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Abstract 

Context:  Several studies have highlighted the importance of the 11-oxygenated 19-carbon 
(11oxC19) adrenal-derived steroids as potential biomarkers for monitoring patients with 
21-hydroxylase deficiency (21OHD).
Objective: To analyze circadian rhythmicity of 11oxC19 steroids in saliva profiles and 
evaluate their relevance as potential monitoring parameters in 21OHD.
Design, Setting, and Participants:  Cross-sectional single-center study including 59 
patients with classic 21OHD (men = 30; women = 29) and 49 body mass index- and age-
matched controls (men = 19; women = 30).
Outcome Measures:  Salivary concentrations of the following steroids were analyzed by 
liquid chromatography-tandem mass spectrometry: 17-hydroxyprogesterone (17OHP), 
androstenedione (A4), testosterone (T), 11β-hydroxyandrostenedione (11OHA4), and 
11-ketotestosterone (11KT).
Results:  Similar to the previously described rhythmicity of 17OHP, 11OHA4 and 11KT 
concentrations followed a distinct diurnal rhythm in both patients and controls with 
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highest concentrations in the early morning and declining throughout the day (11-
OHA4: mean reduction of hormone concentrations between timepoint 1 and 5 (Δ mean) 
in male patients = 66%; male controls Δ mean = 83%; female patients Δ mean = 47%; female 
controls Δ mean = 86%; 11KT: male patients Δ mean = 57%; male controls Δ mean = 63%; female 
patients Δ mean = 50%; female controls Δ mean = 76%). Significant correlations between the 
area under the curve for 17OHP and 11KT (rp

male = 0.773<0.0001; rp
female = 0.737<0.0001), and 

11OHA4 (rp
male = 0.6330.0002; rp

female = 0.5640.0014) were observed in patients but not present 
or reduced in controls.
Conclusions:  Adrenal 11oxC19 androgens are secreted following a diurnal pattern. This 
should be considered when evaluating their utility for monitoring treatment control.

Key Words: congenital adrenal hyperplasia, saliva, diurnal rhythm, 11-ketotestosterone, 11-oxygenated androgens

Classic congenital adrenal hyperplasia (CAH) secondary 
to 21-hydroxylase deficiency (21OHD) is characterized 
by insufficient cortisol synthesis; and, in approximately 
two-thirds of patients, aldosterone production is also af-
fected. Patients affected by CAH require life-long gluco-
corticoid (GC) and, where appropriate, mineralocorticoid 
replacement therapy. Cortisol deficiency results in ACTH 
oversecretion because of loss of negative feedback along 
the hypothalamic-pituitary axis (1), consequently resulting 
in adrenal androgen excess (2). Accumulation of steroids 
upstream of the enzymatic blockade is a hallmark of the 
disease. In 21OHD, steroid precursor concentrations, es-
pecially 17-hydroxyporgesterone (17OHP), are substan-
tially elevated underlining its pivotal role in the diagnostic 
workup. Serum 17OHP is also the traditional indicator of 
adequate GC treatment in 21OHD. Although in the general 
population, 17OHP is not a relevant source for adrenal an-
drogen secretion, its excessive formation plays an essential 
role in adrenal hyperandrogenism in 21OHD (3-5).

Monitoring GC treatment to ensure optimal therapeutic 
effect and preventing hypo- or hyperandrogenism is es-
sential and a challenging task of clinical care in 21OHD. 
In addition to the assessment of clinical parameters, the 
current guideline highlights the importance of regular 
and consistently timed hormone measurements relative to 
medication schedules and time of the day because of their 
diurnal variance and dependency with regard to timing of 
GC replacement (6).

Disease monitoring is typically performed by morning 
blood tests before or after the intake of morning medi-
cation. Earlier studies have confirmed a strong correl-
ation between plasma and salivary steroids in 21OHD 
supporting the idea of using this noninvasive monitoring 
strategy (7-10). Other approaches to estimate overall GC 
and androgen exposure include measurement of urine 
steroid metabolites, (serial) blood spots, or steroid pro-
filing in hair as potential long-term assessment of disease 
control (11-14).

With regard to biomarkers, most clinicians measure 
serum 17OHP, androstenedione (A4) and testosterone 
(T) concentrations and/or their metabolites in urine to as-
sess disease control (15). Additionally, 21-deoxycortisol 
has been described as a promising marker for monitoring 
21OHD (16, 17).

Recently, it has also been found that the 11-oxy-
genated 19-carbon (11oxC19) androgens are a clinic-
ally relevant androgenetic source and potential disease 
marker in 21OHD patients (18). The 11oxC19 an-
drogens are derived from A4, which can be converted 
to 11β-hydroxyandrostenedione (11OHA4) by 11β-
hydroxylase and further to 11-ketoandrostenedione and 
11-ketotestosterone (11KT) through the action of 11β-
hydroxysteroid dehydrogenase type 2 and Aldo-keto re-
ductase family 1 member C3 (Fig. 1) (19). In addition, 
11oxC19 androgens also derive from 21-deoxycortisol 
(12). Hence, concentrations of 11oxC19 steroids are sig-
nificantly elevated in patients with classic 21OHD com-
pared with age-matched controls (18). The importance of 
11KT and its derivate 11-ketodihydrotestosterone is high-
lighted by the fact that both act at the androgen receptor 
with equal potency to their classic androgen counterparts, 
T and dihydrotestosterone, respectively.

As 11oxC19 steroids are adrenal-specific androgens, 
they have been suggested as potentially novel biomarkers 
for adrenal androgen excess in 21OHD (17).

A recent publication showed a reliable correlation be-
tween morning plasma and salivary adrenal-specific an-
drogens in 21OHD allowing a more comprehensive, 
noninvasive biomarker profiling in 21OHD (20).

Given the pivotal role of ACTH-mediated acute 
steroidogenic response, including upregulation of 
11β-hydroxylase and 11β-hydroxysteroid dehydrogenase 
type 2 (21) and the distinctive diurnal rhythm of ACTH 
(22) and 17OHP (23), a circadian secretion of 11oxC19 
steroids seems obvious but has not yet been demonstrated. 
Other factors influencing hormone concentrations, such as 
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protein binding and clearance could also impact and dis-
turb diurnal patterns.

We hypothesized that salivary 11OHA4 and 11KT levels 
would follow a diurnal profile with higher concentrations 
in the morning and lower concentrations in the evening in 
patients and controls.

The current study investigated diurnal variation of 
adrenal-specific androgens via salivary steroid day profiles 
compared with controls as an effective noninvasive treat-
ment monitoring tool.

Subjects and Methods

Subjects

Patients were recruited from the Endocrine Outpatient 
Clinic of the University Hospital, Munich, Germany. All pa-
tients provided written informed consent to participate in 
our registry and biobank for adrenal insufficiency and dif-
ferences of sex development (Bio AI/DSD, ethical approval 
no. 19-558). All patients had genetically and/or clinically 
confirmed classic CAH from 21OHD. The control group 
was retrospectively selected from the control group of the 
German Cushing’s Registry (NeoExNET, ethical approval 
no. 152-10). We chose controls from the German Cushing`s 
Registry because this registry provides a well-established 
protocol and biobank for salivary samples to investigate 
circadian rhythmicity in cortisol secretion that is compar-
able to the protocol we routinely use for our CAH pa-
tients. These patients are also well-characterized in terms 
of exclusion of conditions that could affect circadian hor-
mone secretion such as shift work or intake of any medi-
cation that interferes with glucocorticoid metabolism. Last, 
we know that CAH patients often suffer from increased 
body weight and fat mass, mainly from supraphysiological 

glucocorticoid treatment to achieve adequate androgen 
control. The control population in this registry all have ex-
cluded Cushing syndrome but have an anthropometric pro-
file that is comparable to patients with CAH (24) and were 
therefore regarded a suitable control group for our purpose 
that allowed us to select age- and body mass index (BMI)-
matched controls.

The study included 30 male and 29 female patients with 
CAH, of whom 41 were suffering from salt wasting and 18 
of the simply virilizing form of CAH. The control subjects 
were matched for BMI and age.

Saliva samples were collected by carrying out saliva 
day profiles using saliva sampling via routinely used 
salivettes (Sarstedt, Nümbrecht, Germany) at 5 timepoints 
throughout the day. For control patients the following 
fixed timepoints were used: 08:00, 12:00, 16:00, 20:00, 
and 22:00 hours. For CAH patients, timepoints of saliva 
sampling were adjusted to the intake of GC medication, so 
that the 5 samples were collected following the subsequent 
guidance: (1) the first sample was collected upon awakening 
before intake of the morning GC dose (06:00-08:00 hours), 
(2) the second sample at lunchtime (12:00-13:00 hours), 
(3) the third sample in the afternoon at 16:00 hours, (4) the 
fourth sample at 20:00 hours, and (5) the last sample was 
collected before bedtime between 22:00 and 23:00 hours.

After tracing the exact timepoint of sample collection, it 
was clear that timepoints 2, 3, and 4 were identical in both 
patients and controls, namely 12:00, 16:00, and 20:00 
hours, respectively. Because the instruction on morning 
sampling (timepoint 1) was to collect the first probe when-
ever the patient first awakes, sample collection varied be-
tween 6:00 and 8:00 hours. We therefore decided to use the 
average of 07:00 hours. Regarding timepoint 5 of saliva 
collection, patients were instructed on collecting saliva just 

Figure 1.  Pathway of 11oxC19 androgen synthesis. In patients with CAH resulting from 21OHD, 17OHP accumulates, which translates to A4 overpro-
duction. A4 is converted to 11OHA4 by 11β-hydroxylase and further to 11KT through the action of 11β-hydroxysteroid dehydrogenase type 2. 11oxC19 
androgens also derive from 21-deoxycortisol.
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before bedtime. The exact time of sample collection varied 
between 22:00 hours and midnight (24:00 h), so that an 
average of 23:00 hours was used for graphical display of 
the collected data. All participants had previously been in-
structed on standardized use of salivettes.

One of the male and 4 of the female control patients were 
identified as outliers because of moderately elevated base-
line 17OHP measurements; they were excluded from fur-
ther analysis (Table 1). These were excluded from analysis 
and defined as outliers as laboratory parameters (>5 × mean 
morning 17-OHP concentration of the remaining sex-specific 
cohort) and original clinical parameters potentially suspected 
nonclassic 21OHD. The final data set included 30 male pa-
tients and 18 male controls as well as 29 female patients and 
26 BMI- and age-matched controls. Data sets with 3 to 4 dif-
ferent timepoints of sample collection distributed throughout 
the whole day made up 25.0% to 53.3% of the data sets ana-
lyzed. Incomplete data sets were mainly the result of sporadic 
analytical interference in data analysis or insufficient sample 
volume. The numbers and percentage of data points with 
values smaller than the lower limit of quantification (LLOQ) 
is listed per analyte. For values lower than the LLOQ, values 
were equated to the respective LLOQ (Table 1).

Steroid hormone analysis

A validated liquid chromatography-tandem mass spec-
trometry assay was used for the simultaneous measure-
ment of 17OHP, T, A4, 11OHA4, and 11KT (20, 25). 
Standards and control solution containing a mixture 
of all analytes at the desired concentrations were pre-
pared by dissolving the steroid in ultrapure methanol 
and further dilution in a surrogate saliva matrix. The 
following analytes were used in the internal standard: 
[13C3]- (2-4)-17-alpha-hydroxyprogesterone, [13C3]-(2-4)-
androstene-3,17-dione, [13C3]-(2-4)-testosterone, D7-2, 

2,4,6,6,16,16-4-Androsten-11β-ol-3,17-dione, and 
D3-16,16,17-11-ketotestosterone. A total of 250 µL of each 
sample, as well as 20 µL of the internal standard mixture or 
the appropriate quality controls were extracted by supported 
liquid extraction using methyl-tert-butyl-ether and then re-
constituted with 40% (v/v) methanol. Chromatography 
was carried out on a Waters HSS T3 1.8 µm, 2.1 × 50-mm 
column, with 2  mmol/L ammonium acetate, 0.1% (v/v) 
formic acid in water as the aqueous mobile phase and aceto-
nitrile as the organic mobile phase. Quantification by mass 
spectrometry was then conducted using a Waters XEVO 
TQ-XS system operated in positive ion mode. Standardized 
validation included a mean recovery of 92.5 to 109.8 for all 
analytes at low, medium, and high concentration, an intra-
assay coefficient of variation (26) of <8.1% with a bias be-
tween -6.6 and 4.2 and an inter-assay coefficient of variation 
of <11.4% with a bias between -12.3% and 13.5%. LLOQ 
were defined as 12.5 pmol/L for 17OHP, 10 pmol/L for A4, 
5 pmol/L for T, 45 pmol/L for 11OHA4, and 6 pmol/L for 
11KT. The mean bias between direct sample analysis and 
overnight storage at 4°C was 3.3% for 17OHP, -2.6% for 
A4, 1.2% for T, 2.6% for 11OHA4, and -1.8% for 11KT. 
Carryover at supraphysiological concentrations of each 
analyte was 0.07% for 17OHP, 0.05% for A4, 0.03% for T, 
0.007% for 11OHA4, and 0.03% for 11KT (20, 25).

Statistical analysis

For statistical analysis, data were tested for normality using 
the Shapiro-Wilk test in conjunction with graphical display 
by histogram and Q-Q plot. Column statistics were calculated 
using GraphPad Prism (mean, SEM, quartiles). For longitu-
dinal analysis, hormone values were log-transformed before 
further processing because of their non-normal distribution. 
For reasons of clarity only untransformed values are reported. 
Because of the unbalanced design and missing datapoints, 

Table 1.  Characteristics of data set

Variable Men with CAH Control men Women with CAH Control women

 (n = 30) (%) (n = 19) (%) (n = 29) (%) (n = 30) (%)

Number of data points 150 95 145 150
Incomplete data sets 16 (53.3) 5 (25.0) 13 (44.8) 12 (40.0)
Outliers (elevated 17OHP) NA 1 (5.26) NA 4 (13.3)
17OHP < LLOQ of 12.5 NA 10 (10.5) 29 (20.0) 32 (21.3)
11KT < LLOQ of 6 8 (5.33) NA 35 (24.1) 11 (7.3)
11OHA4 < LLOQ of 40 29 (19.3) 7 (7.4) 46 (31.7) 19 (12.7)
T < LLOQ of 5 1 (0.7) NA 44 (30.3) 22 (14.7)
A4 < LLOQ of 10 NA NA 17 (11.7) 1 (0.7)

Presentation of values as n (%). 
Abbreviations: 11OHA4, 11β-hydroxyandrostenedione; 11KT, 11-ketotestosterone; 17OHP, 17-hydroxyprogesterone; A4, androstenedione; CAH, congenital 
adrenal hyperplasia; LLOQ, lowest limits of quantification; NA, not applicable; T, testosterone.
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changes in salivary hormone values during the day were 
examined by a linear mixed-effects model for repeated meas-
ures with time as fixed and subject as random effect using an 
unstructured covariance structure (27). Area under the curve 
(AUC) was calculated with baseline Y = 0, positive peak direc-
tion, and ignoring peaks that are less than 10% of the distance 
from minimum to maximum Y using GraphPad Prism. The 
percentage differences of mean hormone levels (Δ mean) were 
calculated by defining the fracture of evening hormone levels 
(timepoint 5)/morning hormone levels (timepoint 1) and cal-
culating the percentage change. Difference of hormone levels 
between timepoints 1 and 5 (Δ hormone levels) was identified by sub-
traction and presented as mean (SEM) in pg/mL. Differences 
in AUC were examined using the Mann-Whitney U test. For 
correlation analysis, Spearman’s correlation coefficient was 
computed for nonparametric data. The CI was defined as 
95% and a P value < 0.05 was considered statistically signifi-
cant P ≤ 0.05 (*≤0.05, **≤0.01, ***≤0.001, ****<0.0001). 
Statistical analysis and graphical presentation were carried 
out using SPSS Statistics Software Version 26, GraphPad 
Prism 7.03, and Adobe Illustrator 2020.

Results

Characteristics of study participants

Median age was 32.5 years (interquartile range [IQR] 25.8-
41.3) in male (controls: 28.0 (25.0-42.0); P = 0.4357) and 
28.0  years (IQR 23.0-25.0) in female patients (controls: 
33.5 [24.0-43.5]; P = 0.1387). Median BMI was 26.3 kg/
m2 in men (IQR 24.2-29.5) and 27.6 kg/m2 in women with 
CAH (IQR 22.3-32.3), comparable to controls (Table 2).

As depicted by Table 3, the majority of CAH patients 
received hydrocortisone (48.3% of men and 41.4% of 
women) or prednisolone (38.3% of males and 51.7% 
of females). Six patients (4 men and 2 women) received 
dexamethasone. The mean equivalent dose applied varied 
between 22.5  mg (13.2  mg/m2) in women and 30  mg 

(14.74  mg/m2) in men. All patients were on a circadian 
medication scheme, none of them substituted in a reverse 
circadian manner (Table 3).

According to biochemical and hormonal criteria, most 
patients were regarded as being well-controlled in terms 
of androgen excess with the exception of 7 male and 1 fe-
male patient. In the female CAH cohort, 4 patients were ra-
ther overtreated with suppressed androgen concentrations. 
Criteria for assessment of therapeutic control were A4 and T 
AUC, as well as A4/T AUC ratio within the range of the cor-
responding control group (6) (Table 4), whereas increased 

Table 2.  Baseline characteristics of patients with CAH and 

controls

Variable Patients with CAH Controls P value

Men (n) 30 19  
  Age, y 32.5 (25.8-41.3) 28.0 (25.0-42.0) 0.4357
  BMI, kg/m2 26.3 (24.2-29.5) 25.7 (22.7-31.1) 0.9919
Women (n) 29 30  
  Age, y 28.0 (23.0-25.0) 33.5 (24.0-43.5) 0.1387
  BMI, kg/m2 27.6 (22.3-32.3) 25.6 (22.3-28.9) 0.6326

Presentation of values as median (interquartile range). Statistical differences 
calculated by Mann-Whitney test.
Abbreviations: BMI, body mass index; CAH, congenital adrenal hyperplasia.

Table 4.  Assessment of therapy control of male and female 

patients with CAH

Variable Men with CAH Women with CAH

 (n = 30) (%) (n = 29) (%)

AUC 17OHP   
  Within reference range 13 (43.3) 15 (51.7)
  Above reference range 16 (53.3) 12 (41.4)
  Below reference range 1 (3.3) 2 (6.9)
AUC A4   
  Within reference range 24 (80.0) 24 (82.8)
  Above reference range 6 (20.0) 1 (3.4)
  Below reference range NA 4 (13.8)
AUC T   
  Within reference range 20 (96.7) 29 (100.0)
  Above reference range 1 (3.3) NA
  Below reference range NA NA
AUC A4/T ratio 0.7-2.8 0.7-17.7
  Within reference range 20 (66.7) 28 (96.6)
  Out of reference range 7 (23.3) NA
  Below reference range 3 (10.0) 1 (3.4)

Presentation of values as n (%).
Abbreviations: 17OHP, 17-hydroxyprogesterone; A4, androstenedione; AUC, 
area under the curve; CAH, congenital adrenal hyperplasia; NA, not available; 
T, testosterone.

Table 3.  Medication of patients with CAH

Men with CAH Women with 
CAH

Glucocorticoids   
  Hydrocortisone 14.5 (48.3) 12 (41.4)
  Prednisolone 11.5 (38.3) 15 (51.7)
  Dexamethasone 4 (13.3) 2 (6.9)
  Equivalent dosage, mg 30 (23.8-32.5) 22.5 (20.0-30.0)
  Equivalent dosage, mg/m2 14.74 (12.3-17.9) 13.2 (11.9-15.6)
  Circadian administration 

regimen
30 (100) 29 (100)

Fludrocortisone 21 (70.0) 20 (69.0)
  Dosage, mg 0.1 (0.0875-0.125)0.075 (0.05-0.1)

Presentation of values as median (interquartile range) or n (%).
Abbreviations: CAH, congenital adrenal hyperplasia.
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17OHP AUC concentrations compared with controls were 
regarded as target for patients with classic 21OHD.

Diurnal rhythm of 17OHP and (adrenal-specific) 
androgens

The 17OHP measurements showed a distinct diurnal 
rhythm with highest measurements in the early morning and 
declining values throughout the day in both CAH patients and  
healthy controls, as illustrated by Fig. 2 and Tables 5 and 6 
(male patients: F1,25.3 = 5.475; P = 0.003; Δ mean = 76%; male 
controls: F1,17.7 = 20.568; P < 0.001; Δ mean = 45%; female 
patients: F1,20.7 = 10.096; P < 000.1; Δ mean = 86%; female 
controls: F1,22.7 = 3.860; P = 0.016; Δ mean = 12%). However, 
the morning peaks in 17OHP concentrations clearly varied 
between patients and controls with a more than 10-fold 
increase in 17OHP in CAH patients. Correspondingly, for 
patients with CAH, the AUC for 17OHP was significantly 
larger than for respective controls (AUC(male patients) = 3079.0 
pg×t(n)
mL , AUC(male controls) = 285.9 pg×t(n)

mL , P = 0.000;
AUC(female patients) = 1937.0 pg×t(n)

mL , AUC(female controls)

= 323.7 pg×t(n)
mL , P = 0.039).

A comparable diurnal rhythmicity could also be ob-
served for A4, 11OHA4, and 11KT. Regarding A4, the 
mean changes in a diurnal pattern were equally pro-
nounced in CAH patients compared with controls, 
whereas the inter-individual variance was higher in pa-
tients as expected (male patients: F1,28.3 = 3.946, P = 0.011, 
Δ mean = 45%; male controls: F1,17.2 = 26.594, P < 0.001, 
Δ mean = 47%; female patients: CAH women F1,23.6 = 12.002, 
P < 0.001, Δ mean = 42%; female controls: F1,20.2 = 5.283, 
P = 0.004, Δ mean = 27%). Overall, A4 secretion was not sig-
nificantly different from controls (AUC(male patients) = 1229.0 
pg×t(n)
mL , AUC (male controls) = 757.0 pg×t(n)

mL , P = 0.520;

AUC(female patients) = 742.8 pg×t(n)
mL , AUC(female controls)

= 603.2 pg×t(n)
mL , P = 0.649).

11-OHA4 levels depicted a clear morning peak in both pa-
tients and control subgroups (male patients: F1,26.4 = 7.169, 
P < 0.001, Δ mean = 66%; male controls: F1,17.1 = 66.056, 
P < 0.001, Δ mean = 83%; female patients: F1,22.1 = 10.035, 
P < 0.001, Δ mean = 47%; female controls: F1. 20.2 = 36.638, 
P < 0.001, Δ mean = 86%) with a nighttime increase only in 
female patients with CAH. Difference in the AUC appeared 
larger in the male cohort compared with female subjects but 

Figure 2.  Diurnal variation of 17OHP, A4, 11OHA4, T, and 11KT levels in saliva of patients with CAH and matched controls. Saliva profiles con-
sist of measurements at up to 5 different timepoints throughout the day. Levels of 17OHP, A4, 11OHA4, T, and 11KT were measured using liquid 
chromatography-tandem mass spectrometry. Hormone levels of patients with CAH are illustrated in red, data of respective controls in black color. 
The mean of AUC of hormonal levels over the whole day are indicated per graph (pg×t(n)mL ). Please note that timepoints are not exactly the same in 
patients and controls.
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failed to reach clinical significance (AUC(male patients) = 1641.0 
pg×t(n)
mL , AUC (male controls) = 1040.0 pg×t(n)

mL , P = 0.854;

AUC (female patients) = 797.1 pg×t(n)
mL ,

AUC (female controls) = 630.8 pg×t(n)
mL , P = 0.891).

Similarly, 11KT measurements also followed a diurnal 
rhythm with concentrations constantly declining over the 
course of the day following an early morning peak (male 
patients: F1,23.9 = 10.821, P < 0.001; Δ mean = 57%; male 
controls: F1,17.2 = 34.661; P < 0.001; Δ mean = 63%; female 
patients: F1,25.7 = 9.209; P < 0.001; Δ mean = 50%; female 
controls: F1,20.1 = 28.757; P < 0.001; Δ mean = 76%). An 
early rise toward the night was only present in female pa-
tients with CAH, although there was no difference in in-
take of evening GC dose between men and women. There 
was no significant difference in the corresponding AUC 
between groups of either sex (AUC(male patients) = 1305.0 
pg×t(n)
mL , AUC (male controls) = 728.1 pg×t(n)

mL , P = 0.945;

AUC(female patients) = 469.3 pg×t(n)
mL , AUC(female controls)

= 338.8 pg×t(n)
mL , P = 0.436).

The smallest degree of diurnal variation was seen 
in T measurements (male patients: F1,27.7 = 8.872, 
P < 0.001, Δ mean = 36%; male controls: F1,16.6 = 8.863, 
P = 0.001, Δ mean = 34%; female patients: F1,25.9 = 5.973, 
P = 0.002, Δ mean = 45%; female controls: F1, 23.9 = 6.498, 
P = 0.001, Δ mean = 18%). Testosterone AUC was higher 
in males vs females; no statistical difference in AUC 
was observed between male and female patients and 
controls (AUC(male patients) = 546.0, AUC(male controls) = 561.8, 

P = 0.908; AUC(female patients) = 132.3, AUC(female controls)  
= 180.3, P = 0.473).

Correlation of (adrenal-specific) androgens with 
17-OHP in healthy controls

Control subjects showed significant correlations of 17OHP- 
and T-AUC (rp

male = 0.6220.0058; rp
female = 0.874<0.0001) and 

a significant correlation of the AUC of 17OHP and A4 
(rp

male = 0.7800.0001; rp
female = 0.5970.0013) as depicted in Table 

7. In contrast, 11KT (rp
male = 0.203n.s.; rp

female = 0.4190.0465) 
and 11OH4 (rp

male = 0.276n.s.; rp
female = 0.233n.s.) did not sig-

nificantly correlate or correlate less with 17OHP concen-
trations in saliva.

In patients, the correlation between 17OHP meas-
urements in saliva samples and T was weaker compared 
with controls (rp

male = 0.331n.s.; rp
female = 0.6140.0004). The 

17OHP and A4 measurements in CAH patients presented 
with a very strong correlation throughout the whole day 
(rp

male = 0.798<0.0001; rp
female = 0.695<0.0001). Regarding the 

measured 11oxC19 androgens, a strong correlation could 
be observed between 11KT and 17OHP in both male and 
female patients (rp

male = 0.773<0.0001; rp
female = 0.737<0.0001), 

as well as a significant correlation for 11OHA4 and 
17OHP measurements in male and female patients 
(rp

male = 0.6330.0002; rp
female = 0.5640.0014).

Table 5.  AUC of salivary hormone profiles of patients with 

CAH and controls

AUC, pg×t(n)
mL

Patients with CAH Controls P value

Men    
  17OHP 3079.0 (915.0) 285.9 (76.5) 0.000***
  A4 1229 (265.8) 757 (100.8) 0.520
  11OHA4 1641.0 (345.3) 1040.0 (183.8) 0.854
  T 546.0 (54.8) 561.8 (74.4) 0.908
  11KT 1305.0 (315.8) 728.1 (99.8) 0.945
  A4/T 2.3 (0.4) 1.4 (0.1) 0.276
Women    
  17OHP 1937 (477.2) 323.7 (68.7) 0.039*
  A4 742.8 (162.1) 603.2 (101.1) 0.649
  11OHA4 797.1 (136.2) 630.8 (89.5) 0.891
  T 132.3 (25.0) 180.3 (45.8) 0.473
  11KT 469.3 (108.6) 338.8 (50.9) 0.436
  A4/T 5.3 (0.7) 5.8 (0.9) 0.966

Presentation of values as mean (SEM). Statistical differences calculated by 
Mann-Whitney test. P-value ≤ 0.05 (*), ≤ 0.001 (***).
Abbreviations: 11OHA4, 11β-hydroxyandrostenedione; 11KT, 
11-ketotestosterone; 17OHP, 17-hydroxyprogesterone; A4, androstene-
dione; AUC, area under the curve; CAH, congenital adrenal hyperplasia; T, 
testosterone.

Table 6.  Mean percentage difference of morning and 

evening salivary hormone levels in patients with CAH and 

controls

 Δ mean Δ hormone levels

  Patients Controls Patients Controls

Men 17OHP 75.8* 45.1*** 1353.0 (514.9) 56.4 (24.3)
 A4 45.2 47.4*** 233.0 (83.1) 150.9 (34.0)
 11OHA4 66.3*** 82.5*** 616.4 (250.6) 696.4 (121.3)
 T 35.7*** 33.8** 66.0 (11.1) 73.0 (20.6)
 11KT 56.7*** 63.0*** 338.6 (124.0) 248.9 (30.7)
Women 17OHP 86.1*** 12.4 1433.0 (614.1) 0.4 (21.3)
 A4 41.8*** 26.6* 133.8 (37.1) 59.9 (26.1)
 11OHA4 47.4*** 85.9*** 195.4 (100.1) 391.5 (70.7)
 T 45.1* 17.7** 21.9 (7.9) 10.4 (15.4)
 11KT 49.5*** 76.3*** 136.4 (41.0) 130.1 (24.3)

Presentation of values as percentage difference of mean (Δmean) morning 
(timepoint 1) and evening (timepoint 5) hormone levels (%). Presentation of 
difference of hormone levels between timepoints 1 and 5 (Δhormone levels) 
as mean (SEM) in pg/mL. Linear mixed-effects models with time as fixed and 
subject as random effects were calculated. P value ≤ 0.01 (*), ≤ 0.001 (**), ≤ 
0.0001 (***).
Abbreviations: 11KT, 11-ketotestosterone; 11OHA4, 11β-hydroxy
androstenedione; 17OHP, 17-hydroxyprogesterone; A4, androstenedione; T, 
testosterone.
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When correlating T and 11KT measurements in saliva 
samples of male patients with 21OHD, no correlation was 
observed (rp= 0.016n.s.).

Discussion

This is the first study to show that there is a clear circadian 
pattern for the investigated 11oxC19 androgens in the gen-
eral population that is principally preserved or accentuated 
in patients with 21OHD.

Our analysis therefore indicates that therapeutic 
monitoring of patients with 21OHD by measurement of 
11oxC19 steroids in saliva might be an efficient method, 
if using salivary profiles at multiple timepoints throughout 
the day.

A diurnal profile with decreasing values from morning 
to evening has already been described for 17OHP, A4, 
and T (8, 23, 28). This physiological circadian rhythm 
in adrenal steroid hormone production is mainly 
driven by the rhythmic release of ACTH in response to 

corticotropin-releasing hormone and vasopressin secretion 
from the paraventricular nucleus, which is under the con-
trol of the master clock in the suprachiasmatic nucleus (29). 
In addition, there is also a peripheral adrenal clock that is 
tightly regulated by adrenal gland-specific time-controlled 
genes, such as steroidogenic acute regulatory protein (30). 
Because steroidogenic acute regulatory protein is involved 
in the rate-limiting step of steroid production, this results in 
a robust circadian rhythm of adrenal steroid synthesis (31). 
Here, we have shown that this diurnal variation also ap-
plies to 11oxC19 steroid production following the pattern 
of their precursor 17OHP (32).

Thus, 11oxC19 concentrations need to be interpreted 
with consideration of their diurnal variance and sampling 
time. Furthermore, GC pharmacokinetics as well as circa-
dian or reverse circadian replacement regimen will affect 
11oxC19 steroid concentration. Because of low sample 
size, we could not analyze the effects of different modes of 
GC replacement in our study. It will be highly interesting 
to explore the effects of immediate- vs modified-release 

Table 7.  Correlation of AUC in male and female patients with CAH and controls

Males

17OHP A4 11OHA4 T 11KT

Patients 17OHP - 0.798**** 0.633*** 0.331 0.773****
 A4 0.798**** - 0.659** 0.555** 0.637***
 11OHA4 0.633*** 0.659** - 0.224 0.613***
 T 0.331 0.555** 0.224 - 0.016
 11KT 0.773**** 0.637*** 0.613*** 0.016 -
  17OHP A4 11OHA4 T 11KT
Controls 17OHP - 0.780*** 0.276 0.622** 0.203
 A4 0.780*** - 0.340 0.814**** 0.249
 11OHA4 0.276 0.340 - -0.010 0.806****
 T 0.622** 0.814**** -0.010 - -0.032
 11KT 0.203 0.249 0.806**** -0.032 -

Females

17OHP A4 11OHA4 T 11KT

Patients 17OHP - 0.695**** 0.564* 0.614*** 0.737****
 A4 0.695**** - 0.450* 0.868**** 0.697****
 11OHA4 0.564** 0.450* - 0.470* 0.764****
 T 0.614*** 0.868**** 0.470* - 0.631***
 11KT 0.737**** 0.697**** 0.764**** 0.631*** -
  17OHP A4 11OHA4 T 11KT
Controls 17OHP - 0.597** 0.233 0.874**** 0.419
 A4 0.597** - 0.367 0.693**** 0.159
 11OHA4 0.233 0.367 - 0.148 0.109
 T 0.874**** 0.693**** 0.148 - 0.276
 11KT 0.419* 0.159 0.109 0.276 -

Spearman’s correlation coefficient r. P value ≤ 0.05 (*), ≤0.01 (**), ≤0.001 (***), ≤0.0001 (****).
Abbreviations: 11KT, 11-ketotestosterone; 11OHA4, 11β-hydroxyandrostenedione; 17OHP, 17-hydroxyprogesterone; A4, androstenedione; T, testosterone.
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hydrocortisone and intermediate- and long-term synthetic 
GC on salivary steroid day profiles in future studies.

It is yet unclear if 11oxC19 steroids have an advantage 
over established markers regarding treatment outcomes. So 
far, there is no interventional study available exploring a po-
tential difference in regard to clinical outcomes by targeting 
11oxC19 steroid levels in comparison to other markers such 
as A4 or the A4/T ratio (6, 33). The close relationship of these 
steroids also raises the question if these steroids can be in-
dependently targeted by treatment interventions (12, 18). 
Conversely, there are several studies suggesting that 11oxC19 
steroids provide a major amount of additional information 
in 21OHD treatment monitoring and may be more suitable 
in adjusting GC treatment than currently used biomarkers.

The current treatment goal has been defined by 
normalized androgens, whereas elevated 17OHP has been 
suggested as treatment target. It is generally accepted that 
although poorly controlled patients with 21OHD present 
with hugely elevated 17OHP levels, aiming for the refer-
ence range of healthy controls results in overtreatment (6). 
It has been shown that although A4 and T are normalized 
in clinically well-controlled patients with 21OHD, 17OHP 
concentrations are still elevated (34, 35). In our study, 
11OHA4 and 11KT secretion did not significantly differ 
from our control population throughout the day despite 
significant inter-individual variations and excessively ele-
vated 17OHP concentrations in patients (12, 18). This 
underlines that the utility of 17OHP as a treatment marker 
is restricted to detect overtreatment.

Comparable A4, T and 11oxC19 androgens in pa-
tients and controls over the course of the day in our study 
confirm that according to our initial assessment based on 
a single measurement of serum steroids, overall disease 
control in our cohort was considered to be very good. 
This notion is further supported by the fact that there 
was no significant difference in the AUC of A4 and T 
nor the AUC A4/T ratio between patients and controls 
in our study (Table 5). Accordingly, it has been shown 
before that 11oxC19 androgen measurements in patients 
with 21OHD show clear overlap with those of healthy 
controls (20). Finally, a significant correlation of salivary 
17OHP and 11oxC19 androgen measurements was ob-
served in patients but not in healthy controls (Table 7), 
indicating the limited relevance of the 11oxC19 pathway 
in subjects with a functioning and otherwise not-affected 
enzymatic pathway of steroidogenesis (5). Of note, other 
disorders with a state of hyperandrogenism are also 
linked to an increase in 11oxC19 steroids, as was previ-
ously reported for polycystic ovary syndrome (36). None 
of the control patients had however been previously diag-
nosed with PCOS or any other kind of disorder affecting 
adrenal function.

A potential major advantage of 11oxC19 steroids over 
classic androgens in 21OHD might be that they have 
proven adrenal origin and therefore might be better linked 
with clinical outcome markers (17).

Consequently, in patients with 21OHD, 11oxC19 con-
centrations were found to be associated with increased ad-
renal volume, menstrual disturbances in women, and the 
presence of testicular adrenal rest tumor in males (17, 18). 
A  particular challenge in disease monitoring is that the 
currently used classic biomarkers A4 and T are derived 
from both the adrenals and the gonads, and their source 
cannot be distinguished by laboratory methods. To help 
distinguish T from adrenal or testicular origin in male pa-
tients with 21OHD, it has been suggested to use the serum 
A4/T ratio (37). This is based on the observation that A4 
is elevated when androgens are predominantly of adrenal 
origin and result in suppression of gonadotrophins and an 
elevated A4/T ratio. This is supported by the observation 
of Turcu et  al., who described a clear significant inverse 
correlation between T and 11KT measurements in serum. 
It was hypothesized that because of the strong androgenic 
activity of 11KT, excessive secretion results in suppression 
of the hypothalamic-pituitary-gonadal axis in males with 
21OHD (18). This inverse correlation could not be con-
firmed in our study. These discrepant results could be ex-
plained by the fact that, at the timepoint of saliva sampling, 
most of the analyzed patients were under optimal hor-
monal control, limiting the variance in T and 11KT concen-
trations during the course of the day. Analysis of 11oxC19 
androgens would allow direct measurement of adrenal-
derived androgens and salivary day profiling will enable an 
integrated and coherent picture of adrenal steroid synthesis 
throughout the day.

In particular, salivary day profiling in 21OHD patients 
will help to overcome the challenge of precisely timed 
blood sampling. Instead, it allows serial and more frequent 
day profiling in a noninvasive and patient-friendly manner. 
In addition, it allows monitoring in a telemedicine setting 
providing access to specialized tertiary care in this rare dis-
ease, even in remote areas and in situations with travel re-
strictions as the current pandemic situation.

Because of very good disease control in almost 
all patients of the study and hardly any cases with 
undertreatment, limitations of this study were defined 
by a high percentage of measurements within the LLOQ. 
Clinical use of ultra-performance convergence chromatog-
raphy tandem mass spectrometry for example could offer 
superior sensitivity resulting in even lower LOQs (38). In 
addition, the timepoints of sample collection in patients 
and controls were not exactly identical in the morning 
and evening in this study, leading to some limitation with 
regard to comparability of individual timepoints of data 
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collection. However, our main goal in this study was to 
show diurnal variations within and not between groups. 
Finally, given the sample size, impact of different GC medi-
cations, immediate- vs modified-release GC, intermediate 
or long-acting synthetic GC, could not be evaluated in this 
study. Fluctuations in salivary androgens in relation and 
response to different GC replacement regimen therefore 
could not be analyzed in this study and need to be explored 
in the future.

To conclude, this study is the first to describe the di-
urnal rhythm of 11oxC19 androgen concentrations in sal-
ivary profiles in both healthy controls and patients with 
21OHD. Our findings highlight that diurnal fluctuations of 
11oxC19 need to be considered for the assessment of bio-
chemical disease control in 21OHD. Ultimately, compre-
hensive salivary day steroid profiling will improve patient 
management and allow more frequent hormone measure-
ments leading to more timely and accurate GC treatment 
adjustments.
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