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Abstract
Objective—Amenorrhoea and low bone density are common in excessive exercisers, yet
endocrine factors that differentiate adolescent amenorrhoeic exercisers (AE) from eumenorrhoeic
exercisers (EE) are unclear. We have previously reported that high ghrelin and low leptin predict
lower LH secretion in AE. Leptin and ghrelin impact cortisol secretion, and hypercortisolaemia
can inhibit LH pulsatility. We hypothesized that higher cortisol secretion in young endurance
weight-bearing AE compared with EE and non-exercisers predicts lower LH secretion, lower
levels of a bone formation marker and higher levels of a bone resorption marker.

Design—Cross-sectional

Subjects—We studied 21 AE, 18 EE and 20 non-exercisers 14–21 years (BMI 10th–90th%iles).

Measurements—Subjects underwent frequent sampling (11 p.m. to 7 a.m.) to assess cortisol,
ghrelin, leptin and LH secretory dynamics. Fasting levels of a bone formation (P1NP) and bone
resorption (CTX) marker were measured.

Results—BMI did not differ among groups. Cortisol pulse amplitude, mass, half-life and area
under the curve (AUC) were highest in AE (p=0.04, 0.007, 0.04 and 0.003) and were associated
inversely with fat mass (r=−0.29, −0.28 and −0.35, p=0.03, 0.04 and 0.007). We observed inverse
associations between cortisol and LH AUC (r= −0.36, p=0.008), which persisted after controlling
for fat mass, leptin and ghrelin AUC. Cortisol correlated positively with CTX in EE and inversely
with P1NP in non-exercisers.

Conclusions—Higher cortisol secretion in AE compared with EE and non-exercisers is
associated with lower LH secretion. Effects of leptin and ghrelin on LH secretion may be
mediated by increased cortisol.
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Introduction
Menstrual dysfunction occurs in up to 24% of adolescent athletes 1. Hypothalamic
amenorrhoea is an extreme form of menstrual dysfunction that is particularly common in
lean endurance athletes and exercisers, in whom it is often associated with low bone
density 2. It is important to determine the factors that differentiate amenorrhoeic exercisers
(AE) from eumenorrhoeic exercisers (EE) and non-exercisers, in order to develop potential
therapeutic strategies for hypothalamic amenorrhoea. While factors associated with low
energy availability such as low leptin and high ghrelin are believed to contribute to
hypothalamic amenorrhoea in over-exercising adolescents and adults, based on our studies
and those of others 3–6, there are conflicting data regarding the impact of alterations in
cortisol secretory patterns on LH pulsatility and also bone metabolism in young exercisers.
Additionally, exogenous ghrelin administration stimulates cortisol secretion in healthy
adults 7, 8 and leptin administration to cell cultures reduces ACTH-induced cortisol
secretion 9. It is thus possible that effects of ghrelin and leptin on LH puslatility are at least
partially mediated through their effect on cortisol secretion.

In ovariectomized ewes, stress-like elevations in cortisol (regardless of exercise status)
cause decreased GnRH pulse amplitude or frequency, and impaired gonadotrope
responsiveness to GnRH 10, 11. This appears to be mediated by the type II glucocorticoid
receptor within the pituitary independent of GnRH receptor expression 11. In another study
in monkeys, a CRH receptor-1 antagonist was able to mitigate the deleterious effects of
stress and cortisol on LH pulse frequency 12. In anorexia nervosa (a condition of markedly
low weight and fat mass, as well as amenorrhoea), cortisol levels are higher than in normal-
weight controls, and are inversely associated with fat mass 13. Relatively higher cortisol has
also been reported in adult non-athletic women with functional hypothalamic
amenorrhoea 14, and correlates inversely with the number of menses in the preceding year in
adult AE 15. However, there are no studies examining cortisol pulsatility in relation to LH
pulse parameters independent of ghrelin and leptin secretion in normal-weight exercisers 16,
particularly in the adolescent/young adult age range.

Higher cortisol has deleterious effects on bone in anorexia nervosa 13 and other conditions
of endogenous or exogenous glucocorticoid excess 17, 18. Adolescent AE have lower bone
density than EE and non-athletic controls 19. It is not known whether relatively high cortisol
in AE compared with EE and controls is a determinant of impaired bone metabolism in AE.

We assessed patterns of overnight cortisol pulsatility in adolescent female exercisers with
amenorrhoea compared with EE and non-exercisers using deconvolution analysis 20. We
hypothesized that adolescent AE have higher cortisol secretion than EE and non-exercisers,
and that higher cortisol secretion in AE is associated with lower LH secretion, lower levels
of a bone formation marker and higher levels of a bone resorption marker. We also
hypothesized that associations of cortisol and LH would persist after controlling for ghrelin
and leptin secretion.

Subjects and Methods
Subject Selection and Study Protocol

Subjects included 21 amenorrhoeic exercisers (AE), 18 eumenorrhoeic exercisers (EE), and
20 non-athletic controls 14–21 years old with BMI between the 10th–90th percentiles for
age. Exercisers were mostly endurance athletes. Inclusion and exclusion criteria for
exercisers and non-exercisers have been previously reported for this cohort 6. Subjects were
screened to rule out conditions other than athletic activity that might affect cortisol secretion
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or cause hypogonadism. Subjects on medications containing oestrogen, progesterone,
anabolic steroids and glucocorticoids within 3 months of the screen were excluded.

EE and non-exercisers were assessed in the early and mid follicular phase of their cycles
(based on menstrual history). Frequent sampling was initiated at 11 p.m. and continued until
7 a.m. the following morning. Blood samples were drawn every 10 minutes for LH. Every
other sample (at 20 minute intervals) was assessed previously for ghrelin and leptin 6, and
subsequently for cortisol. We used deconvolution analysis as described by Veldhuis and
Johnson 20, and specifically the AutoDecon program 21, to determine cortisol half-life, basal
secretion (basal secretion rate x duration of sampling), number of secretory pulses over the
sampling period, interval between secretory pulses, median pulse amplitude, median pulse
mass, total pulsatile secretion (number of secretory pulses*pulse mass) and total area under
the curve (AUC). LH, leptin and ghrelin (but not cortisol) data have been previously
reported 6, and we report only area under the curve (AUC) for leptin and ghrelin in relation
to cortisol secretion. Fasting samples were drawn for a marker of bone formation, N-
terminal propeptide of type 1 procollagen (P1NP), and of bone resoprtion, C-telopeptide
(CTX). Body composition was assessed using dual energy x-ray absorptiometry (DXA)
(Hologic 4500A, Waltham, MA). Energy intake and expenditure were assessed using a 4-
day food record and the 3-day Bouchard activity record22 respectively.

The study was approved by the Institutional Review Board of the Partners HealthCare
system. Informed consent was obtained from subjects ≥18 years old and parents of subjects
<18 years. Informed assent was obtained from subjects <18 years.

Biochemical Analysis
We used an Access chemiluminescent immunoassay (Beckman Coulter, Fullerton, CA) to
assess cortisol (limit of detection 11.0 nmol/L, intra-assay CV is 4.4–6.7%, inter assay CV
6.4–7.9%). P1NP was assessed using a RIA (Orion Diagnositcs, Espoo, Finland; lower limit
of detection 0.7 mcg/L, intra-assay CV 3.5–5.3%, inter-assay CV 3.6–5.4%), and CTX using
an IRMA (Immunodiagnostics Systems, Fountain Hills, AZ; lower limit of detection 0.02
mcg/L, intra-assay CV 5.2–6.8%, inter-assay CV 5.6–7.4 %). Assay details for LH, ghrelin
and leptin have been previously reported6.

Statistical Analysis
JMP Software (vesion 8; SAS Institute, Cary, NC) was used for statistical analysis. Results
are reported as means ± SD. A P value < 0.05 was considered significant. In order to
determine differences between AE, EE and NA, we used analysis of variance followed by
the Tukey Kramer test (to control for multiple comparisons). LH AUC required logarithmic
transformation to approximate a normal distribution. Transformations were not required for
other variables. We used Pearson’s correlations to determine associations between
covariates, and stepwise regression modeling to determine the contribution of cortisol
secretory parameters to LH secretory parameters after controlling for potential confounders
such as fat mass, leptin AUC and ghrelin AUC (p <0.10 to enter and leave the model).

Results
Clinical Characteristics

Clinical characteristics are described in Table 1 and have been previously reported (except
for bone markers)6. Additionally, total caloric intake did not differ among groups. Daily
energy expenditure was higher in AE and EE compared with non-exercisers (2805±678 and
2930±777 versus 2263±327 kcals/day, p=0.02).
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Cortisol Secretory Dynamics
Cortisol secretory parameters are described in Table 2 and Figure 1. Cortisol AUC and pulse
mass were higher in AE than EE and non-exercisers. Pulse amplitude was highest in AE,
and significantly higher than in EE. Cortisol half-life was highest in AE and differed
significantly from controls. Pulse frequency did not differ among groups. Of note, although
AE had higher cortisol AUC than controls, only three subjects had values that exceeded the
upper limit of the normal range (ULN) in controls, and none of these subjects exceeded
1.5*ULN.

Associations of Cortisol Secretory Parameters with Body Composition, Caloric Intake and
Expenditure, and Other Hormones

For the group as a whole, cortisol pulse mass and AUC were associated inversely with BMI
(r= −0.32 and −0.35, p=0.02 and 0.007) and cortisol pulse amplitude, mass and AUC with
fat mass (r= −0.29, −0.28 and −0.35, p=0.03, 0.04 and 0.007). On subgroup analysis, cortisol
AUC correlated inversely with BMI in AE (r=− 0.47, p=0.03). We found no associations of
energy intake or expenditure with cortisol pulse parameters.

For the group as a whole, cortisol AUC correlated positively with ghrelin AUC (r=0.37,
p=0.007), and inversely with leptin AUC (r= −0.30, p=0.03) and LH AUC (r= −0.36,
p=0.008). Similarly, within AE there were inverse associations of cortisol AUC with LH
AUC (r= −0.60, p=0.007) (Figure 2).

We next performed stepwise regression to determine whether associations with LH AUC
persisted after controlling for possible confounders. For the group as a whole and within AE,
LH AUC was predicted by cortisol AUC even after controlling for fat mass (p=0.009 and
0.007 respectively). Additionally, cortisol AUC remained a significant predictor of LH AUC
after controlling for ghrelin and leptin AUC for the group as a whole (r2=0.11, p=0.02) and
within AE (r2=0.38, p=0.01). Leptin and ghrelin AUC were no longer significant predictors
of LH AUC when cortisol AUC was included in the regression model.

Associations of Cortisol with Surrogate Markers of Bone Turnover
Within EE, there was a strong positive association between cortisol pulse mass and CTX (r=
0.66, p=0.003). In non-exercisers, there was a strong inverse association of cortisol pulse
mass with P1NP (r= −0.59, p=0.01). We found no associations with bone turnover markers
in AE.

Discussion
We demonstrate higher cortisol secretion in adolescent and young adult amenorrhoeic
exercisers compared with eumenorrhoeic exercisers and non-exercisers, and also
demonstrate inverse associations of cortisol AUC with LH AUC. The inverse associations
between cortisol and LH persisted after controlling for fat mass. Similarly, inverse
associations of cortisol with LH persisted after controlling for leptin and ghrelin AUC.

With the rising number of young girls participating in competitive sports, it is essential to
gain a better understanding of factors that contribute to amenorrhoea in exercisers.
Elevations in cortisol have the potential to impact both LH pulsatility and bone metabolism.
Studies in animals indicate that stress like elevations in cortisol have a deleterious effect on
LH secretion 10, 11, and a CRH receptor-1 antagonist is able to prevent these deleterious
effects of stress and cortisol on LH pulsatility 12. Additionally, cortisol elevation has
multiple deleterious effects on bone 17, 18.
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We have previously reported higher cortisol in adolescent girls with anorexia nervosa, a
condition of low fat mass associated with low weight and amenorrhoea, than in normal-
weight controls 13. In that study, cortisol was associated inversely with fat mass. In this
study of normal-weight, adolescent, amenorrhoeic exercisers, we again demonstrate
elevations in cortisol and inverse associations with fat mass, despite the girls being normal-
weight. Increased cortisol secretion in AE in the current study was consequent to greater
pulse amplitude and mass, and a longer half-life. This is the first study assessing cortisol
status using deconvolution analysis in adolescent and young adult exercisers.

Studies in adult exercisers have mostly assessed changes in cortisol in response to acute
exercise 23–25 rather than chronic over activity, and report conflicting results. Only a few
studies have examined chronic cortisol secretion in AE compared with EE and controls, or
in relation to LH pulsatility 15, 16, 26, and these small studies report conflicting results. Two
reported higher nighttime cortisol AUC (using Cluster analysis) in athletes (both AE and
EE) compared with non-athletes 16, 26, and another reported higher baseline (but not
pulsatile) secretion (using Pulsar) in adult AE compared with EE and controls 15. This lack
of consistency may relate to differing methods used to assess cortisol pulsatility (Pulsar 15 or
Cluster analysis 16, 26) and the small numbers of subjects in these studies. Deconvolution
analysis differs from Pulsar 27 or Cluster 28 in that it takes into account hormone clearance
unlike the other two methods. The refinement of devonvolution with AutoDecon also
incorporates statistical methods to determine whether any estimated pulse is significant and
‘real’ 21. There are no studies that have examined cortisol pulsatility in exercisers using
deconvolution analysis (and specifically the AutoDecon program).

Our study of frequent cortisol sampling over an 8-h period in a large group of adolescent
and young adult exercisers clearly indicates higher nighttime cortisol pulsatile secretion and
AUC using deconvolution analysis (AutoDecon) in AE compared with EE and non-
exercisers (in contrast to two previous studies that reported higher cortisol AUC in both AE
and EE compared with non-exercisers16, 26). Additionally, our data suggest that higher
cortisol in AE is consequent to a longer half-life and greater pulse amplitude and mass (in
contrast to a previous study that reported higher basal, but not pulsatile cortisol secretion in
AE15). The increased half life in AE contributing to increased cortisol secretion is consistent
with similar reports of a longer cortisol half-life in adult women with anorexia nervosa (a
condition of severe undernutrition and low energy availability) using radio-isotope
studies 29.

In addition, we observed inverse associations of cortisol AUC with LH AUC for the group
as a whole, and this association was even stronger within AE. Our data are consistent with
reports of stress-like elevations in cortisol suppressing LH pulse amplitude in animals 30.
Two studies in adults reported inverse associations of LH AUC with baseline cortisol 15, or
LH pulse frequency with cortisol AUC 26, using methods other than deconvolution.
However, neither study assessed these associations after controlling for body fat. This is
important because both LH and cortisol secretion are impacted by decreases in fat mass. In
our study in adolescent and young adult exercisers, inverse associations of cortisol and LH
AUC held after controlling for body fat. Although our study is cross-sectional and cannot
prove causation, these strong associations between cortisol and LH suggest that stress-
related elevations in cortisol may contribute to decreased LH pulsatile secretion. An animal
study that used a CRH receptor-1 antagonist was able to prevent the deleterious effects of
stress and cortisol on LH pulsatility 12. Similar studies are lacking in humans, but would be
a definitive method of assessing whether higher cortisol in AE is a cause of lower LH
pulsatility.
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Disordered eating behavior is fairly common in AE and in association with excessive
exercise is presumed to lead to a state of low energy availability. There were no associations
of caloric intake or exercise energy expenditure with cortisol pulse parameters. While it is
possible that food logs and exercise questionnaires are not completely accurate in
determining energy intake or expenditure, there are no perfect ambulatory tools to assess
these in a community setting. Accelerometers to assess energy expenditure are associated
with significant variability when prediction equations are used 31, and measures of energy
intake remain biased towards over-reporting in leaner populations and under-reporting in
heavier populations 32.

In contrast, fat mass is a more objective measure of energy stores, and lower fat mass
suggests increased utilization of fat stores subsequent to lower energy availability.
Consistent with this, we observed that the AE group had the lowest fat mass amongst our
subjects, and lower fat mass was associated with higher cortisol pulse parameters. It is
possible that lower fat mass not only reflects lower energy availability, but also contributes
to disruption of the H-P-G axis through altered secretion of hormones (including but not
limited to cortisol) that impact the H-P-G axis. For example, the adipokine, leptin, facilitates
GnRH secretion 33. Additionally, ghrelin, an orexigenic hormone that inhibits gonadotropin
secretion, increases in conditions of low energy availability and correlates inversely with fat
mass 6, 34. However, lower leptin and higher ghrelin in AE compared with EE and controls
account only for a portion of the variability in gonadal steroid and LH secretion 5, 6.
Importantly, ghrelin stimulates cortisol secretion in healthy adults 7, 8 and leptin reduces
ACTH-induced cortisol secretion 9. In our study, associations of LH AUC with cortisol
AUC persisted after controlling for ghrelin and leptin AUC, whereas associations of LH
AUC with ghrelin and leptin AUC were lost. We thus speculate that effects of ghrelin and
leptin on LH puslatility are at least partially mediated through their effect on cortisol
secretion.

We observed positive associations of cortisol pulse mass with CTX (a bone resorption
marker) in EE, and inverse associations of cortisol pulse mass with P1NP (a bone formation
marker) in non-exercisers, consistent with known stimulatory effects of cortisol on
osteoclasts and inhibitory effects on osteoblasts. The lack of associations of cortisol with
bone turnover markers in AE may be secondary to greater variability in bone turnover
markers in this subgroup.

There were certain limitations of our study. Group differences may have been more
pronounced if we had sampled our subjects over a full 24 hours. However, even with
nighttime sampling, we observed marked differences among groups for cortisol, leptin,
ghrelin and LH, and significant inverse associations of cortisol with LH. Additionally,
although we did collect information about nutritional status using the four-day food diary,
such records are not always accurate. Percent fat mass, however, is a good surrogate for
overall energy status. Finally, we defined our criteria for excessive activity based on hours
of weight bearing endurance activity per week and miles per week of running. However,
individuals may differ in their response to the same amount of exercise depending on energy
intake, training status and individual variability. The size of our study cohort is a strength, as
is the marked difference in cortisol parameters among groups.

In conclusion, our data demonstrate that adolescent and young adult amenorrhoeic
exercisers have lower fat mass than eumenorrhoeic exercisers and non-exercisers associated
with increased cortisol secretion. We speculate that this stress induced increase in cortisol
contributes to lower LH secretion in AE, and this association is independent of ghrelin and
leptin levels.
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Figure 1.
Cortisol concentrations over the sampling period in an amenorrhoeic exerciser, an
eumenorrhoeic exerciser and a non- exerciser
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Figure 2.
Associations between cortisol area under the curve (AUC) with LH AUC for the group as a
whole and within amenorrhoeic exercisers. The figure shows the inverse association of
cortisol AUC with LH AUC for all subjects (left) and amenorrhoeic exercisers (right).
Correlation coefficients and p values are indicated in the figure
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