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Abstract

BACKGROUND

Current approaches to diagnosing testosterone deficiency do not consider the physiological
consequences of various testosterone levels or whether deficiencies of testosterone, estradiol, or both
account for clinical manifestations.

METHODS

We provided 198 healthy men 20 to 50 years of age with goserelin acetate (to suppress endogenous
testosterone and estradiol) and randomly assigned them to receive a placebo gel or1.25g,2.5g,5 g,
or 10 g of testosterone gel daily for 16 weeks. Another 202 healthy men received goserelin acetate,
placebo gel or testosterone gel, and anastrozole (to suppress the conversion of testosterone to
estradiol). Changes in the percentage of body fat and in lean mass were the primary outcomes.
Subcutaneous- and intraabdominal-fat areas, thigh-muscle area and strength, and sexual function
were also assessed.
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RESULTS

The percentage of body fat increased in groups receiving placebo or 1.25 g or 2.5 g of testosterone
daily without anastrozole (mean testosterone level, 44+13 ng per deciliter, 191+78 ng per deciliter, and
337+173 ng per deciliter, respectively). Lean mass and thigh-muscle area decreased in men receiving
placebo and in those receiving 1.25 g of testosterone daily without anastrozole. Leg-press strength
fell only with placebo administration. In general, sexual desire declined as the testosterone dose was
reduced.

CONCLUSIONS

The amount of testosterone required to maintain lean mass, fat mass, strength, and sexual function
varied widely in men. Androgen deficiency accounted for decreases in lean mass, muscle size, and
strength; estrogen deficiency primarily accounted for increases in body fat; and both contributed to
the decline in sexual function. Our findings support changes in the approach to evaluation and
management of hypogonadism in men. (Funded by the National Institutes of Health and others;
ClinicalTrials.gov number, NCT00114114.)

Introduction v

ESTOSTERONE THERAPY IS PRESCRIBED FOR MILLIONS OF MEN EACH YEAR, AND

the number is increasing rapidly. Prescription sales of testosterone increased by 500% in the

United States between 1993 and 2000.! Most testosterone prescriptions are written to treat
nonspecific symptoms, such as fatigue or sexual dysfunction, when accompanied by testosterone
levels below the laboratory reference range. Currently, testosterone levels that are at least 2 SD below
the mean value for healthy young adults are classified as low.!:2 Although convenient, this
classification fails to consider the physiological consequences of specific testosterone levels.

More than 80% of circulating estradiol in men is derived from the aromatization of testosterone.>
Thus, as serum testosterone levels decline, there is a concomitant decline in serum estradiol levels.*>
Nevertheless, the consequences of male hypogonadism are routinely attributed solely to androgen
deficiency; the potential role of the concomitant decline in estrogens is typically ignored. It has
become clear, however, that estrogen deficiency may be important in the pathogenesis of some
consequences of male hypogonadism, such as bone loss.®8 The potential role of estrogen deficiency
in the pathogenesis of other consequences of hypogonadism, such as alterations in body
composition or sexual function, is largely unknown. Information on the role of estrogens in male
hypogonadism may help identify men at risk for specific manifestations of the condition and may
provide a rationale for novel approaches to its management. We sought to determine the relative
degree of testosterone deficiency, estradiol deficiency, or both at which undesirable changes in body
composition, strength, and sexual function begin to occur and whether those changes are due to
androgen deficiency, estrogen deficiency, or both.
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Methods v

STUDY PARTICIPANTS

We recruited two cohorts of men who were 20 to 50 years of age and healthy. All the men had normal
serum testosterone levels. Details of the eligibility criteria and study completion are provided in the
Supplementary Appendix, available with the full text of this article at NEJM.org.

STUDY DESIGN AND PROTOCOL

All participants received goserelin acetate (Zoladex, AstraZeneca), at a dose of 3.6 mg subcutaneously
at weeks 0, 4, 8, and 12, to suppress endogenous gonadal steroids. Participants were then randomly
assigned to receive O g (placebo), 1.25g,2.5g,5 g, or 10 g of a topical 1% testosterone gel (AndroGel,
Abbott Laboratories) daily for 16 weeks. Participants in cohort 2 also received anastrozole (Arimidex,
AstraZeneca) at a dose of 1 mg daily to block the aromatization of testosterone to estrogen.
Participants were unaware of the study-group assignments.

Participants were seen every 4 weeks. At each visit, fasting blood samples were obtained to measure
gonadal steroid levels, and questionnaires were administered to assess physical function, health
status, vitality, and sexual function. At baseline and week 16, body fat and lean mass were assessed by
means of dual-energy x-ray absorptiometry (DXA); subcutaneous- and intraabdominal-fat areas and
thigh-muscle area were measured by means of computed tomography (CT); and lower-extremity
strength was determined by means of a leg press. Data on bone homeostasis (bone-turnover markers
and bone mineral density), risk factors for cardiovascular disease (blood pressure, lipids, and insulin
sensitivity), and levels of leptin and prostate-specific antigen were also collected but are not included
in the present report.

The study was approved by the institutional review board of Partners HealthCare. All participants
provided written informed consent. All authors vouch for the completeness and accuracy of the data
and analyses and the fidelity of the study to the protocol (available at NEJM.org). All authors made
the decision to submit the manuscript for publication. Abbott Laboratories provided partial financial
support and supplied the testosterone gel at no charge but had no role in the study design, data
analysis, data interpretation, or manuscript preparation. AstraZeneca provided Zoladex and
Arimidex at no cost but had no role in the study design, data analysis, data interpretation, or
manuscript preparation.

TESTOSTERONE AND ESTRADIOL MEASUREMENTS

The serum level of total testosterone was measured by means of a solid-phase chemiluminescent
immunoassay with the use of an automated analyzer (ADVIA Centaur XP, Siemens). The assay
sensitivity was 20 ng per deciliter. The total testosterone level was remeasured by means of liquid
chromatography-tandem mass spectroscopy at all time points in serum samples obtained from five
randomly selected men in each of the five dose groups in cohort 1.7 The correlation between the
=0.98T

testosterone assays was 0.93, and the assays had very similar results (T,,qioimmunoassay mass

spectroscopy ™21 18 Per deciliter). The serum level of estradiol was measured with the use of liquid
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chromatography—tandem mass spectroscopy, with a threshold for detection of 1.25 pg per milliliter.”

OUTCOMES AND ASSESSMENTS

The primary outcome variables were changes in the DXA-based measures of body fat and lean mass.
The percentage of body fat and the total-body lean mass were determined by means of DXA (QDR
4500A, Hologic).!? Subcutaneous- and intraabdominal-fat areas were determined by means of CT at
the L4 vertebral level with a LightSpeed Pro 16 scanner (General Electric Medical Systems).!! Cross-
sectional thigh-muscle area was determined at the midpoint of the femur.!2 Lower-extremity
strength was assessed as the maximum weight lifted for one repetition with the use of a leg press (Air
300, Keiser).13

Sexual function, physical function, vitality, and overall health status were assessed at each visit with
the use of a self-administered questionnaire on health-related quality of life that was previously
validated in patients with prostate cancer who were undergoing androgen-deprivation therapy.'4
Sexual function was divided into domains of sexual desire and erectile function.

The primary analysis was a modified intention-to-treat analysis. Because we were assessing changes
in outcome variables, participants who completed only the baseline visit could not be included in any
longitudinal analyses. Because changes in body composition are unlikely to occur within the first
several weeks of hormonal manipulation, the protocol required that participants complete the first
three visits (through week 8) to avoid exposing participants to additional radiation from repeat body-
composition scans when it appeared unlikely that the results would be informative. In addition, the
protocol required that participants miss no more than 20% of their study medication doses to be
included in the analyses. Participants who discontinued the study medication after week 8 but before
week 16 were asked to undergo follow-up body-composition and strength assessments at their final
visit.

STATISTICAL ANALYSIS

The study was designed to have 80% power at an alpha level of 0.025, with the use of a one-way
analysis of variance to detect mean changes from baseline to 16 weeks of at least 0.3 times the
common standard deviation for body-composition measures on DXA and subcutaneous-fat area and
thigh-muscle area on CT. These calculations were based on a sample of 40 participants per dose
group, with the assumption that 80% of participants would have data that could be assessed.

To determine the testosterone dose needed to maintain body composition, strength, and sexual
function, we compared changes in each outcome among dose groups with the use of Duncan's
multiple-range test. To control further for type I error, we adopted a significance level of 0.025, using
the Bonferroni method to adjust for the two primary outcomes. Our primary analysis focused on
comparisons of the group receiving the 5-g dose with the other dose groups, because this dose
produced testosterone levels that were similar to baseline levels.

To determine whether the changes in each outcome were related to testosterone, estradiol, or both,
we used the following approaches. To assess testosterone-related effects, we compared changes in
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each outcome among all dose groups in cohort 2 with the use of Duncan's multiple-range test.
Because anastrozole suppresses estradiol production dramatically, differences between groups
within cohort 2 should reflect the effect of testosterone on each outcome. To assess estradiol-related
effects, we used general linear model-based tests with 1 degree of freedom in which the effects were
cohort (cohort 1 or cohort 2), the group-specific testosterone dose, and the cohort—testosterone dose
interaction. The interaction compares the slopes of regression of the testosterone dose with the
outcome values in cohort 1 and cohort 2. The effects of estradiol on each outcome were also inferred
with the use of independent t-tests to compare the mean change in each outcome for all groups that
received testosterone (1.25 g, 2.5 g, 5 g, or 10 g daily) in cohort 1 with the mean change in all groups
that received testosterone plus an aromatase inhibitor in cohort 2. Because testosterone doses were
identical in the two cohorts and estradiol synthesis was selectively inhibited in cohort 2, differences
in outcomes between cohorts with the use of this approach should also reflect the effects of estradiol.

All reported P values are two-sided. P values of less than 0.025 were considered to indicate statistical
significance, with the exception that for interaction tests, P values of less than 0.05 were considered
to indicate statistical significance. Unless otherwise noted, data are presented as means +SD.

Results

BASELINE CHARACTERISTICS AND STUDY COMPLETION

Figure 1.
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Recruitment of Participants and Study Completion.

Table 1.
Table 1. Baseline Characteristics of the Study Participants.”
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Baseline Characteristics of the Study Participants.

We enrolled 198 men in cohort 1 (Figure 1A) and 202 men in cohort 2 (Figure 1B). There were no
significant differences in baseline testosterone levels among dose groups or between cohorts (Table
1). Ten men in cohort 1 and 27 in cohort 2 discontinued the study before week 8 and were included in
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analyses of baseline data only. We conducted a modified intention-to-treat analysis of the remaining
data. In cohort 1, a total of 24 men discontinued participation between weeks 8 and 16, of whom 16
underwent follow-up body-composition and strength testing. Four additional participants were later
excluded for protocol violations. In cohort 2, a total of 17 men discontinued participation between
weeks 8 and 16, of whom 13 underwent follow-up body-composition and strength testing. One
participant in cohort 2 was excluded for a protocol violation. Paired DXA, CT, or strength tests could
not be completed in an additional 3, 5, and 10 men, respectively, in cohort 1 and in 1, 1, and 12 men,
respectively, in cohort 2. Thus, the respective numbers of participants included in the analyses of
sexual desire, body composition as measured by DXA, body composition as measured by CT, and
strength were 184, 173, 171, and 166 for cohort 1 and 174, 169, 169, and 158 for cohort 2.

HORMONE LEVELS

Figure 2.
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Mean Serum Testosterone and Estradiol Levels from Weeks 4 to 16, According to Testosterone Dose and Cohort.

In men receiving goserelin acetate and O g (placebo), 1.25 g, 2.5 g, 5 g, or 10 g of testosterone gel daily
(cohort 1), the mean testosterone levels were 44+13 ng per deciliter, 191+78 ng per deciliter, 337+173
ng per deciliter, 470+201 ng per deciliter, and 805+355 ng per deciliter, respectively (Figure 2A). The
corresponding mean estradiol levels were 3.6+1.4 pg per milliliter, 7.9+2.9 pg per milliliter, 11.9+5.7
pg per milliliter, 18.2+10.2 pg per milliliter, and 33.3+15.3 pg per milliliter (Figure 2B). In men who
also received anastrozole (cohort 2), the corresponding mean testosterone levels were 41+13 ng per
deciliter, 231+171 ng per deciliter, 367+248 ng per deciliter, 485+240 ng per deciliter, and 924+521 ng
per deciliter (Figure 2A), and the corresponding mean estradiol levels were 1.0+0.4 pg per milliliter,
1.2+0.4 pg per milliliter, 2.0+2.3 pg per milliliter, 2.1+1.9 pg per milliliter, and 2.8+1.8 pg per
milliliter (Figure 2B).

EFFECTS OF TESTOSTERONE WITHOUT AROMATASE INHIBITION ON BODY COMPOSITION

Figure 3.
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Cohort.

In cohort 1, the percentage of body fat increased significantly in men who received 0 g,1.25g,0r2.5¢g
of testosterone daily, as compared with men who received 5 g daily, and it decreased significantly in
men who received 10 g of testosterone daily, as compared with each of the other groups (Figure 3A).
Lean mass decreased significantly in men who received placebo or 1.25 g of testosterone daily, as
compared with men who received 2.5 g, 5 g, or 10 g of testosterone daily (Figure 3B). Subcutaneous-
fat area increased by a factor of 2 to 3 in men receiving 0 g, 1.25 g, or 2.5 g of testosterone daily, as
compared with men receiving 5 g or 10 g daily, though only the comparisons with the 10-g dose group
were significant (Fig 3C). Intraabdominal-fat area did not change significantly in any group (Figure
3D). Thigh-muscle area decreased significantly in men who received placebo or 1.25 g of testosterone
daily, as compared with men who received 5 g of testosterone daily, and it increased significantly in
men who received 10 g of testosterone daily, as compared with all the other groups (Figure 3E). Leg-
press strength decreased significantly in men who received placebo, as compared with men receiving
2.5g,5g, or10 g of testosterone daily (Figure 3F).

EFFECTS OF TESTOSTERONE WITH AROMATASE INHIBITION ON BODY COMPOSITION

In cohort 2, the percentage of body fat increased in all groups when the aromatization of testosterone
to estradiol was inhibited. The magnitudes of these increases were similar with doses of 0 g, 1.25 g,
2.5 g, and 5 g of testosterone daily, a finding that suggests a predominantly estrogenic effect (Figure
3A). Total-body lean mass decreased significantly in men who received placebo, as compared with
those who received 1.25 g, 2.5 g, or 10 g of testosterone daily, a finding that implies an independent
effect of testosterone (Figure 3B). Subcutaneous-fat area increased in all groups in cohort 2, though
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only the comparison of changes between the 1.25-g and 10-g dose groups was significant (Figure 3C).
The increases in intraabdominal-fat area did not differ significantly among the dose groups (Figure
3D). Thigh-muscle area decreased significantly in men who received placebo, as compared with men
who received any of the four testosterone doses (Figure 3E). As in cohort 1, leg-press strength
declined significantly in men who received placebo, as compared with men who received the three
highest testosterone doses (Figure 3F).

EFFECTS OF TESTOSTERONE WITH AND WITHOUT AROMATASE INHIBITION ON SEXUAL
FUNCTION

Figure 4.
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Mean Absolute Change from Baseline in Sexual Desire and Erectile Function, According to Testosterone Dose
and Cohort.

In cohort 1, sexual desire decreased progressively with declining testosterone doses, from10gto 0 g
of testosterone daily, and all dose groups differed significantly from one another except for the 2.5-g
and 5-g dose groups (Figure 4A). Erectile function worsened significantly in men who received
placebo, as compared with men who received testosterone, and declined more in men who received
1.25 g of testosterone daily than in men in the three highest dose groups (Figure 4B).

In cohort 2, sexual desire declined significantly in men who received placebo, as compared with men
in the three highest dose groups, and declined more in men who received 1.25 g of testosterone daily
than in men in the two highest dose groups (Figure 4A). Erectile function decreased more in men
who received placebo than in men who received testosterone (Figure 4B). Results for other self-
reported measures are available in the Supplementary Appendix.

COMPARISONS OF CHANGES IN BODY COMPOSITION AND SEXUAL FUNCTION WITH AND
WITHOUT AROMATASE BLOCKADE

The cohort—testosterone dose interaction was significant for the percentage of body fat (P=0.001),
intraabdominal-fat area (P=0.021), subcutaneous-fat area (P=0.029), sexual desire (P=0.045), and
erectile function (P=0.032); these findings indicate that estradiol exerted an independent effect on
these variables (Figure 3 and Figure 4). In the groups that received testosterone, inhibition of
estrogen synthesis (cohort 2), as compared with intact estrogen synthesis (cohort 1), was associated
with significant increases in the percentage of body fat (P<0.001), subcutaneous-fat area (P<0.001),
and intraabdominal-fat area (P=0.002) and with significant decreases in sexual desire (P<0.001) and
erectile function (P=0.022); these findings provide additional evidence of an independent effect of
estradiol on these measures. The cohort—testosterone dose interaction was not significant for total-
body lean mass (P=0.22), thigh-muscle area (P=0.20), or leg-press strength (P=0.91); among the men
who received testosterone, there were no significant differences between cohorts in changes from
baseline for total-body lean mass (P=0.52), thigh-muscle area (P=0.19), or leg-press strength
(P=0.90).

Discussion v

Although the sensitivity of various androgen target tissues is known to vary,!> the diagnosis of

11 av 20 2018-09-19 08:26



Gonadal Steroids and Body Composition, Strength, and Sexual Functio...  https://www.nejm.org/doi/full/10.1056/NEJMoal206168?query=featu...

androgen deficiency is typically based on a single laboratory criterion: a testosterone level at least 2
SD below the mean value in normal young men. In this study, we found that the dose of testosterone
required to prevent adverse changes in a variety of measures varies considerably. When aromatization
was intact, fat accumulation began with mild gonadal steroid deficiency (a testosterone level of
approximately 300 to 350 ng per deciliter), whereas lean mass, thigh-muscle area, and muscle
strength were preserved until gonadal steroid deficiency was more marked (a testosterone level <200
ng per deciliter). Sexual desire and erectile function, the two major domains of sexual function,
showed distinct patterns of change as serum testosterone levels were reduced. The variation in tissue
sensitivity to androgens could be due to polymorphisms affecting polyglutamine repeat length in the
androgen-receptor gene, tissue-specific differences in androgen-receptor expression or local
hormone metabolism, or, as shown in the present study, variation in the roles of androgens and
estrogens in the regulation of target-tissue responses.

Observational studies have shown that lean mass and strength are reduced and fat mass is increased
in men with low testosterone levels.” 911 Men with hypogonadism report less sexual activity, fewer
sexual thoughts, and fewer spontaneous erections than men with normal testosterone levels.
Moreover, testosterone replacement increases lean mass, decreases fat mass, and can improve sexual
function in men with hypogonadism.!:15-22 These observations have led to the widespread belief that
undesirable changes in body composition and sexual dysfunction in men with hypogonadism are due
to androgen deficiency. However, because estradiol is a metabolite of testosterone, it is difficult to
distinguish the effects of androgens from those of estrogens in observational studies, or even in
randomized, controlled trials if aromatizable androgens are used without the administration of an
aromatase inhibitor.

By administering a variety of testosterone doses with and without concomitant aromatase inhibition,
we found that changes in lean mass, thigh-muscle area, and leg-press strength were attributable to
changes in testosterone levels, whereas changes in fat measures were primarily related to changes in
estradiol levels. Both androgens and estrogens contributed to the maintenance of normal libido and
erectile function. Although these results may be surprising, they are consistent with studies showing
that body fat is increased in humans and male mice with null mutations of the aromatase gene or the
estrogen-receptor o gene and that sexual function is markedly impaired in mice and humans with
these genetic defects.?3-2

Our observations may have important clinical implications. First, they provide a physiological basis
for interpreting testosterone levels in young and middle-aged men and identifying the adverse
consequences that are most likely to occur at various gonadal steroid levels. Second, because
increases in visceral fat reduce insulin sensitivity and are associated with diabetes and the metabolic
syndrome,?’ the marked increase in intraabdominal fat with aromatase inhibition could portend an
increase in cardiovascular disease with long-term estrogen deficiency. Finally, because lean mass,
thigh-muscle area, and erectile function were reduced at a testosterone dose (1.25 g per day) that
elicited a mean serum level of approximately 200 ng per deciliter, testosterone supplementation
seems justified in men with testosterone levels in this range. However, some men have alterations in
these functional outcomes at lower or higher testosterone levels, and other consequences of
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hypogonadism, such as increases in body fat and loss of sexual desire, routinely develop at higher
mean testosterone levels. Thus, each person's specific clinical scenario should be considered when
interpreting the clinical significance of the circulating testosterone level.

These findings may also have implications for older men. Serum testosterone levels decline modestly
as men age, such that 20% of men older than 60 years of age and 50% of men older than 80 years of
age have testosterone levels at least 2 SD below the mean level in young men.??8 Aging in men is also
accompanied by declines in bone mineral density,?? lean mass,??>! muscle strength,3?:33 energy, and
sexual function* and by increases in fat mass3!3> — features that collectively are reminiscent of
organic hypogonadism in young men.33 Decreases in muscle mass and strength are strong predictors
of falls, fractures, and loss of the ability to live independently.3° Thus, if young and old men have
similar responses to a decline in testosterone levels, as they do to an increase in testosterone
levels,3”38 these findings suggest that some of the changes observed in aging men may be related to
age-associated changes in gonadal steroids and may be preventable with appropriate replacement. A
direct determination of the relationships between gonadal steroid levels and clinical measures in
elderly men is needed to confirm this hypothesis.

Our finding that estrogens have a fundamental role in the regulation of body fat and sexual function,
coupled with evidence from prior studies of the crucial role of estrogen in bone metabolism,®8
indicates that estrogen deficiency is largely responsible for some of the key consequences of male
hypogonadism and suggests that measuring estradiol might be helpful in assessing the risk of sexual
dysfunction, bone loss, or fat accumulation in men with hypogonadism. For example, in men with
serum testosterone levels of 200 to 400 ng per deciliter, sexual-desire scores decreased by 13% if
estradiol levels were 10 pg per milliliter or more and by 31% if estradiol levels were below 10 pg per
milliliter. Our findings also suggest that treatment with aromatizable androgens would be preferable
to treatment with nonaromatizable androgens in most men with hypogonadism.

Our study has limitations. First, to avoid clinically significant changes in healthy men, such as bone
loss, the study was limited to 16 weeks.3?:*0 Because changes in body composition may progress over
time, greater changes might have been seen at higher testosterone and estradiol levels if gonadal
steroids had been suppressed over a longer period. Second, although most circulating estradiol is
derived from the aromatization of circulating testosterone, a small portion is directly secreted by the
testes in normal men and may not be restored with exogenous testosterone administration.*! Third,
changes induced by aromatase inhibition could primarily reflect the effects on local aromatase
activity; therefore, circulating estradiol levels may not reflect estrogen effects reliably. Changes seen
in our model of acute gonadal steroid deprivation may also differ from those seen when gonadal
steroids decline gradually over a period of years. Finally, it seems likely that the relationship between
declining gonadal steroid levels and the risk of adverse consequences is more accurately represented
as a continuum than as a rigid threshold above which clinical measures are normal and below which
adverse changes occur. However, clinicians ultimately must decide how to treat each patient on the
basis of his individual data, of which the testosterone level is generally the principal component.

In summary, we conducted a dose-ranging study to determine the relative testosterone doses and
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associated serum levels at which body composition, strength, and sexual function initially decline. By
examining these relationships with and without suppression of estrogen synthesis, we found that
lean mass, muscle size, and strength are regulated by androgens; fat accumulation is primarily a
consequence of estrogen deficiency; and sexual function is regulated by both androgens and
estrogens. Delineation of the degrees of hypogonadism at which undesirable consequences develop
and of the relative roles of androgens and estrogens in each outcome should facilitate the
development of more rational approaches to the diagnosis and treatment of hypogonadism in men.
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