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Abstract

Objective: Men are at greater risk from COVID-19 than women. Older, overweight men, and those with type 2 diabetes, 
have lower testosterone concentrations and poorer COVID-19-related outcomes. We analysed the associations of 
premorbid serum testosterone concentrations, not confounded by the effects of acute SARS-CoV-2 infection, with 
COVID-19-related mortality risk in men.
Design: This study is a United Kingdom Biobank prospective cohort study of community-dwelling men aged 40–69 years.
Methods: Serum total testosterone and sex hormone-binding globulin (SHBG) were measured at baseline (2006–2010). 
Free testosterone values were calculated (cFT). the incidence of SARS-CoV-2 infections and deaths related to COVID-19 
were ascertained from 16 March 2020 to 31 January 2021 and modelled using time-stratified Cox regression.
Results: In 159 964 men, there were 5558 SARS-CoV-2 infections and 438 COVID-19 deaths. Younger age, higher BMI, 
non-White ethnicity, lower educational attainment, and socioeconomic deprivation were associated with incidence 
of SARS-CoV-2 infections but total testosterone, SHBG, and cFT were not. Adjusting for potential confounders, higher 
total testosterone was associated with COVID-19-related mortality risk (overall trend P = 0.008; hazard ratios (95% CIs) 
quintile 1, Q1 vs Q5 (reference), 0.84 (0.65–1.12) Q2:Q5, 0.82 (0.63–1.10); Q3:Q5, 0.80 (0.66–1.00); Q4:Q5, 0.82 (0.75–
0.93)). Higher SHBG was also associated with COVID-19 mortality risk (P = 0.008), but cFT was not (P = 0.248).
Conclusions: Middle-aged to older men with the highest premorbid serum total testosterone and SHBG concentrations 
are at greater risk of COVID-19-related mortality. Men could be advised that having relatively high serum testosterone 
concentrations does not protect against future COVID-19-related mortality. Further investigation of causality and 
potential underlying mechanisms is warranted.

Introduction

Infections with severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) have caused a global pandemic 
of coronavirus disease 2019 (COVID-19). Vaccinations are 
effective at reducing risk of infections, and also the severity 
of breakthrough COVID-19, but coverage needs to be 
optimised and new variants pose ongoing challenges (1). 
Men have approximately two-fold higher rates of COVID-

19-related mortality than women after adjusting for other 
risk factors, prompting interest in the potential role of sex 
hormones in susceptibility to SARS-CoV-2 infection and 
pathogenesis of COVID-19 (2, 3, 4, 5, 6).

In addition to male sex, older age, obesity, and diabetes are 
associated with increased risk of intensive care admission and 
death from COVID-19 (5, 6, 7, 8, 9). As men age, testosterone 
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concentrations decline (10). There is a bidirectional association 
such that men with higher testosterone concentrations 
are less likely to be obese or to have type 2 diabetes, and vice 
versa (11, 12, 13). Respiratory failure is a major contributor to 
COVID-19 mortality, and higher testosterone concentrations 
are associated with better indices of lung function in men 
(14, 15). Conversely, testosterone may have negative effects 
on the immune system and influences the expression of 
transmembrane serine protease 2 (TMPRSS2) which facilitates 
SARS-CoV-2 entry via angiotensin-converting enzyme 2 
(ACE2) expressed on cell surfaces (16, 17).

In middle to older-aged men diagnosed or hospitalised 
with COVID-19, testosterone concentrations are reduced, 
in proportion to increasing disease severity, expectedly 
reflecting inhibition of hypothalamic–pituitary–testicular 
(HPT) axis function during acute illness (18, 19, 20). 
Knowing whether premorbid testosterone concentration, 
measured long before exposure to SARS-CoV-2 and therefore 
not confounded by the acute effects of illness on the HPT 
axis, is an independent predictor for COVID-19-related 
mortality risk in men could provide important insights into 
risk stratification and novel therapeutic interventions.

Circulating testosterone is primarily bound to sex 
hormone-binding globulin (SHBG), and partly to albumin. 
Total testosterone and SHBG concentrations are correlated 
but may have divergent associations with specific outcomes 
(21). Unbound or free testosterone can be calculated from 
total testosterone and SHBG, but its utility for predicting 
health outcomes remains uncertain (22). Given the influence 
of male sex on COVID-19 mortality risk, an influence of 
sex hormones on either the incidence or severity of SARS-
CoV-2 infection is plausible. However, data on premorbid 
testosterone concentrations, not confounded by the effects 
of acute COVID-19 illness, and risk of these outcomes are 
lacking. We analysed the associations of total testosterone, 
SHBG, and calculated free testosterone (cFT), assessed in 
UK Biobank men some years prior to the pandemic, with 
incidence of SARS-CoV-2 infection and death related to 
COVID-19. We tested the hypotheses that premorbid total 
testosterone concentrations in men are associated with 
incidence rates of SARS-CoV-2 infection and risk of death 
from COVID-19. We further explored the associations of 
SHBG and cFT with these outcomes.

Methods

The United Kingdom Biobank

UK Biobank recruited community-dwelling adults aged 
40–69 years across 22 assessment centres in England, 

Scotland, and Wales, during 2006–2010 (23). The study was 
approved by the North West Multi-Centre Research Ethics 
Committee (reference 06/MRE08/65), and all participants 
provided informed consent.

Variables of interest

Exposures

Blood samples were collected at the initial baseline visit 
(March 2006–October 2010). Blood collection occurred 
throughout the course of the day, following which the 
specimen collection tubes were swiped and collection time 
was registered. Serum samples were prepared and stored at 
−80°C until assayed in the UK Biobank central laboratory 
(24, 25). Serum total testosterone was assayed using a 
competitive binding chemiluminescent immunoassay 
(DXI 800, Beckman Coulter, High Wycombe, UK: analytical 
range, 0.35–55.5 nmol/L (10–1599 ng/dL); coefficients 
of variation, 8.3, 3.7, and 4.2% for low, medium, and 
high ranges (1.0–2.2, 13.4–22.8, and 29.3–49.4 nmol/L or 
29–63, 386–657, and 844–1424 ng/dL)). Serum SHBG was 
assayed using a two-step sandwich chemiluminescent 
immunoassay (DXI 800, Beckman Coulter: analytical 
range, 0.33–242 nmol/L; coefficients of variation, 5.7, 5.3, 
and 5.2% for low, medium, and high ranges (15.0–27.7, 
31.9–55.5, and 56.3–87.8 nmol/L)). Free testosterone (cFT) 
was calculated using the Vermeulen method from total 
testosterone and SHBG, with fixed albumin concentration 
(42 g/L) (22).

Study outcomes

Associations with the incidence of reported SARS-CoV-2 
infections were investigated in exploratory analyses. 
Deaths related to COVID-19 were investigated as a primary 
outcome. Follow-up was commenced on 16 March 2020, 
the date from which testing data were routinely provided 
to UK Biobank (Supplementary Methods, see section on 
supplementary materials given at the end of this article). 
End of follow-up was selected as 31 January 2021, before 
vaccinations were widely available to the UK population 
(Supplementary Table 1). Sensitivity analyses investigated 
alternative end-of-follow-up dates: 8 December 2021 
when vaccinations commenced in the UK, and 28 
February 2021, towards the tail of the second wave, and 
the latest date to which death and cause of death data 
were complete.

Positive PCR test results for SARS-CoV-2 were captured 
by Public Health England’s Second Generation Surveillance 
System, Public Health Scotland, and, for Wales, by the 
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Secure Anonymised Information Linkage and provided 
to UK Biobank (26). Test results were collected by health 
care providers in hospital, emergency department, and 
community settings. Incident events of reported SARS-
CoV-2 infections were identified as either the first positive 
PCR test or death from COVID-19 without a prior positive 
test result during follow-up (26). Monthly incidence rates 
(per 1000 person-months) were calculated (Supplementary 
Methods). COVID-19 deaths were identified by the listing 
of ICD-10 codes U07.1, U07.2 anywhere on the death 
certificate. Individuals who did not record an incident 
event were censored at the earliest of their date(s) of non-
COVID-19-related death or end of follow-up.

Other variables of interest

Social, demographic, and lifestyle variables: educational 
attainment, alcohol consumption, dietary intake, physical 
activity, ethnicity, and socioeconomic status (Townsend 
Index) were categorised, and assessment centres were 
grouped into geographic regions (Supplementary 
Methods). Prevalent medical conditions were defined by 
self-report, International Classification of Diseases (ICD) 
diagnosis codes (Supplementary Table 2) from previous 
hospital inpatient admissions, cancer registry data and by 
physical and biochemical measurements (e.g. for blood 
pressure and glucose concentrations), and medications 
usage was recorded and categorised (Supplementary 
Methods).

Statistical analysis

The pattern of infections varied across regions during 
follow-up (Supplementary Methods and Supplementary 
Fig. 1). Accordingly, all analyses included an interaction 
term of spatial unit with time. Monthly incidence rates 
were modelled (Supplementary Methods). The response 
variable was the count of incident SARS-CoV-2 infections 
and predictors included the exposure hormone as 
quintile categories, age category, BMI category, country 
(England, Scotland, Wales), educational qualifications, 
ethnicity, Townsend index quintile, month, and number 
at risk as a logged offset term. Month was modelled 
using a natural cubic spline with a knot point set on 
the day preceding the introduction of the ‘Rule of 6’ 
social distancing measure (14 September 2020), the first 
of a series of national restrictions introduced to address 
the second wave of the epidemic. The follow-up periods 
before and after this date are referred to as ‘Wave 1’ and 
‘Wave 2’, respectively. An interaction term of country 

with month was included. Incidence rate ratios (IRRs) and 
95% CIs were calculated from each of the fitted models for 
categorical predictors of interest, including the exposure 
variable (hormone quintile), and sensitivity analyses were 
conducted to evaluate alternative end-of-follow-up dates 
(Supplementary Methods).

COVID-19 deaths were modelled using time-
stratified Cox regression, initially with two time strata 
set to delineate ‘Wave 1’ from ‘Wave 2’. Each analysis 
involved fitting two models. A minimally adjusted model 
(model 1) included the exposure variable, baseline age, 
UK region, and a region with time stratum interaction 
(Supplementary Methods). The fully adjusted model 
(model 2) was adjusted for additional covariates: 
lifestyle and demographic variables (ethnicity, living 
with partner, alcohol consumption, diet, physical 
activity, educational attainment, smoking status, 
waist circumference, BMI, cholesterol), time of day for 
blood sampling (decimal hours), blood type, blood 
cholesterol, prevalent medical conditions (history 
of angina, atrial fibrillation, cancer, cardiovascular 
disease, chronic obstructive pulmonary disease (COPD), 
diabetes, hypertension, liver disease, renal impairment, 
thyroid disease), and prevalent medication usage 
(anticonvulsants, lipid, glucocorticoids, opioids). The 
total number of medications was included as a proxy 
for comorbidity status. We investigated a third model 
including terms for both total testosterone and SHBG, but 
this was not pursued because of a relatively high negative 
correlation (r = −0.57) between estimated testosterone 
and SHBG coefficients. Continuous predictors were 
modelled using restricted cubic splines, and validity of 
the proportional hazards assumption was assessed using 
per-variable and global tests (Supplementary Methods).

Statistical significance of associations was evaluated 
using likelihood ratio tests, comparing the full model to 
that without the exposure term. Accordingly, P values are 
for the overall trend, with a threshold of P < 0.05 regarded 
as significant. Hazard ratios (HRs) and 95% CIs were 
calculated from each of the fitted models, relative to the 
median of the fifth sample quintile as the reference value, 
and plotted against the exposure variable over a continuous 
range to show non-linear effects in figures (Supplementary 
Methods). HRs and 95% CIs associated with the change in 
hormone concentration from this reference value to the 
median of each of the other sample quintiles were tabulated. 
Analyses for total testosterone were replicated for SHBG, and 
cFT, as additional exposures of interest. Sensitivity analyses 
(model  2) were conducted to evaluate alternative end-of-
follow-up dates (Supplementary Methods).
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Results

Study cohort

Of 229 106 male UK Biobank participants assessed in 
2006–2010, excluding those who died, were lost to 
follow-up (n = 605, 0.26%), 2 with prior infection, and 
those with diseases or medications affecting testosterone 
concentrations, left 206 722 men (Supplementary Fig. 2). 
Further excluding for missing testosterone (n = 14 309) or 
SHBG (n = 28 698) or other baseline measurements left 
159 964 men for the analysis. Excluded men had a slightly 
higher proportion of current smokers and men with CVD 
and diabetes (Supplementary Table 3).

Baseline characteristics of the study cohort

Totally 24 175 men were tested for and 5 558 were infected 
with SARS-CoV-2, with 438 deaths from COVID-19. 
Men diagnosed with SARS-CoV-2 infection were slightly 
younger, and those who died from COVID-19 were 
substantially older, than the cohort as a whole (Table 1). 
Men who died from COVID-19 had higher BMI, were less 
physically active, more likely to be previous or current 
smokers, have medical comorbidities such as hypertension, 
cardiovascular disease, diabetes, cancer, COPD, atrial 
fibrillation, renal impairment, on lipid medications, 
and taking ≥5 medications, compared to men infected 
with SARS-CoV-2 and the cohort as a whole (Table 1 and 
Supplementary Table 4).

Associations of testosterone and SHBG with 
incidence of SARS-CoV-2 infection

Monthly incidence rates of reported SARS-CoV-2 
infections are shown, stratified according to quintiles of 
each exposure variable (Fig. 1). Infections peaked in April 
2020, with a higher second peak in October 2020, then 
increased steadily from November 2020 onwards. Men 
with serum total testosterone concentrations in the lowest 
quintile had marginally higher incidence rates in some 
months (April 2020, December–January 2021) compared 
with other men (Fig. 1A). From the second peak in October 
2020 onwards, men with lower SHBG concentrations, and 
men with cFT in the highest quintile, had higher incidence 
rates (Fig. 1B and C).

In exploratory analyses, there were no associations 
of total testosterone, SHBG, or cFT with incidence of 
SARS-CoV-2 infection (Table 2). In each of the models 
with the different hormone predictors, incidence rate 

ratios (IRRs) were lower for men who were older and had 
a higher level of educational attainment and were higher 
for men with higher BMI, non-White ethnicity, or higher 
indices of socioeconomic deprivation at baseline (Table 2). 
Sensitivity analyses excluding men with diabetes or using 
earlier or later end-of-follow-up dates made no substantive 
difference to the results (Supplementary Tables 5, 6 and 7).

Associations of testosterone and SHBG with 
COVID-19 deaths

In the minimally adjusted model (Model 1) which 
included exposure variable, age, region, and interaction of 
region with time, total testosterone, SHBG, and cFT were 
associated with risk of dying from COVID-19 (Table  3, 
Model 1: P values for overall trends <0.05). U-shaped 
associations of total testosterone and SHBG concentrations 
with risk of death from COVID-19 were apparent (Fig. 2A 
and B). A weaker association was seen for cFT (Fig. 2C).

In fully adjusted models which included exposure 
variable, age, region, and interaction of region with time, 
the full suite of sociodemographic, lifestyle and medical 
variables, and time of blood sampling (model 2), total 
testosterone, and SHBG remained associated with risk 
of dying from COVID-19 (overall trends, P = 0.008 and 
P = 0.008, Table 3). Non-linear relationships were present: 
men in quintiles 3 and 4 of total testosterone were least 
likely to die from COVID-19, with 20 and 18% lower risk 
compared with men in quintile 5 (Fig. 3A and Table 3). 
However, there was no further reduction in risk for men 
with total testosterone in quintiles 1 and 2. A non-linear 
relationship of SHBG with risk of dying from COVID-19 
was present in men in quintile 4 of SHBG having a lower 
risk compared to men in quintile 5 but no further reduction 
in risk across quintiles 1–3 of SHBG (Fig. 3B and Table 3). 
Calculated FT was not associated with risk of dying from 
COVID-19 in the fully adjusted model (Fig. 3C and Table 3).

A sensitivity analysis excluding men with diabetes 
showed similar results (Supplementary Table 8). In 
sensitivity analysis for total testosterone with an earlier 
end-of-follow-up date of 8 December 2020, there were 
31.7% fewer COVID-19-related deaths (299 instead of 438). 
The overall trend was similar, but no longer statistically 
significant (Supplementary Table 9). In sensitivity analysis 
for total testosterone with a later end-of-follow-up date of 
28 February 2021, a non-linear relationship with COVID-
19-related mortality was present, similar to the result of 
the primary analysis (Supplementary Table 9). There were 
no substantive differences in other sensitivity analyses for 
SHBG and cFT (Supplementary Tables 10 and 11).
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Table 1 Baseline characteristics of UK Biobank men, stratified according to those who were tested for infection, or were infected 
with or died from COVID-19 during the follow-up period and for the cohort as a whole**.

Basic Characteristics*,§
Participants with this event recorded duing follow-up

All**Tested Infected with SARS-CoV-2§§ Died from COVID-19

Sociodemographic and lifestyle
 n 24 175 5558 438 159 964
 Age (whole years) 59.0 (50.0–64.0) 54.0 (46.0–62.0) 65.0 (61.0–67.0) 57.0 (50.0–63.0)
 BMI (kg/m2) 27.8 (25.4–30.6) 28.0 (25.7–30.9) 28.8 (26.1–32.5) 27.2 (25.0–29.9)
 Waist circumference (cm) 97.0 (90.0–105.0) 97.0 (91.0–105.0) 102.0 (94.0–111.0) 96.0 (89.0–103.0)
 Country
  England 86.2 (20 839) 90.9 (5052) 85.4 (374) 88.7 (141 850)
  Scotland 8.2 (1981) 4.4 (246) 8.9 (39) 7.0 (11 140)
  Wales 5.6 (1355) 4.7 (260) 5.7 (25) 4.4 (6974)
 Townsend Index
  Q1 19.7 (4758) 17.1 (951) 17.8 (78) 20.6 (32 949)
  Q2 19.8 (4786) 17.7 (983) 15.8 (69) 20.5 (32 717)
  Q3 19.6 (4740) 19.3 (1071) 18.3 (80) 20.4 (32 629)
  Q4 19.5 (4723) 20.6 (1144) 18.5 (81) 19.7 (31 557)
  Q5 21.4 (5168) 25.4 (1409) 29.7 (130) 18.8 ( 30 112)
 Ethnicity: not White 5.2 (1267) 8.5 (475) 5.9 (26) 4.8 (7717)
 Qualifications: college/

university
31.7 (7654) 26.8 (1487) 23.1 (101) 36.1 (57 680)

 Partner: true 78.3 (18 923) 78.4 (4356) 68.3 (299) 78.3 (125 271)
 Alcohol consumption
  Low 41.0 (9901) 42.7 (2376) 45.2 (198) 40.5 (64 850)
  Medium 28.9 (6992) 28.2 (1565) 28.8 (126) 29.6 (47 376)
  High 30.1 (7282) 29.1 (1617) 26.0 (114) 29.8 (47 738)
 Diet
  High red meat eaters 17.1 (4130) 16.3 (908) 19.4 (85) 16.0 (25 561)
  Low red meat eaters 80.0 (19 338) 80.3 (4465) 78.3 (343) 80.5 (128 826)
  No red meat 2.9 (707) 3.3 (185) 2.3 (10) 3.5 (5577)
 PA
  Insufficient 40.7 (9839) 39.1 (2175) 46.3 (203) 39.9 (63 768)
  Sufficient 15.6 (3762) 15.6 (869) 17.1 (75) 15.9 (25 403)
  Additional 43.7 (10 574) 45.2 (2514) 36.5 (160) 44.3 (70 793)
 Smoking
  Never 46.4 (11 217) 47.7 (2653) 30.4 (133) 50.7 (81 042)
  Previous 41.1 (9945) 39.8 (2213) 54.8 (240) 38.0 (60 770)
  Current 12.5 (3013) 12.5 (692) 14.8 (65) 11.3 (18 152)
Prevalent health conditions and 

medication usage
 CVD 7.6 (1827) 6.3 (348) 16.7 (73) 5.3 (8516)
 Diabetes 9.7 (2336) 9.9 (551) 21.7 (95) 7.0 (11 208)
 Cancer 5.6 (1363) 4.2 (235) 6.6 (29) 4.3 (6866)
 Angina 7.0 (1699) 5.7 (315) 13.7 (60) 4.9 (7783)
 Atrial fibrillation 2.9 (709) 2.6 (146) 8.7 (38) 2.0 (3175)
 Renal impairment 1.0 (240) 0.8 (42) 2.1 (9) 0.6 (916)
 Hypertension 65.5 (15 830) 60.2 (3346) 83.6 (366) 61.9 (99 002)
 COPD 1.1 (268) 0.9 (50) 3.9 (17) 0.6 (984)
 Liver disease 1.7 (416) 1.7 (96) 2.1 (9) 1.2 (1937)
 Thyroid disease 2.3 (568) 2.2 (123) 3.2 (14) 2.1 (3296)
 Lipid medication use 26.7 (6449) 22.8 (1270) 47.0 (206) 22.4 (35 868)
 Glucocorticoid use 8.5 (2045) 7.8 (434) 10.7 (47) 7.0 (11 168)
 Opioid use 5.9 (1425) 5.4 (301) 11.2 (49) 4.0 (6405)
 Anticonvulsant use 1.9 (451) 1.5 (82) 3.4 (15) 1.3 (2109)
 Medication, n
  0 27.2 (6586) 32.2 (1790) 13.9 (61) 33.3 (53 267)
  1–2 31.7 (7662) 32.1 (1783) 20.3 (89) 33.3 (53 337)
  3–4 19.7 (4764) 17.0 (945) 17.6 (77) 18.2 (29 166)
  5+ 21.4 (5163) 18.7 (1040) 48.2 (211) 15.1 (24 194)

(Continued)
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Discussion

In community-dwelling men aged 40–69 years, serum total 
testosterone and SHBG concentrations measured a decade 
or more prior to the onset of the SARS-CoV-2 pandemic 
were associated with risk of dying from COVID-19, 
independently of sociodemographic, lifestyle, and medical 
factors. The associations were non-linear; men with the 
highest total testosterone and SHBG concentrations had 
moderately higher risks of COVID-19-related mortality.

Previous studies have reported lower testosterone 
concentrations in the setting of men with acute SARS-
CoV-2 infections but not their premorbid testosterone 
concentrations (18, 19, 20, 27, 28). Serum total testosterone 
was lower in 358 symptomatic men diagnosed with COVID-
19 compared with controls, and men with severe COVID-19 
had lower testosterone concentrations compared to those 
with moderate disease (18). In men hospitalised with COVID-
19, total testosterone concentrations were lower in those with 
more severe compared to less severe illness and in those who 
died compared to eventual survivors (19, 20, 27, 28, 29). Lower 
serum total testosterone concentrations were associated with 
more advanced immune activation, characterising more 
severe and fatal infections (28). Thus, serum total testosterone 
concentration is a biomarker for acute suppression of the HPT 
axis during the course of COVID-19, the magnitude of which 
reflects severity of the acute illness. Variable recovery rates of 
serum total testosterone concentrations have been reported 
during follow-up (30, 31, 32).

A novel feature of the present analysis was the 
examination of premorbid serum total testosterone and 
SHBG concentrations, measured years prior to any exposure 
to SARS-CoV-2. As this is a highly infectious virus, being 
diagnosed with SARS-CoV-2 infection reflects both risk to 
exposure and susceptibility to infection. In exploratory 
analyses, common risk factors to exposure (education, 
ethnicity, Townsend socioeconomic index) were associated 
with monthly incidence rates of SARS-CoV-2, as were 
baseline age and BMI. It is possible that some of these 
sociodemographic factors might have been associated with 
likelihood of seeking a test. Premorbid total testosterone and 
SHBG concentrations were not associated with incidence 
rates, nor were calculated free testosterone values.

Interestingly, premorbid total testosterone 
concentrations was a predictor of COVID-19 mortality risk. 
Lower testosterone concentrations in men are associated 
with higher risk of obesity and type 2 diabetes and with 
the presence of medical comorbidities, all of which are 
risk factors for poorer outcomes in COVID-19 (5, 6, 7, 8, 
9). The lower limb of the U-shaped relationship between 
serum total testosterone and COVID-19 mortality risk in 
minimally adjusted analysis may reflect the association of 
lower serum testosterone with adverse sociodemographic, 
lifestyle, and medical factors (11).

In fully adjusted analyses, men with the highest 
premorbid total testosterone concentrations were at 
greater risk of dying from COVID-19. The association of 
SHBG with COVID-19 mortality risk was similar to that of 

Basic Characteristics*,§
Participants with this event recorded duing follow-up

All**Tested Infected with SARS-CoV-2§§ Died from COVID-19

Blood/hormone variables
 Time blood drawn (dec hour) 14.5 (11.8–16.9) 14.6 (11.8–17.1) 14.4 (12.0–16.5) 14.5 (11.8–17.0)
 Blood type
  A 43.5 (10 514) 45.0 (2500) 40.4 (177) 43.2 (69 153)
  B 3.7 (886) 4.1 (229) 3.9 (17) 3.6 (5730)
  AB 9.7 (2339) 10.2 (568) 9.6 (42) 9.5 (15 198)
  O 43.2 (10 436) 40.7 (2261) 46.1 (202) 43.7 (69 883)
 Cholesterol (mmol/L) 5.4 (4.7–6.2) 5.4 (4.7–6.2) 5.1 (4.2–5.8) 5.5 (4.8–6.2)
 Testosterone (nmol/L) 11.5 (9.3–14.0) 11.4 (9.3–14.0) 11.0 (8.9–13.4) 11.6 (9.5–14.1)
 Testosterone (ng/dL) 331 (268–403) 329 (268–403) 317 (256–386) 334 (274–406)
 SHBG (nmol/L) 36.5 (27.4–47.7) 34.2 (25.6–44.7) 38.2 (29.3–51.0) 36.6 (27.7–47.6)
 cFT (pmol/L) 212 (176–254) 220 (182–262) 193 (164–233) 215 (180–257)

*Continuous variables (age, BMI, cholesterol, waist circumference, time blood drawn, testosterone, SHBG, cFT) represented as median (interquartile 
range); other variables as percentages (numbers) per category. **Summary data presented for data after excluding men who died or were lost to 
follow-up since their baseline visit but before 16 March 2020, with prior orchidectomy, taking androgens, anti-androgen, 5α-reductase, estrogen, 
anti-estrogen, progesterone medications, infertile men, men with pituitary disease, adrenogenital or testicular disorders, or variables with missing values. 
§BMI(kg/m2); Education, Educational attainment; PA, level of physical activity categories (min/week; see Supplementary Methods); Alcohol, level of alcohol 
consumption (standard units of alcohol consumed/week; see Supplementary Methods); Smoking, smoking status; SHBG, sex hormone binding globulin; 
cFT, free testosterone calculated using the Vermeulen formula. §§Incident infections identified for participants with a positive test result or who died from 
COVID-19 during the follow-up period from 16 March 2020 to 31 January 2021.

Table 1 Continued
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total testosterone, reflecting the close correlation between 
these two variables (11). Calculation of free testosterone 
from total testosterone and SHBG concentrations did not 
provide any further information. In a sensitivity analysis 
with an earlier end-of-follow-up date, the result for total 
testosterone was not statistically significant, likely due to 
the reduced number of outcome events and loss of power. 
However, the trend was similar to the primary analysis, 
which was supported by the results of sensitivity analysis 
with a later end-of-follow-up date.

Total testosterone concentrations were independently 
associated with forced expiratory volume in 1 s (FEV1) and 
forced vital capacity (FVC) in community-dwelling men 
with average age of 50 years (14). Similar findings were 
reported in a subset of UK Biobank men (15). Testosterone 
is the classical anabolic steroid, and older men with higher 
testosterone concentrations are less likely to be or to 
become frail (33). Despite these potential advantages, men 
with higher premorbid testosterone concentrations were 
not protected against COVID-19 mortality risk.

SARS-CoV-2 enters cells via binding of the viral spike 
protein to ACE2 acting as a cellular receptor, a process 
which requires priming of the spike protein by host cell 
proteases (2, 17, 34). The mucosa-specific serine protease 
TMPRSS2 plays a key role in spike protein priming, 
facilitating SARS-CoV-2 entry (34). Androgens appear to 
increase the expression of TMPRSS2, and androgen receptor 
signalling may modulate ACE2 expression in tissues 
including lung, providing plausible mechanisms by which 
higher circulating testosterone concentrations might 
enhance the entry of SARS-CoV-2 leading to more severe 
infection (17, 35, 36, 37). Furthermore, higher testosterone 
concentrations may have immunomodulatory effects 
contributing to sex differences in interferon responses, 
function of T and B lymphocytes and other immune 
cells, and antibody responses, which could potentially 
worsen outcomes in COVID-19 (2, 16). These pathways 
might explain our observation that men with the 
highest premorbid testosterone concentrations, free of 
confounding from the effects of acute infection on the HPT 
axis, were at greater risk of dying from COVID-19.

In a study of 80 men hospitalised for COVID-19 
randomised to finasteride added to routine treatment vs 
routine treatment alone, fewer finasteride-treated men died, 
albeit the results were not statistically significant (1/40 vs 
4/40 men) (38). The COVIDENZA trial randomised women 
and men hospitalized with COVID-19 to enzalutamide 
and standard care (n = 30) vs standard care alone (n = 12) 
and was stopped early due to longer hospitalisations in 
the active arm (39). In a trial of 268 male outpatients with 
COVID-19 randomised 1:1 to proxalutamide vs placebo, 
active treatment reduced the 30-day hospitalisation rate 
(2.2% vs 26%, P < 0.001) (40). Another trial randomised 
423 women and men hospitalised with COVID-19 to 
proxalutamide and 355 to placebo, finding a higher 14-day 
recovery rate (81.1% vs 36.6%, P < 0.001) and lower 14-day 
all-cause mortality (8.0% vs 39.2%, P < 0.001) with active 
treatment, with similar results at 28 days (41). Our results 
support further investigation into the possible role of 
androgen blockade therapy in men with SARS-CoV-2 

Figure 1
Monthly incidence rate of reported SARS-CoV-2 infections in 
UK Biobank men grouped by their baseline (2006–2010) serum 
concentrations of (A) total testosterone, (B) SHBG, and (C) 
calculated free testosterone (cFT). To convert total 
testosterone concentrations from nmol/L to mg/dL, divide by 
0.0347. A full colour version of this figure is available at 
https://doi.org/10.1530/EJE-22-0104.
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Table 2 Incidence rate ratios (IRRs) and IRR 95% CIs of SARS-CoV-2 infections in UK Biobank men during follow-up (16 March 
2020 to 31 January 2021). Estimates presented for model predictors of interest, including for quintile categories of the baseline 
hormone concentration (testosterone, SHBG, cFT), from Poisson regression.

Predictor
Hormone term modelled as quintile categories*

Testosterone SHBG cFT

Hormone
 Quintile 5 (ref) 1 1 1
 Quintile 4 1.01 (0.93–1.11) 1.07 (0.97–1.17) 1.04 (0.96–1.13)
 Quintile 3 0.99 (0.90–1.08) 1.02 (0.93–1.12) 0.97 (0.89–1.06)
 Quintile 2 0.98 (0.90–1.08) 1.09 (0.99–1.19) 1.01 (0.92–1.10)
 Quintile 1 1.04 (0.95–1.14) 1.08 (0.98–1.19) 1.02 (0.93–1.12)
Age
 ≤50 (ref) 1 1 1
 51–60 0.62 (0.58–0.67) 0.64 (0.60–0.69) 0.62 (0.58–0.66)
 >60 0.56 (0.52–0.60) 0.58 (0.54–0.63) 0.56 (0.52–0.60)
BMI
 <25 (ref) 1 1 1
 25–<30 1.29 (1.19–1.39) 1.28 (1.18–1.38) 1.28 (1.19–1.38)
 ≥30 1.63 (1.50–1.77) 1.60 (1.47–1.74) 1.62 (1.49–1.75)
Ethnicity: not White 1.64 (1.48–1.82) 1.64 (1.48–1.82) 1.66 (1.50–1.84)
Qualifications: college/university 0.68 (0.64–0.72) 0.67 (0.63–0.72) 0.67 (0.63–0.72)
Townsend Index
 Quintile 1 (ref) 1 1 1
 Quintile 2 1.00 (0.91–1.09) 1.00 (0.91–1.10) 1.00 (0.91–1.09)
 Quintile 3 1.07 (0.98–1.17) 1.07 (0.98–1.18) 1.06 (0.97–1.16)
 Quintile 4 1.16 (1.06–1.27) 1.13 (1.03–1.23) 1.15 (1.05–1.26)
 Quintile 5 1.37 (1.26–1.50) 1.37 (1.25–1.49) 1.37 (1.25–1.49)

*Quintile boundaries: testosterone: (nmol/L) Q1/2 9.0, Q2/3 10.8, Q3/4 12.5, and Q4/5 14.8 or (ng/dL) Q1/2 259, Q2/3 311, Q3/4 360, and Q4/5 427; SHBG: 
(nmol/L) Q1/2 25.8, Q2/3 33.1, Q3/4 40.5, and Q4/5 50.8; cFT: (pmol/L) Q1/2 171, Q2/3 201, Q3/4 230, and Q4/5 268.

Table 3 Hazard ratios estimating the relative risk of death from COVID-19 associated with baseline hormone concentration.§

Model Q1 (lowest) Q2 Q3 Q4 Q5 (highest)
P-value 
(term)

Total testosterone (nmol/L)
 Events per quintile 112 94 86 68 78
 n per quintile 31 992 32 169 32 081 31 933 31 789
 Model 1# 1.37 (1.07–1.75) 1.08 (0.85–1.41) 0.93 (0.78–1.14) 0.87 (0.79–0.98) ref. <0.001
 Model 2## 0.84 (0.65–1.12) 0.82 (0.63–1.10) 0.80 (0.66–1.00) 0.82 (0.75–0.93) ref. 0.008
SHBG (nmol/L)
 Events per quintile 76 79 87 86 110
 n per quintile 31 980 32 121 32 054 31 982 31 827
 Model 1# 1.61 (1.23–2.07) 1.27 (0.98–1.64) 1.06 (0.86–1.30) 0.93 (0.85–1.02) ref. <0.001
 Model 2## 1.01 (0.77–1.34) 0.94 (0.72–1.24) 0.89 (0.71–1.11) 0.87 (0.79–0.97) ref. 0.008
cFT (pmol/L)
 Events per quintile 137 110 76 66 49
 n per quintile 31 738 32 051 32 126 32 073 31 976
 Model 1# 1.13 (0.86–1.5) 0.93 (0.7–1.24) 0.89 (0.73–1.12) 0.91 (0.84–1.09) ref. 0.004
 Model 2## 0.86 (0.65–1.17) 0.81 (0.61–1.10) 0.83 (0.68–1.07) 0.89 (0.82–1.06) ref. 0.248

§Hazard ratios calculated for the medians of testosterone within each sample quintile (Q1–Q5), relative to the median for Q5. Quintile boundaries: 
testosterone: (nmol/L) Q1/2 9.0, Q2/3 10.8, Q3/4 12.5, and Q4/5 14.8 or (ng/dL) Q1/2 259, Q2/3 311, Q3/4 360, and Q4/5 427; SHBG: (nmol/L) Q1/2 25.8, 
Q2/3 33.1, Q3/4 40.5, and Q4/5 50.8; cFT: (pmol/L) Q1/2 171, Q2/3 201, Q3/4 230, and Q4/5 268. #Model 1 included terms for testosterone and age and 
region, with time modelled as a 3-level stratification factor plus an interaction of region with time (see Methods). ##Model 2 included model 1 
terms + ethnicity (White vs not White), living with partner, educational attainment, alcohol consumption, smoking status, diet (red meat: high vs low vs 
none), physical activity, BMI, waist circumference, cholesterol, time blood sample collected, blood type, Townsend Index quintile, diabetes, hypertension, 
angina, atrial fibrillation, COPD, renal impairment, liver disease, thyroid disease, and use of lipid medications (a proxy for hyperlipidemia), glucocorticoids, 
opioids, and anticonvulsants, with the number of medications included as a proxy for overall comorbidity status. Continuous variables are modelled 
using restricted cubic splines (see Methods).
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infection, potentially targeting the window of time before 
severe acute illness suppresses HPT axis function.

The ability of testosterone to transactivate the androgen 
receptor in tissues is influenced by the presence of a CAG 
trinucleotide repeat sequence which encodes a variable-
length polyglutamine tract in the receptor (42). Men with 
shorter CAG trinucleotide repeat sequences, corresponding 
to androgen receptors with greater transactivation 

potential, appear to be protected from severe COVID-19 
(43, 44). Therefore, genetic polymorphisms may modulate 
the action of circulating testosterone on outcomes such 
as COVID-19 severity. Experimental studies suggest that 
sex hormones may also modulate ACE2 expression and 
activity, immune cell responses, and coagulation factors 
(for detailed review, see (45)). The role of sex hormones in 
relation to more recently identified candidate SARS-CoV-2 

Figure 2
Risk of death from COVID-19, according to baseline serum 
concentrations of (A) total testosterone, (B) SHBG, and (C) 
calculated free testosterone (cFT). Model 1: minimally adjusted 
model. Shaded areas are the 95% CIs. Horizontal plot axes are 
truncated to exclude values lower or higher than the 2.5th and 
97.5th percentiles. The location of hazard ratios for medians 
of quintiles for each exposure variable is shown as they relate 
to results in Table 3. To convert total testosterone 
concentrations from nmol/L to mg/dL, divide by 0.0347.

Figure 3
Risk of death from COVID-19, according to baseline serum 
concentrations of (A) total testosterone, (B) SHBG, and (C) 
calculated free testosterone (cFT). Model 2: fully adjusted 
model. Shaded areas are the 95% CIs. Horizontal plot axes are 
truncated to exclude values lower or higher than the 2.5th and 
97.5th percentiles. The location of hazard ratios for medians 
of quintiles for each exposure variable is shown as they relate 
to results in Table 3. To convert total testosterone 
concentrations from nmol/L to mg/dL, divide by 0.0347.
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receptors such as the tyrosine-protein kinase receptor AXL 
remains to be elucidated (46, 47).

In the UK Biobank male population, higher SHBG was 
associated with higher all-cause mortality and with higher 
dementia risk (21, 48). Our findings that higher SHBG was 
associated with COVID-19-related mortality are consistent 
with higher SHBG being a biomarker for several poorer 
health outcomes in men.

Strengths of the present analysis include the size of 
UK Biobank, providing a large population-based sample of 
community-dwelling men with minimal loss to follow-up. 
The measurement of premorbid total testosterone and 
SHBG concentrations years prior to any exposure to SARS-
CoV-2 avoided confounding from the effects of acute 
infection on the HPT axis. UK Biobank received results of 
microbiologically confirmed infection with COVID-19 
(26). We included an interaction term of spatial unit with 
time and adjusted for multiple sociodemographic, lifestyle, 
and medical factors.

Limitations include the observational nature of 
the study, precluding determination of causality. Many 
variables were assessed at baseline by self-report. Mortality 
outcomes were obtained by data linkage utilising COVID-
19 containing ICD codes. Residual confounding from 
unmeasured variables is possible, even though the fully 
adjusted model included a range of potentially relevant 
factors. In the UK Biobank, blood samples were collected 
throughout the day, thus time of blood sampling was 
included as a variable in the fully adjusted model. 
Total testosterone and SHBG were measured using an 
immunoassay which may underestimate testosterone 
concentrations compared with mass spectrometry (49). 
Therefore, we analysed testosterone, SHBG, and cFT as 
continuous variables, and also in quintiles, enabling 
the comparison of men across the prevailing range 
of hormone concentrations and avoiding the use of 
specific threshold values. This analysis utilised baseline 
testosterone and SHBG results, and serial measurements 
leading up to the onset of the pandemic were not available. 
However, in a subset of UK Biobank men with repeat blood 
sampling after an interval of 4.3 years, mean serum total 
testosterone concentrations were stable over time with 
high concordance between baseline and follow-up results 
(50). Modelling the effects of vaccination rates, subsequent 
waves of infection and genetic polymorphisms was outside 
the scope of this analysis. UK Biobank included men aged 
40–69 years, so our findings neither apply to younger or 
older men nor to men in other regions.

In conclusion, total testosterone and SHBG 
concentrations were non-linearly associated with COVID-

19-related mortality risk in middle-aged to older men. 
Men with the highest concentrations of total testosterone 
or SHBG were most at risk, after controlling for age, 
sociodemographic, lifestyle, and medical factors. Men 
could be informed that having relatively high serum 
testosterone concentrations does not protect against future 
COVID-19-related mortality and encouraged to engage 
in appropriate measures to reduce their risk of severe 
SARS-CoV-2 infection. Further investigation of potential 
underlying mechanisms by which testosterone might 
impact the severity of SARS-CoV-2 infection is warranted.
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