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ORIGINAL ARTICLE

Determination of estrone sulfate, testosterone, androstenedione, DHEAS,
cortisol, cortisone, and 17a-hydroxyprogesterone by LC-MS/MS in children and
adolescents

Carina Ankarberg-Lindgrena , Mats X. Anderssona,b and Jovanna Dahlgrena,c

aG€oteborg Pediatric Growth Research Center, Department of Pediatrics, Institute of Clinical Sciences, The Sahlgrenska Academy, University
of Gothenburg, Gothenburg, Sweden; bDepartment of Biological and Environmental Sciences, University of Gothenburg, Gothenburg,
Sweden; cDepartment of Endocrinology, Region V€astra G€otaland, Queen Silvia Children�s Hospital, Sahlgrenska University Hospital,
Gothenburg, Sweden

ABSTRACT
Quantitation of endogenous steroids and their precursors is essential for diagnosis of a wide range of
endocrine disorders. Usually, these analyses have been carried out using immunoassays. However,
immunoassays often overestimate concentrations due to assay interference by other endogenous ste-
roids, especially for low concentrations. Mass spectrometry based methods offer superior specificity,
accuracy, and sensitivity. We therefore present a liquid chromatography–tandem mass spectrometry
(LC-MS/MS) method with automated sample preparation for determination of 17a-hydroxyprogester-
one (17OHP), cortisol, cortisone, dehydroepiandrosterone sulfate (DHEAS), androstenedione (A4), testos-
terone (T), and estrone sulfate (E1S). Samples were prepared using protein precipitation and 96-well
filter plates, fully automated in a pipetting robot and analyzed by LC-MS/MS. Serum samples from 187
healthy children and adolescents aged 5-18 years were used to study hormone changes in relation to
sex and pubertal stage. Lower limit of quantification for 17OHP was 0.7 nmol/L, for cortisol 11nmol/L,
for cortisone 2 nmol/L, for DHEAS 0.1mmol/L, and for A4, T, and E1S, 0.2 nmol/L. This study showed a
general increase in 17OHP, DHEAS, A4, T and E1S in both genders during puberty. In boys, A4 and T
increased significantly throughout pubertal development. Girls had significantly higher A4 and E1S con-
centrations, while boys had higher T concentrations. No sex- or puberty-specific differences were seen
in cortisol or cortisone concentrations. To the best of our knowledge, this is the first presentation of
changes in serum E1S concentrations during pubertal development in healthy children.

Abbreviations: A4: androstenedione; CAH: congenital adrenal hyperplasia; CV: coefficient of variation;
DHEA: dehydroepiandrosterone; DHEAS: dehydroepiandrosterone sulfate; ERT: estrogen replacement
therapy; E1: estrone; E1S: estrone sulfate; E2: estradiol; EQAS: external quality assessment scheme;
b-HSD2: 11-beta hydroxysteroid dehydrogenase-type 2; LC-MS/MS: liquid chromatography–tandem
mass spectrometry; LOD: limit of detection; LOQ: limit of quantification; MRM: Multiple reaction moni-
toring; 17OHP: 17a-hydroxyprogesterone; T: testosterone; PCOS: polycystic ovarian syndrome
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Introduction

Quantitative determination of steroids is important for assess-
ing adrenal and gonadal function, differential diagnosis, and
therapeutic drug monitoring, and steroid analysis is increas-
ingly in demand for research in neonates, children, and adults.

Immunoassay, often without extraction or chromato-
graphic separation, has become the principal method for
routine determination of steroid concentrations. While these
assays may be validated in adults, they do not produce
accurate results in the lower serum or plasma levels, espe-
cially for samples taken during the neonatal period [1–7].
There is also a lack of pediatric reference intervals which
are crucial in patient care for distinguishing between healthy
and pathological states [8]. Tandem mass spectrometry tech-
niques have emerged as the golden standard method to

meet this need for determination of steroid hormones.
Advantages include its superior specificity and the possibil-
ity for multiplexing with a low sample volume. This enables
simultaneous analyses of several steroids that might improve
clinical care and research studies.

We have previously presented a highly sensitive gas chro-
matography–tandem mass spectrometry method for the sim-
ultaneous determination of estrone (E1), and estradiol (E2)
[9]. Although sensitivity and chromatographic resolution of
gas chromatography–tandem mass spectrometry are excel-
lent, liquid chromatography–tandem mass spectrometry
(LC-MS/MS) allows the rapid determination of both uncon-
jugated and conjugated steroids. Furthermore, GC-based
methods require more extensive sample workup and deriva-
tization before analysis.
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17a-hydroxyprogesterone (17OHP) is predominantly syn-
thesized in the adrenal glands but also in the gonads, and it
is a metabolic precursor of cortisol. Elevated levels of
17OHP co-occurring with elevated concentrations of andro-
stenedione (A4) and testosterone (T) is indicative of
congenital adrenal hyperplasia (CAH) in the newborn or
non-classical CAH in children and adolescents [10]. In
many countries, determination of 17OHP is routinely used
as neonatal screening and monitoring of optimal hydrocorti-
sone treatment in CAH [11]. However, with MS/MS tech-
nology, quantitation of 17OHP together with A4 and T is
also useful in the investigation of suspected hyperandrogen-
ism and its origin [12–14]. Although the underlying mech-
anism of hyperandrogenism in females with polycystic
ovarian syndrome (PCOS) is not fully understood yet, a
recent study on obese adolescent girls showed that A4 and T
are key steroid hormones to distinguish between PCOS and
non- PCOS [15]. Reference intervals during pubertal devel-
opment are needed for further research studies, assessing
differential diagnosis and monitoring of replacement
therapy.

Serum cortisol levels display an individual variation
which is preserved through childhood, with a classical circa-
dian pattern and an immediate increase in response to stress
or meal load [16]. The 11-beta hydroxysteroid dehydrogen-
ase-type 2 (b-HSD2) enzyme is responsible for the conver-
sion of cortisol to the biologically inactive cortisone [17].
Recent research has focused on the association between the
plasma cortisol/cortisone ratio as an indirect marker of
b-HSD2 enzyme activity and on the metabolic consequences
of suboptimal activity of this enzyme [18,19].

Dehydroepiandrosterone (DHEA) is an adrenal-derived
androgen which serves as a precursor for both androgen
and estrogen synthesis. Its sulfo-conjugated form DHEA-
sulfate (DHEAS) is the most abundant circulating androgen,
probably due to its longer half-life. The concentration of
DHEAS is more stable than DHEA during the day, and it is
therefore preferred over DHEA for measurement in serum
and/or plasma samples [20]. Mildly elevated concentrations
of DHEAS, A4, and T are found in children with premature
adrenarche [21].

The sulfo-conjugated estrone sulfate (E1S) is the most
abundant estrogen precursor in the human circulation. As
an estrogen, it has a relatively low biological activity; how-
ever, it is readily converted into other more powerful estro-
gen. In adults, serum E1S concentrations are 10-20 times

higher than E1 and E2 levels, and E1S has a long half-life
[3,22–25]. In humans, there is a suggestion that the conver-
sion of E1S to E2 may have a biological role in the develop-
ment of disease, i.e. the activity of tissue sulfatase enzyme
may be elevated. However, to the best of our knowledge
there are no published studies examining how serum con-
centration of E1S changes throughout puberty in children.

In an attempt to mimic normal puberty, girls with hypo-
gonadism need estrogen replacement therapy (ERT) for
pubertal induction. Although titration of E2 concentrations
during transdermal treatment has been studied, no such tar-
get range has been established with oral estrogen therapy in
girls, given the higher levels of E1, E1S and total bioestrogen.
Determination of E1S concentrations as a complement to
that of E1 and E2 would potentially be a valuable tool for
studies of total estrogen exposure during ERT in children.

In this study, we developed an automated sample prepar-
ation and LC-MS/MS method for simultaneous determin-
ation of serum 17OHP, cortisol, cortisone, DHEAS, A4, T,
and E1S. We studied steroid changes in relation to sex and
puberty in children and adolescents.

Material and methods

Pure reference compounds were used to optimize chroma-
tography, ionization settings, and mass transitions for MRM
(Table 1). A very simple sample preparation method con-
sisting of protein precipitation in acetonitrile and filtration
was used for serum samples. This method was implemented
using 96-well plates and a pipetting robot.

Reagents and standards

Certified reference materials (CeriliantTM) were purchased
from Sigma-Aldrich AB (Stockholm, Sweden); internal
standards of 17OHP, DHEAS, A4, T, in isotope labelled
forms: 2,2,4,6,6,21,21,21-D8-17OHP, 2,2,3,4,4,-D5-DHEAS,
2,3,4-13C3-androstene-3,17-dione, and 2,3,4-13C3-T were
purchased from Sigma-Aldrich AB (Stockholm, Sweden);
9,11,12,12-D4-cortsiol was purchased from Cambridge iso-
topes laboratories Inc (Tewksbury, MA, USA) and 2,4,16,16-
D4-E1S from QMX laboratories Ltd (Dunmow, UK). All
other reagents were purchased from VWR International AB
(Stockholm, Sweden) and were of the highest purity avail-
able. The free steroids matrix (blank serum) was charcoal-

Table 1. Internal standards and settings for MRM transitions.

Analyte Internal standard Polarity
MRM analyte
(m/z to m/z)

MRM internal
standard (m/z

to m/z)
Fragmentor
voltage (V)

Collision
energy (V)

Retention
time (min)

Range
calibration

curve (nmol/L)

17OHP 2,2,4,6,6,21,21,21-D8-
hydroxyprogesterone

þ 331.2!97.2 339.3!100.1 139 24 8.5 0.05–50

Cortisol 9,11,12,12-D4-cortisol þ 363.2!121.1 367.2!121.1 139 24 7.3 1–1082
Cortisone 9,11,12,12-D4-cortisol þ 361.2!163.2 367.2!121.1 144 20 7.1 0.6–653
DHEAS 2,2,3,4,4-D5-DHEAS – 367.2!97.0 372.2!98.0 183 36 7.4 25–25000
A4 Androstene-3,17-

dione-2,3,4-13C3
þ 287.2!97.0 290.2!100.0 129 20 8.2 0.055–55

Testosterone 2,3,4-13C3-Testosterone þ 289.2!97.0 292.2!100.0 139 20 8.4 0.12–115
E1S 2,4,16,16-D4-E1S – 349.1!269.2 353.1!273.2 173 24 7.0 0.0056–5.6

(MRM: Multiple Reaction Monitoring; 17OHP: 17a-hydroxyprogesterone; DHEAS: dehydroepiandrosterone sulfate; A4: androstenedione; E1S: estrone sulfate.).
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adsorbed human serum (MSG3000) purchased from Golden
West Diagnostics, LLC (Temecula, USA). The 96-well filter
(CaptivaTM) and collection plates were from Agilent
(Montreal, Canada).

Calibrator preparation

Stock standards were prepared in absolute ethanol at a con-
centration of 100 ng/mL for 17OHP (303 mmol/L), cortisone
(277mmol/L), A4 (349 mmol/L), and T (347 mmol/L), 1 mg/mL
for cortisol (2761 mmol/L) and DHEAS (2716 mmol/L), and
1 ng/mL for E1S (2.9 mmol/L); these were stored at �20 �C.
Stock calibrator solutions of 2.6 mmol/L for 17OHP,
55.2mmol/L for cortisol, 33.3mmol/L for cortisone,
1290 mmol/L for DHEAS, 2.8 mmol/L for A4, 5.9 mmol/L for
T, and 0.3 mmol/L for E1S were prepared in absolute etha-
nol. This stock was diluted with charcoal-adsorbed human
serum (MSG3000 blank serum) to achieve a 50.5 nmol/L for
17OHP, 1083 nmol/L for cortisol, 653 nmol/L for cortisone,
25.3mmol/L for DHEAS, 55 nmol/L calibrator for A4,
115 nmol/L for T, and 5.6 nmol/L for E1S; this calibrator
was thereafter serially diluted with charcoal-adsorbed human
serum (MSG3000 blank serum) to make six additional cali-
brators in the range shown in Table 1.

Sample preparation

Sample preparation was routinely carried out fully automat-
ized using a pipetting robot (Freedom Evo, Tecan,
Switzerland). 100ml of acetonitrile containing internal stand-
ards (2.4 nmol/L of D8-17OHP, 193 nmol/L of D4-cortisol,
1.1mmol/L of D5-DHEAS, 14.0 nmol/L of 13C3-A4,
17.3 nmol/L of 13C3-T, and 2.9 nmol/L of D4-E1S) was trans-
ferred to each well of a CaptivaTM (Agilent, Montreal,
Canada) 96-well filter plate using the fixed Teflon-coated
tips. Thawed serum sample (50 ml) was added to the filter
plate using disposable tips. The plate was shaken for 10min
at 1000 rpm to precipitate serum proteins. The samples were
filtered into 96-well collection plates using 600 mbar of
negative pressure for 5min. Finally, the samples were
diluted with 80 ml of deionized water and mixed by shaking
at 1000 rpm for 5min. A typical batch consisted of two 96-
well filter plates. A calibration curve of seven samples, a
blank serum after each calibration set, as well as seven qual-
ity control samples on each plate, all in duplicates were
included in all batches analyzed. This protocol allowed for
another 160 samples divided into these two plates. Using
these quality control samples, LOQ and inter-assay variabil-
ity at three concentration levels was possible to assess for
each steroid.

Liquid chromatography–mass spectrometry

LC-MS/MS was performed on an Agilent 1260 LC system
coupled to an Agilent 6460 triple quadrupole mass spec-
trometer (Montreal, Canada) equipped with a JetStreamTM

electrospray interface. A sample volume of 20 mL was
injected. The steroids were separated on a Poroshell 120

EC-C18, 3� 50mm, 2.7 mm (Agilent, Montreal, Canada)
with a 3mm guard column. The column was thermostated
to 40 �C. The gradient consisting of 1mM NH4F (A) and
1mM NH4F in methanol:2-propanol (3:1, by vol, B) at a
constant flow of 0.25ml/min. The separation started with
10% B isocratic for 1min, followed by a linear increase to
100% B in 7min and held for 2min. The gradient was
reversed for 1min and the column allowed to re-equilibrate
for 3min. Hence, the total gradient elution was 11min, fol-
lowed by a 3min post run equilibration time. The ion
source was operated with the following settings: nebulizer
gas temperature 300 �C, nebulizer gas flow 4 L/min, nebu-
lizer gas pressure 40 psi, sheath gas temperature 375 �C,
sheath gas flow 11 L/min, capillary positive voltage 4000V,
capillary negative voltage 4500, nozzle voltage 500 (positive
mode) or 1500 (negative mode). The column effluent was
directed to waste from 0–6min, to the detector 6–10min
and again to waste until completion of the run. The detector
was operated in polarity-switching mode from 6 to 8min
for cortisol, cortisone, DHEAS, and E1S. From 8 to 10min
the detector was operated in positive mode only for T, A4,
and 17OHP. Multiple reaction monitoring (MRM) settings
for each component were optimized using the Optimizer
(Agilent, Montreal, Canada) software and are listed in
Table 1.

Specimens

The serum samples used were leftover patient samples from
children and adolescents (non-fasting, ages 5–18 years) sub-
mitted for routine clinical testing to the laboratory at
G€oteborg Pediatric Growth Research Center, Sweden in
2015–2018. Taking into account diurnal variations, blood
samples drawn between 8 and 12 a.m. were selected. All
samples were de-identified and stored at �20 �C until
assayed. All samples were determined in duplicates. Six sam-
ples were re-analyzed diluted due to E1S concentrations
above highest calibrator. The highest calibrator was there-
fore changed to 24 nmol/L in the next batch of calibrators.

In 187 samples from children and adolescents (85 females
and 102 males), puberty stages (estimated by pediatricians)
were registered for studying steroid changes during pubertal
development. These individuals were seemingly healthy,
non-obese and not subject to sex hormone replacement
therapy, contraceptive pills or puberty blockers. Pathological
conditions such as anorexia nervosa, CAH, precocious or
delayed puberty, PCOS, gynecomastia and chromosomal dis-
orders were excluded. Individuals coming as immigrants to
Sweden recent years were also excluded. In females, breast
development was assessed according to Tanner [26]. In
males, testicular volumes were determined by orchidometer
[27] and classified into different stages based on testosterone
secretion during puberty [28]. Informed consent was
obtained, in accordance with the Swedish Biobank Act
(Biobankslagen SFS 2002: 297), in the form of parental
agreement to the inclusion of their child’s samples and data
at referral in a biobank.
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Assay performance characteristics

The lower limit of detection (LOD) was determined by
using both repeated measurement of a blank sample (char-
coal-adsorbed human serum from Golden West Diagnostics,
LLC, Temecula, USA) containing no steroids (limit of
blank¼mean (blank) þ 1.645 (SD (blank))) and 10–20 rep-
licates of three different serum samples known to contain
low endogenous sex steroid concentrations (LOD¼ limit of
blank þ 1.645 (SD (low concentration sample))) [29]. The
lower limit of quantification (LOQ) was defined as the low-
est concentration of an analyte that could be determined
with an inter-assay coefficient of variation (CV) of � 20%.

Evaluation of intra- and inter-assay precision was per-
formed with pure pooled serum samples (not spiked)
obtained from prepubertal and early-mid pubertal boys and
girls, respectively, representing low and medium sex steroid
concentrations and commercially available quality controls;
Lyphochek 40301 and 40272 from Bio-Rad (Hercules, CA,
USA). Seven pooled sera were used for intra-and inter-assay
evaluation during validation and four of them were used
later in routine. For defining LOD, four additional samples
with low hormone levels were used.

To assess accuracy, three pooled child samples were
spiked with a calibrator containing 0.5 nmol/L 17OHP,
9.8 nmol/L cortisol, 5.9 nmol/L cortisone, 0.2 mmol/L
DHEAS, 0.5 nmol/L A4, 1.1 nmol/L T, and 0.051 nmol/L E1S.
The measured concentration was compared with the
expected concentration. We participated in an international
external quality assessment scheme (EQAS) for laboratory
medicine (Labquality, Finland), where our results were com-
pared with other MS/MS method results (n¼ number of
other participants) for 17OHP (n¼ 2), A4 (n¼ 2), and T
(n¼ 5), or with immunoassays for cortisol (n¼ 100) and
DHEAS (n¼ 34); however, no such program was available
for cortisone or E1S.

Statistical analysis

Steroid concentrations in relation to sex and pubertal stage
are presented as median values and ranges in tables and as
5th, 25th, 50th, 75th and 95th percentiles in figures. Steroid
concentrations below LOQ were set to LOQ divided by 2
for each of the steroids. The Mann–Whitney U test (IBM
SPSS Statistics, version 20) was used for comparison of ster-
oid concentrations at different pubertal stages. p< 0.05 was
considered as statistically significant.

Results

Characteristics of the LC-MS/MS method

Representative chromatograms from two pediatric serum
pools are shown in Figure 1. Key to achieving high enough
sensitivity was to include NH4F in both phases used in the
chromatographic gradient. Substitution of NH4F by ammo-
nium acetate, ammonium formate, or formic acid resulted
in substantially decreased sensitivity.

Calibration curve, sensitivity, and precision

Calibrators made from spiking pure standards into charcoal-
washed human serum showed a linear response through all
points in the calibration curves (Table 1). Linearity was con-
sidered satisfactory when the correlation coefficients were
above r¼ 0.98 over the full concentration range. However,
analysis of authentic samples displayed lower sensitivity at
the lowest concentrations, as there was substantial ion sup-
pression in patient samples and serum pools. Precision data,
LODs and LOQs are shown in Table 2.

Accuracy

Accuracy was consistent and reproducible, tested by spiking
three different child sera: 101–109% for 0.9-1.0 nmol/L
17OHP, 100–108% for 219-266 nmol/L cortisol, 94–108% for
31-42 nmol/L cortisone, 95–104% for 1.1-1.6 mmol/L
DHEAS, 102–107% for 0.2–0.6 nmol/L A4, 84–107% for 0.3-
1.2 nmol/L T, and 83–98% for 0.1-0.2 nmol/L E1S, all per-
formed in duplicates. Twenty-two samples were analyzed in
the Labquality EQAS for laboratory medicine. The majority
of our deviations compared to other methods were within
the accepted variance of ± 2SD. However, results for
17OHP were outside the accepted range in three samples
and A4 were outside the accepted range in two samples.

Interference from structurally related steroids

To test interference from other steroids, blank serum was
spiked with the following pure standards at high concentra-
tion: E2, E1, T, A4, 5a- dihydrotestosterone, cortisol, corti-
sone, DHEAS, 16OHP, 17OHP, progesterone, E1S, 11-
deoxycorticosterone (¼21OHP), 11-deoxycortisol, 2-
methoxyE1, 2-methoxyE2, and DHEA. Of these, only DHEA
and 11-deoxycorticosterone produced visible peaks in the
integration window of A4 and 17OHP, respectively. Both
interfering steroids were, however, clearly chromatographi-
cally separated from each target component.

Stability tests

Previous studies have found steroids to be relatively stable
in plasma and serum and not affected by long-term storage
at �20 �C or �80 �C for up to a decade or repeated thaw–-
freeze cycles [28,30,31]. Twelve months of stock stability
was established for serum calibrators. Rerunning three
batches of samples stored for between 14 days and two
months at �20 �C resulted in no change in concentrations
(within inter-assay CVs) of the seven analyzed steroids.
Four internal quality controls were used continuously for
three years without drift in concentrations (± 2SD
from mean).

Steroid levels during puberty

Serum concentrations of 17OHP, DHEAS, A4, T, and
E1S determined by LC-MS/MS in relation to sex and
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pubertal stages, as expressed in Tanner breast stage or
testicular volume, are summarized in Table 3, Figures 2
and 3.

Cortisol, cortisone or the ratio cortisol/cortisone did not
show any sex or pubertal dependency; therefore, cortisol/
cortisone ratio was calculated on the whole group of

Figure 1. Typical MRM chromatograms for endogenous 17OHP, cortisol, cortisone, DHEAS, A4, T, and E1S. Two different child serum pools were analyzed by liquid
chromatography–tandem mass spectrometry: panels A to G show results for the low androgen serum pool and panels H to N show results for the low estrogen
serum pool. Analyte and measured concentration is indicated for each panel. (MRM: multiple reaction monitoring; 17OHP: 17a-hydroxyprogesterone; DHEAS: dehy-
droepiandrosterone sulfate; A4: androstenedione; T: testosterone; E1S: estrone sulfate).
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children and adolescents (Table 3). No sex differences were
found in cortisol, cortisone or the ratio cortisol/cortisone.
Before puberty, girls had significantly higher A4 (p< 0.05)
and T (p< 0.01) concentrations but no sex differences were
found in DHEAS, 17OHP, or E1S concentrations. At the
end of puberty, there was no sex-specific difference in
DHEAS concentrations, but adolescent boys had signifi-
cantly higher T (p< 0.001) and 17OHP (p< 0.05) concen-
trations, while adolescent girls had significantly higher A4

(p< 0.01) and E1S concentrations (p< 0.001).
Serum 17OHP concentrations followed the same pattern

in both sexes, with a significant increase from early to mid-
puberty. The majority of samples from children before and in
early puberty were below LOQ (Table 3). There was a signifi-
cant stepwise increase in A4 and T in males. In males, the
largest increase in serum androgen concentration occurred at
the start of puberty (Figure 2). In females, DHEAS and A4

concentrations increased in parallel from Tanner breast stage
2 to Tanner breast stage 4-5. T and 17OHP, on the other
hand, increased significantly from Tanner breast stage 2 to
Tanner breast stage 3 (Figures 2 and 3).

Serum concentration of E1S in both females and males
was very low in prepubertal children, with 70% of the sam-
ples from girls and 90% of the samples from boys

containing E1S concentrations below the LOQ. Both females
and males followed a similar marked increase in serum E1S
concentrations throughout puberty, although the levels in
adolescent girls were three to four times higher compared to
adolescent boys by the end of puberty (Figure 3). A signifi-
cant correlation was found between E1S and previously
determined E1 and E2 [9], n¼ 73, r¼ 0.80, r¼ 0.79 and
p< 0.001, respectively (Figure 4).

Discussion

We describe the development of a simple and selective LC-
MS/MS-based method which allows for simultaneous quan-
tification of 17OHP, cortisol, cortisone, DHEAS, A4, T, and
E1S, together with sex- and puberty-specific levels. To the
best of our knowledge, this is the first presentation of E1S
changes during puberty in children.

To date there are only a few previous studies on 17OHP
changes in healthy children and adolescents. However, the
majority of those studies divided the children into age
groups, which is suboptimal given that individuals mature
more or less independently of chronological age. Our study
was based on pubertal maturation and accordingly, we
found a significant rise in 17OHP from early to mid-

Table 2. Lower limit of detection (LOD), limit of quantification (LOQ) and precision data for determination of seven different steroids in serum by LC-MS/MS.

QC Low Within-run Total QC Medium Within-run Total QC High Within-run Total
Component LOD LOQ Concentration CV (%) Concentration CV (%) Concentration CV (%)

17OHP(nmol/L) 0.2 0.7 2.0 4 13 6.4 3 13 16.0 4 10
Cortisol (nmol/L) 11 11 70 3 12 240 3 7 600 4 8
Cortisone (nmol/L) 2 2 20 5 15 40 6 15 60 9 14
DHEAS (mmol/L) 0.1 0.1 1.4 4 6 3.6 4 7 12.3 4 7
A4 (nmol/L) 0.1 0.2 1.2 5 12 2.1 2 12 8.1 4 10
Testosterone (nmol/L) 0.1 0.2 1.2 4 9 4.6 3 7 18.3 4 6
E1S (nmol/L) 0.1 0.2 1.0 6 12 2.0 6 7 3.0 4 6

Within-run CV was calculated on 10 replicates and total CV was calculated on 10–30 different runs (n¼ 20–60).
CV: coefficient of variation; LC-MS/MS: liquid chromatography–tandem mass spectrometry; 17OHP: 17a-hydroxyprogesterone; DHEAS: dehydroepiandrosterone
sulfate; A4: androstenedione; E1S: estrone sulfate; QC: quality control.

Table 3. Serum steroid concentrations in 85 females and 102 males, ages 5-18 years, determined by LC-MS/MS in relation to Tanner breast stage or testicular
volume. Samples were taken between 8 and 12 a.m.

Tanner breast stage Testicular volume (mL)

1 2 3 4–5 1–2 3–6 8–12 15–25

N 23 24 17 21 20 42 20 20
17OHP

(nmol/L)
<0.7 <0.7 1.1 1.3 <0.7 <0.7 1.8 1.8

(<0.7–1.9) (<0.7–5.1) (<0.7–2.5) (<0.7–4.8) (<0.7–1.6) (<0.7–5.4) (<0.7–4.8) (0.9–5.9)
< LOQ (n) 18 16 2 2 12 24 1 0
Cortisol (nmol/L) 219 240 311 307 207 250 252 304

(70–694) (89–691) (135–518) (105–474) (132–408) (125–659) (76–598) (113–452)
Cortisone (nmol/L) 41 37 44 38 30 23 54 38

(17–80) (13–58) (21–77) (17–83) (17–48) (11–55) (11–92) (19–74)
Cortisol/ Cortisonea ratio 5.9 5.9 5.9 5.9 7.9 7.9 7.9 7.9

(2.7–28.3) (2.7–28.3) (2.7–28.3) (2.7–28.3) (1.8–29.2) (1.8–29.2) (1.8–29.2) (1.8–29.2)
DHEAS (mmol/L) 1.0 0.9 1.9 3.8 0.8 2.3 2.3 3.6

(0.2–3.5) (0.2–2.7) (0.3–3.9) (1.5–6.7) (0.1–2.8) (0.5–4.9) (0.5–8.1) (0.2–13.8)
A4 (nmol/L) 0.5 0.7 2.7 4.1 0.4 0.8 1.5 2.2

(0.2–2.6) (0.2–2.7) (0.4–4.5) (1.5–7.6) (<0.2–0.8) (0.2–2.5) (0.6–3.7) (0.8–5.0)
< LOQ (n) 0 0 0 0 2 0 0 0
Testosterone (nmol/L) 0.4 0.4 0.7 0.8 <0.2 0.8 10.3 15.4

(<0.2–0.6) (<0.2–1.0) (<0.2–1.2) (0.4–1.7) (<0.2–0.5) (<0.2–8.3) (2.1–17.7) (8.6–30.5)
< LOQ (n) 8 6 1 0 17 6 0 0
E1S (nmol/L) <0.2 0.4 1.5 1.8 <0.2 <0.2 0.6 0.7

(<0.2–0.3) (<0.2–1.5) (0.4–11.3) (0.6–9.5) (<0.2–0.2) (<0.2–1.1) (<0.2–1.9) (<0.2–2.1)
< LOQ (n) 16 7 0 0 18 28 2 1

Data presented as median (range). acalculated on the entire group of girls and boys.
17OHP: 17a-hydroxyprogesterone; DHEAS: dehydroepiandrosterone sulfate; A4: androstenedione; E1S: estrone sulfate.
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puberty, indicating a gonadal contribution. This has also
been shown for adult women with 17OHP levels being
lower in the follicular phase compared to the luteal phase
during the menstrual cycle [12]. Using mass spectrometric
methodology, only three of the previous studies followed
children in relation to pubertal stages [32–34]. These reports
are well in line with the results of the present study.

The clinical implication of 17OHP analysis is to identify
hyperandrogenism, with plasma 17OHP above 5 nmol/L in
children and adults [14] and CAH, with levels above
75 nmol/L in term infants [11], or monitoring of replace-
ment therapy. However, these levels may not be appropriate
cut-offs for LC-MS/MS, especially not for prepubertal chil-
dren as shown in this study, and needs to be locally verified.
It is known that 17OHP methods show considerable vari-
ation in results in EQAS programs [35]. Hence, also our
EQAS data revealed deviations in the results produced by
different MS/MS methods. The phenomenon is thought to
originate from two specific serum pools.

We did not find any sex or pubertal dependency in corti-
sol and cortisone concentration, but we did find a wide
inter-individual variation, consistent with previous studies
[16,36]. The serum concentrations of both hormones were
consistent with a previous study using LC-MS/MS method-
ology [36]. However, two other studies on cortisone concen-
trations in children, using similar methodology, yielded
twice as high values compared to the present study [18,19],
which could indicate interference with binding proteins,
commutability issue, or isobaric interferences.

The average T concentrations in prepubertal girls were
higher than expected [9,34,37,38], which probably reflects
the selection of samples. The group with Tanner breast stage
1 may include true prepubertal girls as well as girls in early
puberty (gonadarche) yet without signs of breast develop-
ment. Previous studies have shown that girls in early
puberty have significantly higher T concentrations compared
to prepubertal girls [34,37,38]. Hence, a mixture of pre-
pubertal and early pubertal girls with Tanner breast stage 1
is likely the cause for the finding that girls have higher T
concentrations compared to boys before start of puberty.

In the present study, adolescent boys had about twenty
times higher T concentrations compared to adolescent girls,
whereas girls had higher A4 throughout puberty, consistent
with previous studies [33,34]. There is contradictory evidence
whether there is a sex difference or not in DHEAS serum lev-
els. Two previous studies report higher DHEAS concentra-
tions in adolescent boys compared to adolescent girls in late
puberty [34,39]. This study and another by Ceglarek et al., on
the other hand found no sex difference [32]. Fortunately,
MS/MS methods for A4, DHEAS, and T are stable with high
reproducibility, and the values presented here are fully com-
parable to previous studies [9,32,34,37,40].

Previous studies on E1S in humans have almost exclu-
sively focused on the role of E1S as a potential biomarker in
pathophysiologic conditions. It is suggested that the conver-
sion of E1S to E2 may have a biological role in the develop-
ment of disease such as estrogen dependent tumors [41].
Hence, in this study we found a strong correlation between
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the precursor E1S and the biological active E2. To the best
of our knowledge this is the first study on changes of E1S in
children during puberty, which opens new opportunities for
clinical research studies in children. A previous study, how-
ever reported similar E1S concentrations in 391 healthy
boys, as the present study, although not divided into age
groups or pubertal stages [42]. As expected, adolescent girls
had higher E1S concentrations than adolescent boys during
puberty, as estrogens are primarily secreted by the ovaries
in adolescent girls. In adult men, only 5% of plasma E1 is
produced directly by the testes and 95% is formed from cir-
culating androgens [43]. Serum E1S concentrations in ado-
lescent boys and girls at the end of puberty were consistent
with previous reports on levels in adult men and women
[23,24]. Furthermore, the serum E1S concentrations in pre-
pubertal girls were consistent with previous reports on levels
in postmenopausal women [25]. In the present study, chil-
dren yielded about 5-10 times higher E1S in the beginning
of puberty and increased to about 20-30 times higher in the
end of puberty compared to our previously reported E1 con-
centrations [9]. On the contrary, prepubertal children
yielded about 20-50 times higher E1S compared to our pre-
viously reported E2 concentrations [9], but only about 10-20
times higher than E2 at the end of pubertal development.

The weakness of this study is the limited number of indi-
viduals that may influence the interpretation of results.
Although the sensitivity for T and E1S seems suboptimal, it
was possible to distinguish between prepubertal stage and start
of puberty. The latter is a crucial characteristic of a clinically
useful method. One should also keep in mind that the analyses
of LOQ and assay precision were performed on pure pooled
patient samples from children with true low concentrations.

To conclude, based on its high specificity and estimated
sex- and puberty-specific steroid changes, the LC-MS/MS
method presented here is suitable for further scientific
examination of 17OHP, cortisol, cortisone, DHEAS, A4, T,
and E1S in children and adolescents.
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