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Abstract

Background—Accurate testosterone measurements are needed to correctly diagnose and treat
patients. Proficiency Testing (PT) programs using modified specimens for testing can be limited
because of matrix effects and usage of non-reference measurement procedure (RMP)-defined
targets for evaluation. Accuracy-based PT can overcome such limitations; however, there is a lack
of information on accuracy-based PT and feasibility of its implementation in evaluation for
testosterone measurements.

Methods—Unaltered, single-donor human serum from 2 male and 2 female adult donors were
analyzed for testosterone by 142 NYSDH-certified clinical laboratories using 16 immunoassays
and LC-MS/MS methods. Testosterone target values were determined using an RMP.

Results—The testosterone target concentrations for the 4 specimens were 15.5, 30.0, 402 and
498 ng/dl. The biases ranged from —17.8% to 73.1%, 3.1% to 21.3%, —24.8% to 8.6%, and
—-22.1% to 6.8% for the 4 specimens, respectively. Using a total error target of +25.1%, which was
calculated using the minimum allowable bias and imprecision, 73% of participating laboratories
had >3 of the 4 results within these limits.

Conclusions—The variability in total testosterone measurements can affect clinical decisions.
Accuracy-based PT can significantly contribute to improving testosterone testing by providing
reliable data on accuracy in patient care to laboratories, assay manufacturers, and standardization
programs.

*Disclaimer: The findings and conclusions in this manuscript are those of the authors and do not necessarily represent the official
views or positions of the Centers for Disease Control and Prevention/Agency for Toxic Substances and Disease Registry and
Wadsworth Center of New York State Department of Health. Use of trade names and commercial sources is for identification only and
does not constitute endorsement by the U.S. Department of Health and Human Services, the U.S. Centers for Disease Control and
Prevention, or New York State Department of Health.
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1. Introduction

Abnormalities in serum testosterone concentrations are associated with, or can cause, many
clinical manifestations, such as hypogonadism, delayed or precocious puberty, polycystic
ovary syndrome, and certain cancers [1,2]. Accurate measurements of testosterone
concentrations are critical for providing biochemical evidence to support clinical decisions
in the diagnosis, treatment, and prevention of androgen disorders.

Measurements of testosterone are commonly carried out using immunoassays and mass
spectrometry-based methods. In the clinical laboratory, the majority of testosterone
measurements are performed on so-called “direct immunoassays” using automated
analyzers. These procedures omit analyte extraction and/or chromatographic separation prior
to immune-reaction. While these assays allow for fast and convenient measurements, some
of them have been found to be inaccurate, especially at low testosterone concentrations
[3,4]. Mass spectrometry-based assays for testosterone are increasingly used [5], which is
evidenced by a nearly 5-fold increase of these methods in the College of American
Pathologists PT survey from 2012 to 2015 [6]. Measurements performed with this
technology allow- for quantification of the analyte and fragment by the molecular weight
allowing for increased specificity. In addition, mass spectrometry-based methods typically
include isolation of the analyte prior to analysis through a sample cleanup procedure, as well
as chromatographic separation. However, variability in measurement bias of mass
spectrometry-based methods to a reference method among these assays has also been
described [7,8]. The variability and inaccuracy among all testosterone assays, as well as their
clinical significance, were emphasized in editorials, commentaries, an Endocrine Society
Position Statement, and other publications by professional organizations and experts [9-17].
The CDC established the Hormone Standardization (HoSt) Program to improve the accuracy
and reliability of testosterone assays [18].

The availability of reference measurement procedures (RMPs) [19-22], reference materials,
and the CDC standardization program enabled immunoassay manufacturers and laboratories
to improve the accuracy and reliability of testosterone assays and helped to generate results
that are comparable and accurate. Despite these improvements, analytical performance of
testosterone measurements remains a concern, especially for women and pre-pubertal
children [23,24]. Furthermore, the analytical performance of assays not participating in
standardization programs is unknown. Current inter-laboratory comparison studies
investigated measurement accuracy, as expressed in the bias between a routine method and a
reference method, using special study designs. In these studies, samples may not be
analyzed together with regular patient samples and may be tested differently, for example,
using replicate measurements. In addition, these studies often are conducted by research
laboratories or assay manufacturers. Therefore, these inter-laboratory studies may not reflect
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the accuracy of measurements performed in routine health care settings. Little information is
available about the accuracy of testosterone measurements performed in patient care.

Clinical laboratories in the U.S. are required to participate in proficiency testing (PT)
programs. These programs require PT samples to be measured in the same manner as patient
samples, and thus could provide information about the variability of testosterone
measurements performed in patient care. Current data from PT programs often show high
inter-laboratory variations and inter-method discrepancies of up to 130% [6]. However, these
findings may not correctly describe the actual variability among assays because of the
unknown quality of the materials with regard to commutability and the lack of target values
defined by reference measurement procedures (RMP) [25,26]. As a result, a laboratory’s
performance is often evaluated against the target derived from the mean value of results
obtained from participants using the same method or measurement system. These so-called
‘peer group’ assessments limit the effectiveness of PT programs in assessing the accuracy of
testosterone measurements in patient care.

2. Materials and methods

Serum samples from 4 healthy adult donors (2 female: Samples A and B, 2 male: Samples C
and D) prepared according to the procedure described in the CLSI document C37A [27]
were obtained from Solomon Park Research Laboratories under an approved process by the
institutional review board, IRB Services. These authentic human serum specimens were
screened and found negative for Hepatitis B, Hepatitis C and HIV. They were aliquoted to
1.0-ml fractions in 2.0-mL cryogenic vials (Corning Inc.) and stored at —80 °C until use.
This study was approved by the institutional review board of New York State Department of
Health. The portion of the study conducted by the Centers for Disease Control and
Prevention (CDC) laboratory was determined not to constitute engagement in human
subjects research.

The serum specimens were shipped frozen overnight on ice to 142 clinical laboratories in
September 2012 (Samples A and D) and January 2013 (Samples B and C). The laboratories
were asked to either store the specimens at 0-8 °C upon receipt or freeze the samples if the
analysis could not be carried out within 24 h of receipt. Testosterone has been shown to be
stable in serum at these conditions [28]. Participants were asked to handle the serum
specimens in the same manner as patient samples for clinical testing. Thus, it was requested
that single measurements of each sample be made and for results to be reported within 2
weeks of receipt.

The testosterone target values for the serum specimens were determined using the RMP
operated by the CDC reference laboratory [22]. Briefly, serum specimens were treated with
ammonium acetate to release testosterone from binding proteins, followed by a liquid/liquid
extraction using a mixture of ethyl acetate and hexane solvents to separate proteins and
lipids. The organic extracts were dried and reconstituted in ammonium carbonate solution,
and a second extraction was performed with hexanes to remove polar lipids. The organic
phase was dried and reconstituted, followed by analysis on LC-MS/MS. The target values
for the serum specimens were 15.5 ng/dl (Sample A), 30.0 ng/dl (Sample B), 402 ng/dI
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(Sample C), and 498 ng/dl (Sample D), respectively, with relative expanded uncertainty of
2.9%.

Data were grouped into 5 groups of assay manufacturers with >4 participants (Ortho Clinical
Diagnostics, Beckman Coulter, Siemens, Roche Diagnostics, and LC-MS/MS). Further, data
were grouped by analytical platforms with >3 participants (referred in the text as “Analytical
Systems™).

Statistical analyses were carried out using JMP (ver 11.1.1) and Microsoft Excel. Individual
measurement results were grouped by assay manufacturer and by measurement system.
Results reported by individual laboratories were within the method group mean £ 2.5 SD,
with the exception of 2 results, which were considered outliers, and were excluded from
assessments. Sample bias was calculated as the percent difference from the assigned target
value for each sample. Laboratory bias was determined as the mean bias of all samples
reported by a participant (referred to as “calibration bias™). The bias of an assay
manufacturer group was the mean of each participant’s calibration bias in that group.
Percentages of coefficients of variation (%CV) were determined for an assay manufacturer
or analytical system group for each sample, because only single measurements were made
by individual participants.

3. Results

The 142 clinical laboratories, using a total of 17 analytical platforms, participated in one or
both PT events and reported 133 sets of testosterone results (Table 1). Data for all 4 samples
were reported by 115 participants.

Individual results reported by all participants (n7 = 133) ranged from 7.1-39.8 ng/dl (Sample
A), 20.0-53.7 ng/dl (Sample B), 239.5-471.6 ng/dl (Sample C), and 303.0-589.0 ng/dI
(Sample D). The among-laboratory coefficients of variation was 35% (Sample A), 19%
(Sample B), 15% (Sample C), and 13% (Sample D). Laboratories operating two assays with
a limit of quantitation of 20 ng/dl (Siemens Immulite 1000 and Immulite 2000 XPi)
correctly reported values for Sample A as <20 ng/dl (Table 1). The mean percent bias
(range) between individual reported (n7= 133 participants) results and the RMP target values
was 28% (—55% to 156%), 14% (—34% to 78%), —12% (—40% to 17%), and —11% (-39%
to 18%), for Samples A, B, C, and D, respectively (Fig. 1). The laboratory bias, defined as
the mean bias of the 4 samples for all 133 laboratories, was calculated from the bias of each
reported sample and ranged from —35% to 57%.

The Assay Manufacturer’s mean calibration bias (range) was —24.1% (-35.0% to —16.5%),
13.1% (—10.0% to 24.9%), 8.0% (-1.8 to 23.4), 3.5% (-13.9% to 17.2%), and —1.2%
(—26.6% to 34.4%) for Ortho Clinical Diagnostics, Beckman Coulter, LC-MS/MS, Roche
Diagnostics, and Siemens, respectively (Fig. 2). The measurement bias for individual
samples was inconsistent among Assay Manufacturers. Laboratories using Beckman and
Siemens systems mostly reported a positive bias for samples with low concentrations
(Samples A and B) and a negative bias for samples with high concentrations (Samples C and
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D). Laboratories operating Ortho Clinical Diagnostics systems showed mostly a negative
bias, while LC-MS/MS systems mostly showed a positive bias for all samples.

Among the Assay Manufacturers, the variability (%CV) was highest for Siemens in Samples
A, B and C, and Ortho Clinical Diagnostics in Sample D (Table 1). Calibration bias of the
manufacturer can be assessed using the mean bias calculated from all samples analyzed by
each laboratory operating assays from the same manufacturer. Among the 5 manufacturers,
Siemens and Roche Diagnostics had a mean bias within the recommended limits of +6.4%,
with —1.2% and 3.5%, respectively, while LC-MS/MS methods had a mean bias (8.0%)
within the minimal bias goal of £9.5% [29] (Table 2).

The Analytical Systems group means ranged from 12.7 and 26.8 ng/dl (Sample A), 27.3—
36.4 ng/dl (Sample B), 302.2-436.4 ng/dl (Sample C), and 361.0-532.0 ng/dl (Sample D)
(Table 1).

The biases between RMP target values and Analytical Systems ranged from -17.8% to
73.1%, 3.1% to 21.3%, —24.8% to 8.6%, —22.1% to 6.8%, for Samples A, B, C, and D,
respectively (Table 2). The intra-Analytical Systems group coefficients of variation ranged
from 5.2%-26.8%, 6.1%—22.7%, 2.9%-11.4%, and 1.0%-10.5%, for Samples A, B, C, and
D, respectively (Table 1). The variability among the Analytical Systems, as expressed in the
coefficients of variation, was higher for samples with low concentrations (Samples A and B)
compared to those with high concentrations (Samples C and D) with median coefficients of
variation of 20.1%, 12.8%, 6.4%, and 7.1% for Samples A to D, respectively.

The biases of the Analytical Systems were compared with the suggested bias goals for total
testosterone of +9.5% (minimal bias goal), £6.4% (desirable bias goal), and £3.2% (optimal
bias goal) [29]. The bias of the analytical systems varied based on concentration. For
samples with high concentrations (Samples C and D), of the 10 Analytical Systems groups,
5 groups (Beckman Coulter Access 2, Roche Cobas (e411, e601, e602), Roche Modular,
Roche Elecsys and LC-MS/MS) met the minimal bias goal with one additional group
(Siemens- Coat-A-Count) meeting the minimal bias goal for Sample D only. For samples
with low concentrations, only one group (Roche Elecsys) met this goal for Sample A and
one group (LC-MS/MS) for Sample B. For samples with high concentrations, desirable bias
goals were met by 3 groups (Roche Cobas (e411, e601, e602), Roche Modular, and LC-
MS/MS) for Sample C and by 5 groups (Beckman Coulter Access 2, Siemens Coat-A-
Count, Roche Cobas (e411, e601, e602), Roche Modular, and RocheElecsys) for Sample D.
For samples with low concentrations, only one group met the desirable performance crieria
for Samples A (Roche Elecsys) and B (LC-MS/MS). Beckman Coulter Unicel DxI 800,
Siemens Advia Centaur (XP, XPT), Siemens Immulite 1000, and Simens Immulite 2000 XPi
did not meet any of the suggested bias goals (Table 2).

The proportion of individual laboratories reporting data for all 4 samples (7= 115) and
passing the suggested minimum total error goal of +25.1% [29], was 55%, 71%, 86%, and
89% for Samples A, B, C, and D, respectively (Table 3). The percentage of these
laboratories having =3 results within this limit was 73%. Participants using Siemens Coat-A-
Count, Roche Cobas (e411, e601, e602), Roche Modular, Roche Elecsys and LC-MS/MS
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had 100% of results within the limit. Laboratories using Beckman Coulter Unicel DxI 600,
Siemens ADVIA Centaur (XP, XPT, and CP), Siemens Immulite 1000, Ortho Clinical
Diagnostics Vitros (ECiQ and 5600), Abbott AXSYM, and Tosoh Bioscience A1A had
<60% of results with =3 samples within the total error goal.

4. Discussion

In this accuracy-based survey, authentic human serum specimens from single donors were
analyzed in the same manner as regular patient samples. Measurement results were
compared to a target value determined with an established RMP. Two specimens from adult
female donors (A and B) and adult male donors (C and D), covering a concentration range
from 15.5 ng/dl to 498 ng/dl, were selected. These testosterone concentrations are within the
respective reference intervals [28, 30].

The 2010 Endocrine Society Guideline on androgen deficiency in men suggests 300 ng/dl
testosterone to be the lower end of normal [17]. For Sample C (target value 402 ng/dl),
laboratories (7= 133) reported results ranging from 240 to 472 ng/dl, with 15% of all
reported results being values below 300 ng/dl, suggesting that patients can be misclassified
as being androgen deficient depending on the laboratory where the testing was performed.
Typical cut-off values for testosterone suppression therapy in patients with prostate cancer
are 20 ng/dl for chemical castration and 50 ng/dl for therapy with luteinizing hormone-
releasing hormone analogue [31]. For Samples A (target value 15.5 ng/dl) and B (target
value 30.0 ng/dl), laboratories reported values ranging from 7.1 to 39.8 ng/dl (Sample A)
and 20.0 to 53.7 ng/dl (Sample B), with 44% of all reported results for Sample A being
above 20 ng/dl and 2.5% of all reported results for Sample B being above 50 ng/dl. These
observations suggest that incorrect conclusions about the efficacy of testosterone
suppression therapy might be made depending on the laboratory where testing was
performed.

Ortho Clinical Diagnostics showed a consistent negative bias across all samples, suggesting
that measurement bias is mainly caused by inaccurate calibration. Beckman Coulter and
Siemens showed a consistently negative mean bias for samples at high concentrations
(Samples C and D) and consistently positive mean bias for samples at low concentrations
(Samples A and B). This suggests that inaccuracy in these systems is caused by a
combination of inaccurate calibration and insufficient analytical specificity.

Among the 5 manufacturers, Roche Diagnostics and Siemens had a mean bias within the
recommended limits of £6.4%, with —1.2% and 3.5% respectively. However, the mean bias
of Analytical Systems produced by the same manufacturer differ highly for systems from
Siemens (-11.1% for Immulite 2000 to 5.2% for Advia Centaur) and Beckman Coulter
(7.7% for UniCel DxI 800 to 19.8% for ACCESS 2). More consistent bias among analytical
systems are observed for those produced by Roche (0.7% for Roche Cobas €601 to 5.8% for
Roche Elecsys) and for Ortho (—25.3% for Ortho Vitros ECI/ECiQ and —23.0% for Ortho
Vitro 5600). This suggests that different Analytical Systems produced by the same
manufacturer are calibrated inconsistently. Further studies using larger numbers of patient
samples from male and female donors, as well as larger numbers of participants per
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Analytical System, are needed to better distinguish the effects of assay calibration and assay
specificity on measurement accuracy.

The Roche Diagnostics immunoassay was the only immunoassay certified by the CDC HoSt
Program at the time this study was conducted, [18] and thus demonstrated that the analytical
performance of the assay in the hands of the manufacturer meets suggested analytical
performance criteria. The agreement achieved at the manufacturer level through the CDC
HoSt Program certification is reflected in the agreement of measurements performed at the
patient care level. These findings demonstrate that standardization of assays through the
CDC HoSt Program can help improve and ensure the accuracy of measurements performed
in patient care.

The results of the LC-MS/MS methods showed higher positive bias and inter-laboratory
variance for Sample A, as compared to the other samples measured by this group. Sources of
the higher positive bias could include inaccurate calibration at the low end of the analytical
measurement range for these assays or could suggest that this technology, like
immunoassays, can also be affected by interfering compounds and other factors.

Considering that the LC-MS/MS methods group represents a very heterogeneous group of
assays with different operational procedures, instrumentation employed, operational
conditions, and instrument parameters, the observed variability in measurement bias appears
small. However, because of this heterogeneity, observations made in this survey cannot be
generalized to all LC-MS/MS assays.

The limited information available from the manufacturer’s Technical Bulletins and product
inserts suggest that all immunoassays are traceable to a higher order reference, as outlined in
ISO 17511 [32]. However, the measurement bias observed with most assays suggest that
demonstrating metrological traceability does not necessarily lead to accurate measurements
in patient care. Therefore, more accuracy-based PT, such as those provided by the College of
American Pathologists (CAP), are needed to appropriately assess and monitor the accuracy
of testosterone measurements performed in patient care.

Total analytical error (TAE) criteria, calculated using the minimum allowable bias and
imprecision, was used to assess the bias and imprecision of a single laboratory measurement
[33]. When individual laboratories’ results were evaluated against a previous defined [29]
target of +25.1% for TAE, 73% of laboratories would have achieved satisfactory status with
at least 3 results being within these limits. This is much lower than that of any given
conventional PT carried out by the NYSDH PT Program for testosterone testing, where
typically 90% to 95% of laboratories achieve satisfactory results. In this study, all
laboratories operating assays shown to be more accurate, such as the Roche Diagnostics,
Coat-A-Count, and LC-MS/MS assays, would achieve 100% satisfactory status. Thus, the
high fail rate is mainly caused by laboratories operating less accurate assays. These findings
suggest that evaluation using an accuracy-based target of £25.1% is realistic and achievable,
and may help minimize incorrect patient assessment and interpretation of treatment efficacy.

Although this study used individual donor serum samples with target values assigned by an
RMP, the 4 samples used in this study may not be representative for all specimens measured
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in patient care. For example, they do not include samples from the pediatric population. The
high sample-to-sample variability observed with the samples from female donors indicates
that general conclusions about the assay performance in such samples are very limited, and
data from more patient samples, and at lower concentrations, are needed. Because of these
limitations, the findings in this study, with regards to bias caused by calibration and bias
caused by other factors, may need to be verified in larger studies using more individual
patient samples. Also, samples were analyzed in the same manner as patient samples, and
therefore no replicate measurements were performed that would have provided information
of laboratory imprecision. However, this study provides some insight about the measurement
accuracy in patient care and offers suggestions for factors that may contribute to the
observed measurement inaccuracy.

In conclusion, the variability in measurement accuracy observed in this study can affect
clinical decisions and needs further improvements. This variability appears to be caused by
incorrect assay calibration and insufficient analytical specificity. Using assays with a high
level of specificity and an analytical performance verified through standardization programs
can result in higher measurement accuracy. Accuracy-based PT can majorly contribute to
improving the accuracy and reliability of testosterone measurements by providing reliable
data on current accuracy in patient care.
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Measurement bias (%) between individual total testosterone concentrations reported by 133
clinical laboratories and the target values for 4 individual donor samples with values of 15.5
ng/dl (A), 30.0 ng/dl (B), 402 ng/dl (C), and 498 ng/dl (D). Dashed lines: total error limit

(£25.1%).
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150

Measurement bias (%) between individual reported total testosterone concentrations by
assay manufacturer and the target values for 4 individual donor samples with values of 15.5
ng/dl (A), 30.0 ng/dl (B), 402 ng/dl (C), and 498 ng/dl (D). Dashed line: total error limit

(£25.1%).
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