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Background: Conventional screening for congenital adrenal hyperplasia (CAH) using im-
munoassays generates a large number of false-positive results. A more specific liquid
chromatography-tandem mass spectrometry (LC-MS/MS) method has been introduced to
minimize unnecessary follow-ups. However, because of limited data on its use in the Ko-
rean population, LC-MS/MS has not yet been incorporated into newborn screening pro-
grams in this region. The present study aims to develop and validate an LC-MS/MS
method for the simultaneous determination of seven steroids in dried blood spots (DBS)
for CAH screening, and to define age-specific reference intervals in the Korean population.

Methods: We developed and validated an LC-MS/MS method to determine the reference
intervals of cortisol, 17-hydroxyprogesterone, 11-deoxycortisol, 21-deoxycortisol, andro-
stenedione, corticosterone, and 11-deoxycorticosterone simultaneously in 453 DBS sam-
ples. The samples were from Korean subjects stratified by age group (78 full-term neo-
nates, 76 premature neonates, 89 children, and 100 adults).

Results: The accuracy, precision, matrix effects, and extraction recovery were satisfactory
for all the steroids at three concentrations; values of intra- and inter-day precision coeffi-
cients of variance, bias, and recovery were 0.7-7.7%, -1.5-9.8%, and 49.3-97.5%, re-
spectively. The linearity range was 1-100 ng/mL for cortisol and 0.5-50 ng/mL for other
steroids (R?>0.99). The reference intervals were in agreement with the previous reports.

Conclusions: This LC-MS/MS method and the reference intervals validated in the Korean
population can be successfully applied to analyze seven steroids in DBS for the diagnosis
of CAH.
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INTRODUCTION

Congenital adrenal hyperplasia (CAH), the most common adre-
nal gland disorder in infants and children, is a group of autoso-
mal recessive disorders of adrenal cortisol biosynthesis [1, 2]. In
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Caucasians, 21-hydroxylase deficiency, the classical form of
CAH, accounts for more than 90% of all cases, whereas 5% are
caused by 11-hydroxylase deficiency [3, 4]. The prevalence is
approximately 1 in 15,000 to 16,000 live births [5].

At present, immunoassays are commonly used for the mea-
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surement of 17-hydroxyprogesterone in CAH screening. Al-
though widely used in laboratories and hospitals because of its
simplicity, speed, and sensitivity, the reliability of the method
has been questioned [6, 7]. Immunoassays produce a large
number of false-positive results especially in preterm or acutely
ill babies, which is attributable to the delayed physiological mat-
uration of 11-hydroxylase, poor kidney function, and elevated
17-hydroxyprogesterone levels due to illness and stress [8, 91.
Furthermore, cross-reactivity with other endogenous steroids
poses additional problems [6, 7]. This limitation creates a signif-
icant burden on follow-up programs as well as stress on the
families of patients [10, 111.

Recently, liquid chromatography-tandem mass spectrometry
(LC-MS/MS) has emerged as the most accurate method for
measuring small molecules [12]. In addition to high specificity
in complex sample matrices, LC-MS/MS can measure several
steroid hormones simultaneously [13]. Steroid profiling with LC-
MS/MS allows the evaluation of the status of the enzymes in-
volved in the adrenal steroid biosynthetic pathways, thus, it is a
better diagnostic tool than the evaluation of a single steroid.

In Korea, the prevalence of CAH was estimated to be 1 in

39,069 live births in 2013 [14]. Since 2006, CAH has been rou-
tinely screened as a part of the newborn screening program in
Korea, with 17-hydroxyprogesterone as the target analyte, which
addresses the most common type of CAH [10, 15]. However,
there are few laboratories where LC-MS/MS, a more specific an-
alytical method, is used as the primary screening method.
Hence, LC-MS/MS data for the Korean population are limited.
In this study, we developed and validated a method that accu-
rately detects cortisol, 17-hydroxyprogesterone, 11-deoxycorti-
sol, 21-deoxycortisol, androstenedione, corticosterone, and
11-deoxycorticosterone in dried blood spots (DBS) and is suit-
able for the screening and diagnosis of CAH in neonates. Since
the reference interval is method-specific, we also determined
age-specific reference intervals for the seven aforementioned
steroids for healthy Korean neonates and adults for the clinical
use of LC-MS/MS.

METHODS

1. Reagent, instruments, and analytical conditions

Cortisol, 17-hydroxyprogesterone, 11-deoxycortisol, 21-deoxy-
cortisol, androstenedione, and corticosterone were purchased
from Sigma-Aldrich (St. Louis, MO, USA), and 11-deoxycortico-
sterone was obtained from Clearsynth Labs (Clearsynth Labs
Ltd., Mumbai, India). Deuterated standards d4-cortisol, d8-
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17-hydroxyprogesterone, d2-11-deoxycortisol, d8-21-deoxycor-
tisol, d7-androstenedione, d8-corticosterone, and d8-11-deoxy-
corticosterone were obtained from C/D/N Isotopes Inc. (Pointe-
Claire, QC, Canada). Further, steroid-free serum was purchased
from Golden West Biologicals Inc. (Temecula, CA, USA). All sol-
vents (methanol, acetonitrile, and water) were of HPLC grade
and were obtained from Burdick & Jackson (Honeywell Interna-
tional, NJ, USA). Blood was collected on filter cards type S&S
903 from Whatman Schleicher & Schuell (Dassel, Germany).
Analyses were performed on an Agilent 6490 triple quadru-
pole mass spectrometer equipped with an Agilent 1260 HPLC
system (Agilent Technologies, Santa Clara, CA, USA). The col-
umn used was a Kinetex 2.6 um XB-C18 (2.1 mmx50 mm)
(Phenomenex, Torrance, CA, USA) that was maintained at
40°C. Mobile phases consisted of water (mobile A) and metha-
nol (mobile B). The flow rate was 0.3 mL/min, and the final in-
jection volume of each sample was 20 plL. Quantitative analyses
were performed in multiple reaction-monitoring (MRM) mode.
All acquisition methods used the following parameters: capillary
voltage of 3,500 V, nozzle voltage of 500 V, sheath gas flow of
11 /min (ultra high purity [UHP] nitrogen) at 400°C, drying gas
flow of 12 L/min at 290°C, and nebulizer gas flow of 50 psi.
Other operating conditions for the MS are shown in Table 1.

2. Sample preparation

Two blood spots, each 3 mm in diameter and tantamount to 3.1
pL of whole blood, were punched into microliter plates, and 200
uL of the extraction buffer (50% methanol + 50% acetonitrile +
internal standard at a final concentration of 0.5 ng/mL) was
added. After repeating this step twice, 400 pL of this solution
was incubated in a thermoshaker for 1 hr at 750 rpm and 37
°C. After drying in a concentrator (Martin Christ Gefriertrock-
nungsanlagen GmbH, Osterode am Harz, Germany) for 90 min,
the extract was reconstituted with 30 pL of 10% methanol and
centrifuged for 5 min at 13,000 rpm. Twenty microliters of the
supernatant was then injected into the HPLC column.

DBS calibrators, quality controls, and DBS for evaluating ex-
traction recovery and matrix effects were prepared from the ve-
nous blood samples by using a modified method reported by
Lacey et al. [16]: red blood cells were washed thrice with saline,
and then diluted with steroid-free serum to obtain a hematocrit
of 55%.

The seven steroids and the deuterated internal standards
were dissolved in acetonitrile/water at a dilution of 70:30 (v/v) to
obtain a final concentration of 1 mg/mL. This was further diluted
in methanol/water at 10:90 (v/v) at a final concentration of 1 pg/
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Table 1. HPLC-MS/MS operating conditions
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HPLC gradient condition
Time (min) Mobile A% Mobile B% Flow rate (mL/min)
90 10 0.3
55 45 0.3
7 34 66 0.3
14 10 90 0.3
16 90 10 0.3
20 90 10 0.3
MS operating conditions
lonization mode Electrospray ionization, in positive ionization mode
Scan type Multiple reaction monitoring
Channel reaction Precursor m/z Dwell time (msec) Collision energy(eV) Product (m/z) Retention time (min)
Cortisol 363.1 100 23 121 7.5
d4-Cortisol 367.4 100 20 121.1 7.5
21-Deoxycortisol 347.2 50 15 3114 8
d8-21-Deoxycortisol 355.3 50 32 319.3 8
11-Deoxycortisol 347.2 50 30 109 8.4
d2-11-Deoxycortisol 349.3 50 28 109 8.4
Androstenedione 287.2 50 16 97 8.7
d7-Androstenedione 294.1 50 20 100.1 8.7
17-Hydroxyprogesterone 3313 50 22 97.1 9.3
d8-17-Hydroxyprogesterone 339.1 50 27 100 9.3
11-Deoxycorticosterone 3313 50 22 97.1 9
d8-11-Deoxycorticosterone 339.1 50 27 100 9
Corticosterone 3474 50 21 121.1 8.2
d8- Corticosterone 355.3 50 21 124.8 8.2

Abbreviations: MS, mass spectrometry; MS/MS, tandem mass spectrometry.

mL and stored at -70°C. These stock solutions were added to
steroid-free blood to obtain calibrators at final concentrations of
0 (blank), 1, 5, 25, 50, and 100 ng/mL for cortisol, and O, 0.5,
2.5,12.5, 25, and 50 ng/mL for the other steroids. For controls,
stock solutions of each steroid were spiked into steroid-free
blood to achieve final concentrations of 2.5, 10, and 75 ng/mL
for cortisol, and 1.25, 5, and 37.5 ng/mL for the other steroids.
Subsequently, calibrators and controls were spotted on filter pa-
per cards, dried at room temperature for more than 12 hr, and
stored at -70°C.

3. Method validation and reference range

The intra- and inter-day precision and accuracy were deter-
mined by analyzing five replicates at three concentrations (2.5,
10, and 75 ng/mL for cortisol, and 1.25, 5, and 37.5 ng/mL for
the other six steroids) for five independent assay runs. Linearity

580 www.annlabmed.org

was evaluated by using calibrators containing steroid concentra-
tions between 0.5 and 50 ng/mL, and cortisol concentrations
from 1-100 ng/mL. The lower limit of detection was defined as
the lowest concentration with a signal-to-noise ratio >5:1. Mean-
while, the lower limit of quantification was defined as the lowest
concentration with a signal-to-noise ratio >10:1 and a precision
of CV <20% from analysis of five replicates. Extraction recovery
and matrix effects were investigated by adopting the principles
suggested by Matuszewski et al. [17]. The analytes were spiked
prior to and after extraction (pre- and post-extracted sets, re-
spectively) and added to a “blank” reconstitution solvent (refer-
ence). The extraction recovery was determined at two different
concentrations (10 and 75 ng/mL for cortisol, and 5 and 37.5
ng/mL for the other steroids) in triplicate. Further, the extraction
recovery was calculated as the ratio of the mean peak area of an
analyte spiked before extraction to the mean peak area of an an-
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alyte spiked after extraction, multiplied by 100. Meanwhile, the
matrix effects were calculated as the ratio of the mean peak area
of an analyte spiked after extraction to the mean peak area of an
analyte spiked into blank solvent, multiplied by 100. Values
>100% and <100% indicate ionization enhancement and sup-
pression, respectively. In addition, a DBS sample from a patient
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with 21-hydroxylase deficiency was analyzed.

To determine the reference intervals for the seven steroids in
Korean subjects, a total of 154, 89, and 100 DBS samples from
neonates (76 premature, 78 full-term neonates), children, and
adults, respectively, were analyzed by using the LC-MS/MS pro-
tocol. Samples were collected from January 2012 to March

x10*

Sk dd-cortisol

A 367.4—121.1

3

2

1

0

705 71 715 72 725 73 735 74 745 75 755 76 765
x10°
22 : d8-17-hydroxyprogesterone

2k 339.1-100.0

15
1 -
0.5
0 T T T R I I I — T T T
9

%100 86 87 88 89 91 92 93 94 95 96 97 98 99

d2-11-deoxycortisol
349.3—109.0

0 — f
775 78 78579 795 8 805 81 815 82 825 83 835 84 845

3 d8-21-deoxycortisol
251 35533193

805 81 815 82 825 83 835 84 845

775 78 78579 79 8

d7-androdstenedione
294.1—100.1

86 87 88 89 9 91 92 93 94 95 96 97 98 99

d8-11-deoxycorticosterone
339.5—100.0

L T

93 94 95 96 97 98 99

86 87 88 89 9 91 92
x10*
3F .
25 d8-corticosterone

)| 358.3-—124.8

0
775 78 78579 79

ro— U S W R T T S S s s
8 805 81 815 82 825 83 835 84 84

Counts vs. Acquisition time (min)

Fig. 1. Multiple reaction monitoring (MRM) transition of the respective steroids; intensity vs. time (min). The black peaks represent the tar-
get steroids. White peaks are steroids that have the same molecular weight with the target steroids.
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2014. For neonates, whole blood was collected in DBS cards.
For children and adults, venous blood was collected into a
EDTA tube, and a 25-pL drop of whole blood (the optimal vol-
ume recommended by the card manufacturer) was applied to a
Whatman 903 card. The reference interval was determined ac-
cording to the CLSI guideline [18]. Since our intention was com-
paring the reference intervals to already reported reference in-
tervals rather than establishing new reference intervals, we con-
ducted experiments with insufficient number of samples recom-
mended by CLSI.

The results were compared to those of previously published
reports in other populations. This study protocol was approved
by the institutional review board of Samsung Medical Center
(IRB No. 2012-08-058).

RESULTS

A total ion chromatogram and representative ion-pair LC-MS/MS

Kim B, et al.
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chromatograms are shown in Fig. 1. Analyses of steroid-free
samples showed no interfering peaks at the retention times of
the steroids or internal standards. The run time for each sample
was 20 min.

The assay performance is summarized in Table 2. The accu-
racy and precision were satisfactory at all the concentrations
tested. Values of intra- and inter-day precision coefficients of
variance, bias, and recovery were 0.7-7.7%, -1.5-9.8%, and
49.3-97.5%, respectively. The linear assay range was observed
to be 1.0-100 ng/mL for cortisol, and 0.5-50.0 ng/mL for the
other steroids (R2>0.99). The lower limit of detection was 0.1
ng/mL for cortisol and 11-deoxycorticosterone, 0.2 ng/mL for
androstenedione and 11-deoxycortisol, and 0.3 ng/mL for
17-hydroxyprogesterone, corticosterone, and 21-deoxycortisol.
Meanwhile, the lower limit of quantification was 1.0 ng/mL for
cortisol and 0.5 ng/mL for the other steroids, with CVs within
20%. The extraction recovery was consistent across the con-
centration levels. It was 49.3-62.3% for 11-deoxycortisol and

Table 2. Precision, accuracy, linearity, and extraction recovery for the studied analytes

N of Concentration Precision (% CV) Accuracy (% RE) Recovery Linearity
observations  (ng/ml) Intra-batch Inter-batch Intra-batch Inter-batch (%) Range(ng/ml)  R?
Cortisol 5 2.50 543 3.91 0.15 -0.26 1.00-100.00  0.9983
5 10.00 4.82 3.88 -1.54 -1.10 84.5
5 75.00 0.66 3.40 0.00 1.80 85.4
17-hydroxyprogesterone 5 1.25 4.44 6.66 2.53 1.61 0.50-50.00 0.9994
5 5.00 3.80 7.20 2.37 2.38 69.4
5 37.50 2.95 2.56 0.98 1.14 95.2
11-deoxycortisol 5 1.25 1.90 3.48 1.97 2.49 0.50-50.00 0.9997
5 5.00 1.31 2.86 0.10 0.94 493
5 37.50 1.58 3.04 0.07 0.14 62.3
21-deoxycortisol 5 1.25 5.12 7.66 9.80 2.77 0.50-50.00 0.9982
5 5.00 3.54 3.99 3.56 1.34 83.3
5 37.50 2.14 2.52 1.38 1.22 88.4
Androstenedione 5 1.25 3.03 313 0.22 -1.46 0.50-50.00 0.9985
5 5.00 2.63 3.30 2.48 -0.05 75.0
5 37.50 1.26 2.38 2.93 2.69 97.5
Corticosterone 5 1.25 1.41 6.35 0.51 6.27 0.50-50.00 0.9992
5 5.00 2.47 5.89 4.16 6.67 90.5
5 37.50 3.16 4.37 1.28 2.27 84.7
11-deoxycorticosterone 5 1.25 6.34 6.63 0.51 3.36 0.50-50.00 0.999
5 5.00 6.82 7.04 4.16 4.83 89.0
5 37.50 3.13 4.29 1.28 2.54 86.5

Abbreviation: RE, relative error.
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69.4-97.5% for the other steroids. Moreover, there was no sig-
nificant ionization suppression or enhancement. Further, the
matrix effects ranged from 80.1-80.5% for androstenedione
and 11-deoxycortisol and 90.5-100.4% for the other steroids.
Analysis of a sample from a patient with 21-hydroxylase defi-
ciency showed agreeable results and were as follows: cortisol,
6.25 ng/mL; 17-hydroxyprogesterone, >50 ng/mL; 11-deoxy-
cortisol, 0.37 ng/mL; 21-deoxycortisol, 38.60 ng/mL; andro-
stenedione, 3.10 ng/mL; corticosterone, 1.09 ng/mL; and
11-deoxycorticosterone, 31.10 ng/mL.

The comparison of reference intervals and median values of
the seven steroids determined in this study with those reported
by other studies is summarized in Table 3.

DISCUSSION

In this study, an LC-MS/MS method for the simultaneous quan-
tification of seven steroids in DBS was validated. In addition, we
determined age-specific reference intervals of the seven steroids
in the Korean population.

The method presented here allows for the simultaneous and
rapid quantification of the steroids cortisol, 17-hydroxyproges-
terone, 11-deoxycortisol, 21-deoxycortisol, androstenedione,
corticosterone, and 11-deoxycorticosterone with high specificity.
Current immunoassays generate large number of false-positive
results, with low positive predictive value [11, 19]. To reduce the
number of unnecessary tests, anxiety to families and physi-
cians, and burden to the newborn screening follow-up program,
quantification of 17-hydroxyprogesterone by a highly specific
LC-MS/MS method can be used as a primary or secondary test.
For example, 84% of the false-positive results were eliminated
and the follow-up duration was significantly reduced from 75 to
8 days when the LC-MS/MS method was applied [111.

Furthermore, by using steroid profiling a subtle differential di-
agnosis between subtypes is possible [20, 21]. The enzyme
21-hydroxylase catalyzes the conversions of 17-hydroxyproges-
terone to 11-deoxycortisol and of progesterone to deoxycortico-
sterone. Therefore, deficiency in this enzyme results in in-
creased levels of 17-hydroxyprogesterone and androstenedione.
Simultaneous measurement of cortisol and androstenedione
along with 17-hydroxyprogesterone can provide improved dis-
crimination between truly affected and unaffected individuals,
especially in neonates under stress. The inclusion of additional
steroid hormones, such as 11-deoxycortisol, 11-dehydrocortico-
sterone, and corticosterone in the profiling panel would also
promote improved discrimination between CAH subtypes.

584

Kim B, et al.
Dried blood spot testing for steroids with LC-MS/MS

Moreover, it would help diagnose 11-hydroxylase deficiency, in-
cluding the differential diagnosis of 11 B-hydroxylase 1 versus
11 B-hydroxylase 2 deficiency. In patients with 11 B-hydroxylase
1 deficiency, 11-deoxycortisol and 11-deoxycorticosterone levels
are elevated to typically 20-300 times the upper limit of the ref-
erence range, while 11-deoxycortisol might or might not be ele-
vated in patients with 11 B-hydroxylase 2 deficiencies.

In recent years, specific LC-MS/MS methods to analyze ste-
roids in different matrices have been developed, but only few
laboratories have applied it to CAH screening. Since the refer-
ence intervals of adrenal steroids are method-specific, the lack
of available clinical data for the Korean population has been an
obstacle in the clinical application of this method. In this study,
we determined seven steroid levels in the Korean population.
Samples from 76 preterm and 78 full-term neonates, 89 chil-
dren, and 100 adults were analyzed. The results were in agree-
ment with previously published data [22-24].

In conclusion, we developed and validated a rapid and highly
specific LC-MS/MS assay that quantifies seven endogenous ste-
roids for CAH screening. With the expansion of newborn screen-
ing programs, a more specific method is needed for the diagno-
sis and follow-up of patients with CAH. Our LC-MS/MS-based
method can circumvent common issues associated with immu-
noassays such as high false-positive rates and the inability to
analyze multiple analytes in a single test. We propose that to-
gether with the validated method, the age-specific reference in-
tervals in the Korean population will also help facilitate the clini-
cal implementation of the method and improve the clinical as-
sessment of patients.
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