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Abstract

Objective: Sex hormone-binding globulin (SHBG) and androgens have been associated 
with mortality in women and men, but controversy still exists. Our objective was to 
investigate associations of SHBG and androgens with all-cause and cause-specific 
mortality in men and women.
Design: 1006 men and 709 peri- and postmenopausal women (age range: 45–82 years) 
from the German population-based KORA F4 cohort study were followed-up for a 
median of 8.7 years.
Methods: SHBG was measured with an immunoassay, total testosterone (TT) and 
dihydrotestosterone (DHT) with mass-spectrometry in serum samples and we calculated 
free testosterone (cFT). To assess associations between SHBG and androgen levels and 
mortality, we calculated hazard ratios (HRs) with 95% CIs using Cox proportional-hazards 
models.
Results: In the cohort, 128 men (12.7%) and 70 women (9.9%) died. In women, we 
observed positive associations of SHBG with all-cause (HR: 1.54, 95% CI: 1.16–2.04) and 
with other disease-related mortality (HR: 1.86, 95% CI: 1.08–3.20) and for DHT with all-
cause mortality (HR: 1.32, 95% CI: 1.00–1.73). In men, we found a positive association of 
SHBG (HR: 1.24 95% CI: 1.00–1.54) and inverse associations of TT (HR: 0.87, 95%  
CI: 0.77–0.97) and cFT (HR: 0.84, 95% CI: 0.73–0.97) with all-cause mortality. No other 
associations were found for cause-specific mortality.
Conclusions: Higher SHBG levels were associated with increased risk of all-cause  
mortality in men and women. Lower TT and cFT levels in men and higher DHT levels in 
women were associated with increased risk of all-cause mortality. Future, well-powered 
population-based studies should further investigate cause-specific mortality risk.
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Introduction

SHBG and sex hormones (e.g. androgens) have been 
shown to have deleterious or protective health effects, in 
particular in advanced age, and may account for some of 
the sex differences observed in cardiometabolic diseases 
and cancers (1, 2, 3). In women with hyperandrogenism, 
an increased prevalence of metabolic risk factors and risk 
of type 2 diabetes (T2D) and cardiovascular disease (CVD) 
has been observed (4, 5, 6). In men, high testosterone 
levels are associated with a protective CVD risk profile and 
lower risk for T2D and colorectal cancer (6, 7, 8). Therefore, 
changes in androgen levels in middle aged and elderly 
persons seem to play an important role in modifying 
cardiometabolic risk and the occurrence of other chronic 
diseases. Consequently, these changes may affect 
mortality and there may be divergent effects in women 
and men, since men and women have markedly different 
androgen levels with different sex-specific functions (9, 
10). Sex hormone binding globulin (SHBG) is a binding 
protein with high binding affinity for dihydrotestosterone 
(DHT), testosterone and estradiol (E2), and SHBG 
regulates their biological availability in the circulation 
(11). SHBG has been shown to be positively associated 
with all-cause and CVD mortality in elderly men (12). 
However, most studies have shown no associations for 
middle-aged men as well as for pre- and postmenopausal 
women (13, 14, 15, 16, 17). Controversial results on the 
association of androgens with mortality have also been 
reported: several systematic reviews and meta-analyses 
provide consistent evidence for an inverse association of 
total testosterone (TT) and calculated free testosterone 
(cFT) levels with all-cause mortality in men, but results 
are not so conclusive for CVD mortality (18, 19, 20, 21, 
22, 23). In pre- and postmenopausal women, results are 
inconclusive: some studies found no associations of TT or 
cFT levels with all-cause and CVD mortality (16, 17, 24), 
while others reported inverse (25) or positive associations 
(26) with all-cause and CVD mortality. DHT is a bioactive 
metabolite of TT and possesses a strong binding affinity 
for SHBG, that is even stronger than the binding affinity 
of testosterone for SHBG (27). In men, associations 
of high DHT levels with lower CVD mortality (28) or 
curvilinear associations with all-cause mortality (28, 29) 
have been reported, while other studies could not find 
associations of DHT with mortality (30, 31). In women, 
we could not identify studies addressing the association of 
DHT with mortality. Overall, the association of SHBG and 
androgens with mortality still appears to be inconclusive. 
Therefore, our objective was to investigate prospective 

association of SHBG and androgens with all-cause as well 
as cause- specific mortality, adjusting for cardiometabolic 
and lifestyle factors among men and women in a large 
population-based study from Germany. Since SHBG is 
the major carrier protein for testosterone and DHT in the 
circulation, we also investigated the interactions of SHBG 
with TT as well as DHT levels regarding mortality.

Materials and methods

Study design, setting and participants

The Cooperative Health Research in the Region of Augsburg 
(KORA) F4 (2006–2008) is a follow-up examination of the 
population-representative KORA S4 study (1999–2001). 
Participants were community dwelling individuals, 
randomly selected from population registries in the city of 
Augsburg (Germany) and two surrounding counties. The 
study design has been described in detail previously (32). 
All participants underwent standard physical and medical 
examinations at KORA F4, which are described in detail 
elsewhere (33). The studies were carried out in accordance 
with the Declaration of Helsinki, including written informed 
consent from all participants, and were approved by the 
ethics committee of the Bavarian Chamber of Physicians 
(Munich, Germany). The KORA F4 study included 3080 
participants (1486 men and 1594 women) aged 32–82 years. 
We restricted our analyses to persons aged ≥45 years, because 
of only two recorded deaths among persons <45 years. 
Additionally, we excluded participants with missing values 
for SHBG/androgen measurements, missing values in at 
least one of the cofounding covariates, persons treated with 
exogenous sexual hormones (anti-estrogens, androgens, 
anti-androgens, enzyme-inhibitors, gonadotropin-releasing 
hormone analogs and anabolic steroids). Further, we 
excluded women with current pregnancy, women with 
self-reported bilateral oophorectomy or women with 
hysterectomy (if information on oophorectomy was 
missing) and premenopausal women. The exclusions are 
presented in a flow diagram in Supplementary Fig. 1 (see 
section on supplementary materials and methods given 
at the end of this article). The final sample for the analysis 
consisted of 1006 male and 709 female participants aged 45 
to 82 years.

Measurement of biomarkers

At baseline, serum samples of the KORA F4 participants 
were collected and stored at −80°C until analysis of 
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SHBG and androgens. Measurements of SHBG in serum 
were performed using the ARCHITECT SHBG assay, a 
chemiluminescent microparticle immunoassay (CMIA) 
for absolute quantification of SHBG (Abbott Diagnostics) 
(Supplementary Materials and methods 1). E2, TT and 
DHT concentrations were quantified in serum with the 
AbsoluteIDQ™ Stero17 Kit (BIOCRATES Life Sciences 
AG, Innsbruck, Austria) using high performance 
liquid chromatography-tandem mass spectrometer  
(HPLC-MS/MS) (Supplementary Materials and methods 2).  
The LC-MS assays produced two batches of E2, DHT 
and TT measurements and therefore cross-calibration 
was performed for E2, TT and DHT measurements 
(Supplementary Materials and methods 3). FT was 
calculated (cFT) using the established formula by 
Vermeulen et  al. (34). The calculation depends on TT, 
SHBG and albumin concentrations and the use of the 
equilibrium dissociation constants for the binding of 
SHBG and albumin with testosterone (35).

Measurement of outcomes

All participants of the KORA F4 study were followed-up 
for all-cause and cause-specific (CVD-, cancer- and other 
disease-related) mortality using death certificates, coded 
according to the International Classification of Diseases 
(originally ICD-9, translated to ICD-10). CVD-related 
mortality consists of diseases of the circulatory system 
(ICD-9 codes 390 – 459, ICD-10 codes I00–I99) and sudden 
death with unknown cause (ICD-9 code 798, ICD-10 code 
R99). Cancer-related mortality consists of neoplasms 
(ICD-9 codes 140–208, ICD-10 codes C00–C95). Other 
disease-related mortality consists of the remaining causes 
of death, for example, pneumonia (ICD-9 code 486,  
ICD-10 codes J18.8, J18.9), chronic bronchitis (ICD-9 code 
491, ICD-10 Codes J41, J42, J44) and dementias (ICD-9 
code 290, ICD-10 Codes F03.90, F05, F01.50, F01.51). 
Follow-up information on mortality was available until 
November 2016 (median follow-up time: 8.7 years, 
interquartile range (IQR): 8.2–9.1 years).

Measurement of risk factors

To control for confounding, a large panel of traditional 
and novel cardiovascular risk factors was assessed in 
the KORA F4 study. We used age in years at the baseline 
examination, systolic blood pressure in mmHg, LDL 
cholesterol concentrations in mmol/L, use of lipid 
lowering medication (no/yes), use of antihypertensive 
medication (no/yes) and smoking (current/former/never). 

Further, we assessed BMI (kg/m2), alcohol consumption 
(categorical) with different cutoffs for men (1, no alcohol; 
2,  alcohol consumption > 0 to < 40 g/day; 3,  alcohol 
consumption ≥ 40 g/day) and women (1,  no alcohol; 
2,  alcohol consumption > 0 to < 20 g/day; 3,  alcohol 
consumption ≥ 20 g/day), physical activity (inactive/active) 
and education in years (36). Further, we used estimated 
glomerular filtration rate (eGFR) which was calculated from 
serum creatinine (isotope dilution mass spectrometry-
calibrated) with the ‘Chronic Kidney Disease Epidemiology 
Collaboration’ (CKD-EPI 2009) equation (37). High 
sensitivity C-reactive protein (CRP) levels were quantified 
in EDTA plasma with the CardioPhase hsCRP assay by 
means of particle-enhanced immunonephelometry using 
the BN II Systems from Siemens Healthcare Diagnostics. 
Self-reported or clinically diagnosed prevalent myocardial 
infarction (no/yes), prevalent stroke (no/yes) and prevalent 
cancer (no/yes) were also ascertained. To control for 
confounding by menopausal status, we characterized 
women as perimenopausal or postmenopausal. Women 
who reported a menstrual cycle within the last 12 months 
or women with a hysterectomy and <60 years of age 
were classified as perimenopausal. Women who reported 
having no menstrual cycle within the last 12 months or 
with a hysterectomy and ≥60 years of age were classified as 
postmenopausal.

Statistical analysis

We reported categorical data as percentages and continuous 
data as means (s.d.), if they were normally distributed, or 
medians (IQR), if they were non-normally distributed. For 
analyzing differences between outcome groups (alive and 
dead), we used Wilcoxon rank-sum test for continuous 
variables and Chi-squared test for categorical variables. 
Cox proportional-hazards models were used to assess 
associations between SHBG/androgen levels and all-cause 
as well as CVD-, cancer- and other disease-related mortality. 
The highly skewed SHBG and androgen concentrations 
were log transformed to approximate normal distribution. 
Subsequently, we standardized the SHBG and androgen 
concentrations by dividing the log-transformed values 
by their sex-specific s.d. We calculated hazard ratios (HR) 
with 95% CIs for all-cause and cause-specific mortality for 
a 1 s.d. increase on the log scale of the SHBG/androgen 
levels, adjusted for age and batch (model 1). For model 2 
(multivariable adjusted model), we additionally adjusted 
for baseline CVD-risk and lifestyle factors: systolic blood 
pressure, LDL cholesterol concentrations, use of lipid 
lowering medication, use of antihypertensive medication, 
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smoking and prevalent diabetes, BMI, categories of alcohol 
consumption, physical activity, education years, eGFR, 
CRP concentrations, prevalent myocardial infarction, 
prevalent stroke, prevalent cancer and menopausal status 
(perimenopausal/postmenopausal) in women. Since SHBG 
is the major carrier of testosterone and E2 in circulation 
(11), models assessing SHBG as exposure were also adjusted 
for TT and E2 in model 2. Due to their strong binding 
affinity to SHBG (11, 27), DHT and TT were also adjusted 
for SHBG levels. Additionally, we tested for interactions 
between SHBG and TT as well as between SHBG and DHT 
by inclusion of respective interaction terms in the Cox 
proportional-hazards models (model  3). We also tested 
interactions of the hormones with age (model 4). As a 
sensitivity analysis, we excluded deaths that occurred during 
the first 12 months to account for reverse causation due 
to serious morbidity. Additionally, we presented the dose-
response relationships of the hormones with mortality by 
using penalized smoothing splines (38). For this, we created 
plots with the splines of the SHBG/androgen concentrations 
against the hazard ratio with a 95% CI to check for possible 
non-linear forms of the associations (https://cran.r-project.
org/package=Greg). With a chi-squared test, we also 
checked quantitatively whether a nonlinear association 
was a significantly better fit than a linear association (38). 
The proportional hazards assumption was confirmed with 
Schoenfeld’s tests for each single hormone and globally 
for the models (39). Test results with P-value <0.05 were 
considered statistically significant. We performed statistical 
analyses using R 3.5.1 (https://www.r-project.org/).

Results

Baseline characteristics of the study sample (1715 
participants) are shown in Table 1. In men, out of the 

1006 participants, 128 (12.7%) participants died (46.9% 
CVD-related, 26.6% cancer-related and 26.6% other 
disease-related deaths) over the median follow-up period 
of 8.6 years (IQR: 8.2–9.1 years). In women, out of the 
709 participants, 70 (9.9%) participants died (35.7% 
CVD-related, 37.1% cancer-related and 27.1% other 
disease-related deaths) over the median follow-up period 
of 8.7 years (IQR: 8.2–9.2 years). We observed substantial 
differences in the distributions and the range of SHBG and 
androgen levels between men and women (Supplementary 
Figs 2, 3, 4, 5 and 6), which supports the decision for 
a sex-specific analysis. In men, in the multivariable 
adjusted models (model 2), SHBG levels (HR per 1 s.d. 
log increase: 1.24, 95% CI: 1.00–1.54) were significantly 
positively associated with all-cause mortality (Table 2). 
TT (HR: 0.87, 95% CI: 0.77–0.98) and cFT (HR: 0.85, CI: 
0.73–0.97) levels were significantly inversely associated 
with all-cause mortality. No association was found 
between DHT levels and all-cause mortality. We could not 
find interactions of SHBG with TT or DHT (model 3) and 
interactions of SHBG or the androgens with age regarding 
all-cause mortality in men (model 4). HRs tended to be 
similar to those of all-cause mortality for all cause-specific 
mortality outcomes. However, we could not observe any 
significant associations possibly due to smaller number of 
cases. After exclusion of persons, who died within the first 
12 months of observation, the associations of SHBG, TT 
and cFT with all-cause mortality persisted (Supplementary 
Table 2). Figure 1 shows the penalized splines of the SHBG 
and androgens concentrations vs the hazard ratio with 
95% CIs regarding all-cause mortality in men. For SHBG 
and androgens, we can see graphically that a linear form is 
the adequate functional form. Chi-square tests confirmed 
this: a nonlinear form of these concentrations was not 
significantly better than a linear form, justifying our  
main analysis.

Table 2 Multivariable adjusteda associations of hormone levels with all-cause and cause-specific mortality: men (n = 1006).

All-cause mortality (events = 128) SHBG TT cFT DHT
1.24 (1.00, 1.54) 0.87 (0.77, 0.98) 0.85 (0.73, 0.97) 0.89 (0.77, 1.03)

CVD – mortality (events = 60) SHBG TT cFT DHT
1.23 (0.88, 1.72) 0.90 (0.70, 1.17) 0.85 (0.65, 1.12) 0.93 (0.70, 1.24)

Cancer – mortality (events = 34) SHBG TT cFT DHT
1.29 (0.84, 1.97) 0.85 (0.69, 1.04) 0.84 (0.67, 1.06) 0.90 (0.71, 1.13)

Other disease – mortality (events = 34) SHBG TT cFT DHT
1.32 (0.89, 1.96) 0.87 (0.71, 1.05) 0.84 (0.65, 1.09) 0.88 (0.67, 1.15)

Data are reported as hazard ratios (95% CI) per 1 logarithmic s.d. increase with P < 0.05 marked as bold; n, sample size.
aAdjusted for age, batch, systolic blood pressure, LDL cholesterol, use of lipid lowering medication, smoking status, use of antihypertensive medication, 
prevalent diabetes, BMI, education years, physical activity, alcohol consumption, estimated glomerular filtration rate, high-sensitivity C-reactive protein 
concentration, prevalent cancer, prevalent myocardial infarction and prevalent stroke. Additionally, SHBG is adjusted for TT and E2; DHT and TT are 
adjusted for SHBG.
cFT, calculated free testosterone; DHT, dihydrotestosterone; E2, estradiol; SHBG, sex hormone-binding globulin; TT, total testosterone.
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In women, in the multivariable adjusted models 
(model 2), SHBG (HR: 1.54, 95% CI: 1.16–2.04) and 
DHT (HR: 1.32, CI: 1.00–1.73) levels were significantly 
positively associated with all-cause mortality (Table 3). In 
cause-specific mortality analyses, SHBG was also positively 
associated with other disease-related mortality (HR: 1.86, 
95% CI: 1.08–3.20). Androgen levels were not associated 
with cause-specific mortality. After exclusion of persons, 
who died within the first 12 months of observation, 
the association of SHBG with mortality persisted, but 
the association between DHT and mortality became 
insignificant (HR: 1.25, 95% CI: 0.96–1.64) (Supplementary 
Table 2). Figure 2 shows the spline results for women. For 
SHBG and DHT levels, a more flexible functional form 
can be observed graphically, but a nonlinear form was 
not significantly better than a linear form according to 
chi-square tests, justifying our main analysis. A positive 
interaction of SHBG levels with TT levels (P = 0.027, 
model 3) and a positive interaction of SHBG levels with 
age (P = 0.006, model 4) regarding all-cause mortality 
was found in women. This means that, for increasing 
levels of TT, the association of SHBG levels with all-cause 
mortality also increased. Additionally, for increasing age, 
the association of SHBG levels with all-cause mortality 
also increased. Analysis stratified for tertiles of TT showed 

that SHBG levels were only significantly positively 
associated with all-cause mortality in the highest tertile of 
TT. Analysis stratified for 10-year age groups showed that 
SHBG levels were only significantly positively associated 
with all-cause mortality in the age group of 75–82 years. 
Using Schoenfeld’s tests, we found no violation of the 
proportional hazards assumption for SHBG and androgen 
levels. Global tests for the overall models also showed no 
violation of the proportional hazards assumption.

Discussion

In this prospective cohort study of middle-aged and 
elderly men and women from the general population in 
Germany, SHBG was positively associated with all-cause 
mortality in both men and women, while androgens were 
differently associated with all-cause mortality in men 
and women. Increasing TT and cFT levels were associated 
with decreased risk of all-cause mortality in men, while 
increasing DHT levels were associated with increased risk 
of all-cause mortality in women.

Additionally, we observed positive interactions 
of SHBG with TT and SHBG with age in women for  
all-cause mortality.
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Figure 1
Splines of SHBG and androgen concentrations: all-cause mortality in men. SHBG, sex hormone-binding globulin; TT, total testosterone; cFT, calculated 
free testosterone; DHT, dihydrotestoterone; E2, Estradiol. Multivariable adjusteda Cox proportional hazards models exploring hormone levels and 
associations with all-cause mortality. SHBG and androgens levels are entered into the model as penalized smoothing spline. White vertical lines 
represent 2.5%, 25%, 50%, 75% and 97.5% quantiles of SHBG/androgen levels. The blue shaded area denotes the 95% CI of the spline estimation. The 
grey shaded area represents the density of the population along the values of the SHBG and androgen concentrations. aAdjusted for age, batch, systolic 
blood pressure, LDL cholesterol, use of lipid lowering medication, smoking status, use of antihypertensive medication, prevalent diabetes, body mass 
index, education years, physical activity, alcohol consumption, estimated glomerular filtration rate, high-sensitivity C-reactive protein concentration, 
prevalent cancer, prevalent myocardial infarction, prevalent stroke. Additionally, SHBG is adjusted for TT and E2; TT and DHT are adjusted for SHBG.
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Androgens and mortality in men

Our findings confirm the results from previous studies, 
which observed inverse associations between TT (14, 
40, 41, 42) and cFT (14, 30, 42, 43) levels and all-cause 
mortality in men. Concerning the cause-specific analysis, 
the evidence in the literature so far has been inconclusive, 
reporting either inverse associations or no relation at all. 
Results of recent meta-analyses indicated low TT levels to 
be associated with increased CVD mortality (19, 22). In 
our study, we found no associations of TT and cFT with 

CVD-, cancer and other disease-related mortality. Lower 
testosterone levels in men are associated with type 2 
diabetes, hepatic steatosis, coronary artery disease as well 
as other diseases such as chronic obstructive pulmonary 
disease and chronic renal disease (44, 45, 46). Thus, low 
androgen levels may be a marker of poor general health 
rather than an independent predictor of mortality (18, 
19, 21). However, the observed associations between low 
TT and cFT levels and all-cause mortality were adjusted 
for a number of chronic diseases (i.e. prevalent CVD, 
cancer, diabetes). Additionally, we excluded deaths that 

Table 3 Multivariable adjusteda associations of hormone levels with all-cause and cause-specific mortality: women (n = 709).

All-cause mortality (events = 70) SHBG TT cFT DHT
1.54 (1.16, 2.04) 1.12 (0.84, 1.49) 0.86 (0.66, 1.11) 1.32 (1.00, 1.73)

CVD – mortality (events = 25) SHBG TT cFT DHT
1.18 (0.72, 1.91) 1.08 (0.66, 1.78) 1.08 (0.71, 1.67) 1.53 (0.93, 2.52)

Cancer – mortality (events = 26) SHBG TT cFT DHT
1.42 (0.89, 2.26) 1.06 (0.70, 1.60) 0.77 (0.50, 1.17) 1.63 (0.95, 2.78)

Other disease – mortality (events = 19) SHBG TT cFT DHT
1.86 (1.08, 3.20) 1.11 (0.64, 1.92) 0.87 (0.54, 1.39) 0.98 (0.67, 1.43)

Data are reported as hazard ratios (95% CI) per 1 logarithmic s.d. increase with P < 0.05 marked in bold; n, sample size.
aAdjusted for age, batch, systolic blood pressure, LDL cholesterol, use of lipid lowering medication, smoking status, use of antihypertensive medication, 
prevalent diabetes, BMI, education years, physical activity, alcohol consumption, estimated glomerular filtration rate, menopausal status, high-sensitivity 
C-reactive protein concentration, prevalent cancer, prevalent myocardial infarction and prevalent stroke. SHBG is adjusted for TT and E2; DHT and TT are 
adjusted for SHBG.
cFT, calculated free testosterone; DHT, dihydrotestosterone; E2, estradiol; SHBG, sex hormone-binding globulin; TT, total testosterone.
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Figure 2
Splines of SHBG and androgens concentrations: all-cause mortality in women. SHBG, sex hormone-binding globulin; TT, total testosterone; cFT, calculated 
free testosterone; DHT, dihydrotestoterone; E2, estradiol. Multivariable adjusteda Cox proportional hazards models exploring hormone levels and 
associations with all-cause mortality. SHBG and androgens levels are entered into the model as penalized smoothing spline. White vertical lines 
represent 2.5%, 25%, 50%, 75% and 97.5% quantiles of SHBG/androgen levels. The blue shaded area denotes the 95% CI of the spline estimation. The 
grey shaded area represents the density of the population along the values of the SHBG and androgen concentrations. aAdjusted for age, batch, systolic 
blood pressure, LDL cholesterol, use of lipid lowering medication, smoking status, use of antihypertensive medication, prevalent diabetes, body mass 
index, education years, physical activity, alcohol consumption, estimated glomerular filtration rate, high-sensitivity C-reactive protein concentration, 
menopausal status, prevalent cancer, prevalent myocardial infarction, prevalent stroke. Additionally, SHBG is adjusted for TT and E2; TT and DHT are 
adjusted for SHBG.
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occurred during the first 12 months of follow-up and the 
association with all-cause mortality remained significant 
for both TT and cFT (Supplementary Table 2). However, it 
is worth mentioning that results for cFT did not provide 
any additional information beyond those for TT levels. 
Despite these robust results, this does not rule out the 
possibility that low androgen levels are just markers of 
poor general health, since there are still unmeasured 
possible confounders including sleep disordered breathing 
and depression. When we further adjusted TT and cFT 
levels for E2, the associations with all-cause mortality 
became insignificant (Supplementary Table 1).

Androgens and mortality in women

In the present analysis, DHT levels were positively 
associated with all-cause mortality in women. We are not 
aware of any other study examining this relationship. 
DHT represents a potent androgen with deleterious effects 
on metabolic risk. However, its physiological significance 
is still poorly studied in women (47). The finding of a 
significant positive association between DHT and all-
cause mortality needs to be interpreted with high caution: 
Although it is in line with results for CVD- and cancer-
mortality, the association with all-cause mortality is of 
borderline significance with rather wide CIs. Additionally, 
the cause-specific results are very instable, due to the very 
small number of cases. When we excluded deaths that 
occurred during the first year of follow-up, the association 
of DHT with all-cause mortality disappeared (HR: 1.25, 
95% CI: 0.96–1.64), hinting towards reverse causation 
(Supplementary Table 2). Our non-significant findings 
regarding TT and cFT levels and mortality are in line with 
some previous studies (16, 17, 24), while other studies 
found inverse (25) or positive (26) associations. Given 
these contradictory results, further larger studies should 
elucidate these associations in women.

SHBG and mortality

Regarding SHBG levels, we observed positive associations 
with all-cause mortality, confirming previous results 
for elder men (12). However, the result is of borderline 
significance and needs to be interpreted with caution. 
Regarding cause-specific mortality, we observed no 
associations with SHBG levels. Another study of adult 
men (20–90 years, mean age: 40 years) from the general 
population observed a positive association of SHBG 
with CVD- mortality in the first 9 years and an inverse 
association in the second period from 9 to 18 years (48). 

Thus, varying follow-up periods could affect results. In 
contrast to the few available studies that could not find 
an association between SHBG levels with all-cause or 
specific mortality among women (15, 16, 17), we found 
a positive association with all-cause mortality. We also 
found a positive association of SHBG with other disease-
related mortality in women, but this finding needs to be 
considered with caution due to limited number of events 
(19). Different hypotheses might explain the effect of 
SHBG on mortality:

1. Indirect effect of SHBG – via regulating testosterone 
action through its binding properties: the majority 
of circulating testosterone is bound to SHBG. Higher 
SHBG levels – by binding more testosterone – could 
limit the amount of bioactive testosterone leading 
to a reduction in tissue androgenisation. Our results 
provide some evidence in support for an indirect 
effect of SHBG, since cFT was inversely associated and 
SHBG levels were positively associated with mortality 
in men. Additionally, cFT tended to be inversely 
associated with mortality (although not significantly), 
whereas higher levels of SHBG were significantly 
associated with increased risk of mortality in women. 
The significant positive interaction of SHBG with TT 
regarding mortality in women adds up on evidence 
for an indirect effect. However, analysis stratified 
for tertiles of TT showed that SHBG levels were only 
significantly positively associated with all-cause 
mortality in the highest tertile of TT. Analysis stratified 
for 10-year age groups showed that SHBG levels were 
only significantly positively associated with all-cause 
mortality in the age group of 75–82 years. Possible 
explanations for that include that SHBG increases 
markedly with weight loss and undernutrition (49, 
50). Unfortunately, BMI (which used in our analysis) 
is a relatively crude measure of body composition. 
Additionally, higher levels of SHBG are associated 
with increased frailty and fracture (11, 51).

2. Direct effect of SHBG – as suggested by preclinical 
models (52): only unliganded, but not sex steroid-
bound SHBG binds to the SHBG receptor, suggesting 
that SHBG may have biological actions that are 
independent of sex steroids (53, 54). Our finding 
of a significant association of SHBG levels with all-
cause mortality even after adjustment for E2 and TT 
levels would support the direct link between SHBG 
and mortality. However, it is also possible that high 
SHBG levels just represent a marker of poor health. 
In line with this possibility, malnutrition and energy 
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deficits, in particular, among the elderly men and 
women can increase SHBG levels (49, 50). To account 
for that, we excluded deaths that occurred during the 
first 12  months of follow-up, but the independent 
association with all-cause mortality remained 
significant for SHBG in men and women. There 
are possible unmeasured confounders of potential 
importance in interpreting the SHBG results, which we 
were not able to include in the analysis. Information 
about liver disease would have been useful since, 
depending on type and stage, elevations of SHBG 
levels may occur; elevations of thyroid hormone may 
increase SHBG levels and hypothyroidism may lower 
SHBG levels and diabetes medications also may affect 
SHBG levels (11).

Strengths and limitations

Strengths of our study include the population-based 
longitudinal design, adjustment for a wide range of 
cardiometabolic and lifestyle risk factors and complete 
capture of death events via registry linkage. Additionally, 
androgens were measured optimally respecting diurnal 
variability (fasting samples obtained in the morning) 
and with state-of-the-art methodology. However, there 
are a few limitations worth mentioning. The results for 
women – especially for cause-specific mortality – are 
underpowered due to the small number of cases, resulting 
in wide CIs that do not exclude strong, direct or inverse 
associations. Even though there are insufficient outcome 
events for meaningful analysis of cause-specific mortality, 
the major findings of DHT and SHBG with respect to 
all-cause mortality are noteworthy. Although multiple 
measurements on the same day might be more meaningful, 
a single measurement of testosterone is considered reliable 
in the context of large-scale analyses (55). Additionally, 
the amplitude of diurnal variation of DHT and SHBG at 
all ages is either considerably smaller or not detectable 
(56). Limitations also include the estimation of FT, since 
FT levels were not measured directly. Therefore, the 
results should be interpreted carefully. The Vermeulen 
method has been reported to both overestimate and 
underestimate FT compared with laboratory measures 
(57), but direct measurement of FT was not available. 
However, cFT has been shown to be highly correlated 
with direct measurements (35). The LC-MS assays 
produced two batches of DHT and TT measurements and 
therefore were cross-calibrated. However, there was a very 
high correlation between batch 1 and 2 measurements 

and we performed well-established calibration methods 
(Supplementary Materials and methods 3).

Conclusion

In summary, this study shows that higher SHBG levels 
are associated with increased risk of all-cause mortality in 
middle-aged and older women and men, independent of 
known confounders. Additionally, higher DHT levels in 
women and lower TT and FT levels in men are associated 
with increased risk of all-cause mortality. These results 
should prompt further investigations of the role of SHBG 
and androgens in the health of middle-aged and older 
men and women. Additionally, future well-powered 
population-based studies should further investigate cause-
specific mortality risk.

Supplementary materials
This is linked to the online version of the paper at https://doi.org/10.1530/
EC-20-0080.
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