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Abstract

Study question: Can a combination of metabolomic signature and machine learning models
distinguish non-classic 210H deficiency (NC210OHD) from PCOS without ACTH testing?

Summary answer: A single sampling methodology may be an alternative to the dynamic
ACTH test in order to exclude the diagnosis of NC210HD in the presence of a clinical
hyperandrogenic presentation at any time of the menstrual cycle.

What is known already: The clinical presentation of patients with NC210HD is similar with
that for other disorders of androgen excess. Currently, cosyntropin stimulation remains the
gold standard diagnosis of NC210HD.

Study design, size, duration: The study was designed using a bicentric recruitment: an internal
training set included 19 women with NC210HD and 19 controls used for developing the model;
a test set included 17 NC210OHD, 72 controls and 266 PCOS patients used to evaluate the
performance of the diagnostic strategy thanks to a machine learning approach.

Participants/materials, setting, methods: Fifteen steroid species were measured in serum by
liquid chromatography—mass spectrometry (LC-MS/MS). This set of 15 steroids (defined as
“steroidome”) used to map the steroid biosynthesis pathway was the input for our models.

Main results and the role of chance: From a single sample, modeling involving metabolic
pathway mapping by profiling 15 circulating steroids allowed to perfectly identify NC210HD
from a confounding PCOS population. The constructed model using baseline LC-MS/MS-
acquired steroid fingerprinting successfully excluded all 17 NC210HDs (sensitivity and
specificity of 100%) from 266 PCOS from an external testing cohort of originally 549 women,
without the use of ACTH testing. Blood sampling timing during the menstrual cycle phase did
not impact the efficiency of our model.

Limitations, reasons for caution: The main limitations were the use of a restricted and fully
prospective cohort as well as an analytical issue, as not all laboratories are equipped with mass
spectrometers able to routinely measure this panel of 15 steroids. Moreover, the robustness of
our model needs to be established with a larger prospective study for definitive validation in
clinical practice.

Wider implications of the findings: This tool makes it possible to propose a new semiology
for the management of hyperandrogenism. The model presents better diagnostic performances
compared to the current reference strategy. The management of patients may be facilitated by
limiting the use of ACTH tests. Finally, the modeling process allows a classification of steroid
contributions to rationalize the biomarker approach and highlight some wunderlying
pathophysiological mechanisms.

Study funding/competing interest(s): This study was supported by “Agence Francaise de
Lutte contre le dopage” and DIM Région Ile de France; This study was supported by the French
institutional PHRC 2010-AOR10032 funding source and APHP). All authors declare no
competing financial interests.
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Introduction

21-hydroxylase deficiency (210HD) is a rare genetic disorder with autosomal recessive
inheritance caused by deleterious mutations in CYP2142 (1). 210HD is the most common
cause (95%) of congenital adrenal hyperplasia (CAH) (Speiser et al., 1992). The different
clinical forms of 210HD depend on the severity of the mutations. Besides the classical form
(C210HD), which is due to complete or severe 210H deficiency revealed at birth, there exists
the nonclassical form (NC210HD), which is due to partial enzymatic defect, with late-onset
symptoms; diagnosis is usually made in late childhood or after puberty (3). The partial
preservation of cortisol and aldosterone secretion in patients with NC210HD (Kamenicky et
al., 2020) is explained by the existence of at least one of the alleles of a CYP2/A42 mutation
encoding a 21-hydroxylase that retains a minimum residual enzyme activity of 50% (New et
al.,2013). NC210HD is most often revealed in adolescent girls and young women by a clinical
pattern of hyperandrogenism accompanied by oligomenorrhea associated with increased
circulating testosterone (Admoni et al., 2006). Infertility and episodes of miscarriage may also
occur in some women (New, 2006). The clinical presentation of patients with NC21OHD is
similar to that seen in a common female condition, polycystic ovarian syndrome (PCOS),
wherein signs of hyperandrogenism associated with oligomenorrhea and infertility are also very
prevalent (Matheson and Bain, 2019). As a result, many national and international consensuses
recommend that the diagnosis of NC21OHD be systematically ruled out before the diagnosis
of PCOS is definitively confirmed (Teede et al, 2018). To exclude NC210HD, many
consensuses recommend that an assay of 17-hydroxyprogesterone (170HP) be performed in
the morning during the follicular phase and that the diagnosis of NC21OHD be considered if
the basal serum concentration of 170HP is increased (Azziz et al., 1999; Speiser et al., 2000).
The thresholds proposed in the literature are variable and depend on the 170OHP assay method

used—that is, either immunoassay or mass spectrometry (Makela and Ellis, 1988). Thus,
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depending on the centers and methods, the diagnosis of NC21OHD will be considered if
baseline 170HP levels are ranging between 2 and 4 ng/mL (Azziz et al., 1999; Young et al.,
2010). In such cases, it is recommended that ACTH stimulation be performed and the diagnosis
established if the 17OHP peak value is greater than 10 ng/mL (Dewalilly et al., 1986; Bello et
al., 2017). However, a significant percentage of women with NC210HD may have circulating
levels of 170HP close to or even below 2 ng/mL (Bidet et al., 2009, 2010, Escobar-Morreale
et al., 2008). In addition, patients with increased serum 170HP levels, but without NC210HD,
have also been reported (Rosenfield and Ehrmann, 2016).

This raises the question of systematizing the ACTH test in all women with a clinical
presentation compatible with PCOS syndrome, so as to exclude NC210HD. However, medico-
economic and practical obstacles limit the generalization of ACTH stimulation test. First, PCOS
is a very prevalent disease whose frequency has been estimated at between 5 and 10% of
women, whereas the prevalence of NC210OHD is much lower, estimated at nearly 1/1000 in
most countries (Kuttenn et al., 1985). In addition, many non-specialized centers treating women
suspected of having PCOS do not have easy access to this dynamic test. On the other hand,
making the diagnosis of NC210HD is a primordial issue, as it has been demonstrated that more
than 50% of patients affected by this condition carry severe loss-of-function CYP21A2
mutations in one allele (Bidet ef al., 2009). These patients are at high risk of giving birth to
children affected by the classical form of CAH if their partner also carries a severe heterozygous
mutation (probability evaluated at 1/60 people in the general population) (Bidet et al., 2009).

The concept of profiling or multiplexing the circulating steroidome is an emerging
paradigm shift, as this method appears to be more accurate than single-steroid immunoassay
quantitation to stratify or classify patients from different conditions. Specifically, in a recent
preliminary work, investigators have shown that, compared to an isolated measure of serum

170HP, simultaneous measurements of a panel of several steroids in the basal state more
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accurately distinguish subjects with NC210HD from a control population (Turcu et al., 2020a).
In parallel to these advances in hormonal evaluation, machine learning (ML) approaches are
emerging as interesting tools in diagnostic procedures due to their classification strength
compared to classical univariate analysis traditionally used in clinical practice. As NC210OHD
is an adrenal disorder and PCOS has an ovarian origin, we hypothesized that an evaluation of
a steroid panel including both predominantly adrenal steroids and others with a dual adrenal
and ovarian origin would help to better distinguish between these two conditions.

In this work, we combined hormonal data obtained by simultaneous measurements of a
set of circulating steroids measured by liquid chromatography-mass spectrometry (LC—
MS/MS) in the basal state (metabolomic approach) together withs a machine learning approach
in order to build a model that could reliably distinguish women with NC210HD from both

normal women and females affected by PCOS without the use of an ACTH stimulation test.

Subjects, materials and methods

Study overview, population and data source

Study overview

As shown in Figure 1, the study was designed using a bicentric recruitment: an internal training
set included 38 female subjects (19 with NC21OHD and 19 healthy controls) from the
Department of Reproductive Endocrinology, Bicétre Hopital, Le Kremlin-Bicétre, France
(KB); an external test set included 355 women (17 NC210HD, 72 controls and 266 PCOS)
from the Department of Reproductive Endocrinology, Pitié-Salpétriere Hospital, Paris, France
(PSL), evaluated from 2019 to 2020.

The training set was used for developing the machine learning model. The test set was
used to evaluate the performance of the model. PCOS patients (with a clinical presentation

similar to those with NC210HD) from PSL hospital were included in the test set to confirm

https://academic.oup.com/humrep
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that the model succeeded in classifying PCOS patients out of the NC210HD group. The
structure of this test cohort was designed to be in accordance with the prevalence of those
conditions in a context of hyperandrogenism.

The ethics committee (“Comité de Protection des Personnes) approved the study. All the

participants signed a written informed consent.

Subjects - population

Training set (KB): Nineteen women with NC210HD with biallelic CYP21A42 mutations were

included as the training set in this study. These patients were previously evaluated in a clinical
study (Kamenicky et al., 2020) prospective case—control open-label blinded-endpoint non-
inferiority (ClinicalTrials.gov Id: NCT01862380) at a tertiary referral medical center and
clinical investigation center (2013 — 2016). This study was approved by the local ethics
committee (Comité de Protection des Personnes Ile de France VII, approval no. 11-034) and
the competent authority (ANSM). All subjects gave written informed consent to participate to
the study. In brief, these eligible NC210HD patients were premenopausal women aged 1845
years with biallelic CYP21A42 mutations (homozygotes or compound heterozygotes) and serum
170HP concentration >10 ng/mL after stimulation with ACTH (250pg of Synacthen®)
performed at inclusion visit. Main clinical and genetics characteristics of these patients have
been described elsewhere (Kamenicky ef al., 2020). In brief, seven of these patients carried the
mild p.V281L CYP2IA42 mutation in the homozygous state and 12 were compound
heterozygotes with at least one minor mutation (for details see Supplementary Table SI).
Twelve patients received, at some point in their lives, hydrocortisone (10—20 mg per day) and/or
dexamethasone (0.25-0.5 mg per day), prescribed transiently for important hyperandrogenism
or impaired fertility, but all had received these treatments more than 1 year before inclusion.
Nineteen age- and BMI-matched heathy women, whose characteristics have been detailed

elsewhere (Kamenicky et al., 2020), were included as controls. These eligible controls were
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premenopausal healthy women with serum 170HP <2.0 ng/mL after stimulation with 250 ug
of ACTH.

Exclusion criteria for all subjects were pregnancy, breastfeeding, acute infectious
disease (in particular, diarrhoea) within the last 7 days before inclusion, coronary artery disease,
abnormal electrocardiogram, epilepsy, drug allergy, blood hemoglobin <10 g/dL, and ongoing
treatment with diuretics or drugs interfering with renin angiotensin aldosterone system (i.e.,
angiotensin-converting  enzyme inhibitors, angiotensin  receptor  blockers, and

mineralocorticoid receptor inhibitors).

Test set (PSL): Two groups of patients with hyperandrogenism and/or hyperandrogenemia were
recruited from this institution between 2019 and 2020 (Flow Chart). We included 266 PCOS
patients and 17 women with NC210OHD patients that were selected from routine clinical
practice.

Thirteen of these 17 N21OHD patients carried the mild p.V281L CYP21A2 mutation
in the homozygous state, and 4 were compound heterozygotes (V281L/P30L, IVS2-13C-
1>G/P30L, IVS2-13C-1>G/V281L, 126C>T, 113G>A, 110T>C/126C>T, 113G>A) with at
least one minor mutation (for details see Supplementary Table SI). The diagnosis of PCOS was
based on 2018 International Guidelines which resume the 2003 Rotterdam criteria (Teede et
al., 2018). PCOS diagnosis was based on the presence of 2 out of the following 3 criteria:
irregular menstrual cycles, clinical hyperandrogenism and/or hyperandrogenemia and the
polycystic ovary on ultrasound after excluding hyperprolactinemia and Cushing syndrome
(Rotterdam ESHRE/ASRM-Sponsored PCOS consensus workshop group, 2004). CAH
diagnosis was excluded according to the guidelines, i.e. a 17OHP value below 10 ng/mL after

ACTH testing.

https://academic.oup.com/humrep
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Data from seventy-two healthy female controls were also included from a multicenter
prospective observational case-control study (2011-2014) exploring early cardiovascular
damage in adult men and women with CAH due to late onset 21a-hydroxylase deficiency
(CARDIOHCS [NCT01807364]) (Rosenbaum et al., 2019).

Exclusion criteria were: known history of cardiovascular disease and pregnancy.
Women using combined contraceptive were excluded.

All patients gave written informed consent to participate. This study was performed in
accordance with the Declaration of Helsinki. Healthy volunteers of this study were recruited by

the Centre d’Investigation Clinique Paris Est (CIC-1421, Pitié-Salpétriere Hospital, Paris).

LC-MS/MS steroid profiling - data source and acquisition - variables

Fifteen steroid species (21-deoxycortisol (21-DF), 11B-hydroxyandrostenedione (113-OHA),
androstenedione (D4A), testosterone (T), 17-OH-progesterone (170HP), 17-OH-pregnenolone
(17-OHPreg), dehydroepiandrosterone (DHEA), aldosterone (ALDO), cortisone (E), cortisol
(F), corticosterone (B), 11-deoxycorticosterone (DOC), 21-deoxycorticosterone (21-DB),
progesterone (P) and pregnenolone (Preg)) were measured in serum by LC-MS/MS as
described elsewhere (Fiet et al., 2017). This set of 15 steroids (defined as the “steroidome™)
used to map the steroid biosynthesis pathway were the input for our models. All the steroid
analyses were performed in the same clinical laboratory (Saint-Antoine Hospital, Paris —

France). There were no missing values.

Data processing, machine learning algorithm implementation, performance measures
and statistical analysis
After performing regular statistical analysis (mean comparison, Mann—Whitney—Wilcoxon

using Python 3.7.6 environment and the SciPy Package version 1.4.1), we trained a machine
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learning model using the steroidome (set of 15 steroids) as input to detect (or predict)
NC210HD from both normal and PCOS women without the use of a ACTH stimulation test.
We used orthogonal partial least squares (OPLS) as the standard metabolomic machine learning
algorithm. As previously shown in Bachelot et al. and Agnani et al. (Bachelot et al., 2021;
Agnani et al., 2022), we applied the OPLS algorithm for its performance on metabolomic data
and the possibility to obtain easily interpretable score plot. The OPLS model was performed
using SIMCA 16.0.1 software (Umetrics, Sweden).

Statistical modeling was performed using a multicentric design (two cohorts of patients
from two independent clinical institutions) as described in Figure 1: the OPLS model was
obtained by training the algorithm on the training set, and the performance of this model was
assessed on the test set.

As a classification task, the model performances were evaluated using confusion matrix
and accuracy score (the fraction of correct predictions).

Eventually, an additional evaluation was performed. We compared the performance of
the model versus the standard cut-off based on the basal 17OHP concentration of 2 ng/mL and

10 ng/mL.

Results

Study cohorts — baseline characteristics

In the training set, as previously described in Kamenicky et al., controls were matched to
NC210HD for age and BMI (Kamenicky ef al., 2020).

In the test set, (i.e., PSL) PCOS and NC210OHD patients exhibited similar baseline
characteristics (Table I), except for oligomenorrhea, follicle number (right and left) and serum
LH. As expected, these parameters were increased in PCOS compared with NC210HD.

As a bicentric study, basal steroidomic profiles were compared in the different control

(KB vs. PSL) and NC210HD (KB vs. PSL) groups. As shown in Supplementary Table SII,

10
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levels of 170HP, progesterone, DOC, 21-DF, corticosterone, aldosterone, and cortisone were
homogeneous in patients and controls from both institutions. In the control groups, some steroid
species—such as testosterone, 21 deoxycortisol, and 170OH-pregnenolone—exhibited
differences between the two institutions, thereby reflecting natural inter-individual variabilities
while remaining within the same orders of magnitude and within the normal value ranges.
Figure 2A and figure 2B showed respectively the circulating basal concentrations of
170HP and circulating concentrations of 170HP after ACTH stimulation in the 2 groups of
NC210HD patients (n = 36) and PCOS patients (n = 266), which were significantly different
(p < 0.0001). Some overlapping among NCAH and PCOS patients was observed for basal
170HP concentrations. However, all PCOS (n = 266) exhibited a concentration well below the
10 ng/mL cutoff values of 17OHP after injection. Likewise, none of the NC21OHD patients (n
= 36) exhibited post-stimulation 170HP values below 10 ng/mL. Thus, there was strictly no
overlap between NC210HDs (with a minimum stimulated 17OHP concentration=16.40ng/mL)
and PCOSs (with a maximum elevated 170HP concentration=4.55ng/mL). These data are in
accordance with the literature on 21-hydroxylase deficiency, which proposed that when a
patient was genotyped with a biallelic mutation, the peak after ACTH was consistently above
10 ng/mL (Bidet et al., 2009, 2010). These results excluded the possibility that any of the PCOS

patients in the test set would be affected by 21-hydroxylase deficiency.

From model to diagnosis

The main goal of our study was to avoid the ACTH stimulation test through the use of
mathematical algorithms and metabolomics. For that purpose, we built the model described in
Figure 1, which was implemented with the circulating basal steroids signature (15 steroids) and
trained to efficiently differentiate two groups of individuals: female controls and NC210HD

patients.

11
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Machine learning modeling (Figure 1)

Step 1: Circulating basal steroids signatures were acquired from LC—MS/MS and preprocessing
(normalization).

Step 2: OPLS-DA was performed on the training set (KB). The corresponding observation score
plots (Figure 3A) confirmed the separation between NC21OHD (red dots) and control (green
dots) individuals. Indeed, the horizontal direction of the score plot will capture variation
between the two groups (NC210HD and controls). The Y axis represents the decision
boundary, and allowed us to define two areas: in the left quadrants, NC210HD patients with

specific steroids signature; in the right quadrants, controls with their associated steroids pattern.

Step 3: Once the OPLS-DA model had been built and trained on training set (KB), the model
was then tested on an independent external test set from PSL; the corresponding individuals
were plotted (black stars) regardless of their label (Figure 3B). Second, NC210HD (red stars)
and control (green stars) were colored according to their diagnostic status (Figure 3C).
Accuracy score on independent test set was 1.00. All 17 NC210OHD and 72 controls from PSL

were therefore correctly classified by the OPLS-DA model.

Extension of the algorithm to solve an additional practical clinical issue: to distinguish women

with NC210HD from PCOS women.

As mentioned above, one important clinical issue is the differentiation between NC210OHD and
polycystic ovary syndrome (PCOS) in female patients with hyperandrogenism (Table I).
Therefore, PCOS patients from PSL were tested in the model. The objective was to ensure that
the algorithm was able to accurately identify and segregate the NC210OHD patients, not only

from controls but also from PCOS patients. After being tested on the NC210OHD/controls
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model, PCOS patients were plotted on OPLS-DA (Figure 3D); all were located in the controls
area (266 out 266).

The Variable Importance for the Projection (VIP) plot summarized the importance
(contribution) of the steroids in the model (Figure 4). The VIP plot displays the VIP values as
a column plot with confidence intervals (95%) derived from jack-knifing. The most segregative
basal steroid species were those with VIP values larger than 1, which included 21DF, 21DB,
11BOHA, 170HP, A, B, and T. Interestingly, except for compound B, all these steroids
precursors are upstream of the enzymatic blockade observed in subjects affected by NC210OHD.

This strategy was able to set up an algorithm that is also capable of efficiently stratifying

all the patients of the test set without going through an ACTH stimulation test.

Comparison of score performance of the model versus 170HP thresholds proposed in the

literature to detect NC210HD.

To demonstrate the contribution of the model compared to the classical routine procedure,
based on basal thresholds concentrations of 170HP, we chose to compare the confusion matrix
of the model against the one defined with thresholds of basal 2 ng/mL and 10 ng/mL.

As shown in Table II, despite the use of LC-MS/MS (more sensitive and more specific
than immunoassay), using a 1 7OHP cut-off value of 2 ng/mL (Table II), the test has a sensitivity
of 94.1% and a specificity of 92.6% for the identification of N21HOD cases. It corresponded
to one false negative and 25 false positives on the test set (PSL). Using a 170HP cut-off value
of non-stimulated 10 ng/mL (Table II), the test showed a sensitivity of 29.4% and a specificity
of 100%.

Based on our data, the ROC analysis (Youden's index) suggested a basal 170HP

measured by LC-MS/MS cutoff level of 1.76 ng/mL as the optimal cutoff. This cut-off provided
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94.1% sensitivity, but yielded 36 false positives results, leading to a more widespread use of
genetic testing.
The use of the model (Table II), exhibiting 100% sensitivity and specificity of the

classical threshold, was more efficient than the use of the above-indicated thresholds.

Blood sampling timing during the menstrual cycle phase does not impact the efficiency of our

model

During the luteal phase of the menstrual cycle, there is a documented increase in serum
progesterone and 170OHP levels of ovarian origin (Young et al., 2010). These hormonal changes
interfere with the diagnostic thresholds of 170HP used. For this reason, it is recommended
(Young et al., 2010) to collect samples for the determination of these steroids during the
follicular phase. However, identifying the phases of the cycle is not always easy in women with
oligomenorrhea. We therefore evaluate the impact of the luteal phase of the cycle on the
performance of our model.

In our set test (PSL), among 338 non-NC210HD women, including controls and PCOS,
progesterone serum levels were increased: in 31, progesterone levels were above 10 ng/mL and
in 32, levels were between 5 ng/mL and 10 ng/mL, suggesting a blood sampling during the
luteal phase. Twenty-five out of 31 women with increased progesterone levels also had elevated
170HP levels (above the 2 ng/mL threshold) resulting in misclassification (false positives)
using the above-indicated classic thresholds. Despite this confounding parameter, the model

succeeded in correctly classifying all these women as non-affected by NC210HD (Table II).

Discussion

To our knowledge, this proof-of-concept study is the first attempt to use a relevant steroid

profile combined with a machine learning approach in order to build a model that reliably
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distinguishes women with NC21OHD from controls as well as PCOS women without the use
of an ACTH stimulation test and regardless of the phase of the menstrual cycle.

We were confronted by a dual challenge: from a clinical point of view, NC210HD and
PCOS patients presented a similar symptomatology (Papadakis et al., 2019) and, from a
biological/biochemical point of view, it was necessary to determine and quantify relevant
biomarkers to allow a reliable identification of these patients.

A basal 170HP level cut-off value of 2 ng/mL is recommended for screening (Carmina
et al., 2017), although, ideally, the reference value should be established at each laboratory.
However, the election of a cut-off basal 170HP value for the screening of 21-hydroxylase
deficient in NC21OHD remains a matter of debate. Indeed, the diagnosis of NC210HD would
not have been made for 2-8% of the compound heterozygous patients carrying mild and severe
CYP21A2 mutations without a stimulation test by ACTH, despite a basal 170HP value < 2
ng/mL in large cohort (Livadas et al., 2015). Finally, sampling timing requirements (i.e., early
follicular phase of the menstrual cycle), particularly in PCOS/NC210HD patients with irregular
cycles, make the procedure even more difficult in clinical practice. In this work, the patient
inclusion was designed to be as close as possible to the epidemiology of clinical
hyperandrogenism. The replication cohort (i.e., the cohort used to evaluate the performance of
the diagnostic strategy) was composed of 62% PCOS patients, 6% NC21OHD and 32%
controls.

We have shown here that isolated basal levels of serum 170OHP cut-offs, even quantified
using LC-MS/MS, do not allow sufficient sensibility and specificity to effectively distinguish
NC210HD from PCOS. Indeed, despite using the LC-MS/MS method, which is more sensitive
and specific than the conventional immunological assays (Wong ef al., 1992; Minutti ef al.,

2004; Fiet et al., 2017), the mere application of the classic thresholds of 2 or 10 ng/mL for basal
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170HP on the patients of the replication cohort yields many misclassifications (1 false negative
and 25 false positives for 2ng/mL basal 170HP cut-off).

Indeed, in the literature, studies have focused on establishing new cutoffs : among these,
Escobar et al., using a RIA assay and on a study including 6 NC210OHD patients proposed a
threshold of 1.7 ng/mL. More recently, Grethe A. Ueland et al., based on LC-MS/MS assay
which included 8 genetically confirmed NC210HD, suggested 1.5 ng/mL (Escobar-Morreale
et al., 2008; Ueland et al., 2022). By applying these cut-offs to our patients below 2 ng/mL,
false positives increased to 45 and 38 for the 1.5 and 1.7 cut-offs respectively. In accordance
with these two studies, the cut-off of 1.76 based on our cohort of 355 individuals, confirmed
this high rate of false positives (n=36), rendering circulating basal 17OHP as a single biomarker
unsuitable for diagnosis. Furthermore, the false-negative patient remained so, independently of
the chosen cut-off point. These findings strongly support the multivariate, scoring approach,
which would change the semiology by using a more complete panel of the steroid biosynthetic
pathway rather than a single LC-MS/MS 170HP concentration.

The combination of a 15-steroid profile with adapted data analysis maximizes the
classification performance to exclude the diagnosis of NC210HD in the context of
hyperandrogenism.

Turcu et al. recently proposed a logistic regression (LR) restricted to a small set of 3
circulating steroids (170HP, 21DF, corticosterone) measured by LCMS to discriminate
between patients with NC21OHD and unaffected individuals (Turcu et al., 2020a). This
preliminary monocentric study exhibited an interesting performance to distinguish healthy
women from NC210OHD. However, it did not evaluate the ability of this approach to
differentiate NC210HD from a larger representative cohort of women with PCOS. In addition,
the absence of an external test set did not fully allow an unbiased evaluation of the performance

of the logistic regression. Considering the vast heterogeneity of PCOS clinical expression and
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its epidemiology, the inclusion by Turcu et al. of only 27 patients with PCOS in the group of
“unaffected individuals” may have been biased and not representative of the well-recognized
wide hormonal spectrum observed in women with PCOS. However, this strategy (multivariate
vs 170HP only) is mathematically relevant because it reduces the risk of spurious results (type
I error/false positive and type II error/false negative) (Wold et al., 2001; Eriksson et al., 2013);
however, one may argue that in Turcu et al., the authors focused only on few pre-selected
steroids. In our model, we used a less restricted strategy including 15 steroids to more
comprehensively map the steroidal pathway, incorporating steroids that are predominantly—if
not exclusively—of adrenal origin (21DB, 21DF, and 11 OH androstenedione). In our
experience, these steroids are particularly adapted to compare the level hormone synthesis by
each gland, distinguishing adrenal from ovarian disease (Fiet et al., 2017; Pretorius et al., 2017,
Turcu et al., 2020b; Agnani et al., 2022).

Mathematically, a set of variables is considered to be collinear if there are one or more
relations or associations between those variables. These 15 steroids are interrelated in their
biosynthetic pathway, resulting in a high degree of collinearity. Consequently, and based on
our previous work (Bachelot et al., 2021; Agnani ef al., 2022), we used the orthogonal partial
least squares approach (OPLS): the latter is less affected by multicollinearity than logistic
regression because its components are uncorrelated (i.e., orthogonal) (Wold et al., 2001; Pérez-
Enciso and Tenenhaus, 2003; Kjeldahl and Bro, 2010). On a larger set of patients (n = 366),
our model allowed us to successfully exclude all (100%) patients with NC210OHD from the
independent test cohort (including PCOS, controls and NC210OHD). Practically, we could
reduce the dimension of our system by considering fewer variables (e.g., the four most
discriminating steroids: 21DF, 21DB, 11BOHA, 170HP) for an equally -efficient

NC210HD/PCOS differential diagnosis. From a practical point of view, it must be stressed that
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a quantitative profiling by LC-MS/MS of the 15 steroids in a 10-minute chromatographic run
is not a limiting factor and indeed facilitates its real-life clinical application (Fiet et al., 2017).

Beyond the diagnostic tool, our model including 15 circulating steroids provides new
insights into biochemical alterations in the context of hyperandrogenism and its debated
potential ovarian/adrenal origins. The selection and ranking of variables by the algorithm are
understandable given the previous results obtained on each of these molecular species, which
are often considered individually. In our model, six steroids were found to be particularly
significant (with VIP values >1); three metabolites are ranked with higher discriminative power
than 170HP (21DF, 21DB, and 11BOHA) and three other steroids are ranked lower
(androstenedione, corticosterone, and testosterone).

For years, 170HP has been used—and is still used by many practitioners—to diagnose
NC210HD (Carmina et al., 2017). However, as stated before we have shown here the interest
of 21-deoxysteroid metabolites in the diagnosis of NC210HD. Indeed, 21DF and 21DB—being
strictly adrenal metabolites—may represent more specific biomarkers than 170HP, which has
a double ovarian and adrenal origin (Turcu et al., 2014). The exclusively adrenal origin of these
steroids is likely an explanation for the significant improvement of the diagnostic performance
of our model compared to the isolated use of a simple 170HP. In women with PCOS, the main
source of androstenedione is in the ovary, and this androgen is not submitted to the direct action
of adrenal 11-hydroxylase; consequently, the 11 hydroxyandrostenedione serum
concentration found was similar to that in normal subjects, and the ratio of androstenedione to
11-OHA was higher than in normal women (Polson ef al., 1988).

Because of the ovarian and adrenal origin, basal 17OHP should be measured during the
follicular phase to detect NC21OHD. Indeed, an ovarian surge of 170OHP occurs until 3 ng/mL
during the luteal phase of the menstrual cycle. Moreover, slightly elevated 170HP has been

reported in women with PCOS (Pall et al., 2010). The inclusion of several patients (n = 31,
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9.2%) in our series who were in the luteal phase (i.e., with serum progesterone level above 10
ng/mL) suggests that our model is accurate independently of the timing of blood sampling.

Finally, in our study, using all 15 steroids, the model selected and ranked 11 beta-
hydroxyandrostenedione as one of the most discriminating variables for isolating the
NC210HD population from the rest of the PCOS and controls without a priori knowledge.
Concentrations of 11 beta-hydroxyandrostenedione were found to be higher in NC210HD than
in PCOS and controls. The choice to measure 110H-androstenedione to distinguish 21-
hydroxylase deficiency from PCOS patients appears reasonable and is indicated to add
diagnostic value when corroborated with the 21 DF, 21 DB and the rest of the panel.

This study has some potential limitations to consider, including the use of a restricted
and fully prospective cohort. The second limitation is an analytical issue because not all
laboratories, especially in France, are equipped with mass spectrometers able to routinely
measure this panel of 15 steroids. Finally, the robustness of our model needs to be established
with a larger prospective study for definitive validation in clinical practice. The definitive
confirmation of our results will also allow us to reserve expensive and complex genetic analyses
of CYP21A2 for patients with a high probability of NC210HD. An open question that will also
require further studies is the ability of our approach to distinguish NC210HD from other causes
of chronic anovulation, such as hyperprolactinemia and Cushing's syndrome, which are also
differential diagnoses of PCOS (Pugeat ef al., 2010).

The main perspective of this work would be to overcome the requirement to interrupt
hormonal contraceptive treatment. In fact, the diagnosis should usually be made at least 3
months after stopping all hormonal treatment (e.g., corticosteroids, hormonal contraception);

this can also be inconvenient for the patient.

Conclusion
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The aim of this work was to develop a unique sampling methodology to serve as an alternative
to the dynamic ACTH test to exclude the diagnosis of NC210HD in the presence of a clinical
hyperandrogenic presentation at any time of the menstrual cycle, facilitating easier management
and greater patient comfort. This methodology was based on a combination of machine learning
with metabolic profiling of 15 molecular species (steroids) in LC-MS/MS at the base level.
This first proof of concept is promising; however, it will require further evaluation in real

clinical situations in the future.
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Figure and Table legends

Figure 1 : Study overview, step-by-step from steroidome quantitation to explainable
clinical decision

Step 1 : 15 steroid species were measured in serum by liquid chromatography—mass
spectrometry (LC-MS/MS)

Step 2 : orthogonal partial least squares (OPLS-DA) was performed on the training set (KB).
The Y axis represents the decision boundary and allowed to define 2 areas : on the left
quadrants, non-classic 210H deficiency (NC210HD) patients with specific steroids signature,
and on the right quadrants controls with their associated steroids pattern.

Step 3 : Once the OPLS-DA model built, the model was then tested on an independent external
test set from PSL. After measuring their steroidome (similarly to step 1), the individuals of the
test cohort were put into the model. The goal was to distinguishes women with NC210HD from
both normal and polycystic ovary syndrome (PCOS) women without the use of an ACTH

stimulation test.

Figure 2 : Serum 170OHP levels before (A) after (B) ACTH stimulation in the two patient
groups, NC210HD (n=36) and PCOS (n=266). p values were calculated using a Mann

Whitney test.

Figure 3 : Segregation of patients according to their basal steroid profiles.
A. Plan construction and patient projection of the training set : 19 controls (green dots) and 19
non-classic 210H deficiency (NC210HD) (red dots). This plane represents the output of the

model, and each point a patient defined by its steroidome. The vertical axis separates the plane

28
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into 2 areas: left area corresponding to steroidomes consistent with a diagnosis of NC210HD,
and right area with steroidomes of healthy women.

B. Projection of the 355 women of the test set (black stars) on the plane created by the model,
according to their steroidome. At this stage, no diagnosis is considered. However, their location
on the plane (right or left side of the vertical axis) allows to see if their steroidome is compatible
or not with the diagnosis of 210HD.

C. Projection of 17 NC210HD patients (red stars) and 72 controls (green stars) from the test
set on the plan, following annotation in accordance with their actual diagnosis.

D. Projected confounding population of 266 polycystic ovary syndrome (PCOS) patients (blue

stars) after annotation based on their actual diagnosis.

Figure 4 : Major contributing steroids to distinguish non-classic 210H deficiency
(NC210HD) from controls and polycystic ovary syndrome (PCOS) within the model

The VIP (Variable Importance for the Projection) plot displays the VIP values as a column plot
with confidence intervals (95%) derived from jack-knifing (jack-knife uncertainty bars). VIP
plot summarized the importance or contribution of the steroids in the model. The most
segregative steroid species were those with VIP values larger than 1 including 21-deoxycortisol
(21-DF), 21-deoxycorticosterone (21-DB), 11B-hydroxyandrostenedione (113-OHA), 17-OH-

progesterone (170HP), androstenedione (A), corticosterone (B), and testosterone (T).

Table I : Clinical and biological characteristics of polycystic ovary syndrome (PCOS) and
non-classic 210H deficiency (NC210HD) patients from test set
§ : 1 patient with unknown BMI, 4 patients with unknown FSH, 3 patients with unknown LH,

2 patients with unknown Estradiol, 1 patient with unknown 17 OHP one hour after ACTH

29
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stimulation, 58 patients with unknown Follicular number right, 60 patients with unknown
Follicular number left

§§ : 2 patients with unknown FSH, LH and Estradiol, 1 patient with unknown 170HP one hour
after ACTH stimulation, 6 patients with unknown Follicular number left and righ

Data are expressed as median (interquartile range). Unpaired two-tailed Mann-Whitney U test.

*p < 0.05; **p <0.001; n.s. not significant

Table II : Comparison of the discriminating power of the basal [170HP] threshold used
for screening (2ng/mL); the threshold used for diagnosis (10ng/mL) as well as the model
in identifying non-classic 210H deficiency (N21HOD) cases.

Contingency table using basal [170HP] cut-off value of 2 ng/mL has a sensitivity of 94.1% and
a specificity of 92.6% ; Contingency table using basal [170HP] cut-off value of 10ng/mL
showed a sensitivity of 29.4% and a specificity of 100%. Contingency table using the model
developed from the 15 steroids in prime rate. The model exhibiting sensitivity and specificity

of 100%.
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Figure 1 : Study overview, step-by-step from steroidome quantitation to explainable clinical decision
Step 1 : 15 steroid species were measured in serum by liquid chromatography-mass spectrometry (LC-
MS/MS)

Step 2 : orthogonal partial least squares (OPLS-DA) was performed on the training set (KB). The Y axis
represents the decision boundary and allowed to define 2 areas : on the left quadrants, non-classic 210H
deficiency (NC210HD) patients with specific steroids signature, and on the right quadrants controls with
their associated steroids pattern.

Step 3 : Once the OPLS-DA model built, the model was then tested on an independent external test set from
PSL. After measuring their steroidome (similarly to step 1), the individuals of the test cohort were put into
the model. The goal was to distinguishes women with NC210HD from both normal and polycystic ovary
syndrome (PCOS) women without the use of a ACTH stimulation test.
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Figure 2 : Serum 170HP levels before (A) after (B) ACTH stimulation in the two patient groups, NC210HD
(n=36) and PCOS (n=266). p values were calculated using a Mann Whitney test.
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Figure 3 : Segregation of patients according to their basal steroid profiles.

A. Plan construction and patient projection of the training set : 19 controls (green dots) and 19 non-classic
210H deficiency (NC210HD) (red dots). This plane represents the output of the model, and each point a
patient defined by its steroidome. The vertical axis separates the plane into 2 areas: left area corresponding
to steroidomes consistent with a diagnosis of NC210HD, and right area with steroidomes of healthy women.
B. Projection of the 355 women of the test set (black stars) on the plane created by the model, according to
their steroidome. At this stage, no diagnosis is considered. However, their location on the plane (right or left
side of the vertical axis) allows to see if their steroidome is compatible or not with the diagnosis of

NC210HD.
C. Projection of 17 NC210HD patients (red stars) and 72 controls (green stars) from the test set on the
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Figure 4 : Major contributing steroids to distinguish non-classic 210H deficiency (NC210HD) from controls
and polycystic ovary syndrome (PCOS) within the model
The VIP (Variable Importance for the Projection) plot displays the VIP values as a column plot with
confidence intervals (95%) derived from jack-knifing (jack-knife uncertainty bars). VIP plot summarized the
importance or contribution of the steroids in the model The most segregative steroid species were those with
VIP values larger than 1 including 21DF, 21DB, 11BOHA, 170HP, A, B, and T.

(21-deoxycortisol (21-DF), 11B-hydroxyandrostenedione (11B-OHA), androstenedione (D4A), testosterone
(T), 17-OH-progesterone (170HP), 17-OH-pregnenolone (17-OHPreg), dehydroepiandrosterone (DHEA),
aldosterone (ALDO), cortisone (E), cortisol (F), corticosterone (B), 11-deoxycorticosterone (DOC), 21-
deoxycorticosterone (21-DB), progesterone (P) and pregnenolone (Preg))
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PCOS (n=266)§ NC210HD (n=17)8§§ P-value

Baseline characteristics
Age (years) 27.8 (23.9-31.2) 30.8 (27.8-36.9) *
BMI (kg/m2) 25.6 (21.3-32.4) 26 (22.4-33.7) n.s
Oligomenorrhea % 87.55 23.53 ok
Hirsutism % 71.43 64.71 n.s
Acne % 45.49 29.41 n.s
Infertility % 15.04 17.65 n.s
Weight gain % 28.95 11.76 n.s
Baldness % 13.16 0 n.s
Follicle number right (n) 24 (19-32) 15 (9-22) *
Follicle number left (n) 20 (16-30) 12 (6-13) *
FSH (UI/L) 5.5 (4.2-6.4) 5.80 (4.0-7.2) n.s
LH (UI/L) 11.2 (7.1-16.2) 6.7 (4.4-9.4) *
Estradiol (pg/mL) 60.0 (45.0-100.3) 66.0 (49.0-102.3) n.s
AMH (ng/mL) 7.7 (5.2 -11.8) 5.3(3.0-8.1) *x
LC-MS/MS steroids
Basal 17-OH-progesterone (ng/mL) 0.60 (0.40-0.94) 6.07 (3.81-9.99) ok
17-OH-progesterone (ng/mL) after stimulation
with ACTH 1.2 (0.9-1.6) 28.9 (25.3-45.4) *x
Basal 21-deoxycorticosterone (ng/mL) 10.00 (10.00-10.00) 15.64 (10.00-39.45) ok
Basal 21-deoxycortisol (ng/mL) 0.01 (0.01-0.01) 0.87 (0.37-2.11) *ok
Basal 11B-hydroxyandrostenedione (ng/mL) 1.12 (0.74-1.61) 2.64 (1.82-4.89) ok
Basal androstenedione (ng/mL) 1.93 (1.39-2.49) 2.53 (2.04-3.50) ok
Basal testosterone (ng/mL) 0.56 (0.41-0.74) 0.56 (0.42-0.77) n.s
Basal progesterone (ng/mL) 0.12(0.08-0.25) 0.52(0.39-3.88) *ok

Table I : Clinical and biological characteristics of polycystic ovary syndrome (PCOS) and
non-classic 210H deficiency (NC210HD) patients from test set

§ : 1 patient with unknown BMI, 4 patients with unknown FSH, 3 patients with unknown LH,
2 patients with unknown Estradiol, 1 patient with unknown 17 OHP one hour after ACTH
stimulation, 58 patients with unknown Follicular number right, 60 patients with unknown
Follicular numer left

§§ : 2 patients with unknown FSH, LH and Estradiol, 1 patient with unknown 170HP one
hour after ACTH stimulation, 6 patients with unknown Follicular number left and righ

Data are expressed as median (interquartile range). Unpaired two-tailed Mann-Whitney U
test. *p < 0.05; **p < 0.001; n.s. not significant
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Screening value : 2ng/mL [170HP]
Actual 17 NC210HD
No Yes Total
Predicted No True Negative = 313 False Negative = 1 314
NC210HD
Yes False Positive = 25 True Positive = 16 41
Total 338 17 355
Diagnosis value : 10ng/mL [170HP]
Actual 17 NC210HD
No Yes Total
Predicted No True Negative = 338 False Negative = 12 350
NC210HD .
Yes 0 True Positive =5 5
Total 338 17 355
Machine Learning model (15 steroids)
Actual 17 NC210HD
No Yes Total
) No True Negative = 338 0 338
Predicted
NC210HD Yes 0 True Positive = 17 17
Total 338 17 355

Table Il : Comparison of the discriminating power of the basal [170HP] threshold used for

screening (2ng/mL); the threshold used for diagnosis (10ng/mL) as well as the model in
identifying non-classic 210H deficiency (N21HOD) cases.
Contingency table using basal [170HP] cut-off value of 2 ng/mL has a sensitivity of 94.1%

and a specificity of 92.6% ; Contingency table using basal [170HP] cut-off value of 10ng/mL
showed a sensitivity of 29.4% and a specificity of 100%. Contingency table using the model
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9 developed from the 15 steroids in prime rate. The model exhibiting sensitivity and specificity
10 of 100%.
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549 steroidome between
2019 and 2020

121 excluded :

- 35 with hormonal treatment or corticosteroids
- 10 with no report
-8 men

428 women with a
diagnosis

- 2 pregnant women

- 12 menopausal women
- 1 underage

- 45 duplicates

- 1 genetics not found
-7 lost view

145 not included :

- 25 normal results

283 women included

- 66 idiopathic hirsutism

- 29 functional hypothalami rhea
- 2 cushing syndrome

- 5 premature ovarian failure

- 1 corticotropic insufficiency

- 8 hyperprolactemia

- 4 hypogonadotropic hypogonadism

-1 ovarian hyperthecosis

-1 adrenal cortical carcinoma

-1 granulosa cell tumor

266 PCOS

[170HP] value < 10 ng/mL after ACTH testing * [170HP] value > 10 ng/mL after ACTH testing
*  Genetic analysis for confirmation

2 out of 3 Rotterdam criteria

17 NC210HD

Supplemental Figure 1 : Flow chart

261x191mm (330 x 330 DPI)
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Supplementary Table SI : Age, serum 170HP after ACTH test and CYP21A2 genotype (allele 1
and allele 2) for each patient; Training set (KB) n = 19 and Test set (PSL) n =17

TRAINING SET
Age Serum 170HP

Patient 1h after CYP21A2 genotype

# (yrs) Synacthen®

(ng/mL) Allele 1 Allele 2
1 36 32 p.v281L p.V281L
2 19 25 p.v281L p.M283V
3 29 22 p.v281L p.V281L
4 35 22 p.v281L p.V281L
5 40 47 p.V281L p.1172N ; p.Q318X
6 37 32.6 p.V281L p.V281L
7 28 69.5 p.R356W p.G178R
8 38 48 p.v281L p.1172N ; p.Q318X
9 40 25 p.V281L €.293-13C>G/A
10 22 21 p.V281L p.V281L
11 30 24.9 p.W21X p.V281L
12 34 29.7 p.v281L p.V281L
13 34 45.6 p.v281L p.P453S
14 34 16.4 p.v281L p.P453S
15 22 29.8 p.v281L c.1-?_936+?del, p.0?
16 32 24 p.v281L p.V281L
17 20 32.5 p.v281L p.V281L
18 21 26.5 €.293-13C>G/A p.V281L
19 20 74.5 p.P30L p.R356W

TEST SET
) Age Serum 170HP
Patient

1h after CYP21A2 genotype

# (yrs)
Synacthen®

(ng/mL) Allele 1 Allele 2
1 22 24.2 p.V281L P30L
2 21 41.1 p.v281L p.V281L
3 30 25.4 p.v281L p.V281L
4 28 28.3 p.vV281L p.V281L
5 43 53.8 p.V281L p.v281L
6 37 41 p.v281L p.V281L
7 21 18.6 126C>T, 113G>A, 126C>T, 13G>A

110T>C
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47
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28
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28.2
20
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49.8
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Supplementary Table SlI : basal steroidomic profiles in the different control (KB vs. PSL) and
NC210HD (KB vs. PSL) groups.
(21-deoxycortisol (21-DF), 11B-hydroxyandrostenedione (11B3-OHA), androstenedione (D4A),
testosterone (T), 17-OH-progesterone (170HP), 17-OH-pregnenolone (17-OHPreg),
dehydroepiandrosterone (DHEA), aldosterone (ALDO), cortisone (E), cortisol (F),
corticosterone (B), 11-deoxycorticosterone (DOC), 21-deoxycorticosterone (21-DB),
progesterone (P) and pregnenolone (Preg))
Data are expressed as median (interquartile range). Unpaired two-tailed Mann-Whitney U
test. *p < 0.05; **p < 0.001; n.s. not significant
Controls
Training set Test set value
(n=19) (n=72) P

17 OH progesterone 1.00[0.51, 1.49] 0.93[0.69, 1.16] n.s.
21 deoxycortisol 0.02 [0.01, 0.03] 0.01[0.01, 0.02] *x
progesterone 4.01[1.13, 6.90] 3.15[1.60, 4.70] n.s.
21 deoxycorticosterone 5.00 [4.00, 6.00] 5.00 [4.00, 6.00] /
11-deoxycorticosterone 0.04 [0.03, 0.05] 0.05 [0.04, 0.05] n.s.
corticosterone 2.89 [2.01, 3.77] 3.94 [3.13, 4.76] n.s.
aldosterone 0.12 [0.07, 0.17] 0.09 [0.07, 0.11] n.s.
deltad-androstenedione 1.07 [0.85, 1.29] 1.46 [1.27, 1.65] *
testosterone 0.25[0.20, 0.29] 0.36 [0.31, 0.40] *k
11beta-hydroxy Delta4-
androstenedione 0.85[0.63, 1.08] 1.18 [1.01, 1.36] *
dehydroepiandrosterone 4.96 [3.83, 6.10] 7.80[6.41, 9.19] *
17 OH pregnenolone 0.97 [0.61, 1.34] 2.55[1.91, 3.19] **
pregnenolone 1.87 [1.51, 2.22] 1.34 [1.13, 1.55] *
cortisol 83.69 [70.97, 96.41] 104.74 [94.34, 115.14] *
cortisone 18.41 [16.06, 20.76] 19.42 [18.41, 20.43] n.s.

NC210HD patients

Training set Test set value

(n=19) (n=17) P

17 OH progesterone 12.94 [6.27, 19.60] 12.14 [3.69, 20.58] n.s.
21 deoxycortisol 2.04 [0.94, 3.14] 2.61[1.18, 4.04] n.s.
progesterone 2.13[0.11, 4.16] 1.92 [-0.38, 4.23] n.s.
21 deoxycorticosterone 50.21 [37.28, 63.14] 69.54 [-26.38, 165.45] *
11-deoxycorticosterone 0.03[0.02, 0.05] 0.03 [0.01, 0.05] n.s.
corticosterone 1.23[0.99, 1.47] 1.21[0.81, 1.61] n.s.
aldosterone 0.10[0.07, 0.13] 0.12 [0.06, 0.19] n.s.
deltad-androstenedione 2.86 [1.98, 3.75] 3.23 [2.56, 3.90] n.s.
testosterone 0.53 [0.40, 0.66] 0.79 [0.65, 0.94] *
11beta-hydroxy Delta4-
androstenedione 3.57[2.39, 4.75] 3.78 [2.31, 5.26] n.s.
dehydroepiandrosterone 9.72 [6.41, 13.04] 10.73 [7.49, 13.98] n.s.
17 OH pregnenolone 2.03 [0.40, 3.66] 3.69 [2.14, 5.25] *
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pregnenolone 3.61[2.57, 4.65] 2.65[0.83, 4.48] *
cortisol 107.48 [99.06, 115.90] 123.05 [102.37, 143.72] *
cortisone 23.20[21.07, 25.33] 22.31[20.05, 24.57] n.s.
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