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A proof of concept of a machine learning algorithm to predict late-onset 21-1 

hydroxylase deficiency in children with premature pubic hair.  2 
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HIGHLIGHTS 18 

• Steroid levels assayed by mass spectrometry at baseline combined with 19 

anthropometrics and bone ages were used to establish a diagnosis score in children 20 

with premature pubic hair. 21 

• Machine learning models fully distinguished children with premature pubarche from 22 

those with non-classical congenital adrenal hyperplasia, without the need for 23 

adrenocorticotropic hormone testing. 24 

• The most significant variables were levels of 21-deoxycorticosterone, 17-25 

hydroxyprogesterone, and 21-deoxycortisol steroids. 26 

 27 

ABSTRACT 28 

In children with premature pubarche (PP), late onset 21-hydroxylase deficiency (21-OHD), 29 

also known as non-classical congenital adrenal hyperplasia (NCCAH), can be routinely ruled 30 

out by an adrenocorticotropic hormone (ACTH) test. Using liquid chromatography–tandem 31 

mass spectrometry (LC-MS/MS), a quantitative assay of the circulating steroidome can be 32 

obtained from a single blood sample. 33 

We hypothesized that, by applying multivariate machine learning (ML) models to basal 34 

steroid profiles and clinical parameters of 97 patients, we could distinguish children with PP 35 

from those with NCCAH, without the need for ACTH testing.  36 

Every child presenting with PP at the Trousseau Pediatric Endocrinology Unit between 2016 37 

and 2018 had a basal and stimulated steroidome. Patients with central precocious puberty 38 

were excluded. The first set of patients (year 1, training set, n=58), including 8 children with 39 

NCCAH verified by ACTH test and genetic analysis, was used to train the model. 40 

Subsequently, a validation set of an additional set of patients (year 2, n=39 with 5 NCCAH) 41 

was obtained to validate our model. We designed a score based on an ML approach 42 



(orthogonal partial least squares discriminant analysis). A metabolic footprint was assigned 43 

for each patient using clinical data, bone age, and adrenal steroid levels recorded by LC-44 

MS/MS.  45 

Supervised multivariate analysis of the training set (year 1) and validation set (year 2) was 46 

used to validate our score. Based on selected variables, the prediction score was accurate 47 

(100%) at differentiating premature pubarche from late onset 21-OHD patients. The most 48 

significant variables were 21-deoxycorticosterone, 17-hydroxyprogesterone, and 21-49 

deoxycortisol steroids. 50 

We proposed a new test that has excellent sensitivity and specificity for the diagnosis of 51 

NCCAH, due to an ML approach. 52 

  53 



ABBREVIATIONS 54 

11OHA4: 11β-hydroxyandrostenedione 55 

11-DF: 11-deoxycortisol  56 

17-OHP: 17α-hydroxyprogesterone  57 

17-OHPreg: 17α-hydroxypregnenolone  58 

21-DB: 21-deoxycorticosterone  59 

21-DF: 21-deoxycortisol 60 

ACTH: Adreno corticotropic hormone 61 

AI: Adrenal insufficiency 62 

ALDO: Aldosterone  63 

B: Corticosterone  64 

BA: Bone age 65 

BMI: Body mass index 66 

CAH: Congenital adrenal hyperplasia 67 

A4: Androstenedione  68 

DHEA: Dehydroepiandrosterone 69 

DOC: 11-deoxycorticosterone  70 

E: Cortisone  71 

F: Cortisol  72 

GV: Growth velocity 73 

LC-MS/MS: Liquid chromatography tandem mass spectrometry 74 

NCCAH: Late-onset 21-hydroxylase deficiency 75 

P: Progesterone  76 

PP: Premature pubarche 77 

Preg: Pregnenolone 78 



RIA: Radioimmunoassay 79 

T: Testosterone  80 

ML : Machine Learning 81 

 82 

INTRODUCTION 83 

Premature pubarche (PP), defined as the development of pubic hair before the age of 8 for 84 

girls and 9 for boys, is a common feature in children and is usually due to physiological 85 

adrenarche [1]. In individuals with PP, it is necessary, however, to rule out an adrenal 86 

pathology, especially late onset congenital adrenal hyperplasia (NCCAH), which is due to 87 

steroid 21-hydroxylase deficiency (21-OHD).  88 

NCCAH, one of the most common genetic autosomal recessive disorders, results from 89 

molecular abnormalities of the CYP21A2 gene. It occurs in 0.1% of the general population [2], 90 

with some variation between ethnic groups [3]. In NCCAH, residual enzyme activity of about 91 

50–70% [4] leads to less severe features than classical neonatal congenital adrenal hyperplasia 92 

(CAH). The accumulation of androgens upstream of the enzyme defect [5] is responsible for 93 

hirsutism, acne [6], accelerated bone maturation [7], and short final height [8]. The phenotype 94 

of NCCAH is determined by the less severe mutation of CYP21A2 [9]. However, molecular 95 

diagnosis is mandatory for familial planning [10]. 96 

Based on the current consensus [11], adrenocorticotropic hormone (ACTH) testing is 97 

performed on a routine basis for all children with PP. NCCAH is currently defined by a post-98 

ACTH test level of 17-hydroxyprogesterone (17-OHP) in the serum greater than 10 ng/mL 99 

[12]. After parental consent (according to the Declaration of Helsinki), these results must be 100 

confirmed by a genetic test of the CYP21A2 gene. The use of mass spectrometry for 101 

multidimensional steroid profiling in 21-OHD is well established, starting with use of gas 102 

chromatography–mass spectrometry in the 1980s where urinary steroid profiles were useful, 103 



especially in newborns [13,14]. Furthermore, with the development of liquid 104 

chromatography–tandem mass spectrometry methods (LC-MS/MS), the diagnosis of adrenal 105 

diseases [15,16] and especially of CAH [17,18] has improved specificity for steroid analysis 106 

when compared with immunoassays [19], because these methods are free from cross reactions 107 

of 17-OHP with others steroids [20] and can reduce false positive results. Spectrometry 108 

methods can also reduce the number of unnecessary tests and ease the anxiety of the patients 109 

[21]. With LC-MS/MS, a circulating steroidome quantitative assay [22], including more than 110 

16 molecular species, is now available in a single analysis.  111 

We hypothesized that combining patient anthropometric data with the analytical performances 112 

of mass spectrometry and the use of multivariate statistical approaches, such as machine 113 

learning (ML) algorithms, could lead to the development of a new practical diagnostic tool for 114 

clinical routine analysis. The aim of the present study was to generate a score based on 115 

multivariate training to easily and accurately distinguish children with PP from those with 116 

NCCAH. Routine ACTH tests would therefore be unnecessary and limited to ruling out 117 

adrenal insufficiency (AI).  118 

PATIENTS AND METHODS 119 

Patients  120 

The exploration of leftover samples of serum of all children who had had routine ACTH tests 121 

to screen for NCCAH at the Trousseau Pediatric Endocrinology Unit from June 2016 to July 122 

2018 was extended to 16 steroid profile analyses. All patients came to the endocrine unit 123 

because of premature pubic hair, to rule out either adrenal disease or precocious puberty. Only 124 

children with early pubic hair (before 8 years in girls, and before 9 years in boys) were 125 

included in the study. Children with central precocious puberty (CPP) (> Tanner stage 1 126 

associated with an increase in luteizing hormone LH > 5 after gonadotropin-releasing 127 

hormone (GnRH) testing) were excluded. One younger patient (1 year and 3 months old) 128 



without premature pubic hair was included because of high basal 17-OHP levels in an 129 

unrelated context of cryptorchidism; one patient was older than the others (12 years and 10 130 

months old) and had been tested because of Prader-Willi syndrome-associated PP [23]. 131 

The first set of patients (year 1, n=58), recruited from June 2016 to July 2017, was used to 132 

train the model. Subsequently, a validation set (year 2) of an additional group of patients (n= 133 

39) was obtained to validate our model (Figure 1). The latter had the same inclusion and 134 

exclusion criteria as patients in the training set. The inclusion of patients in the validation set 135 

started in November 2017 and ended in July 2018. The study was conducted in accordance 136 

with the Declaration of Helsinki. 137 

 138 

Figure 1: Data flow diagram for the study (17-OHP > 10ng/ml corresponds to the 17-OHP 139 

stimulated concentration) 140 

 141 



The model was first trained and tuned (feature selection) on a training set of children (n=63 142 

with exclusion of 5 boys with CPP) from a pediatric endocrinology unit (year 1) and 143 

internally evaluated using cross-validation. A validation set of children (year 2), recruited 144 

consecutively to the training set from the same clinical institution, was used for external 145 

evaluation (n=39). The results were matched and labeled according to the expected diagnosis 146 

output. 147 

 148 

ACTH test  149 

All patients underwent ACTH testing at 8:30 AM, after a night of fasting. Physical 150 

examination was performed by a pediatric endocrinologist. The data collected included height 151 

in standard deviation score (SDS), growth velocity in SDS, body mass index (BMI) in Z-score, 152 

pubertal status as defined by Tanner, and bone age (BA) increment (BA−chronological age). 153 

Growth curves were standardized according to Sempé [24]. BMI was analyzed according to 154 

Rolland-Cachera standards [25]. The BA was determined according to the method of Greulich 155 

and Pyle [26]. When the patients had breast development or increased testicular volumes, they 156 

also had a GnRH test. Steroids were assayed at baseline, then stimulated by ACTH and 157 

assayed by LC-MS/MS as previously described [22]. Informed consent for CYP21A2 gene 158 

analysis was obtained from the patients themselves and their parents when 17-OHP levels 159 

were above 10 ng/ml, as approved by our local ethics committee. Following the criteria 160 

defined by Kuttenn et al. [12], patients with 17-OHP concentrations above 10 ng/ml after 161 

ACTH test and bearing abnormalities in CYP21A2 gene on different alleles were defined as 162 

NCCAH. In our cohort, all NCCAH patients presented a 17-OHP concentration above 22 163 

ng/ml after ACTH testing. All PP patients exhibited a 17-OHP concentration below 5 ng/ml 164 

after ACTH test (except one heterozygous patient with a 9 ng/ml peak 17-OHP). 165 

 166 



 167 

LC-MS/MS steroid profiling 168 

A panel of 16 steroids was analyzed before ACTH test (basal) and 60 minutes after 250 µg 169 

ACTH injection (peak) in the Department of Clinical Metabolomics at the Saint Antoine 170 

Hospital [22]. The 16 steroids were 11-deoxycortisol (11-DF), 21-deoxycortisol (21-DF), 171 

11β-hydroxyandrostenedione (11OHA4), androstenedione (A4), testosterone (T), 17α-172 

hydroxyprogesterone (17-OHP), 17α-hydroxypregnenolone (17-OHPreg), 173 

dehydroepiandrosterone (DHEA), aldosterone (ALDO), cortisone (E), cortisol (F), 174 

corticosterone (B), 11-deoxycorticosterone (DOC), 21-deoxycorticosterone (21-DB), 175 

progesterone (P) and pregnenolone (Preg). Steroids were measured in serum by LC-176 

MS/MS as described elsewhere [22].  177 

Briefly, a mixture of the deuterated internal standard (150 µL) was added to 50–100 µL of 178 

serum. The solution was mixed and left standing for 5 minutes, then loaded into 179 

an Isolute SLE + 0.4 mL cartridge (Biotage, Uppsala, Sweden). The samples were allowed to 180 

adsorb for 5 minutes before elution of the steroids through the addition of 2 × 0.9 mL 181 

methylene chloride. The eluates, which contained the non-conjugated steroids, were 182 

evaporated until dry and reconstituted to 150 µL in methanol/water (50/50, volume-to-volume 183 

ratio). Steroids were chromatographically separated by high-performance liquid 184 

chromatography using a Shimadzu Nexera XR system (Shimazu France, Marne la Vallee, 185 

France) and a Coreshell C18 column (Kinetex, 2.6 µm 100 Å 100 × 2.1 mm; Phenomenex, 186 

Le Pecq, France). Detection was performed using a triple quadrupole mass spectrometer 187 

(Triple Quad 6500, ABSciex, Foster City, CA). Upon collection, the LC-MS/MS data were 188 

analyzed using MultiQuant software (ABSciex, Foster City, CA, version 3.0) with built-in 189 

queries and quality control rules that allowed for compound-specific criteria for flagging 190 

outlier results. These flagging criteria included accuracies for standards and quality control, 191 



quantifier ion/qualifier ion ratios, and lower/upper calculated concentration limits. For each 192 

calibration curve, the regression line used for quantification was calculated using least-193 

squares weighting (1/x). 194 

 195 

Data processing and statistical analysis 196 

Biological and clinical data were combined and subjected to multivariate analyses and were 197 

compared between the NCCAH children and the other children (referred to as the PP group) 198 

from the training set. Univariate analysis was first performed using Mann–Whitney testing 199 

according to the number of observations (statistical significance threshold p < 0.05).  200 

The raw data were then loaded into SIMCA 15 software (version 15, Umetrics, Västerbotten, 201 

Sweden), using principal component analysis (PCA) and orthogonal partial least square 202 

discriminant analysis (OPLS-DA) after standardization (removing the mean and scaling to 203 

unit variance). A metabolic footprint was assigned for each patient using clinical data and the 204 

baseline adrenal steroid levels were recorded by the LC-MS/MS. The goal was to determine 205 

whether basal levels can be as accurate as an ACTH test in predicting NCCAH. 206 

 207 

Unsupervised multivariate analysis of the training set  208 

The purpose of this first step was descriptive; the goal was to provide an overview of the 209 

distribution of the two groups of patients and the variability of the system. PCA, an 210 

unsupervised method (dimension reduction), was applied to the data to observe the possible 211 

presence of trends and groupings, which were previously not obvious by observing the raw 212 

data. PCA allowed the detection of potential outliers as well. PCA is used to preprocess and 213 

reduce the dimensionality of datasets, while preserving the original structure and relationships 214 

inherent to the dataset. The resulting data were displayed as score plots representing the 215 

distribution of the samples in multivariate space. 216 



 217 

Supervised multivariate analysis of the training set 218 

The objective of this next step was to determine if the distribution was significantly different 219 

between the NCCAH patients and the PP patients of the training set. A discriminant analysis 220 

of variables was performed. The assignment of patients in each group (NCCAH and PP) was 221 

made a priori for the construction of the model. OPLS-DA, as a supervised and useful 222 

multivariate ML algorithm [27], was applied to the training set. Based on recent studies, the 223 

OPLS approach was considered particularly appropriate, given the input data type 224 

(multicollinearity) and size of the present study [28]. 225 

The developed model can be evaluated using several parameters, such as goodness of fit (R2), 226 

a test of permutation, and the capability to predict (Q2). Eventually, owing to the validation 227 

set, we were able to build a predictive classification score. In order to determine the relevance 228 

of the variables and to rank their predictive capacity in the model, we used variable 229 

importance in projection (VIP) [29].  230 

 231 

RESULTS  232 

Patient’s characteristics from the training and validation set 233 

All patients visited the endocrine unit because of precocious pubic hair to exclude adrenal 234 

disease or precocious puberty. A total of 97 patients (81 girls and 16 boys) were included in 235 

our study – 58 patients in the training set and 39 in the validation set (figure 1).  236 



 237 

Table I: Clinical characteristics (means ± SD) of patients from both training and validation 238 

sets.  239 

 240 

All patients were in Tanner stage 1 (prepubertal stage) (Table I). Thirteen patients were 241 

diagnosed with NCCAH by 21-OHD, confirmed by CYP21A2 genetic analysis: 8 patients 242 

from the training set and 5 patients from the validation set (Tables II). All these patients 243 

presented with a V281L mutation; 54% had an additional severe mutation or deletion. 12 of 244 

the 13 had partial AI, defined as a post-ACTH cortisol peak < 180 ng/ml. Basal levels of 17-245 

OHP ranged from 3.62 ng/ml to 87.94 ng/ml. Peak 17-OHP levels after ACTH testing ranged 246 

from 22.73 ng/ml to 92.57 ng/ml (Table II).  247 

 248 

 249 

Training set Validation set

NCCAH PP NCCAH PP

Age (years) 8.2 ± 3.2 7 ± 2.2 7.3 ± 1.7 7.5 ± 1.5

% of girls 50 82 100 91

Body Mass Index (SD) 1.3 ± 1.2 1.6 ± 2.2 2 ± 0.8 1.4 ± 2.1

Bone Age (delta) 3 ± 1.5 1.3 ± 1 2 ± 0.9 1.4 ± 0.9

Growth Velocity (SD) 0.8 ± 1.6 2 ± 2.1 4.8 ± 0.4 1.3± 1.5
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2 F 5.16 0.54 86.79 27.41 5.65 128.36 V281L/P453S

3 F 23.74 3.18 149.34 54.37 12.15 169.49 V281L/IVS2-13C>G

4 F 28.50 2.17 137.31 59.80 9.70 152.28 V281L/IVS2-13C>G
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6 M 3.62 0.04 47.88 22.73 3.72 122.81 V281L/V281L

7 M 87.937 15.385 127.156 92.567 15.069 138.569 V281L/deletion

8 M 18.762 2.025 83.779 52.754 9.593 113.229 V281L/deletion

9 F 11.73 2.56 112.20 39.80 9.93 131.63 V281L/[Q318X;A265V]

10 F 3.91 0.09 57.36 45.11 0.04 161.86 V281L/M383V

11 F 34.16 7.37 152.67 58.2 15.66 169.29 V281L/P30L

12 F 8.44 0.81 89.11 51.4 13.77 170.63 V281L/V281L
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Table II: Basal and peak (after ACTH test) steroid concentrations (in ng/mL) of 17-OHP, 21-250 

DF, F, and genotypes of NCCAH patients. Patients 1–8 belonged to the training set and 251 

patients 9–13 to the validation set. 252 

 253 

A total of 58 patients (45 girls and 13 boys) with a mean age of 7.14 years (+/− 2.32) were 254 

included in our training set (Figure 1). Five boys had an increase in testicular volume (> G1) 255 

with peak LH > 5 after GnRH test and were not included in the study. Nine patients after 256 

ACTH testing had a peak 17-OHP level > 9 ng/ml. CYP21A2 gene analysis was performed on 257 

these patients. A total of eight patients were diagnosed with homozygosity for NCCAH and a 258 

diagnosis of heterozygosity for 21-hydroxylase was made in one girl, an 8-year-old with 259 

pubic hair appearance at the age of 7 years and 3 months. she had an accelerated growth 260 

velocity (10 cm in one year, 5.4 SDS) and a two-year BA advance; 17-OHP basal level was 261 

0.57 ng/ml with a peak at 9.06 ng/ml. Sequencing of the CYP21A2 gene found a moderate 262 

mutation p.H38L in a heterozygous state.  263 

Table III compares the basal biological characteristics of the children in the training set. The 264 

difference between NCCAH and PP children was significant (p < 0.05) for A4, T, 17-OHP, 265 

21-DB, 21-DF, PREG, 11OHA4, and P.  266 



 267 

Table III: Steroid concentrations of the training set (mean and range), n=8 for NCCAH and 268 

n=50 for PP. All variables are in basal values. All steroid concentrations are expressed in 269 

ng/mL except for DOC and ALDO in pg/mL. 270 

 271 

There was no overlap for the 17-OHP and 21-DB values between the two groups in both sets, 272 

with significantly increased 17-OHP, 21-DF, and 21-DB levels in the NCCAH children 273 

(Figure 2). 274 

NCCAH

n= 8

PP

n=50
P values

Steroids Mean (range) Mean (range)

Aldosterone 164.52 (49-311.05) 114.19 (10-712) NS

Dehydroepiandrosterone 2.85 (0.1-6.36) 2.15 (0.1-13.83) NS

Androstenedione 0.84 (0.11-1.28) 0.28 (0.04-0.81) ***

Testosterone 0.2 (0.07-0.44) 0.07 (0.01-0.32) ***

Pregnenolone 1.36 (0.77-2.23) 0.82 (0.04-3.19) **

11β-hydroxyandrostenedione 2.05 (0.72-3.73) 0.59 (0.1-1.89) ***

17α-hydroxypregnenolone 3.26 (0.96-5.71) 1.8 (0.01-15.04) **

Progesterone 0.88 (0.15-3.4) 0.09 (0.001-0.99) ***

21-deoxycorticosterone 20.11 (12.42-31.34) 5 (5-5) ***

11-deoxycorticosterone 31.79 (8.99-71) 54.33 (6.77-227.13) NS

17α-hydroxyprogesterone 14.19 (3.62-28.5) 0.28 (0.05-1.03) ***

21-deoxycortisol 1.92 (0.04-4.06) 0.03 (0.001-0.51) ***

Corticosterone 0.67 (0.24-1.01) 2.74 (0.37-26.95) **

11-deoxycortisol 0.55 (0.23-1.04) 0.46 (0.006-3.07) NS

Cortisone 26.58 (18.01-35.56) 21.99 (9.48-32.22) NS

Cortisol 106.1 (47.88-170) 79.97 (26.81-186.11) NS

NS : p-value>0.05 ; **: p-value{0.001-0.05} ; *** : p-value<0.001



 275 

Figure 2: Box plots of bone age and some circulating steroid concentrations at their basal 276 

state from the two groups of patients from the training and the validation set: late onset 277 

NCCAH children (n=8 training set and n=5 validation set) and the PP children (n=50 278 

training set and n=34 validation set). All steroids are expressed in ng/mL except for 21-DB in 279 

pg/mL. Bone age is expressed as a difference in years (BA−chronological age).  280 

Unsupervised multivariate analysis of the training set was first completed. The descriptive 281 

analysis showed a good separation between the NCCAH group and the PP group (R2X = 282 

0.350). The variables with poor discrimination were removed from the study, which were 283 

growth velocity and BMI.  284 

 285 

Model construction 286 
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Secondly, a score plot was obtained from a supervised multivariate analysis of the training set 287 

using OPLS-DA (Figure 3A). The observations were projected in the system’s maximum 288 

variability plan (R2X = 0.900 and Q2X = 0.868) on two components. NCCAH patients were 289 

segregated on the left side of the score plot (red dots) while PP patients were segregated on 290 

the right quadrants (green dots). There was a good separation of the groups without any 291 

overlap. The heterozygous patient was segregated in the PP group. 292 

 293 

Figure 3: Score plots from orthogonal partial least squares discriminant analysis 294 

(incremental process with model training and external evaluation) of late onset NCCAH and 295 

PP children as assessed by their basal circulating signature (16 steroids and BA). Panel A: 296 

Score scatter plot plots of the training set generated with a supervised approach from known 297 

NCCAH (n=8, red dots) and PP (n=50, green dots) children. R2 and Q2 were 0.900 and 298 

0.868 respectively. Panel B: Score plot of the initial training set (NCCAH (n=8, red dots) and 299 
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PP (n=50, green dots)) superimposed with new children from the validation set (n=39 300 

children) labelled with black dots, indicating no a priori class attribution. Panel C: Score plot 301 

of the initial training set (NCCAH (n=8, red dots) and PP (n=50, green dots)) superimposed 302 

with the new children from the validation set labeled according to their retrospective final 303 

diagnosis: NCCAH (n=5, red stars) and PP (n=34 green stars). Validation accuracy = 1.  304 

 305 

To build a prediction score, the contribution of each variable of our system was calculated 306 

(Supplementary Figure 1). The higher the absolute value of the coefficient of a variable, the 307 

more discriminatory and important the variable was for prediction and group separation. The 308 

coefficients were calculated using the algorithm established by the OPLS-DA regression. As 309 

shown in Supplementary Figure 1, the variables 21-DB, 17-OHP, 21-DF, 11OHA4, and P 310 

were the top 5 highest contribution coefficients for NCCAH group discrimination followed by 311 

BA, the only discriminating clinical factor with a VIP score > 1.  312 

 313 

Supplementary Figure 1: VIP plots to classify in descending order with confidence intervals 314 

the importance of each of the 17 variables (11-DF, 21-DF, 11-βOHA, A4, T, 17-OHP, 17-315 

OHPreg, DHEA, ALDO, E, F, B, DOC, 21-DB, P, Preg and BA) for the construction of the 316 

score. 317 

 318 
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Validation of the model with the replication cohort 319 

The capability to predict the model was good according to internal cross validation QX2 = 320 

0.868. A validation set of 39 patients (36 girls and 3 boys) was used to assess a second step 321 

validation. The average age was 7.50 years (+/− 1.46), and no patient was excluded. Five 322 

patients had a peak 17-OHP level > 10 ng/ml and were diagnosed as NCCAH after CYP21A2 323 

gene analysis (see Table I, patients 9–13).  324 

To note, by definition, the data from the validation set were not used to refit the model; they 325 

were only used to test its accuracy. To mimic future prospective routine diagnosis, 326 

observations from the validation set were first labelled with black stars, as no a priori class 327 

attribution was achieved (Figure 3B). Eventually, as seen in Figure 3C, to evaluate the true 328 

model performances, the black stars corresponding to children from the validation set were 329 

labeled according to their retrospective final diagnosis: NCCAH (n=5, red stars) and PP (n=34 330 

green stars). Five patients of the validation set were segregated in the same area of the score 331 

plot as the NCCAH patients based on the training set. These 5 patients were eventually a 332 

posteriori genotyped as NCCAH. The misclassification table (Table IV) summarizes the 333 

prediction results of the model.  334 

 335 

Table IV: Model prediction results. Assignment in each class (NCCAH or PP) of the patients 336 

from the training set and the validation set. The predictive results obtained on the training set 337 

were obtained using cross-validation. 338 

 339 

Number of 

Patients

Correct classification 

rate

NCCAH 

predicted
PP predicted

Training set
NCCAH 8 100% 8 0

PP 50 100% 0 50

Validation set
NCCAH* 5 100% 5 0

PP* 34 100% 0 34

Total 97 100% 13 84

Fisher's prob 5.2e-10

*: diagnosis made with post-hoc confirmation by CYP21A2 analysis



The first column displays the total number of observations in the training set and the 340 

validation set, the average percentage correctly classified, and the number of observations 341 

classified to each class. As mentioned in the No class column, the model never classified any 342 

of the patients to other classes than those available (i.e., YPred score value <0). Fisher’s 343 

probability is the probability of the table occurring by chance and is satisfied when p < 0.05 344 

for 95% confidence. Here, the success rate for the prediction of the membership class was 345 

100% with either no false positive or false negative scores. The five NCCAH patients in the 346 

validation set (post-hoc confirmation by CYP21A2 analysis) were all assigned to the NCCAH 347 

group in our model. Therefore, thanks to the OPLS model integrating steroid fingerprint and 348 

clinical data, the classification of NCCAH patients and PP patients was optimum with a 349 

validation accuracy of 100%. 350 

 351 

 DISCUSSION 352 

The objective of the present study was to develop, based on a mathematical ML model, a 353 

score including basal circulating steroid profile and clinical data to avoid the use of an ACTH 354 

testing in the differential diagnosis of NCCAH in a pediatric population. 355 

Indeed, ACTH tests are useful in detecting AI in children with NCCAH. In our study, similar 356 

to other pediatric studies [30–32], a high number of NCCAH patients presented a cortisol 357 

peak below 180 ng/ml (12 NCCAH patients out of 13). These data underlined the importance 358 

of glucocorticoid stress dose in children undergoing stressful situations like surgery or illness. 359 

Our findings uncovered clinical and biological differences between children with premature 360 

pubic hair and NCCAH with significant results for BA and basal levels of 21-DB, 17-OHP, 361 

21-DF, A4, T, Preg, and 11OHA4. There were no overlaps for 21-DB and 21-DF 362 

(concentration threshold = 12.42 pg/mL), or for 17-OHP (concentration threshold = 3.62 363 

ng/mL). It was consistent with previous studies, in particular for 21-deoxysteroids [19,20,22]. 364 



Indeed, 21-DF and 21-DB are strictly adrenal metabolites and therefore represent potentially 365 

more specific biomarkers for NCCAH diagnoses than 17-OHP, which has a dual ovarian and 366 

adrenal origin [22,43,44]. Some authors have already proposed a threshold of basal 17-OHP 367 

[34], but this remains controversial [32,33]. With the validated mass spectrometry approach 368 

(LC-MS/MS), we were able to routinely quantify simultaneously in 10 minutes 16 circulating 369 

steroids via a direct measurement method with excellent sensitivity and specificity (certified 370 

by the French national quality control organization). We can thereby attribute a specific 371 

steroidome, hormonal signature, or “fingerprint” to each patient [22].  372 

In our patients, basal measurements of 17-OHP were surprisingly elevated, and could already 373 

distinguish NCCAH patients from PP patients in univariate analysis. This was not always the 374 

case for our patients, for whom a threshold value of 17-OHP was always discussed, 375 

presumably because our pediatric patients had more severe features than late onset adrenal 376 

hyperplasia diagnosed in adulthood and because they were bearing a severe mutation in 54% 377 

of the cases. However, the use of 17-OHP which characterizes 21-OHD is not without 378 

criticism [35]. False negative rates of up to 22% have been reported in infant screening [36], 379 

particularly when mothers were exposed to glucocorticoids prenatally [37]. False positives in 380 

some premature infants or in other forms of CAH including 11-hydroxylase deficiency were 381 

also reported [38]. Moreover a single basal 17-OHP concentration is often insufficient to 382 

diagnose non-classic 21-OHD carriers [39].  383 

The use of mass spectrometry gives a more specific view of adrenal steroid levels in 21-OHD 384 

compared with immunoassays [40]. Furthermore, in terms of cost, according to our own 385 

experience in our clinical laboratory, a panel of about 16 steroids can be more advantageous 386 

than relying on specific expensive immunoassay kits. This method is more specific and more 387 

sensitive than radioimmunoassay (RIA) because it allows the quantifying of steroid profiles 388 

including 21-DF within 150 µl of serum. It also allows the measurement of other steroids such 389 



as 21-DB, which is particularly informative for CAH. To our knowledge, 21-DB has not been 390 

extensively studied until now. According to our previous data, plasma basal 21-DB 391 

concentrations measured by RIA [41], and more recently in LC-MS/MS [22], could represent 392 

an interesting additional biomarker to identify patients with NCCAH. Although 17-OHP is 393 

usually quantified on its own, the addition and combination of new strictly adrenal steroids, 394 

such as 21-DF and 21-DB, could enhance the specificity for the diagnosis of NCCAH. Miller 395 

et al. even suggest replacing 17-OHP with 21-DF in the newborn screening program [35].  396 

With the ability to routinely and simultaneously quantify 16 circulating steroids, we 397 

highlighted the use of some steroids not often used in practice (such as 21-DB with no overlap) 398 

and other better-known steroids (like 21-DF). 21-DF has already been evaluated in children 399 

with 21-OHD, and was deemed an excellent specific marker of this disease [20]. 21-DF is 400 

useful in the diagnosis and the follow-up of NCCAH and for the detection of heterozygotes 401 

[42].  402 

Determining the status of heterozygotes and NCCAH is very important, especially in those 403 

carrying severe alleles, for genetic counseling to anticipate the risk of AI and genital 404 

ambiguity at birth [43]. In our study, 54% of NCCAH children had a severe mutation. It is 405 

further essential to explain the screening to the family’s proband and the future partner in 406 

family planning [44,45].  407 

A non-classical form of mutation (M283V of the NCCAH patient no. 10, Table I) has been 408 

described in just one case of a patient with NCCAH [46]. Notably, all of our NCCAH patients 409 

had the V281L mutation, the most common mutation in patients with NCCAH [47]. Three 410 

had the IVS2-13C>G allele, the most frequent mutation in classical forms [9].  411 

Our findings demonstrated a difference in clinical features and advanced BA, as is already 412 

known in the literature [7]. Even using subjective methods, it is easy to perform routinely in 413 

clinical settings [26]. In our study, all children with NCCAH demonstrated advanced BA and 414 



six had advanced BA of more than two years. Some reports propose glucocorticoid therapy 415 

for these patients to avoid a short final stature [11]. In combination with biological 416 

measurements, BA was an important part of our design score for the diagnosis of NCCAH, 417 

suggesting that an advanced BA may be the only difference between clinical features of 418 

NCCAH patients and PP [34]. We limited our study to prepubertal children from 7 to 9 years 419 

old (mean age 7.14 years (+/− 2.32) to focus on adrenal steroids responsible for adrenarche 420 

and to free ourselves from sex variations induced by gonadal puberty. Analysis of steroids 421 

only secreted by the adrenal gland could be a further area of study [47].  422 

The model we developed predicted with 100% sensitivity and specificity the diagnoses of 423 

NCCAH in a population of children with premature pubic hair (n=97), and could probably be 424 

extended to older populations with mild features. The constitutions of the training set (first 425 

year) and the validation set (second year) led us to evaluate the robustness of our model more 426 

accurately than with a simple internal cross-validation. Multivariate data analysis [48] and 427 

ML methods have already been evaluated in adrenal diseases and can shorten diagnosis in 428 

some cases [49,50]. In this study, OPLS-DA analysis was chosen as the ML algorithm since 429 

our dataset included many steroids with potentially high collinearity. We trained and 430 

evaluated 5 other ML models (support vector machine, nearest neighbors classifier, decision 431 

tree, random forest, and Gaussian Naive Bayes) which confirmed the discriminative power of 432 

the data, independently of the chosen method (not shown). However, their performances were 433 

either worse or equivalent with OPLS-DA. Moreover, this approach gave us the opportunity 434 

to present the data on 2D score plots, creating a bird’s eye view to summarize and study the 435 

degree of similarity (or dissimilarity) of the patient’s bio-clinical signatures.  436 

In future, multivariate mathematical approaches such as these, which can integrate 437 

anthropometric data (gender, age, BMI, etc.), biological measurements, and even radiological 438 

images, could generate a unique fingerprint for each patient and offer new potentialities in the 439 



future diagnosis toolbox. Model training iteration processes could eventually be performed. 440 

Indeed, with the selected features, additional patients could be included to build refined 441 

models over time. The proposed model could therefore find its place in the care management 442 

pathway of children with premature pubarche and late onset 21-OHD. The method may be 443 

extended to higher ages; this work is in progress with adult patients from non-pediatric 444 

endocrinology units, considering age and sex references for adult patients. Prospective 445 

interventional studies will be needed to validate this model for clinical use [50].  446 

 447 

CONCLUSION 448 

To conclude, LC-MS/MS enabled assignment of a metabolic fingerprint to each patient. 449 

Combining this with a statistical model allowed the construction of a NCCAH diagnostic 450 

score with 100% sensitivity and specificity in our cohort. The most significant variables were 451 

21-DB, 17-OHP, and 21-DF. If this score was routinely implemented, use of the ACTH test 452 

could be restricted to screening patients for AI, which, based on the prevalence of NCCAH, 453 

would be nearly one in ten children. Genetic analysis of CYP21A2 would remain essential in 454 

NCCAH patients to identify severe mutations. Further studies are needed for the validation of 455 

this score, particularly with the use of a larger multicenter prospective cohort. 456 

457 



ACKNOWLEDGMENTS 458 

 459 
We thank Dominique Farabos and Nicolas Hélin for technical supports. 460 
 461 
Disclosure Summary: The authors have nothing to disclose. 462 

 463 

AUTHOR STATEMENT 464 

Héléna Agnani : Conceptualization, Methodology, Writing- Reviewing ; Guillaume 465 

Bachelot : Data curation, Data analysis ; Thibaut Eguether : Visualization, Investigation ; 466 

Bettina Ribault : mass spectrometry analysis ; Jean Fiet : Methodology, Writing- Reviewing 467 

; Yves Le Bouc : Methodology, Writing- Reviewing ;  Irène Netchine : Methodology, 468 

Writing ; Muriel Houang : Conceptualization, methodology, writing-original draft 469 

preparation-Reviewing ; Antonin Lamazière : Conceptualization, methodology, Data 470 

analysis, Writing- Reviewing and Editing. 471 

 472 

  473 



REFERENCES  474 

[1] S.E. Oberfield, A.B. Sopher, A.T. Gerken, Approach to the girl with early onset of pubic 475 
hair, J Clin Endocrinol Metab. 96 (2011) 1610–1622. https://doi.org/10.1210/jc.2011-476 
0225. 477 

[2] P.W. Speiser, B. Dupont, P. Rubinstein, A. Piazza, A. Kastelan, M.I. New, High 478 
frequency of nonclassical steroid 21-hydroxylase deficiency, Am J Hum Genet. 37 (1985) 479 
650–667. 480 

[3] R.C. Wilson, S. Nimkarn, M. Dumic, J. Obeid, M.R. Azar, M. Azar, H. Najmabadi, F. 481 
Saffari, M.I. New, Ethnic-specific distribution of mutations in 716 patients with 482 
congenital adrenal hyperplasia owing to 21-hydroxylase deficiency, Mol Genet Metab. 483 
90 (2007) 414–421. https://doi.org/10.1016/j.ymgme.2006.12.005. 484 

[4] E. Carmina, D. Dewailly, H.F. Escobar-Morreale, F. Kelestimur, C. Moran, S. Oberfield, 485 
S.F. Witchel, R. Azziz, Non-classic congenital adrenal hyperplasia due to 21-486 
hydroxylase deficiency revisited: an update with a special focus on adolescent and adult 487 
women, Hum Reprod Update. 23 (2017) 580–599. 488 
https://doi.org/10.1093/humupd/dmx014. 489 

[5] M. Finkelstein, J.M. Shaefer, Inborn errors of steroid biosynthesis, Physiol Rev. 59 490 
(1979) 353–406. https://doi.org/10.1152/physrev.1979.59.2.353. 491 

[6] C. Moran, R. Azziz, E. Carmina, D. Dewailly, F. Fruzzetti, L. Ibañez, E.S. 492 
Knochenhauer, J.A. Marcondes, B.B. Mendonca, D. Pignatelli, M. Pugeat, V. Rohmer, 493 
P.W. Speiser, S.F. Witchel, 21-Hydroxylase-deficient nonclassic adrenal hyperplasia is a 494 
progressive disorder: a multicenter study, Am J Obstet Gynecol. 183 (2000) 1468–1474. 495 
https://doi.org/10.1067/mob.2000.108020. 496 

[7] K.J. Pijnenburg-Kleizen, G.F. Borm, B.J. Otten, D.A. Schott, E.L. van den Akker, W.H. 497 
Stokvis-Brantsma, P.G. Voorhoeve, B. Bakker, H.L. Claahsen-van der Grinten, Absence 498 
of clinically relevant growth acceleration in untreated children with non-classical 499 
congenital adrenal hyperplasia., Horm Res Paediatr. 77 (2012) 164–9. 500 

[8] O. Eyal, Y. Tenenbaum-Rakover, S. Shalitin, S. Israel, N. Weintrob, Adult height of 501 
subjects with nonclassical 21-hydroxylase deficiency, Acta Paediatr. 102 (2013) 419–502 
423. https://doi.org/10.1111/apa.12147. 503 

[9] M.G. Forest, V. Tardy, M. Nicolino, M. David, Y. Morel, 21-hydroxylase deficiency: an 504 
exemplary model of the contribution of molecular biology in the understanding and 505 
management of the disease, Annales d’Endocrinologie. 66 (2005) 225–232. 506 
https://doi.org/10.1016/S0003-4266(05)81754-8. 507 

[10] S.F. Witchel, Congenital Adrenal Hyperplasia, J Pediatr Adolesc Gynecol. 30 (2017) 508 
520–534. https://doi.org/10.1016/j.jpag.2017.04.001. 509 

[11] P.W. Speiser, W. Arlt, R.J. Auchus, L.S. Baskin, G.S. Conway, D.P. Merke, H.F.L. 510 
Meyer-Bahlburg, W.L. Miller, M.H. Murad, S.E. Oberfield, P.C. White, Congenital 511 
Adrenal Hyperplasia Due to Steroid 21-Hydroxylase Deficiency: An Endocrine Society 512 
Clinical Practice Guideline, J Clin Endocrinol Metab. 103 (2018) 4043–4088. 513 
https://doi.org/10.1210/jc.2018-01865. 514 

[12] F. Kuttenn, P. Couillin, F. Girard, L. Billaud, M. Vincens, C. Boucekkine, J.C. 515 
Thalabard, T. Maudelonde, P. Spritzer, I. Mowszowicz, Late-onset adrenal hyperplasia 516 
in hirsutism, N Engl J Med. 313 (1985) 224–231. 517 
https://doi.org/10.1056/NEJM198507253130404. 518 

[13] K.R. van der Ploeg, B.G. Wolthers, G.T. Nagel, M. Volmer, N.M. Drayer, The diagnosis 519 
of 21-hydroxylase deficiency in a prematurely born infant on the basis of the urinary 520 
steroid excretion pattern, Clin Chim Acta. 120 (1982) 341–353. 521 
https://doi.org/10.1016/0009-8981(82)90375-8. 522 



[14] J.W. Honour, C.G. Brook, Clinical indications for the use of urinary steroid profiles in 523 
neonates and children, Ann Clin Biochem. 34 ( Pt 1) (1997) 45–54. 524 
https://doi.org/10.1177/000456329703400107. 525 

[15] J.M. Hines, I. Bancos, C. Bancos, R.D. Singh, A.V. Avula, W.F. Young, S.K. Grebe, R.J. 526 
Singh, High-Resolution, Accurate-Mass (HRAM) Mass Spectrometry Urine Steroid 527 
Profiling in the Diagnosis of Adrenal Disorders, Clinical Chemistry. 63 (2017) 1824–528 
1835. https://doi.org/10.1373/clinchem.2017.271106. 529 

[16] I. Bancos, A.E. Taylor, V. Chortis, A.J. Sitch, C. Jenkinson, C.J. Davidge-Pitts, K. Lang, 530 
S. Tsagarakis, M. Macech, A. Riester, T. Deutschbein, I.D. Pupovac, T. Kienitz, A. Prete, 531 
T.G. Papathomas, L.C. Gilligan, C. Bancos, G. Reimondo, M. Haissaguerre, L. Marina, 532 
M.A. Grytaas, A. Sajwani, K. Langton, H.E. Ivison, C.H.L. Shackleton, D. Erickson, M. 533 
Asia, S. Palimeri, A. Kondracka, A. Spyroglou, C.L. Ronchi, B. Simunov, D.A. 534 
Delivanis, R.P. Sutcliffe, I. Tsirou, T. Bednarczuk, M. Reincke, S. Burger-Stritt, R.A. 535 
Feelders, L. Canu, H.R. Haak, G. Eisenhofer, M.C. Dennedy, G.A. Ueland, M. Ivovic, A. 536 
Tabarin, M. Terzolo, M. Quinkler, D. Kastelan, M. Fassnacht, F. Beuschlein, U. 537 
Ambroziak, D.A. Vassiliadi, M.W. O’Reilly, W.F. Young, M. Biehl, J.J. Deeks, W. Arlt, 538 
S. Glöckner, R.O. Sinnott, A. Stell, M.C. Fragoso, D. Kastelan, I.D. Pupovac, B. 539 
Simunov, S. Cazenave, M. Haissaguerre, A. Tabarin, J. Bertherat, R. Libé, T. Kienitz, M. 540 
Quinkler, K. Langton, G. Eisenhofer, F. Beuschlein, C. Brugger, M. Reincke, A. Riester, 541 
A. Spyroglou, S. Burger-Stritt, T. Deutschbein, M. Fassnacht, S. Hahner, M. Kroiss, C.L. 542 
Ronchi, S. Palimeri, S. Tsagarakis, I. Tsirou, D.A. Vassiliadi, V. Basile, E. Ingargiola, G. 543 
Reimondo, M. Terzolo, L. Canu, M. Mannelli, H. Ettaieb, H.R. Haak, T.M. Kerkhofs, M. 544 
Biehl, R.A. Feelders, J. Hofland, L.J. Hofland, M.A. Grytaas, E.S. Husebye, G.A. 545 
Ueland, U. Ambroziak, T. Bednarczuk, A. Kondracka, M. Macech, M. Zawierucha, I. 546 
Paiva, M.C. Dennedy, A. Sajwani, M. Sherlock, R.K. Crowley, M. Ivovic, L. Marina, J.J. 547 
Deeks, A.J. Sitch, W. Arlt, I. Bancos, V. Chortis, L.C. Giligan, B.A. Hughes, K. Lang, 548 
H.E. Ivison, C. Jenkinson, K. Manolopoulos, D.M. O’Neil, M.W. O’Reilly, T.G. 549 
Papathomas, A. Prete, C.H.L. Shackleton, A.E. Taylor, M. Asia, R.P. Sutcliffe, P. Guest, 550 
K. Skordilis, C. Bancos, A. Chang, C.J. Davidge-Pitts, D.A. Delivanis, D. Erickson, N. 551 
Natt, T.B. Nippoldt, M. Thomas, W.F. Young Jr., Urine steroid metabolomics for the 552 
differential diagnosis of adrenal incidentalomas in the EURINE-ACT study: a 553 
prospective test validation study, The Lancet Diabetes & Endocrinology. 8 (2020) 773–554 
781. https://doi.org/10.1016/S2213-8587(20)30218-7. 555 

[17] S.A. Wudy, M. Hartmann, J. Homoki, Hormonal diagnosis of 21-hydroxylase deficiency 556 
in plasma and urine of neonates using benchtop gas chromatography-mass spectrometry, 557 
J Endocrinol. 165 (2000) 679–683. https://doi.org/10.1677/joe.0.1650679. 558 

[18] J.W. Honour, G. Rumsby, Problems in diagnosis and management of congenital adrenal 559 
hyperplasia due to 21-hydroxylase deficiency, J Steroid Biochem Mol Biol. 45 (1993) 560 
69–74. https://doi.org/10.1016/0960-0760(93)90124-f. 561 

[19] C.Z. Minutti, J.M. Lacey, M.J. Magera, S.H. Hahn, M. McCann, A. Schulze, D. Cheillan, 562 
C. Dorche, D.H. Chace, J.F. Lymp, D. Zimmerman, P. Rinaldo, D. Matern, Steroid 563 
profiling by tandem mass spectrometry improves the positive predictive value of 564 
newborn screening for congenital adrenal hyperplasia, J Clin Endocrinol Metab. 89 565 
(2004) 3687–3693. https://doi.org/10.1210/jc.2003-032235. 566 

[20] N. Janzen, M. Peter, S. Sander, U. Steuerwald, M. Terhardt, U. Holtkamp, J. Sander, 567 
Newborn screening for congenital adrenal hyperplasia: additional steroid profile using 568 
liquid chromatography-tandem mass spectrometry, J Clin Endocrinol Metab. 92 (2007) 569 
2581–2589. https://doi.org/10.1210/jc.2006-2890. 570 

[21] E. Schwarz, A. Liu, H. Randall, C. Haslip, F. Keune, M. Murray, N. Longo, M. Pasquali, 571 
Use of Steroid Profiling by UPLC-MS/MS as a Second Tier Test in Newborn Screening 572 



for Congenital Adrenal Hyperplasia: The Utah Experience, Pediatr Res. 66 (2009) 230–573 
235. https://doi.org/10.1203/PDR.0b013e3181aa3777. 574 

[22] J. Fiet, Y. Le Bouc, J. Guéchot, N. Hélin, M.A. Maubert, D. Farabos, A. Lamazière, A 575 
Liquid Chromatography/Tandem Mass Spectometry Profile of 16 Serum Steroids, 576 
Including 21-Deoxycortisol and 21-Deoxycorticosterone, for Management of Congenital 577 
Adrenal Hyperplasia, J Endocr Soc. 1 (2017) 186–201. https://doi.org/10.1210/js.2016-578 
1048. 579 

[23] A. Crinò, R. Schiaffini, P. Ciampalini, S. Spera, L. Beccaria, F. Benzi, L. Bosio, A. 580 
Corrias, L. Gargantini, A. Salvatoni, G. Tonini, G. Trifirò, C. Livieri, Genetic Obesity 581 
Study Group of Italian Society of Pediatric endocrinology and diabetology (SIEDP), 582 
Hypogonadism and pubertal development in Prader-Willi syndrome, Eur J Pediatr. 162 583 
(2003) 327–333. https://doi.org/10.1007/s00431-002-1132-4. 584 

[24] Michel. Sempé Pédron, Guy.,. Roy-Pernot, Marie-Paule.,., Auxologie : méthode et 585 
séquences, Theraplix, Paris, 1979. 586 

[25] M.F. Rolland-Cachera, T.J. Cole, M. Sempé, J. Tichet, C. Rossignol, A. Charraud, Body 587 
Mass Index variations: centiles from birth to 87 years, Eur J Clin Nutr. 45 (1991) 13–21. 588 

[26] W.W. Greulich, S.I. Pyle, eds., Radiographic atlas of skeletal development of the hand 589 
and wrist, 2. ed., repr, Stanford Univ. Press [u.a.], Stanford, Calif, 2011. 590 

[27] M. Pérez-Enciso, M. Tenenhaus, Prediction of clinical outcome with microarray data: a 591 
partial least squares discriminant analysis (PLS-DA) approach, Hum Genet. 112 (2003) 592 
581–92. https://doi.org/10.1007/s00439-003-0921-9. 593 

[28] M. Tenenhaus, La régression PLS: théorie et pratique, Editions Technip, 1998. 594 
[29] S. Wiklund, E. Johansson, L. Sjöström, E.J. Mellerowicz, U. Edlund, J.P. Shockcor, J. 595 

Gottfries, T. Moritz, J. Trygg, Visualization of GC/TOF-MS-based metabolomics data 596 
for identification of biochemically interesting compounds using OPLS class models, 597 
Anal Chem. 80 (2008) 115–122. https://doi.org/10.1021/ac0713510. 598 

[30] R. Balducci, B. Boscherini, A. Mangiantini, M. Morellini, V. Toscano, Isolated 599 
precocious pubarche: an approach, The Journal of Clinical Endocrinology & Metabolism. 600 
79 (1994) 582–589. https://doi.org/10.1210/jcem.79.2.8045980. 601 

[31] C. Dacou-Voutetakis, M. Dracopoulou, High Incidence of Molecular Defects of the 602 
CYP21 Gene in Patients with Premature Adrenarche, The Journal of Clinical 603 
Endocrinology & Metabolism. 84 (1999) 1570–1574. 604 
https://doi.org/10.1210/jcem.84.5.5683. 605 

[32] A. Stoupa, L. Gonzalez-Briceno, G. Pinto, D. Samara-Boustani, C. Thalassinos, I. 606 
Flechtner, J. Beltrand, M. Bidet, A. Simon, M. Piketty, K. Laborde, Y. Morel, C. 607 
Bellanné-Chantelot, P. Touraine, M. Polak, Inadequate Cortisol Response to the 608 
Tetracosactide (Synacthen) Test in Non-Classic Congenital Adrenal Hyperplasia: An 609 
Exception to the Rule?, Horm Res Paediatr. 83 (2015) 262–267. 610 
https://doi.org/10.1159/000369901. 611 

[33] J.-B. Armengaud, M.-L. Charkaluk, C. Trivin, V. Tardy, G. Bréart, R. Brauner, M. 612 
Chalumeau, Precocious pubarche: distinguishing late-onset congenital adrenal 613 
hyperplasia from premature adrenarche, J Clin Endocrinol Metab. 94 (2009) 2835–2840. 614 
https://doi.org/10.1210/jc.2009-0314. 615 

[34] R. Bello, Y. Lebenthal, L. Lazar, S. Shalitin, A. Tenenbaum, M. Phillip, L. de Vries, 616 
Basal 17-hydroxyprogesterone cannot accurately predict nonclassical congenital adrenal 617 
hyperplasia in children and adolescents, Acta Paediatr. 106 (2017) 155–160. 618 
https://doi.org/10.1111/apa.13630. 619 

[35] U. Ambroziak, A. Kępczyńska-Nyk, A. Kuryłowicz, E.M. Małunowicz, A. Wójcicka, P. 620 
Miśkiewicz, M. Macech, The diagnosis of nonclassic congenital adrenal hyperplasia due 621 
to 21-hydroxylase deficiency, based on serum basal or post-ACTH stimulation 17-622 



hydroxyprogesterone, can lead to false-positive diagnosis, Clin Endocrinol (Oxf). 84 623 
(2016) 23–29. https://doi.org/10.1111/cen.12935. 624 

[36] W.L. Miller, Congenital Adrenal Hyperplasia: Time to Replace 17OHP with 21-625 
Deoxycortisol, Horm Res Paediatr. 91 (2019) 416–420. 626 
https://doi.org/10.1159/000501396. 627 

[37] K. Sarafoglou, K. Banks, J. Kyllo, S. Pittock, W. Thomas, Cases of congenital adrenal 628 
hyperplasia missed by newborn screening in Minnesota, JAMA. 307 (2012) 2371–2374. 629 
https://doi.org/10.1001/jama.2012.5281. 630 

[38] F. Gatelais, J. Berthelot, F. Beringue, P. Descamps, D. Bonneau, J.-M. Limal, R. Coutant, 631 
Effect of single and multiple courses of prenatal corticosteroids on 17-632 
hydroxyprogesterone levels: implication for neonatal screening of congenital adrenal 633 
hyperplasia, Pediatr Res. 56 (2004) 701–705. 634 
https://doi.org/10.1203/01.PDR.0000142733.50918.6E. 635 

[39] P. Cavarzere, D. Samara-Boustani, I. Flechtner, M. Dechaux, C. Elie, V. Tardy, Y. 636 
Morel, M. Polak, Transient hyper-17-hydroxyprogesteronemia: a clinical subgroup of 637 
patients diagnosed at neonatal screening for congenital adrenal hyperplasia, Eur J 638 
Endocrinol. 161 (2009) 285–292. https://doi.org/10.1530/EJE-09-0145. 639 

[40] M.I. New, F. Lorenzen, A.J. Lerner, B. Kohn, S.E. Oberfield, M.S. Pollack, B. Dupont, 640 
E. Stoner, D.J. Levy, S. Pang, L.S. Levine, Genotyping steroid 21-hydroxylase 641 
deficiency: hormonal reference data, J Clin Endocrinol Metab. 57 (1983) 320–326. 642 
https://doi.org/10.1210/jcem-57-2-320. 643 

[41] S.R. Dahl, I. Nermoen, I. Brønstad, E.S. Husebye, K. Løvås, P.M. Thorsby, Assay of 644 
steroids by liquid chromatography-tandem mass spectrometry in monitoring 21-645 
hydroxylase deficiency, Endocr Connect. 7 (2018) 1542–1550. 646 
https://doi.org/10.1530/EC-18-0453. 647 

[42] J. Fiet, B. Gueux, M.C. Raux-DeMay, F. Kuttenn, P. Vexiau, J.L. Brerault, P. Couillin, 648 
H. Galons, J.M. Villette, R. Julien, Increased plasma 21-deoxycorticosterone (21-DB) 649 
levels in late-onset adrenal 21-hydroxylase deficiency suggest a mild defect of the 650 
mineralocorticoid pathway, J Clin Endocrinol Metab. 68 (1989) 542–547. 651 
https://doi.org/10.1210/jcem-68-3-542. 652 

[43] A.F. Turcu, J. Rege, R. Chomic, J. Liu, H.K. Nishimoto, T. Else, A.G. Moraitis, G.S. 653 
Palapattu, W.E. Rainey, R.J. Auchus, Profiles of 21-Carbon Steroids in 21-hydroxylase 654 
Deficiency, J Clin Endocrinol Metab. 100 (2015) 2283–2290. 655 
https://doi.org/10.1210/jc.2015-1023. 656 

[44] J. Fiet, B. Gueux, M. Gourmelen, F. Kuttenn, P. Vexiau, P. Couillin, M.-T. Pham-Huu-657 
Trung, J.-M. Villette, M. Raux-Demay, H. Galons, R. Julien, Comparison of Basal and 658 
Adrenocorticotropin- Stimulated Plasma 21-Deoxycortisol and 17-Hydroxyprogesterone 659 
Values as Biological Markers of Late-Onset Adrenal Hyperplasia, The Journal of 660 
Clinical Endocrinology & Metabolism. 66 (1988) 659–667. 661 
https://doi.org/10.1210/jcem-66-4-659. 662 

[45] M. Bidet, C. Bellanné-Chantelot, M.-B. Galand-Portier, V. Tardy, L. Billaud, K. 663 
Laborde, C. Coussieu, Y. Morel, C. Vaury, J.-L. Golmard, A. Claustre, E. Mornet, Z. 664 
Chakhtoura, I. Mowszowicz, A. Bachelot, P. Touraine, F. Kuttenn, Clinical and 665 
molecular characterization of a cohort of 161 unrelated women with nonclassical 666 
congenital adrenal hyperplasia due to 21-hydroxylase deficiency and 330 family 667 
members, J Clin Endocrinol Metab. 94 (2009) 1570–1578. 668 
https://doi.org/10.1210/jc.2008-1582. 669 

[46] N. Skordis, C. Shammas, E. Efstathiou, K. Kaffe, V. Neocleous, L.A. Phylactou, 670 
Endocrine profile and phenotype-genotype correlation in unrelated patients with non-671 



classical congenital adrenal hyperplasia, Clin Biochem. 44 (2011) 959–963. 672 
https://doi.org/10.1016/j.clinbiochem.2011.05.013. 673 

[47] S. Livadas, M. Dracopoulou, A. Dastamani, A. Sertedaki, M. Maniati-Christidi, A.-M. 674 
Magiakou, C. Kanaka-Gantenbein, G.P. Chrousos, C. Dacou-Voutetakis, The spectrum 675 
of clinical, hormonal and molecular findings in 280 individuals with nonclassical 676 
congenital adrenal hyperplasia caused by mutations of the CYP21A2 gene, Clin 677 
Endocrinol (Oxf). 82 (2015) 543–549. https://doi.org/10.1111/cen.12543. 678 

[48] C. Minutolo, A.D. Nadra, C. Fernández, M. Taboas, N. Buzzalino, B. Casali, S. Belli, 679 
E.H. Charreau, L. Alba, L. Dain, Structure-Based Analysis of Five Novel Disease-680 
Causing Mutations in 21-Hydroxylase-Deficient Patients, PLoS ONE. 6 (2011) e15899. 681 
https://doi.org/10.1371/journal.pone.0015899. 682 

[49] C. Kamrath, L. Wettstaedt, C. Boettcher, M.F. Hartmann, S.A. Wudy, Androgen excess 683 
is due to elevated 11-oxygenated androgens in treated children with congenital adrenal 684 
hyperplasia, J Steroid Biochem Mol Biol. 178 (2018) 221–228. 685 
https://doi.org/10.1016/j.jsbmb.2017.12.016. 686 

[50] M.R. Lasarev, E.R. Bialk, D.B. Allen, P.K. Held, Application of Principal Component 687 
Analysis to Newborn Screening for Congenital Adrenal Hyperplasia, The Journal of 688 
Clinical Endocrinology & Metabolism. 105 (2020) e2930–e2940. 689 
https://doi.org/10.1210/clinem/dgaa371. 690 

[51] E.H. Wilkes, G. Rumsby, G.M. Woodward, Using Machine Learning to Aid the 691 
Interpretation of Urine Steroid Profiles, Clin Chem. 64 (2018) 1586–1595. 692 
https://doi.org/10.1373/clinchem.2018.292201. 693 

[52] G. Eisenhofer, C. Durán, C.V. Cannistraci, M. Peitzsch, T.A. Williams, A. Riester, J. 694 
Burrello, F. Buffolo, A. Prejbisz, F. Beuschlein, A. Januszewicz, P. Mulatero, J.W.M. 695 
Lenders, M. Reincke, Use of Steroid Profiling Combined With Machine Learning for 696 
Identification and Subtype Classification in Primary Aldosteronism, JAMA Netw Open. 697 
3 (2020) e2016209. https://doi.org/10.1001/jamanetworkopen.2020.16209. 698 

 699 
 700 
 701 




