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ABSTRACT

Background Mutations of CYP21A2 encoding 21-hydroxylase
are the most frequent cause of congenital adrenal hyperplasia
(CAH) and are associated either with elevated basal or ACTH-
stimulated levels of 17-hydroxyprogesterone (170HP) in blood.
Objective The study objective was to identify the most suit-
able of 12 different test algorithms and appropriate cut-off
levels for that test to recognize patients with non-classical con-
genital adrenal hyperplasia (NCCAH) and carriers of clinically
relevant mutations in CYP21A2.

Method and Patients Between July 2006 and July 2015 ACTH-
tests were conducted in 365 children and adolescents (Age
1-20vy) suspected to have NCCAH. As a reference, results from
subsequent gene sequencing of CYP21A2 was used. Inclusion
criteria that were used were premature pubarche with acceler-
ated bone age, hyperandrogenism, hirsutism, or menstrual ir-
regularities. Receiver operating characteristics (ROC) were plot-
ted. Evaluated test algorithms were composed around 170HP
measurements by radioimmunoassays. The most suitable test
was identified by the greatest area under the curve (AUC).
Results Among the 12 tested algorithms, the sum of 30 min
and 60 min stimulated 170HP values (sum170HPstim) showed
the highest AUC of 0.774 for identifying heterozygous and bi-
allelic mutations. A cut-off of 10.1 pg/l was advisable. Bi-allelic
mutations only were best identified calculating the difference
between 30 min and basal 170HP values (A170HP30). A cut-off
of 9.4 pg/l was most effective.

Conclusion Alternatively to the above mentioned cut-offs the
difference of 60 min after stimulation to basal 170HP (A170HP60)
can be used for the benefit of a combined test to identify both
heterozygotes and bi-allelic patients. There are minimal decreas-
es in sensitivity and specificity compared to an approach that ap-
plies two tests. However, it denotes a simpler approach in the
clinical routine.

Introduction

Congenital Adrenal Hyperplasia (CAH) is one of the most common
autosomal recessive disorders. In 95 % of patients it is caused by a
defectin the 21-hydroxylase enzyme encoding gene (CYP21A2) [1].
However, other enzyme defects are also possible as a cause of CAH.
As CAH is generally regarded as a recessive disorder, both parental
alleles must be affected [2]. 21-hydroxylase is important in the pro-

duction of aldosterone and cortisol from progesterone and
17a-hydroxyprogesterone (170HP). As a consequence in 21-hy-
droxylase deficiency, adrenal androgens and above all the steroid
and intermediate of androgen synthesis 170HP are produced in
excess. Among other effects, elevated levels of androgens can lead
to hyperandrogenism and virilisation in females.
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Itis generally differentiated between classical and non-classical
congenital adrenal hyperplasia (NCCAH). The classical form is
caused by more severe enzyme defects, which lead to genital am-
biguity at birth, and is further divided into the salt-wasting and
non-salt-wasting form. The salt-wasting form leads to a potential-
ly life-threatening loss of electrolytes and fluids (a salt-wasting cri-
sis) in the first weeks after birth. NCCAH, also known as late-onset
CAH, often remains unrecognised at birth and only becomes more
apparent later onin childhood or puberty. This happens due to ac-
celerated bone age, premature pubarche or severe acne.

New-born screening exists in Germany and many other coun-
tries around the world to identify patients with classical CAH. Also
a third of NCCAH patients that are identified in this way [3, 4]. Nev-
ertheless, this leaves a significant proportion of NCCAH patients
undiagnosed. To identify patients with NCCAH or just heterozygous
carriers, different methods exist. These eitherinvolve determining
urine steroid profiles (USPs), conducting an ACTH-test and deter-
mining basal and post-stimulation blood steroid levels or preform-
ing molecular genetic analysis. USPs are favourable due to their
non-invasiveness, especially in younger patients, but the ACTH-test
poses an advantage over USPs as it may be conducted within about
an hour’s time during a single visit to the medical practice. In order
to determine the USP the collection of urine over the course of 24 h
is necessary. Molecular genetic tests are the only way of reliably
identifying all NCCAH and heterozygous carriers, but currently in-
volve significant costs and thus an effective pre-selection process
is desirable.

Different approaches to ACTH-tests and their evaluation have
been mentioned in previous publications [5-10]. Some studies
have reported on the use of ACTH stimulated 21-deoxycortisol to
identify NCCAH patients and heterozygotes [5, 11-13]. The results
are especially promising when employing tandem mass spectrom-
etry after high performance liquid chromatography separation (LC-
MS/MS) [14] rather than radioimmuneassays [5, 12]. LC-MS/MS is
becoming increasingly available but publications are still limited
and non-decisive as to which calculation to use for carrier identifi-
cation [14, 15]. Thus 21-deoxycortisol values are not ubiquitously
accessible in the clinical routine and require further research.
170HP presents a more common steroid used to distinguish
NCCAH and heterozygotes but a medley of different approaches
have been discussed. These include the use of basal 1770HP levels
[16], conducting ACTH-tests and using stimulated 170HP levels
after 30 min [7] and 60 min [8, 17]; the difference (delta) between
basal and stimulated (60 min) 170HP levels [9, 18, 19] and the sum
of stimulated (60 min) and basal 170HP levels [10]. This study aims
at identifying the most suitable test as well as proposing cut-off
values to identify heterozygous or homozygous patients using that
specific test.

Method

In this retrospective study, anonymised clinical data collected be-
tween July 2006 and July 2015 in the Ruhr area of Germany was
used. In total, 365 patients with symptoms indicating NCCAH were
included in this study. NCCAH symptoms for inclusion were prema-
ture pubarche, accelerated bone age, hyperandrogenism as well as
signs of androgenisation such as hirsutism and menstrual irregu-

larities. The patients were above the age of one and up to and in-
cluding the age of 20. All patients underwent an ACTH-Test and
molecular genetic analysis of CYP21A2. When patients underwent
two or more ACTH-Tests during the course of this study, only the
most recent results were included. The ACTH-Test was conducted
using 250 pg Synacthen, Novartis Pharma. Immediately before,
30 min after and 60 min after ACTH was administered, blood sam-
ples were collected and analysed. Tests were carried out in the
morning and patients non-fasting. As an inclusion criterion for girls
was irregular menstrual cycle, tests could not be performed during
a specific known phase of the cycle. However, in patients with high
levels of luteinizing hormone (LH), the ACTH test was repeated two
weeks later to exclude measurements during the luteal phase. None
of the patients was taking oral contraceptives.
The used data for this study included basal ACTH levels, basal
170HP levels as well as 170HP levels 30 and 60 min after ACTH was
administered. Patients were only included when values of all three
170HP measurements were known and the information was not
pooled. Thus, associations between individual values remained to
be known.
The result of the molecular genetic testing was regarded as gold
standard to diagnose the presence or absence of CYP21A2 muta-
tion status and furthermore used as such when calculating sensi-
tivity and specificity.
The following twelve tests will be compared:
= Basal 170HP levels (170HPBasal)
= Stimulated 170HP levels 30 min after ACTH was given
(170HP30)
= Stimulated 170HP levels 60 min after ACTH was given
(170HP60)
= Difference between 30 min stimulated and basal 170HP levels
(A170HP30)
= Difference between 60 min stimulated and basal 170HP levels
(A170HP60)
= Difference between 60 min and 30 min stimulated 170HP
levels (A170HPstim)
= Sum of basal and 30 min stimulated 170HP levels (su-
m170HP30)

= Sum of basal and 60 min stimulated 170HP levels (su-
m170HP60)

= Sum of 30 min and 60 min stimulated 170HP levels (su-
m170HPstim)

= Quotient: 30 min stimulated 170HP divided by basal 170HP

(ratio170HP30)
= Quotient: 60 min stimulated 170HP divided by basal 170HP

(ratio170HP60)
= Quotient: 60 min stimulated 170HP divided by 30 min

stimulated 170HP levels (ratio170HPstim)

Ratios of 170HP values have thus far only been proposed in the
form of a nomogram [20]. This paper investigates a wide range of
tests to find the most appropriate. Not all of them have been men-
tioned in previous publications or used in practice.

17-OHP Measurements

Serum samples were analysed using radioimmunoassay (RIA) 17-al-
pha-Hydroxyprogesteron RIA-CT (DIA-Source). The intra- and in-

Meinel ] et al. Establishment of Clinical and... Exp Clin Endocrinol Diabetes 2021; 129: 492-499 | © 2020. Thieme. All rights reserved. 493

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



& Thieme

terassay coefficients of variation are 4.6 % (at 1.94ng/ml)and 7.7 %
(at 2.08 ng/ml) respectively [21]. During 2006 and 2015, the assay
manufacturer and thus test characteristics did not change.

Molecular genetic analysis

The complete gene sequence of CYP21A2 from c.-400toc. * 179, in-
cluding coding exons 1-10, all introns and relevant functional pro-
moter elements starting with -400 and 3'UTR to c. * 179, were am-
plified by 3 allele specific PCR amplicons (E1-3, E2-6, E3-10) em-
ploying sequence differences (8bp deletion, cluster mutation in E6)
to the highly similar pseudogene CYP271A1, and screened for mu-
tations by Sanger sequencing. A search for deletions/duplications
of CYP21A2 and surrounding loci were added by MLPA methodol-
ogy (Multiplex-Ligation-Dependent Probe Amplification; MRC-Hol-
land, KIT PO50, Lots B3 or C1). In patients presenting two different
mutations, parents and siblings were offered genetic testing to ex-
clude an allele carries mutations in cis. This mutation segregation
was performed in 6 of the 8 patients with two differing mutations.
All detected mutations were classified as mild or severe based on
the database of the Pharmacogene Variation Consortium (PharmVar)
[22]. A mutation was regarded as severe when causing salt-wast-
ing or simple virilising CAH in homozygous state. Consequently,
patients with bi-allelic mutations were divided into two groups
(mild/mild; mild/severe) to asses, if harbouring a severe mutation
correlated with more distinctive ACTH-Test results.

Statistics

Statistical analysis was conducted using SPSS v25. Differences in
characteristics of patients with and without CYP21A2 mutations
were evaluated using the t-test for continuous variables and the x?
test for categorical variables. P-Values < 0.05 were considered sig-
nificant. For the comparison of different tests accuracies for iden-
tifying patients with mutations in the CYP21A2 gene, Receiver Op-
erating Characteristics (ROC) were plotted. The calculation of an
optimal cut-off point was performed using Pythagoras’ theorem as
described by Froud et al. [23].

Results

The studied patients were predominantly female, with females mak-
ing up 88.8% of the cohort. No difference in mean age and gender dis-
tribution between the group with and without a CYP21A2 mutation
could be observed (> Table 1). In contrast, mean 170HP values before,
30min and 60 min after the application of ACTH were significantly
higherin the group carrying at least one mutated allele (> Table 1).

> Table 1 Patient characteristics by mutation status.

Molecular genetic analysis revealed one or more mutations in
83 (22.7 %) of the 365 patients. 8 patients had two or more differ-
ent mild mutations and segregation analysis confirmed that muta-
tions were located in trans on the CYP21A2 alleles of 5 patients and
in cisin 1 patient. The 2 patients for where mutation segregation
was not performed were assigned to the heterozygous group. 4 pa-
tients harboured mild homozygous mutations, thus 9 patients with
bi-allelic mutations were found. These can be regarded as NCCAH
patients. 4 patients were compound heterozygous for a classical
(severe) and a non-classical (mild) mutation and 1 patient carried
a combination of two mild mutations (mild/mild).

Of the 74 carriers of mono-allelic mutations 66 had single het-
erozygous point mutations, 4 had duplications, 3 had gene conver-
sionsand 1 person had a gene deletion asiillustrated by » Fig. 1. By
far the most often detected mutation was p.Val281Leu in 33 pa-
tients, 3 of them homozygous. The second and third most fre-
quently detected mutations were p.GIn318Stop and p.Pro453Ser
with 14 and 8 patients respectively. A complete count of detected
mutations and their attributed severity is shown in > Table 2.

Of the diagnostic tests investigated to identify patients with mu-
tations affecting either one or both parental alleles of the CYP21A2
gene, the sum of 30 min and 60 min stimulated values (sum170HP-
stim) showed the highest AUC of 0.774 (> Table 3 and > Fig. 2).
The test was closely followed by 170HP30 values and the difference
between 60 min stimulated and basal values (A170HP60) with
AUCs of 0.772 and 0.771 respectively. Basal 1770HP and all tests
composed around calculating quotients were poor tests in this in-
vestigation, with AUC values below 0.6.

The optimal sum170HPstim cut-off found using Pythagoras’ the-
orem was identified to be >10.7 pg/l. The >10.1 pg/l cut-off had a sen-
sitivity 71.1 % and a specificity 71.6 %. In the studied cohort 138 of
the patients had a Sum170HPstim > 10.1 pg/l. 24 patients with mu-
tations were not identified, which gave rise to a false negative rate of
0.289. The cut-off shows a positive likelihood ratio (LR +) of 2.50 and
anegative likelihood ratio (LR-) of 0.40. Thus, a patient above this cut-
offis 2.5 times more likely to be positive for at least one CYP21A2 mu-
tation than to be negative for the same, when genotyped.

Previously it has been suggested that one should use the
A170HP60 test with a cut-off of 2.5 pg/l for this purpose [19]. In
our investigation this cut-off showed a sensitivity and specificity of
92.8 and 25.2 % respectively, therefore the LR+ was just 1.24 and
the LR- 0.29.

To identify patients with bi-allelic mutations a number of tests
that were conducted showed very high AUCs of 0.95 and above. In
decreasing order these were A170HP30, A170HP60 and 170HP30.
The AUC of the most effective test, the difference between 30 min

No CYP21A2 All CYP21A2 Only heterozygous Only bi-allelic CYP21A2
Mutation Mutation CYP21A2 Mutations Mutation
n 282 83 74 9
Females (n, %) 253 (89.7) 71 (85.5) 62 (83.8) 9 (100)
Age in years (mean £SD) 10.99t4.14 10.08+3.87 10.13£3.79 9.69t4.71
170HPBasal in pg/l (mean+SD) 1.45+0.99 3.20£7.73 1.77+1.49 14.89+20.51
170HP30 in pg/l (mean+SD) 4.05+1.47 10.17+15.71 5.90+2.32 45.29+30.39
170HP60 in pg/l (mean+SD) 4.76+1.79 12.18+19.67 6.82+2.65 56.25+38.11

494 Meinel ] et al. Establishment of Clinical and... Exp Clin Endocrinol Diabetes 2021; 129: 492-499 | © 2020. Thieme. All rights reserved.

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



71

one or more mutations

365 324 | 253

total Q_

without mutation

B 12

one or more mutations

8 29

without mutation

9

biallelic mutations

62
mono-allelic
mutations
66
single heterozygous
point mutations
3
= gene conversions
_1
- .
gene deletion
4
gene
duplication
12
mono-allelic
mutations

> Fig. 1 Sankey-Diagram of investigated patients depicting apportionment of mutations and gender.

stimulated and basal 1770HP (A170HP30), was 0.971. Again, cal-
culating quotients of different 170HP values showed to be a very
weak test of which none refuted the null hypothesis (> Table 3).

As one might expect, the AUCs for the respective tests are even
higher when used for only identifying patients with compound het-
erozygous mutations that show a combination of a mild and a se-
vere mutation (> Table 1S, Supplementary Material).

A 60 min after stimulation 1770HP (170HP60) value of above
10 pg/lis described as diagnostic for ahomozygous condition [24].
However, it is of note that this cut-off was established before the
introduction of molecular genetic analysis of the CYP21 gene. Pre-
vious publications have noted an overlap with heterozygous carri-
ers for 170HP60 > 10 ug/l. This can also be observed in our cohort
of the genotyped patients. 18 patients fulfilled the criterion
170HP60 > 10 ug/l. Of these, 8 (44 %) showed biallelic mutations,
7 (39 %) were heterozygous and in 3 (17 %) genotyping revealed no

mutation. The three patients which showed no mutations had
170HP60 values of 11.6, 10.6 and 10.5 pg/l but no further geno-
typing for other genes was performed. Previously it has been re-
ported, that the 1770HP60 > 10 g/l cut-off yielded no false nega-
tives [25]. In our cohort one homozygous patient had 170HP val-
ues 60 min after stimulation below 10 pg/!I.

As an ideal test we recommend calculating the difference be-
tween 30 min stimulated and basal 170HP values (A170HP30) and
to use a cut-off of 9.4 pg/l. This criterion applied to 9 patients. 8 had
confirmed bi-allelic mutations and 1 carried a p.Arg339His and
p.Pro453Ser mutation. Due to lack of segregation analysis they could
not be confirmed to be located in trans. Sensitivity is equal for the
two cut-offs (88.9 %) whereas specificity is slightly higher for
A170HP30 with 99.7 % compared to 99.2 % for the 170HP60 cut-
off. The LR+ is 296.3 for the A170HP30 cut-off compared to 111.1
for the 170HP60 cut-off. The LR- is equal for the two with 0.111.
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> Table 2 Detected Mutations and respective frequencies.

Mutation Count Classification
(Mild/Severe)
p.Val281Leu (CYP21A2 * 15) 36 Mild
p.GIn318Stop (CYP21A2* 17) 17 Severe
p.Pro453Ser (CYP21A2 * 19) 8 Mild
IVS2-13 A/C>G (CYP21A2 *9) 5 Severe
p.Pro482Ser (CYP21A2 * 61) 3 Mild
p.lle172Asn (CYP21A2 *11) 3 Severe
-103A>G (CYP21A2 * 20D without 3 Mild
c.-126C>T, c.-113G>A, c.-110T>C,)
p.Arg479Leu (CYP21A2 * 100) 2 Mild
8bp-Deletion (CYP21A2 * 10) 2 Severe
Gene deletion 2 Severe
-126 C>T (CYP21A2 * 20D without, 2 Mild
c.-113G>A, ¢.-110T>C,c.-103A>C)
c.-126C>T, c.-113G>A, c.-110T>C,c.- 1 Mild
103A>G (CYP21A2 * 20D)
-110T>C; -113G>A; -126C>T (CY- 1 Mild
P21A2 * 20D without -103A>G)
p.lle172Asn, p.lle236Asn, pVal237Glu, 1 Severe
p.,Met239Lys (CYP21A2 * 20F without
V281Leu))
p.Pro30Leu (CYP21A2 * 15) 1 Mild
p.Arg356Trp (CYP21A2 * 18) 1 Severe
*IVS2-13AG>A 1 Severe !
p.Ala434Val (CYP21A2 * 95) 1 Severe
8bp-Deletion, pGIn318Stop 1 Severe
p.Arg339His, p.Pro453Ser (CYP21A2*24) | 1 Mild

Count refers to number of alleles with respective mutation, not patients.
Hence bi-allelic patients are counted twice. Unless stated otherwise,
classification into mild and severe mutations is based on Data from the
Parmacogen Variation (PhramVar) Consortium.2 1. Neocleous V, Fanis P,
Phylactou LA & Skordis N. Genotype Is Associated to the Degree of
Virilization in Patients With Classic Congenital Adrenal Hyperplasia.
Front Endocrinol (Lausanne) 2018 9 733. 2. Gaedigk A, Ingelman-Sund-
berg M, Miller NA, Leeder S, Whirl-Carrillo M, Klein TE & PharmVar
Steering C. The Pharmacogene Variation (PharmVar) Consortium:
Incorporation of the Human Cytochrome P450 (CYP) Allele Nomencla-
ture Database. Clin Pharmacol Ther 2018 103 399-401.

In both tests one patient with mutations affecting both paren-
tal alleles remained unrecognised. This patient showed a
A170HP30 of 3.6 pg/l and a homozygous -126C>T promoter mu-
tation in the CYP21A2 gene. The -126C>T mutation is commonly
associated with -103A>G, -110T>C and -113G>A mutations,
which were not found in this patient. However, in vitro experiments
showed that the -126C>T mutation itself can reduce CYP21A2 tran-
scriptional activity to 52 % [26], which suggests a pathogenic ef-
fect correlating to NCCAH.

For the identification of patients with at least one mutated al-
lele or only bi-allelic mutations we therefore recommend the cal-
culation of two different values id est for sum170HPstim and
A170HP30. For simplicity a physician might favour an approach
with a single calculation or test with two separate cut-off values in-
stead. In this case we propose the calculation of A170HP60 values.

Sensitivity

0.0
0.0 0.2 0.4 0.6 0.8 1.0
1 - Specificity
Key —— sum170HPstim —-170HP30 — -170HP60

> Fig. 2 ROC with the three best performing test for identification
of patients with at least one mutated CYP21A2 allele.

For identifying patients with at least one mutated parental al-
lele the best cut-off pointis 3.6 pug/l. Compared to the sum170HP-
stim cut-off of 10.1 pg/l this cut-off has a higher sensitivity (75.9 %)
and a lower specificity (66.0 %). Due to the higher sensitivity the
number of false negatives is smaller with just 19 compared to 24.
The false negative rate is 0.229 for the A170HP60 cut-off. This ob-
viously comes with the trade-off of more FPs. These were 97 and
79 for A170HP60 and sum170HPstim respectively.

When using the A170HP60 test to identify patients with bi-al-
lelic mutations we recommend a cut-off of 10pg/l. It resulted in
values for sensitivity and specificity of 88.9 % and 99.2 % respec-
tively. Sensitivity is equal to that of the appropriate A170HP30 cut-
off. Specificity was 99.7 % and therefore a bit higher in the
A170HP30 test.

Discussion

In this study we assessed 12 different tests to identify individuals with
heterozygous and bi-allelic CYP27A2 mutations, based on ACTH-tests
and molecular genetic analysis of 365 patients with symptoms of hy-
perandrogenism. For identifying carriers of at least one CYP21A2 mu-
tation we advocate calculating the sum of 30 min and 60 min post-
ACTH stimulated values (sum170HPstim) and to apply a cut-off
of >10.1 pg/l. The difference between 170HP 30 min after stimula-
tion and basal values (A170HP30) above 9.4 g/l proved to be the
most effective for identifying patients with bi-allelic mutations. As a
single test with two different cut-offs for detecting either carriers or
NCCAH patients can be desirable in practice due to the simpler work-
flow we propose calculating the difference between basal and 170HP
values 60 min after ACTH was given (A170HP60). As a cut-off to iden-
tify carriers of heterozygous mutations we propose elevating the
pre-existing A170HP60 cut-off from 2.5 pg/I [19] to 3.6 pg/l. We ob-
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> Table 3 Information from Receiver operating characteristic for 12 investigative tests for identifying patients with at least one or two mutated alleles.

Test Variable Area under the Asymptotic Asymptotic 95 % Confidence
curve (AUC) Significance Interval
Lower Bound Upper Bound
At least one mutated parental allele 170HPBasal 0.574 0.040 0.498 0.650
170HP30 0.772 0.000 0.707 0.836
170HP60 0.768 0.000 0.704 0.831
A170HP30 0.760 0.000 0.698 0.823
A170HP60 0.771 0.000 0.712 0.831
A170HPstim 0.604 0.004 0.529 0.679
Sum170HP30 0.739 0.000 0.673 0.806
Sum170HP60 0.737 0.000 0.671 0.803
Sum 170HPstim 0.774 0.000 0.710 0.838
Ratio 1770HP30 0.600 0.006 0.527 0.673
Ratio 170HP60 0.604 0.004 0.531 0.677
Ratio 170HPstim 0.495 0.885 0.425 0.565
Only one mutated parental allele 170HPBasal 0.529 0.039 0.435 0.452
(heterozygous) 170HP30 0.728 0.035 0.000 0.658
170HP60 0.726 0.035 0.000 0.658
A 170HP30 0.713 0.034 0.000 0.646
A170HP60 0.727 0.033 0.000 0.663
A170HPstim 0.567 0.039 0.076 0.491
Sum 170HP30 0.694 0.036 0.000 0.623
Sum 170HP60 0.694 0.036 0.000 0.624
Sum 170HPstim 0.731 0.035 0.000 0.662
Ratio 170HP30 0.592 0.039 0.015 0.516
Ratio 170HP60 0.595 0.038 0.012 0.519
Ratio 170HPstim 0.489 0.036 0.778 0.418
Both parental alleles mutated (bi-allelic) 170HPBasal 0.843 0.000 0.669 1.000
170HP30 0.955 0.000 0.871 1.000
170HP60 0.939 0.000 0.827 1.000
A 170HP30 0.971 0.000 0.919 1.000
A170HP60 0.956 0.000 0.877 1.000
A170HPstim 0.808 0.002 0.588 1.000
Sum 170HP30 0.943 0.000 0.837 1.000
Sum 170HP60 0.929 0.000 0.798 1.000
Sum 170HPstim 0.947 0.000 0.850 1.000
Ratio 170HP30 0.613 0.244 0.397 0.83
Ratio 170HP60 0.621 0.214 0.394 0.848
Ratio 170HPstim 0.533 0.735 0.311 0.755

The above AUC-calculations are based on the data of all 365 genotyped Patients. n (positive for at least one mutated parental allele) =83; n (positive

for both parental alleles mutated)=9.

served the A170HP60 cut-off for bi-allelic patients to be optimal at
10pug/l.

One of the major strengths of this study is the relatively large
number of ACTH-tested and genotyped patients of a paediatric co-
hort (1-20 years) with clinical signs of hyperandrogenism. Howev-
er, several limitations must be acknowledged. 170HP measure-
ments were performed using RIA, which have been shown to de-
liver measurements that tend to be substantially higher compared
to those retrieved by LC-MS/MS [27], the gold standard for 170HP
measurements [1]. Nevertheless, the results can be of guidance in

the clinical routine, as LC-MS/MS has a higher cost and longer turn-
around times, and thus the use of RIA still reflects the diagnostic
routine in many clinical settings. In addition, the current Endocrine
Society guidelines do not offer recommendations on thresholds for
170HP values measured through RIA in the context of NCCAH di-
agnostics and carrier identification [1].

Considering an intra-assay variation of 4.6 % for the RIA used to
determine 170HP levels, one should consider to what extent the
variation between the compared tests can be attributed to vari-
ance in laboratory results. 1770HP measurements may also have
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been influenced by patients’ meals prior to ACTH-testing as pa-
tients were non-fasting and meals are known to influence cortisol
production [28-30]. The non-fasting interventions reflect data re-
trieved in the clinical routine and the effect is most likely minor as
reported by Klose et al. [31] but this influence should be acknowl-
edged.

Taken together the intra- and interassay variations of RIAs, as
well as possible effects due to food intake and possible menstrual
cycle confounders may reduce the practical difference between the
investigated tests. The AUCs of the three best performing tests for
identifying those patients with at least one mutated parental allele
(Sum170HPstim, 170HP30, A170HP60) are very similar (> Fig. 2)
with 0.774,0.772 and 0.771, respectively. In the clinical routine
they may indeed all be equivalent in their diagnostic capacity.

The AUCs may also be slanted by cases with p.GIn318Stop muta-
tions attributed to the group of heterozygous patients, as localization
of the mutation on an allele carrying two CYP21A2 copies reduces the
pathogenicity of this mutation and older cases have not been tested
by MLPA to determine the co-occurrence of a duplicated haplotype.

The patients in this study were selectively analysed for muta-
tionsin CYP21A2, thus other mutations causing CAH such as in CY-
P11B1or CYP17A1 are not accounted for. Mutations in these genes
generally do not cause NCCAH [32] but it should be kept in mind
that when aiming to identify carriers, the thresholds only apply for
screening of 21-hydroxylase deficiency.

The CAH causing mutations besides CYP21A2 are also a possi-
ble reason for the occurrence of elevated ACTH-test responses and
negative molecular genetic analysis in this study. However, it is un-
likely that this is the only explanation for negative genetic tests and
high A170HP values. 132 Patients had A170HP60 > 4 g/l and of
these 79 (60 %) had negative genetic tests. Cinar et al. reported
that PCOS patients had significantly higher ACTH stimulated
170HP levels after 60 min than controls [33]. Though this is not
supported by an investigation by Luboshitzky et al. [34], it demon-
strates the necessity to identify possible reasons for increased
170HP response during ACTH-testing besides CAH.

Though generally elevated, the significant overlap of responses
to ACTH stimulation between individuals with and without CY-
P21A2 mutations demonstrates the superiority of molecular ge-
netic analysis in identifying heterozygotes. Similarly, also for bi-al-
lelic patients genotyping remains necessary for making the final
diagnosis of NCCAH. In the future, with continuously declining
costs of molecular genetic analysis, it may become more resource-
ful to perform molecular genetic analysis initially, should symptoms
apply. Considering especially that ACTH-tests may need to be re-
peated, additional costs can arise. To evaluate the adrenal reserve
an ACTH-test could nonetheless be of relevance after genetic di-
agnosis in confirmed bi-allelic patients.

Inindividual cases, sequencing without prior ACTH-testing can
already be adequate today when definitive molecular genetic re-
sults are needed, especially in the context of family planning and
genetic counselling. For example, when the wish to have children
exists and the patient presents with hyperandrogenemia, there is
a notable family anamnesis or to determine carrier state of a pa-
tients’ spouses. This is especially important as half of NCCAH males
are asymptomatic and can otherwise remain unrecorgnised [25].
On the basis of genetic counselling prenatal therapy or, in the fu-

ture, genotyping using cell-free fetal DNA may be offered when the
pregnancy is established and the neonate is at risk of CAH [35].
Therefore, it remains essential to critically revaluate diagnostic
schemas with evolving research and changing costs and access to
diagnostic methods such as LC-MS/MS and sequencing technolo-
gies to ensure optimal patient care and clinical decisionmaking.
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