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Menstrual dysfunction (MD), possibly due to lower energy availability (EA), is
prevalent in active women and associated with unfavorable heath consequences.
)

PURPOSE: To determine if EA improvements in endurance-trained women, using a
daily

Carbohydrate-Protein

supplement

(CHO-PRO),

will

restore

menstrual

function and improve musculoskeletal health. METHODS: Athletes with MD
(ExMD;

n=8;

age=23±3y,

VO2max=49±6ml·kg-1·min-1,

body

fat=22±5%)

completed a 6-mo intervention; a CHO-PRO drink was consumed (360kcal·d-1)
and assessments were made pre/post-intervention: 1) reproductive and thyroid
hormones, bone markers; 2) energy intake and expenditure using 7-d weighed
food and physical activity records, accelerometry; 3) body composition, bone
mineral density (BMD), lower muscle strength and power; and 5) phosphorylated
FoXO1a, p70S6K, and AMPK as indicators of muscle net protein balance. For
comparison,

eumenorrheic

athletes

(Eumen,

n=10,

age=23±4y,

VO2max=51±5ml·kg-1·min-1, body fat=23±4%) were assessed. Multiple linear
regression was used to assess differences between groups and pre/postintervention blocking on participants. RESULTS: All women resumed menses
(2.6±2.2mo to first menses, 3.5±1.9cycles). Women with longer ExMD duration
took longer to resume menses and had lower BMD. EA was similar between
groups and pre/post-intervention. Excluding one ExMD outlier, EA increased by

589 kcal·d-1 (12.2kcal·kgFFM-1·d-1) with the intervention (p=0.03). Mean hormonal
or BMD were similar pre/post-intervention and between groups (p>0.05). Spinal
BMD status improved in two ExMD women (osteoporosis to low BMD in one; low
to normal BMD in the other). Knee extension/flexion and ankle flexion power in
ExMD was greater at post-intervention (p<0.05). Compared to Eumen, ExMD had
lesser knee extension power (p=0.04) at baseline but was similar at postintervention

(p=0.36).

No

other

differences

in

strength,

power,

and

phosphorylation of FoXO1a, p70S6K, and AMPK occurred. CONCLUSION: An
increased daily energy intake (360kcal·d-1) and EA were associated with reversal
of ExMD. Longer time to resume menses is required if ExMD>1y; these individuals
may be at greater risk for adverse health consequences. Power improvements
were observed with resumption of menses, but net muscle protein balance
indicators did not change. An energy status measurement would aid in identifying
women at risk for ExMD; more research is required to determine such a measure.
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1.1

INTRODUCTION
Overview

Abnormalities in menstrual function are often observed in young active women
and can begin at ages as young as 12 to 13y. The focus of this research is on
exercise-induced menstrual dysfunction (ExMD), a type of menstrual dysfunction
observed in active women, and its health consequences. In this section, a brief
overview of the problem and the research questions are presented. A more
detailed discussion of the relevant background is covered in the remainder of this
chapter. Specific research findings and methodologies are presented in Chapters 2
to 4 concluding with a summary of key findings and discussion in Chapter 5.
ExMD can present in many forms with amenorrhea (no menstrual cycles)
representing the most extreme form. In active women, chronic low energy
availability (EA), the amount of energy available for daily cost of living activities
and normal metabolic functions, has been identified as a potential cause of ExMD.
)

Low energy availability is a result of inadequate energy intake coupled with high
levels of physical activity. Inadequate energy intake may be a result of intentional
energy restriction to meet an ideal aesthetic and/or performance body weight or
unintentional energy restriction. While the cause of unintentional energy
restriction is unknown, intense exercise training and high consumption of low
energy dense foods (i.e., fruits and vegetables) may contribute to inadequate
energy intake by blunting appetite. Females with ExMD are at increased risk for
poor bone health, stress fractures, muscle injuries, and poor nutritional status11.
Low hormonal levels (reproductive hormones, leptin, insulin-like growth factor-1
[IGF-1] and thyroid [T3]) and high cortisol levels associated with ExMD contribute
to the increased health risks12-16. Commonly, oral contraceptives are prescribed to
athletes with ExMD to improve hormonal status and bone health17. The effects of
oral contraceptives on bone health, however, are equivocal18, and restoration of
hormonal and muscle health is not realized. Oral contraceptives can also have
several undesirable side effects that affect performance such as weight gain,
fatigue, mood disorders, nausea, and headaches19, 20. Therefore, it is essential to
develop an alternative approach to reverse ExMD and to understand how low
energy availability affects hormonal status and musculoskeletal health in young

2

women. In this research, the underlying cause of ExMD, low energy availability
(energy intake less exercise energy expenditure), is addressed. From the
outcomes of this research, guidelines can be developed to prevent and reverse
ExMD in active women without altering participation in their current sport.
Our long-term goals are to reduce the incidences of ExMD by identifying an
effective lifestyle intervention to reverse ExMD. The primary objectives of this
study are to assess if moderate increase in energy intake, using a carbohydrateprotein (CHO-PRO) sport supplement, can restore normal menstrual function and
hormone status and improve muscle net protein balance and function in active
females. The secondary objectives are to determine whether a CHO-PRO
supplement can improve bone health, nutritional status, and mood state. Our
central hypothesis is that chronic low energy availability is the primary cause of
ExMD. Therefore, a dietary intervention (CHO-PRO supplement) restoring energy
availability is expected to reverse ExMD and thus improve hormonal status and
musculoskeletal health. Our rationale is that the development of a successful
)
dietary intervention would provide active
females and health care providers with a

non-pharmacological alternative to treat ExMD. This research also provides the
needed data to develop effective guidelines to prevent menstrual dysfunction
among active females.
Aim 1: Determine if moderate increases in energy intake, using a CHO-PRO
supplement intervention, can restore normal menstrual function and hormonal
status and improve muscle net protein balance and function in active females.
The hypothesis is that a CHO-PRO supplement intervention will improve energy
availability, and will thus restore normal menstrual function and hormonal status.
In addition, the intervention will improve muscle net protein balance and function.
A CHO-PRO supplement is also easy to incorporate into the diet of active women.
Aim 2: Determine whether the interventions also improve bone health, nutritional
status, and mood state.
The hypothesis is that a CHO-PRO supplement intervention will yield
improvements in bone health and nutritional status and mood state.

3

This research is innovative because it is the first study to determine whether
dietary modifications that improve energy availability can reverse ExMD without
pharmacological interventions. The American College of Sports Medicine 2007
Position Stand on the Female Athlete Triad

11, 21-25

has emphasized the need for

this type of research. In this study, dietary modifications designed to reverse
ExMD and the impact on hormonal status and muscle health are evaluated.
Important insights into ExMD can be obtained from the findings of this study,
which can then be used to develop guidelines for the prevention and treatment of
ExMD.
1.2

Background and Significance

Optimal nutrition helps improve exercise performance, decrease recovery time
between strenuous bouts, prevent injuries, and maintain overall health in athletes
and active individuals. For aesthetic and endurance sports, optimal body weight is
also important for successful sports performance26, 27. Active individuals and
athletes, especially women, find it difficult
to maintain optimal body weight and
ΐ
still meet energy and nutritional requirements27, 28. A common practice is to
restrict energy intake in order to make weight requirements or goals. Low energy
intake combined with high levels of physical activity increases the risk of
developing ExMD and poor hormonal, nutritional and musculoskeletal health11.
Commonly, oral contraceptives are prescribed to reverse ExMD and prevent bone
loss17. While oral contraceptives may be effective in re-establishing normal
menses, the impact on bone health is equivocal18. Also, non-reproductive
hormonal levels (e.g., leptin, IGF-1, thyroid, cortisol) and muscle health are not
restored with oral contraceptives. Finally, oral contraceptives have several
undesirable side effects such as weight gain, fatigue, mood disorders, nausea, and
headaches19, 20 and may increase the risk for cardiovascular and other diseases29,
30

. Currently no evidenced-based non-pharmacological option exists for treating

ExMD in females, and thus an alternative lifestyle approach is desirable. Thus, the
purpose of this study is to elucidate how low energy availability in women affects
ExMD, hormonal and musculoskeletal health and to determine whether a
supplement intervention is an effective and acceptable approach. Outcomes from
this study can be used to develop guidelines for the prevention and treatment for
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ExMD in females. Further understanding of the relationship between availability
and musculoskeletal health in active women will also be obtained from this
research. This research is significant because an evidence-based nonpharmacological alternative to reverse and prevent ExMD and further insights of
the impact of menstrual dysfunction on hormonal and musculoskeletal health will
be provided.
1.3

Energy Status and ExMD

1.3.1 ExMD: Prevalence
Menstrual dysfunction in active females is prevalent (~6-79%) with high rates
reported in aesthetic (30-43%) and endurance athletes (27-32%) and in military
cadets (10-31%)

31-37

. The typical forms of ExMD observed in athletes are

amenorrhea (no menses for>90d), oligomenorrhea (cycles intervals≥35d),
anovulation (no ovulation but bleeding may occur), luteal phase deficiency
(ovulation may occur but inadequate progesterone support for endometrial
䒐Х11, 38-40.
development), and delayed menarche

1.3.2 Low Energy Availability and ExMD
Elevated cortisol levels, due to exercise stress, has been hypothesized as the
primary signaling mechanism that initiates ExMD41. Recent evidence, however,
suggests that the cause is more complex and that low energy availability may be
the initiator through a leptin-controlled pathway (Figure 1.1)42-44. Energy
availability, the term used in the 2007 American College of Sports Medicine
Female Athlete Triad Position Paper11, is the amount of energy remaining to cover
required metabolic functions after exercise energy expenditure (EEE) has been
subtracted. The calculation is as follows:
Energy intake (kcal/d) – EEE (kcal/d) = Energy Availability
ExMD occurs when energy intake is inadequate to support physical activity,
activities of daily living, and normal body functions, including growth. Leptin, a
hormone produced by fat cells, functions as a messenger in a feedback loop
between energy stores and the hypothalamus. Females with ExMD have low leptin
levels43, 45, 46, which impairs the hypothalamus-pituitary-ovarian (HPO) axis,

5

resulting in disruption of gonadotropin releasing hormone (GnRH) pulse
generator41, 42. GnRH disruption decreases the release of luteinizing hormone (LH)
from the pituitary47, which stimulates the production of estrogen and
progesterone in the gonads48. ExMD occurs when LH secretion is low causing
reduced production of estrogen and progesterone49.

䮰Ш
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↓ EI

↑ PA

↓ EA

↓ Leptin, E2, T3, & IGF-1
↑ Cortisol

櫀Ч
Leptin signals HPO Axis

Disruption Hypothalamic GnRH Pulse Generator

↓ Pituitary LH Release

↓ Ovarian E2 and P Production

Legend:
E2 = Estradiol
EA = Energy Availability
EI = Energy Intake
ExMD = Exercise-Induced Menstrual
Dysfunction
HPO= Hypothalamus-Pituitary-Ovarian
IGF-1 = Insulin Growth Factor-1
LH = Luteinizing Hormone
T3 = Thyroid
P = Progesterone
PA= Physical Activity

ExMD

Figure 1.1. Energy Availability and ExMD
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1.4

Muscle Health and ExMD

The impact of ExMD on skeletal muscle function and health has not been
examined. Running times and aerobic capacity as measures of performance,
however, has been compared between eumenorrheic and amenorrheic runners
with no differences reported21-25, 50, 51. In trained eumenorrheic women, muscle
strength and performance has also been evaluated across a normal menstrual
cycle with most studies reporting no differences (Figure 1.2; Table 1.2-1.4)1-3, 5, 6.
Details of these studies are presented in Tables 1.2-1.4 and are briefly
summarized below.
1.4.1 Performance Measures in Runners
Researchers have reported no differences in aerobic capacity (VO2max) or running
times between eumenorrheic and amenorrheic athletes21-25, 50, 51. Three of these
studies included confirmation of self-reported menstrual status to ensure proper
classification of women as amenorrheic and eumenorrheic22, 25, 50. Wilmore et al.
Щ
(1992) was the only study to use a䘀more
rigorous approach of measuring blood

progesterone across cycle to confirm self-reported menstrual status25. De Souza
et al. (1991) employed both blood and urinary measures confirming the absence
of hyperprolactinemia via blood prolactin measurements and ovulation through
urinary LH and pregnanediol-glucoronide50. Basal body temperature and serum
progesterone were used by Myerson et al. (1991) to confirm ovulation; however,
only 4 of the 7 eumenorrheic participants tested had serum progesterone levels
indicative of ovulation (Table 1.1)22. Myerson et al. (1991) also measured serum
estrogen, prolactin, LH, follicular stimulating hormone (FSH), and progesterone at
mid-cycle for eumenorrheic women and at convenience for amenorrheic women22.
In this study, amenorrheic women had lower estrogen and progesterone levels
compared to eumenorrheic controls, which is consistent with ExMD, but LH levels
were similar to eumenorrheic at mid-cycle when LH normally surges11, 22. A likely
explanation for LH levels is that some of the eumenorrheic participants were not
in mid-cycle or did not ovulate since ovulation was only indicated by serum
progesterone levels in 4 of the 7 eumenorrheic participants tested. The remaining
three studies did not include confirmation of menstrual status, which could
potentially confound results21, 23, 24. Based on the three studies that confirmed
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menstrual status, exercise performance as indicated by VO2max and running
performance was impacted by menstrual status (Table 1.1)22, 25, 50. Studies, which
confirm self-reported menstrual status via hormonal measurements, should be
conducted to determine if restoration of menstrual status in women with ExMD
yields improvements in performance.
1.4.2 Muscle Strength in Active Women
No studies, to our knowledge, have examined the impact of menstrual status on
muscle strength and performance. Thus, the focus of this discussion will be on the
assessments of muscle strength and performance during a normal cycle in
eumenorrheic trained women. Muscle strength in eumenorrheic trained females
was examined in six studies over the normal menstrual cycle (Figure 1.2 and
Table 1.2) with no changes in knee flexion and extension strength reported in five
studies1-6. Phillips et al. (1996) was the only study to find any change in muscle
strength across the menstrual cycle reporting an increase in adductor pollicis (i.e.,
thumb) during the follicular phase followed by a drop occurring around ovulation.
䘀Щ

The applicability of these findings to athletic performance is questionable since
strength was assessed only in the adductor pollicis. The timing of measurements
also is not clearly delineated in this study1.
In the studies examining knee flexion and extension, differing protocols were used
to confirm menstrual status, determine menstrual cycle phase, and to measure
knee flexion and extension strength (i.e., timing and speed of measurement,
Table 1.2)2-6. In three studies, menstrual status and phase was confirmed by
measuring serum progesterone (Table 1.2)2, 4, 5. Hertel et al. (2006) used
validated urinary measures (i.e., estrone-3-glucoronide and pregnanediol-3glucornide) to confirm menstrual status and commercial ovulation kit to confirm
ovulation3. DiBrezzo et al. (1991) was the only study to not confirm self-reported
menstrual status by blood or urinary measurements6.
The timing of measurements during the menstrual cycle also varied among the
studies. All but one study included measurements of knee flexion and extension
strength during menses (i.e., the first week of follicular phase)

2, 4-6

. Hertel et al.

(2006) measured knee flexion and extension strength during mid-follicular defined
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as 4-7 d before predicted ovulation3. Strength measurements were also taken
during late follicular phase (i.e., prior to ovulation) in one study2 and during
ovulation in three studies3, 4, 6. All studies included an additional strength
assessment during mid-luteal phase2, 4-6. In addition to the timing of
measurement, the speed of measurement (deg⋅sec-1) differed among studies.
Lebrun et al. (1995) was the only study to measure strength at 30 deg⋅sec-1,
which was the slowest speed measured in these five studies (Table 1.2.). Hertel et
al. (2006) was the only study to measure knee flexion and extension strength at
120 deg⋅sec-1. The remaining three studies2, 4, 6, which measured knee
flexion/extension, assessed strength at 60 deg⋅sec-1, at 180 deg⋅sec-1, and/or at
240 deg⋅sec-1 (Table 1.2).
Although study design differences existed, menstrual status and phase was
confirmed in all five studies using either urinary or blood hormonal
measurements2-6. In addition, no change in knee extension and flexion strength
over menstrual cycle was consistently reported across these studies (Table 1.2)2-6.
)

Thus, based on the findings of these studies, muscle strength is not affected by
normal fluctuations in reproductive hormones. More research is required,
however, to determine if chronic low reproductive hormone levels, characteristic
of ExMD, would affect muscle strength. Thus, a comparison of muscle strength
between eumenorrheic and amenorrheic active women would aid in understanding
the relationship between chronic low reproductive hormone levels and muscle
strength.
1.4.3 Anaerobic and Intermittent Performance in Active Women
Anaerobic and intermittent performance has not been examined in women with
ExMD. In eumenorrheic women, no differences across a normal menstrual cycle
have been reported for anaerobic performance, and only one study reported
changes for intermittent performance ( Table 1.3). Serum progesterone was
measured in all studies but one7 to confirm menstrual phase and status; Bushman
et al. (2006) confirmed ovulation in eumenorrheic women using basal body
temperature and urinary LH. The timing of performance measurements was
similar across studies (Table 1.3). In the studies measuring anaerobic
performance, cycling performance was measured in two studies7, 10 using either
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Wingate Cycle Test or Force-Velocity Cycling Sprint with no differences reported
across the menstrual cycle. No differences were also reported in explosive power
as measured by Margaria Kalamen Staircase Test7 or by maximum vertical jump
tests10. Lebrun et al. (1995) was the only study to assess anaerobic running
performance with no differences reported5. Although the measurements varied
across these studies, no difference in anaerobic power over a normal menstrual
cycle was consistently reported5, 7, 10. To determine the impact of chronically low
estrogen status, comparisons of athletes with ExMD and eumenorrheic athletes
should be made.
Additional research is also needed for intermittent exercise performance. Only
Lynch and Nimmo (1998) and Middleton and Wegner (2006) examined
intermittent exercise performance across the menstrual cycle without
superimposing climatic variables. Sunderland and Nevill (2003) also measured
intermittent performance but employed Loughborough Intermittent Shuttle Test
(LIST) in hot environmental conditions. No difference in intermittent performance
穠Щ
was reported between luteal and follicular
phase in this study52. The details of this

study, however, are not included in Table 1.3 due to the addition of an
environmental factor (i.e., heat) to the protocol. Consistent with Sunderland and
Nevill (2003), Lynch and Nimmo (1998) reported no differences in performance
across cycle for intermittent running. Middleton and Wegner (2006), however,
reported average watts during intermittent cycling protocol was greater in the
luteal phase compared to the follicular phase but found no difference in average
power (Table 1.3). Intermittent cycling protocol was reported by Middleton and
Wegner (2006) as a better measure of soccer performance compared to the
intermittent running protocols used by both Sunderland and Nevill (2003) and
Lynch and Nimmo (1998). While the cycling protocol employed by Middleton and
Wegner (2006) may be more similar to actual soccer performance, it is clear that
further research needs to be conducted to delineate whether intermittent
performance is altered by menstrual cycle phase. Furthermore, intermittent
performance should be compared between eumenorrheic and amenorrheic active
women to determine if chronic low reproductive hormones affect performance.
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1.4.4 Fatigue Measurements in Active Women
The last area of muscle performance measures is research in which
measurements of fatigue were made. In eumenorrheic women, no changes in
fatigue have been consistently reported across a normal menstrual cycle (Table
1.4). All four studies examining fatigue confirmed menstrual status and cycle by
blood and/or urinary reproductive hormonal measurements (Table 1.4). The
fatigue protocols, however, varied among these studies. Janse de Jonge et al.
(2001) measured fatigue using isokinetic knee flexion test to measure
neuromuscular fatigue and electrically stimulated isometric quadriceps test to
evaluate muscular fatigue only. Both Middleton and Wegner (2006) and Lynch and
Nimmo (1998) used an intermittent testing protocol to examine neuromuscular
fatigue. Only Lebrun et al. (1995) assessed fatigue during an endurance run.
Despite the differences in measures, no changes in fatigue were reported across a
normal menstrual cycle1, 2, 5, 8. A comparison between amenorrheic and
eumenorrheic participants, however, would provide insight into the impact of
chronically low reproductive hormones
㔠Я on muscle fatigue.
1.4.5 Conclusion on Performance and Muscle Strength Measurements
It is difficult to draw conclusions on whether normal fluctuations in hormones
affect exercise performance and muscle strength and performance due to
differences in research design. Specifically, the studies, in which these variables
were examined, differed in the performance measures used, the timing of
performance measurements, the determination of menstrual cycle phase, and the
method for screening for menstrual dysfunctions as discussed previously (Table
1.1-1.4). It is clear that further research needs to be conducted to determine if
chronic low reproductive hormones (i.e., estrogen and progesterone) impact
exercise performance and muscle strength and performance. Research examining
differences between amenorrheic and eumenorrheic females would provide further
insight into this relationship. Furthermore, measurements of changes in exercise
performance and muscle strength and performance in women with ExMD before
and after restoration of menses would add to current knowledge.
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1.4.6 Estrogen and Skeletal Muscle
Although it is not evident that normal cyclic variations in estrogen have an effect
on muscle strength and sports performance, chronic estrogen deficiency may
prohibit an individual from achieving their full exercise performance potential and
affect muscle damage and repair. The importance of estrogen to muscle’s health
has been demonstrated in rodent studies, but more research in humans is needed
53

. Key findings from rodent studies will be summarized below followed by a

discussion of human studies conducted in active, young women (i.e., age<35y).
Estrogen may protect skeletal muscle by attenuating muscle damage and
accelerating muscle repair53. Enns et al. (2008) examined muscle damage and
repair following downhill run (i.e., eccentric exercise) in 10-wk old ovariectomized
female Sprague-Dawley rats that received either estrogen supplementation (0.25
mg/d of 17β-estradiol) or sham procedure54. In the supplement group, βglucuronidase activity, an indicator㔠
ofЯ muscle damage, was attenuated at 72 h
post-exercise in the soleus compared to the sham group but was not different in
the white vastus54. Satellite cells, which repair muscle damage, were also present
in greater numbers in both the soleus and white vastus of the supplemented
group compared to the sham group54. A possible mechanism by which estrogen
may stimulate satellite cell proliferation and activation is via estrogen receptors
present on skeletal muscle. In humans, estrogen receptor alpha mRNA has been
identified in deltoid and pectoral of female skeletal muscle55, and estrogen
receptor beta mRNA has been found in the vastus lateralis56. Endurance training
may upregulate estrogen receptors (ER). In 7-mo old female Wistar rats, Lemoine
et al, (2002a) reported that endurance training (i.e., treadmill running, 5 d·wk-1
for 7 wk) yielded upregulation of estrogen receptor alpha (ERα) in gastrocnemius
but did not change expression in soleus or extensor digitorum longus57, 58.
Replication of this experiment in male and female rats revealed that upregulation
of ERα in gastrocnemius occurred only in female rats57. In humans, upregulation
of estrogen receptor by endurance training, however, may not be sex specific.
Wiik et al. (2005) reported that expression of mRNA for ERα and ERβ in vastus
lateralis at rest were greater in endurance-trained males (age =22y, maximal
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aerobic capacity [VO2max] = 70 ml·min-1·kg-1) compared to young moderately
active males (age=24y, VO2max = 46 ml·min-1·kg-1). More research, however,
needs to be conducted to determine if exercise training has an impact on estrogen
receptor expression.
To determine the mechanism for estrogen’s action on muscle, Enns et al. (2008)
examined muscle damage and repair in 10-wk old ovariectomized female
Sprague-Dawley rats59. In this experiment, exercised ovariectomized rats received
either sham operation (n=16), estrogen supplement (n=16; 0.25 mg·d-1 of 17βestradiol), or estrogen supplement + ER blocker (n=16; 0.25 mg·d-1 of 17βestradiol + ICI 182,870)59. At either 24h or 72h after a 90min downhill treadmill
run, the rats were sacrificed, and markers of muscle damage and repair were
measured59. Enns et al. (2008) reported increased activation and proliferation of
satellite cells in soleus and white vastus at 24h and 72h post-exercise in estrogen
supplemented rats, which was inhibited by the ER blocker59. These findings
indicate that estrogen stimulates satellite cells via estrogen receptor59. Estrogen,
筐Щ
however, attenuates muscle damage
through other mechanism since β-

glucuronidase activity and the infiltration of neutrophils and macrophages was
similar in the estrogen supplement and estrogen + ER blocker groups59. Enns and
Tiidus (2010) have suggested that estrogen may attenuate muscle damage by
acting as an antioxidant since it has a similar structure to antioxidants and/or
stabilizing the cell membrane since its structure is similar to cholesterol53.
While experts confer that estrogen plays a protective role in skeletal muscle in
rodents, estrogen’s role in human skeletal muscle has been highly debated60-66. A
major issue with existing studies is the comparison of males to females to
examine the impact of estrogen on skeletal muscle60, 66. The objection to this
model is that many factors besides estrogen are different in men and women
which can confound results60, 66. In addition, the majority of this research in
humans has been conducted in sedentary individuals. To our knowledge, only four
studies have included active, young women67-70. The findings of the studies are
summarized in Table 1.5 and are briefly discussed below.
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Carter et al. (2001) and Kanaley and Ji (1991) are the only studies that have
directly compared young active women with different estrogen levels68, 69. Carter
et al. (2001) measured creatine kinase, a marker of muscle damage, after a 30
min downhill hill run (Table 1.5) reporting that the high estrogen group (i.e., oral
contraceptive group measured during mid-luteal phase) had lesser creatine kinase
values compared to the low estrogen group (i.e., eumenorrheic women measured
during the mid-follicular phase)68. This is consistent with findings reported by
Stupka et al. (2000), in which a trend toward lesser creatine kinase values was
reported in women compared to men after performing eccentric exercise (Table
1.5)67, 68. Kerksick et al. (2008), however, reported no difference in muscle
soreness between men and women following eccentric exercise as indicated by
lactate dehydrogenase (LDH)

70

. Creatine kinase and LDH have been criticized as

markers of muscle damage due to the associated high level of intersubject
variability70. Thus, it is plausible the differences in findings are related to the
inherent variability of these markers.
Ш
Oxidative stress has also been examined
in humans to determine if estrogen acts

as an antioxidant as observed in rodent models. Kanaley and Ji (1991) measured
glutathione peroxidase (GPx; i.e., an antioxidant enzyme that reduce lipid
hyperperoxides and hydrogen peroxide) and glutathione reductase (GR; i.e., an
enzyme that reduces glutathione disulfide to reduced form glutathione sulfhydryl
[GSH], which in turn can scavenge free radicals) after a 90 min treadmill run
(Table 1.5)69. Amenorrheic women (i.e., low estrogen state) in this study had
greater GPX and GR activity throughout exercise compared to eumenorrheic (i.e.,
high estrogen state), but lipid peroxidation and catalase (i.e., an enzyme
catalyzes the conversion of hydrogen peroxide to water) activity were not
different69. Thus, estrogen status may influence antioxidant activation69.
Consistent with this finding, Kersick et al. (2008) reported greater superoxidase
dismutase (SOD, i.e., an enzyme that converts superoxide into hydrogen peroxide
and oxygen) and lesser 8-isoprostane (i.e. a marker of lipid peroxidation) in
eumenorrheic women compared to men after eccentric exercise70. Antioxidant
capabilities of estrogen is promising based on rodent models and human studies
that have been conducted, but further work specifically in active women with low
estrogen levels would expand current knowledge.
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Other markers of muscle damage and inflammation have been examined in young
active women by Kerksick et al. (2008) and Stupka et al. (2000) (Table 1.5).
Based on these two studies, it is difficult to draw a conclusion since different
measurements and different exercise protocols were used (Table 1.5). Bcl-2 (i.e.,
an apoptosis regulating protein) was measured in both studies with conflicting
results67, 70. Kerksick et al. (2008) reported greater Bcl-2 (i.e., less apoptosis) in
women at 24 h post compared to men while Stupka et al. (2000) reported greater
number of Bcl-2 positive inflammatory cells in men compared to women67, 70. The
differences in findings may be explained by the timing of measurement in women
and the use of oral contraceptives. In the study by Kersick et al. (2008), the
eumenorrheic women did not use oral contraceptives and were assessed during
the mid-luteal phase. Stupka et al. (2000), however, include oral contraceptive
users, who were tested during the mid-to-late follicular phase. The women in
these studies would be expected to have different levels of estrogen, which would
impact results. Other differences between the studies exist, which may have
confounded results, such as the eccentric exercise protocol selected and the
熰Щ

timing of measurements after exercise (Table 1.5). Finally, differences beside
estrogen levels exist between males and females, which could also impact
findings.
In terms of recovery from exercise, one area that has not been extensively study
is the effect of estrogen status on post-exercise protein synthesis. To our
knowledge, Miller et al. (2006) has been the only researchers to examine the
difference in post-exercise protein synthesis between the luteal and follicular
phase in young, healthy eumenorrheic women. In this study, no difference in
muscle myofibrillar protein synthesis was found between phases71. Unlike in ExMD
were estrogen levels are chronically low, the women in this study had normal
cyclic variation in estrogens. We do not, however, expect that the low estrogen
status in ExMD will impact net muscle protein balance (synthesis minus
degradation) but expect that the associated low energy availability would yield
lesser net muscle protein balance after exercise compared to eumenorrheic
women. We also expect that muscle strength and power output would be lower in
women with ExMD compared to active eumenorrheic women due to the
combination of chronically low estrogen levels and energy availability.
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Table 1.1. Research Reporting No Difference in Aerobic Performance between Amenorrheic and
Eumenorrheic Trained Women
Gyn
Age
(y)
9

Best
10K
(min)1
37.8

Marathon
time (h)
-

VO2max
(ml·kg-1·min-1)
55.4

Study
De Souza et al.
(1991)

Group
Amen

N
8

Age
(y)
25

Eumen

8

29

14

39.1

-

Follicular =53.1

Glass et al.
(1987)
Myerson et al.
(1991)

Amen
Eumen
Amen
Eumen

13
44
7
10

25
31
30
29

122
181
131
161

40.9
39.4

2.9
2.8
-

Luteal = 53.7
50.5
55.2

Rickenlund et
al. (2005)

Amen
Oligo
Eumen
Amen
Irreg
Eumen

14
9
12
12
52
266

22
20
22
34
31
32

81
41
91
211
181
201

-

4.2
4.3
4.4

57.8
59.3
55.3
-

Amen

8

20

-

-

-

62.9

Eumen

5

24

-

-

-

60.6

Shangold and
Levine (1982)
Wilmore et al.
(1992)

Hormonal Measurements to
Confirm Menstrual Cycle Phase
and Status1
• LH Surge (Urinary LH ≥40 IU·l-1)
& Ovulation (Urinary
Pregnanediol-glucuronide)
• Prolactin <25µg/L for screening
• None specified
• Basal body temperature and/or
15 d from menses for ovulation
• Progesterone>5ng·ml-1 to verify
ovulation
• Prolactin, LH, progesterone, and
FSH were also measured at midcycle
• None Specified

• None Specified

• Secondary Amenorrhea
confirmed by progesterone <1.5
ng·mL-1

Key: Amen=Amenorrheic, Eumen=Eumenorrheic, Oligo=Oligomenorrheic, Irreg=Irregular, Gyn=gynecological; LH=luteinizing hormone,
FSH=follicular stimulating hormone
1= Self-reported
2=calculated based on information provided in article.
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Follicular Phase

Luteal Phase

No Change Reported
• Isokinetic knee flexion and extension

Reported Higher at Mid-Cycle
1
•
Adductor pollicis

1-

6

Reported Higher in Luteal vs. Follicular
•
Average Watts during Intermittent Cycling

• Several Anaerobic Power Measures
(Table 3) 5, 7-10
• Fatigue Measurements (Table 4) 1, 2, 5, 8

8

Luteinizing Hormone

Ч

Estrogen
Ovulation

Menses
0

4

8

12
16
Days in Cycle

20

24

28

Figure 1.2. Overview of Muscle Strength and Performance Measures during Normal Menstrual Cycle in
Active Women
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Table 1.2. Studies Examining Effect of Menstrual Cycle Phase on Muscle Strength in Active Women
Study
Abt et al.
(2007)

Grou
p
Eume
n

n
10

Age
(y)
21

DiBrezzo
et al.
(1991)

Eume
n

21

18
to
36

Hertel et
al.
(2006)

Eume
n

14

19

Janse de
Jonge et
al.
(2001)

Eume
n

15

23

Lebrun
et al.
(1995)

Eume
n

16

28

Phillips
et al.
(1996)

Eume
nT
Eume
n UT
OC
Users

10

26

12

24

5

21

Sport
Physically
Active

Menstrual Status/Cycle
Methodology
• Status confirmed by midluteal P≥10ng⋅ml-1
• Urinary LH for ovulation

Timing of Measurements
Follicular
3d

Ovulation
24-36d
from
ovulation

Luteal
7 d from
ovulation

Results
No change: knee
flex/exta (60 &
180 deg⋅sec-1)

13-14d
after
menses
onset
2d within
predicted
ovulation

10d from
ovulation

No change: knee
flex/exta (60, 180,
& 240 deg⋅sec-1)

7-10d
after
predicted
ovulation

No change: knee
flex/exta (120
deg⋅sec-1)

No change:
• electrically
stimulated
isometric quad
• knee flex/exta
(60 & 240
deg⋅sec-1)
• Handgrip
No change: knee
flex/exta (30
deg⋅sec-1)

Active?
• Self-reported
Not clearly • Determined by counting
specified
number of days from onset
of menses
Collegiate • Monitored cycle length for
soccer &
1 mo & tested for
cheerovulation
leaders
• Daily urinary E3G & PdG
to confirm status
Recreat T • Basal body temperature
• Blood E2, P, FSH, and LH
• Ovulation Status =
P>16nmol⋅l-1

24h from
menses
onset

1-3d &
Late
Follicular

-

Not
specified

Endurance • Basal body temperature
Trained
• Luteal Phase=P>16nmol·l-1
ːΏ • Ovulation = ↑ body
temperature and hormone
levels
Rowers
• Basal body temperature
• Urinary LH (n=14
Trained)
• Blood E2 (n=9 Trained)

6d

-

23d

4-7d
before
predicted
ovulation

Measured over several days;
Timing not clearly indicated

↑ by 10% during
follicular & drop
around ovulation
in adductor pollicis
in Eumen T and
UT

Key: OC = Oral Contraceptives; Eumen = Eumenorrheic; UT = Untrained; T = Trained; Recreat T = Recreationally Trained; E3G = estrone-3glucuroide; PdG = pregnanediol-3-glucornide; E2= Estradiol, P=Progesterone, LH = Luteinizing Hormone; FSH = Follicular Stimulating Hormone; Flex
= Flexion; Ext = Extension
a=isokinetic measurements
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Table 1.3. Studies Examining Effect of Menstrual Cycle Phase on Anaerobic and Intermittent Exercise
Performance in Active Women
Menstrual
Status/Cycle
Methodology
• Basal body
temperature and
urinary LH for
ovulation

Timing of Measurements

Study
Bushman et
al. (2006)

Subjects
Eumen
OC Users

n
7
17

Age
(y)
20
21

Giacomoni et
al. (2000)

Eumen
OC Users

7
10

23
23

Physical
Education
Students

• Phase confirmed
by P

1-4 d and
7-9 d

Lebrun et al.
(1995)

Eumen

16

28

Endurance
Trained

6d

23 d

Lynch and
Nimmo
(1998)

OC Users

5

22

Recreat T

• Basal body
temperature
• Luteal Phase
P>16nmol·l-1
• Ovulation = ↑ BT
& hormone levels
• Serum P

7-10 d
(n=5)

Eumen

10

27

12 d after
ovulation
(~26 d, n=5)

No change
• Intermittent
Running

• Phase confirmed
by serum P

6-10 d

20-24d

Luteal > Follicular
• Average Watts
during Intermittent
Cycling
• No Change
• Average Power
During Cycling

Sport
Recreat T

Follicular
Within 2 d
of onset
of menses

Luteal
2-3 d from
ovulation or
21-24 d of
cycle for OC
users
19-21

Results
No change
• Margaria Kalamen
Staircase Test
• Wingate Cycle Test
No change
• Force-Velocity
Cycling Sprint Test
• Max Vertical Jump
• Max Squatting
Vertical Jump
No change
• Anaerobic Speed
Test: (8 mph run at
20% incline until
fatigue)

Ώ

Middleton and
Wegner
(2006)

OC Users

6

25

Recreat T

Key: OC = Oral Contraceptives; Eumen = Eumenorrheic; Recreat T = Recreationally Trained; P=Progesterone; Max = Maximum
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Table 1.4. Studies Examining Effect of Menstrual Cycle Phase on Muscle Fatigue

Study
Janse de Jonge
et al. (2001)

Subjects
Eumen

n
15

Age
(y)
23

Lebrun et al.
(1995)

Eumen

16

28

Endurance
Trained

Middleton and
Wegner (2006)

OC Users

6

25

Recreat T

Phillips et al.
(1996)

Eumen T
Eumen UT
OCT

10
12
5

26
24
21

Rowers

Sport
Recreat T

Ώ

Menstrual
Status/Cycle
Methodology
• Basal body
temperature
• Blood E2, P, FSH, and
LH
• Ovulation Status =
P>16 nmol⋅l-1
• Basal body
temperature
• Luteal Phase
P>16nmol·l-1
• Ovulation = ↑ BT &
hormone levels
• Phase confirmed by
serum P

• Basal body
temperature
• Urinary LH (n=14
Trained)
• Blood E2 (n=9
Trained)

Timing of
Measurements
Follicular
1-3 d &
Late
Follicular

Luteal
Not
specified

Results
No change
• Electrically stimulated
isometric quad
• 60 Isokinetic knee flex
at 240 deg⋅sec-1

6d

23 d

No change
• Endurance
Performance: 90%
VO2max to Exhaustion

6-10 d

20-24d

No Change
• Drop Off in
Performance:
Intermittent Cycling
No Change
• Intermittent Run to
Exhaustion

2,4, 6-18 d

Key: OC = Oral Contraceptives; Eumen = Eumenorrheic; UT = Untrained; T = Trained; Recreat T=Recreationally Trained; E2= Estradiol,
P=Progesterone, LH = Luteinizing Hormone; FSH = Follicular Stimulating Hormone;

21

Table 1.5. Studies in Active Young Women Examining the Relationship between Estrogen and Muscle
Damage and Repair
Age Training Menstrual Status &
N (y) Status
Timing
17 24
Endurance • OC: Mid-luteal phase
(high E2) & Eumen Midfollicular phase (low E2)
10 23
• Eumen: 2-mo basal BT
for menstrual status &
blood E2 blood confirmed
6
24
Runners
• Early follicular phase (3 to
5d)
6
22
• Self-reported

Exercise
Protocol
• 30 min of
downhill
treadmill run
at 60% of
VO2max

Sample
Collection
• Blood at preEx & at 0, 24,
48, & 72h
post-Ex

• 90 min
treadmill run
at 60%
VO2max

Men
Women

8
8

21
22

Recreat T

• 7 sets X 10
rep at 120%
of 1RM of
eccentric
contraction
of dominant
knee
extensor

• Blood at pre
& 30, 60, &
90 min
during Ex &
15 min postEx
• Blood at 6,
24, 48, & 72
h post-Ex
• Biopsies from
vastus
lateralis preEx & at 6 and
24 h post-Ex

Men
Women

8
8

22
23

Recreat T

Study
Carter
et al.
(2001)

Group
OC
Users
Eumen

Kanaley
et al.
(1991)

Amen
Eumen

Kerksic
k et al.
(2008)

Stupka
et al.
(2000)

• Self-reported
eumenorrheic, no OC
• Mid-Luteal Phase

랠Э
• OC Users
• Tested in mid-to-late
follicular

• 3 sets x 12
• Blood at prereps
& at 24 h,
eccentric,
48h , & 6d
unilateral leg
post-Ex
press
• Vastus
followed by
lateralis
9 sets x 12
biopsies at 48
reps of leg
h post-Ex
extension

Key Findings
• Lesser CK in OC vs.
Eumen levels at 72h
• Negative correlation
between E2 and CK
• GPX and GR activity
(oxidative stress) in
Amen > Eumen
throughout exercise

• No difference in LDH
(muscle soreness)
• SOD and 8-iso
(oxidative stress) in
females > males
• No difference in
bax/bcl-2 ratio
(mitochondrial
apoptosis) at 6 h & 24
h post-exercise
• Trend towards
lesser CK values in
women vs. men
• No difference in the
number of areas with
focal or extensive
muscle damage
• Bcl-2 positive & LCApositive inflammatory
cells: men > women

Key: OC= Oral Contraceptive, Eumen = Eumenorrheic, Amen = Amenorrheic, Recreat T=Recreationally Trained; E2=Estrogen, BT=body temperature,
VO2max = maximal aerobic capacity, RM = Repetition Maximum, Ex = exercise, CK= Creatine Kinase, GPx = glutathione peroxidase; GR = glutathione
reductase, LDH= Lactate dehydrogenase, SOD= Superoxidase dismutase, 8-iso=8-isoprostane, LCA=leukocyte common antigen;
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1.5

Bone Health and ExMD

While less is known about muscle health in ExMD, low bone mineral density (BMD)
is commonly observed in women with ExMD. Hormonal disruptions (i.e., estradiol,
leptin, thyroid, IGF-1, cortisol, and GH) and inadequate energy intake likely all
contribute to poor bone health in these women. In this section, the prevalence of
low BMD and the role of estrogen and energy availability in bone metabolism will
briefly be discussed. This section will conclude with a review of studies reporting a
relationship between ExMD and stress fractures.
1.5.1 Prevalence of Low BMD
A main concern with ExMD is the increased risk for low BMD72. Low BMD for
premenopausal women is defined as 2.0-2.5 standard deviation (SD) below the
mean BMD of young adults, and osteoporosis is defined as a BMD >2.5 SD below
the mean

73

. Low BMD (previously called osteopenia) is more prevalent (20-50%)

than osteoporosis (10-13%) in female athletes with ExMD17, 74, 75. The risk of
future osteoporosis in these females is also increased since low BMD occurs during
peak bone mass development76. As discussed below, female athletes with ExMD
are also at increased risk for stress fractures, both single77-85 and multiple
fractures78.
1.5.2 Estrogen, Energy Availability, and Bone Regulation
Estrogen is an important hormone in the regulation of bone metabolism mainly
because it inhibits bone resorption16. Regulation of osteoclastgenesis through
gene regulation and stimulation of osteoclast apoptosis through the upregulation
of Fas Ligand are the main pathways by which it does this16, 86, 87. It has also been
reported to have a protective effect on bone by promoting cell survival of
osteoblast and osteocytes through nuclear receptor mediate pathway
(Src/Shc/extracellular signal-regulated kinase signal transduction pathway)86, 87.
Finally, estrogen enhances the osteogenic response to mechanical loading87, 88.
In active women with ExMD, estrogen levels are low and thus, have been
implicated as the primary cause of poor bone health. BMD, however, does not
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normalize in women with ExMD with the restoration of estrogen alone16, 18, 89, 90.
Low EA also needs to be addressed to elicit improvements in BMD16, 18, 89, 90. Bone
health, is also further compromised in these women by the negative impact of
hormonal imbalances (↓ leptin, thyroid, and IGF-1; ↑ cortisol) and low or reduced
intakes of protein, calcium, vitamin D, and other bone building nutrients16, 18, 91, 92.
Consequently, women with ExMD are at increased risk for low BMD and stress
fractures77-85. A review of these studies is presented below.
1.5.3 Stress Fractures and ExMD
Summaries of studies, in which the relationship between menstrual dysfunction
and stress fractures have been examined in active women, are presented in
Tables 1.6, 1.7, and 1.8. In three studies (Table 1.6), women were grouped by
menstrual status and the prevalence of stress fractures among groups was
assessed77, 78, 93. The majority of the studies grouped women by injury and
examined the prevalence of menstrual dysfunction in these women (Table 1.7 and
Ш
Table 1.8). These studies have been
conducted in both non-military population

(i.e., runner, endurance athletes, and dancers) and in military populations (Table
1.7 and Table 1.8). First, studies that grouped women by menstrual status are
discussed below. Then, studies grouped by injuries in civilian active women are
reviewed followed by a discussion of studies in military active women.
In the three studies grouping women by menstrual status (Table 1.6),
eumenorrheic athletes were reported to have a lesser percentage of stress
fractures in two studies78, 93. Beckvid Henriksson et al. (2000) did not find an
association between stress fractures and menstrual dysfunction but did report that
women with menstrual dysfunction had a longer interruption in training due to
injury than eumenorrheic women77. The differences in findings in these studies
could be explained by the lack of urinary or blood measures to confirm selfreported menstrual status77, 78, 93. Only Lloyd et al. (1986) confirmed self-reported
stress fractures by medical diagnosis.
In the studies that grouped women by stress fractures (Table 1.7 and Table 1.8),
stress fractures were examined in the civilian population (i.e., runners, national
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and collegiate athletes, and dancers) in six studies and in the military population
in five studies. Of the civilian active women studies, all but one study94 reported
that stress fractures were associated with history of and/or current menstrual
dysfunction and later age of menarche. An association with irregular menses and
stress fracture risk was reported by Kelsey et al. (2007), but this relationship was
not significant. Only Kelsey et al (2007) reported an association between younger
age at menarche and lesser calcium intake with increased stress fracture risk. It is
possible that the women in this study had lesser calcium intake than the women
in the studies in which an association between menstrual status and calcium
intake was reported. Self-reported menstrual status in all of these studies was
also not confirmed by urinary or blood measures in these studies resulting in
possible misclassification of women by menstrual status79-82, 84, 94.
In studies examining the military population, the relationship between stress
fractures and menstrual dysfunction is equivocal with two studies reporting a
positive relationship83, 95 and three 橀
studies
reporting no relationship96-98. A key
Т
difference between military and civilian studies in active women is that military
studies have been conducted during basic training when women are undergoing a
substantial increase in training intensity. Training status upon entering basic
training, therefore, is a concern for the military problem. Individual with slower
running times and lower rating of self-fitness were reported to have an increased
stress fracture risk83, 95, 96, 98. The type of sports participation (i.e., non-impact vs.
impact sports) prior to entry has also been associated with stress fractures96.
Among studies in the military population, design differences exist that may
confound results such as differences in the general study design, the specific
military population examined, and the prevalence of oral contraceptive usage. A
case-control study design was used in two studies96, 97 while three studies
conducted prospective studies in a large sample size83, 95, 98. The specific military
population may also have an impact on findings. In Marines, a positive association
with menstrual dysfunction and stress fracture was reported83, 95, but this
association did not hold for studies conducted in the Army97, 98 or the Navy96. In
addition to these differences, oral contraceptive usage varied by study with high
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percentage (~>50%) reported in three studies83, 95, 97 and lesser percentage
(~30%) reported in two studies96, 98. Oral contraceptives can mask menstrual
dysfunction. Based on the findings of these studies, menstrual dysfunction in
trained women is associated with increased risk of stress fractures. In military
populations, training status is a key consideration in prevention of stress
fractures. Menstrual dysfunction, however, likely plays an important role after
addressing differences in training status.

뙠Ч
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Table 1.6. Injuries in Studies Grouped by Menstrual Status.
Menstrual Status
and Stress
Fracture Methods
• Self-reported
stress fracture
history
• Self-reported
menstrual history

Age
(y)
20

Stress
Fracture
(%)
29

Key Findingsa
• Regular group had lesser
percentage of stress
fractures than the MD
51
20
39
groups
• Amenorrheic runners had
69
20
49
history of more number of
stress fractures than
Beckvid
Running
• Self-reported
Regular Menses
43
27
~2
• No association with stress
Henriksson
stress fracture
(10-13 cycles·y-1)
fractures and MD
et al.
history
• Women with MD had a
Regular Menses, OC
27
28
~0
(2000)
• Self-reported
longer interruption in
(10-13 cycles·y-1)
menstrual history
training (~34 d) due to
Oligo & Amen
23
26
~4
injury than women with
(0-9 cycles·y-1)
regular menses (~10 d)
Lloyd et al. Various
• Stress fracture
Regular
148
20
9
• Runners with MD were
(1986)
confirmed by
(10-13 cycles/y)
more likely to have
medical diagnosis
sustained injuries
Irregular or Absent
41
19
24
• Self-reported
• Stress fractures were
(0-9 cycles·y-1)
menstrual history
greater in women with MD
than women with regular
menses
Key: OC = Oral Contraceptives, MD=Menstrual Dysfunction, Oligo=Oligomenorrhea, Amen=Amenorrhea
a=all reported findings were statistically significant
Study
Barrow and
Saha
(1988)

Sport
Running

Groups
Regular Menses
(10-13 cycles·y-1)
Irregular Menses
(6-9 cycles·y-1)
Very Irregular Menses
(0-5 cycles·y-1)

n
120

27

Table 1.7. Studies Reporting Association between Menstrual Dysfunction and Stress Fracture
Study

Sport

Group

Bennell et
al. (1995)

Running

Bennell et
al. (1996)

Running

Carbon et
al. (1990)

Nat’l or
Int’l
Athletes

Myburgh
et al.
(1990)

Endur

Inj

Rauh et
al. (2006)

Military

Shaffer et
al. (2006)

Dance

IR
(%)

22

21

86

NSF

31

21

48

SF

10

21

30

NSF

43

21

11

SF

9

19

78

NSF1

9

19

11

25

32

56

25

32

0

SF

56

18

232

OI

399

18

162

SF

113 19
柰б

8

NSF

Warren et
al. (1986)

Age
(y)

SF

Con

Military

n

1

2400

19

5

SF

46

23

67

NSF

29

24

27

Key Findingsa
• ↑ SF risk associated with older menarcheal age, MD history, & ED
• Oligo were 6X and weight conscious women were 8X more likely to
sustain SF.
• ↑ SF risk associated with lower total BMC & BMD, history of MD, &
lower fat diet
• Menarcheal age & calf girth were best predictors of SF
• ↑ SF risk associated with no. of menses & menarcheal age
• No differences in BMD, dietary calcium, or energy intake detected.
• More injured currently had MD than control.
• No association with menarcheal age & MD history (incidence & y)
• No difference in dietary intake.
• Women with secondary amen had a 3-fold greater risk for SF.
• No relationship with other menstrual variables was found.
• ↑ SF risk associated with training status (slower running times, selfreporting training).
• Women with secondary amen were 2x more likely to incur SF
• Women with no menses in the last year, after accounting for age and
race/ethnicity, were 3.79x more likely to get a SF and were 5.85x
more likely to incur a pelvic or femoral SF
• ↑ SF risk associated with training status (slower running times)
• ↑ SF risk associated with amen status and duration and later
menarcheal age

Key: Endur=Endurance, SF=stress fractures, NSF=no stress fractures, Inj= Injured, Con=control, OI= overuse injuries, nonstress fractures, IR=Irregular Menses, Oligo=Oligomenorrhea, ED=eating disorders, no.=number, BMD= bone mineral density,
Amen=Amenorrhea; 1=non-stress fracture group was matched to those with stress fracture; 2=calculated based on no. of women
reported with <10 cycle/y with stress fractures divided by total women with stress fractures.
a=all reported findings were statistically significant
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Table 1.8. Studies Reporting No Association between Menstrual Dysfunction and Stress Fracture
Study

Sport

Armstrong et
al. (2004)

Military

Cline et al.
(1998)

Military

Group

n

Age
(y)

IR
(%)

Key Findingsa

SF

13

19

_

Control

131

18

_

Cases
(63% OC users)

49

21

53%

Control
(48% OC users)

78

21

42%

127

22

33%

• Predictor of stress fractures included history of stress
fracture, lower bone mass , younger age at
menarche, and lower calcium intake
• Irregular menses was associated with increased
stress risk but did not reach statistical significance
• Total EDI score did not predict stress fracture
occurrence

319

_

3,493

_

• No difference in age of menarche and menstrual
frequency.
• History of regular exercise was protective against SF
• Alcohol intake, corticosteroid use, and lower adult
weight associated with increased SF risk.
• No association with OC use.

Kelsey et al.
(2007)

Running

Female

Lappe et al.
(2001)

Military

SF
NSF

槐Т

• No differences in age of menarche and no of
menses in previous 12 mo
• Greater portion of SF group participated primarily in
non-impact sport prior to entry
• No association with disordered eating or low BMD
• No difference in the no. of women with training amen
(%) between groups
• No difference in history of MD

Key: SF= Stress Fractures, NSF = No Stress Fractures, IR=Irregular Menses, no=number, BMD=Bone Mineral Density,
no=number, MD = Menstrual Dysfunction, EDI= Eating Disorder Inventory, OC = Oral Contraceptive; 1= matched control group
a=all reported findings were statistically significant
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1.6

Menstrual Dysfunction and Other Health Consequences

The low energy availability and ExMD in women can have a number of other
health consequences besides those already discussed. In amenorrheic athletes,
impaired endothelial dysfunction as measured by flow-mediated dilation of
brachial artery has been reported (Table 1.9). The impact of menstrual
dysfunction on lipid profile, however, is not clear. Friday et al. (1993) reported
greater total cholesterol, low density lipoprotein cholesterol (LDL-C), and high
density lipoprotein cholesterol (HDL-C) levels in amenorrheic compared to
eumenorrheic women despite lower dietary fat intake. Rickenlund et al. (2005)
also reported greater cholesterol and LDL-C levels and lower body fat percentage
in amenorrheic compared to eumenorrheic. Hinton et al. (2006), however,
reported no differences in lipid profiles and lower body fat in menstrual
dysfunction group compared to eumenorrheic. In this study, oligomenorrheic and
amenorrheic athletes were combined into one group, which could explain the
difference in findings14. Hoch et al. (2003) also reported no difference in total
cholesterol levels and reported no differences in dietary intake among groups.
This was the only study13, however, to assess blood lipid profile at nonspecific
points in the menstrual cycle (Table 1.9). Based on these studies, it is difficult to
draw conclusions on whether lipid profile is affected by menstrual dysfunction. A
consistent finding is that the blood lipid profiles of oligomenorrheic athletes are
not different from eumenorrheic13, 23. Taken together, it may be that
cardiovascular consequences only occur in severe forms of menstrual dysfunction
(i.e., amenorrhea) and/or duration of menstrual dysfunction.
Another consequence of ExMD is metabolic abnormalities such as reduced resting
metabolic rate (RMR, ~10-15%) and abnormal metabolic hormones profile (↓
thyroid, leptin and IGF-1; ↑cortisol and GH)

12-16

. Immune function has not been

specifically studied in this population but may also be compromised. In
amenorrheic athletes, low levels of glucose and insulin with high levels of cortisol
have been reported99. Cortisol has been reported to suppress serum
immunoglobulin production (IgA, IgG, and IgM) and natural killer cell Activity
(NKCA)100. In addition, lymphocyte proliferative response to mitogens is also
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attenuated by cortisol100. Thus, the hormonal profile of amenorrheic athletes
suggests that their immune system may be compromised.
Finally, active women that restrict energy intake or eliminate food groups from
their diet can have low micronutrient intakes, especially the energy (B-vitamins),
blood (folate, vitamin B-12, iron), antioxidant (zinc) and bone building (calcium,
magnesium, and vitamin D) nutrients91, 101-103. Without these nutrients the body is
unable to effectively use the energy consumed to help maintain the health of the
body and provide energy for physical activity. Low iron status (low ferritin,
transferrin receptors) is prevalent in active women, occurring in ~35% of the
population despite the availability of fortified sport foods and breakfast cereals104109

. Iron depletion (low iron stores) can compromise the ability to respond to

exercise training107. Exercise may also increase the need for some micronutrients
(e.g. B-vitamins), and therefore active females with low dietary intakes are
especially at risk for poor nutritional status
뙠Ч

91, 102

.
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Table 1.9. Studies examined cardiovascular health in active women with menstrual dysfunction
Study

Sports

Group

n

Age

Menstrual Status Methods

Key Findings

Friday et al.
(1993)

Various

Amen
Eumen

24
44

27
30

• Confirmed with blood E2
and P taken over 1 mo
• Measurements in follicular
Phase

Hinton et al.
(2006)

Recreat T

MD
Eumen

10
13

23
21

• Confirmed with blood E2, P,
LH, FSH, and Prolactin
• Measurements in early
follicular phase (2-5d)

Hoch et al.
(2003)

Competitive
Athletes

Amen
Oligo
Eumen
Eumen

10
11
11
9

22
21
20
20

• Confirmed by blood E2, P,
Prolactin, and FSH
• Measurements taken at 2
different times in a month
separated by 14 d for
Eumen & Oligo

Rickenlund
et al. (2005)

Endurance

Amen
Oligo
Eumen

14
19
12

22
20
22

• Confirmed with blood FSH,
LH, E2, T, and SHBG
• Measurements in early
follicular phase (1-5d)

• Amen had greater total cholesterol
levels, LDL-C, and HDL-C levels
• LDL/HDL cholesterol ratio was not
different
• Fat intake (g·d-1) was lower in Amen
vs. Eumena
• MD has lower body fat
• No difference in lipid profiles (TG,
HDL-C, LDL-C, or Total Cholesterol)
or serum inflammatory markers
(TNF-α, IL-6, C-reactive protein,
sVCAM-1)
• Amen how lower FMD than Oligo &
Eumen
• No differences in total cholesterol
levels
• No differences in dietary energy,
macronutrient, calcium, or
phosphorous intakesa
• Greater cholesterol and LDL-C levels
in amen compared to oligo and
eumen
• Impaired FMD of brachial arterial in
amen

Key: Recreat T= Recreationally Trained, Amen=Amenorrheic, Eumen=Eumenorrheic, MD=Menstrual Dysfunction, Oligo=Oligomenorrheic,
E2=Estradiol, P =Progesterone, LH=Luteinizing Hormone, FSH= Follicular Stimulating Hormone, T=f, SHBG=Sex-Hormone Binding Globulin, LDLC=Low density lipoprotein Cholesterol, HDL-C = High density lipoprotein cholesterol, TG=Triglycerides, FMD= Flow Mediated Dilation
a
Measured using 3-d dietary records.
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1.7

Diet Intervention as a Treatment

To reverse ExMD, increasing energy intake with a diet intervention may be an
effective strategy and may yield improvements in hormonal and musculoskeletal
health. In a pilot study, a diet/exercise intervention program (20 wk) was found
to improve energy balance, increase LH secretion, and decrease cortisol levels110,
111

. Fredericson and Kent112 also reported a case study of an amenorrheic runner

with osteoporosis, where oral contraceptives did not normalize BMD but did
normalize BMD over 5.4y with increased energy intake and decreased exercise.
These are the only studies to examine a dietary intervention to reverse menstrual
dysfunction in active women, but the sample sizes were small and data are only
reported in case study format. Thus, the purpose of this study is to determine if a
sport supplement intervention will restore normal menstrual function and
hormonal and musculoskeletal health in active women.
1.8

Benefits of Carbohydrate-Protein Supplement after Exercise

Research has examined whether a sports supplement, ingested after exercise,
accelerates recovery, by replenishing glycogen stores and improving net muscle
protein synthesis, and reduces the frequency of injuries and illnesses. Several
studies using endurance trained individuals have specifically compared the
benefits of a carbohydrate-protein (CHO-PRO) to a carbohydrate only sport
supplement. Only a summary of key outcomes will be presented below. A recent
position paper has been published by American College of Sports Medicine that
provides recommendations for carbohydrate and protein intake in active
individuals27.
Post-exercise glycogen synthesis has been measured after the consumption of a
CHO-PRO and carbohydrate only supplement with mixed results113. Experiment
design differences such as exercise type and intensity, and the amount (total kcal
and grams·kg-1 of carbohydrate and protein), timing, and frequency of
supplementation may explain differences in findings113. While the addition of
protein to a CHO supplement may not improve glycogen synthesis compared to
carbohydrate only supplement, a CHO-PRO supplement does provide the
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carbohydrate required for both the rapid phase and slow phase of glycogen
synthesis. The rapid phase of glycogen synthesis (i.e. insulin-independent phase),
which occurs at of 12-30 µmol g wet wt-1·h-1, lasts approximately 30-60 min after
exercise114-116. The slow phase of glycogen synthesis (i.e. insulin-dependent
phase) follows the rapid phase and occurs at 10-30% of rapid phase rate in
absence of supplementation115-117. Carbohydrate, which is provided by a CHO-PRO
supplement, also accelerates the rate of glycogen synthesis during this phase115117

.

Another benefit of a post-exercise CHO-PRO supplement is that it enhances
protein synthesis and tissue repair after exercise118-120. This had not, however,
consistently translated to improved performance as some researchers have
reported improvements with CHO-PRO supplement121-123 and others have not124,
125

. All of these studies have examined the acute effect of CHO-PRO

supplementation in male athletes and have used different measures of
performance (e.g. self-paced timed trials or exercise-to-exhaustion using either
宀Т
running or cycling). Thus, it is unclear
of whether the same results would be

observed in female athletes and the long-term impact of post-exercise CHO-PRO
on performance. Based on research, a carbohydrate-protein meal or supplement
(1.0-1.5 g·kg-1 carbohydrates; 0.3-0.4 g·kg-1 protein) is recommended to be
consumed during the first 30 min after exercise and every 2 h during the first 46h of recovery27, 113.
1.9

Conclusion

Traditionally, oral contraceptives have been used to treat ExMD in active women.
ExMD, however, is associated with several health consequences such as low BMD,
hormonal disruptions, and cardiovascular consequences, which are not resolved
entirely with oral contraceptives. A non-pharmacological alternative has not been
developed to address ExMD and more importantly to address the underlying
cause, low energy availability. Thus, the purpose of this research is to examine
the impact of a 6-mo CHO-PRO supplement intervention on ExMD and to assess
changes in musculoskeletal and bone health. From this research, guidelines for
active women to prevent and treat ExMD can be developed.
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2.1

Abstract

Menstrual dysfunction (MD), possibly due to low energy availability (EA), is
associated with adverse health consequences. PURPOSE: To determine if EA
improvements in endurance-trained women, using a daily Carbohydrate-Protein
supplement (CHO-PRO), will restore menstrual function. METHODS: Athletes with
MD (ExMD, n=8; 7 amenorrheic, 1 oligomenorrheic, age=23±3y, VO2max=49±6
ml·kg-1·min-1, body fat=22±5%) participated in a 6-mo intervention consuming a
CHO-PRO drink (360kcal·d-1). Assessments were made pre/post-intervention: 1)
reproductive and thyroid hormones; 2) energy intake and expenditure using 7-d
weighed food and physical activity records, accelerometer; 3) body composition;
and 4) profile of mood state (POMS). Eumenorrheic athletes (Eumen, n=10
age=23±4y, VO2max=51±5 ml·kg-1·min-1, body fat=23±4%) were compared to
ExMD. Multiple linear regressions were used to assess differences between groups
and pre/post-intervention blocking on participants. RESULTS: All women resumed
menses (2.6±2.2 mo to first menses, 3.5±1.9 cycles), and only one woman
remained anovulatory. Women with longer ExMD duration took longer to resume
menses. EA and energy balance (EB) were similar between groups and pre/post-
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intervention. Excluding one ExMD outlier, EA increased by 589 kcal·d-1
(12.2kcal·kgFFM-1·d-1; p=0.03), and EB increased by 639 kcal·d-1 (p=0.02). No
changes in reproductive or thyroid hormones occurred. Depression scores
improved with the intervention, and pre/post-intervention fatigue scores were
lower in ExMD vs. Eumen (p<0.05). CONCLUSION: Increasing energy intake
with a CHO-PRO supplement was associated with reversal of ExMD and improved
mood. Longer time to resume menses is required if ExMD>1y. Baseline EA was
similar between Eumen and ExMD women suggesting that some may be more
sensitive to EA fluctuations. An energy status measurement would aid in
identifying women at risk for ExMD; more research is required to determine such
a measure.
Key Words: Amenorrhea, Oligomenorrhea, Estradiol, Energy Intake, Energy
Expenditure, Exercise Performance
2.2

Introduction

Optimal nutrition helps improve exercise
performance, decrease recovery time
宀Т
between strenuous bouts, prevent injuries, and maintain overall health in athletes
and active individuals27. For aesthetic and endurance sports, optimal body weight
is also important for successful sports performance26, 27. Active individuals and
athletes, especially women, find it difficult to maintain optimal body weight and
still meet energy and nutritional requirements27, 28. A common practice is to
restrict energy intake in order to make weight requirements or goals. Low energy
intake combined with high levels of physical activity increases the risk of
developing exercise-induced menstrual dysfunction (ExMD) and poor hormonal,
nutritional and musculoskeletal health11.
In active females, the prevalence of menstrual dysfunction is high (~6-79%)31-34.
High rates have commonly been reported in sports such as aesthetic (30-43%)
and endurance sports (27-32%) where lean body physique is a competitive
advantage31-34. The typical forms of menstrual dysfunction observed in athletes
are amenorrhea (no menses for >90d), oligomenorrhea (cycles intervals ≥35d),
anovulation (no ovulation but bleeding may occur), luteal phase deficiency
(ovulation may occur but inadequate progesterone support for endometrial
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development), and delayed menarche11, 38-40. Elevated cortisol levels, due to
exercise stress, has been hypothesized as the primary signaling mechanism for
ExMD41. However, recent evidence suggests that the cause is more complex and
that low energy availability may be the initiator through a leptin-controlled
pathway42-44. Energy availability refers the amount of energy from food (energy
intake) remaining to cover required metabolic functions after exercise energy
expenditure has been subtracted11. ExMD occurs when energy intake is
inadequate to support exercise, activities of daily living, and normal body
functions, including growth. Leptin, a hormone produced by fat cells, functions as
a messenger in a feedback loop between energy stores and the hypothalamus.
Females with ExMD have low leptin levels43, 45, 46, which impairs the
hypothalamus-pituitary-ovarian axis, resulting in disruption of gonadotropin
releasing hormone (GnRH) pulse generator41, 42. GnRH disruption decreases the
release of luteinizing hormone (LH) from the pituitary47, which stimulates the
production of estrogen and progesterone in the gonads48. ExMD occurs when LH
secretion is low causing reduced production of estrogen and progesterone49.
宀Т

ExMD is associated with an increased risk for poor bone health, stress fractures,
muscle injuries, and poor nutritional status72. It has also been linked to other
health consequences include unfavorable lipid profiles, endothelial dysfunction23,
126, 127

, reduced resting metabolic rate (RMR, ~10-15%), and abnormal metabolic

hormones profile (↓ thyroid, leptin and IGF-1; ↑cortisol)12, 15, 16. Commonly, oral
contraceptives are prescribed to reverse ExMD and prevent bone loss17. While oral
contraceptives may be effective in re-establishing normal menses, the impact on
bone health is equivocal18. Also, non-reproductive hormonal levels (e.g., leptin,
IGF-1, thyroid, cortisol) and muscle health are not restored with oral
contraceptives. Finally, oral contraceptives have several undesirable side effects
such as weight gain, fatigue, mood disorders, nausea, and headaches19, 20 and
may increase the risk for cardiovascular and other diseases29, 30. Currently no
evidenced-based non-pharmacological option exists for treating ExMD in females,
and thus an alternative lifestyle approach is desirable. Therefore, the purpose of
this study is to determine if moderate increases in energy intake, using a CHOPRO supplement, can restore normal menstrual and hormonal status and improve
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mood state in active women with ExMD. A secondary aim of this study is to
examine dietary intake and hormonal differences between women with ExMD and
eumenorrheic controls.
2.3

Methods

2.3.1 Participants
Eighteen endurance trained women (amenorrheic/oligomenorrheic (n=12);
eumenorrheic (n=10), Figure 2.1) were recruited from local teams and clubs to
participate in this study. Of the 12 women with ExMD, four women did not
complete the intervention due to changes in their personal situation. The ExMD,
therefore, included eight women who completed the 6-month intervention. The
study was explained in detail to potential participants, and a University Institution
Review Board approval informed consent document was signed. For all enrolled
participants, questionnaires to assess general health, exercise training, menstrual,
and dietary history were completed at baseline (0-mo). In addition, participants
Т
completed two subscales (Drive for宀Thinness
and Body Dissatisfaction) of the

Eating Disorder Inventory-2 (EDI-2) questionnaire128 at 0-mo to screen for
disordered eating behaviors. These two subscales were chosen because they have
been shown to be particularly useful in identifying disordered eating in female
athletes

129, 130

. Finally, mood state was assessed using a Profile of Mood State

(POMS) questionnaire at 0-mo and 6-mo131. The questionnaire consists of 65items measuring 6 different mood states (fatigue, anger, vigor, depression,
confusion, and anxiety). A total mood disturbance score (maximum = 60) was
calculated to provide an overall measure of global effective state132. Individuals
were invited to participate in the study if they met the following criteria: 1) At
least 7 h·wk-1 of exercise training for the last 2y; 2) No hormonal contraceptives
or replacement therapy 6-mo prior to the study; 3) EDI-2 subscale score <14;
and 4) no primary amenorrhea or non-exercise-related amenorrhea.
Screened participants were then assigned to Exercise-Induced Menstrual
Dysfunction (ExMD; n=8) or Eumenorrheic (Eumen; n=10) group based on selfreported menstrual history, blood reproductive hormone levels at 0-mo, and
ovulation status (Clearblue Easy Fertility Monitor, Inverness Medical Innovations
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Group, Waltham, MA). For women with self-reported menstrual dysfunction,
causes other than ExMD were ruled out as follow: 1) measurement of luteinizing
hormone (LH) and follicular stimulating hormone (FSH) for ovarian failure; 2)
examination of LH/FSH ratio for polycystic ovarian syndrome (PCOS); and 3)
measurement of prolactin for lactotropic secreting tumor11, 133, 134. Thyroid
stimulating hormone was not evaluated to eliminate thyroid disease11, but all the
women in this study had normal thyroid (T3) levels. Individuals were classified as:
1) ExMD if they had self-reported menstrual dysfunction and low but normal
estradiol, low or normal gonadotropins, and normal prolactin levels and were not
ovulating; 2) Eumen if they had normal reproductive hormonal levels normal
cycles (intervals are approximately 28 d or 10-13 cycles⋅y-1) and were
ovulating11. ExMD was further classified into 1) amenorrheic if they had no
menses for >90d or 2) oligomenorrheic if cycles intervals were greater than 35d11.
ExMD group was assessed at 0-mo and 6-mo, and Eumen group was assessed at
0-mo only as outlined in Figure 2.1. The baseline assessments of Eumen were
compared to the ExMD at baseline to determine if there is a difference between
宀Т

groups and at post-intervention (6-mo) to determine if ExMD return to normal
health status (similar to the Eumen group). The ExMD group (n=8) participated in
a 6-mo Carbohydrate-Protein (CHO-PRO) Supplement intervention as described
below.
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6-mo Intervention

Pre (0-mo)
1. Questionnaires
2. EA (7-d Food and
Activity Records,
Accelerometer, Running
Energy Expenditure,
RMR)
3. Blood Draw
4. Ovulation Testing
5. DXA
6. VO2max

3-mo Energy
Measurements

Monthly: Performance,
Injury, Menstrual Records.
Weekly: 24-h recall and
training updates.

Post (6-mo)
1. Questionnaires
2. EA (7-d Food and
Activity Records,
Accelerometer, Running
Energy Expenditure,
RMR)
3. Blood Draw
4. Ovulation Testing
5. DXA
6. VO2max

Figure 2.1. Detailed Protocol of Study. Key: EA=Energy Availability, RMR=Resting
Metabolic Rate; DXA = Dual Energy X-Ray Absorptiometry, VO2max=maximal aerobic
capacity
2.3.2 Maximal Aerobic Capacity宀Test
(VO2max)
Т
The participants completed a standardized treadmill VO2max test using a
computer-based open-circuit gas analysis system (ParvoMedics Metabolic Cart,
Sandy, UT). First, participants were familiarized with the treadmill (Quinton,
Bothell, WA) and protocol. Then, participants ran at a moderate intensity for 6min, with the incline increased every 2-min to volitional exhaustion. A heart rate
monitor (Polar Xtrainer Plus, Polar Electro Inc., Lake Success, NY) was worn
during the test. Rate of perceived exertion (RPE) was recorded every 2-min to
confirm exercise intensity135. VO2max was determined as the point when three of
the following four criteria were met: 1) VO2 had reached a plateau, 2) RPE >17,
3) Respiratory Exchange Ratio (RER) was greater than 1.1, and 4) heart rate was
within 10 bpm of predicted maximal heart rate (220 bpm-age [y]). Participants
were required to have a VO2max>38 ml∙kg-1∙min-1 to continue in the study.
2.3.3 Blood Draw and Ovulation Status
After an 8-h fast, 50mL of blood was drawn from the forearm. Samples were
aliquoted for assessment or frozen at -80°C for later analysis. A general blood
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screen, including iron status, T3 and reproductive hormones (estradiol, LH, FSH,
prolactin, and progesterone) were measured to determine menstrual status, Bvitamins status (B-12 and folate) and overall health (Samaritan Health Services,
Corvallis, OR). Ovulation status was measured at 0-mo and 6-mo using at-home
fertility monitors (Clearblue Easy Fertility Monitor, Inverness Medical Innovations
Group, Waltham, MA).
2.3.4 Energy Measurements and Body Composition
Food Records and Physical Activity Logs. Participants were given detailed
instructions and forms to record consecutive 7-d weighed food records and 7-d
physical activity logs. Each participant was provided with a calibrated food scale
and accelerometers (ActiGraph LLC, Pensacola, FL). The participants were
instructed to wear the accelerometer during the same 7-d as the food record and
physical activity logs, except during sleep and water activities (e.g. bathing and
swimming).
賠б participants were asked to fast for 8-h
Resting Metabolic Rate (RMR). The

prior to RMR, to refrain from exercise the morning of the test, and to drive to the
test if possible. In the morning, the participants reported to the laboratory for
RMR, measured using indirect calorimetry (ParvoMedics Metabolic Cart, Sandy,
UT). The participants rested quietly in a supine position for ~10 min and then
were placed under a ventilated hood attached to the indirect calorimeter for ~30
min. Oxygen consumption (L·min-1) and expired carbon dioxide (L·min-1) were
averaged over 8 to 10 min of steady-state breathing and were used to calculate
RMR (kcal·d-1) using Weir’s Equation136. The participants returned to the
laboratory later that week for a second RMR test, which was performed under
similar conditions. The two RMR values were averaged. If the difference between
tests was greater than 5%, a third measurement was taken. In the ExMD group, a
third measurement was taken in four women at baseline and in one at postintervention. For Eumen group, RMR testing occurred during first 7 days after
beginning of menses with a third measurement taken in three of the ten women.
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Running Energy Expenditure. The participants completed a running energy
expenditure using a computer-based open-circuit gas analysis system
(ParvoMedics Metabolic Cart, Sandy, UT). After the participants were familiarized
with the treadmill (Quinton, Bothell, WA) and testing procedure, the participant
ran at 4 different running speeds for 5 min each. The running speeds were typical
training or racing speeds and were determined as follows: 1) warm-up speed (i.e.,
typical training warm-up pace) 2) long-distance pace (i.e., marathon pace); 3)
moderate speed (i.e. 10K Pace); and 4) fast pace (i.e., 5k Pace). The participants
were trained athletes (i.e., 1 soccer player, 1 distance runner, 4 triathletes, 1
rower, and 1 rugby player) and thus were able to communicate typical running
speeds. A heart rate monitor (Polar Xtrainer Plus, Polar Electro Inc., Lake Success,
NY) was worn during the test. Oxygen consumption (L·min-1) and expired carbon
dioxide (L·min-1) were averaged over 8 to 10 min of steady-state breathing and
were used to calculate kcal·min-1 using Weir’s Equation

136

.

Energy Balance (EB)/Energy Availability (EA). Total Energy Expenditure
Э
(TEE) was calculated as previously described
by Tomten and Hostmark (2006),

where TEE was the sum of three components: RMR, physical activity expenditure
(activities of daily living and Exercise Energy Expenditure [EEE]), and the thermic
effect of food. RMR was measured using indirect calorimetry and calculated as
described earlier. Physical activity was measured using a 7-d activity log. Data
from the running energy expenditure test was used to estimate more precisely
each participant’s energy expenditure during running. Accelerometer data was
also compared against 7-d activity logs to confirm duration and intensity of
physical activity. Energy intake (EI) was measured using a 7-d weighed food
record using a calibrated food scale. Dietary and physical activity records,
excluding direct measurements of RMR and running energy expenditure, were
analyzed using a nutrient and activity analysis program (Food Processor SQL,
version 9.91, 2006; ESHA Research, Salem, OR). Underreporters were identified
using the methods reported by Goldberg et al. (1991). Three participants were
identified as underreporters (2 eumenorrheic and 1 amenorrheic). The
amenorrheic participant had an energy intake to RMR ratio of 1.13 at baseline and
1.21 post-intervention. She was kept in the analysis since her reported dietary
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intake was consistent throughout the study, and we expected these individuals to
be in negative energy balance. Diet records were reviewed for the 2 eumenorrheic
individuals for completeness. Based on this review, one of the two eumenorrheic
participants with an energy intake to RMR ratio of 1.18 was dropped from the
dietary analysis. The other individual with an energy intake to RMR ratio of 1.24
was kept because her diet records did not indicate that she underreported intake.
EB and EA were then calculated as follows:
EB = EI (kcal⋅d-1) - TEE (kcal⋅d-1)
EA = EI (kcal⋅d-1) - EEE (kcal⋅d-1)
Exercise was defined as physical activity greater than 4.0 METs. This cut-off was
selected to eliminate activity of daily living (i.e., commuting by bicycle) from EEE
calculation. Based on this definition, activities such as yoga, calisthenics,
recreational frisbee and volleyball, and walking were excluded from EEE.
Examples of activities that were included in EEE are running, swimming, long
산Ч

duration cycling, rowing, and circuit weight training.
Body Composition. Body composition was determined by dual-energy x-ray
absorbtiometry (DXA), (Hologic QDR-4500 Elite A Waltham, MA). Reported values
include for total body mass (kg), whole body bone mineral content (BMC; cm2),
lean body mass (LBM; kg), fat mass (FM; kg), fat free mass (FFM; LM + BMC) and
body fat percentage (FM/total mass). All scans were performed and analyzed by
a trained laboratory technician using Hologic software version Oasis QDR for
Windows® XP (Hologic, Inc., Waltham, MA). All follow-up scans were analyzed
using the compare mode. The coefficient of variation (CV) for repeated DXA scans
at the Oregon State University Bone Research Laboratory are 1.5% for whole
body.
2.3.5 Intervention and 3-mo Assessment
Intervention. After completing baseline measurements, the ExMD participated in a
6-mo CHO-PRO supplement intervention, in which they added 325ml of
Gatorade Nutrition Drink (360kcal·d-1; Table 2.1) to their daily diets. The drinks
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were provided weekly to document compliance. The participants were instructed
to ingest the CHO-PRO supplement within 30-60 min after the completion of
exercise to optimize recovery from exercise27. On non-exercise days, they were
asked to consume the supplement, but no specific instructions on timing were
given. Participants typically exercised 6-7 d/wk.
During the intervention, the researchers met with the participants weekly (~1 h)
to ensure compliance, discuss any issues and/or concerns related to the
intervention, and to collect a 24-h dietary intake recall. Performance, injury and
menstrual cycle diary were also collected monthly.
Table 2.1. CHO-PRO Supplement Nutrient Content
Energy/Nutrients

Drink (325 ml)

Energy (kcal)
Carbohydrate (g)
Protein (g)
Fat (g)
Calcium (% DV)
Vitamin D (% DV)
Iron (% DV)
Folic Acid (% DV)
Vitamin B6 (% DV)
Vitamin B12 (% DV)
% DV =% of Daily Values

Э

360
54
20
8
30
25
10

Chocolate Low Fat Milk
(325 ml)
216
36
11
3
39
69
5

20
20

4
11
49

3-mo Assessment. The participants repeated the RMR and running energy
expenditure tests as previously described. In addition, they completed a 3-d
weighed food record and physical activity log and wore an accelerometer on the
same 3 days. The purpose of the 3-mo testing was to determine how energy
availability was changing.
2.3.6 Statistical Analysis
Power calculations were used to determine the sample sizes required to detect
physiological significant increases in menstrual status (plasma estradiol of 250
pmol·L-1) and energy balance (increase of 360 kcal·d-1). A sample size of 8 was
required/group to achieve a power of ~90% (α=0.01) for these variables. The
data was summarized using means, standard deviations, standard error of the
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mean, and 95% confidence intervals. For demographics variables and dietary
measures, simple linear regression was used to compare eumenorrheic and ExMD
groups and pre- and post-intervention in ExMD group blocking on participant. For
blood hormone levels, comparisons between groups and pre- and postintervention blocking on participant were made using multiple linear regression
and extra-sums-of-squares F-tests. Age and weight at baseline were controlled for
in MLR regressions. Outliers were assessed using Cook’s Distance and Studentized
Residuals. Person product moment correlation coefficient was calculated for
comparing time to first menses and duration of last menses. Adjusted p-values
were calculated to control for multiple comparisons at a false discovery rate (FDR)
of 5%. All statistical analysis was done using S-plus (S-plus, TIBCO, Palo Alto,
CA). Statistical significance was set at p<0.05.

Э
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2.4

Results

2.4.1 Energy Availability, Energy Balance, and Physical Characteristics
Descriptive data of Eumen (0-mo) and ExMD (0-mo and 6-mo) are presented in
Table 2.2.
Table 2.2. Energy availability (EA), energy balance (EB), and physical
characteristics in athletes classified as eumenorrheic or with ExMD.
Mean (SD)
Eumen
(n=10)

Description
Age (y)
Age at Menarche
(y)
Weight (kg)
Lean Body Mass
(kg)
Fat Free Mass (kg)
Body Mass Index
(kg·m-2)
Body Fat %
Exercise
(h·wk-1)a
VO2max
(ml·kg-1·min-1)
VO2max
(L·min-1)
Energy Balance
(kcal·d-1)
Energy Balance
(kcal·kgFFM-1·d-1)
Energy Availability
(kcal·d-1)
Energy Availability
(kcal· kgFFM-1·d-1)a

ExMD (n=8)

6-mo

1-sided p-values
Eumen
vs. ExMD
ExMD
0-mo
at 0at 6vs. 6mo
mo
mo
0.23
--0.16
---

0-mo*
23.1 (4.3)
12.7 (1.3)

0-mo
22.6 (3.3)
13.5 (2.0)

66.8 (9.3)
48.5 (4.7)

62.4 (7.8)
46.2 (4.4)

64.0 (8.0)
46.1 (4.7)

0.15
0.15

0.26
0.15

0.03
0.48

51.0 (5.0)
23.2 (2.8)

산Ч (4.6)
48.5
22.3 (2.5)

48.4 (4.8)
22.9 (2.5)

0.14
0.26

0.14
0.41

0.48
0.03

23.2 (4.4)
7.4 (3.6)

22.0 (4.7)
7.4 (3.2)

24.1 (3.9)
7.1 (3.4)

0.30
0.50

0.33
0.44

0.01
0.33

50.6 (5.2)

49.0 (5.8)

49.3 (6.0)

0.27

0.31

0.42

3.3 (0.4)

3.0 (0.3)

3.1 (0.4)

0.04

0.15

0.07

-171 (459)

-510 (361)

-44 (707)

0.06

0.33

0.07

-3.0 (9.7)

-10.3 (6.9)

0.049

0.35

0.07

1945 (452)

1760 (429)

2177 (645)

0.20

0.20

0.09

38.3 (10.3)

36.7 (10.2)

45.4 (14.7)

0.38

0.13

0.10

--.
--.

-0.7 (15.1)

Key: Eumen=Eumenorrheic; ExMD = Exercise-Induced Menstrual Dysfunction; VO2max=maximal
aerobic capacity
*Eumen were measured at baseline (0-mo) only and compared to ExMD at 0-mo and at 6-mo.
a
Exercise = Physical Activity > 4.0 METS

Eumen vs. ExMD. Eumen and ExMD at 0-mo were of similar age, age at
menarche, and body composition. Absolute VO2max (L·min-1) was greater in the
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Eumen than ExMD at 0-mo but not at 6-mo. Relative VO2max (ml·kg-1·min-1) was
similar between groups at 0-mo and 6-mo. Energy balance expressed as kcal·d-1
was similar between Eumen and ExMD groups at baseline and post-intervention.
Energy balance expressed as kcal·kgFFM-1·d-1 was greater in eumenorrheic women
compared to the women with ExMD at baseline. After adjusting energy balance
(kcal·kgFFM-1·d-1) and absolute VO2max to allow for a 5% false discovery rate, no
differences between groups at baseline were found (adjusted p-value= 0.29 for
both variables). At 6-mo, no difference in energy balance expressed as
kcal·kgFFM-1·d-1 was detected between groups. Energy availability also was not
different between groups at baseline and at post-intervention.
ExMD: 0-mo vs. 6-mo. In the ExMD group, mean body weight and BMI increased
from 0-mo to 6-mo with a corresponding increase in body fat percentage. After
adjusting results to allow a 5% false discovery rate, no changes in these variables
were found (adjusted p-value=0.19). Lean body mass or fat free mass did not
change with the intervention. Absolute VO2max (L·min-1) and relative VO2max
Э at 6-mo compared to baseline. At baseline,
(ml·kg-1·min-1) were also not different

all women in the ExMD were in negative energy balance. At post-intervention, 5 of
the 8 women had a positive increase in energy balance with two women in energy
balance and one individual in negative energy balance. Overall, mean energy
balance, however, did not improve over the intervention (1-sided 95% CI >-64
kcal·d-1). Energy availability was less than 30 kcal· kgFFM-1·d-1 in three individuals
at baseline and in one individual at post-intervention. All but two women had
improvements in energy availability due to the intervention with an overall mean
increase in energy availability of 24%. No mean improvements in energy
availability, however, were detected (1-sided CI >-103 kcal·d-1). At postintervention, one amenorrheic participant had a decrease in energy intake by 115
kcal·d-1 and an increase in energy expenditure by 652 kcal·d-1. As a result, energy
balance decreased by 766 kcal·d-1 and energy availability decreased by 787 kcal·d1

. These changes took place over the last month of the study. Compared to

baseline, this participant, however, had a positive increase in body weight of 2.6
kg over the course of the study, which is indicative of positive energy balance.
Analysis excluding this individual revealed a mean increase in energy balance of
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639 kcal·d-1 (p=0.02) and increase in energy availability of 589 kcal·d-1 (p=0.03).
Statistical analysis did not warrant removal of this individual from analysis;
substantial dietary and exercise changes, which were unique to this individual,
were however made during the last month of the study which may have altered
results. Overall, the intervention resulted in a 24% increase in EA. If we exclude
the one individual mentioned above, the percentage increase in EA was 34%.
2.4.2 Dietary Intake and Macronutrient Composition
Energy Intake and dietary macronutrient composition for Eumen (0-mo) and
ExMD (0-mo and 6-mo) are presented in Table 2.3. Dietary intake at 6-mo for
ExMD includes the daily consumption of the CHO-PRO supplement (Table 2.1).
Table 2.3. Energy Intake and Dietary Macronutrient Composition
Mean (SD)
Eumen
(n=9)
Description
Energy Intake
(kcal·d-1)
CHO
% of Total Kcal
g·d-1
g·kg-1·d-1
PRO
% of Total Kcal
g·d-1
g·kg-1·d-1
FAT
% of Total Kcal
g·d-1
Alcohol
% of Total Kcal
g·d-1
Fiber (g·d-1)

1-sided p-value

ExMD (n=8)

Eumen
vs. ExMD
at 0mo
at 6-mo
0.30
0.16

ExMD
0-mo vs.
6-mo
0.04

0-mo*
2430
(524)

0-mo Э
2314
(324)

6-mo
2694
(541)

50 (5)
304 (69)
4.6 (1.0)

53 (7)
308 (56)
5.0 (1.2)

51 (6)
340 (42)
5.4 (0.4)

0.14
0.45
0.20

0.33
0.11
0.05

0.06
0.08
0.18

15 (3)
89 (21)
1.3 (0.3)

15 (4)
87 (17)
1.4 (0.2)

17 (2)
114 (27)
1.8 (0.5)

0.41
0.43
0.33

0.08
0.02
0.02

0.02
0.02
0.03

34 (5)
93 (27)

30 (3)
76 (16)

30 (5)
93 (33)

0.02
0.07

0.07
0.48

0.22
0.06

2 (3)
9 (10)
29 (11)

3 (4)
11 (14)
28 (9)

3 (4)
11 (14)
26 (9)

0.25
0.32
0.46

0.38
0.37
0.29

0.42
0.32
0.18

*Eumen were measured at baseline (0-mo) only and compared to ExMD at 0-mo and at 6-mo. One
participant was excluded due to underreporting.

Eumen vs. ExMD. At baseline, Eumen and ExMD had similar total energy,
carbohydrate, protein, alcohol, and fiber intakes. At baseline, dietary fat intake as
percentage of total energy was greater in Eumen group compared to ExMD group
but was not different when dietary fat was expressed as g·d-1. Dietary fat intake

48

(% of total energy and g·d-1) at 6-mo was similar between groups. Total energy,
carbohydrate, and fiber intakes at 6-mo were also similar between Eumen and
ExMD. Protein intake was lower in Eumen compared to ExMD at 6-mo when
expressed as g·d-1 but was similar when expressed as percentage of total energy.
After adjusting for a 5% false discovery rates, energy and macronutrient intakes
were similar between groups at 0-mo and at 6-mo (adjusted p-value >0.05).
ExMD: 0-mo vs. 6-mo. As expected, total energy and protein intake (g·d-1)
increased at 6-mo compared to 0-mo with the daily addition of the CH0-PR0
supplement (Table 2.1; 1-sided 95% C>30.3 kca·d-1 and >7.86 g·d-1 for energy
and protein intake, respectively) to the diet. Dietary fat (g·d-1, 1-sided 95% CI>0.6 g·d-1) and CHO intake (g·d-1, 1-sided 95% CI>-7.4 g·d-1) did not change
(Table 2.3). Large variations were observed in energy intake due to changes in
diets during the last month of the study for two individuals. One amenorrheic
individual decreased dietary intake to offset weight gain whereas the
oligomenorrheic individual increased energy intake due to changes in her living
Э
situation. Statistical assessment of potential
outliers revealed that the inclusion of

these individuals did not influence results, and thus these individuals were kept in
the data analysis. After adjusting for a 5% false detection rate, energy and
macronutrient intake did not change with the intervention (adjusted p-value
>0.05). The ExMD group, however, did increase overall energy intake by 17%
(380 kcal·d-1), which appeared to be a large enough increase in energy intake to
stimulate ovulation in our participants as discussed below.
2.4.3 Menstrual Status and Blood Hormone
Blood thyroid and reproductive hormones levels and ovulation status for Eumen
(0-mo) and ExMD (0-mo and 6-mo) are presented in Table 2.4. In Table 2.5, the
duration of ExMD, months to first menses, and total number of menstrual cycles
during the intervention is presented.
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Table 2.4. Reproductive and Thyroid Hormones and Ovulation Status
Mean (SD)

Description
T3 (nmol·L-1)
Estradiol
(pmol·L-1)
Progesterone
(nmol·mL-1)
LH (IU·L-1)
FSH (IU·L-1)
Ovulation

Eumen
(n=10)
0-mo*
1.70 (0.16)
158.1 (115.4)

ExMD (n=8)
0-mo
6-mo
1.61 (0.32)
1.62 (0.24)
232.6 (260.7) 399.9 (557.8)

Normal
Rangea
1.20-2.74
45.9-609.4

1.8 (1.1)

3.2 (3.1)

2.5 (1.4)

0.6-4.8

5.9 (3.3)
5.5 (1.2)
n=10

5.6 (4.1)
4.1 (2.2)b
n=0

15.3 (16.3)
5.1 (2.0)
n=7

2.4–12.6
4-13

* Eumen were measured at baseline (0-mo) only and compared to ExMD at 0-mo and at 6-mo.
a Normal ranges reported by Good Samaritan Hospital on blood report at the time of the analysis.
b significantly different from Eumen (p<0.05).

Eumen vs. ExMD. Eumen and ExMD had similar thyroid, estradiol, progesterone,
and LH at 0-months and at 6-mo. ExMD had lower FSH levels compared to Eumen
at 0-mo (p=0.002) but similar levels at 6-mo (p=0.45). After adjusting FSH for a
5% discovery rate, no difference in FSH between groups was found at baseline
(adjusted p-value=0.058).
Э

ExMD: 0-mo vs. 6-mo. The ExMD group included 7 amenorrheic women with
amenorrhea and one oligomenorrheic women. At the end of the intervention, all 8
women in ExMD resumed menses (mean time to first period=2.63 mo, range=1-7
mo), and 7 out of 8 women reported ovulating. No differences in thyroid,
estradiol, progesterone, LH, and FSH levels were detected from 0-mo to 6-mo
(p>0.05). A high correlation (r=0.95), however, found between time since last
menses and time to first menses (Table 2.5).
Table 2.5. Duration of ExMD, Months to First Menses, and Total Number of
Cycles during Intervention
1
4

Months to 1st
Menses
1
1.5

Number of Cycles
during intervention
5
4

1
2

2
6

4
1

Months since Last
Menses
0- 3a
>3- 6

Number of Participants

> 6 – 12
>12

a=oligomenorrheic individual
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2.4.4 Profile of Mood State
Profile of Mood State (POMS) for Eumen (0-mo) and ExMD (0-mo and 6-mo) are
presented in Figure 2.2.
Eumen vs. ExMD. Except for the fatigue domain, Eumen had similar total mean
POMS scores and domain scores compared to ExMD at pre-/post-intervention
(Figure 2.2). Total fatigue score was 17-18% greater in Eumen compared to
ExMD at both 0-mo and 6-mo but was not different after adjusting for a 5% false
discovery rate.
ExMD: 0-mo vs. 6-mo. With the intervention, total depression score improved by
8% in ExMD (Figure 2.2) but was not different after adjusting for a 5% false
discovery rate. No other changes in POMS profile was realized with the
intervention.
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Figure 2.2. Profile of Mood State Profile in eumenorrheic women and
women with ExMD at pre and post-intervention (6-mo).*Total depression
score was higher in ExMD at baseline compared to post-intervention (p=0.03).
Total fatigue score was higher in eumenorrheic compared to ExMD at preintervention (p=0.04) and at post-intervention (p=0.03). No other differences
between groups or pre- to post-intervention were detected.
2.5

Discussion

A key finding was that a 6-mo CHO-PRO supplement intervention was successful
in restoration of menses in all ExMD participants and ovulation in all but one
participant. The amenorrheic individual, who did not ovulate, was concerned
about weight gain, and she therefore reduced her energy intake by 5% during the
last month of the study, which likely impacted her menstrual status. These
findings support results reported in a case by Dueck et al. (1996). In this case
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study, menses was restored a runner who had been amenorrheic for 14 months
with addition of a day of rest and a daily CHO-PRO (360 kcal/d) to the diet110. In
the current study, only energy intake was altered using a CHO-PRO supplement
(360 kcal·d-1) since a pilot study conducted in our laboratory revealed that women
were reluctant to take a day of rest. Consistent with Dueck et al. (1996), all
women in our study resumed menses with a CHO-PRO supplement intervention,
which increased energy intake. The women who had amenorrhea for more than 1
year took longer to resume menses than reported by Dueck et al. (1996) (6-mo
vs. 15 wk). This is likely due to the inclusion of a day of rest in the case study by
Dueck et al. (1996), which resulted in a greater improvement in energy
availability.
2.5.1 Energy Availability and Energy Balance
In the current study, mean EA and EB in ExMD did not change significantly with
the intervention; however there was a 24% increase in EA and a 91% increase in
EB. As previously discussed, one woman decreased energy intake and
忐Э

substantially increased energy expenditure during the last month of the study.
Excluding this outlier, EA and EB increased with the intervention. At baseline, EA
in ExMD (37 kcal·kg FFM-1) was greater than EA reported by Loucks et al. (1998)
in sedentary women (30 kcal·kg FFM-1) who experienced disruption of LH
pulsatility. ExMD participants did, however, resume menses at 6-mo with a mean
EA of 45 kcal·kg FFM-1, which is in consistent with EA values reported in sedentary
women (45 kcal·kg FFM-1) with normal LH pulsatility (Loucks et al, 1998).
Discrepancies in findings between the current study and Loucks et al. (1998) can
be explained by experimental design differences. In the study by Loucks et al.
(1998), an acute (4-d) energy restriction protocol was used to induce ExMD in
sedentary women (Loucks et al, 1998). In the current study, ExMD was examined
in active women, who had experienced chronic menstrual disturbances (≥1y). It
may be that a general EA threshold for chronic ExMD does not exist. Some women
may also be more sensitive to changes in EA and thus develop ExMD. Further
research is warranted to determine the best measurement for energy needs in
active women and the relationship with ExMD.
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2.5.2 Body Composition
ExMD group on average increased weight by 1.6 kg from the 6-mo intervention,
which corresponded to a 2% increase in body fat. The increase in weight confirms
that energy intake and EB increased in ExMD group during the intervention. The
observed body composition changes in ExMD are consistent with reports by Dueck
et al. (1996) in which an amenorrheic runner increased weight by 2.7 kg and body
fat by 6.2% after a 15-week dietary and exercise intervention110. Weight gain
occurred more rapidly in the study by Dueck et al. (1996) compared to the
current study, which may be explained by the inclusion of a day of rest in the case
study as previously discussed. In the current study, one individual (the
oligomenorrheic women) did not experience weight gain over the course of the
study, but body fat increased by 5%. No differences in body composition were
detected between ExMD and Eumen both pre- and post-intervention although
mean body weight and body fat increased in the ExMD.
2.5.3 Energy Intake

忐Э

Energy Intake at baseline was not different between Eumen and ExMD, which is
agreement with most studies comparing energy intake between active women
with menstrual dysfunction and eumenorrheic women22,

137-143

; greater energy

intake in eumenorrheic women, however, was reported in three studies

144-146

. The

differences in findings are likely attributed to differences in dietary intake
assessments. Specifically, only Zanker and Swaine used a 7-d weighed food
record as in the current study; unlike the present study, no method of
underreporting, however, was employed144,

145

. Thus, it is possible that the

treatment of underreporters may explain differences in the findings in the current
study and those conducted by Zanker and Swaine.
2.5.4 Macronutrient Composition
In the current study, we report similar dietary carbohydrate, protein, and fiber
intake between Eumen and ExMD at baseline with a trend towards greater fat
intake in Eumen. Consistent with our findings, similar protein intake and fiber
intake has been reported in most studies comparing active women with menstrual
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dysfunction and eumenorrheic women22, 138-143, 146, 147. Mean dietary fat intake, as
in the present study, has been reported to be greater in eumenorrheic athletes
compared to women with menstrual dysfunction with differences between groups
not reaching statistical significance in three studies140,

142, 143

and statistically

22, 138, 139, 141, 146, 147

. Reported

significant differences reported in six studies

differences in carbohydrate intakes, however, between active women with
menstrual dysfunction and eumenorrheic women have not been consistent. In the
current study, we report no difference in carbohydrate intake, which is consistent
with three studies22,

137, 142

. Carbohydrate intake, however, in two studies have

been reported to be greater in women with menstrual dysfunction compared to
eumenorrheic women141, 147. Thong et al. (2000), however, found no difference in
carbohydrate intake expressed as g·d-1 but greater intake in amenorrheic athletes
when expressed as percentage of total energy146. Nelson et al. (1986) was the
only study to report greater carbohydrate intake in eumenorrheic runners
compared to amenorrheic runners139. Differences in dietary assessment, as
discussed

above,

including

length

忐Э

and

type

of

dietary

records

and

the

identification of underreports likely contribute to discrepancies in findings.
2.5.5 Menstrual Status and Blood Hormone
At the end of the intervention, reproductive hormones and thyroid levels in the
ExMD group had not changed significantly. The Eumen and ExMD groups also had
similar thyroid, estradiol, progesterone, and LH levels at baseline and postintervention. FSH levels, however, were lower in women with ExMD at baseline
but increased to levels similar to the Eumen group post-intervention. Since
reproductive hormones were measured in the early follicular phase (1-5 days after
the onset of menses), we were not expecting to detect a significant difference
between groups. In cross-sectional studies, researchers have compared estradiol
levels between eumenorrheic active women and active women with menstrual
dysfunction with mixed results. Greater levels of estradiol have been reported in
eumenorrheic women compared to amenorrheic women measured during early
follicular phase in three studies21,
differences

25, 141

144, 145

while two studies have reported no

. Glass et al. (1987) measured reproductive hormones later in the

menstrual cycle (2-9 d after the onset of menses compared to 1-5 d in the current
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study), which may explain the differences in reported estradiol levels21. Zanker et
al. (1998a and 1998b) did not clearly indicate the exact days of the early follicular
phase when reproductive hormones were measured144, 145. Thus, it could be that
measurements were taken later in the cycle than in the present study.
At

baseline

and

post-intervention,

progesterone

levels

were

similar

in

eumenorrheic and amenorrheic women, which is consistent with the findings of De
Souza et al. (1991) and Wilmore et al. (1992). Glass et al. (1987), however,
reported greater progesterone levels in eumenorrheic compared to amenorrheic
runners21. This may be due to differences in timing of the blood draw as discussed
previously.
In the current study, no difference in LH was found between Eumen and ExMD,
which is in agreement with reports by Glass et al. (1987) and Laughlin and Yen
(1996). FSH, however, was found to be greater at baseline in Eumen compared to
ExMD. Low or normal FSH levels are associated with both polycystic ovarian
133
syndrome and hypothalamic amenorrhea
. Glass et al. (1987) and Laughlin and
忐Э

Yen (1996), however, found no differences in FSH between eumenorrheic and
amenorrheic active women. In polycystic ovarian syndrome, elevated androgens
and LH are also commonly observed133, 134. The amenorrheic women in the current
study had normal LH levels suggesting that the low but normal FSH levels may be
related to hypothalamic amenorrhea. Lastly, thyroid levels in ExMD group were
similar to Eumen, which is in agreement with two studies25,

148

. Greater levels,

however, have been reported in four studies comparing eumenorrheic active
women to amenorrheic women22,

143-145

. Although no significant differences were

detected in the current study, mean thyroid levels were greater in Eumen than in
ExMD at baseline.
2.5.6 Profile of Mood State
With the intervention, mean depression scores in the present study decreased by
8% in ExMD group. An interesting finding was that mean fatigue scores were
lower by 17-18% in ExMD group at both pre- and post-intervention compared to
the eumenorrheic group. Overall, the POMS profile of both groups was similar to
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the “iceberg profile” reported by Morgan (1980)149and POMS profile of athletes
(n=2,086) reported by Terry and Lane (2000)150. Compared to Terry and Lane
(2000), the women with ExMD in the present had lower fatigue scores at pre- and
post-intervention but similar depression scores at pre-intervention. At postintervention, depression scores in ExMD were lower than those reported by Terry
and Lane (2000). All scores except vigor were below norm scores for college-aged
population. In conclusion, the intervention improved depression score in women
with ExMD although these scores were below those for college-aged population at
baseline. In women with ExMD, fatigue scores were lesser in women with ExMD
compared

to

eumenorrheic women. Based

on

these findings, a

possible

contributing factor to developing ExMD is a depressed sensitivity to fatigue as a
result of low energy intake.
2.5.7 Strengths and Limitations
In interpreting the results of the study, some strengths and limitations should be
noted. The intervention took place over 6-mo, where daily dietary intake could not
忐Э

be monitored, and training and daily routines fluctuated. To address this, we did
meet with our participants weekly for a 24-h recall, record injuries, and note any
outside factors that could have impacted the study. We also carefully screened for
reproductive disorders besides ExMD as described in the methods of this study.
We did not, however, evaluate LH pulsatility as only a single blood draw was
taken to evaluate reproductive hormones at 0-mo and at 6-mo. A thorough
evaluation of energy intake and expenditure was made. Energy intake was
assessed using 7-d weighed food records, and was screened for underreporting.
Careful evaluation of energy expenditure was made employing 7-d activity logs
and accelerometer and a measurement of both RMR and running energy
expenditure using indirect calorimetry. These methods, however, are less accurate
than doubly-labeled water for energy intake and a metabolic chamber for energy
expenditure. Finally, while the CHO-PRO nutrition shake provided additional
energy to the diets of ExMD group, it also provided additional carbohydrate,
protein, and micronutrients. It is plausible that the addition of a different food
source (i.e., equal caloric content with different macro- and/or micronutrient
composition) to the diet of women with ExMD may not be associated with
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restoration of menses. Further research would be required to determine which is
more important, absolute energy intake or the type of food (i.e., macro- and
micronutrient distribution) in ExMD. Finally, multiple comparisons were made,
which increases the probability of a false positive increases. Therefore, we also
report here both p-values after accounting for a false discovery rate of 5%.
2.5.8 Conclusion
In the current study, we demonstrate that a 6-mo CHO-PRO supplement
intervention was successful in reversing ExMD, which increased energy intake by
17%. At the end of the study, all but one individual was ovulatory. In addition,
women with longer duration of ExMD took longer time to resume menses. An
improvement in mood was also realized with the intervention. An interesting
finding is that we found no difference in EA between ExMD and Eumen at 0-mo,
which suggests that some individuals may be more sensitive to fluctuations in EA.
Based on the findings of this study, a dietary invention than can improve energy
availability by 24% may be an appropriate alternative to traditional
忐Э

pharmacological approaches to treat ExMD. An energy status measurement would
aid in identifying women at risk for ExMD. More research is required to determine
such a measure.
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3.1

Abstract

뇰Я

Menstrual dysfunction (MD) in active women is associated with low energy
availability (EA) and decreased bone mineral density (BMD). PURPOSE: To
determine if EA improvements in endurance-trained women, using a daily
carbohydrate-protein supplement (CHO-PRO), will restore menstrual function and
impact bone health. METHODS: Athletes with MD (ExMD; n=8; age=23±3y,
VO2max=49±6ml·kg-1·min-1, body fat=22±5%) completed a 6-mo intervention; a
CHO-PRO drink was consumed (360kcal·d-1) and assessments were made
pre/post-intervention: 1) reproductive hormones; 2) energy intake and
expenditure using 7-d weighed food and physical activity records; 2) body
composition, BMD, bone mineral content (BMC); and 5) bone formation/resorption
markers: osteocalcin, CTX, P1NP; related hormones: leptin, IGF-1, 25-OH Vitamin
D. For comparison, eumenorrheic athletes (Eumen, n=10, age=23±4y,
VO2max=51±5ml·kg-1·min-1, body fat=23±4%) were assessed. Multiple linear
regression was used to assess differences between groups and pre/postintervention blocking on participants. RESULTS: All women resumed menses, and
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only one remained anovulatory. Mean BMD, BMC, bone markers, and hormones
were similar pre/post-intervention and between groups (p>0.05). In ExMD group,
two women had low hip BMD; three had low spinal BMD. With the intervention,
spinal BMD and BMC improved in two women (osteoporosis to low BMD in one;
low to normal BMD in the other). All eumenorrheic women had normal hip BMD,
and only one had low spinal BMD. A longer ExMD duration was associated with
lower BMD. CONCLUSION: Restoration of menstrual status was associated with a
16% and 24% increase in energy intake and EA respectively. Four ExMD women
had low BMD in hip and/or spine at baseline, and spinal BMD and BMC improved
in two women with restoration of menses. Overall bone health markers did not
change. Longer ExMD duration was correlated with lower BMD; in these women,
EA improvements may be a viable treatment option for ExMD and low BMD.
Key Words: Amenorrhea, Oligomenorrhea, Estradiol, Bone Health, Leptin,
Vitamin D
3.2

Introduction
뇰Я

Athletic performance is enhanced by optimizing nutrition while maintaining an
ideal sport-specific body weight26, 27. Women, particularly those in aesthetic and
endurance sports, often restrict energy intake to make weight goals and thus are
at greater risk for exercise-induced menstrual dysfunction (ExMD) and the
associated health consequences11. Low energy availability is believed to initiate
ExMD through a leptin-signaling pathway42-44; energy availability refers to the
amount of energy from food (energy intake) remaining to cover required
metabolic functions after exercise energy expenditure has been subtracted11.
Leptin, a hormone produced by fat cells, signals to the hypothalamus-pituitaryovarian axis that energy stores are low, which results in disruption of
gonadotropin releasing hormone pulse generator41, 42. Pituitary release of
luteinizing hormones is then decreased47, which in turn causes a reduction in
estrogen and progesterone production in the gonads and thus ExMD48,

49

.

A major concern with ExMD is the associated reduced bone mineral density
(BMD)72. Low BMD for premenopausal women is defined as 2.0-2.5 standard
deviation (SD) below the mean BMD of young adults, and osteoporosis is defined
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as a BMD >2.5 SD below the mean73. Low BMD (previously called osteopenia) is
more prevalent (20-50%) than osteoporosis (10-13%) in female athletes with
ExMD17, 74, 75. In athletes, BMD is typically greater than age-matched nonathletes,
and therefore a BMD >1.0 SD in women with ExMD may be indicative of a greater
risk for stress fractures and future osteoporosis11. The risk of future osteoporosis
in these females is also increased since low BMD occurs during peak bone mass
development76. ExMD has also been associated with an increased risk for stress
fractures, both single77-85 and multiple fractures78.
In active women with ExMD, low estrogen levels have been hypothesized to be
the primary cause for low BMD. BMD in women with ExMD, however, does not
normalize with the restoration of estrogen alone16, 18, 89, 90. Therefore, energy
status also needs to be addressed to elicit improvements in BMD16, 18, 89, 90. Bone
health, could also be further compromised in these women by the negative impact
of hormonal imbalances (↓ leptin, thyroid, and IGF-1; ↑ cortisol) and low or
reduced intakes of protein, calcium, vitamin D, and other bone building
뇰Я
nutrients16, 18, 91, 92. A dietary intervention
for ExMD that addresses low energy

availability and is acceptable to active women, however, has not been tested.
Therefore, the purpose of this study was to determine if a 6-mo carbohydrateprotein (CHO-PRO) supplement intervention that improves energy availability in
endurance-trained women would restore menstrual function and improve bone
mineral density and bone mineral content. Our hypothesis was that a CHO-PRO
supplement intervention would improve energy availability and thus restore
menstrual function and improve bone mineral density. Bone markers of formation
and resorption and bone-related hormones (i.e., leptin, IGF-1, and 25-OH
Vitamin) were also measured to determine the impact of nutrition intervention on
these and the relationship to bone mineral density changes in active women. A
group of eumenorrheic athletes were also included in this study to compare to
women with ExMD at baseline and post-intervention.
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3.3

Methods

3.3.1 Participants
Eighteen endurance trained women (amenorrheic/oligomenorrheic [n=12];
eumenorrheic [Eumen, n=10], Table 2.1) were recruited from local teams and
clubs to participate in this study. Of the 12 women with ExMD, four women did
not complete the intervention due to changes in their personal situation. The
ExMD, therefore, included eight women who completed the 6-month intervention.
The study was explained in detail to potential participants, and a University
Institution Review Board approval informed consent document was signed. For all
enrolled participants, questionnaires to assess general health, exercise training,
menstrual, and dietary history were completed at baseline (0-mo). In addition,
participants completed two subscales (Drive for Thinness and Body
Dissatisfaction) of the Eating Disorder Inventory-2 (EDI-2) questionnaire128 at 0mo to screen for disordered eating behaviors. These two subscales were chosen
because they have been shown to be particularly useful in identifying disordered
뇰Я

eating in female athletes129, 130. Individuals were invited to participate in the study
if they met the following criteria: 1) At least 7 h·wk-1 of exercise training for the
last 2y; 2) No hormonal contraceptives or replacement therapy 6-mo prior to the
study; 3) EDI-2 subscale score <14; and 4) no primary amenorrhea or nonexercise-related amenorrhea.
Screened participants were then assigned to ExMD (n=8) or Eumen (n=10) group
based on self-reported menstrual history, serum reproductive hormone levels at
0-mo, and ovulation status (Clearblue Easy Fertility Monitor, Inverness Medical
Innovations Group, Waltham, MA). For women with self-reported menstrual
dysfunction, causes other than ExMD were ruled out as follow: 1) measurement of
luteinizing hormone (LH) and follicular stimulating hormone (FSH) for ovarian
failure; 2) examination of LH/FSH ratio for polycystic ovarian syndrome (PCOS);
and 3) measurement of prolactin for lactotropic secreting tumor11, 133, 134. Thyroid
stimulating hormone was not evaluated to eliminate thyroid disease11, but all the
women in this study had normal thyroid (T3) levels. Individuals were classified as:
1) ExMD if they had self-reported menstrual dysfunction and low but normal
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estradiol, low or normal gonadotropins, and normal prolactin levels and were not
ovulating; 2) Eumen if they had normal reproductive hormonal levels normal
cycles (intervals are approximately 28d or 10-13 cycles⋅y-1) and were ovulating11.
ExMD was further classified into 1) amenorrheic if they had no menses for >90d
or 2) oligomenorrheic if cycles intervals were greater than 35d11. ExMD group was
assessed at 0-mo and 6-mo, and Eumen group was assessed at 0-mo only as
outlined in Figure 3.1. Comparisons between the ExMD and Eumen groups were
made at baseline to determine if any differences existed. The two groups were
also compared at post-intervention to determine if the ExMD group with the
resumption of menses had similar health status as the Eumen group. The ExMD
group participated in a 6-mo CHO-PRO Supplement intervention as described
below.

6-mo Intervention

뇰Я

Pre (0-mo)
1. Questionnaires
2. EA (7-d Food and
Activity Records,
Accelerometer, Running
Energy Expenditure,
RMR)
3. Blood Draw
4. Ovulation Status
5. DXA
6. VO2max

3-mo Energy
Measurements

Monthly: Performance,
Injury, Menstrual Records.
Weekly: 24-h recall and
training updates.

Post (6-mo)
1. Questionnaires
2. EA (7-d Food and
Activity Records,
Accelerometer, Running
Energy Expenditure,
RMR)
3. Blood Draw
4. Ovulation Status
5. DXA
6. VO2max

Key: EA=Energy Availability, RMR=Resting Metabolic Rate; DXA = Dual Energy X-Ray
Absorptiometry, VO2max=maximal aerobic capacity

Figure 3.1. Detailed Protocol of Study.
3.3.2 Maximal Aerobic Capacity Test (VO2max)
The participants completed a standardized treadmill VO2max test using a
computer-based open-circuit gas analysis system (ParvoMedics Metabolic Cart,
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Sandy, UT). First, participants were familiarized with the treadmill (Trackmaster,
TMX 22; Newton, KS) and protocol. Then, participants ran at a moderate intensity
for 6-min, with the incline increased every 2-min to volitional exhaustion. A heart
rate monitor (Polar Xtrainer Plus, Polar Electro Inc., Lake Success, NY) was worn
during the test. Rate of perceived exertion (RPE) was recorded every 2-min to
confirm exercise intensity135. VO2max was determined as the point when three of
the following four criteria were met: 1) VO2 had reached a plateau, 2) RPE>17, 3)
Respiratory Exchange Ratio (RER) was greater than 1.1, and 4) heart rate was
within 10 bpm of predicted maximal heart rate (220 bpm-age [y]). Participants
were required to have a VO2max >38 ml∙kg-1∙min-1 to continue in the study.
3.3.3 Blood Draw and Ovulation Status
After an 8-h fast, 50mL of blood was drawn from the forearm. Samples were
aliquoted for assessment or frozen at -80°C for later analysis. A general blood
screen, including iron status, T3 and reproductive hormones (estradiol, LH, FSH,
prolactin, and progesterone) were measured to determine menstrual status, B뇰Я

vitamins status (B-12 and folate) and overall health (Samaritan Health Services,
Corvallis, OR). Serum bone formation markers (osteocalcin and Procollagen Type I
Intact N-Terminal Propeptide [P1NP]) and bone resorption marker (carboxyterminal collagen crosslinks [CTX]) were measured using ELISA (Intra-assay CV:
Osteocalcin=2.5%; P1NP=2.9%; CTX=3.3%; Immunodiagnostics Systems,
Scottsdale, AZ). ELISA was also used to measure serum IGF-1 and 25-OH Vitamin
D (Intra-assay CV: IGF-1=2.2%; 25-OH Vitamin D=8.3%; Immunodiagnostics
Systems, Scottsdale, AZ) and Leptin (Intra-Assay CV=4.0%; R&D Systems,
Minneapolis, MN). All samples were run in duplicate as single assays to eliminate
inter-assay variation. Ovulation status was measured at 0-mo and 6-mo using athome fertility monitors (Clearblue Easy Fertility Monitor, Inverness Medical
Innovations Group, Waltham, MA).
3.3.4 Energy Measurements and Body Composition
Food Records and Physical Activity Logs. Participants were given detailed
instructions and forms to record consecutive 7-d weighed food records and 7-d
physical activity logs. Each participant was provided with a calibrated food scale
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and accelerometers (ActiGraph LLC, Pensacola, FL). The participants were
instructed to wear the accelerometer during the same 7-d as the food record and
physical activity logs, except during sleep and water activities (e.g. bathing and
swimming).
Resting Metabolic Rate (RMR). The participants were asked to fast for 8-h
prior to RMR, to refrain from exercise the morning of the test, and to drive to the
test if possible. In the morning, the participants reported to the laboratory for
RMR, measured using indirect calorimetry (ParvoMedics Metabolic Cart, Sandy,
UT). The participants rested quietly in a supine position for ~10 min and then
were placed under a ventilated hood attached to the indirect calorimeter for ~30
min. Oxygen consumption (L·min-1) and expired carbon dioxide (L·min-1) were
averaged over 8 to 10 min of steady-state breathing and were used to calculate
RMR (kcal·d-1) using Weir’s Equation

136

. The participants returned to the

laboratory later that week for a second RMR test, which was performed under
similar conditions. The two RMR values were averaged. If the difference between
Я
tests was greater than 5%, a third 뇰
measurement
was taken. In the ExMD group, a

third measurement was taken in four women at baseline and in one at postintervention. For Eumen group, RMR testing occurred during first 7 days after
beginning of menses with a third measurement taken in three of the ten women.
Running Energy Expenditure. The participants completed a running energy
expenditure test using a computer-based open-circuit gas analysis system
(ParvoMedics Metabolic Cart, Sandy, UT). After the participants were familiarized
with the treadmill (Trackmaster, TMX 22; Newton, KS) and testing procedure, the
participant ran at 4 different running speeds for 5 min each. The running speeds
were typical training or racing speeds and were determined as follows: 1) warmup speed (i.e., typical training warm-up pace) 2) long-distance pace (i.e.,
marathon pace); 3) moderate speed (i.e., 10K Pace); and 4) fast pace (i.e., 5k
Pace). The participants were trained athletes (i.e., 1 soccer player, 1 distance
runner, 4 triathletes, 1 rower, and 1 rugby player) and thus were able to
communicate typical running speeds. A heart rate monitor (Polar Xtrainer Plus,
Polar Electro Inc., Lake Success, NY) was worn during the test. Oxygen
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consumption (L·min-1) and expired carbon dioxide (L·min-1) were averaged over 8
to 10 min of steady-state breathing and were used to calculate kcal·min-1 using
Weir’s Equation

136

.

Energy Balance (EB)/Energy Availability (EA). Total Energy Expenditure
(TEE) was measured as previously described by Tomten and Hostmark (2006),
where TEE was the sum of three components: RMR, physical activity expenditure
(activities of daily living and Exercise Energy Expenditure [EEE]), and the thermic
effect of food. RMR was measured using indirect calorimetry and calculated as
described earlier. Physical activity was measured using a 7-d activity log. Data
from the running expenditure test was used to estimate more precisely each
participant’s energy expenditure during running. Accelerometer data was also
compared against 7-d activity logs to confirm duration and intensity of physical
activity. Energy intake (EI) was measured using a 7-d weighed food record using
a calibrated food scale. Dietary and physical activity records, excluding direct
measurements of RMR and running energy expenditure, were analyzed using a
뇰Я
nutrient and activity analysis program
(Food Processor SQL, version 9.91, 2006;

ESHA Research, Salem, OR). Underreporters were identified using the methods
reported by Goldberg et al. (1991). Three participants were identified as
underreporters (2 eumenorrheic and 1 amenorrheic). The amenorrheic participant
had an energy intake to RMR ratio of 1.13 at baseline and 1.21 post-intervention.
She was kept in the analysis since her reported dietary intake was consistent
throughout the study, and we expected these individuals to be in negative energy
balance. Diet records were reviewed for the 2 eumenorrheic individuals for
completeness. Based on this review, one of the two eumenorrheic participants
with an energy intake to RMR ratio of 1.18 was dropped from the dietary analysis.
The other individual with an energy intake to RMR ratio of 1.24 was kept because
her diet records did not indicate that she underreported intake. EB and EA were
then calculated as follows:
EB = EI (kcal⋅d-1) - TEE (kcal⋅d-1)
EA = EI (kcal⋅d-1) - EEE (kcal⋅d-1)
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Exercise was defined as physical activity greater than 4.0 METs. This cut-off was
selected to eliminate activity of daily living (i.e., commuting by bicycle) from EEE
calculation. Based on this definition, activities such as yoga, calisthenics,
recreational frisbee and volleyball, and walking were excluded from EEE.
Examples of activities that were included in EEE are running, swimming, long
duration cycling, rowing, and circuit weight training.
3.3.5 Bone Density and Body Composition
Dual-energy X-ray absorptiometry (DXA, Hologic QDR-4500 Elite A; Waltham,
MA) was used to measure whole body composition (bone, muscle, and fat mass)
and areal BMD of the proximal femur (total hip, femoral neck, and greater
trochanter) and the lumbar spine (L1-L4). Reported values include total body
mass (kg), whole body bone mineral content (BMC; cm2), BMD, lean body mass
(LBM; kg), fat mass (FM; kg), fat free mass (FFM; LM + BMC), and body fat
percentage (FM/total mass). All scans were performed and analyzed by a trained
laboratory technician using Hologic software version Oasis QDR for Windows® XP
뇰Я

(Hologic, Inc., Waltham, MA). All follow-up scans were analyzed using the
compare mode. The coefficient of variations (CVs) for repeated DXA scans at the
Oregon State University Bone Research Laboratory are 1.5% for whole body BMD
and 1.0% for BMD of hip and lumbar spine.
3.3.6 Intervention and 3-mo Assessment
Intervention. After completing baseline measurements, the ExMD participated in a
6-mo CHO-PRO supplement intervention, in which they added 325ml of
Gatorade Nutrition Drink (360kcal·d-1; Table 3.1) to their daily diets. The drinks
were provided weekly to document compliance. The participants were instructed
to ingest the CHO-PRO supplement within 30-60 min after the completion of
exercise to optimize recovery from exercise27. On non-exercise days, they were
asked to consume the supplement, but no specific instructions on timing were
given. Participants typically exercised 6-7 d/wk.
During the intervention, the researchers met with the participants weekly (~1 h)
to ensure compliance, discuss any issues and/or concerns related to the
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intervention, and to collect a 24-h dietary intake recall. Performance, injury and
menstrual cycle diary were also collected monthly.
Table 3.1. CHO-PRO Supplement Nutrient Content
Energy/Nutrients

Drink (325 ml)

Energy (kcal)
Carbohydrate (g)
Protein (g)
Fat (g)
Calcium (% DV)
Vitamin D (% DV)
Iron (% DV)
Folic Acid (% DV)
Vitamin B6 (% DV)
Vitamin B12 (% DV)
% DV =% of Daily Values

360
54
20
8
30
25
10

Chocolate Low Fat Milk
(325 ml)
216
36
11
3
39
69
5

20
20

4
11
49

3-mo Assessment. The participants repeated the RMR and running energy
expenditure tests as previously described. In addition, they completed a 3-d
weighed food record and physical activity
log and wore an accelerometer on the
뇰Я
same 3 days. The purpose of the 3-mo testing was to determine how EA was
changing.
3.3.7 Statistical Analysis
Power calculations were used to determine the sample sizes required to detect
physiological significant increases in menstrual status (plasma estradiol of 250
pmol·L-1) and energy balance (increase of 360 kcal·d-1). A sample size of 8 was
required/group to achieve a power of ~90% (α=0.01) for these variables. The
data was summarized using means, standard deviations, standard error of the
mean, and 95% confidence intervals. For demographics variables and dietary
measures, simple linear regression was used to compare eumenorrheic and ExMD
groups and pre- and post-intervention in ExMD group blocking on participant. For
BMD, BMC, blood bone marker and hormone levels, comparisons between groups
and pre- and post-intervention blocking on participant were made using multiple
linear regression and extra-sums-of-squares F-tests. Age and weight at baseline
were controlled for in multiple linear regression models. Outliers were assessed
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using Cook’s Distance and Studentized Residuals. Person product moment
correlation coefficient was calculated for comparing time to first menses and
duration of last menses. Adjusted p-values were calculated to control for multiple
comparisons at a false discovery rate (FDR) of 5%. All statistical analysis was
done using S-plus (S-plus, TIBCO, Palo Alto, CA). Statistical significance was set
at p<0.05.
3.4

Results

3.4.1 Energy Availability, Energy Balance, and Physical Characteristics
Descriptive data of Eumen (0-mo) and ExMD (0-mo and 6-mo) are presented in
Table 3.2.

뇰Я
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Table 3.2. Energy availability, energy balance, and physical
characteristics in athletes classified as eumenorrheic or with ExMD.
Mean (SD)
Eumen
(n=10)

Description
Age (y)
Age at Menarche (y)
Weight (kg)
Lean Body Mass (kg)
Fat Free Mass (kg)
Body Mass Index
(kg·m-2)
Body Fat %
Exercise
(h·wk-1)a
VO2max
(ml·kg-1·min-1)
VO2max
(L·min-1)
Energy Balance
(kcal·d-1)
Energy Balance
(kcal·kgFFM-1·d-1)
Energy Availability
(kcal·d-1)
Energy Availability
(kcal· kgFFM-1·d-1)a

0-mo*
23.1 (4.3)
12.7 (1.3)
66.8 (9.3)
48.5 (4.7)
51.0 (5.0)
23.2 (2.8)

ExMD (n=8)

0-mo
22.6
13.5
62.4
46.2
48.5
22.3

6-mo
(3.3)
(2.0)
(7.8)
(4.4)
(4.6)
(2.5)

64.0
46.1
48.4
22.9

--.
--.
(8.0)
(4.7)
(4.8)
(2.5)

1-sided p-values
Eumen
vs. ExMD
ExMD
0-mo
at 0at 6vs. 6mo
mo
mo
0.23
--0.16
--0.15
0.26
0.03
0.15
0.15
0.48
0.14
0.14
0.48
0.26
0.41
0.03

23.2 (4.4)
7.4 (3.6)

22.0 (4.7)
7.4 (3.2)

24.1 (3.9)
7.1 (3.4)

0.30
0.50

0.33
0.44

0.01
0.33

50.6 (5.2)

49.0 (5.8)

49.3 (6.0)

0.27

0.31

0.42

3.3 (0.4)

3.0 (0.3)

3.1 (0.4)

0.04

0.15

0.07

-171
(459)
-3.0 (9.7)

뇰Я (361)
-510

-44 (707)

0.06

0.33

0.07

1945
(452)
38.3
(10.3)

-10.3 (6.9)

-0.7 (15.1)

0.05

0.35

0.07

1760 (429)

2177 (645)

0.20

0.20

0.09

36.7 (10.2)

45.4(14.7)

0.38

0.13

0.10

Key: Eumen=Eumenorrheic; ExMD = Exercise-Induced Menstrual Dysfunction; VO2max=maximal
aerobic capacity
*Eumen were measured at baseline (0-mo) only and compared to ExMD at 0-mo and at 6-mo.
a Exercise was defined as physical activity > 4.0 METS

Eumen vs. ExMD. Eumen and ExMD at 0-mo were of similar age, age at
menarche, and body composition. Absolute VO2max (L·min-1) was greater in the
Eumen than ExMD at 0-mo but not at 6-mo. Relative VO2max (ml·kg-1·min-1) was
similar between groups at 0-mo and 6-mo. Energy balance expressed as kcal·d-1
was similar between Eumen and ExMD groups at baseline and post-intervention.
Energy balance expressed as kcal·kgFFM-1·d-1 was, however, greater by 70% (~7
kcal·kgFFM-1·d-1) in Eumen women compared to the women with ExMD at
baseline. At 6-mo, no difference in energy balance expressed as kcal·kgFFM-1·d-1
was detected between groups; however, the ExMD group had an 18.5% greater
EA compared to the Eumen group. Energy availability also was not different
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between groups at baseline and at post-intervention. After adjusting energy
balance (kcal·kgFFM-1·d-1) and absolute VO2max to allow for a 5% false discovery
rate, no differences between groups at baseline were found (adjusted p-value=
0.29 for both variables).
ExMD: 0-mo vs. 6-mo. In the ExMD group, mean body weight and BMI increased
from 0-mo to 6-mo with a corresponding increase in body fat percentage. There
was no change, however, in lean body mass or fat free mass from baseline to
post-intervention. Absolute VO2max (L·min-1) and relative VO2max (ml·kg-1·min-1)
were also not different at 6-mo compared to baseline. At baseline, all women in
the ExMD were in negative energy balance. At post-intervention, 5 of the 8
women had a positive increase in energy balance with two women in energy
balance and one in negative energy balance post-intervention. Overall, mean
energy balance, however, did not improve over the intervention (1-sided 95% CI
>-64 kcal·d-1). Energy availability was less than 30 kcal· kgFFM-1·d-1 in three
individuals at baseline and in one individual at post-intervention. All but two
뇰Яavailability due to the intervention with an
women had improvements in energy

overall mean increase in energy availability of 24%. No mean improvements in
energy availability, however, were detected (1-sided CI >-103 kcal·d-1). At postintervention, one amenorrheic participant had a decrease in energy intake by 115
kcal·d-1 and an increase in energy expenditure by 652 kcal·d-1. As a result, energy
balance decreased by 766 kcal·d-1 and energy availability decreased by 787 kcal·d1

. These changes took place over the last month of the study. Compared to

baseline, this participant, however, had a positive increase in body weight of 2.6
kg over the course of the study, which is indicative of positive energy balance.
Analysis excluding this individual revealed a mean increase in energy balance of
639 kcal·d-1 (p=0.02) and increase in energy availability of 589 kcal·d-1 (p=0.03).
Statistical analysis did not warrant removal of this individual from analysis;
substantial dietary and exercise changes, which were unique to this individual,
were however made during the last month of the study which may have altered
results. Overall, the intervention resulted in a 24% increase in EA. If we exclude
the one individual mentioned above, the percentage increase in EA was 34%.
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3.4.2 Energy and Nutrient Intakes
Energy and nutrient intakes for Eumen (0-mo) and ExMD (0-mo and 6-mo) are
presented in Table 3.3. Dietary intake at 6-mo for ExMD includes the daily
consumption of the CHO-PRO supplement (Table 3.1). For both groups, dietary
intake also includes vitamin and mineral supplements.
Table 3.3. Energy and Nutrient Intakes
Mean (SD)
Eumen
(n=9)

Description
Energy Intake
(kcal·d-1)
CHO
% of Total Kcal
g·d-1
g·kg-1·d-1
PRO
% of Total Kcal
g·d-1
g·kg-1·d-1
FAT
% of Total Kcal
g·d-1
Alcohol
% of Total Kcal
g·d-1
Fiber (g·d-1)
Vitamin D (IU·d1
)
Calcium
(mg·d-1)
Iron (mg·d-1)
Magnesium
(mg·d-1)
Phosphorous
(mg·d-1)
Zinc (mg·d-1)

1-sided p-value

ExMD (n=8)

Eumen
vs. ExMD

ExMD

6-mo
2694 (541)

at 0mo
0.30

at 6mo
0.16

0-mo
vs. 6mo
0.04

0-mo*
2430 (524)

0-mo
2314
(324)

50 (5)
304 (69)
4.6 (1.0)

53 (7)
308 (56)
5.0 (1.2)

51 (6)
340 (42)
5.4 (0.4)

0.14
0.45
0.20

0.33
0.11
0.05

0.06
0.08
0.18

15 (3)
89 (21)
1.3 (0.3)

15
뇰Я(4)
87 (17)
1.4 (0.2)

17 (2)
114 (27)
1.8 (0.5)

0.41
0.43
0.33

0.08
0.02
0.02

0.02
0.02
0.03

34 (5)
93 (27)

30 (3)
76 (16)

30 (5)
93 (33)

0.02
0.07

0.07
0.48

0.22
0.06

2 (3)
9 (10)
29 (11)
385 (314)

3 (4)
11 (14)
28 (9)
379 (321)

3 (4)
11 (14)
26 (9)
383 (316)

0.25
0.32
0.46
0.48

0.38
0.37
0.29
0.49

0.42
0.32
0.18
0.47

1211 (385)

1725 (555)

0.31

0.02

0.02

24 (9)
365 (194)

1320
(571)
29 (15)
288 (115)

22 (5)
330 (69)

0.17
0.16

0.32
0.31

0.06
0.16

1098 (471)

911 (384)

1034 (386)

0.18

0.37

0.24

14 (6)

13 (8)

16 (5)

0.38

0.32

0.13

*Eumen were measured at baseline (0-mo) only and compared to ExMD at 0-mo and at 6-mo. One
participant was excluded due to underreporting.

Eumen vs. ExMD. At baseline, the Eumen and ExMD groups had similar total
energy, carbohydrate, protein, alcohol, and fiber intakes. Dietary fat intake as
percentage of total energy (% En) was greater in Eumen group compared to
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ExMD group at baseline (34% vs. 30 % EN) but was similar when dietary fat was
expressed as g·d-1. Dietary fat intake (% En and g·d-1) at 6-mo was similar
between groups. Total energy, carbohydrate, and fiber intake at 6-mo were also
similar between Eumen and ExMD groups. Protein intake, however, was lower in
Eumen women compared to women with ExMD at 6-mo when expressed as g·d-1
and g·kg-1·d-1 but was not different when expressed as % En. Mean intake of
protein (g·kg-1·d-1) were well within the recommended amounts for active women.
Less women with ExMD used vitamin and/or mineral supplement at baseline
(n=3) and at post-intervention (n=1) compared to Eumen group (n=4). Mean
calcium intake was 514 mg·d-1 greater in ExMD at 6-mo compared to Eumen
group due primarily to the added calcium in the CHO-PRO supplement (300 mg·d1

). After adjusting for a 5% false discovery rate, no differences in energy and

nutrient intake were found.
ExMD: 0-mo vs. 6-mo. As expected, total energy (kcal·d-1) and protein intakes
(g·d-1) increased at 6-mo compared to 0-mo with the daily addition of the CH0Я Dietary fat (g·d-1, 1-sided 95% CI>-0.6
PR0 supplement (Table 3.3) to the 뇰
diet.

g·d-1) and CHO intakes (g·d-1, 1-sided 95% CI>-7.4 g·d-1), however, did not
change (Table 3.3). Large variations were observed in energy intake due to
changes in diets during the last month of the study in two individuals. As
discussed above, one amenorrheic individual decreased dietary intake to offset
weight gain. Analysis without this individual reveled an increase in CHO intake 39
g·d-1 (p=0.03) but no change in dietary fat intake (g·d-1). At post-intervention,
mean calcium intake was greater compared to baseline but may be explained by
the added calcium that was provided by the CHO-PRO supplement. After adjusting
for a 5% false discovery rate, no changes in energy and nutrient intakes were
found. The ExMD group, however, did increase overall energy intake by 17% (380
kcal·d-1), which appeared to be a large enough increase in energy intake to
stimulate ovulation in our participants. In addition, mean intake of protein (g·kg1

·d-1) were within the recommended amounts for the ExMD group both pre- and

post-intervention.
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3.4.3 Menstrual Status and Blood Hormone
Blood thyroid and reproductive hormone levels and ovulation status for Eumen (0mo) and ExMD (0-mo and 6-mo) are presented in Table 3.4.
Table 3.4. Reproductive and Thyroid Hormones and Ovulation Status
Mean (SD)

Description
T3 (nmol·L-1)
Estradiol (pmol·L-1)
Progesterone
(nmol·mL-1)
LH (IU·L-1)
FSH (IU·L-1)
Ovulation

Eumen
(n=10)
0-mo*
1.70 (0.16)
158.1 (115.4)
1.8 (1.1)

ExMD
0-mo
1.61 (0.32)
232.6 (260.7)
3.2 (3.1)

(n=8)
6-mo
1.62 (0.24)
399.9 (557.8)
2.5 (1.4)

Normal
Rangea
1.20-2.74
45.9-609.4
0.6-4.8

5.9 (3.3)
5.5 (1.2)
n=10

5.6 (4.1)
4.1 (2.2)b
n=0

15.3 (16.3)
5.1 (2.0)
n=7

2.4–12.6
4-13

* Eumen were measured at baseline (0-mo) only and compared to ExMD at 0-mo and at 6-mo.
a Normal ranges reported by Good Samaritan Hospital on blood report at the time of the analysis.
b significantly different from Eumen (p<0.05).

Eumen vs. ExMD. Eumen and ExMD had similar estradiol, progesterone, and LH
뇰Я

levels at 0-months and at 6-m. ExMD had lower FSH levels compared to Eumen at
0-mo (p<0.01) but similar levels at 6-mo (p=0.45). After adjusting FSH for a 5%
discovery rate, no difference in FSH between groups was found at baseline
(adjusted p-value=0.058).
ExMD: 0-mo vs. 6-mo. The ExMD group included 7 women with amenorrhea and
one oligomenorrheic woman. At the end of the intervention, all 8 women in ExMD
resumed menses (mean time to first period = 2.63 mo, range = 1-7 mo), and 7
out of 8 women reported ovulating. At 6-mo, Estradiol, LH, and FSH levels were
greater by 72%, 173%, and 24% than 0-mo but was not statistically different
(p>0.05). Progesterone levels also did not change with the intervention
(p>0.05).
3.4.4 DXA Measurements
BMD (g⋅cm2) and BMC (g) are presented in Figure 3.2 for Eumenorrheic control
and ExMD at baseline (0-mo) and post-intervention (6-mo). In Table 3.5, z-scores
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for total hip and total spine are grouped by months since last menses for ExMD
group at pre- and post-intervention.

뇰Я
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Bone Mineral Density (g·cm2)

a)

1.4
1.2
1
0.8
Eumen

0.6

ExMD at 0-mo
0.4

Ex-MD at 6-mo

0.2
0
Whole Body

80

Lumbar
Spine

Total
Proximal
Femur

Femoral
Neck

Greater
Trochanter

뇰Я

Bone Mineral Content (g)

70
60
50
Eumen

40

ExMD at 0-mo

30

Ex-MD at 6-mo
20
10
0
Lumbar Spine

Total Proximal
Femur

Femoral Neck

Greater
Trochanter

Figure 3.2. a) BMD and b) BMC in active eumenorrheic women and
women with ExMD at baseline (0-mo) and at post-intervention (6-mo).
Similar BMD and BMC in eumenorrheic compared to ExMD at 0-mo and at 6-mo.
No changes in BMD and BMC in the ExMD group from pre- to post-intervention.
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Eumen vs. ExMD. At baseline and at 6-mo, ExMD group had similar BMD and BMC
for all sites measured compared to the Eumen group (Figure 3.2). All women in
the Eumen group had normal BMD at the hip, and all but one woman in the
Eumen group had normal BMD at the spine.
ExMD: 0-mo vs. 6-mo. No mean improvements in BMC or BMD were observed in
the ExMD group (Figure 3.2). At 0-mo, two participants in ExMD were classified as
having low BMD at the hip and did not change status at 6-mo. In ExMD group at
0-mo, two participants had low BMD, and one participant had osteoporosis at the
spine. Of the women with low BMD, one woman improved to normal status at 6mo, and one woman did not change. The participant with osteoporosis was
classified as having low BMD at the end of the study. Lower z-scores for hip and
spine were observed in the participants with the longest time since last menses
(r=-0.97 for hip and r=-0.95 for spine, Table 3.5).
Table 3.5. Bone Status by Months since Last Menses
산Я
Total Hip z-score
(mean)
Pre
Post
0-3a
1
2.4
2.2
>3- 6
4
1.2
1.0
> 6 - 12
1
0.8
0.7
>12
2
-0.2
0.1
All
7
0.5
0.5
Range
-0.6 to 3.2
-0.4 to 3.0
Normal Values: Normal BMD >-1.0
a=Oligomenorrheic individual

Months since
Last Menses

n=

Total Spine (L1-L4) z-score
(mean)
Pre
Post
1.4
1.1
-0.1
-0.1
0.0
0.2
-1.6
-1.4
-0.2
-0.1
-2.9 to 1.4
-2.3 to 1.1

3.4.5 Serum Biochemical Measurements
Blood bone markers and hormones are presented in Table 3.6.
Eumen vs. ExMD. At baseline and at post-intervention, no differences in the
serum bone formation markers (osteocalcin and P1NP) and bone resorption
marker (CTX) were detected between groups (Table 3.6). Serum IGF-1, leptin,
25-OH Vitamin D levels were also similar between groups at baseline and at 6-mo
(Table 3.6). CTX levels were elevated above normal for five eumenorrheic women
and for 4 women with ExMD at baseline and for 3 women with ExMD at postintervention.
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Eumen vs. ExMD. Serum bone formation markers (osteocalcin and P1NP) and
bone resorption marker (CTX) for all participants in ExMD were in the normal
range and did not change over the intervention (Table 3.6). No changes in serum
IGF-1, leptin, 25-OH Vitamin D levels, which were also in normal range, were
detected at 6-mo in ExMD group (Table 3.6).
Table 3.6. Blood Bone Markers and Bone Hormones
Mean (SD)
Eumen
(n=10)
0-mo*
42.0 (30.8)

ExMD (n=8)
Normal
Bone Markers
0-mo
6-mo
Range
P1NP
52.9 (36.4)
58.5 (19.2) 27.7 –
(ng·mL-1)
127.6a
4.7 (1.4)
Osteocalcin
4.5 (1.3)
4.4 (1.7) 1.8-7.8 a
-1
(nmol·L )
CTX
0.660 (0.214) 0.0000.754 (0.248) 0.661 (0.324)
(ng·mL-1)
0.700a
Hormones
25-OH Vit D
105.4 (30.1)
106.7 (24.6)
115.1 (19.2) 14.7-162.0a
-1
(nmol·mL )
113 (152)
IGF-1
161 (150)
218 (142) 116-353a
(ng·mL-1)
Leptin
6.4 (3.5)
7.4 (4.2)
9.1 (3.1) 3.5-11b
-1
(ng·mL )
P1NP=Procollagen Type I Intact N-Terminal Propeptide; CTX=carboxy-terminal collagen
crosslinks; 25-OH Vit D= 25-OH Vitamin D; IGF-1=Insulin Like Growth Factor
a=Normal ranges as reported in assay
b=Normal ranges as reported by Legroux-Gérot et al. (2010)151.

3.5

Discussion

In women with ExMD, no improvements were detected in BMD and BMC with a 6mo CHO-PRO intervention that resumed menses. The active women in this study
had healthy bones based on mean BMD and BMC values; however, at baseline,
three women in ExMD were classified with low spinal BMD (2 with low BMD; 1 with
osteoporosis). At post-intervention, spinal BMD improved in the osteoporotic
individual to low BMD status and in one of the two women with low BMD to normal
BMD status. We also report a strong correlation between duration of menstrual
dysfunction and low BMD in the hip and spine.
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3.5.1 Bone Mineral Density: Eumenorrheic Compared to Women with
ExMD
Spinal BMD has been reported to be lower in athletes with menstrual dysfunction
compared to eumenorrheic athletes139,

140, 143, 152-161

. In the current study, we

report, however, no difference in spinal BMD between eumenorrheic and ExMD
groups, which is consistent with findings from four studies162-165. At baseline and
post-intervention, mean spinal BMD in the current study was similar to those
reported for eumenorrheic athletes and athletes with menstrual dysfunction139, 140,
143, 152-165

. The discrepancies in findings may be explained by differences in

determining menstrual status, the athletic population examined, screening for
disordered eating, and the duration of menstrual dysfunction.
Self-reported menstrual status was confirmed by blood hormonal measurements
in 9 of the 13 studies, which reported lower spinal BMD in oligoamenorrheic
athletes139, 140, 143, 152, 155-157, 159, 161 섀
while
four did not confirm menstrual status153,
Я
154, 160

. None of the studies, in which similar spinal BMD was reported between

eumenorrheic women and active women with menstrual dysfunction, confirmed
self-reported menstrual status162-165. Confirmation by measuring reproductive and
thyroid hormones ensures proper classification of women into eumenorrheic and
menstrual dysfunction status. In the current study, menstrual status was carefully
evaluated using blood reproductive and thyroid hormonal measurements and
confirming ovulation status. Of the studies that confirmed menstrual status with
hormonal analysis, only two studies included athletes other than runners140,

159

;

the majority of these women in these two studies, however, were also runners.
Researchers have reported that runners have lower spinal BMD compared to
gymnasts, softball players, rugby players, and moderately active aerobicallytrained women163, 165-167. In the current study, the women with ExMD were from a
variety of endurance sports (1 soccer player, 1 rugby player, 1 rower, 1 longdistance runner, and 4 triathletes). Therefore, a significant difference in spinal
BMD may not have been found due to the inclusion of other endurance-trained
athletes, in which mechanical stress on the bone varies.
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Another plausible explanation for differences in findings is the screening of
disordered eating. In the current study, the participants were screened for
disordered

eating

behaviors

using

Eating

Disorder

Inventory-2

(EDI-2)

questionnaire128. Of the studies examining spinal BMD differences, only five
screened for disordered eating behaviors152,

160-162

. Cobb et al. (2003) reported

that both eumenorrheic and oligoamenorrheic women with elevated EDI scores
(i.e., indicative of disordered eating) had lower spinal BMD after accounting for
body weight, percent body fat, and age at menarche compared to eumenorrheic
runners with normal EDI scores. In the current study, after controlling for age and
baseline body weight, we found no difference in spinal BMD. The lack of significant
difference in the current study therefore may be partially explained by the careful
screening of the athletes for disordered eating.
Other factors, which may contribute to differences in findings, are the duration of
menstrual dysfunction and sample size. In the present study, a decline in z-scores
for both the hip and spine was correlated with the length of menstrual
dysfunction, which is consistent with reports from several studies155, 157, 159, 168, 169.
It is plausible that the mean duration of menstrual dysfunction was lower in the
present study compared to those that reported a relationship between menstrual
dysfunction and spinal BMD. Unfortunately, this information is not available from
the other studies to make a comparison. In conclusion, no difference in spinal
BMD between eumenorrheic and ExMD groups was found in the current study. Our
findings are inconsistent with several studies but may be due to design differences
such as the inclusion of women from a variety of endurance sports, careful
screening of menstrual status and disordered eating behaviors, and shorter
duration of menstrual status in ExMD group.
In the current study, we also found no difference in total hip between
eumenorrheic controls and women with ExMD. The relationship between
menstrual dysfunction and total hip BMD in active women is equivocal with three
studies reporting no relationship157, 162, 165 and three studies reporting an inverse
relationship153, 158, 160. As discussed above, the experimental design factors may
explain the differences in findings. In agreement with most studies in active
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women, we report here no difference in whole body BMD between eumenorrheic
women and athletes with ExMD93, 156, 160, 162, 163, 165, 166. Two studies have, however,
reported lower whole body BMD in active women with menstrual dysfunction
compare to eumenorrheic controls154, 170 and one study reported greater values in
amenorrheic runners153. These three studies did not screen for disordered eating
and did not confirm self-reported menstrual status using hormonal analysis, which
may explain the differences in findings.
3.5.2 Bone Mineral Density: Impact of the Intervention
At the end of the 6-mo CHO-PRO supplement intervention, no mean improvement
in total BMD was observed in ExMD group. We did, however, observe
improvement in spinal BMD and BMC in two individuals with ExMD at the end of
the intervention. In a case report, Fredrickson and Kent (2005) reported that
weight gain yield improvement in total hip and spinal BMD in a woman with ExMD.
Zanker et al. (2004), however, reported no improvement in spinal BMD with
weight gain in a case report of an amenorrheic athlete. In agreement with
셐Я

Fredrickson and Kent (2005), Drinkwater et al. (1986) reported an improvement
in spinal BMD over a 15.5 mo period in an observation study of seven
amenorrheic women. Based on these studies, it is difficult to draw conclusions
about the relationship between weight gain and menstrual dysfunction due to the
small sample sizes and type of studies (i.e., observation and case reports). In the
present study, changes in bone health were measured over a shorter time (6
months) compared to the studies above (range: 1.5-12 ys)112, 171, 172. Independent
of menstrual status, improvements in BMC would be expected in these women.
Teegarden at al. (1995) reported that 99% of peak BMD and BMC is achieved by
age of 22 y and 26 y respectively

173

. In the present study, we had two women

who were less than 22y with improvements in BMC realized in these individuals.
All participants, except one, were less than 26y; BMC improvements were realized
in only 5 of these 7 women. Therefore, based on the age of the participants, it is
difficult to conclude whether any improvements observed in BMC are due to
change in menstrual status. Furthermore, more time may be required after
resumption (i.e., ≥1 y) before significant BMD and BMC improvements related to
menstrual status are realized.
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3.5.3 Serum Chemistry
Bone Formation
We report here no difference in serum bone formation and resorption markers and
bone-related hormones between the Eumen and ExMD groups. We also found no
improvements in these markers due to the intervention in the ExMD group. In
agreement with the current study, most researchers have reported no difference
in serum osteocalcin levels between eumenorrheic and amenorrheic active
women153, 155, 174, 175. Zanker and Swaine (1998) was the only study to report
lower osteocalcin levels in amenorrheic runners compared eumenorrheic
runners145. To our knowledge, only one study has measured P1NP in active
women175. De Souza et al. (2008) reported lower P1NP in women with
hypothalamic amenorrhea (HPA) and low energy status compared to women with
HPA and normal energy status and eumenorrheic active women. Low energy
status was defined as a resting energy expenditure ratio of actual to predicted
that is <0.09 using Harris-Benedict equation175. Based on this definition, all the
women in the current study would have been classified with normal energy status.
The P1NP levels in ExMD are similar to those reported by De Souza et al. (2008)
for women with HPA and normal energy status with no differences detected
between ExMD and Eumenorrheic groups. Other bone formation markers
(carboxy-terminal propeptide of type 1 collagen [P1CP] and bone-specific alkaline
phosphatase [BAP]) have been measured in this population in three studies. In
agreement with the present study, two of these studies found no relationship
between menstrual status and other bone formation markers in runners155, 176;
Zanker and Swaine (2004), however, reported lower values in amenorrheic
runners compared to eumenorrheic. Differences in findings may be due to
experimental design as discussed previously and specific bone formation marker
selected. Bone formation markers would be expected to increase in 3-6 months in
women with suppressed levels177.
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Bone Resorption
In the present study, serum CTX was measured as a marker of bone resorption
with no differences found between Eumen and ExMD groups and no improvements
in ExMD group with the intervention. Our findings are in agreement with De Souza
et al. (2008) in which no differences in urinary CTX was found between
eumenorrheic and amenorrheic active women. Urinary CTX have been reported to
correspond with serum CTX measures177. Additional bone resorption markers
(cross-linked telopeptide of type I collagen [ICTP]; pyridinoline [Pyr];
deoxypyridinoline [Dpyr]) have been compared between eumenorrheic and
amenorrheic runners. Two studies have found no difference in bone resorption
markers155, 176; Zanker and Swaine (2004) reporting lower values in amenorrheic
runners and eumenorrheic runners. Experimental design and bone marker
examined may explain the differences in results. In conclusion, bone formation
and resorption markers were not altered with an intervention that restores
menses. Many of the women in the current study, however, had normal BMD
솠Яin ExMD women with low BMD to see if EA
status. Further research is warranted

improvements and restoration of menses is associated with changes in these bone
markers.
IGF-1, Leptin, and 25-OH Vitamin D
In the present study, no difference in bone-related hormone levels of IGF-1,
leptin, and 25-OH Vitamin D was detected between Eumen and ExMD groups or as
result of the intervention. Consistent with our findings, IGF-1 levels have been
reported to be similar in eumenorrheic and amenorrheic athletes141, 169, 178. Zanker
and Swaine (1998) was the only study to report lower but normal IGF-1 levels in
amenorrheic runners compared to eumenorrheic runners. In the present study,
mean IGF-1 levels for both groups were lower than reported in the above studies;
all participants, however, had normal IGF-1 levels.
Consistent with our findings on leptin, Laughlin and Yen (1997) reported similar
leptin levels between eumenorrheic and amenorrheic athletes179. Lower leptin
levels in amenorrheic active women, however, have been reported in two
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studies146, 180. Corr et al. (2011) did report that leptin levels were not significantly
different after adjusting for body fat. In the present study, body fat was similar
between eumenorrheic and women with ExMD.
To our knowledge, no study has measured examined Vitamin D status in active
women with menstrual dysfunction. We report here similar serum 25-OH Vitamin
D levels in eumenorrheic controls and athletes with ExMD. The 6-mo CHO-PRO
intervention was not associated with improved levels of 25-OH Vitamin D. All
participants, however, had normal Vitamin D status through the study. In
addition, most of the participants completed the study during the winter and
spring months with only a few individuals having blood draws during the summer
months.
3.5.4 Energy and Dietary Intake of Nutrients Important for Bone Health
Energy Availability
Low EA has been associated with poor bone health and ExMD11. Loucks et al.
(1998) has reported EA of 30 kcal·kg FFM-1 in sedentary women who experienced
disruption of LH pulsatility and EA of 45 kcal·kg FFM-1 in sedentary women with
normal LH pulsatility181. Compared to Loucks et al. (1998), EA in the current study
was greater in ExMD at baseline compared to sedentary women with menstrual
disruption but similar at post-intervention to sedentary women with normal LH
pulsatility. Loucks et al. (1998), however, used an acute (4-d) energy restriction
protocol to induce ExMD in sedentary women whereas in the present study, the
women were all athletes with menstrual dysfunction for >3 mo.
Energy and Nutrient Intake
Similar dietary energy, carbohydrate, protein, and fiber intakes were found at
baseline between Eumenorrheic and ExMD groups in the current study. Energy,
protein, and fiber intake was also reported to be similar in most studies comparing
active women with menstrual dysfunction and eumenorrheic women22, 137-143, 145,
146

. Greater energy intake in eumenorrheic women, however, was reported in

three studies144-146. The eumenorrheic women in these studies had similar energy
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intake compared to our Eumen women; our women with ExMD, however, had
greater energy intake than in the amenorrheic women in these studies144-146. In
the present study, mean dietary fat intake (%En and g·d-1) was greater in
eumenorrheic athletes compared ExMD group but did not reach statistical
consistent. Three studies have reported similar findings140, 142, 143 while in six
studies, fat intake (%En and/or g·d-1) was reported to be significantly greater in
eumenorrheic women

22, 138, 139, 141, 146, 147

. Reports on carbohydrate intakes,

however, have been inconsistent. In the current study, we report no difference in
carbohydrate intake, which is consistent with three studies22, 137, 142. In three
studies, carbohydrate intake was reported to be greater in women with menstrual
dysfunction compared to eumenorrheic women141, 147; no difference was found in
one of these studies when expressed as g·d-1 146. Nelson et al. (1986) was the
only study to report greater carbohydrate intake (g·d-1) in eumenorrheic runners
compared to amenorrheic runners139. Differences in athletic population and dietary
assessment including length and type of dietary records and the identification of
underreports likely contribute to discrepancies in findings. Zanker and Swaine was
쇰Я

the only researchers to use a 7-d weighed food record as in the current study but
no method of underreporting was employed144, 145. Thus, the inclusion of
underreporting screening in the present study may explain why different results
were found compared to the studies by Zanker and Swaine (1998a, 1998b).
Micronutrients
No differences in bone-related micronutrients (calcium, Vitamin D, iron,
magnesium, phosphorus, and zinc) were found between groups at baseline.
Micronutrient intakes included intakes from diet and supplements. The only
change in bone-related micronutrients was an increase in calcium intake postintervention. This increase, however, can be explained by the added calcium
provided by the CHO-PRO supplement (300 mg·d-1). Our findings are consistent
with research reporting no differences in dietary of calcium, phosphorous, iron,
Vitamin D intake, and zinc intake between eumenorrheic athletes and women with
menstrual dysfunction93, 137-140, 147, 153, 156, 157, 159-161, 182. Mean micronutrient intakes
reported in this study are also similar to those reported in these studies above
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with the exception of Vitamin D. In the present study, Vitamin D intake was
greater than reported in previous studies153, 156, 159, 160. A plausible explanation for
the observed greater vitamin D intake is the increased awareness of the Vitamin D
deficiency. Dietary Reference Intakes (DRI) were recently updated for Vitamin D
increasing recommended intake from 400 to 600 IU·d-1 for this age group183; all of
the women in this study were below recommendations. Mean magnesium intake
(mg·d-1) was also below recommendations (310 mg·d-1) in active women with
ExMD at baseline but were adequate at post-intervention184. All the women had
adequate mean dietary intake of calcium, iron, phosphorous, and zinc183, 184.
3.5.5 Strengths and Limitations
In interpreting the results of the study, some strengths and limitations should be
noted. In the present study, we carefully screened for reproductive disorders
besides ExMD as described in the methods of this study. We did not, however,
evaluate LH pulsatility as only a single blood draw was taken (at 0-mo and at 6mo). Over the course of the intervention, we met with our participants weekly for
a 24-h recall, record injuries, and note any outside factors that could have
impacted the study. This allowed us to document any changes that took place
over the 6-mo intervention in dietary intake, training, and daily routines. While
doubly-labeled water was not used, energy intake was assessed using 7-d
weighed food records and was screened for underreporting. Careful evaluation of
energy expenditure was made employing 7-d activity logs and accelerometer and
a measurement of both RMR and running energy expenditure using indirect
calorimetry. We did not, however, use a metabolic chamber for energy
expenditure in this study. Finally, multiple comparisons were made, which
increases the probability of a false positive increases. Therefore, we also report
here both p-values after accounting for a false discovery rate of 5%.
3.5.6 Conclusion
ExMD was reversed with increased energy intake (16%) and EA (24%). While
mean BMD and BMC were not different between groups and above norms, 4 ExMD
women had low BMD, and spinal BMD improved in 2 women with restoration of
menses. Overall bone health markers did not change with the intervention. Longer
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ExMD duration was correlated with lower BMD; in these women, energy
availability improvements may be a viable treatment option for ExMD and low
BMD.

뇰Я
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Abstract:

Exercise-induced menstrual dysfunction (ExMD), resulting from low energy
availability (EA), is associated with hormonal imbalances and increased risk for
musculoskeletal injuries. The impact of ExMD on muscle net protein balance and
performance is unknown. PURPOSE: To determine if the resumption of menses
would improve muscle strength and power and indicators of muscle net protein
balance as indicated by a decrease in AMPK phosphorylation, and increases in
p70S6k and FoxO1a phosphorylation. METHODS: Women with ExMD (n=8;
age=23±3y, VO2max=49±6ml·kg-1·min-1, body fat=22±5%) participated in a 6mo intervention (CHO-PRO drink=360kcal·d-1). Participants were measured at
pre/post-intervention: 1) energy intake and expenditure using 7-d weighed food
and physical activity records, accelerometer; 2) reproductive and thyroid
hormones; 3) lower muscle strength/power; and 4) muscle samples were
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obtained 60-min after a 45-min treadmill run (75% VO2max) and measured for
phosphorylated FoXO1a, p70S6K, and AMPK. Women fasted for 8h prior to the
treadmill run. For comparison, eumenorrheic athletes (Eumen, n=10, age=23±4y,
VO2max=51±5ml·kg-1·min-1, body fat=23±4%) were assessed. Multiple linear
regression was used to assess differences between groups and pre/postintervention blocking on participants. RESULTS: All women resumed menses.
Knee extension torque in ExMD was greater at 120 and 180deg·sec-1 postintervention (p=0.002). Compared to Eumen, ExMD had lesser knee extension
torque at 60deg·sec-1 (p=0.02) and ankle flexion torque at 60deg·sec-1 (p=0.04).
No other differences in strength, power, or FoXO1a, p70S6K, and AMPK
phosphorylation occurred. CONCLUSION: While the intervention effectively
restored menses, knee flexion torque was the only muscle improvement realized.
Phosphorylated proteins were measured after an exercise protocol requiring a preexercise fast. Fasting prior to exercise may alter protein phosphorylation
independent of menstrual status. Further research evaluating these proteins postЯ
exercise with and without a fast 슐
prior
to exercise is needed. Finally, a longer

period after resumption of menses may be needed to see significant changes in
muscle improvement.
Key Words: Amenorrhea, Oligomenorrhea, Estradiol, Protein Synthesis, Protein
Degradation, Muscle Strength
4.3

Introduction

Peak performance in aesthetic and endurance sports is enhanced with optimal
nutritional intake and body weight26, 27. Female athletes, however, find it difficult
to maintain ideal body weight while meeting energy and nutritional needs, and
commonly restrict energy intake in order to make weight goals27, 28. Low energy
intake with high physical activity increases the risk of developing exercise-induced
menstrual dysfunction (ExMD) and poor hormonal, nutritional and musculoskeletal
health11. Approximately one-third of women in aesthetic and endurance sports
have been reported to have menstrual dysfunction, which was hypothesized to be
caused by exercise stress and the associated elevated cortisol levels31-34,41. Recent
evidence suggests that ExMD may instead occur through a leptin-controlled
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pathway, which is initiated by low energy availability42-44; energy availability is
defined as the amount of energy from food (energy intake) remaining to cover
required metabolic functions after exercise energy expenditure has been
subtracted11. Leptin sends a message to the hypothalamus-pituitary-ovarian axis
that energy stores are low. As a result, gonadotropin releasing hormone pulse
generator is disrupted, which decreases pituitary luteinizing hormone release and
thus causes reduced estrogen and progesterone production41, 42,

47, 49

.

While unfavorable health consequences have been associated with ExMD such as
an increased risk for poor musculoskeletal health, stress fractures, and poor
nutritional status72, 77, 185; the impact of ExMD on skeletal muscle strength and
performance, however, has not been examined. Comparisons between
eumenorrheic and amenorrheic runners, however, have been made to determine
if ExMD alters exercise performance as indicated by maximal aerobic capacity
(V02max) and running times21-25, 50, 51. Only two of these studies confirmed selfreported menstrual status in all participants with a blood test reporting no
differences in VO2max or running times25, 50.
Chronically low estrogen observed in ExMD could potentially alter muscle damage
and repair and thus prohibit an individual from achieving their full exercise
performance. In rodent models, estrogen protects skeletal muscle by decreasing
muscle damage and accelerating repair, but more research in humans is needed53.
Enns and Tiidus (2010) have hypothesized that since estrogen is structurally
similar to both antioxidants and cholesterol, it exerts its effect by acting as an
antioxidant and/or stabilizing the cell membrane. Estrogen may also stimulate
satellite cells via skeletal muscle estrogen receptors59. In human, the role of
estrogen in skeletal muscle has been examined by comparing females to males,
which is problematic because of other differences between sexes that exist
besides estrogen60, 66. In addition, most of these studies have been conducted in
sedentary individuals with only four studies including young active women67-70.
Two of these studies have directly compared young active women with different
estrogen level reporting that greater muscle damage and oxidative stress after
running was associated with lower estrogen status68, 69. A comparison of women
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to men was made in the other two studies, in which women were reported to have
less oxidative stress after eccentric exercise but muscle damage was not
consistently lower62,70. Taken together, low estrogen status may negatively impact
muscle health, but further research is required.
During recovery from exercise, the relationship between estrogen and postexercise protein synthesis in young active women has only been examined by
Miller et al. (2006). In this study, no difference in muscle myofibrillar protein
synthesis was found in eumenorrheic women between luteal and follicular
phases71. The women in this study, however, had normal cyclic variation in
estrogens and not chronically low estrogen status as in ExMD. The expectation is
that the combination of chronically low estrogen levels and energy availability
would negatively affect protein synthesis and degradation and yield lower muscle
strength and power output in women with ExMD compared to eumenorrheic
women.
신Я

The pathway that regulates skeletal muscle protein synthesis is the Aktmammalian target of rapamycin complex I (mTORC1) pathways186-188. Positive
cellular energy status, nutrient availability (i.e., glucose and amino acids), and
growth factors results in activation of Akt and mTORC1 by phosphorylation186-188.
Activated mTORC1 phosphorylates two downstream proteins, eIF4E-binding
protein 1 (4E-BP1) and p70 ribosomal protein S6 kinase (p70S6K), which yields
enhanced mRNA translation186-188. In low energy states (i.e., low ATP levels),
AMP-activated protein kinase (AMPK) dephoshorylates mTORC1 and thus
inhibiting protein synthesis186-188.
Protein degradation in skeletal muscle is controlled by three pathways: the
lysosomal pathway, calcium-activated proteinases, and ubiquitin-proteasome
system189, 190. The ubiquitin-proteasome pathway is responsible for the majority of
intracellular protein degradation191. This pathway involves two steps: 1) the
tagging of the protein with ubiquitins; and 2) the degradation of tagged protein by
the 26S proteasome192-194. In the first step, ubiquitin is activated by the protein
E1, which utilizes ATP to forms a high-energy thiolester bond195. Ubiquitin then is
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transferred to the carrying enzyme, E2, which then transports ubiquitin and
transfers it to E3-protein complex191. In order for the 19S subunit of the 26S
proteasome to recognize the protein for degradation, it must be
polyubiquitinated191. The protein is then degraded inside the 20S subunit of the
26S proteasome, and the ubiquitins are released196. When nutrients are available,
activated Akt inhibits this pathway via phosphorylation of FoxO1 and FoxO3, two
gene transcription factors189, 190. In low energy states, the activity of Akt is
reduced, which leads to the dephosphorylation and release of FoxO1 and FoxO3
from the binding protein 14-3-3189, 190. FoxO1 and FoxO3 can then translocate to
the nucleus and mediate increased expression of E3 ligases, MAFbx and Murf-1;
thus contributing to increased protein degradation189, 190.
After exercise, the consumption of a carbohydrate-protein (CHO-PRO) supplement
has been demonstrated to accelerate protein synthesis and tissue repair118-120.
Improvement in performance, however, has not been consistently realized with a
post-exercise CHO-PRO supplement; three studies have reported an improvement
in performance121-123 and two studies reported no difference in performance124,
125

. All of these studies, however, have examined the acute effect of CHO-PRO

supplementation in male athletes and have used different measures of
performance (e.g. self-paced timed trials or exercise-to-exhaustion using either
running or cycling). Therefore, it is unclear if the same results would be observed
in female athletes and the long-term impact of post-exercise CHO-PRO
supplementation on performance. Based on research, a CHO-PRO meal or
supplement (1.0-1.5 g·kg-1 carbohydrates; 0.3-0.4 g·kg-1 protein) is
recommended to be consumed during the first 30 min after exercise and every 2
h during the first 4-6 h of recovery27, 113.
While it is reasonable to assume that low energy availability in women with ExMD
may alter protein synthesis and degradation and thereby impact muscle health,
no study to our knowledge has examined this. In young active women, the impact
of chronic low estrogen status on muscle strength and power also has not been
examined. Therefore, the purpose of this study was to determine if the reversal of
ExMD, by increasing energy availability with a CHO-PRO supplement intervention,
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would improve muscle strength and power, increase phosphorylation of p70S6k
and FoxO1a, and decrease phosphorylation of AMPK. To improve energy
availability, a CHO-PRO supplement was chosen because of the potential postexercise benefits as discussed above. A secondary aim of this study is to examine
skeletal muscle differences between women with ExMD and eumenorrheic controls
4.4

Methods

4.4.1 Participants
Eighteen endurance trained women (amenorrheic/oligomenorrheic (n=12);
eumenorrheic (n=10)) were recruited from local sports teams and clubs to
participate in this study. Of the 12 women with ExMD, four women did not
complete the intervention due to changes in their personal situation. The ExMD,
therefore, included eight women who completed the 6-month intervention. The
study was explained to potential participants, and a University Institution Review
Board approved informed consent document
was signed. For all enrolled
쌰Я
participants, questionnaires to assess general health, exercise training, menstrual,
and dietary history were completed at baseline (0-mo). In addition, potential
participants completed two subscales of the Eating Disorder Inventory-2 (EDI-2)
questionnaire128 at 0-mo to screen for disordered eating behaviors. These two
subscales, Drive for Thinness and Body Dissatisfaction, were chosen because they
have been shown to be particularly useful in identifying disordered eating in
female athletes129, 130. Individuals were then invited to participate in the study if
they met the following criteria: 1) At least 7 h·wk-1 of exercise training for the last
2y, 2) No hormonal contraceptives or replacement therapy 6-mo prior to the
study, 3) EDI-2 subscale score <14, and 4) no primary amenorrhea or nonexercise-related amenorrhea.
Screened participants were then assigned either to the ExMD (n=8) or
Eumenorrheic (Eumen; n=10) group based on self-reported menstrual history,
blood reproductive hormone levels at 0-mo, and ovulation status (Clearblue
Easy Fertility Monitor, Inverness Medical Innovations Group, Waltham, MA). For
women with self-reported menstrual dysfunction, causes other than ExMD were
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ruled out as follows: 1) measurement of luteinizing hormone (LH) and follicular
stimulating hormone (FSH) for ovarian failure; 2) examination of LH/FSH ratio for
polycystic ovarian syndrome (PCOS); and 3) measurement of prolactin for
lactotropic secreting tumor11, 133, 134. Thyroid stimulating hormone was not
evaluated to eliminate thyroid disease11, but all the women in this study had
normal thyroid (T3) levels. Individuals were classified as: 1) ExMD if they had selfreported menstrual dysfunction and low but normal estradiol, low or normal
gonadotropins, and normal prolactin levels and were not ovulating; 2) Eumen if
they had normal reproductive hormonal levels normal cycles (intervals are
approximately 28d or 10-13 cycles⋅y-1) and were ovulating11. ExMD was further
classified into 1) amenorrheic if they had no menses for >90d or 2)
oligomenorrheic if cycles intervals were >35d11. The ExMD group was assessed at
0-mo and 6-mo, and Eumen group was assessed at 0-mo only as outlined in
Figure 4.1. The baseline assessments (0-mo) of Eumen were compared to the
ExMD at baseline to determine if there is a difference between groups and at postintervention (6-mo) to determine if ExMD returned to normal health status
(similar to the Eumen group). The ExMD group participated in a 6-mo
Carbohydrate-Protein (CHO-PRO) Supplement intervention as described below.
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6-mo Intervention

Pre (0-mo)
1. Questionnaires
2. EA (7-d Food/Activity
Records, Accelerometer,
Running Energy
Expenditure, RMR)
3. Blood Draw
4. Ovulation Status
5. DXA
6. VO2max
7. Muscle Biopsy

3-mo:
Energy
Measurements

Monthly: Performance,
Injury, Menstrual Records.
Weekly: 24-h recall and
training updates.

Post (6-mo)
1. Questionnaires
2. EA (7-d Food/Activity
Records, Accelerometer,
Running Energy
Expenditure, RMR)
3. Blood Draw
4. Ovulation Status
5. DXA
6. VO2max
7. Muscle Biopsy

Metabolic Rate; DXA = Dual Energy XKey: EA=Energy Availability, RMR=Resting
쎀Я
Ray Absorptiometry, VO2max=maximal aerobic capacity
Figure 4.1. Detailed Protocol of Study.
4.4.2 Maximal Aerobic Capacity Test (VO2max)
The participants completed a standardized treadmill VO2max test using a
computer-based open-circuit gas analysis system (ParvoMedics Metabolic Cart,
Sandy, UT). First, participants were familiarized with the treadmill (Quinton,
Bothell, WA) and protocol. Then, participants ran at a moderate intensity for 6min, with the incline increased every 2-min to volitional exhaustion. A heart rate
monitor (Polar Xtrainer Plus, Polar Electro Inc., Lake Success, NY) was worn
during the test. Rate of perceived exertion (RPE) was recorded every 2-min to
confirm exercise intensity135. VO2max was determined as the point when three of
the following four criteria were met: 1) VO2 had reached a plateau, 2) RPE >17,
3) Respiratory Exchange Ratio (RER) was greater than 1.1, and 4) heart rate was
within 10 bpm of predicted maximal heart rate (220 bpm-age (y)). Participants
were required to have a VO2max >38 ml∙kg-1∙min-1 to continue in the study.
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4.4.3 Blood Draw and Ovulation Status
After an 8-h fast, 50mL of blood was drawn from the forearm. Samples were
aliquoted for assessment or frozen at -80°C for later analysis. A general blood
screen, including iron status, thyroid, and reproductive hormones (estradiol, LH,
FSH, prolactin, and progesterone), was conducted to determine menstrual status
and overall health (Samaritan Health Services, Corvallis, OR). Ovulation status
was measured at 0-mo and 6-mo using at-home fertility monitors (Clearblue
Easy Fertility Monitor, Inverness Medical Innovations Group, Waltham, MA).
4.4.4 Energy Measurements and Body Composition
Food Records and Physical Activity Logs. Participants were given detailed
instructions and forms to record consecutive 7-d weighed food records and
physical activity logs. Each participant was provided with a calibrated food scale
and accelerometers (ActiGraph LLC, Pensacola, FL). The participants were
instructed to wear the accelerometer during the same 7-d as the food record and
physical activity logs, except during sleep and water activities (e.g. bathing and
swimming).
Resting Metabolic Rate (RMR). The participants were asked to fast for 8-h
prior to RMR, to refrain from exercise the morning of the test, and to drive to the
test if possible. In the morning, the participants reported to the laboratory for
RMR, measured using indirect calorimetry (ParvoMedics Metabolic Cart, Sandy,
UT). The participants rested quietly in a supine position for ~10 min and then
were placed under a ventilated hood attached to the indirect calorimeter for ~30
min. Oxygen consumption (L·min-1) and expired carbon dioxide (L·min-1) were
averaged over 8 to 10 min of steady-state breathing and were used to calculate
RMR (kcal·d-1) using Weir’s Equation136. The participants returned to the
laboratory later that week for a second RMR test, which was performed under
similar conditions. The two RMR values were averaged. If the difference between
tests was greater than 5%, a third measurement was taken. In the ExMD group, a
third measurement was taken in four women at baseline and in one at post-
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intervention. For Eumen group, RMR testing occurred during first 7 days after
beginning of menses with a third measurement taken in three of the ten women.
Running Energy Expenditure. The participants completed a running energy
expenditure using a computer-based open-circuit gas analysis system
(ParvoMedics Metabolic Cart, Sandy, UT). After the participants were familiarized
with the treadmill (Quinton, Bothell, WA) and testing procedure, the participant
ran at 4 different running speeds for 5 min each. The running speeds were typical
training or racing speeds and were determined as follows: 1) warm-up speed (i.e.,
typical training warm-up pace) 2) long-distance pace (i.e., marathon pace); 3)
moderate speed (i.e. 10K Pace); and 4) fast pace (i.e., 5K Pace). The participants
were trained athletes (i.e., 1 soccer player, 1 distance runner, 4 triathletes, 1
rower, and 1 rugby player) and thus were able to communicate typical running
speeds. A heart rate monitor (Polar Xtrainer Plus, Polar Electro Inc., Lake Success,
NY) was worn during the test. Oxygen consumption (L·min-1) and expired carbon
dioxide (L·min-1) were averaged over
쏐Я8 to 10 min of steady-state breathing and
were used to calculate kcal/min using Weir’s Equation136.
Energy Balance/Energy Availability. Total Energy Expenditure (TEE) was
measured as previously described by Tomten and Hostmark (2006), where TEE
was the sum of three components: RMR, physical activity expenditure (activities
of daily living and Exercise Energy Expenditure [EEE]), and the thermic effect of
food. RMR was measured using indirect calorimetry and calculated as described
earlier. Physical activity was measured using a 7-d activity logs. Data from the
running energy expenditure test was used to estimate more precisely each
participant’s energy expenditure during running. Accelerometer data was also
compared against 7-d activity logs to confirm duration and intensity of physical
activity. Energy intake (EI) was measured using a 7-d weighed food record using
a calibrated food scale. Dietary and physical activity records, excluding direct
measurements of RMR and running energy expenditure, were analyzed using a
nutrient and activity analysis program (Food Processor SQL, version 9.91, 2006;
ESHA Research, Salem, OR). Underreporters were identified using the methods
reported by Goldberg et al. (1991). Underreporters were identified using the
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methods reported by Goldberg et al. (1991). Three participants were identified as
underreporters (2 eumenorrheic and 1 amenorrheic). The amenorrheic participant
had an energy intake to RMR ratio of 1.13 at baseline and 1.21 post-intervention.
She was kept in the analysis since her reported dietary intake was consistent
throughout the study, and we expected these individuals to be in negative energy
balance. Diet records were reviewed for the 2 eumenorrheic individuals for
completeness. Based on this review, one of the two eumenorrheic participants
with an energy intake to RMR ratio of 1.18 was dropped from the dietary analysis.
The other individual with an energy intake to RMR ratio of 1.24 was kept because
her diet records did not indicate that she underreported intake. Energy balance
and energy availability were then calculated as follows:
Energy Balance = EI (kcal⋅d-1) - TEE (kcal⋅d-1)
Energy Availability = EI (kcal⋅d-1) - EEE (kcal⋅d-1)
Exercise was defined as physical activity greater than 4.0 METs. This cut-off was
selected to eliminate activity of daily living (i.e., commuting by bicycle) from EEE
calculation. Based on this definition, activities such as yoga, calisthenics,
recreational frisbee and volleyball, and walking were excluded from EEE.
Examples of activities that were included in EEE are running, swimming, long
duration cycling, rowing, and circuit weight training.
Body Composition. Body composition was determined by dual-energy x-ray
absorbtiometry (DXA), (Hologic QDR-4500 Elite A Waltham, MA). Reported values
include total body mass (kg), whole body bone mineral content (BMC; cm2),lean
body mass (LBM; kg), fat free mass (FFM; LBM + BMC) and body fat percentage
(FM/total mass). All scans were performed and analyzed by a trained laboratory
technician using Hologic software version Oasis QDR for Windows® XP (Hologic,
Inc., Waltham, MA). All follow-up scans were analyzed using the compare
mode. The coefficient of variation (CV) for repeated DXA scans at the Oregon
State University Bone Research Laboratory are 1.5% for whole body.
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4.4.5 Submaximal Exercise and Post-Exercise Muscle Biopsy
After an 8-h fast, the participants arrived to the laboratory and completed a 45min run at 75% of VO2max. After completing the run, the participants were
provided a CHO-PRO nutrition shake (Gatorade Nutrition Drink; 325 ml; 360
kcal) to consume immediately after exercise. Having the participants exercise and
consume a post-exercise CHO-PRO supplement should activate muscle protein
synthesis. At 60-min post-exercise, a muscle biopsy was obtained from vastus
lateralis by the percutaneous needle biopsy technique. First, the thigh was
disinfected using an antiseptic/antimicrobial cleanser (chlorhexidine gluconate)
and anesthetized with an injection of mercaine and lidocaine. A small incision,
~3/8 in long, was made through the skin and the fascia. Pressure was applied
immediately to stop any bleeding prior to taking the biopsy. Suction was applied
to maximize sample size. The biopsy was trimmed of adipose tissue and frozen in
liquid nitrogen at -80°C for subsequent analysis.
4.4.6 Muscle Strength & Power쐠Я
Isokinetic strength (peak force and torque) of knee extension and flexion and
ankle extension and flexion were measured as follows using the Biodex System 3
(Biodex Medical Systems, Inc. Shirley, NY). Participants exerted maximal
concentric voluntary force during joint extension. The rotation of the lever arm
then reversed, and the participants exerted maximal force against the lever arm
as the joint was flexed back to its starting position. All tests were conducted at
speeds of 60, 90 and 120°·s-1 and were gravity corrected. The participants were
familiarized with the test and then instructed to perform 10 trials of each exercise
at low intensity to warm-up. Participants then performed 10 maximal efforts to
determine peak force (N) and torque (Nm). Each maximal effort was separated by
~60s of rest. Strength assessment protocols were programmed into the
dynamometer to set parameters for testing (i.e., start and stop angles and speed
of contraction), and therefore ensured consistency. These protocols have good
reliability within this population (CV=4-8%).
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The Bassey Power Rig (Medical Engineering Unit, University of Nottingham School
of Biomedical Sciences, Nottingham, England) was used to assess muscular power
of the lower extremities. Participants performed a 5-min warm-up consisting of
walking on the treadmill. The testing procedure required 10 maximal leg presses
on each leg. The participants were asked to press down on the push petal one leg
at a time, alternating right and left leg. The highest and lowest measurements
were not used. The average of the remaining 8 measurements was used to
calculate peak torque and force.
4.5

Skeletal Muscle Analysis.

Muscle samples (∼40mg) were homogenized in RIPA buffer (Cell Signaling,
Beverly MA). A DC protein assay (DC Assay Kit II, Bio-Rad Laboratories, Hercules,
CA) was used to determine protein concentration.
Antibodies and Positive Controls. Monoclonal antibodies were used for phosphop70S6k (Thr389), total p70S6k, phospho-AMPKα (Thr172), and total AMPKα (Cell
Signaling, Beverly MA). Polyclonal antibodies were used for phospho-FoxO1a
(Ser256) and total FoxO1a (Cell Signaling, Beverly MA). An anti-rabbit IgG, HRPlinked antibody was used for all western blots (Cell Signaling, Beverly MA).
Positive controls were loaded for AMPK and p70S6k analysis (Cell Signaling,
Beverly MA).
Western blotting. The muscle homogenates (70 µg·µl-1) were diluted in a sample
buffer mixture containing 6.25 µl of 4x Sample Loading buffer (Invitrogen
Carlsbad, CA), 2.5 µl of 10x Reducing Agent (Invitrogen Carlsbad, CA), and
deionized water and then boiled for 5 min at 90˚C. Equal amounts of proteins (55
µg/lane) were loaded into NuPAGE® 4-12% Bis Tris Gel (Invitrogen Carlsbad, CA)
and ran for 90 min at 120 volts at room temperature (RT). Proteins were then
transferred to nitrocellulose membrane (35 volts, 60 min). Membranes were
blocked in 5% nonfat dry milk (NFDM) Tris-Buffered Saline with 0.1% Tween-20
(TBST) for 30 min on a rocker at RT. The membranes were incubated in 1:1,000
dilution of primary antibody in 5% BSA TBST overnight at 4˚C on a rocker. The
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membranes were then washed 3 times for 5 min and incubated in 1:3000 dilution
of secondary antibody in 5% NFDM TBST for 60 min on a rocker at RT. The
membranes were washed again in TBST (3 times, 5 min) and incubated in
chemiluminescent substrates (SuperSignal West Femto Maximum Sensitivity
Substrate, Thermo Fisher Scientific, Rockford, IL) for 2 min on a rocker at RT. A
digital image of the membranes was taken on FluorChem TM 8900 (Cell
Biosciences, Santa Clara, CA), and quantification was performed using ImageJ
(National Institute of Health, Bethesda, MD). After visualization, the membranes
were stained with Ponceau S to verify equal loading. The outcome measures were
phosphorylated AMPK (% of total AMPK normalized to control) as a marker of
energy homeostasis, phosphorylated p70S6k (% of total p70s6k) as a marker of
protein synthesis, and phosphorylated FoxO1a (% of total FoxO1a) as a marker of
protein degradation.
4.5.1 Intervention and 3-mo Assessment
쑰Я measurements, the ExMD participated in a
Intervention. After completing baseline

6-mo CHO-PRO supplement intervention, in which they added 325ml of
Gatorade Nutrition Drink (360kcal/d; Table 4.1) to their daily diets. The drinks
were provided weekly to document compliance. The participants were instructed
to ingest the CHO-PRO supplement within 30-60 min after the completion of
exercise on the days they exercised to optimize recovery from exercise27. On nonexercise days, they were asked to consume the supplement, but no specific
instructions on timing were given. Participants typically exercised 6-7 days/wk.
During the intervention, the researchers met with the participants weekly (~1 h)
to ensure compliance, discuss any issues and/or concerns related to the
intervention, and to collect a 24-h dietary intake recall. Performance, injury and
menstrual cycle diary were also collected monthly.
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Table 4.1. CHO-PRO Supplement Nutrient Content
Energy/Nutrients

Drink (325 ml)

Energy (kcal)
Carbohydrate (g)
Protein (g)
Fat (g)
Calcium (% DV)
Vitamin D (% DV)
Iron (% DV)
Folic Acid (% DV)
Vitamin B6 (% DV)
Vitamin B12 (% DV)
% DV =% of Daily Values

360
54
20
8
30
25
10

Chocolate Low Fat Milk
(325 ml)
216
36
11
3
39
69
5

20
20

4
11
49

3-mo Assessment. The participants repeated the RMR and running energy
expenditure tests as previously described. In addition, they completed a 3-d
weighed food record and physical activity log and wore an accelerometer on the
same 3 days. The purpose of the 3-mo testing was to determine how energy
availability was changing and to address any problems that he participants were
experiencing.
4.5.2 Statistical Analysis
Power calculations were used to determine the sample sizes required to detect
physiological significant increases in menstrual status (plasma estradiol of 250
pmol/L) and energy balance (increase of 360 kcal/d). A sample size of 8/group
was required to achieve a power of ~90% (α =0.01) for these variables. . The
data was summarized using means, standard deviations, standard error of the
mean, and 95% confidence intervals. For demographics variables and dietary
measures, simple linear regression was used to compare eumenorrheic and ExMD
groups and pre- and post-intervention in ExMD group blocking on participant. For
blood hormone levels and skeletal muscle measures, comparisons between groups
and pre- and post-intervention blocking on participant were made using multiple
linear regression and extra-sums-of-squares F-tests. Age and weight at baseline
were controlled for in multiple linear regression models for blood hormone levels.
Inclusion of age and weight at baseline in multiple linear regression models was
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assessed for muscle strength and power measurements and phosphorylation
states of proteins. Reported p-values for these assessments are from simple linear
regression models, blocking on subject, for comparison in ExMD before and after
the intervention. We hypothesized increases in dietary intake and descriptive
variables with the intervention and have therefore reported one-sided p-values for
those variables. Adjusted p-values were calculated to control for multiple
comparisons at a false discovery rate (FDR) of 5%. All statistical analysis was
done using S-plus (S-plus, TIBCO, Palo Alto, CA). Statistical significance was set
at p<0.05.
4.6

Results

4.6.1 Descriptive data
Physical characteristics, energy availability, and energy balance for Eumen (0-mo)
and ExMD (0-mo and 6-mo) groups are presented in Table 4.2.
쓀Я

Eumen vs. ExMD. Eumen and ExMD at 0-mo were of similar age, age at
menarche, and body composition. Absolute VO2max (L·min-1) was greater in the
Eumen than ExMD at 0-mo but not at 6-mo. Relative VO2max (ml·kg-1·min-1) was
similar between groups at 0-mo and 6-mo. Energy balance expressed as
kcal·kgFFM-1·d-1 was, however, greater by 70% (~7 kcal·kgFFM-1·d-1) in Eumen
women compared to the women with ExMD at baseline. At 6-mo, no difference in
energy balance expressed as kcal·kgFFM-1·d-1 was detected between groups;
however, the ExMD group had an 18.5% greater EA compared to the Eumen
group. Energy availability and exercise energy expenditure also were not
different between groups at baseline and at post-intervention. After adjusting
energy balance (kcal·kgFFM-1·d-1) and absolute VO2max to allow for a 5% false
discovery rate, no differences between groups at baseline were found (adjusted pvalue= 0.29 for both variables).
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Table 4.2. Energy availability, energy balance, and physical
characteristics in active women classified as eumenorrheic or with ExMD
Mean (SD)
Eumen
(n=10)

Description
Age (y)
Age at Menarche
(y)
Weight (kg)
Lean Body Mass
(kg)
Fat Free Mass (kg)
Body Mass Index
(kg·m-2)
Body Fat %
Exercise
(h·wk-1)a
VO2max
(ml·kg-1·min-1)
VO2max
(L·min-1)
Energy Balance
(kcal·d-1)
Energy Balance
(kcal·kgFFM-1·d-1)
Energy Availability
(kcal·d-1)
Energy Availability
(kcal· kgFFM-1·d-1)a
Exercise Energy
Expenditure
(kcal·d-1)a

ExMD (n=8)

6-mo

1-sided p-values
Eumen
vs. ExMD
ExMD
0-mo
at 0at 6vs. 6mo
mo
mo
0.23
--0.16
---

0-mo*
23.1 (4.3)
12.7 (1.3)

0-mo
22.6 (3.3)
13.5 (2.0)

66.8 (9.3)
48.5 (4.7)

62.4 (7.8)
46.2 (4.4)

64.0 (8.0)
46.1 (4.7)

0.15
0.15

0.26
0.15

0.03
0.48

51.0 (5.0)
23.2 (2.8)

48.5 (4.6)
22.3 (2.5)

48.4 (4.8)
22.9 (2.5)

0.14
0.26

0.14
0.41

0.48
0.03

23.2 (4.4)
7.4 (3.6)

22.0 (4.7)
7.4 (3.2)

24.1 (3.9)
7.1 (3.4)

0.30
0.50

0.33
0.44

0.01
0.33

50.6 (5.2)

49.0 (5.8)

49.3 (6.0)

0.27

0.31

0.42

3.3 (0.4)

3.0 (0.3)

3.1 (0.4)

0.04

0.15

0.07

-171 (459)

-510 (361)

-44 (707)

0.06

0.33

0.07

-3.0 (9.7)

-10.3 (6.9)

0.05

0.35

0.07

1945 (452)

1760 (429)

2177 (645)

0.20

0.20

0.09

38.3 (10.3)

36.7 (10.2)

45.4 (14.7)

0.38

0.13

0.10

484 (164)

553 (242)

517 (293)

0.25

0.39

0.39

--.
--.

-0.7 (15.1)

Key: Eumen=Eumenorrheic; ExMD = Exercise-Induced Menstrual Dysfunction; VO2max=maximal
aerobic capacity
*Eumen were measured at baseline (0-mo) only and compared to ExMD at 0-mo and at 6-mo.
a
Exercise = Physical Activity > 4.0 METS

ExMD: 0-mo vs. 6-mo. In the ExMD group, mean body weight and BMI increased
from 0-mo to 6-mo with a corresponding increase in body fat percentage. There
was no change, however, in lean body mass and fat free mass from 0-mo to 6mo. Absolute VO2max (L·min-1) and relative VO2max (ml·kg-1·min-1) were also not
different at 6-mo compared to 0-mo. At baseline, all women in the ExMD were in
negative energy balance. At post-intervention, 5 of the 8 women had a positive
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increase in energy balance with two women in energy balance and one in negative
energy balance post-intervention. Overall, mean energy balance, however, did not
improve over the intervention (1-sided 95% CI >-64 kcal·d-1). Energy availability
was less than 30 kcal· kgFFM-1·d-1 in three individuals at baseline and in one
individual at post-intervention. All but two women had improvements in energy
availability due to the intervention with an overall mean increase in energy
availability of 24%. No mean improvements in energy availability, however, were
detected (1-sided CI >-103 kcal·d-1). At post-intervention, one amenorrheic
participant had a decrease in energy intake by 115 kcal·d-1 and an increase in
energy expenditure by 652 kcal·d-1. As a result, energy balance decreased by 766
kcal·d-1 and energy availability decreased by 787 kcal·d-1. These changes took
place over the last month of the study. Compared to baseline, this participant,
however, had a positive increase in body weight of 2.6 kg over the course of the
study, which is indicative of positive energy balance. Analysis excluding this
individual revealed a mean increase in energy balance of 639 kcal·d-1 (p=0.02)
씐Я
and increase in energy availability of
589 kcal·d-1 (p=0.03). Statistical analysis did

not warrant removal of this individual from analysis; substantial dietary and
exercise changes, which were unique to this individual, were however made
during the last month of the study which may have altered results. Overall, the
intervention resulted in a 24% increase in EA. If we exclude the one individual
mentioned above, the percentage increase in EA was 34%.
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4.6.2 Menstrual Status and Reproductive Hormone
Blood reproductive hormones levels and ovulation status for Eumen (0-mo) and
ExMD (0-mo and 6-mo) are presented in Table 4.3.
Table 4.3. Reproductive Hormones and Ovulation Status
Mean (SD)

Description
T3 (nmol·L-1)
Estradiol (pmol·L-1)
Progesterone
(nmol·mL-1)
LH (IU·L-1)
FSH (IU·L-1)
Ovulation

Eumen
(n=10)
0-mo*
1.70 (0.16)
158.1
(115.4)
1.8 (1.1)

ExMD (n=8)
0-mo
6-mo
1.61 (0.32)
1.62 (0.24)
232.6
399.9 (557.8)
(260.7)
3.2 (3.1)
2.5 (1.4)

5.9 (3.3)
5.5 (1.2)
n=10

5.6 (4.1)
4.1 (2.2)b
n=0

15.3 (16.3)
5.1 (2.0)
n=7

Normal Rangea
1.20-2.74
45.9-609.4
0.6-4.8
2.4–12.6
4-13

* Eumen were measured at baseline (0-mo) only and compared to ExMD at 0-mo and at 6-mo.
a Normal ranges reported by Samaritan Health Services on blood report at the time of the analysis.
b significantly different from Eumen (p<0.05).

Eumen vs. ExMD. Eumen and ExMD had similar T3, estradiol, progesterone, and
LH levels at 0-months and at 6-mo (p>0.05). ExMD had lesser FSH levels
compared to Eumen at 0-mo (p<0.01) but similar levels at 6-mo (p=0.45). All
participants at 0-mo and at 6-mo had values within normal range for reproductive
and thyroid hormones (Table 4.3).
ExMD: 0-mo vs. 6-mo. The ExMD group included 7 amenorrheic women with
amenorrhea and one oligomenorrheic women. At the end of the intervention, all 8
women in ExMD resumed menses (mean time to first period = 2.63 months,
range = 1-7 months), and 7 out of 8 women reported ovulating. At 6-mo,
Estradiol, LH, and FSH levels were greater by 72%, 173%, and 24% than 0-mo
but was not statistically different (p>0.05). Progesterone and thyroid levels also
did not change with the intervention (p>0.05).
4.6.3 Muscle Power and Torque
In Figure 4.2 and Figure 4.3 respectively, peak and average power for ankle
extension and flexion and knee flexion and extension during isokinetic
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contractions are presented for pre- and post-intervention in ExMD group and at
baseline only for Eumen group. Hamstrings: quadriceps torque ratio is presented
in Table 4.4. Explosive power is presented in Figure 4.4.
Eumen vs. ExMD.
At baseline, peak power for knee extension was greater in Eumen compared to
ExMD but was not different at 6-mo (Figure 4.2). Since velocity was held
constant, greater peak power is due to greater peak torque; however, after
adjusting for a 5% false discovery rate, no changes in peak knee extension power
were found. No other differences in peak power between group at baseline and
post-intervention were detected (Figure 4.2). Hamstrings: quadriceps torque ratio
and average power were also similar between groups at baseline and at postintervention (Table 4.4 and Figure 4.3).
At baseline, mean explosive power was similar in both groups after accounting for
Я (p=0.61, 95% CI=[-34.33, 73.64 N·M-1]
baseline body weight (kg) and age 애
(y)

for right leg and p=0.89, 95% CI=[-36.42, 58.90 N·M-1]for left leg; Figure 4.4).
Mean explosive power was also similar between groups at 6-mo after accounting
for baseline age (y) and weight (kg) (p=0.59, 95% CI=[-32.04, 75.53 N·M-1] for
right leg and p=0.68, 95% CI=[-34.84, 66.71 N·M-1] for left leg; Figure 4.4).
ExMD: 0-mo vs. 6-mo. Peak power for ankle extension was greater at 6-mo
compared to baseline (Figure 4.2). Since velocity was held constant, the increase
in power is due to an increase in peak torque. No other differences in peak power
were detected (Figure 4.2) were detected. Hamstrings: quadriceps torque ratio
(Table 4.4) did not change with the intervention (p>0.05). Average power for
ankle extension and knee flexion and extension was greater post-intervention
compared to baseline (Figure 4.3). Average power for ankle flexion did not change
with the intervention (Figure 4.3). After adjusting for a 5% false discovery rate,
no changes in peak and average power were found with the intervention.
After accounting for baseline age (y) and weight (kg), mean explosive power in
the ExMD group did not change over the course of the intervention (p=0.81, 95%
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CI=[-445, 367 N·M-1] for right leg and p=0.41, 95% CI=[-264, 545 N·M-1] for left
leg respectively; Figure 4.4).
Table 4.4. Hamstrings: Quadriceps Torque Ratio
Mean (SD)
Speed (deg·sec-1)
60
120
180

Eumen (n=10)
0-mo*
0.49 (0.08)
0.51 (0.14)
0.68 (0.44)

ExMD (n=8)
0-mo
6-mo
0.51 (0.09)
0.53 (0.11)
0.53 (0.09)
0.57 (0.13)
0.61 (0.15)
0.60 (0.12)

* Eumen were measured at baseline (0-mo) only and compared to ExMD at 0-mo and at 6-mo.

108

b)

120

120

100

Ankle Flexion
Peak Power (Watts)

Ankle Extension
Peak Power (Watts)

a)

80
60

*
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-

ExMD 0-mo
ExMD 6-mo
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300
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-
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100
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180
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ExMD 0-mo
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Velocity (deg·sec-1)
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Figure 4.2. a) Ankle Extension, b) Ankle Flexion, c) Knee Extension, and
d) Knee Flexion peak power during isokinetic contractions at baseline (0mo) and after 6-mo intervention (6-mo) in active women with menstrual
dysfunction (ExMD) and Eumenorrheic control (Eumen). *Peak power for
ankle extension was greater in ExMD at 6-mo compared to 0-mo (p=0.01, 95%
CI=[2.01, 16.63 watts]). Peak power did not change over the intervention for
ankle flexion (p=0.87, 95% CI=[-2.43, 2.08 watts]), knee extension (p=0.10,
95% CI=[-1.57, 15.62 watts]; and knee flexion (p=0.09; 95% CI=[-1.24, 17.34
watts]). †Peak knee extension power was greater in Eumen compared ExMD at
baseline (p=0.04, 95% CI=[0.502, 19.546 watts]) but was similar compared to
ExMD at 6-mo (p=0.36, 95% CI=[-20.35, 55.48 watts]). Peak power was similar
for ankle flexion and extension and knee flexion between groups at 0-mo and at
6-mo (p>0.05).
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Figure 4.3. Average Power for a) Ankle Extension, b) Ankle Flexion, c)
Knee Extension, and d) Knee Flexion at baseline (0-mo) and after 6-mo
intervention (6-mo) in active women with menstrual dysfunction (ExMD)
and Eumenorrheic control (Eumen). Average power for ankle extension
(p=0.02; 95% CI=[0.86, 8.07 watts]), knee extension (p=0.03, 95% CI=[0.78,
11.69 watts]), and knee flexion (p=0.004; 95% CI=[3.42, 11.69 watts]) were
greater at 6-mo compared to 0-mo. Ankle flexion average power did not change
with the intervention (p=0.9542, 95% CI=[-0.92, 0.87 watts]). Average power
was similar between groups at 0-mo and at 6-mo for all measurements (p>0.05).
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Figure 4.4. Average Explosive Power for Left and Right Legs at baseline
ܐа
(0-mo) and after 6-mo intervention
(6-mo) in active women with
menstrual dysfunction (ExMD) and Eumenorrheic control (Eumen).
Explosive power did not change over the intervention in the ExMD group after
accounting for baseline age (y) and weight (kg) (p>0.05). Explosive power was
similar between groups after accounting for baseline age (y) and weight (kg) at
baseline and at post-intervention (p>0.05).
4.6.4 Phosphorylated States of AMPK, p70S6K, and FoxO1a
Phosphorylated AMPK, p70S6K, and FoxO1a expressed relative to total protein
content are presented in Figure 4.5 for the ExMD group at baseline and postintervention and for Eumenorrheic controls.
Eumen vs. ExMD. Phosphorylated FoxO1a, p70S6k, and AMPK levels were similar
in Eumen and ExMD at baseline and at 6-mo (Figure 4.5).
ExMD: 0-mo vs. 6-mo. No changes in phosphorylated levels of FoxO1a, p70S6k,
and AMPK were observed as a result of the intervention (Figure 4.5).
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a)

b)

c)
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Figure 4.5. a) Phosphorylated AMPK, b) phosphorylated p70S6K, and c)
phosphorylated FoxO1a (Bottom Right) at pre- (0-mo) and postintervention (6-mo) in active women with menstrual dysfunction (ExMD)
and in Eumenorrheic control (Eumen). No difference in phosphorylated states
were detected (p>0.05).
4.7

Discussion

To our knowledge, this is the first study to examine the impact of menstrual
dysfunction on muscle strength and power and post-exercise phosphorylation of
p70S6K, AMPK, and FoxO1a. We report here that after a 6-mo CHO-PRO
supplement intervention, menses was resumed in all of the participants with
menstrual dysfunction and ovulation in all but one participant. Improvements in
average power for knee extension and flexion and in average and peak power for
ankle extension were realized in ExMD at post-intervention, but no other changes
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were

detected

in

muscle

strength

and

power.

We

hypothesized

that

phosphorylation of AMPK would decrease and phosphorylation of FoxO1a and
p70S6K would increase with the intervention. We found, however, that total
phosphorylated

FoxO1a,

AMPK,

and

p70S6k

was

similar

post-intervention

compared to baseline. In this study, muscle assessments were made upon
completion of a 6-mo intervention at which the women in ExMD group
experienced on average only ~3 months of normal menstrual cycles. It is
plausible that a longer time period after resumption of menses is required before
improvements in muscle strength and health are realized.
4.7.1 Intervention and Menstrual Status
In women with ExMD, the addition of a CHO-PRO supplement (360 kcal·d-1) to
their daily diet successful restored menses which is consistent with results
reported in a case study by Dueck et al. (1996). In this case study, energy
expenditure was decreased by including a day of rest110. Based on a pilot study
а
conducted in our laboratory, we learned
that women were reluctant to take a day

of rest, and thus we chose to alter energy intake only. Energy intake in both
studies was increased using a CHO-PRO supplement (360 kcal·d-1). In the present
study, the women who had amenorrhea for >1y took longer to resume menses
than amenorrheic runner in the case study by Dueck et al. (1996) (6-mo vs. 15
wk). The inclusion of a day of rest in the case study by Dueck et al. (1996), which
would have improved energy availability, may account for the time differences.
Ovulatory status was also restored in the current study in all but one woman with
ExMD. This amenorrheic individual likely did not ovulate due to an increase in
energy expenditure and a decrease in energy intake during the last month of the
study.
Contrary to our hypothesis, energy availability and energy balance did not
significantly increase; we did observe a 24% increase in EA and 91% increase in
EB. With the exclusion of an outlier, a significant increase in energy availability
and energy balance was found as discussed previously. Loucks et al. (1998)
reported that young sedentary women with energy availability of 30 kcal·kg FFM-1
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experienced LH pulsatility disruptions. In the current study, energy availability in
the women with ExMD was greater than reported by Loucks et al. (1998) and
similar to our Eumen group. With the intervention, energy availability in the ExMD
women increased to values similar those reported by Loucks et al (1998) for
sedentary women with normal pulsatility. Study design differences may explain
differences in energy availability; an acute (4-d) energy restriction protocol was
used by Loucks et al (1998) to induce ExMD in sedentary women whereas women
in the current study were athletes with chronic menstrual disturbances (≥1 y).
4.7.2 Muscle Torque and Power
We expected that with restoration of menses and energy availability
improvements, muscle strength and power would increase in ExMD group.
Average power for knee flexion and extension and average and peak power for
ankle extension were greater at post-intervention compared to baseline. The only
difference between Eumen women and women with ExMD was greater knee
extension power in ExMD at baseline. No study, to our knowledge, has examined
whether menstrual dysfunction (i.e., chronically low estrogen levels) impacts
muscle strength and power. The impact of normal cyclic estrogen fluctuations on
muscle strength and power, however, has been examined in eumenorrheic trained
females1-6. Only Phillips et al. (1996) reported a relationship between torque and
menstrual cycle phase. The applicability of these finding to athletic performance,
however, is questionable since measurements were only made in the adductor
pollicis (i.e., thumb). In five studies, no relationship between knee flexion and
extension torque and menstrual cycle phase was consistently reported despite
differing research methods employed to confirm menstrual status, determine
menstrual cycle phase, and measure knee flexion and extension strength (i.e.,
timing and speed of measurement)2-6. Of these five studies, knee extension and
flexion at 60 deg·sec-1 was measured in three studies2, 4, 6. Compared to the
present study, Janse de Jonge (2001) reported greater mean values for
eumenorrheic women. Abt et al (2007), however, reported similar values to the
current study for hamstrings: quadriceps ratio at 60 deg·sec-1. Unfortunately,
DiBrezzo et al. (1991) did not report torque values and thus direct comparisons
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cannot be made. Only Hertel et al. (2006) examined knee flexion and extension at
120 deg·sec-1 reporting greater knee extension and flexion torque and hamstrings:
quadriceps ratio than in the present study. Finally, DiBrezzo et al. (1991) and Abt
et al (2007) measure knee flexion and extension torque at 180 deg·sec-1. As
discussed previously, torque values were unfortunately not reported by DiBrezzo
et al. (1991) for comparison. In the present study, greater hamstrings:
quadriceps ratio was reported for both ExMD and Eumen group compared to those
reported by Abt et al (2007). Lebrun et al. (1995) only assessed knee flexion and
extension strength at 30deg⋅sec-1 and therefore cannot be compared directly to
the present study. Taken together, the women in the present study despite
menstrual status had lower mean knee flexion and extension torque at slower
speeds (60 and 120 deg·sec-1) but greater values at faster speeds (180 deg·sec-1)
than previously reported. A plausible explanation for the differences in findings is
the athletic population examined; however, with the exception of Hertel et al.
(2006), the training backgrounds of the eumenorrheic women in the studies
above were not provided.

а

In the present study, ankle extension and flexion was also measured at three
different velocities (60, 120, and 180 deg·sec-1) with no differences found
between groups. Ankle extension peak and average power improved in ExMD with
the intervention. To our knowledge, no studies have examined the relationship
between estrogen and ankle flexion and extension strength in young active
women. A few studies, however, have reported values for ankle extension and
flexion torque for young active women197, 198. For men and women combined, Van
Zant and Boullin (2007) reported greater ankle extension torque at 60 deg·sec-1
than in the current study; the inclusion of men, however, likely explains the
differences in findings. Payne et al. (1997) reported in women basketball players
lesser mean torque values for both ankle extension and flexion than in the present
study. In the current study, women were from a variety of sports, which may
account for the differences in findings. To our knowledge, this is the first study to
examine the relationship between menstrual dysfunction and ankle flexion and
extension strength. We report here an improvement in ankle extension power,
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which corresponded to restoration of menses in women with ExMD; no differences
in ankle flexion and extension were found, however, between women with ExMD
and Eumen women.
4.7.3 Protein Synthesis and Degradation: Cell Signaling Pathways
We expected that low energy availability and estradiol levels would negatively
affect protein synthesis and degradation. In the present study, we did not directly
measure protein synthesis and degradation but proteins involved in the signal
transduction pathways (i.e., AMPK for energy status, p70S6K for protein
synthesis, and FoxO1a for protein degradation). Contrary to our hypothesis, we
report here no significant differences in phosphorylated AMPK, p70S6K, and
FoxO1a between Eumen and ExMD groups and over the course of the
intervention. We did, however, observe a 39% mean increase in phosphorylated
p70S6K; contrary to our hypothesis, it was associated with a 11% decrease in
phosphorylated FoXO1a and 32% increase in phosphorylated AMPK. As discussed
below, a pre-exercise meal was notа
part of the protocol for this study and may
have impacted results.
In the present study, phosphorylated protein levels were measured at 60 min
after an acute bout of exercise (45 min run at 75% VO2max), in which the
participants immediately consumed a CHO-PRO supplement (360 kcal; 54g CHO,
20g PRO, 8g Fat). A CHO-PRO supplement was chosen based on research in which
a post-exercise CHO-PRO supplement was reported to enhance protein synthesis
and tissue repair after exercise118-120. Consistent with recommendations, this
CHO-PRO supplement was provided immediately after exercise in this study and
contained approximately 0.3 g·kg-1 protein and 0.9 g·kg-1 carbohydrates27, 113.
Protein Synthesis and Degradation Studies
In active women, few studies have examined protein synthesis and degradation
after aerobic exercise71, 120, 199. Levenhagen (2002) measured leg protein synthesis
and degradation after 60 min of cycling at 60% VO2max in recreationally active
individuals (5 men, 5 women). A CHO-PRO supplement (8g CHO, 10g PRO, and 3g
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Fat) yielded increased leg fractional extraction of phenylalanine by 4-fold during
180 min recovery compared to no supplement and to a carbohydrate only
supplement199. The rate of leg protein synthesis also increased at 1-h after
exercise and returned to basal levels at 2-h199. No difference in protein
degradation was detected at 1-h or 2-h post-exercise compared to basal levels,
and thus a net gain in leg protein was realized at 1-h after exercise199. Compared
to Levenhagen (2001, 2002), the duration of exercise in the present study was
shorter (45 min vs. 60 min) but the intensity was greater (75% vs. 60%
VO2max). The participants in the current study also ingested a greater amount of
CHO, PRO, and fat than in the studies by Levenhagen (2001, 2002). In addition,
we did not directly assess protein synthesis and degradation but assessed cell
signaling protein (FoxO1a and p70S6K), which was not measured by Levenhagen
(2001, 2002). Phosphorylated proteins in the current study were measured at 1-h
post-exercise, which corresponds to the time point at which Levenghagen (2001)
reported a net gain in leg protein.
Miller et al. (2006) also examined protein synthesis following cycling (60 min at
67% maximal watts) in eumenorrheic women at different phases of the menstrual
cycle (i.e., early follicular phase and early luteal phase). After exercise, the
women ingested a CHO-PRO supplement (64% CHO, 15% PRO, 21% fat) drink
every 30 min for 4 h71. Miller et al. (2006) reported that myofibrillar protein
synthesis at 24-h post-exercise was greater compared to baseline at both time
points in the cycle71. No difference in post-exercise protein synthesis at 24-h was
detected between luteal phase and follicular phase71. In the present study, the
duration of exercise was lesser but the intensity was greater than in the study by
Miller et al. (2006). The women also ingested a single CHO-PRO supplement
immediately following exercise, and the cell signaling proteins for protein
synthesis and degradation were measured at 1-h post-exercise. Finally, the focus
of the present study was on the impact of chronically low estrogen levels (i.e.,
ExMD) and low energy availability on protein synthesis. The women in the study
by Miller et al. (2006) were eumenorrheic women with normal cyclic fluctuations
in estrogen; energy availability was not reported.
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Phosphorylated p70S6K
To our knowledge, the post-exercise phosphorylated p70S6K and AMPK has not
been measured after an acute bout of aerobic exercise with the consumption of a
nutrition supplement. Reitelseder et al (2011), however, examined protein
synthesis and measured phosphorylated levels of p70S6K after acute resistance
bout (10 sets of 8 repetitions at 80% of 1 repetition maximum [RM]) in males.
Immediately after exercise, the participants either ingested a water, whey drink
(20 g PRO), or casein drink (20 g PRO)200. At 1-h post-exercise, levels of
phosphorylated p70S6K (Thr389) was lesser with the consumption of water
compared to the two protein drinks, but no differences in the myofibrillar
fractional synthesis rate (FSR) were detected over 1-3.5h post-exercise200.
Myofibrillar FSR, however, was greater over 1-6h post-exercise with the
consumption of the protein drinks compared to water200. Deldicque et al. (2010)
also examined protein synthesis in young active men after acute bout of
resistance exercise (3 sets of 8 repetitions
at 80% 1RM) after a pre-exercise fast
ᴠа
or standardized carbohydrate-rich breakfast (722 kcal. 85% CHO, 11% PRO, 4%
fat). Immediately after exercise, all participated ingested a CHO-PRO supplement
(6 ml·kg-1; 50g·l-1 CHO, 16.6 g·l-1 leucine, and 33.3 g·l-1 protein hydrosylate)
during each hour of recovery201. With a pre-exercise fast, phosphorylation levels
of p70S6K were lesser at 1-h post-exercise compared to the fed state201. The
present study included similar amounts of protein (20 g milk protein isolate),
which was consumed immediately after a 45-min run (75% VO2max). The
carbohydrate content of the drink in the present study was approximately 2-fold
greater than the amount ingested by participants in the study by Deldicque et al
(2010) prior to the 1-h muscle biopsy. Phosphorylated p70S6K (Thr389) was,
however, measured at 60-min as in the above studies with no differences found
between groups or pre-and post-intervention. In the present study, the women
were required to fast for 8-h prior to exercising to eliminate any differences
among participants in acute energy status. Based on the finding of Deldique et al
(2010), it is plausible that this pre-exercise fast yielded decreased
phosphorylation of p70S6K at 1-h, and that with a standardized pre-exercise
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meal, differences between eumenorrheic and women with ExMD would have been
realized.
Phosphorylated AMPK
Only one study has examined phosphorylated AMPK after exercise with the
ingestion of a nutrient supplement202. In this study, phosphorylated AMPK in
males was first measured at 1-h post-resistance exercise (10 sets of 10
repetitions at 70% of 1 RM) without supplementation, and an increase in AMPK
phosphorylation was reported compared to baseline202. At 1-h post, the
participants then either ingested a low EAA-PRO drink (20g of essential amino
acids [EAA]; 0.5 g/kg LBM CHO) or high EAA-PRO drink (20g of essential amino
acids; 1.4 g/kg LBM CHO)202. At 2-h post-exercise (and 1-h after ingestion of the
drink), levels of phosphorylated AMPK decreased with the high EAA-PRO drink but
not the low EAA-PRO drink202. A similar increase in leg net protein balance was
realized with both drinks, which was primarily attributed to an increase in protein
synthesis

202

㉰а

. Compared to Glynn et al (2010), the women in the present study

ingested similar amounts of essential amino acids (20 g of whey protein isolate)
and less CHO than in the high EAA-PRO group (~1.1 g/kg LBM). Based on the
findings of Glynn et al (2010), it is reasonable to assume that a decrease in AMPK
phosphorylation would be realized with the CHO-PRO supplement, which would be
associated with a small decrease in protein degradation. In the present study, we
did not measure time course of change in phosphorylated AMPK but were
interested in the impact of menstrual status on protein degradation. Glynn et al
(2010) reported that improvements in leg net protein balance were mostly due to
increases in protein synthesis; this suggest that if menstrual dysfunction did have
an impact on muscle protein balance, it would most likely alter protein synthesis.
We did not, however, find any differences in phosphorylated p70S6k, which may
be due to the pre-exercise fast as discussed previously.
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Phosphorylated FoxO1a
No study to our knowledge has measured post-exercise phosphorylated FoxO1a
after the consumption of a nutritional supplement. The time course of FoxO3a
mRNA expression has been examined in only one study after a 30 min run at 75%
VO2max203. Louis et al (2007) reported increased mRNA expression at 1-h postexercise compared to pre-exercise levels with levels returning to baseline at 2-h.
In the present study, we examined FoxO1a instead of FoxO3a which is regulated
in the same manner. We also measured phosphorylated state of FoxO1a and not
mRNA expression at 1-h post-exercise. We report here no difference in
phosphorylated state between groups or before and after a 6-mo intervention in
ExMD. As discussed previously, protein degradations pathways may not be altered
significantly by changes in nutrient availability compared to protein synthesis.
In summary, we report here no difference in phosphorylation of AMPK, p70S6k,
and FoxO1a between eumenorrheic women and women with ExMD measured at
1-h after a 45-min run (75% VO2max). The 6-mo CHO-PRO intervention which
restored menses did not correspond to changes in phosphorylation of these
proteins in the ExMD. Based on the studies discussed above, it is plausible that
only protein synthesis would negatively be impacted by ExMD. Thus, a change in
phosphorylated AMPK and FoxO1a would not be expected. We did not, however,
realize increased phosphorylation of p70S6K. Deldicque et al., (2010) reported
that a pre-exercise fast can lead to decreased phosphorylation of p70S6K. It may
be that the inclusion of a pre-exercise fast in the current protocol masked the
effects of chronic low energy availability and estrogen deficiency. Additional
research is warranted to study the impact of pre-exercise meal on post-exercise
protein synthesis in women with ExMD compared to eumenorrheic women.
Additionally, it would be appropriate to include direct measurements of protein
synthesis and degradation with measurements of the cell signaling proteins.
4.7.4 Strengths and Limitations
In interpreting the results of the study, some strengths and limitations should be
noted. In the present study, we met with our participants weekly for a 24-h recall,
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to record injuries and note any outside factors that could have impacted the
study. The intervention did, however, take place over 6-mo daily where daily
routines fluctuated. A carefully screening for reproductive disorders besides ExMD
was included in this study. A single blood draw (at 0-mo and at 6-mo), however,
was taken to evaluate reproductive hormones, and therefore we were unable to
evaluate LH pulsatility. A limitation of this study is that we did not directly assess
protein synthesis or degradation but examined the phosphorylation state of cellsignaling pathways involved in protein synthesis and degradation. We took the
measurement at a single time point, which only indicates if post-exercise protein
synthesis/degradation may be occurring. From this measurement, we cannot
extrapolate post-exercise net muscle balance. A direct measurement of postexercise muscle protein synthesis and degradation would clarify whether ExMD
has an impact on post-exercise recovery. Finally, multiple comparisons were
made, which increases the probability of a false positive increases. Therefore, we
also report here both p-values after accounting for a false discovery rate of 5%.
Ḑа

4.7.5 Conclusions
Improvements in average power were realized for knee extension and flexion and
in average and peak power for ankle flexion in women with ExMD upon completion
of a CHO-PRO intervention that increased energy intake, in which all women
restored menses. No change in phosphorylation of cell signaling proteins for
muscle protein synthesis and degradation were realized. In the present study, the
measurements were made after exercise with a pre-exercise fast, which
potentially could have blunted protein synthesis post-exercise. Additional research
on post-exercise protein synthesis is warranted in women with menstrual
dysfunction.
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5

GENERAL CONCLUSIONS

The goal of this research was to examine if improvements in energy availability,
using a carbohydrate-protein (CHO-PRO) supplement, would restore normal
menstrual function in women with exercise-induced menstrual dysfunction and
thus yield improvements in musculoskeletal and bone health. The specific aims
were:
Aim 1: Determine if moderate increases in energy intake, using a CHO-PRO
supplement intervention, can restore normal menstrual function and hormonal
status and improve muscle net protein balance and function in active females.
The hypothesis was that a CHO-PRO supplement intervention would improve
energy availability, and would thus restore normal menstrual function and
hormonal status. In addition, the intervention would improve muscle net protein
synthesis and function.
㏐а

Aim 2: Determine whether the interventions also improve bone health, nutritional
status, and mood state.
The hypothesis was that a CHO-PRO supplement intervention will yield
improvements in bone health and nutritional status and mood state.
In this chapter, the key findings of the study will be summarized followed by
limitations and strengths, future research, and lessons learned.
5.1

Key Finding

A brief summary of the key findings for menstrual status, dietary intake, and
hormonal, muscle and bone health are summarized below.
Menstrual Status
We hypothesized that energy availability would improve with a CHO-PRO
supplement resulting in restoration of normal menstrual function.
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A 6-month CHO-PRO intervention (350 kcal·d-1) was associated with the
resumption of menses in active women with ExMD (7 amenorrheic and 1
oligomenorrheic athletes) and an increase in body weight. In this study,
participants reported menstrual status, which was confirmed by serum
reproductive and thyroid hormone measurements. The length of time to first
menses (2.6±2.2mo to first menses, 3.5±1.9cycles), however, was variable with
those who were amenorrheic the longest requiring more time to resume their
cycle (range=1-6mo). Ovulation was also restored in seven of the eight women
with ExMD. During the last month of the study, the anovulatory individual
decreased energy intake (114 kcal·d-1) and increased physical activity levels
(exercise energy expenditure increased by 673 kcal·d-1). This likely affected her
ovulation status at the end of the study.
Energy and Dietary Intake
Contrary to our hypothesis, no significant mean improvement in energy
availability (EA) was detected at post-intervention in the ExMD group (mean EA
was 36.7 kcal·kgFFM-1·d-1 and 45.4 kcal·kgFFM-1·d-1 at pre-and post-intervention
respectively). Overall, we did observe an increase in EA of 24% and a 91%
increase in EB. Excluding one ExMD outlier, EA, however, increased by
589 kcal·d-1 (12.2kcal·kgFFM-1·d-1) with the intervention (p=0.03). The
anovulatory participant discussed above had a mean decrease in EA of 16.4
kcal·kgLBM-1. This participant, however, had a positive increase in body weight of
2.6 kg over the course of the study, which is indicative of positive energy balance.
Dietary intake of energy (kcal·d-1), protein (g·d-1), and calcium (mg·d-1) were
greater in the ExMD group at post-intervention compared to baseline. The
increases observed (Energy=380 kcal·d-1; PRO=27 g·d-1; Calcium = 405 mg·d-1)
corresponded to the added nutrients provided by the CHO-PRO supplement
(Energy=360 kcal·d-1; PRO=20 g·d-1; Calcium= 300 mg·d-1). Mean energy,
macronutrient and micronutrient dietary intakes were similar among women with
ExMD and eumenorrheic controls at baseline and post-intervention except for
calcium intake. Mean calcium intake was 514 mg·d-1 greater in ExMD post-
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intervention, which 300 mg of the difference can be attributed to the CHO-PRO
drink.
Hormonal Health
Despite improvements in menstrual status, no significant changes in hormonal
health were realized from pre- to post-intervention. At pre-intervention in ExMD
group, reproductive hormones were measured at convenience. In eumenorrheic
controls and in ExMD at post-intervention, reproductive hormones were measured
during the first 5 days after menses when reproductive hormones levels are
typically low. Therefore, we did not expect to see a difference in reproductive
hormones due to the timing on the draw. Compared to the eumenorrheic controls,
the only differences found was that FSH levels were 12% lower in ExMD group at
baseline. No improvements in FSH levels were realized with the intervention
although the ExMD group at post-intervention had similar values to eumenorrheic
group. Eumenorrheic controls and women with ExMD had similar levels of insulinἀа

like growth factor-1, 25-OH Vitamin D, and leptin at baseline and postintervention.
Bone Health
Overall, the women in both groups had health bones, with mean BMD and BMC
above norms. In ExMD group, two women, however, had low hip BMD and three
had low spinal BMD at baseline. All eumenorrheic women had normal hip BMD,
and only one had low spinal BMD. We expected that BMD would improve with the
intervention and the resumption of menses. With the intervention, spinal BMD
improved in two women (osteoporosis to low BMD in one; low to normal BMD in
the other). No other changes in BMD and BMC were found. A longer ExMD
duration was associated with lower BMD. Bone formation (osteocalcin and P1NP)
and resorption (CTX) did not change with the intervention and were similar
between eumenorrheic and ExMD women. The time period of 6 months is a
relatively short time to see improvements in bone. More time (≥1y) after the
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resumption of menses is likely required before significant changes in bone are
realized.
Muscle Health
We hypothesized that improvements in muscle strength and power would be
realized with a CHO-PRO intervention that resumed menses. Improvements in
muscle power were observed for knee extension and flexion and ankle extension.
We also expected that at baseline, the ExMD group would have lower muscle
strength and power at baseline and would be similar at post-intervention
compared to eumenorrheic controls. In agreement with our hypothesis, knee
extension peak power was greater in eumenorrheic athletes at baseline and at
post-intervention was similar compared to the ExMD group. We found no other
differences in muscle strength and power between groups. Based on these
findings, menstrual status may have an impact on muscle power.
㕀а
We hypothesized that EA improvements
and restoration of menses would be

associated with increased phosphorylation of p70S6K (protein synthesis marker)
and FoxO1a (protein degradation marker), and decreased phosphorylation of
AMPK (energy status marker). No changes in phosphorylation state of these
proteins were found with the intervention or between groups. These proteins,
however, do not directly measure protein synthesis and degradation but are part
of the cell-signaling pathways for muscle protein synthesis/degradation. Based on
previous research, we expect that increased phosphorylation of p70S6K and
FoxO1a would be associated with increased protein synthesis and decreased
protein degradation and thus we chose these measurements. In the present
study, phosphorylated proteins were measured after an exercise protocol
requiring a pre-exercise fast. Fasting prior to exercise may alter protein
phosphorylation independent of menstrual status. Further research evaluating
these proteins post-exercise with and without a fast prior to exercise is needed
5.2

Strengths and Limitations
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Limitations and strength of this study should be considered when interpreting
results. The strengths of the study include:
•

We met with our participants weekly for a 24-h recall, to record injuries,
and to note any outside factors that could have impacted the study. At 3mo, energy intake and energy expenditure were assessed to monitor
changes in diet and physical activity.

•

Serum reproductive and thyroid hormones were measured and carefully
evaluated to eliminate any reproductive disorders besides ExMD.

•

For energy intake, the participants completed a 7-d weighed food log and
provided food labels. We carefully screened for underreporting. For dietary
analysis, food labels and restaurant information were obtained when
possible to ensure accuracy.

•

A careful evaluation of energy expenditure was made employing 7-d
activity logs and accelerometry and a measurement of both RMR and
running energy expenditure using indirect calorimetry.

Limitations of the study include:
•

The intervention took place over 6-mo, where daily dietary intake could not
be monitored, and training and daily routines fluctuated. We did, however,
meet with participants weekly to address this.

•

LH pulsatility was not evaluated since we took only a single blood draw (at
0-mo and at 6-mo). Other measurements were made to ensure proper
classification of participants by menstrual status.

•

Doubly-labeled water for energy intake and a metabolic chamber for
energy expenditure were not used in this study. We did take care to
carefully assess energy intake and expenditure as discussed previously.

•

We did not directly assess muscle protein synthesis or degradation. The
proteins measured were part of the cell-signaling pathways for protein
synthesis and degradation and have been used as indicators of protein
synthesis/degradation. These proteins, however, were assessed at a single
time point and therefore do not provide a full measure of protein synthesis
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and degradation during recovery. A muscle biopsy, which is an invasive
procedure, had to be taken for us to measure these proteins. Therefore,
we decided to take a single muscle biopsy since this is the first study to
assess the relationship between menstrual dysfunction and net muscle
protein synthesis.
•

Multiple comparisons were made in the same group of individuals. The
probability of false positive increases with multiple comparisons. Therefore,
we report also here p-values after accounting for a 5% false discovery
rate.

5.3

Future Research

This is the first study to examine whether increase in energy availability restores
menstrual status in active women. Replication of this study would validate
findings. In addition, a CHO-PRO supplement was used to improve energy
availability. More research is required to explore whether it is the absolute
а

increase in energy intake (kcal) or the macronutrient composition of energy
increase that is important in the reversal of menstrual dysfunction.
The women with ExMD had similar energy availability as the eumenorrheic
controls. It appears that some women may be more susceptible to changes in
energy availability and develop ExMD. Future research is warranted to determine
if a general threshold for energy availability can be establish and to examine the
physiological basis for why some women are more susceptible to ExMD.
Few improvements in musculoskeletal health were realized after resumption of
menses. It is plausible that more time is required after menses resumes before
improvements in musculoskeletal health are realized. Thus, a study which
examines the time course of changes in musculoskeletal health after restoration of
menses would be beneficial.
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5.4

Lessons Learned

Several valuable lessons have been learned during the course of this research
study. They are:
College-Aged Recruiting: When involving a college-aged population, It is
important to start recruiting participants at the beginning of an academic
year for a research study of this length. College students are often
uncertain of summer schedules and are distracted during summer with
other activities.
Hormonal Usage: For this study, women were required to not take any
form of hormonal contraceptives. Hormonal contraceptive usage, which
may mask menstrual dysfunction, is extremely prevalent in this population.
The exclusion of individuals on hormonal contraceptive added another
challenge to recruiting but may also suggest a need for research in active
women taking hormonal contraceptives.
㚠а

Team of Researchers: On this study, we had one doctoral student and
one master student fully dedicated to this project. We also had several
undergraduates assisting with this project. This study required assistance
of this magnitude to ensure proper data collection and analysis. A strong
team is absolutely necessary to successfully implement a research study of
this magnitude.
Length of Study: A 6 month time period was selected based on a pilot
study suggesting that 3 months was not long enough for women to resume
menstrual status. Our experience with this study confirmed that as some
women required the entire 6 months to resume their menses. A side effect,
however, is that this placed a heavy burden on participants, who were
losing interest towards the end of the study.
Weekly Meetings: We met with the participants on a weekly basis to
perform a 24-h recall and discuss any dietary changes or concerns. This
meeting was a key to our success in this study. It helped to keep the
participants engaged and to ensure compliance. It did, however, place
substantial burden on the participant.
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5.5

Summary

Menstrual status was restored in active women with ExMD using a CHO-PRO
supplement. The length of time to first menses was longer for those with longer
amenorrhea. Very few changes in musculoskeletal and hormonal health were
observed. More time after resumption of menses may be required by
improvements are realized. Future research should examine the effect of types of
energy intake compared to total energy intake on restoring menstrual status and
examine the length of time after resumption of menses before musculoskeletal
and hormonal health improvements are realized.
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