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Abstract
OBJECTIVE—We hypothesized that, despite increased activity, bone density would be low in
athletes with amenorrhea, compared with athletes with eumenorrhea and control subjects, because
of associated hypogonadism and would be associated with a decrease in bone formation and
increases in bone-resorption markers.

METHODS—In a cross-sectional study, we examined bone-density measures (spine, hip, and
whole body) and body composition by using dual-energy radiograph absorptiometry and assessed
fasting levels of insulin-like growth factor I and bone-turnover markers (N-terminal propeptied of
type 1 procollagen and N-telopeptide) in 21 athletes with amenorrhea, 18 athletes with
eumenorrhea, and 18 control subjects. Subjects were 12 to 18 years of age and of comparable
chronologic and bone age.

RESULTS—Athletes with amenorrhea had lower bone-density z scores at the spine and whole
body, compared with athletes with eumenorrhea and control subjects, and lower hip z scores,
compared with athletes with eumenorrhea. Lean mass did not differ between groups. However,
athletes with amenorrhea had lower BMI z scores than did athletes with eumenorrhea and lower
insulin-like growth factor I levels than did control subjects. Levels of both markers of bone
turnover were lower in athletes with amenorrhea than in control subjects. BMI z scores, lean mass,
insulin-like growth factor I levels, and diagnostic category were important independent predictors
of bone mineral density z scores.

CONCLUSIONS—Although they showed no significant differences in lean mass, compared with
athletes with eumenorrhea and control subjects, athletes with amenorrhea had lower bone density
at the spine and whole body. Insulin-like growth factor I levels, body-composition parameters, and
menstrual status were important predictors of bone density. Follow-up studies are necessary to
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determine whether amenorrhea in athletes adversely affects the rate of bone mass accrual and
therefore peak bone mass.
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Amenorrhea has been reported to occur in 23.5% of high school athletes,1 although the
prevalence may vary depending on the type, intensity, and duration of exercise, as well as
the athlete's nutritional status.1–4 In particular, activities such as gymnastics, running track,
ballet, diving, swimming, and cheerleading are common among high school girls, require a
thin physique, and are associated with the risk of amenorrhea. Running, cheerleading, and
gymnastics also are associated with greater risk of stress fractures in adolescents.5 Low bone
mineral density (BMD) has been reported for adult athletes with amenorrhea,6–14

particularly endurance athletes, but there are few data regarding bone metabolism in
adolescent athletes with amenorrhea, particularly in comparison with nonathletic control
subjects.

Maximal bone mass accrual occurs between 11 and 14 years of age in girls,15 with >90% of
peak bone mass being achieved by the end of the second decade.15,16 The time to optimize
BMD is thus early to middle adolescence, and insults occurring at this time may have severe
consequences for peak bone mass. This is suggested by reports of greater bone mass deficits
when amenorrhea in athletes develops in adolescence than when it occurs in adult life.17

Major contributors to the rapid increase in BMD in adolescents are the bone anabolic effects
of increasing growth hormone and insulin-like growth factor I (IGF-I) levels in early to
middle puberty and the antiresorptive effects of increasing estrogen levels. Adolescence is a
high bone-turnover state, with increased levels of markers of both bone formation and bone
resorption.18 Levels of these markers decrease to adult levels in late puberty. Bone-turnover
marker levels have not been reported for adolescent athletes with amenorrhea.

Amenorrhea in athletes is associated with significant estrogen deficiency, and we
hypothesize that this may affect bone mass severely when the disorder begins in early or
middle adolescence. In adult athletes, strong associations between the severity of menstrual
dysfunction and low BMD have been reported.11,19–21 Of importance, a permissive role of
estrogen seems to be necessary for the bone anabolic effects of impact-loading exercise,22,23

which may be undone in a hypogonadal state. Therefore, BMD may not be preserved in
athletes with amenorrhea. Predictors of low BMD have not been examined systematically in
adolescent athletes with amenorrhea.

Disordered eating can occur in athletes, and Nichols et al1 reported disordered eating in
18.2% of high school athletes, compared with 13% of adolescents at large.24 Another study,
however, reported a much higher prevalence (47%) of disordered eating in sports requiring a
lean physique, with the prevalence decreasing to ~20% in sports not requiring leanness and
among control subjects.25 Given this prevalence of disordered eating among athletes with
amenorrhea,1,24–29 it is possible that alterations in body-composition and nutritional status
also contribute to impaired bone metabolism. BMI and lean mass are body-composition
measures that strongly predict BMD in adolescents,30 as do levels of IGF-I, a surrogate
nutritional marker.31 Lean mass may or may not increase with endurance training32–34 and
would affect bone accrual accordingly. IGF-I levels peak in middle puberty,35 with
important bone anabolic effects, and low IGF-I levels at this time may have significant
negative effects on bone metabolism. The contributions of changes in body composition and
IGF-I levels to low BMD in adolescent athletes with amenorrhea have not been examined.
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In this study, we determined BMD, levels of bone formation and bone-resorption markers,
and predictors of BMD and bone-turnover markers in adolescent athletes with amenorrhea,
athletes with eumenorrhea, and control subjects of comparable maturity. We hypothesized
that, despite increased activity, BMD would be low in athletes with amenorrhea, compared
with athletes with eumenorrhea and control subjects, because of associated hypogonadism
and would be associated with a decrease in bone formation marker levels and an increase in
bone-resorption marker levels. Given the important role of IGF-I and estrogen in optimizing
bone density in adolescence, we hypothesized that low IGF-I levels and prolonged duration
of amenorrhea would predict low BMD and low levels of bone-turnover markers.

METHODS
Subject Selection

Twenty-one adolescent athletes who met the criteria for diagnosis of amenorrhea, 18
adolescent athletes with eumenorrhea, and 18 control subjects were enrolled in the study. All
subjects were 12 to 18 years of age, and athletes with amenorrhea and athletes with
eumenorrhea were endurance athletes. Athletes with amenorrhea had a self-reported history
of 1 of the following: (1) ≥4 hours of aerobic weight-bearing training of the legs weekly; (2)
>30 miles of running weekly; or (3) >4 hours of specific endurance training weekly for a
period of ≥6 months. These criteria were modified for adolescents from adult criteria.36

Athletes with amenorrhea had been amenorrheic for ≥3 consecutive cycles after initiation of
menstruation36 and regular menstruation for ≥6 months or had not attained menarche by the
age of 15.3 years (mean age at menarche + 2 SDs for girls in the United States).37 Athletes
with eumenorrhea met the criteria for endurance athletes but did not have a history of
amenorrhea or menarchal delay. Control subjects did not meet the criteria for endurance
athletes and did not have a history of amenorrhea or menarchal delay. None of our subjects
met Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, criteria for the
diagnosis of anorexia nervosa or bulimia nervosa, on the basis of self-reports, reported
history from their care providers, and interviews with our study psychiatrist. However, some
form of disordered eating was noted for 15 athletes, of whom 13 were in the amenorrhea
group and 2 were in the eumenorrhea group. Subjects receiving hormonal therapy or other
medications known to affect bone metabolism, subjects with other conditions that could
cause hypogonadism, and subjects with abnormal thyrotropin levels or elevated follicle-
stimulating hormone levels (indicative of hypergonadotropic hypogonadism) were excluded
from study participation. Subjects were recruited through advertisements in area newspapers
and mailings to pediatricians, adolescent medicine physicians, nutritionists, and therapists in
the New England area. The institutional review board of Partners Health Care approved the
study. Informed assent and consent were obtained from all subjects and their parents,
respectively.

Experimental Protocol
All subjects were evaluated during an outpatient visit to the General Clinical Research
Center of Massachusetts General Hospital. We used a single Harpenden stadiometer to
measure heights of subjects, using an average of 3 measurements. Weight was measured on
a single electronic scale, with the subject in a hospital gown and in a fasting state. BMI was
calculated by using the formula of [weight (in kilograms)]/[height (in meters)2]. Bone age
was assessed by using the methods described by Greulich and Pyle38 and was determined by
a single investigator (a pediatric endocrinologist), to minimize interobserver variation. In
addition to obtaining a complete history of exercise from the study subjects, a modifiable
activity questionnaire validated for use in adolescents39 was administered with the help of a
General Clinical Research Center dietician, for the purpose of quantifying activity into a
composite score for comparison across groups. However, this questionnaire does not take

Christo et al. Page 3

Pediatrics. Author manuscript; available in PMC 2011 November 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



into account the intensity of activity or metabolic equivalents and therefore does not provide
a measure of energy expenditure. To minimize underreporting and overreporting, subjects
were assured that the contents of the questionnaire would not be made available to parents or
care providers, unless specifically requested for medical reasons. General Clinical Research
Center dieticians also administered a food frequency questionnaire to a subset of 14 athletes
with amenorrhea, 14 athletes with eumenorrhea, and 15 control subjects, for assessment of
daily calcium and vitamin D intake. Fasting levels were measured for IGF-I, N-telopeptide
of type 1 collagen (a bone-resorption marker), and the N-terminal propeptide of type 1
procollagen (PINP) (a bone formation marker). We determined the duration of amenorrhea
in postmenarchal athletes with amenorrhea as a surrogate marker of gonadal status. The
mean duration of amenorrhea was 8.3 ± 6.7 months (range: 3–29 months).

Bone-Density and Body-Composition Measurements
Lumbar spine, hip, and whole-body (WB) BMD and bone mineral content (BMC) values
and body-composition measures, including fat mass and lean mass, were measured by using
dual-energy radiograph absorptiometry (4500A fan-beam densitometer, software version
11.2; Hologic, Waltham, MA); z scores were calculated by using reference databases
available to Hologic.40 To correct for body size, bone mineral apparent density (BMAD)
was calculated for the lumbar spine,41 and measures of WB BMC/height were examined.
We used the approach described by Mølgaard et al,42 as modified by Ward et al43 for
Hologic densitometers, to determine measures of BMC for bone area (BA) and BA for
height. The coefficients of variation for lumbar spine and WB BMD were 1.1% and 0.8%
and those for fat and lean mass were 2.1% and 1.0%, respectively.

Biochemical Measurements
An immunoradiometric assay (Diagnostic Systems Laboratories, Webster, TX) was used to
measure IGF-I levels. The detection limit was 2.06 ng/mL, and the intraassay coefficient of
variation was 3.9%. PINP levels were measured with a radioimmunoassay (Orion
Diagnostica Oy, Espoo, Finland) with a detection limit of 2 μg/L and an intraassay
coefficient of variation of 6.5% to 10.2%. Serum N-telopeptide levels were measured by
using an enzyme immunoassay (Osteomark-Wampole Laboratories, Princeton, NJ) with a
detection limit of 2.5 nmol of bone collagen equivalent and an intraassay coefficient of
variation of 4.6%. Samples were stored at –80°C until analysis and were analyzed in
duplicate.

Statistical Methods
Data are presented as mean ± SD and were analyzed by using JMP 4 (SAS Institute, Inc,
Cary, NC). We used analysis of variance to determine differences between groups, followed
by the Tukey-Kramer test to correct for multiple comparisons. Analysis of covariance was
used to assess differences between diagnostic subtypes, controlling for BMI z scores. P
values of <.05 were considered significant, and trends (P values between .05 and .10) also
are reported. Univariate and mixed-model stepwise regression analyses (P = .15 to enter the
model and P = .10 to leave the model) were used to determine predictors of bone-density
and bone-turnover markers.

RESULTS
Baseline Characteristics

Athletes with amenorrhea did not differ from athletes with eumenorrhea and control subjects
with respect to chronologic age or bone age (Table 1). Height and height z scores did not
differ between groups. Athletes with amenorrhea had significantly lower BMI values,
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compared with athletes with eumenorrhea and control subjects, and lower BMI z scores,
compared with athletes with eumenorrhea. Fat mass was lower in athletes with amenorrhea
than in athletes with eumenorrhea and control subjects. Lean mass was higher in athletes
with eumenorrhea than in athletes with amenorrhea and control subjects, but the differences
were not statistically significant. Activity scores were greater for athletes with amenorrhea
and athletes with eumenorrhea, compared with control subjects, as expected. IGF-I levels
were lower in athletes with amenorrhea, compared with control subjects. Menarchal age
trended higher in athletes with amenorrhea than in athletes with eumenorrhea and control
subjects. Athletes with amenorrhea reported greater calcium and vitamin D intake than did
athletes with eumenorrhea and control subjects, primarily through increased use of
supplements. The proportion of girls with a history of fractures was greater for athletes with
amenorrhea, but the difference did not reach statistical significance.

Bone-Density Measures and Bone-Turnover Markers
Athletes with amenorrhea had significantly lower lumbar BMD and BMAD z scores,
compared with athletes with eumenorrhea and control subjects (Table 2 and Fig 1). Lumbar
BMD z scores below –1 were observed for 38% of athletes with amenorrhea, compared with
11% of athletes with eumenorrhea and 11% of control subjects (P = .05). Two athletes with
amenorrhea but none of the athletes with eumenorrhea or control subjects had lumbar BMD
z scores below –2. Lumbar BMC for BA was lower in athletes with amenorrhea than in
athletes with eumenorrhea. Hip BMD and hip BMD z score were significantly lower in
athletes with amenorrhea than in athletes with eumenorrhea. Hip z scores below –1 were
observed for 19% of athletes with amenorrhea, compared with 5.6% of athletes with
eumenorrhea and 11% of control subjects (not significant). WB BMC/height was lower in
athletes with amenorrhea than in athletes with eumenorrhea or control subjects, and the
corresponding z score was lower in athletes with amenorrhea than in control subjects. WB
BMC/height z scores below –1 were observed for 28.6% athletes with amenorrhea,
compared with 16.7% of athletes with eumenorrhea and 11.1% of control subjects (not
significant). WB BA for height was lower in athletes with amenorrhea than in athletes with
eumenorrhea and trended lower in comparison with control subjects. None of our subjects
had hip or WB BMC/height z scores below –2. In an analysis of covariance controlling for
BMI z scores, hip BMD, WB BMD, and WB BMC/height and corresponding z scores
remained lower in athletes with amenorrhea, compared with athletes with eumenorrhea (P
< .05), and lumbar BMD z scores trended lower (P = .08). Overall, bone-density measures
were higher in athletes with eumenorrhea than in control subjects, but these differences did
not reach statistical significance. Levels of the bone formation marker PINP and the bone-
resorption marker N-telopeptide were significantly lower in athletes with amenorrhea,
compared with control subjects.

In a subset analysis, we excluded the 5 athletes with amenorrhea with the lowest BMI values
and the 5 athletes with eumenorrhea with the highest BMI values in their respective groups,
to obtain amenorrhea (n = 16) and eumenorrhea (n = 13) groups that did not differ in BMI z
scores (–0.50 ± 0.23 for athletes with amenorrhea and –0.28 ± 0.43 for athletes with
eumenorrhea; not significant). The groups also did not differ with respect to activity scores,
age, or IGF-I levels. The primary difference between the groups was therefore the presence
or absence of amenorrhea or hypogonadism. Similar to findings for the larger group, athletes
with amenorrhea in this subset had lower hip BMD, WB BMD, and WB BMC/height and
corresponding z scores than did athletes with eumenorrhea (P < .05). Lumbar BMD trended
lower in athletes with amenorrhea, compared with athletes with eumenorrhea (P = .08), in
this subset analysis. We also compared athletes with amenorrhea with a history of
disordered eating (n = 13) with athletes with amenorrhea without a history of disordered
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eating (n = 8), and we found no differences in bone-density measures between the
subgroups.

Predictors of Bone-Density Measures and Bone-Turnover Markers
Simple correlation analyses indicating associations of bone-density measures and markers of
bone turnover with various covariates are shown in Table 3, both for the group as a whole
and for athletes with amenorrhea. Lean body mass was an important predictor of almost all
bone-density measures, both for the group as a whole and for athletes with amenorrhea
considered separately (Fig 2), whereas BMI z scores predicted bone-density measures for the
group as a whole but not for athletes with amenorrhea. IGF-I levels predicted lumbar spine
bone-density measures and PINP levels. Bone age was a predictor of lumbar and WB BMD
and of levels of bone-turnover markers. Bone age was a stronger predictor than chronologic
age for bone-density measures, and only correlations with the former are reported. Bone-
turnover markers were also predicted by lean mass in athletes with amenorrhea. No
correlations between bone-density measures and duration of amenorrhea, age at menarche,
activity scores, or vitamin D or calcium intake were observed.

Regression Modeling
Bone-density measures were entered into a regression model that included significant
predictors of bone density, namely, diagnosis subtype, bone age, BMI z scores, lean mass,
and IGF-I levels (Table 4). Lean mass and diagnostic subtype were the most significant
predictors of lumbar, hip, and WB BMD measures, as well as the corresponding z scores.
Bone age remained a significant predictor of lumbar and WB BMD values, lumbar BMAD,
and WB BMC/height but not of the corresponding z scores. BMI z scores and IGF-I levels
were independent predictors of lumbar BMAD measures. Bone age was the only significant
predictor of PINP levels in regression modeling (r2 = 0.67; P < .0001). N-telopeptide levels
were predicted by bone age (P < .0001), IGF-I levels (P = .03), and BMI z scores (P = .06);
(cumulative r 2 = 0.56).

There were no linear correlations of activity scores, duration of amenorrhea, or age at
menarche with bone-density measures; however, when these parameters were added to the
regression model described above for athletes with amenorrhea, duration of amenorrhea was
observed to be a significant inverse predictor of lumbar BMD and BMAD and their
corresponding z scores and of WB BMD and BMC/height. Age at menarche was a
significant predictor of hip BMD and its z score.

DISCUSSION
We demonstrated lower bone-density measures at the spine and for the WB in adolescent
athletes with amenorrhea, compared with athletes with eumenorrhea and control subjects,
and lower bone density at the hip, compared with athletes with eumenorrhea. Our findings
raise concerns regarding the deleterious effects of a hypogonadal state on bone metabolism,
despite the known beneficial effects of exercise, particularly high-impact load exercises44

and weight-bearing exercises,45 on bone mass and geometric characteristics in adolescents.
Lower bone density in athletes with amenorrhea was associated with lower levels of both
bone formation and bone-resorption markers, indicating a state of reduced bone turnover.
Important independent predictors of bone-density measures included body-composition
parameters such as lean mass and BMI z scores, levels of IGF-I (a surrogate marker of
nutritional status), and diagnostic category (athletes with amenorrhea, athletes with
eumenorrhea, or control subjects). For athletes with amenorrhea, duration of amenorrhea
was an independent inverse predictor of bone density, controlling for IGF-I levels, body
composition, and other measures.
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Although studies have examined bone metabolism in adult athletes,6–14 few studies have
addressed this question in adolescent athletes, especially in comparison with a group of
nonathletic control subjects. Because as many as 23.5% of high school athletes may have
menstrual irregularities1 and because the adolescent years are a critical time for bone mass
accrual,15 these data are important to obtain. Our data indicated that, whereas athletes with
normal menstrual function have preservation of bone mass and may have slightly higher
bone mass, compared with nonathletic control subjects, loss of menses in athletes is
associated with lower bone-density measures. Athletes with amenorrhea had lower bone
density than did athletes with eumenorrhea and control subjects, controlling for levels of
IGF-I (a surrogate marker of nutritional status), body composition, and bone age in a
regression model. Duration of amenorrhea did not correlate with BMD in athletes with
amenorrhea in a simple correlational analysis. It is possible that our study was
underpowered to detect this association or that this measure does not capture the extent of
gonadal dysfunction in athletes with amenorrhea. Of importance, we measured the duration
of amenorrhea since the last menstrual period and not the lifetime duration of
oligomenorrhea/amenorrhea, which might have been more predictive of bone-density
measures. When duration of amenorrhea was added to a regression model for athletes with
amenorrhea that included BMI z scores, lean mass, bone age, IGF-I levels, activity scores,
and menarchal age, it did significantly predict several measures of bone density in the larger
regression model. These data suggest complex interactions between duration of amenorrhea
and other covariates predicting bone density in athletes with amenorrhea.

We did not measure estradiol levels in this study, and the degree of hypoestrogenism may
predict bone-density measures. However, because of the great variability in estradiol levels
across the menstrual cycle, these levels may not be helpful, as evidenced by our studies with
adolescent girls with anorexia nervosa.30 In those studies, we compared estradiol levels
measured randomly in anorexia nervosa with estradiol levels measured in the early follicular
phase in healthy control subjects, and we did not find an association between estradiol levels
and bone-density measures.30 Nevertheless, the contribution of hypogonadism to low bone
density in athletes with amenorrhea is indicated by (1) data from our regression models, as
discussed above, and (2) greater deficits in bone-density measures in athletes with
amenorrhea, compared with athletes with eumenorrhea, in our subset analysis of 16 athletes
with amenorrhea and 13 athletes with eumenorrhea for whom BMI z scores, activity levels,
and age did not differ and the only difference was the presence or absence of amenorrhea.

Athletes with amenorrhea have lower bone density not only in comparison with athletes with
eumenorrhea but also in comparison with nonathletic control subjects with normal
menstruation. Therefore, in addition to the beneficial effects of exercise on bone density
being lost in girls who develop amenorrhea, amenorrhea may actually be deleterious to bone
health. Nichols et al1 reported lower bone density at the femoral trochanter, although not at
the spine, in athletes with amenorrhea, compared with athletes with eumenorrhea, but those
authors did not compare the groups with nonathletic control subjects. Our data, in contrast,
indicate lower bone density at the spine and in the WB in adolescent athletes with
amenorrhea, compared with athletes with eumenorrhea and control subjects. Our study also
raises concerns regarding the rate of bone mass accrual and subsequent peak bone mass in
adolescent athletes with amenorrhea. Studies examining bone mass accrual over time in
athletes are lacking and are important for determining whether peak bone mass is affected in
these adolescents.

Important predictors of bone density other than amenorrhea included nutritional measures
such as IGF-I levels and body-composition parameters such as lean mass and BMI z scores.
Associations of BMI and lean mass with bone density are consistent with findings in other
studies with athletes46 and other populations.30 Although subjects in our study were within a
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normal range for BMI, athletes with amenorrhea had lower BMI z scores than athletes with
eumenorrhea and lower IGF-I levels than control subjects. Lean mass was an important
predictor of bone density in athletes with amenorrhea and in the group as a whole. Although
lean mass in athletes with eumenorrhea was somewhat greater than that in athletes with
amenorrhea and control subjects, these differences were not statistically significant and,
despite preservation of lean mass, athletes with amenorrhea had lower bone density,
compared with athletes with eumenorrhea and control subjects. For athletes with
amenorrhea, the relatively lower nutritional status, as evidenced by low IGF-I levels, and the
state of hypogonadism likely contributed to lower bone density despite preservation of lean
mass. Vitamin D intake and calcium intake were higher in athletes with amenorrhea,
compared with athletes with eumenorrhea and control subjects, primarily through increased
use of supplements; this likely reflects concerns of care providers regarding bone density
and therefore increased prescription of these supplements for girls with amenorrhea. Of
note, high cortisol levels have been reported in some studies of adult athletes with
amenorrhea in comparison with athletes with eumenorrhea,47 although not in all studies,48

and cortisol has known deleterious effects on bone. Although we did not measure cortisol
levels for our subjects, this would be important to examine in future studies.

The approach described by Mølgaard et al42 differentiates between reported low bone
density resulting from short bones (based on height z scores) and that resulting from “thin”
bones (based on measures of BA for height), and “light” bones (based on measures of BMC
for BA). Whereas short bones are not necessarily at greater risk of fractures, thin bones (low
BA for height) and light bones (low BMC for BA) have impaired strength. Athletes with
amenorrhea had lower BMC for BA at the spine and lower WB BA for height than did
athletes with eumenorrhea, although values did not differ from those in control subjects.
Similar to other measures of bone density, beneficial effects of exercise on these measures
seem to be lost in athletes who stop menstruating. Although athletes with amenorrhea did
report more fractures than athletes with eumenorrhea, this difference was not statistically
significant, and larger numbers of subjects are required to demonstrate whether fracture risk
is increased in athletes with amenorrhea. Given that bone-density z scores were less than –2
in only 2 of our subjects with amenorrhea, it is unlikely that the bone-density measures we
report in this study were low enough to cause increased fracture risk.

Markers of bone turnover were decreased in athletes with amenorrhea, compared with
control subjects. This is in contrast to what may be expected, given the state of
hypogonadism in athletes with amenorrhea. Estrogen inhibits bone resorption,49,50 and
deficiency of estrogen, as in athletes with amenorrhea, would be expected to be associated
with increased bone resorption. Overall, bone age was the strongest predictor of bone-
turnover markers, and girls with greater bone age (and therefore less residual growth
potential) had lower levels of bone-turnover markers. This is consistent with the fact that
bone-turnover decreases in late adolescence, when little growth potential remains. Levels of
IGF-I also predicted N-telopeptide levels, and the suboptimal nutritional state in athletes
with amenorrhea seems to result in reduced bone turnover overall. In athletes with
eumenorrhea, levels of bone-turnover markers were intermediate between those in control
subjects and those in athletes with amenorrhea but did not differ significantly from either.
This finding is unexpected, given that bone density was slightly greater in athletes with
eumenorrhea than in the other 2 groups, leading to expectations of higher levels of bone
formation markers and lower levels of bone-resorption markers in athletes with
eumenorrhea, compared with both control subjects and athletes with amenorrhea. Somewhat
lower levels of bone-turnover markers in athletes with eumenorrhea than in control subjects
may be related to the somewhat lower IGF-I levels in athletes with eumenorrhea. However,
these data need to be confirmed in future studies.

Christo et al. Page 8

Pediatrics. Author manuscript; available in PMC 2011 November 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



It is important to determine the factors that lead to hypogonadism in some but not all
athletes. One possible contributor is the lower fat mass in athletes with amenorrhea,
compared with athletes with eumenorrhea and control subjects, and we showed in other
studies that fat mass is an important predictor of menstrual function.51 Importantly, a
negative state of energy balance caused by nutrient intake that is inadequate to balance the
expenditure associated with exercise (rather than the stress of exercise) is thought to be
instrumental in the development of hypogonadotropic hypogonadism in athletes.52,53

A limitation of our study is the lack of details regarding nutritional intake and daily energy
expenditure in our subjects. Although IGF-I levels and composite activity scores did not
differ between athletes with amenorrhea and athletes with eumenorrhea, a complete
assessment of energy intake and energy expenditure would have enabled us to determine
whether athletes with amenorrhea were in a negative state of energy balance, accounting for
their hypogonadotropic state. On the basis of the lower BMI and fat mass but equivalent
activity scores in this group, compared with athletes with eumenorrhea, dietary intake in
athletes with amenorrhea would be expected to be significantly lower than that in athletes
with eumenorrhea, consistent with the greater frequency of disordered eating observed for
athletes with amenorrhea. In addition, although screening questions ensured that athletes
with amenorrhea and athletes with eumenorrhea met inclusion criteria for endurance
athletes, the activity scores derived from the exercise questionnaire we used in this study did
not take into account differences in types of exercise.54 Questionnaires that provide a
composite measure of average daily energy expenditure, based on the nature of exercise and
assigned metabolic equivalents, should be useful in this regard.55 Another limitation is that
we concentrated on IGF-I levels and the hypogonadal state as possible predictors of bone
metabolism in this study of adolescent athletes with amenorrhea, athletes with eumenorrhea,
and control subjects, given the critical roles of IGF-I and estrogen in increasing bone density
in adolescents. In future studies, it will be important to measure levels of other hormones
known to affect bone density, such as 24-hour urinary free cortisol levels, thyroid hormone
levels, and levels of some of the appetite-regulating peptides. It will also be important to
obtain history regarding lifetime duration of oligomenorrhea, rather than just duration of
amenorrhea, as an indicator of gonadal status. Finally, there is a possibility of referral bias in
studies such as this, in which girls at some risk for low bone density may be more likely to
be referred for assessment of bone density.

CONCLUSIONS
Our data indicate that amenorrhea in athletes negates the beneficial effects of weight-bearing
exercise on bone mass and may in fact have deleterious effects on bone. This emphasizes the
importance of optimizing nutritional and menstrual status in athletes. We demonstrate
comprehensively the significant alterations in bone metabolism that occur in adolescent
athletes with amenorrhea, compared with athletes with eumenorrhea and control subjects.
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Abbreviations

WB whole-body

BA bone area

IGF-I insulin-like growth factor I

BMD bone mineral density

BMC bone mineral content

PINP N-terminal propeptide of type 1 procollagen

BMAD bone mineral apparent density
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What's Known on This Subject
Adult athletes with amenorrhea have low bone density, compared with athletes with
eumenorrhea, and low bone density is predicted by the duration of amenorrhea and kind
of athletic activity. Bone density is protected in athletes with eumenorrhea.
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What This Study Adds
This study demonstrates that adolescent endurance athletes with amenorrhea have lower
bone density than athletes with eumenorrhea and nonathletic control subjects of similar
age. Bone density is predicted by lean mass, BMI, IGF-I level, duration of amenorrhea,
and bone age.
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GEORGIA: CHILDREN PLOTTED TO HARM TEACHER, POLICE SAY
“A group of third graders plotted to attack their teacher, bringing a broken steak knife,
handcuffs, duct tape and other items for the job and assigning children tasks including
covering the windows and cleaning up afterward, the police said. The plot by as many as
nine boys and girls at Center Elementary School was a serious threat, said the Waycross
police chief, Tony Tanner. ‘We did not hear anybody say they intended to kill her, but
could they have accidentally killed her? Absolutely,’ Chief Tanner said. The children,
ages 8 and 9, apparently were mad at the teacher after she scolded one of them for
standing on a chair, he said. A prosecutor said they were too young to be charged with a
crime. Nine children have been disciplined up to and including long-term suspension,
said a spokeswoman for the Ware County school system.”

Associated Press. New York Times. April 2, 2008

Editor's note: Where do you think these children learned how to plot this crime? Could it
have been on TV?

Noted by JFL, MD
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FIGURE 1.
Bone-density measures in athletes with amenorrhea (AA), athletes with eumenorrhea (EA),
and control subjects (C) (mean ± SEM). Bone-density z scores for the lumbar spine and WB
BMC/height (BMC/Ht) were lower in athletes with amenorrhea than in athletes with
eumenorrhea and control subjects. Hip bone density was lower in athletes with amenorrhea
than in athletes with eumenorrhea. a P < .05, compared with control subjects; b P < .05,
compared with athletes with eumenorrhea; c P < .1, compared with control subjects.
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FIGURE 2.
Associations between lean body mass and bone-density measures in athletes with
amenorrhea. Lean body mass correlated positively with lumbar spine (r = 0.62; P = .003),
hip (r = 0.45; P =. 04), and WB (r = 0.60; P = .004) BMD and with WB BMC/height (r =
0.64; P = .002).
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TABLE 1

Baseline Characteristics of Athletes With Amenorrhea, Athletes With Eumenorrhea, and Control Subjects

Athletes With Amenorrhea
(N = 21)

Athletes With
Eumenorrhea (N = 18)

Control Subjects (N =
18)

P

Age, mean ± SD, y 16.1 ± 1.5 15.6 ± 1.4 15.5 ± 1.4 NS

Bone age, mean ± SD, y 16.0 ± 1.0 16.0 ± 1.3 15.6 ± 1.6 NS

BMI, mean ± SD, kg/m2
19.1 ± 1.3a,b 21.9 ± 3.2 20.7 ± 2.5 .003

BMI z score, mean ± SD –0.61 ± 0.29b 0.16 ± 0.76 –0.14 ± 0.57 .0003

Weight, mean ± SD, kg 50.6 ± 4.3b 58.1 ± 8.0 55.4 ± 7.0 .003

Height, mean ± SD, cm 163.0 ± 5.8 163.0 ± 5.9 163.7 ± 5.6 NS

Height z score, mean ± SD 0.12 ± 0.89 0.14 ± 0.99 0.27 ± 0.90 NS

Fat mass, mean ± SD, kg 11.2 ± 2.7a,b 16.2 ± 4.6 15.1 ± 5.3 .001

Lean mass, mean ± SD, kg 39.2 ± 4.3 41.8 ± 5.3 39.7 ± 3.6 NS

Activity score, mean ± SD 23.8 ± 6.6a 28.1 ± 10.3a 9.9 ± 4.5 <.0001

IGF-I level, mean ± SD, ng/mL 498.9 ± 210.1a 612.2 ± 168.9 692.1 ± 208.9 .02

Age at menarche, mean ± SD, y 12.9 ± 1.5 12.1 ± 0.8 12.2 ± 1.0 .09

Daily calcium intake, mean ± SD, mg 1838 ± 995a,b 839 ± 432 893 ± 326 .0002

Daily vitamin D intake, mean ± SD, μg 7.94 ± 5.66a,b 3.82 ± 2.69 4.40 ± 2.49 .01

Fractures, % 23.8 5.3 16.7 NS

NS indicates not significant.

a
P < .05, compared with control subjects (Tukey-Kramer test to adjust for multiple comparisons).

b
P < .05, compared with athletes with eumenorrhea.
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TABLE 2

Bone-Density Measures for Athletes With Amenorrhea, Athletes With Eumenorrhea, and Control Subjects

Athletes With
Amenorrhea (N = 21)

Athletes With
Eumenorrhea (N =

18)

Control Subjects (N
= 18)

P

Lumbar BMD, mean ± SD, g/cm2
0.90 ± 0.11a 0.99 ± 0.09 0.96 ± 0.09 .01

Lumbar BMD z score, mean ± SD –0.76 ± 0.85a,b –0.11 ± 0.87 –0.10 ± 0.65 .02

Lumbar BMAD, mean ± SD, g/cm3
0.143 ± 0.015c 0.153 ± 0.014 0.154 ± 0.017 .045

Lumbar BMAD z score, mean ± SD –0.85 ± 0.80a,b –0.06 ± 0.84 –0.23 ± 0.96 .02

Lumbar BA for height z score, mean ± SD –0.08 ± 0.88 0.08 ± 1.10 0.16 ± 0.97 NS

Lumbar BMC for BA z score, mean ± SD 0.16 ± 0.67a 0.86 ± 0.84 0.54 ± 0.91 .03

Hip BMD, mean ± SD, g/cm2
0.89 ± 0.10a 1.00 ± 0.10 0.96 ± 0.09 .004

Hip BMD z score, mean ± SD –0.43 ± 0.75a 0.28 ± 1.0 –0.00 ± 0.80 .04

WB BMD, mean ± SD, g/cm2
0.98 ± 0.07a,c 1.05 ± 0.08 1.03 ± 0.07 .01

WB BMD z score, mean ± SD –0.58 ± 0.72a,c 0.10 ± 1.00 0.04 ± 0.74 .02

WB BMC/height, mean ± SD, g/cm 10.97 ± 1.35a,b 12.33 ± 1.17 12.01 ± 1.17 .003

WB BMC/height z score, mean ± SD –0.79 ± 0.54b –0.41 ± 0.71 –0.34 ± 0.50 .04

WB BA for height z score, mean ± SD –0.06 ± 0.97a,c 0.74 ± 0.94a 0.60 ± 0.86 .02

WB BMC for BA z score, mean ± SD –0.44 ± 1.14 0.34 ± 1.25 –0.15 ± 1.13 NS

PINP level, mean ± SD, μg/L 102.7 ± 69.7b 135.6 ± 73.7 205.6 ± 143.9 .01

N-telopeptide level, mean ± SD, nmol of bone collagen
equivalent 139.4 ± 119.8b 173.2 ± 128.1 295.7 ± 293.1 .05

NS indicates not significant.

a
P < .05, compared with athletes with eumenorrhea (Tukey-Kramer test to adjust for multiple comparisons).

b
P < .05, compared with control subjects.

c
P < .1, compared with control subjects.
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TABLE 3

Correlation Coefficients for Associations of Bone-Density Measures With Nutritional Markers, Body-
Composition Parameters, and Bone Age for All Subjects and for Athletes With Amenorrhea

Correlation Coefficient

Bone Age Lean Mass BMI z Score IGF-I Level

All subjects

    Lumbar BMD 0.40a 0.45b 0.46b 0.15

    Lumbar BMD z score 0.05 0.38a 0.37a 0.23c

    Lumbar BMAD 0.37a 0.17 0.42b 0.25c

    Lumbar BMAD z score 0.25c 0.13 0.46b 0.28d

    Hip BMD 0.11 0.46b 0.30d 0.13

    Hip BMD z score 0.11 0.45b 0.26d 0.08

    WB BMD 0.40a 0.49e 0.27d 0.07

    WB BMD z score 0.16 0.45b 0.17 0.11

    WB BMC/height 0.39a 0.60e 0.39a 0.08

    WB BMC/height z score 0.07 0.50e 0.26d 0.02

    PINP level –0.82e –0.16 –0.11 0.30d

    N-telopeptide level –0.69e –0.02 0.03 –0.02

Athletes with amenorrhea

    Lumbar BMD 0.55d 0.62a 0.06 0.39c

    Lumbar BMD z score 0.18 0.40c 0.08 0.40c

    Lumbar BMAD 0.40 0.40c 0.19 0.51d

    Lumbar BMAD z score 0.11 0.26 0.19 0.53d

    Hip BMD 0.31 0.45d –0.37c 0.35

    Hip BMD z score 0.08 0.33 –0.43d 0.36

    WB BMD 0.65d 0.60a –0.12 0.25

    WB BMD Z–score 0.36 0.42c –0.15 0.27

    WB BMC/height 0.64d 0.64a 0.02 0.30

    WB BMC/height z score 0.11 0.42c –0.04 0.25

    PINP level –0.84b –0.46d 0.09 0.17

    N-telopeptide level –0.64d –0.57a –0.20 –0.31

a
P < .01.

b
P < .001.

c
P < .1.
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d
P < .05.

e
P < .0001.
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TABLE 4

Regression Modeling With Covariates Including Diagnostic Category, Bone Age, BMI z Score, Lean Mass,
Activity Score, and IGF-I Levels

Parameter Estimate P Variability Explained, %

Lumbar BMD

    Lean body mass 8.33 × 10–3 .002 42.2

    Bone age 0.024 .004

    Diagnostic category (athletes with amenorrhea vs athletes with eumenorrhea
and control subjects)

–0.037 .004

Lumbar BMD z score

    Lean body mass 6.84 × 10–2 .004 26.2

    Diagnostic category (athletes with amenorrhea vs athletes with eumenorrhea
and control subjects)

–0.245 .02

Lumbar BMAD

    BMI z score 0.008 .01 27.5

    Bone age 0.003 .03

    IGF-I level 2.00 × 10–5 .04

Lumbar BMAD z score

    BMI z score 0.595 .002 24.4

    IGF-I level 9.26 × 10–4 .09

Hip BMD

    Lean body mass 9.57 × 10–3 .001 32.5

    Diagnostic category (athletes with amenorrhea and control subjects vs
athletes with eumenorrhea)

–0.034 .01

Hip BMD z score

    Lean body mass 7.67 × 10–2 .001 30.0

    Diagnostic category (athletes with amenorrhea and control subjects vs
athletes with eumenorrhea)

–0.237 .03

WB BMD

    Lean body mass 6.72 × 10–3 .001 42.8

    Diagnostic category (athletes with amenorrhea vs athletes with eumenorrhea
and control subjects)

–0.027 .005

    Bone age 0.165 .007

WB BMD z score

    Lean body mass 8.12 × 10–2 .0007 29.7

    Diagnostic category (athletes with amenorrhea vs athletes with eumenorrhea
and control subjects)

–0.227 .04

WB BMC/height

    Lean body mass 0.149 .0001 54.5

    Diagnostic category (athletes with amenorrhea vs athletes with eumenorrhea
and control subjects)

–0.503 .0007

    Bone age 0.250 .009

WB BMC/height z score

    Lean body mass 5.95 × 10–2 .0001 35.7

Pediatrics. Author manuscript; available in PMC 2011 November 4.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Christo et al. Page 23

Parameter Estimate P Variability Explained, %

    Diagnostic category (athletes with amenorrhea vs athletes with eumenorrhea
and control subjects)

–0.153 .03
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