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Abstract

Context: Measurement of plasma steroids is necessary for diagnosis of congenital adrenal hyperplasia (CAH). We sought to establish an effi-
cient strategy for detection and subtyping of CAH with a machine-learning algorithm.

Methods: Clinical phenotype and genetic testing were used to provide CAH diagnosis and subtype. We profiled 13 major steroid hormones by li-
quid chromatography-tandem mass spectrometry. A multiclassifier system was established to distinguish 11p-hydroxylase deficiency (1130OHD),
17a-hydroxylase/17,20-lyase deficiency (170HD), and 21a-hydroxylase deficiency (210HD) in a discovery cohort (n = 226). It was then validated
in an independent cohort (n = 111) and finally applied in a perspective cohort of 256 patients. The diagnostic performance on the basis of area
under receiver operating characteristic curves (AUCs) was evaluated.

Results: A cascade logistic regression model, we named the “Steroidogenesis Score was able to discriminate the 3 most common CAH
subtypes: 11BOHD, 170HD, and 210HD. In the perspective application cohort, the steroidogenesis score had a high diagnostic accuracy for
all 3 subtypes, 11BOHD (AUC, 0.994; 95% Cl, 0.983-1.000), 170HD (AUC, 0.993; 95% ClI, 0.985-1.000), and 210HD (AUC, 0.979; 95% Cl,
0.964-0.994). For nonclassic 210HD patients, the tool presented with significantly higher sensitivity compared with measurement of basal
17a-hydroxyprogesterone (170HP) (0.973 vs 0.840, P=0.005) and was not inferior to measurement of basal vs stimulated 170HP (0.973 vs
0.947 P=0.681).

Conclusions: The steroidogenesis score was biochemically interpretable and showed high accuracy in identifying CAH patients, especially for
nonclassic 210HD patients, thus offering a standardized approach to diagnose and subtype CAH.
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Steroidogenesis is a both complex and subtle process that
plays a key role in numerous cellular/physiological functions
(1, 2). Adrenal steroids include glucocorticoids, mineralocor-
ticoids, and androgens. A total of 14 enzymes or cofactors
are required for adrenal steroidogenesis, producing 16 major
steroid metabolites (3). Genetic deficiencies in steroidogenesis
enzymes impair glucocorticoid biosynthesis, causing a group
of diseases called congenital adrenal hyperplasia (CAH),
which includes 9 subtypes (4). CAH is one of the most
common autosomal recessive disorders. Classic CAH occurs
in 11in 10 000 to 1 in 20 000 live births while the estimated
prevalence of nonclassic CAH ranges from 1 case per 200
persons to 1 case per 1000 persons (5-9).

The presentation of CAH is extremely variable, compli-
cated, and sometimes occult, predominantly owing to the

complexity of the steroidogenesis pathway and the numerous
disorder subtypes (10, 11). Each steroidogenesis enzyme or
cofactor catalyzes multiple reactions. Deficiencies in any step
block downstream steroidogenesis, while increasing adreno-
corticotropic hormone (ACTH) production, which stimulates
the detour pathways. Patients with CAH, therefore, manifest
with simultaneous multiple hormonal imbalances of gluco-
corticoids, mineralocorticoids, or sex steroids (4). Individual
subtypes may show overlapping presentations. Moreover, as
mutant enzyme activity can be either mildly affected or com-
pletely inactivated, a continuum of disease phenotypes have
been reported, from potentially life-threatening to infertility,
and in some cases, individuals are completely asymptom-
atic (12-14). For example, the clinical phenotype of female
nonclassic patients is similar to polycystic ovarian syndrome,
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the most common reason for female infertility. Given the dif-
ferential treatment approaches, accurate diagnosis is essential
(15-18).

Current diagnosis of CAH often includes a tedious and un-
certain workup. Take the most commonly occurring form of
CAH, 210-hydroxylase deficiency (210HD) as example: al-
though random measurement of 17a-hydroxyprogesterone
(170HP) may be informative, an ACTH stimulation test
is usually required to confirm the diagnosis, especially for
nonclassic 210HD (6, 12). For other forms of CAH, such
as 17a-hydroxylase/17,20-lyase deficiency (170OHD) and
11B-hydroxylase deficiency (11BOHD), diagnostic criteria
are lacking, even when genetic data are available, and no
guidelines or consensus statements have been published. All
these challenges result in misdiagnosis or delayed diagnosis of
CAH. The mortality associated with undiagnosed salt-wasting
CAH is between 4% and 10% (19). The rates of spontaneous
pregnancy and fertility are extremely low (0-10%) among
women with salt-wasting CAH and moderately low (33-
60%) in women with the simple-virilizing type (20, 21). Early
diagnosis, therefore, improves not only survival but also en-
hances development of and potential for fertility.

Profiling of multiple steroids by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) in patients with
steroid-hormone disorders has begun to reveal distinctive
steroid patterns associated with these disorders (22-24). In
2017, 2 groups developed assays based on comparison to mul-
tiple steroid hormones that accurately detected heterozygote
Cyp21a2 mutation carriers (25, 26). More recently, urinary
gas chromatography-mass spectrometry steroid metabotyping
has been used to monitor treatment outcomes in children
with CAH (27). Most recently, principal component analysis
of 5 key 210HD perturbed steroids was reported to improve
the positive predictive value when screening 21OHD in neo-
nates (28). However, for the most part data, interpretation
remains largely based on individual steroid hormones or the
individual ratio of the precursor and product of a specific en-
zyme (29). Interpretation of multiple steroid data based upon
a data-learning process has been lacking.

The data-learning process has been successfully applied
in disease classification and the management of commonly
occurring diseases (30-32). In the present study, we sought to
establish a multiclassifier system to diagnose CAH, a heredi-
tary disease, through measurement of a panel of 13 steroid
hormone levels in a single baseline blood draw.

Materials and Methods

Study Design and Participants

The study was approved by Ruijin Hospital Ethics Committee.
All enrolled participants or their legal guardians provided in-
formed consent and were patients seen at Ruijin Hospital.
To establish a classification system and validate its diagnostic
performance in CAH, we conducted a 3-phase, single-center
study according to Standards for Reporting of Diagnostic
Accuracy guidelines (33). In the first phase, 140 patients (110
CAH cases and 30 case-like patients) were enrolled between
July 4, 2007 and March 30, 2016 to serve as a discovery co-
hort (Fig. 1A). An independent cohort of 69 patients (54 CAH
cases and 15 case-like patients) were enrolled between June
22,2007 and March 23, 2016 and served as the validation
cohort (Fig. 1B). The clinical diagnosis of 210HD was based

on the 2018 Endocrine Society Clinical Practice Guideline (6).
The clinical diagnoses of 11OHD, 170HD, and others were
based on the definitions provided by the Williams Textbook of
Endocrinology, 14th Edition (3). The recommended hormone
measurements and genetic analysis are described in the next
section. All CAH patients were confirmed to carry biallelic
pathogenic mutations of Cyp21a2, Cyp17al, Cyp11b1, or
other CAH-associated genes. A diagnosis of CAH was ultim-
ately excluded in case-like patients based on complete clin-
ical and molecular data. A total of 146 sex- and age-matched
(x5 years) healthy controls were included (Table 1). The pro-
spective cohort included 271 subjects enrolled from May
4, 2016 to December 25, 2020 (Table 2), with at least 1 of
the following features: (1) atypical genitalia and abnormal
growth; (2) hyperandrogenism as irregular menses, hirsutism,
or acne; (3) hypertension and/or hypokalemia; (4) adrenal in-
sufficiency; (5) newly identified adrenal masses or hyperplasia
during the evaluation of nonadrenal disease; (6) infertility;
or (7) other suspicious findings including increased 17OHP,
pedigree analysis, etc.

Sample Collection and Genetic Testing

Blood samples were obtained at 800 am (female patients
during the menstruation cycle days 3-5). Basal levels of
plasma-free testosterone, 17OHP, androstenedione, al-
dosterone, and plasma renin activity were measured by
radioimmunoassay (Beckman Coulter Corp). Plasma and
urinary-free cortisol levels were assessed using Access
Immunoassay Systems (Beckman Coulter Inc., Fullerton, CA,
USA); ACTH levels, by ELSA-ACTH immunoradiometric
assay (Cisbio Bioassays, France); and other sex hormones
including dehydroepiandrosterone sulfate, sex hormone-
binding globulin, luteinizing hormone, follicle-stimulating
hormone, estradiol, progesterone and testosterone, by chemi-
luminescence assay (Abbott Laboratories, Abbott Park,
IL, USA). Stimulated 170HP were measured before and
60 min after the intramuscular administration of 0.250 mg
of synthetic 1-24 ACTH (Synacthen; Ciba SA, Gron, France).
Genetic testing of all patients was conducted with a targeted
gene panel for CAH, which included 9 genes (Cyp21a2,
Cyp17al, Cyp11b1, Hsd3b2, Cypllal, Por, Star, Cyp11b2,
and H6pd) (34). Variant nucleotides were interpreted ac-
cording to American College of Medical Genetics criteria,
and all variants considered pathogenic or likely pathogenic
were validated by Sanger sequencing (35). Multiplex ligation-
dependent probe amplification was used to detect Cyp21a2
large structure variations (P050-C1 CAH assay kit MRC
Holland, The Netherlands).

Plasma Steroid Measurement by LC-MS/MS

Plasma concentration of 13 circulating steroid hormones
were measured using LC-MS/MS including pregnenolone,
17-hydropregnenolone, 17-hydroprogesterone,
11-deoxycortisol, cortisol, cortisone, progesterone, 11-de-
oxycorticosterone, corticosterone, aldosterone, androstene-
dione, testosterone, and estradiol. Chromatography was
performed using a Phenomenex Kinetex C18 2.1*100 mm,
2.6 pm, 100 A column. All reference materials and internal
standards were obtained from Dr. Ehrenstorfer GmbH.
Double charcoal-stripped human serum (Beckman Coulter)
and Liquicheck Immunoassay Plus Control (BIO-RAD) were
used as quality controls. LC-MS/MS was performed using a
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Figure 1. Discovery and validation cohorts. (A and B) Flowchart of participants enrolled in discovery and validation cohorts. (C) The retention time of 13
steroid hormones. (D) The concentration of 13 steroid hormones in discovery and validation cohorts. Data are presented as mean + SD. Abbreviations:
CAH, congenital adrenal hyperplasia; LC-MS/MS, liquid chromatography-tandem mass spectrometry.

500-uL mixture of calibration standards, patient plasma and
quality control with methanol, internal quality control and
water. The mixture was transferred to Cleanert solid-liquid
extraction 96 well plate (500pL/3 mL HC5003Q-9DW) and
finally washed with ethyl acetate:n-hexane (1:1, v/v). The ex-
tracts were collected, evaporated with nitrogen, reconstituted
in methanol, and loaded onto the automatic sampler of the
ultra-performance liquid chromatographic unit at a flow rate
of 0.5 pL/minute. The mobile phases were (1) dH,O and (2)
methanol, each containing 2 mM ammonium formate. The in-
jection model included 20 pL with full-loop injection. MS/MS
was performed using Analyst (V1.6.1, ABSciex) in the posi-
tive mode with electrospray ionization. Data were collected
using multiple reaction monitoring. To assess the laboratory-
developed LC-MS/MS method, the following parameters
were validated: the linearity, recovery, and limit of quantity
(Land precision). For all steroid metabolites, the absolute
extraction recovery rate was 40% to 60%. The relative ex-
traction recovery rates, evaluated after internal standard cor-
rection, were between 87.2% and 106.5%. For peak values,
the relative extraction recovery rates were 95.8% to 112%.
We established an upper limit of quantitation for each steroid
to allow for measurements at high pathological concentra-
tions, while the lower limit of quantitation was sufficiently
low to allow for the quantification of most steroids in healthy
individuals. The intra-assay precision rate was 3% to 8%,
and interassay precision rate was <10% for all steroids.

Model Establishment

For the purpose of CAH diagnosis, a CAH classification
model was developed. We tested our data set with 8 dif-
ferent multiclassification models, including linear logistic
regression, linear support vector classifier with L1/L2 pen-
alty, support vector classifier with radial basis function
kernel, decision-making tree, naive Bayes, random forest,
and gradient-boosting classifier (36). We finally applied
linear logistic regression model because it showed the highest
prediction accuracy. We used the natural logarithm of the
13 metabolites concentration instead of using the original
concentration. This turned out to be a critical step for the
classification performance as it enhanced the magnitude of
differences. Under log transformation, the subtraction be-
tween coefficients was equivalent to the ratio between the
original concentrations. All the samples were first labeled as
11BOHD and non-11OHD samples. The 11OHD score
was acquired by training a linear logistic regression model.
Similarly, the remaining non-113OHD samples were further
labeled as 170HD and non-170HD patients. We obtained
the 17OHD score by training a second linear logistic regres-
sion model. Finally, the non-11OHD and non-17OHD sam-
ples were labeled as 210OHD and controls. The 210HD score
was defined on the third logistic regression model. Altogether,
we constructed a 3D diagnosis space based on the cascade
logistic regression model. The healthy control located around
the original point, with the 11BOHD patients, 17OHD
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patients, and 21OHD patients distributed along x, y, and z
axis.

Statistical Analysis

Statistical analyses were performed using SPSS (version
22.0), PASS (version 11.0), GraphPad Prism (version 8.0),
and Python (version 3.9.5). Continuous variables were pre-
sented as median [interquartile range (IQR)], and categorial
variables are presented as frequency (%). Performance met-
rics (ie, sensitivity, specificity, positive predictive value, and
negative predictive value) were calculated according to the
efficient-score method described by Newcombe (37). Chi-
square tests and Fisher’s exact probability were used to calcu-
late the P-value in comparison of the diagnosis performance
between distinct assays. Mann-Whitney U test was used for
continuous variable comparisons between 2 groups. The re-
ceiver operating characteristic curve was used to predict the
cutoffs. P-value < 0.05 was considered statistically significant.
We hypothesized that the steroidogenesis score can effectively
distinguish CAH patients from others, and the area under the
receiver operating characteristic curve (AUC) of the index
was >0.8. Based on the preliminary results that AUC in dis-
covery and validation cohort was 0.9 at o= 0.05 (1-sided),
B =0.1, and the ratio between groups was 1:1, the sample
size of the prospective cohort was estimated. At least 83 CAH
patients and 83 patients with another diagnosis needed to be
enrolled. Since there is no follow-up in this study, the loss to
follow-up rate is not considered.

Results

Establishment of Steroidogenesis Score to
Diagnose and Subtype CAH

We profiled 13 major circulating steroid hormones by LC-MS/
MS [Supplementary Table 1 (38)]. The retention time was
linear over certain orders of magnitude for all steroids (Fig.
1C). We then measured the 13 steroid hormones in discovery
cohort. As in Figure 1A, 128 patients clinically and genetic-
ally assessed for CAH were included in the data analysis. The
cohort was determined to include 66 cases with 210HD, 22
with 170HD, 10 with 11BOHD, and 30 case-like patients.
The median age of CAH cases was 22 (IQR 18-29) years.
Common manifestations included atypical genitalia and ab-
normal growth (55.1%), followed by irregular menses, hir-
sutism, and acne (25.5%); infertility (8.2%); and adrenal
hyperplasia or incidentaloma (4.1%) during physical workup
(Table 1). There was no significant difference in the 12 steroid
hormone levels between discovery and validation cohort ex-
cept pregnenolone (P = 0.018) (Fig. 1D).

A CAH classification algorithm was developed based on
a cascade logistic regression model, which we termed the
“steroidogenesis score” to obtain a multiclassifier system for
the discrimination of 11OHD, 170OHD, 210HD, and con-
trols (Fig. 2A and 2B). The 4 groups were classified by the com-
binatory cutoff of 3 scores: 11OHD score, 170OHD score,
and 210HD score. Using the steroidogenesis score classifier, 8
out of 10 11BOHD patients were correctly classified with the
sensitivity as 0.800 and specificity as 1.000 (11OHD score
higher than the cutoff); 22 out of 22 patients with 177OHD
were correctly clustered by 11OHD and 170HD score with
the sensitivity of 1.000 and the specificity of 1.000 (lower
11BOHD score and higher 1770HD score than the cutoffs);

and 62 out of 66 patients with 210HD were distinguished
from the controls with the sensitivity of 0.939 and specificity
of 1.000 (lower 11OHD, 170HD score and higher 210HD
score than the cutoffs). The 30 case-like patients and 98
healthy subjects were all correctly clustered as controls (lower
11pOHD, 170HD, and 210OHD scores than the cutoffs). The
diagnostic accuracy based on the steroidogenesis score was
0.991,1.000, and 0.982 for 11OHD, 170HD, and 210OHD,
respectively.

Specific  steroids contributed greatly to how the
steroidogenesis score was able to differentiate between
CAH subtypes. As shown in Figure 2C, 11-deoxycortisol
and corticosterone contributed mostly to the steroidogenesis
score, indicative of 11OHD, while corticosterone, cortisol,
and androstenedione had the most impact on the score for
170HD. Lastly, 170HP and corticosterone were the biggest
drivers of the score for 210HD. The previous analysis found
that the derived steroidogenesis score for each patient sample
depended on the levels of multiple hormones but that they
were not independent of each other. For example, cortico-
sterone contributed significantly to the scores of all 3 subtypes
of CAH patients, thus illustrating the necessity of multiple
hormone measurement to allow classifier-based diagnosis.

Verification of Steroidogenesis Score

To verify the effectiveness of the steroidogenesis score, we
performed steroid hormone LC-MS/MS and classifier analysis
in an independent validation cohort. A total of 48 CAH cases,
15 case-like patients, and 48 healthy subjects were included
(Fig. 1B, Table 1). The steroidogenesis score showed con-
sistent diagnostic performance (Table 3): for 11OHD and
170HD, the accuracy was 1.000 and 0.991, respectively, and
for 210HD, the sensitivity was 0.909 (95% CI 0.745-0.976)
and specificity was 0.949 (95% CI 0.867-0.983).

Application of Steroidogenesis Score in
Prospective Cohort

The prospective cohort were recruited between May 4, 2016
and December 25, 2020 (Fig. 3A). A total of 256 patients
underwent classification using the steroidogenesis score. The
median age was 24 (IQR 18-31) years, and 69.9% were fe-
males. Patients aged 15 to 30 years accounted for 54.7%
(140/256). The most common referral reasons were atyp-
ical genitalia and abnormal growth (42.6%), followed by
hyperandrogenism classified by irregular menses, hirsutism,
and acne (31.3%) and hypertension and/or hypokalemia
(14.1%) (Table 2).

The steroidogenesis score classified 162 patients as CAH
(11BOHD = 11, 170HD = 19, and 210HD = 132) and 94
patients excluded as CAH (Fig. 3A). Molecular diagnosis
found biallelic pathogenic mutations of Cyp17al in 23 pa-
tients, Cyp11b1 in 10 patients, and Cyp21a2 in 126 patients.
Therefore, within the CAH-positive group, using genetic ana-
lysis as a diagnostic standard, 95.0% patients were correctly
classified by the steroidogenesis score. Overall, as in Figure
3B and Supplementary Table 3 (38), the steroidogenesis score
presented with sensitivity of 0.900 (95% CI 0.541-0.995)
for 11BOHD, 0.826 (95% CI 0.605-0.943) for 170HD, and
0.976 (95% CI 0.927-0.994) for 210HD (38). Meanwhile,
specificity showed good performance in 11OHD 0.992
(95% C10.968-0.999),170HD 1.000 (95% CI 0.980-1.000),
and 210HD 0.931 (95% CI 0.869-0.966). Overall diagnostic
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Table 1. Baseline characteristics of discovery and validation cohorts

Characteristics Discovery cohort Validation cohort
Case Case-like Healthy Case Case-like Healthy
n 98 30 98 48 15 48
Sex
Female 8 (79.6) 23 (76.7) 8 (79.6) 37(77.1) 11 (73.3) 38(79.2)
Male 0(20.4) 7 (23.3) 0(20.4) 1(22.9) 4(26.7) 10 (20.8)
Age, years 2 (18-29) 21 (13-32) 5(18-30) 19 (16-25) 23 (17-27) 23 (16-24)
<15 3(13.3) 10 (33.3) 3(13.3) 8 (16.7) 3(20.0) 12 (25.0)
>15 to <30 62 (63.3) 12 (40.0) 63 (64.3) 21 (43.8) 12 (80.0) 34 (70.8)
>30 to <45 19 (19.4) 7 (23.3) 18 (18.4) 10 (20.8) 0(0.0) 2(4.2)
>45 years 4 (4.1) 1(3.3) 4 (4.1) 1(2.1) 0 (0.0) 0 (0.0)
Manifestations
Atypical genitalia and abnormal growth 54 (55.1) 8 (26.7) — 23 (47.9) 5(33.3) —
Irregular menses, hirsutism, acne 25 (25.5) 12 (40.0) — 8 (16.7) 9 (60.0) —
Hypertension and/or hypokalemia 15 (15.3) 6 (20.0) — 12 (25.0) 0 (0.0) —
Adrenal insufficiency 4(4.1) 2(6.7) — 5(10.4) 2(13.3) —
Adrenal hyperplasia or mass 4 (4.1) 2(6.7) — 2(4.2) 0 (0.0) —
Infertility 8(8.2) 1(3.3) — 4 (8.3) 1(6.7) —
Diagnosis
210HD, n 66 — — 33 — —
Classic (SW and SV) 34 (51.5) — — 23 (69.7) — —
Nonclassic 31 (47.0) — — 9(27.3 — —
Undetermined 1(1.5) — — 1(3.0) — —
170HD 22 - — 11 — —
11pOHD 10 — — 4 — —
Other diagnosis® 0 30 — 0 15 —

Data are given as n, n (%), or median (interquartile range).
Abbreviations: 11OHD, 11p-hydroxylase deficiency; 17OHD, 17a-hydroxylase/17,20-lyase deficiency; 210HD, 210-hydroxylase deficiency; SV, simple

virilizing; SW, salt-wasting.

*Other diagnosis included polycystic ovary syndrome, precocious puberty, hirsutism, unknown hypertension and hypokalemia, adrenal hyperplasia, adrenal

insufficiency, etc.

Table 2. Clinical characteristics of prospective cohort

Characteristics Prospective cohort

n 256

Sex
Female 179 (69.9)
Male 7 (30.1)

Age, years 4 (18-31)
<15 5 (17.6)
>15 to < 30 140 (54.7)
>30 to <45 4(21.1)
>45 7 (6.6)

Manifestations
Atypical genitalia and abnormal growth 109 (42.6)
Irregular menses, hirsutism, acne 80 (31.3)
Hypertension and/or hypokalemia 36 (14.1)
Adrenal insufficiency 30 (11.7)
Adrenal hyperplasia or mass 25 (9.8)
Infertility 16 (6.3)

Data are given as n, n (%), or median (interquartile range).

accuracy was 0.988 in 11OHD, 0.984 in 177OHD, and 0.953
in 210HD.

Steroidogenesis Score Compared With 170HP
Assay Alone in Diagnosis of 210HD

Diagnosis of 210HD currently requires either basal 17OHP
(170HP 0) or ACTH-stimulated 170HP (170HP 60°)
greater than 10 ng/mL. We compared the diagnostic perform-
ance of the steroidogenesis score to the 17OHP assay in the
polled cohort. A total of 336 patients with 17OHP assay re-
sults and 175 patients genotyped as 210HD were included
in the comparison. There was no significant difference be-
tween the steroidogenesis score, basal 170OHP, and combined
170HP (170HP 0°&60°) either in sensitivity or specificity
[Supplementary Table 4 (38)]. However, for nonclassic pa-
tients, who accounted for 38.2% of all 210HD patients, the
steroidogenesis score classified 97.3% patients as 210HD,
with significantly higher sensitivity compared to 1770OHP 0’
(0.973 vs 0.840, P = 0.005) and was not inferior to 17OHP
0°&60° (0.973 vs 0.947, P = 0.681) [Supplementary Table 5
(38)]. Twenty-one patients were referred because of incidental
findings of bilateral adrenal masses. Four patients showed ele-
vated 170HP 0’&60°>10 ng/mL, which can be diagnosed as
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Figure 2. Spatial distribution of cases with T1BOHD, 1770HD, 210HD, and control subjects in discovery and validation cohorts. (A) Cases with 11BOHD
(green) and 170HD (blue) were clustered. (B) Cases with 210HD (red) and control (gray) subjects were clustered. The dots indicate participants in
discovery cohort and stars represent in validation cohort. (C) Thirteen steroid hormones contributed differently to each score. The dashed line denoted

the cutoff of disease classification.

Table 3. Performance metrics of steroidogenesis score in validation cohort (n = 111)

Subtype Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI) Accuracy
11pOHD 1.000 (0.396-1.000) 1.000 (0.957-1.000) 1.000 (0.396-1.000) 1.000 (0.957-1.000) 1.000
170HD 1.000 (0.679-1.000) 0.990 (0.938-0.999) 0.917 (0.598-0.996) 1.000 (0.953-1.000) 0.991
210HD 0.909 (0.745-0.976) 0.949(0.867-0.983) 0.882 (0.716-0.962) 0.961 (0.883-0.990) 0.937

Abbreviations: NPV, negative predictive value; PPV, positive predictive value.

210HD according to the published guidelines. None carried
biallelic Cyp21a2 mutations. Consistent with molecular find-
ings, the steroidogenesis score classified none of the 4 patients
as 210HD [Supplementary Table 6 (38)].

Discussion

In this study, we developed a highly interpretable steroid
hormone-driven algorithm, namely the steroidogenesis score,
to identify and subtype CAH, a group of autosomal recessive
hereditary diseases with genetic defects that cause imbalances
in multiple steroid hormone pathways. The steroidogenesis

score showed high accuracy in diagnosing 3 common CAH
subtypes. Most important, for nonclassic 210HD, the most
common and occult CAH subtype, the generation of the
steroidogenesis score by a single baseline plasma measure-
ment showed significantly higher diagnostic sensitivity com-
paring to serum baseline 170OHP, the currently used approach
in clinic.

Since each steroidogenesis enzyme catalyzes multiple re-
actions, impaired enzyme activity causes accumulation of
multiple substrates and reduces production of multiple down-
stream steroids. Genetic defect of individual enzymes there-
fore is predicted to create a specific pattern of multiple steroid
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Figure 3. Steroidogenesis score for diagnosis of 210HD, 170HD, and 11BOHD in prospective cohort. (A) Flowchart of participants enrolled in
prospective cohort. (B) Receiver operating characteristic (ROC) curves of steroidogenesis score. The red dots on each ROC curve indicated the

performance of the steroidogenesis score with the cutoff.

hormone imbalances. To detect these patterns and assign them
to CAH disease subtypes, we interrogated the levels of 13 cir-
culating steroid hormones observed using a single LC-MS/
MS run. By inputting individual steroid levels using a cascade
logistic regression model, we established the steroidogenesis
score. The model turned out to be highly interpretable. First,
the main contributing hormones were all directly up- or
downstream of the defected enzymes [Supplementary Figure
1 (38)]: 11-deoxycortisol is the substrate of 11f-hydroxylase
in the glucocorticoid pathway; corticosterone is the product
of 11B-hydroxylase in the mineralocorticoid pathway; andro-
stenedione is the product of 17a-hydroxylase/17,20-lyase
in the sex steroids pathway; and 170HP is the substrate of
21-hydroxylase in the glucocorticoid pathway (38). In add-
ition, the steroids contributing to the derivation of individual
scores was consistent with the known biochemical process
(4). In the model, corticosterone remarkably contributed to
the 3 scores, and the signs of the coefficients in the 177OHD
score were opposite to the 1T1OHD and 210HD scores.
Consistent with the biochemical reaction, corticosterone ac-
cumulated in patients with 17OHD, while severely it was
deficient in patients with 11OHD and 210OHD. Finally,

the model identified the most sensitive multihormonal
scores to improve diagnostic accuracy. In 11OHD patients,
11-deoxycortisol was accumulated, and corticosterone was
deficient. Under log transformation, the opposite signs be-
tween 11-deoxycortisol and corticosterone coefficients was
equivalent to the ratio between the original concentrations.
Thus, the Cyp11b1 mutation patients had significantly lower
ratio of corticosterone/11-deoxycortisol compared to the
control group. Similarly, the Cyp21a2 mutation group had
a lower ratio of corticosterone/170OHP, and the Cypl7al
mutation group had a ratio lower ratio of androstenedione/
corticosterone.

We were able to create a score that showed a high degree
of specificity using the discovery cohort and that the specifi-
city effectively translated into the validation and prospective
cohorts. It was a matter of importance to distinguish 210HD
from 113OHD, which both present with hyperandrogenism
and only 11BOHD with elevated mineralocorticoids.
However, hypertension in children is usually occult and diffi-
cult to identify, sometimes leading to misdiagnosis (39-42). In
our study, 3 patients aged 1, 2, and 4 years at first visit were
clinically diagnosed as 210HD because of atypical genitalia
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and elevated 170HP levels but classified as 118OHD by the
steroidogenesis score and confirmed by molecular diagnosis.
Primary hypertension is an extremely common disease in
adult patients (43). A 35-year-old female patient presented
with hypertension (150/90 mmHg), hyperandrogenism, and
infertility and was clinically diagnosed as 113OHD. However,
the steroidogenesis score identified this patient as 21OHD and
subsequent genotyping identified biallelic Cyp21a2 heterozy-
gous pathogenic mutations. Hypertension in this patient was
later proven to be primary in nature, thus providing an ex-
ample of superior performance for the steroidogenesis score.

The steroidogenesis score also performed well in the diag-
nosis of nonclassic 210HD. Nonclassic 210HD is an im-
portant cause of androgen excess, and patients usually only
present with hirsutism, acne, irregular menses, infertility,
or miscarriages (44, 45). The phenotype in female patients
greatly overlaps with polycystic ovarian syndrome, the most
common infertility disorder in women of reproductive age,
affecting 10% to 15% of women worldwide (46). Diagnosis
of nonclassic 210HD typically requires a cosyntropin stimu-
lation test. One recent study used logistic regression modeling
of combined basal sera 170HP4, 21dF, and corticosterone
to discriminate patients with and without nonclassic 210HD
(n=32 vs n=54) (47). Consistent with their findings, the
scores defining 210HD in our study were predominantly
based upon the level of 170HP and corticosterone. We en-
rolled a total of 86 patients with nonclassic 210HD, all with
genotyping-confirmed biallelic mutations of Cyp21a2 gene.
We found the steroidogenesis score superior to serum basal
170HP measurement and not inferior to the cosyntropin
stimulation test when diagnosing nonclassic 210HD. It is
noteworthy that patients with incidentally found bilateral ad-
renal masses may show false-positive findings in cosyntropin
stimulation test (48-50), which we found to be excluded as
CAH by the steroidogenesis score.

A limitation of the current study is the relatively small
sample size. When establishing a data-learning approach,
large data sets are usually required owing to the heteroge-
neous risk factors and confounders (51, 52). However, CAH
is caused by a monogene deficiency, and all reported genes
are involved in the steroidogenesis pathway. Data sets per-
taining to CAH patients are more homogeneous in nature,
and therefore, we felt a relatively small sample size merited
testing. Further studies with larger sample sizes, especially
for 170HD and other rare CAH subtypes, should be per-
formed in future. Of 9 patients misclassified as 210HD by
the steroidogenesis score, 3 cases carried biallelic pathogenic
mutations in Cypl7al, 2 cases with Hsd3b2 mutations,
and 2 cases with Star mutations. Additional improvements
might be realized from enrolling more complex disease (eg,
functional adrenal mass, adrenal carcinoma) to expand the
training data.

In summary, by using a data-learning approach, we have
established a steroidogenesis score based upon the basal
level of 13 circulating steroid hormones, which was able to
diagnose and subtype autosomal recessive hereditary CAH.
This steroidogenesis score is biochemically interpretable and
showed high diagnostic accuracy, especially for nonclassic
210HD patients. The test is easily conducted with a single
blood draw. We believe that the use of data-learning ap-
proaches such as the steroidogenesis score may greatly in-
crease the diagnostic accuracy and efficiency for this rare
disease and possibly others.
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