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Summary

Objective—Total testosterone concentrations are influenced by sex hormone-binding globulin 

(SHBG) concentrations, which are decreased by obesity and increased with ageing. Therefore, we 

sought to understand and compare the associations of ageing and obesity with SHBG.

Design—We performed a retrospective, cross-sectional analysis of the associations of obesity 

and age on SHBG and testosterone measurements in men being evaluated for hypogonadism.

Patients, Measurements and Analysis—A total of 3671 men who underwent laboratory 

testing for testosterone deficiency from the Veterans Administration Puget Sound Health Care 

System from 1997 through 2007 was included. Univariate and multivariate linear regression 

modelling of the associations between age and body mass index (BMI) and SHBG was performed.

Results—Obesity was associated with a significantly lower SHBG [β = −1·26 (95% CI −1·14, 

−1·38) nmol/l] per unit increase in BMI. In contrast, ageing was associated with a significantly 

increased SHBG [β = 0·46 (95% CI 0·39, 0·53) nmol/l per year] (P < 0·001 for both effects). The 

association of obesity with lower SHBG was two to three times larger than the association of 

ageing with increased SHBG in both univariate and multivariate modelling. On average, obese 

men (BMI >30 kg/m2) had significantly lower SHBG and total testosterone concentrations than 

nonobese men [(mean ± SD) SHBG: 36 ± 22 vs 50 ± 27 nmol/l and total testosterone: 10·5 ± 5·4 

nmol/l vs 14·1 ± 7·4 nmol/l; (P < 0·001 for both comparisons)], but calculated free testosterone 

concentrations did not differ between obese and nonobese men.

Conclusions—We found that the association between obesity and lowered SHBG is greater 

than the association of ageing with increased SHBG. These competing effects may impact total 

testosterone measurements for the diagnosis of low testosterone, particularly in obese men.
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Introduction

The estimated prevalence of symptomatic male hypogonadism is 2–6% in men older than 30 

years and the prevalence increases with age.1–4 A recent analysis of testosterone prescribing 

practices in the United States and United Kingdom demonstrated that testosterone use has 

nearly quadrupled in the United States since 2000.5 Some of this increase may be due to 

overdiagnosis of testosterone deficiency in older or obese men in whom sex hormone-

binding globulin (SHBG) concentrations are altered.

To diagnose hypogonadism in men, the 2010 Endocrine Society guidelines recommend 

documenting symptoms or signs compatible with androgen deficiency in combination with a 

low serum total testosterone concentration measured in the morning.6 Because most 

circulating testosterone is bound to SHBG or albumin and only 1–3% of circulating 

testosterone is unbound or ‘free’, changes in SHBG can greatly affect the interpretation of 

total testosterone concentrations.7 Therefore, the Endocrine Society guidelines suggest 

measuring free testosterone using an accurate method if there is concern that the patient may 

have altered SHBG concentrations. As testosterone concentrations decline with age, SHBG 

concentrations increase, whereas SHBG concentrations are reduced with obesity and the 

metabolic syndrome.8–13 However, the relative impact of obesity and ageing on SHBG and 

total testosterone concentrations has not been clearly quantified in samples that include large 

numbers of older and obese men. From a clinical standpoint, knowledge regarding the 

magnitude of the associations between SHBG, ageing and obesity in these populations may 

be helpful in understanding the value of total testosterone concentration as an initial 

screening test and determining in which settings the measurement of free testosterone would 

be useful for the diagnosis of low testosterone.

We hypothesized that ageing would be associated with an increased SHBG, and that 

association would be greater than the association of obesity (BMI >30) with a reduced 

SHBG. To determine these associations with precision, we examined them in the setting of a 

very large sample of men undergoing an evaluation for low testosterone at a large veterans’ 

hospital over a 10-year span. We focused on the influences of obesity and age as these are 

increasingly common conditions in the veterans’ population and the US population and are 

known to influence SHBG concentrations.

Materials and methods

Patients

We searched the electronic medical record at the Veterans Administration Puget Sound 

Health Care System (VAPSHCS) from 1 January 1997 through 31 December 2007 for men 

evaluated for low testosterone by laboratory testing. The VAPSHCS includes several 

satellite outpatient clinics and a 504-bed teaching hospital serving veterans from 

Washington, Idaho, and Alaska. We identified 3671 men who were underwent laboratory 

testing of testosterone using a serum testosterone panel that included simultaneous 

measurements of total testosterone, SHBG, albumin and a calculated free testosterone. If 

multiple panels were performed on an individual patient, we used only the initial panel for 

our analysis. We excluded men who were already on androgen replacement therapy at the 
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time of initial laboratory assessment. Blood samples were collected between 8AM (0800) 

and 5PM (1700) in men with suspected testosterone deficiency. The timing of measurement 

is not in accordance with more recent clinical guidelines recommending measurement of 

testosterone in the morning, but is consistent with clinical practice.6 All available data were 

extracted and aggregated from the electronic medical record by a single research co-

ordinator and were de-identified to remove any previous linkage of laboratory data to 

individual patients. The VAPSHCS Institutional Review Board and Research and 

Development Committee approved the study and authorized a waiver of informed consent 

for this research.

Hormone assays

All samples were measured in the clinical laboratory at the VAPSHCS. Total testosterone 

concentrations were measured using an Elecsys® platform-based immunoassay (Roche 

Diagnostics, Indianapolis, IN, USA). The total testosterone assay range was 0·07–52·5 

nmol/l (normal range 9·8–28 nmol/l). SHBG was measured using the Elecsys® 

electrochemiluminescence platform-based immunoassay (Roche Diagnostics, Indianapolis, 

IN, USA). The assay range for SHBG was 0·35–200 nmol/l (normal range 10–80 nmol/l). 

Albumin was measured with the VITROS® 5.1 analytic platform assay (Ortho-Clinical 

Diagnostics, Rochester, NY, USA) the assay range was 1–6 gm/dl (normal range 2–5·2 gm/

dl). The Vermeulen formula14 was used to calculate free testosterone measures, and the 

normal range for free testosterone was 118 to 673 pmol/l using mid-range SHBG and 

albumin values. In this assay, calculated free testosterone concentrations correlate well (R2 = 

0·93) with free testosterone concentrations measured by equilibrium dialysis/tandem mass 

spectrometry.

Statistical analysis

Multiple linear, polynomial, log-transformed and multivariate regression analyses with and 

without interaction terms were performed to determine the optimal model to understand the 

associations between obesity, age, free testosterone, albumin and SHBG. Total testosterone 

was not included in the multivariate model due to colinearity with SHBG. Ultimately, 

simple linear regression without an interaction was found to be the most informative 

regression model. Therefore, the linear univariate models are presented for obesity and age 

in graphic form, and the multivariate model is presented in tabular form. To better 

understand the effects of age and obesity on SHBG and testosterone, men were divided into 

4 groups: (i) nonobese younger, (BMI <30 and age <65; n = 1350); (ii) obese younger (BMI 

≥30 and age <65; n = 1207); (iii) nonobese older (BMI<30 and age ≥65; n = 674); and (iv) 

obese older men (BMI ≥30 and age ≥65; n = 440). SHBG, total testosterone and calculated 

free testosterone concentrations in the groups were compared using an ANOVA with a Scheffe 

post hoc test with a Bonferroni correction for multiple comparisons. Comparison of the 

proportion of men defined as having a low testosterone within a given group was performed 

with an extended chi-squared test. All analyses were performed with STATA (College Park, TX, 

USA) version 10. For all analyses, a P-value of <0·05 was considered significant. Results 

are reported as means ± SD unless otherwise noted.
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Results

Subject characteristics

Of the 3671 men included for evaluation, the mean BMI was 30 ± 7 kg/m2 and the mean age 

was 60 ± 12 years (range 20–98). Nearly one-half of the men (45%) were obese. The 

population was 59·4% white, 17·1% black, 10·1% Asian, 3·2% Native American and 10·2% 

unknown.

Effect of BMI and ageing on SHBG

Linear regression analysis demonstrated that BMI was negatively associated with SHBG 

concentrations, while ageing was positively associated with SHBG concentrations (Fig. 

1a,b). For each unit increase in BMI, SHBG decreased by 1·26 (95% CI: −1·14, −1·38) 

nmol/l, while for each year increase in age, SHBG increased 0·46 (95% CI: 0·39, 0·53) 

nmol/l (P < 0·001 for both effects). Examination of this cohort by tertiles of BMI and age 

demonstrated that the progressive decline in SHBG with increasing BMI was greater than 

the progressive increase in SHBG with age across all tertiles (Fig. 2). Overall, BMI 

explained 2·5 times more of the variability in SHBG than did ageing (r2 = 0·1 for BMI and 

r2 = 0·04 for age). In the multivariate model (Table 1), age and BMI were the most 

significant factors influencing SHBG concentration, with free testosterone and albumin 

concentration only slightly affecting SHBG.

When the men were considered in groups (Table 2), SHBG concentrations were 

significantly lower in obese men than in nonobese men (36 ± 22 nmol/l [mean ± SD] vs 50 ± 

27 nmol/l, P < 0·001) and higher in older men than in younger men (49 ± 24 nmol/l vs 42 ± 

27 nmol/l, P < 0·001). The lowest SHBG concentrations were observed in obese, younger 

men (mean 34 ± 23 nmol/l), while the highest concentrations were seen in nonobese, older 

men (mean 54 ± 25 nmol/l) (Table 3).

Effect of BMI and ageing on total testosterone and calculated free testosterone

Increasing BMI and ageing were both associated with declines in total testosterone 

concentrations. Among men of all ages, higher total testosterone concentrations were 

observed in the nonobese groups compared to obese groups (14·1 ± 7·4 vs 10·5 ± 5·4 nmol/l 

P < 0·001) (Table 2). Similarly, higher total testosterone concentrations were observed in 

younger men than older men (mean 13·0 ± 7·1 vs 11·5 ± 6·0 nmol/l, P < 0·001). The highest 

total testosterone concentrations were observed in nonobese, younger men (15·0 ± 7·7 

nmol/l), while the lowest were in older, obese men (10·0 ± 5·5 nmol/l) (Table 3).

Among nonobese men, calculated free testosterone concentrations were higher in younger 

men than older men (229 ± 94 vs 184 ± 94 pmol/l, P < 0·001) (Table 2). This difference was 

also observed when comparing obese, younger men to obese, older men (208 ± 97 vs 174 ± 

83 pmol/l, P < 0·001) (Table 3). However, the proportion of men with a low calculated free 

testosterone was not significantly different when stratified solely by BMI, with 14·6% of 

nonobese and 16·2% of obese men having a calculated free testosterone of <118 pmol/l (P = 

0·173) (Table 2).
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Discussion

Total testosterone measurements are known to be affected by SHBG concentrations with 

obesity decreasing and ageing increasing SHBG. We sought to quantify the relative 

associations of obesity and ageing on SHBG and total testosterone in a large sample of men 

undergoing clinical evaluation for hypogonadism. In this study of 3671 men, we found that 

the negative effect of BMI on SHBG was significantly greater (approximately 2·5 fold) than 

the positive effect of age on SHBG, both by linear regression and examination of tertiles of 

BMI and age. Our findings are congruent with two other recent cross-sectional analyses in 

Chinese men that demonstrated a negative correlation between lower SHBG and increasing 

BMI,13,15 but our study is much larger and includes more older, obese men and is therefore 

more reflective of many men being evaluated for hypogonadism.

The mechanism by which obesity is associated with lowered SHBG has not been fully 

elucidated, but may involve suppression of hepatic SHBG synthesis by elevated 

concentrations of insulin.16,17 In our multivariate regression model, age and BMI were the 

most significant factors associated with serum SHBG concentration, accounting for 14% of 

the variation in SHBG, with albumin and calculated free testosterone only accounting for 

small additional percentages. This finding suggests that other factors, possibly genetic or 

environmental factors such as serum insulin concentrations, are the main determinants of 

serum SHBG. Future analyses examining the impact of insulin and other metabolic 

hormones on SHBG would be of interest. Indeed, several prior studies have demonstrated 

associations between low SHBG and the metabolic syndrome.15,18–20 For example, a recent 

cross-sectional analysis of community-dwelling men by Grossman et al.21 examined the 

influences of obesity and diabetes on calculated free testosterone, total testosterone and 

SHBG. Among 240 men in the study, 80 had a diagnosis of type 2 diabetes mellitus, yet the 

association between low total testosterone and diabetes was not significant after adjusting 

for BMI and age. Similarly, the association of increasing age with increasing SHBG has 

been clearly demonstrated in prior studies,22–24 but the reason for this increase is unknown.

The prevalence of low free testosterone in our study was 15·3%, which is higher than that 

observed in other cross-sectional studies.1,2 However, this is to be expected as our study 

focused on men in whom testosterone deficiency was suspected by the clinician ordering the 

testosterone level. As expected, the prevalence of low free testosterone increased with both 

BMI and age. Interestingly, when all men were stratified on the basis of BMI, there was no 

significant difference in the proportion of nonobese vs obese men with low free testosterone, 

despite a significant difference in the proportions of those with total testosterone 

concentrations <9·8 nmol/l between the two groups. This observation highlights the 

potential importance of assessment of free testosterone concentrations in obese men before 

making the diagnosis of male hypogonadism to avoid potential misclassification, as 

suggested by others.22–24 Of course, as the diagnosis of hypogonadism requires the presence 

of signs and/or symptoms of hypogonadism in addition to low measured levels of 

testosterone, the utility of the calculated free testosterone in this sample of men is unclear as 

we do not have information on symptoms in this population of men. However, it does seem 

likely that the use of calculated free testosterone might prevent the overdiagnosis of 

testosterone deficiency in some men, particularly in obese men, who may have low serum 
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SHBG as the main cause of their low total testosterone. It is worth noting that older men 

likely have a lower threshold of normal for total testosterone. For example, one recent 

observational study conducted in Australia found that in a reference group of 394 older men 

in excellent health, the lower limit (bottom 2·5 percentile) for total testosterone was 6·4 

nmol/l and for calculated free testosterone was 103 pmol/l.25. It is also worth noting that the 

percentage of men in this cohort that were categorized as hypogonadal using a low total 

testosterone (<9·8 nmol/l) was 36%, but only 15% of men were categorized as hypogonadal 

when a low free testosterone of (<118 pmol/l) threshold was used (Table 2).

This study has strengths and weaknesses. Strengths of this study include the very large 

sample size, the broad range of BMI and age, which allows for robust statistical inferences 

regarding the factors influencing SHBG concentrations, and the measurement of all samples 

with an accurate assay methodology performed in a single central laboratory in a ‘real-world 

clinical setting’. Limitations of this study include its retrospective and observational design. 

In addition, our assessment of free testosterone was calculated based on the total 

testosterone and SHBG concentrations measured with an immunoassay, rather than the gold 

standards of equilibrium dialysis for the measurement of free testosterone and liquid 

chromatography/tandem mass spectrometry for total testosterone, which may have 

introduced some bias. On the other hand, the calculated free testosterone used in our 

analyses has been shown to correlate highly with free testosterone measured by equilibrium 

dialysis and represents a practical measure that is used clinically at our and other 

institutions. Multiple equations have been developed to best calculate free testosterone 

concentrations, and there is a debate regarding which is the most accurate.26–31 In a recent 

report that compared a number of published formulas for calculated free testosterone, all 

formulas (including the Vermeulen formula used in the present report) appeared to have 

acceptable bias relative to free testosterone by equilibrium dialysis.32 In addition, the 

testosterone measurements in this study were obtained throughout the day and were not 

uniformly collected early in the morning, per recent guidelines, potentially leading to an 

increased incidence of low testosterone measurements.

Another limitation of our study was that we did not have information pertaining to clinical 

symptoms related to hypogonadism (e.g. loss of libido, sexual interest, presence of erections, 

muscle mass and strength). Therefore, our conclusions apply only to the measurement of 

low testosterone and not to the diagnosis of hypogonadism. However, the absence of this 

information does not affect our conclusion that obesity has a much greater effect on 

lowering SHBG than ageing has on increasing SHBG. Lastly, a longitudinal design with 

multiple measurements would be more informative than our current cross-sectional analysis, 

but such data were not available.

Conclusions

Obesity has a greater association with lowered SHBG than ageing has on increasing SHBG. 

On average, obese men of all ages have lower SHBG and total testosterone concentrations 

than nonobese men. These effects on SHBG may impact the utility of total testosterone 

measurements in the diagnosis of low testosterone, particularly in obese men.
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Fig. 1. 
BMI (a) has a greater influence on SHBG than ageing (b).
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Fig. 2. 
SHBG concentrations progressively decrease with increasing BMI, independent of ageing 

when viewed as tertiles.
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Table 1

Multivariate linear regression of factors associated with SHBG

Variable (unit) β (95% CI) Cumulative R2 Δ R 2 P-value

BMI (kg/m2) –1·23 (–1·35, –1·11) 0·10 – <0·001

Age (year) 0·31 (0·24, 0·37) 0·14 0·04 <0·001

Albumin (mg/dl) –8·3(–10·1, –6·4) 0·16 0·02 <0·001

Calculated free testosterone (pmol/l) –0·07 (–0·09, –0·05) 0·17 0·01 <0·001

For the analysis above, the total R2 value for all variables in the model is reported as ‘cumulative’ R2. The individual R2 value for any specific 

variable can be found under the column ‘ΔR2’.
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Table 2

Age, BMI, SHBG, total testosterone and calculated free testosterone stratified by BMI or age. All values are 

means ± SD

Age BMI

All men <65 ≥65 P-value <30 ≥30 P-value

Number of men 3671 2557 1114 2024 1647

Average age (years) 60 ± 12 54 ± 9 74 ± 6 <0·001 61 ± 13 59 ± 11 <0·001

Average BMI (kg/m2) 30 ± 7 30·4 ± 6·8 29·1 ± 6·1 <0·001 25·5 ± 3·3 35·6 ± 5·3 <0·001

SHBG (nmol/l) 44 ± 26 42 ± 27 49 ± 24 <0·001 50 ± 27 36 ± 22 <0·001

Total testosterone (nmol/l) 12·5 ± 6·8 13·0 ± 7·1 11·5 ± 6·0 <0·001 14·1 ± 7·4 10·5 ± 5·4 <0·001

Calculated free testosterone (pmol/l) 215 ± 111 229 ± 94 184 ± 94 <0·001 229 ± 121 204 ± 97 <0·001

% with total testosterone <9·8 nmol/l 36·2 34·4 40·4 <0·001 26·3 48·4 <0·001

% with free testosterone <118 pmol/l 15·3 13·1 20·2 <0·001 14·6 16·2 0·173
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Table 3

Age, BMI SHBG, total testosterone and calculated free testosterone by group. All values are means ± SD

Nonobese, younge 
(Group 1)

Obese, younger 
(Group 2)

Nonobese, older 
(Group 3)

Obese, older 
(Group 4)

P-value

n 1350 1207 674 440

Average age (years) 53·8 ± 9 54·6 ± 8
75·1 ± 7

†
71·9 ± 5

† <0·001

Average BMI (kg/m2) 25·6 ± 3·4
‡ 35·8 ± 5·5

25·4 ± 3·2
‡

35·1 ± 4·5
† <0·001

SHBG (nmol/l)
49 ± 2

†
34 ± 23

†
54 ± 25

†
41 ± 20

† <0·001

Total testosterone (nmol/l)
15 ± 7·7

† 10·7 ± 5·5
12·5 ± 6·3

‡
10·0 ± 5·5

ϕ <0·001

Calculated free testosterone (pmol/l)
246 ± 128

†
208 ± 97

†
187 ± 100

ε
174 ± 83

ε <0·001

% with total testosterone <9·8 nmol/l
23·2

† 47
32·6

†
52·2

ϕ <0·001

% with calculated free testosterone <118 
pmol/l

12·4 14
18·8

ε
22·2

ε <0·001

†
Different compared to all other groups.

‡
Different compared to Group 2.

ϕ
Different compared to Groups 1 and 3.

ε
Different compared to Groups 1 and 2.
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