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Abstract: Serum liquid chromatography-tandem mass spectrometry (LC-MS/MS) steroid profiling
is used for the diagnosis of adrenocortical carcinoma (ACC). Guidelines recommend endocrine
work-up in addition to radiological imaging for follow-up in ACC, but data on this topic are scarce.
Patients were included in this retrospective study if pre-therapeutic hormone values, regular tumour
evaluation by imaging, steroid measurements by LC-MS/MS, and details on therapies were available.
The utility of steroid profiles in detecting recurrence or disease progression was assessed, whereby
“endocrine progress” was defined by an elevation of at least 3 of 13 analysed hormones. Cohort A
included 47 patients after R0 resection, of whom 15 experienced recurrence and 32 did not. In cohort
B, 52 patients with advanced disease (including 7 patients of cohort A with recurrence) could be
evaluated on 74 visits when progressive disease was documented. In 20 of 89 cases with documented
disease progression, “endocrine progress” was detectable prior to radiological progress. In these
cases, recurrence/progression was detected at a median of 32 days earlier by steroid measurement
than by imaging, with 11-deoxycortisol and testosterone being the most sensitive markers. Notably,
these patients had significantly larger tumour burden. In conclusion, steroid profiling by LC-MS/MS
is of value in detecting recurrent/progressive disease in ACC.

Keywords: adrenal cancer; follow-up; steroid measurement; liquid chromatography-tandem mass
spectrometry (LC-MS/MS)

1. Introduction

Adrenocortical carcinoma (ACC) is a rare but aggressive endocrine tumour, which
leads to relevant hormone excess in 50-60% of patients [1-4]. The majority of patients
presenting with a hormonal excess suffer from cortisol or androgen hypersecretion alone or
in combination [5,6]. Moreover, elevated steroid hormone precursors, which are typical for
a disorganized steroidogenesis and, thus, almost pathognomonic for ACC, are detectable in
the vast majority of patients with ACC [1,7-11]. Some previous studies demonstrated that
steroid profiling may distinguish ACC from adrenocortical adenoma. This examination can
be performed best by liquid chromatography-tandem mass spectrometry (LC-MS/MS)
either in serum [12-14] or urine [10,15-19]. Suzuki et al. demonstrated a distinction
between cortisol-producing adrenocortical carcinoma and cortisol-producing adenoma by
using serum LC-MS/MS and urine GC-MS measurements. They observed significantly
higher levels of steroid precursors in ACC compared to cortisol-producing adenoma [20].
Both studies by Taylor et al. and Schweitzer et al. indicated significantly increased steroid
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precursors and androgens as distinctive for the primary diagnosis of ACC [12,14]. In
urine, the value of steroidobolomics was already demonstrated in 2011 [10] and recently
confirmed in a large validation study [18].

Currently, the management of patients with ACC includes surgery followed by adju-
vant therapies (e.g., mitotane, radiotherapy or platin-based therapy) or active surveillance
in a subset of low-risk patients with localized disease [1,7,21-30]. Treatment of recurrent
disease is usually individualized [31] whereas in advanced disease, mitotane + chemother-
apy are the cornerstones of therapy [32-34]. However, local therapies can be interesting
treatment options [35-38].

Both ACC guidelines recommend a hormonal evaluation for suspected ACC in-
cluding serum cortisol, aldosterone, 17-hydroxyprogesterone, dehydroepiandrosterone
sulfate (DHEAS), androstenedione, testosterone and 17-beta-estradiol and, if available,
11-deoxycortisol /adrenocortical steroid hormone precursors [1,7].

There was always the perception that these steroids could also serve as useful biomark-
ers for the follow-up of patients in addition to the recommended regular radiological
imaging. Since laboratory work-up is less stressful for patients and less expensive than
imaging, it could be performed more frequently. Such a procedure may facilitate an earlier
detection of recurrences or progression to allow an earlier treatment modification with the
goal to improve survival. Thus, the guidelines recommend regular screening for hormone
secretion during follow-up [1,7]. However, until now, only one single study assessed the
utility of steroid hormone profiling in recurrence detection with GC-MS [15]. This study
utilizing 24 h urine analyses by GC-MS could demonstrate detection of recurrence by
steroid profiling two months earlier in 22% to 39% of patients in comparison to radiological
imaging [15]. However, collection of 24 h urine samples is cumbersome for the patients and
the GC-MS method used is time consuming and only very few centres have access to this
method. In contrast, serum samples are easier to collect and LC-MS/MS is increasingly
used in clinical practice.

In the present study, we aimed to investigate the utility of serum LC-MS/MS steroid
profiling in detecting a recurrent or progressive disease earlier than with radiological imaging.

2. Methods
2.1. Patients

This study was part of the ENSAT registry study (www.ensat.org/registry) (accessed
on 1 January 2016) in our centre in Wiirzburg. It was approved by our local ethics committee
and all patients provided written informed consent. Patients with a primary diagnosis of
ACC since 2016 were included if the following information was available: pre-therapeutic
hormone evaluation, imaging for tumour evaluation every 2-4 months, details on therapies
and follow-up, and regular steroid measurements by LC-MS/MS. Follow-up for this study
was closed in May 2023. Patients with a lack of relevant information on hormone evaluation,
without LC-MS/MS measurements or radiological imaging were excluded.

Demographic, clinical, and histological parameters (sex, age at diagnosis, tumour size,
evidence of hormonal excess, ENSAT tumour stage [39], information on therapies during
follow-up, results of LC-MS/MS measurements, and tumour evaluation during follow-
up) were retrieved from the ENSAT ACC registry and medical records. All histological
diagnoses were confirmed by experienced pathologists. Tumour staging at diagnosis was
based on imaging studies and by the findings during surgery and pathological examination.

Patients were divided in two groups: cohort A consisted of patients with RO resection
and cohort B of patients with advanced ACC with progressive disease during follow-up
(see Figure 1). In the latter group, every visit with documented progress was analysed
separately if all required data were available.
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Figure 1. Patient selection and final cohort. pts = patients, 7 = number.

2.2. Methods and Time Interval for Imaging during Follow-Up

Follow-up imaging was regularly performed in each patient according to current ACC
guidelines [1,7]. Thoraco-abdominal imaging was performed either with a thoracic and
abdomen computed tomography (CT) scan, thoracic CT and abdominal magnetic resonance
imaging (MRI), or with 18-fluoro-2-deoxyglucose (F-18-FDG)-positron emission tomogra-
phy scan including a full diagnostic computed tomography scan (F-18-FDG-PET/CT).

2.3. LC-MS/MS Measurements

All steroid measurements were part of the predefined diagnostic work-up in our centre.
Accordingly, the measurements were performed within a few days (regularly within less
than one week). Measurements were performed with a liquid chromatography-tandem
mass spectrometry system (QTRAP 6500+, SCIEX®, Framingham, MA, USA) including an
Agilent 1290 HPLC (G4226A autosampler, infinityBinPump, G1316C column-oven, G1330B
thermostat, Santa Clara, CA, USA). The MassChrom-Steroids in Serum/Plasma® IVDR
conform kit (Chromsystems®, Grafelfing, Germany) was used, allowing the quantification
of 15 steroid hormones in the positive MRM-Mode (aldosterone, DHEAS in the negative
mode), via corresponding isotope-labelled standards according to the manufacturer’s
instructions. The method was verified following the regulation (EU) 2017 /746 of the Euro-
pean parliament and of the council, Annex 1 (5 April 2017) [40]. Pre-analytic preparation is
based on several steps including separation, cleaning and concentrating of the samples (all
steps are described in detail in the manufacturer’s instructions, IM 72072, 09/2022 R3.1,
p- 18) [41]. Accordingly, 500 pL of serum was processed by off line solid phase extraction
and finally 15 uL was used for analysis. For quantitative analysis of raw data, the Analyst®
Software (1.6.3) via 6-point calibration and 1/x weighting was used. Commercial quality
controls and periodic participation in ring trails ensured the correctness of measurements
for the analytes (lower limit of quantification, LLOQ): aldosterone (10 ng/L), androstene-
dione (0.022 pg/L), 11-deoxycortisol (0.03 ng/L), 11-deoxycorticosteron (0.023 ng/L), 21-
deoxycortisol (0.027 ug/dL), cortisol (0.152 ug/dL), cortisone (0.148 pg/L), corticosterone
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(0.175 ug/L), dehydroepiandrosterone (DHEA) (0.229 pg/L), dehydroepiandrosterone
sulfate (DHEAS) (2.44 pug/dL), dihydrotestosterone (DHT) (42 ng/L), oestradiol (30 ng/L),
progesterone (0.03 pg/L), 17-hydroxyprogesterone (17-OHP) (0.023 ug/L), and testosterone
(bng/L).

The glucocorticoids cortisol and cortisone were excluded as these are uninterpretable
in mitotane-treated ACC patients due to a high-dose glucocorticoid replacement and the
strong induction of the cortisol metabolizing enzyme CYP3A4 by mitotane [42].

2.4. Outcome Assessment

Prior to any analysis, we defined as evidence for biochemical progression or recurrence
(“endocrine progress”) when a minimum of three steroids measured by LC-MS/MS at
a given date were above 1.5-fold of the upper limit of the age- and sex-adjusted normal
range. These cut-offs were chosen based on our clinical experience to avoid too many
false-positive results due to biological and clinical variability. In post-hoc analyses, we
also evaluated if other cut-offs would lead to better results, but this was not the case and,
therefore, we kept the predefined definition. Recurrence and progression were verified
for each case based on routine radiological assessment. Each documented recurrence and
progression were counted as an individual case. Patients with more than one recurrence or
progression were analysed several times.

2.5. Statistical Analysis

Data analysis and graphic representation was completed using SPSS version 26 (IBM
SPSS Statistics) and GraphPad Prism (version 10.0.2, La Jolla, CA, USA). Data are summa-
rized as median (interquartile range) values unless otherwise stated.

Continuous variables were reported as median with lower and upper quartile (Q1-Q3)
if not otherwise specified, whereas categorical variables were reported as numbers and
percentages. Values of steroid hormones were normalized to the upper limit of the ref-
erence range in sex-matched healthy controls. A Two-sided ¢ test or Mann—Whitney test
and ANOVA or Kruskall-Wallis test were used to compare continuous variables, as ap-
propriate, while the chi-square (x?) test was used to compare categorical variables. All
reported p values are two-sided. p values of less than 0.05 were considered to indicate
statistical significance.

3. Results
3.1. Patients’ Characteristics

The total cohort consisted of 92 patients. Cohort A had 47 patients with RO resection,
of whom 15 patients developed recurrence during follow-up and 32 patients remained
without recurrence. Cohort B contained 52 patients with advanced ACC and progressive
disease (including 7 patients of cohort A with recurrence). For patients with progressive
disease occurring more than once, each of these dates was investigated separately, resulting
in a number of 74 cases with progressive disease, leading to total 89 cases with recurrence
or progress documented by imaging (Figure 1). Patients’ characteristics are given in Table 1.
All patients had a histological confirmed ACC and had a preoperative hormone evaluation.
Most of them presented with a glucocorticoid and androgen excess at first diagnosis. All
patients had routine imaging with CT, MRI, and/or FDG/PET-CT every two to four
months. Steroid hormones were measured at every time point of imaging and in some
patients in between by LC-MS/MS.

Age, sex, concomitant therapies, surgical approach, imaging method, median time
to recurrence or progress, and tumour burden at the time of recurrence or progress did
not differ significantly between the three groups, whereas resection status, ENSAT stage,
preoperative hormone excess, Ki67 index, primary tumour size, and follow-up time were
significantly different between the groups (see Table 1).



Metabolites 2024, 14, 20 50f11
Table 1. Patients’ characteristics.
Cohort A Cohort B
Without Recurrence  Recurrent Disease n  Progressive Disease
n=32 =15 n=52 P
Median age—years (IQR) 49.1 (38.3-56.8) 49.1 (34.2-56.1) 45.6 (33.9-58.3) 0.49
Sex—female, 1 (%) 22 (68.8) 6(40) 36 (69.2) 0.095
Preoperative hormone excess 1 (%)
Glucocorticoids (GC) 5(15.6) 5(33.3) 20 (38.5) 0.012
Androgens +/— oestrogen 8 (25) 4(26.7) 12 (23.1)
Oestrogen 0 1(6.7) 0
Mineralocorticoids (M) 0 0 1(1.9)
GC + androgens +/ — oestrogen 5(15.6) 2 (13.3) 8 (15.4)
GC + androgens +/— M 1(3.1) 0 4(7.7)
Inactive 3(9.4) 3 (20) 7 (13.4)
ENGSAT stage at primary diagnosis— (%)
2 29 (90.6) 6 (40) 6(11.5) <0.001
3 3(94) 4(26.7) 17 (32.7)
4 0 5(33.3) 28 (53.8)
Resection status at primary diagnosis— (%)
0 26 (81.3) 15 (100) 18 (34.6) 0.017
1 2(6.2) 0 9(17.3)
2 0 0 0
X 4(12.5) 0 14 (26.9)
No primary surgery 5(9.6)
Data not available 6 (11.6)
Surgical approach—n (%)
Open surgery 28 (87.5) 12 (80) 32 (61.5) 0.085
Minimally invasive surgery 4 (12.5) 3(20) 6 (11.5)
No primary surgery 5(9.6)
Data not available 9(17.4)
Median primary tumour size—mm (IQR) 85 (62-100) 130 (92.5-176.3) 125 (90-155) 0.002
Median Ki67 index of the primary tumour -% (IQR) 15 (5-23) 30 (19-52) 30 (20-50) 0.002
Concomitant mitotane—mn (%) 25(78.1) 10 (66.7) 46 (88.5) * 0.13
Concomitant other therapies
Platin-based chemotherapy 0 10 (66.7) 61 (82.4) * 0.31
Other chemotherapy 0 3(20) 6(8.1)*
Radiation therapy 0 0 3(5.8)*
Median time to recurrence/progress defined by imaging-—
(days) IQR) NA 360 (230-648) 303 (139491) * 0.96
Imaging method—n (%)
Thoracic and abdomen CT 19 (59.4) 8 (53.3) 32 (43.2) * 0.09
Thoracic CT and abdomen MRI 5(15.6) 3 (20) 29 (39.2) *
FDG-PET/CT 8 (25) 4(26.7) 13 (17.6) *
Tumour burden at time of
recurrence/progress—n
Median number of tumoural sites (IQR) NA 1(1-2) 2(1-3)* 0.12
Median sum of tumour diameter 29 (14-65) 65 (32-125.5) * 0.11
(mm; IQR)
<3 cm n (%) 8(53.3) 16 (21,6) * 0.078
3.1—<10 cm 11 (%) 6 (40) 33 (44,6) *
>10 cm n (%) 1(6.7) 20 (27)*
Median follow-up (months) (IQR) 55.5 (28.3-74.9) 30.8 (20.2-65.3) 23.0 (13.7-39.2) * 0.016

Demographics and clinical characteristics of Cohort A and B. Continuous variables were reported as median with
lower and upper quartile (Q1-Q3), whereas categorical variables were reported as numbers and percentages.
IQR, interquartile range; 1, number; mm millimetre; cm centimetre; NA, not applicable, CT, computed tomogra-
phy; MRI, magnetic resonance imaging; FDG-PET/CT 18-fluoro-2-deoxyglucose (F-18-FDG)-positron emission
computed tomography. * Values include 74 cases of 52 patients with a progressive disease.

3.2. Detection of a Recurrence and Progressive Disease

Median time to recurrence (defined by radiologic evaluation) was 360 days in patients
after RO resection (n = 15), whereas time to progression was 303 days in 74 evaluated cases.
In two (13.3%) of 15 patients in cohort A and in 18 (24.3%) of 74 cases in cohort B at least
three steroid hormones were already elevated before the recurrence or progressive disease
could be detected by radiologic imaging. Representative examples are given in Figure 2.
In these 20 cases, recurrence or disease progression was detected after a median of 301
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(118-626) days with radiologic imaging whereas the endocrine alterations were already
visible after 234 (89-540) days (p < 0.001). Recurrence and progression were detected in
a median of 32 (27-65) days earlier by steroid measurement in comparison to radiologic
imaging. If we considered only two elevated steroid hormones as sufficient to define
“endocrine progress”, we could identify four more cases, in which “endocrine progress”
was detectable before radiologic imaging confirmed this progress. The precursor steroid
11-deoxycortisol and testosterone were elevated in the majority of these cases. In most
patients, the pattern of altered steroids was similar between the primary diagnosis and time
of progressive disease. However, we could detect three or more elevated steroids in only 20
of 89 patients with recurrent/progressive disease (22.5%), whereas this was the case in 88%
of patients at the primary diagnosis. Of note, tumour burden was quite different (mean
tumour size at the time of primary diagnosis was 129 mm vs. 82 mm at the detection of
a recurrent or progressive disease; p < 0.001). There was no single case in which steroids
were elevated that were preoperatively within the normal range.
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Figure 2. Heat-map visualization of longitudinal serum steroid profile results in 5 female and
5 male patients who developed recurrent or progressive disease during follow-up. 5 female patients,
from left to right, including 3 cases in whom steroid profiling already indicated progressive disease
before this was detected at imaging, one patient with a false-positive elevation, and one patient
without any hormone elevation ahead of imaging. 5 male patients from left to right including
3 cases with representative hormone elevation before recurrence or progressive disease, one patient
with a false-positive elevation, and one patient without any hormone elevation. Y axis shows
longitudinal hormone measurements. Last measurement indicated the detected R recurrence or
P progressive disease by radiologic imaging. X axis shows steroids. A: oestrogen; B: testosterone;
C: dihydrotestosterone; D: progesterone, E: 17-OHP; F: androstenedione; G: DHEAS; H: DHEA;
I: aldosterone, J: 11-deoxycortisol; K: 11-deoxycorticosterone; L: 21-deoxycortisol; M: corticosterone.
The colour code on the right side indicates the degree of hormone excess in %, 100 indicates the upper
limit of normal of each hormone (in a sex- and age-adjusted manner).

In 25/89 cases, no steroid hormones were elevated although a recurrence or a pro-
gressive disease was confirmed by radiologic imaging, whereas the remaining 44 /89 cases
either had only 1-2 elevated steroids or the altered hormone pattern was only detected at
the time when the progress was also documented by imaging.

In 12/32 (37.5%) patients, steroid hormones, in most of the cases only 11-deoxycortisol,
were elevated without any recurrence or progressive disease. However, in only 5/89 pa-
tients (5.6%) with recurrent or progressive disease an “endocrine progress” (defined by at
least 3 elevated steroids) was falsely diagnosed.

Finally, patients with an early detection of a recurrence or a progression were compared
to patients without reliable elevated steroid hormones. We saw again a significant difference
in the documented tumour mass in patients with or without an early detection (11.4 cm
vs. 7.4 cm; p < 0.05; Table 2). Furthermore, mitotane could have an influence on steroid
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elevation since one third of patients without a clear steroid elevation had a mitotane plasma
level above 14 mg/L, whereas this was only the case in 10% with an earlier “endocrine
progress” (Table 2).

Table 2. Possible factors influencing steroid elevation before recurrence or progressive disease in
89 cases with recurrence and progressive disease during follow-up. n: number; mm: millimetre;
mg/L: milligram per litre.

Endocrine Progress Prior to
Radiological Progress

Yes (n = 20) No (n = 69) p
Mean sum of tumour dlamefcer at the 1138 737 0.039
time of recurrence/progression, mm
Mean number of tumoural s.ltes at the 25 1.9 0.009
time of recurrence/progression, n
Mitotane therapy at the zlme of 19 (95) 57 (82.6) 017
recurrence/progress, 1 (%)
Mitotane blood level >14 mg/L at the 2 (10) 25 (36.2) 0.034

time of recurrence/progress, 1 (%)

4. Discussion

Despite the fact that several reviews and international guidelines recommend steroid
measurements during follow-up of patients with ACC, this is—to our knowledge—the
first study investigating the utility of serum LC-MS/MS steroid profiling for the detection
of recurrent or progressive disease in patients with ACC. We could demonstrate that in
almost a quarter of cases, “endocrine progress” could be detected within a median of
32 days earlier than imaging diagnosed progressive disease. We defined upfront that we
counted, as “endocrine progress”, only cases in which at least 3 of 13 adrenal steroids
were elevated. With this approach, the number of false-positive samples was as low
as 5%. Thus, our study clearly suggests that endocrine follow-up is complementary to
imaging. If this result is confirmed by another study, one can even imagine that in a subset
of patients (e.g., those with highly elevated hormones prior treatment) regular steroid
profiling could be performed to trigger imaging and therefore prolonging the interval
between two imaging procedures.

Until now, there are several studies about the use of serum LC-MS/MS measurements
as a diagnostic tool for primary diagnosis of ACC [10,12,14,20]. The only study investigating
steroid measurements for detection of a recurrent disease is by Chortis et al. [15]. In this
study, the use of GC-MS steroid measurements in 32 patients with a recurrence was
analysed. Here, the detection of recurrence by steroid profiling preceded detection by
imaging by more than two months in 22% to 39% of patients (depending on the individual
judgment of three independent investigators). Thus, our results, with an earlier detection in
22.5% of cases, are clearly in line with this study. However, our serum method has at least
two main advantages: collecting a single serum sample is much less cumbersome for the
patient and the applied LC-MS/MS method is much more widely available in comparison
to GC-MS.

One factor influencing the increase of steroid levels could be tumour burden since
patients with earlier “endocrine progress” had a significantly higher tumour mass at the
time of recurrence or progression in comparison to patients in whom endocrine work-up
did not detect progressive disease earlier. Along the same line, at least 3 adrenal steroids
were elevated in more than 85% of patients at primary diagnosis—a time when tumour
burden was significantly higher than at the time of recurrent or progressive disease. Similar
to our findings, tumour mass seemed to influence steroid increase in the study by Chortis
et al. since steroid elevation was higher at primary diagnosis in patients with higher
tumour mass compared to a lower steroid increase at recurrence in patients with lower
tumour volume [15]. Another factor influencing steroid measurement could be the activity
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of the CYP3A4 enzyme [42]. Although mitotane therapy per se seemed not to decrease the
likelihood of detecting an early “endocrine progress”, in patients with a plasma level of
more than 14 mg/L the sensitivity of steroid profiling seemed to be reduced.

We certainly have to acknowledge that our study has several limitations. The main
weakness is the retrospective study design. Therefore, we cannot exclude that several con-
founding variables (e.g., tumour burden, different intervals between the blood samplings,
and co-treatment with mitotane) account for differences seen in patients with recurrence
and altered hormone profiles. A second obvious limitation is the limited number of patients.
Since we could include only patients who had their regular follow-up at our centre, we
had to exclude many patients, but in the interest of accurate data this approach seemed
adequate. Third, our cut-offs were defined upfront based on clinical experience and are
not yet validated. In addition, we cannot definitely explain if and to what extent mitotane
therapy might interfere with an early detection of progressive disease by steroid profiling.
However, one can speculate that the number of patients with elevated steroids at the time
of recurrence or disease progression could be even higher if they were not treated with
mitotane. Furthermore, our results may be restricted to steroid profiling by LC-MS/MS and
should not be simply interpolated to immunoassays. However, the applied LC-MS/MS
method is commercially available and used more and more in several countries.

In conclusion, we could demonstrate in 22.5% of our investigated cases with ACC an
earlier detection of recurrent or progressive disease by serum LC-MS/MS profiling. Thus,
our findings suggest that serum LC-MS/MS is a reliable tool especially in patients with
significant tumour volume. Therefore, our study provides new evidence that the proposal
of the international guidelines to also measure adrenal hormones during follow-up of
patients with ACC is reasonable. Further prospective studies have to define if this method
can be used to adapt the interval for imaging in a subset of patients. Such multicentre trials
should now be initiated by international networks like ENSAT and A5.

Author Contributions: O.K.: Conceptualization; Data curation; Formal analysis; Visualization;
Writing—original draft. B.A.: Review & editing. U.D.: Review & editing. C.T.E.: Review & editing.
M.K.: Responsible for the hormone measurements; review & editing. M.F.: Conceptualization; Data
curation; Formal analysis; Funding acquisition; Writing—review & editing; Supervision. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Clinician Scientist programme RISE funded by the Else
Kroner-Fresenius-Stiftung & the Eva Luise und Horst Kohler Stiftung and the German Research
Foundation (DFG) project 314061271 (TRR-CRC 205).

Institutional Review Board Statement: This cohort study was part of the ENSAT registry study (www.
ensat.org/registry) in our reference centre for ACC in Wiirzburg. It was conducted in accordance with
the Declaration of Helsinki and approved by the ethics committees at the University of Wiirzburg
(#88/11) on 17 May 2011.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: ACC is a ultrarare disease and patient privacy is important. However,
we are committed to sharing data with all qualified external researchers. Requests have to be sent to
the corresponding authors. All data provided are anonymised to respect the privacy of the patients.

Acknowledgments: This study was made possible by the ACC database of the European Network for
the Study of Adrenal Tumors (ENSAT). We are thankful for continuous help in data documentation
from Michaela Haaf.

Conflicts of Interest: M.F. has served in an advisory board of HRA Pharma on the management of
adrenocortical carcinoma. Remunerations were paid to his university hospital. O.K. received speaker
honoraria from HRA Pharma. B.A., U.D., C.T.F. and M.K. declare that they have no known competing
financial interests or personal relationships that could have appeared to influence the work reported
in this paper.


www.ensat.org/registry
www.ensat.org/registry

Metabolites 2024, 14, 20 9of 11

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Fassnacht, M.; Dekkers, O.M.; Else, T.; Baudin, E.; Berruti, A.; de Krijger, R.; Haak, H.R.; Mihai, R.; Assie, G.; Terzolo, M. European
Society of Endocrinology Clinical Practice Guidelines on the management of adrenocortical carcinoma in adults, in collaboration
with the European Network for the Study of Adrenal Tumors. Eur. J. Endocrinol. 2018, 179, G1-G46. [CrossRef] [PubMed]
Ghosh, C.; Hu, J.; Kebebew, E. Advances in translational research of the rare cancer type adrenocortical carcinoma. Nat. Rev.
Cancer 2023, 23, 805-824. [CrossRef] [PubMed]

Tierney, J.F.; Chivukula, S.V,; Poirier, J.; Pappas, S.G.; Schadde, E.; Hertl, M.; Kebebew, E.; Keutgen, X. National Treatment Practice
for Adrenocortical Carcinoma: Have They Changed and Have We Made Any Progress? J. Clin. Endocrinol. Metab. 2019, 104,
5948-5956. [CrossRef] [PubMed]

Else, T.; Kim, A.C.; Sabolch, A.; Raymond, V.M.; Kandathil, A.; Caoili, E.M.; Jolly, S.; Miller, B.S.; Giordano, T.J.; Hammer, G.D.
Adrenocortical carcinoma. Endocr. Rev. 2014, 35, 282-326. [CrossRef] [PubMed]

Puglisi, S.; Calabrese, A.; Ferrau, F; Violi, M.A.; Lagana, M.; Grisanti, S.; Ceccato, F.; Scaroni, C.; Di Dalmazi, G.; Stigliano, A.; et al.
New Findings on Presentation and Outcome of Patients With Adrenocortical Cancer: Results From a National Cohort Study.
J. Clin. Endocrinol. Metab. 2023, 108, 2517-2525. [CrossRef] [PubMed]

Sada, A.; Foster, T.R.; Al-Ward, R.; Sawani, S.; Charchar, H.; Pishdad, R.; Ben-Shlomo, A.; Dy, B.M.; Lyden, M.L.; Bergsland,
E.; et al. The effect of hormonal secretion on survival in adrenocortical carcinoma: A multi-center study. Surgery 2023, 175, 80-89.
[CrossRef]

Fassnacht, M.; Assie, G.; Baudin, E.; Eisenhofer, G.; de la Fouchardiere, C.; Haak, H.R.; de Krijger, R.; Porpiglia, F,; Terzolo, M.;
Berruti, A. drenocortical carcinomas and malignant phaeochromocytomas: ESMO-EURACAN Clinical Practice Guidelines for
diagnosis, treatment and follow-up. Ann. Oncol. 2020, 31, 1476-1490. [CrossRef] [PubMed]

Libe, R. Adrenocortical carcinoma (ACC): Diagnosis, prognosis, and treatment. Front. Cell Dev. Biol. 2015, 3, 45. [CrossRef]
Vanbrabant, T.; Fassnacht, M.; Assie, G.; Dekkers, O.M. Influence of hormonal functional status on survival in adrenocortical
carcinoma: Systematic review and meta-analysis. Eur. J. Endocrinol. 2018, 179, 429-436. [CrossRef]

Arlt, W,; Biehl, M,; Taylor, A.E.; Hahner, S.; Libé, R.; Hughes, B.A.; Schneider, P.; Smith, D.].; Stiekema, H.; Krone, N.; et al.
Urine steroid metabolomics as a biomarker tool for detecting malignancy in adrenal tumors. . Clin. Endocrinol. Metab. 2011, 96,
3775-3784. [CrossRef]

Fassnacht, M.; Tsagarakis, S.; Terzolo, M.; Tabarin, A.; Sahdev, A.; Newell-Price, J.; Pelsma, I.; Marina, L.; Lorenz, K.; Bancos,
I.; et al. European Society of Endocrinology clinical practice guidelines on the management of adrenal incidentalomas, in
collaboration with the European Network for the Study of Adrenal Tumors. Eur. |. Endocrinol. 2023, 189, G1-G42. [CrossRef]
[PubMed]

Schweitzer, S.; Kunz, M.; Kurlbaum, M.; Vey, J.; Kend], S.; Deutschbein, T.; Hahner, S.; Fassnacht, M.; Dandekar, T.; Kroiss,
M. Plasma steroid metabolome profiling for the diagnosis of adrenocortical carcinoma. Eur. J. Endocrinol. 2019, 180, 117-125.
[CrossRef] [PubMed]

Berke, K.; Constantinescu, G.; Masjkur, J.; Kimpel, O.; Dischinger, U.; Peitzsch, M.; Kwapiszewska, A.; Dobrowolski, P.; Nolting,
S.; Reincke, M.; et al. Plasma Steroid Profiling in Patients with Adrenal Incidentaloma. J. Clin. Endocrinol. Metab. 2022, 107,
€1181-e1192. [CrossRef] [PubMed]

Taylor, D.R.; Ghataore, L.; Couchman, L.; Vincent, R.P.; Whitelaw, B.; Lewis, D.; Diaz-Cano, S.; Galata, G.; Schulte, K.M.; Aylwin,
S.; et al. A 13-Steroid Serum Panel Based on LC-MS/MS: Use in Detection of Adrenocortical Carcinoma. Clin. Chem. 2017, 63,
1836-1846. [CrossRef] [PubMed]

Chortis, V.; Bancos, I.; Nijman, T.; Gilligan, L.C.; Taylor, A.E.; Ronchi, C.L.; O'Reilly, M.W.; Schreiner, J.; Asia, M.; Riester, A.; et al.
Urine Steroid Metabolomics as a Novel Tool for Detection of Recurrent Adrenocortical Carcinoma. J. Clin. Endocrinol. Metab. 2020,
105, e307—-e318. [CrossRef]

Kerkhofs, TM.; Kerstens, M.N.; Kema, LP.; Willems, T.P; Haak, H.R. Diagnostic Value of Urinary Steroid Profiling in the
Evaluation of Adrenal Tumors. Horm. Cancer 2015, 6, 168-175. [CrossRef]

Velikanova, L.I; Shafigullina, Z.R.; Lisitsin, A.A.; Vorokhobina, N.V.; Grigoryan, K.; Kukhianidze, E.A.; Strelnikova, E.G;
Krivokhizhina, N.S.; Krasnov, L.M.; Fedorov, E.A.; et al. Different Types of Urinary Steroid Profiling Obtained by High-
Performance Liquid Chromatography and Gas Chromatography-Mass Spectrometry in Patients with Adrenocortical Carcinoma.
Horm. Cancer 2016, 7, 327-335. [CrossRef] [PubMed]

Bancos, I.; Taylor, A.E.; Chortis, V.; Sitch, A.].; Jenkinson, C.; Davidge-Pitts, C.J.; Lang, K.; Tsagarakis, S.; Macech, M.; Riester,
A.; et al. Urine steroid metabolomics for the differential diagnosis of adrenal incidentalomas in the EURINE-ACT study: A
prospective test validation study. Lancet Diabetes Endocrinol. 2020, 8, 773-781. [CrossRef]

Vogg, N.; Miiller, T.; Floren, A.; Dandekar, T.; Riester, A.; Dischinger, U.; Kurlbaum, M.; Kroiss, M.; Fassnacht, M. Simplified
urinary steroid profiling by LC-MS as diagnostic tool for malignancy in adrenocortical tumors. Clin. Chim. Acta 2023, 543, 117301.
[CrossRef]


https://doi.org/10.1530/EJE-18-0608
https://www.ncbi.nlm.nih.gov/pubmed/30299884
https://doi.org/10.1038/s41568-023-00623-0
https://www.ncbi.nlm.nih.gov/pubmed/37857840
https://doi.org/10.1210/jc.2019-00915
https://www.ncbi.nlm.nih.gov/pubmed/31361313
https://doi.org/10.1210/er.2013-1029
https://www.ncbi.nlm.nih.gov/pubmed/24423978
https://doi.org/10.1210/clinem/dgad199
https://www.ncbi.nlm.nih.gov/pubmed/37022947
https://doi.org/10.1016/j.surg.2023.04.070
https://doi.org/10.1016/j.annonc.2020.08.2099
https://www.ncbi.nlm.nih.gov/pubmed/32861807
https://doi.org/10.3389/fcell.2015.00045
https://doi.org/10.1530/EJE-18-0450
https://doi.org/10.1210/jc.2011-1565
https://doi.org/10.1093/ejendo/lvad066
https://www.ncbi.nlm.nih.gov/pubmed/37318239
https://doi.org/10.1530/EJE-18-0782
https://www.ncbi.nlm.nih.gov/pubmed/30481155
https://doi.org/10.1210/clinem/dgab751
https://www.ncbi.nlm.nih.gov/pubmed/34665854
https://doi.org/10.1373/clinchem.2017.277624
https://www.ncbi.nlm.nih.gov/pubmed/28904054
https://doi.org/10.1210/clinem/dgz141
https://doi.org/10.1007/s12672-015-0224-3
https://doi.org/10.1007/s12672-016-0267-0
https://www.ncbi.nlm.nih.gov/pubmed/27370636
https://doi.org/10.1016/S2213-8587(20)30218-7
https://doi.org/10.1016/j.cca.2023.117301

Metabolites 2024, 14, 20 10 of 11

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Suzuki, S.; Minamidate, T.; Shiga, A.; Ruike, Y.; Ishiwata, K.; Naito, K.; Ishida, A.; Deguchi, H.; Fujimoto, M.; Koide, H.; et al.
Steroid metabolites for diagnosing and predicting clinicopathological features in cortisol-producing adrenocortical carcinoma.
BMC Endocr. Disord. 2020, 20, 173. [CrossRef]

Sinclair, T.J.; Gillis, A.; Alobuia, WM.; Wild, H.; Kebebew, E. Surgery for adrenocortical carcinoma: When and how? Best Pract.
Res. Clin. Endocrinol. Metab. 2020, 34, 101408. [CrossRef] [PubMed]

Kiseljak-Vassiliades, K.; Bancos, I.; Hamrahian, A.; Habra, M.; Vaidya, A.; Levine, A.C.; Else, T. American Association of Clinical
Endocrinology Disease State Clinical Review on the Evaluation and Management of Adrenocortical Carcinoma in an Adult: A
Practical Approach. Endocr. Pract. 2020, 26, 1366-1383. [CrossRef]

Bedrose, S.; Daher, M.; Altameemi, L.; Habra, M.A. Adjuvant Therapy in Adrenocortical Carcinoma: Reflections and Future
Directions. Cancers 2020, 12, 508. [CrossRef] [PubMed]

Puglisi, S.; Calabrese, A.; Basile, V.; Pia, A.; Reimondo, G.; Perotti, P.; Terzolo, M. New perspectives for mitotane treatment of
adrenocortical carcinoma. Best Pract. Res. Clin. Endocrinol. Metab. 2020, 34, 101415. [CrossRef] [PubMed]

Sarvestani, A.L.; Gregory, S.N.; Teke, M.E.; Terzolo, M.; Berruti, A.; Hernandez, ].M.; Habra, M.A. Mitotane With or Without
Cisplatin and Etoposide for Patients with a High Risk of Recurrence in Stages 1-3 Adrenocortical Cancer After Surgery. Ann.
Surg. Oncol. 2023, 30, 680-682. [CrossRef] [PubMed]

Terzolo, M.; Fassnacht, M.; Perotti, P.,; Libé, R.; Kastelan, D.; Lacroix, A.; Arlt, W.; Haak, H.R.; Loli, P.; Decoudier, B.; et al.
Adjuvant mitotane versus surveillance in low-grade, localised adrenocortical carcinoma (ADIUVO): An international, multicentre,
open-label, randomised, phase 3 trial and observational study. Lancet Diabetes Endocrinol. 2023, 11, 720-730. [CrossRef]

Kimpel, O.; Bedrose, S.; Megerle, F,; Berruti, A.; Terzolo, M.; Kroiss, M.; Mai, K.; Dekkers, O.M.; Habra, M. A.; Fassnacht, M.
Adjuvant platinum-based chemotherapy in radically resected adrenocortical carcinoma: A cohort study. Br. J. Cancer 2021, 125,
1233-1238. [CrossRef]

Basile, V.; Puglisi, S.; Calabrese, A.; Pia, A.; Perotti, P.; Berruti, A.; Reimondo, G.; Terzolo, M. Unwanted Hormonal and Metabolic
Effects of Postoperative Adjuvant Mitotane Treatment for Adrenocortical Cancer. Cancers 2020, 12, 2615. [CrossRef]

Gharzai, L.A.; Green, M.D.; Griffith, K.A; Else, T.; Mayo, C.S.; Hesseltine, E.; Spratt, D.E.; Ben-Josef, E.; Sabolch, A.; Miller,
B.S.; et al. Adjuvant Radiation Improves Recurrence-Free Survival and Overall Survival in Adrenocortical Carcinoma. J. Clin.
Endocrinol. Metab. 2019, 104, 3743-3750. [CrossRef]

Al-Ward, R.; Zsembery, C.; Habra, M.A. Adjuvant therapy in adrenocortical carcinoma: Prognostic factors and treatment options.
Endocr. Oncol. 2022, 2, R90-R101. [CrossRef]

Calabrese, A.; Puglisi, S.; Borin, C.; Basile, V.; Perotti, P.; Pia, A.; Berchialla, P.; Volante, M.; Fiori, C.; Porpiglia, F.; et al. The
management of postoperative disease recurrence in patients with adrenocortical carcinoma: A retrospective study in 106 patients.
Eur. |. Endocrinol. 2023, 188, lvad002. [CrossRef] [PubMed]

Lagana, M.; Grisanti, S.; Cosentini, D.; Ferrari, V.D.; Lazzari, B.; Ambrosini, R.; Sardini, C.; Volta, A.D.; Palumbo, C.; Poliani,
PL.; et al. Efficacy of the EDP-M Scheme Plus Adjunctive Surgery in the Management of Patients with Advanced Adrenocortical
Carcinoma: The Brescia Experience. Cancers 2020, 12, 941. [CrossRef] [PubMed]

Puglisi, S.; Calabrese, A.; Basile, V.; Ceccato, F,; Scaroni, C.; Altieri, B.; Della Casa, S.; Loli, P; Pivonello, R.; De Martino, M.C.; et al.
Mitotane Concentrations Influence Outcome in Patients with Advanced Adrenocortical Carcinoma. Cancers 2020, 12, 740.
[CrossRef] [PubMed]

Fassnacht, M.; Terzolo, M.; Allolio, B.; Baudin, E.; Haak, H.; Berruti, A.; Welin, S.; Schade-Brittinger, C.; Lacroix, A.; Jarzab, B.; et al.
Combination chemotherapy in advanced adrenocortical carcinoma. N. Engl. . Med. 2012, 366, 2189-2197. [CrossRef] [PubMed]
Veltri, A.; Basile, D.; Calandri, M.; Bertaggia, C.; Volante, M.; Porpiglia, F.; Calabrese, A.; Puglisi, S.; Basile, V.; Terzolo, M.
Oligometastatic adrenocortical carcinoma: The role of image-guided thermal ablation. Eur. Radiol. 2020, 30, 6958-6964. [CrossRef]
[PubMed]

Srougi, V.; Bancos, I.; Daher, M,; Lee, ].E.; Graham, P.H.; Karam, J.A.; Henriquez, A.; McKenzie, TJ.; Sada, A.; Bourdeau, I; et al.
Cytoreductive Surgery of the Primary Tumor in Metastatic Adrenocortical Carcinoma: Impact on Patients” Survival. J. Clin.
Endocrinol. Metab. 2022, 107, 964-971. [CrossRef]

Roux, C.; Boileve, A.; Faron, M.; Lamartina, L.; Delpla, A.; Tselikas, L.; Durand-Labrunie, J.; Hescot, S.; de Baere, T.; Hadoux,
J.; et al. Loco-Regional Therapies in Oligometastatic Adrenocortical Carcinoma. Cancers 2022, 14, 2730. [CrossRef]

Boileve, A.; Mathy, E.; Roux, C.; Faron, M.; Hadoux, ].; Tselikas, L.; Al Ghuzlan, A.; Hescot, S.; Leboulleux, S.; de Baere, T.; et al.
Combination of Mitotane and Locoregional Treatments in Low-volume Metastatic Adrenocortical Carcinoma. J. Clin. Endocrinol.
Metab. 2021, 106, e4698-e4707. [CrossRef]

Fassnacht, M.; Johanssen, S.; Quinkler, M.; Bucsky, P.; Willenberg, H.S.; Beuschlein, F,; Terzolo, M.; Mueller, H.H.; Hahner, S.;
Allolio, B. Limited prognostic value of the 2004 International Union Against Cancer staging classification for adrenocortical
carcinoma: Proposal for a Revised TNM Classification. Cancer 2009, 115, 243-250. [CrossRef]

Regulation (EU) 2017/746 of the European Parliament and of the Council of 5 April 2017 on in vitro diagnostic medical devices
and repealing Directive 98/79/EC and Commission Decision 2010/227/EU 2017. Available online: https://eur-lex.europa.eu/
legal-content/EN/TXT /?uri=CELEX:32017R0746 (accessed on 1 January 2016).


https://doi.org/10.1186/s12902-020-00652-y
https://doi.org/10.1016/j.beem.2020.101408
https://www.ncbi.nlm.nih.gov/pubmed/32265101
https://doi.org/10.4158/DSCR-2020-0567
https://doi.org/10.3390/cancers12020508
https://www.ncbi.nlm.nih.gov/pubmed/32098326
https://doi.org/10.1016/j.beem.2020.101415
https://www.ncbi.nlm.nih.gov/pubmed/32179008
https://doi.org/10.1245/s10434-022-12725-4
https://www.ncbi.nlm.nih.gov/pubmed/36305989
https://doi.org/10.1016/S2213-8587(23)00193-6
https://doi.org/10.1038/s41416-021-01513-8
https://doi.org/10.3390/cancers12092615
https://doi.org/10.1210/jc.2019-00029
https://doi.org/10.1530/EO-22-0050
https://doi.org/10.1093/ejendo/lvad002
https://www.ncbi.nlm.nih.gov/pubmed/36655273
https://doi.org/10.3390/cancers12040941
https://www.ncbi.nlm.nih.gov/pubmed/32290298
https://doi.org/10.3390/cancers12030740
https://www.ncbi.nlm.nih.gov/pubmed/32245135
https://doi.org/10.1056/NEJMoa1200966
https://www.ncbi.nlm.nih.gov/pubmed/22551107
https://doi.org/10.1007/s00330-020-07019-w
https://www.ncbi.nlm.nih.gov/pubmed/32621242
https://doi.org/10.1210/clinem/dgab865
https://doi.org/10.3390/cancers14112730
https://doi.org/10.1210/clinem/dgab449
https://doi.org/10.1002/cncr.24030
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32017R0746
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32017R0746

Metabolites 2024, 14, 20 11 of 11

41. Instruction manual for LC-MS/MS determination MassChrom®Steroids in serum/plasma (order No. 72072) Vers. EN 09/2022
R3.1. Available online: https://chromsystems.com/de/mwdownloads/download/link/id/5319/ (accessed on 1 January 2016).

42.  Chortis, V.; Taylor, A.E.; Schneider, P.; Tomlinson, ].W.; Hughes, B.A.; O’'Neil, D.M.; Libé, R.; Allolio, B.; Bertagna, X.; Bertherat,
J.; et al. Mitotane therapy in adrenocortical cancer induces CYP3A4 and inhibits 5a-reductase, explaining the need for personalized
glucocorticoid and androgen replacement. J. Clin. Endocrinol. Metab. 2013, 98, 161-171. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://chromsystems.com/de/mwdownloads/download/link/id/5319/
https://doi.org/10.1210/jc.2012-2851

	Introduction 
	Methods 
	Patients 
	Methods and Time Interval for Imaging during Follow-Up 
	LC–MS/MS Measurements 
	Outcome Assessment 
	Statistical Analysis 

	Results 
	Patients’ Characteristics 
	Detection of a Recurrence and Progressive Disease 

	Discussion 
	References

