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a b s t r a c t

Testosterone levels are used primarily for the diagnosis of hypogonadism in men and androgen excess
in women. Current studies suggest that serum testosterone measurements may be indicated in a wide
range of diseases and conditions. Translation of testosterone levels outside of the reference ranges into
clinical treatment, appropriate cut offs for clinical guidelines and epidemiological studies with public
health impact pose challenges due to the measurement variability among assays and in assay sensitivity.
While introducing mass spectrometry technology can overcome some of these challenges and help to
improve measurements, it faces variability issues similar to those observed with immunoassays that need
to be addressed. To overcome these problems in testosterone testing, the Centers for Disease Control and
Prevention, National Center for Environmental Health, Division of Laboratory Sciences (CDC/NCEH/DLS)
started a steroid hormone standardization project. Their objective was to create testosterone measure-
ment results that are traceable to one accuracy basis, thus allowing measurements to be comparable

across methods, time, and location. CDC/NCEH/DLS conducts activities to standardize and improve testos-
terone assays and laboratory measurements by establishing metrological traceability to a higher order
reference method and material. In addition, the standardization effort includes pre- and post-analytical
challenges, such as test selection, interpretation, and establishing reference ranges to improve the trans-
lation of standardized results into clinical guidelines and public health assessments. CDC is conducting
these standardization activities in collaboration with the clinical, laboratory, and research communities.

Published by Elsevier Ltd.
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1. Introduction
In clinical settings, testosterone measurements are mainly used
or the diagnosis of hypogonadism in men [1] and androgen excess
n women [2] with polycystic ovary syndrome being one of the
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conditions causing androgen excess [3]. Research found that testos-
terone levels are associated with various diseases and conditions,
such as metabolic syndrome [4], diabetes [5], cardiovascular dis-
ease [6,7], fractures [8,9], neurodegenerative disorder [10,11], and
higher mortality in men with lower testosterone levels [12,13].
These findings stimulated further research as reflected in numerous
studies under way (according to the National Institutes of Health

[NIH] clinical trials database, more than 170 studies dealing with
some aspect of testosterone are in the planning or recruitment
phase) [14]. Some research findings were translated into informa-
tion relevant to patient care and made available through clinical
guidelines and recommendations [1,15–18]. These guidelines sug-

dx.doi.org/10.1016/j.jsbmb.2010.03.032
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:HVesper@cdc.gov
dx.doi.org/10.1016/j.jsbmb.2010.03.032
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est testing for testosterone to aid in diagnosing diseases and
isorders or monitoring treatments. The test results would be com-
ared with generally accepted reference ranges, clinical decision

evels, or previously obtained measurements on the same patient
hen monitoring treatments. Thus, these guidelines presume that

est results from a patient are comparable with others from clinical
nd epidemiological studies obtained at an earlier time, a different
lace, and with a different assay.

Due to reported problems in measurement variability and
n sensitivity [19–28], researchers emphasized caution when
hoosing an assay. Researchers concerns about the quality of testos-
erone measurements have initiated recommendations to repeat

easurements with more reliable assays on already completed
pidemiological studies and clinical trials [29]. Others have recom-
ended not using certain assays such as free testosterone analog

ssays [2,30–32]. However, despite these recommendations, tests
re still used that are unsuitable for addressing clinical and public
ealth questions [1].

For research findings to be useful and thus assure consistent and
ffective patient care and public health activities, test results need
o be comparable. Comparability is needed also among tests per-
ormed in research studies. This would allow research findings to be
erified and combined to facilitate the detection and investigation
f potential public health problems or to be compared with tests
erformed in patients to aid in the diagnosis of diseases. Assuring
omparability of measurement results over time and across dif-
erent assays and laboratories is achieved through standardization
fforts.

The need for standardization was formulated by researchers
nd professional organizations. In 2007, CDC started a steroid hor-
one standardization project to create testosterone measurement

esults that are traceable to one accuracy basis and thus are com-
arable across methods, time, and location. The aim of this paper is
o describe the underlying rationale for standardizing testosterone

easurements and CDC’s plans to perform this effort.
.1. Current variability in T measurements

Data from the College of American Pathologists (CAP) pro-
ciency testing program, which surveys over 1000 clinical

able 1
ighest and lowest reported total testosterone value from individual samples reported fr

Reference Year Sample

Steinberger et al. [20] 1991 Y-01
Y-02
Y-05
Y-06
Y-09
Y-10
Y-13
Y-14
Y-94
Y-95

Steinberger et al. [20] 1995 Y-01
Y-02
Y-05
Y-06
Y-09
Y-10

Wang et al. [35] 2004 Y-04

Rosner et al. [32] 2007 N/Aa

N/A
N/A

a Information not available.
istry & Molecular Biology 121 (2010) 513–519

laboratories, showed profound variability between laboratories
[32–36]. The magnitude of this variability, as expressed in the ratio
between the highest and lowest reported value for a single sample,
is greater than two and has not changed over the years (Table 1).
High variability is observed between laboratories performing the
same assay (within peer-group) as well as between laboratories
performing different assays (among peer-groups) [32]. The high
coefficients of variation (CVs) within and among peer-groups indi-
cate problems in assay accuracy and precision. One limitation of
the CAP survey is that the commutability of the materials used is
unknown. Commutability is a characteristic that describes whether
a material behaves like an authentic patient sample [37]. Fre-
quently, materials used in external quality assessment schemes are
pooled and otherwise modified to an extent that the material itself
introduces a measurement bias. Therefore, it is unclear whether
the observed variability among assays can be solely contributed to
the assay performance or whether some variability is contributed
to non-commutable materials.

In other studies, the performance of selected immunoassays
using sera from individual donors and mass spectrometry-
based (MS) assays as a comparative method was investigated
[30,35,38–40]. For most assays, the investigators observed high cor-
relations between the MS assay and the immunoassays. However,
all studies showed substantial differences in absolute values. These
studies were performed at different times and in different coun-
tries indicating that the problem of assay performance is ongoing
and international in its scope. In the study by Wang et al. [35], the
average percent differences between the immunoassays and the
MS assay ranged between −18% and +15.9%; for concentrations
of less than 100 ng/dL (3.47 nmol/L), they ranged between −40%
and +40%. Thus, the reported variability among assays is similar
to the variability found with the CAP surveys, especially at con-
centrations commonly observed in women and hypogonadal men.
Some researchers concluded that immunoassays can distinguish
eugonadal from hypogonadal males using laboratory specific ref-

erence ranges. However, due to the lack of precision and accuracy,
they do not seem suitable for measuring testosterone in females or
prepubertal subjects [35,41].

Because MS assays can provide highly specific and sensitive
measurements, they are frequently called the “gold standard”

om several surveys from the College of American Pathologists.

Total testosterone ng/dL (nmol/L)

Low High Ratio high/low

300 [10.41] 588 [20.4] 2.0
59 [2.05] 164 [5.69] 2.8

9 [0.31] 54 [1.87] 6.0
228 [7.91] 522 [18.1] 2.3

508 [17.6] 1148 [39.8] 2.3
27 [0.94] 91 [3.16] 3.4

2 [0.07] 66 [2.29] 33.0
226 [7.84] 600 [20.8] 2.7

38 [1.32] 141 [4.89] 3.7
1001 [34.7] 1707 [59.2] 1.7

0 [0] 78 [2.71] 78.0
538 [18.7] 1140 [39.6] 2.1
597 [20.7] 1144 [5.00] 1.9

276 [9.58] 600 [20.8] 2.2
72 [2.50] 264 [9.16] 3.7
33 [1.15] 170 [5.90] 5.2

160 [5.55] 580 [20.1] 3.6

7 [0.25] 100 [3.47] 14.3
45 [1.56] 365 [12.7] 8.1

276 [9.58] 744 [25.8] 2.7
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Table 2
Within-run and between-run imprecision determined with three serum pools using the same high-performance liquid chromatography tandem mass spectrometry conditions
and three different sample preparation procedures.

Within-run CVa (%)
N = 3

Between-run CV (%)
N = 5

Pool 1 (14.5 ng/dL) Pool 2 (104 ng/dL) Pool 3 (973 ng/dL) Pool 1 (14.5 ng/dL) Pool 2 (104 ng/dL) Pool 3 (973 ng/dL)

[0.5 nmol/L] [3.61 nmol/L] [33.8 nmol/L] [0.5 nmol/L] [3.61 nmol/L] [33.8 nmol/L]

Method Ab 5.0 3.5 5.2 4.1 3.3 8.9
Method Bc 6.8 3.8 5.0 7.5 11.5 8.4
Method Cd 2.7 1.8 2.4 3.7 1.9 5.0
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this study points out that special attention should be given to the
sample preparation portion of the MS assays to assure appropriate
performance.
a Coefficient of variation.
b An on-line solid phase extraction method with protein precipitation.
c An on-line solid phase extraction method.
d An offline solid phase extraction method with liquid–liquid extraction.

or measuring testosterone at low concentrations such as those
bserved in women and children [2,31,42]. In contrast to com-
ercial immunoassays, MS assays are developed and validated by

he laboratory, and thus are commonly referred to as “in-house”
ssays. Though they use the same detection principle (MS), they
requently differ in sample handling and preparation and in cal-
bration. Two studies investigated the performance of MS assays
gainst a MS reference method [43,44]. One study investigating
MS assays reported mean biases ranging between −14.1% and

9.2%; at concentrations less than 100 ng/dL (3.47 nmol/L), the
iases were as high as 25.3%. The coefficient of variations mea-
ured on two samples with total testosterone values of 296 ng/dL
10.3 nmol/L) and 8.47 ng/dL (0.29 nmol/L) ranged between 2.19%
nd 11.36% and 2.67% and 25.58%, respectively [44]. The other study
nvestigated 4 MS assays found that between 7% and 26% of the
esults reported by these assays were outside a 14% total error limit
43]. The precision at concentrations commonly observed in female
amples particularly was smaller for most MS assays than those
een with immunoassays. Further, the MS assays differed in their
etection limit and reportable range. The results from these two
tudies demonstrate that MS assays are a heterogeneous group of
ssays with the same measurement principles but with differences
n assay performance.

While the differences in accuracy among MS methods seem
ttributable to differences in calibration, the differences in assay
recision could be explained in part with variations in sample
reparation. To test this hypothesis, we investigated the effect of
ample preparation on assay precision [45]. In this study, we used
hree different serum sample preparation procedures (protein pre-
ipitation using acetonitrile followed by automated on-line solid
hase extraction on a C18 reversed phase column [Method A],
utomated on-line solid phase extraction on a C18 reverse-phase
olumn only [Method B] and off line solid phase extraction on a
18 reversed phase column followed by liquid–liquid extraction
ith hexane [Method C]) to analyze quality control pools and 53
ale and female patient samples with the same HPLC-isotope dilu-

ion mass spectrometry method. These different procedures gave
ifferent imprecision (Table 2), which resulted in different pop-
lation data distributions (Fig. 1) but not statistically significant
ifferences in assay accuracy. The reasons for these differences in
ssay imprecision are not fully understood and could be related
o ion suppression effects as suggested by other researchers [46].
on suppression results from the presence of less volatile com-
ounds in the sample that can change the efficiency of droplet
ormation or droplet evaporation in the ion source of the MS,
hich in turn affects the amount of charged ion in the gas phase
hat ultimately reaches the detector. Compounds shown to cause
on suppression are salts, ion-pairing agents, drugs, metabolites,
nd proteins [47]. It needs to be noted that small changes to
he sample preparation procedures tested in this study may lead
o different outcomes. Therefore, none of the described sample
preparation principles can be considered superior. Nonetheless,
Fig. 1. Box–Whisker plot of total testosterone values obtained with 53 male and
female patient samples using three different sample preparation procedures with
the same high-performance liquid chromatography/mass spectrometry/mass spec-
trometry. (HPLC/MS/MS) method.
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ig. 2. Metrological traceability chain for testosterone (arrows to the right: calib
erformed by the reference laboratory at the CDC, steps 3–6 are performed by the a
etrological Institute. NIST: U.S. National Institute of Standards and Technology. S

pectrometry. ID-LC/MS/MS: Isotope dilution high-performance liquid chromatogr

.2. Testosterone standardization

In March 2008, CDC conducted a workshop to discuss problems
nd needs concerning steroid hormone testing with the clinical,
esearch, and diagnostic community [48]. The needs can be sum-
arized as:

comparability of data across studies and measurement systems,
appropriate performance of the assays, especially at low concen-
trations of hormones such as those observed among women and
children for testosterone,
generally accepted reference ranges for people of all ages and
ethnicities and both sexes,
consensus on the use of testing for different forms of steroids such
as free, bioavailable, and total testosterone, and
greater awareness within the clinical and research community
about the problems and limitations of different steroid assays.

Based on these findings, CDC’s effort to standardize testos-
erone was structured into a reference laboratory component and
translational component. The first component includes activities

o standardize and improve the testosterone assays and laboratory
easurements, thus addressing the analytical component of the
easurement process. The second component comprises activities

hat address issues relevant to selecting a test and interpreting
esults, which is the pre- and post-analytical component in the
easurement process.

.3. Reference laboratory component

The activities related to this component aim for assuring calibra-
ion of assays and laboratories to a common reference basis, and for
ssuring consistency of this calibration across assays and laborato-
ies over time. Thus, the aim is to assure the measurement results
rom a sample are the same, independent of the methodology or
echnology used.
Assuring calibration to a common standard can be achieved
hrough establishing metrological traceability as described in Inter-
ational Organization for Standardization (ISO) document 17511
49] and further explained in a Clinical and Laboratory Standards
nstitute (CLSI) document [50] and a recent review [51]. Estab-
activities; arrows to the left: value assignment activities). Activities 1 and 2 are
anufacturer or, for in-house assays, by the laboratory. A-NMI: Australian National

tandard Reference Material. ID/GC/MS: Isotope dilution gas chromatography mass
andem mass spectrometry.

lishing traceability is an alternating process of assigning values
to a material that is then used to calibrate a method (Fig. 2).
The process starts with gravimetrically preparing a pure com-
pound standard (commonly called “primary standard,” such as the
certified reference material M914b for testosterone from the Aus-
tralian National Metrology Institute) that is then used to calibrate
a reference method. Because most clinical immunoassays require
matrix-based calibrators, the reference method is then used to
assign values to matrix-based materials (i.e., fresh-frozen patient
samples). These matrix-based materials are then used by the assay
manufacturers to calibrate their immunoassays, which then mea-
sure testosterone in a patient sample (as indicated in Fig. 2, assay
manufacturers may insert additional steps by calibrating an “in-
house reference method” (master assay) first that is used to assign
values to the manufacturer’s specific calibrators, which are then
used to calibrate the assays that measure patient samples).

Pure compound reference materials exist. However, there is a
need for commutable, matrix-based materials that can be used
to calibrate clinical and research assays. To assure commutabil-
ity, sets of single-donor (non-pooled) sera are used for calibrating
clinical assays. Because the volume of single-donor serum is lim-
ited, many sera are needed over time. This will require frequent
value assignments by reference laboratories. More reference meth-
ods and laboratories are needed to provide sufficient matrix-based
calibrators that help assay manufacturers and laboratories in their
calibration. To satisfy this need, CDC is developing a reference
method for testosterone in serum and is using this method to assign
total testosterone values to sera that are available to laboratories
and assay manufacturers in its laboratory standardization program.
Further, CDC is collaborating with other organizations such as CAP
that will offer products for assessing assay calibration [52].

Reference methods are intended to provide highly accurate and
precise measurements (low measurement uncertainty). Because
the measurement uncertainty increases with each step in the trace-
ability chain, the methods used at the top of this chain should have a
low measurement uncertainty to assure that measurement results

at the bottom of the chain are still small enough to be meaningful
for patient care and public health. To achieve the high accuracy and
precision of reference methods, these methods are designed and
operated differently than the regular routine methods as outlined
in Table 3.
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Table 3
Typical characteristics of reference and routine measurement procedures.

Routine method Reference method

Ensure adequate accuracy and precision for purpose of method (i.e., screening,
diagnosis)

Optimized for trueness and precision to minimize uncertainty

Same calibration curve (widest range possible) and internal standard
concentration for all samples

Adjust calibration and IS concentration for each sample to best match analyte
concentration (bracketing) and use weight instead of volume

Balance sample preparation and chromatographic separation with throughput Optimize chromatographic separation for compound of interest for full resolution
Typically single measurement Typically replicate measurements
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Frequently multi-analyte methods
Generally high throughput

Calibration with single-donor sera is currently the best approach
or calibrating clinical and research assays because the calibration

aterial is as similar to a patient sample as possible. However, it is
lso desirable to have large volumes of materials (pooled sera) that
an be used as calibrators or in accuracy-based, external quality
f assessment (EQA) schemes. Pooled and otherwise modified sera
hat are intended as a calibrator, trueness control, or in accuracy-
ased EQA schemes should be commutable to fit the intended use.
DC is working with material manufacturers, such as the National

nstitute of Standards and Technology and EQA providers to assess
he commutability of such pooled materials [53].

Establishing metrological traceability focuses on an individual
ssay or laboratory and involves procedures performed by refer-
nce laboratories, assay manufactures, and end-user laboratories
s described above. Inter-laboratory comparison studies or mon-
toring of end-user performance through EQA schemes should be
onducted to verify that these procedures are performed in a man-
er that produces consistent results across assays, laboratories,
nd time. CDC is performing studies with assay manufacturers or
ith laboratories in the case of “in-house assays,” is collaborating
ith EQA providers on monitoring end-user performance and on

upporting accuracy-based surveys to better assess consistency of
ssay calibration.

The described approach for standardizing testosterone assays is
ased on other successful approaches such as the CDC standard-

zation program for cholesterol and blood lipids [54] and in the
ational Glycohemoglobin Standardization Program (NGSP) [55].
imilar approaches are currently under way for other analytes such
s serum creatinine [56]. Glycated hemoglobin A1c (HbA1c) mea-
urements showed in 1993 similar measurement variability as is
een today for total testosterone measurements. The efforts of the
GSP achieved a profound reduction in assay imprecision and bias

n 2002 with most certified methods having between-laboratory
Vs of less than 5% and all certified methods having mean HbA1c
alues within 0.8% HbA1c from the NGSP target [55,57]. This report
hows that improvements in measurement performance can be
chieved through assay standardization. It also indicates that it
akes many years to reach such achievements and continuous
fforts by all parties involved in laboratory testing to maintain
hem.

.4. Translational activities

According to the CDC workshop on steroid hormone testing,
mprovements are needed on both the analytical and pre- and post-
nalytical portions. Understanding the strengths and limitations of
urrent testosterone tests, such as assay sensitivity and precision,
s important when choosing an assay to answer specific clinical

r research questions. This requires knowledge about the biolog-
cal variability and factors affecting the assay to select tests that
re precise and accurate enough to distinguish between a normal
iological variation and a true physiological change. Ricos et al.
ave suggested assay performance criteria that are based on bio-
pically single-analyte methods
nerally low throughput

logical variability [58], and databases with method performance
criteria have been generated [59]. These criteria suggest a desir-
able imprecision of 4.7%, bias of 6.4%, and total error of 14% for
total testosterone in serum. These criteria were derived from data
obtained mainly from men using non-standardized immunoassays.
Further studies are needed to verify these data and the derived
performance criteria.

To be able to distinguish normal testosterone values from
impaired testosterone levels in a subject or population, generally
accepted reference ranges are needed. High variability in refer-
ence ranges has been described [20,32,60], with limits as low as
84 ng/dL (2.91 nmol/L) and as high as 1727 ng/dL (59.9 nmol/L)
reported for men, and as low as 2 and as high as 95 ng/dL
(3.30 nmol/L) reported for women. The high variability in these
reference ranges can be contributed to the variability in mea-
surements, but also seems to be caused by differences in the
characteristics of the population used to determine the reference
range [1]. Frequently, only limited information about the subjects
used to establish reference ranges is available. Reference ranges
should be derived from well-characterized, adequate-sized popu-
lations using standardized procedures such as those formulated by
CLSI [61].

2. Summary/conclusions

Testosterone is an analyte commonly used for many years
in research and patient care. Problems in comparability of mea-
surement results and assay performance, especially at low serum
concentrations, prevent using new research findings in patient care
and public health and impede its effectiveness in current clinical
applications. These problems can be addressed through standard-
ization efforts that focus not only on the analytical measurement
process but also on pre- and post-analytical issues such as test
selection and reference ranges. CDC is performing such a stan-
dardization effort for testosterone in collaboration with the clinical,
laboratory, and research community.
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