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State Bar No. 034133 
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Facsimile:  (602) 640-9050 
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Additional counsel listed in signature block 

UNITED STATES DISTRICT COURT  

FOR THE DISTRICT OF ARIZONA 

TUCSON DIVISION 

Jane Doe, by her next friend and parents 

Helen Doe and James Doe; and Megan Roe, 

by her next friend and parents, Kate Roe and 

Robert Roe, 

 Plaintiffs, 

v. 

Thomas C. Horne in his official capacity as 

State Superintendent of Public Instruction; 

Laura Toenjes, in her official capacity as 

Superintendent of the Kyrene School 

District; Kyrene School District; The 

Gregory School; and Arizona Interscholastic 

Association Inc., 
 
 Defendants. 

Case No. 4:23-cv-00185-JGZ 

 

PLAINTIFFS’ EXHIBIT LIST FOR 

PLAINTIFFS’ MOTION FOR 

PRELIMINARY INJUNCTION  

 

 

Plaintiffs submit the following list of exhibits, along with copies of exhibits not 

already filed on the docket, pursuant to the Court’s June 14, 2023 Order (ECF No. 80). 

Plaintiffs respectfully reserve the right to amend this exhibit list in advance of the hearing.  

 

Ex. No. Description  Location 

1 Declaration of Jane Doe ECF No. 6 

2 Declaration of Helen Doe ECF No. 7 

3 Second Declaration of Helen Doe ECF No. 78 

4 Declaration of Megan Roe ECF No. 8 

5 Declaration of Kate Roe ECF No. 9 

6 Declaration of Stephanie Budge, Ph.D. ECF No. 4 

7 Rebuttal Declaration of Stephanie Budge, Ph.D. ECF No. 65-1 

8 Declaration of Daniel Shumer, M.D., MPH ECF No. 5 
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9 Rebuttal Declaration of Daniel Shumer, M.D., MPH ECF No. 65-2 

10 AIA’s Constitution, Bylaws, Policies, and Procedures 

2022-2023, Transgender Policy 

ECF No. 51-1 

11 Photographs of the Doe Family (filed under seal)1 Attached 

12 Photographs of the Roe Family (filed under seal) Attached 

13 Jane Doe’s Name Change Court Order (filed under 

seal) 

Attached 

14 Megan Roe’s Name and Gender Change Court Order 

(filed under seal) 

Attached 

15 Jane Doe’s Passport (filed under seal) Attached 

16 Megan Roe’s Passport (filed under seal) Attached 

17 Consideration of Bills: Hearing on S.B. 1165 Before S. 

Comm. on Judiciary, Jan. 20, 2022, 55th Leg., 2nd 

Reg. Sess., 00:08:08–01:30:05 (filed as a non-

electronic exhibit)2 

Cover page 

attached  

18 David Handelsman, et al., Circulating Testosterone as 

the Hormonal Basis of Sex Differences in Athletic 

Performance, 39 Endocrine Revs. 803 (2018) 

Attached 

19 David Handelsman, Sex Differences in Athletic 

Performance Emerge Coinciding with the Onset of 

Male Puberty, 87 Clinical Endocrinology 68 (2017) 

Attached 

20 Jonathon W. Senefeld et al., Sex Differences in Youth 

Elite Swimming, 14 PLOS ONE 1 (2019) 

Attached 

21 Joanna Harper, Race Times for Transgender Athletes, 6 

J. Sporting Cultures & Identities 1 (2015) 

Attached 

22 Marnee McKay & Joshua Burns, When it 

Comes to Sport, Boys “Play Like a Girl,” The 

Conversation (Aug. 3, 2017), 

https://theconversation.com/when-it-comes-to-sport-

boys-play-like-a-girl-80328 

Attached 

23 Marnee McKay, et al., Normative Reference Values for 

Strength and Flexibility of 1,000 Children and Adults, 

Neurology, 88 (1) (2017) 

Attached 

24 World Rugby Transgender Women’s Guidelines 

(2020), https://www.world.rugby/the-game/player-

welfare/guidelines/transgender/women 

Attached 

25 Governor Douglas A. Ducey’s Letter to Arizona 

Secretary of State re: Senate Bill 1138 and 1165  

Attached  

                                              
1 Plaintiffs respectfully request by forthcoming separate motion that Exhibits 11-16 be filed 
under seal because these documents provide sensitive and private information about the 
Plaintiffs and their families, who the Court has ordered may proceed in this case under 
pseudonyms.  
 
2 Plaintiffs respectfully request by forthcoming separate motion that Exhibit 17 be filed as 
a non-electronic exhibit with the Court because the exhibit is a multimedia file that cannot 
be filed using the CM/ECF system.   
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2023.   
  
 /s/ Colin M. Proksel_____________________ 
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 Phoenix, Arizona 85012-2793 
 Telephone: (602) 640-9000 
 Facsimile: (602) 640-9050 
 Email: cproksel@omlaw.com 
  
 Jyotin Hamid* 
 Justin R. Rassi* 
 Amy C. Zimmerman* 
 DEBEVOISE & PLIMPTON LLP  
 66 Hudson Boulevard 
 New York, New York 10001 
 Telephone: (212) 909-6000 
 Facsimile: (212) 909-6836 
 Email: jhamid@debevoise.com 
 Email: jrassi@debevoise.com 
 Email: azimmerman@debevoise.com 
  
 Amy Whelan* 

Rachel Berg* 
 NATIONAL CENTER FOR LESBIAN RIGHTS 
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 San Francisco, California 94102 
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 Email: awhelan@nclrights.org  
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Circulating Testosterone as the Hormonal Basis of Sex
Differences in Athletic Performance

David J. Handelsman,1,2 Angelica L. Hirschberg,3,4 and Stephane Bermon5,6

1ANZAC Research Institute, University of Sydney, Concord, New South Wales 2139, Australia; 2Department of
Andrology, Concord Hospital, Sydney, New South Wales 2139, Australia; 3Department of Women’s and
Children’s Health, Karolinska Institutet, 171 76 Stockholm, Sweden; 4Department of Gynecology and
Reproductive Medicine, Karolinska University Hospital, 171 76 Stockholm, Sweden; 5Laboratoire Motricité
Humaine, Education, Sport, Santé, Université Côte d’Azur, 06000 Nice, France; and 6Health and Science
Department, International Association of Athletics Federations, 98000 Monaco

ABSTRACT Elite athletic competitions have separate male and female events due to men’s physical advantages in strength, speed, and

endurance so that a protected female category with objective entry criteria is required. Prior to puberty, there is no sex difference in

circulating testosterone concentrations or athletic performance, but from puberty onward a clear sex difference in athletic performance

emerges as circulating testosterone concentrations rise in men because testes produce 30 times more testosterone than before puberty with

circulating testosterone exceeding 15-fold that of women at any age. There is a wide sex difference in circulating testosterone concentrations

and a reproducible dose-response relationship between circulating testosterone and muscle mass and strength as well as circulating

hemoglobin in both men and women. These dichotomies largely account for the sex differences in muscle mass and strength and

circulating hemoglobin levels that result in at least an 8% to 12% ergogenic advantage in men. Suppression of elevated circulating

testosterone of hyperandrogenic athletes results in negative effects on performance, which are reversed when suppression ceases. Based

on the nonoverlapping, bimodal distribution of circulating testosterone concentration (measured by liquid chromatography–mass

spectrometry)—and making an allowance for women with mild hyperandrogenism, notably women with polycystic ovary syndrome (who

are overrepresented in elite athletics)—the appropriate eligibility criterion for female athletic events should be a circulating testosterone

of ,5.0 nmol/L. This would include all women other than those with untreated hyperandrogenic disorders of sexual development and

noncompliant male-to-female transgender as well as testosterone-treated female-to-male transgender or androgen dopers. (Endocrine

Reviews 39: 803 – 829, 2018)

V irtually all elite sports are segregated into male
and female competitions. The main justifica-

tion is to allow women a chance to win, as women have
major disadvantages against men who are, on average,
taller, stronger, and faster and have greater endurance
due to their larger, stronger muscles and bones as well
as a higher circulating hemoglobin level. Hence, elite
female competition forms a protected category with
entry that must be restricted by an objective eligibility
criterion related, by necessity, to the relevant sex-
specific physical advantages. The practical need to
establish an eligibility criterion for elite female athletic
competition led the International Association of
Athletic Federations (IAAF) to establish a rule in ,
endorsed by the International Olympic Committee
(IOC) in , for hyperandrogenic women. That

IAAF regulation stated that for athletes to be eligi-
ble to compete in female events, the athlete must be
legally recognized as a female and, unless she has
complete androgen insensitivity, maintain serum
testosterone , nmol/L. That IAAF eligibility rule
was challenged by an athlete to the Court for Arbi-
tration in Sports, which ruled in  that, although an
eligibility criterion was justified, there was insufficient
evidence of the extent of the competitive advantage
enjoyed by hyperandrogenic athletes who had circu-
lating testosterone . nmol/L over female athletes
with circulating testosterone in the normal female
range. The Court for Arbitration in Sports suspended
the rule pending receipt of such evidence. In that
context, the present review presents the available
evidence on the hormonal basis for the sex difference
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in athletic performance. It concludes that the evidence
justifies a revised eligibility criterion of a threshold

circulating testosterone concentration of  nmol/L
(measured by a mass spectrometry method).

Sex, Fairness, and Segregation in Sport

If sports are defined as the organized playing of
competitive games according to rules (), fixed rules
are fundamental in representing the boundaries of fair
sporting competition. Rule breaking, whether by
breaching eligibility or competition rules, such as use
of banned drugs, illegal equipment, or match fixing,
creates unfair competitive advantages that violate fair
play. Cheating constitutes a fraud against not just
competitors but also spectators, sponsors, the sport,
and the public. In the absence of genuine fair com-
petition, elite sports would lose their wide popular
appeal and ability to captivate and inspire with the
authentic attraction of genuine contest between highly
trained athletes.

Nevertheless, fairness is an elusive, subjective
concept with malleable boundaries that may change
over time as social concepts of fairness evolve. For
example, until the late th century when orga-
nized sports trainers emerged, training itself was
considered a breach of fairness because competition
was envisaged at that time as a contest based solely on
natural endowments. Similarly, sports once distin-
guished between amateurs and professionals. The
concept of fairness has deep and complex philo-
sophical roots mainly focused on notions of dis-
tributive justice. These considerations affect sports
through the universal application of antidiscrimina-
tion and human rights legislation. Less attention is
given to the philosophical basis of fair competition in
elite sports, where the objectives are not egalitarian but
aim to discover a hierarchy of achievement derived

from a mixture of unequal natural talent and indi-
vidual training effort. Excellent, insightful discussion
of the legal and moral complexities of sex and fair
competition in elite sports from a legal scholar and
former elite female athlete is available ().

The terms sex and gender are often confused and
used as if interchangeable. Sex is an objective, specific
biological state, a term with distinct, fixed facets,
notably genetic, chromosomal, gonadal, hormonal,
and phenotypic (including genital) sex, each of which
has a characteristic defined binary form. Whereas all
facets of biological sex are almost always aligned so
that assignment of sex at birth is straightforward, rare
instances in which two or more facets of biological sex
conflict constitute an intersex state, now referred to as
disorders (or differences) of sex development (DSDs)
(). In contrast, gender is a subjective, malleable, self-
identified social construct that defines a person’s in-
dividual gender role and orientation. Prompted by
biological, personal, and societal factors, volitional
expression of gender can take on virtually any form
limited only by the imagination, with some individuals
asserting they have not just a single natal gender but
two genders, none, a distinct third gender, or gender
that varies (fluidly) from time to time. Hence, whereas
gender is usually consistent with biological sex as
assigned at birth, in a few it can differ during life. For
example, if gender were the basis for eligibility for female
sports, an athlete could conceivably be eligible to
compete at the same Olympics in both female and male
events. These features render the unassailable personal
assertion of gender identity incapable of forming a fair,
consistent sex classification in elite sports.

ESSENTIAL POINTS

· It is widely accepted that elite athletic competitions should have separate male and female events

· The main justification is that men’s physical advantages in strength, speed, and endurance mean that a protected female
category, with objective entry criteria, is required

· Prior to puberty, there is no sex difference in circulating testosterone concentrations and athletic performance

· Frommale puberty onward, the sex difference in athletic performance emerges as circulating testosterone concentrations
rise as the testes produce 30 times more testosterone than before puberty, resulting in men having 15- to 20-fold greater
circulating testosterone than children or women at any age

· This wide, bimodal sex difference in circulating testosterone concentrations and the clear dose-response relationships
between circulating testosterone and muscle mass and strength, as well as the hemoglobin level, largely account for the
sex differences in athletic performance

· Based on the nonoverlapping, bimodal distribution of circulating testosterone concentration (measured by liquid
chromatography–mass spectrometry) with 95% references ranges of 7.7 to 29.4 nmol/L in healthy men and 0 to 1.7 nmol/
L in healthy premenopausal women—making an allowance for women with the mild hyperandrogenism of polycystic
ovary syndrome, who are overrepresented in elite athletics—the eligibility criterion for female athletic events should be
a circulating testosterone concentration of ,5.0 nmol/L
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The strongest justification for sex classification in
elite sports is that after puberty men produce  times
more testosterone than women (–), resulting in
circulating testosterone concentrations -fold higher
than in children or women of any age. Age-grade
competitive sporting records show no sex differences
prior to puberty, whereas from the age of male puberty
onward there is a strong and ongoing male advantage
(). The striking male postpubertal increase in cir-
culating testosterone provides a major, ongoing, cu-
mulative, and durable physical advantage in sporting
contests by creating larger and stronger bones, greater
muscle mass and strength, and higher circulating
hemoglobin as well as possible psychological (be-
havioral) differences. In concert, these render women,
on average, unable to compete effectively against men
in power-based or endurance-based sports.

Sex classification in sports therefore requires proof
of eligibility to compete in the protected (female)
category. This deceptively simple requirement for
fairness is taken for granted by peer female compet-
itors who regard participation by males, or athletes
with physical features closely resembling males, as
unfair. This makes policing of eligibility inescapable
for sports, to avoid unfair male participation in female
events. However, such policing inevitably intrudes into
highly personal matters so that it must be achieved
with respect for dignity and privacy, demanding use of
the least invasive, scientifically reliable means. Un-
surprisingly, this dilemma has always been highly
contentious since it first entered international elite
sports in the early th century, and it has become
increasingly prominent and contentious in recent
decades; nevertheless, the requirement to maintain fair
play in female events will not disappear as long as
separate female competitions exist. During recent
decades, there has been progressively better un-
derstanding of the complex biology of genetic
sex determination and the impact of pubertal
sexual maturation in establishing phenotypic sex-
ual dichotomy in physical capabilities. These sex-
dichotomous physical features form the basis of, but
remain quite distinct from, adult gender roles and
identity. During the last century, as knowledge grew,
the attempts to formalize a scientific basis for the
unavoidable necessity of policing eligibility for the
female category have been continually challenged.
Most recently, the increasing assertion of gender self-
identification as a social criterion has further chal-
lenged the hegemony of biology for determining
“sports sex,” Coleman’s apt term (). Allowing sub-
jective gender self-identification to become the sole
criterion of sports sex would allow for gaming and
perceptions of systematic unfairness to grow. The case
for women’s sports being defined by sex rather than
gender, including the consequences of acceding
to gender-based classification, has been outlined
() in arguing the importance of proper medical

management of athletes intending to compete in
female events.

Separate male and female events in sports is a
dominant form of classification that is superimposed
on other graduated age group and weight classifica-
tions (e.g., in weightlifting, power lifting, wrestling,
boxing, rowing), which reflect differences in strength,
power, and speed to ensure fairness in terms of op-
portunity to win and, additionally, safety in contact
sports. Age and weight classifications rely on objective
criteria (birth date, weigh-in weight) for eligibility, and
so should sex classification. Nevertheless, some power
sports dependent on explosive strength and power
(e.g., throwing events, sprinting) do not segregate
weight classes, whereas other sports where height is an
advantage (e.g., basketball, jockeys) do not have height
classifications. These sports disproportionately attract
athletes with greater weight and/or power-to-weight
ratio or advantageous stature, respectively. If sex
classification were eliminated, such open or mixed
competitions would be dominated almost exclusively
by men. It therefore seems highly unlikely that sex
classification would ever be discarded, despite calls on
philosophical or sociological grounds to end “gender”
classification in sport ().

Sex Difference in Circulating
Testosterone Levels

Testosterone biosynthesis, secretion, and
regulation in men and women
An androgen is a hormone capable of developing and
maintaining masculine characteristics in reproductive
tissues (notably the genital tract, as well as in other
tissues and organs associated with secondary sexual
characteristics and fertility) and contributing to the
anabolic status of nonreproductive body tissues ().
The two dominant bioactive androgens circulating in
mature mammals, including humans—testosterone
and its more potent metabolite DHT—account for the
development and maintenance of all androgen-
dependent characteristics, and their circulating levels
in men and nonpregnant women arise from steroids
synthesized de novo in the testes, ovary, or adrenals
().

The sexually undifferentiated gonads in the em-
bryo develop into either ovaries or testes according to
whether a Y chromosome (or at least the sry gene) is
present. After birth and until puberty commences,
circulating testosterone concentrations are essentially
the same in boys and girls, other than briefly in the
neonatal period of boys when higher levels prevail. The
onset of male puberty, a brain-driven process triggered
by a still mysterious hypothalamic or higher cerebral
mechanism (), initiates a hormonal cascade. In
males, this leads to enhanced pituitary LH secretion
that stimulates the million Leydig cells in the testes
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to secrete  to mg (mean, mg) of testosterone daily
(, , , , ). This creates a very high local con-
centration of testosterone within the testis as well as a
steep downhill concentration gradient into the
bloodstream that maintains circulating testosterone
levels at adult male levels, which are tightly regulated
by strong negative hypothalamic feedback of circu-
lating testosterone. In the absence of testes, these
mechanisms do not function in females. In girls, serum
testosterone increases during puberty (), peaking at
age  to  years before declining gradually with age
(, ), but it remains , nmol/L at all ages, as
determined by a reliable method (see below).

In adult women, circulating testosterone is derived
from three roughly equal sources: direct secretion
from the adrenal gland or the ovary and indirect
extraglandular conversion (in liver, kidney, muscle, fat,
skin) from testosterone precursors secreted by the
adrenal and ovary. Only when circulating testosterone
concentrations rise in male adolescents above the
prepubertal concentrations does the virilization char-
acteristic of men commence, progress, and endure
throughout adult life, at least until old age (). In
combination, these different sources produce ~. mg
of testosterone daily so that throughout life women
maintain circulating testosterone levels of , nmol/L.
Circulating testosterone concentrations in women are
subject to little dynamic physiological regulation. As a
result, circulating testosterone concentrations in healthy
premenopausal women are stable (nonfluctuating) and
not subject to strong negative feedback by exogenous
testosterone (as happens in men). Even the small rise
(%) at the time of the mid-cycle LH surge triggering
ovulation () remains within the physiological range
for premenopausal females.

Male and female reference ranges for
circulating testosterone
A reliable threshold for circulating testosterone must
be set using measurement by the reference method of
liquid chromatography–mass spectrometry (LC-MS)
rather than using one of the various available com-
mercial testosterone immunoassays. The necessary
reliance on steroid mass spectrometry for clinical
applications in endocrinology, reproductive medicine,
and sports medicine is widely recognized. It has been
standard for decades in antidoping science (), and
the growing consensus is that it is required for high-
quality clinical research and practice recognized by
cognate professional societies (, ) and editorials in
leading clinical endocrinology () and reproductive
medicine () journals. The inherently limited spec-
ificity of testosterone immunoassays arises from an-
tibody cross-reactivity with structurally related steroids
(such as precursors and metabolites) other than the
intended target. As a result, all steroid immunoassays,
including for testosterone, display method-specific
bias whereby, for example, the lower limit of a

testosterone reference range in healthy young men
varies from . to . nmol/L according to the im-
munoassay used, so that no consensus definition of a
lower limit could be obtained independent of the
commercial immunoassay method used (). Fur-
thermore, testosterone immunoassays are optimized
for circulating levels in men but display increasing
inaccuracy at the lower, by an order of magnitude,
circulating testosterone concentrations in women or
children. In contrast to immunoassays, LC-MS–based
methods are highly specific and do not depend on
proprietary antibodies. Using LC-MS–based mea-
surements, method-specific bias can be avoided
and a fixed consensus lower reference limit defined
(Table ). Hence, for the precision required in sports
medicine, whether for eligibility criteria or antidoping
applications, testosterone in serum must be measured
by LC-MS methods.

Prior to puberty, levels of circulating testosterone
as determined by LC-MS are the same in boys and girls
(). They remain lower than  nmol/L in women of
all ages. However, from the onset of male puberty the
testes secrete  times more testosterone resulting in
circulating testosterone levels that are  times greater
in healthy young men than in age-similar women.
Using LC-MS measurement, circulating testosterone
in adults has a strikingly nonoverlapping bimodal
distribution with wide and complete separation be-
tween men and women. Table  (–) summarizes
data from appropriate reported studies using mass
spectrometry–based methods to measure serum tes-
tosterone in healthy men and women. Based on a
number-weighted pooling with conventional %
two-sided confidence limits of the eight available
studies using LC-MS measurements of serum tes-
tosterone, the reference range for healthy young men
( to  years) is . nmol/L to . nmol/L. Similarly,
summarizing the nine available studies for healthy
menstruating women under  years, the % (two-
sided) reference range is  to . nmol/L. These ref-
erence limits do not control for factors such as oral
contraceptive use (, ), menstrual phase (),
SHBG (, ), overweight (, ), fasting and
smoking (), diet (), and physical activity (, ) in
women and men, all of which have small effects on
circulating testosterone but without materially influ-
encing the divergence between the nonoverlapping
bimodal distribution of male and female reference
ranges of circulating testosterone.

In creating a threshold for eligibility for female
events it is also necessary to make allowance for
women with polycystic ovary syndrome (PCOS) and
nonclassical adrenal hyperplasia. PCOS is a relatively
common disorder among women of reproductive ages
with a prevalence of % to %, depending on the
diagnostic criteria used (), in which mild hyper-
androgenism is a key clinical feature and has higher
than expected prevalence among elite female athletes
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(, –). Nonclassical adrenal hyperplasia is a
milder and later (adult) onset variant of classical
congenital adrenal hyperplasia () with a much
higher but still rare population prevalence (: vs
:, for the classical variant) (). Table  (–)
summarizes clinical studies (n = , $ women)
reporting serum testosterone concentrations measured
by LC-MS in samples from women with PCOS.

The pooled data reveal that the upper limit of
serum testosterone in women with PCOS is . nmol/
L (% CI, one-sided) or . nmol/L (using a .%
CI, one-sided) (Table ). Hence, a conservative
threshold for circulating testosterone of  nmol/L
measured by LC-MS would identify ,:,
women with PCOS as false positives, based on cir-
culating testosterone measurement alone. Circulating
testosterone higher than this threshold is likely to be
due to testosterone-secreting adrenal or ovarian tu-
mors, intersex/DSD, badly controlled or noncompliant
male-to-female (MF) transgender athletes, or tes-
tosterone doping.

The physiological effects of testosterone depend
on the circulating testosterone, not its source
(endogenous or exogenous)
Testosterone, whether of a natural endogenous or
manufactured exogenous source, has an identical
chemical structure and biological effects, aside from
minor differences in isotopic composition, which are
biologically insignificant. At equivalent doses and
circulating levels, exogenous testosterone exerts the
same biological and clinical effects on every known
androgen-responsive tissue or organ as endogenous
testosterone, apart from effects on spermatogenesis,
which as discussed below is only a matter of degree.
Consequently, exogenous testosterone is a fully ef-
fective substitute for endogenous testosterone in
therapeutic use, countering the effects of testosterone
deficiency due to hypogonadism (reproductive system
disorders). Any purported differences between en-
dogenous and exogenous testosterone are due to
corresponding differences in the endogenous pro-
duction rate or exogenous dose. Such differences in

Table 1. Serum Testosterone Measurements by LC-MS Methods in Studies of Healthy Men and Women

Study Sample (Age 18–40 y) N Lower 95% CL (nmol/L) Upper 95% CL (nmol/L)

Men

Sikaris et al., 2005 (25) Elite, eugonadal 124 10.4 30.1

Turpeinen et al., 2008 (26) Convenience 30 10.1 31.2

Kushnir et al., 2010 (27) Convenience 132 7.2 24.2

Salameh et al., 2010 (28) Convenience 264 7.1 39.0

Neale et al., 2013 (29) Convenience 67 10.6 31.9

Kelsey et al., 2014 (30) Secondary pooled analysis 1058 7.2 25.3

Hart et al., 2015 (31) Birth cohort 423 7.4 28.0

Travison et al., 2017 (32) Pooled two cohorts 1656 7.9 31.1

Number-weighted mean 7.7 29.4

Women

Turpeinen et al., 2008 (26) Convenience 32 0.8 2.8

Kushnir et al., 2010 (27) Convenience 104 0.3 2.0

Salameh et al., 2010 (28) Convenience 235 0.03 1.5

Haring et al., 2012 (33) Population-based 263 0.04 2.0

Neale et al., 2013 (29) Convenience 90 0 1.7

Bui et al., 2013 (34) Convenience 25 0.30 1.69

Rothman et al., 2013 (19) Convenience 31 0.4 0.92

Bermon and Garnier, 2017 (35) Elite athletes 1652 0 1.62

Eklund et al., 2017 (36) Elite athletes and controls 223 0.26 1.73

Number-weighted mean 0.06 1.68

Abbreviation: CL, confidence limit.
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effective exposure lead to corresponding differences in
circulating testosterone levels and its effects according
to the dose-response curves for testosterone.

Similar to all hormones and drugs, over their ef-
fective range of biological activity the dose-response
relationship for testosterone is usually a sigmoidal
curve with lower and upper plateaus joined by a
monotonically rising middle region, which may be
linear in the natural scale but more often log-linear
(linear on the log or similar transformed scale). In the
middle portion of the typical sigmoidal dose-response
curve for the same increase in testosterone dose (or
concentration), the response would be increased in
simple proportional (i.e., linear) but more often on a
logarithmic scale. In contrast, at the lower and upper
plateaus of dose or concentrations, changes in tes-
tosterone exposure may evoke minimal or no response
on the endpoint. For example, in women of any age
circulating testosterone concentrations are along the
lower plateau of the dose-response curve, so that
increases in circulating testosterone concentrations
within that lower plateau may have minimal or no
effect. In female athletes with the mild hyper-
androgenism of PCOS, higher performance has been
shown (), with their muscle mass and power per-
formance correlating with androgen levels ().

However, beyond these effects where endogenous
testosterone concentrations are in the high-normal
adult female range, it is only when the increases in
circulating testosterone concentrations substantially
and consistently exceed those prevailing in childhood
(, nmol/L) and among women including those with
PCOS (, nmol/L) that the effects would replicate the
effects of rising testosterone concentrations of boys in
middle to late puberty (typically . nmol/L), that is,
the masculinizing effects of increased muscle, bone,
and hemoglobin characteristics of men. As shown
above, the circulating testosterone of most women
never reaches consistently. nmol/L, a level that boys
must sustain for some time to exhibit the masculin-
izing effects of male puberty.

In addition, the effects of testosterone are modu-
lated in a form of fine tuning by the patterns of ex-
posure, such as whether the circulating testosterone is
delivered in the unphysiological steady-state format
(e.g., quasi–steady-state delivery by implant or trans-
dermal products) or by the peak-and-trough delivery
of injections, as opposed to the natural state of en-
dogenous fluctuations in serum testosterone around
the average adult male levels. However, these latter
pattern effects are subtle and the dominant effect
remains that of dose and average testosterone

Table 2. Summary of Serum Testosterone (nmol/L) by LC-MS in Women With PCOS From 16 Studies

Study N Mean SD

Moran et al., 2017 (50) 92 0.24 0.08

Münzker et al., 2017 (51) 274 0.93 0.19

O’Reilly et al., 2017 (52) 114 0.55 0.19

Handelsman et al., 2017 (53) 152 0.38 0.25

Pasquali et al., 2016 (54) 156 1.17 0.47

Yang et al., 2016 (55) 1159 2.2 1.44

Tosi et al., 2016 (56) 116 1.33 0.55

Daan et al., 2015 (57) 170 1.64 0.53

Bui et al., 2015 (58) 44 0.85 0.3

Keefe et al., 2014 (59) 52 1.7 0.97

Yasmin et al., 2013 (60) 165 1.99 1.02

Janse et al., 2011 (61) 200 1.12 0.47

Jedel et al., 2011 (62) 72 0.23 0.08

Legro et al., 2010 (Mayo) (63) 596 2.12 0.89

Legro et al., 2010 (Quest) (63) 596 1.98 0.97

Stener-Victorin et al., 2010 (64) 74 1.53 0.62

Sum 4032

Number-weighted mean 1.69 0.87

Data taken directly from paper
or interpolated from other data
(e.g., median, quartiles, ranges,
sample size) supplied as
described by Wan et al., 2014
(Estimating the sample mean
and standard deviation from
the sample size, median, range
and/or interquartile range.
BMC Med Res Methodol 14:
135) are shown in italics.
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concentrations in blood, however they arise. Fur-
thermore, there is evidence that the androgen sensi-
tivity of responsive tissues differs and may be optimal
at different circulating testosterone concentrations
().

Male sexual function is maintained by endogenous
testosterone at adult male circulating concentrations.
These effects can be replicated by exogenous testos-
terone if and only if it achieves comparable circulating
testosterone concentrations. For example, in a well-
controlled prospective study of older men with
prostate cancer (), androgen deprivation achieving
castrate levels of circulating testosterone sustained
during  months markedly suppressed sexual desire
and function, whereas those effects did not occur in
age-matched men having nonhormonal treatment of
prostate cancer or those without prostate cancer. In
healthy younger men whose endogenous testosterone
was fully suppressed, sexual function completely re-
covered when circulating testosterone was restored to
the physiological male range by administration of
exogenous testosterone (). Similar effects were also
observed in healthy, middle-aged men in whom male
sexual function was fully maintained (compared with
placebo) during  years of treatment with an exoge-
nous androgen (DHT) despite that treatment causing
sustained, complete suppression of endogenous tes-
tosterone (). This further supports the key in-
terpretation that the biological effects of exogenous or
endogenous testosterone are the same at comparable
circulating levels.

Clinically, exogenous testosterone replicates fully
all effects of endogenous testosterone on every re-
productive and nonreproductive organ or tissue, with
the sole exception of the testis. Sperm production in
the testis requires a very high concentration of tes-
tosterone (typically -fold greater than in the general
bloodstream), which is produced in nature only by the
action of the pituitary hormone LH. LH stimulates the
Leydig cells in the interstitial space of the testis be-
tween seminiferous tubules to produce high intra-
testicular concentrations of testosterone, which are
necessary and sufficient to initiate and maintain sperm
production in the adjacent seminiferous tubules. This

high concentration of testosterone also provides a
downhill gradient to supply the rest of the body, where
circulating testosterone acts on androgen-responsive
tissues to produce and maintain masculine patterns of
androgenization. When exogenous testosterone (or
any other androgen) is administered to men, pituitary
LH is suppressed by negative feedback and the sperm
production halts for as long as exogenous testosterone
or androgen exposure continues, after which it re-
covers (). However, even the reduction in sper-
matogenesis and testis size when men are treated with
exogenous testosterone is only a matter of degree. It is
well established in rodents (, ) that spermato-
genesis is induced by exogenous testosterone when the
testosterone concentrations in the testis are high
enough to replicate what occurs naturally via LH
stimulation (). However, direct replication that
high-dose testosterone also initiates and maintains
spermatogenesis in humans is not feasible, as these
testosterone doses are - to -fold higher than
could be safely given to humans. Nevertheless, con-
firmatory evidence in humans is available from rare
cases of men with an activating mutation of the
chorionic gonadotropin/LH receptor (, ). This
mutation causes autonomous testicular testosterone
secretion leading to precocious puberty arising from
the premature adult male circulating testosterone
concentrations that lead to complete suppression of
circulating gonadotropin (LH, FSH) secretion. In this
illustrative case the testis was exposed to non-
physiologically high testosterone concentrations (but
without any gonadotropin stimulation) that induced
sperm production and allowed for natural paternity
(). This indicates that even for spermatogenesis,
exogenous testosterone can replicate all biological
effects of endogenous testosterone in accordance with
the relevant dose-response characteristics.

The most realistic view is that increasing circulating
testosterone from the childhood or female range to the
adult male range will have the same physiological
effects whether the source of the additional testos-
terone is endogenous or exogenous. This is strongly
supported by well-established knowledge about the
relationship of circulating testosterone concentrations

Table 3. Upper Confidence Limits on Serum Testosterone in Women With PCOS

Confidence Interval Likelihooda SDb One-Sidedc Two-Sidedc

95% 1:20 1.96 3.13 3.39

99% 1:100 2.35 3.47 3.73

99.9% 1:1000 3.10 4.21 4.39

99.99% 1:10,000 3.72 4.77 4.95

aLikelihood that a woman with PCOS would exceed that limit by chance.
bNumber of SDs for each confidence limit.
cTwo-sided CIs are conventional for a result that could exceed or fall below confidence limits, but here we focus only on values exceeding the upper limit, so that one-sided confidence
limits are appropriate.
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with the timing and manifestations of male puberty.
The characteristic clinical features of masculinization
(e.g., muscle growth, increased height, increased he-
moglobin, body hair distribution, voice change) appear
only if and when circulating testosterone concentra-
tions rise into the range of males at mid-puberty,
which are higher than in women at any age even after
the rise in circulating testosterone in female puberty. If
and only if the pubertal rise in circulating testosterone
fails will the males affected be clinically considered
hypogonadal. Such a failure of male puberty may occur
for genetic reasons (arising from mutations that in-
activate any of the cascade of proteins whose activity is
critical in the hypothalamus to trigger male puberty) or
as a result of acquired conditions, caused by patho-
logical disorders of the hypothalamus or pituitary or
functional defects arising from severe deficits of en-
ergy or nutrition (e.g., extreme overtraining, un-
dernutrition), with the latter being comparable with
hypothalamic amenorrhea or anorexia nervosa in
female athletes/ballet dancers. If male puberty fails,
testosterone replacement therapy is fully effective in
replicating all of the distinctive masculine features
apart from spermatogenesis.

Elevated circulating testosterone concentration
caused by DSDs
Rare genetic intersex conditions known as DSDs can
lead to markedly increased circulating testosterone in
women. When coupled with ambiguous genitalia at
birth, they may appear as undervirilized males or
virilized females. This can cause athletes who were
raised and identify as women to have circulating
testosterone levels comparable to those of men and
greatly exceeding those of non-DSD (and nondoped)
women, including those with PCOS. Key congenital
disorders in this category are ,XY DSDs, namely a
reductase deficiency (), b-hydroxysteroid de-
hydrogenase type  deficiency (), and androgen
insensitivity (, ), as well as congenital adrenal
hyperplasia (), which is a ,XX DSD. There is
evidence that the first three conditions, components of
,XY DSDs, are -fold more prevalent among elite
female athletes than expected in the general pop-
ulation ().

Genetic a reductase deficiency is due to an
inactivating mutation in the a reductase type II
enzyme (). This leads to a deficit of DHT during fetal
life when DHT is required for converting the sex-
undifferentiated embryonic and fetal tissue to form the
sex-differentiated masculine form external genitalia.
Although genetic males (,XY) with a reductase
deficiency will develop testes, they usually remain
undescended and labial fusion to form a scrotum and
phallic growth does not occur. Hence, at birth the
external genitalia may appear feminine, leading to a
female assigned natal sex. Thus, individuals with a
reductase deficiency may have male chromosomal sex

(,XY), gonadal sex (testes), and hormonal sex (adult
male testosterone concentrations), but such severely
undervirilized genitalia that affected individuals may
be raised from birth as females rather than as
undervirilized males. However, from the onset of male
puberty, testicular Leydig cells start producing large
amounts of testosterone, and the steep rise in circu-
lating testosterone to adult male levels (with the
permissive role of a reductase activity) leads to
masculine virilization, including male patterns of
muscle and bone growth, hemoglobin levels, and other
masculine body habitus features (hair growth pattern,
voice change), as well as phallic growth (). Such
changes of male puberty prompt around half affected
individuals who had female sex assigned at birth and
developed as girls prior to puberty to adopt a male
gender identity and role at puberty (). Sperm are
formed in the testes so that, using in vitro fertilization,
these individuals may father children ().

b-Hydroxysteroid dehydrogenase type  de-
ficiency () has a natural history similar to that of a
reductase deficiency. This disorder is due to inacti-
vating mutations in a steroidogenic enzyme expressed
only in the testis and that is essential for testosterone
formation in the fetus. In the absence of a functional
enzyme, the testis makes little testosterone but instead
secretes large amounts of androstenedione, the steroid
immediately prior to the enzymatic block. In the
circulation, the excess of androstenedione is converted
to testosterone (mainly by the enzyme AKRC) ().
Although the circulating testosterone is then con-
verted to circulating DHT, insufficient DHT is formed
locally within the urogenital sinus to virilize genitalia at
birth. This causes the same severe undervirilization of
the external genitalia of genetically male individuals,
leading to ambiguous genitalia at birth despite male
chromosomal, gonadal, and hormonal sex. When
puberty arrives, the testes start producing the adult
male testosterone output. Again, this leads to marked
virilization and subsequent assumption of a male
gender identity by some affected individuals, con-
flicting with a female assigned natal sex and childhood
upbringing.

Androgen insensitivity, which arises from muta-
tion in the androgen receptor (AR), poses different but
complex challenges for eligibility for female athletic
events. As the AR is located on the X chromosome,
genetic males (,XY) are hemizygous, so that an
inactivating mutation in the AR can be partially or
fully insensitive to androgen action. Affected in-
dividuals have male internal genitalia (testes in the
inguinal canal or abdomen with Wolffian ducts) and
consequently adult male circulating testosterone
concentrations after puberty. These nonlethal muta-
tions have a wide spectrum of functional effects,
ranging from full resistance to all androgen action in
complete androgen insensitivity syndrome (CAIS)
where individuals have a full female phenotype with

810 Handelsman et al Hyperandrogenism and Female Athletics Endocrine Reviews, October 2018, 39(5):803–829

REVIEW
D

ow
nloaded from

 https://academ
ic.oup.com

/edrv/article/39/5/803/5052770 by guest on 14 June 2023
Case 4:23-cv-00185-JGZ   Document 88-2   Filed 06/29/23   Page 9 of 58



normal female external genitalia, to partial androgen
insensitivity syndrome (PAIS) where some androgen
action is still exerted, leading to various degrees of
ambiguous genitalia, or to mild androgen insensitivity,
which produces a very mild, undervirilized male
phenotype (normal male genital and somatic devel-
opment but with little body hair and no male pattern
balding) (). Testosterone (and dihydrotestosterone)
have no consistent effect of inducing normal nitrogen
retention (anabolic) responses in patients with CAIS
(–), although some reduced androgen respon-
siveness is retained by patients with PAIS (, –).
Athletes with CAIS can compete fairly as females
because the circulating testosterone, although at
adult male levels, has no physiological effect so that,
in terms of androgen action and the ensuing physical
somatic advantages of male sex, affected individuals
are indistinguishable from females and gain no ben-
efits of the sex difference arising from unimpeded
testosterone action. A more complex issue arises with
athletes having PAIS reflecting the degree of in-
complete impairment of AR function. Residual an-
drogen action in such AR mutations is harder to
characterize quantitatively, as there is no standardized,
objective in vitro test to quantify AR functionality.
Hence, individuals with PAIS may have adult male
circulating testosterone concentrations but variable
androgen sensitivity. At present, determination of
eligibility to compete in the female category requires a
case-by-case evaluation, primarily based on the degree
of virilization. The current best available clinical ap-
proach to determining the functional impact (degree
of functionality/sensitivity) of an ARmutation is based
on the degree of somatic, primarily genital, virilization
assessed according to the Quigley classification of
grade of androgen sensitivity ().

Congenital adrenal hyperplasia (CAH) is a rela-
tively common defect in adrenal steroidogenesis in the
enzymatic pathway, leading to synthesis of cortisol,
aldosterone, and sex steroid precursors. The disease
varies in severity from life-threatening (adrenal failure)
to mild (hirsutism and menstrual irregularity), or even
asymptomatic and undiagnosed. The most common
mutations causing CAH occur in the -hydroxylase
enzyme, accounting for % of cases (). The defect
leads to a bottleneck, creating a major backing up
of precursor steroids that then overflow into other
steroid pathways, leading to diagnostic high levels of
-hydroxyprogesterone and, in female patients, ex-
cessive circulating testosterone or other adrenal-source
androgen precursors (e.g., androstenedione, dehy-
droepiandrosterone) that may be converted to tes-
tosterone in tissues. A common clinical problem
with management of CAH is that glucocorticoid/
mineralocorticoid treatment is not always fully ef-
fective partly due to variable compliance, which may
leave high circulating testosterone, including well into
or even above the normal male range (). It is unlikely

that mild nonclassical congenital adrenal hyperplasia
is a major contributor to the mild hyperandrogenism
prevalent among elite female athletes. The prevalence
of PCOS (% to %) is about -fold higher than
mild nonclassical congenital adrenal hyperplasia
(.%) (), whereas a disproportionately high
number of elite female athletes (especially in power
sports) have PCOS (). In one study of hyper-
androgenic female athletes, even mild nonclassic
adrenal hyperplasia was ruled out by normal
-hydroxyprogesterone () and, in another (),
reported serum androstenedione and cortisol did
not differ from controls, ruling out significant
congenital adrenal hyperplasia.

Sex Difference in Muscle, Hemoglobin, Bone,
and Athletic Performance Relating to Adult
Circulating Testosterone Concentrations

Following puberty, testosterone production increases
() but remains , nmol/L in women, whereas in
men testosterone production increases -fold (from
. mg/d to  mg/d), leading to -fold higher cir-
culating testosterone concentrations ( vs  nmol/L).
The greater magnitude of sex difference in testosterone
production (-fold) compared with circulating levels
(-fold) is due to women’s higher circulating SHBG,
which retards testosterone clearance, creating a slower
circulating half-time of testosterone. This order-
of-magnitude difference in circulating testosterone
concentrations is the key factor in the sex difference in
athletic performance due to androgen effects princi-
pally on muscle, bone, and hemoglobin.

Muscle

Biology
It has been known since ancient times that castration
influences muscle function. Modern knowledge of the
molecular and cellular basis for androgen effects on
skeletal muscle involves effects due to androgen
(testosterone, DHT) binding to the AR that then
releases chaperone proteins, dimerizes, and trans-
locates into the nucleus to bind to androgen response
elements in the promoter DNA of androgen-sensitive
genes. This leads to increases in () muscle fiber
numbers and size, () muscle satellite cell numbers, ()
numbers of myonuclei, and () size of motor neurons
(). Additionally, there is experimental evidence that
testosterone increases skeletal muscle myostatin ex-
pression (), mitochondrial biogenesis (), myo-
globin expression (), and IGF- content (), which
may augment energetic and power generation of
skeletal muscular activity.

Customized genetic mouse models can provide
unique experimental insight into mammalian physi-
ology that is unobtainable by human experimentation.

“Sex differences in height,
where they exist, are largely
dependent on postpubertal
differences in circulating
testosterone.”

811doi: 10.1210/er.2018-00020 https://academic.oup.com/edrv

REVIEW
D

ow
nloaded from

 https://academ
ic.oup.com

/edrv/article/39/5/803/5052770 by guest on 14 June 2023
Case 4:23-cv-00185-JGZ   Document 88-2   Filed 06/29/23   Page 10 of 58

http://dx.doi.org/10.1210/er.2018-00020
https://academic.oup.com/edrv


The tight evolutionary conservation of the mamma-
lian reproductive system explains why genetic mouse
models have provided consistent, high-fidelity repli-
cation of the human reproductive system (, ).
Genetic males (,XY) with androgen insensitivity
displaying similar features occur through the spon-
taneous production of inactivating ARmutations in all
mammalian species studied, including humans, where
they are known as women with CAIS. The converse,
genetic females (,XX) resistant to all androgen ac-
tion cannot occur naturally in humans or other
mammals. This is because fully androgen-resistant
females must have both X chromosomes carrying
an inactivated AR. In turn, this requires acquiring one
X chromosome from their father, and hemizygous
males bearing a single X chromosome with an inactive
AR produce no sperm, as a functional AR is bi-
ologically indispensable for making sperm in any
mammal. However, androgen-resistant females can
be bred by genetic engineering using the Cre-Lox
system (). An important finding from such studies
is that androgen-resistant female mice have essen-
tially the same muscle mass and function as wild-
type androgen-sensitive females bearing normal AR,
whereas androgen-resistant male mice have smaller
and weaker muscle mass and function than do wild-
type males and comparable instead with wild-type
females (). This indicates that androgen action,
represented by circulating testosterone, is the key
determinant of the higher muscle mass and strength
characteristic of males compared with females. Fur-
thermore, endogenous circulating testosterone has
minimal effects on skeletal muscle mass and strength
in female mice because of its low levels. Although these
experiments cannot be replicated in humans, their key
insight is that the higher circulating testosterone in
males is the determinant of the male’s greater muscle
mass and function compared with females. Never-
theless, there is also evidence that hyperandrogenic
women, mostly with PCOS, have increased muscle
mass and strength that correlates with mildly increased
circulating testosterone in the high-normal female
range (, ).

Observational data
There is a clear sex difference in both muscle mass and
strength (–) even adjusting for sex differences
in height and weight (, ). On average, women
have % to % of men’s upper arm muscle cross-
sectional area and % to % of men’s thigh muscle
cross-sectional area, and women have % to % of
men’s upper limb strength and % to % of men’s
leg strength (). Young men have on average a
skeletal muscle mass of . kg greater than age-
matched women at any given body weight (, ).
Whereas numerous genes and environmental factors
(including genetics, physical activity, and diet) may
contribute to muscle mass, the major cause of the sex

difference in muscle mass and strength is the sex
difference in circulating testosterone.

Age-grade competitive sports records show mini-
mal or no female disadvantage prior to puberty,
whereas from the age of male puberty onwards there
is a strong and ongoing male advantage. Corre-
sponding to the endogenous circulating testosterone
increasing in males after puberty to  to  nmol/L
(sharply diverging from the circulating levels that
remain , nmol/L in females), male athletic per-
formances go from being equal on average to those of
age-matched females to % to % better in running
and swimming events, and % better in jumping
events () (Fig. ). Corroborative findings are provided
by a Norwegian study that examined performance of
adolescents in certain athletic events but without
reference to contemporaneous circulating testosterone
concentrations (). The striking postpubertal in-
crease in male circulating testosterone provides a
major, ongoing, cumulative, and durable advantage in
sporting contests by creating greater muscle mass and
strength. These sex differences render women unable
to compete effectively against men, especially (but not
only) in power sports.

These findings are supported by studies of non-
athletic women showing that muscle mass is increased
in proportion to circulating testosterone in women
with mildly elevated testosterone levels due to PCOS
(, ), a condition that is more prevalent among
elite female athletes who exhibit these features (, ,
), often undiagnosed (), but that may provide an
ergogenic advantage (), consistent with the graded
effects of circulating testosterone on explosive per-
formance in men and women ().

Studies of elite female athletes further corroborate
these findings. One study demonstrates dose-response
effects of better performance in some ( m running,
 m hurdles,  m running, hammer throw, pole
vault) but not all athletic events correlated with sig-
nificantly higher endogenous testosterone in female,
but not male, athletes. Even within the low circulating
testosterone levels prevailing within the normal female
range, in these events there was a significant advantage
of .% to .% among those in the highest tertile
compared with the lowest tertile of endogenous tes-
tosterone (). A further study of elite female athletes
corroborates and extends these observations in that
endogenous androgens are associated with a more
anabolic body composition as well as enhanced
muscular performance (). In this study,  Swedish
Olympic female athletes were compared with  age-
and weight (body mass index)-matched sedentary
control women for their muscle and bone mass (by
dual-energy X-ray absorptiometry), their muscular
strength (squat and countermovement jumps), and
testosterone and DHT, as well as androgen precursors
(dehydroepiandrosterone, androstenedione) and uri-
nary androgen glucuronide metabolites (androsterone,
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etiocholanolone,  and  a-diols) measured by LC-
MS (). The athletes displayed higher muscle (and
bone) mass than did the sedentary control women, with
strength tests correlating strongly with muscle mass
whether in total or just in the legs. In turn, muscle mass
and strength were correlated with androgens and an-
drogen precursors. Considering that such studies may
be confounded by factors such as menstrual phase and
dysfunction, as well as heterogeneous sports disciplines,
which weaken the power of the study, these findings can
be regarded as quite robust.

Interventional data
Dose-response studies show that in men whose en-
dogenous testosterone is fully suppressed, add-back
administration of increasing doses of testosterone that
produce graded increases in circulating testosterone causes a

dose-dependent (whether expressed according to testos-
terone dose or circulating levels) increase in muscle mass
(measured as lean bodymass) and strength (, ). Taken
together, these studies prove that testosterone doses leading
to circulating concentrations from well below to well above
the normal male range have unequivocal dose-dependent
effects on muscle mass and strength. These data strongly
and consistently suggest that the sex difference in lean body
mass (muscle) is largely, if not exclusively, due to the dif-
ferences in circulating testosterone between men and
women. These findings have strong implications for power-
dependent sport performance and largely explain the potent
efficacy of androgen doping in sports.

The key findings providing conclusive evidence
that testosterone has prominent dose-response effects
in men are reported in studies by Bhasin and col-
leagues that proved a monotonic dose response,

Figure 1. Sex differences in performance (in percentage) according to age (in years) in running events, including 50 m to 2 miles (upper
left panel), and in jumping events, including high jump, pole vault, triple jump, long jump, and standing long jump (upper right panel) [for
details, see Ref. (8)]. The lower panel is a fitted sigmoidal curve plot of sex differences in performance (in percentage) according to age (in
years) in running, jumping, and swimming events, as well as the rising serum testosterone concentrations from a large dataset of serum
testosterone of males. Note that in the same dataset, female serum testosterone concentrations did not change over those ages,
remaining the same as in prepubertal boys and girls. Data are shown as mean and SEM of the pooled sex differences by age. Reproduced
with permission from Handelsman DJ. Sex differences in athletic performance emerge coinciding with the onset of male puberty. Clin
Endocrinol (Oxf). 2017;87:68–72.
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extending from subphysiological to supraphysiological
range for men for testosterone effects on muscle mass,
size, and strength in healthy young men, findings that
have been replicated and confirmed by an independent
group (). Both sets of studies used a common design
of fully suppressing all endogenous testosterone (to
castrate levels) for the full duration of the experiment
by administering a GnRH analog. In the Bhasin and
colleagues studies, participants were then randomized
to five groups and each received weekly injections of
 mg,  mg,  mg,  mg, or  mg of tes-
tosterone enanthate for  weeks. In effect, this was two
subphysiological and two supraphysiological testoster-
one doses. In these studies, the lowest testosterone
dose produced a mean serum testosterone of  ng/dL
(. nmol/L) in youngermen and  ng/dL (. nmol/L)
in older men. The studies showed a consistent dose
response for muscle mass and strength that was clearly
related to testosterone dose and consequential blood
testosterone concentrations (Fig. , upper panel).

The study of Finkelstein et al. () involved the
same design and involved  healthy men aged  to
 years who had complete suppression of endogenous
testosterone for the  weeks of the study, with tes-
tosterone added back using daily doses of , . g,
. g,  g, or  g of a topical % testosterone gel. This
again created a graded dose-response curve for serum
testosterone and for muscle mass and strength. The
inclusion of a  (placebo) dose allowed differentiation
between the  and lowest testosterone dose. The
placebo () dose produced a serum testosterone of
. nmol/L (the typical mean for castrated men,
childhood, and women of any age). Meanwhile, the
lowest testosterone dose (. g of gel per day)
produced a serum testosterone of . nmol/L, which is
equivalent to that of a male in early to middle puberty.
A key finding for this review is that, from this study of
men, the increase in serum testosterone from mean of
normal female concentration (. nmol/L) to supra-
physiological female concentrations (. nmol/L)
produced significant increases of .% for total body
lean (muscle) mass, .% for thigh muscle area, and
.% increase in leg press strength (digitized data
pooling of both cohorts from lower panel, Fig. ).

Studies of the ergogenic effects of supraphysiological
concentrations of circulating testosterone require
studies administering graded doses of exogenous
testosterone for months. Owing to ethical con-
cerns regarding risks of unwanted virilization and
hormone-dependent cancers, however, few studies
have administered supraphysiological testosterone
doses to healthy women. One well-designed, ran-
domized placebo-controlled study of postmenopausal
women investigated the effects of different testoster-
one doses on muscle mass and performance and
physical function (). Sixty-two women (mean age,
 years) all had a standard estrogen-replacement dose
administered during a -week run-in period (to

eliminate any hypothetical confounding effects of
estrogen deficiency), after which they were random-
ized to one of five groups receiving weekly injections of
testosterone enanthate (doses: ,  mg, . mg,
. mg, and  mg, respectively) for  weeks. The
increasing doses of testosterone produced an expected
dose response in serum testosterone concentrations
(by LC-MS), with the highest testosterone dose
( mg/wk) producing a mean nadir concentration of
. nmol/L. The women whose testosterone concen-
trations were increased to . nmol/L achieved sig-
nificant increases in muscle mass and strength
(Table ), ranging from .% for muscle (lean) mass to
between % and % for measures of muscle strength
(chest and leg press, loaded stair climb). As muscle
strength measurement is effort-dependent, the placebo-
controlled design of the Huang et al. () study
supports the further interpretation that the highest
dose of testosterone also had prominent mental
motivational effects in the effort-dependent tests of
muscle strength. These findings provide salient
direct evidence of the ergogenic effects of hyper-
androgenism in female athletes confirming that at
least up to average circulating testosterone con-
centrations of . nmol/L, women display a dose-
response relationship similar to that of men, with
supraphysiological doses of testosterone leading to
significant gains in muscle mass and power.

These effects of testosterone administration on
circulating testosterone concentrations and muscle
mass and strength in females may be compared with
the effects in males from the Finkelstein et al. () and
Bhasin and colleagues studies. In men, the lowest
testosterone dose (. g/d) increased mean serum
testosterone to . nmol/L (equivalent to levels seen in
early to middle male puberty), resulting in significant
increases of total body lean (muscle) mass (.%), thigh
muscle area (.%), and leg press strength (.%)
compared with the placebo dose that resulted in a
serum testosterone of . nmol/L. In the Huang et al.
() study (Fig. ), muscle mass and strength in
postmenopausal women displayed a flat response at
the three lower doses, when circulating testosterone
concentrations remain , nmol/L, and displayed a
significant increase only when the mean circulating
testosterone concentration produced by the highest
testosterone dose first increased circulating testoster-
one concentrations . nmol/L. This pattern, flat at
lower doses and rising at the highest dose, represents
the lower plateau and the earliest rising portion, re-
spectively, of the sigmoidal dose-response curve of
testosterone for muscle.

Data corroborating the Huang et al. study results
comes from another well-controlled study in which
postmenopausal women who were administered
methyl testosterone following a run-in period of es-
trogen replacement displayed a significant increase in
lean (muscle) mass as well as upper and lower limb
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power during a -week double-blind, parallel group
study ().

Similarly, two prospective studies of the first
 months of treatment of transmen [female-to-male

(FM) transgender] shows a consistent major increase
in muscle mass and strength due to testosterone ad-
ministration. In one study testosterone treatment of 
transmen achieving adultmale circulating testosterone levels

Figure 2. Strong dose-response relationship between testosterone dose and circulating concentration with muscle mass and strength
in men. The upper panels [from Bhasin et al. (111)] display the strong dose-response relationships of muscle mass shown as (A) “lean” or
“fat-free”mass or volume of (D) thigh and (E) quadriceps muscle and (C) of leg muscle strength with increasing testosterone dose (upper
row) or circulating concentration (middle row). Serum testosterone concentrations are in US units (ng/dL; divide by 28.8 to get nmol/L).
Adapted with permission from Bhasin S, Woodhouse L, Casaburi R, et al. Testosterone dose-response relationships in healthy young men.
Am J Physiol Endocrinol Metab. 2001;281:E1172–E1181. The lower panels [from Finkelstein et al. (65)] show the strong dose-response
relationships of (B) whole-body muscle mass, (E) thigh muscle mass, and (F) leg press strength with increasing testosterone dose. Cohorts
1 and 2 were treated with the same increasing doses of testosterone but either without (green fill, cohort 1) or with (purple fill, cohort 2)
an aromatase inhibitor (anastrozole), which prevents conversion of testosterone to estradiol. The differences between cohorts (i.e., use of
anastrozole) was not significant for muscle mass and strength and can be ignored with results of the two cohorts being pooled.
Reproduced with permission from Finkelstein JS, Lee H, Burnett-Bowie SA, Pallais JC, et al. Gonadal steroids and body composition,
strength, and sexual function in men. N Engl J Med 2013;369:1011–1022.
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(mean,  nmol/L) increased muscle mass by .% ().
In a second study,  transmen administered adult male
testosterone doses also produced striking increases in total
body muscle size and limb muscle size (by .% to .%)
and grip strength (by %) compared with age-matched
untreated control women (). Conversely, testosterone
suppression (using an estrogen-based treatment regimen) in
 transwomen (MF transgender) that reduced circulating
testosterone levels from adult male range to adult female
range led to a .% reduction in muscle mass (measured as
cross-sectional area).

Effects on athletic performance
Muscle growth, as well as the increase in strength
and power it brings, has an obvious performance-
enhancing effect, in particular in sports that depend
on strength and (explosive) power, such as track and
field events (, ). There is convincing evidence
that the sex differences in muscle mass and strength
are sufficient to account for the increased strength and
aerobic performance of men compared with women
and is in keeping with the differences in world records
between the sexes (). The basis for the sex dif-
ference in muscle mass and strength is the sex dif-
ference in circulating testosterone as clearly shown (for
example) by () the enhanced athletic performance of
men compared with prepubertal boys and women ();
() the close correspondence of muscle growth (muscle
size) with muscle strength in ascending dose studies in
men by Bhasin et al. (, –) and Finkelstein
et al. () and in postmenopausal women by Huang
et al. (); () the effect of male castration in reducing
muscle size and strength, effects that are fully rectified
by testosterone replacement; and () the striking ef-
ficacy of androgen doping on the sports performances
of German Democratic Republic female athletes ().

Hemoglobin

Biology
It is well known that levels of circulating hemoglobin
are androgen-dependent and consequently higher in
men than in women by % on average; however, the
physiological mechanism by which androgens such as

testosterone boosts circulating hemoglobin is not fully
understood (). Testosterone increases secretion of
and sensitivity to erythropoietin, the main trophic
hormone for erythrocyte production and thereby
hemoglobin synthesis, as well as suppressing hepcidin
(), a crucial iron regulatory protein that governs the
body’s iron economy. Hepcidin has to balance the
need for iron absorption from foods (the only source
of iron required for the body’s iron-containing pro-
teins) against the fact that the body has no mechanism
to shed excess iron, which can be toxic. Adequate
iron availability is essential for normal erythropoiesis
and synthesis of key heme, iron-containing oxygen-
transporting proteins such as hemoglobin and myo-
globin () as well as other iron-dependent proteins
such as cytochromes and DNA synthesis and repair
enzymes. Experimental evidence in mice shows that
testosterone increases myoglobin content of muscle with
potential for augmenting aerobic exercise performance
(), but this has not been evaluated in humans.

Increasing the amount of hemoglobin in the blood has
the biological effect of increasing oxygen transport from
lungs to tissues, where the increased availability of oxygen
enhances aerobic energy expenditure. This is exploited to
its greatest effect in endurance sports (). The experiments
of Ekblom et al. () in  (Fig. ) demonstrated strong
linear relationships between changes in hemoglobin [due
to withdrawal or retransfusion of ,  or  U (mL) of
blood] and aerobic capacity, established by repeated testing
of maximal exercise-induced oxygen consumption before
and after each procedure (). As already noted, circu-
lating hemoglobin levels are on average %higher inmen
than women (). It may be estimated that as a result the
averagemaximal oxygen transfer will be ~% greater in
men than in women, which has a direct impact on their
respective athletic capacities.

Observational data
The proposition that the sex difference in circulating
hemoglobin levels is likely to be due to the sex difference in
average circulating testosterone concentrations is sup-
ported by the fact that male castration (e.g., for advanced
prostate cancer) () and androgen deficiency due to
reproductive system disorders () reduce circulating

Table 4. Effects of Testosterone on Muscle Mass and Strength in Women

Androgen-Sensitive Variable Baseline Increase % Increase

Lean muscle mass, kg 43 6 6 1.9 6 0.5 4.4

Chest press, W 100 6 26 26 6 7 26

Leg press, N 744 6 172 90 6 30 12

Loaded stair-climb power, W 406 6 77 56 6 13 14

With data from Huang G, Basaria S, Travison TG, et al. Testosterone dose-response relationships in hysterectomized women with or without oophorectomy: effects on sexual function,
body composition, muscle performance and physical function in a randomized trial. Menopause 2014;21:612–623. Data are shown as mean and SEM derived from Table 1 and digitized
from Figure 4 from Huang et al. (112) showing the effects of testosterone (mean circulating concentration, 7.3 nmol/L) on muscle mass and strength in women treated with the highest
testosterone dose (n = 11; 25 mg of testosterone enanthate per week).
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hemoglobin in men, eliminating the sex difference,
whereas testosterone replacement therapy restores circu-
lating hemoglobin to adult male levels (, , ).

An unusually informative observational study of
women with CAH provides unique insight into tes-
tosterone effects on circulating hemoglobin in oth-
erwise healthy women (). Women with CAH
require glucocorticoid replacement therapy but exhibit
widely varying levels of hormonal control (). The
degree of poor control is associated with increasing
levels of circulating testosterone ranging from normal
female concentrations up to  nmol/L, and these
levels correlate closely (r = .) with levels of cir-
culating hemoglobin (Fig. ). Interpolating from the
dose-response regression, increases in circulating
testosterone measured by LC-MS from . nmol/L to
 nmol/L,  nmol/L,  nmol/L, and  nmol/L were
associated with increases in circulating hemoglobin of
.%, .%, .%, and %, respectively, establishing a
strong dose-response relationship. An % increase in
circulating hemoglobin translates to a % difference
in maximal oxygen transfer (), which may account
for virtually all the % sex difference in male and
female circulating hemoglobin (). To put this into
context, any drug that achieved such increases in he-
moglobin would be prohibited in sports for blood
doping, as this difference is sufficient to have ergogenic
effects, even without taking into account any testos-
terone effects on muscle mass or strength (for which
data were not available in that study). Conversely,
among elite female athletes with circulating testosterone
in the healthy premenopausal female range, circulating
hemoglobin does not correlate with athletic perfor-
mance (). In women with the mild hyperandrogenism
of PCOS, circulating hemoglobin and hematocrit are
reported as not () or marginally increased (),
findings that may be influenced by the fact that PCOS is

associated with reduced or absent menstruation, thereby
reducing the iron loss of regular menstruation.

Interventional data
In the Bhasin et al. () studies, in both young and
older men the highest testosterone dose produced a
% increase in blood hemoglobin compared with the
lowest dose, reflecting a strong dose-response re-
lationship (Fig. ) (). Analogous findings were
reported for testosterone treatment effects in post-
menopausal women where the highest dose ( mg
weekly) of testosterone, which increased mean serum
testosterone to . nmol/L, had the largest increase
(%) in blood hemoglobin and hematocrit ().

Corroborative findings are available from studies of
transmen (FM transgender), that is, natal females
who subsequently receive testosterone treatment at
replacement doses to create adult male circulating
testosterone concentrations, who exhibit increases in
circulating hemoglobin to male levels [reviewed
in (–)]. Testosterone treatment in  (FM)
transmen that created mean circulating testosterone
levels of  nmol/L also increased hemoglobin levels
by % (). Conversely, one prospective -month
study of transgender (nonathlete) individuals reported
that testosterone suppression (by an estrogen-based
regimen) to normal female levels in  (MF)
transwomen reduced hemoglobin by %.

If such an increase in hemoglobin were produced
by any chemical substance, it would be considered
doping, according to the World Anti-Doping Code.

Bone

Biology
There is extensive experimental evidence from genetic
mouse models showing that the sex differences in bone
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Figure 3. From Huang et al. (112): Dose-response effects on lean (muscle) mass and three measures of muscle strength as a result of
increasing doses of weekly testosterone enanthate injections in women. Note the effects on all four parameters (three statistically
significant) of the highest testosterone dose, the only one that produced circulating testosterone levels exceeding the normal female
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function in a randomized trial. Menopause 2014;21:612–623.
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size, mass, and function are due to the sex difference in
circulating testosterone. These effects have been re-
ported from studies of global and tissue or cell-
selective inactivation of ARs or estrogen receptors
that show that androgen effects are mediated by both
direct effects on the AR as well as indirect effects
mediated via aromatization of testosterone to estradiol
to act on estrogen receptors [reviewed in ()]. Bone
grows in length due to epiphyseal chondral growth
plates that provide cartilage, forming the matrix for
lengthening of long bone, which is terminated by an
estrogen-dependent mechanism that depends on
aromatization of testosterone to estradiol. Similarly,
bone width and density are increased through ap-
positional growth from periosteal and endosteal ex-
pansion that depend on bone loading and androgen
exposure together with other factors. An important
difference between androgen effects on bone com-
pared with effects on muscle or hemoglobin is that
developmental bone effects of androgens are likely to
be irreversible.

Observational data
Men have distinctively greater bone size, strength, and
density than do women of the same age. As with
muscle, sex differences in bone are absent prior to
puberty but then accrue progressively from the onset
of male puberty due to the sex difference in exposure
to adult male circulating testosterone concentra-
tions [reviewed in ()]. The earlier onset of puberty
and the related growth spurt in girls as well as ear-
lier estrogen-dependent epiphyseal fusion explains
shorter stature of girls than boys. As a result, on
average men are % to % taller with longer, denser,
and stronger bones, whereas women have shorter
humerus and femur cross-sectional areas being %
to % and %, respectively, those of men ().

These changes create an advantage of greater bone
strength and stronger fulcrum power from longer
bones. Additionally, whereas passing through pu-
berty enhances male physical performance, the
widening of the female pelvis during puberty, bal-
ancing the evolutionary demands of obstetrics and
locomotion (, ), retards the improvement in
female physical performance, possibly driven by
ovarian hormones rather than the absence of tes-
tosterone (, ).

Sex differences in height have been the most
thoroughly investigated measure of bone size, as adult
height is a stable, easily quantified measure in large
population samples. Extensive twin studies show that
adult height is highly heritable with predominantly
additive genetic effects () that diverge in a sex-
specific manner from the age of puberty onwards
(, ), the effects of which are likely to be due
to sex differences in adult circulating testosterone
concentrations.

Bone density (total and medullary cross-sectional
area) is increased in women with CAH with variably
elevated serum testosterone (including into the male
range) when it is only partially suppressed by gluco-
corticoid treatment (), although more effective
glucocorticoid suppression lowers bone density ().

Interventional data
Well-designed, placebo-controlled direct interven-
tional studies of supraphysiological androgen effects
on bone in females are few, rarely feasible, and unlikely
to be performed for ethical and practical reasons.
Unlike muscle, which responds relatively rapidly to
androgen effects so that muscle studies in humans can
be completed within  to  months (, , , ,
), comparable bone studies would typically take a
year or more to reach plateau effects. Hence, such
direct investigational studies in otherwise healthy
women would risk side effects of virilization that may
be only slowly and partly reversible, if at all, as well as
potential promotion of hormone-dependent cancers
making such studies ethically and practically not
feasible.

Effects on athletic performance
The major effects of men’s larger and stronger bones
would be manifest via their taller stature as well as the
larger fulcrum with greater leverage for muscular limb
power exerted in jumping, throwing, or other ex-
plosive power activities. The greater cortical bone
density and thereby resistance to long bone fractures is
unlikely to be relevant to the athletic performance of
young athletes, in whom fractures during competition
are extremely rare and not expected to be linked to sex.
Alternatively, stress fractures in athletes, mostly in-
volving the legs, are more frequent in females with the
male protection attributable to their larger and thicker
bones ().

Figure 4. Redrawn results from Ekblom et al. (124). Results
from the transfusion of additional blood are shown in dark red
circles and those after blood withdrawal in light red circles.
Adapted with permission from Ekblom B, Goldbarg AN,
Gullbring B. Response to exercise after blood loss and reinfusion.
J Appl Physiol 1972;33:175–180.
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Other androgen-sensitive sex dichotomous effects

Biology and observational data
Many if not most other aspects of physiology exhibit
sex differences and may therefore enhance the impact
of the male advantage in sports performance of the
dominant determinants (muscle and hemoglobin).
Examples include sex differences in exercise-induced
cardiac (, ) and lung () function and mito-
chondrial biogenesis and energetics (). However,
the limited knowledge of the magnitude and hor-
monal mechanisms involved, specifically the degree
of androgen dependence of these mechanisms, means
that it is difficult to estimate their contribution, if any,
toward the sex difference in athletic performance.
The sex difference in pulmonary function may be
largely explained by the androgen-sensitive sex
difference in height, which is a strong predictor of
lung capacity and function (). Further physio-
logical studies of the androgen dependence of
other physiological sex differences are awaited with
interest.

Psychological differences between men and women
on mental function (e.g., rotational orientation) ()
as well as mood, motivation, and behavioral effects
may involve androgen-sensitive effects during pre-
natal and perinatal as well as postpubertal effects
(, ).

Interventional data
There is some limited direct evidence from well-
designed, placebo-controlled trials that administration
of testosterone or other androgens at supraphysiological
doses directly affect mood and behavior, notably in-
ducing hypomania (). In a randomized placebo-
controlled study of testosterone administration in
postmenopausal women (), in case of those
receiving the highest dose (the only one causing
circulating testosterone levels to exceed the normal
female range), there was not only an increase in
muscle mass (.%) but a strikingly greater in-
crease in muscle strength (% to %), suggesting
an enhanced mental motivational effect of tes-
tosterone on the effort-dependent tests of muscle
strength.

Alternative Mechanisms Proposed to Explain
Sex Differences in Athletic Performance

Alternative explanations for the sex difference in
athletic performance, other than it being due to the sex
difference in postpubertal circulating testosterone,
have been proposed, including () sex differences in
height because height is a predictor of muscle mass
(), () genetic sex differences due to the influence of
unspecified Y chromosome genes (), and () sex
differences in GH secretion ().

Effects of height
One proposal has been that, as men are taller than
women, height differences may explain the sex dif-
ferences in muscle mass and function, which explains
some athletic success (). Numerous factors con-
tribute to the regulation of adult muscle mass, in-
cluding genetics, race, adiposity, hormones, physical
activity (exercise/training), diet, birth order, and bone
size (including height) [reviewed in ()]. Among the
nonhormonal factors, genetics explains a large pro-
portion [~% to % from pooled twin studies ()]
of the variability in muscle mass and strength (,
) and may be explained in turn by the equally high
genetic contributions to circulating testosterone (,
). Some factors influencing muscle mass and
strength such as physical activity, adiposity, and bone
size are also partly androgen-dependent. Prior to
puberty there is no sex difference in skeletal features,
including height (, ). However, with the onset of
puberty, girls aged  and  years are transiently taller
than peer-aged boys due to their earlier onset of the
female pubertal growth spurt, but from the age of
 years onward the taller stature in males emerges and
stabilizes (). Hence, similar to muscle mass, sex
differences in bone size (including length, density, and
height) arise after male puberty establishes the marked
dichotomy between men and women in adult circu-
lating testosterone concentrations. Taller height is
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Figure 5. Plot of circulating hemoglobin against the natural logarithm of serum testosterone
in women with congenital adrenal hyperplasia [from Karunasena et al. (92)]. The filled circles
represent a cohort where serum testosterone was measured by immunoassay. The open triangles
denote a second cohort, where serum testosterone was measured by LC-MS. Note the systematic
overestimation of testosterone by the immunoassay used in cohort 1 vs LC-MS measurement in
cohort 2. Despite that overestimation, however, the correlations were similar in both cohorts.
Reproduced under a Creative Commons BY-NC-ND 4.0 license from Karunasena N, Han TS,
Mallappa A, et al. Androgens correlate with increased erythropoiesis in women with congenital
adrenal hyperplasia. Clin Endocrinol (Oxf) 2017;86:19–25.
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advantageous in some sports (basketball, some football
codes, combat sports), but in others (horse racing
jockeys, cycling, gymnastics, weightlifting, body-
building) short stature provides a greater power/
strength-to-weight ratio as well as superior rota-
tional balance, speed, and agility. However, the male
advantages in speed, strength, and endurance apply
regardless of whether height is advantageous. Hence,
the sex differences in height, where they exist, are
largely dependent on postpubertal differences in cir-
culating testosterone when sex differences in height are
first expressed.

Genetic effects of Y chromosome
It has also been proposed that the sex difference in
athletic performance may be due to genetic effects of
an unspecified Y chromosome gene that may dictate
taller stature (), as height is correlated with men’s
greater muscle mass. The small human Y chromosome
has few functional genes and none with a known effect
on height other than the short stature homeobox
(SHOX) gene, located in the pseudoautosomal regions
of the tip of the short arms of X and Y chromosomes
(). Adult height displays an apparent dose de-
pendency on SHOX gene copy number that is a major
factor contributing to explaining both the short stature
of ,XO females (Turner syndrome), who have a
single copy of the SHOX gene, as well as the tall stature
of ,XXY males (Klinefelter syndrome), who have
three copies (). However, when SHOX copy
number is the same, men with additional supernu-
merary Y chromosomes (e.g., ,XYY) are the same
height as ,XXY men (). Hence, there is no ev-
idence supporting dosage-dependent Y chromosomal
gene effects on height independent of SHOX gene
copy number, nor does men’s possession of a Y
chromosome explain the height difference between
adult men and women. On the contrary, the tall stature
of ,XXY men is at least partly due to the con-
comitant androgen deficiency leading to pubertal

delay. Pubertal delay prolongs long bone growth due
to delayed epiphyseal closure, an estrogen-dependent
effect that requires adequate production of testoster-
one as a substrate for aromatization to estradiol,
resulting in tall stature. Similar eunuchoidal features
and taller stature are evident in ,XY men with
congenital hypogonadotropic hypogonadism (Kallmann
syndrome and its variants) with comparable con-
genital onset of androgen deficiency, also manifest as
pubertal delay and long bone overgrowth. Hence,
taller height is better explained by impaired testic-
ular function with delayed puberty and epiphyseal
closure rather than unspecified Y chromosome dosage
effects. In any case, rare aneuploidies in themselves
do not explain the sex difference in height in the
general population of individuals with normal sex
chromosomes.

Growth hormone
The proposal that the sex difference in muscle mass
and function might be due to sex differences in
endogenous GH secretion () is refuted by the
extensive and conclusive clinical evidence that en-
dogenous GH secretion in young women is consis-
tently higher (typically twice as high) as in young
men of similar age (–). Those findings cannot
explain the male advantage in muscle mass and
strength unless GH retards muscle growth/function,
for which there is no evidence. Furthermore, estrogens
inhibit GH-dependent, hepatic IGF- production, the
major pathway of GH action (, ). The weak
observational association between low circulating IGF-
 and some, but not other, measures of weak muscle
strength and limited mobility among older women
may reflect general age-associated debility rather than
any specific hormonal effects (). Finally, the evi-
dence that endogenous GH plays no role in sex dif-
ferences in muscle mass and function is supported by
evidence from the most extensive interventional study
of GH treatment to non-GH–deficient adults, daily
GH administration for  weeks to healthy recreational
athletes produced only marginally significant im-
provement in exercise performance of men and none
in women (). These findings are consistent with the
speculation that GH (or IGF-) may be an amplifier of
testosterone effects and therefore be a consequence of
the sex difference in circulating testosterone rather
than its cause.

The Impact of Adult Male Circulating
Testosterone Concentrations on
Sports Performance

Plausible estimates of the magnitude of the ergogenic
advantage of adult male circulating testosterone
concentrations are feasible from the limited available
observational and interventional studies.
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Figure 6. From Coviello et al. (131): Depicts the strong dose-response relationship between
increasing testosterone dose with resulting change in blood hemoglobin in young and older men.
Reproduced with permission from Coviello AD, Kaplan B, Lakshman KM, et al. Effects of graded
doses of testosterone on erythropoiesis in healthy young and older men. J Clin Endocrinol Metab
2008;93:914–919.
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Population data on the ontogeny of puberty show
that prior to puberty boys and girls have comparable
athletic performance, whereas sex differences in ath-
letic performance emerge coinciding with the rise in
circulating testosterone from the onset of male pu-
berty. Male puberty results in circulating testosterone
concentrations rising from the prepubertal and female
postpubertal range (, nmol/L) to adult male cir-
culating testosterone concentrations (). This is as-
sociated with a % to % better performance in
running and swimming events and % enhancement
in jumping events ().

A minimal estimate of the impact of adult male
testosterone concentrations on muscle size and
strength in females is provided by the Huang et al.
() study of postmenopausal women. In this study
the highest testosterone dose (weekly injections of
 mg of testosterone enanthate) increased mean
circulating testosterone from . nmol/L to . nmol/
L, which is equivalent to the circulating testosterone of
boys in early to middle puberty. After  weeks of
testosterone treatment, the increase in circulating
testosterone concentrations led to significant increases
in muscle size of .% and in muscle strength of % to
%. Given the limited testosterone dose (and con-
centration) as well as study duration, it is likely that
these findings underestimate the magnitude of the
impact that sex difference in circulating testosterone
has on muscle mass and strength, and therefore on
athletic performance.

Converse effects of reduced athletic performance in
athletes who undergo suppression of circulating tes-
tosterone concentrations from those in the male into
the female range have been reported. Among recre-
ational (nonelite) athletes, an observational study
showed a consistent deterioration in athletic perfor-
mance of transwomen (MF transgender) athletes
corresponding closely to the suppression of circulating
testosterone concentrations (). Similarly, among
elite athletes with circulating testosterone in the male
range due to DSDs, comparable findings of athletic
performance reduced by an average of .% when
circulating testosterone was suppressed from the
male range to , nmol/L (). Subsequently,
when the IAAF hyperandrogenism rule was sus-
pended in , and so these elite athletes could train
and compete with unsuppressed serum testosterone
levels, their athletic performances increased by a
similar amount. Additionally, circulating hemoglo-
bin levels in these untreated DSD athletes were
comparable with male athletes or with female athletes
doping with erythropoietin (Fig. ). However, when
circulating testosterone was suppressed to , nmol/L
the levels of circulating hemoglobin were % lower
and again comparable with nondoped, non-DSD
females, corresponding to the % magnitude of the
sex difference in hemoglobin between men and
women ().

Congruent findings are also known for an elite
female athlete whose serial athletic performance based
on publicly available best annual times between 
and  for the -m running event are depicted in
relationship to the original  IAAF hyper-
androgenism regulation (Fig. ).

Based on the established dose-response re-
lationships, suppression of circulating testosterone
to , nmol/L would not eliminate all ergogenic
benefits of testosterone for athletes competing in fe-
male events. For example, according to the Huang
et al. () study, reducing circulating testosterone to a
mean of . nmol/L would still deliver a .% increase
in muscle size and a % to % increase in muscle
strength compared with circulating testosterone at the
normal female mean value of . nmol/L. Similarly,
according to the Karunasena et al. () study, reducing
circulating testosterone concentration to  nmol/L
would still deliver .% more circulating hemoglo-
bin than the normal female mean value. Hence, the
magnitude of the athletic performance advantage in
DSD athletes, which depends on the magnitude of
elevated circulating testosterone concentrations, is
considerably greater than the % to % difference
observed in reducing levels to , nmol/L.

The physiological mechanism underlying these
observations is further strengthened by prospective
controlled studies of initiation of cross-sex hormone
treatment in transgender individuals (, ). These
show that during the first  months muscle mass
(area) was decreased by .% and hemoglobin levels by
% in  transwomen (MF transgender) treated with
an estrogen-based regimen that reduced circulating
testosterone concentrations from the male range to the
female range. Conversely, in  transmen (FM
transgender) treated for the first time with testos-
terone for  months (which increased circulating
testosterone levels to a mean of  nmol/L), muscle
mass increased by .% and hemoglobin by %
(). The muscle mass findings remained stable
between  and  years after initiation of treatment,
although fat mass continued to change between
 and  years of testosterone treatment (). These
studies did not report muscle strength, but other
studies of testosterone dose-response relationships
for muscle mass and strength show consistently
positively correlation (, , , ), although
with disproportionately greater effect on muscle
strength than on muscle mass. Hence, the muscle
mass estimates in these prospective treatment ini-
tiation studies in transgender individuals likely
underestimate the muscle strength gains from ele-
vated testosterone levels where the circulating tes-
tosterone markedly exceeds female range to be
within the male range as occurs in severe hyper-
androgenism of DSD females, poorly controlled
transwomen (MF transgender), or transmen (FM
transgender). These effects are also the biological
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basis of the ergogenic efficacy of androgen doping in
women.

Finally, to put these competitive advantages into
context, the winning margin (the difference in per-
formance by which a competitor misses a gold medal,
any medal, or making the final) in elite athletic or
swimming events during the last three Olympics
is ,% equally for both male and female events
(Table ).

Gaps in Knowledge and Research Limitations

The major limitations on scientific knowledge of the
impact of adult male circulating testosterone con-
centrations on the sex difference in athletic perfor-
mance is the lack of well-designed studies. Ideally,
these would need to replicate adult male circulating
testosterone concentrations for sufficient time in
women to investigate the effects on muscle, hemo-
globin, bone, and other androgen-sensitive measures
that display consistent sex dichotomy in the pop-
ulation. However, the ethical and safety concerns
preventing such studies hitherto are likely to remain
formidable obstacles due to the risk of unacceptable
and potentially irreversible virilization as well as of
promoting hormone-dependent cancers in women.

With the exception of one interventional study
administering a relatively low testosterone dose (i.e.,
low for males) to women (), the available evidence
comprises observational studies that can only examine
the effects of serum testosterone within physiological
female limits or sparse and mostly uncontrolled data
from intersex/DSD athletes. Although the available
observational findings in healthy females are in-
formative, the key question is the magnitude and dose

response of effects at still higher circulating testos-
terone concentrations on the performances of women.
Whereas a testosterone dose-response relationship has
been established in women at relatively low (for men)
testosterone dose and circulating concentrations, it
remains unproven (even if clearly plausible) that the
testosterone dose-response relationships established in
men for muscle, hemoglobin, and bone can be ex-
trapolated to women when they are exposed to higher
circulating testosterone concentrations (i.e., compa-
rable with male levels). It is theoretically possible there
could be differences between men and women in
muscle responses to testosterone, as muscle cell
populations might express genetic differences in an-
drogen sensitivity (for which there are no data), or
alternatively the long-term prior pattern of testos-
terone exposure from conception to adulthood might
lead to differences in testosterone dose responsiveness
after maturity. Although the dose-response relation-
ship in women may be similar to what is seen in men,
there is also anecdotal evidence that the dose-response
curves may be left shifted so that testosterone has
greater potency in women than in men at comparable
doses and circulating levels. The prediction is sup-
ported by the anecdotal evidence from the surrepti-
tious East German national doping program in which
the supervising doctors asserted from their experience
of illicit cheating that androgens had more potent
ergogenic effects in women than in men (), a
speculative opinion shared by many experienced
sports medicine physicians.

There is no known means of increasing endoge-
nous testosterone in women to anything like the
requisite degree to attempt to answer these questions.
In healthy men, circulating testosterone originates
almost exclusively from a single source (testicular
Leydig cells) and is subject to tight hypothalamic
negative feedback control, so that either direct stim-
ulation (by human chorionic gonadotropin) or in-
direct reflex effects (e.g., from estrogen blockers
operating via negative feedback) to enhance Leydig cell
testosterone secretion are feasible. However, similar
mechanisms do not operate in women, in whom
circulating testosterone originates from three different
sources (adrenal, ovary, extraglandular conversion of
androgen precursors), none of which is subject to tight
testosterone negative feedback control. As a result, it is
not feasible to produce a sufficient increase in cir-
culating testosterone in women either by direct
ovarian stimulation or indirect reflex effects to test this
hypothesis even if doing so were deemed ethical and
safe. Alternatively, carefully controlled, graded-dose
studies in FM transgender individuals might be in-
formative but are largely lacking at this time.

Hence, the only feasible design of such studies
would be testosterone (or another androgen) ad-
ministration to healthy young women. The only well-
designed, placebo-controlled study of testosterone in
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Figure 7. Mean hemoglobin concentrations (g/dL) of 12 elite athletes in 4 groups of 3 XY or XX
middle-distance runners. The hemoglobin concentrations were collected as a part of the Athlete
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otherwise healthy postmenopausal women was re-
stricted to relatively low testosterone doses that, al-
though clearly supraphysiological for women, were
only % to % of male testosterone replacement
doses (). We are currently performing a double-
blind, randomized, placebo-controlled study of the
effects of moderately increased testosterone concentra-
tion on physical performance and behavior in young
healthy women (ClinicalTrials.gov no. NCT).
However, obtaining ethical approval to administer
supraphysiological testosterone doses that maintain
circulating testosterone in the male range for sufficiently
prolonged periods, as well as the practical difficulties in
recruitment, are likely to remain obstacles to definitive
resolution of this question.

In men, analogous ethical concerns over short- and
long-term adverse effects delayed the definitive studies
of supraphysiological testosterone doses to healthy
young and older men but were eventually overcome.
This was despite the fact that, uniquely among hor-
mones, there is no known disease state in men due to
pathologically excessive testosterone secretion. In
contrast, in women, supraphysiological testosterone
effects are known to produce virilization side ef-
fects that may be only slowly and partially, if at
all, reversible. However, maintaining clearly supra-
physiological testosterone concentrations would re-
quire treatment of months (muscle) or years (bone)
and would replicate not only a known hyper-
androgenic disease state (PCOS) but also potentially
increasing risk of hormone-dependent cancers. In
these circumstances, it could only be justifiable to
replicate in women the salient testosterone dose-
response studies available from men if the available
evidence of dose-response relationship in men was not
sufficiently convincing and/or there was reason to
think that these dose-response characteristics would be
substantially different in women. Overall, the un-
equivocal dose-response evidence in men together
with the available overlap evidence in women appears
sufficiently persuasive, so that it is doubtful that
women would respond differently from men if their
circulating testosterone levels were raised to the male
range. More broadly, there is no more reason to re-
quire separate studies in women vs men than there is
for every different ethnic subgroup of people. An
aesthetic preference for splitting categories is not a
sound reason to require the virtually impossible
standard of establishing fresh and comprehensive
empirical evidence in women of testosterone dose-
response effects ranging into male circulating testos-
terone concentrations.

An analogy can be drawn to the World Anti-
Doping Agency’s practice of accepting salient surro-
gate evidence for banning the plethora of existing and
new drugs with potential but individually unproven
ergogenic effects where it is not feasible or ethical to
require direct proof of the ergogenic effects. In that

context, the firmly established ergogenic efficacy
of androgens (on muscle mass and strength) and
increased hemoglobin (on endurance) [evidence
reviewed in ()] mean that chemical substances or
methods that increase endogenous testosterone,
erythropoietin, or hemoglobin are also considered
ergogenic (). By parity of reasoning, if a condition
causes a female athlete’s circulating testosterone levels
to be in the male range, well exceeding normal female
levels, with consequential increases in muscle, he-
moglobin, and bone effects (at least), an ergogenic
effect may reasonably be assumed.

Conclusions

The available, albeit incomplete, evidence makes it
highly likely that the sex difference in circulating
testosterone of adults explains most, if not all, the sex
differences in sporting performance. This is based on
the dose-response effects of circulating testosterone to
increase muscle mass and strength, bone size and
strength (density), and circulating hemoglobin, each of
which alone increases athletic capacity, as well as other
possible sex dichotomous, androgen-sensitive con-
tributors such as mental effects (mood, motivation,
aggression) and muscle myoglobin content. These
facts explain the clear sex difference in athletic per-
formance in most sports, on which basis it is com-
monly accepted that competition has to be divided
into male and female categories.

The first IAAF hyperandrogenism regulation
specified a hormonal eligibility criterion of a serum
testosterone of, nmol/L for an androgen-sensitive
athlete’s participation in the protected category of
female athletic events. This threshold was based on
serum testosterone measurements by immunoassays.
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However, no reliable method-independent consensus
threshold could be established using commercial
testosterone immunoassays, as these assays differ
systematically due to method-specific bias arising
unavoidably from the specificity of the different
proprietary antibodies employed (). Based on
measurements using the more accurate and specific
mass spectrometry methods, if the objective is to
require female athletes with congenital conditions that
cause them to have serum testosterone concentrations
in the normal male range to bring those levels down to
the same range as other female athletes, then (allowing
for PCOS athletes) the threshold used should not
be .. nmol/L. This represents a conservative cri-
terion that includes all healthy young (, years)
women, including those with PCOS. Conversely, this
criterion is generous to intersex/DSD females in
allowing them to maintain a higher serum testosterone
( to  nmol/L) than most non-PCOS competitors in
female events even though increases in muscle mass
and strength and hemoglobin would be expected in
this range. This is so even though the range remains
below the circulating testosterone levels of middle
male puberty when the major biological effects of
men’s higher circulating testosterone begin to be fully
expressed. Ongoing compliance with the eligibility
criterion is also an important variable because the
estrogen-based suppression of circulating testosterone,
typically using daily administered estrogen products,
has a rapid onset and offset. Adequate monitoring to
prevent gaming of eligibility criteria would require

regular random rather than announced blood
sampling.

A related matter is how long such a threshold of
circulating testosterone should be maintained prior to
competition. In both intersex/DSD and transgender
individuals, the developmental effects of adult male
circulating testosterone concentrations will have
established the sex difference in muscle, hemoglobin,
and bone, some of which is fixed and irreversible (bone
size) and some of which is maintained by the male
circulating testosterone concentrations (muscle, he-
moglobin). The limited available prospective evidence
from initiation of transgender cross-sex hormone
treatment suggests that the advantageous increases in
muscle and hemoglobin due to male circulating tes-
tosterone concentrations are induced or reversed
during the first  months and the androgenic effects
may plateau after time. This time course is much faster
than the somatic effects of male puberty, which evolve
over years and for some variables (e.g., peak bone
mass) are not complete for up to a decade after the
start of puberty. However, the abrupt hormonal
changes induced by medical treatment in intersex/
DSD or transgender individuals may be telescoped
compared with male puberty where circulating tes-
tosterone concentrations increase irregularly and
incompletely for some years. Additional data are
available from the unique investigative model of men
undergoing castration for prostate cancer. Just as
androgen sensitivity to testosterone may differ be-
tween tissues (), the time course of offset of

Table 5. The Winning Margin in Elite Athletic or Swimming Events During the Last Three Olympics

Median Margin (%)a n Win Gold Win Medal Make Final

Athleticsb

Running 81 0.62 0.31 0.22

Jumping 24 0.92 0.42 0.92

Throwing 24 1.93 0.70 0.75

Swimmingc

Backstroke 12 0.56 0.28 0.16

Breaststroke 12 0.84 0.14 0.17

Butterfly 12 0.52 0.48 0.12

Freestyle 30 0.49 0.23 0.14

Relay 18 0.37 0.35 0.12

aWinning margin is defined as the difference (expressed as a percentage of the faster time) between first and second place (Win Gold), between third and fourth place (Win Medal),
and between the last into the final and the first that missed out (Make Final). Years (2008, 2012, 2016) and sexes were combined as there were no significant differences in winning
margin between them.
bRunning includes 100 m, 200 m, 400 m, 800 m, 1500 m, 5000 m, 10,000 m, marathon, and 3000-m steeplechase, 110-m (male)/100-m (female) and 400-m hurdles, 43 100-m and 43
400-m relays, and 20-km and 50-km walk events. Jumping includes high jump, long jump, triple jump, and pole vault events. Throwing includes javelin, shot put, discus, and hammer
events. Heptathlon and decathlon were not included as their final results are in points, not times.
cEvents comprise 100 m and 200 m for the form strokes and 50 m, 100 m, 200 m, 400 m, 800 m (female)/1500 m (male) and marathon 10 km, with the relays being the 4 3 100-m
medley and 4 3 100-m and 4 3 200-m freestyle relays.
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androgen effects following withdrawal of male tes-
tosterone concentrations may also differ between the
major androgen-responsive tissues. For example, cir-
culating hemoglobin shows a progressive fall for
 months reaching a nadir and plateau at  to
 months in six studies involving  men un-
dergoing medical castration for prostate cancer
(–). Although these studies of older men with
prostate cancer must be extrapolated with caution,
age, stage of disease, race, and baseline circulating

testosterone concentration did not affect the rate or
extent of decline in hemoglobin (, ). Compa-
rable longitudinal studies of muscle loss, strength, and
performance following castration for prostate cancer
are well summarized (), showing progressive loss
for  months (see Fig. ). Further clinical studies to
define the time course of changes, mainly offset, in
testosterone-dependent effects, notably on muscle and
hemoglobin, are badly needed to determine the op-
timal duration for cross-sex hormone effects in sports.
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Abstract

Background

The timing and magnitude of sex differences in athletic performance during early human

development, prior to adulthood, is unknown.

Objective

To compare swimming velocity of boys and girls for all Olympic-length freestyle swimming

events to determine the age of divergence in swimming performance.

Methods

We collected the all-time top 100 U.S. freestyle swimming performance times of boys and

girls age 5 to 18 years for the 50m to 1500m events.

Results

Swimming performance improved with increasing age for boys and girls (p<0.001) until

reaching a plateau, which initiated at a younger age for girls (15 years) than boys (17 years;

sex×age; p<0.001). Prior to age 10, the top 5 swimming records for girls were 3% faster

than the top boys (p<0.001). For the 10th-50th places, however, there were no sex-related

differences in swimming performance prior to age 10 (p = 0.227). For both the top 5 and

10th-50th places, the sex difference in performance increased from age 10 (top 5, 2.5%;

10th-50th places, 1.0%) until age 17 (top 5, 7.6%; 10th-50th places, 8.0%). For all places, the

sex difference in performance at age 18 was larger for sprint events (9.6%; 50-200m) than

endurance events (7.1%; 400-1500m; p<0.001). Additionally, the sex-related difference in

performance increased across age and US ranking from 2.4% for 1st place to 4.3% for 100th

place (p<0.001), indicating less depth of performance in girls than boys. However, annual

participation was ~20% higher in girls than boys for all ages (p<0.001).

Conclusion

The top 5 girls demonstrated faster swimming velocities and the 10th-50th place girls demon-

strated similar swimming velocities than boys (until ~10 years). After age 10, however, boys

demonstrated increasingly faster swimming velocities than girls until 17 years. Collectively,
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these data suggest girls are faster, or at least not slower, than boys prior to the perfor-

mance-enhancing effects of puberty.

Introduction

Recent high profile cases have raised controversy about whether transgender athletes and XY

(intersex) women with differences in sexual development should be allowed to participate in

competitions restricted to women, for example Caster v. IAAF [1]. Stemming from the recog-

nized performance-enhancing effects of androgens [2–6], regulation of endogenous androgen

levels is now required to be eligible for participation in many women’s sports competitions. To

better understand the timing and magnitude of sex differences in athletic performance during

human development we examined elite swimming performances in youth as a proxy to esti-

mate the expected divergence of athletic performance between girls and boys during periods

of low androgen concentrations (pre-puberty) and increasing concentrations of androgens

throughout puberty. As reviewed previously [6], human androgens—primarily testosterone

and its related metabolite dihydrotestosterone (DHT)—are key factors in the development of

muscle, bone and hemoglobin. Androgens largely contribute to bigger and more powerful

muscle mass, higher hemoglobin concentrations (and subsequent oxygen carrying capacity),

and greater bone strength in men than women [6]. In combination, these androgen-driven

and sex-based differences in muscle, bone and hemoglobin contribute to a ~10% higher maxi-

mal oxygen consumption capacity ( _VO2max) in men compared with women [7, 8].

Androgen levels are not different between the sexes prior to puberty, however, after com-

pletion of puberty, circulating testosterone levels are on average ~10–20 times greater in men

than children or women at any age [9, 10]. This sex-based difference in circulating testosterone

is the basic premise to explain why men have faster performance times than women in many

time-based sports including running, cycling, swimming, rowing, etc. [11–17]. Thus, prior

to puberty, it would be theorized that sex differences in performance between boys and girls

would be negligible—which has been observed previously in athletes ~10–12 years of age [5,

18]. However, the sex-based differences in performance prior to age 10 are unknown and

there is no previous data on long distance swimming which likely has the smallest influence

from sociocultural biases [13]. Historically, women have had less opportunity to participate in

most sports than men, and these differences in opportunity are suspected to contribute to the

larger sex differences in performance than would be predicted based on physiological differ-

ences between the men and women [14, 19]. Women have been permitted to participate in

swimming at the highest levels for many years (since ~1912) and currently more girls typically

participate than boys, thus, swimming is an ideal ‘experiment of nature’ for this question [15].

Elite swimmers are also generally homogenous for high socio-economic status, meaning that

sex differences in nutrition or access to medical care are unlikely [20]. There is intensive train-

ing from a young age, and practices and competitions are inclusive of both sexes. Additionally,

standardized environmental conditions along with state of the art facilities are widely available

during championship competitions.

Accordingly, the objective of our study was to determine the age of the divergence of swim-

ming performance between elite boys and girls. To our knowledge, our study is the first to ana-

lytically investigate the role of normal human hormonal changes on sex-related differences in

sprint and endurance performance in elite youth swimming. We hypothesized that: 1) there

would be no sex-differences in swimming performance of girls and boys with similar and low

Sex differences in youth elite swimming
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testosterone concentrations (pre-pubescent years), 2) boys would be faster than girls after

the initiation of puberty, and 3) the faster performance of boys would plateau after age 16, as

androgen concentrations plateau [21].

Materials and methods

Methods

Finishing times of the top 100 All-Time Freestyle Swimming Records for Long Course Meters

for boys and girls between 5 and 18 years of age in one-year age brackets were analyzed for all

distances with full datasets (n = 100). Swimming times were downloaded from the USA Swim-

ming Database (https://www.usaswimming.org /Home/times/data-hub) for six freestyle swim-

ming distances from 50 to 1500 meters (50, 100, 200, 400, 800 and 1500 m) on April 4, 2019.

Average swimming velocity (m�min-1) was calculated from the finishing time as: (race dis-

tance) × (finishing time)-1. Sex differences in swimming velocity were calculated for each place

and event distance as: [(boy’s velocity)–(girl’s velocity)] × (boy’s velocity)-1 × 100%. The reduc-

tion in swimming velocities of boys and girls across world record place (between 1st and 100th

place) was calculated as: (velocity of nth place) × (velocity of 1st place)-1 × 100%, for n = 1 to

100. Participation data was accessed via publicly-available membership demographics reports

prepared by the USA Swimming Member Services staff for 2015 to 2018 (https://www.

usaswimming.org). Additionally, circulating testosterone concentrations of a nationally

representative sample of the United States population were downloaded from the National

Health and Nutrition Examination Survey (NHANES) coordinated and conducted by the

Centers for Disease Control and Prevention (CDC) (https://wwwn.cdc.gov/nchs/nhanes/

Search/DataPage.aspx?Compon ent = Laboratory). As described previously [22], testosterone

was quantified via isotope dilution liquid chromatography tandem mass spectrometry

(ID-LC-MS/MS) based on the National Institute for Standards and Technology’s reference

method, optimized by the CDC. This analytical quantification method initiated in 2013–2014

testing cycle, and data were analyzed for two consecutive testing cycles (2013–2014 and 2015–

2016). These data are representative of the national population in demographic characteristics,

and notably, are not specific to an elite-athletic population. All procedures accessed public

information and did not require ethical review as determined by the Mayo Clinic Institutional

Review Board in accordance with the Code of Federal Regulations, 45 CFR 46.102, and the

Declaration of Helsinki.

Statistical analysis

Data were reported as means ± SD within the text. Separate full factorial univariate analyses of

variance (ANOVAs) were used to compare the dependent variables (swimming velocity and

relative performance (%1st place) of boys and girls, and sex differences in swimming velocity)

between three independent variables [age (5–18 years), US ranking (1st-100th) and event dis-

tance (50 m– 1500 m)]. Post hoc analyses (Tukey’s HSD multiple comparisons) were used to

test for differences between pairs within a data set when significant main effects or interactions

were identified for age, US ranking or event distance. Recognizing early puberty may exhibit

high statistical leverage on observed sex effects; a sensitivity analysis was conducted by filtering

the data to only consist of the top 10th through 50th performance times by age, sex and dis-

tance. Post hoc Student’s t-tests were used to test for differences between boys and girls when a

significant interaction of sex was identified. Bonferroni corrected p-values for multiple com-

parisons (p< 0.025) were used for all post hoc analyses. Pearson correlation coefficients (r)

were used to determine associations between the sex difference in swimming performance

and average circulating testosterone concentrations. For all other analyses, significance was

Sex differences in youth elite swimming
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determined at p< 0.05. All analyses were performed with IBM Statistical Package for Social

Sciences version 25 statistical package (IBM, Armonk, NY, USA) and R version 3.4.2 (Vienna,

Austria).

Results

For boys and girls, swimming velocity improved with advancing age according to a quadratic

growth curve that was reproducible for each swimming distance (Fig 1). The quadratic growth

curve demonstrates rapid improvements in swimming velocity up to 10 years of age after

which the age-related improvement in performance slows and approaches a plateau (horizon-

tal asymptote). There were many distinct differences between the age-related performance

enhancement curves between girls and boys however. The plateau of swimming velocity was

8.4% lower for girls than boys (p<0.001), and the age at which the plateau in performance ini-

tiated was younger for girls (15 years) than boys (17 years) for all swimming distances aggre-

gated (p<0.001). These data indicate that boys had faster swimming performances than girls

particularly at older ages, thus, there was a sex-related difference in swimming performance

that increased with age (p<0.001).

Fig 1. Elite swimming performance. Mean swimming velocity from 5 to 18 years of the top 100 fastest US boys (blue circles) and girls (red triangles)

for the 50, 100, 200, 400, 800 and 1500m freestyle swimming distances.

https://doi.org/10.1371/journal.pone.0225724.g001
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Considering the most elite competitors in the top 5 places, girls had 3% faster swimming

performance than boys prior to age 10 (p<0.001; Fig 2). However, considering the 10th-50th

places, there were no sex-related differences in swimming performance between boys and girls

prior to age 10 (p>0.05; Fig 3D). In the 50m for ages 5–9 years, for example, the average sex-

related difference in performance was -2.5% for top 5 (indicating faster performance for girls)

Fig 2. Sex differences in performance of the top 5 places. The primary plot (heat map) displays the sex differences in swimming velocity (% boy’s

swimming velocity) of the top 5 US rankings in each freestyle event distance and age, negative values (red) indicate faster performance of girls. The top

displays the mean sex difference across age, and the right plot displays the mean sex difference across swimming event distance.

https://doi.org/10.1371/journal.pone.0225724.g002

Fig 3. Relative performance decline across US ranking. The decline in swimming performance (% 1st Place) across US ranking for boys (blue) and

girls (red; mean ± 95% confidence interval; Panel A). The average annual membership numbers (Panel B) for boys (blue) and girls (red) of USA

Swimming. The heat maps (Panels C and D) display the sex differences in swimming velocity of the top 5 US Rankings (Panel C) and the 10th-50th US

Rankings (Panel D) using the same color values displayed in Fig 2.

https://doi.org/10.1371/journal.pone.0225724.g003
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and 1.2% (indicating faster performance for boys) for the 10th-50th places. Importantly, for

both analyses, boys do not exhibit statistically faster swimming velocities than girls at young

ages (<10 years). For both the top 5 and the 10th-50th places, pairwise comparisons indicated

that the sex difference in performance increased from age 10 (top 5, boys 2.5% faster; 10th-50th

places, boys 1.0% faster) incrementally increased for each age until the sex difference plateaued

at age 17 (top 5, boys 7.6% faster; 10th-50th places, boys 8.0% faster). Thus, beginning at age 10,

boys had faster swimming performance than girls and the sex-difference in performance pla-

teaued at age 17 (Fig 3C & 3D). For top 100 places aggregated, the sex-related difference in

performance of 17–18 year olds was larger for the sprint distance events (9.6%; 50-200m)

compared with the endurance distance events (7.1%; 400-1500m; p<0.001). The larger sex-

related differences in performance for sprint distance events were observed for all ages (Fig 2).

Comparison of the relative reductions in velocity between the 1st and 100th place (age

groups and event distances aggregated) demonstrated that the girls had greater reductions in

relative velocity across place than boys (Fig 3A; sex × place, p<0.001). The average 100th place

US record holder swam at 90.7 ± 8.8% the velocity of the first place US record holder for the

boys and 89.3 ± 9.0% for the girls (age groups and distances pooled). Thus, the sex difference

in swimming performance progressively increased with US record place between first place

(boys 2.4% faster) to 100th place (boys 4.3% faster) across all ages and distances (p<0.001).

These data indicate that there was less depth of performance in girls than boys (Fig 3). Despite

the lesser depth of performance in girls, annual participation was higher in girls compared to

boys (p<0.001; Fig 3B).

Circulating testosterone concentration data comprised results from 2,085 measurements.

Boys had a greater than 100-fold increase in serum testosterone from ages 6 to 18 (3.6 ± 16.4 to

482.0 ± 232.0 ng�dL-1, p<0.001), and this testosterone level began to plateau at 16 years. Dur-

ing the years of low testosterone for boys (<10 ng�dL-1)—6 to 10 years—there was no associa-

tion between testosterone (p = 0.500). However, during the years of rapidly increasing

testosterone levels for boys—11 to 17 years—mean testosterone was strongly, linearly corre-

lated with the mean sex difference in swimming performance (pooled for all race distances

and places; p<0.001, r = 0.990). See Fig 4.

Discussion

Using ‘big data’ as a proxy to estimate the ergogenic advantage of androgens in boys compared

to girls, we determined the age of the sex-related divergence in elite swimming performance.

As expected, boys had faster swimming performance than girls at 18 years in sprint and endur-

ance distances. Participation data provides evidence that there were equal opportunities to par-

ticipate in swimming between boys and girls (Fig 3B), thus, we propose that the observed

mean sex difference in performance across all freestyle events (8.4%) is solely due to physiolog-

ical differences between the sexes. In support of this, the sex difference in world record swim-

ming performances is similar (8.5%) until ~50 years [13]. Between the ages of 11 and 17 years,

the sex difference in performance was strongly associated with circulating testosterone con-

centrations of boys from a nationally-representative sample (r = 0.990, r2 = 0.980). These data

suggest that endogenous testosterone explains 98% of the variance of the sex difference in per-

formance, and support the previous assertion that the sex difference in circulating testosterone

of adults explains most of the sex difference in sporting performance [6].

However, prior to the ergogenic effects of puberty/androgen hormones, there are no sex-

related differences in performance for the 10th-50th places and the top 5 girls have faster perfor-

mances than the top 5 boys. Importantly, the faster performance of the top girls is clearly not

due to earlier initiation of puberty because girls are faster at 5 years of age, well before the age

Sex differences in youth elite swimming
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of puberty. Although the precise mechanisms are unclear, these data suggest that girls are

inherently faster swimmers than boys (or at least not slower) than boys sans the performance-

enhancing effects of androgens and puberty. As expected before puberty, there are minimal

sex differences between boys and girls in stature [23], hand grip strength [5] and hemoglobin

content [24]. Thus, if girls are inherently faster than boys prior to puberty, these sex-based dif-

ferences would likely be due to optimized composition of the genes encoded on the X chromo-

some (e.g. genes associated with regulation of blood pressure, angiotensin-related enzymes) in

girls with two copies of the X chromosome than boys with only 1 copy of the X chromosome

[25]. After puberty however, our data and previous data [5, 6] suggest that ~15× greater con-

centrations of androgens [21] and subsequent physiological changes in boys compared to girls

account for the ~8.5% sex-related difference in performance [6].

These data also demonstrate greater participation in swimming for girls than boys, how-

ever, this sex-difference in participation narrows with advancing age (Fig 3B). Limited experi-

mental data exist to explain the greater participation among girls, however, the leading

Fig 4. Correlation of boy’s serum testosterone and sex differences in swimming performance across age. The mean circulating testosterone

concentrations from NHANES database were strongly, linearly correlated with the mean sex difference in swimming performance during the years of

rapidly increasing testosterone levels for boys (11 to 17 years; p<0.001, r = 0.990), but not during the years of low testosterone for boys (6 to 10 years;

p = 0.500). Each circle represents the mean sex difference in swimming for each age group pooled for all race distances and places (x-axis) and mean

circulating testosterone level for boys (y-axis) with the age group denoted using corresponding Arabic numeral within each circle. The colored ellipses

represent the standard error of three separate groupings for the correlation analysis, low-testosterone group (6–10 years, red), increasing testosterone

group (11–17 years, blue) and plateaued testosterone group (18 years, green).

https://doi.org/10.1371/journal.pone.0225724.g004
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hypothesis is that more girls participate because of longstanding opportunity to participate

and compete with (and often outperform) boys. Interestingly, these data also show that despite

greater participation for girls than boys, girls have less depth in performance. A prevailing

hypothesis (‘sociocultural conditions hypothesis’ [17]) suggests that decreased opportunities

and participation contribute to sex differences in sports performance. Indeed, in a previous

study examining collegiate rowing, a sport sanctioned by the US National Collegiate Athletic

Association (NCAA) for women but not men, greater participation for women was associated

with greater depth of performance for women in the heavyweight class [17]. Thus it is unclear

why in this study; girls have greater participation and less depth of performance. However it is

clear that these data provide one of the only examples of faster (or at least not slower) sports

performance for girls than boys.

Conclusion

We conclude that prior to the performance-enhancing effects of puberty; the best girls outper-

form the best boys at sprint and endurance swimming events. Our findings are in direct oppo-

sition to nearly universal findings in elite adult athletes that boys are faster than girls. These

data provide evidence that the Y chromosome per se does not provide an advantage in sports

performance. Rather, our data are consistent with ‘doping’ ideology and findings that sus-

tained and augmented levels of endogenous androgens induce performance-enhancing adap-

tations regardless of genotype of the sex chromosomes. This information may be of use to

governing bodies of athletic competitions as eligibility regulations for participation in female

events are refined.
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Race Times for Transgender Athletes 
Joanna Harper, Providence Portland Medical Center, USA 

Abstract: In recent years, organizations such as the International Olympic Committee have created regulations to allow 
those athletes who have undergone gender reassignment to compete in their chosen gender. Despite these rules, there is 
still a widespread belief that transgender female athletes have an inherent advantage over 46,XX female competitors. 
Until now, there has not been any published data, based on performances of transgender athletes, to either support or 
refute this belief. There are two main stumbling blocks to creating such a study: the first is to determine an appropriate 
metric to examine and the second is to find participants for the study. This study analyzed race times for eight 
transgender female runners, who have competed in distance races as both male and female, using a mathematical model 
called age grading. Collectively, the age graded scores for these eight runners are the same in both genders.  

Keywords: Transgender, Athletes, Distance Running, Gender, Research  

Introduction 

thletes have historically been divided into male and female for the purpose of most 
sporting competitions. Two components of biological sex, first external genitalia, and 
later chromosomes were used to make the determination of who was allowed to compete 

in women’s sport. Chromosome testing was initiated for the 1968 Olympics (Elsas et al 2000, 
249-254) and thereafter, only those people with XX sex chromosomes among their 23 
chromosome pairs, or 46,XX females, were allowed into women’s sports. Human biology, 
however, does not neatly divide into two categories. For instance, some people have neither a 
46,XY nor a 46,XX karyotype. Additionally, some people are born with a 46,XY pattern, but 
with mutations which cause them to be assigned female gender at birth. Chromosome based 
requirements for participation in female athletics were discontinued in the 1990s (Elsas et al, 
249-254), but controversy surrounding athletes with karyotypes other than 46,XX competing in 
women’s sport continues. (Karkazis et al 2012, 3-16). 

Transgender people are those whose innate sense of gender, or gender identity, does not 
match their biological sex. Some transgender people seek gender reassignment. Such people have 
been termed transsexual, and although the term is descriptive, it is now often viewed unfavorably 
within the transgender community. While transgender surgery can alter external and internal 
genitalia, and hormone therapy changes many secondary sex characteristics, neither can alter 
karyotype; hence it is questionable whether one could claim a change in sex as a result of any 
intervention. Unambiguous reassignment of gender is, however, possible.  

Those who are satisfied with the gender assigned to them at birth can be described as 
cisgender. 

Transgender athletes have sought to compete against other athletes on the basis of their 
reassigned gender, rather than on their biological sex. While there has been little resistance to the 
presence of transgender male athletes, sporting organizations were unwilling to allow 
transgender women to compete against 46,XX women prior to the 21st century. It is notable that 
in the 1970s, Rene Richards, probably the best-known transgender athlete in history, sued in the 
United States court system in order to be allowed to play women’s tennis (Abrams 2010). 

In 2004, the International Olympic Committee (IOC) enacted the Stockholm Consensus 
(Ljungqvist et al., 2003), that allows transgender women to compete in women’s sport once a) 
gender reassignment surgery had been completed, b) the athlete was legally recognized as 
female, and c) they had undergone two years of hormone replacement therapy. Transgender men 
were permitted to compete against cisgender men, although transgender men must file a 
therapeutic use exception (TUE) form to cover their use of testosterone injections. 

A 

Journal of Sporting Cultures and Identities 
Volume 6, Issue 1, 2015, www.sportandsociety.com, ISSN: 2381-6678 
© Common Ground, Joanna Harper, Some Rights Reserved, (CC BY-NC-ND 4.0)
Permissions: support@cgnetworks.org
https://doi.org/10.18848/2381-6678/CGP/v06i01/54079

D
ow

nl
oa

de
d 

on
 W

ed
 D

ec
 1

1 
20

19
 a

t 1
2:

05
:3

0 
U

T
C

Case 4:23-cv-00185-JGZ   Document 88-2   Filed 06/29/23   Page 49 of 58



JOURNAL OF SPORTING CULTURES AND IDENTITIES 

At the time of the Stockholm Consensus, there was no published scientific literature that 
would justify the inclusion of transgender women. The committee that created the Stockholm 
consensus relied heavily on information from Dr. Louis Gooren from Amsterdam (Ljungqvist 
2104). Dr. Gooren was an expert in transgender studies and would go on to co-author an 
important paper which studied nineteen transgender women after commencement of hormone 
therapy (Gooren and Bunck, 2004, 425-429). After one year of testosterone suppression, the 
subjects had testosterone levels below those of 46,XX women, and hemoglobin levels equal to 
those of 46,XX women (red blood cell content is very important in endurance sports). Muscle 
mass differences between the two groups were cut in half. The height of the individuals did not 
change. There were no additional changes noted at three years. This study was not undertaken on 
athletes, nor did the researchers directly measure any physical component of athleticism, such as 
strength, speed, explosiveness, or endurance. The authors concluded that it was reasonable to 
allow transgender women to compete against cisgender women after appropriate hormone 
therapy. 

It is notable that the Stockholm consensus required two years of hormone therapy, while the 
published study noted that there were no physical changes in the subjects after one year. This 
discrepancy was due to conservative estimates given to the committee by Dr Gooren prior to the 
publication of his study (Ljungqvist 2014). 

Many sports followed the lead of the IOC, and in subsequent years there have been 
transgender women competing in sports such as golf (Mianne Bagger and Lana Lawless), cycling 
(Natalie Van Gogh, Michelle Dumaresq, and Kristin Worley), martial arts (Nong Toom, and 
Fallon Fox), and basketball (Gabrielle Ludwig). None of these women has been particularly 
successful at the highest levels of sport after gender reassignment, and one could argue that this 
lack of success over ten years would be a strong indication of the fairness of permitting 
transgender women to compete against cisgender women. 

Instead of acceptance, however, there has been a substantial amount of controversy over the 
presence of transgender women in female athletics. Most people contend that transgender women 
have an unfair advantage in women’s competition (Cavanagh and Sykes, 2006). Opponents of 
transgender inclusion often point to physical characteristics such as height and hand size, which 
are not changed by gender reassignment, and suggest that transgender women will always 
maintain an unfair advantage over cisgender women. These arguments continue today and are 
not confined to competition at the highest levels. Recently, there were 10,000 emails sent in to 
protest the decision by the State of Minnesota to allow high school transgender athletes to 
compete in their chosen gender (Minnesota Star Tribune 2014). 

Those in favor of allowing transgender athletic participation inevitably point to the fact that 
every major sporting organization to look at the issue since 2004 has agreed to allow transgender 
women to compete against other women. Proponents also will often suggest that science is on 
their side. However, the only existing published study related to transgender women in sport is 
the original one by Gooren and Bunk. The science supporting transgender inclusion is very thin 
indeed.  

A thorough literature review of studies applicable to transgender athletes was undertaken for 
the Canadian Government (Devries, 2008). This review found that “To date no study has 
conducted any sort of exercise test to assess athletic performance” and concluded that there were 
no data indicating any sporting advantage or disadvantage for transgender women as compared to 
over 46,XX women.  

The lack of such a study should not come as a surprise. There are two major obstacles 
involved in compiling any study involving transgender athletes. The first problem is how to 
formulate a study to create a meaningful measurement of athletic performance, both before and 
after testosterone suppression. No methodology has been previously devised to make meaningful 
measurements.  
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The second problem is to find study participants. There are few transgender athletes, and 
even fewer who will want to be identified. In order to create a study, a small cohort of 
competitive transgender athletes must be found in one given sport. Fortunately, there is mass 
participation in distance running races throughout much of world. All major cities hold road 
races with many thousands of runners, giving the sport a large base of adult competitors. Thus, 
the sport of distance running is an obvious choice to try to find suitable candidates. 

In 2011, the international governing body for track and field, the IAAF, amended its rules to 
allow anyone who was legally and hormonally female to compete in the women’s category 
(IAAF, 2011). The portion of the ruling applicable to transgender women lists no requirement for 
surgical intervention, or specific duration of hormone therapy. It does require an endocrine 
evaluation prior to any declaration of eligibility. In many parts of the world, legal gender 
reassignment is not allowed, and this will be a barrier to participation for many transgender 
athletes.  

In 2012, the IOC also adopted a testosterone-based rule for eligibility for women’s sport 
(IOC, 2012); however, the IOC maintained their previous rules pertaining to transgender women. 
Hence, it would be possible for a transgender woman to compete against other women in the 
IAAF sponsored 2015 world track championships, but not be eligible to do so in the IOC-
sponsored 2016 Olympics. 

Methods 

Race times from eight transgender women runners were collected over a period of seven years 
and, when possible, verified. The collection process consisted of seeking out female transgender 
distance runners, mostly online, and then asking them to submit race times. Even in 2014 few 
people are open about being transgender, so the submission of race times represented a large leap 
of faith for the participants. When possible, race times were then verified using online services 
listing race results. For six of the eight runners, online checking made it possible to verify 
approximately half of the submitted times. Two of the subjects, runners three and four, would 
only participate anonymously, creating an ethical dilemma over the use of their times, versus 
respect their privacy.  

Seven of the eight subjects experienced a substantial reduction in running speed upon 
transition. There are a few methods of comparing men’s and women’s race times. The simplest 
involves the well-known approximation that men will, on average, run 10% faster than women 
(Berman et al. 2013 63–65). There are a couple of other comparison methods as well, but there is 
only one method that also factors in age. Correcting for age is important because most of the 
runners in the study were more than 30 years old, and would be faced with declining 
performance as they grew older, following their gender transition. 

Age grading (Grubb, 1998, 509-521) is a method of comparing the performance of athletes 
of all ages and both sexes. For running events, the athlete’s race time (RT) is compared to the 
fastest time ever run by a person of that age and sex, or the age standard (AS). The resultant age 
grade (AG) percentage is obtained by the following formula: 

AG (%) = (AS x 100) / RT 

All times are measured in seconds. 

In order to understand how age grading works, let’s examine two forty-year-old runners who 
run a 5-kilometer race (5k). The male runner runs 19:30 (1170 seconds). In order to determine 
his age grade, one compares his time to the fastest time ever run by a forty-year-old male 5k 
runner, i.e. 13:39 (819 seconds). The equation becomes 

AG = (819 seconds x 100)/1170 seconds =70 
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and our male runner gets a score of 70. 

The female runner has a time of 21:51 (1311 seconds) and her time is compared to the fastest 
ever time by a forty-year-old woman, i.e. 15:18 (918 seconds). The equation for her AG is 

AG = (918 seconds x 100) /1311 seconds = 70 

Thus, our male and female runners score the same age grade despite the fact that the male 
ran more than two minutes faster than the female did. This is fair. Men run faster than women. 
The two runners are both well above average runners for their age and sex, and deserve to receive 
equal accolades. 

Age grading has become the standard way of comparing performances by older track and 
field athletes of both sexes. The method has also been rigorously evaluated and improved, 
specifically with regard to the curve fitting that is needed to connect the age standards associated 
with different ages. Mathematician Alan Jones (Jones 2010) has made significant improvements 
to the age-graded tables that Howard Grubb developed in the 1990s. 

Results 

Collectively, the eight runners had much slower race times in the female gender than as males. 
Time differences were, in fact, so great, that age graded performances stayed virtually constant 
for the group. Tables one through four summarize the data from all eight runners over four 
frequently run race distances varying from 5k to the marathon (42 kilometers). Not all eight 
women submitted times for all four of these distances. 

Table 1: 5k Race Times 
Male Races Female Races 

Runner No. Age Time AG Age Time AG 
One 48 18:27 78.7 52 22:43 75.7 
Two 30 15:56 81.4 36 17:51 82 

Four (a) 30 17:35 73.6 33 21:04 70.6 
Five 34 19:39 66.7 35 23:43 63 

Six (b) 24 15:07 83.5 53 20:22 85.5 
Eight 27 20:29 62.2 30 22:51 64.8 

Table 2: 10k Race Times 
Male Races Female Races 

Runner No. Age Time AG Age Time AG 
One 49 0:39:05 77.9 56 0:48:45 76.1 

Two (b) 22 0:32:37 82.4 36 0:36:58 83.1 
Five 34 0:45:33 60.1 36 0:57:40 53.3 

Six (a) 46 0:37:10 80 48 0:42:01 80.5 

Table 3: Half-marathon Race Times 
Male Races Female Races 

Runner No. Age Time AG Age Time AG 
Five 33 1:53:06 52.4 37 2:05:38 53.3 

Six (b) (d) 26 1:08:38 86.3 53 1:32:27 83.8 
Six (a) (d) 46 1:23:11 77.8 48 1:34:01 77.5 
Seven (c) 19 1:48:47 55.7 28 1:48:45 60.5 
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Table 4: Marathon Race Times 
Male Races Female Races 

Runner No. Age Time AG Age Time AG 
Three 49 3:18:58 69.5 54 4:12:31 67.2 
Five 34 3:16:59 63.4 35 4:08:33 55.3 

Seven (c) 19 3:49:55 55.7 31 2:59:10 75.7 
Eight 29 3:08:53 66.1 30 3:44:55 60.2 

Notes 

(a) These races were run over the same course within three years’ time and represent the 
best comparison points. 

(b) Races compared over a long time period have more uncertainty associated with them, 
but both runner two and runner six reported stable training patterns over this time range. 
These races also help to confirm the age-grading methodology for tracking progress of a 
runner over the course of a multi-year time frame. 

(c) Runner seven represented the biggest evaluation challenge. She raced as a 19 year-old 
male recreational runner and then resumed running years later as a female. She got 
serious about the sport after she resumed, doubled her training load and dropped 10 kg 
of weight. Not surprisingly, she got faster. This improvement can be seen in the fact that 
her AG went from 60.5 at age 28 to 75.7 at age 31 (both in female gender). This 15 
point change in age grade was much larger than the 5-point change she experienced 
after transition from male to female. 

(d) It is useful to compare times for the same runner over different race courses and at 
different time periods. The two lower scores occurred on a hilly course at a period of 
average fitness for runner six. The two higher scores were on flat courses at times of 
peak fitness. 

Table five indicates the average AGs from all eight runners in each gender and the overall 
averages of all eight.  

Table six shows the highest AGs from each runner and the average of these highest AGs. 
Two tailed t tests were run on both the mean and peak AGs. The p values were p=0.84 for the 
average AGs and p=0.68 for the highest AG. A p value of less than 0.05 is needed for the values 
to be considered significantly different, and these p values are very much higher. 

Table 5: Average Age Grades 
Average male AG Average female AG 

Runner 1 75.2 77.1 
Runner 2 81.8 82.8 
Runner 3 69.5 70.8 
Runner 4 71.4 64.8 
Runner 5 57.7 49.3 
Runner 6 83.8 81.9 
Runner 7 55.7 61.9 (e) 
Runner 8 54.3 59.1 
Average 68.7 68.5 
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Table 6: Highest Age Grade 
Highest male AG Highest female AG 

Runner 1 78.7 79.2 
Runner 2 82.9 83.2 
Runner 3 69.5 74.3 
Runner 4 74.1 74.1 
Runner 5 66.7 63.0 
Runner 6 87.5 85.6 
Runner 7 55.7 63.4 (e) 
Runner 8 66.1 64.8 
Average 72.7 73.4 

(e) The 2:59 marathon time by runner seven was considered an outlier, the result of her 
substantially altered training and was not used in these tables. 

Discussion 

The majority of scientists believe that testosterone is primarily responsible for the difference in 
athletic results between the sexes (Bermon et al. 2014, 4328–4335), although there are dissenters 
(Healy et al. 2014, 294-303). There have been multiple studies on men’s and women’s 
testosterone levels with some variation in results, but a typical set of values would be as follows: 
Men’s range –– 10 to 35 nmol/l; female range –– 0.35 to 2.0 nmol/l (Haring et al. 2012, 408–
415). 

Transgender women who have undertaken testosterone suppression change from normal 
male testosterone levels to normal female levels, in fact, after surgery their testosterone levels are 
below the mean for 46,XX women (Gooren and Bunck, 425–429). Largely as a result of their 
vastly reduced testosterone levels, transgender women lose strength, speed, and virtually every 
other component of athletic ability. 

Since this study looks at endurance capabilities of athletes both pre and post testosterone 
suppression, it is also of significant interest to look at hematocrit or hemoglobin levels of 
transgender women. One year after testosterone suppression, hemoglobin levels in transgender 
women fell from 9.3 mmol/l to 8.0 mmol/l. This latter number is statistically identical to the 
mean hemoglobin level for cisgender women (Gooren and Bunck 425–429).  

The reduction of testosterone and hemoglobin levels of transgender women after transition 
would suggest that endurance capabilities of transgender women athletes should be similar to 
those of 46,XX women.  

The difficulty of finding suitable subjects is underscored by the fact that it took seven years 
to amass data from eight participants.  

The times submitted by the eight runners were self-selected and self-reported. The self-
reporting by the subjects certainly affects the strength of the findings. As mentioned previously, 
almost half of the race times were double checked by the author for accuracy. None of the 
subjects  incorrectly reported any result. 

Collectively, the eight runners were much slower in the female gender; slow enough, in fact, 
that their age graded performances were almost identical to their male AGs. Two of the runners 
had higher average AGs in male gender than in female gender, while one runner had higher 
female AGs than male ones. The changes in the age grades of these runners mirrored changes in 
their training habits.  

After transition, runner four began to experience a significant number of injuries which 
prevented her from training as rigorously as she previously had. It is not surprising that her 
results got worse as time went on. Runner five experienced both weight gain and a loss 
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motivation in the years after her transition. In fact her motivation declined to the point that she 
gave up racing not long after the submission of her results.  

On the other hand, runner seven blossomed as a runner after transition. Eventually, she 
doubled her weekly training distance. She also lost approximately 10 kg of body mass after she 
started to train harder. It is not surprising that her times and age grade scores showed a 
subsequent improvement. 

The other runners in the study reported relatively stable training loads in both male and 
female mode, and this is reflected in their more stable age grades in both genders.  

Since training loads vary over time for all runners, the author believes that highest age grade 
might be the best comparison of male versus female athletic potential. But, whether one uses 
average or highest age grades, the subjects scored statistically identical age grades both as male 
and as female. 

It is significant to note that none of the eight subjects was a truly elite runner. An optimal 
study would use world-class runners and the results could be used to justify the presence of 
transgender women in events such as the Olympic Games. Unfortunately, there simply are no 
world-class transgender distance runners. Three of the eight runners have achieved notable 
success at the national level, and two of the other runners could be described as sub-elite. 
Resistance to the presence of transgender women occurs at all levels of sport, and so there is still 
much merit to the study. 

One interesting trend was noted in runners five, six and eight, who age graded higher in 
shorter events as women than they did in longer events. Runners six and eight scored higher age 
grades in 5k races than they did as males but lower AGs in longer races – half marathon and up. 
Runner five scored lower across the board as female than as male but her 5k AGs were much 
closer to her male ones, than her marathon AGs were. Transgender women carry more muscle 
mass than 46,XX women (Gooren and Bunck 2004, 425–429). This extra muscle mass might 
cause increased speed when compared to cisgender women, and hence faster times and higher 
AGs at shorter distances. Increased muscle mass and heavier bones are not conducive to long 
distance running, and would actually be a disadvantage when running distances of a half 
marathon and higher, causing slower times and lower AGs. This effect is small in the three 
mentioned runners, and none of the other five runners submitted data over a wide enough range 
of distances to determine whether or not this pattern held true for them; more research would be 
needed to confirm or refute the hypothesis of distance related variations in age grade scores for 
transgender women.  

It should be noted that these results are only valid for distance running. Transgender women 
are taller and larger, on average, than 46,XX women (Gooren and Bunck, 2004, 425-429), and 
these differences probably would result in performance advantages in events in which height and 
strength are obvious precursors to success - events such as the shot put and the high jump. 
Conversely, transgender women will probably have a notable disadvantage in sports such as 
gymnastics, where greater size is an impediment to optimal performance. 

The Grubb and Jones age-grading methodology applies only to track-and-field and distance 
running, but, it should be possible to create a similar analytic method to compare results for other 
sports, such as swimming, weightlifting, or ski-jumping, which also measure results in times, 
distances or weights – the so called CGS (centimeter, grams, and seconds) sports. It would be 
very difficult, however, to devise such a method to analyze performances in most other types of 
sports. 

Conclusions 

Despite the fact that transgender women have been allowed to compete against cisgender ones 
since 2004, there has been no study used to justify this decision beyond the original work of 
Gooren and Bunck. It bears repeating that this original study was not undertaken on athletes, nor 
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did it directly measure any aspect of athleticism. In fact, this is the first time a study has been 
developed to measure the performance of transgender athletes. The author overcame two 
significant barriers which have prevented any previous study from being performed, i.e. the 
difficulty in determining an appropriate metric to measure athletic performance both before and 
after testosterone suppression, and the difficulty in finding enough willing study participants in 
any given sport.  

The author chose to use the standard age-grading methodology which is commonly used in 
master’s (over forty) track meets worldwide, to evaluate the performance of eight distance 
runners who had undergone gender transition from male to female. As a group, the eight study 
participants had remarkably similar age grade scores in both male and female gender, making it 
possible to state that transgender women run distance races at approximately the same level, for 
their respective gender, both before and after gender transition.  

It should be noted that this conclusion only applies to distance running and the author makes 
no claims as to the equality of performances, pre and post gender transition, in any other sport. 
As such, the study cannot, unequivocally, state that it is fair to allow to transgender women to 
compete against 46,XX women in all sports, although the study does make a powerful statement 
in favor of such a position.  

It should also probably be noted that the publication of this study will likely not appreciably 
change the resistance faced by transgender women who compete against cisgender ones. There 
will continue to be strong opposition by athletes, parents and fans to the inclusion of transgender 
women. It will take many more years before the average sports enthusiast understands that 
transgender women who have undergone testosterone suppression will not dominate women’s 
sports. 
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When it comes to sport, boys 'play like a
girl'

Primary school-aged boys and girls can play in mixed teams until they reach high school, our

research suggests. Clappstar/Flickr, CC BY-SA
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Girls in primary school are just as physically capable as their male classmates, according to

our research, taking the sting out of the insult “you play like a girl”.

When we compared primary school children’s physical capabilities, differences between girls

and boys were not as important as people think. So, they should be happily playing with and

competing against each other in the backyard, playground and sporting fields.

Read more: It's not just the toy aisles that teach children about gender stereotypes

As part of wider research to assess people’s physical capabilities across the lifespan, we

tested 300 children and adolescents between the ages of 3 and 19.

We tested each child for over two hours, taking more than 100 measurements. These

included measuring the strength of 14 muscle groups, the flexibility of 13 joints and 10

different types of balance. We looked at factors including hand dexterity, reaction times, how

far kids could walk, how high and how long they could jump, as well as their gait.
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What did we find?

Across all measures of physical performance, there was one consistent finding. There was

no statistical difference in the capabilities of girls and boys until high-school age (commonly

age 12).

Let’s use standing long jump (also known as a broad jump test) as an example. This provides

a measure of your legs’ explosive power. It needs minimal equipment and the results

compare well with the type of information you get from strength testing using expensive

equipment. It’s also one of the tests would-be American NFL (National Football League)

players take to impress talent scouts.

The standing long jump is a test football scouts use to assess explosive power.

We found no difference between boys and girls before they turn 12 (see graph below). Every

physical measure followed this pattern.
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Before the age of 12, boys and girls do just as well as each other in the standing long jump.

Author provided

How do our findings compare?

Other studies have had similar results. These have included ones testing muscle strength,

walking, jumping and balancing.

However, it’s difficult to directly compare data from one study to another, as different studies

have different sample sizes, include children of different age ranges, and assess different

measures. For example, we were the first to use the timed stairs test and stepping reaction

time to find what regular children were capable of.

Some studies found differences in physical capabilities between primary school-aged boys

and girls using the same types of tests we used. And others reported small differences in the

jump height of boys and girls aged 6-17 years but not with the long jump.
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These differences can in part be attributed to sampling methods that were limited to specific

age ranges or locations and socioeconomic backgrounds, the latter potentially having a

significant impact on physical health and activity.

By contrast, the children in our research were generally representative of the Australian

population, using data from the Australian Bureau of Statistics about socioeconomic status,

ethnicity and body mass index.

What do our findings mean for kids, coaches and
parents?

There is no consensus across schools or among different sports about mixed-gender sports

for primary school children.

For instance, boys and girls compete separately in most local Little Athletics after age five but

field hockey can have mixed gender teams until age 17.

And in tennis, primary school-aged girls and boys play separately in singles matches but can

play against each other in mixed doubles.

Our findings support the push for boys and girls to compete in mixed sporting teams until the

end of primary school, after which the hormonal changes of puberty mean boys tend to

perform better in sports and tasks requiring strength and speed.

Read more: Our 'sporting nation' is a myth, so how do we get youngsters back on the

field?

There are also some practical advantages to mixed sport in primary school and in weekend

competitions:

fewer scheduling conflicts for councils (allowing school and sport administrations to fit

games more conveniently into busy sporting venues)
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fewer clubs or organisations to share already stretched government and private sector

funding

consolidation of coaching and manager talent, and most importantly

fewer parent-taxi drop offs.

Perhaps perceived differences in physical capability between boys and girls are based on

outdated gender stereotypes that appear at birth, when some boys are given their first footy

and some girls their first doll.

But whatever the origin of the idea young boys are physically more capable than young girls,

the evidence is clear. Boys “play like a girl”, and that’s certainly no insult.

Want to write?

Write an article and join a growing community of more than 166,600 academics and

researchers from 4,655 institutions.

Register now

Generated with Reader Mode
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Transgender Women Guidelines

Can transgender women play rugby?

Why can't transgender women play women's rugby?

Effects of testosterone

Where reference is made to "females" and "males" to explain the effects of testosterone, the references are used to diffe

Transgender women who transitioned pre-puberty and have not experienced the biological effects of

testosterone during puberty and adolescence can play women's rugby (subject to confirmation of

medical treatment and the timing thereof)

Transgender women who transitioned post-puberty and have experienced the biological effects of

testosterone during puberty and adolescence cannot currently play women's rugby

Transgender women can play mixed-gender non-contact rugby

World rugby are committed to ongoing evaluation of the guidelines and will remain current on all

published research that pertains to the biological and physiological implications of testosterone

suppression, with a formal review of the Guideline every three years. In support of this, World Rugby

will prioritise support for high quality research projects on transgender rugby players, as part of this

commitment to evidence-based guidelines.

 SHARE
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Testosterone is an androgenic-anabolic hormone whose functions include reproductive maturation, along

with the genesis of male secondary sex characteristics. From puberty onwards, testosterone levels

increase 20-fold in males, but remain low in females, resulting in circulating testosterone concentrations at

least 15 times higher in males than in females of any age [1,2]. Among the biological changes initiated by

testosterone and its derivatives are:

Collectively, these biological differences account for large sporting performance differences between

males and females. These include gaps between 9% and 15% for running, swimming and jumping events

[13], between 15% and 35% for functional tasks like kicking, throwing, bowling and weightlifting, and in

excess of 50% for tasks that involve upper body force production [10], since the biological effects of

testosterone creates disproportionately greater strength on their upper compared to lower body, while

females show the inverse [14,15]. In weight-lifting events, for instance, even when matched for mass and

stature, males lift approximately 30% more weight than females. Evaluated differently, males are able to

lift weights similar to females who weigh 30% to 40% more than them [10]. Functional movements such

as explosive jumping are similarly larger in elite males than females, with approximately 30% more power

generated during a counter movement jump [10].

The result of these biological differences is that males outperform females in all sporting activities where

speed, size, power, strength, cardiorespiratory and anthropometric characteristics are crucial determinants

of performance. This is true for many thousands of boys and men who have undergone a testosterone-

Larger and denser lean muscle mass [3,4];

Greater force-producing capacity of skeletal muscle [5,6];

Stiffer connective tissue [7];

Reduced fat mass and different distribution of body fat and lean muscle mass [3];

Longer, larger and denser skeletal structure [8,9];

Changes to cardiovascular and respiratory function that include higher haemoglobin concentration,

greater cross-sectional area of the trachea and lower oxygen cost of respiration (as described in [1,10-

12]).
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induced puberty, with an effect large enough that 14 to 15-year old boys outperform the best female

athletes in history in a range of running, jumping, throwing and strength events [13,16]. The size of these

performance differences varies depending on the contributions made by each of the  biological variables

to performance, and indeed, some may be detrimental to performance in some events (mass during

endurance running or cycling events, for example).  Generally, however, there is no overlap in performance

between males compared to females at all matched levels of competition from high school to the elite

level. The performance disparity is illustrated by the observation that thousands of teenage boys and adult

males are able to outperform the very best biological females every year [13].

Similar performance differences between males and females have been described in non athletically

trained individuals. Males have muscle mass 30% to 40% greater than females [4], maximal

cardiorespiratory capacities (VO2max) 25% to 50% greater than in females [17], cardiovascular parameters

between 11% and 43% greater than in females, lower limb strength approximately 50% higher than in

females across the lifespan, and upper body strength 50% to 100% higher than in age-matched females

[6]. Even when elite females, trained in sports where grip strength is an important component of

performance Uudo and handball), do not outperform untrained males in a grip strength task, with the very

best female performance corresponding to approximately the 58  percentile for males, and a 26%

advantage for untrained males compared to typical elite females. Punching performance, a composite

movement reliant on strength, power, co-ordination  and mass, has been found to be 162% higher in males

than in females [18], and 17-year old boys are able to throw a ball further than 99% of adult females [19].

Biological consideration for rugby union
The implications of biological and performance differences for rugby are two-fold. First, significant

differences in strength, size, speed and power have potential consequences for the  safety of participants 

in rugby, where much of  the  sport involves contacts in the  form of tackles, rucks and mauls, as well as

numerous periods of high force production during static contests for the ball, such as the scrum and ruck.

Given the documented risk of injury in rugby from contact events in particular [20-24], the elevated

possibility of all injuries, including serious injury, from large disparities in size, speed, power, and force, is of

concern. Recent modelling of  tackles using validated biomechanical models  [25,26]  suggests that the

th
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discrepancy in mass and speed of direct opponents in tackles predicts neck forces, moments and head

accelerations. Since these factors contribute directly to injury risk, it is clear that large discrepancies create

greater risks for smaller and  slower  players, particularly when size and speed exist in combination.

Given that the typical male player mass is 20% to  40% greater than typical women mass, that males have

strength 40% to 80% greater (unadjusted for mass), and that men are 10% to 15% faster than women

despite being heavier, the risk of injury created by large imbalances in mass and speed may be considered

significant. To explore this, we assessed the range of masses of players at the international level and

applied the findings to a biomechanical model to explore possible implications for injury risk should cross-

over scenarios occur.

With respect to mass, we documented the range of sizes of elite men's and women's players from the 2011

Rugby World Cup up to the 2019 Rugby World Cup, finding:

Typical (median) men's players are 41.1% heavier than typical women's players (103 kg vs 73 kg)

Among forwards, the heaviest 1% of women players are smaller than the typical men's forward (109kg

for women vs 112kg for men)

The heaviest 1% of women's backs are smaller than typical men's backs (89kg vs 92kg)

The lightest 1% of men's forwards are approximately equal in mass to the heaviest 10% of women's

forwards, while the lightest 2% of men's backs are approximately equal to the heaviest 10% of women's

backs

Figure 1 below shows the frequency histograms for men's and women's players in forward and back

positions
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Figure 1: Frequency histograms of mass of forwards (left panel) and
backs (right panel) in elite men's and women's rugby players.
Dotted lines indicate the 50  percentile, while dashed lines indicate
the 98  percentile for each group.

Implications for injury risk - head injury models
The differences observed between men and women with respects to mass may be combined with

differences in speed to create a theoretical framework in which the inertial load and forces faced by

smaller and slower player is significantly greater when in contact with a larger, faster player. this model is

intended for illustrative purposes and demonstrates the impact of only one variable known to differ

between biological males and females - namely mass - on head injury risk, in a basic parametric model,

absent force application and complex movements, as a preliminary impact analysis. the principles

illustrated by the model would apply to other injuries. The addition of speed, and strength or force exerted

during contact would further increase the implications of the findings of this illustrative model,

summarized below.

The representative figure below illustrates the concept of mass disparity as a risk of injury for ball carriers.

It depicts the linear acceleration (A), angular acceleration (B), neck force (C) and neck moment (D)

experienced by ball carriers of different masses when tackled by players with different masses. Using the

known masses of international rugby player, the position of the average male (M50) and average female

(F50) are plotted on each heat map. F90 shows the scenario where a tackler (T) corresponds to the 90th

percentile for women's mass (see Figure 1) tackles a typical female mass ball carrier (BC). X indicates

the hypothetical cross-over scenario in which a typical male tackler mass is involved in a tackle against a

ball carrier with a typical female mass.

th
th
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Figure 2. Graphical representations of linear acceleration (A),
angular acceleration (B), neck force (C) and neck moment (D) for
ball carriers of different masses during tackles by tacklers  with
different  masses.  Mso and  Fso show  the  modelled situation  when
typical/median players tackle one another for men and women,
respectively. F90 represents a female ball-carrier with typical mass
against a tackler in the heaviest 10% of women's body mass. X
denotes the cross-over situation that would hypothetically occur for
a tackler at the men's median mass tackling a typical female ball
carrier
The modelling shows that a tackle involving players with typical or average mass produces slightly greater

accelerations and forces in men (Mso) than in women (Fso). This is a function of the higher mass of men's

players. Head and neck kinematic and kinetic variables increase significantly when the heaviest 10% of

women's body mass is used for the tackler against a typical ball carrier (F90), but this extreme "within

female-bodied" scenario produces smaller kinetic and kinematic outcomes than if the hypothetical cross-

over scenario were to occur, where an average male-bodied player is the tackler and the average female-

bodied player the ball carrier (X). The magnitude of the increase in neck forces, moments and

accelerations for the ball carrier is between 20% and 30% for typical cross-over scenario compared to the

typical female vs female scenario, and is 10% greater for  the male-bodied vs female-bodied crossover

scenario than a tackle where the heaviest 10% of women are matched against typical women's mass (F90).
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Were the cross-over to  occur in a heavier male-bodied player (for example, the  heaviest 10% of male-

bodied players), the increase in neck load and head acceleration for the ball carrier approaches 50%

compared to the typical tackle scenario in women's rugby. The magnitude of these extreme head

accelerations and neck forces are not seen in women and are created by cross-over of male-bodied players

to women's rugby. Similar differences are seen when examining the accelerations and forces for the

tackler's head and neck.

The magnitude of  the known risk factors for  head injury are thus predicted  by the  size of the disparity in

mass between players involved in the tackle. The addition of speed as a biomechanical variable further

increases these disparities, which is relevant given that male players weighing 103kg (the median for men)

would be expected to run between 10% and 15% faster than typical female players (mass 73kg), and thus

considerably faster  than female players who are heavier than the median (eg females at the 90 

percentile, Fig 1). This would further compound the disparity created.

Next, it is important to also consider that these models do not account for the ability of players to actively

exert force at high rates during tackles. This would be a function of power and strength, which are similarly

known to be 30% to 80% greater in biological males than females. When these active applications of force

during contact are added to the mass and speed characteristics illustrated and described above, the

resultant neck and head forces and accelerations will increase even further, such that the illustrative model

shown above depicts the smallest possible risk increase for typical players involved in a tackle as a result of

mass alone. The addition of speed and force disparities will increase the magnitude of these risk factors

beyond the 20% to 30% we illustrate above.

The implication of these increases is complex  to  quantify but  would result in increased injury risk for the

player experiencing the elevated risk outcomes (force and acceleration). This is because head injuries occur

when forces and accelerations on the head and neck reach a threshold necessary to cause injury, and

which is unique to each tackle situation. A tackle situation that typically  produces  risk factors within 20%

of  this threshold  would, in the circumstance of a typical male-bodied vs typical female-bodied player

illustrated above, be sufficiently increased to cause an injury. The higher risk scenario involving heavier

male bodied players would further increase injury likelihood, since all tackle situations that normally

produce kinetic and kinematic variables within 40% to 50% of an injury threshold would now exceed it, a

th
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scenario unseen in women's rugby. The addition of strength and speed as described, further increases the 

risk, such that a number of tackles that currently lie beneath the threshold for injury would now exceed it,

causing head injury.

Finally, it must also be considered that the ability to withstand or tolerate forces on the head and neck are

required to avoid brain injury.  This is the reason neck strength is critical in injury prevention. Since the

strength disparities between males and females is so large, including a 50% lower neck isometric strength

in females, the reduced ability of female players to tolerate or withstand the forces in tackles is a further

risk factor for injury, including head injury as described above, but relevant to all injuries where the rapid

application of force or load are responsible for injury.

Implications for injury risk - scrum forces
The implication of greater mass and force-producing ability in males can be seen in forces measured

during scrums in both elite and community level rugby. Research on the forces applied during scrums

shows that at the elite level, males produce approximately twice the peak force of females in the scrum.

Even at the community level, where peak force is 30% lower than in the elite game, males produce

approximately 40% greater peak force during scrums than elite females. Given that force producing and

receiving ability is likely to be significantly lower in female community players, the implication is that men's

community level rugby scrums will be considerably more forceful than women's community  level scrums.

The risk of particularly serious and catastrophic  injuries during scrums has led to a number of law changes

specifically designed to depower the scrum to reduce injury risk. This risk would be amplified by large

mismatches in strength between opposing players, since the force applied must be withstood by a direct

opponent. This is an illustration of how mismatches in strength and size are directly responsible for forces

that result in injury.
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Testosterone as a predictor of performance
It must be noted that the actual testosterone level, measurable in the body, is not a strong predictor of

performance within men and within women [27-29]. This is because performance is multifactorial, and

testosterone's androgenzing effects contribute to, but do not solely influence the biology and resultant

performance outcomes within a group who are able to utilize it. The biological basis for male vs female

differences is thus the result of testosterone, but it does not necessarily follow that within men and within

women, the hormone is a predictor of performance.

Further, differences in the sensitivity to testosterone between individuals mean that a given level of

testosterone is not a sensitive or specific predictor of performance within each group (males and females).

This is in part because most males have elevated levels and some degree of sensitivity, while the level in

females is significantly lower and rarely exceeds even the very low end of the male range [1]. Therefore, in

two homogenous groups that are matched for either the presence or absence of a given variable (males

and females for the presence or absence of testosterone, in this case), the predictive value of that variable

within a group is greatly diminished, the same way that V02max is a significant predictor of running or

cycling performance across the whole population, but not within a group of elite marathon runners or

cyclists, who are already relatively homogenous for that characteristics [30]. Similarly, height is clearly

advantageous for professional basketball, but within the National Basketball Association (NBA), where

height has already been selected for and participants are in the extreme upper end of the overall

population for that characteristic [31], it becomes a poorer predictor of performance.

However, when the  same question -does testosterone predict performance across humans of both sexes -

is asked of binary categories (males vs females in sport, rather than within males or females), then the

predictive power of testosterone is strong, because "high testosterone" during adulthood  is a very 

reliable  indicator  that  the androgenizing  effects of testosterone have occurred earlier during life. When

understood and assessed this way, testosterone is necessary for  peak performance (since the top 

performers within humans are all male), but  it  is not  sufficient to  attain it.  It is here that the almost

perfect sensitivity of biological sex emerges, since in a ranking list of the top thousand performances in

most sport, every year, every single one will be biologically male.
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Summary
In summary, across all performance levels and ages after puberty, testosterone is primarily (though not

exclusively) responsible for  very large typical differences  in the  biology of males and females, and

consequently, performances between the sexes. These are summarized in Figure 3 below, which combines

the biological differences between males and females with their performance implications, and is

reproduced from a recent article currently in review [10].

Figure 3: Summary comparison of biological (left table) and
performance (right figure) differences between males and females
for a range of biological variables and physical activities/events.
Reproduced from Hilton & Lundberg [10]
Given that the women's category exists to ensure protection, safety and equality for those who do not

benefit from the biological advantage created by these biological performance attributes, the relevant and

crucial question is whether the suppression  of  testosterone for a period of 12 months, currently

required for transgender women participation in women's sport, is sufficient to remove the biological

differences summarized above?
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Effects of suppression of testosterone 
Current policies regulating the inclusion of transgender women in sport are based on the premise that

reducing testosterone to levels found in biological females is sufficient to remove many of the biologically-

based performance advantages described above. However, peer-reviewed evidence suggests that this is

not the case, and particularly that the reduction in total mass, muscle mass, and strength variables of

transgender women may not be sufficient in order to remove the differences between males and females,

and thus assure other participants of safety or fairness in competition.

Based on the available evidence provided by studies where testosterone is reduced, the biological variables

that confer sporting performance advantages and create risks as described previously appear to be only

minimally affected. Indeed, most studies assessing mass, muscle mass and/or strength suggest that the

reductions in these variables range between 5% and 10% (as described by Hilton & Lundberg [10]). Given

that the typical male vs female advantage ranges from 30% to 100%, these reductions are small and the

biological differences relevant to sport are largely retained.

For instance, bone mass is typically maintained  in transgender  women over the  course of at least 24

months of testosterone suppression,  with some evidence even indicating small but significant increases in

bone mineral density at the lumbar spine [32-34]. Height and other skeletal measurements such as bone

length and hip width have also not  been shown to change with testosterone suppression, and nor is there

any plausible biological mechanism by which this might occur, and so sporting advantages due to  skeletal

differences between males and females appear unlikely to change with testosterone reduction.

With respects to strength, 1 year of testosterone suppression and  oestrogen supplementation has been

found to reduce thigh muscle area by 9% compared to baseline measurement [35]. After 3 years, a further

reduction of 3% from baseline measurement occurred [36]. The total loss of 12% over three years of

treatment meant that transgender women retained significantly higher thigh muscle size (p<0.05) than

the baseline measurement of thigh muscle area in transgender men (who are born female  and experience

female puberty), leading to a conclusion that testosterone suppression in transgender women does not

reverse muscle size to female levels [36].
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This finding has been replicated and confirmed by numerous studies examining the  effects of testosterone

suppression on lean body mass or muscle size in transgender women [37- 44]. Collectively, these studies

find that 1 year of testosterone suppression to female typical reference levels results in a comparatively

modest loss of lean body mass (LBM) or muscle size, with consistent changes between 3% and 5%

reduction in LBM after 1 year of treatment (as summarized from source research studies by Hilton &

Lundberg [10]).

Muscle force-producing capability is reduced after testosterone suppression, though as appears to be the

case for muscle/lean mass, these reductions are considerably smaller in magnitude that the initial male-vs-

female differences in these variables. For instance, hand-grip strength was reduced by 7% and 9% after 1

and 2 years, respectively, of cross hormone treatment in transgender  women [39], and by 4% in 249

transwomen after 1 year of gender-affirming treatment, with no variation between different testosterone

levels, age or BMI tertiles [45]. Transgender women retained a 17% grip-strength advantage over

transgender men at baseline measurement, with a similarly large, retained advantage when compared to

normative data from a reference or comparison group of biological females.

Most recently, Wiik et al found that isokinetic knee extension and flexion strength were not significantly

reduced in 11 transgender women after 12 months of testosterone suppression, with a retained advantage

of 50% compared to a reference group of biological females and the group of transgender men at baseline

[41]. This absence of a reduction in strength occurred in conjunction with a 4% to 5% reduction in thigh

volume, and no difference in the contractile density of the muscle, which suggests that the reduction of

testosterone for a period of a year had no effect on the force-producing capacity per unit of cross sectional

area [41], a variable that is known to be higher in males than females.

In conclusion, longitudinal research studies that have documented changes in lean mass, muscle

mass/area and strength show consistently that small decreases occur as a result of testosterone

suppression, with a resultant relatively large retained advantage in these variables compared to a group of

biological females.
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Conclusion
Testosterone exerts significant biological effects on biological males during puberty and adolescence. This

creates large differences in strength, mass, speed, power, and endurance capacity. In turn, these create

player welfare concerns and performance inequality in rugby, given the importance of physical contact

and strength in the sport. Longitudinal research studies on the effect of reducing testosterone to female

levels for periods of 12 months or more do not support the contention that variables such as mass, lean

mass and strength are altered meaningfully in comparison to the original male-female differences in these

variables. The lowering of testosterone removes only a small proportion of the documented biological

differences, with large, retained advantages in these physiological attributes, with the safety and

performance implications described previously. There is currently no basis with which safety and fairness

can be assured to biologically female rugby players should they encounter contact situations with players

whose biologically male advantages persist to a large degree.

While there is overlap in variables such as mass, strength, speed and the resultant kinetic and kinematic

forces we have modelled to explore the risk factors, the situation where a typical player with male

characteristics tackles a typical player with female characteristics increases the magnitude of known risk

factors for head injuries by between 20% and 30%. In the event of smaller female players being exposed to

that risk, or of larger male players acting as opponents, the risk factors increase significantly, and may

reach levels twice as large, at the extremes. The basis for regulation is the typical scenario, though risk

mitigation must be mindful of the potential for worst-case scenarios that may arise. Both are deemed

unacceptably high, because they would result in a number of tackle situations that currently lie beneath a

threshold required to cause injury increasing to exceed that threshold.

Thus, it is on the basis of male vs female biological differences, combined with no evidence for removal of

their implications for safety and performance, that the guideline is that trans women should not compete

in women's rugby.
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Assessment of research limitations and implications
It is acknowledged that the published studies currently available on testosterone suppression and

physiological changes (compiled and described in Hilton and Lundberg, 2020 and reviewed individually in

the proposed policy document) have been conducted in untrained transgender  women.  This invites

questions over the  validity and generalizability of the studies to a sports-playing population.

This is a valid question, and it is acknowledged that research is required to fully address questions arising

out of  this limitation.  World Rugby is committed  to  supporting high quality research proposals in this

area, should they be submitted as part of World Rugby's Research programme.

However, this limitation can also be assessed within an understanding of the physiological implications of

trained compared to untrained individuals undergoing testosterone suppression. The application of

insights from complementary studies leads to a conclusion that the available research is in fact sufficient

to arrive at firm conclusions about safety, performance and retained advantages, and thus the recognized

limitations are not sufficient to refrain from drawing a conclusion on the likely implications of the

transgender research for athletes.

In assessing this issue, two primary questions may be asked:

1. How would training undertaken during the process of testosterone  suppression affect the changes

observed in muscle and lean body mass, and strength variables, compared to studies done in individuals

who do not perform training?

2. How would training prior to a period of testosterone suppression influence:

1. The baseline or pre-suppression measures for muscle mass and strength in transgender women, and

thus the differences in these variables compared to a reference or control group of biological women

(cisgender women)?

2. The likely "end-point" for muscle and lean body mass as well as strength after the testosterone

suppression for a period of at least twelve months, once again compared to a reference or comparison

group of cisgender women?
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Both these questions can be answered by exploring complementary research studies. At present, there is

evidence that:

Training during the intervention to lower testosterone levels can reduce, eliminate, and even reverse any

losses in muscle and lean body mass, muscle volume, and muscle strength. This is supported by evidence

from various study models in which biological males reduce testosterone to within the female range, and

are able to maintain or even increase these physiological variables through training [46-48].

The implication is that any performance decline as a result of  androgen  deprivation is minimized or

eliminated, and so the studies cited in support of the World Rugby Guideline, while conducted on

non-training individuals, establish the minimum possible retained advantage for trans women. That

is, they establish that in the absence of training during testosterone suppression, an advantage is

retained compared to cisgender women. That advantage is either the same, or very plausibly

increased as a result of training.

Training prior to the intervention will cause increased muscle mass and strength variables at baseline.

This means that the initial or "pre-suppression" differences in these variables compared to biological

females will be greater than in an untrained trans woman. This rebuts the assertion that trans women are

weaker, less muscular and thus more similar to biological females at baseline, within a sporting context,

since the transgender woman being considered by World Rugby is much more likely to be trained (or will

train once transition begins, as described above).

Further, once the period of testosterone suppression begins, then the degree to which muscle mass

and strength decreases may be either the same or relatively greater in the trained trans women as a

result of this higher baseline. Even if the relative loss of  muscle mass and strength are higher than in

untrained trans women, it is inconceivable, and even physiologically impossible, that a pre-trained

athletic trans woman is going to lose so much muscle mass and strength that they end at a point

where they are less muscular/lean and weaker than a theoretically untrained (and even 'self-starved')

transgender woman.
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Therefore, if research on untrained trans women establishes that the retained advantage in muscle

mass and strength is corresponds to a value of  X percent, this is the smallest possible remaining

advantage for a pre-trained trans woman. The effect of training can only be to  increase this value or

to  achieve the  same value of X percent retained advantage, but it cannot reduce it further, unless

one argues that a trained trans woman will lose so much lean mass and strength that they end up

weaker and less muscular than a completely non-athletic individual.

Finally, it is relevant that studies comparing untrained biological males and highly trained females, males

retain an advantage despite the training status of biological females. For instance, in a study on grip

strength, the strongest elite athletically trained females in sports where grip strength is a performance

advantage Uudo and handball) are only as strong as untrained biological males at the 58th percentile, with

a 26% difference in strength between typical elite females  and typical untrained males  [49].  Similarly, 

Morrow & Hosler (1981) found that untrained college-aged males were more than twice as strong as

trained female basketball and volleyball players in a bench press task, with the top 5% strongest trained

females equal in strength to the weakest 14% of untrained males This establishes that pre-trained

biological females can increase strength beyond that of untrained females, but still do not compare to

untrained biological males.

The implication is also that since even typical untrained biological males have a large strength advantage

compared to elite and trained females, studies that have documented only small reductions in strength

and thus persistence of strength  advantages  with androgen deprivation in untrained biological males (as

in Kvorning et al [46], Chen et al [47] and in studies on transgender women cited herein) should be

considered relevant for establishing the smallest possible retained advantage that would exist in the

absence of training.  As described above, and in studies where training is conducted while testosterone is

suppressed [46-48], the advantage will only remain this size or increase.

Finally, it is also recognized  that not all sports are affected similarly by the variables  we have weighted as

crucial for rugby (size, strength, speed, power). Indeed, in some sports, excess mass may be

disadvantageous, and thus the model for retained advantage and persistent risk may present differently

for different physical activities.
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In conclusion, with those recognized limitations, World Rugby is committed to supporting research that

may in future establish that biological differences between those to whom testosterone confers significant

physiological and performance advantages and those to whom it does not are removed sufficiently to

enable participation of transgender women in women's rugby. At the present time, however, based on the

best published scientific evidence, that position is unsupported.

The referenced research used to support this position can be viewed here.

Conclusion - Testosterone, Welfare and Performance
Having considered all of the currently available information, the working group determined that the best

evidence currently available means that those who experienced the biological effects of testosterone

during puberty and adolescence cannot safely or fairly compete in women's rugby. That means that

currently, transgender women may not compete in women's rugby.

World Rugby is committed to encouraging transgender people to remain involved with rugby and is

currently funding research to continue to review any evidence that may emerge to enable the participation

of transgender women in women's rugby. Details of the research currently underway, along with details of

how to apply for research funding for those who may be interested, is available here.

How do I stay involved in rugby if I can no longer play in the
category that I want to?
World Rugby acknowledges that the introduction of this Guideline will mean that some players can no

longer play in the  category that they want to.  It  is possible that will change in the future and World

Rugby is funding research to  try  to  find out if there are ways to allow that safely and fairly (see here for

details).  In the meantime, there are many other ways to stay involved with rugby:

Other forms of the game: Many forms of non-contact Rugby exist such as: Tag; Touch; Flag etc all have

open
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World Rugby is currently exploring the possibility of an "open category" of rugby in which any player could

play, regardless of gender identity. World Rugby has committed to exploring this option with its Unions,

Associations, International Rugby Players, and trans advocate groups including Gendered Intelligence and

International Gay Rugby.

What if I have concerns about safety or fairness relating to
someone I am playing with or against?
It is important to note that many people do not meet cultural or local norms or stereotypes related to the

expression of gender identity. All players and Unions ought to take care to consider this when raising any

concerns about another player. In the event that a player or Union has a genuine concern about safety or

fairness in relation to another player, the concern should be dealt with as follows:

Coaching: Coaching can be hugely rewarding and can provide players with life lessons, engender a love

for the sport and provide an enjoyable vehicle for World Rugby and its member Unions offer several

courses  for coaches of children, adolescents, and adults. All courses are open to any participant.

Refereeing: For many people who may not be able to play, refereeing is a viable alternative to stay close

to the game. World Rugby and its member Unions offer several introductory courses and a pathway

exists in all Unions for fast-tracking talented

Administration: All clubs rely on volunteer administrators. As individuals enter the latter stages of the

long-term participant model, then administration becomes a realistic outlet for many. A number of

Unions have dedicated support resources for individuals who wish to pursue this path of staying

involved.

1. The concerned person should raise their concerns with their Union's Chief Medical Officer (CMO).

2. The Union's CMO should carefully consider the concerns raised, in the context of all of the known facts

and if having done so, the CMO determines that the concerns are not frivolous or vexatious, the CMO

should contact the World Rugby CMO setting out the basis for the

3. The World Rugby CMO will engage with the CMO of the Union of the player about whom the concerns

have been raised, ensuring confidentiality for the player and involved team-mates and opponents

throughout the
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4. The World Rugby CMO and the relevant player's CMO will discuss the situation and agree on the most

appropriate actions, based on the specific circumstances

5. In some circumstances, such appropriate actions may include a recommendation that a standardised

endocrinological assessment be performed [Appendix].

6. For the avoidance of doubt, no player should or would be forced to undergo any medical or other

assessment. It  is a player's responsibility to decide on whether he or she wishes to proceed with any

assessment. However, it should be noted that deciding not to participate in an assessment, having been

requested to do so, may have consequences in terms of the player's eligibility to participate in the category

of competition that is consistent with his/her/their gender identity, since it may not be possible to

determine whether issues of safety or fairness arise without such assessment.
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