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Abstract

The objective of this study was to investigate whether there is a bidirectional association
between testosterone concentrations and insulin resistance, in a prospective population
study. A random population sample of 1400 men, aged 30-74, was examined in
2002-2005 in southwestern Sweden and followed up in 2012-2014 (N=657). After
excluding subjects without information on sex hormones and insulin resistance,

1282 men were included in the baseline study. Fasting measurements of plasma glucose,
insulin and hormones were performed. Insulin resistance was defined using HOMA-Ir.
Mean age at baseline was 47.3+11.4 years. From the follow-up survey 546 men
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were included, mean age 57.7 £ 11.6 years. Low concentrations of total testosterone

at baseline were significantly associated with high logHOMA-Ir at follow-up in a
multivariable model including age, waist-hip ratio, physical activity, alcohol intake,
smoking, LDL, CRP, hypertension, diabetes and logHOMA-Ir at baseline as covariates
(p=-0.096, P=0.006). Similar results were observed for bioavailable testosterone.

Men within the lowest quartile of total testosterone at baseline had significantly
higher logHOMA-Ir at follow-up than other quartiles (Q1 vs Q2 P=0.008, Q1 vs Q3
P=0.001, Q1 vs Q4 P=0.052). Multivariable analysis of the impact of insulin resistance
at baseline on testosterone levels at follow-up revealed no significant associations
regarding testosterone concentrations (5=-0.003, P=0.928) or bioavailable testosterone
(#=-0.006, P=0.873), when adjusting for baseline concentrations of total testosterone,
age, waist-hip-ratio, LDL, CRP, physical activity, alcohol intake, smoking, hypertension
and diabetes. Low testosterone concentrations at baseline predicted higher insulin

resistance at follow-up, but high insulin resistance at baseline could not predict low

testosterone at follow-up.
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Introduction

Testosterone plays a key role in the regulation of glucose
and lipid metabolism in men (1) and women (2) although
in different manners. Low concentrations of testosterone
in men are associated with obesity (3), the metabolic
syndrome (4) and hypertension (5). However, it is not fully
understood whether there is a causal association or if low
testosterone is a surrogate biomarker of poor health (6).

Increased visceral fat leads to raised secretion of
proinflammatory cytokines, leptin, estradiol and
insulin. These substances may inhibit the activity of the
hypothalamic-pituitary gonadal axis at multiple levels,
thus lowering the concentrations of testosterone (7). There
is also evidence that obesity increases aromatase activity
in the fat tissue, converting testosterone to estradiol (8)
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which may play an importantrole in the regulation of body
fat as well (9), and further inhibit testosterone production
by negative feedback on the hypothalamic—pituitary
gonadal axis (10). On the other hand, low testosterone
levels increase the accumulation of visceral body fat,
which increases insulin resistance. This is illustrated by
the fact that body fat increases in men with prostate
cancer undergoing treatment resulting in hypogonadism
(11). Furthermore, there is evidence that testosterone
could increase insulin sensitivity by decreasing the
levels of cytokines (TNFa and IL6), which are believed
to increase insulin resistance (12, 13). Therefore, it has
been suggested that there is a bidirectional relationship
between low levels of testosterone and abdominal obesity
in men (7, 14, 15, 16), but there is a lack of longitudinal
studies investigating this bidirectional relationship.

There are several prospective studies that support the
hypothesis that low testosterone levels in men increase the
risk for developing diabetes and the metabolic syndrome.
Both the NHANES III-study and the Massachusetts Male
aging study found an increased risk of type 2 diabetes and
the metabolic syndrome in men with low concentrations
of testosterone (17, 18, 19). This association has also been
found in older men in the Rancho Bernardo cohort (20)
and in a Finnish cohort of middle-aged men (21). Another
study investigated levels of sex hormones and the risk of
developing type 2 diabetes in a prospective design with
9-year follow-up (22). The study showed that higher levels
of testosterone predicted a lower risk of type 2 diabetes
in elderly men. Furthermore, in a recent study of over
2000 community-dwelling middle-aged to elderly men,
and with a 5-year follow-up, similar results were found
— low total testosterone concentrations predicted the
development of type 2 diabetes (23). However, another
prospective study including over 5000 men and with a
follow-up of 29 years, identified that low testosterone
and low levels of SHBG, but not luteinizing hormone
(LH), were associated with a higher risk of developing
type 2 diabetes, indicating that low testosterone is a risk
marker rather than a risk factor for type 2 diabetes, since
hypogonadism per se did not seem to be associated with
an elevated risk of type 2 diabetes (24). Testosterone has
also been shown to decrease insulin resistance, total
cholesterol and LDL cholesterol, as shown in one of
the largest RCTs investigating the effect of testosterone
replacement on insulin resistance in men with type 2
diabetes or metabolic syndrome (25).

While the evidence that low testosterone levels are
associated with the development of insulin-resistant
states and type 2 diabetes is abundant, less is known
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about whether insulin resistance influences the decrease
in testosterone levels. A bidirectional association has been
suggested but the evidence in support of this assumption
is weak. Thus, the aim of this study was to investigate
whether there is a bidirectional association between
testosterone and insulin resistance.

Subjects and methods
Study population

This is a longitudinal observational study of the Vara-
Skovde cohort. Between 2002 and 2005 a sample of 1400
men, aged 30-74, living in southwestern Sweden were
randomly selected for a cohort study with the goal to
detect risk factors for cardiovascular disease at an early
stage (26). During the follow-up visit, a representative
sample of the participants was consecutively summoned
in 2012-2014, and 657 men completed the study protocol
accordingly. Among the invited individuals, 217 men
declined participation (details shown in Fig. 1). A non-
response analysis showed that the non-responders were
significantly older (mean difference 2.0+0.4 years,
P<0.001), and proportionately more of them were
smokers, compared to responders (21.1% vs 14.1%,
P<0.001), but no other significant differences were found
between the groups.

Physical examination

Specially trained nurses assessed study participants,
measuring body weight, height, waist circumference and
blood pressure in supine and sitting position at follow-up,
supine and standing at baseline. Waist-hip ratio was
calculated. Validated questionnaires were used to obtain
information on lifestyle including smoking, alcohol
intake and leisure time physical activity.

Laboratory analyses

Fasting venous blood samples were drawn in the
morning and after an oral glucose tolerance test. Serum
concentrations of testosterone and sex hormone-binding
globulin were obtained using radioimmunoassay at
baseline and at follow-up (27). All blood samples
were immediately frozen at -82°C. Diabetes and
hypertension were defined based on WHO and JNC8
recommendations, respectively, according to information
obtained from medical history and clinical assessment
(28, 29). Concentrations of insulin and glucose at fasting

© 2018 The authors
Published by Bioscientifica Ltd

https://ec.bioscientifica.com
https://doi.org/10.1530/EC-18-0480

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0
International License.

QB0

Downloaded from Bioscientifica.com at 12/31/2018 10:36:51PM
via free access


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1530/EC-18-0480
https://ec.bioscientifica.com

o 3 Endocri ne K Ottarsdottir et al.

W CONNECTIONS

Testosterone and insulin 7:12 1493

resistance

1400 participants at baseline 2002-2005

-

Excluded:

-118 men excluded due to
missing data on:
testosterone, alcohol

944 participants were
consecutively summoned to

O )

Loss to follow-up:
follow-up survey e 217 declined

participation

intake, SHBG, physical
activity habits, insulin,
CRP, LDL, HOMA-Ir.

e 54 deceased
e 16 other reason

\_ )

L .

657 participants at follow-up

2012-2014

ﬂxcluded:

-111 men due to
missing data on:
fasting glucose,
smoking habits,
physical activity habits,
alcohol intake, no

status, HOMA-Ir,

\testoste rone.

~

information on diabetes

)

NS

ﬂxcluded: \

-79 men due to missing data
on: HOMA-Ir at baseline
and/or follow-up,
testosterone at baseline
and/or follow-up, smoking
habits at baseline, physical
activity habits at baseline,

Ccohol intake at baseline /

NS N\

1282 men included
in cross-sectional

analysis at baseline at follow-up

546 men included in the
cross-sectional analysis

578 men included in the
longitudinal analysis

Figure 1
Flow chart showing the study population.

were measured, and HOMA-Ir (homeostatic model
assessment of insulin resistance) was calculated by using
the formula: fasting insulinxfasting glucose)/22.5,
in subjects without insulin therapy (30). Bioavailable
testosterone (which is the sum of free testosterone and
the albumin bound testosterone) was calculated using
the formula according to Vermeulen et al. (31). Due to
changes in insulin measurement methodology (from
Roche Cobas to DxI Beckman) in 2011, the insulin values
at follow-up were about 35% higher than at baseline.
The insulin values therefore had to be re-calculated
with the following formula: New method=1.3544 xold
method+0.3237. The correlation between methods
was 2=0.9974. The correlation between methods was
investigated within the laboratory which provided the

formula for the re-calculation. The method used for
analyzing testosterone was radioimmunoassay (RIA) at
both visits. However, during the follow-up time, there
was a shift on the reagent used in Sweden and Europe
from Access Testosterone assay Beckman-Coulter to
Elecsys Testosterone II Assay from Roche Diagnostics.
The new method gives higher values in total testosterone
concentrations compared to the old one used at baseline.
We did not have access to an algorithm to adjust for
the new method. Due to these changes in testosterone
measurement method, analyses investigating change of
testosterone over time were not possible. However, strong
correlation between the baseline levels of testosterone
and follow-up levels was observed (Pearson correlation
0.617, P<0.001).
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At baseline, the analyses of testosterone were
successful in 97.4% of the participants (1364/1400
individuals). The measurements of insulin were successful
in 99.5% (1393/1400 individuals).

Statistical analyses

Descriptive statistics were wused to describe the
characteristics of the study population at baseline and
follow-up. Due to skewness in HOMA-Ir, this variable
was log-transformed. Theoretical models adjusting
for possible confounding factors were built. Linear
regression cross-sectional analyses were conducted to
investigate the association between sex hormones and
insulin resistance at baseline and at follow-up, with
logHOMA-Ir as the dependent variable and sex hormone
(either total testosterone or bioavailable testosterone)
as explanatory variable. The analyses were adjusted for
potential confounders, including age, smoking, physical
activity, alcohol intake, WHR, LDL, CRP, hypertension
and type 2 diabetes mellitus. The longitudinal analyses
were conducted using logHOMA-Ir and sex hormones,
respectively, at follow-up as dependent variables and sex
hormones and logHOMA-Ir, respectively, at baseline as the
explanatory variables. The analyses were adjusted for the
same confounders as in the cross-sectional analyses but
included also adjustment for the baseline measurement
of the outcome variable. General linear models were also
performed to compare the variance of log-transformed
HOMA-Ir in different quartiles of testosterone. The
comparison was pairwise and the lowest quartile was the
reference. To investigate age-related differences in the
association between bioavailable testosterone and insulin
resistance, stratified analyses were conducted for subjects
above and below 50 years of age at baseline. Analyses were
conducted using IBM SPSS Statistics, version 24.

Ethics

The Regional Ethical Review Board in Gothenburg,
Sweden, approved the study (D-nr 036-12) and all
participants gave their written consent to participation.

Results

The mean follow-up time was 9.7+1.4 years. After
excluding subjects with no information in sex hormones
and insulin resistance, 1282 men were included in the
baseline study. All participants with valid values in all
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variables used as covariates in the model were included
(baseline N=1282, follow-up N=546, longitudinal
analysis N=578) (Fig. 1). The mean age at baseline was
47.3 years (s.n. 11.4), and at follow-up the mean age was
57.7 years (s.0. 11.6). Further characteristics of the study
population at baseline and follow-up are presented in
Table 1. In the cross-sectional analyses, concentrations
of total serum testosterone were strongly associated with
insulin resistance, both at baseline (f=-0.302, P<0.001,
N=1282), and at follow-up (f=-0.325, P<0.001, N=546)
(Table 2) when adjusted for age. The association was
still significant after adjustments for additional relevant
confounding factors; waist-hip-ratio, smoking, leisure
time physical activity, alcohol intake, LDL, CRP, diabetes
status and hypertension (baseline f=-0.140, P<0.001,
N=1282, follow-up p=-0.181, P<0.001, N=546).
The association was significant also for bioavailable
testosterone at baseline when adjusted for age, physical
activity and smoking (8=-0.109, P<0.001, N=1282), but
not significant when adjusted for waist-hip ratio.

No significant differences in these associations were
observed when we stratified for age above and under
50 (excluding adjustment for age) (age <50 p=-0.020,
P<0.502; age >50 p=-0.005, P=0.914). However, at
follow-up, the cross-sectional analysis (not stratified for
age) showed a strong and significant inverse association
between bioavailable testosterone concentrations and
HOMA-Ir even in the fully adjusted model (f=-0.114,
P=0.004, N=546) (Table 2).

Inthelongitudinal analysis, low concentrations of total
testosterone at baseline were associated with higher levels
of logHOMA-Ir at the follow-up in a multivariable model
including age, waist-hip-ratio, baseline logHOMA-Ir,
smoking, physical activity, alcohol intake, LDL, CRP,
diabetes and hypertension as covariates (#=-0.096,
P=0.006, N=578). The longitudinal association was
also significant for bioavailable testosterone (f=-0.079,
P=0.035) (Table 3).

Men within the lowest quartile of total testosterone
at baseline had significantly higher HOMA-Ir at follow-up
than men within the second and third quartiles. (Mean
HOMA-Ir Q1: 2.23, Q2: 1.84, Q3: 1.71, Q4: 1.93. Q1 vs Q2
Amean=P=0.008, Q1 vs Q3 Amean=P=0.001) whereas
the difference was borderline significant between first and
fourth quartile (Q1 vs Q4 Amean=P=0.052), in the fully
adjusted model. No significant differences were observed
between quartiles 2, 3 and 4 in this regard (Fig. 2).

In the longitudinal analyses investigating the
association of insulin resistance at baseline and total or
bioavailable testosterone concentrations at follow-up,
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Table 1 Characteristics of the study population.
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Baseline (N=1282) Follow-up (N=546)

Age (years)

BMI (kg/m?)

Waist-hip-ratio

Systolic blood pressure (mmHg)

Diastolic blood pressure (mmHg)

Fasting insulin (uU/mL)

Fasting glucose (mmol/L)

HOMA-Ir

Serum testosterone (nmol/L)

Current smoker N (%)

Hypertension N (%)

Diabetes mellitus N (%)

Level of leisure time physical activity N (%)
Sedentary
Low level of physical activity
Moderate level of physical activity
Strenuous physical activity

Sex hormone-binding globuline (nmol/L)

473+11.4 57.7+11.6
26.8+3.5 27.4+3.6
0.94+0.06 0.97+0.06
124+ 16 126+13
72+10 73+9
6.55+4.8 7.24+4.88
5.5+0.85 5.8+0.9
1.7+1.53 1.9+1.5
14.3%43 16.0+5.7
181 (14.1) 52 (9.5)
177 (13.8) 79 (14.5)
56 (4.4) 34 (6.2)
95 (7.4) 62 (11.4)
677 (52.8) 287 (52.6)
457 (35.6) 163 (29.9)
53 (4.1) 34 (6.2)
32.3%13.3 46.1+19.6

Note that the method of measuring serum testosterone changed during the survey time, resulting in higher values at follow-up (described in detail in

the ‘Methods’ section).

a crude significant association was found for total
testosterone (f=-0.164, P<0.001) and bioavailable
testosterone (f=-0.089, P=0.032). However, the
significance disappeared after adjustment for baseline
testosterone/bioavailable testosterone. When stepwise
adjustments were made, no significant associations
were found in any model in the multivariable analysis
($=-0.034, P=0.309) (Table 4).

Discussion

In this prospective cohort study, we aimed to investigate
the possible bidirectional relationship between

testosterone and insulin resistance by analyzing if a low
level of testosterone could predict the development of
insulin resistance and vice versa. Our results revealed
a significant longitudinal association between lower
levels of total testosterone and bioavailable testosterone,
respectively, and the development of insulin resistance,
which remained significant even after adjustment for
possible confounding factors, including waist-hip ratio.
This indicates that testosterone itself might have an
important and independent effect on the development of
insulin resistance over time. However, in this study, the
level of insulin resistance at baseline could not predict the
decrease in testosterone or bioavailable testosterone level
at follow-up. Furthermore, we observed a strong inverse

Table 2 Results from cross-sectional regression analyses showing the association between insulin resistance measured as

IgHOMA-Ir and sex hormones (total testosterone and bioavailable testosterone), at baseline and follow-up, respectively.

Baseline Follow-up
Total testosterone (N=1282) Bioavailable testosterone (N=1282) Total testosterone (N=546) Bioavailable testosterone (N=546)
b P s P s P s P
Model 1 Adjusted for age
-0.302 <0.001 -0.131 <0.001 -0.325 <0.001 —0.233 <0.001
Model 2 Adjusted for age, smoking, alcohol intake and PA
-0.273 <0.001 -0.109 <0.001 —-0.293 <0.001 0.209 <0.001
Model 3 Adjusted as in model 2 +whr
-0.159 <0.001 —-0.048 0.08 —0.191 <0.001 -0.136 0.001
Model 4 Adjusted as in model 3+LDL, CRP, DM, HT
-0.140 <0.001 -0.035 0.196 -0.181 <0.001 -0.114 0.004
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Table 3 Results from longitudinal analyses showing the association between insulin resistance measured as IgHOMA-Ir at

follow-up and sex hormones (total testosterone and bioavailable testosterone) at baseline.

Total serum testosterone (N=578)

Bioavailable testosterone (N=578)

B P B P
Model 1 Adjusted for age and baseline IgHOMA-Ir

-0.147 <0.001 -0.114 0.003

Model 2 Adjusted for age, baseline IgHOMA-Ir, smoking, alcohol intake and PA
—-0.140 <0.001 —-0.109 0.005
Model 3 Adjusted as in model 2 +whr

—-0.102 0.004 —-0.083 0.027
Model 4 Adjusted as in model 3+LDL, CRP, DM, HT

—0.096 0.006 —-0.079 0.035

Dependent variable: log-transformed HOMA-Ir.

CRP, c-reactive protein; DM, diabetes mellitus; HT, hypertension; LDL, low density lipoprotein; PA, physical activity; Whr, waist-hip-ratio.

association between concentrations of testosterone
and insulin resistance in the cross-sectional analyses at
baseline and follow-up.

Although insulin resistance is driven by obesity, there
is evidence that suggests that testosterone modulates the
expression of the glucose transporter Glut4 and the insulin
receptor in muscle and adipose tissue, thereby improving
glucose metabolism (32, 33, 34). The presence of this
pathway indicates an effect of testosterone on insulin
resistance that is independent from body composition.
Furthermore, there is evidence that testosterone withdrawal
during 2 weeks in men with idiopathic hypogonadotrophic
hypogonadism decreases insulin sensitivity and raises
HOMA-Ir without changing BMI or leptin levels (395),
suggesting an effect of testosterone on insulin resistance
not dependent on change in body weight.

However, in a review from 2011 (7), the association
between testosterone and insulin resistance seemed to
disappear when adjustments for body composition were
added to the models. This tendency can also be seen
in our study, where the correlations weakened both
in the cross-sectional and in the longitudinal studies
when adjustments for waist-hip ratio were added to the
linear regression models. This connection between body
composition and low testosterone can be explained by
different mechanisms. There is evidence that testosterone
affects the differentiation of the pluripotent stem cells into
the myogenic lineage and inhibits their differentiation
into adipocytes (36), thereby influencing the body
composition and decreasing insulin resistance. These
experimental studies are also supported by randomized
controlled studies that show significant beneficial
changes in the body composition and insulin resistance
in individuals treated with testosterone (37, 38).

A reverse causality between testosterone and insulin
resistance has been suggested, as in the prospective study
by Laaksonen et al. (39). The authors of that study paper
did not report an association between insulin resistance
and testosterone concentrations, but showed that the
metabolic syndrome predicts low testosterone in men
in an 11-year follow-up. Moreover, in the same study,
the insulin levels at baseline did not predict change in
testosterone levels. These results are in line with our
findings, suggesting that body composition but not
insulin resistance is associated in a bidirectional manner
with testosterone levels. The impact of body composition
on testosterone is further supported by observations in

P=0.052
[ l
P=0.001
[ po0.008 '
2,5
2,23
2 1,93
1,84
1,71
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Figure 2

Quartiles of serum testosterone in follow-up survey. Men with the lowest
testosterone concentration at baseline (Q1) had the highest HOMA-Ir at
follow-up. Model adjusted for age, waist-hip ratio and HOMA-Ir at
baseline.
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Table 4 Results from longitudinal regression analyses showing the association between insulin resistance measured as

IgHOMA-Ir at baseline and sex hormones (total testosterone and bioavailable testosterone) at follow-up.

Total serum testosterone (N=578)

Bioavailable testosterone (N=578)

] P B P
Model 1 Adjusted for age and baseline sex hormone level
—-0.034 0.309 —-0.066 0.052
Model 2 Adjusted as in model 1+smoking, alcohol intake and PA
-0.024 0.479 —0.054 0.119
Model 3 Adjusted as in model 2+whr
0.013 0.727 —0.001 0.987
Model 4 Adjusted as in model 3+LDL, CRP, DM, HT
0.003 0.928 —0.006 0.873

CRP, c-reactive protein; DM, diabetes mellitus; HT, hypertension; LDL, low density lipoprotein; PA, physical activity; Whr, waist-hip-ratio.

individuals undergoing gastric bypass surgery where
testosterone levels increased significantly following
the dramatic weight loss (40, 41). In accordance with
these observations, it has also been shown that weight
gain or diabetes type 2 drive the decline in testosterone
levels over time (42, 43). There are models explaining
the impact of body composition on testosterone
concentrations, as stated in the hypogonadal-obesity—
adipocytokine hypothesis (8, 9, 10, 44). This shows that
aromatase activity in adipose tissue converts testosterone
to estradiol, which in turn inhibits the hypothalamic—
pituitary—gonadal axis, leading to decreased testosterone
levels. Leptin and adipocytokines, such as TNFa and
IL6, produced in the fat tissue further inhibit the
hypothalamic—pituitary—gonadal axis. In addition, leptin
also has a negative effect on the Leydig cells, by inhibiting
the stimulation of gonadotropin, leading to even further
decreased testosterone level. However, even though
obesity is associated with higher inflammatory activity,
inflammation measured as CRP did not influence the
association between testosterone and insulin resistance
in our study. Although the evidence is strong that body
composition influences testosterone concentrations and
insulin resistance, there is also evidence that testosterone
has a short-acting effect on insulin resistance, which
cannot be explained by change in body weight or body
composition, as discussed above (35). However, most of
the associations seen in observational studies seem to
be explainable by the body composition. Our findings
also support the lack of an independent effect of insulin
resistance on testosterone levels, as no significant
association between insulin resistance at baseline and
testosterone levels in follow-up were found. The suggested
bidirectional relationship was thus not confirmed.
This could be due to the existence of differences that

were too small to be detectable with the use of this
method or due to small sample size and long follow-up
time. However, even though there may be a bidirectional
association, the direction where insulin resistance
decreases testosterone levels is much weaker than in the
other direction.

In our cross-sectional analyses, there was a strong
association between both total testosterone and
bioavailable testosterone and insulin resistance at baseline
and at follow-up. These results are consistent with other
cross-sectional studies (45, 46,47). However, in the analyses
of the bioavailable testosterone, the significance was lost
at baseline after adjustments for confounding. There are
several possible explanations for the differences in these
associations. First, the participants in the study were of
different ages at these timepoints, suggesting that the
testosterone level is more important for insulin resistance
in elderly men. The loss of significance when adjusting
for waist-hip ratio indicates that body composition,
and visceral obesity in particular, might have a stronger
impact on the insulin resistance progress in younger
individuals. However, when age-stratified analyses were
conducted for subjects above and below 50 years of age at
baseline, similar results were obtained in the two groups;
significance was lost when waist-hip ratio was added to
the adjustment model. This does not support the existence
of age differences in these associations. However, there
seems to be a non-linear association between testosterone
at baseline and HOMA-Ir at follow-up (Fig. 2). In fact, only
the lowest quartile differed significantly from the other
quartiles, suggesting a threshold effect. In the follow-up
survey, more participants may have reached below that
threshold, due to higher age and higher prevalence
of abdominal obesity, thus showing a stronger and
significant association.
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Second, different methods of measuring testosterone
were used in the baseline survey and in the follow-up,
as discussed below. As the method was more precise at
follow-up, the associations might be stronger and still
significant after adjustments for possible confounding.

Strengths and limitations

The strength of this study is its longitudinal design with
high participation rates at both baseline and follow-up
visits. Moreover, the large sample size and the systematic
characterization of the study population along with the
long follow-up time are obvious strengths in this study.
The extensive information on the participants enabled us
to account for various covariates in the analyses. Due to
the size of the study, these results should be valid in other
male Caucasian populations.

Some limitations should be mentioned, however.
First, the methods of analysing insulin and serum
testosterone changed during the observation period,
and, therefore, it was not possible to study the change
of testosterone or HOMA-Ir over time. Such change in
the analyses of the variables is a limitation of the study
and may affect the results to some extent due to lower
precision and power, which could result in a type 2 error.
However, the laboratory did internal validity testing and
found high correlation between the new and old method.
Thus, these measurements of insulin should be considered
comparable, even though we did not do any analyses
including change or delta value.

Regarding testosterone it was not possible to compare
the levels and to estimate the changes due to the change in
the method. Therefore, we were not able to analyse factors
that influence the change in testosterone. However, the
information about testosterone at baseline permitted
adjustments and thus, an estimation of the correlation
between insulin at baseline and testosterone at follow-up.

Second, measurements of testosterone were made
with radioimmunoassay, which is considered less reliable
than mass spectrometry. However, this is particularly true
for low concentrations, such as in women or children,
and less problematic in healthy adult men with higher
concentrations. The radioimmunoassays used showed
an acceptable correlation with mass spectrometry values
(48, 49). Also, radioimmunoassay is generally used
in clinical practice. Due to less reliability when using
radioimmunoassay, there is a risk of lower precision in
the analyses. However, even with this lower precision
we observed a strong association, probably owing to the
large size of the cohort. Regarding the measurements
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of insulin, we only had one fasting value, taken at the
same time in all participants. Since insulin is a pulsatile
hormone, it would have been an advantage to calculate
the mean value from repeated measurements in order to
reduce the risk of type 2 error in the analyses due to lower
precision. However this was not possible due to the large
sample size, and furthermore, when calculating HOMA-Ir,
a single measurement has been considered an acceptable
compromise, that obtains similar results in large sample
sizes (50). We chose to adjust for waist-hip-ratio to see
whether the association between testosterone and insulin
resistance was independent of body composition. This
might have caused a type 2 error, especially in the cross-
sectional analyses at baseline because of collinearity.
However, one of the questions we wanted to investigate
was whether testosterone influenced insulin resistance
through other pathways than the body composition.
Thus, we chose to adjust the analyses
waist-hip-ratio.

Despite the mentioned limitations, there was a
consistency in the results, both in the cross-sectional and
the longitudinal analyses.

even for

Conclusion

We observed a robust association between low testosterone
concentrations and insulin resistance, both cross-
sectionally and longitudinally, but this relationship was
notbidirectional. While low concentrations of testosterone
independently predicted the increase in insulin resistance,
no significant impact of insulin resistance on testosterone
concentrations was observed during the follow-up time.
Further studies including sex hormone-binding globulin
and estradiol may provide more insight into the role of
sex hormones on the deterioration of insulin resistance.
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