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Abstract
Background and Aims: Availability of age- and sex-specific reference values for 
sex steroids and sex steroid-binding globulin (SHBG) levels allows for appropri-
ate interpretation of research findings and their clinical applications. We report 
the sex-specific distribution and reference levels of sex steroids, including total 
estradiol, total testosterone and (calculated) free androgen index (cFAI), SHBG 
and other androgens dehydroepiandrosterone (DHEA), dehydroepiandrosterone 
sulphate (DHEAS) and androstenedione across age.
Methods: Using data from 3291 participants from the prospective population-
based Rotterdam Study (2006–2008), we visualised the distribution of sex steroids 
and SHBG levels by calculating and depicting the 5th, 25th, 50th, 75th and 95th 
percentiles per year and per age-year across 5-year age bands to provide reference 
value ranges in men and women. Total estradiol and SHBG were measured using 
automated immunoassay and androgens using liquid chromatography-mass 
spectrometry (LC–MS/MS).
Result: Mean age was 56.8 (range 45.6–79.9) years in men and 56.9 (range 45.7–
79.9) years in women. Amongst men, total estradiol and SHBG showed an increas-
ing trend from 45 years onwards. In women, total estradiol and SHBG showed a 
decreasing trend from 45 years until the age of 60. From 60 years onwards, SHBG 
showed an increasing trend. For total testosterone, a clear declining trend was 
observed amongst men but not women. Other androgens showed a similar de-
creasing trend in both sexes from 45 years onwards.
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1   |   INTRODUCTION

Increasing body of evidence has shown the pivotal role of 
sex steroids and its main binding protein the sex steroid-
binding globulin (SHBG) for overall health outcomes and 
well-being, as well as comorbid conditions.1,2 Sex steroids 
influence, amongst others, tissue and bone mass,3,4 cog-
nitive functioning,5 brain health6–8 and cardiometabolic 
health9 via various pathways. Moreover, besides the im-
pact on somatic disorders and symptoms, prior studies 
have suggested sex steroids may also play an important 
role in mental health and pathophysiology of mental 
disorders.10,11

Despite the wide range of health effects of sex steroids, 
current results regarding the association of sex steroids 
with various outcomes, in particular with cardiometabolic 
outcomes and changes in cardiovascular risk, are not 
conclusive.

Previous studies have suggested age-related variations 
in serum concentrations and health-related effects of sex 
steroids.12–14 The impact of sex steroids is dependent on 
free available steroid concentrations, and therefore, SHBG 
levels are also important to be taken into consideration 
when studying sex steroids. It is known that the interplay 
between sex steroids and SHBG is complex (a simpli-
fied overview of the sex steroidal pathway is provided in 
Figure 1). Failing to take into account such complexities 
might, at least partly, account for the discrepancies in the 
results of studies regarding the associations of sex steroids 
with various outcomes.

The availability of age-specific reference values for 
sex steroids and SHBG levels is crucial to allow for ap-
propriate interpretation of the studies and their clinical 
applications. However, current literature on age-specific 
reference values is scarce15–18 and limited to investigation 
of only one specific hormone or focussing on only one 
sex. Therefore, studies reporting age-specific reference 
values for a broad range of sex steroids and SHBG in a 
wide age range of both men and women are lacking. For 
this purpose, more robust epidemiological data, based on 
large population-based cohort studies, comprehensively 

investigating oestrogens, androgens and SHBG in both 
sexes are required. We, therefore, report the distribution 
and concentrations of sex steroids, including total estra-
diol, total testosterone and (calculated) free androgen 
index (cFAI), SHBG and other androgens dehydroepi-
androsterone (DHEA), dehydroepiandrosterone sulphate 
(DHEAS) and androstenedione across age. Using data 
from the large prospective Rotterdam Study cohort, we 
provide age- and sex-specific reference values for sex ste-
roids and SHBG amongst middle-aged and elderly men 
and women from general population.

2   |   MATERIALS AND METHODS

2.1  |  Study population

This study was embedded within the Rotterdam Study, 
an ongoing prospective, population-based cohort study 
amongst individuals of 55 years and older living in the 
Ommoord district of Rotterdam, the Netherlands. The 
rationale and study design have been described in detail 
elsewhere.19 The baseline examination of the Rotterdam 
Study included 7983 individuals between 1989 and 1993 
(Rotterdam Study-I). Rotterdam Study has been extended 

Discussion and Conclusion: Our study underlines sex-specific trends in sex 
steroids and SHBG levels with ageing. This warrants taking into account sex- and 
age-specific reference values for sex steroids and SHBG when investigating their 
impact on health outcomes to prevent controversial results and allow for their 
appropriate clinical application.
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F I G U R E  1   Simplified overview of the sex steroidal pathway. 
DHEA; dehydroepiandrosterone; DHEAS; dehydroepiandrosterone 
sulphfate; SHBG; sex steroid-binding globulin.
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twice (Rotterdam Study-II: 2000–2001, Rotterdam Study 
III: 2006–2008) to include participants who were 45 years 
or older or who had moved to the study research area. The 
overall response for all three Rotterdam Study cycles at 
baseline was 72.0% (14.926 of 20.744). This study included 
participants from the extended cohort Rotterdam Study 
III-1 (2006–2008). Data for any sex steroids and SHBG were 
available in 3449 participants. We excluded 115 women 
and three men with current use of sex-steroid medication, 
defined as use before 90 days of blood collection. Next, we 
also excluded 43 participants aged >80 years. This resulted 
in 3291 participants with available sex steroids and SHBG 
measurements. (Figure 2).

2.2  |  Assessment of sex 
steroids and SHBG

All blood samples were drawn in the morning (≤11 am) 
and were fasting. Sex steroids and SHBG were measured 
using automated immunoassay or liquid chromatography-
mass spectrometry (LC–MS/MS).

The same method (per measure) was used throughout 
the entire Rotterdam Study to measure sex steroids and 
SHBG. The choice of the method was based on sensitivity, 
specifically in the lower ranges, given also the epidemi-
ologic approach in this study. Total estradiol and SHBG 
were measured using automated immunoassay and an-
drogens using liquid chromatography-mass spectrometry. 
Total estradiol levels were measured with COBAS 8000 
Modular Analyser (Roche Diagnostics GmbH), serum 
levels of total testosterone with liquid chromatography–
tandem mass spectrometry (LC–MS/MS), and sex steroid-
binding globulin (SHBG) was measured as with the 
Immulite platform (Diagnostics Products Corporation 
Breda). The corresponding interassay coefficients of vari-
ations for total estradiol, total testosterone and SHBG 
were <7%, <5% and <5%. The minimum detection limit 

for estradiol was 18.35 pmol/L. Undetectable estradiol was 
scored as 18.35. The (calculated) free androgen index was 
calculated in women as (total testosterone/SHBG)*100.20 
DHEA, DHEAS and androstenedione were measured on 
a Waters XEVO-TQ-S system (Waters) using the CHS™ 
MSMS Steroids Kit (Perkin Elmer). The interassay coef-
ficients of variation of DHEA, DHEAS and androstenedi-
one were <6.5%. Serum was immediately frozen (within 
2 h) at −150°C and afterwards stored at −80°C.

2.3  |  Other measurements (provided as 
Appendix S1)

An interview was performed to obtain information on 
current health status, medical history, medication use 
(including hormones), menopausal status and smoking. 
Blood pressure was measured in the sitting position on the 
right upper arm with a random-zero sphygmomanometer. 
The retrospective data on self-reported use of antihyper-
tensive were collected by a questionnaire during the home 
interview. Smoking status was assessed by asking partici-
pants whether they were current smokers of cigarettes, 
cigars or pipe. Postmenopausal women were defined as 
women who reported the absence of menstrual periods for 
12 months. The retrospective data on self-reported use of 
antihypertensive were collected by a questionnaire during 
the home interview. Smoking status was assessed asking 
participants whether they were current smokers of ciga-
rettes, cigars or pipe. Body mass index was calculated as 
weight (kg) divided by height squared (m2). Waist circum-
ference was measured in standing position, without heavy 
outer garments, midway between the lower rib and iliac 
crest. Waist–hip ratio was calculated. All biochemical pa-
rameters were assessed in fasting serum. Total cholesterol, 
high-density lipoprotein cholesterol (HDL) and C-reactive 
protein were measured on the COBAS 8000 Modular 
Analyser (Roche Diagnostics GmbH). The corresponding 

F I G U R E  2   Flow chart of the study 
population. N, number.

All participants of the Rotterdam Study III-1 

(N=3932)
Excluded participants with missing data for 

one of the sex steroids and/or sex steroid-

binding globulin (N=483)

Eligible participants with data for sex steroids or 

sex steroid-binding globulin (N=3449)

Excluded participants who were using sex 

steroids within 90 days before the date of 

blood collection (N=115)

Excluded participants aged > 80 years

(N=43)

Participants eligible for this study (N=3291) 
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interassay coefficients of variations are the following: li-
pids <2.1% and C-reactive protein <16.9%. Prevalent CHD 
was defined as a history of myocardial infarction or coro-
nary revascularization including PCI or CABG. Diabetes 
mellitus type 2 diagnosis was considered present if a par-
ticipant used glucose-lowering drugs, in case a nonfasting 
random serum glucose level was found to be ≥11 mmol/L 
or use of antidiabetic medication.

2.4  |  Statistical analysis

Characteristics of women and men were presented as 
mean (standard deviation; SD) or median (25th -75th 
quartile) for continuous variables and number (percent-
age) for categorical variables.

All analyses were performed separately for men and 
women. First, we visualised the distribution of sex ste-
roids and SHBG across age by calculating and depicting 
the 25th, 50th and 75th percentiles per age-year. Smoothed 
percentile lines were plotted to visualise the data. We also 
calculated the 5th, 25th, 50th, 50th and 95th percentiles 
for 5-year age bands to provide reference value ranges. The 
following age categories were constructed: 45–49 years, 
50–54 years, 55–59 years, 60–64 years, 65–69 years, 70–
74 years and 75–79 years.

As a sensitivity analysis, we further assessed the trend 
of sex steroids and SHBG across age amongst overweight 
and nonoverweight participants separately and after re-
stricting the population to postmenopausal women only.

Statistical analysis was performed with IBM SPSS sta-
tistics software version 24 and R version 3.4.4. R package 
‘ggplot2’ was used to construct the plots. Generalised ad-
ditive mode smoothing (GAM) method was used to visu-
alise the data using smoothed lines.

3   |   RESULTS

3.1  |  Characteristics of the study 
population

Table 1 depicts the characteristics of the study population. 
The mean age in men was 56.8 (range 45.6–79.9 years) and 
in women 56.9 (range 45.7–79.9 years).

Figure 3 depicts the relationship between age and con-
centrations of total estradiol, total testosterone and SHBG. 
Figure S1 depicts the relationship between age and levels 
of DHEA, DHEAS and androstenedione. Age- and sex-
specific percentile values for sex steroids and SHBG are 
provided in Table 2.

3.2  |  Total estradiol

Amongst men, total estradiol levels increased from 
the age of 45 years onwards. A steady increase was 
observed until the age of 75 years and a decline in the 
eldest age group 75–79 years. In women, total estradiol 
levels declined starting from 45 years until approxi-
mately 60 years. Due to the lower assay detection limit 
of 18.35 pmol/L, further decline was not detectable in 
this study.

3.3  |  Total testosterone and cFAI

In men, both total testosterone and cFAI declined with 
increasing age. Whilst a more prominent decline was 
observed after the age of approximately 65 years for total 
testosterone, cFAI showed a steady constant decline from 
45 years onwards.

Amongst women, after an initial decrease, a slight in-
crease was observed for total testosterone after 60 years. 
However, cFAI in women showed first a slight increase 
from the age of 45 to approximately 65 years, reflecting the 
trend of SHBG with increasing age. Afterwards, a declin-
ing trend was observed.

3.4  |  SHBG

Serum SHBG levels decreased from the age of 45 years 
onwards in men. Amongst women, a U-shaped trend 
was observed. SHBG levels decreased until the age of 60, 
followed by a steady and stronger increase until older 
ages.

3.5  |  DHEA, 
DHEAS and androstenedione

In both sexes, DHEA, DHEAS and androstene-
dione declined with a constant slope from 45 years 
onwards.

Whilst in men, the slope of decline for DHEA slowed 
down after the age of 60 years; in women, this occurred 
approximately after the age of 70 years. However, the slope 
of decline for DHEAS in men occurred approximately at 
the age of 70 years, Whilst in women, this occurred around 
the age of 65 years.

The pattern of decline for androstenedione was similar 
amongst men and women; the decline slowed down after 
the age of 60 years.
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3.6  |  Sensitivity analysis

After stratifying for overweight and nonoverweight par-
ticipants, similar trend of changes was observed in the two 
groups in both men and women. (Figure S2) However, in 
both sexes, SHBG levels were lower amongst overweight 
individuals. Amongst men, total testosterone levels were 
also lower in overweight individuals. In women, higher 
cFAI levels amongst overweight individuals were ob-
served across all age categories.

After restricting the population to postmenopausal 
women, a similar trend, as in the total population of 
women, was observed for total estradiol and SHBG.
(Figure  S3) A different pattern was observed for total 
testosterone, and other androgens (DHEA, DHEAS and 

androstenedione), showing an increasing trend from 
45 years onwards to approximately 55 years in postmeno-
pausal women. However, after the age of 55 years, similar 
decreasing trends were observed.

4   |   DISCUSSION

In this large population-based cohort study, we describe 
the distribution of sex steroids and SHBG and provide age- 
and sex-specific reference values for middle-aged and el-
derly men and women from general population. Our study 
underlines sex-specific trends in the levels of sex steroids 
and SHBG with ageing and shows reference ranges differ 
by age category.

Men (N = 1490)
Women 
(N = 1801)

Age, years 56.75 (6.18) 56.87 (6.09)

Body mass index, kg/m2 27.88 (3.90) 27.68 (5.09)

Waist–hip ratio 0.93 (0.07) 0.83 (0.07)

Current smoking, N (%) 426 (31.2) 401 (23.1)

Diastolic blood pressure, mmHg 83.38 (10.67) 82.09 (11.05)

Systolic blood pressure, mmHg 135.44 (17.76) 130.20 (19.37)

Antihypertensive therapy, N (%) 420 (28.5) 447 (25.0)

Total cholesterol, mg/dl 5.43 (1.02) 5.76 (1.06)

High-density lipoprotein cholesterol, 
mmol/L

1.24 (0.35) 1.58 (0.44)

Lipid lowering medication, N (%) 383 (25.9) 357 (19.9)

C-reactive protein, mg/L 1.10 [0.50, 2.50] 1.30 [0.60, 3.00]

Prevalent diabetes, N (%) 194 (13.0) 131 (7.3)

Prevalent coronary heart disease, N (%) 100 (6.8) 24 (1.3)

Sex steroids

Total estradiol, pmol/L 94.07 [73.78, 118.60] 30.96 [18.35, 66.54]

Total testosterone, nmol/L 16.85 [13.38, 21.28] 0.79 [0.57, 1.08]

Calculated free androgen index 0.42 [0.35, 0.50] 0.01 [0.01, 0.02]

Sex steroid-binding globulin, nmol/L 40.37 [30.83, 50.92] 56.76 [40.88, 78.32]

Dehydroepiandrosterone, nmol/L 13.10 [8.37, 19.20] 13.36 [8.68, 19.90]

Dehydroepiandrosterone sulphate, 
nmol/L

3619.85 [2352.41, 
5082.61]

2316.89 [1448.54, 
3454.40]

Androstenedione, nmol/L 3.32 [2.60, 4.40] 2.65 [1.92, 3.70]

Female-specific variables

Age at menopause, years NA 48.11 (6.30)

Time since menopause, years NA 10.53 (7.76)

Natural menopause, N (%) NA 1028 (75.9)

Note: Values are reported as number (percentage) for categorical variables and mean (SD) or median 
[25th–75th quartile] for continuous variables.
Abbreviations: N; number, NA; not applicable.

T A B L E  1   Characteristics of the study 
population
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4.1  |  Total estradiol

We observed a sex-specific trend for total estradiol lev-
els with increasing age. Whilst estradiol levels declined 
in women with ageing, we observed an opposite trend in 

men. Although the age-related decline of total estradiol 
in women is known to be related to the perimenopausal 
period, the underlying mechanisms for the observed age-
related increase in men remain unknown. Nevertheless, we 
speculate that these changes may reflect, partly, age-related 

F I G U R E  3   Levels of total estradiol, 
total testosterone, cFAI and SHBG across 
age. Smoothed percentile plots of total 
estradiol, total testosterone, cFAI, and 
SHBG for each age-year in 1490 men (left) 
and 1801 women (right). The median is 
a solid line, 25th and 75th percentile are 
depicted as dashed lines. cFAI, calculated 
free androgen index; SHBG, sex steroid-
binding globulin; TE, total estradiol; TT, 
total testosterone.
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changes in body weight and/or increase in comorbid condi-
tions. A prior study similarly reported an increasing trend 
of total estradiol levels in middle-aged men.21

4.2  |  SHBG

Evident sex differences in the trend of SHBG levels with 
ageing were observed. Whilst SHBG levels increased from 
the age of 45 years onwards amongst men, a U-shaped 
trend was observed amongst women. However, the lowest 
and highest reference ranges were different for age catego-
ries in both men and women. Importantly, the U-shaped 
trend in women was also reflected in the reference ranges. 
A previous study has also showed a similar U-shaped 
trend for SHBG amongst women.12 Another study showed 
similarly a decreasing trend from SHBG during the meno-
pausal transition.22

Whilst the decrease of SHBG in women after the age 
of 45 years mirrors the parallel decrease of estradiol, the 
observed increase from the age of 60 years onwards mer-
its further investigations. Similarly, the underlying mech-
anisms for the observed trend in men also remain to be 
established. Previous studies have suggested estradiol 
levels may increase and androgens may decrease SHBG 
levels.23,24 However, the exact role of sex steroids and their 
interplay with SHBG, which is known to be complex for 
the regulation of SHBG levels and may be bidirectional, 
remains also to be elucidated.

4.3  |  Total testosterone and cFAI

In line with previous reports, amongst Danish,25 
European,26 Australian13 and American27 population, 
we observed a decrease in total testosterone levels with 
ageing in men. Although it was previously suggested that 
testosterone levels decrease in women from adolescence 
until menopause,13 we observed increasing levels with 
ageing from 60 years onwards similar to other studies.13,14

We observed similar decreasing trend for total testoster-
one and cFAI amongst men. However, total testosterone 
and cFAI showed different patterns with ageing amongst 
women. This could be a reflection of the differences in the 
trend of SHBG with increasing age in men and women (con-
stant increasing trend in men vs. U-shaped trend in women).

4.4  |  DHEA, 
DHEAS and androstenedione

Our study showed a declining trend for DHEA, DHEAS 
and androstenedione after the age of 45 years, which (G
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is consistent with previous studies in men28 and in 
women.14 The approximate age at which the slope of 
the trend changed was similar in both men and women 
for androstenedione, but differed by sex for DHEA and 
DHEAS.

An increasing trend for testosterone and other andro-
gens was observed amongst the younger postmenopausal 
women aged 45 until 55 years, which is the average age of 
5 years since menopause.

We speculate that this could be explained by the late 
perimenopausal and early menopausal androgen produc-
tion in the ovaries in response to stimulation by gonad-
otropins (luteinizing hormone and follicle-stimulating 
hormone) produced in the pituitary, which disappears 
later in the menopause.29

4.5  |  Age-specific reference ranges

Our results show that normal reference ranges (i.e., 
P5-P95 or P25-P75) are inconsistent for sex steroids 
and SHB across different age categories in both gen-
ders. This further highlights the clinical importance 
of taking into account age-related changes. Our find-
ings also, at least partly, explain the inconsistencies in 
proposed reference values by various studies.30–32 The 
age-specific reference values (for women, both pre- and 
postmenopausal) could also, in part, be responsible for 
discrepancies in the reported associations between sex 
steroids and SHBG with health outcomes in various 
studies.9,33–36 Our findings warrant both clinicians and 
researchers to account for age-related changes in sex 
steroids when diagnosing or investigating hypo- and 
hyperandrogenism. Consideration of age-specific refer-
ence values for sex steroids and SHBG levels will allow 
for appropriate interpretation of the studies and their 
clinical applications.

4.6  |  Strength and limitations

The major strengths of this study include the large 
community-dwelling study sample of men and women 
from a prospective cohort study. Moreover, a broad range 
of sex steroids and SHBG was simultaneously available 
in both women and men. Finally, total testosterone was 
measured using the golden standard method. Limitations 
of this study include the cross-sectional design that does 
not allow for trajectories of longitudinal changes within 
the same individuals. In this study, we used only sin-
gle sex steroid measurements, whilst sex steroids levels 
may fluctuate due to diurnal variation. However, in this 
study, blood was drawn in the morning in all participants 

to minimise influence of diurnal rhythm. Moreover, at 
older ages and in postmenopausal women, sex steroids 
levels are more stable over time. Finally, the immunoas-
say to measure estradiol had a minimum detection limit 
of 18.35 pmol/L. We did not exclude participants with co-
morbid conditions, including CHD, diabetes and obesity, 
whilst previous studies have suggested these conditions 
are associated with sex steroids and SHBG. Additionally, 
no separate subgroup analysis was performed for partici-
pants with endocrine disorders. However, this was not the 
aim of this study as we aimed to provide reference val-
ues for a general population, which can be used for future 
clinical purposes and settings. The use of different labo-
ratory assays may lead to variation in measurements of 
sex steroids and SHBG values, and reference ranges may 
vary amongst different laboratories. As such, this should 
be taken into account when extrapolating the data for use 
of measurements performed by other assays than those 
used in this study. Although this may affect the absolute 
sex steroids or SHBG levels, it does not affect observed 
age- and sex-specific trends. Additionally, the majority of 
the Rotterdam Study participants were of Euroancestry. 
Therefore, ethnicity-specific reference values were not 
available.

In our study, serum albumin levels were not available. 
As sex steroids are partly bound to albumin, future stud-
ies should also investigate age-specific reference values for 
serum albumin levels.

5   |   CONCLUSIONS

In this large population-based cohort study, we describe 
the distribution of sex steroids and SHBG and provide age- 
and sex-specific reference values for middle-aged and el-
derly men and women from general population. Our study 
underlines sex-specific trends in the levels of sex steroids 
and SHBG with ageing, which was also reflected in the 
reference ranges across different age categories. This war-
rants taking into account sex- and age-specific reference 
values for sex steroids and SHBG when investigating their 
impact on health outcomes to prevent controversial re-
sults. Consideration of age-specific reference values (for 
women both pre- and postmenopausal) for sex steroids 
and SHBG levels will allow for appropriate interpreta-
tion of the studies and their clinical applications. Future 
studies assessing longitudinal within-person changes are 
warranted.
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