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Abstract

In newborn screening, samples suspected for congenital adrenal hyperplasia (CAH), a
potentially lethal inborn error of steroid biosynthesis, need to be confirmed using liquid chro-
matography-tandem mass spectrometry. Daily quality controls (QCs) for the 2"%-tier CAH
assay are not commercially available and are therefore generally prepared within the labora-
tory. For the first time, we aimed to compare five different QC preparation approaches used
in routine diagnostics for CAH on the concentrations of cortisol, 21-deoxycortisol, 11-deoxy-
cortisol, 4-androstenedione and 17-hydroxyprogesterone in dried blood spots. The tech-
niques from Prep1 to Prep5 were tested at two analyte concentrations by spiking aliquots of
a steroid-depleted blood, derived from washed erythrocyte suspension and steroid-depleted
serum. The preparation processes differed in the sequence of the preparation steps and
whether freeze-thaw cycles were used to facilitate blood homogeneity. The five types of
dried blood spot QCs were assayed and quantitated in duplicate on five different days using
a single calibration row per day. Inter-assay variations less than 15% and concentrations
within £15% of the nominal values were considered acceptable. Results obtained by means
of the four dried blood spot QC preparation techniques (Prep1, Prep2, Prep4 and Prep5)
were statistically similar and remained within the £15% ranges in terms of both reproducibil-
ity and nominal values. However, concentration results for Prep3 (spiking prior to three
freeze-thaw cycles) were significantly lower than the nominal values in this setting, with dif-
ferences exceeding the +15% range in many cases despite acceptable inter-assay varia-
tions. These findings have implications for the in-house preparation of QC samples in
laboratory developed tests for CAH, including 2"-tier assays in newborn screening.

Introduction

Congenital adrenal hyperplasia (CAH; OMIM 201910, OMIM 202010) is a severe inborn dis-
order of steroid biosynthesis [1, 2]. CAH is characterized by cortisol insufficiency and
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accumulation of other androgenic steroid precursors that cause androgen excess in both sexes,
significantly reducing life quality [1, 2]. Moreover, a disturbed sodium homeostasis with hypo-
natremia and hyperkalemia in certain forms of CAH can result in a hyponatremic shock and
death in early infancy [2].

Newborn screening (NBS) of CAH, performed worldwide including in 24 European coun-
tries and all states of the USA, has markedly improved the diagnosis and outcome of this possi-
bly lethal disorder [1-3]. Here, dried blood spots (DBSs) are used for the measurement of
17-hydroxyprogesterone (170HP) by means of a fluorimetric immunoassay [1, 2]. The rela-
tively high number of false-positives in the 1¥-tier testing necessitates the confirmation of CAH
[2]. Second-tier testing using liquid chromatography-tandem mass spectrometry (LC-MS/MS)
is recommended [1, 2, 4], which uses the same DBS specimen as in the primary screening,
together with daily quality control (QC) samples for quality assurance purposes [5-9].

However, daily QCs for cortisol (Cort), 21-deoxycortisol (21Deox), 11-deoxycortisol
(11Deox), 4-androstenedione (4AD) and 170HP are currently commercially unavailable.
Even if the Centers for Disease Control and Prevention (CDC) does provide 2"_tier CAH test-
ing QC material, these samples are not intended for daily quality assurance purposes according
to the CDC [10]. Thus, laboratories performing in-house methods for CAH must generally
prepare daily QCs themselves. The preparation technique (e.g. sample collection, non-matrix
spiking volume, homogeneity) can greatly affect the quality of the DBS sample which, in turn,
is important for reliable quantitation and diagnosis [11-13]. However, despite its widespread
use and diagnostic importance, DBS preparation in NBS is not covered in recommendations
for other applications of DBS such as therapeutic drug monitoring [11-13].

Previously published approaches for the preparation of home-made QCs for CAH differed
in the sequence of the preparation steps and whether homogeneity of the blood was supported
with freeze-thaw cycles [6-9, 14]. Techniques included application of the spiked blood onto fil-
ter paper with [8, 9] or without [6] prior freezing and a consequent hemolysis of the blood to
improve homogeneity; three freeze-thaw cycles of the steroid-depleted whole blood, followed
by spiking [7]; or two weeks of freezing [14].

Until now, no reports were available on the comparison of the various QC preparation pro-
cedures used in the routine diagnostics for Cort, 21Deox, 11Deox, 4AD and 170HP in DBS.
Thus, in addition to a technique [6] similar to general protocols reported for non-NBS applica-
tions [11-13], we set out to test additional QC preparation approaches that are also used in the
routine diagnostics for CAH [7-9, 14] in terms of inter-assay reproducibility and agreement
with the nominal concentrations.

Materials and methods

Reagents

Deuterated internal standards (ISs) D4-Cort, Dg-21Deox, D,-11Deox, D5-4AD and Dg-
170HP were purchased from Cambridge Isotope Laboratories (Andover, MA, USA); unla-
beled Cort, 21Deox, 11Deox, 4AD and 170HP from Sigma-Aldrich (St. Louis, MO, USA);
methanol (LC-MS grade) and formic acid (LC-MS grade) from Honeywell (Charlotte, NC,
USA); and acetonitrile (LC-MS grade) from Merck (Darmstadt, Germany). Ultrapure water
(18.2 MQ.cm), filtered through a 0.22 um pore size membrane, was obtained from a Merck
Millipore Direct-Q 3 UV system (Billerica, MA, USA).

Preparation of the DBS samples

Heparinized blood from a single healthy volunteer (author P.M.) was centrifuged at 1000 x g
for 15 min. Pooling blood from more than one volunteer was not necessary as the total volume
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Table 1. Description of the five QC preparation procedures.

Common preliminary preparation steps from Preparation-specific procedures on aliquots of Common final preparation steps from Prepl to

Prepl to Prep5 the steroid-depleted blood Prep5

Prepl | 1. Heparinized red blood cells washed 3 times with | Spiking without any freeze-thaw cycles 1. Spiked blood mixed gently but thoroughly

Prep2 phosphate-buffered saline Three freeze-thaw cycles, followed by spiking 2. Spiked blood applied onto filter paper

2. Steroid-depleted serum added stepwise to . 3. Samples dried at room temperature for up to

Prep3 | . hieve a hematocrit of 50% Spiking, then 3 freeze-thaw cycles 24h

Prep4 | 3. Steroid-depleted blood split into 5 aliquots Spiking, then 2 weeks storage at -70°C 4. Samples stored in sealed aluminium bags with

Prep5 Two weeks storage at -70°C, followed by spiking silica gel desiccants at -70°C

https://doi.org/10.1371/journal.pone.0252091.t001

of blood needed for the study was relatively low. Additionally, using blood from a single per-
son can help eliminate potential incompatibility issues caused by the small amount of residual
plasma that may remain after washing the red blood cells [15]. The erythrocytes were washed
three times with phosphate-buffered saline; the absence of hemolysis was confirmed after each
step (plasma and supernatant were discarded). The washed erythrocytes were mixed stepwise
with commercially available steroid-depleted serum (BBI Solutions, Crumlin, UK) from a sin-
gle bottle. Hematocrit values were repeatedly measured after each step by means of a Beckman
Coulter UniCel DxH 600 hematology analyzer (Beckman Coulter, Inc, Brea, CA, USA) until
the target hematocrit of approx. 50% was reached [15], corresponding to the average hemato-
crit in newborns [11]. The steroid-depleted blood was split into five aliquots. Subsequent steps
for the five different QC preparation procedures are summarized in Table 1.

Spiking of the five aliquots from the same steroid-depleted blood was performed using
equal volumes of spiking solutions in saline (20 pl solution added to 1980 pl steroid-depleted
blood, corresponding to a 1% non-matrix spike volume, i.e. a 100-fold dilution of the analytes).
The samples were then mixed gently but thoroughly by applying repeated manual inversion of
the tubes containing spiked blood immediately after spiking and then in every 2-3 min for 30
min. Final concentrations of the QCs were 30(60) and 90(180) nM for steroids (Cort), respec-
tively. Thereafter, samples were applied (70 pl per spot) by a single person onto Ahlstrom-
Munksjoé TFEN filter paper cards (Ahlstrom-Munksjéo Germany GmbH, Bérenstein, Germany)
using a manual air displacement pipette and dried at room temperature for up to 24 h. A sam-
ple volume of 70 ul per circle was chosen because this volume allowed to punch four 4.7 mm
spots from each blood circle in an , X” shape. Here, all punches cover similar peripheral loca-
tions within a circle, which can improve the reproducibility of the measurements and allows
for more efficient utilization of the prepared QCs. All QCs (and the DBS calibrators) were
stored in sealed aluminium bags with silica gel desiccants at -70°C.

The five types of QCs were assayed in duplicates on five different days together with a single
daily calibration row which was then used to calculate concentrations of all QCs on that day.
Measurements took place approximately once per week within 1 month. Inter-assay variations
<15% and concentration results within +15% of the nominal values were considered accept-
able in line with recommendations [16].

All procedures followed were in accordance with the ethical standards of the responsible
committee on human experimentation (institutional and national) and with the Helsinki Dec-
laration of 1975, as revised in 2000. The study was approved by the Ethical Committee of the
University of Szeged (139/2018-SZTE). The whole blood used for the preparation of the test
samples originated from one of the authors (P.M.); therefore, no written consent was obtained.
However, information on study characteristics and possible risks of blood sampling were ver-
bally discussed among the authors beforehand and were documented in the internal protocol
file.
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Sample preparation and instrumentation

Details of the sample preparation procedure have been reported previously [7]. Briefly, two
spots 4.7 mm in diameter (corresponding to approx. 13.6 pl blood) of each of the DBS calibra-
tors and QCs were extracted with freshly prepared IS working solution for 45 min at ambient
temperature in 96-well microtiter plates shaken on a Heidolph Titramax 1000 plate shaker
(Heidolph Instruments GmbH & CO. KG, Schwabach, Germany). The plate was sealed with a
lid and shaken for 50 min at ambient temperature. Final concentrations were 0(0), 2(4), 5(10),
10(20), 25(50), 75(150) and 125(250) nM for steroids (Cort) in the DBS calibrators and 30(60)
and 90(180) nM for steroids (Cort) in the QCs. The IS working solution (composition: 10 nM
d4-Cort, 7.5 nM dg-21Deox and 1.5 nM each of d,-11Deox, ds-4AD and dg-170OHP) was pre-
pared fresh daily by a 10-fold dilution of an intermediate solution mix of deuterated ISs with
acetonitrile/water 80:20 (v/v). Following centrifugation for 10 min at 4°C and 1000 x g in an
Eppendorf 5810R centrifuge (Eppendorf AG, Hamburg, Germany), the supernatant was trans-
ferred to a second microtiter plate and dried at 35°C in a gentle flow of air for 45 min. The res-
idues were reconstituted in 45 pl of a methanol/water mixture (20:80 v/v).

Concentrations of Cort, 21Deox, 11Deox, 4AD and 170HP were measured with an
LC-MS/MS method with inter-day variabilities of approx. 10-15% that had previously been
validated using clinical samples from CAH patients [7]. The system consisted of a PerkinElmer
Flexar UHPLC system (solvent manager with a degasser, two FX-10 binary pumps, autosam-
pler and thermostatic oven; all PerkinElmer Inc., Waltham, MA, USA), combined with an AB
SCIEX QTRAP 5500 MS/MS triple quadrupole mass spectrometer, and controlled by Analyst
1.6.2 software (both AB SCIEX, Framingham, MA, USA). Chromatographic separation of the
analytes was performed on a Phenomenex Kinetex XB-C18 100x3.0 mm, 2.6 pm core-shell
analytical column and a SecurityGuard Ultra Cartridge guard column (both Phenomenex,
Torrance, CA, USA). Eluent A consisted of ultrapure water (18.2 MQ.cm, filtered through a
0.22 um pore size membrane) plus 0.1% formic acid (LC-MS grade). Eluent B consisted of
methanol plus 0.1% formic acid (both LC-MS grade). Results of the LC-MS/MS analysis are
reported in nM.

Statistical analysis

Statistical comparisons were performed by using the non-parametric Kruskal-Wallis test, fol-
lowed by Dunn’s post hoc test (GraphPad Prism, GraphPad Software, La Jolla, CA, USA).
Results are reported as medians (ranges). p values <0.05 were considered significant.

Results

Inter-assay variations for Cort, 21Deox, 11Deox, 4AD and 17OHP at both the 30(60) nM and
the 90(180) nM concentrations were generally within the predetermined +15% range [16] for
all five preparation approaches (S1 Table).

As concerns agreement with the nominal concentrations, the assayed values of the five ste-
roids were within the acceptable £15% range in case of four QC preparation approaches [16].
However, the decreased concentrations in Prep3 were outside of the £15% range in 6 out of 10
comparisons (i.e. 5 analytes at 2 QC levels), being 11.7-31.2% lower than the nominal values in
all 10 cases (S1 Table).

Statistical analyses showed that the assayed concentrations were significantly different from
each other for all five analytes at both QC levels (p<0.001, except for Cort at the 90(180) nM
concentration where p<0.01). Post hoc analyses revealed that the statistical significance in the
Kruskal-Wallis test was due to the decreased analyte concentrations for Prep3. In contrast,
Prepl, Prep2, Prep4 and Prep5 did not differ significantly from each other for any of the
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analytes (p>0.05). Significance levels in the post hoc tests are depicted in Figs 1 and 2 and in
the S1 Table.

Discussion

A timely diagnosis and treatment can markedly decrease rates of serious morbidity and mor-
tality associated with CAH [1, 2]. Accordingly, CAH is included in the NBS panel in numerous
countries, including 24 European countries and all states of the USA [3]. Fluorimetric immu-
noassays are used in the NBS for CAH to detect elevations of 17OHP in DBS which, on the
other hand, must be confirmed due to the high number of false-positives [1, 2]. The relatively
low positive predictive value is attributed to factors that include 17OHP elevations due to fac-
tors other than CAH (stress, prematurity or sickness) and cross-reactions in the primary test
[1, 17, 18]. Confirmation of the primary results is preferably performed using the same DBS
specimen as in the primary screening (i.e. 2" tier testing) by means of LC-MS/MS [1, 2, 4].

These assays, similarly to other diagnostic methods, require daily QC samples for quality
assurance purposes [4, 11]. However, even if 2"-tier CAH testing QC material is available
from the CDC, it is stated that: “NSQAP QC materials are not a replacement for manufacturer
kit controls or other daily QC, and should not be used for routine analysis” [10].

According to reviews on applications of DBS such as therapeutic drug monitoring, the
preparation technique can influence the quality of the DBS sample and consequently the accu-
racy of quantitation [11-13]. Factors include the sample collection technique, non-matrix
spiking volume and solvent, homogeneity, technique of the application of blood onto filter
paper and DBS storage [11-13]. However, DBS preparation in NBS is not covered in those rec-
ommendations. Issues with special emphasis in NBS include the need for a correct diagnostic
interpretation (confirmation or exclusion of the raised diagnosis); the ability to measure a
large number of samples with restricted turnaround time; and traceability and comparability
of results both over extended periods and in international QC testing schemes.

Due to a lack of commercially available daily QCs in 2"-tier CAH assays in NBS, various
techniques have previously been utilized for the preparation of home-made QCs [6-8, 11]. In
the protocol from Boelen and colleagues [6], red blood cells were washed three times with
saline, mixed with steroid-depleted serum and spiked with steroid standard solutions. This
approach (Prepl) is in close agreement with general protocols described in earlier reviews for
non-NBS applications [11-13]. In the papers from Janzen et al [8] and Lacey and colleagues
[9], the spiked samples were subsequently homogenized by means of freezing, prior to applica-
tion onto filter cards. Further protocols applied two weeks of freezing [14] or three freeze-thaw
cycles of the unspiked steroid-depleted whole blood, followed by spiking [7].

The present study is the first to evaluate five different QC preparation approaches used in
the routine diagnostics for CAH for the 2™-tier testing of Cort, 21Deox, 11Deox, 4AD and
170HP in DBS. In terms of reproducibility, all five tested techniques (detailed in Table 1) gave
similar and acceptable results, as shown by inter-assay variations <15% (S1 Table). Addition-
ally, the assayed values of the tested steroids were also in good agreement with the nominal
concentrations (within +15%) in four of five preparation approaches (but not in Prep3);
regardless of whether intact erythrocytes (Prepl without freezing) or hemolyzed blood were
present in the samples (Prep2, Prep4 and Prep5 with freezing). Statistical analyses confirmed
the above findings, showing that the measured concentrations in Prepl, Prep2, Prep4 and
Prep5 were similar for all analytes (p>0.05). Of note, analytes other than those tested here may
give different results [11-13, 19].

In contrast, QCs prepared according to Prep3 (i.e. spiking followed by three freeze-thaw
cycles) resulted in concentrations 11.7-31.2% lower than the nominal values in the present
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Fig 1. Comparison of steroid concentrations in five preparation procedures at QC level 30(60) nM. Values are given in nM as medians
(ranges) for duplicates on five different days. Cort: cortisol; 21Deox: 21-deoxycortisol; 11Deox: 11-deoxycortisol; 4AD: 4-androstenedione;
170HP: 17-hydroxyprogesterone. Non-parametric Kruskal-Wallis test and Dunn’s post hoc test. *** p<0.001, ** p<0.01 and * p<0.05 in

the post hoc test.

https://doi.org/10.1371/journal.pone.0252091.g001
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setting. In 6 out of 10 comparisons (i.e. 5 analytes at 2 QC levels), even the 15% limit [16] was
not met (S1 Table). Results with Prep3 were also statistically significantly different from the
other preparation approaches for all five analytes at both QC levels (Figs 1 and 2, S1 Table).

However, it should be noted that the observed statistical differences with Prep3 may not
necessarily affect recognition of CAH patients negatively: based on the extent of the alter-
ations, a correct interpretation may still be possible. Of note, concentrations of multiple ste-
roids are determined in LC-MS/MS assays, allowing calculation of analyte ratios (precursor/
product) which can markedly improve the diagnostic reliability of LC-MS/MS assays for CAH
[1, 2, 4]. Thus, even if Preps 1, 2, 4 and 5 may seem most appropriate for the preparation of in-
house QCs from the tested protocols, these results need to be confirmed in larger studies using
additional sample preparation approaches.

The background of the observations of the present study is not fully understood but may be
connected to possible roles of steroid-binding proteins [20], the effects of freeze-thaw cycles
[10, 21] and other confounding factors. As an example, effects of the repeated freeze-thaw
cycles are expected to be smaller if this procedure is performed on samples where analytes are
almost absent (like in the steroid-depleted blood in Prep2) than for samples with higher ana-
lyte concentrations (e.g. with the already spiked blood in Prep3) [21]. This is in line with our
findings for Prep2 and Prep3, differing only in the order of spiking and freezing. In contrast,
Prep4 and Prep5 seemed similar, suggesting that the number of cycles may also play a role
[21]. Further confounding factors are yet to be elucidated.

One could argue that freeze-thaw cycles and the resulting hemolysis of the blood have pre-
viously been suggested to be avoided in certain applications using DBSs including therapeutic
drug monitoring [12, 13]. However, in the clinical setting, freeze-thaw cycles, as a technique to
improve homogeneity and reproducibility of consecutive QC batches, have been used in sev-
eral papers [7-9, 14], including the report from the CDC that provides worldwide quality
assurance for diagnostic assays to facilitate a more reliable diagnosis of CAH and comparabil-
ity of clinical laboratories [14].

Another limitation of the present study is that we did not examine long-term stability of
each type of QCs. Storage stabilities could provide additional data for the comparison of the
different preparation techniques. As an example, concentrations of Cort seem to decrease to a
larger extent in Prep3 than in the other preparation approaches (S1 Table). Thus, stability
assessment, similarly to that recently reported on Prep2 [22], may therefore be helpful in the
decision. Moreover, a larger number of replicate analyses are needed for more accurate results.

Our experiments were planned with the aim to eliminate as many external sources of vari-
ance as possible. We used heparinized blood from a single person and single batches of phos-
phate-buffered saline and steroid-depleted serum for washing and mixing the red blood cells,
respectively. Aliquots of the same steroid-depleted blood were then used in the five different
QC preparation procedures (Table 1). Moreover, a single batch of standard solution was used
for spiking all aliquots and the spiked whole blood was applied onto filter papers deriving
from the same lot. A sample volume of 70 ul blood per circle allowed to punch four 4.7 mm
spots from each blood circle in an ,,X” shape, each punch covering similar peripheral locations
within a circle. To further eliminate potential variance from the analytical determination, the
five types of QCs were assayed simultaneously with a single daily calibration row which was
then used to calculate concentrations of all QCs on that day. Despite all efforts, it may not have
been possible to eliminate all potential external factors.

Our findings have implications on the preparation of daily QCs in the clinical diagnostics
for CAH. Even if external quality assurance like the one provided by the CDC remain essential
[10, 14], the information presented here can facilitate a more reliable confirmation or exclu-
sion of CAH in in-house methods. It may be speculated that our results on QCs may also be
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applicable for in-house prepared calibrators. Potential differences with various preparation
techniques of home-made calibrators, similar to those found in QCs, could affect the reported
concentrations and possibly the diagnostic performance of a CAH 2"-tier assay [11-13].
However, this assumption is yet to be confirmed.

Conclusions

For the first time, various QC preparation techniques used in the routine diagnostics for CAH,
including Prepl [6], an approach similar to general protocols reported for non-NBS applica-
tions of DBS [11-13], were compared using a validated LC-MS/MS method. For all five tested
approaches, the reproducibility of the Cort, 21Deox, 11Deox, 4AD and 17OHP determination
was shown to be similar and acceptable (i.e. <15%). The assayed values were also in good
agreement with the nominal concentrations (within +15%) in four techniques. However,
Prep3 (i.e. spiking followed by three freeze-thaw cycles) resulted in significantly lower concen-
trations which in many cases exceeded the recommended +15% limit. Of note, this statistical
difference may not necessarily affect diagnostic accuracy negatively in recognizing CAH
patients. These new findings provide additional information on in-house methods for CAH
including 2"-tier confirmatory assays in NBS. Even if the results of the present study suggest
that Preps 1, 2, 4 and 5 seem most appropriate for the preparation of in-house QCs from the
tested protocols, the observations need to be confirmed using additional sample preparation
approaches with a larger number of replicate analyses, together with the assessment of long-
term stability of the QC samples.
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