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Summary As a major androgen with a key role in developing and maintaining
male sexual characteristics, testosterone exerts a broad range of actions regulating
several systems throughout human life. This article reviews data on the role of
sleep in modulating endocrine release, as well as data on the effects of testos-
terone and androgen-replacement therapy on sleep architecture and breathing.
This review also discusses the interaction of testosterone and sleep, with a partic-
ular emphasis on bilateral effects. Changes in nocturnal testosterone are sleep-
related, with levels rising during sleep and falling on waking, whereas circadian
effects are apparently marginal. Peak testosterone levels coincide with rapid-eye
movement (REM) sleep onset. The decreasing sleep efficiency and numbers of
REM sleep episodes with altered REM sleep latency observed in older men are asso-
ciated with lower concentrations of circulating testosterone. The well-established
male preponderance of sleep apnea suggests that sex hormones are involved in the
pathogenesis of this breathing disorder. In addition, androgens are most certainly
key players in the central and peripheral modulation of erectile function. Among
other effects, sleep curtailment has been shown to lead to reduced levels of circu-
lating androgens in healthy men and male rodents, and this highlights the biological
significance of sleep homeostasis for endocrine regulation.
ª 2008 Elsevier Ltd. All rights reserved.
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Introduction

Androgens play a key role in the development of
male secondary sexual characteristics. The three
steroids of primary importance to male reproduc-
tive function are testosterone, dihydrotestoster-
one, and estradiol. From a quantitative
standpoint, the most important androgen is
testosterone, which was first characterized as the
male sex hormone in the mid-1930s and is a major
androgen crucial to the development and mainte-
nance of male sexual characteristics. Over 95% of
testosterone is secreted by the testicular Leydig
cells. The testes also secrete small amounts of the
potent androgen dihydrotestosterone and the
weak androgens dehydroepiandrosterone (DHEA)
and androstenedione. Researchers have described
a number of biologic effects of androgens in males
that are essential for appropriate differentiation
of the internal and external male genital system
during fetal development. Puberty involves
androgen-mediated growth of the scrotum,
epididymis, vas deferens, seminal vesicles, pros-
tate, and penis, all of which require androgens in
order to become fully functional.

Reproductive functions are regulated mainly by
the hypothalamus, anterior pituitary, gonads, and
reproductive tract. The hypothalamus secretes
gonadotropin-releasing hormone (GnRH), which,
on reaching the anterior pituitary, binds to the
gonadotrophs and stimulates the release of both
luteinizing hormone (LH) and follicle stimulating
hormone (FSH) into the bloodstream. In males, FSH
induces spermatogenesis in the seminiferous
tubules of the testes, and LH stimulates testos-
terone secretion by the interstitial Leydig cells.
Testosterone promotes development of the male
reproductive organs and elicits feedback from the
hypothalamo-pituitary system inhibiting gonado-
tropin release. At puberty, most growth in testic-
ular size is due to seminiferous tubular
development in response to stimulation by FSH,
with a smaller fraction of the growth due to Leydig
cell stimulation by LH.
Variation in testosterone concentrations

In regulating various physiological systems
throughout life, sex hormones exert a wide range
of effects.1 Testosterone concentrations change as
a function of age. Major changes in the levels of
reproductive hormones occur during puberty2 as
serum gonadal steroid concentrations gradually
increase. In the course of aging, circulating
testosterone concentrations in healthy men fall an
average of 1e2% per year starting from the third
decade of life.3 Nevertheless, some octogenarians
maintain androgen concentrations at the levels
normally found in young adults.4 The variability in
hormone concentrations not only during a single
individual’s lifespan, but also between individuals,
makes it difficult to distinguish between normal
change (e.g., age-related deterioration) and
abnormal change (e.g., accelerated decline).1

Aging is characterized by a progressive decline
of virtually all physiological functions, including
the secretory capacity of the endocrine glands.5

After the age of 50, the overall testosterone
concentration in men decreases at the rate of
approximately 1% per year. Biochemical hypo-
gonadism is observed in only about 7% of men
under the age of 60, but is evident in over 20% of
men over the age of 60.6 Though this decrease in
testosterone with age is well documented, men
may not necessarily show symptoms of andro-
pause.1 A study of middle-aged men (40e62 yr)
found that about 25% demonstrated low bioavail-
ability of testosterone, and the figure was even
higher in older men.7 A detailed study by Pirke
et al.8 reported that testosterone and its precur-
sors decreased in testicular tissue of elderly men.
Overall, this research shows that the hormonal
system undergoes profound changes with aging.

A better understanding of how the hypothal-
amo-pituitary-testicular axis evolves with age is of
utmost importance from a scientific perspective,
in order to elucidate the physiology of reproduc-
tive capacity. It is also important from a clinical
perspective, in order to properly assess complaints
such as loss of libido or diminished reproductive
performance.9,10 Androgen deficiency (or andro-
pause) in aging males is a syndrome characterized
primarily by six key clinical alterations1: dimin-
ishing sexual desire and erectile quality; loss of
intellectual capacity; decreased lean body mass;
alterations in body hair and skin; decreased bone
mineral density; and increased visceral fat.
Notably, testosterone is currently believed to be
most responsible for all six alterations.
Testosterone and sleep

As a complex behavioral state occupying one-third
of human life, sleep is often thought of as a passive
condition, but it is in fact a highly active and
dynamic process. Electrophysiological studies in
the 1950s uncovered two main states of sleep,
non-rapid-eye movement (NREM) and rapid-eye
movement (REM) sleep. The lighter stages of NREM
sleep (phases 1 and 2) come first and often
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alternate with brief waking episodes before
deeper NREM sleep stages set in. The deeper
stages of NREM sleep (phases 3 and 4) predominate
early in the night, but REM sleep appears at
intervals of approximately 90 min. There are
usually 4e6 of these sleep cycles each night, with
REM sleep episodes becoming longer and NREM
sleep shorter and lighter over the course of the
night. NREM sleep is recognizable by its low
frequency and high amplitude waves, as well as by
the presence of sleep spindles on an electroen-
cephalogram (EEG) and hypotonia on an electro-
myogram (EMG). During REM sleep, information
acquired during waking hours seems to be reproc-
essed and integrated into existing neural
templates.11 The electrophysiological features of
REM sleep include a wide range of un-synchronized
EEG frequencies, the loss of EMG activity, and
rapid-eye movement. The EEG shows intense
cerebral cortical activity, and this distinguishes
REM from NREM sleep; in fact, the similarity
between EEG patterns during REM sleep and EEG
patterns during wakefulness has led some to call
the former ‘‘paradoxical’’ sleep.

Until recently, sleep was believed to be impor-
tant primarily for restoring brain function, but
there is increasing evidence that it also modulates
metabolic and endocrine regulation, immune
functions, and cardiovascular activities. In partic-
ular, sleep exerts important modulatory effects on
most components of the endocrine system, not
only on those of the hypothalamic-pituitary axis,
but also on those controlling carbohydrate
metabolism, appetite, and water and electrolyte
balance.12 The central nervous system (CNS),
primarily via anterior and posterior pituitary
hormones, is well established as a major factor in
controlling endocrine regulation. The pituitary
hormones show pulsatile, episodic secretion
patterns that follow prominent circadian rhythms
in several cases. In addition, their secretion
patterns can be altered by neurochemical inter-
vention from the CNS, such as in cases of stress.
These relationships point out the importance of
the CNS and of sleep in regulating endocrine
function.13 The impact of hormones on sleep has
been studied extensively in humans, perhaps
because methods such as frequent-interval blood
sampling, sensitive assays of blood elements, and
polysomnographic recordings can be more readily
used with humans than with laboratory animals.

In healthy adults, reproducible alterations of
essentially all hormonal and metabolic variables
occur during sleep and at wakeesleep transi-
tions.11 Hence, understanding the influence of sex
hormones on sleep is crucial for developing and
testing theories of how sleep is regulated. Recep-
tors for sex steroids, such as estrogens, progestins
and androgens, have been identified in the brain of
several species, including fish, birds, reptiles, and
mammals.14 Maleefemale differences in sleep
characteristics may be partly explained by
different concentrations of their sex hormones.

The aim of the present article is to review
circadian testosterone changes, their specific role
in normal sleep and breathing, and the effects of
disrupted sleep on hormonal levels. Testosterone
has been the focus of several research and review
studies in males, but few have addressed its
interaction with sleep. Further knowledge of this
relationship is not only important for under-
standing the basic physiology of sleep, but it may
also shed light on the causes of certain health
problems associated with sleep disorders, aging,
and shift work.15

Nocturnal sleep is characterized by a specific
pattern of hormonal secretion,16 and although
a great deal has been learned about the secretion
patterns of hormones, very little is understood
about the physiological and metabolic significance
of their pulsatile, episodic release, their unique
circadian and ultradian rhythms, or their rela-
tionship to sleepewake cycles and to the different
stages of sleep.13 The diurnal rhythm of testos-
terone can already be identified in 4e5-yr olds.17

Healthy adult men show a different pattern, with
testosterone concentrations peaking around
waking time and falling during the day.18 This
pattern is often referred to as a circadian rhythm,
despite the fact that disturbed sleep reduces or
blunts the nocturnal rise of testosterone.19,20 For
instance, the overall diurnal rhythm of testos-
terone peaks around 08:00 h and enters a trough
around 20:00 h.21,22 Most study protocols have
investigated relatively short periods, few of them
extending more than 12 h, and consequently we
have little knowledge of the relative weights of
sleep and circadian regulation. Recent research15

has sought to determine whether testosterone is
driven by a circadian rhythm-independent sleep
effect. Seven healthy young men had their sleep
period acutely shifted to daytime and were sub-
jected to a 24-h sampling regimen. Results showed
that 24-h mean testosterone concentrations did
not differ between night-sleep and day-sleep
conditions, but did vary over time. Furthermore,
maximum hormone concentrations always
occurred during sleep, regardless of the individual
or the experimental conditions. This study repor-
ted that testosterone in young men rises during
daytime sleep as it does during nighttime sleep,
but the level falls on waking, thus confirming that
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sleep, rather than a circadian rhythm, is critical
for testosterone regulation.23 Healthy young men
show comparable blood testosterone levels during
sleep regardless of when they choose to sleep
during the day, as long as they manage to sleep for
the same duration.15

Several studies have indicated a relationship
between testosterone releases and sleep stages,
although the data are conflicting. Nocturnal
testosterone rhythm is related to deep sleep24 and
REM/NREM cycles.23 Peak testosterone levels
coincide with the onset of REM sleep.25,26 Indeed,
the sleep-related rise in testosterone levels in
young men is associated with the start of the first
REM sleep episode of the night.19 In 1971, Evans
et al.25 reported that while REM sleep does not
trigger the production of testosterone, there is
likely to be a link between the neurophysiological
state underlying REM sleep and the mechanism
regulating the production of testosterone.
However, baseline concentrations of testosterone
have been shown to be highest in the later hours of
the sleep period, when the overall amount of REM
sleep is maximal.13,19 Similarly, Luboshitzky et al.
found that the rise in testosterone in normal young
men during continuous nocturnal sleep began at
sleep onset and reached a plateau around the time
of the first REM sleep episode 90 min later.19,27

Hourly testosterone concentrations were lower
when subjects were awake (19:00e22:00 h) than
when they were asleep (23:00e07:00 h). Further-
more, the testosterone curve during the initial
sleep period closely correlated with REM sleep
latency, but not with other sleep stages.27

What hormone could link REM sleep and
testosterone levels? LH is considered to be the
pituitary hormone that stimulates testosterone
release by the testis, but its secretion during sleep
bears little or no relation to REM sleep. Therefore
studies have sought to identify the hormone(s)
controlling testosterone release in healthy men.
Several factors may influence the normal diurnal
rhythm of testosterone secretion. Recently, Wal-
ton et al.28 examined the 24-h hormone profile of
healthy men (testosterone, inhibin B, LH, FSH, and
cortisol) under control conditions or during
administration of testosterone together with eto-
nogestrel to suppress gonadotrophin secretion.
The results showed a diurnal variation in serum
testosterone in normal subjects, with a mean peak
in the morning at 07:00 h and in LH at 05:00 h.
Inhibin B concentrations showed marked period-
icity and synchronized diurnal variation with
a mean peak in the early afternoon in the treated
group but not the control group. As observed by
the authors, these data suggest that even without
LH stimulation there is a diurnal variation in
testicular steroidogenesis, and that under both
normal and suppressed states there is a diurnal
variation in Sertoli cell function. Other studies
reported that mean LH concentrations did not vary
over the 24 h period in either young or elderly
men,29 whereas testosterone rhythm was posi-
tively correlated with serum inhibin B rhythm, with
the levels of both being higher in the early morning
and lower in the evening.30 In pubertal boys,
sleep-related LH elevations are common31,32 but
only 15% of adult men have sleep-related LH
elevation,32 and so there is no clear circadian
rhythm.31 These data indicate that at best, LH may
only partially control the robustly secretion
rhythm of testosterone.19,33

Rubin et al. conducted a series of studies on the
interrelations of plasma LH, FSH, prolactin (PRL),
and testosterone during sleep in normal young
adult men.13,34 Baseline LH and FSH concentra-
tions did not change during the night, whereas PRL
and testosterone did show similar patterns of
increasing concentrations over the course of the
night. These findings suggest that LH and PRL,
more so than FSH, are both relevant for the
nocturnal synthesis and release of testosterone.13

Other major factors that have been implicated
in the amplitude of rhythmic testosterone release
include increasing saturation of the binding
proteins following a surge in testosterone produc-
tion and changes in protein concentration related
to postural changes.35 The findings suggest that
the rise in cortisol concentrations in the early
morning due to competition with testosterone for
albumin-binding sites might be responsible for the
diurnal testosterone rhythm.

While diurnal variation of testosterone in young
men is generally accepted, the concept of
seasonal variations remains controversial.36e38 For
instance, hormone concentrations were reported
to be lower in summer than in winter in Tromsø,
located at a latitude of 69.65�N.38 The likeliest
explanation is that at this latitude, sleep is shorter
in summer,39 often resulting in a longer wake span
before samples are taken.40 Indeed, reduced
testosterone concentrations after waking indicate
that time spent awake is as relevant a factor as
time of day. According to Axelsson et al.15 sleep
duration, sleep quality, and time between waking
and sampling should be measured when deter-
mining testosterone concentrations.

An interesting example is Ramadan, when
Muslims refrain from eating and drinking from
sunrise until sunset. With intake restricted to
nighttime, sleep onset is later, sleep duration is
reduced, and there are alterations in behavioral
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and social habits that may result in phase delays in
many biological rhythms. Researchers found that
Ramadan did not modify the 24-h mean concen-
tration of testosterone, but did delay the onset of
the increase.41,42

It iswell documented thatandrogenproduction in
men declines with age,4 resulting in decreased
concentrations of both total and bioavailable
testosterone.43 A number of symptoms are associ-
ated with decreasing androgen concentrations. Not
all of these are directly related to decreased
androgens; some may be the result of decreased
levels of products derived from androgens. Testos-
terone levels vary significantly between individ-
uals.44 Hence, the broad range of available
testosterone preparations should not be used indis-
criminately, but they should be applied to specific
patients, taking into account their normal levels.45

Circadian rhythms of serum testosterone
concentrations observed in young men were
attenuated in elderly men, and their mean
testosterone concentrations over a 24-h period
were lower.33,46 For instance, Liu et al.33 examined
testosterone secretion in older and young men in
response to near-physiological LH stimulation, and
found that healthy older men fail to achieve their
younger counterparts’ testosterone concentra-
tions when exposed to pulsatile LH stimulation and
concomitant suppression of LH secretion with
a selective GnRH receptor antagonist. Various
studies have investigated nocturnal LHetestos-
terone rhythms in elderly men by measuring
hormone concentrations over a 24-h period.46 A
central mechanistic issue in human male repro-
ductive aging is whether low-amplitude and
disorderly pulsatile LH secretion in older men is an
intrinsic neuroregulatory anomaly or a secondary
neuroendocrine response to partial androgen
deficiency. Further clinical investigation is needed
to address this important question and to link it to
testosterone levels.

The process of aging commonly affects sleep
architecture, which becomes increasingly frag-
mented by arousals and awakening episodes,
sometimes leading to poor sleep maintenance and
consolidation, and shorter overall sleep time.4,47

These effects are similar to those observed with
lower testosterone concentrations, which are
associated with a decrease in sleep efficiency,
a lower number of REM sleep episodes, and altered
REM sleep latency.23 As recently stated by Penev,4

a precise understanding of the biological signifi-
cance and clinical implications of variable
androgen decline in older men48 may therefore
benefit from studies into how sleep and aging
relate to this process.
Testosterone was one of the first drugs to be
marketed, and it has been in clinical use for
decades primarily as a safe and effective
replacement therapy for androgen-deficient men.
Moreover, testosterone and synthetic androgens
have long been used pharmacologically to obtain
specific anabolic or other effects in non-androgen-
deficient men with chronic disease.49 Research on
patients with relevant clinical syndromes has
examined the effects of gonadal steroids on
circadian regulation and on the sleepewake cycle,
but interpreting the results has not been straight-
forward because of difficulties in determining
causality, the variability of gonadal steroid
concentrations, and the use of nonrepresentative
test subject populations.50

We have recently seen a dramatic increase in
androgen abuse, with illicit self-administration of
massive doses for non-medical purposes in power
sports and body building. This procedure has been
associated with a range of symptoms, including
sleep disorders, and it constitutes a significant
public health problem. Reductions in total sleep
time, sleep efficiency, percentage of NREM sleep,
and increased stage 2 sleep have been reported.51

Genetic or acquired disorders of the hypothal-
amus, pituitary, or testis resulting in androgen
deficiency are a principal clinical indication
for androgen-replacement therapy.49 Testicular
testosterone production may be reduced by
gonadotrophin deficiency or Leydig cell dysfunc-
tion. In androgen-replacement therapy, testos-
terone is used at doses designed to reproduce
endogenous blood testosterone concentrations and
physiological exposure of tissues to androgen.49

There is substantial interest in using such androgen
supplements to improve body composition, muscle
and bone strength, and physical function in older
men.29,51,52 Many testosterone products with
widely varying pharmacological features are now
available to provide effective androgen-replace-
ment therapy.44 In a randomized, double-blind
study, Liu et al.51 recruited 17 healthy men over
the age of 60 and administered three injections of
high-dose intramuscular testosterone esters or
matching oil-based placebo at weekly intervals,
followed by an 8-week washout, and then switched
to the other treatment. The results indicated that
at supraphysiological doses, testosterone therapy
can shorten time slept. Even though previous
studies have been inconsistent on the effects of
testosterone therapy on sleep patterns,50 this
study raises safety questions about the use of
these preparations for older men trying to reverse
or remediate clinical symptoms most probably
associated with the hypogonadism of aging.
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Testosterone treatment should only be adminis-
tered after carefully evaluating the potential risks
and benefits specific to the patient.1 Both the risks
and benefits of testosterone treatment in older
men with only age-related functional decreases in
blood testosterone differ considerably from those
pertaining to younger men with gonadal
disorders.49

As mentioned previously, testosterone concen-
trations start to rise with sleep onset and then
reach a plateau at REM sleep onset approximately
90 min later. This pattern in serum concentration
is similar to that of melatonin.53 In fact, it has
been suggested that melatonin exerts its anti-
gonadal effects at least partly by directly inhibit-
ing testosterone production.54 The interaction
between melatonin and testosterone in normal
and hypogonadal men has been studied with pol-
ysomnography,55,56 and researchers found that
hypogonadism alters melatonin secretion in males.
In hypogonadism associated with an excess of
GnRH, melatonin concentrations are lower than in
age-matched controls, while hypogonadal males
associated with deficient GnRH exhibit high mela-
tonin levels.57 Interestingly, testosterone replace-
ment normalizes both situations.55,56

Testosterone and sleep breathing disorders

Respiration as a vital function is not regulated by
specific hormones, but is influenced by a wide
range of hormones.58 Current evidence suggests
that hormones work through several mechanisms
to help regulate breathing: some, such as testos-
terone, may stimulate breathing directly at the
level of the CNS or peripheral chemoreceptors,
while others indirectly affect breathing by altering
the metabolic rate.58 The observed links between
sex hormones and sleep-related breathing supports
the notion that even when present within normal
ranges, these hormones play an important role in
sleep disorders.59

The main breathing disorders associated with
sleep are obstructive sleep apnea (OSA), central
sleep apnea, and hypoventilation. OSA is an upper
airway respiratory disorder of varying severity
affecting approximately 5e7% of the adult male
population.60 In fact, this common disorder, which
affects the vital functions of respiration and
circulation, has major consequences for the
endocrine system. For example, much research
interest has focused on the relationship between
OSA and sexual dysfunction.61

Testosterone is reported to increase the venti-
latory response to hypoxia in hypogonadal men,
which may cause or exacerbate sleep apnea by
driving CO2 below the apnea threshold.62 However,
androgen blockade does not affect sleep apnea or
chemosensitivity.63 Few studies have examined
the influence of testosterone on upper airway
resistance during sleep, or the impact of nocturnal
apneic events on the reproductive system.

The well-established male preponderance of
OSA suggests that gonadal hormones are involved
in the pathogenesis of this breathing disorder.64,65

For instance, decreased morning testosterone
concentrations were reported in male apneics,66,67

though this result may also have been related to
the subjects’ abdominal (visceral) obesity.5

Although other studies indicate an association
between sleep apnea and decreased testosterone
release in the absence of complications,67 it is
clear that in obese patients suffering from OSA,
the severity of hypoxia may be an additional factor
in the reduction of testosterone levels, regardless
of body mass index and abdominal fat distribu-
tion.68 This suggests that both OSA and coexisting
comorbidities contribute to low testosterone
concentrations.

Testosterone may inhibit breathing via several
mechanisms, since upper airway patency is
determined by many structural and neuromuscular
factors controlling pharyngeal airway size and
collapsibility.51 In 1994, Cistulli et al.69 demon-
strated that testosterone was associated with an
increase in upper airway collapsibility during
sleep, and that this may be the mechanism by
which testosterone induces or exacerbates OSA. A
number of mechanisms have been proposed to
explain this effect. It has been postulated that the
anabolic effects of testosterone may reduce the
dimensions of the upper airway, making it more
vulnerable to closure during sleep.69 Other studies
have not supported this hypothesis, although an
increase in supraglottic resistance was reported in
one case of a woman receiving testosterone.70 It
therefore seems unlikely that a reduction in airway
dimensions is the dominant mechanism involved.
Cistulli et al.’s study69 suggested an influence on
neuromuscular control of upper airway patency
during sleep.

Apneic males with severe desaturation exhibi-
ted delayed peak testosterone concentrations.71

Men with severe OSA show significantly reduced
serum concentrations of free and total testos-
terone and of sex hormone-binding globulin
(SHBG), though their LH levels are normal.67 This
endocrine abnormality was reversed after 3
months of continuous positive airway pressure
(CPAP) therapy.67 However, in another study,
normal concentrations of testosterone were
reported in patients with moderate to severe sleep
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apnea, and these remained unchanged over 7
months of CPAP treatment.72 The discrepancies
between these findings may be related to the
degree of severity of OSA, to the unchanged SHBG
levels that could explain the unchanged testos-
terone levels,72 or to the inconsistent duration of
CPAP treatments.

Altogether, these data suggest that OSA in
middle-aged men is associated with reduced
androgen secretion. This is jointly caused by
obesity and aging, with hypoxia and sleep frag-
mentation as additional contributing factors in
decreasing pulsatile testosterone concentrations
in these patients.73

A marked reduction in time slept after testos-
terone administration was observed by Liu et al.51

Furthermore, testosterone raises the nocturnal
metabolic rate,74 which can impair sleep quality.75

The fact is that both high and low circulating
testosterone concentrations may be associated
with sleep disturbances. It is therefore appropriate
to keep in mind the work of Saaresranta and Polo58

on the interactions between hormones and
breathing, which provides new perspectives on
novel pharmacological therapies for breathing
disorders, and which challenges us to intensify
research investigating how the endocrine system
influences breathing control in health and disease.
Testosterone changes after sleep
deprivation (SD)/sleep restriction

The hectic lifestyles humans have been obliged to
follow in recent decades have affected sleep
quality, causing an increase in sleep disorders. In
industrialized societies, regular exposure to arti-
ficial light and the availability of social activities at
all hours of the day, coupled with social and
economic pressures, result in less time spent
asleep, which lies at the heart of the plethora of
sleep-related disorders. Indeed, chronic sleep loss
is increasingly common in industrialized societies
and it affects about 45% of adults.75 Normal
average sleep duration has decreased from 8.0 to
8.9 h per night in 196076 to about 6.9e7.0 h in
2000e2002.77 This sleep impairment may result
from various common sleep disturbances, such as
insomnia and apnea, and can lead to striking
alterations in metabolic, endocrine, and immune
functions.78,79

The most commonly observed pattern of irreg-
ular sleepewake schedules is to shorten sleep time
during a working week, accumulate a sleep debt,
and then compensate for the deficit by sleeping
longer on weekends. During these ‘‘catch up’’
nights there is high sleep efficiency, short sleep
latency, and an increased duration of stage 3 and 4
NREM sleep. But waking at a later time in the
morning causes a phase delay the following day,
which is often followed by an earlier wake up time
at the start of the work week. Thus, sleep duration
is substantially less, and SD resumes.

The concept that modern society is chronically
sleep deprived has recently received wider
acceptance. Many researchers have begun to look
at the repercussions of sleep loss across broad
physiological and systemic mechanisms. Despite
the growing literature on the topic, much remains
to be understood about the chain of physiological
events underlying SD.80 For instance, sleep loss is
considered to be a health risk factor that
contributes to several disease processes,81 reduces
longevity,76 and leads to behavioral82e87 and hor-
monal78,88e90 alterations.

The endocrine system integrates the physiology
of multiple organs through the actions of the
endocrine axis. Hormonal effects are determined
not only by the levels of hormones in circulation,
but also by when a specific organ is exposed to
a specific hormone. Studies have shown that SD
induces changes in the endocrine axis. It causes
a reduction in circulating androgens in healthy
men92 and in healthy medical interns.93 In our
laboratory, we have consistently observed
decreased concentrations of testosterone in sleep-
deprived male rats. For instance, SD induced
decreased estrone levels and increased levels of
progesterone, PRL, corticosterone, and catechol-
amines after 4 days of SD in male rats.94 Because
SD induces such profound changes in secretory
patterns in distinct endocrine axes, the investiga-
tion of hormone secretion could provide some
insight into the physiological and metabolic events
related to SD.91

There is consistent evidence that shift work, or
night work, heightens the risk of developing both
psychological95 and physiological96 health prob-
lems. Axelsson et al.97 compared major anabolic
and catabolic hormones in shift workers, and found
that dissatisfied shift workers had lower morning
testosterone levels than satisfied ones. Further-
more, low testosterone concentrations were
associated with greater sleep need, disturbed
sleep/wakefulness, and an increased need for
recovery after the work period. In fact, the need
for recovery proved to be the best predictor of
testosterone levels.

During military operations involving prolonged
physical and psychological stress, SD lasts several
days and androgen levels fall by 70e90%.98 An
androgen decrease of this magnitude cannot be
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explained solely by a halt in testicular secretion,
since the testis releases only a fraction of the
DHEA, androstenedione, and 17a-hydrox-
yprogesterone circulating in the blood. Rather, it
would appear that a halt in both testicular and
adrenal androgen secretion is the cause.

More recently, it has been suggested that
accumulated SD may be a major contributor to
adverse changes in the levels of hormones
including testosterone in overtrained recruits.99 In
addition, data indicate that experimental frag-
mentation of sleep per se in young adults disrupts
the usual rise of blood testosterone levels during
the night.19 These endocrine changes may have
negative effects on health, since in the event of
sustained physical exertion and caloric and sleep
restriction, it is the endocrine system that acts to
maintain the metabolic processes needed for
tissue repair, regeneration, and recovery.100

On its own or in conjunction with exercise or
stress, SD alters circulating androgen levels. This
highlights the biological significance of sleep
homeostasis for normal endocrine regulation. A
rapidly growing body of evidence suggests that
chronic partial sleep loss has become increasingly
prevalent during the last few decades101 and has
led to endocrine dysregulation in many people.
Such sleep disturbances may have long-term
adverse effects on overall health,102 particularly
on the metabolic and cardiovascular systems.103
a Sleep-related erections (SRE) are also commonly referred to
as nocturnal penile tumescence, but the inclusion of
‘‘nocturnal’’ in this term is misleading since these erections
may occur during daytime naps.117
Sleep-related erections (SRE)

Several studies have provided evidence for a crit-
ical role of androgens in maintaining the erectile
response in mammals. However, stimulated erec-
tions in wakefulness occur by different mecha-
nisms from spontaneous erections during sleep.
The CNS oversees sleep transitions and coordinates
sleep-associated neurogenic reflexes in men, such
as sleep penile tumescence. As early as 1944,
almost a decade before the classic description of
REM sleep, Ohlmeyer et al.104 noted the occur-
rence of penile erection cycles during sleep in
adult males.105 These SRE appeared at 85-min
intervals and had an average duration of 25 min.104

Oswald106 noted that erections accompanied some
REM sleep periods, but subsequent work by Fisher
et al.107 and Karacan et al.108 demonstrated
a strong temporal association between the occur-
rence of erection and REM sleep. Fisher et al.
found erectile episodes to be present in over 95%
of REM sleep periods but absent entirely from
NREM sleep, except immediately before and after
REM sleep periods.107 Similarly, Karacan et al.108
reported that 80% of REM sleep periods conformed
to this pattern, but they observed occasional
erections during NREM sleep.

Penile tumescence cycles in sleep occur in all
normal healthy males from birth through adult-
hood and into old age,109e111 regardless of dream
content.112 For instance, by studying males from 3
to 79 yr of age, Karacan et al.113 determined that
there is a rapid decrease in total sleeping time
throughout the teen years, with no significant
change from 20 to 50 years of age. Total REM sleep
time decreases throughout the preteen and teen
years and remains stable in subsequent years at
approximately 100 min per night. Total penile
tumescence time decreases from age 13 through
age 79. Tumescence time during these years is
approximately 90 min per night, or 20 percent of
total sleep time. The increase in total penile
tumescence time during the prepubertal and very
early pubertal years is associated with an increase
in NREM-related tumescence as REM sleep
decreases. In addition, there is a steady albeit
slight decline in REM-related erections from age 20
to 70 with an associated increase in NREM-related
erections. In the 20- to 29-yr-old population, the
average length of an SRE episode is 38 min,
whereas the average length of the SRE episode is
27 min in the 61- to 67-yr-old population. Not all
SREa episodes are associated with a full erection,
and in fact the incidence of partial erections
increases during SRE with advancing age.114

The consistency and persistence of this invol-
untary phenomenon in healthy males, despite
ontogenetic changes, together with the autonomic
nature of penile tumescence in sleep, led
researchers to begin monitoring and recording SRE
as the first and probably still one of the best
methods for assessing organic impairment of
erectile capacity.115,116 Since SRE alterations may
reflect abnormalities in the vascular, neurological,
or hormonal systems, monitoring is a useful diag-
nostic tool for patients complaining of erectile
disorders116 and has been used as a clinical tool to
differentiate ‘‘psychogenic’’ from ‘‘organic’’
impotence.

Monitoring of sleep-related erections

The notion that erections during REM sleep provide
insight into the pathophysiology of the erectile
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system makes a number of assumptions: (1) potent
men should have an SRE pattern within a certain
range, as measured by penile erection PE number,
duration, and relation to sleep stages118; (2)
a group of impotent men with a pathophysiology
that might be expected to impair potency (e.g.,
diabetes), should have fewer SRE than normal
men119; (3) impotent men with abnormal SRE
should benefit from correcting identifiable
contributory physiological deficits, e.g., revascu-
larization120; (4) impotent men with normal SRE
should have distinct psychological profiles121 and
respond to behavioral or psychiatric treatment for
impotence; and (5) psychological factors should
not produce impaired SRE patterns similar to those
seen in organic impotence if sleep patterns remain
intact.122,123

SRE monitoring has been used for decades as
a first means of differential diagnosis, based on the
premise that if men had normal SRE, then erectile
physiology could be assumed to function normally,
and failure to have an erection with a sexual
partner could generally be assumed to be psycho-
genic. However, the occurrence of normal SRE only
demonstrated the erectability of the penile
corpora and the normality of proerectile function
in the related peripheral nerves and spinal cord.117

From the evidence reviewed above, there may
well be organic dysfunction in various areas of the
brain that could affect erection in some contexts
while leaving SRE undisturbed.117

Although more than half a century has past
since the discovery of penile erections cycles
during sleep, their neural mechanisms largely
remain unexplored. Elucidation of both sleep-
related and waking-state erectile mechanisms is
essential for diagnosis and treatment of the etiol-
ogies of impotence.

Mechanisms of sleep-related erections

Much has been speculated about erectile control
during REM sleep since its discovery. In 1972, Kar-
acan et al.110 suggested that the neural mecha-
nisms of both REM sleep and REM-related erections
are not completely interdependent, given the
variable onset of tumescence relative to REM sleep
and the occasional occurrence of erection during
NREM or slow wave sleep (SWS). While investi-
gating penile erection events during sleep in rats,
Schmidt et al.124 also speculated that REM sleep
mechanisms are not always linked functionally to
neural systems controlling tumescence because
erections were observed in only 30% of REM sleep
episodes in rats, but in 80e95% of REM sleep
episodes in humans.107,108 This contrasts with
other tonic and phasic events such as muscle ato-
nia and REMs, which occur during every REM sleep
episode.

The role of the autonomic nervous system (ANS)
in SRE control has also been investigated, since the
pattern of ANS activity during REM sleep changes
with respect to SWS and wakefulness. Relative to
SWS, REM sleep is associated with a general
increase in parasympathetic activity and
a decrease in sympathetic tone.125 It has thus long
been assumed that tumescence during REM sleep is
the result of these associated autonomic
changes.112 The function of the ANS in erectile
control during REM sleep, however, is unknown and
understanding it is complicated by the fact that
the two autonomic divisions show highly variable
activity within and across species, and by the fact
that autonomic activity during REM sleep can show
changes in phase, which may have variable effects
(parasympathetic vs. sympathetic) depending on
the effector organ involved.125

It is commonly assumed that REM-related erec-
tions result from a decrease in descending erectile
inhibition.124,126 Reflex activation of local spinal
erectile mechanisms is thought to be associated
with this disinhibition. This assumption may have
arisen historically because of the clinical appeal of
SRE testing, in which ‘‘psychogenic’’ impotence is
detectable as normally occurring erections during
sleep, when psychological inhibitory influences are
minimized. Although it is well established that the
spinal generator controlling erections is under
a tonic descending inhibition during wakeful-
ness,127 the level of inhibitory control during sleep
remains to be explored. Finally, it is not known
whether merely removing a descending inhibition
suffices to produce erections. Many structures
extending from the brainstem reticular core to the
cortex become active during REM sleep, and
several studies have suggested that SRE control
may also involve a descending activation or
excitation.112

New animal models for SRE research have
contributed to our understanding of SRE neuro-
physiology. The new technique of chronic erectile
recording in rats proposed by Schmidt et al.124

provided the first opportunity to examine SRE
mechanisms and answer fundamental questions
regarding REM-erectile control. These researchers
performed neural transections to elucidate the
effects of paraplegia on REM-related erection and
to determine the brain level at which mechanisms
underlying REM-erectile activity are generated.
They found that mesencephalic transections
disrupt REM-erectile activity even though REM
sleep remains otherwise qualitatively intact,124
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thus suggesting that forebrain structures rostral to
the trans-section are required to produce REM-
related erections. As an extension of these find-
ings, the same group investigated the role of the
preoptic area since it is implicated in both sleep
generation and copulatory mechanisms, suggesting
that it may be a primary candidate for REM-erec-
tile control. Lesion analysis revealed that the
candidate structures for REM-erectile control
include both the lateral preoptic area (LPOA) and
ventral division of the bed nucleus of the stria
terminalis; however, LPOA lesions were the most
effective in disrupting REM-erectile activity and
resulted in long-lasting insomnia, characterized by
a significant increase in wakefulness and
a decrease in SWS.128 REM sleep architecture and
waking-state erections remained unchanged after
the lesion. These data identify LPOA as essential in
both REM-related erectile mechanisms and SWS
generation. Moreover, erectile mechanisms appear
to be context-specific because LPOA lesioning
selectively disrupted REM-related erections but
left waking-state erections intact.

Finally, the function of penile tumescence in
sleep remains an enigma. One may speculate that
repetitive nocturnal erections from infancy to old
age potentially play a role in both the develop-
ment and maintenance of erectile neural circuitry
from the end organ to supraspinal levels, as well as
perhaps in the daily activity of skeletal perineal
muscles essential for penile rigidity. Given the
unpredictable nature of mating opportunities for
many species, it is tempting to hypothesize that
daily SRE activity from birth would confer a repro-
ductive advantage in generating an erection rela-
tive to a competing male who may have never
produced a erection before his first sexual
encounter.129 These are some of the factors that
make SRE one of the more fascinating and
enduring areas of sleep research.

Sleep-related erections and testosterone

As mentioned previously, peak testosterone
concentrations coincide with REM sleep
onset.25,26,130 This makes it particularly attractive
to study the association between testosterone
levels and SRE.

Diminished SRE and rigidity are found in
androgen-deficient hypogonadal men, whereas
testosterone replacement leads to significant SRE
improvement,131e133 indicating that SREs are
androgen-dependent.134 In fact, exogenous testos-
terone significantly increases the frequency of
masturbation and sexual activity and enhances the
rigidity of SRE in normal men and in hypogonadal
men.135 It also increases the number of SREs but
does not modify responses to audiovisual sexual
stimulation.133 Androgens like testosterone are not
the only determinants of SRE, however. While
androgen reduction does adversely affect SRE, it
does not eliminate SRE even after a 12-week trial in
healthy young men, supporting the assumption that
androgens play a relevant, but not all-determining
role in SRE.26

Granata et al.134 proposed to identify a possible
threshold for a serum testosterone level below
which SRE are impaired. They studied 201 men,
including hypogonadal and eugonadal subjects.
The group of individuals with higher testosterone
showed higher values for erectile parameters than
the subjects with lower testosterone levels,
without any significant difference within the group
having normal testosterone levels. These results
are in agreement with those of Buena et al.136 who
found no significant differences in sexual behavior
or SRE between individuals with serum testos-
terone at either the low or high ends of the normal
male range. Together, these studies confirm
previous reports suggesting an important role for
androgens in SRE.

Recently, Montorsi and Oettel137 reviewed the
effects of testosterone on SRE. They concluded
that erectile response to tactile or visual erotic
stimuli in wakefulness is almost independent of
androgen, although it may be influenced by
androgen-sensitive mechanisms to some degree.
Androgens are most certainly key players in the
physiology of nocturnal erections, and the wide-
spread use of testosterone should stimulate
further investigations in this field.137

Studies involving oral drugs for erectile dysfunc-
tion may also be used to examine the control of
central erectile pathways and their putative role in
other aspects of sexual response. Foresta et al.138

examined the possible influence of circulating
androgen and apomorphine or sildenafil on the
regulation of sexual function. Administering 3 mg of
apomorphine and50 mgof sildenafil hadnoeffecton
erectile function of men with severe hypogonadism,
whereas long-term testosterone treatment brought
SRE and other penile parameters back into the
normal range. These findings suggest that testos-
terone plays a key role in the central and peripheral
modulation of erectile function, although the
precise threshold for testosterone concentrations
that may affect these processes remains to be
elucidated.110 More recently, the administration of
sildenafil in hypogonadal men with very low testos-
terone levels improved SRE, suggesting that nitric
oxide pathways can be pharmacologically enhanced
even at low testosterone concentrations.139



Practice points

Testosterone is a hormone involved in
different behaviors and physiologic processes
such as erectile quality and sleep. Recently,
findings have suggested that there is a bidi-

The effects of testosterone on sleep and sleep-disordered breathing in men 375
Finally, SRE is not significantly affected by
external factors (e.g., embarrassment, anxiety,
psychological correlates), which may interfere
with erections when studied in awake subjects.140

Because they are the most androgen-dependent
type of erection in men, SRE provide a ‘‘gold
standard’’ for examining the effects of sildenafil
and testosterone on penile function.134 However,
caution should be exercised, since a 50 mg dose of
sildenafil in apneic patients at bedtime exacer-
bates respiratory and desaturation events,141

which in turn contributes to erectile dysfunction.

rectional relationship between testosterone
and sleep disorders:

1. There is a relationship between testos-
terone release and progression through
sleep stages: androgen abuse has been
reported to lead to reductions in total
sleep time, in sleep efficiency, and in
percentage of NREM sleep, as well as to an
increase in stage 2 sleep.

2. Sleep deprivation induces alterations in
the endocrine axis, reducing circulating
androgens in men. It has also been sug-
gested that accumulated sleep loss may be
a major contributor to adverse hormonal
changes.

3. Themale preponderance of sleepapnea and
its exacerbation by androgen treatment
suggest the involvement of testosterone.

4. Androgens play a key role in sleep-related
erections.

Research agenda

1. Better comprehension of the crucial rela-
tionship between the regulation of
testosterone and sleep should provide
a much needed basis for future investiga-
tion. In-depth knowledge of this interac-
tion is not only of theoretical interest, but
may also contribute to our understanding
of the underlying causes of certain health
problems associated with sleep disorders,
aging, and shift work.

2. Research conducted on new animal models
and the development of techniques to
record sleep-related erections have
contributed to our understanding of
fundamental questions regarding the
neurophysiology of REM-erectile control.
Concluding remarks

Testosterone is the major circulating androgen in
the male. In addition to regulating male sexual
function, it plays a role in many other processes in
the body. The pulsatile secretion patterns of
certain hormones like testosterone suggest that
the CNS helps to regulate sleep through the
endocrine system. Studies have shown that
testosterone levels rise during sleep and fall during
waking, whereas circadian effects appear to be
marginal. Furthermore, rising nocturnal testos-
terone levels coincide with the onset of REM sleep.

The mystique of testosterone as a sex hormone
encoding the virile properties of masculinity
attracts male drug users. As a therapeutic drug,
testosterone is widely used; sales have risen 20-
fold in the US since 1990.142 It can be both over-
used and underused; in both cases, sleep is
affected, and in particular, waking time increases.
Illicit use of massive doses of testosterone also
disrupts sleep architecture. Furthermore, male
preponderance of OSA, coupled with reports that
testosterone administration can lead to OSA,
suggests that androgens play a role in the patho-
genesis of this sleep-related breathing disorder.

The noticeable reduction in average sleep time in
the general population over the last few decades
has had adverse effects. SD results in a constellation
of generalized symptoms leading to alterations in
catecholamine, hormone levels, and behaviors. In
particular, sleep loss has been associated with
altered regulation of the hypothalamic-pituitary-
adrenal axis, and it impairs gonadal function by
producing a marked reduction in testosterone
concentration. Subnormal testosterone concentra-
tions may contribute to sexual inadequacy in
humans, which may affect established or desired
sexual relations. Although progress has been made
in our understanding of interactions between the
endocrine system and sleep, further studies are
required to examine the bidirectional effect of
testosterone on sleep in different age-groups, and
the role of sleep or SD on androgen function. This
review has sought to outline the different actions of
testosterone on sleep.



3. Additional studies of the role of sleep and
of age-related changes in older men may
contribute to our understanding of the
biological significance and clinical impli-
cations of variable androgen decline.

4. The decrease in testosterone concentra-
tions observed in apneic men points to
another alarming consequence of sleep
apnea. Reversal of this effect through
CPAP treatment should be highlighted.

5. Though androgens are already widely
investigated for their role in controlling
male sexual behavior, their role in sleep-
related erections should be studied in
well-controlled clinical trials.
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