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Liquid Chromatography-Tandem Mass Spectrometry Assay
for Androstenedione, Dehydroepiandrosterone, and
Testosterone with Pediatric and Adult Reference Intervals

Mark M. Kushnir,"2" Takara Blamires,” Alan L. Rockwood, 2 William L. Roberts,"? Bingfang Yue,’
Evrim Erdogan,? Ashley M. Bunker," and A. Wayne Meikle"?3

BACKGROUND: Measurement of serum androgens is im-
portant in adult, geriatric, pediatric endocrinology,
and oncology patients. We developed a liquid chroma-
tography—tandem mass spectrometry (LC-MS/MS)
assay for simultaneous measurement of androstenedi-
one, dehydroepiandrosterone (DHEA), and testoster-
one in these patients.

METHODS: We spiked 200 uL of serum or plasma with
isotope-labeled internal standards and performed ex-
traction with methyl t-butyl ether. We then derivatized
the extracts with hydroxylamine and analyzed them by
LC-MS/MS using a 2-dimensional chromatographic
separation with a 3.5-min analysis time.

ReSULTS: Total imprecision for each analyte was
<11.2%. Limits of quantification were 10, 50, and 10
ng/L for androstenedione, DHEA, and testosterone, re-
spectively. Reference intervals were established for
children (age 6 months to 17 years), men, and women.
Androstenedione and DHEA concentrations were low-
est in 2- to 3-year-old children. Adult concentrations
were achieved in girls at Tanner stage 3 and in boys at
Tanner stage 4-5. In premenopausal and (postmeno-
pausal) women the median concentrations of andro-
stenedione, DHEA, and testosterone were 810 (360),
3000 (1670), 270 (180) ng/L, respectively. In post-
menopausal women, concentrations of testosterone
were age independent, whereas androstenedione
and DHEA concentrations decreased with age. In
men the median concentrations of androstenedione,
DHEA, and testosterone were 440, 2000, and 3700
ng/L, respectively. In men older than 40 years, me-
dian concentrations decreased at rates of 5%, 10%,
and 20% per decade for androstenedione, DHEA,
and testosterone, respectively.

coNcLusions: This LC-MS/MS method has the re-
quired lower limit of quantification and specificity for
analysis of endogenous concentrations of androgens in
all groups studied. Reference intervals were established
for healthy children and adults.
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Androstenedione and dehydroepiandrosterone (DHEA)*
are androgen precursors of male and female sex hor-
mones; testosterone and dihydrotestosterone are bio-
active androgens responsible for development of male-
specific characteristics and many non-sex-specific
functions (1). Androstenedione is produced in large
amounts by both the adrenal glands and gonads, and
DHEA is primarily produced by the adrenal glands. In
males, the testes secrete approximately 95% of testos-
terone and the rest is made from adrenal androgen pre-
cursors by the peripheral conversion (in liver, skin, and
adipose tissue) of androstenedione. In females, ovaries
and adrenal-gland androgen precursors result in ap-
proximately 50% of testosterone, and the rest is pro-
duced by the peripheral conversion of androstenedi-
one. Androgens are responsible for the development
and maintenance of masculine characteristics and
serve as estrogen precursors. The main pathway of
androgen biosynthesis is through the conversion of
17-hydroxypregnenolone to DHEA (controlled
by cytochrome P17), DHEA to androstenedione
[controlled by 3B hydroxysteroid dehydrogenase
(3BHSD)], androstenedione to estrone, and estrone
and testosterone to estradiol (both controlled by cy-
tochrome P19).

Measurement of testosterone has many clinical
applications. In men, testosterone is usually measured
to evaluate hypogonadism. In women, it is measured in
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the investigation of hyperandrogenism, hirsutism, vir-
ilization, oligo/amenorrhea, acne, and infertility. In-
creased total and free testosterone concentrations can
arise from excessive adrenal steroid synthesis, tumors
of adrenal origin, and polycystic ovarian syndrome (2—
5).In children, testosterone is measured for sex assign-
ment in infants with ambiguous genitalia, for diagnosis
of disorders of puberty, and in the follow-up of patients
with congenital adrenal hyperplasia (6—10).

Excessive production of androstenedione can be
caused by defects of adrenal steroid biosynthesis, tu-
mors of ovarian and adrenal origin, polycystic ovarian
syndrome, increased peripheral sensitivity to andro-
gens, and increased peripheral production of andro-
gens (1, 3-6). DHEA is used as a marker of adrenal
androgen production; abnormally low concentrations
of DHEA may occur in patients with adrenal insuffi-
ciency, older adults, and peri- and postmenopausal
women. Increased concentrations occur in several condi-
tions, including virilizing adrenal adenoma and carci-
noma, congenital adrenal hyperplasia, and hirsutism. Be-
cause the gonads produce very little DHEA, measurement
of DHEA may aid in the localization of the androgen
source in virilizing conditions (1 ). Measurement of mul-
tiple androgens can be useful for the differential diagnosis
of androgen-related disorders and assessment of andro-
gen excess in women and children (11, 12).

Immunoassays for androgens are known to be sus-
ceptible to analytical interferences owing to cross-
reactivity with a variety of endogenous substances, and
measurement results often overestimate the true con-
centration, especially at low concentrations character-
istic of women and children (13-17). The specificity of
liquid chromatography—tandem mass spectrometry
(LC-MS/MS) offers advantages over immunoassays
(17-21).

Our aims were to develop an LC-MS/MS method
suitable for quantification of androgens in serum and
plasma samples from both sexes across all ages, to es-
tablish reference intervals in children and adults, and to
delineate trends of androgen concentration changes in
both sexes from infants to older adults.

Materials and Methods

STANDARDS AND REAGENTS

Androstenedione and DHEA were purchased from
Steraloids and testosterone from Sigma. Deuterium-
labeled analogs of d,-androstenedione and d,-DHEA
were purchased from CDN Isotopes, and ds-
testosterone was purchased from Sigma. Stock stan-
dards were prepared in methanol at concentration of 1
g/L. A working combined calibration standard was pre-
pared at concentrations of 2.5 ug/L of each analyte in
1:1 methanol/water. Working combined internal stan-

dard was prepared in a 1:1 methanol/water at concen-
trations of 10 wg/L of d,-androstenedione and d,-
DHEA and 2.5 ug/L of d;-testosterone. Calibration
standards were prepared in 0.1% BSA at concentra-
tions of 50, 100, 250, 800, 1200, and 2000 ng/L. HPLC-
grade water, methanol, methyl t-butyl ether, and ace-
tonitrile were obtained from VWR. All other reagents
were purchased from Sigma and were of the highest
purity commercially available.

SAMPLE PREPARATION

Aliquots of 200 uL of calibrators, controls, or patient
serum were transferred into polypropylene microcen-
trifuge tubes. To each tube we added 20 uL of the work-
ing combined internal standard. The samples were ex-
tracted with 1 mL of methyl t-butyl ether, the organic
phase was transferred into a 96-well plate and evapo-
rated under nitrogen at 50 °C, and the dried residues
were redissolved for derivatization in 75 uL of hydrox-
ylamine (0.7 mol/L) prepared in 3:7 methanol/water.
The plate was vortex-mixed and incubated at 70 °C for
15 min. After the incubation, 75 uL of water was added
to each well before analysis.

LC-MS/MS
The LC-MS/MS instrument was an API 4000 triple-
quadrupole mass spectrometer (Applied Biosystems/
Sciex) with a TurboV™ ion source operated at 600 °C.
The system included 2 Agilent 1200 pumps, a column
oven and a HTC PAL autosampler (LEAP Technolo-
gies) equipped with a fast wash station and 6-port
switching valve. The first dimension of separation used
a phenyl cartridge and the analytical separation (sec-
ond dimension) was performed on a Gemini C18 col-
umn (100 X 2.0 mm, 3 wm) (Phenomenex). The injec-
tion volume was 50 L and the oven temperature was
30 °C. For the first-dimension separation the mobile
phase was a mixture of water containing 10 mmol/L
formic acid and methanol containing 10 mmol/L for-
mic acid. For the second dimension the mobile phase
was a mixture of water containing 10 mmol/L formic
acid and acetonitrile containing 10 mmol/L formic
acid. The mobile phase for the first-dimension separa-
tion was delivered at a flow rate of 0.75 mL/min, with a
linear gradient from 15% to 97% methanol between 0
and 1.5 min, followed by reequilibration to initial con-
ditions. The mobile phase for the analytical separation
was delivered at a flow rate of 0.6 mL/min with a gra-
dient: 30% acetonitrile for 0.5 min, linear gradient to
65% acetonitrile between 0.5 and 2.8 min, step gradient
to 97%, followed by reequilibration to initial condi-
tions. The effluent from the first column was directed
into the analytical column between 0.5 and 1.2 min.
The autosampler injection syringe was washed 10
times between each injection with a 4:1 methanol/wa-
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ter mix containing 20 mmol/L of trifluoroacetic acid.
The injection valve was washed after each injection
with 1 mL of the same solvent mix. Quadrupoles Q1
and Q3 were tuned to unit resolution, and the MS con-
ditions optimized for maximum signal intensity for
each of the androgens. The instrument was operated in
positive-ion mode with an ion-spray potential of 3500
V, entrance potential of 10 V, and declustering poten-
tials of 90 V for androstenedione and testosterone, and
60V for DHEA. Two mass transitions were monitored
for each androgen and its internal standard. Primary
(secondary) mass transitions of androstenedione,
DHEA, and testosterone were m/z 317—124 (112) Da,
m/z 304-253 (253) Da, and m/z 304—112 (124) Da,
respectively. The same precursor/product mass transi-
tions for quantification and assessment of specificity
were acquired for DHEA (m/z 304-253 Da) by using
different collision energies of 27 eV and 20 eV for the
primary and the secondary mass transitions, respec-
tively. Data were acquired and processed with Ana-
lyst™ 1.4.2 software. Calibration was performed with
every batch of samples.

ASSAY PERFORMANCE CHARACTERISTICS

Imprecision, limit of detection (LOD), limit of quanti-
fication (LOQ), upper limit of linearity, method com-
parison, interference, recovery, carryover, and ion sup-
pression were assessed. Imprecision was determined by
analyzing 3 replicates per run of human plasma sam-
ples containing androgens with concentrations rang-
ing between 50 and 2500 ng/L in 1 run per day for a
period of 5 days. Linearity was evaluated with 7 samples
with androgen concentrations between 800 and 45000
ng/L. The LOQ was determined by analyzing 6 samples
in duplicate over 3 days containing progressively lower
concentrations of androgens down to 5 ng/L. A crite-
rion for maintaining accuracy within *=15%, impreci-
sion (CV) <20% and a branching ratio of the mass
transitions within =30% was used to determine the
upper limit of linearity and LOQ for the assay and for
assessment of the specificity in patient samples (22).
LOD was determined as the lowest concentration at
which chromatographic peaks of the androgens were
present in both transitions at expected retention times
with a signal-to-noise ratio >5. Absolute recovery was
determined by standard addition by using 3 patient
serum samples containing 300-3600 ng/L of endoge-
nous androgens spiked with 200 ng/L and 1000 ng/L of
each, androstenedione, DHEA, and testosterone. The
absolute recovery was calculated as the difference be-
tween the observed and expected concentrations of the
analytes. We evaluated the extraction recovery by ana-
lyzing the same 3 patient samples with internal stan-
dard added before and after the extraction. The recov-
ery was calculated based on the concentrations
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observed in the samples with internal standard added
before and after extraction. All experiments for the
evaluation of the absolute recovery and the extraction
recovery were performed in duplicate.

To examine possible interfering substances, we
analyzed more than 50 steroids and steroid metabolites
(see Table 1 in the Data Supplement that accompanies
the online version of this article at http://www.clinchem.
org/content/vol56/issue7), and more than 20 000
patient samples. We evaluated ion suppression by in-
jecting extracted samples with androgen concentra-
tions below 1000 ng/L into the flow of a postcolumn
infused mixture containing oxime derivatives of an-
drostenedione, DHEA, and testosterone. A decrease in
the intensity of the baseline in each mass transition was
considered evidence of ion suppression (23).

QUALITY CONTROL

Evaluation of the batch acceptability included system
function tests, coefficient of determination of the cali-
bration curve (R* = 0.995), concentrations of the an-
drogens in the QC samples within 2 SD of historical
values, and concentrations in the negative controls be-
low the LOQ of the method. Acceptability of every in-
jection was evaluated on the basis of the retention time
(within 1% of values in the transitions of the calibra-
tion standards), intensity of the internal standard, and
the ratios of the mass transitions for the analytes and
the internal standards. A branching ratio of the tran-
sitions outside of =30% limits, broadening of the chro-
matographic peaks, split peaks, and an increase in the
background, were interpreted as potential interference.

REFERENCE INTERVALS, SPECIMEN-TYPE SUITABILITY, AND
STABILITY

After we obtained informed consent from appar-
ently healthy volunteers, we collected blood samples
in serum-separator tubes (Becton Dickinson) for
reference-interval studies. Samples were allowed to clot
for 30 min at room temperature and centrifuged for 10
min at 2000g, and then the serum removed and stored
at —70 °C. The sample donors were not taking pre-
scription medications. Women on oral contraceptives
or hormone replacement therapy were excluded from
the study. Blood was drawn from adult participants
between 8 and 10 AM; more than 90% of participants
were white. The mean (median) ages of the adult vol-
unteers were 33.9 (33.0), 52.6 (53.1), and 39.7 (38.6)
years for premenopausal women (n = 104), postmeno-
pausal women (n = 86), and men (n = 132), respec-
tively. Blood was collected from children (n = 2517)
after we obtained parental permission. Children en-
rolled in the study were not taking prescription medi-
cations and had no known medical conditions. Chil-
dren age 7 through 17 years were enrolled in a research



LC-MS/MS Assay for Androgens

setting, and their Tanner stage (TS) was determined.
Children age 6 months through 6 years were enrolled
before undergoing elective surgical procedures. Blood
was collected from children age 6 months through 6
years after induction of anesthesia. Reference intervals
were determined by using a published statistical
method (24).

To determine sample stability, aliquots of plasma
collected from 1 individual that contained 350, 1900,
and 2500 ng/L of androstenedione, DHEA, and testos-
terone, respectively, were stored at room temperature,
in a refrigerator (4 °C), and in a freezer (—20 °C). The
samples were transferred into a —70 °C freezer after 1,
3, 7, 14, 21, and 28 days of storage and analyzed in a
single batch. Blood from 7 volunteers was collected
in serum-separator and sodium-EDTA tubes (for
plasma) for assessment of sample-type acceptability
and stability. For evaluation of storage stability, these
samples were stored frozen at —70 °C and analyzed be-
fore and after storage for more than 1 year. All studies
with samples from human donors were approved by
the institutional review board of the University of
Utah.

METHOD COMPARISON
Our method was compared with LC-MS/MS methods
of a commercial laboratory for measurement of andro-
stenedione (n = 40), DHEA (n = 40), and testosterone
(n = 60). The method was also compared with com-
mercial immunoassays for androstenedione (Immulite
2000, Siemens) and DHEA (RIA; Beckman Coulter).
Samples for the method comparison were deidentified
patient serum and plasma samples submitted for rou-
tine clinical testing. The results were evaluated by using
Deming regression (25).

Results

The chromatograms of 2 multiple-reaction monitor-
ing transitions of androstenedione, DHEA, and testos-
terone extracted from serum of a TS 1 girl are shown in
Fig. 1. The LOD (LOQ) for androstenedione, DHEA,
and testosterone were 5 (10), 10 (50), and 5 (10) ng/L,
respectively. (Conversion factors from units of ng/L to
pmol/L for DHEA, androstenedione, and testosterone
are 3.47, 3.49, 3.47, respectively.) The assay was linear
to 40 000, 10 000, and 25 000 ng/L for androstenedi-
one, DHEA, and testosterone, respectively. Signal-to-
noise ratios for 3 pg of androstenedione, DHEA, and
testosterone injected onto the HPLC column (n = 5)
were 73,52, and 93, respectively. Within-run, between-
run, and total imprecision data are shown in online
Supplemental Table 1. The results of the Bland-Altman
method comparison with commercial immunoassays
and commercial LC-MS/MS methods are shown
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Fig. 1. Chromatograms of primary (solid lines) and
secondary (dashed lines) mass transitions of andro-
stenedione (A), DHEA (B), and testosterone (C) in a
serum sample from a girl in TS 1.

The peak shape of testosterone is caused by coelution of 2
partially resolved peaks of isomers (testosterone-oxime
derivatives) formed during the derivatization.

(Fig. 2; see online Supplemental Fig. 2). This method
showed acceptable agreement with other LC-MS/MS
assays (Deming regression slopes of 0.74, 0.99, and
0.96, for androstenedione, DHEA, and testosterone,
respectively). Proportional bias observed for andro-
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Fig. 2. Bland-Altman plots for the method compari-
son for androstenedione (A,B), DHEA (C,D), and tes-
tosterone (E) with LC-MS/MS methods of commercial
laboratories (B,D,E), and commercial immunoassays
(A, Q).

Dotted lines are 2 SD of the differences (concentrations in
Figs. 2—4 expressed in ug/L).
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stenedione was determined to be caused by the calibra-
tion (see online Supplemental Fig. 2). Comparison
with direct immunoassay showed large discrepancies
between the methods for DHEA and androstenedione
(Fig. 2; see online Supplemental Fig. 2). Both immu-
noasays had proportional and constant biases, leading
to overestimation of the concentration by the immu-
noassays, and were less sensitive compared to the LC-
MS/MS method. Lower SE values were observed in
comparisons with LC-MS/MS methods than with im-
munoassays. From the more than 50 steroids and ste-
roid metabolites evaluated (see online Supplemental
Table 1), trans-dehydrotestosterone produced a peak
in the mass transition of DHEA (m/z 304-253) and
testosterone (m/z 304—112); the peak was not present
in the secondary mass transition of testosterone, and
the ratio of the mass transitions of DHEA was outside
of the expected range. The observed concentrations
corresponded to 0.06% of the concentration of trans-
dehydrotestosterone present in the samples. This inter-
ference can be detected through the evaluation of the
ratios of concentrations determined from correspond-
ing primary and secondary mass transitions (22 ).

Evaluation of the storage stability of androgens
showed acceptable stability in the samples stored at
4 °C, and —20 °C. In the samples stored at room tem-
perature testosterone was stable, whereas the concen-
tration of androstenedione decreased at a rate of ap-
proximately 15% per week and DHEA increased at a
rate of approximately 5% per week. The increase of
DHEA was likely related to partial hydrolysis of DHEA-
sulfate, which is present in blood at significantly higher
concentrations than DHEA. Recovery of the liquid/lig-
uid extraction was 79%, 71%, and 80% for andro-
stenedione, DHEA, and testosterone, respectively. Av-
erage absolute recovery, determined using 3 patient
serum samples in the experiments with standard addi-
tion of the androgens, were 97%, 109%, and 97% for
androstenedione, DHEA, and testosterone, respec-
tively. No statistically significant difference in the re-
covery was observed between sets of paired (n = 7)
serum and plasma samples (comparisons were per-
formed with nonparametric Wilcoxon 2-group tests).
No statistically significant differences in concentra-
tions were observed in serum samples analyzed before
storage and after storage for more than a year at —70 °C
(nonparametric Wilcoxon 2-group tests). Evaluation
of ion suppression showed negative peaks at the reten-
tion times of 1.25, 2.25, and 2.30 min; no ion suppres-
sion was observed in the retention window of the
androgens.

The reference intervals that we determined with
our method using samples from healthy children and
adults grouped by TS and age are summarized in Tables
1 and 2, and plots of the median concentrations are
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Table 1. Serum androgen reference intervals for males according to TS and age.
Androstenedione, Testosterone,
N ng/L DHEA, ng/L ng/L
TS

1 278 35-320 110-2370 16-150

2 131 79-480 370-3660 33-3030

3 140 140-870 750-5240 100-8510

4 and 5 204 270-1070 1216-67030 1620-8470

Age

6-24 months 123 25-150 (<140)® <2500 (<2170) <370 (<280)

2-3 years 125 <110 (<100) <630 (<430) <150 (<130)

4-5 years 125 23-170 (<150) <950 (<880) <190 (<180)

6—7 years 125 10-290 (20-240) 60-1930 (80-1780) <130 (10-130)

7-9 years 206 30-300 100-2080 17-81

10-11 years 140 70-390 320-3080 23-1650

12-13 years 143 100-640 570-4100 30-6190

14-15 years 141 180-940 930-6040 310-7330

16-17 years 136 300-1130 1170-6520 1580-8260

18-40 years 70 330-1340 1330-7780 2070-6970

40-67 years 61 230-890 630-4700 1320-6930

2 Values in parentheses correspond to the central 90% of the distribution.

shown in Figs. 3 and 4. Concentrations of all 3 andro-
gens (Tables 1 and 2) were found to depend on age, sex,
and TS. In prepubertal children, concentrations of an-
drostenedione and DHEA decreased between the ages
of 6 months and 1 year, reached a nadir in 2- to 3-year-
olds, and then started increasing and reached concen-
trations observed at the age of 12 months again by the
age of 7 years (Fig. 4). Concentrations of testosterone in
both sexes did not change substantially between the
ages of 6 months and 7 years. Concentrations of andro-
stenedione and DHEA started increasing in girls ap-
proximately 1 year earlier than in boys (Fig. 3). At the
age of 6 years median concentrations of androstenedi-
one and DHEA were twice as high in girls compared to
boys.

In older girls, concentrations of all 3 androgens
reached adult values at TS 3, whereas in boys concen-
trations reached adult values at TS 4-5. The greatest
increase in the concentrations of the androgens was
observed in girls during the transition to TS 2 and in
boys during the transition to TS 3. In both sexes the
median concentrations of androgens peaked at the age
of 20-30 years and gradually declined with advancing
age. Of the 3 androgens, the steepest age-dependent
decline was observed for DHEA in both sexes (see on-
line Supplemental Fig. 1).

In premenopausal women the median concentra-
tions of testosterone were age independent, and re-

mained within a range of 240-290 ng/L between TS 3
and menopause. In premenopausal and (postmeno-
pausal) women the median concentrations of andro-
stenedione, DHEA, and testosterone were 810 (360),
3000 (1670), and 270 (180) ng/L, respectively, and the
median ratios of androstenedione/DHEA and testos-
terone/androstenedione were 0.28 (0.21) and 0.31
(0.47), respectively. In postmenopausal women testos-
terone concentrations were also age independent,
whereas concentrations of androstenedione decreased
atarate of approximately 10% and DHEA decreased at
a rate of approximately 25% per decade of life, and the
median ratio of testosterone/androstenedione
creased at a rate of 30% per decade of life.

In adult men, the median concentrations of an-
drostenedione, DHEA, and testosterone were 440,
2000, and 3700 ng/L, respectively; median ratios of an-
drostenedione/DHEA and testosterone/androstenedi-
one were 0.21 and 7.18. Declines in all 3 androgens in
men were more gradual compared to women. Median
concentrations of testosterone in men declined starting
from the age of 40 years at a rate of approximately 20%
per decade of life. In men the median concentrations of
androstenedione and DHEA reached maximum values
at the age of 20 to 30 years and then declined at a rate of
approximately 5% per decade of life for androstenedi-
one and at a rate of approximately 10% for DHEA.

in-
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Table 2. Serum androgen reference intervals for females according to TS, menstrual status, and age.
Androstenedione, Testosterone,
N ng/L DHEA, ng/L ng/L
TS
1 296 45-510 140-2760 19-170
2 120 150-1370 830-4870 45-400
3 135 370-2240 1080-7560 100-630
4 and 5 205 350-2050 1240-7880 110-620
Menstrual status
Before menarche 413 48-1080 160-4050 19-350
After menarche, =18 years 323 330-2130 1110-7700 100-630
Premenopausal, >18 years 104 260-2140 1120-7430 90-550
Postmenopausal 86 130-820 600-5730 47-320
Age
6-24 months 92 <150 (<130)? <1990 (<780) <90 (<90)
2-3 years 126 <160 (<130) <850 (<680) <200 (<140)
4-5 years 127 20-210 (<180) <1030 (70-770) <300 (10-200)
6—7 years 131 20-280 (40-300) <1790 (120-1520) <70 (10-60)
7-9 years 206 40-420 140-2350 10-110
10-11 years 148 90-1230 430-3780 29-320
12-13 years 142 240-1730 890-6210 60-500
14-15 years 143 390-2000 1220-7010 60-520
16-17 years 138 350-2120 1420-9000 90-580
18-40 years 74 NAP 1330-7780 NAP
>40 years 116 NAP 630-4700 NAP
@ Values in parentheses correspond to central 90% of the distribution.
5 NA, not applicable because menstrual-status dependent.

In females, the testosterone/androstenedione ratio
(representative of 17 BHSD activity) did not change be-
tween TS 1 and 5, but increased with advanced age,
especially after menopause. In males the testosterone/
androstenedione ratio reached adult values by TS 3.
After age 40 years, the ratio declined with advancing
age. The ratio of androstenedione/DHEA (representa-
tive of 3BHSD activity) was not associated with age or
sexual development in males (Fig. 3), whereas it had a
tendency toward higher values in women with advanc-
ing age, especially after menopause.

Discussion

Analysis of oxime derivatives provided greater sensitivity
compared to methods using protonated molecular ions of
nonderivatized androgens. Derivatization enhanced the
ionization efficiency for all targeted androgens and re-
sulted in a 3- to 5-fold gain in the sensitivity. The sensitiv-
ity for DHEA was not enhanced as much as that for tes-
tosterone and androstenedione, because DHEA lacks

1144 Clinical Chemistry 56:7 (2010)

high-intensity unique product ions in its mass spectrum.
The only transition with adequate specificity for DHEA-
oxime was m/z 304253, and for this reason the second-
ary mass transition for DHEA was the same as the primary
transition, but acquired at a lower collision energy (22).
Efficient ionization and fragmentation of androstenedi-
one and testosterone are likely explained by the presence
of conjugated double bonds, which cause formation of a
resonance structure, leading to more efficient ionization
(17, 26 ) and cleavage of the bonds at carbons 5 and 10
(m/z124), and 4 and 10 (m/z 112).

Androgens analyzed by this method are structurally
similar, with consequent similar chromatographic reten-
tion properties. These similarities lead to difficulties in
analysis because DHEA and testosterone are isomers,
sharing the same product ion (transition m/z 304—124);
the second isotopic peak (A+2) of androstenedione mo-
nooxime is an isobar of testosterone and DHEA, which
has the same product ions as testosterone and DHEA; and
dihydrotestosterone is an isobar of the commercially
available internal standard d,-DHEA. The best selectivity
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Fig. 3. Median concentrations of androstenedione (A4), DHEA and testosterone (Te) in samples from men (A), and
women (B) according to TS or age in years, and ratios of concentrations of the androgens (C, D).

for chromatographic separation was achieved with
2-dimensional separation achieved by use of a phenyl-
modified stationary phase as the first dimension and C18
as the second dimension. Compared to isocratic separa-
tion (17) performed by using a Cl18 column, the
2-dimensional separation resulted in a 4- to 5-fold im-
provement in the signal-to-noise ratio for testosterone.

On the basis of the high sensitivity of this
method, its good agreement with other LC-MS/MS
methods, and within-individual and between-
individuals biologic variability of androgen concen-
trations (26 ), this method is suitable for measure-
ment of androgens in serum samples of both genders
and in all age groups.

Reference intervals for androgens in children are im-
portant because concentrations of sex steroids vary with
sex and age. There have been relatively few reports of an-
drogen concentrations in healthy children (27-32) be-
cause commercial assays for measurement of androgens
lack specificity and sensitivity with pediatric samples. We
report data on concentrations of androstenedione,
DHEA, and testosterone in more than 2500 healthy chil-
dren from early childhood through puberty.

Concentrations of testosterone in 24 children from
the 6-month through 6-year-old group were higher than
expected. To exclude a deficiency of one of the enzymes in

the pathway of steroid biosynthesis as a cause, the
samples were tested for adrenal steroids (27). Con-
centrations of adrenal steroids in these samples were
within their TS-specific reference intervals. One ex-
planation for increased testosterone concentrations
could be stress response to the induction of anesthe-
sia. To account for this effect we included the central
90% reference limits in addition to the robust refer-
ence intervals in Tables 1 and 2.

Given the similar distributions of DHEA concentra-
tions in men and women (see online Supplemental Fig.
1), we established a single reference interval for both sexes.
Between-sex differences in the distribution of andro-
stenedione, as well as the differences in the trends for age-
specific changes, warranted sex-specific reference inter-
vals (Tables 1, 2). Compared to our earlier published data
on LC-MS/MS reference intervals of testosterone (17 ), in
this study we used a considerably larger number of pedi-
atric samples, as well as samples from children age 6
months through 6 years. Our reference intervals for tes-
tosterone in children agreed well with our previous data
(17 ) and the reference intervals established by Soldin et al.
(32 ), whereas Soldin et al were not able to distinguish age
and sex-specific differences in DHEA using their method.
Likely explanations are different populations and smaller
numbers of study participants (32 ).
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In summary, for LC-MS/MS quantification of an-
drostenedione, DHEA, and testosterone in serum, we
achieved the best sensitivity using derivatization with
hydroxylamine in conjunction with a 2-dimensional
chromatographic separation. Our reference intervals
for androstenedione, DHEA, and testosterone for pre-
pubertal children and postmenopausal women sup-
port the need for high-sensitivity measurements of an-
drogens in these groups. To ensure harmonization
between measurements of androgens among different
laboratories it is important to have commercially avail-
able primary and matrix-based reference materials and
reference measurement procedures (33 ).
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