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Simple Summary: Medullary thyroid carcinoma (MTC) is a rare disease and accounts for about 5%
of thyroid carcinomas. In contrast to other thyroid cancers, MTC can be detected by calcitonin (Ctn)
measurement in blood samples. However, the interpretation of Ctn values is difficult since reference
values for Ctn are sex-specific, assay-dependent, and can also be elevated in benign thyroid diseases
and certain extrathyroidal conditions. Here, we report on the results of Ctn screening in 12,984 adult
patients with thyroid nodules from our nuclear medicine practice. The Ctn values were elevated in
207 (1.6%) patients. Further clarification was possible in 124/207 cases, of which MTC could be ruled
out in 108 cases. In 16/12,984 patients, MTC was confirmed. Thus, the extrapolated MTC prevalence
is 0.14% in our patients. We thus recommend Ctn screening even in patients with very small thyroid
nodules. High quality standards in pre-analytics, Ctn measurement, and the interpretation of data
must be ensured.

Abstract: Background: We provide an update on calcitonin (Ctn) screening for the early detection
of medullary thyroid carcinoma (MTC) and present the results of a large single-center analysis
evaluating sex-specific cut-off-levels and long-term courses. Methods: A total of 12,984 consecutive
adult patients (20.1% male and 79.9% female) with thyroid nodules who had undergone routine Ctn
measurement were retrospectively analyzed. Patients with confirmed suspicious Ctn values were
referred for surgery. Results: Ctn measurements were elevated in 207 (1.6%) patients, with values
below twice the sex-specific reference limit in 82% of these cases. Further clarification was possible
in 124/207 cases, of which MTC could be ruled out in 108 cases. Histopathological assessment
confirmed MTC in 16/12,984 patients. Conclusions: Our extrapolated MTC prevalence of 0.14% is
significantly lower than that described in early international screening studies. The stimulation test
can usually be dispensable when using a decision-making concept based on sex-specific basal Ctn
cut-off values. Ctn screening is recommended even in patients with very small thyroid nodules. High
quality standards in pre-analytics, laboratory measurements, and the interpretation of data must be
ensured, as well as close interdisciplinary cooperation between medical disciplines.

Keywords: medullary thyroid cancer; calcitonin; calcitonin screening; routine calcitonin
measurement; nodular thyroid disease; calcium stimulation test
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1. Introduction

Calcitonin (Ctn) is a polypeptide hormone, the mature (monomeric) form of which
consists of 32 amino acids with a disulfide bridge between positions 1 and 7, and it
is mainly produced by the C-cells of the thyroid gland. Ctn has been established as a
tumor marker for confirmed and treated medullary thyroid carcinoma (MTC) since the
1970s [1]. Since then, the measurement methods have continuously improved in terms of
diagnostic sensitivity and specificity. In 2004, the Thyroid Section of the DGE (Deutsche
Gesellschaft für Endokrinologie = German Society of Endocrinology) recommended routine
Ctn measurement for the detection of MTC in patients with thyroid nodules [2]. The
recommendation derived from international studies published between 1994 and 2002
in which the average MTC prevalence in the screening groups was determined to be
0.78% (evaluation of 8 studies with a total of 14,247 patients). The core argument for this
recommendation was that MTCs can be detected biochemically more frequently in the early
stages—usually before the occurrence of metastases—with a consecutive improvement in
surgical results, in particular, an increased chance of curative intervention [3–6].

In the time since then, some general conditions have changed. In more recent Ctn
screening studies, a significantly lower prevalence of MTC was described than in the initial
publications (in the three published German studies only up to 0.2%), and the importance
of sex-specific Ctn reference ranges has now been generally accepted for several years. In
addition, since 2010/2011, pentagastrin is no longer approved or is no longer available
as a stimulant for the differential diagnosis of equivocal (only moderate—up to about
50 pg/mL) basal Ctn elevations. Alternatively, the calcium stimulation test was sug-
gested [7–9]. Yet, this test can also lead to false-positive results—for example in the case of
papillary thyroid carcinomas (PTC) [10,11]—and its advantage of over-optimized basal Ctn
threshold values has increasingly been questioned in recent years [12,13]. Because of these
findings and different views on the health–economic analysis, there is no international
consensus on Ctn screening to this day. Hence, screening is not generally recommended in
the guidelines of various important professional societies, such as the current guidelines of
the American Thyroid Association (ATA) [14,15].

MTC is certainly a rare disease. However, assuming that only 1–2 MTC cases per
1000 screened patients are being detected, its prevalence is higher than that of other estab-
lished screening programs. For example, the epidemiological data for metabolic diseases,
which in Germany must be recorded at the screening of newborns, reveal a prevalence of
1:3600 for congenital hypothyroidism (with a true-positive rate of 30% for an increased TSH
value in the screening), 1:10,000 for phenylketonuria, 1:12,900 for adrenogenital syndrome,
1:68,000 for galactosemia, and only 1:160,000 for maple syrup urine disease. A study con-
ducted in the USA [16] showed that Ctn screening in patients undergoing evaluation for
thyroid nodules appears to be cost-effective, with cost-effectiveness comparable to TSH
screening for congenital hypothyroidism, colonoscopy, and mammography screening.

We recently published a meta-analysis on the diagnostic accuracy of routine calcitonin
measurement for the detection of medullary thyroid carcinoma in the management of pa-
tients with nodular thyroid disease [17]. This study was based on the published literature
up to and including 2020 and yielded the following pooled estimates: sensitivity 0.99
(95% CI, 0.81–1.00), specificity 0.99 (95% CI, 0.97–0.99), positive likelihood ratio 72.4
(95% CI, 32.3–162.1), and negative likelihood ratio 0.01 (95% CI, 0.00–0.23). Since it has not
been clarified whether data collected elsewhere can be easily transferred to each country or
region (e.g., due to different epidemiological and environmental conditions) and the fact
that the previous studies mostly did not consider sex-specific cut-off values, we carried
out a retrospective mono-center study. Due to the very low MTC prevalence of <<1%, we
included a large number of patients in the analysis to increase the statistical certainty of the
data collected.

Our present study and paper pursued the following objectives:

1. To determine the spectrum of screening Ctn values and the current MTC prevalence
in the Rhine–Ruhr area, the region with the highest population density in Germany;
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2. To examine the impact of stimulation tests (especially the calcium stimulation test) vs.
different, sex-specific basal Ctn cut-off values on Ctn screening;

3. To analyze the characteristics of the MTC cases detected by Ctn screening regarding
Ctn values and sex distribution;

4. To understand and discuss the basic problems of Ctn screening for MTC.

In a second publication that will shortly be submitted for review, we will report on
the surgical measures in MTC patients detected by Ctn screening and the outcomes. In
particular, we will report ultrasonographic findings, TNM stages and germline RET proto-
oncogene results, the significance of histologic findings of desmoplastic stromal reaction
and analyze the correlation between tumor size and Ctn values.

2. Materials and Methods
2.1. Eligibility Criteria

For this retrospective study, we analyzed the database of the medical practice for
nuclear medicine in Duisburg, Germany, focusing on all patients undergoing routine Ctn
measurement due to thyroid nodules from November 2008 to November 2014. Patients
who underwent surgery and recieved a histological diagnosis of medullary thyroid cancer
and patients with unclear or borderline Ctn elevations were followed, if possible, until
April 2022. The following inclusion criteria for Ctn screening were defined:

# The presence of at least one thyroid nodule that is detectable by ultrasonography
(down to about 2 mm size);

# Age ≥ 18 years.

Exclusion criteria:

# Advanced kidney disease *;
# Known Ctn elevations **;
# Personal or family history of thyroid carcinoma or MEN **;
# Known mutations of the RET proto-oncogene **;
# (* Because in the case of advanced renal insufficiency, non-specific increased Ctn values

are often measured even with a Ctn assay, which detects the mature (monomeric)
Ctn form with high selectivity; ** in order to avoid a preselection bias, which would
simulate an unrepresentatively high MTC prevalence in the examined patients).

2.2. Ctn Measurement

Blood samples for routine Ctn measurement were collected in standard serum mono-
vettes (an S-monovette with a clot activator, Sarstedt, Nümbrecht, Germany). The patients
did not have to be fasted for blood collection. Information on factors that might influence
Ctn levels (such as proton-pump inhibitor medication, Hashimoto’s thyroiditis, known
neuro-endocrine tumors, comorbidities, and alcohol or nicotine use) was collected to
explain any unspecific Ctn elevations. The serum monovettes were allowed to stand at
room temperature for 20 min and were then centrifuged at 4 ◦C for 10 min with 2600× g.
Aliquots of the serum in the supernatant were frozen in a separate tube at −20 ◦C until the
Ctn measurement was performed.

Ctn measurements were routinely carried out using an immunoradiometric sand-
wich assay (IRMA) with two monoclonal antibodies against different epitopes of the Ctn
molecule (SELco® Calcitonin, MEDIPAN, Dahlewitz/Berlin, Germany). The reported LoD
(limit of detection) is 1.6 pg/mL, the reported LoQ (limit of quantification, defined as
the lowest analyte concentration that can be measured with an interassay coefficient of
variation of 20%) is 3.0 pg/mL. The cut-off value for positivity was set by the manufacturer
at 10 pg/mL for females and 15 pg/mL for males. The sex-specific reference ranges reflect
the fact that the C-cell density in men is physiologically approx. 1 1/2 times that of females
with equivalent potential to release Ctn [18].

The plausibility of these recommended cut-off values was tested with samples from
40 men and 100 women with nodular thyroid disease who had not had previous thyroid
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surgery or radioiodine therapy but had undergone a thyroidectomy for various reasons
after Ctn measurement (outside of this screening study), and in whom no MTC had been
histologically detected (patients with only a partial or nearly total resection were not
included). Reference intervals were calculated according to the CLSI C28-A3c guideline
using the Abacus 3.0 software package (Abacus Validation Systems, Jena, Germany). Ctn
values below the LoQ of 3.0 pg/mL were set to 1.5 pg/mL for the calculations. The
Ctn reference ranges determined in this way for patients with nodular thyroid findings
(90% confidence intervals) were <3.0 to 9.1 pg/mL for women and <3.0 to 14.1 pg/mL for
men, i.e., very similar to the reference ranges specified by the manufacturer and with a
highly significant sex difference (p < 0.0002).

For confirmation testing, serum aliquots were sent to the cooperating endocrinological
practice of the Thyroid Center Rhine-Ruhr. Measurements were carried out there using
a different immunoassay (IMMULITE® 2000 calcitonin, Siemens Healthineers, Erlangen,
Germany). This immunochemoluminometric assay (ICMA) had been recommended in the
past as an adequate substitute for the (no longer available) automated assay by Nichols
Institute Diagnostics, which had long been the reference test for highly specific measure-
ments of the mature (monomeric) form of the Ctn molecule [19]. In the Immulite ICMA, the
cut-off level for positivity is 8.5 pg/mL in males and 5.0 pg/mL in females, corresponding
to the 95% confidence interval of the measured Ctn values of 120 male and 90 female
healthy volunteers (measured Ctn range: up to 18.2 pg/mL for males and 11.5 pg/mL for
females). Only for a short period of 4 weeks within the Ctn screening period (when the Ctn
measurement in the nuclear medicine practice laboratory was not possible) were the serum
samples sent directly to the endocrinological practice for analysis.

2.3. Stimulation Tests

For the stimulation tests, pentagastrin was the exclusive stimulant until 2009 and
calcium gluconate has been the exclusive product since 2012. From 2010–2011, either
product could be used. Measurements of stimulated Ctn were usually taken 0 (just be-
fore injecting the stimulant), 1, 2, 5, and 7 min after the intravenous administration of
0.5 µg pentagastrin/kg body weight or 2.5 mg calcium gluconate/kg body weight. (The
late blood withdrawals were omitted in some tests.) The Ctn peak value was defined as the
maximum Ctn value measured during the test. The stimulation tests were carried out in
the cooperating endocrinological practice (Ctn measurements with the ICMA).

Ctn peak values of 100 pg/mL (male patients) and 50 pg/mL (female patients) were
defined as cut-off values for the pentagastrin stimulation test; 131 pg/mL (males) and
90 pg/mL (females) were defined as cut-off values for the calcium stimulation test [20].

2.4. Procedures for Clarifying Increased Ctn Values

If the Ctn values were only slightly increased, i.e., within a range of twice the sex-
specific upper reference values (SSURV), which is up to 20 pg/mL in women and up to
30 pg/mL in men, the next step was usually a follow-up test with the same IRMA (SELco
Calcitonin, Medipan). In case of more pronounced Ctn elevations or increasing Ctn values
in the further course, a serum sample was usually sent to the collaborating endocrinological
practice for a confirmation test with the ICMA. Carcinoembryonic antigen (CEA) was
measured in parallel. Depending on the degree of Ctn elevation, patients with confirmed
elevated Ctn values either had a follow-up basal Ctn measurement 3–12 months later
and/or a stimulation test, or they were immediately referred for surgery (see the flow
chart, Figure 1).
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Figure 1. Flow chart with the common diagnostic algorithm in the context of the routine Ctn
measurement of our study (deviations from this scheme were possible in individual cases).
SSURV = sex-specific upper reference value.

Patients with nodules ≥1 cm on ultrasonography received thyroid scintigraphy, accord-
ing to the practice guideline of the European Association of Nuclear Medicine [21] regardless
of the current TSH value since in iodine deficiency regions such as Germany, the TSH value
has only a low predictive value for the functional status of a thyroid nodule [22–24]. In
selected cases of scintigraphically non-autonomous nodules, a fine-needle biopsy was
performed. If there is a strong suspicion of MTC, we usually performed no FNB, since
FNB can induce fibroblastic proliferation, which can mimic tumor-induced a desmoplastic
stromal reaction (DSR) and thus removes the basis for corresponding surgical concepts
based on intraoperative frozen section diagnostics, since the extent of surgical intervention
in MTC is increasingly being made dependent on evidence of a DSR. Moreover, if the Ctn
elevation suggested the presence of a tumor, this result could not be invalidated by those
aforementioned procedures: the suspected diagnosis of a C-cell neoplasia (CCN) could only
be refuted with inconspicuous histology after total thyroidectomy or with inconspicuous
results of Ctn controls. Patients who were screened with (usually only moderately) elevated
Ctn values but who had not undergone surgery were followed at most until April 2022.

An elevated basal Ctn value was rated as unspecific or false-positive if at least one of
the following criteria was met:

# Ctn drops during follow-up or no increase within an observation period of several years;
# The confirmation test with the monomer-specific ICMA showed an inconspicuous

Ctn value;
# Inconspicuous Ctn behavior in a stimulation test;
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# Total thyroidectomy without histopathological evidence of MTC (if only a partial
thyroid resection was performed without histopathological demonstration of a CCN,
this was not considered as an MTC exclusion).

2.5. Postoperative Assessment of Confirmed MTC Cases

Postoperative assessment entailed histopathological evaluation and tumor staging
pursuant to AJCC/UICC guidelines, RET proto-oncogene germline analysis, and clinical
follow-up. The latter included a physical examination, high-resolution ultrasonography
of the neck, and laboratory diagnostics, in particular Ctn and CEA measurements, with a
follow-up frequency of once or twice a year. The follow-up of the patients lasted at most
until April 2022.

2.6. Statistics

All statistical analyses were performed with IBM SPSS version 26 (IBM, Armonk,
New York, NY, USA). Categorial variables were shown as absolute or relative frequencies
and the Chi2-Test (Fisher-Test for 2 × 2 tables) was used to test the significance. Numeric
variables were expressed as the mean and standard deviation; in the case of skewed
distribution, the median and range were used. A t-test was used to compare two normally
distributed numeric variables; non-normally distributed variables were compared using
the Mann–Whitney U test. The correlations between non-normally distributed variables
were computed using Spearman’s method. All results were regarded as significant at a
p-level of <0.05.

3. Results
3.1. Spectrum of Screening Ctn Values and MTC Prevalence

During the screening period from 11/2008 to 11/2014, routine Ctn measurement was
carried out in a total of n = 12,984 patients (m:f = 1:3.98) with nodular thyroid findings
in ultrasonography. In 207/12,984 (1.6%) of the patients screened (n = 148 females and
n = 59 males), these basal Ctn measurements yielded values above the normal sex-specific
ranges of the IRMA (up to 10 pg/mL in women and up to 15 pg/mL in men). The
histograms in Figure 2 show the distribution of the elevated Ctn values from the entire
patient population that was screened.

In 83 of the patients with elevated Ctn values during the screening period, we were
not able to perform further controls, because they no longer visited our institution (despite
attempts to contact them), and no information on their further progression could be ob-
tained from the referring general practitioners. However, the Ctn values of these patients
were relatively low (range: 15.1–57.7 pg/mL in the male patients and 10.1–25.9 pg/mL
in the female patients). The values were always below the sex-specific cut-off limits to
recommend thyroidectomy and—except for one male and one female patient who had the
highest values—were only within twice the SSURV, i.e., even below the lower threshold
proposed by the DGE [12].

Further clarification was possible in 124 of the patients with elevated Ctn values. In
108/124 patients with Ctn values above the normal sex-specific ranges, MTC was ruled
out, primarily because of unremarkable results of the confirmation test with the Immulite
ICMA and/or due to non-increasing or even decreasing Ctn values with the IRMA, mostly
over a follow-up period of several years. In nine patients, a complete thyroidectomy was
performed for various reasons without histological evidence of MTC.
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Figure 2. (a,b). Histograms of the distribution of the Ctn values above the sex-specific reference
ranges (female patients = left side; male patients = right side). White columns: patients in whom MTC
could be excluded; light gray columns: patients with confirmed MTC; dark gray columns: patients in
whom no further clarification of the Ctn elevation was possible. Considering the distribution of the
Ctn values, the statistical extrapolation showed that in 2 additional female patients of the 83 patients
with increased Ctn values for whom no further clarification was possible (dark gray columns), MTC
could be expected.

In 20 patients with increased basal Ctn values, further diagnostic procedures under-
scored the suspicion of a C-cell neoplasia of the thyroid gland and, for this reason, total
thyroidectomy with stage-appropriate lymph node dissection was performed. MTC was
found in 16 cases, while only C-cell hyperplasia (CCH) was detected in three cases and PTC
only, but no MTC in one case. These cases and the indications for surgery are summarized
in Table 1. Based on these numbers, the MTC frequency in our screening cohort was
calculated as 0.12% (16/12,984). For the 83 patients with increased Ctn values for whom no
further clarification was possible, we calculated the expected MTC prevalence by means of
statistical extrapolation. The calculation was based on the distribution probability of the
Ctn values and resulted in two additional female patients with probable MTC. Based on
these calculations, the extrapolated overall MTC prevalence was 0.14% (18/12,984).

Regarding the sex distribution of the 124 patients with elevated Ctn values, for which
further clarification was possible, n = 93 patients were female and n = 31 were male. MTC
could be ruled out in 83/93 of the female patients and 25/31 of the male patients. Using
the above data and based on the sex-specific reference ranges of the IRMA, false-positive
results of Ctn screening could be extrapolated in 132/148 (89%) of the female patients and
48/59 (81%) of the male patients with elevated Ctn, i.e., in 1.3% of the female patients and
in 1.8% of the male patients screened in total.
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Table 1. Characteristics of all 20 patients within the screening period November 2008–November
2014 in whom, based on Ctn measurement, the indication for thyroidectomy was made due to
the suspicion of C-cell neoplasia. bCtn = basal calcitonin (at the time of screening, Ctn elevations
had been confirmed per a confirmation test with ICMA); sCt = stimulated calcitonin; Ca test =
calcium gluconate test, Pg test = pentagastrin test; CEA↑ = carcinoembryonic antigen elevated;
MTC = medullary thyroid carcinoma (with the patient ID number in our study); CCH = C-cell
hyperplasia; PTC = papillary thyroid carcinoma.

Sex
m = Male f = Female

Age at Time of
Surgery [Years]

bCtn
IRMA [pg/mL]

Biochemical Reasons for the Indication for
Thyroidectomy Because of a Strong

Suspicion of C-Cell Neoplasia
Histology

f 64 10.1 bCtn increasing to 25.1 pg/mL in 3.75 years,
sCtn (Ca-test) peak >2000 pg/mL MTC-16

f 29 14.6 bCtn increasing to 71.6 pg/mL in 5.1 years,
sCtn (Ca-test) peak >2000 pg/mL, CEA↑ MTC-09

m 65 17.8 bCtn increasing to 31.7 pg/mL in 8 months,
sCtn (Ca-test) peak 703 pg/mL PTC

f 45 19.3 bCtn moderately increased,
sCtn (Ca-test) peak 612 pg/mL MTC-03

m 73 30.5 bCtn moderately increased,
sCtn (Ca-test) peak 1616 pg/mL, CEA↑ MTC-04

f 47 31.9 bCtn moderately increased,
sCtn (Pg-test) peak 1189 pg/mL MTC-11

m 57 35.5 bCtn moderately increased,
sCtn (Ca-test) peak >2000 pg/mL CCH

m 69 47.2 bCtn moderately increased,
sCtn (Pg-test) peak 450 pg/mL, CEA↑ CCH

m 77 49.4 bCtn moderately increased,
sCtn (Ca-test) peak 1517 pg/mL, CEA↑ MTC-13

f 45 51.6 bCtn markedly increased CCH

f 38 53.0 bCtn markedly increased,
sCtn (Ca-test) peak >2000 pg/mL MTC-01

m 44 90.4 bCtn markedly increased,
sCtn (Ca-test) peak 1336 pg/mL MTC-06

f 78 128 bCtn extremely increased,
sCtn (Ca-test) peak >2000 pg/mL MTC-12

m 47 227 bCtn extremely increased,
sCtn (Ca-test) peak 459 pg/mL MTC-10

f 67 280 bCtn extremely increased,
sCtn (Pg-test) peak 5347 pg/mL, CEA↑ MTC-08

m 72 291 bCtn extremely increased,
sCtn (Ca-test) peak >2000 pg/mL, CEA↑ MTC-14

f 39 838 bCtn extremely increased, CEA↑ MTC-07

f 70 868 bCtn extremely increased,
sCtn (Ca-test) peak >2000 pg/mL, CEA↑ MTC-02

m 72 1132 bCtn extremely increased, CEA↑ MTC-05

f 76 1276 bCtn extremely increased, CEA↑ MTC-15

3.2. Stimulation Tests vs. Sex-Specific Basal Ctn Cut-Off Values

During the Ctn screening study period, stimulation tests were carried out on a total of
25 patients: in 5 patients with pentagastrin and in the remaining 20 patients with calcium
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gluconate. In Table 1, data from the 20 patients in whom thyroidectomy was performed on
the basis of the examination findings are listed.

All 16 patients with histologically confirmed MTC showed an unequivocal pathologi-
cal stimulability. In three male patients with significantly increased Ctn peak values (703 or
>2000 pg/mL after calcium gluconate and 450 pg/mL after pentagastrin), the histological
examination did not reveal an MTC, but a PTC in the first case and a CCH in the latter two
cases.

To retrospectively compare the diagnostic contribution of the calcium gluconate stimu-
lation test versus the use of basal sex-specific Ctn cut-off values, 18 patients (10 f, 8 m) were
identified in whom a calcium gluconate stimulation test had been performed and either a
histological diagnosis after total thyroidectomy or long-term basal Ctn (bCtn) follow-up
measurements were available. The results are visualized in Figure 3 and are explained in
detail in the following text.
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Figure 3. Comparison between basal Ctn values (bCtn, measured with the ICMA at the time of the
stimulation test) and the results of the calcium gluconate stimulation tests. SSRUV = sex-specific
upper reference values; * sex-specific gray area: SSRUV—30 pg/mL in females, SSRUV—60 pg/mL
in males; ** sex-specific intervention threshold: 30 pg/mL in females and 60 pg/mL in males.

In 10 of the above 18 patients (5 f, 5 m), the ICMA measured bCtn values at the time of
the stimulation test that were above the SSURV but did not exceed 30 pg/mL in females
and 60 pg/mL in males:

• In 6/10 patients, the stimulation with calcium gluconate was strongly positive and led
to total thyroidectomy, whereby histopathological examination revealed MTC only in
four patients (peak stimulated Ctn (sCtn) values between 612 and >2000 pg/mL). The
follicular variant of a PTC (m, bCtn 31.7 pg/mL at the time of the stimulation test and
peak sCtn 703 pg/mL) or a CCH (m, bCtn 50 pg/mL and peak sCtn > 2000 pg/mL)
was only seen in the remaining two patients.

• In 2/10 patients, the test produced no suspect Ctn stimulation (peak sCtn values
were 9.9 and 64.0 pg/mL, respectively; MTC could be excluded in one case by non-
increasing bCtn values during follow-up; in the other case MTC was histologically
excluded).

• In another 2/10 patients, the test only produced a Ctn increase in the borderline
pathological range. In two female patients, Ctn was increased from basal 10.9 to a
maximum of 187 pg/mL (histologically no MTC but only CCH was detected, but the
initial screening value was 51.6 pg/mL in the IRMA and 65.6 pg/mL in the ICMA) or
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from 10.9 pg/mL to a maximum of 180 pg/mL (in the long term, however, no increase
in the bCtn values was observed).

In the remaining 8 patients of the above 18 patients with the calcium gluconate test
(5 f, 3 m), the ICMA-measured bCtn values above the intervention thresholds recommended
by the DGE (>30 pg/mL in women and >60 pg/mL in men). Only in one of these patients
did the stimulation test not provide a pathological result (f; bCtn 42 pg/mL and peak sCtn
77.5 pg/mL with the ICMA); therefore, surgery was omitted in this patient. Follow-up tests
within an 8-year observation period showed no increase in bCtn values. All of the other
seven patients had significantly increased sCtn values (peak values 459 to >2000 pg/mL),
and MTC was histopathologically confirmed after total thyroidectomy in each case. In five
of these seven patients, bCtn values >100 pg/mL were measured.

Thus, based on the analysis of the subgroup of patients whose basal Ctn values were
above the sex-specific intervention thresholds recommended by the DGE, only one had a
“false-positive” bCtn value but a true-negative sCtn value (in another patient whose Ctn
value was above the intervention threshold in the initial screening, the bCtn value at the
time of the stimulation test was only slightly above the SSURV, but the sCtn value was also
slightly increased). In the subgroup of patients whose basal Ctn values were above the
SSURV but below the sex-specific intervention thresholds recommended by the DGE (“gray
area”) at the time of the stimulation test, the calcium gluconate test yielded false-positive
results in 2/6 patients with significantly increased sCTn values.

It is noteworthy that two of the histologically confirmed MTC patients with true-
positive stimulation test reactions had already been identified several years earlier in the
initial Ctn screening. Then, their bCtn values had been only slightly above the SSURV
threshold: patient MTC-16 (f, initial Ctn screening value 10.1 pg/mL) only presented
again 3.75 years later and patient MTC-09 (f, initial Ctn screening value 14.6 pg/mL) came
5.1 years later for the stimulation test. At the time of re-presentation, the bCtn values
of these patients were 25.1 pg/mL (peak sCtn > 2000 pg/mL) and 71.6 pg/mL (peak
sCtn > 2000 pg/mL). While in both cases, the MTC would have been detected earlier by
the stimulation test; due to the increase in the bCtn values over time, it was still recognized
early enough.

3.3. Characteristics of the Confirmed MTC Cases

In the 16 MTC patients identified during the screening study period, the male:female
ratio was 1:1.67; thus, the proportion of males was higher (p = 0.110, n.s.) than in the whole
population that was screened (n = 12,984; m:f = 1:3.98). The median age of the male MTC
patients at the time of surgery was 72 years (range: 44–77 years) and of the female patients,
it was 56 years (range: 29–78 years; p = 0.263, n.s.).

The basal Ctn values measured in the screening ranged from 30.5 to 1132 pg/mL
in male MTC patients (median 158.7 pg/mL) and from 10.1 to 1276 pg/mL in female
MTC patients (median 90.5 pg/mL). The difference between the men and women (in this
relatively small sample) did not reach a level of statistical significance (p = 0.713). The
carcinoembryonic antigen (CEA) was additionally determined in 14 of the MTC patients at
the time of the first screening: values above the reference range (up to 3.8 ng/mL) were
found in 9/14 (64%) with a range from 4.1 to 42.2 ng/mL (Supplementary Table S1).

In 5/16 MTC patients (MTC-03, MTC-04, MTC-09, MTC-13, and MTC-16), the basal
Ctn values measured at the initial screening were below the values that the DGE had
proposed as cut-off values for a recommendation for thyroidectomy. Three of these patients
underwent surgery shortly after Ctn screening due to the highly elevated peak Ctn values
in the calcium stimulation test. The other two (MTC-09 and MTC-16, female patients) only
presented in our institution again after more than five and three years, respectively (as
already described in the last paragraph of Section 3.2). At that time, their basal Ctn values
were 71.6 and 25.1 pg/mL, respectively, and they also had highly increased peak values in
the calcium stimulation test, so surgery was performed.
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4. Discussion

In 2004, the DGE recommended Ctn screening for the detection of MTC in nodular
goiter [2], but without further comments regarding the size and features of the exist-
ing nodules or the planned therapeutic measures. Studies on the cost–benefit ratio or
health–economic analyses on Ctn screening were not available at that time. Currently,
such studies are still incomplete or only available for a few countries/health systems. The
German Society for General and Visceral Surgery (DGAV) also adopted the recommenda-
tion for Ctn measurement in nodular thyroid diseases in its current S2k guideline for the
surgical treatment of benign thyroid diseases [25], at least before a planned thyroid surgery.
In contrast to settings in which Ctn measurement is only carried out in the event of a
planned surgery, the implementation of the recommendation made by the DGE to perform
routine Ctn measurement in all patients with thyroid nodules creates a data situation that
enables us to analyze the true impact on Ctn measurement more validly.

The recommendations of other international specialist associations vary on this point.
According to the guidelines of the European Thyroid Association (ETA) jointly with the
American Association of Clinical Endocrinologists (AACE) and the Associazione Medici
Endocrinologi (AME), basal Ctn measurement may be considered in nodular thyroid
disease and is especially recommended if fine-needle aspiration (FNA) biopsy results are
suggestive of MTC or in patients undergoing thyroid surgery. It is mandatory in patients
with a family history or clinical suspicion of MTC or multiple endocrine neoplasia 2
(MEN 2) [26]. In the current ATA guideline, there is no positive consensus recommendation
for Ctn screening [14,15].

To the best of our knowledge, we are publishing the first study on Ctn screening
carried out in Germany, which was based on sex-dependent reference ranges and cut-
off values. It is one of the largest single-center studies on this topic worldwide that is
evaluating long-term courses. Three previous German studies on routine Ctn measurement
used sex-independent cut-off values, as have most international studies [17]: Rink et al. [27]
and Herrmann et al. [28] used a Ctn threshold of 10 pg/mL and Schneider et al. [29] used
a Ctn threshold of 13 pg/mL. Values of 1 1

2 to 2 times higher male than female reference
ranges and threshold values are now generally accepted in both adults and children [30–33]
and reflect the fact that the density of thyroid C cells is about twice as high in male subjects
compared to female subjects [18,30].

Based on the sex-specific reference ranges of the IRMA (up to 10 pg/mL for women
and up to 15 pg/mL for men), we calculated the rate of false-positive Ctn elevations with
1.3% for the female patients and 1.8% for the male patients screened in total. Previous
studies [27,28,34–39] defined the maximum reference range for both women and men at
up to 10 pg/mL. Since the lowest Ctn screening value in our study was 30.5 pg/mL for
men and 10.1 pg/mL for women with confirmed MTC, raising the male Ctn reference
range to 15 pg/mL reduced false-positive Ctn elevations but did not result in missing true
MTC cases.

Thus, the justification of a sex-dependent approach in Ctn screening is supported by
our current study results. Furthermore, in our control group with nodular goiter without
histological evidence of MTC after thyroidectomy, we found that men had significantly
higher Ctn values than women. In this control group, 3% of women had Ctn levels above
10 pg/mL and 3% of men had Ctn levels above 15 pg/mL (in the sense of false-positive
Ctn elevations); lowering the upper male reference limit to 10 pg/mL (identical to the
female reference range) would increase the false-positive rate in this collective to 16%.
The bCtn values in men (median and range) were also higher in all histologically verified
MTC patients than in women, although the level of statistical significance was not reached,
possibly due to the relatively low number of cases.

The sex ratio of the total of 12,984 screened patients in our study population
(m:f = 1:3.98) is similar to most other published studies (see Table S2,
Supplementary Materials). With regard to sex distribution, we found differences between
the total number of patients screened and the 207 patients whose bCtn values exceeded
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the sex-specific reference range (m:f = 1:2.51) and between the latter 207 patients and the
16 ultimately confirmed MTC cases (m:f = 1:1.67). However, these differences were not
statistically significant.

4.1. Spectrum of Screening Ctn Values and MTC Prevalence

Table S2, Supplementary Materials, compares the basic parameters and the MTC
prevalence identified in various international Ctn screening studies with our results (only
studies with a number of >1000 cases were taken into account). The frequency of MTC
cases detected by means of routine Ctn measurement in patients with nodular thyroid
glands of at least 0.12% (max. 0.14%, including the statistically expected 2 MTC in the
group of unclarified cases) corresponds well with previous studies carried out in Germany:
Rink et al. [27] reported 28/21,928 (0.13%), Herrmann et al. [28] reported 2/1007 (0.2%),
and Schneider et al. [29] reported 10/11,270 (0.09%).

In a systematic review of autopsy series from 1970 to 2006, an average prevalence
of 0.14% for occult MTC was found in 7897 autopsies from 24 published series from
21 different countries [40]; in nearly all cases, the tumor size was smaller than a centime-
ter without evidence of lymph node spread, extrathyroidal extension, or distant metas-
tases. This prevalence is comparable to the MTC prevalence determined in German Ctn
screening studies.

All of these data indicate that the actual prevalence of MTC in our country is signifi-
cantly lower than the prevalence of 0.6% and more, which was reported in early interna-
tional studies [34,41,42]. This fact should be included in considerations regarding future
recommendations for the implementation of Ctn screening—in which health–economic
aspects must always be considered.

4.2. Stimulation Tests vs. Sex-Specific Basal Ctn Cut-Off Values

In the past, calcitonin stimulation tests with pentagastrin and/or calcium gluconate
were recommended as the standard for further clarification of suspected MTC if basal Ctn
measurements had yielded values in the only slightly increased (“gray”) area [2,43,44].
Using these tests should help to differentiate patients with non-tumor-related Ctn elevations
(e.g., due to CCH) from MTC cases which would improve the planning of optimal further
care. In the German Association of Endocrine Surgeons practice guidelines for the surgical
management of malignant thyroid tumors [43], total thyroidectomy is generally warranted
if stimulated calcitonin serum levels are higher than 100 pg/mL in adults since the risk
of MTC is considered to be substantial if this cut-off value is exceeded. Since 2010/2011,
pentagastrin has become increasingly difficult to obtain/has not been available, and the
Thyroid Section of the DGE initially suggested a return to the calcium gluconate test [8]
which had already been used since the 1970s.

In recent years, there has been an increasing number of publications that focus on
establishing optimal sex-specific bCtn cut-off values to separate patients without C-cell
pathology and CCH cases from MTC patients as best as possible. The results from several
studies with various underlying cut-off values—ranging from >18.7 to ≥35 pg/mL in
females and >34 to >68 pg/mL in males—are summarized in Table 2.

In 2018, the Thyroid Section of the DGE recommended that further procedures in
Ctn screening should be made dependent only on the level and/or the development of
sex-specific basal Ctn values and that stimulation tests should be largely omitted [12]. The
arguments for this are that the sensitivity and the specificity of the Ctn assays that are
available nowadays have highly increased, the effort and potential for side effects of the
calcium gluconate test are high, and the cut-off values of the calcium gluconate test for
diagnosing MTC are not well evaluated, especially concerning the risk of false-positive
results. Furthermore and, above all, reliable study data are being published meanwhile
that confirm the clinical relevance of various levels and the dynamics of basal Ctn values.

Thus, some unspecific causes of bCtn elevations can be better ruled out nowadays. It
is true that there is still an overlap area in which it is not possible to reliably distinguish
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between CCH and MTC based on single bCtn values. However, this shortcoming can be
overcome through follow-ups every 3–6 months, during which a further increase in bCtn
values indicates an MTC and should be clarified surgically. The Thyroid Section of the
DGE proposes a gray area of 20–30 pg/mL for females and 30–60 pg/mL for males [12].
If the bCtn values exceed the proposed gray areas, surgery is generally recommended
because higher values not only increase the probability of MTC, but also the risk that lym-
phogenic metastatic spread has already occurred. Niederle et al. [13] found cut-off levels of
>85 pg/mL for females and >100 pg/mL for males for the prediction of lateral neck lymph
node metastasis).

However, some authors still recommend the calcium gluconate test as a helpful tool
for diagnosing MTC. A recent Italian study [45] postulated that a combination of optimized
basal and calcium-stimulated Ctn thresholds is required to achieve maximum diagnostic
accuracy. Outside of routine cases, there are special constellations where the importance of
stimulation tests is less controversial: these include increased basal Ctn values with sus-
pected MTC in patients with severe kidney disease, especially those requiring dialysis [46]
and the differentiation of extrathyroidal Ctn-releasing neuroendocrine tumors [47].

The analysis of our patient subgroup that had a calcium gluconate stimulation test and
either a histological diagnosis after total thyroidectomy, or for whom long-term bCtn follow-
up results were available, showed no clear superiority of the stimulation test compared with
the DGE recommendations based on basal Ctn values. Although the MTC diagnosis would
have been recognized earlier in some patients with a stimulation test, the preoperative
long-term courses of patients MTC-09 and MTC-16 show that this diagnosis would also
have been reached based on the increased basal Ctn values. Admittedly, the diagnosis
would have been established later but without disadvantages for the patients. On the
other hand, the calcium gluconate stimulation test gave false-positive results in 2/6 cases
with markedly increased sCtn values and thus led to unnecessary operations. Conversely,
in the 11 analyzed patients from the subgroup with bCtn values above the sex-specific
intervention thresholds recommended by the DGE, there was also 1 patient who was falsely
positive but truly negative in the stimulation test. In one patient without MTC, both the
bCTn measurement and the stimulation test yielded equivocal (borderline) results.

Table 2. Overview of sensitivity, specificity, positive predictive values (PPV), and negative predictive
values (NPV) of sex-specific bCTn cut-off values, which were determined in various studies to
differentiate between patients without C-cell pathology and CCH cases on the one hand and actual
MTC- cases on the other hand.

Females

Source bCtn Cut-Off Sensitivity Specificity PPV NPV

Colombo et al., 2012 [7] >18.7 pg/mL 100% 100% 100% 100%
Mian et al., 2014 [48] >26 pg/mL 81.8% 97.9% 94.7% 92%

Allelein et al., 2018 [49] ≥35 pg/mL 87.3% 87.5% 98% 50%
Niederle et al., 2020 [50] >23 pg/mL 81% 100% 100% 83%

Fugazzola et al., 2021 [45] >30 pg/mL 75.9% 93.7% 85% 86.5%

Males

Source bCtn Cut-Off Sensitivity Specificity PPV NPV

Colombo et al., 2012 [7] >68 pg/mL 100% 100% 100% 100%
Mian et al., 2014 [48] >68 pg/mL 83.3% 100% 100% 92.9%

Allelein et al., 2018 [49] ≥46 pg/mL 93.6% 95% 97% 90%
Niederle et al., 2020 [50] >43 pg/mL 53% 100% 100% 83%

Fugazzola et al., 2021 [45] >34 pg/mL 88.9% 95% 88.9% 92.7%
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4.3. Basic Problems of Ctn Screening for MTC
4.3.1. The Problem of False-Positive Cases

Numerous factors have been described to cause (mainly moderate) Ctn elevations
even though no MTC is present [32,47]. Heterophilic antibodies can cause a direct linking
between capture and detector antibodies in the assay and thus a false-positive measure-
ment signal without “sandwich formation” with the specific antigen [51]. In addition,
various circumstances (e.g., otherwise malignant processes involving the thyroid gland,
autoimmune thyroid disorders, previous thyroid surgery, hyperparathyroidism, and hyper-
calcemia of various origins) are known to result in reactive, non-neoplastic CCH. The latter
can usually only be differentiated from neoplastic CCH, i.e., a precancerous condition, by
molecular genetic diagnostics (mutation analysis of the RET proto-oncogene). Significantly
increased Ctn values sometimes occur with extrathyroidal neuroendocrine tumors, also
with other extrathyroidal diseases, for example of the kidneys (especially in advanced renal
insufficiency or those on dialysis) as well as with severe lung and liver diseases.

Only a few of those factors discussed in the literature that may cause an “unspecific”
Ctn increase could be determined in a small proportion of our patients with false-positive
Ctn values. The most commonly identified factors in patients with nonspecific Ctn eleva-
tions were concomitant autoimmune thyroid disease or the use of proton pump inhibitors
(PPIs), although the presence of these factors was no more common in patients with non-
specific Ctn elevations than in patients with normal Ctn values. This finding justifies
our approach of not categorically excluding patients with Hashimoto’s thyroiditis and
PPI intake from the Ctn screening study, in contrast to some other studies [29,38]. Most
recent publications that used modern immunometric assays negated a relevant effect
of Hashimoto’s thyroiditis as a cause of increased basal Ctn values as well as PPI ther-
apy [32,37,52]. For us, this means that the reason for “false-positive” Ctn values could not
be indisputably established for most of our affected patients.

4.3.2. The Problem of True- and False-Negative Cases

As with almost all previous studies, we did not conduct systematic examinations of
the specific rate of false- and true-negative cases in patients with basal Ctn values within
the sex-specific reference ranges. This rate is generally considered to be very low. Ideally,
such an examination would be a histological exclusion of MTC in a representative number
of patients with normal Ctn values as a result of processing the entire resected tissue from
a total thyroidectomy by means of thin layer serial sectioning (see the “Gold Standard”
section below). However, we have an overview of the histological findings from more than
100 patients whose routine Ctn values were within reference ranges during our screening
study. These patients had had a thyroidectomy for other reasons, and in none of the cases
was a previously unsuspected MTC found.

In our recently published meta-analysis on Ctn screening [17], we only found a few
studies in which the histological findings of some patients who had undergone thyroid
surgery despite normal Ctn values were reported. For example, Schneider et al. [29]
reported two patients with incidentally diagnosed MTC who had false-negative basal Ctn
values. In these few MTC cases in patients who had no pathological screening, the Ctn
values were assessed as false-negative in our meta-analysis. Because of the extreme rarity
of such cases, it seemed legitimate for the meta-analysis to set the false-negative rate to
nearly zero in studies in which false-negative cases were not reported.

False-negative screening results that lead to suboptimal pre-analytics and ultimately to
artificially low Ctn values should of course always be ruled out in institutions performing
Ctn measurements. Hook effects that can lead to falsely negative values in the presence
of extremely high Ctn concentrations [53,54], should hardly ever occur with the two-step
immunometric assays commonly used today. This is because the intermediary washing
steps remove the Ctn molecules not bound to the capture antibodies before detector anti-
bodies are added. Apart from MTC that do not release Ctn and are immunohistochemically
Ctn-negative [55,56], even immunohistochemically Ctn-positive MTC can be associated
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with Ctn levels that are in the reference range or below the cut-off values. This might be
the case if the tumor mass is very small at the time of screening or if the tumor is able to
produce but not secrete the calcitonin protein [56,57]. In a bicentric study with 839 patients
with sporadic MTC, a prevalence of non-secretory MTC of only 0.83% of patients with MTC
was found [58].

We repeated the Ctn measurement after about 5–6 years in numerous patients who
presented for follow-up checks of their nodular goiter. All suspicious Ctn elevations and
histological MTC diagnoses were reliably recorded at this point. However, in none of the
MTC cases that were detected 5 years after the initial screening period could the previous
Ctn values within the reference range be measured. This finding corresponds well with
the results of a recently published study [59], in which the courses of 170 patients with
nodular thyroid and Ctn values ≤10 pg/mL in initial screening were followed. None of
these patients had a suspected Ctn increase or histopathologic evidence of MTC over a
median follow-up of 53.0 months (range 23.9–102.5). With larger screening populations,
“false-negative cases” will of course occur in isolated patients. In our study, the initial Ctn
screening values in patients MTC-09 and MTC-16 were only slightly above the maximum
reference range value and would probably have been completely unremarkable if the
examination had been carried out 1–2 years earlier.

4.3.3. The Problem of Assay Dependency of Measured Ctn Values

Nowadays, Ctn measurement should be carried out as standard using immunometric
two-site sandwich assays, which work with both a monoclonal capture and detector
antibody that are directed against different defined epitopes of the Ctn molecule. This
guarantees that the monomeric (mature) form of the Ctn molecule is measured with
high selectivity and that the rate of increased Ctn values of non-specific genesis should
be minimized. These values could be the result of isoforms (e.g., polymeric forms and
precursors) of Ctn. The LoQ of the assay used should be able to reliably depict the Ctn
concentrations of the middle sex-specific reference ranges of the normal population.

Although the IRMA routinely used in our study meets these criteria, a previous
study [60] has shown that it is somewhat more susceptible to unspecific influences such
as procalcitonin levels, PPI intake, and, above all, chronic kidney disease (in contrast,
not significantly in Hashimoto’s thyroiditis) as compared to the Immulite ICMA. For this
reason, if the Ctn values we measured were elevated at more than 2× SSURV or had not yet
exceeded this threshold but showed an increase over time, we performed a confirmation test
with the Immulite ICMA. This was necessary for 68 patients. These control measurements
with the Immulite ICMA did not confirm the Ctn elevations in 36/68 cases. When the
subsequent basal Ctn values of these patients were monitored with the IRMA over several
years after the initial screening, no further increase was seen.

We may conclude that the percentage of Ctn values that moderately exceeded the
maximum value of the reference range would only be half as high (due to the lower rate of
unspecific Ctn elevations) if the Immulite ICMA had been used primarily in the screening
instead of the IRMA. Nevertheless, the total proportion of IRMA-Ctn values above the
reference ranges was 1.6% in our study. This result matched previous large screening
studies listed in Table S2, Supplementary Materials, in which this percentage ranged from
0.3% to 5.9% (median 3.8%). However, most other studies did not use sex-specific reference
ranges, and an enhancement of the upper reference values for male patients would have
reduced the proportion of values classified as increased in those studies.

It should be emphasized that the Ctn values which were found to be nonspecifically
elevated only with the routine IRMA (and thus false-positive in terms of an MTC diagnosis)
were almost always below the proposed intervention threshold values of 30 pg/mL for
women and 60 pg/mL for men. Therefore, they would not pose a serious threat with
regards to the thresholds, since further follow-up controls would have to be carried out in
these cases.
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4.3.4. The Problem of Histopathological Examination as the “Gold Standard”

In most studies, the histological evidence of MTC is considered as the gold standard
for assessing the accuracy of a Ctn measurement. If a thyroidectomy is performed under
suspicion of MTC due to increased Ctn values, this must be communicated to the patholo-
gist. In such a case, the pathological processing of the resected material must be much more
extensive than after other thyroid operations (by means of thin layer serial sectioning),
since the primary tumors are often only a few millimeters in size and cannot be localized
preoperatively. It is not uncommon that the resected thyroid gland must be processed
completely. The immunohistochemical detection of Ctn is also mandatory.

To underline this statement, three of the ultimately confirmed MTC cases in our
screening study were initially not diagnosed at the pathological institution that had
been primarily involved (patients MTC-01, MTC-04, and MTC-16). In these cases, only
the repeated examination of the resected material in the German pathology reference
laboratory for thyroid tumors led to the confirmation of the suspected MTC diagno-
sis. In three other male patients with only moderately elevated bCtn screening val-
ues (17.8 and rising over time/35.5/47.2 pg/mL) but significantly increased sCtn values
(peak 703 pg/mL/>2000 pg/mL, each after calcium gluconate, and 450 pg/mL after pen-
tagastrin), no MTC could be detected even in the reference pathological analysis of the
sample material submitted (the histological examination revealed CCH in the first two
cases and PTC in the third case). However, there is no reliable information on whether the
entire resected thyroid of these three patients was available for the second examination.

From these findings, we can derive the requirement that an in-house pathology de-
partment that does not necessarily have to be highly specialized in thyroid malignancies
should aim for a reference pathological assessment in the event of discrepancies between
known Ctn elevations and negative histology. Such a request should be made promptly
since the complete processing of the resected tissue is crucial for the diagnosis. It can
certainly be assumed that some of the so-called “false-positive” cases of Ctn screenings
or stimulation tests repeatedly described in the literature are due to undetected primary
tumors—depending on the processing technique and expertise of the pathologist involved.

4.4. Limitations of Our Study

Since this is a retrospective study, the well-known limitations of retrospective data
collection must be taken into account, such as the problem of selection bias or the lack
of consideration of confounders. However, as far as the risk of sample bias is concerned,
this can be classified as low because—as described in the methods section—a routine Ctn
determination was actually initiated for all nodules that were at least 2 mm in size, without
considering further nodule characteristics.

The data we obtained reflect the situation in a medical practice for nuclear medicine
that closely works with relevant experts from other disciplines (practice for endocrinology,
endocrine surgery, and pathology), i.e., as an interdisciplinary medical center. For most
patients in the region, the practice is the primary point of contact for thyroid diagnostics
by specialist doctors; patients are usually referred by their general practitioners. Thus, a
certain preselection of patients cannot be ruled out; however, the patient population is
significantly less preselected than at a university hospital.

As far as confounders for the results of the CTn screening are concerned, age, sex,
family history, and genetic predisposition (here in particular mutations in the RET proto-
oncogene) could be considered. Patients with a personal or family history of thyroid
carcinoma or MEN were excluded from the study, as were those with known mutations of
the RET proto-oncogene. The significant differences between the sex distribution of the
total of 12984 screened patients (m:f = 1:3.98) and the 16 ultimately confirmed MTC cases
(m:f = 1:1.67) indicate that sex is a possible confounder. Other possible confounders such as
age were not systematically recorded in the 12,777 patients with normal calcitonin values.

Apart from the problems of the histopathological “gold standard” mentioned above
and false-negative cases that can only be inaccurately determined, the number of 83 patients
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in our study lacking follow-up data despite basal Ctn values above the sex-specific reference
ranges is unsatisfactory. This high proportion illustrates the usefulness of an automatic
recall system in institutions that carry out systematic Ctn screening. While such systems are
provided in most standard practice management software solutions, they must be activated
separately. However, this “dropout” rate could not be significantly reduced by targeted
letters to the referring doctors and/or patients. Fortunately, only patients in our study
were affected whose Ctn values were still below the currently recommended sex-specific
intervention threshold values of 30 (females) or 60 (males) pg/mL, so the risk of C-cell
neoplasia in these patients was very low.

5. Conclusions

The extrapolated MTC prevalence of 0.14% from the data presented here is significantly
lower than described in early international screening studies. From our data presented here,
we conclude that—apart from rare exceptions—a stimulation test should be omitted when
using a decision-making concept based on sex-specific Ctn cut-off values. Ctn screening
for MTC in outpatient practices with a thyroidal focus is effectively feasible if high quality
standards exist (e.g., optimal pre-analytics and laboratory performance, expertise in the
interpretation of increased Ctn values and the further procedures depending on them) and
close interdisciplinary networks (nuclear medicine, endocrinology, specialized surgery,
and pathology). If possible, an automatic recall system should be in place to ensure that
further recommended measures are actually performed in the event of increased Ctn
values. To increase the chance of detecting an MTC at an early stage to ensure a biochemical
cure, we recommend performing the Ctn screening even in the presence of very small
thyroid nodules and regardless of the sonographic appearance. The recommendation by the
Thyroid Section of the DGE to make the subsequent procedures for Ctn screening mostly
dependent on the level and course of the bCtn values (surgery should be performed when
a “monitoring range” of 20–30 pg/mL in women and 30–60 pg/mL in men is exceeded)
appears to be a pragmatic compromise between over-treatment and timely tumor detection.
In our study, the stimulation tests did not prove to be superior to this concept.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/cancers15082333/s1. Table S1: Characteristics of all 16 patients
with histologically confirmed MTC that was detected by Ctn screening; Table S2: Overview of large
international studies on routine Ctn measurement in nodular thyroid disease (only studies with at
least 1000 patients). References [61–63] are cited in Supplementary Materials.

Author Contributions: Conceptualization, R.G.; methodology, R.G., M.B.-P., E.G. and M.W.; compi-
lation and evaluation of the data, M.F., D.S., E.K. and I.V.; statistical calculation, E.G., M.B.-P. and
M.F.; literature search, R.G., M.B.-P. and M.F.; writing—original draft preparation, R.G. and M.B.-P.;
writing—review and editing, M.W. and K.H. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and its protocol was reviewed and approved by the Ethics Committee of the
Medical Faculty of the University of Duisburg-Essen (14-6007-BO, 9 December 2014).

Informed Consent Statement: Patient consent was waived as this is a retrospective analysis.

Data Availability Statement: Data are available from the authors upon reasonable request. This
paper contains substantial data from the doctoral thesis of Mirka Fries.

Acknowledgments: We would like to thank all of our cooperating colleagues in the region who
supported our study by contributing patient data. We thank U. Nichols for the linguistic review.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/cancers15082333/s1
https://www.mdpi.com/article/10.3390/cancers15082333/s1


Cancers 2023, 15, 2333 18 of 20

References
1. Bae, Y.J.; Schaab, M.; Kratzsch, J. Calcitonin as Biomarker for the Medullary Thyroid Carcinoma. In Recent Results in Cancer

Research; Springer: Cham, Switzerland, 2015; Volume 204, pp. 117–137. [CrossRef]
2. Karges, W.; Dralle, H.; Raue, F.; Mann, K.; Reiners, C.; Grussendorf, M.; Hüfner, M.; Niederle, B.; Brabant, G.; German Society

for Endocrinology (DGE)—Thyroid Section. Calcitonin measurement to detect medullary thyroid carcinoma in nodular goiter:
German evidence-based consensus recommendation. Exp. Clin. Endocrinol. Diabetes 2004, 112, 52–58. [CrossRef] [PubMed]

3. Henry, J.F.; Denizot, A.; Puccini, M.; Gramatica, L.; Kvachenyuk, A.; Conte Devolx, B.; De Micco, C. Latent subclinical medullary
thyroid carcinoma: Diagnosis and treatment. World J. Surg. 1998, 22, 752–756. [CrossRef]

4. Elisei, R.; Bottici, V.; Luchetti, F.; Di Coscio, G.; Romei, C.; Grasso, L.; Miccoli, P.; Iacconi, P.; Basolo, F.; Pinchera, A.; et al. Impact
of routine measurement of serum calcitonin on the diagnosis and outcome of medullary thyroid cancer: Experience in 10,864
patients with nodular thyroid disorders. J. Clin. Endocrinol. Metab. 2004, 89, 163–168. [CrossRef]

5. Machens, A.; Dralle, H. Surgical cure rates of sporadic medullary thyroid cancer in the era of calcitonin screening. Eur. J.
Endocrinol. 2016, 175, 219–228. [CrossRef] [PubMed]

6. Machens, A.; Lorenz, K.; Weber, F.; Dralle, H. Exceptionality of Distant Metastasis in Node-Negative Hereditary and Sporadic
Medullary Thyroid Cancer: Lessons Learned. J. Clin. Endocrinol. Metab. 2021, 106, e2968–e2979. [CrossRef]

7. Colombo, C.; Verga, U.; Mian, C.; Ferrero, S.; Perrino, M.; Vicentini, L.; Dazzi, D.; Opocher, G.; Pelizzo, M.R.; Beck-Peccoz, P.; et al.
Comparison of calcium and pentagastrin tests for the diagnosis and follow-up of medullary thyroid cancer. J. Clin. Endocrinol.
Metab. 2012, 97, 905–913. [CrossRef] [PubMed]

8. Verburg, F.A.; Reiners, C.; Grelle, I.; Barth, H.; Fassnacht, M.; Luster, M. Calcium stimulated calcitonin measurement: A procedural
proposal. Exp. Clin. Endocrinol. Diabetes 2013, 121, 318–320. [CrossRef]

9. Fugazzola, L. Stimulated calcitonin cut-offs by different tests. Eur. Thyroid J. 2013, 2, 49–56. [CrossRef]
10. Lorenz, K.; Elwerr, M.; Machens, A.; Abuazab, M.; Holzhausen, H.J.; Dralle, H. Hypercalcitoninemia in thyroid conditions

other than medullary thyroid carcinoma: A comparative analysis of calcium and pentagastrin stimulation of serum calcitonin.
Langenbecks Arch. Surg. 2013, 398, 403–409. [CrossRef]

11. Unluhizarci, K.; Akgun, H.; Oz, B.; Karaca, Z.; Tanriverdi, F.; Kelestimur, F. Patients with papillary thyroid carcinoma associated
with high stimulated serum calcitonin levels. Endocrinol. Diabetes Metab. Case Rep. 2017, 2017, 17–0085. [CrossRef]

12. Frank-Raue, K.; Schott, M.; Raue, F.; im Namen der Sektion Schilddrüse der DGE. Empfehlung zum Calcitonin-Screening bei
Struma nodosa [Recommendation for Calcitonin Screening in Nodular Goiter]. Dtsch. Med. Wochenschr. 2018, 143, 1065–1069.
[CrossRef] [PubMed]

13. Niederle, M.B.; Scheuba, C.; Riss, P.; Selberherr, A.; Koperek, O.; Niederle, B. Early Diagnosis of Medullary Thyroid Cancer: Are
Calcitonin Stimulation Tests Still Indicated in the Era of Highly Sensitive Calcitonin Immunoassays? Thyroid 2020, 30, 974–984.
[CrossRef] [PubMed]

14. Wells, S.A., Jr.; Asa, S.L.; Dralle, H.; Elisei, R.; Evans, D.B.; Gagel, R.F.; Lee, N.; Machens, A.; Moley, J.F.; Pacini, F.; et al. Revised
American Thyroid Association guidelines for the management of medullary thyroid carcinoma. Thyroid 2015, 25, 567–610.
[CrossRef] [PubMed]

15. Haugen, B.R.; Alexander, E.K.; Bible, K.C.; Doherty, G.M.; Mandel, S.J.; Nikiforov, Y.E.; Pacini, F.; Randolph, G.W.; Sawka,
A.M.; Schlumberger, M.; et al. 2015 American Thyroid Association Management Guidelines for Adult Patients with Thyroid
Nodules and Differentiated Thyroid Cancer: The American Thyroid Association Guidelines Task Force on Thyroid Nodules and
Differentiated Thyroid Cancer. Thyroid 2016, 26, 1–133. [CrossRef]

16. Cheung, K.; Roman, S.A.; Wang, T.S.; Walker, H.D.; Sosa, J.A. Calcitonin measurement in the evaluation of thyroid nodules in the
United States: A cost-effectiveness and decision analysis. J. Clin. Endocrinol. Metab. 2008, 93, 2173–2180. [CrossRef]

17. Vardarli, I.; Weber, M.; Weidemann, F.; Führer, D.; Herrmann, K.; Görges, R. Diagnostic accuracy of routine calcitonin measurement
for the detection of medullary thyroid carcinoma in the management of patients with nodular thyroid disease: A meta-analysis.
Endocr. Connect. 2021, 10, 358–370. [CrossRef]

18. Guyétant, S.; Rousselet, M.C.; Durigon, M.; Chappard, D.; Franc, B.; Guerin, O.; Saint-André, J.P. Sex-related C cell hyperplasia in
the normal human thyroid: A quantitative autopsy study. J. Clin. Endocrinol. Metab. 1997, 82, 42–47. [CrossRef]

19. Bieglmayer, C.; Vierhapper, H.; Dudczak, R.; Niederle, B. Measurement of calcitonin by immunoassay analyzers. Clin. Chem. Lab.
Med. 2007, 45, 662–666. [CrossRef]

20. Doyle, P.; Düren, C.; Nerlich, K.; Verburg, F.A.; Grelle, I.; Jahn, H.; Fassnacht, M.; Mäder, U.; Reiners, C.; Luster, M. Potency and
tolerance of calcitonin stimulation with high-dose calcium versus pentagastrin in normal adults. J. Clin. Endocrinol. Metab. 2009,
94, 2970–2974. [CrossRef] [PubMed]

21. Giovanella, L.; Avram, A.M.; Iakovou, I.; Kwak, J.; Lawson, S.A.; Lulaj, E.; Luster, M.; Piccardo, A.; Schmidt, M.; Tulchinsky, M.;
et al. EANM practice guideline/SNMMI procedure standard for RAIU and thyroid scintigraphy. Eur. J. Nucl. Med. Mol. Imaging
2019, 46, 2514–2525. [CrossRef]

22. Görges, R.; Kandror, T.; Kuschnerus, S.; Zimny, M.; Pink, R.; Palmedo, H.; Hach, A.; Rau, H.; Tanner, C.; Zaplatnikov, K.; et al.
Szintigraphisch mehranreichernde Schilddrüsenknoten gehen überwiegend mit normwertigem TSH einher [Scintigraphically
“hot” thyroid nodules mainly go hand in hand with a normal TSH]. Nuklearmedizin 2011, 50, 179–188. (In German) [CrossRef]
[PubMed]

https://doi.org/10.1007/978-3-319-22542-5_5
https://doi.org/10.1055/s-2004-815727
https://www.ncbi.nlm.nih.gov/pubmed/14758572
https://doi.org/10.1007/s002689900464
https://doi.org/10.1210/jc.2003-030550
https://doi.org/10.1530/EJE-16-0325
https://www.ncbi.nlm.nih.gov/pubmed/27334331
https://doi.org/10.1210/clinem/dgab214
https://doi.org/10.1210/jc.2011-2033
https://www.ncbi.nlm.nih.gov/pubmed/22170709
https://doi.org/10.1055/s-0033-1333686
https://doi.org/10.1159/000346020
https://doi.org/10.1007/s00423-013-1049-6
https://doi.org/10.1530/EDM-17-0085
https://doi.org/10.1055/a-0585-8097
https://www.ncbi.nlm.nih.gov/pubmed/30060274
https://doi.org/10.1089/thy.2019.0785
https://www.ncbi.nlm.nih.gov/pubmed/32056502
https://doi.org/10.1089/thy.2014.0335
https://www.ncbi.nlm.nih.gov/pubmed/25810047
https://doi.org/10.1089/thy.2015.0020
https://doi.org/10.1210/jc.2007-2496
https://doi.org/10.1530/EC-21-0030
https://doi.org/10.1210/jcem.82.1.3684
https://doi.org/10.1515/CCLM.2007.124
https://doi.org/10.1210/jc.2008-2403
https://www.ncbi.nlm.nih.gov/pubmed/19491231
https://doi.org/10.1007/s00259-019-04472-8
https://doi.org/10.3413/nukmed-0386-11-02
https://www.ncbi.nlm.nih.gov/pubmed/21789340


Cancers 2023, 15, 2333 19 of 20

23. Giovanella, L.; D’Aurizio, F.; Campenni, A.; Ruggeri, R.M.; Baldari, S.; Verburg, F.A.; Trimboli, P.; Ceriani, L. Searching for the
most effective thyrotropin (TSH) threshold to rule-out autonomously functioning thyroid nodules in iodine deficient regions.
Endocrine 2016, 54, 757–761. [CrossRef]

24. Schenke, S.A.; Kreissl, M.C.; Grunert, M.; Hach, A.; Haghghi, S.; Kandror, T.; Peppert, E.; Rosenbaum-Krumme, S.; Ruhlmann,
V.; Stahl, A.; et al. Distribution of Functional Status of Thyroid Nodules and Malignancy Rates of Hyperfunctioning and
Hypofunctioning Thyroid Nodules in Germany. Nuklearmedizin 2022, 61, 376–384. [CrossRef]

25. Musholt, T.J.; Bockisch, A.; Clerici, T.; Dotzenrath, C.; Dralle, H.; Goretzki, P.E.; Hermann, M.; Holzer, K.; Karges, W.; Krude, H.;
et al. Aktualisierung der S2k-Leitlinie: Operative Therapie benigner Schilddrüsenerkrankungen [Update of the S2k guidelines:
Surgical treatment of benign thyroid diseases]. Chirurg 2018, 89, 699–709. [CrossRef]

26. Gharib, H.; Papini, E.; Paschke, R.; Duick, D.S.; Valcavi, R.; Hegedüs, L.; Vitti, P.; Balafouta, S.T.; Baloch, Z.; Crescenzi, A.;
et al. American Association of Clinical Endocrinologists, Associazione Medici Endocrinologi, and EuropeanThyroid Associ-
ation Medical Guidelines for Clinical Practice for the Diagnosis and Management of Thyroid Nodules. Endocr. Pract. 2010,
16 (Suppl. S1), 1–43. [CrossRef] [PubMed]

27. Rink, T.; Truong, P.N.; Schroth, H.J.; Diener, J.; Zimny, M.; Grünwald, F. Calculation and validation of a plasma calcitonin limit for
early detection of medullary thyroid carcinoma in nodular thyroid disease. Thyroid 2009, 19, 327–332. [CrossRef]

28. Herrmann, B.L.; Schmid, K.W.; Görges, R.; Kemen, M.; Mann, K. Calcitonin screening and pentagastrin testing: Predictive
value for the diagnosis of medullary carcinoma in nodular thyroid disease. Eur. J. Endocrinol. 2010, 162, 1141–1145. [CrossRef]
[PubMed]

29. Schneider, C.; Kobe, C.; Schmidt, M.; Kahraman, D.; Malchau, G.; Faust, M.; Schicha, H.; Dietlein, M. Calcitonin screening in
patients with thyroid nodules. Diagnostic value. Nuklearmedizin 2012, 51, 228–233. [CrossRef] [PubMed]

30. d’Herbomez, M.; Caron, P.; Bauters, C.; Do Cao, C.; Schlienger, J.L.; Sapin, R.; Baldet, L.; Carnaille, B.; Wémeau, J.L.; French
Group GTE (Groupe des Tumeurs Endocrines). Reference range of serum calcitonin levels in humans: Influence of calcitonin
assays, sex, age, and cigarette smoking. Eur. J. Endocrinol. 2007, 157, 749–755. [CrossRef] [PubMed]

31. Machens, A.; Hoffmann, F.; Sekulla, C.; Dralle, H. Importance of gender-specific calcitonin thresholds in screening for occult
sporadic medullary thyroid cancer. Endocr.-Relat. Cancer 2009, 16, 1291–1298. [CrossRef]

32. Guesgen, C.; Willms, A.; Zwad, A.; Waldeck, S.; Wieler, H.; Schwab, R. Investigation of factors potentially influencing calcitonin
levels in the screening and follow-up for medullary thyroid carcinoma: A cautionary note. BMC Clin. Pathol. 2013, 13, 27.
[CrossRef]

33. Eckelt, F.; Vogel, M.; Geserick, M.; Kirsten, T.; Bae, Y.J.; Baber, R.; Schaab, M.; Thiery, J.; Pfaeffle, R.; Raue, F.; et al. Calcitonin
measurement in pediatrics: Reference ranges are sex-dependent, validation in medullary thyroid cancer and thyroid diseases.
Clin. Chem. Lab. Med. 2019, 57, 1242–1250. [CrossRef] [PubMed]

34. Hahm, J.R.; Lee, M.S.; Min, Y.K.; Lee, M.K.; Kim, K.W.; Nam, S.J.; Yang, J.H.; Chung, J.H. Routine measurement of serum
calcitonin is useful for early detection of medullary thyroid carcinoma in patients with nodular thyroid diseases. Thyroid 2001, 11,
73–80. [CrossRef]

35. Vierhapper, H.; Niederle, B.; Bieglmayer, C.; Kaserer, K.; Baumgartner-Parzer, S. Early diagnosis and curative therapy of medullary
thyroid carcinoma by routine measurement of serum calcitonin in patients with thyroid disorders. Thyroid 2005, 15, 1267–1272.
[CrossRef]

36. Costante, G.; Meringolo, D.; Durante, C.; Bianchi, D.; Nocera, M.; Tumino, S.; Crocetti, U.; Attard, M.; Maranghi, M.; Torlontano,
M.; et al. Predictive value of serum calcitonin levels for preoperative diagnosis of medullary thyroid carcinoma in a cohort of
5817 consecutive patients with thyroid nodules. J. Clin. Endocrinol. Metab. 2007, 92, 450–455. [CrossRef] [PubMed]

37. Grani, G.; Nesca, A.; Del Sordo, M.; Calvanese, A.; Carbotta, G.; Bianchini, M.; Fumarola, A. Interpretation of serum calcitonin in
patients with chronic autoimmune thyroiditis. Endocr.-Relat. Cancer 2012, 19, 345–349. [CrossRef]

38. Giovanella, L.; Verburg, F.A.; Imperiali, M.; Valabrega, S.; Trimboli, P.; Ceriani, L. Comparison of serum calcitonin and procalci-
tonin in detecting medullary thyroid carcinoma among patients with thyroid nodules. Clin. Chem. Lab. Med. 2013, 51, 1477–1481.
[CrossRef]

39. Silvestre, C.; Sampaio Matias, J.; Proença, H.; Bugalho, M.J. Calcitonin Screening in Nodular Thyroid Disease: Is There a Definitive
Answer? Eur. Thyroid J. 2019, 8, 79–82. [CrossRef] [PubMed]

40. Valle, L.A.; Kloos, R.T. The prevalence of occult medullary thyroid carcinoma at autopsy. J. Clin. Endocrinol. Metab. 2011, 96,
E109–E113. [CrossRef]

41. Pacini, F.; Fontanelli, M.; Fugazzola, L.; Elisei, R.; Romei, C.; Di Coscio, G.; Miccoli, P.; Pinchera, A. Routine measurement of
serum calcitonin in nodular thyroid diseases allows the preoperative diagnosis of unsuspected sporadic medullary thyroid
carcinoma. J. Clin. Endocrinol. Metab. 1994, 78, 826–829. [CrossRef] [PubMed]

42. Iacobone, M.; Niccoli-Sire, P.; Sebag, F.; De Micco, C.; Henry, J.F. Can sporadic medullary thyroid carcinoma be biochemically
predicted? Prospective analysis of 66 operated patients with elevated serum calcitonin levels. World J. Surg. 2002, 26, 886–890.
[CrossRef]

43. Dralle, H.; Musholt, T.J.; Schabram, J.; Steinmüller, T.; Frilling, A.; Simon, D.; Goretzki, P.E.; Niederle, B.; Scheuba, C.; Clerici, T.;
et al. German Association of Endocrine Surgeons practice guideline for the surgical management of malignant thyroid tumors.
Langenbecks Arch. Surg. 2013, 398, 347–375. [CrossRef]

https://doi.org/10.1007/s12020-016-1094-3
https://doi.org/10.1055/a-1856-4052
https://doi.org/10.1007/s00104-018-0653-y
https://doi.org/10.4158/10024.GL
https://www.ncbi.nlm.nih.gov/pubmed/20497938
https://doi.org/10.1089/thy.2008.0102
https://doi.org/10.1530/EJE-10-0111
https://www.ncbi.nlm.nih.gov/pubmed/20332126
https://doi.org/10.3413/Nukmed-0494-12-04
https://www.ncbi.nlm.nih.gov/pubmed/22940904
https://doi.org/10.1530/EJE-07-0566
https://www.ncbi.nlm.nih.gov/pubmed/18057382
https://doi.org/10.1677/ERC-09-0136
https://doi.org/10.1186/1472-6890-13-27
https://doi.org/10.1515/cclm-2018-1186
https://www.ncbi.nlm.nih.gov/pubmed/30794525
https://doi.org/10.1089/10507250150500694
https://doi.org/10.1089/thy.2005.15.1267
https://doi.org/10.1210/jc.2006-1590
https://www.ncbi.nlm.nih.gov/pubmed/17119000
https://doi.org/10.1530/ERC-12-0013
https://doi.org/10.1515/cclm-2012-0610
https://doi.org/10.1159/000494834
https://www.ncbi.nlm.nih.gov/pubmed/31192146
https://doi.org/10.1210/jc.2010-0959
https://doi.org/10.1210/jcem.78.4.8157706
https://www.ncbi.nlm.nih.gov/pubmed/8157706
https://doi.org/10.1007/s00268-002-6613-0
https://doi.org/10.1007/s00423-013-1057-6


Cancers 2023, 15, 2333 20 of 20

44. Elisei, R.; Romei, C. Calcitonin estimation in patients with nodular goiter and its significance for early detection of MTC: European
comments to the guidelines of the American Thyroid Association. Thyroid Res. 2013, 6 (Suppl. S1), S2. [CrossRef]

45. Fugazzola, L.; Di Stefano, M.; Censi, S.; Repaci, A.; Colombo, C.; Grimaldi, F.; Magri, F.; Pagotto, U.; Iacobone, M.; Persani, L.;
et al. Basal and stimulated calcitonin for the diagnosis of medullary thyroid cancer: Updated thresholds and safety assessment.
J. Endocrinol. Investig. 2021, 44, 587–597. [CrossRef]

46. Thiem, U.; Marculescu, R.; Cejka, D.; Gessl, A.; Borchhardt, K. Low-dose calcium versus pentagastrin for stimulation of calcitonin
in chronic hemodialysis patients: A pilot study. J. Clin. Endocrinol. Metab. 2014, 99, 4704–4711. [CrossRef]

47. Giannetta, E.; Guarnotta, V.; Altieri, B.; Sciammarella, C.; Guadagno, E.; Malandrino, P.; Puliani, G.; Feola, T.; Isidori, A.M.; Colao,
A.A.L.; et al. ENDOCRINE TUMOURS: Calcitonin in thyroid and extra-thyroid neuroendocrine neoplasms: The two-faced Janus.
Eur. J. Endocrinol. 2020, 183, R197–R215. [CrossRef] [PubMed]

48. Mian, C.; Perrino, M.; Colombo, C.; Cavedon, E.; Pennelli, G.; Ferrero, S.; De Leo, S.; Sarais, C.; Cacciatore, C.; Manfredi, G.I.; et al.
Refining calcium test for the diagnosis of medullary thyroid cancer: Cutoffs, procedures, and safety. J. Clin. Endocrinol. Metab.
2014, 99, 1656–1664. [CrossRef] [PubMed]

49. Allelein, S.; Ehlers, M.; Morneau, C.; Schwartz, K.; Goretzki, P.E.; Seppel, T.; Feldkamp, J.; Krieg, A.; Knoefel, W.T.; Kuebart, A.;
et al. Measurement of Basal Serum Calcitonin for the Diagnosis of Medullary Thyroid Cancer. Horm. Metab. Res. 2018, 50, 23–28.
[CrossRef] [PubMed]

50. Niederle, M.B.; Riss, P.; Selberherr, A.; Koperek, O.; Kaserer, K.; Niederle, B.; Scheuba, C. Omission of lateral lymph node
dissection in medullary thyroid cancer without a desmoplastic stromal reaction. Br. J. Surg. 2021, 108, 174–181. [CrossRef]

51. Seifert, P.; Kloos, E.; Ritter, K.; Freesmeyer, M. Calcitonin Screening—Consideration of Heterophilic Antibody Interference in a
Case of Obscure Hypercalcitoninemia. Nuklearmedizin 2020, 59, 35–37. [CrossRef]
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