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ABSTRACT
Functional hypothalamic amenorrhea (FHA), a menstrual disturbance characterized by the
absence of a menstrual cycle for at least 90 days, occurs in response to a chronic energy
deficiency and is common among exercising women. When challenged by an energy
deficient environment, the body repartitions its energy expenditure away from the processes
not necessary for survival, such as growth and reproduction, ultimately leading to menstrual
dysfunction and low bone mineral density (BMD).

Non-pharmacological treatment

strategies to address the energy deficiency and its associated consequences are currently
being explored. The purpose of this study was to examine three exercising women with FHA
who participated in a 12-month intervention involving an increase in energy intake designed
to meet energy expenditure needs, improve energy status, restore menses and improve BMD.
Participants were instructed to increase their caloric intake 20-30% above baseline energy
requirements. Repeated measures of dietary intake, body weight, body composition and
BMD, resting energy expenditure (REE), exercise energy expenditure , exercise volume, and
circulating concentrations of energetic (triiodothyronine (TT3), ghrelin, leptin) and
reproductive (estrogen, progesterone, luteinizing hormone) hormones and bone markers were
collected. The women ranged in age from 19-30 years, weighed 53.2-54.7 kg, and were
recreationally active, participating in 4-9 hours of physical activity each week. Duration of
amenorrhea prior to the intervention ranged from 90 to 330 days. Daily caloric intake
increased between 400-900 kcal/day by month 12 of the intervention. Weight gain averaged
3.2 kg coinciding with an average increase in fat mass and body mass index of 2.2 kg and 1.6
kg/m2, respectively, among the three participants. The women resumed menses 23-74 days
into the intervention, and two women ovulated during the first cycle. Markers of energy
status (leptin, TT3, REE) increased in all women. A clinically significant increase in lumbar
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spine BMD of 3.0% was observed in one woman by month 12 of the intervention. This case
study report documents the simultaneous changes in energetic and metabolic status and the
associated effects on reproductive and bone health in amenorrheic, exercising women
undergoing a 12-month intervention of increased caloric intake. Restoration of an optimal
energetic environment through an increase in caloric intake may be a promising treatment
strategy for recovery of menses among exercising women with FHA.
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CHAPTER 1
1.1 Introduction: Menstrual disturbances are often observed among exercising women (De
Souza, Miller et al. 1998). These disturbances occur along a continuum ranging from the
subtle perturbations, luteal phase defects (LPD) and anovulation, to the most severe
perturbations, oligomenorrhea and amenorrhea (De Souza and Williams 2004). De Souza et
al.(De Souza, Toombs et al. 2010) reported that approximately 50% of exercising women
experience subtle menstrual disturbances and that up to 33% of exercising women may be
amenorrheic. Exercising women with subtle menstrual disturbances often fluctuate among
ovulatory, LPD, and anovulatory cycles (De Souza, Toombs et al. 2010).
Functional hypothalamic amenorrhea (FHA) is a menstrual disorder characterized by
the absence of menses for at least 90 days (De Souza, Miller et al. 1998). The condition
develops in response to an energy deficiency, caused by low energy intake that is inadequate
to meet the needs of energy expenditure (De Souza and Williams 2004). When in an energy
deficient state, the body attempts to conserve energy by suppressing the physiological and
cellular processes not necessary for survival, such as reproduction and growth, and
repartitions energy toward the processes essential for survival, i.e. cellular maintenance,
thermoregulation, and locomotion (Wade, Schneider et al. 1996; De Souza and Williams
2004). In response to the energy deficiency, a variety of energetic and metabolic alterations
also occur, including suppressed resting energy expenditure (REE) (De Souza, Lee et al.
2007); decreased concentrations of leptin (Laughlin and Yen 1997), total triiodothyronine
(TT3) (De Souza, Lee et al. 2007), and insulin (Kaufman, Warren et al. 2002); and elevated
concentrations of cortisol (De Souza, Miller et al. 1998), ghrelin (De Souza, Leidy et al.
2004), and growth hormone (Waters, Qualls et al. 2001).
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Many endocrine complications may coexist in the presence of an energy deficiency,
affecting the skeletal system through two avenues: hypoestrogenism and metabolic changes.
Estrogen promotes the accumulation of bone mass in adolescents and young adults and helps
maintain bone mass in pre-menopausal women due to its role in increasing the apoptosis of
osteoclasts, thereby inhibiting bone resorption (Syed and Khosla 2005). Several other
hormones, including insulin-like growth factor 1 and osteocalcin are needed for bone
formation and maintenance. During times of energy deficiency, the body reduces the
production of these hormones, inhibiting bone formation (Zanker and Swaine 1998; Ihle and
Loucks 2004).
Bone formation and bone resorption are often uncoupled in those with an energy
deficiency. Ihle and Loucks (Ihle and Loucks 2004) reported the uncoupling of bone
formation and resorption in those with restricted energy availabilities. Bone formation was
suppressed in those with energy availabilities below 30 kcal/kgLBM/day (Ihle and Loucks
2004). However, bone resorption was only affected when energy availability dropped below
10 kcal/kgLBM/day (Ihle and Loucks 2004). De Souza et al (De Souza, West et al. 2008)
also reported suppressed bone formation and increased bone resorption in exercising women
presenting with both an estrogen and energy deficiency, creating an environment unfavorable
for bone health.
Low estrogen levels accompanied by poor nutrition and suppressed growth factors
increase bone resorption and inhibit bone formation, decreasing bone mineral density,
especially at trabecular bone sites (Zanker and Swaine 1998; Ihle and Loucks 2004). Those
with exercise-associated amenorrhea frequently present with low bone mineral density and
have a high risk for developing osteopenia or osteoporosis (Cobb, Bachrach et al. 2003).
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Osteopenia and osteoporosis are associated with increased fracture risks (Kanis 2002).
Regaining an adequate energy status is essential for recovery from exerciseassociated amenorrhea and improvement in bone health. Therefore, energy intake must be
increased or energy expenditure must be reduced to meet energetic demands. A decrease in
exercise volume is often viewed unfavorably among exercising women; therefore, an
increase in caloric intake is a common treatment strategy recommended for women
presenting with FHA (Kopp-Woodroffe, Manore et al. 1999; Carlson, Curtis et al. 2007;
Pantano 2009). Increased caloric intake often leads to weight gain; a favorable outcome
associated with improved energy status, resumption of menses, and enhanced bone health
(Hotta, Shibasaki et al. 1998; Kopp-Woodroffe, Manore et al. 1999; Zanker, Cooke et al.
2004; Bolton, Patel et al. 2005; Fredericson and Kent 2005).
Few case study reports have been published that follow individuals through long
intervention programs. Koppe-Woodroffe (Kopp-Woodroffe, Manore et al. 1999) reported
the case studies of four active amenorrheic women who participated in a 20-week diet and
exercise training intervention. The goals of the intervention were to improve energy balance
and nutritional status and restore menstruation by decreasing energy expenditure and
increasing daily caloric intake by 360 calories. All four participants improved energy
balance throughout the study and gained 1-3 kg of weight (Kopp-Woodroffe, Manore et al.
1999).Three of the four participants also resumed menstruation during the intervention
period (Kopp-Woodroffe, Manore et al. 1999).
Dueck et al. (Dueck, Matt et al. 1996) described the case study of one amenorrheic
athlete throughout a 15-week period. The amenorrheic athlete was placed on a diet and
exercise intervention program in an effort to improve energy balance. Body composition,
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body fat distribution, bone mineral density, and fasting hormone profiles were measured at
baseline and week 15 of the intervention. Throughout the intervention the amenorrheic
athlete attained a positive energy balance, gained 3.3 kg of fat mass, and experienced an
improvement in luteinizing hormone concentration (Dueck, Matt et al. 1996). Although
menstruation did not resume during the 15-week intervention period, resumption of menses
did occur 3 months after the intervention with the maintenance of the daily caloric intake
achieved during the study.
No case studies to date have reported the changes in reproductive status and bone
health in response to a 12-month diet intervention program. This case study is the first to
document the simultaneous changes in energetic and metabolic status and the associated
effects on reproductive and bone health in amenorrheic, exercising women undergoing a 12month intervention of increased caloric intake. Due to the unfavorable health outcomes
associated with exercise associated amenorrhea, it is evident that a more complete
understanding of the relationships among energy availability, menstrual status, and bone
health is essential for the health of physically active women.

1.2 Purpose: The purpose of this study was to examine three exercising women with FHA
who participated in a 12-month intervention involving an increase in energy intake designed
to meet energy expenditure needs, improve energy status, restore menses and improve BMD.

1.3 Objective: The purpose of this study was to examine three exercising women with FHA
who participated in a 12-month intervention involving a gradual increase of energy intake
designed to exceed baseline energy expenditure by 20-30%, improve energy status, restore
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menses and improve BMD. During the intervention, all three women successfully gained
weight, improved energy status, and resumed menses. Thus, this study sought to
demonstrate the changes in energy status, menstrual function and bone health that
accompany increased caloric intake and weight gain by describing in detail three cases.

1.4 Hypotheses: It is hypothesized that the most robust improvements in energy status,
reproductive function, and bone health will be observed among the women who gained the
most weight. Specifically, resting energy expenditure, circulating TT3 and leptin
concentrations and urinary estrogen, progesterone, and luteinizing hormone concentrations
will increase after 6 and 12 month of the intervention. Circulating ghrelin concentrations
will decrease after 6 and 12 month of the intervention. Small increases in bone mineral
density will also be observed after 12 months of the intervention.

1.5 Rationale: Adequate circulating concentrations of reproductive and metabolic hormones
are essential for optimal reproductive and bone health. During times of energy deficiency,
the body alters concentrations of reproductive hormones such as gonadotropin-releasing
hormone, estrogen, progesterone, and luteinizing hormone leading to a wide range of
menstrual disturbances (Williams, Helmreich et al. 2001). Alterations in these reproductive
hormones as well as poor nutrition and changes in metabolic hormones influence bone
resorption and formation (Ihle and Loucks 2004). Thus, many individuals with menstrual
disturbances may present with low bone mineral density, especially in trabecular bone sites
(Cobb, Bachrach et al. 2003; Christo, Prabhakaran et al. 2008; De Souza, West et al. 2008).
Other investigators have reported case studies of amenorrheic, exercising women who
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have increased caloric intake and gained weight in an effort to reverse an energy deficiency,
restore normal menstrual cycles, and improve bone health (Dueck, Matt et al. 1996; KoppWoodroffe, Manore et al. 1999; Zanker, Cooke et al. 2004; Fredericson and Kent 2005).
Koppe-Woodroffe (Kopp-Woodroffe, Manore et al. 1999) reported the case studies of four
active amenorrheic athletes participating in a 20-week diet and exercise intervention. All
four amenorrheic athletes improved energy balance and three participants resumed
menstruation. Dueck et al (Dueck, Matt et al. 1996) reported the case study of one
amenorrheic athlete participating in a 15-week diet and exercise intervention program. The
participant improved energy balance, gained weight, and experienced an improvement in
circulating luteinizing hormone concentration. Fredericson and Kent (Fredericson and Kent
2005) followed an amenorrheic athlete for 5 years and reported weight gain, improvement in
energy status, and increases in BMD. Similarly, Zanker et al. (Zanker, Cooke et al. 2004)
reported increases in BMI and BMD of the proximal femur in an amenorrheic athlete over a
12-year time period.
No case studies have been reported to date that document the simultaneous changes in
energetic and metabolic status and the associated effects on reproductive and bone health in
amenorrheic, exercising women undergoing a 12 month intervention of increased caloric
intake. Therefore, this case study report aims to describe the changes in energy status and
menstrual function following increased caloric intake in three separate case studies in an
effort to better understand recovery from exercise-associated amenorrhea. This is also the
first case study report to use daily hormone analysis to identify the presence of both severe
and subtle menstrual disturbances and to monitor changes in reproductive hormones
throughout an intervention.
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CHAPTER 2
LITERATURE REVIEW
2.1 Introduction: Exercising women often present with functional hypothalamic amenorrhea
(FHA), a menstrual disturbance characterized by the absence of menses for at least 90 days
(De Souza, Miller et al. 1998). The condition develops as a result of an energy deficiency,
created when high energy expenditure is coupled with an energy intake insufficient to meet
energy expenditure needs (De Souza and Williams 2004).
Periods of chronic undernutrition, often associated with fat loss, have significant
impacts on the reproductive system (Miller, Grinspoon et al. 2004). Frisch and MacArthur
(Frisch and McArthur 1974) proposed that percent body fat was the direct regulator of
menstrual function. However, recent research has shown that acute fuel availability, not body
fat stores, predicts the suppression of reproductive function (De Souza, Lee et al. 2007).
Thus, maintenance of daily energy balance is essential for proper menstrual functioning.
The metabolic fuel hypothesis suggests that alterations in glucose, free fatty acid, and
ketone body availability have direct effects on the reproductive system (Schneider 2004).
Changes in energy balance and circulating concentrations of oxidizable fuels are closely
monitored by the body and linked to reproductive function (Schneider 2004). Both chronic
and acute changes in fuel availability incur changes in the reproductive system (Cameron
1996). Cameron and Nosbisch (1991) found significant decreases in pulsatile luteinizing
hormone (LH), the hormone responsible for ovulation, and testosterone secretions in adult
male rhesus monkeys after missing a single meal. Loucks & Thuma (2003) altered the caloric
intake of 29 regularly menstruating, sedentary, young women and observed that the body
requires greater than 30 kcal/kg lean body mass (LBM) day-1 to maintain an adequate energy
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state. An energy availability below 30 kcal/ kg LBM day-1 inhibits LH pulsatility, follicular
development, and bone metabolism (Loucks and Thuma 2003).
Low energy intake coupled with high energy expenditure results in negative energy
balance and leads to a wide array of reproductive, skeletal, and cardiovascular complications.
These complications include menstrual disturbances, low bone mineral density (BMD),
endothelial dysfunction, and an unfavorable lipid profile. Thus, the purpose of this paper is to
review the physiological responses to energy deficiency in exercising women and to explore
possible treatment strategies.

2.2 Physiological Response to Energy Deficiency:
2.2A Suppressed Resting Metabolic Rate: Resting energy expenditure (REE)
represents the amount of kilocalories used by the body at rest during a 24-hour period to
perform the basic physiological and cellular functions needed for survival (Williams 2005).
The body relies on macronutrients (carbohydrate, fat, and protein) for the energy required to
maintain physiological functions and, thus, a steady state (Williams 2005). Energy is
necessary for growth, cellular maintenance and repair, reproduction, thermoregulation, and
locomotion (Williams 2005). REE contributes approximately 60-75% to the body’s total
energy expenditure (TEE). Of the remaining 40%, about 5-10% of the body’s total energy
expenditure is used for digestion, while approximately 15-30% is used for locomotion
(Williams 2005). Locomotion includes both daily living activities and purposeful physical
activity.
REE is commonly measured using indirect calorimetry – a technique that measures
the amount of O2 consumed and the amount of CO2 produced at rest. The Weir equation is
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used to calculate the REE, using the values of O2 consumption and CO2 production (Weir
1949). In turn, REE can also be predicted with the Harris-Benedict equation (Harris and
Benedict 1919). The ratio of measured REE (REE) to predicted REE (pREE) has previously
been used as an indicator of energy status (Gibbs, Williams et al.; De Souza, Hontscharuk et
al. 2007; De Souza, Lee et al. 2007; De Souza, West et al. 2008). A reduced ratio of
measured REE to Harris-Benedict pREE of 0.6-0.6 has been reported during periods of low
body weight and prior to refeeding in anorexic women (Melchior, Rigaud et al. 1989; Polito,
Fabbri et al. 2000; Konrad, Carels et al. 2007). Thus, among exercising women, an energy
deficiency has been operationally defined as a REE/pREE ratio less than 0.90 (Gibbs,
Williams et al.; De Souza, Hontscharuk et al. 2007; De Souza, Lee et al. 2007; De Souza,
West et al. 2008).
When energy intake is inadequate, the body repartitions and prioritizes its energy
expenditure. To ensure survival, a number of physiological processes must continue, i.e.
cellular maintenance and repair, thermoregulation, and locomotion. Therefore, energy is
repartitioned toward essential functions and away from functions not necessary for survival,
such as growth and reproduction. In an effort to conserve energy and maintain processes for
survival, the body decreases REE, thus reducing the REE/pREE ratio (De Souza, West et al.
2008).
2.2B Metabolic Hormone Implications: A variety of metabolic hormones are altered
in exercising women with chronic energy deficiency. These alterations include increased
fasting ghrelin concentration (De Souza, Leidy et al. 2004) as well as decreased leptin
(Laughlin and Yen 1997), insulin-like growth factor-1 (IGF-1) (Laughlin and Yen 1996), and
total triiodothyronine (TT3) (Loucks, Laughlin et al. 1992) concentrations.
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Ghrelin, a primary hunger-stimulating hormone, is produced by the fundus of the
stomach. It is released in anticipation of a meal and increases food intake. In contrast, leptin,
a hormone secreted by the adipocytes, reduces food intake and is released in proportion to
the quantity of fat mass (Maffei, Halaas et al. 1995). Christo et al examined 21 amenorrheic
athletes, 19 eumenorrheic athletes, and 18 nonathletic controls and observed significantly
higher levels of ghrelin (p <0.001) and significantly lower levels of leptin (p=0.01) in fasting
blood samples from amenorrheic athletes compared to both the eumenorrheic athletes and
controls (Christo, Cord et al. 2008).
IGF-1 is an important growth factor in the human body. It interacts closely with
growth hormone (GH) to support muscle, bone, and tissue growth and maintenance.
Increased concentrations of circulating GH are commonly seen in those with severe energy
deficiency (Hurd, Palumbo et al. 1977) and are associated with decreased levels of growth
hormone binding protein (GHBP) (Daughaday and Trivedi 1987), a protein derived from the
extracellular domain of the GH receptor (Daughaday and Trivedi 1991). Therefore, although
circulating concentrations of GH may be elevated, the body’s sensitivity to GH may be low,
indicative of GH resistance. In a normal state, GH stimulates ~75% of the production of IGF1 in the liver (Wolf, Ingbar et al. 1989). Subsequently, IGF-1 production is often low in
states of GH resistance (Counts, Gwirtsman et al. 1992).
Triiodothyronine (TT3) is the most active form of the thyroid hormone; it affects
virtually every organ system in the body. TT3 stimulates the growth and development of
body tissue and is involved in the regulation of body temperature, heart rate, and metabolism
(Goodman 2009). Williams et al (Williams, Helmreich et al. 2001) altered the energy status
of 8 adult female cynomolgus monkeys via increased exercise to induce FHA and examined
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the effects of increased caloric intake on recovery from the disorder in 4 of the 8 monkeys.
Both the induction and the reversal of FHA were strongly associated with circulating TT3
levels (Williams, Helmreich et al. 2001). Circulating TT3 concentrations were ~20% lower
during the amenorrheic period than during the sedentary period and increased significantly
(p<0.05 vs. late amenorrhea value) during the early overfeed period (Williams, Helmreich et
al. 2001).
2.2C Reproductive System Implications: In times of energy deficiency, the body alters
concentrations and patterns of release of luteinizing hormone (LH) (Loucks and Thuma
2003), follicle stimulating hormone (FSH) (De Souza, Miller et al. 1998), estrogen (EIG)
(Williams, Reed et al. 2010) and progesterone (PdG) (Williams, Reed et al. 2010). FHA is
characterized by a decrease in LH pulsatility (Loucks and Thuma 2003). This decrease in LH
pulsatility negatively impacts follicular development, production of E1G and PdG, and,
therefore, ovarian function, ultimately resulting in a wide range of menstrual disturbances.
These menstrual disturbances occur along a continuum ranging from the subtle perturbations,
luteal phase defects and anovulation, to the most severe perturbations, oligomenorrhea and
amenorrhea (De Souza 2003).
Luteal phase defects (LPD) are characterized by either a shortened luteal phase, (less
than ten days in length), inadequate progesterone production, or both (Balasch and Vanrell
1987). Luteal phase defects are associated with low rates of fertility and high rates of
spontaneous abortion (De Souza 2003). The reproductive system in individuals with LPD
functions to support ovulation; however, the system cannot support implantation (Balasch
and Vanrell 1987). Low progesterone production during the luteal phase is associated with
compromised follicular growth and oocyte maturation in the following menstrual cycle in
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exercising women (De Souza 2003). De Souza et al (De Souza, Toombs et al. 2010)
examined 120 menstrual cycles in 67 exercising women and classified 29.2% (35/120) of the
cycles as LPD.
Anovulation is defined as the absence of an ovulatory event when LH and FSH
secretions are low in association with reduced estrogen levels and the absence of
luteinization (Hamilton-Fairley and Taylor 2003). Disorders of ovulation account for about
~30% of infertility in women (Hamilton-Fairley and Taylor 2003). Anovulation is commonly
reported in oligomenorrheic and amenorrheic women; however, disorders in ovulation are
not excluded to those with irregular periods (De Souza, Miller et al. 1998; De Souza,
Toombs et al. 2010). De Souza et al (De Souza, Miller et al. 1998) examined the menstrual
cycles of 35 regularly menstruating women for 3 months, 24 of whom were regular
exercisers. The investigators reported a 12% prevalence of anovulatory cycles in the
regularly menstruating exercising women (De Souza, Miller et al. 1998). In a follow-up
study, De Souza et al (De Souza, Toombs et al. 2010) examined the menstrual cycles of 48
regularly exercising women and reported a 25% prevalence of anovulatory cycles in this
group.
Oligomenorrhea is defined as irregular and inconsistent menstrual cycles lasting from
36 to 90 days in length (Loucks and Horvath 1985). Oligomenorrheic cycles may be
ovulatory or anovulatory and are characterized by unpredictable estrogen production (De
Souza and Williams 2004). De Souza et al (De Souza, Toombs et al. 2010) examined 43
exercising women for the presence of severe menstrual disturbances and reported that 3.5%
of these women presented with oligomenorrhea. Women with oligomenorrhea do not ovulate
regularly (De Souza and Williams 2004) and, therefore, are exposed to longer periods of
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estrogen and shorter periods of progesterone than women with normal menstrual cycles.
Long-term exposure to endogenous estrogen in the absence of progesterone increases a
woman’s risk of endometrial cancer (Siiteri 1978).
Amenorrhea, the most severe menstrual disturbance, can be subdivided into two
categories: primary and secondary. Primary amenorrhea is a failure to reach menarche by the
age of 15 (2004). Secondary amenorrhea is the absence of menses for at least 90 days after
menarche has occurred (Nattiv, Loucks et al. 2007). Suppressed levels of E1G, PdG, LH, and
FSH characterize both conditions. Extremely low levels of these hormones prevent ovulation
and menstruation, resulting in infertility and other health consequences, such as low bone
mineral density, endothelial dysfunction, and an unfavorable lipid profile (Cobb, Bachrach et
al. 2003; Rickenlund, Eriksson et al. 2005).
De Souza et al (De Souza, West et al. 2008) reported that approximately 50% of
exercising women experience subtle menstrual disturbances and that up to 33% of exercising
women may be amenorrheic. Subtle menstrual disturbances are often present in the face of
regular menstruation; therefore, regularly menstruating women may be unaware of the
presence of a menstrual disturbance. However, it is evident that exercising women fluctuate
between ovulatory, LPD, and anovulatory cycles frequently (De Souza, Toombs et al. 2010).
De Souza et al (De Souza, Miller et al. 1998) reported that 46% of 35 exercising regularly
menstruating women presented with inconsistent menstrual status from cycle to cycle over
the course of 3 months. Likewise, De Souza et al (De Souza, Toombs et al. 2010) later
reported that 36.2% of exercising regularly menstruating women presented with inconsistent
LPD/anovulatory cycles over the course of 2 to 3 months.
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2.3 Skeletal System Implications: Low bone mineral density, especially in trabecular bone
sites, is well documented in amenorrheic athletes (Cobb, Bachrach et al. 2003; Christo,
Prabhakaran et al. 2008). De Souza et al (De Souza, West et al. 2008) observed that estrogen
deficiency in exercising women in the presence of an energy deficiency was associated with
suppressed markers of bone formation and increased markers of bone resorption (De Souza,
West et al. 2008). This finding suggests that both energy status and estrogen status affect
bone turnover. An environment characterized by low estrogen levels and an energy deficit, as
commonly seen in amenorrheic women, may lead to the uncoupling of bone turnover, such
that bone resorption exceeds bone formation.
Bones contain three main cell types: osteocytes, osteoclasts, and osteoblasts.
Osteocytes are mature bone cells. These cells maintain the integrity of the bone by
responding to mechanical stresses through mechanical receptors. Osteoclasts are bone
resorbing cells. They respond to a number of stimuli within the body and produce the
proteases responsible for resorbing bone and releasing stored calcium and phosphorus from
the bone. Osteoblasts are responsible for bone deposition and formation. These cells secrete
osteoid, a substance mineralized by calcium and phosphorus and developed into bone
(Gropper, Smith, et al. 2009).
These three cell types work together continuously to remodel bone: a process that
involves the resorption and deposition of hydroxyapatite, calcium, and phosphorus. Bone
turnover occurs at different rates depending on the bone type. Cortical bone is very dense and
is found in the shafts of long bones. It has a very low turnover rate, ~4% per year.
Cancellous, or trabecular, bone is less dense than cortical bone and is found in the heads of
long bones (epiphysis) as well as in flat and irregular bones, such as the vertebra and
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sternum. Cancellous bone has a high turnover rate of ~20% per year, causing cancellous bone
to be extremely vulnerable to alterations in the factors that affect bone remodeling (Gropper,
Smith, et al. 2009).
Peak bone mass is attained during the third decade of life and maintained through the
fourth decade (Hansson and Roos 1986). Age-related bone loss normally begins during the
fifth decade of life (Hansson and Roos 1986). In women, most bone loss occurs during the
two years following menopause (Smith, Khairi et al. 1976). This rapid bone loss is related to
the sharp decline in estrogen concentration at this time (Compston 2001). Because agerelated bone loss is unavoidable, reaching an optimal peak bone mass as a young adult is
essential for bone health later in life.
Chronic energy deficiency affects the skeletal system through two avenues:
hypoestrogenism and metabolic changes. Estrogen promotes the accumulation of bone mass
in adolescents and young adults and helps maintain bone mass in pre-menopausal women.
Estrogen preserves bone mass by increasing the apoptosis of osteoclasts, thereby inhibiting
bone resorption (Compston 2001). Those with amenorrhea as adolescents are at risk for low
bone mineral density later in life because of estrogen’s role in the accumulation of bone mass
during adolescence. During adulthood, the goal is to maintain bone mass; therefore,
amenorrhea at this time may result in low bone mass due to estrogen’s known role in
inhibiting osteoclast activity. In this hormonal environment, bone resorption may exceed
formation, resulting in premature bone loss and an increased risk for osteoporosis after
menopause.
The metabolic environment and related hormones such as IGF-1 also impact bone
formation and maintenance. Zanker and Swain (Zanker and Swaine 1998) compared markers
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of bone formation among 27 amenorrheic elite marathon runners, eumenorrheic elite
marathon runners, and sedentary controls. Energy balance in amenorrheic runners was
significantly lower than both the eumenorrheic runners and sedentary controls (P<0.001) and
concentration of type I procollagen carboxy-terminal propeptide (PICP) and OC, two
measures of bone formation, were lower in athletes with restricted energy intakes (P<0.05)
(Zanker and Swaine 1998). Individuals with the lowest TT3 levels also had the lowest levels
of PICP and IGF-1 (Zanker and Swaine 1998). These results reinforce the association
between suppressed bone formation and energy deficiency. In the same study, researchers
also reported that bone resorption markers, including deoxypyridinoline, remained constant
regardless of energy status (Zanker and Swaine 1998), suggesting that bone formation slows
while bone breakdown remains constant or is elevated during energy deficiency. This leads
to an uncoupling of bone metabolism and an environment in which bone resorption exceeds
bone formation, ultimately resulting in bone loss. Ihle and Loucks (Ihle and Loucks 2004)
also reported this uncoupling of bone formation and resorption in those with restricted energy
availabilities. Markers of bone formation and resorption were compared in three groups with
differing restricted energy availabilities: 10 kcal/kgLBM/day, 20kcal/kgLBM/day,
30kcal/kgLBM/day. PICP and OC were decreased in all three groups, indicating bone
formation was suppressed at each energy level (Ihle and Loucks 2004). Bone resorption was
only affected at the most severe energy restriction level (10kcal/kgLBM/day) (Ihle and
Loucks 2004).

2.4 Stress Fracture Risk: Bone health is evaluated using dual-energy X-ray absorptiometry
(DXA), a technique that assesses bone mineral density and body composition. In pre-
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menopausal women, Z scores, which compare an individual’s bone density to a reference
population of the same age and gender, are used to assess bone health. A Z-score of -2 or
lower at the lumbar spine or hip is considered low bone mass (ISCD 2007).
Several investigators have observed a relationship between the presence of menstrual
disturbances and low BMD especially in the lumbar spine, a trabecular bone site. Christo et
al (Christo, Prabhakaran et al. 2008) examined the differences in bone mineral density among
21 amenorrheic adolescent athletes, 18 eumenorrheic adolescent athletes, and 18 control
subjects. The investigators reported significantly lower lumbar BMD, whole body BMD,
IGF-1, body mass index (BMI), and fat mass in amenorrheic adolescent athletes compared
with eumenorrheic adolescent athletes and controls (p=0.01) (Christo, Prabhakaran et al.
2008). Cobb et al (Cobb, Bachrach et al. 2003) also examined the bone health of 91
competitive female long-distance runners using DXA and reported that 6% of
oligomenorrheic and/or amenorrheic runners observed were osteoporotic while another 48%
were osteopenic (Cobb, Bachrach et al. 2003). In a similar study, De Souza et al (De Souza,
West et al. 2008) reported decreased lumbar spine BMD in estrogen deficient women
compared to those with adequate estrogen levels. Estrogen deficiency was associated with
suppressed bone formation and increased bone resorption (De Souza, West et al. 2008).
Wiksten-almstromer et al (Wiksten-Almstromer, Hirschberg et al. 2009) also reported a trend
toward lower lumbar spine and pelvis BMD in women with a history of secondary
amenorrhea than in women with a history of oligomenorrhea (p=0.05). However, both the
previously amenorrheic and previously oligomenorrheic women had higher incidences of
low BMD (53% and 41%, respectively) when compared to a healthy reference population
(Wiksten-Almstromer, Hirschberg et al. 2009). These studies confirm the association
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between energy deficiency, menstrual disturbances, and low BMD highlighting the
importance of an optimal energy environment for bone health.

2.5 Cardiovascular System Implications: Low endogenous estrogen is associated with an
increased risk of heart disease in postmenopausal women. Adequate estrogen protects the
cardiovascular system through two mechanisms: the maintenance of healthy blood lipid
levels and the maintenance of vascular endothelial tissue. Thus, amenorrhea in young female
athletes is associated with unfavorable lipid profiles and endothelial dysfunction
(Rickenlund, Eriksson et al. 2005).
An unfavorable lipid profile is one of the predominant risk factors for the
development of atherosclerosis. An unfavorable lipid profile involves low levels of highdensity lipoprotein and high levels of low-density lipoprotein, triglycerides, and cholesterol.
Rickenlund et al (Rickenlund, Eriksson et al. 2005) examined the lipid profile of four groups
of endurance athletes: amenorrheic athletes, oligomenorrheic athletes, regularly menstruating
athletes, and regularly menstruating sedentary controls. Amenorrheic athletes had the most
unfavorable lipid profile with higher total cholesterol and low-density lipoprotein levels
compared with all other groups (Rickenlund, Eriksson et al. 2005).
Likewise, amenorrheic athlete also may present with endothelial dysfunction
(Rickenlund, Eriksson et al. 2005). Hypoestrogenism impairs the production of nitric oxide
which plays a key role in the vasodilation and maintenance of endothelial tissue. Flow
mediated dilatation (FMD), the widening of a vessel in response to increased blood flow, is a
measure of endothelial function. Hoch et al (Hoch, Papanek et al.) examined the relationships
among disordered eating, menstrual disorders, and brachial artery FMD in 22 female dancers.
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All dancers who reported menstrual disturbances had reduced FMD and those with the
lowest estrogen levels had the lowest FMD, providing support for endothelial dysfunction
among this population (Hoch, Papanek et al.).
An adequate estrogen concentration plays several protective roles in the
cardiovascular system. These studies suggest that hypoestrogenism, as found in exercising
women with FHA, has negative consequences on the function and overall health of the
cardiovascular system.

2.6 Recovery from Functional Hypothalamic Amenorrhea: Attainment of an adequate
energy state is essential for recovery from FHA. Therefore, energy intake must be increased
or energy expenditure must be reduced until energy intake and energy expenditure are
balanced. Exercising women recovering from FHA often exhibit normalization of
reproductive and metabolic hormones and improvement of the REE/pREE ratio. Although
gradual improvements in BMD are also expected, the data reported for changes in BMD are
contradictory and inconclusive (Heer, Mika et al. 2002; Bolton, Patel et al. 2005; Compston,
McConachie et al. 2006; Miller, Lee et al. 2006)
Few case study reports have been published that followed amenorrheic athletes
through intervention programs. Dueck et al (Dueck, Matt et al. 1996) followed one
amenorrheic athlete through a 15-week diet and exercise intervention program (Dueck, Matt
et al. 1996). In an effort to restore energy balance, the athlete was required to add one day of
rest to her exercise routine and to include one 360 kcal sport nutrition beverage to her daily
diet. Body composition, body fat distribution, BMD, and fasting hormonal profiles were
measured at the beginning and at the end of the 15-week intervention period. Throughout the
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15-week intervention period, the participant regained a positive energy balance and increased
her body fat by about 6% (Dueck, Matt et al. 1996). Pulsatile LH patterns improved, and
serum cortisol levels decreased. Despite these improvements, the participant did not resume
menses during the intervention program. However, the participant continued to adhere to the
intervention protocols and resumed menses three months after the intervention period ended.
In a similar study, Kopp-Woodroffe (Kopp-Woodroffe, Manore et al. 1999) followed
four amenorrheic athletes through a 20-week diet and exercise intervention program. In an
effort to restore menstruation, each participant was required to add one day of rest to her
exercise routine and to add one 360-kcal drink to her daily intake. Two of the participants
improved energy balance and resumed menstruation during the intervention period. A third
participant also improved energy balance and resumed menstruation one month after the
intervention period concluded. The fourth participant, on the other hand, withdrew from the
study to begin hormone therapy; therefore, the effectiveness of the intervention in this
participant cannot be determined.
These two case studies report positive outcomes in response to diet and exercise
intervention programs. Programs designed to restore energy balance may be effective
treatment strategies for women with FHA to facilitate improvement in reproductive and bone
health.

2.7 Conclusion: The human body adapts to chronic energy deficiency by repartitioning and
reducing its energy expenditure to ensure survival. Since growth and reproduction are not
processes needed for survival, the body suppresses these functions first. Therefore, women
experiencing chronic energy deficiency often present with menstrual disturbances and
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inhibited growth, especially in the skeletal system. These menstrual disturbances occur along
a continuum ranging from subtle to severe depending on the severity and duration of the
energy deficiency. Consequences associated with menstrual dysfunction include infertility
and spontaneous abortion as well as poor skeletal and cardiovascular health.
The low estrogen concentrations and altered metabolic hormone levels that are
observed in women with FHA are associated with bone loss that increases the risk for
osteoporosis and fractures later in life. Future research is needed to understand the extent to
which bone mass can be recovered with the restoration of optimal menstrual functioning,
once energy balance has been restored.
The body responds to insufficient energy intake in exercising women by altering the
metabolic, reproductive, and skeletal environments leading to a wide array of health
consequences. However, strategies to reverse this energy deficiency by increasing caloric
intake, decreasing exercise expenditure, or both have had positive outcomes, improving
menstrual function and bone health.
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CHAPTER 3
METHODS
3.1 Study Design: The three women in this report were part of a randomized control trial
that was designed to determine the effects of a 12-month intervention of increased caloric
intake on indices of bone health and menstrual status in premenopausal women who suffer
from severe exercise-associated menstrual disturbances (EAMD), including oligomenorrhea
(long and inconsistent menstrual cycles of 36-90 days) and FHA (the absence of menses for
>90 days). The study was conducted at two sites, the University of Toronto and at the
Pennsylvania State University. At each site, exercising women with ovulatory menstrual
cycles and exercising women with severe menstrual disturbances (oligomenorrhea and
amenorrhea) were recruited. The women with ovulatory menstrual cycles were studied to
serve as a reference control group. Participants with EAMD were randomly assigned to a
treatment group (EAMD+Calories) or a control group (EAMD Control) at the beginning of
the intervention after a baseline period of study. Repeated measures of dietary intake
(kcal/day), body weight (kg), body composition (kg LBM and FM) and BMD, resting energy
expenditure (kcal/day), exercise energy expenditure (kcal/day), exercise volume (exercise
minutes), serum hormones (leptin, ghrelin, triidothyronine, and bone markers), and daily
urinary metabolites (estrogen, progesterone and LH) were collected during the 12 month
intervention. Details of the baseline period and intervention are described below.
Participants
Participants were recruited by newspaper advertisements, fliers, and classroom
announcements targeting physically active women for a study examining the impact of
increased caloric intake on bone health and menstrual cyclicity. Inclusion criteria for this
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study were: 1) age 18-35 years, 2) BMI 16-25 kg/m2, 3) weight stable (± 2kg) for the past 6
months, 4) no history of any serious medical conditions, 5) no current clinical diagnosis of an
eating or psychiatric disorder 6) non-smoking, 7) no medication use that would alter
metabolic or reproductive hormone concentrations, 8) ≥ 3 hrs/wk aerobic exercise; 9) no
history of a clinical diagnosis of polycystic ovarian syndrome (PCOS), or a free androgen
index (FAI), calculated as (total testosterone (nmol/L) / sex hormone binging globulin
(SHBG) (nmol/L))*100) >6 (Rosner, Auchus et al. 2007), since an FAI greater than 6.0 has
been reported to be consistent with hyperandrogenemia (Rickenlund, Carlstrom et al. 2003;
Hagmar, Berglund et al. 2009). In addition, an FAI greater than 6.0 represents values greater
than three standard deviations from the mean of 1.6±0.3 in our reference population which
consisted of healthy premenopausal exercising women (n=33) with documented ovulatory
menstrual status by the assessment of daily urinary hormone measurement (De Souza, Miller
et al. 1998; De Souza, Toombs et al. 2010). For the purposes of the current study, three
exercising amenorrheic women (age 18-30 years) were chosen for this case study report to
demonstrate the impact of increased caloric intake on energy status, menstrual function, and
bone health. All three participants in this report were assigned to the EAMD+Calories
group. Each participant reported the absence of menses for at least 90 days prior to the
study, and the presence of amenorrhea was confirmed by the analysis of daily urinary
excretion of estrone-1-glucoronide (E1G) and pregnanediol glucoronide (PdG) metabolites
for one 28-day monitoring period. Each woman was recreationally active, engaging in > 4
hours of exercise per week at baseline. A fasting blood sample was drawn to rule out
endocrine, metabolic disease and other illnesses. At baseline, all participants had normal
concentrations of thyroid stimulating hormone (1.19-4.09 mIU/L), total thyroxine (75.9
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nmol/L) or free thyroxine (11-14 pmol/L), prolactin (173.9-347.8 pmol/L), and total
testosterone (0.42-0.76 nmol/L), and normal free androgen index (0.58-1.79).

3.2 Screening Procedures: During an initial visit, participants were informed of the purpose,
procedures, and potential risks of participation in the study before signing an informed
consent approved by either the Human Ethics Board at the University of Toronto or
Biomedical Institutional Review Board at the Pennsylvania State University. Once consent
was obtained, height and weight were measured, and participants completed questionnaires
to assess demographics, medical history, exercise history, menstrual history, eating behaviors
(Stunkard and Messick 1985), bone health, and psychological health (Cohen, Kamarck et al.
1983; Brantley, Waggoner et al. 1987). A physical exam was performed by an on-site
clinician to determine overall health and check for physical signs of polycystic ovarian
syndrome (PCOS) such as acne or hirsutism and symptoms of disordered eating. A fasting
blood sample was analyzed for a complete blood count, basic chemistry panel, and an
endocrine panel which included measures of LH, follicle stimulating hormone (FSH), thyroid
stimulating hormone, thyroxine, prolactin, dihydroepiandrosterone (Quest Diagnostics,
Pittsburgh, PA), total testosterone, and SHBG to rule out illness or endocrine and metabolic
disease. A clinical psychologist or licensed clinical social worker completed a semistructured interview with each subject to exclude those women experiencing major
psychiatric disorders including depression or clinical eating disorders. Participants met with
a General Clinical Research Center (GCRC) registered dietitian after completing a 3-day diet
log (2 weekdays and 1 weekend day) to discuss eating patterns and food preferences and to
assess likelihood for compliance to the study protocol with respect to increased food intake.
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Additionally, dual-energy x-ray absorptiometry (DXA) scans of the total body, lumbar spine,
and dual femur were performed to assess bone mineral density and body composition.

3.3 Baseline Procedures: During a 4-week baseline period, daily urine and menstrual
calendars were collected from the participants (see Classification of Baseline Menstrual
Status). Body weight was measured weekly. At week 3 of baseline, participants underwent
blood sampling for the determination of serum leptin, ghrelin, total triiodothryonine (TT3),
and markers of bone formation and resorption (see Serum Hormone Analysis). Participants
also completed a 3-day diet log and underwent testing for body composition (see
Anthropometrics), resting energy expenditure (see Resting Energy Expenditure), and aerobic
fitness (see Exercise Testing).

3.4 Classification of Baseline Menstrual Status: Upon study entry, classification of
menstrual status was based on self-reported menstrual histories, which was confirmed by
urinary E1G, PdG, and LH profiles, and other endocrine measures during a 4 week baseline
period. Participants were asked to record menstrual bleeding patterns and any additional
symptoms related to menstrual cycles. Menstrual calendars were used to chart menstrual
symptoms, such as cramps, bleeding, spotting, discharge, etc in all participants. Participants
collected first morning urine samples throughout the 4 week baseline monitoring period (and
12 month intervention period). Oligomenorrhea was confirmed if menses occurred at
intervals of 36-90 days during the baseline period and if participants self reported 6 or less
menstrual cycles in the past year prior to the intervention. FHA was assessed by confirming a
negative pregnancy test, no menses in the past 90 days, and documentation of chronically
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suppressed E1G and PdG profiles observed during the baseline period.

3.5 Intervention Procedures: Participants randomly assigned to the treatment group
(EAMD + Calories) were asked to increase their caloric intake 20-30% above baseline
energy requirements while maintaining their usual exercise training regime. Baseline energy
requirements for this study were operationally defined as the sum of resting energy
expenditure (REE) and purposeful exercise energy expenditure. Participants in the EAMD
Control group were asked to maintain their baseline physical activity levels and baseline
energy intake. Participants in the EAMD + Calories group were requested to increase their
caloric intake through the use of nutritional/sports energy supplements or with foods they
typically eat. Energy bars (primarily PowerBars, Nestle, Clif Bars) that contained
approximately 250-300 calories were provided by the research staff and considered the
strategy to increase caloric intake throughout the day. A registered dietician met with the
participants every other week for the first three months and then once a month for the
remaining months of the intervention to review the participants’ diet and provide strategies to
meet their target caloric intake. Participants also met with a clinical psychologist or licensed
clinical social worker every other week for the first three months and then once a month for
the remaining months of the intervention to monitor participants’ general psychological
health and provide assistance in helping to implement lifestyle changes that participants were
required to make in the context of the intervention.

3.6 Assessment of Menstrual Function at Baseline and During the Intervention:
Menstrual function was monitored daily at baseline and during the intervention by
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assessing urinary excretion of E1G, PdG, and luteinizing hormone (LH) metabolites and the
presence of menses as self-reported on monthly calendars. Cycles were considered
eumenorrheic if menses occurred at regular intervals of 26-35 days, oligomenorrheic if
menses occurred at intervals of 36-90 days and amenorrheic if menses occurred at intervals
>90 days (De Souza and Williams 2004). Menstrual cycle length was defined as the number
of days from day one of menses to the day before the first day of the next menses. The
follicular phase length was defined as the number of days from the first day of menses up to
and including the day of the LH surge (De Souza, Miller et al. 1998). Ovulatory status was
determined by day of the urinary LH surge, identified as an LH peak on the day of or after
the midcycle E1G peak (De Souza, Miller et al. 1998). Specific hormonal criteria for
detecting ovulation included a LH surge concentration above 25 mIU/mL, the E1G peak
concentration above 35 ng/mL, and the peak PdG concentration above 5 ug/mL during the
luteal phase (Kesner, Wright et al. 1992; Santoro, Crawford et al. 2003; De Souza, West et
al. 2008). An anovulatory cycle was defined as a cycle in which minimal increases in E1G
was observed concomitantly with a failure of LH to rise at midcycle, or when a luteal phase
exhibited no increase in PdG concentration from a 5-day follicular phase baseline or when
the peak PdG value was below 2.49 ug/mL (De Souza, Miller et al. 1998; Santoro, Crawford
et al. 2003; De Souza, West et al. 2008). LPD was defined as short when the luteal phase
length was less than 10 days, or inadequate when the sum of the 3-day midluteal peak PdG
(sum of midluteal peak PdG ± 1 day) was less than 10 ug/mL and when the PdG peak
concentration was below 5 ug/mL (De Souza, Miller et al. 1998; Santoro, Crawford et al.
2003).
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3.7 Recovery of Menstrual Function Categories: To describe the recovery of menstrual
function, we classified recovery using several definitions of recovery that ranged in
physiological and clinical relevance. For each of the following 3 categories describing
menstrual recovery, participants were deemed to either have met the recovery of menstrual
function criteria during the intervention or have failed to meet the recovery of menstrual
function criteria. The first category (Recovery Category 1) was described as “recovery of
menses.” The successful recovery of menses in women with exercise associated FHA after
the baseline period was defined as the first occurrence of menstrual bleeding during the
intervention. For further analysis of the recovery of menstrual function, Recovery Category
2 (resumption of menses preceded by ovulation) was described as resumption of menses
preceded by ovulation based on increases in urinary E1G (above 35 ng/ml), pregnanediol-3glucoronide (PdG, above 2.5 µg/ml), and mid-cycle LH (above 25 mIU/ml) concentrations
(De Souza, Miller et al. 1998; De Souza, Toombs et al. 2010). Recovery Category 3 was
described as resumption of menses followed by at least 2 menstrual cycles of less than 36
days each.

3.8 Anthropometrics: Total body weight was measured by a digital scale in the laboratory
to the nearest 0.01 kg with subjects wearing t-shirt and gym shorts during each week of the
baseline period and every two weeks during the intervention. Height was measured to the
nearest 1.0 cm without shoes during the screening period and BMI was calculated as a ratio
of weight to height (kg/m2) during each week of baseline and every two weeks during the
intervention. Baseline values for body weight and BMI were reported as the average of all
baseline and screening measurements.
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3.9 Eating Behavior Assessment: Participants completed the Three Factor Eating
Questionnaire (TFEQ) and Eating Disorder Inventory 2 (EDI-2) at screening and at months
2, 3, 6, 9, and 13 (post-study) to assess eating behavior. The TFEQ is a 51-item
questionnaire with three subscales – dietary cognitive restraint (CR), disinhibition, and
hunger. Cognitive restraint was evaluated according to the following ranges established by
Stunkard and Messick (Stunkard and Messick 1985): 0-10 indicated low CR, 11-13 indicated
high CR, and 14-21 indicated the clinical range. The EDI-2 is a 91-item questionnaire with
8 subscales, including drive for thinness, bulimia, body dissatisfaction, ineffectiveness,
perfectionism, interpersonal distrust, interoceptive awareness, and maturity fears, and an
additional 3 provisional subscales including ascetism, impulse regulation, and social
insecurity. Scores on the first 8 subscales were compared to published means and 95%
confidence intervals of eating disorder patients and nonpatient college females to determine
the presence of disordered eating (Garner and Olmsted 1991; Garner DM 1991).

3.10 Body Composition and Bone Mineral Density: Dual-energy x-ray absorptiometry
(DXA) scans of the total body, lumbar spine, and dual femur were performed to assess body
composition and BMD (GE Lunar Prodigy or Lunar iDXA, Madison, WI). Body
composition was measured at screening and baseline and during months 1, 2, 3, 6, 9, and 13
(post-study). BMD was assessed at all three sites at screening, month 6, and month 13 (poststudy). Two participants were scanned on a GE Lunar Prodigy (GE Lunar Corporation,
Madison, WI, enCORE 2002 software, version 6.50.069) and two were scanned on a GE
Lunar iDXA (GE Lunar Corporation, Madison, WI, enCORE 2008 software version
12.10.113). Consistent with the International Society of Clinical Densitometry guidelines, a
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cross calibration study was performed to remove systematic bias between the systems.
Fourteen participants were scanned in triplicate on both machines. The values were highly
correlated with no significant difference between the population mean values. Biases in the
total BMD, total bone mineral content, total fat, and % fat relative to the magnitude of the
variable were observed. Equations were derived using simple linear regression to remove
these biases and report the Prodigy values calibrated to the iDXA.
To correct for body size, bone mineral apparent density (BMAD), an estimate of
volumetric density, was calculated for the lumbar spine L1-L4 site using the following
equation: BMAD = (BMC/area^1.5) (Carter, Bouxsein et al. 1992).

3.11 Dietary Energy Intake: Dietary energy intake was assessed from 3-day diet logs
completed during week 3 of baseline and each month during the intervention. Participants
were provided with a food scale and food amounts packet. The packet contained diagrams
illustrating container sizes, cuts of meat, and various circles and squares which are typically
used when estimating portion size for foods like bowls of cereal. Participants were
encouraged to use these scaled diagrams as a guide for describing dimensions and sizes.
Also, included in the packet was a sample page of an accurately completed diet log provided
as a reference. Participants were asked to record all foods and beverages consumed on 2
weekdays and 1 weekend day, including the time and location of every eating episode.
Registered dietitians trained each subject how to record dietary intake accurately. The
nutrient data from the 3-day diet logs were coded and analyzed using the Nutrition Data
System for Research (NDSR 2008 Version; University of Minnesota; Minneapolis, MN).
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3.12 Resting Energy Expenditure: REE was determined by indirect calorimetry during
week 3 of baseline and months 2, 3, 6, 9, and 13 (post-study) (Sensormedics Vmax metabolic
cart, Yorba Linda, CA). Participants reported to the lab at approximately 0800 h having
fasted for 12 hours and refrained from exercise and caffeine for 24 hours. After a 45 minute
rest period, a ventilated hood was placed on the participants, and REE was measured for 3045 minutes. Oxygen consumption (VO2) and carbon dioxide production (VCO2) were
collected every 30 seconds. To calculate REE, data for VO2 and VCO2 were only used if
steady state was attained. Steady state was achieved when the volume of expired air and VO2
were not varying by more than 10% and when the respiratory quotient was not varying by
more than 5%. We then only averaged those consecutive data points that met these criteria.
REE was calculated using the Weir equation (Weir 1949) REE (kcals/d) = [3.94(VO2)
+1.11(VCO2)] x1.44. In our laboratory, the coefficient of variation for REE measurements,
established in 81 participants age 18-35 yrs who underwent two repeated measurements
about two weeks apart is 5.3±0.7%. This is within reported literature values for healthy
adults aged 19-51 years (Compher, Frankenfield et al. 2006).
Predicted REE was also calculated using the Harris Benedict equation (Harris and
Benedict 1919). We compared the lab-assessed REE to the predicted REE (REE/pREE) to
estimate how much the measured REE deviated from the predicted REE. A reduced ratio of
measured REE to Harris-Benedict predicted REE of 0.60-0.80 has been reported during
periods of low body weight and prior to refeeding in anorexic women (Melchior, Rigaud et
al. 1989; Polito, Fabbri et al. 2000; Konrad, Carels et al. 2007). We have previously
published data using a ratio of REE/pREE less than 0.90 as the operational definition of an
energy deficiency (Gibbs, Williams et al.; De Souza, Hontscharuk et al. 2007; De Souza, Lee
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et al. 2007; De Souza, West et al. 2008). As such, in this study, a ratio <0.90 was used to
discriminate between being energy deficient and energy replete.

3.13 Exercise Energy Expenditure: Purposeful exercise energy expenditure was estimated
at baseline and once each month throughout the study using a polar heart rate monitor.
Participants completed exercise logs where all purposeful exercise sessions greater than 10
minutes in duration with a heart rate above 90 beats per minute were recorded for a 7-day
period. Purposeful exercise included activities such as use of the elliptical machine, running,
cycling, or strength training, but not daily living activities such as house cleaning or walking
a dog. Energy expended during these purposeful exercise sessions was measured using the
OwnCal feature of the Polar S610 or RS400 heart rate monitors (Polar Electro Oy, Kempele,
Finland) (Crouter, Albright et al. 2004). The OwnCal feature has been validated for the use
in calculating exercise energy expenditure from heart rate (Hilloskorpi, Fogelholm et al.
1999; Hiilloskorpi, Pasanen et al. 2003; Keytel, Goedecke et al. 2005). This feature uses
body weight, height, age, gender, VO2max, individual maximum heart rate, individual heart
rate in a sitting position, and heart rate during exercise to derive kilocalories from energy
expenditure. Actual VO2peak values were input into the heart rate monitors to compute
exercise energy expenditure. The Polar S601 and RS400 hear rate monitors include rest in
their estimation of energy expenditure. To estimate only exercise energy expenditure, we
subtracted the most recently measured REE (kilocalories/min) from the Polar heart rate
monitors estimation of energy expenditure. For purposeful exercise sessions in which
participants did not wear the Polar S610 or RS400 heart rate monitors, the Ainsworth et al.
(Ainsworth, Haskell et al.; Ainsworth, Haskell et al. 2000) compendiums of physical
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activities were used to determine the appropriate metabolic equivalent (MET) level for the
exercise performed (Ainsworth, Bassett et al. 2000; Ainsworth, Haskell et al. 2000). To
calculate the energy expended during the exercise session, the MET level was multiplied by
the duration (min) of the exercise session and the measured REE (kcal/min). The MET value
includes a resting component. To estimate only exercise energy expenditure, we subtracted
the most recently measured REE (kilocalories/min) from this value. Determination of MET
levels from exercise logs from both experimental sites was made by the same individual. The
heart rate monitors were updated as new values for VO2peak and body weight were
obtained.

3.14 Exercise Testing: Maximal aerobic capacity (VO2max) was measured during a
progressive treadmill test to volitional exhaustion using an on-line MedGraphics Modular
VO2 System (St Paul, MN) or SensorMedics Vmax metabolic cart (Yorba Linda, Calif.,
USA) during week 3 of the baseline menstrual cycle using indirect calorimetry. The VO2
max test is initiated by the participant selecting a comfortable running speed at 0.0% grade.
The grade of the treadmill was increased 2.0% after every 2 minutes for the first 8 minutes of
the test, after which the grade then was increased 1.0% for each subsequent minute (Reed,
Bowell et al.; P Astrand 1977; De Souza, Lee et al. 2007).

3.15 Urinary Reproductive Hormone Measurements: To determine estrogen and
progesterone exposure, E1G and PdG urinary metabolites were compared among the
participants using a modified trapezoidal integrated area under the curve (AUC) technique.
To calculate AUC, the hormone concentrations for two consecutive days of the cycle were
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averaged; these averages were then summed to provide AUC for the cycle. All urine
samples were corrected for specific gravity using a hand refractometer (NSG Precision Cells)
to account for hydration status (Miller, Brindle et al. 2004) which has been reported to
perform as well as creatinine correction for adjusting urinary hormone concentrations
(Miller, Brindle et al. 2004). The secretion of E1G and PdG metabolites in the urine parallels
serum concentrations of the parent hormones (Munro, Stabenfeldt et al. 1991). Microtiter
plate competitive enzyme immunoassays were used to measure the urinary metabolites E1G
and PdG. The E1G (R522-2) and PdG (R13904) assays use a polyclonal capture antibody
supplied by Coralie Munro University of California (Davis, CA). The inter-assay coefficients
of variation for high and low internal controls for the E1G assay are 12.2% and 14.0%
respectively. The PdG intra- and inter-assay variability was determined in-house as 13.6%
and 18.7% respectively (De Souza, Miller et al. 1998; De Souza, Toombs et al. 2010).
Urinary LH was determined by coat-a-count immunoradiometric assay (Siemens Healthcare
Diagnostics, Deerfield, IL). The sensitivity of the LH assay is 0.15 mIU/ml. The intra- and
inter-assay coefficients of variation were 1.6% and 7.1%, respectively.

3.16 Blood Sampling: Blood was collected after an overnight fast between 0700 and 1000
once during week 3 of baseline and once at the end of baseline for all participants. The latter
two samples were pooled for all baseline hormone analyses. In addition, blood samples were
collected during months 2, 3, 4, 5, 6, 9, 13 (post-study). Participants were asked to lie in the
supine position for at least 15 minutes after which a GCRC nurse obtained a blood sample
via venipuncture. Samples were allowed to clot for at least 30 minutes at room temperature.
Samples were then spun in a centrifuge at 4o Celsius for 15 minutes at 3225.6 g-force (3000
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rpm) where after serum was transferred into appropriately labeled 1.5 mL microtubules and
stored at -80o Celsius until analysis.

3.17 Serum Hormone Analysis: Metabolic hormones such as TT3, leptin, and ghrelin, and
bone markers including pro-collagen type 1 amino-terminal propeptide (P1NP) and collagen
type 1 cross-linked C-telopeptide (CTx) were measured. TT3 was analyzed using a
chemiluminescence-based immunoassay analyzer (Diagnostic Products Corporation, Los
Angeles, CA). Analytical sensitivity for the TT3 assay was 35 ng/dl. The intra-assay and
inter-assay coefficients of variation were 13.2% and 15.6%, respectively. Serum leptin
concentration was measured using a solid-phase sandwich enzyme-linked immunoassay
(ELISA) for total leptin (Millipore, St. Charles, MI). The content of leptin in samples was
calculated from a standard curve generated in each assay with recombinant human leptin.
The inter-assay and intra-assay coefficients of variation for the low control were 6.2% and
4.6%, respectively. This assay is sensitive to leptin concentrations of 0.5 ng/ml. Total
ghrelin was measured by radioimmunoassay (RIA) (Linco Research). The intra-assay and
inter-assay coefficients of variation were 2.0 and 15.7%, respectively. The sensitivity of the
assay was 93 pg/ml. CTx was analyzed by ELISA (Immunodiagnostic Systems, Inc.,
Scottsdale, AZ). The sensitivity of the assay was 0.02 ng/mL. Intra-assay and inter-assay
coefficients of variation for the low control were 3.0 and 10.9%, respectively. P1NP was
analyzed by RIA (Immunodiagnostic Systems, Inc., Scottsdale, AZ). The sensitivity of the
assay was 2 ug/L. Intra-assay and inter-assay coefficients of variation were between 6.510.2% and 6.0-9.8%, respectively. All samples from a given participant were analyzed in
duplicate.
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CHAPTER 4
MANUSCRIPT
4.1 Abstract: Treatment strategies to reverse an energy deficiency and its associated
consequences such as functional hypothalamic amenorrhea (FHA) and low bone mineral
density (BMD) in exercising women are currently being explored. An attractive nonpharmacological approach is to increase caloric intake in an attempt to restore an optimal
energetic environment, leading to recovery of menstrual function and improvements in bone
health. The purpose of this study was to examine three exercising women with FHA who
participated in a 12-month intervention involving an increase in energy intake designed to
meet energy expenditure needs, improve energy status, restore menses, and BMD.
Participants were instructed to increase their caloric intake 20-30% above baseline energy
requirements. Repeated measures of dietary intake, body weight, body composition and
BMD, resting energy expenditure (REE), exercise energy expenditure, exercise volume,
serum hormones (triiodothyronine (TT3), leptin, ghrelin, and bone markers) and daily
urinary metabolites (estrogen, progesterone, and luteinizing hormone) were collected. The
women ranged in age from 19-30 years, weighed 53.2-54.7 kg, and had a body mass index of
19.7-21.0 kg/m2. Duration of amenorrhea ranged from 90 to 330 days. On average, caloric
intake increased by 517 kcal/day (31%), and body weight and fat mass increased by 4.1 kg
and 2.2 kg, respectively. The women resumed menses 23-74 days into the intervention.
Ovulation preceded the first menses for two women, and regular cycles were observed
following resumption for two women. Estrogen exposure increased, on average, 116% from
baseline to the cycle preceding resumption for the two women with ovulatory cyles at
resumption; however, no change in estrogen exposure was observed for the woman who
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presented with an anovulatory cycle prior to resumption.

REE, triiodothyronine, and leptin

increased; whereas, ghrelin decreased in all women. One woman displayed a significant
3.0% increase in lumbar spine BMD after the intervention. This case report provides support
for the role of energy deficiency in menstrual dysfunction among exercising women.
Recovery of menses coincided closely with weight gain and improvements in energy status
that were achieved by increases in caloric intake.

4.2 Introduction: An energy deficiency, resulting from inadequate caloric intake to
compensate for energy expenditure, is commonly observed among exercising women (1, 2).
The physiological consequences of an energy deficiency involve a cascade of metabolic and
hormonal alterations that ultimately result in menstrual disturbances such as functional
hypothalamic amenorrhea (FHA) and low bone mass (3-7). The optimal treatment approach
for women who present with exercise-associated amenorrhea and low bone mass is to target
the source of the problem, i.e. the energy deficiency by initiating a lifestyle intervention that
includes an increase in energy intake, a decrease in energy expenditure, or both (8). Because
a decrease in exercise volume is often not viewed favorably among exercising women, an
increase in caloric intake may be more favorable and thus a better treatment strategy for
women presenting with FHA. Weight gain often occurs secondary to such treatment and has
been observed to be a positive outcome associated with improved energy status, resumption
of menses, and enhanced bone health in both exercising women and anorexic women (9-13).
A few investigators have reported case studies of amenorrheic, exercising women
who have increased caloric intake and gained weight (11-14). Dueck et al. (14) and KoppWoodroffe et al.(11) described case studies of five amenorrheic athletes who participated in
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an intervention to increase caloric intake for 12 to 20 weeks. Weight gain ranged from 1-3
kg, and three of the five women resumed menses during the intervention. Fredericson and
Kent (12) reported a case study of an amenorrheic athlete who gained weight over the course
of 5 years, resulting in the maintenance of normal menstrual cycles and improved bone
health. Similarly, Zanker et al. (13) followed an amenorrheic athlete for 12 years and
reported increases in bone mineral density (BMD) of the proximal femur with increases in
body mass index (BMI). There are, however, no case studies reported to date that document
the simultaneous changes in energetic and metabolic status and the associated effects on
reproductive and bone health in amenorrheic, exercising women undergoing a 12-month
controlled intervention of increased caloric intake.
Therefore, the purpose of this study was to examine three exercising women with
FHA who participated in a 12-month intervention involving an increase in energy intake
designed to meet energy expenditure needs, improve energy status, restore menses and
improve BMD. During the intervention, each woman successfully gained weight, improved
energy status, and resumed menses. Thus, this study sought to demonstrate the changes in
energy status, menstrual function and bone health that accompany increased caloric intake
and weight gain by describing in detail three cases. It was hypothesized that the most robust
improvements in energy status, reproductive function, and bone health would be observed
among the women who gained the most weight. Additionally, it was hypothesized that the
women who presented with the highest percent body fat and BMI would demonstrate the
shortest time to resumption of menses.
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4.3 Methods:
4.3A Study Design: The three women in this report were part of a randomized control
trial that was designed to determine the effects of a 12-month intervention of increased
caloric intake on indices of bone health and menstrual status in premenopausal women who
suffer from severe exercise-associated menstrual disturbances (EAMD), including
oligomenorrhea (long and inconsistent menstrual cycles of 36-90 days) and FHA (the
absence of menses for >90 days). The study was conducted at two sites, the University of
Toronto and at The Pennsylvania State University. At each site, exercising women with
ovulatory menstrual cycles and exercising women with severe menstrual disturbances
(oligomenorrhea and amenorrhea) were recruited. The women with ovulatory menstrual
cycles were studied to serve as a reference control group. Participants with EAMD were
randomly assigned to a treatment group (EAMD+Calories) or a control group (EAMD
Control) at the beginning of the intervention after a baseline period of study. Repeated
measures of dietary intake (kcal/day), body weight (kg), body composition (kg LBM and
FM) and BMD, resting energy expenditure (kcal/day), exercise energy expenditure
(kcal/day), exercise volume (exercise minutes), serum hormones (leptin, ghrelin,
triidothyronine, and bone markers), and daily urinary metabolites (estrogen, progesterone and
LH) were collected during the 12 month intervention. Details of the baseline period and
intervention are described below.
4.3B Participants: Participants were recruited by newspaper advertisements, fliers,
and classroom announcements targeting physically active women for a study examining the
impact of increased caloric intake on bone health and menstrual cyclicity. Inclusion criteria
for this study were: 1) age 18-35 years, 2) BMI 16-25 kg/m2, 3) weight stable (± 2kg) for the
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past 6 months, 4) no history of any serious medical conditions, 5) no current clinical
diagnosis of an eating or psychiatric disorder 6) non-smoking, 7) no medication use that
would alter metabolic or reproductive hormone concentrations, 8) ≥ 3 hrs/wk aerobic
exercise; 9) no history of a clinical diagnosis of polycystic ovarian syndrome (PCOS), or a
free androgen index (FAI), calculated as (total testosterone (nmol/L) / sex hormone binging
globulin (SHBG) (nmol/L))*100) (15) > 6, since an FAI greater than 6.0 has been reported to
be consistent with hyperandrogenemia (16, 17). In addition, an FAI greater than 6.0
represents values greater than three standard deviations from the mean of 1.6±0.3 in our
reference population which consisted of healthy premenopausal exercising women (n=33)
with documented ovulatory menstrual status by the assessment of daily urinary hormone
measurement (18, 19). For the purposes of the current study, three exercising amenorrheic
women (age 18-30 years) were chosen for this case study report to demonstrate the impact of
increased caloric intake on energy status, menstrual function, and bone health. All three
participants in this report were assigned to the EAMD+Calories group. Each participant
reported the absence of menses for at least 90 days prior to the study, and the presence of
amenorrhea was confirmed by the analysis of daily urinary excretion of estrone-1glucoronide (E1G) and pregnanediol glucoronide (PdG) metabolites for one 28-day
monitoring period. Each woman was recreationally active, engaging in > 4 hours of exercise
per week at baseline. A fasting blood sample was drawn to rule out endocrine, metabolic
disease and other illnesses. At baseline, all participants had normal concentrations of thyroid
stimulating hormone (1.19-4.09 mIU/L), total thyroxine (75.9 nmol/L) or free thyroxine (1114 pmol/L), prolactin (173.9-347.8 pmol/L), and total testosterone (0.42-0.76 nmol/L), and
normal free androgen index (0.58-1.79).
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4.3C Screening Procedures: During an initial visit, participants were informed of the
purpose, procedures, and potential risks of participation in the study before signing an
informed consent approved by either the Human Ethics Board at the University of Toronto or
Biomedical Institutional Review Board at the Pennsylvania State University. Once consent
was obtained, height and weight were measured, and participants completed questionnaires
to assess demographics, medical history, exercise history, menstrual history, eating behaviors
(20, 21), bone health, and psychological health (22-25). A physical exam was performed by
an on-site clinician to determine overall health and check for physical signs of polycystic
ovarian syndrome (PCOS) such as acne or hirsutism and symptoms of disordered eating. A
fasting blood sample was analyzed for a complete blood count, basic chemistry panel, and an
endocrine panel which included measures of LH, follicle stimulating hormone (FSH), thyroid
stimulating hormone, thyroxine, prolactin, dihydroepiandrosterone (Quest Diagnostics,
Pittsburgh, PA), total testosterone, and SHBG to rule out illness or endocrine and metabolic
disease. A clinical psychologist or licensed clinical social worker completed a semistructured interview with each subject to exclude those women experiencing major
psychiatric disorders including depression or clinical eating disorders. Participants met with
a General Clinical Research Center (GCRC) registered dietitian after completing a 3-day diet
log (2 weekdays and 1 weekend day) to discuss eating patterns and food preferences and to
assess likelihood for compliance to the study protocol with respect to increased food intake.
Additionally, dual-energy x-ray absorptiometry (DXA) scans of the total body, lumbar spine,
and dual femur were performed to assess bone mineral density and body composition.
4.3D Baseline Procedures: During a 4-week baseline period, daily urine and
menstrual calendars were collected from the participants (see Classification of Baseline
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Menstrual Status). Body weight was measured weekly. At week 3 of baseline, participants
underwent blood sampling for the determination of serum leptin, ghrelin, total
triiodothryonine (TT3), and markers of bone formation and resorption (see Serum Hormone
Analysis). Participants also completed a 3-day diet log and underwent testing for body
composition (see Anthropometrics), resting energy expenditure (see Resting Energy
Expenditure), and aerobic fitness (see Exercise Testing).
4.3E Classification of Baseline Menstrual Status: Upon study entry, classification of
menstrual status was based on self-reported menstrual histories, which was confirmed by
urinary E1G, PdG, and LH profiles, and other endocrine measures during a 4 week baseline
period. Participants were asked to record menstrual bleeding patterns and any additional
symptoms related to menstrual cycles. Menstrual calendars were used to chart menstrual
symptoms, such as cramps, bleeding, spotting, discharge, etc in all participants. Participants
collected first morning urine samples throughout the 4 week baseline monitoring period (and
12 month intervention period). Oligomenorrhea was confirmed if menses occurred at
intervals of 36-90 days during the baseline period and if participants self reported 6 or less
menstrual cycles in the past year prior to the intervention. FHA was assessed by confirming a
negative pregnancy test, no menses in the past 90 days, and documentation of chronically
suppressed E1G and PdG profiles observed during the baseline period.
4.3F Intervention Procedures: Participants randomly assigned to the treatment group
(EAMD + Calories) were asked to increase their caloric intake 20-30% above baseline
energy requirements while maintaining their usual exercise training regime. Baseline energy
requirements for this study were operationally defined as the sum of resting energy
expenditure (REE) and purposeful exercise energy expenditure. Participants in the EAMD
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Control group were asked to maintain their baseline physical activity levels and baseline
energy intake. Participants in the EAMD + Calories group were requested to increase their
caloric intake through the use of nutritional/sports energy supplements or with foods they
typically eat. Energy bars (primarily PowerBars, Nestle, Clif Bars) that contained
approximately 250-300 calories were provided by the research staff and considered the
strategy to increase caloric intake throughout the day. A registered dietician met with the
participants every other week for the first three months and then once a month for the
remaining months of the intervention to review the participants’ diet and provide strategies to
meet their target caloric intake. Participants also met with a clinical psychologist or licensed
clinical social worker every other week for the first three months and then once a month for
the remaining months of the intervention to monitor participants’ general psychological
health and provide assistance in helping to implement lifestyle changes that participants were
required to make in the context of the intervention.
4.3G Assessment of Menstrual Function at Baseline and During the Intervention:
Menstrual function was monitored daily at baseline and during the intervention by assessing
urinary excretion of E1G, PdG, and luteinizing hormone (LH) metabolites and the presence
of menses as self-reported on monthly calendars. Cycles were considered eumenorrheic if
menses occurred at regular intervals of 26-35 days, oligomenorrheic if menses occurred at
intervals of 36-90 days and amenorrheic if menses occurred at intervals >90 days (3).
Menstrual cycle length was defined as the number of days from day one of menses to the day
before the first day of the next menses. The follicular phase length was defined as the number
of days from the first day of menses up to and including the day of the LH surge (19).
Ovulatory status was determined by day of the urinary LH surge, identified as an LH peak on
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the day of or after the midcycle E1G peak (19). Specific hormonal criteria for detecting
ovulation included a LH surge concentration above 25 mIU/mL, the E1G peak concentration
above 35 ng/mL, and the peak PdG concentration above 5 ug/mL during the luteal phase (6,
26, 27). An anovulatory cycle was defined as a cycle in which minimal increases in E1G
was observed concomitantly with a failure of LH to rise at midcycle, or when a luteal phase
exhibited no increase in PdG concentration from a 5-day follicular phase baseline or when
the peak PdG value was below 2.49 ug/mL (6, 19, 27). LPD was defined as short when the
luteal phase length was less than 10 days, or inadequate when the sum of the 3-day midluteal
peak PdG (sum of midluteal peak PdG ± 1 day) was less than 10 ug/mL and when the PdG
peak concentration was below 5 ug/mL (19, 27).
4.3H Recovery of Menstrual Function Categories: To describe the recovery of
menstrual function, we classified recovery using several definitions of recovery that ranged
in physiological and clinical relevance. For each of the following 3 categories describing
menstrual recovery, participants were deemed to either have met the recovery of menstrual
function criteria during the intervention or have failed to meet the recovery of menstrual
function criteria. The first category (Recovery Category 1) was described as “recovery of
menses.” The successful recovery of menses in women with exercise associated FHA after
the baseline period was defined as the first occurrence of menstrual bleeding during the
intervention. For further analysis of the recovery of menstrual function, Recovery Category
2 (resumption of menses preceded by ovulation) was described as resumption of menses
preceded by ovulation based on increases in urinary E1G (above 35 ng/ml), pregnanediol-3glucoronide (PdG, above 2.5 µg/ml), and mid-cycle LH (above 25 mIU/ml) concentrations
(18, 19). Recovery Category 3 was described as resumption of menses followed by at least 2
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menstrual cycles of less than 36 days each.
4.3I Anthropometrics: Total body weight was measured by a digital scale in the
laboratory to the nearest 0.01 kg with subjects wearing t-shirt and gym shorts during each
week of the baseline period and every two weeks during the intervention. Height was
measured to the nearest 1.0 cm without shoes during the screening period and BMI was
calculated as a ratio of weight to height (kg/m2) during each week of baseline and every two
weeks during the intervention. Baseline values for body weight and BMI were reported as the
average of all baseline and screening measurements.
4.3J Eating Behavior Assessment: Participants completed the Three Factor Eating
Questionnaire (TFEQ) and Eating Disorder Inventory 2 (EDI-2) at screening and at months
2, 3, 6, 9, and 13 (post-study) to assess eating behavior. The TFEQ is a 51-item
questionnaire with three subscales – dietary cognitive restraint (CR), disinhibition, and
hunger. Cognitive restraint was evaluated according to the following ranges established by
Stunkard and Messick (20): 0-10 indicated low CR, 11-13 indicated high CR, and 14-21
indicated the clinical range. The EDI-2 is a 91-item questionnaire with 8 subscales,
including drive for thinness, bulimia, body dissatisfaction, ineffectiveness, perfectionism,
interpersonal distrust, interoceptive awareness, and maturity fears, and an additional 3
provisional subscales including ascetism, impulse regulation, and social insecurity. Scores
on the first 8 subscales were compared to published means and 95% confidence intervals of
eating disorder patients and nonpatient college females to determine the presence of
disordered eating (21).
4.3K Body Composition and Bone Mineral Density: Dual-energy x-ray
absorptiometry (DXA) scans of the total body, lumbar spine, and dual femur were performed
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to assess body composition and BMD (GE Lunar Prodigy or Lunar iDXA, Madison, WI).
Body composition was measured at screening and baseline and during months 1, 2, 3, 6, 9,
and 13 (post-study). BMD was assessed at all three sites at screening, month 6, and month
13 (post-study). Two participants were scanned on a GE Lunar Prodigy (GE Lunar
Corporation, Madison, WI, enCORE 2002 software, version 6.50.069) and two were scanned
on a GE Lunar iDXA (GE Lunar Corporation, Madison, WI, enCORE 2008 software version
12.10.113). Consistent with the International Society of Clinical Densitometry guidelines, a
cross calibration study was performed to remove systematic bias between the systems.
Fourteen participants were scanned in triplicate on both machines. The values were highly
correlated with no significant difference between the population mean values. Biases in the
total BMD, total bone mineral content, total fat, and % fat relative to the magnitude of the
variable were observed. Equations were derived using simple linear regression to remove
these biases and report the Prodigy values calibrated to the iDXA.
To correct for body size, bone mineral apparent density (BMAD), an estimate of
volumetric density, was calculated for the lumbar spine L1-L4 site using the following
equation: BMAD = (BMC/area^1.5) (28).
4.3L Dietary Energy Intake: Dietary energy intake was assessed from 3-day diet logs
completed during week 3 of baseline and each month during the intervention. Participants
were provided with a food scale and food amounts packet. The packet contained diagrams
illustrating container sizes, cuts of meat, and various circles and squares which are typically
used when estimating portion size for foods like bowls of cereal. Participants were
encouraged to use these scaled diagrams as a guide for describing dimensions and sizes.
Also, included in the packet was a sample page of an accurately completed diet log provided
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as a reference. Participants were asked to record all foods and beverages consumed on 2
weekdays and 1 weekend day, including the time and location of every eating episode.
Registered dietitians trained each subject how to record dietary intake accurately. The
nutrient data from the 3-day diet logs were coded and analyzed using the Nutrition Data
System for Research (NDSR 2008 Version; University of Minnesota; Minneapolis, MN).
4.3M Resting Energy Expenditure: REE was determined by indirect calorimetry
during week 3 of baseline and months 2, 3, 6, 9, and 13 (post-study) (Sensormedics Vmax
metabolic cart, Yorba Linda, CA). Participants reported to the lab at approximately 0800 h
having fasted for 12 hours and refrained from exercise and caffeine for 24 hours. After a 45
minute rest period, a ventilated hood was placed on the participants, and REE was measured
for 30-45 minutes. Oxygen consumption (VO2) and carbon dioxide production (VCO2)
were collected every 30 seconds. To calculate REE, data for VO2 and VCO2 were only used
if steady state was attained. Steady state was achieved when the volume of expired air and
VO2 were not varying by more than 10% and when the respiratory quotient was not varying
by more than 5%. We then only averaged those consecutive data points that met these
criteria. REE was calculated using the Weir equation (29) REE (kcals/d) = [3.94(VO2)
+1.11(VCO2)] x1.44. In our laboratory, the coefficient of variation for REE measurements,
established in 81 participants age 18-35 yrs who underwent two repeated measurements
about two weeks apart is 5.3±0.7%. This is within reported literature values for healthy
adults aged 19-51 years (30).
Predicted REE was also calculated using the Harris Benedict equation (31). We
compared the lab-assessed REE to the predicted REE (REE/pREE) to estimate how much the
measured REE deviated from the predicted REE. A reduced ratio of measured REE to
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Harris-Benedict predicted REE of 0.60-0.80 has been reported during periods of low body
weight and prior to refeeding in anorexic women (32-34). We have previously published
data using a ratio of REE/pREE less than 0.90 as the operational definition of an energy
deficiency (1, 6, 35, 36). As such, in this study, a ratio <0.90 was used to discriminate
between being energy deficient and energy replete.
4.3N Exercise Energy Expenditure: Purposeful exercise energy expenditure was
estimated at baseline and once each month throughout the study using a polar heart rate
monitor. Participants completed exercise logs where all purposeful exercise sessions greater
than 10 minutes in duration with a heart rate above 90 beats per minute were recorded for a
7-day period. Purposeful exercise included activities such as use of the elliptical machine,
running, cycling, or strength training, but not daily living activities such as house cleaning or
walking a dog. Energy expended during these purposeful exercise sessions was measured
using the OwnCal feature of the Polar S610 or RS400 heart rate monitors (Polar Electro Oy,
Kempele, Finland) (37). The OwnCal feature has been validated for the use in calculating
exercise energy expenditure from heart rate (38-40). This feature uses body weight, height,
age, gender, VO2max, individual maximum heart rate, individual heart rate in a sitting
position, and heart rate during exercise to derive kilocalories from energy expenditure.
Actual VO2peak values were input into the heart rate monitors to compute exercise energy
expenditure. The Polar S601 and RS400 hear rate monitors include rest in their estimation of
energy expenditure. To estimate only exercise energy expenditure, we subtracted the most
recently measured REE (kilocalories/min) from the Polar heart rate monitors estimation of
energy expenditure. For purposeful exercise sessions in which participants did not wear the
Polar S610 or RS400 heart rate monitors, the Ainsworth et al. (41, 42) compendiums of
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physical activities were used to determine the appropriate metabolic equivalent (MET) level
for the exercise performed (43). To calculate the energy expended during the exercise
session, the MET level was multiplied by the duration (min) of the exercise session and the
measured REE (kcal/min). The MET value includes a resting component. To estimate only
exercise energy expenditure, we subtracted the most recently measured REE
(kilocalories/min) from this value. Determination of MET levels from exercise logs from
both experimental sites was made by the same individual. The heart rate monitors were
updated as new values for VO2peak and body weight were obtained.
4.3O Exercise Testing: Maximal aerobic capacity (VO2max) was measured during a
progressive treadmill test to volitional exhaustion using an on-line MedGraphics Modular
VO2 System (St Paul, MN) or SensorMedics Vmax metabolic cart (Yorba Linda, Calif.,
USA) during week 3 of the baseline menstrual cycle using indirect calorimetry. The VO2
max test is initiated by the participant selecting a comfortable running speed at 0.0% grade.
The grade of the treadmill was increased 2.0% after every 2 minutes for the first 8 minutes of
the test, after which the grade then was increased 1.0% for each subsequent minute (1, 44,
45).
4.3P Urinary Reproductive Hormone Measurements: To determine estrogen and
progesterone exposure, E1G and PdG urinary metabolites were compared among the
participants using a modified trapezoidal integrated area under the curve (AUC) technique.
To calculate AUC, the hormone concentrations for two consecutive days of the cycle were
averaged; these averages were then summed to provide AUC for the cycle. All urine
samples were corrected for specific gravity using a hand refractometer (NSG Precision Cells)
to account for hydration status (46) which has been reported to perform as well as creatinine
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correction for adjusting urinary hormone concentrations (46). The secretion of E1G and PdG
metabolites in the urine parallels serum concentrations of the parent hormones (47).
Microtiter plate competitive enzyme immunoassays were used to measure the urinary
metabolites E1G and PdG. The E1G (R522-2) and PdG (R13904) assays use a polyclonal
capture antibody supplied by Coralie Munro University of California (Davis, CA). The interassay coefficients of variation for high and low internal controls for the E1G assay are 12.2%
and 14.0% respectively. The PdG intra- and inter-assay variability was determined in-house
as 13.6% and 18.7% respectively (18, 19). Urinary LH was determined by coat-a-count
immunoradiometric assay (Siemens Healthcare Diagnostics, Deerfield, IL). The sensitivity
of the LH assay is 0.15 mIU/ml. The intra- and inter-assay coefficients of variation were
1.6% and 7.1%, respectively.
4.3Q Blood Sampling: Blood was collected after an overnight fast between 0700 and
1000 once during week 3 of baseline and once at the end of baseline for all participants. The
latter two samples were pooled for all baseline hormone analyses. In addition, blood samples
were collected during months 2, 3, 4, 5, 6, 9, 13 (post-study). Participants were asked to lie
in the supine position for at least 15 minutes after which a GCRC nurse obtained a blood
sample via venipuncture. Samples were allowed to clot for at least 30 minutes at room
temperature. Samples were then spun in a centrifuge at 4o Celsius for 15 minutes at 3225.6
g-force (3000 rpm) where after serum was transferred into appropriately labeled 1.5 mL
microtubules and stored at -80o Celsius until analysis.
4.3R Serum Hormone Analysis: Metabolic hormones such as TT3, leptin, and ghrelin,
and bone markers including pro-collagen type 1 amino-terminal propeptide (P1NP) and
collagen type 1 cross-linked C-telopeptide (CTx) were measured. TT3 was analyzed using a
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chemiluminescence-based immunoassay analyzer (Diagnostic Products Corporation, Los
Angeles, CA). Analytical sensitivity for the TT3 assay was 35 ng/dl. The intra-assay and
inter-assay coefficients of variation were 13.2% and 15.6%, respectively. Serum leptin
concentration was measured using a solid-phase sandwich enzyme-linked immunoassay
(ELISA) for total leptin (Millipore, St. Charles, MI). The content of leptin in samples was
calculated from a standard curve generated in each assay with recombinant human leptin.
The inter-assay and intra-assay coefficients of variation for the low control were 6.2% and
4.6%, respectively. This assay is sensitive to leptin concentrations of 0.5 ng/ml. Total
ghrelin was measured by radioimmunoassay (RIA) (Linco Research). The intra-assay and
inter-assay coefficients of variation were 2.0 and 15.7%, respectively. The sensitivity of the
assay was 93 pg/ml. CTx was analyzed by ELISA (Immunodiagnostic Systems, Inc.,
Scottsdale, AZ). The sensitivity of the assay was 0.02 ng/mL. Intra-assay and inter-assay
coefficients of variation for the low control were 3.0 and 10.9%, respectively. P1NP was
analyzed by RIA (Immunodiagnostic Systems, Inc., Scottsdale, AZ). The sensitivity of the
assay was 2 ug/L. Intra-assay and inter-assay coefficients of variation were between 6.510.2% and 6.0-9.8%, respectively. All samples from a given participant were analyzed in
duplicate.

4.4 Results: Demographic characteristics of the three cases are provided in Table 1. The
participants ranged in age from 19-30 years and displayed similar BMI, ranging from 19.621.0 kg/m2. The duration of amenorrhea for the participants ranged from 3 – 11 months.
Figures 1-3 display the change in reproductive hormones and menstrual status for each case
during the intervention and show the associated changes in body weight and energy status for
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each category of menstrual recovery. Baseline concentrations and 6- and 12-month percent
changes in metabolic hormones such as TT3, leptin, and ghrelin are provided in Table 2.
The 6- and 12-month changes in bone health and eating behavior characteristics are
summarized in Table 3 and Table 4, respectively.

Table 1. Baseline descriptors of the three cases.
Case 1

Case 2

Case 3

Age (yr)

19

30

24

Height (cm)

164

159

165.5

Weight (kg)

54.7

53.2

54.0

BMI (kg/m2)

20.4

21.0

19.7

Body Fat (%)

20.0

23.4

22.7

Age of Menarche (yr)

15

13

13

Gynecological Age (yr)

4

17

9

Duration of Amenorrhea (days)

330

90

90

Duration until Resumption
(days in intervention)

74

72

23

# Cycles during Intervention

6

7

9

Physical Activity (min/wk)*

761

250

438

VO2max (ml/kg/min)

50.1

43.2

43.5

Demographic Characteristics

Reproductive Characteristics

Training Characteristics

*Self-reported exercise during baseline
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Figure 1.

Figure 1 displays the reproductive hormone profile during the study for Case #1 and the changes in caloric
intake, body weight, and energy status that coincided with each category of menstrual recovery. Arrows
indicate menses. Body weight was measured within 1 week of menses. ‡ indicates data were collected 2 weeks
before menses. † indicates data were collected 6 weeks after menses. E1G = estrone-3-glucuronide; PdG =
pregnanediol-3-glucuronide; BW = body weight; % BF = percent body fat; BMI = body mass index; TT3 =
total triiodothyronine; REE/pREE = measured resting energy expenditure/predicted resting energy expenditure
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Figure 2.

Figure 2 displays the reproductive hormone profile during the study for Case #2 and the changes in caloric
intake, body weight, and energy status that coincided with each category of menstrual recovery. Arrows
indicate menses. Body weight was measured within 1 week of menses. ‡ indicates data were collected 3 weeks
before menses. E1G = estrone-3-glucuronide; PdG = pregnanediol-3-glucuronide; BW = body weight; % BF =
percent body fat; BMI = body mass index; TT3 = total triiodothyronine; REE/pREE = measured resting energy
expenditure/predicted resting energy expenditure
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Figure 3.

Figure 3 displays the reproductive hormone profile during the study for Case #3 and the changes in caloric
intake, body weight, and energy status that coincided with each category of menstrual recovery. Arrows
indicate menses. ‡ indicates data were collected 5 weeks after menses. † indicates data were collected 3 days
after menses. E1G = estrone-3-glucuronide; PdG = pregnanediol-3-glucuronide; BW = body weight; % BF =
percent body fat; BMI = body mass index; TT3 = total triiodothyronine; REE/pREE = measured resting energy
expenditure/predicted resting energy expenditure
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Table 2. Baseline concentrations and the 6-month and 12-month percent change for leptin, ghrelin, and total
triiodothyronine (TT3) concentrations.

Hormones

Case 1

Case 2

Case 3

5.1

3.1

2.4

6 month % change

-19.8%

105.5%

230.9%

12 month % change

-26.1%

78.5%

279.8%

1806.9

1587.4

1656.4

6 month % change

-35.9%

-18.1%

-15.2%

12 month % change

-59.2%

-1.2%

-12.1%

Triiodothyronine (ng/dl)

53.1

62.0

26.9

6 month % change

8.0%

36.8%

6.3%

12 month % change

39.4%

43.2%

31.2%

Leptin (ng/ml)

Ghrelin (pg/ml)
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Table 3. Baseline bone mineral density (BMD) and bone marker concentrations and the associated 6-month and 12-month
percent changes.

Case 1

Case 2

Case 3

-1.6

-0.7

-1.4

0.983

1.038

1.056

6 month % change

1.7%

3.7%

2.6%

12 month % change

0.8%

3.0%

2.0%

Femoral Neck Z-score

0.5*

1.3

-0.6

1.062

1.091

0.994

6 month % change

-2.8%

-1.01%

-0.3%

12 month % change

-4.3%

-0.92%

1.4%

0.0*

0.5

-1.1

0.996

1.028

0.955

6 month % change

-1.3%

-0.9%

-0.4%

12 month % change

-2.0%

0.9%

1.9%

52.90

36.26

36.95

6 month % change

5.6%

11.9%

22.6%

12 month % change

49.6%

-8.3%

51.6%

0.65

0.18

0.64

6 month % change

-23.1%

-14.7%

-29.0%

12 month % change

17.7%

92.4%

-36.1%

Bone Mineral Density
Lumbar Spine Z-score
Lumbar Spine BMD (g/cm2)

Femoral Neck BMD (g/cm2)

Hip Z-score
Hip BMD (g/cm2)

Bone Markers
P1NP (ug/L)

CTx (ng/ml)

*Z-score at month 6
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Table 4. Baseline, month 6, and post-intervention scores on selected subscales of the Three Factor Eating Questionnaire
(TFEQ) and Eating Disorder Inventory-2 (EDI-2).

Eating Behavior Scores

Case 1

Case 2

Case 3

Baseline

12

13

12

Month 6

11

4

12

Post-Intervention

12

3

8

Baseline

0

1

6

Month 6

2

0

3

Post-Intervention

1

0

4

Baseline

0

1

6

Month 6

0

0

0

Post-Intervention

0

0

0

Baseline

7

10

17

Month 6

5

10

13

Post-Intervention

6

11

12

Dietary Cognitive Restraint

Drive for Thinness

Body Dissatisfaction

Perfectionism

4.4A Case Study 1 (R175): This participant was a 19-year old recreationally active
college student who participated in a wide variety of activities such as running, weightlifting,
rock climbing, hiking, and downhill skiing. At baseline, she reported engaging in 12 hours
of physical activity each week, and she averaged about 9 hours of purposeful physical
activity each week during the study. At the start of the intervention, she had been
amenorrheic for 11 months and urinary analysis of E1G and PdG for 28 days confirmed
suppressed ovarian activity (see Figure 1). She presented with a dietary cognitive restraint
score of 12 which is elevated but not above the clinical threshold of 14 (20); however, scores
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on the subscales of EDI-2 were within or below the normal range for college-aged women
and did not indicate disordered eating (Table 4).
After baseline, the participant was instructed to increase her daily caloric intake by
375 kcal/day, equivalent to 23% above her baseline energy requirement. Two weeks later,
the energy intake prescription was increased to 450 kcal/day, representing an increase of 28%
above her baseline daily energy requirement. Two months into the intervention, 50 more
calories were added to the daily energy intake, resulting in a target caloric increase of 500
kcal/day which represented an increase of 31% above her baseline energy requirement and a
target caloric intake of 2,600 kcal/day for the remainder of the study. The participant largely
accomplished the caloric prescription by eating energy bars. The participant’s caloric intake
was 2,143 kcal at baseline and increased to an average intake of 2,455 kcal during the
intervention with the exception of one time point about 9 months into the intervention when
her caloric intake decreased to 1,990 kcal. Exercise volume remained relatively constant
throughout the intervention, ranging from 7-12 hours each week.
During the intervention, the participant steadily gained weight, demonstrating a gain
of 1.8 kg at month 3, 2.1 kg at month 6, and 4.2 kg after month 12 of the intervention when
compared to her baseline weight. As would be expected, the increase in weight coincided
with an increase in BMI from 20.5 kg/m2 at baseline to 22 kg/m2 after month 12 of the
intervention. Improvements in body composition were also observed; fat and lean mass
increased by 11.7% and 8.3%, respectively, which translated to an increase of 1.3 kg of fat
mass and 3.4 kg of lean mass. Percent body fat increased minimally from 20.6% to 21.1%.
The greatest increase in fat mass was observed at month 9 of the study with an increase of
2.0 kg from baseline. Commensurate with this increase in fat mass was an increase in leptin
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concentration of 105.7% from baseline to month 9. However, during the final 4 months of
the study, a slight decrease in fat mass (0.6 kg) and an increase in lean mass (1.4 kg) were
observed, corresponding to a decrease in leptin concentrations such that after month 12, the
leptin concentration was 26.1% lower than baseline. (Table 2). An increase in REE from
27.20 kcal/day*kg LBM at baseline to 32.61 kcal/day*kg LBM after month 12 mirrored the
increase in the REE/pREE ratio from 0.81 at baseline to 1.01 at the end of the study,
demonstrating an improvement in energy status. Further evidence of an improved energy
state is corroborated by a 39.4% increase in TT3 and a 59.2% decrease in ghrelin
concentrations (Table 2).
After 2.5 months (74 days) in the intervention, the participant resumed menses.
However, due to the anovulatory nature of the cycle preceding resumption, estrogen exposure
as assessed by E1G AUC displayed no difference between the baseline cycle and the cycle
preceding resumption. For the first two months after resumption, two consistently
eumenorrheic but anovulatory cycles of 28-33 days in length were observed (Figure 1).
About 6 months into the study, however, she experienced another brief episode of
amenorrhea with 92 days elapsing between menses. During this period of time, monthly diet
logs revealed a decrease in caloric intake by approximately 400 kcal in the face of a
consistent volume of physical activity. The participant was informed of the decrease in
caloric intake and was instructed again to increase her daily intake to 2,600 kcal/day. She
was moderately successful, increasing her intake to approximately 2,350 kcal/day. About 8
months into the intervention and 3 months after her last menses (92 days), she resumed
menses for a second time during the study. A long intermenstrual interval of 68 days
characterized the first cycle after resumption; however, the length of the subsequent cycle
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declined sharply with an intermenstrual interval of 21 days. The cycle following the second
resumption was ovulatory but characteristic of an inadequate luteal phase, representing the
first ovulatory cycle that this participant experienced during the intervention. Estrogen
exposure during the 28 days preceding the ovulation-associated menses increased 64.3%
compared to the baseline cycle. The final cycle captured during the study, however, was
anovulatory.
The participant had a low BMD at the lumbar spine (Z-score: -1.6) site only at
baseline. After the 12-month intervention, no increases in BMD were observed at any
skeletal site; however, a 2% decrease in BMD was observed at the hip (Z-score: -0.1) and a
4.3% decrease was observed at the femoral neck (Z-score: 0.3) (Table 3). Likewise, no
clinically significant change in lumbar spine BMAD (0.5%) was observed at the end of the
study. An increase of 49.6% was observed for P1NP. No change was observed in CTx
(Table 3).
4.4B Case Study 2 (R005): This participant was a 30-year old medical doctor who
engaged in recreational physical activity that included cycling, gymnastics, weight training,
and dance/aerobics. During baseline, she reported participating in about 4 hours of exercise
each week which she maintained throughout the study. At the start of the intervention, she
reported no menses for 90 days. In the 12 months prior to the study, she had experienced
menses sporadically, reporting 3 cycles in the past year that were separated by intervals
spanning 2 to 6 months. She had been experiencing episodes of amenorrhea or long,
irregular cycles for the past 2 to 3 years, and she indicated that the circumstances
surrounding the onset of menstrual irregularity were associated with increased physical
activity in part secondary to exercise, but also attributable to work demands, academic stress,
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and a work schedule that involved extended and irregular hours. At screening, the participant
presented with an elevated but not clinical dietary cognitive restraint score of 13 (20);
however, the subscales of the EDI-2 were within or below the normal range for college-aged
women and did not suggest disordered eating (Table 4).
For the first 5 months of the study, the participant was instructed to increase her daily
caloric intake by 300 kcal/day, representing an increase of 19% above her baseline energy
requirement. At month 6, the caloric prescription was increased to 430 kcal/day, equivalent
to 27% above her baseline energy requirement and a target caloric intake of 2,000 kcal/day.
By consuming additional snacks throughout the day, the participant increased her caloric
intake from 1,638 kcal/day at baseline to 2,082 kcal/day during the first month of the
intervention. Energy intake continued to increase from month 2 to month 6 of the
intervention, with an average caloric intake of 2,615 kcal/day reported. This intake was
successfully maintained throughout the last 6 months of the study with an average
consumption of 2,594 kcal/day. Exercise volume during the intervention ranged from 3 to 6
hours per week with the exception of one month when only 1.5 hours of purposeful exercise
were reported.
The participant consistently gained weight (9.02%) throughout the first 6 months of
the intervention at which point she reached a plateau and maintained her weight. By month
6, her body weight had increased 4.8 kg, and by the end of the study, her body weight was
5.3 kg higher than baseline, coinciding with an increase in BMI from 21.0 kg/m2 to 23.4
kg/m2. The weight gain consisted of increases in both fat and lean mass with an increase of
24.9% and 4.2%, respectively; however, a greater increase in fat mass than lean mass was
observed (3.2 kg vs. 1.6 kg). The gain in fat mass occurred during the first 6 months of the
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study; whereas, the majority of the gain in lean mass was observed during the second half of
the study. Percent body fat also increased from 23.4% to 26.8%. Coinciding with the
increase in fat mass, leptin concentrations increased during the first six months of the study
(105.5%) but showed no further increase during the latter 6 months (Table 2). Similarly,
ghrelin concentrations decreased during the first 6 months of the study (18.1%) but,
interestingly, showed a 20.6% increase, during the last 6 months of the study (table 2).
Improvement in energy status was demonstrated by an increase in REE during the first 6
months of the study, from a value of 29.4 kcal/day*kg LBM to 33.1 kcal/day*kg LBM at
month 6, and an increase in the REE/pREE ratio from 0.86 to 0.97 was also observed. The
improved REE and REE/pREE ratio, indicating an energy replete state, were maintained for
the duration of the study. Supporting the initial improvement in energy status, TT3 also
increased from baseline to month 6 (36.8% increase), and, consistent with the other data
reported, minimal change was observed in TT3 from month 7 to month 12 (Table 2).
The participant resumed menses 72 days after the start of the intervention. The cycle
preceding the resumption of menses was ovulatory, as confirmed by urinary analysis of E1G,
PdG, and LH (see Figure 2). Estrogen exposure increased 93.1% from the baseline cycle to
the cycle preceding resumption. During the next 10 months, the participant reported 8
cycles, varying in length from 36-53 days. The first cycle after resumption was the longest
cycle (53 days); whereas, the cycles for the remainder of the study averaged 40 days.
Although the participant presented with long cycles after resumption, the cycles for the
remainder of the study were consistently ovulatory (Figure 2).
BMD was within the normal range for age at all skeletal sites with Z-scores for the
lumbar spine, total hip, and femoral neck BMD of -0.7, 0.5, and 1.3, respectively. By the
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end of the study, a 3.0% increase was observed for lumbar spine BMD (Z-score: -0.6) (Table
3), coinciding with a 4.9% increase in BMAD for the lumbar spine. However, no clinically
significant change in BMD was observed at other sites. P1NP, a marker of bone formation,
decreased minimally (8.3%) from baseline to the end of the intervention. However, CTx
concentrations, a marker of bone resorption, demonstrated a 92.4% increase from baseline to
month 12 (Table 3).
4.4C Case Study 3 (R004): This participant was a 24-year old graduate student who
participated in approximately 7 hours of recreational physical activity each week, primarily
consisting of dancing, running, and weight training. At the start of the intervention, she had
not had menses for three months; however, her menstrual history revealed multiple extended
episodes of amenorrhea. Menarche occurred at the age of 13 years. When she was 16 years
old, she experienced her first episode of amenorrhea which lasted for 8 months. After she
resumed menses, she had regular cycles until the age of 21 years when she experienced a
prolonged episode of amenorrhea that lasted for 2.5 years. The participant reported that the
circumstances surrounding this episode of amenorrhea were low food intake, stress, and
excessive exercise. During this time of amenorrhea, she weighed 43 kg but gained about 10
kg to bring her to the weight of 53.8 kg which was measured at baseline. About 10 months
prior to starting the study, she resumed sporadic menses, reporting 5 cycles during those
months. Menstrual disturbances were still present, however, as confirmed by self-reported
long cycles and suppressed concentrations of E1G and PdG measured at baseline. The
participant presented with an elevated but not clinical dietary cognitive restraint score of 12
and scores that were above normal for college-aged women and within the range observed
for eating disorder patients for the following four subscales of the EDI-2: ineffectiveness,
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perfectionism, interpersonal distrust, and interoceptive awareness, suggesting that the
manifestation of some traits characteristic of disordered eating (21) (Table 4). Scores for the
other subscales of the EDI-2 were within the normal range for college-aged women (21).
At the start of the intervention, the participant was instructed to consume an
additional 200 kcal/day, equivalent to an increase of 14% above baseline energy
requirements. After three months of the study, the number of additional calories was
increased to 400 kcal/day, representing an increase of 27% above her baseline energy
requirements and a target caloric intake of 1,900 kcal/day for the remainder of the study. The
additional calories were consumed via a combination of energy bars and snacks, and the
participant’s caloric intake increased from 1,482 kcal/day at baseline to an average intake of
1,917 kcal/day for the first six months of the study. During the latter 6 months of the study,
caloric intake remained above baseline, with an average consumption of 1,838 kcal/day.
Exercise volume during the intervention ranged from 3 to 7 hours per week with the
exception of one month during which 10 hours of purposeful exercise were reported.
The participant gradually gained weight for the first 6 months of the intervention such
that by month 6, her weight had increased by 2.4 kg. After 12 months, the total weight gain
was 2.8 kg, indicating that her weight remained relatively stable during the last 6 months of
the study. Coinciding with this increase in weight, BMI increased from 19.7 kg/m2 to 20.7
kg/m2, and fat mass steadily increased throughout the study, with a 1.0 kg increase for the
first 6 months of the study and a total increase of 2.2 kg upon completion of the study (17.5%
increase). Interestingly, lean mass showed a 1.4 kg (-3.3%) decrease after 12 months which
primarily occurred during the last 6 months of the study. Coinciding with the increased
caloric intake and weight gain, leptin concentrations increased during the study (279.8%
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increase) (Table 2). Improvement in energy status was demonstrated by an increase in REE
from 28.1 kcal/day*kg LBM to 32.8 kcal/day*kg LBM at the completion of the study which
coincided with an increase in the REE/pREE ratio from 0.87 to 0.94.

Further evidence for

this improved energy state was observed by an increase in TT3 (31.2%) and a decrease in
ghrelin (-12.1%) (Table 2).
The participant resumed menses 23 days after the start of the intervention, an event
that was preceded by ovulation (see Figure 3). Estrogen exposure increased 139.4% from the
baseline cycle to the cycle preceding the resumption of menses. However, menses was not
reported for the following 4 months and chronically suppressed concentrations of E1G and
PdG were observed, confirming the presence of another episode of amenorrhea. The
participant resumed menses again 144 days (~5 months) into the intervention. For the
remaining 7 months of the study, 8 more cycles were reported, with consistent cycle lengths
of 24-29 days (Figure 3). Despite consistent intermenstrual intervals, the cycles were
characterized by subtle menstrual disturbances. Of the 10 cycles reported during the study, 6
were ovulatory and 4 were anovulatory. Of the ovulatory cycles, all of them displayed a
luteal phase defect. Four cycles were characterized by both a short and inadequate luteal
phase, one cycle had just a short luteal phase, and one cycle had an inadequate luteal phase.
Low BMD at the lumbar spine and hip were observed at baseline (LS Z-score: -1.4;
hip Z-score: -1.1). Upon completion of the study, BMD at the lumbar spine, total hip and
femoral neck increased by 2.0% (Z-score: -1.3), 1.9% (Z-score: -0.1), and 1.4% (Z-score: 0.5), respectively (Table 3). An increase of 1.3% was observed in lumbar spine BMAD at
the end of the study. The greatest change that was observed among the bone markers from
baseline to completion of the intervention was a 51.6% increase in P1NP concentrations.
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CTx concentrations decreased by 36.1% (Table 3).

4.5 Discussion: This case report examined the effects of a 12 month controlled intervention
of increased caloric intake on reproductive and bone health in three exercising women with
amenorrhea and documents for the first time the simultaneous response of markers of
energetic status and daily changes in reproductive hormones following a refeeding
intervention. The three exercising women reported herein successfully gained weight and
resumed menses in response to the non-pharmacological intervention of increased calories.
We also document the onset of ovulatory function and the onset of regular inter-menstrual
intervals in these women and highlight the energetic milieu associated with these
reproductive milestones, to include an increase in REE and fasting concentrations of TT3 and
a decrease in ghrelin concentrations commensurate with weight gain and an increase in BMI.
Thus, this study demonstrates the tight link between energy status and menstrual function
and provides support for non-pharmacological interventions of increased caloric intake to
reverse energy deficiency-associated menstrual disturbances. Of notable interest, these
exercising women all presented with high dietary cognitive restraint at screening, but by the
completion of the 12 month intervention of increased caloric intake, a decrease in cognitive
restraint score was observed for two of the three women such that their scores were within
the normal range (<11) (Table 4). Additionally, although not all cases demonstrated notable
improvements in BMD, a small enhancement in bone health was observed for one woman
following improvements in energy status and menstrual function.
All three cases presented herein experienced an increase in caloric intake that was
tailored to the individualized energy requirements of each participant and was associated
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with an increase in body weight and an improved energy status. Evidence for these
improvements includes increases in REE and favorable changes in fasting concentrations of
metabolic hormones such as leptin, ghrelin, and TT3, which serve as markers of the energetic
environment. On average, increases in body weight and fat mass of 4.1 kg (2.8 to 5.3 kg)
and 2.2 kg (1.3 to 3.2 kg), respectively, were observed commensurate with an increase in
REE from baseline to the completion of the study. In our lab, we have used the ratio of
REE/pREE as an indicator of energy status and have operationally defined an energy
deficiency as a ratio <0.90 (6, 35, 36). Each case reported herein presented with a ratio
<0.90 at baseline, indicative of an energy deficient state. Previous reports of the REE/pREE
ratio in amenorrheic exercising women has ranged from 0.80 to 0.95 (6) and in anorexic
women from 0.60 to 0.80 (32-34). The three women that resumed menses experienced
increases in REE such that the ratio of REE/pREE was greater than 0.90 at the completion of
the 12 month intervention, indicative of an improvement in energy status and reversal of the
energy deficiency.
Likewise, changes in metabolic hormones such as TT3 and ghrelin paralleled the
changes in body weight and REE and provide further support for the critical importance of
restoration of an energy replete state for the successful resumption of menses. Interestingly,
fasting concentrations of TT3 increased and ghrelin decreased during the study in all cases.
TT3 is a well-known marker of energy status and is often suppressed among amenorrheic
athletes when compared to their ovulating counterparts and sedentary women (1, 48). On the
other hand, ghrelin, an orexigenic hormone that regulates appetite, is commonly elevated
among amenorrheic exercising women (48). Therefore, an increase in fasting concentrations
of TT3 and a decrease in ghrelin both provide evidence for improvements in energy status.
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In response to the intervention, each case presented herein successfully resumed
menses as defined by the occurrence of menstrual bleeding and each participant experienced
at least one cycle that was preceded by ovulation. An increase in estrogen exposure of
98.9%, on average, was observed prior to the menses preceded by ovulation. Two of the
three women also experienced at least two consecutive cycles <36 days, indicating the
resumption of eumenorrheic cycles during the intervention. The changes in dietary intake,
body weight, and the energetic environment that were associated with the recovery of
menses, ovulation, and regular cycles varied among the cases. For Case 1 and Case 2, it
appeared that an increase in body weight greater than 2 kg coincided with recovery of
menses and a weight gain of about 3 kg coincided with ovulation. However, Case 3
demonstrated minimal change in weight prior to the first menses during the study but gained
approximately 2 kg before the onset of regular cycles. It should be noted, however, that
upon entrance into the study Case 3 was considered amenorrheic by definition but had
experienced long intermenstrual intervals in the previous year, indicative of an
oligomenorrheic profile. Thus, it appears that this woman may already have been in the early
stages of recovery when the intervention began, and the first menses during the study may
have been another sporadic menses similar to those that she had been experiencing for the
past 10 months. Robust increases in caloric intake and subsequent weight gain as the
intervention proceeded may have aided the return of more regular cycles.
Body composition and the metabolic milieu at baseline may have played a role in the
time to recovery of menses as well as the quality of the recovery. Body fat has been
recognized as playing an important permissive role in reproductive function (49, 50). Frisch
and MacArthur (49) proposed that a threshold of body fat was necessary for menarche and
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the maintenance of optimal reproductive function. Although it has since been shown that this
“threshold,” if it exists, is not generalizable and varies across individuals, it appears that body
fat may influence reproductive function through the effects of leptin, an adipocyte-derived
metabolic hormone that exerts its positive effects on menstrual function at the level of the
hypothalamus (50). Of particular interest is that the woman in this case report with the
highest BMI and percent body fat at baseline (Case 2) demonstrated the most successful
recovery of menses characterized by regular, ovulatory cycles of long but consistent length.
She also demonstrated a relatively short duration of amenorrhea prior to the study and
presented with the highest TT3 concentration at baseline when compared to the other cases,
perhaps indicating a less severe energy deficit and therefore a hypothalamic-pituiataryovarian axis that was more readily able to respond to the change in energy status
accompanying an increase in caloric intake. In addition, the women that demonstrated
robust increases in fat mass and leptin concentrations within the first 6 months of the
intervention (Case 2 and Case 3) displayed both an ovulatory cycle and resumption of regular
cycles relatively early in the intervention. Case 1, on the other hand, who gained minimal fat
mass and showed no increase in leptin concentrations during the first 6 months of the
intervention, did not present with an ovulatory cycle until month 11 of the intervention after
demonstrating a gain in fat mass of approximately 1.3 kg. In fact, a modest decrease in
leptin concentrations from baseline to the end of the intervention was observed for this
woman who demonstrated a greater absolute increase in lean mass than fat mass. The reason
for the relatively unchanged leptin concentrations in Case 1 despite a small increase in fat
mass is not clear; however, it is interesting to note that this woman also presented with the
most anovulatory cycles during the intervention when compared to the other women, only
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experiencing one ovulatory cycle that was characterized by an inadequate luteal phase.
Therefore, in agreement with other investigators (50), leptin concentrations which are
strongly correlated with percent body fat (51) may play a role in recovery of menses.
Of interest, however, is that none of the cases experienced complete recovery of
menstrual function as defined by the occurrence of consistent ovulation and regular cycles of
26-35 days during the course of the intervention. Despite the onset of menses, subtle
menstrual disturbances or long intermenstrual intervals were observed throughout the study.
The presence of subtle menstrual disturbances in exercising women who are regularly
cycling is not uncommon (18, 19). In fact, it has been reported that about 52% of exercising
women experience subtle menstrual disturbances in the face of apparently regular cycles
(18). Thus, it is plausible that women who are recovering from amenorrhea may also
experience these subtle menstrual disturbances prior to complete recovery of menstrual
function, characterized by eumenorrheic, ovulatory cycles with a sufficient luteal phase.
Other investigators have also reported the beneficial impacts of increased caloric
intake among amenorrheic athletes (11, 14). Koppe-Woodroffe et al. (11) described four
recreationally active, amenorrheic women who underwent a 12 – 20 week intervention to
increase caloric intake. Three of the four women resumed menses. The fourth woman
withdrew from the study to begin oral contraceptives, so it cannot be determined if
resumption of menses would have eventually occurred. Likewise, Dueck et al.(14) reported
the effects of a similar 15-week diet and training intervention on menstrual function in a
young amenorrheic athlete. Although she did not resume menstruation during the
intervention, she maintained the increased caloric intake and resumed menses three months
after completion of the intervention.
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Improvements in bone health for the cases reported herein were minimal and likely
secondary to the relatively short intervention of 12 months. For bone health outcomes, a
longer intervention of 24 months may be required to realize significant changes to the density
and strength of bone. In this study, the change in BMD over 12 months was compared to the
least significant change (LSC) for the system and technician. A change that exceeded the
LSC (0.023 g/cm2 for L1-L4, 0.025 g/cm2 for the femoral neck, and 0.020 g/cm2 for the
total hip) was considered to be clinically significant. Case 2 showed the most notable
improvement in BMD with a 3.0% increase in lumbar spine BMD that coincided with an
increase of 4.9%of estimated volumetric density (BMAD) at this site. Changes in bone
turnover for Case 2 demonstrated a modest increase (11.9%) and decrease (14.7%) in
markers of bone formation and resorption, respectively, at month 6. However, after month
12, a decrease in P1NP and an increase in CTx were observed in this participant, suggesting
that the significant increase in BMD observed at the end of the intervention may have been
due to favorable changes in bone turnover during the first 6 months of the study. The large
increase in caloric intake reported by this participant coincided with notable increases in
body weight and leptin concentrations and the onset of consistently ovulatory cycles, all of
which may have aided the significant increase in BMD due to the known osteogenic
influence of leptin and estrogen (52, 53). On the other hand, a significant decrease in the
femoral neck BMD was observed for Case 1 (-4.3%), and Case 3 did not show any
significant changes in BMD.

Interestingly, however, the women who did not have

significant increases in BMD (Case 1 and Case 3) demonstrated changes in bone markers
that favored bone formation. P1NP increased by approximately 50% in both Case 1 and
Case 3. CTx also increased (17.7%) but to a lesser extent than P1NP in Case 1 and
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decreased (36.1%) in Case 2. Due to the favorable changes observed in bone markers in
response to the intervention, it is possible more significant BMD changes may have been
observed if the participants were followed for a longer duration of time.
Investigators have frequently reported low BMD among amenorrheic exercising
women compared to exercising women with ovulatory cycles (5, 7, 54). Alterations in both
the metabolic and reproductive environment contribute to the low BMD observed in this
population (6, 55). The poor nutritional environment among amenorrheic athletes appears to
inhibit bone formation, and low circulating concentrations of estrogen cause an increase in
bone resorption, ultimately leading to an uncoupling of bone turnover (6, 55). It is currently
unclear, however, if an optimal BMD among exercising amenorrheic women with low BMD
can be restored with adequate caloric intake and resumption of menses. Investigators have
reported equivocal results, demonstrating both minimal changes and increases in BMD with
weight gain in anorexic or amenorrheic exercising women (10, 12, 13, 56, 57).
Other case studies of amenorrheic athletes who gained weight over a period of several
years demonstrated significant improvements in bone health (12, 13). Frederickson et al.
(12) reported a 25.5% and 19.5% increase in lumbar spine and hip BMD, respectively, over
the course of 8 years after a gradual weight gain of 17 kg in an athlete who presented with
amenorrhea and very low BMD. Similarly, Zanker et al. (13) observed a 16.9% increase in
hip BMD after weight gain of 8 kg over 36 months in an endurance athlete with primary
amenorrhea and low BMD. These case studies demonstrate that weight gain can lead to
significant increases in BMD and restoration of optimal bone health if an adequate energy
state is achieved and adequate time has passed (likely at least 24 months) to allow for
changes in BMD.
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4.6 Conclusion: This case report provides further support for the role of energy deficiency in
menstrual dysfunction among exercising women and the benefits of an adequate energy
intake on reproductive health. Resumption of menses coincided closely with weight gain and
improvements in energy status that were achieved by increases in caloric intake. Recovery
of menstrual function appears to be a gradual and individualized process, often involving
shifts along the continuum of menstrual disturbances from amenorrhea to optimal menstrual
function. The response to an increase in caloric intake as well as the time course of
menstrual recovery is unique to each woman; however, it appears that improvements in
energy status are closely linked to improvements in menstrual function. As hypothesized, the
woman who gained the most weight during the intervention and presented with the highest
BMI and percent body fat at baseline demonstrated the most improvement in reproductive
function and bone health. Further research is needed, however, to determine the primary
contributors to resumption of menses in amenorrheic, exercising women.
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CHAPTER 5
SUMMARY, CONCLUSION, AND IMPLICATIONS FOR PRACTICE
The body alters and repartitions its energy expenditure in an effort to ensure survival
when challenged by an energy deficient environment (Williams, Helmreich et al. 2001). Such
an environment, which is common among exercising women, develops when energy
expenditure exceeds energy intake (De Souza and Williams 2004). Consequently, a
redistribution of energy leads to a reduction in resting energy expenditure (REE) and
alterations in circulating concentrations of several metabolic and reproductive hormones,
impairing processes not necessary for survival (i.e. growth, reproduction) . These adaptations
have profound effects on the reproductive (De Souza, Toombs et al. 2010), skeletal (Christo,
Prabhakaran et al. 2008), and cardiovascular (Rickenlund, Eriksson et al. 2005) systems
Menstrual disturbances such as luteal phase defects, anovulation, oligomenorrhea, and
amenorrhea may develop in response to an energy deficiency and are characterized by
reduced concentrations of reproductive hormones such as estrogen, progesterone, and
luteinizing hormone (De Souza and Williams 2004). Low bone mineral density (BMD)
(Cobb, Bachrach et al. 2003), unfavorable lipid profiles (Rickenlund, Eriksson et al. 2005),
and endothelial dysfunction (Rickenlund, Eriksson et al. 2005) have been observed among
women with the most severe menstrual disturbance, amenorrhea.
Non-pharmacological treatments, such as increased caloric intake and/or reduced
energy expenditure, have been shown to be successful strategies for the treatment of
exercise-associated amenorrhea (Dueck, Matt et al. 1996; Kopp-Woodroffe, Manore et al.
1999). The aim of such treatments is to create an energy replete environment, leading to
normalization of reproductive and metabolic hormone concentrations, resumption of menses,
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and, prospectively, an improvement in bone health.
Thus, the purpose of this thesis was to examine three exercising women with
functional hypothalamic amenorrhea who participated in a 12-month intervention involving a
gradual increase of energy intake designed to exceed baseline energy requirements by 2030%, improve energy status, restore menses and improve BMD. This study was the first to
report simultaneous changes in energetic and metabolic status and the associated effects on
reproductive function and bone health in amenorrheic, exercising women undergoing a 12month intervention of increased caloric intake. The increased caloric intake resulted in
weight gain and an improved energetic environment, as evidenced by increased REE and
circulating TT3 and leptin concentrations, and a decrease in ghrelin concentrations, known
markers of energy status. These improvements coincided with the resumption of menses,
confirming the tight association between the energetic environment and menstrual function.
Although each of the subjects improved energy status and resumed menses, the point
at which each subject resumed menses as well as the regularity of cycles and the occurrence
of an ovulatory event differed. The subject with the greatest body mass index and percent
body fat at baseline exhibited the most successful resumption of menses and displayed
consistently ovulatory cycles for the remainder of the intervention. Likewise, the subject with
the greatest gain in fat mass and a robust increase in leptin concentration during the first 6
months of the study also resumed ovulatory cycles early in the intervention. On the contrary,
the subject with the smallest increase in fat mass during the study resumed menses after 2.5
months of the intervention; however, she did not have an ovulatory cycle until month 11.
This subject also displayed a minimal increase in leptin concentration that was subsequently
followed by a decrease in circulating leptin concentration.. Since leptin is produced by
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adipose tissue and increases in concentration as fat mass increases, these results suggest
associations among fat mass, leptin, and menstrual function.
Even though vast improvements in energy balance and reproductive function were
reported during the intervention period, minimal improvement in bone health was observed.
The woman who demonstrated the most consistent recovery of menstruation presented with
the only significant increase in BMD observed in this study. Bone turnover occurs at a very
slow rate; therefore, the 12-month intervention period may have been too short to observe
significant changes in BMD. However, improvements in markers of bone turnover were
observed in all three cases – markers of bone formation increased and markers of bone
resorption decreased. Therefore, an increase in BMD may have been observed if these
women were followed for a longer period of time.
This study reported vast physiological changes in response to the 12-month
intervention program; however, due to the descriptive nature of case reports, results from
studies conducted in larger populations are needed to establish cause and effect relationships.
A similar intervention of longer length is also necessary to observe additional changes in
BMD and bone health. This study was further limited by the self-report nature of physical
activity and nutritional logs.
Future studies are needed to establish the mechanistic relationships that exist
between increased caloric intake and the changes in metabolic and reproductive hormones
and menstrual status that were observed in this study. The roles of metabolic hormones such
as TT3, leptin, and ghrelin in energy signaling and menstrual regulation are not yet fully
understood. Lastly, work is needed to translate the knowledge of the etiology and treatment
outcomes of FHA into appropriate and feasible clinical practices.
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In conclusion, an energy replete environment is essential for proper metabolic and
reproductive function and optimal bone health. Those women presenting with exerciseassociated amenorrhea may be treated with a non-pharmacological intervention of increased
caloric intake in an effort to restore energy balance and resume menstruation. Case reports
from such interventions show promising results with outcomes such as the improvement of
energy status and increases in circulating concentrations of the metabolic and reproductive
hormones necessary for the recovery of menstrual function.
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