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Abstract

In men > ~35 years, aging is associated with perturbations in the hypothalamus-pituitary—
testicular axis and declining serum testosterone concentrations. The major changes are decreased
gonadotropin-releasing hormone (GnRH) outflow and decreased Leydig cell responsivity to
stimulation by luteinizing hormone (LH). These physiologic changes increase the prevalence

of biochemical secondary hypogonadism—a low serum testosterone concentration without an
elevated serum LH concentration. Obesity, medications such as opioids or corticosteroids, and
systemic disease further reduce GnRH and LH secretion and might result in biochemical or
clinical secondary hypogonadism. Biochemical secondary hypogonadism related to aging often
remits with weight reduction and avoidance or treatment of other factors that suppress GnRH and
LH secretion. Starting at age ~65-70, progressive Leydig cell dysfunction increases the prevalence
of biochemical primary hypogonadism—a low serum testosterone concentration with an elevated
serum LH concentration. Unlike biochemical secondary hypogonadism in older men, biochemical
primary hypogonadism is generally irreversible. The evaluation of low serum testosterone
concentrations in older men requires a careful assessment for symptoms, signs and causes of
male hypogonadism. In older men with a body mass index (BMI) = 30, biochemical secondary
hypogonadism and without an identifiable cause of hypothalamus or pituitary pathology, weight
reduction and improvement of overall health might reverse biochemical hypogonadism. For
older men with biochemical primary hypogonadism, testosterone replacement therapy might be
beneficial. Because aging is associated with decreased metabolism of testosterone and increased
tissue-specific androgen sensitivity, lower dosages of testosterone replacement therapy are often
effective and safer in older men.
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1 Introduction

Serum total and free testosterone concentrations decline in aging men, and this decline
typically begins by their 4th decade. This decline tends to be gradual and progressive

and is due to perturbations primarily at the levels of the hypothalamus and testes. The

focus of this review is to describe the physiological mechanisms of aging-related decline

of serum testosterone concentrations, the health and lifestyle factors that contribute to

this aging-related decline, and the aging-related changes in testosterone metabolism and
androgen sensitivity that potentially attenuate the effects of this decline. We also discuss
whether aging-related decline in serum testosterone is a cause or a marker of poor health and
whether aging-related male hypogonadism exists. Finally, we integrate the evidence for the
pathophysiology of these aging-related changes of testosterone concentrations, testosterone
metabolism and androgen sensitivity into a rational clinical approach for the assessment and
management of an older man with a low serum testosterone concentration.

2 Physiological changes of the hypothalamus-pituitary—testicular axis that

affect serum testosterone concentrations associated with aging in men: an

overview

The entire male hypothalamus-pituitary—testicular axis is directly or indirectly affected by
aging with a net effect of decreased testosterone and sperm production in most older

men. With aging, there is impaired hypothalamic secretion of gonadotropin-releasing
hormone (GnRH) that results in decreased pituitary gonadotropin secretion of luteinizing
hormone (LH), and Leydig cells become less responsive to LH stimulation compared to
young men (Fig. 1). The net effect is a lower mean circulating serum total testosterone
concentration of aging men compared to younger men and an attenuation of the normal
rise of serum LH concentrations that would be typical of normal physiology and classic
primary hypogonadism. Although serum LH concentrations tend to rise, they remain in the
normal range for the majority of aging men even in the 10-20% with low serum testosterone
concentrations [1-4]. In men > 70 years, the proportion of men with high serum LH
concentrations increases significantly but remains the minority [2].

In general, free testosterone concentrations tend to decrease more than total testosterone
concentrations because of the association between aging and higher sex hormone binding
globulin (SHBG) concentrations. However, aging is also associated with increasing body
mass index (BMI) and an increased prevalence of obesity, a condition that decreases serum
SHBG. The negative effect of obesity is significantly greater than the positive effect of
aging on serum SHBG concentrations [5]. Compared to older men with a BMI = 30,

lean, older men have a disproportionately greater decrease in serum free testosterone vs.
serum total testosterone concentrations. In addition, testosterone metabolism decreases and
organ-specific androgen sensitivity might increase with aging in men; these two effects
attenuate the effects of declining serum total testosterone production and amplify the effects
of androgen replacement or supplementation therapy.
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2.1 Aging-related perturbations of hypothalamic secretion of gonadotropin-releasing
hormone concentrations associated with aging in men

Hypothalamic secretion of gonadotropin-releasing hormone (GnRH) is attenuated in healthy,
aging men [6-9]. A mathematical model estimated a decline of 33-50% from age 20 to

age 80 years in men [8, 9]. The conclusion that GnRH output decreases in aging men is
based on inferential data because it is not feasible to measure GnRH concentrations in the
human hypophyseal portal system. LH pulse patterns and amplitude reflect hypothalamic
GnRH neuron function. Alterations in LH pulse patterns and smaller LH pulse amplitudes
imply that aging is associated with decreased GnRH secretion in men [9, 10]. A 2020 study
demonstrated that LH pulse outflow (measured by the change in pulsatile LH secretion and
mass) was negatively associated with age, confirming previous studies that used different
experimental models) [6-8, 10]. Studies of male rodents are confirmatory, demonstrating
decreased density of GnRH neuronal synapses, decreased /n vitro hypothalamic GnRH
release and decreased /7 vivo LH pulse amplitude [9, 11].

In healthy older men, there is loss of the normal circadian rhythm of serum testosterone

in men beginning in their mid-60 s and early 70 s [12-14]. The circadian rhythm of
testosterone secretion is regulated by the hypothalamus, and this aging-related perturbation
of the circadian rhythm is likely due to the aging-related decrease in GnRH outflow and
changes in kisspeptin-neurokinin B neuronal system that regulates human GnRH secretion
pulsatility. It is not known if this aging-related loss of circadian rhythm is an early
manifestation of the effects aging on the hypothalamus or whether obesity, co-morbidities
or poor overall health accelerate the loss of circadian rhythm. It is likely, though, there is
interplay between aging and health factors that additively or synergistically disturb normal
hypothalamic regulation of the daily pattern of gonadotropin and testosterone secretion.

It is not known why hypothalamic secretion of GnRH decreases as men age, but hypotheses
include decreased numbers of GhnRH neurons or perturbations of kisspeptin and neurokinin
B neuronal cell function. In a male rat model, aging is associated with a decrease in the
number of hypothalamic GnRH-expressing neurons and hypothalamic GnRH expression
[11]. The finding that aging is associated with fewer hypothalamic GnRH-expressing
neurons has not been confirmed in humans. There are very small numbers of hypothalamic
GnRH neurons in young men making quantitative studies of human aging-related changes
very difficult [15, 16].

Kisspeptin is a major regulator (stimulator) of GnRH secretion, and the evidence indicates
that circulating concentrations of kisspeptin decrease as men age [16-19]. However,
hypothalamic kisspeptin, not circulating kisspeptin, is the most important regulator of GnRH
neuronal cell secretion of GnRH. In animal models, hypothalamic kisspeptin-producing
neurons tend to decrease with aging, but these neurons increase in humans with a greater
increase seen in postmenopausal women than older men [19, 20]. In humans, hypothalamic
kisspeptin secretion is modulated by neurokinin B (NKB) produced by NKB neurons that
may also co-secrete kisspeptin. The precise role of NKB in the regulation of kisspeptin
production and secretion in men is unknown, but it is an important regulator (stimulator)
of kisspeptin [17]. In younger men (< 50 years old), about 35% of NKB cells co-secrete
kisspeptin, but in men over age 50, the percentage of NKB cells that co-secrete kisspeptin
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nearly doubles to almost 70% [18]. The physiologic effects of these histologic changes in
aging men are still unknown, but they suggest a role of hypothalamic NKB cells in the
decreased GnRH outflow of aging men.

Estrogen receptor a and androgen receptors are found on kisspeptin neurons, but GnRH
neurons do not have estrogen receptor a and androgen receptors [19]. Although estrogen
receptor a has not been found on human GnRH neurons, estrogen receptor B has been
identified on these cells, but its physiologic role has not been established [15]. Therefore,
it is likely that sex steroid hormone regulation of GnRH secretion is largely mediated
indirectly by regulation of kisspeptin secretion, but there might also be direct negative
feedback by estrogen [15, 19]. As serum testosterone and dihydrotestosterone concentrations
decline in aging men, serum estradiol concentrations remain relatively unchanged until the
middle of the 7th decade when they begin to increase (see Sect. 4). Therefore, increased
circulating estradiol concentrations might play a role in the decreased GnRH outflow in
older men by binding the estrogen receptor a on kisspeptin neurons and the estrogen
receptor f on GnRH neurons.

2.2 Aging-related perturbations of pituitary secretion of luteinizing hormone
concentrations associated with aging in men

The pituitary gonadotropes respond normally to stimulus by exogenous GnRH in aging

men compared to younger men. Pulsatile administration of GnRH for two weeks resulted
incomparable pulsatile secretion of immunoreactive and bioactive LH in two different
studies [21, 22]. However, there have been inconsistent results from studies of GnRH
infusions and LH responsivity of older vs. young men [8, 9]. Notably, the studies

with disparate results did not account for the baseline differences of endogenous serum
testosterone concentrations available for negative feedback on pituitary gonadotrope
secretion of LH between older and younger men. In a 2010 study, investigators addressed
this confounding variable by “clamping” serum testosterone concentrations in 8 healthy
younger men (19-39 years) and 8 healthy older men (64—70 years) [8]. In this study,
ketoconazole was administered to suppress endogenous testosterone production, and
transdermal testosterone was administered to maintain serum testosterone in the mid-normal
range. The investigators then compared the effects of escalating dosages (from physiologic
to a dosage that was 75-300 times greater than physiologic) of GhnRH vs. placebo on serum
LH responsivity. There were no differences in mean, peak, incremental or pulsatile LH
responses between the younger and older groups of men across the broad range of GnRH
doses. This study demonstrated that GnRH-dose-dependent gonadotrope secretion of LH
was preserved in older men compared to younger men when testosterone concentrations
were clamped (and maintained in the mid-normal range). This testosterone “clamp and
give-back study” resulted in similar serum concentrations of testosterone and only small
differences (~20%) in serum estradiol between the two groups. Thus, this study using a
testosterone clamp eliminated or at least minimized the variation in negative feedback by
differential serum concentrations of endogenous testosterone and its metabolites in older
men compared to young men. This key study permits the definitive conclusion that pituitary
gonadotrope responsivity to GnRH (vis a vis LH secretion) remains normal in older, healthy
men compared to young, healthy men.
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In summary, although pituitary gonadotrope response to exogenous GnRH remains
preserved in aging men, LH secretion is subnormal compared to young men because of
diminished and less orderly endogenous GnRH outflow due to decreased number and/or
function of GnRH neurons in older men (Fig. 1b—d) [6, 23]. Thus, decreased hypothalamic
GnRH outflow is a major factor in the relatively lower serum LH concentrations for a given
serum testosterone concentration that is seen in many older men.

2.3 Aging-related perturbations of Leydig cell secretion of testosterone concentrations
associated with aging in men

Numerous studies have demonstrated that aging men have decreased Leydig secretion of
testosterone in response to endogenous or exogenous LH (or LH activity in the form

of human chorionic gonadotropin) compared to younger men [23-27]. In addition, the
administration of oral clomiphene, an estrogen receptor a blocker when administered at
high dosages, 50 mg twice daily for one week raised serum immunoreactive and bioactive
LH concentrations similarly in healthy young men and men = 65 years old. However,
clomiphene raised serum total testosterone and free testosterone by 100% and 304% in
healthy young men, but only by 32% and 8% in the older group [28].

It is unclear whether this aging-related diminished testicular response to LH stimulation
is due to Leydig cell dysfunction, decreased numbers of Leydig cells or both (Fig. 1b—
d). Some small human studies of post-mortem testicular samples or samples of infertile
men with complete spermatogenesis have shown an association between aging and loss
of Leydig cells, but others have not [29-33]. A 2022 post-mortem study of the whole
testicular transcriptome and histology of 4 young (17-22 years old) and 8 older men (6276
years) demonstrated an association between increasing age with loss of Leydig cells and
evidence of dysregulation of testosterone production [34]. In addition, in the older group
only, increasing BMI was associated with these changes. The findings from these human
histology studies are limited by small numbers, inherent selection bias in participants and
the lack of uniform examination processes.

2.4 Aging-related changes in testosterone metabolism and androgen sensitivity
associated with aging in men

There is a decline in testosterone production that is partially mitigated by a decline in
testosterone clearance as men age from 20 and 30 years to 50 years and older [35-38]. This
difference in testosterone clearance seems to include decreased clearance during exogenous
testosterone administration. There is no difference in testosterone production or clearance
between white and Asian men, and it is likely there are no clinically important differences
between any races or ethnicity [35, 39, 40]. In a study of different dosage regimens of
weekly intramuscular testosterone enanthate, apparent testosterone clearance was calculated
based on the amount of testosterone delivered weekly, trough testosterone concentrations
and correction by absorption kinetics. The mean clearance was ~25% lower in the older
group (ages 60-75 years) than the younger group (ages 19-35 years) [41].

There is indirect evidence of increased, organ-specific, androgen sensitivity in aging
men. Investigators systematically compared the differential effects of 5 different dosages
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of intramuscular testosterone enanthate (ranging from 25 to 600 mg) weekly plus a
GnRH agonist to suppress endogenous testosterone production to a group of older men
(ages 60-75 years) and a group of younger men (ages 19-35 years) [42]. The older
group had significantly greater percentage increases in serum hematocrit and hemoglobin
concentrations than the younger group during testosterone therapy. There was no aging-
related difference in muscle mass or strength with both groups having similar dose-
dependent increases of fat free mass and leg press strength. However, at the two sub-
physiologic replacement dosages, 25 and 50 mg weekly, the older group gained less fat
mass (i.e., more androgen effect) than the younger group [43, 44]. Finally, there was a
dose-dependent effect of testosterone therapy on libido and erectile function in the older
group with no significant difference seen between dosages in the younger group [45].

2.5 Summary of aging-related changes of hypothalamus-pituitary gonadal axis and
clinical implications

In healthy aging men, there is decreased and less orderly hypothalamic GnRH outflow
that results in decreased LH secretion from pituitary gonadotropes. There is also decreased
Leydig cell secretion of testosterone in response to LH stimulation. These effects of aging
might be attenuated or absent in very healthy older men. Furthermore, these aging-related
physiologic changes in the hypothalamus-pituitary—testicular axis likely vary between
individuals, and deficits might be variably expressed within individuals. Overall, there is
declining function in the hypothalamic GnRH neurons and testicular Leydig cells in aging
men. This decline of hypothalamic-pituitary—testicular axis function is partially mitigated
by decreased metabolic clearance of testosterone and possibly by increased organ-specific
androgen sensitivity. Although there are limited data, there do not appear to be clinically
important differences in these aging-related changes of the hypothalamus-pituitary—gonadal
axis in men of different races [35, 39, 40, 46, 47].

3 Epidemiology of serum testosterone concentrations associated with
aging in men

Several studies have demonstrated a gradual longitudinal decline in serum total and free
testosterone concentration in men that begins (at least by) age 35 and is followed by a
sharper decline starting at age ~65 [3, 48-54]. The decline has been observed in most
studies using immunoassays or mass spectrometry assays, but the measured decline is
greater in the studies that have used the more accurate mass spectrometry assays [47]. Cross-
sectional studies are generally consistent with the findings of longitudinal studies although
the observed annual decline of total testosterone concentrations is smaller than observed

in longitudinal studies [47, 54]. In a cross-sectional study of more than 10,000 Australian
men (ages 35-100) and more than 5,000 men = 70 years old, there was a gradual decline
(~0.5% per year) in the median serum total testosterone (measured by mass spectrometry)
beginning at age 35 with a sharper decline between ages 60-70 and an even more marked
decline after age 80 [47]. A 5-year mass spectrometry longitudinal study of men = 70 years
old (baseline mean age = 76 years) confirmed the finding of a sharp decline in serum total
testosterone beginning at 80 years [53]. This study demonstrated a 2.6% and 2.8% average
annual decline of total testosterone and calculated free testosterone, respectively men =
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80 years. A longitudinal mass spectrometry study with 9 years by follow-up demonstrated
a 2.0% and 2.9% average annual decline of serum total and calculated free testosterone
concentrations in men with a median baseline age of 75 years [54].

Two recent longitudinal studies are worth highlighting: one because it is the largest
longitudinal study, and the other because the long follow-up interval and use of mass
spectrometry to measure testosterone concentrations [3, 55]. The largest published study did
not show an association between aging and a decrease in serum total testosterone [55]. In
this 2022 study of more than 6000 British men (40-69 years old), there was a negligible
change in mean serum total testosterone concentration (0.06 + 0.03 nmol/L) over the 4.3-
year follow-up interval. The men were relatively healthy, and the study was limited by using
an immunoassay for measurement of total testosterone and a relatively short follow-up.

In a 2021 longitudinal study of Belgian men with a follow-up of 12 years demonstrated

a 1.2% per year decline in mean serum total testosterone concentrations measured by

mass spectrometry and a 1.6% per year decline in mean calculated free testosterone
concentrations [3]. This study had a smaller number of men (~700) and were younger
(24-46 years old) than 2022 British study. Cumulatively, the epidemiological studies suggest
that serum total testosterone begins to decline ~0.5%-0.1.2% (in mass spectrometry studies)
per year in the 4th decade with a greater rate decline that begins in the mid-seventh decade
and accelerates to a decline of ~2—-3% by the eighth decade [3, 47, 51-54, 56].

Epidemiological studies of older men have consistently demonstrated an increase in serum
SHBG and decrease in free testosterone concentration, too [3, 51-53, 55-58]. Serum SHBG
avidly binds circulating testosterone, and there is generally an inverse relationship between
serum free testosterone and serum SHBG concentrations in older men [59]. Because serum
SHBG concentrations increase with age, serum free testosterone concentrations decrease
more than total testosterone concentrations in aging men [47, 51, 52, 55-57]. Even in

the large 2022 British longitudinal study that demonstrated minimal change in serum

total testosterone in men aged 40-69 over a 4.3-year interval, there was a significant
increase in mean serum SHBG concentrations and a decrease in calculated free testosterone
concentrations [55].

3.1 Epidemiological studies of the relationship between aging, obesity, co-morbidities,
and lifestyle

Several epidemiological studies suggest that much, if not all, of the association between
declining testosterone and aging in men is due to obesity, co-morbidities, and lifestyle
factors. Very healthy men might not have alterations in the circadian rhythm of testosterone
secretion or decreases in serum total testosterone concentrations [12, 55, 57, 60, 61].
However, serum free testosterone concentrations decrease and serum SHBG concentrations
increase even in groups of very healthy aging men [3, 55, 57, 60, 61]. Aging-related

decline of testosterone secretion might be prevented, delayed or reversed with measures that
maintain good health or effectively treat obesity and co-morbidities.

3.1.1 Obesity, serum testosterone and SHBG concentrations and aging-
related changes in aging men—There is a complex interaction between aging,
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increasing BMI, and serum total testosterone, free testosterone and SHBG concentrations.

In men, aging is associated with increasing BMI and visceral adiposity, physical factors

that are associated with lower serum SHBG concentrations and lower total testosterone
concentrations. In men with normal hypothalamic-pituitary—testicular axes, obesity results
in low serum total testosterone and SHBG concentrations, but normal free (unbound) serum
testosterone concentrations. In older men (particularly those with severe class 3 obesity,
BMI = 40) with impaired hypothalamic-pituitary—testicular axes, obesity is associated low
serum total testosterone and free testosterone. Obesity likely directly reduces GnRH outflow,
and these effects are mediated by leptin receptors in the hypothalamic ventral pre-mamillary
neurons and hypothalamic kisspeptin neurons (Fig. 2) and potentially via direct effects on
testicular leptin receptors to decrease testosterone biosynthesis [62, 63]. Finally, obesity

is associated with decreased SHBG concentrations. Although aging is associated with
increased serum SHBG concentrations, the effects of BMI to suppress SHBG prevail as

the BMI increases. Older men with BMIs > 30 have lower serum SHBG concentrations
than older, lean men [5, 60, 61]. The complex interaction between aging, obesity and the
male hypothalamic-pituitary axis can lead to a discordance in the decrease of total and free
testosterone that depends on the amount of underlying dysfunction of the axis and the BMI.

A higher BMI might account for much of the aging-related decline in serum total
testosterone concentration [51, 52, 55, 61, 64—67]. A 2017 cross-sectional study of

nearly 3000 Chinese Han men suggests that leaner aging men are more likely maintain
serum total testosterone concentrations [60]. In this study, median serum total testosterone
concentrations (measured by mass spectrometry) were slightly higher in older men than
younger men whereas median serum SHBG concentrations in men over age 60 were 2 to

3 times the concentrations of men ages 20-45. Calculated free testosterone concentrations
were not reported, but they presumably were lower in the older group than the younger
group (based on small increases in median serum total testosterone concentrations and

the very large increases in median serum SHBG concentrations). Only 5% of this cohort
of Chinese Han men had a BMI = 30, and the mean BMI was 24. Although BMI

was negatively correlated with serum total testosterone concentrations, this relatively lean
population did not demonstrate an association between age and declining total testosterone
concentrations. The mean BMI and prevalence of obesity (BMI = 30) in this study was lower
than other epidemiological studies of older men whose mean BMIs were= 26 and/or the
prevalence of obesity was =20% [47, 61, 64—68]. The cross-sectional design of this study
of Chinese men significantly limits any conclusion about longitudinal changes of serum
testosterone associated with aging.

3.1.2 Overall health, co-morbidities, lifestyle factor and aging-related
changes in serum testosterone—Epidemiological studies have demonstrated an
association between lower serum total testosterone concentrations in aging men and self-
reported poor health and co-morbidities including metabolic syndrome, diabetes mellitus,
hypertension, and polypharmacy (a marker of multiple co-morbidities) [52, 61, 65, 67, 68].
In addition, lifestyle factors such as heavy alcohol consumption, smoking cessation, lack of
employment, being single or widowed, and lower level of education have been associated
with lower serum total testosterone concentrations in aging men [3, 49, 51, 52, 57, 62, 67].
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3.2 Summary of obesity, co-morbidities, lifestyle factors and aging-related changes in

testosterone

Although it has been tempting to invoke a causal relationship between declining serum
testosterone concentrations in the decline of androgen-responsive endpoints such as strength,
bone density and sexual function, epidemiology studies suggest that low serum testosterone
concentrations are more likely to be a marker of poor health, obesity and co-morbidities than
caused by aging per se. Although obesity and co-morbidities might contribute significantly
to the aging-related decline of serum testosterone, there is an independent effect of aging on
the hypothalamus-pituitary—testicular axis. The physiology studies demonstrating decreased
hypothalamic GnRH outflow and Leydig cell secretion of testosterone were in healthy,
non-obese young and older men [6-9, 21, 22, 25, 26, 69]. Because aging is associated with
decreased overall function of the hypothalamus-pituitary—testicular axis, men become more
vulnerable to factors that further suppress testosterone production and serum testosterone
concentrations.

4 Epidemiology of serum dihydrotestosterone and estradiol

concentrations associated with aging in men

There are fewer studies of the epidemiology of changes in the concentrations of the major
metabolites of testosterone, dihydrotestosterone, and estradiol. Because these hormones
circulate at much lower concentrations than testosterone, we will focus on the studies that
have used mass spectrometry assays that can accurately measure serum dihydrotestosterone
and estradiol concentrations at the concentrations typical of healthy men [70]. A cross-
sectional study of over 10,000 Australian men demonstrated that serum dihydrotestosterone
concentrations decline at about the same rate as testosterone concentrations decline (0.5%
per year) and a small decline of serum estradiol concentrations (0.2% per year) beginning

at age ~35 [47]. A smaller cross-sectional study demonstrated no decrease of serum
dihydrotestosterone or estradiol concentrations in men, ages 40-97 (mean age 60), who
self-reported very good or excellent healthy compared to healthy younger men, ages 40-50
[57]. In a cross-sectional study of nearly 1500 United States men (mean age 61 years and
mean BMI 29), serum total estradiol and estrone concentrations were 3% higher per decade-
age increase, but calculated serum free estradiol declined by 4% per decade-age increase
[71]. A cross-sectional study of Australian men = 70 years (mean age 77) demonstrated an
inverse relationship between serum dihydrotestosterone and estradiol concentrations and age
[72]. A 5-year longitudinal study of serum dihydrotestosterone and estradiol measurements
in Australian men = 70 years demonstrated a decrease of serum dihydrotestosterone of > 2%
per year and an increase of serum estradiol concentrations of ~3% per year [68].

Based on a small number of studies using accurate assay methods, there seems to be a
decline of serum dihydrotestosterone concentrations that is similar to the decline in serum
total testosterone (0.5-1.2% per year in mass spectrometry studies) in men starting at ~35
years and that decreases more rapidly in the middle of the 7th decade of life. Serum estradiol
concentrations, on the other hand, tend to remain relatively stable and begin to increase in
the middle of the 7th decade of life.
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5 The epidemiology of biochemical primary and secondary hypogonadism

in aging men
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As with younger men, accurate assessment of serum gonadotropins is essential to assess
for the cause of low serum testosterone concentrations in older men. We will use the

terms “biochemical primary hypogonadism” and “biochemical secondary hypogonadism”
to describe older men without symptoms and signs of androgen deficiency and no classic
cause of hypothalamus-pituitary—testicular pathology, but who have low serum testosterone
concentrations with elevated serum gonadotropin concentrations or low serum testosterone
concentrations without elevated serum gonadotropin concentrations, respectively. There

is uncertainty about whether older men with biochemical hypogonadism benefit from
exogenous testosterone therapy.

We use the term “biochemical hypogonadism” because the epidemiological studies of

the association between aging and longitudinal changes of serum testosterone generally
have not reported data on symptoms, signs or outcomes of androgen deficiency and have
been based on a single baseline serum testosterone concentration. The identifiable classic
causes of hypothalamic-pituitary—testicular pathology is an exclusion criterion for these
epidemiology studies. The failure to confirm low serum testosterone concentrations and the
lack of data from randomized, placebo-controlled trials of the effects of testosterone on men
with low testosterone concentrations and without an identifiable pathology of hypothalamus-
pituitary—testicular preclude making a diagnosis of hypogonadism [73]. Thus, we will use
the more conservative term of “biochemical hypogonadism”.

Three landmark epidemiology studies, the Massachusetts Male Aging Study (MMAS),

the Boston Area Community Health study (BACH), and the European Male Ageing

Study (EMAS) characterized the prevalence and/or incidence of hypogonadism based on
symptoms suggestive of hypogonadism; the MMAS and BACH study also included signs
or outcomes of hypogonadism such as osteoporosis [1, 4, 50, 51, 65, 67, 74-78]. The
MMAS was an important early epidemiology study examining the prevalence of low

serum testosterone concentrations and 8 symptoms suggestive of androgen deficiency;
hypogonadism was defined by the presence of 3 of the 8 symptoms and a low serum
testosterone concentration [74]. Over 1000 men, baseline ages 40-70, were followed for
~9 years; a follow-up study extended the follow-up to ~15 years [74, 75]. Limitations

of the MMAS include the lack of specificity of 6 of the 8 symptoms, the use of an
immunoassay to measure serum total testosterone and to calculate serum free testosterone
concentrations, and the lack of data for serum gonadotropin concentrations [70, 73, 76].
The BACH study was a cross-sectional study of nearly 1500 men, ages 30-79, and this
study defined hypogonadism based on 1 of 3 more specific symptoms or signs (low libido,
erectile dysfunction, or osteoporosis) or = 2 less specific symptoms of hypogonadism (sleep
disturbance, depressed mood, lethargy or low physical performance plus a serum total
testosterone) [50]. The BACH study was limited by the inclusion of non-specific symptoms
to define hypogonadism, the use of an immunoassay to measure testosterone, the lack of
measurement of serum gonadotropins and lack of data by age subgroup.
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Several of the longitudinal EMAS results are discussed in the remainder of Sect. 5 below.
However, the symptoms and signs of hypogonadism and low serum testosterone are reported
and analyzed as aggregate data and are not reported and analyzed at the individual patient
level (i.e., prospectively divided into groups of individuals with low serum testosterone
concentrations and with or without symptoms and signs of hypogonadism) in these follow-
up studies of EMAS. For MMAS, BACH and EMAS, the findings are limited by lack of
confirmation of low serum testosterone concentrations at each time point of the follow-up
[73].

5.1 Biochemical primary hypogonadism associated with aging in men

The life-time prevalence of primary hypogonadism has been estimated to be less than 1%

in the overall adult male population, and the life-time prevalence of Klinefelter syndrome,
the most common cause of primary hypogonadism is about 0.2% [79]. However, in men =
70 years old, the prevalence of biochemical primary hypogonadism (defined by a low serum
testosterone and elevated LH concentration) might rise to 2-7% [1, 2].

In a 4.3-year longitudinal study of 1991 European men, ages 40-79, who did not have
pituitary, testicular or adrenal disease identified at baseline or during follow-up, the baseline
prevalence of biochemical primary hypogonadism was 1.35% at baseline and 2% at the end
of follow-up [4]. Men with biochemical secondary hypogonadism (defined by low serum
total testosterone and normal serum gonadotropins) were excluded from the analysis; these
men constituted about 10% of the original cohort. Men were classified into eugonadism or
biochemical primary hypogonadism based on a single sample obtained upon entry into the
study and a second blood sample at the end of the follow-up. The men who had baseline
and persistent biochemical primary hypogonadism at follow-up were typically > 70 years
old at baseline (mean age 75 years) and had very low baseline serum total testosterone
concentrations (mean serum total testosterone < 220 ng/dL or 7.3 nmol/L), significantly
elevated serum LH concentrations (mean serum LH= 20 IU/L, about twice the upper limit
of normal) and symptoms suggestive of hypogonadism (e.g., decreased sexual thoughts,
decreased erectile dysfunction). These men with persistent primary hypogonadism had even
lower serum testosterone concentrations at the end of the study. In about 20% men with
baseline biochemical primary hypogonadism, serum total testosterone concentrations were
normal at the end of the study. These men who “recovered” from primary hypogonadism
were younger (mean age 62 years) and had baseline low-to-low normal serum total
testosterone concentrations (mean serum total testosterone ~260 ng/dl or 9.3 nmol/L),
near-normal baseline serum free testosterone concentrations and slightly elevated serum
LH concentrations; it cannot be determined whether normalization was due to the natural
variation of serum testosterone concentrations or a change in gonadal function. The men
with persistent primary hypogonadism had worse health, more co-morbidities and higher
mortality.

Two Australian studies confirmed that serum LH rises after age 70 and that primary
biochemical hypogonadism increases after age 70 [2, 53]. In a longitudinal study that
included 958 men followed for 5 years, mean serum LH concentrations steadily rose from
age 70 to age 89, and mean serum LH was > 12 IU/L at ages 80-85 [53]. In a second
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Australian Health in Men study of over 1000 men with a median baseline age of ~75

years, mean serum testosterone concentrations fell 2% per year and mean LH concentrations
increased 7.5% year after 8.6 years of follow-up [2]. Primary biochemical hypogonadism
(defined as serum total testosterone < 184 ng/dL [< 6.4 nmol/L] and LH > 16 nmol/L) rose
from 0.6% to 7% of the cohort at the end of follow-up. At the end of follow-up, ~12%

of this cohort had low serum testosterone and non-elevated serum LH concentrations (< 16
IU/L), and ~10% had normal serum testosterone and elevated serum LH concentrations (>
16 1U/L).

Collectively, these studies suggest that primary biochemical and clinical hypogonadism
becomes more common in men > 65-70 years old and that biochemical findings of primary
hypogonadism persist in the majority of men > 65-70 years. The mechanism of this

decline has not been elucidated, but it is likely that progressive aging-related declines in
Leydig cell reserve are contributory. Men who have biochemical primary hypogonadism
with low serum testosterone concentrations and symptoms of hypogonadism are likely to
experience progressively declining serum testosterone concentrations. The benefits and risks
of testosterone therapy have not been studied in older men with primary hypogonadism, but
it is reasonable to evaluate and treat these patients similarly to younger men with primary
hypogonadism.

5.1.1 Compensated biochemical primary hypogonadism associated with
aging in men—Two studies have demonstrated that there is high percentage of older

men with persistently high serum LH concentrations, but normal serum testosterone
concentrations. This biochemical pattern is sometimes referred to as “compensated primary
hypogonadism” and “subclinical primary hypogonadism”. In the European Male Aging
Study, ~9.5% of the men (baseline mean age = 67) had compensated biochemical

primary hypogonadism at baseline [77]. After the 4.3-year follow-up, ~66% of the

men with compensated biochemical primary hypogonadism had persistent compensated
primary hypogonadism, ~25% recovered to eugonadism (with normal serum LH), and ~8%
developed primary biochemical hypogonadism with low serum total testosterone and high
LH concentrations. The incidence of new compensated biochemical primary hypogonadism
was 1.3% per year during the follow-up. Compared to those men who were eugonadal
(normal serum testosterone and LH concentrations) at baseline and follow-up, those

men with persistent compensated biochemical hypogonadism had baseline worse overall
health with more co-morbidities, and worse sexual function, cognitive processing speed,
and physical function; these differences remained at the end of follow-up. The strongest
predictors of compensated primary hypogonadism were age > 70 years, diabetes mellitus,
chronic pain, and low physical activity. Recovery to eugonadism was predicted by age < 60
years, better health, non-smoking status, and higher sexual function, cognitive processing,
and physical function at baseline. In The Health in Men Study, 1.8% of older men (mean age
= 75 years) had low serum testosterone and elevated serum LH concentrations at baseline,
and this pattern rose to 10.4% of the cohort at the end of the ~9-year follow-up [2]. These
studies confirm a progressive decline of Leydig cell function that is associated with worse
sexual dysfunction, physical function, and overall health in the oldest old men.
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Because the benefits of testosterone are not proven and the risks are unknown for men
with compensated primary hypogonadism, the clinician should focus the management

of compensated primary hypogonadism on limiting or avoiding causes of decreased
hypothalamus-pituitary—testicular function such as glucocorticoids, opioids, drugs that
induce hyperprolactinemia or anti-androgens such as spironolactone. Because many older
men with compensated hypogonadism maintain normal serum testosterone concentrations
for many years, testosterone therapy should be withheld until serum testosterone
concentrations have declined below normal, or if the clinician has high degree of suspicion
for hypogonadism.

5.2 Secondary hypogonadism associated with aging in men

In aging men with low serum testosterone concentrations and no classic cause of
hypothalamus-pituitary—testicular disorder, the most common biochemical profile is
secondary hypogonadism (with inappropriately normal serum gonadotropin concentrations)
[1, 3]. The principal factor that seems to affect the risk of secondary hypogonadism in aging
men is obesity (whereas increasing age > 70 years is the principal risk factor for primary
hypogonadism as discussed in Sects. 5.1 and 5.1.1. above). In the baseline cross-sectional
analysis of the European Male Ageing Study, biochemical secondary hypogonadism was
4-5 times more common in than primary hypogonadism in men 40-79 years old [1]. Greater
BMI was the primary risk factor for secondary hypogonadism with an odds ratio that
increased from > 3 in men with BMI 25.0-29.9 to > 7.0 in men with a BMI > 30. In the
4.3-year longitudinal follow-up of the European Male Ageing Study cohort, recovery from
biochemical secondary hypogonadism occurred in 42.9% of the men. Predictors of recovery
to eugonadism included a baseline BMI < 30, normal baseline waist circumference (< 94
cm), baseline age < 60 years, weight loss during follow-up and higher education.

Because recovery from biochemical secondary hypogonadism is common in aging men
without a classic cause of hypogonadism, clinicians should focus on lifestyle measures

for weight loss and improved overall health and treatment of systemic diseases [78, 80].
Testosterone therapy should not be routinely prescribed to aging men with biochemical

secondary hypogonadism and no identifiable cause hypogonadism.

6 Does late-onset male hypogonadism exist?

Late-onset hypogonadism has been defined as a clinical and biochemical syndrome
associated with advancing age and symptoms of male hypogonadism and low serum
testosterone concentrations [81]. It is implicit, but not explicit, in the term and definition
that aging per se is a cause of hypogonadism. It is not a useful term or concept for several
reasons. Aging has not been proven to be a permanent cause of male hypogonadism. The
evidence suggests that many older men with biochemical hypogonadism might (over time)
have normalization of serum testosterone concentrations; men < 60 years with biochemical
secondary hypogonadism seem particularly likely to revert a eugonadal state with weight
loss or improvement in overall health. Secondly, the term “late-onset hypogonadism”
facilitates potential errors in clinical care because the term suggests that all older men with
low serum testosterone concentrations might benefit from testosterone therapy.
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The term “functional hypogonadism™ has also been proposed [82]. This term has been
defined in 2020 European Andrology Society guidelines:

“Functional hypogonadism (also referred to late-onset, age-related, or adult-onset
hypogonadism) is defined as the coexistence of androgen deficiency-like features
and low serum T concentrations occurring in the absence of both intrinsic structural
hypothalamic-pituitary-testis (HPT) axis pathology and of specific pathologic
conditions suppressing the HPT axis (such as microprolactinoma, endogenous
Cushing syndrome) in middle-aged or older men... Functional hypogonadism may
be potentially reversible if the underlying causes are identified and adequately
treated or removed, whereas organic hypogonadism is generally an irreversible
condition secondary to genetic faults or pathological perturbations of the HPT
axis.” [78]

Functional hypogonadism and organic hypogonadism as defined are not useful terms.
So-called “functional causes” of hypogonadism might not be effectively reversible.

For example, sufficient weight loss might not be achievable in men with obesity-
related hypogonadism, and discontinuation of high dosages of opioids might not be
possible in patients with chronic pain and opioid-induced hypogonadism. Conversely,
“organic causes” of hypogonadism such as Cushing syndrome or hyperprolactinemia
due to a macroprolactinoma are often reversible. Even hypogonadism due to a pituitary
macroadenoma is sometimes reversible.

A more useful typology is to characterize hypogonadism as primary or secondary and
irreversible or potentially reversible. For example, Klinefelter syndrome is due to a genetic
abnormality with supernumerary X sex chromosome(s); this syndrome typically results in
small testes and irreversible primary hypogonadism. A man who has low serum testosterone
and LH concentrations 3 years after high-dosage external beam radiation 3 years after
treatment of a brain tumor has irreversible secondary hypogonadism due to radiation injury
of the pituitary. A 60-year-old man with a BMI > 30, a low serum testosterone and normal
serum LH and no identifiable cause of hypothalamic-pituitary—testicular pathology has
potentially reversible secondary hypogonadism due to aging, obesity, and comorbidities.

7 Summary of clinical implications of aging-related changes of the

hypothalamus-pituitary—testicular axis

The clinical implications of the aging-related changes are summarized in Table 1. The
clinical implications include the following: 1) decreased hypothalamic outflow of GnRH
leads to greater vulnerability to development of biochemical secondary hypogonadism due
to medications, obesity, and systemic disease; 2) progressive Leydig cell dysfunction results
in a higher incidence and prevalence of persistent primary biochemical hypogonadism in
men over age 65; 3) and because there is decreased metabolism of testosterone and increased
tissue-specific androgen sensitivity associated with aging, older men with hypogonadism
often require lower testosterone replacement therapy dosages.

The largest evidence gaps about the clinical implications of aging-related hypogonadism
are the following: 1) the lack of prospective longitudinal epidemiological studies of
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healthy, racially and geographically diverse men with baseline data on symptoms, signs

and outcomes of hypogonadism (e.g., bone density) and serum testosterone (measured on at
least two occasions by a validated, harmonized assay) [73], and serum gonadotropins with
long-term follow-up of these metrics; and 2) placebo-controlled studies of the effects of
testosterone therapy in healthy, racially and geographically diverse men with repeatedly and
consistently low serum testosterone concentrations (measured in a validated, harmonized
assay), no identifiable cause of hypogonadism and a broad range of ages and BMIs.

8 Conclusions and clinical guidance

Aging is associated with decreased function of the hypothalamus-pituitary—testicular axis
that leads to increased incidence and prevalence of biochemical secondary hypogonadism
in men 35-65 years old and increased incidence and prevalence of biochemical primary
hypogonadism in men >65 years old. Biochemical secondary hypogonadism occurs
predominantly in men with higher BMlIs and is likely to remit with weight loss or
interventions that improve overall health. Clinicians should be cautious about initiation

of testosterone therapy for older men with biochemical secondary hypogonadism and
should focus on interventions to improve overall health including increased exercise and
lifestyle changes (Fig. 3a). Biochemical primary hypogonadism is more likely to persist
in men > 65 years old. Because Klinefelter syndrome is the most common cause of
primary hypogonadism and it is commonly underdiagnosed, serum karyotyping should be
considered in all older men with biochemical primary hypogonadism [79]. Testosterone
therapy should be initiated in older men with primary hypogonadism due to Klinefelter
syndrome. There are no clinical trials of testosterone therapy in older men with biochemical
primary hypogonadism. Based on the benefit-to-detriment ratio observed in younger with
primary hypogonadism and the likelihood that biochemical primary hypogonadism is a
permanent condition in men > 65 years, testosterone therapy is reasonable to consider

in older men with persistently low serum testosterone concentrations and high serum
gonadotropin concentrations (Fig. 3b).

Compensated biochemical primary hypogonadism may persist indefinitely in older men.

Because the benefits of testosterone are not proven and the risks are unknown for older
men with compensated primary hypogonadism, the clinician should manage compensated
primary hypogonadism similarly to biochemical secondary hypogonadism in older men
by promoting healthy lifestyle choices and limiting or avoiding causes of decreased
hypothalamus-pituitary—testicular function such as glucocorticoids, opioids, drugs that
induce hyperprolactinemia or anti-androgens such as spironolactone. Because many older
men with compensated hypogonadism maintain normal serum testosterone concentrations
for many years, testosterone therapy generally should be withheld until serum testosterone
concentrations have declined below normal (unless there is a high degree of suspicion for
hypogonadism).

Understanding the physiological changes of aging in the male hypothalamus-pituitary—
testicular axis is essential for the management of low serum testosterone concentrations
in aging men. There is a spectrum in the pathophysiologic effects of aging on a given
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individual man’s gonadal axis that depends on the man’s baseline hypothalamic-pituitary—
testicular reserve function, differential rates of physiologic aging and co-morbidities
including obesity and systemic disease. On one end of the spectrum, some very healthy
aging men with baseline normal hypothalamus-pituitary—testicular axis function might
experience little or no change in serum testosterone concentrations into their 8th, 9th,

or 10th decade. In contrast to these rare men, many more aging men with baseline

normal hypothalamus-pituitary—testicular axis function might experience declining serum
testosterone concentrations as their BMI rises and systemic diseases (and their therapies
that might affect GnRH outflow) accrue. These men may eventually develop biochemical
secondary hypogonadism that might remit with treatment of obesity or systemic disease
and avoidance of drugs that affect the hypothalamus-pituitary axis. On the other hand,
aging may unmask a baseline compromised hypothalamus or pituitary dysfunction (e.g.,

a patient with radiotherapy of head neck cancer who suffers some hypothalamic-pituitary
injury due to radiation scatter to the sellar region) might develop irreversible secondary
hypogonadism with aging. Finally, a significant minority of aging men >65 years seem

to develop irreversible primary hypogonadism due to progressive aging-related decline in
overall Leydig cell function; again, a decreased baseline reserve of Leydig cell function
might contribute to or accelerate the onset of aging-related primary hypogonadism. Based
on the physiology of aging, it is best for the clinician to consider advancing age and obesity
as potential contributors as opposed to sole causes of the increasing incidence of low serum
testosterone concentrations in aging men. Because obesity is potentially treatable, lifestyle
measures represent a sensible preventive and therapeutic intervention for most aging men
that present with biochemical secondary hypogonadism and no identifiable pathology of the
hypothalamus-pituitary—testicular axis.

Knowledge of the physiological changes of the hypothalamus-pituitary—testicular axis is
important for the evaluation and management of aging men with low serum testosterone
concentrations. It is essential to base the diagnosis of clinical hypogonadism on symptoms,
signs, and biochemical evidence of androgen deficiency and to restrict testosterone therapy
to men who are mostly likely to benefit. At any age, the men most likely to benefit

from testosterone therapy are those who have symptoms, signs, or outcomes of androgen
deficiency and who have consistently low to very low serum testosterone concentrations.
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Fig. 1.

The hypothalamic-pituitary—testicular axis in normal healthy younger men (<50 years) vs.
aging men (=50 years). Figure 1a shows the normal axis with orderly pulsatile gonadotropin-
releasing hormone (GnRH) secretion from hypothalamic GnRH neurons flowing into the
hypophysial portal system to the pituitary to stimulate gonadotropes to produce luteinizing
hormone (LH) that then flows into general circulation and to the testes to stimulate Leydig
cells to produce normal amounts of testosterone and estradiol daily with an early morning
peak. Circulating testosterone (T) and estradiol (E) regulate GhnRH and LH release by
negative feedback. In aging men, GnRH is secreted in a disorderly pattern with diminished
average amplitude resulting in decreased stimulation of LH secretion from the pituitary.
Although gonadotrope response to GnRH is normal, LH secretion is decreased relative to
serum T concentrations. There is also a primary testicular defect in Leydig cell production
of T in aging men. The decrease in LH secretion and Leydig responsivity to LH results in
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decrease average serum T concentrations as men age. The mechanism of decreased GhnRH
and Leydig cells might be due to an aging-related decreased number of GnRH neurons and
Leydig cells (Fig. 1b) decreased function of GnRH neurons and Leydig cells (Fig. 1c) or a
combination of decreased number and function of GnRH and Leydig cells (Fig. 1d). Thick
black arrows point to where GnRH neurons and/or Leydig cells have atrophied with aging.
Thick blue arrows point to GnRH neurons and/or Leydig cells have significantly decreased
function associated with aging. Dashed green and red arrows indicate lower circulating LH
(and less positive feedback) and lower circulating T and E (and less negative feedback),
respectively.
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Fig. 2.
Regulation of gonadotropin-releasing hormone (GnRH) secretion by kisspeptin, leptin,

testosterone, and estradiol. Kisspeptin is the most important stimulator of hypothalamic
GnRH secretion. Normal adult serum leptin concentrations induce stimulation of
hypothalamic kisspeptin neurons by pre-mamillary ventral neurons (PMV) in men. Leptin is
secreted by fat cells, and normal serum adult leptin concentrations depend on adequate
nutrition. Thus, anorexia and cachexia are associated with diminished GnRH outflow.
Obesity is associated with high serum leptin concentrations is also associated with
diminished stimulation of GnRH; this effect might be due to obesity-related leptin resistance
or indirect and direct feedback via PMV and hypothalamic kisspeptin neuron cells.
Testosterone exerts negative feedback on androgen receptors expressed by hypothalamic
kisspeptin cells whereas estradiol may suppress GnRH secretion indirectly via hypothalamic
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kisspeptin neuron cell estradiol alpha receptors and directly via hypothalamic GnRH
receptors
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a Man > 50 years Man = 65 years
Non-specific symptoms
LH elevated on two blood samples (=12)
Fasting early AM serum total T 220-264 ng/dL (7.6-9.2 nmol/L) No cause of hypothalamus-pituitary-testicular pathelogy (HPT)
on at least 2 blood samples*
LH normal or slightly elevated (<12)
No cause of hypothalamus-pituitary-testicular pathology (HPT)

l

Eliminate or reduce dosage of drugs that affect HPT axis Symptoms +/- signs of hypogonadism 3 P
Lbtimize haaifhy.diet and azily, exercleg Serum total T < 264 ng/dL (9.2 nmol/L iyt
Optimize treatment of systemic illness oL ¢ ) 2 264 ng/dL (9.2 nmolll)

Reduce alcohol intake to = 1 ounce daily and eliminate recreational drug use

BMI <25 BMI z 25 BMI <25 BMI = 25

L L
Weight loss goal 5-10% Consider T Body weight loss goal 5-10%
Diet and exercise replacement Diet and exercise

Consider bariatric surgery therapy Consider bariatric surgery

if BMI = 30 + co-morbidity if BMI 2 30 + co-morbidity
r A A A

Repeat serum total and free testosterone in 6-12 months* Repeat serum total and free testosterone in 6-12 months*

Repeat serum LH measurement with same sample Repeat serum LH measurement with same sample

Fig. 3.

Mgnagement algorithm for biochemical secondary hypogonadism (Fig. 3a), primary
hypogonadism (left side of Fig. 3b) and compensated primary hypogonadism (right side
of Fig. 3b) in aging men. Biochemical secondary hypogonadism is common in aging

men, particularly men > 50 years and BMI = 30. Biochemical secondary hypogonadism
associated with obesity is often reversible. Biochemical primary hypogonadism is more
common in men > 65 years old, and it is much less commonly reversible than biochemical
secondary hypogonadism. Biochemical compensated primary hypogonadism commonly
persists with stable, normal serum testosterone concentrations; these men can be followed
with annual assessment of serum testosterone concentrations. *An accurate testosterone
assay is defined by one that has been validated and harmonized by an accuracy-based,
quality control program such as the one established by the United States Center of Disease
of Control [73]. The lower limit of a normal serum total testosterone concentration should be
264 ng/dL (9.16 nmol/L) [73].
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