DE GRUYTER

Clin Chem Lab Med 2018; aop

Giacomo Montagna, Samuela Balestra, Federica D’Aurizio, Francesco Romanelli,
Cinzia Benagli, Renato Tozzoli, Lorenz Risch, Luca Giovanella* and Mauro Imperiali

Establishing normal values of total testosterone in adult healthy
men by the use of four immunometric methods and liquid
chromatography-mass spectrometry

https://doi.org/10.1515/cclm-2017-1201
Received December 22, 2017; accepted April 23, 2018

Abstract

Background: The total testosterone (T) cutoffs clinically
adopted to define late-onset hypogonadism (LOH) do
not consider the differences that exist between different
analytical platforms, nor do they consider the body mass
index (BMI) or age of the patient. We aimed at providing
method, age and BMI-specific normal values for total T in
European healthy men.

Methods: A total of 351 eugonadal healthy men were
recruited, and total T was measured with four automated
immunometric assays (IMAs): ARCHITECT i1000SR
(Abbott), UniCel DxI800 (Beckman Coulter), Cobas e601
(Roche), IMMULITE 2000 (Siemens) and liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS). Refer-
ence ranges (RRs) were calculated for each method.
Results: Passing and Bablok regression analysis and
Bland-Altman plot showed an acceptable agreement
between Abbott and LC-MS/MS, but a poor one between
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LC-MS/MS and the other IMAs. Age-specific T concentra-
tions in non-obese (BMI <29.9 kg/m’) men were greater
than in all men. The total T normal range, in non-obese
men aged 18-39 years, measured with LC-MS/MS was
9.038-41.310 nmol/L. RRs calculated with LC-MS/MS sta-
tistically differed from the ones calculated with all indi-
vidual IMAs, except Abbott and among all IMAs. Statis-
tically significant differences for both upper and lower
reference limits between our RRs and the ones provided
by the manufacturers were also noticed.

Conclusions: We calculated normal ranges in a non-obese
cohort of European men, aged 18-39 vyears, with four
commercially available IMAs and LC-MS/MS and found
statistically significant differences according to the ana-
lytical method used. Method-specific reference values can
increase the accuracy of LOH diagnosis and should be
standardly used.

Keywords: age; body massindex; late-onset hypogonadism
(LOH); reference ranges; testosterone.

Introduction

The understanding of the relevance of steroid hor-
mones in health and disease has undergone substantial
advancement [1]. Androgen deficiency contributes to
many adverse conditions, including diabetes and pre-
diabetic conditions, metabolic syndrome, reduced bone
and muscle mass, impaired sexual function and fertil-
ity, poor sleep quality and decreased quality of life [2-
9]. Over a 20-year period, testosterone (T) deficiency is
involved in the development of approximately 1.3 million
new cases of cardiovascular diseases, 1.1 million new
cases of diabetes mellitus and over 600,000 osteopo-
rosis-related fractures [10]. Longitudinal studies have
documented a decline of T with aging starting from the
early 40s [8, 11-14]. The average decline in serum T levels
varies depending on the studies, ranging from 0.4% to
2% per year [8, 12, 15]. The clinical importance of this
finding is still not completely understood [16, 17]. Dif-
ferently from other endocrine glands, in which the clas-
sification and diagnosis of hypofunction are based on
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well-defined biochemical criteria, the diagnosis of late-
onset hypogonadism (LOH) requires both clinical and
biochemical criteria [18]. The etiology of LOH is complex
and multifactorial; age and risk factors such as obesity,
systemic disorders, drugs, environmental factors and
lifestyle play a major role [8, 19-21]. Likely owing to
many factors, including increased recognition and avail-
ability of therapies, the number of patients diagnosed
and treated for LOH during the past two decades has
increased significantly, with an exponential increase
in prescribed T in many countries [22-26]. Because of
the weak association of sexual symptoms and T levels
in aging men, and the absence of pathognomonic signs
for LOH, multiple symptoms combined with low T levels
are required for the diagnosis of LOH [27]. However,
the laboratory diagnosis of T deficiency is a challenge.
A number of methods are available for total T testing,
which include radioimmunoassay, immunometric assay
(IMA) and extraction by liquid chromatography-mass
spectrometry (LC-MS). Important biological and techni-
cal limitations among all these methods exist [28, 29]. A
recent survey has shown that the most common method
used among US laboratories is by IMA via high-through-
put analyzers [30]. Ideally, valid T assay methods must
demonstrate internal and external validity. Internal
validity is gauged by the method providing essentially
identical numerical values, that is, demonstrating high
precision and minimal bias when calibrated against
an independent reference method such as gas chroma-
tography/mass spectrometry. External validity should
provide consistent reference intervals when calibrated
against a valid reference population [31], and therefore
facilities are encouraged to validate their manufacturer’s
suggested reference range (RR) using a sample of local
patients [28, 32]. Despite the efforts of the Endocrine
Society and the Centers for Disease Control and Preven-
tion in promoting T assay standardization [33], recent
studies have shown that external validity is still often
lacking; only a minority of laboratories in fact perform
validation tests to establish their own age stratified
RRs, and among those who do perform validation tests,
sample sizes are limited, and there is little knowledge
regarding the subjects’ state of health [30]. In addition,
there is no universally accepted lower limit for normal
total T [34]. Currently, the T value below which substi-
tution therapy is recommended ranges from 8 nmol/L
(2.3 ng/mL) to 13.9 nmol/L (4.0 ng/mL) [27, 35, 36]. Wu
et al. [27] suggested the presence of at least three sexual
symptoms (decreased frequency of morning erections,
decreased frequency of sexual thoughts and erectile
dysfunction) preferably associated with the lower T
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threshold (<8.0 nmol/L, 2.3 ng/mL) as a diagnostic cri-
terion to increase the probability of correctly diagnos-
ing LOH. The authors also suggested that the estimation
of free T, based on total T, sex hormone-binding globu-
lin and serum albumin, may be useful in patients with
borderline total T level ranging from 8 to 11 nmol/L
(2.3-3.2 ng/mL) [27]. Nonetheless, considering the con-
cerns about the variability and lack of accuracy among
platform-based IMAs, the proposed T thresholds should
not be translated from the literature into clinical prac-
tice without being adjusted to the immunoassay method
used in local laboratories [37, 38]. The present study was
undertaken to provide RRs for T in non-obese European
healthy men using four largely available IMA platforms
and LC-MS/MS.

Materials and methods
Subjects

We recruited 351 volunteer men aged >18 years with normal general
and sexual health. All subjects underwent a standard medical history
and physical examination conducted by a dedicated endocrinologist,
which included recordings of prescribed and non-prescribed medica-
tions and dietary supplements, body weight, height, heart rate and
blood pressure. Sexual health was assessed with a semistructured
questionnaire based on a previously validated questionnaire and
current literature [39, 40]. Exclusion criteria were history of testicular
or androgenic pathology (gynecomastia, hypospadias, Kallmann or
Klinelfelter syndrome, prostate cancer), male infertility, undertaking
extreme exercise and training (i.e. agonistic athletes), chronic use of
drugs (steroids, opiates, antihypertensive medications, antidepres-
sants, antipsychotics and recreational drugs), use of any hormone
treatment within the last year or any other serious medical illness;
nightshift workers were excluded if the last nightshift was within
14 days.

Ethical approval

All procedures performed in studies involving human participants
were in accordance with the ethical standards of the Institutional
and/or National Research Committee (Approval: CE 2819) and with
the 1964 Helsinki Declaration and its later amendments or compara-
ble ethical standards. Written informed consent was obtained from
all individual participants included in the study.

Blood collection and preparation

Blood samples were taken between 8:00 and 10:00 a.m. after a light
breakfast to minimize the effects of circadian variation, fasting
and dehydration. A total of 10 mL blood was collected by a single
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Table 1: Total testosterone distribution (nmol/L) in a cohort of European healthy men measured by five analytical methods.

Total T, nmol/L n Min 1st Quartile Median 95% CI 3rd Quartile Max IQR
Beckman 349 3.91 10.53 12.92 12.30-13.80 16.27 30.93 5.75
Immulite 347 4.06 11.12 13.90 12.30-14.60 17.28 37.40 6.17
Roche 345 3.7 12.50 15.70 15.10-18.80 20.13 40.20 7.63
Abbott 345 4.34 14.02 18.04 17.29-18.60 22.87 47.55 8.83
LC-MS 345 4.48 14.16 17.91 17.14-18.84 22.36 45.50 8.20

venipuncture into plain Vacutainer® (Becton Dickinson) tubes (with-
out anticoagulants or separation gel). After standing at room tem-
perature for 30 min, the blood sample was centrifuged for 15 min
at 1800 g. The serum was carefully aliquoted into 2-mL screw-top
microtubes for subsequent storage. At least six aliquots were col-
lected from each study participant. Each microtube was labeled with
a coded volunteer identification label and stored at —80 °C.

Testosterone measurement

The panel of 351 sera was used to measure total T concentrations
over four widely available commercial automated analyzer systems;
ARCHITECT i1000SR (Abbott), UniCel DxI800 (Beckman Coulter),
Cobas e601 (Roche), IMMULITE 2000 (Siemens) and 1290 HPLC cou-
pled to 6490 triple quadrupole equipped with standard ESI (Agi-
lent Technologies). LC-MS/MS assay was performed in the Clinical
Biochemistry and Pharmacology Laboratory, Department of Labo-
ratory Medicine, Bellinzona, Switzerland. Analytical performance
characteristics of the different platforms are reported in Table 1 in
the Supplemental material. The analytes were separated and quan-
tified in serum using Agilent Technologies 6490 triple quadrupole
LC/MS system equipped with Jet-Stream ESI source. Samples were
prepared accordingly to MassChrom® Steroids in Serum/Plasma
LC-MS/MS kit instruction manual (Chromsystems GmbH). The kit
uses stable isotopically labeled internal standards for each analyte
to ensure reproducible and reliable quantification of the samples.
The method is validated according to CLSI EP9-A3 [41] guidelines
using the calibration Standard NIST 971 as reference material for
total T. Intra-assay variability and interassay variability were
checked for the three levels of quality controls obtaining values of
6.94% and 6.86% for 0.201 ng/L, 2.63% and 6.37% for 1.5 ug/L, and
5.27% and 5.05% for 7.85 ug/L.

Statistical analysis

Statistical analysis was performed using Analyse-it version 2.20 for
Microsoft Excel (http://www.analyse-it.com). The analysis consisted
of descriptive statistics to assess characteristics, where the data were
presented as mean and standard deviation (SD) for continuous vari-
ables, Shapiro-Wilk test was used to assess the normality of the T
distribution for the results of each assay. Because serum total T val-
ues were not normally distributed, and therefore better represented
with the median, the statistical analyses were performed using non-
parametric tests. Mann-Whitney U and Kruskal-Wallis tests were
used for group comparison. Passing-Bablok regression and method
were used to evaluate the relationship between different methods.

Correlations were explored using the adjusted R*value. Agreement
between the different assays was explored using the Bland-Altman
plot. We used simple or multiple linear regression models to explore
the association between the dependent variable T and the independ-
ent variables age, body mass index (BMI) and smoking. Age and BMI
were analyzed as continuous variable and smoking as dichotomous
variable. All tests were two-tailed, and a value of p<0.05 was con-
sidered statistically significant. Finally, RRs were calculated based
on guidance from the CLSI document EP28-A3C [42]. The lower (LRL)
and the upper reference limits (URL) were established at 2.5th and
97.5th percentile, respectively, according to non-parametric method.
Proportions’ comparison and comparison of URL and LRL among the
different analytical methods was done with y>test.

Results

Subjects

Three hundred and fifty-one healthy men were recruited.
The mean (SD) age of the all volunteers was 38.7 (11.8)
years. One hundred and ninety-one were <40 years old
(mean age 29.7 [5.5] years), the other 160 were >40 years
old (mean age 49.5 [7.3] years). The mean (SD) BMI was
25 (3.7) kg/m?, 332 had a BMI between 18.5 and 29.9 kg/m?
(mean 24 [3] kg/m?); the others (19) had a BMI =30 kg/m?
(mean 33 [3] kg/m?). Ninety-three volunteers (26%) were
smokers. All of them had normal sexual history and no
clinical signs of hypogonadism.

Measurement of total testosterone

Table 1 shows the distribution of total T measured by five
methods. Analyses were performed on 349 (Beckman),
347 (Immulite) and 345 subjects (Roche, Abbott, LC-MS/
MS), respectively, due to insufficient volume in few
cases. Median total T values obtained with LC-MS/MS
and Abbott were 17.91 and 18.04 nmol/L, respectively,
whereas lower levels were obtained on Roche, Immulite
and Beckman (15.70, 13.90 and 12.92 nmol/L) platforms,
respectively). Figure 1 shows the results obtained with
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Figure 1: Interassay agreement and differences in serum testosterone levels between four commercial IMAs and LC-MS/MS.

Bland-Altman plots (A): Y-axis depicts the % difference between values of the two measurements (IMA — LC-MS/MS/mean of all). Bias and
limits of agreement are depicted as continuous and dashed line, respectively. The bias was —30.6% (95% Cl -32.2 to -29.1) for Beckman,
=24% (95% Cl -26.2 to -21.9) for Immulite, —12.4% (95% Cl —14.2 to -10.6) for Roche and 0.6% (95% Cl —0.7 to 1.9) for Abbott. Passing-
Bablok plots (B) for testosterone with four different IMAs and LC-MS/MS: Passing-Bablok equation and its confidence interval are depicted
as continuous and dashed line, respectively. Constant and proportional bias for Beckman were 1.05 (95% Cl 0.67-1.41) and 0.65 (95% Cl
0.63-0.67); for Immulite 0.64 (95% Cl —0.15 to 1.35) and 0.73 (95% Cl 0.69-0.78); for Roche —0.74 (95% Cl —1.17 to —0.34) and 0.94 (95% CI
0.91-0.96); for Abbott -1.11 (95% Cl -1.67 to —0.47) and 1.09 (95% Cl 1.05-1.13).

Table 2: Participants with a total T level <8 nmol/L, between 8-11 nmol/L and <11 nmol/L according to age groups.

Beckman Immulite Roche Abbott LC-MS
Total samples 349 348 347 345 345
Samples <40 years 191 191 191 190 190
Samples with total T level <8 nmol/L (all) 31 (18%) 23 (13%) 19 (11%) 15 (9%) 10 (6%)
Samples with total T level T <8 nmol/L (<40) 12 (6%) 11 (6%) 9 (5%) 8 (4%) 5 (3%)
Samples with total T level 8—11 nmol/L (all) 73 (21%) 61 (18%) 36 (10%) 20 (6%) 27 (8%)
Samples with total T level 8-11 nmol/L (<40) 40 (21%) 30 (16%) 16 (8%) 12 (6%) 17 (9%)
Samples with total T level <11 nmol/L (all) 105 (30%) 84 (24%) 55 (16%) 35 (10%) 37 (11%)
Samples with total T level <11 nmol/L (<40) 52 (27%) 41 (21%) 25(13%) 20 (11%) 15 (8%)

Values measured in the -all age- group are displayed in bold.

immunometric methods compared with LC-MS/MS. The
correlation between LC-MS/MS and the immunoassays
was fairly good with all of them, R? being 0.92, 0.81,
0.78, 0.89 for Beckman, Immulite, Roche and Abbott,
respectively.

Relationship between total testosterone age,
BMI and smoking

A multivariate logistic regression analyses was performed
to identify independent determinant of total T levels. With
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all assays as well as with LC-MS, BMI was the only inde-
pendent determinant (p < 0.0001).

Participants with low T values according to
conventional clinical thresholds

Table 2 shows the number of participants with a total T
level <8 nmol/L, between 8-11 nmol/L and <11 nmol/L,
according to age groups (all ages and <40 years). When
we compared the rate of participants with T <8 nmol/L
(Table 3) between each analytical platform, we found sta-
tistically significant differences between Beckman and
Abbott and between Beckman and LC-MS/MS. Due to
small sample size, we did not perform separate analyses
according to age. Subsequently, we compared the rate of
participants with T<11 nmol/L (Table 4) between each
analytical platform in both age groups and found sta-
tistical difference between most of the platforms. y*Test
showed no difference among the rate of T level <11 nmol/L
among the all ages group vs. the <40 group.

Reference ranges calculation and
comparison with manufacturer provided ones

To establish RRs, we first selected men 18-39 years, who
were non-obese (BMI18.5-29.9 kg/m?); 180 volunteers were
included in this analysis. Subsequently, we computed
RRs for individuals of all ages with BMI 18.5-29.9 kg/m?,

Table 3: Comparison between the rate of all participants with
T< 8 nmol/L among each analytical platform.

All ages Beckman  Immulite Roche Abbott LC-MS
Beckman 0.3711  0.1442 0.0385 0.0032
Immulite 0.3711 0.5667 0.5288 0.1185
Roche 0.1442 0.5667 0.5288  0.1185
Abbott 0.0385 0.5288  0.5288 0.3461
LC-MS 0.0032 0.1185 0.1185 0.3461

Statistically significant p-values are displayed in bold.
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Table 4: Comparison between the rate of participants with
T<11nmol/Lamong each analytical platform in both age groups.

Beckman Immulite Roche Abbott LC-MS
All ages
Beckman 0.0774 <0.0001 <0.0001 <0.0001
Immulite 0.0774 0.0063 <0.0001 <0.0001
Roche <0.0001 0.0063 0.0257 0.0471
Abbott <0.0001 <0.0001  0.0257 0.8033
LC-MS <0.0001 <0.0001 0.0471 0.8033
<40 years
Beckman 0.1897 0.0006 <0.0001 <0.0001
Immulite 0.1897 0.0304 0.0036 0.0002
Roche 0.0006 0.0304 0.4384 0.0982
Abbott <0.0001 0.0036 0.4384 0.3751
LC-MS <0.0001  0.0002 0.0982 0.3751

Statistically significant p-values are displayed in bold.

303 volunteers were included. Finally, RRs for all
351 subjects were calculated, regardless of obesity status
and age (Table 5). We compared URLs and LRLs among
all analytical methods in the entire participants’ collec-
tive (all ages, all BMIs). URLs significantly differed among
all methods except between LC-MS and Abbott, whereas
LRLs differed between Abbott and all other IMAs and
between LC-MS and all IMAS, except Abbott (Table 6).
Among young (<40 years old) non-obese participants,
we found statistically significant differences in the URLs
among all IMAs and between LC-MS and all IMAs, except
Abbott. LRLs statistically differed only between Abbott
and Immulite and between LC-MS and all IMAs, except
Abbott (Table 7).

We compared our RRs (LRL and URL) with the one
provided by the manufacturers (Table 8). Unfortunately,
not all manufacturers provide information about the age
range of the population on which they calculate RRs, and
none provide information about the BMI. When known
(e.g. Abbott, Immulite and Roche), we compared RRs
among the same age group. If not known (e.g. Beckman,
LC-MS), comparison was carried out with the RRs cal-
culated on all study participants (all age, all BMI). Chi-
squared test showed statistically significant differences

Table 5: Reference ranges of total testosterone (nmol/L) for each analytical assay, according to age and BMI (kg/m?).

Reference ranges, nmol/L

BMI 18.5-29.9 and age <40 years

BMI 18.5-29.9, all ages AlLBMI, all ages

Beckman 6.66-27.491 6.589-27.020 6.06-25.085
Immulite 6.847-29.100 6.372-28.340 6.022-28.083
Roche 7.36-36.38 7.28-33.73 6.01-31.81
Abbott 8.007-43.070 7.135-40.493 7.126-36.959
LC-MS 9.038-41.310 8.401-38.450 7.495-34.757
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Table 6: Comparison of RRs in the entire participants’ collective
(all ages and all BMIs) among different IMAs and between IMAs and
LC-MS/MS.

Beckman Immulite Roche Abbott LC-MS
URL
Beckman 0.0039 <0.0001 <0.0001 <0.0001
Immulite 0.0039 0.0024 <0.0001 <0.0001
Roche <0.0001 0.0024 0.0008 0.0040
Abbott <0.0001 <0.0001 0.0008 0.4335
LC-MS <0.0001 <0.0001 0.0040 0.4335
LRL
Beckman 0.8107  0.9907 0.0009 <0.0001
Immulite 0.8107 0.9954 0.0024 0.0001
Roche 0.9907  0.9954 0.0120 0.0072
Abbott 0.0009 0.0024 0.0120 0.4613
LC-MS <0.0001 0.0001 0.0072 0.4613

Statistically significant p-values are displayed in bold.

Table 7: Comparison of RRs in the non-obese group of participants
<40 years among different IMAs and between IMAs and LC-MS/MS.

Beckman Immulite Roche Abbott LC-MS
URL
Beckman 0.0181 <0.0001 <0.0001 <0.0001
Immulite 0.0181 0.0024 <0.0001 <0.0001
Roche <0.0001 0.0024 0.0043 0.0177
Abbott <0.0001 <0.0001 0.0043 0.4745
LC-MS <0.0001 <0.0001 0.0177 0.4745
LRL
Beckman 0.4745 0.3112 0.0554 0.0020
Immulite 0.4745 0.4745 0.0328 0.0008
Roche 0.3112 0.4745 0.1549 0.0185
Abbott 0.0554 0.0328 0.1549 0.1526
LC-MS 0.0020 0.0008 0.0185 0.1526

Statistically significant p-values are displayed in bold.

between our LRLs and the ones provided by Abbott
(p=0.0138) and Roche (p=0.019), whereas our URLs only
differed with the one provided by Immulite, for patients
aged 20-49 years (p =0.0356).
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Discussion

Agreement among IMAs, between IMAs
and LC-MS/MS and reference ranges

In our present study, we measured total T levels in a care-
fully selected cohort of 351 healthy men in central Europe,
using four largely available commercial IMAs against
LC-MS/MS as the standard method.

Our finding of high disagreement between measure-
ments obtained with the four IMAs and LC-MS is consist-
ent with results reported in previous studies [32, 43]. The
patterns of individual sample bias differed among assays,
with higher T concentrations measured with Abbott and
lower concentrations measured with Roche, Immulite and
Beckman, respectively. Intermethod variability was con-
firmed by the fact that outliers differed according to the
analytical method.

Likewise, when we looked at independent determi-
nants of total T, we found that, similar to previous reports
[8, 37, 44], the magnitude of the age trend was modest (p
non-significant with all methods) whereas the effect of
increasing BMI was more substantial (total T was higher
among non-ohese men than in all patients, p <0.001 with
all methods).

We compared the URLs calculated with the different
analytical methods among the entire study participants’
collective, and we found statistically significant differ-
ences hetween all methods except between LC-MS/MS
and Abbott. LRLs statistically differed hetween Abbott
and all other IMAs and between LC-MS/MS and all IMAs
except Abbott. Similarly, when we compared URLs among
young (<40 years old) non-obese men, we found statisti-
cally significant differences among all IMAs and between
LC-MS/MS and all IMAs except Abbott. Regarding LRLs,
a statistically significant difference was noticed between
Abbott and Immulite and between LC-MS/MS and all IMAs
except for Abbott.

Table 8: Comparison between our RRs with the one provided by the manufacturers.

Manufacturer, age range, number of participants Manufacturer’s RRs Our RRs x? p-value for URLs x? p-value for LRLs
Abbott, 21-49, n=269 1.63-34 7.515-40.41 0.0798 0.0138
Abbott, >50, n=70 4.41-35.38 6.25-39.63 0.5764 0.1543
Immulite, 20-49, n=269 5.55-25.19 6.01-28.68 0.0356 0.5233
Immulite, >50, n=70 4.47-26.61 5.69-30.35 0.5594 0.3156
LC-MS 8.675-34.7 7.49-34.75 1.0000 0.2678
Beckman, n=349 6.07-27.1 6.06-25.08 1.0000 1.0000
Roche, 20-49, n=200 8.65-29 6.01-32.63 0.3998 0.0192
Roche, >50, n=67 6.68-25.7 5.33-32.90 0.3172 0.3100
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Although, due to a lack of standardization with
respect to choosing the subject population used to estab-
lish RRs, laboratories are strongly encouraged to establish
their own RRs [28, 29], rather than using manufacturer-
supplied ranges [37, 45], a recent study has shown that
only a minority of laboratories (<10%) establish their own
RRs [30]. When we compared our total T RRs with the ones
provided by the manufacturers, we found statistically
significant differences between our LRL and the ones
provided by Abbott (p=0.0138) and Roche (p=0.019),
and our URL differed from Immulite among patients aged
20-49 years (p=0.0356).

To address this problem, Travison et al. [37] recently
attempted to harmonize total T RRs, using samples from
four European and American epidemiological studies
[the Framingham Heart study (FHS), the European Male
Aging Study, the Osteoporotic Fractures in Men Study and
the Sibling Study of Osteoporosis (SIBLOS)]. They found
that the distribution of harmonized total T levels in young
men, aged 19-39 years, with a normal BMI was similar
among Europeans and Americans, and they concluded
that the harmonized normal range in non-obese men was
264-916 ng/dL (9.2-31.8 nmol/L).

In our cohort, the normal range in non-obese men
(BMI<299 kg/m?), aged 18-39 years, measured with
LC-MS/MS was 9.038-41.310 nmol/L. The similarity of the
LRLs (9.038 vs. 9.2 nmol/L) and the significant difference
of the URLs (41.310 vs. 31.8 nmol/L) among our and Travi-
son’s study have many possible explanations. First, Tra-
vison et al. measured T concentrations in only 200 young
non-obese men (from the FHS and the SIBLOS study) and
then generated normalizing equations to calculate harmo-
nized values; the introduction of the normalizing equa-
tions could have introduced a measurement bias. Second,
there is a well-known lack of standardization among
LC-MS/MS methods; it is possible that the technique we
used differed from the one used by Travison et al. Last
but not least, as significant geographical and racial dif-
ferences in sex-steroid levels have been previously dem-
onstrated [46, 47], a real difference in T concentration
levels in our population is possible. Eisenhofer et al. [48]
recently published total T RRs in 252 healthy men calcu-
lated with LC-MS/MS; they found an RR of 7.6-37.1 nmol/L
(all age and BMI considered), which is comparable with
ours (7.495-34.757 nmol/L) (Table 5). The similarity could
be explained by an absence of geographic and racial dif-
ferences (Germany vs. Switzerland). In addition, it is pos-
sible that the two chromatographic techniques used may
have a certain degree of agreement, despite using different
platforms.
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Clinical impact of testosterone measurement

In recent years, T replacement therapy has hecome
popular and marketing of T treatments and disease-
awareness campaigns for “low-T” have been aggressive
and effective [25, 49, 50]. It is estimated that by 2025,
there will be approximately 6.5 million American men
aged 30-80 years that will be diagnosed with androgen
deficiency [51]. Increased cardiovascular events [52]
and only modest benefit of T replacement therapy [53,
54] have been recently reported and the concern about
misdiagnosis, overtreatment and long-term safety keep
rising. A recent Food and Drug Administration report
showed that among all men receiving a new T prescrip-
tion, nearly a third had no evidence of a prior serum T
measurement [55]. In our study, the rate of healthy indi-
viduals with low T (T <8 nmol/L) varied largely depend-
ing on the platform (Beckman 18%, Immulite 13%,
Roche 11%, Abbott 9%, LC-MS 6%); nevertheless, statis-
tically significant differences were found only between
Beckman and Abbott and Beckman and LC-MS/MS. The
rate of participants with a T level <11 nmol/L also varied
according to the analytical method: 10% with Abbott,
11% with LC-MS, 16% with Roche, 24% with Immulite
and 30% with Beckman. Consistent with the marginal
role of age trend in total T concentrations, we did not
find statistical differences in the rates of participants
with T <11 nmol/L between men aged <40 years and the
entire participants collective.

The reason for such a high percent of healthy volun-
teers with a reduced T level could be due to a multitude
of factors that have heen proven to contribute to total T
variation, including intraindividual variation [56, 57]. Cer-
tainly, the application of thresholds that do not consider
the disagreement between different IMAs and between
IMAs and LC-MS/MS introduces a bias. The two cutoffs of
8 and 11 nmol/L fall within the normal T range calculated
for many assays used in this study. To prevent LOH over-
diagnosis, RRs as well as T thresholds should be method
specific and adjusted to the local population.

There are a number of limitations to this study. The
results are based on cross-sectional data from question-
naires and a single T measurement, and clinical history
was based on volunteers’ statements. Testicular volume
was not measured; therefore, no definitive statement to
explain the difference with previously reported total T
RRs could be made. On the other hand, this study is the
first to provide total T RRs with four different IMAs and
LC-MS/MS (performed in a single laboratory) in a large
population of European healthy men.
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Conclusions

Many questions about total T RRs remain currently a
matter of debate, and there is a clear need to standardize
T measuring. We have demonstrated that the agreement
between most IMAs and LC-MS/MS is poor and that total
T RRs differ among different analytical methods. While
waiting for a standardization of IMA measuring, appro-
priate RRs and diagnostic thresholds, established in each
laboratory and adapted to different analytical platforms,
should be used in order to increase diagnosis accuracy
and decrease the use of a potentially harmful drug.
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