role of estrogen and restricted
eating (Versini et al., 2010). Estrogen may exhibit a bidirectional role on energy intake
depending on the energy state. Previous research has indicated that when mice are in a
satiated state, estrogen inhibits feeding (Dragano et al., 2020). When ovariectomized (OVX)
mice (i.e., no endogenous estrogen) were treated with estrogen, hyperphagia occurred.
Interestingly, when OVX mice were fasted overnight, refeeding was slower than the control mice
but when treated with estrogen, refeeding was the same (Yu et al., 2020). This indicated that
estrogen is required to adapt to refeeding from an energy deficient state, which may be an
important factor for anorexic and postmenopausal women that are in an estrogen-deprived
state.

Energy intake decreases when estrogen is high, as is the case in the follicular phase
and is at the lowest level prior to ovulation, when estrogen is highest, which can result in an
~10% decrease in energy intake (Asarian & Geary, 2006). Energy intake peaks in the luteal
phase (Barr et al., 1995; Buffenstein et al., 1995; Rocha-Rodrigues et al., 2021), potentially due
to the energetic costs of reproduction (Jasienska, 2003) and sex hormones modulating energy
intake (Asarian & Geary, 2006). Menstrual function may also influence energy intake as women
with anovulatory cycles (i.e., decreased estrogen and progesterone) had unchanged energy
intake across the menstrual cycle (Barr et al., 1995; Rock et al., 1996) and postmenopausal
women and women with ovariectomies demonstrated increased energy intake but estrogen
replacement therapy normalized energy intake (L6pez & Tena-Sempere, 2015). Future research
should look at the associations between estrogen and progesterone with menstrual dysfunction
and energy intake and carefully consider potential changes in macronutrient intake, since there
is no consensus in the literature regarding this latter issue (Buffenstein et al., 1995; Chappell &
Hackney, 1997; Hirschberg, 2012).
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Most energy availability research indicates a relationship between LEA and menstrual
dysfunction (i.e., abnormal estrogen and progesterone). Yet, the research has mostly been
cross-sectional. Thus, the associations of energy availability and estrogen and progesterone
across the menstrual cycle have been inferred from cross-sectional findings, but little is known
about how these change across a single cycle. Therefore, the purpose of this study was to
examine the association between energy availability, estrogen, and progesterone in the follicular
phase (T1) and post ovulation (T2) while controlling for the previous phase in a single menstrual
cycle. Our primary hypotheses were: 1) energy availability in the follicular phase (T1) will predict
estrogen and progesterone concentrations post ovulation (T2), 2) estrogen in the follicular
phase (T1) will predict energy availability post ovulation (T2) while progesterone will not affect
energy availability. A third, exploratory hypothesis stated lower energy availability will be
associated with lower estrogen and progesterone concentrations across the cycle, which will be
associated with greater risk of menstrual dysfunction.

Methods
Study Design

This longitudinal study took place across one menstrual cycle. Participants were
required to attend seven in person visits at the Exercise Endocrinology Laboratory at the
University of North Carolina at Greensboro (UNCG).

The baseline visit occurred prior to the participant’s expected start date of their
menstrual cycle. Participants were (1) consented, (2) received instructions on how to collect
saliva and the vials for the first week, and (3) set up a Training Peaks (TP) account with
instructions on how to record exercise. The TP account was also used as a study calendar (i.e.,
which days to record energy intake, ovulation testing), to track the menstrual cycle, and to
annotate any major changes in a normal routine (i.e., illness, life or social stressor). If any major
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routine changes occurred, the participant was instructed to contact the researchers and a
determination would be made to end, pause, or continue with the study.

At Home Measurements. At home measurements were assessed throughout one
menstrual cycle that included saliva collection, at home ovulation testing, tracking of exercise,
and recording energy intake. Saliva was collected every day to measure estrogen and
progesterone. Menstrual function was recorded throughout the cycle. Additionally, at home
ovulation tests were done during the prescribed days (Table 4.1). Energy intake was recorded
twice across the cycle for seven days each time and the timepoints are described below.
Exercise was not prescribed, and participants were encouraged to continue their normal
exercise routine. Therefore, exercise was conducted at the participant’s discretion and recorded
with an app and a heart rate monitor. Energy availability was calculated for each day energy
intake was recorded in T1 and T2.

Table 4.1. Ovulation Testing Days Based on MC Length

MC Length Testing Days
21-23 5-18
23-28 7-20
29-35 8-25
36-50 8-30

Timepoints. Two timepoints (i.e., timepoint 1 (T1) and timepoint 2 (T2)) assessed
energy availability and its components and included two laboratory visits. Participants were
required to fast for 12 hours prior to both visits and all visits occurred as close to waking as
possible which took place between 0500-1000. Each visit marked the first day of the timepoint.
T1 started in the follicular phase between D2-4 when estrogen and progesterone should be low,
with estrogen starting to increase at the end of T1 while T2 started between D5-8 post ovulation
when estrogen and progesterone should be high (Figure 4.2). Each visit (T1 and T2) consisted

of RHR, blood pressure, resting metabolic rate (RMR) and dual energy x-ray absorptiometry
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(DXA) assessments. Additionally, serum was collected at the T2 visit. At home ovulation tests
determined the start of T2 (i.e., D5-8 post ovulation). If ovulation did not occur based on our
criterion time frame (Table 4.1), the cycle was considered anovulatory and T2 measurements
occurred no later than two days after the final ovulation test. Energy intake was recorded for 7
days during each timepoint, starting the day of the laboratory visit unless an anovulatory cycle
or late ovulation occurred, then energy intake recording started prior to the visit. Energy
availability was calculated for each day energy intake was recorded in T1 and T2.

Figure 4.1. Research Study Design
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Note. This protocol is based off a 28-day cycle with ovulation occurring at D14. Collection days
were adjusted per menstrual cycle and ovulation. Timepoint 1 (T1) started between D2-D4 in the follicular
phase; Timepoint 2 (T2) started between +D5-8. D1: day of onset of menses; +: post ovulation.

Figure 4.2. An Example of the Salivary Estrogen and Progesterone Profiles Across a Single
Menstrual Cycle For One Participant
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Note. Progesterone AUC: T1, 325.97; T2, 853.44. Progesterone mean: T1, 52.82; T2, 142.19.
Estrogen AUC: T1, 3.19; T2, 4.56. Estrogen mean: T1, 0.54; T2, 0.76. Cycle days are centered on day of
ovulation (day=0). Blue lines indicate start and end of each timepoint. T1, Timepoint 1, Day 4-10 (day -9
to -3 pre ovulation on graph); T2, Timepoint 2, Day 6-12 post ovulation. Values are presented as pg/mL.
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Study Procedure

Participants. Participants were recruited from UNCG via word of mouth, emails, and
flyers. This study was approved by the Institutional Review Board and all subjects provided
written informed consent prior to enrollment in the study. Screening procedures consisted of a
modified American College of Sports Medicine (ACSM) Exercise is Medicine Health History
Questionnaire and questions regarding menstrual cycle, exercise, and medical health history.
Inclusion criteria were as follows: (1) have a menstrual cycle between 21-50 days, (2) age 18-35
years, (3) a minimum of 2.5 hours of exercise per week (approximately 30-45 min per day or
more) and must be habitual exercisers for at least 6 months, (4) have no history of metabolic or
cardiovascular diseases, eating disorders, or polycystic ovary syndrome (PCOS), (5) not take
any hormonal contraceptives for 3 months prior to the start of the study or take any medications
that would alter the metabolic or reproductive hormones (e.g. anxiety, depression, stimulants),
(6) must not currently be using tobacco products (e.g. smoking, vaping), (7) not be actively
dieting to lose weight, (8) are not or do not plan to become pregnant during the duration of the
study and (9) have no internal metal (e.g. hip replacement, fixation of the spine).
Menstrual Cycle Characteristics

A menstrual cycle was defined as the first day of menses (Day 1) until the day prior to
onset of the next menses. For this study, the follicular phase was defined as D1 through the day
of the LH surge (i.e., indicating ovulation) regardless of length and T1 was measured during the
follicular phase. The luteal phase is the day after the LH surge until the day before the onset of
menses regardless of length. Luteal phase days are referred to as days post ovulation but if
ovulation did not occur, phases could not be determined. T2 was expected to be measured in
the luteal phase based off the at home ovulation tests, but ovulation could not be confirmed in
all participants.
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Participants verified having consistent menstrual cycles every 21-50 days or were asked
to track one menstrual cycle prior to starting the study. The menstrual cycle length 21-50 days
was selected because even though a ‘normal’ menstrual cycle is between 21-35 days, it is also
considered normal for menses to fluctuate up to a cycle length of 45 days for the first few years
after menarche (Klein et al., 2019). Additionally, this allowed participants with potentially
subclinical menstrual dysfunction to participate. Menses was logged into Training Peaks for both
menstrual cycles and menstrual cycle function and history was assessed once with the Low
Energy Availability in Females Questionnaire (LEAF-Q) (Melin et al., 2014) prior to the first visit.
Participants were instructed to contact the research team on D1 of each menstrual cycle to
schedule subsequent visits.

Menstrual Cycle Classification

Ovulation testing days were adjusted based on the length of the previous self-reported
menstrual cycle (Table 4.1). Ovulation testing days were selected as the highest probability of
ovulation occurring within that menstrual cycle length (Soumpasis et al., 2020). Participants
texted a daily picture of each ovulation test to the research team via WhatsApp and continued
testing daily until the research team confirmed a positive ovulation or the number of testing days
has been reached. If the participant failed to text a picture for two days, the research team
contacted the participant. At home ovulation testing is proven to be accurate but ovulation was
also confirmed by serum progesterone post study. Failure to receive a positive ovulation test
and either a serum progesterone > 3.0ng/mL (American Society for Reproductive Medicine and
the Society for Reproductive Endocrinology and Infertility, 2021) or an increase of salivary
progesterone that was 2 SD above the mean of progesterone post ovulation (Ellison, 1988),
resulted in the cycle being classified as anovulatory. A luteal phase deficit (LPD) was defined by
< 10 days post ovulation to the start of the next menses (De Souza et al., 1998b).
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Anthropometrics

Nude body mass was measured to the nearest 0.1 kg on a digital scale (WB-800S Plus;
Tanita Corporation, Tokyo, Japan) at each visit while height was measured by a wall mounted
stadiometer (Model216; Seca, Chio, CA) to the nearest 0.5 cm at the beginning of the study.
Body mass was also calculated via the DXA analyses. Body mass index (BMI) was calculated
as weight divided by height squared (kg/m?).

Body Composition (DXA)

Dual-energy X-ray absorptiometry (DXA) (Lunar Prodigy Advance, GE Healthcare,
Madison, Wisconsin) was utilized to determine whole-body composition by a certified operator.
Participants were fasted for a minimum of 2 hours prior to the DXA and a pregnancy test was
administered prior to the scan to confirm that the participant was not pregnant. Each participant
wore a gown and removed all metal before the scan, which was performed twice in one
menstrual cycle (C2) (i.e., T1, T2) to determine if body composition changed across the
menstrual cycle. The DXA scanner has a <1% coefficient of variation for body composition
measurements. Body composition was calculated using enCORE 2011 software (version 13.60)
by one researcher.

Energy Availability

Energy availability describes the amount of energy available for metabolic functions after
exercise energy expenditure (EEE) is subtracted from energy intake, and is expressed relative
to fat-free mass (FFM) (Loucks et al., 1998).

Energy availability = [Energy intake (kcal) — EEE (kcal)]/ FFM (kg)

Although there is widely accepted threshold for energy availability, the recommendation
for adequate energy availability is = 45 kcal’kg FFM/day whereas < 30 kcal’kg FFM/day and has
been recommended as the threshold for low energy availability.
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Energy availability was calculated for 7 consecutive days during T1 and T2 during C2.
The average FFM from T1 and T2 from the DXA analysis was used. Energy intake and exercise
energy expenditure collection procedures are listed below.
Low Energy Availability in Females Questionnaire (LEAF-Q)

The Low Energy Availability in Females Questionnaire (LEAF-Q) was administered once
via Qualtrics prior to the first visit. The LEAF-Q is a validated screening tool comprised of 25
guestions that has a 78% sensitivity and 90% specificity. The LEAF-Q assesses risk for low
energy availability (LEA) though injuries, gastrointestinal (Gl) and menstrual function.
Participants with a total score of 28 are considered at risk for LEA (Melin et al., 2014) (Appendix
B).
Energy Intake

Energy intake was assessed for seven days at two timepoints (i.e., T1, T2) across one
menstrual cycle. Due to subject burden and to increase compliance, only two timepoints were
assessed and seven days was chosen to best evaluate the association of energy intake and
exercise. Energy intake was self-logged in MyFitnessPal and began the day of each follicular
and luteal phase laboratory visit, whenever possible. If the participant was anovulatory or had a
late ovulation, energy intake was recorded prior to the T2 visit to allow the full seven days to be
logged. Participants received detailed instructions from the researcher on how to log all food
and beverages as well as a handout with portion sizes. The same researcher also confirmed
MyFitnessPal entries at the next visit to ensure accuracy. MyFitnessPal is a validated
smartphone app with reliable dietary analysis (Evenepoel, Clevers, Deroover, Loo, et al., 2020;
Evenepoel, Clevers, Deroover, Matthys, et al., 2020; Teixeira et al., 2018). Total energy intake

and macronutrient composition were calculated.
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Exercise

Participants were given a Polar H10 heart rate monitor (Polar H10 Heart Rate Sensor;
Polar Electro Inc., Bethpage, NY) to wear during all purposeful exercise greater than 10 minutes
in duration. Purposeful exercise can include activities such as jogging, strength training, etc. but
not daily living activities such as house cleaning. The heart rate monitor was linked to a
recording device of the participants choice (e.g., Polar Beat, Garmin, Apple) that automatically
uploaded data to the Training Peaks (TP) app. Ratings of perceived exertion (RPE) was
recorded using a built-in function of TP that utilized a modified sliding scale of 0-10 for each
exercise session.

Calculation of exercise energy expenditure used training heart rate divided into 7 heart
rate zones equally distributed between resting heart rate (RHR) and maximum heart rate. For
each heart rate zone, the metabolic equivalent (MET) was calculated using the heart rate index
method (6*(HRabsolute/HRmr)-5). This method has been validated and shown to be an accurate
measure of VO at different intensities (KANG et al., 2020; Wicks et al., 2011; Wicks & Oldridge,
2016). A MET is approximately equal to a resting value of 3.5 ml/kg/min but this varies by
participant and females typically have lower values (Byrne et al., 2005). Therefore, corrected
METSs were calculated using the measured resting VO, (MET * 3.5ml/kg/min / resting VO-
ml/kg/min). Kilocalories from exercise were quantified using the corrected METs multiplied by
exercise duration (min) and weight (kg). MET values contain resting values, therefore measured
resting energy expenditure (kilocalories/min) were subtracted from the exercise kilocalories to
obtain the correct exercise energy expenditure (Reed et al., 2015).

If heart rate was not recorded, the participant logged a description of the activity,

duration, intensity, and RPE in training peaks which was used to determine the appropriate
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METs with the compendiums of physical activities (Ainsworth et al., 2011). Corrected METs was
calculated prior to calculating kilocalories as described above by the same researcher.
Hormones

Blood Collection and Preparation. Participants reported to the UNCG Exercise
Endocrinology Laboratory between the hours of 0500-1000 for one visit during the following
ranges: D2-4, D9-11, and two consecutive days between D5-8 post ovulation then again
between D5-8 post ovulation (i.e., T2) in the other menstrual cycle for a total of 5 blood
samples. Participants were instructed to be fasted for 8 hours prior to arrival. Approximately
10mL of blood was collected in a serum blood collection tube. Blood samples were allowed to
clot for 20 min at room temperature then centrifuged at 3000 rpm for 15 min at 4°C. The serum
samples were aliquoted into multiple 2 mL polyethylene storage tubes and frozen at -80°C.

Saliva Collection and Preparation. Saliva collection was chosen to measure the daily
hormonal profile for one menstrual cycle to reduce invasiveness and increase participant
compliance. Measurements of E2 and progesterone in saliva have a strong correlation with
serum concentrations in premenopausal women and additionally are stable at room temperature
for a few days and at -20°C long-term (Bellem et al., 2011). Serum was collected to confirm the
correlation between saliva and serum.

Saliva was collected every day via passive drool using polyethylene storage tubes with
straws supplied to the participant by the investigator. Participants were instructed to collect their
saliva immediately after waking and to refrain from brushing teeth, eating, or drinking until the
sample is collected. Participants stored saliva samples in a home freezer (-20°C) until they were
returned to research team at every visit, then the samples were stored at -80°C. Saliva samples

were thawed at room temperature and then centrifuged for 15 minutes prior to assay.
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Serum and Saliva Measurements. Estrogen (17-B estradiol) and progesterone were
guantified in serum and saliva samples by enzyme immunoassay (Immuno-Biological
Laboratories, Minneapolis, MN (serum); Salimetrics, Carlsbad, CA (saliva)). All hormone
determinations were assayed in duplicate with all samples from a given participant on the same
assay whenever possible. The sensitivity of the serum and saliva E2 assays are < 1.399 pg/mL
and 0.1pg/mL and the progesterone assays have a sensitivity of 0.045 ng/mL and 5pg/mL,
respectively. Samples were reanalyzed if a coefficient of variation was > 25% for saliva and >
20% for serum. The intra-assay coefficients of variation for low and high controls were 9.6% and
3.3% (saliva progesterone), 3.1% and 5.9% (saliva estrogen), and 19.2% and 5.7% (serum
estrogen) respectively. Inter-assay coefficients of variation for low and high controls were 19.6%
and 34.2% (saliva progesterone), 13.5% and 16.6% (saliva estrogen), and 22.9% and 22.5%
(serum estrogen) respectively. Serum hormones were used to verify ovulation and salivary
hormones gave a hormonal profile for each menstrual cycle.

Statistical Analysis

Statistical analyses were conducted using SPSS Statistics 24 (IBM, Armonk, NY, USA)
and Mplus (version 7; Muthen & Muthen, 2012). Data was summarized as mean + SD.

Competing linear regression models were used. Two timepoints were assessed in one
menstrual cycle that consisted of seven days each time. T1 started between D2-4 while T2
started between D5-8 post ovulation. Salivary estrogen and progesterone were measured with
area under the curve at each timepoint while the average of energy availability was taken at
each timepoint.

A) Model 1 assessed the influence of energy availability in T1 on estrogen in T2, while

controlling for estrogen in T1.
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B) Model 2 assessed the influence of energy availability in T1 on progesterone in T2, while
controlling for progesterone in T1.

C) Model 3 assessed the influence of progesterone in T1 on energy availability in T2 while
controlling for energy availability in T1.

D) Model 4 assessed the influence of estrogen in T1 on energy availability in T2 while
controlling for energy availability in T1.

A cross-lagged model was used in a secondary analysis to examine the causal influence
between energy availability, estrogen, progesterone, and estrogen progesterone product (i.e.,
estorgen x progesterone) across two timepoints. Energy availability (X variable) was evaluated
with each hormone separately (Y variable) at each timepoint. Model fit was assessed with chi-
square, CFl, RMSEA, and SRMR. Autoregressive paths determined direct effects while cross-
lagged paths determined direct cross-lagged effects across time. Autoregressive and cross-
lagged effects were each estimated while controlling for the other.

For the exploratory hypothesis, logistic regression was used to estimate the probability
of menstrual dysfunction with energy availability. Menstrual cycles were defined as normal or
dysfunction (i.e., LPD, anovulation).

Results
Demographic and Reproductive Characteristics

The demographic and reproductive characteristics are shown in Table 4.2. Twenty-one
participants completed the study but due to one participant having low compliance with
collecting saliva, only 20 participants are used for analyses. Participants identified themselves
as Caucasian (43%), Hispanic (19%), African-American (33%) and an unlisted race (5%).
Weight, BMI, body fat %, or fat free mass did not change across the cycle (p > .05) therefore the
average was taken and presented in Table 4.2. Strength training was the primary mode of
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physical activity for most of the participants (81%). Most participants engaged in multiple
activities, including running (57%), yoga (29%), indoor cycling (31%), soccer (19%), Zumba
(14%), and dance (10%). All participants were nulliparous and underwent menarche prior to 15
years of age. Three out of 21 cycles were categorized as anovulatory (14%) while 18 menstrual

cycles were confirmed as ovulatory (86%). No cycles were classified as LPD in this study.

Table 4.2. Demographic and Reproductive Characteristics for One Menstrual Cycle

n=21
Age (years) 213
Height (cm) 163.2+4.5
Weight (kg) 63.22+11.4
BMI (kg/m?) 23.8+4.0
Body fat (%) 30.0+8.9
Fat free mass (kg) 43.4+5.8
Age of menarche (years) 11+1
Gynecological age (years) 9+3
Menstrual cycle length (d) 29.6+34
Ovulatory cycles 18
Anovulatory cycles 3

Values are mean + SD.

Energy Availability and Hormone Characteristics

Energy availability and hormones measured in T1 and T2 are presented in Table 4.3. No
changes between timepoint were significant for energy availability, energy intake, or exercise
(p>.05). The mean represents the average value between T1 and T2. As expected,
progesterone AUC and range and estrogen AUC was higher in T2 compared to T1 (p=.001,
p=.027. p=.003).

Most participants (71%; 15/21) were in a reduced energy availability state, with 19%
(4/21) classified as low energy availability (< 30 kcal/kg FFM) while only 10% (2/21) were above
the recommended 45 kcal/kg FFM. Yet, the LEAF-Q classified six participants at risk (total score
28) for LEA by assessing injury risk, gastrointestinal function, and menstrual function. Only one
participant was classified as LEA by both the < 30kcal/kg FFM value and the LEAF-Q. This
participant was also the only female with menstrual dysfunction that was classified as LEA.
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Table 4.3. Demographic, Energy Availability, and Salivary Hormone Characteristics at T1 and T2
Across One Menstrual Cycle

T1 T2 p Mean
EA (kcal/lkg/FFM/d) 35.8+115 358=x75 .993 35.8+8.8
Energy Intake (kcal/d) 1682.6 = 390.3 1667.6 = 179.8 .855 1675.1 £ 240.1
Carbohydrate (% kcal/d) 45.0+ 6.2 448 +7.2 .849 449+6.2
Fat (% kcal/d) 385%6.6 36.3x7.5 .281 374+54
Protein (% kcal/d) 174 +43 16.7 £ 5.7 430 17.0x 4.7
Protein (g/kg/d) 1.2+£05 1.1+.37 .860 12+04
Exercise duration (hour/week) 3.2+1.8 25+19 .190 29+14
EEE (kcal/d) 168.9 £ 142.1 143 £ 152.0 .255 156.0 £ 138.3
Progesterone AUC 1197.4 £ 932.0 1765.17 £ 1033.9 .001
Progesterone range 154.3+ 1094 226.8 £ 136.4 027
Progesterone minimum 128.4 +122.8 180.9 £ 137.1 .094
Progesterone maximum 282.7+174.1 407.7 £ 223.0 .001
Estrogen AUC 8.3+x4.4 10.5+4.2 .003
Estrogen range .8+.6 1.0+.7 176
Estrogen minimum 20+ .6 12+ 5 .017
Estrogen maximum 1.8+.8 22+ .9 .004

Values are mean + SD. d, day; EA, energy availability; EEE, exercise energy expenditure. *all hormones are
presented as pg/mL, n=20. All other values are n=21.

Linear Regression

Figure 4.3. Linear Regressions Assessed the Influence of T1 on T2 with B values.

Energy Availability
T1

Energy Availability
T1

Progesterone
T1

Estrogen
T1

Note. * p < .05. Salivary hormones were used for analyses.
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Energy Availability
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Model 1 assessed the influence of T1 energy availability on T2 estrogen, while

controlling for T1 estrogen. Energy availability in T1 did not significantly predict estrogen in T2
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while controlling for estrogen in T1 (B = -.03, p > .05). Estrogen in T1 did significantly predict
estrogen in T2 (r?= .59, B=.73, 95% CI [.43, 1.03], p = .00).

Model 2 assessed the influence of T1 energy availability on T2 progesterone, while
controlling for T1 progesterone. Energy availability in T1 did not significantly predict
progesterone in T2 while controlling for progesterone in T1 (8 = .03, p > .05). Progesterone in
T1 did significantly predict progesterone in T2 (r>= .63, B = .88, 95% CI [.55, 1.22], p = .00).

Model 3 assessed the influence of T1 progesterone on T2 energy availability while
controlling for T1 energy availability. Progesterone in T1 did not significantly predict energy
availability in T2, while adjusting for energy availability in T1 (B = -.28, p = .09). Energy
availability in T1 did predict energy availability in T2 (r>= .53, B = .52, 95% CI [.32, .71], p = .00).

Model 4 assessed the influence of T1 estrogen on T2 energy availability while
controlling for T1 energy availability. Estrogen in T1 significantly predicted (r?= .65) energy
availability in T2 (B = -.61, 95% CI [-1.23, -.09], p = .02), while adjusting for energy availability in
T1 (B = .47, 95% CI [.28, .67], p = .00), indicating greater estrogen in T1 is associated with less
energy availability in T2.

Cross-Lagged Model

The cross-lagged model with progesterone and energy availability in T1 and T2 (see
Figure 4.4 for standardized estimates) demonstrated excellent model fit, x?(0) = 0.00, p = .00,
CFI=1.00, RMSEA = .00 [CI .00, .00], SRMR = .00, and the chi-square difference test revealed
that the cross-lagged model improved fit over the baseline model Ax?(5) = 41.51 p = .00. All
autoregressive stability paths were positive and significantly different than zero. Energy
availability and progesterone both showed high stability across the cycle but did not have any
significant within-time correlations. The cross-lagged paths revealed that greater progesterone
at T1 was associated with less energy availability at T2 (8 = -.37, p =.008).
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The cross-lagged model with estrogen and energy availability in T1 and T2 (see Figure
4.5 for standardized estimates) also demonstrated excellent model fit, x2(0) = 0.00, p = .00,
CFI= 1.00, RMSEA = .00 [CI .00, .00], SRMR = .00, and the chi-square difference test revealed
that the cross-lagged model improved fit over the baseline model Ax?(5) = 39.25, p = .00. All
autoregressive stability paths were positive and significantly different than zero. Energy
availability and estrogen both showed high stability across the cycle but did not have any
significant within-time correlations. The cross-lagged paths revealed that greater estrogen at T1
was associated with less energy availability at T2 (B = -.36, p = .009).

An additional analysis evaluated the product of estrogen and progesterone in the cross-
lagged model with energy availability (see Figure 4.6 for standardized estimates). The product
was calculated by multiplying the area under the curve of estrogen and progesterone in each
timepoint. This cross-lagged model followed the same trend as the previous two, which
examined estrogen and progesterone separately. This model demonstrated excellent model fit,
X2(0) = 0.00, p = .00, CFI= 1.00, RMSEA = .00 [CI .00, .00], SRMR = .00, and the chi-square
difference test revealed that the cross-lagged model improved fit over the baseline model Ax?(5)
= 43.640, p = .00. All autoregressive stability paths were positive and significantly different than
zero. Energy availability and estrogen progesterone product both showed high stability across
the cycle but did not have any significant within-time correlations. The cross-lagged paths
revealed that greater estrogen progesterone product at T1 was associated with less energy

availability at T2 (B = -.31, p = .029).
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Figure 4.4. Cross-lagged Model with Energy Availability and Progesterone (standardized
estimates)

80**
Energy Availability Energy Availability
T1 T2
.21 .03
-37
Progesterone 79%* R Progesterone
T1 T2

Note. Weighted lines indicated significant cross-lagged paths. Model fit: x?(0, n=20) = 0.00, p =

.00, comparative fit index (CFI) = 1.00, root mean square error of approximation (RMSEA) = .00 [CI .00,
.00], SRMR =.00. p > .05; **p < .01.

Figure 4.5. Cross-lagged Model with Energy Availability and Estrogen (standardized estimates)

T3
Energy Availability Energy Availability
T1 T2
.03 .09
-.36
Estrogen JTE* Estrogen
T1 T2

Note. Weighted lines indicated significant cross-lagged paths. Model fit: x2(0, n=20) = 0.00, p =

.00, comparative fit index (CFI) = 1.00, root mean square error of approximation (RMSEA) = .00 [CI .00,
.00], SRMR =.00. * p > .05; *p < .01.

Figure 4.6. Cross-lagged Model with Energy Availability and Estrogen Progesterone Product
(standardized estimates)

TTE*
Energy Availability .’ Energy Availability
T1 T2
.15 .01
-.31
Estrogen x Progesterone 84** | Estrogen x Progesterone
T1 T2

Note. Weighted lines indicated significant cross-lagged paths. Model fit: x?(0, n=20) = 0.00, p =

.00, comparative fit index (CFI) = 1.00, root mean square error of approximation (RMSEA) = .00 [CI .00,
.00], SRMR =.00. * p > .05; **p < .01.
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Logistic Regression

Logistic regression was performed as part of an exploratory hypothesis to determine if
lower energy availability, estrogen, and progesterone was associated with menstrual
dysfunction. A separate logistic regression was performed for T1 and T2 and per hormone (e.g.,
T1 energy availability and T1 estrogen then T1 energy availability and T1 progesterone were
analyzed as separate models). Out of 20 participants, only 3 were classified as having
menstrual dysfunction. No models were significant compared to the null models (p > .05) and
energy availability, estrogen, and progesterone did not significantly predict menstrual
dysfunction (p > .05) in any of the models. No significant relationship between energy
availability, estrogen, and progesterone emerged in either the eumenorrheic or menstrual
dysfunction group when assessed with a Pearson correlation. This hypothesis was exploratory
due to the potential of a small number of participants having menstrual dysfunction, which could
only be determined after confirmation with hormones once the study was completed.
Discussion

This study examined the direct and transactional (i.e., bidirectional) relationship of
energy availability with estrogen and progesterone in physically active females. In this study we
used a novel approach (i.e., cross-lagged analyses) to examine the direct and transactional
relationship of energy availability with estrogen, progesterone, and the estrogen progesterone
product in physically active females. Although this study has a small N and our results should be
interpreted with caution, these cross-lagged analyses suggest that estrogen and progesterone
in T1 were negatively associated with T2 energy availability, indicating that higher hormones in
T1 are associated with lower energy availability in T2.

We hypothesized that energy availability in T1 will predict estrogen and progesterone in
T2, while controlling for each hormone in T1 and our first hypothesis is rejected (Model 1 and 2).

107



Contrary to our expectations based on previous literature that indicated LEA resulted in
disrupted estrogen and progesterone (De Souza et al., 2007; Williams et al., 2015), no direct
relationship was found between T1 energy availability and either hormone in T2. Although
previous research has investigated the relationship of LEA with lower estrogen and
progesterone by proxy of menstrual dysfunction, direct associations with varying levels of
energy availability with estrogen and progesterone across the cycle are less clear. It is well
documented that strenuous exercise at any point of the menstrual cycle (Williams et al., 1999)
and short term low energy availability (Loucks et al., 1998; Loucks & Thuma, 2003) can affect
the hypothalamic-pituitary-gonadal (HPG) axis but neither of these previous studies looked at
the direct relationship of energy availability and hormones across a cycle. Also, the studies took
place in lab-controlled settings with extreme interventions using sedentary women as
participants, who also had higher concentrations of estrogen and progesterone when enrolled
into the study. Therefore, sedentary females may experience a larger disruption in the HPG axis
with decreased energy availability than regularly exercising females or females with LEA. Since
most of the research is based on laboratory-based interventions with highly controlled exercise,
the effect of energy availability on estrogen and progesterone in physically active females
across the cycle in free-living environments has not been studied.

In addition, it is possible that we rejected this hypothesis because of the state of energy
availability in our participants. Most previous research has focused on LEA while our
participants were primarily in a reduced energy availability state (71%), with only 19% classified
as low energy availability (<30kcal/kg FFM/d) and only a small number (10%) displaying
adequate energy availability (>45kcal’kg FFM/d). Hence, a reduced energy availability state
may not be severe enough to induce a notable decrease in estrogen and progesterone in all
physically active women. In a previous study, energy availability ranged between 25.8-61.8
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kcal’kg FFM/d in 13 eumenorrheic exercising females with an average energy availability of
42.1 kcal/lkg FFM/d (Reed et al., 2011). Our range of energy availability is similar to Reed et al.
but energy availability categories were not listed so we are unable to compare prevalence of
LEA. However, when 16 female long distance runners (i.e., 2 45 km/week) that were recruited
from a local running club were evaluated, many runners were below 30 kcal/kg FFM/d but were
able to maintain an ovulatory menstrual cycle (Schaal et al., 2021). Male and female
professional and competitive amateur cyclist had energy availability assessed and all 10
participants maintained LEA across the cycling season (Viner et al., 2015). Our participants
were in a higher energy availability state than the latter two studies but that may be due to the
type of exercise, with both previous studies investigating endurance athletes while our
participants were primarily strength training athletes. Although the prevalence of LEA or reduced
energy availability is unknown, previous research suggests that it is prevalent amongst
exercising females.

As hypothesized, T1 estrogen predicted T2 energy availability while progesterone did
not affect energy availability and we accept our second hypothesis (Model 3 and 4).
Interestingly, a direct relationship was found between T1 estrogen and T2 energy availability but
the relationship was negative, not a positive relationship as we predicted based off previous
literature that low energy availability is associated with decreased estrogen and progesterone
(De Souza et al., 2007). Further analyses with a cross-lagged model indicated T1 estrogen and
progesterone had a negative relationship with T2 energy availability, indicating that higher
hormones were associated with lower energy availability. Lieberman et al. (2019) did a
secondary analysis looking at the relationship of energy availability across three cycles in 35
previously untrained women. Energy availability groups were assigned through a controlled diet
and exercise intervention and were classified as low (23.4-34.1 kcal/kg/ FFM/d), moderate
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(34.9-40.7 kcal/lkg/ FFM/d), and high (41.2-50.1kcal/kg/ FFM/d). The LEA group had higher
follicular estrone-1-glucoronide (E1G; urinary metabolite of estrogen) compared to the moderate
energy availability group and greater luteal ELG when compared to the high energy availability
group. The exercise and diet intervention had a suppressive effect on ELG and pregnanediol
glucuronide (PdG; urinary metabolite of progesterone) across the three menstrual cycles but
was not dependent on energy availability. Although this study did not look at the direct
relationship with energy availability and hormones, the LEA group had higher mean follicular
and luteal phase estrogen, but not progesterone, compared to groups with higher energy
availability.

The cross-lagged model was used to assess the bidirectional influence of energy
availability at different timepoints across the cycle, which gives more insight than the one
direction approach of linear regression. The reason that only T1 hormones are associated with
T2 energy availability but not T1 energy availability on T2 hormones is unclear. Using a cross-
lagged model to investigate the relationship of hormones and energy availability at different
timepoints across the cycle is a novel approach in this area of research and thus, we have no
previous literature for comparison. Progesterone is typically low in the follicular phase (T1) and
therefore was not expected to influence energy availability while estrogen may exhibit a rise at
the end of T1. Estrogen has been viewed as an appetite suppressant in the absence of high
progesterone levels and for this reason, higher estrogen was expected to decrease energy
intake, which in turn could decrease energy availability. Nonetheless, the associations between
energy intake and hormones have only been assessed at a specific timepoint and although
rapid changes (i.e., less than 24 hours) in appetite have been displayed due to addition of
exogenous estrogen in OVX mice, less is known about this effect in humans and if there are
time-delayed responses due to the changes in endogenous estrogen. High estrogen at the
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beginning of the cycle may have lasting appetite suppressing effects at other timepoints in the
cycle. Thus, a potential time-lagged response to hormones may explain why higher T1
hormones are associated with lower T2 energy availability. Furthermore, exercise is a
component of energy availability, and it is well known that exercising females have lower
hormones than sedentary females although the exact mechanism of the decreased hormones is
unclear. Exercise can affect energy availability directly and indirectly, with exercise energy
expenditure subtracted from energy intake, but exercise can also drive energy intake. Energy
intake and exercise were not significantly different at either timepoint, but exercise did decrease
from 3.2 to 2.5 hours from T1 to T2. The decrease in exercise could potentially influence energy
availability and estrogen and progesterone. Additionally, low energy availability is theorized to
drive hormone concentrations. Our participants were primarily in a reduced energy availability
state and this could contribute to the contrasting findings. Hormones could potentially be a
driver of energy availability in an adequate or reduced energy availability state compared to
energy availability driving hormones in a LEA state. However, our sample size was small. Our
results should be interpreted with caution and further investigations with a larger sample size
should be conducted.

In a previous analysis (Chapter Ill), no within timepoint relationship between estrogen,
energy intake or energy availability was discovered while there was a moderate correlation with
progesterone to estrogen ratio (P:E2) and energy intake within T1. Therefore, a closer look at
the effects of the P:E2 ratio should be examined, instead of each hormone individually.
Estrogen and progesterone not only have independent functions throughout the body, but also
have functions that are dependent on both progesterone and estrogen concentrations (Giersch
et al., 2021). For example, progesterone acts as an appetite stimulate only in the presence of
estrogen. Since menstrual cycles typically follow the same pattern but display large variability on
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the hormone concentrations across the cycle, looking at the P:E2 ratio may give more insight
into the relationship with energy availability. Thus, energy availability may be altered by the
P:E2 ratio and warrants further investigation.

A third, exploratory hypothesis stated lower energy availability would be associated with
lower estrogen and progesterone concentrations, which will be associated with greater risk of
menstrual dysfunction. Using logistic regression, no significant relationships between hormones,
energy availability, and menstrual dysfunction were found and therefore, our hypothesis was
rejected. Furthermore, no correlation was determined between energy availability, estrogen, and
progesterone in either the eumenorrheic or menstrual dysfunction group. This was an
exploratory analysis since the potential for a small number of participants having menstrual
dysfunction was recognized and perceived as likely. However, the accuracy of this perception
could only be determined once the study was completed and serum and salivary hormones
were analyzed. The lack of significance is most likely attributed to the small sample size of
females with menstrual dysfunction (n=3) compared to females without menstrual dysfunction
(n=17) and the uneven group size. Yet, previous research indicated that the magnitude of
energy deficiency was associated with the frequency of menstrual dysfunction (Williams et al.,
2015) but this was based off sedentary females that participated in a diet and exercise
intervention that limited energy availability. In contrast, a free-living study indicated that energy
availability could discriminate clinical menstrual dysfunction (e.g., amenorrhea) but not
subclinical menstrual dysfunction in exercising females over three menstrual cycles (Reed et al.,
2015). Amenorrheic participants averaged less energy availability (30 kcal/kg/LBM/d) compared
to anovulatory (40 kcal/kg/LBM/d), inconsistently anovulatory (37 kcal/kg/LBM/d) and ovulatory
(36 kcal/kg/LBM/d) exercising females (Reed et al., 2015). Interestingly, ovulatory exercising
females had lower energy availability, lower energy intake, and higher energy expenditure than
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anovulatory females. This highlights the need to investigate other factors associated with
anovulation, such as hyperandrogenism or polycystic ovary syndrome (PCOS). Koltun et al.
(2019) discovered 17% of presumed hypothalamic oligomenorrheic and amenorrheic athletes
had hyperandrogenism. Even though our mean energy availability (36 kcal/kg FFM/d) and
results concur with Reed et al (2015), an exact comparison of energy availability should be done
with caution since their analysis used LBM instead of FFM.
Limitations and Future Directions

Menstrual cycles have large intra- and inter-individual variability. Our study design
attempted to minimize this by aligning timepoints with menses and ovulation. T1 started shortly
after menses while T2 began 5-8 days after a positive urinary ovulation test. At home ovulation
tests are commonly used as a validated and reliable way to determine ovulation (Gudgeon et
al., 1990; Guermandi et al., 2001; Leiva et al., 2014) but it is recommended to confirm ovulation
with secondary measures (Janse De Jonge et al., 2019; McGovern et al., 2004). As outlined in
the previous manuscript, upon serum and saliva hormonal profiles, it was unclear if the
ovulation test was always correct. Transvaginal ultrasound is the gold standard for determining
ovulation, but it is invasive to the patient. In addition to the ovulation test, 3-5 days of serial
serum sampling is recommended to account for the variation in cycles and to determine
menstrual function (Schliep et al., 2014; Wideman et al., 2013) but again, this is invasive and
places a burden on the participant to have 3-5 additional laboratory visits. Daily morning saliva
samples are a noninvasive way to collect multiple days of hormones but there are currently no
universally accepted criterion for menstrual function in saliva. Coupling ovulation tests with other
noninvasive measures may assist in determining menstrual phase and function. Wearables that
can measure skin temperature, heart rate variability, heart rate, and breathing rate can help
predict ovulation (Goodale et al., 2019) but wearables add extra cost to research. The current
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recommendations to determine ovulation are either invasive, have high participant burden, or
are cost prohibitive, indicating an urgent need to develop an accurate and easily accessible way
to precisely identify ovulation.

Despite the limitations listed above, this study investigated energy availability, estrogen,
and progesterone across the menstrual cycle with an in depth, novel approach. Most of the
current research focuses on cross sectional data while this longitudinal study investigated two
seven-day timepoints across the cycle. Each participant recorded 14 days of energy intake and
exercise (seven days at each timepoint) that allowed energy availability to be assessed across
the cycle. Exercise is not always consistent in intensity, duration, and number of sessions and
seven days allowed that variation to be captured, therefore giving an accurate average of
energy availability.

Future investigations should focus on individual differences instead of collapsing into
one group. Due to the large variation in hormones, this could prove to be a more accurate way
to determine the association of energy availability and hormones. Furthermore, since the T1
estrogen progesterone product AUC had a negative association with T2 energy availability,
investigating the daily P:E2 ratio could give more insight on the individual differences as well. A
cross-lagged model with additional timepoints should be used to determine the changes within
and across timepoints as well.

Multiple menstrual cycles should be assessed, allowing T2 in one menstrual cycle to be
compared to T1 in the next menstrual cycle. This would determine if there are relationships
across cycles instead of only investigating within a cycle. Due to the burden on the participant,
only two timepoints were used and captured the early follicular phase when hormones should
be low and post ovulation when estrogen and progesterone are expected to be high. By adding
a timepoint of energy availability right before ovulation, the effects of high estrogen without
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progesterone could be studied. There is the potential that the start of the rise in estrogen was
recorded in T1 in some participants, yet participants with longer cycles and later ovulations
would not have captured the rise in estrogen in T1. Due to high variation in ovulation days
between participants, estimating the time right before ovulation is difficult. To best
accommodate this, ovulation should be determined in the cycle prior to data collection to best
estimate ovulation in the current cycle.

Future studies should also include females using hormonal contraceptives, with an
estimated 50% of female athletes using hormonal contraceptives (Martin et al., 2018).
Contraceptives lower endogenous estrogen concentrations and alters the HPG axis, creating a
unique estrogen and progesterone hormonal profile for each type of contraceptive (i.e.,
monophasic versus triphasic) that differ from eumenorrheic women (Elliott-Sale et al., 2020).
Estrogen and progesterone have been associated with fluctuations in energy intake yet limited
research has been performed to specifically address the effect of contraceptives on energy
intake. Only five studies to date have investigated this relationship, four studies indicated that
contraceptives do not affect energy intake but it is less clear if macronutrient intakes are
affected (Metz et al., 2022). Contraceptive use may mask the symptoms of LEA (i.e., menstrual
dysfunction) however little is known about this population and energy availability. In a small
sample size of active women, with 15 not taking contraceptives and 9 taking monophasic
contraceptives, estrogen and progesterone were similar during menses but the contraceptive
users had lower hormones in the rest of the follicular and luteal phase. No change across the
menstrual cycle was noted for energy availability in either group except the contraceptive users
had significantly higher energy availability in the luteal phase during the inactive phase (i.e.,

placebo, no pill) compared to non-contraceptive users (lhalainen et al., 2021). During the
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inactive phase, no exogenous hormones are taken, allowing endogenous estrogen to increase
which could account for the change in energy availability.
Conclusion

In summary, estrogen, progesterone, and the estrogen progesterone product in T1
exhibited a negative relationship with T2 energy availability in physically active females in one
menstrual cycle. Although the relationship was unexpected and the results should be interpreted
with caution due to the small sample size, this data suggests that higher estrogen and
progesterone at the beginning of the menstrual cycle are associated with lower energy
availability post ovulation and hormones may have potential time-lagged influences on energy
availability. Further research to understand this relationship in females in reduced energy
availability states is warranted. By investigating energy availability at multiple timepoints across
the menstrual cycle, to include individual analysis, this could elucidate the relationship between

hormones at the start of the menstrual cycle with energy availability post ovulation.
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CHAPTER V: THE INFLUENCE OF STRESS AND RECOVERY ON THE ESTROGEN,
PROGESTERONE, AND ENERGY AVAILABILITY RELATIONSHIP ACROSS THE

MENSTRUAL CYCLE IN PHYSICALLY ACTIVE FEMALES.

Abstract

Physical activity and exercise can have many positive health benefits, but proper energy
intake and adequate recovery are necessary to maintain a proper balance (i.e., adequate
energy availability). Low energy availability (LEA) occurs by disrupting the balance between
energy intake and EEE over time, causing an energy conservation state to be created which
can result in decreased estrogen and progesterone. Furthermore, physiological and
psychosocial stressors can disrupt the GnRH pulse generator and subsequently alter other
hormones (e.g., estrogen, progesterone). OBJECTIVE: To examine if stress and recovery
moderate the relationship between energy availability and estrogen and progesterone.
METHODS: Healthy, exercising females (n=21; age 21.3 = 3.1 years) not on oral contraceptives
completed measures over one menstrual cycle. Daily saliva measurements were taken to create
hormonal profiles of estrogen and progesterone. Energy availability was measured twice within
one menstrual cycle, with energy intake recorded for seven days at two timepoints and exercise
participation recorded with a heart rate monitor at the participant’s discretion. The first timepoint
(T1) started during menses between day (D) 2-4 and the second timepoint (T2) started between
5-8 days post ovulation. A laboratory visit occurred on the first day of each timepoint, where
body composition was measured. The Acute Recovery and Stress Scale (ARSS) was
administered four times, once at each laboratory visit and then seven days later (2 times during
T1 and 2 times during T2). RESULTS: A repeated measures ANOVA revealed that the stress
subscale, negative emotional state, was highest at the end of T2 compared to measurements at

the beginning of T1 and T2 (F (3, 54) = 7.07, p = .000). Total stress scores were inversely
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associated with estrogen (r = -.521, p=.018) and progesterone AUC (r = -.478, p=.033) in T1 but
not T2. No models assessing the influence of stress and recovery on the relationship of energy
availability and hormones were significantly different from zero and no significant interactions
with stress or recovery were noted (p >.05) at T1 or T2 with either hormone. CONCLUSIONS:
Stress and recovery do not moderate the relationship between hormones and energy availability
within a timepoint or across timepoints. Negative emotional state was significantly higher post
ovulation towards the end of the cycle while recovery and other stress scales remained constant
throughout the cycle.
Introduction

Physical activity and exercise can have many positive health benefits, but proper energy
intake and adequate recovery are necessary to maintain a proper balance (i.e., adequate
energy availability). Energy availability describes the amount of energy available for metabolic
functions after exercise energy expenditure (EEE) is subtracted from energy intake, and is
expressed relative to fat-free mass (FFM) (Energy availability = Energy intake (kcal) — EEE
(kcal)/ FFM (kg)) (Loucks et al., 1998; Mountjoy et al., 2014). Low energy availability (LEA)
occurs by disrupting the balance between energy intake and EEE over time, causing an energy
conservation state to be created. Metabolic fuels are then focused on life sustaining metabolic
processes and diverted away from other systems such as the reproductive axis (De Souza,
2003). LEA disrupts gonadotropin-releasing hormone (GnRH) pulsatility in the hypothalamus
and the subsequent release of hormones from the pituitary and the ovaries (i.e., estrogen,
progesterone), leading to menstrual dysfunctions (Mountjoy et al., 2014). Dysfunction of the
menstrual cycle occurs on a spectrum, ranging from the least severe perturbation (i.e., luteal
phase defect (LPD)) to the most severe dysfunction, amenorrhea and all dysfunctions along the
continuum present with abnormal estrogen and progesterone concentrations (De Souza, 2003).
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Exercise stress with proper recovery is required to stimulate adaptations from exercise
and the amount of stress required to produce adaptations varies amongst individuals. However,
recovery is multi-faceted and can be affected by quality and quantity of energy intake and sleep,
psychosocial stressors (e.g., academic demands), or illness (Cadegiani & Kater, 2017). When
excessive stress or inadequate recovery occurs, individuals may experience a physiological or
psychological imbalance that results in deleterious conditions and decreased exercise
performance (Kellmann & Kolling, 2019). When recovery is not balanced with daily stress,
exercise stress, energy intake, etc., an under recovered state of varying degrees (e.qg.,
functional overreaching, nonfunctional overreaching, over training) may be created. These
states are created when athletes chronically fail to allow for adequate recovery from training and
life stress. Functional overreaching is a state that allows for quick recovery (i.e., days) whereas
over training may take months to recover from. Individuals in an under recovered state have
demonstrated similar symptoms (e.g., decreased E2, progesterone, Ts) to LEA (Stellingwerff et
al., 2021), yet energy availability and menstrual function are rarely assessed in these states.

The hypothalamic-pituitary-adrenal (HPA) axis is well studied in under recovered and
high stress states but not the hypothalamic-pituitary-gonadal (HPG) axis, even though the axes
appear to be intertwined. Moreover, most of the evidence of the dynamic interactions of the
HPA and HPG come from animal studies (Zavala et al., 2020). Nonetheless, data indicates that
physiological and psychosocial stressors can disrupt the GnRH pulse generator. Glucocorticoids
released during a stress response may inhibit the LH surge. In rats that were physically
restrained, the LH surge was blocked in over half of the mice and resulted in decreased
ovulation rates (Phumsatitpong et al., 2021). Saketos et al. (1993) demonstrated in human
females that cortisol can slow LH pulse frequency through GnRH disruption, indicating a role of
cortisol in menstrual disturbances (Saketos et al., 1993). Furthermore, high levels of cortisol
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have been associated with amenorrhea in athletes (Ding et al., 2020). Therefore, future
research is indicated to examine the relationship between cortisol and stress-recovery states
with energy availability across the menstrual cycle.

Exercise stress and recovery should be measured objectively as well as subjectively.
Algorithms can estimate exercise stress based off heart rate or power. Training Peaks is an
online platform that allows exercise to be synced from various devices and apps and calculates
a training stress score (TSS) for each exercise session. TSS is an estimate of the training load
based off intensity and duration and a higher TSS has been shown to be associated with a
higher rate of perceived exertion (RPE) (Alfonso & Capdevila, 2022). Furthermore, TSS can be
used to determine how much recovery may be needed after an exercise session and has also
demonstrated a strong dose-response relationship for changes in aerobic fitness (Sanders et
al., 2017).

However, external training load alone is not sufficient to determine stress and recovery
due to athletes’ individualistic response to training loads. Exercise is an energy-demanding
activity; therefore, it is imperative to maintain a balanced stress-recovery state for optimal health
and performance. Surveys are a noninvasive diagnostic tool to identify the athlete’s stress-
recovery state (Kadlling et al., 2015) and can investigate if an athlete is getting proper recovery
from stress, which could be from exercise or other life-stressors (e.g., family, work). Validated
surveys such as the Acute Recovery and Stress Scale (ARSS) use a multidimensional
approach by assessing the current stress-recovery state at an emotional, mental, physical, and
overall level (Kellmann & Kolling, 2019). The ARSS assesses acute recovery and stress in
athletes and identifies how the athlete is feeling that day, making it useful to identify the general

trend of an athletes recovery and stress (Kolling et al., 2015, 2020).
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Energy availability is influenced by energy intake, EEE, and FFM. However, less is
known about secondary factors such as stress and recovery that may influence the relationship
between energy availability and hormones across the menstrual cycle. Therefore, the purpose
of this study was to examine stress and recovery across the menstrual cycle and to determine if
stress and recovery moderate the relationship between energy availability and estrogen and
progesterone. Our hypothesis was that energy availability will predict menstrual cycle hormone
concentrations, but this relationship will be stronger with increased recovery and decreased
stress scores.

Methods
Study Design

This longitudinal study took place across one menstrual cycle. Participants were
required to attend seven in person visits at the Exercise Endocrinology Laboratory at the
University of North Carolina at Greensboro (UNCG).

The baseline visit occurred prior to the participant’'s expected start date of their
menstrual cycle. Participants were (1) consented, (2) received instructions on how to collect
saliva and the vials for the first week, and (3) set up a Training Peaks (TP) account with
instructions on how to record exercise. The TP account was also used as a study calendar (i.e.,
which days to record energy intake, ovulation testing), to track the menstrual cycle, and to
annotate any major changes in a normal routine (i.e., illness, life or social stressor). If any major
routine changes occurred, the participant was instructed to contact the researchers and a
determination would be made to end, pause, or continue with the study.

At Home Measurements. At home measurements were assessed throughout one
menstrual cycle that included saliva collection, at home ovulation testing, tracking of exercise,
and recording energy intake. Saliva was collected every day to measure estrogen and
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progesterone. Menstrual function was recorded throughout the cycle. Additionally, at home
ovulation tests were done during the prescribed days (Table 5.1). Energy intake was recorded
twice across the cycle for seven days each time and the timepoints are described below.
Exercise was not prescribed, and participants were encouraged to continue their normal
exercise routine. Therefore, exercise was conducted at the participant’s discretion and recorded
with an app and a heart rate monitor. Energy availability was calculated for each day energy
intake was recorded in T1 and T2. The ARSS was sent via WhatsApp at the last day of each
timepoint.

Table 5.1. Ovulation Testing Days Based on MC Length

MC Length Testing Days
21-23 5-18
23-28 7-20
29-35 8-25
36-50 8-30

Timepoints. Two timepoints (i.e., timepoint 1 (T1) and timepoint 2 (T2)) assessed
energy availability and its components and included two laboratory visits. Participants were
required to fast for 12 hours prior to both visits and all visits occurred as close to waking as
possible which took place between 0500-1000. Each visit marked the first day of the timepoint.
T1 started in the follicular phase between D2-4 when estrogen and progesterone should be low,
with estrogen starting to increase at the end of T1 while T2 started between D5-8 post ovulation
when estrogen and progesterone should be high (Figure 5.2). Each visit (T1 and T2) consisted
of ARSS, RHR, blood pressure, resting metabolic rate (RMR) and dual energy x-ray
absorptiometry (DXA) assessments. Additionally, serum was collected at the T2 visit. At home
ovulation tests determined the start of T2 (i.e., D5-8 post ovulation). If ovulation did not occur
based on our criterion time frame (Table 5.1), the cycle was considered anovulatory and T2

measurements occurred no later than two days after the final ovulation test. Energy intake was
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recorded for 7 days during each timepoint, starting the day of the laboratory visit unless an
anovulatory cycle or late ovulation occurred, then energy intake recording started prior to the
visit. Energy availability was calculated for each day energy intake was recorded in T1 and T2.
Figure 5.1. Research Study Design
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Note. This protocol is based off a 28-day cycle with ovulation occurring at D14. Collection days
were adjusted per menstrual cycle and ovulation. Timepoint 1 (T1) started between D2-D4 in the follicular
phase; Timepoint 2 (T2) started between +D5-8. D1: day of onset of menses; +: post ovulation.

Figure 5.2. An Example of the Salivary Estrogen and Progesterone Profiles Across a Single
Menstrual Cycle for One Participant
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Note. Progesterone AUC: T1, 325.97; T2, 853.44. Progesterone mean: T1, 52.82; T2, 142.19.
Estrogen AUC: T1, 3.19; T2, 4.56. Estrogen mean: T1, 0.54; T2, 0.76. Cycle days are centered on day of
ovulation (day=0). Blue lines indicate start and end of each timepoint. T1, Timepoint 1, Day 4-10 (day -9
to -3 pre ovulation on graph); T2, Timepoint 2, Day 6-12 post ovulation. Values are presented as pg/mL.
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Study Procedure

Participants. Participants were recruited from UNCG via word of mouth, emails, and
flyers. This study was approved by the Institutional Review Board and all subjects provided
written informed consent prior to enrollment in the study. Screening procedures consisted of a
modified American College of Sports Medicine (ACSM) Exercise is Medicine Health History
Questionnaire and questions regarding menstrual cycle, exercise, and medical health history.
Inclusion criteria were as follows: (1) have a menstrual cycle between 21-50 days, (2) age 18-35
years, (3) a minimum of 2.5 hours of exercise per week (approximately 30-45 min per day or
more) and must be a habitual exerciser for at least 6 months, (4) have no history of metabolic or
cardiovascular diseases, eating disorders, or polycystic ovary syndrome (PCOS), (5) not take
any hormonal contraceptives for 3 months prior to the start of the study or take any medications
that would alter the metabolic or reproductive hormones (e.g. anxiety, depression, stimulants),
(6) must not currently be using tobacco products (e.g. smoking, vaping), (7) not be actively
dieting to lose weight, (8) are not or do not plan to become pregnant during the duration of the
study and (9) have no internal metal (e.g. hip replacement, fixation of the spine).
Menstrual Cycle Characteristics

A menstrual cycle was defined as the first day of menses (Day 1) until the day prior to
onset of the next menses. For this study, the follicular phase was defined as D1 through the day
of the LH surge (i.e., indicating ovulation) regardless of length and T1 was measured during the
follicular phase. The luteal phase is the day after the LH surge until the day before the onset of
menses regardless of length. Luteal phase days are referred to as days post ovulation but if
ovulation did not occur, phases could not be determined. T2 was expected to be measured in
the luteal phase based off the at home ovulation tests but ovulation could not be confirmed in all
participants.
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Participants verified having consistent menstrual cycles every 21-50 days or were asked
to track one menstrual cycle prior to starting the study. The menstrual cycle length 21-50 days
was selected because even though a ‘normal’ menstrual cycle is between 21-35 days, it is also
considered normal for menses to fluctuate up to a cycle length of 45 days for the first few years
after menarche (Klein et al., 2019). Additionally, this allowed participants with potentially
subclinical menstrual dysfunction to participate. Menses was logged into Training Peaks while
menstrual cycle function and history was assessed once with the Low Energy Availability in
Females Questionnaire (LEAF-Q) (Melin et al., 2014) prior to the first visit. Participants were
instructed to contact the research team on the first day of menses to schedule subsequent
Visits.

Menstrual Cycle Classification

Ovulation testing days were adjusted based on the length of the previous self-reported
menstrual cycle (Table 5.1). Ovulation testing days were selected as the highest probability of
ovulation occurring within that menstrual cycle length (Soumpasis et al., 2020). Participants
texted a daily picture of each ovulation test to the research team via WhatsApp and continued
testing daily until the research team confirmed a positive ovulation or the number of testing days
had been reached. If the participant failed to text a picture for two days, the research team
contacted the participant. At home ovulation testing has proven to be accurate but ovulation was
also confirmed by serum progesterone post study. Failure to receive a positive ovulation test
and either a serum progesterone > 3.0ng/mL (American Society for Reproductive Medicine and
the Society for Reproductive Endocrinology and Infertility, 2021) or an increase of salivary
progesterone that was 2 SD above the mean of progesterone post ovulation (Ellison, 1988),
resulted in the cycle being classified as anovulatory. A luteal phase deficit (LPD) was defined by
< 10 days post ovulation to the start of the next menses (De Souza et al., 1998b).
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Anthropometrics

Nude body mass was measured to the nearest 0.1 kg on a digital scale (WB-800S Plus;
Tanita Corporation, Tokyo, Japan) at each visit while height was measured by a wall mounted
stadiometer (Model216; Seca, Chio, CA) to the nearest 0.5 cm at the beginning of the study.
Body mass was also calculated via the DXA analyses. Body mass index (BMI) was calculated
as weight divided by height squared (kg/m?).

Body Composition (DXA)

Dual-energy X-ray absorptiometry (DXA) (Lunar Prodigy Advance, GE Healthcare,
Madison, Wisconsin) was utilized to determine whole-body composition by a certified operator.
Participants were fasted for a minimum of 2 hours prior to the visit and a pregnancy test was
administered prior to the scan to confirm that the participant was not pregnant. Each participant
wore a gown and removed all metal before the scan, which was performed twice in one
menstrual cycle (C2) (i.e., T1, T2) to determine if body composition changed across the
menstrual cycle. The DXA scanner has a <1% coefficient of variation for body composition
measurements. Body composition was calculated using enCORE 2011 software (version 13.60)
by one researcher.

Energy Availability

Energy availability describes the amount of energy available for metabolic functions after
exercise energy expenditure (EEE) is subtracted from energy intake, and is expressed relative
to fat-free mass (FFM) (Loucks et al., 1998).

Energy availability = [Energy intake (kcal) — EEE (kcal)]/ FFM (kg)

Although there is widely accepted threshold for energy availability, the recommendation
for adequate energy availability is = 45 kcal/kg FFM/day whereas < 30 kcal/kg FFM/day and has
been recommended as the threshold for low energy availability.
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Energy availability was calculated for 7 consecutive days during T1 and T2 during C2.
The average FFM from T1 and T2 from the DXA analysis was used. Energy intake and exercise
energy expenditure collection procedures are listed below.
Energy Intake

Energy intake was assessed for seven days at two timepoints (i.e., T1, T2) across one
menstrual cycle. Due to subject burden and to increase compliance, only two timepoints were
assessed and seven days was chosen to best evaluate the association of energy intake and
exercise. Energy intake was self-logged in MyFitnessPal and began the day of each follicular
and luteal phase laboratory visit, whenever possible. If the participant was anovulatory or had a
late ovulation, energy intake was recorded prior to the T2 visit to allow the full seven days to be
logged. Participants received detailed instructions from the researcher on how to log all food
and beverages as well as a handout with portion sizes. The same researcher also confirmed
MyFitnessPal entries at the next visit to ensure accuracy. MyFitnessPal is a validated
smartphone app with reliable dietary analysis (Evenepoel, Clevers, Deroover, Loo, et al., 2020;
Evenepoel, Clevers, Deroover, Matthys, et al., 2020; Teixeira et al., 2018). Total energy intake
and macronutrient composition were calculated.
Physical Activity

Wrist-worn actigraphy (ActiGraph GT9X Link) assessed total daily activity for 7 days,
starting the day of the T1 visit. Participants were instructed to continuously wear the
accelerometer on their nondominant wrist, except for activities that involved water (i.e.,
swimming, showering). Accelerometers were programmed and downloaded using Actigraph
software. The raw data analyses were performed with R- package GGIR (Hees et al., 2013) that
was expressed in gravitational equivalent units called milli-gravity (mg, where 1000mg = 1g =
9.81 m/s?). To be included in the analyses, participants needed four days that included a
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minimum of 16 hours each day. Currently, there are no criterion for categorizing total physical
activity (i.e., low, high) when calculating the physical activity with raw data. Therefore, the raw
data is used to assess total physical activity, with higher values indicating higher physical
activity.

Exercise

Participants were given a Polar H10 heart rate monitor (Polar H10 Heart Rate Sensor;
Polar Electro Inc., Bethpage, NY) to wear during all purposeful exercise greater than 10 minutes
in duration. Purposeful exercise can include activities such as jogging, strength training, etc. but
not daily living activities such as house cleaning. The heart rate monitor was linked to a
recording device of the participants choice (e.g., Polar Beat, Garmin, Apple) that automatically
uploaded data to the Training Peaks (TP) app. Ratings of perceived exertion (RPE) was
recorded using a built-in function of TP that utilized a modified sliding scale of 0-10 for each
exercise session.

Calculation of exercise energy expenditure used training heart rate divided into 7 heart
rate zones equally distributed between resting heart rate (RHR) and maximum heart rate. For
each heart rate zone, the metabolic equivalent (MET) was calculated using the heart rate index
method (6*(HRabsolute/HRmr)-5). This method has been validated and shown to be an accurate
measure of VO at different intensities (KANG et al., 2020; Wicks et al., 2011; Wicks & Oldridge,
2016). A MET is approximately equal to a resting value of 3.5 ml/kg/min but this varies by
participant and females typically have lower values (Byrne et al., 2005). Therefore, corrected
METSs were calculated using the measured resting VO, (MET * 3.5ml/kg/min / resting VO-
ml/kg/min). Kilocalories from exercise were quantified using the corrected METs multiplied by

exercise duration (min) and weight (kg). MET values contain resting values, therefore measured
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resting energy expenditure (kilocalories/min) were subtracted from the exercise kilocalories to
obtain the correct exercise energy expenditure (Reed et al., 2015).

If heart rate was not recorded, the participant logged a description of the activity,
duration, intensity, and RPE in training peaks which was used to determine the appropriate
METSs with the compendiums of physical activities (Ainsworth et al., 2011). Corrected METs
were calculated prior to calculating kilocalories as described above by the same researcher.

TP software calculated training stress score (TSS), an estimate of the training load based off
intensity and duration that is commonly used to determine how much recovery may be needed
after an exercise session. TSS is calculated off exercise heart rate. (TrainingPeaks, n.d.).
Acute Recovery and Stress Scale (ARSS)

The Acute Recovery and Stress Scale (ARSS) assessed the current recovery-stress
state of an athlete at an emotional, mental, and physical level (Appendix C). Subscales of
performance capability, mental performance capability, emotional balance assessed recovery
while stress subscales consisted of muscular stress, lack of activation, negative emotional state,
and overall stress and descriptives of each subscale are listed in Table 5.2. The subscales in
both stress and recovery were added together to assess total stress and total recovery
(Kellmann & Kolling, 2019). The stress-recovery state was calculated by subtracting recovery
from stress, with 0 indicating a balanced relationship, a negative number indicating higher stress
than recovery, and a positive number indicating a higher recovery than stress state. The ARSS
survey was administered as an electronic survey via Qualtrics using a Likert scale ranging from
zero (does not apply at all) to six (fully applies). Each subscale is comprised of four questions
with a maximum score of 24 for each subscale. ARSS has a Cronbach’s a that ranges between
.77-.88 (Kellmann & Kolling, 2019). The ARSS was taken on the first and last day of T1 and T2
in one menstrual cycle. The survey was administered during the laboratory visit at the beginning
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of each timepoint and the participant was sent a link to the survey via WhatsApp the morning of

the last day of T1 and T2.

Table 5.2. Overview of ARSS Subscales Adjectives

Subscale Descriptive

Recovery
Physical Performance Capability = Strong, energetic, physically capable, full of power
Mental Performance Capability Attentive, receptive, concentrated, mentally alert

Emotional Balance In a good mood, have everything under control, stable, pleased
Overall Recovery Recovered, rested, muscle relaxation, physically relaxed
Stress
Muscular Stress Muscle exhaustion, muscle fatigue, muscle stiffness, muscle soreness
Lack of Activation (Motivation) Unmotivated, sluggish, unenthusiastic, lacking energy
Negative Emotional State Feeling down, short-tempered, stressed, annoyed
Overall Stress Tired, worn-out, overloaded, physically exhausted
Hormones

Blood Collection and Preparation. Participants reported to the UNCG Exercise
Endocrinology Laboratory between the hours of 0500-1000 for one visit during the following
ranges: D2-4, D9-11, and two consecutive days between D5-8 post ovulation then again
between D5-8 post ovulation (i.e., T2) in the other menstrual cycle for a total of 5 blood
samples. Participants were instructed to be fasted for 8 hours prior to arrival. Approximately
10mL of blood was collected in a serum blood collection tube. Blood samples were allowed to
clot for 20 min at room temperature then centrifuged at 3000 rpm for 15 min at 4°C. The serum
samples were aliquoted into multiple 2 mL polyethylene storage tubes and frozen at -80°C.

Saliva Collection and Preparation. Saliva collection was chosen to measure the daily
hormonal profile for one menstrual cycle to reduce invasiveness and increase participant
compliance. Measurements of E2 and progesterone in saliva have a strong correlation with
serum concentrations in premenopausal women and additionally are stable at room temperature
for a few days and at -20°C long-term (Bellem et al., 2011). Serum was collected to confirm the

correlation between saliva and serum.
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Saliva was collected every day via passive drool using polyethylene storage tubes with
straws supplied to the participant by the investigator. Participants were instructed to collect their
saliva immediately after waking and to refrain from brushing teeth, eating, or drinking until the
sample is collected. Participants stored saliva samples in a home freezer (-20°C) until they were
returned to the research team at every visit, then the samples were stored at -80°C. Saliva
samples were thawed at room temperature and then centrifuged at 13,000 rpm for 15 minutes
prior to assay.

Serum and Saliva Measurements. Estrogen (17-B estradiol) and progesterone were
guantified in serum and saliva samples by enzyme immunoassay (Immuno-Biological
Laboratories, Minneapolis, MN (serum); Salimetrics, Carlsbad, CA (saliva)). All hormone
determinations were assayed in duplicate with all samples from a given participant on the same
assay whenever possible. The sensitivity of the serum and saliva E2 assays are < 1.399 pg/mL
and 0.1 pg/mL and the progesterone assays have a sensitivity of 0.045 ng/mL and 5 pg/mL,
respectively. Samples were reanalyzed if a coefficient of variation was > 25% for saliva and >
20% for serum. The intra-assay coefficients of variation for low and high controls were 9.6% and
3.3% (saliva progesterone), 3.1% and 5.9% (saliva estrogen), and 19.2% and 5.7% (serum
estrogen) respectively. Inter-assay coefficients of variation for low and high controls were 19.6%
and 34.2% (saliva progesterone), 13.5% and 16.6% (saliva estrogen), and 22.9% and 22.5%
(serum estrogen) respectively. Serum hormones were used to verify ovulation and salivary
hormones gave a hormonal profile for each menstrual cycle.

Statistical Analysis

Statistical analyses were conducted using SPSS Statistics 24 (IBM, Armonk, NY, USA)
and R Statistical Software (v2022.12.0; R Core Team 2021). Data was summarized as mean +
SD.
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A repeated measures analysis of variance (ANOVA) was performed to examine
differences between the ARSS stress and recovery scores at four timepoints (i.e., beginning
and end of T1 and T2). A Bonferroni post hoc testing was used to reveal where significant
differences occurred. To determine if the effects of energy availability on hormones would be
affected by stress and recovery, the PROCESS moderation (model 2) (Figure 5.3) was used
with a boot strapping technique and the Johnson-Neyman technique for continuous moderators
(A. F. Hayes, 2012). Two timepoints were assessed in one menstrual cycle that consisted of
seven days each time. T1 started between D2-4 while T2 started between D5-8 post ovulation.
Estrogen and progesterone were measured with area under the curve at each timepoint while
the average of energy availability was taken at each timepoint. Stress and recovery were
separate moderators in the same model, that was assessed with ARSS total stress and total
recovery scores from the survey given at the beginning of each timepoint. A separate model
was used for each hormone and each timepoint, for a total of 4 analyses.

Figure 5.3. PROCESS Model 2 with Stress and Recovery Scores as Moderators
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The above analysis was repeated with the PROCESS moderation (model 1) (Figure 5.4

and 5.5) that assessed the effect of stress as a single moderator on the energy availability and
hormone relationship. This time the stress moderator was TSS (Figure 5.4), a value of the
stress from the exercise training load. A third analysis was completed with the PROCESS

moderation (model 1) (Figure 5.5) stress-recovery state as the stress moderator. The stress-
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recovery state was calculated by subtracting recovery from the ARSS stress, with 0 indicating a
balanced relationship and a negative number indicating higher stress than recovery.

Figure 5.4. PROCESS Model 1 with TSS as the Moderator
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Figure 5.5. PROCESS Model 1 with the Stress-Recovery Score as the Moderator
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A secondary analysis further investigated the hormone and energy availability
relationship on a relationship that was discovered in Chapter 4. T1 hormones had a negative
relationship with T2 energy availability while controlling for T1 energy availability. Therefore,
stress and recovery moderators were added to this relationship to evaluate how stress and
recovery influenced this relationship (Figure 5.6). Total stress and recovery scores were still
used in Model 2. This relationship was also examined using PROCESS moderation model 1,
with TSS, stress-recovery state, and physical activity analyzed in separate models. Physical

activity was only included in this model as a moderator.
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Figure 5.6. PROCESS Model 2 with Stress and Recovery Scores as Moderators
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Results

Demographic and Reproductive Characteristics

The demographic and reproductive characteristics are shown in Table 5.3. Twenty-one
participants completed the study but due to one participant having low compliance with
collecting saliva, only 20 participants are used for analyses. Participants identified themselves
as Caucasian (43%), Hispanic (19%), African-American (33%), and an unlisted race (5%).
Weight, BMI, body fat %, or fat free mass did not change across the cycle (p > .05) therefore the
average was taken and presented in Table 5.3.

Table 5.3. Demographic and Reproductive Characteristics

n=21
Age (years) 21+3
Height (cm) 163.2+4.5
Weight (kg) 63.22+11.4
BMI (kg/m?) 23.8+4.0
Body fat (%) 30.0+8.9
Fat free mass (kg) 43.4+5.8
Physical activity (mg/d) 40.8 + 14.7
Age of menarche (years) 11+1
Gynecological age (years) 9+3
Menstrual cycle length (d) 29.6+34

Values are mean + SD.

All participants were nulliparous and underwent menarche prior to 15 years of age.
Three out of 21 cycles were categorized as anovulatory (14%) while 18 menstrual cycles were

confirmed as ovulatory (86%). No cycles were classified as LPD within this menstrual cycle.
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Physical activity was expressed in gravitational equivalent units called milli-gravity (mg, where
1000mg = 1g = 9.81 m/s?) and is a different measurement than the traditional counts and
therefore cannot be directly compared. Research is lacking using this method with physically
active females with most of it focusing on children and older adults, but for reference, research
that used the same age group of females (average age 22 years) of sedentary females
averaged 32.4 mg/d of physical activity (Acosta et al., 2019).

Energy Availability and Hormone Characteristics

Energy availability measures were obtained during a single menstrual cycle only and at
two timepoints throughout that cycle and are summarized in Table 5.4. The first measure was
timepoint 1 (T1) that started between D2-4 after the start of the menstrual cycle, when estrogen
and progesterone are low (early follicular phase). The second timepoint (T2) started between
D5-8 post ovulation. T2 should be capturing the luteal estrogen and progesterone peak.
However, the start of T2 was based off at home ovulation tests and serum hormones could not
confirm all participants met criterion measures. Thus, although T1 is definitively representative
of the follicular phase, T2 did not always definitively represent the luteal phase and T1 and T2
will be used instead of follicular phase and luteal phase.

No changes between timepoint were significant for energy availability, energy intake, or
exercise (p>.05). Progesterone AUC, progesterone range, and estrogen AUC was higher as
expected in T2 compared to T1 (p=.001, p=.027. p=.003). Most participants (71%; 15/21) were
in a reduced energy availability state, with 19% (4/21) classified as low energy availability (< 30
kcal/kg FFM) while only 10% (2/21) were above the recommended 45 kcal/kg FFM. Only one
participant with menstrual dysfunction was classified as low energy availability.

Participants completed ~3 hours of exercise per week, slightly exceeding the 2.5 hours
ACSM recommendations for exercise. Strength training was the primary mode of physical
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activity for most of the participants (81%). Other activities included running (57%), yoga (29%),
indoor cycling (31%), soccer (19%), Zumba (14%), and dance (10%). Compared to previous
research that investigated active eumenorrheic females with similar energy availability (~36
kcal’lkg FFM/d) (Reed et al., 2011), our participants expended less energy during exercise (156
kcal, compared to 296 kcal). TSS is a training load index based off heart rate and duration and
is correlated with RPE. Although there is no literature investigating TSS in physically active
females, female pro cyclists averaged 224 TSS in a 3-hour road race (Sanders et al., 2019).
Recreational male cyclists that trained at least 10 hours per week averaged 766 TSS per week
(Woods et al., 2018) which is significantly higher than our population, who averaged 174 TSS
with 3 hours of exercise per week. Higher RPE was associated with higher TSSin T1 (r = .42, p
=.002) and T2 (r = .31, p = .042) as expected.

Table 5.4. Energy Availability and Salivary Hormone Characteristics at T1 and T2 Across One
Menstrual Cycle

T1 T2 p Mean
EA (kcal/kg/FFM/d) 35.8+115 35875 .993 35.8+8.8
Energy Intake (kcal/d) 1682.6 £ 390.3 1667.6 £ 179.8 .855 1675.1 £ 240.1
Carbohydrate (% kcal/d) 45.0+ 6.2 448+ 7.2 .849 449 +6.2
Fat (% kcal/d) 38.5+6.6 36.3+7.5 .281 374+54
Protein (% kcal/d) 174 +43 16.7 £ 5.7 430 17.0x 4.7
Protein (g/kg/d) 12+05 1.1+.37 .860 12+04
Exercise duration (hour/week) 3.2+1.8 25+19 .190 29+14
EEE (kcal/d) 168.9 + 142.1 143 +152.0 .255 156.0 + 138.3
Total TSS 180 £122.5 167.4 +137.7 .693 173.7 £108.7
Progesterone AUC 1197.4 £ 932.0 1765.17 £ 1033.9 .001
Progesterone range 154.3+ 1094 226.8 £ 136.4 027
Progesterone minimum 128.4 £ 122.8 180.9 £ 137.1 .094
Progesterone maximum 282.7+£174.1 407.7 £223.0 .001
Estrogen AUC 8.3+4.4 10.5+4.2 .003
Estrogen range .8+.6 1.0+.7 176
Estrogen minimum 10x.6 12+ 5 .017
Estrogen maximum 1.8+.8 22+ .9 .004

Values are mean + SD. d, day; EA, energy availability; EEE, exercise energy expenditure; TSS, exercise training
stress score. *all hormones are presented as pg/mL, n=20. All other values are n=21.

136



Acute Recovery and Stress Scale

The ARSS survey was administered at 4 timepoints across one menstrual cycle. Each
survey was administered at the start and end of T1 and T2. The results are presented in Table
5.5. Arepeated measures ANOVA revealed that the stress subscale, negative emotional state,
was lower in T1a and T2a compared to T2b (p = .000). Total stress scores were significant (p =
.032) across the cycle but a post-hoc analysis revealed no difference between timepoints. Total
recovery remained constant across the cycle (p > .05) (Figure 5.7). The other stress and
recovery subscales remained constant across the cycle. The stress-recovery state indicated
participants were consistently in a low stress, high recovery state for one menstrual cycle.

Table 5.5. ARSS Results over 4 Timepoints Across a Menstrual Cycle

Subscale T1 (start) T1 (end) T2 (start) T2 (end) p
Recovery

Physical Performance Capability 13.5+6.2 149143 13.6 £6.3 129+ 6.1 402
Mental Performance Capability 159154 16.7 £ 3.5 156 £ 5.6 156.2+51 .606
Emotional Balance 145+5.3 16.2+ 3.9 15.8+5.6 148147 .552
Overall Recovery 13.8+54 14.0+4.3 14.1+51 13.7+4.7 .992
Total Recovery 58.7+20.8 618+124 59.1+209 56.6+18.7 .637
Stress

Muscular Stress 44 +3.2 55148 46+4.4 74+56 .073
Lack of Activation (Motivation) 7.3+5.0 6.7+4.5 6.4+5.8 8.3+5.2 460
Negative Emotional State 4.5+ 3.5* 57148 4.3+4.2 7.8+4.6 .000
Overall Stress 9.0+6.1 9.2+46 8959 104 5.5 573
Total Stress 251+150 271+153 243+16.1 339+17.0 .032
Stress-Recovery State 33.6+33.5 34.7+240 327+321 227+322 228

Values are mean + SD. Stress-recovery state, - indicates higher stress than recovery. * Timepoints significantly
different from T2(end), p<.05. n=19. See Table 5.2 for descriptions of the subscales. A total score of 24 was possible
in each subscale and a possible score of 96 for total recovery and stress. The higher the value on the scale, the
higher is the current recovery or stress state in that area with the exception of the stress-recovery state where a
positive value indicates a higher recovery rate while a negative value indicates a higher stress state.
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Figure 5.7. Box and Whisker Plot Depicting Total Recovery and Stress Scores Across One
Menstrual Cycle
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Influence of Stress and Recovery on Energy Availability, Estrogen, and Progesterone

A Pearson correlation was used to determine if there was any association between
energy availability, progesterone, and estrogen with the stress and recovery score (Table 5.6
and 5.7). Total stress scores were inversely associated with estrogen (r = -.521, p=.018) and
progesterone AUC (r = -.478, p=.033) in T1 but not T2, indicating that at the beginning of the
cycle, when total stress was high, estrogen and progesterone AUC was low. Yet total recovery
scores were not correlated with either hormone. TSS (i.e., exercise training stress) was not
correlated with any ARSS subscales. No other significant correlations were found (p>.05),
suggesting that there are not linear relationships between energy availability, estrogen, and

progesterone with stress and recovery scores within a timepoint, except for total stress with

progesterone and estrogen in T1.
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Table 5.6. Correlations of Energy Availability, Salivary Hormones, and Stress and Recovery Scores
in T1

1 2 3 4 5 6 7
1. EA 1.00
2. Progesterone AUC 0.21 1.00
3. Estrogen AUC 0.03 T4 1.00
4. Total Recovery Score -0.19 0.20 0.30 1.00
5. Total Stress Score -0.01 -.48* -.52* - 71x* 1.00
6. Stress-recovery state -0.11 0.34 0.42 .95** -.90** 1.00
7.TSS -0.28 0.14 0.10 0.02 0.00 0.01 1.00
N 21 20 20 21 21 21 21

*, p<.05; **, p<.01; EA, energy availability; AUC, area under the curve; TSS, exercise training stress score

Table 5.7. Correlations of Energy Availability, Salivary Hormones, and Stress and Recovery Scores
in T2

1 2 3 4 5 6 7
1. EA 1.00
2. Progesterone AUC -0.13 1.00
3. Estrogen AUC -0.25 A49* 1.00
4. Total Recovery Score -0.10 0.13 -0.02 1.00
5. Total Stress Score 0.19 -0.17 -0.16 -.44* 1.00
6. Stress-recovery state -0.16 0.17 0.07 87** -.82%* 1.00
7.TSS -0.32 -0.17 -0.24 -0.01 -0.13 0.06 1.00
N 21 20 20 21 21 21 21

*, p<.05; **, p<.01; EA, energy availability; AUC, area under the curve; TSS, exercise training stress score

A moderation model was used to assess if stress and recovery affected the relationship
between energy availability and estrogen and progesterone. A separate model was used for
each hormone (AUC) and timepoint. The ARSS total stress and recovery scores at the
beginning of each timepoint were used as the moderators. No models were significantly
different from zero and no significant interactions with stress or recovery were noted at T1 or T2
with either hormone (p >.05). This indicates that within a timepoint, there is not a direct
relationship between energy availability and hormones and stress and recovery do not
moderate this relationship. No direct relationships or interactions were significantly different from
zero (p > .05) when Model 1 was used with either TSS or the stress-recovery state as
moderators.

A previous analyses (Chapter 4) revealed there was a negative relationship with T1

hormones with T2 energy availability, while controlling for T1 energy availability. Therefore, this
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analysis was rerun using that model to determine if stress and recovery changed the
relationship. Total stress and recovery scores were utilized in a Process 2 model then the
stress-recovery scores, TSS, and physical activity were used in a Process 1 model. No
significant interactions emerged in any model (p >.05), indicating that TSS, stress and recovery,
and physical activity do not moderate the relationship between hormones and energy
availability.

Discussion

This study explored the relationship of energy availability with estrogen and
progesterone and the influence of stress and recovery on that relationship across the menstrual
cycle. Total stress and a negative emotional state were highest towards the end of the
menstrual cycle while recovery remained constant. The stress-recovery state indicated a steady
higher recovery and lower stress state across the cycle. Energy availability did not change
across the cycle while estrogen and progesterone were increased post ovulation. Total stress
was negatively associated with estrogen and progesterone in T1 was the only relationship that
emerged within a timepoint when stress, recovery, energy availability, and hormones were
assessed. Stress and recovery did not moderate the relationship with energy availability within
or across timepoints.

We hypothesized that energy availability would predict estrogen and progesterone
hormone concentrations and this relationship would be stronger with increased recovery and
decreased stress scores and this hypothesis is rejected. Energy availability did not predict either
hormone at T1 or T2 and the relationship was not changed by recovery and stress scores.
When the association of T1 hormones were assessed with T2 energy availability while adjusting
for T1 energy availability, the previous direct relationships emerged but stress and recovery did
not moderate the relationship with either hormone. There were no correlations between stress,
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recovery, or the stress-recovery state with energy availability and the AUC of estrogen or
progesterone within a timepoint except for T1 total stress with T1 hormones, which explains the
lack of influence on the energy availability and hormone relationship. Stress was expected to
affect the relationship with energy availability and hormones due to previous literature indicating
stress can affect hormones across the menstrual cycle (Zavala et al., 2020) and under-
recovered states have been associated with menstrual dysfunction (Schaal et al., 2021). Yet,
exactly how the relationship between energy availability and hormones are influenced by stress
and recovery was unknown.

A relationship may exist between energy availability, hormones, and stress and recovery
states but the participants in this study may not have performed a high enough training load or
had a low enough reduced energy availability state to be affected by stress and recovery.
Participants in this study were primarily in a reduced energy availability state, but a relationship
may become ‘visible’ when females in a low energy availability state are examined. Also, the
ARSS was designed to assess stress and recovery in athletes but has primarily been validated
in elite athletes. Our participants exercised on average between 2-3 hours per week and the
ARSS might not have been sensitive enough to detect changes in this population due to our
population of physically active females occurring less training stress than elite athletes. In
addition, the training load (TSS) was not associated with any of the ARSS scores. This be
partially due to the average TSS for the week was used for analysis while investigating the TSS
and ARSS survey on the same day might be more relevant. However, participants exercised at
their discretion and did not always exercise the same day the ARSS was administered. When
the ARSS was administered at the morning of the T1 visit, no exercise had occurred prior to the
visit. The training load may not have been large enough to affect stress and recovery scores,
with the participants staying in a recovered state for the duration of the study. Furthermore,
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participants in this study exercised an average of 3 hours per week and may not have had a
high enough intensity or volume to produce a significant response for stress and recovery.
Without any previous research to compare to, further research with low energy availability is
needed in females that are considered physically active. Collecting data on this specific group
(LEA physically active) may require utilization of females that are training for competitions, or
specifically doing endurance activities, where high volumes of training are required even for
relatively recreational levels of athletes. Previous research investigated 35 recreational athletes
(18 male/ 17 female) with an average age of 48 that exercised at least three times a week.
Participants were given the ARSS 10 weeks apart in an observation study and no changes in
any stress or recovery subscales were noted (McGuigan et al., 2022). However, the participants
subscale scores appear to be higher than our population. For example, the pre scores for
overall stress and overall recovery were 16.6 and 13.5 respectively, while our participants had
total scores of 13.8 and 9.0 at the start of the study. A maximum score of 24 is allowed for each
subscale. Age or exercise hours per week could be a factor for the increased scores in the
previous study. Participants were twice the age of our participants and exercised an average of
six hours per week and both age and exercise volume could influence stress and recovery—
individuals in this higher age range were likely to have significant ‘life stress’ (i.e., demanding
careers, children, household duties), in addition to exercise stress, which could contribute to the
higher stress scores. In addition, these older individuals were likely to have years of experience
balancing recovery with exercise and likely had a more ‘seasoned’ approach to recovery,
accounting for their higher recovery scores as well. The ARSS was given to male and female
athletes that ranged from recreational to international level athletes one time (Kdlling et al.,
2020). The mean score per subscales were used, not the total score as previously reported
here, where a maximum score of six is possible. Mean scores for overall stress (2.4 vs 2.2) and
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recovery (3.5 vs 3.5) were similar to our results. Albeit it is difficult to directly compare due to
only 9% of that population being classified as recreational athletes, but it shows that our stress
and recovery scores are comparable to other athletes.

Even though no direct relationships were discovered, the participants negative emotional
state (i.e., feeling down, stressed, annoyed, short-tempered) changed across the cycle while all
other stress and recovery subscales remained constant. Negative emotional state scores were
highest towards the end of the menstrual cycle, which is the part of the cycle that is associated
with premenstrual syndrome (PMS). PMS is characterized by emotional, physical, and
behavioral symptoms that occur during the luteal phase and stops within a few days of the onset
of menses (Yesildere Saglam & Orsal, 2020). When assessing eumenorrheic and
oligomenorrheic women, a previous study showed that both groups had an increased negative
mood state in the later luteal phase compared to midluteal that was associated with PMS
(Cockerill et al., 1992). The start of T2 would be considered midluteal when the ARSS was first
administered, then seven days later it was administered again which should have been late
luteal phase. Identifying PMS was outside of the scope of this study but the change in the
participants negative emotional state could be associated with PMS and warrants further
investigation.

No other stress and recovery subscales changed across the cycle and this corresponds
with a recent meta-analysis that indicated stress, muscle soreness, and fatigue did not change
from the early follicular to late luteal phase (Paludo et al., 2022). However, only 14 studies were
included in the meta-analysis with a variety of outcome variables (e.g., motivation to train,
mood, RPE) and five studies measured RPE as the only outcome. Furthermore, very few
studies confirmed menstrual phases with hormones (e.g., at home ovulation tests) and most
used the calendar counting method (e.g., luteal measurement at day 21) which does not
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account for variation in menstrual cycles and could potentially be assessing participants in
different phases of the menstrual cycle.
Limitations and Future Directions

Our measurements were assessed over one menstrual cycle, but it is recommended that
measurements should be repeated in an additional menstrual cycle. Due to the variation
between cycles, it is recommended to repeat the outcome measures in a second menstrual
cycle (Elliott-Sale et al., 2021) and a second cycle would confirm hormones, energy availability,
and stress and recovery values. A second menstrual cycle could potentially help determine if
the change in negative emotional state was due to the menstrual cycle or external stressors.
Our population consisted of undergraduate and graduate students that were started on a rolling
basis; therefore, participants began the study at different timepoints between the beginning of
the semester and mid-semester. Students typically experience higher academic demands at the
end of the semester (Pope & Harvey-Berino, 2013) and having some participants finish at the
middle of the semester versus the end of the semester when demands are higher could have a
potential effect on the results.

Assessing stress and recovery at only 4 timepoints may not be enough to effectively
capture the changes across the cycle. Daily ARSS surveys taken each day energy availability
was measured would allow for a more comprehensive view of the relationship and would allow
daily or every other day measures to be assessed between energy availability, hormones, and
stress and recovery. In active individuals, stress and recovery as well as energy availability
fluctuates daily based off training load and should be investigated with the daily variability of
hormones. In a study investigating stress and recovery in swimmers over 17 weeks, large
differences were found between swimmers despite that they followed the same training
protocol. Therefore the researcher recommended that individual evaluations as well as repeated
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measures should be used when assessing stress and recovery (Collette et al., 2018). This also
holds true with investigating the effect of physical activity on hormones and energy availability.
Physical activity and exercise are highly variable. In our study, exercise activities alone were
diverse with multiple participants participating in more than one type of exercise. Furthermore,
duration and intensity are not always the same for every exercise session and all these factors
can influence energy availability. Due to high daily variation of physical activity, exercise and
energy availability, a daily measurement of stress and recovery should be assessed.

Total stress scores were correlated with estrogen and progesterone in T1 but not T2. A
potential reason for this could be due to the variation in hormones in T2, where progesterone
and estrogen is higher than T1. Due to the large variation in menstrual cycles, individual
analyses should be conducted to further identify if an association exists with total stress and
hormones post ovulation.

Despite the limitations listed above, this study investigated stress, recovery, energy
availability, estrogen, and progesterone across the menstrual cycle. Most of the current
research focuses on cross sectional data while this longitudinal study investigated two seven-
day timepoints across the cycle. Each participant recorded 14 days of energy intake and
exercise (seven days at each timepoint) that allowed energy availability to be assessed across
the cycle. Exercise is not always consistent in intensity, duration, and number of sessions and
seven days allowed that variation to be captured, therefore giving an accurate average of
energy availability. Furthermore, stress and recovery were assessed at four timepoints across
the cycle that gave a comprehensive view of the stress-recovery state across the cycle.
Conclusion

In summary, stress and recovery do not moderate the relationship between hormones
and energy availability within a timepoint or across timepoints. A stress subscale, negative

145



emotional state, was significantly higher post ovulation towards the end of the cycle while
recovery and other stress scales remained constant. Further studies are needed to investigate
the relationships at more timepoints across the cycle to fully elucidate the variation of hormones,

energy availability, and stress and recovery across the menstrual cycle.
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CHAPTER VI: CONCLUDING REMARKS AND CONSIDERATIONS

General Comments

Each of these three aims were designed to provide information about the relationship
between energy availability and sex steroid hormones, estrogen, and progesterone across the
menstrual cycle. Aim 1 looked at the overall relationship of energy availability and hormones,
Aim 2 focused on the relationship at different timepoints across the menstrual cycle, and Aim 3
investigated how stress and recovery influenced the energy availability and hormone
relationship. It is clear from our findings that the menstrual cycle is a complex system with large
intra- and inter-individual variation that makes defining the relationship among energy
availability and hormones challenging. However, initial evidence suggests that estrogen,
progesterone, and the estrogen progesterone product at the beginning of the cycle may
influence energy availability post ovulation while the mechanism of this relationship is unclear.

Aim 1 looked at the overall relationship of energy availability and hormones. Participants
were primarily in a reduced energy availability state. This finding alone is worrisome, indicating
that physically active females are not properly balancing exercise and energy intake. While
participants did not follow the typical patterns associated with low energy availability, when the
six participants that experienced menstrual dysfunction were removed from the analysis, some
of the expected patterns emerged. This highlights and emphasizes the importance of evaluating
menstrual function when researching the menstrual cycle and separating eumenorrheic females
from females with menstrual dysfunction during analysis.

Aim 2 investigated the transactional relationship of energy availability and hormones at
different timepoints across the cycle. A cross-lagged analyses found that estrogen,
progesterone, and the estrogen progesterone product at the beginning of the cycle had a

negative relationship with energy availability post ovulation, indicating that lower hormone levels
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resulted in higher energy availability post ovulation. Yet the expected relationship of energy
availability influencing hormones did not occur. This novel use of cross-lagged analysis in
hormone research warrants further investigation into how hormones affect energy availability
and the components of energy availability (e.g., exercise energy expenditure, energy intake).

Aim 3 evaluated the influence of stress and recovery on the relationship between energy
availability and hormones. Feelings of negative emotional balance (e.g., feeling down, stressed,
annoyed, short-tempered) were highest at the end of the menstrual cycle. Total stress scores
from the ARSS indicated that higher stress was associated with lower estrogen at the beginning
of the cycle. Yet stress and recovery did not influence the energy availability relationship within a
seven-day timepoint or at different timepoints across the menstrual cycle.
Rationale and Potential Impact

According to the Centers for Disease Control and Prevention (CDC), infertility effects
12% of women aged 15-44 years in the United States and has a large emotional (i.e., anxiety,
depression) and financial burden for women (Greil et al., 2011; Lai et al., 2021). Subclinical
menstrual dysfunction (i.e., anovulation, luteal phase defect (LPD)) account for 30% of infertility
(Hamilton-Fairley, 2003)—often occurring when menstrual cycles appear normal. Furthermore,
exercising females are at a higher risk for menstrual dysfunction than sedentary women. For
instance, recreational female runners have a high prevalence of anovulation (79%), LPD (48%),
and decreased sex steroid hormones when compared to sedentary individuals (De Souza et al.,
1998a). This is a huge concern due to a large percentage of the female population participates
in exercise. The CDC reported 49.3% of women over the age of 18 in the United States meet
the federal aerobic physical activity (exercise) guidelines. Although exercise is associated with
numerous positive health outcomes (e.g., lower cardiometabolic risk), excessively high amounts
of exercise paired with inadequate energy intake are related to negative health outcomes, and
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can result in low energy availability (Gibbs et al., 2013). These subtle changes in menstrual
cycle function may occur with as little as 30 minutes of exercise per day in females with low
body mass index (BMI) (Chavarro et al., 2007). By understanding how habitual exercise and
energy availability affects healthy women with seemingly normal menstrual cycles, the risk for
menstrual dysfunction and disrupted hormones will be reduced, ultimately leading to less
infertility issues.
Lessons Learned

The menstrual cycle is a complex and chaotic system that requires individual analysis.
When menstrual cycles are grouped together the subtle nuances within each cycle are lost and
unfortunately, this is a common practice within research related to menstrual cycles. Overall
hormone concentrations, ranges, and patterns vary within a person across cycles and between
individuals.

While adherence was high with most aspects of this study, exercise compliance was low.
During the screening process, all participants indicated performing exercise for an average of
150 minutes or more per week and exercised at least three days per week. While the average
exercise was three hours per week for the study, not every participant met the expected 150
minutes per week or exercised three days per week. Participants were asked to wear a heart
rate monitor during exercise so 1) exercise energy expenditure could be calculated and 2) to
verify exercise was performed. Some participants struggled with wearing the heart rate monitor
consistently and exercise had to be manually inputted. This caused the exercise energy
expenditure to be estimated and it was unclear if the exercise was truly performed by the
participant. A restriction was not placed on participants on the type or intensity required, with
exercise defined as all purposeful exercise greater than 10 minutes in duration. Purposeful
exercise could include activities such as jogging, strength training, etc. but not daily living
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activities such as house cleaning. Some participants only performed low intensity exercise for
the duration of the study and a variety of exercises (i.e., running, weight training) were
performed with different intensities. To accommodate the difference in intensities within a
workout, seven heart rate zones were calculated to best assess the variation in exercise energy
expenditure, but this could not accurately be captured when the exercise was not recorded with
a heart rate monitor. Due to the variation of training loads and exercise volume, some
participants may not have had a high enough training load to elicit the responses expected with
exercising females.
Future Investigations

Future studies should aim to better understand the relationship between energy
availability and hormones across the menstrual cycle. Individual analysis may be required to
fully understand these relationships and longitudinal studies should be performed to capture the
variance of hormones across the cycle. Studies should be performed with proper methodology
for menstrual cycles that assess hormones to confirm menstrual function at numerous time
points across several cycles. Although at home ovulation tests are a validated method to
determine ovulation, a positive ovulation test did not always appear to correctly define the luteal
phase. Furthermore, a positive ovulation tests only indicates the LH surge and does not
guarantee that ovulation occurred. Some participants had a positive ovulation test but did not
have a progesterone peak within the 5-8 days post ovulation as expected. It is unclear if this is
due to an inaccurate test, a failed ovulation, or the hormonal variation of the individual. Thus,
further investigation is needed to understand the patterns of hormones post ovulation in
exercising females and to determine if one potential infertility-based issue in exercising females
is a disconnect between the LH surge (captured on the ovulation test) and an actual ovulatory
event.
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Future studies should also include daily measures to identify if a time-lagged response
exists between hormones and energy availability. Our data indicates the potential of a time-
lagged response between hormones at the beginning of the cycle and energy availability post
ovulation, but a more in-depth investigation is needed at a daily level. In addition, the
progesterone to estrogen ratio should be examined more closely.

Other biomarkers, such as TT3 and iron, should be investigated in physically active
females. TT3z is associated with low energy availability and would give a better insight into the
true energy availability state. Energy intake logs commonly underestimate food intake
(underreporting issues), so it is hard to say with certainty that participants were in the energy
state that was calculated. Furthermore, females that menstruate are at risk for iron deficiency.
Low iron levels may induce low energy availability while low energy availability may contribute to
iron deficiency. Thus, further investigation to dissect the causal relationship between iron
deficiency and energy availability are needed.

Lastly, para-athlete populations need to be included in future research. Female para-
athletes are a grossly understudied population of active females and only a few studies have
investigated low energy availability in para-athletes and most were cross-sectional research that
focused on national team athletes. Nonetheless, it has been suggested that para-athletes are at
a greater risk for low energy availability compared to their able-bodied counterparts. Therefore,

future longitudinal research in para-athletes is warranted.
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APPENDIX A: SCREENING FORM

Please enter the information asked below.

Name

Phone

Email

Age

Do you exercise an average of 5 days per week for a minimum of 30 minutes each time?

Yes

No

Have you used any hormonal contraceptive (e.g., birth control pill, IUD) in the last three months?

Yes

No

Do you have a menstrual cycle every 21-45 days?

Yes

Maybe

No
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Are you pregnant or trying to get pregnant?

Yes

Maybe

No

Are you currently dieting or trying to lose weight?

Yes

No

Do you have any metal that is not removable? Examples are but not limited to hip/knee replacements,
spinal rods, and piercings not able to be removed.

Yes

No

Do you smoke?

Yes

No
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Do you use any medications?

Yes

No

Please list your medications.
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Do you currently take any supplements? Please check all that apply.

Creatine

Protein

Multi-vitamins

Vitamin D

Iron supplementation

Probiotics

Caffeine

Fish QOil

Beta Alanine

| don't take any supplements

Other. Please list.
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Have you ever been diagnosed with any of the following? Please check
all that apply.

Eating disorder (Anorexia Nervosa, Bulima)

Disordered Eating (irregular eating habits but not severe enough to be diagnosed with an
eating disorder)

Stress Fractures

Low bone density/Osteopenia/Osteoporosis

Hypothyroidism

Oligomenorrhea (reduced periods)

Amenorrhea (no periods)

Endometriosis

Polycystic Ovarian Syndrome

| have never been diagnosed with any items listed

Any other gynecological or pituitary diagnosis not listed here:
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Have you had, or do you presently have any of the following? Please check
all that apply.

Heart disease

Diabetes/Prediabetes

High blood pressure

Low blood pressure

Cancer

Seizures

Recent operation

Muscle or joint problems

Kidney disease

Lung disease

Any other diagnosis not listed here:

I have never been diagnosed with any items listed
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APPENDIX B: LOW ENERGY AVAILABILITY IN FEMALES QUESTIONNAIRE (LEAF-Q)

How many days absence from training or participation in competition due to injuries have you
had in the last year?

1-7 days

8-14 days

15-21 days

22 days or more
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What kind of injuries have you had in the last year?

Muscular Strain/Tear

Stress fractures

lliotibial (IT) band syndrome

Knee injury

Lower back injury

Hamstring injury

Ankle injury

Foot injury/plantar fasciitis

I haven't had any injuries in the last year

Other: please list
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Do you feel gaseous or bloated in the abdomen when you do not have your period?

Yes, several times a day

Yes, several times a week

Yes, once or twice a week or more seldom

Rarely or never

Do you get cramps or stomach ache which cannot be related to your menstruation?

Yes, several times a day

Yes, several times a week

Yes, once or twice a week or more seldom

Rarely or never
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How often do you have bowel movements on average?

Several times a day

Once a day

Every second day

Twice a week

Once a week or more rarely

How would you describe your normal stool?

Normal (soft)

Diarrhea-like (watery)

Hard and dry
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Do you use oral contraceptives?

Yes

No

Why do you use oral contraceptives?

Contraception

Reduction of menstruation pains

Reduction of bleeding

To regulate the menstrual cycle in relation to performances etc..

Otherwise menstruation stops

Other
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Have you used oral contraceptives previously?

Yes

No

How long ago did you use oral contraceptives?

0-6 months

6-12 months

More than 12 months

For how long?

0-6 months

6-12 months

More than 12 months

203



Do you use any other kind of hormonal contraceptives? (e.g. hormonal implant or coil [ITUD])

Yes

No

What kind of contraceptive?

Hormonal patches

Hormonal ring

Hormonal coil/intrauterine device (IUD)

Hormonal implant

Depo-Provera Injection

Other
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How old were when you had your first period?

11 years or younger

12-14 years

15 years or older

| don’t remember

| have never menstruated

Did your first menstruation come naturally (by itself)?

Yes

No

| don't remember
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What kind of treatment was used to start your menstrual cycle?

Hormonal treatment

Weight gain

Reduced amount of exercise

Other

Do you have normal menstruation?

Yes

No

| don't know
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When was your last period?

0-4 weeks ago

1-2 months ago

3-4 months ago

5 months ago or more

Are your periods regular? (Every 28th to 34th day)

Yes, most of the time

No, mostly not
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For how many days do you normally bleed?

1-2 days

3-4 days

5-6 days

7-8 days

9 days or more

Have you ever had problems with heavy menstrual bleeding?

Yes

No
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How many periods have you had during the last year?

12 or more

9-11

6-8

3-5

0-2

When did you have your last period?

2-3 months ago

4-5 months ago

6 months ago or more

I’'m pregnant and therefore do not menstruate

My hormonal contraceptive or medical reasons stopped my menstruation
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Have your periods ever stopped for 3 consecutive months or longer (besides pregnancy or
because of medication)?

No, never

Yes, it has happened before

Yes, that’s the situation now

Do you experience that your menstruation changes when you increase your exercise intensity,
frequency, or duration?

Yes

No
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How? (Check one or more options)

| bleed less

| bleed fewer days

My menstruation stops

| bleed more

| bleed more days
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APPENDIX C: ACUTE RECOVERY AND STRESS SCALE

ARSS Below there is a list of expressions that describe different states of recovery and stress.
Please rate each item and mark the number that most closely applies to you right now.

Doesnot 1 2 3 4 5 Fully
apply at applies
all 6

0

recovered

muscle

exhaustion

pleased

unmotivated

attentive

feeling down

strong

tired
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rested

muscle

fatigue

stable

sluggish

receptive

stressed

physically

capable

worn-out

muscle

relaxation

unenthusiastic

in a good
mood
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annoyed

mentally alert

muscle
soreness

energetic

overloaded

physically
relaxed

muscle
stiffness

having
everything
under control

lacking
energy

concentrated

short-
tempered
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full of power

physically
exhausted
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