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ABSTRACT

Sex differences in sports performances continue to attract considerable scientific and
public attention, driven in part by high profile cases of: 1) biological male (XY) athletes
who seek to compete in the female category after gender transition, and 2) XY athletes
with medical syndromes collectively known as disorders or differences of sex
development (DSD). In this perspective we highlight scientific evidence that informs
eligibility criteria and applicable regulations for sex categories in sport. There are
profound sex differences in human performance in athletic events determined by
strength, speed, power, endurance, and body size such that males outperform females.
These sex differences in athletic performance exist before puberty and increase
dramatically as puberty progresses. The profound sex differences in sports performance
are primarily attributable to the direct and indirect effects of sex-steroid hormones and
provide a compelling framework to consider for policy decisions to safeguard fairness

and inclusion in sports.
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Introduction

Sex differences in sports performances continue to attract considerable scientific and
public attention, driven in part by high profile cases of: 1) biological male (XY) athletes
who seek to compete in the female category after gender transition (i.e. transgender
women athletes) (1-3), and 2) XY athletes with medical syndromes collectively known
as disorders or differences of sex development (DSD). In this perspective we highlight
scientific evidence that may inform eligibility criteria and applicable regulations for sex
categories in sport and provide a compelling framework to consider for policy decisions
to safeguard fairness and inclusion in sport. Three important caveats underpin this
perspective. First, randomized controlled trials (RCTs) are often used to test the
efficacy of therapeutic interventions in medicine, including sports medicine (4).
However, RCTs are generally not required to establish informed policy in sports such as
regulations on doping and use of anabolic androgenic steroids because of ethical and
practical improbabilities. Second, because the margin of victory is often very small in
elite sport, sports policy makers routinely regulate competitive advantages of 1% or less
(1, 5) (Figure 1). Third, many regulatory policies in sports are applied universally.
[Figure 1]

Historically, many forms of athletic competition have been categorized based on key
determinants of athletic performance, including, sex, age, weight class, skill level, and
disability grade. The criteria used to stratify athletic competition are intended to be
objective and supported by relatively straightforward adjudication processes. Although
these historical classification systems for sports are not without challenges, stratifying

athletic competitions seeks to provide a “fair playing field” and a foundation for
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competitive pressure to select and optimize for talents and phenotypes associated with
success within each sport, event, or position. An important distinction is to be made
between “determinants” and “talents” — determinants represent categorical advantages
conferred by physiological differences and talents represent skills or phenotypes that
can be optimized for success with intensive training. Importantly, not all determinants
are immutable (e.g. weight class) and not all talents are modifiable (e.g. height), and
some stratifications are not the same for all sports. For example, although weight class
is a stratification used in some sports (e.g. wrestling, weightlifting, rowing), weight class
is not used as a stratification in other sports (e.g. track and field, swimming,
soccer/football). As one exemplar sport to highlight these points, Olympic weightlifting
uses two specific overhead barbell lifting techniques (‘snatch’ and ‘clean and jerk’, and
the summation of these ‘total’) to assess maximal power of skeletal muscle and is
stratified by both biological sex and body mass (weight class). As illustrated in Figure 2,
world record performances for ‘total’ are greater among males compared to females and
larger weight classes relative to smaller weight classes— supporting the notion of
stratification by both sex and body mass. Notably, females in the largest weight class
(87 kg or heavier) outperform males in the lowest weight class (55 kg) by about 12%
and have markedly worse performance by about 20% than males in the comparable
weight class (89 kg). In this framework, this perspective focuses on key determinants of
sports performance that are conferred by an amalgamation of biological adaptations to
male sex chromosomes (XY) and masculinizing puberty with male testosterone
concentrations.

[Figure 2]
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With this information as background, we make seven statements relevant to the topic of
sex differences and sport performance. Each statement is then followed by key
corroborating evidence that support the statement. This perspective focuses on sex
differences rather than gender differences. Consequently, this perspective uses
biological terms and sex chromosomes to describe males (XY) and females (XX), and
generally refrains from using culturally specific terms to describe constructs of gender
identity and gender expression.

Statement 1: Biological males as a group outperform biological females in
athletic events dependent on strength, speed, power and endurance.

The evidence supporting this statement comes from sex differences in elite
performance data and studies that establish the relationship between muscle power and
athletic performance. Each year in the sport of track and field, for example, there are
hundreds and generally thousands of males (including many under 18 years of age)
who run faster, jump higher or throw farther than the female world record holder in every
event. Among elite adult competitors, male-female performance gaps of about 10 to
40% are seen (Figure 3), with the largest performance gaps in events determined by
maximal muscle power (6, 7). Because running, jumping, and throwing are foundational
elements for many sports, this evidence is undoubtedly generalizable to sports and
athletic events that require these elements as a part of the overall success in
performance. In no sporting discipline that is determined by strength, speed, power or
endurance are the performances of elite females equal to or better than performances
by elite males, including ultradistance running, cycling, and swimming (8—10).

[Figure 3]
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Statement 2: The male-female performance gap is evident before puberty.

The evidence supporting this statement comes from performance data of elite youth
athletes before puberty and studies that establish sex differences in anatomical and
physiological development of systems that are associated with physical performance
before puberty. For example, among the best prepubescent athletes in the US, the
male-female performance gap is about 3 to 5% in track and field running events (Figure
4) and about 5 to 10% in jumping events (11, 12). The magnitude of the male-female
performance gap is smaller in swimming (about 1 to 5%) than in track and field (13).
There are several bioplausible explanations for the male-female performance gaps seen
before puberty in these sports. First, transient increases in sex hormones during early
life (so called “minipuberty”) are associated with increased growth velocity (14) and
reduced adipose accumulation (15) among male infants compared with female infants,
and greater muscle mass (16) and muscle strength (17) among boys compared to girls.
Second, boys tend to run and jump more than girls during unstructured play and spend
more time engaged in higher-intensity physical activity (18, 19). Such activities could
produce an informal training effect in boys. The extent to which these sex differences in
children reflect the impact of biology, socialization, or both is a matter of discussion (20),
but differences in early childhood body composition indicate that at least some of the
male-female performance gap among prepubertal children is due to intrinsic biological
factors.

[Figure 4]
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Statement 3: The male-female performance gap increases after the onset of
puberty and is associated with changes in body structure, physiology and
function.

The evidence supporting this statement comes from performance data of elite athletes
across the lifespan. The sex-based performance gaps seen in children increase
progressively during puberty and reach the adult level of ~10-40% in later teenage
years, see Figure 5. Sex differences in body form and function that increase at puberty
and contribute to the widening male-female performance gap include but are not limited
to differences in: skeletal muscle mass, body fat, airway and lung size, oxygen carrying
capacity in the blood, heart size, and endocrine patterns (1, 6, 7, 21, 22). Height
represents an easy-to-understand metric of sex differences that emerge at puberty and
increases to adulthood. In the United States, the medians (50" percentiles) for height
among 10-year-old youths are marginally greater for boys (~139 cm) than girls (~138
cm). However, among 20-year-old adults, the medians for height are much greater
among males than females (176.8 vs 163.3 cm, respectively), and the median for males
is greater than the 97" percentile for females (175.5 cm) (23).

[Figure 5]

Downloaded from journals.physiology.org/journal/jappl (083.061.228.125) on December 29, 2024.



132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

Statement 4: The principal driver of the increased male-female performance gap
in adults is the surge in endogenous testosterone among biological males
starting during puberty.

The evidence supporting this statement comes from studies that document the puberty-
related increase in testosterone, the anabolic effects of testosterone on human biology,
and the associations between endogenous testosterone and increased physical
performance of males and females during adolescence. After minipuberty, endogenous
testosterone levels begin to diverge in males and females at approximately 11 years of
age, and they are bimodally distributed by 14 years of age, meaning there is no longer
any meaningful overlap between males and females by 14 years (24). There is a robust
correlation (r>0.98) between the surge in endogenous testosterone and the growth in
the performance gaps for athletics and swimming (13). Testosterone, whether
endogenous or exogenous, is a known and powerful steroid hormone that makes
skeletal muscles bigger, stronger, and faster. Testosterone also increases bone size,
bone strength, and bone density and promotes higher red blood cell counts. These
effects have been demonstrated in animal models, populations, and via interventional
studies. For muscle related properties, interventional studies show a dose-response
relationship between exogenous testosterone and training-induced adaptations to both

muscle size and strength (25, 26).
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Statement 5: Changes in the female body during puberty and female physiology
throughout an athletic career can contribute to the male-female performance gap
by limiting training, performance, and muscle regeneration after injury or
detraining among females.

The evidence supporting this statement comes from studies determining the effects of
athletic performance on changes in the body unique to female puberty and physiology.
Changes in the female body that males do not experience during female puberty include
but are not limited to increased relative (or percentage) body fat (27); smaller adult
height due to accelerated epiphyseal fusion (28); breast development that creates
flexion torque during upright movement and standing countered by back muscles (29);
and hormonal fluctuations across each menstrual cycle that can alter perceived
performance because of discomfort, pain and fatigue, and altered temperature
regulation and substrate metabolism (30). Of note, on average there are generally
small, or non-significant fluctuations in physical performance among females across the
menstrual cycle (31, 32), although these are acute fluctuations and are apart from the
long-term changes outlined above and experienced by females during and after
puberty. There are also anatomical and biomechanical sex differences in the lower
extremity such as wider hips (larger angle between hips and knees, Q angle) in females
that increase the risk (relative to males) of injury including patellofemoral pain, patellar
subluxation, dislocation and instability, and anterior cruciate ligament injury in the knees
(33, 34). Finally, many females take time off from training due to pregnancy and child

birth and can suffer post-partum health issues that interfere with performance (35).
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Statement 6: Endogenous testosterone suppression among XY athletes who have
experienced masculinizing puberty, modestly reduces athletic performance, but a
large male-female performance gap remains.

The evidence supporting this statement comes from case studies of real-world
performances, systematic reviews, and cross-sectional studies of physical performance.
A case report of an adult testosterone-suppressed XY swimmer (transgender woman)
demonstrated although swimmer performance times slowed, both relative competitive
success and relative ranking/placement markedly improved competing in the female
category compared with success and ranking in the male category (36). Notably, the
relative swimming performance decline after about two years of gender affirming
hormone therapy (testosterone suppression and estrogen supplementation) was about
5%— a magnitude which is about 50% smaller than the typical male-female
performance gap of 10% among top NCAA swimmers, suggesting a retained/legacy
athletic advantage. Other studies of physical performance tests of US military personnel
(37) and overweight/obese XY athletes (38) who completed at least one year of
testosterone suppression show some evidence of better or similar physical performance
relative to XX comparator group in the study (military personnel or normal weight
athlete). In this context, although there are many nuances and caveats, generally the
current evidence-base shows that testosterone suppression reduces physical
performance but there are retained legacy advantages for at least one year after
testosterone suppression, and several anatomical factors are largely unaffected by

testosterone suppression (e.g. height and limb length).
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There are bioplausible explanations for a retained athletic advantage among
testosterone-suppressed XY athletes competing in the female category. First,
testosterone suppression among adults cannot change anatomical and structural
advantages conferred by male sex hormones and puberty— such as greater height and
lung volume relative to females. Although sex hormone manipulation among youths
may modestly change observed adult height relative to predicted adult height on the
magnitude of about 2 to 4 cm (39—-41), these modest changes are much smaller than
sex-based differences in adult height (about 14 cm) and sex hormone manipulation
does not change height among adults. Second, testosterone suppression is associated
with modest reductions in both muscle mass and muscle strength, but a large sex-
based difference in muscle mass and strength is retained (42, 43) (Figure 6). Third,
testosterone suppression cannot replicate female-specific contributions to the male-
female performance gap such as accelerated epiphyseal fusion or the physiological
effects of the menstrual cycle. Fourth, there is growing evidence of a “muscle memory
theory” in animal models (44—-46) and cultured human cells (47). The “muscle memory
theory” suggests that previously trained individuals acquire muscle mass and strength
more quickly upon retraining, primarily thought to be due to relative permanence of
myonuclear domain in skeletal muscle or training-induced changes in the epigenetic
landscape of skeletal muscle (46). The “muscle memory theory” postulates that the
beneficial effects of high testosterone on skeletal muscle and the response to training
are retained even when androgens are absent (i.e., testosterone suppression).
Consistent with this explanation, skeletal muscles of adult males retain robust adaptive

response to resistance training after testosterone has been suppressed as part of
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therapeutic regimes to treat androgen sensitive tumors (48). The “muscle memory
theory” is biologically plausible, has been recapitulated in preclinical models (animal
models and human cell culture models), and has identified two potential synergistic
physiological mechanisms (myonuclear permanence and epigenetics). However, the
evidence supporting the muscle memory theory in humans is controversial and more
research is warranted to experimentally test this hypothesis (46). In this framework,
testosterone suppression among XY athletes likely does not reverse the male
advantage in sports performance, but longer-term studies are needed.

[Figure 6]
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Statement 7: When biological females (XX) use exogenous testosterone after
puberty (e.g. “doping”) and train for sports, their performance is enhanced but
the male-female performance gap does not close.

The evidence supporting this statement primarily comes from systematic doping among
athletes. During the peak era of state-sponsored doping it was noted that female
performances were more responsive to exogenous androgen administration than male
performances (49, 50). In alignment with these observations among elite athletes,
evidence from a recent randomized controlled trial enrolling physically active females
supports a causal link between exogenous testosterone and improvements in both
aerobic performance and lean mass (51). Performances of female (XX) athletes on
testosterone supplementation nevertheless lagged behind those of male (XY) athletes.
This lag remains even when the performances of the female athletes on testosterone
supplementation are compared with male performances from decades before the era of
widespread doping. Likewise, we are not aware of any current female athletes on
testosterone supplementation competing successfully against elite male athletes. In
combination with the known physical and physiological drivers of the male-female
performance gap, these observations indicate that testosterone supplementation in
female athletes is unlikely to erase the puberty-driven male advantage in sports

performance.
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Summary

There are profound sex differences in human performance in athletic events determined
by strength, speed, power, endurance, and body size such that males outperform
females. These sex differences in athletic performance exist before puberty and
increase dramatically as puberty progresses. The sex differences are markedly greater
in magnitude (10 to 40%) than the advantages that policy-making bodies seek to
eliminate when they regulate equipment or drugs that could enhance performance. As
one example, World Athletics amended regulations on shoe manufacturing after
advanced footwear technology was linked to a 1 to 2% performance advantage relative
to other racing footwear (52-54). Regulation of sports technology and potential
performance enhancing drugs is typically based on an evidence-base that is general in
nature and based on plausibility, mechanism of action, and real-world data as opposed
to RCTs. In this context, exogenous androgens administered to female (XX biology)
athletes improve performance but do not close the male-female performance gap and
do not eliminate the male advantage. Testosterone suppression among male (XY
biology) athletes who have undergone male puberty reduces performance but much of
the male advantage is retained, including: 1) muscle strength, power, and size, 2)
maximal aerobic capacity, and 3) other potentially performance enhancing attributes
such as height and limb length. This evidence summary may provide a useful
framework to understand claims about the nature and extent of the evidence that
supports existing eligibility guidelines and to consider the merits of reforms that would
govern the classification of transgender athletes and athletes with certain DSDs in

competitive sports. Both the magnitude and duration of the influence of testosterone
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and puberty on sports performance should be recognized with appropriate
consideration.
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Figures

Figure 1. Margin of victory at 2020 Olympic Games. The margin of victory (X axis) as a
percentage difference from 1% place (gold medal) up to 8" place for females (red triangles in the
top four rows) and males (blue circles in the bottom four rows) contested at the 2020 Tokyo
Summer Olympic Games among selected events, including track running (800 m and 10,000 m)
and freestyle swimming (100 m and 1500 m) events. The top three medal winners (gold, silver,
and bronze) were within 1.1% or less for these events. Data abstracted from Olympic Games
website (https://olympics/com).

Figure 2. Sex differences in world record performance for the sport of Weightlifting.
Scatter and line plots display world record performances for males (blue circles) and females
(red triangles) competing in the sport of Weightlifting across contemporary weight classes. Data
extracted from publicly available data source associated with international sport organization
(International Weightlifting Federation) accessed on 9 October 2024. Dagger symbol (1)
denotes the largest weight class for males (greater than 109 kg) and females (greater than 87
kg).

Figure 3. Male performance advantage in track and field events. Vertical bar charts display
the average sex-based difference among the top 100 outdoor track and field performances of
all-time. The blue vertical bars indicate the male performance advantage and represent the
male level of performance relative to the female level of performance. The red vertical bars
indicate the female level of performance (relative to itself) which is calculated to be 100%. This
figure was generated using previously published data (6).

Figure 4. Sex differences in elite athletic performance across age among youths. Scatter
and line plots display the male-female performance gap evident before ages of puberty and the
increase in the male-female performance gap across youth years for track and field and

freestyle swimming events among top competitors in the US. Symbols represent group means,
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and the error bars represent standard error which are often not discernible due to large,
homogenous samples. This figure was generated using previously published data (11, 13).
Figure 5. Sex differences in elite freestyle swimming performance across the lifespan.
Blue scatter and line plot displays the increase in sex differences of the top 10 US freestyle
swimming performances averaged across all contested event distances in long course meters,
including 50, 100, 200, 400, 800, and 1,500 m events. This figure was generated using
previously published data (7, 9, 13).

Figure 6. Physiological adaptations associated with testosterone suppression. Bar charts
display lower handgrip strength (A and D), maximal aerobic capacity (B and E), and skeletal
muscle mass (C and F) among XY transgender women (orange bars) compared to XY males
not undergoing hormone therapy (blue bars). Comparator groups of XX females (red bars) had
the lowest values for these physiological measurements. Panels A through C were generated
using previously published data (55) representing 15 XY non-athletes after about 14 years of
hormone therapy (including estrogen therapy and testosterone suppression) compared to 13 XY
males and 14 XX females. Panels D through F were generated using previously published data
(38) representing 23 XY transgender women athletes who were overweight or obese (on
average) after an average of four years of hormone therapy (testosterone suppression with or

without estrogen therapy), 37 XY male athletes, and 21 XX female athletes.
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Evidence on sex differences in sports performance
Impacts of sex chromosomes and hormones on limits of skeletal muscle performance

Males outperform females in

@ athletic events dependent on [, (¥

skeletal muscle strength, speed, |
power and endurance.

Male-female performance gap is
evident before puberty. @

Surge in endogenous

testosterone (T) among males is @

Male-female performance gap

increases after the onset of

@ puberty and is associated with
changes in body structure,

physiology, and function.

the principal driver of the
increased male-female
performance gap in adults.

Changes in female body during
puberty and female physiology

@ during athletic career can
contribute to male-female

performance gap.

Endogenous testosterone

suppression modestly reduces

athletic performance, but a large, @
significant male-female

performance gap remains.

When females use exogenous testosterone
(T) after puberty and train for sports, athletic
performance is enhanced, but the male-
female performance gap does not close.
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