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Testosterone in women—the clinical signiﬁcance
Susan R Davis, Sarah Wahlin-Jacobsen

Testosterone is an essential hormone for women, with physiological actions mediated directly or via aromatisation to
oestradiol throughout the body. Despite the crucial role of testosterone and the high circulating concentrations of this
hormone relative to oestradiol in women, studies of its action and the eﬀects of testosterone deﬁciency and
replacement in women are scarce. The primary indication for the prescription of testosterone for women is loss of
sexual desire, which causes aﬀected women substantial concern. That no formulation has been approved for this
purpose has not impeded the widespread use of testosterone by women—either oﬀ-label or as compounded therapy.
Observational studies indicate that testosterone has favourable cardiovascular eﬀects measured by surrogate
outcomes; however, associations between endogenous testosterone and the risk of cardiovascular disease and total
mortality, particularly in older women, are yet to be established. Adverse cardiovascular eﬀects have not been seen in
studies of transdermal testosterone therapy in women. Clinical trials suggest that exogenous testosterone enhances
cognitive performance and improves musculoskeletal health in postmenopausal women. Unmet needs include the
availability of approved testosterone formulations for women and studies to elucidate the contribution of testosterone
to cardiovascular, cognitive, and musculoskeletal health and the risk of cancer.
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Testosterone is a critical but enigmatic female hormone.
It acts directly as an androgen in addition to being an
obligatory precursor for biosynthesis of oestradiol.1
Control of testosterone production in women is not well
understood because no feedback loop governing its
production
has
been
described.
Testosterone
exerts physiological eﬀects in reproductive and nonreproductive tissues in women. Concentrations of
testosterone are positively associated with sexual function
in women,2,3 and many randomised placebo-controlled
trials have shown that testosterone therapy can be
eﬀective in the treatment of female sexual dysfunction.4
The role of testosterone for the management of
female sexual dysfunction has been reviewed in detail
elsewhere,4 and although this Review brieﬂy addresses
female sexual dysfunction, its focus is the role of
testosterone in women beyond sexual function. We
therefore review clinical evidence for the role of
testosterone in cardiovascular, musculoskeletal, and
vulvovaginal health and in cognitive function, as well as
the associations between testosterone and gynaecological
cancer in women. We have drawn on studies that
have investigated associations between endogenous
testosterone and these health outcomes, and clinical
trials of testosterone therapy in premenopausal and
postmenopausal women.

Androgen physiology in brief
During the reproductive years, testosterone in women is
produced by the ovaries and by peripheral conversion of
androstenedione and dehydroepiandrosterone (DHEA),
which are pre-androgens synthesised by the ovaries and
adrenal glands. The pre-androgens contribute about
50% of circulating testosterone in premenopausal
women.5 Concentrations of testosterone ﬁrst begin to
increase in girls at about the age of 6–8 years, when
maturation of the adrenal zona reticularis results in
increased production of DHEA and its sulphate,

DHEAS,5 heralding the onset of adrenarche. Cyclical
production of testosterone by the ovaries starts with the
onset of ovulation; concentrations peak mid-cycle and
remain high during the luteal phase.6 Diurnal variation,
characterised by higher concentrations in the morning,
has also been documented.7 Maximum concentrations of
testosterone are achieved in the third and fourth decades,
followed by a steady decline in testosterone and its
precursors with increasing age (ﬁgure 1).8 A physiological
decline in testosterone with age is unrelated to natural
menopause.8,9 The reason for this decline is not known
but most likely is a result of waning production by the
ovaries and adrenal glands. Table 1 lists other common
causes of low concentrations of testosterone.
Key features of the physiology of testosterone account
for its role in women. The enzyme 5α-reductase
metabolises testosterone peripherally in target tissues
to dihydrotestosterone (DHT),5 which is the most
potent androgen and also has the highest binding
aﬃnity for the androgen receptor. Within cells, DHT is
further metabolised, such that concentrations of its
metabolites provide an index of tissue exposure to
androgens. Aromatisation of testosterone to oestradiol
occurs within the ovaries and extragonadal tissues, with
the extragonadal tissues being the main source of
oestrogen production after menopause (ﬁgure 2).1
Circulating testosterone is highly bound to plasma
proteins, with about 66% bound to sex hormonebinding globulin (SHBG) and 33% to albumin.5 The
free fraction of testosterone is determined by the rate of
production of testosterone, the metabolic clearance
rate, and the level of SHBG.5 Low concentrations of
SHBG result in increased clearance of testosterone
from the circulation, whereas high concentrations
result in reduced clearance.
Testosterone circulates in nanomolar concentrations in
women of all ages; although this level is higher than the
picomolar concentrations of oestradiol, measurement of
concentrations of testosterone in serum in women has
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been limited by assay imprecision and wide interassay
variability at the low concentrations seen in women.11
Liquid chromatography-tandem mass spectrometry
(LC-MS) is considered to be the most sensitive approach
for measuring concentrations of sex steroids12 and was
hoped to translate into greater accuracy and reliability;
however, variability between LC-MS assays is substantial
in the range relevant to female physiology.13 Furthermore,
much of the action of testosterone is a result of intracellular metabolism, so serum concentrations alone are
not a good index of tissue exposure.4 Sensitivity at the
level of the androgen receptor also determines an
individual’s response to a given level of testosterone. In
clinical practice, therefore, concentrations of testosterone
in serum are somewhat arbitrary and should always be
interpreted in accordance with the clinical presentation
and assessment.
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The link between testosterone and female
sexual function
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Figure 1: Relation between age and free and total testosterone and the pre-androgens DHEAS and
androstenedione
Raw data are represented as scattergraphs with ﬁtted regression curves. For the box and whisker plots, the box
represents the IQR, and the line in the box is the median. For the whiskers, the upper value is the largest datapoint
less than or equal to the 75th percentile + 1·5 × IQR. The lower adjacent value is deﬁned as the smallest datapoint
greater than or equal to the 25th percentile −1·5 × IQR. Outliers are any values beyond the whiskers. To convert
nmol/L to ng/dL or pmol/L to pg/dL, divide by 0·0347; to convert μmol/L to μg/dL, divide by 0·027.
DHEAS=dehydroepiandrosterone sulphate. Reproduced from Davison and colleagues,8 by permission of The
Endocrine Society.
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The multifactorial nature of women’s sexual function,
the range of approaches used to measure female
sexual dysfunction, and the challenges of measuring
testosterone, its precursors, and its metabolites have
complicated this specialty. Despite these limitations,
large cross-sectional and longitudinal studies have
shown consistent associations between androgens and
sexual function in women. Importantly, sexual function
is not related to changes in circulating concentrations of
androgens at menopause or early postmenopause, as
blood concentrations of androgens do not change during
the menopausal transition;8,9 instead, associations exist
between speciﬁc androgens and self-reported measures
of sexual function in premenopausal and postmenopausal women.
Results of a community-based study14 of 1021 randomly
recruited healthy women showed a direct association
between an endogenous level of DHEAS below the tenth
percentile and low sexual responsiveness in women aged
45 years or older. In women aged 18–44 years,
concentrations of DHEAS below the tenth percentile
were directly associated with low sexual desire, arousal,
and responsiveness.14 No associations with androstenedione or total and free testosterone were seen. A
small study15 of women attending a clinic for female
sexual dysfunction reported no association between
endogenous testosterone and female sexual dysfunction;
however, the study was substantially underpowered for
this outcome. Subsequently, a prospective longitudinal
study3 of 3266 women aged 42–52 years reported on
concurrent concentrations of sex hormones and sexual
function. Frequency of masturbation—a sexual function
not dependent on partnership status—was a main
outcome measure. Endogenous testosterone was
associated with masturbation frequency, sexual desire,
and arousal, and DHEAS was positively associated with
masturbation frequency and desire.3 In a separate Danish
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study2 of 560 healthy women aged 19–65 years recruited
from the community, in which sex steroids were
measured by LC-MS and sexual desire by the Female
Sexual Function Index,16 endogenous concentrations of
total and free testosterone, androstenedione, and DHEAS
were associated with sexual desire after adjustment for
age. Observational studies thus have shown the strongest
associations between masturbation frequency and sexual
desire and endogenous concentrations of testosterone,
free testosterone, and testosterone precursors.
Surgical menopause has been used as a model to study
the eﬀect of an abrupt reduction in concentrations of
testosterone on sexual function. The ﬁndings from such
studies have been reviewed in detail elsewhere.4 In
essence, the results from observational studies of women
who have undergone surgical menopause for benign
reasons have been mixed. Preoperative sexual wellbeing
predicts postoperative sexual function, and a correlation
between postoperative sexual desire and concentrations
of androgens has not been shown.4 Limitations of this
model are that concentrations of all sex steroids reduce
with surgical menopause and the picture is complicated
by the reasons for the surgery, as well as the consequent
infertility in young women. The positive associations
between endogenous concentrations of androgen and
sexual desire and arousal in women suggest potential
beneﬁts of treatment with testosterone for those with
loss of desire and arousal.
According to the Diagnostic and Statistical Manual of
Mental Disorders (DSM) IV, hypoactive sexual desire
disorder is the absence of sexual fantasies and desire for
sexual activity that causes a woman distress. This
diagnosis underpins research into the eﬀectiveness of
exogenous testosterone as a treatment for female sexual
dysfunction, speciﬁcally hypoactive sexual desire disorder,
over the past 20 years.17 In DSM-5, hypoactive sexual
desire disorder has been merged with female sexual
arousal disorders and renamed female sexual interest–
arousal disorder, which remains mainly based on sexual
desire.16 Because hypoactive sexual desire disorder can be
assessed by validated questionnaires and has been the
primary outcome of all clinical trials of testosterone
therapy to date, practising clinicians continue to use it as
a clinical diagnosis.
Many randomised controlled trials4,18–20 have shown
that administration of testosterone by subcutaneous
implant, intramuscular injection, transdermal patch or
gel or orally (as for methyltestosterone), with and
without concurrent oestrogen, is eﬀective for the
treatment of hypoactive sexual desire disorder in
surgically and naturally menopausal women. The
ﬁndings from these studies have been comprehensively
summarised in a Cochrane review20 and a clinical
practice guideline from The Endocrine Society.4 The
latter concluded, “Evidence supports the short-term
eﬃcacy and safety of high physiological doses of
[testosterone] treatment of post-menopausal women

Mechanism
Spontaneous causes of androgen insuﬃciency
Natural decline with age from mid-to-late
reproductive years

Decline in production of androgens by the ovaries
and adrenal gland

Hypothalamic amenorrhoea

Anovulation

Primary ovarian insuﬃciency

Anovulation

Hyperprolactinaemia

Suppression of pituitary gonadotropins; anovulation

Adrenal insuﬃciency

Loss of adrenal production of pre-androgens

Panhypopituitarism

Loss of adrenal production of pre-androgens and
ovarian production of androgens

Other medical conditions (eg, chronic liver disease
and HIV infection)

Increased concentrations of SHBG reduce
concentrations of free testosterone

Iatrogenic causes of androgen insuﬃciency
Surgical menopause at any age

Loss of ovarian production of androgens

Chemotherapy

Ovarian failure

Radiotherapy to the pelvis

Ovarian failure

Systemic glucocorticosteroid therapy

Suppression of adrenal production of pre-androgens

Drug-induced hyperprolactinaemia

Suppression of pituitary gonadotropins; anovulation

Systemic hormonal contraception

Loss of ovarian production of androgens
Increased concentrations of SHBG, resulting in
reduced concentrations of free testosterone

Oral non-contraceptive therapy (eg, phenobarbital,
phenytoin, carbamazepine, and thyroxine)

Increased concentrations of SHBG, resulting in
reduced concentrations of free testosterone

SHBG=sex hormone-binding globulin.

Table 1: Causes of low testosterone in women

Testosterone
Aromatase1
Brain
Bone
Adipose
Skin
Vascular endothelium
Vascular smooth muscle
Ovary
Placenta
Oestradiol

Direct androgen receptor/non-genomic eﬀects

5α-reductase 110
Skin
Sweat glands
Hair follicles

Dihydrotestosterone

10

Oestrogen receptors/
non-genomic actions

5α-reductase 2
Hair follicles
Genital skin

Figure 2: Modes of androgen action

with sexual dysfunction due to hypoactive sexual desire
disorder”.4 The guideline also recommends considering
a 6-month therapeutic trial of transdermal testosterone
for women who have been diagnosed with hypoactive
sexual desire disorder according to DSM-IV.17 As
described below, many of these studies have contributed
to the understanding of the eﬀects of testosterone on
other health outcomes.

Testosterone and vaginal health
Vulvovaginal atrophy is traditionally treated with lowdose oestrogen given vaginally, which is highly eﬀective
and safe. As vaginal oestrogen therapy is contraindicated
for some women, such as those with breast cancer taking
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aromatase inhibitor therapy, intravaginal testosterone
has been proposed as an alternative. Androgen receptors
have been identiﬁed in the vaginal mucosa, submucosa,
stroma, smooth muscle, and vascular endothelium.21,22
The density of androgen receptors in these tissues
declines with age, although vaginal expression of the
androgen receptor gene increases with administration of
testosterone.21,22 Aromatase, the enzyme that converts
testosterone to oestradiol, and 5α-reductase isotypes 1
and 2, which convert testosterone to DHT, are also
present in vaginal tissues.22
Several studies have investigated the use of intravaginal
testosterone in postmenopausal women without breast
cancer. Intramuscular testosterone propionate has been
shown to induce proliferation of the vaginal epithelium in
postmenopausal women.23 A randomised controlled trial24
involving 75 postmenopausal women with symptomatic
vaginal atrophy and sexual dysfunction compared 1 mg
testosterone in combination with 0·625 mg conjugated
equine oestrogen given vaginally, 0·625 mg conjugated
equine oestrogen alone given vaginally, or placebo. The
greatest improvements in vaginal atrophy and sexual
function were seen with combined conjugated equine
oestrogen–testosterone therapy. In another study,25
80 healthy postmenopausal women were randomly
assigned to 0·625 mg conjugated equine oestrogen cream,
300 μg of testosterone proprionate, polyacrylic acid, or
placebo given intravaginally three times each week
for 12 weeks. Compared with placebo, intravaginal
testosterone was associated with signiﬁcant improvements
in sexual desire, lubrication, satisfaction, and pain during
intercourse, whereas conjugated equine oestrogen only
resulted in a signiﬁcant improvement in desire.25 The
favourable eﬀects of testosterone in these studies could
result from local aromatisation of testosterone to
oestradiol. A small open-label pilot study reported by
Witherby and colleagues26 showed favourable eﬀects of
intravaginal testosterone in postmenopausal women with
breast cancer who were taking aromatase inhibitor
therapy. Objective and subjective measures of atrophic
vaginitis improved and concentrations of oestradiol in
serum, measured by a highly sensitive radioimmunoassay,
remained undetectable in most women.
These studies are provocative but are limited by their
small size. The open-label study by Witherby and
colleagues26 suggests that aromatisation to oestradiol is
not required for testosterone to improve vaginal atrophy.
However, further studies are needed before vaginal
testosterone can be considered for the treatment of
vulvovaginal atrophy in women with or without breast
cancer in the clinical setting.

Testosterone and cardiometabolic disease
Sex hormones have been suggested to have a critical role
in the development and evolution of cardiovascular
disease, with the focus mainly on oestrogens in women.
The general belief is that testosterone increases the risk
4

of cardiovascular disease, but Spoletini and colleagues27
concluded in a systematic review that a hypoandrogenic
state in women is detrimental to cardiovascular health.
At physiological concentrations, testosterone has
favourable eﬀects on vasomotor tone, endothelial
function, and peripheral vascular resistance through
direct eﬀects on the blood vessel wall.28 Testosterone
improves arterial function in women by enhancing
endothelium-dependent (ﬂow-mediated) and endothelium-independent brachial artery vasodilation.29,30 In
in-vitro research, the endothelium-independent eﬀect
seems to be independent of aromatase.31 In support of
this, Worboys and colleagues29 reported that exogenous
testosterone enhanced arterial dilation after glyceryl
trinitrate (endothelium-independent dilation)—an eﬀect
not seen with exogenous estradiol therapy.
Data from observational studies mostly show an inverse
relation between endogenous testosterone and the risk of
cardiovascular disease (table 2). Whether endogenous
testosterone protects against cardiovascular disease (ie,
ischaemic heart disease and ischaemic stroke), death from
cardiovascular disease, and all-cause mortality remains
uncertain. The reported studies listed in table 2 highlight
the limitations of research in this ﬁeld, particularly in older
women, which include small sample sizes, recruitment of
convenience, clinic-based samples, case-control designs,
and long intervals between the time of blood draw and
cardiovascular events. Indeed, a longitudinal study reported
by Laughlin and colleagues,40 results of which suggested
that low concentrations of endogenous testosterone have
an adverse eﬀect on the risk of cardiovascular disease, and
ﬁndings reported by Benn and colleagues,41 which
suggested an adverse eﬀect of high concentrations of
endogenous testosterone (above the 95th percentile) on the
risk of cardiovascular disease, each reported on events
decades after blood was drawn to measure concentrations
of sex steroids. In the study reported by Laughlin and
colleagues,40 low concentrations of both bioavailable and
total testosterone were associated with an increased
incidence of cardiovascular events. The data reported by
Benn and colleagues41 are hard to reconcile, because the
mean concentration of total testosterone in older women
was the same as for younger women (1·9 nmol/L), with the
ranges for all women being unusually high.42 They also
reported no diﬀerences in concentrations of testosterone
with age, which is inconsistent with ﬁndings in previous
studies8,43 and raises concerns about the concentrations
recorded. The women in the upper ﬁfth percentile for
testosterone at baseline (then aged 49–65 years) were at
greatest risk of subsequent cardiovascular disease.42 To be
in the top ﬁfth percentile, these women would have had
extremely high concentrations of testosterone, such that
polycystic ovary syndrome or another cause of excess
androgens might be suspected.
The association between low concentrations of
testosterone and greater incidences of all-cause mortality
and cardiovascular events, independent of traditional

www.thelancet.com/diabetes-endocrinology Published online September 8, 2015 http://dx.doi.org/10.1016/S2213-8587(15)00284-3

Review

Number of patients

Study sample

Mean (SD) age or age range

Outcome measured

Results for key endpoints

502 postmenopausal
women

Population based

75·6 years (7·1)

Ankle brachial index
<0·9

Total testosterone (higher vs lower log testosterone), OR 2·00
(95% CI 1·1–3·47; p=0·01); no signiﬁcant associations for SHBG or
oestradiol

Bernini et al
(1999)33

101 premenopausal
and postmenopausal
women

Convenience
sample

46·7 years (10·35)

cCIMT

Signiﬁcant independent inverse relation between free testosterone
and maximal total cCIMT (p<0·008), androstenedione and mean
cCIMT (p<0·03), and androstenedione and maximal cCIMT (p<0·05);
age, BMI, and blood pressure were also inversely related to cCIMT

Golden et al
(2002)34

182 postmenopausal
cases and
182 postmenopausal
controls

Case-control

61·6 years

CIMT

In the fully adjusted model (highest vs lowest quartile): total
testosterone, OR 0·34 (95% CI 0·16–0·70; p=0·004); SHBG, OR 0·48
(0·24–0·97). No associations between CIMT and oestrone, DHEAS, or
androstenedione

Ouyang et al
(2009)35

1947 postmenopausal
women

Population based

45–84 years

cCIMT and iCIMT

Total testosterone: cCIMT, β=0·018* (95% CI 0·005 to 0·031;
p=0·009); iCIMT, β=0·038 (0·005 to 0·071; p=0·02). Bioavailable
testosterone: cCIMT, β=0·018 (0·007 to 0·032; p=0·002); iCIMT,
β=0·019 (−0·013 to 0·048; p=0·255). SHBG, oestradiol, and DHEA
not signiﬁcantly associated with CIMT in adjusted model

Calderon-Margalit 1629 premenopausal
et al (2010)36
and postmenopausal
women

Population based

37–52 years

CIMT

No association between CIMT and total or free testosterone; SHBG
signiﬁcantly inversely associated with CIMT (p=0·005) across
quartiles

Debing et al
(2007)37

Case-control
convenience
sample

70·4 years

ICA sclerosis

Compared with controls, cases had signiﬁcantly lower mean
concentrations of total testosterone (0·23 μg/L [SD 0·12] vs
0·31 μg/L [0·20]; p=0·043) and free testosterone (3·42 μg/L [1·94] vs
4·59 μg/L [2·97] μg/L; p=0·009); inverse relation between severe ICA
sclerosis and free testosterone (β=–0·234; p=0·028) and
androstenedione (β=–0·241; p=0·028)

Calderon-Margalit 1629 premenopausal
et al (2010)36
and postmenopausal
women

Population based

37–52 years

CAC

No association between CAC and total or free testosterone; SHBG
signiﬁcantly inversely associated with CAC (p=0·008) across quartiles

Ouyang et al
(2009)35

1947 postmenopausal
women

Population based

45–84 years

CAC

Bioavailable testosterone negatively associated with extent of CAC
(β=–0·182, 95%CI −0·345 to −0·018; p=0·030) and positively
associted with SHBG (β=0·298, 0·024 to 0·571; p=0·033); no
association between CAC and total testosterone, oestradiol, or DHEA

Naessen et al
(2010)38

72 postmenopausal
women not using
hormone therapy

Population based
substudy

70 years

Prevalent CVD†

Prevalent CVD associated with indications of lower levels of
androgen precursors, increased aromatase activity, and higher levels
of oestradiol

Sievers et al
(2010)39

2914 premenopausal
and postmenopausal
women

Convenience
sample from
primary care clinics

58 years (14·4, 18–75)

Cardiovascular events When comparing quintile 1 of baseline total testosterone
and total mortality at concentrations with quintile 2–5: adjusted HR 0·62 (95% CI
0·42–0·939) for all-cause mortality and 0·68 (0·48–0·97) for
4·5-year follow-up
cardiovascular events

Laughlin et al
(2010)40

639 postmenopausal
women

Convenience
cohort study

73·8 years (50–91)
at baseline

CAD events at
30-year follow-up
(mean 12·5 years)

When comparing quintile 1 and quintile 5 of baseline bioavailable
testosterone (from samples drawn 1984–87) with quintile 2–5:
quintile 1 of total testosterone vs the higher quintiles, HR 1·72
(95% CI 1·15–2·57; p=0·008); lowest quintile of bioavailable
testosterone vs quintile 3, HR 1·93 (95% CI 1·09–3·43; p=0·025); and
highest quintile of bioavailable testosterone vs quintile 3,
1·84 (1·06–3·19; p=0·032)

Scarabin-Carré
et al (2012)41

628 postmenopausal
women, 537 controls,
and 106 women with
ﬁrst ischaemic arterial
event

Case-cohort study

>65 years at baseline

CAD

No associations with testosterone; total oestradiol, adjusted HR 1·49
(95% CI 1·10–2·02; p=0·01); bioavailable oestradiol, adjusted HR 1·50
(1·11–2·04; p<0·01)

Benn et al (2015)42 4716 premenopausal
and postmenopausal
women

Population-based,
nested prospective
cohort study

59 years (49–65) at baseline

CAD and total
mortality at 30-year
follow-up

Multifactorially adjusted risk for baseline testosterone (from blood
drawn 1981–83) above 95th percentile vs 10th−89th percentile:
risk of IHD increased by 68% (95% CI 34–210) and risk of death
increased by 36% (18–58). Adjusted risk for oestradiol below
5th percentile vs 10th–89th percentiles: risk of IHD increased by
44% (14–81)

Ankle brachial index
Maggio et al
(2012)32
Carotid artery

56 postmenopausal
women with ICA
sclerosis and
56 postmenopausal
controls

Cardiovascular and coronary artery disease

OR=odds ratio. SHBG=sex hormone-binding globulin. cCIMT=common carotid artery intima media thickness. CIMT=carotid artery intima media thickness. DHEAS=dehydroepiandrosterone sulphate.
iCIMT=internal carotid artery intima media thickness. ICA=internal carotid artery. CAC=coronary artery calciﬁcation. DHEA=dehydroepiandrosterone. CVD=cardiovascular disease. HR=hazard ratio. CAD=coronary
artery disease. IHD=ischaemic heart disease. *Units of β are log-unit thicker IMT or 1 log-unit greater hormone level. †Testosterone measured by liquid chromatography mass spectrometry.

Table 2: Studies of the associations between endogenous total and free testosterone and cardiovascular outcomes in women
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risk factors, in women in the study reported by Sievers
and colleagues39 (mean age 58 years) is pertinent for
women at midlife. Only one small study38 used the
sensitive method of LC-MS to measure concentrations of
testosterone. No study has reported on the association
between DHT or any testosterone or DHT metabolites
and the risk of cardiovascular disease. The one study41 to
report on ischaemic stroke as an outcome only included
39 patients and showed no signiﬁcant association with
testosterone.
The association between endogenous testosterone and
the risk of cardiovascular disease cannot be interpreted in
isolation from the eﬀects of SHBG and oestrogen, but few
studies have taken concentrations of SHBG or oestradiol
into account (panel). Overall, the available observational
data suggest that low concentrations of total, free, and
bioavailable testosterone (free and albumin-bound
testosterone) and SHBG in serum are associated with a
greater likelihood of atherosclerotic carotid disease,
cardiovascular events, and total mortality. Furthermore,
extremely high concentrations of endogenous bioavailable
testosterone also seem to increase the future risk of CVD
in women.
Randomised controlled trials have consistently shown
that transdermal testosterone does not adversely aﬀect
known cardiovascular risk factors—namely lipids,
C-reactive protein, haematocrit, coagulation proteins, and

insulin resistance—in women.4,20,53 Overall, randomised
controlled trials of testosterone therapy have not shown
any increase in coronary artery disease, stroke, or
thrombosis, although none of the studies were adequately
powered to investigate the eﬀects of testosterone on
major cardiovascular events. Iellamo and colleagues54
reported on the eﬀects of testosterone therapy in a
randomised controlled trial in which 36 women with preexisting cardiovascular disease in the form of severe
congestive cardiac failure were randomly assigned to
treatment with transdermal testosterone or placebo for
6 months. In this study, women given testosterone had
signiﬁcant improvements in the 6-min walk test, oxygen
consumption, and insulin resistance compared with
those given placebo, and better performance in each of
these tests is associated with better prognosis for
congestive cardiac failure.54 This study does not suggest
that women with congestive cardiac failure should be
given testosterone but rather supports the need for better
understanding of the role of testosterone in the
pathogenesis of cardiovascular disease in women.

Testosterone and cognition
Evidence from basic and clinical studies suggests that sex
steroids aﬀect cognitive decline and progression to
dementia in women. Findings from basic studies55,56 have
shown that oestradiol and testosterone are neuroprotective

Panel: Taking sex hormone-binding globulin into account
Testosterone in women is most often considered in the context
of excess concentrations and polycystic ovary syndrome.
Hyperinsulinaemia, androgen excess, and the metabolic
syndrome characterise polycystic ovary syndrome. A hallmark of
polycystic ovary syndrome is low concentrations of sex
hormone-binding globulin (SHBG), which, in turn, are
associated with the higher risk proﬁle for cardiovascular disease
seen in this disorder. Strong evidence shows that SHBG is
metabolically important and not simply a transport protein for
sex steroids. It has emerged as an independent marker of
insulin resistance and risk of type 2 diabetes44 and has been
implicated in the pathogenesis of type 2 diabetes and
cardiovascular disease in women.44,45 Strong independent and
highly statistically signiﬁcant inverse associations between
insulin resistance and SHBG and between BMI and SHBG have
been shown.46 These associations are independent of
endogenous oestrogen and androgen concentrations.46
In postmenopausal women, low concentrations of SHBG but
not high concentrations of total testosterone are signiﬁcantly
associated with a more adverse lipid proﬁle (high
concentrations of triglycerides and low concentrations of HDL
cholesterol),47 visceral fat accumulation,48 and increased risk of
diabetes.44 Strong inverse associations between SHBG and
C-reactive protein and between SHBG and diastolic blood
pressure have been reported in postmenopausal women after
adjusting for other variables.46 Single nucleotide
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polymorphisms (SNPs) in the SHBG gene are associated with
variations in SHBG concentrations.44 However, SNP variants
explain only about 2% of the variance in SHBG.44 About 34% of
the variance in postmenopausal women can be accounted for
by insulin resistance, BMI, and diastolic blood pressure.46,47
Accumulation of fat in the liver might modulate hepatic
production of SHBG by an insulin-independent mechanism.49
Furthermore, physiological concentrations of fructose and
glucose suppress production of SHBG in animal models, with
dietary fructose having a marked eﬀect.50 The association
between insulin resistance and SHBG is abolished after
adjusting for fat in the liver, whereas the inverse association
between SHBG and fasting glycaemia is not.44,45 Consistent with
this, dietary intervention that reduces liver fat is associated with
an increase in SHBG, an eﬀect that seems to be independent of
insulin resistance.44,45 In postmenopausal women, the free
androgen index (FAI, calculated as total
testosterone ÷ SHBG × 100), but not total testosterone, is
associated with the metabolic syndrome and an increased risk
of cardiovascular disease.51,52 Thus, concentrations of SHBG but
not testosterone explain the association between FAI and free
fraction of testosterone—and other sex steroids—in plasma, but
low concentrations of SHBG are an independent risk factor for
insulin resistance, type 2 diabetes, and adverse lipid proﬁle in
young women and women at midlife.44,46,47
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and have anti-inﬂammatory actions within the brain.
Concentrations of testosterone in the human female
brain during the reproductive years are several times
greater than concentrations of oestradiol.57 As outlined in
a previous review,58 testosterone within the brain is
protective against oxidative stress, serum deprivationinduced apoptosis, and soluble amyloid β (Aβ) toxicity.
Some of these eﬀects are blocked by inhibition of
oestrogen biosynthesis in animal models, which suggests
that they are mediated by oestrogen. Protection against
Aβ toxicity by testosterone seems to involve an androgen
receptor-dependent mechanism that leads to upregulation
of the Aβ-catabolising enzyme neprilysin.58
Studies of testosterone in women have yielded diﬀering
ﬁndings according to the age of women studied, dose
of testosterone used, and study duration. In a study of
26 healthy premenopausal women, acute replication
of male testosterone concentrations (after one dose of
testosterone resulting in a ten-times greater concentration
of testosterone in serum) enhanced visuospatial ability;
eﬀects on verbal learning and memory were not
investigated.59,60
The eﬀects of low concentrations of testosterone and
treatment with testosterone have been explored in
observational and clinical trials in postmenopausal women.
In a small study61 of 39 elderly women (aged 65–90 years),
higher concentrations of endogenous testosterone, but not
oestradiol, were associated with superior verbal ﬂuency but
not verbal memory, whereas high concentrations of both
hormones in another 38 women (mean age 68 years) were
associated with better verbal memory performance.59,60,62
Two studies investigated the eﬀects of 40 mg/day
testosterone undecanoate given orally in postmenopausal
women.63,64 In one study,63 this dose of testosterone
undecanoate resulted in supraphysiological concentrations
of testosterone, with a median value in the order of
7 nmol/L—more than three times the upper limit of
normal for young women—and more than ten times the
concentration of DHT in the ﬁrst 4 h after dosing. A 4-week
placebo-controlled study64 in postmenopausal women aged
50–65 years reported no eﬀects of testosterone undecanoate
treatment on verbal ﬂuency, verbal memory, or spatial
ability, although the duration of exposure might have been
too short to result in meaningful eﬀects. In another small,
randomised, placebo-controlled study65 in 50 women,
addition of the same dose of oral testosterone undecanoate
to oral estradiol over 24 weeks was associated with a
reduction in immediate memory but no other eﬀects on
cognitive performance.
Subsequent studies of cognition in postmenopausal
women have investigated restoration of concentrations
of testosterone in serum to those seen in healthy
premenopausal women. These studies have shown
predominantly favourable eﬀects on verbal learning and
memory. In an open-label, functional imaging study66 of
the brain in naturally and surgically postmenopausal
women aged 47–60 years who were using oestrogen,

treatment with transdermal testosterone spray for
6 months was associated with a reduction in neuronal
recruitment (assessed by reduced blood oxygen
level-dependent MRI signal intensity in the parietal lobe)
during mental rotation and verbal ﬂuency tasks but with
no change in performance, accuracy, or speed. These
eﬀects were not seen in women randomly assigned to
oral oestrogen–progestin treatment or placebo in a
parallel study in the same setting.67 A signiﬁcant
improvement in verbal learning and memory, including
an improvement in delayed recall, was seen in a pilot
study68 in nine naturally and surgically postmenopausal
women using transdermal estradiol who were given
transdermal testosterone for 26 weeks, whereas scores
were unchanged in the control group of 30 women.
To further investigate the ﬁndings from open-label and
pilot studies, a double-blind, randomised, placebocontrolled trial69 investigated the eﬀects of daily
testosterone gel in naturally postmenopausal women
aged 55–65 years who were not taking concurrent
oestrogen. After adjustment for age and baseline score,
improvements in verbal learning and memory over
6 months were statistically signiﬁcant compared with
placebo.69 The participants were not cognitively impaired
at baseline and the improvement was within the normal
range of cognitive function for age.
Cherrier and colleagues70 reported on a small study in
men that showed that testosterone needs to be converted
to oestradiol to exert an eﬀect on verbal memory. In this
study, in which hypogonadal men given weekly
intramuscular testosterone were randomly allocated to
daily aromatase inhibitor therapy or placebo,70 the placebo
group had a signiﬁcant increase in mean concentration
of oestradiol, whereas the aromatase inhibitor group
remained oestrogen deplete. In the placebo group, mean
verbal memory score was lower at baseline and showed a
signiﬁcant increase from baseline, but the score was not
signiﬁcantly diﬀerent to that in the aromatase inhibitor
group at study end,70 so the ﬁndings were inconclusive.
Shah and colleagues71 studied whether aromatase
inhibition impedes testosterone’s eﬀects on cognition in
postmenopausal women. 76 postmenopausal women,
who had been using transdermal estradiol for at least
8 weeks, were started on transdermal testosterone at a
dose that resulted in free testosterone concentrations at
the upper limit of normal for young women, and
randomly allocated to an aromatase inhibitor or identical
placebo. Use of an aromatase inhibitor did not modify
any measured cognitive outcomes, which included verbal
memory and visual reproduction. Whereas the men in
Cherrier and colleagues’ study70 were oestrogen deplete
at baseline, the women in the study reported by Shah and
colleagues71 were on oestrogen therapy before and during
administration of testosterone, such that hormonal
eﬀects on verbal memory that require the action of
oestradiol were achieved by oestrogen therapy in both
groups of women.
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In summary, appropriately powered observational and
interventional studies have shown an association between
verbal learning and memory and physiological
concentrations of testosterone given exogenously to
postmenopausal women. Simulation of male concentrations of testosterone in premenopausal women
enhances visuospatial performance, but the eﬀects of male
concentrations of testosterone on verbal learning and
memory have not been studied in premenopausal women.
The eﬀects of testosterone on verbal learning and memory
in postmenopausal women seem not to rely on
aromatisation to oestradiol. The statistically signiﬁcant
improvements in verbal memory seen with testosterone
therapy in studies of postmenopausal women suggest that
further investigation of testosterone to enhance cognitive
performance or delay cognitive decline is warranted but
currently do not justify the use of testosterone for this
purpose.

Musculoskeletal eﬀects of testosterone
The androgen receptor is expressed in osteoblasts and
osteocytes.72 In men, the skeletal eﬀects of androgens
seem to be mediated directly through androgen receptors
and indirectly by aromatisation to oestrogen, but the
latter mechanism seems to dominate in women.72
In women in their late reproductive years, lower
concentrations of free testosterone but not oestradiol are
associated with a statistically signiﬁcant decline in bone
mineral density (BMD) of more than 1% per year.73 In
women aged 67–94 years, endogenous total testosterone
has been positively associated with hip and lumbar BMD
and free testosterone has been positively associated with
hip BMD.74 In the Women’s Health Initiative
observational study, higher concentrations of endogenous
bioavailable testosterone were associated with lower
occurrences of hip fracture independent of concentrations
of oestradiol and SHBG.75 Data for the eﬀects of
exogenous testosterone on bone in women are scant.
In a small study76 in 34 postmenopausal women in
whom estradiol plus testosterone implants or estradiol
implants alone were inserted every 3 months for 2 years,
signiﬁcantly greater increases in BMD were reported in
the combined treatment group (ﬁgure 3). In a 2-year
randomised controlled trial77 of oral conjugated equine
oestrogen with and without methyltestosterone in
311 postmenopausal women, increases in BMD at the
hip and spine were greater for the group given
methyltestosterone. In a smaller study78 of 66 surgically
menopausal women, the addition of methyltestosterone
to oral estradiol was not associated with increased BMD
at the hip, and, although the increase seen at the lumbar
spine was greater than at baseline, the increase with
methyltestosterone was not signiﬁcantly diﬀerent to that
with estradiol alone. The women in these studies did not
have osteoporosis at baseline.
In a study79 of 51 women with hypopituitarism, a
greater increase in BMD at the hip was seen in those
8

given a 300 μg transdermal testosterone patch plus
estradiol than those given estradiol alone; a similar eﬀect
was not seen at the lumbar spine. By contrast, treatment
with a 150 μg transdermal testosterone patch added to
estradiol and progestin therapy in 73 women with
primary ovarian insuﬃciency failed to show beneﬁt for
BMD compared with treatment of 72 women with
estradiol–progestin alone.80 No randomised controlled
trial has reported on the eﬀect of treatment with
testosterone on fracture in women.
With respect to body composition, high concentrations
of endogenous free testosterone have been directly
associated with greater lean body mass in women aged
67–94 years.74 Randomised controlled trials76,81 have shown
greater increases in lean body mass and strength and
greater reductions in percentage of fat in postmenopausal
women given combined oestrogen and testosterone
compared with oestrogen alone.
In summary, although ﬁndings of epidemiological
studies suggest that testosterone has an important
anabolic role for muscle and bone, clinical trials have
been small and mostly of short duration, so the eﬀects of
testosterone therapy on musculoskeletal health and the
risk of fracture remain uncertain.

Testosterone and gynaecological cancer
Breast cancer
Breast carcinomas diﬀer in histopathology, expression
and bioactivity of hormone receptors, and pathophysiology. High-level evidence links the risk of breast
cancer to age, age at menarche, family history, gene
mutations, parity, obesity, and smoking.82 Duration of
lifetime exposure to oestrogen has been proposed as a
central mechanism in the pathophysiology of breast
cancer;82 however, the relation between androgens and the
risk of breast cancer is unclear. Hyperandrogenism in
women because of polycystic ovary syndrome or high-dose
androgen therapy in female-to-male transsexuals does not
increase the risk of breast cancer.83 High concentrations of
bioactivity of the oestrogen receptor α have been proposed
to increase the risk of breast cancer, and expression of
androgen receptors has been proposed to exert a growthinhibitory eﬀect in tumours positive for the oestrogen
receptor α and is related to better prognosis in tumours
negative for the oestrogen receptor α.84 However, the
action of the androgen receptor in diﬀerent subtypes of
breast cancer is incompletely understood.85
Preclinical studies have shown testosterone to be
antiproliferative and pro-apoptotic in some breast cancer
cell lines.85 Two large epidemiological studies86,87 have
reported on endogenous testosterone and the risk of
breast cancer in premenopausal and postmenopausal
women. The ﬁrst was a pooled study86 of seven prospective
observational studies of the risk of breast cancer in
premenopausal women, including 767 cases and
1699 matched controls. High endogenous concentrations
of total testosterone, androstenedione, DHEAS, total and
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free oestradiol, and oestrone were each independently
associated with an increased risk of breast cancer but
free testosterone was not.86 In the second study,87 a
collaborative, pooled analysis of 18 prospective
observational studies comparing postmenopausal
women with breast cancer and postmenopausal controls,
positive associations, with statistically signiﬁcant linear
trends, were seen for oestradiol, oestrone, and the risk of
breast cancer irrespective of assay methods. An
association between total testosterone and the risk of
breast cancer was seen when testosterone was measured
by extraction and direct assays but not by LC-MS.87
Although the studies in this pooled analysis87 that used
LC-MS only included 227 cases and 227 controls, the
ﬁndings do raise doubt about conclusions that can be
drawn from studies using less sensitive assays.
Additionally, an association identiﬁed in epidemiological
research does not infer causation.
An important limitation of the studies described above—
and of most studies in this ﬁeld—is the assumption that
testosterone, oestradiol, and oestrone can be included in
analyses as independent variables without taking
concentrations of oestrogen into account. Aromatase is the
crucial enzyme that converts androgens to oestrogens
within the breast and that drives progression of breast
cancer.88 Along with the risk of breast cancer, aromatase
gene expression increases with age.89 In postmenopausal
women, circulating oestrone and oestradiol are derived
from non-gonadal biosynthesis, such that concentrations
of hormones in plasma provide a crude measure of what is
happening at the tissue level.90 Another limitation of
observational studies is that measurement of a single
hormone is a poor proxy for lifetime cumulative exposure
to that hormone, which will have age-related, cyclical, and
circadian ﬂuctuations.
An increased risk of invasive breast cancer was not
seen across the clinical trial programme for the
testosterone patch, which included studies up to 2 years
in duration.91 Analyses of data from the Nurses Health
Study92 suggested that current but not past users of
oral methyltestosterone—a non-aromatisable synthetic
androgen—were at increased risk of breast cancer. In
total, 32 breast cancers were reported for 5628 years of
follow-up, the women’s mean age was 61·5 years, and
those who reported using methyltestosterone had a
worse risk proﬁle for breast cancer, in that they were
younger, leaner, more likely to have benign breast
disease (55%), and consumed more alcohol than
controls. Importantly, the reason women were
prescribed methyltestosterone was not known. An
increased risk of breast cancer in current users of
methyltestosterone has not been supported by other
studies93,94 with this drug that have taken into account
concurrent use of oestrogen and progestin. Two
observational studies95,96 of the risk of breast cancer
associated with testosterone implant therapy and
transdermal testosterone, which included a similar
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Figure 3: Eﬀects of estradiol and estradiol plus testosterone implants on bone
mineral density at the lumbar spine and femoral trochanter and for total body
Error bars represent the standard error of the diﬀerence (SED). Inner error bars
are used to compare means between times for the same treatment and outer
error bars for the between-group diﬀerence. If error bars do not overlap, the
diﬀerence is greater than 2 SEDs and the means are signiﬁcantly diﬀerent
(p≤0·05). Reproduced from Davis and colleagues,76 by permission of Elsevier.

number of users and duration of follow-up as the
Nurses Health Study, reported that the risk for current
users is not above the background risk in the community.
Glaser and Dimitrakakis97 reported 142 cases of invasive
breast cancer per 100 000 person-years for women given
testosterone implants compared with a background
community rate of 293 per 100 000 person-years;
however, the level of testosterone achieved in that study
was in the low range for men.
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Search strategy and selection criteria
We did a comprehensive literature search of articles published
in English in MEDLINE, Scopus, and the Cochrane Library
between February, 2015, and May, 2015. We used the search
terms “testosterone women” or “androgens women” in
combination with the terms “sexual function”, “SHBG”,
“cardiovascular disease”, “bone”, “muscle”, “vaginal atrophy”,
“cognition”, and “cancer”. We largely selected publications
from the past 10 years but did not exclude widely referenced
and highly regarded older publications. We also searched the
reference lists of articles identiﬁed by this search strategy and
selected those we judged to be relevant. Review articles and
book chapters are cited to provide readers with more details
and more references than could be included in this Review.

In summary, epidemiological studies that have shown
positive associations between endogenous concentrations
of testosterone and the risk of breast cancer have
substantial limitations. Preclinical studies suggest
protective eﬀects for some subtypes of cancer.
Observational studies have consistently shown no increase
in the risk of breast cancer in past users of exogenous
testosterone,92,96 one of three studies92–94 showed an
increased risk in current users of methyltestosterone, and
three studies of parenteral testosterone95–97 have shown no
increase in risk for current users. An increased risk of
invasive breast cancer was not seen across the reported
studies for three doses of the transdermal testosterone
patch. No reported clinical trial has been of suﬃcient
duration to provide certainty about the safety of exogenous
testosterone in terms of breast cancer, such that the eﬀects
of long-term use remain uncertain. A large safety study of
transdermal testosterone versus placebo in women at
increased risk of cardiovascular disease accrued more
than 7000 women-years of data;98,99 despite the safety
monitoring committee recommending continuation of
this study after six unblinded reviews, the study was halted
because of insuﬃcient funds and the data have not been
made public.

Ovarian and endometrial cancer
The role of endogenous androgens in ovarian carcinogenesis is not well understood. A large prospective
study100 that compared 565 cases of invasive epithelial
ovarian cancer with 1097 matched controls showed no
association between androgens and overall risk of
invasive epithelial ovarian cancer. Negative associations
between androstenedione and high-grade and type II
serous carcinomas and positive associations with lowgrade, type I carcinomas were reported, which suggests
that androgens could have both protective and
procarcinogenic roles.100 No adjustment for level of
oestradiol was made, so it is not possible to conclude
whether this is a direct eﬀect of the androgen or occurs
via its aromatisation to oestrogens.
10

Exogenous testosterone has not been independently
associated with the risk of endometrial cancer.101 In
female-to-male transsexuals, testosterone is antiproliferative in the endometrium,102 with no evidence of
endometrial proliferation in a randomised controlled trial
of testosterone done over 12 months.19 Overall, data for
this outcome are scarce.

Conclusion
In 2004, an expert panel from the US Food and Drug
Administration decided that transdermal testosterone is
an eﬀective treatment for hypoactive sexual desire disorder
but that documentation of its diverse actions and safety in
women was insuﬃcient.103 This highlights the extent to
which research into the role of testosterone and other
androgens in women lags behind that in men. Most of the
new information is from secondary outcomes of large
randomised controlled trials undertaken to investigate
testosterone for the treatment of hypoactive sexual desire
disorder. Hence, understanding of the physiology and
tissue-speciﬁc eﬀects of androgens in women remains
incomplete. Given that androgen receptors in women
have been isolated in most tissues and that testosterone
circulates at higher concentrations than oestradiol during
the premenopausal and postmenopausal years, better
understanding of the action of testosterone and the result
of androgen insuﬃciency is needed.
This Review suggests that testosterone has been
overlooked as a hormone with potentially favourable
cardiovascular eﬀects in women and that associations
between testosterone and the risk of cardiovascular disease
and total mortality in older women are yet to be established.
Possible beneﬁcial eﬀects of testosterone on cardiovascular
function need further investigation. The few studies that
suggest favourable eﬀects of testosterone on cognitive
performance are provocative, such that further studies are
warranted to determine whether testosterone therapy can
delay mild cognitive decline and possibly even dementia.
High-quality clinical trials assessing the eﬀects of
testosterone on musculoskeletal health and the risk of
fragility fractures are also needed. Most pressing is the
need for research to clarify whether testosterone therapy
modiﬁes the risk of breast cancer in premenopausal and
postmenopausal women, because this is the issue that
concerns most clinicians when considering prescribing
testosterone for female sexual dysfunction.
Treatment with testosterone should be considered but
should not be routine in the management of women
with a premature decline in production of testosterone,
speciﬁcally women with premature ovarian failure,
surgical menopause, and hypopituitarism. The updated
clinical practice guideline on androgen therapy from The
Endocrine Society4 includes recommendations for the
use of testosterone in women. However, the studies
proposed above are needed to inform future guidelines
with respect to the role of testosterone in the prevention
of diseases of ageing and the safety of such treatment.

www.thelancet.com/diabetes-endocrinology Published online September 8, 2015 http://dx.doi.org/10.1016/S2213-8587(15)00284-3

Review

Contributors
SRD and SW-J collaboratively searched the scientiﬁc literature, interpreted
the ﬁndings, prepared the report, and reviewed the ﬁnal report.

18

Declaration of interests
SRD is a consultant and investigator for Trimel Pharmaceuticals, an
investigator for Lawley Pharmaceuticals, and has received honoraria
from Abbott Pharmaceuticals. SW-J has received a speaker honorarium
from Novo Nordisk Scandinavia.

19

Acknowledgments
SRD is an Australian National Health and Medical Research Council
Research Fellow (grant number 1041853). This funding source had no
role in the production of this work.
References
1
Simpson ER, Davis SR. Minireview: aromatase and the regulation
of estrogen biosynthesis—some new perspectives. Endocrinology
2001; 142: 4589–94.
2
Wahlin-Jacobsen S, Pedersen AT, Kristensen E, et al. Is there a
correlation between androgens and sexual desire in women?
J Sex Med 2015; 2: 358–73.
3
Randolph JF Jr, Zheng H, Avis NE, Greendale GA, Harlow SD.
Masturbation frequency and sexual function domains are associated
with serum reproductive hormone levels across the menopausal
transition. J Clin Endocrinol Metab 2015; 100: 258–66.
4
Wierman ME, Arlt W, Basson R, et al. Androgen therapy in women:
a reappraisal: an Endocrine Society clinical practice guideline.
J Clin Endocrinol Metab 2014; 99: 3489–510.
5
Davis SR, Panjari M, Stanczyk FZ. Clinical review: DHEA
replacement for postmenopausal women.
J Clin Endocrinol Metab 2011; 96: 1642–53.
6
Rothman MS, Carlson NE, Xu M, et al. Reexamination of
testosterone, dihydrotestosterone, estradiol and estrone levels
across the menstrual cycle and in postmenopausal women
measured by liquid chromatography-tandem mass spectrometry.
Steroids 2011; 76: 177–82.
7
Bungum L, Franssohn F, Bungum M, Humaidan P, Giwercman A.
The circadian variation in Anti-Müllerian hormone in patients with
polycystic ovary syndrome diﬀers signiﬁcantly from normally
ovulating women. PLoS One 2013; 8: e68223.
8
Davison SL, Bell R, Donath S, Montalto JG, Davis SR. Androgen
levels in adult females: changes with age, menopause, and
oophorectomy. J Clin Endocrinol Metab 2005; 90: 3847–53.
9
Burger HG, Dudley EC, Cui J, Dennerstein L, Hopper JL.
A prospective longitudinal study of serum testosterone,
dehydroepiandrosterone sulfate, and sex hormone-binding globulin
levels through the menopause transition. J Clin Endocrinol Metab
2000; 85: 2832–38.
10 Chen W, Zouboulis CC, Orfanos CE. The 5 alpha-reductase system
and its inhibitors. Recent development and its perspective in
treating androgen-dependent skin disorders. Dermatology 1996;
193: 177–84.
11 Herold DA, Fitzgerald RL. Immunoassays for testosterone in
women: better than a guess? Clin Chem 2003; 49: 1250–51.
12 Harwood DT, Handelsman DJ. Development and validation of a
sensitive liquid chromatography-tandem mass spectrometry assay
to simultaneously measure androgens and estrogens in serum
without derivatization. Clin Chim Acta 2009; 409: 78–84.
13 Legro RS, Schlaﬀ WD, Diamond MP, et al, and the Reproductive
Medicine Network. Total testosterone assays in women with
polycystic ovary syndrome: precision and correlation with
hirsutism. J Clin Endocrinol Metab 2010; 95: 5305–13.
14 Davis SR, Davison SL, Donath S, Bell RJ. Circulating androgen
levels and self-reported sexual function in women. JAMA 2005;
294: 91–96.
15 Basson R, Brotto LA, Petkau AJ, Labrie F. Role of androgens in
women’s sexual dysfunction. Menopause 2010; 17: 962–71.
16 Rosen R, Brown C, Heiman J, et al. The Female Sexual Function
Index (FSFI): a multidimensional self-report instrument for the
assessment of female sexual function. J Sex Marital Ther 2000;
26: 191–208.
17 American Psychiatric Association. Diagnostic and statistical
manual of mental disorders. Washington, DC: American
Psychiatric Press, 1994.

20

21

22

23
24

25

26

27

28
29

30

31

32

33

34

35

36

37

38

Elraiyah T, Sonbol MB, Wang Z, et al. Clinical review: The beneﬁts
and harms of systemic testosterone therapy in postmenopausal
women with normal adrenal function: a systematic review and
meta-analysis. J Clin Endocrinol Metab 2014; 99: 3543–50.
Davis SR, Moreau M, Kroll R, et al, and the APHRODITE Study
Team. Testosterone for low libido in postmenopausal women not
taking estrogen. N Engl J Med 2008; 359: 2005–17.
Somboonporn W, Davis S, Seif MW, Bell R. Testosterone for
peri- and postmenopausal women. Cochrane Database Syst Rev
2005; 4: CD004509.
Baldassarre M, Perrone AM, Giannone FA, et al. Androgen receptor
expression in the human vagina under diﬀerent physiological and
treatment conditions. Int J Impot Res 2013; 25: 7–11.
Berman JR, Almeida FG, Jolin J, Raz S, Chaudhuri G,
Gonzalez-Cadavid NF. Correlation of androgen receptors,
aromatase, and 5-alpha reductase in the human vagina with
menopausal status. Fertil Steril 2003; 79: 925–31.
Salinger SL. Proliferative eﬀect of testosterone propionate on human
vaginal epithelium. Acta Endocrinol (Copenh) 1950; 4: 265–84.
Raghunandan C, Agrawal S, Dubey P, Choudhury M, Jain A.
A comparative study of the eﬀects of local estrogen with or without
local testosterone on vulvovaginal and sexual dysfunction in
postmenopausal women. J Sex Med 2010; 7: 1284–90.
Fernandes T, Costa-Paiva LH, Pinto-Neto AM. Eﬃcacy of vaginally
applied estrogen, testosterone, or polyacrylic acid on sexual function
in postmenopausal women: a randomized controlled trial.
J Sex Med 2014; 11: 1262–70.
Witherby S, Johnson J, Demers L, et al. Topical testosterone for
breast cancer patients with vaginal atrophy related to aromatase
inhibitors: a phase I/II study. Oncologist 2011; 16: 424–31.
Spoletini I, Vitale C, Pelliccia F, Fossati C, Rosano GM. Androgens
and cardiovascular disease in postmenopausal women: a systematic
review. Climacteric 2014; 17: 625–34.
Jones RD, Hugh Jones T, Channer KS. The inﬂuence of testosterone
upon vascular reactivity. Eur J Endocrinol 2004; 151: 29–37.
Worboys S, Kotsopoulos D, Teede H, McGrath BP, Davis SR.
Evidence that parenteral testosterone therapy may improve
endothelium-dependent and -independent vasodilation in
postmenopausal women already receiving estrogen.
J Clin Endocrinol Metab 2001; 86: 158–61.
Montalcini T, Gorgone G, Gazzaruso C, Sesti G, Perticone F,
Pujia A. Endogenous testosterone and endothelial function in
postmenopausal women. Coron Artery Dis 2007; 18: 9–13.
Navarro-Dorado J, Orensanz LM, Recio P, et al. Mechanisms
involved in testosterone-induced vasodilatation in pig prostatic
small arteries. Life Sci 2008; 83: 569–73.
Maggio M, Cattabiani C, Lauretani F, et al. The relationship
between sex hormones, sex hormone binding globulin and
peripheral artery disease in older persons. Atherosclerosis 2012;
225: 469–74.
Bernini GP, Sgro’ M, Moretti A, et al. Endogenous androgens and
carotid intimal-medial thickness in women. J Clin Endocrinol Metab
1999; 84: 2008–12.
Golden SH, Maguire A, Ding J, et al. Endogenous postmenopausal
hormones and carotid atherosclerosis: a case-control study of the
atherosclerosis risk in communities cohort. Am J Epidemiol 2002;
155: 437–45.
Ouyang P, Vaidya D, Dobs A, et al. Sex hormone levels and
subclinical atherosclerosis in postmenopausal women: the MultiEthnic Study of Atherosclerosis. Atherosclerosis 2009; 204: 255–61.
Calderon-Margalit R, Schwartz SM, Wellons MF, et al. Prospective
association of serum androgens and sex hormone-binding globulin
with subclinical cardiovascular disease in young adult women: the
“Coronary Artery Risk Development in Young Adults” women’s
study. J Clin Endocrinol Metab 2010; 95: 4424–31.
Debing E, Peeters E, Duquet W, Poppe K, Velkeniers B,
Van den Brande P. Endogenous sex hormone levels in
postmenopausal women undergoing carotid artery endarterectomy.
Eur J Endocrinol 2007; 156: 687–93.
Naessen T, Sjogren U, Bergquist J, Larsson M, Lind L,
Kushnir MM. Endogenous steroids measured by high-speciﬁcity
liquid chromatography-tandem mass spectrometry and prevalent
cardiovascular disease in 70-year-old men and women.
J Clin Endocrinol Metab 2010; 95: 1889–97.

www.thelancet.com/diabetes-endocrinology Published online September 8, 2015 http://dx.doi.org/10.1016/S2213-8587(15)00284-3

11

Review

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

12

Sievers C, Klotsche J, Pieper L, et al. Low testosterone levels predict
all-cause mortality and cardiovascular events in women: a prospective
cohort study in German primary care patients. Eur J Endocrinol 2010;
163: 699–708.
Laughlin GA, Goodell V, Barrett-Connor E. Extremes of
endogenous testosterone are associated with increased risk of
incident coronary events in older women. J Clin Endocrinol Metab
2010; 95: 740–47.
Scarabin-Carré V, Canonico M, Brailly-Tabard S, et al. High level of
plasma estradiol as a new predictor of ischemic arterial disease in
older postmenopausal women: the three-city cohort study.
J Am Heart Assoc 2012; 1: e001388.
Benn M, Voss SS, Holmegard HN, Jensen GB, Tybjærg-Hansen A,
Nordestgaard BG. Extreme concentrations of endogenous sex
hormones, ischemic heart disease, and death in women.
Arterioscler Thromb Vasc Biol 2015; 35: 471–77.
Haring R, Hannemann A, John U, et al. Age-speciﬁc reference
ranges for serum testosterone and androstenedione concentrations
in women measured by liquid chromatography-tandem mass
spectrometry. J Clin Endocrinol Metab 2012; 97: 408–15.
Ding EL, Song Y, Manson JE, et al. Sex hormone-binding globulin
and risk of type 2 diabetes in women and men. N Engl J Med 2009;
361: 1152–63.
Peter A, Kantartzis K, Machann J, et al. Relationships of circulating
sex hormone-binding globulin with metabolic traits in humans.
Diabetes 2010; 59: 3167–73.
Davis SR, Robinson PJ, Moufarege A, Bell RJ. The contribution of
SHBG to the variation in HOMA-IR is not dependent on
endogenous oestrogen or androgen levels in postmenopausal
women. Clin Endocrinol (Oxf) 2012; 77: 541–47.
Worsley R, Robinson PJ, Bell RJ, Moufarege A, Davis SR.
Endogenous estrogen and androgen levels are not independent
predictors of lipid levels in postmenopausal women.
Menopause 2013; 20: 640–45.
Janssen I, Powell LH, Kazlauskaite R, Dugan SA. Testosterone and
visceral fat in midlife women: the Study of Women’s Health Across
the Nation (SWAN) fat patterning study. Obesity (Silver Spring) 2010;
18: 604–10.
Pugeat M, Nader N, Hogeveen K, Raverot G, Déchaud H, Grenot C.
Sex hormone-binding globulin gene expression in the liver: drugs
and the metabolic syndrome. Mol Cell Endocrinol 2010; 316: 53–59.
Selva DM, Hogeveen KN, Innis SM, Hammond GL.
Monosaccharide-induced lipogenesis regulates the human hepatic
sex hormone-binding globulin gene. J Clin Invest 2007; 117: 3979–87.
Golden SH, Ding J, Szklo M, Schmidt MI, Duncan BB, Dobs A.
Glucose and insulin components of the metabolic syndrome are
associated with hyperandrogenism in postmenopausal women: the
atherosclerosis risk in communities study. Am J Epidemiol 2004;
160: 540–48.
Sutton-Tyrrell K, Wildman RP, Matthews KA, et al, and the SWAN
Investigators. Sex-hormone-binding globulin and the free androgen
index are related to cardiovascular risk factors in multiethnic
premenopausal and perimenopausal women enrolled in the Study of
Women Across the Nation (SWAN). Circulation 2005; 111: 1242–49.
Davis SR, Papalia MA, Norman RJ, et al. Safety and eﬃcacy of a
testosterone metered-dose transdermal spray for treating decreased
sexual satisfaction in premenopausal women: a randomized trial.
Ann Intern Med 2008; 148: 569–77.
Iellamo F, Volterrani M, Caminiti G, et al. Testosterone therapy in
women with chronic heart failure: a pilot double-blind, randomized,
placebo-controlled study. J Am Coll Cardiol 2010; 56: 1310–16.
Rosario ER, Chang L, Head EH, Stanczyk FZ, Pike CJ. Brain levels
of sex steroid hormones in men and women during normal aging
and in Alzheimer’s disease. Neurobiol Aging 2011; 32: 604–13.
Brown CM, Mulcahey TA, Filipek NC, Wise PM. Production of
proinﬂammatory cytokines and chemokines during
neuroinﬂammation: novel roles for estrogen receptors alpha and
beta. Endocrinology 2010; 151: 4916–25.
Bixo M, Bäckström T, Winblad B, Andersson A. Estradiol and
testosterone in speciﬁc regions of the human female brain in diﬀerent
endocrine states. J Steroid Biochem Mol Biol 1995; 55: 297–303.
Pike CJ, Carroll JC, Rosario ER, Barron AM. Protective actions of
sex steroid hormones in Alzheimer’s disease.
Front Neuroendocrinol 2009; 30: 239–58.

59

60

61

62

63

64

65

66

67

68

69

70

71

72
73

74

75

76

77

78

Aleman A, Bronk E, Kessels RP, Koppeschaar HP, van Honk J.
A single administration of testosterone improves visuospatial ability
in young women. Psychoneuroendocrinology 2004; 29: 612–17.
Postma A, Meyer G, Tuiten A, van Honk J, Kessels RP, Thijssen J.
Eﬀects of testosterone administration on selective aspects of
object-location memory in healthy young women.
Psychoneuroendocrinology 2000; 25: 563–75.
Drake EB, Henderson VW, Stanczyk FZ, et al. Associations between
circulating sex steroid hormones and cognition in normal elderly
women. Neurology 2000; 54: 599–603.
Wolf OT, Kirschbaum C. Endogenous estradiol and testosterone
levels are associated with cognitive performance in older women
and men. Horm Behav 2002; 41: 259–66.
Flöter A, Carlström K, von Schoultz B, Nathorst-Böös J.
Administration of testosterone undecanoate in postmenopausal
women: eﬀects on androgens, estradiol, and gonadotrophins.
Menopause 2000; 7: 251–56.
Kocoska-Maras L, Zethraeus N, Rådestad AF, et al. A randomized
trial of the eﬀect of testosterone and estrogen on verbal ﬂuency,
verbal memory, and spatial ability in healthy postmenopausal
women. Fertil Steril 2011; 95: 152–57.
Möller MC, Bartfai AB, Rådestad AF. Eﬀects of testosterone and
estrogen replacement on memory function. Menopause 2010;
17: 983–89.
Davis SR, Davison SL, Gavrilescu M, et al. Eﬀects of testosterone on
visuospatial function and verbal ﬂuency in postmenopausal women:
results from a functional magnetic resonance imaging pilot study.
Menopause 2014; 21: 410–14.
Davison SL, Bell RJ, Robinson PJ, et al. Continuous-combined oral
estradiol/drospirenone has no detrimental eﬀect on cognitive
performance and improves estrogen deﬁciency symptoms in early
postmenopausal women: a randomized placebo-controlled trial.
Menopause 2013; 20: 1020–26.
Davison SL, Bell RJ, Gavrilescu M, et al. Testosterone improves
verbal learning and memory in postmenopausal women: Results
from a pilot study. Maturitas 2011; 70: 307–11.
Davis SR, Jane F, Robinson PJ, et al. Transdermal testosterone
improves verbal learning and memory in postmenopausal
women not on oestrogen therapy. Clin Endocrinol (Oxf) 2014;
81: 621–28.
Cherrier MM, Matsumoto AM, Amory JK, et al. The role of
aromatization in testosterone supplementation: eﬀects on cognition
in older men. Neurology 2005; 64: 290–96.
Shah S, Bell RJ, Savage G, et al. Testosterone aromatization and
cognition in women: a randomized, placebo-controlled trial.
Menopause 2006; 13: 600–08.
Clarke BL, Khosla S. Androgens and bone. Steroids 2009;
74: 296–305.
Slemenda C, Longcope C, Peacock M, Hui S, Johnston CC. Sex
steroids, bone mass, and bone loss. A prospective study of
pre-, peri-, and postmenopausal women. J Clin Invest 1996;
97: 14–21.
Rariy CM, Ratcliﬀe SJ, Weinstein R, et al. Higher serum free
testosterone concentration in older women is associated with
greater bone mineral density, lean body mass, and total fat mass:
the cardiovascular health study. J Clin Endocrinol Metab 2011;
96: 989–96.
Lee JS, LaCroix AZ, Wu L, et al. Associations of serum sex
hormone-binding globulin and sex hormone concentrations with
hip fracture risk in postmenopausal women. J Clin Endocrinol Metab
2008; 93: 1796–803.
Davis SR, McCloud P, Strauss BJG, Burger H. Testosterone
enhances estradiol’s eﬀects on postmenopausal bone density and
sexuality. Maturitas 1995; 21: 227–36.
Barrett-Connor E, Young R, Notelovitz M, et al. A two-year,
double-blind comparison of estrogen-androgen and conjugated
estrogens in surgically menopausal women. Eﬀects on bone
mineral density, symptoms and lipid proﬁles. J Reprod Med 1999;
44: 1012–20.
Watts NB, Notelovitz M, Timmons MC, Addison WA, Wiita B,
Downey LJ. Comparison of oral estrogens and estrogens plus
androgen on bone mineral density, menopausal symptoms, and
lipid-lipoprotein proﬁles in surgical menopause. Obstet Gynecol
1995; 85: 529–37.

www.thelancet.com/diabetes-endocrinology Published online September 8, 2015 http://dx.doi.org/10.1016/S2213-8587(15)00284-3

Review

79

80

81

82
83
84

85

86

87

88
89

90

91

Miller KK, Biller BM, Beauregard C, et al. Eﬀects of testosterone
replacement in androgen-deﬁcient women with hypopituitarism: a
randomized, double-blind, placebo-controlled study.
J Clin Endocrinol Metab 2006; 91: 1683–90.
Popat VB, Calis KA, Kalantaridou SN, et al. Bone mineral density in
young women with primary ovarian insuﬃciency: results of a
three-year randomized controlled trial of physiological transdermal
estradiol and testosterone replacement.
J Clin Endocrinol Metab 2014; 99: 3418–26.
Dobs AS, Nguyen T, Pace C, Roberts CP. Diﬀerential eﬀects of oral
estrogen versus oral estrogen-androgen replacement therapy on
body composition in postmenopausal women.
J Clin Endocrinol Metab 2002; 87: 1509–16.
Key TJ, Verkasalo PK, Banks E. Epidemiology of breast cancer.
Lancet Oncol 2001; 2: 133–40.
Davis SR. Cardiovascular and cancer safety of testosterone in
women. Curr Opin Endocrinol Diabetes Obes 2011; 18: 198–203.
Peters AA, Buchanan G, Ricciardelli C, et al. Androgen receptor
inhibits estrogen receptor-alpha activity and is prognostic in breast
cancer. Cancer Res 2009; 69: 6131–40.
Somboonporn W, Davis S. Testosterone eﬀects on the breast:
implications for testosterone therapy for women. Endocr Rev 2004;
25: 374–88.
Key TJ, Appleby PN, Reeves GK, et al, and the Endogenous
Hormones and Breast Cancer Collaborative Group. Sex hormones
and risk of breast cancer in premenopausal women: a collaborative
reanalysis of individual participant data from seven prospective
studies. Lancet Oncol 2013; 14: 1009–19.
Key TJ, Appleby PN, Reeves GK, et al, for the Endogenous
Hormones and Breast Cancer Collaborative Group. Steroid
hormone measurements from diﬀerent types of assays in relation
to body mass index and breast cancer risk in postmenopausal
women: reanalysis of 18 prospective studies. Steroids 2015;
99: 49–55.
Bulun SE, Simpson ER. Aromatase expression in women’s cancers.
Adv Exp Med Biol 2008; 630: 112–32.
Misso ML, Jang C, Adams J, et al. Adipose aromatase gene
expression is greater in older women and is unaﬀected by
postmenopausal estrogen therapy. Menopause 2005; 12: 210–15.
Simpson E, Rubin G, Clyne C, et al. The role of local estrogen
biosynthesis in males and females. Trends Endocrinol Metab 2000;
11: 184–88.
Agency EM. Withdrawal assessment report for Intrinsa. London,
UK: 2010.

92

93

94

95

96

97

98

99

100

101

102

103

Tamimi RM, Hankinson SE, Chen WY, Rosner B, Colditz GA.
Combined estrogen and testosterone use and risk of breast cancer
in postmenopausal women. Arch Intern Med 2006; 166: 1483–89.
Jick SS, Hagberg KW, Kaye JA, Jick H. Postmenopausal
estrogen-containing hormone therapy and the risk of breast cancer.
Obstet Gynecol 2009; 113: 74–80.
Ness RB, Albano JD, McTiernan A, Cauley JA. Inﬂuence of estrogen
plus testosterone supplementation on breast cancer.
Arch Intern Med 2009; 169: 41–46.
Dimitrakakis C, Jones RA, Liu A, Bondy CA. Breast cancer
incidence in postmenopausal women using testosterone in addition
to usual hormone therapy. Menopause 2004; 11: 531–35.
Davis SR, Wolfe R, Farrugia H, Ferdinand A, Bell RJ. The incidence
of invasive breast cancer among women prescribed testosterone for
low libido. J Sex Med 2009; 6: 1850–56.
Glaser RL, Dimitrakakis C. Reduced breast cancer incidence in
women treated with subcutaneous testosterone, or testosterone
with anastrozole: a prospective, observational study. Maturitas 2013;
76: 342–49.
White WB, Grady D, Giudice LC, Berry SM, Zborowski J,
Snabes MC. A cardiovascular safety study of LibiGel (testosterone
gel) in postmenopausal women with elevated cardiovascular risk
and hypoactive sexual desire disorder. Am Heart J 2012; 163: 27–32.
Snabes MC, Berry SD, Berry DA, Zborowski JD, White WB. Low
cardiovascular event rate in post-menopausal women with
increased cardiac risk: initial ﬁndings from the ongoing blinded
Libigel (testosterone gel) cardiovascular safety study.
Endocr Rev 2010; 31 (suppl): S1299.
Ose J, Fortner RT, Rinaldi S, et al. Endogenous androgens and risk
of epithelial invasive ovarian cancer by tumor characteristics in the
European Prospective Investigation into Cancer and Nutrition.
Int J Cancer 2015; 136: 399–410.
Allen NE, Key TJ, Dossus L, et al. Endogenous sex hormones and
endometrial cancer risk in women in the European Prospective
Investigation into Cancer and Nutrition (EPIC).
Endocr Relat Cancer 2008; 15: 485–97.
Perrone AM, Cerpolini S, Maria Salﬁ NC, et al. Eﬀect of long-term
testosterone administration on the endometrium of female-to-male
(FtM) transsexuals. J Sex Med 2009; 6: 3193–200.
Spark RF. Intrinsa fails to impress FDA advisory panel.
Int J Impot Res 2005; 17: 283–84.

www.thelancet.com/diabetes-endocrinology Published online September 8, 2015 http://dx.doi.org/10.1016/S2213-8587(15)00284-3

13

