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Abstract

Objectives: The clinical presentation of patients with nonclassic 21-hydroxylase deficiency 

(N21OHD) is similar with that for other disorders of androgen excess. The diagnosis of N21OHD 

typically requires cosyntropin stimulation. Additionally, the management of such patients is 

limited by the lack of reliable biomarkers of androgen excess. Herein, we aimed to: 1) compare the 

relative contribution of traditional and 11-oxyandrogens in N21OHD patients; and 2) identify 

steroids that accurately diagnose N21OHD with a single baseline blood draw.

Design: We prospectively enrolled patients who underwent a cosyntropin stimulation test for 

suspected N21OHD in two tertiary referral centers between January, 2016 and August, 2019.

Methods: Baseline sera were used to quantify 15 steroids by liquid chromatography-tandem 

mass spectrometry. Logistic regression modeling was implemented to select steroids that best 

discriminate N21OHD from controls.

Results: Of 86 participants (72 females), median age 26, 32 patients (25 females) had N21OHD. 

Age, sex distribution, and BMI were similar between patients with N21OHD and controls. Both 

testosterone and androstenedione were similar in patients with N21OHD and controls, while four 

11-oxyandrogens were significantly higher in patients with N21OHD (ratios between medians: 

1.7- to 2.2, p < 0.01 for all). 17α-hydroxyprogesterone (6.5-fold), 16α-hydroxyprogesterone (4.1-

fold), 21-deoxycortisol (undetectable in 80% of the controls) were higher, while corticosterone 

was 3.6-fold lower in patients with N21OHD than in controls (p < 0.001). Together, baseline 17α-
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hydroxyprogesterone, 21-deoxycortisol, and corticosterone showed perfect discrimination between 

N21OHD and controls.

Conclusions: Adrenal 11-oxyandrogens are disproportionately elevated compared to 

conventional androgens in N21OHD. Steroid panels can accurately diagnose N21OHD in 

unstimulated blood tests.

Key terms:

21-hydroxylase deficiency; congenital adrenal hyperplasia; steroids; androgens

Introduction

Congenital adrenal hyperplasia comprises a series of autosomal recessive defects in enzymes 

required for cortisol biosynthesis. The most common form of congenital adrenal hyperplasia 

is 21-hydroxylase deficiency (21OHD) (1). In its most severe forms, also called “classic”, 

21OHD typically presents at birth, with virilized external genitalia in girls and life-

threatening adrenal insufficiency. Patients with milder enzymatic defects, conventionally 

termed “nonclassic” or “late-onset” 21OHD, have normal glucocorticoid and 

mineralocorticoid production, owing to a compensatory increase of corticotropin (ACTH) 

secretion. The increased ACTH stimulation, however, in conjunction with the 21-

hydroxylase defect, leads to excess adrenal androgen production. Patients with nonclassic 

21OHD present with clinical manifestations such as premature pubarche, hirsutism, acne, 

irregular menses, and infertility or miscarriages, features shared with other disorders of 

androgen excess. In particular, the clinical phenotype of women with nonclassic 21OHD is 

similar to that for polycystic ovarian syndrome (PCOS) (2–5).

The diagnosis of 21OHD relies on serum 17α-hydroxyprogesterone (17OHP4) 

measurements (1). Patients with classic 21OHD have marked 17OHP4 elevations in random 

samples and are typically diagnosed by newborn screening in most developed countries (6). 

In contrast, the diagnosis of nonclassic 21OHD usually requires dynamic testing with 

synthetic ACTH1−24 (cosyntropin) stimulation, when 17OHP4 is elevated at screening (> 

200 ng/dL, 6 nmol/L) but not above the diagnostic threshold of 1000 ng/dL (30 nmol/L) (7–

9). An additional limitation of 17OHP4 screening testing is that false-positive elevations are 

common, particularly so in premature and sick newborns, in reproductive-age women with 

irregular menses, and when measured by immunoassays (10–15).

Beyond 17OHP4, 21OHD promotes the accretion of other 21-carbon (C21) steroids, such as 

16α-hydroxyprogesterone (16OHP4) (16), which is normally a minor product of 17α-

hydroxylase/17,20-lyase (CYP17A1), and 21-deoxycortisol (21dF) (16–19), which results 

from the 11β-hydroxylation of the abundantly accumulated 17OHP4. Similarly, 11β-

hydroxylase (CYP11B1) can also utilize as substrates androstenedione (A4) and testosterone 

(T), leading to ample amounts of 11β-hydroxyandrostenedione (11OHA4) and 11β-

hydroxytestosterone (11OHT), respectively (20, 21). While T and A4 are also frequently 

elevated in patients with classic 21OHD, these steroids are often normal in patients with 

nonclassic 21OHD, and do not always account for the clinical manifestations of 

hyperandrogenism observed in these patients. We and others have shown that the potent 
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androgen 11-ketotestosterone (11KT) and the other 11-oxygenated C19 steroids (11-

oxyandrogens) are elevated in patients with classic 21OHD (22, 23). The 11-oxyandrogens 

correlate well with surrogates of poor disease control in classic 21OHD (24), but data in 

patients with nonclassic 21OHD are lacking.

Using liquid chromatography-tandem mass spectrometry (LC-MS/MS) assays, multiple 

steroids can be quantified from a small-volume aliquot of serum. With the current study, we 

aimed to assess the steroid fingerprints in patients with nonclassic 21OHD of both sexes, 

with a dual goal: 1) to compare the relative contribution of traditional and adrenal-specific 

11-oxyandrogens in these patients; and 2) to identify steroid panels that can diagnose 

nonclassic 21OHD reliably with a single baseline blood draw.

Patients and methods

Study Participants

Patients undergoing clinical evaluation for hyperandrogenism with cosyntropin stimulation 

testing in two tertiary referral centers (University of Michigan and the National Institutes of 

Health Clinical Center) for suspected nonclassic 21OHD between January, 2016 and August, 

2019 were included in this study. All tests were conducted in the morning, in outpatient 

setting. The diagnosis of nonclassic 21OHD was determined based on clinical phenotype 

and stimulated serum 17OHP4 concentrations of > 1,000 ng/dL (30 nmol/L) and < 10,000 

ng/dL (300 nmol/L). In all but three 21OHD cases, genetic studies were also performed and 

were consistent with the diagnosis. The diagnosis of PCOS was based on the Androgen 

Excess and PCOS Society criteria (25). All studies were conducted with Institutional Board 

Review (IRB) approval from each of the two participating institutions. Adult patients and 

parents of participating minors seen at NIH provided informed consent, and all minors at 

least eight years old gave written assent. For patients seen at the University of Michigan, a 

waiver of consent was granted by the IRB for using leftover serum collected as part of 

standard clinical care.

Steroid quantitation by mass spectrometry

Quantitation of 15 unconjugated Δ4 steroids, including cortisol precursors, T4, A4 and four 

11-oxyandrogens, from sera obtained at baseline was performed by LC-MS/MS, as 

previously described (26).

Statistical analyses

Mann-Whitney U test was used for two-group comparisons of continuous variables, and 

Chi-square test was used to compare sex distributions between groups. Correlations between 

steroids were assessed using Spearman’s correlation coefficients. Receiver-operating 

characteristics (ROC) curves were used to characterize the prediction performance. Logistic 

regression with a lasso penalty, combined with clinical knowledge (relevant due to high 

correlation between biomarkers) was implemented for the selection of a small set of steroids 

that best discriminate patients with nonclassic 21OHD from controls.
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Results

In total, 86 patients (72 females), with ages between 6–70 years, median age 26, participated 

in this study. Of these, 32 patients (25 females) met criteria for nonclassic 21OHD (Table 1). 

In the remaining 54 patients (47 females), 21OHD was excluded based on cosyntropin-

stimulated 17OHP4 values < 30 nmol/L. Of the latter, 27 (50%) patients met criteria for 

PCOS. Overall, age, sex distribution, and BMI were similar between patients with vs. those 

without 21OHD.

Comparison of androgens between patients with or without nonclassic 21OHD

Of the C19 steroids measured, both T and A4 were similar in patients with nonclassic 

21OHD and those without 21OHD (p = 0.2 and 0.8, respectively). In contrast, all four 11-

oxyandrogens were significantly higher in patients with nonclassic 21OHD, from 1.7-fold 

for 11KA4 to 2.2-fold for 11OHT (p < 0.01 for all, Table 2 and Figure 1). Furthermore, 

11KT/T (1.8 [1.2–3.0] vs. 0.6 [0.2–0.9]) and 11OHA4/A4 (2.6 [2.1–4.6] vs. 1.2 [0.7–2.1]) 

were significantly higher in patients with nonclassic 21OHD than in unaffected individuals 

(p < 0.001 for both). In contrast, the A4/T ratio was similar between the two groups (p = 

0.3).

In a subgroup analysis by sex, age and BMI were similar between female patients with and 

without nonclassic 21OHD, while male patients with nonclassic 21OHD were younger than 

their unaffected counterparts (Table 3). All four 11-oxyandrogens were significantly higher 

in female patients with nonclassic 21OHD than in those without 21OHD (from 2.1-fold for 

11KA4 to 2.9-fold for 11KT, p < 0.0001 for all, Table 3). Similar results were observed 

when comparing adult women with nonclassic 21OHD with PCOS women (Table 4). In 

addition, the correlations between 11KT and 11OHA4 with their precursors, T and A4, 

respectively were tighter in female patients with nonclassic 21OHD than those unaffected, 

suggesting a predominant adrenal origin for all these androgens in female patients with 

nonclassic 21OHD and a predominant ovarian source of T and A4 in other disorders of 

androgen excess (Figure 2). In males, hormonal differences could not be rigorously 

compared, due to the small number of patients and differences in age distribution between 

the groups (Table 3).

Comparison of C21 steroids between patients with or without nonclassic 21OHD

The highest relative difference between patients with nonclassic 21OHD vs. controls was 

observed for: 17OHP4 (6.5-fold), 16OHP4 (4.1-fold), and 21-deoxycortisol (21dF, 

undetectable in 80% of the controls, p < 0.001 for all) (Table 2). Conversely, corticosterone 

was significantly lower in patients with nonclassic 21OHD (p < 0.001), while cortisol, 11-

deoxycortisol and 11-deoxycorticosterone showed no statistical difference between the two 

groups (Table 2).

Of 32 patients with nonclassic 21OHD, 23 (72%) had a 17OHP4 serum concentration < 30 

nmol/L at baseline, and 19 of these were female. Logistic regression modeling showed that 

combined, 17OHP4 (β1 = 0.05), 21dF (β2 = 1.45), and corticosterone (β3 = −0.43) had an 

AUC of 1 (Table 5). Of all steroids measured, 21dF showed the highest area under the curve 
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(AUC) when used alone (0.997, p < 0.001), and 21dF values > 0.64 nmol/L had a sensitivity 

of 96.30 (95% confidence interval, CI: 87.25% - 99.55%) and a specificity of 96.88 (95% 

CI: 83.78% - 99.92%). 17OHP4 also demonstrated excellent discriminatory power between 

the two groups when used in isolation, with an AUC of 0.986 (p < 0.001). A 17OHP4 of 

5.68 nmol/L showed a sensitivity of 96.30 (95% CI: 87.25% - 99.55%) and a specificity of 

93.75 (95% CI: 79.19% - 99.23%).

Discussion

Since the 1960s, steroids have been measured by immunoassays, which are limited by cross-

reactivity and can yield unreliable results, particularly near the limits of sensitivity and in the 

presence of high concentrations of similar steroids (27, 28). Many laboratories have 

transitioned to steroid quantitation by mass spectrometry assays, which are highly sensitive 

and specific (29–31). In addition, LC-MS/MS also affords quantitation of multiple steroids 

in a single assay, using small-volume biospecimens. Multiple-steroid assays could assist 

clinical decision-making and circumvent the need for additional blood draws or dynamic 

testing. In this first study of 11-oxyandrogens in patients with nonclassic 21OHD, we found 

that 11-oxyandrogens are disproportionately higher than T and A4 in patients with 

nonclassic 21OHD as compared to patients with other disorders of androgen excess. 

Secondly, using a 15-steroid LC-MS/MS assay, we found that the combination of 17OHP4, 

21dF and corticosterone measured in unstimulated serum samples showed the highest 

accuracy in diagnosing nonclassic 21OHD among children and adults undergoing 

differential diagnostic testing.

Compared to conventional newborn screening using immunoassay-based 17OHP4 alone, 

LC-MS/MS testing for simultaneous elevations of 21dF and 17OHP4 plus low cortisol was 

shown to reduce false-positive results (30). Similarly, the ratio [17OHP4 + A4]/cortisol was 

found to be superior to 17OHP4 for newborn screening for classic 21OHD. In contrast to the 

marked 17OHP4 elevations seen in patients with classic 21OHD, most hormonal 

abnormalities, including 17OHP4, are subtle in random samples from patients with 

nonclassic 21OHD (32). In menstruating girls and women, baseline blood samples should 

ideally be obtained in the early follicular phase (32), due to the dual adrenal and gonadal 

origin of 17OHP4 and its rise during the luteal phase. Accurate timing, however, often 

becomes impractical in patients with irregular menses and/or oligomenorrhea, in whom 

biochemical testing to distinguish PCOS from nonclassic 21OHD is commonly pursued. 

Furthermore, serum cortisol and A4 concentrations are typically normal in patients with 

nonclassic 21OHD. Using LC-MS/MS, we found that baseline 17OHP4 performed well in 

distinguishing patients with nonclassic 21OHD from unaffected individuals. In addition to 

17OHP4, we found that 16OHP4 and 21dF are also significantly higher in patients with 

nonclassic 21OHD than in unaffected individuals, albeit lower than previously shown in 

patients with classic 21OHD (16). Conversely, corticosterone was on average almost 4-fold 

lower in patients with nonclassic 21OHD than in controls, while cortisol, 11-

deoxycorticosterone, 11-deoxycortisol, and other intermediates were similar in both groups. 

Notably, an unstimulated 21dF value of 0.64 nmol/L demonstrated nearly perfect sensitivity 

and specificity for nonclassic 21OHD. In 21OHD, 17OHP4 is converted to 21dF by fully 

functional enzyme 11β-hydroxylase (CYP11B1). In unaffected individuals, the unhindered 
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glucocorticoid pathway takes 17OHP4 to 11-deoxycortisol, and subsequently to cortisol. 

Thus, 21dF does not track with physiologic 17OHP4 elevations, and it has been proposed as 

a better alternative to 17OHP4 for the diagnosis of 21OHD (33). To date, however, data 

regarding the utility of 21dF as a single baseline test for the diagnosis of nonclassic 21OHD 

have been lacking. Together, 17OHP4, 21dF, and corticosterone measured at baseline 

showed the highest accuracy for distinguishing the patients with nonclassic 21OHD from 

controls. The added value of such panels could be particularly relevant in the few cases with 

ambiguous classification based on 17OHP4 or 21dF alone.

A second clinical challenge with nonclassic 21OHD is the monitoring and management of 

androgen excess. Treatment is typically reserved for symptomatic patients with nonclassic 

21OHD (32). Symptoms of hyperandrogenism in women with nonclassic 21OHD are 

indistinguishable from those seen in PCOS, and include hirsutism, acne, irregular menses, 

and infertility or miscarriages (2–4). To further complicate the clinical assessment, 

polycystic ovarian morphology is common in women with nonclassic 21OHD (5). 

Conventional steroids have been unreliable in distinguishing the ovarian vs. adrenal 

components of androgen excess. Although T and A4 elevations have been reported in 

children with nonclassic 21OHD (34), these androgens have been more inconsistent in 

adults with nonclassic 21OHD. In our study, A4 and T were similar in patients with 

nonclassic 21OHD and those without 21OHD, including when the data analysis was 

restricted to women. Importantly, however, 11-oxyandrogens were roughly twice as high in 

patients with nonclassic 21OHD than in their counterparts. We have previously shown that 

11-oxyandrogens were 3–4 fold higher in patients with classic 21OHD during treatment 

with standard hormonal therapy than in sex- and age-matched controls (22). 11KT is 

recognized as a potent androgen of adrenal origin in human beings (35–37), which mediates 

clinical manifestations of normal and premature adrenarche (35) and correlates well with 

clinical surrogates of poor disease control in patients with classic 21OHD (24). Interestingly, 

11-oxyandrogens were also found to be higher in women with PCOS than in controls of 

similar ages (38). In our study, half of the female patients in which 21OHD was excluded 

were diagnosed with PCOS, and most others had isolated hirsutism or menstrual 

dysfunction. Our findings suggest that overall, the adrenal 11-oxyandrogens are 

disproportionately higher in patients with nonclassic 21OHD as compared to other disorders 

of androgen excess with shared clinical features. Moreover, 11KT displayed a tight positive 

correlation with T in female patients with nonclassic 21OHD, suggesting tandem elevations 

of adrenal origin in these patients. In contrast, the weaker correlation between 11KT and T 

in female patients without 21OHD points toward an ovarian component of T excess.

In summary, we have found that accurate steroid quantitation by mass spectrometry 

facilitates the diagnosis of nonlcassic 21OHD with a single baseline blood test. While 

17OHP4 and 21dF display excellent discriminatory power even individually when measured 

by mass spectrometry, the added value of multi-steroid panels could circumvent the need for 

cosyntropin-stimulation testing in equivocal cases. Extended to larger populations, similar 

steroid panels could potentially differentiate between classic, nonclassic, carriers of 21OHD 

and healthy individuals in single baseline samples, as was previously proposed with 

cosyntropin stimulation (17, 18). Second, we now show that 11-oxyandrogens are relatively 

higher in patients with nonclassic 21OHD as compared to individuals with other disorders of 
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androgen excess. Limitations of our study include its moderate sample size with few males 

and incomplete clinical phenotyping in some patients. Additionally, patients without 21OHD 

comprised a heterogeneous spectrum of ages and pathologies. Further studies focusing 

directly on the comparison of biomarkers between women with nonclassic 21OHD and 

PCOS, along with careful correlation with stigmata of hyperandrogenism in these women, 

will further elucidate the mechanisms responsible for 11-oxyandrogen biosynthesis, their 

clinical significance, and their utility in clinical practice.
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Figure 1. Comparison of traditional and 11-oxyandrogens between patients with nonclassic 21-
hydroxylase deficiency (N21OHD) and controls.
11KT, 11-ketotestosterone; 11OHA4, 11β-hydroxyandrostenedione.
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Figure 2. Correlations between key androgens in female patients with nonclassic 21-hydroxylase 
deficiency (N21OHD) and controls.
T, testosterone; 11KT, 11-ketotestosterone; A4, androstenedione; 11OHA4, 11β-

hydroxyandrostenedione.

To illustrate the correlation trends for the majority of the patients, three outliers were 

excluded for the 11OH4 and A4 panels (two from the N21OHD group and one from the 

control group), all with disproportionately higher 11OHA4 than A4.
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Table 1.

Demographic and clinical characteristics of study participants

Controls N21OHD p

n 54 32

Age (years) 27 (6–70) 25 (6–66) 0.223

Sex (F/M) 47/7 25/7 0.367

BMI (kg/m2) 27.9 [23.3–32.9] 25.1 [20.6–29.7] 0.085

Diagnosis (n)

PCOS 27

Hirsutism 9

Menstrual dysfunction 3

Precocious pubarche 5

Suspicion for AI 4

Short stature 1

Early onset alopecia 1

Suspicion for CAH* 4

Data are expressed as medians and range for age, and interquartile range for BMI.

*
Patients referred from outside for cosyntropin stimulation with the suspicion of congenital adrenal hyperplasia (CAH), without other clinical 

details available.

N21OHD, nonclassic 21-hydroxylase deficiency; PCOS, polycystic ovary syndrome; AI, adrenal insufficiency; F, females; M, males.
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Table 2.

Comparison of steroid concentrations between patients with nonclassic 21-hydroxylase deficiency (N21OHD) 

and controls

Steroid (nmol/L) N21OHD (N=32) Controls (N=54) Ratio of medians N21OHD/Controls p

17OHP4 1.1 [0.5–2.7] 1.6 [0.8–4.3] 6.5 <0.0001

16OHP4 2.4 [1.4–4.9] 0.6 [0.4–0.9] 4.1 <0.0001

21dF 1.8 [1.3–5.3] 0 [0–0.3] N/A <0.0001

Progesterone 0.8 [0.5–1.4] 0.4 [0.3–0.8] 1.8 0.0018

Cortisol 202.5 [125.9–442.8] 249.1 [208.9–373.7] 0.8 0.197

Cortisone 53.7 [30.5–72.3] 51.5 [40.3–60.8] 1.0 0.855

Corticosterone 1.6 [0.8–3.5] 5.9 [3.5–13.6] 0.3 <0.0001

11dF 0.8 [0.5–1.4] 0.9 [0.4–1.6] 0.8 0.626

DOC 0.3 [0.3–0.4] 0.5 [0.4–0.9] 0.6 0.113

A4 4.3 [2.0–8.1] 3.9 [2.2–8.5] 1.1 0.798

T 1.1 [0.5–2.7] 1.6 [0.8–4.3] 0.7 0.195

11OHA4 9.6 [5.1–25.9] 4.5 [2.9–7.1] 2.1 <0.0001

11KA4 1.1 [0.7–1.7] 0.6 [0.4–0.8] 1.7 0.0001

11OHT 1.0 [0.3–1.7] 0.4 [0.3–0.6] 2.2 0.0019

11KT 1.8 [1.2–3.3] 0.9 [0.6–1.3] 2.0 <0.0001

11KT/T 1.8 [1.2–3.0] 0.6 [0.2–0.9] 3.3 <0.0001

11OHA4/A4 2.6 [2.1–4.6] 1.2 [0.7–2.1] 2.0 <0.0001

A4/T 3.8 [2.8–4.5] 3.5 [2.4–4.2] 1.3 0.274

Data are expressed as median [interquartile range]. 17OHP4, 17α-hydroxyprogesterone; 16OHP4, 16- hydroxyprogesterone; 21dF, 21-
deoxycortisol; 11dF, 11-deoxycortisol; DOC, 11-deoxycorticosterone; A4, androstenedione; T, testosterone; 11OHA4, 11β-
hydroxyandrostenedione; 11KA4, 11-ketoandrostenedione; 11OHT 11β-hydroxytestosterone; 11KT, 11-ketotestosterone.
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Table 4.

Comparison between women with nonclassic 21-hydroxylase deficiency (N21OHD) and women with PCOS

F N21OHD* (N=22) PCOS (N=27) Ratio of medians N21OHD/Control p

Age (years) 30 [23–36] 28 [22–35] 0.73

BMI (kg/m2) 27 [23–33] 31 [27–36] 0.12

A4 (nmol/L) 5.4 [3.8–8.3] 5.9 [4–9.9] 0.9 0.37

T (nmol/L) 1.4 [0.9–2.7] 2.1 [1–4.2] 0.7 0.24

11OHA4 (nmol/L) 13.2 [7.6–33.4] 4.4 [3.1–8.6] 3.0 <0.0001

11KA4 (nmol/L) 1.3 [0.7–1.8] 0.7 [0.6–0.9] 1.9 0.0054

11OHT (nmol/L) 1.3 [0.8–2] 0.5 [0.4–0.7] 2.8 <0.0001

11KT (nmol/L) 2.7 [1.2–3.8] 1.0 [0.6–1.3] 2.6 <0.0001

*
3 pre-pubertal girls were excluded from this group, to preserve comparable ages between the two groups.

Data are expressed as median [interquartile range]. A4, androstenedione; T, testosterone; 11OHA4, 11β-hydroxyandrostenedione; 11KA4, 11-
ketoandrostenedione; 11OHT 11β-hydroxytestosterone; 11KT, 11-ketotestosterone; F, females.
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Table 5.

Logistic regression model utilizing three steroids to discriminate between patients with nonclassic 21-

hydroxylase deficiency and unaffected individuals.

Steroid Coefficient OR 95% CI p

17OHP4 0.05 1.05 1.05–1.05 <0.001

21dF 1.46 4.28 4.13–4.45 <0.001

Corticosterone −0.43 0.65 0.65–0.66 <0.001

17OHP4, 17α-hydroxyprogesterone; 21dF, 21-deoxycortisol; OR, odds ratio; CI, confidence interval.
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