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FOREWORD
Positron emission tomography–computed tomography (PET–CT) plays a central role in the 

management of cancer patients and is an increasingly important part of the overall health care landscape 
owing to the rising prevalence of non-communicable diseases, the need for early and accurate diagnostic 
methods, technological developments both in hardware and in software, the availability of new tracers 
and the acceptance of this technology in emerging markets. 

Fluorodeoxyglucose (FDG) PET–CT has earned global recognition as a significant tool in the 
modern management of cancer patients and is rapidly becoming an important imaging modality for 
patients with cardiac, neurological and infectious/inflammatory conditions. Despite its proven benefits 
as a PET radiopharmaceutical in oncology, FDG has limitations in the assessment of several relevant 
tumours such as prostate cancer. In addition, new therapeutic options available today in the management 
of cancer have underscored the need for assessing tumour characteristics other than metabolism. 
Therefore, there has been a pressing need for the development and clinical assessment of additional PET 
radiopharmaceuticals that can enable imaging and precise characterization of various aspects of a wide 
range of malignant tumours.

It is hoped that this publication will be beneficial to medical professionals from IAEA Member 
States for learning and teaching. The IAEA wishes to thank the contributors to the drafting and review of 
the publication for contributing their knowledge, time and effort. The IAEA officers responsible for this 
publication were R. Nuñez Miller, F. Giammarile and D. Paez of the Division of Human Health.



EDITORIAL NOTE

Although great care has been taken to maintain the accuracy of information contained in this publication, neither the 
IAEA nor its Member States assume any responsibility for consequences which may arise from its use.

This publication does not address questions of responsibility, legal or otherwise, for acts or omissions on the part of 
any person.

Guidance provided here, describing good practices, represents expert opinion but does not constitute recommendations 
made on the basis of a consensus of Member States.

The use of particular designations of countries or territories does not imply any judgement by the publisher, the 
IAEA, as to the legal status of such countries or territories, of their authorities and institutions or of the delimitation of their 
boundaries.

The mention of names of specific companies or products (whether or not indicated as registered) does not imply any 
intention to infringe proprietary rights, nor should it be construed as an endorsement or recommendation on the part of the 
IAEA.

The IAEA has no responsibility for the persistence or accuracy of URLs for external or third party Internet web sites 
referred to in this book and does not guarantee that any content on such web sites is, or will remain, accurate or appropriate.
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1.  INTRODUCTION

1.1.	 BACKGROUND

Several non-fluorine-18 fluorodeoxyglucose (non-18F-FDG) positron emission tomography 
(PET) radiopharmaceuticals have been introduced into the clinical arena over the last few years, in 
some countries more rapidly than others. It is expected that the use of these radiopharmaceuticals will 
continue to spread internationally, since the use of positron emission tomography–computed tomography 
(PET–CT) with different radiopharmaceuticals, catering to the type of tumour and the biological process 
that needs to be assessed, enables greater personalization (precision) in medicine.

The constant growth of PET–CT, as well as the increasing use of novel non-18F-FDG PET–CT 
radiopharmaceuticals, creates a need for training in the proper acquisition and interpretation of complex 
imaging studies with compounds that have very different biodistribution, normal variants and pitfalls. 
In addition, the use of several of these non-18F-FDG PET radiopharmaceuticals, such as 68Ga  labelled 
prostate specific membrane antigen (68Ga-PSMA) and 68Ga  labelled octreotide, constitutes an integral 
part of the evaluation of patients who are potential candidates for ‘theranostic’ medicine combining 
therapeutics and diagnostics in individualized treatment. This further increases their clinical relevance 
and the need for accurate imaging methodology.

1.2.	 OBJECTIVE

The objective of this publication is to provide a case based presentation of the normal biodistribution, 
variants and pitfalls, and different imaging patterns for the main indications for each of the new non‑18F-
FDG PET radiopharmaceuticals. This should facilitate the interpretation of non-18F-FDG PET–CT 
procedures in order to ensure that, in clinical practice, the study report is accurate and helpful.  

1.3.	 SCOPE

This publication contains sections for each of the most commonly used non-18F-FDG PET 
radiopharmaceuticals. Some of these radiopharmaceuticals are already commercially available in 
many countries (e.g. 68Ga-DOTATATE and 68G-DOTATOC, and 68Ga-PSMA), and some are still under 
investigation (e.g. 89Zr-trastuzumab). Furthermore, this list will have to be updated, as the use of some 
radiopharmaceuticals is increasing, while others will gradually see less use. Nevertheless, this atlas 
provides a good overview as it presents 160 clinical cases representing the current state of non-FDG 
PET–CT imaging in oncology. While the imaging protocol of the PET component of the study is presented 
in detail for the PET–CT studies performed with each radiopharmaceutical, this approach has not been 
used for describing the CT component. Since all sections discuss oncological clinical applications, CT 
can be performed using either low dose or diagnostic techniques, with or without contrast enhanced 
parameters, depending on the specific clinical question and the institutional expertise and requirements.

The length of the sections varies according to the number of cases included. The sections dedicated 
to the most commonly used non-18F-FDG PET radiopharmaceuticals contain more cases and more 
extensive overviews compared to the sections dedicated to the radiopharmaceuticals solely used for 
research. Guidance provided here, describing good practices, represents expert opinion but does not 
constitute recommendations made on the basis of a consensus of Member States.
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1.4.	 STRUCTURE

This publication contains 22 sections, including 160 cases of patients with various malignancies. 
The radiopharmaceuticals are classified in alphabetical order, with each in its own section. Longer 
sections reflect the more extensive use of particular radiopharmaceuticals.

The sections are structured in a simple way in order to facilitate interpretation of the studies. Each 
section begins with a brief overview of the physical and chemical characteristics of the non-18F-FDG PET 
radiopharmaceutical and of the physiological biodistribution, and continues with a simple list of the main 
parameters for the PET–CT imaging protocol, based mainly on the protocol used by the corresponding 
authors in their home centres. A list of the most common current indications is then presented. The 
sections conclude with a review of several cases, which cover different variants and pitfalls, and the main 
indications for each type of study. Each case has a simple structure containing the following information: 
(1) clinical indication for the PET–CT study; (2) brief clinical history; (3) main relevant PET–CT findings; 
(4) teaching point(s); (5) keywords. 

2.  ACETATE (11C)

2.1.	 GENERAL CHARACTERISTICS

Name: 		  11C-acetate

Synonyms: 	 CH3[11C]O2

Radioisotope
11C is a short half-life PET radioisotope (20.4 min) emitting positrons of maximum β energy (Emax) 

0.970 MeV. Owing to the abundance of carbon in the chemistry of life and biomolecules, all 11C labelled 
radiopharmaceuticals demonstrate identical behaviour to natural compounds, allowing tracing of 
biological processes [1].

Radiosynthesis
Owing to the short half-life of the radionuclide, the tracer production is usually performed 

on-site (Fig.  2.1). 11C-acetate can be produced by reaction of a Grignard reagent with the 11C‑CO2 
produced from a gas target in a cyclotron (radiochemical yield 72% ± 12% in 20 min, specific activity 
>18.5  GBq/μmol, radiochemical purity >95%). Automated systems provide radiochemical yields of 
60–80% and radiochemical purity of 99% in 15–23 min [1].
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FIG. 2.1. Molecular structure of 11C-acetate.



2.2.	 PHARMACOKINETICS

2.2.1.	 Physiological biodistribution and metabolism 

After injection, the tracer is dispersed in many human tissues, including the pancreas, bowels, 
liver, kidneys and spleen, which get the highest doses. The tracer is not excreted in urine under normal 
circumstances (Fig. 2.2). 11C-acetate is typically incorporated into the cellular membrane in proportion to 
the cellular proliferation rate or, alternatively, oxidized to carbon dioxide and water. 11C-acetate may also 
be converted into amino acids. 
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FIG. 2.2. Normal biodistribution of 11C-acetate.



2.2.2.	 Mechanism of retention

Like the natural acetate molecule, 11C-acetate is converted by acetyl-CoA synthetase in the cytosol 
or mitochondria to acetyl-CoA and further incorporated by the action of fatty acid synthetase enzyme into 
fatty acids. These are then integrated into the intracellular phosphatidylcholine membrane microdomains 
(dominant pathway in cancer cells) or alternatively oxidized through the tricarboxylic acid cycle in 
mitochondria to carbon dioxide and water (dominant pathway in normal myocardium).

2.2.3.	 Pharmacology and toxicology

Uptake of 11C-acetate is proportional to fatty acid synthesis as well as to myocardial blood flow, 
and therefore myocardial oxygen consumption. In rodents, 11C-acetate is cleared from all organs except 
the pancreas within 1 hour. In humans, more than 80% of the tracer is cleared from normal tissues within 
20 min. While it is taken up in primary prostate cancer and its metastases, increased activity has been also 
reported in hyperplastic and benign prostate tissue. No urinary excretion is seen. No toxic effects have 
been demonstrated.

2.3.	 METHODOLOGY 

2.3.1.	 Activity, administration, dosimetry

The intravenous (IV) administered activity ranges from 500 to 1480 MBq. The organs receiving the 
highest absorbed dose are the pancreas (0.017 mGy/MBq or 62.9 mrad/mCi), bowel (0.011 mGy/MBq 
or 40.7  mrad/mCi), kidneys (0.0092  mGy/MBq or 34.0  mrad/mCi) and spleen (0.0092  mGy/MBq or 
34.0 mrad/mCi). The effective dose equivalent is 0.0062 mSv/MBq (22.9 mrem/mCi) [2–7].

2.3.2.	 Imaging protocol 

A fasting period of at least 4 hours prior to administration of the radiotracer is suggested. Imaging 
is performed following the IV injection of a dose of 4–5 MBq/kg and an uptake period of 10–20 min. 
Acquisition of the PET component starts from the pelvis with an acquisition time of 3 min/bed position. 
For the CT component, see general comments in Section 1.3.

2.4.	 CLINICAL ASPECTS

2.4.1.	 Indications

The first clinical application of 11C-acetate was in prostate cancer, mainly for disease restaging 
in the case of biochemical recurrence (BCR) [3]. 11C-acetate has also been applied to other urological 
malignancies, such as renal cell and bladder cancer [4]. 

An important application at present is well differentiated hepatocellular carcinoma (HCC) [5], a 
tumour with known false negative results using 18F-FDG PET–CT. The use of 11C-acetate in addition 
to 18F-FDG in evaluating patients with HCC can increase the diagnostic accuracy, as demonstrated by a 
small number of well designed studies [6].

Other clinical applications of 11C-acetate imaging include brain tumours [7] and lung carcinoma. 
The main limitation for the clinical use of 11C-acetate is its limited availability and the need for 

an on-site cyclotron for its production. Despite this limitation, the tracer can be considered as accurate 
and useful, particularly for the detection of non-18F-FDG-avid neoplasm, such as differentiated HCC and 
renal cell carcinoma.
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2.4.2.	 Cases

2.4.2.1.	 Case No. 2.1

Clinical indication for PET–CT: HCC, restaging 

Clinical history

A 78 year old man with metastatic HCC after liver transplantation underwent 11C-acetate and 18F-FDG 
PET–CT in a single day.

PET–CT findings

(A): 18F-FDG, maximum intensity projection (MIP); (B):  18F-FDG, fused transaxial slice of upper 
abdomen; (C): 11C-acetate, MIP; (D): 11C-acetate, same cut as in (B).

There are multiple areas of increased 11C-acetate uptake in the liver, and in lymph node (LN) and lytic 
bone metastases, with only faint or no corresponding uptake of 18F-FDG.

Teaching point

In well differentiated HCC, 11C-acetate PET–CT can provide clinically significant information.

Keywords: HCC, restaging, 11C-acetate, 18F-FDG
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2.4.2.2.	 Case No. 2.2

Clinical indication for PET–CT: Poorly differentiated HCC, staging

Clinical history

A 69 year old patient with newly diagnosed HCC underwent a single day acquisition of 11C-acetate and 
18F-FDG PET–CT.

PET–CT findings 

(A): 11C-acetate, PET, CT and fused transaxial slices of upper abdomen and MIP; (B): 18F-FDG, partial 
MIP and same slices as in (A).

There are no abnormal findings on the 11C-acetate study (A), while increased focal 18F-FDG uptake is 
demonstrated in a hypodense lesion in liver segment 4 seen on the CT component (B), consistent with 
the primary HCC. 

Teaching point

In poorly differentiated HCC, the complementary information provided by 18F-FDG imaging may 
significantly increase the accuracy of 11C-acetate PET–CT.

Keywords: HCC, staging, 11C-acetate, 18F-FDG



3.  BEVACIZUMAB (89Zr)

3.1.	 GENERAL CHARACTERISTICS

Name: 		  89Zr-bevacizumab 

Synonyms: 	 89Zr-N-succinyldesferrioxamine-bevacizumab; 89Zr-desferrioxamine-bevacizumab

Radioisotope
89Zr is a long half-life PET radioisotope (78.4 hours) emitting positrons of Emax 0.395 5 keV, usually 

obtained from biomedical cyclotrons at a proton energy of 14 MeV using natural 89Y targets [8, 9]. 

Radiosynthesis
The routine production of radiometal labelled antibodies is a process consisting of two steps: 

(1)  development of conjugated antibody and (2)  radiolabelling [8,  9]. In this case, reconstituted 
bevacizumab is conjugated with tetrafluorphenol-N-succinyldesferal-Fe, purified and stored at 28°C. 
89Zr-oxalate produced according to good manufacturing practice guidelines is used for radiolabelling the 
conjugate (Fig. 3.1). Quality control is performed to ensure radiochemical purity (>95%), antigen binding 
(>60%) and stability [8, 9].

3.2.	 PHARMACOKINETICS

3.2.1.	 Metabolism

Bevacizumab’s biological half-life is about 20 days. Its metabolism routes are not clear.

3.2.2.	 Mechanism of retention

Vascular endothelial growth factor  A (VEGF-A) is overexpressed in most malignant and 
premalignant breast lesions. Bevacizumab is a recombinant humanized immunoglobulin G monoclonal 
antibody developed against the VEGF-A antigen. When it is labelled by 89Zr it can be used in imaging 
of malignancies.
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3.2.3.	 Pharmacology and toxicology

While no data for radiolabelled 89Zr-bevacizumab are available, the doses of the cold antibody 
(Avastin) used for cancer chemotherapy are in the range of 5–15 mg/kg. The total amount of antibody 
used in a single 89Zr PET scan is 5 mg, far below the clinically administered levels.

3.3.	 METHODOLOGY 

3.3.1.	 Activity, administration, dosimetry

The administered activity of 89Zr-bevacizumab is 0.1 mg and 0.9 MBq/kg. The mean effective dose 
per patient is 0.9 mSv/MBq (with a standard deviation of 0.3 mSv/MBq) [8, 10–16].

3.3.2.	 Imaging protocol

No special patient preparation is required prior to administration of the radiotracer. Imaging is 
performed following the IV injection of a dose of 37 MBq. The uptake period is 4 days. Acquisition of the 
PET component starts from the pelvis and the acquisition time is 5 min/bed position. For the CT imaging 
protocol, see general comments in Section 1.3.

3.4.	 CLINICAL ASPECTS

3.4.1.	 Indications

PET–CT using this tracer has been investigated at the University Medical Centre Groningen, the 
Netherlands. Several studies have been published using this experimental tracer to assess the VEGF-A 
receptor status in the microenvironment of both benign and malignant lesions, especially for therapy 
stratification [8,  10–16]. Because it is still investigational, scans using this tracer are not routinely 
performed in clinical practice.

3.4.2.	 Cases 

Cases courtesy of A. Brouwers, University Medical Centre Groningen, the Netherlands.

3.4.2.1.	 Case No. 3.1

Clinical indication for PET–CT: Metastatic paraganglioma; to assess the VEGF-A receptor status in 
known metastatic lesions

Clinical history

A 31 year old man with metastatic paraganglioma, SDHB mutation positive, diagnosed 3  years 
earlier with a large inoperable presacral mass. After 131I-metaiodobenzylguanidine (miBG) treatment 
(2 × 7400 MBq), he developed tumour progression with new bone metastases. Embolization followed by 
debulking of the presacral tumour mass was performed. Because the disease was ongoing and progressive, 
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several treatment lines were applied, including selective embolization in a large bone lesion in the skull 
and palliative radiation therapy (RT) in other osseous metastases, and a systemic mechanistic target of 
rapamycin inhibitor (everolimus), followed by three cycles of 177Lu-DOTATATE. Finally, experimental 
systemic therapy with the receptor tyrosine kinase inhibitor sunitinib was considered.

PET–CT findings 

(Left): MIP; (centre): PET, fused and CT sagittal slices; (right): transaxial slices of pelvis.

There is 89Zr-bevacizumab uptake in the known bone metastases, of lower intensity in the previously 
extensively treated presacral and skull lesions. 

Follow-up: Anti-VEGF-A treatment with the receptor tyrosine kinase inhibitor sunitinib was started in an 
experimental treatment setting.

Teaching point

89Zr-bevacizumab PET–CT contributed to therapy stratification. Based on the study findings, experimental 
treatment with sunitinib, which also interferes with VEGF-A was initiated. 

Keywords: Metastatic paraganglioma, VEGF-A status, therapy stratification, 89Zr-bevacizumab
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3.4.2.2.	 Case No. 3.2

Clinical indication for PET–CT: Multiple hemangioblastomas in the central nervous system (CNS); 
89Zr-bevacizumab PET–CT was requested prior to therapy stratification for assessing the VEGF-A 
receptor status in known lesions

Clinical history

A 37 year old man presented with multiple CNS hemangioblastomas, with negative mutation analysis for 
Von Hippel–Lindau. The first hemangioblastoma, in the cerebellum, had been surgically removed. Partial 
paraplegia occurred after removal of an additional hemangioblastoma in the T-12 vertebra. The patient 
had disease progression and developed high intracranial pressure, so a ventriculo-peritoneal drain was 
inserted. Because of life threatening hemangioblastomas located in the brain stem, experimental systemic 
therapy with a VEGF-A blocking monoclonal antibody (bevacizumab) was considered.  

PET–CT findings 

(Left): MIP; (right): PET, CT and fused sagittal slices of head.

There is 89Zr-bevacizumab uptake in two brain stem lesions. 

Follow-up: Anti-VEGF-A treatment (monoclonal antibody bevacizumab) was started in an experimental 
treatment setting.

Teaching point

Treatment with the monoclonal antibody bevacizumab was instituted based on 89Zr-bevacizumab 
PET–CT findings.

Keywords: CNS hemangioblastomas, VEGF-A status, therapy stratification, 89Zr-bevacizumab
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3.4.2.3.	 Case No. 3.3

Clinical indication for PET–CT: Metastatic renal cell carcinoma, prior to therapy stratification 

Clinical history

A 62 year old woman with a history of right renal cell carcinoma had undergone nephrectomy 17 years 
earlier. Ten years after that, she presented with a right upper lobe lung metastasis that was excised. She 
was subsequently treated with various lines of systemic treatment but showed disease progression with 
development of bone metastases and local recurrence. 89Zr-bevacizumab PET–CT was requested to assess 
VEGF-A receptor status prior to experimental treatment. 

PET–CT findings 

(Left): MIP; (top right:) transaxial fused slices of lower chest; (bottom right): transaxial fused slices 
of mid-abdomen. 

There is increased tracer uptake in the right lumbar region consistent with local recurrence, and in lesions 
in the left lower ribs and right femoral head, consistent with known bone metastases. 

Follow-up: A mechanistic target of rapamycin inhibitor (everolimus) was started in a setting of a 
clinical trial.

Teaching point

Therapy stratification in this patient was based on the 89Zr-bevacizumab PET–CT study, and treatment 
with a mechanistic target of rapamycin inhibitor was initiated.

Keywords: Metastatic renal cell carcinoma, VEGF-A receptor status, 89Zr-bevacizumab



4.  CHOLINE (11C)

4.1.	 GENERAL CHARACTERISTICS

Name: 		  11C-choline

Synonyms: 	 [11C]CH, 11C-choline chloride

Radioisotope
11C is a short half-life PET radioisotope (20.4 min) emitting positrons of Emax 0.970 MeV. Owing to 

the abundance of carbon in the chemistry of life and biomolecules, 11C radiopharmaceuticals demonstrate 
identical behaviour to natural compounds, allowing tracing of biological processes.

Radiosynthesis
11C-choline is synthesized by 11C-methylation of dimethyl-ethanolamine in acetone, followed by 

solid phase extraction isolation of the product from dimethyl-ethanolamine on a cation exchange cartridge 
(Fig. 4.1). The cartridge is rinsed with ethanol to remove residual dimethyl-ethanolamine before elution 
of the product with sterile saline through a sterilization filter [17–21]. 

4.2.	 PHARMACOKINETICS

4.2.1.	 Physiological biodistribution and metabolism 

Choline is an important component of phospholipids in cell membranes. Tissues with increased 
metabolism will also show increased uptake of choline. Because tumour cells have a high metabolic rate, 
their choline uptake is high in order to keep up with the demand for synthesis of phospholipids in their 
cellular membranes. Owing to its similarity to natural choline, 11C-choline is absorbed and trapped in 
malignant cells in its phosphorylated form and thus used for cancer imaging.

After IV injection, 11C-choline rapidly clears from the circulation (in less than 3 min). The highest 
normal tissue uptake is seen in the renal cortex, liver, pancreas, salivary glands, prostate and pituitary 
gland. Uptake in the thyroid is variable and of mild intensity. There is almost no uptake in the brain. 
Based on the relatively low urinary excretion, renal uptake is predominantly limited to the organ itself, 
rather than via the formation of urine. In most cases, no radioactive urine is seen in the ureters or bladder 
(Fig. 4.2 (top)). Intense tracer uptake can often be seen in the vein in which the tracer has been injected. 
Variable tracer uptake of moderate intensity can be seen in the bowel. Diffuse, faint uptake in the bone 
marrow can be found, especially due to rebound after treatment (Fig. 4.2 (bottom)) [17–21].
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FIG. 4.1. Molecular structure of 11C-choline.
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FIG. 4.2. Four examples of normal biodistribution of 11C-choline.



4.2.2.	 Mechanism of retention

Choline is phosphorylated by  choline kinase and incorporated into various phospholipids in the 
body. In certain tissues, including the kidney and liver, choline oxidation is prominent. The oxidative 
metabolite of choline, betaine, is excreted into the urine.

4.2.3.	 Pharmacology and toxicology

Choline is a natural compound with no known toxic effects at levels present in the radiolabelled dose. 
Long term studies have not been performed to evaluate the carcinogenic potential of 11C-choline [17–21].

4.3.	 METHODOLOGY 

4.3.1.	 Activity, administration, dosimetry

The usual administered IV dose is 4–5 MBq of 11C-choline. It is suggested to inject the 11C-choline 
with the patient already positioned on the tomograph’s bed, to avoid the presence of radioactive urine 
in the bladder. Delayed images could be useful in selected cases. Keeping in mind the short half-life of 
the tracer, even delayed images must be acquired as soon as possible. The effective dose is estimated at 
0.0040 ± 0.0003 mSv/MBq (0.0148 rem/mCi) for adults. The dose critical organ in adults is the liver, 
which receives 0.0131 ± 0.0015 mGy/MBq (0.0485 rad/mCi) [22–25].

4.3.2.	 Imaging protocol

A fasting period of at least 4 hours prior to administration of the radiotracer is suggested. Imaging 
is performed following the IV injection of a dose of 4–5  MBq/kg and an uptake period of 2–5  min. 
Acquisition of the PET component starts from the pelvis, with an acquisition time of 2–3  min/bed 
position. For the CT imaging protocol, see general comments in Section 1.3.

4.4.	 CLINICAL ASPECTS

4.4.1.	 Indications

11C-choline PET–CT is used in prostate cancer for staging and restaging in cases of BCR after 
primary treatment. 

11C-choline PET–CT has a role in nodal staging, where it has shown a low sensitivity but a relatively 
high specificity [24, 25]. It can help direct patients to the most appropriate treatment strategy, such as 
extended lymph node dissection (LND) or less aggressive primary treatment, including RT or androgen 
deprivation therapy (ADT).

Restaging of the disease is performed in the case of BCR with prostate specific antigen (PSA) 
levels up to 0.2 ng/mL following radical prostatectomy or 2.0 ng/mL after RT [24]. The role of choline 
PET–CT is to differentiate between local and distant relapse. 11C-choline PET–CT should be able to 
distinguish patients potentially treatable with salvage treatments (oligometastatic) from those affected by 
multimetastatic spread of the disease, who are ideal candidates for ADT. Appropriate use of this technique 
has shown a change in the decision making process in approximately half of cases [23].
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4.4.2.	 Cases

4.4.2.1.	 Case No. 4.1

Clinical indication for PET–CT: High risk prostate cancer, staging

Clinical history

A 54 year old man with prostate cancer, Gleason score 4+4, PSA 23 ng/mL, was a candidate for radical 
prostatectomy. Magnetic resonance imaging (MRI) showed a primary T3a tumour and bilateral iliac nodal 
N1 involvement.

PET–CT findings 

(A): MIP; (B): fused transaxial slices of lower abdomen; (C): CT transaxial slices of lower abdomen. 

There are multiple foci of increased tracer uptake in pelvic and abdominal LN metastases as well as 
pathological uptake in the prostate. 

Teaching point

11C-choline PET–CT is of value for staging of high risk prostate cancer with impact on patient 
management. In this case the patient underwent extended LND.

Keywords: Prostate cancer, staging, change in management, 11C-choline
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4.4.2.2.	 Case No. 4.2

Clinical indication for PET–CT: High risk prostate cancer, staging

Clinical history

A 74 year old man with prostate cancer, Gleason score 4+5, PSA 126 ng/mL, stage T3a according to 
transrectal ultrasound (US), was considered for radical prostatectomy. 

PET–CT findings

(A): MIP; (B–D): CT and fused transaxial slices of pelvis.

There are multiple foci of increased tracer uptake in the prostate and in bone metastases, in the right upper 
ilium and left ischium, without corresponding findings on CT (B and C), and in an osteoblastic lesion in 
the right lower ilium (D). 

Teaching point

11C-choline PET–CT is a sensitive method for early detection of bone metastases. Following the PET–CT 
study the patient was referred for systemic ADT instead of the scheduled surgery. 

Keywords: Prostate cancer, staging, change in management, 11C-choline
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4.4.2.3.	 Case No. 4.3

Clinical indication for PET–CT: High risk prostate cancer, staging  

Clinical history

A 64 year old man with prostate cancer, Gleason score  4+4, PSA  23  ng/mL, stage  T3a according to 
transrectal US, was a candidate for radical prostatectomy. 

PET–CT findings 

(A): MIP; (B):  CT and fused transaxial slices of lower pelvis; (C):  CT and fused transaxial 
slices of mid-chest. 

There is focal increased tracer uptake in the right lobe of the prostate (B) and in a 15 mm round solid 
lesion in the right lung (C). 

Teaching point

11C-choline PET–CT, a whole body imaging modality, allows detection of metastases or synchronous, 
previously unknown, second primary cancers. The patient underwent biopsy of the lung lesion, which 
allowed diagnosis of a broncho-alveolar lung cancer with moderate tracer uptake.

Keywords: Prostate cancer, synchronous second primary malignancy, 11C-choline
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4.4.2.4.	 Case No. 4.4

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 58 year old man with prostate cancer, Gleason score 4+4, post-radical prostatectomy, presented with 
PSA 0.7 ng/mL and PSA doubling time (dt) 10 months. He was a candidate for RT to the prostatic fossa.

PET–CT findings

(A): MIP; (B): CT and fused slices of lower pelvis.

There is focal increased tracer uptake in the right side of the prostatic fossa, consistent with local relapse, 
further confirmed by transrectal US guided biopsy.

Teaching point

Although the sensitivity of 11C-choline PET–CT for detection of local relapse is suboptimal, in this case 
the study allowed diagnosis of local recurrence and excluded distant metastases, making the patient 
eligible for salvage RT.

Keywords: Prostate cancer, BCR, local relapse, 11C-choline
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4.4.2.5.	 Case No. 4.5

Clinical indication for PET–CT: Prostate cancer, BCR 

Clinical history

A 62 year old man with prostate cancer, Gleason score 4+3, post-radical prostatectomy, presented with 
PSA 0.4 ng/mL and PSA dt 6 months. 

PET–CT findings 

(A): MIP; (B): fused transaxial slices of pelvis; (C): CT transaxial slices of pelvis.

There is focal increased tracer uptake in a small osteoblastic lesion in the right iliac bone.

Teaching point

11C-choline PET–CT has a high sensitivity for detection of small bone metastases in patients with 
BCR. Identifying patients with oligometastatic disease has a major clinical impact. In this case the 
patient underwent salvage RT to the bone lesion. Follow-up after 6 months showed a decrease in PSA 
levels to 0.02 ng/mL.

Keywords: Prostate cancer, BCR, bone metastasis, 11C-choline
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4.4.2.6.	 Case No. 4.6

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 70 year old man with prostate cancer, Gleason score 4+3, post-radical prostatectomy, presented with 
PSA 0.6 ng/mL and PSA dt 5 months. 

PET–CT findings

(A): MIP; (B): CT and fused transaxial slices of upper pelvis.

There is focal increased tracer uptake in small round LNs in the left common iliac chain. 

Teaching point

11C-choline PET–CT has a high sensitivity for detection of small LN metastases in patients with prostate 
cancer BCR. In this case with oligometastatic disease, the patient underwent salvage RT to the left iliac 
chain LNs, with delivery of a boost (60 Gy) to the PET-positive metastases. Follow-up after 6 months 
showed a decrease in serum PSA levels to 0.01 ng/mL.

Keywords: Prostate cancer, BCR, LN metastases, 11C-choline
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4.4.2.7.	 Case No. 4.7

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 74 year old man with prostate cancer, Gleason score 4+3, after RT as primary treatment, presented with 
PSA 0.8 ng/mL that slowly increased to 2.5 ng/mL (PSA dt 16 months). 

PET–CT findings

(A): MIP; (B): CT and fused transaxial slices of pelvis.

There is diffuse, faint tracer uptake in the prostate.

Teaching point

The presence of faint or moderate 11C-choline uptake in the prostate, after RT, is difficult to interpret. 
This may be due to the presence of normal prostatic PSA producing tissue, or to relapse of cancer. Further 
investigation is needed to assess the presence of residual tumour and guide biopsy if indicated.

Keywords: Prostate cancer, BCR, prostate uptake, 11C-choline
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4.4.2.8.	 Case No. 4.8

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 71 year old man with prostate cancer, Gleason score 4+4, post-radical prostatectomy, presented with 
PSA 1.0 ng/mL and PSA dt 12 months. 

PET–CT findings

(A): MIP; (B): PET; (C): CT; (D): fused transaxial slices of pelvis.

There is an inhomogeneous, mixed lytic/blastic bone lesion mainly in the cortical aspect of the right iliac 
bone (C), with no abnormal tracer uptake (A, B, D).  

Teaching point

The findings are consistent with Paget’s disease of the right iliac bone, a benign skeletal lesion that in 
most cases does not show any significant 11C-choline uptake. 

Keywords: Prostate cancer, BCR, Paget’s, 11C-choline
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4.4.2.9.	 Case No. 4.9

Clinical indication for PET–CT: Prostate cancer, staging

Clinical history

A 69 year old man with prostate cancer, Gleason score  4+4, PSA  12.0  ng/mL, was scheduled for 
radical prostatectomy.

PET–CT findings

(A): Planar 99mTc labelled methylene diphosphonate (99mTc-MDP) bone scan, anterior view; (B): MIP; 
(C): fused transaxial slice of skull; (D): CT transaxial slice of skull.

There is increased 11C-choline and 99mTc-MDP uptake in a mixed (mostly lytic) bone lesion in the right 
parietal bone. This bone lesion was further diagnosed as an osteoid osteoma in an unusual location.

Teaching point

Benign bone lesions can show intense uptake on both the 99mTc bone scan and the 11C-choline 
PET–CT study.  

Keywords: Prostate cancer, BCR, osteoid osteoma, 11C-choline
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4.4.2.10.	 Case No. 4.10

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 58 year old man with prostate cancer, Gleason score 4+4, post-radical prostatectomy, presented with 
PSA 0.9 ng/mL and PSA dt 9 months.

PET–CT findings

(A): MIP; (B): CT and fused transaxial slices of mid-thorax.

There is increased tracer uptake in enlarged right hilar and paratracheal LNs. 

Teaching point

Transbronchial biopsy diagnosed sarcoidosis, a chronic granulomatous disease. Intense uptake of 
11C-choline in chronic inflammation has to be considered in cases of tracer-avid findings in unusual 
locations, such as mediastinal LNs. 

Keywords: Prostate cancer, BCR, sarcoidosis, 11C-choline
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4.4.2.11.	 Case No. 4.11

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 61 year old man with prostate cancer, Gleason score 4+3, post-radical prostatectomy, presented with 
PSA 0.6 ng/mL and PSA dt 12 months. 

PET–CT findings

(A): MIP; (B): CT and fused transaxial slices of upper abdomen.

There is increased tracer uptake in an enlarged, 27 mm, hypodense (12 Hounsfield unit) left adrenal gland. 

Teaching point

The findings are consistent with a left adrenal adenoma, which usually shows uptake of 11C-choline. 

Keywords: Prostate cancer, BCR, adrenal adenoma, 11C-choline
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4.4.2.12.	 Case No. 4.12

Clinical indication for PET–CT: Prostate cancer, BCR 

Clinical history

A 64 year old man with prostate cancer, Gleason score 4+3, post-radical prostatectomy, presented with 
PSA 0.5 ng/mL and PSA dt 10 months.

PET–CT findings

(A): MIP; (B): PET and CT transaxial slices of lower pelvis.

There is bilateral symmetrical increased tracer uptake in inguinal and external iliac, and reactive LNs.

Teaching point

Metastatic spread of prostate cancer to inguinal LNs is uncommon. Important considerations include the 
symmetrical distribution of the tracer, the shape of these LNs (fatty hilum) on CT, as well as the low risk 
of relapse according to PSA values and kinetics. 

Keywords: Prostate cancer, BCR, reactive LNs, 11C-choline



27

4.4.2.13.	 Case No. 4.13

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 58 year old man with prostate cancer, Gleason score 4+5, post-radical prostatectomy, presented with 
PSA 12 ng/mL, PSA dt 6 months and testosterone rebound (TTR) 13 months during ADT.

PET–CT findings

(A): MIP of head; (B, C): CT and fused transaxial slices of head.

There are multiple foci of increased tracer uptake in the brain, most prominent in the left parietal region 
and the left cerebellum. 

Teaching point

Brain metastases from prostate cancer, although uncommon, may occur. The brain needs to be included in 
the scan in patients with suspected CNS involvement. The low physiological uptake of 11C-choline in the 
brain facilitates the detection of brain metastases. 

Keywords: Prostate cancer, BCR, brain metastases, 11C-choline
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4.4.2.14.	 Case No. 4.14

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 59 year old man with prostate cancer, Gleason score 4+4, post-radical prostatectomy, presented with 
PSA 1423 ng/mL at 3 months after treatment with 223Ra.

PET–CT findings 

(A): MIP; (B): fused sagittal slices.

There is inhomogeneous increased tracer uptake in the entire axial and appendicular skeleton, consistent 
with diffuse metastatic bone involvement.

Teaching point

11C-choline PET–CT can assess response to 223Ra treatment with high accuracy. 

Keywords: Prostate cancer, BCR, 223Ra treatment, 11C-choline



5.  CHOLINE (18F)

5.1.	 GENERAL CHARACTERISTICS 

Name: 		  18F-fluorocholine

Synonyms: 	 18F-CH, 18F-CHO, 18F-CHOL

Radioisotope
18F is a short half-life PET radioisotope (109.7 min) emitting positrons of Emax 1.656 MeV. Owing 

to the high chemical stability of C–F bonds in organic compounds as well as the high water solubility 
of F compounds, 18F tracers usually show suitable stability and biodistribution in humans. Although the 
F chemistry is complicated, the vast application of 18F labelled compounds in nuclear medicine has led 
to development of efficient automated radiopharmaceutical production methods allowing large scale 
production of 18F tracers for clinical use.

Radiosynthesis
18F is routinely produced by proton irradiation of enriched 18O water in biomedical cyclotrons, 

followed by 18F-KF formation and activation using Kryptofix 222. The reaction of active 18F-fluoride with 
dibromomethane leads to 18F-fluorobromomethane, which in reaction with N, N-dimethylaminoethanol 
provides 18F-choline (Fig.  5.1). This process has been automated using commercially available 
synthesizers (15–25% radiochemical yield, >99% radiochemical purity, specific activity >37 GBq/µmol 
in 35 min) [26–28].

5.2.	 PHARMACOKINETICS

5.2.1.	 Physiological biodistribution and metabolism

The tracer is phosphorylated by choline kinase and incorporated into various phospholipids. In certain 
tissues, including the kidney and liver, choline oxidation is prominent. The oxidative metabolite of 
choline, betaine, is excreted into the urine. At 60 min after administration, there is intense physiological 
18F-choline uptake in the lacrimal and salivary glands, as well as in the liver, spleen, pancreas and kidneys. 
Uptake in the thyroid is variable and of mild intensity. There is almost no uptake in the brain. In most 
cases, there is radioactive urine in the ureters and bladder (Fig. 5.2) [26–28]. 
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FIG. 5.1. Molecular structure of 18F-choline.



5.2.2.	 Mechanism of retention

18F-choline enters cells mediated by choline transporters. Malignant cells are characterized by 
overexpression of choline kinase, which catalyses phosphorylation of choline to form phosphorylcholine 
followed by the generation of phosphatidylcholine in the cell membrane [26–28]. 

5.2.3.	 Pharmacology and toxicology

Urinary excretion of 18F-choline reaches 4.9% ± 4.8% of the administered activity in female patients 
and 1.9% ± 1.6% in males within 60 min after injection. In acute toxicity studies in mice receiving 1 mg/kg 
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FIG. 5.2. Normal biodistribution of 18F-choline.



of body weight of non-radioactive 19F-choline, neither death nor behavioural or movement abnormalities 
were noted for up to 48 hours after administration. Based on these findings, it has been estimated that the 
normal amount of 18F-choline in the radiotracer preparation should be approximately 3 ng/kg of body 
weight (i.e. 300 000 times lower than the amount administered in this toxicity study [26–28]).

5.3.	 METHODOLOGY 

5.3.1.	 Activity, administration, dosimetry

As 18F-choline is an investigational tracer, there is no current standard for the activity to be 
administered. The kidney is the critical organ and limits administration levels of 18F-choline to 
4.07  MBq/kg (0.110  mCi/kg) in human research studies. The dose critical organ is the kidney, which 
receives 0.17 and 0.16  mSv/MBq (0.64 and 0.55 rem/mCi) for females and males, respectively. The 
effective dose equivalent for humans following the administration of 4.07  MBq/kg (0.110  mCi/kg) is 
approximately 0.01 Sv for females and males, which is below the single-study United States Food and 
Drug Administration limit of 0.03 Sv for research subjects [29–34].

5.3.2.	 Imaging protocol

No special patient preparation is required prior to administration of the radiotracer. Imaging is 
performed following the IV injection of a dose of 300 MBq and an uptake period of 30 min. In patients 
with prostate cancer, acquisition of the whole body PET component starts from the pelvis. Acquisition 
time is 2–3 min/bed position. In patients with hyperparathyroidism (HPT), the PET component is acquired 
from head to thorax, with an acquisition time of 3 min/bed position. For the CT imaging protocol, see 
general comments in Section 1.3.

5.4.	 CLINICAL ASPECTS

5.4.1.	 Indications

In patients with prostate cancer, the indications for 18F-choline are the same as for 11C-choline. In 
patients with HPT, several studies have provided evidence for the use of 18F-choline in the localization 
of parathyroid adenoma (PTA) and parathyroid hyperplasia. 18F-choline PET–CT has a high sensitivity 
and specificity as compared to conventional nuclear medicine scintigraphy with 99mTc-sestaMIBI, and 
may be advocated in sestaMIBI-negative cases, if referral to a PET centre is possible and the tracer is 
available [29–34].
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5.4.2.	 Cases — prostate cancer

5.4.2.1.	 Case No. 5.1

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 72 year old man with prostate cancer, Gleason score 3+3, post-transurethral resection of prostate and 
RT, presented with PSA 0.8 ng/mL, PSA dt 13 months and TTR 14 months. 

PET–CT findings

(A): MIP; (B): PET coronal and sagittal transaxial slices; (C): fused transaxial slice of pelvis; (D): CT 
transaxial slice of pelvis. 

There is focal 18F-choline uptake in the centre of the prostate, below the area of high urinary activity in 
the urinary bladder, which is suspicious, but not diagnostic, for local relapse.

Teaching point

Central, focal areas of increased 18F-choline accumulation below and close to the urinary bladder should 
be interpreted with caution in patients who have undergone transurethral resection of the prostate.  

Keywords: Prostate cancer, BCR, transurethral resection of prostate, 18F-choline
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5.4.2.2.	 Case No. 5.2

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 78 year old man with prostate cancer, Gleason score 3+4, after brachytherapy as primary treatment, 
presented with PSA 1.2 ng/mL, PSA dt 12 months and TTR 16 months. 

PET–CT findings

(A): MIP; (B): PET transaxial slice of pelvis; (C): CT transaxial slice of pelvis.

There is mild, homogenous increased tracer uptake in the prostate (red marker), without any further 
evidence of disease recurrence.

Teaching point

After brachytherapy, mild and homogenous 18F-choline uptake in the prostate can occur and should not be 
interpreted as local relapse. 

Keywords: Prostate cancer, BCR, local relapse, 18F-choline
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5.4.2.3.	 Case No. 5.3

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 76 year old man with prostate cancer, Gleason score 3+4, treated with RT, presented with PSA 0.4 ng/mL 
and PSA dt 9 months. 

PET–CT findings

(A): MIP; (B): PET transaxial slice of upper abdomen; (C): CT transaxial slice of upper abdomen.

There is mild tracer uptake in a homogeneous, low density (6 Hounsfield unit) lesion in the left adrenal 
(blue marker), consistent with a known, nonfunctioning adenoma.

Teaching point

18F-choline is not specific for prostate cancer. Benign lesions such as adrenal adenoma may show 
18F-choline uptake.  

Keywords: Prostate cancer, adrenal adenoma, 18F-choline
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5.4.2.4.	 Case No. 5.4

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 59 year old man with prostate cancer, Gleason score  4+5, post-radical prostatectomy, during ADT, 
presented with PSA 12 ng/mL, PSA dt 4 months and TTR 13 months.

PET–CT findings

(A): MIP; (B): PET transaxial, coronal and sagittal slices; (C): CT transaxial slices without (left) and with 
(right) contrast enhancement of the liver.

There is increased tracer uptake and enhancement on CT at the margins of a hypodense lesion in the right 
lobe of the liver. A hepatic metastasis was confirmed at biopsy. 

Teaching point

The accuracy of 18F-choline PET–CT for characterization of liver lesions is very low. The CT component 
of the study needs to be carefully examined to avoid missing liver lesions. 

Keywords: Prostate cancer, BCR, liver metastasis, 18F-choline
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5.4.2.5.	 Case No. 5.5

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 67 year old man with prostate cancer, Gleason score 3+4, post-radical prostatectomy, presented with 
PSA 0.5 ng/mL and PSA dt 14 months. 

PET–CT findings

(A): MIP; (B): PET transaxial slice of lower neck; (C): CT transaxial slice of lower neck.

There is focal increased tracer uptake in an enlarged left thyroid lobe (green marker). US guided biopsy 
diagnosed a benign thyroid nodule.

Teaching point

18F-choline is not specific for prostate cancer. Benign lesions may show high 18F-choline uptake.  

Keywords: Prostate cancer, benign thyroid nodule, 18F-choline
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5.4.2.6.	 Case No. 5.6

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 71 year old man with prostate cancer, Gleason score 3+4, post-radical prostatectomy, presented with 
PSA 1.9 ng/mL and PSA dt 13 months. 

PET–CT findings

(A): MIP; (B): fused transaxial slice of head; (C): CT transaxial slice of head.

There is focal intense tracer uptake in a well defined solid nodule in the left parotid (green marker), 
without any additional abnormal findings. US confirmed a Warthin’s tumour.

Teaching point

Benign lesions such as Warthin’s tumour may show intense 18F-choline uptake. US may be necessary to 
confirm diagnosis. 

Keywords: Prostate cancer, Warthin’s tumour, 18F-choline
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5.4.2.7.	 Case No. 5.7

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 75 year old man with prostate cancer, Gleason score 4+4, post-radical prostatectomy, presented with 
PSA 3.5 ng/mL and PSA dt 7 months. 

PET–CT findings

(A): MIP; (B) fused transaxial slice of head; (C): CT transaxial slice of head.

There is intense 18F-choline uptake in multiple bone metastases. In addition, there is intense tracer uptake 
in a known left parasagittal meningioma also visible on the low dose CT. 

Teaching point

Low physiological uptake of 18F-choline in the brain facilitates detection of brain lesions that can be 
further characterized by conventional imaging modalities. 

Keywords: Prostate cancer, meningioma, 18F-choline
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5.4.2.8.	 Case No. 5.8

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 70 year old man with prostate cancer, Gleason score 3+4, post-radical prostatectomy, presented with 
PSA 0.9 ng/mL and PSA dt 15 months. 

PET–CT findings

(A): MIP; (B): fused transaxial slice of mid-chest; (C): CT transaxial slice of mid-chest.

There is a single focus of increased 18F-choline uptake in an osteophyte in a mid-thoracic vertebra 
(green marker).

Teaching point

Benign degenerative bone changes may occasionally show increased 18F-choline uptake, less intense 
than with 18F-FDG. 

Keywords: Prostate cancer, degenerative bone changes, 18F-choline
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5.4.2.9.	 Case No. 5.9

Clinical indication for PET–CT: Prostate cancer, response evaluation

Clinical history

A 73 year old man with prostate cancer, Gleason score 4+3, post-radical prostatectomy, presented with 
BCR. He was evaluated before (PSA  2.3  ng/mL, PSA dt  6  months) and after 2  months of hormonal 
treatment (PSA 0.5 ng/mL).

PET–CT findings 

(A): MIP before treatment; (B):  CT and fused transaxial slices at mid-thorax level before treatment; 
(C): MIP after treatment; (D): CT and fused transaxial slices at same (mid-thorax) level after treatment.

Intense tracer uptake in a thoracic vertebra seen before therapy (green marker) is not visible after 2 months 
of hormonal treatment.

Teaching point

18F-choline PET–CT allows evaluation of treatment response in patients with prostate cancer. Patients 
with decreasing, but still elevated, PSA levels after treatment may not show any residual abnormal 
18F-choline uptake, indicating good response.

Keywords: Prostate cancer, therapy evaluation, 18F-choline
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5.4.2.10.	 Case No. 5.10

Clinical indication for PET–CT: Prostate cancer, response evaluation

Clinical history

A 68 year old man with prostate cancer, Gleason score  4+4, post-radical prostatectomy, with BCR 
(PSA 4.6 ng/mL, PSA dt 6 months) was evaluated before and after 6 months of abiraterone treatment 
(PSA decreased slightly to 3.6 ng/mL).

PET–CT findings

(A–D): images before treatment. (A): MIP; (B): fused and CT transaxial slices of lower pelvis; (C): PET 
and CT transaxial slices of mid-thorax; (D):  fused and CT transaxial slices of upper abdomen. (E–H):  
similar images at same levels, after treatment.

Intense 18F-choline uptake seen in the left femur before therapy is decreasing in intensity after 2 months 
of hormonal treatment. However, in the follow-up study there are two new bone lesions: one in a left 
lower rib and one in a thoracic dorsal vertebra.

Teaching point

Even in the presence of a decreasing trend in the PSA level, 18F-choline may detect new hormone resistant 
lesions, indicating treatment failure.

Keywords: Prostate cancer, therapy evaluation, 18F-choline
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5.4.3.	 Cases — hyperparathyroidism

Case courtesy of B. Brans, Nuclear Medicine Department, Ghent University Hospital, Belgium.

5.4.3.1.	 Case No. 5.11

Clinical indication for PET–CT: HPT, suspected PTA

Clinical history

A 46 year old woman presented with thyroid dysfunction and loss of weight. Laboratory investigations 
indicated hyperthyroidism. 99mTc-pertechnetate thyroid scintigraphy showed a multinodular 
hyperfunctioning gland. Treatment was instituted. At follow-up, the patient was asymptomatic and serum 
Ca levels were normal, but urinary Ca excretion was slightly elevated, as were serum parathyroid hormone 
(PTH) levels (102 ng/L; normal is 15–65 ng/L). A PTA was suspected. US showed several nodules in the 
thyroid gland. US of the kidneys was negative for lithiasis. Bone densitometry indicated mild osteopaenia. 

Scintigraphy and PET–CT findings

(A):   99mTc-pertechnetate; (B):  99mTc-sestaMIBI; (C):  18F-choline PET slice of lower neck; (D):  CT 
transaxial slice of lower neck.

(A) and (B) suggest an area of increased preferential 99mTc-sestaMIBI activity at the left upper pole of 
the thyroid. Subtraction images were negative. (C) and (D) show a small, but distinct, focus of abnormal 
uptake in the left lower neck, between the oesophagus and a posterior extension of the thyroid lobe 
(‘Zuckerkandl lobe’), indicative of a small PTA. 

Follow-up: Surgical exploration was suggested but postponed in view of the minimal metabolic 
consequences of the PTA at this stage.

Teaching points

18F-choline imaging may have equal specificity to conventional 99mTc-sestaMIBI/pertechnetate 
scintigraphy performed with washout, subtraction and/or single photon emission computed tomography 
(SPECT) or SPECT–CT protocols, but PET–CT has a higher sensitivity. In this case, PET–CT detected a 
small, moderately metabolically active lesion. The diagnostic sensitivity of 18F-choline PET–CT for PTA 
was found to be 96%, with a positive predictive value of 100%. In sestaMIBI-negative cases, 18F-choline 
PET–CT may be considered prior to surgery, if available. If positive, no confirmatory investigations 
such as US or MRI are necessary, and it can be recommended to proceed directly to targeted, minimally 
invasive surgery.

Keywords: PTA, 18F-choline, 99mTc-sestaMIBI
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6.  FLUORO-DIHYDROTESTOSTERONE — FDHT (18F)

6.1.	 GENERAL CHARACTERISTICS

Name: 	 	 18F-fluoro-dihydrotestosterone (18F-FDHT)

Synonyms: 	 16β-[18F]fluoro-5α-dihydrotestosterone

Radioisotope
18F is a short half-life PET radioisotope (109.7 min) emitting positrons of Emax 1.656 MeV. Owing 

to the high chemical stability of C–F bonds in organic compounds as well as the high water solubility of 
F compounds, 18F tracers usually exhibit suitable stability and biodistribution in humans. Although the 
F chemistry is complicated, the vast application of 18F labelled compounds in nuclear medicine has led 
to the development of efficient automated radiopharmaceutical production methods allowing large scale 
production of 18F tracers for clinical use.

Radiosynthesis
Although many centres produce the tracer using small scale non-automated methods, fully 

automated synthesis of 18F-FDHT using only commercially available components has been reported with 
radiochemical yields of 25–33%, radiochemical purity of  >99% and specific activity  >18.5 GBq/µmol in 
90 min. The procedure uses low amounts of precursor and appears cost effective (Fig. 6.1) [35–37].

6.2.	 PHARMACOKINETICS

6.2.1.	 Physiological biodistribution and metabolism

The free fraction of activity in the plasma was found to be less than 2% at all time points during 
the investigation, indicating that 18F-FDHT, as well as its metabolic products, are highly bound to plasma 
proteins. The more lipophilic metabolites accounted for 75% in a 5  min plasma sample and dropped 
to 5% in a 30 min plasma sample. It must be assumed that the in vivo metabolism of 18F-FDHT can 
vary somewhat between subjects. The normal radiotracer biodistribution exhibits uptake in blood vessels 
and the liver. The tracer is excreted via the gallbladder and bile ducts to the intestines, and also via the 
urogenital tract [35–37].
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FIG. 6.1. Molecular structure of 18F-fluoro-dihydrotestosterone.



6.2.2.	 Mechanism of retention

Upon administration, 18F-FDHT binds to the androgen receptor (AR) and is potentially integrated 
into AR expressing prostate tumour cells, leading to their successful imaging. 

6.2.3.	 Pharmacology and toxicology

No data are available.

6.3.	 METHODOLOGY 

6.3.1.	 Activity, administration, dosimetry

Patients are administered an IV bolus of 111–407  MBq of 18F-FDHT. Except for the liver 
(0.003 33 cGy/MBq) and the urinary bladder wall (0.008 68 cGy/MBq), the mean absorbed dose to each 
tissue was found to be less than 0.003 cGy/MBq. The effective dose equivalents range between 0.001 52 
and 0.002 01 cSv/MBq. These absorbed doses provide the basis for the level of administered activity of 
18F-FDHT specified above [38–42].

6.3.2.	 Imaging protocol

No specific patient preparation is required. Treatment with AR antagonists needs to be stopped for 
at least 5 weeks prior to the study. Imaging is performed following the IV injection of a dose of 200  MBq 
and an uptake period of 60 min. Acquisition of the PET component moves from the proximal femur 
to the skull. Acquisition time is 1–3 min/bed position, depending on body weight (1 min for less than 
60 kg, 2 min for 60–90 kg, 3 min for over 90 kg). For the CT imaging protocol, see general comments 
in Section 1.3.

6.4.	 CLINICAL ASPECTS

6.4.1.	 Indications

6.4.1.1.	 Prostate cancer

18F-FDHT PET–CT is performed when conventional imaging techniques do not suffice for diagnosis 
or when biopsy is not possible. Furthermore the study can be performed to provide a rationale for AR 
targeted therapy. The study can also assist to determine the AR binding status (receptor saturation) during 
AR targeted therapy, providing data that may be used to adjust the treatment dose in the individual patient.

6.4.1.2.	 Breast cancer

18F-FDHT PET–CT may be performed to provide a rationale for AR targeted therapy.

6.4.1.3.	 All other diseases with a high probability of androgen receptor expression

18F-FDHT PET–CT may be performed in cases challenging to diagnose.
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6.4.2.	 Cases

Cases courtesy of A. Glaudemans, University Medical Centre Groningen, the Netherlands.

6.4.2.1.	 Case No. 6.1

Clinical indication for PET–CT: Prostate cancer, staging

Clinical history

A 72 year old man with prostate cancer a known left inguinal LN metastasis.

PET–CT findings

18F-FDHT PET–CT MIP shows abnormal tracer uptake in the known left inguinal nodal metastasis 
(arrow), with no other AR expressing lesions. 

Teaching point

18F-FDHT PET–CT may be used for staging of prostate cancer. 

Keywords: Prostate cancer, staging,18F-FDHT
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6.4.2.2.	 Case No. 6.2

Clinical indication for PET–CT: Prostate cancer, staging

Clinical history

A 76 year old man with newly diagnosed prostate cancer and known bilateral inguinal LN metastases. 

PET–CT findings 

18F-FDHT PET–CT MIP shows multiple areas of abnormal tracer uptake in LNs above and below the 
diaphragm, including bilateral inguinal, para-iliac, para-aortic and retroperitoneal regions, as well as 
the pulmonary hilar and bilateral cervical nodes. Furthermore, there is abnormal uptake in several bone 
metastases in the spine, ribs and pelvis. The findings are consistent with disseminated nodal and skeletal 
metastatic disease with increased AR expression.

Teaching points: 

18F- FDHT PET–CT allows upstaging of disease.

Keywords: Prostate cancer, upstaging, 18F- FDHT
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6.4.2.3.	 Case No. 6.3

Clinical indication for PET–CT: Prostate cancer, staging in the presence of equivocal findings on CT. 

Clinical history

A 69 year old man with prostate cancer presented with equivocal findings on diagnostic CT, including 
normal size pelvic LNs and an unclear lesion in the right iliac bone.

PET–CT findings 

(Left): MIP; (centre): MRI transaxial slices of pelvis; (right): fused transaxial slices of pelvis.

There are foci of abnormal tracer uptake in the prostatic tumour, located dorsally in the left lobe (first row, 
arrows) and in small pelvic LNs (second and third rows, arrows) consistent with nodal metastases with 
increased AR expression. There is no tracer uptake in the right iliac bone lesion (fourth row, arrow).

Teaching point

18F- FDHT may play a role in staging of prostate cancer.

Keywords: Prostate cancer, staging, 18F-FDHT
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6.4.2.4.	 Case No. 6.4

Clinical indication for PET–CT: Prostate cancer, restaging 

Clinical history

An 88 year old man with prostate cancer (cT4N0M0), Gleason score 10, PSA 120 ng/mL, treated with 
luteinizing hormone releasing hormone agonist, had a normal bone scintigraphy. 

PET–CT findings

(A): MIP; (B–G): fused transaxial slices at various levels of the chest, abdomen and pelvis.

There is abnormal tracer uptake in disseminated LN metastases above and below the diaphragm (D, E, F), 
and multiple bone metastases in the sternum, ribs, scapulae, spine, and pelvis (B, C, G), all with high AR 
expression. The patient was referred for treatment with an AR antagonist. 

Teaching points

18F-FDHT PET–CT plays a role in restaging patients with advanced tumours, with further 
therapeutic implications. 

Keywords: Prostate cancer, restaging,18F- FDHT



7.  F-DOPA (18F)

7.1.	 GENERAL CHARACTERISTICS 

Name: 	 	 18F-DOPA

Synonyms: 	 L-3,4-Dihydroxy-6-[18F]fluorophenylalanine; 6-[18F]fluoro-L-DOPA; [18F]FDOPA

Radioisotope
18F is a short half-life PET radioisotope (109.7 min) emitting positrons of Emax 1.656 MeV. Owing 

to the high chemical stability of C–F bonds in organic compounds as well as the high water solubility 
of F compounds, 18F tracers usually exhibit suitable stability and biodistribution in humans. Although 
the F chemistry is complicated, the vast application of 18F labelled compounds in nuclear medicine has 
led to development of efficient automated radiopharmaceutical production methods allowing large scale 
production of 18F tracers for clinical use.

Radiosynthesis
18F-DOPA can be synthesized by either an electrophilic or nucleophilic process (Fig.  7.1). 

Electrophilic fluorination of a precursor with 18F acetyl hypofluorite afforded low radiochemical 
yield (8%, with 95% chemical purity and specific activity of 7.4  GBq/mmol in 100  min). A recently 
developed multistep synthesis based on the nucleophilic displacement of a nitro group using the standard 
18F-KF Kryptofix complex had a reported chemical purity of >96%, specific activity of 1 Ci/μmol and 
radiochemical yield of 23% in 90 min [43].

7.2.	 PHARMACOKINETICS

7.2.1.	 Physiological biodistribution and metabolism

18F-DOPA is converted to 6-[18F]fluorodopamine (FDA) by alpha amino acid dehydrogenase 
(AAAD) and retained in the striatum. FDA can be O-methylated by catechol-O-methyltransferase 
(COMT) to 3-O-methyl-6-[18F]fluoro-L-dopa, which is uniformly distributed throughout the brain. 
FDA is also metabolized via monoamine oxidase to yield [18F]6-fluoro-3,4-dihydroxyphenylacetic acid 
(FDOPAC) and subsequently by COMT to yield [18F]6-fluorochomovanillic acid. AAAD and COMT 
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FIG. 7.1. Molecular structure of 18F-DOPA.



are also present in peripheral tissues such as the liver, kidneys and lung. At 1 hour after administration of 
18F-DOPA, there is physiological tracer uptake in the basal ganglia of the brain, as well as high intensity 
uptake in the gallbladder and pancreas, and moderate to low activity in the liver. Tracer activity can also 
be seen in the kidneys and/or proximal ureters and the urinary bladder (Fig. 7.2) [43].

7.2.2.	 Mechanism of retention

18F-DOPA reflects all stages of DOPA transport, storage and metabolism into the neurons, providing 
important information for understanding dopamine related diseases.

7.3.	 METHODOLOGY

7.3.1.	 Activity, administration, dosimetry

The administered activity varies largely in the literature. In a recent study, a fixed amount of 
185 MBq 18F-DOPA was injected, and all acquisitions were performed after 1 hour.

Based on murine and human biodistribution data, the bladder wall receives the highest dose 
(0.215 mGy/MBq or 0.797 rad/mCi). Other organs receiving high doses are the kidneys (0.089 mGy/MBq 
or 0.329 rad/mCi) and pancreas (0.030 mGy/MBq or 0.110 rad/mCi). The brain, liver and lungs receive 
<0.008  mGy/MBq (0.029  rad/mCi). Effective dose equivalent following the tracer administration was 
estimated at 0.026 mSv/MBq (96 mrem/mCi) [43].
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FIG. 7.2. Normal biodistribution of 18F-DOPA in two patients.



7.3.2.	 Imaging protocol

7.3.2.1.	 Whole body PET–CT

A fasting period of more than 4  hours prior to administration of the radiotracer is suggested. 
Imaging is performed following the IV injection of a dose of 2–3 MBq/kg and an uptake period of 60 min. 
Acquisition time is 2–3 min/bed position. An additional early acquisition, at 10 min after injection, is 
suggested in cases of medullary thyroid cancer (MTC). For the CT imaging protocol, see general 
comments in Section 1.3.

7.3.2.2.	 Brain PET–CT

Imaging is performed following the IV injection of 2–3 MBq/kg and an uptake period of 10 min. 
Dynamic, one bed position brain acquisition for 40 min, or static, one bed brain acquisitions at 10 and 
40–50 min after injection, are performed.

7.4.	 CLINICAL ASPECTS 

7.4.1.	 Indications

18F-DOPA is the PET tracer of choice for detection of recurrent MTC. Acquiring early (10 min) and 
late (60 min) images improves the accuracy of 18F-DOPA PET–CT for detection of MTC recurrence [44]. 

18F-DOPA is also used for characterization of adrenal masses suspected to be phaeochromocytomas. 
18F-DOPA is very useful to detect multifocal disease and/or potential metastases of malignant 
phaeochromocytomas [45]. 

In patients with neuroblastoma, 18F-DOPA can clarify doubtful radiolabelled miBG scan results. 
18F-DOPA can be an alternative to miBG scintigraphy in neuroblastoma, for initial staging, in suspected 
relapse and for evaluation of response to therapy [46].

18F-DOPA PET–CT may also have a role in the management of neuroendocrine tumours (NETs). It 
has a high accuracy for staging, restaging and monitoring response to therapy. It should be emphasized 
that for this indication, 68Ga-DOTA-peptide tracers are the first choice. However, in patients with absent 
somatostatin receptor (SSTR) expression, and in centres that do not have availability of 68Ga-DOTA-
peptide tracers, 18F-DOPA can play a role [47].

18F-DOPA PET–CT can be also used to differentiate recurrent glioma from post-radiation necrosis 
and post-operative changes. It is also applied for therapy evaluation and detection of pseudo-response.
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7.4.2.	 Cases

7.4.2.1.	 Case No. 7.1

Clinical indication for PET–CT: Suspected phaeochromocytoma

Clinical history

A 45 year old patient with resistant hypertension raised the clinical suspicion of phaeochromocytoma.

PET–CT findings 

(A): MIP; (B): CT and fused transaxial images of upper abdomen.

There is intense tracer uptake in an enlarged right adrenal gland, consistent with a phaeochromocytoma.

Teaching point

18F-DOPA is the imaging method of choice for diagnosis of phaeochromocytoma.

Keywords: Phaeochromocytoma, 18F-DOPA
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7.4.2.2.	 Case No. 7.2

Clinical indication for PET–CT: Suspected phaeochromocytoma

Clinical history

A 55 year old woman with paroxysmal hypertension and elevated urinary catecholamines and 
metanephrines had a negative 18F-FDG PET–CT study. 

PET–CT findings 

(A): 18F-FDG MIP; (B): 18F-FDG fused and CT transaxial slices of upper abdomen; (C): 18F-DOPA MIP; 
(D): 18F-DOPA fused and CT transaxial slices at same level as in (B). 

There is intense 18F-DOPA uptake in an enlarged right adrenal gland, with no corresponding 18F-FDG 
uptake, consistent with phaeochromocytoma, further confirmed at surgery.

Teaching point

18F-DOPA PET–CT has a high accuracy for detection of phaeochromocytoma. It is considered the first 
choice PET tracer for identification and staging of this disease.

Keywords: Phaeochromocytoma, 18F-DOPA, 18F-FDG



57



58

7.4.2.3.	 Case No. 7.3

Clinical indication for PET–CT: Suspected phaeochromocytoma

Clinical history

A 51 year old woman had episodic abdominal pain and hypertension; phaeochromocytoma was suspected. 

PET–CT findings

(A): 18F-FDG MIP; (B): 18F-FDG fused and CT transaxial slices of upper abdomen; (C): 18F-DOPA MIP; 
(D): 18F-DOPA fused and CT transaxial slices at the same level as in (B).

There is intense 18F-FDG and 18F-DOPA uptake in a left adrenal mass (green marker). Surgery diagnosed 
malignant phaeochromocytoma.

Teaching point

Approximately 10% of phaeochromocytomas are malignant. They show aggressive behaviour and can 
metastasize. Both 18F-FDG and 18F-DOPA PET–CT have a high accuracy for staging of this disease.

Keywords: Malignant phaeochromocytoma, 18F-DOPA, 18F-FDG
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7.4.2.4.	 Case No. 7.4

Clinical indication for PET–CT: Suspected abdominal paraganglioma

Clinical history

A 48 year old patient had an abdominal mass; abdominal paraganglioma was suspected. 

PET–CT findings

(A): MIP; (B):  CT and fused transaxial slices of mid-abdomen; (C):  CT and fused transaxial 
slices of lower neck.

There is intense tracer uptake in the known abdominal mass, and an additional focus in a left paratracheal 
lesion (arrows) diagnosed at surgery as paraganglioma.

Teaching point

18F-DOPA is the tracer of choice for detection of paraganglioma. The high diagnostic accuracy is due to 
the whole body imaging capabilities and the high tumour to background ratio. 

Keywords: Paraganglioma, 18F-DOPA
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7.4.2.5.	 Case No. 7.5

Clinical indication for PET–CT: Evaluation of brain lesion

Clinical history

A 61 year old woman presented with an indeterminate left thalamic lesion on MRI, suspected to represent 
a low grade glioma. 

PET–CT findings 

(A): MRI transaxial slice of brain; (B): PET transaxial slice; (C): fused PET and MRI transaxial slice.

There is mild 18F-DOPA uptake in the thalamic lesion, also suggestive of low grade glioma. 

Follow-up: The lack of change observed in a follow-up after two years confirmed the diagnosis. 

Teaching point

18F-DOPA can be used as an amino acid tracer in neuro-oncology. This tracer has a higher striatal uptake 
as compared with 18F-FET.

Keywords: Glioma, 18F-DOPA
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7.4.2.6.	 Case No. 7.6

Clinical indication for PET–CT: Metastatic NET of unknown primary origin

Clinical history

A 61 year old woman diagnosed with metastatic NET following resection of a hepatic lesion was referred 
in search of the primary tumour.

PET–CT findings 

(A): 68Ga-DOTANOC MIP; (B):  68Ga-DOTANOC fused and CT transaxial slices of mid-abdomen; 
(C): 18F-DOPA MIP; (D): 18F-DOPA fused and CT transaxial slices at the same level as in (B).

No abnormal findings are seen in the 18F-DOPA study. There is focal increased 68Ga-DOTANOC uptake 
in the small bowel, probably the ileum (green marker).

Teaching point

68Ga-DOTA-peptides are more accurate than 18F-DOPA for evaluation of NETs and should be the first 
choice PET tracer for detection of tumours of unknown primary origin. In patients with absent SSTR 
expression, 18F-DOPA imaging may be a useful second method of investigation.

Keywords: Cancer of unknown primary origin, 18F-DOPA, 68Ga-DOTANOC
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7.4.2.7.	 Case No. 7.7

Clinical indication for PET–CT: Extra-adrenal paraganglioma, pre-operative staging 

Clinical history

A 59 year old man with a known paraganglioma was referred following detection of two additional 
suspicious extra-adrenal cervical lesions on MRI. 

PET–CT findings 

(A): MRI transaxial slices at upper and mid-cervical levels; (B): MIP; (C):  fused PET–MRI transaxial 
slices at the same levels as in (A).

There is intense tracer uptake in two lesions on both sides of the neck (green markers), consistent with 
extra-adrenal sites of paraganglioma. 

Teaching point

18F-DOPA PET–CT is useful, in addition to anatomical imaging, in the pre-operative localization and 
molecular assessment of extra-adrenal paragangliomas. However, 68Ga-DOTA-peptides are superior to 
18F-DOPA and are considered the PET tracers of choice in this setting. 

Keywords: Paraganglioma, 18F-DOPA
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7.4.2.8.	 Case No. 7.8

Clinical indication for PET–CT: Staging of lung carcinoid

Clinical history

A 45 year old patient with suspected right lung carcinoid. 

PET–CT findings 

(A): MIP; (B):  fused PET–CT images of the upper thorax; (C):  fused PET–CT images of the 
proximal femurs.

There is intense tracer uptake in the right lung as well as in multiple bone and soft tissue lesions, consistent 
with metastatic carcinoid. 

Teaching point

18F-DOPA may help in the staging of lung carcinoid but should only be used when 68Ga-DOTA-peptides 
are not available.

Keywords: Carcinoid, 18F-DOPA
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7.4.2.9.	 Case No. 7.9

Clinical indication for PET–CT: Neuroblastoma, staging

Clinical history

A 6 month old girl with newly diagnosed neuroblastoma was referred for staging.

PET–CT findings

(A): MIP; (B): CT and fused transaxial slices of abdomen, head and chest.

There are foci of intense tracer uptake in multiple metastases in the liver and skeleton, consistent with 
stage IV disease. 

Teaching point

18F-DOPA is the imaging tracer of choice in neuroblastoma. 

Keywords: Neuroblastoma, paediatric, 18F-DOPA
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7.4.2.10.	 Case No. 7.10

Clinical indication for PET–CT: Glioblastoma, therapy evaluation

Clinical history

A 38 year old woman with grade IV glioblastoma, treated by surgery and adjuvant RT 12 months earlier 
and receiving bevacizumab, had an MRI study that showed reduction of the areas of Gd enhancement, 
suggestive of partial response.

PET–CT findings 

(A): baseline CT and fused transaxial slices of brain; (B): follow-up images of the same slices as in (A).

There is a new site of abnormal 18F-DOPA uptake adjacent to post-surgical changes in the follow-up study 
as compared with the baseline study, consistent with disease progression. 

Teaching point

It is difficult to evaluate response of brain tumours to therapy by MRI. The disease may progress without 
manifesting an increase in the size of the Gd enhanced tumour (pseudo-response). 18F-DOPA PET–CT is 
a valuable method to assess treatment response in high grade gliomas. 

Keywords: Glioma, tumour progression, pseudo-response, 18F-DOPA
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7.4.2.11.	 Case No. 7.11

Clinical indication for PET–CT: Oligodendroglioma, evaluation after surgery

Clinical history

A 46 year old man with anaplastic oligodendroglioma was reassessed 3 months after surgery.

PET–CT findings

(A): baseline MIP and fused and CT transaxial slices of brain; (B):  post-surgery images of the same 
slices as in (A).

Prior to surgery there is highly increased tracer uptake by the tumour. After surgery there is only mild, 
slightly inhomogeneous 18F-DOPA uptake surrounding the surgical cavity. 

Follow-up: Follow-up at 6 months indicated no change.

Teaching point

Mild, homogenous 18F-DOPA uptake observed after surgery should not be interpreted as recurrence.

Keywords: Surgery, pitfall, 18F-DOPA
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7.4.2.12.	 Case No. 7.12

Clinical indication for PET–CT: Neuroblastoma, suspicion of relapse 

Clinical history

A 2 year old patient with history of neuroblastoma presented with suspected relapse of the disease in a left 
paravertebral mass.

PET–CT findings

(A): MIP; (B): CT and fused transaxial slices of mid-thorax.

There is intense tracer uptake in a left paravertebral mass adjacent to the upper thoracic spine suggesting 
relapse. Biopsy confirmed recurrent neuroblastoma. 

Teaching point

18F-DOPA is the imaging tracer of choice in neuroblastoma. It has higher diagnostic accuracy in comparison 
with miBG scintigraphy, mainly due to the higher quality of PET–CT images as compared with SPECT.

Keywords: Neuroblastoma, paediatric, 18F-DOPA
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7.4.2.13.	 Case No. 7.13

Clinical indication for PET–CT: MTC, suspected recurrence 

Clinical history

A 76 year old patient with MTC, post-surgery, presented with high calcitonin serum levels (200 ng/mL). 

PET–CT findings

(A): MIP; (B): fused transaxial slices of mid-thorax and lower thorax.

There is intense tracer uptake in multiple bone lesions, including in ribs and vertebrae. 

Teaching point

18F-DOPA is the imaging tracer of choice in the detection of relapsed MTC.

Keywords: MTC, 18F-DOPA
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7.4.2.14.	 Case No. 7.14

Clinical indication for PET–CT: MTC, suspected recurrence 

Clinical history

A 56 year old patient with MTC, post-surgery, presented with suspected recurrence (due to calcitonin 
levels of 48 ng/mL). 

PET–CT findings 

(A): early (10 min) regional study showing MIP, CT and fused transaxial slices of upper neck; (B): late 
(55 min) whole body study showing MIP, CT and fused transaxial slices at the same levels as in (A).

There is intense early tracer uptake in right parapharyngeal adenopathy (with a maximum standardized 
uptake value (SUVmax) of 3.5) decreasing in intensity in the late images (SUVmax 2.1) (arrows).

Teaching point

18F-DOPA is the tracer of choice for detection of relapsed MTC. Performing early and late studies, and 
detecting fast washout, may help in the diagnosis of aggressive relapse.

Keywords: MTC, early images, 18F-DOPA



72

7.4.2.15.	 Case No. 7.15

Clinical indication for PET–CT: Astrocytoma grade II, follow-up after surgery

Clinical history

A 46 year old man with a history of astrocytoma grade II, treated by surgery 4 years and 2 years prior to 
current examination, was considered to have stable disease following clinical assessment and MRI. 

PET–CT findings

(A): 18F-DOPA CT, fused and PET transaxial brain slices; (B):  18F-FDG, same images at same 
level as in (A).

There is intense 18F-DOPA uptake in the surgical bed in the left temporal area, with only mild uptake of 
18F-FDG. Watchful waiting was chosen at first, but after subsequent clinical deterioration, surgery was 
performed and recurrent astrocytoma was diagnosed.

Teaching point

18F-DOPA can be used as an amino acid tracer in neuro-oncology. 

Keywords: Glioma, 18F-DOPA, 18F-FDG



8.  FLUOROESTRADIOL, FES (18F)

8.1.	 GENERAL CHARACTERISTICS 

Name: 		  18F-fluoroestradiol (18F-FES)

Synonyms: 	 [18F]FES; 16α-[18F]fluoro-17β-estradiol; [18F]fluoroestradiol, fluoroestradiol

Radioisotope
18F is a short half-life PET radioisotope (109.7 min) emitting positrons of Emax 1.656 MeV. Owing 

to the high chemical stability of C–F bonds in organic compounds as well as the high water solubility 
of F compounds, 18F tracers usually exhibit suitable stability and biodistribution in humans. Although 
the F chemistry is complicated, the vast application of 18F labelled compounds in nuclear medicine has 
led to development of efficient automated radiopharmaceutical production methods allowing large scale 
production of 18F tracers for clinical use.

Radiosynthesis
18F is routinely produced by proton irradiation of enriched 18O water in biomedical cyclotrons, 

followed by 18F-KF formation (Fig.  8.1). 18F-FES was first synthesized by nucleophilic displacement 
of the triflate containing precursor using tetrabutylammonium 18F-fluoride, followed by automated high 
performance liquid chromatography (HPLC) purification. A one pot synthesis of nucleophilic fluorination 
of a cyclic sulphone was later developed successfully with radiochemical yields of 30–45% and specific 
activity of 37  GBq/μmol (1  Ci/μmol) in 60–120  min, leading to suitable automated modules (50% 
radiochemical yields in 50–80 min) [48].

8.2.	 PHARMACOKINETICS

8.2.1.	 Physiological biodistribution and metabolism 

After 18F-FES administration, it is cleared from the blood and metabolized in 20  min with only 
20% of intact tracer, mostly bound to plasma proteins. Liver uptake is rapid, and the metabolites appear 
in the blood as early as 5 min after injection. The main radioactive metabolites in the blood and urine are 
sulphate and glucuronide conjugates.

8.2.2.	 Mechanism of retention 

18F-FES binds to the oestrogen receptors (ERs) on the tumour cell surface as well as on intratumoural 
receptors in ER positive breast tumours. It has a proven value in the assessment of ER status of primary 
and metastatic breast cancer [48].
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FIG. 8.1. Molecular structure of 18F-fluoroestradiol.



8.2.3.	 Pharmacology and toxicology

The tracer biochemistry, receptor binding and metabolism are very similar to those of oestradiol, 
suggesting that data on oestradiol biochemistry and pharmacology are applicable to 18F-FES. Any 
differences between data for 18F-FES and oestradiol arise from the fact that only short term (1–2 hours) 
transient kinetics and metabolism of the radiolabelled 18F-FES are relevant to its use in PET. 

Studies of oestradiol physiology suggest that exposures of several hours to days are needed 
to elucidate physiological effects, and thus longer term equilibrium kinetics and metabolism are most 
relevant. Because of the 18F half-life limitation, oxidation plays only a minor role in 18F-FES metabolism 
and liver conjugation is responsible for enterohepatic circulation and prompt excretion in urine [48].

8.3.	 METHODOLOGY 

8.3.1.	 Activity, administration, dosimetry

The tracer is administered in IV doses ranging between 55.5 and 296  MBq (1.5–8.0  mCi). The 
effective dose equivalent is 0.022 mSv/MBq (80 mrem/mCi). The organ that receives the highest dose 
is the liver (0.13  mGy/MBq), followed by the gallbladder (0.10  mGy/MBq) and the urinary bladder 
(0.05 mGy/MBq) [49–54].

8.3.2.	 Imaging protocol

No dietary restrictions or fasting are required prior to administration of the radiotracer. Treatment 
with ER antagonists (e.g.  tamoxifen, fulvestrant, faslodex, oestrogens) need to be stopped for at least 
5 weeks prior to the study. Aromatase inhibitors and  luteinizing hormone releasing hormone agonists can 
be continued. Imaging is performed following the IV injection of a dose of approximately 200 MBq of 
18F-FES (minimum activity 100 MBq) in 8.3 ml with a mass of ≤5 μg. The level of binding of 18F-FES 
to the oestrogen receptors remains stable between 20 and 120 min post-injection. It is therefore advised 
to start the scanning procedure after an uptake period of 60 min after injection. The acquisition of the 
PET component moves from the proximal femur to the skull with 1–3 min/bed position, based on body 
weight (1 min for less than 60 kg, 2 min for 60–90 kg, 3 min over 90 kg). For the CT imaging protocol, 
see general comments in Section 1.3.

8.4.	 CLINICAL ASPECTS

8.4.1.	 Indications

In patients with breast cancer, the study can be performed when conventional imaging techniques 
do not suffice for establishing the diagnosis, and/or when biopsy is not possible. 18F-FES imaging can 
furthermore predict treatment response by providing a rationale for anti-hormonal therapy. It can assess 
heterogeneous ER expression and also determine the ER binding status (saturation) during endocrine 
therapy, to adjust the drug dose to the individual patient. In ovarian cancer 18F-FES may be helpful in cases 
with non-diagnostic radiological examinations as well as when tissue sampling cannot be performed. It 
can also provide a rationale for anti-hormonal therapy. PET–CT with 18F-FES may be further used in other 
malignancies with a high probability of ER expression, such as leiomyoma of the uterus, endometrial 
carcinoma or endometrial stromal sarcoma, gastric cancer and prostate cancer.
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8.4.2.	 Cases

Cases courtesy of A. Glaudemans, University Medical Centre Groningen, the Netherlands.

8.4.2.1.	 Case No. 8.1

Clinical indication for PET–CT: Metastatic breast cancer, predicting response to treatment

Clinical history

A 55 year old woman with a history of breast cancer (oestrogen receptor positive (ER+), human 
epidermal growth factor receptor 2 negative (HER2−)) had undergone lumpectomy followed by adjuvant 
chemotherapy and RT. Three years later the patient developed rapidly progressive bone metastases. The 
patient was referred to determine whether the bone metastases were ER+, in which case treatment with 
antihormonal drugs would be considered.

PET–CT findings 

(A): low intensity MIP; (B): normal intensity MIP.

The normal biodistribution of 18F-FES is demonstrated, with uptake in the liver, and excretion via the 
gallbladder and bile ducts to the intestines, and via the kidneys to the urinary bladder. There are no 
pathological findings. The known bone metastases do not show any ER expression. 

Follow-up: Treatment with anti-hormonal drugs was cancelled and the patient was referred to chemotherapy.

Teaching points

In 18F-FES PET–CT studies, the liver can be visualized by applying low intensity images.

Keywords: Breast cancer, therapy prediction, 18F-FES normal biodistribution
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8.4.2.2.	 Case No. 8.2

Clinical indication for PET–CT: Breast cancer, staging 

Clinical history

A 46 year old woman with right breast cancer (ER+) presented with palpable right axillary 
lymphadenopathy.

PET–CT findings

(A): MIP; (B): fused transaxial slice of upper neck.

There is increased tracer uptake in the right breast tumour and in several right axillary and retroclavicular 
LNs, confirming ER expression. There is an additional focal uptake in a cervical vertebra, confirming 
increased ER expression in a bone metastasis. 

Teaching point

The disease was upstaged, leading to a change in treatment plan.

Keywords: Breast cancer, staging, treatment planning, 18F-FES
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8.4.2.3.	 Case No. 8.3

Clinical indication for PET–CT: Breast cancer, restaging

Clinical history

A 63 year old woman with breast cancer had undergone lumpectomy followed by chemotherapy and RT. 
No anti-hormonal therapy had been given. The patient presented with complaints of fatigue and malaise. 
18F-FDG and 18F-FES PET–CT were performed to restage the disease. 

PET–CT findings

(A): 18F-FDG MIP; (B): 18F-FES anterior MIP; (C): 18F-FES lateral MIP.

There is slightly increased 18F-FDG uptake in reactive mediastinal and hilar LNs, and in a solitary lesion 
in the left iliac bone. 18F-FES images demonstrate the presence of increased ER expression in multiple 
mediastinal and hilar LNs, and in the left iliac bone metastasis, suggestive of ER+ breast cancer.

Teaching point

ER status may change during the natural history of the tumour. In case of a diagnostic dilemma, 18F-FES 
PET–CT may be useful for restaging. Evidence for recurrent metastatic disease with increased ER 
receptor expression may lead to a change in treatment plan. 

Keywords: Breast cancer, restaging, treatment planning, 18F-FES, 18F-FDG
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8.4.2.4.	 Case No. 8.4

Clinical indication for PET–CT: Breast cancer

Clinical history

A 53 year old woman with a history of colon cancer (treated with hemicolectomy) and breast cancer 
(ER+, treated with surgery, chemotherapy and loco-regional RT) presented following a partial epileptic 
seizure with visual symptoms. MRI of the brain demonstrated an 18 mm lesion in the left occipital lobe. 
Biopsy could not be performed owing to the location of the lesion.

PET–CT findings

(A): MIP; (B): fused transaxial slice of brain; (C): corresponding MRI.

There is focal uptake in a solitary lesion in the brain, consistent with increased ER expression in a brain 
metastasis of breast cancer. 

Teaching point

18F- FES PET–CT evidence for brain metastasis from breast cancer. 

Keywords: Breast cancer, staging, 18F-FES



9.  FLUOROETHYL-TYROSINE, FET (18F)

9.1.	 GENERAL CHARACTERISTICS 

Name: 	 	 O-(2-[18F]fluoroethyl)-L-tyrosine (18F-FET)

Synonyms: 	 [18F]FET, FET, F-18 FET

Radioisotope
18F is a short half-life PET radioisotope (109.7 min) emitting positrons of Emax 1.656 MeV. Owing 

to the high chemical stability of C–F bonds in organic compounds as well as the high water solubility 
of F compounds, 18F tracers usually exhibit suitable stability and biodistribution in humans. Although 
the F chemistry is complicated, the vast application of 18F labelled compounds in nuclear medicine has 
led to development of efficient automated radiopharmaceutical production methods allowing large scale 
production of 18F tracers for clinical use.

Radiosynthesis
Automated synthesis of this radiopharmaceutical is reported using a tosylated-L-tyrosine derivate 

already protected by a tert-butyl ester as a precursor for one-step nucleophilic 18F fluorination in the 
presence of tetrabutylammonium hydrogen carbonate/carbonate (Fig.  9.1). It achieves a specific 
activity of 18  GBq/μmol (0.49  Ci/μmol) in 80  min, a radiochemical yield of 55–60% and >99% 
radiochemical purity [55].

9.2.	 PHARMACOKINETICS

9.2.1.	 Physiological biodistribution and metabolism 

18F-FET accumulation in all organs peaks within 5 min after the injection, followed by a decrease 
and plateau at approximately 20–60 min. The blood activity curve shows a biexponential pattern with a 
half-life of 40 min. Tracer uptake in the pancreas is of mild intensity, almost equivalent to that in the liver 
and spleen, and similar to that in the heart and stomach, with none higher than the blood pool activity 
(Fig. 9.2) [55]. The elimination route of the tracer explains the high intensity activity in the kidneys, ureters 
and urinary bladder, and the variable visualization of the gallbladder. There is no tracer accumulation in 
bone, bone marrow or intestines (Fig. 9.2, top). In the brain, concentration in the normal cortex increases 
continuously up to 40 min post-injection, but is, as a rule, very low. The transverse and superior sagittal 
sinuses are visualized in early phase images (Fig. 9.2, bottom).
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FIG. 9.1. Molecular structure of 18F-fluoroethyl-tyrosine.



9.2.2.	 Mechanism of retention

Malignant cells develop overexpressed substance transporter systems to support energy supply, 
protein synthesis and cell division. The L-type amino acid transporter and Na+ dependent B0 systems 
manage the transport of various amino acids for final incorporation into proteins. Radiolabelled amino 
acids, including 18F-FET, are trapped in transformed cells, though they are not incorporated into proteins. 
They can be useful in brain tumour imaging based solely on amino acid transport.

9.2.3.	 Pharmacology and toxicology

No pharmacological and toxicological effects have been reported owing to low tracer concentration.
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FIG. 9.2. Normal biodistribution of 18F-FET. 



9.3.	 METHODOLOGY 

9.3.1.	 Activity, administration, dosimetry

Studies have been performed following the IV injection of 400 MBq (10.8 mCi). Human dosimetry 
was estimated based on this dose at 70 and 200  min. The urinary bladder received the highest dose 
(0.060 mGy/MBq or 222 mrad/mCi). Other organs, such as the uterus (0.022 mGy/MBq or 81 mrad/mCi) 
and kidney (0.020 mGy/MBq or 74 mrad/mCi), received moderate doses. No increased uptake was seen in 
the liver, bone, intestine, lung, heart or pancreas. The effective dose was 0.0165 mSv/MBq (61 mrem/mCi). 
The effective dose based on biodistribution data from mice was estimated to be 0.009  mSv/MBq 
(33 mrem/mCi) [55].

9.3.2.	 Imaging protocol 

A fasting period of at least 4 hours prior to administration of the radiotracer is suggested. Imaging 
is performed following the IV injection of 4–5 MBq/kg. Acquisition of the PET component includes a 
dynamic study of one bed position brain acquisition for 40 min, or a static protocol with an early, one bed 
position brain acquisition 10 min after injection, followed by a later study at 40–50 min after injection for 
a duration of 10 min. For the CT imaging protocol, see general comment in Section 1.3. 

9.4.	 CLINICAL ASPECTS

9.4.1.	 Indications

18F-FET is an amino acid PET tracer used mainly in the diagnosis of CNS tumours. One of the 
great advantages of using 18F-FET compared to 18F-FDG for the diagnosis of brain tumours is the very 
low background in the healthy brain. Brain tumours demonstrate increased tracer uptake and therefore 
the tumour to background ratio is favourable, making the 18F-FET studies quite easy to read and 
interpret [56–60]. 

The most common clinical indication for 18F-FET is the identification of tumour recurrence in 
patients with unclear findings on MRI. Treatment related processes, such as fibrosis, necrosis or oedema, 
may occur, making the interpretation of conventional imaging studies equivocal. 18F-FET PET–CT is 
highly accurate for detection of viable tumour tissue.

18F-FET may also be used for early monitoring of response to different treatment options 
(e.g. chemotherapy, RT, targeted therapy). 18F-FET allows a more reliable distinction between pseudo- 
and real progression, and between pseudo- and real response, which are not always easy to recognize with 
MRI. Inclusion of 18F-FET imaging in the diagnostic workup improves patient management and avoids 
under- or over-treatment.

Early detection of malignant transformation of low grade to high grade tumours is of clinical 
importance because the initiation of a specific treatment depends mainly on the World Health Organization 
(WHO) grade. 18F-FET PET–CT allows non-invasive detection of malignant progression of low grade 
gliomas with high diagnostic accuracy.

18F-FET may also have a role in selected cases for biopsy target definition. Implementation of 
18F-FET imaging in biopsy planning reduces the number of required trajectories in patients with brain 
tumours, especially in the presence of widespread MRI abnormalities, or in the presence of lesions located 
in high risk or functional areas.

Delineation of the extent of disease for RT planning is another clinical indication for 18F-FET imaging.
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9.4.2.	 Cases

9.4.2.1.	 Case No. 9.1

Clinical indication for PET–CT: Evaluation of brain lesion

Clinical history

A 46 year old man with nausea and headache. MRI shows an infiltrating lesion with low Gd 
enhancement (A).

PET–CT findings

(A): MRI transaxial slices of brain; (B): CT and fused transaxial slices; (C): graph of uptake over time. 

There is intense 18F-FET uptake, with decreasing uptake during the 35  min examination (C). Surgery 
confirmed a high grade glioma.

Teaching point

Decreasing pattern of 18F-FET uptake during the study and high tumour to background ratio generally 
indicate aggressive behaviour of the tumour.

Keywords: High grade glioma, 18F-FET
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9.4.2.2.	 Case No. 9.2

Clinical indication for PET–CT: Evaluation of brain lesion

Clinical history

A 49 year old woman with seizures. MRI shows a ring enhancing lesion in the right parietal region (A).

PET–CT findings

(A): MRI transaxial slices of brain; (B): CT and PET transaxial slices; (C): graph of uptake over time.

There is faint 18F-FET uptake at the lesion with no decrease in intensity over the 25 min study (C). Surgery 
confirmed a low grade glioma. 

Teaching point

A pattern of increasing 18F-FET uptake (or at least no decrease in activity) over the study duration, as well 
as low tumour to background ratio, generally indicate lesions with better prognosis.

Keywords: Low grade glioma, 18F-FET
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9.4.2.3.	 Case No. 9.3

Clinical indication for PET–CT: Characterization of brain lesion

Clinical history

A 46 year old woman with MRI showing an area of brain haemorrhage in the left parietal region with no 
apparent cause (A).

PET–CT findings

(A): MRI transaxial brain slices at two levels; (B): CT, fused and PET transaxial slices.

There is no 18F-FET uptake in the lesion seen on MRI.

Teaching point

18F-FET PET–CT may be helpful in finding the potentially underlying malignant cause of 
brain haemorrhage. 

Keywords: Brain haemorrhage, 18F-FET
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9.4.2.4.	 Case No. 9.4

Clinical indication for PET–CT: Characterization of brain lesion 

Clinical history

A 46 year old woman with vascular malformation. MRI shows areas of signal changes due to recent 
radioembolization (A).

PET–CT findings

(A): MRI transaxial slices of brain; (B): PET transaxial, sagittal and coronal slices; (C): CT transaxial slice. 

There is moderate tracer uptake in the known lesion.

Teaching point

Non-neoplastic brain lesions may show mild to moderate 18F-FET uptake, comparable with the uptake 
intensity of low grade tumours. 

Keywords: Benign brain lesion, 18F-FET
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9.4.2.5.	 Case No. 9.5

Clinical indication for PET–CT: Evaluation of parietal brain mass 

Clinical history

A 30 year old woman with partial complex seizure disorder. MRI shows a 3 cm mass in the left parietal 
lobe (see T2 weighted fluid-attenuated inversion recovery (FLAIR) images) without Gd enhancement.

PET–CT findings

(A): 18F-FDG MRI, fused and PET transaxial slices of brain; (B): early 18F-FET MRI, fused and PET 
transaxial slices; (C): late 18F-FET MRI, fused and PET transaxial slices.

There is no 18F-FDG uptake (A), and no early 18F-FET uptake is visible in the images taken 10 min post-
injection (B). In the late 18F-FET images, acquired 60 min post-injection, there is mild tracer uptake, with 
a maximum tumour to background ratio (TBRmax) (SUVmax/SUVmean) of 2.2 in the lesion (C), consistent 
with low grade glioma. Surgery confirmed a grade II oligodendroglioma.

Teaching point

Up to 30% of low grade gliomas do not take up 18F-FET. However, because uptake increases over time, 
using delayed images may help lower the number of false negative results. 

Keywords: Oligodendroglioma, 18F-FET, 18F-FDG
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9.4.2.6.	 Case No. 9.6

Clinical indication for PET–CT: Characterization of brain lesion 

Clinical history

A 56 year old man presented with an incidental finding on MRI of an area of signal change probably due 
to low grade tumour (A).

PET–CT findings

(A): MRI transaxial slice of brain; (B): fused transaxial slice.

There is no 18F-FET uptake in the lesion seen on MRI. Surgery diagnosed grade II oligodendroglioma.

Teaching point

Absence of 18F-FET uptake does not exclude tumours with an indolent course of disease.

Keywords: Low grade glioma, prognosis, 18F-FET
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9.4.2.7.	 Case No. 9.7

Clinical indication for PET–CT: Evaluation of brain lesion

Clinical history

A 40 year old woman presented with partial complex seizure disorder. MRI shows an infiltrating lesion in 
the left frontal lobe without Gd enhancement (A). 

PET–CT findings

(A): MRI transaxial slices of brain; (B): 18F-FDG CT, fused and PET slices; (C): 18F-FET, early study, 
same slices as in (B).

There is mild 18F-FDG uptake in the left frontal lesion (B). Intense18F-FET uptake, with a TBRmax 
(SUVmax/SUVmean) of 3.4, is seen in the lesion (C). Surgery confirmed a grade II oligodendroglioma.

Teaching point

A TBRmax below 2.5 essentially excludes a grade IV glioma. On the other hand, low grade gliomas may 
display very intense uptake; therefore this study has high negative predictive value and lower positive 
predictive value.

Keywords: Oligodendroglioma, 18F-FET, 18F-FDG
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9.4.2.8.	 Case No. 9.8

Clinical indication for PET–CT: Evaluation of brain lesion

Clinical history

A 58 year old man with seizures and a large left frontal mass with no Gd enhancement on MRI.

PET–CT findings

(A): 18F-FDG CT, fused and PET transaxial slices of brain; (B): 18F-FET, early study, same slices as in (A).

There is no increased 18F-FDG uptake in the lesion (A). Mild early 18F-FET uptake, TBRmax 
(SUVmax/SUVmean) 2.6, is seen in the brain lesion (B). The findings are consistent with a glioma, most 
likely grade II. Surgery confirmed an oligodendroglioma with several anaplastic foci. 

Teaching point

Gliomas tend to be heterogeneous. Grading the tumour according to the intensity of 18F-FET is not reliable.

Keywords: Oligodendroglioma, 18F-FET, 18F-FDG
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9.4.2.9.	 Case No. 9.9

Clinical indication for PET–CT: Gliosarcoma, suspected recurrence

Clinical history

A 48 year old man with left temporal gliosarcoma treated by surgery and adjuvant chemoradiation 
16 months earlier. Follow-up MRI shows a hyperintense T1w lesion (A).

PET–CT findings

(A): MRI transaxial slice of brain; (B): 18F-FDG CT, fused and PET transaxial slices; (C): 18F-FET, same 
slices as in (B)

There is no significant 18F-FDG uptake (B) in the left temporal region; however, there is intense 18F-FET 
uptake, TBRmax (SUVmax/SUVmean) 2.6, consistent with recurrent disease (C). The patient underwent RT 
with initial response but later progressed.

Teaching point

18F-FET PET–CT is helpful in distinguishing recurrent glioma or metastases from post-radiation changes. 
A threshold of 2.1 for the TBRmax has been proposed.

Keywords: Recurrent glioma, radionecrosis, 18F-FET, 18F-FDG
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9.4.2.10.	 Case No. 9.10

Clinical indication for PET–CT: Extent of brain tumour recurrence

Clinical history

A 51 year old woman with a brain tumour was treated by surgery, followed by adjuvant chemoradiation for 
recurrence. MRI shows areas of signal changes due to the tumour recurrence in the temporal region (A).

PET–CT findings

(A): MRI transaxial slices of brain; (B, C): CT transaxial slices and fused PET–CT slices in three planes 
(transaxial, coronal and sagittal).

There is an area of very high 18F-FET uptake in the lesion, larger in size as compared with MRI findings. 

Teaching point

18F-FET PET–CT identifies recurrent tumour and defines with high accuracy the area of disease. This will 
give significant information for further treatment planning.

Keywords: Boundaries of disease recurrence, 18F-FET
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9.4.2.11.	 Case No. 9.11

Clinical indication for PET–CT: Differentiating radiation injury from recurrence

Clinical history

A 55 year old woman with grade II–III oligoastrocytoma treated by surgery and adjuvant RT 13 months 
prior to current investigation. MRI shows a focal area of Gd enhancement (A) but no corresponding 
perfusion anomaly (B), which suggests radiation necrosis.

PET–CT findings

(A, B): MRI transaxial slices of brain; (C): CT, fused PET–CT and PET axial slices of brain.

There is intense tracer uptake in the Gd enhancing lesion, consistent with persistent or recurrent disease. 
Surgery revealed a grade II oligoastrocytoma.

Teaching point

18F-FET PET–CT is helpful for distinguishing recurrent glioma or metastases from post-radiation changes. 
A threshold of 2.1 for the TBRmax has been proposed for the differential diagnosis.

Keywords: Recurrent glioma, radionecrosis, 18F-FET
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9.4.2.12.	 Case No. 9.12

Clinical indication for PET–CT: Differentiating radiation injury from recurrence 

Clinical history

A 31 year old man with grade III oligoastrocytoma treated by surgery and adjuvant RT 3 years earlier, 
followed by recurrence treated by surgery and radio-chemotherapy 8 months prior to current investigation.

PET–CT findings

(A): 18F-FDG CT, fused and PET transaxial slices of brain; (B): 18F-FET, same slices as in (A).

There is mild 18F-FDG uptake (A) and intense 18F-FET uptake, TBRmax 3.4 (B), consistent with recurrent 
disease. Glioblastoma was excised at surgery.

Teaching point

18F-FET PET–CT is helpful for differentiating recurrent glioma or metastases from post-radiation changes. 

Keywords: Recurrent glioma, 18F-FET, 18F-FDG
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9.4.2.13.	 Case No. 9.13

Clinical indication for PET–CT: Differentiating radiation injury from recurrence

Clinical history

A 45 year old man with anaplastic oligodendroglioma treated by surgery and adjuvant RT 10  months 
earlier. MRI shows a very small area of Gd enhancement without any other signal changes (A).

PET–CT findings 

(A): MRI transaxial slice of brain; (B): fused and CT transaxial slices; (C): MRI follow-up images.

There is intense 18F-FET uptake in the Gd enhancing lesion, consistent with recurrence. 

Follow-up: MRI performed 3 months later shows disease progression (C). 

Teaching point

In patients with high grade glioma, 18F-FET PET–CT is helpful in characterizing very small, doubtful 
lesions seen on MRI and may thus shorten time to diagnosis. 

Keywords: Recurrent glioma, 18F-FET
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9.4.2.14.	 Case No. 9.14

Clinical indication for PET–CT: Suspicion of disease progression

Clinical history

A 51 year old woman, with glioblastoma grade IV treated by surgery and adjuvant RT 18 months earlier, 
receiving bevacizumab at the time of the investigation. MRI shows small areas of Gd enhancement 
suspected to reflect disease progression during treatment (A).

PET–CT findings

(A): MRI transaxial slices of brain; (B): fused transaxial slice; (C): MRI follow-up images.

There is no tracer uptake in the Gd enhancing lesion. 

Follow-up: MRI performed 2 months later shows reduction of areas of Gd enhancement (C).

Teaching point

18F-FET PET–CT is highly accurate in high grade gliomas. On MRI, recurrence is difficult to differentiate 
from pseudo-progression.

Keywords: Recurrent glioma, pseudo-progression, 18F-FET
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9.4.2.15.	 Case No. 9.15

Clinical indication for PET–CT: Differentiating radiation injury from recurrence

Clinical history

A 72 year old man with melanoma of the back and metastatic brain lesions treated with stereotactic 
radiation. MRI shows two areas of Gd enhancement in the right frontal (green arrow) and left parietal (red 
arrow) regions, suggestive of radiation necrosis (A).

PET–CT findings

(A): MRI transaxial slice of brain; (B): fused transaxial slice.

There is intense tracer uptake in the Gd enhancing left parietal lesion consistent with persistent viable 
tumour. However, there is no 18F-FET uptake in the right frontal lesion.

Teaching point

18F-FET PET–CT is helpful for distinguishing metastases from post-radiation changes. 

Keywords: Brain metastasis, radionecrosis, 18F-FET
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9.4.2.16.	 Case No. 9.16

Clinical indication for PET–CT: Suspected brain metastasis in patient with oesophageal cancer 

Clinical history

A 61 year old man with newly diagnosed oesophageal carcinoma. MRI shows an area of Gd enhancement 
suspected to be a brain metastasis (A).

PET–CT findings

(A): MRI transaxial slice of brain; (B): CT transaxial slice; (C): PET slices in three planes.

There is very faint 18F-FET uptake in the Gd enhancing lesion. 

Teaching point

Literature regarding the accuracy of 18F-FET imaging for the detection of secondary lesions is scarce. 
It appears that 18F-FET PET–CT does not have a high enough sensitivity for the identification of 
brain metastases. 

Keywords: Brain metastasis, 18F-FET



10.  FLUOROTHYMIDINE, FLT (18F)

10.1.	GENERAL CHARACTERISTICS 

Name: 		  18F-fluorothymidine (18F-FLT)

Synonyms: 	 3′-deoxy-3′-[18F]fluorothymidine; [18F]fluorothymidine, 18FLT, F-18 FLT.

Radioisotope
18F is a short half-life PET radioisotope (109.7 min) emitting positrons of Emax 1.656 MeV. Owing 

to the high chemical stability of C–F bonds in organic compounds as well as the high water solubility 
of F compounds, 18F tracers usually exhibit suitable stability and biodistribution in humans. Although 
the F chemistry is complicated, the vast application of 18F labelled compounds in nuclear medicine has 
led to development of efficient automated radiopharmaceutical production methods allowing large scale 
production of 18F tracers for clinical use.

Radiosynthesis
Unlike 18F-FDG, the radiosynthesis of 18F-FLT can lead to many complex and potentially toxic by-

products, and therefore 18F-FLT has to be purified. The most reliable purification is by HPLC, but some 
recent papers describe solid phase extraction strategies. A reliable technique for radiosynthesis of 18F-FLT 
has been developed based on 18F displacement of a protected nosylate precursor (Fig. 10.1). A simple 
three step process was used to prepare 370 MBq (radiochemically pure, specific activity 37 GBq/μmol in 
100 min, 13% radiochemical yield). In addition, a fully automated method for the synthesis of 18F-FLT 
has also been developed, with 50% radiochemical yield, by modifying a commercial 18F-FDG synthesizer 
and its disposable fluid pathway [61–65].
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FIG. 10.1. Molecular structure of 18F-fluorothymidine.



10.2.	PHARMACOKINETICS

10.2.1.	 Physiological biodistribution and metabolism 

While 18F-FLT does not complete the full nucleoside biochemical pathway, conjugated 18F-FLT is 
cleared via the kidneys and excreted in the urine, enabling the visualization of the kidneys, ureter and 
bladder. There is intense tracer uptake in the bone marrow and moderate to intense activity uptake in the 
liver. The spleen shows only faint uptake and the brain is not visualized (Fig. 10.2) [61–65]. 

10.2.2.	 Mechanism of retention

18F-FLT is an analogue of the nucleoside thymidine (deoxythymidine), however substitution of the 
3′-F atom prevents it from further entering the regular biochemical pathway. 18F-FLT is transported actively 
from the blood into cells and is further phosphorylated by thymidine kinase 1 without incorporation into 
DNA. The activity accumulated in the cells is proportional to thymidine kinase 1 activity as well as to 
cellular proliferation. 

10.2.3.	 Pharmacology and toxicology

Pharmacology and toxicology were initially assessed for non-radioactive FLT when it was 
investigated as an antiviral drug. FLT had unacceptable toxicity at much greater doses than those used for 
the radioactive tracer. The United States National Cancer Institute investigational new drug application 
indicates that an 18F-FLT dose of 2.59 MBq/kg with a maximal activity of 185 MBq (5 mCi) shows no 
evidence of toxicity or complications attributable to its intravenous administration.
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FIG. 10.2. Normal biodistribution of 18F-FET.



10.3.	METHODOLOGY 

10.3.1.	 Activity, administration, dosimetry

Typical IV injected activities range between 185 and 370 MBq (5 to 10 mCi). The United States 
National Institutes of Health requires a radiochemical purity of no less than 95% as well as no more than 
5 µg of non-radioactive FLT and no more than 5 µg of other UV absorbing impurities. 

The effective dose equivalent is reported at 0.028 ± 0.012 mSv/MBq for the standard adult male 
and 0.033 ± 0.012 mSv/MBq for the standard adult female. The critical organ is the urinary bladder wall 
and the dose depends on the voiding schedule, 0.18 mGy/MBq in males with voiding at 6 hours, and 
0.08 mGy/MBq with voiding at 2 and 6 hours post injection [61–65].

10.3.2.	 Imaging protocol

Patient preparation does not require any specific dietary restrictions. Imaging is performed after 
the IV administration of 2–3 MBq/kg, following an uptake period of 50–60 min. Acquisition of the PET 
component is performed with 2–3 mins/bed position. For the CT imaging protocol, see general comments 
in Section 1.3. 

10.4.	CLINICAL ASPECTS

10.4.1.	 Indications

18F-FLT is a marker for tumour cell proliferation [66]. 18F-FLT is phosphorylated by thymidine 
kinase 1. The activity of this enzyme is elevated during cell mitosis, and therefore 18F-FLT uptake reflects 
cell proliferation in cancer tissue. After treatment, such as chemotherapy, RT or biological treatment, 
18F-FLT imaging reflects the presence of residual active tumour tissue in which the treatment was 
not effective. 

According to this rationale, the clinical use of 18F-FLT is mainly to assess early response to treatment 
and for early identification of patients who did not respond. Although 18F-FLT has not entered routine 
clinical practice, many investigational studies have been published. The main fields of investigation are 
head and neck cancers [67], non-small cell lung cancer (NSCLC) [68], breast cancer [69], haematological 
malignancies [70, 71] as well as gastric and oesophageal cancer [72].
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10.4.2.	 Cases

10.4.2.1.	 Case No. 10.1

Clinical indication for PET–CT: Non-Hodgkin lymphoma, staging  

Clinical history

A 52 year old patient with newly diagnosed diffuse large B-cell non-Hodgkin lymphoma.

PET–CT findings

(A): MIP; (B): CT and fused transaxial slices at the inguinal level.

There is intense tracer uptake in enlarged bilateral inguinal and right iliac LNs.

Teaching point

18F-FLT can be positive in lymphoma. The degree of 18F uptake seems to correlate with outcome.

Keywords: Lymphoma, 18F-FLT
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10.4.2.2.	 Case No. 10.2

Clinical indication for PET–CT: NSCLC, restaging

Clinical history

A 57 year old patient with NSCLC who progressed after first line chemotherapy was referred for a 
baseline study before therapy with Nivolumab.

PET–CT findings

(A): MIP; (B): CT and fused slices of thorax; (C): CT and fused slices of pelvis.

There is intense tracer uptake in a left lung lesion, as well as in mediastinal LNs and small bone metastases.

Teaching point

18F-FLT may show intense uptake in NSCLC. The baseline investigation is useful to assess response to 
future therapies.

Keywords: NSCLC, 18F-FLT



11.  FLUCICLOVINE, FACBC (18F)

11.1.	GENERAL CHARACTERISTICS 

Name: 		  18F-fluciclovine (18F-FACBC)

Synonyms: 	 Anti-1-amino-3-[18F]fluorocyclobutane-1-carboxylic acid; [18F]FACBC

Radioisotope
18F is a short half-life PET radioisotope (109.7 min) emitting positrons of Emax 1.656 MeV. Owing 

to the high chemical stability of C–F bonds in organic compounds as well as the high water solubility 
of F compounds, 18F tracers usually exhibit suitable stability and biodistribution in humans. Although 
the F chemistry is complicated, the vast application of 18F labelled compounds in nuclear medicine has 
led to development of efficient automated radiopharmaceutical production methods allowing large scale 
production of 18F tracers for clinical use.

Radiosynthesis
Similar to the two step process for 18F-FDG radiosynthesis, 18F-FACBC can be produced by 

nucleophilic fluorination of syn-1-t-butyl-carbamate-3-trifluromethanesulfonoxy-1-cyclobutane-1-
carboxylic acid methyl ester with 18F-KF/Kryptofix  222 and subsequent hydrolysis and purification 
leading to a radiosynthesis yield of 12% and a radiochemical purity of 99% in 60 min (Fig 11.1). An 
automated radiosynthesis of anti-18F-FACBC is also reported with a yield of 24%, radiochemical purity of 
99% and specific activity of 137–192 GBq/mmol [73–76].

11.2.	PHARMACOKINETICS

11.2.1.	 Physiological biodistribution and metabolism 

No specific metabolic pathway has been identified for 18F-FACBC. On early images, at 1 min after 
tracer administration, there is intense tracer uptake in the liver and pancreas, moderate uptake in salivary 
and pituitary glands, in the bowel and in bone marrow, and faint uptake in the spleen and muscles. Only 
minor brain and lung uptake is observed, lower than that of the blood pool (Fig. 11.2(A)). On delayed 
studies, bone marrow activity decreases while muscle activity increases (Fig. 11.2(B)). Urinary excretion 
causes visualization of the kidneys and proximal ureters [73–76].
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FIG. 11.1. Molecular structure of 18F-fluciclovine.



11.2.2.	 Mechanism of retention

As a non-natural amino acid, 18F-FACBC is not metabolized. It accumulates intracellularly in 
high concentrations. Its uptake is directed through both the L-type transporter and the energy dependent 
A-type transporter. 

11.2.3.	 Pharmacology and toxicology

No notable adverse effect on the CNS, cardiovascular system and respiratory functions have been 
reported. High safety margins were achieved and the product is well tolerated in all patients [73–76].

11.3.	METHODOLOGY 

11.3.1.	 Activity, administration, dosimetry

Activities of 335–8200  MBq/mL (9–221  mCi/mL) at calibration time and date are available 
in 30 mL multidose vials. The administered activity for a patient is 370 MBq (10 mCi) through an IV 
bolus. The biodistribution data show that the liver receives the highest dose of radioactivity, followed 
by the pancreas, heart wall, kidneys and spleen. The effective dose equivalent is 0.016  4  mSv/MBq 
(60.6 mrem/mCi). 
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FIG. 11.2. Normal biodistribution of 18F-fluciclovine in two patients. 
 



11.3.2.	 Imaging protocol

The patient has to fast for 4  hours. Imaging is performed following the IV injection of a tracer 
dose of 3–4 MBq/kg and an uptake period of 1–2 min. It is suggested to administer 18F-FACBC with the 
patient already positioned on the tomograph’s bed. Acquisition of the PET component starts from the 
pelvis for an acquisition time of 2–3 min/bed position. For the CT imaging protocol, see general comment 
in Section 1.3. 

11.4.	CLINICAL ASPECTS

11.4.1.	 Indications

18F-FACBC is mainly used in prostate cancer although some other malignancies have been 
also studied, including breast cancer and primary brain tumours [77–79]. In prostate cancer, the main 
indications are similar to those for radiolabelled choline or PSMA. 18F-FACBC PET–CT studies are 
performed for detection of the primary cancer, to guide biopsy, for staging intermediate risk/high risk 
patients, and for restaging BCR.
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11.4.2.	 Cases

11.4.2.1.	 Case No. 11.1

Clinical indication for PET–CT: Prostate cancer, staging 

Clinical history

A 62 year old patient with newly diagnosed prostate cancer, stage T3a, Gleason score 4+3, PSA 9.8 ng/mL.

PET–CT findings

(A): MIP; (B): PET, fused and CT transaxial slices of pelvis.

There is focal intense tracer uptake in the right lobe of the prostate. No nodal or distant metastases are visible. 

Teaching point

18F-FACBC is useful in staging high risk prostate cancer. 

Keywords: Prostate cancer, staging, 18F-FACBC
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11.4.2.2.	 Case No. 11.2

Clinical indication for PET–CT: Prostate cancer, staging 

Clinical history

A 61 year old patient with newly diagnosed prostate cancer, stage T3b, Gleason score 4+4, PSA 12 ng/mL.

PET–CT findings 

(A): MIP; (B, C): CT and fused transaxial slices at two levels of pelvis.

There is intense tracer uptake in an enlarged prostate gland (B) and focal uptake in a small (7 mm) left 
iliac LN metastasis (C). 

Teaching point

18F-FACBC is useful in staging high risk prostate cancer. The presence of LN metastases at presentation is 
common in high risk patients. Note the intensity of uptake despite the small size of the LN.

Keywords: Prostate cancer, staging, 18F-FACBC
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11.4.2.3.	 Case No. 11.3

Clinical indication for PET–CT: Prostate cancer, staging

Clinical history

A 72 year old patient with newly diagnosed prostate cancer, stage T3a, Gleason score 4+4, PSA 28 ng/mL.

PET–CT findings

(A): MIP; (B): CT and fused transaxial slices of pelvis.

There is intense tracer uptake in an enlarged prostate gland and an additional focal uptake in a small 
osteoblastic metastasis in the left ischium.

Teaching point

18F-FACBC is useful in staging high risk prostate cancer. The incidence of bone lesions in prostate cancer 
at presentation is relatively rare, but higher in patients with high risk tumours.

Keywords: Prostate cancer, staging, 18F-FACBC



109

11.4.2.4.	 Case No. 11.4

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 64 year old patient with prostate cancer BCR, with PSA 0.9 ng/mL.

PET–CT findings

(A): MIP; (B): CT and fused transaxial slices of pelvis.

There is faint tracer uptake in a small (9 mm) right iliac LN (B). 

Teaching point

Small LN metastases may be 18F-FACBC positive. The presence of oligometastatic disease indicates that 
the patient is a candidate for aggressive therapy, such as salvage RT or salvage pelvic LND.

Keywords: Prostate cancer, BCR, 18F-FACBC
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11.4.2.5.	 Case No. 11.5

Clinical indication for PET–CT: Prostate cancer, BCR 

Clinical history

A 71 year old patient with prostate cancer BCR, PSA 1.0 ng/mL and PSA dt 8.6 months.

PET–CT findings 

(A): 18F-FACBC MIP, PET and fused transaxial slices of mid-thorax; (B):  18F-choline MIP and same 
slices at same level as (A).

There are no areas of increased 18F-FACBC uptake in the thorax, while on CT there is a 10 mm left lung 
nodule (A). 18F-choline imaging performed one week later shows moderate tracer uptake in the lung 
lesion (B). Biopsy of the lung lesion diagnosed a metastasis of prostate cancer.

Teaching point

18F-FACBC may be false negative in small lung metastases of prostate cancer. 

Keywords: Prostate cancer, lung metastasis, 18F-FACBC
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11.4.2.6.	 Case No. 11.6

Clinical indication for PET–CT: Prostate cancer, BCR 

Clinical history

A 71 year old patient with prostate cancer BCR, post-radical prostatectomy, PSA 2.1 ng/mL. 

PET–CT findings

The image (MIP) shows low intensity abnormal tracer uptake in an enlarged spleen. The patient was 
further diagnosed with idiopathic myelofibrosis.

Teaching point

18F-FACBC can show positive results in haematological conditions, such as myelofibrosis.

Keywords: Prostate cancer, myelofibrosis, 18F-FACBC
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11.4.2.7.	 Case No. 11.7

Clinical indication for PET–CT: Prostate cancer, BCR 

Clinical history

A 58 year old patient with prostate cancer BCR, with PSA 0.4 ng/mL.

PET–CT findings

(A): MIP; (B): fused transaxial slice of mid-thorax.

There is low intensity increased tracer uptake in mediastinal LNs. Biopsy diagnosed chronic 
lymphocytic leukaemia.

Teaching point

18F-FACBC can show positive results in haematological conditions, such as chronic lymphocytic leukaemia.

Keywords: Prostate cancer, leukaemia, 18F-FACBC



12.  FMISO (18F)

12.1.	GENERAL CHARACTERISTICS 

Name: 		  [18F]fluoromisonidazole (18F-MISO)

Synonyms: 	 [18F]FMISO; 1-(2-nitro-imidazolyl)-3-[18F]fluoro-2-propanol; 1H-1-(3-[18F]fluoro-2-hydroxypropyl) 
-2-nitroimidazole.

Radioisotope
18F is a short half-life PET radioisotope (109.7 min) emitting positrons of Emax 1.656 MeV. Owing 

to the high chemical stability of C–F bonds in organic compounds as well as the high water solubility 
of F compounds, 18F tracers usually show suitable stability and biodistribution in humans. Although the 
F chemistry is complicated, the vast application of 18F labelled compounds in nuclear medicine has led 
to development of efficient automated radiopharmaceutical production methods allowing large scale 
production of 18F tracers for clinical use.

Radiosynthesis
At least two methods for 18F-MISO production have been described. The most promising method 

seems to be a nucleophilic substitution of the tosylate leaving group by 18F-fluoride on a tetrahydropyranyl-
protected precursor (NITTP), with hydrolysis of the protecting group, which can be automated using 
either HPLC or Sep-Paks for the purification of the radiotracer (Fig.  12.1). This method results in a 
chemical yield of ≤40%, radiochemical purity of ≥97% and specific activity of 34 TBq/mmol [80, 81]. 

12.2.	PHARMACOKINETICS

12.2.1.	 Physiological biodistribution and metabolism

Under normal oxygen tension, MISO is metabolized primarily in the liver to its demethylated 
form, but 18F-MISO is not a substrate for this reaction. Additionally, approximately 7% is conjugated 
to glucuronide, and a small amount (less than 5%) is converted to aminoimidazole. Substantial amounts 
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FIG. 12.1. Molecular structure of [18F]fluoromisonidazole.



of MISO are recoverable in faeces. Faecal bacteria are able to reduce misonidazole only in the absence 
of oxygen. At treatment doses, the plasma half-life of both 18F-MISO and MISO ranges from 8 to 
17.5 hours. Parent molecule and glucuronide metabolites are primarily excreted in the urine. 18F-MISO 
studies normally show intense tracer uptake in the bowel, probably due to the presence of anaerobic 
bacteria, and activity of moderate intensity in muscles and in the thyroid, spleen, pancreas, heart, lung 
and kidney. Low and variable 18F-MISO uptake is demonstrated in the brain, indicating that the tracer is 
freely diffusible across the blood–brain barrier. Uptake in the liver is variable. The tracer is excreted via 
the kidneys (Fig. 12.2) [80, 81].

12.2.2.	 Mechanism of retention

18F-MISO is relatively hydrophilic and diffuses across cell membranes, showing a passive 
distribution in normal tissues, owing to the presence of the nitro group. The molecule is then reduced in 
hypoxic cellular media (pO2 ≤ 2–3 mmHg) and binds selectively to macromolecules within hypoxic cells.

12.2.3.	 Pharmacology and toxicology

The maximum dose to humans reported in imaging protocols is 1  mg/kg or 70  mg for a 70  kg 
subject. This is about 0.1% of the projected median lethal dose. No adverse events have been reported. 
Total patient imaging doses of the current radiopharmaceutical formulation contain up to 15  μg of 
fluoromisonidazole and less than 35 μg of other nitroimidazole derivatives. This is less than 0.001% of 
the projected median lethal dose.
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FIG. 12.2. Normal biodistribution of 18F-FMISO.



12.3.	METHODOLOGY 

12.3.1.	 Activity, administration, dosimetry

The IV administered activity is 3.7 MBq/kg (0.1 mCi/kg). Calculated total body dose for a 70 kg 
man injected with 3.7  MBq/kg is 0.013  mGy/MBq, and for a 57  kg woman it is 0.016  mGy/MBq. 
Effective dose equivalents are 0.013 mSv/MBq for men and 0.014 mSv/MBq for women. The majority 
(97%) of the injected activity is homogeneously distributed in the body, leaving only 3% for urinary 
excretion. Doses to smaller organs that could not be directly determined by visualization, such as the lens, 
were calculated assuming average total body concentrations. The absence of tracer visualization in these 
organs suggests a lack of increased accumulation [82–97].

12.3.2.	 Imaging protocol

The patient has to fast for at least 2 hours prior to the study. Imaging is performed after the IV 
administration of 6 MBq/kg and an uptake period of 3–4 hours. The acquisition protocol for the PET 
component includes, for the early study at 15 min, 3 frames of 300 seconds each, and a delayed acquisition 
at 3 or 4 hours post-injection. For the CT imaging protocol, see general comments in Section 1.3.

12.4.	CLINICAL ASPECTS

12.4.1.	 Indications

When present in tumours, ischaemia is associated with poor prognosis, increased invasion rate, 
higher incidence of metastases and resistance to chemoradiation. In hypoxic cells, 18F-MISO is reduced 
and binds selectively to macromolecules. 18F-MISO is relatively hydrophilic and diffuses across 
cell membranes. PET–CT with 18F-MISO has been used as a non-invasive method for detecting and 
characterizing hypoxia in several malignancies. In brain tumours, the degree of 18F-MISO uptake is 
related to the response to treatment and prognosis. The degree of uptake can be used to discriminate 
between high grade and low grade gliomas. In squamous cell cancer of the head and neck, 18F-MISO can 
be a predictor of outcome to RT. Higher 18F-MISO uptake has been associated with worse prognosis and 
shorter survival. In NSCLC, detection of hypoxic tumour areas with 18F-MISO could allow modification 
of the planned RT fields and dose optimization. Higher 18F-MISO uptake has been associated with 
incomplete response to treatment and increased risk of recurrence. In ER+ breast cancer, 18F-MISO 
PET–CT can predict primary resistance to hormone therapy [82–97].
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12.4.2.	 Cases

12.4.2.1.	 Case No. 12.1

Clinical indication for PET–CT: High grade glioblastoma, suspected recurrence

Clinical history

A 15 year old boy with high grade glioblastoma, post-subtotal resection, subsequently treated with RT 
and temozolomide. MRI showed changes related to right frontal craniotomy, a hypodense subjacent area 
in the surgical bed (gliosis), and persistence of an expansive lesion in the thalamus (A).

PET–CT findings

(A): MRI transaxial slice of brain; (B):  11C-methionine, MIP and fused slices in three planes; 
(C): 18F-MISO, same images at same levels as in (B).

There is a right thalamic lesion crossing the midline and reaching the left mesencephalon, with faint 
peripheral 11C-methionine uptake. Despite the low intensity uptake, the findings are suspicious for 
residual active tumour or relapse (B). In the 18F-MISO study there is tracer uptake at the margins of the 
surgical bed, coinciding with the 11C-methionine study, but more prominent uptake in the central, anterior 
and right lateral areas, consistent with a hypoxic area in the lesion.

Teaching point

18F-MISO is a hypoxia biomarker whose clinical relevance in cancer patients is still controversial. Its 
main application is for ‘in vivo’, non-invasive hypoxia identification. This may lead to better RT planning, 
since oxygenation in tumour tissue influences response to treatment, with a much higher radiation dose 
necessary to achieve the same therapeutic effect in hypoxic tumours. Additionally, 18F-MISO also has the 
potential to become a prognostic biomarker.

Keywords: Glioblastoma, hypoxia, 18F-MISO, 11C-methionine



13.  FAZA (18F)

13.1.	GENERAL CHARACTERISTICS 

Name: 		  18F-FAZA

Synonyms: 	 18FAZA; [18F]fluoroazomycin arabinofuranoside; 1-(5-[18F]fluoro-5-deoxy-α-D-arabinofuranosyl) 
-2-nitroimidazole.

Radioisotope
18F is a short half-life PET radioisotope (109.7 min) emitting positrons of Emax 1.656 MeV. Owing 

to the high chemical stability of C–F bond in organic compounds as well as the high water solubility 
of the compounds, 18F tracers usually show suitable stability and biodistribution in humans. Although 
the F chemistry is complicated, the vast application of 18F labelled compounds in nuclear medicine has 
led to development of efficient automated radiopharmaceutical production methods allowing large scale 
production of 18F tracers for clinical use.

Radiosynthesis
18F-FAZA can be readily synthesized under standard nucleophilic substitution conditions 

(Kryptofix 222 and K2CO3), followed by hydrolysis of the protective acetyl groups using 1-(2,3-di-O-
acetyl-5-O-tosyl-α-D-arabinofuranosyl)-2-nitroimidazole and 18F-fluoride (Fig.  13.1). An automated 
synthesis method was also recently developed, providing a radiochemical yield of 20.7% ± 3.5% and 
absolute yield of 9.8 ± 2.3 GBq in 50 min.

13.2.	PHARMACOKINETICS

13.2.1.	 Mechanism of retention

2-nitroimidazole compounds are postulated to undergo reduction in hypoxic conditions, forming 
highly reactive oxygen radicals that subsequently bind covalently to macromolecules inside the cells (see 
also section on 18F-MISO). While FMISO has slow clearance kinetics and a high lipophilicity, resulting 
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FIG. 13.1. Molecular structure of 18F-FAZA.



in substantially high background on PET scans, 18F-FAZA is a 2-nitroimidazole with a sugar addition 
moiety showing more water solubility and better pharmacokinetics.

13.3.	METHODOLOGY 

13.3.1.	 Activity, administration, dosimetry

The IV administered activity is 371  ±  32  MBq (range: 277–427  MBq). The critical organ is 
the urinary bladder wall, with maximum radiation absorbed doses of 0.047  ±  0.008  mGy/MBq and 
0.067 ± 0.007 mGy/MBq based respectively on 2 and 4 hour voiding intervals. The effective dose for 
standard male and female patients is 0.013 ± 0.004 mSv/MBq and 0.014 ± 0.004 mSv/MBq, respectively, 
depending on the voiding schedule. The effective dose equivalent for 18F-FAZA is 0.015 mSv/MBq.

13.3.2.	 Imaging protocol

The patient does not have to fast. Imaging is performed following the IV administration of 370 MBq 
and an uptake period of 120 min. The acquisition of the PET component moves from mid-thigh to brain 
with 5 min/bed position. For the CT imaging protocol, see general comments in Section 1.3. 

13.4.	CLINICAL ASPECTS

13.4.1.	 Indications

The tracer was investigated at the University Medical Centre Groningen, the Netherlands. Three 
studies have been published using this experimental tracer to assess the amount of hypoxia in malignant 
tumours of the head and neck and of the lung [1–3, 98–100]. Because it is at the investigational stage, the 
tracer is not routinely used in clinical practice.
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13.4.2.	 Cases

13.4.2.1.	 Case No. 13.1

Clinical indication for PET–CT: Oropharyngeal cancer, serial studies assessing the dynamics of tumour 
hypoxia during chemoradiation

Clinical history

A 67 year old male with prostate cancer and bladder cancer (previously treated curatively) presented with 
pain in his left ear and difficult swallowing. A large tumour mass at the left side of the base of the tongue 
was visualized. Biopsy diagnosed locally advanced (stage IV, cT3N2bM0) squamous cell carcinoma of 
the base of the tongue. A multidisciplinary tumour board recommended primary chemoradiation. Prior to 
starting treatment, the patient agreed to participate in a study to assess tumour hypoxia before and during 
treatment using 18F-FAZA PET–CT.

PET–CT findings 

Images (fused transaxial slices) show the four 18F-FAZA PET–CT studies performed in this patient. The 
first study was performed just prior to the start of chemoradiation (week 0) and showed a large area of 
tracer uptake in the primary tumour, representing the hypoxic area. Subsequently, three additional studies 
were performed during chemoradiation: at week 1 the area of hypoxia was still large but smaller and at a 
slightly different location than at baseline; at weeks 2 and 4 no hypoxia could be detected. 

Follow-up: Two months after chemoradiation the patient had a complete response with no visualization of 
the tumour. Five years after treatment there were still no signs of recurrence of metastatic disease.

Teaching point

18F-FAZA PET–CT is suitable to evaluate tumour hypoxia before and during treatment in patients with 
head and neck cancer. Tumour hypoxia can change rapidly during therapy, and therefore it is very difficult 
to adapt RT based on hypoxia imaging. 

Keywords: Head and neck cancer, RT, hypoxia, 18F-FAZA



14.  EXENDIN (68Ga)

14.1.	GENERAL CHARACTERISTICS 

Name: 		  68Ga-exendin-4

Synonyms: 	 68Ga labelled [1,4,7-tris (carboxymethyl)-10-(2'-hydroxypropyl)-1,4,7,10 tetraazacyclo-
dodecane]-VS-Cys40-exendin-4; 68Ga-DOTA-Ahx-Lys40-exendin-4.

Radioisotope
68Ga is a short half-life PET radioisotope (67.7 min) emitting positrons of Emax 1.9 MeV. It is usually 

obtained from a 68Ge generator. The parent isotope, 68Ge, has a half-life of 271 days and can be easily 
utilized for in-hospital production of 68Ga.

Radiosynthesis
The 68Ga labelling of DO3A-VS-Cys40-exendin-4 is performed using an automated synthesizer 

coupled with a generator (Fig. 14.1). The non-decay corrected radiochemical yield is 43% ± 2% with 
radiochemical purity of over 90% wherein the individual impurity signals in a HPLC chromatogram do 
not exceed 5% [101–105].

14.2.	PHARMACOKINETICS

14.2.1.	 Physiological biodistribution and metabolism 

According to current knowledge, no direct healthy human metabolism studies have been reported 
for 68Ga-exendin-4. However, based on European Association of Nuclear Medicine guidelines on 
DOTA conjugated peptides, it appears to be rapidly cleared from the blood. Arterial elimination of the 
radiopharmaceutical and its metabolites is biexponential. No radioactive metabolites are detected after 
4 hours in the serum or urine.

14.2.2.	 Mechanism of retention

This radiopharmaceutical is a glucagon-like peptide-1 (GLP-1) agonist having high affinity for 
GLP-1 receptor, with retention in the GLP-1 receptor positive organs and tumours [101–105].

14.2.3.	 Pharmacology and toxicology

No comprehensive toxicological studies on DOTA-exendin-4 have been reported. The human 
experience using exendin-4 in therapy involves twice daily doses (2 × 10 µg) for 3 months in adolescents 
with severe obesity, without any side effects. There is evidence that the mass quantity of the reported PET 
studies (7–25 μg) is within the acceptable range for patients with life threatening malignancies whose 
treatment may benefit from the use of the proposed PET–CT procedure [101–105].
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FIG. 14.1. Molecular structure of 68Ga-exendin-4.



14.3.	METHODOLOGY 

14.3.1.	 Activity, administration, dosimetry

68Ga-NOTA-exendin-4 (18.5–185 MBq, 7–25 μg) is administered via IV injection over 2–3 min. It 
was observed in biodistribution studies that the radiation dose to the kidneys is a concern with respect to 
potential repeat studies in humans. The absorbed dose to the kidneys was the limiting factor in laboratory 
animals as well as in humans; the yearly kidney limiting dose is 150 mGy. More than 200 MBq can be 
administered yearly in a patient, allowing for repeated (2–4 times) scanning. This could enable longitudinal 
clinical PET studies of GLP-1 receptor in the pancreas, transplanted islets or insulinoma [101–105].

14.3.2.	 Imaging protocol

Patient preparation requires a fasting period of at least 4 hours. Imaging is performed after the IV 
administration of 80–100 MBq and an uptake period of 1–2 hours. Acquisition of the PET component 
moves from pelvis to liver dome, with 2 mins/bed position. For the CT imaging protocol, see general 
comments in Section 1.3. 

14.4.	CLINICAL ASPECTS

14.4.1.	 Indications

The technique was investigated at the Radboud University Medical Center, Nijmegen, the 
Netherlands [101–105]. 68Ga-exendin can be used for in vivo targeting of GLP-1 receptor expressing beta 
cell derived tumours, such as insulinomas. Previous and ongoing studies indicate a higher sensitivity and 
specificity as compared with triple phase CT, MRI, endoscopic US and somatostatin receptor PET–CT. 
Because it is at the investigational stage, this study is not routinely performed in clinical practice.
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14.4.2.	 Cases

14.4.2.1.	 Case No. 14.1

Clinical indication for PET–CT: Suspected insulinoma

Clinical history

A 41 year old male suffering from hypoglycaemic episodes for 2  years was hospitalized after losing 
consciousness. A fasting test resulted in a positive Whipple’s triad with a plasma glucose level of 
1.7 mmol/L, a plasma insulin level of 35 mU/L and neuroglycopenic symptoms. MRI and 68Ga-DOTATOC 
PET–CT performed over the following months did not show any abnormalities in the pancreas. 

PET–CT findings

(A): 68Ga-DOTATOC transaxial fused slices of liver and pancreas; (B): 68Ga-exendin, same slices as in (A).

On 68Ga-exendin imaging a GLP-1 receptor positive lesion was clearly demonstrated in the body of the 
pancreas (B, arrow). 

Follow-up: The patient underwent partial pancreatectomy and an insulinoma was found. The patient has 
had no hypoglycaemic episodes since the surgery. 

Teaching point

GLP-1 receptor imaging with 68Ga-exendin PET–CT shows high potential for the detection of insulinomas, 
especially in the case of negative conventional imaging procedures.

Keywords: Insulinoma, GLP-1 receptor, 68Ga-exendin



15.  5-HYDROXYTRYPTOPHAN, HTP (11C)

15.1.	GENERAL CHARACTERISTICS 

Name: 		  11C-5-hydroxytryptophan (11C-HTP)

Synonyms: 	 [11C]5-HTP, 5-HTP PET, 11C-5-HTP; 11C-HTP (hydroxytryptamine)

Radioisotope
11C is a short half-life PET radioisotope (20.4 min) emitting positrons of Emax 0.970 MeV. Owing to 

the abundance of carbon in the chemistry of life and biomolecules, 11C radiopharmaceuticals demonstrate 
identical behaviour to natural compounds, allowing tracing of biological processes.

Radiosynthesis
In 2006, a multienzymatic synthesis of enantiomerically pure [11C]-L-5-HTP from [11C]methyl 

iodide (Fig.  15.1) was developed on a robotic system, providing a radiochemical yield at end of 
bombardment of 24% and specific activity of 44 000 GBq/mmol in 50 min. However the multienzymatic 
reaction steps made the yields small [106, 107].

15.2.	PHARMACOKINETICS

15.2.1.	 Physiological biodistribution and metabolism 

A kinetic analysis of the uptake of 11C-HTP demonstrated an increase during the first few minutes 
followed by a washout and a stabilization of the tissue/blood ratio at about 2 min. There is a gradual 
increase in the transport rate during the first 20 to 30  min, after which a constant level is achieved. 
11C-HTP goes through decarboxylation and is stored in vesicles, followed by release into the extracellular 
environment. 11C-serotonin is thereafter degraded and eventually excreted as urinary 5-hydroxyindole 
acetic acid [106, 107]. 
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FIG. 15.1. Molecular structure of 11C-5-hydroxytryptophan.



15.2.2.	 Mechanism of retention

11C-HTP is taken up into NET cells followed by decarboxylation to serotonin by an enzyme called 
aromatic amino acid decarboxylase. The resulting end-product, serotonin, is transported into storage 
vesicles through the vesicular monoamine transporter as well as through the metabolic pathway of 
serotonin [106, 107].

15.2.3.	 Pharmacology and toxicology

5-HTP has been used in management of cases of depression. A typical dose of 5-HTP is in the range 
of 300–500 mg taken daily without any side effects. 11C-HTP is used at tracer level and far below the 
pharmaceutical intake.

15.3.	METHODOLOGY 

15.3.1.	 Activity, administration, dosimetry

The IV administered activity is 140–521  MBq (mean 381  MBq). No data on the dosimetry of 
11C-HTP could be found.

15.3.2.	 Imaging protocol

Patients have to fast for at least 4 hours prior to administration of the radiopharmaceutical. Imaging 
is performed after an uptake period of 1  hour for a PET component acquisition time of 2  mins/bed 
position. The CT imaging protocol is discussed in the general comments in Section 1.3. 

15.4.	CLINICAL ASPECTS

15.4.1.	 Indications

Before the breakthrough of somatostatin labelled receptor ligands suited for PET imaging, 18F-DOPA 
and 11C-HTP were considered superior for evaluation of NETs as compared with 111In labelled octreotide 
and/or CT. While 18F-DOPA reflects the catecholaminergic pathway, 11C-HTP is related to the serotonergic 
pathway. However, while both tracers were useful for the detection of NETs, because of the complexity 
of the 11C-HTP synthesis, 18F-DOPA was routinely preferred, except for the detection of pancreatic islet 
tumours. In the latter, 11C-HTP PET–CT proved to be superior as compared with 18F-DOPA because the 
dopaminergic pathway seems to be dysfunctional. With the advent of 68Ga labelled somatostatin receptor 
ligands, the additional information they made available for radionuclide therapy made PET–CT imaging 
using 18F-DOPA obsolete in the general clinical practice of managing patients with NETs. The same 
applies for the use of 11C-HTP PET–CT in pancreatic islet cell tumours. This section on 11C-HTP was 
nevertheless included as an illustration of its normal distribution and of past evidence. It is noteworthy 
that preclinical research on its potential as a marker of serotonin synthesis in the brain and hence in 
different neuropsychiatric conditions also proved fruitless [108–110].
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15.4.2. Cases

15.4.2.1.	 Case No. 15.1

Clinical indication for PET–CT: Small bowel NET, restaging after surgery

Clinical history

A 51 year old man underwent partial resection of the ileum in which pathology examination revealed 
18 foci of NET. The patient was referred to exclude residual sites of active NET. 

PET–CT findings

MIP.

The physiological distribution of the tracer is demonstrated, with homogeneous uptake throughout 
the pancreas and excretion by the kidneys to the urinary bladder. There are no sites of pathological 
tracer activity. 

Follow-up: No further treatment was indicated for this patient. Three years after surgery no remnant of 
relapse has been found

Teaching point

The distribution pattern is normal. 

Keywords: NET, 11C-HTP, normal biodistribution
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15.4.2.2.	 Case No. 15.2

Clinical indication for PET–CT: NET of the pancreas, staging 

Clinical history

A 65 year old woman complained of frequently recurring urinary bladder infection. US of the abdomen 
revealed a lesion in the tail of the pancreas as well as multiple liver lesions. Retrospectively, the patient 
also complained of increased sweating during mild exercise, but without flushing. Tissue analysis of one 
of the liver lesions confirmed a metastasis from a grade 1 NET originating in the pancreas. 

PET–CT findings 

(A): MIP; (B–D): transaxial fused, PET and contrast enhanced CT of the upper abdomen; (E–G): same 
images as in (B–D), mid-abdomen.

There are multiple sites of intense tracer uptake in the upper abdomen, including high uptake in a calcified 
lesion with some enhancement in the tail of the pancreas (B–D). Additional sites of intense focal tracer 
uptake are seen in hypodense liver lesions with slight arterial enhancement on CT (E–G). Because of the 
initial lack of complaints no treatment was started. Two years later the patient showed disease progression, 
with onset of flushing and diarrhoea. Treatment with somatostatin analogue showed good response for an 
additional 2 years. 

Teaching points

11C-HTP is sensitive for the detection of pancreatic NETs. 

Keywords: NET, pancreas, 11C-HTP



16.  METHIONINE (11C)

16.1.	GENERAL CHARACTERISTICS 

Name: 		  11C-methionine

Synonyms: 	 [11C]MET; L-[methyl-11C]methionine; 2-amino-4-[11C]methylsulfanyl-butanoic acid; 
l-[S-methyl 11C]methionine

Radioisotope
11C is a short half-life PET radioisotope (20.4 min) emitting positrons of Emax 0.970 MeV. Owing to 

the abundance of carbon in the chemistry of life and biomolecules, 11C radiopharmaceuticals demonstrate 
identical behaviour to natural compounds, allowing tracing of the biological processes.

Radiosynthesis
A continuous flow procedure has been automated for the synthesis of 11C‑methyl iodide from 

11C‑CO2 and L-[methyl 11C]methionine from 11C-methyl iodide and L-S-benzyl-homocysteine in 
20 min for a yield of >30%, 44 mCi or 1.62 MBq 11C-methionine (Fig. 16.1), with specific activity of 
3.3 Ci/mmol (122 GBq/mmol) and radiochemical purity of >96%. In a second automated method, without 
HPLC purification, a solid phase supported 11C-methylation of L-homocysteine thiolactone on Al2O3 is 
employed for a yield of 10.2 GBq (276 mCi) and radiochemical purity >99% [80, 111–114].

16.2.	PHARMACOKINETICS

16.2.1.	 Physiological biodistribution and metabolism 

11C-methionine biodistribution at 20  min after administration shows intense tracer uptake in the 
pituitary gland, the choroid plexus, confluence of sinuses, Waldeyer’s ring, lacrimal and salivary glands, 
as well as in the liver, spleen and pancreas. Moderate tracer uptake is seen in the bone marrow and 
kidneys. Faint tracer uptake is found in the brain (Fig.  16.2(A)). Low, variable uptake is seen in the 
bowel. In most cases, no radioactive urine is detected in the ureters or bladder. Testicular, bone marrow 
and left ventricular uptake increases with age (Fig. 16.2(B, C)). Intracellular 11C-methionine will either 
undergo integration into protein or incorporation of its methyl group into DNA and other compounds. 
Metabolites include serine and cysteine [80, 111–114].
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FIG. 16.1. Molecular structure of 11C-methionine.



16.2.2.	 Mechanism of retention

11C-methionine, as a natural amino acid, is transported into cells by various transporters, and is 
incorporated into proteins in small portions. It is also incorporated into lipids, RNA and DNA. Being 
an essential amino acid, it is involved in the synthesis of proteins as well as in the synthesis and 
regulation of DNA.

16.2.3.	 Pharmacology and toxicology

Methionine is a natural amino acid found in living organisms and food. Nutritional and metabolic 
studies have employed the D and DL isomers of methionine, both below and above the required dose. No 
adverse effects have been reported in adults and children. 11C-methionine is administered at tracer level 
and far below the dietary intake [80, 111–114].

16.3.	METHODOLOGY

16.3.1.	 Activity, administration, dosimetry

An activity with a mean dose of 210–500  MBq is administered via IV injection. The 
organs that receive the highest absorbed doses are the bladder wall (0.027  mGy/MBq, 
100 mrad/mCi), pancreas (0.019 mGy/MBq, 70 mrad/mCi), liver (0.018 mGy/MBq, 66 mrad/mCi) and 
kidneys (0.011  mGy/MBq, 41  mrad/mCi). The effective dose calculated for a 70  kg standard man is 
0.005 3 mSv/MBq (20 mrem/mCi) [115–126].
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FIG. 16.2. Normal biodistribution of 11C-methionine in the brain (A) and in the body 10  min (B) and 20  min (C) 
after injection. 										           
 



16.3.2.	 Imaging protocol

16.3.2.1.	 Brain imaging

Patient preparation requires a fasting period of at least 4 hours. Imaging is performed immediately 
after the IV administration of 3 MBq/kg. Acquisition of the PET component comprises 5 frames, at 1 min, 
2 min, 3 min, 9 min and 20 min, for a total of 35 min. For the CT component imaging protocol, see 
general comments in Section 1.3.

16.3.2.2.	 Whole body imaging

Patient preparation requires a fasting period of at least 4  hours. Imaging is performed after the 
IV administration of 6 MBq/kg and an uptake period of 10–20 min. Acquisition of the PET component 
moves from the neck to the mediastinum (the base of the heart), with 4 min/bed position. For the CT 
imaging protocol, see general comments in Section 1.3. Because of the many potential sites of ectopic 
PTAs it is necessary to acquire images up to the lower mediastinum. Delayed acquisition at 20 or 40 min 
(Fig. 16.2(C)) should be included in the protocol when early acquisition is negative.

16.4.	CLINICAL ASPECTS

16.4.1.	 Indications

16.4.1.1.	 Clinical applications 

 The main application for PET–CT with 11C-methionine is in brain tumours, specifically gliomas 
that present with increased protein metabolism. This is in contrast to normal tissues that show low tracer 
uptake. Clinical indications for 11C-methionine PET–CT imaging in brain tumours include diagnosis, 
biopsy and treatment planning, as well as the differential diagnosis between tumour recurrence and 
radiation necrosis. It can also diagnose pseudo-progression, a process in which combined RT and 
temozolomide can cause vasodilation, blood–brain barrier disruption and oedema. On MRI this process 
manifests as an increase in the size of Gd-enhanced lesions. The degree of uptake of 11C-methionine 
correlates with tumour aggressiveness, reported to be related to overall survival.

In parathyroid gland imaging, 99mTc-sestaMIBI scintigraphy is the technique of choice in the 
pre-surgical location of PTAs. It is limited, however, by the size and location of these lesions. Clinical 
indications for 11C-methionine PET–CT of the parathyroid glands include detection of PTAs and 
assessment of suspected recurrence after parathyroidectomy. 11C-methionine PET–CT has improved the 
detection of PTAs in cases when other imaging techniques are negative, with a sensitivity of 83% and a 
specificity of 100%, including ectopic PTAs. The mediastinum is one of the most common sites for ectopic 
PTAs; other locations including the high cervical, intrathymic, intrathyroidal and retro-oesophageal 
regions, and the carotid and thyroglossal duct. The mechanism by which PTAs capture 11C-methionine 
is not completely known. It is presumed to be related to the synthesis of pre-pro-PTH, which is a PTH 
precursor [116, 120, 121]. 11C-methionine PET–CT provides images that reflect the metabolic activity of 
the parathyroid glands with high resolution. 

Although the normal distribution of the tracer, with high uptake in the salivary glands, liver, pancreas 
and bone marrow, may present a problem in the study of tumours outside the brain, 11C-methionine 
PET–CT has been also used in tumours of the head and neck, thymus, oesophagus and lung, as well as 
lymphoma and myeloma [116, 120, 121].

The main limitation to extend the use of 11C-methionine PET–CT is the short half-life of 11C, which 
restricts its use to centres with an on-site cyclotron.
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16.4.2. Cases

16.4.2.1.	 Case No. 16.1

Clinical indication for PET–CT: Oligoastrocytoma, suspected relapse

Clinical history

A 41 year old male with a left frontal grade III oligoastrocytoma, partially removed, subsequently treated 
with RT and chemotherapy, had an epileptic crisis 3  years later. MRI showed growth of the residual 
tumour, and a new focus outside the surgical bed. Chemotherapy was instituted. Follow-up MRI 
performed one year later showed tumour growth, a nodule in the lateral wall of the surgical cavity, as well 
as multiple Gd-positive foci in the left frontal lobe and one in the right anterior parasagittal region, with a 
difficult differential diagnosis between gliosis and relapse (A). 

PET–CT findings 

(A): MRI images of brain, three planes; (B): MIP and fused images, three planes.

There is intense 11C-methionine uptake in the left frontal lobe consistent with tumour relapse, extending 
into the adjacent white matter. There is no evidence of tumour activity in the right hemisphere.

Teaching point

11C-methionine imaging plays a complementary role in patients with brain tumours and indeterminate 
MRI results, allowing early differentiation between recurrence and radionecrosis.

Keywords: Oligoastrocytoma, relapse, gliosis, 11C-methionine
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16.4.2.2.	 Case No. 16.2

Clinical indication for PET–CT: Astrocytoma grade III, suspected relapse 

Clinical history

Patient with left frontal astrocytoma grade III had undergone surgery followed by RT. Follow-up MRI 
raised the suspicion of relapse.

PET–CT findings 

(A): MIP, and transaxial and sagittal PET slices; (B): fused PET–MRI in same planes.

There is increased tracer uptake in the left fronto-parietal region, consistent with relapse of the tumour in 
the lesion seen on MRI. 

Teaching point

11C-methionine imaging can discriminate, with good accuracy, between the presence of relapse and post-
surgical or radiation changes.

Keywords: Astrocytoma, relapse, RT, 11C-methionine
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16.4.2.3.	 Case No. 16.3

Clinical indication for PET–CT: Astrocytoma, suspected relapse 

Clinical history

Patient with left frontal astrocytoma grade III had undergone surgery followed by RT. Follow‑up MRI 
findings could not discriminate between relapse and post-RT changes (A). 

PET–CT findings 

(A): MRI transaxial slice of brain; (B): MIP; (C): fused PET–MRI transaxial slice.

There are no areas of increased tracer uptake in the left frontal lobe, thus there is no evidence for 
tumour relapse.

Teaching point

11C-methionine imaging can discriminate with good accuracy between the presence of relapse and post-
surgical or radiation changes.

Keywords: Astrocytoma, RT, 11C-methionine
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16.4.2.4.	 Case No. 16.4

Clinical indication for PET–CT: Glioblastoma grade II, post-operative assessment 

Clinical history

A 25 year old female had undergone surgery with macroscopically complete resection of right frontal 
glioblastoma. MRI T2-FLAIR shows heterogeneous hyperintensity (A) and T1 using Gd showed 
peripheral contrast enhancement surrounding the surgical bed. The patient is referred to differentiate 
surgical changes from residual tumour. 

PET-CT findings 

(A): MRI transaxial slice of brain; (B): PET, fused and CT transaxial slices.

There is low intensity peripheral tracer uptake at the posterior aspect of the surgical field, consistent with 
post-operative inflammatory reaction.

Teaching points

Reactive gliosis and inflammatory changes may show uptake of 11C-methionine, due to the active tracer 
transport into inflammatory cells, and to the alteration of the blood–brain barrier.

Keywords: Glioblastoma, surgery, reactive gliosis, 11C-methionine
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16.4.2.5.	 Case No. 16.5

Clinical indications for PET–CT: Suspected PTA, incidental finding

Clinical history

A 72 year old female with multinodular goitre, HPT and hypercalcaemia, had a negative 
99mTc‑sestaMIBI scintigraphy. 

PET-CT findings 

(A): MIP; (B): PET, CT and fused transaxial slices of head; (C): MRI coronal and transaxial slices.

There is a focus of abnormal tracer activity in the left base of the skull extending into the adjacent bone, 
consistent with a meningioma. MRI (C) confirmed the diagnosis. 

Teaching point

Meningioma, the most common primary brain tumour, demonstrates uptake of 11C-methionine; this is 
higher in intensity in large lesions and in those located at the base of the skull. The degree of uptake does 
not correlate with tumour aggressiveness. 

Keywords: Meningioma, incidental finding, 11C-methionine
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16.4.2.6.	 Case No. 16.6

Clinical indication for PET–CT: Primary HPT

Clinical history

A 74 year old female patient with a history of chronic renal failure and multinodular goitre presented with 
serum PTH of 68 pg/mL. 99mTc-sestaMIBI scan showed a multinodular goitre extending into the thorax, 
with moderately increased uptake in a nodule in the left thyroid lobe and no evidence of hyperfunctioning 
parathyroid tissue. The patient was referred to localize hyperfunctioning parathyroid tissue.  

PET–CT findings 

(A): 99mTc-sestaMIBI planar images of thorax, 10 min  and 2  hours after the injection; (B):  CT, 
99mTc‑sestaMIBI SPECT and SPECT–CT images of thorax; (C):  11C-methionine PET MIP; 
(D): 11C-methionine PET–CT fused coronal and transaxial slices; (E): CT coronal and transaxial slices.

The study revealed a multinodular goitre with a large mass in the left lobe, displacing the trachea to the 
right. In the lower, anterolateral aspect of this mass, there is focal 11C-methionine uptake in a nodule 
without a clear plane of cleavage with the thyroid, suggesting a left PTA. Left thyroid lobectomy 
confirmed an intrathyroidal PTA.

Teaching point

11C-methionine PET–CT can diagnose and precisely localize PTA in the majority of patients with primary 
HPT, including those with negative contrast US and 99mTc-sestaMIBI SPECT. 

Keywords: HPT, intrathyroidal PTA, 11C-methionine
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16.4.2.7. Case No. 16.7

Clinical indication for PET–CT: Parathyroid cancer, suspected relapse

Clinical history

A 23 year old female patient with parathyroid cancer resected 3 years earlier presented with rising PTH 
levels and hypercalcaemia. 99mTc-sestaMIBI scintigraphy was negative. US showed an undetermined 
nodule adjacent to the trachea. 

PET–CT findings 

(A): MIP; (B): fused and CT transaxial and coronal slices of neck and chest.

There is increased tracer uptake in the lower neck, adjacent to, and behind the trachea, suggesting 
hyperfunctioning parathyroid tissue due to cancer relapse. Surgery confirmed the diagnosis.

Teaching point

11C-methionine PET–CT is a complementary imaging technique that can help localize PTA or parathyroid 
carcinoma in patients with negative 99mTc-sestaMIBI studies.

Keywords: Parathyroid cancer, 11C-methionine
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16.4.2.8.	 Case No. 16.8

Clinical indication for PET–CT: Localization of a PTH producing lesion

Clinical history

A 70 year old man presented with elevated serum Ca (3.2  mmol/L) and PTH (40  pmol/L), and 
osteoporosis. A PTA was suspected. Pre-operative imaging for localization of the adenoma showed a right 
side paratracheal mass, 2 cm on US and 4 × 4 cm, with cystic appearance, on CT. Fine needle cytology 
from this lesion showed no malignant cells. There was no tracer uptake on an 18F-FDG PET–CT study. 
A dual phase 99mTc-sestaMIBI scan showed increased uptake on the medial side of the right lower thyroid 
pole. 11C-methionine PET–CT was requested for definitive localization of a PTH producing lesion.

PET–CT findings

(A): PET coronal slice of thorax; (B): fused slice; (C): CT slice.

There is increased tracer uptake in the upper mediastinum, on the medial superior border of a cystic 
lesion, on the right side of the trachea. Surgery consisted of extirpation en bloc, with hemithyroidectomy 
and LND of the central compartment on the right side. Pathology examination revealed a pT3N0 
parathyroid carcinoma.

Teaching point

11C-methionine PET–CT cannot distinguish between benign and malignant parathyroid lesions. Because 
primary HPT is far more frequently caused by a hyperfunctioning benign PTA, diagnosis of parathyroid 
carcinoma is made, as a rule, only after tissue sampling, in this case at surgery.

Keywords: Parathyroid carcinoma, surgery, 11C-methionine
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16.4.2.9.	 Case No. 16.9

Clinical indication for PET–CT: Adenoid cystic carcinoma of the submandibular gland, staging 

Clinical history

Patient with a newly diagnosed adenoid cystic carcinoma of the right submandibular gland was referred 
for presurgical staging.

PET–CT findings

(A): MIP; (B): fused transaxial slice of salivary glands; (C): CT slice.

There is increased tracer uptake in the right submandibular gland, with no significant activity in LNs. 

Teaching point

11C-methionine PET–CT is performed prior to proton therapy to exclude the presence of LN metastases.

Keywords: Adenoid cystic carcinoma, staging, RT planning, 11C-methionine
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16.4.2.10.	 Case No. 16.10

Clinical indication for PET–CT: Parathyroid cancer, suspected relapse

Clinical history

A 54 year old patient with previous history of testicular cancer, epidermoid scalp carcinoma and 
parathyroid carcinoma with capsular invasion, post-parathyroidectomy, was referred for follow-up in 
view of a negative 99mTc-sestaMIBI scintigraphy.

PET–CT findings

(A): MIP; (B): fused transaxial and coronal slices of thorax; (C): CT, same slices as in (B).

There is intense tracer uptake in a large mass involving the mediastinum, as well as in cervical, 
supraclavicular and mediastinal LNs. Biopsy from supraclavicular LNs indicated Hodgkin lymphoma. 

Teaching point

Lymphoma can be 11C-methionine avid. 

Keywords: Parathyroid cancer, lymphoma, 11C-methionine



17.  SODIUM FLUORIDE, NaF (18F)

17.1.	GENERAL CHARACTERISTICS 

Name: 		  18F-sodium fluoride (18F-NaF)

Synonyms: 	 Na18F, F-18 NaF

Radioisotope
18F is a short half-life PET radioisotope (109.7 min) emitting positrons of Emax 1.656 MeV. Owing 

to the high chemical stability of C–F bond in organic compounds as well as the high water solubility of 
F compounds, 18F tracers usually show suitable stability and biodistribution in humans. Although the 
F chemistry is complicated, the vast application of 18F labelled compounds in nuclear medicine has led 
to development of efficient automated radiopharmaceutical production methods allowing large scale 
production of 18F tracers for clinical use.

Radiosynthesis
After proton bombardment of 18O water in commercial cyclotrons for production of various 

18F  radiopharmaceuticals, elution of the 18F adsorbing membrane using normal saline yields high 
quantities of 18F-NaF (Fig. 17.1).

17.2.	PHARMACOKINETICS

17.2.1.	 Physiological biodistribution and metabolism 

Fluoride ions are deposited in the bone matrix and reflect both bone remodelling and blood flow. 
The uptake of fluoride ions is higher in osteoblastic processes, while purely osteolytic lesions have 
lower uptake, or none at all. The target organ is the bone, but approximately 20% is excreted through 
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FIG. 17.1. Normal biodistribution of 18F-NaF: MIP in antero-posterior and lateral views.



the kidney in the urine in the first 1–2  hours. While overall the biodistribution is similar to that of 
99mTc‑diphosphonates, skeletal uptake of 18F‑NaF is twice as high as compared with 99mTc  labelled 
compounds. Blood clearance of 18F‑NaF is faster and the bone to background ratio of 18F‑fluoride is much 
higher (Fig. 17.2) [127, 128].

17.2.2.	 Mechanism of retention 

After IV injection, 18F-NaF rapidly equilibrates within the extracellular fluid space and fluorine 
is extracted and incorporated into hydroxyapatite crystals. First-pass extraction from bone capillaries is 
about 100%. Approximately 20% is then rapidly excreted in the urine and only 10% remains in the blood 
in patients with normal kidney function [127, 128].

17.2.3.	 Pharmacology and toxicology 

No pharmacological and toxicological effects have been reported, owing to low tracer concentration 
and availability of 18F in carrier-added form. Furthermore, as the injected dose of NaF is very low, there 
are no pharmacological concerns.

17.3.	METHODOLOGY 

17.3.1.	 Activity, administration, dosimetry

18F-NaF is administered as an IV bolus, typically in an activity of 185–370  MBq (5–10  mCi). 
Paediatric activity is weight based: 2.1 MBq/kg (0.06 mCi/kg). The dose critical organ in adults is the 
urinary bladder, which receives 0.22 mGy/MBq (0.81 rad/mCi). The effective dose for adults is estimated 
at 0.024 mSv/MBq (0.089 rem/mCi) [127, 128].

17.3.2.	 Imaging protocol

Patient preparation does not require any special diet, however good hydration is important. Imaging 
is performed after the IV administration of 50–200 MBq and an uptake period of 20–60 min. The urinary 
bladder should be emptied just before scanning. Acquisition of the PET component includes a true whole 
body study with 2–3 min/bed position. For the CT imaging protocol, see general comments in Section 1.3.

17.4.	CLINICAL ASPECTS

17.4.1.	 Indications

Clinical indications are the same as for 99mTc labelled diphosphonate bone scintigraphy. PET–CT 
is more sensitive than bone scintigraphy, including SPECT, for most indications for which side by side 
comparisons have been performed. The choice of PET or SPECT depends on the availability of the 
radiopharmaceutical and PET–CT devices, and costs.
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17.4.2. Cases

17.4.2.1.	 Case No. 17.1

Clinical indication for PET–CT: Prostate cancer, staging

Clinical history

A 64 year old man with newly diagnosed prostate cancer was referred for staging. 

PET–CT findings 

(A): MIP; (B–D): CT, PET and fused transaxial slices at various levels of the thorax.

There are foci of increased tracer uptake in an osteoblastic bone metastasis in the sixth left rib (B) and in 
degenerative changes and osteophytes in thoracic vertebrae (C, D). 

Teaching point

Bone remodelling is seen with high contrast in both malignant and non-malignant skeletal lesions. 
18F-NaF may be used as a substitute for bone scintigraphy. 

Keywords: Prostate cancer, metastasis, 18F-NaF
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17.4.2.2.	 Case No. 17.2

Clinical indication for PET–CT: Breast cancer, staging 

Clinical history

A 60 year old woman with newly diagnosed breast cancer (ductal adenocarcinoma, ER+, progesterone 
receptor positive (PR+), HER2−), and positive sentinel LNs, was referred for staging.

PET–CT findings 

(A): MIP; (B): CT, PET and fused transaxial slices of upper chest; (C): follow-up 99mTc-MDP bone scan.

There is a single focus of increased tracer activity in the spine of the left scapula, with no corresponding 
abnormality on CT. The patient was on tamoxifen and no further changes to the treatment 
protocol were made. 

Follow‑up: 99mTc-MDP bone scan performed 5 years later showed no change (C).

Teaching point

Solitary bone metastases are infrequent. In spite of the fact that bone SPECT or PET studies can detect 
bone metastases early, reporting such solitary lesions in the absence of corresponding CT abnormalities 
should be done with caution.

Keywords: Breast cancer, single bone lesion, 18F-NaF
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17.4.2.3.	 Case No. 17.3

Clinical indication for PET–CT: Breast cancer, staging

Clinical history

A 55 year old woman with newly diagnosed breast cancer (ductal adenocarcinoma, ER+, PR+, HER2−).

PET–CT findings 

(A): MIP; (B):  CT, PET, and fused transaxial slices of pelvis; (C, D):  CT, PET, and fused transaxial 
slices of chest.

There are multiple foci of increased tracer uptake, consistent with disseminated bone metastases. Note the 
heterogeneity of the CT patterns: some lesions are osteolytic (B), others are sclerotic (C) or do not show 
any CT abnormality (D).

Teaching point

The sensitivity of 18F-NaF PET–CT is higher for sclerotic metastases, but increased tracer uptake may be 
seen in lytic lesions as well.

Keywords: Breast cancer, bone metastases, 18F-NaF
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17.4.2.4.	 Case No. 17.4

Clinical indication for PET–CT: Recurrent breast cancer, treatment response

Clinical history

A 44 year old woman with breast cancer presented with diffuse skeletal pain.

PET–CT findings 

(A–C): images before treatment. (A):  MIP; (B):  CT, fused and PET transaxial slices of mid-thorax; 
(C): CT, fused and PET transaxial slices of lower thorax. (D–F): similar images after treatment. 

Before treatment there are multiple foci of increased tracer uptake, consistent with disseminated metastatic 
bone involvement (A). After 5 months of chemotherapy, 18F-NaF uptake becomes more homogeneous 
(D). While some foci in the thoracic spine are no longer seen (B, E), the overall result remains unchanged 
on PET, while CT demonstrates increasingly sclerotic lesions (C, F).

Teaching point

In many cases, response of bone metastases to treatment can be only indirectly assessed by 18F-NaF PET, 
in combination with analysis of the CT patterns of lesions. 

Keywords: Breast cancer, bone metastases, response to chemotherapy, 18F-NaF
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17.4.2.5.	 Case No. 17.5

Clinical indication for PET–CT: Recurrent breast cancer

Clinical history

A 78 year old woman with a history of breast cancer, 17 years earlier, presented with pain in her left hip. 
CT showed a lytic lesion in the left ilium.

PET–CT findings 

(A): MIP; (B): CT, PET and fused transaxial slices of pelvis; (C): CT transaxial slice of thorax.

There is a focus of intense increased activity in the lytic lesion in the left ilium. Additional tracer-avid 
lesions are seen in both the axial and appendicular skeleton, consistent with disseminated bone metastases. 
Low dose CT also shows multiple lung metastases (C).

Teaching point

Whole body 18F-NaF PET is highly sensitive for bone metastases. The component may provide additional 
relevant information.

Keywords: Breast cancer, bone and lung metastases, 18F-NaF
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17.4.2.6.	 Case No. 17.6

Clinical indication for PET–CT: Multiple myeloma

Clinical history

A 65 year old woman with newly diagnosed myeloma.

PET–CT findings 

(A): MIP; (B, C, D): CT, fused and PET transaxial slices of cervical, dorsal and lumbar spine, respectively; 
(E): CT, PET and fused coronal and transaxial slices of femur; (F): CT transaxial slice of thorax; (G): 
follow-up 18F-FDG PET–CT image.

There are multiple foci of increased tracer uptake corresponding to osteolytic lesions in lumbar vertebrae 
and ribs as well as to degenerative changes in the cervical spine (C, D). Mildly increased uptake bordering 
bone marrow infiltration is seen in the right femur (E). In addition, low dose CT shows a spiculated lung 
nodule in the left upper lobe (F). 

Follow-up: 18F-FDG PET–CT (G) was positive for the lung nodule, which was shown to be 
adenocarcinoma, and some of the bone lesions.

Teaching point

The use of 18F-NaF is not normally advised for this indication, however the exam is frequently informative 
in multiple myeloma. Indeed, 18F-NaF lacks specificity but the concomitant CT findings improve the 
positive predictive value. The CT component can provide additional relevant information.

Keywords: Breast cancer, multiple myeloma, osteolytic lesion, 18F-NaF
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17.4.2.7.	 Case No. 17.7

Clinical indication for PET–CT: Breast cancer, restaging 

Clinical history

A 72 year old woman with infiltrating ductal breast cancer (ER+, PR−, HER2−) complained of diffuse 
bone pain. 99mTc-MDP bone scintigraphy showed no evidence of bone metastases.

PET–CT findings 

(A): 99mTc-MDP bone scintigraphy (anterior view); (B): 18F-NaF MIP; (C): MRI (coronal, T2 weighted) 
of the pelvic region.

MIP shows highly heterogeneous tracer uptake in the skull, spine, pelvic grid and femurs, consistent with 
metastatic bone marrow involvement (B). 

Follow-up: MRI confirmed the presence of multiple small metastases (C).

Teaching point

18F-NaF is more sensitive than planar bone scintigraphy. 

Keywords: Breast cancer, small bone metastases, 18F-NaF



18.  SODIUM IODIDE, NaI (124I)

18.1.	GENERAL CHARACTERISTICS 

Name: 		  I-124 sodium iodide (124I-NaI)

Synonyms: 	 I-124 NaI

Radioisotope
124I is a long half-life PET radioisotope (4.18  days) emitting positrons of Emax  2.138  MeV and 

1.535 MeV, usually obtained from biomedical cyclotrons via proton irradiation of 124Te.

Radiosynthesis
There are various methods of 124I production. The 124Te(p, n) reaction gives the purest form of 124I 

using 9–14 MeV protons. Enriched 124Te is irradiated followed by thermodistillation with high recovery 
yield. No-carrier-added iodide is collected in the form of 124I-NaI in NaOH solution (pH of 8.5) [129, 130].

18.2.	PHARMACOKINETICS

18.2.1.	 Physiological biodistribution and metabolism 

Apart from thyroid tissue, physiological uptake of radioiodine also occurs in a variety of tissues 
with functional sodium  iodide symporter expression, including salivary and lacrimal glands, stomach, 
choroid plexus, ciliary body of the eye, skin, placenta, lactating mammary gland and thymus, and, to a 
lesser extent, the prostate, ovary, adrenal gland, lungs and heart. The liver is the major organ metabolizing 
radioiodinated thyroglobulin released from functioning thyroid tissues. Retention of radioiodine can occur 
as a result of structural or functional changes in any part of the body located along the route of radiotracer 
excretion or blood pooling [129, 130]. 124I-NaI imaging performed at 1 hour after tracer administration 
shows uptake in the oesophagus and stomach (Fig. 18.1(A)), decreasing in intensity on images acquired 
at 24 hours (Fig. 18.1(B)).

After retention of iodine in the thyroid, a coupling reaction leads to synthesis of T4 and T3 hormones 
catalysed by thyroid peroxidase followed by storage inside the thyroid follicles. The proteases solve the 
follicles and T4 and T3 are free to diffuse via the basal surface into the bloodstream mostly in protein 
bound forms. The physical half-life of radioiodine does not permit formation of hormones.

18.2.2.	 Mechanism of retention

Iodide is transported actively into the cells via the sodium  iodide symporter at the basolateral 
membrane of thyrocytes, then enters the colloid on the apical membrane, located on the opposite side. 
In the colloid, iodide is oxidized and bound to thyroglobulin via the enzyme thyroid peroxidase. It then 
either remains in the colloid or exits the cell as the final product [129, 130].

18.2.3.	 Pharmacology and toxicology 

No direct pharmacology or toxicology data are available for 124I-NaI. However, in this context, 
iodine is used at the tracer level, far from the level toxic for humans.
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18.3.	METHODOLOGY 

18.3.1.	 Activity, administration, dosimetry

Before use, the solution is filtered using a membrane filter bacterial filter (0.22 μm) and diluted with 
sterile saline. Diagnostic 124I imaging is performed after IV administration of 74 MBq of 124I. The effective 
dose of 124I depends on thyroid uptake: it is 0.095 mSv/MBq with a thyroid uptake of 0% (i.e. following 
thyroid ablation) and it increases to 1.5 mSv/MBq with a thyroid uptake of 35% (i.e. other patients). The 
total radiation exposure has been calculated at 7.0 mSv for a dose of 74 MBq 124I. This radiation exposure 
due to 124I is only a fraction of the total radiation exposure that results from the therapeutic use of 131I 
(340 mSv for 5550 MBq) [131–134].

18.3.2.	 Imaging protocol

Patient preparation does not require any special diet. Imaging is performed with two time point 
acquisitions, at 1 and 24 hours after the administration of 1 MBq/kg. Acquisition of the PET component is 
from head to mid-thigh with 3–5 min/bed position. For the CT imaging protocol, see general comments in 
Section 1.3. For dosimetry purposes, sequential imaging is performed at five time points, at approximately 
1–2, 24, 48, 72 and 96 hours after tracer administration [133].

18.4.	CLINICAL ASPECTS

18.4.1.	 Indications

124I-NaI is available in only few centres worldwide. It may have some useful clinical applications 
in thyroid cancer. It may be an ideal tracer for dosimetry before personalized treatment with 131I in 
patients with metastatic thyroid cancer [131]. The main advantage of 124I-NaI is based on the better spatial 
resolution of PET compared to gamma camera imaging obtained with 131I [133, 134]. 124I-NaI PET–CT 
has a high sensitivity in the detection of small metastases in thyroid carcinoma. It is therefore superior to 
diagnostic 131I planar whole body scintigraphy [133] and has a high prognostic value [132]. It could also 
potentially be useful in treatment planning in thyroid cancer.
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FIG. 18.1. Normal biodistribution of 124I-NaI at 10 min and 2 h. 
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18.4.2.	 Cases

18.4.2.1.	 Case No. 18.1

Clinical indication for PET–CT: Thyroid cancer, suspected recurrence 

Clinical history

A 32 year old female with thyroid cancer and thyroglobulin levels at 38 ng/mL and increasing, scheduled 
for 131I treatment.

PET–CT findings

(A): MIP; (B): CT and fused transaxial slices of skull; (C): CT and fused transaxial slices of thorax.

At 24 hours there is increased focal uptake in two small lytic bone lesions in the left maxillary bone (B) 
and the left seventh rib (C). 

Teaching point

124I is very sensitive for detecting small metastatic lesions from thyroid cancer.

Keywords: Thyroid cancer, restaging, 124I-Na
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18.4.2.2.	 Case No. 18.2

Clinical indication for PET–CT: Thyroid cancer, staging and risk stratification prior to thyroid ablation 
and PET based dosimetry for planning 131I ablation

Clinical history

A 30 year old woman with T3mN1Mx papillary thyroid cancer, who presented initially with palpable 
nodules in the right thyroid lobe and right supraclavicular region, underwent total thyroidectomy and 
central LND followed by right lateral LND. PET–CT was performed 4 weeks after surgery, under thyroid-
stimulating hormone stimulation with two image acquisitions at 24 and 96 hours.

PET–CT findings

(A): MIP; (B–D): fused transaxial slices at multiple levels of the neck; (E, F): 131I whole body scintigraphy 
follow-up images.

There is increased focal tracer uptake in one 8 mm right cervical level II LN, in three small left cervical 
level II LNs, and in right paratracheal remnant thyroid tissue. 

Follow-up: The patient received a standard dose of 2775 MBq 131I as ablation on the same day the 96 hour 
PET–CT study was performed. 131I whole body scintigraphy was performed on days 1 and 9 after ablation 
(E, F) and shows focal uptake in the right jaw angle and the right side of the thyroid bed.

Teaching point

124I PET–CT has a high sensitivity for detection of thyroid remnants and metastases in the pre-therapeutic 
workup in preparation for 131I therapy. It can enable visualization of additional LNs, leading to better 
nodal staging, and thus guide management decisions on alternative treatment options [132, 135–144].

Keywords: Thyroid cancer, nodal metastases, 124I-NaI
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18.4.2.3.	 Case No. 18.3

Clinical indication for PET–CT: Thyroid cancer, pre-ablative assessment and risk stratification and PET 
based dosimetry for planning 131I ablation therapy

Clinical history

A 62 year old woman with T2N0Mx papillary thyroid cancer presented with a multinodular goitre and a 
cold nodule on 123I thyroid scintigraphy. Fine needle aspiration of the cold nodule showed differentiated 
thyroid cancer. The patient underwent near total thyroidectomy. PET–CT was performed 3.5  weeks 
after surgery. 

PET–CT findings 

(Left): transaxial fused slices of neck; (right): coronal slices.

There is increased tracer uptake in bilateral paratracheal thyroid tissue remnants. Using a conventional 
thyroid formula, absorbed 131I doses were calculated from the 124I-NaI data (uptake at 24 and 96 hours, 
effective T½ and lesion volumes). The absorbed doses were at least four times higher than the dose 
generally considered to be sufficient [132, 135–144].

Teaching point

124I PET–CT provides more detailed diagnostic information than common diagnostic investigation and 
also offers dosimetry based personalized treatment of remnants.

Keywords: Thyroid cancer, pre-treatment dosimetry, 124I-NaI



19.  PSMA LIGAND (68Ga)

19.1.	GENERAL CHARACTERISTICS 

Name: 		  68Ga-PSMA-11

Synonyms: 	 68Ga labelled Glu-NH-CO-NH-Lys(Ahx)-HBED-CC; 68Ga labelled Glu-urea-Lys(Ahx)-
HBED-CC; 68Ga-PSMA ligand Glu-urea-Lys(Ahx)-HBED-CC; 68Ga-PSMA ligand Glu-urea-Lys(Ahx)-
HBED-CC; [68Ga]prostate specific membrane antigen 11; 68Ga-HBED-CC-PSMA; 68Ga  labelled 
Glu-NH-CO-NH-Lys(Ahx)-HBED-CC; gallium-68 PSMA ligand; Glu-urea-Lys(Ahx)-HBED-CC; 
PSMA-HBED-CC GA-68

Radioisotope
68Ga is a short half-life PET radioisotope (67.7 min) emitting positrons of Emax 1.9 MeV. It is usually 

obtained from a 68Ge generator. The parent isotope 68Ge has a half-life of 271 days and can be easily 
utilized for in-hospital production of generator produced 68Ga.

Radiosynthesis
The tracer can be prepared using commercially available synthesizers (Fig.  19.1) and cassettes 

under good manufacturing practice conditions with radiochemical purity of 97.3% ± 0.7% (sum of two 
diastereomers) in 20 min and radiochemical yield of 87% ± 4% (decay corrected). The final formulated 
batches met all acceptance criteria prior to release for human use and were successfully evaluated in 
patients [145–149].

19.2.	PHARMACOKINETICS

19.2.1.	 Physiological biodistribution and metabolism 

In human subjects injected with 68Ga-PSMA, intense uptake is noted in the lacrimal and salivary 
glands, as well as in the liver, spleen, jejunum and kidneys. Tracer activity can be found in vocal cords, 
pancreas, stomach, rectum, bone marrow and testes. Variable uptake is found in calcified choroid 
plexus, thyroid and adrenal nodules, axillary LNs and celiac ganglia, and occasional in osteophytes and 
gallbladder. There is almost no uptake in the brain (Fig. 19.2). 68Ga-PSMA ligands are excreted foremost 
via the urinary system and collected in the urinary bladder. A small proportion is cleared through the 
hepatobiliary system [145–149]. No direct studies on the metabolites are available.

19.2.2.	 Mechanism of retention

PSMA, a tumour associated antigen and type II  transmembrane protein, is expressed on the 
membrane of prostatic epithelial cells, and overexpressed on prostate tumour cells. Upon IV administration 
of 68Ga-PSMA, the Glu-urea-Lys (Ahx) moiety targets and binds to PSMA expressing tumour cells. Upon 
internalization, PSMA expressing tumour cells can be detected during PET imaging [145–149]. 

19.2.3.	 Pharmacology and toxicology 

No direct human toxicity studies are available. However, it was shown that for 86 μg PSMA-11 per 
kg body weight single dose administered IV in rats, acute toxicity was below the no-observed-adverse-
effect  level (NOAEL). Based on the referenced study, a safety factor of 1000 can be assumed for a 
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FIG. 19.1. Molecular structure of 68Ga-PSMA. 

FIG. 19.2. Normal biodistribution of 68Ga-PSMA.



maximum human dose of PSMA-11 of 6.3 nmol or 6 μg per injection for a standardized patient of 70 kg 
body weight at a maximal concentration of 0.6 μg/mL [148].

19.3.	METHODOLOGY 

19.3.1.	 Activity, administration, dosimetry

68Ga-PSMA is administered via IV route in an activity of 1.8–2.2 MBq (0.049–0.060 mCi) per kg 
body weight. The highest tracer uptake was observed in the kidneys, liver, upper large intestine and urinary 
bladder. Mean organ doses are: kidneys 0.262 ± 0.098 mGy/MBq, liver 0.031 ± 0.004 mGy/MBq, upper 
large intestine 0.054  ±  0.041  mGy/MBq and urinary bladder 0.13  ±  0.059  mGy/MBq. The calculated 
mean effective dose is 0.023 ± 0.004 mSv/MBq (0.085 ± 0.015 rem/mCi) [148, 150–155]. 

19.3.2.	 Imaging protocol 

Patients have to fast for 4  hours. Imaging is performed following the IV administration of 
1.5–2.5 MBq/kg and an uptake period of 60–100 min. Acquisition of the PET component starts from the 
pelvis, with 2–3 min/bed position. For the CT imaging protocol, see general comments in Section 1.3.

19.4.	CLINICAL ASPECTS

19.4.1.	 Indications

The main clinical applications of 68Ga-PSMA PET–CT are for prostate cancer. Similar to 
radiolabelled choline, this study can be performed for intraprostatic detection of a primary tumour, 
especially in association with MRI or using hybrid PET–MRI [150]. The study can also be of value for 
nodal staging in patients with newly diagnosed intermediate or high risk primary tumours according 
to the main risk factors, Gleason score, T  stage and PSA values [151]. This is particularly helpful to 
decide on the most appropriate surgical option, or to direct patients showing multimetastatic spread of 
the disease to a different type of treatment, such as RT or ADT. 68Ga-PSMA PET–CT is also performed 
for restaging of BCR, defined as an increase in PSA levels up to 0.2 ng/mL after radical prostatectomy, 
or 2.0 ng/mL after RT [152]. 68Ga-PSMA PET–CT can differentiate between local and distant relapse and 
identify patients with oligometastatic disease, potentially treatable with salvage treatments, as compared 
to those affected by disseminated metastatic spread who are candidates for ADT. Appropriate use of 68Ga-
PSMA PET–CT led to a change in the decision making process in up to half of patients with prostate 
cancer [153]. 68Ga‑PSMA PET–CT plays a major role in the selection of metastatic castrate resistant 
prostate cancer patients who may benefit from systemic treatment with 223Ra or other radioligand 
treatment using β emitters such as 177Lu-PSMA or α emitters such as 225Ac-PSMA [154, 155].
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19.4.2. Cases

19.4.2.1.	 Case No. 19.1

Clinical indication for PET–CT: Prostate cancer, staging

Clinical history

A 56 year old man with newly diagnosed prostate cancer, Gleason score 4+5, PSA 14 ng/mL, candidate 
for radical prostatectomy.

PET–CT findings 

(A): MIP; (B): CT and fused transaxial slices of lower thorax.

There is intense tracer uptake in the prostate and in multiple foci in LNs and bones. 

Teaching point

In high risk patients, a whole body imaging test such as 68Ga-PSMA PET–CT can localize distant 
metastases to LNs or bones. In this case, based on the results of this study, the patient received ADT.

Keywords: Prostate cancer, staging, 68Ga-PSMA
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19.4.2.2.	 Case No. 19.2

Clinical indication for PET–CT: Prostate cancer, BCR 

Clinical history

A 62 year old man with prostate cancer, Gleason score  4+4, post-radical prostatectomy, presented 
with PSA 0.7 ng/mL, PSA dt 5 months, and TTR 24 months. He was a candidate for salvage RT to the 
prostatic fossa. 

PET–CT findings

(A): MIP; (B): CT and fused transaxial slices of pelvis.

There is a single focus of increased tracer uptake in the prostatic fossa, confirmed by biopsy as 
local relapse. 

Teaching point

68Ga-PSMA can diagnose local relapse. The presence of radioactive urine may cause pitfalls. In this 
case, 68Ga-PSMA PET–CT showed the presence of a single focus of increased uptake with no additional 
findings. Following the 68Ga-PSMA study, the patient was referred for salvage RT to the pelvis.

Keywords: Prostate cancer, local relapse, 68Ga-PSMA
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19.4.2.3.	 Case No. 19.3

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 68 year old man with prostate cancer, pT3N0Mx, Gleason score  4+5, post-radical prostatectomy 
followed by adjuvant external beam RT, presented with PSA 2.49 ng/mL and PSA dt 8 months.

PET–CT findings 

(A): sagittal MIP; (B): CT, PET and fused coronal, sagittal and transaxial slices of pelvis.

There is a small focus of tracer uptake in the prostatic fossa and the urethra, due to radioactive urine, with 
no evidence of recurrent disease (note that the patient complained of frequent urinary incontinence during 
physical exertion).

Teaching point

In patients who have undergone surgery, focal uptake related to radioactive urine should be recognized 
and distinguished from recurrent disease. Urinary radioactivity is in the mid-line and follows the urethra.

Keywords: Prostate cancer, pitfall, 68Ga-PSMA
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19.4.2.4.	 Case No. 19.4

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 64 year old man with prostate cancer, Gleason score  4+4, post-radical prostatectomy, presented 
with PSA 0.7 ng/mL, PSA dt 6 months and TTR 12 months. He was a candidate for salvage RT to the 
prostatic fossa. 

PET–CT findings 

(A): MIP; (B): CT and fused transaxial slices of pelvis.

There is a single focus of increased tracer uptake in an 8 mm right external iliac LN. 

Teaching point

68Ga-PSMA is very sensitive for detection of small metastatic LNs. A single nodal metastasis, precisely 
localized, is potentially curable with aggressive treatment. In this case, following the 68Ga-PSMA study, 
the single metastasis was included in the radiation field.

Keywords: Prostate cancer, LN relapse, 68Ga-PSMA
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19.4.2.5.	 Case No. 19.5

Clinical indication for PET–CT: Prostate cancer, BCR 

Clinical history

A 72 year old man with prostate cancer, Gleason score  4+5, post-radical prostatectomy, presented 
with PSA 0.4 ng/mL, PSA dt 6 months and TTR 10 months. He was a candidate for salvage RT to the 
prostatic fossa. 

PET–CT findings 

(A): MIP; (B, C): CT and fused transaxial slices at two levels of pelvis.

There are two foci of increased tracer uptake: in the prostatic fossa and in a 7 mm right common iliac LN. 

Teaching point

68Ga-PSMA PET–CT is very sensitive for the detection of small lesions in the pelvis. In this case, the 
study detected both local relapse and a single nodal metastasis, both potentially treatable with aggressive 
treatment. Following the 68Ga-PSMA study both sites of disease were included in the radiation field.

Keywords: Prostate cancer, local and LN relapse, 68Ga-PSMA
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19.4.2.6.	 Case No. 19.6

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 64 year old man with prostate cancer, Gleason score 4+5, post-radical prostatectomy, presented with 
PSA 1.9 ng/mL, PSA dt 6 months and TTR 28 months. 

PET–CT findings 

(A): MIP; (B): CT and fused transaxial slices of mid-thorax.

There is focal tracer uptake in an enlarged, 24 mm, precarinal LN. Transbronchial biopsy confirmed a 
prostate cancer metastasis. 

Teaching point

68Ga-PSMA PET–CT showed the presence of a single metastasis in a thoracic LN. Although infrequent in 
prostate cancer, mediastinal nodal metastases may occur. Following the 68Ga-PSMA study the patient was 
referred for ADT.

Keywords: Prostate cancer, distant LN metastasis, 68Ga-PSMA
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19.4.2.7.	 Case No. 19.7

Clinical indication for PET–CT: Prostate cancer, BCR   

Clinical history

A 72 year old man with prostate cancer, Gleason score 4+3, post-radical prostatectomy, was examined 
during treatment with abiraterone because of increasing PSA levels (127  ng/mL). The patient was a 
candidate for 223Ra-chloride treatment. 

PET–CT findings 

(A): MIP; (B): fused transaxial slices at mid-thoracic and mid-abdominal levels.

There are multiple foci of increased tracer uptake in the bones, with no evidence for nodal or visceral 
metastases. Following the study, the patient was referred for 223Ra-chloride treatment. 

Teaching point

68Ga-PSMA PET–CT should be always performed in patients eligible for 223Ra-chloride treatment, to 
confirm the presence of bone lesions and exclude the presence of nodal or visceral metastases.

Keywords: Prostate cancer, bone metastases, 68Ga-PSMA
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19.4.2.8.	 Case No. 19.8

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 72 year old patient with prostate cancer, Gleason score  3+4, stage  T3aN0MxR1, presented with 
PSA 0.21 ng/mL. 

PET–CT findings 

(A): MIP; (B, C): CT and fused transaxial slices of thorax and pelvis.

There is intense tracer uptake in an osteoblastic bone metastasis in the T-10 vertebral body. There is also 
faint uptake in a subcentimetre left sacral LN. 

Teaching point

The prostate lymphatics drain into the periprostatic, subcapsular network, from which three groups of 
ducts originate: the ascending ducts from the cranial prostate draining into the external iliac LNs, the 
lateral ducts running to the hypogastric LNs and the posterior ducts draining from the caudal prostate to the 
subaortic sacral LNs of the promontory. Morphological criteria used by conventional imaging techniques 
underestimate the presence of malignancy in LNs. 68Ga-PSMA PET–CT has a higher sensitivity for the 
detection of subcentimetre nodal metastases in patients with BCR.

Keywords: Prostate cancer, bone and small nodal metastases, 68Ga-PSMA
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19.4.2.9.	 Case No. 19.9

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 67 year old man with prostate cancer, Gleason score 4+3, post-radical prostatectomy, presented with 
increasing PSA (114 ng/mL) during enzalutamide treatment. 

PET–CT findings 

(A): MIP; (B): PET, fused and CT slices of mid-abdomen.

There are multiple foci of tracer uptake in the peritoneum, the liver capsule and mediastinal LNs. 

Teaching point 

68Ga-PSMA PET–CT can show peritoneal invasion in patients with prostate cancer. Peritoneal metastases 
are rare in prostate cancer, especially in the absence of skeletal or other visceral metastases. The metastatic 
patterns and mechanisms of tumour dissemination of prostate cancer have traditionally been explained by 
the mechanical theory of dissemination through the lympho-vascular channels or, alternatively, through 
the “seed and soil” hypothesis. 

Keywords: Prostate cancer, peritoneal metastases, 68Ga-PSMA
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19.4.2.10.	 Case No. 19.10

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 66 year old patient with prostate cancer, Gleason score 3+4, stage T3N0M0, post-radical prostatectomy 
and following a previous recurrence treated with ADT. The patient presented with PSA  8.8  ng/mL. 
Contrast enhanced CT showed bladder wall thickening, suspicious for relapse.

PET–CT findings 

(A): MIP; (B): CT and fused transaxial slices at multiple levels of pelvis.

There is intense tracer uptake in nodules adjacent to the bladder, as well as in the peritoneum (arrows), 
consistent with tumour implants. 

Teaching point

Peritoneal metastases, with or without ascites, represent an advanced stage of aggressive prostate cancer.

Keywords: Prostate cancer, peritoneal metastases, 68Ga-PSMA
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19.4.2.11.	 Case No. 19.11

Clinical indication for PET–CT: Prostate cancer, BCR 

Clinical history

A 67 year old patient with prostate cancer treated with primary RT presented with PSA 37 ng/mL.

PET–CT findings 

(A): MIP; (B): CT and fused transaxial and coronal slices of thorax.

There is diffuse tracer uptake in multiple pulmonary nodules, ranging from a few millimetres to 
1  cm in diameter. In addition, there is also increased 68Ga-PSMA uptake in the prostate, suggesting 
local recurrence. 

Teaching point

The usual pattern of metastatic spread in prostate cancer is through the lymphatic pathways. Lung 
metastases are often found at autopsy, and such metastases are the second most common type of 
metastatic spread, after skeletal lesions. They usually occur concomitantly with LN and bone metastases, 
or in the context of multiple organ involvement. Isolated pulmonary metastases are very rare. There are 
two radiological patterns of pulmonary metastasis in prostate cancer. The lymphangitic pattern, secondary 
to infiltration of pulmonary lymphatic vessels, is the most common pattern in prostate cancer and 
presents as a thickening of the interlobular connective tissue, the peribroncho-vascular interstitium and/or 
the subpleural interstitium, which can sometimes be nodular. The second, less common, pattern is the 
haematogenous pattern, with solitary or multiple lung nodules of different size.

Keywords: Prostate cancer, lung metastases, 68Ga-PSMA
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19.4.2.12.	 Case No. 19.12

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 68 year old patient diagnosed with prostate cancer, post-radical prostatectomy, presented with 
PSA 0.39 ng/mL. 

PET–CT findings

(A): MIP; (B): CT and fused transaxial slices of upper thorax.

There is tracer uptake in a pulmonary nodule with irregular margins and spiculated edges in the left upper 
lobe. Biopsy diagnosed primary lung adenocarcinoma. 

Teaching point

The presence of irregular margins and spiculation in a lung lesion on CT is highly suspicious for 
malignancy. 68Ga-PSMA uptake related to tumour neovasculature can be the cause for visualization in 
non-prostatic solid malignancies such as squamous cell carcinoma, glioma, and lung or breast cancer. In 
the future, these tumours could be targets for anti-tumour therapy.

Keywords: Prostate cancer, primary lung cancer, 68Ga-PSMA
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19.4.2.13.	 Case No. 19.13

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 64 year old patient with prostate cancer, Gleason score 3+4, post-radical prostatectomy, with perineural 
invasion and negative surgical margins, presented with PSA 0.2 ng/mL and PSA dt 6 months.

PET–CT findings 

(A): coronal and saggital MIP; (B): CT and fused transaxial slices of mid-abdomen.

There is a focal area of tracer uptake in the liver, segment 4B, consistent with a metastasis. 

Teaching point

Autopsy of 1589 patients diagnosed with prostate cancer found metastases in the bone in 90%, in the 
lungs in 46%, in the liver in 25%, in the pleura in 21% and in adrenal glands in 13% of cases. Isolated 
hepatic metastases in prostate cancer are rare. In this case, there was no evidence of disease in other 
organs and the patient was referred for surgery. 

Keywords: Prostate cancer, liver metastasis, 68Ga-PSMA
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19.4.2.14.	 Case No. 19.14

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 65 year old man with prostate cancer, Gleason score 4+3, stage pT2cN0Mx, post-radical prostatectomy 
followed by RT two years later because of an imaging-negative relapse, presented with PSA 6.06 ng/mL 
and PSA dt 9 months.

PET–CT findings 

(A): 68Ga-PSMA CT, PET and fused transaxial slices of upper abdomen; (B):  18F-FDG slices at 
the same levels.

There is a focus of increased 68Ga-PSMA uptake in a 4 cm mass in the tail of the pancreas (A). 18F-FDG 
PET–CT also shows increased uptake in the same lesion (B). Surgery diagnosed a mildly differentiated 
pancreatic adenocarcinoma (pT3N1). There was no evidence of prostate cancer relapse. PSA was 5.15 
and 6.18 ng/mL 6 and 12 months later, respectively. 

Teaching point

PSMA may be expressed in a wide variety of primary tumours, in addition to prostate adenocarcinoma.

Keywords: Prostate cancer, pancreatic adenocarcinoma, 68Ga-PSMA
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19.4.2.15.	 Case No. 19.15

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A patient with prostate cancer, post-RT as primary treatment, followed by BCR treated with ADT, 
presented with PSA 3.1 ng/mL.

PET–CT findings

(A): MIP; (B, C): CT, PET and fused transaxial slices at two levels of pelvis.

There is faint tracer uptake in a 3 mm right sacral LN and a right iliac LN. 

Teaching point

Internal and external iliac LNs, and obturator LNs, are the stations most frequently involved in metastatic 
spread of prostate carcinoma. Metastases to presacral and common iliac LNs are rare. 68Ga-PSMA 
PET–CT has a high sensitivity for the detection of subcentimeter nodal metastases in BCR.

Keywords: Prostate cancer, nodal metastases, 68Ga-PSMA
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19.4.2.16.	 Case No. 19.16

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

An 81 year old patient with prostate cancer state after RT and ADT as primary treatment, presented 
with PSA 23 ng/mL.

PET–CT findings 

(A): MIP; (B): fused coronal slice; (C): CT and fused transaxial slices of lower abdomen and lower thorax.

There is intense tracer uptake in enlarged iliac and retroperitoneal LNs and an additional focal uptake in 
the 9th left rib, consistent with metastatic spread. 

Teaching point

68Ga-PSMA is useful to localize the site of recurrence as well as to identify distant metastases, with 
optimized subsequent treatment tailoring.

Keywords: Prostate cancer, metastases, 68Ga-PSMA
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19.4.2.17.	 Case No. 19.17

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 68 year old patient with prostate cancer, post-radical prostatectomy, presented with PSA 1.0 ng/mL. 
99mTc-MDP bone scintigraphy (A) shows intense tracer uptake in the left pelvis.

PET–CT findings 

(A): 99mTc-MDP bone scintigraphy; (B): MIP; (C): CT and fused transaxial and coronal slices.

There is cortical thickening and sclerosis of the right iliac bone on CT, with partially increased, 
inhomogeneous 68Ga-PSMA uptake, consistent with Paget’s disease.  

Teaching point

68Ga-PSMA uptake by benign processes such as Paget’s disease has been reported. In these cases tracer 
uptake is related to osseous remodelling and increased vascularization.

Keywords: Prostate cancer, Paget’s disease, 68Ga-PSMA
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19.4.2.18.	 Case No. 19.18

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 65 year old man with prostate cancer, Gleason score 4+4, post-radical prostatectomy, presented with 
PSA 0.21 ng/mL, PSA dt 8.2 months and TTR 28 months.

PET–CT findings 

(A): MIP; (B): CT and fused transaxial slices of upper thorax.

There is faint tracer uptake in a left cervical ganglion. 

Teaching point

This finding does not represent malignancy and should be recognized by the low intensity of 68Ga-PSMA 
uptake and by its shape and location on CT. 

Keywords: Prostate cancer, cervical ganglion, 68Ga-PSMA
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19.4.2.19.	 Case No. 19.19

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 75 year old man with prostate cancer, Gleason score 4+3, post-radical prostatectomy, presented with 
PSA 0.5 ng/mL and PSA dt 6.2 months. 

PET–CT findings 

(A): MIP; (B): PET, fused and CT transaxial slices of mid-thorax.

There is faint tracer uptake in a left rib, consistent with a healing fracture seen on CT. 

Teaching point

Fractures with callus formation can show increased PSMA expression.  

Keywords: Prostate cancer, fracture, 68Ga-PSMA
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19.4.2.20.	 Case No. 19.20

Clinical indication for PET–CT: Prostate cancer, BCR

Clinical history

A 75 year old man with prostate cancer, Gleason score 4+4, post-radical prostatectomy, presented with 
PSA 0.8 ng/mL, PSA dt 6 months and TTR 18 months. 

PET–CT findings 

PET, fused and CT slices of head.

There is intense tracer uptake, adjacent and lateral to the right masseter muscle, consistent with an 
accessory parotid gland. 

Teaching point

Accessory parotid glands are a relatively common finding and can be recognised by the location and 
intensity of tracer uptake.

Keywords: Prostate cancer, accessory salivary gland, 68Ga-PSMA



20.  SOMATOSTATIN ANALOGUES (68Ga)

20.1.	GENERAL CHARACTERISTICS 

Name: 		  68Ga-DOTA-peptide

Synonyms: 	 68Ga  labelled (1,4,7,10-tetraazacyclododecane-N, N′, N′′, N′′′-tetraacetic acid)-1-
somatostatin ligands 68Ga-DOTA-somatostatins: 

	— 68Ga  labelled (1,4,7,10-tetraazacyclododecane-N, N′, N′′, N′′′-tetraacetic acid)-1-(d)-Phe1-Thy3-
octreotate (DOTATATE)

	— 68Ga  labelled (1,4,7,10-tetraazacyclododecane-N, N′, N′′, N′′′-tetraacetic acid)-1-(d)-Phe1-Thy3-
octreotide (DOTATOC)

	— 68Ga  labelled (1,4,7,10-tetraazacyclododecane-N, N′, N′′, N′′′-tetraacetic acid)-1-NaI3-octreotide 
(DOTANOC)

Radioisotope
68Ga is a short half-life PET radioisotope (67.7 min) emitting positrons of Emax 1.9 MeV. It is usually 

obtained from a 68Ge generator. The parent isotope 68Ge has a half-life of 271 days and can be easily 
utilized for in-hospital production of generator produced 68Ga.

Radiosynthesis
68Ga labelling of DOTA-somatostatins is performed via a small scale laboratory method as well as 

an automated method using a synthesizer coupled with a 68Ge generator usually eluted using 0.1 M HCl 
followed by a pre-concentration and/or pre-purification in some cases. Purified 68Ga is then directly 
eluted into the reaction vial containing DOTA-somatostatin heated to 90–100°C for 10–15 min. This is 
followed by reverse phase column purification and further dilution with normal saline. The tracer is then 
passed through a 0.22 μm filter to get a sterile preparation for injection. Radiolabelling yields of >95% 
can usually be achieved within 15 mins [156–159]. 

20.2.	PHARMACOKINETICS

20.2.1.	 Physiological biodistribution and metabolism 

All 68Ga-DOTA-conjugated peptides, such as 68Ga-DOTANOC (Fig. 20.1), are rapidly cleared from 
the blood. Arterial elimination of activity is biexponential, and no radioactive metabolites are detected 
after 4 hours in the serum or urine. Maximum renal activity after injection averages <50% of the uptake 
by the spleen. Excretion is almost entirely through the kidneys. At 60 min after injection there is moderate 
uptake in the pituitary gland and intense uptake in the lacrimal and salivary glands, liver, pancreas, spleen 
and adrenals (Fig.  20.2). Tracer uptake in the uncinated process of the pancreas, when present, has a 
variable pattern, ranging from mild diffuse, intense diffuse or focal to diffuse inhomogeneous, and this 
should be recognized as a potential pitfall (Fig. 20.3). 

20.2.2.	 Mechanism of retention

Synthetic somatostatin peptides have a long biological half-life. They show strong and specific 
affinity for somatostatin receptors located on the cellular surface of neuroendocrine tumours. The three 
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FIG. 20.1. Molecular structure of 68Ga-DOTANOC.

FIG. 20.2. Normal biodistribution of 68Ga-DOTA-peptide.



well known agents used clinically, DOTATATE, DOTATOC and DOTANOC, have different affinities for 
receptor subtypes (Table 20.1).

68Ga-DOTANOC has high affinity for somatostatin receptor subtypes 2, 3, and 5, suggesting a wider 
receptor binding profile than 68Ga-DOTATATE and 68Ga-DOTATOC, which are selective essentially only 
for subtype 2 receptors (Table 20.1).

20.2.3.	 Pharmacology and toxicology 

The studies performed in humans using 68Ga-somatostatin provide strong evidence that the mass 
quantity of the investigational drug (≤50 μg) is within the acceptable range for patients with life threatening 
malignancies whose treatment may benefit from the use of the proposed PET–CT imaging procedure.
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FIG. 20.3. Five variants of normal biodistribution of 68Ga-DOTA-peptide. 



20.3.	METHODOLOGY 

20.3.1.	 Activity, administration, dosimetry

The injected activity ranges between 111 and 259 MBq (3–7 mCi) depending on the patient’s body 
weight. An activity of 185 MBq (5 mCi) per 70 kg is used. A one time activity of 185 MBq 68Ga-somatostatin 
administered to a patient for the investigational study results in an effective dose of approximately 5 mSv 
(500 mrem). There is an additional 1.5 to 5.9 mSv from the CT (10–40 mAs) for an average body habitus. 
In total, this results in an effective dose of approximately 6.5 to 10.9 mSv [156–159]. 

20.3.2.	 Imaging protocol

Patient preparation does not require any dietary restrictions. Imaging is performed following 
IV administration of 2 MBq/kg and an uptake period of 60 min. Acquisition of the PET component is 
from mid-thigh to head with 2–3 min/bed position. For the CT imaging protocol, see general comment 
in Section 1.3.

20.4.	CLINICAL ASPECTS 

20.4.1.	 Indications 

68Ga-DOTA-conjugated peptide PET–CT is used for management of patients with NETs, at staging 
to localize primary tumours and metastases, for restaging during follow-up to detect residual, recurrent 
or progressive disease, to determine somatostatin receptor status and thus select patients with metastatic 
disease for peptide receptor radionuclide therapy, and finally to monitor response to therapy [159].
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TABLE 20.1. DIFFERENT AFFINITY PROFILES FOR SOMATOSTATIN RECEPTOR SUBTYPES 1–5

Name SSTR1a SSTR2a SSTR3a SSTR4a SSTR5a

68Ga-DOTATATE >10 000 0.2 ± 0.5 >1 000 300 ± 140 377 ± 18

68Ga-DOTATOC >10 000 2.5 ± 0.5 613 ± 140 >1 000 73 ± 21

68Ga-DOTANOC >10 000 1.9 ± 0.4 40 ± 5.8 270 ± 74 7.2 ± 1.6

a	 SSTR: somatostatin receptor. 
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20.4.2. Cases

20.4.2.1.	 Case No. 20.1

Clinical indication for PET–CT: Suspected NET

Clinical history

A patient with incidentally found high values of chromogranin A (525 ng/L). 

PET–CT findings 

(A): MIP; (B): CT and fused transaxial slices of mid-abdomen.

There is increased focal 68Ga-DOTANOC uptake in a solid, round nodule, 18 mm in diameter, in the 
uncinate process of the pancreas. Surgery diagnosed a primary NET of the pancreas, G2 (Ki-67 4%).

Teaching point

The focal uptake should not be confused with physiologically increased uptake in the uncinate process of 
the pancreas, in which case no significant findings are observed on CT. 

Keywords: NET of pancreas, uncinate process, 68Ga-DOTANOC
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20.4.2.2.	 Case No. 20.2

Clinical indication for PET–CT: Suspicion of pancreatic NET

Clinical history

A 50 year old woman with a hypervascular lesion in the pancreas, incidentally found on contrast 
enhanced CT (A, arrow).

PET–CT findings 

(A): contrast enhanced CT transaxial slice of mid-abdomen; (B):  MIP; (C):  fused transaxial slice 
of mid-abdomen.

There is a focal area of increased 68Ga-DOTANOC uptake in the pancreas, corresponding to the known 
CT finding. At surgery, a well differentiated NET (Ki-67  2%) with high expression of somatostatin 
receptor analogues was diagnosed.

Teaching point

68Ga-DOTANOC PET–CT has very high sensitivity for detection of well differentiated NETs, including 
very small lesions.

Keywords: Well differentiated NET, 68Ga-DOTANOC
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20.4.2.3.	 Case No. 20.3

Clinical indication for PET–CT: Evaluation of a pancreatic lesion

Clinical history

A 48 year old man with clinical suspicion of insulinoma because of episodes of hypoglycaemia and a 
lesion in the pancreatic body detected on MRI (A). 

PET–CT findings 

(A): MRI slice of mid-abdomen; (B): MIP; (C): CT, PET and fused transaxial slices of mid-abdomen.

No abnormal 68Ga-DOTANOC uptake is seen in the pancreatic lesion. Insulinoma, however, was 
confirmed at surgery.

Teaching point

The sensitivity of 68Ga-DOTA-peptides is variable, depending on the tumour type. In particular, sensitivity 
is lowest for insulinomas.

Keywords: Insulinoma, 68Ga-DOTANOC
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20.4.2.4.	 Case No. 20.4

Clinical indication for PET–CT: Suspected pancreatic NET 

Clinical history

A 58 year old patient with an incidental pancreatic lesion found on CT.

PET–CT finding 

(A): MIP; (B): CT and fused transaxial slices of mid-abdomen.

There is increased focal 68Ga-DOTANOC uptake in the head of the pancreas and in a peripancreatic LN, 
adjacent to the tail of the pancreas. At surgery, a well differentiated NET, G1 (Ki-67 2%), was diagnosed.

Teaching point

68Ga-DOTANOC PET–CT allows accurate diagnosis and staging of NET. 

Keywords: NET of pancreas, diagnosis, staging, 68Ga-DOTANOC
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20.4.2.5.	 Case No. 20.5

Clinical indication for PET–CT: Evaluation of an incidentally found liver lesion, suspected to 
be a metastasis

Clinical history

A 52 year old male with an incidentally detected, single liver lesion in the left lobe, shown on US, 
suspected to represent a metastasis of unknown primary tumour. 

PET–CT findings 

(A): MIP; (B): CT and fused transaxial slices of lower abdomen.

There is increased focal 68Ga-DOTANOC uptake in an ileal loop, suspected to be the primary tumour (red 
marker), and in the known lesion in the left lobe of the liver, consistent with a metastasis. At surgery, well 
differentiated NET, G1 (Ki-67 2%), was diagnosed.

Teaching point

68Ga-DOTANOC PET–CT is the imaging method of choice in cases of metastatic unknown primary 
tumour, when conventional imaging methods are negative and a NET is suspected.  

Keywords: Unknown primary NET, ileum, 68Ga-DOTANOC
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20.4.2.6.	 Case No. 20.6

Clinical indication for PET–CT: Suspected NET on 18F-FDG PET–CT

Clinical history

A 70 year old patient with a history of non-Hodgkin lymphoma had a follow-up 18F-FDG PET–CT that 
showed mesenteric LNs with desmoplastic reaction on the CT component, with no abnormal tracer 
uptake, highly suggestive of NET (A). 

PET–CT findings 

(A): 18F-FDG PET–CT MIP, CT and fused transaxial slices of lower abdomen; (B): 68Ga-DOTATATE, 
same slices as in (A).

There is intense 68Ga-DOTATATE uptake in mesenteric LNs, and also in the primary tumour in 
the small bowel.

Teaching point

Nodal lymphoma involvement does not usually show mesenteric desmoplastic reaction on CT, which is 
typical for small bowel carcinoid. 

Keywords: NET, mesenteric nodal metastases, 68Ga-DOTATATE
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20.4.2.7.	 Case No. 20.7

Clinical indication for PET–CT: Multiple liver lesions on US and CT, suspected to be metastases

Clinical history

A 60 year old man showing multiple liver lesions on US and CT, suspected to be metastases of an 
unknown primary site. 

PET–CT findings

(A–C): 18F-FDG MIP and transaxial CT and fused slices of upper abdomen and pelvis; (D–F):  68Ga-
DOTANOC, same slices as in (A–C).

There is no 18F-FDG uptake in the liver or bowel (A–C). 68Ga-DOTANOC PET–CT shows increased 
uptake in multiple liver lesions and a focal uptake in a loop of the ileum, suspected to be the primary 
tumour (F, red arrow). At surgery, a well differentiated NET, G1 (Ki-67 2%), was diagnosed.

Teaching point

PET–CT is the imaging method of choice in cases of metastatic cancer of unknown primary origin, and 
specifically 68Ga-DOTA-peptides are the tracers of choice in cases of suspected NET of the abdomen. 
18F-FDG may be negative, especially in well differentiated NETs (G1). 

Keywords: Unknown primary origin, ileum, 68Ga-DOTANOC, 18F-FDG



191



192

20.4.2.8.	 Case No. 20.8

Clinical indication for PET–CT: Endobronchial carcinoid, staging 

Clinical history

A 33 year old man with persistent cough and wheezing, not responsive to bronchodilators, had a CT that 
showed an endobronchial node in the left main bronchus. Bronchoscopy biopsy diagnosed carcinoid.

PET–CT findings 

(A): 18F-FDG MIP; (B): 68Ga-DOTATATE MIP.

There is abnormal 68 Ga-DOTATATE uptake in a nodular lesion protruding into the left main bronchus, 
consistent with the known primary tumour. There is additional focal uptake in the left adrenal gland (C), 
confirmed by MRI to be an adenoma.

Teaching point

Endobronchial carcinoid is, as a rule, a well differentiated tumour, and thus shows high 68Ga-DOTATATE 
uptake. Adrenal adenomas can be 68 Ga-DOTATATE avid.

Keywords: Endobronchial carcinoid, adrenal adenoma, 68Ga-DOTATATE
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20.4.2.9.	 Case No. 20.9

Clinical indication for PET–CT: NET of the pancreas, staging 

Clinical history

Incidentally found NET of the pancreas, G2 (Ki-67 5%).

PET–CT findings 

(A): 68Ga-DOTANOC MIP; (B): CT and fused transaxial and coronal slices of thorax; (C): CT and fused 
transaxial slices of abdomen.

There are multiple areas of increased 68Ga-DOTANOC uptake in the pancreas, liver and abdominal LNs 
(A). Note also focal uptake in 5 mm left supraclavicular LN (B). 

Teaching point

68Ga-DOTA-peptides can show very intense uptake even in small lesions, such as a LN in this case. The 
intensity of uptake depends on the number of receptors expressed by the tissue.

Keywords: NET, staging, 68Ga-DOTANOC



194

20.4.2.10.	 Case No. 20.10

Clinical indication for PET–CT: Primary NET of lung, staging

Clinical history

A patient with a lung mass was referred for 18F-FDG imaging for staging. Subsequent biopsy diagnosed a 
moderately differentiated NET, G2 (Ki-67 8%). The patient was then referred for a second PET–CT study 
with 68Ga-DOTANOC for staging. 

PET–CT findings 

(A): 68Ga-DOTANOC MIP; (B): CT and fused transaxial images.

There is increased focal 18F-FDG uptake in the right lung nodule with no additional findings (A). 
68Ga‑DOTANOC also shows intense uptake in the lung lesion, as well as in the thyroid, related to known 
De Quervin thyroiditis (B).

Teaching point

18F-FDG and 68Ga-DOTA-peptides can both be positive in G2 NETs, mainly in large tumours that can 
show variable grades of differentiation. Moreover, inflammatory cells within the lesion can also cause 
18F-FDG uptake. A positive 18F-FDG study is an indicator of bad prognosis. Note the intense uptake of 
68Ga-DOTANOC in the thyroid due to the presence of a granulomatous disease.

Keywords: Lung NET, tissue characterization, thyroiditis, 68Ga-DOTANOC, 18F-FDG
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20.4.2.11.	 Case No. 20.11

Clinical indication for PET–CT: Moderately differentiated NET of pancreas (Ki-67 8%), staging

Clinical history

A 68 year old man with metastatic pancreatic NET was referred for staging.

PET–CT findings

(A): 68Ga-DOTANOC MIP, CT and fused transaxial slices of upper abdomen and pelvis; (B): 18F-FDG, 
same slices as in (A).

68Ga-DOTANOC shows intense pathologic uptake in the known pancreatic primary tumour and in known 
nodal and liver metastases, and also identifies previously unknown bone lesions (A). 18F-FDG confirms 
the pathologic uptake in the pancreas, LNs, and some of the known liver and bone lesions (B).  

Teaching point

The combined use of 18F-FDG and 68Ga-DOTANOC PET–CT studies provides complementary 
information regarding the different biological disease characteristics. This can be important for accurate 
selection of patients scheduled for radionuclide therapy as well as for assessment of outcome.

Keywords: NET, staging, 68Ga-DOTANOC, 18F-FDG
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20.4.2.12.	 Case No. 20.12

Clinical indication for PET–CT: MTC, staging

Clinical history

A 70 year old man with newly diagnosed MTC and suspicion of distant metastases on CT.

PET–CT findings 

(A): MIP; (B): CT, PET and fused transaxial slices of lower neck.

There is increased 68Ga-DOTANOC uptake of moderate intensity in the known tumour in the left lobe of 
the thyroid, with no additional findings.

Teaching point

PET–CT with 68Ga-DOTA-peptides may be helpful in the staging of MTC, even though uptake 
can be variable.

Keywords: Medullary thyroid cancer, 68Ga-DOTANOC
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20.4.2.13.	 Case No. 20.13

Clinical indication for PET–CT: Metastatic NET, potential eligibility for peptide receptor 
radionuclide therapy 

Clinical history

A 63 year old man with pancreatic NET, with metastases seen on CT (A).

PET–CT findings

(A): CT transaxial slice of abdomen; (B): MIP; (C–E): fused and CT transaxial slices of upper and mid-
abdomen and thorax.

There is almost no somatostatin receptor analogue uptake in the pancreatic NET (C), and only low uptake 
in the liver metastases (D) and in a previously unknown bone lesion (E).

Teaching point

68Ga-DOTANOC PET–CT is mandatory for identifying candidates for peptide receptor radionuclide 
therapy. Patients with low tracer uptake may not benefit from this therapeutic approach.

Keywords: Radionuclide therapy, 68Ga-DOTANOC
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20.4.2.14.	 Case No. 20.14

Clinical indication for PET–CT: Metastatic NET of pancreas, baseline prior to treatment 

Clinical history

A 59 year old patient with NET of the pancreas, with liver and bone metastases, was referred for baseline 
evaluation to further assess response to somatostatin therapy. 

PET–CT findings 

(A): MIP; (B): CT and fused transaxial slices of mid-thorax; (C) same images at level of pelvis.

There are multiple foci of increased 68Ga-DOTANOC uptake in the liver and bone. 

Teaching point

The presence of increased tracer uptake in multiple small lesions makes the patient a candidate for 
systemic treatment with 177Lu-DOTA-peptides. Note the absence of any significant CT findings in the 
bone metastases.

Keywords: 68Ga-DOTANOC, 177Lu-DOTA-peptide treatment
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20.4.2.15.	 Case No. 20.15

Clinical indication for PET–CT: NET of pancreas, monitoring response to peptide receptor 
radionuclide therapy

Clinical history

Same patient as in Case 20.14. Repeat 68Ga-DOTANOC PET–CT was performed after 6 cycles of 177Lu-
DOTA-peptide treatment.

PET–CT findings 

(A): MIP; (B): CT and fused transaxial slices of mid-thorax; (C): fused transaxial slice of pelvis.

No areas of abnormal 68Ga-DOTANOC activity are seen. Note the new osteoblastic bone lesions on CT, 
a characteristic sign of response to treatment. However, without a comparison with the baseline PET–CT 
(see Case 20.14) the significance of these CT findings may have been difficult to interpret. A baseline 
study is mandatory in order to increase the accuracy of post-treatment evaluation.

Teaching point

A pre-treatment study is of value to assess therapeutic response. 

Keywords: Treatment response assessment, 68Ga-DOTANOC
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20.4.2.16.	 Case No. 20.16

Clinical indication for PET–CT: Meningioma, RT planning

Clinical history

A 70 year old man with a meningioma of the base of skull was referred prior to RT planning. 

PET–CT findings 

(A): CT, PET and fused transaxial slices of head; (B): MRI, PET and fused PET, same slices as in (A).

There is intense 68Ga-DOTATATE uptake in the right sphenoidal bone with an extension into the 
orbital cavity, corresponding to the known meningioma. The lesion in bone is more precisely 
delineated than with MRI.

Teaching point

68Ga-DOTA-peptide PET–CT allows for a precise delineation of the target volume of the skull base 
meningioma, which is often complex to achieve with a combination of CT and MRI.

Keywords: Meningioma, RT planning, 68Ga-DOTATATE
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20.4.2.17.	 Case No. 20.17

Clinical indication for PET–CT: Paraganglioma, suspected recurrence  

Clinical history

A 39 year old patient with a previous history of paraganglioma. Follow-up CT raised the suspicion of a 
relapse in thorax.

PET–CT findings

(A): MIP; (B): CT and fused transaxial slices of mid-thorax.

There is intense focal 68Ga-DOTANOC uptake in a para-caval, round lesion. Note the high tumour to 
background ratio. 

Teaching point

68Ga-DOTANOC is the imaging method of choice to diagnose paraganglioma. In most cases the diagnosis 
is facilitated by the high tumour to background ratio.

Keywords: Paraganglioma, 68Ga-DOTANOC
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20.4.2.18.	 Case No. 20.18

Clinical indication for PET–CT: NET of pancreas, suspected relapse 

Clinical history

A 63 year old man with known pancreatic NET.

PET–CT findings 

(A): MIP; (B): CT and fused transaxial slices of lower abdomen and pelvis.

There is intense 68Ga-DOTANOC uptake in small (up to 8 mm) LNs (arrows), consistent with recurrence.  

Teaching point

68Ga-DOTANOC PET–CT has a higher sensitivity for detection of relapse than other imaging modalities.

Keywords: NET, LN relapse, 68Ga-DOTANOC
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20.4.2.19.	 Case No. 20.19

Clinical indication for PET–CT: NET of pancreas, suspected relapse

Clinical history

A 63 year old man with well differentiated pancreatic NET (Ki-67  2%). Follow-up CT detected a 
suspicious lesion in the liver (A). The patient was referred for restaging.

PET–CT findings 

(A): CT image of upper abdomen; (B): 68Ga-DOTANOC MIP and fused transaxial slice of upper abdomen; 
(C): 18F-FDG, same images as in (B).

Only physiological 68Ga-DOTANOC activity is demonstrated, with no evidence of liver relapse (B). 
18F-FDG shows mild pathologic uptake in the liver, confirming metastatic involvement (C).  

Teaching point

The discrepancy between the positive 18F-FDG and negative 68Ga-DOTANOC studies in this case is 
probably due to the dedifferentiation of the tumour between the time of Ki-67 evaluation and imaging. 
Negative 68Ga-DOTANOC PET–CT does not exclude recurrence.

Keywords: NET dedifferentiation, 68Ga-DOTANOC
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20.4.2.20.	 Case No. 20.20

Clinical indication for PET–CT: NET, follow-up 

Clinical history

A 70 year old man with NET, treated with octreotide. 

PET–CT findings 

(A): 68Ga-DOTATATE MIP, and CT, PET and fused transaxial slices of upper abdomen; (B):  68Ga-
DOTANOC, same slices as in (A).

68Ga-DOTATATE and 68Ga-DOTANOC performed 1 year apart show similar uptake in the NET lesions, 
but the uptake in liver, salivary glands and thyroid is higher with 68Ga-DOTATATE (A).

Teaching point

The diagnostic performance of various 68Ga-DOTA-peptides is very similar, with slight differences in 
their biodistribution.

Keywords: NET, 68Ga-DOTANOC, 68Ga-DOTATATE
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20.4.2.21.	 Case No. 20.21

Clinical indication for PET–CT: NET, follow-up 

Clinical history

A 68 year old woman with NET of the midgut and liver metastases, treated with octreotide.

PET–CT findings 

(A): 68Ga-DOTANOC CT, fused and PET transaxial slices of mid-abdomen and MIP; (B):  68Ga-
DOTATATE, same slices as in (A).

The two studies performed 8 months apart show similar uptake in the metastatic lesions. However, due 
to the higher physiologic liver uptake in the 68Ga-DOTATATE study, more metastases are identified 
with 68Ga-DOTANOC.

Teaching point

Small liver metastases can be detected with higher sensitivity with 68Ga-DOTANOC than 
with 68Ga-DOTATATE.

Keywords: NET, liver metastases, 68Ga-DOTANOC, 68Ga-DOTATATE
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20.4.2.22.	 Case No. 20.22

Clinical indication for PET–CT: Recurrent gastrinoma

Clinical history

A 30 year old woman with history of gastrinoma presented with increasing levels of chromogranin A.

PET–CT findings 

(A): MIP; (B): CT, PET and fused transaxial slices of mid-abdomen.

There is increased 68Ga-DOTANOC uptake in a small retroperitoneal LN, consistent with relapse.

Teaching point

PET–CT with 68Ga-DOTA-peptides is highly sensitive for detecting and staging recurrent NET.

Keywords: Gastrinoma, 68Ga-DOTANOC
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20.4.2.23.	 Case No. 20.23

Clinical indication for PET–CT: Recurrent MTC

Clinical history

A 56 year old man with MTC, post-thyroidectomy, presented with progressive increase in calcitonin 
levels (up to 19 200 ng/L).

PET–CT findings 

(A): CT, PET and fused transaxial slices of neck; (B): same images at level of thorax, (C): same images 
at level of liver.

There is increased 68Ga-DOTANOC in a cervical LN and in a lesion in the right scapula. Additional 
metastases are seen on the diagnostic CT, but due to the high background uptake they are not identified on 
the PET component.

Teaching point

Although whole body PET–CT is capable of identifying metastases in various locations, when the tracer 
uptake intensity is low, such as in this case, lesions in organs with high background activity may be missed.

Keywords: MTC, metastases, 68Ga-DOTANOC
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20.4.2.24.	 Case No. 20.24

Clinical indication for PET–CT: Lung carcinoid, post-operative restaging 

Clinical history

A 60 year old man with lung carcinoid was referred for restaging after surgery. 

PET–CT findings 

(A): MIP, (B): PET and CT transaxial slices of mid-thorax.

There is faint focal 68Ga-DOTATOC uptake in a rib fracture seen on CT. 

Teaching point

68Ga-DOTATOC is not specific for NETs. Benign lesions may also show uptake.

Keywords: Rib fracture, 68Ga-DOTATOC
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20.4.2.25.	 Case No. 20.25

Clinical indication for PET–CT: NET of pancreas, suspected recurrence

Clinical history

A 51 year old woman with a pancreatic NET resected 3  years earlier presented with elevated 
chromogranin A levels.

PET–CT findings 

(A): MIP; (B): CT and fused transaxial slices of pelvis; (C): contrast enhanced CT transaxial slice of pelvis.

There is moderate expression of somatostatin receptor analogues in the uterus. Contrast enhanced CT (C) 
suggested an adenocarcinoma of the uterus, which was confirmed at surgery.

Teaching point

68Ga-DOTANOC PET–CT is not specific for NETs. Other tumours such as, in this case, adenocarcinoma 
of the uterus, can show uptake.

Keywords: Adenocarcinoma of uterus, 68Ga-DOTANOC
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20.4.2.26.	 Case No. 20.26

Clinical indication for PET–CT: Bronchial carcinoid, restaging

Clinical history

A 46 year old woman with bronchial carcinoid. 

PET–CT findings 

(A): MIP; (B): transaxial, coronal, sagittal PET and CT.

There is mild 68Ga-DOTANOC uptake in the uterus in a patient with known leiomyomatosis uteri. 

Teaching point

Myomatous uterus in pre-menopausal women is a potential pitfall in 68Ga-DOTANOC PET–CT.

Keywords: Leiomyomatosis uteri, 68Ga-DOTANOC
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20.4.2.27.	 Case No. 20.27

Clinical indication for PET–CT: Suspected NET (increased pancreatic polypeptide)

Clinical history

A 17 year old man with known Von Hippel–Lindau disease presented with increased levels of 
pancreatic polypeptide.

PET–CT findings 

(A): MIP; (B): PET and fused coronal, sagittal and transaxial slices of thorax.

There is intramedullary focal 68Ga-DOTANOC uptake in the T8 vertebra. MRI further identified a 
hemangioblastoma.

Teaching point

Hemangioblastomas are lesions that consistently display high uptake of 68Ga-DOTA-peptides.

Keywords: Hemangioblastoma, 68Ga-DOTANOC
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20.4.2.28.	 Case No. 20.28

Clinical indication for PET–CT: Midgut NET, post-operative follow-up 

Clinical history

A 69 year old woman with a history of NET resected one year earlier, and a right upper lobe lung 
adenocarcinoma treated by chemoradiation 4 years ealier. 

PET–CT findings 

(A): MIP; (B): CT, PET and fused transaxial slices of mid-thorax.

There is abnormal 68Ga-DOTANOC uptake in multiple sites of recurrent disease, as well as moderately 
increased uptake in the previously irradiated right lung parenchyma.

Teaching point

68Ga-DOTA-peptides are taken up by various inflammatory conditions, such as post-radiation changes.

Keywords: NET, post-radiation changes, 68Ga-DOTANOC
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20.4.2.29.	 Case No. 20.29

Clinical indication for PET–CT: NET of pancreas, restaging after surgery

Clinical history

A 57 year old woman with NET of the tail of pancreas (G1), post-spleno-pancreatectomy, was referred for 
suspected relapse in a peripancreatic LN.  

PET–CT findings 

(A): MIP; (B): CT and fused transaxial slices of base of skull.

There is increased 68Ga-DOTANOC uptake in a peripancreatic LN, consistent with relapse. In addition, 
there is intense uptake in a large lesion at the base of the skull, consistent with a meningioma (B). Note 
the high target to background ratio in the brain. 

Teaching point

Increased 68Ga-DOTANOC uptake is found in meningiomas. In case of doubtful findings with 
conventional imaging, 68Ga-DOTA-peptides may improve diagnostic accuracy. 

Keywords: Meningioma, 68Ga-DOTANOC
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20.4.2.30.	 Case No. 20.30

Clinical indication for PET–CT: Suspected NET of pancreas

Clinical history

A 65 year old man with a suspected NET of the pancreas. 

PET–CT findings 

(A): 18F-FDG MIP; (B): 68Ga-DOTANOC MIP.

There is intense, symmetric 18F-FDG uptake in mediastinal LNs, and no significant abnormal activity in 
the pancreas (A). There is similar, increased, symmetrical 68Ga-DOTANOC uptake in mediastinal LNs, 
and no significant activity in the pancreas (B). 

Teaching point

Increased uptake of 68Ga-DOTANOC can be observed in chronic inflammatory processes since activated 
lymphocytes may overexpress SSTR. Chronic inflammatory processes can also demonstrate increased 
18F-FDG uptake. 

Keywords: Chronic inflammation, 68Ga-DOTANOC, 18F-FDG
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20.4.2.31.	 Case No. 20.31

Clinical indication for PET–CT: Suspected carcinoid of right bronchus

Clinical history

A 62 year old patient with a suspected carcinoid of the right bronchus on CT.

PET–CT findings 

(A): MIP; (B): CT and fused transaxial slices of upper abdomen.

There is intense, inhomogeneous, increased 68Ga-DOTANOC uptake in the pancreas, consistent with 
pancreatitis, a chronic inflammatory process. No significant uptake is seen in the right bronchus.

Teaching point

Increased uptake of 68Ga-DOTANOC can be observed in chronic inflammation, since activated 
lymphocytes may overexpress SSTR.

Keywords: Chronic pancreatitis, 68Ga-DOTANOC



21.  TRASTUZUMAB (89Zr)

21.1.	GENERAL CHARACTERISTICS 

Name: 		  89Zr-trastuzumab

Synonyms: 	 89Zr-Df-Bz-NCS-trastuzumab; 89Zr labelled trastuzumab

Radioisotope
89Zr is a long half-life PET radioisotope (78.4 hours) emitting positrons of Emax 395.5 keV, usually 

obtained from biomedical cyclotrons at proton energy of 14 MeV using natural 89Y targets. 

Radiosynthesis
89Zr-trastuzumab is prepared for clinical use with a radiolabelling efficiency of 77.6%  ±  3.9%, 

radiochemical purity of 98.1%  ±  1.1% and specific activity of 67.2  ±  2.4  MBq/mg (Fig.  21.1). The 
labelled monoclonal antibody was reported to be stable at 4°C with <0.1% degradation/day for up to 
7 days [11, 80, 160–170].

21.2.	PHARMACOKINETICS

21.2.1.	 Physiological biodistribution and metabolism 

There are no direct reports on the metabolism of 89Zr-trastuzumab, however it has been shown that 
trastuzumab is metabolized to peptides and amino acids. The elimination process in humans is complex 
and specifically mediated by epithelial cells. It depends on factors such as genetics and the clinical 
status of the patient. Trastuzumab binds to HER-2 and is metabolized intracellularly. The consequence 
of intracellular binding explains the dose dependent, non-linear elimination. The biological half-
life of trastuzumab is approximately 28 days. The washout period is up to 24 weeks after cessation of 
trastuzumab treatment. The renal excretion of trastuzumab is very low [11, 80, 160, 161].
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FIG. 21.1. Molecular structure of 89Zr-trastuzumab.



21.2.2.	 Mechanism of retention 

Trastuzumab is a humanized monoclonal antibody that targets HER2, which is overexpressed 
in some malignant and premalignant lesions and can therefore be used in PET imaging of these 
diseases [11, 80, 160, 161]. 

21.2.3.	 Pharmacology and toxicology

No data are available directly for 89Zr-trastuzumab; however, the cold antibody (Herceptin) dose 
used in chemotherapy for cancer is in the range of 4–8 mg/kg. The total amount of antibody used in a 
single 89Zr-PET scan is 5 mg, which is far below even the clinical levels.

21.3.	METHODOLOGY 

21.3.1.	 Activity, administration, dosimetry

The participating centre reported administering an activity of 182.8 MBq of 89Zr-trastuzumab, while 
another group used 65 ± 18 MBq with a total mass of 5 mg of trastuzumab. Dosimetry estimates indicate 
that the organs receiving the highest absorbed doses are the liver, heart wall, kidney, lung and spleen, 
with mean values of 1.32, 1.12, 0.9, 0.81 and 0.8 mGy/MBq, respectively. The mean effective dose was 
0.48 mSv/MBq [11, 80, 161–170].

21.3.2.	 Imaging protocol

Patient preparation does not require any special diet. Imaging is performed after the IV administration 
of 37 MBq and an uptake period of 4 days. Acquisition of the PET component starts from the pelvis, with 
5 min/bed position. For the CT imaging protocol, see general comment in Section 1.3.

21.4.	CLINICAL ASPECTS

21.4.1.	 Indications

This imaging technique was developed at the University Medical Centre in Groningen, the 
Netherlands [165]. Currently, this scan is not routinely performed in clinical practice, except in cases of 
a clinical dilemma, when the HER2 receptor status cannot be assessed by other means [166, 169]. The 
clinical value of this technique is currently being further investigated in the IMPACT Metastatic Breast 
Cancer Trial (NCT01957332). Meanwhile, several studies have been published using this technique, for 
example to predict patient outcome of trastuzumab emtansine treatment [11, 164, 167, 170].
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21.4.2.	 Cases

21.4.2.1.	 Case No. 21.1

Clinical indication for PET–CT: Metastatic breast cancer, assessment of HER2 receptor status

Clinical history

A 47 year old woman with left breast cancer, pT2N1M0 (ER+, PR+, HER2−), diagnosed 9 years earlier, 
had undergone breast conserving surgery and axillary LND, followed by chemotherapy and loco-regional 
RT, and had subsequently started on adjuvant therapy. The patient presented with dyspnoea and CT 
demonstrated lung metastases and pleuritic carcinomatosis (ER+ ductal carcinoma in pleural fluid).

PET–CT findings 

MIP and fused sagittal slice of thorax.

There is no 89Zr-trastuzumab uptake in the known metastatic lesions. Physiologic 89Zr-trastuzumab uptake 
is demonstrated in the large vessels, heart, liver, intestines and kidneys. 

Follow-up: No anti-HER2 treatment was added to the subsequently started palliative anti-
hormonal treatment.

Teaching points

No change in treatment plan was performed considering the PET–CT findings. Note the normal 
distribution of 89Zr-trastuzumab PET–CT. 

Keywords: Breast cancer, therapy planning, 89Zr-trastuzumab biodistribution
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21.4.2.2.	 Case No. 21.2

Clinical indication for PET–CT: Metastatic breast cancer, assessment of HER2 receptor status and 
extent of disease within the chest

Clinical history

A 65 year old woman with left breast cancer, pT1N0M0 (ER−, PR−), diagnosed 8 years earlier, post-
mastectomy and sentinel LN procedure. Five years after surgery, she presented with a left supraclavicular 
LN metastasis and was treated with RT with curative intent. There was not sufficient puncture material to 
determine the receptor status. Two years later, she presented with metastatic disease involving the sternum 
and multiple mediastinal and right axillary LNs. A sternal biopsy now showed ER+, PR+ and HER2+ 
disease. She was started on an aromatase inhibitor (first line), which, 7 months later, was switched to 
tamoxifen (second line) because of progression of the sternal lesion. Five months later, she presented 
with hoarseness. CT of the chest showed elevation of the left diaphragm, but no other potential cause for 
her complaints.

PET–CT findings

 (A): MIP; (B): fused transaxial slices of neck and chest; (C): fused sagittal slice of chest.

There are multiple 89Zr-trastuzumab positive lesions in supraclavicular, mediastinal and axillary LNs, and 
in metastases in lungs, chest wall and sternal bone. 

Follow-up: Anti-HER2 treatment was added to previously started palliative anti-hormonal treatment.

Teaching points

89Zr-trastuzumab PET–CT may help in therapy stratification. In the present case, the treatment plan was 
changed (i.e. anti-HER2 treatment was added to the anti-hormonal treatment). 

Keywords: Breast cancer, assessment of HER2 status, therapy planning, 89Zr-trastuzumab  
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21.4.2.3.	 Case No. 21.3

Clinical indication for PET–CT: Metastatic breast cancer, assessment of HER2 status

Clinical history

A 56 year old woman with left breast cancer, pT2N0M0 (ER+, PR+, HER2−), diagnosed 10 years earlier, 
post-mastectomy and axillary LND, followed by chemotherapy and 5 years of anti-hormonal treatment. 
Three years later, she presented with liver and bone metastases. Systemic treatment was instituted. As a 
result of her inclusion in a clinical trial, the pathology of the primary tumour was revised and the HER2 
status was defined as positive.

PET–CT findings 

(A): MIP; (B): fused saggital slice; (C): PET, fused and CT transaxial slices of liver.

There is 89Zr-trastuzumab uptake in known liver and bone metastases. 

Follow-up: Anti-HER2 treatment (trastuzumab) was added to the subsequently started palliative anti-
hormonal treatment.

Teaching points

89Zr-trastuzumab PET–CT may play a role in therapy stratification. In this patient, the treatment plan was 
changed and anti-HER2 treatment was started. 

Keywords: Breast cancer, HER2 status, therapy planning, 89Zr-trastuzumab



22.  YTTRIUM MICROSPHERES AFTER SELECTIVE 
INTERNAL RADIATION THERAPY (90Y)

22.1.	GENERAL CHARACTERISTICS 

Name: 		  90Y-microspheres

Synonyms: 	 90Y glass microspheres, 90Y resin microspheres

Radioisotope
90Y is a β− emitting radioisotope (half-life 64.1 hours), however coincidence imaging with 90Y is 

possible owing to a minor decay branch to the first excited state of 90Zr followed by internal pair production 
at the branching ratio of 31.86 ± 0.47 × 10−6. Recently, time of flight PET–CT scanners with high quality 
crystals have begun providing superior timing resolution that allows imaging of this phenomenon.

Radiosynthesis
The production of 90Y-containing microspheres is performed mainly by two vendors, however some 

Member States also have their own local production routes. One formulation is composed of a proprietary 
biocompatible microsphere, coated with a partially cross-linked cation exchange polystyrene resin. 90Y is 
incorporated into the resin matrix. Another method involves mixing natural Y with ultrapure aluminum 
oxide and silicone dioxide followed by melting in a furnace at 1500°C and cooling. In the next step the 
Y-containing glass is crushed and passed through a flame sprayer to produce spheridized glass particles 
followed by filtration through sieves to select those with a diameter of 20 to 30 microns. In the last step, 
the spheres are irradiated in a research reactor to yield 90Y microspheres [171–173].

22.2.	PHARMACOKINETICS

22.2.1.	 Physiological biodistribution and metabolism 

90Y microspheres accumulate permanently in the target vascular bed in hepatic tissue and are 
not metabolized.

22.2.2.	 Mechanism of retention

As mentioned above, following intraarterial administration, 90Y microspheres accumulate 
permanently in the target vascular bed. 90Y radioembolization brachytherapy is a therapeutic option for 
inoperable HCC [171–173].

22.2.3.	 Pharmacology and toxicology

There are no known pharmacological effects while the agent remains undistributed in the target 
organ acting as a reservoir for 90Y radioisotope to irradiate the surrounding liver. Clinical toxicity after 
treatment, caused by radiation, was confined to grade  1–2 events, predominantly post-embolization 
symptoms. There was no grade 3–4 clinical toxicity, although laboratory toxicity grade 3–4 was observed 
in 38% of patients [171–173].
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22.3.	METHODOLOGY 

22.3.1.	 Activity, administration, dosimetry

For resin based 90Y microspheres, the activities for each region affected by the malignancy are: 
1.14 GBq to the right lobe and 0.76 GBq to the left lobe. For glass 90Y microspheres, a dose of 100 to 
140 Gy is typically delivered to the liver compartment, with lower doses administered in patients with 
underlying liver disease of different aetiology [174–176].

22.3.2.	 Imaging protocol

Patient preparation does not require any special diet. Imaging is performed on the same day or the 
day after intra-arterial microsphere injection. Acquisition of the PET component includes the lower chest 
and upper abdomen (liver only), with 15–25 min/bed position. The CT component is acquired using a 
low dose protocol.

22.4.	CLINICAL ASPECTS

22.4.1.	 Indications

90Y microsphere imaging can be performed for assessment of microsphere distribution, to confirm 
absence of extrahepatic spread, as well as for post-treatment dosimetry.

22.4.2.	 Cases

22.4.2.1.	 Case No. 22.1

Clinical indication for PET–CT: Multifocal HCC, after selective internal radiation therapy (SIRT) with 
90Y-microspheres

Clinical history

A 65 year old man was assessed for newly diagnosed diabetes mellitus. Elevated liver enzymes were found 
during the workup, caused by liver cirrhosis, a consequence of a hepatitis B virus infection several years 
earlier. Multiple HCC deposits were found in both lobes of the cirrhotic liver, which could not be treated 
with surgery, chemo-embolization or radiofrequency ablation. The patient was treated with 90Y glass 
microspheres, in doses of 3900 MBq to segments VI and VII, and 5300 MBq to segments IVA, V and VIII. 

PET–CT protocol

Imaging of the liver was performed following an uptake period of 24 hours, for 2 bed positions, with an 
acquisition time of 15 min/bed position.
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PET–CT findings

(A, B): whole body 99mTc-macroaggregate images; (C,  D):  SPECT coronal images; (E,  F):  coronal 
view of fused PET and diagnostic arterial phase CT; (G–J): PET coronal views displayed with different 
grey intensities.

Pre-therapy images were performed after intra-arterial injection of 150  MBq 99mTc-macroaggregates. 
Post-therapy images were acquired after intra-arterial injection of 90Y microspheres. 

Whole body 99mTc-macroaggregate images show no significant shunting towards the lungs or bowels 
(A  and  B). SPECT coronal images show intense accumulation at the sites of HCC lesions in liver 
segments VI and VII (C), and IVA, V and VIII (D). Coronal view of fused PET and diagnostic arterial 
phase CT (E and F), and PET coronal views displayed with different grey intensities (G–J) show intense 
90Y microsphere accumulation at the sites of arterial contrast enhancement (i.e. in the HCC lesions).

Follow-up: Three months after treatment all HCC deposits decreased in size and showed less contrast 
enhancement. No new lesions were observed. 

Teaching points

The post-therapy PET–CT study was important to assess whether the administered activity was correctly 
delivered to sites of disease. 

Keywords: HCC, post-therapy study, 90Y-microspheres
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22.4.2.2.	 Case No. 22.2

Clinical indication for PET–CT: HCC, evaluation following 90Y-microsphere administration

Clinical history

A 62 year old man with HCC (55  mm, segment VIII) seen on contrast enhanced CT, 
angiography and MRI (A). 

PET–CT findings

(A): contrast enhanced CT, angiography and MRI; (B): PET, CT and fused PET–CT with 90Y microspheres; 
(C): SPECT, CT and fused SPECT–CT images with 99mTc-macroaggregates.

Pre-therapy images (C) were acquired after intra-arterial injection of 150 MBq 99mTc-macroaggregates. 
Post-therapy images (B) were acquired after intra-arterial injection of 90Y microspheres. There is 
accumulation of the radiolabelled spheres in the lesion (B), in a very similar fashion to the pre-therapeutic 
99mTc-macroaggregate SPECT–CT (C).

Teaching point

PET–CT verifies the distribution of microspheres and allows for precise dosimetry.

Keywords: HCC, 90Y-SIRT
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22.4.2.3.	 Case No. 22.3

Clinical indication for PET–CT: Colon cancer metastatic to liver, evaluation following 
90Y-microsphere administration

Clinical history

A 69 year old man with metastatic colon cancer, previously treated with three lines of chemotherapy.

PET–CT findings

(A): PET–CT with 90Y microspheres, transaxial fused view; (B):  18F-FDG PET–CT, transaxial fused 
view; (C): SPECT–CT with 99mTc-macroaggregates, transaxial fused view.

There are multiple foci of 90Y-microsphere uptake (A) corresponding to the active lesions seen on the 
18F-FDG study (B). In this case, the 99mTc-macroaggregate SPECT–CT was not predictive of microsphere 
distribution (C).

Teaching point

90Y-PET–CT verifies the distribution of microspheres and allows for post-hoc dosimetry.

Keywords: Liver metastases, colorectal cancer, 90Y-SIRT



ABBREVIATIONS

ADT	 androgen deprivation therapy
AR	 androgen receptor
BCR	 biochemical recurrence
CNS	 central nervous system
CT	 computed tomography
DOPA	 dihydroxy-phenylalanine
dt	 doubling time
Emax	 maximum β energy
ER	 oestrogen receptor
FDG	 fluorodeoxyglucose
FDHT	 fluoro-dihydro-testosterone
GLP-1	 glucagon like peptide-1
HCC	 hepatocellular carcinoma
HER2	 human epidermal growth factor receptor 2
HPLC	 high performance liquid chromatography
HPT	 hyperparathyroidism
HTP	 hydroxytryptophan
IV	 intravenous
LN	 lymph node
LND	 lymph node dissection
miBG	 metaiodobenzylguanidine 
MIP	 maximum intensity projection
MRI	 magnetic resonance imaging
MTC	 medullary thyroid cancer
NET	 neuroendocrine tumour
NSCLC	 non-small cell lung carcinoma
PET	 positron emission tomography
PR	 progesterone receptor
PSA	 prostate specific antigen
PSMA	 prostate specific membrane antigen
PTA	 parathyroid adenoma
PTH	 parathyroid hormone
RT	 radiation therapy
SPECT	 single photon emission computed tomography
SSTR	 somatostatin receptor
SUVmax	 maximum standardized uptake value
TTR	 testosterone rebound
US	 ultrasound
VEGF-A	 vascular endothelial growth factor A
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Despite the proven benefits of fluorodeoxyglucose (FDG) as a positron 
emission tomography (PET) radiopharmaceutical in oncology, FDG 
has limitations in the assessment of several relevant tumours, such 
as prostate cancer. Therefore, there has been a pressing need for the 
development and clinical application of new PET radiopharmaceuticals 
that can enable imaging of these tumours more precisely. Accordingly, 
several non-FDG PET radiopharmaceuticals have been introduced into 
the clinical arena in the last few years, in some countries more rapidly 
than in others. Indeed, it is expected that this trend will continue to 
spread internationally, since the use of positron emission tomography–
computed tomography (PET–CT) with different radiopharmaceuticals, 
catering to the type of tumour and biological process that needs to be 
assessed, enables greater precision in medicine.
The objective of this publication is to provide a case-based presentation 
of the normal biodistribution, variants and pitfalls, and different 
imaging patterns for the main indications for each of the new non-FDG 
PET radiopharmaceuticals. This should facilitate the interpretation 
and recognition of common variants and pitfalls, to ensure that clinical 
study reports are accurate and helpful.
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