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ARTICLE INFO ABSTRACT

Keywords: Background: We reported observations on analytical performance in testosterone measurements of various
Testosterone methods/assays from the study carried out using accuracy-based proficiency testing (PT) during 2012-2013. In
Proficiency testing 2016, we re-evaluated analytical performance of testosterone assays using accuracy-based PT to assess effec-
Standardization tiveness of CDC efforts toward standardization.

g;ixzsi]zation Methods: Five single-donor human serum samples from female and male adult donors were analyzed for tes-

tosterone by New York State Department of Health-certified clinical laboratories using 16 immunoassays and LC-
MS/MS methods. Target values were determined using the CDC reference measurement procedure.

Results: Testosterone targets for the 5 samples were 43.5, 160, 294, 457, and 534 ng/dL. The biases of individual
result of the 65 participant laboratories against the target for each sample were calculated. Of participants,
87.7% had =4 of the 5 results within the minimum allowable total error limits ( = 25.1%), a 14.7% increase
from the previous study. The improved PT scores were attributed to better analytical accuracy and precision, and
laboratories' selection of more accurate assays/methods.

Conclusions: Improved analytical accuracy and precision for testosterone assays were demonstrated over a 3.5-
year period after the first CDC-directed accuracy-based proficiency testing. Additional effort is needed to im-
prove accuracy/precision of measurements, especially at low concentrations.

External quality assessment

1. Introduction treatment, and prevention of a series of clinical manifestations, such as

hypogonadism, delayed or precocious puberty, polycystic ovary syn-

Accuracy-based proficiency testing (PT), or external quality assess-
ment is needed for reliably assessing accuracy of analytical measure-
ment systems and participant laboratories, and through comparisons
over time for determining the impact of standardization/harmonization
efforts. In our previous study carried out during 2012-2013 [1], we
reported observations from accuracy-based PT study on analytical
biases and levels of imprecision for testosterone measurements using 17
analytical systems including immunoassays and liquid chromato-
graphy-tandem mass spectrometry (LC-MS/MS) methods. We con-
ducted this study in May 2016 to monitor changes in accuracy and
precision of testosterone testing during the interim.

Accurate testosterone measurement is important in the diagnosis,

drome, and certain cancers [2,3]. Inaccurate testosterone measure-
ments have been reported, especially at the low concentrations found in
women and pre-pubertal children [4,5]. The importance of analytical
variability and inaccuracy of testosterone assays on quality of patient
diagnosis and treatment is well-documented [6-8]. Commonly used
methods for testosterone analysis include immunoassays and mass
spectrometry. The CDC Hormone Standardization (CDC HoSt) Program
aims to improve the accuracy of testosterone assays [9].

Although PT can monitor and aid in improving quality performance
of clinical laboratories and commercial products, PT providers often use
altered rather than authentic human specimens as a matrix to accom-
modate large volumes. Such artificially altered matrices may affect

Abbreviations: CDC, US Centers for Disease Control and Prevention; CAP, College of American Pathologists; HoSt, hormone standardization; LDT, laboratory
developed test; LC-MS/MS, liquid chromatography-tandem mass spectrometry; NYSDH, New York State Department of Health; PT, proficiency testing; RMP, re-

ference measurement procedure.
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Fig. 1. Analysis of bias (%) of each individual total testosterone result sorted by analytical systems from the target value defined using the reference measurement
procedure (RMP) by CDC for the five authentic human serum samples. Sample identification and target values are shown on the right portion of the figure. The dotted
lines denote + 25.1% as minimum total analytical error limits, derived from the calculation based on biological variability (16).

commutability of PT specimens, impacting the accuracy of some ana-
lytical methods [10]. “Peer grouping” results by analytical system is
still commonly done for most analytes [11], without first demonstrating
that PT samples are not commutable [12]. Using non-commutable
samples for PT, or assuming non-commutability exists without its de-
monstration, limits the effectiveness of PT for assessing the accuracy of
testosterone measurements. Therefore, non-commutable samples for PT
cannot effectively contribute to assay improvements and standardiza-
tion. These shortcomings can be eliminated by accuracy-based PT,
which uses commutable samples from patients and target values de-
fined by reference measurement procedures.

2. Materials and methods

Serum samples from 5 healthy adult donors (1 female: Sample I, 4
males: Samples II to V) were obtained from Solomon Park Research
Laboratories (Seattle, WA), under a process approved by their institu-
tional review board. The serum samples were prepared according to the
procedure described in Clinical and Laboratory Standards Institute
(CLSI) guideline C37A [13]. Donor samples were screened for hepatitis
B and C, and HIV, and found negative. Each of these samples was ali-
quoted to 1.0-ml fractions in 2.0-mL cryogenic vials (Corning Inc.,
Corning, NY) and stored at —80 °C until use. Based on previous studies
conducted on sera prepared the same manner as the samples used in
this study, it can be assumed that the samples used in this study were
commutable. This project was reviewed by the institutional review
board of New York State Department of Health (NYSDH) and was de-
termined to be exempt. The portion of the study conducted by the CDC
laboratory did not involve human subjects research.

In May 2016, samples were shipped frozen overnight on ice to
65 U.S. clinical laboratories certified by NYSDH, 14 of which were
outside New York State. Participant laboratories were instructed that

39

the samples be processed for analysis, stored at 0-8 °C upon receipt, or
kept frozen if the analysis could not be performed within 24 h of re-
ceipt. Serum testosterone is stable when stored in these conditions [14].
Laboratories were required to handle the samples in the same manner
as those from patients for clinical testing, perform single analysis for
each sample, and report results within two weeks of receipt. Target
values for testosterone concentration of the samples were determined
by the CDC reference laboratory from duplicate analysis using the re-
ference measurement procedure (RMP), which is traceable according to
International System of Units (SI) units as outlined in the International
Organization for Standardization (ISO) document 17511 to SI through
use of previously described primary reference material NMI M914 [15].
Statistical analyses were carried out using Microsoft Excel, calcu-
lating the mean, median, range, standard deviation (Excel STDEV-S)
and coefficients of variations (%CVs). Data were grouped into five assay
manufacturers (Abbott, Beckman Coulter, Siemens, Roche Diagnostics,
and Tosoh Bioscience), and were further sub-grouped based on analy-
tical platforms or analytical systems used by =4 participants. Bias of
laboratory results was calculated as the percent difference from the
target value as assigned by the RMP. As in our previous report, varia-
tion of measurement results was determined as %CV of each assay
manufacturer or analytical system sub-group for each sample. The
biases of the analytical systems were compared with the suggested al-
lowable analytical bias goals derived from biological variability data:
“minimal,” *+ 9.5%; “desirable,” = 6.4%, and “optimal,” + 3.2% [16].
To determine the difference between the results of this study and those
from our previous study for analytical system bias and variation, we
compared results for Samples I and IV to results for Samples B, C and D
[1], respectively, based on similarity of their target values (Table 3).
Results that exceeded 2.5 SD from their method group mean were re-
moved from further analysis, as was done in our previous study [1].
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3. Results

All 65 participating clinical laboratories reported results for the five
samples using a total of 17 analytical systems. Results from some
analytical systems that were of the same or similar technology and were
used by fewer than 4 participating laboratories were combined. We
combined the results for Abbott Architect ¢ and i systems, and Roche
cobas e601, e602 and modular systems. Eight of the resulting 14 ana-
lytical systems (after combination) had =4 participant laboratories.
Three results that were reported by two individual laboratories—one
using a laboratory-developed test (LDT-immunoassay), and the other
using an Immuno-Biological Laboratories assay—fell outside of the
method group mean + 2.5 SD (Table 1), and were removed from the
statistical analyses. Results from the 8 systems that had more than one
participant were examined for each of the 5 samples for median, mean,
%CV and range (Table 1). The differences between each individual
result of analysis on the five authentic serum samples and the target
value defined by the CDC RMP were calculated and the results shown in
Fig. 1. Assay analytical system or manufacturer mean calibration biases
and the biases between the RMP-defined target values and analytical
system group or sub-group means, are summarized in Table 2. Among
the assay manufacturer analytical systems, Siemens ADVIA Centaur had
the highest variability (%CV) for all five samples (Table 1).

As shown in Table 2, the bias levels of the analytical systems varied
depending on concentration and analytical system. The bias for in-
dividual samples was inconsistent between the analytical systems of the
same assay manufacturer. For Sample I with low concentration, la-
boratories using Siemens ADVIA Centaur reported much higher bias
(22.7%) than laboratories using Siemens Immulite 2000 (—8.5%), al-
though results from these two analytical systems showed a similar level
of bias (—21% vs —22.4%) for Sample V with high concentration
(Fig. 1, Table 2). All other analytical systems revealed positive bias for
Sample I with low concentration (43.5ng/dL) and negative bias for
Sample V with high concentration (534.0 ng/dL) with exception of
Abbott and Tosoh analytical systems.

At low concentration (Sample I) for most methods, the bias in this
study was greater than previously seen (Table 3). At higher con-
centrations (Sample IV, 457.0ng/dL), Beckman Coulter series had
nearly no change; however, ADVIA Centaur and Immulite 2000 sub-
stantially reduced their systematic bias, while Roche series showed a
slightly increased bias (Table 3).

For intra-analytical system variation (%CV), all analytical systems
showed, at low concentration (Sample I), various levels of reduction
when compared with the previous event (Table 3) [1]. Whereas, at
higher concentrations (Sample IV, 457 ng/dL), UniCel Dxl 800 and
ACCESS had nearly no changes, ADVIA Centaur and Immulite 2000 had
slight increases and Cobas series showed a slight reduction of the intra-
system variation (Table 3).

All 65 laboratories' results for the five samples were evaluated
against an acceptance limit (target + 25.1%), the minimum tolerance
for allowable total error based on calculated requirements for accuracy
and precision derived from estimates of within-individual biological
variability (CVi) and between-person biological variability (CVg) [16].
The percentages of results that met this criterion for Samples I to V
ranged from 35% to 99%, respectively (Table 4). Using the CLIA ‘88
scoring approach [17], we defined “satisfactory performance or score”
on a PT event as a participant laboratory obtaining results for at least
four of five samples within the minimum acceptance limit of target +
25.1%. Of the 65 participating laboratories, 88% achieved satisfactory
performance on this PT event (Table 4). Among the 65 laboratories, 13
laboratories did not participate in our previous study [1]. When results
of these 13 laboratories were removed in order to compare the same
cohort, the satisfactory score was 86.5% (45/52). In the current study,
10 of the 14 analytical systems had all their user laboratories obtained
satisfactory scores. In our previous study, however, only 3 of these 10
analytical systems had all their user laboratories achieve satisfactory

Mean bias in % (95% CI)
—6.0 (—10.5to —1.6)

Calibration bias”
11.8 (7.5 to 11.6)
11.3 (9.6 to 13.0)
12.1 (9.2 to 15.1)
16.8 (11.4 to 22.3)

2
23

n
5
5
4

—19.7 (—22.8 to —16.6)
—20.0 (—22.5to —17.5)
—-11.2(-14.4to —7.9)
—21.0 (—27.5to —14.4)
—22.4 (—26.7 to —18.2)
—0.4° (—=3.51t0 2.6)

Sample V (534.0)
11.7 (7.8 to 15.7)
15.6 (1.5 to 29.7)

Sample IV (457.0)

10.4 (5.5 to 15.3)
-10.2 (—-12.6 to —7.8)
—12.1 (-15.1 to —9.1)
—4.6(—8.1t0 —1.1)
—7.3" (—=15.1 to 0.6)
—4.0' (—12.5 to 4.5)
5.7 (1.6 t0 9.8)

16.8 (12.6 to 21.0)

-1.8°(-3.7t0 0.1)
—2.9°(-6.11t00.2)

4.5 (1.1 t0 7.9)
—15.0 (—21.7 to —8.3)

Sample III (294.0)
0.9° (—5.8 to 7.6)
12.1 (4.7 to 19.6)
4.19(0.2 to 7.9)
21.5 (12.2 to 30.8)

Sample II (160.0)

6.3 (3.0 t0 9.7)
—4.49(-7.41t0 —1.5)
-53' (=75t —3.2)
—2.9°(-5.2to —0.6)
—9.6 (—14.0 to —5.1)
—7.3" (=122 to —2.4)
3.0°(-1.3 to 7.5)
—7.0" (-12.8 to —1.1)

Mean bias in % (95% CI)
29.8 (19.4 to 40.2)
87.3 (81.4 to 93.3)
89.0 (83.8 to 94.3)
83.4 (75.4 to 91.4)
22.7 (10.5 to 34.9)
—8.5" (—12.7 to —4.2)
48.3 (44.5 to 52.2)
37.2 (15.6 to 58.7)

Sample I (43.5)

n
5
9
6
7
1
8
5
4
# Calibration bias was defined as the mean of laboratory biases in that analytical system group or sub-group.

* n indicates number of participant laboratories.
™ Indicates the bias of analytical system was within + 9.5% of the target, “minimal” bias goal.

Architect ¢ & i System
Cobas e601-2 & Modular
Tosoh Bioscience

Beckman Coulter
UniCel DxI 600

UniCel DxI 800
ACCESS

Siemens
Immulite 2000

Roche

ADVIA Centaur
4 Indicates the bias of analytical system was within * 6.4% of the target, “desirable” bias goal.

° Indicates the bias of analytical system was within *+ 3.2% of the target, “optimal” bias goal.

Assay Manufacturer Analytical System

Sample (target value, ng/dL)

Abbott

Biases of laboratory results - sorted by analytical system.

Table 2
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Table 3

Clinical Biochemistry 68 (2019) 37-43

Comparison of measuring system’s mean biases and analytical variation between this study and the study carried out in 2012-2013 (in italics) (1)

Sample (target value, ng/dL) Sample I (43.5)" Sample B (30.0)"

Sample IV (457.0)* Sample C (402.0)" Sample D (498.0)"

Assay Manufacturer Analytical

Mean bias in % (95% CI); variation (%CV) of results by each analytical system

System
n n
Beckman Coulter
UniCel DxI 800 6 89(84t094);32% 11 16(10t022);9.4% —12(—15to —9); —15 (=17 to — 13); —13 (=17to — 10); 7.0%

3.9% 3.5%

ACCESS 7 83 (75t091); 5.9% 6 19(10t027); 9.1% —5(—8to —1);5.0% —9(—11to— 6); 3.4% -4 (—8to—1); 4.6%
Siemens
ADVIA Centaur 15 23(11t035);19.6% 39 21 (14to29); —-7(-15t01); 16.8% —17(—20to — 14); —13(-16to — 11); 9.2%
20.4% 11.3%
Immulite 2000 8 —9(-13to —4); 20 10 (-1to21); —4(-13t05); 12.7% —25(—28 to — 21); —22 (—26to — 19); 10.5%
6.7% 22.7% 10.4%
Roche
Cobas €601-2 & Modular.. 5 48 (45 to 52); 3.0% 7 11 (-2 to 25); 6 (2 to 10); 4.4% 3(—2to 8); 6.4% 3 (—41to010); 7.6%
16.4%

2 Indicates the results of this study.

 Indicates the results of the study carried out in 2012-2013 [1]. These results are italicized.
* Results of Cobas e601, e602 and Modular were grouped for Samples I & IV; whereas, results of e411, e601 and e602 were grouped for Samples B, C & D.

scores (Table 4) [1]; note that there were no Coat-A-Count users in the
current event.

Investigation to identify the source(s) of increased participant la-
boratories' satisfactory rates revealed three changes or differences be-
tween the studies (Table 4). First, for the current study, three assay
systems (Abbott Axsym, Siemens ADVIA Centaur CP and Ortho Vitros
ECiQ) either had no results, or no participants used these systems in this
study. In the 2012-2013 study, of the eight laboratories that reported
results using these three systems, fewer than half achieved a satisfac-
tory event score. Secondly, Abbott Architect ¢ & i assay systems had
results from five laboratories, all of which achieved a satisfactory score

Table 4
Proficiency evaluation of participant laboratory results.

in this study. No results were reported using these systems in the
2012-2013 study. Finally, eight assay systems (Beckman Coulter
UniCel Dx1600/800 and ACCESS, Siemens Immulite 1000/2000 and
ADVIA Centaur, Tosoh and Ortho Vitros 5600) had a higher percentage
of users that achieved 100% or satisfactory scores in the current study,
compared to the 2012-2013 study (Table 4).

4. Discussion

Testosterone concentrations of five authentic human serum samples
were analyzed by 65 clinical laboratories using 17 analytical systems.

Methods n””  Sample I Sample IT Sample III

Sample IV Sample V All samples- 2017  All samples- 2012 & 2013”

Number (%) of laboratories with results within the allowable limits.

Laboratories with satisfactory event score....

Number (%) (%), all participant number

Abbott Laboratories

Axsym
Architect ¢ & i System 5 1 (20) 5 (100) 5 (100)
Beckman Coulter
UniCel DxI 600 9 0 (0) 9 (100) 9 (100)
UniCel DxI 800 6 0 (0) 6 (100) 6 (100)
ACCESS 7 0 (0) 7 (100) 7 (100)
Siemens
ADVIA Centaur (XP, XPT) 15 9 (60) 15 (100) 12 (80)
ADVIA Centaur (CP)
Immulite 1000 1 1 (100) 1 (100) 0 (0)
Immulite 2000 8 8 (100) 8 (100) 7 (87.5)
Coat-A-Count
Roche cobas e601-2 & e 5 0 (0) 5 (100) 5 (100)
Tosoh Bioscience 4 2 (50) 4 (100) 3 (75)
Ortho Clinical Diagnostics
Vitros 5600 1 0 (0) 1 (100) 1 (100)
Vitros ECiQ
DiaSorin Liaison 1 1 (100) 1 (100) 1 (100)
Immuno-Biological Laboratories 1 0 (0) 1 (100) 1 (100)
LDT,....- LC/MS/MS 1 1 (100) 1 (100) 1 (100)
LDT-Immunoassay 1 0 (0) 0 (0) 0 (0)
Total 65 23 (35) 64 (99) 58 (89)

(33),n=3

5 (100) 5 (100) 5 (100)

9 (100) 7 (78) 7 (78) (50),n=2

6 (100) 6 (100) 6 (100) (90), n = 10

7 (100) 7 (100) 7 (100) (83),n=6

13 (86.7) 10 (67) 11 (73) (56), n = 36
(33),n=3

1 (100) 1 (100) 1 (100) (33),n=3

8 (100) 5 (63) 8 (100) (68), n =19
(100), n =3

5 (100) 5 (100) 5 (100) (100), n = 21

4 (100) 3 (75) 3 (75) 0),n=1

1 (100) 1 (100) 1 (100) 0),n=1
(50),n=2

1 (100) 1 (100) 1 (100)

1 (100) 1 (100) 1 (100)

1 (100) 1 (100) 1 (100) (100), n = 4

1 (100) 1 (100) 0 (0.0) (100), n =1

63 (97) 54 (83) 57 (88) (73),n = 115

* Target = 25.1%.

** Satisfactory score is defined as laboratory's results with the allowable limit for =4 of the 5 samples in the event.

** Laboratory Developed Test.
# Original data were published in reference [1].
## n denotes number of participant laboratories.
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The target values ranged from 43.5ng/dL to 534 ng/dL, simulating
concentrations typical for children, adult males and females, and ap-
proximating cutoff values for clinical diagnosis of hypogonadism for
men [14,18,19]. The mean of means for each of the eight analytical
systems for Sample III was 302.6 ng/dL (10.5% CV), almost the same as
the RMP-defined target value of 294.0 ng/dL and close to the 300 ng/dL
decision point defining androgen deficiency or hypogonadism in men
according to The Endocrine Society clinical practice guideline [20].
However, results of Sample III had a rather wide range of
203.8-422.0ng/dL (Table 1). Further analysis revealed that overall
performance was best for Sample III among all samples. However, for
Sample III, only 3 analytical systems had mean biases within the optimal
range ( = 3.2% of the target) and intra-system CVs <7.6%), while 2
analytical systems had mean biases within the desirable range ( + 6.4%
of the target) and intra-system CVs <4.3%, and 3 analytical systems
had mean biases exceeding the minimal bias goal or *+ 9.5%, with
higher intra-method imprecision than other assay systems (Tables 1 &
2). These results suggest that further improvements in both analytical
accuracy and precision are needed for at least 3 commercial analytical
systems. For Samples I-III, results from the LDT were more innaccurate
than the commercial tests, illustrating the value of for accuracy-based
PT for this type of assay.

For Sample IV (target value 457.0ng/dL) and Sample V (target
value 534.0 ng/dL), participant laboratories (n = 65) reported results
ranging from 316.6 to 570.0ng/dL (both seen for Siemens ADVIA
Centaur) and from 311.0 to 732.0 ng/dL, respectively, with 100% of
reported values above 300 ng/dL, suggesting that no samples for adult
males would be misclassified as having an androgen deficiency. For
Sample II (target value 160.0 ng/dL), all participant laboratories' results
ranged from 119.8 to 180.8 ng/dL (again, both seen for Siemens ADVIA
Centaur), with 100% of the values below 300 ng/dL, suggesting that all
patients would be correctly classified as hypogonadism for the adult
male. In the previous study [1], Sample A had a target testosterone
concentration value of 15.5 ng/dL, close to the cut-off value of 20 ng/dL
used to indicate achievement of effective treatment of prostate cancer
with androgen ablation [21]. In that study for the Sample A, about 60%
of the results were reported < 20 ng/dL; however, for the Sample B
with a target value of 30.0ng/dL, none of the results were re-
ported < 20 ng/dL [1]. In the current study, though the testosterone
concentration (43.5ng/dL) of Sample I was the lowest among the five
samples, it was still higher than that of the Sample B of the previous
study, and the Sample I had the highest biases (Table 3). These results
indicate that the problems of false high results with samples at low
concentrations observed in the first study still exist.

Our results showed that the Beckman Coulter (UniCel 600, 800 and
ACCESS) products, as used by the laboratories participating in this
study, had bias means about 3-fold higher than those of Abbott
Architect ¢ & i systems for Sample I (Table 2), but with relatively low
intra-method variation (3.2% to 5.9% CV) (Table 1). For Sample I with
the target value of 43.5 ng/dL, results from almost all other analytical
systems fell within a published reference interval for normal female
adults (15-70 ng/dL) [18], suggesting no misleading diagnoses would
be made for this sample. However, of the 22 results from the Beckman
Coulter's 3 analytical systems, only one result fell within the Beckman
Coulter's ACCESS recommended reference range of 10-75ng/dL for
female serum sample [22]. In certain cases, analytical bias might be
“corrected” by customized reference intervals; however, bias cannot be
removed if it is due to sporadic analytical non-specificity. Concerns of a
similar issue, but on different analytes, have been expressed by others
[23].

Results from Sample I revealed the overall highest biases in terms of
percentage, ranging from —8.5% to 89.0% among the five samples,
with 63% (41/65) of the reported results falling above the value of
target +25.1% or 54.4ng/dL (Table 2, Fig. 1). It is known that im-
munoassays frequently produce biased testosterone results with high
sample-to-sample variability in bias, especially at low concentrations
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that are typical of female and early adolescent male samples [4,5]. The
Immulite 2000 appears to have a noticeable change in assay perfor-
mance over recent years. In 2003, bias mean for 53 samples from fe-
males (mean 63.4 = 34.6 ng/dL) was 150% (50% to 156%) compared
to the target as defined by a GC/MS method [4]. In our previous study
for the Sample B (30.0 ng/dL) [1], the bias mean was 9.8% (—1.2% to
20.7%). In this study for the Sample I (43.5ng/dL), the bias mean was
—8.5% (—12.7% to —4.2%). Such a change may be partially attribu-
table to Immulite 2000's improvement in assay specificity and precision
(Table 3). There are several causes of inaccurate results at low testos-
terone concentration as mentioned by others [5]. Sample I was obtained
from a normal adult female and to our knowledge it contained no
unusual interfering substances such as heterophilic antibodies or ab-
normal hormones. However, further studies are needed to ensure that
the observed differences in bias are not a result of high sample-to-
sample variability in bias.

We observed a noticeable difference in mean biases between the
Immulite 2000 and ADVIA Centaur systems for Samples I and III; mean
biases were — 8.5% and 12.1% for Immulite 2000 vs. -15.0% and
22.7% for ADVIA Centaur, respectively (Table 2). This is similar to the
observations obtained in the 2012/2013 study [1]. The Immulite series
and ADVIA Centaur had been products of different manufacturers until
2006 when acquired by Siemens; therefore, they may differ in antibody
specificity. Thus, the observed differences can be partially explained
with differences in antibody specificity. Further studies with more
samples are needed to assess whether these differences also derive from
different calibrations. However, the discrepancies were not shown for
the Sample II, IV and V, suggesting existence of high sample-to-sample
variability in bias.

Among the eight analytical systems (Table 2), Roche Diagnostics
had a mean bias within the recommended “desirable” bias goal
of + 6.4%, ranging from —0.4% to 5.7% for the Samples II though V.
However, a mean bias of 48.3% was obtained for Sample I (43.5 ng/dL),
greater than four-fold the value of 11% observed for Sample B in the
previous study [1]. Given the high sample-to-sample variability in bias,
especially in samples with low testosterone concentrations, further
studies are needed using more samples to appropriately assess mea-
surement bias and changes in bias over time, and to distinguish be-
tween calibration bias and bias caused by non-specificity.

In this study, only Siemens had a calibration bias (—6.0% Table 2)
that was within the = 6.4% mean bias criterion used in CDC's Hormone
Standardization Program (CDC HoSt). CDC HoSt program uses samples
from 40 individual donors to calculate the mean bias, which can be
regarded as calibration bias. In 2016, a Siemens assay obtained certi-
fication by CDC's Hormones Standardization Program. In the previous
study, a Roche assay was certified by CDC's HoSt program but was no
longer listed as certified in 2016 [9]. In this study, the calibration bias
of the Roche systems was outside the + 6.4% mean bias criterion
(12.1% Table 2). Furthermore, the CDC HoSt program reports that the
Siemens assay had only 20% of individual sample results falling within
the + 6.4% bias criterion [24] which appears consistent with the pas-
sing scores listed in Table 4. Thus, information on certification status in
CDC HoSt program appears consistent with the analytical performance
observed in PT programs. A gradual drift of the analytical performance
for all concentrations over time might explain the increase in bias
(Table 3), suggesting that periodically monitoring and assessing assays
through the CDC HoSt Program may be necessary. More frequent ac-
curacy-based PT challenges are needed to reliably assess and monitor
the accuracy of testosterone measurements performed for patient care.

Results from all participant laboratories in this study were evaluated
by applying a single target and one criterion, i.e., the RMP-defined
target + 25.1% [16]. Using this criterion 87.7% of participant labora-
tories would receive a satisfactory PT event score. Since improvements
in assay performance are typically made by the manufacturer, with the
exception of laboratory developed tests, accuracy-based PT can be used
to assess whether improvements of assay performance implemented by
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the manufacturer result in improvements at the end-user level. Thus,
accuracy-based PT can be used to assess the effectiveness of assay
standardization, which ultimately leads to improvement in the quality
of patient care and population health. For this study, the satisfactory
score of participating laboratories improved in average by 14.7% when
compared to the previous study [1]. These improvements could in part
be explained by successful participation in CDC's HoSt Program of assay
manufacturers and laboratories. Also, the availability of reliable data on
measurement accuracy through accuracy-based PT provide valuable
information to laboratories for selecting accurate and reliable assays,
and for assay manufacturers to further improve assay performance.
Information obtained from CDC's HoSt Program and accuracy-based PT
is also used by key stakeholders, such as the Partnership for the Accu-
rate Testing of Hormones (PATH), to promote use of accurate and re-
liable testosterone tests [1,24-26]. Standardization ultimately leads to
improved patient care and population health and accuracy based-PT
can help assess the effectiveness of standardization efforts.

There are shortcomings in this study, including that these five
samples are not representative of all specimens measured in patient
care. Ultimately the accuracy of test methods is only measurable (and
relevant) in the hands of their users. Thus, like all PT studies, it is
impossible to isolate the impact of the test performance by end-users.
Therefore, it is possible that improved sample handling or other tech-
niques may have some reflection in the improvements shown here.
Follow-up studies are needed to analyze greater numbers of patient
samples. It is especially important to study performance at lower con-
centrations, where biases may impact quality of health care.

In conclusion, improvements in overall analytical accuracy and
precision for most analytical systems for testosterone tests were de-
monstrated over an approximately 3.5-year period after the first CDC-
directed accuracy-based PT in 2012/2013. Further effort is needed in
improving accuracy of measurement for testosterone, especially at the
low concentrations.
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