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Abstract

:

There is increasing debate as to whether transwoman athletes should be included in the elite female competition. Most elite sports are divided into male and female divisions because of the greater athletic performance displayed by males. Without the sex division, females would have little chance of winning because males are faster, stronger, and have greater endurance capacity. Male physiology underpins their better athletic performance including increased muscle mass and strength, stronger bones, different skeletal structure, better adapted cardiorespiratory systems, and early developmental effects on brain networks that wires males to be inherently more competitive and aggressive. Testosterone secreted before birth, postnatally, and then after puberty is the major factor that drives these physiological sex differences, and as adults, testosterone levels are ten to fifteen times higher in males than females. The non-overlapping ranges of testosterone between the sexes has led sports regulators, such as the International Olympic Committee, to use 10 nmol/L testosterone as a sole physiological parameter to divide the male and female sporting divisions. Using testosterone levels as a basis for separating female and male elite athletes is arguably flawed. Male physiology cannot be reformatted by estrogen therapy in transwoman athletes because testosterone has driven permanent effects through early life exposure. This descriptive critical review discusses the inherent male physiological advantages that lead to superior athletic performance and then addresses how estrogen therapy fails to create a female-like physiology in the male. Ultimately, the former male physiology of transwoman athletes provides them with a physiological advantage over the cis-female athlete.
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1. Introduction


Sports have been a major part of human culture throughout history, with ancient Greeks and Romans showing mastery through competition. Indeed, few areas of culture have the power to influence people as strongly as sports. It is often the intense emotional bond fans develop with teams and players that underlies their passion for sport. Fans can live vicariously through their chosen elite athletes and sportsmen and women are often considered role models for society. Amateur athletes and young emerging hopefuls strive to reach the highest levels within their chosen sport by modeling their idols.



Given the passion associated with sports, any controversy surrounding a result can lead to strong debate, especially if there is a perception that fairness has been jeopardized. The concept of fairness is the justification for dividing most sports into male and female categories. Without such segregation, females would have little chance of winning. World records show that males consistently perform better in sports [1,2,3,4,5]; the most recent Olympic gold, silver, and bronze medal results show that females would not have medaled in an open competition for a wide variety of sports (same distance raced by male and female) (Table 1; https://www.olympic.org/olympic-results (accessed on 1 January 2019). This remains despite increased female participation in sports [6] and female-centric technologies applied to training and equipment. Despite the recognition of the male dominance of athletic performance, the male and female divisions are becoming blurred as transgender women (individuals that are born as male and identify as female) athletes enter the female division. The inclusion of transgender women athletes has raised concerns about the fairness of the female division for biological female athletes (ciswomen, where gender identity aligns with their biological sex).



To compete in the female division as defined by current International Olympic Committee (IOC) regulations, a transgender woman athlete must agree to gender-affirming hormone therapy to lower, and then maintain, testosterone levels to below 10 nmol/L for one year (IOC Consensus Meeting on Sex Reassignment and Hyperandrogenism November 2015). Estradiol therapy is the common hormonal regime used to reduce testosterone levels in transwomen athletes [7,8].



The underlying question asked in this descriptive review is whether the IOC 2015 guidelines that allow transgender women to compete in the female division are fair. In order to address this question, the review aims to (A) explain the physiology behind why males perform better in sport and (B) document why male physiology cannot simply be reformatted into female physiology by estrogen therapy in transwomen athletes. In preparing this review, studies targeting (1) sex differences in athletic performance (2) testosterone administration to males or females and how this affects athletic performance and (3) transfemale or transmale physiology post-transitioning were included. The objective of this review is to increase awareness of male physiology and how it pertains to athletic performance so as to highlight issues facing the female sports division. Most importantly, the review aims to identify key physiological factors that need to be considered by sporting organizations and relevant authorities when interpreting fairness in sport.




2. Male Physiology Provides an Athletic Performance Advantage


Testosterone drives anatomical and physiological sex differences in the human body (Figure 1). These sex differences can be architectural and therefore permanent, or can be influenced by adult-level, circulating testosterone concentrations, and therefore modifiable. Permanent sex differences that affect athletic performance involve the (i) brain, (ii) skeletal structure, and (iii) cardiorespiratory system. Modifiable sex differences include testosterone effects on (i) muscle mass and strength and (ii) aerobic capacity.



2.1. Prenatal Testosterone and the Male-like Brain


Anatomical sex differences in the brain appear during early life when the in utero and postnatal surges of testosterone masculinize the male brain [9,10]. Ascribing specific behaviors to these anatomical sex differences has been challenging [11] and may involve differences in cell morphology as well as the connections between brain networks [12,13,14,15,16]. For example, diffusion magnetic resonance imaging (MRI) shows increased intraconnectivity in males for regions of the brain attributed to perception-action coordination, auditory/visual spatial awareness and processing, cognitive processes and complex reasoning and control [16]. Females, on the other hand, show more interconnectivity in those regions of the brain attributed to memory, social cognition, and non-verbal reasoning. The sex-specific connectivity of these subnetworks may underlie the ability of males to show consistently higher levels of motor and visual spatial skills in addition to elevated sensory input from vision and proprioception [17,18,19,20].



There is little debate that better motor skills, visual spatial skills, and proprioception will improve coordination and subsequent athletic performance. These differences in brain structure are evident in childhood, with 8–13 year olds showing behavior patterns that become further differentiated with the onset of puberty and aging into adulthood [16].



An aggressive, competitive nature also underpins better athletic performance [21]. Although it is difficult to attribute prenatal testosterone exposure directly to levels of aggression in the adult, indirect evidence suggests that such a relationship may exist. Development of the fourth digit (4D), but not the second digit (2D), is highly sensitive to testosterone, so that in utero androgen exposure results in lower 2D:4D ratios in males compared to females and is considered an index of prenatal testosterone exposure [22,23,24,25]. There is a clear association between 2D:4D ratios and male-typical behaviors [24,26] and, interestingly, professional male football players with low 2D:4D ratios receive more yellow or red card penalties [27]. Even with females, lower 2D:4D ratios in females are associated with the more aggressive form of sabre fencing [28]. Such examples suggest the possibility that in utero androgen exposure leads to later-life aggressiveness.




2.2. Testosterone and Muscle Mass


For many decades, it has been recognized that testosterone drives muscle mass and clear sex differences exist. For example, elite male athletes have, on average, more muscle mass than elite female athletes, for any given body weight [29]. Males have approximately twice the cross sectional area of upper body muscle, and 30% more cross sectional area of lower body muscle relative to females [30]. The difference in muscle mass emerges during puberty as circulating testosterone levels increase in boys [31].



Circulating testosterone is the key physiological parameter driving muscle mass in both males and females [32,33,34]. For example, 19–40 year old males given supraphysiologic doses of testosterone for 10 weeks increased muscle mass, muscle size, and strength by up to 10%. If this treatment was combined with strength training, the increase in muscle mass was 27% [32]. A follow-up study by the same laboratory [33] showed that the testosterone effect on muscle mass was dose-dependent. Males, 18–35 years old, were treated with a gonadotropin-releasing hormone (GnRH) agonist to suppress endogenous testosterone production and then administered testosterone for 20 weeks at either 25, 50, 125, 300, or 600 mg, resulting in circulating concentrations of 8.8, 10.6, 18.8, 46.7, and 82.2 nmol/L, respectively, covering low physiological to supra-physiological levels. Supraphysiological concentrations (>40 nmol/L) increased leg muscle mass and strength, whereas mid-range testosterone level administration increased muscle mass with maintenance of leg strength. Interestingly, low testosterone levels (<10 nmol/L) maintained leg muscle mass and strength. This latter finding is in keeping with research in rodents that shows testosterone is not needed for muscle maintenance in adult male mice [35]. In this study, orchidectomised mice aged from young through to old were assessed for muscle mass after 28 days of testosterone depletion. Only the youngest mice showed reduced muscle mass, while the older, adult mice showed no effect on muscle mass. Therefore, it appears that testosterone may not be critical for maintenance of muscle mass in mature male mice [35]. In females, testosterone administration to raise circulating levels from 0.9 nmol/L to 4.3 nmol/L in young women (average 28 years) increased muscle mass and strength, as well as enhanced athletic performance as evidenced by time to exhaustion and Wingate testing [36].




2.3. Testosterone and Bone Structure


Bone structure and bone length changes in both sexes as children progress through puberty, with estradiol and testosterone having important roles in bone growth [37,38]. However, the effects of testosterone are stronger than those of estradiol, as exemplified by the 10% greater bone mass density and the larger and longer bones in post-pubertal males. These sex differences in bone structure provide males with increased fulcrum power, improving jumping, throwing, and other movements requiring explosive actions. The stronger bones also tolerate more trauma and thus males are more resistant to injury. Larger bones in males provide a greater articular surface that, in turn, allows placement of more skeletal muscle. For example, broader shoulders in males allows the build-up of more muscle, thereby increasing upper body strength [39].



Sex differences in bone shape driven by early life testosterone exposure can affect athletic performance. The most obvious structural difference between males and females is pelvis width, with estradiol driving the wider shape required for childbirth [40]. A narrower pelvis has a direct impact on the Q angle at the knee joint. The Q angle forms between the quadricep muscles and the patellar tendon and is responsible for generating force during a knee extension. The smaller Q angle of males generates a greater force upon extension [41]. This has implications for sports that involve standing from a squatting position, kicking a ball, or a pedaling motion. There is also a sex difference in the angle formed between the humerus and ulna at the elbow, with the angle smaller in a male [42]. The smaller angle for males again allows a greater force upon extension, benefiting sports involving throwing and hitting with bats and rackets.




2.4. Testosterone and the Cardiorespiratory System


Early life testosterone exposure also drives sex differences in the cardiorespiratory system. Females have, on average, a 10–12% smaller lung volume than males, accounting for height, age, and within sex variation [43]. This smaller lung volume is established within the first few years of life in females due to a lower rate of alveolar multiplication [44,45] and shorter diaphragm that reduces ribcage dimensions [46]. These anatomical differences therefore drive a lower oxygen uptake capacity in females [43,44]. Females also have a heart size that is about 85% that of males, relative to body size [47]. This anatomical difference decreases the volume of blood that can be pumped to the body with every contraction of the heart. The larger heart size of males translates to a larger left ventricle and therefore, stroke volume. On average, the stroke volume of females is just one-third that of males. As such, a female’s heart rate must increase proportionally more to achieve a cardiac output necessary to supply active skeletal muscle with enough oxygen.



Active skeletal muscles require the efficient delivery of oxygen, and aerobic capacity is essential for athletic performance. Males have much higher arterial oxygen levels, primarily due to testosterone-regulated synthesis of hemoglobin [48]. The increased hemoglobin levels coupled with increased lung capacity provides males with a distinct respiratory and oxygen carrying advantage over females. It is consistently reported that hemoglobin concentrations are 12% higher in males than females, and this sex difference in hemoglobin emerges during puberty driven by testosterone [48]. Administration studies show that testosterone increases hemoglobin levels in a dose-dependent fashion [49], and medical castration to lower circulating testosterone levels in prostate cancer patients decreases hemoglobin levels [50].



These effects of testosterone on oxygen carrying capacity, together with the anatomical advantages of male anatomy, help explain the superiority of the male cardiovascular system as it relates to athletic performance. The VO2 max of an elite male is in the order of 70–85 mL/kg/min, while that of females is 60–75 mL/kg/min; a difference of 15–30% [51].





3. Male Physiology Cannot Be Reformatted into Female Physiology by Estrogen Therapy


As noted above, the combined effect of testosterone-driven male physiology culminates in greater athletic performance, as evidenced by the dominance of males with respect to World Records and Olympic Gold medals [1,2,3,4,5]. In strength-related sports, world records can differ by 10–30% between males and females [1,2,3,4,5]. As such, to ensure a fair playing field in the female division, a transgender woman athlete should not retain any advantage from her prior testosterone-driven physiology. The evidence below indicates that male physiology cannot be reformatted to female physiology simply by gender-affirming estradiol therapy in a transgender woman training at a high-performance level.



3.1. Difficulties in Achieving Female Levels of Circulating Testosterone in Estrogen-Treated Transwomen


The estrogen treatment regimens used in transgender women aim to lower testosterone levels to within the female range (<1 nmol/L) [52]. However, hormone therapy alone has met limited success in suppressing testosterone levels, with many transgender women failing to achieve the desired level. In recent studies of transgender women, one quartile failed to achieve any significant suppression [53] and one-third failed to suppress testosterone levels despite achieving desired estradiol levels [54]. Another study reported that only 49% of transgender women showed suppressed testosterone concentrations after 6 months or more of estrogen with the addition of antiandrogen therapy [55]. Notably, Jarin and colleagues show that testosterone levels in transgender women decreased significantly from former male levels, however nearly all participants maintained their testosterone levels above the female range [56]. Whether elite transwoman athletes experience the same difficulties in suppressing testosterone levels with estrogen therapy has not been reported.




3.2. Estrogen Therapy Does Not Reformat Male-Like Brain Networks


At present, there is little understanding about changes in brain structure and function in transgender individuals. Almost all research in this area has focused on trying to delineate neurobiological pathways that underpin transgenderism, rather on specific areas of the brain related to athletic performance. Overall, current evidence indicates that transgender hormone therapy either has no effect or generates structural and functional changes in the brain that are intermediate between biological males and females [57,58,59].



For transgender women, gender-affirming surgery and estrogen therapy have typically, but not always [57], been shown to reduce brain size and increase ventricular volume towards the parameters measured for biological females [60,61,62,63,64]. While MRI has shown consistent sex differences in functional connectivity within the brain, any alterations following hormonal treatment in transgender individuals remain unclear with studies typically showing no change or the appearance of an intermediate male–female state [63,64,65,66,67]. Notably, the biological male dominance in spatial ability, visual memory tasks, and perception [65,66,67] shows no decrease in transwomen after 12 months of estrogen therapy [68]. A meta-analysis of transgender individuals receiving gender affirming hormone therapy for 3–12 months shows transgender men had a significant enhancement in visuospatial ability (ref. [69]), with no significant changes for either transgender men or women in verbal memory, verbal reasoning, verbal working memory, computation, or motor coordination. There is an estrogen therapy-related change in transgender women if treated for longer than 12 months with a decreased proneness towards anger and aggressiveness [70].



While more research is required for definitive answers, the current data demonstrates that estrogen therapy in transwomen can drive some brain structures towards that of the biological female [71,72,73] but does not do so quickly and appears to not reformat the sex-typical male brain responses into a female-like brain. This is compatible with the concept that both the in utero and perinatal surges of testosterone secretion occurring in males drive permanent sex differences in brain structure and function which are apparent in young boys before puberty [74]. Human spatial ability, for example, appears beneficially affected by prenatal androgens [75,76], with second trimester testosterone levels correlated positively in biological females and negatively in biological males at age 7 [77].




3.3. Estrogen Therapy Does Not Reformat Male Skeletal Architecture but Does Decrease Muscle Mass


As there is a dose-dependent relationship between testosterone and muscle mass [32,33,34], lowering circulating testosterone levels from an average male level to <10 nmol/L should decrease muscle mass in a transwoman. Indeed, studies report muscle mass loss, with a 5% loss for lower limb mass or a 9.4% for total muscle mass loss after 12 months of estrogen therapy [78,79]. The loss of muscle mass did not, however, associate with loss of strength or muscle fiber density or performance [79]. For example, prior to transitioning, transwoman airforce personnel recorded a 12% faster time for a 1.5 mile run than their biological female peers that declined to a 9% difference after 2–2.5 years on estrogen therapy [80]. This decline in performance is similar to a self-reported study of running times in transwomen in the 12 months after transitioning [81]. While such results represent a marked decrease in performance, the running times of the transwomen group remain significantly higher than those of the biological women [80], despite prolonged estrogen therapy. The performance benefit of prior testosterone exposure for the running test is likely attributable to not only muscle mass but male skeletal architecture that, as discussed earlier includes longer limbs, a narrower pelvic structure and a greater cardiorespiratory size—all of which will not respond to changes in circulating testosterone levels in adulthood. Further to this, studies show that there is no bone mass loss in transwomen after 28–63 months of estrogen therapy [82].



As discussed earlier, sex differences in muscle mass in elite athletes can be 50–75% [30] in favor of males, thus the decrease of 5–10% reported in studies of transwomen after 1–2 years of estrogen therapy will most likely provide, at most, a modest reformatting of male muscle strength in the transwoman athlete. Further evidence to support maintenance of muscle mass in the face of lowered testosterone levels is observed in prostate cancer patients. Such patients are on androgen-deprivation therapy for extended periods to lower testosterone levels to very low levels (i.e., within the female range) but only report a small loss (2–4%) in muscle mass over 12 months [83]. Notably, this effect can be mitigated with an exercise training program [79,84,85]. Therefore, it follows that a transwoman athlete following a high-performance training program enabling competitiveness at an elite level throughout the 12-month estrogen therapy transition period could similarly mitigate muscle mass loss.



The difficulty of reformatting muscle physiology to female levels in transwomen likely results from their life-long exposure to testosterone prior to transitioning and prior levels of exercise as a male. Increased muscle mass arises from hypertrophy of individual muscle fibers in response to enhanced protein synthesis within the cells. Muscle cells recruit nuclei from nearly helper satellite cells to increase protein synthesis and allow muscle cell hypertrophy [86,87,88,89]. The most important stimulus for muscle hypertrophy is exercise and thus, muscles subjected to overload exercise recruit nuclei. If the muscle then undergoes a period of rest, the muscle cell will atrophy back to its baseline size but will retain the nuclei acquired during the hypertrophic phase. In humans, nuclei numbers are very stable and may even be permanent [90]. When these cells with higher numbers of nuclei are again subjected to overload exercise, the cells can quickly ramp up protein synthesis and hypertrophy. Thus, muscle cell nuclei number represents a form of “muscle memory” that is a functionally important indicator of prior strength and explains how previous exercise improves the ability to regain muscle mass later in life, even after long sedentary periods [91,92].



Mouse studies have shown that testosterone administration for 2 weeks significantly increased muscle cell hypertrophy and generated an increase in muscle cell nuclei number that was maintained for the next 8 weeks. Mice were then subjected to overload training and those animals that had been treated with testosterone showed a 3-fold increase in muscle hypertrophy compared to controls [88].



Muscle memory is, therefore, a critical factor when considering the physiology of transwoman athletes. Prior to transitioning, the post-pubertal exposure to high androgen levels, relative to a biological female, would increase muscle cell nuclei number [93], a long-term benefit that is not quickly, if ever, reversed. This androgen-induced muscle memory effect has been used to argue that a two-year sanction from elite competition is not sufficient for those athletes found to have consumed exogenous androgens because of the potential on-going athletic performance advantage [94,95].




3.4. Estrogen Therapy and Effects on the Cardiorespiratory System


The physiological parameter that will be affected most by estrogen therapy is VO2 max or maximum aerobic performance. Due to the dependence of VO2 max on hemoglobin levels, and the relationship between testosterone and hemoglobin, reduced testosterone will decrease VO2 max. Importantly, hemoglobin is sensitive to testosterone even at low concentrations [96], with dose-dependent increases measured in females within the 0–4 nmol/L range [96]. Males on androgen-deprivation therapy show a significant 9% drop in hemoglobin levels after 12 months, with a further variable decline by 12.8–29% after 24 months [97]. This decrease in hemoglobin will likely decrease maximal aerobic performance. The hemoglobin response to testosterone concentrations, whether increasing or decreasing, occurs within weeks [98], thus, if the hemoglobin levels are to remain lowered in transfemale athletes, circulating testosterone levels must remain consistently reduced. As discussed above, achieving testosterone suppression to very low levels in transwomen can be difficult [53,54,55,56], where nearly all transwomen involved in reported studies failed to achieve or maintain testosterone levels in the biological female range, which was consummate with a higher hemoglobin level than that of biological females [56].



While hemoglobin levels respond closely to circulating testosterone levels, other cardiorespiratory system parameters are unlikely to be impacted significantly by estrogen therapy. For example, sex differences in lung size and alveolar numbers, total heart size, left ventricular size, stroke volume, and subsequent cardiac output will not be changed significantly. All of these parameters are defined by anatomical structures that were programmed by early life and early pubertal exposure to testosterone.





4. Conclusions


Testosterone drives much of the enhanced athletic performance of males through in utero, early life, and adult exposure. Many anatomical sex differences driven by testosterone are not reversible. Hemoglobin levels and muscle mass are sensitive to adult life testosterone levels, with hemoglobin being the most responsive. Studies in transgender women, and androgen-deprivation treated cancer patients, show muscle mass is retained for many months, even years, and that co-comittant exercise mitigates muscle loss. Given that sports are currently segregated into male and female divisions because of superior male athletic performance, and that estrogen therapy will not reverse most athletic performance parameters, it follows that transgender women will enter the female division with an inherent advantage because of their prior male physiology.



The current IOC regulations allow transwomen athletes to compete if testosterone levels have been lowered to <10 nmol/L for 12 months prior to competition. While this begins to address the advantageous effects of circulating testosterone on athletic performance, it does not take into account the advantage afforded by testosterone exposure prior to transitioning. The existing data suggests that lowering testosterone to less than 10 nmol/L for 12 months decreases muscle mass but not to biological female levels and despite the decrease in mass, muscle strength can be maintained, especially if concurrently exercising. Estrogen therapy does not affect most of the anatomical structures in the biological male that provide a physiological benefit. Hemoglobin levels are lowered by estrogen therapy, and consequently, maximum aerobic effort may be lower, but this parameter will only be manifested if testosterone levels are suppressed to levels within the biological female range and maintained for extended periods of time. Reported studies show it is difficult to continuously suppress testosterone in transgender women. Given that the percentage difference between medal placings at the elite level is normally less than 1%, there must be confidence that an elite transwoman athlete retains no residual advantage from former testosterone exposure, where the inherent advantage depending on sport could be 10–30%. Current scientific evidence can not provide such assurances and thus, under abiding rulings, the inclusion of transwomen in the elite female division needs to be reconsidered for fairness to female-born athletes.
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Figure 1. Irreversible changes to male physiology. Figure 1 shows the irreversible changes of testosterone conditioning throughout life. Testosterone masculinizes the brain in utero and during early life. Testosterone drives anatomical structure design specific to the male skeleton. Testosterone drives muscle mass, muscle fiber type, and muscle memory. Most of the effects driven by testosterone cannot be reversed with estradiol (or cross) hormone therapy. 
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Table 1. Gold medal distances or times for selected sporting events recorded for males and females at the RIO Olympics 2016.
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	Sport
	Male
	Male
	Male
	Female
	Finishing Position for Female Gold in Male Event





	Athletics
	Gold
	Silver
	Bronze
	Gold
	



	10,000 m run
	27.05.17 s
	27.05.64 s
	27.05.26 s
	29.17.45 s
	32nd



	100 m run
	9.81 s
	9.89 s
	9.91 s
	10.71 s
	Would not have qualified for gold medal final



	400 m run
	43.03 s
	43.76 s
	43.85 s
	49.44 s
	Would not have qualified for the gold medal final



	800 m run
	1:42:15 min
	1:42:61 min
	1:42:93 min
	1:55:28 min
	Would not have qualified for the gold medal final



	marathon
	2.08.44 h
	2.09.54 h
	2.10.05 h
	2.24.04 h
	90th



	long jump
	8.38 m
	8.37 m
	8.29 m
	7.17 m
	<12th (cut off at 7.82 m)



	Triathlon
	1.45.01 h
	1.45.07 h
	1.45.43 h
	1.56.16 h
	50th



	Swimming
	
	
	
	
	



	100 m freestyle
	47.58 s
	47.8 s
	47.85 s
	52.70 s
	51st out of 57 in the heats



	400 m individual medley
	4.06.05 m
	4.06.75 m
	4.09.71 m
	4.26.36 m
	26th out of 27 in the heats



	Canoe sprint
	
	
	
	
	



	K-1200 m (Kayak single)
	35.197 s
	35.362 s
	35.662 s
	39.864 s.
	Would not have placed in the top 16 to make finals (cut off 38.061)







Distances are given as meters (m), and times are given as seconds (s), minutes (mins), or hours (h).
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