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Summary
Objective: The purpose of this narrative review was to summarize available data on 
testosterone levels in normal, healthy adult males and females, to provide a physio-
logic reference framework to evaluate testosterone levels reported in males and fe-
males with conditions that elevate androgens, such as disorders of sex development 
(DSD), and to determine the separation or overlap of testosterone levels between 
normal and affected males and females.
Methods: A literature review was conducted for published papers, from peer re-
viewed journals, reporting testosterone levels in healthy males and females, males 
with 46XY DSD, and females with hyperandrogenism due to polycystic ovary syn-
drome (PCOS). Papers were selected that had adequate characterization of partici-
pants, and description of the methodology for measurement of serum testosterone 
and reporting of results.
Results: In the healthy, normal males and females, there was a clear bimodal distribu-
tion of testosterone levels, with the lower end of the male range being four- to five-
fold higher than the upper end of the female range(males 8.8-30.9 nmol/L, females 
0.4-2.0 nmol/L). Individuals with 46XY DSD, specifically those with 5-alpha reduc-
tase deficiency, type 2 and androgen insensitivity syndrome testosterone levels that 
were within normal male range. Females with PCOS or congenital adrenal hyperpla-
sia were above the normal female range but still below the normal male range.
Conclusions: Existing studies strongly support a bimodal distribution of serum tes-
tosterone levels in females compared to males. These data should be considered in 
the discussion of female competition eligibility in individuals with possible DSD or 
hyperandrogenism.
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1 | INTRODUC TION
Anabolic steroids, especially testosterone, have a long history of 
abuse in sports for performance enhancement and competitive ad-
vantage in both male and female athletes.1-4 Because of the known 
anabolic effect of hormones on muscle, the use of anabolic agents 
such as testosterone, other androgenic steroids, and growth hor-
mone that might enhance athletic performance have been prohibited 
by the World Anti-Doping Agency and other sports organizations. 
In addition to these exogenous sources of anabolic agents, there is 
recognition that endogenous androgenic steroids may also be ele-
vated in certain clinical conditions. This review aims to compare the 
testosterone levels associated with such conditions with reference 
to the normal testosterone levels in healthy men and women. As this 
review is solely concerned with biologic characteristics, especially 
testosterone levels, we have used the terms “male” and “female” in 
their biologic sense. Individuals’ legal or gender identity may not 
conform to that biology. We have used the term “normal” in its sci-
entific or statistical sense.

Recently, a few athletes competing in events classified for 
women have been found to have a male genotype with variable de-
grees of androgenization, that can vary from a nearly normal female 
to male phenotype, with testosterone levels in the adult male range. 
This can occur in genetic males with a disorder of sex development 
(46XY DSD). These are rare conditions in which a genetic mutation 
affects cellular enzymes involved in the production of testosterone 
and the more potent androgen, dihydrotestosterone (DHT) or im-
pairs androgen receptors that control cellular and tissue responses 
to androgens. There are two notable conditions: 5-alpha reductase 
deficiency, type 2 (5ARD2) which impairs the conversion of DHT 
from testosterone5,6 and androgen insensitivity syndrome (AIS) 
caused by mutations of the androgen receptors for testosterone 
and DHT in tissues.7 Because genetic males with DSD may show fe-
male phenotypic features, especially in the case of AIS, the question 
has been raised as to whether male athletes who have a 46XY DSD 
should compete in sports as men or women.

Polycystic ovary syndrome (PCOS) is another notable condition 
in genetic (XX) females, which is characterized by excessive ovarian 
production of androgens.8,9 This condition is included for compari-
son with DSD, as the affected females with PCOS are genetic and 
phenotypic females. The elevated levels of testosterone in these 
females can lead to hyperandrogenism, a clinical disorder charac-
terized variably by hirsutism, acne, male-pattern balding, metabolic 
disturbances, impaired ovulation and infertility. PCOS is a common 
condition, affecting 7%-10% of premenopausal women.9 Females 
with PCOS demonstrate a range of clinical presentation from mild 
hyperandrogenism and irregular menses to severe hirsutism and 
acne with marked oligomenorrhea and failure to ovulate, but seldom 
exhibit full virilization (eg, clitoromegaly).

Another form of DSD in genetic females (46XX DSD) is 
21-hydroxylase deficiency (21OHD), the most common form of 
congenital adrenal hyperplasia (CAH).10,11 Males and females 
with 21OHD have enzymatic defects in cortisol production by 

the adrenal gland, which can lead to deficiencies of cortisol and 
aldosterone, resulting in increased adrenocorticotropic hormone 
(ACTH) stimulation of the adrenal gland, adrenal hyperplasia and 
excessive secretion of precursor steroids, in particular, adre-
nal androgens. Individuals with 21OHD may have a severe, life-
threatening, salt-wasting, classic form, or a milder nonclassic form 
in which some cortisol is produced. Excess adrenal androgens can 
cause short stature due to accelerated long bone growth but early 
maturation and closure of epiphyseal growth plate. Females with 
classic 21OHD may be born with varying degrees of virilization 
and ambiguous genitalia, while those with nonclassic forms may 
present as female adults with hyperandrogenism, similar pheno-
typically to PCOS.

The purpose of this commentary was to summarize the well-
established reference range of serum testosterone levels in nor-
mal, healthy adult males and females, to provide a physiological 
reference framework against which testosterone levels reported 
in males with 46 XY DSD (5ARD2 and AIS), females with 46 XX 
DSD (21OHD), and females with hyperandrogenism due to PCOS 
or non-classical CAH can be compared. This information provides 
important context and can inform the discussion of possible ben-
efits on athletic performance that elevated endogenous testos-
terone levels might have. Furthermore, this summary provides 
useful background reference values that are based on peer re-
viewed, published ranges for serum testosterone levels in males 
and females. Together with the phenotype of these conditions, 
this information can provide the scientific rationale for developing 
evidence-based guidelines for adjudicating whether athletes with 
the above conditions should appropriately compete in contests 
classified as men’s or women’s events.

2  | METHODS AND RESULTS

A literature review was conducted for published papers, from peer 
reviewed journals, reporting testosterone levels in healthy males and 
females, males with DSD, 5ARD2 and AIS, and females with PCOS or 
CAH (Data S1). Papers were selected that had adequate characteriza-
tion of participants, description of the methodology for measurement 
of serum testosterone, and reporting of results. Papers not included 
did not provide subject numbers for specific subgroups,12 used a 
broad population sample which included unhealthy participants,13 or 
did not provide a full normal range with values for 2.5th to 97.5th 
percentiles.14,15 Studies using liquid chromatography tandem mass 
spectrometry (LC-MS/MS)-based testosterone assays that are more 
sensitive, specific and accurate than immunoassays for testosterone 
were selected and used exclusively for the reference ranges in normal 
males and females, and for females with PCOS or CAH. The studies 
reporting testosterone levels in genetic males with 5ARD2 and AIS 
only reported values obtained by use of immunoassays.

The testosterone levels in normal, healthy males and females as 
reported are shown in Table 1.16–23 The weighted average values 
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for range (2.5%-97.5%) are: males 8.8-30.9 nmol/L (254-890 ng/dL; 
ng/dL = nmol/L multiplied by 28.82), and females, 0.4-2.0 nmol/L 
(12-58 ng/dL). The low value for testosterone in males was four- to 
fivefold greater than the high value in females based on a normal 
range of 2.5%-97.5%. The age range varied among the studies, and 
the overall range for males was 18-40 years, and for females, 15-
40 years. All females were postpubertal and premenopausal.

The testosterone levels in the genetic males with 5ARD2 and 
AIS are shown in Table 2.7,24–34 These values are from individu-
als with a range of phenotypes and varying degrees of virilization. 
Most of these males showed virilization with apparent male ex-
ternal genitalia. However, some do show a more female pheno-
type, with testosterone in the normal male range.26 The mean/
medians for males with 5ARD2 ranged from 13.4 to 31.2 nmol/L 

(386-899 ng/dL), and the absolute range of individual values was 
3.6-47.2 nmol/L (104-1360 ng/dL). Males with AIS had mean/
medians ranging from 11.9 to 55.7 nmol/L (343-1605 ng/dL), and 
the overall absolute range was 4.8-68.3 nmol/L (138-1968 ng/dL) 
(Table 3).7,28,30–34 Testosterone levels were similar in males with 
partial AIS (PAIS) and complete AIS (CAIS). Some of the reports 
included pubertal males for both 5ARD2 and AIS, and their ranges 
overlapped with the postpubertal males.

Testosterone levels in women with PCOS (Table 4) were higher 
than those in normal women.35–38 The mean/median range was 
1.22-1.71 nmol/L (35-49 ng/dL), and the absolute range was 0.34-
5.5 nmol/L (10-159 ng/dL) (Table 4). Some females with marked 
PCOS can have testosterone levels approaching the low end of male 
values.36 All studies included control values from normal females, 

TABLE  1 Testosterone levels—Normal, healthy males and femalesa. (95% confidence intervals and weighted average values)

Source Age range (years)
Number of 
subjects

Testosteronea median*/
mean^ (nmol/L)

Lower 2.5th %ile 
(nmol/L)

Upper 97.5th 
%ile (nmol/L)

Normal males

Travison (2017)23 19-39 1185 18.4*/19.1^ 9.2 31.8

Hart (2015)19 19-22 382 16.3*/16.6^ 7.4 28.0

Neale (2013)21 20-40 67 NAd 10.6 31.9

Kushnir (2010)20 18-40 70 NAd 7.2 24.2

Sikaris (2005)22 21-35 124 18.2 ± 4.9^ 9.7 34.3

Weighted average 8.8 30.9

Normal femalese

Bui (2013)16,c 19-39 25 NAd 0.3 1.7

Fanelli (2013)17,b 16-19 159 NAd 0.5 1.8

Haring (2012)18 20-29 86 NAd 0.4 2.1

30-39 177 NAd 0.4 2.1

Kushnir (2010)20 15-18 323 0.9* 0.4 2.2

>18 104 0.9* 0.3 1.9

Weighted average 0.4 2.0

aAll testosterone measurements by LC-MS/MS; bNot on oral contraceptives; cTaking oral contraceptives; dNA—Not available, eAll premenopausal.
“*” signifies median and “^” signifies mean values

TABLE  2 Testosterone levels—46 XY individuals with 5ARD2 (absolute ranges)

Source Age range (years) Number of subjects
Testosteronea median*/mean^ 
(nmol/L) Rangeb (nmol/L)

46 XY individuals with 5ARD2a

Shabir (2015)27 12-20 12 10.6 ± 5.2* 3.6-18.4

>20 4 12.5 ± 3.1 7.6-14.7

Zhu (2014)29 12-23 8 24.4* 17.2-36.4

Fenichel (2013)24 18-21 4 20.9^ 18.0-22.2

Veiga-Junior (2012)28 14-18 4 13.4* 9.7-47.2

Maimoun (2011)26 14-23 17 17.5^ NA

Imperato-McGinley (1979)25 19-40 12 31.2 ± 7.3^ 18.2-38.8

aAll testosterone measurements by immunoassay; bAbsolute ranges.
“*” signifies median and “^” signifies mean values
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for which the upper end of the female range was 1.6-2.8 nmol/L 
(46-81 ng/dL).35–38

Testosterone levels are not shown for females with 21OHD, 
as adrenal androgens, such as dehydroepiandrosterone (DHEA) 
and its sulphate form (DHEAS), are the more abundant androgens 
in these females and comparison of testosterone levels with other 
conditions is difficult. Data from a mixed population of subjects with 
classic 21OHD showed a median serum testosterone of 2.78 nmol/L 
(80 ng/dL) and interquartile range of 1.32-5.62 nmol/L (39-162 ng/
dL) which overlap with the testosterone levels in females with PCOS. 
Testosterone levels in affected females were 3.5-fold higher than 
controls.39

These results are shown in a forest plot, Figure 1. The ranges of 
testosterone levels in genetic males with 5ARD2 and PAIS and CAIS 
are mostly within the normal male range, and well beyond the range 
for normal females. The range of testosterone levels in females with 
PCOS extends beyond that of the normal female range, but not into 
the normal male range, the lower limit of which averaged 8.8 nmol/L 

(254 ng/dL), about twofold higher that of the upper end of the range 
for PCOS (5.5 nmol/L (159 ng/dL).

3  | DISCUSSION

The results from published studies reviewed show clearly that the 
range for testosterone levels in healthy males is distinct from that 
for healthy females. This is highlighted in the forest plot (Figure 1), 
which shows a marked, bimodal distribution of testosterone levels 
between males and females without any overlap. The weighted aver-
age lower limit of testosterone level in healthy males is 8.8 nmol/L 
(254 ng/dL), roughly four- to fivefold higher than the average upper 
limit of the testosterone level in healthy females, 2.0 nmol/L (58 ng/
dL). There is no continuum of testosterone levels from normal fe-
males to normal males.

Individuals with 46XY DSD due to 5ARD2 are genetic males who 
as adults typically have serum testosterone levels within the normal 

TABLE  3 Testosterone levels—46XY individuals with PAIS/CAIS (absolute ranges)

Source Age range (years) Number of subjects
Testosteronea median*/mean^ 
(nmol/L) Rangeb (nmol/L)

46XY individuals with PAISa

Lucas-Herald (2016)33 16-52 23 18.7* 4.8-68.3

Veiga-Junior (2012)28 18-29 3 40.0* 33.3-52.0

Hellmann (2012)32 19-20 4 55.7* 46.0-67.8

Bouvattier (2006)30 16-43 15 27.4 ± 3.4^ 21.5-37.8

Melo (2003)34 14-30 8 11.9* 6.4-35.8

46XY individuals with CAISa

Doehnert (2015)31 14-50 42 20* 6.2-52.1

Melo (2003)34 14-30 9 35.8* 5.4-55.2

Imperato-McGinley (1993)7 15-78 6 31.3 ± 15.2^ 16.9-60.5

aAll testosterone measurements by immunoassay, bAbsolute ranges.
“*” signifies median and “^” signifies mean values

TABLE  4 Testosterone levels—Females with PCOS(absolute, or percentile groups)

Source Age range (years) Number of subjects
Testosteronea median*/mean^ 
(nmol/L) Range (nmol/L)b

Females with PCOSa

Tosi (2016)38 PCOS 20-27 204 1.22* 0.90-1.6c

Control <1.4

Bui (2015)35 PCOS 18-35 44 1.5* 0.6-3.2

Control 18-39 25 — 0.3-1.6

Keefe (2014)37 PCOS 18-30 52 1.71^ 0.56-4.4d

Control 19-40 42 0.84^ 0.35-2.0

Janse (2011)36 PCOS 18-41 200 1.55* 0.34-5.5

Control 20-38 45 0.87* 0.31-2.8

aAll testosterone measurements by LC-MS/MS, bAbsolute range, c25th to 75th percentile, d2.5th to 97.5th percentile.

“*” signifies median and “^” signifies mean values
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adult male range, as shown in Figure 1 and Table 2.5,6,26 During foe-
tal life, 5ARD2 causes impaired conversion of testosterone to DHT 
resulting in incomplete masculinization of the external genitalia in 
utero. Male internal genitalia, epididymides and vas deferens, and 
testes are present. Males with 5ARD2 are born with ambiguous gen-
italia, such as a bifid scrotum, hypospadias, micropenis, and unde-
scended testes. Typically, they are raised as girls during childhood. At 
puberty, testosterone production increases, usually into the normal 
male range, and serum DHT may also increase slightly, due to resid-
ual 5 alpha-reductase type 1 activity. The increased androgens re-
sult in virilization, penile growth, further descent of the testes, male 
hair growth, and recognizable male behaviour. The testes can make 
sperm, and males with 5ARD2 may be fertile. These individuals do 
not develop gynecomastia, and they usually develop a near-normal 
male phenotype, some with well-developed male musculature. Thus, 
individuals with 5ARD2 are genetic males and exhibit phenotypic 
male features at puberty and during adulthood. Some individuals 
with 5ARD2 raised as girls, who have fewer male phenotypic charac-
teristics, may choose to retain their female gender identity as adults.

Genetic males with CAIS have a blind vagina, no cervix or 
uterus, and undescended testes which are usually located in the 
abdomen.28,34,40,41 They have normal foetal male testosterone 
levels in utero, but ambiguous genitalia, as the impaired androgen 
receptors do not activate appropriate cellular responses and tis-
sue action. At puberty, testosterone levels increase into the normal 
adult male range, but there is no tissue response to testosterone 
and no masculinization. However, the pubertal increase in testos-
terone causes an increase in estradiol, by aromatization of the tes-
tosterone, leading to feminization, with breast development and a 
near-normal female phenotype. The testes usually remain in the 
abdomen. Because males with CAIS lack ovaries, they often pres-
ent for primary amenorrhea with anovulation and lack of menses. 
Men with PAIS show a range of phenotypes with progressive mas-
culinization depending on the degree of androgen insensitivity.40 
As children, males with 5ARD2 and PAIS may be raised either as 
girls or boys, depending upon whether female or male phenotype 
predominates, and depending upon parental, social, religious and 
ethnocultural considerations.

F IGURE  1 Forest plot of testosterone ranges for women and men from reference articles. X axis Log scale for testosterone values in 
nmol/L (ng/dL = nmol/L multiplied by 28.82), Y axis ranges of testosterone levels for each group of women or men, top solid line for each 
column is the weighted 95% confidence interval for normal men and women, solid line for each study is 95% confidence interval, dotted line 
is absolute range. Blank spacer line below a study reference indicates an additional subset for that study
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In females with PCOS, who have known hyperandrogenism, the 
upper limit of testosterone levels is 5.5 nmol/L (159 ng/dL), about 
half the lower limit in normal males.8,9 Females who have serum tes-
tosterone levels greater than threefold higher than the upper limit of 
the normal range usually have clinical evidence of virilization, such 
as clitoromegaly, deepening of the voice and male-pattern balding, 
and should undergo evaluation for androgen-secreting tumours, as 
adrenal or ovarian tumours, or other causes of androgen excess, as 
hypothyroidism, glucocorticoid resistance, and hyperprolactinemia. 
Females with 21OHD (CAH) may have elevated testosterone lev-
els in the same range as for PCOS, and they should be evaluated 
for other possible hormonal imbalances, such especially cortisol 
deficiency.10,39

A key issue for adult, elite athletic performance is whether tes-
tosterone levels in genetic males with 5ARD2 or AIS provide a com-
petitive advantage if an individual with either of these 46XY DSD 
participates in events classified for women. This is a fair consider-
ation in individuals with 5ARD2, where endogenous testosterone 
levels can be within the normal adult male range and induce normal 
androgenic, anabolic effects. This is less of a concern in males with 
AIS, where male range testosterone levels have reduced androgenic 
anabolic effect due to androgen receptor mutations resulting in im-
paired androgen action.

There have been recent cases in elite athletic events including 
major international championships and the Olympics, in which ge-
netic males with 46XY DSD competed as females in women’s events. 
They have been challenged as having a competitive advantage due to 
elevated testosterone levels in the normal male range. Earlier cases 
have been addressed by sex change, including surgery and hor-
monal replacement.24 In response to these cases, the International 
Olympic Committee (IOC) and International Association of Athletics 
Federations (IAAF) established an upper limit of serum testosterone 
level for female athletes of 10.4 nmol/L (300 ng/dL) which is within 
or near the lower end of the normal range for adult males. This limit 
suggests a continuum of serum testosterone values, from those in 
females to those in males.

However, as shown in the forest plot (Figure 1), there is a large, 
categorical difference in the distribution of testosterone levels be-
tween normal, healthy females and males, that is there is no contin-
uum of testosterone levels. From published literature (Table 1 and 
Figure 1), the normal range of testosterone levels in premenopausal 
healthy adult females (<45 years old) averages 0.4-2.0 nmol/L (12-
58 ng/dL). The lower limit of the normal adult male range, 8.8 nmo-
l/L (254 ng/dL) determined in this review, is approximately 4-5 
times higher than the upper limit of the normal adult female range. 
As described, these normal ranges are supported by several recent 
publications using accurate, sensitive and reproducible LC-MS/MS 
measurements (Table 1).16–23

The validity and use of the 10.4 nmol/L (300 ng/dL) cut-off 
value separating female and male athletes was recently challenged 
as being inappropriate, and it has been proposed that the cut-off 
should be higher (ie, >10.4 nmol/L) or there should be no cut-off be-
tween male and female athletes.42 The rationale for this is unclear, 

and establishment of any firm cut-off has been suspended pending 
further data and discussion, regarding acceptable levels of testoster-
one in female athletes.42–44 The distinct ranges of serum testoster-
one levels presented in these studies should inform the discussion of 
cut-offs between males and females.

The relatively small number of women who have serum tes-
tosterone levels within or near the adult male range, may be ge-
netic males with 46XY DSD, specifically males with 5ARD2 or AIS. 
Females with hyperandrogenism due to PCOS or CAH usually have 
testosterone levels within the normal adult female range, but levels 
above the normal female range are observed and can approach the 
lower limit of the normal male range, which is about four- to fivefold 
higher the upper limit in normal females. Reliable tests are available 
that can provide useful diagnostic information regarding underlying 
conditions in individuals with a female phenotype who have a tes-
tosterone level above the upper limit for females and approaching or 
within the male range. How best to apply such information in com-
petitive athletes is yet to be determined.

Consideration of testosterone levels is important as recent data 
support the divergence in athletic performance between males 
and females as due in part to the different levels of testosterone. 
The divergence in athletic performance between men and women 
at puberty when serum testosterone levels diverge, has been well 
demonstrated,45 and is a natural and well recognized progression to 
adulthood. Also, recent studies of androgen levels in elite athletes 
have suggested that female athletes with high testosterone levels, 
free or total, may have a significant competitive advantage over 
those with low testosterone levels.15,46 Further controlled studies 
in both males47 and females48 have shown significant increases in 
muscle mass and strength, and a clear dose–response effect with 
administration of increasing amounts of exogenous testosterone.

4  | CONCLUSION

Based on the data summarized from published reports, it is clear that 
the normal adult female and male testosterone range differ mark-
edly with a bimodal distribution, the lower limit of the male range 
being approximately four- to fivefold higher than the upper limit of 
the female range. These results do not support an acceptable upper 
testosterone limit in female athletes of 10.4 nmol/L (300 ng/dL) or 
higher. Genetic males with 5ARD2, CAIS and PAIS, whose pheno-
type at birth was ambiguous or female, have testosterone levels 
within or near the normal male range. In adult genetic males with 
5ARD2, elevated endogenous testosterone levels are likely associ-
ated with enhanced athletic performance relative to genetic fe-
males. In genetic males with PAIS, tissues do not respond normally 
to male range endogenous testosterone levels so these levels may 
not be associated with enhanced athletic performance. Males with 
CAIS are typically phenotypic females.

In conclusion, existing studies strongly support a clear bimodal 
distribution of serum testosterone levels in females compared to 
males. These data should be considered in the discussion of female 
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competition eligibility and classification of genetic males with possi-
ble DSD (5ARD2, PAIS, and CAIS) or genetic females with hyperan-
drogenism (PCOS and CAH).

ACKNOWLEDG EMENTS

Jane Shofer, statistician-Geriatric Research, Education and Clinical 
Center, VA Puget Sound Health Care System.

CONFLIC T OF INTERE S T

RV Clark—Board of Directors, US Anti-Doping Agency. JA Wald—
None. LD Bowers—United States Anti-Doping Agency, Consultant; 
Partnership for Clean Competition, Scientific Advisory Board. 
C Wang—Research support from Clarus Therapeutics, TesoRx, 
and Antares. RS Swerdloff—Consultant for Clarus Therapeutics, 
research support from Clarus Therapeutics; Research support, 
Antares; Consultant, USADA and WADA. FCW Wu—Bayer-
Schering, Advisory Board; Eli Lilly, Advisory Board; Besins 
Healthcare, Advisory Board, research grant recipient; Repros 
Therapeutics, Consultant; Mereo Biopharma, Research grant re-
cipient. AM Matsumoto: US Anti-Doping Agency Therapeutic Use 
Exemption Committee; World Anti-Doping Agency, Consultant; 
Partnership for Clean Competition, Scientific Advisory Board.

ORCID

Richard V. Clark   http://orcid.org/0000-0003-0546-515X 

R E FE R E N C E S

	 1.	 Fitch KD. Androgenic-anabolic steroids and the Olympic Games. 
Asian J Androl. 2008;10:384‐390.

	 2.	 Franke WW, Berendonk B. Hormonal doping and androgenization 
of athletes: a secret program of the German Democratic Republic 
government. Clin Chem. 1997;43:1262‐1279.

	 3.	 Huang G, Basaria S. Do anabolic-androgenic steroids have 
performance-enhancing effects in female athletes? Mol Cell 
Endocrinol. 2018;464:56‐64.

	 4.	 Wood RI, Stanton SJ. Testosterone and sport: current perspectives. 
Horm Behav. 2012;61:147‐155.

	 5.	 Imperato-McGinley J, Zhu YS. Androgens and male physiology the 
syndrome of 5alpha-reductase-2 deficiency. Mol Cell Endocrinol. 
2002;198:51‐59.

	 6.	 Wilson JD, Griffin JE, Russell DW. Steroid 5 alpha-reductase 2 defi-
ciency. Endocr Rev. 1993;14:577‐593.

	 7.	 Imperato-McGinley J, Gautier T, Cai LQ, et al. The androgen control 
of sebum production. Studies of subjects with dihydrotestosterone 
deficiency and complete androgen insensitivity. J Clin Endocrinol 
Metab. 1993;76:524‐528.

	 8.	 Chang WY, Knochenhauer ES, Bartolucci AA, et  al. Phenotypic 
spectrum of polycystic ovary syndrome: clinical and biochemical 
characterization of the three major clinical subgroups. Fertil Steril. 
2005;83:1717‐1723.

	 9.	 Legro RS, Arslanian SA, Ehrmann DA, et al. Diagnosis and treatment 
of polycystic ovary syndrome: an Endocrine Society clinical prac-
tice guideline. J Clin Endocrinol Metab. 2013;98:4565‐4592.

	10.	 El-Maouche D, Arlt W, Merke DP. Congenital adrenal hyperplasia. 
Lancet. 2017;390:2194‐2210.

	11.	 Falhammar H, Wedell A, Nordenstrom A. Biochemical and ge-
netic diagnosis of 21-hydroxylase deficiency. Endocrine. 2015;50: 
306‐314.

	12.	 Salameh WA, Redor-Goldman MM, Clarke NJ, et al. Validation of a 
total testosterone assay using high-turbulence liquid chromatogra-
phy tandem mass spectrometry: total and free testosterone refer-
ence ranges. Steroids. 2010;75:169‐175.

	13.	 Vesper HW, Wang Y, Vidal M, et al. Serum total testosterone con-
centrations in the US household population from the NHANES 
2011-2012 study population. Clin Chem. 2015;61:1495‐1504.

	14.	 Bermon S, Garnier PY, Hirschberg AL, et  al. Serum andro-
gen levels in elite female athletes. J Clin Endocrinol Metab. 
2014;99:4328‐4335.

	15.	 Bermon S, Garnier PY. Serum androgen levels and their relation 
to performance in track and field: mass spectrometry results from 
2127 observations in male and female elite athletes. Br J Sports Med. 
2017;51:1309‐1314.

	16.	 Bui HN, Sluss PM, Blincko S, et al. Dynamics of serum testosterone 
during the menstrual cycle evaluated by daily measurements with 
an ID-LC-MS/MS method and a 2nd generation automated immu-
noassay. Steroids. 2013;78:96‐101.

	17.	 Fanelli F, Gambineri A, Belluomo I, et al. Androgen profiling by liq-
uid chromatography-tandem mass spectrometry (LC-MS/MS) in 
healthy normal-weight ovulatory and anovulatory late adolescent 
and young women. J Clin Endocrinol Metab. 2013;98:3058‐3067.

	18.	 Haring R, Hannemann A, John U, et  al. Age-specific reference 
ranges for serum testosterone and androstenedione concentra-
tions in women measured by liquid chromatography-tandem mass 
spectrometry. J Clin Endocrinol Metab. 2012;97:408‐415.

	19.	 Hart RJ, Doherty DA, McLachlan RI, et al. Testicular function in a 
birth cohort of young men. Hum Reprod. 2015;30:2713‐2724.

	20.	 Kushnir MM, Blamires T, Rockwood AL, et al. Liquid chromatography-
tandem mass spectrometry assay for androstenedione, dehydroepi-
androsterone, and testosterone with pediatric and adult reference 
intervals. Clin Chem. 2010;56:1138‐1147.

	21.	 Neale SM, Hocking R, Biswas M, et al. Adult testosterone and cal-
culated free testosterone reference ranges by tandem mass spec-
trometry. Ann Clin Biochem. 2013;50:159‐161.

	22.	 Sikaris K, McLachlan RI, Kazlauskas R, et  al. Reproductive hor-
mone reference intervals for healthy fertile young men: eval-
uation of automated platform assays. J Clin Endocrinol Metab. 
2005;90:5928‐5936.

	23.	 Travison TG, Vesper HW, Orwoll E, et  al. Harmonized reference 
ranges for circulating testosterone levels in men of four cohort 
studies in the United States and Europe. J Clin Endocrinol Metab. 
2017;102:1161‐1173.

	24.	 Fenichel P, Paris F, Philibert P, et al. Molecular diagnosis of 5alpha-
reductase deficiency in 4 elite young female athletes through hor-
monal screening for hyperandrogenism. J Clin Endocrinol Metab. 
2013;98:E1055‐E1059.

	25.	 Imperato-McGinley J, Peterson RE, Gautier T, et  al. Androgens 
and the evolution of male-gender identity among male pseudo
hermaphrodites with 5alpha-reductase deficiency. N Engl J Med. 
1979;300:1233‐1237.

	26.	 Maimoun L, Philibert P, Cammas B, et al. Phenotypical, biological, 
and molecular heterogeneity of 5alpha-reductase deficiency: an 
extensive international experience of 55 patients. J Clin Endocrinol 
Metab. 2011;96:296‐307.

	27.	 Shabir I, Khurana ML, Joseph AA, et al. Phenotype, genotype and 
gender identity in a large cohort of patients from India with 5alpha-
reductase 2 deficiency. Andrology. 2015;3:1132‐1139.

	28.	 Veiga-Junior NN, Medaets PA, Petroli RJ, et al. Clinical and labo-
ratorial features that may differentiate 46, XY DSD due to partial 

 13652265, 2019, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cen.13840 by C

ochrane G
reece, W

iley O
nline L

ibrary on [04/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://orcid.org/0000-0003-0546-515X
http://orcid.org/0000-0003-0546-515X


22  |     CLARK et al.

androgen insensitivity and 5alpha-reductase type 2 deficiency. Int J 
Endocrinol. 2012;2012:964876.

	29.	 Zhu H, Liu W, Han B, et al. Phenotypic and molecular characteris-
tics in eleven Chinese patients with 5alpha-reductase Type 2 defi-
ciency. Clin Endocrinol (Oxf). 2014;81:711‐720.

	30.	 Bouvattier C, Mignot B, Lefevre H, et al. Impaired sexual activity 
in male adults with partial androgen insensitivity. J Clin Endocrinol 
Metab. 2006;91:3310‐3315.

	31.	 Doehnert U, Bertelloni S, Werner R, et al. Characteristic features 
of reproductive hormone profiles in late adolescent and adult 
females with complete androgen insensitivity syndrome. Sex Dev. 
2015;9:69‐74.

	32.	 Hellmann P, Christiansen P, Johannsen TH, et al. Male patients with 
partial androgen insensitivity syndrome: a longitudinal follow-up of 
growth, reproductive hormones and the development of gynaeco-
mastia. Arch Dis Child. 2012;97:403‐409.

	33.	 Lucas-Herald A, Bertelloni S, Juul A, et  al. The long-term out-
come of boys with partial androgen insensitivity syndrome and a 
mutation in the androgen receptor gene. J Clin Endocrinol Metab. 
2016;101:3959‐3967.

	34.	 Melo KF, Mendonca BB, Billerbeck AE, et al. Clinical, hormonal, be-
havioral, and genetic characteristics of androgen insensitivity syn-
drome in a Brazilian cohort: five novel mutations in the androgen 
receptor gene. J Clin Endocrinol Metab. 2003;88:3241‐3250.

	35.	 Bui HN, Sluss PM, Hayes FJ, et al. Testosterone, free testosterone, 
and free androgen index in women: Reference intervals, biological 
variation, and diagnostic value in polycystic ovary syndrome. Clin 
Chim Acta. 2015;450:227‐232.

	36.	 Janse F, Eijkemans MJ, Goverde AJ, et  al. Assessment of andro-
gen concentration in women: liquid chromatography-tandem mass 
spectrometry and extraction RIA show comparable results. Eur J 
Endocrinol. 2011;165:925‐933.

	37.	 Keefe CC, Goldman MM, Zhang K, et  al. Simultaneous measure-
ment of thirteen steroid hormones in women with polycystic ovary 
syndrome and control women using liquid chromatography-tandem 
mass spectrometry. PLoS ONE. 2014;9:e93805.

	38.	 Tosi F, Fiers T, Kaufman JM, et al. Implications of androgen assay 
accuracy in the phenotyping of women with polycystic ovary syn-
drome. J Clin Endocrinol Metab. 2016;101:610‐618.

	39.	 Turcu AF, Nanba AT, Chomic R, et al. Adrenal-derived 11-oxygenated 
19-carbon steroids are the dominant androgens in classic 
21-hydroxylase deficiency. Eur J Endocrinol. 2016;174:601‐609.

	40.	 Audi L, Fernandez-Cancio M, Carrascosa A, et al. Novel (60%) and 
recurrent (40%) androgen receptor gene mutations in a series of 59 
patients with a 46, XY disorder of sex development. J Clin Endocrinol 
Metab. 2010;95:1876‐1888.

	41.	 Bertelloni S, Dati E, Baroncelli GI, et  al. Hormonal management 
of  complete androgen insensitivity syndrome from adolescence 
onward. Horm Res Paediatr. 2011;76:428‐433.

	42.	 Genel M, Simpson JL, de la Chapelle A. The olympic games and 
athletic sex assignment. JAMA. 2016;316:1359‐1360.

	43.	 Bermon S, Vilain E, Fenichel P, et  al. Women with hyperandro-
genism in elite sports: scientific and ethical rationales for regulat-
ing. J Clin Endocrinol Metab. 2015;100:828‐830.

	44.	 Sonksen P, Ferguson-Smith MA, Bavington LD, et al. Medical and 
ethical concerns regarding women with hyperandrogenism and 
elite sport. J Clin Endocrinol Metab. 2015;100:825‐827.

	45.	 Handelsman DJ. Sex differences in athletic performance emerge 
coinciding with the onset of male puberty. Clin Endocrinol (Oxf). 
2017;87:68‐72.

	46.	 Handelsman DJ, Hirschberg AL, Bermon S. Circulating testosterone 
as the hormonal basis of sex differences in athletic performance. 
Endocr Rev. 2018;39:803‐829.

	47.	 Bhasin S, Woodhouse L, Casaburi R, et  al. Older men are as re-
sponsive as young men to the anabolic effects of graded doses 
of testosterone on the skeletal muscle. J Clin Endocrinol Metab. 
2005;90:678‐688.

	48.	 Huang G, Basaria S, Travison TG, et al. Testosterone dose-response 
relationships in hysterectomized women with or without oophorec-
tomy: effects on sexual function, body composition, muscle per-
formance and physical function in a randomized trial. Menopause. 
2014;21:612‐623.

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article.

How to cite this article: Clark RV, Wald JA, Swerdloff RS, et al. 
Large divergence in testosterone concentrations between men 
and women: Frame of reference for elite athletes in sex-
specific competition in sports, a narrative review. Clin 
Endocrinol (Oxf). 2019;90:15–22. https://doi.org/10.1111/
cen.13840

 13652265, 2019, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cen.13840 by C

ochrane G
reece, W

iley O
nline L

ibrary on [04/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/cen.13840
https://doi.org/10.1111/cen.13840

