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Summary eBioMedicine
Background Diagnosing Cushing’s syndrome (CS) is highly complex. As the diagnostic potential of urinary steroid 2024;99: 104907
metabolome analysis by gas chromatography-mass spectrometry (GC-MS) in combination with systems biology has ~ PvPlished Online 20

. . . . December 2023
not yet been fully exploited, we studied a large cohort of patients with CS. https://do.org/10.

1016/j.ebiom.2023.
Methods We quantified daily urinary excretion rates of 36 steroid hormone metabolites. Applying cluster analysis, we 104907

investigated a control group and 168 patients: 44 with Cushing’s disease (CD) (70% female), 18 with unilateral
cortisol-producing adrenal adenoma (83% female), 13 with primary bilateral macronodular adrenal hyperplasia
(PBMAH) (77% female), and 93 ruled-out CS (73% female).

Findings Cluster-Analysis delineated five urinary steroid metabotypes in CS. Metabotypes 1, 2 and 3 revealing average
levels of cortisol and adrenal androgen metabolites included patients with exclusion of CS or and healthy controls.
Metabotype 4 reflecting moderately elevated cortisol metabolites but decreased DHEA metabolites characterized the
patients with unilateral adrenal CS and PBMAH. Metabotype 5 showing strong increases both in cortisol and DHEA
metabolites, as well as overloaded enzymes of cortisol inactivation, was characteristic of CD patients. 11-oxygenated
androgens were elevated in all patients with CS. The biomarkers THS, F, THF/THE, and (An + Et)/(11p-OH-
An + 11p-OH-Et) correctly classified 97% of patients with CS and 95% of those without CS. An inverse
relationship between 11-deoxygenated and 11-oxygenated androgens was typical for the ACTH independent
(adrenal) forms of CS with an accuracy of 95%.

Interpretation GC-MS based urinary steroid metabotyping allows excellent identification of patients with endogenous
CS and differentiation of its subtypes.

*Corresponding author. Steroid Research & Mass Spectrometry Unit, Laboratory for Translational Hormone Analytics in Pediatric Endocrinology,
Division of Pediatric Endocrinology& Diabetology, Center of Child and Adolescent Medicine, Justus-Liebig-University Giessen, Germany.

E-mail address: stefan.wudy @ paediat.med.uni-giessen.de (S.A. Wudy).
"Equal contribution.
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Research in context

Evidence before this study

The differential diagnosis of Cushing’s syndrome belongs to
the most complex fields in medicine. In clinical routine, a
complex panel of various diagnostic tests such as the 1 mg-
low-dose dexamethasone suppression test, the urinary free
cortisol in a 24 h collection, the late-night salivary cortisol and
the measurement of ACTH is usually required for diagnosis
and subtyping of Cushing’s syndrome. To capture the past
role of urinary steroid analysis in the diagnosis and subtyping
of Cushing’s syndrome we searched PubMed using the key
words “Cushing’s syndrome”, “urinary steroid metabolome”,
“GC-MS analysis” with papers published up to 6/2023. The
number of studies found was limited. Comprehensive data on
patients with different subtypes of Cushing’s syndrome were
missing. Sample sizes of patients were mostly small.

Added value of this study

The novelty of our data is twofold: 1. By combining state of
the art multisteroid analytics by the platform technique gas
chromatography-mass spectrometry with systems biology
statistical approaches, we succeeded in discerning affected
from unaffected individuals as well as in further delineating
the various subtypes of Cushing'’s syndrome by metabolic
pattern analysis. This concept of metabotyping is typical for
the multiomics field of precision healthcare. The hitherto

Introduction

Of all chromatographic techniques, gas chromatography
(GC) has the highest separation power for saturated and
unsaturated steroid hormone metabolites." In combi-
nation with mass spectrometry (MS) applying hard
ionization, it allows for the most comprehensive and
specific characterization of steroid metabolomes."”> GC-
MS urinary steroid hormone metabolome analysis has
developed into a translational analytical technique** that
has proven its value in characterizing physiological
processes of adrenal steroid hormone secretion,”® or in
delineating inborn disorders of steroidogenesis as well
as steroid excess syndromes caused by adrenal
tumours.”'* The 24-h urinary steroid metabolome gives
a detailed insight into alterations of the steroid flow in
different diseases.'"'”? GC-MS wurinary steroid metab-
otyping has gained further importance since it has
proven highly valuable in monitoring treatment of
children with congenital adrenal hyperplasia’ or pri-
mary adrenal insufficiency.”** It has also been suc-
cessfully used to identify specific metabolic signatures

largest sample of patients was recruited from the German
Cushing Registry; 2. Metabotyping was based on typical
constellations of precursors and metabolites of cortisol,
DHEA, and the recently rediscovered group of 11-oxygenated
androgens and allowed for insights into steroid metabolism
in CS. Four biomarkers correctly classified patients with CS by
97%. 11-oxygenated androgens were primarily responsible for
androgenization and discriminative for ACTH-independent
forms of CS.

Implications of all the available evidence

Diagnosis and differential diagnosis of CS were ranked as one
of the most important research topics in a recent consensus
(Fleseriu et al., 2021). In addition to previous studies, the use of
hormonal production rates as with GC-MS urinary steroid
metabotyping allows for a dynamic approach to characterize
steroid metabolism in CS implying the potential for a high
diagnostic accuracy. It can be expected that hitherto unmet
clinical needs will be addressed by shortened diagnosis times
and reduced diagnostic complexity. In future, highly specialized
superregional laboratories could implement and offer GC-MS
urinary steroid metabotyping. The metabolomics approach
that allows to capture as many steroid metabolites as possible
will, together with pattern analysis by algorithms, open new
avenues in better delineating the various forms of CS.

in children with obesity, insulin resistance, or liver
diseases.'"” Another advantage of urinary steroid
profiling in the context of adrenal incidentalomas is the
early identification of patients with adrenocortical
carcinoma.'

The pathways of human steroid biosynthesis and
catabolism are complex (Fig. 1). Basically, three
different groups of metabolites can be discerned ac-
cording to their basic carbon structures: estrogens are
Cg-steroids; androgens are Cqg-steroids mainly deriving
from DHEA, 11-hydroxyandrostenedione, or testos-
terone. The group of Cjy-steroids can be sub-
differentiated into metabolites of progesterone or
17-hydroxyprogesterone (progestogens), cortisol (gluco-
corticoids), and corticosterone. Steroid hormones and
their metabolites are primarily excreted into urine
making GC-MS wurinary steroid analysis a perfect
method of assessing the overall human steroid metab-
olome in a holistic approach.’

Cushing’s syndrome (CS) is a rare disease with a
variety of signs and symptoms. Early diagnosis presents

www.thelancet.com Vol 99 January, 2024
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Fig. 1: Steroid pathway and urinary steroid metabolites. Colored metabolites = urinary steroid metabolites. Grey = Aldosterone precursors.
Yellow = Intermediate and progesterone metabolites. Blue = Androgen metabolites. Green = glucocorticoid metabolites. Pink = estrogens.
E1 = estrone. E2 = estradiol. E3 = estriol. T = testosterone. An = androsterone. Et = etiocholanolone. DHEA = dehydroepiandrosterone. 16a-OH-
DHEA = 5-Androstene-3p,16a-diol-17-one.  A5-3B,17a = 5-Androstene-3p,17a-diol. A5-38,17p = androstenediol-17p. AS5T-
16a = androstenetriol-16a. 11-OH-AN = 11-hydroxy-androsterone. 11-0-AN = 11-oxo-androsterone. 11-OH-ET = 11-hydroxy-etiocholanolone.
PD = pregnanediol. PT = pregnanetriol. P5D = 5-pregnenediol. P5T-17a = 5-pregnenetriol-17a. Po-58,30 = 17a-OH-pregnanolone. Po-
Sa,3a = 5a-Pregnane-3a,17a-diol-20-one. 11-0-PT = 11-oxo-pregnanetriol. THS = tetrahydro-11-deoxycortisol. THE = 5p-Pregnane-3a,17 a,21-
triol-11,20-dione. THF = 5B-Pregnane-3a,11p,17a,21-tetrol-20-one. aTHF = Sa-Pregnane-3a,11p,17a,21-tetrol-20-one. a-Cl = a-Cortolone.
B-Cl = B-Cortolone. a-C = a-Cortol. B-C = B-Cortol. 6B-OH-F = 6p-hydroxycortisol. 20a-DHF = 20a-dihydrocortisol. THA = tetrahydro-11-
dehydro-corticosterone. THB = 5B-Pregnane-3a,11p,21-triol-20-one tetrahydro-corticosterone. a-THB = allo-tetrahydro-corticosterone. TH-

DOC = tetrahydro-11-deoxycorticosterone. Figure created with Biorender.com.

a major diagnostic challenge: a dominant leading
symptom is missing, atypical presentation is common,
and symptoms overlap with those of metabolic syn-
drome or polycystic ovarian syndrome. Furthermore,
prevalence and severity of symptoms may vary consid-
erably between patients within a particular subtype of
CS. According to diagnostic guidelines and a current
consensus,”?" at least two of the following three tests
have to show abnormal results in order to diagnose CS:
the 1 mg-low-dose-dexamethasone-suppression-test, the
late-night salivary cortisol concentration and the urinary
excretion of free cortisol in a 24-h collection.”” As no
single test offers excellent sensitivity or specificity,”
there remain a number of reasons for false negative
and false positive test results, which is the reason why
all three tests should be performed in every single
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patient. This is reflected by a relevant number of pa-
tients with clinical and biochemical inconclusive results.
Both patients with CS but also patients who do not
suffer from CS, can be affected.

Urinary and plasma steroid analysis have been used
to characterize patients with CS in comparison to
healthy controls. Using GC-MS urinary steroid analysis,
Stewart et al. showed in a study with 22 patients with CS
that they have a significant increase in urinary cortisol
and all its metabolites and that global 11p-hydroxyste-
roid-dehydrogenase (11-BHSD) activity is defective.”
Likewise, increased excretion of cortisol and its metab-
olites and decreased ratios of THE/THF seemed to be a
typical feature of CS according to the study of Homoki
et al. with 18 patients applying GC.* In a GC-MS based
study by Kotlowska et al.,”” patients with autonomous
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adrenal cortisol secretion and 16 patients with CS could
be differentiated from healthy controls by two different
approaches, in which 6 urinary steroid metabolites were
diagnostically indicative.”” To distinguish patients with
CS from healthy controls, the following metabolites
were used: tetrahydrocortisol, etiocholanolone, a—cortol,
tetrahydrocortisone, tetrahydro—11-dehydrocorticoster-
one, and tetrahydrocorticosterone.

Further studies showed that plasma DHEA was often
elevated in ACTH-dependent CS but not in adrenal
CS.»¢ Additionally, different adrenal tumours, such as
pheochromocytomas and adrenocortical carcinomas can
be distinguished by a panel of plasma steroids and
metanephrines; however, it seems to be difficult to
distinguish patients with autonomous cortisol secretion
from patients with nonfunctioning adrenal adenomas.”

Based on these pathophysiological reflections and
the available data, it is reasonable to expect relevant
changes among different urinary steroid metabolites in
patients with CS. As studies with larger sample sizes
analysing the full spectrum of steroid metabolites in
Cushing’s disease (CD) and adrenal CS using GC-MS
are missing, we intended to carry out an explorative
study making use of the German Cushing Registry. We
analysed the 24-h urinary steroid metabolome by gas
chromatography-mass spectrometry of patients with
CD, with different forms of adrenal CS (unilateral and
bilateral), as well as of patients in whom CS was clini-
cally suspected but finally excluded. Using a systems
biology metabolomics approach, we aimed at identifying
suitable metabolite patterns and biomarkers allowing to
distinguish patients with CS from healthy individuals
and enabling further subtyping of the individual forms
of CS.

Methods

Subjects

We investigated the steroid metabolomes in 24-h uri-
nary specimens obtained from 208 adults aged 45
(34-54) years. These individuals were divided into the
following clinical subgroups: 44 patients were diagnosed
with surgically confirmed CD, 18 with unilateral adrenal
CS (cortisol-producing adenoma), 13 with primary
bilateral macronodular adrenal hyperplasia (PBMAH),
and 93 patients were evaluated for CS, which was
excluded by biochemical testing and clinical follow-up
for 6-12 months. 40 healthy controls were included as
well. Table 1 shows the basic characteristics of these
subgroups. Data on sex were self-reported by study
participants. The study cohort is shown in Fig. 2.

This multicentre-study was performed as part of the
prospective German Cushing Registry and of the pro-
spective cohort of Berlin-Brandenburg for patients with
PBMAH. All patients were referred to the respective
centres (Munich, Berlin, Wiirzburg) because of clinical
suspicion of CS and underwent standard clinical and

biochemical screening, including the low dose dexa-
methasone suppression test (LDDST), late-night salivary
cortisol sampling (LNSC), and 24-h urine collection for
urinary free cortisol (UFC) as initial steps of the diag-
nostic work-up. Depending on test results, further
biochemical characterization was performed according
to current guidelines.” Patients with ectopic or mild
autonomous cortisol secretion were not included in the
study. All subjects collected 24-h urines at the time of
diagnosis. As a validation and to control full collection,
creatinine levels were measured in the urinary samples.
Additionally, we included a control group of healthy
subjects without clinical features suggestive for CS. All
of these subjects had a body mass index (BMI) within
the reference range and no history of hypertension (20
men, 20 women; all samples from the University of
Dresden).

Ethics

Permission of the Ethic Committees of all involved
centres was obtained (vote number: 152-10, EK
189062010 and EA1/188/16); patients provided written
informed consent. The study was conducted in
compliance with ethical approval.

Targeted urinary steroid metabolome analysis by
GC-MS

GC-MS analysis (carried out at the University Hospital
Giessen) was used to quantify steroids in 24 h-urinary
specimens.”* Solid phase extraction (Sep-Pak C18 car-
tridges, WAT020515, Waters, Milford, MA, USA) was
used to extract free and conjugated steroids from 5 mL
aliquots of 24 h-urine-samples. Conjugates were enzy-
matically hydrolyzed (type H-1 sulfatase from helix
pomatia, S9626-100KU, Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany) followed by recovery of the hy-
drolyzed steroids by a second solid phase extraction
step.””  So-androstane-3a,17a-diol  (28-115-A 1150,
Paesel + Lorei, Frankfurt, Germany) and stigmasterol
(S2424-5G, Sigma-Aldrich Chemie, Steinheim, Ger-
many) were added as internal standards in known
amounts  before formation of methyloxime-
trimethylsilyl ethers (Methoxyamine hydrochloride,
226904-5G, Merck, Darmstadt, Germany; TSIM,
701310.201, Macherey-Nagel, Dueren, Germany). GC
was carried out on an Optima-1 MS fused silica column
(length 25 m, film thickness 0.1 pm, inner diameter
0.2 mm; 726204.25, Macherey-Nagel, Dueren, Ger-
many) housed in an Agilent Technologies 6890 series
GC equipped with an Agilent 7683 series injector that
was directly interfaced to an Agilent Technologies 5975
inert XL mass selective detector (Agilent Technologies
GmbH, Boeblingen, Germany). Carrier gas was helium
(650702 F50 P200, Nippon Gases, Germany). GC oven
was heated to 80 °C for 2 min to conduct injections and
temperature was increased up to 190 °C (1 min) (20 °C/
min). Finally, steroids were separated increasing the
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Healthy controls  Rule-out CS Cushing’s disease  Unilateral adrenal CS  PBMAH p-value

N = 40 N =93 N = 44 N =18 N=13
Sex (female) 50% (20/40) 73% (68/93) 70% (31/44) 83% (15/18) 77% (10/13) 0.046%
Age (years) 50 (44-55) 6 (24-49) 6 (37-55) 8 (41-59) 57 (52-69) <0.001°
BMI (kg/m?) 24 (23-26) 32 (27-38) 9 (24-33) 9 (26-35) 8 (27-48) <0.001°
Hypertension 0% 68% (63/93) 91% (40/44) 89% (16/18) 92% (12/13) <0.001*
Diabetes mellitus 0% 15% (14/93) 30% (13/44) 28% (5/18) 39% (5/13) <0.001°
Late-night salivary cortisol (<1.5 ng/mL) na. 0 (0.6-1.6) 3 (4.8-15.0) 0 (3.2-12.0) 5 (3.6-8.0) <0.001°
Urinary free cortisol (<150 pg/24 h) na. 188 (122-258) 690 (346-827) 253 (113-534) 225 (130-374)  <0.001°
1 mg-low-dose-dexamethasone-suppression test (<2.0 pg/dL) na. (0 8-1.2) 14.5 (8 5-28.4) 6.6 (14.0-23.5) 0(3.8-16.8)  <0.001°
ACTH (normal: 4-50 pg/mL) na. 3 (10-20) 7 (37-81) 5 (2-5) 4 (3-10) <0.001°

CS = Cushing's syndrome. PBMAH = primary bilateral macronodular adrenal hyperplasia. ACTH = adrenocorticotropin. BMI = body mass index. N is the number of non-missing values. Median and ranges
are shown. Tests used: 2Pearson chi-square test; "Kruskal-Wallis test.

Table 1: Baseline characteristics of patients with Cushing’s syndrome and control groups.

temperature by 2.5 °C/min up to 272 °C.*' The MS was
run in the targeted, i.e., selected ion monitoring mode.
After calibration, values for the excretion of individual
steroids were determined by measuring the selected ion
peak areas against the internal standard areas. Quanti-
tation took place in the linear range of the calibration
plots. For all urinary steroids measured, intraassay
precision varied between 1.7% (for 17b-Adiol) and 9.5%
(for 20a-DHF) and inter-assay precision ranged between
1.1% (for a-cortol) and 9.5% (for 11-OH-An).”

Statistics

Due to the explorative design of the study, a sample size
calculation was omitted. For statistical analysis, R was
used (R Core Team (2021). R: A language and envi-
ronment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. URL https://
www.R-project.org/).

40 healtyh controls
(normal BMI, no
history of

Baseline characteristics of patients of clinical sub-
types were summarized as frequencies or median and
upper and lower quartiles.

In order to describe the distribution of the steroid
metabolomes, location and spread were summarized by
median and upper and lower quartiles. Group compar-
isons were performed by Pearson’s chi-squared test or
Kruskal-Wallis test. For all further analyses urinary
steroids were log2-transformed to obtain normal distri-
bution. In order to describe the expression patterns by
heatmap (R-library: pheatmap), log2-transformed values
were normalized by quantile normalization (R-library:
preprocessCore*). For multivariate analyses log2-
transformed values were normalized by z-scores on
the base of groups without Cushing’s syndrome (NON
CS). PAM (partition around medoids) clustering (R-li-
brary: cluster) were used to map the data matrix into five
cluster and predicted cluster membership were

/'

93 patients with
exclusion of Cushing's
syndrome by standard
biochemical tests

hypertension)

Study cohort

168 patients with
clinical suspicion of

Cushing's syndrome

T~

75 patients with diagnosis
of Cushing's syndrome by
standard biochemical tests

44 patients with
Cushing's disease

18 patients with
adrenal CS (unilateral)

13 patients with
primary bilateral
macronodular adrenal
hyperplasia

Fig. 2: Study cohort. CS = Cushing’s syndrome. Figure created with Biorender.com.
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compared to disease subgroups. Informative steroid
metabolomes were selected as biomarker by univariate
logistic regression with the binary (CS, NON CS)
dependent variable followed by multivariate logistic
regression analysis. Using multiple steroids from the
same group (e.g., multiple cortisol metabolites) was
avoided, as there was a strong correlation between them.
Multiple analysis with different combinations of ste-
roids were run to finally identify the presented steroids
as the best combination to predict the subtypes. Selected
biomarkers were examined by exploratory receiver
operating characteristic (ROC) curve analysis and a cut-
off was estimated by Youden Index. In addition, a
common cut-point was estimated from the predicted
probabilities to describe the correct group assignment.
Subgroup analysis with CS groups only were performed
by multinominal logistic regression with the three CS
subtypes as dependent variable. p-values <0.05 were
considered to indicate statistical significance.

Role of the funding source
The funding sources had not involvement in the study
or in the decision to submit the manuscript.

Results

Baseline characteristics of clinical subtypes

The baseline characteristics of the clinical subtypes are
shown in Table 1. There are considerable clinical dif-
ferences regarding hypertension, diabetes mellitus and
body weight between patients with CS and rule-out/
healthy controls. As expected, cortisol levels are signifi-
cantly higher in patients with CS in all three standard
tests.

Metabolic characterization of clinical subtypes
The metabolic characteristics of the clinical subtypes are
presented in Table 2 (raw data) and Fig. 3 (normalized
data). These data are also shown separately for women
and men in the supplement. Cortisol and all its tetra-
and hexahydrated metabolites were markedly increased
in patients with CD at the time of diagnosis. Their 24-h
urinary cortisol excretion rates were on average 3.2
times higher than those of the control group. Similarly,
excretion rates of corticosterone metabolites (aldoste-
rone precursors) were 1.5 times elevated in patients with
CD. Finally, all of the adrenal androgen metabolite
excretion rates were strikingly increased in patients with
CD: The 11-deoxygenated adrenal androgens were 1.5
times as high as in the control group, while the 11-
oxygenated androgens were even higher (2.7 times as
high), resulting in an increased ratio between the 11-
oxygenated androgens and the 11-deoxygenated adre-
nal androgen.

In patients with unilateral adrenal CS, cortisol and its
metabolites were also elevated (2.2 times), although to a
lesser degree than in patients with CD. Some of the

androgens, e.g., androsterone and testosterone, were
rather low in patients with adrenal CS, but especially the
classical adrenal androgens such as DHEA and its major
metabolites 16aOH-DHEA und AS5T-16a  were
decreased (0.15 times compared to the control group).
However, the recently rediscovered 11-oxygenated an-
drogens, 11-OH-androsterone, 11-O-androsterone as
well as 11-OH-etiocholanone, were elevated (1.6 times)
resulting in an inverse relation and concomitantly
strongly elevated ratio between the 11-oxygenated an-
drogens and the 11-deoxygenated adrenal androgens.

In patients with PBMAH, cortisol metabolites were
found to be mildly elevated (1.8 times) compared to
healthy controls. The majority of the classical androgen
metabolites were also significantly decreased in this
patient group (0.5 times in comparison to healthy con-
trols) but not as distinctive as in unilateral adrenal CS.
The 11-oxygenated androgens were elevated (2.3 times),
even above the extent of the ones in unilateral adrenal
CS.

Despite the considerable clinical differences
regarding hypertension and body weight between con-
trol group and patients with exclusion of CS, their uri-
nary steroid metabotypes were not distinguishable.

Urinary steroid metabotypes

One of the study goals was to explore whether unsu-
pervised clustering on the base of the 36 urinary me-
tabolites will correctly assign patients to the clinical
subgroups. Therefore, PAM-clustering has been per-
formed to predict-corresponding to the five clinical
subtypes—five clusters (Fig. 4b). As can be seen in
Fig. 4a, the first principal component (PC1) clearly di-
vides the non CS groups (Healthy and Exclusion of CS)
from CS groups (Cushing’s disease, unilateral adrenal
CS and PBMAH), negative values define most of the
individuals in the NON CS group and positive values of
the CS patients. Metabolites with long arrows, mostly
parallel to PC1, e.g., THS, THF or F seem to have a high
discrimination power, whereas short arrows in any di-
rection do not contribute to discrimination of the
groups. The second component (PC2) seems to have
discrimination power to divide between the groups with
any form of CS; most noticable is e.g., (An + Et)/(11p-
OH-An + 118-OH-Et) or Lyase. These metabolites might
have a potential to discriminate between the CS groups.
Metabolites placed closely together are suspected to have
a high correlation, therefore it is possible that they
cancel each other. The predicted cluster memberships
(Metabotypes) were then compared to the clinical sub-
types (Table 3). Overall, the five metabotypes corre-
sponded with the five different clinical subtypes,
therefore, the steroid patterns were identical to the ones
described above. Metabotype 1 presented an overlap of
patients with exclusion of CS and some healthy controls.
Metabotype 2 was formed by patients with exclusion of
CS and healthy controls. The third group, Metabotype 3,
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Articles

(21-steroids

Overall cortisol metabolite excretion (5a-
THF + THF + THE + a-C + b-C + a-Cl + b-Cl)

(21-steroids
Sum of corticosterone metabolites (THA, THB, aTHB)

459 (346-642)

6552 (4846-7996) 7699 (5674-11,057) 20,687 (14,734-29,907) 14,140 (9965-19,916) 11,723 (6135-14,507)

393 (248-568) 667 (468-1059) 411 (341-513)

CS = Cushing'’s syndrome. PBMAH = primary bilateral macronodular adrenal hyperplasia. Test used: Kruskal-Wallis test.

370 (238-589)

Healthy controls  Rule-out CS Cushing’s disease Unilat. Adren. CS PBMAH p-values
N = 40 N =93 N = 44 N =18 N =13
24-h urinary excretion (in mL) 2060 (1485-2600) 2100 (1500-2780) 2425 (1710-2750) 2265 (1650-3363) 2650 (1450-2810)  0.47
(C18-steroids (estrogens)
Sum of major estrogens (E1 + E2 + E3) 6 (6-41) 21 (6-52) 27 (8-58) 6 (6-22) 19 (6-62) 0.023
C19-steroids
Sum of DHEA and its major metabolites (DHEA + 16a- 582 (260-1287) 667 (266-1329) 1369 (653-2615) 85 (67-172) 209 (142-400) <0.001
OH-DHEA + A5T-160)
C19-steroids
Sum of 11-deoxygenated adrenal androgens 3415 (2000-5116) 3504 (2076-5210) 5246 (3299-8594) 730 (540-1343) 1548 (833-2212)  <0.001
(An + Et + A5-3B,17a + A5-3B,17p + DHEA + 16a-OH-
DHEA + A5 T-16a)
C19-steroids
Sum of 11-oxygenated androgens (11-OH-An, 11-0-An, 863 (554-1102) 600 (431-968) 2297 (1376-3726) 1383 (817-2796) 1970 (1253-2421) <0.001
11-OH-Et)
C19-steroids
Ratio: 11-oxygenated androgens/11-deoxygenated 0.23 (0.18-0.34)  0.17 (0.10-0.31) 0.45 (0.23-0.67) 1.42 (0.92-4.09) 1.27 (0.63-2.29)  <0.001
adrenal androgens
C19-steroids
Ratio: 11-OH-Et/DHEA and its major metabolites 0.66 (0.16-1.08)  0.22 (0.08-0.69) 0.67 (0.29-1.87) 4.98 (3.65-22.57) 2.56 (0.80-11.65) <0.001
(21-steroids
Ratio: Po5h3a/Po5a3a 5.37 (3.47-7.76)  4.78 (3.59-7.28) 8.27 (6.48-13.74) 19.17 (7.94-38.45) 7.85 (4.53-11.72)  <0.001
(21-steroids
Sum of major cortisol metabolites (5a-THF + THF + THE) 4649 (3493-5862) 5440 (3591-7639) 14,111 (9929-20,815) 9301 (6245-13,070) 6601 (3872-9334) <0.001

<0.001

<0.001

Table 2: Most important sums and ratios of steroid excretion rates (medians, ranges; ug/24 h) in Cushing patients and control groups.

mostly consisted of patients with exclusion of CS and
strongly overlapped with Metabotype 1. Metabotype 4
included almost exclusively patients with unilateral ad-
renal CS and PBMAH. Metabotype 5 consisted almost
solely of patients with CD. 16 of 18 PBMAH and 9 of 13
adrenal CS patients are in the same cluster (4). 32 of 44
with CD are in cluster 5. 118 of 133 who are healthy or
rule out CS are in cluster 1, 2 and 3.

Multivariate and ROC-analysis

Univariate logistic