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Background: The advantage of LC-MS/MS for analyzing serum testosterone in female, pediatric, and
hypogonadal male patient samples is well accepted (J Clin Endocrinol Metab 2010;95:4542–8). How-
ever, many clinical laboratories still use testosterone immunoassays because of the technical chal-
lenges of LC-MS/MS (Clin Chem 2010;56:1234–44). Although LC-MS/MS has been shown to have better
accuracy and specificity than immunoassay, better reproducibility has been more elusive because of
the complexities of sample preparation (Clin Chem 2008;54:1290–7; Rev Endocr Metab Disord 2013;
14:185–205).
Methods:We evaluated replacing automated immunoassay with LC-MS/MS for all testosterone anal-
yses at the University of California San Diego Health SystemCenter for Advanced LaboratoryMedicine.
We used a novel extractionmedia, AC Extraction Plate™ (AC Plate), from Tecan Schweiz with automated
liquid handling for LC-MS/MS sample preparation. We modified the existing vendor application and
validated the method for matrix effect, recovery, precision, trueness [accuracy relative to certified
reference material (CRM)], specificity, reportable range, sample stability, and correlation with other
methods.
Results: Method performance was excellent, with a reportable range of 4–1560 ng/dL (0.14–54.13
nmol/L), between-day CV <6%, mean accuracy for CRM of <4.0% bias, no interference from hemolysis,
icterus, lipemia, serum separator tube gel, or common steroids/metabolites, andmean bias of 1.3% vs
4 other LC-MS/MS testosterone methods. A retrospective analysis of calibration stability suggests that
sparse and/or historical calibration is feasible for routine use.
Conclusions: We conclude that automated extraction with the AC Plate and a focus on robustness
duringmethod development delivered ease of use andmethod performance consistent with adopting
LC-MS/MS for all testosterone testing.
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IMPACT STATEMENT
Pediatric patients and women would derive the most benefit from a wider adoption of accurate

methods for the analysis of serum testosterone, since published reports demonstrate errors in the
100%–500% range (Clin Chem 2003;49:1381–95). Use of accurate, selective, and highly reproducible
LC-MS/MS testosterone analyses for all adult male samplesmight also decrease the number of repeat
clinic visits, repeat testosterone tests, anddelaysbeforediagnosingpathologies related to testosterone
(Can Urol Assoc J 2015;9:65–8). This report describes development and validation of a testosterone
LC-MS/MSmethod using automated sample preparation that has excellent precision, accuracy, selec-
tivity, andawidedynamic range,butdoesnot requireextractionexpertise. Theprocesshasmanyof the
desirable features of automated immunoassay—nomanual sample preparation steps anddirect sam-
pling with liquid-level sense and clot detection from primary, barcoded, serum separator barrier gel
tubes with 7-day stability. Our results demonstrate that ease of use in a sample preparation protocol
can be consistent with minimal matrix effect and good method performance, similar to that of more
complex sample preparation protocols. Robust, high-quality testosterone analysis with LC-MS/MSmay
be within reach of a wider range of clinical laboratories than previously expected.

In 2003, Taieb et al. (1) described poor perfor-
mance of automated testosterone immunoassays
for female and pediatric samples compared tomass
spectrometry. In an accompanying editorial, Herold
and Fitzgerald (2) characterized the accuracy and
precision of several automated testosterone im-
munoassays for female/pediatric specimens as
no better than random number generation.
These publications launched a series of studies,
consensus statements, and standardization ef-
forts with the common goal of improving the
quality of testosterone analysis for diagnostics
and clinical research (3, 4). This combined effort
has yielded measurable successes but also led
to the recognition that achieving reproducibility
when using LC-MS/MS for production testoster-
one analysis is technically complex, impeding im-
plementation in many clinical laboratories (4, 5).
Even those laboratories with testosterone as-
says certified by the CDC Hormone Standardiza-
tion Program (CDC-HoST)4 may find it difficult to
achieve results for all samples within recom-

mended total allowable error (TEA) limits derived
from biological variation (4).
Barriers to use of LC-MS/MS in clinical labo-

ratories include high capital equipment costs
(>$300 000), insufficient mass spectrometry training
for clinical laboratory personnel, no commer-
cially available calibrators or reagents, and few
interfaces for electronic data transmission (6).
Often, the most difficult challenge for imple-
menting LC-MS/MS is the multistep sample
preparation processes required to make biolog-
ical samples compatible with LC-MS/MS (6).
Published sample preparation protocols that de-

plete interfering serumcomponents (proteins, phos-
pholipids, salts) and concentrate testosterone to
achieve a lower limit of quantification (LLoQ) of 1–5
ng/dL (0.04–0.17 nmol/L) include liquid-liquid ex-
traction (7) and online solid-phase extraction (8). Ex-
cellent accuracy, precision, sensitivity, and selectivity
for testosterone has been described for these tech-
niques (9). However, they require either expertise
with online extraction and liquid chromatography
(LC), maintenance (solid-phase extraction), or
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nonautomated/challenging to automate extraction
steps such as evaporation, reconstitution, vigorous
shaking or inversion mixing, centrifugation, and
transfersoforganic solvents (liquid-liquidextraction).
We were interested in the potential of the AC

Extraction Plate™ (AC Plate) for greater robust-
ness because of the easily automated extraction
protocol and theoretically fewer opportunities
for process variation (10). The AC Plate works by
partitioning of nonpolar analytes from the sam-
ple into an immobilized, relatively nonpolar, pro-
prietary coating on the wells of 96-format plates.
The plate is designed to extract compounds with
a log of the water to octanol partition coefficient
(log P) of >3. Ideally, interfering matrix compo-
nents are left behind in the relatively polar ex-
traction buffer to be removed by the pipetting
robot with discard and wash steps. A more
strongly nonpolar, yet still LC compatible solu-
tion, e.g., a water:acetonitrile mixture, is used to
partition the analyte back out of the coating into
eluent in the well for injection on the LC-MS/MS.
All steps are performed automatically by the au-
tomated liquid handling (ALH) using an orbital
shaker to accelerate mass transfer of the analyte
between the coated extraction layer and liquids
in the well. The pipetting robot adds and dis-
cards all reagents and extraction residues auto-
matically. We modified a testosterone AC Plate
application note from Tecan Schweiz to add fur-
ther robustness and validated the optimized
method for use with pediatric, female, and adult
male specimens.

MATERIALS AND METHODS

Materials

AC Plates, Freedom EVO 350 μL LiHa disposable
pipet tips, and FreedomEVO reagent troughswere
provided by Tecan Schweiz. Plates evaluated for
injecting ACPlate eluentwere polypropylene, 1mL,
round wells, conical bottom (Waters), and polypro-

pylene, square well with 700-μL glass inserts, 2 mL
(Waters). Silicone/polytetrafluoroethylene (PTFE)
pre-slit, square plug Cap-mats were from Waters.
LiCl (>99%, anhydrous) and ZnSO4 (ACS grade)
were from Fisher Scientific, as wereOptima (LC-MS
grade) methanol, acetonitrile, isopropanol, formic
acid, ammonium acetate, and ammonium hydrox-
ide. We used exclusively LC-MS–grade water pro-
duced onsite with a Veloia Water Technologies
ELGA purification system. Testosterone-2,3,4-
13C3 internal standard (IS) was from Isosciences.
Primary testosterone standard (1 g/L/3.47mmol/L in
methanol) and, with 2 exceptions, other steroid pri-
mary standardswere fromCerilliant-Millipore Sigma.
Dehydroandrosterone and tetrahydrocortisol pri-
mary standards were from Steraloids. Double char-
coal stripped female serum was from Golden West
Biologicals. An Assurance™ kit of concentrated inter-
ference substances (bilirubin, hemolysate, lipids)was
purchased from Sun Diagnostics. Remnants of de-
identified patient serum samples for method devel-
opment, validation, and correlation testing were
obtained from the routineworkload at theUniversity
of California San Diego Health SystemCenter for Ad-
vanced LaboratoryMedicine (UCSD-CALM) under an
existing tissue Institutional Review Board protocol.
QC materials were from Bio-Rad Laboratories,
Liquichek Immunoassay Plus, lot 40890. Standard
reference material (SRM) 971 was purchased from
the NIST. Accuracy Based Survey proficiency materi-
als (2015) were purchased from the College of
AmericanPathologists. Beta lots of serum-based tes-
tosterone calibrator sets were provided by Cerilliant-
Millipore Sigma.

Calibration/reagents

Calibrator pools were prepared by adding the
appropriate volumes of testosterone methanol
stock standards at 100, 4.0, or 0.4 mg/L (0.347,
0.014, or 0.0014 mmol/L) concentration to
stripped serum from Golden West Biologicals
(methanol volumes ≤5% of stripped serum
volume). We prepared aliquots of pooled samples
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containing 4, 6, 31, 58, 118, 200, 294, 580, 938,
1559, and 1923 ng/dL testosterone (0.14, 0.21,
1.08, 2.01, 4.10, 6.94, 10.20, 20.13, 32.55, 54.10,
and 66.73 nmol/L). These samples were stored at
−15 to −30 °C in 1.5 mL barcoded, plastic, screw-
top cryovials from Wheaton until thawed on the
day of use.
One milliliter of methanol was added to 5 mg

(17.16 μmol) of 13C3-testosterone using a volumet-
ric pipet to prepare the stock IS solution. A working
IS solution of 50 ng/dL (1.72 nmol/L) in 60:40 (vol:
vol) H2O:acetonitrile was prepared from the stock
by dilution. Extraction reagent was 60:24:6 (vol:vol)
of 0.33 mol/L LiCl/0.1% NH4OH:acetonitrile:H2O.
Wash reagent was 0.2% NH4OH (vol:vol). Elution
reagent was 35:65 (vol:vol) H2O:acetonitrile.

Extraction protocol

All extraction steps were performed by a Tecan
SchweizG Freedom EVO® 100 ALH using nested
350-μL LiHa disposable tips. The ALH was con-
trolled by Freedom EVOware software. The extrac-
tion steps were addition of 100 μL of blank,
calibrator, QC, or patient serum to the AC Plate
and then addition of 25 μL of IS followed by 2min
of orbital shaking. Orbital shaker speed was set
at 1600 rpm for all steps. Then, 175 μL extraction
reagent was added followed by 10 min of shak-
ing. Extraction residue was removed and dis-
carded using the Freedom EVO to pipet the
residual fluid from each well. The wells were
washed with 250 μL wash reagent, followed by 5
min of shaking. The residual wash solution was
discarded using the Freedom EVO to pipet the
residual fluid from each well. This wash step was
repeated a second time. After the second wash
residue discard, 100 μL elution reagent was
added followed by 5 min of shaking. Elution re-
agent containing extracted testosterone was
transferred to 700-μL glass inserts in a 2-mL
square well injection plate and the plate was
sealed with a silicone/PTFE cap-mat.

Instrument parameters

The LC-MS/MS systems were Waters Acquity
UPLC®–XEVO TQS tandem quadrupoles con-
trolled by MassLynx™ 4.1 software. Data were ana-
lyzed with TargetLynx™. Calibration curves were
calculated using linear regression with 1/x weight-
ing, excluding zero, with acceptance criteria of R2

≤0.995 and residuals ≤±15% (20% at the LLoQ).
Mobile Phase A was 2 mmol/L ammonium acetate
with 0.1% formic acid. Mobile Phase B was 0.1%
formic acid in acetonitrile. The LC column was
Waters XSelect HSS C18 XP, 2.5 μm, 2.1 mm × 150
mm, with a Phenomenex UPLC 2.1-mm i.d. C18
guard column. The 3-step LC gradient ran (Mobile
Phase A:Mobile Phase B, vol:vol) 90:10–60:40 for
0.01–2.8 min, to 10:90 at 3.8 min, hold at 10:90–
4.18 min, step to 5:95 at 4.19 min, hold at 5:95–
4.93 min, step to 90:10 at 4.94 min, and
reequilibrate at 90:10–5.44 min. Injection volume
was 10 μL. Multiple reactionmonitoring (MRM) val-
ues acquired in positive ESI (electrospray ioniza-
tion) mode from 3.89 to 4.29 min were 289.3/97
and 289.3/109.2 for testosterone and 292.3/100.1
for the IS with collision energies of 22, 22, and 20 V,
respectively. Voltages were Capillary 0.6, Cone 40.
Temperatures (°C) were Source 150 and Desolva-
tion 650. Desolvation gas flow was 1000 L/h. The
autosampler and sample organizer were main-
tained at 10 °C. Source gas was ultrapure N2 and
the collision gas was ultrapure Ar.

Development and prevalidation protocols

Four different LC columns, methanol vs acetoni-
trile mobile phase B, and gradient shape/duration
were evaluated for resolution of testosterone and
epitestosterone, pattern of matrix effects, and the
highest %B [% mobile phase B (vol/vol)] at which
testosterone could be eluted. The LC peak shape
and area of 20 ng/dL (0.69 nmol/L) testosterone
standard in a range of solvent mixtures (methanol
or acetonitrile):H2O ratios from 100:0 to 10:90
was evaluated to determine the optimal solvent
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mixture for the working IS solution. Extraction re-
agent was evaluated for optimal recovery andmin-
imal matrix bias by comparing protein binding
release reagents (ZnSO4 or LiCl), organic solvent
type (methanol or acetonitrile)/amount, and pH.
Acidic (pH <2 with formic acid) vs basic (pH >10
with NH4OH) water wash reagents were compared
for testosterone recovery and matrix effect. Elu-
tion reagent/injection matrix was optimized for
water to organic solvent (methanol or acetonitrile)
ratio based on testosterone extraction recovery
and LC peak shape, width, and asymmetry. Liquid
handling optionswere evaluated for best precision
of IS pipetting and reuse of tips for extraction res-
idue and wash residue discard without cross-well
contamination.

Validation protocols

Within-run precision was evaluated with 5 repli-
cates at 10 concentrations (5 calibrators, 4 QC, pa-
tient pool). Between-run precision was assessed
over 7–10 days for 4 levels of QC material (n =
16–23), and all batches but one were analyzed on
one LC-MS/MS. Certified reference material (CRM)
at 6 levels was tested over 3–5 days, 5–9 replicates.
Linearity was verified with triplicates at 7 con-

centrations obtained by mixing male and female
sample pools spikedwith testosterone standard to
a concentration within 20% of the upper LoQ
(ULoQ) or dilutedwith stripped serum to a concen-
tration within 10 ng/dL (0.35 nmol/L) of the LLoQ,
respectively. Nominal UCSD-CALM calibrator val-
ues were reassigned as the mean of values calcu-
lated when using CRM for calibration. Two
Cerilliant-Millipore Sigma β lots of 10 level, 2–2000
ng/dL (0.07–69.40 nmol/L) serum testosterone
calibrators were tested over 3 days.
The effect of calibration design on precision and

accuracy was evaluated by reprocessing batches
using fewer calibrators compared with the full 11
calibrator set. We evaluated use of only 6 calibra-
tors (3 lowest concentration and 3 highest concen-
tration points), only 3 calibrators [LLoQ, 294 ng/dL

(10.20 nmol/L), and ULoQ calibrators], only 2 cali-
brators (LLoQ and ULoQ), and only 1 calibrator
(ULoQ) with intercept force through 0. We com-
pared between-day imprecision and mean
% biases for QC and CRM concentrations after
recalculation using these different calibration
schema.
We applied a full calibration curve from 1 day to

2 test batches that used the same lot of calibrators
and IS on 2 other days (historical calibration). For
the 2 test batches reprocessed with historical cal-
ibration, we included in the calibration only 2 with-
in-batch calibrators: the LLoQ and ULoQ. We
compared concentrations found for 99 patient
samples after recalculation with this schema vs the
all-method mean (AMM) of values obtained by 3
other laboratories using LC-MS/MS.
Ten remnant serum samples with abnormal

chemistry results were selected for qualitative and
quantitative matrix effect experiments (11, 12).
13C3-testosterone was used to quantify matrix ef-
fect and extraction recovery. We also calculated
process efficiency by comparing peak areas from
samples spiked before extraction vs the equivalent
mass for a theoretical 100% recovery spiked into
neat elution reagent (no biological matrix residue
present). Testosterone and 13C3-testosterone were
infused for the qualitative, postcolumn infusion
matrix effect studies. MRMs monitored to
assess phospholipid removal were 496.3/184.1
(1-palmitoyl-2-OH-sn-glycero-phosphocholine),
520.4/184.1 (1-linoleoyl-2-OH-sn-glycero-phos-
phocholine), 758.4/184.1 (1-palmitoyl-2-linoleoyl-
sn-glycero-phosphocholine), and 810.4/184.1 (1-
stearoyl-2-arachidonoyl-sn-glycero-phosphocholine).
Potential interference from endogenous ste-

roids/steroid metabolites was assessed by in-
jecting pure standards in elution reagent at the
maximum concentrations typical of disease
states. No further testing was performed for
compounds with LC resolution >2.0 [calculated
as Rs = (Rt2 − Rt1) in minutes, where Rt equals
LC retention time, ÷ (peak width1 + peak
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width2)/2 in minutes] from testosterone. All
other compounds were tested additionally by
adding steroid standards to female serum pools
at final concentrations found in disease states,
analyzing with the described method in dupli-
cate, and comparing observed concentrations of
testosterone to those in the same female pools
spiked with equivalent volumes of diluent in-
stead of steroid standard.
Highly concentrated interference standards (hu-

man conjugated and porcine unconjugated biliru-
bin, human hemolysate, and human lipids) from
the Assurance kit were added to female serum
pools to final nominal concentrations of total bili-
rubin 34mg/dL (581.5μmol/L), direct bilirubin 17.4
mg/dL (297.6 μmol/L), hemoglobin 4.67 g/L, and
triglycerides 1200 mg/dL (13.6 mmol/L). Similar
volumes of diluent (water or 0.1 mol/L NaOH for
unconjugated bilirubin) were added to matching
serum pools and all samples were tested in dupli-
cate with the described method.
Serum was recovered from blood collected in

Becton Dickinson plain glass tubes designated
as the reference container [no anticoagulant, no
serum separator tube (SST) gel, no clot activator]
after clotting for 30–60 min and centrifugation.
Reference serum was stored in capped, glass al-
iquot tubes and compared for interfering peaks,
% recovery, and storage stability for up to 7 days
at 2–8 °C vs serum collected at the same draw
and stored in plastic SSTs (Becton Dickinson).
Several cohorts of male, female, and pediatric

patient samples were analyzed with the de-
scribedmethod. These samples were also tested
(a) at UCSD-CALM with the Roche Cobas e600
testosterone immunoassay method (n = 28), (b)
at a reference laboratory with an LC-MS/MS tes-
tosterone method certified by the CDC-HoSt
program (n = 31), or (c) by 3 hospital laboratories
(St. Paul's Hospital, Vancouver, BC, Canada;
University of California San Francisco Clinical Lab-
oratory, San Francisco, CA; TPMG Kaiser Regional
Laboratories, Richmond, CA) that perform LC-

MS/MS testosterone testing for patient care with
calibrator value assignment traceable to NIST SRM
971 (n = 99). There was insufficient volume remain-
ing after clinical testing at UCSD-CALM to perform
correlation testing from single infant specimens;
therefore, samples from several neonatal patients
were pooled and tested in duplicate with the de-
scribed method and by a CDC-HoST certified refer-
ence laboratory.

RESULTS

Matrix effect, recovery, and
chromatography

There was minimal matrix effect (mean sup-
pression = 5%), and the degree of matrix effect
was very reproducible across the 10 patient
samples tested (5% CV). Extraction recovery was
low at 26% but with good precision (CV of testos-
terone IS peak areas for the recovery ex-
periment was 10%). Quantitative matrix effect
results for 13C3-testosterone added to 10 pa-
tient samples are listed in Table 1. Similar ion
suppression deviations for testosterone and
13C3-testosterone MRMs before and after, but
no deflections at the retention time of testoster-
one, were seen in the postcolumn infusion qual-
itative matrix effect studies. Phospholipids were
removed effectively with AC Plate extraction.

Table 1. Results for the quantitative matrix
effect study.a

% Matrix
effect

%
Recovery

%
Process
efficiency

Mean 95 26 25
Minimum 86 23 22
Maximum 101 31 30
% CV 5 10 10

a A total of 25 μL of 50 ng/dL (1.72 nmol/L) 13C3-testosterone (work-
ing IS) was added to 100 μL of patient sample before extraction,
after extraction, and as part of the 100 μL volume of elution reagent
used for the 100% recovery/0%matrix bias standard (all results are
the mean of triplicates). Ten patient samples were tested.
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Phospholipid MRM XICs had low abundance
(area counts <105) in AC Plate extracted samples
in contrast to very high abundance phospholipid
UCSD-CALM XICs (>108) seen for samples pro-
cessed with an acetonitrile protein crash (data
not shown). Signal-to-noise ratio for serum cali-
brators at 1–4 ng/dL (0.04–0.14 nmol/L) was ac-
ceptable with a range from 11 to 63, varying with
the cleanliness of the tandem mass spectrome-
try (MS/MS). Chromatograms for an LLoQ cali-
brator, female and male patient samples, and
neat standards showing resolution of testoster-
one from epitestosterone are shown in Fig. 1.

Precision, trueness, calibration, and
linearity

Within-run and between-run precision results
are presented in Table 2. Between-run imprecision
for QC material met the analytical CV “desirable”
goal of ≤5.3% based on biological variability (5).
Precision and accuracy for replicate testing of CRM
are described in Table 3. Imprecision for CRMmet
the “minimal” analytical CV goal of <8.0% and the
desirable goal for bias of <6.4% (5).
The mean slope for calibration curves across all

batches using the same IS lot (n = 10) was 0.0180

Fig. 1. Testosterone extracted ion chromatograms.
(A), Baseline separation of testosterone (4.08 min) and epitestosterone (4.21 min) neat standards. (B), 382 ng/dL (13.26
nmol/L) male sample; (C), 13.8 ng/dL (0.48 nmol/L) female sample; (D) 4.1 ng/dL (0.14 nmol/L) LLoQ UCSD-CALM calibrator.
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with a CV of 5.6%. Mean intercept for the same
data set was 0.053 with a CV of 71%. The final 3
validation batches had increased testosterone in
the blank, and mean peak area counts changed
from 3.2 × 103 to 1.1 × 104, suggesting trace con-
tamination of the IS with testosterone. We were
not able to identify the source of this contamina-
tion, but switching to a new batch of IS solved the
contamination issue. Excluding these 3 batches
yielded amean intercept of 0.030with a CV of 26%.
All calibrators were included in the calibration
curve unless residuals were >15% (or >20% at the
LLoQ). From 11 batches and 17 calibration sets, 4
calibrators were excluded. The linear range for ac-
ceptable calibration curves varied with the cleanli-
ness of the MS/MS from as low as 2 to as high as
1923 ng/dL (0.07–66.73 nmol/L), but the linearity
study done with mixed native matrix samples and

TEA limits of 5 ng/mL or 20% validated only the
stated reportable range between 4 and 1560
ng/dL (0.14–54.13 nmol/L). We observed a mean
2% bias to the nominal values for Cerilliant-Sigma
β calibrator lots for concentrations >10 ng/dL
(>0.35 nmol/L) and a mean negative 1.2 ng/dL
(0.04 nmol/L) bias to the nominal value for calibra-
tors <10 ng/dL (<0.35 nmol/L).
Comparison of imprecision and % bias for QC

and CRM values after recalculation with calibration
schema that used different numbers of calibrators
is shown in Fig. 2. Accuracy was excellent (<4%
bias) for all calibration models except “force
through 0 using only ULoQ.” Precision was optimal
with intensive calibration, but acceptable with
<10% CV for all calibration models except “force
through 0 using only ULoQ.” Because precision
<20 ng/dL (<0.69 nmol/L) became acceptable

Table 2. Within-run (n = 5) and between-run precision study results for QC, calibrators, and patient
pool.

Sample ID
Within-run

mean
Within run

% CV
Between-run

mean
Between-
run % CV Between-run n

Testosterone, ng/dL
Diluted female pool 1.7 3.1
Calibrator 4 4.0 3.3
QC level 1 diluted ×10 8.6 1.3 8.8 5.2 16
Calibrator 32 31 0.7
QC level 1 90 1.4 89 4.3 22
Calibrator 118 121 3.3
QC level 2 516 1.3 511 3.3 23
Calibrator 580 592 0.7
QC level 3 968 1.3 962 5.1 23
Calibrator 1923 1912 0.8

Testosterone, nmol/L
Diluted female pool 0.06 3.1
Calibrator 0.14 0.14 3.3
QC level 1 diluted ×10 0.30 1.3 0.31 5.2 16
Calibrator 1.11 1.08 0.7
QC level 1 3.12 1.4 3.09 4.3 22
Calibrator 4.10 4.20 3.3
QC level 2 17.91 1.3 17.73 3.3 23
Calibrator 20.13 20.54 0.7
QC level 3 33.59 1.3 33.38 5.1 23
Calibrator 66.73 66.35 0.8

ARTICLES Enabling LC-MS/MS as Routine for Testosterone

40 JALM | 33–46 | 02:01 | July 2017

............................................................................................

D
ow

nloaded from
 https://academ

ic.oup.com
/jalm

/article/2/1/33/5587474 by guest on 22 M
ay 2023



simply by including the LLoQ calibrator, we hy-
pothesize that this calibrator corrected for small
between-day differences in signal-to-noise ratio
and the calibration curve intercept that dispropor-
tionately affect the precision of low concentration
samples using the “force through 0 using only
ULoQ” calibration.

Interference and stability studies

No interfering peaks were observed, and testos-
terone mean bias between serum collected in
plain vs SSTs was 4.7% on day 0 and 6.9% on day 7
of the stability experiment at concentrations of 14,
17, 306, and 362 ng/dL (0.49, 0.59, 10.62, and
12.56 nmol/L).
Androstenedione and epitestosterone had

chromatographic resolution >2.0 from testoster-
one (Fig. 1). For potential interfering substances
spiked into serum, the maximum bias was <10%
between the same serum pools with and without
added bilirubin, hemolysate, lipids, cortisol (115.3
μg/dL/3181 nmol/L), 11-deoxycortisol (2.3 μg/dL/
66.5 nmol/L), progesterone (1153 μg/L/3667
nmol/L), dehydroandrosterone (57 μg/L/198
nmol/L), dehydroepiandrosterone (491 μg/L/
1704 nmol/L), and tetrahydrocortisol (498 μg/L/

1.36 μmol/L). Mean testosterone concentrations
for the pools ranged between 17 and 25 ng/dL
(0.59 and 0.87 nmol/L).

Patient sample correlation studies

The mean bias was 1.3% for the combined co-
horts of patient samples tested with LC-MS/MS at
UCSD-CALM compared to LC-MS/MS testing at
other laboratories (n = 99, AMM from 3 hospital
laboratories, and n = 31 at the CDC-HoST certified
reference laboratory).
Fig. 3 presents a Bland–Altman % bias plot of

UCSD-CALM LC-MS/MS results (n = 130) com-
pared to results from LC-MS/MS testing at 4
other laboratories as 1 data set. The % bias for
the Bland–Altman plots is calculated as the
UCSD-CALM result minus the average of all LC-
MS/MS methods divided by the average of all
LC-MS/MS methods (expressed as percent). Five
samples had TEA greater than the 16.7% goal
calculated from biological variation data (5).
When 2 samples were resubmitted for testing at
the CDC certified reference laboratory, the AC
Plate % bias to the repeat result was <10%. Four-
teen of the 31 samples tested by the CDC certi-
fied reference laboratory were tested in

Table 3. Precision and accuracy for CRMs.

CRM Assigned value Observed mean % Bias % CV
Testosterone, ng/dL
CAP ABS 2015-03 20 20 0.1 5.3
CAP ABS 2015-04 22 23 3.9 4.1
NIST SRM 971 Female 28 28 0.1 5.7
CAP ABS 2015-02 277 277 −0.1 6.0
CAP ABS 2015-01 559 560 0.1 5.4
NIST SRM 971 Male 644 646 0.4 5.6

Testosterone, nmol/L
CAP ABS 2015-03 0.69 0.69 0.1 5.3
CAP ABS 2015-04 0.76 0.79 3.9 4.1
NIST SRM 971 Female 0.96 0.96 0.1 5.7
CAP ABS 2015-02 9.61 9.60 −0.1 6.0
CAP ABS 2015-01 19.40 19.41 0.1 5.4
NIST SRM 971 Male 22.33 22.42 0.4 5.6
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duplicate on separate batches at UCSD-CALM
using the AC Plate, yielding a CV calculated from
the SD of duplicates = 9%.
The 3 samples that had greater % bias be-

tween the AC Plate, and the AMM of the 3 hospi-
tal laboratories were also characterized by larger
variance between the results of the 3 hospital
laboratories. Thus, the % CVs for the AMM of
those samples ranged from 11% to 22%,
whereas 89% of samples in this data set had
AMM CVs <10%. Because no samples had value
assignment from a certified reference proce-
dure, random error and/or selectivity differ-
ences in the comparative methods, as well as in

the AC Plate method, must be considered as po-
tential sources of TEA >16.7%.
Also shown are the Bland–Altman % bias plots for

the AMM of the 99 samples tested at 3 hospital lab-
oratories compared to UCSD-CALM results calcu-
lated with either a historical vs a within-batch
calibration schema. These 2 plots show a similar distri-
butionwithanegativebias for thehistorically calibrated
data set (mean bias vs the within-batch calibration of
−4%).
Mean bias between the UCSD-CALM LC-MS/MS

method and the Roche immunoassay method was
7%, but the range of biases was from −15% to
+52%. Nine samples were less than or equal to the

Fig. 2. Precision (% CV) and accuracy (% bias) for CRM and QC calculated with different calibration
schemes are plotted versus observed means.
All concentrations are ng/dL. CRM assigned values are 20.0, 22.0, 27.7, 277.0, 559.0, and 643.5 (0.69, 0.76, 0.96, 9.61, 19.40,
and 22.33 nmol/L). Intensive calibration QC means used as the reference values were 8.8, 88.6, 511.4, and 961.5 (0.31, 3.07,
17.75, and 33.36 nmol/L). (A, B), CRM panels. (C, D), QC panels.
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Roche LLoQ of 10 ng/dL (0.35 nmol/L). All of these
were also ≤10 ng/dL (0.35 nmol/L) with the UCSD-
CALM LC-MS/MS method.

DISCUSSION

A full plate of 96 samples takes approximately 90
min to extract. Sample processing can be unat-

tended aside from responses to clot detection or
insufficient sample volume. The validated assay
performance was well within our acceptance crite-
ria of CV <8.0% and bias <9.5%.
Although recovery was low, the signal-to-noise

ratio at the LLoQ was >10 without a concentra-
tion step. We attribute this sensitivity to highly
effective, reproducible matrix depletion (mean

Fig. 3. Bland–Altman plots.
(A), % Bland–Altman plot comparing LC-MS/MS results from 3 hospital laboratories (shown as AMM) and from the CDC-HoST
certified reference laboratory versus UCSD-CALM AC Plate LC-MS/MS results. (B, C), % Bland–Altman plots for 3 hospital
laboratory AMM compared to UCSD-CALM AC Plate with either intensive in-batch calibration (B) or historical + in-batch LLoQ
+ ULoQ calibrators (C).
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matrix bias of only 5% with 5% CV) and particu-
larly good response of the XEVO TQS to ketoster-
oids. The avoidance of the evaporation/
reconstitution steps is definitely of value for
faster, simpler, and more robust sample
preparation.
Another productive feature of this protocol is

the option to use the same tube type as our auto-
mated chemistry line, since there was no interfer-
ence from SST gel or clot activator (13) and the ALH
can pipet from primary barcoded blood collection
tubes. Steps that were critical during development
included optimizing liquid handling to avoid cross-
well contamination (no reuse of tips for extraction
waste disposal), discovering a solution for be-
tween-well variance of IS measurement (using
glass inserts), and emphasizing the best obtain-
able precision for IS pipetting (single use of tips for
IS dispense, priming tips with IS, liquid class modi-
fications). We verified correct pipetting from 200
μL of sample above the SST gel in pediatric blood
collection tubes (SST Microtainer®, Becton Dickin-
son) but did not perform additional precision or
matrix effect studies.
We found that 1 mL polypropylene collection

plates had up to a 50%, reproducible difference
in IS peak areas from one side of the plate (wells
A–D) to the other (wells E–H) with either manual
or automated pipetting of extracted as well as
unextracted IS. Two autosamplers showed the
same phenomenon. Both testosterone and 13C3
testosterone were similarly affected, so calcu-
lated testosterone concentrations were consis-
tent in all wells. IS peak areas became very
consistent across all wells when we substituted
700-μL glass inserts for polypropylene in the elu-
tion plate. We speculated, but did not further
investigate, that either nonspecific adsorption or
leeching of an ion-suppressive species from the
polypropylene within E–H wells was responsible
for this observation.
The slope of the calibration curve was very con-

sistent between days while using 1 lot of IS and

calibrator, despite the LC-MS/MS systems being
used for routine production testing with several
other methods. We attribute the consistent cali-
bration slope, precision, and accuracy of sparse vs
intensive calibration to the low randomerror of the
extraction process. There was greater between-
run variance of the calibration curve intercept and
the testosterone peak area in the blank despite
using a single lot of stripped serum. At the end of
the validation, we found low concentrations of tes-
tosterone (≤20% of the LLoQ) in the working IS and
adopted additional measures to prevent trace
contamination (discard of residual IS remaining in
the reagent trough after each run and weekly dis-
card of IS reagent trough containers). In our expe-
rience, during method development, we have
sometimes had contamination issues when higher
concentration standards are used in the labora-
tory. The typical precautions we take to prevent
this include using a different bench to prepare
standards as opposed to patient samples, fre-
quent changes of gloves when preparing stan-
dards, and wiping benches down after preparing
standards. When contamination is identified, we
switch to a new batch of IS that is not contami-
nated.
The use of sparse and/or historical calibration

appears promising. Additional validation is
needed. The availability from Cerilliant-Millipore
Sigma of commercial, matrix-matched, testoster-
one calibrators with accurate value assignment,
appropriate for LC-MS/MS, is a major advance.
In conclusion, the validatedmethod and process

satisfied our criteria for replacing immunoassay
with LC-MS/MS for analyzing male, female, and pe-
diatric samples for testosterone. It has become ap-
parent that accuracy matters to the clinicians who
use testosterone measurements to improve pa-
tient care and that inaccurate immunoassays
should not be used (14). To our knowledge, this is
the first fully validated LC-MS/MS method for se-
rum testosterone using the novel AC Plate. The
expert consensus for clinical LC-MS/MS is that
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every batch requires 5–6 nonzero calibrators and
sample preparation expertise (15). This study lev-
eraged the simple automation steps and highly re-
producible nature of the absorptive chemistry
to demonstrate that acceptable accuracy and pre-
cision can be obtained with sparse as well as
intensive calibration. Optimization of extraction
reagent chemistry, automated pipetting, calibra-

tion strategy, information transfer, and reducing
nonspecific adsorption were also required to
yield an efficient process and robust method
performance. Our results support the premise
that minimizing variance in the extraction pro-
cess is a key component for method robustness
and progress towards random-access LC-
MS/MS workflows.
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