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Chapter 1
What to Measure: Testosterone or Free
Testosterone?

Christina Wang and Ronald Swerdloff

1.1 Why Serum Testosterone Is Necessary for the Diagnosis
of Testosterone Deficiency?

Low serum testosterone (T) levels in adult men can lead to significant clinical symp-
toms and signs of testosterone deficiency (TD). These include sexual dysfunction,
low energy and vitality, mood changes, sleep disturbances, loss of body hair, loss of
muscle and bone mass, increased visceral fat, mild anemia, and, in more severe
testosterone deficiency, small testes and infertility. In adolescent boys, TD presents
as delayed sexual development, absence of axillary, pubic and facial hair, failure of
the testes to increase in size, gynecomastia, and eunuchoidal proportions. The
symptoms of testosterone deficiency are non-specific, and physical signs may not be
clinically detectable in some older men with TD.

In addition, screening questionnaires to assess the symptoms of TD may be use-
ful in large clinical studies; however, they have low specificity and are generally not
useful in a clinic to diagnose an individual with TD [1-6]. Even with the use of
screening questionnaire and symptoms of TD, the confirmation of TD must be
based on the precise and accurate measurement of serum T concentrations [7, 8].
Because serum T can be transiently suppressed during acute illnesses, physical and
mental stress, and intensive exercise, T should not be measured when these
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Table 1.1 Common conditions that may affect serum testosterone concentration

Acute Chronic
Acute medical illness Aging
Emotional stress Obesity
Intense physical activity Metabolic syndrome
Medications Diabetes
Acute sleep disorders Chronic medical illnesses
Eating disorders
Obstructive sleep apnea
Medications (opiates and glucocorticoids)

conditions are present. More importantly, T concentrations may decrease with obe-
sity, age, metabolic syndrome and diabetes, sleep disorders, eating disorders,
chronic kidney and liver disease, and chronic use of opiates and glucocorticoids
(Table 1.1) [9-14]. Thus, it is important to ascertain the general health of the patient
as treatment of some of these conditions may restore serum T to the reference range.

1.2 What Methods Should Be Used for Serum
Testosterone Measurements?

Immunoassays are used for measuring serum testosterone concentrations. Several
publications in the early 2000s demonstrated that immunoassays used in many clin-
ical laboratories with automated platforms depend on reagents and reference ranges
provided by the manufacturers. Some of these automated platform assays provide
results that are precise but not accurate with significant bias when compared to the
“gold standard” of steroid assays — liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) [15-17]. These tests had passing scores in proficiency testing
when compared to the same method but differed significantly when compared
against each other. The T measurements at low concentrations, e.g., in women and
children, were most unreliable, which led the Endocrine Society to issue a position
statement that emphasized the following : (1) mass spectrometry has better accuracy
and specificity and may be the method of choice for measuring testosterone concen-
trations at low levels; (2) the clinician should know the method and the reference
ranges of their laboratories [18]; and (3) standardization programs focusing on
accuracy should be implemented and updated reference ranges be established for
men, women, and children [18-20]. The Center for Disease Control and Prevention
(CDC) Laboratory Science Division took up this challenge and established the
Hormone Standardization Program with T measurement as the first hormone to
have harmonized assays [21-23]. The goal of the program is not to define which
method a laboratory should use but to create “testosterone measurements traceable
to one accuracy basis allowing measurements to be comparable across methods,
time and location” [22]. To date, not only reference and research laboratories par-
ticipate in the program but also manufacturers of automated platforms and mass
spectrometers. The CDC also assisted the College of American Pathology (CAP) to



1 What to Measure: Testosterone or Free Testosterone? 3

Table 1.2 Accuracy-based testing of serum testosterone (ng/dL) from the College of American
Pathologist 2020

No.labs |Mean |SD |CV% |Median |Low |High

ABS-06 Method

All 68 494 58 | 11.8 | 499 356 628
Abbott Architect 13 537 27 5.1 531 501 | 574
Beckman Unicel Dx1 7 426 382 | 446
Mass spectrometry 20 484 35 7.2 483 423|578
Roche Cobas e600 6 500 487 514
Roche Cobas e801 7 508 496 | 524
Siemens Advia Centaur XP/XPT |4 549 481 628
CDC reference method 460

ABS-05 method

All 64 21.8 |54 |246 |22 8 37
Abbott Architect 13 25.3 25 100 |25 20 29
Beckman Unicel Dxl 7 25 17 37
Mass spectrometry 20 21.9 2.8 127 22 12 26
Roche Cobas €600 6 16 13 17
Roche Cobas e801 7 15 12 17
Siemens Advia Centaur XP/XPT |4 25 24 32
CDC reference method 22.7

introduce accuracy-based proficiency test for T assays with the participation of
many clinical laboratories [24]. The results of the accuracy-based harmonization of
T assays showed that with time (3.5 year) there was improvement in proficiency
scores of both accuracy and precision in 65 participating clinical laboratories in
State of New York [25]. The conclusion is that most clinical laboratories using auto-
mated platforms are aware that accuracy-based proficient testing should be imple-
mented with improvement in the quality of the assay. The accuracy-based tests in
recent CAP report showed very small difference within a method and between
methods (Table 1.2). For the diagnosis and monitoring of T-replacement therapy in
TD men, both immunoassay and LC-MS/MS methods are sufficient as the goal is to
distinguish low concentrations from the population reference ranges of adult men.
As shown in Table 1.2, with participation in accuracy-based external quality con-
trol, even low levels of testosterone showed good agreement within a method and
between methods.

1.3 What Is the Reference Range for Serum Total
Testosterone in Adult Men?

The generally accepted range of serum testosterone in adult men is 300-1000 ng/dL
(10.4-34.7 nmol/L) based on immunoassays with a purification step before immu-
noassays [26]. There are many possible physiological explanations why men would
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have such a large range of testosterone levels. Once a standardized method has been
validated [22], reference ranges can be established based on cross calibrating assays
to a reference method. Using data from four population-based studies in Europe and
the United States (1656 younger community-dwelling men in the Framingham
Heart Study; European Male Aging Study; Osteoporotic Fractures in Men Study;
and Male Sibling Study of Osteoporosis), the harmonized serum testosterone refer-
ence range (2.5th to 97.5th percentile) for non-obese men between 19 and 39 years
was established to be between 264 and 916 ng/dL (9.16 to 31.8 nmol/L) [27]. Most
of these men identified themselves as white and it should be noted that geographical
and ethnic/racial differences in sex hormone levels have been reported in some stud-
ies [28-30]. Population-based studies of harmonized T levels in other ethnic/racial
group have not yet been reported.

1.4 What Are the Precautions to Reduce the Variability
in Serum Testosterone Concentrations?

Serum T concentrations should be measured from a blood sample collected early in
the morning between 7 am and 10 am. The diurnal variation of serum T results in T
levels higher in the early morning than later in the day in both young and middle-
aged men [31]. This diurnal variation is attenuated in older men [32]. Most labora-
tories establish reference ranges for healthy adult men based on morning samples.
Thus, to compare a patient with possible TD, blood samples should be drawn in the
morning between 7 am and 10 am. There are data showing that acute ingestion of
glucose lowers serum total testosterone by 25% [33]. Thus, for diagnosis of TD, it
is important to obtain a fasting morning blood sample. In general, serum samples
should be used for assays. Because T concentrations are affected by acute illnesses,
mental and physical stress, and medications, a repeat morning T concentration pro-
vides confirmatory evidence that the low T level is probably persistent. It should be
noted that after oral testosterone undecanoate administration, the high levels of tes-
tosterone undecanoate in blood can be cleaved by non-specific esterases ex vivo, so
a blood collection tube with inhibitors of non-specific esterases (plasma) [34]
should be used or more conveniently a conversion factor (serum T = plasma T/1.2)
be applied to calculate serum T concentrations [35].

Accurate and precise measurement of serum testosterone is adequate for the
diagnosis and monitoring of testosterone replacement for most men with
TD. Serum testosterone measurement should be obtained in the morning,
preferably in fasting state, and a repeat sample for confirmation is advisable.
The sample should be sent to a reliable laboratory that practices accuracy-
based proficiency tests or external quality control programs and quotes a ref-
erence range of serum testosterone levels of adult men between 250 and
1000 ng/dL (8.7 to 34.7 nmol/L).
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1.5 What Is Free Testosterone?

In men, T and estradiol circulate bound tightly to the sex hormone binding globulin
(SHBG) and loosely to albumin, and they also circulate in free or unbound form.
This led to the free hormone hypothesis postulating that free and the loosely bound
testosterone or estradiol can freely diffuse out to the capillaries into the cells of the
target tissues to initiate appropriate responses to these sex hormones [36]. SHBG is
a glycoprotein synthesized in the liver with high-affinity binding sites for T and
estradiol [37, 38]. In men, about 50-55% of testosterone is bound to SHBG and the
rest to albumin (45-48%), and the fraction of free testosterone is <2%. SHBG con-
centrations are affected by a number of factors (Table 1.3) [39]. Androgens (testos-
terone and its esters) and androgenic progestins (levonorgestrel, desogestrel, and
progestins commonly used in female contraceptive pills) decrease SHBG levels.
SHBG concentration is a good biomarker for androgen activity in the body. TD men
have higher SHBG concentrations which decrease with androgen treatment. Since
total T concentration is a measure of both bound and free testosterone, conditions
where SHBG may be increased or decreased will affect the total T concentration. It
is under these conditions that measurement of free T concentrations may be war-
ranted (Table 1.3) [39]. For example, in an older overweight man with some symp-
toms of TD, aging increases and obesity decreases SHBG; in such circumstances,
thus, to assess whether the older man has TD, measurement of serum free T may be
indicated. Free T measurements may also be helpful in symptomatic men with bor-
derline low T concentrations, e.g., between 250 and 350 ng/dL (8.7-12.2 nmol/L)
[7]. The binding of T to SHBG is complex, which results in many different methods
that directly measure or calculate free T. Some of these methods do not measure free
fraction of T and some formulae may provide less accurate results [40].

Table 1.3 Factors that affect Increase SHBG Decrease SHBG
SHBG concentrations Estrogens Androgens
Male hypogonadism Androgenic progestins
Thyroid hormone, hyperthyroidism | Hypothyroidism
Pregnancy Obesity, metabolic
syndrome, type 2
diabetes
Aging Hyperprolactinemia
Anticonvulsants Acromegaly
Rifampin Nephrotic syndrome

Alcoholic liver disease End-stage liver disease
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1.6 Are There Reliable Methods to Estimate Free
Testosterone Concentrations?

The different methods of estimating free testosterone are shown in Table 1.4.

1.6.1 Free Testosterone by Equilibrium Dialysis

Free T can be measured by equilibrium dialysis where test serum or plasma is
mixed with isotope-labeled T and dialyzed overnight into buffer solution. The
free non-protein-bound fraction of the labeled T outside of the dialysis cell is the
active “free fraction” of T. The free fraction (percent free T, usually between 1 to
2%) is multiplied by the total T measured by a reliable method to provide the free
T concentration [41, 42]. This gold standard method of measuring free T by equi-
librium dialysis is not automated, is cumbersome, and requires technical skill.
Equilibrium dialysis methods are too complex for use in routine clinical chemis-
try laboratories. The methods are not harmonized and thus there are no common
reference intervals to help clinicians to interpret free T concentrations [44]. Using
this method, it has been found that concentrations of free T are normal even when
the total testosterone is low in clinical conditions such as obesity [43] and other
circumstances where SHBG is abnormal. Ultrafiltration methods are simpler but
are sensitive to temperature changes, and difficult to standardize with reproduc-
ible data, and, therefore, are not commonly utilized today [45]. Recent studies

Table 1.4 Methods to measure serum free testosterone

Method Advantages Potential problems

Equilibrium Gold standard to measure | Not automated, required technical skills

dialysis free testosterone Require accurate testosterone assay
Higher variability

Bioavailable Technically easier Not automated

testosterone Require accurate testosterone assay

Salivary Technically easy Collection issues may influence results

testosterone Does not require a blood

draw

Calculated free
testosterone

Can be automated
Technically easy

Require accurate testosterone and SHBG
assays

Different formulae. Different algorithms may
be better for different clinical questions

Analog free
testosterone

Can be automated
Technically easy

Does not measure free T

Values are 1/5 of that from equilibrium dialysis
Provides no additional information than total
testosterone

Recommend not to be used
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indicate that the method has better consistency in some laboratories, and their
usefulness as a modified methodology will need further validation across labora-
tories [46, 47].

1.6.2 Bioavailable Testosterone

The concept of bioavailable T is based on the theory that the free fraction and the
loosely albumin-bound fraction of circulating T are available to the target organs
and tissues [48]. Thus, not only the free but also the albumin-bound T is biologically
active in tissues. Bioavailable T — the sum of albumin-bound and free testosterone —
is generally measured in the serum after adding saturated ammonium sulfate solu-
tion to precipitate the SHBG-bound fraction. The separation of SHBG-bound
testosterone can also be done by adding concanavalin A [49]. These methods are not
automated and standardized and thus not generally available in routine laboratories
but are available in reference laboratories [44]. These methods require accurate and
precise measurment of T in the non-SHBG bound fraction after ammonium sulfate
precipitation or ultracentrigfugation. Measurement of bioavailable T may be useful
in men whose SHBG binding or concentration may be abnormal such as in older
[50] and obese men [50].In most men with TD, measurement of bioavailable T is
not usually required for diagnosis [51].

1.6.3 Salivary Testosterone

Because saliva does not contain SHBG, salivary T has been used as a surrogate for
serum-free T [52, 53]. Salivary T can be measured by immunoassays or LC-MS/MS
[54]. The concentration of T in the saliva may be influenced by the flow and also
presence of blood in the sample. For these reasons and non-familiarity of use of
saliva as a matrix, this simple method is not commonly used for free T determina-
tions [55]; exceptions include the use of salivary T in studies on athletes and pre-
pubertal children and infants where a blood draw can be avoided [56-58].

1.6.4 Calculated Free and Bioavailable Testosterone

Because of the technical difficulty, lack of automation, and absence of reference
intervals for free T measured by equilibrium dialysis and bioavailable testosterone
measured by ammonium sulfate precipitation methodologies (described above),
these methods may not be suitable nor available in most routine clinical chemistry
laboratories. This creates a widely utilized niche for calculated free T determina-
tions. Calculated free and bioavailable T can be determined by using accurate and



8 C. Wang and R. Swerdloff

precise assays of T and SHBG [50, 59, 60]. Using different equations/algorithms,
both free and bioavailable T may be calculated [59, 60], which have been recom-
mended as suitable for routine clinical use [18, 44, 59]. The most commonly used
equations based on the law of mass action [41, 60—62] are used to calculate both the
free and bioavailable T. Other investigators have recommended the use of empiri-
cally derived equations that fitted the clinical populations studied [63, 64]; but these
empirical equations are not widely used. The calculated free T using law of mass
action formula overestimates free T measured by equilibrium dialysis. Empirical
formulae are free from assumptions and may be more concordant with the measured
free T [63]. Recent evidence suggests that the law of mass action formula which is
based on the assumption that two T molecules bind to two binding sites on the
SHBG with similar binding affinity may be incorrect. And further argues that the
binding of T to SHBG may be a multistep, dynamic process with complex allosteric
characteristics [65]. Based on this new model, investigators used a new formula to
calculate free T in younger men in the Framingham Heart study and showed that the
newly calculated values were similar to those measured by equilibrium dialysis.
They further verified that the calculated free T values had clinical diagnostic valid-
ity using data from the European Male Aging Study. They demonstrated that men
with calculated free T below the reference range had higher risk of sexual symptoms
and elevated LH suggestive of primary TD. While enticing, the use of this new for-
mula must be further validated by other laboratories. The Endocrine Society sug-
gests that calculated free T may be the most practical method to measure free T
using accuracy and precise total T and SHBG measurements [7, 18]. Currently
the CDC is developing a harmonized method for free T based on calculated free T
using revised formulae. This may bring the measurement of free T to a referable
standard in clinical laboratories and common reference intervals that all clinicians
can use.

1.6.5 Analog-Based Immunoassays and Why They Are Not
Recommended by Most Experts in the Field

Analog-based free T assaysare offered by most clinical laboratories, are measured
on automated platforms, and are widely used by clinicians. However, many studies
have shown that free T concentrations measured by analog-based immunoassay are
about one-fifth the concentrations measured by equilibrium dialysis and are related
to SHBG [59, 66] or total T concentration [67] and do not reflect free T concentra-
tions in clinical conditions such as hirsutism and hyperthyroidism [18, 68].
Experiments using varying concentrations of SHBG and T showed that analog-
based free T immunoassay reported free T results that were related primarily to total
T and concluded that free T analog assays do not detect serum free T [67]. Some
argue that free T concentrations measured by immunoassays are as good as calcu-
lated free T but failed to note that the free T values obtained by immunoassays are
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only 1/7 of those measured by equilibrium dialysis indicating clearly what is mea-
sured by the analog free T assays is not free T [69]. The Endocrine Society Position
Statement indicates that analog-based assays have poor accuracy, sensitivity, and
poor correlation with equilibrium dialysis method [18]. Free T by analog immuno-
assay correlates with total serum T and provides no additional information and is
not a measure of free T and should not be used.

1.7 Does Measurement of Free Testosterone Provide
Additional Information for Clinical Diagnosis?

In most instances for the diagnosis of TD, total T measured in the morning should
suffice if the concentrations are repeatedly below the reference range of the labora-
tory. In circumstances where concentration of serum SHBG may be affected by liver
or kidney disease, thyroid dysfunction, or other endocrine disorders (Table 1.3), the
measurement of free T either calculated or by equilibrium dialysis may be warranted.
For most clinicians, free T may be useful when older, overweight men with some
symptoms suggestive of TD have serum T concentrations in the borderline range (e.g.,
between 250 and 350 ng/dL or 8.7 and 12.2 nmol/L). Aging is associated with a
decrease in total serum T levels and an increase in SHBG, resulting in a greater
decrease in free T, provided men are not obese. This is because obesity results in lower
SHBG and lower total T, but the free testosterone concentration may be normal [43].
In a large population-based study (European Male Aging Study, 3349 men aged
40-79 years), men with normal total but low calculated free T were older with poorer
health and exhibited more sexual symptoms, whereas those with low total T and nor-
mal free T were more obese and had no features of androgen deficiency. The results
suggested that older men with lower free T have symptoms suggestive of androgen
deficiency, despite having normal total T levels [70]. Furthermore compared to older
obese men with low total T and normal or low luteinizing hormone (LH), men who
have low free T had more sexual symptoms including lower sexual desire and infre-
quent morning erections, which suggests that low free T may be indicative of symp-
tomatic TD [71]. The Testosterone Trials in which older men with symptomatic TD
were administered placebo or T gel daily for a year showed that baseline total and free
T were significantly and independently associated with sexual desire, erectile func-
tion, and sexual activity but not with vitality or physical function [72]. In addition,
after treatment with T gel, the improvements in sexual activity and desire were associ-
ated with both serum total T and free TD, indicating that the sexual function improve-
ment was related to the incremental increases of both serum total T and free T [73].
These studies indicate that in older men with symptoms suggestive of TD, measure-
ment of free T may be indicated even when total T concentration may be normal.
Perhaps the newer formula for calculated free T validated in multiple laboratories
[65], will become generally available, correlate with free T by equilibrium dialysis
and demonstrate improved correlation with clinical symptoms and therapeutic
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responsiveness. If all these prove to be true, then this formula to calculate free T may
be a justified replacement for free T measurement by the equilibrium dialysis
methodology.

Diagnosis of symptomatic TD relies principally on measurement of total tes-
tosterone. Free testosterone may provide additional information if there are
issues with the concentration or the binding of testosterone to SHBG. Free
testosterone should be measured by equilibrium dialysis which is available in
reference laboratories or by calculated free testosterone using formulae that
have been validated and accurate and precise measurements of both testoster-
one and SHBG. The most common clinical use of free testosterone is for the
diagnosis of hypogonadism of older men who may be overweight.
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Chapter 2
Erythrocytosis in Patients on Testosterone
Therapy

Aakash P. Desai and Ronald S. Go

2.1 Introduction

With increasing awareness of men’s health and related issues, in particular androgen
deficiency, there has been a rise in the use of testosterone therapy. Prescription sales
of testosterone have nearly tripled between 2001 and 2011 [1]. Various formulations
of testosterone therapy have evolved over time including gels, pellets, injections,
and, more recently, oral formulations. Testosterone therapy is largely used for tes-
tosterone deficiency. Studies have found that the prevalence of testosterone defi-
ciency varies from 23% to 38% as men age [2, 3]. Testosterone levels <300 ng/dl in
men are considered low. Despite this, most professional society guidelines recom-
mend treatment only in men with concomitant hypogonadal symptoms [4]. This is
due to the potential side effects of testosterone therapy including, but not limited to,
increased estrogen levels, gynecomastia, erythrocytosis, thrombosis, and prostate
cancer [5]. This chapter will discuss erythrocytosis in the context of testosterone
replacement therapy.

2.2 Definition of Erythrocytosis

Erythrocytosis refers to increased concentration of erythrocytes in the blood. It
essentially includes increase in the number of red blood cells (RBCs), hemoglobin
level, or hematocrit. This phenomenon may also be due to a reduction in plasma
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volume [6]. Polycythemia, a term often used interchangeably with erythrocytosis, is
defined as an increase in the RBC volume or mass and generally refers to polycy-
themia vera. Typically, hematologists use erythrocytosis to describe an increase in
hemoglobin (Hgb) or hematocrit (Hct) and reserve the word polycythemia for poly-
cythemia vera. Although “erythrocytosis” is commonly used by the British Society
of Hematology, the American Society of Hematology, and the World Health
Organization classification, it is still not uniformly used across various specialties.

The normal levels of hemoglobin are 13.5-17.5 g/dL and 12-16 g/dL and the
normal levels of hematocrit are 41-51% and 36—46% in males and females, respec-
tively [7].

2.3 Rates of Erythrocytosis During Testosterone Therapy

Various studies have demonstrated the rate of developing erythrocytosis while on
testosterone therapy to be around 0.8—-6% depending on the dose used and the dura-
tion of treatment (Table 2.1) [8—12]. In a meta-analysis of three placebo-controlled
clinical trials, which enrolled a total of 1579 participants, the relative risk of eryth-
rocytosis was 8.14 (1.87-35.40) in the testosterone arms compared with the placebo
arms [10]. Testosterone therapy causes erythrocytosis through various mechanisms
which include elevation of erythropoietin and suppression of hepcidin, which sub-
sequently results in increased iron absorption, increased systemic iron transport,
and erythropoiesis [13]. Most clinical trials use hemoglobin of 17.5 g/dl and

Table 2.1 Studies demonstrating prevalence of erythrocytosis in testosterone therapy

Study Sample
Study (year) | duration Preparations size Hct > 54% | Comments
Snyder 12months | Tgel 1% 5 g 394 1.8% Age > 65 years; dose
et al. (2016) QD initially adjusted at mos. 1,2,3,6,9 to
(1 Placebo 394 0% T level
Brock et al. | 12 weeks | T solution 2% | 358 1.8% Age > 18 years; dose
(2016) [8] 60 mg QD adjusted at wks. 4 and 8 per
Placebo 357 0.3% T level
Paduch 16 weeks | T solution 2% 36 0.8% Age > 26 years; dose
et al. (2015) 60 mg QD adjusted at wks. 4 per T
(9] Placebo 40 0% level
Steidle et al. | 13 weeks | T gel 1% 50 mg | 99 3% Age > 20 years; dose
(2003) [12] QD adjusted at day 60 per T
T gel 1% 106 6% level
100 mg QD
T patch 5 mg 102 1%
QD
Placebo 99 1%

Abbreviations: 7 testosterone, QD daily, wks weeks
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hematocrit of 54% as definition of erythrocytosis. However, Endocrine Society
guidelines recommend using a hematocrit >50% as a relative contraindication to
initiation of testosterone therapy and Hct > 54% as an indication to stop therapy [14].

2.3.1 Risk of Thrombosis and Cardiovascular Disease
in Testosterone-Induced Erythrocytosis

Erythrocytosis has been linked to arterial thrombosis, in the setting of polycythemia
vera. However, there is no evidence of such linkage in secondary erythrocytosis
such as testosterone-induced erythrocytosis or hypoxia-driven erythrocytosis.
Meanwhile, the risk of cardiovascular disease has been found to be twofold greater
in patients with high hematocrit groups [15]. Overall, the data have been variable
with regard to the association of erythrocytosis to venous thromboembolism (VTE).
A 5% increase in hematocrit has demonstrated increased VTE risk (HR: 1.46) [16].
In a retrospective cohort study of 8709 men with low serum testosterone concentra-
tions (<300 ng/dL [10.4 nmol/L]) undergoing coronary angiography, men who were
subsequently prescribed testosterone had a higher risk of a composite outcome of
all-cause mortality, myocardial infarction (MI), and stroke than men who did not
take testosterone (hazard ratio [HR] 1.29, 95% CI 1.04-1.58) [17]. The proposed
mechanism relates to increased blood viscosity, slower clot formation kinetics, and
reduced clot strength due to erythrocytosis which could result in mechanical inter-
ference of platelet and fibrin interaction with endothelium [18]. The graph in Fig. 2.1
shows the incremental relationship between whole blood viscosity and hemato-
crit level.
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Fig. 2.1 Association between hematocrit level and whole blood viscosity. (The lines represent the
relationship between the increase in whole blood viscosity levels and the increase in hematocrit
levels among different levels of vasculature)
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Studies have shown conflicting results pertaining to risk of VTE with testosterone-
induced erythrocytosis. The Testosterone Trials study was a double-blind, placebo-
controlled study which assigned 790 men of ages 65 years or older (with a serum
testosterone concentration of less than 275 ng per deciliter and symptoms suggest-
ing hypoandrogenism) to receive either testosterone gel or placebo gel for 1 year.
The incidence of VTE was 1% among the 394 patients who received 1% testoster-
one gel, although it was not statistically significant compared to placebo [11].
Meanwhile, another multicenter, double-blind, randomized, placebo-controlled,
16-week trial with T solution 2% versus placebo conducted across medical centers
in the United States, Canada, and Mexico showed no VTE occurrence among 36
patients receiving testosterone replacement [9]. Lastly, another study comparing the
pharmacokinetics and treatment effectiveness of a topical testosterone gel (AA2500)
found no incidence of VTE among the total of 317 participants who received testos-
terone gel [12].

The rates of thrombosis while on testosterone therapy in recent randomized trials
are shown in Table 2.2. Overall, the prevalence of VTE ranged from 0% to 1.3% in
the testosterone replacement groups.

Apart from the above randomized trials, two large population studies have
been conducted to understand the association between testosterone therapy and
VTE. The first trial studied 30,572 men >40 years of age and concluded that expo-
sure to testosterone therapy in the last 15 days before the index event date was not
associated with an increased risk of VTE (adjusted Odds Ratio (aOR), 0.90; 95%
CI, 0.73-1.12) [19]. While the second study of 19,215 men showed that starting
testosterone treatment was associated with increased risk of VTE (HR: 1.25),
which peaked within 6 months and decreased thereafter as found among the men
in the study [20]. Thus, the risk of VTE among patients with testosterone therapy
remains an area of active investigation.

Table 2.2 Studies demonstrating the prevalence of erythrocytosis, cardiovascular disease, and
venous thromboembolism in testosterone therapy

Sample MI/

Study (year) Time Preparations size Hct>54% | CVA | VTE
Snyder et al. (2016) |2 years | T gel 1% 5 g QD initially | 394 1.8% 23% | 1%
[11] Placebo 394 0% 4.1% | 1.3%
Brock et al. (2016) | 4 months | T solution 2% 60 mg QD | 358 1.8% 0% 0%
[8] Placebo 357 0.3% 0.6% | 0.6%
Paduch et al. (2015) | 4 months | T solution 2% 60 mg QD | 36 0.8% 0% 0%
[91 Placebo 40 0% 0% 0%
Steidle et al. (2003) | 3 months | T gel 1% 50 mg QD 99 3% 0% 0%
[12] T gel 1% 100 mg QD 106 6% 0% 0%

T patch 5 mg QD 102 1% 0% 0%

Placebo 99 1% 0% 0%

Abbreviations: 7 testosterone, QD daily
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2.3.2 Monitoring and Management of Erythrocytosis

The following clinical recommendations should be considered while prescribing
testosterone therapy in patients. Transdermal or subcutaneous formulations should
be strongly considered in at-risk populations in order to minimize significant altera-
tions in hemoglobin and hematocrit values. For at-risk populations (type 2 diabetics,
smokers, obese men), injectable testosterone formulations should be considered
only after potential adverse hematological effects are discussed (Table 2.3).
Additional risk factors like thrombophilia (e.g., factor V Leiden), antiphospholipid
antibody syndrome (APLAS), prothrombin gene mutations, high factor VIII levels,
and high homocysteine levels should be considered prior to starting testosterone
therapy [21]. For patients who meet the criteria for and desire testosterone therapy,
a baseline hemoglobin and hematocrit should be assessed. After initiation of ther-
apy, the Sexual Medicine Society of North America advises that men should be
“monitored regularly” for erythrocytosis [22]. Consensus International Society of
Andrology (ISA), International Society for the Study of Aging Male (ISSAM),
European Association of Urology (EAU), European Academy of Andrology, and
American Society of Andrology guidelines advise that hemoglobin and hematocrit
should be checked after 3—4 months, then after 1 year, and annually thereafter [23].
Based on the Endocrine Society Clinical Practice Guidelines, once Hct > 54% is
reached, testosterone should either be discontinued or therapeutic phlebotomy be
offered to reduce the risk of potential future thromboembolic events [14]. In the
event of a thromboembolic episode for patients on testosterone therapy, we recom-
mend discontinuing treatment and beginning anticoagulation per recommended
guidelines [24]. More recently, there has been evidence to consider a diagnosis of
obstructive sleep apnea (OSA) in hypogonadal men on testosterone replacement
who develop secondary polycythemia [25].

The general management algorithm for patients in whom testosterone therapy is
being considered is provided in Fig. 2.2.

Table 2.3 “At-risk”
population for
erythrocytosis

Hypoxia/cardiopulmonary-associated causes

Smokers

Obstructive sleep apnea/obesity hypoventilation syndrome

Cyanotic heart disease

Chronic pulmonary disease

Kidney-associated causes

History of renal transplant

Renal artery stenosis

Hematological causes

Baseline borderline erythrocytosis
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Measure T & hemoglobin (Hgb)

[ ]
>16 g/dL <16 g/dL

Monitor T & Hgb

Hgb >17.5 g/dL Hgb <17.5 g/dL

Monitor T & HgbQ 6 mos; in 3 mos if
T dose change

Resume T at lower dose when
Hgb < 17.0 g/dL

Fig. 2.2 Management of erythrocytosis on testosterone therapy

2.4 Conclusion

Erythrocytosis is uncommon while on testosterone therapy (<5%). However, moni-
toring is necessary to detect early erythrocytosis and minimize potential complica-
tions. The preponderance of randomized data suggest no increase in cardiovascular
risk, while there currently is conflicting data on the risk of venous
thromboembolism.
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Chapter 3
Role of Gonadotropins in Adult-Onset
Functional Hypogonadism

Check for
updates

Ilpo Huhtaniemi

3.1 Introduction

The two main functions of the testis are the production of testosterone (T) and sper-
matogenesis. The endocrine regulation of these activities occurs along the
hypothalamic-pituitary-testicular (HPT) axis (Fig. 3.1), where the key role is played
by the two gonadotropic hormones produced by the anterior pituitary gland — lutein-
izing hormone (LH) and follicle-stimulating hormone (FSH) [23, 43]. The secretion
of LH and FSH is stimulated by the hypothalamic gonadotropin-releasing hormone
(GnRH), which is under negative feedback control via sex steroids [19]. GnRH
neurons do not respond directly to androgen (T) and estrogen (estradiol) feedback,
but mainly regulate GnRH release by inhibiting the production of kisspeptin, a
proximal hypothalamic peptide hormone with stimulatory action on GnRH synthe-
sis [42]. The negative feedback regulation of FSH additionally occurs at the level of
the pituitary gland through action of the testicular peptide hormone inhibin B.
Balanced function (homeostasis) of the HPT axis, whereby gonadotropins main-
tain the physiological levels of testicular androgen production and spermatogenesis,
and testicular hormones feed back to the hypothalamic-pituitary level to maintain
the required gonadotropin stimulus, are the hallmark of male eugonadism. T defi-
ciency, the pathognomonic finding in male hypogonadism, can occur at any age
from the fetal period until old age. Hypogonadism can be primary or hypergonado-
tropic (PH), when the testis tissue is unable to produce sufficient amounts of T and/
or sperm despite sufficient gonadotropin simulation. In this case, the lack of gonadal
negative feedback brings about elevated gonadotropin levels. The other form of
hypogonadism, termed secondary or hypogonadotropic (SH), is caused by low or
inappropriately normal (i.e., insufficient) gonadotropin secretion that is unable to
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support testicular function. It can be caused by deficiency of the pituitary gonado-
trope cells to produce gonadotropins or by the lack of their hypothalamic stimula-
tion by GnRH and/or kisspeptin. Gonadotropin measurements therefore form an
essential part in the differential diagnosis between PH and SH.

Another way to classify hypogonadism is to divide it into organic (OH) and
functional (FH) hypogondism. OH is the classical form of hypogonadism caused
by a structural, functional, or genetic disturbance at one of the levels of the HPT
axis, often congenital and usually irreversible. FH, also historically termed late-
onset hypogonadism (LOH) or andropause, occurs usually in adulthood and is
often associated with comorbidities and/or old age. LOH can be considered a
misnomer because comorbidities (in particular obesity) are more important causes
for the condition than advanced age. As a general rule, T levels in FH are not as
profoundly reduced as they are in OH, and they may be reversible. Also, FH can
be primary or secondary, but often the patient has mixed features of both. In cases
of secondary FH, the etiology is more often a comorbidity (e.g., obesity), while
OH is more commonly due to primary hypothalamic or testicular dysgenesis
issues. Purely age-dependent hypogonadism is likely less common and typically
is due to primary testicular insufficiency [55]. Compensated or subclinical hypo-
gonadism (CH), wherein gonadotropin levels are elevated in the setting of normal
T, is less well defined and may occur with either OH or FH and may represent a
precursor condition of hypogonadism in some cases [12, 45].
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The purpose of this review is to discuss the role of gonadotropins in the patho-
genesis, diagnosis, and treatment of different types of male FH.

3.2 Gonadotropin Measurements

3.2.1 Gonadotropin Assays

The sandwich-type immunometric methods currently used in clinical laborato-
ries have high specificity and sensitivity (down to 0.05-0.1 IU/L) for LH and
FSH, allowing reliable detection of the concentrations of male patients in most
physiological and pathophysiological situations [53]. The reference range for LH
in adult men is commonly reported between 1.5 and 8.5 TU/L, while FSH is
reported to be 1.5-12.5 TU/L. However, in the setting of infertility, lower thresh-
olds have been reported to indicate subfertility, including maximal FSH levels of
4.6-7.6 TU/L. Individual results should be interpreted against a reference range
established by regional laboratories in healthy men from a representative local
general population. Due to the pulsatile secretion and short half-life (20 min) of
circulating LH, multiple measurements, or pooling of 2-3 individual samples,
can be used to reduce sample-to-sample variability. In contrast, the half-life of
FSH is longer (3—4 h), and a single measurement of this hormone is usually
sufficient.

Gonadotropin assays used today in clinical laboratories are reliable with rare
technical problems. Heterophilic antibodies in patient serum can be a rare cause of
erroneously high gonadotropin levels [54]. There is a common genetic polymor-
phism of the LHB gene (W8R/I15T), with 10-20% allelic frequency in various
populations, giving rise to an immunological variant of LH that is not detected by
some immunometric assays, especially those using antibodies against the LH o/f
dimer [29]. An inappropriately low level of LH is found in carriers of the polymor-
phic gene, even though the bioactivity of the aberrant hormone is roughly normal.
Such an unexpected finding should be verified by another assay using a different
combination of antibodies. Inactivating mutations of gonadotropin subunit genes
and inactivating and activating mutation of gonadotropin receptor genes are
extremely rare causes of inappropriate gonadotropin levels, unlikely to be found in
men with FH.

3.2.2 Gonadotropin Bioactivity, Polymorphisms,
and Microheterogeneity

Older studies have reported that low gonadotropin levels (such as in hypogonado-
tropic hypogonadism) have a low ratio of bioactivity to immunoreactivity, as mea-
sured by in vitro bioassay and competitive immunoassay [44, 49]. It has more
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recently been established that such apparent bioimmuno ratio differences were due
to overestimation of low concentrations by older immunoassays [22, 27]. The
understanding now is that the quality of gonadotropins throughout the concentration
range occurring in men does not change, suggesting that the current immunometric
methods are functionally relevant. Admittedly, circulating gonadotropins display
microheterogeneity due to variations in the degree of glycosylation of individual
molecules [4], but the clinical relevance of this phenomenon is likely marginal.

There are several common polymorphisms in gonadotropin subunit and receptor
genes [7, 29, 37], which have been shown to influence the basal circulating levels of
gonadotropins. Determination of the polymorphisms may, therefore, help identify
one reason for an unexpected gonadotropin finding in hypogonadism. Alternatively,
a GnRH stimulation test may be performed to evaluate responsiveness of the HPT
axis [2].

3.2.3 Interpretation of the Findings

The first suspicion of hypogonadism is based on symptoms (and signs) and low
concentration of peripheral serum T. Due to significant day-to-day and diurnal vari-
ability in T levels, at least two tests should be obtained from fasting blood samples
within several hours of waking. If T levels are low, basal gonadotropin secretion
should be measured in the peripheral serum to differentiate between PH and
SH. Defining PH vs SH is clinically important, as it provides prognostic information
(i.e., reversible vs non-reversible), may lead to further diagnostic testing (i.e., pro-
lactin, pituitary MRI), and influences treatment options. In cases where fertility is
not relevant, LH measurement is usually sufficient without the need for
FSH. However, as FSH and LH are typically concordant, FSH may be ordered in
cases where the diagnosis of PH vs SH is unclear to provide further information
about pituitary activity.

Occasionally, GnRH stimulation testing may be useful to clarify indeterminate
findings, such as in men with normal LH and low T [2]. Following GnRH stimula-
tion, a low gonadotropin response suggests malfunction at the pituitary level,
whereas increases in gonadotropins and testosterone suggest impairment at the
hypothalamic level. Similarly, human chorionic gonadotropin (hCG) stimulation
can be used to assess the testicular steroidogenic capacity when primary hypogo-
nadism is suspected [2, 13]. Bang et al. [2] recently reported reference ranges for
gonadotropin and T responses following GnRH and hGG stimulation tests in healthy
men as well as in men with various forms of hypogonadism. Results obtained in
obese men with suspected FH demonstrated normal LH responses to GnRH stimu-
lation, suggesting that the low basal gonadotropin levels were more commonly sec-
ondary to inadequate hormonal release at the hypothalamic level [46]. A similar
finding of maintained pituitary responsiveness to GnRH has been reported in aging
men [39]. In contrast, hCG stimulation in obese men resulted in diminished T
response at the level of the testicle [2, 26, 40], possibly due to the negative influence
of adipose tissue-derived hormones on Leydig cell function. Interestingly, common
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polymorphisms of gonadotropin subunit and receptor genes have marginal effects
on gonadotropin concentrations and receptor activity, and thus do not influence the
results of GnRH or hCG stimulation tests [2].

3.3 Pathogenesis of Functional Hypogonadism (FH)

FH has been used to describe a milder form of hypogonadism which results from
chronic disease, stress, inadequate nutrition, obesity, and/or old age [17]. Unlike
OH, FH can often be transient and/or reversible, depending on the nature of the
etiology. FH should only be diagnosed after exclusion of OH and should not be
assumed based on age alone. For example, Klinefelter syndrome represents a com-
mon etiology for OH but may not be diagnosed until later in life [16].

FH can, in principle, occur at any age, although it may occur more commonly in
older men. In both children and adults, it may be caused by multiple systemic dis-
eases (see [3, 57]), with obesity, arguably, representing the most common etiology.
Although most studies have focused on low T in men with obesity, lesser attention
has been directed to the other part of testicular function, spermatogenesis. As will
be discussed below, suppressed spermatogenesis may also occur in a distinct sub-
group of men with FH. This condition may often go unnoticed in older men, as
fertility is often a lesser concern in this population.

Because of differing etiologies, clinical management and prognosis of primary
and secondary FH are often different. It is helpful to differentiate men into different
diagnostic categories according to their T and gonadotropin levels. Based on results
from 3119 community-dwelling men aged 40-79 years (EMAS study) [45], four
distinct categories were defined (Fig. 3.2): (1) normal T and LH (eugonadism —
76.7%), (2) low T and high LH (PH —2.0%), (3) low T and low-to-normal LH (SH —
11.8%), and (4) normal T and high LH (CH — 9.5%). It is noteworthy that when the
definition for hypogonadism included both abnormal levels and symptoms (i.e.,
sexual symptoms), the rates of hypogonadism declined significantly. It is important
to emphasize the need of gonadotropin measurements to define the diagnosis (see
also below), because, at least in the United States, only 12% of men with FH have
their LH and/or FSH measured before the initiation of T replacement therapy [33].
The distinction may also help contribute to the selection of therapy for men, particu-
larly among those desiring to maintain fertility.

3.3.1 Primary (Hypergonadotropic) Hypogonadism

Primary hypogonadism is diagnosed through both low T and usually elevated LH. In
most cases, FSH is more elevated than LH, and as such, it may be used as an adjunc-
tive test in cases where the diagnosis is in question [32]. Although PH is a common
etiology among the classical early-onset hypogonadism (OH), it may also occur in
older men, particularly among those with comorbid conditions [56].
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Fig. 3.2 Correlation of testosterone and LH levels in the EMAS population [45], a cohort of 3016
community-dwelling men in aged 40—79 years in eight European centers (UK, Sweden, Belgium,
Estonia, Poland, Hungary, Italy, and Spain). The vertical line corresponds to lower limit of normal
total T (10.5 nmol/l) and the horizontal line corresponds to upper limit of normal LH (9.4 U/l). The
population can be divided into eugonadal (T > 10.5 nmol/L; LH > 9.4 IU/L); primary hypogonadal
(T < 10.5 nmol/L; LH > 9.4 IU/L), secondary hypogonadal (T < 10.5 nmol/L; LH > 9.4 IU/L), and

men with compensatory hypogonadism (T > 10.5 nmol/L; LH > 9.4 IU/L). (Modified from Tajar
et al. [45])

In some cases of PH, a man may have normal T and LH but elevated FSH. This
situation may occur following radio- or chemotherapy, where spermatogenesis but
not steroidogenesis may be impaired, while in other cases, it may be idiopathic [15].

Multiple mechanisms are associated with elevated LH in aging independent of
comorbid states. They include age-related decreases of Leydig cell mass [34], tes-
ticular blood perfusion [41], and biochemical function [50], which are further exac-
erbated in conditions of poor health. Impaired testicular response to LH can also be
caused by elevated cytokine levels [20, 48] associated with low-grade inflammation
common in aging [18]. Primary testicular failure can also occur in connection with
alcohol abuse [8], renal disease [25], COPD [28], and malignancy [14].

3.3.2 Secondary (Hypogonadotropic) Hypogonadism

It is important to identify men with SH, because it may be caused by significant
pathologies, including pituitary or hypothalamic tumors, panhypopituitarism, or be
due to acute illness, medications (e.g., glucocorticoids or opioids), or obesity.
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Secondary hypogonadism is often reversible through treating comorbidities, chang-
ing offending medications, and optimizing lifestyle factors [6].

Obesity-related suppression of HPT function has several possible mechanisms,
including the pleiotropic inhibitory effects of adipocyte-produced adipokines, cyto-
kines, and chemokines on GnRH and gonadotropin secretion [47], as well as
obesity-related central insulin resistance [5, 36], which may negate the stimulatory
effect of insulin on gonadotropin secretion. One candidate peptide associated with
obesity-related HPT suppression is the fat-cell-produced leptin, which is reduced in
men receiving T therapy [30, 31]. Additionally, proinflammatory fat tissue cyto-
kines (e.g., tumor necrosis factor, IL-2, and IL-6) may further suppress gonadotro-
pin secretion [51]. Other substances have shown similar suppressive effects,
including endocannabinoids [35] and adiponectin [9]. Finally, lower SHBG in obe-
sity may lower the set point of HPT feedback inhibition. As total T is predominantly
suppressed in obesity, free T remains relatively higher and able to inhibit gonado-
tropins at lower levels of circulating total T. Interestingly, the long-held hypothesis
that increases in adipose tissue result in reduced T levels due to increased estradiol
feedback has been challenged by more recent findings [45].

3.3.3 Mixed Primary/Secondary Hypogonadism

The combination of both PH and SH is relatively common, especially among aged
obese men, where the primary age-dependent derangement of testicular tissues and
comorbidity-associated suppression of HPT function overlap. Similarly, adipokines
produced by fat tissue have inhibitory effects on both hypothalamic GnRH secretion
on Leydig cell steroidogenesis [40].

3.3.4 Compensated Hypogonadism

Elevated gonadotropins with normal T (LH >9.4 IU/L; T > 10.5 nmol/L) is a com-
mon finding in aging men, representing 9.5% in the previously described EMAS
cohort overall (Fig. 3.2) and 21% of men aged 70-79 [45]. A different cohort of
>4000 men presenting to a sexual dysfunction clinic reported a lower prevalence
rate of CH (4.1%), which likely relates to differences in study populations and sug-
gests that men with CH are less likely to potentially exhibit low T-related symptoms
[11]. Given these observations, the clinical significance of the isolated LH elevation
is unclear. However, several clinically relevant issues related to CH include identify-
ing associated or underlying etiologies and documenting hypogonadal symptoms.
Additionally, further research is warranted to determine if CH is able to predict
future health conditions, including uncompensated hypogonadism.

Although the exact cause of isolated LH elevation in these men is unknown, it
may relate to T suppression that has occurred within the defined “normal” reference
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range and therefore goes essentially unnoticed. With this hypothesis, these men
would normally have T levels in the mid to upper eugonadal range (e.g., 30 nmol/L),
and even with 70% suppression (11 nmol/L), they would still be considered normal.
In cases such as this, hypogonadal symptoms may be more likely to occur in
CH. Interestingly, in the EMAS cohort, men with CH had no sexual symptoms after
adjustment for age, BMI, smoking status, alcohol intake, and comorbidity [45].
However, their inability to do vigorous activity after adjustments persisted. This
may suggest mild T deficiency, since when the T thresholds of the different hypogo-
nadal symptoms were compared, the thresholds of suppressed physical activity
were reported at 13 nmol/L, while those of various sexual domains ranged between
8 and 11 nmol/L [55]. Hence, although many men with CH are not overtly hypo-
gondal, they may exhibit borderline symptoms of T deficiency. Whether they truly
exhibit high baseline T levels when eugonadal remains an unproven hypothesis.

CH may also represent an intermediary stage in the transition from eugonadism
to PH. When the testicular capacity to produce T starts waning as a result of various
factors, the negative feedback of T on gonadotropin secretion decreases and serum
LH increases. Initially, elevations in LH are able to maintain normal T levels (CH).
When testicular function deteriorates further, the pituitary is unable to further com-
pensate and PH ensues. As the latter is commonly associated with chronological
aging [56], we would similarly expect aging to be associated with CH. In reviewing
findings from EMAS, this finding was indeed observed, with the overall cohort hav-
ing a mean age of 58.5, CH of 67.3, and PH of 70.0 [45].

The suggestion of CH being a harbinger of impending PH was also supported by
findings from the 4.3-year prospective data obtained during the EMAS study [12].
In the study cohort, 5.2% of the men experienced incident CH (i.e., developed CH
during the follow-up period), while 6.6% had persistent CH and 2.4% reverted to
eugonadism during follow-up. Men with CH at baseline, indeed, had a 15-fold
higher risk to subsequently develop PH at follow-up than men with baseline normal
LH and T [12]. The development of CH was associated with several factors, includ-
ing age > 70 years, diabetes, chronic pain, pre-degree education, and low physical
activity. These men also developed erectile dysfunction, poor health, CVD, and
cancer more frequently, and their cognitive and physical function deteriorated more
than in men with persistently normal LH.

Other supporting findings of the concept of CH include lower hemoglobin levels,
erectile dysfunction, poor health, cardiovascular disease, cognitive and physical
deterioration, and cancer compared to eugonadal men [12]. It could therefore be
concluded that elevated LH in the presence of normal T is not an incidental finding.
Although it may revert to normal levels spontaneously, it remains associated with
multiple signs and symptoms of deteriorating health. However, at the present time,
isolated elevations in LH are not an unequivocal biomarker of hypogonadism.

Several other studies support the finding that elevated LH in the setting of normal
T may be associated with other medical conditions. Hyde and colleagues reported
that increased LH was a risk factor for ischemic heart disease in older men [24]. The
same conclusion was made by another study on CH where elevated LH was
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associated with psychiatric and cardiovascular symptoms, but not specifically with
sexual symptoms [11]. These men were also more likely to develop PH compared
to men with normal LH and T. A study from Denmark [21] found a positive associa-
tion with elevated LH but not T and all-cause mortality, suggesting that CH may be
arisk factor for early death. These preliminary findings underpin the potential clini-
cal importance of detecting CH in the diagnostic work-up of men with suspected
hypogonadism.

Another cohort study by Ventimiglia et al. [52] provided additional and some-
what contrasting information on CH in relation to other forms of hypogonadism. In
their analysis of infertile, hypogonadal men, the authors stratified groups into PH,
SH, and CH according to the EMAS criteria [45]. Results showed that CH repre-
sented a mild form of PH, while no differences in age were noted between group-
ings. Similar to the EMAS study, obesity was common among all men, with SH
displaying the highest overall risk. Testicular volume was low, FSH high, and
inhibin B low in both CH and PH. Impaired spermatogenesis was also identified in
men with CH, which is not commonly evaluated in aging male studies.

3.4 Gonadotropins in the Treatment
of Functional Hypogonadism

The first line of treatment for FH is lifestyle modifications, including weight reduc-
tion, dietary optimization, medication review, and treatment of comorbidities, after
which T therapy can be considered in men with no contraindications [10]. If main-
tained fertility is desired, exogenous T is contraindicated, except in certain scenar-
ios, as it reduces gonadotropins and intratesticular T below the threshold required to
maintain spermatogenesis. In this setting, gonadotropin treatment may be useful in
men with SH but not PH. One meta-analysis of men with organic SH reported out-
comes of men who received gonadotropins and demonstrated successful results
(mean sperm count 6 mil/mL and with at least one spermatozoon in ejaculate) in
75% of patients [38]. Improved success rates were noted among men who received
both human chorionic gonadotropin (hCG) and FSH compared to hCG alone.
Similar beneficial results were also observed among men who receive GnRH
therapy.

Other fertility-preserving alternatives to treat hypogonadism include aromatase
inhibitors (e.g., Ietrozole and anastrozole) or selective estrogen receptor modulators
(SERMs; e.g., clomiphene citrate and enclomiphene citrate), both of which increase
gonadotropin levels by reducing the negative feedback at the hypothalamic level,
thus potentiating the stimulation of intratesticular T and spermatogenesis. Aromatase
inhibitors are generally not recommended for extended use because of their variable
efficacy and deleterious effects on bone mineral density. SERMs might be a better
alternative to achieve the same goal; however, more research is required to better
evaluate their efficacy and long-term safety profile [1].
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Chapter 4
Hyperprolactinemia in Men
with Testosterone Deficiency

Landon Trost

4.1 Introduction

The appropriate diagnosis and management of male testosterone (T) deficiency
requires a thorough understanding of several physiologic processes and may
require the integration of subspecialty services. The lack of understanding or
appreciation of the complex nuances of low T may lead to missed diagnoses, inap-
propriate therapy, and potentially significant ramifications to a patient’s overall
health and well-being. One of these nuances includes the role and relevance of
prolactin (PRL) and, more specifically, hyperprolactinemia as an important clinical
condition. However, despite its importance, relatively few clinicians who treat low
T have significant experience in managing PRL abnormalities. Given this observa-
tion, the objective of this chapter is to provide the practicing clinician a practical
guide to evaluating and managing hyperprolactinemia. To accomplish this objec-
tive, the chapter is outlined to review the anatomy and physiology of PRL, associ-
ated findings and symptoms, its causative role in low T, the appropriate evaluation
of hyperprolactinemia, and available management strategies. Although many clini-
cians may simply choose to refer men with hyperprolactinemia to an endocrinolo-
gist, a deeper understanding of these principles remains relevant, given that the
initial diagnosis of hyperprolactinemia is most often dependent upon the sexual
medicine clinician.
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4.2 Prolactin and Hypothalamic-Pituitary-Gonadal Axis

Prolactin is a hormone produced in the anterior pituitary gland that serves predomi-
nantly to facilitate milk production in women. Several different actions lead to PRL
secretion, including nursing, estrogen therapy/hormones, sexual activity, eating,
and ovulation. As with other pituitary hormones, PRL is secreted in a pulsatile fash-
ion and often occurs between stimulating events. It has additionally been suggested
to have roles in immunomodulation and cell growth and differentiation and is par-
ticularly involved in hematopoiesis and angiogenesis.

Prolactin is most active during periods of pregnancy, where it leads to breast
growth and mammary gland milk production. The regulation of PRL secretion is
largely controlled via the inhibitory effects of dopamine, although thyrotropin-
releasing hormone (TRH) also contributes and is able to directly stimulate release.
Central serotonin also shows a stimulatory effect on PRL secretion. Prolactin exhib-
its mild gonadotropic effects and sensitizes luteinizing hormone (LH) receptors in
Leydig cells, thereby increasing T production. Both T and PRL are subsequently
able to suppress gonadotropin releasing hormone (GnRH), thereby helping to main-
tain appropriate PRL homeostatic levels.

The specific mechanism by which hyperprolactinemia causes low T has not been
definitively described, although it likely includes both direct and indirect contribu-
tions. The presence of a pituitary adenoma (secreting or non-secreting) may result
in suppression of GnRH/LH or destruction of GnRH/LH producing cells with sub-
sequent declines in T production. Additionally, as a mild gonadotroph, PRL may
feed back directly to the pituitary, resulting in the suppression of LH and T. Of note,
from a purely diagnostic standpoint, true hyperprolactinemia occurs in the absence
of macroprolactinemia, which may otherwise result in elevated prolactin levels
without associated symptoms. The differentiation between these two conditions and
diagnostic testing are beyond the scope of this chapter.

4.3 Clinical Symptoms and Prevalence
of Hyperprolactinemia in Men

Symptoms related to hyperprolactinemia may be due to the effect of PRL itself,
suppression of other hormones (e.g., T), or a mass effect from a PRL-secreting
mass. See Table 4.1 for a summary of common presenting symptoms in men with
hyperprolactinemia. In a recent study evaluating the presenting symptoms of 28
elderly males (>65 year old) who were diagnosed with hyperprolactinemia, 61%
complained of sexual dysfunction (e.g., low libido and erectile dysfunction [ED]),
while 36% had no symptoms and were incidentally diagnosed [1]. Interestingly,
only 7% complained of headaches or visual disturbances due to the mass effect
from an underlying pituitary tumor. In contrast, in men who have large prolactino-
mas (defined as >40 mm diameter or > 20 mm of suprasellar extension), visual
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Table 4.1 Common presenting symptoms in men with hyperprolactinemia

Symptoms” Frequencies

Sexual dysfunction (e.g., low libido and erectile 61%

dysfunction)

Incidental finding (asymptomatic) 39%

Headache 7%

Visual disturbances 7%

Gynecomastia Unknown (likely <5%)
Galactorrhea Unknown (likely <5%)

*Symptoms as identified in men aged >65 [1]

disturbances are reported in up to 65% of cases [2]. This important finding high-
lights that earlier detection at the sexual dysfunction stage may prevent progression
to a more advanced condition. Other symptoms such as gynecomastia or galactor-
rhea seldom occur with hyperprolactinemia in men, although the exact frequency
with which they occur is unknown and is likely low.

In a series of men presenting to a sexual medicine clinic with varied sexual medi-
cine complaints, a prevalence of mild elevations in prolactin (20-35 ng/mL) was
found in 3.3%, while that of higher elevations (>35 ng/mL) was observed in 1.5%
[3]. After controlling for low testosterone, TSH levels, and psychotropic drugs,
higher prolactin levels remained significantly associated with low libido (HR 8.6).
Similarly, following appropriate treatment of the elevated prolactin, libido improved
at 6-month follow-up.

The prevalence of hyperprolactinemia in men with low T has not been well
established. In contrast, majority of men with hyperprolactinemia are found to have
low T. In a study of men >65 years old, 75% were found to have low T, while a
second study of men aged 2278 identified similarly high rates of low T (86%) [1,
4]. As noted earlier, this high rate of concomitant sexual dysfunction as well as
sexual symptoms being the most common initial complaint of men with hyperpro-
lactinemia suggests an essential role for the sexual medicine physician in appropri-
ately identifying this condition through selective testing.

4.4 Etiologies for Hyperprolactinemia

Several different conditions and substances have been associated with hyperprolac-
tinemia, including tumors, comorbid conditions, and medications, among others.
See Table 4.2 for a more complete list of potential etiologies. Although pituitary
tumors are relatively uncommon in men with low T, among those who are found to
have hyperprolactinemia, they represent the most common single etiology and
account for 41% of cases [5]. Other common causes included seizures (17%), medi-
cations (15%), acute illness (14%), chronic kidney disease (11%), transient (10%),
and idiopathic (3%).
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Table 4.2 Causes of hyperprolactinemia

Categories Factors

Physiological Sexual activity, exercise, sleep, stress

Hypothalamic- Hypothalamic-pituitary stalk damage, acromegaly, lymphocytic
pituitary issues hypophysitis, parasellar mass, prolactinoma, adenoma, surgery, trauma,

radiation
Comorbid Chronic renal failure, cirrhosis, seizures
conditions
Medications Antipsychotics (less with aripiprazole), bowel promotility agents

(metoclopramide), tramadol, anesthetics, anticonvulsants, antidepressants
(tricyclics, monoamine oxidase inhibitors, selective serotonin reuptake
inhibitors, nefazodone, venlafaxine), antihistamines (H2), antihypertensives
(verapamil)

In the majority of cases, management of the underlying cause for hyperprolac-
tinemia typically leads to normalization of PRL levels. For example, among men
with prolactin-secreting tumors, medical treatment with dopamine agonists resulted
in normal PRL levels in 86% of individuals [1]. Similarly, men with chronic kidney
disease and hyperprolactinemia who undergo renal transplantation experience sub-
sequent declines in PRL levels [6].

In contrast to the above examples, medication-associated hyperprolactinemia is
less well defined, and relatively limited data are available. The most common medi-
cation class implicated in hyperprolactinemia is anti-dopaminergic agents, includ-
ing antipsychotics, with first-generation drugs being most commonly associated.
More recent, second-generation agents have lesser impacts on PRL levels, which is
thought to be secondary to combined dopamine agonist and antagonist properties
(e.g., aripiprazole) [7]. However, this traditional concept of antipsychotic medica-
tion use being the sole cause of hyperprolactinemia has recently been called into
questions. In a study of men with schizophrenia, 56% were found to have concomi-
tant hyperprolactinemia at baseline, prior to antipsychotic use [8]. More recent data
further supports this concept and suggests that the underlying psychotic disorder
may actually contribute more to hyperprolactinemia than the antipsychotic medica-
tions themselves [9]. Furthermore, PRL levels may positively correlate with the
severity of underlying psychosis. It is also unclear if drug substitution that results in
lower PRL levels is due to the effects of the drug themselves, lesser effects of newer
generation antipsychotics, or is indicative of improved underlying disease control
[10]. Interestingly, in the above-mentioned study, among those who complained of
concomitant sexual dysfunction, 92% were found to have elevated PRL levels com-
pared to only 18% among those without sexual symptoms. The findings again high-
light the interconnected nature and important predictive value of sexual symptoms
in diagnosing hyperprolactinemia.

Other medications that have been associated with hyperprolactinemia include
tramadol, verapamil, anti-dopaminergic bowel promotility agents (including meto-
clopramide), and select antidepressants (tricyclics, monoamine oxidase inhibitors,
selective serotonin reuptake inhibitors, nefazodone, and venlafaxine) [11-13]
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Primary hypothyroidism is also associated with hyperprolactinemia, likely due
to reflexively elevated TRH levels. Although PRL typically improves with normal-
ization of thyroid hormone, hyperprolactinemia has been reported even in the
absence of overt thyroid hormone alterations (i.e., subclinical hypothyroidism) [14].
Hypothyroidism can be readily tested by obtaining a thyroid stimulating hormone
(TSH) level. If this is elevated, it is suggestive of hypothyroidism and warrants
referral to an endocrinologist for further management.

4.5 When to Obtain Prolactin Testing

The appropriate management of men with low T includes obtaining PRL levels in
select clinical scenarios. The American Urological Association (AUA) and
Endocrine Society guidelines on T deficiency both recommend obtaining PRL in
men with low T and low/low-normal LH [15, 16]. From a physiologic standpoint, if
LH is in the normal range, then this suggests the ability of the pituitary to release
LH to stimulate the testicles and indicates that PRL testing is not required. In con-
trast, if LH is low or low/normal in the setting of low T, then this represents an inap-
propriate response and indicates a need to evaluate for potential causes of the
hypogonadotropic hypogonadism. In a related manner, men with total T levels
<150 ng/dl and low/low-normal LH should undergo a pituitary MRI regardless of
PRL levels, given the possibility for non-PRL-secreting adenomas and higher yield
at T levels <150 ng/dl [17].

In a 2016 publication summarizing recommendations from the Fourth
International Consultation for Sexual Medicine (ICSM), Corona and colleagues
suggested that clinicians should evaluate prolactin levels in all men complaining of
decreased sexual desire (Recommendation #4) [18]. These recommendations were
based on two studies which identified low libido in approximately 84% of individu-
als with prolactin levels >35 ng/dl, with two-thirds of these individuals exhibiting
secondary pathology related to the elevated prolactin [3, 19]. However, <1 to 1% of
individuals complaining of low libido were subsequently found to have notably
elevated prolactin, suggesting that universal testing among all men with low libido
may be of relatively low yield. Additionally, the number of men who had elevated
prolactin in the absence of low testosterone or other associated symptoms was not
reported, which likely represents an even smaller cohort. The authors did report that
prolactin >35 ng/dl was associated with low libido, independent of hypogonadism;
however, given the low overall yield, the role of universal prolactin testing in all
men with low libido is debatable at the present time.

The interpretation of PRL and what is considered normal are not well estab-
lished, and significant debate remains on optimal investigational and treatment
thresholds. From a practicality standpoint, PRL levels <50 ng/ml are rarely associ-
ated with significant pathology, while higher levels (>250 ng/ml) are positively cor-
related with increasing likelihood for identifiable intracranial pathology, and levels
>500 ng/ml are diagnostic of macroprolactinoma [2, 5, 20]. However, in the absence



40 L. Trost

of better data, levels above normal thresholds, but lower than <50, should not pre-
vent an investigation as to underlying causes or preclude treatment in the setting of
hypogonadotropic hypogonadism.

Although transient elevations in PRL are not uncommon, the Endocrine Society
does not recommend repeat or confirmatory testing in most cases of hyperprolac-
tinemia [21].

4.6 Management of Hyperprolactinemia

As the target audience of this chapter is a non-endocrinologist practicing clinician,
a complete and thorough description on the management of hyperprolactinemia is
beyond the intended scope. In most cases, practicing clinicians will likely refer
patients with elevated PRL to an endocrinology provider, which is consistent with
AUA guideline recommendations [15]. However, a brief summary of general treat-
ment strategies will be reviewed to provide a greater level of understanding, given
that the initial diagnosis of hyperprolactinemia still relies on the sexual medicine
provider. Each of the strategies noted below is based on the Endocrine Society
Guideline on hyperprolactinemia [21]. See Fig. 4.1 for a proposed summary algo-
rithm of the evaluation and treatment of hyperprolactinemia.

One of the first steps in managing hyperprolactinemia is to determine who does
and does not merit treatment. Men with medication-induced hyperprolactinemia
may be considered for medication substitution/trial of discontinuation if clinically
viable. If this is not feasible, men with medication-induced hyperprolactinemia and
low T (with associated symptoms/findings) are not recommended to undergo dopa-
mine agonist therapies (e.g., cabergoline), but rather be treated with T directly. In
cases of symptomatic hyperprolactinemia secondary to medications where the med-
ication cannot be stopped, cautious consideration of a dopamine agonist may be
elected.

Similarly, men with asymptomatic microprolactinomas are generally not recom-
mended to be treated with dopamine agonists. In contrast, men with symptomatic
microprolactinomas or macroprolactinomas (with or without symptoms) are appro-
priate for treatment.

Once the decision for therapy has been made, dopaminergic agents such as cab-
ergoline are recommended as first-line agents. Initiation of cabergoline leads to nor-
malization of PRL levels in 71-86% and tumor shrinkage in approximately 80% of
men [1, 22]. Those with smaller microadenomas may experience even higher suc-
cess rates (95%) [23]. In men who are resistant to cabergoline (approximately 10%),
bromocriptine may be substituted.

Once successful treatment has been achieved for at least 2 years (normalized
PRL levels and no visible tumor), therapy may be tapered off with subsequent bio-
chemical follow-up. In men who do not respond, maximally tolerated dosing of
dopamine agonists is recommended prior to consideration of surgery.
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Fig. 4.1 Proposed algorithm for the evaluation and management of low testosterone as it relates
to prolactin and hyperprolactinemia
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Surgery is recommended in select cases, including symptomatic patients with
prolactinomas who cannot tolerate high-dose cabergoline or are unresponsive to
dopamine agonists. Those with aggressive or malignant prolactinomas are recom-
mended for radiation therapy.

4.7 Summary

Hyperprolactinemia is a relatively infrequent, but important, condition that occurs
in men with low T. The most common symptoms associated with hyperprolac-
tinemia include sexual symptoms (e.g., low libido and ED), although these are rela-
tively indistinguishable from low T and are likely directly related to T levels. In men
with low T, a LH level should be obtained and, if found to be low, PRL levels should
subsequently be performed. Current ICSM guidelines also recommend obtaining
prolactin in all men presenting with low libido. Men with severely low T (<150 ng/
dl) and those with elevated PRL levels without a clearly defined cause should
undergo a pituitary MRI to evaluate for the presence of micro- or macroadenomas.
Further evaluations are warranted to identify the cause of hyperprolactinemia,
which may include medications, hypothyroidism, and chronic kidney disease,
among others. The treatment of hyperprolactinemia is typically best managed by an
endocrinologist and consists of medical therapy with cabergoline in the majority of
cases. Surgery and radiation are infrequently utilized and are reserved for men who
are refractory or intolerant to medications.
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Chapter 5
Testosterone and Disordered Sleep

Fiona Yuen, Bahman Chavoshan, Danya Waqfi, and Peter Y. Liu

5.1 Introduction

In the past few decades, our knowledge of the role that sleep exerts on many aspects
of health has expanded significantly. Disordered sleep has been shown to negatively
impact cardiometabolic health, diminish psychomotor performance, and affect
multiple other physiological functions that are pertinent to men’s health. Disordered
sleep may be restricted or insufficient (decreased total sleep time), misaligned to the
endogenous circadian rhythm (as may be seen in night shift workers), or disrupted
(as occurs with nocturia or obstructive sleep apnea). Insufficient, misaligned, and
disrupted sleep has distinct effects on sleep architecture. Since each sleep stage
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serves specific physiological functions, insufficient, misaligned, and disrupted sleep
could differentially influence different aspects of andrological and metabolic health.
Conceptualizing this requires an understanding of normal sleep architecture.

The adult human sleep cycle is 90—120 minutes in duration. Sleep cycles are
divided into non-rapid eye movement (NREM) and rapid eye movement (REM)
sleep. Each stage of sleep can be recognized by characteristic electrophysiological
features: specific waveforms and frequencies of brain activity on electroencepha-
logram (EEG), rolling or saccadic eye movements detected by electrooculogram,
and skeletal muscle activity revealed by electromyography. NREM sleep contrib-
utes to 75-80% of total sleep time and is itself subdivided into three stages: N1,
N2, and N3. N1 generally progresses to N3 as sleep deepens and waveform fre-
quencies slow on the EEG. Stage 3 NREM sleep, also known as slow wave sleep
(SWS), typically occurs during the first one-third of the night and is believed to be
the most restorative type of sleep that underpins important metabolic processes,
including restoring insulin sensitivity [1, 2]. During SWS, cerebral blood flow and
metabolism are reduced. There is also increased secretion of growth hormone dur-
ing SWS [1]. In contrast, REM sleep contributes to 20-25% of the total time spent
in sleep, and REM cycles progressively lengthen as the night progresses [3]. REM
sleep is required for memory consolidation and for sleep-related increase in sys-
temic testosterone exposure [4].

Restricting sleep decreases total sleep time, but SWS tends to be maintained, so
metabolic processes dependent on SWS such as insulin sensitivity may also be
relatively preserved. Circadian misalignment of sleep may advance (initiating sleep
earlier) or delay sleep (initiating sleep later). When sleep is advanced, SWS and
REM are reduced. When sleep is delayed, N2 decreases, SWS is preserved, and
REM sleep increases [5]. Disrupted sleep interrupts normal sleep architecture by
interfering with the orderly progression of the sleep stages. Causes of disrupted
sleep include environmental (e.g., light, noise, and bed partner movements) and
pathologic (e.g., nocturia and OSA) factors. OSA may sometimes disrupt REM
sleep in particular, when the collapsibility risk from reduced upper airway muscular
tone is predominant. Accordingly, a reduction in systemic testosterone exposure
with REM-associated OSA would be expected.

This chapter focuses on the effects of common causes of disordered sleep on
andrological health, emphasizing well-established surrogates such as semen
parameters for male fertility and circulating testosterone concentrations for
hypogonadism.

5.2 Insufficient Sleep

It is recommended that adults aged 18—64 years sleep 8 hours per night on average,
although the restorative amount of sleep ranges from 7 to 9 hours each night for any
particular individual [6]. Despite these recommendations, over a third of American
adults report insufficient sleep durations on a regular basis [7]. Some causes of
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insufficient sleep include lifestyle and environmental factors, such as shift work,
noise, prolonged working hours, and jet lag; other causes include sleep disorders
such as insomnia and other medical conditions [3]. Insufficient sleep is linked to
increased mortality, andrological and cardiovascular disease, and metabolic
disorders including diabetes mellitus. Interventional studies investigating the effects
of restricting sleep reveal worsened insulin resistance and increased blood pressure,
especially nocturnal blood pressure [8].

5.2.1 Effect on Reproductive Health

Carefully conducted in-laboratory studies have shown that testosterone levels rise
during sleep and disruption of the normal sleep architecture prevents this rise in
testosterone [9]. Epidemiological studies have explored the relationship between
sleep duration and testosterone. However, findings from epidemiological cohort
studies have not been consistent. Some studies reveal lower testosterone levels with
shorter durations of self-reported sleep, while other studies do not [8]. It may be that
only sleep loss occurring during the second half of the night actually reduces
testosterone levels [10]. This hypothesis, if correct, could explain the inconsistent
findings from observational studies because the timing of sleep loss has not been
considered. On the other hand, carefully controlled in-laboratory interventional
studies have consistently shown that sleep restriction decreases testosterone [10—
12], including a recent study showing for the first time that sleep restriction decreases
testosterone levels in older men [13]. This novel finding raises the possibility that
sleep loss accumulated over decades of life in older men may contribute to age-
related hypoandrogenemia [14].

Epidemiological studies have also explored the relationship between sleep dura-
tion and male fertility. One study showed that in 1176 couples planning a preg-
nancy, male partners who self-reported sleeping <6 hour each night had lower
conception rates [15]. However, it is difficult to know whether it was the male or the
female partner’s sleep that was actually responsible for reduced conception rates as
bed partners may have similar sleeping patterns. Two studies of healthy young men
found associations between sleep and semen parameters. One study of healthy,
young Danish men showed that either low or high self-reported sleep quality was
associated with lower sperm concentrations, lower total sperm count, and a decrease
in the percent of sperm motility and morphologically normal spermatozoa, com-
pared with those who reported mid-levels of sleep quality [16]. This study did not
investigate sleep duration, and it is difficult to understand why both low- and high-
quality sleep would be associated with poorer semen parameters. A second study in
Chinese men, primarily military cadets, found that men who self-reported sleep
durations of <6.5 hours or >9.0 hours had lower total sperm count and semen vol-
ume [17]. Sperm chromatin was less mature, but there was no significant effect on
DNA fragmentation [18]. In a subset of these men who supplied semen samples
1 year later, a significant increase in total sperm count was observed in those who
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shifted their sleep away from extreme durations toward a hypothesized ideal dura-
tion of 7-7.5 hours/night [17]. However, this study relied on self-reported sleep
durations, the analysis appeared ad hoc, and the reasons for the improvement in
sleep were not determined. In animal studies, male rats that underwent sleep depri-
vation for 96 continuous hours or partial sleep restriction (<6 hours/night) for 21
nights had lower sperm viability and elevated endothelial nitric oxide synthase
expression compared to controls [19]. Another study also showed a decrease in
sperm motility in rats that underwent 7 days of continuous sleep deprivation com-
pared to controls [20]. A third study found a decrease in sperm count, motility and
morphology, as well as decreased viability, in those rats that underwent 5 days of
continuous sleep deprivation compared to controls [21]. The investigators also
noted increased testicular gene expression of nuclear factor kappa beta (NF-kf}) and
decreased nuclear factor-like 2 (Nrf2) expression. NF-kf is involved in activating
nitric oxide synthase, and Nrf2 is involved in regulating glutathione. Together, these
findings suggest that sleep restriction affects semen quality, plausibly by increasing
oxidative stress.

Two studies have also shown cross-sectional, inverse U-shaped relationships
between sleep (quality or duration) and lower testicular volume in humans. In the
aforementioned study of young Danish men, those who reported high (and low)
levels of sleep quality had lower testicular size [16]. The other study using home
actigraphy to objectively determine sleep onset and wake time, along with self-
reported sleep duration and quality, showed an inverse U-shaped correlation only
between sleep duration and testicular volume [22].

Longitudinal observational studies that examine the effects of sleep disturbances
on changes in conception rates and testicular volumes have yet to be performed. To
establish a direct relationship between sleep restriction and fertility rates, an
interventional study might require sleep restriction for over 3 months, given that the
spermatogenic cycle is 3 months in duration. Such an interventional study would be
a major undertaking.

5.3 Misaligned Sleep

Every cell, tissue, and organ in the body contains a molecular clock. These periph-
eral clocks are synchronized by the master circadian pacemaker which lies in the
suprachiasmatic nucleus (SCN) of the hypothalamus through hormonal (melatonin,
and cortisol for metabolically active organs) and autonomic signals. The master
circadian pacemaker is composed of specific neurons in the SCN that are coupled
together through direct cell-to-cell connections. These neurons generate autonomous
circadian rhythms which oscillate with a periodicity that is slightly greater than
24 hours. Accordingly, the master circadian pacemaker needs to be entrained to the
environmental day/night cycle on a daily basis through external cues known as
zeitgebers (“time-givers,” from German) to remain aligned with the environmental
day. Unsurprisingly, the main zeitgeber is light, and SCN neurons receive direct
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photic inputs from the retina for this purpose, which are distinct from the visual
processing system [23, 24]. Other zeitgebers include personal and societal patterns
of eating and physical activity.

Common causes of misaligned sleep include jetlag (fast trans-meridian travel)
and certain work schedules (night and alternating shift work). Shift work in
particular has been linked to multiple adverse health outcomes. Workers who sleep
during the day are sleeping during the normal wake phase of their biological
rhythms. They often also experience environmental factors such as light and noise
at inappropriate times that further adversely impact the duration and quality of sleep
and may also voluntarily wake up earlier to interact with family members, thus
further curtailing the total sleep time. Shift work has been linked to lower
performance and increased industrial incidents (e.g., Chernobyl nuclear disaster);
cardiometabolic diseases such as diabetes mellitus, obesity, hypertension, and
ischemic heart disease; as well as overall mortality [25]. These epidemiological
studies cannot establish a definitive causal relationship between shift work and
adverse health outcomes, however. On the other hand, interventional studies that
misalign sleep under highly controlled laboratory conditions have demonstrated
worsening of well-established markers of cardiometabolic health, such as insulin
resistance and systemic blood pressure, thereby suggesting a causal link [8].

5.3.1 Effect on Reproductive Health

Epidemiological studies show that shift work in the male partner does not impair
fertility if there is no actual sleep loss [26—28]. Several of these studies did find that
male infertility was associated with higher levels of physical exertion and
psychological stress but not with shift work [27]. Many of these studies were
conducted in fertility clinics, and thus their participants may not be representative of
the general population. Other epidemiological studies also did not find a significant
difference in semen parameters with shift work [29, 30]. There are no randomized
studies that investigate the relationship between misaligned sleep and semen
parameters.

Epidemiological studies have also investigated the relationship between shift
work and testosterone levels. However, these studies of clinic populations or of
workplace employees may not be representative of the population as a whole. A
study of men seen in an andrology clinic found that among men working nonstandard
shifts, those who reported better sleep quality had fewer hypogonadal symptoms
and superior sexual function. Blood testosterone levels were also measured in these
men. However, over 40% of the men were receiving testosterone therapy or
medications that alter systemic testosterone levels (such as clomiphene, anastrozole,
or human chorionic gonadotropin) [31].

Other studies in the workplace investigated testosterone levels in the saliva or
blood but did not measure samples over the entire day. One workplace study found
no change in salivary testosterone levels in rotating shift workers examined during
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a night shift schedule or during a recovery day shift schedule [32]. This study did
not obtain salivary testosterone levels during sleep. A small study in junior physicians
undergoing a rotating shift work schedule also found no change in testosterone
levels when examined after a holiday, or after day shift and night shift conditions.
Only one time point was assessed for each of the three conditions and the time of
blood draw was not specified [33]. As testosterone levels vary widely during the
day, a single time point will not provide a complete picture, especially if the time of
awakening is unknown. Another small study found that the overall mean
concentration of testosterone in shift workers was less than that of controls.
However, blood draws occurred only during the night when the night shift workers
were awake and the day shift worker controls were asleep [34]. Since testosterone
rises during sleep, mean testosterone levels would be expected to be lower in the
awake night shift workers compared with the asleep day shift workers, when only
nighttime, not 24-hour, testosterone levels are assessed.

In fact, only one study has examined 24-hour testosterone exposure in the work-
place. This study reported numerically higher 24-hour levels of urinary androgens
and higher 24-hour levels of urinary testosterone in male night shift workers com-
pared to male day shift workers. However, 24-hour urinary androgens and urinary
testosterone were not statistically different between these day and night shift work-
ers [35].

Whereas the prior studies were performed in a workplace setting, there is how-
ever one study that was conducted in a highly controlled laboratory environment. In
this study, normal young men who were not selected on the basis of being habitual
shift workers underwent a shift work schedule of nighttime wake or daytime wake
in a balanced cross-over design in order to examine blood testosterone levels. No
difference in 24-hour mean testosterone levels was observed, implying that the
acute (1 day) shift in work schedule did not alter overall systemic testosterone
concentrations. It did, however, find that testosterone levels rose with sleep and fell
during wakefulness, irrespective of whether sleep occurred during the day or
night [36].

In summary, there does not appear to be a significant change in mean testoster-
one levels with circadian misalignment due to shift work. However, this conclusion
is based almost entirely on observational studies in actual shift workers. Most did
not examine 24-hour testosterone exposure and were likely affected by sampling
bias and other confounders. Furthermore, the single in-laboratory interventional
study did not impose a realistic shift work schedule, nor was it designed to be able
to fully separate changes in testosterone due to sleep from those due to circadian
misalignment. Nevertheless, the diurnal rhythm of testosterone appears to be
dependent upon sleep (regardless of whether it occurs during the day or night), and
testosterone levels are therefore highest shortly after awakening. The Endocrine
Society recommends measuring testosterone in the early morning on two separate
occasions to assess for hypogonadism [37] and does not specify when testosterone
should be measured in shift workers. Based on this review, testosterone should be
measured soon after awakening, not necessarily in the early morning, in shift
workers. This is to obtain blood levels that are most comparable with the standard
testosterone reference range applied to non-shift workers.
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5.4 Disrupted Sleep

Many medical conditions disrupt sleep. Perhaps the most common cause is obstruc-
tive sleep apnea (OSA). Nocturia, due to prostatic problems or diuretic use, is also
a common cause. Other causes include poorly controlled asthma, heart failure, and
gastroesophageal reflux disease. In OSA, recurring partial closure of the pharyngeal
airway occurs during sleep leading to decreased airflow (hypopnea) or complete
cessation of breath (apnea). This leads to hypercapnia and hypoxemia, causing the
patient to arouse. OSA presents more commonly in men than in women and the
prevalence of OSA increases with age. With the current obesity epidemic, it is esti-
mated that 13% of men and 6% of women have moderate to severe sleep-disordered
breathing [38]. OSA is treatable with the application of continuous positive airway
pressure (CPAP) therapy. Epidemiological studies have shown that OSA increases
the risk of all-cause mortality, type 2 diabetes mellitus, systemic hypertension, and
coronary artery disease. Interventional trials have shown that effective CPAP
improves cardiovascular parameters including blood pressure and ventricular ejec-
tion fraction and also decreases cardiac dysrhythmias. However, a clear decrease in
cardiovascular mortality has not been evident [39]. Given the negative impact of
sleep disruption on overall health, the underlying medical causes should be opti-
mally treated.

5.4.1 Effects on Reproductive Health

There are no data from large-scale epidemiological studies linking OSA with male
fertility. Interventional trials have demonstrated the relationship between OSA and
erectile dysfunction, and most trials have shown improvement in erectile function
and sexual satisfaction with treatment of OSA [8]. The only randomized sham-
controlled trial reported that CPAP can improve erectile function but only if men are
compliant with CPAP use [40]. No studies have been performed to examine the
effects of OSA or reversal of CPAP on semen parameters or fertility in men.
However, an animal study found that mice subjected to periodic hypoxia for 60 days
had a decreased proportion of pregnant females per mating, decreased sperm
motility, and increased markers of testicular oxidative stress [41].

Epidemiological studies link more severe OSA to lower testosterone levels, but
it is not certain whether this relationship is or is not related to concomitant obesity
[8]. Furthermore, many of the symptoms of OS A overlap with those of hypogonadism.
The effects of OSA treatment on testosterone levels are also controversial. Although
a recent meta-analysis concluded that CPAP does not increase systemic testosterone
levels [42], this conclusion may not be warranted if only higher quality studies are
examined. The authors recognized that only two of the studies included in the meta-
analysis were randomized: one of these studies randomized between two different
treatments of OSA and so was unable to capitalize on randomization to assess the
effect of treatment of OSA alone [43]. Furthermore, combining studies that have
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methodological or design flaws by meta-analysis does not overcome the original
limitations. In contrast, when examining higher quality studies, the three most
notable studies have each concluded that treatment of OSA increases testosterone.
The first study is the only study utilizing a randomized sham-controlled design. It
reported that those randomized to CPAP had greater increases in testosterone
compared with those randomized to sham — but the difference between groups was
due to a fall in testosterone in the sham group [44]. The second study is the only
study that assessed testosterone exposure frequently over an extended period of
time (every 20 minutes from 7 PM to 7 AM). A significant increase in testosterone
after 9 months of CPAP was reported; however, only five highly CPAP-adherent
men were studied [45]. Nevertheless, all other studies have assessed one or two time
points, usually in the morning. The third study was the only study where near-
complete reversal of sleep-disordered breathing was achieved [46]. This study
reported an increase in morning testosterone levels after 3 months of therapy in 12
men, but the intervention was surgical uvulopalatopharyngoplasty, not
CPAP. Accordingly, it may be that adherent CPAP therapy is needed to increase
testosterone. However, large-scale studies are yet to be performed, and the overall
data currently do not allow firm conclusions to be drawn.

5.4.2 Testosterone Replacement Therapy and Obstructive
Sleep Apnea

Testosterone therapy is widely believed to induce or worsen sleep apnea, but the
evidence that underpins this relationship is weak [37]. Nevertheless, two randomized
controlled trials do show that testosterone therapy can acutely induce sleep-
disordered breathing. One of the studies resulted in levels of testosterone that were
definitely supraphysiological due to the dose administered [47] and the other likely
induced supraphysiological peaks due to the drug pharmacokinetics of short ester-
chain testosterone intramuscular injections [48]. Whether these adverse findings
would occur with longer-term near-physiological testosterone replacement, as now
occurs in clinical practice with modern testosterone formulations, is uncertain.
Two other randomized, placebo-controlled, parallel group studies have partly
filled this gap in knowledge by investigating the effect of longer-term replacement
dose and more steady-state testosterone therapy on sleep-disordered breathing [49,
50]. The first study administered a dose-titrated testosterone patch (n = 54) or a
matching dose-titrated placebo patch (n = 54) to healthy men over the age of 65 for
3 years [49]. The initial dose was 6 mg/day, which was adjusted every 3 months to
maintain blood testosterone levels below 1000 ng/dL. No significant difference
between the two groups was detected after 6, 12, 24, or 36 months of therapy; how-
ever, sleep-disordered breathing was assessed at home with a relatively insensitive
portable instrument which may not have detected the development of mild or moder-
ate OSA. The second study is the only study to purposefully administer testosterone
to men with known moderate to severe OSA. Obese men with OSA received three
doses of testosterone undecanoate 1000 mg every 6 weeks (n = 33), or matching
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placebo (n = 34), as well as a hypocaloric diet which caused weight loss that was
comparable between the two groups [50]. The study reported that testosterone treat-
ment significantly increased sleep-disordered breathing by a moderate amount (10
events/hour) at week 7 (1 week after the second injection of testosterone undecano-
ate), but not at week 18. Available studies suggest that sleep-disordered breathing
occurs because testosterone affects ventilatory drive [51, 52]. A meta-analysis of 19
randomized controlled trials evaluating the effects of testosterone replacement ther-
apy in hypogonadal men aged 45 and over on a range of outcomes did not find a
significant difference in the incidence of OSA; however, only symptomatic severe
OSA would have been reported since OSA was not systematically assessed by poly-
somnography so that effects on the apnea-hypopnea index (AHI) were not reported
[53]. Overall, studies show some evidence that the initiation of testosterone therapy
might induce or worsen OSA, but any effects are moderate in size and may not per-
sist. Nevertheless, the Endocrine Society has made, for now, a prudent recommenda-
tion to avoid initiating testosterone therapy in those with untreated severe OSA [37].

5.5 Conclusion

Disordered sleep can be categorized as insufficient, misaligned, or disrupted.
Epidemiological data have established a relationship between disordered sleep and
increased mortality, cancer, cardiovascular disease, insulin resistance, and type 2
diabetes mellitus. This review shows that disordered sleep also affects andrological
health: insufficient sleep decreases testosterone, whereas circadian misalignment
due to shift work or simulated shift work schedule per se does not. Disrupted sleep
due to obstructive sleep apnea is associated with lower systemic testosterone
concentrations, although this may be due to concomitant adiposity. Preliminary data
suggest the possibility that male fertility and semen parameters may also be
impacted by sleep duration, but the impacts of circadian misalignment and/or
disrupted sleep on fertility have not yet been studied comprehensively. In any case,
sleep should be prioritized and valued to promote overall health, including
andrological well-being. Methods to minimize deleterious effects of shift work and
to promote CPAP adherence remain important research priorities.
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Chapter 6
Testosterone Therapy and Male Fertility

Robert E. Brannigan

6.1 Introduction

Testosterone is a pivotal hormone that is involved in the regulation of many facets
of normal human physiology and function, including reproduction. Testosterone
was first isolated by Dr. Ernst Laqueur in 1935, and it was approved for medical use
4 years later in 1939 [1]. However, it was not until approximately 70 years after its
discovery that testosterone deficiency, as a medical condition, garnered increasing
public awareness and overall visibility as a disorder whose treatment could benefit
large numbers of aging males. These changes came mainly as exogenous testoster-
one was actively promoted as a therapy for men with both low serum testosterone
levels and accompanying signs and symptoms of low testosterone, including
decreased libido, erectile dysfunction, loss of energy, diminished mood, and sarco-
penia. Increased public awareness of the links between low testosterone and numer-
ous aging-related signs and symptoms coincided with a threefold increase in
testosterone prescriptions for males over 40 years of age in the United States [2].
While many men benefitted from this therapy, some practitioners prescribed testos-
terone therapy to patients without performing a proper diagnostic workup (i.e.,
documenting a low serum testosterone level, determining that the patient had signs
or symptoms of testosterone deficiency, etc.), without discussing the associated pos-
sible risks and benefits of therapy (i.e., suppression of spermatogenesis and infertil-
ity), and without providing appropriate longitudinal follow-up care. While
testosterone therapy has provided substantial clinical benefits and relief from both-
ersome signs and symptoms associated with testosterone deficiency, these therapeu-
tic gains do not come without potential downsides. As mentioned above, these
drawbacks include impairment of male reproductive potential and resultant
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infertility, which can be either temporary or permanent. This chapter focuses on the
important intersection between testosterone and male reproduction, including the
unique therapeutic challenges encountered in treating males with testosterone defi-
ciency who wish to preserve their future reproductive potential.

6.2 Male Reproduction

The hypothalamic-pituitary-gonadal (HPG) axis is a complex, highly integrated
system that drives male reproductive processes at numerous levels, including cen-
tral sexual desire, intratesticular spermatogenesis, and post-testicular accessory
gland function. The endocrine initiation of male reproduction begins with the
release of gonadotropin releasing hormone (GnRH) from the hypothalamus. GnRH
is secreted from specialized neurons in the arcuate nucleus of the hypothalamus and
is transported via the hypothalamic-pituitary portal microvascular system to the
anterior pituitary gland. GnRH secretion occurs in a pulsatile fashion, with a rate of
approximately 3.8 secretions every 6 hours appearing to be the optimal frequency
for normal gonadal function. Abnormally increased or decreased frequency of
secretory pulses can each result in disruption of the normal hormonal milieu [3]. In
response to GnRH secretion, the anterior pituitary secretes the gonadotropins lutein-
izing hormone (LH) and follicle stimulating hormone (FSH). LH binds to the recep-
tors of Leydig cells, stimulating testosterone production and secretion. FSH binds to
the receptors of Sertoli cells and stimulates the translation of numerous proteins that
support spermatogenesis. The HPG axis has several negative feedback loops, com-
prised predominately of estradiol and testosterone, which suppress the release of
both LH and FSH from the anterior pituitary gland. In addition, inhibin B, a protein
secreted by Sertoli cells, feeds back centrally and can inhibit pituitary FSH secre-
tion without affecting LH secretion [3].

The testicle is encased within the tunica albuginea and comprises 250-300 dis-
tinct lobules. The testicular anatomy has classically been divided into three different
compartments : the vascular, interstitial, and intraluminal compartments [4]. Each
of these regions plays its own unique and important role in supporting spermatogen-
esis. The vascular compartment delivers the essential metabolic supplies to the tes-
ticle from the central circulation, including electrolytes, nutrients, fluid, and
endocrine modulators. The testicular microvascular anatomy is characterized by
capillaries that envelop but never penetrate the seminiferous tubules, a hallmark trait
of the blood-testis barrier. The interstitial compartment is thus the proximate source
of all fluid, nutrients, and electrolytes that facilitate the metabolic activities occur-
ring within the seminiferous tubules. Additionally, Leydig cells secrete testosterone
into the interstitial compartment fluid, where testosterone concentrations are on the
order of 100-200 times higher than serum testosterone levels [5]. Collectively, the
interstitial fluid compartment substances enter the intraluminal (seminiferous
tubule) compartment via diffusion and/or active transport, where they stimulate and
support Sertoli cell function and germ cell production. The intraluminal
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compartment — comprises the space within the seminiferous tubule — houses the
Sertoli and germ cells and is the site of spermatogenesis. The Sertoli cells, which
are directly regulated by testosterone, play a critical sustentacular role, providing
both structural and functional support for spermatogenesis. The aforementioned
blood-testis barrier is actually more aptly deemed a Sertoli cell barrier, composed of
tight junctions, adherens junctions, and gap junctions between adjacent Sertoli
cells. These structures subdivide the seminiferous tubule into a basal compartment
that is exposed to blood and lymph fluid, and an adluminal compartment that is
devoid of this exposure, thus shielding post-mitotic germ cells from the immune
system. Sertoli cell protein products, including transferrin, clusterin, and insulin-
like growth factor, all bind to germ cells and help regulate sperm production.
Interestingly, the germ cells themselves are devoid of androgen receptors, and thus
testosterone exerts only indirect effects on germ cell growth and development [6].
Spermatogenesis is a highly complex process that depends not only on systemic
endocrine but also on local paracrine and autocrine mechanisms. While spermato-
gonia reside on the basement membrane, more mature and later stage germ cells,
including primary spermatocytes, secondary spermatocytes, and spermatids, grow
inward toward the lumen, filling the apical portion of the compartment.
Spermatogenesis in humans follows a stratified and layered spiral configuration,
with an intertwined, helical pattern along the length of the seminiferous tubule. In
humans, the cycle of spermatogenesis from spermatogonial stage cell to ejaculated
spermatozoon takes approximately 60-76 days, based on several kinetic studies
performed using stable isotopes [7-9]. Once sperms exit the testicle, the excurrent
ductal system (epididymis and vas deferens) and the male accessory glands (semi-
nal vesicles and prostate gland), all androgen-dependent structures, facilitate sperm
transport. Upon exiting the testicle via the efferent ductules, the sperm transit
through the epididymis and ultimately, during seminal emission, through the vas
deferens and ejaculatory duct. During seminal emission, the seminal vesicles and
prostate gland also each respectively secrete fluid that proceeds into the prostatic
urethra, and sperms expressed through the vas deferens and ejaculatory duct join
this fluid collection to comprise the seminal clot. Shortly afterward, during sexual
climax, the bladder neck closes, and the coordinated muscular contractions of the
periurethral and pelvic muscles result in ejaculation. This event completes the pro-
cess of sperm transport within the male, as the semen is propulsed through the ure-
thra and out of the tip of the penis. All of these structures are, to varying degrees,
dependent on androgens for their normal development and ongoing function.

6.3 Testosterone Deficiency and Male Infertility

Given the pivotal role that testosterone plays in establishing and maintaining normal
male reproductive potential, the assessment of testosterone levels in men presenting
for a fertility evaluation is a key aspect of the patient’s diagnostic evaluation.
According to the Practice Committee of the American Society for Reproductive
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Medicine, an endocrine evaluation should be undertaken in infertile males who have
at least one abnormal semen parameter, abnormal sexual function, or clinical find-
ings that suggest the possible presence of an endocrinopathy. This endocrine evalu-
ation should include, at a minimum, both serum FSH and testosterone levels as part
of the initial endocrine workup [10]. Given the diurnal pattern of variation of testos-
terone secretion, with peak levels occurring soon after waking, a morning testoster-
one test time is generally recommended (unless the patient is sleeping during the
day, in which case, the test should be obtained soon after waking) in order to avoid
“false-positive” low levels, which can be seen in some men with afternoon or eve-
ning blood draws. If the initial serum testosterone level is low (<300 ng/dL), a
repeat level is necessary in order to differentiate a truly low level from a sporadi-
cally low level. In addition to the above-mentioned diurnal secretory variation, low
testosterone levels can also be reflective of the physiological variation in levels that
occurs throughout the day and is linked to the pulsatile nature of GnRH, LH, and
testosterone secretion. If the serum testosterone is low, the American Urological
Association Guidelines on the Evaluation and Treatment of Testosterone Deficiency
recommends that a serum LH level also be measured in order to determine if the
patient suffers from secondary (hypogonadotropic) hypogonadism with a hypotha-
lamic or pituitary defect versus primary (hypergonadotropic) hypogonadism with a
primary testicular defect [11].

Patients with hypogonadotropic hypogonadism have low or normal serum LH
levels, and adjunctive testing such as serum prolactin level, pituitary imaging, and
iron studies is indicated in order to further investigate the underlying cause.
Hypogonadotropic hypogonadism can result from abnormally low GnRH secretion
by the hypothalamus, a condition that can either be congenital, as in the case of
Kallmann syndrome, or acquired, resulting from injury or damage to the hypothala-
mus. Similarly, hypogonadotropic hypogonadism can result from pituitary abnor-
malities, including prolactinomas, infiltrating brain tumors, trauma, and iatrogenic
injury from surgery or radiation therapy. A pituitary MRI should be considered in
the setting of unexplained low LH and FSH levels, especially when the serum tes-
tosterone is <150 ng/dL. This pituitary imaging can help to identify sellar lesions,
including pituitary adenomas, prolactinomas, infiltrative processes, or parasellar
conditions [11]. Patients with hypogonadotropic hypogonadism typically have
decreased or altogether absent spermatogenesis due to their abnormally low testos-
terone and FSH levels.

Patients with hypergonadotropic hypogonadism have elevated serum LH +/—
FSH levels and low serum testosterone levels. The primary issue in these patients is
an intrinsic testicular abnormality, with diminished testosterone production. When
these findings are unexplained, and particularly in cases of azoospermia, adjunctive
testing could include chromosome analysis to evaluate for conditions such as
Klinefelter syndrome (47, XXY karyotype), which occurs in approximately 1:500
men [11].
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6.4 Adverse Effects of Exogenous Androgens
and Spermatogenesis

Exogenous androgens can have profound inhibitory effects on spermatogenesis. As
detailed earlier, administration of exogenous androgens results in the suppression of
LH and FSH secretion via the negative feedback loop that is an essential aspect of
HPG axis self-regulation.

The adverse effects of androgens on spermatogenesis have been best studied in
numerous male contraception studies with testosterone administered as the contra-
ceptive agent. Most of these studies utilized subjects who started with baseline nor-
mal serum testosterone levels, and most study subjects recovered normal levels of
spermatogenesis after cessation of the testosterone. An integrated study by Liu et al.
combined data from 30 contraception studies involving 1549 healthy men who were
started on exogenous testosterone to determine contraceptive effects [12]. The
authors found that recovery of spermatogenesis to normal sperm concentrations
(>20 million sperm/mL) occurred within 6 months of testosterone cessation in 67%
of study subjects, within 1 year in 90%, within 16 months in 96%, and finally within
2 years in 100% of subjects. It is very important to stress, though, that these study
subjects were normal men with normal baseline testosterone levels and semen anal-
yses. Neither men with testosterone deficiency nor men with infertility were consid-
ered in this study. Samplaski et al. assessed 59 subjects who presented with
complaints of infertility while on exogenous testosterone [13]. The authors found
that 88.4% of these infertile study subjects were azoospermic while on testosterone,
and by 6 months after testosterone cessation, 65% of the patients who had no other
identifiable cause for azoospermia had recovered spermatogenesis. In this retro-
spective study, there was no set regimen regarding the medical approach to treating
testosterone deficiency once the testosterone was halted, and some of the patients
were on various combinations of agents including clomiphene citrate, human chori-
onic gonadotropin (hCG), anastrozole, and/or menotropin. Kohn et al. studied 66
males who presented for an infertility workup, were on exogenous testosterone
therapy, and were found to have a sperm concentration of <1 million sperm/mL. In
this study, the authors aimed to determine the recovery of spermatogenesis with
initiation of hCG therapy after cessation of exogenous testosterone. The authors set
a total motile sperm count (TMSC) of 5 million as an indicator of recovery of sper-
matogenesis. The authors found that 65% of the patients presenting with azoosper-
mia and 92% of the patients presenting with cryptozoospermia achieved a TMSC of
5 million with this regimen. An important consideration for this study and similar
studies is that baseline semen testing before initiation of exogenous testosterone is
missing on the majority of subjects [14].
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6.5 Alternative Therapies for the Treatment
of Testosterone Deficiency

The American Urological Association Guidelines on the Evaluation and Treatment
of Testosterone Deficiency recommends that clinicians may use “alternative thera-
pies” alone or in combination when treating men with testosterone deficiency who
desire to maintain their fertility. These alternative therapies include hCG, selective
estrogen receptor modulators (SERMs), and aromatase inhibitors alone or in com-
bination with one another. This is particularly relevant, given the high prevalence of
males presenting for a fertility evaluation who have nonobstructive azoospermia of
oligospermia. More specifically, 15% of couples experience infertility, and among
them, approximately half will have a male factor involved. Given the inhibitory
effects of exogenous testosterone on intratesticular testosterone production and
spermatogenesis, these alternative therapies offer a critically important pathway to
optimize endogenous testosterone production and improve the signs and symptoms
associated with testosterone deficiency, including infertility. While these alternative
therapies each have different mechanisms of action, they share the same common
end result of optimizing endogenous testosterone production. Among these alterna-
tive therapies, only hCG has been approved for use in males, with an indication only
in treating hypogonadotropic hypogonadism. At the current time, there are a limited
number of studies detailing the effects of these agents on male reproductive poten-
tial, and the quality of these studies in aggregate is highly variable. Despite the
paucity of data on the use of these agents, there are several noteworthy studies that
provide important insights into these medications, and they can serve as a useful
guide for clinicians who consider prescribing these medications for patients, as
detailed below.

6.5.1 Aromatase Inhibitors

Aromatase inhibitors block the conversion of testosterone to estradiol, and in doing
this, they diminish the depletion of testosterone that occurs during this conversion.
The resultant decrease in estradiol levels caused by aromatase inhibition also results
in less estradiol negative feedback centrally on the HPG axis. The end result is
increased LH secretion and an increase in testosterone secretion.

Pavlovich et al. described a specific “treatable endocrinopathy” within infertile
males, consisting of low testosterone, elevated estradiol, and an abnormally low
testosterone: estradiol ratio (<10:1) [15]. Two separate studies assessed the effects
of treating this condition with aromatase inhibitors, and the authors found that oli-
gospermic subjects experienced an increase in T:E ratio as well as an increase in
semen parameters [15, 16]. A subsequent study at the same institution found that
aromatase inhibitor therapy used in men who had azoospermia, a serum testosterone
level <300 ng/dL, and a T:E ratio <10:1 resulted in no increase in rates of sperm
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retrieval, pregnancy, or live birth when compared to men not on this therapy. Finally,
Ramasamy et al. reported on a series of azoospermic males with Klinefelter syn-
drome who were treated with alternative therapies (aromatase inhibitors, hCG,
SERMS), either alone or in various combinations [17]. Results demonstrated
improved sperm retrieval rates among those who experienced increased T:E ratios
and T levels >250 ng/dl, suggesting a possible role for these agents in this clinical
setting.

Anastrozole is an aromatase inhibitor with good clinical efficacy, and it is com-
monly used at dosages in males ranging from 0.05 to 1 mg every 1-3 days.
Anastrozole’s t,,,, (time to reach maximal serum concentration) is 2-5 hours, and
the 1, (half-life) is 40-50 hours [11]. Side effects are generally mild and well toler-
ated, but can include nausea, hot flashes, hypertension, back pain, bone pain, dys-
pnea, and peripheral edema. The oral route of administration is convenient for
patients, avoiding potential barriers sometimes seen with injectable agents.

When prescribing aromatase inhibitors, several important caveats should be fol-
lowed. First, aromatase inhibitors should in general not be used for long durations
of time because of potential deceases in bone mineral density that can occur with
suppression of estradiol [18]. However, with regular, periodic follow-up and careful
management of aromatase inhibitor dosing, estradiol can be maintained within the
normal range, which will minimize the potential risk of bone density loss [11].
Finally, in those patients for whom aromatase inhibition results in persistently ele-
vated estradiol levels, the therapy should be stopped due to lack of efficacy [11].

6.5.2 Human Chorionic Gonadotropin (hCG)

Human chorionic gonadotropin is an LH agonist that is approved by FDA for use in
treating men with hypogonadotropic hypogonadism. The bulk of the existing medi-
cal literature regarding this agent has been conducted in men with congenital (idio-
pathic) hypogonadotropic hypogonadism [19, 20]. There are fewer studies
characterizing the use of hCG in the broader population of adult males with testos-
terone deficiency not stemming from primary pituitary dysfunction. Nonetheless,
several publications provide valuable information for clinicians considering the use
of hCG in this wider context. Liu et al. evaluated the effects of hCG in a cohort of
older men with a mean age of 67 years and androgen deficiency [21]. This study was
adouble-blind, placebo-controlled, randomized trial, and when compared to patients
receiving placebo, those patients receiving hCG had an approximately 150%
increase in their serum total testosterone level. The authors concluded that aging
males enjoy some level of “testicular responsiveness” to hCG therapy. Some inves-
tigators have described the use of hCG concurrently with exogenous testosterone
therapy in an effort to maintain intratesticular testosterone production, with putative
advantages including the maintenance of spermatogenesis. Coviello et al. reported
that co-administration of low-dose hCG with exogenous testosterone maintained
intratesticular testosterone production [22]. In their cohort, the authors found that
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exogenous intramuscular testosterone therapy suppressed intratesticular testoster-
one levels 94% from baseline. Subsequently, when hCG 250 IU every other day was
added to the regimen, intratesticular testosterone levels were only 7% less than
baseline, and when hCG 500 IU every other day was added to the regimen, intrates-
ticular testosterone levels rose to 26% above the baseline level. Hsieh et al. subse-
quently found that in a cohort of 26 men treated with hCG 500 IU every other day
combined with either daily topical testosterone gel or weekly intramuscular testos-
terone, no patients became azoospermic. Furthermore, no changes in semen param-
eters were observed over the 12-month follow-up period, and 9/26 patients achieved
a pregnancy with their partner during the study interval [23]. These publications
collectively suggest that hCG given concurrently with exogenous testosterone can
preserve both intratesticular testosterone production and fertility for men on exog-
enous testosterone therapy.

hCG is commonly used as monotherapy in males at dosages ranging from 500 to
4000 IU subcutaneously or intramuscularly 2-3 times per week. hCG’s #,,,, is
12 hours and the #, is 2 days [11]. Side effects are typically mild and can include
headache, irritability, depression, fatigue, edema, gynecomastia, and injection site
pain [11]. The injection route of administration is less convenient than oral forms of
alternative therapies, but this downside is often offset by the direct, LH-agonist
mechanism of action.

6.5.3 Selective Estrogen Receptor Modulators (SERMs)

Selective estrogen receptor modulators are oral agents that block estradiol negative
feedback centrally, resulting in an increase in LH secretion. Among the three classes
of alternative therapies, SERMs are the most well studied in terms of putative fertil-
ity preservation benefits. Several reports reveal favorable clinical response, with
serum testosterone level increases mirroring those seen for patients on testosterone
gel therapy [24]. Clomiphene citrate, the most commonly used SERM in the setting
of male hypogonadism, has been shown to be less expensive than testosterone gel
therapy and also to be very well tolerated in terms of its side effect profile [11]. Two
randomized, controlled trials found that for men with testosterone deficiency, treat-
ment with SERMs resulted in stable sperm concentrations, whereas treatment with
exogenous testosterone resulted in significantly decreased parameters [25, 26]. In a
prospective, double-blind, randomized, controlled trial, Helo et al. found that clomi-
phene citrate therapy led to significantly higher serum testosterone levels when com-
pared to anastrozole therapy [27]. Alternatively, anastrozole led to significantly
higher T:E ratios than did clomiphene citrate. In the end, neither therapeutic approach
led to significant changes in semen parameters among patients within the cohort.
Clomiphene citrate is commonly prescribed at dosages ranging from 25 to 50 mg
every 1-2 days. Clomiphene’s 7, is 5 hours and the 1, is 57 days [11]. Side effects
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are typically mild and can include headache, visual symptoms, and flushing. The
oral route of administration is a substantial advantage when compared to non-oral
forms of alternative therapies.

When prescribing SERMs, several important points should be kept in mind.
First, a serum LH level should be obtained after starting therapy. If the LH level
remains abnormally low in the setting of a persistently low testosterone level, then
an increase in the dosage of the SERM can be considered [11]. This maneuver
sometimes results in further optimization of testosterone levels. However, if after
initiating the SERM, the serum testosterone level remains low in the setting of an
elevated LH level, then dose escalation of the SERM is not likely to result in addi-
tional increases in the serum testosterone level, as the primary issue is likely testicu-
lar failure [11]. The use of SERMS also results in a paradoxical decline in semen
parameters in an estimated 17-24% of men, although the exact rate and etiology for
these findings are understudied [28]. Given these observations, routine monitoring
of semen parameters is warranted among men treated with SERMs who wish to
maintain fertility.

6.6 Treatment of Testosterone Deficiency
in “Special Populations”

Several “special populations” of patients warrant consideration in this chapter. Each
patient group has unique challenges in the management of their testosterone defi-
ciency, and as a result, up-front discussions with these patients are important in
order to clarify their expectations and convey a clear sense of likely outcomes
related to therapeutic intervention.

6.6.1 The Aging Male

Aging males often pursue testosterone therapy in an effort to offset numerous
aging-related changes, including physical, cognitive, and sexual signs and symp-
toms. Credible literature supports the benefits of testosterone replacement therapy
in improving erectile dysfunction, low libido, low bone mineral density, decreased
lean body mass, and depressive symptoms related to low testosterone [11].
However, the literature at this time is inconclusive regarding testosterone’s benefits
in improving fatigue/low energy, decreased cognitive function, dyslipidemia, mea-
sures of metabolic abnormalities related to diabetes mellitus, and quality of
life [11].

Some clinicians make broad assumptions about patients and their desires for
future fertility based upon traits such as a patient’s age, existing number of children,
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sexual orientation, and marital status. Unfortunately, these assumptions are often
incorrect and may result in a clinician initiating exogenous testosterone with its
resultant contraceptive effects in a man who desires future children. The American
Urological Association’s guideline document on the Evaluation and Management of
Testosterone Deficiency strongly recommends that exogenous testosterone should
not be prescribed to men who are currently trying to conceive, given the commonly
seen resultant suppression of the HPG axis and spermatogenesis. Even if a patient
reports no interest in current or near-term conception, they should be made aware of
the contraceptive effects of androgen therapy. Some of these men might change
their mind in the future, and they should be made aware of the process of stopping
exogenous testosterone and possibly converting to one of the above-mentioned
alternative therapeutic regimens.

6.6.2 The Male Who Abuses Anabolic Steroids

The first reports of abuse of androgens occurred during the 1954 Olympics, when
Russian weightlifters were given exogenous testosterone in order to increase
strength and performance [29]. Anabolic steroid abuse increased significantly
within the general population in the 1980s, with abusers looking to enhance
appearance and/or improve athletic performance. In 1990, the US Congress passed
the Anabolic Steroid Control Act, providing definitions for these agents and sub-
jecting them to federal control. Shortly thereafter, illicit labs and medical tourism
increased, as abusers sought avenues around these legal restrictions. The end
result has been the emergence of a sophisticated “underground marketplace” and
culture where patients acquire and self-treat with these illicit agents [30]. Over the
long term, despite efforts at “cycling” and “stacking” agents on their regimen,
these patients often suffer from chronic suppression of the HPG axis, progressive
testicular atrophy, and azoospermia [31]. This condition, deemed ‘“‘anabolic ste-
roid induced hypogonadism” (ASIH), can be extremely challenging for clinicians
to effectively treat. While most cases of ASIH-related azoospermia will resolve
spontaneously within 4—-12 months, some patients experience persistent oligo- or
azoospermia. Rahnema et al. have described a treatment algorithm for symptom-
atic ASIH that combines a graduated tapering of the anabolic steroid over time
with initiation of alternative therapies such as SERMs and, if needed, hCG [30].
The end aim is to drive up endogenous testosterone production, which might not
only treat more generalized symptoms but also improve spermatogenesis and fer-
tility potential. For those patients who remain persistently azoospermic despite
these therapeutic maneuvers, microdissection testicular sperm extraction (“micro-
TESE”) is an option, although no large data sets exist regarding this patient popu-
lation’s clinical outcomes, including sperm retrieval, pregnancy, and live
birth rates.
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6.6.3 The Male with Hypogonadotropic Hypogonadism

Hypogonadotropic hypogonadism can be either a congenital or an acquired condi-
tion. Congenital hypogonadotropic hypogonadism (CHH) typically results from a
genetic deficiency of GnRH secretion, and to date over 30 etiologic mutations have
been described [32]. Patients typically present with lack of pubertal development,
prompting a medical workup and diagnosis.

Acquired hypogonadotropic hypogonadism can arise due to infiltrating or
impinging tumors, trauma, and iatrogenic causes such as surgery and radiation ther-
apy. If the condition onsets prior to adolescence, patients will typically present with
failure to initiate puberty. For those patients in whom the onset is post-pubertal,
signs and symptoms of testosterone deficiency can develop, including regression of
secondary sexual characteristic, loss of libido, erectile dysfunction, and infertility.

Therapies for these patients consist of replacing the deficient gonadotropins,
namely using hCG, and, if FSH is abnormally low, recombinant FSH (r-FSH).
While these therapies are usually effective, clinical utilization is often limited by the
high cost of medication and necessity for self-injection. These issues include the
cost of gonadotropin therapy and subcutaneous or intramuscular route of
administration.

6.6.4 The Male with Klinefelter Syndrome

Klinefelter syndrome (47, XXY) is a congenital form of hypergonadotropic hypo-
gonadism and accounts for approximately two-thirds of chromosomal abnormali-
ties among infertile men. This condition has a high prevalence, affecting 1:500
males. Klinefelter syndrome is also associated with numerous congenital abnor-
malities of the testicle, including atrophy, fibrosis, and decreased or altogether
absent spermatogenesis. These patients typically have azoospermia, but despite this
azoospermia, over half will have active spermatogenesis occurring within the testi-
cle. Several studies have assessed the role of hormonal optimization within these
patients prior to micro-TESE, with varying results [33, 34]. While there is no
favored regimen at this time, key findings in the literature for this patient population
include optimizing the T:E ratio > 10:1, commonly through the use of aromatase
inhibitors, and concurrent optimization of testosterone >300 ng/dL via the use of
hCG and/or SERMs. The Cornell group reports a 65% sperm retrieval rate for their
series of patients with Klinefelter syndrome, with overall favorable pregnancy rates
of 40% [34]. Keys to success in treating these patients include a runup of hormonal
optimization of at least 3 months duration prior to the micro-TESE and careful con-
sideration of the use of an aromatase inhibitor as part of the treatment regimen,
given the high prevalence of obesity with associated abnormally high serum
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estradiol levels. While these patients have a 47, XXY karyotype, their gametes are
typically euploid, with only a single X or Y sex chromosome. Klinefelter syndrome
is a unique chromosomal condition in this way, as it is very rare for a patient with
Klinefelter syndrome to father an offspring with the same abnormal karyotype.
Most offspring are, in fact, euploid (46, XX or XY).

6.7 Conclusions

Testosterone deficiency is a highly prevalent condition affecting large numbers of
males. Exogenous testosterone formulations are the most widely used forms of
therapy for affected patients, but these agents commonly cause suppression of
endogenous testosterone production and result in impaired spermatogenesis.
“Alternative therapies,” as described in the 2018 American Urological Association
Guidelines on the Evaluation and Treatment of Testosterone Deficiency, each work
via different mechanisms but share the common end result of improving endoge-
nous testosterone production. Furthermore, as a result of the increased endogenous
testosterone, these agents also often improve spermatogenesis and thus enhance
male fertility potential. Clinicians should thus become both familiar and comfort-
able with the use of alternative therapies in patients desiring treatment of their tes-
tosterone deficiency with concurrent fertility preservation.
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Chapter 7
Testosterone and Prostate Effects

Carolyn A. Salter and John P. Mulhall

7.1 Introduction

Historically, testosterone (T) was thought to be involved in negative prostate events
such as the growth of benign or malignant prostate tissue. This notion stems from
the seminal 1941 article by Huggins and Hodges, which demonstrated that in men
with metastatic prostate cancer (CaP), surgical castration led to a reduction in acid
phosphatase levels, while administration of exogenous T led to an increase in these
levels [1]. Our understanding has been further expanded with the concept of the
saturation model, which suggests that above a certain T threshold, the androgen
receptors are maximally stimulated and, thus, further increases in T levels have no
additional effects on prostate cells [2]. However, at lower levels of T, prostate cells
do respond to increased T levels, and changes in prostate tissue may occur. While
the exact T saturation threshold in humans is not known, animal studies suggest that
this is near-castrate levels and is at sub-physiologic levels in humans [2]. More
recent data suggests that this total testosterone (TT) threshold is <250 ng/dL
(8.67 nmol/L), although there is interindividual variability [3]. This chapter focuses
on the effects of T on prostate tissues.

7.2 Prostate-Specific Antigen (PSA) Changes

Data from the Testim Registry in the US (TRiUS) nicely demonstrates the effect of
T on PSA levels. This registry contains data of 451 men with testosterone deficiency
(TD). These men were separated into two groups: those with TT < 250 ng/dL
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(8.67 nmol/L) (n =197) and those with TT > 250 ng/dL (8.67 nmol/L) (n = 254) [4].
Atlower levels of TT, i.e., TT < 250 ng/dL (8.67 nmol/L), TT was loosely correlated
with PSA (r = 0.20, p = 0.005) as was free T (FT), r = 0.22, p = 0.03. In contrast,
this correlation was not seen in men with TT > 250 ng/dL (8.67 nmol/L) [4]. These
men were then evaluated after 12 months of T therapy (TTH). Results showed sta-
tistically significant PSA changes in men with TT <250 ng/dL (8.67 nmol/L), with
a mean increase in PSA of 0.19 £ 0.61 ng/mL (21.9%, p = 0.02). Those with base-
line TT >250 ng/dL (8.67 nmol/L) experienced similar increases, although these
were not statistically significant (0.28 = 1.18 ng/mL, or 14.1%, p = 0.06). The high-
est observed PSA was within the first month of TTH followed by subsequent
decline [4].

Marks et al. [5], evaluated 40 men with TD, as defined by symptoms and
TT < 300 ng/dL (10.40 nmol/L). Men were randomized to intramuscular T (IMT)
or placebo and were evaluated (to include prostate biopsies) at baseline and at
6 months [5]. The primary endpoint was intraprostatic T or dihydrotestosterone
(DHT) levels, which were unchanged in the TTH group between baseline and
6 months (p =0.29 and 0.51, respectively). However, PSA was higher after 6 months
of TTH: 2.29 ng/mL (IQR 0.40-7.19) versus 1.55 ng/mL (IQR 0.30-5.80), p < 0.001
[5]. Similarly, when comparing the change in PSA between TTH and placebo,
results were higher among TTH men at 0.90 + 0.89 ng/mL versus 0.60 + 1.55 ng/
mL, p = 0.008.

Snyder et al. [6] evaluated 790 men >65 years old with TD, defined as
TT < 275 ng/dL (9.53 nmol/L). Men were randomized 1:1 to T gel versus placebo
for 1 year. At the completion of therapy, 23 TTH men were found to have PSA rises
of >1 ng/ml compared to 8 in placebo (no p-value; study not specifically designed
to compare adverse events between cohorts) [6].

Calof et al. [7] conducted a meta-analysis of 19 double-blinded placebo-
controlled TTH trials with a total of 651 men on TTH and 433 on placebo. All stud-
ies included men >45 years old who were on TTH > 90 days [7]. Results showed
that “prostate events” as a whole were higher in the TTH group (OR 1.78, 95% CI
1.07-2.95). However, differences with individual prostate events, including PSA
changes, were not statistically significant between the two groups. Specifically,
PSA increases of >1.5 ng/mL or total PSA > 4 ng/dL occurred in 41.6 per 1000
patient-years in the placebo group versus 57.1 in the TTH group, OR 1.19 (95% CI
0.67-2.09) [7].

Arguably the strongest data on the role of TTH in PSA changes comes from the
supporting text of the American Urological Association (AUA) Testosterone
Deficiency guidelines [8]. A meta-analysis was performed on nine randomized
control trials with a total of 2601 men. All trials compared TTH versus placebo in
men with baseline TT < 350 ng/dL (12.14 nmol/L). The meta-analysis demon-
strated findings that were borderline (but not statistically) significant for a mildly
elevated PSA (OR 1.71, 95% CI 0.98-3.00; note that CI >1.00 is required for sig-
nificance) [8].
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In summary, the above data are inconclusive and somewhat contradictory. Results
seem to suggest a possible effect of TTH on increasing PSA, although the overall
effect is likely minor and appears to be more prominent among men with lower
baseline TT levels. Larger, adequately powered series dedicated to specifically eval-
uating changes in PSA are required to definitively address whether TTH truly
increases PSA, particularly in men with normal baseline TT levels.

7.3 Prostate Volume Changes

In Marks et al.’s [5] study of men on TTH versus placebo for 6 months, there was
no change in prostate volume as measured by MRI (magnetic resonance imaging).
This held true for total prostate volume [43.8 (15.5-112.0) versus 42.0 (19.8-117.9)
mL; p =0.16] and for the volume of the transition zone [21.8 (4.8-76.5) versus 15.4
(4.1-47.8) mL; p = 0.58] [5].

Liu et al. [9] also evaluated the effect of T levels on prostate volume. They evalu-
ated 148 men aged >45 years old as part of a free health screening. The men under-
went a transrectal ultrasound, completed the International Prostate Symptom Score
(IPSS), and had PSA and T labs completed [9]. Their mean age was 59.8 years with
a mean TT of 488 + 170 ng/dL (16.64 + 5.89 nmol/L) and FT of 8.4 + 2.8 ng/dL
(0.29 £+ 0.10 nmol/L) . Results demonstrated that T did not correlate with prostate
volume (p = 0.35 for TT and 0.45 for FT, respectively). On multivariable analysis
(MVA) of predictors of prostate volume, only age was a significant predictor
(» <0.001) [9]. This provides further evidence that T levels do not influence prostate
volume. However, it is important to note that these men had normal T levels and
only a minority of patients had T levels close to the previously described satura-
tion point.

In contrast to the above studies, Behre et al. [10] performed a study evaluating
prostate volumes among men with much lower TT levels. Specifically, the authors
compared 47 men with untreated TD, 78 men with TD on TTH for >6 months, and
75 men with normal TT levels [10]. The mean TT level for the TD group was
150 ng/dL (5.2 nmol/L) (95% CI 127-173) compared to 554 ng/dL (19.21 nmol/L)
(95% CI 494-611) and 577 ng/dL (20.01 nmol/L) (95% CI 539-614) for TD on
TTH and normal TT groups, respectively. Baseline prostate volumes were much
lower in the TD groups at 12.2 mL (95% CI 11.0-13.5) compared to 21.3 mL (95%
CI 19.9-22.8) in the TD on TTH and 22.9 mL (95% CI 21.4-24.4) in the normal T
group, p < 0.05 [10]. A multivariable analysis of predictors of prostate volume was
performed separately for each of the three patient groups. Interestingly, TT levels
were only significantly associated with prostate volume in the TD group (p = 0.006)
[10]. These findings are consistent with the previously described saturation model,
in that, at lower baseline TT levels (i.e., below the saturation point), increases in TT
result in concomitant increases in prostate volume.
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7.4 Lower Urinary Tract Symptoms (LUTS)

LUTS can be measured subjectively, usually using a validated questionnaire called
the IPSS (International Prostate Symptom Score), or objectively using a uroflow rate,
which measures the strength of the urinary stream. The IPSS is adapted from the
AUA Symptom Index for Benign Prostatic Hyperplasia [11] and includes seven
questions for symptoms such as weak or intermittent urinary stream, frequency,
urgency, and straining to urinate as well as a question on quality of life. Higher scores
denote more severe symptoms. Marks et al. [5] evaluated LUTS in men after 6 months
of TTH or placebo. After 6 months of TTH, when compared to baseline values, there
was no change in IPSS score (13.0 [IQR 0-26.0] to 12.5 [0-30], p = 0.43 or with
uroflow rates (14.0 [IQR 4.0-31.0] to 10.6 [IQR 4.8 to 18.9] mL/sec, p = 0.09 [5].
Similarly, when compared to the placebo group, there were no differences in IPSS
score (+1.43 + 8.14 versus —1.21 + 7.74, p = 0.30) or uroflow rates (—3.66 + 7.48
versus —3.44 + 7.27 mL/sec, p = 0.94) among the men treated with TTH [5].

Snyder et al. [6] also demonstrated no change in LUTS based on IPSS score in
men on TTH versus placebo. After 1 year of treatment, the rate of men with moder-
ately severe LUTS (as determined by an IPSS score > 19) was similar in TTH and
placebo groups (27 versus 26 men, respectively; no p-value provided) [6]. Similarly,
Liu et al. [9] in their evaluation of the impact of T levels on prostate parameters
found that neither TT nor FT was correlated with IPSS scores (p = 0.26 for TT and
0.74 for FT) [9]. In Behre et al.’s [10] study that compared prostate volume in men
with untreated TD, TD on TTH for >6 months, and normal T, uroflow was also
compared, with no differences observed among cohorts [10]. Thus, these studies all
suggest no role of T in LUTS.

While the Calof et al.’s meta-analysis noted a higher rate of prostate events in the
TTH men overall (OR 1.78, 95% CI 1.07-2.95), this did not hold true when evaluat-
ing specific prostate events [7]. For example, IPSS increases were similar (2.8 per
1000 patient-years in placebo versus 5.5 in TTH, OR 1.08 (95% CI 0.46-2.52).
Episodes of acute urinary retention were also equivalent (0 in placebo versus 2.2 per
1000 patient-years in TTH group, OR 0.99, 95% CI 0.40-2.44) [7]. It is thought that
this can be explained by the fact that statistically these calculations assume that
there is only one prosate event (if any) per each individual man and not that one man
has multiple prostate events. In actuality, each prostate event probably occurs in the
same men. For example, a man with acute retention is likely to have an increase in
IPSS score as well. This explains why individual prostate events are not higher but
prostate events as a whole are [7].

7.5 Prostate Cancer (CaP) Development

Arguably the biggest historical concern regarding TTH is the risk of CaP develop-
ment or progression. This notion is based on the observations that CaP is a
testosterone-dependent event, with data from eunuchs and men with congenital
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5-alpha reductase deficiency demonstrating no or reduced development of prostate
cancer compared to the general population [12, 13]. In relation to hypogonadal men
with existing prostate cancer, data from Huggins and Hodges suggested that TTH
may exacerbate progression of the disease, while castration improved symptoms
[1]. These findings are further supported by numerous studies which have confirmed
arole for chemical/surgical castration in the management of advanced CaP. However,
current data suggests that TTH does not increase CaP risk in men with low T and
without an existing diagnosis of prostate cancer. Snyder et al. [6] evaluated almost
800 men randomized to placebo versus TTH for 1 year. During the study period,
only one man in the TTH group and no one in the placebo group were diagnosed
with CaP. In the year after the study, only two TTH men and one placebo patient
were diagnosed, suggesting low rates in both patient populations and highlighting a
need for longer-term follow-up to truly evaluate the risks for prostate cancer devel-
opment and progression [6].

Muller et al. [14] analyzed the placebo arm of the REDUCE trial, wherein all
participants underwent a prostate biopsy regardless of PSA levels [14]. All men
were 50-75 years old with a prior negative biopsy and a baseline PSA between 2.5
and 10 ng/mL. A total of 3255 men in the placebo arm had a repeat biopsy during
the trial and were included in this current study. TD was defined as <288 ng/dL
(10 nmol/L). Overall, 25.2% of men were diagnosed with CaP, and these rates were
similar in men with TD (25.5%) compared to normal T (25.1%), p = 0.831 [14]. On
secondary analysis, results showed that higher T levels were associated with higher
CaP rates only in men with TD (OR 1.23, 95% CI 1.06-1.43; p = 0.006). In men
with normal baseline T levels, there was no association between T levels and CaP
risk (p = 0.33) [14]. This supports the saturation model, as once the androgen recep-
tors are maximally stimulated, there is no additional risk of prostate cancer with
further addition of T.

In the 2005 meta-analysis by Calof et al., a higher rate of prostate biopsies and
prostate cancer was noted among TTH men compared to placebo; however, these
were not statistically significant. Specifically, prostate biopsies during the study
period occurred in 2.8 per 1000 patient-years in placebo compared to 38.7 in the
TTH group. The overall odds ratio was 1.87 (95% CI 0.84—4.15) [7]. Similarly,
prostate cancer diagnosis was in 8.3 per 1000 patient-years in placebo and 9.2 in
TTH, OR 1.09 (95% CI 0.48-2.49) [7].

The AUA Testosterone Deficiency guidelines also addressed the risk of CaP in
men on TTH. A meta-analysis of 10 randomized control trials (RCT) with 2508
men was conducted. All trials compared men with TD (defined as T < 350 ng/dL or
12.14 nmol/L) who were on TTH (n = 1372) versus placebo (n = 1136). Results
demonstrated that 10 TTH patients and 9 placebo patients developed CaP, demon-
strating an insignificant increased risk in CaP in men on TTH (OR 1.0, 95% CI
0.36-2.8) [8].

In addition to the lack of evidence that TTH increases the risk for prostate cancer
(among men with T levels above the saturation level), there are also data that indi-
cate that increased T levels are not associated with higher grades of prostate cancer.
In a series of 431 men who had TT levels obtained pre-radical prostatectomy (RP),
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men with Gleason 4 predominant cancer had lower overall TT levels compared to
those with Gleason 3 predominance (400 versus 450 ng/dL or 12.87 versus
15.60 nmol/L, p = 0.001) [15]. Similarly, TD (defined as TT < 300 ng/dL or
10.40 nmol/L) was higher in Gleason 4 predominant men compared to Gleason 3
(22.9 versus 11.4%, p = 0.002). The inverse was also true. When comparing men
with TD (n = 62) to normal T (n = 369), Gleason 4 patterns were more common in
the TD group (47% versus 28%, p = 0.003). On multivariable analysis (MVA), TD
was a predictor of Gleason 4 predominant CaP (OR 1.87, 95% CI 1.105-3.169,
p =0.02) [15]. Overall results suggest that TTH is not a risk factor for CaP, and T
deficiency is associated with more aggressive cancer.

A smaller study found a correlation between low FT and more aggressive
CaP. Hoffman et al. evaluated 117 men with CaP. TD was defined as a TT < 300 ng/
dL (10.40 nmol/L) or FT < 1.5 ng/dL (0.05 nmol/L) [16]. Men with low FT (but not
low TT) had a greater percentage of positive biopsy cores (43% in men with low FT
versus 22% in men with normal FT, p = 0.013). Interestingly, all men in the study
with Gleason >8 had low FT. Of the men with low FT, 11% had Gleason >8 disease
compared to 0% in the men with normal T, p = 0.025 [16].

Similar findings were seen in a larger series of 937 men post-RP. In this study,
they compared Gleason scores in biopsy versus RP specimen. TD was defined as
TT <300 ng/dL (10.40 nmol/L). On RP, Gleason 4 predominance was higher in the
TD group at 41.7% versus 29.1% in the normal T group, p = 0.0029 [17]. Men with
TD were also more likely to have an upgrade in Gleason score between biopsy and
RP. Nearly 20.1% of men with TD were upgraded from Gleason 3 to 4 predomi-
nance compared to 11.6% of men in the normal T group, p = 0.002. Interestingly,
the PSA levels were the same in men with TD versus normal T (PSA 8.5 + 5.3 ng/
mL versus 8.5 = 5.5, p = 0.72) [17]. This is an important point, as the conventional
thinking is that more aggressive CaP is seen in men with TD as their PSA is lower
and falsely reassuring, which leads to a delay in diagnosis. However, this data dem-
onstrating similar PSA levels in men with and without TD suggests an alternative
mechanism for more aggressive CaP in these men.

Data also suggests higher positive margin status in men with TD. Teloken et al.
[18] noted that men with TD are more likely to have positive surgical margins after
RP [18]. In their study of 64 men who underwent RP, TD was defined as TT <270 ng/
dL (9.36 nmol/L). Men with TD had higher rates of positive margins (39% versus
14.6%, p = 0.026). When comparing T levels of men with positive versus negative
margins, they found lower T levels in the men with positive margins: 284.7 + 145.1 ng/
dL (9.87 £ 5.03 nmol/L) versus 385.7 + 205.2 (13.37 = 7.11 nmol/L); no p-value
provided [18]. However, there was no difference between men with TD and normal
T in the other pathological variables such as extracapsular extension (20.3% versus
26.6%, p = 0.25) or seminal vesicle involvement (3.1% versus 4.7%, p = 0.84). The
rates of men with low (<6) versus high (>7) Gleason scores were also similar
between men with TD and normal T (p = 0.56 at biopsy and 0.88 on RP specimen).
Similarly, distribution of pathologic stages (pT1 and pT2 versus pT3 and pT4) was
the same between men with TD and normal T (p = 0.14) (Table 7.1) [18].

In contrast, Kim et al. [19] noted an increased risk of extracapsular extension
(ECE) and biochemical recurrence (BCR) in men with TD [19]. They evaluated 60
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Table 7.1 Prostate events and recommendations

Prostate
events Synthesis of available evidence Recommendations
PSA changes | Small PSA increases can be Assess PSA 2—4 weeks after starting
expected after starting TTH, TTH.
especially for men with lower T Counsel patients to expect a PSA increase
levels below the saturation point initially, especially when their T is below
saturation threshold
Prostate T levels are not correlated with Counsel patients that TTH should not
volume prostate volume unless T is below | impact prostate volume unless they have
changes the saturation threshold. TTH does | very low baseline T levels
not appear to increase prostate
volume overall
LUTS There is no evidence that TTH Reassure patients that TTH should not
increase LUTS as measured by impact their urinary function
IPSS or uroflow
CaP Current data suggests that men Discuss with patients that while TTH is
development | receiving TTH do not have an not associated with increased risk of CaP,
increased risk of CaP development. |some evidence suggests that TD is
Data suggests that men with TD can | associated with more aggressive CaP
have more aggressive CaP

men post-RP; 21 had TD, defined as <300 ng/dL (10.4 nmol/L) and 39 had normal
T. ECE was higher in the TD group at 61.9% versus 28.2% in men with normal T
(»p =0.011). BCR was also higher in the TD group at 23.8% compared to 5.1% in
men with normal T (p = 0.032). On MVA of ECE, TD was a significant risk factor
(OR 4.96, 95% CI 1.41-17.38, p = 0.012). Similarly, TD was also identified as a
predictor of BCR on MVA (OR 13.64, 95% CI 1.66-2.43, p = 0.015) [19].

In the analysis by Muller et al. [14] of the placebo arm of the REDUCE trial, the
authors did not find a link between T levels and CaP aggressiveness. The men in this
study who were diagnosed with CaP were categorized into three Gleason catego-
ries: <6, 7, and >8. The median T levels in each group were similar (p = 0.72),
suggesting that TD is not associated with higher Gleason scores [14]. On MVA of
high-risk CaP, there was no association between T levels (as quintiles) and high risk
CaP (p > 0.1 for all) [14]. While these findings seem to contradict the consensus in
the literature, the study design may explain this. In this trial, these men were only
included if they had a negative biopsy at baseline. They then underwent repeat biop-
sies at years 2 and 4 of the study regardless of PSA levels [14]. In contrast, most of
the other studies specifically look at men diagnosed with CaP and then evaluate
their T levels.

7.6 Conclusion

In summary, the role of T and prostate events, such as increased PSA, prostate vol-
ume, LUTS, or CaP, is variably defined, with relatively limited, short-term studies
with small patient numbers available. Overall, there is a minor association with PSA
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levels and T in most men. As explained by the saturation model, PSA and T levels
are most strongly correlated at T levels below the saturation threshold. Beyond the
saturation point, the correlation between T and PSA is less pronounced and remains
debatable. Similarly, prostate volume does not correlate with T levels beyond the
saturation point, and there are no data to suggest an association with LUTS and T
levels. With regard to CaP, the literature does not support a link between TTH and
CaP risk, particularly among men with baseline levels beyond the saturation point.
In contrast, TD seems to be associated with higher risk of CaP and higher grade and/
or pathologic features compared to men with normal T. Thus, the currently available
data suggests that TTH does not increase the risk for prostate cancer among men
who do not have any evidence for existing prostate cancer.
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Chapter 8
Testosterone in Females

Sarah Cipriani, Elisa Maseroli, and Linda Vignozzi

8.1 Introduction

Despite the fact that testosterone (T) has always been considered as the “king” of
male sexuality, androgens are the most abundant steroids found also in women
throughout their lifespan, playing an important role in maintaining bone metabo-
lism, cognition, and sexual function. This chapter reviews androgens’ production
and fields of action in pre- and postmenopausal women, the characteristics and pos-
sible consequences of androgen deficiency, and finally the effects, management, and
safety of androgen therapy in women.

8.2 Physiology of Androgens in Women

8.2.1 Production and Signaling

Androgens are 19-carbon steroids synthesized from cholesterol. The four major
androgens that circulate in women during their reproductive age are listed in
descending order of serum concentrations: dehydroepiandrosterone (DHEA, which
principally circulates as a sulfate, DHEAS), androstenedione, T, and
Sa-dihydrotestosterone (5a-DHT) [1]. Additionally, androstenediol is produced to a
lesser extent [2]. DHEA and androstenedione can be considered as prohormones,
which are synthesized in the ovaries and in the adrenal glands, and require conver-
sion to T or 5a-DHT to exert their androgenic effects [3, 4]. In the ovaries, adrenal
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glands, and peripheral tissues, DHEA and androstenedione are converted to T,
which in turn can be transformed into Sa-DHT, the most potent androgen character-
ized by a three- to fivefold higher binding affinity for the androgen receptor (AR)
than T [5] (Fig. 8.1). T mostly circulates protein-bound, mainly to sex hormone
binding globulin (SHBG); it follows that any factor influencing the concentration of
this protein (e.g., oral contraceptives) is able to affect the free/active T ratio. On the
other hand, 5a-DHT is mainly an intracellular androgen, produced by the
Sa-reduction of T within target cells, where it exerts its biological functions.
Therefore, its serum concentration is relatively low. Additionally, androgens repre-
sent the obligatory precursors of natural estrogens that are produced mainly in ova-
ries and peripheral tissues and atlower levels in adrenal glands [6]. The characteristics
of androgen production in women are summarized in Table 8.1.

The mechanism of action of androgens consists of the binding of T or Sa-DHT
to the intracellular AR in target tissues, thus inducing conformational changes in the
receptor, which separates from the heat shock proteins (HSPs), dimerizes, and
translocates into the nucleus. Once bound to specific DNA regions — the androgen
responsive elements (AREs) — the hormone-receptor complex elicits the activation
of transcription factors, coactivators, and corepressors that modulate RNA expres-
sion of specific androgen-responsive genes, and consequently protein synthesis and
cellular metabolism [2].

The main androgen secreted by the adrenal glands is DHEA, synthesized from
cholesterol by the subsequent action of CYP11 and CYP17 enzymes. Testosterone
is synthesized from cholesterol in the ovaries and adrenal glands and from circulat-
ing DHEA in peripheral tissues. Testosterone and androstenedione are the necessary
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Fig. 8.1 Synthesis of androgens. (Adapted from [2])
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Table 8.1 Characteristics of androgen production in women [4]

83

Daily production

Androgen rate Circulating levels | Origin of production
DHEAS 3.5-20 mg 75-375 mcg/dL | 100% adrenal gland
(2-10
micromol/L)
DHEA 6-8 mg 0.2-0.9 mcg/dL | 50% adrenal gland

(7-31 nmol/L)

20% ovary
30% peripheral conversion of
DHEAS

Androstenedione | 1.4-6.2 mg

160-200 ng/dL

50% adrenal gland

(5.6-7 nmol/L) 50% ovary
Testosterone 0.1-0.4 mg 20-60 ng/dL 25% adrenal gland
(0.7- 25% ovary
2.08 nmol/L) 50% peripheral conversion of
androstenedione
DHT Variable 0.1 nmol/L 100% peripheral conversion of

testosterone

precursors to the synthesis of estradiol and estrone. Estrogens are a minor product
of the adrenal glands (dashed rectangle). Androstenedione also can be transformed
by aromatase into estrone, and interconversion between estradiol and estrone is
mediated by different isoforms of 17p-HSD (17p-HSD1 and 178-HSD2). 5a-DHT
is synthesized in target tissues from testosterone by the action of Sa-reductases.
Major pathways of synthesis in humans are denoted by black arrows and minor
pathways are represented by gray arrows.

CYP = cytochrome P450; DHEA = dehydroepiandrosterone; DHT = dihydrotes-
tosterone; HSD = hydroxysteroid dehydrogenase.

8.2.2 Androgens’ Levels in Menopause and Aging

Androgens’ production, and that of sex steroids in general, is not constant during
different phases of women’s life. Low levels of T primarily affect sexual differentia-
tion of the genitalia and of the brain during fetal life. Also, it participates in the
development of some secondary sexual characteristics during puberty and sexual
maturation, contributing to their functional maintenance in adulthood [7]. Androgens
reach their highest serum concentration in women of ages 20-30 years; then, their
level gradually declines as a function of age [8]. The majority of evidence suggests
that, throughout physiological menopause, estrogens synthesis rapidly decreases.
However, this process is not accompanied by a concurrent drastic decrease in serum
androgen levels, although it is well known that postmenopausal age is characterized
by significantly lower levels of these hormones [9]. Ovarian T production remains
relatively stable after natural menopause, thus increasing the percentage of overall
T production derived from the ovary [10]. This phenomenon is attributable to the
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menopausal-related increase in the levels of gonadotropins that stimulate steroido-
genesis in ovarian hilar and stromal cells [11]. As a matter of fact, postmenopausal
women who underwent oophorectomy show a 40-50% decrease in serum T concen-
tration [12]. Moreover, a recent cross-sectional study (measuring sex steroids by
liquid chromatography-tandem mass spectrometry, LC-MS) showed that in women
older than 70 years, serum DHEA levels are actually lower than in premenopausal
women, while total T concentrations are comparable to those seen in premenopausal
women and they even slightly increase beyond age 70 years [13].

8.3 The Role of Androgens in Women

In addition to being the necessary precursors for the biosynthesis of estrogens,
androgens exert AR-mediated effects also in women. However, while their role in
male reproductive development and function is well established, their actions in
several aspects of women’s physiology remain to be fully elucidated.

Follicular Development In ovaries, androgens are produced by the thecal cells in
response to luteinizing hormone (LH). Besides being the substrate for estrogens
synthesis, they seem to play a direct role in follicular development and consequently
in women fertility. Specifically, a proper androgen balance contributes to promote
follicle growth and prevent follicular atresia. Indeed, excess of androgens (e.g., in
polycystic ovary syndrome, PCOS) leads to a failed production of multiple follicles,
while their insufficiency has been associated with inadequate follicular develop-
ment [14]. Consistent with this observation, androgen supplementation has been
exploited with the aim of increasing follicular recruitment in assisted reproductive
technology (ART), and in a recent meta-analysis, DHEA or transdermal T emerged
as a relevant adjuvant treatment. DHEA induced the best clinical pregnancy rate,
and transdermal T was associated with the highest number of embryos trans-
ferred [15].

Sexual Behavior — Central Mechanisms In women, sexuality is the result of a
complex interaction of psychic, relational, social, and organic factors. Among
organic factors, sex steroids play the role of neuromodulators in brain regions that
are important for the control and for the initiation of sexual activity. While estradiol
and progesterone have been recognized for a long time as fundamental factors for a
full expression of behavioral responses related to appetitive and consummatory
phases in the female sexual response of some preclinical models, the pivotal role of
androgens as regulators of female sexual behavior has been brought into focus only
recently. Both preclinical and clinical studies demonstrate the facilitator role of
androgens in every phase of sexual response, particularly stimulating sexual desire
and neuronal pathways linked to the “reward system” [16]. Most of preclinical evi-
dence regarding the effects of androgens on female sexual behavior derive from
studies conducted on ovariectomized female rats, which are considered the best
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reference animal models to investigate hormonal and pharmacological modulations
of female sexual response. In particular, in such a model, it has been demonstrated
that T alone [17], as well as T combined with an aromatase inhibitor [18] and the
non-aromatizable DHT [19] are able to exert an enhancing effect on both appetitive
and consummatory phases of the sexual response. These observations strongly sug-
gest that aromatization of T into estradiol is not an essential step in regulating sexual
drive by T. Consistently with this line of preclinical evidence, there are three large
population studies demonstrating consistent relations between androgens levels and
sexual interest and arousal in women. The first one reports an association between
low sexual desire, sexual arousal, or sexual responsiveness with a DHEAS value
below the 10th centile for age [20]; in the second one, the frequency of sexual desire
was positively associated with T [21]; in the third one, sexual desire was positively
associated with T, DHEA, and androstenedione [22].

Nonreproductive Functions Since ARs in women are located in other tissues dif-
ferent from genital organs as well, including brain, breast, skin, adipose tissue,
muscle, vasculature, and bone, androgens seem to play also nonreproductive func-
tions [4]. In more detail, a role of androgens in the regulation of body composition
as well as mood and cognition has been suggested, but corresponding evidence is
still controversial, requiring further investigation [23].

8.4 Neurobiology of Testosterone

As previously mentioned, the neurofunctional modulation of the central “reward
system” appears as the principal mechanism through which androgens contribute to
maintain optimal levels of sexual desire, to stimulate sexual motivation, and to
influence sexual gratification. The reward circuit is represented by a complex net-
work of neural pathways involved in the process of conditioning, motivation, and
emotional responses and memory, which are fundamental for both sexual and repro-
ductive behaviors [24]. Amygdala, orbitofrontal cortex, and ventral striatum are the
main cerebral areas acting in this pathway. In a recent double-blind RCT comparing
healthy women treated with a gonadotropin releasing hormone (GnRH) agonist
(determining a decrease in sex steroids) with those receiving placebo, the study of
magnetic resonance imaging during a gambling task revealed an attenuate amyg-
dala responsivity to pecuniary reward, reflecting a reduced involvement in positive
experiences in the GnRH agonist arm [25]. Moreover, cerebral reactivity has been
demonstrated to be positively associated with individual variations in T serum con-
centrations but not in that of estradiol. Besides, evidence suggests that androgen
administration is able to modulate the neural reward pathway in studies assessing
the mechanisms of anabolic steroids addiction [26]. More in detail, preclinical data
show that androgens act on the reward system via dopaminergic pathways; indeed,
the “conditioned spatial preference” inducted by T was blocked when a D1 or D2
dopaminergic antagonist was injected into the nucleus accumbens of adult male rats
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[27]. Noteworthy, a newly identified rapid T signaling receptor (transient receptor
potential melastatin 8§, TRPMS) has been claimed to regulate sexual behavior while
activating neurodopaminergic neurons in a mice experimental model [28].

8.5 Testosterone and Vaginal Health

ARs and enzymes involved in androgen biosynthesis were detected in different
female genitourinary structures, such as vagina, clitoris, labia, bladder, urethra,
vestibular glands, and pelvic floor musculature [2]. Specifically, in the vagina, they
were both identified in the mucosa, submucosa, smooth muscle, stroma, and vascu-
lar endothelium. This finding suggests that androgens might play an independent
role in female genitourinary physiology, along with that well-established of estro-
gens. As a matter of fact, local estrogens are traditionally used to treat postmeno-
pausal vulvo-vaginal atrophy (VVA), since they have been demonstrated to
stimulate proliferation and thickening of the vaginal epithelium. However, the
peripheral female sexual response, consisting of sexual arousal, implies genital
vasocongestion and vaginal lubrication, these processes being regulated by both
androgens and estrogens [29]. Consistently, based on preclinical studies, regulation
of vaginal perfusion provided by sex steroids is to be considered. Actually, estra-
diol and T differently influence the expression of nitric oxide (NO)-synthase and
arginase, which are fundamental proteins underlying vaginal blood flow regulation,
in rabbit vagina [30] and rat clitoris, where T improves the relaxation of vascular
smooth muscle cells through the NO-cGMP pathway [31]. Furthermore, androgens
stimulate mucification of the vaginal epithelium, which contributes to vaginal
lubrication together with the estrogen-dependent production of vaginal vascular
transudate [32, 33]. Noteworthy, very recently a relevant anti-inflammatory effect
of the most potent AR-agonist DHT has been demonstrated in human vagina
smooth muscle cells (hvSMCs) [34], opening new clinical perspectives in the man-
agement of female sexual dysfunctions (FSDs). As a matter of fact, it has been
demonstrated that, in hvSMCs, DHT pre-treatment inhibited lipopolysaccharide
(LPS)-induced mRNA expression of several pro-inflammatory mediators (i.e.,
cyclooxygenase-2, COX2; interleukin-6, IL-6; interleukin 12A, IL-12A, and inter-
feron gamma, IFNy), this effect being significantly blunted by AR antagonist
bicalutamide and also resulting in the suppression of the IFNy-induced immune
and chronic inflammatory responses [34]. This is of particular interest, since all the
steroidogenic enzymes related to androgen synthesis have been documented in rat
vagina [35], paving the way for the concept of intracrinology also in the human one
[36]. Actually, it has been recently published that in hvSMCs, as well as in vaginal
tissue, the mRNA expression of pro-androgenic steroidogenic enzymes
(13B-hydroxysteroid dehydrogenase type 1 and type 2, HSD3p1/p2;
17p-hydroxysteroid dehydrogenase type 3 and type 5, HSD1783/f5), along with
Sa-reductase isoforms and sulfo-transferase, was more abundant when compared
to ovaries [36]. Moreover, in hvSMCs, the AR mRNA expression was higher than
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that of progestin and both estrogen receptors [36]. More pioneering, in hvSMCs,
short-term DHEA supplementation increased A4-androstenedione levels in spent
medium, as well as T and DHT secretion after longer incubation, as revealed by
LC- MS analysis [36]. This study strongly demonstrates that human vagina is an
androgen-target organ with the ability to synthesize androgens, thus providing new
perspectives for the use of androgens against local symptoms of genito-urinary
syndrome in menopause.

8.6 Testosterone and Cardiometabolic Health

The association between T and cardiometabolic health in women is still controver-
sial, both considering endogenous T and treatment with exogenous T. The general
belief is that androgens exert a pro-atherogenic effect, thus increasing the risk of
cardiovascular diseases (CVD). This concept is principally based on the greater
incidence of CVDs presented by men and by women with hyperandrogenism,
such as those affected by PCOS. In particular, the negative impact of androgens on
cardiovascular (CV) health would be explained also by a worsening in the meta-
bolic profile, especially the lipidic and the lipoproteic ones. As a matter of fact,
women with PCOS showed lower levels of high-density lipoprotein (HDL)-
cholesterol and higher levels of low-density lipoprotein (LDL)-cholesterol, tri-
glycerides, and small, dense LDL particles (sdLDL), when compared with women
without PCOS, matched for body mass index (BMI) and insulin resistance [37,
38]. Noteworthy, a recent study involving 2834 postmenopausal women partici-
pating in the Multi-Ethnic Study of Atherosclerosis (MESA), higher levels of T
were found to be associated with a mild increase in the CVD and coronary heart
disease (CHD) risk [39].

However, hypoandrogenism seems to be detrimental for CV health as well.
Indeed, there is evidence of a negative association between total T and the incidence
of atherosclerosis in postmenopausal women, suggesting a contribution of reduced
levels of T to the increased CV risk observed in this population [40]. On the other
hand, there are studies reporting a positive association between T levels and CV
events, inflammatory markers, and cardiometabolic parameters, such as C-reactive
protein (CRP), blood pressure, BMI, and the presence of metabolic syndrome, thus
revealing a potential pro-atherogenic effect exerted by higher endogenous T levels
[41, 42].

Such evidence suggests that an optimal range of circulating T levels might affect
positively CV health in women. According to this perspective, the Rancho Bernardo
Study reported an U-shaped correlation between bioavailable T (bioT) and risk of
coronary events in postmenopausal women, which was higher in the lowest and in
the highest bioT quintiles, even after age-adjustment [43].

Additionally, some evidence suggests that physiologic T concentrations might
improve endothelial function, peripheral vascular resistance, and vasomotor tone,
directly acting on the vessel walls [44].
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8.7 Controversies in Testosterone Deficiency in Women —
Causes and Diagnosis

First of all, can we actually talk about androgen deficiency syndrome in women?
Androgen deficiency is a syndrome characterized by either reduced androgen
production or reduced activity and can arise in women at any age. It was consid-
ered as a well-defined clinical entity for the first time in 2002, based on the
consensus reached during a meeting at the University of Princeton. According
to this, female androgen deficiency is a syndrome delineated by reduced sexual
desire, chronic tiredness, clinically unjustified loss of bone mass, reduction in
muscle strength, reduced feeling of wellness or mood changes, thinning of hair,
and altered cognition and memory [45]. However, nowadays the diagnosis of
androgen deficiency poses considerable controversies, principally due to the
lack of both a well-defined clinical syndrome with specific signs and symptoms
and of age-based standardized reference ranges for serum T and free T
concentrations.

8.7.1 Causes

There are many medical conditions identified as causes of androgen deficiency, and
they are summarized in Table 8.2, together with their underlying mechanisms.

* Bilateral oophorectomy. As mentioned above, most studies show that oophorec-
tomized women have lower total and free T levels than naturally menopausal
women, since postmenopausal ovary still produces some T. Nevertheless, the
literature provides contradictory evidence about this issue, leading to a conclu-
sion that oophorectomized women definitely lack the ovarian production of T,
although an androgen profile will not steadily differentiate surgical from natural
menopausal women.

e Primary adrenal insufficiency. Some pathological processes affecting adrenal
function may result in hypoandrogenemia, particularly consisting of reduced lev-
els of DHEA and DHEAS, as the major source of these two androgens is the
adrenal gland. However, to date, there is insufficient evidence in support of a
therapeutic use of DHEA in women with adrenal insufficiency.

* Hypopituitarism. This condition can cause androgen deficiency since it can
include hypogonadotropic hypogonadism and/or secondary adrenal insuffi-
ciency, thus affecting the two main sources of androgens in women. As a matter
of fact, it has been demonstrated that serum T, free T, androstenedione, and
DHEAS levels were markedly reduced in women with hypopituitarism (older or
not than 50 years old, and receiving or not receiving treatment with estrogens) as
compared to controls [46]. Moreover, androgen levels were decreased in hypopi-
tuitary women with both hypogonadism and hypoadrenalism compared with
those women with hypogonadism alone [46].
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Table 8.2 Causes and mechanisms of androgen insufficiency in women (adapted from [3])

Causes of androgen insufficiency Mechanism

Spontaneous

Physiologic decline with age from mid-to-late | Decline in production of androgens by the

reproductive years ovaries and adrenal glands

Hypothalamic amenorrhea Anovulation

Primary ovarian insufficiency/gonadal Anovulation

dysgenesis

Hyperprolactinemia Suppression of pituitary gonadotropins;
anovulation

Adrenal insufficiency Loss of adrenal production of pre-androgens

Panhypopituitarism/hypogonadotropic Loss of adrenal production of pre-androgens/

hypogonadism ovarian production of androgens

Other medical conditions (e.g., chronic liver Increased levels of SHBG reduce
diseases, HIV infections, hyperthyroidism, and | concentrations of free testosterone

pregnancy)

latrogenic Mechanism

Surgical menopause at any age Loss of ovarian production of androgens

Chemotherapy Ovarian failure

Radiotherapy to the pelvis Ovarian failure

Systemic glucocorticosteroid therapy Loss of adrenal production of pre-androgens

Drug-induced hyperprolactinemia Suppression of pituitary gonadotropins;
anovulation

Systemic hormonal contraception Reduction of ovarian production of androgens;
increased levels of SHBG reduce
concentrations of free testosterone

Oral non-contraceptive therapy (e.g., Increased levels of SHBG reduce

phenobarbital, phenytoin, carbamazepine, and | concentrations of free testosterone

thyroxine), ethanol

Premature ovarian insufficiency (POI). POI is defined as a premature decrease
in ovarian function occurring before the age of 40, which is caused by different
pathologic/iatrogenic conditions affecting the ovaries. It is typically character-
ized by hypergonadotropic hypogonadism, associated with estrogen deficiency.
Besides, women with POI may present with androgen deficiency due to the
ovarian cortex atrophy, as well. Since this last point has not been well estab-
lished, Soman and colleagues recently published a systematic review and meta-
analysis whose aim was to investigate serum androgen profiles of women with
POI. They concluded that this population presented with significantly lower
serum concentrations of total T, DHEAS, and androstenedione when compared
with fertile controls (being SHBG levels comparable between the two groups),
but with higher levels of DHEA when compared with natural postmenopausal
women [47].

Anorexia nervosa (AN). AN is an eating disorder complicated by endocrine
abnormalities, including hypogonadotropic hypogonadism. In a study con-
ducted on more than 200 affected women, total and free T, but not DHEAS,
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concentrations were lower than in controls [48]. These results support the
hypothesis that, in anorexic women, a reduction in the ovarian androgens pro-
duction (due to the hypogonadotropic hypogonadism), and not that of adrenal
androgen precursors, is the principal contributor to their overall androgen
deficiency.

* Medications. Several medications may cause a relative androgen deficiency
through different mechanisms. Glucocorticoid may determine adrenal androgen
suppression [49, 50]. Drugs inducing hyperprolactinemia (e.g., phenothiazines
and butyrophenones) lead to suppression of pituitary gonadotropins, thus abol-
ishing their simulating effect on ovarian hormonal production. Systemic hor-
monal contraception and hormonal replacement therapy for menopause may
both suppress ovarian androgen production and reduce serum free T concentra-
tions by increasing serum SHBG levels. However, although there is biological
plausibility to this concept, there is no compelling evidence that oral contraceptive-
induced androgen deficiency by ovarian suppression has to be clinically
significant.

* Human immunodeficiency virus (HIV) infection. Low androgen levels have
been reported in HIV-positive women [51, 52], but there is conflicting evidence
derived from placebo-controlled studies investigating the effectiveness of T ther-
apy in this female population.

8.7.2 Diagnostic Controversies

The 2014 Endocrine Society (ES) guidelines on Androgen Therapy in Women rec-
ommend against making a clinical diagnosis of androgen deficiency syndrome in
healthy women, because of the lack of criteria for a well-defined syndrome [23].
Moreover, in women, there is no availability of an universally accepted and age-
standardized reference range of androgen serum concentrations that would allow to
make a biochemical diagnosis of hypoandrogenism underlying FSD or to establish
if a woman is eligible for T treatment or not. This issue is also due to the fact that
the immunoassay (IA) methods, which are the most frequently used T measurement
technique in clinical practice, show poor accuracy in detecting the physiological
low androgen concentrations seen in women (<1,5-2 nM). In addition, it should be
considered that only 1-2% of circulating total T is biologically active, because of its
high affinity binding to SHBG, and that serum concentrations of this protein are
extremely variable, depending on intercurrent medications or diseases, such as oral
contraceptives, hyperthyroidism, or liver diseases. Finally, circulating levels of T do
not necessarily reflect the real exposure of peripheral tissues to androgens. As a
matter of fact, tissue sensitivity to these hormones displays an important inter-
individual variability, based on genetic differences in the distribution and sensitivity
of the AR and in the distribution and activity of Sa-reductase and aromatase in
peripheral tissues [3].
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8.7.3 Role of Testosterone Measurement Assays

T measurement plays a crucial role in the controversies related to female androgen
deficiency diagnosis. Most of the current IA methods for total T have been opti-
mized for male T measurements, but they are, at best, marginal when applied to
women, even when used to diagnose hyperandrogenism [53]. Indeed, it is well
known from the literature that IA methods are relatively inaccurate and they lack of
the low-end sensitivity requirements for measuring the low T levels usually encoun-
tered in healthy women, even more when used for investigating female androgen
deficiency syndromes. In order to overcome this issue, in recent years, researchers
have turned to ultrasensitive methods employing mass spectrometry coupled to
either gas chromatography or high-performance liquid chromatography. To date,
LC-MS is considered to be the most sensitive approach for measuring sex steroid
concentrations [54], although the development of a true inter-method standardiza-
tion in different MS laboratories is needed to promote this technique to accepted
routine method in both clinical and reference laboratories [55]. Furthermore, when
evaluating hypoandrogenemia in women, measurement of free T levels might be
considered as well. Unfortunately, this assessment is complicated by the limitations
of currently available free T assays. The gold standard is represented by the equilib-
rium dialysis method, but it has limited applications, since it is technically difficult,
time consuming, and expensive [56]. On the contrary, direct radioimmunoassay
(RIA) is widely available, but its use in clinical research has been brought into ques-
tion because of inconsistent results and lack of validation in populations with bind-
ing globulin anomalies, since protein effects cannot be ruled out [57]. Lastly, a
calculated value for free T, using the mass action equation, may be useful, but its
accuracy depends significantly on the validity of original total T and SHBG mea-
surements and on the variability of SHBG binding conditions, related to the overall
hormonal and nutrient women’s status [57].

For all the above reasons, clinicians are discouraged to pose a biochemical diag-
nosis of hypoandrogenemia in women, especially in relative androgen deficiency
states [23, 58]. However, in the last few years, more sensitive T measurement meth-
ods employing tandem MS have become more accessible, and a reference method
and reference standards are now available at the Centers for Disease Control and
Prevention (http://www.cdc.gov/labstandards/hs.html) [59].

8.8 Controversies in Testosterone Deficiency
in Women — Therapy

Once the diagnosis of female androgen deficiency is suspected, the question
becomes: is it treatable and how? — Although FSD includes a multifactorial range
of concerns, research on androgen therapy for women has been mainly centered on
the treatment of low desire. Therefore, based on evidence suggesting that androgens
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decline with aging, as well as with oophorectomy, and that endogenous concentra-
tions of androgens are positively associated with female sexual function, natural
and surgical menopausal women have represented the main target-study population
of the majority of research on T treatment.

8.8.1 Systemic Testosterone Therapy for HSDD
in Postmenopausal Women

According to the Diagnostic and Statistical Manual of Mental Disorders (DSM) IV
and IV-TR, HSDD in women is essentially defined as the absence of sexual fanta-
sies and desire for sexual activity, causing distress. Successively, in DSM V, it has
been merged with female sexual arousal disorder, and they were labeled together as
female sexual interest—arousal disorder (FSIAD), nevertheless remaining princi-
pally based on sexual desire [60]. The 2014 Clinical Practice Guideline from the ES
suggests a 3- to 6-month trial of T therapy for postmenopausal women who request
treatment for properly diagnosed HSDD and who do not present any contraindica-
tions to it [23]. Consistently, HSDD in postmenopausal women represents the only
evidence-based indication for the use of T in females, supported by a biopsychoso-
cial assessment and treatment model, also according to the more recent Global
Consensus Position Statement on the Use of Testosterone Therapy for Women, pub-
lished in 2019 [58]. As a matter of fact, studies enrolling both natural and surgical
postmenopausal women using transdermal T, either alone or combined with estro-
gens, showed considerable efficacy in the treatment of HSDD [61-63]. This finding
has been recently corroborated by a systematic review and meta-analysis reporting
a better efficacy of transdermal T therapy than placebo in postmenopausal women
[64]. Noteworthy, four 24-week phase 3 clinical trials conducted in physiologically
and oophorectomized menopausal women with HSDD demonstrated a significant
improvement in sexual desire and in the frequency of satisfying sexual events vs.
placebo in those treated with a 300 mcg/day T transdermal patch (TTP) [61, 65-67].
Additionally, three of the four studies reported a significant amelioration of sexually
related distress in women receiving T (65-68% decrease in distress) vs. placebo
(only 40-48% decrease). Of great importance, a very recent systematic review and
meta-analysis of RCT data, comprising 8480 participants, showed that, compared
with placebo or a with a comparator (e.g., estrogen, with or without progestogen), T
significantly increased sexual function, including satisfactory sexual event fre-
quency, sexual desire, pleasure, arousal, orgasm, responsiveness, and self-image,
and reduced sexual concerns and distress in postmenopausal women [68].

In 2006, T therapy was previously approved in Europe for the treatment of HSDD
in surgical menopausal women, in form of a 300 mcg/day TTP (trade name
Intrinsa®), but voluntarily withdrawn in 2012 by the manufacturer for commercial
reasons [69]. The Food and Drug Administration (FDA) then withheld the approval
of this T formulation based on concerns about long-term negative effects that
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actually had not been reported during clinical use in the European Union.
Additionally, a transdermal gel (Libigel ®, BioSante) underwent FDA evaluation
but it failed to show greater efficacy compared to placebo. A 1% T cream
(Androfeme®, Lawley Pharmaceuticals) is currently available in Australia for
symptoms associated with T deficiency, such as low sexual desire (recommended
dose 0.5 g/day). As a result, in most countries, including Europe and the United
States, T formulations for women are not commercially available. The only options
available for clinicians are to prescribe compounded formulations provided by phar-
macies (e.g., ointments and creams) or those approved for the treatment of male
hypogonadism (intramuscular injections, subcutaneous implants, transdermal
patches, and gels), modified to much lower administered doses (usually one-tenth of
the male dosing). The use of the latter in women involves breaking of tablets and
cutting of patches or using portions of gel products, with imprecision possibly lead-
ing to sub-optimal dosing or overdosing. Particularly, oral T formulations show an
important variation in absorption that may result in hepatotoxicity and cardiac side
effects due to androgen excess. Transdermal products appear to be the best choice
for T treatment in women, providing an appropriate balance between serum T con-
centrations and safety profile. Nevertheless, the ES guidelines suggest against the
treatment of women with either preparations formulated for men or those formu-
lated by pharmacies, since safety and efficacy of most compounded T products are
unknown and they can easily lead to supraphysiological serum T levels and, eventu-
ally, to virilization [23].

8.8.2 Other Effects of Testosterone Therapy
8.8.2.1 Mood and Well-Being

While only few studies investigated how T therapy influences mood in women as
the primary outcome, and/or in samples properly diagnosed for depression, a num-
ber of RCTs showed an improvement in mood as a secondary endpoint in women
not screened for depression before enrollment. In one of these RCTs — evaluating
the use of transdermal T vs. placebo in postmenopausal women with HSDD — a
significant improvement in psychological well-being resulted in the T arm [62]. A
similar finding was obtained in an RCT — involving premenopausal women with
low libido and without evidence of severe clinical depression on the Beck
Depression Inventory (BDI) — randomized to T cream (10 mg/day) or placebo [70].
In particular, the T cream arm showed statistically significant improvements in the
composite scores of the Psychological General Well-Being Index and the
Sabbatsberg Sexual Self-Rating Scale, in addition to a mean decrease in BDI score
approaching significance, compared with placebo. Only two small pilot studies
have investigated T as augmentation therapy for standard treatment in resistant
depression, one using methyltestosterone and the other a TTP, respectively, and
both reported positive results [71, 72]. In contrast, in different meta-analyses
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exploring the potential benefits of T therapy on outcomes different from sexual
functioning, such as cognitive function, mood, bone mineral density (BMD), and
vasomotor symptoms, no evidence of beneficial effects for any of these endpoints
was observed [68, 73, 74].

8.8.2.2 Cardiovascular Health

Concerning thromboembolic risk, T treatment has been associated with an increase
in hematocrit, giving rise to the risk of polycythemia and thromboembolic events
[75]. Moreover, it has been reported that T therapy can influence the lipid profile,
strongly depending on the route of administration, dosage, and concomitant use of
estrogens, with oral formulations showing the most adverse effects. This could be
explained by the first pass effect on the liver characteristic of the oral administra-
tion. In fact, oral methyltestosterone administered with oral estrogens is associated
with decreased HDL [76, 77] and apolipoprotein A1 levels [76] in different studies,
although in other studies, it also potentially decreased atherogenic protein frac-
tions, such as triglycerides, apolipoprotein IIIC [77], and apolipoprotein B [78]. A
recent meta-analysis found a significant rise in LDL-cholesterol as well as a reduc-
tion of total cholesterol and HDL-cholesterol along with triglycerides levels with
oral, but not with non-oral, T formulations [68]. There are data about T subcutane-
ous implants [79], transdermal patches [80], or sprays [81] not reporting adversely
altered lipid profile, CRP, glycated hemoglobin (HbAlc), or insulin sensitivity. In
two large studies, APHRODITE [80] and ADORE [63], evaluating natural post-
menopausal women mostly taking transdermal T alone (150 or 300 mcg/day TTPs),
no adverse changes in either lipid or lipoprotein levels were detected. In agreement
with these observations, in a systematic review by Spoletini et al., investigating the
relationship between androgens and CV diseases in postmenopausal women [82],
the authors highlighted that androgen replacement therapy (methyltestosterone, T
implants, transdermal T, or DHEA) did not negatively influence, and in some cases
it even improved, the metabolic profile in women after menopause. Only one
among the reviewed studies showed the reverse, reporting that, in postmenopausal
women, T undecanoate negatively affected lipid profile and insulin sensitivity [83].
However, the long-term consequences of the possible lipid profile alterations are
unknown.

When looking specifically at CVDs, there are no sufficient long-term prospective
studies to definitively assess the relationship between exogenous T administration
and CV risk in women [84]. Actually, none of the RCTs comparing transdermal T
therapy with placebo showed a difference in event rate for any CVD outcome, as
well as in venous thromboembolic events in short-term studies [23, 68]. Accordingly,
a 4-year open-label extension of two clinical trials based on the use of 300 mcg/day
TTP in 967 oophorectomized women, treated with a concomitant estrogen therapy,
showed no increase over time in the rate of new occurrences or severity of adverse
events [85]. Lastly, almost all studies agree that T does not significantly affect sys-
tolic and diastolic blood pressure as compared to placebo [58, 86, 87].
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8.8.2.3 Bone and Body Composition

It has been reported that endogenous androgen levels correlate with trabecular and
cortical bone mass density (BMD) in women, particularly in women aged >60 years
[88]. The effects of low-dose androgen administration with or without estrogens on
BMD have been studied mostly in small size trials, with a short duration. In a small
RCT, conducted on hypopituitary women with severe androgen deficiency, trans-
dermal T (300 mcg/day) increased BMD at the hip and radius but not at the spine
[89]. In a randomized trial, enrolling surgical postmenopausal women, a combined
therapy of methyltestosterone (2.5 mg/day) plus estrogens was able to increase
spine and hip BMD, as compared with the estrogen-alone arm [76]. In contrast,
studies enrolling natural postmenopausal women are conflicting, since some dem-
onstrate positive effects on BMD of T combined with estrogens [90, 91], while
others report no advantages [92]. Moreover, no RCT has investigated the effect of T
treatment on fracture risk. However, a recent meta-analysis showed that T treatment
has no effects on body composition and musculoskeletal health in women [68].
Similar results were reported for cognitive functions. In conclusion, due to the small
number of women who contributed data for these outcomes, the effects of T on
musculoskeletal and cognitive health definitively warrant further investigation.

8.8.3 Local Androgen Therapy

Off-label T preparations include topical therapies, such as compounded local
creams. An example of commercially available formulation is a T propionate cream,
1-2% in white petroleum jelly, that should be applied daily to the clitoris and labia
minora. Regarding the evidence about local T therapy efficacy, only few small stud-
ies are relevant [93-95]. In 20 women receiving vaginal 0.5 mg 2% T with 0.625 mg
conjugated equine estrogens twice a week, this combined therapy was more effec-
tive than local estrogens alone in improving multiple sexuality scores, including
intensity of desire [96]. In another study conducted on 10 women with breast cancer
undergoing aromatase inhibitor treatment, the use of 300 mcg/day vaginal T for
4 weeks repaired vaginal cytology and blunted dyspareunia, with serum T levels
remaining within the normal premenopausal range [97]. However, further studies
are needed to assess the efficacy and safety of local T formulations, whose use is
generally discouraged because of the lack of standardization in their kinetics of
absorption and in the T concentrations ranges provided.

An intravaginal formulation of synthetic DHEA (prasterone vaginal ovules,
6.5 mg/day) was recently approved by the FDA and then by the European Medical
Agency (EMA) for the treatment of moderate to severe dyspareunia related to VVA
in postmenopausal women. However, although it is not properly approved for the
treatment of FSD, recent evidence highlights the benefits of the local therapy with
DHEA on quality of life and all domains of sexual dysfunction, including bother-
some symptoms such as dyspareunia and vaginal dryness, as compared with
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placebo [98, 99]. Moreover, different studies reported that intravaginal administra-
tion of DHEA over a 12-week period was able to reduce vaginal pH and improve the
vaginal maturity index (VMI) when compared with placebo, thus inducing an
improvement in the physical appearance of the vagina in menopausal women [98,
100]. Interestingly, based on the results of the phase III ERC-231 and -238 trials for
the approval of prasterone, during 52 weeks of treatment, changes in serum levels
of T and estradiol increased from baseline but remained well within the limits of
normal postmenopausal women [101]. Ultimately, intravaginal prasterone is an
effective and generally well-tolerated option for the treatment of genitourinary syn-
drome of menopause (GSM), and further studies are required to compare its effi-
cacy with vaginal estrogens and assess its local anti-inflammatory potential, in the
light of the innovative insights on intracrinology got from recent preclinical stud-
ies [36].

8.8.4 Management and Safety

According to the current guidelines’ recommendations [23, 58], in women who are
appropriate candidates for T therapy, baseline T level should be checked and an
approved non-oral formulation for women (transdermal patch, cream, or gel) should
be used if such a preparation is available. If not, it is reasonable to prescribe an off-
label approved male formulation or a compounded product, the latter on the condi-
tion that it is provided by a compounding pharmacy compliant with purity of Active
Pharmaceutical Ingredients and Good Manufacturing Practice. In any case, pro-
vided hormone concentrations should be maintained in the physiologic premeno-
pausal female range. There is no T concentration representing a treatment goal for
replacement therapy, as T serum levels do not predict treatment efficacy. T levels
should be monitored 3—6 weeks after initiation of therapy and then every 4-6 months,
in order to exclude an overuse or signs of androgen excess. Cessation of therapy is
suggested for women without treatment response within 6 months. Notably, safety
and efficacy data for T therapy in women are only available within 24 months.
First, potential side effects of T therapy include signs of hyperandrogenism, i.e.,
acne, hirsutism, androgenic alopecia, and deepening of the voice. However, they are
dose dependent and uncommon if physiological hormone levels are maintained. In
placebo-controlled studies, women receiving transdermal T treatment up to 12
months reported a higher frequency of masculinizing effects, mainly increased body
hair growth [66, 80, 102]. In the APHRODITE study, only the 300 mcg/day T dose
was associated with a higher rate of hair growth [80]. Clitoromegaly has not been
highlighted as an adverse effect of transdermal therapy across different studies.
Second, the risk of hormone-dependent tumors has to be taken into account. To
date, the relation between androgens and risk of breast cancer remains unclear.
Preclinical studies have shown that T is protective for some subtypes of breast can-
cer [103], while epidemiological studies reporting positive associations between
endogenous concentrations of T and risk of breast cancer present important
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limitations [104, 105]. In general, a number of cohort studies involving a variety of
worldwide populations show a small but significant association between androgens
(T, androstenedione, DHEA, and DHEAS) and postmenopausal breast cancer [106—
108], but the magnitude of risk is similar to that found for estradiol and it seems to
be confined to ER+/PR+ breast cancers. However, all these studies present substan-
tial limitations. First is the assumption that T can be included in analyses as inde-
pendent variable without taking into account the concentrations of estrogens and the
variable amount of T aromatized to estrogens; additionally, the measurement of a
single hormone is a poor proxy for lifetime exposure to it, which is characterized by
age-related, cyclic, and circadian fluctuations. In the APHRODITE study, when
considering a subset of women evaluated for breast density, no differences in mam-
mographic density were seen between placebo and either 150 mcg/day or 300 mcg/
day T arms [109]. Nevertheless, over a 52-week follow-up, breast cancer was diag-
nosed in four women receiving T (with no cases in the placebo group): in two of the
four cases, the tumor likely was present before randomization, whereas the third
women had a long-term history of prior estrogen use. Analyses of data from the
Nurses” Health Study suggested that natural menopausal women currently taking
estrogen plus methyltestosterone (a non-aromatizable synthetic androgen), but not
those who had taken the combined therapy in the past, had a greater risk of breast
cancer (relative risk, RR = 2.48; 95% CI, 1.53—4.0) than women using estrogens
with or without progestin (RR = 1.23; 95% CI, 1.05-1.44), as compared with
women who had never used hormones [110]. In contrast, a large case-control trial
of women aged 50—64 years reported no alteration of breast cancer risk with methyl-
testosterone [111]. Two observational studies — evaluating the risk of breast cancer
associated with T implant therapy and transdermal T and including similar number
of patients and duration of follow-up as the Nurses’ Health Study — reported that the
risk for current users was comparable to the background risk in the general popula-
tion [112, 113]. Similarly, a recent 10-year prospective cohort study showed that
long-term therapy with T subcutaneous implants did not increase the incidence of
invasive breast cancer [114]. Furthermore, across the clinical trial program for the
TTP, including studies up to 2 years in duration, no increased risk of invasive breast
cancer was observed [115]. In summary, available clinical trials are characterized by
inappropriate size and duration to ascertain whether the observed associations
between T treatment and breast cancer are causal. Consequently, clinicians choos-
ing to prescribe T therapy should be well aware of this potential risk and should
provide informed consent to patients about it.

Finally, data for the assessment of an association between exogenous T and the
risk of ovarian and endometrial cancer are overall scarce. For this outcome, more
data regarding endometrial effects of T therapy are available, also because the AR
has been identified in the stromal compartment of postmenopausal endometrium
and in the glandular compartment of endometrial cancers [116]. In a retrospective
analysis on 258 postmenopausal taking both estrogens and T via subcutaneous
implants, endometrial monitoring revealed that almost 66% of the sample had an
endometrial polyp at hysteroscopy and 20.4% a simple hyperplasia after 2 years of
treatment [117]. Concerning endometrial hyperplasia, both the effect of
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T-to-estradiol conversion in altered endometrium and that of high estradiol concen-
trations provided by the pellets should be considered. In the APRHODITE study, no
differences in endometrial events evaluated through ultrasound and endometrial
biopsy were found among groups [80], although women in the 300 mcg/day T
group showed a higher rate of endometrial bleeding, as compared with the 150 mcg/
day and the placebo groups (10.6%, 2.7%, and 2.6%, respectively) [80]. Notably,
more women on the higher T dose had an endometrial biopsy indicative of “insuf-
ficient tissue for diagnosis,” thus suggesting endometrial atrophy promoted by T,
which is actually believed to be associated with such an alteration when given with-
out concomitant estrogens.

8.8.5 Recommendations for Premenopausal Women

As for postmenopausal women, women in their reproductive years often complain
about decreased sexual desire, arousal, and satisfaction, which may result even
more distressing given the young age, and are likely to impair intimate relationships
and fertility [20, 118]. Nevertheless, premenopausal women have even fewer treat-
ment options for FSD. Actually, there are only limited clinical trials examining the
efficacy and safety of androgen therapy in this population [70, 81]. Therefore, cur-
rent guidelines unanimously recommend T therapy for postmenopausal women
properly diagnosed with HSDD [23, 58], while T therapy has only been listed as a
potential treatment for HSDD for women in the late reproductive years by the
International Society for the Study of Women’s Sexual Health (ISSWSH) HSDD
process of care (POC) [119].

If clinicians choose to prescribe an off-label T formulation for the treatment of
distressing low sexual desire in menstruating patients, a medically acceptable form
of contraception and an informed consent should be provided, since T excess might
lead to virilization of a female fetus in case of pregnancy. At present, flibanserin is
the only FDA-approved medication for generalized acquired HSDD in premeno-
pausal women. This is a non-hormonal, centrally acting, multifunctional serotonin
agonist and antagonist, given orally at a daily dosage of 100 mg at bedtime [120].
Flibanserin demonstrated a statistically and clinically significant improvement in
sexual desire and in the number of sexually satisfying events, as well as a decrease
in sexual distress as compared with placebo, in three pivotal trials including more
than 3500 women [121-123], thus representing a viable alternative to T therapy.

8.8.6 Other Androgenic Preparations

Systemic DHEA Oral DHEA (25-50 mg/day) is available in the United States as
a dietary supplement, and, as such, it receives only minimal regulatory oversight by
the FDA. Consequently, DHEA products are considerably variable in quality and



8 Testosterone in Females 99

dose, although it has been demonstrated that a daily dose of 50 mg DHEA is associ-
ated with notable androgenic side effects, such as acne and hirsutism [124]. DHEA
therapy has been proposed as a replacement therapy in women with primary adrenal
insufficiency, when they present with significantly impaired mood or well-being
despite appropriate glucocorticoid and mineralocorticoid replacement. However,
clinical data on its efficacy are conflicting. Moreover, the ES guidelines suggest
against the routine use of DHEA for the treatment of sexual symptoms in postmeno-
pausal women, based upon available data. On one hand, two recent meta-analyses
showed limited efficacy of DHEA in improving sexual function, quality of life, and
menopausal symptoms in postmenopausal women vs. placebo, and, on the other
hand, a similar effect on glycolipid profile, BMD, body weight and BMI, and an
increase in androgenic side effects [73, 125].

Androstenedione As a prohormone, androstenedione is rapidly converted into T
and estrone, thus increasing their serum levels, when administered orally to women
[126]. However, its androgenic side effects and its impact on sexual function have
not been adequately investigated yet.

8.9 Conclusions

Although a proper diagnosis of female androgen deficiency is currently controver-
sial, there are many identifiable causes leading to a clinical condition characterized
by a lack of androgen action in women. Of particular relevance is its manifestation
as reduced sexual motivation and desire, which is related to aging-related androgen
decline in natural menopause and abrupt cessation of androgen production in surgi-
cal menopause. A recent Global Position Statement recommends the use of T ther-
apy in natural or surgical postmenopausal women diagnosed with HSDD (with or
without concurrent estrogen therapy), when all biopsychosocial modifiable factors
have been addressed [58]. Despite the need of adequately powered RCTs to further
assess long-term safety of T treatment and of its pleiotropic effects, available evi-
dence suggests a new role of T as the “queen’ hormone in women sexual well-being.
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Chapter 9
Testosterone in Transgender Population

Carlotta Cocchetti and Alessandra Daphne Fisher

9.1 Introduction

Gender incongruence (GI) is defined by a marked and persistent incongruence
between an individual’s experienced gender and the assigned one at birth [1]. In
cases where the condition leads to clinically significant distress or impairment in
social, occupational, or other important areas of functioning, it is referred to as gen-
der dysphoria (GD) [2]. Individuals whose gender identity does not completely and/
or permanently match their sex characteristics may describe themselves as trans or
transgender [2]. In particular, we use the term transgender men for those assigned
female at birth who identify as men and transgender women for those assigned
males who identify as women.

GI/GD represents a dimensional phenomenon that can occur with different
degrees of intensity, of which the most extreme form is accompanied by the desire
for gender affirming treatment, including hormonal treatment and/or surgical
interventions.

Health care providers (HCPs) dealing with transgender health care should openly
ask for the individual gender experience of the person seeking treatment and explore
desired hormonal treatment effects, in order to guarantee an individualized approach
[3]. If mental health concerns are identified at the time of initial evaluation, they
should be reasonably well controlled before starting GAHT [4]. In considering
GAHT in individuals with mental health concerns, it is relevant to note that hor-
monal treatment has been associated with an improved quality of life and a decrease
in psychiatric morbidities, such as anxiety, depression, and suicide risk [5-8].

Furthermore, before the start of GAHT, transgender individuals should be
screened by hormone-providing professionals for medical conditions that can be
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exacerbated by hormone depletion and treatment with sex hormones of the affirmed
gender. The clinical evaluation should include an exhaustive medical history, includ-
ing thromboembolic diseases, arterial hypertension, polycythaemia and sleep
apnoea [9]. In this phase, expected results and possible adverse effects must be
discussed by the clinicians, as well as fertility issues. In fact, fertility preservation
options should be discussed by the HCP with the patient early in the transition pro-
cess and with the endocrinologist before starting GAHT [3].

9.2 Gender Affirming Hormones in Transgender Men

The classical main goals of GAHT are to reduce endogenous sex hormone levels, and
thus reduce the secondary sex characteristics of the individual’s assigned gender, and
to replace endogenous sex hormone levels consistent with the individual’s gender
identity. Since gender identity is a continuum that exists between male and female,
transgender men may desire different outcomes from GAHT, ranging from an
androgynous presentation to maximal virilization. Ideally, the ultimate GAHT regi-
men should integrate several factors, including the patients’ objectives, risk-to-benefit
ratio and social/economic considerations [4, 10]. However, to date there are no evi-
dence-based recommendations for personalized therapies in non-binary individuals.
Hormonal treatment in transgender men consists of different testosterone formu-
lations, generally administered intramuscularly, subcutaneously, or transdermal.
Regimen of GAHT in transgender men follows similar principles of hormonal thera-
pies for male hypogonadism, with the aim to achieve cisgender male reference ranges
for serum testosterone levels (typically from 300 to 1000 ng/dL) [9]. Sustained sup-
raphysiologic levels of testosterone are associated with increased risks of adverse
reactions and should be avoided. GAHT with testosterone needs to be continued after
ovariectomy, in order to maintain virilization and to avoid hypogonadism symptoms.
Regarding available testosterone formulations, injectable testosterone esters rep-
resent the most commonly prescribed in transgender men, used in dosages of
200-250 mg intramuscularly or subcutaneously every 2 or 3 weeks, or lower doses
weekly [9]. However, these formulations require frequent injections resulting in
peaks and troughs in testosterone levels that may have consequences on mood and
erythrocytosis [11]. Another formulation commonly used by clinicians is repre-
sented by long-acting testosterone undecanoate 750—1000 mg, administered intra-
muscularly every 10-12 weeks, after an initial loading dose at baseline and after
4-6 weeks [9]. Disadvantages with the longer duration formulations may include
cost, the inability to self-administer, the large injection volume and a small risk of
pulmonary microembolism. Other options include topical gel 1.62-2%
(25-100 mg/d), transdermal patches (2.5-10 mg/d), and intransal or buccal formu-
lations. Oral testosterone undecanoate is a rarely used option for GAHT because of
high absorption variability leading to variable testosterone concentrations.
Additionally, it is not available in many locations, such as the United States.
Although the majority of research on GAHT in transgender men has used
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long-acting intramuscular testosterone undecanoate or topical gels, other modalities
appear to be comparable regarding efficacy, safety, and patient satisfaction [12].

Testosterone treatment is generally considered safe in the short term and mid-
term, based on existing data. However, the literature specific to transgender popula-
tions is limited, with a paucity of high-quality, long-term data available. This lack is
partially ascribable to unique challenges with transgender cohorts, including the
unethical nature of randomized studies, differing end goals, and smaller numbers
overall for recruitment.

9.3 Desirable Effects

In transgender men, testosterone results in progressive virilization, leading to deep-
ening of the voice, development/coarsening of facial and body hair in a male pat-
tern, increased muscle mass, clitoromegaly and cessation of menses. As the body
changes increasingly align with the perceived gender identity, decrease in body
uneasiness is observed in many individuals [7].

9.3.1 Voice

Similar to the effects of increased testosterone levels during pubertal development,
testosterone treatment leads to hypertrophy of muscle cells with a reduction of sur-
rounding fat cells at the level of the larynx, inducing a lowering of the pitch of the
voice [13]. Generally, virilizing effects on the voice of birth-assigned women are
observed at serum testosterone levels >150 pg/dL, while prolonged exposure to
concentrations >200 pg/dL induces irreversible changes, usually occurring during
the first 3 months of testosterone treatment [14]. In the majority (90%) of transmen,
voice cannot be distinguished from those of natal men [15, 16]. Additionally, a
voice perceived as male is generally associated with higher well-being compared
with those with less gender-congruent voices [17].

9.3.2 Dermatologic Effects

One of the most important effects of testosterone therapy is the development of
facial and body hair, since the pilosebaceous unit of the skin expresses both andro-
gen and oestrogen receptors. An increase of body and facial hair — assessed through
the Ferriman-Gallwey score — begins during the first year of testosterone treatment,
although Ferriman-Gallwey scores are still lower compared with cisgender men
[18]. Further increases of body and facial hair growth continue to occur beyond one
year, although long-term data are lacking [19].
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9.3.3 Reproductive Organs

Testosterone treatment induces changes in serum concentrations of reproductive and
pituitary hormones, including increased testosterone and decreased oestrogen and
sex hormone-binding globulin [12, 20]. Regarding luteinizing hormone and follicle-
stimulating hormone, most studies have shown that testosterone therapy is associ-
ated with reduced or totally suppressed levels of gonadotropins [19]. Nakamura
et al. [21] reported a cessation of menstruation — usually desired — in a high percent-
age (86-97%) of transgender men by 6 months of testosterone enanthate treatment.
In another study [12], time to amenorrhoea ranged from 30 to 41 weeks, with all
participants reporting amenorrhoea by 1 year of testosterone treatment.

Another desired effect of gender affirming hormonal treatment is represented by
clitoral enlargement. This effect becomes apparent after only 3 months of testoster-
one therapy (>60%, mean clitoral length after 3 months: 3.19 + 0.54 cm), but the
clitoris continues to grow during testosterone administration (mean length after
2 years: 3.83 + 0.42 cm) [7]. However, clitoris enlargement is often associated with
pain. In a 1-year prospective study including transgender men under testosterone
undecanoate, clitoral pain was reported in 20% of participants and reached a peak
after 6 months of treatment [22].

9.3.4 Sexual Well-Being

The relationship between sexual desire and circulating levels of testosterone in cis-
gender men is well established in the literature [23, 24]. However, this relationship
is more complex in cisgender women. In this population, testosterone administra-
tion in moderate doses results in increased sexual desire and satisfaction, while
high-dose administration seems to have a lower efficacy, probably because of unde-
sirable clinical effects of hyperandrogenism [25]. In transgender men, the literature
concerning the impact of hormonal treatment before gender affirming surgery is
scarce. However, an increase in sexual desire is reported in transmen after the start
of testosterone treatment [26]. Additionally, Costantino and colleagues [24]
described an increase in sexual desire, masturbation, sexual fantasies, and arousal
after 1 year of testosterone administration. Furthermore, in transgender men, GAHT
is associated with a reduction of sexually related distress across time, possibly due
to improved congruence between the body and perceived gender [27].

9.3.5 Body Composition

Testosterone treatment induces body composition changes towards those of natal
men, who on average have a more representative lean mass than natal women.
Several studies reported an increase of bodyweight, lean mass, and body mass index
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(BMI) during testosterone treatment [28—32]. Furthermore, some of them showed a
decrease in fat mass of 2.3—4.0 kg [30, 31].

A prospective study by Van Caenegem and colleagues described an increased
grip strength, as well as an increased cross-sectional area of the forearm and calf
muscles, after 1-yr of testosterone undecanoate treatment [32].

9.4 Side Effects

9.4.1 Dermatologic Effects

The pilosebaceous unit is a well-known androgen target tissue, in which testoster-
one and the active metabolite dihydrotestosterone play a central role in stimulation
of sebaceous gland growth and differentiation [33, 34]. This leads not only to
desired dermatological effects of testosterone treatment, such as development of
facial and body hair, but also to dermatological side effects, such as acne and andro-
genetic alopecia in transgender men who are genetically predisposed.

Testosterone treatment leads to an increase in acne at the face and back after
4 months, with a peak severity after 6 months [19]. However, most patients develop
only mild acne, which usually decreases by 12 months of treatment and has been
reported to resolve longer term (10-year follow-up) [19].

Although acne develops within months after starting GAHT, androgenetic alope-
cia represents a longer-term side effect of testosterone administration. Previous
studies reported incidence rates of androgenetic alopecia — based on the Norwood-
Hamilton classification system — of 17% after 1 year of treatment and moderate to
severe androgenetic alopecia of 31% after 10 years [19]. Although alopecia is con-
sidered a side effect of testosterone use, it may be desirable for some transgender
men, since it is considered a typical masculine feature.

9.4.2 Reproductive Organs

Testosterone treatment induces morphological changes in the vagina, endometrium
and ovaries. Several studies reported a thinner vaginal epithelium, with a loss of the
intermediate and superficial layers, and other microstructural changes, such as a
loss of intracytoplasmic glycogen, reduced expression of oestrogen receptor o and
B and reduced cellular proliferation [35]. These changes are associated with
decreased vaginal lubrication, which can result in vaginal dryness or itching and
painful penetration [36].

With regard to the ovaries, GAHT is associated with stromal hyperplasia,
increased volume and a histological pattern similar to that reported in patients with
polycystic ovary syndrome [37].

Studies evaluating endometrial changes have reported inconsistent results, with
some describing a proliferative pattern and others an atrophic one [37, 38].
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9.4.3 Cardiovascular Safety

The cardiovascular impact of testosterone treatment in transgender men remains
poorly understood and controversial. Testosterone may exert its effects through sev-
eral mechanisms, including changes in insulin sensitivity, lipid profile, blood pres-
sure, red cell count and platelet aggregation [39]. Testosterone treatment in
transgender men impacts several independent cardiac risk factors, such as lipid pro-
file, blood pressure and haematocrit level. Despite these alterations, the actual
impact on cardiovascular events remains understudied, with no evidence for
increased risks in the short and medium terms. Elamin and colleagues [40] con-
ducted a systematic review of the literature and concluded that the level of evidence
was too low to provide an interpretation for the risk of testosterone therapy on car-
diovascular morbidity and mortality in transgender men.

The literature regarding the impact of hormonal treatment on blood pressure has
also demonstrated conflicting results. Most studies reported an increase in systolic
blood pressure of 4—12 mmHg without any significant changes in diastolic blood
pressure after 1 year of testosterone treatment [22, 29, 30]. Another prospective
study reported an increase in both systolic and diastolic blood pressure in adoles-
cent transgender men after 2 years of hormonal treatment [41]. In contrast, two
prospective studies observed no changes in systolic or diastolic blood pressure in
adult transgender men after the start of testosterone treatment [42, 43].

Given these discrepant reports, the impact of testosterone therapy on blood pres-
sure, and in turn on cardiovascular risk long term, is unknown.

Research on the impact of testosterone treatment on lipid profiles remains lim-
ited. The lipid parameter most consistently affected by testosterone treatment in
transgender men is HDL cholesterol. Several studies reported a decrease of 4—13 mg/
dL during the first year of testosterone treatment, independent of formulation [29—
31, 44-47]. However, since it is possible that HDL metabolism is more predictive of
atherogenicity than circulating HDL, further research is required to determine the
clinical relevance of these findings. Some data have suggested increased atheroge-
nicity in transgender men- related to increased triglyceride levels and decreased
HDL2 and HDL3 levels-, while others have demonstrated decreased atherogenicity
[47, 48]. Regarding LDL levels, two prospective studies reported a decrease after
12-18 months of testosterone undecanoate [49, 50], while others described an
increase or no changes in LDL levels [22, 43]. Findings from different studies [22,
30, 31] have also shown an increase in triglycerides during the first 2 years with
topical and intramuscular testosterone administration.

In a recent systematic review and meta-analysis including 29 studies, Maraka
and colleagues concluded that testosterone administration was associated with an
increase in LDL and triglycerides levels and a decrease in HDL in transgender men,
although the quality of evidence remains low [51].

Testosterone therapy does not appear to affect fasting serum glucose or insulin
sensitivity in transgender men, which is further supported by hyperinsulinemic-
euglycemic clamp studies [41, 45, 52, 53].
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Regarding metabolic cytokines, testosterone treatment may reverse the observed
sexual dimorphism in adiponectin and leptin levels, probably directly regulating
their secretion from adipose tissues. Two prospective studies reported a decrease in
both leptin and adiponectin levels during testosterone therapy in transgender men
[28, 54].

All testosterone formulations lead to increases in haemoglobin (>4.9-12.5%
range) and haematocrit (>4.4—17.6% range) levels, with the most marked increase
occurring during the first 3 months of hormonal treatment. Haematocrit then appears
to stabilize after the first year of treatment [11, 49, 50]. Clinically significant eryth-
rocytosis is rare and the impact of haematocrit levels on cardiovascular and throm-
botic risk is not well studied.

Only one study has investigated the impact of testosterone administration in
transgender men on coagulation profiles and reported an overall antithrombotic
effect with testosterone due to lower activated protein C resistance [55]. Similarly,
testosterone treatment is not associated with an increased incidence of venous
thromboembolism in transgender men [56, 57].

Regarding cardiovascular events, Wierckx and colleagues [58] compared the
prevalence of cardiovascular disease between 138 transgender men using testoster-
one for an average of 9 years and age-matched, cisgender women and found no
differences in myocardial infarction or cerebrovascular disease rates.

In summary, data on cardiovascular safety of GAHT are limited and contradic-
tory. For this reason, further research is needed, especially in older transgender men,
rather than in young individuals who are at low risk of cardiovascular events.

9.4.4 Hepatologic and Renal Safety

In the past, hepatotoxicity was a significant issue with orally administered
17-alkylated testosterone. However, since this compound is no longer recom-
mended, serious hepatic toxicity is rare with contemporary testosterone therapies
[9, 59, 60].

Two prospective studies reported no significant increase in liver enzymes in
transgender men during gender affirming hormonal treatment [20, 50]. Another pro-
spective study from Wierckx and colleagues [22] reported a significant increase of
liver enzymes after 1 year of testosterone treatment. However, only 1.9% of trans-
gender men had liver enzyme values exceeding twice the upper limit of normal
according to female ranges and none exceeding twice the upper limit of normal
according to male reference ranges.

Regarding kidney function, two prospective studies described an increase in cre-
atinine levels after 1 year of testosterone treatment [22, 61]. However, transgender
men receiving testosterone treatment have similar creatinine concentrations to
transgender women at baseline, suggesting that creatinine changes may simply be
reflective of body changes that are expected to occur with testosterone therapy
rather than being considered as a pathological change [61].



114 C. Cocchetti and A. D. Fisher
9.4.5 Bone Health

One of the goals of testosterone treatment in transgender men is to reduce oestradiol
concentrations, which may hypothetically lead to decreased bone mineral density
(BMD). However, a recent meta-analysis [62] reported similar BMD in cisgender
women and transgender men before testosterone treatment, with no decreases in
BMD after testosterone initiation. Van Caenegem and colleagues [63] described an
increased radial cortical bone size and decreased cortical volumetric BMD at the
radius and tibia in transgender men receiving testosterone treatment when com-
pared to age-matched natal women. The explanation for these observations may
relate to the fact that testosterone is readily converted to oestrogen via the aromatase
enzyme and therefore maintains sufficient oestrogen levels. In addition, increased
muscle mass leads to an increased mechanical load on the bone, which further stim-
ulates bone formation. Indeed, the previously cited study observed a positive cor-
relation between muscle mass, strength and trabecular and cortical parameters and
bone size [63]. As with other BMD literature, there is a lack of data on osteoporotic
fracture risk in transgender men, with the only published study demonstrating no
fractures after 12 months of follow-up [22]. It is noteworthy that in cases where the
patient undergoes ovariectomy, testosterone therapy is fundamental to reduce
oestrogen-deprivation-related bone loss. Indeed, bone loss has been described after
ovariectomy in transgender men who stopped or were not compliant with hormonal
treatment [64—66].

9.4.6 Oncological Risk

Oncological risk represents one of the most critical issues in transgender health
care. Currently, prospective studies with adequate sample size and follow-up dura-
tion are lacking. This is extremely critical considering that transgender population
is more frequently exposed to cancer risk factors, such as smoking, obesity and drug
abuse. Additionally, given the discomfort that transgender men experience access-
ing gynaecologic care, the rate of adequate cancer screening in this population is low.

Current guidelines recommend that transgender individuals adhere to similar
screening protocols that are used for the general population according to birth-
assigned sex if the organs are still present [9]. In addition, transgender men are
recommended to undergo hysterectomy and oophorectomy to eliminate the risk of
female reproductive tract disease and cancer [9]. To date, no large, representative,
long-term, and prospective studies on cancer risk in transgender cohorts have been
published, and available data are limited to case reports.

Testosterone treatment produces changes in the composition of breast tissue in
transgender men, inducing a reduction of glandular tissue and an increase in fibrous
connective tissue [37, 67]. In addition to histological changes, several cases of
breast cancer have been reported in the literature [68—71]. A hypothetical
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mechanism may be from conversion of exogenous testosterone into oestradiol via
aromatase, although no study has confirmed a causal relationship between testoster-
one and breast cancer in transgender men. Gooren and colleagues [72] reported a
lower incidence of breast cancer in transgender men compared with cisgender
women (5.9 vs 155 per 100.000 person-years). Similarly, a study of 148 transgender
men who underwent mastectomy [73] found no invasive malignancy, although pre-
malignant transformations were observed, including apocrine metaplasia (23.6%),
lactational changes (2%), columnar cell changes (37.2%), usual ductal hyperplasia
(27%), atypical ductal hyperplasia (3.4%).

Breast cancer might still occur after mastectomy developing in subareolar tissue,
as reported in some cases [69, 71]. For this reason, the Endocrine Society recom-
mends to perform subareolar and periareolar breast examinations annually after mas-
tectomy [9]. In transgender men who did not undergo mastectomy, mammography is
suggested for ongoing screening, according to the guidelines for birth-assigned sex.

Only three cases of cervical cancer have been described in transgender men
receiving testosterone, although there is currently no known mechanistic associa-
tion between testosterone and cervical cancer [74-76]. Rather, the presence of
human papilloma virus (HPV) is a well-established risk for cervical cancer in birth-
assigned women. Transgender men are less likely than cisgender women to engage
in HPV prevention behaviours, and this may represent the main factor associated
with cervical cancer risk in this population [77].

Although aromatization of testosterone to oestradiol in transgender men has
been suggested as a risk factor for endometrial cancer [78], only one case of endo-
metrial cancer has been described in the literature [74]. A retrospective examination
of genital tract histopathology of 112 transgender men performed by Grynberg and
colleagues [37] showed endometrial atrophy in 45% of cases and only one sample
displayed endometrial hyperplasia with a small focus of adenocarcinoma.

Regarding ovarian cancer, only three cases are reported in transgender men in the
literature [79, 80]. Grynberg and colleagues [37] reported no cases of ovarian cancer
in a prospective cohort study of transgender men after 6 months of testosterone
administration. It should be considered that many transgender men undergo
hysteron-oophorectomy after 12 months of testosterone treatment, and this may
limit the observation of ovarian cancer in this population.

9.4.7 Psychological Monitoring

Testosterone treatment is generally associated with an improved overall well-being
in transgender men. As a population, transgender individuals report higher baseline
levels of depression, anxiety and suicide risk compared to cisgender men [81-83].
However, after initiating GAHT, these levels decrease and are comparable to the
general population [5, 7, 84]. Some of these improvements may be attributed to the
effects of testosterone in the central nervous system, but a more likely explanation
for mental health improvement is the reduction of gender dysphoria during GAHT.
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The literature available on the association between testosterone and aggression in
human is inconclusive, with a recent 1-year prospective study reporting no increased
aggression or anger among transgender men receiving testosterone treatment [85].
However, based on historical studies, it is notable that current guidelines continue to
warn about the potential aggression in transgender men receiving GAHT [4, 9].

9.4.8 Mortality

Data regarding mortality rates in transgender men are lacking, and the few studies
that investigated this aspect have shown inconsistent results. Asscheman and col-
leagues [86] compared the mortality rates between 365 transgender men under tes-
tosterone treatment and the general population and found no differences. In a
Swedish study [87] based one data coming from national death registry, a compari-
son between mortality rates of 133 transgender men and 1330 age- and birth sex-
matched controls was performed. The authors found no differences in mortality
rates during the first 10 years after gender affirming surgery. However, the curves
diverged after 10 years, with transgender men showing higher mortality rates.

9.5 Monitoring During Testosterone Treatment

For patients receiving GAHT, the Endocrine Society recommends routine surveil-
lance every 3 months during the first year and then one or two times per year, in
order to monitor the virilizing effects and potential adverse reactions of testoster-
one [9]. Testosterone levels should be assessed every 3 months and should be
maintained in the normal physiologic male range, thereby reducing the likelihood
for adverse events resulting from supraphysiologic dosing. Since the most fre-
quent adverse reaction is increased haematocrit levels, routine blood tests, includ-
ing a haematocrit, should be carried out at baseline and every 3 months for the first
year of testosterone treatment and then one to two times a year. In addition, clini-
cians are advised to monitor weight, blood pressure and lipid profile at regular
intervals. Furthermore, screening for osteoporosis should be conducted in those
individuals not compliant to testosterone treatment or with higher baseline risks
for bone loss.

9.6 Conclusions

After few months of testosterone treatment, transgender men begin experiencing
desirable, virilizing body changes. Generally, satisfaction rates are high and GAHT
is very rarely regretted [9, 88-90]. Initial body changes with GAHT include an
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increase in body and facial hair, deepening of the voice, increased lean mass and
decreased fat mass, and cessation of menstruation. At the same time, transgender
men may experience an increase in sexual desire and a reduction of perceived stress,
anxiety and depression. The development of acne represents the most common
undesired effect and is usually limited to the first few months of treatment. Regarding
blood parameters, the most frequent adverse effect is increased haematocrit, reach-
ing levels comparable to biological males, while clinically significant erythrocytosis
is rare.

To conclude, testosterone treatment appears to be safe in the short term. However,
some critical issues remain, particularly relating to oncologic risk and cardiovascu-
lar safety. Given the limited data and clinical importance of these issues, further
long-term studies with larger cohorts are mandated.
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Chapter 10 m
Testosterone as a Performance Enhancer

Check for
updates

0. Hasan, M. Houlihan, D. Yang, and T. Kohler

10.1 Introduction

An interesting dichotomy is taking place: the world continues to decline in overall
health fitness while there is a societal pressure, likely exacerbated by social media
platforms, to achieve unrealistic patterns of body performance and physique.
Supraphysiologic use of exogenous hormone replacement is allowing users to
greatly increase muscle strength and athletic performance, often well beyond the
limit attainable by natural causes [1]. As a result, more young people are taking
exogenous testosterone for improved performance, quick results, and instant grati-
fication. Derivatives of synthetic exogenous testosterone, anabolic androgenic ste-
roids (AAS), were first introduced to athletes in the 1950s; however, it was not until
the 1980s when the world started to notice abuse outside of the sports industry. AAS
are a family of hormones that contain the natural hormone testosterone in addition
to its close synthetic relatives [2]. They exhibit both “muscle building” (anabolic)
and “masculinizing” (androgenic) properties, affecting a wide range of physiologi-
cal systems [3]. While the term “steroids” is used with liberty to describe
performance-enhancing drugs (PEDs), it should not be confused with steroids such
as corticosteroids, which lack any anabolic potential and offer little abuse potential.
Over the last 20-30 years, illicit AAS use has become a widespread phenomenon in
the world [4-9]. As a result, it has become the subject of a vast literature of clinical
and behavioral studies, too extensive to cover in its entirety. Therefore, this chapter
primarily focuses on the illicit use of synthetic testosterone as a performance
enhancer. We discuss the history and evolution of AAS in the last few decades and
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review current literature on the side effect profile of supraphysiologic use of
AAS. Lastly, we discuss the evolving landscape of selective AAS, called selective
androgen receptor modulators (SARMS) as hormone replacement.

10.2 Historical Context of Steroids/Hormone Replacement
for Performance

Testosterone was first isolated in the 1930s [10, 11]. Numerous testosterone
derivatives, we now call AAS, were soon synthesized. While these were largely
prescribed to treat male hypogonadism, AAS were also being prescribed to treat
depression in psychiatric patients as a possible cure for the “male climacteric” [10,
11]. AAS first received world prominence when the Soviet team was allegedly
found to be using AAS at the 1954 Vienna weightlifting championships [12, 13].
AAS usage soon spread within competition bodybuilding, strength sports, and track
and field events, where performance depended on muscle strength and faster
recovery [14]. By the 1960s, its perceived performance-enhancing effect resulted in
it being banned in the Olympics. However, throughout the 1960s and 1970s, AAS
remained confined to higher levels of sport where its efficacy was a well-kept secret.
Ironically, the medical community at the time claimed that AAS were ineffective for
gaining muscle mass [13, 15, 16]. The American College of Sport Medicine
famously issued a statement in 1977 claiming that AAS were not effective for
muscle gains, only to later retract the statement in 1987 and indicate that AAS were
indeed effective [17].

By the late 1970s and 1980s, competitive bodybuilding gained in popularity.
AAS began to break out of the elite athletic community and into the general popula-
tion who took idols such as Arnold Schwarzenegger [18]. Fitness and bodybuilding
magazines bearing AAS-using male models on the front covers started to fill the
shelves and bookbags of young adults. Young men were soon aware of the dramatic
muscle gains that were now achievable with the use of AAS [19]. These were largely
fueled by a series of underground guides of using AAS, beginning with Daniel
Duchaine’s Original Underground Steroid Handbook, and later with multiple
revised editions [20-23]. This book soon became the bible in the bodybuilding
world, offering detailed advice on types of AAS to use, self-instructions to inject,
recommended dosages, and side effects [22, 23]. Similar guides, such as the Phillips’
Anabolic Reference Guide, appeared in 1985 [24]. As these guides became readily
available, thousands of young men began using AAS.

Another catalyst for the increasing popularity of AAS use was the reformed Western
cultural emphasis on male muscularity [19]. Muscular male images started to flood
Western movies, dramas, advertisements, magazines, and comic strips [24, 25]. Even
men in Playgirl magazine became more muscular [24, 25]. Action toys, such as GI Joe
in the United States and Action Man in the British Commonwealth, showed a steady
increase in muscularity from normal action figures in the 1960s to markedly muscular
bodies in the following decades [26]. The message was clear — muscularity was the new
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measure of male masculinity. Therefore, the climate was ripe for AAS to flourish in its
appeal. Young men started to emulate the images they saw around them [27].

In the late 1980s, epidemiological studies started to document trends in AAS
usage among young boys and men. Early studies showed that 6.6% of 3403 male
12th-grade students surveyed by anonymous questionnaires had used AAS at some
time [28]. A third of the respondents stated that it was for “social” purposes rather
than athletic performance. Another study conducted via questionnaire from the
Monitoring the Future Study found that 3.0% of 12th-grade students of both sexes
reported lifetime AAS use [4]. It was not until the 1990s that the US passed the
Steroid Trafficking Act and soon designated AAS as schedule III-controlled sub-
stances [29, 30]. In 2004, the Anabolic Steroid Control Act amended the Controlled
Substances Act and expanded its definition of anabolic steroids [30].

10.3 Current Trends in Steroid Abuse

Most of the AAS that athletes and non-athletes used were readily available as
prescription drugs until more rigorous law enforcement began in 1991. Soon after,
various AAS became available with the advent of the internet and over the counter
as unregulated nutritional supplements. Today, various avenues are available to
obtain AAS such as from “that guy” at a gym, dealers, or internet purchases [18].
Per one expert commentary, common reasons people take steroids are to look good
in social settings, attract potential partners, or improve athletic performance in
college or high school [18]. The commentary continues that police officers, prison
guards, firemen, and military personnel are taking AAS to be bigger and stronger
and to accomplish their objectives [18, 31]. AAS use is not unique to men, as
lifetime prevalence rates of AAS use in women are 1.6%, possibly spurred on by the
popularity of certain fitness trends such as CrossFit and others [32].

Arguably, the three most common methods of AAS administration are orally,
transdermally, or by IM injection, the most popular of which is IM [30]. Illicit AAS
users commonly structure their doses by employing two processes, “stacking” and
“pyramiding,” to maximize the anabolic effects. Stacking refers to taking two or
more different steroids either by mixing agents or through varied routes [33]. This
may entail receiving a total dose equivalent to 600—1000 mg per week, and in some
cases, reportedly as high as 3000-5000 mg per week [34—36]. These latter doses are
50-100x the natural levels of testosterone production in a week [37]. Stacking may
also involve a combination of both steroidal and non-steroidal derivatives with the
latter providing concomitant anabolic effects (human Growth Hormone (hGH),
Insulin-like Growth Factor (IGF) -1, and insulin). To counteract the negative side
effects of AAS, other agents such as aromatase inhibitors, human chorionic gonado-
tropin, and estrogen receptor agonists/antagonists are also often used to maintain or
stimulate endogenous testosterone production. Additionally, non-hormonal medica-
tions may be used to stimulate fat and water loss (diuretics and thyroid hormones)
and to reduce the risk of detection (diuretics and probenecid) [27, 38]. Pyramiding,
on the other hand, involves starting with a low dose and slowly increasing the
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dosages of different steroids. Cycles may be conducted over several weeks
(4-12 weeks), followed by an off cycle of an additional 4—12 weeks [12, 39]. Using
these approaches, some bodybuilders have reported AAS utilization of more than
1000 times the clinically recommended dosages for conditions such as hypogonadism
[40]. At these levels, gains of up to 10 lbs of muscle have been reported in 1 month.

Table 10.1 General overview of common substances abused to gain muscle

Commonly reported

Agent Route | Dose purpose® Beg. | Adv. | Other*
Dianabol PO 2-3 pills/ | Mass builder and X |2X | Originally
day strength formulated for
POWS
Nandrolone | IM 2/week Muscle building X 3X
decanoate without water
retention (no estradiol
conversion)
Testosterone | IM 1/week Raise T to recover X 3-4X | This and cypionate
enanthate faster and absorb interchangeable
more protein
Testosterone | IM 1/week Raise T to recover 3—4x | This or enanthate
cypionate faster and absorb picked for less H,O
more protein retention
Winstrol PO/ | QOD inj Strength builder — X Used by Olympic
M hardened look without athletes and sprinters
water retention
Masteron M QOD inj Leaning and X Favored by
hardening agent competitive
bodybuilders
T3 (Cytomel) | PO 20 meg + Weight loss X
Clomiphene | PO 25-50 mg/ | Take for 2—4 weeks X Post-cycle therapy to
citrate qod-qd immediately after prevent testis
cycle atrophy
Clenbuterol | PO 20 mcg+ B3 inhibitor to X
optimize muscle
contraction
Arimidex PO 0.5-1 mg Used for X
qod/qd gynecomastia or water
retention
IGF-1 M 4-10 1U/ X Very expensive
day
Lasix/ PO Few pills X Used primarily for
thiazides x2 days competitions
hCG SubQ | 2500 IU 2/ | Take 2—4 weeks X Also PCT - restores
week x2 immediately after natural T production
weeks cycle

Adpv. advanced regimen, Beg. beginner regimen, /M intramuscular, POWS prisoners of war, PCT
post-cycle therapy, PO by mouth — orally, QD every day, QOD every other day.

*Anecdotal report from an experienced AAS user [18] — comments are not validated and do not
reflect views of the scientific community.
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The regimen of AAS in these settings is highly variable, with Table 10.1 summariz-
ing AAS administration, pharmacokinetics, and costs [18].

10.4 Mechanism of Performance Enhancement

The mechanism by which testosterone improves performance is not fully known.
It is known that testosterone increases skeletal muscle mass by increasing myo-
genic differentiation of muscle progenitor cells which contribute to muscle fiber
hypertrophy of type 1 and type 2 fibers [41-43]. Testosterone is further known to
increase maximal voluntary strength and leg power while not impacting specific
force [44]. It promotes mitochondrial biogenesis and increases net oxygen deliv-
ery by increasing red cell mass and promoting angiogenesis. Interestingly, testos-
terone also improves neuromuscular transmission and upregulates
acetylcholinesterase expression in a frog hind limb model [45, 46]. There is spec-
ulation that this may reduce reaction time and therefore lead to better performance
in sprint events and sports like baseball which requires a high level of hand-eye-
coordination [30]. Testosterone may also impact mood and motivation, indirectly
affecting athletic performance. Behavior effects of testosterone occurred within
minutes in animal models with rats showing increased aggression and locomotion
[47]. German scientists invented an androgen nasal spray that enhanced competi-
tiveness without systemic effects [48]. There is speculation that these rapid actions
of testosterone contributed to Floyd Landis’ dramatic comeback on the mountain-
ous stage of Tour de France [49].

10.5 Anecdotal Revelations of a Steroid Abuse Expert

The senior author’s former patient, Chad Schaive, provides unique insight into the
world of steroid abuse [18]. Although anecdotal, many of his insights are intuitive,
and, as demonstrated later in the chapter, there is a dearth of quality information
about supraphysiologic testosterone level effects. For example, Chad avoided tes-
ticular atrophy and problems with fertility through the collective knowledge of ste-
roid abusers with use of clomiphene citrate and hCG several years prior to
publications describing this practice [50-52].

Chad began abusing steroids early in life after he had success with natural weight
training and working in a gym. He has successfully competed internationally in
bodybuilding and powerlifting competitions and has had many experienced steroid
abuse mentors and clients. Chad originally presented to the senior author’s clinic
after he abruptly quit testosterone and several other supplements upon the sudden
death of his father. Some of the more thought-provoking insights Chad had to offer
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centered around what he perceived as the true risks of steroid abuse are and the
lifestyle which accompanied.

Simple internet searches on premature deaths of professional wrestlers and
bodybuilders reveal disturbing trends. When analyzing the death rates of previous
professional wrestlers (i.e., high AAS users) who participated in Wrestlemania
events between 1985 and 2011, total death rates from cardiovascular disease, acute
drug intoxications, and cancer were 35.5%, 17.8%, and 8.8%, respectively [53].
Chad speculated this was mainly due to the lifestyle affiliated with being a wrestler.
People willing to inject steroids will often have no qualms about taking narcotics to
combat pain from working out or use other more dangerous and addictive drugs.
This point is well illustrated by “Goldman’s Dilemma,” a Faustian bargain devel-
oped by Dr. Robert Goldman in the 1980s, which trades guaranteed victory in com-
petition from a drug in exchange for guaranteed death within 5 years. Relative
acceptance of this bargain that was initially sensationally reported as >50% was
formally tested in an online survey [54]. However, of 212 participants, only 1%
accepted the initial terms of the bargain, whereas 6% would accept the bargain if the
theoretical drug were legal. Interestingly, only 12% state they would use the illegal
drug if there was no death condition.

At the same time, Chad stated that many AAS users recognize a finite human
boundary, where those who reach 400 pounds from weightlifting often die prema-
turely from cardiac problems. A 2016 article titled “Big Dead Bodybuilders” sup-
ports this belief, listing out 31 dead bodybuilders who died between the ages 22
and 53, almost all of which died from cardiac etiologies. Renal based complica-
tions were cited as the cause of death in the remainder [55]. Another study revealed
that national football league (NFL) defensive linemen had higher mortality related
to cardiovascular disease than any other positions despite adjusting for playing
time and body mass index, suggesting an association between significant muscle
mass (AAS use) and mortality [56]. This association is further supported by other
studies which reported AAS use in approximately 14.8% of NFL defensive line-
men [57].

Chad further described other risks of steroid abuse including back spasms from
dehydration, erectile dysfunction, testicular atrophy, acne, and balding. Additionally,
he indicated that many AAS users experience a new set-point of normalcy, whereby
they adjust to supraphysiologic testosterone levels and the associated stronger erec-
tions, higher energy, and greater sense of well-being. Inversely, the drop of testos-
terone to normal levels is often then associated with feelings of depression,
suboptimal erections, reduced energy, and overall loss of a sense of well-being. He
continues by stating that gains with high testosterone levels also create unrealistic
expectations for users and their social circles. As one uses more and more steroids,
cost may also become a problem. Many AAS abusers will have to take second jobs
(security, personal training) to help support their habit. Others will turn to crime,
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become steroid dealers themselves, or resort to prostitution to help support
their habit.

Ultimately, Chad counseled against AAS use. He recognized the appeal of the
quick gains steroids can offer, but contended these can be achieved naturally and
more sustainably with proper nutrition and consistent exercise.

10.6 Review of Literature on Supraphysiologic Testosterone
Side Effects

The chronology mentioned in the evolution of AAS as PEDs has important
implications in the evaluation of the long-term medical and psychiatric consequences
of its use. It is significant to note that widespread illicit use of AAS did not occur
among the general public until the 1980s and 1990s. As such, the majority of AAS
users are younger and under 60 years of age [17]. The relatively young population
has not reached an age of risk for diseases such as cardiovascular disease that occur
later in life. As such, there is a deficiency in published literature commenting on
long-term adverse side-effects. Only now will the long-term side effects begin to be
visible in the aging population — a cohort that will be the first of its kind and spark
a new wave of epidemiologic investigation. Adverse effects that have slowly begun
to emerge and are of concern are categorized as cardiovascular, hematologic,
psychiatric and neuropsychological, hormonal, and metabolic.

Cardiovascular Effects In the last few decades, there have been multiple anecdotal
reports of cardiovascular effects, such as hypertension [58, 59], dyslipidemia [60,
61], cardiomyopathy [62, 63], left ventricular hypertrophy [58, 64], myocardial
ischemia [65-67], and arrhythmias [68, 69]. Larger, controlled studies more recently
have supported these findings. AAS causing dyslipidemia is characterized by
increased low-density lipoprotein and decreased high-density lipoprotein choles-
terol, an established risk for atherosclerotic disease [60, 61]. One imaging study
found higher calcium scores in long-term AAS weightlifters than men of compara-
ble age [70]. Thiblin et al. conducted a postmortem study comparing 87 deceased
men testing positive for AAS with 173 men in the control group. He found AAS
users had greater cardiac mass after adjusting for age, body mass, and history of
trauma [71]. Recent conduction studies have demonstrated abnormal tonic cardiac
autonomic regulation [72], ventricular repolarization abnormalities [73], and
decreased cardiac electrical stability in AAS users [74]. Akcakoyun et al. demon-
strated increased intra- and inter-atrial electromechanical delay (AEMD) in healthy,
young AAS-using bodybuilders, making them more prone to developing atrial
fibrillation [75]. D’ Andra et al. utilized cardiac echocardiogram studies to compare
AAS-user athletes to non-AAS user athletes and non-athletes and found increased
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septal strain and decreased ventricular ejection fraction among AAS men [69]. It is
important to note, however, that effects such as hypertension, dyslipidemia, and
coagulation abnormalities may remit after AAS discontinuation, while loss of tissue
elasticity and cardiomyopathy may be irreversible [76, 77].

Psychiatric Effects Several field studies have described psychiatric symptoms
associated with illicit AAS use. These suggested that some AAS users exhibit hypo-
manic or manic symptoms during AAS exposure, characterized by aggressiveness,
exaggerated self-confidence, hyperactivity, reckless behavior irritability, and occa-
sional psychotic symptoms [27, 78, 79]. Some studies showed depressive symptoms,
characterized by loss of interest, anorexia, loss of libido, and occasional suicidality
[39, 80, 81]. Other reports utilized personal interview and or psychological scales to
compare AAS users with non-users. These psychiatric effects appear to be idiosyn-
cratic with the majority of AAS users exhibiting minimal psychiatric symptoms and
only a small minority exhibiting severe or disabling symptoms [82—85]. These dif-
ferences can be partially attributable to differences in dosages or intervals of AAS
use versus intervals of non-exposure, linking commonality of mood disorders with
higher doses of AAS used, especially at levels >1000 mg per week [86—88]. Pagonis
et al. assessed AAS use in two pairs of monozygotic twins and found that non-AAS-
using twins showed no lifetime history of any psychopathology [89]. However,
there is no clear causal role in AAS-induced psychiatric effects, and there appears
to be significant variation in individual sensitivities to androgen excess, withdrawal,
or deprivation [90, 91].

Occasional field studies have also documented cases of aggressive or violent
behavior in some AAS users, with no history of violence or criminal behavior prior
to AAS use. These behaviors include committed or attempted murder by previously
normal individuals [92-94] or uncharacteristic violent or criminal behavior while
using AAS [78]. In one study, 23 AAS users and 14 non-users were assessed regard-
ing their relationships with wives and girlfriends [83]. Users reported more aggres-
sion toward women when using AAS than when not using AAS. While it is
impossible to fully ascertain if AAS played a causal role in these various cases, it is
important to note that individuals did not display similar behavior in the absence of
AAS use. However, some authors argue that AAS are not causally linked to violence
[95, 96]. Past users of AAS state that “roid rage” (feelings of aggressiveness, irrita-
bility, and anger) is overstated, citing that users are often on restrictive diets which
adds to the overall irritability [18]. Manifestation of these behaviors may also stem
from disproportionate steroid use in men with more aggressive and angry personali-
ties at baseline [18].

Other Side Effects Some of the common side effects experienced by AAS users
include back spasms (attributed to dehydration), testosterone “flu” from high-dose
injections, erectile dysfunction, gynecomastia, balding, and acne [97]. Testicular
atrophy/infertility was measured in one study as a form of regret by AAS users [98].
However, experienced AAS users often utilize combination hCG therapy for recov-
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ery of spermatogenesis and to avoid fertility issues [99]. For women, undesirable
side effects include those of masculinization, including acne, hirsutism, and coars-
ening of voice [12]. Herlitz et al. assessed renal function in a cohort of 10 healthy
bodybuilders after long-term AAS use. The bodybuilders experienced increased
proteinuria (range 1.3-26.3 g/d) and renal insufficiency (serum creatinine range
1.3-7.8 mg/dl) with renal biopsy revealing focal segmental glomerulosclerosis in
nine [100].

AAS use may also serve as a gateway to additional medications and drugs. Due
to extensive exercise regimen, AAS users often suffer from chronic joint pain, which
may lead to use of opiates [101]. In a study of 223 men entering a drug-rehab pro-
gram, AAS use was higher among opioid users compared with men using other
drugs [102]. Furthermore, about 30% of AAS users may develop dependence by a
body image pathway or neuroendocrine pathway [103, 104]. A body image pathway
refers to the observation that people start AAS due to preoccupation with their mus-
cularity, referred to as muscle dysmorphia [105]. Neuroendocrine factors may con-
tribute to AAS dependence by suppressing testosterone levels via negative feedback
and resulting in hypogonadism upon discontinuation [106]. While some may mini-
mize hypogonadism by supplementing clomiphene or hCG [107], many continue to
display symptoms of hypogonadism for weeks or months. The feeling of fatigue,
loss of libido, and depression may subsequently lead people to resume using AAS.

10.7 Future Trends in Steroid Abuse

Despite the new increasing literature on adverse effects of AAS, other factors limit
the extent of research which may be conducted. One such factor is the inability to
conduct controlled studies using AAS due to the long-term side effects. Most of the
literature we have now is from field studies that are prone to selection and informa-
tion biases. Another factor is the lack of trust among AAS users for physicians.
Nearly 56% of AAS users surveyed in one study stated that they had never disclosed
their AAS use to any physician [108]. It is important for current physicians to rec-
ognize this as a public-health concern as the bulk of the population who used AAS
in the 1980s and 1990s are now reaching an age to display some of the long-term
side effects discussed.

Lastly, performance-enhancing drugs are constantly evolving, and a new
generation of drugs are emerging. SARMs are novel oral drugs which display tissue-
specific activation of androgen signaling [109]. Androgen receptors are among a
group of nuclear receptors which modulate DNA binding and transcription contin-
gent on interaction with a ligand (i.e., testosterone) [110, 111]. SARM’s mechanism
of action can be both agonist and antagonist at the androgen receptor, with a high
degree of selectivity for specific tissue receptors, thereby potentially minimizing the
unintended side effects often seen with AAS [112]. The complexity of biochemical
interaction of various SARMs with respective androgen receptors allows for the
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synthesis of a variety of SARMs which can perform antagonistic effects at desired
tissue (e.g., prostate and seminal vesicles) while still enacting anabolic effects in
skeletal muscle and bone [111]. Given the therapeutic benefit and pharmacokinetics
of SARMs, they have been evaluated for utilization as a male contraception and for
the treatment of benign prostatic hyperplasia, sexual dysfunction, osteoporosis,
cachexia, muscular dystrophies, and Alzheimer’s disease [113—119]. Testosterone,
when utilized for performance enhancement, can induce potential untoward effects
of erythrocytosis, peripheral aromatization of estrogen, hepatotoxicity, male pattern
baldness, acne, diminished fertility, and serum lipid derangements [120]. In contrast,
preliminary data from SARM studies suggest varied side-effect profiles. Additionally,
SARMs are currently available as oral pharmacotherapeutic agents [121].

As aresult of this targeted, efficacious therapeutic benefit of SARMs, they likely
represent the next frontier in terms of pharmacotherapy for performance enhance-
ment. Given their potential for abuse within the arena of athletic performance, the
World Anti-doping Agency banned SARM:s in athletic events [122]. Despite their
relative scarcity as branded pharmacotherapy and lack of FDA approval, various
SARMs are available for purchase online. Additionally, strength and conditioning
websites and forums offer interested athletes “how-to” guides for optimal utiliza-
tion of these understudied performance-enhancing drugs. Further study and evalua-
tion of SARMs are necessary prior to demonstrating safety and efficacy for their
medically intended purposes, let alone their utilization in the realm of performance
enhancement.

10.8 Conclusions

Testosterone supplementation as a tool for performance enhancement dates back
now roughly 70 years. The fierce nature of competition has motivated athletes and
lay people alike to seek alternative avenues for physical development and competi-
tive advantage. Evolving societal expectations regarding optimal male physique and
masculinity have also played a role in the increased utilization of AAS among the
general public. The physiologic impact of long-term AAS use is poorly understood
at present; however, given the more common utilization of these medications in the
1980s and 1990s, the field is ripe for research on long-term impacts of these thera-
pies. Although we are in an era which emphasizes evidence-based medicine, given
the nature of AAS use, high-level data may not be available. Rather, transparent
dialogue with patients interested in, currently using, and previously using AAS can
educate providers and help optimize clinical knowledge and intervention. Just as a
toxicologist benefits from understanding the patterns of patient’s illicit drug abuse,
so too can a provider learn from first-hand experience of patients using AAS. Optimal
patient care, therefore, demands that clinicians understand the natural history of
AAS use as a performance enhancer, thereby improving patient counseling and
facilitating AAS cessation and recovery.
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