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Abstract

Background: Age-related changes in testosterone levels in older persons and especially in women have not been fully explored. The objective
of this study was to describe age-related trajectories of total testosterone (TT), ammonium sulfate precipitation-measured bioavailable
testosterone (mBT), and sex hormone-binding glycoprotein (SHBG) in men and women from the Baltimore Longitudinal Study of Aging, with
special focus on the oldest adults.

Methods: Participants included 788 White men and women aged 30-96 years with excellent representation of old and oldest old, who
reported not taking medications known to interfere with testosterone. Longitudinal data were included when available. TT, mBT, and SHBG
were assayed. Age-related trajectories of mBT were compared with those obtained using calculated bioavailable testosterone (cBT). Generalized
least square models were performed to describe age-related trajectories of TT, mBT, and SHBG in men and women.

Results: mBT linearly declines over the life span and even at older ages in both sexes. In men, TT remains quite stable until the age of 70 years
and then declines at older ages, whereas in women TT progressively declines in premenopausal years and slightly increases at older ages.
Differences in age-related trajectories between total and bioavailable testosterone are only partially explained by age changes in SHBG, whose
levels increases at accelerated rates in old persons. Noteworthy, although mBT and c¢BT highly correlated with one another, mBT is a much
stronger correlate of chronological age than ¢BT.

Conclusion: In both men and women, mBT linearly declines over the life span and even at old ages. Its relationship with age-related phenotypes
should be further investigated.

Keywords: Aging—Testosterone—Trajectories—Men—Women

Male aging has long been associated with progressive decline in cir- likely to suffer and/or to develop poor health conditions, including
culating testosterone at population level (1). It is well established central adiposity, sarcopenia, insulin resistance, diabetes, cardiovas-
that concomitant pathology may cause or accelerate such decline, cular diseases, depression, impotence, osteoporosis, disability, frailty,
although it is often observed even in healthy men (2,3). A number of and even premature death (4,5). Noteworthy, adverse age-related
studies have shown that older men with lower testosterone are more changes or conditions in men may be either the cause or the effect
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of the changes in testosterone levels. Conversely, evidence on age-
associated changes in testosterone levels in women and their conse-
quences is scant.

Circulating testosterone concentrations are approximately 20-25
times higher in adult men compared with those in women. In both
men and women, the majority of the circulating testosterone is pro-
tein bound, with only approximately 0.5%-3% as free testosterone
(FT) (5). In men, an average of 40% of the protein-bound testoster-
one circulates linked to sex hormone-binding glycoprotein (SHBG),
whereas the remainder binds to albumin with an association con-
stant much weaker than for SHBG. Because women have higher
SHBG levels and lower testosterone than men, in women more than
80% of the protein-bound testosterone is associated with SHBG.
The albumin-bound testosterone, also called “weakly bound” testos-
terone, rapidly dissociates, and is promptly bioavailable as the con-
centration of FT is reduced. Therefore, the sum of albumin-bound
and free testosterone is commonly referred to as “bioavailable” tes-
tosterone (BT), which represents the fraction of testosterone that is
bioavailable to cells for signaling (6,7).

The exact contribution and role of BT compared with total
testosterone (TT) or FT in aging men and women has been only
partially studied and is not yet understood. Most of the existing lit-
erature on the clinical consequences of age-related changes in testos-
terone levels focused on the total one or free fraction, while little is
known on the relationship between BT levels and aging-associated
adverse outcomes. What has been driving the interest on BT (ie, the
sum of FT plus albumin-bound testosterone) was the consideration
that BT represents the fraction of circulating testosterone that read-
ily enters into the cells, interacts with intracellular androgen recep-
tors, and regulates gene expression and cellular function (8). In fact,
although historically only the free fraction of testosterone in the
circulation was thought to be taken up by tissues and therefore be
biologically active (the “free hormone hypothesis™), it has been then
demonstrated that testosterone is weakly bound to serum albumin
and freely dissociates in the capillary bed, thereby becoming readily
available for tissue uptake (9). As a consequence, all non-SHBG-
bound testosterone is commonly considered biologically available
for tissues, and therefore BT may be a better biomarker of testoster-
one bioactivity than TT (10). Recent evidence from animal studies,
suggesting that megalin, a receptor in reproductive tissues, can pro-
mote the cellular uptake of testosterone bound to SHBG through a
process of endocytosis, has fueled new energy on the debate on this
topic. Indeed, the hypothesis that multiple entry mechanisms (“free”
and “protein bound”) of testosterone may coexist in the same cell
has been proposed, but not yet demonstrated (11).

Because SHBG levels can be greatly affected by numerous health
conditions and diseases (eg, obesity, insulin resistance, cirrhosis of
the liver, malnutrition, or renal impairment), the proportion of tes-
tosterone that is not bioavailable is highly variable, especially at old
ages, making the interpretation of TT very difficult. Hence, levels of
BT that factor out effect of SHBG may be a more appropriate repre-
sentation of tissue activity (12).

A number of previous cross-sectional and longitudinal studies
performed in men reported that after the age of 30 years, TT lev-
els decline whereas SHBG levels increase with age. Because of the
increased levels of SHBG, the fraction of testosterone bound to
SHBG increases with aging and, therefore, BT levels decline more
rapidly than TT levels (13-27). However, a controversy exists about
hormonal trends at advanced ages. For instance, a cross-sectional
study reported that in men older than 70 years, TT levels remained
stable, SHBG levels increased, and FT levels declined with aging (24).

In contrast, a 4-year longitudinal study in men aged 71-86 years
showed that TT levels declined with age with BT levels declining at a
faster rate (25). Moreover, changes of circulating testosterone levels
across life span in women have not been exhaustively characterized
yet. Although a few studies reported a steep decline in TT and BT
in early premenopausal years (28-30), knowledge about changes in
testosterone in women at older ages remains limited and controver-
sial (31-33).

Of remarkable note, most of the literature on “bio available “ tes-
tosterone is rarely based on direct assay measurements (“measured”
BT, mBT) but usually calculated by formulae (“calculated” BT, cBT).
However, a number of previous studies reported the inaccuracy of
conventional methods to estimate BT compared with assay meas-
urements, such as the direct measure of BT by selective ammonium
sulfate precipitation of SHBG-bound testosterone, which is usually
referred to as the gold standard method (10,34,35). In particular, the
use of cBT is problematic because it does not account for potential
age-related changes in affinity of SHBG to testosterone. For exam-
ple, it has been shown in men that ¢BT significantly overestimates
mBT, and this discrepancy tends to increase for increasing age (36).
Therefore, due to the uncertainty of the meaning and measurement
precision of ¢BT, use of mBT is becoming more popular and advis-
able (37).

Using 10 years of observational data (2004-2014) from the
Baltimore Longitudinal Study of Aging (BLSA), including direct
measurements of BT (introduced in BLSA in 2004), we described
age-related trajectories of TT, BT, and SHBG in White men and
women aged 30-96 years, with special focus on those older than
65 years.

Methods

Study Population
The BLSA is a study of human aging established and conducted by
the National Institute on Aging (NIA) Intramural Research Program
since 1958 (38). BLSA is an ongoing longitudinal study that con-
tinuously enrolls participants with different ages and follows them
for life with visits conducted every 1-4 years, with more frequent
visits at older ages. Visits typically take place over 3 days at the NIA
Clinical Research Unit in Baltimore, Maryland. Detailed medical his-
tory, blood samples, anthropomorphic, demographic, and medica-
tion data are collected at every visit. Informed consent is obtained
from each participant at every visit. The BLSA protocol is approved
by the Intramural Research Program of NIA and the Institutional
Review Board of the National Institute of Environmental Health
Sciences, Research Triangle Park, North Carolina.

mBT was introduced in BLSA in 2004. There were 3,050 vis-
its with available TT, mBT, and SHBG from October 2004 to June
2014. In this study, we only included White participants (2,112
visits), because we do not yet have enough data to characterize
trajectories of testosterone in men and women of other races, and
other studies had reported significant race differences in testoster-
one levels (31,39,40). In addition, 399 visits were excluded from
the analysis because of self-reported hormonal treatment or other
medications that may interfere with hormonal levels (including sex
hormones and their antagonists, contraceptive agents, modulators
of genital system, prostaglandins, prolactin inhibitors, testosterone-
5-alpha reductase inhibitors and other drugs used in benign pros-
tatic hypertrophy, corticosteroids). Additional 25 observations were
excluded because the testosterone levels were overtly abnormal,
most likely due to unreported iatrogenic intervention, even if not
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self-reported. Only five visits were collected in participants aged 29
or younger, and they were not included in the final analysis. A total
of 1,683 observations, collected in 788 participants (444 men and
344 women) aged 30 or older, were used for the present analysis.
Of these, 1,263 observations (75%) were collected after the age of
65 years, with almost half in oldest old (age 80 years and older).
People were aged up to 98 years at follow-up. The average follow-up
time was 2 years (range 0-10). Number of participants by number
of visits as well as number of participants by years of follow-up are
reported in Supplemental Material (Supplementary Table 1a and b).

Laboratory Assessment
Blood samples were collected in the morning after an overnight
fast. Serum TT levels were measured in a commercial laboratory
using high-performance liquid chromatography-tandem mass spec-
tometry (Esoterix part of LabCorp, Calabasas Hills, CA, certified
by the Centers for Disease Control and Prevention’s Hormone
Standardization Project [CDC-HoSt Program]). Serum mBT levels
were measured using technique described by Nankin and colleagues
in which SHBG-bound steroids were separated from albumin-
bound and free steroids using ammonium sulfate (Esoterix part
of LabCorp) (41). The interassay coefficient of variation (CV) was
14.7% at 9.7ng/dL, 6.6% at 42.6ng/dL, and 2.2% at 77.0ng/dL,
respectively. cBT values have also been computed using the formula
available online at the website for the International Society for the
Study of the Aging Male (www.issam.ch).

Finally, SHBG levels were measured using immunoradiometric
assay (Esoterix part of LabCorp). The interassay CV was 8.2% at
64.8 nmol/L, 7.2% at 116 nmol/L, and 5.9% at 184 nmol/L.

Baseline Information

With participants in a gown, body weight was measured in kilo-
grams with a calibrated scale to the nearest 0.1kg. Body height was
measured in centimeters by a stadiometer to the nearest 0.1 cm. Body
mass index was calculated by dividing body weight in kilograms
by the square of height in meters (kg/m?). Obesity was defined as
body mass index (BMI) > 30kg/m?. Current and former smokers
were ascertained by a questionnaire. Physical activity (PA) levels
were ascertained in BLSA participants by a self-reported question-
naire and then quantified assigning to each activity a corresponding
value in metabolic units (METS, or metabolic equivalents of resting
oxygen consumption). The MET unit assigned to the activity was
multiplied by the average number of minutes performing each activ-
ity in a 24-hour period, providing a value for PA in MET-minutes/
day (42). PA levels were then categorized according to MET intensity
as follows: (i) very low (0-49 MET-minutes/day); (ii) low (50-249
MET-minutes/day); (iii) medium (250-499 MET-minutes/day); and
(iv) high (=500 MET-minutes/day) (42). Multimorbidity was defined
as presence of two or more chronic diseases from a predefined list
of 15 conditions (including hypertension, diabetes, coronary artery
disease, congestive heart failure, stroke, peripheral arterial disease,
chronic kidney disease, chronic obstructive pulmonary disease, ane-
mia, cancer, cognitive impairment, Parkinson’s disease, depression,
history of hip fracture, and lower extremities joint disease) (43).

Statistical Analyses

Baseline characteristics of the population were calculated as means
= SD or percentages. A simple correlative analysis (Person coeffi-
cients) was first performed to explore the correlation between mBT
and cBT and their respective correlations with chronological age, in

men and women separately. Due to the longitudinal nature of the
data, we used generalized least square (GLS) models to characterize
age-related trajectories of TT, mBT, and SHBG, while accounting for
the within-subject correlation by directly modeling the correlation
structure (44). Of note, for the purpose of our analyses, we chose to
use GLS method over other different methods, for example mixed-
effects models, because it allows to use a very flexible parametric
natural spline to model the average trajectory of testosterone over
life span, while accounting for the within-subjects correlations,
which is done through directly modeling the within-subjects depend-
ence using various variance—covariance structures for the outcome.
Moreover, GLS model also has the advantage to accommodate dif-
ferent follow-ups for different subjects. Therefore, for each hormone,
we started building the model by first selecting the correlation struc-
ture for the dependence among observations. Several GLS models
were fitted with different correlation structures, and Akaike infor-
mation criterion (AIC) was used to choose the correlation structure
that best fit the data. Once the correlation structure was determined,
a series of GLS models with increasing complexities and flexibilities
in age function were fitted to determine the longitudinal age-related
trajectory that best fit the data: (i) stationary model (intercept only);
(ii) linear model (intercept and age); (iii) quadratic model (intercept,
age, and age square); and (iv) natural cubic spline model (age). We
compared the models based on AIC and log likelihood ratio test
(LRT). AIC offers a relative estimate of the information lost when a
given model is used to represent the “true” model. Although the true
relationship is impossible to determine, the model with the lowest
AIC score is then the model that best represents the true relationship
with the given data. To discriminate among models with different
shape of trajectories (stationary, linear, quadratic, or natural cubic
spline model) and to compare their goodness of fit (two by two),
we also used the LRT. All the models we compared were estimated
with the maximum likelihood method, and the final models were
estimated with restricted maximum likelihood model. Results from
LRT are presented in Supplemental Material.

Furthermore, Figures 1 and 2 represent levels of TT, BT, and
SHBG over the life span in BLSA men and women. The black dots
correspond to the sample raw data. For participants with repeated
measures, connecting lines are used to show the observed longitudi-
nal trends in hormonal levels within the same person. The thick red
line represents the population average trajectory as a function of
age which is estimated from the final generalized model using all the
available data, while 95% confidence intervals, depicted as dashed
red lines, show the precision of this estimate.

Finally, we conducted sensitivity analysis to check whether par-
ticipants with longer follow-up were younger or had different lev-
els of testosterone. Moreover, we ran additional analyses adjusting
for calendar year of the first visit to verify whether results could be
biased by secular trend or birth cohort. All the analyses were con-
ducted in R 3.1.2. We used gls function from nlme package (Pinheiro
& Bates) to fit the generalized least square models. We used ns func-
tion from splines package to fit the natural splines.

Results

Characteristics of Baseline Population

Baseline population included 788 BLSA participants (444 men and
344 women) aged 30-96 years (average age: 68.3+13.9 years). The
average values of TT, mBT, ¢BT, and SHBG in men and women,
together with additional baseline information, are summarized in
Table 1.
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Figure 1. Age-related trajectories of (A) total testosterone, (B) measured
bioavailable testosterone, and (C) sex hormone-biding glycoprotein over
the life span in men.The black dots correspond to the sample raw data. For
participants with repeated measures, connecting lines are used to show the
observed longitudinal trends in hormonal levels within the same person.
The thick red line represents the population average trajectory as a function
of age which is estimated from the final generalized model using all the
available data, whereas 95% confidence intervals, depicted as dashed red
lines, show the precision of this estimate.

Preliminary Correlative Analysis

The correlation between mBT and ¢BT and their respective correla-
tions with chronological age were preliminary explored. Although
mBT and cBT were highly correlated (r = .84, p < .001 in men and
7 =.88,p <.001 in women, Figure 3), mBT was a much stronger corre-
late of chronological age than ¢BT in both men and women (r = -.65
vs 7 = —.47 in men and 7 = -.23 vs 7 = -.11 in women, Table 2), and,
therefore, mBT was used for describing age-related trajectories.

Trajectories Over the Life Span in Men

In men, the correlation structure compound symmetry best fits the
data and was selected in the GLS models for TT, mBT, and SHBG.
Figure 1 shows estimated population average trajectories of TT,
mBT, and SHBG over the life span in men. Average TT remains quite
stable until the age of 70 years; then it progressively declines, with
accelerated rate for increasing age (quadratic model fits the best for
TT, as reported in Supplementary Table 2). At the same time, mBT
presents a linear decline with aging with a rate of decline that is
steeper than for TT (linear model fits the data best). SHBG increases
with age with rate that accelerates after the age of 70 years (quad-
ratic model fits the best for SHBG).

Trajectories Over the Life Span in Women

In women, the correlation structure compound symmetry best fits
the data and was selected in the GLS models for TT and mBT,
while autoregressive correlation of order 1 best fits the data and
was selected for SHBG. Figure 2 shows estimated population
average trajectories of TT, mBT, and SHBG over the life span in
women. A cubic spline model provides the best fit for TT data,

Women
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Figure 2. Age-related trajectories of (A) total testosterone, (B) measured
bioavailable testosterone, and (C) sex hormone-biding glycoprotein over
the life span in women. The black dots correspond to the sample raw data.
For participants with repeated measures, connecting lines are used to show
the observed longitudinal trends in hormonal levels within the same person.
The thick red line represents the population average trajectory as a function
of age which is estimated from the final generalized model using all the
available data, whereas 95% confidence intervals, depicted as dashed red
lines, show the precision of this estimate.

Table 1. Characteristics of Baseline Population Presented as Means
(xSD) or Percentage, According to Men and Women

Men (n = 444) Women (7 = 344)

Age (y) 68.9+13.7 67.4+14.2
Total testosterone (ng/dL) 457.6+192.2 21.8+12.8
Measured bioavailable 114.9+57.7 3.3£2.7
testosterone (ng/dL)
Calculated bioavailable 176.3+67.3 6.2+3.6
testosterone (ng/dL)
Sex hormone-binding 48.7+20.5 63.5+26.9
glycoprotein (nmol/L)
Height (cm) 175.6+7.2 162.2+6.5
Weight (kg) 84.7+14.9 69.5+14.3
Body mass index (kg/m?) 27.4+4.3 26.4=+5.1
Smokers (current or former) 241 (52.3%) 121 (35.2%)
Physical activity levels (%)

Very low 6.8% 11.3%

Low 33.3% 39.5%
Multimorbidity (>2 chronic 159 (35.8%) 107 (31.1%)
diseases)

which progressively declines before menopause and tends to
remain stable or slightly increases afterwards. In addition, simi-
larly to men, mBT in women declines linearly over the observed
portion of the life span (linear model fits the data best, as reported
in Supplementary Table 2). Moreover, SHBG describes a U-shaped
trajectory that is best described by a quadratic model, with slight
decrease before menopause and accelerated increase with age
afterwards.
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Figure 3. Correlations between measured bioavailable testosterone (BT) and
calculated BT in (A) men and (B) women.

Table 2. Correlations of Measured and Calculated BT With Chrono-
logical Age in Men and Women

Age (y)

Men ‘Women

Measured BT
Calculated BT

r=-.65p<.001
r=-47,p<.001

r=-23,p<.001
r=-.11,p =.004

Note: BT = bioavailable testosterone.

Analysis Restricted to Older Men and Women (age

65 years or older)

After exploring the age-related changes over the whole life span,
we performed similar analyses restricting the sample population to
men and women aged 65 or older (Supplementary Table 2). In men
aged 65 or older, TT presents an accelerated decline with increas-
ing age, whereas mBT continues to decline linearly (Supplementary
Figure 1A and B). In women aged 65 or older, TT increases slightly
with age, whereas mBT decreases linearly (Supplementary Figure 2A
and B). In both older men and women, SHBG increases linearly
(Supplementary Figures 1C and 2C).

Sensitivity Analysis

Sensitivity analyses were performed to test whether participants with
longer follow-up were younger or had different levels of testosterone
compared with those with shorter follow-up. As length of follow-up
resulted no significantly correlated to either baseline age or levels of
testosterone in both men and women (not shown), we concluded
that differential lengths of follow-up did not bias our findings.
Moreover, we ran additional analyses adjusting for calendar year of
the first visit in order to account for the fact that people of the same
age visited at different years may have different hormonal levels due
to secular trend or birth cohort. As the age-related hormonal trend
did not significantly change after the adjustment, we concluded that
our findings were not biased by secular trend or birth cohort (data
not shown).

Discussion

Using almost 10 years of observational data (2004-2014) from
men and women enrolled in the BLSA with an excellent representa-
tion of older adults (75%) and oldest old (aged up to 98 years at
follow-up), we described age-related trajectories of TT, mBT, and
SHBG in White individuals. In men, we found that the TT remains
quite stable until the age of 70 years; then it declines progressively,
with accelerated rate for increasing age, whereas the decline in

mBT presents a linear trend over the life span. In addition, in men
SHBG increases with age over the life span, and the rate of increase
is steeper after the age of 70 years. In women, we found that TT
progressively declines before menopause and tends to remain sta-
ble or slightly increases afterwards, whereas mBT declines linearly
and progressively over the whole life span. Moreover, in women
SHBG describes a U-shaped trajectory, with slight decrease before
menopause and accelerated increase with age afterwards. Of note,
although mBT and ¢BT are highly correlated each other’s, mBT
is a much stronger correlate of chronological age than ¢BT in
both sexes.

Theoretically, the ideal study design to delineate the longitudinal
trajectory of testosterone over the adult and old life would be to
enroll men and women in their 30s and follow them up for at least
40-50 years, measuring testosterone serially always with the same
method. Because this approach is hardly feasible, we instead took
the approach of “accelerated longitudinal design” also known as
“cross-sequential design.” In the accelerated longitudinal design, dif-
ferently aged cohorts are followed longitudinally over limited time
periods, and the data collected are collated to estimate much longer
longitudinal trajectories with relatively good precision (45).

Following this approach, despite a large amount of existent lit-
erature describing age-related changes in testosterone circulating
levels, our study provides novel, important information and insights
that were never addressed in previous studies.

In men, we demonstrated that testosterone levels progressively
decline, whereas SHBG increases with age, with a consequent
steeper decrease in BT compared with TT. These findings substan-
tially confirm previous cross-sectional and longitudinal studies (13-
27). However, a unique strength of our study is showing that the
age-related decline in testosterone levels extends to older persons,
especially the oldest old, which have been rarely included in previ-
ous studies. In fact, only two previous studies specifically focused
on changes in testosterone levels at old age, but their results were
inconsistent. In particular, while Yeap and colleagues reported that,
at age of 70 years and older, TT levels remained stable whereas cal-
culated FT continued to decline (24), a subsequent 4-year observa-
tional study in men aged 71-86 years, consistent with our findings,
found that TT levels still decrease with age, although the decline in
calculated BT was steeper (25). Moreover, in men we found that,
while BT linearly declines over the life span, TT remains quite stable
until the age of 70 years in our sample. Interestingly, the evident flat-
ness of TT in middle-aged male BLSA participants contrasts with the
traditional belief that TT starts to progressively decline after the age
of 30-40 years. We certainly acknowledge that the number of indi-
viduals younger than 65 years was relatively small in our popula-
tion sample and, therefore, our ability to estimate with precision the
age-related trajectory of TT in this age range is somewhat limited.
Nevertheless, consistently with our findings, a recent report includ-
ing data from 61,131 men aged 0-99 years observed that TT, after
the pubertal increase peaking at the age of 20 years, remains stable
until the eighth decade (46). Moreover, a recent meta-analysis of 13
studies showed that in healthy men, TT peaks at 15.4 nmol/L at
an average age of 19 years and falls to 13.0 nmol/L by an age of
40 years, with no evidence for a further fall in mean TT up to old
age, although, after 40 years, an increasing variance in TT levels was
observed with aging (47).

A second important strength of our study is that we described
age-related trajectories of TT, mBT, and SHBG also in women, where
testosterone trajectories over the life span and especially at older
ages have not been studied rigorously. The few studies that explored
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the age-related changes in testosterone levels in women were mostly
cross-sectional and were not focused on the oldest old (28-33). In
a cross-sectional analysis of women aged 18-75 years, Davison and
colleagues reported a steep decline in testosterone levels over the
early reproductive age, flatten out in midlife, and increase slightly
in the later years (29). Partially in keeping with this evidence, we
found that TT declines with age before menopause and increase
slightly afterwards. Our data also showed that in women, mBT lin-
early declines over the life span, even at very old ages. Furthermore,
consistently with what previously reported by Maruyama and
colleagues (48) and Maggio and colleagues (49), we found that
in women, SHBG increases at an accelerated rate after the age of
65 years, whereas other authors reported decline or no significant
change with aging in older women (29-31).

Third, the ammonium sulfate precipitation method, which is the
method currently used in BLSA for assessing BT, is more accurate
than methods that estimate BT through formulas that use TT and
SHBG concentrations used in previous studies, including a study in
BLSA (17). By using this direct assessment method, we were able to
better characterize age-related changes occurring in BT levels with
aging, without relying on general assumption about the fraction of
TT that is linked to SHBG. Although the exact explanation is still not
completely understood, a discrepancy between cBT and mBT (ie, cBT
significantly higher than mBT) has been previously described in men
(36) and confirmed by our data in both sexes. Therefore, this discrep-
ancy needs to be taken into consideration when calculating BT rather
than when measuring BT (37). Also, our data demonstrated for the
first time that mBT is a much stronger linear correlate of measure of
chronological aging than ¢cBT. Whether mBT may also be a stronger
correlate of accelerated biological aging remains unclear, and future
researches are needed to determine whether mBT may also have a
better functional, cognitive, and health predictive power than ¢BT in
older adults, with potential implications for clinical translation.

In brief, we have shown that, for both sexes, mBT shows a linear
decline with age over the life span, whereas different shape and rate
of decline are shown by TT. It is known from previous studies that
SHBG plays a key role in modulating the biological activity of the
sex hormones. Therefore, the different shape in life-span trajectories
between TT and mBT is most likely mediated by age-related changes
in SHBG levels. Evidence supports that SHBG levels are strongly
affected by changes in body composition that occur with aging. In
particular, SHBG is inversely related to adiposity and especially vis-
ceral adiposity, and individuals who experience decline in BMI with
aging tend to develop high levels of SHBG (15,26,50-58). Whether
changes in body composition that occur with aging are causes or
the consequence of changes in hormonal levels is not clear at this
time. Interestingly, in men after the age of 70 years, the linear decline
we found for mBT cannot be solely explained by changes in SHBG,
which shows a quadratic increase with age. Analogously, the acceler-
ated decline of TT at very old age cannot be simply justified by the
concurrent accelerated increase in absolute SHBG, but rather are con-
sistent with the idea that SHBG-binding characteristics changes with
aging. Although no in vitro evidence exists, a fascinating hypothesis to
explain these trends may be the idea of age-related changes in SHBG-
binding affinity. Previous literature, in fact, demonstrated that the
proportion of occupied versus unoccupied SHBG-binding sites differ
over different stages of life in men and women. Particularly in men,
the number of unoccupied sites had been demonstrated to increase at
old ages compared with that at middle ages (59). Therefore, in aging
men, despite the absolute increase in SHBG, less SHBG-binding sites
could be occupied by testosterone. Indeed, further investigations are

required to understand whether and how aging may affect SHBG
affinity for testosterone. In fact, if the hypothesis about a possible
effect of aging on SHBG affinity will be confirmed, modulating it
could turn out a powerful and largely unexplored therapeutic tar-
get for future research aimed at preventing some of the burdensome
effects of aging that has been linked to declining testosterone.

Of note, consistently with a number of studies observing a secu-
lar decline in male testosterone levels (22,60-63), we observed that
levels of TT in men included in the present analysis were a bit lower
compared with those presented by Harman and colleagues in BLSA
more than a decade ago (17).

Our study has limitations, which need to be acknowledged. First,
the relatively modest sample size of our sample population may affect
the generalizability of our results. In particular, we acknowledge that
there are relatively few observations for men and women under a
certain age (50 or 60 years). Because of the small number of observa-
tions in the younger age group, estimates are not as precise as those
at older ages as witnessed by wider confidence intervals. Second,
we acknowledge that time trend analyses cannot fully separate the
effects of chronological age, period of observation, and birth cohort
on longitudinal trajectories, namely the age-period—cohort identifi-
cation problem (64). However, we addressed this issue by running
additional sensitivity analyses adjusting for calendar year of the first
visit, and we excluded a bias in our findings due to secular trend or
birth cohort. In addition, due to previous evidence reporting race dif-
ferences in levels of testosterone in men and women, we restricted our
analysis to White men and women. New studies in populations with
a greater representation of other races are required to compare the
age-related trajectories of serum testosterone concentrations among
different ethnic groups. Moreover, due to the exploratory and descrip-
tive nature of our analysis, we focused on the crude relationship with
chronological age and we did not investigate potential predictors or
confounders that may affect testosterone levels and age-related tra-
jectories in men and women. Certainly, further studies in larger and
more diverse populations, followed for a longer time, are necessary
to confirm and validate our findings and to understand how different
behavioral and environmental factors may affect age-related trajecto-
ries of testosterone and SHBG and their mutual interactions.

In conclusion, although further studies in independent longitudinal
samples are required to validate and provide generalizability to our
results and to fully understand the underlying mechanisms, we found
that ammonium sulfate precipitation—measured bioavailable testoster-
one linearly declines over the life span and even at old ages in both
men and women, representing a strong correlate of chronological aging.
Contrariwise, in men, TT remains quite stable until the age of 70 years
and then declines at older ages, whereas in women, TT progressively
declines in premenopausal years and slightly increases at older ages.
Differences in age-related trajectories between total and bioavailable
testosterone are only partially explained by age-related changes in
SHBG, whose levels increases at accelerated rates in both older men
and women.
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