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Abstract

Emerging evidence indicates that testosterone, which can increase muscle mass and
strength, stimulates erythropoiesis, promotes competitive behaviour, and enhances the
physical performance of women. Indeed, the levels of testosterone within the normal
female range are related to muscle mass and athletic performance in female athletes.
Furthermore, among these athletes, the prevalence of hyperandrogenic conditions,
including both polycystic ovary syndrome and rare differences/disorders of sex
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development (DSD), which may greatly increase testosterone production, are elevated. > physical performance
Thus, if the androgen receptors of an individual with XY DSD are functional, her muscle
mass will develop like that of a man. These findings have led to the proposal that essential
hyperandrogenism is beneficial for athletic performance and plays a role in the choice

by women to compete in athletic activities. Moreover, a recent randomized controlled

trial demonstrated a significant increase in the lean mass and aerobic performance by
young exercising women when their testosterone levels were enhanced moderately.
Circulating testosterone is considered the strongest factor to explain the male advantage
in sport performance, ranging between 10 and 20%. It appears to be unfair to allow
female athletes with endogenous testosterone levels in the male range (i.e. 10-20 times
higher than normal) to compete against those with normal female androgen levels. In
2012, this consideration led international organizations to establish eligibility regulations

for the female classification in order to ensure fair and meaningful competition, but the
regulations are controversial and have been challenged in court.
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Introduction

The proportion of women who engage in sports at all
levels has increased dramatically over the past 50 years,
as reflected in the rising proportion of female Olympic
competitors. For example, at the summer Olympics in
Munich in 1972, 15% of the participants were women,
in comparison to 44% in 2012, in London, the first
Olympics in which women competed in all disciplines.
In fact, the proportion of female participants in the
Olympic Games is now approaching 50%, which can
hopefully encourage even more women to engage
in sports.

However, at the same time, elite sportswomen
appear to be at greater risk for certain injuries than male

athletes, such as stress fractures and knee injuries, which
could shorten the women’s sports careers. Furthermore,
endocrine disturbances are common among female
athletes, as shown by an increased prevalence of
menstrual disorders like amenorrhea. Such disturbances
could either be a consequence of intense physical exercise
or result from overrepresentation of women with these
types of endocrine characteristics in elite sports. Essential
hyperandrogenism is one example of the latter that has
received much attention in recent years.

The present overview describes our current state of
knowledge about elite female athletes concerning the
following areas:
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a) Mechanisms underlying menstrual disorders

b) Mild and severe forms of hyperandrogenism

¢) Sex differences in athletic performance

d) The impact of androgens on physical performance

e) Regulations concerning the eligibility to compete in
the female classification

Menstrual disorders among female athletes
Functional hypothalamic amenorrhea

Amenorrhea is common among athletes, particularly
those participating in sports where a lean body is
considered advantageous to physical performance, such
as esthetic and endurance sports (1). First described in
the late 1970s, this medical condition became known as
‘athletic amenorrhea’, that is, loss of menstruation as a
result of intense physical training (2).

Athletic amenorrhea is considered a functional
disturbance attributed to inhibition of the hypothalamic-
pituitary-gonadal (HPG) axis, and named functional
hypothalamic amenorrhea (FHA), which disrupts the
pulsatile release of gonadotropin-releasing hormone
(GnRH) from the hypothalamus. This, in turn, reduces
pituitary secretion of luteinizing hormone (LH) and
follicle-stimulating hormone (FSH), resulting in attenuated
ovarian production of sex steroids, including estradiol,
progesterone and testosterone, as well as subsequent
anovulation and amenorrhea (3).

Several mechanisms underlie such inhibition of the
HPG axis (Fig. 1), including exercise-induced activation of
the hypothalamic-pituitary-adrenal axis and a consequent
increase in hypothalamic secretion of corticotropin-
releasing hormone and of cortisol from the adrenal
glands (3, 4). These stress hormones together with the
endorphins, also released in response to physical activity,
inhibit GnRH secretion by the hypothalamus (3, 4, §, 6).

Furthermore, athletic amenorrhea is associated with a
hypometabolic state, as reflected in low circulating levels
of insulin and insulin-like growth factor I (IGF-I) and
high levels of growth hormone and IGF-binding protein-1
(Fig. 1) (4, 7, 8). Because IGF-I stimulates the release of
both GnRH and LH, a decline in IGF-I activity may, at
least in part, explain the reduction in LH secretion. In
addition, serum levels of leptin, a marker of nutritional
status also involved in the pulsatile secretion of GnRH,
are markedly reduced in amenorrheic athletes (9), as are
levels of thyroxin and triiodothyronine (10).

Altogether, these findings indicate that athletic
amenorrhea is due to central inhibition of the reproductive
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A summary of endocrine disturbances associated with athletic
amenorrhea. For explanations and abbreviations, see the accompanying
text. Reprinted from Encyclopedia of Endocrine Diseases; 2nd edn, vol 2;
Eds | Huhtaniemi & L Martini; Sport and menses; pp 461-470; copyright
2019; with permission from Elsevier (4).

axis by stress hormones and endorphins, in combination
with attenuated stimulation of GnRH, as a consequence
of low levels of IGF-I and leptin.

Today, the most important underlying cause of
athletic amenorrhea is understood to be an energy intake
that is substantially less than energy expenditure (11,
12, 13), sometimes due to the desire to be lean (14). A
relatively low amount of body fat in relation to muscle
mass is important for performance in many disciplines,
including endurance, weight-class and esthetic sports. At
the same time, strict control of food intake can develop
into eating disorders, which are more prevalent among
athletes than in the general population (15).

Low energy availability, amenorrhea and estrogen
deficiency are associated with rapid loss of bone mass and
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an elevated risk for musculoskeletal injuries (Fig. 1). Since
physical activity usually promotes bone formation, it was
initially considered paradoxical that elite athletes could
exhibit reduced bone mass (16, 17). This phenomenon
is now known to arise from nutritional deficiency and
its endocrine consequences, including low levels of
estradiol, testosterone and IGF-I and enhanced levels of
cortisol (18).

FHA is an acquired condition that can be reversed
by restoring the balance between energy intake and
expenditure, and this should be the initial intervention for
athletes with this condition (19). If nutritional counseling
and adjustment of training for at least 1 year does not
lead to resumption of menses, estrogen substitution can
be considered (20).

Hyperandrogenism among female athletes

Although insufficient energy availability and the resulting
FHA are probably the most common cause of amenorrhea
among exercising women, not all sportswomen with
menstrual disorders are hypometabolic. In fact, we
have identified polycystic ovary syndrome (PCOS) as an
alternative explanation (21, 22, 23).

Polycystic ovary syndrome

PCOS is probably the most frequent endocrine disorder
among women of fertile age, affecting approximately
10% of the female population (24). This syndrome
is characterized by elevated ovarian production of
androgens, disturbed ovulation and ultrasound findings
of polycystic ovaries. Although the aetiology of PCOS
remains largely unknown, there are strong indications of
a genetic predisposition.

Hyperandrogenism and resistance, the
characteristic endocrine features of the pathogenesis of
PCOS, explain the various associated symptoms (24). The
primary abnormality appears to be increased production
of androgens by the ovaries, augmented by disrupted
feedback control of pulsatile GnRH secretion, resulting
in elevated secretion of LH and relative FSH deficiency.
The clinical consequences are the characteristic
polycystic ovarian morphology and anovulation leading
to menstrual disorders and reduced fertility, as well as
hirsutism and acne. In addition, women with PCOS are
more insulin resistant, independent of obesity, leading
to secondary hypersecretion of insulin, which directly
stimulates androgen production by the ovarian theca cells.

insulin
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Furthermore, insulin inhibits hepatic synthesis of sex
hormone-binding globulin (SHBG), thereby elevating
levels of free and bioavailable testosterone. Moreover,
insulin resistance may lead to metabolic changes including
abdominal obesity.

This condition is usually managed by treating the
symptoms, including menstrual disorders, infertility,
hirsutism and overweight/obesity (24), although
specific treatment is not always being necessary.
However, a healthy lifestyle, including regular physical
activity, is clearly beneficial and should therefore be
recommended first (25). Long-standing anovulation is
thought to increase the risk of endometrial cancer, but
oral contraceptives or cyclic progestogens can be used to
regulate menstruation and abolish this risk. Furthermore,
combined oral contraceptives attenuate androgenic
effects and counteract hirsutism and acne. Physical
activity usually improves the fertility of women with
PCOS, but stimulation of ovulation or in vitro fertilization
can otherwise be offered.

PCOS appears to be a common disorder among elite
female athletes (21, 22, 23, 26, 27, 28, 29) and is, indeed,
the most frequent cause of menstrual disorders among
Olympic sportswomen (23). We have demonstrated
elevated diurnal secretion of LH and testosterone by
athletes with PCOS than by those without (Fig. 2) (22). In
contrast, in athletes with FHA due to energy deficiency,
LH pulsatility is abolished and levels of testosterone are
low (Fig. 2) (22). Thus, the hormonal profile associated
with PCOS differs completely from that of FHA. At the
same time, the level of testosterone in women with PCOS
remains typically within the upper part of the normal
range. The bodies of such athletes are more anabolic,
with a greater amount of muscle mass and higher bone
mineral density than other athletes (21). Furthermore,
hyperandrogenism appears to protect effectively against
bone loss, despite the oligomenorrhea/amenorrhea and
relative estrogen deficiency (21).

In some athletes with amenorrhea, it can be a mixed
underlying cause with both functional hypothalamic
disturbance due to energy deficiency and PCOS.

Differences/disorders of sex development

A few women are born with rare conditions, referred to as
differences/disorders of sex development (DSD), in which
the development of chromosomal, gonadal and anatomic
sex is atypical. These conditions are usually diagnosed at
birth or during early childhood on the basis of ambiguous
genitalia or else at the onset of puberty in girls due to
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Figure 2

Typical diurnal hormonal profiles in individual female athletes and a
sedentary control woman. FHA = athlete with functional hypothalamic
amenorrhea; PCOS = athlete with polycystic ovary syndrome; RM = athlete
with regular menstruation; CTR = sedentary control. Reprinted from
Encyclopedia of Endocrine Diseases; 2nd edn, vol 2; Eds | Huhtaniemi & L
Martini; Sport and menses; pp 461-470; copyright 2019; with permission
from Elsevier (4).
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primary amenorrhea. However, in regions with limited
medical resources and/or competence, such individuals
may enter adulthood undiagnosed.

DSD involving a male karyotype and undescended,
but functioning testes may greatly increase production
of testosterone leading to levels similar to those in men
(Table 1). If the androgen receptors of such an individual
are functional, her muscle mass will develop as in men,
along with other signs of virilization, including more
body hair (hirsutism), deepening of the voice, atrophy
of the breasts and an enlarged clitoris. Individuals
with DSD have a varying risk of developing germ cell
cancer (GCC). The characteristic features of 46,XY DSD
conditions, described in detail elsewhere (30, 32, 31), are
presented briefly.

Deficiency of the enzyme Sa-reductase type 2, a very
rare autosomal recessive condition caused by mutation in
the SRDSA2 gene, results in failure to convert testosterone
into dihydrotestosterone (DHT) (Table 1). Since the
external development of male genitalia during fetal life
is dependent on DHT, this condition will lead to varying
degrees of undervirilization, despite the presence of testes
and normal male production of testosterone, resulting
in identification as a female at birth. However, during
puberty, when circulating levels of testosterone rise to
normal adult male levels, the individuals will undergo
virilization and more than half will change their gender
identity and become men. The risk of GCC with this
condition is considered low.

Androgen syndrome (AIS), caused
by a mutation in the androgen receptor gene on the X
chromosome, leads to various degrees of undervirilization
in individuals carrying one X and one Y chromosome
(Table 1). In the case of complete androgen insensitivity
(CAIS), even though they have testes (undescended) and
circulating levels of testosterone in the normal range for
men, such individuals respond very little or not at all to
androgens and will therefore appear to be fully female.
However, with partial androgen insensitivity (PAIS), the
phenotype will vary from that of a virilized woman to an
undervirilized man. If the gonads are intra-abdominal,
PAIS is associated with a clearly heightened risk of
GCC in as much as 30-40%. Gonadectomy is therefore
recommended in this case.

A mutation in the 17p-hydroxysteroid dehydrogenase
type 3 (17p-HSD3) gene results in deficient conversion
of androstenedione to testosterone (Table 1). Clinically,
these XY individuals will develop undervirilized
external genitalia and varying phenotypes, with some
being identified as female at birth. However, as in the

insensitivity
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Table 1 Examples of 46,XY differences/disorders of sex development (DSD).

Advantage in

Condition Incidence Comment sports?
Sa-reductase deficiency type 2 Extremely rare with Individuals may be assigned female sex at Yes
geographical regions of birth. Virilization proceeds at puberty.
higher incidence
Partial androgen insensitivity (PAIS) 1/130,000 Ambiguous genitalia at birth. From puberty, Possibly
high testosterone, but with varying effect
depending on androgen receptor sensitivity.
17p-hydroxysteroid dehydrogenase 1/147,000 Individuals are often raised as girls but Yes
type 3 (17p- HSD3) deficiency undergo virilization at puberty.
Ovotesticular DSD 1/100,000 The individual has both ovarian and testicular ~ Possibly

tissue. Born with ambiguous genitalia.
Virilization may proceed at puberty.

case of Sa-reductase deficiency, when the testes start to
produce large amounts of androgens during puberty,
such undergo marked virilization and
approximately half will change their gender identity to
male. This condition is associated with a medium high
risk of GCC.

Individuals  with DSD (true
hermaphroditism), another very rare condition with
varying karyotype (although 46,XX is most common),
develop both ovarian and testicular tissue (Table 1). They
can have an ovary on one side and a testis on the other or
combined tissue, so called ovotestis. Depending on their
gonadal tissue, their clinical phenotype varies widely,
from that of a normal man to normal woman, although
the nature of the external genitalia is often ambiguous.
They can be considered to be either male or female and
little is known about their gender identity. The risk of
GCC is low in ovotesticular DSD.

The incidence of 46,XY DSD in the general population
is estimated to be 1 in 20,000 births (31). In comparison,
the prevalence of this condition among female athletes
participating in the World Championships was 7 in 1000,
that is, 140-fold higher (32). Since both mild and severe
forms of hyperandrogenism appear to be particularly
common among female athletes, it has been suggested that
such conditions could enhance athletic performance and
thus play a role in the decision by women to participate
in competitive sports.

individuals

ovotesticular

Sex differences in athletic performance and
levels of testosterone

Biological sex is one of the most decisive determinants of
athletic performance. In sports that rely on strength, men
have, in general, a 10-20% advantage over women, with
the most pronounced difference in sports that involve

primarily upper-body muscle strength (Table 2). This
obvious sex difference, which remains even, although the
performance of women has improved considerably over
time, has led to the conclusion that competition between
women and men would not be fair and meaningful
and, consequently, most sports involve female and male
competitions.

The average differences in physical characteristics that
could confer such a male advantage include greater height
(which is beneficial in certain sports), a more anabolic
body composition (relatively more muscle mass than
body fat) and greater muscle strength (30). Furthermore,
the average sex differences in hemoglobin levels and
behavioral patterns, including competitiveness, might
give men an advantage over women (30, 33).

Sex differences in circulating levels of testosterone

Among all the variables that could play a role, the
explanation for the sex difference in athletic performance
that is most generally accepted involves circulating levels
of testosterone, which are, on average, 10-20 times higher
in men than women (30). Available measurements based
on liquid chromatography-tandem mass spectrometry
indicate that the normal female range is 0.1-1.8 nmol/L
and the normal male range is 7.7-29.4 nmol/L

(95% two-sided confidence intervals (CI)) (Fig. 3).

Table 2 Sex differences in physical performance of Olympic
gold medalists at the 2016 Olympics in Rio de Janeiro.

Sport category Women Men Sex difference %
100-m running, s 10.71 9.81 8.4
5000-m running, min ~ 14:26.17 13:03.30 9.6
High jump, m 1.97 2.38 17.2
Pole vault, m 4.85 6.03 19.6
Javelin, m 66.18 90.30 26.7
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Sex difference in circulating levels
of testosterone
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Illustration of sex difference in circulating testosterone levels.
PCOS = polycystic ovary syndrome.

Even when women with mild hyperandrogenism, such as
PCOS, are included, the upper female limit is 3.1 nmol/L
(95% one-sided CI) or 4.8 nmol/L (99.99% CI) (Fig. 3) (30).

Androgen secretion in women of fertile age

In women of fertile age, about 50% of circulating
testosterone is secreted directly in equal amounts by the
ovaries and adrenal glands (34) (Fig. 4). The remaining
50% is produced by peripheral conversion of androgen
precursors derived from the ovaries and adrenals.
Androstenedione produced by the ovary, a precursor
for both estrogens and androgens, can be converted
to testosterone, which is transformed further into the
even more potent DHT by the enzyme Sa-reductase

Adrenal gland
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Figure 4

Androgen secretion in women. For explanation see the text.

A-4 = androstendione; DHEA = dehydroepiandrosterone;

DHEAS = dehydroepiandrosterone sulphate; DHT = dihydrotestosterone;
E2 = estradiol; T = testosterone. Adapted from (34), with permission of
Springer Nature.
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located in the ovary itself and a number of peripheral
tissues (liver, kidney, muscle, fat and skin) (35, 36).
The adrenal gland produces dehydroepiandrosterone
(DHEA), dehydroepiandrosterone sulphate (DHEAS),
androstenedione, testosterone and small amounts of DHT.
In peripheral tissues that express steroidogenic enzymes,
the precursors DHEA and DHEAS can be converted into
estradiol, testosterone and DHT (35, 36). Indeed, in
women, DHEA is considered a major tissue-specific source
of testosterone and DHT (37).

Approximately 65-70% of circulating testosterone
is bound to SHBG, a protein secreted by the liver, with
30-35% of testosterone being bound loosely to albumin
and only 0.5-3% free (38). The free and albumin-bound
fractions are considered to be bioavailable testosterone.
However, the free androgen index, that is, the ratio of
total testosterone to SHBG multiplied by 100, is used
as a measure of circulating free testosterone. DHT in
the circulation is bound even more strongly to SHBG
than testosterone. Liquid (or gas) chromatography-mass
spectrometry is considered as the golden standard for
analysis of serum testosterone, since immunological
methods are limited by cross-reactivity with other steroids
and insufficient sensitivity.

Potential enhancement of physical
performance by androgens

Testosterone and DHT are the two androgens that clearly
bind to the androgen receptor and thereby exert anabolic
activity (Fig. 4). Although recent evidence indicates that
11-ketotestosterone and 11-ketodihydrotestosterone,
androgen derivates produced by the adrenal gland, are
also potent agonists of the human androgen receptor (39),
their potential biological role requires further elucidation.

Androgens could enhance athletic performance
through their effects on muscle tissue, bone mass,
erythropoietin, the immune system and behavioral
patterns (30, 33, 40, 41), although most studies in this
context to date have been performed on men. In muscle
tissue, androgens increase the number of muscle fibers,
satellite cells and myonuclei, as well as the size of motor
neurons (42). Moreover, experimental findings indicate
that testosterone elevates the expression of skeletal
muscle myostatin, mitochondrial biogenesis, myoglobin
expression and the muscular content of IGF (43), all of
which may enhance skeletal muscular activity. Obviously,
muscle growth and the accompanying increase in strength
and power could enhance performance.
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In addition, bone formation 1is stimulated by
androgens, both directly and in part following their local
aromatization to estrogens (44). In experimental animals,
androgens stimulate the proliferation and differentiation
of osteoblasts and inhibit apoptosis of these cells through
specific receptor mechanisms (41). Furthermore, the
androgen-stimulated in muscle mass and
strength promotes bone formation (41). Stimulation of
bone size and strength could be beneficial in connection
with sports involving activities such as jumping, throwing
and other explosive movements.

Furthermore, testosterone stimulates the formation
of new erythrocytes and elevates circulating levels of
hemoglobin (45), apparently as a result of secretion of
more erythropoietin and less hepcidin (46). Experiments
performed in the 1970s revealed a close linear relationship
between hemoglobin levels and maximal oxygen
consumption during exercise (47).

Androgens may also behavioral and
psychological effects that influence athletic performance.
Administration of exogenous
enhances their competitive and dominant behavior
and reduces fear (48, 49), as well as promotes high-risk
behavior (49, 50). Furthermore, androgens may affect
cognition and mood. Although some evidence indicates
that testosterone improves spatial ability in both women
and men, these findings are not yet definitive (51, 52).
Clearly, spatial ability is important in many sports, such
as pole vault and hammer throw.

increase

exert

testosterone to men

Exogenous androgens and physical
performance in women

Ever since the 1950s, administration of exogenous
androgens has been used to enhance athletic performance,
with reports of consequent increases in power, strength
and training capacity (49). These substances, now labeled
as doping agents, are banned from sports. Besides the few
research investigations regarding the effects of exogenous
anabolic androgens on female athletes are the unethical
experiments performed in the former German Democratic
Republic (GDR), where disclosed documents reveal that
athletes were administered such substances from an early
age (53). The positive effects of androgens on athletic
performance were found to be even more pronounced
for women than men. After the GDR ceased to exist in
1989, the performance of the world’s best female athletes
in several sports declined markedly.

Hyperandrogenism in female
athletes

The sparsity of research investigations on the effects
of exogenous testosterone on the physical performance
of women probably reflects the ethical concerns about
potential adverse effects. In one study on postmenopausal
women, administration of different doses of testosterone
(reaching a maximal mean circulating level of 7.3 nmol/L)
for 24 weeks resulted in dose-dependent increases in mean
muscle mass by as much as 4.4% and in muscle strength
by 12-26% (54).

Recently in our double-blind, randomized, placebo-
controlled study (RCT), 48 healthy, physically active
women, 18-35 years of age, were allocated randomly to 10
weeks of daily treatment with 10 mg testosterone cream
or placebo cream (55). In those receiving the testosterone
cream, serum levels of testosterone rose from a mean of
0.9+0.4 to 4.3+2.8 nmol/L and their aerobic performance
(running time to exhaustion) improved by 8.5%, which
was significantly more than for the placebo group
(Fig. 5). At the same time, the anaerobic performance
(assessed by the Wingate test) of the women receiving
testosterone improved by 3.2%, but this was not
significantly different than placebo (Fig. 5). Although
muscle strength was unaltered, testosterone enhanced
lean body mass (2.0%) significantly without changing
body weight. Altogether, these findings demonstrate that
exogenous testosterone elevates the muscle mass and
improves the physical performance of young, physically
active women.

The influence of endogenous androgens on
the physical performance of women

The influence on the athletic performance of women of
endogenous androgen levels that are within the normal
range has rarely been studied, whereas in men there is
evidence for an association between normal levels of
endogenous testosterone and physical performance in
both athletes and non-athletes (30, 56, 57). One reason
for the lack of such investigation on women could be the
complications introduced by hormonal variations during
the menstrual cycle and usage of hormonal contraception.

One earlier report including female athletes (n=22)
demonstrated that serum levels of testosterone at rest were
positively correlated with explosive performance (the
vertical jump test) (57). Amuch larger study involved more
than a 1000 elite female participants in the 2011 and 2013
International Association of Athletics Federations (IAAF)
World Championships (58, 59), of whom only 1.8% had

© 2020 The authors
Published by Bioscientifica Ltd

https://ec.bioscientifica.com
https://doi.org/10.1530/EC-19-0537

This work is licensed under a Creative Commons
Attribution-NonCommercial 4.0 International License.

D OB


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-19-0537
https://ec.bioscientifica.com

3 Endocrine A L Hirschberg

W CONNECTIONS

7.0

6.5 p<0.001 ns
6.0 °

5.5
5.0
4.5

a

4.0

3.5

3.0

Endurance time to exhaustion (min)

2.5 [] Baseline|
[B] Exit

Placebo

2.0

Testosterone

700

650 p<0.01 ns

600 ©

o

550

500

450 o

400

350

Wingate 30 sec average work (W)

300 [] Baseline
[B] Exit

Testosterone Placebo

Figure 5

Aerobic performance measured as endurance time to exhaustion and
anaerobic performance measured as Wingate 30-s average work, before
and after 10 weeks of treatment with testosterone or placebo in young,
physically active, healthy women. n =24 in each group. Values are median
and total range. Endurance time to exhaustion increased significantly in
the testosterone group compared with the placebo group, whereas the
change in Wingate power was not significantly different between the
groups. Data from (55).

clearly elevated levels of testosterone indicative of DSD
or doping. These athletes were classified in tertiles on the
basis of their levels of testosterone, and the performance
in those in the highest tertile in the 400-m race, 400-m
hurdles and 800-m race was found to be 2.1-2.5% better
than that of those in the lowest tertile. Combined
performance in events from 400 to 1500 m in length was
significantly correlated to the testosterone level.

In another study, we examined more than 100 female
Swedish Olympic athletes and sedentary controls of the
same age and BMI with respect to muscle and bone mass,
muscular strength and androgen profile in both the serum
and urine (60). Although the athletes exhibited serum
androgen levels within the normal range, their level
of androgen precursors, including DHEA, were higher
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and estrone levels lower than those of the controls.
Furthermore, the athletes had higher bone mineral
density and more lean mass. In addition, serum levels of
DHT and DHEA correlated positively with the physical
performance of the athletes. This observation is important
since accumulating evidence indicates that, in women,
DHEA is the major precursor of bioactive androgens,
being converted intracellularly into testosterone and
DHT, which bind to the androgen receptor (37).

Together, these findings indicate that, in female
athletes, even normal levels of endogenous androgens
are positively correlated to lean mass and physical
performance.

Hyperandrogenism and the performance of
female athletes

Polycystic ovary syndrome

Although information concerning the influence of
hyperandrogenism on physical performance by women is
limited, some evidence indicates that PCOS is beneficial
in this context. For instance, endurance athletes with
PCOS perform significantly better in the Beep test and
exhibit higher maximal oxygen uptake (VO, max) during
the treadmill exhaustion test than other female athletes
with the same BMI (Fig. 6) (21). Androgen levels were
positively correlated to VO, max and lean mass in the
same study.

In another case-control study involving 40
sedentary women with PCOS and 40 controls, those
with PCOS showed greater muscle strength (bench press,

B rcos
B rHA
[ rRm
M cr

Figure 6

Maximal oxygen uptake in groups of athletes with polycystic ovary
syndrome (PCOS), functional hypothalamic amenorrhea (FHA) and regular
menstruation (RM) and in a sedentary control group (CTR). Reprinted
from Encyclopedia of Endocrine Diseases; 2nd edn, vol 2; Eds |
Huhtaniemi & L Martini; Sport and menses; pp 461-470; copyright 2019;
with permission from Elsevier (4).
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leg extension and handgrip strength), irrespective of body
composition (61). Serum levels of testosterone correlated
positively with increased muscle strength in the PCOS
group (61). Furthermore, polycystic ovaries and PCOS
are overrepresented among Olympic sportswomen,
as well as other athletic populations (23, 26, 27, 28,
29). These observations indicate that mild forms of
hyperandrogenism such as PCOS may improve physical
performance and thereby play a role in the decision by
women to participate in competitive sports. There is no
support for the reverse causality, that is, participation in
sports elevates the incidence of polycystic ovaries or PCOS.

Differences/disorders of sex development

The increased prevalence of XY DSD among elite female
athletes suggests that these conditions may improve
physical performance. However, for obvious reasons, the
physical performance of groups of female athletes with
such rare conditions has yet to be compared to that of
controls and only a few individual case studies have been
reported. According to these reports, treatment designed
to lower testosterone levels also worsened performance on
the average by 5.7% over a 2-year period (62).

At the cell level, the body cannot distinguish between
exogenous or endogenous testosterone, and therefore
the physiological/biological effect of testosterone could
be studied by administrating testosterone to subjects. In
our RCT concerning the influence of testosterone on the
physical performance of young, physically active women
(55), we found a significantincrease in lean body mass (2%),
aerobic performance (8.5%) and anaerobic performance
(3.2%, not statistically significant in comparison to
placebo) when serum levels of testosterone were increased
modestly (to approximately half the lower limit of the
normal male range), by exogenous administration (Fig. 5).
Since the dose-response relationship between testosterone
and physical performance in young women is not known,
the results cannot be extrapolated directly to indicate the
effects of male levels of testosterone. However, on the basis
of available data, it has been estimated that the ergogenic
advantage to a female athlete provided by circulating levels
of testosterone in the male range is greater than 9% (30).

Regulations concerning the eligibility to
compete as a woman in sports

To ensure fair and meaningful competition, the IAAF, now
Word Athletics, introduced in 2011, for the first time,
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regulations concerning the eligibility of female athletes
with hyperandrogenism to compete with other women.
These rules were endorsed by the International Olympic
Committee (IOC) prior to the Olympic Games in London
2012. According to these regulations, an athlete can
compete in the female category if she is legally recognized
as a woman and has testosterone levels below 10 nmol/L.
However, an exception is CAIS, since in this case the
individual cannot respond to testosterone although she
has testosterone in the male range. These rules, designed
to preserve the safety, fairness and integrity of women's
competition, and in no way to determine sex or gender,
have been subjected to debate and criticism (63, 64, 65,
66, 67, 68).

In 2015, the regulations were challenged by an
athlete in the Court of Arbitration of Sport (CAS), which
then suspended them pending further scientific evidence
concerning the influence of testosterone levels in the male
range on the athletic performance of women. In response,
recent observational data (58, 59, 60), as well as our RCT
described, (55) have provided additional evidence for
the performance-enhancing effects of testosterone in
female athletes.

Later on, the IAAF issued new regulations for the
female classification — Athletes with Differences of Sex
Development — which finally came into effect on May
8, 2019 (69; https://www.worldathletics.org/about-iaaf/
documents/health-science). The new regulations apply
only to female athletes with XY DSD, having testosterone
levels in the male range and normal androgen receptors,
and who compete in middle-distance track disciplines
at international competitions. Their testosterone
levels must be maintained <5 nmol/L, as measured by
gas/liquid chromatography tandem mass spectrometry,
to be eligible to compete in the female classification.
However, no athlete can be forced to undergo assessment
and treatment in response to these regulations. It is solely
the athlete’s decision, in consultation with her medical
team, whether or not to proceed with any evaluation
or treatment.

The current clinical consensus is that women
with severe hyperandrogenism should be diagnosed
and treated in a manner appropriate to their gender
identity (31). In the case of female identity, treatment
may include suppression of serum testosterone levels
by surgical or medical means, as well as gonadectomy
if there is a risk of malignancy. In this context,
hormonal contraceptives suppress levels of gonadal
androgens very effectively also in women with severe
hyperandrogenism and are generally well tolerated,
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with few side-effects and well-recognized risks, including
venous thrombosis (70). However, an athlete may be
concerned that such treatment could have an adverse
impact on physical performance, and even without
treatment she can compete in all events at national
level and in any discipline except middle-distance
track events at international competitions. At the same
time, if untreated, the athlete must be informed of the
progressive masculinization of her body, including
certain irreversible changes (clitoromegaly, developing
deep male voice).

In February of 2019, when the regulations were
challenged by another athlete, CAS came to the
conclusion that the regulations are necessary, reasonable
and proportionate in order to preserve the integrity of
female athletes in the restricted events and to ensure fair
competition. This decision was appealed to the Swiss
Federal Tribunal, which dismissed the athlete’s case
on July 31, 2019, so that, for the time being, at least
these regulations apply to all female athletes. However,
at the present point in time, the final decision on the
appeal has not yet been taken by the Swiss Federal
Supreme Court.

Conclusions

The present narrative review highlights the complex issue
of severe hyperandrogenism in female athletes, including
whether it is fair to allow women with male levels of
testosterone to compete against those with normal female
levels. Findings to date indicate an elevated prevalence of
both mild and severe forms of hyperandrogenism among
female athletes. This is probably due to selection bias,
since essential hyperandrogenism may be advantageous
for athletic performance and there is no evidence
that athletic activities promote the development
of hyperandrogenism. Indeed, increasing scientific
evidence indicates that testosterone (exogenous, as well
as endogenous) enhances muscle mass and physical
performance of women. Furthermore, no known genetic
or biological trait provides a better explanation than
levels of testosterone for the 10-20% advantage that male
athletes have over female athletes. Nonetheless, whether
or not women with high levels of testosterone should be
allowed to compete with women with normal female levels
remain highly controversial. The regulations established
in this context by the IAAF have been approved by CAS,
but the final decision by the Swiss Federal Supreme Court
is still pending.
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