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(FCH PET/CT) Imaging for Detecting
Abnormal Parathyroid Glands: Indication,
Practice, Interpretation and Diagnostic
Performance

Lucia Noskovicova, MD,"" Sona Balogova, MD, PhD,""* Cyrielle Aveline, MD,’
Marc Tassart, MD,’ Jules Zhang-Yin, MD, PhD, I Khaldoun Kerrou, MD," Ivan Jaksic, MD,
Francoise Montravers, MD, PhD,* and Jean-Noél Talbot, MD, PhD***

In patients with confirmed hyperparathyroidism (HPT) scheduled for surgical treatment, the
preoperatory imaging permits to optimize the operatory protocol of parathyroidectomy
(PTX), in particular by selecting those patients who can benefit from minimally invasive PTX
(MIPTX). The MIPTX has the merit to shorten the operative time, incision length, and to
reduce the operatory risks. With preoperative localization studies, the rate of PTX failure, in
particular due to nonsuspected multiglandular or ectopic disease, has been profoundly
decreased. The first cases of incidental localization of abnormal parathyroid glands (PTs)
on FCH PET/CTs performed for another indication were reported more than one decade
ago. Since then, significant amount of data from heterogeneous series of patients consis-
tently confirmed better diagnostic performances of FCH PET/CT (sensitivity for detection of
abnormal PT 97%, range 96%-98%) in comparison with other radiopharmaceuticals, ultra-
sonography or 4D-CeCT in localizing hyperfunctioning parathyroid glands (HFPTGs) in
case of primary HPT. Utility of FCH PET/CT in case of renal HPT has been reported in fewer
series. The article discusses and summarizes the bibliographic evidence on documented
indications of FCH PET/CT in patients with HPT, its safety profile, the practice of FCH PET/
CT and interpretation of FCH PET/CT findings, including potential interpretation pitfalls and
tips to avoid them. Our real-world experience over 12 years reinforces published evidence
supporting the use of FCH PET/CT as the first-line radionuclide imaging technique in
patients with all types of HPT in whom surgery is an option.
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Introduction

s it has been widely demonstrated, in patients with con-

firmed hyperparathyroidism (HPT) scheduled for surgi-
cal treatment, the preoperative imaging permits to optimize
the operatory protocol of parathyroidectomy (PTX), in par-
ticular by selecting those patients who can benefit from mini-
mally invasive PTX (MIPTX).' The MIPTX has the merit to
shorten the operative time, incision length, and to reduce the
operatory risks.”

According to a recent meta-analysis,” 81.4% of patients
have 4 parathyroid glands (PTs) (two superior and two infe-
rior); five or more PTs have been observed in 4.9% and 6.3%
of healthy and HPT patients, respectively. The superior gland
is located posterior to the upper pole or interpolar area of the
thyroid gland, whereas the inferior gland is located near the
lower pole of the thyroid gland. However, PTs may be found
within a rather large area, exceeding the thyroid bed, which
is both a challenge and a justification for preoperative imag-
ing. Short embryonic course of superior PTs issued from the
4th pharyngeal pouch (P4) resutls in a relatively limited area
of dispersal and in less than 1% of cases located above upper
thyroid pole. Inversely, long embryonic course of inferior
PTs issued from the 3rd pharyngeal pouch (P3) results in an
extensive area of dispersal (from the angle of the mandible to
pericardium) and in approximately 2% of cases, P3 PTs can
be located above upper thyroid pole. The P4 PTs are located
posteriorly to the plane of the recurrent laryngeal nerve
within the tracheoesophageal groove, whereas the P3 PTs are
located anteriorly to this plane. As a consequence, 15.9% of
PTs are present in ectopic locations, with 11.6% in the neck:
3.6% in the retroesophageal/paraesophageal space, 2.4% in
the thyroid gland, 2.1% in the carotid sheath, 2.0% in the
thyrothymic ligament, 0.6% in the tracheoesophageal
groove, and 1.0% in other locations (thyroid cartilage, retro-
pharyngeal space, adjacent to hyoid bone). The majority of
the 4.3% PTs in mediastinum are located in the thymus.”

With preoperative localization studies, the rate of PTX fail-
ure, in particular due to nonsuspected multiglandular or
ectopic disease, has been profoundly decreased.”

For this imaging work-up to improve the guidance of sur-
gery, the association of a high-resolution anatomic modality
and a functional nuclear medicine modality has been recom-
mended for a long time.’

In the 1980s, parathyroid gland scintigraphy was per-
formed with *°'Tl-thallous-chloride” in combination with
%M e pertechnetate to subtract thyroid uptake as a dual-
tracer method.” The success rate in operated patients was
comparably good, reaching 92% in 24 patients who under-
went subsequent PTX, but two of the 4 subcentimetre
resected abnormal glands were missed at preoperative scin-
tigraphy.” Furthermore, *°' Tl has poor physical characteris-
tics as an imaging agent, due to suboptimal photon energy
(69—81 keV). Additionally, it has a long physical half-life (73
h) and thus results in a nowadays unacceptably high whole-
body radiation exposure. Therefore, °' Tl is no longer rec-
ommended for parathyroid imaging.”

Since the end of the eighties, 99MT_sestaMIBI (MIBI) scin-
tigraphy,'” has been routinely used as the functional imaging

modality for HPT imaging, further improved by double
phase study,'' thyroid uptake subtraction with **™Tc-per-
technetate'” or preferably with '*’I, ' and subsequently sin-
gle photon emission computed tomography (SPECT) and
hybrid SPECT/X ray computed tomography (CT).

Another technique of functional imaging has emerged in
nuclear medicine: positron emission tomography (PET)
which yields images of a better resolution than SPECT and is
routinely performed thanks to hybrid machines, associated
with CT (PET/CT) or magnetic resonance imaging (PET/
MR). After an early surge in 1964,'* methionine labeled with
7>Se for localization of hyperfunctioning parathyroid glands
(HFPTGs) using rectilinear scanners and then gamma-
cameras had progressively been abandoned. But thirty years
later, methionine labeled with ''C has been proposed for
PET imaging in this indication."”

However, evidence has been further provided that the per-
formance of PET/CT with ''C-methionine to detect abnor-
mal PTs is inferior to that with a fluorinated analogue of
choline, F-fluorocholine (FCH),'*!” which had been previ-
ously introduced as a PET imaging agent in search for
HFPTG in 2014."%'” On this same year, "'C-choline was
reported as a PET tracer for localization of parathyroid ade-
noma in a series of 40 patients.”’ In a recent comparative
study on 32 patients with negative first-line imaging, the sen-
sitivity of PET/CT with ''C-choline was superior to that with
"C-methionine in localizing parathyroid adenomas.”" Those
authors also reported that, in 12 out of 14 patients in whom
FCH PET/CT performed as part of first line imaging for
pHPT was negative or inconclusive, ''C-choline PET/CT
could identify a lesion suspicious of a HFPTG, possibly in
relation with differences in imaging protocols, consisting for
"'C-choline PET/CT in an uptake duration of 20 minutes
and a scan duration of 10 minute.

'C labeled radiopharmaceuticals have a very short half-
life of 20 minutes, which results in a low radiation expo-
sure of the patient but requires an on-site cyclotron for
the production of ''C, and a GMP radiopharmacy facility
for the labeling of ''C-choline, logistics that is not easy to
implement and is currently available in very few PET cen-
ters. In contrast, FCH is widely available. Another fluori-
nated choline analogue with a slightly different chemical
structure from FCH, 1BF-ﬂuoroethylchohne (FEC), has
been used for prostate cancer PET imaging, almost exclu-
sively in Germany, but reported for HFPTG detection in
one article only.””

Rationale for FCH PET/CT in the
Imaging Work-Up of HPT

Choline and its analogue '®F-Fluorocholine
(FCH)

Choline is a quaternary ammonium base which is crucial
for animals and plants as well as an important component
of phospholipids in the cell membranes. All cells
utilize choline as a precursor for the biosynthesis of
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phospholipids, eg, phosphatidylcholine (lecithin), which
are essential components of all membranes. After crossing
the cell membrane by a carrier-mediated mechanism,
choline is phosphorylated by choline kinase to
phosphorylcholine which is converted to cytidine
diphosphatecholine and  subsequently  incorporated
into phosphatidylcholine, a component of the cell
membrane.

The choline analogue FCH has been shown to closely follow
the metabolism of choline. According to its first marketing
authorization granted in 2010 in France, FCH is used
for imaging in patients undergoing oncologic diagnostic
procedures describing function or diseases where enhanced cho-
line influx of specific organs or tissues is the diagnostic target.

The activity of choline kinase has been found to be up-
regulated in malignant cells, providing a mechanism for
the enhanced accumulation of radiolabelled choline by
neoplasm. An increase in phospholipid-dependent choline
kinase activity has also been observed in parathyroid (PT)
adenoma arising from hypersecretion of parathyroid hor-
mone (PTH).*>

FCH has been used in Europe, in clinical trials and then as
a registered radiopharmaceutical, for more than 20 years.
During this period, FCH PET/CT has been widely
used mainly in the detection of prostate and hepatocellular
carcinoma.

FCH uptake by Hyperfunctioning Parathyroid
Glands (HFPTQ)

More than a decade ago, a few teams in Europe observed that
HFPTGs took-up FCH, appearing as incidental hot foci on FCH
PET/CT examinations performed for prostate cancer.”**® In sev-
eral of these patients, unknown HPT was then researched and
confirmed; some underwent PTX and histology confirmed that
the FCH focus matched an HFPTG.

These findings motivated the research focused on clinical
efficacy of FCH PET performed deliberately, in men and
women, in search for HFPTGs. %7

Ten years later, an important amount of bibliographic
evidence documenting the clinical efficacy of FCH in pre-
operative localization of HFPTGs is available. Moreover,
the acceptance of FCH in this indication by the scientific
community is documented by the fact that FCH PET/CT is
now explicitly recommended for the detection of abnormal
PT(s) in HPT by the European Association of Nuclear
Medicine (EANM) in its guideline on parathyroid imaging
published in 2021 by Petranovi¢ Ovcaricek et al.” and by
the inclusion of HPT in the list of indications in the mar-
keting authorization of a commercial preparation of FCH
in France in January 2024°". Apart from the analysis of
published evidence, our seminar approach includes the
practical aspects of FCH PET/CT performed for HPT, from
indication to image interpretation, derived from the expe-
rience of our teams in this setting, over 12 years at hospi-
tal Tenon, Paris, France, and over 11 years at Bratislava,
Slovakia.

Indication, Cost Effectiveness
and Place of FCH PET in the
Imaging Strategy of HPT

Primary (pHPT)

Presurgical Work-Up in Patients with pHPT

FCH PET is indicated in case of biochemically proven HPT
(either pHPT or rHPT), above all as part of a presurgical
work-up.

The clinical and biochemical elements on which the diag-
nosis has been suspected and further based have been
detailed in a recent issue of the Seminars in Nuclear Medicine
by the team in Lausanne,’® in the 2021 version of the EANM
practice guidelines for parathyroid imaging,” and in the
Guidelines from the 5th International Workshop on pHPT;*
hence they will not be further developed.

In patients with pHPT, FCH PET/CT has been suggested
to be performed as a second-line imaging modality by several
teams for further evaluation of patients with inconclusive or
discrepant results of MIBI scintigraphy and/or SPECT/CT
and neck ultrasonography (US)'™'”"" in patients with
expected orthotopic or ectopic HFPTG (Figs. 1A, 1B).

In a partial retrospective analysis of the series from Hopital
Tenon™ including 323 FCH PET/CTs for pHPT and 78 for
rHPT, the positivity rate of FCH PET/CT was 67% (CIL: 56-
76) in a subgroup of 96 FCH PET/CT examinations per-
formed as the first line imaging modality vs 75% (CI: 70-80)
in 305 FCH PET/CTs performed later in the work-up. The
corresponding positivity rates of 37% (CL: 30-44) for MIBI
and 47% (CL: 42- 52) for US were impacted negatively by the
recruitment bias, patients being selected for FCH PET/CT in
case of nonconclusive or discordant results of MIBI and US.

Broos et al.”' also reported a retrospective study of FCH
PET/CT as a first-line imaging method in 271 patients with
pHPT; its positivity rate was 75%, the rate of correct detec-
tion was 96% patient-based and 90% lesion-based. In a more
recent similar study, of 271 patients with overt pHPT, first-
line FCH PET/CT showed sensitivity, specificity, positive
predictive value (PPV), negative predictive value (NPV), and
accuracy of 99%, 91%, 100%, 80%, and 99%, respectively.42

In the APACH2 trial,”’ 57 patients with pHPT needing
functional imaging before their initial PTX were randomized:
29 in the arm FCH PET/CT vs 28 in the arm MIBI SPECT/
CT. The positivity rate of first-line examination was 24/
29=83% for FCH vs 18/28=64% for MIBI, corresponding
values for sensitivity being 82% (CI: 62-93) for FCH vs 63%
(CIL: 42-80) for MIBI. Calcemia was normal 1 month after
positive first-line imaging guided MIPTX in 23 of 27 patients
(85%) in the first-line FCH group vs 14 of 25 patients (56%)
in the first-line MIBI group.

Despite those results, FCH PET is still performed only as a
second line modality for HPT imaging in some nuclear medi-
cine centers. The main arguments to select HPT patients for
FCH PET on basis of the negative or discrepant results of
MIBI scintigraphy or SPECT/CT are the lower availability of
PET machines compared to gamma-cameras and the higher
cost of FCH compared with MIBIL. The argument of low PET
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Figure 1 Successful localization of hyperfunctioning parathyroid gland(s) (arrow) by '®F-fluorocholine (FCH) PET/CT
in patients with biochemically confirmed primary hyperparathyroidism. (A) Right inferior hyperfunctioning parathy-
roid gland (HFPTG), SUVmax 2.05 detected after inconclusive standard imaging (ultrasound and parathyroid scintig-
raphy), (B) left inferior HFPTG detected in a patient with suspected ectopic HFPTG, SUVmax 7.13, (C) right inferior
and left superior HFPTGs (SUVmax 3.86 and SUVmax 2.88) detected in patient with suspected multiple gland disease,
or (D) left inferior HFPTG (SUVmax 4.76) detected in a patient with persistent pHPT after surgery. Maximum intensity
projection, MIP, PET, PET/CT and CT, axial slices. Parathyroid adenoma was confirmed by histology in all cases

availability is less and less valid with the rapid development
of PET in countries with nuclear medicine centers. Concern-
ing the cost, recent studies have shown that, even if the activ-
ity of FCH per patient is still more expensive than that of
MIBI, the procedure is cost-effective in relation with the bet-
ter diagnostic performance of FCH PET compared to both
MIBI and US. Yap et al."* developped a decision tree mod-
elled patients who underwent PTX for pHPT using single
preoperative localization modalities: FCH PET/CT, or 4D-
contrast-enhanced CT (4D-CeCT), or US, or MIBI SPECT, in
the health system of United States. All patients underwent
either focused PTX or bilateral neck exploration, with associ-
ated cost ($) and clinical outcomes measured in quality-
adjusted life-years gained. FCH PET/CT gained the most
quality-adjusted life-years (23.9) and was the costliest
($2,096), with a total treatment cost of $11,245 or $470/
quality-adjusted life-year gained. MIBI SPECT and US were
dominated strategies.

In the context of the Dutch healthcare system, Van Mossel
et al.”” compared two strategies for patients suffering from
pHPT: a preoperative FCH PET/CT-based one-stop-shop
imaging vs FCH PET/CT only recommended after negative
or inconclusive MIBI SPECT/CT. The simulated long-
term health effects and costs were similar for both imaging
strategies.

The strategy of FCH PET/CT as the single functional imag-
ing modality is not only cost-effective in Europe and United
States, it also has major advantages compared with MIBI

SPECT/CT: a shorter mobilization of the patient and a lower
radiation exposure ™, in particular if exposed to SPECT/CT
followed by PET/CT, a better detection of abnormal PT
including multiglandular disease (MGD) and hyperplastic
HFPTG.

MGD is present in 15% to 20% of pHPT, which encom-
passes a high risk of recurrence after PTX if MIPTX is per-
formed. In the partial analysis of the series from Hopital
Tenon, there was 29/167=17% of histologically proven MGD
among 167 pHPT patients;” 21 of the 29 FCH PET/CTs
(72%) have been indicated on basis of nonconclusive or dis-
crepant results of MIBI and US. In the context of this large
selection bias, patient-based sensitivity for MGD was 38% for
FCH vs 0% with MIBI as explained by the predominance of
the selective strategy, 38% of MGD appearing as a single
abnormal focus on MIBI SPECT, with discordant US results.
In those patients, a MIBI-based strategy would not prompt
FCH PET/CT that actually detects additional abnormal PT.
In contrast, MGD was expected and then better detected on
FCH PET/CT in 88% of patients with rHPT, with a lesser
selection bias (11 after MIBI out of 24 = 46%)."” Concordant
results were reported in short series. Four MGDs among 17
pHPT patients appeared as one single focus on scintigraphy
in three cases, whereas FCH correctly localized six pathologi-
cal PTs in three patients, and surgery was successful’ """
(Fig. 10). Of 15 MGDs, nine were recognized on FCH PET/
CT vs 4 on MIBI scintigraphy.™ The prospective study of
Cuderman et al.™ included 103 patients with pHPT who
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underwent both FCH PET/CT and MIBI scintigraphy accord-
ing to a comprehensive protocol combining SPECT/CT, thy-
roid subtraction and dual phase acquisition, avoiding the
aforementioned selection bias of real-world series such as
ours. On histology reports, 14 patients (14%) had MGD con-
sisting in 4 dual adenomas and 31 hyperplastic glands. In
this subgroup, FCH PET/CT had a sensitivity of 88% and
specificity of 100%, whereas MIBI scintigraphy had a sensi-
tivity of 44%. FCH PET/CT revealed MGD in six of 14
patients (43%) who were falsely classified as having a single
HFPTG on MIBI scintigraphy.

The risk of selecting patient for FCH PET/CT on basis of
nonconclusive results of MIBI scintigraphy or SPECT/CT
was recently confirmed in a series of 64 patients with positive
finding on MIBI scintigraphy. Subsequent FCH PET/CT
identified nine HFPTGs not detected by MIBI scintigraphy in
eight patients (12.5%), including 4 patients with MGD.
Moreover, negative FCH PET/CT allowed the reassessment
of eight false-positive results of scintigraphy diagnosis in
seven patients (11%). Only one HFPTG in one patient was
missed on FCH PET/CT and correctly identified by MIBI
scintigraphy.”’

Furthermore, the partial analysis of the series from Hopital
Tenon confirmed that FCH is able to detect not only adeno-
mas but hyperplastic PTs as well, which are hardly localized
with MIBI and US; for localizing 155 hyperplastic PTs, sensi-
tivity of FCH PET/CT was 72% vs. 39% for US and 25% for
MIBI when it was also performed.™

Therefore, first-line FCH PET/CT is particularly indicated
in the clinical settings of HPT with a high prevalence of
hyperplastic HFPTG: persistent or recurrent pHPT in relation
with MGD, rHPT at initial imaging work-up, persistence or
recurrence, and hereditary HPT, particularly multiple endo-
crine neoplasia type-1 (MEN1).

The preoperative serum PTH level might potentially be
able to predict success of FCH PET imaging in pHPT, with
higher lesion-to-background ratios being expected in
patients with high serum PTH levels.”*°%° However, it was
not possible to determine cut-off values of serum PTH or cal-
cium levels permitting to identify subgroups of pHPT
patients with a very high or a very low probability for a posi-
tive result of FCH PET. In patients with an evocative clinical
context but basal serum PTH levels within the normal range,
potentially associated with normocalcemia, the diagnosis of
PpHPT can be assessed by testing the response to an oral or
intravenous calcium load, resulting in the absence of the nor-
mal decrease of PTH serum level.”” In 2011, nonelevated
basal serum PTH level was observed in 5.5-7% of pHPT
patients undergoing PTX; """ with a trend toward lower sen-
sitivity of conventional preoperative imaging. In 50 pHPT
patients with nonelevated PTH levels or calcemia reported by
Seyedinia et al.,** first-line FCH PET/CT showed a patient-
based sensitivity of 93% and a specificity of 75%. In a prelim-
inary analysis of the series from Hopital Tenon reported as an
abstract, the sensitivity of FCH PET/CT was still high in
pHPT with nonelevated serum PTH level and/or calcemia,
156/192=81% patient-based and 165/256=64% gland-
based,” the sensitivity gap with “overt” pHPT being largest

in case of normocalcemia. FCH PET/CT is thus indicated in
this biochemical setting of “mild” pHPT.

Persistent or Recurrent HPT after Previous
Parathyroidectomy
In case of persistent or recurrent HPT after PTX, the remain-
ing abnormal PT(s) must be accurately identified before rec-
ommending reoperation, because of the high risk of
complications (Fig. 1D). The partial analysis of the series
from Hopital Tenon™ found for FCH PET/CT in patients
suspicious for persistence or recurrence after a previous PTX
a patient-based positivity rate of FCH of 42/54=78% and a
gland-based sensitivity of 24/27=89% vs, in patients without
previous PTX, 291/347=84% and 169/186=91%, respec-
tively, no difference being significant. 4D-CeCT has been
proposed in this aim, which may be integrated in FCH PET/
4D-CeCT. In the study of Latge et al.,”® 37 patients with per-
sistent or recurrent pHPT underwent FCH PET/CT and 4D-
CeCT. The positivity rate and sensitivity were 88% and 95%
for FCH PET/CT vs 63% and 70% for 4D-CeCT; dynamic
4D-CeCT identified no additional PT missed by PET/CT, and
the combination of the two techniques did not improve the
detection rate or sensitivity.

Therefore, recurrent or persistent HPT after PTX is an indi-
cation for FCH PET/CT.

Suspicion, Staging or Restaging of Parathyroid
Carcinoma

In rare cases, the persistence of pHPT after surgery can be
caused by recurrent or metastatic parathyroid carcinoma, a
rare malignant endocrine tumor. According to the “3+3
rule””” and a recent review,”” malignant pHPT should be
considered in case of serum PTH levels three to 10 times
above the upper limit of normal, markedly elevated calcemia
>3 mmol/L, lesion size >3 cm possibly palpable in the neck,
inhomogeneous, hypoechoic and lobulated masses on US,
severe symptoms of bone (osteitis fibrosa cystica) disease and
renal disease (renal stones and nephrocalcinosis). Parathyroid
carcinoma is prone to recurrence and metastasis, and postop-
erative reviews should be carried out routinely. FCH PET/CT
imaging was reported as early as 2015 in a patient with recur-
rent parathyroid carcinoma and yielded a better detection
than FDG PET/CT and various scintigraphic modalities.””
Subsequent case reports confirmed that PET/CT imaging
with FCH and/or FDG can detect lesions of (recurrent) para-
thyroid carcinoma®”"°” as well as synchronous recurrence
of another malignancy.”” FCH PET/CT is indicated in this
setting as it can guide surgeons to perform selective metasta-
sectomy, to control tumor load and hypercalcemia, along
with concomitant use of the monoclonal antibody denosu-
mab and diphosphonates, as needed.®” However, liver metas-
tases may be missed with PET, in relation with the
accumulation of the radiopharmaceuticals in the liver. In
three patients with recurrent parathyroid carcinoma’™ ''C-
choline and FDG PET/CT as well as MIBI showed lesions in
the neck, but failed to identify liver metastases visualized on
contrast enhanced CT or MRI.
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A differential diagnosis in case of recurrent HPT with dis-
tant lesions is parathyromatosis in which several hyperfunc-
tioning PT nodules are scattered. It is generally attributed to
improper handling of the PTs during PTX; both pathologies
may even be concomitant.”’

Heritable HPT

Approximately 10% to 15% of pHPT consists of heritable
forms with Multiple Endocrine Neoplasia type 1 (MEN1)
being the most common heritable form, affecting 2% to 4%
of patients with pHPT.

HPT is often the first manifestation of the syndromic forms
of heritable pHPT, MEN types 1 and 4, and HPT-jaw tumor
syndrome (HPT-JT).”” Early diagnosis of these syndromic
disorders is useful in planning the extent of surgery and
establishing an optimal surveillance for recurrence of pHPT
and the associated extraparathyroidal manifestations of these
disorders, with the help of a patient-tailored imaging-work-
up.

MEN type 1 (MEN1 previously Wermer’s syndrome) is a
rare genetic disorder that mainly affects the PTs, the pituitary
gland, the pancreas and other components of the digestive
tract. The French Guidelines on the management of MEN1
recommend to start biochemical screening for HPT at the age
of 10 and then annually, followed by imaging if screening is
positive and surgery is planned.® The pHPT in the context
of MEN1 frequently consists in a MGD with small hyper-
plastic glands rather than adenomas, a pattern which
is challenging for imaging modalities. Even though
98Ga-DOTATOC, a ligand of the somatostatin receptors that
targets most types of neuroendocrine neoplasia, may some-
times be taken-up by HFPTG, its detection rate is not suffi-
cient to rule out their presence. In contrast, FCH PET/CT is
now recommended in the French guidelines in this setting,
before parathyroid surgery and in screening for ectopic PT.
Compared to MIBI scintigraphy and/or SPECT/CT, FCH
PET/CT provides with additional information regarding
the number of pathologic PT(s) and their localization in
MEN] 6768

In MEN type 2 (MEN2 previously Sipple’s syndrome),
medullary thyroid cancer (MTC), pheochromocytoma, and
pHPT can be associated, but pHPT is rarer in MEN2 than in
MENI1 and the results of PET/CT with FCH have not been
reported yet, in contrast with the recognized utility of
'®F_fluorodopa to localize MTC.%" "%

MEN type-3 (formerly MEN2B) does not involve pHPT.
MEN type-4 (MEN#4) is caused by a CDKN1B germline muta-
tion first described in 2006. Its estimated prevalence is less
than one per million. It most frequently affects women
around 50 years of age; pHPT as a uniglandular disease is the
leading pathology;”' the single reported case with FCH PET/
CT was interpreted as negative® but a hyperplastic PT was
resected.

MEN type-5 (MEN5) has been recently identified, in
relation with germline MAX variant; pHPT may be pres-
ent among various endocrine disorders, of which the
localization of abnormal PTs with FCH PET/CT has not
been reported yet.

HPT-jaw tumor syndrome (HPT-JT) is related to a patho-
genic variant of cell division cycle 73 (CDC73).” Jaw tumors
may be found only in approximately one third of cases, while
the most common, and sometimes the only feature of HPT-
JT, is primary pHPT. HPT-JT is associated with a higher
prevalence of PT atypical adenomas and carcinomas than in
other heritable pHPT in which most PT tumors are benign.
For the moment, FDG PET/CT"” and MIBI SPECT’" have
been the only functional imaging modalities reported for the
detection of abnormal PTs in HPT-JT.

Familial hypocalcemic hypercalciuria (FHH) is the most
frequent nonsyndromic heritable HPT. In general, patients
with FHH should not undergo PTX as it would not correct
the hypercalcemia (unless the PTX were total).®> Conse-
quently, indication for imaging appears limited in FHH.

Renal HPT at Initial Imaging Work-Up,
Persistence or Recurrence

Renal HPT (rHPT) alone is not an indication for imaging and
subsequent PTX without other findings. In rHPT, the pattern
of secondary HPT (sHPT) is expected: several foci corre-
sponding to MGD of hyperplastic PTs. However, in our expe-
rience, HPT in mild or moderate chronic kidney disease
(CKD) with a moderate increase in PTH serum level is the
most frequently due to pHPT,™ an association that is not
rare in elderly people (Fig. 2).

Tertiary HPT (tHPT) consisting of autonomous secretion
of PTH with persistent hypercalcemia despite resolution of
the cause of sHPT may also be present, mainly after renal
transplantation. PTX is an option, particularly in case of
symptomatic hypercalcemia and/or to prevent or palliate the
consequences of rHPT in CKD patients, eg, cognitive
decline.”” PTX can be expected to improve prognosis of HPT
in kidney transplant recipients that negatively impacts allo-
graft and patient survival rates.”® A choice between total, sub-
total or limited PTX must be made.”” The preoperative
imaging before a first PTX for rHPT remains controversial
because bilateral neck exploration is usually needed for iden-
tification of all abnormal PTs. Moreover, accurate preopera-
tive localization of abnormal PTs can guide the surgeon for
faster and more appropriate intervention, especially in high-
risk patients with renal transplant.

Imaging with FCH PET/CT has been proposed’®’” and
shown to be particularly useful for the detection of the most
active HFPTG, of an abnormal congenital number of PTs
(3 or more than 4), or of ectopic HFPTG(s).

Conclusion on the Indications and Place in
the Imaging Strategy of FCH PET/CT

Our team, as well as others, " **%%1?? recommend that FCH

PET/CT will be indicated, in pHPT and in all other types of
HPT if considering a surgical option, as the front line of func-
tional modalities in the sequence of presurgical imaging. If
the availability of FCH PET/CT is limited in a center, the pri-
ority should be given to patients with a high likelihood of
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Figure 2 FCH PET/CT was performed in the context of hypercalcemia (2.65 mmol/l) and elevated serum parathyroid
hormone (PTH) level (74 ng/L) in a 56-year-old woman with chronic kidney disease (CKD) grade G3a (glomerular
filtration rate 52 mL/min/1.73 m?). A focus corresponding to right inferior parathyroid gland (RP3) was detected, SUV-
max 7.13 (arrow) and confirmed by histology as 7 mm parathyroid adenoma. A rapid normalization of calcemia and
serum PTH level was observed after surgery and the occurrence of pHPT in a CKD patient was concluded. Diffuse
moderate FCH uptake by thyroid gland, SUVmax 4.88 (arrow head) in relation with chronic autoimmune thyroiditis.

(A) MIP, (B) PET, (C) CT and (D) PET/CT, coronal slices.

MIBI scintigraphy or SPECT/CT failure due to expected
hyperplastic PT, as in heritable HPT or rHPT, or in recurrent
pHPT.

Practice of '®F-Fluorocholine PET in Search
for Hyperfunctioning Parathyroid Glands
(HFPTG)

Patient Preparation
No particular patient preparation is needed before adminis-
tration of FCH.

As for most PET examinations, patients should drink ade-
quately and urinate as often as possible, before and after
the examination to reduce radiation exposure. In order to
avoid a high uptake of the tracer at the muscular level, it is
recommended to avoid any significant physical activity
before the examination and between the injection and the
examination.

As choline is a dietary component which is found in food-
stuff and dietary supplements, concomitant intake of choline
may compete with cellular uptake of FCH in target tissues,
with a potential risk of false negative PET results. Therefore,
on empirical ground, it was initially recommended that
patients fast for at least 4h before the FCH administration
of FCH. Based on a case report,”" some teams recommend
discontinuation of colchicine for 48h, if applicable. Those
recommendations no longer appear in the marketing authori-
zation of FCH revised to include HPT.”

In the absence of intraindividual comparative data, no
detectable impact of cinacalcet treatment on diagnostic per-
formance of FCH in preoperative localization of HFPTG have
been evidenced.”>*"*"7%%%% The discontinuation of a justi-
fied and effective cinacalcet treatment seems not to be neces-
sary prior FCH PET imaging for localization of HFPTG.

Fine needle aspiration (FNA) for cytology” may cause
local inflammation or even hematoma and should not be per-
formed on the days prior to FCH PET. It is recommended to
schedule FNA after FCH PET, which may contribute to FNA
targeting or lead to revise its indication.

FCH Posology for PET

According to majority of studies in a series of patients, the
activity of FCH administered for localization of HFPTG
ranged between 1.5 and 4 MBg/kg of body mass or between
100 and 300 MBq.” Those values for injected activity of
FCH are in line with current recommendations for parathy-
roid imaging: 1.5 to 3.2 MBg/kg of body mass or 100-300
MBgq,” or 140 to 280 MBq for a body mass of 70 kg, accord-
ing to its marketing authorization.””

In all cases, the administered activity has to be adapted
according to the type and the generation of the imaging
machine: PET alone (not recommended) or PET/CT or
PET/MRL

FCH PET/CT Image Acquisition Protocol
Various FCH PET or PET/CT acquisition protocols have been
proposed for localization of HFPTG.

- Dynamic acquisition:

- up to 20 minute after administration of FCH, either
without' 7970 or with a late static acquisition
of images 60 minute after administration of FCH.””

- Static dual time point acquisition:

- 2-5 minute and 50-90 minute after administration
of ECH L9++1:46,48-50,91-07

- 10-15 minute and 45-60 minute after administra-
tion of FCH5+51:94.98

- 60 minute and 120 minute after administration of
FCH™

- 60 and 90 minute after administration of FCH

- Static single point acquisition:

- 30 minute after administration of FCH

- 45-60 minute after administration of FCH"
39,47,56,83,101-107

100

32,82,84
1,34,38,

- 10-50 minute after administration of FCH?>!>%3%:

40,67,68,104,108-110

Standardization of the FCH PET imaging protocol may be
expected in future, according to the current EANM guideline
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on parathyroid imaging which recommends to perform
either a dual acquisition consisting in an early acquisition of
images 5 minute after administration of FCH, as some lesions
may show uptake in the early phase only, and a delayed
acquisition 1 hour after administration of FCH, or one acqui-
sition 20 minute after injection of FCH completed, in case of
a negative or equivocal result, with a delayed image acquisi-
tion.” The current SmPC of the marketing authorization of
FCH considers those two options for the imaging protocol.””
We initially performed FCH PET/CT only as a second line
examination in HPT (2012-2016); at that time, our imaging
protocol consisted in a dynamic acquisition followed by
whole-body scan; but in 2017 we proposed FCH PET/CT as
the first-line functional imaging modality and we opted for a
static acquisition at 20 minute with an optional second static
acquisition at 60 minute, both on a field of view (FOV) dedi-
cated to HFPTG detection.

This FOV can be limited from the nose, below the eye
lenses, to the chest down to the base of the heart (Fig. 2) as
for SPECT/CT, to obtain a low radiation exposure from CT.
But thanks to the more rapid acquisition with PET than with
SPECT, it may easily be extended, on a case by case basis, to
the whole head”™® (Fig. 1) or to the whole torso or even the
whole-body according to the patient’s history (neoplasia,
skeletal disease, infection...) or incidental ﬁndings.g Infor-
mation about a previous cervical surgery is important for the
determination of the FOV, as reimplantation of parathyroid
tissue in the forearm''' or in a cervical muscle may have
been performed, which may become a culprit HFPTG.

To avoid beam-hardening artifacts on PET/CT fusion
images in the cervical region, the arms of the patient should
not be placed over the head but along the torso (Fig. 1-6).

The duration of image acquisition depends on the exten-
sion of the FOV and on the speed of the translation of the
examination bed, either step by step or continuous. The opti-
mal translation speed of the bed is chosen according to the
generation and characteristics of the PET machine, the actual
injected activity and the clinical status of the patient (pain,
claustrophobia, . . .) and a general recommendation concern-
ing the duration of the image acquisition is not possible. A
new generation of PET machines is becoming available with
a long axial FOV,''” allowing the FCH PET/CT acquisition
to be performed without motion of the bed, and to reduce
both the injected activity and the duration of the examina-
tion. Currently no application of FCH with long-axial FOV
PET to human HPT has been published.

Safety Profile of FCH, Dosimetry
and Use in Special Populations

During more than 20-year experience with use of FCH in
adult patients of all categories of age, including patients with
renal of hepatic impairment, and in few pediatric reported
cases, no serious adverse reactions related with use of FCH
have been reported, permitting to conclude to its highly
favorable benefit/risk profile. The acquisition of images and

the whole FCH PET/CT procedure are shorter than with con-
ventional planar scintigraphy or SPECT/CT and is well toler-
ated by patients.

From dosimetry point of view, according to the fourth
addendum to ICRP (International Commission on Radiologi-
cal Protection) Publication 53 of May 24" 2013, the effective
dose per activity unit is 0.020 mSv/MBq of FCH in adults.
The effective dose resulting from an administration of
280 MBq of FCH is about 5.6 mSv. In comparison with pla-
nar scintigraphy or dual phase MIBI SPECT/CT, as reported
by Rep et al.,** the highest radiation exposure was caused by
conventional planar subtraction scintigraphy (7.4 mSv), fol-
lowed by dual-phase MIBI SPECT/CT (6.8 mSv). The radia-
tion exposure was the lowest for dual-phase FCH PET/CT
imaging (2.8 mSv). The added CT component for both
hybrid approaches (PET/CT and SPECT/CT) generates a lim-
ited additional radiation exposure (1.4 mSv for MIBI SPECT/
CT, adding 26% to overall exposure; 0.8 mSv for FCH PET/
CT, adding 42% to overall exposure). However, it should be
noted that, in this study, the median injected activity of FCH
was only 99.2 MBq (range 88.0-149.4), at the lower end of
the interval of recommended activity” or even lower,”’
whereas it was 603.1 MBq (range 535.8-671.3) for MIBI,
around the middle of the corresponding interval of recom-
mended activity.” This low FCH injected activity, which may
become the reference in future as the imaging performance
of PET/CT machine improves, explains a low radiation expo-
sure. In conclusion, the radiation exposure with FCH PET/
CT is clearly not greater than with MIBI SPECT/CT.

After injection of FCH, close contact of the patient with
young children should be avoided for 12 hours.”’

FCH PET in paediatric population has initially been
reported mainly in oncological indications.''” Currently the
use of FCH in localising HFPG in paediatric population is
cons)idgred as safe and proposed as a method of choice after
USIL,-F(W

Women are affected twice as often as men by pHPT which
is the most common endocrine disorder after diabetes and
thyroid disease. Moreover, 25% of pHPT are diagnosed in
childbearing age. In case of pHTP during pregnancy, the
maternal complications occur in approximately 67% of cases,
including nephrolithiasis (24%-36%), bone disease (13%-
19%), pancreatitis (7%-13%), (pre)eclampsia (25%) and
spontaneous abortion, hyperemesis, muscle weakness, con-
fusion, and hypercalcaemic crisis. Foetal complications of
pHPT occur in 80% of cases including postpartum hypocal-
cemia (50%) or even neonatal death (27%-31%).''" Tt
appears that, with higher awareness of pHPT and its impact
on maternal and foetal morbidity and mortality, there may
be more evidence to support PTX regardless of gestational
age, particularly for pregnant women in the third trimes-
ter,'"" highlighting the importance of accurate preoperative
localising of abnormal PT(s). The choice between medical or
surgical treatment must be based on assessment of the risks
by obstetricians and endocrinologists, with the help of imag-
ing to optimize a potential surgical intervention. In this con-
text, radiation-free US is the front-line imaging modality.
When preoperative US fails to localize an abnormal PT,



'8F_Fluorocholine-Positron Emission Tomography

functional nuclear medicine imaging can be performed
according to the technique preferred by the nuclear medicine
physician.''” The choice of the imaging modality and proto-
col is therefore essentially based on three elements in a preg-
nant woman: reduction of radiation burden of the foetal
thyroid and of whole-body as low as reasonably achievable,
compliance with approved indications, and ensure the most
sensitive imaging possible. This decision must be based on
multidisciplinary consultation.''®

Nevertheless, as the experience with administrating FCH
to a pregnant woman is missing, according to its marketing
authorization”’, FCH is currently contraindicated during
pregnancy, whereas FDG, that has been reported to be used
to localize the recurrence of a parathyroid adenocarcinoma
during pregnancy''” or MIBI''® are not contraindicated,
despite a similar dosimetry profile. A case report illustrates
the potential interest of pre-PTX imaging with FCH, the
most sensitive modality, in this context: in a 40-year-old
patient, a bilateral neck exploration with PTX during the sec-
ond trimester of pregnancy was unsuccessful and the patient
remained hypercalcemic. Postpartum imaging assessment
with MIBI scintigraphy could not supply conclusive diagnos-
tic results, whereas FCH PET/CT provided the accurate local-
ization of an ectopic parathyroid adenoma in the anterior
mediastinum, which was successfully resected by a thoraco-
scopic approach.''*

After injection of FCH in a lactating woman, breastfeeding
should be interrupted for 12 hours and milk produced dur-
ing this period should be eliminated.””

Interpreting and Reporting FCH
PET/CT

A request for FCH PET in search for HFPTG must be submit-
ted to a nuclear medicine physician. It should provide suffi-
cient information to assess the indication and to optimize the
acquisition protocol of the examination, as well as to inter-
pret the images. This include relevant events of patient’s
medical history (such as thyroid or parathyroid dysfunction,
cervical or thoracic surgery, chronic renal disease, kidney
stones, fractures, digestive pathology, treatment with lithium,
thyroxine or calcimimetics, any malignancy ...) and data
about the current episode (biology, cervical imaging . . .).
The reading of PET/CT to localize HFPTG usually starts
with visualizing maximum intensity projections (MIP) in
search for foci adjacent to the posterior face of thyroid gland
and for evocative ectopic foci. The analysis of attenuation-
corrected slices in the three planes with and without CT
fusion is necessary in all cases, to precise the anatomical land-
marking and the size of CT images matching abnormal FCH
foci. The analysis of nonattenuation-corrected images may
sometimes be useful in the case of artifacts on CT or of inci-
dental foci in the lungs. For the neck region, the soft-tissue
CT window should be used. A reading of PET and PET/CT
fused images of organs or structures out of the neck but
included in the whole FOV, should not be omitted. The soft-

tissue CT window is adapted to the mediastinum and the
breast (and the liver in the absence of a specific window), but
other CT windows are recommended for lung and bone (and
liver if this window is available).”

In the FOV extending from the nose down to the base
of the heart, FCH physiologically accumulates in the sali-
vary glands, the liver, and usually with a lower intensity
in the thyroid gland and the bone marrow.''” The inter-
pretation of FCH PET/CT in children or adolescents
referred for localization of HFPTG must consider the par-
ticularities of biodistribution of FCH at that age, particu-
larly the variable physiologic uptake by thymus and
eventual FCH uptake by brown adipose tissue'”’ or
growth plates (Figs. 3A, 3B).

Orthotopic HFPTG

Focal accumulation of radiopharmaceutical in a nodule
behind the thyroid gland is the most typical FCH PET/
CT image for HFPTG. But all foci with an increased
tracer uptake compared with the adjacent background
located in an area from the upper neck to the base of the
heart should be considered as potentially corresponding
to a HFPTG. As a complement to visual assessment, the
measurement of SUVmax of the focus, its uptake ratio to
the liver or the thyroid may reinforce the confidence in
detecting a HFPTG.””""'*!""!*? Compared with the thy-
roid parenchyma, a greater SUVmax of the focus and a
hypodense character of the corresponding lesion on CT
are further positive arguments for HFPTG, but they may
be lacking, in particular for small-sized foci or in case of
thyroid pathology. If dual-time point acquisition has been
performed, the persistence and reinforcement of uptake
intensity in the late acquired images (related to clearance
from healthy structures) of foci visible but equivocal on
the early acquired images is a further argument for a
HFPTG, but the disappearance on the late acquired
images of a focus that was equivocal on early acquired
images could be due to an actual HFPTG with rapid FCH
clearance.

Ectopic PTs
The three most common ectopic locations of PT are the thy-
mus, para- or retroesophageal space, and thyroid.’

Intrathyroidal HFPTG

Intrathyroidal HFPTGs are usually FCH-positive; the main
diagnostic problem is to identify the FCH focus as PT, since
thyroid anomalies are much more frequent in HPT patients
and may take-up FCH. In pHPT, favoring arguments can be
a lack of evocative of extrathyroidal FCH focus, recurrence
after PTX, matching a low density structure on CT or a pro-
foundly hypoechoic solid nodule on US with well-defined
border, abundant blood flow and polar feeding vessels origi-
nating from the superior or inferior thyroid artery.'**'*” But
the presence of an extrathyroidal FCH focus does not rule
out an intrathyroidal HFPTG that can be part of a MGD. The
frequency of intrathyroidal PT in pHPT was 17/808=2.1% in
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Figure 3 (A) FCH uptake by brown fat SUVmax 4.07 (arrowheads) in 14 year-old girl with pHPT (calcemia 2.96mmol/
L, serum parathyroid hormone level 168 ng/L (normal level<60 ng/L). Left inferior parathyroid gland (LP3) was
detected SUVmax 4.07 (arrow), and confirmed as adenoma by histology. No recurrence of HPT was observed during
follow-up of 6 months. (B) FCH uptake by thymus (arrowheads) and growth plates in both humeri (dashed arrows) in
11 year-old girl with primary hyperparathyroidism (calcemia 3.2 mmol/L, serum parathyroid hormone level 63 ng/L
(normal level <34 ng/L). Right superior, SUVmax 2.1 (red arrow) and inferior SUVmax 2.0 (green arrow) parathyroid
glands (RP4 and RP3) were detected (arrows) and confirmed as adenomas by histology. No recurrence of HPT was
observed during follow-up of 6 months.

one recent study.'”® No series are currently available con- Cervical Ectopic PTs
cerning this detection with FCH PET, the sparce reported The frequency of PT in the carotid sheath is around 2%. Libé
cases being FCH-positive*""""* whereas 2/3 were MIBI-neg- et al.'*" reported a highly vascularized hypoechoic solid

ative in the study of Xue et al.”* lesion on US between the carotid artery and the jugular vein,
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which was suspicious at cytology for a carotid body paragan-
glioma; a high serum PTH level prompted FCH PET/CT that
showed an intense FCH uptake (SUVmax=15) and an ectopic
PT adenoma was confirmed.

Intrathoracic PTs

The study of Dream et al.'*® included 2291 patients who
underwent PTX for HPT by one surgeon, 158 (7%) were
identified to have an ectopic intrathymic PT, of which 42%
were hyperplastic HFPTGs. To date, no data on the detection
of intrathymic HFPTGs with FCH PET have been reported.

Erroneous or Nonconclusive
Interpretation

False-negative results may result from inadequate technical
options such as too low injected activity, too late image
acquisition, too short acquisition duration, too restricted
FOV, in particular in case of recurrence after PTX, to pres-
ence of metal induced artefacts on hybrid PET/CT images.
Even though the uptake of FCH by healthy thyroid tissue is
usually moderate (Figs. 1BCD, 3-6), it is diffusely intense in
case of thyroiditis Fig. 4 or of Graves’ disease, making it diffi-
cult to detect HFPTG(s) adjacent to the thyroid gland. Simi-
larly, multiple FCH-positive lymph nodes in the neck or the
median part of the upper mediastinum may mask the actual
HFPTG foci and lead to false-negative results. FCH foci cor-
responding to aforementioned ectopic HFPTG(s) may be
overlooked or attributed to other origins, a false-negative
result for culprit PT(s).

False negative results may also be in relation wild mild
HPT or with the particulars of HFPTG, such as small size, PT
hyperplasia, MGD overlooked since one intense FCH focus
was evident ... These situations will be discussed below about
the FCH diagnostic performance.

As FCH is a nonspecific tracer of increased intracellular
influx of choline, several malignant and nonmalignant lesions
may show increased FCH uptake on PET/CT. Concerning
the false-positive results, we will distinguish (somehow arbi-
trarily but in order to organize a long enumeration) “pitfalls,”
that are uncertain or inappropriate interpretation as HFPTG
of foci of nonpathologic origin or of nature that will require
no consequence on the patient’s management, from “inciden-
tal findings” that may or should impact on patient’s manage-
ment.

Pitfalls

Accessory thyroid tissue or small remnants in case of partial
or total thyroidectomy are likely to take-up FCH and appear
as foci on PET, leading to a false-positive result. This pitfall
may be avoided by referring the patient to thyroid sodium
'S Liodine scintigraphy (as '**I for PET imaging is hardly
available), providing no injection of iodine CT contrast agent
has been recently performed and a possible thyroid hormone
substitution has been paused.

The most frequent nonspecific FCH uptake outside of the
thyroid bed is due to inflammatory and reactive lymph
nodes.''” They are usually easy to differentiate from HFPTG
(s) just based on their topographic distribution, generally out
of the area of extension of ectopic PT, the most frequent loca-
tions being the axilla and the pulmonary hilum.

In 2007, some of us reported a “washout” phenomenon:
FCH uptake within benign lymph nodes, including cervical
lymph nodes, observed during the first 5 minute of injection
diminishes rapidly by 20 minute.'”’ Nevertheless, residual
FCH uptake by reactive lymph nodes is still frequent, even
on delayed imaging.

Incidental Findings

Diffuse Intense Thyroid Uptake of FCH

In 19 of a series of 107 patients (18%) planned for thyroid
surgery, chronic autoimmune thyroiditis (CAT) was evi-
denced. Of these, 13 (68%) displayed an increased and dif-
fuse FCH thyroid uptake correlated with pathology and
thyroperoxidase antibodies titers.'” This uptake pattern was
highly predictive of CAT.

Thyroid Nodules

Inside the thyroid area, the post-thyroidectomy remnants
may create a potential interpretation pitfall, but the most fre-
quent and main interpretation problem is a focal FCH uptake
inside the thyroid gland. It corresponds in most cases to a
benign thyroid nodule (Fig. 4), in particular oxyphil adeno-
mas that are very FCH avid,"”"'** or more rarely to a thyroid
malignancy,'”” but may also correspond to an intrathyroidal
HFPTG as aforementioned.*""”"*

As thyroid anomalies are frequent in HPT patients, the
potential of dual-time-point PET/CT acquisition in character-
ising centimetre thyroid nodules as benign or malignant has
been tested. In the pilot study of Bani et al."** on 27 pHPT
patients, FCH early uptake ratio and washout index were sig-
nificantly higher in malignant lesions than in benign thyroid
nodules. On the same year, Ciappuccini et al."”' gathered
and analysed with a similar goal a larger prospective series of
107 patients. It was confirmed that FCH PET/CT offers high
negative predictive value (NPV =96% 20 minute after injec-
tion) to reliably exclude cancer in FCH-negative indetermi-
nate thyroid nodules, but suffers from low positive predictive
value (PPV= 29%), particularly in those lesions with onco-
cytic cytology. There was no difference in the predictive val-
ues between acquisitions at 20 minute or 60 minute
postinjection. Broos et al.”’ found a more rapid clearance of
FCH from thyroid anomalies than from PTs.

Coexistence of PT adenoma with papillary thyroid carci-
noma (PTC), both detected on FCH but also on FDG PET/
CT, was reported. > FCH PET/CT may also reveal collision
tumor composed of both PTC and PT carcinoma within one
thyroid nodule, PTC metastases being found in lymph
nodes. '’

In 2022, Broos et al."’” reviewed 388 FCH PET/CTs for
HPT and retrieved 247 incidental findings in 226 patients
(58%): 82 FCH-positive findings with corresponding
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Figure 4 '®F-fluorocholine PET/CT in 36 year-old asymptomatic woman with mild elevation of serum parathyroid hor-
mone level, mild hypercalcemia, and low serum vitamin D3 levels. Uptake of FCH by reactive cervical lymph node on
the right side of the neck confirmed by cytology (SUVmax 3.5), potentially mimicking ectopic nondescended right
inferior HFPTG, and by thyroid nodules (SUVmax 2.3 in the right lobe and 2.7 in the left lobe). Localization of lesions,
their pattern on low dose CT image and biological context were helpful in yielding a correct interpretation of images.
Moreover, higher significantly increased serum parathyroid hormone level would be expected in case of FCH avid
hyperfunctioning parathyroid gland of 20mm in largest diameter, which was not the case of this patient.

pathology on low-dose CT, 16 without CT substrate, and
149 FCH-negative abnormalities on the low-dose CT. In 20
patients, a solitary thyroid nodule was detected; in 6 of the
10 FCH-positive nodules, histology was acquired showing
one PTC, one metastasis of renal cell carcinoma, and 4
benign aetiologies (colloid cysts and hyperplastic nodules).
Multinodular goitre with irregular FCH uptake was described
in 35 patients and a diffusely increased uptake was seen in
five patients (two hyperthyroid patients, two hypothyroid
patients, and 1 patient with normal thyroid function).

Further characterization of FCH thyroid foci may be
obtained by matching the FCH PET/CT images with those of
thyroid scintigraphy (best with sodium '*’I-iodine), similarly
to the dual isotope protocols for MIBI scintigraphy. Maxi-
mum intensity projection (MIP) and coronal slices of PET/
CT are particularly useful in this aim, to check how PET/CT
foci match with the location and the iodine uptake by FCH-
positive thyroid nodules: an intense '*’ uptake is likely
to correspond to a thyroid adenoma, whereas a '*’I-cold
nodule can correspond to a thyroid adenoma but also to
an adenocarcinoma or to an intrathyroidal HFPTG as afore-
mentioned.

Thymus

In three adult patients with prostate cancer, Calabria et al.'"”
documented abnormal FCH uptake in the thymus corre-
sponding to thymomas.

Lymph Nodes

FCH-positive lymph nodes may be observed as a reactive
condition in case of infection or inflammation in the area of
head and neck (Fig. 4) or may reveal clinically significant
inflammatory conditions, such as sarcoidosis which is fre-
quently presenting with hypercalcemia and may be associ-
ated with HPT; in typical cases, the symmetrical distribution

of the mediastinal foci will orientate the diagnosis. The
case was reported of a 63—year-old woman with persistent
hypercalcaemia, osteoporosis, a history of sarcoidosis and
suspected pHPT,' ™ a lower left HFPTG was highly likely on
FCH PET. But the results were judged inconclusive because
of metabolically active granulomas resulting in FCH foci in
the right mediastinal, supraclavicular, pectoral and axillary
lymph nodes with comparable SUVmax. At focused PTX
under general anaesthesia, a lower left PT adenoma was con-
firmed and removed.

Nonthyroidal Malignancies

In the aforementioned study by Broos et al.,"”” nonthyroidal
cancer was detected in 10/388 patients (2.6%) harbouring
13 malignant incidental foci, including three metastases and
10 primary malignancies: breast carcinoma (n=7), lung carci-
noma (n=2), and one skin melanoma (which had been
reported earlier by the same team' ).

Attention should especially be paid to breast lesions, as
women are typically over-represented in HPT, particularly in
case of MEN1, which is linked with an enhanced risk of
breast cancer: two cases of 25 women in our dedicated
study.”

Diffuse Skeletal FCH Uptake

A FCH SUVmax of the HFPTG greater than 4.4 could be pre-
dictive of disease severity in terms of reduced values of bone
mineral densitometry.” In a patient referred to our center
for FCH PET/CT, a large focus evocative of HFPTG was evi-
denced, and furthermore an intense and diffuse FCH uptake
by the axial and peripheral skeleton was also reported; after
the removal of an abnormal PT, a severe and prolonged hun-
gry bone syndrome (HBS) was observed. ™’ HBS occurs on
average 3 days (1-7) after PTX, most frequently for rHPT, in
relation with severe hypocalcemia and nonlow serum PTH,
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which differentiates HBS from hypoparathyroidism, requir-
ing high doses of calcium and active metabolites of vitamin
D. 141

A diffuse increase of FCH bone uptake on preoperatory
PET/CT could be a predictive factor for HBS, various others
being proposed such as high serum level of bone alkaline
phosphatase and of PTH in a context of pHPT. FCH uptake
by the cortical bone should be distinguished on CT-fused
images from the metabolic activation of bone marrow, in
relation with erythropoietin treatment'** observed in two
haemodialyzed patients of the series from Hopital Tenon, or
in another haemodialyzed patient, with myelofibrosis, a pre-
viously reported association.'*’

Focal Skeletal FCH Uptake

Brown tumors (or osteitis fibrosa cystica) are a bone compli-
cation of severe HPT, in relation with long-standing, elevated
PTH-induced osteoclast activation causing multinucleated
giant cell conglomerates with hemosiderin deposits in addi-
tion to the local production of cytokines and growth
factors. Multiple FCH foci, osteolytic on CT, spread in the
skeleton may be located, corresponding to brown tumors.
They were rarely reported in case of severe pHPT, as in a
patient from Hopital Tenon'** or in a very rare condition,
HPT secondary to untreated pseudohypoparathyroidism,
due to PTH resistance in target organs, ie, kidney resistance,

but with conserved bone cell sensitivity.'*” More frequently,
in patients with rHPT, particularly with long history of
hemodialysis or tertiary rHPT, brown tumors appear as
FCH- and/or FDG-positive high turn-over lesions, belonging
to renal osteodystrophy'*® (Fig. 5). As the result of a system-
atic review of 52 articles reporting the use of nuclear medi-
cine imaging in the detection of 392 brown tumors, Jacquet-
Francillon et al.'"" conclude that, if this diagnosis is evoked
on a known lesion, performing FCH PET/CT imaging seems
the most appropriate. In the series from Hopital Tenon,
brown tumors took-up FCH in seven patients, 6 referred for
rHPT and 1 for pHPT.

These brown tumors may mimic FCH-positive bone
lesions related with multiple myeloma'*® that can be con-
firmed or excluded by biology, or metastases of osteophilic
cancer (eg, prostate cancer). If such lesions are localized in
the FOV of parathyroid imaging (head, neck and thorax), it
is considered as useful to complete with whole-body imaging
and to use all CT windows for analysis, to characterize the
bone lesions and to localize a potential primary cancer.

The metabolic activity of brown tumors is reduced when
HPT is cured, which is not the case of malignant bone
involvement.

Jaws are thus among the potential localizations of brown
tumors in HPT. Other bone pathologies of the jaws can take-
up PET/CT tracers, such as osteonecrosis. But the association

Figure § Patient on haemodialysis for 8 years with rejection of 2 kidney grafts. Parathyroidectomy of both superior and
the left inferior hyperplastic parathyroid glands (RP4, LP4, LP3) has been performed, but 2 months later, serum para-
thyroid hormone level increased to 1300 ng/L. Hence FCH PET/CT was performed and showed a right inferior hyper-
functioning parathyroid gland (RP3) SUVmax 14.71 (A, arrow) but also numerous skeletal foci (A, B, C, arrow heads),
osteolytic on low dose CT image (B, C) and generalized atherosclerosis (D, arrows). (A, E) MIP, (B, C, F, G) PET/CT
and CT, axial slice, (D) CT, coronal slice, Following right inferior parathyroidectomy (more than 7/8 of PTs resected)
the serum parathyroid hormone level dropped to 185 ng/L. On FCH PET/CT performed 5 months after this parathy-
roidectomy, the bone foci disappeared on PET and the corresponding osteopenic lesions on CT showed remineraliza-
tion (arrow heads), permitting to conclude that they corresponded to brown bone tumors.
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of jaw-ossifying fibroma with HPT is evocative of the very
rare HPT-jaw tumor syndrome (HPT-JT), aforementioned
among the hereditary forms of HPT. In the absence of a clear
alternative aetiology, in particular bisphosphonate therapy,
the discovery of an isolated hypermetabolic focus in the jaw
may prompt genetic search of a pathogenic variant of cell
division cycle 73 (CDC73).”* For the moment, FDG PET/
CT"” and MIBI SPECT" have been the only functional imag-
ing modalities reported in this rare disease, which is associ-
ated with a high prevalence of PT atypical adenomas and
carcinomas.

On the CT Component of PET/CT: Cardiovascular
Calcifications and Arteria Lusoria
In addition, relevant information on cardiovascular calcifica-
tions may be obtained on CT of FCH PET/CT, even low dose
(Fig. 5), a potential detection of vulnerable atherosclerotic
plaques by uptake of '®F choline analogue on the corre-
sponding PET image being reported'™ and then
contradicted.' ™

Finally, the presence of lusoria artery (retroesophageal
right subclavian artery or aberrant right subclavian artery)
should be checked on the CT component (even low-dose) of
PET/CT and reported if discovered. This rare anatomical var-
iant is strongly correlated with the presence of a nonrecur-
rent inferior laryngeal nerve that is at risk of injury during
right neck surgery'”'

Diagnostic Performance of FCH
PET in Primary
Hyperparathyroidism (pHPT)

Evangelista et al. published a metaanalysis in 2020%°, FCH
PET results of diagnostic performance in pHPT, evaluated
according to an independent reference-standard (or stan-
dard-of-truth), were available in 18 studies as patient-based,
and in 14 studies as lesion-based. Overall, true-positive find-
ings were reported in 686 patients and 530 lesions. Con-
versely, the number of false-negative results were 35 patient-
based and 23 lesion-based. Pooled sensitivities of FCH PET
were 93.7% patient-based and 91.3% lesion-based.

In the metaanalysis of Whitman et al.,"”* 20 studies were
gathered resulting in a total of 796 HPT patients (4 studies
also included rHPT patients), FCH PET had a high sensitivity
of 97% (range, 96%-98%), for the detection of abnormal PT.
In the subpopulation for which both FCH and MIBI were
reported, FCH also had a sensitivity of 96% (94%-98%)
higher than 54% (29%-79%) observed with MIBI (P <
0.001).

The meta-analysis of Lee et al.'”” gathered a total of 8495
patients from 119 direct comparative studies published
between 1985 and September 2020, comparing two or more
imaging modalities for localization of abnormal PT in pHPT.
Eleven “choline” studies were included, 10 with FCH and 1
with ''C-choline. The sensitivity of choline PET/CT was sig-
nificantly higher than that of MIBI SPECT in both patient-

based and lesion-based analyses (patient-based analysis:
odds ratio, 5.22; CI: 2.36-11.80; lesion-based analysis: odds
ratio, 17.70; CI: 5.79-60.10). Among eight representative
imaging modality categories, choline PET/CT obtained the
highest surface under the cumulative ranking curve (SUCRA)
values in both patient-based and lesion-based analyses. In
patient-based analysis of articles published after 2010, cho-
line PET-CT showed the highest SUCRA value, followed by
the CT category, overpassing MIBI SPECT that had the high-
est SUCRA value before 20009.

The detection of MGD in pHPT patients is still a challenge,
some of the multiple abnormal PT(s) being small-sized and
possibly metabolically inhibited by the overactivity of the
dominant PT, in particular if they are hyperplastic but nona-
denomatous. In the partial analysis of the series of hopital
Tenon,” MGD was found at post-PTX histology in 29
patients, of whom MGD had been recognized on FCH PET/
CT in 11 (38%), one single abnormal PT being located in 12
(41%). Dudoignon et al." reported a somewhat better MGD
detection rate of 9/15=60% (nonsignificant difference Fish-
er's test P=0.21). In both studies, the MGD detection with
MIBI was worse 0/21=0% and 4/15=27%, respectively. The
mass of abnormal PTs was smaller in case of MGD (mean
178 mg) than in case of uniglandular disease (mean 699 mg)
(p < 0.001) which substantiates the challenge of detecting
MGD with imaging, and the importance of FCH PET/CT, the
most sensitive modality.

Dynamic 4D-CeCT has been proposed to localize abnor-
mal PTs. As this imaging procedure is demanding and
requires injection of iodine contrast agent, which is contrain-
dicated in rHPT, its potential indication corresponds to dis-
crepant results of imaging work-up in pHPT. Alternatively,
the low-dose CT component of PET/CT may be replaced by
4D-CeCT in the composite imaging.'” The results of five
articles in a total of 153 pHPT patients were pooled by Pic-
cardo et al."”* The pooled detection rate of FCH PET/CT was
86%, vs 69% for 4D-CeCT and 86% for FCH PET/4D-CeCT,
while their pooled sensitivity was 89%, 77% and 93%
respectively. In conclusion, the sensitivity of FCH PET/CT
and FCH PET/4D-CeCT is higher than that of 4D-CeCT,
while only a slight difference using FCH was observed
between PET/CT and PET/4D-CeCT. Performing routinely
FCH PET/4D-CeCT in pHPT seems to be of little benefit and
high cost in procedural constraint, radiation exposure and
potential side effects of the iodine contrast agent.

Van den Bruel et al.'”” retrospectively evaluated how accu-
rately preoperative imaging localizes PT adenomas in supe-
rior vs inferior glands, the reference standard being surgical
findings with histopathologic confirmation of adenoma. In
case of missed localization on imaging, superior PTs were
more often localized as inferior than the reverse on CT, US
and FCH PET/CT. Of 30 FCH PET/CTs this error rate was
36% vs 17% of inferior PTs localized as superior.

In nine patients with chronic thyroiditis favouring a high
background due to thyroid uptake of FCH as aforemen-
tioned, Mazurek et al.'” did not observe a decline of the per-
formance of FCH PET/CT compared with the 56 other pHPT
patients of their study.
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Diagnostic Performance of FCH
in MEN

In a pilot series of 44 HPT patients with inconclusive conven-
tional imaging were three NEM1 patients: FCH PET detected
all their 4 PTs, all hyperplastic, that were resected guided on
its images.‘:

A dedicated extraction from our database® retrieved 15
MENT1 and 1 MEN#4 patients referred to FCH PET/CT as part
of their initial pHPT work-up who were subsequently oper-
ated; 44 abnormal PTs were resected, of which 32 (73%) had
been detected and two considered as equivocal foci on FCH
PET/CT. In nine patients referred to FCH PET/CT for recur-
rent MEN1 pHPT who were subsequently operated, 14
abnormal PTs, all FCH-positive, were resected, a successful
unilateral PTX being performed in 4 of them. In a subsequent
multicenter study including 71 MEN1 patients,' ™ patient-
based sensitivity of FCH PET/CT ranged from 98.5 to 100%
among the different readers. FCH PET/CT detected more
lesions than US or MIBIL. Lesion-based sensitivity ranged
across different readers from 84.4 to 87%, and specificity
ranged from 94.7 to 98.8%. Less than subtotal PTX was per-
formed in 7/13 patients with one or two abnormal FCH foci.

Diagnostic Performance of FCH
in Secondary
Hyperparathyroidism (sHPT)

The most frequent cause of sHPT is CKD; however, pHPT
may occur also in this population of patients.

When PTX is considered, imaging, most recently with
FCH PET/CT, is useful for the detection of HFPTGs.

The team from Hopital Tenon published the first pilot
series in rHPT, including 1 dialyzed and 4 transplanted
patients, comparing FCH, MIBI and US for the detection of
12 resected hyperplastic PTs and 1 adenoma.”” Sensitivity of
FCH was 5/5=100% patient-based and 12/13=92% gland-
based; identical values were found for MIBI but with two
false-positive lesions; for US, patient-based sensitivity was 2/
4=50% with 1 false-positive and gland-based sensitivity was
6/13=46% with 1 false-positive result.

In the study of Xue et al.,”" a total of 63 hyperplastic PTs
were resected in 17 rHPT patients, of which 53 lesions were
detected on FCH PET/CT with no false-positive results. The
gland-based sensitivity, specificity, accuracy, PPV, and NPV
for FCH PET/CT were 84%, 100%, 86%, 100%, and 52%,
respectively. In comparison, the corresponding values for
MIBI SPECT/CT were 63%, 91%, 68%, 98%, and 30%, and,
for US, 62%, 82%, 65%, 95%, and 27%, respectively. In
rHPT, FCH PET/CT appeared as superior over MIBI SPECT/
CT and US for all performance criteria. This result was con-
firmed on the next year by Chen et al.”” In a total of 107
lesions resected in 27 haemodialyzed patients with sHPT or
tHPT, the lesion-based sensitivity of FCH PET/CT was 86%,
significantly greater than 55% for MIBI and 62% for US,
whereas specificities were similar. FCH PET/CT identified

more hyperplastic glands than US in 14/27=52% of patients.
The gland-based sensitivity of FCH PET/CT (72% overall)
was significantly greater than that of MIBI (35%), US (25%),
and 4D-CeCT (40%) as in pHPT. Furthermore, the gland-
based sensitivity of FCH PET/CT was greater in case of ter-
tiary rHPT (88%) compared to secondary rHPT (66%).'""

In summary, preoperatory FCH PET/CT in rHPT may be
helpful in localizing ectopic PT and guiding the surgical
choice for PT preservation, preventing PTX-induced
hypoparathyroidism.

Although the mechanism of rHPT underlying PT hyper-
plasia is common to all PTs of a given patient, their FCH
uptake is generally uneven on preoperative FCH PET/CT
(Fig. 6). If partial PTX is performed and the CKD is not cor-
rected, previously nondetectable PTs or PTs with the lowest
uptake on preoperatory FCH, particularly ectopic PTs, fre-
quently become obviously FCH-positive on follow-up FCH
PET/CT for persistent or recurrent rHPT.

Apart from CKD, sHPT may be induced by chronic cal-
cium depletion in case of severe vitamin D deficiency, long
term treatment with lithium, long term hypermagnesemia,
malnutrition, stomach or intestine bypass for obesity surgery
(gastric stapling, Roux-n-Y or gastric bypass) after at least 10-
12 years, celiac disease or Crohn disease, typically in case of
severe form during decades, not after few years. Secondary
HPT with normal serum calcium levels has also been
reported after 2.2 cycles of treatment with sunitinib male-
ate."”’ In this context, indication for imaging is rare, except if
the association with pHPT is suspected, particularly in case
of current or recent lithium therapy

Sensitivity of FCH PET According
to the Histologic Type and the
Weight of the Resected Abnormal
Parathyroid Glands

This was the main objective of the partial analysis of the
series from hopital Tenon.” FCH gland-based sensitivity
was 78% (CI: 73-83) overall, 72% (CI: 65-79) for hyper-
plastic PTs, 86% (CI: 80- 92) for PT adenomas. Discordant
results between FCH and MIBI corresponded to 35/75 ade-
nomas, FCH being true-positive and MIBI false-negative in
34, the reverse in one only. Of 41/95 discordant results cor-
responding to hyperplastic PTs, FCH was true-positive and
MIBI false-negative in 39, the reverse in two only (P <
0.0001). The mass of the resected hyperplastic PTs was sig-
nificantly lower than that of the adenomas: mean 0.64 g vs.
1.03 g (P=0.001). The mass of the PT adenomas detected
on FCH PET/CT was greater than that of the nondetected PT
adenomas: mean 1.10 g vs. 0.33 g (P=0.01). Accordingly,
the mass of the hyperplastic PTs detected on FCH PET/CT
was greater than that of nondetected hyperplastic PTs: mean
0.80 g vs. 0.21 g (P < 0.0001). In contrast, the mass of the
abnormal PTs detected on FCH PET/CT did not differ signifi-
cantly according to their histologic type (P =0.06).The mass
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Figure 6 Patient on hemodialysis for 18 years, with serum parathyroid hormone level 2090 ng/L. FCH PET/CT was per-
formed and showed four hyperfunctioning parathyroid glands with uneven FCH uptake: right superior (RP4) SUVmax
7.6, right inferior (RP3) SUVmax 14.3, left superior (LP4) SUVmax 8.5 and left inferior (LP3) SUVmax 14.4. Superior
(P4) and inferior (P3) parathyroid glands may be located at the same level in the neck, with P4 located posteriorly to
P3 due to embryonic development, which highlights the importance for tomographic imaging for correct localization

of HFPTG.

of an abnormal gland appears as a major determinant for its
detection with FCH PET/CT.

Impact of FCH PET/CT on Patient
Management and Cure Rate After
FCH-Guided PTX

The partial analysis of the series from Hopital Tenon™ con-
firmed the influence of FCH PET/CT on the decision of PTX
and its acceptance by the patient: PTX rate was 192/
264=73% it FCH PET/CT is positive vs 29/83=35% if FCH
PET/CT was negative (P < 0.0001).

Hocevar et al.”* concluded from their retrospective analy-
sis of series of 151 patients with pHPT, that patients with a
single parathyroid adenoma on FCH PET can safely undergo
focused PTX without intraoperative testing of PTH serum
levels.

In the study of Quak et al.,*’ of 28 pHPT patients random-
ized for first-line MIBI SPECT/CT, 10 had inconclusive or
negative MIBI SPECT/CT and benefited from second line
FCH PET/CT which was positive in 8, of whom seven under-
went MIPTX, resulting in normocalcemia at 1 month in
6 patients (one patient lost for follow-up). In this imaging
strategy with second line FCH PET/CT that we do not recom-
mend, its rate of impact on patient management was 80%. In
this prospective comparative study on 57 pHPT patients,”
the primary endpoint was the proportion of patients for
whom the first-line imaging technique, either FCH PET/CT
or MIBI SPECT/CT, guided the surgical procedure appropri-
ately, ie, toward positive MIPTX resulting in normocalcemia
1 month after surgery. Calcemia was normal 1 month after
positive first-line imaging guided MIPTX in 23 of 27 patients

(85%) who benefited from first-line PET/CT vs 14 of
25 patients (56%) in the group with first-line MIBI. All
patients with normocalcemia at 1 month after surgery were
still normocalcemic at 6 months.

A meta-analysis included 22 studies in a total of 1129
pHPT patients who underwent surgery after FCH PET/CT,
the pooled cure rate was 93% (range 58%-100%, CI: 87%-
96%).”*

In the context of rHPT, the operative endpoint of surgery
is not necessarily a return of serum PTH to normal levels, but
a >50% drop in serum PTH level, even if it remains above
upper normal value. Additionally, “success” or “cure” is
defined as normal calcium levels regardless of whether or not
serum PTH is elevated. It appears the goal of surgery for
tHPT is not a normal serum PTH value, but a normal calcium
level at least six months postoperatively.”” Comparing cure
rates after PTX in rHPT is difficult since it widely depends on
the PTX practice (partial PTX sparing one detected HFPTG is
effective to avoid hypoparathyroidism but favours recur-
rence) and on the frequency and success rate of post-PTX
kidney transplant. One very preliminary result in the context
of their center has been published by Gass et al.,” 4/4
patients with sHPT or tHPT showed normal calcium and
PTH levels after six months and were cured.

Conclusion

In conclusion, the available bibliographic data completed by
real-world experience of FCH PET/CTs in HPT over 12 years
in our centers permit to recommend FCH PET/CT as a
safe and efficient first line radionuclide imaging method
in patients of all categories of age with HPT referred for local-
ization of HFPTGs.
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