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Background: The quality of testosterone assays has been amatter of debate for several years. Known
limitations of testosterone immunoassays are the cross-reactivity with other steroids and a high vari-
ation in the low concentration range. We hypothesized that one of the additional limitations of testos-
terone immunoassays is an ineffective displacement of testosterone from its binding protein.
Methods: Thirty samples from women not using oral contraceptives (OAC), 30 samples from women
using OAC, and 30 samples from pregnant women were used to measure testosterone by an isotope
dilution (ID)-LC-MS/MSmethod and by 6 commercially available testosterone immunoassays (UniCel®,
ARCHITECT®, Centaur®, Cobas®, Immulite®, and Liaison®). In addition, sex hormone–binding globulin
(SHBG)4 was measured by immunoassay (ARCHITECT).
Results: The first-generation immunoassays (UniCel, Centaur, Immulite, and Liaison) showed inaccu-
rate testosterone results in the method comparisons with the ID-LC-MS/MS method (R between 0.61
and 0.86) and for some assays (UniCel and Liaison) also a very poor standardization (slopes of 0.59 and
0.67, respectively). On average, SHBG concentrationswere lowest inwomennot usingOAC and highest
in pregnantwomen, andoverall ranged from18.5 to 633nmol/L. In thefirst-generation immunoassays,
but not in the second-generation immunoassays, we observed an inverse relationship between SHBG
concentrations and deviations in testosterone from the ID-LC-MS/MS results.
Conclusions: Widely used first-generation testosterone immunoassays are influenced by SHBG con-
centrations, which lead to inaccurate results in samples from patients with high or low SHBG concen-
trations, respectively. Laboratory specialists, clinicians, and researchers should be aware of this
limitation in testosterone assays.
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IMPACT STATEMENT
Female patients on oral contraceptives and pregnant women will benefit from the information

presented here. Evidence presented on the inaccuracy of testosterone immunoassays will allow
better characterization of hypergonadism in women. Knowledge in the field of endocrinology will
be advanced by the information presented.

For years now, thequality of testosteroneassays is
amatter of debate. In fact, some testosteroneassays
predict no more accurately than taking a guess (1).
The limitations and pitfalls of testosterone immuno-
assays have led to a position statement from the En-
docrine Society (2). Consequently, improvements
have been made by some manufacturers by devel-
oping second-generation assays. Notwithstanding
these urgent calls, other manufacturers still sell, and
laboratories still use inaccurate testosterone assays.
Known limitations of these inaccurate assays are the
cross-reactivity with other steroids and a high varia-
tion in the low concentration range (3, 4). Both limita-
tions lead to inaccurately reported testosterone
concentrations particularly in samples from women
and children and can have serious clinical outcomes.
As testosterone is measured as total testoster-

one, a major challenge for testosterone assays, es-
pecially in view of the short incubation times, is the
displacement of testosterone from sex hormone–
binding globulin (SHBG). Solvents leading to a com-
plete release of testosterone from SHBG are often
not compatiblewith automated immunoassays. Al-
ternativesmight not be sufficiently effective for dis-
placement. The improper release of a hormone
from its binding protein has already been identi-
fied as one of the limitations of automated 25-OH
vitamin D immunoassays (5). In one instance, a
commercially availablemanual testosterone radio-
immunoassay, which was also unable to effectively
release testosterone from SHBG, led to false con-
clusions in a clinical trial (6).
Whether currently available automated testos-

terone immunoassays are sufficiently effective in

liberating testosterone from SHBG to accurately
measure total testosterone concentrations is not
known. Therefore, the goal of our study was to
study the influence of SHBG concentration on the
performance of 6 commonly used automated tes-
tosterone immunoassays.

MATERIALS AND METHODS

Samples

Serum was obtained by drawing an extra
tube (serum separating tube) of blood from pa-
tients who already underwent a venipuncture
for diagnostic purposes in our outpatient clinic
(VU University Medical Center, Amsterdam). This
study was approved by the local medical ethical
committee. After obtaining informed consent, at
a random time, blood was drawn from 30
women who were not using oral contraceptives
(OAC) or who were not pregnant (age range 24–45
years), from30women usingOAC (age range 20–45
years), and from 30 pregnant women (age range
24–43 years and pregnancy term range 5–39
weeks). All samples were anonymized immediately
after withdrawal and handled identically. After cen-
trifugation, serumwas separated, aliquoted, and fro-
zen at −20 °C until analyses. Storage time did not
exceed 5 months, taking into account the stability.

Methods

Isotope dilution LC-MS/MS method. In all serum
samples, total testosterone was measured using
an isotope dilution (ID)-LC-MS/MS method, as de-
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scribed earlier (7). In short, the serum samples un-
derwent a liquid–liquid extraction using hexane
ether (4:1) after addition of internal standards:
[13C3]-testosterone (Ceriliant) and [13C3]-andro-
stenedione (Ceriliant), before injection on an Ac-
quity 2D-UPLC system coupled with a Xevo TQ-S
tandemmass spectrometer (Waters). This method
is very accurate, sensitive, and well standardized,
as was shown in previous studies (7–9). Intraassay
variation in both the female and male concentra-
tion range was 4%. Analyses were performed in
the Endocrine Laboratory of the VU University
Medical Center.

Serum total testosterone immunoassays. Total tes-
tosterone in all serum samples was measured us-
ing 6 automated immunoassays: UniCel® DxI 600
(Beckman Coulter, lot no. 436922), ARCHITECT®

i2000 (Abbott Diagnostics, lot no. 10405UP00),
Centaur® XP (Siemens Diagnostics, lot no.
036176), Cobas® 6000 (Roche Diagnostics, lot no.
18351201), Immulite® 2000 (Siemens Diagnostics,
lot no. 505) and Liaison® (Diasorin, lot no. 131680).
For lack of formal terminology to identify the differ-
ent iterations of assays on the market, the UniCel,
Centaur, Immulite, and Liaison methods are re-
ferred to as “first-generation” testosterone assays
and the ARCHITECT and Cobas assays are known
as “second-generation” testosterone assays, re-

spectively. The lower limit of quantification (LLOQ)
of the methods is shown in Table 1. Analyses using
the Immulite 2000 were performed in the Labora-
tory of Endocrinology of the Academic Medical
Center of the University of Amsterdam, analyses
using the UniCel DxI 600 were performed in the
Medical Laboratory of the Nij Smellinghe Hospital,
and analyses using the ARCHITECT, i2000, Centaur
XP, Cobas 6000, and Liaison were performed at
the VU University Medical Center.

Serum SHBG assay. In all serum samples, SHBG
was measured using the ARCHITECT i2000 plat-
form (Abbott Diagnostics, lot no. 00614L00) (10).
Intraassay variation was below 6% over the whole
concentrations range.

Statistics

All serum total testosterone concentrations mea-
sured using the different immunoassays were com-
pared to the concentrations measured using the
ID-LC-MS/MSmethods. We used Passing–Bablok re-
gression analysis and calculated Pearson correlation
coefficients for both the method comparisons, and
the correlation between the SHBG concentration
and thedeviationof the6automated immunoassays
with the LC-MS/MS method. The Cusum test for lin-
earity was used to determine whether the method

Table 1. LLOQ: the slope and intercept derived from Passing–Bablok regression analysis, the
correlation coefficient (R), all compared with the ID-LC-MS/MS method, based on N samples per
method.

Method LLOQ, nmol/L N Slope Intercept R
First-generation assays
UniCel* 0.35 62 0.59 0.33 0.81
Centaur* 0.35 78 1.05 0.41 0.83
Immulite 0.69 46 1.08 −0.08 0.86
Liaison* 0.17 78 0.67 0.16 0.61

Second-generation assays
ARCHITECT 0.45 85 0.99 0.27 0.95
Cobas 0.087 77 1.01 −0.09 0.93

To convert testosterone concentrations to ng/mL, multiply by 0.3.
* Significant deviation from linearity.
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comparison was linear. All statistical analyses were
performed using Medcalc (version 11.6, Medcalc
Software). P < 0.05was considered statistically signif-
icant.

RESULTS

One of the 90 serum samples showed a tes-
tosterone concentration below the LLOQ in all
methods including the ID-LC-MS/MS method
(LLOQ 0.10 nmol/L; to convert testosterone con-
centrations to ng/mL, multiply by 0.3). Another
serum sample measured a testosterone concen-
tration of 15.9 nmol/L using ID-LC-MS/MS (7.5
nmol/L by UniCel, 15.1 nmol/L by Centaur,
12.4 nmol/L by Immulite, 6.2 nmol/L by Liaison,
15.8 nmol/L by ARCHITECT, and 13.7 nmol/L by
Cobas). This concentration is exceptionally high for
women, even during pregnancy. It may therefore be
either from a man, a transgender person, or a
woman with an unspecified adrenal or ovarian dis-
ease. Because the samples were anonymized, no
further action was taken to investigate the cause of
this high concentration. Both samples were consid-
ered outliers and were therefore excluded from sta-
tistical analysis. In a number of samples, many
different immunoassays measured testosterone
concentrations below the LLOQ. For this reason, the
samples that were compared varied in number. The
total number used for each method is summarized
in Table 1.
Table 1 shows the slope and intercept derived

from the Passing–Bablok analysis and Pearson
correlation coefficient (R). In Fig. 1, the Passing–
Bablok regression is shown. According to the Cu-
sum test for linearity, testosterone results from
UniCel, Centaur, and Liaison did not show a linear
relationship with the LC-MS/MS results.
SHBG concentrations were significantly higher in

women using OAC [median and interquartile range
(IQR)]: 117 nmol/L (73–177) and pregnant women
[381nmol/L (210–518)] compared towomennotus-
ing OAC [62 nmol/L (36–93)] (see Fig. 2). Pregnant

women had significantly higher SHBG concentra-
tions compared to women using OAC.
Testosterone concentrations were significantly

higher in women using OAC (median and IQR)
[0.45 nmol/L (0.29–0.72)] and pregnant women
[1.96 nmol/L (1.31–3.17)] compared to women not
using OAC [0.70 nmol/L (0.54–0.98)] (see Fig. 2).
Pregnant women had significantly higher concen-
trations than women using OAC.
The correlation and correlation coefficient be-

tween the SHBG concentration and the devia-
tion of each automated immunoassay from the
ID-LC-MS/MS method are shown in Fig. 3. In
the first-generation immunoassays, but not in the
second-generation immunoassays, we observed a
statistically significant inverse relationship between
SHBGconcentrations anddeviations in testosterone
from the ID-LC-MS/MS results.

DISCUSSION AND CONCLUSION

In this study, we showed the limitations of someof
the currently commercially available automated im-
munoassays. Standardization problems in combina-
tion with a high inaccuracy were observed. The
first-generation immunoassays (UniCel, Centaur, Im-
mulite, and Liaison) showed inaccurate results ex-
pressed as low to very low correlation coefficients
when compared to our ID-LC-MS/MS method (R be-
tween 0.61 and 0.86) and for some assays (UniCel
and Liaison) a poor standardization (slopes of 0.59
and 0.67, respectively). The correlation coefficients
are comparable with earlier method comparison
studies in women. Since then, however, the stan-
dardization seems to have changed (3, 4). Concerted
efforts in standardization of testosterone assays in
recent years, in combination with the testosterone
standardization program of the CDC (11), might be
the reason for these apparent changes. Our study
clearly shows that the second-generation immuno-
assays (ARCHITECT and Cobas) have a better stan-
dardization (slopes of 0.99 and 1.01, respectively)
and less variation (R of 0.95 and 0.93, respectively).
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Fig. 1. Passing–Bablok regressionanalysis andBland–Altmanplots for the 6automated immunoassays.
UniCel, Centaur, Cobas, and Liaison showed a significant deviation from linearity. In the Passing–Bablok figures: on the x axis,
the testosterone concentrationsweremeasuredusing ID-LC-MS/MSand, on the y axis, the testosterone concentrations using
the respective immunoassays are shown. For the Bland–Altman plots: on the x axis, the testosterone concentrations were
measured using ID-LC-MS/MS and, on the y axis, the % deviation of the respective immunoassays compared to the ID-LC-
MS/MS assay are shown. (A and B), UniCel; (C and D), Centaur; (E and F), Immulite; (G and H), Liaison; (I and J), ARCHITECT; (K
and L), Cobas. To convert testosterone concentrations to ng/mL, multiply by 0.3.
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This improvement is in accordance with previous
studies (3, 12).
We hypothesized that one of the additional lim-

itations of the commercially available testosterone
immunoassays is the ineffective displacement of
testosterone from its binding protein. According to
Fig. 3, as shown by statistically significant inverse re-
lationship between SHBG concentrations and devia-
tions in testosterone from the ID-LC-MS/MS results,
our study strongly suggests that all 4 first-generation
testosterone immunoassays are incapable of com-
pletely releasing testosterone from its binding pro-
teins. This may lead to false low results in patients
with high SHBG concentrations and to false high re-
sults in patients with low SHBG concentrations, re-
spectively. In an earlier study, we showed that using
another immunoassay, which also suffered from this
displacement issue, led to false conclusions in a clin-
ical trial (6). This example illustrates the clinical rele-
vance of this displacement issue.
Based on our study, we concluded that not all

automated testosterone assays are suitable to
measure testosterone in patients with either high
or low SHBG concentrations. In this study, we
showed that pregnant women and women using

OAC have higher SHBG concentrations (6- and
2-fold, respectively). This confirms the results from
previous studies, showing a 5- to 10-fold increase
during pregnancy (13, 14) and a 2- to 4-fold in-
crease in women using OAC (15, 16), which is due
to estrogens stimulating the liver to produce
SHBG. Increased serum SHBG concentrations are
also seen in samples from patients with anorexia
nervosa, hyperthyroidism, and Cushing disease
(17). Patients with obesity, polycystic ovary syn-
drome, and metabolic syndrome all have lower
SHBG concentration, which is probably due to he-
patic fat content inhibiting SHBG production (17).
All assays evaluated in our study have their own

reference intervals andalthoughapplying assay-spe-
cific reference values would be a fitting approach to
the differences in standardization, it would neither
resolve the poor correlation nor the influence of
SHBG concentration that we observed.
Despite the profound and clinically relevant

limitations of the first-generation testosterone
immunoassays, these are still commonly used
worldwide. In 2015, in the German external qual-
ity assessment scheme for testosterone, more
than 40% of the 700+ participants measured tes-

Fig. 2. SHBG (A) and testosterone (B) concentrations (medianand IQR) forwomennotusingOAC (n=30),
women using OAC (n = 29), and pregnant women (n = 29).
To convert testosterone concentrations to ng/mL, multiply by 0.3. *P = 0.0053; **P = 0.0002; ***P < 0.0001.
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tosterone with one of the first-generation tes-
tosterone immunoassays included in our study.
In the College of American Pathologists survey,
more than 50% of the 1400+ participants mea-
sured testosterone with one of the first-genera-
tion testosterone immunoassays. In the UK
National and Dutch external quality assessment
schemes, approximately 30% of the participants
measured testosterone with one of the first-gen-
eration testosterone immunoassays.
The 2 second-generation testosterone assays

tested here were not influenced by the SHBG con-
centrations, which makes these particular assays
more suitable for clinical use and a step forward in
the accurate determination of serum testoster-
one. Unfortunately, these assays still have their
drawbacks, as they seem to suffer from cross-re-

activity with other steroids, albeit less severe than
the first-generation testosterone assays (3). For
this reason, interpretation of testosterone mea-
surements based on second-generation immuno-
assays may continue to be a challenge in specific
patient groups, such as neonates in whom high
concentrations of several uncommon steroid hor-
mones may cross-react in the immunoassays.
In conclusion,first-generation testosterone immu-

noassays are influenced by SHBG concentrations,
which lead to inaccurate results in samples from
subjects with high or low SHBG concentrations, re-
spectively. Laboratory specialists, clinicians and re-
searchers should be aware of this limitation in first-
generation testosterone immunoassays, which are
still usedworldwide, andshouldnotuse theseassays
in the low concentration range.

Fig. 3. Correlation between the SHBG concentration and the difference between the results of each of
the 6 automated immunoassays and the ID-LC-MS/MS method.
(A), UniCel; (B), Centaur; (C), Immulite; (D), Liaison; (E), ARCHITECT; (F), Cobas. To convert testosterone concentrations to
ng/mL, multiply by 0.3.
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