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Abstract

Objective: Calculating the free testosterone level has gained increasing interest and
different indirect algorithms have been suggested. The objective was to compare

free androgen index (FAI), free testosterone estimated using the linear binding model
(Vermeulen: cFTV) and the binding framework accounting for allosterically coupled SHBG
monomers (Zakharov: cFTZ) in relation to cardiometabolic conditions.
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Design: A prospective cohort study including 5350 men, aged 30-70 years, participating
in population-based surveys (MONICA I-Ill and Inter99) from 1982 to 2001 and followed
until December 2012 with baseline and follow-up information on cardiometabolic

parameters and vital status.

Results: Using age-standardized hormone levels, FAl was higher among men with
baseline cardiometabolic conditions, whereas cFTV and cFTZ levels were lower compared
to men without these conditions as also seen for total testosterone. Men in highest
quartiles of cFTV or cFTZ had lower risk of developing type 2 diabetes (cFTV: HR=0.74
(0.49-1.10), cFTZ: HR =0.59 (0.39-0.91)) than men in lowest quartile. In contrast, men
with highest levels of FAl had a 74% (1.17-2.59) increased risk of developing type 2

diabetes compared to men in lowest quartile.

Conclusion: The association of estimated free testosterone and the studied outcomes differ
depending on algorithm used. cFTV and cFTZ showed similar associations to baseline and

long-term cardiometabolic parameters. In contrast, an empiric ratio, FAIl, showed opposite
associations to several of the examined parameters and may reflect limited clinical utility.
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Introduction

Testosterone in serum is primarily bound to proteins
with only a minor fraction circulating as free unbound
testosterone. The major high-affinity binding protein is
sex hormone-binding globulin (SHBG) (1). Because of
the short half-life of unbound testosterone in serum and
the hypothalamic adjustment of testosterone, changes

in SHBG levels will strongly influence the level of total
testosterone.

According to the free hormone hypothesis, the free
testosterone and the fraction of testosterone loosely
bound to albumin are considered the fractions that are
bioavailable for the target tissues (2). The testosterone
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level is affected by health status and different lifestyle
factors and in general, there is agreement between the free
and total levels of testosterone regarding the direction
and magnitude of the observed effects (3, 4). However,
some studies including both total and free testosterone
have indicated that free testosterone rather than total
testosterone (TT) is associated with androgen deficiency-
related symptoms (5, 6). Consequently, determining
the free or bioavailable testosterone level has gained
increasing interest over the years (7). Equilibrium dialysis
is considered the gold standard method for measuring
free testosterone but is a time-consuming method mostly
used for research purposes and not widely available (1,
8). Therefore, alternative indirect equations for the
estimation of free testosterone have been developed. Free
androgen index (FAI) is probably the simplest of these
equations as it is calculated as the ratio between TT and
SHBG (TT x 100/SHBG). As indicated by the name, FAI
is not an estimate of the free testosterone concentration
but simply an index of the balance between serum
testosterone and SHBG. While it is recognized that FAI
is not based on any biophysical characterization, it
continues to be used by investigators (9, 10). Several
algorithms based on law-of-mass-action equations
requiring information on the level of TT and SHBG
have been developed with varying degree of correlation
with equilibrium dialysis and some have been suggested
as reasonable alternatives to direct measurements (1).
One of the most commonly used indirect algorithms,
which have been acknowledged by the Endocrine
Society because of its clinical relevance in relation to
hypogonadism, was suggested by Vermeulen et al. (1, 11,
12). The algorithm by Vermeulen is constructed using
linear model of binding where monomers within the
SHBG dimer were assumed to have identical affinity (11).
This model predates the resolution of crystal structure
of dimeric SHBG (13). Subsequently, several detailed
biophysical studies have found the SHBG binding with
testosterone to be a non-linear, multiphasic process
(14). More recently, Zakharov et al. demonstrated that
SHBG monomers within the dimer are allosterically
coupled. Allostery in the multimeric, heteromeric or
multidomain proteins allows for fine-tuned binding and
release dynamics of ligands in diverse systems spanning
oxygen transport by hemoglobin to transcription factors
signaling. Since testosterone concentrations change
several orders of magnitude during development, puberty,
pregnancy and aging, it is conceivable that the SHBG
dimer was designed to act as a non-linear logarithmic

sensor (15). If the two monomers were identical
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in the dimer, as is assumed by the simplified linear
model, there will be no evolutionary benefit for dimeric
structure of SHBG. Detailed biophysical characterization
of SHBG/testosterone interaction led to the development
of multistep, non-linear binding model upon the
ensemble allostery framework (16), which also has been
validated against equilibrium dialysis (17).

Other studies have attempted to compare free
testosterone levels measured directly by equilibrium
dialysis with indirect estimations of free testosterone (11,
17, 18). However, the predictive value of the different
free testosterone estimations in relation to androgen
deficiency parameters was not investigated and remains
unknown. Numerous studies have shown that lower
levels of TT and SHBG are associated with risk factors for
cardiovascular disease such as obesity and hyperglycemia
although the causal mechanism behind this is unclear,
reviewed in (19). Also lower level of free testosterone
estimated by Vermeulen et al. has been associated with
risk factors for cardiovascular disease (19). However, free
testosterone calculated using different algorithms and the
association to cardiometabolic parameters have not been
compared before.

Thus, the aim in the following was twofold; first we
examined the baseline association between the different
free testosterone algorithms and cardiometabolic
conditions and secondly, the aim was to describe the
predictive value of the different algorithms of free
testosterone in relation to the long-term development of
type 2 diabetes, cardiovascular disease and mortality. To
elucidate this, a cohort consisting of more than 5000 adult
men from the general population with hormone levels
available as well as information on baseline and follow-up
information on cardiometabolic parameters was used.

Materials and methods
Study population

The study comprised serum samples from 5350 randomly
selected Danish men participating in four cross-sectional
surveys at Research Centre for Prevention and Health at
Glostrup University Hospital as described previously (20).
The four surveys MONICA I, MONICA II, MONICA III and
INTER99 were conducted in 1982, 1987, 1992 and between
1999 and 2001, respectively (21, 22). All participants from
the four surveys were drawn as random samples of 30-,
40-, 50-, 60-, and 70-year-old men from the Danish Civil
Registration System in which all Danish inhabitants are
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registered. The participation rates in the four surveys were
81, 75, 69, and 51%, respectively.

All participants went through a physical examination
and filled out a detailed questionnaire on lifestyle factors
and health status and had a blood sample drawn while
fasting (23). Serum samples were analyzed for lipids and
stored in aliquots at —18°C until further analyses. The
study was approved by the Ethical Committee of the
County of Copenhagen, and all participants had provided
informed consent.

Hormone analyses and calculations

Total Testosterone (TT) and SHBG were measured by
time-resolved fluoroimmunoassay (DELFIA; Wallac Oy,
Turku, Finland) and time-resolved immunofluorometric
assay (DELFIA), respectively, as described previously (20,
24). The intra- and interassay coefficients of variation
were less than 12% for testosterone and less than 8%
for SHBG. Hormone measurements were performed in
the same laboratory in 2004. Because of varying storage
periods (3-22 years) and varying number of thawings, the
hormone levels were initially corrected for evaporation
according to median serum Na*-levels measured in
samples from each of the four surveys as previously
validated (24). Indirect estimations of free testosterone
were calculated in three different ways; the free androgen
index (FAI) was calculated as the ratio between measured
levels of testosterone and SHBG times 100 (testosterone x
100/SHBG), and furthermore, free testosterone was
calculated based on levels of TT and SHBG according
to the linear approach by Vermeulen (cFTV) (11) and
the framework accounting for ensemble allostery in
SHBG dimers allowing non-linear association between
testosterone and SHBG (cFTZ) (17).

Follow-up information

In Denmark, all residents have a unique ten-digit
identification number, the so-called Civil Personal
Register (CPR) number, allowing linkage of data from
virtually complete registries on an individual level (25).
Thus, follow-up information from national registries was
obtained based on the CPR number from the participants.
The participants were linked to the Danish Civil
Registration System in which information on vital status
and migration was available and followed until December
17, 2012. To obtain information on cardiovascular disease
(CVD)-specific mortality the CPR number was furthermore
linked to the Danish Register of Causes of Death (26).
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Finally, selected information on hospitalizations was
obtained from the Danish National Patient Register in
which information on all hospital admissions since 1977
has been registered until the end of follow-up (December
31, 2011). Specifically, information on type 2 diabetes
(T2D) and ischemic heart disease (IHD) was obtained
defined according to the International Classification of
Diseases (ICD) as: ICD-8: 250/ICD-10: E11 and ICD-8:
410-414/ICD-10: 120-125, respectively. Four men were
excluded because of a loss of follow-up. Follow-up time
for the remaining participants was calculated as the time
from their baseline examination until the time of event
or end of follow-up, whichever occurred first. Median
(25th-75th percentile) follow-up time was 19.8 years
(12.0-25.3 years). Furthermore, subjects (n= 23) were
excluded from the analyses if they had a prior diagnosis of
impaired testis function leaving 5323 men for analyses of
long-term outcomes (20, 27). Participants who emigrated
during the follow-up period (n= 62) contributed with
person time at risk until date of emigration, after which
they were censored.

Statistical methods

Mean, s.p. and relative s.n. (sample s.p. o/sample mean
pn x 100) were calculated for each of the three free
testosterone variables. Initially, cFTV and cFTZ levels were
visually compared by use of scatter plot and Bland-Altman
plot illustrating mean free testosterone levels in relation
to the absolute difference between the two calculated
variables. To allow direct comparison of the algorithms
(independent of the differences in absolute values) age-
standardized z-scores were calculated as previously
described (20). Differences in mean absolute hormone
levels as well as mean z-score levels of FAI, cFTV, cFTZ, TT
and SHBG were stratified according to baseline lifestyle
and health-related characteristics and tested using general
linear regression models.

To compare the predictive value of the three free
testosterone algorithms in relation to cardiometabolic
conditions, Cox proportional hazards models with age
as the underlying time scale were used to evaluate the
association between hormone z-scores and T2D, IHD,
CVD mortality and all-cause mortality. Hormone z-scores
were analyzed in quartiles to accommodate potential non-
linear associations and, a trend test was used to evaluate
any linear trend by inserting the quartiles in the model as a
continuous variable. In fully adjusted models, individuals
with a missing value of at least one of the included
covariates (124 individuals (2.4%)) were excluded and
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quartiles recalculated. Choice of covariates was based
on prior literature and all outcomes were adjusted for
the same set of covariates to ensure comparability. First
in a restricted model, the association between hormone
z-scores and outcomes were evaluated stratified according
to smoking status allowing different baseline hazards
for smokers and non-smokers because of the significant
impact of smoking on hormones as well as survival
outcomes. Secondly, the association was furthermore
adjusted for study period (1982, 1987, 1992, and 2000),
BMI (< 20.0, 20.0-24.99, 25.0-29.99, > 30 kg/m?), alcohol
intake (0, 1-14, >14 units/week), and exercise level
(sedentary, light/moderate/vigorous). Prior to the Cox
regression analysis with type 2 diabetes as the outcome,
men with known type 2 diabetes at baseline were excluded
(n=163). Likewise, in models with IHD or CVD mortality
as the outcome, men with known CVD at baseline were
excluded (n= 145) prior to analyses. All Cox models were
checked for the assumption of proportional hazards.
Hazard ratios for the three free testosterone algorithms
were visually presented and compared to the estimates
for TT previously published in Holmboe et al. 2015. In
all analyses, P-values <0.05 were considered statistically
significant. All statistical analyses were performed using R
version 3.4.1 and IBM SPSS Statistics 22.

Results

In general, levels of free T determined using the linear
model systematically underestimated those determined
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using the ensemble allostery model (mean (s.D.)
cFTZ=647.1 (253.8) pmol/L and cFTV=434.5 (163.8)
pmol/L). The mean level of FAI, which is not directly
comparable to the two other algorithms, was 67.9 (28.3).
The relative standard deviations of the three calculated
variables were 39, 37 and 41% for cFTZ, cFTV and FAI
respectively, indicating relatively similar dispersion of the
frequency distribution. There was an apparent correlation
between cFTV and cFTZ (r=0.9, P < 0.01) although the
agreement decreased with higher mean free testosterone
level (Fig. 1A and B) and the values from the two methods
could not be interconverted by a simple scalar multiple.
Stratification according to quartiles of TT indicated that
higher levels of TT contributed to the difference between
the two free testosterone algorithms.

Table 1 shows mean absolute hormone levels as well
as age-standardized hormone levels stratified according
to baseline characteristics. When stratifying according
to BMI, higher BMI was associated with lower absolute
levels of all hormones. In accordance, age-standardized
hormone levels were lower with higher BMI except for
age-standardized levels of FAI which were higher with
higher BMI. Likewise, men with waist circumference
> 94 cm had lower age-standardized free testosterone
levels according to Vermeulen and Zakharov but higher
age-standardized FAI levels compared to men with waist
circumference < 94 cm (cFTV=-0.20, cFTZ=-0.33,
and FAI=0.12, respectively). Similarly, when stratifying
according to other cardiometabolic parameters such as
hypertension, elevated triglyceride level and the presence

1250

1000 B
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@ Second (14.4 - 18.58)
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(A) Free testosterone according to Vermeulen equation plotted against the level according to Zakharov equation (Pearson coefficient r=0.9, P < 0.01).
The line represents the identity line. (B) Bland-Altman plot of the absolute difference between free testosterone calculated by Zakharov and Vermeulen
equation (cFTZ - cFTV) according to mean levels of free testosterone calculated by the two equations.
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of metabolic syndrome, age-standardized levels of FAI
were highest among men with these conditions compared
to men without such conditions whereas age-standardized
levels of cFTV and cFTZ were lowest among men with
the conditions. In general, trends for cFTV and cFTZ
pointed in the same direction but with more pronounced
estimates for the Zakharov algorithm. Men with diabetes
at baseline were characterized by significantly lower
levels of age-standardized free testosterone irrespective of
algorithm (FAI=-0.48, P < 0.01; cFTV=-0.59, P < 0.01;
cFTZ=-0.49, P < 0.01).

In Cox regression analyses, quartiles of age-
standardized free testosterone levels were analyzed in
relation to survival outcomes (Fig. 2 and Supplementary
Tables 1, 2, see section on supplementary materials
given at the end of this article). Cox regression analyses
revealed that higher age-standardized levels of cFTV
and cFTZ were associated with lower risk of subsequent
type 2 diabetes in accordance with the trend seen for TT,
however only significant for cFTZ and TT (P < 0.01). In
contrast, a significant positive association between age-
standardized FAI and the risk of type 2 diabetes was seen.
Thus, men in the highest quartile had a 74% increased
risk of developing type 2 diabetes compared to men in the
lowest quartile (HR=1.74, 95% CI: 1.17-2.59). In analyses
with IHD as the outcome, the three algorithms pointed
in the same direction, in line with the trends seen for TT,
with higher levels associated with higher risk of IHD with
the most pronounced effect seen for highest quartiles of
FAI (FAI, HR=1.37, 95% CI=1.10-1.70; cFTV, HR=1.25,
95% CI=0.99-1.57: cFTZ, HR=1.22, 95% CI=0.97-1.53).

Type 2 Diabetes
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Also, in analyses with CVD mortality as the outcome,
the three algorithms followed the same trend. Thus,
a lower CVD mortality risk was seen for men with age-
standardized free testosterone levels in the third and
fourth quartile with the most pronounced effects seen for
cFTZ. In contrast, the three algorithms differed in relation
to all-cause mortality analyses; no association was seen
for differences in total testosterone and free testosterone
estimated using the Zakharov algorithm, whereas a trend
toward lower mortality risk with higher levels of FAI and
cFTV was seen.

Discussion

In a cohort of more than 5000 adult men, we observed
that absolute levels of free testosterone differed according
to which algorithm was applied; levels estimated using the
Zakharov algorithm were in general higher compared to
levels using the Vermeulen algorithm. Despite differences
in absolute levels,
Vermeulen and Zakharov correlated and showed similar
associations to lifestyle and cardiovascular parameters. In
contrast, FAI showed opposite associations to several of
the examined lifestyle and cardiovascular parameters.

A limited number of studies have investigated the
differences in calculations of free testosterone especially
with inclusion of the algorithm suggested by Zakharov. In
accordance with others, we observed that absolute levels
of free testosterone estimated by Zakharov et al. tended
to be higher compared to free testosterone estimated by

free testosterone estimated by

Ischemic Heart Disease

0 1 2 3 0.0 0.5
Hazard ratio (95% Cl)

Cardiovascular disease mortality

1.0 15 2.0

Hazard ratio (95% CI)

All-cause mortality

Figure 2

Hazard ratios and 95% Cls for quartiles of free
testosterone stratified according to algorithm
(FAI, Vermeulen or Zakharov) in relation to type 2
diabetes, ischemic heart disease, cardiovascular
disease mortality and all-cause mortality. All
models are stratified according to smoking status
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Vermeulen et al. (17, 18). Because FAI is calculated as an
index a direct comparison between absolute levels of FAI
and the two calculated algorithms is not relevant.

To our knowledge, free testosterone calculated
using different algorithms and the association with
cardiometabolic parameters have not been compared
before. Interestingly, in the present study, we found that
men characterized by cardiometabolic conditions such as
high BMI, increased waist circumference, hypertension and
elevated glucose levels had lower age-standardized levels
of free testosterone estimated using both Vermeulen and
Zakharov compared to men without these conditions. For
cFTV and cFTZ the trends pointed in the same direction
irrespective of absolute values or age-standardized values
being used. A consistent pattern for cFTV and cFTZ was
also seen in relation to long-term outcomes such as type
2 diabetes and CVD mortality with higher levels of free
testosterone, irrespective of algorithm, being associated
with lower risk of the two outcomes.

On the contrary, for FAI a less consistent pattern
was seen in relation to cardiometabolic conditions. Only
minor differences in FAI levels were seen with different
level of BMI indicating a consistent ratio between TT and
SHBG across BMI groups. Moreover, for several of the
lifestyle parameters, the trends in age-standardized values
of FAI were significantly different from absolute values
indicating that age-correction has a major influence on
FAL In relation to long-term outcomes, less clear patterns
were seen for FAI; similar associations to IHD, CVD and all-
cause mortality as for cFTV and cFTZ were seen. However,
for type 2 diabetes higher levels of FAI was associated with
higher risk of type 2 diabetes whereas higher levels of free
testosterone estimated by Vermeulen and Zakharov were
associated with a lower risk of type 2 diabetes. While FAI
is not based on any biophysical characterization, it is still
frequently used but our study provides further support
that such empiric assessment does not correlate with
clinical assessments or provide any mechanistic insight.

In a study by Ho et al. free testosterone was calculated
according to four different algorithms including the
algorithm suggested by Vermeulen et al., and subsequently
compared to FAI Interestingly, the authors found that
FAI tended to overestimate the free testosterone level at
lower levels of SHBG irrespective of which equation was
used indicating that FAI is a less reliable index of free
testosterone (28). In the present study, we observed lower
age-standardized levels of TT and SHBG among men
with cardiometabolic characteristics compared to men
without such conditions in accordance with a number
of other studies (19). Thus, the lowered SHBG level in
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cardiometabolic men could explain the deviating trends
seen for FAI compared to the two other algorithms. In line
with this, our findings of higher risk of type 2 diabetes
with higher quartile of FAI and a tendency of lower risk of
type 2 diabetes with higher quartiles of free testosterone
estimated using Vermeulen or Zakharov could be explained
as secondary to an observed lower risk of type 2 diabetes
with higher quartile of SHBG as previously published (27).
In general, it can be debated whether free testosterone
alone reflects the biologically relevant fraction of
testosterone in accordance with the free hormone
hypothesis (2). However, based on data from the European
Male Aging Study an association between men with
both low total and free testosterone and impaired sexual
function like erectile dysfunction and infrequent morning
erections was seen whereas no association was seen for
men with only low TT and free testosterone within the
reference range (29). The importance of free testosterone
was furthermore underlined in a case of a 27-year-old
man with undetectable SHBG levels due to a mutation
in the SHBG gene (30). The man had low TT level but
free testosterone levels within the reference range and
was characterized by normal gonadal development and
spermatogenesis suggesting a limited role of SHBG and
a high TT level. However, the man presented a 7-year
history of muscle weakness, fatigue and decreased libido
indicating potential androgen deficiency despite normal
virilization and normal free testosterone. In relation to
the cardiometabolic outcomes included in this study,
agreement was seen between associations observed for TT
and free testosterone calculated according to Zakharov
et al. and Vermeulen et al. indicating that both the
total and free fraction of testosterone are equally good
indicators in relation to these outcomes in men from the
general population. However, to determine the biological
relevance of total and free testosterone it would be
relevant to include more androgen-specific endpoints.
Despite the differencesin absolute levels the algorithms
suggested by Vermeulen et al. and Zakharov et al. were in
general in agreement in relation to the survival outcomes
(Fig. 2). However, the algorithm by Zakharov et al. tended
to be in closer agreement with the associations seen for
total testosterone indicating that the algorithm is more
dependent on the levels of total testosterone compared
to the algorithm by Vermeulen et al. However, with
findings from recent studies on crystal structure and
multisite binding of testosterone with albumin (31, 32),
it is conceivable that simplified assumptions in extant
models should be examined in detail. It is unclear why
the algorithm by Vermulen et al. was largely independent
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of both the levels of SHBG, albumin and total testosterone
level in contrast to the algorithm by Zakharov.

In the present study, free testosterone was calculated
in men from the general population with only a minor
proportion of the men being characterized by extreme
hormone levels. The agreement between the algorithms
may differ in a clinical setting with patients exhibiting
of binding proteins and/or total
testosterone levels where a more comprehensive model
incorporating dynamic repartitioning of testosterone
between SHBG and albumin bound fractions may
be superior.

In addition to baseline levels of metabolic parameters,
our follow-up study madeitpossibletoalsoinvestigatelong-
term cardiovascular outcomes. Some limitations should
however be considered when interpreting the results. The
aim of the study was to compare different algorithms of
free testosterone in relation to metabolic parameters. It
would, however, have been relevant also to include direct
measurements of free testosterone using equilibrium
dialysis to directly compare the different algorithms to
the gold standard method. Due to lack of serum, this was
however not a possibility. Furthermore, no information on
symptoms on androgen insufficiency was available. Thus,
a comparison of the three free testosterone algorithms in
relation to androgen activity was not possible. Likewise,
information on other measures of biological activity of
testosterone, such as PSA levels or hematocrit levels, were
not available. Information on LH, the primary stimulator
of testosterone was however available but the calculated
ratio between LH and the algorithms by Vermeulen
et al. and Zakharov et al. did not reveal any differences
in relation to the included survival outcomes (data not
shown). Another limitation in the study is the lack of
measurements of albumin levels which is included for
calculation of free testosterone, because of limitations
of available serum volume. However, as relatively large
changes in albumin is needed to significantly affect the
calculated free testosterone level we used a fixed average
level of albumin in both the algorithm by Vermeulen
et al. and Zakharov et al. Both testosterone and SHBG were
measured using immunoassays. Measurements of sex
steroids by use of immunoassays have been criticized for
being less reliable compared to methods based on liquid
or gas chromatography tandem mass spectrometry, which
today are recommended for analyses of small molecules
like steroid hormones (1, 33). The main problem of
immunoassays relates to their tendency of overestimating
concentrations in the lower range but this issue is
less significant in higher measurement ranges (1, 34).

extreme values
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Thus, this is not a major concern in this study based on
adult men from the general population.

Our findings are based on a random sample of men
from the general population with a high participation
rate. Thus, we believe that our findings are generalizable
to similar Caucasian populations in the same age range.
Overall, the findings of the present study indicate that
free testosterone is a biological marker of different
cardiometabolic endpoints. However, different algorithms
of free testosterone are differently associated with these
endpoints indicating that the algorithms contribute
with different information but also limits any general
conclusions. In future studies, endpoints that are more
directly related to androgen action would be relevant to
include in relation to the different algorithms to further
elucidate the differences between algorithms. Alternatively,
measurements of the bioactive androgen level using
an androgen bioassay could improve the knowledge of
biologically relevant free testosterone levels (35).

In conclusion, our findings suggest that free
testosterone estimated by Vermeulen and Zakharov
are more sensitive markers of morbidity compared to
FAI despite systematic differences in absolute levels.
Consequently, because of the significant differences in
absolute levels of free testosterone, specific reference
ranges for each method should be provided. It remains
however to be elucidated whether free testosterone alone
can explain the effects of androgen action.
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