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A B S T R A C T

Introduction: Immunoassays and liquid chromatography-tandem mass spectrometry assays are commonly em-
ployed in clinical laboratories for measurement of total testosterone in serum. Results obtained from either of
these methodologies compare poorly due to differences in calibration and/or inadvertent detection of interfering
substances by the immunoassays. Standardization efforts are underway, but recent studies indicate that accuracy
remains an issue.
Methods: This study compares the results from four independently developed and validated LC-MS/MS assays for
total testosterone. The calibration for each assay was verified using National Institute of Standards and
Technology Standard Reference Material 971.
Results: Initially, one of the four assays had a mean percent difference of +11.44%, compared to the All Method
Mean, but following re-verification of all five non-zero calibrator concentrations with the NIST SRM 971, the
mean percent difference decreased to −4.88%. Subsequently, the agreement between all four assays showed a
mean bias of< 5% across the range of all testosterone concentrations (0.13–38.10 nmol/L; 3.7–1098 ng/dL),
including at low concentrations of< 1 nmol/L (< 29 ng/dL).
Conclusions: Excellent agreement between four independently developed LC-MS/MS assays demonstrates that
harmonization using standard reference material is attainable. However, as we found in this study, to ensure
accurate calibration it is critical to validate the concentrations of new lots of calibrators.

1. Introduction

Total testosterone in serum has historically been measured with
solvent extraction followed by radioimmunoassay (RIA) or gas chro-
matography-mass spectrometry (GC-MS) [1]. These methods are labor
intensive and involved cumbersome manual extraction steps prior to
the advent of automated liquid handling systems. Automated im-
munoassays for total testosterone were developed to be more amenable
for use in a high-throughput, clinical laboratory environment [1].

However, post-implementation, immunoassays were found to be in-
accurate at the low concentrations present in pediatric, female, and
hypogonadal male patients; presumably due to endogenous and exo-
genous interferences in patient samples and issues with accurate cali-
bration at the low analyte target concentrations [2,3,4].

In a 2003 editorial, the authors concluded that “guessing would be
more accurate and additionally could provide cheaper and faster tes-
tosterone results for females –without even having to draw the patient’s
blood” in reference to the immunoassay methods for testosterone
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quantitation in use at that time [5]. In the same journal issue, one group
compared 10 testosterone immunoassays to a GC-MS assay, and de-
monstrated that immunoassays gave results that were up to five-fold
higher in females (values that are clinically useless since they do not
give an accurate picture of what is occurring in the patient and may
lead to further clinical investigation) than the results from the same
sample analyzed by GC-MS [2]. In 2007, the Endocrine Society pro-
posed that “the best prospect for a gold standard (in testosterone
testing) lies in extraction and chromatography followed by MS or MS/
MS in which the chemical structure of the molecule measured is iden-
tified [1].”

To this end, the Centers for Disease Control and Prevention (CDC)
launched the Hormone Standardization Program (HoSt) with the ob-
jective of ensuring that laboratory results are traceable to one accurate
measurement and are comparable across methods, time and location
[6]. To assess the extent of the lack of harmonization at the time, a
study was performed using 30 human serum samples run on seven
different liquid chromatography-tandem mass spectrometry (LC-MS/
MS) assays and one gas chromatography-tandem mass spectrometry
(GC-MS/MS) assay to quantify testosterone [7] and compared to the LC-
MS/MS reference measurement procedure (RMP) at the National In-
stitute of Standards and Technology (NIST) [8]. Female samples had
concentrations between 0.17 and 2.98 nmol/L (4.9–85.9 ng/dL) and
male samples had concentrations between 5.55 and 39.67 nmol/L
(159.9–1143.23 ng/dL). The overall imprecision of the measurements
compared to the RMP was<15% at testosterone concentrations >
1.53 nmol/L (44.09 ng/dL) and< 34% at 0.3 nmol/L (8.65 ng/dL)
with a mean percent difference of 11% [7]. The CDC developed a RMP
using LC-MS/MS [9], which is currently used by the HoSt program,
along with the NIST RMP, to determine the concentrations of testos-
terone in a set of serum samples. These samples can be purchased by
laboratories or vendors and used to assess the accuracy of the calibra-
tion of their assays. In addition, laboratories or vendors can participate
in the HoSt certification program where, following successful partici-
pation in two phases of testing, the assay will be given CDC certification
[8,9,10]. However, participation in the HoSt program is cost prohibi-
tive for many laboratories.

The NIST Standard Reference Material 971 (SRM 971) was devel-
oped to address the need for improved accuracy of routine clinical as-
says [11]. The NIST SRM 971 is value assigned using the NIST RMP and
is much less costly than participation in the CDC HoSt program [12].
NIST SRM 971 consists of two human serum samples at low and high
testosterone concentrations, and comes with a certificate of analysis
(CofA) stating the target concentration for each sample with acceptable
bias criteria [12]. While the CDC HoSt program requires submission of
laboratory data that is analyzed by the CDC and, subsequently, returned
to participating laboratories, there is no required submission of results
to NIST for validation. It is, thus, the responsibility of the individual
laboratory to ensure that their testosterone assay meets the NIST SRM
971 acceptance criteria as stated in the CofA.

While studies publishing comparisons between immunoassay(s) and
LC-MS/MS assays for measuring testosterone are commonplace
[2,4,13,14,15], those comparing LC-MS/MS assays with each other are
rare. In one study, four LC-MS/MS assays were compared to a GC-MS
RMP using 58 samples with concentrations ranging from 0.2 to
31.3 nmol/L (5.76–902.02 ng/dL; from 15 healthy males, eight hypo-
gonadal males, 30 females and five pools of serum) [16]. The method
comparison linear regression slopes ranged from 0.85 to 0.94 and the
mean percent differences across all testosterone concentrations be-
tween the four LC-MS/MS assays and the RMP were −9.6%, 6.4%,
6.8% and 0.4%, respectively [16]. In another study, seven published
LC-MS/MS assays for testosterone were compared using 55 patient
samples with median testosterone concentrations ranging from 0.22 to
1.36 nmoL/L (6.34–39.19 ng/dL) for the female samples and 8.27 to
27.98 nmol/L (238.33–806.34 ng/dL) for the male samples [17]. The
method comparison linear regression slopes between the reported

concentrations of the published assays and the median testosterone
concentrations ranged from 0.92 to 1.04, with intercepts ranging from
−0.07 to +0.21 [17]. The inter-method coefficient of variation (CV)
for the female samples was 14% and for male samples was 8% [17]. The
same group undertook a recent study comparing eight unpublished LC-
MS/MS methods for measurement of testosterone in 60 serum samples
from male and female volunteers with concentrations ranging from
6.15 to 24.44 nmol/L (177.23–704.32 ng/dL) and 0.05 to 1.26 nmol/L
(1.44–36.31 ng/dL), respectively [18]. The linear regression slopes of
the method comparisons ranged between 0.9 and 1.25 for the female
samples and 0.87–1.24 for the male samples [18]. The inter-method
CVs were 24% and 14% for the female and male samples, respectively
[18]. These reports, which demonstrate significant variation between
routine LC-MS/MS testosterone assays, indicate that there is room for
improvement.

The goal of this study was to perform interlaboratory comparisons
using human serum samples across a range of clinically relevant con-
centrations, using routine LC-MS/MS assays developed independently
in four different laboratories each calibrated to the NIST SRM 971.

2. Materials and methods

2.1. Experimental information

2.1.1. St. Paul’s Hospital (SPH)
Type II deionized water was from the in-house Barnstead water

system (>18.2mOhms). Mass spectrometry grade methanol and
acetonitrile and NUNC 2mL 96-well plates were from Fisher Scientific
(Ontario, Canada). Hexane and ethyl acetate (ACS grade) were from
Sigma Aldrich (Ontario, Canada). NIST SRM 971 was obtained from
NIST (Gaithersburg, MD). Double charcoal stripped human serum
(MSG3000) was from Golden West Biologicals (Temecula, CA).
Testosterone and d3-testosterone (≥98% purity; ≥99% isotope in-
corporation) were from Cerilliant Corporation (Round Rock, TX).
Quality control samples used were Immunoassay Plus Lyphocheck le-
vels 1, 2 and 3 plus a 1:10 diluted level 1 (BioRad Laboratories; Irvine,
CA), plus a patient serum pool. The liquid chromatography column was
a Luna® C18, 3 µm, 50×2mm column from Phenomenex (Torrance,
CA). Calibrators were prepared in-house by spiking known volumes of
the Cerilliant testosterone standard solution into the double charcoal
stripped serum with concentrations assigned using the NIST SRM 971.
This was achieved by running the NIST SRM 971 in duplicate as cali-
brators and the in-house calibrators in duplicate as unknowns. The
mean calculated concentrations of the in-house spiked calibrators were
used as the assigned calibrator concentrations.

2.1.2. University of California San Francisco (UCSF)
Mass spectrometry grade water and solvent were from VWR

International (Brisbane, CA). Human female serum samples spiked with
testosterone at five different concentrations were obtained from UTAK
Laboratories (Valencia, CA). NIST SRM 971 was obtained from NIST
(Gaithersburg, MD). Double charcoal stripped human female serum
(MSG3100) was from Golden West Biologicals (Temecula, CA) and d3-
testosterone (≥98% purity;≥99% isotope incorporation) was obtained
from Cerilliant Corporation (Round Rock, TX). A low concentration
quality control sample made from diluted female serum was from UTAK
Laboratories (Valencia, CA) and Lyphocheck Immunoassay Controls
levels 1 and 2 were from BioRad Laboratories (Irvine, CA). The
Kinetex® C18, 2.6 µm, 100×3mm liquid chromatography column was
from Phenomenex (Torrance, CA). Calibrators were female serum
spiked with testosterone from UTAK Laboratories with concentrations
assigned using the NIST SRM 971 as calibrators across four different
runs in duplicate and using the mean of the calculated concentrations
obtained. The zero calibrator was double charcoal stripped female
serum.
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2.1.3. Kaiser Permanente Northern California Regional Laboratory (KP)
Mass spectrometry grade water and solvent were from Sigma-

Aldrich Corporation (St Louis, MO). NIST SRM 971 was obtained from
NIST (Gaithersburg, MD). Ninety six-well plates were obtained from
Axygen Scientific Inc. (Union City, CA). Double charcoal stripped
human serum (MSG4000) was from Golden West Biologicals
(Temecula, CA). Testosterone and d3-testosterone (≥98% purity;
≥99% isotope incorporation) were from Cerilliant Corporation (Round
Rock, TX). Quality control samples were from UTAK Laboratories
(Valencia, CA). The Kinetex® C18, 2.6 µm, 100×3mm liquid chro-
matography column was from Phenomenex (Torrance, CA). Calibrators
were prepared in-house by spiking the testosterone standard into the
double charcoal stripped serum with concentrations assigned using the
NIST SRM 971. Assignment was achieved by using the NIST SRM 971
run in duplicate as calibrators and back calculating the in-house spiked
calibrators set as unknowns, also in duplicate. During method valida-
tion, KP purchased 40 samples from the CDC HoSt program to compare
the calibration of this assay to the RMP. The comparison yielded a
linear regression slope of 1.02 and a mean bias of −2.4% (data not
shown).

2.1.4. University of California San Diego (UCSD)
Mass spectrometry grade solvents were obtained from Thermo

Fisher Scientific (Fremont, CA), as were lithium chloride, ammonium
hydroxide and ammonium acetate. Mass spectrometry grade deionized
water was obtained from a Veolia Water Technologies ELGA purifica-
tion system. NIST SRM 971 was obtained from NIST (Gaithersburg,
MD). Tecan AC 96-well plates were obtained from Tecan (San Jose,
CA). Double charcoal stripped human female serum (MSG3100) was
from Golden West Biologicals (Temecula, CA). Testosterone was from
Cerilliant Corporation (Round Rock, TX). 13C-labeled testosterone
(≥98% purity; ≥99% isotope incorporation) was from Isosciences
(King of Prussia, PA). Liquicheck Immunoassay Plus Quality Control
samples were from BioRad Laboratories (Irvine, CA). The XSelect HSS
C18 XP, 2.5 µm, 150×2.1mm liquid chromatography column was
from Waters Corporation (Milford, MA). Calibrators were prepared in-
house using the testosterone standard spiked into the double charcoal
stripped serum with concentrations assigned using the NIST SRM 971 as
calibrators in four different runs in duplicate and using the mean of the
calculated concentrations.

2.2. Patient samples

Institutional review board approval was determined not to be re-
quired for this study. One hundred two remnant patient samples that
had been submitted for routine testing and had sufficient volume re-
maining were obtained from St Paul’s Hospital (Vancouver, Canada).
The testosterone concentrations in these samples spanned the analytical
measurement range of the LC-MS/MS assays used in this study. The
samples were anonymized, aliquoted, frozen at −70 °C and shipped
overnight on dry ice to the other three laboratories with calibrators
from the St Paul’s Hospital testosterone LC-MS/MS assay. The patient
samples and calibrators were thawed and run in each of the other la-
boratories using the routine testosterone LC-MS/MS procedures.

2.3. Sample preparation strategies

Sample preparation strategies are summarized in Table 1.

2.3.1. SPH
Liquid-liquid extraction was performed on 100 µL of serum and

40 µL of d3-testosterone (11.7 nmol/L; 337 ng/dL) using 750 µL of
90:10 (v/v) hexane: ethyl acetate in a 96-well plate using a Hamilton
Microlab Starlet liquid handler. The samples were vortexed at high
speed for three minutes followed by centrifugation at 3000 rpm (948g)
for 10min. Then, 500 µL of the organic layer was transferred to a new Ta

bl
e
1

Su
m
m
ar
y
of

th
e
sa
m
pl
e
pr
ep

ar
at
io
n
st
ra
te
gi
es

us
ed

at
ea
ch

la
bo

ra
to
ry
.

Pa
ra
m
et
er

SP
H

U
C
SF

K
P

U
C
SD

Sa
m
pl
e
vo

lu
m
e

10
0
µL

20
0
µL

12
5
µL

10
0
µL

Ty
pe

of
ex
tr
ac
ti
on

Li
qu

id
-li
qu

id
ex
tr
ac
ti
on

w
it
h
75

0
µL

of
90

:1
0
he

xa
ne

:e
th
yl

ac
et
at
e

Li
qu

id
-li
qu

id
ex
tr
ac
ti
on

w
it
h

10
00

µL
of

90
:1
0
he

xa
ne

:e
th
yl

ac
et
at
e

Li
qu

id
-li
qu

id
ex
tr
ac
ti
on

w
it
h
72

5
µL

of
90

:1
0

he
xa

ne
:e
th
yl

ac
et
at
e

TE
C
A
N

A
C
Pl
at
e:

Ba
si
c
lit
hi
um

ch
lo
ri
de

bu
ff
er

m
ix
ed

w
it
h
sa
m
pl
e.

Pl
at
e
w
as
he

d.
El
ut
e
w
it
h
10

0
µL

35
:6
5

w
at
er
:a
ce
to
ni
tr
ile

A
ut
om

at
ed

?
Se

m
i:
96

-w
el
l
pl
at
es
.
M
ix
in
g,

ce
nt
ri
fu
gi
ng

an
d
dr
y
do

w
n

st
ep

off
-li
ne

fr
om

H
am

ilt
on

M
ic
ro
la
b
St
ar

LE
T
(R

en
o,

N
V
)

N
o-

m
an

ua
l
in

gl
as
s
tu
be

s
Se

m
i:
96

-w
el
l
pl
at
es
.M

ix
in
g,

ce
nt
ri
fu
gi
ng

an
d
dr
y

do
w
n
st
ep

off
-li
ne

fr
om

H
am

ilt
on

M
ic
ro
la
b
St
ar

LE
T

(R
en

o,
N
V
)

Y
es

–
al
l
st
ep

s
pe

rf
or
m
ed

by
TE

C
A
N

Sc
hw

ei
zG

Fr
ee
do

m
EV

O
®
10

0
A
LH

(S
an

Jo
se
,C

A
)

R
ec
on

st
it
ut
io
n/

fi
na

l
vo

lu
m
e

20
0
µL

of
75

:2
5
(0
.1
%

fo
rm

ic
ac
id

in
w
at
er
):
(0
.1
%

fo
rm

ic
ac
id
,2

m
M

am
m
on

iu
m

ac
et
at
e
in

70
:3
0

m
et
ha

no
l:a

ce
to
ni
tr
ile

12
5
µL

of
60

:4
0
m
et
ha

no
l:w

at
er

12
0
µL

of
60

:4
0
m
et
ha

no
l:w

at
er

10
0
µL

of
35

:6
5
w
at
er
:a
ce
to
ni
tr
ile

D. French et al. Clinical Mass Spectrometry 11 (2019) 12–20

14



deep well 2 mL 96-well plate, evaporated under air at 45 °C and re-
constituted with 200 µL of 75:25 (0.1% formic acid in water):(0.1%
formic acid, 2 mM ammonium acetate in 70:30 methanol:acetonitrile).

2.3.2. UCSF
As previously described [19], liquid–liquid extraction was per-

formed on 200 µL of serum and 25 µL of d3-testosterone (3.47 nmol/L;
100 ng/dL in methanol) using 1mL of 90:10 (v/v) hexane: ethyl
acetate. The sample was vortexed and centrifuged at 3000 rpm (1200 g)
for 10min. The aqueous layer was frozen and the organic layer con-
taining testosterone was poured off, dried under nitrogen at 45 °C and
reconstituted with 125 µL of 60:40 (v/v) methanol: water.

2.3.3. KP
Briefly, liquid–liquid extraction was performed on 125 µL of serum

and 40 µL of d3-testosterone (10.41 nmol/L; 300 ng/dL) using 725 µL of
90:10 (v/v) hexane: ethyl acetate in a 96-well plate using a Hamilton
Microlab Starlet liquid handler. The sample was vortexed and cen-
trifuged at 4700 rpm (2721 g) for 15min. Five hundred and thirty µL of
the organic layer containing testosterone was pipetted off, dried under
nitrogen at 40 °C and reconstituted with 120 µL of 60:40 (v/v) me-
thanol: water.

2.3.4. UCSD
As previously described [20], 100 µL of serum and 25 µL of C13-

testosterone (1.72 nmol/L in 60:40 water:acetonitrile; 50 ng/dL) were
added to the AC 96-well plate and shaken. Then, 175 µL of 60:24:6
(vol:vol) 0.33mol/L lithium chloride/0.1% ammonium hydro-
xide:acetonitrile:water was added followed by 10min of shaking. The
extraction residue was removed and each well was washed with 0.2%
ammonium hydroxide and shaken. The wash solution was discarded
and the wash step was repeated. Testosterone was eluted from the plate
with 100 µL of 35:65 (v:v) water: acetonitrile. All steps were performed
using a TECAN SchweizG Freedom EVO® 100 ALH liquid handler.

2.4. LC-MS/MS assay information

Liquid chromatography conditions are summarized in Table 2 and
the gradients are described in Table 3.

All laboratories used electrospray ionization (ESI) in positive mode.
The selected reaction monitoring (SRM) transitions used for mass
spectrometry are summarized in Table 4. In each laboratory, transition
1 was used to quantify the testosterone while transition 2 was used as
the qualifier transition. Ion ratios were calculated for each calibrator,
quality control and patient sample, using the peak area of one transition
divided by the peak area of the other transition in order to increase the
specificity of the methods.

Additional analytical parameters for each LC-MS/MS assay are
shown in Table 5.

2.5. Method comparisons

UCSD and UCSF could not analyze one sample each due to in-
sufficient sample volume or sample spillage, and, therefore, analyzed
101 samples using their routine LC-MS/MS assays. KP analyzed 102
patient samples using its routine testosterone LC-MS/MS assay. Each
laboratory quantified testosterone values using their own calibrators, as
well as calibrators provided by SPH. The results were tabulated and
sent to SPH for data analysis. Regression and difference plots were
prepared using cp-R [21].

3. Results

The patient samples had concentrations ranging from 0.13 to
38.10 nmol/L (3.7–1098 ng/dL) with a mean concentration of
8.33 nmol/L (241.9 ng/dL) and a median concentration of 5.87 nmol/L Ta

bl
e
2

Su
m
m
ar
y
of

liq
ui
d
ch

ro
m
at
og

ra
ph

y
co

nd
it
io
ns

of
th
e
di
ff
er
en

t
la
bo

ra
to
ri
es
.

Pa
ra
m
et
er

SP
H

U
C
SF

K
P

U
C
SD

Li
qu

id
ch

ro
m
at
og

ra
ph

y
sy
st
em

us
ed

Sh
im

ad
zu

Pr
om

in
en

ce
U
FL

C
Sh

im
ad

zu
Pr
om

in
en

ce
X
R
U
FL

C
Sh

im
ad

zu
Pr
om

in
en

ce
X
R
U
FL

C
W
at
er
s
A
cq

ui
ty

U
PL

C
®

M
ob

ile
ph

as
e
A

0.
1%

fo
rm

ic
ac
id

in
w
at
er

0.
1%

fo
rm

ic
ac
id

in
w
at
er

0.
1%

fo
rm

ic
ac
id

in
w
at
er

0.
1%

fo
rm

ic
ac
id

in
w
at
er

w
it
h
2
m
M

am
m
on

iu
m

ac
et
at
e

M
ob

ile
ph

as
e
B

0.
1%

fo
rm

ic
ac
id

in
70

:3
0
m
et
ha

no
l:
ac
et
on

it
ri
le

w
it
h
2
m
M

am
m
on

iu
m

ac
et
at
e

0.
1%

fo
rm

ic
ac
id

in
70

:3
0

m
et
ha

no
l:a

ce
to
ni
tr
ile

70
:3
0
m
et
ha

no
l:a

ce
to
ni
tr
ile

0.
1%

fo
rm

ic
ac
id

in
ac
et
on

it
ri
le

Fl
ow

ra
te

0.
5
m
L/

m
in

0.
5
m
L/

m
in

0.
5
m
L/

m
in

0.
4
an

d
0.
6
m
L/

m
in

C
ol
um

n
Lu

na
®
C
18

,3
µm

50
×

2
m
m

K
in
et
ex
®
C
18

,2
.6

µm
,1

00
×

3
m
m

K
in
et
ex
®
C
18

,
2.
6
µm

,1
00

×
3
m
m

X
Se

le
ct

H
SS

C
18

X
P,

2.
5
µm

,1
50

×
2.
1
m
m

C
ol
um

n
Te

m
pe

ra
tu
re

55
°C

40
°C

40
°C

45
°C

In
je
ct
io
n
vo

lu
m
e

25
µL

50
µL

50
µL

10
µL

R
un

ti
m
e

6
m
in

7
m
in

7
m
in

5.
44

m
in

D. French et al. Clinical Mass Spectrometry 11 (2019) 12–20

15



(169.2 ng/dL) ng/dL).
Each laboratory’s testosterone results were compared to the All

Method Mean (AMM) calculated from the testosterone results for each
patient sample obtained from the four laboratories included in this
study. Initially, the UCSF results showed the largest mean percent dif-
ference (+11.13%) from the AMM (Fig. 1A) versus a mean percent
difference of −0.22% when testosterone was quantified by UCSF using
the SPH calibrators (Fig. 1B).

To address the large mean difference for the AMM, UCSF adjusted
the calibrator values based on the NIST SRM 971, and re-calculated the
testosterone concentrations for the patient samples. After re-verifica-
tion of the calibrator values, the mean percent difference between UCSF
and the AMM was reduced to −4.88% (Fig. 1C).

Overall, there was excellent agreement between the testosterone
concentrations reported by all 4 laboratories using their own calibrators
with regression slopes ranging from 0.946 to 1.034, y-intercepts ran-
ging from −0.121 to 0.078 and the coefficient of determination (R2)
ranging from 0.995 to 0.999 when comparing each laboratory’s tes-
tosterone result to the AMM (Fig. 2A).

The mean percent bias from the AMM ranged from −4.88% to
+3.68% across all concentrations (Fig. 2B).

Since the dispersion of the biases cannot be easily represented in
Fig. 2B, they were calculated for data grouped by AMM concentrations
as follows: ≤1 nmol/L (≤29 ng/dL) (n=24, mean=0.60 nmol/L
(17 ng/dL)), 1 to ≤5 nmol/L (29 to ≤144 ng/dL) (n=22,

mean=2.28 nmol/L (66 ng/dL)), and> 5 nmol/L (> 144 ng/dL)
(n= 56, 14.01 nmol/L (404 ng/dL)). The mean biases and standard
deviation for each laboratory in the different AMM concentration
groups are shown in Table 6.

At low concentrations of< 1 nmol/L (< 29 ng/dL), regression
slopes ranged from 0.914 to 1.089, y-intercepts were between −0.040
and 0.044, R2 ranged from 0.975 to 0.990 (Fig. 3A) and the mean
percent bias from the AMM was between−4.47% to +3.63% (Fig. 3B).

4. Discussion

In clinical laboratories, total testosterone is most commonly mea-
sured by immunoassay or LC-MS/MS. Immunoassays are easier to im-
plement, and are technically simple for clinical laboratory technicians
to perform; however, they suffer from a lack of specificity, especially at
low testosterone concentrations found in female and pediatric patients
[1,22]. LC-MS/MS assays are more technically complex than im-
munoassays, but they offer increased specificity and sensitivity, pro-
vided they are developed correctly [1,22]. The potential for inaccurate
results due to calibration errors, however, is shared by both platforms
[22]. A number of papers have been published documenting the dif-
ferences between immunoassays and GC-MS or LC-MS/MS assays
measuring testosterone [2,4,13,14,15]. This has led to an increased
awareness of the lack of standardization and harmonization for these
assays and, subsequently, to the creation of the HoSt program by the
CDC [6].

The broad range of testosterone results reported by proficiency
testing programs for different immunoassays at low testosterone con-
centrations indicates the poor accuracy of these assays at low testos-
terone concentrations (for example, College of American Pathologists
(CAP) and United Kingdom National External Quality Assessment
Scheme (UK NEQAS)). One proficiency testing provider, recognizing
this issue, has recently changed the target values for testosterone in
serum, for both low and high concentration samples, to be the LC-MS/
MS assay mean, rather than the AMM (UK NEQAS).

The CDC HoSt program has been successful in improving

Table 3
Liquid chromatography gradients used in each laboratory.

SPH UCSF KP UCSD

Minutes % MPB Minutes % MPB Minutes % MPB Minutes % MPB

0–0.25 25 0–1.5 10–65 0–5.2 10–93 0.01–2.8 10–40
0.25–3.25 25–95 1.5–2.5 65–70 5.2–5.9 hold at 93 2.8–3.8 40–90
3.25–3.95 hold at 95 2.5–4.3 hold at 70 5.9–5.95 93–10 3.8–4.18 hold at 90
4.0–6.0 hold at 25 4.3–5.5 70–95 5.95–7 hold at 10 4.19 90–95

5.5–5.7 hold at 95 4.19–4.93 hold at 95
5.9–7.0 hold at 10 4.94 95–10

4.94–5.44 hold at 10

Table 4
Summary of mass spectrometry transitions used in the different laboratories.

Parameter SPH UCSF KP UCSD

Mass spectrometer used SCIEX
API5000

SCIEX 6500
QTRAP

SCIEX
5500

Waters
XEVO TQS

Testosterone Transition 1 289/97 289/97 289/97 289/97
Testosterone Transition 2 289/109 289/109 289/109 289/109
Internal standard

transition(s)
292/97 292/97

292/109
292/97 292/100

Table 5
Selected analytical parameters for the different LC-MS/MS assays.

Parameter SPH UCSF KP UCSD

Analytical measurement range 0.05–45 nmol/L
(1.44–1296 ng/dL)

0.07–35.67 nmol/L (2 – 1028 ng/
dL)

0.17–52.05 nmol/L
(5–1500 ng/dL)

0.14–54.13 nmol/L (4–1560 ng/
dL)

Reportable range 0.05–45 nmol/L
(1.44–1296 ng/dL)

0.07–104.10 nmol/L (2 –
3000 ng/dL)

0.17–52.05 nmol/L
(5–1500 ng/dL)

0.14–54.13 nmol/L (4–1560 ng/
dL)

Concentration and imprecision of low
QC sample

0.14 nmol/L
(4.03 ng/dL)
6.6%

0.24 nmol/L
(7 ng/dL)
7.5%

0.7 nmol/L
(20.2 ng/dL)
3.4%

0.31 nmol/L
(8.8 ng/dL)
5.2%

Concentration and imprecision of
middle QC sample

3.80 nmol/L
(109.4 ng/dL)
4.4%

6.07 nmol/L
(175 ng/dL)
3.8%

6.66 nmol/L
(191.9 ng/dL)
2.1%

3.09 nmol/L
(89 ng/dL)
4.3%

Concentration and imprecision of high
QC sample

21.75 nmol/L
(626.7 ng/dL)
4.2%

17.11 nmol/L
(493 ng/dL)
3.4%

20.26 nmol/L
(584.0 ng/dL)
1.99%

17.72 nmol/L
(511 ng/dL)
3.3%
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measurement accuracy, as demonstrated by a 50% decrease in mean
absolute bias between mass spectrometry assays compared to the CDC
RMP between 2007 and 2011 [22]. With the same goal of traceability
and accuracy to a RMP, the LC-MS/MS assays described in this manu-
script were developed using the NIST SRM 971 to verify calibration.
The assays were independently developed on different instrumentation,
using different reagents and calibrators, and in some cases using dif-
ferent sample preparation procedures, with and without automation.

It should be noted that, although LC-MS/MS is considered a sensi-
tive, specific, precise and accurate technique for the measurement of
testosterone [1], itis also subject to errors that can result in incorrect
measurement if methods are not properly developed, validated and
implemented [23,24]. When developing a LC-MS/MS assay, it is critical
to assess and mitigate sources of error that could contribute to over- or
under-estimation of testosterone values [25,26]. Isobaric and isomeric
steroids, such as dehydroepiandrosterone and epitestosterone, need to
be chromatographically separated from testosterone, and care should
be taken to minimize crosstalk from product ions of other steroid hor-
mones common to testosterone [24,25,26]. Gel serum separator tubes
have been demonstrated to be a source of interference that results in
higher than actual testosterone concentrations reported by LC-MS/MS
[19,27,28], and fluoride-containing tubes have been shown to result in

lower than actual testosterone concentrations reported by LC-MS/MS
[28]. Matrix effects (commonly ion suppression or ion enhancement)
can also be a cause of inaccuracy in LC-MS/MS assays due to differ-
ential ionization of sample components [24,29].

In this study, testosterone concentrations obtained at each labora-
tory were compared to the AMM, with testosterone values at UCSF
showing the largest percent difference in values. To investigate this, the
UCSF testosterone concentrations were re-calculated using the SPH
calibrators, resulting in a decrease in the mean percent difference from
the AMM indicating a bias in the initial calibration values. To address
this, the UCSF testosterone assay calibration was adjusted using the
NIST SRM 971 to re-verify the calibrator concentrations. The patient
sample results were re-analyzed using the newly assigned calibrator
concentrations and compared to the AMM with significant improve-
ment. When UCSF had initially developed the testosterone LC-MS/MS
assay, the NIST SRM 971 was used to verify the calibration of the assay
[19]. Subsequently, when new lots of calibrators were put into use, the
concentrations of the new lots were verified based upon comparisons
with the current in-use lot of calibrators. UCSF was already reporting
total testosterone by immunoassay when the LC-MS/MS assay was first
implemented and so this method was used for CAP proficiency testing.
Initially, the LC-MS/MS method was only compared with the

Fig. 1A. Linear regression analysis and mean percent difference plot comparing testosterone results of the AMM versus results obtained at UCSF when calculated
using UCSF calibrators.

Fig. 1B. Linear regression analysis and mean percent difference plot comparing testosterone results of the AMM versus results obtained at UCSF when calculated
using SPH calibrators.
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immunoassay every 6months, per CAP guidelines. UCSF has since im-
plemented a procedure to verify the concentration of new calibrator lots
that includes using the NIST SRM 971, the CAP Y-ligand proficiency
survey and the CAP ABS accuracy-based survey after the immunoassay
method results have been reported to CAP and CAP has reported the
results back to the laboratory allowing the LC-MS/MS results to be
compared to the target concentration and/or the peer-group mean.

An alternative option for laboratories to reduce the cost associated
with using the NIST SRM 971 material is to run accuracy-based profi-
ciency samples or inter-method comparison samples to determine if any
bias has been introduced by the new lot of calibrators. If a bias is ob-
served, then the NIST SRM 971 could be used to verify the concentra-
tion of the new calibrators. If no bias is observed, it may not be ne-
cessary to use the NIST SRM 971 material.

Comparison of patient samples with concentrations < 1 nmol/L
(< 29 ng/dL) is important as testosterone concentrations in this range
are typical for pediatric and female patients. It has previously been
shown that testosterone immunoassays are inaccurate in this con-
centration range [2]. Comparison between the four LC-MS/MS assays in

this study was excellent even at these low concentrations with a mean
percent bias of −4.5 to +3.6%. This is well within the criteria set out
by the CDC HoSt Program, namely +/−6.4% mean bias to the CDC
Testosterone RMP over the concentration range of 0.09–34.70 nmol/L
(2.5–1000 ng/dL), which is derived from data on the published biolo-
gical variation of testosterone [10]. However, since the measurement
bias reported here was to an All Method Mean, it remains to be seen
how these harmonized methods compare to a RMP.

While other publications have compared testosterone LC-MS/MS
assays [16,17,18], this is the first study to compare assays that have
each used the NIST SRM 971 to verify calibration. In one study com-
paring four LC-MS/MS assays to a RMP, one of the assays performed
well with a +0.4% mean difference across the concentration range
tested, but the others had mean differences equal to, or greater than,
the CDC HoSt program criteria of +/−6.4% [16]. Two other studies
comparing routine LC-MS/MS methods found that the inter-method
mean difference was 14% and 24% for female samples, respectively,

Fig. 1C. Linear regression analysis and mean percent difference plot comparing testosterone results of the AMM versus results obtained at UCSF when calculated
using UCSF calibrators after re-verification of the concentrations using NIST SRM 971.

Fig. 2A. Linear regression analysis comparing testosterone results obtained by
each laboratory.

Fig. 2B. Mean percent difference plot comparing testosterone results obtained
by each laboratory.
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and 8% and 14% for male samples, respectively [17,18]. Since testos-
terone concentrations in female samples are low, it follows that the
percent differences are magnified in this range. In this study we have
demonstrated excellent comparison at all concentrations with no sig-
nificant increase in the percent mean difference between the individual
methods and the AMM at low testosterone concentrations compared to
the entire concentration range.

5. Conclusions

The results of this four-way comparison study demonstrate that
independently developed LC-MS/MS testosterone assays can be har-
monized using a standard reference material. Efforts to ensure accurate
calibration should be taken not only when validating an assay, but also
when new lots of calibrators are placed into use. Even though com-
mercially supplied calibrators may have assigned values and certificates
of analysis, it is suggested that the concentrations should still be ver-
ified with a standard reference material
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