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Multidimensional and interdisciplinary education and training is the leading 
pillar of the rapidly evolving discipline of nuclear medicine (NM). Among 
all the professions that make up this highly relevant field of medicine, the 
Technologist's profile has become an intersection between education, clinical 
practice and science. NM Technologists (NMTs) hold the key to efficient 
collaboration with the patient and can be considered a link between all 
the professions due to their complex and numerous competencies and the 
roles they are able to perform in their daily practice. Nevertheless, even such 
a broad profession cannot stand alone. Underlining the vital importance 
of the interdisciplinary team, the Technologists’ Committee (EANM-TC) 
of the European Association of Nuclear Medicine presents PET tracers 
beyond [18F]FDG, created by a heterogeneous group of experienced NM 
professionals who are passionate about the field and its complexity.

Foreword

Agata Karolina Pietrzak
Chair, EANM Technologists' Committee

PET TRACERS BEYOND [18F]FDG
The annual publication envisioned and 

edited by the EANM-TC members provides 
readers with the most relevant information 
on the state of the art in a variety of NM 
procedures, applications, and best practices. 
Though primarily aimed at NMTs, it includes 
reports presented by many specialists and 
can thus serve as a useful reference in the 
daily clinical routine of all NM professionals, 
both inside and outside Europe. Among the 
specialist contributors are our counterparts 
from the Society of Nuclear Medicine and 
Molecular Imaging (SNMMI), who have 
supported this educational and scientific 
journey since its incredible beginning.

This publication is an interdisciplinary 
effort involving all professional groups 
contributing to NM development, working 
together to achieve one of the most 
significant objectives within any medical 
domain: staying informed, constantly 
evolving and being aware of novel findings 
and developments in the field. As there is 
no NM diagnosis or therapy without the 
appropriate choice of radiopharmaceutical, 
PET tracers beyond [18F]FDG seemed 
the best response to current NM 
considerations, drug development having 
become the most evident sign of the NM  
evolutionary process. 

I would like to take this unique 
opportunity to thank our friends and 
collaborators: editors and authors whose 
work has ensured the outstanding quality 
of this book. I am very much indebted 
to the EANM-TC editorial team for their 
incredible dedication and extensive efforts 
in contributing to so many aspects of this 
educational and scientific project. I would 
also like to express my deepest gratitude 
to the EANM Board, EANM Guidelines and 
Publications Council & EANM Executive 
Office for their constant support, to the 
representatives of the various EANM 
Committees, to the language review team, 
and, most of all, to the authors for the time, 

experience and expertise they were willing 
to share with our readers.

Thank you for taking the time to 
familiarise yourself with the latest edition 
of the EANM-TC Technologists' Guide –  
I sincerely hope you will find it enriching for 
your professional awareness.
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The chapters are a useful mix of 
methodical literature review, input based 
on the authors’ vast experience and critical 
thinking, with the goal of providing a 
summary of well-designed protocols and 
available techniques whilst acknowledging 
the dynamic nature of these new 
radiopharmaceuticals and how their use is 
still being optimised. 

We hope it will serve as a reference 
toolkit, and that it spurs interest within 
multidisciplinary teams and encourages 
them to embrace novel procedures. 

The editorial team appreciate the authors’ 
efforts, commitment and their willingness to 
collaborate, and extend their thanks to the 
members of the Neuroimaging Committee 

who kindly reviewed the chapters relating 
to their respective spheres of expertise. 

We sincerely hope that this booklet will be 
valuable, both as a guide for those learning 
how to perform these procedures and as a 
vehicle for dissemination of best practice in 
our ever more interesting specialty. 

Ever since its inception, Nuclear Medicine 
has been known as a constantly evolving 
field. Radiopharmaceutical research over 
the years has proven productive and has 
become increasingly recognised for its 
diagnostic and therapeutic value for a range 
of clinical indications and patient pathways. 
Consequently, it is upon the workforce to 
keep abreast of the latest developments, 
actively studying and remaining 
knowledgeable, and ultimately contributing 
to a smooth translation of theoretical 
research concepts into real everyday 
practice. In this respect, we also recognise 
that the use of some radiopharmaceuticals 
may be established in certain countries for a 
number of years, and yet simultaneously still 
feel new to others.

It is fundamental that the technologist 
understands the radiopharmaceutical 
journey from production to imaging 
acquisition, at the same time cultivating an 
understanding of imaging interpretation. 
This guide focuses on each element of that 
journey, based on a consistent structure 
introducing and explaining the basics and 
practicalities of each radiopharmaceutical. 
It embraces a wide spectrum of clinical 
applications, and while none is yet very 
commonly performed at the time of this 
first edition, all hold great promise for 
future patient care. Developments in more 
targeted PET radiopharmaceuticals, in 
particular, are taking on a pre-eminent role 
as staging and restaging tools, as well as in 
predicting and monitoring response.

Introduction

Luísa Roldão Pereira, Paolo Turco and 
Christopher Bruneby 
The Editorial Team
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FAP-TARGETING 
RADIOPHARMACEUTICALS

Since 2018, fibroblast activation protein 
alpha (FAPα) has emerged as a promising 
target structure in the field of nuclear 
medicine. There is already speculation about 
whether it will become the next billion-
dollar theranostics target [1]. 

The following chapter will provide 
detailed information on the new 
radioligand with regard to its background, 
radiopharmaceutical aspects, and clinical 
applications, with a focus on potential 
challenges and limitations.

BACKGROUND 
In recent years, there has been a notable 

shift in the importance attributed to the 
tumour microenvironment (TME) in the field 
of molecular imaging and targeted therapies. 
The evidence that not only the tumour 
cells themselves, but also components of 
the surrounding stroma play a key role in 
tumour growth, migration, progression, and 
malignant cells’ survival has led to a renewed 
interest in studying stromal structures [2,3]. 
In tumours with desmoplastic reaction, such 
as pancreatic ductal adenocarcinoma, colon 
and breast cancer, the stroma may represent 

over 90% of the tumour mass. In particular, 
the heterogeneous subpopulation of 
fibroblast-like cells known as cancer-
associated fibroblasts (CAFs) are among the 
critical cells of the tumour stroma [4]. 

CAFs overexpress FAPα, a type II 
transmembrane serine protease of the 
dipeptidyl peptidase subfamily and the 
oligopeptidase family, sharing 52% of the 
amino acid sequences with dipeptidyl 
peptidase 4 [5,6]. In addition to its 
proline-selective serine protease activity, 
FAPα also possesses an endopeptidase 
function. Consequently, FAPα is involved 
in remodelling of the TME by cleaving the 
structural proteins collagen I and III, and 
through other factors such as chemokines, 
cytokines and growth factors [7,8]. Thus, 
FAPα is involved in growth, proliferation and 
invasion of tumour cells [9]. Furthermore, 
FAPα is capable of suppressing the activity 
of interferon-γ and tumour necrosis factor-α, 
resulting in immunosuppression and the 
promotion of angiogenesis [9,10]. The 
proangiogenic potential is reinforced by 
the natural substrate of FAPα neuropeptide 
Y and the cleavage product [11]. The 
aforementioned mechanisms, summarised 
in Figure 1, indicate that FAPα plays a 
pivotal role in the resistance of tumours to 
various therapeutic modalities, including 
chemotherapy and targeted therapies 
[12]. Consequently, it can be concluded 
that FAPα expression is associated with an 
unfavourable prognosis, which has been 
investigated in particular in ovarian [13], 

pancreatic [14], hepatocellular [15] and 
colon carcinoma [16]. 

The major advantages of FAPα include 
its overexpression in more than 90% of 
epithelial tumours and the presence of a 
large extracellular domain, with the catalytic 
site also located extracellularly [17]. It can 
therefore be used as a pan-cancer target 
in molecular imaging [18].  In addition, 
FAPα is rarely found in healthy adult 
tissue [6]. However, FAP overexpression 
can also be observed in benign diseases 
that are predominantly based on fibrotic 
processes: examples include rheumatoid 
arthritis, wound healing and cardiovascular  
diseases [19].

CHEMISTRY AND PROPERTIES
Previously developed FAP inhibitors were 

structurally based on a quinoline amide 
core coupled to a 2‐cyanopyrrolidine 
moiety; these showed a nanomolar affinity 
and selectivity for FAP with only a low 
affinity to other interfering dipeptidyl 
peptidases. Recently, the development of 
PET ligands was successfully achieved by 
the introduction of a dodecane tetra-acetic 
acid (DOTA) chelator coupled to an alkyl‐
piperazine spacer linked to the quinoline 
core and labelled with 68Ga [20]. A 68Ga–
labelled FAPI tracer demonstrated high 
tumour‐to‐organ ratios and fast elimination 
in preclinical experiments. Moreover, first‐
in‐human PET studies with [68Ga]Ga‐FAPI‐04 
revealed the excellent visualisation of a 

Figure 1. Summary of the fibroblast activation protein α (FAPα) role in tumours. TNF-α: Tumour necrosis 

factor-α. IFN-γ: Interferon-γ. Created with BioRender.com. 
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broad range of tumours, with high tumour‐
to‐noise ratios and the successful imaging 
of tumour metastases, since healthy 
fibroblasts, in contrast to tumour fibroblasts, 
express no or only very little FAP [17]. In view 
of the universal DOTA chelator and the low 
expression in normal organs, a theranostic 
application was a compelling approach. 
In 2018, a first therapeutic application of 
[90Y]-FAPI-04 was published in a patient 
with advanced breast cancer [17]. [90Y] 
has a high branching ratio for β-emission 
(99.99%) with an end-point energy of 2.280 
MeV, which allows high dose deposition 
within defined tumour lesions. Its relatively 
short half-life of 64.1 h makes it appropriate 
for therapeutic combinations in which the 
biochemical vector exhibits short target 
retention time. A significant improvement 
in symptoms was achieved with a single 
administration and no toxicities were 
observed [17]. Further improvement of the 
FAPI core structure led to the theranostic 
pair [90Y]Y-/[68Ga]Y/Ga-FAPI-46, which 
demonstrated an increased tumour uptake 
and improved pharmacokinetic properties. 
In consequence, depending on the tumour 

type, tumour accumulation could be 
significantly prolonged [21,22].

LABELLING / PRODUCTION
Sterile [90Y]yttrium chloride solution 

and a pharmaceutical grade 68Ge/68Ga 
generator were applied for the labelling of 
FAPI-46 using the cassette-based synthesis 
module Trasis EASYONE (Figure 2). All 
chemicals were GMP-grade or excipients 
with marketing authorisation. The quality 
control included test procedures according 
to Ph. Eur. Fully automated synthesis of 
the theranostic pair was achieved on 
the Trasis EASYONE synthesiser with a 
radiochemical yield of 56±5 % ([68Ga]Ga-
FAPI-46) and 88±7% ([90Y]Y -FAPI-46) with 
a radiochemical purity of > 99%. Stability 
experiments showed a durability for [68Ga]
Ga-FAPI-46 within 4 h and for [90Y]Y-FAPI-46 
within 24 h. All obtained specifications 
and validations were compliant with the 
European Pharmacopoeia and regulatory 
guidelines. Both products were successfully 
applied in cancer patients (Figure 2) [22].

QUALITY CONTROL
The chemical and radiochemical purity 

were determined using a Chromolith 
Performance RP18e column (100 × 3 mm; 
10 μm; Merck, Germany) eluted with solvent 
A, water containing 0.1% trifluoroacetic acid 
(TFA), and solvent B, acetonitrile containing 
0.1% TFA. The conditions were as follows: 
linear gradient from 0–15% B over 5 min; 
flow rate of 1.1 mL min−1. In addition, 
for the determination of [68Ga]GaCl3 and 
[68Ga]Ga-FAPI-46, as well as the percentage 
of activity around the corresponding 
peaks, 0.1 M NH4OAc solution/MeOH 
(1:1) was used. [68Ga]Ga-colloid was 
determined with trisodium citrate 1M 
solution (pH 5) as eluent system. For the 
determination of residual solvents GC 
analyses were performed using a Shimazu 
GC-2010 system including a Shimazu mass 
spectrometer GCMS-QP2010S and an AOC-
20i auto-injector, which were controlled by 
LabSolution software (Shimadzu, Germany). 
A GC capillary column FS-INNOPEG-2000 (15 
m×0.36 mm; CS-Chromatographie Service, 
Germany) was used as the stationary phase. 
The injector was set to 250°C at a split ratio 
of 48.5 and an injection volume of 0.8 μl. The 
column was operated at a constant helium 
carrier gas flow on the column of 0.92 ml/
min. Sterility, pH and endotoxin testing were 
performed according to pharmacopoeial 
methods [22].

PHYSIOLOGICAL 
BIODISTRIBUTION

Since 2018, 68Ga- or 18F-labelled quinoline-
based FAP inhibitors (FAPIs) have been 
utilised as radioligands for PET imaging, 
with continuous improvement in recent 
years [17,21]. 

Regarding the physiological bio-
distribution of FAP-directed radioligands, 
it can be stated that the uptake by normal 
tissue is low, and the radioactivity is rapidly 
removed from the bloodstream and excreted 
primarily through the kidneys, resulting in 
high-contrast images [17]. Over time, the 
radioligands used have been continuously 
improved. The first radioligands, [68Ga]Ga-
FAPI-02 and [68Ga]Ga-FAPI-04, demonstrated 
rapid achievement of a stable physiological 
distribution. The tumour uptake of [68Ga]
Ga-FAPI-02 showed an average wash-out 
of 75% between 1 hour and 3 hours, while 
[68Ga]Ga-FAPI-04 already demonstrated an 
average wash-out of only 25%, resulting in 
a longer tumour retention. However, only 
minimal changes were observed in normal 
tissue between 10 minutes and 3 hours in 
both radioligands. The highest SUVmean was 
found in the tumour lesions, followed by the 
kidneys, the blood pool, the parotid gland, 
and the oral mucosa [23]. In comparison 
to 2-[18F]FDG, SUVmax demonstrated higher 
values in the following organs: the parotid 
gland, the blood pool and the kidneys, as 
well as the muscles and fat tissue [23]. 

Figure 2. Scheme: Synthesis of [90Y]Y-FAPI-46 and [68Ga]Ga-FAPI-46
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Among various tumour entities, 
sarcoma, oesophageal, breast, lung, and 
cholangiocarcinoma demonstrated the 
highest mean SUVmax values (>12), followed 
by hepatocellular, colorectal, head and neck, 
ovarian, pancreatic, and prostate cancer 
(SUVmax 6-12). The lowest mean SUVmax values 
(<6) were observed in pheochromocytomas, 
renal cell, differentiated thyroid, adenoid 
cystic, and gastric carcinomas [18]. 

Based on FAPI-04, further derivatives with 
modifications of the linker region between 
the quinoline moiety and the chelator were 
developed. These derivatives demonstrated 
improved pharmacokinetic properties and a 
higher tumour uptake. [68Ga]Ga-FAPI-46, in 
particular, exhibited an improved tumour-
to-background ratio and a significantly 
longer accumulation, depending on the 
tumour entity investigated [21]. 

The ligands mentioned are all coupled 
with 68Gallium. These compounds come 
with certain limitations, including the 
relatively short half-life of 68Gallium  
(68 minutes) and the typical small batch 
size of 2–4 GBq for 68Ge/68Ga generators. 
To address these limitations, initial data 
on 18F-labelled FAP-directed ligands ([18F]
AlF-FAPI-74) with comparable properties 
were published in 2021 and are currently 
being used in prospective studies [24] 
(NCT05641896). 

In conclusion, FAPα represents a 
promising pan-cancer target structure 
within the TME for further diagnostic 
and potentially therapeutic applications  

in various tumour entities. However, further 
large-scale prospective trials are pending for 
final decisions.  

PATIENT PREPARATION AND 
AFTERCARE

Regarding patient preparation for [68Ga]
Ga-FAPI PET/CT and [18F]FAPI PET/CT, there 
is no significant difference from other PET-
CT examinations utilising the same isotope. 
In order to enhance the image quality of 
the examination and to minimise radiation 
exposure, patients should drink water before 
the examination, during the uptake period 
and following the procedure [25]. Prior to 
the examination, patients should void their 
bladder, which will reduce the background 
noise as well as the radiation dose to the 
kidneys and bladder. 

There is no need for patients to fast before 
injection and no specific preparation is 
required for these examinations [26-28]. 

The physician or the technologist 
should provide the patient with a detailed 
explanation and information about the 
procedure.

Regarding precautions, we include 
pregnancy and breastfeeding. In the case 
of a diagnostic procedure in a patient who 
is or may be pregnant, a clinical decision is 
necessary to consider the benefits versus the 
possible harm of carrying out any procedure. 
It is recommended that breastfeeding be 
interrupted and restarted after the elapse of 

seven physical half-lives of radionuclide in a 
radiopharmaceutical [29].

IMAGING PROTOCOLS
In general, patients undergoing PET/CT 

examinations should positioned with the 
arms elevated and supported above the 
head to prevent beam-hardening artefacts 
and artefacts resulting from truncation 
of the measured field of view (FOV) [25]. 
Should the patient be unable to maintain 
the required position, one or both arms 
can be positioned alongside the body. 
Regarding the acquisition of scans for [68Ga]
Ga-FAPI PET/CT and [18F]FAPI PET/CT, it can 
be ascertained from published articles that 
a whole-body acquisition (from the top of 
the head or base of the skull to the upper 
thigh) can be performed and obtained in a 
craniocaudal direction [26,30]. 

The CT image can be acquired in a low-
dose protocol [26,31,32] or a full-dose 
protocol [30,33]. CT acquisition parameters 
including tube current, voltage, slice 
thickness, rotation time and pitch should be 
selected in accordance with the objective 
of the CT examination [25]. CT protocols 
must adhere to the international guidelines 
of the European Association of Nuclear  
Medicine [25]. 

Clinical PET/CT examinations with [68Ga]
Ga-FAPI PET/CT can be obtained at an early 
stage (approximately 10 minutes) [26,30-32] 
or at a late stage (approximately 60 minutes) 
[28,32,34] after intravenous injection. 

Regarding the injected activity, based on 
published articles it is possible to inject  
80–200 MBq [26,28,30-32,34]. 

In a study by Ferdinandus et al., the 
authors compared the biodistribution and 
detection rate between early (approximately 
10 minutes post-injection) and late 
(approximately 60 minutes post-injection) 
acquisition for [68Ga]Ga-FAPI-46 PET/CT in 
patients with various types of cancer. In this 
study, it was found that intraindividual early 
versus late acquisition resulted in equivalent 
detection rates, with a slight, clinically non-
relevant early-to-late increase in tumour-to-
background ratios [28]. 

Clinical PET/CT examination with [18F]
FAPI can be obtained at an early stage 
(approximately 20 minutes) [27] or at a 
late stage (approximately 60–90 minutes) 
[27,33,35,36] after intravenous injection. 
Regarding the injected activity, it can be 
concluded from published articles that 3.7–
4.44 MBq/kg can be injected [33]. 

In a study by Mu et al., the biodistribution, 
tracer retention, lesion detection, and uptake 
of early and late [18F]AlF-FAPI-42 PET were 
compared. Both time points demonstrated 
equal lesion detection, but the early time 
point exhibited less tracer retention in 
the biliary system and significantly higher 
uptake of normal organs and lesions. 
However, this did not have a relevant impact 
on lesion detection or staging due to the 
higher tumour-to-background ratio for late 
acquisition [27]. 
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PET scans are typically performed 
immediately after CT scan and obtained 
in three-dimensional mode. In terms of 
reconstruction, it is important to follow 
the relevant guidelines [25,29] for the 
radionuclide used. It is recommended that 
image reconstruction be performed using 
an iterative reconstruction algorithm (e.g. 
ordered subset expectation maximisation 
algorithm or equivalent) using the system’s 
implementation and settings. It is also 
recommended that data be acquired 
and reconstructed with time-of-flight 
information (if available), with PSF (or 
equivalent) and also with Gaussian filter, 
which can be used for post-reconstruction 
filtering. It should be noted that all 
reconstruction methods depend on the 
system capabilities. Furthermore, it is 
recommended that reconstructions be 
performed including all regular corrections, 
such as normalisation, (CT-based) 
attenuation correction, dead time, decay 
correction, and, where possible, model-
based scatter correction [29]. 

CLINICAL INDICATIONS, 
RESULTS AND INTERPRETATION

FAPα-directed radioligands represent 
a novel diagnostic imaging tool for PET/
CT, applicable to a broad spectrum of 
tumour entities and various benign 
diseases. However, as with all PET/CT 
radioligands, there are potential pitfalls 
that must be considered when interpreting  
imaging results. 

CLINICAL INDICATIONS - 
MALIGNANT DISEASES 

In particular, FAPI-PET/CT is currently used 
for initial staging and restaging of various 
tumour diseases. Certain tumour entities 
appear to be particularly well-suited for 
this imaging modality and are presented in 
more detail below. 

Sarcoma
Sarcomas represent a heterogeneous 

group of rare malignant, mesenchymal 
tumours with an unfavourable prognosis 
due to limited therapeutic options in the 
advanced/metastatic setting. However, 
a special feature of sarcomas is their 
frequent overexpression of FAPα, not only 
in the stroma, but also in the tumour cells 
themselves, rendering them a promising 
target for FAPα-directed imaging [37]. 
Retrospective analyses have demonstrated 
improved detection rates and accuracy in 
favour of [68Ga]Ga-FAPI PET/CT for sarcomas 
compared to 2-[18F]FDG PET/CT [30]. 
This is particularly evident in low-grade 
and potentially malignant intermediate 
or unpredictable sarcomas without a 
World Health Organization grade [38]. 
The subgroups with the highest tumour 
uptake include solitary fibrous tumours, 
undifferentiated pleomorphic sarcomas 
and leiomyosarcomas [38]. The additional 
use of [68Ga]Ga-FAPI-PET/CT has led to an 
upstaging in 19% of patients and a change 
in clinical management in approximately 
one third of patients [30]. 

Cancers of the liver, biliary tract and 
pancreas

The incidence of hepatocellular carcinoma 
has increased in recent years. Combined 
with an unfavourable prognosis, this means 
that the malignancy is of great interest [39]. 
Staging is typically performed using MRI of 
the abdomen and CT of the thorax. 2-[18F]
FDG PET/CT is rarely used, as tumour uptake 
can be observed in less than 40% of cases 
and is negative in most well-differentiated 
hepatocellular carcinomas [40]. In several 
retrospective studies, FAPI-PET/CT 
demonstrated advantages over 2-[18F]FDG 
PET/CT in the detection of tumour lesions 
due to a higher tumour-to-background 
ratio [41,42]. However, it should be noted 
that the main risk factor for hepatocellular 
carcinoma is liver cirrhosis, which shows an 
increased intrahepatic uptake on FAPI-PET/
CT and makes it challenging to differentiate 
between benign and malignant lesions. 
Nevertheless, the uptake of tumour lesions 

appears to be higher than that of benign 
lesions, thus distinction is still feasible 
[19,43]. 

Cholangiocarcinomas originate from 
intra- and extrahepatic sites of the bile 
ducts. Following hepatocellular carcinoma, 
they are the second most common 
malignancies of the liver, with an increasing 
incidence [44,45]. They are often diagnosed 
late, frequently leading to a fatal outcome 
[46]. The treatment of cholangiocarcinoma 
is therefore critically dependent on 
accurate staging. Imaging with [68Ga]Ga-
FAPI demonstrated promising results. In 
particular, intrahepatic tumours benefit 
from the significantly higher tumoral uptake 
compared to 2-[18F]FDG and high tumour-
to-background ratios, leading to better 
delineation (Figure 3) [26]. Furthermore, the 
potential to improve decisions is evident. As 
with hepatocellular carcinoma, limitations 
arise from intrahepatic fibrotic/cirrhotic 
processes and inflammation of the bile ducts. 

Figure 3. 43-year-old patient diagnosed with intrahepatic cholangiocarcinoma (white arrow).
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However, differences in uptake were 
mentioned between malignant and benign 
diseases [47]. 

Pancreatic ductal adenocarcinoma 
(PDAC) is often diagnosed at an advanced/
metastatic stage due to unspecific 
symptoms, resulting in a poor prognosis 
[48]. The use of [68Ga]Ga-FAPI PET/CT also 
demonstrated a detection advantage in this 
indication, particularly for primary tumours, 
peritoneal and liver metastasis. In contrast, 
the detection rate for lung metastases was 
higher for 2-[18F]FDG PET/CT and contrast-
enhanced CT. Inter-reader agreement was 
limited for primary tumours, among others. 
This observation may be explained by 
false-positive uptake due to (obstructive) 
pancreatitis and scarring [49]. However, 
obstructive pancreatitis is associated with 
reduced overall survival in patients with 
PDAC, suggesting that an uptake of the 
entire pancreas may be helpful in prognostic 
stratification [50]. Furthermore, uptake was 
significantly higher in PDAC compared 
to pancreatitis, although there may be an 
overlap. Additional information can be 
provided by dynamic time-activity curves, 
which are characteristic for both diseases, 
PDAC and pancreatitis. This emphasises the 
additional value of dynamic [68Ga]Ga-FAPI 
PET/CT imaging for differentiation between 
pancreatic malignant and inflammatory 
diseases [51]. 

Lung Cancer 
The potential advantages of FAPα-

directed PET/CT over 2-[18F]FDG PET/CT 
in lung cancer have been the subject of 
several studies. It has been demonstrated 
that immunohistochemical FAP expression 
levels may reach up to 100% in non-small-
cell lung cancer, while they are up to 
67% in small-cell lung cancer and large-
cell neuroendocrine carcinoma [52]. In 
malignant lung lesions, the SUVmax of FAPI-
PET/CT compared to 2-[18F]FDG PET/CT was 
only superior in individual studies [53], but 
more often comparable or inferior [54,55], 
not affecting the overall diagnostic accuracy 
[54]. A significant disadvantage of 2-[18F]FDG 
PET/CT is the partially increased reactive/
inflammatory uptake in mediastinal lymph 
nodes, which may result in a challenging 
differentiation from lymph node metastases 
[56]. Further treatment may be affected, 
particularly in the context of pre-operative 
staging. It has been demonstrated that 
[68Ga]Ga-FAPI-46 PET/CT allows for more 
precise differentiation and has the potential 
to reduce false-positive results [57,58]. 
Nevertheless, the additional benefit is 
currently still controversial.

Gastrointestinal Tract Cancer
Oesophageal carcinomas, among 

other tumours, demonstrate the highest 
uptake of [68Ga]Ga-FAPI-46 PET/CT [18]. 
In addition to a high uptake, there are 
also high tumour-to- background ratios, 

enabling precise differentiation [59]. 
Furthermore, first indications can be 
derived of significant differences in SUVmean 

tumour-to-background ratio (blood) and 
(muscle) between patients responding to 
chemotherapy and non-responders [60]. A 
higher tumour-to-background ratio (blood) 
was associated with a poorer prognosis, 
suggesting that a response prediction may 
be feasible [60]. The impact of FAPI PET/
CT on radiotherapeutic management in 
patients with oesophageal carcinoma has 
also been determined: the combination 
of [68Ga]Ga-FAPI-46 and 2-[18F]FDG PET/CT 
resulted in an increase in the irradiation field 
in 16% of patients, and in an adjustment 
of the treatment regime in 9% [59,61]. The 
advantages of mediastinal nodal staging 
mentioned for lung cancer could also be 
seen in this indication [57,58]. 

The use of 2-[18F]FDG PET/CT in gastric 
cancer comes with several limitations, 
resulting in a pronounced and unsatisfactory 
variance in diagnostic sensitivity (17–
95%) [62,63]. These limitations include 
physiological uptake of the stomach wall 
and false-positive uptake in the presence 
of gastritis [64]. Furthermore, some non-
intestinal subtypes such as signet ring cell 
carcinoma and mucinous adenocarcinomas 
only show limited 2-[18F]FDG uptake, 
leading to low sensitivity [65]. In contrast, a 
meta-analysis by Ruan et al. demonstrated 
a significantly higher sensitivity of FAPI-PET/
CT for initial diagnosis/local recurrence of 

gastric cancer, lymph node and distant 
metastases compared to 2-[18F]FDG PET/CT. 
This can be attributed to the high uptake 
and the low background activity [66]. 
However, the sensitivity crucially depends 
on the size of the primary tumour [67]. 
Regarding distant metastases, peritoneal 
carcinomatosis should be emphasised 
in particular. In bone metastases, the 
advantages are not clearly proven: FAPI-
PET/CT displays a sensitivity that is either 
increased or comparable to that of 2-[18F]
FDG PET/CT. However, false-positive 
findings including osteophytes or other 
benign lesions may reduce the specificity 
[66,68]. Signet ring cell carcinomas 
frequently exhibit a high proportion of 
stroma with FAP overexpression, which 
is reflected in increased [68Ga]Ga-FAPI 
uptake [69].  Mucinous adenocarcinomas 
also demonstrate relevant imaging FAP 
expression [70]. Limitations of FAPI-PET/
CT include an increased uptake due to 
inflammation, radiotherapy or surgery-
induced fibrosis [66]. 

FAPI-PET/CT also appears to be beneficial 
for colorectal cancer. Compared to 
other tumour entities, the SUVmax value 
of colorectal cancer can be classified 
as intermediate, and is reported to be 
equivalent to or even higher than that 
observed with 2-[18F]FDG PET/CT [18,71]. 
One of the key advantages of FAPI-PET/CT 
over 2-[18F]FDG PET/CT in colorectal cancer 
is the lower background uptake in relevant 
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anatomical regions, including the liver and 
intestine, improving the delineation of 
tumour lesions [72,73]. Moreover, several 
studies have demonstrated the potential 
impact of [68Ga]Ga-FAPI-04 PET/CT on 
tumour treatment [72]. Furthermore, a 
positive correlation was identified between 
FAPI uptake and the consensus molecular 
subtype 4, which is associated with a poorer 
prognosis and treatment resistance [74]. 

Gynaecological Malignancies
In the context of gynaecological tumour 

entities, the current focus of FAPα-directed 
imaging is on breast cancer: breast cancer 
has so far shown an increased FAPI uptake 
compared to 2-[18F]FDG PET/CT in primary 
tumours, lymph node, lung and bone 
metastases. However, liver metastases 
demonstrated no significant difference 
[75,76]. Tumour-to-background ratios of 
FAPI-PET/CT are also favourable compared 
to 2-[18F]FDG PET/CT, leading to a higher 

accuracy [76-78]. In dual application, the 
additional use of FAPI-PET/CT may help 
to detect false- positive lymph nodes on 
2-[18F]FDG PET/CT [58], which is particularly 
important in initial staging (Figure 4). It 
should be noted, however, that menstrual 
cycle-dependent uptake of the healthy 
breast tissue may represent a limitation [76].

The data on FAPI-PET/CT in ovarian cancer 
is currently limited. The efficacy of [68Ga]Ga-
FAPI-04 PET/CT in detecting lymph node 
metastases and peritoneal carcinomatosis 
has been demonstrated to be superior 
compared to 2-[18F]FDG PET/CT [77,79]. A 
significantly increased tumour uptake was 
also detected in these regions [79]. Liu et 
al. reported that the uptake in recurrent 
lesions shows no significant difference on 
[68Ga]Ga-FAPI-04 PET/CT compared to 2-[18F]
FDG PET/CT, but demonstrates a difference 
in tumour-to-background ratios [80]. In 
patients with treatment-naïve ovarian 
cancer, [68Ga]Ga-FAPI-04 PET/CT resulted in 
upstaging in 14.3%, with tumour recurrence 
in 33.3%. The treatment regime was 
modified in 10.7% and 33.3% of patients,  
respectively [79]. 

CLINICAL INDICATIONS – 
BENIGN DISEASES

At present, two benign disease groups 
in particular have been increasingly 
investigated using FAPI-PET/CT, namely 
rheumatoid arthritis and cardiovascular 
diseases. The majority of other benign 

diseases have been described as pitfalls and 
are explained in more detail under this topic. 

Rheumatoid Arthritis
Rheumatoid arthritis is an autoimmune-

mediated inflammatory disease of the 
synovial joints. Fibroblast-like synoviocytes 
are involved in the pathogenesis of 
rheumatoid arthritis by contributing to the 
formation of pannus and the destruction 
of articular cartilage and bone. These cells 
express FAP and have therefore already been 
analysed in several studies using [68Ga]Ga-
FAPI PET/CT [81]. The SUVmax was found to 
be significantly higher compared to 2-[18F]
FDG PET/CT scans, and a correlation was 
identified between the number of affected 
joints on PET/CT/the degree of uptake 
and clinical/laboratory parameters [81]. 
Furthermore, the monitoring and prediction 
of therapeutic response using [68Ga]Ga/[18F]-
FAPI PET/CT in rheumatoid arthritis appears 
to be feasible, as shown by the results of 
small prospective cohorts [82,83]. However, 
further studies are needed to confirm the 
clinical benefit.

Cardiovascular Diseases
FAPα-directed imaging also received 

attention due to the detection of 
inflammatory processes in the heart. These 
processes with subsequent fibroblast 
activation are followed by reparative 
processes and differentiation into 
myofibroblasts, which leads to the deposition 
of extracellular matrix and apoptosis of 

Figure 4. 40-year-old female patient with initial diagnosis of triple-negative breast cancer and a false-

positive lymph node on 2-[18F]FDG PET/CT (red arrow). Symmetrical physiological uptake of breast tissue 

and uterus on [68Ga]Ga-FAPI-46 PET/CT (black arrows).



22

CHAPTER 1CHAPTER 1
FA

P
-T

A
R

G
ET

IN
G

 R
A

D
IO

P
H

A
R

M
A

C
EU

TI
C

A
LS

FA
P

-TA
R

G
ETIN

G
 R

A
D

IO
P

H
A

R
M

A
C

EU
TIC

A
LS

EANM TECHNOLOGISTS’ GUIDE
PET TRACERS BEYOND [18F]FDG

EANM TECHNOLOGISTS’ GUIDE
PET TRACERS BEYOND [18F]FDG

23

granulation tissue [84]. The physiological 
balance between inflammatory and repair 
processes is critical for proper healing. 
Dysregulation is important in almost all 
myocardial diseases and may lead to 
increased tissue damage [85]. Studies of 
FAPI-PET/CT in cardiovascular diseases are 
still scarce and focus mainly on imaging 
after acute myocardial infarction. Pre-clinical 
studies have shown that FAP expression 
follows a dynamic time course [86]. In 
subsequent clinical studies, FAPI uptake after 
acute myocardial infarction was confirmed 
[87]. FAPI uptake was found in the infarct 
zone, which interestingly extended beyond 
the perfusion defect visualised by cardiac 
MRI and nuclear perfusion imaging [87]. FAPI 
PET/CT was also used to identify early signs 
of ventricular remodelling after diagnosed 

Organ/Region Pitfall

Intracranial
• Sinus thrombosis (Neuro-Behçet’s disease) [88]
• Progressive leukoencephalopathy [90]

Head and Neck

• Nasal mucosa [32]
• Salivary glands [32]
• Dental [32]
• Mastoiditis [32]
• (Hashimoto’s) Thyroiditis [91]
• Grave’s disease including Graves ophthalmopathy [91,92]

Heart and blood vessels

• Pulmonary arterial hypertension [93]
• Thermal damage after pulmonary vein isolation [94]
• Myocarditis [84]
• (Coronary) atherosclerotic plaques [19]
• Takayasu arteritis [95]

Lung and Pleura

• Pneumonia [96]
• Pulmonary tuberculosis [95]
• Pulmonary fibrosis / interstitial lung diseases [97]
• Silicosis nodules [95]
• Pleuritis [95]

acute myocardial infarction, where FAPI 
uptake appeared to correlate well with 
signs of myocardial damage and provided 
predictive value for late remodelling of the 
left ventricular myocardium after 12 months 
[88]. Further studies providing a deeper 
insight into imaging with FAPI in patients 
with cardiovascular diseases, especially after 
acute myocardial infarction, are still pending.

PITFALLS IN THE 
INTERPRETATION OF FAPI- 
PET/CT

In the clinical application of FAPI-PET/
CT, a number of pitfalls and common 
findings have emerged over time, which are 
summarised in Table 1. 

Thorax, other • Oesophagitis [98]

Hepatopancreatico-biliary tract

• Liver fibrosis/cirrhosis [19]
• Liver haemangioma [95]
• Pancreatitis [49]
• Sclerosing cholangitis and bile ducts 

(IgG4-related diseases) [99]
• Cholecystitis [100]

Abdomen, other

• Renal fibrosis [101]
• Haemorrhoid [95]
• Crohn’s disease [19]
• Chronic colitis [19]
• Idiopathic retroperitoneal fibrosis [102]
• Schwannoma [103]

Primary/secondary sexual organs

• Breast uptake depending on menstrual cycle [76]
• Endometrial/uterine uptake depending on menstrual 

cycle [32,76]
• Uterine myoma [95]
• Pre-menopausal uptake of the ovaries [76]
• Prostatitis (IgG4-related) [95]

Bones and Joints

• Arthritis [32,103]
• Exostosis [95]
• Fractures [103]
• Osteofibrous dysplasia [104]
• Degenerative bone and joint lesions [19,32]
• Brown tumour [105]
• Inflammatory/trauma-related lesions [104]
• Synovitis [95]

Muscles and Skin

• Unspecific muscle uptake, especially in larger muscle 
groups [32]

• Enthesopathy [95]
• Dermatomyositis [103]
• Myelofibrosis [103]
• Tendinopathy [95]
• Cutaneous fibroma [95]
• Post-surgery/wound healing [32]
• Post-surgery inflammation [95]
• Scarring [32]

Table 1. Summary of pitfalls and common findings on FAPI-PET/CT.
No claim to completeness.
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In addition to the previously described 
malignant diseases, inflammatory and, in 
this context, fibrotic processes in particular 
demonstrate evidence of FAPα expression 
on imaging. 

An interesting pitfall concerns, for 
example, Hashimoto's thyroiditis, Graves' 
disease and immune checkpoint inhibitor-
induced thyroiditis (Figure 5) [91,92]. 

Processes such as liver fibrosis/
cirrhosis can negate the advantage of 
low hepatic background activity on FAPI-

PET/CT, making it more difficult to detect 
intrahepatic primary tumours, such as 
cholangiocarcinoma and hepatocellular 
carcinoma, and distant metastases (Figure 6) 
[19]. This also applies to pancreatitis, which 
can be mistaken for a PDAC, but can also 
misrepresent the extent of a known PDAC 
(Figure 7) [49]. Similar issues also arise in 
the context of gallbladder carcinoma and 
cholecystitis. 

In addition to the aforementioned 
pathological FAPα expression in various 
malignant and non-malignant diseases, it 
can also be found in several physiological 
processes: the presence or absence of the 
menstrual cycle appears to correlate with 
FAPα expression in healthy breast tissue, 
the endometrium/uterus and the ovaries 
(Figure 4) [32,76,77]. 

Furthermore, an elevated FAPα expression 
can be observed in the musculature. 
Here, it mediates essential physiological 
functions, and its depletion leads to an 
atrophic muscle response [106]. Sites with 
predilection for this phenomenon are larger 
muscle groups, including the quadriceps 
femoris muscle, the latissimus dorsi muscle, 
the autochthonous back muscles, and the 
triceps muscle [32].

It is important to be aware that scarring 
and wound healing, particularly in patients 
with oncological diseases, may result in 
false-positive findings on FAPI-PET/CT 
[32]. The pitfalls summarised in Table 1 are 
intended to help recognise and correctly 
interpret false-positive findings, as well as to 
understand the limitations of FAPI-PET/CT.

Figure 6. 46-year-old male patient with suspected pleural mesothelioma and known  

liver fibrosis (red arrow). 

Figure 7. 59-year-old male patient with initial staging of pancreatic ductal  

adenocarcinoma (red arrow) and concomitant pancreatitis (white arrow). 

Figure 5. 71-year-old female patient for 

restaging of a solitary fibrous tumour with known 

Hashimoto’s thyroiditis, taking levothyroxine  

(red arrow). 

[68Ga]Ga-FAPI-46
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DOSIMETRY AND 
THERANOSTICS POTENTIAL

Due to the favourable signal-to-
background ratio in a number of carcinomas 
and sarcoma, FAPI-PET/CT emerges as a solid 
alternative to detect primary and metastatic 
disease [18, 107-110]. These facts combined 
with a fast clearance by the kidneys [111] 
formed the first body of evidence that 
motivated a theranostic approach and the 
development of therapeutic FAPI ligands. 

Figure 8 depicts the principle by which 
the identification of tumoral regions and 
their FAP expression serves as a basis for 
enrolling patients in FAP-based radioligand 
therapy (RLT). RLT aims at delivering a lethal 
radiation dose to pathogenic regions, while 
avoiding toxicity to healthy organs.

As mentioned before, 68Ga is the 
predominant radionuclide for diagnostic 
evaluation of FAP expression. Currently, 
the workflow of patient selection for FAPI-
RLT consists of 1) FAP positivity of tumour 
lesions — in some cases defined as SUVmax > 
3 [112] or SUVmax > 10 [113,114], 2) adequate 
bone marrow function and 3) maintenance 
of urinary tract function. Reported 
radionuclides for FAPI-RLT are 90Y, 153Sm 
and 177Lu [112,114,115]. In terms of ligands, 
FAPI-04 [116], FAPI-46 [114], FAP-2286 [117], 
DOTA.SA.FAPI and the dimer DOTAGA.(SA.
FAPI)2 [112] are among the most used. 

Dosimetry Protocols
For those radionuclides with concomitant 

gamma emissions (notably 177Lu), planar 
and SPECT data is acquired at 4, 24, 48, and 
96 or 144 hours to capture the maximum 
uptake peak and characterise the late 
decay (exponential tail component). Ideally, 
a medium-energy collimator should be 
used, with acquisition and reconstruction 
parameters following the current guidelines 
for Lu-177 image-based dosimetry [118]. 

For 90Y-based FAPI-RLT, the use of Si-PM 
PET/CT systems is recommended due to 
the very low internal positron-electron pair 
conversion rate (0.00326% pairs per decay) 
[119]. Specifically, for [90Y]Y-FAPI-46, due 
to the rapid metabolisation, image data 
should be acquired in the first 24 h after 
administration (1, 4 and 20 hours).

According to the reported dosimetry 
results for the different ligand and 
radionuclide combinations available, it is 
notable that the organs at risk are the bone 
marrow and kidneys. For lesion and kidney 
dosimetry, planar and tomographic imaging 
is required. Since FAPI has no specific uptake 
in the bone marrow, the blood method 
should be performed to assess bone marrow 
absorbed doses [120].

Figure 8. Theranostic principle for FAP ligands. A [68Ga]Ga-FAPI-46 MIP (left) of a patient with a solitary 

fibrous tumour is presented for RLT selection with [90Y]Y-FAPI-46 (right MIP) [120]
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Drug Total 
GBq Tumour

Tumour 
dosimetry 
(Gy/GBq)

Tumour 
Effective 
Half- Life 

(h)

Bone 
marrow 

dosimetry 
(Gy/GBq)

Kidney 
dosimetry 
(Gy/GBq

Reference

[177Lu]
Lu-FAPI-04

0.27

Breast, 
thymus, 
thyroid, 

and 
ovarium

0.62 N/A 0.002 0.25 [116]

[90Y]Y-FA-
PI-46

3.7–
7.4

Sarcoma, 
pancreas, 
prostate, 
gastric

2.81 8.7 0.040 0.53 [113,114]

[177Lu]Lu-
FAP-2286

5.8

Pancreas, 
breast, 
rectum, 

and 
ovarium

3.00 NA 0.050 1.00 [117]

[177Lu]
Lu-DOTA.
SA.FAPI

2.96 Breast 0.60 14.0 0.001 0.62 [112]

[177Lu]
Lu-DOT-
AGA.(SA.

FAPI)2

1.48

Thyroid, 
breast, 

and 
paragan-
glioma

6.70 86.6 0.020 0.37 [112]

Table 2. Dosimetry features of selected FAP-RLT publications. An extensive review of the current 
FAP-RLT is given in [121]. 

The current dosimetry findings on FAPI-
RLT show that all procedures are safe, with 
organ-at- risk doses comparable to other RLT 
(such as [177Lu]Lu-DOTATOC and [177Lu]Lu-
PSMA). The rapid washout of target lesions is 
one of the main causes for the reported low 
tumoral absorbed doses.

To overcome the rapid washout 
of radioligands from tumours, new 
generations of FAP inhibitors have been 

developed for better tumour retention 
and effective cytotoxic dose delivery. 
Strategies to enhance intratumoral 
retention of radiolabelled FAPI in cancer 
theranostics include conjugating ligands to 
albumin binders, ligand dimerisation, and 
substituting small molecular ligands with 
larger peptides.
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[18F]FLUCICLOVINE
Amino acids are vital small molecules 

that, when linked through peptide bonds, 
form the core units of proteins. They play 
essential roles in cellular processes such as 
protein synthesis, energy metabolism, cell 
signalling, serving as carbon sources for cell 
growth, and neurotransmission.[1,2] Of the 
20 basic amino acids, 9 are essential and are 
typically obtained from the diet, while the 
other 11 can be synthesised via metabolic 
pathways. Amino acids are also precursors 
for many other biomolecules and are crucial 
to metabolic cycles.[2] Amino acids either 
enter the cell from the external cellular 
environment or are a result of intracellular 
protein recycling, and although all amino 
acids can diffuse into cells, their movement 
favourably occurs through carrier-mediated 
processes.[2] Transmembrane amino acid 
transporters are upregulated in cancer cells, 
providing nutrients for tumour cell growth 
when compared with normal tissues.[1–3] 
While some radiolabelled amino acids are 
incorporated into proteins or follow other 
metabolic routes, tumour uptake and 
imaging properties mainly reflect the rate 
and mechanism of amino acid transport.
[2] Because this upregulation also occurs 
in prostate cancer cells, amino acid-based 
radiotracers can be used to localise prostate 
cancer.[3,4]

Consequently, prostate cancer may 
be imaged using radiolabelled natural 
and synthetic amino acids.[2,3] In many 
instances, non-natural, non-metabolised 

amino acid analogues have advantages over 
natural amino acids, including the ability to 
incorporate longer-lived radionuclides such 
as Fluorine-18, simplified radiosynthetic 
methods, and lack of radiolabelled 
metabolite formation, which simplifies 
kinetic analysis and avoids potentially 
confounding accumulation of activity in 
non-target tissues.[2,3]

Anti-1-amino-3-18F-fluorocyclobutane-1-
carboxylic acid (FACBC or [18F]Fluciclovine) 
is a synthetic amino acid and an analogue 
of L-leucine. It is preferentially taken up by 
prostate cancer cells and gliomas through 
specialised amino acid transporters, 
specifically alanine-serine-cysteine transporter 
2 (ASCT2) and L-type amino acid transporter 
LAT-1.[3,5–9] Transporters like ASCT2 
are crucial in amino acid metabolism in 
prostate cancer cells. ASCT2 is an important 
transporter of glutamine, an essential 
tumour nutrient associated with cancer 
signalling pathways.[9–11] [18F]Fluciclovine is 
mainly transported by ASCT2 and functions 
similarly to glutamine.[9,12] However, 
unlike glutamine, [18F]Fluciclovine does not 
undergo additional intracellular metabolism, 
leading to its intracellular accumulation, 
particularly in prostate cancer cells and at 
major sites of amino acid metabolism such 
as the liver and pancreas.[9,13] 

Positron emission tomography (PET) with 
[18F]Fluciclovine  is indicated in men with 
suspected prostate cancer recurrence, as 
evidenced by rising blood levels of prostate-
specific antigen (PSA) following prior 

treatment.[14–20] Although there is no 
absolute PSA threshold for recommending 
a [18F]Fluciclovine PET/CT, diagnostic 
performance is known to vary with PSA 
levels and kinetics. The positivity rate of 
[18F]Fluciclovine PET/CT increases with in-
creasing PSA and with more rapid doubling 
times.[3,20–23] However, a post hoc 
analysis of the EMPIRE-1 cohort, stratified 
by protocol-specified criteria, comparing 
failure-free survival (FFS), concluded that 
incorporating [18F]Fluciclovine PET/CT into 
salvage radiotherapy (SRT) offers survival 
benefits for patients with a PSA of less than 
2 ng/mL but not for patients with a PSA of 
2 ng/mL or higher.[16] Like other emerging 
prostate cancer-specific PET tracers, [18F]
Fluciclovine provides opportunities to 
localise prostate cancer recurrence at an 
earlier stage in the disease course when the 
PSA level is low, to inform medical decision-
making and to study PET-directed local 
therapy.[9,24–28] [18F]Fluciclovine PET/CT 
scan should be considered before salvage 
therapy, to assist with accurate treatment 
planning.[3]

[18F]Fluciclovine Radiopharmaceutical 
Chemistry and Properties

[18F]Fluciclovine is a radioactive diagnostic 
agent (radiopharmaceutical) indicated 
for positron emission tomography (PET) 
imaging in men with suspected prostate 
cancer recurrence based on elevated blood 
levels of prostate-specific antigen (PSA) 
following prior treatment.[29] Axumin® 

([18F]Fluciclovine) is a registered trademark 
of Blue Earth Diagnostics Ltd. and was 
approved by the FDA in May 2016.[29]

The chemical name of [18F]Fluciclovine  
is (1r, 3r)-1-amino-3[18F]fluorocyclobutane-
1-carboxylic acid (FACBC).[29] As described 
by the name and illustrated in the chemical 
structure diagram below, [18F]Fluciclovine 
is a cyclobutane with an amino group and 
carboxyl group at position 1, and an F-18 
fluoro group at position 3 in the 1r, 3r stereo-
isomer.[30] The structure of [18F]Fluciclovine 
reveals that it is an F-18-tagged synthetic 
analogue of the amino acid L-leucine, 
which enables the mode of action of the 
radiopharmaceutical.[30]

Figure 1. [18F]Fluciclovine  molecule.(29)

The radiopharmaceutical [18F]Fluciclovine 
is a synthetic amino acid which is transported 
across mammalian cell membranes by 
amino acid transporters such as LAT-1 
(L-type amino acid transporter that has 
repeatedly been found to be overexpressed 
in a vast variety of cancers)(31) and ASCT2 
(alanine, serine, cysteine transporter 2).(29) 
These transporters are upregulated in 
prostate cancer cells, which leads to greater 
accumulation of [18F] Fluciclovine  in these 
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that make proteins.[34] However, cancer 
cells are not able to detect the difference 
and recognise [18F]Fluciclovine as they 
would any other amino acid, making it a 
great target for cancer cell uptake. There 
are two amino acid transporters that [18F]
Fluciclovine specifically targets, ASCT2 and 
LAT1, which are overexpressed in prostate 
cancer cells.[35]

The active component of [18F]Fluciclovine is 
anti-1-amino-3-flurocyclobutane-1-carboxylic 
acid, which is radiolabelled with fluorine-18.[36]

Overall synthesis time of [18F]Fluciclovine 

is estimated to be approximately 72 minutes, 
with a radiochemical yield anywhere 
between 45–50%. Typical radiochemical 
concentration ranges between 2.18–3.64 
GBq/mL, with an expiry time of 10 hours.
[38] The actual production process for [18F]
Fluciclovine is as follows:

 » The synthesis is based on nucleophilic 
displacement of the triflate group 
(trifluoromethanesulfonate) of the 
precursor by 18F-fluoride in the presence 
of Kryptofix 222 (4,7,13,16,21,24-Hexaoxa-

18F]FLUCICLOVINE 
RADIOPHARMACEUTICAL 
LABELLING

[18F]Fluciclovine, also commonly known 
in the United States (currently main country 
of usage) by the brand name Axumin©, is 
used as a diagnostic radiopharmaceutical in 
nuclear medicine. It was approved in 2016 
by the U.S Food and Drug Administration 
and indicated for use in adults with 
suspected prostate cancer recurrence. The 
detection of recurrence is based on elevated 
blood prostate-specific antigen (PSA) levels 
following the use of a specific treatment 
regimen.[32]

Cancer cells have an elevated need for 
amino acids to help make proteins for 
growth and metabolism. [18F]Fluciclovine 
is a synthetic amino acid analogue(33), 
meaning that it has a chemically modified 
“R” group that makes it slightly different 
from the 20 naturally occurring amino acids 

cancer cells compared to the surrounding 
normal tissue.[29] 

However, [18F]Fluciclovine uptake is not 
specific to prostate cancer only but can also 
occur in other types of cancer and in benign 
prostatic hypertrophy in primary prostate 
cancer.[29] Therefore, histopathological 
evaluation of the suspected recurrence site 
is recommended to rule out or confirm the 
presence of recurrent prostate cancer.(29)

Fluorine-18 (F-18) is a cyclotron-produced 
radionuclide that decays by positron 
emission (β+ decay, 96.7%) and orbital 
electron capture (3.3%) to stable oxygen-18 
(O-18) with a half-life of 109.7 minutes.[29] 
The positron can undergo annihilation with 
an electron to produce two gamma rays; the 
energy of each gamma ray is 511 keV.[29]

Table 1. Radiation produced from decay of 18F [29]

Principal Radiation Produced from Decay of F-18

Energy (keV) Abundance 
(%)

177mLu (0.01 %) 160 days

Positron 249.8 96.7
227Ac (0.004 %)

227Th (0.5 %) (9)

21.8 years

18.7 days

Gamma 511.0 193.5

88Y (< 0.01 %)

152Eu (< 0.01 %)

154Eu (< 0.01 %)

107 days

13.5 years

8.6 years

Figure 2. Synthesis of [18F]Fluciclovine.(37)

1,10-diazabicyclo[8.8.8]hexacosane) and 
potassium carbonate. 

 » The triflate complex is named ethyl 
cis-1-(N-tert-butoxycarbonyl) amino-3- 
[(trifluromethyl)- sulfonyloxy] cyclobutane-
carbo-xylate. 

 » This nucleophilic displacement of 
the triflate group process occurs for five 
minutes at 85 degrees Celsius, which turns 
the starting material into an intermediate. 

 » The intermediate is then diluted with 
H20 and passed through a C-18 Sep-Pak 
to trap the intermediate. The flow rate of 

the intermediate through the Sep-Pak is 
roughly 6 ml/min for ten minutes. 

 » Base hydrolysis is then done on the 
Sep-Pak with NaOH (sodium hydroxide) for 
five minutes at room temperature to cleave 
the acetyl group. 

 » The Sep-Pak is then eluted with water 
for injection followed by acid hydrolysis 
with HCl (hydrochloric acid) at 60 degrees 
Celsius. This is done to cleave the N-BOC 
group, which results in the desired 
product, which is passed through a final  
HLB Sep-Pak. 
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 » The final product is delivered into a 
formulation vial containing citrate buffer, 
HCl and NaOH, followed by filter (end-
product) sterilisation.[38]

[18F]FLUCICLOVINE 
RADIOPHARMACEUTICAL 
QUALITY CONTROL 

Quality control tests are used to verify that 
the final radiopharmaceutical product meets 
the required standards for identity, purity, 
sterility, and other factors that ensure the 
product is safe and appropriate for patient 
administration. Since specifications for [18F]
Fluciclovine quality control tests are yet to 
be determined in the pharmacopoeias, 
the final product should at least abide 
by the general F-18 radiopharmaceutical 
quality control test parameters.[39] F-18 
radiopharmaceuticals, including [18F]
Fluciclovine, require a variety of tests to be 
performed. 

Appearance and pH
The appearance test requires visual 

inspection to verify that no colour change 
or particulate matter is found in the final 
product.[39]

A pH test uses either pH strips or a pH 
meter to validate that the product’s pH falls 
into the acceptable physiological range of 
4.5–8.5.[39]

Radionuclidic Identity and Purity
The radionuclidic identity test confirms 

that F-18 was the correct radionuclide 
actually produced during the manufacturing 
process.[39] This is performed by calculating 
the product’s half-life and recording its 
gamma energy spectrum.[39] The half-life 
of F-18 is 109.7 minutes, and is expected 
to range from 105–115 minutes.[39] The 
half-life can be calculated by recording the 
activity of the product from a dose calibrator 
at two to three designated time intervals.
[39] The product’s gamma energy can be 
obtained using a gamma spectrometer, 
which should show a principal gamma 
photon peak at 511 keV, with or without a 
second sum peak at 1,022 keV.[39]

The radionuclidic purity test validates 
that no other radionuclides are present in 
the final product.[39] This test is completed 
by obtaining the gamma spectrum from a 
decayed product sample, since decreased 
levels of F-18 would reveal the presence 
of any radionuclidic impurities.[39] The 
European Pharmacopoeia (EP) and United 
States Pharmacopoeia (USP) recommend 
that the acceptance criteria for total 
radionuclidic impurities be no more than 
0.1% and 0.5% of the total radioactivity, 
respectively.[39]

The radiochemical identity test is 
used to validate that the complete 
radiopharmaceutical [18F]Fluciclovine 
was actually produced.[39] This test is 
usually performed using either thin layer 

chromatography (TLC) or high-performance 
liquid chromatography (HPLC) to compare 
the product sample to a reference standard.
[39] The relative retention factor or time 
when comparing the sample to the standard 
should be in the 0.9–1.1 range.[39]

The radiochemical purity test uses the TLC 
or HPLC radio-chromatogram to confirm 
that radiochemical impurity levels are below 
the accepted threshold.[39] Calculating the 
ratio between the peak corresponding 
to the product and the sum of all peaks 
detectable on the radio-chromatogram 
should result in a purity ≥ 90%.[39]

Chemical Purity
Gas chromatography evaluates the levels 

of residual solvents in the final product.[39] 
Limits for these residual solvents are found 
in ICH guideline Q3C (R6) on impurities: 
guideline for residual solvents.[39,40]

A Kryptofix or K222 test is performed 
either by TLC or HPLC to confirm that no 
residual K222 is left in the final product.
[39] A spot test comparing the sample to a 
standard of the limit is a common and fast 
testing method.[39] Residual content of 
K222 should be less than 2.2 mg per volume 
(EP) or less than 50 µg/mL (USP).[39]

Microbiological Contamination
A bubble point test is used on the 

sterilising filter after use to confirm that 
the filter membrane maintained adequate 
integrity and filtration throughout the 

production process.[39] Acceptance criteria 
are defined by the manufacturer, but the 
formulation used for the product should be 
taken into consideration as this can affect 
the bubble point.[39]

A limulus amoebocyte lysate (LAL) 
test is used to determine the presence 
and quantity of bacterial endotoxin in 
the product.[39] The usual acceptance 
criterion is an endotoxin content less than  
175 IU/injection.[39]

Sterility can be assessed either by direct 
inoculation or using membrane filtration 
methods, according to the relevant 
pharmacopoeial requirements.(39) This test 
is unique in that the results are obtained 
post-release to the customer due to the 
length of the test.[39]

A final product of [18F]Fluciclovine 
must pass all these quality control tests to 
ensure it is safe and appropriate for patient 
administration.

Physiological Biodistribution
[18F]Fluciclovine is a radiolabelled 

analogue of L-leucine for PET imaging, which 
was initially developed for the evaluation 
of cerebral gliomas.[3,41] Its normal 
biodistribution includes intense hepatic and 
pancreatic uptake and heterogeneous mild 
to moderate uptake in the salivary, adrenal 
and pituitary glands, bowel, bone marrow, 
lymphoid tissue, thyroid, breast parenchyma, 
oesophagus, stomach, and renal tissue.
[3,4,20,42] Uptake is only minimal in the brain. 
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[18F]Fluciclovine has only minimal urinary 
excretion. The urinary bladder wall may 
have mild to moderate diffuse physiological 
activity, as does the peri-urethral tissue, 
but rapid cellular uptake.[3,4,20,42] Given 
the rapid cellular uptake, imaging can be 
performed before the tracer accumulates 
in the bladder, typically 3 minutes after 
administration. In addition, [18F]Fluciclovine 
increasingly accumulates in muscle tissue 
with time since L-leucine is metabolised in 
muscle cells.[4] Uptake of [18F]Fluciclovine 
in prostate cancer is not specific, however, 
and might also be observed in benign 
prostatic hyperplasia, inflammation, and 
benign tumours.[3,4] It is common for 
activity to be retained in the injected vessel, 
and this should also not be confused with 
pathology.[20]

[18F]Fluciclovine can accurately detect 
prostate cancer within the gland itself and 
in pelvic lymph node metastases.[2,43] An 
example of [18F]Fluciclovine PET/CT imaging 
in a patient with recurrent prostate cancer 
is shown in Figure 4. One advantage of 
[18F]Fluciclovine over other radiolabelled 
amino acids is that the relatively low levels 
of urinary excretion simplify imaging of the 
pelvis.[2]

[18F]Fluciclovine is predominantly 
transported via ASCT2 and LAT1, 
transporters that mediate both the influx 
and efflux of amino acids. Peak uptake in 
tumours occurs at 5 to 20 minutes after 
injection with variable washout.[3,41,44] 
This allows for early imaging acquisition 
with benefits for the clinical workflow.

Figure 3. Normal physiological biodistribution 

of [18F]Fluciclovine. Physiological uptake of [18F]

Fluciclovine includes activity in the pancreas, liver, 

bone marrow, and muscle, with negligible uptake 

in kidneys, bowel, and delayed urinary excretion.[3]

PATIENT PREPARATION 
Patients must fast for at least 4 hours 

before the injection and should avoid 
strenuous exercise for at least 24 hours 
before PET imaging.[3,20,32,45–47] After 
intense exercise, there is an increase in the 
rate of protein synthesis and degradation 
and of amino acid transport, which may 
cause an increase in muscle uptake of [18F]
Fluciclovine and lead to degradation of 
image quality.[20,32] At this stage, oral 
hydration is also generally discouraged, 
though small amounts are allowed, if 
necessary.[3,20,46,47] There are no known 
contraindicated medicines so patients can 
take their prescribed medication as usual 
with sips of water.[3,32]

Patients’ adherence to the preparation 
instructions should be assessed on the day 
of imaging by the clinical technologist.
[32] Since amino acid transporters are also 
upregulated in inflamed cells, although to a 
lesser extent than in prostate cancer cells, it 
is advisable to schedule the [18F]Fluciclovine 
PET/CT scan at least 2 weeks after an 
intervention (e.g., biopsy). This allows time 
for any inflammation to resolve and helps 
maintain an optimal tumour-to-background 
ratio.[32] There is, however, no current 
official recommendation regarding optimal 
wait time between [18F]Fluciclovine PET/CT 
imaging and an intervention.[12,32] 

It is recommended that patients are asked 
not to void for 30 to 60 min prior to the 
[18F]Fluciclovine injection.[20] For centres 
performing PET/CT imaging with an oral 
contrast agent, it is suggested that patients 
refrain from voiding for 1h after contrast 
administration until after the [18F]Fluciclovine 
has been injected and imaging completed.

[32,46] Voiding just before the injection of 
[18F]Fluciclovine has been associated with 
increased likelihood of visualised bladder 
with intense activity (despite lower volume).
[32,47] By contrast, refraining from voiding 
before the [18F]Fluciclovine injection and 
scan can significantly reduce bladder 
activity.[46,47] A relatively full bladder might 
help mitigate the effect of urinary radiotracer 
excretion into the bladder through different 
theoretical mechanisms.[46,47] One of the 
suggested mechanisms is that the resultant 
higher volume of urine in the bladder 
might result in a lower concentration of 
radioactivity in the bladder in men who do 
not void before [18F]Fluciclovine injection.
[47–49] Alternatively, elevated pressure in 
the urinary collecting system as a result of 
a full bladder may result in slower urinary 
excretion of [18F]Fluciclovine. There are 
known effects of mechanical obstruction on 
renal function, such as reduced glomerular 
filtration rate, decreased renal plasma flow, 

Figure 4. Prostate cancer imaging with [18F]Fluciclovine. [18F]Fluciclovine PET (A) and [18F]Fluciclovine 

PET/CT (B) images from a patient with suspected recurrence of prostate cancer demonstrate focal uptake 

in left pelvic lymph node metastasis that measures less than 1 cm in short-axis diameter (indicated with 

arrows). Biopsy demonstrated recurrent prostate cancer in this location.[2]
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and profound changes in renal tubular 
cell function, that support this theory.[50]  
The reduction in scans with intense bladder 
activity simplifies image interpretation and 
enhances the evaluation of the prostate 
and prostate bed, as high [18F]Fluciclovine 
activity in the bladder can interfere with 
assessing local prostate cancer recurrence. 
For instance, [18F]Fluciclovine activity in the 
bladder or urethra may mimic or obscure 
activity in the prostate or prostate bed.
[47] This is, therefore, an important aspect 
of patient preparation ahead of [18F]
Fluciclovine PET/CT imaging. Nonetheless, 
patients’ comfort on the PET/CT table 
should also be taken into consideration, as 
it is important to guarantee that they are 
able to remain still for the duration of the 
imaging procedure in order to avoid any 
movement artefacts.[20,32,46] In addition 
to assessing their voiding needs prior to 
imaging, it is also important for staff to 
know about any comorbidities that may 
affect the patient’s ability to lie still and flat 
for approximately 30 min (or the duration of 
the imaging acquisition) prior to injection of 
[18F]Fluciclovine. The interpreting physician 
should be informed of any conditions 
that may pose challenges for imaging by 
preventing the patient from lying flat or still, 
together with any adjustments needed to 
accommodate for this inability. [32] This can 
be done via a patient questionnaire ahead 
of the imaging test.

Parameters such as PSA and Gleason 
score have been shown to have a positive 
correlation with the detection of prostate 
cancer recurrence, with a higher risk of 
having bone metastasis at PSA levels 
above 20 ng/mL.[23,32] PSA demonstrated 
a strong linear correlation with positive 
findings in [18F]Fluciclovine PET/CT imaging.
[3,21–23,51] These parameters should 
therefore be recorded ahead of imaging 
in a [18F]Fluciclovine PET/CT patient 
questionnaire, including: Gleason score, 
current and prior lowest PSA values, use of 
hormonal therapy (current or past), prior 
therapy (e.g., prostatectomy, radiation 
therapy, chemotherapy or cryotherapy), 
known metastatic disease, availability of 
prior scans, claustrophobia, date and time of 
last consumed food and drink, last exercise 
undertaken, recent biopsies, history of 
epileptic seizures, presence of infections, 
recent injuries, previous surgery history and 
areas of pain and/or discomfort (what, type, 
when and laterality (if applicable); for ex-
ample, total hip replacement, etc.). Collating 
such information can help prevent incidents 
where patients are unable to tolerate the 
scan after injection or where the quality of 
the acquired images is substandard. It can 
also provide the reporting physician with 
important information during final image 
interpretation, especially in equivocal  
cases.[32,46]

Aftercare
Patients should be advised to be well 

hydrated and void frequently during the 
first hours after [18F]Fluciclovine PET/CT to 
reduce radiation exposure to the bladder.[20]

IMAGING PROTOCOL

Administered Activity
The recommended activity for an adult 

patient is 370 MBq of [18F]Fluciclovine 
injected as an intravenous bolus.[18–
20,29,52–55] The recommended maximum 
volume of injection of the undiluted product 
is 5 mL. It can, however, be diluted with 
sodium chloride 9 mg/mL (0.9%) solution by 
a factor of 8 (dilution 1+7).(20) Injection into 
the right upper extremity is suggested, with 
the arms down, to avoid misinterpretation 
caused by uptake in the supraclavicular 
vein.[3,20,32,45] This should be followed 
by administration of an intravenous flush 
of sterile sodium chloride injection, 9 mg/
mL (0.9%), to ensure full delivery of the 
activity.[18–20,29,47,52,53] The patient’s 
arms should be positioned above the head 
immediately after the injection.[20]

Uptake Time
[18F]Fluciclovine is preferably taken up by 

prostate cancer cells in comparison with 
normal surrounding tissues. Tumours exhibit 
quick uptake, with peak tumour-to-normal 
tissue ratio occurring between 4 and 10 
min post-injection. After this, uptake in the 

tumour cells reaches a plateau that lasts for 
approximately 30 minutes. Primary tumour 
efflux of [18F]Fluciclovine begins within 
15 min. A 61% reduction in mean tumour 
uptake is detected at 90 min. In lymph node 
metastases, uptake is also rapid but followed 
by a faster washout than in prostate tumour. 
Early image acquisition starting immediately 
after the initial injection is therefore 
recommended.[20,56,57] 

Image Acquisition
Patients are positioned supine with 

arms above the head if possible. Prior to 
injection, a low- dose CT acquisition (140kV, 
average 50mAs) is acquired for attenuation 
correction and localisation. Half-body PET 
imaging acquisition should start within 
an acceptable range between 3–5 min 
after injection. A 4-min interval from the 
completion of the injection to the start of 
PET imaging acquisition, for uptake time, 
is considered ideal. Half-body acquisition 
should start at the proximal mid-thighs, 
including the inguinal lymph nodes and 
prostate bed, and proceed to the base of the 
skull.[3,20,29,47] For clinical reasons, the scan 
may need to be extended to the top of the 
skull and/or include the lower extremities. 
The interval between [18F]Fluciclovine 
injection and half-body imaging should be 
recorded. An initial dynamic scan (0–5 min) 
of the pelvic region is optional.[20] 5 min 
per bed position in the pelvis and 3 min per 
bed position in the remainder of the body 
are recommended. The use of a high-quality 
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diagnostic CT may be considered, especially 
for characterisation of small lesions seen on 
PET images. Both CT and PET acquisition 
parameters are scanner dependent.[3,20] 
Intravenous CT contrast is optional but 
seems to have a limited impact on image 
quality and interpretation.[20]

Multiple time points can be used for [18F]
Fluciclovine PET/CT imaging. However, 
this methodology is considered not to be 
clinically practical. A retrospective analysis 
comparing single- and triple-time-point [18F]
Fluciclovine PET/CT concluded that early 
imaging is feasible with marginal increased 
sensitivity and decreased specificity.[3] Early 
half-body single-time-point imaging has 
been used successfully.[58] As the efflux of 
[18F]Fluciclovine is generally represented by 
a down-sloping time-activity curve, early 
imaging within the first 30 minutes after 
injection is recommended.[3,59]

Image Reconstruction
For scanners with time-of-flight (TOF) 

technology, iterative reconstruction and/
or a reconstruction algorithm using 
resolution recovery (point spread function 
(PSF) reconstruction) should be used, as 
this may help with the detection of small 
lesions.[3,20] If applicable, the Gaussian 
smoothing filter should not exceed  
5 mm.[3] A bone CT reconstruction 
algorithm is recommended in addition  
to the standard CT reconstruction. PET data 
should be fused with both standard and 
bone CT reconstructions.[20]

[18F]FLUCICLOVINE PET/CT 
RESULTS AND INTERPRETATION

Diagnostic Criteria
Increased uptake in soft-tissue lesions 

is generally defined as uptake visually 
clearly above that of the bone marrow  
(L3 vertebrae is preferred) for lesions >1cm 
(longest dimension). Soft-tissue lesions 
which are <1 cm (longest dimension) are 
subject to partial volume effect, but in a 
typical location for metastases may still be 
interpreted as suspicious if uptake is visually 
equal to or approaches that of the marrow 
and is significantly greater than that of 
blood pool.[20]

In the prostate bed following 
prostatectomy:

Malignancy:
• Focal uptake (SUVmax) visually 
equal to or greater than that of bone 
marrow (SUVmean), within the prostate 
bed, is suspicious for malignancy.[3,20] 

• Asymmetric seminal vesicle uptake 
between blood pool and bone marrow 
may represent malignancy. Correlation 
with MRI is recommended.[20]

Suspicious:
• If a focus of uptake is small  
(<1 cm), it may be considered suspicious 
if the uptake is visually greater than that 
of blood pool and lesser than that of 
bone marrow. Correlation with MRI is 
recommended.[3,20]

Requiring close follow-up:
• If uptake is between that of blood 
pool and bone marrow, it does not 
meet criteria for malignancy but may 
still be reported as requiring close 
follow-up.[20]

Benign:
• If there is no increased uptake.

• In seminal vesicles, with or 
without a prostate, symmetric bilateral 
uptake similar to that of blood pool is 
likely physiological.[20]

In non-prostatectomy cases:

Malignancy:
• Moderate focal asymmetric 
uptake, visually equal to or greater than 
that of bone marrow, is suspicious for 
recurrence.[3]

Requiring close follow-up:
• If uptake is between that of blood 
pool and bone marrow, it does not 
meet criteria for malignancy but may 
still be reported as requiring close 
follow-up.[20]

Suspicious:
• If a focus of uptake is small  
(<1 cm) and in a site typical for 
recurrence, it may still be considered 
suspicious if the uptake is visually 
greater than that of blood pool.[3]

Uptake within lymph nodes at sites of 
typical prostate cancer dissemination is 
highly specific for neoplastic involvement 
with a low false-positive rate.[3,43,58,60,61] 
Uptake visually equal to or above that of 
lumbar marrow should be considered 
abnormal, although with nodes less than 1 
cm, uptake may be suspicious if in a typical 
pattern of spread and greater than that of 
blood pool. However, if a node is small  
(<1 cm) and in a site typical for recurrence, it 
may still be considered suspicious if visually 
greater than that of blood pool.[3] 

In atypical sites for recurrence (inguinal, 
distal external iliac, hilar, and axillary 
nodes), mild, symmetric uptake is typically 
considered physiological uptake, but if 
uptake is present within the context of other 
clear malignant disease, it may be considered 
suspicious for cancer recurrence.[3]

For bone lesions to be considered 
positive, focal uptake should be clearly seen 
on maximum intensity projection (MIP) or 
PET-only images. Densely sclerotic lesions 
may not be [18F]Fluciclovine avid. Unlike 
in [18F]FDG PET, degenerative uptake of 
[18F]Fluciclovine is not a common variant. 
Skeletal metastases resembling Schmorl’s 
nodes but with [18F]Fluciclovine uptake 
have been described. [3,62] Uptake in 
lytic skeletal lesions is typically intense, 
moderate in mixed lesions, but may be 
absent in densely sclerotic lesions. If skeletal 
lesion is seen on CT (e.g., dense sclerosis 
without uptake), skeletal-specific imaging 
should be considered, as the absence of 
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[18F]Fluciclovine uptake does not exclude 
the presence of metastasis. Unlike in [18F]
FDG, degenerative uptake in bone is not a 
common vari-ant in [18F]Fluciclovine and 
should be further evaluated for the presence 
of metastatic bone lesions.[3,62]

Differential Diagnosis
Prostate: cancer, inflammatory changes, 

benign prostatic hypertrophy.
Extra-prostate: typical locations for nodal 

dissemination of prostate cancer (metastatic 
prostate cancer). Uptake may occur in other 
cancers. Nodal inflammation, especially 
if mild and symmetric and in atypical 
locations for prostate cancer spread, such as 
inguinal or distal external iliac. Uptake may 
also occur from benign processes such as 
infection, and metabolically active benign 
bone lesions such as osteoid osteoma.[3,62]

Pearls, Pitfalls and Variants
[18F]Fluciclovine PET/CT performance is 

affected by PSA levels and is less likely to be 
positive with PSA <1 ng/mL, unless doubling 
time is rapid.[3] [18F]Fluciclovine PET can 
identify true positive prostate cancer foci 
even when conventional imaging, such as 
CT, MRI, and isotope bone scan, is negative.
[3] Understanding the common patterns of 
[18F]Fluciclovine uptake in prostate cancer 
and being familiar with typical locations 
for prostate cancer dissemination (deep 
pelvic vs. peripheral inguinal or distal 
external iliac nodes) are essential in order to 
minimise false-positive and false-negative 

interpretation. It is also important to have 
a good knowledge of factors that may lead 
to typical false-positive and false-negative 
findings in [18F]Fluciclovine PET, especially as 
uptake of [18F]Fluciclovine may be present 
in benign conditions such as inflammation 
and infection and other metabolically active 
benign lesions such as meningioma and 
osteoid osteoma.[3,20,62]

Potential reasons for uptake in the prostate 
gland that may lead to false-positive results 
in patients who have undergone non-
prostatectomy therapy include benign 
prostatic hyperplasia and post-radiation 
inflammation and fibrosis.[3,20,63,64] There 
is a higher false- positive rate within intact 
or treated prostate.[3]

Uptake in nodes may be due to acute 
and chronic inflammation and infection, 
especially if symmetric and in atypical 
locations for prostate cancer spread.[3,20] 
Mild benign symmetric uptake within the 
inguinal lymph nodes may demonstrate 
non-specific moderate symmetric 
inflammatory uptake and lead to false-
positive results.[3] 

[18F]Fluciclovine uptake can be observed 
in inflammatory skin lesions, inguinal 
nodes due to ringworm infection, and 
musculoskeletal inflammation.[20] Uptake 
may occur not only in prostate cancer but 
also in other malignancies with upregulated 
amino acid transport such as breast cancer, 
lung cancer, colon cancer, lymphoma, 
hepatocellular carcinoma, multiple myeloma, 
squamous cell carcinoma of the scalp, and 

primary and metastatic tumours in the brain, 
among others.[3,20,41,62,65–71] Uptake in 
renal masses should be further investigated 
as, similarly to [18F]FDG, any degree of [18F]
Fluciclovine uptake in a renal mass might 
represent malignant aetiology.[20]

Benign bone lesions such as osteoid 
osteoma may have moderate uptake. Mild 
uptake may be seen in degenerative disc 
and facet disease, but this is less common 
and less intense than usually seen with 
[18F]FDG. Intense though benign activity 
within a joint or at a muscular insertion has 
occasionally been observed.[20]

Benign meningioma may have intense 
uptake.[20,72] Pituitary and adrenal 
adenomas can have focal uptake greater 
than that of the surrounding tissue.[20] 
In a small percentage of patients, [18F]
Fluciclovine may demonstrate moderate 
early bladder activity, interfering with 
evaluation of the prostate bed.[3,62]

Theranostics Potential
It is unlikely that [18F]Fluciclovine can 

easily be modified to present a theranostic 
equivalent. Since the size of the fluciclovine 
molecule is rather small, any labelling 
with a large therapeutic radionuclide 
(for therapeutic purposes) will give the 
molecule a totally different pKa and 
presumably result in a concomitant change 
in pharmacokinetics/biodistribution.

Radiation Exposure 
The effective dose from [18F]Fluciclovine 

is 22 µSv/MBq, and the organs receiving 
the highest equivalent doses are the 
pancreas, heart wall, and uterus.[29] Typical 
administered activity is 370 MBq per 70 kg 
body weight.

The mean absorbed dose per unit of 
administered activity varies significantly 
across different organs and tissues. The 
pancreas receives the highest absorbed 
dose, at 102 µGy/MBq. The heart wall 
absorbs 52 µGy/MBq, and the uterus receives 
45 µGy/MBq. The lungs and liver absorb 34 
µGy/MBq and 33 µGy/MBq, respectively.[29]

Overall, the total body mean absorbed 
dose is 13 µGy/MBq, with an effective dose 
of 22 µSv/MBq.[29]

The summary of product characteristics 
(SmPC, or ‘package insert’) from the FDA 
quotes the doses shown [29] in Table 2. 
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Organ/Tissue Mean Absorbed Dose per Unit Adminis-
tered Activity (µGy/MBq)

Adrenal glands 16

Brain 9

Breasts 14

Gallbladder wall 17

Lower large intestine wall 12

Small intestine wall 13

Stomach wall 14

Upper large intestine wall 13

Heart wall 52

Kidneys 14

Liver 33

Lungs 34

Muscle 11

Ovaries 13

Pancreas 102

Red bone marrow 25

Osteogenic cells 23

Skin 8

Spleen 24

Testes 17

Thymus gland 12

Thyroid 10

Urinary bladder wall 25

Uterus 45

Total body 13

Effective dose 22 (µSv/MBq)

Table 2. Estimated absorbed radiation doses in various organs/tissues in adults who received 
[18F]Fluciclovine.[29]
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[11C]ACETATE
[1-11C]acetate, the salt of acetic acid 

radiolabelled in position 1 (carboxylic group) 
of the molecule (for simplification referred 
to as [11C]acetate for the rest of this chapter), 
was one of the first radiopharmaceuticals 
labelled with the radionuclide carbon-11 
(11C) to be widely used in clinical settings, 
thanks also to the increasingly widespread 
use of self-shielded low-energy medical 
cyclotrons and the inclusion of a monograph 
on 1920 Sodium Acetatis ([1-11C]) in the 
European Pharmacopoeia (Ph. Eur.)

The most widely used nuclear reaction 
to produce 11C is 14N(p,α)11C, as it can be 
obtained at high yields using low energies 
with relatively short irradiation times. The 
precursor, nitrogen-14 gas, is very cheap and 
readily available. The synthesis of [11C]acetate 
has been achieved by various methods, as 
carbon-11 has significant advantages over 
other radionuclides. Unfortunately, the 
short half-life (T1/2 = 20.4 minutes) limits its 
production to centres equipped with on-site 
cyclotrons. 

Initially used in cardiology to study 
myocardial metabolism, the radio-
pharmaceutical [11C]acetate subsequently 
began to be used in oncology: in 
hepatocarcinomas, meningiomas, and 
later in prostate diseases and other 
urological malignancies such as renal cell 
carcinoma and bladder cancer [1]. [11C]
acetate PET has also been used in the 
diagnosis of malignancies such as brain and  
lung tumours. 

The advent of new radiopharmaceuticals 
such as those based on 18F or 68Ga for 
prostate diseases, which can also be used by 
centres not equipped with a cyclotron, have 
limited the clinical use of [11C]acetate over 
the years. 

Nevertheless, [11C]acetate remains an 
important option in nuclear medical 
diagnostics. The short half-life allows it to 
be used only in centres equipped with a 
cyclotron and only in the presence of medical 
physicists, medical radiology technologists, 
radiochemists and/or radiopharmacists, 
nurses and nuclear medicine physicians 
who are trained to work in multidisciplinary 
environments such as nuclear medicine and 
radiopharmacy practice.

CHEMISTRY & PROPERTIES

The radionuclide 11C
In 1934, Lauritsen and Crane carried 

out the pioneering production of 11C 
and simultaneously identified its physical 
properties. These include the predominant 
type of decay (99.8% Beta+ and 0.2% 
EC) and a half-life of approximately 20  
minutes [1,2].

Subsequently, in 1939, Barkas succeeded 
in producing 11C by bombarding 14N gas 
with high-energy cyclotron-produced 
protons [3]. The 14N(p,α)11C method 
remains the most common approach to  
producing 11C.

11C undergoes decay to stable 11B 
(boron-11). This decay primarily occurs 
(99.8%) through positron emission with a 
mean energy of 0.386 MeV. The versatility of 
11C as a radiolabel for biological applications 
is evident due to the ubiquity of carbon 
in biomolecules. It allows the substitution 
of stable 12C, resulting in a radioactive 
analogue with chemical and physiological 
properties indistinguishable from those 
of the carbon-12 analogue. Authentic 
radiolabelling of substances occurring in 
physiological processes and experimental 
or established drugs thus becomes possible.

Human studies with 11C began in 1945, 
with Tobias et al. investigating [11C]CO 
uptake and bodily distribution following gas 
inhalation [4].

The advent of commercially available 
cyclotrons and PET scanners fuelled 11C 
radiochemistry research to meet the 
demand for new or improved tracers 
targeting an expanding range of biological 
entities. Short-lived positron-emitting 11C 
has since been extensively utilised to study 
the fate of labelled molecules in biological 
systems, particularly through the in-vivo 
medical imaging PET technique. 

A final consideration must be mentioned 
regarding the specific or molar activity. 
While theoretical molar activities for PET 
radionuclides such as 11C (341.1 TBq/μmol) 
and Fluorine-18 (63.3 TBq/μmol) appear 
exceptionally high, the practical values 
obtained post-synthesis are typically 10–
10,000 times lower. This drastic difference 

is mainly due to the broad presence of 
the non-radioactive isotope, commonly 
occurring during radionuclide production, 
manipulation, and radiotracer preparation [5].

Acetate 
Acetate has several roles in cellular 

metabolism, such as energy production, 
lipid synthesis and protein acetylation. 
Acetate is actively transported into cells 
through mono-carboxylate transporters 
and is quickly converted to acetyl-CoA 
by acetyl kinase. Acetyl-CoA is a reactive 
unit that participates both in catabolic 
and anabolic metabolism. As an example, 
it can be utilised in the anabolic pathway 
to generate fatty acids and cholesterol, 
which forms the cell membrane; or it can 
be oxidized (catabolic manner) in the 
mitochondria via the tricarboxylic acid cycle 
(TCA), which produces CO2 and H2O, which 
produces energy [6]. In this sense, acetate 
can be viewed as the shortest possible fatty 
acid.

Conversely, tumour cells, characterised 
by elevated fatty acid synthetase (FAS), 
channel acetate predominantly into fatty 
acid synthesis, incorporating them into 
vital membrane microdomains crucial for 
tumour development and metastasis. Under 
nutritional replete conditions, Acetyl-CoA is 
mainly derived from glucose. Otherwise, 
during hypoxia or nutritional challenges, 
acetate becomes the main source of Acetyl-
CoA. This phenomenon is well studied in the 
tumour microenvironment, where there is a 
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symbiotic relationship between nutrient-
rich tumour cells which have hyperactive 
metabolism (Warburg Effect) and release 
metabolic intermediates (e.g. acetate) for 
nutrient-poor tumour cells.  Another way 
of producing acetate inside cells is via the 
ketoacid dehydrogenases and ROS, also 
called the de novo pathway. This de novo 
pathway can be useful in maintaining 
adequate levels of acetate when it is limited 
in the extracellular compartment [7].

LABELLING / PRODUCTION
Radioactive drugs are pharmaceuticals, 

and their preparation method and quality 
specifications must comply with the 
requirements defined by the European 
Pharmacopoeia (Pharm. Eur.).

Most radioactive drugs are intended 
for parenteral use, and must therefore 
be sterile and free of pyrogens. Sterility 
assurance is determined by various factors 
such as handling procedures under aseptic 
conditions, raw materials, equipment, 
personnel, and the facility in which these 
factors interact. For radiopharmaceuticals, 
having a system that consistently and 
effectively ensures the sterility of the 
finished product is even more crucial, 
considering that, due to the half-life, (1) 
no full sterilisation of the final product can 
be performed and (2) the sterility test is 
conducted post-release. Typically, the final 
product solution is passed through a sterile 
filter (0.22µm) under aseptic conditions 
(laminar air flow / grade A environment).

All radiochemical syntheses must be 
conducted utilising suitable equipment 
within a facility authorised for handling 
radioactive materials. It is imperative to 
wear personal protective equipment and 
adhere to all relevant local radiation safety 
regulations.

A quality assurance system must be 
implemented, and if national legislation 
mandates Good Manufacturing Practice 
(GMP), all information can be found in 
the current version including the relevant 
annexes.  Also, EANM's GRPP (Good 
Radiopharmaceutical Practices) might 
be of special interest for the preparation 
of 11C-labelled radiotracers in a non-
commercial environment.

[11C]CO2 preparation
The most prevalent approach for 

producing [11C]CO2 involves irradiating a 
14N target, with a small addition of oxygen 
[16O] (<2%), with protons through the 
reaction [14N(p,α)11C]. The presence of [16O]
oxygen (16O2) in the target gas, besides 
triggering the desired in-target formation of 
carbon dioxide, also results in the undesired 
formation of [13N]nitrogen during irradiation, 
predominantly in the form of nitrogen 
oxides (NOx). These undesired by-products 
must be eliminated before proceeding with 
further conversions.

The operation of separation and 
concentration of CO2 can be carried out in 
two ways: cryogenically, or using molecular 
sieves [8].

In the first case, after bombardment, the 
target content is passed through a loop 
immersed in liquid nitrogen (-196°C). The 
CO2, having a sublimation point of -78.6°C, 
solidifies, while the remaining gases pass 
through undisturbed. The subsequent 
release phase involves bringing the loop to 
room temperature and flowing an inert gas 
through it. However, a slight vacuum must 
be applied at the exit of the loop to prevent 
nitrogen and oxygen from being trapped.

The second process begins by selectively 
binding [11C]CO2 onto the molecular 
sieve, which is preconditioned by heating 
to remove traces of CO2, O2 and H2O. 
Subsequent purging with an inert carrier 
gas eliminates unwanted by-products. 
At elevated temperatures (>250°C), pure 
[11C]CO2 is released and can either be 
used directly for synthesis (CO2 bypass in 
standard synthesizers) or converted to [11C]
methyl-iodide for subsequent methylation 
reactions.

[11C]acetate synthesis
The description of the preparation 

of [11C]acetate and [11C]acetic acid was 
attributed to Kamen in 1947 [9]. The process 
involved obtaining [11C]CO2 through proton 
bombardment of a 14N target via the nuclear 
reaction 14N(p,α Ⲁ)11C. This [11C]CO2 was 
then introduced into methylmagnesium 
iodide (Grignard reagent) to generate the 
carbon-11-labelled radiopharmaceutical.

These days, one common method for 
accessing 11C-labelled radiopharmaceuticals 
involves the direct activation of [11C]CO2 

with organometallic reagents. Alternatively, 
[11C]CO2 can be transformed into [11C]CH3I 
[10,11] or [11C]CH3OTf [12] and then utilised 
for radiolabelling. In both approaches, the 
radioactive building block is employed 
in gaseous form with an inert carrier gas, 
typically helium. The actual labelling process 
is carried out by introducing the gas mixture 
into a reactor, a reaction loop, or onto a solid 
matrix. Subsequent tracer-specific work-up 
is commonly achieved through solid-phase 
extraction (SPE) and cartridge purification, 
a widely accepted method. In general, SPE 
cartridges are pre-conditioned: PS–H+, PS–
Ag+ with 10 mL of water, Maxiclean SAX was 
previously activated with 10 mL of ethanol 
70%, 5 mL of NaCl 0.9%, and 10 mL of  
sterile water. 

A potential automated synthesizer suitable 
for 11C-labelling reactions is the TRACERlab 
FXc-pro (GE Healthcare), as previously 
reported [13,14]. [11C]CO2 is produced 
after irradiation for 30 min at 40 mA to 
yield approximately 3 Ci, which is delivered 
directly to the Tracerlab FXC-Pro module, 
where it is bubbled through a solution 
containing 200 µL 0.5M methylmagnesium 
chloride in the reaction vessel for a duration 
of 4 minutes. Subsequently, the reaction is 
quenched with 1 mM acetic acid and further 
diluted into 5 mL of 1 mM acetic acid. The 
resulting solution undergoes a series of Sep-
Paks to remove excess acid, magnesium, 
and halide ions. It then passes through a 
Maxiclean SAX anion exchange column, 
where the [11C]acetate is captured on the 
cartridge. Following this, the SAX column is 
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rinsed with 10 mL sterile H2O and the [11C]
acetate is eluted off the column with 10 
mL NaCl, 0.9% USP. In the final steps, the 
eluted product is passed through a sterile 
0.22-μm filter into a sterile dose vial and 
the resulting solution is subjected to quality 
control testing. Typical yields of [11C]acetate 
prepared using this method are reported at 
18%, based on starting [11C]CO2 non-decay-
corrected, n = 3 [13] and 8.1% based upon 
starting [11C]CO2 non-decay-corrected,  
n = 5 [14].

In 2012, Lodi et al. published a 
monograph about [11C]acetate synthesis 
in "Radiochemical Syntheses, Volume 1: 
Radiopharmaceuticals for Positron Emission 
Tomography" that made small modifications 
to the aforementioned methods. The 
radiochemical yield of [11C]acetate was 63% 
EOB decay-corrected (n=3) [15].

In 2022, Wenz et al. published a new 
concept for producing 11C‐labelled 
radiotracers. They designed a setup by 
modifying TRACERlab FX FE Pro with 
disposable materials and pressure control as 
an innovative alternative to the conventional 
stepper-motor-controlled rotary valves,This 
novel concept proved successful in the 
synthesis of N-methyl-[11C]choline, L-S-
methyl-[11C]methionine, and [11C]acetate. 
The radiochemical yield of [11C]acetate was 
52% EOB decay-corrected (n=9) [16].

Also in 2022, Wenz et al. published a [11C]
acetate synthesis on a modified TRACERLab 
FX C pro module. The final radiochemical 

yield of [11C]acetate was 56% EOB decay-
corrected (n=10) [17].

The use of automatic modules (not only 
GETRACERLab, but also, for example, IBA) 
for the synthesis  of positron-emitting 
radiopharmaceuticals has always been 
necessary, especially for compounds 
containing short-lived radionuclides. [11C], 
with a half-life of 20.4 minutes, requires 
high starting activities (typically more 
than 50GBq [11C]acetate) which must be 
processed sequentially and within a short 
time. The automation of syntheses using 
dedicated equipment known as "synthesis 
modules" (once called "black boxes") has 
evolved over the years, and now involves 
modules that use synthesis reagents pre-
filled in dedicated KIT cassettes.

These synthesis modules allow control 
of the radioprotection aspects but also 
greater reliability in terms of the synthesis 
yields (EOS), allowing more regular 
planning of the clinical routine. The latest 
synthesis modules are equipped with GMP 
compliance software capable of controlling 
and recording all parameters and events 
of the synthesis process (audit trail) in 
order to facilitate analysis, traceability and 
optimisation. Delivery and set-up of these 
modules nowadays includes IQ (Installation 
Qualification), OQ (Operation Qualification) 
and PQ (Performance Qualification) 
certification in compliance with current 
legislation, in particular Annex 15 of the 
GMP guideline.

Figure 1. IBA acetate processing module setup 

(modified valves), used until 2008 at Castelfranco 

Veneto (TV) Nuclear Medicine PET Center, Italy. 

The module was controlled by a programmable 

Siemens Logic Controller PLC. 

Figure 2. IBA acetate processing module based on a Grignard reaction, used at Castelfranco Veneto 

(TV) PET Center, Italy. 
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QUALITY CONTROL 
PROCEDURES

Generally speaking, if the 
radiopharmaceutical has a monograph 
in the European Pharmacopoeia and the 
described method is exactly followed, a 
method validation is not required. However, 
the laboratory is required to verify that the 
described method has been implemented 
and functions correctly. The laboratory 
must validate a method when it is not 
described in the Pharmacopoeia, following 
the guidelines outlined in the ICH Q2(R2) 
Guideline on validation of analytical 
procedures.

Quality control is based on European 
Pharmacopoeia Monograph SODIUM 
ACETATE ([1-11C]) INJECTION ed. 11.1 [18]

Pre-release tests
Visual Inspection/Appearance: Clear, 

colourless solution; no particles
Radiochemical Identity: Radiochemical 

identity is determined using the high-
performance liquid chromatography (HPLC) 
method described in Pharma Eur. using a 
strong anion-exchange column (CarboPac 
PA10 column, 4 × 250 mm) with NaOH 0.1 
M as mobile phase at a flow rate of 1 mL/
min. Another HPLC method was described 
by Soloviev et al. [19] using a PLRPS 100A, 5 
mm, 150 × 4.6 mm column with KH2PO40.4 
M/acetonitrile 99.5/0.5 as mobile phase at a 
flow rate of 1 mL/min. HPLCs were equipped 
with radio and UV detectors (λ = 220 nm). 

The retention time of [11C]acetate is 
compared to that of sodium acetate 
reference standard and must be ±10%.

Chromatogram examples are given in 
Figure 3.

Radiochemical Purity: Radiochemical 
purity was determined using the two HPLC 
methods described above. Radiochemical 
purity must be a minimum of 95%. 

Chemical Purity: Chemical purity was 
assessed by means of the two HPLC methods 
described using a UV detector (λ = 220 nm). 
The area of acetate mass peak obtained by 
injecting the final solution of [11C]acetate 
must be lower than the corresponding area 
for a sodium acetate reference solution (20 
mg per V).

Residual Solvents Analysis: Residual 
organic solvents were measured by gas 
chromatography on a capillary column. The 
limits for the residual solvents reported in the 
residual solvents monograph of the Pharma 
Eur. are 50 mg/V for acetone and ethanol 
(class 3) and 7.2 mg/V for tetrahydrofuran 
(class 2).

pH: The pH value of the injectable 
solution must be between 4.5 and 8.5.

Radionuclidic Identity: Radionuclidic 
identity can be determined using two 
techniques: gamma spectroscopy and 
half-life measurement. Regarding gamma 
spectroscopy, the principal gamma photons 
have an energy of 0.511 MeV (annihilation) 
and, depending on the measurement 
geometry, a sum peak of 1.022 MeV may 

Figure 3. Analytical UV and radioactive HPLC traces for [11C]acetate: (a) method 1 (Eu. Ph. method),  

(b) method 2.

be observed, as stated in the Sodium 
acetate ([1-11C]) injection monograph. The 
approximate half-life must be between 
18.3 and 22.4 min, and its determination 
is mandatory for positron emitters which 
cannot be distinguished from one another 
using gamma spectroscopy.

Radionuclidic Purity: Radionuclidic 
purity is determined by gamma 
spectroscopy. Peaks in the gamma spectrum 
corresponding to photons with an energy 
different from 0.511 MeV or 1.022 MeV must 
not represent more than 1 per cent of the 
total radioactivity.
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Post-release tests (parametric release)
Bacterial endotoxins: Radiopharma-

ceuticals for parenteral administration must 
comply with the test for bacterial endotoxins 
(Pharm Eur, chapter 2.6.14). Bacterial 
endotoxins must be less than 175/V IU/mL, 
V being the maximum recommended dose 
in millilitres. The injection may be released 
for use before completion of the test.

Sterility Testing: Radiopharmaceuticals 
must comply with the test for sterility 
prescribed in the monograph on 
Radiopharmaceutical preparations (Pharm 
Eur, monograph 0125). The injection may 
be released for use before completion of  
the test.

PHYSIOLOGICAL 
BIODISTRIBUTION

It is fascinating how [11C]acetate PET 
has diverse applications, from studying 
myocardial oxygen consumption to 
exploring various cancers such as prostate 
cancer, hepatocellular carcinoma (HCC), renal 
cell carcinoma (RCC), bladder carcinoma, and 
brain tumours. The discovery of incidental 
findings in rare conditions such as thymoma, 
cerebellopontine angle schwannoma, 
angiomyolipoma and encephalitis, and  
even attempts to study multiple myeloma 
with this tracer, underscore its versatility in 
medical imaging [21]. 

[11C]acetate plays a role in assessing 
myocardial perfusion and metabolism. In 
cardiac imaging, [11C]acetate is primarily 
utilised to evaluate myocardial oxygen 
consumption and cardiac efficiency. By 
visualising the distribution of [11C]acetate 
in the myocardium, clinicians can gain 
insights into the regional metabolic activity 
of the heart, aiding in the diagnosis and 
management of various cardiac conditions. 

The first study in the field of oncology 
was performed by Shreve and co-
workers (University of Michigan) for renal 
physiopathology [21]. In contrast to 2-[18F]
FDG, [11C]acetate was able to discriminate 
between normal renal tissue, diseased 
non-neoplastic renal tissue, and renal cell 
carcinoma. Moreover, there is a significant 
disparity in the rate of tracer clearance from 
renal cell carcinoma tissue compared to 
normal and diseased non-neoplastic renal 
tissue. This discrepancy results in the ability 
to readily differentiate renal cell carcinoma 
from non-neoplastic renal tissue on images 
acquired beyond 10 minutes post-tracer 
administration [21]. Generally speaking, 
tumour retention of [11C]acetate is due to 
increased fatty acid metabolism. In fact, 
[11C]acetate is biologically incorporated 
into the membrane lipids in tumour cells 
through fatty acid synthase (FAS). The 
correlation between FAS activity and [11C]
acetate accumulation in cancer cells was then 
confirmed by Vavere and co-workers [22].

In the realm of prostate cancer, [11C]
acetate fails to reliably differentiate between 
benign prostatic hyperplasia and prostate 
cancer, exhibiting similar uptake in both 
conditions. Kato et al. [23] confirmed this 
by a systematic study involving 30 subjects 
without prostate cancer and 6 patients with 
prostate cancer, revealing that although 
primary prostate cancer was detectable 
in all patients, there were no statistically 
significant differences in [11C]acetate SUV 
between individuals aged 50 years and older 
with normal prostates or benign prostatic 
hyperplasia and those with prostate  
cancer [23].

On the flip side, other experiments 
indicated increased affinities for [11C]
acetate in tumour cells compared to 
normal prostate tissue [25]. However, it 
is crucial to acknowledge that potential 
false-positive uptakes could be attributed 
to inflammatory effects within the cancer 
cells. In 2012, Schöder et al. reinforced these 
conclusions by noting a substantial number 
of false-positive lymph nodes in their 
study, attributed to chronic granulomatous 
disease (CGD) [26].

Finally, Jambor et al. conducted an 
assessment on 36 untreated, non-metastatic 
prostate cancer patients. Their lobe-based 
analysis revealed a high sensitivity of 88% 
but a low specificity of 41%. The observed 
low specificity could be attributed to benign 
prostatic hyperplasia, although uptake in 
inflammatory cells might also contribute to 
false-positive findings [27].

There is insufficient data regarding the 
use of [11C]acetate for detecting primary 
prostate cancer and staging lymph nodes. 
The four studies cited in the review by 
Spick C. et al published in 2016 show sparse 
values in terms of specificity and selectivity 
in detecting lymph node involvement 
with a Prostate Specific Antigen (PSA) level 
between 11.8 and 37 ng/mL [28].

Biochemical evidence indicating the 
recurrence of prostate cancer following 
radical prostatectomy or radiation 
treatment is typically identified by a 
serum PSA level equal to or greater than 
0.2 ng/mL. This evidence often precedes 
the clinical manifestations. The early and 
accurate detection of the recurrence site is 
of utmost importance for effective patient 
management and therapy decision-making 
[28]. When assessing patients with PSA 
levels below 1 ng/mL, [11C]acetate identifies 
only around 50% of recurrence sites and 
fails in the case of reduced volume of 
tumour tissue. In contrast, endorectal MRI 
demonstrated superior performance in 
patients with low serum PSA levels [29].

The rates of detection rose as PSA 
levels and PSA velocity increased. In fact, 
a comprehensive retrospective analysis 
involving 120 patients revealed that 
positivity rates correlated with serum PSA 
levels and PSA velocity. Employing a PSA 
velocity threshold of 1.32 ng/mL/y yielded 
a sensitivity of 74% and specificity of 75%. 
Meanwhile, a serum PSA level of 1.24 ng/
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mL was linked to a sensitivity of 87% and 
specificity of 66% [30].

Finally, utilising PET/MRI software fusion, 
the authors noted enhanced diagnostic 
information through image fusion, with MRI 
fusion revealing 9 malignant and 5 benign 
cases in 14 patients with equivocal PET 
findings. Notably, fusion with MR images 
proved more informative than fusion with 
CT images, indicating a crucial potential 
application for integrated clinical PET/MRI in 
patients with recurrent prostate cancer [31].

Spick et al. conducted a retrospective 
analysis comparing conventional bone 
scans with the findings from [11C]acetate 
PET in the detection of bone metastases 
among 90 patients experiencing elevated 
PSA levels following initial definitive therapy. 
The reference standard for assessment was 
established through clinical and imaging 
follow-up. Patient-based analysis revealed 
comparable results between conventional 
bone scans and [11C]acetate PET. This finding 
indicates that [11C]acetate PET imaging 
is a reliable method for comprehensive 
assessment of bone involvement throughout 
the entire body [32].

The focus on prostate-specific membrane 
antigen (PSMA) has grown due to its 
significant overexpression in prostate cancer 
(PCa) cells. PSMA’s rapid internalisation 
and blood clearance make it an attractive 
target for PCa PET imaging. The extracellular 
domain of PSMA, with a binding site for 
urea, is suitable for radioligand labelling.  

Initial studies with [68Ga]Ga-PSMA-11 
indicate its potential for detecting PCa 
recurrence with higher contrast than 
existing tracers.

A recent study compared performance 
of [11C]acetate versus [68Ga]Ga-PSMA-11 
in detecting PCa recurrence after curative 
therapy in 30 patients. Overall, PSMA-
PET performs better than acetate-PET in 
localising PCa biochemical relapse in lymph 
nodes and bone metastases. It is plausible 
that the observed phenomenon could be 
attributed to the existence of metabolically 
dormant metastases with elevated PSMA 
receptor expression. Paschalis et al. 
reported heightened heterogeneity in 
PSMA expression within individual prostate 
cancer patients, showing variability both 
among patients and within the same 
individual. Given the heterogeneity of PSMA 
expression, integrating PET with a tracer for 
anabolic metabolism could prove essential 
for making informed therapy decisions [33].

PATIENT PREPARATION & 
AFTERCARE

No particular patient preparation is 
required, except fasting for at least 4 
hours and good hydration prior to the 
examination. Due to the very low half-life of 
this radionuclide, patients have to maintain 
a safety distance from babies and pregnant 
people for up to 4h after the examination.

 IMAGING PROTOCOL
At present there is no standardised 

imaging protocol for [11C]acetate. There 
are a lot of studies that use protocols with 
[11C]acetate alone or with a double tracer 
without an overarching guideline. 

Based on what has been said before, 
there are two types of acquisition protocols: 
dynamic or static.

Dynamic imaging
Dynamic acquisition is frequently used 

for evaluation of myocardial oxygen 
consumption [34], HCC and prostate cancer.  
There are a lot of studies where [11C]acetate 
is used with another tracer in double 
acquisition (for example with 2-[18F]FDG or 
[15O]water) [33].

The acquisition is performed directly on 
the disease sites.

After placing the patient on the PET/CT 
with arms above the head, the topogram is 
done. A low-dose CT scan of 120 kV  is done 
prior to radiopharmaceutical administration. 
We also suggest using a Dose Care protocol.

PET acquisition is done directly after 
intravenous injection of about 4–5 MBq [11C]
acetate per kg body weight and lasts about 
30–40 minutes. 

The modality acquisition mode is usually 
List Mode, which consists of a data format 
acquisition that uses data packets (RAW 
DATA and Sinogram) containing the 
information for the creation of subsequent 
images: static or dynamic. 

The data are collected in frames with 
different timing. 

Dynamic acquisition is usually 
reconstructed using an algorithm: OSEM, 
OSEM+TOF, True X or TrueX+TOF, depending 
on the different vendors. 

Static Imaging
Static imaging is used for many types 

of tumours, in particular prostate cancer 
and HCC, renal cell carcinoma, bladder 
carcinoma and brain carcinoma [36,30,31].

The acquisition starts 10–20 minutes post 
intravenous injection of [11C]acetate.  

After placing the patient on the PET/CT 
with the arm above the head, the topogram 
is done, usually from vertex to mid-thigh.

A low-dose CT scan of 120 kV is performed 
for the AC/CT, and we suggest using a Dose 
Care protocol to minimise the dose to the 
patient.

PET acquisition needs to achieve an 
adequate count rate: usually 1.5–3 mins/bed 
position or 0.7–1.2 mm/sec in Flow Motion. 

Static acquisition is usually reconstructed 
using an algorithm: OSEM, OSEM+TOF, True 
X or TrueX+TOF, depending on the different 
PET/CT vendors.

Tables of PET/CT parameters 
The following tables show some 

suggested parameters for image settings in 
static and dynamic imaging.  
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Eff mAs Care dose 4D

kV 120 or Care kV

Slice 3.0 mm

Acq 16 × 1.2 mm

Pitch 1,2

Direction Craniocaudal

Kernel B30f medium smooth

FoV 780 mm with HDFoV

Increment 3.0 mm

Table 1. CT parameters 

CT PARAMETERS

 CORRECTED UNCORRECTED

Scan duration/bed 2–3 min or 0.7–1.2 mm/sec

Recon meth TrueX + TOF (UltraHD-PET) TrueX + TOF (UltraHD-PET)

Iteration 3 2

Subset 21 21

Image size 200 200

Filter Gaussian Gaussian

Zoom 1.0 1.0

FWHM 5.0 2.0

Table 2. PET imaging parameters for static acquisitions

STATIC PET PARAMETERS

DYNAMIC PET PARAMETERS (LIST MODE ACQUISITION)

Table 3. PET imaging parameters for list mode acquisitions 

 CORRECTED UNCORRECTED

Scan duration 30–40 mins 

Recon meth TrueX + TOF (UltraHD-PET) TrueX + TOF (UltraHD-PET)

Iteration 3 2

Subset 21 21

Image size 200 200

Filter Gaussian Gaussian

Zoom 1.0 1.0

FWHM 5.0 2.0

activity can be more accurately assessed, thus 
improving the sensitivity and specificity of this 
emerging diagnostic radiopharmaceutical.” [35]

According to the review by Mohsen and 
Georgis [37]:

A small set of tumours like glioblastomas 
and meningiomas can convert the 
[11C]acetate  into acid and amino acid 
metabolites, so it could be possible to see 
them. In particular, in meningiomas, [11C]
acetate is used to evaluate the extent of 
disease and the post-therapy monitoring. 
Inflammatory cells, especially macrophages, 
in meningeal tuberculoma could increase 
the uptake of [11C]acetate. 

RESULTS & INTERPRETATION 
(TYPICAL ABNORMAL 
FINDINGS/UPTAKE AND 
EXAMPLES) 

[11C]acetate has a rapid accumulation of 
activity in the heart, liver, kidney, pancreas, 
stomach, spleen, bowel and bone marrow. 

As Song and al. said in their work: “The lack 
of information regarding normal physiologic 
uptake of [11C]acetate makes the interpretation 
of abnormal uptake difficult for inexperienced 
readers. However, a range of normal standard 
uptake values (SUV) has not been described. By 
defining normal SUV of [11C]Acetate in normal 
organs, abnormal focal or diffuse [11C]acetate 
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13. Runkle AC, Shao X, Tluczek L, Henderson BD, 
Hockley BG, Peter. Automated production of [11C]
acetate and [11C]palmitate using a modified GE 
Tracerlab FXC-Pro. Applied Radiation and Isotopes. 
2011 Apr 1;69(4):691–8.

14. Shao X, Hoareau R, Runkle AC, Tluczek LJM, 
Hockley BG, Henderson BD, et al. Highlighting 
the versatility of the Tracerlab synthesis modules. 
Part 2: fully automated production of [11C]-
labeled radiopharmaceuticals using a Tracerlab 
FXC-Pro. Journal of Labelled Compounds and 
Radiopharmaceuticals. 2011 Oct 20;54(14):819–38.

15. Scott PJH, Hockley BG, eds. Radiochemical 
Syntheses, Volume 1: Radiopharmaceuticals for 
Positron Emission Tomography- Part 2. 1st ed. John 
Wiley & Sons, Inc.; 2012.

16. Wenz J, Arndt F, Samnick S. A new concept for the 
production of 11C-labelled radiotracers. EJNMMI 
Radiopharmacy and Chemistry. 2022 Mar 28;7(1).

17. Wenz J, Arndt F, Samnick S. A robust [11C]acetate 
synthesis on a TRACERLab FX C pro module. Applied 
Radiation and Isotopes. 2022 Oct 1;188:110356–6.

18. European Pharmacopoeia. 11th Edition. Sodium 
acetate ([1-11C]) injection 04/2023:1920.

19. Soloviev D, Tamburella C. Captive solvent [11C]
acetate synthesis in GMP conditions. Applied 
Radiation and Isotopes. 2006 Sep;64(9):995–1000.

20. Grassi I, Nanni C, Allegri V, Joshua James Morigi, Gian 
Carlo Montini, Castellucci P, et al. The clinical use of 
PET with (11)C-acetate. PubMed. 2012 Jan 1.

21. Shreve P, Chiao PC, Humes HD, Schwaiger M, 
Gross MD. Carbon-11-acetate PET imaging in renal 
disease. PubMed. 1995 Sep 1;36(9):1595–601.

22. Vāvere AL, Kridel SJ, Wheeler FB, Lewis JS. 
1-11C-Acetate as a PET Radiopharmaceutical for 
Imaging Fatty Acid Synthase Expression in Prostate 
Cancer. The Journal of Nuclear Medicine. 2008 Jan 
16;49(2):327–34.

23. Kato T, Tsukamoto E, Kuge Y, Takei T, Shiga T, 
Shinohara N, et al. Accumulation of [11C]acetate in 
normal prostate and benign prostatic hyperplasia: 
comparison with prostate cancer. European Journal 
of Nuclear Medicine and Molecular Imaging. 2002 
Nov 1;29(11):1492–5.

Lung and parenchyma have faint 
tracer accumulation, but mediastinum 
has minimum uptake. Some lymph nodes 
not related to the primary tumour show 
enhanced [11C]acetate, but this could be 
considered reactive and/or inflammatory. 

Bone marrow has a minimum uptake, 
in particular in the dorsal vertebrae; in 
the case of degenerative changes in 
the bone it shows an inhomogeneous  
moderate uptake. 

In abdomen upper organs the highest 
uptake is found in liver, pancreas and 
spleen. Pancreas is clearly visualised after 
2 minutes from intravenous administration 
and it remains well defined until 30 minutes. 
In particular the head, body and tail are 
well delineated after 10 minutes due to 
the high background ratio. The high tracer 
concentration within the pancreas is 
believed to be due to a high rate of lipid 
synthesis within the pancreatic acinar cell.

Bowel shows a minor uptake, 
but sometimes patients show high 
accumulation of tracer. In other cases, 
the accumulation is shown in bladder  
and urethra. 

False-positive cases could be possible 
in proliferative granulomatous cystitis, 
and other false-positive cases may occur in 
inflammation, in particular in patients pre-
treated with Bacillus Calmette-Guérin (BCG). 
This is in contrast to patients with non-BCG 
in transitional cell carcinoma, where [11C]
acetate has a useful role in staging. 

RADIATION EXPOSURE 
The most important radiation exposure 

study in humans was performed by Selzer 
and Co. [38]. The critical organ is the 
pancreas, with an average injected activity 
of 0.017mGy/MBq (after intravenous 
administration of 525 MBq of [11C]acetate). 
The high tracer uptake in pancreas is 
believed to be due to the high rate of lipid 
synthesis in the pancreatic acinar cells. This 
is followed by bowel (0.011 mGy/MBq), 
kidneys (0.0092 mGy/MBq), spleen (0.0092 
mGy/MBq), heart (0.0066 mGy/MBq), and 
liver (0.006 mGy/MBq). The effective dose is 
0.0049 mSv/MBq.

[11C]acetate has minimal renal excretion, 
which may present a potential advantage 
for evaluating pelvic malignancies in  
PET/CT. 
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[18F]FLURPIRIDAZ
Nuclear cardiology has played an 

important role in the diagnosis of heart 
diseases since the 1970s, with thallium 
[201T] and technetium [99mTc]-labelled 
SPECT perfusion agents. In recent decades, 
however, there has been a reduction in 
PET applications due to certain drawbacks 
associated with PET radiopharmaceuticals, 
such as their very short half-life and 
throughput. In light of these limitations, 
fluorine [18F]-based radiopharmaceuticals 
might be able to fill the gap and increase 
cardiological applications in the PET field. 
[18F]flurpiridaz has all the characteristics 
required to be easy to prepare at high 
activity, with an attractive half-life allowing 
for examinations under stress and at 
rest on the same day. Furthermore, the 
high affinity for mitochondrial complex 
1 of [18F]flurpiridaz suggests that the 
radiopharmaceutical may have promising 
applications in nuclear cardiology.

CHEMISTRY & PROPERTIES
[18F]flurpiridaz was identified by the 

Casabier group from a list of fluorinate 
pyridaben derivatives with high affinity for 
mitochondrial complex 1 (MC1). [1]

The molecule selected (Figure 1), with 
the high uptake, present three structural 
moieties, all of them are important for  
MC1  uptake. The three identified structural 
mojeties to obtain the high cardiac  
uptake are:

1. Hydrophobic heterocyclic pyridazi-
none (violet).

2. P-tert-butylphenyl moiety side chain 
(green).

3. Heteroatom-containing linker between 
1 and 2 (orange). 

To obtain the radiopharmaceutical, 
a one-pot nucleophilic substitution 
from a tosylate  derivative was studied  
(Figure 2). No sensitive groups are present in 
the structure, so it was possible to prepare 
a deprotected precursor to use directly in 
production. The synthesised precursor is 
shown below and was isolated with a final 
yield of around 40% with 99.9% purity after 
semi-preparative HPLC. The precursor is not 
generally commercially available, but can be 
synthesised using various procedures. [2,3] 

Figure.2. [18F]flurpiridaz precursor.

The radiochemical synthesis takes place 
in the synthesis module  following the 
scheme shown below:

The step shown in Figure 3 can be 
summarised as follows [2]:

 » Fluorine-18 trapping on QMA 
cartridge, followed by elution with TBA-
HCO3 solution and acetonitrile. The final 
solution was transferred to the reactor  
and dried.

 » 10 mg of precursor in acetonitrile was 
added to the reactor and allowed to react 
for 10 minutes at 95°C. 

 » The crude reaction mixture was finally 
diluted and transferred to be purified in 
two different ways:

 » HPLC purification: the reactor mixture 
was injected into a semi-preparative HPLC. 

 » SPE purification: the reactor mixture 
was passed through a TC18 cartridge 
(preconditioned with ethanol and rinsed 
by water). The cartridge was rinsed with 
ethanolic solution (40%) and ascorbic acid. 
Finally the product was eluted with ethanol 
50% WFI.

 » The final product was passed through 
a Sep-pack Allumina N plus to remove free 
fluorine-18, followed by a sterile 0.22 micron 
filter to remove the precipitate precursor, if 
present, and sterilise the product.

The product is isolated with a non-decay-
corrected yield range of 25–35% after 110 
min of solid phase purification and a non-
decay-corrected yield range of 20–25% after 
120 min of HPLC purification.

Figure. 3. Diagram of reaction scheme for the 

production of [18F]flurpiridaz.Figure 1. [18F]flurpiridaz chemical formula and 

biological groups.
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Figure 4. Schematic diagram and photo of module configuration for [18F]flurpiridaz  
production.[2]

Table 1. QC summary based on EU general monograph requirements.

QUALITY CONTROL 
PROCEDURES

Quality control (QC) procedures for the 
formulated radiopharmaceutical covering 
all the required parameters set out in 
the “Radiopharmaceuticals preparation” 
monograph in the current edition of the 
European Pharmacopoeia are summarised 
in Table 1:

The final product is collected in variable 
volumes depending on the desired 
formulation, but ascorbic acid is always 
present to prevent defluorination.

PHYSIOLOGICAL 
BIODISTRIBUTION

[18F]flurpiridaz was first tested on animals, 
with a heart uptake at 30 min of 3.4% ID/g. 
This data was confirmed in humans, showing 
a heart wall uptake ranging between 2.8% 

Test Method Acceptance criteria  Results

Appearance Visual Clear, colourless Clear, colourless

pH pH-strip 4.5-8.5 6-7

Half-Life Dose Calibrator 105-110 min 109 min

Radiochemical Purity Radio-HPLC > 95 % > 98.5 %

Radionuclidic Purity Gamma Spec > 99.9 % > 99.9 %

Chemical Purity HPLC (precursor) N.D. N.D.

TBA Spot Test ≤ 2.6 mg/V ≤ 2.6 mg/V

Residual Solvents GC EtOH ≤ 10 % (V/V)
CH3CN ≤ 4.1 mg/V

EtOH ≤ 8.2 % (V/V)
CH3CN ≤ 0.04 mg/V

BET LAL < 175 IU/V < 175 IU/V

Sterility Sterility test Sterile Sterile

Table 2. a %ID vs. time in exercise stress subjects; b %ID vs. time in adenosine  
stress subjects1.

Organ 17 min 30 min 122 min 203 min 238 min

Brain 2.9a-6.0b 2.7-6.0 1.8-4.8 1.4-3.8 1.3-3.5

Heart wall 2.7-7.1 2.8-7.1 2.4-5.9 2.0-5.0 1.7-4.5

Kidneys 2.0-6.4 1.7-5.1 1.1-2.3 1.0-7.2 0.94-6.7

Liver 3.7-21 3.7-20 3.1-10 2.7-7.2 2.6-6.7

and 7.0% ID after 30 min in exercise stress 
and adenosine stress tests, respectively.

The radiopharmaceutical can be bolus 
injected and the physiological distribution 
shows uptake in brain, heart, kidneys and 
liver in a range of 2 to 3.7% of injected 
activity (%ID) at 17 min.

Due to the specificity of the application 
to myocardial perfusion imaging, stress test 
image collection was required, with exercise 
stress compared to pharmacological stress 
obtained with adenosine. Biodistribution 
in the two different tests was evaluated at 
different time points starting at 17 min up to 
238 min by acquisition of total body images. 
The results were also used to calculate the 
radiation exposure of the patients and the 
maximum injected activity.

According to the test results, the major 
uptake was recorded in the organs listed in 
Table 2. 
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be remembered that there is often no 
correlation between anatomy and function: 
in other words, critical stenosis may not 
cause ischaemia or vice versa. This finding 
is critical for the cardiologist, to identify 
which coronary stenoses need to be treated, 
and—especially in cases of diffuse coronary 
artery disease—to recognise the most 
compromised artery.

The survey as a whole allows identification 
of patients at high or medium risk of 
cardiac events (angina, infarction), who are 
candidates for invasive procedures—e.g. 
coronarography, revascularisation—and 
patients who are low-risk (follow-up).

Patient preparation is similar to traditional 
methods. Investigation under "stress" 
conditions begins by preparing the patient 
for ECG recording, monitoring of blood 
pressure and insertion of a needle into an 
arm vein. Stress testing can be performed 
by stimulating coronary flow through 
physical exertion on a cyclo-ergometer 
or pharmacologically by administering an 
infusion of dipyridamole or adenosine.

At the peak of exertion (i.e., after reaching 
the target heart rate of ≥85% of the patient's 
theoretical max HR, 220 minus age), the 
radiopharmaceutical is injected.

During the at-rest test, the heart is not 
stimulated (through exercise or medication).

Supervision by a cardiologist is necessary 
during the stress test phase.

A review of contraindications to stress 
test should be performed (unstable angina 
not yet stabilised with medication, severe 

The differences in absolute values 
between the two tests can be explained 
by the different partitioning of the injected 
tracer generated by the two states.

The results for human biodistribution 
show an interesting organ uptake that 
makes this radiopharmaceutical ideal for 
myocardial perfusion imaging.

PATIENT PREPARATION & 
AFTERCARE

Stress-rest myocardial tomoscintigraphy 
is an examination that allows the evaluation 
of:

 » perfusion at rest and under stress
 » ventricular function (ejection fraction, 

volumes, phase analysis)
 » the integrity/vitality of the 

myocardium.

The purpose of this examination, in the 
diagnostic phase, is to exclude and/or 
confirm the presence of ischaemic heart 
disease.

On the other hand, in patients with 
already established ischaemic heart disease 
(post-infarction, post-revascularisation) it 
defines the site, extent of infarction, viable 
myocardium and residual ischaemia of a 
coronary territory.

It should be emphasised that the 
examination does not study coronary artery 
anatomy, but coronary flow reduction 
(ischaemia) in the presence of suspected 
or known coronary stenosis. It should 

pulmonary hypertension, uncontrolled 
arrhythmia, inadequately controlled 
congestive heart failure, pulmonary 
embolism (a clot in the arteries of a lung), 
aortic dissection (a tear in the aorta), an 
acute illness of any sort, together with 
pregnancy status and body habitus.

Mostly required for the stress portion of 
the test: 

 » Nil by mouth for 4 hours prior to stress 
test in case of emergency;

 » No caffeine for 12 hours prior to 
pharmacological vasodilator stress.

The patient should be advised to avoid 
direct contact with pregnant women and 
children during the 24 hours following the 
investigation.

IMAGING PROTOCOL
Due to the regulatory framework on 

radiopharmaceuticals, the investigational 
medicinal product (IMP) has not yet 

been authorised in Europe, so there are 
no standardised protocols at present. 
The following study was suggested in 
connection with the drug registration 
procedure [3]:

Same-day rest-stress examination using 
adenosine for stress protocol: activity ratio 
of 2.2 and injection delay of 30 minutes 
between the two injections. For same-day 
rest-stress with exercise protocol, exercise-
to-rest activity ratio of three and one hour 
waiting time between the two injections 
was suggested.

Total rest-stress activity of 520 MBq 
(14 mCi) gave a good image quality and 
low patient radiation exposure. High 
signal-to-noise ratio is achievable with  
74 MBq (2 mCi)1. 

[18F]flurpiridaz PET images showed 
reversible anterolateral wall defects in the 
distribution of the diseased left circumflex 
coronary artery. [7]

1https://classic.clinicaltrials.gov/ct2/show/study/
NCT03354273

Figure 5. [18F]flurpiridaz PET images in a patient with significant disease in the left circumplex  

coronary artery.[7]
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Exercise and adenosine stress tests gave 
different absolute values, but the relative 
distribution is comparable and was used to 
develop a complete dosimetry evaluation 
starting with the maximum injectable 
activity based on < 0.01 Sv effective dose to 
critical organ. This value is considered as a 
dose limit for the perfusion imaging study 
using technetium-99m agents. 

Refer to 0.01 Sv, 685 MBq for exercise and 
539 MBq was calculated as the maximum 
injectable activity of [18F]flurpiridaz 
examination.

Making the radiation dose evaluation due 
to rest-stress myocardial imaging protocols, 
comparing [18F]flurpiridaz with thallium-201, 
[99mTc]Tc-SESTAMIBI, Rubidium-82 and [13N]
ammonia, only the ammonia combined 
effective dose is lower than [18F]flurpiridaz.

Figure 6. [18F]flurpiridaz PET images from an 82-year-old man.[8]

The [18F]flurpiridaz (top) PET images are 
from an 82-year-old man with shortness 
of breath, an occluded native proximal left 
anterior descending (LAD) coronary artery, 
an occluded left internal mammary graft to 
the LAD, and no other significant native CAD. 
The [18F]flurpiridaz images show a severe 
reversible perfusion defect throughout the 
territory of the occluded proximal LAD. [8]

RESULTS & INTERPRETATION 
Imaging interpretation of [18F]flurpiridaz is 

only linked to clinical trials and reported in 
the listed publications. [4,5,6]

Radiation exposure
Based on the human biodistribution 

results, a dosimetry study was performed 
for each stress test procedure that can be 
applied for imaging acquisition.[3]
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Scheme 1. Chemical structures of PE2I, FE-PE2I and synthesis of precursors. [11C]PE2I labelling (Pathway 

A). [18F]FE-PE2I 2-step labelling (Pathway B). [18F]FE-PE2I 1-step labelling (Pathway C).

[11C]PE2I & [18F]FE-PE2I 
Dopamine is the neurotransmitter that 

regulates motor functions, mood, and 
reward. Dopamine is released from axon 
terminals in the striatum or dendrites in 
the substantia nigra (SN). The action of 
dopamine on pre- and post-synaptic D1 and 
D2 dopamine receptors is terminated by 
the re-uptake of the neurotransmitter into 
presynaptic neuronal terminals through the 
dopamine transporter (DAT) (1). DAT density 
is higher in nigrostriatal axons and terminals 
but lower in the cell bodies and dendrites of 
the SN (2, 3).

[123I]FP-CIT (IOFLUPANE, 
DATSCAN) SPECT 

is the most widely used modality for 
DAT imaging, authorised in Europe since 
2000 and in the United States since 
2011 (4, 5). DaTSCAN SPECT [123I] FP-CIT 
SPECT or DaTSCAN is indicated for the 
differential diagnosis of essential tremor 
from Parkinsonian syndromes related 
to idiopathic Parkinson’s disease (PD), 
multiple system atrophy and progressive 
supranuclear palsy in patients with clinically 
uncertain Parkinsonian syndromes. It is also 
indicated to differentiate probable dementia 
with Lewy bodies from Alzheimer’s 
dementia. Recently, PET imaging using 
[11C]PE2I and [18F]FE-PE2I has become a 
promising alternative offering high affinity 
and selectivity for DAT, favourable kinetics 
and improved spatial and temporal 

resolution (6, 7). This guide will provide an 
overview of the radiochemistry and in vivo 
properties of [11C]PE2I and [18F]FE-PE2I and 
how PET imaging with these radioligands is 
used in clinical practice.

CHEMISTRY & PROPERTIES
PE2I and FE-PE2I can both be viewed as 

structural derivatives of an earlier ligand, 
β-CIT, which has been extensively used 
for imaging DAT and SERT (serotonin 
transporters) (8). All three ligands share 
the same tropane backbone, commonly 
found in alkaloids contained in plants of the 
Erythroxylaceae and Solanaceae families. 
Many steps in the synthetic route for 
both PE2I and FE-PE2I are identical, as the 
compounds differ only in the alkyl chain on 
the tropane nitrogen. Much of the synthetic 
procedure is described in the original 
paper on PE2I synthesis by Emond and co-
workers (9, 10), and it remains in use without 
significant changes. Given the complexities 
involved in building the tropane structure 
with the required stereochemistry from 
scratch, natural cocaine is used as a 
starting material for PE2I, FE-PE2I and their 
precursors due to its relative availability and 
low cost (Scheme 1).

PE2I (methyl-8-[(2E)-3-iodoprop-2-en-1-yl] 
-3-(4-methylphenyl)-8-azabicyclo[3.2.1]
octane-2-carboxylate), along with the 
precursor for the synthesis of [11C]PE2I, 
desmethyl-PE2I (8-[(2E)-3-Iodoprop-2-en-1-
yl]-3-(4-methylphenyl)-8-azabicyclo[3.2.1]

octane-2-carboxylate), are solids with 
respective melting points of 75±5 oC and 
167±5 oC.  FE-PE2I (2-Fluoroethyl 8-[(2E)-3-
iodoprop-2-en-1-yl]-3-(4-methylphenyl)-
8-azabicyclo-[3.2.1]octane-2-carboxylate) 
and the precursor for [18F]FE-PE2I  
(tosylethyl-PE2I (2-(4-Methylphenylsulfonyl)
ethyl 8-[(2E)-3-iodoprop-2-en-1-yl]-3-(4-
methylphenyl)-8-azabicyclo-[3.2.1]octane-
2-carboxylate)), are heavy-oil-like substances 
at room temperature that solidify at lower 

temperatures into a glassy material, a 
property that may complicate handling of 
small quantities. All four compounds are 
easily soluble in the majority of organic 
solvents; however, the tosylethyl-PE2I is 
unstable in aqueous solutions. 

Radiosynthesis of [11C]PE2I
As with all carbon-11-labelled PET tracers, 

the radionuclide is produced by a cyclotron 
on-site. Carbon-11 is received as [11C]CO2 
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or [11C]CH4 and the respective compound 
is then converted using the so-called wet 
method or the gas-phase method to [11C]
methyl iodide ([11C]MeI), which in turn can 
be transformed into [11C]methyl triflate ([11C]
MeOTf ) for increased reactivity.

[11C]PE2I can readily be synthesised from 
the O-desmethylated precursor, desmethyl-
PE2I, using either [11C]MeI or [11C]MeOTf. 
The use of [11C]MeOTf may be preferred 
due to the faster alkylation reaction and 
milder reaction conditions. The synthesis 
procedures were reported more than 20 
years ago and are still widely used with 
minor modifications (11, 12) (Scheme 1, 
pathway A).

[11C]PE2I is primarily synthesised using 
GBq quantities of [11C]MeOTf transferred 
into a solution containing desmethyl-
PE2I (0.4–0.6 mg) treated with a base (e.g., 
NaOH or TBAH) in acetone (300–600 µL). 
The reaction occurs nearly instantaneously 
at room temperature. In contrast, the use 
of [11C]MeI typically requires heating to 80–
90oC and a reaction time of 5 minutes.  The 
reaction mixture is then typically diluted, 
and obtained [11C]PE2I is purified using HPLC 
(High Performance Liquid Chromatography), 
followed by reformulation and sterile 
filtration (11, 12) Since the early 2000s, 
when [11C]PE2I was initially developed and 
reformulated by evaporation, reformulation 
methodologies have significantly advanced. 
More efficient solid phase extraction 
methods now dominate, offering high 

reliability and facilitating removal of residual 
polar impurities. These methods have largely 
replaced evaporation techniques. Similar 
approaches, or use of pharmaceutical HPLC-
eluents that circumvents the reformulation 
step, have been applied to both [11C]PE2I 
and [18F]FE-PE2I (10, 13). 

Radiosynthesis of [18F]FE-PE2I
[18F]FE-PE2I has been developed as 

a follow-up to [11C]PE2I, partly because 
fluorine-18 offers several advantages for 
imaging and off-site preparation and 
distribution, and partly to overcome some 
unfavourable aspects of [11C]PE2I kinetics 
(14, 15). The initial method, described by 
Schou and co-workers, is rather complex. 
It involves a reaction between desmethyl-
PE2I and 2-bromo-1-[18F]fluoroethane in 
dimethylformamide in the presence of 
sodium hydroxide (Scheme 1, pathway B) 
(14). The complexity of the original [18F]FE-
PE2I synthesis is largely attributed to the 
need for a simplified gas chromatography 
(GC) procedure for the purification of 
2-bromo-1-[18F]fluoroethane intermediate, 
making preparation of [18F]FE-PE2I quite 
lengthy. However, development of a much 
simpler one-step labelling procedure 
(Scheme 1, pathway C) became possible with 
the introduction of a [18F]FE-PE2I precursor 
suitable for direct labelling: tosylethyl-PE2I. 
This method was first published in 2012 by 
Stepanov et al. and was further refined by 
Bratteby and co-workers (13, 16). 

Using the tosylethyl-PE2I precursor, 
[18F]FE-PE2I can be obtained in a simple 
one-step, one-pot synthetic procedure 
performed in widely available solvents 
such as dimethylformaldehyde (DMF) and 
dimethyl sulfoxide (DMSO).  This process 
involves trapping of the cyclotron-produced 
[18F]fluoride on an anion-exchange cartridge, 
containing, for example, quaternary 
methylammonium resin (QMA), where it 
is concentrated and isolated from target 
water. The [18F]fluoride is then typically 
eluted using a solution of Kryprofix2.2.2/
potassium carbonate in a water and 
acetonitrile mixture, followed by removal of 
the solvent in a drying step. Following the 
addition of the tosylethyl-PE2I precursor 
solution, the fluorination reaction proceeds 
within 5 min at elevated temperatures (e.g. 
140 oC). The purification of [18F]FE-PE2I is 
performed using HPLC, where a variety of 
approaches can be employed depending on 
the specifications of the synthetic module 
in use. It should be noted that [18F]FE-PE2I 
is prone to radiolysis when trapped on SPE 
cartridges in large activity amounts (>1.5 
GBq) or in aqueous solutions at high activity 
concentrations (>500 MBq/ml). Therefore, 
appropriate mitigation measures should 
be implemented, such as decreasing the 
activity concentration, increase of ethanol 
content, or addition of pharmaceutical-
grade additives inhibiting radiolysis, such as 
sodium ascorbate and ascorbic acid. 

QUALITY CONTROL PROCEDURES
Neither [11C]PE2I nor [18F]FE-PE2I are 

subjects of monographs in US or EU 
Pharmacopoeias. Therefore, in the absence 
of specifically described tests therein, 
general considerations for quality control 
apply (17). This includes a standard battery 
of quality control tests, such as tests for 
radiochemical purity, chemical purity, pH, 
filter integrity test, and residual solvents. 
Additionally, there are tests specifically for 
the [18F]fluorine-labelled compounds, such 
as assessment of free [18F]fluoride  and 
Kryptofix content. Due to the short physical 
half-life of carbon-11 and fluorine-18, it 
is advised that lengthy quality control 
procedures should be conducted as post-
release tests or on validation batches only 
(Table 1). 

This is particularly relevant for radionuclide 
identification/radionuclidic purity tests and 
determination of endotoxins, and obviously 
a must for sterility tests on the formulated 
product. Other important control steps 
can only be carried out during the 
implementation of the production method. 
These can, for example, involve confirmation 
of the chemical structure using mass 
spectroscopy, ensuring high reproducibility 
of the synthesis, and ensuring that it yields 
sufficient activity amounts.

Comprehensive information on 
general procedures can, for example, 
be found in the general monograph on  
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Radiopharmaceutical Preparations (Ph.
Eur 0125), in specific monographs written 
for other PET radiopharmaceuticals such 
as [18F]FDG and [11C]raclopride [Ph. Eur. 
11.4, 1325 (01/2024); Ph. Eur. 11.4, 1924 
(04/2023)] (18, 19), as well as in the scientific  
literature (13). 

Quality control of [11C]PE2I
Due to the short half-life of carbon-11, 

pre-release testing is limited to the tests 
that are practically feasible to perform 
and mandatory for safe administration.  
Table 2 summarises the tests and analytical 
methods that can be used for quality control 
of [11C]PE2I.

Radiochemical purity of [11C]PE2I can 
be determined using Waters µ-Bondapak 
C18 10 µm, 3.9×300 mm column with 
acetonitrile/0.01 M H3PO4 35:65 as mobile 
phase at a flow rate of 3 ml/min with UV 
detector set to 254 nm. Chemical purity 
can be determined using ChromTech CP5-
C18-25F 5 µm 4.6×250 mm column with 
acetonitrile/0.05M H3PO4 30:70 as mobile 
phase at flow rate 2 mL/min with UV 
detector set at 254 nm. 

According to the European 
Pharmacopoeia monographs for other 
radiopharmaceuticals such as [18F]FDG 
and [11C]raclopride, the limit for bacterial 

Test Analytical method

Radiochemical purity HPLC (with radiodetector)

Product identification HPLC (with radiodetector)

Radiochemical stability HPLC (with radiodetector)

Molar activity With HPLC UV detector, scale and dose calibrator

Filter integrity test as defined by Ph. Eur.

Chemical purity HPLC (with UV detector)

pH as defined by Ph. Eur.

Bacterial endotoxin test as defined by Ph. Eur.

Residual solvents GC

Sterility as defined by Ph. Eur.

Radionuclidic purity as defined by Ph. Eur.

Radionuclidic identity as defined by Ph. Eur.

Appearance as defined by Ph. Eur.

Table 2. Summary of tests and analytical methods for [11C]PE2I quality control.

Test Pre-release Post-release Validation batches 
only

Radiochemical purity X

Product  
identification X

Radiochemical stability X

Molar activity X

Filter integrity test X

Chemical purity X

pH X

Bacterial endotoxin 
test X X

Residual solvents X

Sterility X

Radionuclidic purity X

Confirmation of the 
carrier structure X

Appearance X

Residual Kryptofix X

Free [18F]fluoride X

Table 1. Pre-/post-release tests.

endotoxins is 175 IU divided by the 
maximum recommended dose volume. 
Analysis can, for example, be performed 
using the Endosafe® nexgen-PTS™ system. 

Quality control of [18F]FE-PE2I
A detailed description of Ph. Eur.-

compliant Good Manufacturing Practice 
(GMP) quality control procedures can be 
found in (13) and Ph. Eur. 11.4, 1325 (01/2024) 
along with general considerations regarding 
quality control of radiopharmaceuticals 
described in (17). Table 3 summarises the 
tests and analytical methods that can be 
used for quality control of [18F]FE-PE2I.
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Radiochemical purity of [18F]FE-PE2I can 
be determined using Waters µ-Bondapak 
C18 10 µm, 3.9×300 mm column with 
acetonitrile/0.01 M H3PO4 35:65 as mobile 
phase at a flow rate of 2.5 ml/min with UV 
detector set to 254 nm. Chemical purity can 
be determined using Waters µ-Bondapak 
C18 10µm, 3.9×300 mm column with 
acetonitrile/0.01M H3PO4 30:70 as mobile 
phase at a flow rate of 2.5 ml/min with UV 
detector set to 254 nm. Alternative reverse-
phase chromatography methods can be 
successfully employed as well (13, 16). Use 
of basic eluents for quality control of [18F]

FE-PE2I can be beneficial, as it allows for LC 
determination of free [18F]fluoride (16, 20). 

Residual Kryptofix is determined using 
a spot colorimetric threshold test as 
defined by Ph. Eur. The presence of sodium 
ascorbate, if added for improved stability of 
[18F]FE-PE2I in the formulation, can interfere 
with standard colorimetric tests, therefore it 
is imperative to perform a specificity test to 
confirm that Kryptofix can be successfully 
determined in the formulation used. Other 
quality control tests are performed to 
the standards defined in Ph. Eur. for [18F]
FDG, where applicable [Ph. Eur. 11.4, 1325 
(01/2024)] (19).

PHYSIOLOGICAL 
BIODISTRIBUTION

[11C]PE2I and [18F]FE-PE2I exhibit high 
affinity and remarkable selectivity for 
dopamine transporters (DAT) over serotonin 
and noradrenaline transporters (7). 

[11C]PE2I
Several [11C]PE2I studies evaluated the 

whole-body biodistribution, radiation-
absorbed doses and DAT quantification 
with PET in-vivo in humans (21-23). These 
studies have shown that ten minutes after 
administration of [11C]PE2I, the highest 
radioactivity concentration is observed in 
the kidneys, intestines, liver, stomach, salivary 
glands, vertebral bodies and the brain. 
Subsequently, 55–112 min after injection, 
most of the radioactivity accumulates in the 
urinary bladder.

[11C]PE2I undergoes rapid metabolism 
with predominant renal clearance and 
achieves peak blood–brain barrier 
penetration at 10 min post-injection. The 
highest uptake in the brain is observed 
in the striatum, where the concentration, 
in physiological conditions, remains 
constant from 10–60 min post-injection 
and decreases slowly between 1 and 2 
h post-injection. The uptake of [11C]PE2I 
in the midbrain — SN — is lower than in 
the striatum. The thalamus shows some 
[11C]PE2I uptake, whereas the uptake in 
the cerebellum and other cortical regions  
is very low. 

[18F]FE-PE2I
After intravenous administration of [18F]

FE-PE2I, the highest activity concentration 
is observed in the liver between 10 and 30 
min after injection, and in the gallbladder at 
1 to 6 h after injection. At 6 h after injection, 
the gallbladder, the small intestine, the 
salivary glands, and the red marrow showed 
the highest activity concentration (24).

[18F]FE-PE2I rapidly enters the brain, 
with highest uptake in the striatum at 
approximately 10 min post-injection, and 
has a rapid washout of between 20 and 
90 min post-injection. The metabolism of 
[18F]FE-PE2I is relatively fast. At 20 min, the 
unchanged radioligand in plasma is 20–25% 
of the total radioactivity, decreasing to 
10–15% at 60 min after injection (24). [18F]
FE-PE2I provides faster washout from the 
brain than [11C]PE2I and lower production 
of a radiometabolite that crosses the blood-
brain barrier (25).

Overall, these properties permit the 
visualisation and quantification of DAT in 
the entire nigro-striatal system, which has 
been challenging due to the small size 
and low DAT density of the SN (26). The 
binding is predominantly distributed in the 
bilateral caudate nucleus and putamen, 
followed by the SN, with symmetrical and 
even distribution (27). Figure 1 shows the 
distribution of [11C]PE2I and [18F]FE-PE2I 
in the brain at different time points after 
injection in a healthy subject, together 
with time-activity curves in striatum 

Test Analytical method

Radiochemical purity HPLC (with radiodetector)

Product identification HPLC (with radiodetector)

Radiochemical stability HPLC (with radiodetector)

Molar activity With HPLC UV detector, scale and dose calibrator

Filter integrity test as defined by Ph. Eur.

Chemical purity HPLC (with UV detector)

pH as defined by Ph. Eur.

Bacterial endotoxin test as defined by Ph. Eur.

Residual solvents GC

Sterility as defined by Ph. Eur.

Radionuclidic purity as defined by Ph. Eur.

Radionuclidic identity as defined by Ph. Eur.

Appearance as defined by Ph. Eur.

Residual Kryptofix as defined by Ph. Eur.

Free [18F]fluoride as defined by Ph. Eur.

Table 3. Summary of tests and analytical methods for [18F]FE-PE2I quality control.
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(high-density region) and cerebellum  
(reference region).

PATIENT PREPARATION & 
AFTERCARE

Patient preparation for both [11C]PE2I 
and [18F]FE-PE2I is similar to the preparation 
before DAT SPECT examinations with 
[123I]β-CIT or [123I]FP-CIT. While the SPECT 
tracers also bind to the serotonin and 
noradrenaline transporters to some extent, 
the PE2I compounds are very selective for 
DAT. This means that medications that affect 
serotonin and noradrenaline re-uptake 
affect the DAT SPECT investigation, but they 
affect PE2I PET to a (much) lesser extent.

Before patient arrival, it is important to 
collect information about medications 
or drugs that bind competitively to DAT 
and could thus cause false positive results. 
Several drugs of abuse, mainly cocaine 

and amphetamine, have strong affinity for 
DAT and should be completely avoided 
before PE2I imaging. It is advised to refer 
to the EANM guideline/SNMMI procedure 
standard (27) for the list of drugs binding 
to the DAT that might interfere with the 
PET examinations. While discontinuation 
of medications targeting DAT should be 
considered, it is important to consider 
the risk to the patient, and such decisions 
should therefore be taken on an individual 
basis. In several cases, the risk outweighs the 
benefit of discontinuing medications before 
the examination.  

Dynamic imaging with [11C]PE2I and 
[18F]FE-PE2I enables the measurement 
of relative cerebral blood flow (rCBF) 
and DAT availability in the same imaging 
session (see section on Quantification). If 
rCBF is measured, efforts should be made 
to reduce intake of food and common 
stimulants that affect the haemodynamics 

in the brain. Fasting for two to four hours 
before radiopharmaceutical injection is 
recommended and generally well tolerated. 
Caffeine, in its role as an adenosine receptor 
antagonist, can lower CBF and should 
be avoided before examination. Nicotine 
and alcohol are other blood flow-altering 
substances which should be avoided prior 
to a PE2I examination. 

The patient should be positioned 
comfortably in the PET system using a head 
support and a support for the arms. Extra 
effort should be taken to secure the head 
position to reduce the risk of involuntary 
motion that might hamper image quality. 
The patient’s brain should be positioned 
in the isocentre of the scanner. This is 
particularly important if a diagnostic CT 
scan is performed during the examination. 
When performing a dynamic scan to 
measure relative rCBF, it is preferable to dim 
the lights in the room and avoid loud noises 
during the early phase of the acquisition in 
order to reduce the impact on blood flow in 
the visual and auditory cortex, respectively.

IMAGING PROTOCOL 
(EQUIPMENT, IMAGING 
PARAMETERS)

[11C]PE2I and [18F]FE-PE2I PET can be 
performed using either dynamic or static 
acquisition. The most common protocol 
used in routine practice is static acquisition, 
since it is more clinically feasible, allows for 
higher patient throughput, and requires 

less post-processing. A static acquisition at 
30–40 min p.i. is recommended for routine 
clinical use of both tracers (27). 

Image reconstruction
Image reconstruction, whether for a 

dynamic or static scan, should be performed 
according to vendor recommendations. 
Reconstructions should, if possible, include 
time-of-flight (TOF) and point spread 
function (PSF) modelling. However, it 
is important that all patients in a given 
centre are evaluated using the same 
reconstruction parameters. To provide a 
reliable assessment when the interpretation 
is aided by comparison to a normal 
database, the reconstruction of PET data 
acquired in the patient should be equivalent 
to the reconstruction used for the PET data 
acquired in the subjects in the normal 
database. When performing dynamic 
acquisitions, shorter frame lengths of ≤60 s 
are used at the beginning of the acquisition, 
while 5–10-min frames are sufficient during 
the later phase. Short frame length in the 
early phase is especially relevant for the 
calculation of rCBF.

Quantification
Dynamic imaging allows for absolute 

quantification of DAT availability. The 
simplified reference tissue model (SRTM), 
using grey matter in the cerebellum or 
occipital cortex as the reference region, 
can provide the non-displaceable binding 
potential (BPND) without the need for 

Figure 1. Distribution of [11C]PE2I (top row) and [18F]FE-PE2I (bottom row) in one healthy subject  

at different time points and time-activity curves in striatum (high-density region) and cerebellum 

(reference region).
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arterial sampling. BPND is directly propor-
tional to the concentration of available 
dopamine transporters. From the same 
acquisition, it is also possible to calculate 
relative tracer delivery (R1), providing an 
estimate of rCBF. Assessment of rCBF can 
aid in differentiation between idiopathic 
Parkinson’s disease and atypical Parkinsonian 
syndromes (28).

Dynamic imaging for measurement of 
BPND using SRTM requires at least 80 min for 
[11C]PE2I (29), whereas an acquisition time 
of 60 min is sufficient for [18F]FE-PE2I due 
to its faster in vivo kinetics (25). Simplified 
measures can be estimated using shorter 
scan durations. Using a static acquisition 
at around 30–40 min p.i., it is possible to 
calculate the specific binding ratio (SBR) 
between striatum and a reference region 
(28, 30, 31). This is calculated as the ratio of 
the activity concentration in striatum minus 
the activity concentration in the reference 
region divided by the activity concentration 
in the reference region and equals the 
standardised uptake value ratio minus one. 
SBR corresponds well with BPND and allows 
for discrimination of patients with and 
without Parkinson’s disease (30, 32). A 0–40 
min dynamic acquisition can, in addition 
to SBR, also yield rCBF measurements for 
dual parameter investigation (32). Using a 
basis function implementation of SRTM, 
both BPND and rCBF can be estimated at the 
voxel level, allowing for visualisation of DAT 
availability and rCBF as parametric images 
(29).  The hemisphere asymmetry index 

calculated as (Right-Left)/(Right+Left) or the 
putamen-to-caudate ratio can be useful in 
borderline cases (27). 

RESULTS & INTERPRETATION 
(TYPICAL ABNORMAL FINDINGS / 
UPTAKE AND EXAMPLES)

An advantage of dynamic PET 
acquisitions lies in the ability to perform 
pharmacokinetic analyses, thus obtaining 
quantitative parameters. For both [11C]PE2I 
and [18F]FE-PE2I, BPND or SBR to measure DAT 
availability, as well as rCBF, corresponding to 
overall brain function, can be calculated and 
visualised as parametric images (28).

A comparative analysis investigated the 
use of dynamic [11C]PE2I PET as a stand-alone 
method versus the dual-modality approach 
using [123I]FP-CIT SPECT and 2-[18F]FDG 
PET (28). Strong consistency between [11C]
PE2I BPND and [123I]FP-CIT SPECT images 
was observed, showing superior image 
quality for [11C]PE2I BPND. Moreover, there 
was a strong correlation between rCBF and 
2-[18F]FDG PET images. The relationship 
between rCBF and 2-[18F]FDG across the 
regions was slightly inhomogeneous, with 
somewhat higher correlations in cortical 
regions than in subcortical regions, but 
with similar disease patterns overall. This 
implies that the disease patterns for [123I]
FP-CIT SPECT and 2-[18F]FDG PET described 
in recent EANM guidelines are applicable 
to dynamic [11C]PE2I PET in differential 
diagnosis of Parkinsonian disorders (27, 33). 

Integration with structural imaging (CT, MRI) 
expands the diagnostic potential, providing 
a comprehensive one-stop solution for 
patients with Parkinsonian disorders. In a 
recent study, a within-subject comparison 
of [11C]PE2I and [18F]FE-PE2I was performed, 
showing a high correlation regarding both 
measures of DAT availability and rCBF (34).

Evaluation of PE2I PET images involves 
careful visual examination in the axial, sagittal 
and coronal planes, and the interpretation 
should also take account of anatomical 
information from structural imaging (CT, 
MR).  Visual interpretation can be supported 

by semi-quantification methods, such as 
the three-dimensional stereotactic surface 
projections (3D SP) method developed for 
[18F]FDG (35, 36). To enhance visual analysis, 
a 3D SP perfusion map can be generated 
through voxel-based analysis of rCBF, by 
normalising activities against a reference 
region and comparing them to a normal 
control database. Reference to the 3D-SSP 
images (Figure 3 and 4).

Ideally, the reference region should be 
unaffected by the disease and cerebellum 
is used in most cases. Alternatively, the 
occipital cortex may be used. A simplified 

Figure 2. A simplified diagnostic algorithm chart for dynamic [11C]PE2I PET and [18F]PE2I PET scans. 

Image adopted from recent EANM guidelines (2, 3).  DAT, dopamine active transporter; CBF, cerebral 

blood flow; AD, Alzheimer’s disease; FTD, frontotemporal dementia; NPH, normal pressure hydrocephalus; 

MSA-P, multiple system atrophy-Parkinsonian type; MSA-C, multiple system atrophy-cerebellar type; LBD, 

dementia with Lewy bodies; CBS, corticobasal syndrome; PSP, progressive supranuclear palsy.
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diagnostic algorithm chart for dynamic [11C]
PE2I PET and [18F]PE2I PET scans is presented 
in Figure 2.

In general, DAT ligand binding is 
observed in Parkinson's disease and 
atypical Parkinsonian syndromes. However, 
differentiation at this level is challenging 
due to the significant overlap between 
disease patterns. To distinguish Parkinson's 
disease from different types of atypical 
Parkinsonian syndrome, the evaluation 
of rCBF images is essential for detecting 
typical topographic patterns of blood flow 
alterations. Furthermore, structural imaging 
helps evaluate other types of changes 
that could be causing symptoms, such 
as vascular changes or normal pressure 
hydrocephalus. Figures 3 and 4 depict 
typical abnormal findings in a patient 
with Parkinson’s disease and progressive 
supranuclear palsy, respectively. 

Longitudinal DAT changes measured with 
[18F]FE-PE2I or [11C]PE2I PET

Age-related DAT decline has been 
reported in several single-centre studies; 
however, the largest pool of normative 
data has been generated by two large 
multicentre studies performed in healthy 
subjects. The first is the ENC-DAT (European 
Normal Control Database of DaTSCAN) 
database, which includes [123I]FP-CIT SPECT 
data acquired in 13 different centres from 
139 healthy controls (74 men, 65 women) 
with an age range between 20 and 83 years 
(37). The second database was acquired 
as part of the Parkinson’s Progression 

Figure 4. Example of [11C]PE2I PET/MR images in a patient with progressive supranuclear palsy with 

predominantly left-sided clinical symptoms, axial rigidity and impaired eye gaze. (A) [11C]PE2I images of 

DAT availability showing reduced uptake in striatum (orange arrows), more pronounced on the right side. 

(B) MR image (T1-weighted sequence) showing no abnormalities in the striatum. (C) [11C]PE2I image of 

rCBF showing decreased perfusion bilaterally in medial frontal cortex (blue arrows) and in left putamen 

(black arrow). (D) [11C]PE2I image of rCBF showing decreased perfusion in midbrain (white arrow). (E) MR 

image (T1-weighted sequence) showing midbrain atrophy (green arrow). (F) 3D surface projection map 

showing perfusion z-scores compared to a healthy control database, indicating decreased perfusion 

bilaterally in medial frontal cortex and anterior cingulate gyrus (red arrows).

Marker Initiative (PPMI) and includes  
[123I]FP-CIT SPECT data of 196 healthy 
controls examined longitudinally over 3 to 
4 years (38). The age-related DAT decline 
reported by these two multicentre studies 
was 5.5–6% per decade (0.6%/year).

In Parkinson’s disease, the average 
annualised DAT decline measured with [18F]
FE-PE2I was 5% to 8.5% for the caudate, 
putamen and sensorimotor striatum, 
whereas negligible DAT changes have been 
reported for the substantia nigra (31, 39). 
Figure 5 shows [18F]FE-PE2I BPND images in a 
PD patient with longitudinal follow-up and 
an age-matched healthy control. Similar 
results have been reported for [11C]PE2I PET.

Figure 3. Example of [11C]PE2I PET/CT images 

in a patient with Parkinson’s disease with 

predominantly right-sided clinical symptoms. 

(A) [11C]PE2I images of DAT availability showing 

asymmetrically reduced uptake in striatum 

(orange arrows), more pronounced on the left 

side. (B) CT image at the level of striatum showing 

no abnormalities. (C) [11C]PE2I image of rCBF  

showing normal perfusion in the cortex and 

striatum. (D) 3D surface projection map showing 

perfusion z-scores compared to a healthy control 

database, indicating perfusion in the normal 

range in all cortical regions. 

Figure 5. Representative images of [18F]FE-

PE2I BPND in the striatum (upper section) and 

substantia nigra (lower section) of 67-year-old 

healthy male control (on the left) and a 68-year-

old male patient with Parkinson's disease, with a 

UPDRS motor score of 23 and a disease duration 

of 2 years at the baseline (in the centre) and after 

a 2-year follow-up (on the right).
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The effective dose from [11C]PE2I is 0.0064 

mSv/MBq, and the organs receiving the 
highest equivalent doses are the urinary 
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activity is 350 MBq per 70 kg body weight.
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89ZIRCONIUM–LABELLED 
ANTIBODIES 

89Zr is an emerging radionuclide that 
plays an important role in immuno-positron 
emission tomography (PET) imaging. 
The long half-life of 89Zr (t1/2 = 78.41h) 
is favourable for assessing the in vivo 
distribution of monoclonal antibodies. Thus, 
for instance, the use of 89Zr is promising for 
the monitoring of antibody-based cancer 
therapies. Immuno-PET combines the 
sensitivity of PET with the specificity of the 
antibodies. Several studies [1,2] have been 
conducted to investigate the feasibility of 
89Zr-immuno-PET imaging for predicting 
the efficacy of radioimmunotherapy 
and antibody therapies, imaging target 
expression, detecting target-expressing 
tumours, and the monitoring of anti-cancer 
chemotherapy treatment. 

Monoclonal antibodies 
Antibodies are proteins produced for 

protection by the body’s immune system in 
response to harmful substances.

Monoclonal antibodies (mAbs), 
and in particular the most common, 
immunoglobulin G (IgG), are Y-shaped 
proteins formed by two identical heavy 
(HCs, ca. 50 kDa/chain) and two light (LCs, 
ca. 25 kDa/chain) polypeptide chains 
linked together by disulphide bonds. Both 
chains include fragments with a constant 
and a variable sequence of amino acids. 
Additionally, the Y structure is formed of one 
crystallisable fragment (Fc), which interacts 

with other components of the host immune 
system, and two identical antigen-binding 
fragments (Fab) for binding to the specific 
target (Figure 1) [3].

Man-made mAbs used for therapy and 
imaging are produced mostly in mice, and 
once introduced into the human body, 
they can induce a neutralising immune 
response (allergic reaction) in the form of 
human anti-mouse antibodies (HAMAs). 
To achieve more human-compatible and 
hence more robust mAbs, some or most of 
the amino acid sequences are engineered 
without compromising the functionality of 
the protein. The result is the production of 
chimeric (mouse antibody with human Fc 
region) and humanised antibodies (most 
of the rodent-derived protein sequence 
is identical to that of a human variant). 
Recently, technological advances have 
allowed the production of fully human 
mAbs using transgenic mice [3].

Monoclonal antibodies with high affinity 
and specificity for various targets—including 
growth factors, cell surface receptors and 
cytokines—have been developed and are 

currently used in the clinic for the treatment 
of a variety of conditions [4].

IMMUNOTHERAPY AND 
IMMUNO-PET

In recent years, owing to their high affinity 
and specificity for their target, mAbs have 
become the most investigated drug class 
for conditions such as cancer, inflammatory 
diseases, and autoimmune disorders. 
Following their binding to the antigen, 
functioning either as agonists or inhibitors, 
mAbs can modulate the function of cell 
membrane-associated receptors, either 
directly or by recruiting the body’s immune 
system. In any case, the result is cell death [5].

Unfortunately, not all patients respond 
to immunotherapy. Insights into the 
pharmacokinetics, distribution and uptake 
in the targeted tissue of such therapeutic 
agents could be crucial for selecting 
patients who would benefit from the 
therapy, as well as monitoring response and  
predicting toxicities. 

PET imaging using mAbs and analogues as 
imaging agents (immuno-PET) can provide 
that information non-invasively. Immuno-
PET has additional advantages compared to 
conventional diagnostic procedures such as 
biopsies and immunohistochemistry, which 
are invasive and can only assess limited 
areas of the tissue of interest. Immuno-PET 
can identify heterogeneity and changes in 
antigen expression and distribution during 
disease progression and after treatments, as 

well as metastases. Furthermore, immuno-
PET is a useful tool for drug development. 
It can assess target accessibility, which is 
crucial for the success of immunotherapies 
and antibody-drug conjugates and allows 
dosimetry prediction and optimisation for 
radioimmunotherapies [6].

Due to their nature, size, and structure, 
mAbs have some limitations. They 
accumulate non-specifically in the liver 
and require a long time to reach the tissue 
of interest and to clear from the blood 
and body. This prolonged biological half-
life can affect the target-to-background 
ratio and the production of good-contrast 
images. Additionally, the costly production 
of both mAbs and their derivatives 
negatively impacts their availability and 
use in developing countries. Despite that, 
radiolabelled full-length antibodies can 
produce excellent PET images and have 
achieved indisputable clinical success [7].

In general, for the development of 
protein-based imaging agents it is 
fundamental to match the physical half-life 
of the radioisotope to the biological half-
life of the vector. As previously mentioned, 
full-size antibodies are characterised by slow 
pharmacokinetics and can require several 
days to reach the target tissue. Therefore, 
long-lived radioisotopes such as copper-64 
(64Cu, T1/2 = 12.7h), zirconium-89 (89Zr, T1/2 
= 78.4h) and iodine-124 (124I, T1/2 = 4.2d) 
are the most suitable for antibody-based 
immuno-PET [8].

Figure 1. Structure and main features of an IgG 

antibody [1]
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Importantly, the conjugation strategy 
should be selected based on the 
requirements, the availability of the 
components and the feasibility of the 
process. In most cases, the random 
conjugation on lysine residues is more 
than adequate for the purpose as it is rapid, 
straightforward, and requires commercially 
available material. The more site-specific 
conjugation method should be considered 
only in the event of proven and concerning 
interference with target recognition.

The radiolabelling of the DFO-mAb 
conjugate is carried out by incubating it 
with commercially available 89Zr-oxalate 
under mild conditions (i.e., pH 7 and room 
temperature) (Figure 3). The radiolabelled 
product is then purified from free 
radiometal, and oxalic acid and buffer are 
exchanged using commercially available  
pre-packed columns.

89Zr-immuno-PET   
89Zr radiochemistry and general properties 
of 89Zr-mAbs

89Zr is produced in a medical cyclotron, 
using a commercially available metal target 
(yttrium-89), via either a 89Y(p,n)89Zr or a 
89Y(d,2n)89Zr reaction. 89Zr decays with a half-
life of 78.4h via both positron emission (23%) 
and electron capture (77%) to metastable 
yttrium-89m (89mY), which decays to stable 
yttrium-89 (89Y) via gamma emission (909 
keV). The relatively low-energy positrons 
emitted by 89Zr (Emean = 395 keV) allow for 
high-resolution images and, if a suitable 
energy window is set during the scan, the 
909 keV gamma rays are not in coincidence 
with the 511 keV photons [9].

Zirconium is a metal present as a 
positively charged +4 ion (Zr4+) in aqueous 
solutions. The cation usually forms 
complexes with a coordination number of 8 
and is coordinated preferentially by oxygen 
donor atoms. Consequently, 89Zr is supplied 
in its stable oxalate form in a 1 M oxalic  
acid solution.

Generally, procedures developed to 
radiolabel proteins with radiometals like 
89Zr require the attachment of chelators to 
the protein (i.e., conjugation), purification of 
the product (i.e., conjugate), and then the 
subsequent radiolabelling and purification 
of the radioconjugate.

Ideally, 89Zr-labelled antibodies should 
have the same pharmacokinetics and affinity 
for the target as the unlabelled antibodies. 
Furthermore, they should be stable and 

should not release the radiometal. These 
characteristics can be achieved by selecting 
the most appropriate chelator for 89Zr and 
by optimising the conjugation reaction.

Currently, the most-used chelator for 89Zr 
is desferrioxamine B (DFO). DFO is a bacterial 
iron-sequestering molecule which contains 
three metal-chelating hydroxamate groups 
and a terminal primary amine which, once 
suitably modified, can be used to conjugate 
DFO to the antibody (Figure 2). Importantly, 
DFO shows rapid and efficient coordination 
of 89Zr under mild conditions (i.e., pH 7 
and room temperature), forming a stable 
complex involving eight oxygen atoms (six 
binding oxygen atoms from the chelator 
and two from water molecules) (Figure 3) [6].

Preparation of 89Zr-antibodies
The preparation of 89Zr-antibodies is a 

two-step process consisting of the initial 
production of the DFO-mAb conjugate 
(using the commercially available chelator 
which reacts with lysine residues, Figure 2) 
followed by its radiolabelling (Figure 3) [10].

Figure 3. Structure of lysine-based conjugate and 89Zr-radioconjugate as well as the reaction conditions 

for their preparation (B) [6].

A typical antibody has approximately 
80 lysine residues distributed throughout 
the whole protein structure. Therefore, 
conjugation methods via lysine residues 
are non-selective (i.e., random) and 
generate products characterised by twofold 
heterogeneity (i.e., attachment of different 
number of chelators per antibody and 
yield of conjugates with the same number 
of chelators but coupled to different lysine 
residues) [11]. If the chelators are attached 
at the antigen site, the target recognition 
ability of the antibody can potentially be 
compromised.

A site-specific conjugation would 
increase control of the number and location 
of the chelators on the protein, resulting 
in conjugates with more homogeneous 
and reproducible structures. However, site-
specific approaches have not shown any 
significant advantage regarding distribution 
and targeting affinity compared to the 
random conjugation procedure [6].

Figure 2. Molecular structure of chelator  

p-NCS-Bz-DFO [6].
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Quality control of 89Zr-immunoconjugates 
for clinical use

Quality control of 89Zr-mAbs includes 
the conventional standard quality tests 
performed for any PET radiopharmaceutical, 
such as visual appearance, pH, radionuclide 
identity and purity, chemical purity, 
specific activity, membrane filter integrity, 
bacterial endotoxin and sterility. Chemical 
and radiochemical purity is assessed 
by size-exclusion high-pressure liquid 
chromatography (SE-HPLC). In addition, 
instant thin-layer chromatography (ITLC) can 
be used to check the radiochemical purity 
of the product. Importantly, the retained 
ability to bind adequately to the target 
antigen is confirmed by immunoreactivity 
testing. Either cell-based tests following 
the method proposed by Lindmo et al. 
[12] or isolated antigen-based techniques 
(such as ELISA or functionalised magnetic 
beads) [13,14] can be used to estimate 
the immunoreactive fraction. The sterility 
test and immunoreactivity assay can be 
performed after the release of the 89Zr-mAb.

PET imaging with 89Zr-mAbs
For the achievement of optimal image 

contrast, imaging is usually performed several 
days after the administration of zirconium-
89-mAbs to allow for their clearance from the 
blood and accumulation in the target tissue. 
Importantly, zirconium-89 is trapped inside 
the cell (i.e., residualisation) following the 
antigen-antibody complex internalisation, 
contributing to increased uptake in the 

target tissue and the production of high-
contrast images [15]. Additionally, 89Zr-
immuno-PET images usually show high 
liver uptake as a consequence of the non-
specific hepatobiliary clearance of full-
length antibodies.

Preclinical studies have demonstrated 
the release of the radiometal from 89Zr-
radiolabelled antibodies as the free 89Zr 
localises in the bone, especially in zones of 
growing and remodelling (e.g., epiphyses). 
The main reason for the metal release 
can be attributed to the structure of the 
chelator. DFO is a good chelator for 89Zr, 
but not a perfect one: it provides only six 
donor atoms out of the eight preferred 
by the metal to form the most stable 
complex. Water molecules contribute the 
missing two extra oxygen atoms (Figure 
3). The resulting non-perfect configuration 
can trigger some release of 89Zr, and a 
subsequently high radioactive signal in 
the mineral bone [17]. To resolve the issue, 
considerable radiochemistry research is 
dedicated to developing new chelators for 
the formation of more stable complexes 
with 89Zr [17]. However, the high degree of 
bone uptake shown in preclinical images 
has not been identified in clinical trials with 
89Zr-antibodies, therefore it does not pose a 
significant concern. 

Another consideration for the clinical 
use of long-lived radionuclides such as 89Zr, 
and radiopharmaceuticals with slow body 
clearance, is the considerable radiation dose 
that is delivered to the patients. However, 

PET systems with increased sensitivity 
(e.g., digital PET/CT and whole-body 
scanners) can guarantee optimal image 
quality even after administration of lower 
activities, therefore reducing the radiation 
exposure to the patient [18]. The amount 
of dose administered and the interval 
between tracer administration and imaging 
acquisition warrant investigation in order 
to obtain an optimised contrast between 
lesions and background. In the case of 
[89Zr]Zr-trastuzumab, the optimal imaging 
time for a ~37 MBq (50 mg) intravenous 
injection was observed as being between 
4–5 days after injection [19,20]. At this point, 
low blood-pool activity and high tumour 
avidity was established. Imaging after longer 
periods >6 days can compromise the spatial 
resolution and image quality [19]. At higher 
administered activities (~185 MBq/50 mg), 
[89Zr]Zr-trastuzumab still generated high-
quality spatial resolution in images acquired 
between 5–6 days post-injection [19,20,21]. 
Scan periods of 3–8 days, depending on the 
dose, are typical for other full-length mAb 
tracers in clinical trials.

In conclusion, at present, the benefits of 
89Zr-immuno-PET for drug development, 
patient stratification and response to 
therapy assessment outweigh any of the 
above-mentioned concerns.

89ZR-LABELLED 
RADIOPHARMACEUTICALS

Oncology
Immuno-PET with 89Zr-labelled antibodies 

has demonstrated great potential in 
evaluating the in vivo distribution of 
monoclonal antibodies in cancer therapies. 
A large variety of 89Zr-mAbs have been 
developed for a wide range of tumour-
associated antigens (e.g., EGFR, HER2, 
CD44v6, PSMA, CD20, VEGF-A, PD-1 and PD-
L1) [22,23].

For example, [89Zr]Zr-trastuzumab has 
been used to assess human epidermal 
growth factor 2 (HER2) expression status 
and to predict patients’ response to HER2-
targeted therapy in breast cancer as well as 
gastric cancer patients [7].

Pilot clinical studies were carried out 
to test the feasibility and safety of EGFR 
imaging agent [89Zr]Zr-cetuximab in non-
small cell lung cancer (NSCLC). Additionally, 
both [89Zr]Zr-cetuximab and [89Zr]Zr-
panitumumab were used to image EGFR 
expression in head and neck squamous cell 
carcinoma (HNSCC) and colorectal cancer. 

[89Zr]Zr-atezolizumab, targeting 
programmed death-ligand 1 (PD-
L1), and [89Zr]Zr-nivolumab and [89Zr]
Zr-pembrolizumab, both targeting 
programmed death 1 (PD-1), were 
investigated with regard to selection 
of patients for therapy with immune-
checkpoint inhibitors in breast and lung 
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cancer as well as in melanoma clinical 
studies [7]. [89Zr]Zr-atezolizumab was also 
used in clinical studies of patients with 
advanced or metastatic bladder cancer, 
NSCLC, triple negative breast cancer [24] 
and glioblastoma (GBM) [25]. An example 
of a [89Zr]Zr-atezolizumab scan in a GBM 
patient is shown in Figure 4.

[89Zr]Zr-zevalin PET imaging was used 
to determine the dose-limiting organs for 
[90Y]Y-zevalin treatment (the FDA-approved 

radioimmunotherapy [90Y]Y-ibritumomab 
tiuxetan) in patients with non-Hodgkin 
lymphoma (NHL) [22].

89Zr-immuno-PET has so far shown high 
specificity and sensitivity: for example, [89Zr]
Zr-bevacizumab PET (anti-VEGF-A) showed 
a high sensitivity (96%) for detecting VEGF- 
expressing primary breast cancers and 

high specificity (100%) for lymph node 
metastasis [26], and [89Zr]Zr-girentuximab 
demonstrated high sensitivity and specificity 

in clear cell renal cell carcinoma [27]. More 
recently, Shuch et al. [28] published results 
of PET imaging with [89Zr]Zr-girentuximab 
detecting clear cell renal cell carcinoma 
in patients with a tumour mass ≤7cm, 
demonstrating a mean sensitivity of 85.5% 
and mean specificity of 87%.

Autoimmune diseases
Autoimmune diseases include multiple 

sclerosis, rheumatoid arthritis, Crohn’s and 
Graves’ disease. They are caused by an 
overactive immune system that mistakenly 
attacks and destroys normal cells. Generally, 
diagnosis is based on classical signs of 
inflammation (e.g., swelling, redness, pain, 
and heat) which usually appear at late 
stages of the condition when the tissue 
damage might already be irreversible. Blood 
and urine analysis as well as biopsies are 
currently the most reliable tests performed 
for early diagnosis, estimation of the 
condition's severity, and assessment of 
disease progress. However, patients with 
autoimmune diseases may benefit from 
89Zr-immuno-PET [29].

Leukocytes are actively involved in the 
condition, and treatments targeting and 
depleting B-cells using the anti-CD20 
mAb rituximab were shown to alleviate 
the inflammation and improve the overall 
disease symptoms [30]. [89Zr]Zr-rituximab 
PET showed promising results in the 
selection of rheumatoid arthritis responders 
to rituximab therapy and could detect 
active lesions in multiple sclerosis patients. 

The same radiopharmaceutical was tested 
on orbital inflammatory disease patients, 
confirming its potential in the diagnosis of 
this complex condition [23].

Patient preparation, Imaging and 
Dosimetry 

89Zr-labelled mAbs are usually 
administered intravenously, slowly over 
3–10 minutes to avoid any adverse 
reactions. The injection (37–74 MBq) is 
done either on the day of the scan (e.g., 
1h or 3h post-injection) or several days 
before (e.g., 4- or 7-days post-injection), 
depending on the clinical study. Unlabelled 
antibody is usually administered together 
with the radiopharmaceutical to prevent 
rapid clearance (mostly hepatobiliary) and 
to allow the agent to accumulate in the  
lesions [21, 24].

Patients should be instructed to void prior 
to imaging. The scan range is dependent 
on the clinical study and/or on whether 
the patient has known or suspected lower 
extremity disease involvement. The scan 
range should be consistent across the 
different scanning time points.

No special dieting or fasting have so 
far been required for an 89Zr PET scan, 
and patients are allowed to go home 
even if the scan is scheduled for 4–7 days  
post-injection.

To advise on how to limit close contact 
with others after administration of 89Zr, an 
effective half-life of 78.4 hours was assumed 
for 89Zr based on the literature [31] and 

Figure 4. Whole-body MIP (left) and PET/CT (middle & right) of [89Zr]Zr-atezolizumab (ca. 37 MBq, co-

injection of 10 mg of unlabelled atezolizumab) in a patient with GBM at 72 h post-injection showing 

uptake of the imaging agent in the brain (lesion), in the liver (clearance), and in PD-L1-expressing 

lymphoid tissues (e.g., spleen and lymph nodes). The studies (NCT05235737) were performed at Maria 

Sklodowska-Curie National Research Institute of Oncology in Gliwice, Poland. Images: courtesy of Prof. 

Gabriela Kramer-Marek, MSCNRIO, Gliwice, Poland and the ICR, London, UK.
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a number of contact patterns (partner/
spouse, children, infant) describing the time 
and distance spent in proximity to a patient 
injected with 37 MBq 89Zr were analysed 
to estimate the total dose that would be 
received in the absence of restrictions.

The restriction period is highly dependent 
on the assumption made regarding contact 
with others. The following wording is 
suggested for inclusion in patient discharge 
information:

For a few days after each injection of 89Zr 
your body will contain some radioactivity. 
During this time, anyone who spends time in 
regular close contact with you will get a small 
dose of radiation, which is best avoided. You 
will reduce the radiation dose to other people 
if you follow these instructions:

For the first 3 nights after the injection: 
 » Sleep in a separate bed from your 

partner.
 
For the first 4 days after the injection:

 » Try to stay more than an arm’s length 
away from other people and limit the time 
you spend close to them.

 » Maintain a high level of personal 
hygiene, sit down when urinating, and 
wash hands thoroughly afterwards. 

 » Clothes, bed linen etc. can be washed 
as usual.

Depending on the clinical study 
specifications, blood samples are collected, 
and tumour biopsies performed for 

pharmacokinetics assessment and post-
imaging immunohistochemistry staining, 
respectively [24].

As mentioned before, 89Zr has a half-
life of 78.4 hours, which makes it suitable 
for antibody imaging as it matches 
the pharmacokinetics of antibody 
biodistribution [22,32]. The whole-body 
effective dose for 89Zr-labelled antibodies 
is estimated to be between 0.264–0.330 
mSv/MBq [2]. Dosimetry analysis showed 
that the organs receiving the highest doses 
(mean ± SD) were the liver (1.86 ± 0.40 mGy/
MBq), the kidneys (1.50 ± 0.22 mGy/MBq) 
and the heart wall (1.45 ± 0.19 mGy/MBq), 
with a mean whole-body effective dose 
of 0.57 ± 0.08 mSv/MBq [33]. For a typical 
injected dose of 37–74 MBq of 89Zr-labelled 
antibody, patients generally receive a total 
radiation dose of approximately 20–40 
mSv [22]. The long half-life of 89Zr allows 
for imaging at later time points to assess 
antibody biodistribution [32].

89Zr decays by positron emission (23%) 
and electron capture (77%), emitting 909 keV 
and 511 keV gamma rays [22]. The relatively 
low positron energy (396 keV average) of 
89Zr allows for high-resolution PET imaging 
[24]. Recent technical advancements 
have allowed the development of whole-
body PET/CT scanners with exceptional 
sensitivity and high spatial resolution. 
Such systems, together with the less costly 
digital PET/CT systems, enable the injection 
of lower activities of radioactive agents 
without compromising the image quality, 

thus reducing the radiation burden on 
the patients. Whole-body PET scanners 
with high sensitivity enable 89Zr-labelled 
antibody imaging for up to 30 days after 
injection, compared to only 7–10 days 
with conventional PET systems [34]. This 
allows imaging time points to better 
match antibody biodistribution half-lives in 
humans and tissue pharmacokinetics.

CONCLUSIONS 
Following promising preclinical data, 

89Zr was successfully used in several clinical 
trials. The beneficial imaging properties 
combined with the long half-life make 
89Zr a versatile PET imaging tool, especially 
for radiolabelling mAbs to assess antigen 
expression, analyse biodistribution, plan 
treatment and assess response to anticancer 
therapies. Although oncology is by far the 
largest field of application, 89Zr-radiolabelled 
mAbs have been proposed for possible use 
in inflammation and autoimmune disorders, 
with interesting results. 
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64CU-LABELLED 
RADIOPHARMACEUTICALS FOR 
ONCOLOGICAL APPLICATIONS 

Copper is an essential trace element, 
the metabolism of which is associated 
with a variety of diseases. Beside dementia, 
cancer and inflammation, both nutritional 
dysfunctions and hereditary diseases of 
copper metabolism exhibit potential for 
imaging and, under certain circumstances, 
therapy using copper-labelled radionuclides. 
Unfortunately, this potential is largely 
untapped.

Within the group of suitable radionuclides 
of copper, copper-64 stands out with 
several unique properties that qualify it for 
a large number of potential applications. 
However, the advantage of copper-64 
as a multipurpose radionuclide can also 
be perceived as a disadvantage. For each 
potential application, other more common 
radionuclides (e.g. fluorine-18, gallium-68, 
lutetium-177) may be superior. The 
availability of copper-64 is stagnating for 
several reasons, including high production 
costs, short shelf-life of the finished 
radiopharmaceutical, and competition from 
established radionuclides.

PROPERTIES

Radionuclide properties
Copper (Z = 29) has two stable isotopes 

(copper-63 (69.15 %), copper-65 (30.85 %)) 
and a total of 27 radionuclides. Within 

this multitude are four positron emitters 
(copper-60 (T1/2 = 23.7 min, 93 % β+), 
copper-61 (T1/2 = 3.33 h, 61 % β+), 
copper-62 (T1/2 = 9.7 min, 98 % β+) 
copper-64 (T1/2 = 12.7 h, 19 % β+, 38 % β–)) 
and one electron emitter (copper-67 (T1/2 
= 61.83 h, 100 % β–) which are suitable for 
nuclear medicine applications.

Within the group of medically relevant 
copper radionuclides, copper-64 stands 
out with its unique properties. The half-
life of copper-64 is 12.7 h. It undergoes 
three modes of decay: 17.5 % positron 
emission (β+), 38.5 % beta emission (β–), 
and 44.0 % electron capture (EC), as shown 
schematically in Figure 1. The electron 
capture is accompanied by the emission of 
high- linear-energy-transfer Auger electrons, 
which can increase its cytotoxic potency 
given that the radionuclide is located inside 
cells within or close to cell nuclei.

Copper chemistry
Copper can exist in oxidation states 

ranging from +1 to +4 due to its electron 
configuration. However, in stable copper 

Figure 1. Decay scheme for the decay of 

copper-64 [1].

complexes, the oxidation states +1 and 
+2 are dominant. Cu(I), which has a d10 
configuration, forms diamagnetic complexes 
and prefers a tetrahedral geometry. Cu(I) 
complexes are often stabilised by ligands, 
such as carbon in isocyanides, uncharged 
sulphur in thioethers (e.g. methionine), 
phosphorus in phosphines, or sulphur 
anions of thiolates (e.g. cysteine). However, 
due to their instability under physiological 
conditions, Cu(I) complexes are generally 
unsuitable for in vivo applications. On 
the other hand, Cu(II) complexes have 
coordination numbers of four, five, and 
six. The d9 configuration of the complex 
leads to paramagnetism and a tetragonally 
distorted geometry [2]. As a result, the axial 
ligands become elongated in an octahedral 
geometry. In extreme cases, a loss of ligands 
can occur along the z-axis. This results in a 
square-planar or square-pyramidal structure 
of the corresponding Cu(II) complex. 
Ligands that contain nitrogen, such as 
amines, imines, or heteroaromatics like 
pyridines, bipyridines, or imidazoles, are 
typically preferred.

Although copper-64 is an attractive option 
for nuclear medicine, its use is limited by the 
prevalent chelators in radiopharmacy. These 
chelators are developed and optimised for 
use with the most common radiometals, and 
complexes with these chelators may result 
in unwanted radiation doses to the patient 
due to lowered in vivo stability. Furthermore, 
trans-chelation to copper proteins can 
pose a challenge to the copper complex 

of the radiopharmaceutical. Facilitating this 
process involves intracellular reduction of 
copper from Cu(II) to Cu(I). Copper proteins 
tend to accumulate in the liver and kidneys, 
which can result in an unwanted radiation 
dose. It is therefore essential to develop 
copper-specific chelators and carefully 
select dedicated radiopharmaceuticals.

Chelators can be classified into three 
general groups. The first group are the 
acyclic chelators, which are known for their 
fast copper complexation kinetics. However, 
their comparably low stability constants 
are challenged in vivo by copper proteins. 
The most important acyclic chelators are 
bis(thiosemicarbazones) (BTSCs). Neutral, 
stable copper complexes can easily react 
with BTSCs, which can be functionalised 
and have potential for hypoxy, myocardial, 
and cerebral perfusion imaging [3]. The 
most important derivatives of BTSCs for 
this purpose are Cu-GTSM, Cu-ATSM,  
and Cu-PTSM.

Macrocyclic chelators are preferred due 
to their higher stability. Various polyaza 
chelators based on N-macrocycles 
bearing functionalisation on the nitrogen 
atoms are available. One example is 
1,4,7-triazacyclononane-1,4,7-triacetic 
acid (NOTA), which is a convenient 
candidate for Cu-radiopharmaceuticals 
due to its ability to form in vivo stable 
complexes with fast complexation kinetics, 
even at room temperature. However, 
1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA, cyclen family) 
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is more prevalent in radiopharmacy. 
DOTA complexation requires relatively 
mild heating and provides sufficient 
thermodynamic stability and large in 
vivo stability with respect to the half-
life of copper-64 [4]. Nevertheless, 
the stability of its derivatives depends 
heavily on the number and structure of 
the side arms. The stability of DO3A is 
comparable, while DO2A is significantly 
less stable. Phosphonate analogues (DO2P, 
DO3P, DOTP) are generally more stable. 
1,4,8,11-tetraazacyclotetradecane-1,4,8,11-
tetraacetic acid (TETA), which belongs 
to the cyclam family, is highly stable but 
suffers from dissociation in vivo. Various 
N-functionalised mono- and bifunctional 
chelators based on cyclen and cyclam are 
commercially available to some extent [5]. 
The kinetic inertness of cyclen and cyclam 
ligands can be improved by introducing 
a cross-bridge. However, chelators that 
contain cross-bridges have limited use 
because they require harsher radiolabelling 
conditions that not every biovector can 
tolerate. Currently, the most effective copper 
chelates are derivatives of sarcophagine 
(SAR), which is a cross-bridged bicyclic 
cyclam derivative. SAR-derivatives exhibit 
fast kinetics at room temperature, can 
complex in a pH range from 4 to 9, and 
possess high thermodynamic stability 
[6]. Several bifunctional chelators have 
been reported as having excellent copper 
chelation properties.

Porphyrins present the latest group of 
suitable copper chelators. The porphyrin 
molecule's tetrapyrrole structure is present 
in various natural compounds, including 
chlorophyll, vitamin B12, and cofactor F430. 
The clinical application of Cu-porphyrins 
is restricted due to the radiolabelling 
requirements: harsh temperatures, reductive 
stabilisers, and the presence of dimethyl 
sulfoxide (DMSO) [7].

FROM THE RADIONUCLIDE TO 
THE RADIOPHARMACEUTICAL

Radionuclide production
Various methods for producing copper-64 

using a reactor or cyclotron have been 
published over time, resulting in copper-64 
of varying quantity and quality. The latter's 
usefulness for medical applications may 
be limited by factors such as radionuclide, 
radiochemical and chemical purity, as 
well as specific activity. More recently, 
methods have been reported that result 
in medically acceptable purity and specific 
activities [8, 9, 10, 11, 12, 13, 14, 15, 16]. 
Among these methods, the 64Ni(p,n)64Cu 
reaction is noteworthy because it can be 
applied even on the low-energy medical 
cyclotrons that are commonly used for 
the production of PET radionuclides. The 
use of enriched 64Ni-targets is necessary to 
achieve maximum specific activities, but 
this can be very expensive. An effective and 

efficient recovery and recycling process is  
therefore essential.

In terms of the final medical application, 
it is important to comply with current good 
manufacturing practice (cGMP) or good 
radiopharmaceutical practices as proposed 
by the EANM, even at this early stage [17]. 
This may involve obtaining starting materials 
from suppliers who provide GMP-compliant 
certificates of analysis, and ideally also a 
fully automated process of target post-
processing. Alves et al. recently described 
an automated GMP-compliant process [18].

As with other radiometals, the 
complexation reaction can be easily 
influenced by the presence of other 
competing metals. It is therefore crucial 
to ensure trace-level concentrations of 
metal impurities and accurately identify 
and quantify them. The preferred analytical 
method for this purpose is inductively 
coupled plasma mass spectrometry (ICP-
MS). To ensure that subsequent problems 
resulting from the presence of different ionic 
species of the radionuclide are avoided, 
the use of thin-layer chromatography 
(TLC) is strongly recommended to identify 
the radiochemical purity of the final 
radionuclide solution.

Radiolabelling
As for all radiometals, radiolabelling with 

copper-64 depends on the chelator and the 
biovector used. Due to the huge variety of 
both, only general recommendations can be 
proposed for radiolabelling with copper-64.

For radiolabelling of a precursor, the 
regulatory frameworks are the same as those 
for radionuclide production. Consequently, 
it is important to comply with current 
good manufacturing practices (cGMP) to 
fulfil pharmaceutical requirements as well 
as complying with the national radiation 
protection legislation.

As previously stated, the complexation 
reaction can be influenced by the presence 
of competing metals, depending on the 
specificity of the chelator used. To minimise 
this effect, it is highly recommended 
that measures be taken to prevent metal 
contamination of the reaction mixture. 
This can be achieved by using the 
highest quality chemicals with low metal 
content (if available, use grade trace metal 
analysis) for all synthesis steps involved in 
complexation. It is advisable to avoid the 
use of metal accessories such as spatulas, 
cannulas, or regular laboratory glassware 
and to use special coated glassware or  
cannulas instead.

Quality Control
Quality control is indispensable to 

guarantee the quality of the final product. 
This should be along the lines of the general 
requirements for radiopharmaceuticals 
and PET radiopharmaceuticals, for which a 
variety of monographs are already available 
in the European Pharmacopoeia [19-21]. 
However, no specific monograph for a 64Cu-
radiopharmaceutical is available to date. 
Quality control processes therefore have 
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to be established carefully with reference 
to the general chapters and monographs, 
such as the general monograph on 
“Radiopharmaceutical preparations”.

The quality control process comprises 
all standard quality tests, including 
appearance, pH, radionuclidic identity and 
purity, (radio)chemical purity, filter integrity, 
bacterial endotoxins and sterility. Suitable 
methods and acceptance criteria need to 
be established and thoroughly validated for 
every radiopharmaceutical, depending on 
its structure and chemistry. As a result of the 
relatively long half-life of the radionuclide, 
all tests except the test for sterility should 
be completed before release of the product. 
The test for sterility must be started as soon 
as practically possible.

CLINICAL APPLICATION OF  
64CU-RADIOPHARMACEUTICALS

Hypoxia Imaging
Hypoxia, a common condition in 50–

60% of locally advanced solid tumours, 
occurs when cells are deprived of oxygen 
[22]. Hypoxia is associated with increased 
resistance to radiotherapy, chemotherapy 
and risk of metastasis [23, 24] which makes 
the hypoxic microenvironment an attractive 
target for radiopharmaceuticals. Fujibayashi 
et al. found the lipophilic radioactive Cu(II)-
complex of Cu-ATSM to play a critical role in 
the selective accumulation of the tracer at 
hypoxic sites [25, 26]. Further investigations 

confirmed its ability to detect tumour 
hypoxia with high specificity and selectivity 
[27-31], although the accumulation 
mechanism is still not fully comprehended. 
It is assumed that the tracer, after passive 
diffusion into the cell driven by its high 
permeability, is trapped after reduction due 
to the specific conditions in hypoxic cells.

Two of the most promising hypoxia 
tracers are 64Cu-radiopharmaceuticals: [64Cu]
Cu-ATSM and [64Cu]Cu-PTSM. [64Cu]Cu-ATSM 
accumulates depending on the oxygen 
level of a cell and has faster clearance than 
its analogue, therefore providing a more 
stable accumulation [32].

A clinical study with 10 patients suffering 
from cervical cancer found the signal-to-
noise ratio for [64Cu]Cu-ATSM superior to 
[60Cu]Cu-ATSM, with imaging reproducibility 
even at advanced time points [33]. 
This enables centralised production, as 
well as a wider distribution range and 
more flexible patient management 
than radiopharmaceuticals with shorter  
physical half-life.

Another case report of a glioblastoma 
multiform (GBM) patient showed steady 
accumulation in hypoxic sites over the 
chosen examination period and high 
correlation between PET/CT data and HIF-1α 
expression [34]. A clinical study comprising 
11 patients with head and neck cancer 
treated with chemoradiotherapy compared 
[64Cu]Cu-ATSM and [18F]FDG in terms of 
efficacy. It was shown to be comparable in 
terms of biological tumour volume (BTV) 

estimation, with higher sensitivity and 
lower specificity in predicting neoadjuvant 
chemoradiotherapy response [35].

Tumour targeting: Antibodies
Antibodies possess a unique characteristic 

of localisation to tumours due to their 
extended accumulation time at the tumour 
site and clearance time from the blood, 
which can range from hours to days. An 
example of such an antibody with relevance 
to nuclear medicine is trastuzumab. 
Trastuzumab is a humanised antibody that 
binds to the extracellular domain of HER2, 
inhibiting proliferation [36]. It has already 
been approved as a first-line treatment for 
HER2-positive advanced breast cancer (BC) 
[37]. The uptake of [64Cu]Cu-trastuzumab 
in lesions is a promising criterion for 
patient management in terms of treatment 
planning [38]. It has also shown potential 
for diagnosing metastases of several 
other malignancies [38]. Radiolabelled 
trastuzumab can be considered a standard 
tracer for HER2-positive gastric or gastro-
oesophageal junction cancer patients [39], 
as it provides comparable results to [18F]
FDG in patients with HER2-positive primary 
gastric cancer with liver metastases [40]. 
Six liver metastases larger than 1 cm were 
detected using both radiopharmaceuticals. 
Two metastases smaller than 0.5 cm were 
only detected using [18F]FDG and not easily 
with [64Cu]Cu-NOTA-trastuzumab, despite 
the SUVmax of the 64Cu-compound in the 
primary lesion being estimated at 28.6±0.50 

compared to 13.5±0.30 for [18F]FDG [40]. 
Therefore, further clinical evaluation  
is necessary.

Another relevant antibody is rituximab, 
a chimeric human/murine monoclonal 
antibody that targets CD20-positive B-cell 
malignancies. It was the first antibody 
with approval for cancer therapy and is 
widely used in clinical routine. Additional 
radiolabelling with β-/β+ emitters augment 
the clinical potential of the antibody. 
Copper-64, in particular, has to be noted 
in this context, as it enables simultaneous 
treatment enhancement and monitoring. 
[64Cu]Cu-DOTA-rituximab was evaluated 
in a pre-clinical trial to determine the 
tracer's pharmacokinetics, biodistribution, 
stability, uptake, and radiation dosimetry 
in CD20-positive B-cell NHL patients 
compared to [18F]FDG PET/CT [41]. A paper 
on the GMP-compliant production of the 
radiopharmaceutical was subsequently 
published [42]. In recent years, the efficacy 
of [64Cu]Cu-rituximab for imaging B-cells in 
a mouse model of multiple sclerosis (MS) 
gave hope for MS patients responsive to 
anti-B-cell therapy for detection and early 
diagnosis of the disease [43].

Ongoing research is being conducted to 
develop and evaluate new 64Cu-antibodies, 
such as [64Cu]Cu-DOTA-pembrolizumab, in 
view of their high potential as radiolabelled 
antibodies. This will expand their  
application range.
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Tumour targeting: Somatostatin 
Derivatives

Somatostatin receptors (SSTRs) are 
known to be suitable targets for synthetic 
somatostatin analogues, which are already 
well established in the treatment of patients 
with neuroendocrine tumours (NETs). Due 
to its radionuclide properties, copper-64 
is expected to be superior to the current 
gold standard gallium-68 for imaging with 
somatostatin analogues. It promises easier 
distribution and patient management and 
higher spatial resolution. Several clinical 
trials have aimed to evaluate the advantage 
of 64Cu-radiolabelled compounds over 
68Ga-labelled compounds. A head-to-
head comparison of [68Ga]Ga-DOTA-TOC 
and [64Cu]Cu-DOTA-TATE PET/CT in 59 
NET patients showed that [64Cu]Cu-DOTA-
TATE had higher specificity and sensitivity 
compared to [68Ga]Ga-DOTA-TOC [44]. 
However, this lesion-to-lesion comparison 
between the two radiopharmaceuticals had 
some limitations. One of these is the use 
of DOTA-TOC instead of DOTA-TATE for the 
68Ga scans. As no clear superiority of one 
over the other was reported, the authors 
concluded that the differences seen were 
radionuclide-induced [44]. This conclusion 
seems plausible in view of the different 
chemical properties, especially in terms of 
complex formation, as different complex 
geometries and total complex charge also 
affect biodistribution. 

Further studies confirmed the superiority 
of [64Cu]Cu-DOTA-TATE over 99mTc-and 
111In-derivatives and its utility in the 
diagnosis, treatment and follow-up of 
NETs [45-50]. In September 2020, the FDA 
approved [64Cu]Cu-DOTA-TATE, which is 
now commercially available. Thanks to 
its properties and robust manufacturing 
process, [64Cu]Cu-DOTA-TATE is now the 
most appropriate choice for NET diagnosis 
in the United States. However, EMA approval 
and availability in Europe are still pending.

In a retrospective study, 33 NET patients 
with surgically removed primary lesions 
underwent [64Cu]Cu-DOTA-TOC PET/
CT which showed that lesions can be 
detected with high target-to-background 
contrast [51]. These results correlate with 
a follow-up evaluation in a different group 
of patients using [177Lu]Lu-DOTA-TATE [56]. 
Further studies within larger populations 
are needed to identify the most appropriate 
64Cu-radiolabelled somatostatin derivative 
for NET diagnosis.

Another somatostatin analogue under 
clinical evaluation is [64Cu]Cu-SAR-TATE. 
It contains MeCOSar as a Cu-chelate, the 
complexes of which are more stable with 
copper than DOTA. In a clinical trial, [64Cu]
Cu-SAR-TATE demonstrated its potential 
to provide high contrast up to at least 24 
hours p.i., to improve patient management, 
and to allow pre-therapeutic estimation of 
dosimetry at multiple time points [52].

Tumour targeting: Prostate Cancer
In the last decade, prostate-specific 

membrane antigen (PSMA) inhibitors 
have been successfully employed in the 
targeted treatment of prostate cancer (PC) 
for diagnostic and therapeutic purposes. 
Among all radiolabelled PSMA inhibitors, 
[68Ga]Ga-PSMA-11 has demonstrated 
the most promising results to date. A 
comparative clinical trial revealed that 
the biodistribution of [64Cu]Cu-PSMA-617 
and [68Ga]Ga-PSMA-11 is similar, with the 
exception of the excretion route. [64Cu]
Cu-PSMA-617 is excreted through the 
gastrointestinal tract, rather than the renal 
system as is the case with [68Ga]Ga-PSMA-11. 
A further clinical study demonstrated the 
high potential of [64Cu]Cu-PSMA-617 in the 
detection of recurrent cases or progressive 
local lesions in primary staging of PC, with 
superior uptake compared to [68Ga]Ga-
PSMA-11 [53].

Another established radiopharmaceutical 
for PC is [18F]Choline ([18F]FCH), which is 
used for the detection of bone metastases 
in PC patients of high risk. A comparison of 
[64Cu]Cu-PSMA-617 with [18F]FCH in a cohort 
of 43 patients with biochemical recurrence 
(BC) revealed no statistically significant 
differences between the tracers in terms of 
detection rate. However, [64Cu]Cu-PSMA-617 
demonstrated superior performance, 
particularly in BC with low PSA levels [54].

In addition, [64Cu]Cu-PSMA-617 [64Cu]
CuCl2 has been identified as a suitable tracer 
for PC diagnostics. Copper is an essential 

element that plays a significant role in 
electron transport within key enzymatic 
pathways. It is therefore logical to suggest 
that higher uptake is to be expected in 
cancer cells with uncontrolled growth and 
a high proliferation rate. A clinical study 
involving 50 patients with BC PC after 
surgery or external-beam radiation therapy 
evaluated the diagnostic value of [64Cu]
CuCl2 in comparison to [18F]FCH [55]. The 
results demonstrated that [64Cu]CuCl2 is 
more suitable for exploring the prostate 
and pelvic bed and has a higher detection 
rate in patients with relapsed PC with low  
PSA levels.

Patient preparation & aftercare
Patient preparation and the expected 

length of stay in the department depend 
on the target of the radiopharmaceutical as 
well as on the on-site workflow.

Radiation protection must be applied, 
together with assessment of pregnancy 
status as needed. Measures must be taken 
to avoid unnecessary radiation dose to the 
patient, the patient’s social environment and 
staff. Accompanying persons are allowed 
only in exceptional cases. The patient should 
be instructed to ensure adequate hydration 
before and after administration of the 
radiopharmaceutical. This ensures that the 
tracer is flushed out of the patient’s body 
as soon as possible and thus lowers the 
radiation dose.
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The patient should be aware that their 
body will be inside the camera for the 
duration of the scan, the length of which 
depends on the examination goal, type 
(whole body scan or not) and device (for 
the latest generation of PET/CT scanners, 
shorter scan times may apply). The head 
will not be enclosed most of the time, but 
patients with severe claustrophobia or other 
concerns may need to talk to the doctor 
about sedation.

Side-effects for diagnostic radiopharma-
ceuticals are rare due to their extremely low 
level of pharmacological active substance. If 
they do occur, they are normally limited to 
hypersensitivity reactions.

For the approved radiopharmaceutical 
[64Cu]Cu-DOTA-TATE it is recommended to 
leave a sufficient period before the scan 
(2 to 28 days) for the wash-out of other 
somatostatin analogues that are part of 
the patient’s treatment. This ensures that 
the patient’s regular treatment does not 
negatively influence the imaging quality and 
results. In this respect, patient handling is 
analogous to other somatostatin-receptor-
targeting diagnostic radiopharmaceuticals.

For acceptable image quality, 
administered activities from 105–192 MBq 
of 64Cu-radiopharmaceuticals are sufficient. 
Nevertheless, much depends on the 
technical characteristics of the PET scanner 
and patient body weight. The administered 
dose should be as low as reasonably 
possible to obtain good image quality. The 
administered activity should be determined 
considering the applicable radiation 

protection regulations (e.g. Directive 97/43 
EURATOM, national legislation, Diagnostic 
Reference Levels).

An indwelling catheter or indwelling 
venous cannula should be used for 
administration to reduce the risk of 
extravasation.

Patients should void before imaging to 
reduce background noise and radiation 
dose to kidneys and bladder.

Imaging Protocol
In the case of the approved [64Cu]Cu-

DOTA-TATE, the image acquisition protocol 
purported by the license holder in the 
summary of product characteristics (spc) 
is again analogous to that of the approved 
68Ga-analogue NETSPOT. Whole-body 
acquisition (skull vertex to mid-thigh) is 
recommended, and can be performed 45 
to 90 minutes post injection. Uptake time 
should be adjusted in line with scanner and 
patient characteristics. However, literature 
data indicate that uptake time can be 
extended up to 3 hours without significant 
differences in the diagnostic value of the 
scan [56]. The iterative reconstruction 
algorithm for image reconstruction should 
use the system settings. If available, time-of-
flight information should be acquired and 
considered.

For other investigational or not-yet-
approved 64Cu-based radiopharmaceuticals it 
may be helpful to assess in-house experiences 
with 68Ga-analogues in order to integrate the 
compound into the clinical routine.

Interpretation
As with other somatostatin-receptor-

targeting radiopharmaceuticals, uptake 
of [64Cu]Cu-DOTA-TATE correlates with the 
level of somatostatin receptor expression in 
neuroendocrine tumours. Attention should 
be paid to the fact that a variety of tumours 
also express somatostatin receptors in 
non-cancerous pathologies and under 
normal physiological conditions. Therefore, 
increased uptake is not necessarily an 
indication of a NET. Tumour heterogeneity, 
differentiation or lesion size may also cause 
false-negative results.

Radiation exposure of  
64Cu-radiopharmaceuticals

Effective doses for the total body 
were found to be in a range of 0.01 to 
0.06 mSv/MBq [58]. From the radiation 
protection point of view, these levels are 
acceptable and lower than for other similar 
radiopharmaceuticals.

The average effective dose of [64Cu]
Cu-ATSM was estimated to be 0.036 mSv/
MBq, with the liver as a dose-limiting organ 
(0.39 mGy/MBq) [37]. It should be noted 
that due to the inherent properties of 
copper-64, detailed and accurate dosimetry 
is challenging and still remains to be 
established [57].

The average effective dose of [64Cu]Cu-
DOTA-trastuzumab was estimated to be 
0.036±0.009 mSv/MBq, with the heart as a 
dose-limiting organ (0.34 mGy/MBq) [39]. 
An animal study estimating the dose via 

Monte Carlo simulation determined the liver 
as a dose-limiting organ (0.079 mGy/MBq) 
for [64Cu]Cu-NOTA-trastuzumab [44].

The average effective dose of [64Cu]Cu-
DOTA-rituximab was estimated via animal 
study to be 0.024 mSv/MBq, with the spleen 
as the organ with the highest absorbed 
dose (0.051 mGy/MBq) [44].

The mean effective dose of [64Cu]Cu-
DOTA-TATE after injection of 193–232 MBq 
was found to be 0.032 mSv/MBq, with the 
pituitary gland as the organ with the highest 
absorbed dose (0.19 mGy/MBq), even higher 
than the liver (0.16 mGy/MBq) or kidneys 
(0.14 mGy/MBq) [50]. For the approved drug, 
148 MBq are injected as intravenous bolus 
within approximately 1 minute.

The mean effective dose of [64Cu]Cu-SAR-
TATE after injection of 192 MBq was found 
to be 0.045 mSv/MBq, with absorbed doses 
to organs at risk of 0.36 mGy/MBq (spleen), 
0.20 mGy/MBq (kidneys) and 0.17 mGy/MBq 
(adrenals) [52].

The mean effective dose of [64Cu]Cu-
PSMA-617 following injection of 119–160 
MBq was found to be 0.029 mSv/MBq, with 
absorbed doses to organs at risk of 2.04 
mGy/MBq (gallbladder wall), 0.014 mGy/MBq 
(liver) and 0.009 mGy/MBq (kidneys) [54].

The mean effective dose of [64Cu]CuCl2 

following an injection of 4.0 MBq/kg was 
found to be 0.051 mSv/MBq, with absorbed 
doses of 0.32 mGy/MBq (liver) and 0.153 
mGy/MBq (lower large intestine wall) [59].
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[13N]AMMONIA
13N was discovered approximately 90 

years ago by Irene Curie and Frederic Joliot. 
The production of this new radiotracer 
was achieved by alpha-particle irradiation 
and heating of boron nitride, as described 
in the publication “Artificial Production of 
a New Kind of Radio-Element” (1934) [1]. 
The first in-cyclotron production of 13N was 
performed in the same year by Cockcoft 
et al. by bombarding Acheson graphite 
with high-energy protons.[2] There were 
differences in the estimated half-life of 
the tracer, as Curie and Joliot estimated a 
half-life of 14 minutes, whereas Cockcroft 
calculated a time of 10.5 ±0.5 minutes, 
much more similar to the current accepted 
time of 9.97 minutes.[3] All this work on 
13N and other radioactive molecules led to 
the award of the Nobel Prize to both Irene 
Curie and Frederic Joliot (Chemistry, 1935) 
for their work on the synthesis of new 
radioactive elements, and to John Cockcroft 
(together with Ernest Walton, Physics1951) 
for his work on the transmutation of atomic 
nuclei by artificially accelerated atomic 
particles.[4, 5] After this pioneering work, 
further research on the production and 
possible clinical indications of 13N have 
taken place, and 13N is currently a validated 
radio compound with clinical indications 
within positron emission tomography (PET) 
examinations. This chapter aims to review 
the properties, production, quality control 
methods and biodistribution of this tracer, 

as well as presenting the current clinical 
uses and possible future applications of 13N. 

CHEMISTRY AND PROPERTIES
Currently, 13N is produced by the nuclear 

reaction 16O(p,α)13N via proton irradiation 
of H2O. This reaction results in the creation 
of a mixture of [13N]ammonia, [13N]nitrogen, 
[13N]nitrite, and [13N]nitrate. When water 
is irradiated, the predominant products 
obtained are [13N]nitrite and nitrate ([13N]
NOx), but [13N]NH3 ([

13N]ammonia) is preferred 
as it has a direct application in the imaging 
of the heart. Different processes can be 
applied in order to increase the percentage 
of obtained [13N]NH3 (discussed later).[6-
8] Moreover, [13N]NH3 allows for further 
chemical manipulation and has been used 
for the synthesis of [13N]-labelled amines, 
[13N]-labelled amino acids, ([13N]-labelled 
L-glutamate, [13N]-labelled L-glutamine, 
[13N]-labelled L-aspartate and [13N]-labelled 
L-alanine), [13N]cisplatin, [13N] carbamates/
ureas, [p-nitrophenyl [13N]carbamate ([13N]
NPC), [13N]-labelled carbamazepine, and [13N]
labelled thalidomide].[9-11] Nevertheless, 
only [13N]NH3 is approved by the Food and 
Drug Administration and used in routine 
clinical practice.[12] Figure 1 summarises 
the chemical pathway for the synthesis of 
13N compounds.

Figure 1. Chemical pathways for the synthesis of 13N-labelled compounds.

[13N]NH3 is a short-lived radiotracer 
with a half-life of 9.96. Because of the 
aforementioned, clinical production and 
use requires an on-site cyclotron. Properties 
of [13N]NH3 are summarised in Table 1.[13, 
14] The physiological properties of [13N]
NH3 were studied extensively before the 
clinical application of the radiotracer, both 
in pre-clinical and clinical settings. Within 
the vascular space, [13N]NH3 was described 
as existing primarily in its ionic form [13N]
NH4+. However, it diffuses freely across 
cell membranes due to the fact that it is 
lipid-soluble and has a rapid conversion 
to [13N]NH3 after leaving the blood pool. 
Due to this last property, [13N]NH3 has a 
really high single-pass extraction fraction. 
Further, it was proposed and proven that 

[13N]NH3 undergoes subsequent amidation 
by glutamic acid to glutamine (glutamine 
synthetase reaction), and that this was the 
main route for metabolic trapping and 
fixation within the myocardial wall. The 
radiotracer was also shown to have a rapid 
blood pool clearance, which combined with 
the high myocardial retention would make 
it feasible to accurately image the heart 
wall. All of the aforementioned proved that 
[13N]NH3 concentrations in the myocardium 
were related to the myocardial blood flow 
and that this tracer was suitable for the 
performance of myocardial perfusion 
imaging (MPI), with better kinetics than 
most of the other radiotracers used in MPI.
[15-18]
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Half-life 9.96 min

Positron energy 1.19 MeV

Production On-site cyclotron

Mean positron range in water (mm) 1.5

Mean positron range in tissue (mm) 0.4

Effective dose 0.002 mSv/MBq

Kinetics Metabolically trapped

Table 1. Properties of [13N]NH3

LABELLING AND PRODUCTION
Since the first discovery of 13N in 1934, 

several methods have been proposed for 
obtaining 13N compounds, mainly for the 

Authors Year Target Nuclear  
Reaction

In-target  
Product

Joliot and Curie 1934 BN 10B(α,n)13N [13N]

Cockcroft et al. 1934 Graphite 12C(d,n)13N [13N]CN

Cockcroft et al. 1934
13C-enriched 
charcoal

13C(p,n)13N Trapped [13N]CN

Ruben et al. 1940 Charcoal 12C(d,n)13N [13N]N2 + trapped 
[13N]CN

Hunter and 
Monahan 1971 Al4C3

12C(d,n)13N Matrix-trapped 
[13N]

Monahan et al. 1972 CH4 (flowing) 12C(d,n)13N
[13N]NH3 + [13N]
HCN + [13N 

CH3NH2

Krizek et al. 1973 H2O
16O(p,α)13N [13N]NH3 + [13N]

NO3- + [13N]NO-

Wieland et al. 1991 H2O/ethanol 16O(p,α)13N [13N]NH3

Table 2. Historical review of the main production methods for [13N] compounds

final production of [13N]N2 and [13N]NH3. A 
summary of these different techniques is 
presented in Table 2.

After the pioneering work by Cockcroft et 
al., subsequent techniques were described 
using the 12C(d,n)13N nuclear reaction in 
charcoal, aluminium and methane gas. 
However, these methods were proven not 
to be easily implemented and most did not 
have the required purity, mainly with respect 
to the obtained [13N]NH3.[2, 19-21] The use 
of liquid targets began in 1973, when Krizek 
et. al. proposed the irradiation of liquid 
water via the 16O(p,α)13N reaction to produce 
[13N]-compounds. However, this technique 
achieved a maximum percentage of ≈40% 
[13N]NH3.[22] Further refinements to this 
method showed how subsequent reduction 
with De Varda alloy (Al/Cu/Zn alloy) or TiCl3 
could improve [13N]NH3 production and led 
to the first description of a fully automated 
process for [13N]NH3 production.[6] A major 
breakthrough took place in 1991, when 
Wieland et al. proved that adding a small 
amount of ethanol (5–10 mM) to the 
irradiated water resulted in the production 
of more than 96% of radioactivity in the 
form of [13N]NH3.[23] 

Currently, the most used and widely 
established method worldwide is the 
production of [13N]NH3 by proton irradiation 
of ethanol/water solutions. Below we 
present a summary of the general 
production protocol for [13N]NH3 for routine 
clinical use from the University Medical 
Center, Groningen, The Netherlands. It 
must be stated that these protocols may 
vary between centres, with some of them 

available to access in the scientific literature. 
[24, 25] 

General description: [13N]NH3 is produced 
after radiation of the 13N target with protons; 
the target contains about 1.8 ml of 5 mmol/l 
ethanol in water. Ethanol is added to 
prevent the formation of nitrite and nitrate. 
The nuclear reaction is 16O(p,α)13N.

Material to be irradiated: ethanol in 
water (5 mM) [30 µl of ethanol into a bottle 
containing 100 ml of water for injection], a 
fresh solution must be prepared every week.

Product: [13N]NH3 in 5 mM ethanol in 
physiological salt

Production process: The preparation 
must be placed in the designated container 
connected to the 13N target. After setting 
the [13N]NH3 route to the respective laminar 
airflow workstation (LAF) in the system, the 
13N target is filled by the loading system. 
The cyclotron dries the line and verifies that 
the pathway is not blocked. After this the 
target is filled with approximately 2200 µl 
of 5 mmol/l ethanol in water. The route to 
the designated LAF cabinet is selected and 
this process is repeated until 5 rinses have 
been made. The final rinse will be reserved 
for analysis of germs and pyrogens.

On preparation day, the battery of the 
activity meter must be tested and the 
calibration date checked. Before radiation 
of the target, all the tubing is rinsed and 
disinfected with 20 ml of ethanol and then 
with 20 ml of sterile water. Afterwards, the 
syringe-filling module must be replaced. 



144 145

CHAPTER 8CHAPTER 8
[13

N
]A

M
M

O
N

IA
[

13N
]A

M
M

O
N

IA

EANM TECHNOLOGISTS’ GUIDE
PET TRACERS BEYOND [18F]FDG

EANM TECHNOLOGISTS’ GUIDE
PET TRACERS BEYOND [18F]FDG

Before starting each run, the line to the 
syringe must be empty and dry so the filters 
do not clog up. 

For radiation (by cyclotron operator), the 
route of [13N]NH3 to the designated LAF 
cabinet is selected and the target is filled 
using the cyclotron system. Irradiation of 
the 13N target will then start. The system is 
emptied after irradiation. Approximately 
1.8 ml of the produced liquid is transported 
to a LAF cabinet with compressed air 
(~2.5 bar). When all the activity is in the 
tubing, it is pushed into the syringe with 
overpressure. Via a QMA SepPak cartridge, 
it is then transferred into an empty sterile 
25 ml vial containing 12 ml of 0.9% NaCl. A 
12 ml sterile syringe is filled in a designated 
syringe holder. The syringe filters are then 
disconnected from the syringe, the pH 
is measured, and bubble point tests are 
performed on the remaining liquid in the 
filters. The facilities for [13N]NH3 production 
are depicted in Figure 2.  

Quality control
Radiopharmaceuticals are different from 

other pharmaceutical formulations as they 
have a short half-life and will decay over 
time. This means that final preparations must 
be produced just before being administered 
to patients.[26] Strict and homogeneous 
regulations are therefore required to ensure 
proper and safe administration to patients, 

Figure 2. General workflow of [13N]NH3 production. a) Container of ethanol in H2O (5 mM), b) 
Cyclotron, c) Laminar air flow workstations, d) PET/CT scanner.  

as well to minimise any potential risk to 
medical or hospital staff. Quality control 
procedures play a vital role within this task, 
ensuring compliance with good practice 
for the production and release of [13N]NH3. 
Figure 3 shows a radiochemistry laboratory 
where some of the quality control processes 
are tested.[26, 27]

The European Pharmacopoeia describes 
the specific quality control tests that [13N]
NH3 must undergo and pass in order to 
be considered safe for human use within 
the European Union. These requirements 
encompass a wide range of characteristics, 
such as appearance, pH, radiochemical 
purity and sterility, among others. However, 
not all the requirements must be tested 
for every patient and only a couple of 
them are required before release of the 
pharmaceutical for clinical use. Moreover, 
institutions may opt to include additional 
tests within their internal protocol. Table 3 
shows the quality control requirements for 
the production of [13N]NH3 at an academic 
institution [University Medical Center 
Groningen (UMCG)] and compares these 
with the ones included in the European 
Pharmacopoeia. It should be emphasised 
that institutions can apply different 
thresholds or test these parameters with 
different frequencies, as long as they comply 
with the general recommendations stated 
in the European Pharmacopoeia. 
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Figure 3. General workflow of [13N]NH3 production. a) Container of ethanol in H2O (5 mM), b) 
Cyclotron, c) Laminar air flow workstations, d) PET/CT scanner.  

[13N]NH3 UMCG  
standards

Release  
require-
ment1

Frequency
European 

Pharmaco-
poeia

Appearance Clear,  
colourless No Every patient Clear,  

colourless

pH 6-8 Yes Every patient 5.5-8.5

Bubble point test  
syringe-filter 1 (bar) > 3,7 No Every patient -

Bubble point test  
syringe-filter 2 (bar) > 3,7 No Every patient -

Radiochemical purity (%)
impurities:
[13N]NO2-
[13N]NO3-

[13F]F-
[13O]H2O

> 99% No
1x per even 

week if  
operational

> 99%

Radionuclide purity (%): 
gamma spectrum (keV)

t1/2 (min)
1973 No 4x/year > 99%

Ethanol (g/l) 2 < 100 No Validation only -

Osmolarity (mosmol/kg) 
(for information only) 240-800 No

1x per even 
week if  

operational
-

Sterility Sterile No
1x per even 

week if  
operational

Sterile

Endotoxins (EU/ml) < 5.0 No
1x per even 

week if  
operational

< 5.8

Germ count after 1 time  
gp filtration 4 Max. 1 cfu/ml No Validation only -

Germ count after 2 times 
gp filtration 4 0 No Validation only -

Al (µg/l) < 2000 No Validation only < 2000

Table 3. Quality control requirements established in the European Pharmacopoeia and in the 
procedural guidelines of a teaching hospital.
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PHYSIOLOGICAL 
BIODISTRIBUTION AND CLINICAL 
INDICATIONS

Biodistribution
Different studies have explored the 

biodistribution of [13N]NH3 within the human 
body after injection of the radiotracer, as the 
adequate characterisation of the behaviour 
of the tracer can help in improving radiation 
protection and optimising dosimetry. As 
stated above, [13N]NH3 has been described 
as a highly diffusible tracer with a high 
extraction fraction and good retention, 
mainly in the myocardial wall.[15-18] There 
are other organs classically associated with 
high extraction rates of [13N]NH3, such as the 
liver, brain, kidneys and urinary bladder.[28] 
However, there have been differences in the 
reported results from specific studies of [13N]
NH3 biodistribution in the human body. 

Three major, relatively recent studies 
have extensively characterised [13N]NH3 
biodistribution [(Stabin, 2008), (Yi, 2015), 
(Yu, 2023)] in the body.[29-31] Stabin 
reported that the organs with the highest 
absorbed doses are the urinary bladder 
wall, followed by the kidneys, brain and liver. 
Interestingly, the myocardial wall was the 
organ with the seventh-highest absorption, 
surpassed also by the lungs and the adrenal 
glands.[29] On the other hand, Yi concluded 
that the organs with highest absorption 
were the myocardial wall, followed by the 
kidneys, bone marrow and liver.[30]  Finally, 
in 2023 Yu et al. used a whole-body PET 

(uEXPLORER) with better spatial resolution 
and simultaneous whole-body parametric 
dynamic acquisition instead of whole-body 
imaging by multi-bed multi-pass acquisition 
protocol. For males, the authors reported 
the pancreas, thyroid gland, spleen, heart 
wall and kidneys as the organs with highest 
absorption, whereas in women it was the 
pancreas, heart wall, spleen, lungs and 
kidneys. Even when using only a fraction 
of the data to simulate a short-axis PET 
acquisition, the five organs with highest 
absorbed radiation remain the same for men 
(but in a different order), whereas in women 
the liver occupied third place, displacing the 
lungs from the top-five absorbing organs.[31]

Clinical indications 
The particularities of [13N]NH3 physiology 

and biodistribution explain why this tracer 
has been validated and is used routinely in 
clinical practice for MPI PET/CT examinations. 
The European Society of Cardiology (ESC) 
guideline on Chronic Coronary Syndromes 
(2019) recommends the use of MPI PET/
CT in patients with intermediate to high 
risk of coronary artery disease (CAD), and 
in patients already diagnosed with CAD for 
whom a detailed physiological assessment 
is needed. The same guideline recommends 
examining patients by PET/CT if there is 
suspicion of microvascular angina, as it 
allows the non-invasive measurement 
of impaired microcirculatory function. 
Finally, it also suggests MPI PET/CT for the 
evaluation of patients with recurrence of 

chest pain after percutaneous coronary 
intervention or coronary artery bypass graft 
surgery.[32] Moreover, the ESC Working 
Group on Coronary Pathophysiology & 
Microcirculation encourages the use of 
PET/CT for the evaluation and diagnosis 
of coronary microvascular dysfunction 
(CMD) and myocardial infarction with 
non-obstructive coronary artery disease 
(MINOCA). The EANM Procedural Guidelines 
(2021) highlight the different benefits of 
performing MPI PET examinations with 
[13N]NH3 instead of 82Rb or [15O]H2O, such 
as lower activity than 82Rb, which reduces 
the risk of overflow and dead-time losses; 
higher quality of the uptake images with 
better definition of the volumes of interest 
(VOIs) than 82Rb; and less spill-over fraction 
with the possibility of determining validated 
values of left ventricle volumes and 
ejection fraction (LVEF) when compared to  
[15O]H2O.[14]

PATIENT PREPARATION AND 
AFTERCARE 

Adequate preparation
Proper preparation of the patient is 

crucial prior to conducting the [13N]NH3 
cardiac scan. The purpose of the scan must 
be carefully explained to the patient by the 
ordering physician. Clear instructions on 
how to prepare for the scan and a detailed 
description of the examination will be 
provided to the patient by the nuclear 

medicine department. These instructions 
will be provided in written format and/or 
through the use of digital media such as 
instructional videos on platforms such as 
YouTube.

To ensure accurate results, it is crucial for 
the patient to prepare for the examination 
in advance. The following medications 
must be stopped prior to the examination: 
Persantin® and Asasantin® three days in 
advance; Cedocard, Isosorbide mononitrate 
and Promocard, 12 hours in advance.  These 
medications can affect heart rate and may 
interfere with the effects of adenosine.

A light breakfast is allowed before 9:00 
a.m., consisting of one rusk or half a slice 
of bread with jam, accompanied by a glass 
of water or fruit juice. To ensure the best 
results, it is crucial that the patient follows 
these guidelines before the examination. 
It is important to instruct the patient on 
avoiding the consumption of coffee, tea, 
chocolate, cocoa, cola, and other caffeinated 
drinks, food (e.g. banana) or caffeine-
containing medical drugs (e.g. paracetamol/
caffeine combination) for 24 hours prior to 
the examination, as these products may 
interfere with the effect of the adenosine. 
The patient is allowed to drink some water, 
but not too much, otherwise there is a 
possibility that the patient may need to go 
to the bathroom during the examination. 
Regarding radiation protection, pregnancy 
is a contraindication for performing [13N]
NH3 cardiac PET/CT. Lactation must be 
briefly suspended as small amounts of 
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the radiotracer might be excreted to the 
milk. The scan is usually delayed until 
breastfeeding has been suspended. 
However, if the scan must be performed, 
the patient is advised to collect milk prior to 
the scan, and to collect and eliminate milk 
for 2 hours after the scan. Breastfeeding can 
be resumed after that.[33]

IMAGING PROTOCOL

Performing the scan
After the patient's name and date of birth 

have been verified, the technologist will give 
a detailed explanation of the procedure. 
With regard to the duration of the scan, 90 
minutes are indicated, consisting of of a rest 
phase and a stress phase. Two intravenous 
lines are placed in each anterior surface 
of the elbow joint, one to administer 
adenosine/regadenoson and the other to 
administer the radiotracer. In addition, the 
patient is connected to two ECGs: one for 
the triggering of the PET scan and the other 
for monitoring the heart during the stress 
phase. Finally, the patient will have a Bau 
manometer for blood pressure monitoring 

during the rest and stress scans. Figures 4 
and 5 illustrate patient preparation, with the 
devices indicated by coloured arrows.

There are different acquisition protocols 
(administered activity, scan duration, time 
interval between rest and stress scans, 
etc.) depending on the used PET scanners 
and software. The administered activity 
can vary between 200 and 800 MBq. The 
recommended time interval between 
rest and stress scans is at least 40 minutes, 
to avoid the influence of residual activity 
from the first injection. The acquisition 
duration is approximately 10 min (for 
optimal dynamic, static and gated images), 
but can vary between 5 minutes (sufficient 
for dynamic series) and 20 minutes (older 
scanners without list mode acquisition but 
with predefined frames). A short acquisition 
protocol can be implemented by applying 
residual activity correction to the second 
scan. For an example of a short acquisition 
protocol (only one minute between the end 
of rest and start of stress scans) performed 
at the Northwest Clinics, Alkmaar, The 
Netherlands, see Figure 6.

Figure 4. a) Patient preparation for cardiac 
[13N]NH3 PET/CT rest acquisition. When inside 
the PET/CT ready for the start of the scan, arms 
must be above the head to avoid artefacts. 
b) Light pink arrow indicates the radiotracer 
injection system, dark pink arrow indicates the 
intravenous line for radiotracer administration, 
and yellow arrow points out the heart rate and 
blood pressure monitor. c) The green arrow 
indicates the electrodes connected to the ECG 
monitor (orange arrow) and to the scanner. 
The yellow arrow points out the bracelet of the 
Bau manometer. 

Figure 5. Patient preparation for cardiac PET/CT stress acquisition. When inside the PET/CT ready 
for the start of the scan, arms must be above the head to avoid artefacts. a) Patient position before 
the preparation for stress acquisition. The red arrow indicates the syringe of adenosine. b) Patient 
preparation for stress acquisition. The red arrow indicates adenosine infusions system, and orange 
arrow points out the ECG monitor. 
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Protocol:
 » Scout CT for patient positioning
 » Low-dose CT
 » 12 min rest scan with 300 MBq [13N]

NH3 (effective dose of 0.6 mSv) administered 
via automated injection system (Medrad), 
including ECG gating

 » Immediately after rest scan start an 
intravenous adenosine* infusion 140 µg. 
kg-1 / min

 » One minute later start 12 min stress 
acquisition, including ECG gating

 » 3 minutes after start of intravenous 
adenosine infusion inject 400 MBq [13N]NH3  
(effective dose of 0.8 mSv) via automated 
injection system (Medrad)

*The protocol with regadenoson instead 
of adenosine is also frequently used. 
Regadenoson is administered using a 
single bolus of 400 µg (5 mL in 10 seconds) 
followed by a 10-mL saline flush (in 10 
seconds).

The first two minutes of the stress scan are 
used to correct for residual activity from the 
rest scan. 

Adenosine may cause short-term 
symptoms. These may include chest pain, 
facial flushing, dry mouth, headache, or 
weakness in the arms or legs.

Figure 6. Protocol from Northwest Clinics, Alkmaar. 

Figure 7a. Patient with a normal myocardial perfusion.

Figure 7b. Myocardial perfusion PET showing a perfusion defect in the LAD territory, corresponding to 

the significant stenosis of the LAD on invasive angiography.
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RESULTS AND INTERPRETATION
A final check of all data by the 

technologist is needed before transferring it 
to the nuclear medicine physician / medical 
imaging specialist. The results can be 
grouped according to the acquisition series 
they come from: static, gated and dynamic.

Static Series
From the static series, it is possible to 

perform a visual semi-quantitative analysis. 
In this approach the MPI PET/CT images 
are divided into 17 segments (AHA model). 
Each segment is scored on a 5-point scale, 
where 0 is a normal perfusion, 1 is a mildly 
reduced perfusion, 2 is a moderately 
reduced perfusion, 3 is a severely reduced 
perfusion and 4 is an absent perfusion. This 
is done automatically by dedicated cardiac 
software and is performed for both rest and 
stress images. The 17 segment scores are 
then summed, resulting in a summed rest 
score (SRS), a summed stress score (SSS) and 
a summed difference score (SDS). Different 
thresholds have been proposed: the most 
frequently used describes an SSS of less than 
4 as normal perfusion; 4–8 is considered 
mildly abnormal, 9–13 is moderately 
abnormal and more than 13 is severely 
abnormal.[14, 34] Another approach by 
Dorbala et al. proposes converting SRS, SSS 
and SDS into percentages using the formula 
summed score x 100/68 (maximal possible 
score), giving as a result the percentage 
of scarred (SRS), abnormal (SSS), and 

ischaemic (SDS) myocardium.[35] Figures 
7a and 7b show examples with normal and  
abnormal results.

Gated series 
From the gated series, dedicated 

cardiac software—with possible manual 
adjustments— automatically provides the 
values of the left ventricular (LV) volumes, 
specifically LV end-systolic volume and 
LV end-diastolic volume, both at rest and 
in stress, together with the LVEF at rest 
and in stress, wall motion and thickening,  
and synchrony. 

One of the most important measurements 
from the gated series, due to its prognostic 
value, is LVEF, for which a normal value 
ranges from 50% to 70%. Dorbala et al. 
reported that a positive LVEF reserve (LVEF 
stress - LVEF rest) of more than 5% had 
an excellent negative predictive value for 
excluding severe left main or 3-vessel CAD.[36]

Cardiac Magnetic Resonance is the 
gold standard for the evaluation of left 
ventricular function, and diverse studies 
have compared LV volumes, LVEF and wall 
motion values and the concordance of PET 
with the gold standard, generally reporting 
strong correlations between the parameters 
acquired using the two modalities.[37-39] 
Alongside the numeric results, the cine 
mode display in PET allows visual evaluation 
of the LV wall contraction. Some examples 
of gated results are shown in Figure 8.

Figure 8. Myocardial perfusion PET showing gated-series results from a normal patient. Note the 
LVEF (white arrow) values higher than 50% both in rest and stress phases.
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Dynamic Series
From the dynamic series it is possible 

to perform absolute quantification of 
myocardial perfusion in millilitres per gram 
per minute (ml/g/min) and obtain the values 
for myocardial blood flow (MBF) at rest and 
in stress for every coronary artery region [left 
anterior descendant (LAD), circumflex (Cx), 
and right coronary arteries (RCA)] and for 
the total of the myocardial wall (global rest 
& stress MBF). Rest MBF will be corrected for 
rate pressure product if rest heart rate and/
or baseline blood pressure is abnormally 
elevated.  Global rest & stress MBF will further 
be used to calculate the values of coronary 

flow reserve (CFR) globally and per region 
by calculating the ratio between MBF in 
stress and MBF at rest. Various studies have 
proposed different thresholds for normal-
abnormal MBF stress and CFR, as changes 
in these values of MBF and CFR have been 
reported depending on the radiotracer 
used.[40-42] The current specific thresholds 
for [13N]NH3 recommended by the EANM are 
1.85 ml/g/min for the MBF values in stress, 
and 2.00 for CFR.[14] At present there are no 
suggested thresholds for MBF values at rest. 
Figures 9a and 9b showed some examples 
of the myocardial flows from normal and 
abnormal patients.

Figure 9a. Patient with a normal MBF and CRF.

Figure 9b. MBF and CRF showing a severe ischaemia in the left anterior descendant (LAD) coronary 

artery territory, corresponding to a significant stenosis of the LAD on invasive angiography. 

CURRENT AND POTENTIAL LINES 
OF RESEARCH

As stated earlier, [13N]NH3 is the only 
13N-labelled compound that is FDA approved 
and currently used in routine clinical 
practice for the evaluation of patients with 
suspected CAD, MVA, CMD and MINOCA.
[30-33] Although other 13N-labelled 
compounds have been synthesised (e.g. 
13N-labelled L-glutamate, 13N-labelled 
L-glutamine, 13N-labelled L-aspartate, 
13N-labelled L-alanine, [13N]cisplatin, [13N]
NPC, 13N-labelled carbamazepine), these 
tracers have been used solely in laboratory 
settings and for research purposes only.  
[9, 10, 43, 44]

The main limitation on the production 
and evaluation of other 13N-labelled 
compounds is the short half-life of this 
product (9.96 minutes), which means that an 
on-site cyclotron is needed. For this reason, 
even [13N]NH3 is not widely available for the 
performance of MPI PET examinations. This 
could change in the coming years, however, 
as cyclotron technology has evolved rapidly 
in the last decade with the availability of 
new-generation cyclotrons of smaller size 
and with lower logistical and operational 
requirements. This would reduce the cost of 
acquisition and operation, hopefully leading 
to a wider availability of [13N]NH3.[45]  
Moreover, the availability of new-generation 
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of biologically active molecules makes this 
an attractive tracer with a wide range of 
molecules available for labelling.[16] More 
recently, a method was developed for 
proton beam activation of aluminium oxide 
nanoparticles (NPs) using the 16O(p,α)13N 
nuclear reaction.[48] Given all of this, we 
can expect a revival of interest in exploring 
the role of different 13N compounds in  
the near future.

long-axial field-of-view PET scanners with 
higher resolution and sensitivity opens up 
the potential for shorter scan times with 
low radiation doses, even in tracers with a 
short half-life such as [13N] compounds.[26] 
In fact, there are open lines of research for 
the application of [13N]NH3 in areas other 
than MPI. For example, Albano et al. (2019) 
have recently reviewed the application of 
[13N]NH3 in different oncological diseases. 
From the articles found, they concluded 
that [13N]NH3 showed a good discriminating 
capacity to differentiate between gliomas 
and non-neoplastic brain lesions, and even 
to differentiate between high- and low-
grade gliomas. This diagnostic performance 
in gliomas was even superior to the 
performance of [18F]FDG. Furthermore, a 
positive impact was found in preliminary 
research on the use of [13N]NH3 in liver and 
prostate cancer. Despite the promising 
results, the authors also highlight the need 
for more research in larger populations 
before this modality can be introduced into 
clinical oncological practice. [46]

With respect to other 13N-labelled 
compounds, the short half-life of the tracer 
also requires rapid and efficient methods 
for the preparation of molecules other than 
[13N]NH3, to prevent radioactive decay. The 
selection of the physiological process to be 
examined is also difficult, as processes with 
slow kinetics are unfeasible to track.[47] 
However, the fact that the stable isotope of 
nitrogen (14N) is present in the vast majority 
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[18F]FLUOROESTRADIOL ([18F]FES) 
– BREAST CANCER

This chapter will discuss the application 
of 16α-[18F]fluoro-17β-oestradiol PET ([18F]
FES) in PET/CT imaging for breast cancer. 
Developed in the 1984 at the University 
of Illinois, ([18F]FES was the first receptor-
based PET tracer. [1] In 2020 FES obtained 
approval from the United States Food and 
Drug Administration (FDA) under the trade 
name Cerianna™ [2] for detecting oestrogen 
receptor-positive (ER+) lesions in recurrent 
or metastatic breast cancer. Additionally, 
in Europe, specifically in France, ([18F]FES is 
currently authorised under the trade name 
EstroTep™.[3]  In June of 2023, The Society 
of Nuclear Medicine and Molecular Imaging 
(SNMMI), together with the European 
Association of Nuclear Medicine (EANM) 
released their Procedural Standards and 
Practice Guidelines for Estrogen Receptor 
Imaging of Patients with Breast Cancer 
using 16α[18F]Fluoro-17β-Estradiol PET. [4] 
This chapter will reflect best practices 
established by those guidelines. 

BREAST CANCER 

Incidence, Etiology, and Epidemiology
Breast cancer is the most common cancer 

among women worldwide. In the United 
States of America (USA), it ranks as the 
second most frequently diagnosed cancer 
in women, following skin cancer. According 
to the American Cancer Society (ACS), in 

2023 there will be approximately 297,790 
new cases of invasive breast cancer and 
55,722 new cases of ductal carcinoma in situ 
(DCIS).[5] It is estimated that approximately 
43,700 women will die of breast cancer by 
the end of 2023. On average, the risk of 
developing breast cancer for women in the 
United States is 1 in 8, and similar figures 
apply in Europe.[6]

The risk factors associated with the 
development of breast cancer are 
influenced by various factors, including age, 
genetic mutations, reproductive history, 
family history of breast or ovarian cancer, 
previous chest radiation therapy, and having 
dense breasts. [5]

Histopathology
Immunohistopathology or immuno-

histochemistry (IHC) involves tissue analysis 
through biopsy. Breast cancer encompasses 
several types, with the most common 
being invasive ductal carcinoma. Lobular 
carcinoma accounts for about 10–15% 
of breast cancer cases, and less frequent 
types such as inflammatory breast cancer, 
mucinous carcinoma, tubular carcinoma, 
metaplastic carcinoma, and Paget’s disease 
of the breast make up a small percentage of 
breast cancers.[5,7]

There are four main molecular subtypes 
of these breast cancers, including Luminal 
A and Luminal B, commonly referred to as 
Hormone Receptor Positive (HR+) breast 
cancer. Human Epidermal Growth Factor 
Receptor-2 enriched (HER2+) breast cancer is 

another molecular subtype where the HER2 
protein promotes the growth and division 
of cancer cells. Lastly, Triple Negative Breast 
Cancer (TNBC) is a particularly challenging 
and aggressive type, lacking receptors on 
the tumour cell surface.[5,7]

Hormone Receptor Positive breast cancer 
is related to the receptors on the tumour's 
surface expressing either oestrogen (ER+), 
progesterone (PR+), or both (ER+/PR+). 
These receptors on the cell surface can also 
serve as targets for treatment. Specifically, 
Estrogen Receptor-Positive (ER+) breast 
cancer indicates that the tumour cell tests 
positive for functional oestrogen receptors, 
while Progesterone Positive (PR+) indicates 
tumour cells expressing progesterone.5  
This chapter will exclusively focus on ER-
positive breast cancer, which can be imaged 
using ([18F]FES PET.

Chemistry & Properties 
Oestradiol, a female sex steroidal hormone 

and a type of oestrogen, plays a crucial role 
in the development and maintenance of 
female reproductive health. It is primarily 
produced by the ovaries in premenopausal 

women and in adipose (fat) tissue  
in postmenopausal women. Oestradiol 
regulates the menstrual cycle, contributes 
to the development of the breast and 
uterine lining, and maintains bone density 
and strength. Additionally, it has a known 
protective effect on the cardiovascular 
system, reducing the risk of heart disease 
in premenopausal women. Oestradiol is 
available in various medicinal forms and can 
be taken to alleviate menopausal symptoms. 
Moreover, it plays a complex and significant 
role in certain types of breast cancers.[8]

In oestrogen receptor-positive (ER+) 
breast cancer, oestrogen binds to receptors 
on the cell surface stimulating the growth 
and proliferation of cancer cells. These are 
referred to as oestrogen receptor-positive 
(ER+) breast cancers. This type of breast 
cancer is commonly known as hormone-
sensitive breast cancer. [5]

([18F]FES binds to ER with very high affinity, 
and its in vivo uptake by ER-dependent 
target tissues in animal models was efficient 
and selective, findings that preceded 
its use for PET imaging in patients with  
breast cancer.[1]

Figure 1. Illustration of the chemical structure 

of the 17β-oestradiol, as well as its 18F-fluorinated 

analogue 16α-[18F]fluoro-17β-oestradiol. 

GE Package Insert Cerianna™ 2
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Labelling / Production
16α-[18F]fluoro-17ß oestradiol is a product 

of the cyclotron-produced fluorine-18 
isotope conjugated onto an oestradiol 
analogue molecule. Originally developed 
in the early 1980s, its radiosynthesis 
involved a two-step method which has 
been substantially modified since its 
development. Currently, the commonly 
used process is referred to as a two-step-
one-pot process with simplified synthesis 
sequences. [9]

Apart from a few large academic 
institutions with in-house cyclotrons that 
produce [18F] FES for research, the majority 
of institutions in the United States obtain 
unit doses through a local commercial 
radiopharmacy for clinical use. 

Quality Control  
There are various quality control measures 

that need to be successfully conducted prior 
to ([18F]FES being released for clinical use, 
including the evaluation of particulates, filter 
integrity, residual kryptofix, chemical purity, 
bacterial endotoxins, pH, and sterility. If in-
house radiosynthesis is being performed, 
all release criteria must be met through 
compliance with established standards, 
i.e.  the United States Pharmacopeia (USP) 
in the United States and the European 
Pharmacopoeia (Ph. Eur.) in Europe.[9]
As previously mentioned, most imaging 
centres within the United States obtain unit 
doses from a commercial radiopharmacy 

that is required to perform all quality 
assurance testing prior to the release of 
commercial doses for clinical use. 

Physiological Biodistribution 
The normal biodistribution of ([18F]FES 

includes the liver, biliary system, gallbladder, 
common bile duct, small bowel, kidneys, 
ureters, urinary bladder and uterus. Normal 
variant activity can be seen in the ovaries 
and pituitary gland. Like other steroidal 
compounds, ([18F]FES undergoes high 
extraction and metabolism by the liver, 
leading to rapid early blood clearance within 
10–15 minutes post-injection. The intense 
uptake observed within the liver poses a 
limitation for accurately identifying hepatic 
lesions and is therefore not recommended 
for evaluating sole intrahepatic lesions.[2-4]
Normal physiological ([18F]FES uptake is 
observed along the vein at the site of ([18F]
FES tracer administration, a phenomenon 
not entirely understood but hypothesised 
to be associated with the lipophilic nature 
of the tracer. There is mild uptake within the 
bone marrow, and minimal to no uptake is 
seen within the brain parenchyma, making 
it advantageous for identifying ER-positive 
cerebral metastases.[2-4]

Focal areas of increased uptake 
outside of the normal patterns of tracer 
biodistribution, compared to background 
uptake in normal tissues, raise concerns 
about disease localisation which will be 
discussed later in this chapter in the section 

Figure 2. Patient with a history of ER-positive invasive lobular breast cancer.  She presented with right 

breast biopsy-proven ER-positive recurrent disease. The patient underwent an [18F]FDG PET/CT followed 

by an [18F]FES PET/CT with negative findings for recurrent disease. 

on interpretation. Figure 2 illustrates the 
normal biodistribution of ([18F]FES uptake 
and excretion, compared to [18F]FDG (FDG)

Figure 2 shows comparison of normal 
biodistribution between FDG (A) and ([18F]
FES (B) in a patient with biopsy-proven  
ER-positive breast cancer.

PATIENT PREPARATION 

Clinical history
All relevant clinical history should be 

thoroughly reviewed and documented to 
determine the appropriate patient selection 
for ([18F]FES PET imaging.[4]

 The documented clinical history should 
include:

 » Patient demographics.
 » Breast cancer stage and subtype, as 

well as biopsy pathology/IHC of ER-positive 
tumour expression.

 » Current and previous endocrine 
therapies that may interfere with ([18F]FES 
binding and the date of the last treatment.

 » Patient pregnancy and lactation status. 
Pregnancy status should be documented 
in accordance with institutional policies 
for women of childbearing potential. If 
patient is breastfeeding, she should be 
advised not to breastfeed for 4 hours after 
administration 2, and to be mindful of 
radiation exposure due to close proximity 
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when feeding the baby (e.g., bottle) during 
that period.

 » Menopausal status or date of the last 
menstrual period should be documented; 
however, studies looking at endogenous 
oestrogen levels do not affect ([18F]FES 
binding to ER-positive lesions. Additionally, 
oral contraceptives are found to produce 
oestradiol levels similar to that of 
endogenous levels and are unlikely to affect 
([18F]FES binding but may be documented 
as part of institutional policy.

 » Recent staging/restaging imaging 
studies. 

Diet
[18F]Flouroestradiol is a receptor-targeted 

radiopharmaceutical, and therefore 
patients undergoing imaging do not need 
to fast or abstain from exercise prior to 
imaging, as required for ([18F]FDG PET scans. 
Nonetheless, they should be encouraged to 
hydrate well before their appointment.[2-4]

Contraindications/drug interactions
There are no known contraindications for 

use; however, patients should be properly 
screened for drug interactions before 
imaging. Two classes of drugs used as 
systemic endocrine therapies in ER-positive 
breast cancer interfere with ([18F]FES binding 
to the cell. These drugs are known as SERMs 
(Selective Estrogen Receptor Modulators) 
and SERDs (Selective Estrogen Receptor 
Down-regulators). SERMs directly block 
oestrogen receptors and are recommended 

to be discontinued for at least 8 weeks 
before imaging, with Tamoxifen being a 
commonly prescribed SERM in the USA.2-
4 Conversely, SERDs degrade oestrogen 
receptors, making it difficult for ([18F]FES to 
bind to the receptor. Fulvestrant is the most 
prescribed SERD in the United States, and 
due to its long effective half-life of 40 days, it 
is recommended to be discontinued for 28 
weeks before imaging.[2-4]

There has been a recent emergence of 
novel oral SERDs in the treatment paradigm 
for ER-positive breast cancer. Recently the 
FDA approved the first oral SERD, namely 
elacestrant for ER-positive, HER2-negative 
breast cancer, with more expected to 
come. Oral SERDs have a shorter half-life 
and therefore shorter washout periods, 
typically measured in days. Further 
research is needed to determine the exact 
washout period for these novel ER-blocking 
oestradiol analogues, and decisions should 
be made on an individual basis considering 
the effective half-life of the pharmaceutical. 
Despite the mentioned drug interaction, 
patients’ clinical management should not be 
delayed for ([18F]FES PET imaging.[4]

Other types of hormonal therapies, 
such as aromatase inhibitors (AI), block the 
transition of androgens into oestrogens but 
do not interfere with ([18F]FES uptake and 
binding. In this case, no cessation of usage is 
required before imaging. Additionally, other 
drugs commonly given in combination 
with ER-targeted therapies, such as CDK4/6 
and mTOR inhibitors, do not interfere with 

([18F]FES binding to ER-positive lesions.
[2-4] It is worth noting that the oestrogen 
concentration of ([18F]FES is less than 5 
micromoles and has not been found to have 
any physiological effect in humans.[2-4]

Dosage and Administration 
The recommended [18F]FES activity is 

typically 222 MBq with a range of 111 MBq 
to 280 MBq. [2-4] It should be administered 
intravenously via an indwelling 
angiocatheter of at least 20 gauge, 
preferably on the contralateral side to the 
known breast cancer. The [18F]FES injection 
should be administered over 1 to 2 minutes 
and flushed well with at least 10cc of  
normal saline.

IMAGING
Clinical indications for ([18F]FES PET 

imaging include the detection of ER-
positive lesions in patients with known or 
suspected recurrent or metastatic breast 
cancer. This may involve lesions that are 
challenging to biopsy or biopsy results 
that are inconclusive.[2-3] According to 
the SNMMI/EANM guidelines, ([18F]FES PET 
imaging may also be used to guide therapy 
after the progression of metastatic disease 
or after the initial presentation of metastatic 
disease.[4]

The recommended image acquisition 
time is from 20 to 80 minutes post-
injection [2-4], with an optimal imaging 
time of 60 minutes, which aligns well with 

most departmental imaging schedules. 
Patients should be instructed to empty 
their bladder before imaging. They are then 
positioned supine with arms above the 
head in a headrest or holder, if possible. 
While standard whole-body images of [18F]
FDG PET scans are commonly acquired from 
“eyes to thighs”, ([18F]FES PET imaging should 
incorporate vertex to thighs due to the low 
background uptake of ([18F]FES within the 
brain parenchyma, allowing the potential 
identification of cerebral metastases.[4]

A multimodal PET system, such as Positron 
Emission Tomography (PET) imaging 
combined with a Computed Tomography 
(CT) (PET/CT) or PET combined with 
Magnetic Resonance Imaging (MRI) (PET/
MRI), can be used for imaging acquisition. 
PET/CT scan may be performed as a low-
dose CT scan for attenuation correction or 
as part of a diagnostic examination with 
or without the use of oral and intravenous 
(I.V.) contrast. Although less commonly 
used in clinical practice, PET/MR may be 
employed for image acquisition. PET and 
CT or PET and MRI acquisition parameters 
are specific to each system and should be 
customised accordingly to optimise image 
quality. Similarly, imaging reconstruction 
parameters will vary by system and 
interpreting physician preference.[4]

Regardless of the system combination 
used for the acquisition of ([18F]FES PET 
imaging, it is important to note that ([18F]FES 
will not identify all breast cancer lesions, but 
rather detect lesions that are ER-positive. 
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Therefore, additional anatomical imaging 
such as CT or molecular imaging with [18F]
FDG PET should be performed in addition 
to ([18F]FES PET to evaluate the full extent of 
the disease.[4]

RESULTS & INTERPRETATION
Nuclear Medicine Technologists 

should document the following to  
assist interpreting physicians with reporting:

 » Radiopharmaceutical dose (assayed 
dose less the syringe residual after 
administration)

 » Date and time of administration
 » Radiopharmaceutical batch or  

lot number
 » Route and site of administration
 » Patient’s current body weight  

and height. 
As discussed in the section on 

physiological biodistribution, ([18F]FES is 
primarily metabolised and excreted by 
the liver, with a lesser extent of excretion 
through the urinary system. Therefore, tracer 
washout within the hepatobiliary and renal 
collecting systems often reflects intense 
uptake. The uterus is also frequently visible 
on ([18F]FES imaging. Normal variant uptake 
can be observed within the ovaries and 
pituitary gland.

Interpretation of ([18F]FES uptakes 
depends on the ER density and function 
within the tumours as well as within 
physiological tissue, including the liver, 
ovaries, and uterus.[2-4] Interpretation is, 

therefore, primarily a qualitative assessment 
of uptake in suspected lesions compared to 
background uptake within normal tissues 
(Figure 3). ([18F]FES metabolisation by the 
liver serves as a limitation to the evaluation 
of hepatic lesions; however, evaluation of 
extrahepatic lesions can be determined  
as follows:

 » Lesion uptake greater than that of 
normal background low-uptake tissue 
and blood pool are considered to be  
ER-positive lesions, indicating that the 
lesion is expressing ER.

 » Lesion uptake less than that of 
normal tissue and vascular background of 
blood pool are typically considered to be  
ER-negative, indicating the absence of  
ER expression on the tumour.[2-4]

 » Several studies have been done in the 
USA and in Europe investigating quantitative 
analysis of ([18F]FES uptake, including 
positivity thresholds to differentiate positive 
vs. negative lesions. Currently, qualitative 
visual analysis is the most preferred 
method of ([18F]FES image interpretation. 
Table 1 provides a summary of common 
causes of false negatives and positives  
in ([18F]FES imaging.

Figure 3. A patient presented with newly diagnosed metastatic low-ER-expression left-breast-invasive 

ductal carcinoma (IDC) ER+ 1%, PR+ 1%, ki67 30%, HER2-negative. An iliac bone biopsy demonstrated 

high ER expression (ER+ 80%, PR-negative, Her 2-positive, Ki67 20%). (A) 99mTc-MDP bone scan was 

significant for diffuse metastatic disease with mild uptake. (B) [18F]FDG PET CT was obtained with 

abnormal uptake in the left breast IDC (B1). No significant uptake was noted in the bones. (C) - [18F]

FES-PET/CT obtained 2 weeks later demonstrated no uptake in the biopsied breast lesion (C1) with 

suspicious uptake in a different breast lesion (C2) and diffuse bone uptake (C) consistent with known 

iliac biopsy. Patient started endocrine therapy.  



172 173

CHAPTER 9CHAPTER 9
[18

F]
FL

U
O

R
O

ES
TR

A
D

IO
L 

[18
F]

FE
S 

– 
B

R
EA

ST
 C

A
N

C
ER

[
18F]FLU

O
R

O
ESTR

A
D

IO
L [

18F]FES – B
R

EA
ST C

A
N

C
ER

EANM TECHNOLOGISTS’ GUIDE
PET TRACERS BEYOND [18F]FDG

EANM TECHNOLOGISTS’ GUIDE
PET TRACERS BEYOND [18F]FDG

REFERENCES
1. Katzenellenbogen JA. The quest for improving 

the management of breast cancer by functional 
imaging: The discovery and development of 16Œ±-
[18F]fluoroestradiol (FES), a PET radiotracer for the 
estrogen receptor, a historical review. Nucl Med 
Biol. 2021 Jan;92:24-37. https://doi.org/10.1016/j.
nucmedbio.2020.02.007. Epub 2020 Feb 22. PMID: 
32229068; PMCID: PMC7442693.

2. GE Healthcare. CeriannaTM (fluoroestradiol F18) 
Injection. Available from: https://www.gehealthcare.
com/products/nuclear-imaging-agents/cerianna.

3. EstroTep (Fluoroestradiol 18F). Available from: 
https://www.gehealthcare.com/products/nuclear-
imaging-agents/cerianna.

4. Mankoff D, et al. SNMMI Procedure Standard/EANM 
Practice Guideline for Estrogen Receptor Imaging 
of Patients with Breast Cancer Using 16Œ±-[18F]
Fluoro-17Œ≤-Estradiol PET.

5. American Cancer Society. Key Statistics for Breast 
Cancer. Available from: https://www.cancer.org/
cancer/types/breast-cancer/about/how-common-
is-breast-cancer.html#:~:text=It%20is%20about%20
30%25%20(or,(DCIS)%20will%20be%20diagnosed.

6. European Commission. Cancer statistics 
- specific cancers. Available from: https://
ec.europa.eu/eurostat/statistics-explained/
index.php?title=Cancer_statistics_-_specific_
cancers&oldid=578153#Breast_cancer.

7. Mohammed, AA. The clinical behavior of different 
molecular subtypes of breast cancer. Cancer 
Treatement and Research Communications. 
Volume 29, 2021, 100469. Available from: https://
www.sciencedirect.com/science/article/pii/
S2468294221001659.

8. Farkas S, Szabó A, Hegyi AE, Török B, Fazekas 
CL, Ernszt D, Kovács T, Zelena D. Estradiol and 
Estrogen-like Alternative Therapies in Use: The 
Importance of the Selective and Non-Classical 
Actions. Biomedicines. 2022 Apr 6;10(4):861. https://
doi.org/10.3390/biomedicines10040861. PMID: 
35453610; PMCID: PMC9029610.

9. Wang M, Glick-Wilson BE, Zheng QH. Fully 
automated radiosynthesis and quality control of 
estrogen receptor targeting radiopharmaceutical 
16Œ±-[18F]fluoroestradiol ([18F]FES) for human 
breast cancer imaging. Appl Radiat Isot. 2020 
Jun;160:109109. https://doi.org/10.1016/j.
apradiso.2020.109109. Epub 2020 Mar 3. PMID: 
32174461.9.

10. Mankoff DA, Peterson LM, Tewson TJ, Link 
JM, Gralow JR, Graham MM, Krohn KA. [18F]
fluoroestradiol radiation dosimetry in human PET 
studies. J Nucl Med. 2001 Apr;42(4):679-84. PMID: 
11337559.

11. Mahalik, Aparna MBBS; Chaudhary, Beena BRT; 
Kumar, Rakesh PhD; Tripathi, Madhavi MD; Bal, 
Chandrasekhar MD. 18F-FES Uptake in Radiation 
Pneumonitis. Clinical Nuclear Medicine 48(10):p 
e468-e469, October 2023. https://doi.org/10.1097/
RLU.0000000000004788

Table 1: False Findings Quick Reference Chart courtesy of University of Arizona, Tucson, AZ, USA.

False Negatives False Positives 

ER-blocking/degrading medications without 
appropriate washout periods: SERMs (8 weeks) 
and SERDs (28 weeks)2,4

Benign neoplasms expressing ER receptors  
(e.g. leiomyomas, meningiomas)2,4

ER-expressing lesions that can be obscured by 
high background uptake (e.g. hepatic lesions)2,4

Benign neoplasms expressing ER receptors  
(e.g. leiomyomas, meningiomas)2,4

Intense tracer washout within small intestine 
may obscure peritoneal carcinomatosis 4

Other malignant neoplasm expressing ER 
receptors  
(e.g. ovarian cancer and endometrial cancer)2,4

Sub-centimetre lesions and lymph nodes may be 
difficult to detect due to the scanner resolution 
and partial volume effect 4

Pulmonary fibrosis, especially post radiation 
therapy 2,4,11

Diffuse uptake without correlative abnormality  
(although some highly intense and diffuse 
uptake in marrow may indicate marrow-based 
spread) 4

DOSIMETRY 
The estimated effective dose of [18F]

FES administration in female patients 
was 0.022mSv/MBq, and the organ 
with the highest dose was the liver  
(0.13mGy/MBq).10
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