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Summary

Objective A small randomized controlled trial suggested that

vitamin D might increase the production of testosterone in men,

which is supported by experimental studies in animals and a

cross-sectional study showing positive associations between

plasma 25-hydroxyvitamin D [25(OH)D] and testosterone and

concordant seasonal variation of both biomarkers.

Design and Measurements We investigated the cross-sectional

association of plasma 25(OH)D levels and total and free testoster-

one measured by immunoassay in 1362 male participants of the

Health Professionals Follow-up Study who were selected for a

nested case–control study on prostate cancer using multivariate-

adjusted linear and restricted cubic spline regression models.

Results 25(OH)D was positively associated with total and free

testosterone levels. From the lowest to the highest 25(OH)D quin-

tile, multivariate-adjusted means (95% confidence interval) were

18Æ5 (17Æ7; 19Æ4), 19Æ4 (18Æ6; 20Æ2), 19Æ6 (18Æ8; 20Æ4), 20Æ1 (19Æ3;

20Æ9) and 20Æ0 (19Æ1; 20Æ8; P-trend = 0Æ003) for total testosterone

and 97Æ7 (93Æ9; 101Æ5), 98Æ2 (94Æ1; 102Æ2), 99Æ2 (95Æ2; 103Æ2), 100Æ7
(96Æ9; 104Æ5) and 101Æ5 (97Æ6; 105Æ4; P-trend = 0Æ03) for free tes-

tosterone. The shapes of the dose–response curves indicate that

the association between 25(OH)D and total and free testosterone

is linear at lower levels of 25(OH)D (below approximately

75–85 nmol/l), reaching a plateau at higher levels. Unlike for

25(OH)D, we did not observe any seasonal variation of testoster-

one concentrations.

Conclusion This study supports previously reported positive

associations between vitamin D and testosterone although we did

not observe parallel seasonal variation patterns. Possible causality

and direction of the vitamin D–testosterone association deserve

further scientific investigation.

(Received 6 October 2011; returned for revision 22 October 2011;

finally revised 5 December 2011; accepted 22 December 2011)

Introduction

Data from a small randomized controlled trial suggest that vitamin

D supplementation might increase the production of testosterone

in men.1 In that trial, 54 healthy men whose mean 25(OH)D levels

were in the deficiency range (mean 29Æ7 nmol/l in the placebo

group and 32Æ5 nmol/l in the vitamin D group; to convert nmol/l

to ng/ml, divide by 2Æ5) received either 83 lg vitamin D daily for

1 year (n = 31) or placebo (n = 23). Compared with baseline val-

ues, a significant increase in total testosterone levels (from

10Æ7 ± 3Æ9 to 13Æ4 ± 4Æ7 nmol/l; P < 0Æ001) was observed in the

vitamin D supplementation group. Similar increases were observed

for free testosterone and bioactive testosterone. No changes in tes-

tosterone concentrations were observed in the placebo group. In a

cross-sectional study among 2299 men who were routinely referred

for coronary angiography, positive associations between 25-

hydroxy vitamin D [25(OH)D] and total testosterone levels were

observed.2 In the same study, 25(OH)D and total testosterone

followed a similar seasonal pattern. A recently published cross-sec-

tional study among 3369 healthy European men observed weak

positive associations between 25(OH)D and testosterone levels and

an inverse association between 25(OH)D and oestradiol.3 While

these studies suggest a link between 25(OH)D and sex steroids,

more studies are warranted, and especially the shape of the dose–

response relationship has not been explored so far. There is biologi-

cal support for a possible association between vitamin D and male

reproductive hormones. The vitamin D receptor (VDR) and vita-

min D metabolizing enzymes are widely expressed, including in the

male reproductive tract.4 Furthermore, vitamin D levels have been

associated with sperm count and motility5, and VDR knockout

mice have significant gonadal insufficiency, decreased sperm count

and motility.6 The aim of this study was to cross-sectionally investi-

gate the association between vitamin D status as reflected by

25(OH)D concentrations and plasma testosterone and oestradiol
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in participants of the Health Professionals Follow-up Study

(HPFS).

Materials and methods

The HPFS is an ongoing prospective cohort study including 51 529

male health professionals who were between 40 and 75 years old at

enrolment in 1986. At baseline, the men completed a mailed ques-

tionnaire on lifestyle characteristics, medical history and a food

frequency questionnaire. Since then, participants have been fol-

lowed every 2 years by mailed questionnaires to ascertain the

occurrence of new medical diagnoses as well as to update exposure

status. Information on dietary intake has been updated every

4 years. Between 1993 and 1995, 18 225 participants provided a

blood sample, collected in blood tubes containing liquid EDTA

and shipped to the laboratory via overnight courier while chilled

on ice. At the laboratory, the blood was centrifuged, divided into

plasma, erythrocytes, and buffy coat and stored in liquid nitrogen

freezers. The study was approved by the Institutional Review Board

of Harvard School of Public Health and Brigham and Women’s

Hospital in Boston, Massachusetts, and written informed consent

was obtained from all participants.

In the present study, we included participants who were selected

for a nested case–control study on prostate cancer. The nested

case–control study included prostate cancer cases verified by medi-

cal records and control subjects selected among participants who

were alive and free of diagnosed cancer at the date of the case’s

diagnosis, and who had a prostate-specific antigen (PSA) test after

the date of blood draw. For each prostate cancer case, one control

participant was matched on year of birth (±1 year), PSA test prior

to blood draw (yes/no) and timing of blood draw – time of day

(midnight to before 9 am, 9 am to before noon, noon to before

4 pm and 4 pm to before midnight), season (winter, spring, sum-

mer and fall) and year (exact).

Measurement of vitamin D and testosterone

The cases and corresponding controls were identified in three

waves of follow-up resulting in three assay batches: blood draw to

1996, 1996–1998 and 1998–2000. Case–control pairs were analysed

together with the laboratory personnel being blinded to case–

control status.

Plasma concentrations of 25(OH)D were determined by radio-

immunosorbent assay (RIA; DiaSorin Inc., Stillwater, MN, USA)

in the laboratory of Dr Bruce Hollis as described previously.7 The

mean intrapair coefficient of variation calculated from blinded

quality control samples was 5Æ4%. Missing data occurred because

of too low plasma volume (two samples).

Plasma concentrations of sex steroid hormones and sex-

hormone-binding globuline (SHBG) were measured in the labo-

ratory of Dr Nader Rifai at the Children’s Hospital, Boston,

Massachusetts. Total testosterone was measured by means of a

chemiluminescent immunoassay (Elecsys autoanalyser; Roche

Diagnostics, Indianapolis, IN, USA), free testosterone by means of

enzyme immunoassay (Diagnostic System Laboratories, Webster,

TX, USA), oestradiol by means of a third-generation RIA

(Diagnostic Systems Laboratory) and SHBG by means of coated

tube noncompetitive immunoradiometric assay (Diagnostic Sys-

tems Laboratory). The mean intrapair correlation coefficients of

variation were 4Æ9% for total testosterone, 8Æ4% for free testoster-

one, 5Æ2% for oestradiol and 10Æ7% for SHBG. Missing data

occurred because samples were too lipaemic for free testosterone

assay (13 samples) or because of too low plasma volume (three

samples).

Plasma total cholesterol concentration was measured by means

of Infinity Total Cholesterol Enzymatic Assay kit (Sigma Diagnos-

tics, St Louis, MO, USA) for the first and second analysis batches

and an enzymatic assay using reagents from Equal Diagnostics

(Exton, PA, USA) for the third analysis batch. The mean intrapair

coefficient of variation for cholesterol calculated from blinded

quality control samples was 10Æ9% for the Infinity assay and 9Æ1%

for the Equal Diagnostics assay.

As reported previously,8,9 to assess the intraperson consistency

of 25(OH)D or sex steroid hormones over time, 25(OH)D, total

testosterone, free testosterone, oestradiol and SHBG were mea-

sured for 144 HPFS participants who were free of a cancer diag-

nosis and who provided a blood sample in 1993/1994 and again

in 1997 (mean of 3Æ03 ± 0Æ46 years apart). Adjusting for age, race

and season of the year, the Pearson’s correlation coefficient

between the two time points was 0Æ70 for 25(OH)D and Spear-

man’s correlation coefficients were 0Æ68 for total testosterone,

0Æ39 for free testosterone, 0Æ55 for oestradiol and 0Æ74 for SHBG

(all P < 0Æ0001).

Statistics

To avoid confounding by race/ethnicity, we excluded nine African-

American and five Asian participants. All remaining participants

from the nested case–control study for whom both 25(OH)D and

plasma sex steroid hormones were available (n = 1362) were

included in the present analysis. Neither 25(OH)D nor sex steroid

hormones have been related to total prostate cancer in HPFS.8,9

Thus, to increase power, we included both cases (who were not

diagnosed with cancer at time of blood draw) and controls in our

final analysis, but all analyses were repeated including control

participants (n = 678) only. In sensitivity analyses, we restricted

the study population to controls and additionally excluded partici-

pants who reported major morbidities such as diabetes, high

cholesterol and high blood pressure, which could be an indicator

for lower 25(OH)D levels.

We used multivariate linear regression with robust variance

(PROC MIXED with empirical statement, version 9.2; SAS

Institute, Cary, NC, USA)10 to investigate the association

between 25(OH)D and total testosterone, free testosterone or

oestradiol. This method allows for valid inference without

assumption of normal distribution in the dependent variable.

To account for differences in absolute concentrations between

analysis batches, free testosterone levels were batch standard-

ized.11 Using regression coefficients for batch derived from a

linear regression model with free testosterone as dependent var-

iable and batch indicators as independent variable, free testos-

terone levels were standardized to the levels that would be
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obtained if all measurements were from batch 1. Batch stan-

dardization of total testosterone and oestradiol was not neces-

sary because mean values were similar across batches. As an

alternative approach, we calculated free testosterone from total

testosterone and SHBG under the assumption of a constant

albumin concentration of 43 g/l according to Vermeulen et al.12

Multivariate-adjusted mean sex steroid hormone concentrations

and corresponding 95% confidence intervals (95% CI) were cal-

culated by batch-specific quintiles of 25(OH)D. To test for lin-

ear trend, participants were assigned the median values of the

batch-specific 25(OH)D quintiles and the resulting variable was

entered continuously to the model, deriving the P-values for

linear trend from this variable’s Wald test. In addition, contin-

uous parameter estimates representing the change in testoster-

one per 25 nmol/l increment in 25(OH)D (based on trend

variable) are presented. The fully multivariate-adjusted model

included age, body mass index (BMI), analysis batch, time of

blood collection (four categories: before 9 am, 9 am–12 pm,

12 pm–4 pm and after 4 pm), season, geographical region

(West, Midwest, South and Northeast), smoking status and

physical activity [metabolic equivalent-hours/week (MET-h/

wk)]. Total testosterone was additionally adjusted for SHBG in

a separate model, which can be interpreted similarly to the

multivariate model for free testosterone. The presented age-

and batch-adjusted mean values were centred to age 60 years

and batch 1; age-, batch- and BMI-adjusted models were cen-

tred to age 60 years, batch 1 and BMI 25 kg/m2; multivariate-

adjusted models’ means were centred to age 60 years, batch 1,

BMI 25 kg/m2 and mean physical activity (40 MET-h/wk). In a

sensitivity analysis, we tested whether additional adjustment for

batch-specific deciles of plasma cholesterol, which is a precursor

for both testosterone and vitamin D, changes associations. We

examined possible nonlinear associations using restricted cubic

splines13 with four knots to divide continuous 25(OH)D con-

centration into five intervals. To make the graph more stable,

highest and lowest percentile of 25(OH)D levels were excluded.

To investigate whether the association between 25(OH) vita-

min D and testosterone varies by age, BMI, vasectomy or season

analyses stratified by these factors were performed. Tests for sta-

tistical interaction were performed by creating a cross-product

variable of the medians of 25(OH)D quintiles and the respective

stratification variable and testing the difference of the model with

and without this variable by means of the likelihood ratio test.

Because testosterone levels measured in morning samples are con-

sidered more accurate,14 we repeated all analyses excluding blood

samples drawn in the afternoon (n = 236).

In an additional analysis, we defined hypogonadism based

on low total testosterone levels (<11 nmol/l)15 and estimated

the relative risk (approximated by the odds ratio) of hypogona-

dism by means of logistic regression. The multivariate-adjusted

model included all covariates described earlier. We determined

the seasonal variation of 25(OH)D, total testosterone, free tes-

tosterone and oestradiol by calculating age- and batch-adjusted

mean concentrations by month of blood collection for both

biomarkers using linear regression with robust variance as

described earlier.

Results

Using common cut-offs for vitamin D status, 24% (n = 333) of

participants had 25(OH)D levels <50 nmol/l (vitamin D defi-

ciency), 44% (n = 601) had 25(OH)D levels between 50 and

74Æ9 nmol/l (insufficiency), and 31% (n = 428) had 25(OH)D lev-

els ‡75 nmol/l (sufficiency). Men in the highest quintile of

25(OH)D were slightly younger, had a lower BMI and higher phys-

ical activity than men in the lowest quintile (Table 1). Circulating

25(OH) vitamin D showed seasonal variation with highest concen-

trations in summer and fall (peak: August) and lowest in winter

and spring (nadir: February), whereas no seasonal variation was

seen for total testosterone, free testosterone or oestradiol (Fig. 1).

Total testosterone concentrations significantly increased across

quintiles of circulating 25(OH) vitamin D levels (Table 2) in all

adjustment models. The age- and batch-adjusted associations were

slightly attenuated by additional adjustment for BMI, and further

potentially confounding factors including time and season of blood

collection, smoking, geographical region and physical activity.

When including only control participants (n = 678), multivariate-

adjusted mean testosterone concentrations (95% CI) from the low-

est to the highest quintile of 25 (OH) vitamin D were 18Æ0 (16Æ9;

19Æ2), 19Æ4 (18Æ1; 20Æ6), 19Æ4 (18Æ2; 20Æ5), 19Æ7 (18Æ6; 20Æ8) and 20Æ1
(18Æ9; 21Æ3) nmol/l (P-trend = 0Æ01). A positive association per-

sisted when including only control participants without major

morbidities (diabetes, high blood pressure or high blood choles-

terol; n = 316; data not shown). Additional adjustment for plasma

total cholesterol did not change associations remarkably (data not

shown).

Circulating 25(OH) vitamin D levels were significantly positively

associated with free testosterone in the age- and batch-adjusted as

well as in the multivariate-adjusted model. These findings were not

changed when only control participants were included (multivari-

ate-adjusted mean free testosterone concentrations (95% CI) from

the lowest to the highest quintile of 94Æ6 (89Æ7; 99Æ5), 96Æ6 (91Æ0;

102Æ2), 96Æ7 (91Æ3; 102Æ1), 100Æ3 (94Æ7; 106Æ0) and 100Æ8 (95Æ4;

106Æ2) (P-trend = 0Æ02).

When estimating the association between 25(OH)D and free

testosterone calculated according to Vermeulen et al.12, positive

associations of 25(OH) D and free testosterone were observed in all

models (data not shown). We observed a significant positive

association between 25(OH)D and oestradiol in the multivariate-

adjusted model.

The spline models show graphically that the positive association

between 25(OH)D and total and free testosterone is linear at lower

25(OH)D levels, below approximately 75–85 nmol/l in the case of

total testosterone and 75 nmol/l in the case of free testosterone

(Fig. 2a,b), reaching a plateau at higher levels (P for nonlinearity

0Æ05 for total testosterone and 0Æ14 for free testosterone).

No significant differences in the multivariate-adjusted associa-

tion between 25(OH)D and total testosterone were observed after

stratification by age at blood collection or BMI categories (data not

shown). There was some suggestion of differences in the associa-

tion between 25(OH)D and free testosterone by age at blood collec-

tion and BMI categories: a positive association between 25 (OH) D

and free testosterone was only seen in men aged 70 years or older

108 K. Nimptsch et al.

� 2012 Blackwell Publishing Ltd

Clinical Endocrinology (2012), 77, 106–112



(P-trend = 0Æ002), but not in men below age 70 years (P-trend =

0Æ53; P for interaction 0Æ02). The association between 25(OH)D

and free testosterone was stronger in men with a BMI ‡30 kg/m2

(P-trend = 0Æ07) than in lower BMI categories (<23, 23–24Æ9 and

25–29Æ9 kg/m2) (P for interaction = 0Æ03).

When we stratified models by vasectomy, significant positive

associations between 25(OH) vitamin D and total and free testos-

terone were observed in men who had not had a vasectomy

(n = 1002) (P-trend = 0Æ001 for total testosterone and 0Æ004 for

free testosterone), while no significant associations were observed

in men who had had a vasectomy (n = 360) (P for interaction 0Æ24

for total testosterone and 0Æ02 for free testosterone).

We did not observe a clear geographical trend when stratifying

by geographical region: significant positive associations (in multi-

variate-adjusted models) between 25(OH)D and total testosterone

were observed among men residing in the South (n = 381,

P-trend = 0Æ01) and in the Northeast (n = 268, P-trend = 0Æ03),

but not in the West (n = 331, P-trend = 0Æ34) or Midwest

(n = 378, P-trend = 0Æ13). A significant positive association

between 25(OH)D and free testosterone was observed only in men

residing in the Northeast (P-trend = 0Æ04).

Stratification by season of blood collection revealed slightly

stronger positive associations between 25(OH)D and testosterone

during winter or spring (n = 434, P-trend 0Æ01) than during sum-

mer or fall (n = 910, P-trend 0Æ06), whereas a significant positive

association between 25(OH)D and free testosterone was only

observed during summer or fall (P-trend 0Æ02) but not in winter or

Fig. 1 Monthly variation of mean (age and batch adjusted) 25-hydroxy-

vitamin D [25(OH)D], total testosterone, free testosterone and oestradiol.

Bars indicate 95% confidence intervals.

Table 1. Characteristics of study participants according to 25(OH)D quintiles

Q1 (n = 272) Q2 (n = 272) Q3 (n = 272) Q4 (n = 275) Q5 (n = 271)

Age at blood collection* 66Æ4 (7Æ2) 66Æ1 (7Æ3) 65Æ5 (7Æ3) 65Æ6 (7Æ9) 65Æ3 (7Æ3)

Prostate cancer cases, % 46 52 49 50 57

Analysis batch

Blood draw-1996, % 29 29 29 30 30

1996–1998, % 36 37 36 36 36

1998–2000, % 35 34 35 34 34

Season of blood collection

Spring, % 32 20 19 14 10

Summer, % 18 33 33 39 43

Fall, % 24 26 33 38 40

Winter, % 27 21 16 9 7

Time of blood collection

Midnight to before 9 am, % 27 26 24 27 33

9 am to before noon, % 45 47 45 44 43

Noon to before 4 pm, % 13 13 16 15 10

4 pm to before midnight, % 3 3 4 4 4

Geographical region

West, % 24 22 28 23 23

Midwest, % 21 32 27 29 29

South, % 28 26 23 29 34

Northeast, % 26 20 21 18 14

Height (cm) 178 (7) 178 (7) 179 (6) 178 (6) 179 (6)

BMI (kg/m2) 26Æ9 (4Æ2) 26Æ5 (3Æ9) 25Æ4 (3Æ1) 25Æ5 (3Æ0) 25Æ3 (3Æ1)

Smoking status

Never, % 43 45 45 46 39

Past, % 46 48 49 47 54

Current, % 5 4 5 5 3

Physical activity (MET-h/wk) 29Æ0 (38Æ0) 35Æ3 (35Æ3) 42Æ4 (55Æ1) 40Æ9 (42Æ6) 51Æ5 (41Æ0)

Q, quintile. Quintile cutpoints were 43Æ7, 52Æ9, 61Æ2 and 71Æ1 nmol/l for batch 1; 45Æ4, 53Æ9, 63Æ6 and 77Æ4 nmol/l for batch 2; and 58Æ4, 71Æ6, 84Æ6 and

101Æ8 nmol/l for batch 3. Values are means (SD) or percentages and are standardized to the age distribution of the study population.

*Value is not age adjusted.
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spring (P-trend 0Æ92). However, no significant interactions by

season were observed. Associations between 25(OH)D and both

total and free testosterone were stronger when blood samples

drawn in the afternoon were excluded (data not shown).

When defining hypogonadism based on total testosterone levels

<11 nmol/l (n = 248), after multivariate adjustment for age, analy-

sis batch, time and season of blood collection, BMI, smoking,

geographical region, and physical activity, comparing participants

in the highest vs lowest quintile of 25(OH) vitamin D had a signifi-

cantly decreased relative risk of hypogonadism of 0Æ50 (95% CI

0Æ31–0Æ93; P-trend = 0Æ01). This association was stronger when

participants whose blood samples were drawn in the afternoon

were excluded (OR highest vs lowest quintile of 25(OH)D 0Æ34,

95% CI 0Æ18–0Æ65, P-trend = 0Æ001).

Discussion

This study confirms previously observed positive associations

between circulating 25(OH) D and total and free testosterone levels

before and after adjustment for a variety of potential confounders.

The shape of the dose–response curves indicate that associations

between 25(OH)D and testosterone are strongest in lower ranges of

25(OH)D. Unlike for vitamin D, we did not observe any seasonal

variation of testosterone concentrations.

This is the fourth study to show positive associations between

vitamin D and testosterone.1,3 Both VDR and vitamin D metaboliz-

ing enzymes were shown to be expressed in human Leydig cells,

where testosterone in the male testes is synthesized,4 suggesting

that vitamin D might affect the production of male reproductive

hormones. This hypothesis is supported by the observation that

VDR knockout mice are characterized by hypergonadotropic

hypogonadism.6 It cannot be excluded that the here observed asso-

ciations between 25(OH)D and testosterone reflect nonbiological

correlations because of similar distributions of confounding factors

or because of common biological precursors such as cholesterol.

However, positive associations between 25(OH)D and testosterone

persisted after adjusting for a variety of factors that are associated

with both 25(OH)D levels and testosterone levels such as age, BMI

and physical activity. Furthermore, adjustment for total cholesterol

did not change the observed associations between 25(OH)D and

total or free testosterone.

Vitamin D status as reflected by 25(OH)D levels is mainly deter-

mined by sun exposure (ultraviolet light conversion of 7-dehydro-

cholesterol in the skin), while dietary intake generally plays a more

Table 2. Mean testosterone concentrations according to quintiles of 25-OH vitamin D

25-OH Vitamin D (quintiles)

Q1 Q2 Q3 Q4 Q5 P-trend* b†

Total testosterone (nmo/l)

age and batch adjusted

(95% CI)

17Æ4 (16Æ5; 18Æ3) 18Æ3 (17Æ4; 19Æ2) 19Æ0 (18Æ1; 19Æ9) 19Æ5 (18Æ6; 20Æ4) 19Æ6 (18Æ7; 20Æ5) <0Æ0001 0Æ96 (0Æ56; 1Æ37)

age, batch and BMI

adjusted (95% CI)

18Æ7 (17Æ8; 19Æ6) 19Æ4 (18Æ6; 20Æ3) 19Æ5 (18Æ7; 20Æ4) 20Æ0 (19Æ2; 20Æ9) 20Æ0 (19Æ1; 20Æ9) 0Æ01 0Æ56 (0Æ17; 0Æ95)

multivariate‡ adjusted

(95% CI)

18Æ5 (17Æ7; 19Æ4) 19Æ4 (18Æ6; 20Æ2) 19Æ6 (18Æ8; 20Æ4) 20Æ1 (19Æ3; 20Æ9) 20Æ0 (19Æ1; 20Æ8) 0Æ003 0Æ61 (0Æ21; 1Æ02)

multivariate‡ adjusted

plus

sex-hormone-binding

globuline (95% CI)

13Æ8 (13Æ0; 14Æ7) 14Æ5 (13Æ7; 15Æ3) 14Æ7 (13Æ9; 15Æ5) 15Æ1 (14Æ3; 15Æ9) 14Æ9 (14Æ1; 15Æ7) 0Æ01 0Æ48 (0Æ14; 0Æ83)

Free testosterone§ (pmol/l)

age and batch adjusted

(95% CI)

92Æ7 (87Æ8; 97Æ6) 93Æ7 (88Æ1; 99Æ3) 95Æ0 (89Æ5; 100Æ5) 98Æ9 (93Æ2; 104Æ7) 99Æ6 (94Æ1; 105Æ1) 0Æ003 2Æ25 (0Æ80; 3Æ70)

age, batch and BMI

adjusted (95% CI)

98Æ5 (94Æ7; 102Æ4) 98Æ4 (94Æ3; 102Æ4) 98Æ8 (94Æ8; 102Æ8) 100Æ3 (96Æ5; 104Æ1) 100Æ9 (97Æ0; 104Æ8) 0Æ17 1Æ01 ()0Æ43; 2Æ45)

multivariate‡ adjusted

(95% CI)

97Æ7 (93Æ9; 101Æ5) 98Æ2 (94Æ1; 102Æ2) 99Æ2 (95Æ2; 103Æ2) 100Æ7 (96Æ9; 104Æ5) 101Æ5 (97Æ6; 105Æ4) 0Æ03 1Æ60 (0Æ15; 3Æ06)

Oestradiol (pmol/l)

age and batch adjusted

(95% CI)

87Æ1 (82Æ4; 91Æ7) 88Æ0 (83Æ6; 92Æ4) 86Æ5 (82Æ1; 91Æ0) 88Æ1 (83Æ6; 92Æ6) 90Æ0 (85Æ4; 94Æ7) 0Æ25 1Æ26 ()0Æ89; 3Æ41)

age, batch and BMI

adjusted (95% CI)

83Æ2 (78Æ6; 87Æ8) 84Æ7 (80Æ3; 89Æ1) 84Æ9 (80Æ5; 89Æ3) 86Æ5 (81Æ9; 91Æ0) 88Æ7 (84Æ1; 93Æ3) 0Æ02 2Æ47 (0Æ38; 4Æ57)

multivariate‡ adjusted

(95% CI)

81Æ9 (77Æ3; 86Æ5) 84Æ3 (80Æ0; 88Æ6) 84Æ6 (80Æ2; 88Æ9) 86Æ5 (81Æ9; 91Æ0) 89Æ1 (84Æ4; 93Æ8) 0Æ01 3Æ15 (0Æ91; 5Æ39)

Q, quintile; BMI, body mass index. *trend variable based on quintile medians. †continuous parameter estimate (change in testosterone per 25 nmol/l incre-

ment in 25-OH vitamin D based on trend variable). ‡adjusted for age (at blood collection), batch, time of blood collection, season, BMI at blood collection

(continuous), smoking status, geographical region and physical activity (MET-h/wk). §standardized by batch. Age- and batch-adjusted mean values were

centred to age 60 years and batch 1; age-, batch- and BMI-adjusted models were centred to age 60 years, batch 1 and BMI 25 kg/m2; multivariate-adjusted

models’ means were centred to age 60 years, batch 1, BMI 25 kg/m2 and mean physical activity (40 MET-h/wk).
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minor role in vitamin D supply.16 Although our findings of a posi-

tive association between 25(OH) vitamin D and testosterone con-

firm the previous cross-sectional findings among 2299 men

routinely referred for angiography in the German LURIC study,2

we did not observe any seasonal variation of total testosterone,

which contrasts this study’s findings of parallel seasonal variation

of 25(OH)D and testosterone. It is noteworthy that the two studies

differ substantially with respect to vitamin D status. Based on

25(OH)D levels, in the German study, 63% of participants had a

deficient vitamin D status (25 (OH) D <50 nmol/l), whereas in our

sample, only 25% of participants were vitamin D deficient. The

poor vitamin D supply in the German sample may be partly

explainable by the geographical latitude that is further away from

equatorial latitudes than US latitudes. In addition, while in the US,

milk and other foods are commonly fortified with vitamin D, no

fortification is undertaken in Germany, so that the dietary vitamin

D intake is substantially lower than that in the US. Finally, the Ger-

man sample of men who were referred for coronary angiography

may have had exceptionally low 25(OH)D levels because coronary

artery disease has been linked to a poor vitamin D status. In a study

relating vitamin D levels to sperm quality in humans, the effect of

vitamin D on sperm motility was most pronounced in men with

vitamin D deficiency.5 In a recent multicentre cross-sectional study

among 3369 community-dwelling European men, of whom 37%

were in the deficiency range, 25(OH)D was positively associated

with total and free testosterone in age- and study centre-adjusted

models, but not after multivariate adjustment for health and life-

style factors.3 In the same study, no seasonal variation of testoster-

one was observed. Seasonal variation of testosterone has been

investigated in numerous other cross-sectional and longitudinal

studies, yielding inconsistent results.17 In line with our finding,

no seasonal variation of testosterone has been observed in four

studies.17–20

Our investigation of the dose–response relationship suggests that

associations between 25(OH)D and testosterone are stronger at the

lower end of vitamin D concentrations. However, owing to the low

proportion of vitamin D–deficient men in our study, we were not

able to investigate the associations at the very low end of 25(OH)D

levels (only 10 participants had 25(OH)D levels <25 nmol/l).

The observed statistical interaction by vasectomy requires con-

firmation by further studies. A biological explanation why vitamin

D may be associated with higher testosterone levels only in men

who had not had a vasectomy is lacking so far, and it cannot be

excluded that this finding was because of chance. Vasectomy is not

strongly associated with changes in hormonal profiles.21,22 In our

study testosterone, SHBG and vitamin D levels did not differ sub-

stantially by vasectomy status, but men who had had a vasectomy

were younger and more likely to reside in sunny areas than men

who had not had a vasectomy. Thus, it is possible that the observed

effect modification was because of differences in the distribution of

confounding factors by vasectomy status.

Strengths of our study include the ability to adjust for a variety

of potential confounders. Although residual confounding cannot

be excluded, our findings suggest an association between

25(OH)D and testosterone independent of major determinants of

25(OH)D/testosterone such as BMI, smoking and physical activ-

ity. Our study also has several limitations. Owing to the cross-sec-

tional design, no conclusions with respect to causality or

directionality of the vitamin D–testosterone association can be

drawn. Another drawback of our study is that total testosterone

was measured by an immunoassay, which has lower accuracy and

sensitivity than methods based on mass spectrometry, which is

considered the gold standard.23 Owing to the strong variation by

analysis batch and the low intraperson consistency of free testos-

terone measurements, the associations observed with free testos-

terone should be interpreted with caution. Furthermore, our

findings are only generalizable to a limited extent, because this is a

sample of middle aged mainly Caucasian men with a rather

homogenous socio-economic status.

In conclusion, the present study confirms previous findings of a

positive association between vitamin D status as reflected by

25(OH) vitamin D levels and testosterone levels, although in our

study, this finding was not supported by parallel seasonal variation

patterns of 25(OH) vitamin D and testosterone. Whether these

cross-sectional findings reflect a causal relationship deserves

further scientific examination.

(a)

(b)

Fig. 2 Association between 25 (OH) vitamin D and (a) total testosterone

(b) free testosterone modelled continuously using splines; 95% confidence

interval in grey [model adjusted for age (at blood collection), batch, time of

blood collection, season, BMI at blood collection (continuous), smoking

status, geographical region and physical activity (MET-h/wk)].
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