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Series Editor Foreword

Neuroendocrine tumors often present challenging diagnostic and therapeutic dilem-
mas. I am therefore delighted to introduce our readers to this sorely needed volume. 
I am certain that it will be extremely useful to endocrinologists, both in training and 
in practice, as well as to the students and practitioners of nuclear medicine. Drs. 
Pacak and Taïeb assembled a superb international “crew” of authors, each of whom 
is an expert in the field. The topics covered in the book go well beyond the imaging 
and therapy issues, as the classification, genetics, and metabolism of endocrine 
tumors are addressed in detail.

The interdisciplinary nature of the book is of particular value as endocrinolo-
gists, nuclear medicine physicians, and other specialists, who commonly work 
together taking care of patients with neuroendocrine tumors, share their knowledge 
and experience on its pages. Undoubtedly, the physicians in all relevant specialties 
will enjoy reading Diagnostic and Therapeutic Nuclear Medicine for Neuroendocrine 
Tumors and will keep referring to this text as they are presented with new cases. The 
ultimate beneficiaries of this volume will be our patients.

New York, NY, USA  Leonid Poretsky, MD
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Preface

The glory of medicine is that it is constantly moving forward, that there is always more to learn. 
Dr. William Mayo (1928)

Diagnostic and Therapeutic Nuclear Medicine for Neuroendocrine Tumors pro-
vides readers with the most updated approaches regarding endocrine tumor-specific 
functional imaging, which is tightly linked to therapy in the evolving era of preci-
sion medicine.

Two years ago, we thought about what was missing from the field of neuroendo-
crine tumors. We soon realized that precision medicine-related diagnostic imaging 
was becoming fundamental for neuroendocrine tumor management, radiotherapy, 
and follow- up, but it had not been well-summarized or presented to clinicians or 
other healthcare professionals of various subspecialties. In writing this book, we 
were further supported by novel pathogenesis-related genetic discoveries and the 
introduction of new radiopharmaceuticals that further secured and bolstered the 
unique and irreplaceable position of precision imaging and therapies of these tumors. 
Due to their unique cellular characteristics, it would even appear that neuroendocrine 
tumors were born to be imaged. These tumors take up hormone precursors; synthe-
size, store, and release hormones in specific ways; express tumor-specific transport-
ers and receptors; and, finally, contain specific gene mutations – all of which can be 
used to design personalized imaging and therapies. Thus, it is not surprising that 
each of the above characteristics demonstrates how radionuclide imaging of these 
tumors can provide a window into their cellular metabolism, uptake and storage of 
hormones, expression of receptors and transporters, gene expression and their sig-
naling pathways, gene delivery and vector kinetics, tissue perfusion, and oxygen-
ation and respiration, as well as DNA and protein synthesis. In vivo histology and 
molecular imaging nicely reflect the power of radionuclide imaging, both currently 
and in the near future.

This book covers important, well-connected components of neuroendocrine 
tumors, including their classification of neuroendocrine tumors; molecular 
genetics of gastroenteropancreatic and multiple endocrine neoplasia type 1 and 
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type 2 neuroendocrine tumors, pheochromocytoma, and neuroblastoma; princi-
ples of SPECT/CT, PET/CT, and PET/MR and dosimetry principles and applica-
tion to neuroendocrine tumors; molecular imaging of neuroendocrine tumors in 
the era of personalized medicine; metabolomics of pheochromocytoma and 
paraganglioma; radionuclide imaging of pheochromocytoma and paragangli-
oma, gastrointestinal, pancreatic, pulmonary and thymic neuroendocrine tumors, 
and medullary thyroid carcinoma; radiotherapies of neuroendocrine tumors 
using 131I-metaiodobenzylguanidine, somatostatin receptors therapies, alpha 
radionuclide therapy, and nanoparticles for radionuclide imaging and therapy.

The value of this book is further enhanced by the participation of well- recognized 
contributors in the field of neuroendocrine tumors and their radiotherapies. Their 
long- term expertise, dedication to clinical and basic research, and excellence in 
patient care serves as a guarantee that this book will satisfy the most demanding 
experts and readers in the field of clinical medicine. All of the authors in this book 
have worked extremely diligently to provide our readers with not only their personal 
views of how to approach these tumors but also with the views of their respected 
colleagues who represent neuroendocrine tumors and have contributed to moving 
this field ahead. We are very thankful to them for their extraordinary work and 
contributions.

We are extremely thankful for the support we received from Springer, especially 
from Mr. Kristopher Spring and Mr. Karthik Periyasamy, who not only assisted us 
initially, but continued their guidance throughout the entire process by always being 
available for questions and offering their valuable comments and suggestions. 
Additionally, we would like to thank Katherine Wolf for her assistance with prepa-
ration and book assembly.

Finally, we would like to thank our wives, Michaela and Palma, for their love, 
support, and understanding that while writing this book, we were often kept very 
busy and away from them.

On behalf of all the authors, we hope you enjoy this book, and find it practical 
and well-informed on the current diagnostic and therapeutic approaches to neuroen-
docrine tumors. First and foremost, we hope you will be able to use this to aid those 
who suffer most – our patients.

Bethesda, MD, USA Karel Pacak
Marseille, France David Taïeb

Preface
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Chapter 1
Classification of Neuroendocrine Neoplasms

Frediano Inzani and Guido Rindi

1.1  Generalities

Neuroendocrine neoplasms (NENs) are classified variably according to their site of 
origin. Clinically relevant NENs are found in the pituitary, the sympathetic and 
parasympathetic ganglia, the skin, the thyroid, the parathyroid, the adrenals and all 
visceral organs including the respiratory tract, the thymus, the gastroenteropancre-
atic tract, the biliary tree, the kidney, the bladder, the prostate, the uterus, and the 
gonads. No wonder that a common classification scheme was not developed and 
presently does not exist. The current and different classifications can be found orga-
nized according to anatomical site in the blue books collection that the World Health 
Organization (WHO) dedicates to this topic, now in its fourth edition for most sites 
[1–8]. So the first adjective that well describes such tumor disease is “complex,” 
given the diverse site-related nature of the NENs.

The second connoting attribute is “rare.” NENs are indeed uncommon cancers 
and generally stand in the single-digit cancer incidence zone. All cancers that do not 
exceed the age-adjusted incidence of 15/100,000 new cases per year in the USA are 
considered as rare, while in EU the threshold is at <6/100,000 new cases per year [9, 
10]. Indeed as an example, the lung and gastroenteropancreatic (GEP) NENs 
account for about six new age-adjusted cases per 100,000 persons per year in 
 western countries [11–13], a value well below the threshold for rare cancers in the 

F. Inzani • G. Rindi (*) 
Institute of Pathology, Università Cattolica – Fondazione Policlinico Universitario Agostino 
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USA and at the upper limit for the EU. The rarity of NENs made difficult the 
 collection of significant case cohorts so that evidence-based data on most aspects on 
NENs are overall lacking or feeble. Nonetheless the incremental incidence trend 
demonstrated in recent years in most countries [13] called increased attention on 
NENs [11, 12].

The third denoting adjective is “diverse.” NENs are invariably and in fact dif-
ferent under a multiplicity of aspects including risk factors, incidence, hormone/
mediator production, clinical significance, and aggressiveness. All such aspects 
are strictly site dependent, the anatomical site of insurgence probably being per 
se the most important determinant of all such features. In brief it is expected that 
NENs also follow the general rules of regular cancer at specific anatomical sites. 
And this applies for complex systems like the digestive apparatus where all sin-
gle portions of the gut and associated glands display significantly different neu-
roendocrine cancer behavior. Following are just few examples of site-specific 
rules:

 (i) In the brain, the general concept dictating that a small brain lesion results in big 
effects/deficits on the whole body applies to intracranial NENs as well when, 
for instance, a small functioning hyperplastic/neoplastic lesion of the anterior 
pituitary produces unregulated levels of ACTH resulting in a potentially devas-
tating Cushing syndrome.

 (ii) In the lung, cigarette smoking is the most important risk factor for cancer, and 
this is true for both the regular cancer and the high-grade NEN small cell 
carcinoma.

 (iii) In the digestive tract and pancreas, NEN hormone production is highly segre-
gated at specific sites, and this is reflected in NEN cell components and hyper-
function when present, though with rare possible exceptions [14].

Altogether, the connoting aspects of complexity, rarity, and diversity make NENs 
difficult to tackle for diagnosis, therapy, and basic and clinical investigation.

1.2  Definition and Common Classification Features

NENs may be defined as neoplasms made by transformed cells producing hormone/
mediators and characterized by the shared expression of some neural-specific anti-
gens. This broad definition necessarily embraces neoplasms arising in nerve struc-
tures (e.g., ganglia and paraganglia), in pure endocrine organs (e.g., pituitary, 
thyroid, parathyroid, adrenal), and in the so-called diffuse (neuro)endocrine system 
at different organs (Fig. 1.1).

It is well understood that NENs largely retain the specific and peculiar antigen 
asset of the organ or structure where they originate. Briefly, this means that a 
paraganglioma arising in the lung or the digestive tract usually does not express 
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epithelial markers of differentiation (e.g., cytokeratin) while retaining vimentin 
expression, a broad marker of mesenchymal signature. Vice versa, cytokeratin 
expression is usually retained in NENs arising in the anterior pituitary, the lung, 
the gut, the pancreas, and the endocrine organs. As expected for cancer, excep-
tions do exist and may confuse this relatively simple rule though are relatively 
well described in the mentioned WHO pathology reference blue books.

The shared neural antigen expression refers to the so-called general markers of 
neuroendocrine differentiation which include the membrane-associated neural 
adhesion molecule (N-CAM, CD56), the cytosol-associated markers neuron- 
specific enolase (NSE) and PGP 9.5, the large dense core vesicle (LDCV)-associated 
chromogranins (including the most popular chromogranin A), and the small 
synaptic- like vesicle (SSV)-associated synaptophysin [14]. All these antigens are 
known to have variable degrees of specificity and sensitivity in NENs that should be 
taken into due account for diagnostic purposes. In addition, the so-called specific 
markers of neuroendocrine differentiation are also found in NENs, though with a 
tissue-specific distribution that reflects the distribution of the normal cell counter-
part [14]. As exemplification the expression of insulin identifies the beta cell of the 
islets of the pancreas and is almost invariably expressed only in NEN arising in the 
pancreas, mostly functioning and thus defined as insulinomas. Again rare excep-
tions of non-pancreatic insulinomas do exist [15].

NENs have a typical morphology, no matter their site of origin and their name 
(Fig. 1.2). The structure is “organoid” with either trabecular, acinar, glandular com-
ponents that may be variably represented and admixed. The tumor cells are usually 
monomorphic with variably represented either polygonal epithelial-like or fusiform 
mesenchymal-like types, low or almost undetectable mitotic activity and low prolif-
eration fraction as measured by Ki-67 index. These morphological aspects are con-
sistent with a well-differentiated morphology, usually also defining a low-grade 

Neuroendocrine neoplasms

Nerve structures
Paraganglioma*/**

Diffuse neuroendocrine system
Lung carcinoid, LCNEC and SCLC*
GEP neuroendocrine neoplasms*
Skin merckel cell carcinoma**
Other sites**

Endocrine organs
Pituitary adenoma/carcinoma*
Parathyroid adenoma/carcinoma*
Medullary thyroid carcinoma*
Pheochromocytoma*

Fig. 1.1 Types of neuroendocrine neoplasms according to structure, system or organ of insur-
gence. LCNEC large cell neuroendocrine carcinoma, SCLC small cell lung carcinoma, GEP gas-
troenteropancreatic tract. World Health Organization classification of tumors – blue book series; *: 
digestive system (2010) [4]; lung, pleura, thymus, and heart (2015) [7]; endocrine organs (2004) 
[1]; **: head and neck (2005) [2]; female reproductive organs (2014) [6]; breast (2012) [5]; urinary 
system and male genital organs (WHO 2016) [8]; skin (2006) [3]

1 Classification of Neuroendocrine Neoplasms
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NEN. In some specific anatomical location and, namely, in the adrenal and other 
paraganglia, NEN cells may display abnormal features that are unequivocally iden-
tified as severe atypia, though always with low mitotic and Ki-67 indexes. Such 
aspects are considered as regressive features and are known possible exception to 
the usual, typical morphology. The bland features and low proliferation activity of 
the majority of NENs are the morphological counterpart of their bland clinical 
behavior which makes NENs slow-pace malignant neoplasms with fairly long/
excellent prognosis.

A consistent fraction of NENs are still characterized by organoid structure though 
with more solid aspects, moderate cell atypia with detectable mitotic activity or 
proliferation fraction by Ki-67 (Fig. 1.3) and possible necrosis though in focal spots. 
These aspects connote what has been variably defined as atypical NENs. The atypi-
cal morphology of NENs may often be accompanied by other standard aggressive 
feature including invasion of vessels and perineural spaces as well as of surrounding 
structures, suggesting a potentially different (more aggressive) clinical behavior. 
This morphology, though largely overlapping the well-differentiated morphology of 
the typical NEN, probably identifies a condition of well to moderate differentiation 
and usually defines NENs of intermediate grade. Indeed it is now well understood 

a b c d

f g he

Fig. 1.2 Morphology of low-grade, well-differentiated NEN in pituitary (a, prolactin-producing 
adenoma, b prolactin immunoreactivity), thyroid (c, calcitonin-producing medullary thyroid carci-
noma, d calcitonin immunoreactivity), lung (e, typical carcinoid, f chromogranin A immunoreac-
tivity), and adrenal (g, pheochromocytoma, h chromogranin A immunoreactivity). a, c, e, g 
hematoxylin and eosin; b, d, f and h immunoperoxidase

F. Inzani and G. Rindi
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that for some anatomical site (e.g., the respiratory system and the digestive tract and 
pancreas), increased proliferation activity either measured by mitotic count or Ki-67 
proliferation index with or without overt atypical morphology associates with still 
relatively slow-pace but surely more aggressive clinical behavior [16, 17].

Finally a fraction of NENs, usually small at most sites but quite frequent in the 
lung, display very aggressive morphological features, characterized by sort of 
organoid but prevalently solid structure with large areas of necrosis, often defined as 
geographical chart necrosis, and severe cell atypia with brisk mitotic activity, atypi-
cal mitoses, and elevated proliferation fraction by Ki-67 (Fig. 1.4). Cell types are 
either of small type with little cytoplasm and fine nuclear chromatin or large type 
with abundant cytoplasm, spotted chromatin, and prominent nucleoli. These mor-
phological features are quite different from the typical and, at large extent also, the 
atypical NEN morphology, are consistent with poor tumor cell differentiation, and 
are usually defined high-grade NENs. Their clinical behavior is invariably highly 
malignant and the prognosis is very poor.

Overall such morphological features would describe three steps of NEN cancer 
aggressiveness better defined as grades and as such identified in the lung and the 
digestive tract and pancreas. This is a common theme for NENs overall, although 
the presence and incidence of each of such three types is quite variable and different 
at different anatomical location (Table 1.1). In addition, when solely considering 
morphology, it appears that two NEN cancer types are probably represented, one 
including the NENs with typical and atypical morphology that are both rather close 
each other and a second one with poorly differentiated morphology, rather different 
versus typical and atypical NENs. Clinical and morphological features connecting 
morphologically typical and atypical NENs are certainly evident, easily observed, 
and relatively frequent. By converse clinical and morphological features blending 
morphologically atypical and poorly differentiated NENs are rare.

a b c

Fig. 1.3 Morphology of low-/intermediate-grade, well-intermediately differentiated NEN in lung 
(a, atypical carcinoid; note the mitoses [arrows]) and pancreas (b, neuroendocrine tumor; Ki-67 
16 % corresponding to a NET G2). a, b hematoxylin and eosin; c immunoperoxidase

1 Classification of Neuroendocrine Neoplasms
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a b

c d

e f

g h

Fig. 1.4 Morphology of high-grade poorly differentiated NEN in lung (a, small cell carcinoma, b 
chromogranin A immunoreactivity), stomach (c, small cell carcinoma, d Ki-67 nuclear immuno-
reactivity), bladder (e, small cell carcinoma, SmCC, f synaptophysin immunoreactivity), skin (g, 
small cell carcinoma, h cytokeratin 20 immunoreactivity). a, c, e, g hematoxylin and eosin; b, d, f, 
h immunoperoxidase
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Table 1.1 Neuroendocrine neoplasm definitions according to the current WHO classifications

Anatomical 
site Classification definitions

Classification 
reference

Low grade High grade
Well differentiated Moderately 

differentiateda

Poorly 
differentiated

Pituitary Typical adenoma 
(monomorph, rare 

mitoses, low 
Ki-67)

Atypical adenoma 
(invasive growth, 
high mitoses and 

Ki-67; no 
metastases) 

Pituitary 
carcinoma 

(atypical features; 
metastasis)

nd WHO 
classification of 

Tumors of 
Endocrine 

Organs 2004

Thyroid Medullary thyroid carcinoma nd WHO 
classification of 

Tumors of 
Endocrine 

Organs 2004
Parathyroid Adenoma (encapsulated neoplasm, 

usually single gland) carcinoma 
(invasion of vessels, perineural space, 
capsule, adjacent tissues and/or 
metastases)

nd WHO 
classification of 

Tumors of 
Endocrine 

Organs 2004
Lung and 
thymus

Typical carcinoid 
(carcinoid 
morphology and 
<2 mitoses/2 mm2; 
no necrosis)

Atypical 
carcinoid 
(carcinoid 

morphology and 
2–10 

mitoses/2 mm2 
and/or necrosis)

Small cell lung 
carcinoma 

(SCLC) Large 
cell NE 

carcinoma 
(LCNEC) (small 

or large cells; >10 
mitoses/2 mm2 
and necrosis)

WHO 
classification of 
Tumors of Lung, 
Pleura, Thymus, 
and Heart 2015

Digestive 
tract and 
pancreas

NE tumor –  
NET G1 (mitotic 
count < 2/10HPF 
and Ki-67 ≦2 %)

NE Tumor – NET 
G2 (mitotic count 
2–20/10HPF and/
or Ki-67 3–20 %)

NE carcinoma – 
NEC G3 (Small 
or Large cell) 
(mitotic count 

>20/10HPF and/
or Ki-67 > 20 %)

WHO 
classification of 
Tumors of the 

Digestive 
System 2010

Head and 
neck

Typical carcinoid Atypical 
carcinoid

Small cell 
carcinoma NE 
type (SCCNET)

WHO 
classification of 
Tumors of Head 
and Neck 2005

Adrenal and 
extra-adrenal 
paraganglia

Benign pheochromocytoma and 
extra-adrenal paraganglioma
Malignant pheochromocytoma and 
paraganglioma (metastatic)

nd WHO 
classification of 

Tumors of 
Endocrine 

Organs 2004

(continued)
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1.3  The Current Classifications of NENs at Different 
Anatomical Sites

Below are reported in brief the current classifications for selected anatomical sites. 
For a complete description of NEN cancer types, the reader should refer to the 
quoted WHO blue books.

1.3.1  Pituitary

The current classification of pituitary NENs identifies adenomas, typical and atypi-
cal, and pituitary carcinoma with proven metastases [1]. Proliferation assessment 
especially with Ki-67 has been proposed and is used in clinical practice though has 
not gained a formal definition in an official classification. No high-grade, poorly 
differentiated NEN has been described. Rare, embryonic-type pituitary blastomas 
of the infancy are a very aggressive neuroendocrine-type cancer that may assimilate 
high-grade NENs at other anatomical sites [18].

Table 1.1 (continued)

Anatomical 
site Classification definitions

Classification 
reference

Skin nd Merkel cell 
carcinoma

WHO 
classification of 
Tumors of Skin 

2006
Female 
genital 
organs

Low-grade NE 
tumor G1

Low-grade NE 
tumor G2

High-grade NE 
carcinoma G3 

(small and large 
cell type)

WHO 
classification of 

Female 
Reproductive 

Organs tumors 
2015

Breast NE tumor NE carcinoma 
(small cell 
carcinoma)

WHO 
classification of 

Tumors of 
Breast tumors 

2012
Urinary 

system and 
male genital 

organs

Typical carcinoid Atypical 
carcinoid

NE carcinoma 
(large and small 
cell carcinoma 

[SmCC])

WHO 
classification of 

Tumors of 
Urinary System 

and Male 
Genital Tract 
Tumors 2016

nd not described, WHO World Health Organization, NE neuroendocrine
aQuestioned

F. Inzani and G. Rindi
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1.3.2  Head and Neck (Nasal Cavity, Hypopharynx, Larynx, 
and Trachea)

The current classification of NENs in nasal cavity, hypopharynx, larynx, and trachea 
is similar to that applied for the lung and thymus [2]. Typical carcinoid (TC), atypi-
cal carcinoid (AC), and small cell carcinoma of neuroendocrine type (SCCNET) are 
identified and correspond to three formal grades. Mitotic count is indicated to sepa-
rate TC versus AC similar to the lung NEN though higher values are allowed for AC 
as compared to the lung. Rare non-chromaffin paragangliomas are also included.

1.3.3  Parathyroid

The current classification of parathyroid NENs identifies parathyroid adenoma and 
carcinoma with proven invasive behavior and metastases [1]. As for other anatomi-
cal sites, mitotic count as well Ki-67 index proved of some utility though did not 
reach consensus and clinical utility to be formalized in a grading classification. No 
high-grade NEN is described.

1.3.4  Thyroid

The current classification of thyroid NENs identifies the medullary thyroid  carcinoma 
(MTC) and rare paragangliomas [1]. At least 12 variants of MTC are described 
including the encapsulated variant equalized to C-cell adenoma and the small cell 
variant, suggesting that low- and high-grade MTC may indeed exist [19, 20].  
A formal definition of histological grade in MTC is lacking.

1.3.5  Lung and Thymus

The current classification of NENs identifies typical carcinoid, atypical carcinoid, 
large cell neuroendocrine carcinoma (LCNEC), and small cell lung carcinomas 
(SCLC) [7]. The classification is based on morphology, presence of necrosis and 
proliferation assessed by mitotic count. The four morphological categories translate 
into three grades of clinical aggressiveness, with higher grade being poorly differ-
entiated carcinomas either with small (for SCLC) or large cell type features (for 
LCNEC) [17]. The highest incidence is observed for the SCLC, while LCNEC, 
carcinoid (either typical or atypical), is definitely less frequent. Rare other NENs 
may occur also including pulmonary paragangliomas.

1 Classification of Neuroendocrine Neoplasms
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1.3.6  Digestive Tract and Pancreas

The current classification of NENs identifies neuroendocrine tumors (NET) of low to 
intermediate grade (G1 and G2) and neuroendocrine carcinoma (NEC) by definition 
of high grade (G3) [4]. The classification is based on morphology and proliferation 
assessed by mitotic count and Ki-67 index [21]. The three morphological categories 
display three grades of clinical aggressiveness, G3 equalizing to poorly differentiated 
carcinomas either with small or large cell types [22, 23]. Recently also neoplasms with 
NET morphology and high-grade (G3) proliferation index have been described and 
defined as NET G3 [24–28]. NET G3 displays an intermediate clinical aggressiveness 
more similar to NET G2 than to NEC. Data on large series are needed to confirm these 
observations. In pancreas and gut, high-grade NECs are a minor NEN fraction, at 
specific sites (namely, small intestine and appendix) being extremely rare [24–28]. 
Rare paragangliomas are found in the digestive tract and pancreas too, in the duode-
num with relatively higher incidence and defined as gangliocytic paraganglioma [4].

1.3.7  Adrenals and Extra-Adrenal Paraganglia

The current classification identifies chromaffin adrenal neoplasms as NENs and 
includes the benign and malignant pheochromocytoma [1]. Scoring systems are 
applied and require the assessment of multiple parameters including proliferation 
index by Ki-67 and mitotic count that define different risk grades. Nonetheless no 
consensus today exists and a formal grade classification is lacking. No high-grade 
NEN is described.

1.3.8  Urinary System and Male Genital Organs

NENs are described in the kidney, the urinary system, prostate, and testis, the latter 
one within teratoma of prepuberal type [8]. Low-grade well-differentiated neuroen-
docrine tumors (defined as carcinoid, typical, and atypical) and high-grade poorly 
differentiated neuroendocrine carcinoma (defined as large cell neuroendocrine car-
cinoma and small cell carcinoma [SmCC]) are included. The use of mitotic count or 
Ki-67 proliferation for risk assessment in not formalized as recently proposed [29]. 
Rare pheochromocytomas (chromaffin paragangliomas) are also included.

1.3.9  Female Genital Organs

NENs of the ovary (arising from a dermoid cyst), the uterine corpus, cervix, and 
vulva adopt overall the same terminology and three tier system devised for the 
digestive tract and pancreas [6]. There is however no formal use of Ki-67 index or 

F. Inzani and G. Rindi
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mitotic count for risk assessment. In the ovary the term carcinoid is preferential. 
Rare paragangliomas are also described in the ovary and the vagina.

1.3.10  Breast

NENs are defined as “carcinomas with neuroendocrine differentiation” and include 
both well-differentiated neuroendocrine tumors of low- and intermediate-grade and 
high-grade poorly differentiated/small cell carcinoma [5]. No formal grading is 
defined.

1.3.11  Skin

Classified in the neural tumors section, the only NEN neoplasm described is the 
Merkel cell carcinoma [3]. This is a rare cancer equalizing the high-grade, poorly 
differentiated, small cell type neuroendocrine carcinoma described at most other 
anatomical sites. No low-grade NEN counterparts are described in the skin.

1.4  Concluding Remarks

NENs are found at any site of the body and are characterized by shared morphologi-
cal and behavioral aspects. Common themes can be perceived through the differ-
ences invariably characterizing NENs at different anatomical locations. The current 
classifications are historical, derive from the progression of knowledge for each 
site-specific NEN, and, in many instances, lack a clear definition of risk for the dif-
ferent NEN types identified. A common classification system is however emerging 
at many sites at least with shared terminology. In the near future, efforts should be 
put in place to agree on definitions and to generate data at different anatomical sites 
for grading risk assessment.
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Chapter 2
Molecular Genetics of Pheochromocytoma 
and Paraganglioma

Mercedes Robledo, Maria Currás-Freixes, and Alberto Cascón

2.1  Inherited Pheochromocytomas and Paragangliomas

Pheochromocytomas (PCCs) and paragangliomas (PGLs), together abbreviated as 
PPGL, are neural crest-derived catecholamine-secreting tumors arising from the 
adrenal medulla and sympathetic/parasympathetic paraganglia, respectively. These 
tumors can develop in an apparently sporadic manner or as part of one of several 
tumoral syndromes associated with alterations in distinct genes. Particularly in the 
latter case, PPGLs can present with other pathologies within a family and even in 
the same individual. This variable clinical phenotype is reflection of the genetic 
complexity that underlies the development of this disease (Fig. 2.1).

While initially it was thought that only 10 % of cases were caused by germline 
mutations, the discovery of mutations in several additional susceptibility genes dur-
ing the last 15 years has brought the percentage of hereditary cases up to approxi-
mately 40 %. Genes such as VHL, RET, NF1, SDHA, SDHB, SDHC, SDHD, 
SDHAF2, MEN1, KIF1Bβ, EGLN1, EGLN2, TMEM127, MAX, EPAS1 (HIF2A), 
FH, and MDH2 are involved in PPGL susceptibility [1–3]. Recent findings have 
uncovered new candidate genes involved in chromatin remodeling [4], and the con-
tribution of this genetic pathway to disease etiology requires further exploration.

Approximately 40 % of hereditary PPGLs develop primarily in the context of 
three familial tumor syndromes: von Hippel–Lindau disease (VHL), multiple endo-
crine neoplasia type 2 (MEN2), and familial PPGL. Patients diagnosed with multi-
ple endocrine neoplasia type 1 (MEN1) and those with neurofibromatosis type 1 
(NF1) can also develop PCC, but do so less frequently. PGLs present almost 
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 exclusively as part of familial PPGL, although there are very rare tumor syndromes 
in which these tumors are part of the clinical features (Table 2.1).

Between 10 and 20 % of patients with PPGL are diagnosed during childhood or 
adolescence [5–7], and PCC is the most frequently diagnosed endocrine tumor in 
children [8]. The proportion of pediatric patients with a germline mutation in one of 
the known susceptibility PPGL genes is higher than that found in adults. Recent 
studies have reported that up to 70–80 % of children with PCC are mutation carriers, 
regardless of their family history [5, 6, 9]. In addition, a proportion of patients with 
clinical characteristics indicative of hereditary disease (bilateral PCC, multiple 
PGLs, family history, and/or early-onset disease) do not carry mutations in any of 
the known genes, suggesting that other loci remain to be discovered (Fig. 2.1). The 

Fig. 2.1 Representation of all reported pheochromocytoma/paraganglioma susceptibility genes, 
specifying the year of publication, with special attention to the genes involved in the hereditary 
predisposition to the disease (opaque colored boxes). Genes recently reported or lacking further 
demonstration of their involvement are grouped in “other genes.” Question mark indicates that 
other unknown genes are pending to be uncovered

M. Robledo et al.
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Table 2.1 Genetic and clinical characteristics of syndromes associated with the development of 
PCC/PGL

Syndrome Gene Inheritance
Biochemical 
phenotype Associated pathology

MEN2 RET Autosomal 
dominant

E MTC, PCC, infrequently PGL
Type 2A: PHPT, cutaneous 
lichen amyloidosis
Type 2B: Marfanoid body 
habitus, mucocutaneous 
neuromas, intestinal 
ganglioneuromatosis

VHL VHL Autosomal 
dominant

NE, D HB (CNS and retina), ccRCC, 
neuroendocrine pancreatic 
tumors, cysts and 
cystadenoma of the pancreas, 
kidney epididymis, or broad 
ligament, renal cysts, 
endolymphatic sac tumors, 
PCC, PGL, etc.

PGL1 SDHD Autosomal 
dominant 
(paternal 
transmission)

NS or NE PGL (head and neck, thoracic 
and abdominal), PCC, 
infrequently GIST, pituitary 
adenoma, infrequently 
ccRCC

PGL3 SDHC Autosomal 
dominant

NS or NE PGL (head and neck), 
infrequently PCC or GIST, 
infrequently pituitary 
adenoma

PGL4 SDHB Autosomal 
dominant

NE, D PGL, PCC, infrequently 
ccRCC, GIST, pituitary 
adenoma or PTC

NF1 NF1 Autosomal 
dominant

E Neurofibromas, cafe au lait 
spots, axillary freckling, optic 
gliomas, pigmented 
hamartomas of the iris, PCC

MEN1 MEN1 Autosomal 
dominant

E PHPT, pituitary adenoma, 
neuroendocrine 
gastroenteropancreatic 
tumors, PCC

PGL2 SDHAF2 Autosomal 
dominant 
(paternal 
transmission)

NS PGL (head and neck)

PGL5/FPCC1 TMEM127 Autosomal 
dominant

E, NE PCC, infrequently PGL (head 
and neck); ccRCC

PGL6 SDHA Autosomal 
dominant

NE PGL (head and neck, thoracic 
and abdominal), PCC; GIST, 
infrequently ccRCC and 
pituitary adenoma

(continued)
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task of identifying new susceptibility genes is complicated by the fact that this dis-
ease can follow an autosomal dominant model, with or without preferential paternal 
transmission [10–14], and that post-zygotic somatic events have also been observed 
[4, 15]. It is probable that other models of inheritance, such as recessive, occur in 
some families with the disease. While uncovering this unexplained heritability of 
PPGL remains a substantial challenge, new approaches based on next-generation 
sequencing have begun to shed new light on the comprehensive biology of this 
tumor. It is paramount to correctly genetically classify each patient in order to be 
able to offer them the most appropriate clinical follow-up.

2.1.1  Syndromic PCC

Some patients develop PCC or PGL as part of a hereditary tumor syndrome; they 
present with other clinical signs that can help identify the gene most likely to be 
involved and therefore be used to prioritize genetic testing. Such patients have often 
developed other neoplasms or have a family history indicative of a strong genetic 
etiology, as is the case for PCC associated with multiple endocrine neoplasia type 2 
(MEN2), von Hippel–Lindau (VHL), or neurofibromatosis type 1 (NF1) and to a 
lesser extent other syndromes such as Carney triad, Carney–Stratakis syndrome, 
and neoplasia endocrine multiple type 1 (MEN1). Patients with a germline mutation 

Table 2.1 (continued)

Syndrome Gene Inheritance
Biochemical 
phenotype Associated pathology

PGL7/FPCC2 MAX Autosomal 
dominant 
(paternal 
transmission)

NE, E PCC (single, bilateral, 
multiple); up to 20 % of 
patients also develop PGL 
(thoracic and abdominal)

PGL8 FH Autosomal 
dominant

NE PGL (head and neck, thoracic 
and abdominal), PCC; 
cutaneous and uterine 
leiomyoma, type 2 papillary 
renal carcinoma

KIF1B KIF1B Autosomal 
dominant

NE PCC (bilateral); 
neuroblastoma

PHD1/2 PHD1/2 Autosomal 
dominant

NE PGL (multiple), PCC 
(bilateral); polycythemia

MDH2 MDH2 Autosomal 
dominant

NE PGL, PCC; no other 
associated tumors

Pacak–
Zhuang

EPAS1 Somatic 
mosaicism

NE Polycythemia, 
somatostatinoma, CNS HB, 
PGL (multiple), PCC (single)

MTC medullary thyroid carcinoma, PCC pheochromocytoma, PGL paraganglioma, PHPT pri-
mary hyperparathyroidism, HB hemangioblastomas, CNS central nervous system, ccRCC clear 
cell renal cell carcinoma, GIST gastrointestinal stromal tumor, PTC papillary thyroid carcinoma, 
FPCC familial PCC, E epinephrine, NE norepinephrine, D dopamine, NS non-secreting
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in RET have more often been previously diagnosed with medullary thyroid carci-
noma (MTC), while those from MEN1 families tend to have had primary hyper-
parathyroidism (PHPT) and those from NF1 families cafe au lait spots. As described 
in detail below, one exception to this tendency to have particular comorbidities are 
patients with specific germline mutations in VHL, who tend to develop PCC as the 
sole manifestation of their disease.

2.1.1.1  MEN2-Associated PCC

MEN2 (OMIM 171400) has an estimated annual incidence of 5 per 10,000,000 
persons and a prevalence of 1 in 30,000. MEN2 follows an autosomal dominant 
mode of inheritance. MEN2 patients can develop MTC (medullary thyroid carci-
noma), PCC, and/or PHPT (primary hyperparathyroidism), the latter resulting from 
hyperplasia or from parathyroid adenomas. The syndrome is classified into three 
subtypes, MEN2A, MEN2B, and familial MTC (FMTC), each defined according to 
the combination of pathologies developed by the individuals affected (Table 2.1). 
MEN2A patients may develop all three pathologies. They are also more likely to 
develop “cutaneous lichen amyloidosis,” a pruritic skin lesion in the upper area of 
the back caused by the uncontrolled deposition of amyloid protein between the 
dermis and epidermis. In addition, these patients may occasionally develop 
Hirschsprung disease (HSCR). Patients are classified as MEN2B if they develop, in 
the absence of parathyroid disease, MTC; PCC; multiple mucocutaneous neuromas 
involving the lips, tongue, and eyelids; corneal nerve myelination; intestinal gan-
glioneuromas (hyperganglionic megacolon); or marfanoid habitus, including skel-
etal deformities and hypermobility of joints. Finally, families in which affected 
members have developed only MTC or C-cell hyperplasia (CCH) are considered to 
have the third subtype, FMTC, but only if more than ten members have MTC. A less 
conservative definition has been proposed by [16], based on the presence in at least 
four family members of MTC without other manifestations of MEN2A. Defining 
and distinguishing FMTC from MEN2A is challenging, and an exhaustive clinical 
follow-up of these families is required to rule out the presence of other tumors char-
acteristic of MEN2, especially in older family members.

In the early 1990s, activating mutations in the rearranged during transfection 
(RET) proto-oncogene were identified as the genetic basis for MEN2A, MEN2B, 
and FMTC [17–20]. Since then, germline RET mutations have been identified in 
98 % of patients with MEN2A, 95 % of patients with MEN2B, and 88 % of patients 
with FMTC [21].

RET is located on chromosomal band 10q11.2 and encodes a tyrosine kinase 
receptor that is mainly expressed in cells derived from the neural crest (C cells, 
parafollicular thyroid cells, and adrenal medulla cells, among others) and in uro-
genital system precursor cells [22]. The genetic testing of RET is relatively simple, 
since the mutations associated with the development of MEN2 are mainly located 
on exons 10, 11 and 13–16. Additional, less frequent mutations on exon 5 and 8 
have been also reported in MEN2 patients. Sequencing of the entire coding region 
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of RET is recommended only for those who meet clinical criteria for MEN2 but in 
whom initial sequencing of selected exons gives negative results [23] or if there is a 
discrepancy between the MEN2 phenotype and the expected genotype [24]. If a 
RET variant is detected at a noncanonical position, it is important to consult differ-
ent databases for evidences that the variant may be a polymorphism with no clinical 
significance [25]. A sequence change in RET is considered to be a causative MEN2 
mutation if it segregates with the clinical expression of disease within a family 
including at least two affected individuals having the MEN2 phenotype.

The established genotype–phenotype relationships for MEN2 syndrome are 
based on the classification of individual mutations according to their transforming 
ability, and therefore the expected aggressiveness with which the disease they cause 
will develop [24]. The impact of RET mutation testing on the management of MEN2 
patients is without doubt one of the most robust examples of the utility of genetic 
diagnosis in personalizing clinical follow-up [24].

Approximately 50 % of MEN2 patients develop PCC in their lifetime, and the 
mean age at diagnosis is 35 years. A PCC is the first manifestation of MEN2 in only 
12–15 % of cases, and so RET explains relatively few cases of non-syndromic dis-
ease (around 5 %), compared to other syndromes [26, 27]. RET mutations are very 
rarely found in patients diagnosed with PCC before age 20 [5–7]. Thus, RET is not 
a priority in the genetic testing of pediatric patients, although it should still be 
included in genetic diagnosis algorithms [5]. PCCs developed by RET mutation car-
riers are bilateral in 50–80 % of patients, they tend to be epinephrine-secreting 
tumors, and very few (no more than 5 %) are malignant.

It is recommended that screening for PCC begins between ages 5 and 16 for car-
riers of highest-, high-, and moderate-risk mutations [24, 27].

2.1.1.2  VHL

VHL (OMIM 193300), with an incidence of 1 in 36,000 live births, is a dominantly 
inherited familial cancer syndrome caused by germline mutations in the VHL tumor 
suppressor gene [28, 29]. This gene encodes three gene products: a protein com-
prising 213 amino acids and two shorter isoforms, one produced by alternative 
splicing (excluding exon 2) and the other by alternative initiation. While the protein 
(pVHL) is involved in multiple processes, its best characterized role is the regula-
tion of the proteasomal degradation of hypoxia-inducible factors (HIFs) [30]. 
Under normal oxygen tension, the α subunits of HIF (HIF-1α, HIF-2α, and HIF-3α) 
are hydroxylated by the dioxygenases PHD (PHD1, PHD2, and PHD3). The 
hydroxylated HIF-α are then targeted by pVHL for proteasomal degradation [31, 
32]. Under hypoxia conditions, HIF-α is stabilized and binds to the HIF-β subunit 
to form an active transcription factor that regulates expression of a large repertory 
of genes involved in angiogenesis, cell survival, erythropoiesis, and tumor progres-
sion [30]. This explains the highly vascularized nature of the tumors associated 
with VHL syndrome [33].
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The penetrance of causal mutations is age dependent, and the disease demon-
strates marked phenotypic variability. Patients with VHL are at a higher risk of 
developing hemangioblastomas (HBs) of the retina and central nervous system 
(CNS), PCC and/or PGL, clear cell renal cell carcinoma (ccRCC), renal and pancre-
atic cysts (serous cystadenoma), neuroendocrine pancreas tumors, endolymphatic 
sac tumors, pancreatic serous cystadenomas, and papillary cystadenomas of the epi-
didymis in men and of the broad ligament in women (Table 2.1) [27, 33, 34]. After 
identifying VHL in 1993, the phenotype associated with VHL gene mutations was 
expanded to include VHL disease, dominantly inherited familial PCC, and, in cases 
with particular mutations, autosomal recessive congenital polycythemia (also known 
as familial erythrocytosis-2; MIM# 263400) [35, 36]. It has been suggested that VHL 
accounts for approximately a third of patients with a CNS HBs, >50 % of patients 
with a retinal angioma, 1 % of patients with RCC, 50 % of patients with apparently 
isolated familial PCC, and 11 % of patients with an apparently sporadic PCC [37].

The disease is classified into four subtypes (1, 2A–2C) based on the clinical 
phenotype. VHL type 1 families have a relatively low risk of developing PCC, but 
may present with any of the other tumors associated with the disease. VHL type 2 is 
subdivided into three categories corresponding to a low (2A) or high risk (2B) of 
developing ccRCC or to a higher risk of PCC and PGLs as the only clinical sign of 
the disease (2C) (Table 2.2).

Systematic characterization of germline VHL mutations has led to the identifica-
tion of genotype–phenotype correlations such that germline mutations causing 
amino acid changes on the surface of pVHL are associated with a higher risk of 
PCC [34]. VHL germline deletions, mutations predicted to cause a truncated pro-
tein, and missense mutations that disrupt the structural integrity of the VHL protein 
are associated with a lower risk of PCC (and therefore associated with type 1 VHL 
syndrome). However, phenotypes related to VHL gene deletions appear to be influ-
enced by the retention of some genes surrounding VHL. In particular, VHL deletions 
associated with the loss of the actin regulator HSPC300 gene (also known as 
BRICK1) are associated with protection against ccRCC [38–40]. These clinical 
findings led McNeill et al. (2009) to suggest that the subclassification of VHL syn-
drome should take into account not only clinical phenotype but also VHL mutation 
data [40] (Table 2.2).

Table 2.2 Clinical classification of VHL patients

Clinical features

Subtype

VHL-1A VHL-1B VHL-2A VHL-2B VHL-2C

HB (CNS, retina)
ccRCC Low risk High risk
Cysts and cystadenoma of the 
pancreas
PCC

HB hemangioblastoma, CNS central nervous system, ccRCC clear cell renal cell carcinoma, PCC 
pheochromocytoma
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PCCs/PGLs Associated with VHL

Approximately 20 % of patients with VHL develop PCC or PGL (sympathetic and 
parasympathetic), although the latter is much less frequent. Tumors are exclusively 
norepinephrine-secreting, related to a low, or no, expression of phenylethanolamine 
N-methyltransferase (PNMT), multifocal or bilateral in 43–45 % of cases and 
malignant in less than 5 % [41–43]. The median age at diagnosis of PCC/PGL is 29 
years, which is lower than for other syndromes and particularly relevant for genetic 
testing since between 12 and 32 % of patients with PCC diagnosed during childhood 
are found to carry a germline mutation in VHL [44]. Also of note is that PCC (prin-
cipally) or PGL (occasionally) is the first manifestation for 30–50 % of patients with 
VHL [41]. For these reasons, VHL mutation screening is essential in patients diag-
nosed before age 18. Furthermore, VHL has a high mutation rate (20–21 %) [45, 46], 
and so germline mutation testing of this gene is recommended specifically for 
patients with single tumors and non-syndromic cases. As we will review in this 
chapter, the role of VHL is also relevant in sporadic presentation, as a notable pro-
portion of tumors develop as consequence of somatic VHL mutations [47].

The development of VHL-related tumors has been linked to the alteration of 
interactions between pVHL and other proteins with which it forms complexes, spe-
cifically pVHL-ElonginC-ElonginB complexes (CBCVHL). The most accepted 
hypothesis in this regard is that the development of PCC in the context of VHL is 
associated with a partial retention in the function of pVHL to assemble at least to 
some extent into CBCVHL [48, 49], which protects them from rapid intracellular 
degradation [50–52]. A hot spot in VHL that is associated with the development of 
PCC affects residue 167, located in the alpha domain. This domain has the role of 
interacting with other proteins, so that mutations giving rise to amino acid changes 
in this region do not result in loss of function of pVHL. The finding that 23 % (7/30) 
of patients with PCC who carry deleterious germline variants in VHL, but have no 
signs of either VHL or MEN2, have a mutation that affects this residue is consistent 
with this hypothesis [53]. On the basis of the above findings, it has been proposed 
that the measurement of change in pVHL stability could be used as an additional 
tool to understand the clinical features developed by a VHL patient [52]. Indeed, the 
use of this tool led to the identification of an association between ccRCC and mis-
sense mutations that significantly alter pVHL stability. A subsequent study classi-
fied these mutations as “surface” or “deep,” depending on the location of the affected 
residue in the protein structure, and found a clear difference between them in the 
associated risk of PCC [34].

Based on the earliest described age at PCC diagnosis, it is recommended that 
screening be initiated at age 5 years [27, 44].

2.1.1.3  Neurofibromatosis Type 1

Neurofibromatosis type 1 (NF1), formerly known as von Recklinghausen disease, is 
a common hereditary disease with an incidence of 1 per 2,500–3,300 newborns that 
primarily involves the skin and nervous system. The condition is usually diagnosed in 
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early childhood, when cutaneous manifestations are apparent. It is characterized by 
the appearance of multiple neurofibromas, cafe au lait spots, freckling in the armpits 
and groin, iris hamartomas (Lisch nodules), bone lesions such as scoliosis, sphenoid 
dysplasia or pseudoarthrosis, macrocephaly, learning disorders, cognitive deficits, 
predisposition to optic and CNS glioma, and leukemia [27, 54]. Other malignancies 
occur less frequently in patients with NF1, including PCC, rhabdomyosarcoma, leu-
kemia, and brain tumors other than optic gliomas [55]. Some features of neurofibro-
matosis 1 are present at birth, and others are age-related manifestations, which means 
that periodic monitoring is required to address ongoing health and developmental 
problems and to minimize the risk of serious medical complications [56].

The gene responsible for NF1, NF1 (17q11.2), encodes the protein neurofibro-
min, which is expressed primarily in the nervous system and has the role of sup-
pressing cell proliferation by inactivating RAS proteins. Loss-of-function mutations 
in NF1 lead to the activation of RAS and the PI3K/AKT/mTOR pathway, which 
depends on RAS [54].

The detection of mutations in NF1 by DNA analysis has proven to be challenging 
because of the gene’s large size (it has 58 exons), the lack of mutation hot spots, and the 
existence of pseudogenes. NF1 mutations are predominantly truncating and often 
accompanied by loss of the wild-type allele in the tumor. Although molecular technol-
ogy is now available to detect most mutations in NF1 [57], it is typically not required 
because in 95 % of cases a diagnosis of NF1 can be made by age 11 years on the basis of 
clinical findings alone. NF1 has one of the highest rates of spontaneous mutation of any 
gene in the human genome. This in part explains why between 30 and 50 % of patients 
have de novo mutations, which if they occur post- zygotically, can give rise to mosaic 
phenotypes [58]. Events of germline mosaicism are very rare in this condition [59].

PCCs Associated with NF1 Disease

An estimated 0.1–5.7 % of NF1 patients develop PCC, although this figure is 3.3–
13 % based on autopsy studies. Therefore, NF1 is not a common diagnosis in PPGL 
patients [60]. These tumors are more prevalent among NF1 patients with hyperten-
sion (20–50 %) [61]. NF1-associated PCCs tend to develop at a later age (mean 41 
years), can be unilateral or bilateral, and are rarely extra-adrenal and slightly more 
often malignant (up to 12 %) than those in VHL and MEN2 cases [62]. The earliest 
recorded age at diagnosis of PCC is 7 years, but given the low penetrance of NF1 
mutations for this tumor development, screening of the gene is only recommended 
in cases of hypertension or symptoms suggestive of disease [27].

2.2  Non-syndromic PCC/PGL

In addition to the syndromic forms, many genes have been described over the last 
few years related to susceptibility to develop PCC or PGL as the only disease mani-
festation. Associations with other tumors have been reported, but only in a limited 
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number of patients. We will outline the functions of the SDH genes, as well as FH, 
MDH2, TMEM127 and MAX, and detail the clinical manifestations associated with 
mutations in each of these. Other genes will be also reviewed.

2.2.1  Non-syndromic PCC/PGL Associated with Mutations 
in the SDH Genes, FH, and MDH2

2.2.1.1  SDH Gene Function

The connection between the SDH genes and the development of neuroendocrine 
tumors was established in 2000 when germline mutations in SDHD were first 
described in patients with familial PGL [14]. The SDH genes encode complex II of 
the mitochondrial respiratory chain, also known as succinate dehydrogenase (SDH), 
which plays a key role in both the electron transport chain and the oxidation of suc-
cinate to fumarate at the tricarboxylic acid (TCA) cycle. SDH is a heterotetramer 
composed of four proteins: two catalytic (SDHA and SDHB) and two structural 
(SDHC and SDHD). The latter are responsible for attaching the SDH complex to 
the inner mitochondrial wall (reviewed on [63]).

An associated protein, SDHAF2, is a highly conserved cofactor of flavin adenine 
dinucleotide (FAD) which is implicated in the flavination of SDHA and is essential 
for SDH function. SDHAF2 mutations have been reported to be associated with the 
development of PPGLs, confirming the importance of this complex for the disease 
[12, 13].

Heterozygous mutations in the SDHA, SDHB, SDHC, and SDHD genes cause 
complex II destabilization affecting the ability of cells to detect oxygen. SDH dys-
function results in the accumulation of succinate [64], its TCA cycle substrate, 
which acts as a competitive inhibitor of the 2-oxoglutarate (2-OG)-dependent HIF 
prolyl hydroxylases [65, 66]. This stabilizes HIF-alpha and, mediated by pVHL, 
activates genes that facilitate angiogenesis and anaerobic metabolism [66]. This link 
between mutations in the SDH genes and the HIF-1α pathway is also corroborated 
by results from tumor expression profiling studies of PPGLs [67]. Mutations in the 
SDH genes, both catalytic and structural, cause defects in the enzymatic activity of 
the complex, which lead to accumulation of succinate [68], along with the absence 
of SDHB [69]. Thus, negative SDHB immunostaining indicates the likely involve-
ment of these genes in disease etiology; these findings represent robust tools that 
can be used to select patients for genetic testing, if paraffin-embedded tumor mate-
rial is available.

Global DNA hypermethylation has been described as a hallmark of tumors with 
TCA cycle abnormalities resulting from SDH genes and FH and MDH2 mutations 
[1, 70, 71]. This CpG island methylator phenotype (CIMP) has revealed that succi-
nate acts as an oncometabolite, inhibiting 2-oxoglutarate-dependent dioxygenases, 
such as hypoxia-inducible factor prolyl hydroxylases and histone and DNA 
demethylases.
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Prognosis associated with high CIMP is cell-type dependent. For instance, in 
glioblastoma high CIMP is associated with a more favorable prognosis, whereas 
poor prognosis has been reported for neuroblastoma and PPGL [70, 72]. SDH gene- 
related, and particularly SDHB-related, PPGLs have a higher risk of progressing to 
metastatic disease [73]. It has been found that although all SDH gene-mutated 
tumors displayed CIMP, the level of hypermethylation is significantly higher, and 
the expression of target genes significantly lower, in SDHB-mutated tumors. As 
target genes include genes implicated in neuroendocrine differentiation and 
epithelial- to-mesenchymal transition (EMT), this could explain the particular 
metastasis-prone nature of SDHB-mutated tumors [70].

Loss-of-function mutations in the four SDH complex subunits and SDHAF2 
have been demonstrated to cause PPGL, though the frequency of mutations and 
associated tumor types vary by genes. In addition to PPGL, SDHB and SDHD muta-
tions have been associated with ccRCC [74, 75] and thyroid carcinoma [76, 77]. In 
addition, mutations in SDHB, SDHC, and SDHD can give rise to Carney–Stratakis 
syndrome [78], characterized by the dyad of PGL and gastrointestinal stromal 
tumors (GISTs). These findings revealed a novel molecular mechanism underlying 
the development of GISTs, which are usually related to gain-of-function mutations 
in KIT or PDGFRA [79, 80]. It has more recently been recognized that SDH gene 
mutations are associated with the development of pituitary adenomas (PA) ([81–83] 
and reviewed in [84]).

2.2.1.2  Mutations in the SDH/FH/MDH2 Genes: Genotype–Phenotype 
Relationship

Clinical Presentation Associated with Mutations in SDHD

The hereditary syndrome PGL1 (OMIM ID: 168000) is caused by mutations in the 
SDHD gene. The estimated penetrance of germline mutations in SDHD (11q23.1) is 
86 % to age 50 years, and carriers normally present with multiple PGLs at a mean 
age of 35 years. SDHD carriers primarily develop head and neck PGL (84 % of 
cases), although up to 22 % also develop thoracic and abdominal PGL and 12–24 % 
PCC, the latter rarely being bilateral [76, 85, 86] (Table 2.1). Although PCCs and 
extra-adrenal PGLs are relatively rare in patients with SDHD germline mutations, it 
has been described that the type of mutation influences the phenotype. SDHD muta-
tions predicted to result in an absent or unstable SDHD protein were associated with 
an increased risk of PCCs and PGLs, compared to missense mutations or in-frame 
deletions, which were not predicted to impair protein stability [76].

SDHD-related disease follows an autosomal dominant mode of inheritance, with 
preferential paternal transmission [87]. That is, a mutation carrier will only develop 
the disease if their mutation came from their father; if it came from their mother, 
they will not be affected, although they will still be able to pass on the mutation to 
their children. While this pattern of inheritance suggests the existence of maternal 
genomic imprinting of this gene, the observed bi-allelic expression of SDHD in 
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 different normal tissues and in neural crest-derived tumors does not support this 
hypothesis [88–90]. In order to explain this SDHD-linked parental effect, it has 
been proposed that the loss of the entire maternal copy of chromosome 11, a hall-
mark of SDHD-linked tumors, leads to the simultaneous deletion of the SDHD gene 
and an exclusively maternally expressed gene [91, 92].

Regardless of the mechanism underlying this preferential paternal transmission, 
the hereditary nature of disease is masked in families in which by chance the muta-
tion has been transmitted from generation to generation only from mother to child. 
The disease skips generations and these can only be identified in genetic counseling 
centers that collect information from second- and third-degree relatives.

A key issue in clinical follow-up is the fact that 3–10 % of carriers of a germline 
mutation in SDHD develop metastasis [76, 77, 93–95]. In the case of pediatric 
patients, despite the possible lack of family history, it has been suggested that a diag-
nosis of at least one head and neck PGL is sufficient to justify genetic testing; in fact, 
8–16 % of patients under age 20 years carry a germline alteration in SDHD [5, 6].

In relation to the development of other tumors, it should be noted that there has 
been some controversy around two variants in SDHD, p.H50R, and p.G12S. Both 
were initially reported to be associated with the development of Merkel cell carci-
noma and familial CCH and even Cowden-like syndrome. However, they were sub-
sequently classified as polymorphisms, present in several healthy populations 
(http://www.lovd.nl/3.0/home), and their associations with the proposed diseases 
have therefore been ruled out [96].

Even though the earliest reported age at diagnosis is 5 years, screening is recom-
mended from the age of 10 years [27].

Clinical Presentation Associated with Mutations in SDHB

The PGL4 syndrome (OMIM ID: 115310) is due to mutations in the SDHB gene 
(1p36.13). Overall, the SDHB gene is the most commonly mutated of all the SDH- 
related genes [97]. An estimated 67 % of patients carrying mutations in SDHB 
develop primarily thoracic and abdominal PGL, 27 % develop head and neck PGL, 
and 17–29 % develop adrenal PCC, which is rarely bilateral [69, 85, 86].

Although, to date, a clear genotype–phenotype relationship does not exist for 
SDHB mutations, an association between SDHB missense mutations and an 
increased risk of head and neck PGL have been described, compared to truncating 
mutations [76]. Large deletions seem to lead to similar phenotypes and penetrance 
to those patients with point mutations. Several large germline founder deletions in 
SDHB have been reported in multiple unrelated subjects from the Netherlands [98] 
and Spain [86, 99]. In these populations, the proportion of carriers of these founder 
mutations could be sufficiently high for the testing of large deletion in SDHB to be 
the first step in genetic screening.
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At least 40 % of SDHB mutation carriers develop metastatic disease [97]. Thus, 
it is widely accepted that the identification of a mutation in SDHB is a marker of 
poor prognosis and more close clinically monitoring of the patient is required.

Of all the known susceptibility genes for hereditary PCC/PGL, SDHB consti-
tutes a paradigm of heterogeneity in and of itself. Mutations in this gene are usu-
ally associated with the presence at diagnosis of a single retroperitoneal tumor 
[100]. In fact, only 25–40 % of all carriers will ever develop a tumor [101, 102]. 
This explains why most patients have no family history of disease at the time of 
their diagnosis. This fact, along with the frequent appearance of a single tumor in 
affected individuals, makes it very difficult to identify potentially hereditary 
cases. Although the underlying cause of reduced penetrance is unknown, possible 
genetic explanations include inhibition of cell proliferation due to secondary loss 
of vital genetic material in the proximity of the remaining normal allele or that 
additional loss of chromosome 11 is required (Hensen model) [63]. For all these 
reasons, and principally because of the high risk of developing metastases, all the 
algorithms currently used to guide genetic diagnoses include the testing of SDHB 
in patients with PPGL.

Although the earliest reported age at diagnosis is 6 years, screening is recom-
mended from age 5 years [27].

Clinical Presentation Associated with Mutations in SDHC

Mutations in the SDHC gene (1q23.3) cause the PGL3 syndrome (OMIM 
#605373) [103]. Since relatively few mutations in SDHC have been described 
worldwide, the associated clinical manifestations have not been clearly defined; 
nevertheless, it is known that mutation carriers tend to develop PGL (93 % para-
sympathetic and 7 % sympathetic) and infrequently PCC or GIST. Up to 23 % of 
affected individuals have multiple PGLs and 25 % have a family history, suggest-
ing that mutations have incomplete penetrance [85, 86, 104]. Thus, the clinical 
features of SDHC-associated cases are similar to those found in patients with 
sporadic head and neck PGLs. Mutation carriers typically present with solitary 
head and neck PGLs and a very low tendency to be malignant [105]. The medias-
tinum is the second most common location for SDHC-related PGL (10 % of all 
tumors), occurring in up to 13 % of patients [106]. The mean age at diagnosis is 
38 years [62], and very little is known about the involvement of this gene in pedi-
atric disease.

Epigenetic inactivation of SDHC is a recently discovered phenomenon in GISTs 
and PPGLs from patients with Carney triad syndrome [107, 108]. This event has 
been reported as the genetic cause of a patient that presented with two abdominal 
PGLs and an adrenocortical adenoma, providing evidence that SDHC promoter 
methylation can cause PGLs due to SDHC inactivation [109].
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Clinical Presentation Associated with Mutations in SDHA

Mutations in the SDHA gene (5p15.33) cause the rare familial PGL5 syndrome 
(OMIM #614165) [110]. Based on currently available information, SDHA (5p15.33) 
appears to contribute little to PCC/PGL. Korpershoek and colleagues reported that 
3 % of their series of 198 patients with apparently sporadic PCC or PGL were found 
to carry mutations in SDHA [69]. These carriers developed PCC, head and neck 
PGL, or thoracic and abdominal PGL (Table 2.1), but rarely metastatic disease. 
Although it has been established through biochemical analysis that nonsense SDHA 
mutations are associated with disease, these same mutations have been found in 
unaffected population controls, suggesting that these mutations have very low pen-
etrance; these findings add additional complexity to the genetic counseling offered 
to carriers, most of which will not develop clinical symptoms [63].

Nevertheless, SDHA should be considered in genetic testing for patients present-
ing with clinical evidence of familial PPGL who test negative for the other known 
susceptibility genes. As previously mentioned, mutations in any of the SDH genes 
have the effect of suppressing the enzymatic activity of complex II and a key indica-
tor that this has occurred is negative immunostaining for SDHB. Furthermore, it is 
now known that mutations in SDHA also give rise to negative immunostaining for 
SDHA [69]. This relatively easily implemented clinical screening tool should be 
incorporated into molecular diagnostic protocols to ensure that appropriate muta-
tion testing is carried out in the most efficient and cost-effective manner.

Clinical Presentation Associated with Mutations in SDHAF2

SDHAF2, also known as SDH5, was identified as the susceptibility gene for the 
PGL2 syndrome (OMIM ID: 601650) [13]. SDHAF2 (11q12.2) is similar to SDHD 
in that it has an autosomal dominant mode of inheritance, with a preferential pater-
nal transmission. To date only head and neck PGLs have been reported in SDHAF2 
mutation carriers, most diagnosed at an early age and all with a family history of the 
disease ([12] and references contain therein). Few distinct SDHAF2 mutations have 
been described [12, 111, 112]. While available data suggest that mutations in 
SDHAF2 do not explain a substantial portion of cases (<1 %), further studies in dif-
ferent populations are required to determine their relevance. Nevertheless, genetic 
testing of SDHAF2 should be offered to patients with head and neck PGLs with 
negative tumor staining for SDHB and who test negative for mutations in SDHD, 
SDHC, and SDHB. While currently too few data are available to draw clear conclu-
sions, no affected mutation carriers developed PGL before age 20 years, suggesting 
that mutations are not relevant to the development of pediatric tumors.

FH: Clinical Presentation Associated with Mutations in FH

FH is the TCA cycle enzyme involved in the reversible hydration/dehydration of 
fumarate to malate. It is known that germline mutations in FH (1q43) predispose to 
leiomyomas and papillary RCC in an autosomal dominant hereditary syndrome 
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named hereditary leiomyomatosis and renal cell cancer (HLRCC) [113]. Inactivation 
of FH leads to accumulation of its substrate, fumarate, and inhibits α-ketoglutarate- 
dependent HIF prolyl hydroxylases, leading to HIF activation [64, 66]. Other dioxy-
genases, including histone demethylases and the TET (ten–eleven translocation) 
family of 5-methylcytosine (5 mC) hydroxylases, are also inhibited by succinate 
and fumarate accumulation [114]. Very recently, Letouze et al. [70] identified a 
germline mutation in FH by whole-exome sequencing applied to blood and tumor 
DNA obtained from a 63-year-old female presenting with one PCC. The patient was 
selected to be sequenced because the tumor showed a methylome- and transcriptome- 
based profile very similar to that found in tumors carrying mutations in the SDH 
genes. The subsequent screening of almost 600 patients with PPGL but no muta-
tions in the major susceptibility genes revealed that five carried pathogenic germline 
FH mutations, providing further evidence of the involvement of this gene in the 
development of PPGL [115]. Clinically, a metastatic phenotype and multiple tumors 
were significantly more frequent in patients with FH mutations than those without 
such mutations. Recently, as previously mentioned for succinate, fumarate has been 
reported as an epigenetic modifier that elicits epithelial-to-mesenchymal transition 
[164]. FH should thus be added to the list of PPGL susceptibility genes and should 
be considered in mutation screening, to assess the risk of metastatic disease.

MDH2: Clinical Presentation Associated with Mutations in MDH2

MDH2, which encodes another TCA cycle enzyme implicated in the reversible con-
version of malate to oxaloacetate with the concurrent reduction of NAD to NADH, 
has been recently described as a new PPGL susceptibility gene [1]. The causal 
mutation was identified by whole-exome sequencing, which revealed a germline 
mutation in the mitochondrial malate dehydrogenase gene (MDH2) in a patient with 
multiple malignant PGLs.

As explained above, the accumulation of succinate and fumarate leads to the enzy-
matic inhibition of multiple alpha-KG-dependent dioxygenases. This inhibition 
causes impaired histone demethylation and 5-mC hydroxylation (5-hmC) and, con-
sequently, a characteristic CIMP [70]. Expression profiling analysis focused on 
hypermethylated and downregulated genes in SDH gene-mutated and non-SDH 
gene-mutated tumors revealed that the MDH2-mutated tumor clustered with SDH 
gene-mutated tumors, suggesting a similar CIMP (CIMP-like) profile. Findings from 
additional immunohistochemical studies evaluating 5-hmC and trimethylation of his-
tone H3 lysine 27 (H3K27me3) were also consistent with the MDH2-mutated tumor 
exhibiting a CIMP-like profile [1]. Apart from this study, no other PPGL patient has 
been reported to carry a MDH2 mutation. An international consortium has under-
taken an initiative to establish the prevalence of MDH2 mutations among PPGL 
patients with no mutations in known susceptibility genes. Nevertheless, the contribu-
tion of MDH2 mutations to disease seems to be low (<0.5 %; unpublished data), and 
the associated clinical features associated and penetrance are yet to be established.

Nevertheless, these findings once again link the disruption of the TCA cycle to 
PPGL development and indicate that other alterations of this major metabolic path-
way may explain additional cases of this disease.

2 Molecular Genetics of Pheochromocytoma and Paraganglioma



30

2.2.2  Non-syndromic PPGL Associated with Mutations 
in TMEM127

2.2.2.1  The TMEM127 Gene

TMEM127 (2q11) was identified as a new PCC susceptibility gene in 2010, via an 
integrated analysis of results from studies using several genomic platforms, includ-
ing linkage analysis, gene expression profiling, and mapping of chromosomal gains 
and losses [116]. Loss of heterozygosity (LOH) of the wild-type allele was observed 
in all available tumors from carriers of TMEM127 mutations, suggesting that the 
gene acts as a classic tumor suppressor.

TMEM127 encodes a transmembrane protein with no known functional domains. 
Functional studies suggest that the protein (TMEM127) localizes to the plasmatic 
membrane and cytoplasm and is associated with a subpopulation of vesicular organ-
elles, including the Golgi and lysosomes. TMEM127 is dynamically distributed at the 
subcellular level in response to nutrient signals [116]. It has also been demonstrated 
that TMEM127 modulates mTOR complex 1 (mTORC1). The mTOR kinase is a 
common component of two complexes, mTORC1 and mTORC2, which control some 
relevant aspects of cell metabolism, growth, proliferation, survival, and differentiation 
[117, 118]. TMEM127 downregulation leads to hyperphosphorylation of mTORC1 
targets 4EBP1 (eukaryotic translation initiation factor 4E-binding protein 1) and S6K 
(ribosomal protein S6 kinase), as well as to the increase of cell size and proliferation 
[116], indicating that TMEM127 is associated with mTORC1 downregulation.

Subsequent analysis of the global expression profile of TMEM127 tumors 
grouped them with those associated with RET and NF1 mutations [47, 119].

2.2.2.2  Clinical Presentation Associated with Mutations in TMEM127

Few studies have been published to date based on patient series genetically tested 
for mutations in TMEM127. The most relevant of these reported the genetic findings 
in 990 patients with PPGL who tested negative for mutations in RET, VHL, and 
SDHB/C/D [120]; 2 % carried germline TMEM127 mutations and presented with 
disease at a mean age of 43 years. Subsequent reports have described two mutation 
carriers with PGL, one thoracic and abdominal and the other with multiple head and 
neck tumors [121]. Globally, more than 30 mutations have been identified in 
TMEM127. Most (60 %) result in a truncated protein or predominantly target one of 
the transmembrane regions of the protein (reviewed in [2]). Although all variants 
are germline in nature, less than 20 % of patients carrying a TMEM127 mutation 
report a family history of PPGL [120]. In addition, germline TMEM127 mutations 
have also been detected in rare cases of ccRCC patients without PPGL [122].

As for other susceptibility genes, the findings published to date suggest that 
mutations in TMEM127 have incomplete penetrance, which would tend to mask the 
underlying hereditary disease and in many cases mean that patients may not meet 
the selection criteria for genetic testing. Given the mean age at disease onset for 
mutation carriers studied to date, genetic testing of TMEM127 is not recommended 
in pediatric patients with PPGL.
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2.2.3  Non-syndromic PPGL Associated with Mutations 
in MAX

2.2.3.1  The MAX Gene and Its Protein

MAX (14q23.3) encodes a transcription factor that plays an important role in the 
regulation of cell proliferation, cell differentiation, and apoptosis, as part of the 
MYC/MAX/MXD1 axis. These proteins form dimers to bind to DNA; in fact, MYC 
forms a heterodimer with MAX to bind to specific DNA sequences called “E-boxes,” 
which are located in MYC target genes, and this entire complex acts as a transcrip-
tion activator. Both the lethal character demonstrated in Max knockout mice and the 
fact that MAX is constitutively expressed in many cell types make it difficult to 
understand how MYC can carry out its function without the presence of 
MAX. However, the PC12 cell-line, derived from PCC in rat, carries a homozygous 
Max mutation [123], which points to the existence of an additional unknown factor 
that is able to regulate the function of MYC ([124] and reviewed in [10]).

The identification of MAX as a PCC susceptibility gene was the result of a study 
of the entire exomes of three unrelated patients with PCC and a family history of the 
disease [10]. These patients had been selected because their tumors had a common 
transcription profile that differentiated them from tumors related to other known 
susceptibility genes [67]. LOH in the tumors of germline MAX mutation carriers, 
along with the absence of MAX protein shown by an immunohistochemical analy-
sis, suggested that MAX acts as a tumor suppressor gene.

2.2.3.2  Clinical Presentation Associated with Mutations in MAX

Following the identification of pathogenic mutations in MAX in the three initial 
families, the genetic study was extended to 59 patients that had tested negative for 
the key known susceptibility genes. These 59 patients were chosen because they 
were diagnosed with PCC before age 30 years, had bilateral disease, or had a family 
history of the disease. MAX mutations were found in 8.5 % of them; 67 % of muta-
tion carriers had bilateral disease and 25 % had developed metastases. The malig-
nant behavior of tumors with mutations in MAX seemed to be consistent with what 
was known about neuroblastoma, the other tumor derived from neural crest and 
developed mainly from the adrenal medulla. Up to 22 % of neuroblastomas show 
MYC amplification; they are strongly associated with advanced disease stages and 
rapid tumor progression [125], which would support the idea that MAX loss of 
function was related to metastatic potential, since MAX is the main regulator of 
MYC. An additional striking finding was that the mutated allele had to have been 
inherited paternally in order for the carrier to develop the disease, as is the case for 
SDHD and SDHAF2, although the mechanism behind this remains unknown.

A subsequent study screening for mutations in MAX in a series of 1,694 patients 
and 245 tumors was undertaken in order to establish the prevalence of MAX mutations 
and the associated clinical presentation. This study was made possible through the 
collaboration of 17 reference centers from around the world [11]. The interpretation 
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of findings took into account only the pathogenic germline mutations identified, 
excluding all those classified as variants of unknown significance. The study reported 
pathogenic mutations in 1.3 % of patients; 21 % of them had developed thoracic and 
abdominal PGL in addition to PCC, although none of the patients diagnosed only 
with PGL carried a MAX mutation. Thirty-seven percent had a family history of the 
disease and 10 % had metastases. Thus, the association with metastatic disease 
described in the first study was not confirmed. The mean age at diagnosis for mutation 
carriers was 32 years and 21 % were diagnosed at or before age 18. These findings 
suggest that MAX should be included along with VHL and SDHB in genetic testing 
protocols for pediatric cases [5].

It was also established that the frequency of somatic mutations was 1.65 % and 
that the associated biochemical-secretor profile was characterized by elevated levels 
of normetanephrine and associated with normal or slightly increased levels of meta-
nephrine [11]. It should be noted that, though the overall prevalence of MAX muta-
tions in the entire series only slightly exceeded 1 %, this increased to 12 % in patients 
with isolated tumors and to 66 % in cases with bilateral PCC, when considering only 
cases with PCC and family history [11]. Thus, this second study elucidated the 
importance of MAX mutations in PPGL susceptibility, pointing to the need for the 
inclusion of this gene in the genetic workup of affected patients, particularly those 
with PCC (bilateral or multifocal), and/or with family history. These conclusions 
have been confirmed in more recent studies, which have also identified additional 
MAX germline mutations [126].

2.2.4  Rare PPGL Susceptibility Genes

In addition to the twelve PPGL susceptibility genes already discussed, there are oth-
ers such as MEN1, KIF1B, PDH1 (also called EGLN2, egl nine homolog 2), PDH2 
(also called EGLN1, egl nine homolog1), MERTK, and MET [4, 127] that have 
recently been added to the list of genes related to PPGL susceptibility.

It is known that mutations in the MEN1 gene (11q13) are responsible for multi-
ple endocrine neoplasia type 1 development. This syndrome is characterized by 
tumors of the pancreatic islet cells, anterior pituitary, and parathyroid gland [128]. 
Some patients may also develop adrenal cortical tumors, carcinoid tumors, facial 
angiofibromas, collagenomas, and lipomas. PCC is observed in less than 1 % of 
MEN1 germline mutation carriers [129].

A germline mutation in EGLN1 (1q42.1) was reported in a patient with PGL and 
congenital erythrocytosis [130]. Germline mutations in EGLN1 had previously been 
reported in patients with erythrocytosis, but not in association with tumors [131]. 
The detected mutation affected EGLN1 function and stabilized HIF-1α and HIF-2α 
in HEK-293 cells. LOH was detected in the tumors, suggesting that EGLN1 may act 
as a tumor suppressor gene. The first germline mutation in EGLN2 (19q13.2) was 
also found in one patient suffering from multiple PGLs and congenital polycythe-
mia [3]. A novel germline EGLN1 was described in a second patient. Both mutant 
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tumors exhibited reduced protein stability with substantial quantitative protein loss 
and thus compromised catalytic activities [3].

KIF1B is a large gene located at 1p36.22 that is frequently deleted in neural 
crest-derived tumors. The gene has two splice variants, KIF1Bα and KIF1Bβ. The 
beta isoform functions as a tumor suppressor that is necessary for neuronal apopto-
sis [132]. KIF1Bβ has been found mutated in one sporadic PCC, and in the germline 
of one apparently sporadic patient and a single family affected by PCC and neuro-
blastoma [132–134]. No metastases were reported in these studies. Other tumors 
such as ganglioneuroma, leiomyosarcoma, and lung adenocarcinoma have also 
been reported in a family with KIF1Bβ mutations [133]. It is likely that this gene has 
a more relevant role in PPGL development than expected, but the large size of its 
coding sequence makes screening for additional deleterious mutations a difficult 
task. The use of next-generation sequencing in routine genetic screening will likely 
help to determine the role of KIF1Bβ in the disease.

2.3  Sporadic PPGL

Only few years ago, it was accepted that the proportion of PPGLs explained by 
somatic events was very low, these mainly affecting VHL, RET, SDHB, and SDHD 
[135–137]. The scenario changed completely after it was reported that 14 % of 
PPGLs were explained by somatic RET and VHL mutations [47] and the NF1 
somatic events were found in 21–24 % of PPGLs [138, 139]. It is now clear that 
somatic mutations play a role in PPGLs as they have been described in up to 40 % 
of tumors [9, 47, 138–141]. These mutations involve not only the genes involved in 
heritable susceptibility but also others that have emerged as new predisposition 
genes, thereby giving insights into the mechanisms and pathways implicated in the 
disease (Fig. 2.2). Furthermore, these findings highlight the importance of working 
with germline and tumor DNA from the same patients in order to provide a compre-
hensive genetic diagnosis [9].

Other genes not previously mentioned in this chapter will be reviewed in the fol-
lowing sections.

2.3.1  PPGLs with Mutations in EPAS1

The HIF family of transcription factors (HIF-1α, HIF-2α [EPAS1], and HIF-3α) 
plays a key role in the regulation of response to hypoxia to counteract the lack of 
oxygen in normal homeostasis. It has been suggested that HIF-1α preferentially 
drives genes implicated in apoptosis and glycolysis and HIF-2α is involved in cell 
proliferation and angiogenesis [142, 143]. Recently, a new and direct link has been 
found between HIF proteins and PPGL development [15]; post-zygotic somatic 
mutations in EPAS1 (located at 2p21) were found in two unrelated patients with 

2 Molecular Genetics of Pheochromocytoma and Paraganglioma



34

multiple PGLs, somatostatinomas, and polycythemia. The mutations were found in 
the residues located close to the prolyl hydroxylation site of the protein (proline 
531) which was shown to disrupt the recognition of EPAS1 by members of the PHD 
family, as well as its hydroxylation and the consequent degradation by VHL [144, 
145]. Thus, mutations affecting the EPAS1 gene stabilize the protein, causing the 
aforementioned pseudohypoxia, indicating that EPAS1 behaves as an oncogene. 
Later, somatic mutations in EPAS1 were found in sporadic PPGL cases, demonstrat-
ing that the mutations in EPAS1 are involved in a considerable proportion (~6 %) [9] 
of the sporadic presentation of the disease [146]. A germline alteration affecting 
EPAS1 was also found in a patient with multiple PGLs and polycythemia. Although 
it was demonstrated that this latter variant stabilized the protein, its location outside 
the prolyl hydroxylation sites, and the absence of segregation with the disease in the 
family of the variant carrier, made this result somewhat controversial [147]. 

Fig. 2.2 Representation of all reported pheochromocytoma/paraganglioma susceptibility genes, 
specifying the year of publication, with special attention to the genes involved in the sporadic 
presentation of the disease (opaque colored boxes). Genes recently reported or mutated in only one 
sporadic tumor are grouped in “other genes.” Question mark indicates that other unknown genes 
are pending to be uncovered
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Moreover, the clinical implications of mutations affecting residues located in other 
prolyl hydroxylation sites remain unclear [148].

2.3.2  PPGLs with Mutations in HRAS

The members of the RAS family of oncoproteins (e.g., HRAS, NRAS, and KRAS) 
are small GTP-binding proteins that affect multiple downstream pathways 
related to cell growth and homeostasis. They were first linked to cancer in 1982 
(reviewed in [149]), and it is now known that together they represent around 
30 % of all oncogene- activating mutations found in many different cancers [149, 
150]. Somatic mutations in the Harvey rat sarcoma viral oncogene homolog 
(HRAS) gene (11p15.5) was first described in one PCC by Yoshimoto et al. 
[151]. Crona et al. [141] applied whole- exome sequencing to 58 PCCs and 
found that four harbored somatic mutations in HRAS. The subsequent study of 
a larger series of tumors determined that 10–15 % of sporadic PCCs have muta-
tions in HRAS and ruled out the involvement of NRAS and KRAS in the disease 
[9, 152]. The presence of mutations in one of the isoforms of RAS was not a new 
discovery in the development of endocrine tumors since they were known to be 
present in around 10–20 % of follicular cell-derived thyroid cancers and in 18 % 
of RET-negative sporadic MTCs [153–155]. A very recent gene expression 
analysis including seven HRAS-mutated tumors grouped all mutated tumors 
within the so-called transcriptional cluster 2 and confirmed that HRAS muta-
tions and alterations in the known PPGL susceptibility genes are mutually 
exclusive [119].

2.3.3  PPGLs with Mutations in ATRX

Recently ATRX has been reported to be recurrently mutated in PPGL tumors [156]. 
The authors reported that 12.6 % of PPGLs analyzed had somatic ATRX mutations, 
one-third truncating mutations, and two-thirds missense mutations affecting a 
known functional domain and classified as deleterious by three in silico prediction 
algorithm. Considering only the tumors that had been genetically characterized, it 
seemed that ATRX mutations coexisted with other known PPGL driver mutations, 
mainly in the SDH genes “although ATRX has been recently described as a driver 
gene in PCC” [156, 164].

ATRX is a large gene located on the X chromosome (Xq21.1) that encodes a 
member of the SWI/SNF family of chromatin remodeling proteins. Mutations in 
this gene are associated with an X-linked mental retardation syndrome most often 
accompanied by alpha-thalassemia (ATR-X syndrome) [157]. ATRX plays a role in 
telomere maintenance, chromosomal segregation in mitosis, and transcriptional 
regulation [158, 159]. It is frequently lost in tumor cells that use ALT (alternative 
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lengthening of telomeres) for telomere maintenance [160, 161], which is associated 
with poor prognosis [160, 162].

2.3.4  Other Somatically Mutated PPGL-Related Genes

The knowledge of the genetic landscape of PPGL has dramatically increased since 
the application of new technologies to interrogate genetic alterations across the 
exome. Some of the previously mentioned susceptibility genes were in fact discov-
ered using these platforms, and other genes have been reported, although their rela-
tive contribution to disease incidence is not yet well established. Among this latter 
group are somatic mutations in TP53, BRAF, IDH1, FGFR1, H3F3A, MET, 
KMT2D, SETD2, JMJD1C, KMT2B, or EZH2 [4] (Fig. 2.2). It is particularly inter-
esting that part of these genes is involved in chromatin-mediated gene regulation, 
suggesting it is likely other members of this and related pathways also contribute to 
PPGL pathogenesis.

Epigenetic changes leading to enhanced DNA and histone methylation have 
been linked to loss of function of TCA cycle-related genes. These mutations lead to 
elevated levels of intermediates that act as oncometabolites. The accumulation of 
these metabolites is postulated to cause hypermethylation by inhibiting 
2- oxoglutarate-dependent histone and DNA demethylase enzymes [1, 70, 163] 
(Fig. 2.3). New findings described by Toledo et al. point to mutations of chromatin 

Fig. 2.3 Mutations (*) in genes belonging to the Krebs cycle (IDH1/2, SDH genes, FH, and now 
MDH2) lead to the accumulation of metabolites (2-hidroxyglutarate [2-HG], succinate [SUC], and 
fumarate [FUM], respectively) structurally similar to α-ketoglutarate (α-KG), a co-substrate pivotal 
for several dioxygenases. These “oncometabolites” act as competitive inhibitors of demethylases of 
DNA (TETs) and histone lysines (KDMs), causing important alterations in gene expression
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remodeling genes that could represent another mechanism underlying chromatin 
architecture defects, something which is a feature of a considerable proportion of 
PPGLs [4].

2.4  Conclusions

Faced with the complex genetic etiology of PPGL described in this chapter, it is 
essential to collect comprehensive clinical information as well as germline and 
tumor DNA from patients in order to perform efficient genetic testing and to offer 
appropriate genetic counseling. The detection of a germline mutation in one of the 
genes related to the development of these tumors has clear implications for the clini-
cal follow-up of the patient. The identification of a somatic mutation avoids addi-
tional germline genetic screening as new susceptibility genes are discovered and 
represents a valuable source of knowledge for future therapeutic opportunities.

New insights are emerging with the use of next-generation sequencing-based 
approaches, and it is probable that findings reviewed herein are only the tip of the 
iceberg in terms of the genetic landscape underlying PPGL.
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Chapter 3
Molecular Genetics of MEN1-Related 
Neuroendocrine Tumors

Sunita K. Agarwal

3.1  Multiple Endocrine Neoplasia Type 1 (MEN1)

The multiple endocrine neoplasia type 1 (MEN1) syndrome is characterized by the 
presence of neoplasia in two or more endocrine organs that include the parathyroids, 
duodenopancreatic neuroendocrine tissues, and the anterior pituitary [1–5]. Familial 
MEN1 is defined as a clinical MEN1 case with at least one first-degree relative with 
a tumor in one of these three principal endocrine organs [2, 3, 5]. The incidence of 
MEN1 is reported to be 1 in 30,000 and in 0.25 % of autopsies [3, 5]. MEN1 is 
inherited as an autosomal dominant disorder with a high degree of penetrance; more 
than 98 % of MEN1 patients show clinical and biochemical manifestations by age 
50 years [3, 5]. Parathyroid tumors and primary hyperparathyroidism occur in 
90–100 % of MEN1 patients [3, 5]. Pancreatic neuroendocrine tumors (PNETs/
PanNETs) occur in 30–70 % of MEN1 patients manifesting as duodenal gastrino-
mas (40 %), insulinomas (10 %), pancreatic polypeptide-secreting tumors (20 %), 
and nonfunctioning PNETs (20 %); also observed are glucagonomas, vasoactive 
intestinal polypeptide (VIP)omas, and somatostatinomas in less than 1–2 % of 
MEN1 patients [3, 5]. Anterior pituitary tumors occur in 30–40 % of patients mani-
festing as prolactinomas (20 %), somatotropinomas (10 %), corticotropinomas (less 
than 5 %), and nonfunctioning adenomas (5 %) [3, 5]. Other endocrine tumors 
observed in MEN1 patients include nonfunctioning adrenal tumors (25–40 %) and 
the nonfunctioning foregut carcinoids: gastric NET (10 %), thymic NET (2–4 %), 
and bronchopulmonary NET (2 %) [3, 5]. MEN1 patients can also present with 
nonendocrine features such as skin lesions – lipomas (30 %), facial angiofibromas 
(85 %), and collagenomas (70 %) [3, 5–7]. Other nonendocrine manifestations of 
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MEN1 are the central nervous system tumors, meningioma and ependymoma 
(1-8%); smooth muscle tumors, esophageal leiomyoma (5%); and uterine leiomy-
oma (30 % in females) [3, 5]. With a potential to present a large variety of tumors, 
MEN1 is an excellent model to investigate and understand the pathophysiology of 
tumors in endocrine and other tissues.

3.2  MEN1-Related Neuroendocrine Tumors

Gastrin-secreting neuroendocrine tumors (gastrinomas), PNETs, and carcinoids are 
the frequently observed NETs in MEN1 patients [3, 5]. Gastrinomas are the most 
common functional neuroendocrine tumor in MEN1 [3, 5, 8]. MEN1-related gastri-
nomas are rarely found in the pancreas; they are usually found in the first portion of 
the duodenum [9]. Fifty percent of patients with MEN1 present with gastrinomas, 
and these tumors are accompanied by marked gastric acid production and recurrent 
peptic ulceration, a condition referred to as the Zollinger–Ellison syndrome (ZES) 
[8]. MEN1-related PNETs of the pancreatic islet cells present as functioning tumors 
with distinct clinical syndromes due to excessive hormone secretion (insulin and 
rarely glucagon, VIP, gastrin, or somatostatin), while most are nonfunctioning with 
no clinical symptoms [3, 5]. MEN1-related carcinoids present in the foregut and are 
nonfunctioning – gastric enterochromaffin-cell NET, thymic NET, and bronchopul-
monary NET [3, 5, 10–12]. Although MEN1 shows no gender bias, bronchial carci-
noids have a female bias (male/female ratio, 1:4), and thymic carcinoids in European 
MEN1 patients are observed predominantly in men (male/female ratio, 20:1); how-
ever, Japanese MEN1 patients do not show a gender bias for thymic carcinoids [5, 
13–15]. Most of the MEN1-related tumors are benign. However, approximately 
25 % of MEN1 patients die from cancer due to malignancy associated with gastri-
nomas, nonfunctioning PNETs, or carcinoid NETs [5, 16–18]. MEN1-related thy-
mic NETs are highly aggressive and have been reported to be the cause of death in 
70 % of patients [19]. MEN1-related NETs are frequently multiple and with an ear-
lier age of onset in contrast to NETs in patients without MEN1 and with a potential 
for malignancy [9, 20, 21]. Therefore, suitable screening and treatment options spe-
cific for MEN1-related NETs will be beneficial for the patients [22–25].

3.3  MEN1 Gene, Mutations, and Genetic Testing

3.3.1  MEN1 Gene

The gene causative for the MEN1 syndrome is located on chromosome 11q13 as 
determined by linkage analysis and loss of heterozygosity (LOH) mapping [26–28]. 
Cloning of the MEN1 gene in 1997 has shown that this 9-kb gene consists of 10 
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exons, transcribed into a 2.8-kb mRNA, that is translated into a 610 amino acid 
protein that has been named menin (GenBank Accession No.: U93236.1) (Fig. 3.1a) 
[29, 30]. The NCBI reference sequence “human menin transcript variant-2” 
(NM_130799.2) has 610 amino acids. The other reference sequence “human menin 
transcript variant-1” (NM_000244.3) has 615 amino acids; the extra five amino 
acids are located at the end of exon 2 due to an alternative splice site that extends 
exon 2 by 15 nucleotides. This 615 amino acid variant of human menin has not been 
validated as normal menin cDNA in various cell lines and tissues.

3.3.2  MEN1 Germline Mutations

Germline heterozygous inactivating mutations in MEN1 are observed in 70–90 % of 
familial MEN1 patients that predisposes to tumor development [29–32]. The fre-
quency of detecting a germline MEN1 mutation is much lower in cases without a 
family history of MEN1 and in similar sporadic MEN1 cases who present with 
hyperparathyroidism and pituitary tumor but no PNETs [33, 34]. MEN1-related 
tumors show LOH at chromosome 11q13 from loss of the region corresponding to 
the normal non-mutated MEN1 allele [29, 30]. Thus MEN1 acts as a tumor suppres-
sor gene, and its biallelic loss/inactivation leads to tumorigenesis. More than 1000 
mutations have been reported in the MEN1 gene [35]. Two studies have reviewed 
the published germline MEN1 mutations from 1997 to 2007 and 2007 to 2015, and 
they found a total of 576 unique mutations [35, 36]. A vast majority (65–70 %) of 
the mutations predict C-terminal truncation of menin or deletion of internal exons 
encoding menin (nonsense, frameshift, and splicing). Other mutations observed are 
missense (25 %), in-frame deletion/insertion (5 %), and gross deletions (2 %) [35–
37]. The expression of some menin missense mutant proteins has been shown to be 
unstable and degraded by the proteasome [38]. There is a need to develop assays to 
study the adverse physiological effect of rare MEN1 mutations, especially for muta-
tions that do not delete a large region of menin, such as missense and single amino 
acid in-frame del/ins. Such assays may help to determine whether mutations are 
pathologic or benign.

3.3.3  Genetic Screening of MEN1 Patients

Genetic testing for germline MEN1 mutations helps to confirm the clinical diagno-
sis, to identify at-risk individuals in a family, and to exclude noncarriers [3, 5]. 
Tumors and biochemical features of MEN1 are typically established at age 40–50 
years; however, a few children before the age of 10 years have been reported with 
MEN1-related tumors [39–41]. This observation justifies the recommendation of 
genetic testing at the earliest opportunity [3, 5]. Patients with features of MEN1 but 
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Fig. 3.1 MEN1 gene and missense mutations. (a) Genomic structure of the MEN1 gene. The 10 
exons of the gene are shown as boxes that are sized with the indicated 100-bp scale. The broken 
lines in-between the boxes are introns, not drawn to scale. Striped parts indicate untranslated 
regions that are not present in the menin coding region, marked with the start codon ATG in exon 
2 and stop codon TGA in exon 10. The two nuclear localization signals (NLS) at amino acids 
479–497 and 588–608 are marked in exon 10. (b) Germline and somatic missense mutations in the 
MEN1 gene. The menin coding region consists of 610 amino acids (aa) that starts in exon 2 and 
ends in exon 10. The extent of the coding region in each exon is as follows: ex2(aa1-148), 
ex3(aa149-218), ex4(aa219-261), ex5(aa262-275), ex6(aa276-304), ex7(aa305-350), 
ex8(aa351-395), ex9(aa396-450), and ex10(aa451-610). Missense mutations in each exon are 
shown. The germline and somatic missense mutations have been assembled from References 35 
and 36 and from the COSMIC database. There are 340 different missense mutations affecting 239 
amino acids. The amino acids are numbered as per menin transcript variant-2 that has 610 amino 
acids. Note that menin transcript variant-1 has 615 amino acids. Readers should be careful about 
the interpretation of MEN1 mutation nomenclature whether the nucleotides and amino acids are 
numbered as per transcript variant-1 or variant-2, particularly for mutations located after exon 2 
(see explanation in the text). (c) Location of germline and somatic missense mutations in menin. 
Menin missense mutations at each amino acid (from Fig. 3.1b) are plotted to show the number of 
unique mutations in each amino acid. Exons are marked below the mutation plot. Missense muta-
tions are distributed over the entire 610 amino acid coding region indicating that all parts of menin 
are essential. There are six amino acids affected by more than three different mutations (amino 
acids G42, E45, H139, G156, E179, and P373)
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who do not test positive for germline MEN1 mutations by the standard genetic test-
ing methods (that screen the menin coding region and gross deletions) may show 
germline heterozygous mutations in the CDKN1B/p27 gene or probably in similar 
cyclin-dependent kinase inhibitor (CDKI) genes p15, p18, or p21 [42–44]. The 
MEN1-like syndrome with p27 mutations has been named MEN4 [37, 45]. 
Approximately 1–2 % of MEN1-like cases have been reported to possess germline 
heterozygous p27 mutations, and less than 1 % with probable p15, p18, or p21 
mutations [5, 46]. The CDKI genes of the INK4 family (p15, p16, p18, and p19) and 
the Cip/Kip family (p21, p27, and p57) are cell cycle inhibitors for specific cyclin- 
CDK complexes [47]. No genotype–phenotype correlation has been observed for 
p27 mutation with MEN1 or MEN1-like features.

3.3.4  Somatic Mutations in Sporadic Tumors

MEN1-related tumors can also occur sporadically. Some of these non-inherited 
tumors show somatic inactivating mutations in MEN1 with or without 11q13 
LOH. The prevalence of MEN1 mutations in sporadic tumors is glucagonoma 
(60 %), VIPoma (57 %), nonfunctioning pancreatic tumor (44 %), gastrinoma 
(38 %), bronchial carcinoid (35 %), parathyroid adenoma (35 %), lipoma (28 %) 
insulinoma (2–19 %), angiofibroma (10 %), anterior pituitary tumor (3.5 %), and 
adrenocortical tumor (2 %) [37, 48–54]. Exome sequencing of sporadic PNETs has 
shown that 43 % of nonfunctioning PNETs have mutations in chromatin remodeling 
factors DAXX and ATRX [50], and 13–33 % of functioning PNETs (insulinomas) 
have a recurrent somatic heterozygous missense mutation T372R in the transcrip-
tion factor YY1 [54–56].
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3.3.5  MEN1 Mutation Analysis

Mutations in the MEN1 gene (germline or somatic) are dispersed over the entire 
coding region and with no obvious genotype–phenotype correlation with an indi-
vidual sporadic or MEN1-related tumor, or MEN1-related tumor spectrum, or with 
specific clinical/biochemical features [4, 35, 36]. To date 340 unique missense 
mutations have been reported that affect 239 amino acids of menin ([35, 36] + addi-
tional somatic from the COSMIC database [57]). The location of all the missense 
mutations (Fig. 3.1b) illustrates how the mutations hit just about every region of 
menin (Fig. 3.1c) implying that all regions of menin are essential.

3.4  Structure and Function of Menin

3.4.1  Menin Subcellular Localization and Structure

Menin is a ubiquitously expressed 67-kDa protein that is predominantly localized in 
the nucleus due to the presence of two nuclear localization signals (NLS), NLS1 
(amino acid residues 479–497) and NLS2 (amino acid residues 588–608) [58]; a 
third accessory NLS, NLSa (amino acid residues 546–572), has also been reported 
[59]. Menin is highly conserved in animal species but with no known homologs in 
yeast and nematodes. The crystal structure of Nematostella menin (the starlet sea 
anemone) and human menin has been deciphered, and they are very similar [60, 61]. 
The structure resembles a curved left hand, with a deep pocket formed by the thumb 
and the palm [60, 61]. Menin is an α-helical protein with 4 domains: a long β-hairpin 
N-terminal domain, a transglutaminase-like domain that forms the thumb, a helical 
palm domain that contains three tetratricopeptide motifs, followed by a C-terminal 
fingers domain [60, 61]. The deep cavity in the palm may act as a binding site for 
interacting proteins [60, 61]. Both structures lack some parts of menin that have 
been predicted as disordered regions – in Nematostella menin, an unstructured loop 
(amino acid residues 426–442) and the C-terminus (amino acid residues 487–539), 
and in human menin, an internal unstructured loop (amino acid residues 460–519) 
[60, 61]. Therefore, the crystal structure of the entire menin protein in its free form 
or together with an interacting partner remains to be determined.

3.4.2  Menin-Interacting Proteins

Menin does not show homology to any known proteins and it does not possess any 
enzymatic activity. Therefore to elucidate the function of menin, interacting pro-
teins have been sought, and approximately 40 different proteins have been shown to 
partner with menin – transcription factors, chromatin modification factors, 
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transcription initiation and elongation factors, cytoskeletal proteins associated with 
cell division/adhesion/motility, DNA repair proteins, an mRNA biogenesis factor, 
and signaling mediators in the cytoplasm (Fig. 3.2) [37, 62–64]. These interactions 
predict that menin may participate in a variety of functions in different cell types. A 
majority of the interactions are with proteins involved in transcriptional regulation; 
however, menin by itself does not possess a DNA-binding domain to directly 
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NM23β

RNAPII isoforms (pSer5 and pSer2)

SKIP/c-MYC (HIV-1 Tat:P-TEFb transcription)

FBP1

HDACs, mSIN3A

LEDGF*

MLL*-complex (H3K4me3)

           (ASH2L, hDPY30, MLL1 or MLL2,

           RBBP5, RPB2, HCF-2, WDR5)

PRMT5 (H4R3me2)

SuV39H1 (H3K9me3)

Fig. 3.2 Menin interacting proteins. More than 40 different protein partners of menin are shown. 
The proteins are divided into functional categories. Majority of the interactions are observed in the 
nucleus with proteins involved in transcriptional regulation. Menin binding regions of three pro-
teins have been shown in co-crystal structures with menin (proteins marked in bold with an aster-
isk). Similar analysis of the other menin interacting proteins has not been performed
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regulate transcription [60, 61]. Protein and DNA interaction studies have revealed 
some menin target genes (cell cycle inhibitors p18 and p27, the long noncoding 
RNA MEG3, IGFBP2, and the HOX genes) that are regulated by menin from inter-
actions with the mixed lineage leukemia (MLL) protein in a protein complex that is 
responsible for a specific chromatin mark of gene activation, histone H3 lysine 4 
trimethylation (H3K4me3) [65–73]. Loss of menin results in loss of H3K4me3 at 
specific genes and, at the same genes, gain of H3K27me3 that is an epigenetic mark 
of gene repression [71]. Phosphorylation at six different amino acid residues of 
menin has been reported – Ser394, Thr397, Thr399, Ser487, Ser543, and Ser583 – 
constitutively (Ser543) or in response to DNA damage (Ser394 and Ser487) or upon 
loss of phosphorylation at Ser394 (Thr397 and Thr399) [74]. Menin is reported to 
undergo another posttranslational modification, SUMOylation at Lys591 [75]. The 
impact of phosphorylation or SUMOylation on the crystal structure of menin or in 
protein–protein interactions is not known. Most of the protein interaction studies 
have been conducted in cell lines unrelated to NETs or other tumors of MEN1 [76]. 
In order to confirm the MEN1-related relevance of the functions of menin through 
its interacting proteins, there is a need to develop cell lines from tissues (normal and 
tumor) affected in MEN1. Such studies may help to define the biological functions 
of menin that are critical to prevent the development of MEN1-related tumors.

3.5  Molecular Genetics of MEN1-Related NETs in Mouse 
Models

3.5.1  Germline Men1 Knockout Mice

Germline homozygous loss of the Men1 gene (Men1−/−) in mice results in death in 
utero between embryonic days 10.5 and 14.5, but germline heterozygous loss of the 
Men1 gene (Men1+/−) does not cause embryonic lethality [77–81]. After 9–16 
months, Men1(+/−) mice develop MEN1-related endocrine tumors: parathyroid 
tumors, pancreatic islet tumors (mainly insulinoma), and anterior pituitary tumors 
(mainly prolactinoma in female) [77, 79–81]. Gastrinomas are seen in only one of 
the four different mouse models of MEN1 [79]. Foregut carcinoids are not seen in 
the mouse models of MEN1. Other tumors observed in the Men1(+/−) mouse model 
of MEN1 are adrenal cortical tumors, gonadal tumors (Leydig cells in male or ovar-
ian stroma in female), and bilateral pheochromocytoma [82, 83]. Similar to MEN1- 
related human tumors, the tumors in Men1(+/−) mice develop after loss of the 
wild-type Men1 allele (LOH). Given that menin may regulate the expression of cell 
cycle genes, mouse models with loss of tumor suppressor genes known to regulate 
the cell cycle (Rb or p53) or cell cycle regulator genes (Cdk2, Cdk4, p18, or p27) 
have been generated in the Men1(+/−) background to study the impact on the devel-
opment of MEN1-related NETs, PNETs in particular (Table 3.1). Combined loss of 
Men1(+/−) with Rb or p53 did not show any significant effect [84–86]. Combined 
loss of Men1(+/−) with p18 but not p27 accelerated the rate of insulinoma 
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Table 3.1 PNETs (insulinoma) in mouse models of Men1 loss upon combined genetic 
manipulation with candidate genes

Genotype Phenotype Ref.

Men1(+/−) Parathyroid hyperplasia, anterior pituitary tumor, and 
pancreatic islets tumors (insulinoma) at ages 12–18 months
Tumors with Men1 LOH

[77, 
79–81]

p18(−/−) Islet tumor phenotype similar to Men1(+/−) [87]
p18(−/−); 
Men1(+/−)

Develop islet tumors at an accelerated rate and with an 
increased incidence
Tumors without Men1 LOH

[87]

p27(−/−) Do not develop islet hyperplasia [87]
p27(−/−); 
Men1(+/−)

Islet tumorigenesis comparable to Men1(+/−) [87]

Cdk2(−/−) No developmental or functional defects in neuroendocrine 
tissues

[88]

Cdk2(−/−); 
Men1(+/−)

Islet tumorigenesis comparable to Men1(+/−)
Tumors with Men1 LOH

[88]

Cdk4(−/−) Hypoplasia of the anterior pituitary and pancreatic islets 
during postnatal periods

[88]

Cdk4(−/−); 
Men1(+/−)

Do not develop any tumors; islets and pituitaries remained 
hypoplastic
No LOH for Men1

[88]

Rb(+/−) Hyperplasia of pancreatic islets [84, 85]
Rb(+/−);  
Men1(+/−)

Islet tumorigenesis comparable to Men1(+/−)
Tumors with Men1 LOH

[84, 85]

p53(+/−) Do not develop islet tumors [86]
p53(+/−); 
Men1(+/−)

Islet tumorigenesis comparable to Men1(+/−) [86]

Men1(f/f); RIP-Cre Pancreatic islet tumors (insulinoma) at ages 6–8 months 
and anterior pituitary tumors

[91–93]

K-RAS(G12D) K-RAS(G12D) inhibited β-cell proliferation (P5 neonates) [101]
K-RAS(G12D); 
Men1(+/f); RIP-Cre

K-RAS(G12D) enhanced, rather than inhibited β-cell 
proliferation (P5 neonates)

[101]

Ctnnb1(f/f); 
RIP-Cre

No significant effect of β-catenin loss on mature islets [102]

Ctnnb1(f/f); 
Men1(f/f); RIP-Cre

Loss of β-catenin suppressed islet growth and 
tumorigenesis

[102]

Rbp2(f/f); RIP-Cre Rbp2 loss did not grossly affect islet histology or function [103]
Rbp2(f/f); 
Men1(f/f); RIP-Cre

Decreased islet tumor formation and prolonged survival [103]

Inhβ(−/−) No significant effect of ActivinB loss on mature islets [108]
Inhβ(−/−); 
Men1(f/f); RIP-Cre

Prolonged survival after 10 months of age [104]

Men1(f/f); 
PDX1-Cre

Selective development of a single islet tumor (insulinoma) [90]

Arc(−/−) No basal phenotype from Arc loss [109]
Arc(−/−); 
Men1(f/f); 
PDX1-Cre

Did not significantly alter tumor load [109]
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formation and with an increased tumor incidence [87]. Mice with combined loss of 
Men1(+/−) with Cdk4 but not Cdk2 did not develop insulinoma [88]. These mouse 
models show that p18 inactivation and Cdk4 activation may be critical for PNET 
formation upon menin loss.

3.5.2  Tissue-Specific Men1 Knockout Mice

Mice with tissue-specific homozygous loss of Men1 in the parathyroids, pancreas, 
or pancreatic islet β-cells are viable and develop tumors in the specific tissue at an 
earlier age than in the Men1(+/−) mice [89–93]. The exception is a mouse model 
with liver-specific homozygous Men1 knockout that lacks tumors in the liver, a tis-
sue not associated with tumors in MEN1 patients, underscoring tissue-specific 
actions of menin in MEN1-related target tissues [94]. The tissue-specific action of 
menin as a tumor suppressor in the pancreatic β-cells is highlighted by the observa-
tion that homozygous loss of Men1 in β-cells (Men1(f/f); RIP-Cre) or in the whole 
pancreas (Men1(f/f); PDX1-Cre), both show only β-cell tumors (insulinomas) [90–
93]. Another interesting observation in mouse models is that mice with pancreatic 
α-cell-specific loss of Men1 develop insulinomas rather than the expected gluca-
gonomas due to possible transdifferentiation of α-cells into β-cells, or perhaps para-
crine signals that induce β-cell proliferation [95, 96]. The molecular mechanisms 
underlying β-cell-specific tumorigenesis from menin loss remain to be determined. 
Perhaps menin has tissue-specific interactions or regulates tissue-specific factors as 
indicated in a few studies that have implicated β-cell-specific differentiation factors 
MafA or Hlxb9/Mnx1 [97–100]. Effect of menin loss together with target genes 
associated with β-cell proliferation and function has been studied in mouse models 
(Table 3.1). Combined genetic manipulation of candidate genes in mice with β-cell- 
specific Men1 knockout (Men1(f/f); RIP-Cre) shows that expression of activated 
K-RAS(G12D) enhances rather than inhibits β-cell proliferation, β-catenin loss can 
suppress islet growth and tumorigenesis, histone demethylase Rbp2 loss decreases 
islet tumor formation and prolongs survival, and ActivinB loss prolongs survival 
after 10 months of age [101–104]. Further studies of these mouse models may help 
to understand β-cell-specific disease-associated pathways and to develop potential 
therapies for MEN1-related PNETs.

3.5.3  Men1 Knockout Mice for Preclinical Studies

Mouse models of Men1 loss have served as preclinical models to study the potential 
of various treatment options in PNETs (insulinoma) and pituitary tumors (prolacti-
noma) – an angiogenesis inhibitor (anti-VEGF-A monoclonal antibody, mAb 
G6-31), a small molecular tyrosine kinase inhibitor of all VEGF receptors (suni-
tinib), a somatostatin analog (pasireotide/SOM230), and menin replacement 
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therapy [105–107]. Similar preclinical investigations may be possible from the 
results described above about studies in mouse models with combined loss of Men1 
and genetic manipulation of candidate genes such as inhibitors of CDK, β-catenin, 
ActivinB, or histone demethylation.

3.6  Conclusions

Patients with the MEN1 syndrome can undergo germline genetic testing for the 
MEN1 gene that can help to confirm the clinical diagnosis, to identify at-risk 
individuals within families for early monitoring of tumors, and to exclude indi-
viduals who will not develop tumors. However, 10–30 % of cases with clinical 
MEN1 features lack germline MEN1 mutations. To identify the causative gene/s 
in these MEN1 mutation-negative cases, studies can be conducted by using whole 
genome/exome sequencing approaches to analyze germline DNA of patients and 
family members with different combinations of MEN1-related tumors. Molecular 
genetic studies in cell lines and mouse models have revealed candidate genetic 
interactions, many protein partners, and menin-dependent target genes. There is a 
need for integrated analysis of data from these studies that will help to define the 
exact role/s of menin in normal physiology and the molecular events after menin 
loss that lead to tumor formation in specific tissues. Such a comprehensive under-
standing of the process of tumorigenesis in MEN1-related NETs in man and 
mouse can provide considerable support to translational efforts for developing 
antitumor therapeutic options in human patients. In contrast to NETs in patients 
without MEN1, MEN1- related NETs are frequently multiple and with an earlier 
age of onset and with a potential for malignancy; therefore, screening and treat-
ment options specific for MEN1-related NETs have to account for these 
differences.
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Chapter 4
Molecular Genetics of MEN2-Related 
Neuroendocrine Tumours
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Abbreviations

MTC medullary thyroid carcinoma
MEN multiple endocrine neoplasia
RET gene rearranged during transfection gene
TKI Tyrosine kinase inhibitor

4.1  Introduction

Multiple endocrine neoplasia type 2 (MEN2) is an autosomal dominant hereditary 
cancer syndrome caused by missense mutations in the RET proto-oncogene that 
result in gain of function. Offspring of a carrier have a 50 % risk of inheriting the 
disease [1]. Two distinct clinical subtypes of MEN2 have been characterized 
(Table 4.1): MEN2A, by the presence of medullary thyroid carcinoma (MTC), vari-
able incidence of bilateral pheochromocytoma and primary hyperparathyroidism 
within a single patient or family, and MEN2B, by the association between MTC, 
pheochromocytoma and mucosal neuroma and other clinical features (Table 4.1) 
[2]. This syndrome is characterized by strong genotype–phenotype correlations, 
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and a specific RET mutation may suggest a predilection toward a particular pheno-
type and clinical course.

Based on a model that utilizes these genotype–phenotype correlations, RET 
mutations have been stratified into three risk levels (moderate, high, highest) 
concerning the aggressiveness of MTC [2]. This stratification system was reclas-
sified recently [2]; the former four-level categories were now subdivided into 
three risk groups [3]. Genetic testing detects nearly 100 % of mutation carriers 
and is considered the standard of care for all first-degree relatives of patients 
with newly diagnosed MTC. Recommendations on the timing of prophylactic/
early thyroidectomy and extent of surgery are based on classification of RET 
mutations into these three risk levels (Table 4.2). The main factors influencing 
survival are stage of disease at diagnosis, the different RET mutations, but also 
the postoperative calcitonin level.

4.2  Phenotype: Clinical Syndromes of MEN2

MEN2 (OMIM 171400) is an autosomal dominant tumor syndrome with an esti-
mated prevalence of 1 per 30,000 in the general population. MEN2 syndrome 
occurs in two clinically distinct varieties with MTC as a common manifestation. 
Affected individuals initially develop primary C-cell hyperplasia (CCH) that 
progresses to invasive MTC. Only familial primary CCH is a preneoplastic 
lesion. Secondary CCH, which has been associated with chronic lymphocytic 
thyroiditis, hypergastrinemia, near other follicular cell-derived thyroid tumors, 
and even ageing, has a much lower, if any, potential for malignancy [4]. The two 
subtypes of MEN2 differ with respect to incidence, genetics, age of onset, asso-
ciation with other diseases, aggressiveness of MTC and prognosis [2, 3, 5] 
(Table 4.1).

Table 4.1 Clinical classification of multiple endocrine neoplasia type 2 (MEN2) and occurrence 
of medullary thyroid carcinoma (MTC), associated tumors and other diseases

Subtype

% of 
total 
cases

MTC
(%)

Pheo
(%)

HPT
(%) Associated diseases

MEN2A 91 98
  Classical  46  100 50 25
  Hirschsprung’s 

disease
 5  100 20 Hirschsprung’s disease

  Cutaneous lichen 
amyloidosis

 5  100 50 Cutaneous lichen amyloidosis

  FMTC  35  95 0 0
MEN2B 9 100 50 0 Ganglioneuromatosis, marfanoid 

habitus

Pheo pheochromocytoma, HPT hyperparathyroidism, FMTC familial MTC
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4.2.1  MEN2A Syndrome

MEN2A syndrome is characterized by MTC in combination with pheochromocytoma 
and/or multiple tumors of the parathyroid glands in a single patient or the presence of 
two or more tumor types in multiple members of a single family. It is the most com-
mon form of all MEN2 syndromes, representing 55 % of cases [6]. The frequency of 
MTC is over 95 % among patients with MEN2A, while the frequencies of pheochro-
mocytoma and multiple parathyroid gland hyperplasia are 40–50 % and 10–20 %, 
respectively [7, 8]. MTC is generally the first manifestation of MEN2A and presents 
when patients are between 5 and 25 years of age. MEN2 is further subdivided into four 
groups [2]: (i) classical MEN2A, which includes MTC with pheochromocytoma or 
hyperparathyroidism or both; (ii) MEN2A with Hirschsprung’s disease; (iii) MEN2A 
with cutaneous lichen amyloidosis; and (iv) familial MTC (FMTC). FMTC, formerly 
considered a distinct variant of MEN2A, affects families as well as individuals who 
have RET germline mutations and who mainly show MTC (and rarely pheochromocy-
toma). Nowadays, FMTC is viewed as a phenotypic continuum of MEN2A rather 
than a distinct disease with decreased penetrance of pheochromocytoma and primary 
hyperparathyroidism. In general, the clinical course of MTC in FMTC is more benign 
than that of MEN2A or MEN2B, and some FMTC subtypes have late onset or no 
clinically manifest disease. Usually FMTC carries a good prognosis [2, 9, 10].

Table 4.2 Risk groups of RET mutations based on age at manifestation, the aggressiveness of 
MTC and penetrance of pheochromocytoma or primary hyperparathyroidism

ATA risk levela Moderate High Highest

RET mutation
(common codon)

533, 609, 611, 618, 620, 630, 
631, 768, 790, 804, 891, 912

634, 883 918

MEN2 subtype MEN2A/FMTC MEN2A/
MEN2B

MEN2B

MTC aggressiveness Moderate Higher Highest
Recommended age for 
genetic testing

5 years 3 years As soon as 
possible (first year 
of life)

MTC age of onset 5 years to young adults Before the age 
of 5 years

First year of life

Timing of early
thyroidectomy

Age 5 or 10 years or when 
calcitonin rises

Before the age 
of 5 years

As soon as 
possible, first 
months of life

Screening for Pheo Start at 16 years, periodically Start at 11 
years, annually

Start at 11 years, 
annually

Screening for HPT Start at 16 years, periodically Start at 11 
years, annually

–

MTC medullary thyroid carcinoma, FMTC familial MTC, HPT primary hyperparathyroidism, 
Pheo pheochromocytoma, ATA American Thyroid Association
aRisk for aggressive MTC [2]
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4.2.2  MEN2B Syndrome

MEN2B syndrome is the most rare and aggressive form of MEN2 and accounts for 
5–10 % of MEN2 cases. It is characterized by MTC, pheochromocytoma, the 
absence of hyperparathyroidism, visible physical stigmata such as raised bumps on 
the lips and tongue (due to cutaneous neuromas), ganglioneuromas of the intestine 
and marfanoid habitus with skeletal deformations and joint laxity. Patients with 
MEN2B typically have disease onset during the first year of life and have a more 
aggressive form of MTC with higher morbidity and mortality rates than do patients 
with MEN2A. Multivariate analysis suggests that the higher mortality rate of 
MEN2B reflects a more advanced tumor stage at presentation rather than a more 
aggressive tumor behaviour once established [3]. Patients with MEN2B often do not 
have a family history of the disease; in more than 50 % of cases, the syndrome is due 
to de novo germline RET mutation primarily paternal in origin, which reflects the 
role of RET in spermatogonial stem cell renewal [11].

4.2.3  Diagnostic Procedure

A family history is often inadequate for diagnosing familial disease; more thorough 
genetic and biochemical screening often reveals a family history of MTC in patients 
originally thought to have the sporadic form of the disease. About 1–7 % of appar-
ently sporadic cases have identifiable germline RET mutations, including about 
2–9 % with de novo germline mutations [3, 12]. Strong genotype–phenotype cor-
relations are recognized between specific mutations and MEN2 disease phenotypes, 
and these correlations have proved to be valuable in predicting disease onset and 
prognosis, as well as in guiding therapeutic intervention and patient management 
[8]. Earlier identification of patients with MTC by RET mutation analysis has 
changed the presentation from clinical tumors to preclinical disease, resulting in a 
high cure rate for affected patients and a much better prognosis.

4.3  Genotype: RET Proto-Oncogene Structure, Function 
and Abnormalities

4.3.1  RET Receptor Structure and Function

The RET proto-oncogene is localized in the pericentromeric region on chromosome 
10q11.2, has 21 exons and encodes a receptor tyrosine kinase that appears to trans-
duce growth and differentiation signals in several developing tissues, including 
those derived from the neural crest [13, 14] (Fig. 4.1). The protein consists of a large 
extracellular segment with a cadherin (Ca2+-dependent cell adhesion)-like domain, 
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which is important for stabilizing RET dimers and a cysteine-rich domain that is 
positioned near the cell membrane, which is crucial for protein conformation and 
ligand binding. RET protein has a single transmembrane domain and an intracellu-
lar segment with two tyrosine kinase subdomains, TK1 and TK2. It is activated by 
ligand-induced dimerization [14–17]. RET binds ligands of the glial-derived neuro-
trophic factor (GDNF) family in conjunction with a co-receptor, designated GDNF 
family receptor α (GFRα). Upon binding of the ligand–co-receptor complex, RET 
dimerization and autophosphorylation on intracellular tyrosine residues recruit 
adaptor and signalling proteins to stimulate multiple downstream pathways like the 
RAS–MAPK and PI3K–AKT pathways [15, 18]. These signals are important for 
many of the RET-mediated functions, including kidney and nervous system devel-
opment, neuronal survival and differentiation, and maintenance of spermatogonial 
stem cells [19, 20]. In addition, phospholipase Cγ (PLCγ) binding to RET and the 
activation of protein kinase C (PKC) signalling are crucial for kidney morphogen-
esis and the migration of neuro-progenitors in the developing brain [21, 22]. The 
RET receptor is expressed at its highest levels in early embryogenesis and decreases 
to relatively low levels in normal adult tissues [23, 24]. RET is expressed in several 
neural and neuroendocrine cell lineages [25]. It is found in neuroendocrine-derived 
cell types in many organs, such as the thyroid C cells, the precursors of MTC, and 
adrenal chromaffin cells, precursors of pheochromocytomas. RET signalling also 
maintains the enteric nervous system, and loss of RET function in these neurons 
leads to Hirschsprung’s disease [26], in which neuroblasts fail to migrate to the 
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developing gut and neurons and ganglia of the enteric nervous system fail to mature 
owing to a lack of RET signals [27] resulting in a aganglionosis of the colon. RET 
loss-of-function mutations have also been recognized in patients with congenital 
abnormalities of the kidney and urinary tract.

RET oncogene mechanism implicates either through gain-of-function mutations 
that lead to constitutive activation or through aberrant expression or activation of 
wild-type receptors. Oncogenic RET mutations can be either activating point muta-
tions within the full-length RET protein or genomic rearrangements that produce 
chimeric RET oncoproteins that are generally localized in the cytosol. While RET 
mutation has been primarily associated with thyroid cancer, somatic structural RET 
alterations or changes of its expression have been described in lung, breast and pan-
creatic cancers [28–30].

4.3.2  RET Mutations in MEN2

Hereditary MTC is caused by autosomal dominant gain-of-function mutations in 
the RET proto-oncogene. The MEN2 gene was localized by genetic linkage analysis 
in 1987 [31, 32]. Subsequently, point mutations of the RET proto-oncogene were 
identified in MEN2A and MEN2B in eight exons 5, 8, 10, 11, and 13–16 (Fig. 4.2). 
Analysis of RET in families with MEN2A revealed that nearly all of these families 
have germline mutations and that only those family members with the germline 
missense mutations have the disease. More than 80 different RET mutations have 
been associated with hereditary MTC [33].

Mutations present in the extracellular domain (exons 8, 10, 11) are known to 
target highly conserved cysteine residues. Because these residues are normally 
involved in intramolecular disulphide bond formation, mutation generates an 
unpaired cysteine residue with free sulphydryl group. Mutant RET receptors in 
close proximity will then form intermolecular disulphide bonds, which function to 
stabilize dimerization even in the absence of the ligand and enhanced phosphoryla-
tion of intracellular substrates [34]. The most common mutations are substitutions 
of RET C634 which occur in patients with the classical MEN2A subtype and are 
associated with greater risks of pheochromocytoma and parathyroid hyperplasia. 
These classical MEN2A disease phenotypes are relatively rare in patients with other 
mutations of the extracellular domain (exons 10, 8, 5). In rare cases, a subgroup of 
these RET cysteine variants (affecting C609, C611, C618 and C620), termed ‘Janus 
mutations’, can confer both RET gain-of-function and loss-of-function phenotypes 
[35]. Although these mutations lead to constitutive RET activation and are associ-
ated with MEN2A phenotypes, the mutant proteins are poorly matured and are 
expressed at lower levels on the cell surface [36]. As a result, in tissues such as the 
enteric nervous system that require GDNF-mediated RET activation for appropriate 
formation [37], the reduced mature protein expression mimics loss-of-function RET 
mutations that occur in HSCR, and both MEN2 and HSCR phenotypes can co-occur 
in some families [8, 38].
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Mutations of the intracellular tyrosine kinase domain of RET (codons 13–16) 
are known to target regions associated with the ATP-binding pocket, activation loop 
and substrate-binding pocket. Depending on their specific location, they induce 
structural changes and alter RET substrate specificity. This results in phosphoryla-
tion of alternative intracellular proteins [17]. Therefore, the mutated receptor no 
longer needs dimerization to become active.

The two specific amino acid substitutions in the RET kinase domain, M918T 
and A883F, are found exclusively in patients with the MEN2B phenotype. These 
residues flank the activation loop of the RET kinase and are associated with more 
complex functional outcomes, including protein conformational changes that 
decrease autoinhibition, increase kinase activity and ATP binding by tenfold, and 
might modify substrate recognition. Although M918T proteins are the most trans-
forming RET mutants in vitro and are associated with the most severe disease 
phenotypes, the natural history of A883F mutants might be somewhat more indo-
lent [10, 39].

Other mutations that affect the RET intracellular domain (residues E768, L790, 
Y791, V804 and S891) are predominantly associated with more indolent MEN2A 
phenotypes, later onset or a reduced penetrance of MTC and rarely pheochromocy-
toma [40], although there can be considerable interfamilial and intrafamilial varia-
tion associated with a single mutant. Mutations of Y791, which were originally 
detected in patients with FMTC and MEN2A, have also been identified in HSCR- 
only families and have been described in about 1 % of control populations, which 
is suggestive of a polymorphism rather than a pathological variant [41–43]. 
However, molecular studies have confirmed that the Y791F RET mutant proteins 
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are constitutively activated and autophosphorylated as protein monomers and can 
induce downstream signalling and transformed phenotypes [44–47]. The tandem 
occurrence of Y791F with other RET substitutions (such as L790F or C634Y) 
seems to increase the aggressiveness and/or penetrance of MEN2 phenotypes [42, 
48]. Although the molecular mechanisms that underlie this remain to be elucidated, 
the data are consistent with Y791F functioning on the one hand as a low-penetrance 
modifier or enhancer of other oncogenic mutations and, on the other hand, produc-
ing a receptor that is unable to respond to ligand activation or, therefore, to chemo-
tactic signals, and this confers a risk of HSCR phenotypes. Other intracellular 
mutations have varying functional effects; for example, substitutions of V804 
affect RET–ATP- binding [49], co-occurrence of the V804M mutation in cis with 
other kinase domain variants (Q781R, E805K, Y806C, or S904C) can result in 
additional conformational changes.

4.3.3  Rare and New RET Mutations: Polymorphisms

In newly detected germline RET sequence changes, it is mandatory to clarify if this 
‘mutation’ is causative of MEN2 and segregates with the MEN2 disease symptoms 
within a family. The web-based ARUP online Scientific Resource RET database 
(http://www.arup.utah.edu/database/MEN2/MEN2_welcome.php) [33] uses the 
following classification definition: mutation, polymorphism and variant of unknown 
significance (VUS).

Mutation is defined as causative for the disease and segregates with the disease 
in (i) at least two affected family members in which at least one has MTC and the 
other one has a clinical feature of MEN2 or (ii) if at least three unrelated individuals 
with MTC have the same germline RET sequence variant [33].

Polymorphisms are benign germline RET sequence changes that are not causative 
for MEN2 like G691S, L679L, S836S, S904S and intron 14 c.2608- 24G > A. These 
RET polymorphic sequence variants might have some implications as either low-
penetrance risk alleles for RET-associated cancers or as genetic modifiers of onco-
genic risk. A G691S substitution in the RET intracellular juxtamembrane region is 
overrepresented in sporadic MTC, pancreatic cancer and cutaneous and desmoplas-
tic malignant melanomas [50–52]. This polymorphisms might also modify the age at 
which tumors develop in patients with MEN2A in association with other RET muta-
tions [53, 54]. This is not confirmed by others: in a study with 150 patients with 
sporadic MTC carriers and noncarriers of the RET variants G691S, L767L, S836S 
and S904S appeared clinically and pathologically indistinguishable [55]. The func-
tional mechanisms that underlie these phenotypic effects are not yet clear.

Variants of unknown significance (VUS) or uncertain are RET sequence changes 
in which there is not enough clinical evidence to indicate a causative role and fur-
ther clinical studies are necessary to clarify if this sequence change is a mutation 
or a polymorphism. Prediction of disease association for novel mutations and 
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uncertain gene variants may be performed using in silico and in vitro analysis. 
There is a positive correlation between the in silico risk score and in vitro focus 
formation units [45].

4.3.4  Somatic Mutations in MTC

Approximately 23–60 % of sporadic MTCs have an acquired somatic RET M918T 
mutation in tumor tissue. This mutation is identical to the germline mutation found 
in MEN2B [56, 57]. The prevalence of somatic M918T RET mutations varies 
depending on tumor size: small tumors (<1 cm) rarely have the mutation (11.3 %), 
while M918T is found in 58.8 % of patients with tumors >3 cm [58]. Patients with 
sporadic MTC with M918T have more aggressive tumor growth and a poor progno-
sis [56, 59, 60]. It is important to recognize that somatic mutations are heteroge-
neous. For instance, in the context of metastatic sporadic MTC, some metastatic 
foci have a codon 918 mutation, while the primary tumor or another focus can be 
devoid of this mutation [56]. RET does not seem to be the early initiator of tumor 
growth in sporadic MTC; rather, RET is activated later in oncogenesis as a driver of 
tumor growth, and other genes must play a significant role in MTC onset. It was 
recently discovered that 18–80 % of sporadic MTCs lacking somatic RET mutations 
have somatic mutations in KRAS, HRAS or, rarely, in NRAS [61]. No other common 
genetic mutation has been detected in subsequent exome sequencing studies of 
MTCs [62].

4.4  Genotype–Phenotype Correlation in MEN2

Clear associations have been documented between specific RET mutations (MEN2 
genotype) and the age of onset and aggressiveness of MTC and the presence or 
absence of other endocrine neoplasms (MEN2 phenotype), such as pheochromocy-
toma or hyperparathyroidism. Approximately 98 % of index patients with MEN2 
have an identifiable RET mutation [63]. Some overlap exists between RET muta-
tions and the resulting clinical subtype of MEN2. This genotype–phenotype corre-
lation between specific mutations and MEN2 disease phenotype has been proved to 
be valuable in predicting disease onset and prognosis, as well as in guiding thera-
peutic intervention and patient management [2, 38].

Initially, the frequency of RET codon 634 mutations in patients with ‘classical’ 
MEN2A reached 85 %; mutations in codons 609, 611, 618 and 620 accounted for an 
additional 10–15 % of cases [8] (Fig. 4.2). In recent years, there has been a change 
in the spectrum of RET mutations detected in patients with hereditary 
MTC. Specifically, there has been a shift from the ‘classical’ mutation at codon 
634 in exon 11 to more cases with mutations in exons 13–15 and less aggressive 
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disease [6]. Our recent analysis of the RET proto-oncogene in patients with heredi-
tary MTC provides evidence for this change in the spectrum of detected mutations. 
Exon 13–15 mutations, so-called rare mutations, were diagnosed in 39 % of fami-
lies, exon 10 and 11 mutations in 54 % and exon 16 mutations in 6 % (Fig. 4.3). This 
change in the frequency of diagnosed mutations in MEN2A families from high-risk 
mutations to the so-called mild mutations in codons 13, 14 and 15 with late mani-
fested and slowly growing MTC and rarely developing pheochromocytoma and 
hyperparathyroidism has changed the clinical presentation with a better prognosis 
of hereditary MTC. The reasons underlying this change in mutation spectrum 
detected may include the routine RET diagnostics in all patients diagnosed with 
MTC, the discovery of hereditary cases in apparently sporadic (4–7 %) cases [12], 
and the extension of the analyses to include mutations other than the known “hot 
spots” [42]. In addition, there is a distinct distribution of RET mutations in different 
parts of the world that depend on the genetic background of the local population, 
which may also affect the detection rates of specific RET mutations.

Pheochromocytoma is associated with exon 634 and 918 mutations in approx-
imately 50 % of patients, with exon 10 mutations (codons 609, 611, 618 and 620) 
in up to 20 % patients and rarely with mutations in exons 13–15 [38, 64–66]. The 
pheochromocytomas are almost always benign and are usually multicentric and 
bilateral and confined to the adrenal gland. Patients with MEN2A and a unilateral 
pheochromocytoma usually develop a contralateral pheochromocytoma within 
10 years.

Hyperparathyroidism in MEN2A is most commonly associated with codon 
634 mutations, with C634R in particular [67, 68] with a moderate penetrance, up 
to 30 %. RET mutations in codons 609, 611, 618, and 620 are associated with a 
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penetrance between 2 and 5 % [38]. The primary hyperparathyroidism in patients 
with classical MEN2A is usually mild and associated with few if any symptoms. 
From one to four parathyroid glands may be enlarged. For practical reasons, 
screening for hyperparathyroidism should be done concurrently with screening 
for pheochromocytoma [2].

All cases of MEN2A with Hirschsprung’s diseases are associated with mutations 
in exon 10 (codons 609, 611, 618, 620) [69]. MEN2A with cutaneous lichen amy-
loidosis, a dermatological lesions that are particularly evident in the scapular region 
of the back corresponding to dermatomes T2–T6, is associated with mutations in 
codon 634 [70–72].

Patients with MEN2B have a unique physical appearance characterized by typi-
cal facies, ophthalmologic abnormalities, skeletal malformations and a generalized 
ganglioneuromatosis throughout the aerodigestive tract and develop in 50 % of 
patients pheochromocytomas. They have mutations in exon 16 (M918T), less often 
in exon 15 (A883F) and rarely double mutations with V804M and either codon 
Y806C, S904C or E805K [73, 74].

Numerous reports in the literature show a correlation between the specific 
germline RET mutation, the age of onset and aggressiveness of MTC develop-
ment, and the presence of nodal metastases [75]. Patients with codon M918T 
mutation and MEN2B have a high risk of aggressive MTC occurring at a young 
age [76]. In contrast, patients with codon 790 and 791 mutations have a low risk 
of aggressive  disease and develop slow-growing tumors as a late manifestation 
[77]. According to recent data, although limited in numbers, membrane proximity 
of the mutation seems to be an important determinant of tumor development in 
carriers of RET mutations in exon 10 [38, 78]. These genotype–phenotype correla-
tions between mutation, age of onset and tumor aggressiveness are the bases for 
clinical decision making when managing patients with MEN2. This is particularly 
true in presymptomatic RET mutation carriers because early thyroidectomy must 
be performed as long as the tumor is confined to the thyroid gland. This strategy 
for preventing familial MTC should be tailored according to the specific mutation 
carried by each patient. Recommendations for the timing of early thyroidectomy 
and the extent of surgical resection are based on a model that utilizes these geno-
type–phenotype correlations to stratify mutations into three risk levels [2] 
(Table 4.2).

4.5  Clinical Implications

The association between disease phenotype, aggressiveness of MTC and RET geno-
type has important implications for the clinical management of MEN2 patients and 
their families. Recommendations for the timing of early thyroidectomy in MEN2 
patients are based on a model that utilizes genotype–phenotype correlations to strat-
ify mutations into three risk levels, namely, moderate, high and highest risk 
(Table 4.2).

4 Molecular Genetics of MEN2-Related Neuroendocrine Tumors



76

Patients with mutations in codon 918 (MEN2B) have the highest risk of 
advanced-stage disease at presentation [79] and should be operated as early as pos-
sible, preferably within the first year after birth. Mutations in RET codons 634 and 
883 are characterized by an early age of MTC onset, and there is good evidence that 
there is significant age-related progression from CCH to MTC. A larger series dem-
onstrated that MTC associated with any mutation at codon 634 commonly appears 
before 10 years of age but is rarely associated with lymph node metastases in 
patients younger than 14 years [75]. In the cases of these higher risk mutations, 
thyroidectomy is recommended before the age of 5 years.

In patients with moderate-risk RET mutations, the lifetime MTC risk is high, but 
typically shows later onset, and is less aggressive compared with the high-risk and 
highest-risk groups. The earliest ages at which MTC was reported in patients with 
exon 10 mutations (identified by family screening) were between 5 and 15 years, 
respectively, while lymph node metastases were reported at the ages between 10 and 
39, respectively [38, 80]. Patients with moderate-risk mutations should have a thy-
roidectomy in childhood or young adulthood, or surgery may be postponed until an 
abnormal calcitonin level is observed.

There is general agreement that tumor stage and surgical management favour-
ably influence the clinical course of the disease. Early detection and surgical treat-
ment of MTC are likely to be curative: more than 95 % of patients whose disease 
was detected at an early stage remain disease-free (normal or undetectable calcito-
nin values) [75, 81, 82]. The excellent prognosis associated with identification of 
hereditary MTC at its earliest stage underscores the importance of early diagnosis 
by RET mutation analysis for patients at risk for familial MTC and systematic RET 
analysis in apparently sporadic MTC.

4.6  Targeted Therapy with Tyrosine Kinase Inhibitors

Germline RET mutations are present in virtually all patients with MEN2. 
Approximately half of the patients with sporadic MTC have somatic RET muta-
tions, and 18–80 % of patients without somatic RET mutations have somatic RAS 
mutations. Also, vascular endothelial growth factor receptors are often overex-
pressed in MTC, both in tumor cells and in the supporting vascular endothelium 
[83]. The role of RET in thyroid cancer development make it an important target for 
therapeutic intervention in MTC. Many agents that target vascular endothelial 
growth factor receptors kinase also target RET kinase. In recent years several TKIs 
have been evaluated in clinical trials of patients with advanced MTC. Vandetanib 
and cabozantinib were approved for the treatment of patients with advanced pro-
gressive MTC, demonstrating significant improvement of progression-free survival 
compared with placebo [84, 85]. Patients with somatic RET 918 mutation seem to 
respond better to the treatment with an improvement of overall survival in the cabo-
zantinib group. Inhibiting oncogenic RET activity using targeted tyrosine kinase 
inhibitors could be an effective strategy for treating aggressive MTC. Notably, 
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however, specific RET mutation V804 (V804M and V804L) alter the key ‘gate-
keeper’ residue of the RET–ATP-binding site and have been shown to block vande-
tanib binding and subsequent RET inhibition [49], thereby making this TKI 
ineffective in patients with these sequence variants. Other, new and hopefully more 
potential agents with known activity against RET, RAS or other known genes to be 
mutated in MTC or other potential targets such as mTOR, ATF4 or other factors that 
interact with RET-mediated signalling pathways are being tested. It is possible that 
genetic testing of tumor tissue to predict response to a particular targeted agent, as 
is currently done for other cancer types such as the colon and lung, may come into 
practice in the future in MTC.
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CDKN2A Cyclin-dependent kinase inhibitor 2A
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DKK1 Dickkopf WNT signaling pathway inhibitor 1
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kinase)
MYCN V-Myc avian myelocytomatosis viral oncogene neu-

roblastoma derived homolog
NBAT-1 Neuroblastoma-associated transcript 1
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NF1 Neurofibromin 1
NGFR Nerve growth factor receptor
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NRAS Neuroblastoma RAS viral (V-Ras) oncogene 

homolog
NuRD Nuclear remodeling and histone deacetylase
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OS Overall survival
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PHOX2B Paired-like homeobox 2B
PI3K Phosphatidylinositol-4,5-bisphosphate 3-kinase
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PRC1 Polycomb repressive complex 1
PRC2 Polycomb repressive complex 2
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RAP1 Ras-related Protein 1
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SNP Single nucleotide polymorphism
SP1 Specificity protein 1
STAT Signal transducer and activator of transcription
STAT3 Signal transducer and activator of transcription 3
SWI/SNF SWItch/Sucrose Non-fermentable, a nucleosome-

remodeling complex
T-UCRs Transcribed ultra-conserved regions
TERT Telomerase reverse transcriptase
TGF-beta Transforming growth factor, beta 1
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TIAM1 T-cell lymphoma invasion and metastasis 1
TP53 Tumor protein P53
TSLC1 Tumor suppressor in lung cancer 1
WGS Whole-genome sequencing
XLMR X-linked mental retardation

5.1  Introduction

Neuroblastoma is a neural crest-derived tumor that occurs with an incidence of 
ten cases per million children, comprises more than 7 % of malignancies in 
patients younger than 15 years and accounts for 15 % of cancer-related deaths in 
childhood [1–5]. Neuroblastoma typically arises in the adrenal medullary tissue 
or paraspinal sympathetic ganglia and presents in the abdomen, chest, pelvis, or 
neck [1–3]. The high-risk clinical prognostic factors of age >18 months and 
advanced stage are associated with MYCN amplification, loss of heterozygosity 
of chromosome 1p and 11q, and unfavorable histopathology [1, 3]. Survival rates 
have significantly improved during the past three decades for neuroblastoma 
patients with low-stage disease. However, long-term survival rates of neuroblas-
toma patients with high-risk disease remain below 50 % [1, 2, 6, 7]. Familial neu-
roblastoma occurs at a very low frequency of 1–2 % of patients [1, 8]. Most 
patients have sporadic neuroblastoma, which suggests that these tumors arise 
from de novo somatic mutations and are not inherited. Next-generation sequenc-
ing and genome-wide association studies of primary tumor samples from neuro-
blastoma patients have led to the discovery of novel germline mutations, multiple 
somatically acquired genetic alterations, and single nucleotide polymorphisms in 
the past decade [4, 9–16]. Figure 5.1 shows the landscape of the genetic variations 
of a representative cohort of 240 high-risk neuroblastoma patients and includes 
the commonly observed chromosomal and genetic alterations based on the whole-
exome, genome, and transcriptome sequencing [9]. In this chapter, we will review 
these genetic alterations in neuroblastoma and highlight potential targeted thera-
peutic opportunities.

5.2  Chromosomal Abnormalities

Low-stage neuroblastoma is marked by numeric changes of chromosomal copy 
number, whereas high-stage neuroblastoma is marked by segmental chromosomal 
aberrations (gains or losses of chromosomal fragments) that result in hemizygous 
deletion of the chromosome arms 1p and 11q and gain of chromosome 17q. These 
tumor-associated segmental chromosome aberrations, MYCN amplification and 
DNA diploidy, are associated with poor prognosis for these neuroblastoma 
patients [1, 3, 17, 18]. Moreover, recent next-generation sequencing of 
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neuroblastoma has identified a new chromosome alteration phenomenon termed 
chromothripsis [12].

5.2.1  MYCN Amplification

MYCN oncogene amplification on chromosome 2p24 is associated with advanced 
stage disease and poor outcome and occurs in approximately 20 % of primary neu-
roblastoma tumors and approximately 40 % of high-risk neuroblastomas [3, 17, 
19–21]. MYCN amplification has been used for treatment stratification of neuroblas-
toma patients since the late 1980s [1]. In addition to the chromosome 2p locus, 
MYCN amplification also maps to the cytogenetic manifestations of gene amplifica-
tion: the double-minute chromatin bodies (DMs) or homogenously staining region 
(HSRs). DMs may accumulate by uneven segregation during mitosis, and HSR may 
arise by integration of the amplified DNA into different chromosomal loci [22, 23]. 
Neuroblastoma tumors with MYCN amplification usually express MYCN at higher 
levels than tumors without amplification. It has been reported that MYCN expres-
sion is inversely correlated with survival probability [24], but this correlation may 
only be limited to stage 2, 3, and 4 neuroblastomas, the latter which contains the 
high-risk group of patients [25, 26]. MYCN genomic amplification with overexpres-
sion serves as prognostic markers for survival. Stage 4 patients with MYCN ampli-
fication but without overexpression had no increased likelihood of death, whereas 
cases with MYCN overexpression but no genomic amplification showed low sur-
vival [27]. Recent transcriptome analyses have identified a MYC/MYCN gene signa-
ture that identifies patients with a poorer prognosis even in the absence of MYCN 

Fig. 5.1 Landscape of genetic variation in high-risk neuroblastoma (Nature Genetics 2013). 
MYCN amplification, deletion of chromosomes 1p, 3p, and 11q, gain of chromosomes 1q, 2p, and 
17q, as well as genetic alterations of ALK, ATRX, and other genes are depicted in the landscape [9] 
This figure is from a paper written by Trevor J Pugh et al. entitled “The genetic landscape of high-
risk neuroblastoma,” which was published in Nature Genetics in 2013
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amplification [28]. MYCN was first identified as a bona fide oncogene with the 
development of the tyrosine hydroxylase-MYCN (TH-MYCN) transgenic mouse 
model in which mice transgenic for tyrosine hydroxylase promoter-driven MYCN 
expression develop tumors similar to human neuroblastomas [29]. This was sup-
ported by studies in which knockdown of MYCN in neuroblastoma cell lines sup-
pressed cell proliferation [30, 31]. The MYCN gene encodes N-Myc, a 
helix-loop-helix/leucine zipper transcription factor that regulates genes involved in 
cell cycle progression, apoptosis, and stemness. Genes regulated by MYCN include 
the self-renewal protein BMI1, anaplastic lymphoma kinase (ALK), tumor suppres-
sor p53, antiproliferative protein Dickkopf-1, histone chaperone FACT (facilitates 
chromatin transcription), and myriad polyamine enzyme ODC1 [32–37]. N-Myc 
dimerizes with MAX to activate gene transcription and forms a repression complex 
with transcription factor SP1 and MIZ1 to repress gene transcription [38, 39]. 
N-Myc has also been reported to associate with EZH2, a subunit of polycomb 
repressor complex 2 to repress tumor suppressor gene clusterin, suggesting a role 
for N-Myc in epigenetic regulation [40, 41]. Moreover, although not formally 
proven, it is possible that MYCN, like MYC, may function as a universal amplifier of 
gene transcription [42, 43]. Knockdown of MYCN decreases cell proliferation, and 
overexpression of MYCN suppresses neuroblastoma cell differentiation and pro-
motes proliferation and cell cycle progression presumably via regulation of its tar-
get genes. However, the critical molecular mechanisms and signaling pathways by 
which MYCN stimulates tumorigenesis remain to be critically investigated.

5.2.2  TERT Rearrangement

Whole-genome sequencing (WGS) of 56 neuroblastomas identified recurrent 
genomic rearrangements proximal to the telomerase reverse transcriptase gene 
(TERT) locus (chromosome 5p15.33). These events occurred predominantly in 
high-risk neuroblastoma (12 of 39 high-risk neuroblastomas) in a mutually exclu-
sive fashion with MYCN amplifications and ATRX mutations [44]. TERT rearrange-
ments were validated in 217 additional cases, and TERT rearrangements define a 
subgroup of high-risk neuroblastomas with poor outcome [44]. In a similar whole- 
genome sequencing study, structural rearrangements of TERT were identified in 17 
of 75 high-stage neuroblastomas (23 %). Consistent with previous studies, TERT 
rearrangements, ATRX deletions, and MYCN amplifications were detected in high- 
risk neuroblastomas, and they were mutually exclusive and associated with poor 
prognosis [45]. From these studies, TERT rearrangements were identified to be the 
second most frequent genetic alteration after MYCN amplification [44, 45]. Induced 
transcriptional upregulation of TERT is caused by the acquisition of a super enhancer 
or strong enhancer by diverse structural genomic rearrangements [44, 45]. In nor-
mal cells, telomeres shorten with every cell cycle to restrict lifespan. However, in 
cancer cells, the telomeres can be preserved through alternative lengthening of telo-
meres (ALT) or activation of TERT. TERT can be activated by mutations of the 
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promoter region or upstream rearrangements [46, 47]. In neuroblastoma, no muta-
tions have been identified in the TERT promoter region (10). Instead, structural 
rearrangements at the TERT locus lead to activation of its transcription [44, 45]. 
Furthermore, in MYCN amplified neuroblastomas without TERT rearrangements, 
MYCN functions as a transcription activator of TERT leading to elevated levels of 
TERT mRNA although not to the extent seen in tumors with TERT rearrangements 
[44, 48]. Importantly, the majority of the high-risk neuroblastomas are affected by 
either MYCN amplification, TERT activation, or ATRX mutations, all of which lead 
to telomere lengthening and contribute to the immortality of this subtype of neuro-
blastomas [44, 45].

5.2.3  Alterations of Chromosome

Even though MYCN status is a prognostic biomarker in neuroblastoma, segmental 
chromosomal aberrations (gains or losses of chromosomal fragments) can also be 
used to assess neuroblastoma aggressiveness. Loss of chromosomes 1p, 3p, 4p, 14q, 
16p, and 19q or gain of chromosomes 1q, 2p, 7q, 9p, 11p, 12q, and 17q are observed 
in neuroblastoma [3, 49, 50]. Among them, deletion of chromosomes 1p and 11q 
and gain of 17q are the most frequently occurring chromosomal alterations in high-
stage disease [1, 17, 18, 51, 52]. A study from the international neuroblastoma risk 
group (INRG) analyzing a cohort of 8,800 children diagnosed with neuroblastoma 
shows that deletions of 1p or 11q and gain of 17q are significantly associated with 
poor outcome of patients [17].

5.2.3.1  Alterations of Chromosome 1p

Loss of heterozygosity (LOH) at chromosome 1p occurs in 30–35 % of primary 
neuroblastomas. In addition, 1p LOH is frequently found in unfavorable neuro-
blastoma and is associated with MYCN amplification [3, 17, 53, 54]. LOH at 
chromosome band 1p36 is the smallest region of overlap, and 1p36 LOH is inde-
pendently associated with a poor outcome in patients with neuroblastoma [55]. 
The frequent LOH on chromosome 1p raises the possibility that this region con-
tains tumor suppressor genes and the loss of such tumor suppressor genes con-
tributes to tumorigenesis. Consistent with this hypothesis, reintroduction of 
chromosome 1p into neuroblastoma induces differentiation and cell death [56]. 
Recent studies have shown that multiple genes on chromosome 1p suppress neu-
roblastoma cell growth; these candidate neuroblastoma tumor suppressor genes 
include CHD5, CASZ1, CAMTA1, KIF1Bß, and microRNA-34a [57]. CHD5 is 
the commonly deleted tumor suppressor genes in neuroblastoma. It is a member 
of the chromodomain superfamily, which is a key component of nucleosome-
remodeling complexes (NuRD) [58]. Expression of CHD5 is silenced through 
both 1pLOH and promoter methylation [59]. High CHD5 expression is strongly 
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associated with favorable event-free and overall survival even after correction for 
MYCN amplification and 1p deletion [60]. Forced expression of CHD5 in neuro-
blastoma cells with low endogenous CHD5 suppresses neuroblastoma growth in 
mouse xenografts [60]. CASZ1 encodes a zinc finger transcriptional factor, and 
low expression of CASZ1 is associated with poor prognosis of neuroblastoma 
[61, 62]. Biallelic inactivation of CASZ1 by both 1pLOH and EZH2-mediated 
epigenetic silencing leads to its decreased expression in neuroblastomas of poor 
outcome [63]. CASZ1 transcriptional activity is mediated by recruitment of 
NuRD complexes, and the recent identification of binding between CASZ1 and 
CHD5 indicates a potential interaction between these two neuroblastoma tumor 
suppressors [64]. Restoration of CASZ1 in neuroblastoma cells induces cell dif-
ferentiation, inhibits cell proliferation and migration, and suppresses neuroblas-
toma xenograft growth [61]. The expression of CAMTA1 (calmodulin-binding 
transcription activator 1) is an independent predictor of poor outcome of neuro-
blastoma and inhibits neuroblastoma cell growth and activates differentiation 
program [65]. KIF1Bß is a member of the kinesin superfamily proteins, and 
hemizygous deletion of KIF1Bß in primary neuroblastoma is correlated with 
advanced stages and MYCN amplification [66]. Forced expression of KIF1Bß in 
neuroblastoma cells results in apoptosis [66, 67]. Micro RNA miR-34a is under-
expressed in unfavorable neuroblastomas and reintroduction of miR-34a in neu-
roblastoma cell lines with low endogenous miR-34a suppressed cell proliferation 
[68, 69]. Until now, no recurrent nonsynonymous mutations have been identified 
in these candidate 1p36 tumor suppressor genes. Moreover, the link between the 
loss of any of these candidate 1p tumor suppressors and the development of neu-
roblastoma tumors in mice has not been reported. It is possible that the haploin-
sufficiency of multiple genes at the 1p locus is required for neuroblastoma 
tumorigenesis.

5.2.3.2  Alterations of Chromosome 11q

Allelic loss of chromosome 11q occurs in approximately 33–43 % of neuroblasto-
mas patients and is associated with poor prognosis. Importantly, deletion of 11q is 
inversely associated with 1p deletion and MYCN amplification (Fig. 5.1), which 
makes it a potential biomarker for the aggressive tumors in patients without MYCN 
amplification [4, 55, 70, 71]. Within the chromosome bands 11q22-q23, the region 
that is most frequently lost in neuroblastoma [70–72], there are several candidate 
tumor suppressor genes including ATM, TSLC1, and CADM1. ATM is the gene 
mutated in ataxia telangiectasia (AT), and knockdown of ATM in neuroblastoma cell 
lines with intact 11q promotes neuroblastoma progression in soft agar assays and in 
subcutaneous xenografts in nude mice [73]; TSLC1, a tumor suppressor in lung 
cancer 1, suppresses neuroblastoma cell proliferation [74]; CADM1, cell adhesion 
molecule 1, when overexpressed in neuroblastoma cells, results in a significant 
reduction in colony formation on soft agar [75, 76]. ATM is involved in the DNA 
repair pathway, and alteration in its activity is consistent with the finding that 
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high- risk neuroblastoma tumors with the 11q loss display a chromosome instability 
phenotype [73]. Like 1p deletion, no recurrent inactivating mutations have been 
found in these genes at 11q; thus, whether these genes are bona fide tumor suppres-
sor genes need to be further investigated.

5.2.3.3  Alterations of Chromosome 17q

Gain of distal chromosome arm 17q (17q21-qter) is the most common aberration 
found in neuroblastomas and occurs in 50–70 % of tumors. Gain of 17q is frequently 
associated with 1p LOH, 11q LOH, MYCN amplification, older age, and advanced 
stage [77–79]. Interestingly, in the neuroblastoma tumors that developed from 
MYCN transgenic mice, the murine equivalent of chromosome 17 is the most com-
monly gained chromosome [29]. Consistently, overexpression of MYCN in neuro-
blastoma cell lines with a single copy of MYCN and intact 17q leads to an unbalanced 
gain of 17q [29, 80]. These results suggest a functional relationship between MYCN 
overexpression and the gain of 17q in neuroblastoma. Although the mechanism by 
which 17q gain results in a more aggressive malignancy is not clear, the gain of 17q 
does lead to increased expression of the 17q resident anti-apoptotic protein BIRC5/
survivin [81, 82], which might contribute to neuroblastoma progression.

5.2.4  Chromothripsis

At the level of genome structure, a local shredding of chromosomes with subse-
quent random reassembly of the fragments (localized massive genome rearrange-
ments) has been found in some types of cancers. This phenomenon has been termed 
chromothripsis [83, 84]. Whole-genome sequencing (WGS) in 87 untreated primary 
neuroblastoma tumors of all stages identified a number of genetic alterations, and an 
analysis of the frequency of the structural variations per chromosome showed that 
chromothripsis occurred in ten tumors [12]. Chromothripsis was not found in low- 
stage tumors but in 18 % of the stage 3 and 4 neuroblastoma, although the prognos-
tic impact of chromothripsis was not independent of age and stage in a multivariate 
analysis. Chromothripsis was associated with MYCN amplification, 1p LOH, and a 
poor prognosis. In one tumor from this study, chromothripsis resulted in MYC (c- 
Myc) amplification and high expression [12]. In another WGS study, chromothripsis 
occurred at the TERT locus in 5 of 75 high-stage neuroblastomas, leading to struc-
tural rearrangements and high expression of TERT gene [45]. Chromothripsis- 
induced structural aberrations frequently affected oncogene expression, which 
might contribute to neuroblastoma tumorigenesis. The finding that an inactivating 
deletion in FANCM occurred in one chromothripsis tumor and missense mutation in 
FAN1 in another tumor suggests that inactivating events in the fanconi anemia sig-
nal transduction and DNA repair pathway in neuroblastoma may be associated with 
chromothripsis [12].
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5.3  Genetic Mutations

Cancer is a genetic disease, and cancer develops when genetic mutations occur 
in genes that affect cell proliferation and differentiation. Familial neuroblas-
toma, in which mutations in neuroblastoma-associated genes are inherited, is 
observed in 1–2 % of patients [85]. In contrast, sporadic neuroblastoma occurs 
in most patients and is typified by nonheritable somatic mutations. Recent stud-
ies using next- generation sequencing techniques discovered germline mutations 
and recurrent somatic mutations in primary neuroblastoma, but these cases are 
rare. Almost 90 % of familial neuroblastomas contain ALK mutations with the 
remaining predominantly having mutations in PHOX2B. In sporadic neuroblas-
tomas, ALK, ATRX, PTPN11, MYCN, NRAS, ARID1A, and ARID1B are the major 
genes in which somatic mutations occur, but their frequency is low, from 1.7 to 
11 % [9–12]. Other rare cases having recurrent somatic mutations in primary 
neuroblastoma include  protein tyrosine phosphatase, receptor type D (PTPRD), 
odd Oz/ten-m homolog 3 (ODZ3) and T-cell lymphoma invasion and metastasis 
1 (TIAM1) [9, 10, 12]. This is consistent with the observation that pediatric 
malignancies have a lower frequency of somatic mutation than most adult can-
cers [86].

5.3.1  Germline Mutations

5.3.1.1  ALK

Next-generation sequencing of primary neuroblastoma samples elucidated activat-
ing mutations in anaplastic lymphoma kinase (ALK) in most hereditary and 7–8 % 
of sporadic neuroblastomas [87–91]. The ALK gene maps chromosome 2p23 and 
encodes a receptor tyrosine kinase (RTK). ALK is expressed in the central and 
peripheral nervous system, and in drosophila, ALK plays a critical role during the 
nervous system development [92–94]. The oncogenic activity of ALK was identified 
when it was found to be fused to nucleophosmin (NPM1) through a 2;5 chromo-
some translocation in most anaplastic large cell lymphomas (ALCL). Thus far, over 
20 different genes have been described as being translocated with ALK, and ALK 
fusions have been found in diffuse large B-cell lymphomas, inflammatory myofi-
broblastic tumors, esophageal squamous cell carcinomas, and non-small-cell lung 
carcinomas [93, 95, 96]. ALK and ALK fusion proteins regulate cell survival, prolif-
eration, and differentiation through the activation of JAK-STAT, PI3K-AKT, mTOR, 
sonic hedgehog (SHH), or CRKL-C3G-RAP1 GTPase pathways in different cell 
types [96, 97]. Unlike other cancers, no ALK fusions were observed in neuroblas-
toma; instead, point mutations and amplifications leading to aberrant ALK overex-
pression and activation were found in neuroblastoma [98]. Germline mutations 
discovered in neuroblastoma include R1275Q, R1192P, G1128A, T1151M, T1087I 
[87–90], and, in rare cases, the more potent F1245V and F1174V ALK mutations 
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[99]. The R1275Q, R1245V, R1192P, F1174V, and T1151M mutations fall within 
the kinase activation domain. The G1128A mutation occurs at the third glycine of 
the glycine loop, and identical mutations of this glycine residue to alanine in BRAF 
have been shown to increase kinase activity [87, 89, 99]. Mutant ALK R1275Q 
occurs in many neuroblastoma cell lines, and cells that express mutant ALK R1275Q 
but not wild-type ALK exhibit strong kinase activity indicating constitutive activa-
tion [88]. Consistently, knockdown of ALK in neuroblastoma cells that express 
mutant ALK R1275Q resulted in a significant decrease in cell proliferation and col-
ony formation on plastic [88], supporting an oncogenic role of ALK mutants in 
neuroblastoma. The incidence of ALK mutations is about 8 % in neuroblastoma, and 
they occur in all stages although the frequency of ALK alterations is higher in high-
risk neuroblastoma, with 10 % containing point mutations and 4 % containing ALK 
amplification [87–91]. Somatic mutations of ALK will be described later in this 
review.

5.3.1.2  PHOX2B

A majority of patients with congenital malformation of neural crest-derived cells 
such as Hirschsprung disease (HSCR) and congenital central hypoventilation syn-
drome (CCHS) harbor paired-like homeobox 2b (PHOX2B) mutations, and neuro-
blastoma occurs in a subset of these patients [100, 101], suggesting PHOX2B may 
be associated with neuroblastoma tumorigenesis. DNA sequence analysis showed 
that PHOX2B germline mutations occur in families with neuroblastoma; thus, 
PHOX2B can be considered a bona fide neuroblastoma predisposition gene when 
mutated in the germline [102, 103]. The PHOX2B gene maps to chromosome 4p12 
and encodes a homeobox transcription factor. PHOX2B directly regulates ALK 
transcription in neuroblastoma, which provides a link between these two mutated 
pathways in familial neuroblastoma [104]. PHOX2B is the master regulatory gene 
for both central and peripheral automatic nervous system development in mice 
[105]. In zebrafish, loss of PHOX2B impairs sympathetic neuronal differentiation 
[106] and suggests that perturbations in PHOX2B-regulated differentiation may 
contribute to neuroblastoma tumorigenesis. Heterozygous germline mutations that 
have been described in neuroblastoma include R100L, R141G, and frameshift 
mutations. PHOX2B R100 amino acid has been shown to bind DNA of target genes, 
and PHOX2B R100L may lose DNA-binding ability but retain the ability to dimer-
ize with the wild-type PHOX2B or other cofactors. Thus, PHOX2B mutations may 
result in loss of function or dominant-negative activities [102, 103]. Consistently, 
forced overexpression of wild-type PHOX2B but not mutant PHOX2B suppresses 
neuroblastoma cell proliferation and synergizes with all-trans retinoic acid to pro-
mote differentiation [107]. Introduction of a patient-derived PHOX2B mutation into 
the mouse phox2b locus recapitulates the clinical features of CCHS but did not give 
rise to neuroblastoma [108], suggesting that PHOX2B alone might not be sufficient 
to drive neuroblastoma tumorigenesis. Unlike ALK mutations, PHOX2B mutations 
only account for approximately 6.4 % of familial neuroblastoma [107]. Some other 
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genes (TP53, EZH2, SDHB, PTPN11, HRAS, and NF1) may be considered candi-
date neuroblastoma predisposition genes [4], but these cases are very rare. Until 
now, the cause of the remaining familial neuroblastomas that do not harbor ALK or 
PHOX2B mutations remains unresolved.

5.3.2  Recurrent Somatic Mutations

5.3.2.1  ALK

As described above, activating mutations in ALK occurred in 7–8 % of sporadic 
neuroblastomas [87–91]. Comprehensive analyses of ALK mutations across 1,596 
diagnostic neuroblastoma samples showed that over 10 different residues are 
mutated in ALK and most mutations occurred within the kinase domain, and the 
most commonly mutated residues accounted for 85 % of mutations are F1174 
(30 %), R1245 (12 %), and R1275 (43 %) [91]. Across the whole cohort, the pres-
ence of ALK mutation correlated with reduced event-free survival (EFS) and overall 
survival (OS) [91]. Oncogenic transformation occurred when NIH3T3 cells were 
transfected with certain ALK mutation constructs. In some neuroblastoma cell lines 
with certain ALK mutations, the kinase was constitutively activated, and knockdown 
of ALK mutants or treatment with ALK inhibitor crizotinib suppressed cell prolifera-
tion [87–91], which indicates that ALK is an oncogenic driver in neuroblastoma. 
More convincingly, the targeted expression of the most aggressive ALK mutant 
F1174L alone induces neuroblastoma in transgenic mice [109]. Moreover, coex-
pression of ALK mutant F1174L and MYCN accelerated tumor onset and increased 
tumor penetrance compared with MYCN alone suggests a cooperative effect between 
these two oncogenes [109–112]. Interestingly, MYCN directly regulates ALK tran-
scription, and ALK stimulates the kinase ERK5 to promote the expression of MYCN 
in neuroblastoma [34, 113], which provides a connection between these two onco-
genes in neuroblastoma. Although F1174L is the most frequent and aggressive 
mutation in sporadic neuroblastoma, it has been rarely observed in familial neuro-
blastoma suggesting that this mutation may not be tolerated in the germline.

5.3.2.2  ATRX

A WGS study of 40 neuroblastoma tumors and subsequent validation sequencing of 
60 neuroblastoma tumors showed that mutations in alpha thalassemia/mental retar-
dation syndrome X-linked gene (ATRX) occurred in about 10 % of neuroblastoma 
and are enriched in older patients [9, 11, 12]. Based on age, ATRX mutations were 
found in 44 % of tumors from patients in the adolescent and young adult group 
(≥12 years), in 17 % of tumors from children (18 months- < 12 years), and 0 % of 
tumors from infants (0− < 18 months) [11]. ATRX maps to the X chromosome and 
encodes a SWI/SNF chromatin-remodeling helicase, which plays a role in 
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chromatin remodeling, nucleosome assembly, and telomere maintenance [11, 114]. 
ATRX mutations are associated with X-linked mental retardation (XLMR) and alpha 
thalassemia. ATRX mutations have also been identified in pheochromocytomas and 
paragangliomas (PCC/PGL) and pancreatic neuroendocrine tumors [115, 116]. 
ATRX mutations include missense, nonsense, frameshift, or in-frame deletion, and 
they are mutually exclusive of MYCN amplification [11]. Neuroblastoma samples 
with ATRX mutations had complete or mosaic loss of the nuclear ATRX protein and 
show longer telomeres [11]. Most of the neuroblastomas with ATRX mutations had 
evidence of alternative lengthening of telomere (ALT) pathway activation, and this 
was consistent with findings that loss of ATRX/DAXX is associated with ALT in dif-
ferent cell lines [11, 117]. ATRX mutations were associated with age at diagnosis in 
children and young adults with stage 4 neuroblastoma. A larger study is required to 
determine the prognostic impact of ATRX mutations on survival [11]. How ATRX 
mutations lead to neuroblastoma progression remains unclear.

5.3.2.3  ARID1A and ARID1B

Next-generation sequencing, genome-wide rearrangement analyses, and targeted 
analysis of specific genomic loci of 71 neuroblastoma patients identified mutations 
in chromatin-remodeling genes AT-rich interaction domain 1A (ARID1A) and 
AT-rich interaction domain 1B (ARID1B) in eight cases (11 %). The mutations 
include missense, nonsense, frameshift, or in-frame deletion, and the ARID1A and 
ARID1B mutations were associated with decreased survival of neuroblastoma 
patients [10]. Both ARID1A and ARID1B are subunits of the SWI/SNF transcrip-
tional complex [118, 119]. Mutations of ARID1A and ARID1B have also been iden-
tified in other types of cancer such as ovarian, endometrial, hepatocellular, breast, 
and microsatellite unstable colorectal cancers [120–125]. ARID1A and ARID1B 
have emerged as tumor suppressor genes [119, 124, 126]; thus, mutations of these 
genes may drive neuroblastoma tumorigenesis. Little is known as to how ARID1A 
and ARID1B mutations affect neuroblastoma tumorigenesis.

5.3.2.4  RAS

In primary neuroblastomas, mutations in neuroblastoma RAS viral oncogene homo-
log (NRAS) or Harvey RAS viral oncogene homolog (HRAS) are rare [9, 10], 
although mutations in the RAS-MAPK pathway occur more frequently in relapsed 
neuroblastoma [127]. WGS studies identified clonally enriched somatic mutations 
predicted to activate the RAS-MAPK pathway in 78 % relapsed neuroblastoma 
tumors (18 out of 23 patients). Activating mutations in the RAS-MAPK pathway 
were also identified in 60 % of tested neuroblastoma cell lines of which the majority 
have been established from relapsed neuroblastoma patients [127]. Mutated genes 
associated with the RAS-MAPK pathway include ALK, NRAS, HRAS, Kirsten RAS 
viral oncogene homolog (KRAS), B-Raf proto-oncogene, serine/threonine kinase 
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(BRAF), protein tyrosine phosphatase non-receptor type 11 (PTPN11), fibroblast 
growth factor receptor 1 (FGFR1), and neurofibromin 1 (NF1) [127]. Another study 
also discovered new recurrent mutations in HRAS and KRAS, as well as CHD5, 
DOCK8, and PTPN14 in relapsed neuroblastomas [128]. Consistently, the constitu-
tive activation of RAS-MAPK pathway was observed in neuroblastoma cell lines 
with MAPK pathway mutations.

5.4  Single Nucleotide Polymorphisms

The paucity of recurrent somatic mutations in neuroblastoma suggests that a com-
plex genetic phenotype might contribute to the penetrance of neuroblastoma in the 
population. Genome-wide association study (GWAS) of DNA samples from neuro-
blastoma patients using high-density single nucleotide polymorphism (SNP)-based 
microarray has identified SNPs associated with different clinical features of neuro-
blastoma; the identified genes with SNPs include BARD1, CASC15, DDX4, 
DUSP12, HACE1, HSD17B12, IL31RA, LIN28B, LMO1, NBPF23, and NEFL [16, 
129–138]. Among these genes, the SNPs of DDX4, DUSP12, HSD17B12, and 
IL31RA are associated with low-risk neuroblastoma, whereas the SNPs of BARD1, 
CASC15, HACE1, LIN28B, and LMO1 are associated with aggressive, high-risk 
disease [4, 15, 16, 137]. Moreover, BARD1, LIN28B, and LMO1 have been shown 
to be important predisposition genes and oncogenic drivers in neuroblastoma [16, 
129, 130, 132–134].

5.4.1  BARD1

GWAS of 397 high-risk European-American neuroblastoma cases and 2,043 con-
trols identified significant association of six SNPs at 2q35 within the BRCA1- 
associated RING domain 1 (BARD1) locus, which were further confirmed in a 
second series of 189 high-risk neuroblastoma cases and 1,178 controls [16]. 
Common BARD1 SNPs affect risk of neuroblastoma in African Americans based on 
the GWAS studies focused on 390 African-American neuroblastoma patients com-
pared with 2,500 ethnically matched controls [139]. Similar association of BARD1 
SNPs was observed in an Italian population (370 cases and 809 controls) [137]. 
BARD1 is an important regulator and interactor of the tumor suppressor BRCA1, yet 
it can also function by itself as a tumor suppressor [140]. In neuroblastoma, the 
disease-associated variations correlate with increased expression of the BARD1ß, 
which is an oncogenically activated isoform of BARD1. Overexpression of BARD1ß 
in NIH3T3 fibroblasts induces neoplastic transformation, and BARD1ß is required 
for neuroblastoma cell survival in vitro through interacting and stabilizing Aurora 
kinase B [134]. These results indicate SNPs of BARD1 are a major genetic contribu-
tor to neuroblastoma risk, and BARD1ß is an oncogenic driver of high-risk 
neuroblastoma.
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5.4.2  LIN28b

GWAS of 2,817 neuroblastoma cases and 7,473 controls identified a significant 
association of SNP (rs17065417) within protein lin-28 homolog B (LIN28B) locus 
[129]. LIN28B is an RNA-binding protein that represses the let-7 family of microR-
NAs, and it is highly expressed and functions as an oncogene in many types of 
cancers [141–143]. LIN28B expression is higher, and let-7 microRNA expression is 
lower in neuroblastoma cell lines homozygous for the rs17085417 risk allele com-
pared to heterozygous cell lines [129]. High LIN28B expression is associated with 
worse overall survival in primary neuroblastoma tumors and is an independent risk 
factor for adverse outcome in neuroblastoma [129, 131]. Knockdown of LIN28B in 
neuroblastoma cells leads to growth inhibition [129]. Importantly, in a mouse 
model expression of LIN28B in the sympathoadrenal lineage results in the develop-
ment of neuroblastoma [131]. Suppression of let-7 microRNAs by LIN28B resulted 
in elevated MYCN expression in neuroblastoma cell lines, and similarly in the neu-
roblastoma developed from the LIN2B transgenic mouse, let-7 microRNA level is 
low and MYCN level is high [131]. Vice versa, MYCN upregulates LIN28B expres-
sion either directly through binding LIN28B promoter or indirectly through miR-
26a-5p and miR-26b-5p [144]. The cross-regulation between LIN28B and MYCN 
provides a connection between these two oncogenes in neuroblastoma. LIN28B 
regulates expression of the oncogene RAN and cooperates with RAN to activate 
Aurora kinase A to drive neuroblastoma oncogenesis [130], identifying another 
pathway by which high levels of LIN28B expression drive neuroblastoma 
tumorigenesis.

5.4.3  LMO1

GWAS on 2,251 neuroblastoma patients and 6,097 control subjects of European- 
Americans identified a significant association within LIM domain only 1 (LMO1) at 
11p15.4 (rs110419), and the signal was enriched in the subset of most aggressive 
neuroblastoma patients [133]. Similarly, a significant association within LMO1 
(rs204926) was identified in a Chinese population [145]. Moreover, genome-wide 
DNA copy number alterations in 701 primary tumors identified 12.4 % with aberra-
tions at the LMO1 locus, and this event was associated with more advanced disease 
[133]. LMO1 encodes a cysteine-rich transcriptional regulator, which has been 
implicated in cancer [146–148]. LMO1 expression levels are higher in primary 
tumors and neuroblastoma cell lines with SNP risk alleles and somatic copy number 
gains. Knockdown of LMO1 in neuroblastoma cells with high endogenous LMO1 
levels inhibited cell proliferation, whereas overexpression of LMO1 in neuroblas-
toma with low LMO1 levels increased proliferation. A recent study identified 
another highly associated SNP (rs2168101 G > T) within the first intron of LMO1 
gene locus that occurs in a super enhancer [132]. The ancestral G allele that is asso-
ciated with tumor formation resides in a conserved GATA transcription 
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factor-binding motif, while the more recently evolved protective TATA allele is 
associated with decreased total LMO1 expression and does not bind GATA3 [132].

5.5  MicroRNA

MiRNAs (microRNAs) are short RNAs (9–22 nucleotides in length) that regulate 
more than 60 % of human gene expression by causing mRNA degradation or inhib-
iting protein translation [149]. MiRNA profiling studies in neuroblastoma identified 
miRNAs that are differentially expressed in favorable and unfavorable, MYCN non- 
amplified and MYCN amplified, low-risk and high-risk neuroblastomas [150–154]. 
A miRNA profiling study using over 500 neuroblastoma samples identified a 
25-miRNA gene signature that can significantly discriminate patients with respect 
to progression-free and overall survival, and this 25 miRNA gene signature can be 
used for risk stratification in both archived and fresh neuroblastoma tumor samples 
[155]. In the past decades, many miRNAs have been linked to tumor suppressor or 
oncogenic roles [156]. Recently miRNAs with tumor suppressor roles include miR- 
337- 3p and miR-584-5p that target matrix metalloproteinase 14 [157, 158], miR- 
362- 5p which targets phosphatidylinositol 3-kinase-C2beta [159], miR-449a 
targeting CDK6, miR-542-3p targeting survivin [160], and miR-375 targeting MYCN 
[161]. Oncogenic miRNAs include miR-558 that targets heparanase [162] and miR- 
421 that targets the tumor suppressor menin [163]. Interestingly, unlike the tradi-
tional miRNAs that decrease target gene mRNA or protein levels, miR-558 
stimulates heparanase transcription via activation of epigenetic histone active marks 
and increases in RNA polymerase II on the heparanase promoter in neuroblastoma 
cells [162]. Among those miRNAs studied in neuroblastoma, miR-34a and miR-
17- 92 are the most commonly reported and best-characterized miRNAs. MiR-34a 
localizes to chromosome 1p36 and is frequently included in 1pLOH. MiR-34a is 
under-expressed in unfavorable neuroblastomas, and its reintroduction suppresses 
cell proliferation likely through targeting oncogenes E2F3 and MYCN and anti- 
apoptotic gene BCL2 [68, 69, 164]. The miR-17-92 cluster is directly activated by 
MYCN and plays an oncogenic role by targeting an apoptosis facilitator BIM, cell 
cycle inhibitor CDKN1A, as well as genes with tumor suppressor activity including 
TGF-beta and DKK1. Inhibition of miR-17-92 upregulates BIM and CDKN1A and 
suppresses tumor growth [165–167].

5.6  Long Noncoding RNA (lncRNA)

LncRNAs are ubiquitously expressed RNA molecules longer than 200 bp in length 
that lack protein-coding features and account for approximately 68 % of the human 
transcriptome of expressed genes [168]. LncRNAs have been recognized as integral 
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components of the eukaryotic regulatory gene network [168, 169]. LncRNAs can 
act as a scaffold for the recruitment of epigenetic regulators such as polycomb 
repressive complex 2 (PRC2) and chromatin remodeling complex SWI/SNF to regu-
late gene transcription or serve as sponges to sequester miRNAs or proteins [168–
172]. Almost 500 lncRNAs show 100 % conservation between human, rat, and 
mouse genomes, and these lncRNAs are defined as transcribed ultra-conserved 
regions (T-UCRs). The precise roles of these T-UCRs are unknown [173]. Real-time 
PCR analysis of the 481 T-UCRs in 34 high-risk, stage 4 neuroblastoma patients 
defined a 15 T-UCRs signature can be used to discriminate short- from long-term 
survivors in this group of patients [174]. The expression of a significant number of 
T-UCRs is altered after neuroblastoma cells are treated with all-trans retinoic acid 
(ATRA) [175]. T-UC.300A is downregulated by ATRA, and knockdown T-UC.300A 
in neuroblastoma decreased viability and invasiveness of ATRA-responsive cell 
lines [175], which suggests that some of the T-UCRs may play an oncogenic role in 
neuroblastoma. Very few recurrent mutations in protein-coding genes were identi-
fied in neuroblastoma [9–11]; thus, it highlights the importance of investigating 
nonprotein-coding RNA since approximately 70 % of the transcribed genome is 
transcribed into different types of RNAs other than protein-coding mRNAs [176, 
177]. In fact, GWAS has shown that high-risk-associated SNPs are present in the 
introns of lncRNAs such as NBAT1 and CASC15 [129, 135]. Further studies showed 
that low- level expression of a short CASC15 isoform (CASC15-S) is associated with 
advanced neuroblastoma and poor patient survival, and CASC15-S regulates neuro-
blastoma cell proliferation and migration and functions as a tumor suppressor [178]. 
Similarly, the risk-associated lncRNA NBAT-1 controls neuroblastoma progression 
by regulating cell proliferation, migration, and neuronal differentiation and func-
tions as a tumor suppressor [179]. LncUSMycN is a recently discovered lncRNA in 
neuroblastoma that is coamplified with MYCN in 88 of 341 human neuroblastoma 
tissues and is associated with poor patient prognoses [180]. Further study showed 
that lncUSMycN interacts with RNA-binding protein NonO, leading to N-Myc 
RNA upregulation and neuroblastoma proliferation. Furthermore, antisense oligo-
nucleotides targeting lncUSMycN treatment suppressed neuroblastoma tumor 
growth in murine xenograft model [180]. In addition, many other lncRNAs were 
identified to play a role in neuroblastoma [181]. These findings suggest that 
lncRNAs may be implicated in neuroblastoma tumorigenesis.

5.7  Epigenetics

Cancer is driven by progressive genetic and epigenetic alterations [182]. Unlike 
adult cancer, fewer recurrent mutations have been identified in pediatric cancers 
including neuroblastoma [183]; thus, epigenetic alterations may be associated 
with certain subtypes of neuroblastomas. In fact, as described above, in the few 
recurrent genetic mutations present in neuroblastoma, ATRX, ARID1A, and 
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ARID1B are chromatin regulators and key mediators of epigenetic regulation [10, 
11]. Epigenetic regulation of gene expression is controlled by DNA methylation, 
modification of histones, and changes in nucleosome constitution, conformation, 
and structure.

Hypermethylation of CpG-island in gene promoters is a way to inactivate tumor- 
associated genes. Methyl-CpG-binding domain sequencing and methylation- 
specific PCR determined a 58-marker methylation signature that can be used to 
predict overall and event-free survival [184]. This is consistent with the other reports 
that the hypermethylation of some genes are associated with various clinical risk 
groups in neuroblastomas [185, 186]. In neuroblastoma, the most commonly 
reported genes that are silenced through promoter hypermethylation are RASSF1A, 
a tumor suppressor gene that interferes with RAS signaling [187], and CASP8, a 
tumor suppressor important in the death receptor-mediated apoptosis pathway 
[188]. Other methylated genes in neuroblastoma include CHD5, p14ARF, 
p16INK4a, CCND2, RARbeta2, TP73, RB1, DAPK1, HOXA9, TMS1, THBS1, 
MGMT, and TIMP-3 [59, 185, 189]. Importantly, many of these genes are involved 
in apoptotic signaling pathways; thus, DNA methylation-mediated silencing of 
these genes may contribute to the resistance or relapse of neuroblastoma tumors to 
cytotoxic chemotherapy.

Histone modifications such as acetylation, methylation, ubiquitination, and 
phosphorylation alter chromatin structure and affect the accessibility of transcrip-
tion factors to DNA. In neuroblastoma, the majority of histone deacetylase (HDAC) 
family members are detectable, and some of them are aberrantly overexpressed 
[190]. Among these HDACs, high HDAC8 expression correlates with poor event- 
free and overall survival of neuroblastoma patients [191]. Knockdown of some of 
the individual HDAC family members in neuroblastoma cells leads to cell differen-
tiation or apoptosis, and targeting HDACs with HDAC inhibitors suppresses tumor 
growth [191–193]. HDAC family members are candidate drug targets for neuroblas-
toma therapy.

The aberrant expression of other epigenetic modifiers that affect histone meth-
ylation and chromatin remodeling has also been observed in neuroblastoma: the 
lysine-specific demethylase, LSD1 (also named Lysine (K)-Specific Demethylase 
1A, KDM1A), and the polycomb repressive complex1 (PRC1) subunit BMI-1 are 
overexpressed in poorly differentiated tumors, and silencing of LSD1 or BMI-1 
induces differentiation [194, 195]. The 1p36 tumor suppressor gene CHD5 is a 
chromodomain protein that normally functions in nucleosome- remodeling com-
plexes, and it is lost both through DNA methylation at the promoter region and 1p 
LOH. Restoration of CHD5 suppresses tumor growth [60]. As in other types of 
cancer, elevated levels of EZH2 are also found in undifferentiated neuroblastoma, 
and its methylation of H3K27 leads to the silencing of a number of genes in neu-
roblastoma with tumor suppressor activity such as CASZ1, NGFR, and CLU [63].

These studies indicate that there are alterations in the epigenome in neuroblas-
toma. Since enzymes that are potentially druggable regulate the epigenome, it pro-
vides a number of novel therapeutic options for neuroblastoma patients.
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5.8  Therapy

Neuroblastoma patients younger than 6 months with small adrenal masses have an 
excellent event-free survival and overall survival rate (>95 %) without surgical inter-
vention [196]. Low-risk patients with International Neuroblastoma Staging System 
(INSS) 1 and 2 and International Neuroblastoma Risk Group Staging System 
(INRGSS) L1 whose tumors have no unfavorable features, the outcome is excellent 
with surgery alone, and immediate use of chemotherapy may be restricted to a minor-
ity of patients with low-risk patients [197, 198]. Intermediate- risk neuroblastoma 
patients with tumors that are unresectable at diagnosis (INRGSS L2 or INSS 3 
tumors), who received dose-intensive chemotherapy, have an excellent overall sur-
vival rate (>80 %) [199, 200]. Further studies demonstrated that duration of chemo-
therapy and doses of chemotherapeutic agents could be reduced to prevent side effects 
[200, 201]. High-risk neuroblastoma patients mainly include stage 4, > 18 months of 
age, and stage 3 with MYCN amplification or stage 3 > 18 months with unfavorable 
histology. Additionally, for children with metastatic disease or unresectable tumors 
with MYCN amplification, the outcome remains poor despite improvements in sur-
vival after primary tumor resection, multiagent chemotherapy, irradiation, anti-GD2 
immunotherapy, and/or 13-cis-retinoic acid treatment [6, 202–204]. Despite these 
advances, the overall survival rate of high-risk neuroblastoma patients is still <50 %, 
and 5-year overall survival of patients with relapse disease is only 8 % [202, 205]. 
Thus, research into novel, rationally designed therapies that target high- risk neuro-
blastoma patients is urgently required. Figure 5.2 displays an overview of the thera-
peutic targets in neuroblastoma based on recent genetic and epigenetic studies.

5.8.1  Anti-GD2 Immunotherapy

Surface glycolipid molecule disialoganglioside (GD2) is overexpressed in pediatric 
and adult solid tumor such as neuroblastoma, glioma, retinoblastoma, sarcomas, 
and melanoma [206]. However, GD2 expression level is low in normal tissues and 
restricted to neurons, melanocytes, some nerve fibers, and basal layer of the skin 
[206–208], which makes GD2 a suitable target for cancer immunotherapy. GD2 is 
associated with cancer cell proliferation, migration, and invasion, presumably via 
activation of the receptor tyrosine kinase (RTK) pathway or other tyrosine kinases 
[209–213]. The first developed anti-GD2 monoclonal antibodies (mAb) were 
murine anti-GD2 mAbs including 3F8, 14G2a, and ME36.1 [214–216]. Phase II 
studies showed antitumor effects of the anti-GD2 mAbs in high-risk neuroblastoma 
patients [217]. To reduce the human anti-mouse antibody levels in the serum, chi-
meric (murine x human) and humanized anti-GD2 mAbs were developed. Chimeric 
14.18 (ch14.18) is one such antibody. In a phase III study, a total 226 eligible 
patients were randomly assigned to a treatment group. One hundred thirteen patients 
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received standard therapy (isotretinoin), and a similar cohort received immunother-
apy (isotretinoin combined with GD2 antibody ch14.18, GM-CSF, and IL-2). The 
results showed that the immunotherapy group had significantly higher event-free 
survival (66 ± 5 % vs. 46 ± 5 % at 2 years, P = 0.01) and overall survival compared to 
control group (86 ± 4 % vs. 75 ± 5 % at 2 years, P = 0.02 without adjustment for 
interim analyses). This indicates that the cohort receiving immunotherapy had 
improved outcomes compared with standard therapy in high-risk neuroblastoma 
patients [218]. However, the role of anti-GD2 immunotherapy in the relapse setting 
and patients with bulky disease needs to be further investigated. In addition to anti-
 GD2 IgG mAbs, other studies that target GD2 are ongoing, which include the gen-
eration of chimeric antigen receptor (CAR)-modified T cells, radiolabeled 
antibodies, drug conjugates, and nanoparticles [206].
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Fig. 5.2 Therapeutic targets in neuroblastoma. (i) Receptor tyrosine kinases (RTKs), wild-type 
ALK (WT-ALK) or mutant ALK (Mut-ALK), as well as downstream RAS-MAPK, PI3K/AKT/mTOR, 
and JAK/STAT pathways are aberrantly activated in neuroblastoma; thus, they are therapeutic tar-
gets in neuroblastoma. (ii) MYCN is an oncogenic driver in neuroblastoma, and compounds that 
can inhibit MYCN transcription, destabilize N-Myc protein, or inhibit its downstream mediators 
are potential drugs for neuroblastoma therapy. (iii) Cyclin-dependent kinases CDK4/6 and check-
point proteins CHK1 in neuroblastoma are aberrantly activated; thus, they are therapeutic targets 
for neuroblastoma. (iv) GD2 is overexpressed in almost all of the neuroblastomas yet shows 
restricted normal tissue expression making it a good target for immunotherapy of neuroblastoma. 
(v) Norepinephrine transporter (NET) is expressed in 90 % of neuroblastoma tumors, and NET is 
able to uptake radiopharmaceutical 131I-metaiodobenzylguanidine (131I-MIBG); thus, 131I-MIBG is 
used for irradiation targeted therapy of neuroblastoma
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5.8.2  131I-metaiodobenzylguanidine Therapy

Norepinephrine transporter (NET) is expressed in 90 % of neuroblastoma tumors, 
and NET is able to uptake radiopharmaceutical 131I-metaiodobenzylguanidine 
(131I-MIBG), which is used to image disease burden in neuroblastoma patients and 
is currently being evaluated for its therapeutic potential [219, 220]. Clinical trials in 
relapsed neuroblastoma showed positive responses albeit with severe side effects 
due to myelosuppression, which could be abrogated by hematopoietic stem cell 
transplant [221–223]. While the majority of neuroblastomas are avid for 131I-MIBG 
on imaging, only 30–40 % of patients have partial or complete responses [220, 221], 
suggesting combination treatment may be required to improve the efficacy of 
131I-MIBG therapies. In fact, a clinical trial using 131I-MIBG in combination with 
chemotherapy showed promising results: in a phase II study, combination of 
131I-MIBG with the chemo-drug topotecan in newly diagnosed high-risk neuroblas-
toma patients leads to an overall objective response rate of 57 %, and a response of 
94 % in the primary tumor indicates that it is an effective treatment option for these 
patients [224].

5.8.3  Targeting ALK

In neuroblastoma, ALK is the most commonly mutated gene (8 %), with an addi-
tional 3 % harboring ALK amplification [87–91]. Crizotinib is an ATP-competitive 
dual-specific inhibitor of ALK/c-Met that has been approved for treatment of 
ALK- rearranged non-small-cell lung cancer [225]. The treatment of neuroblas-
toma cells with crizotinib inhibits proliferation of neuroblastoma cell lines 
expressing either R1275Q-mutated ALK or amplified wild-type ALK, but is not 
effective for cell lines harboring the F1174L-mutated ALK. The crizotinib resis-
tance of ALK 1174 L tumors is due to a failure of crizotinib to bind to the ALK 
ATP-binding pocket [91, 226, 227]. In a phase I study of crizotinib in 34 neuro-
blastoma patients (11 with known ALK status), only one patient had a complete 
response, while two had stable disease [228]. Recently, several new and more 
potent ALK inhibitors such as ceritinib (LDK378), alectinib (CH5424802), 
AP26113, RXDX-101, and PF-06463922 have emerged and are in preclinical 
studies [229]. The next-generation ALK/ROS1 inhibitor PF-06463922 showed 
excellent activity in ALK F1174L neuroblastoma models that were resistant to 
crizotinib [230]. In addition to small molecules, an antibody targeting ALK has 
been found to inhibit neuroblastoma cells growth with either wild-type or mutated 
ALK, suggesting that ALK-targeted immunotherapy is a promising therapeutic 
strategy for neuroblastoma [231].
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5.8.4  Targeting MYCN

MYCN oncogene amplification is associated with aggressive neuroblastoma and 
occurs in approximately 20 % of primary neuroblastoma tumors and approximately 
40 % of high-risk neuroblastomas. Although it is an oncogenic driver in neuroblas-
toma, it appears that the elevated levels of MYCN may give tumors with this genetic 
alteration an “Achilles heel” making them more sensitive to a variety of therapeutic 
approaches. Thus targeting MYCN has great potential for high-risk neuroblastoma 
therapy. One of the early attempts to target MYCN evolved from the finding that reti-
noids inhibited MYCN transcription resulting in tumor cell growth arrest and dif-
ferentiation [232]. Later retinoids were integrated into the consolidation phase of 
high-risk patient therapy and resulting in an increase in overall survival [233]. 
Blockade of MYC-MAX dimerization is a proposed mechanism to inhibit MYC 
transcriptional activity [234]. Recent studies showed that a characterized 
c-MYC/MAX inhibitor 10058-F4 also targets MYCN/Max interaction, which leads 
to suppression of MYCN amplified neuroblastoma cell proliferation and an increase 
in MYCN transgenic mice survival [235]. Recent preclinical studies suggest that 
bromodomain and extraterminal domain (BET) inhibitors inhibit MYCN transcrip-
tion and induce cell death [236, 237]. Like some other critical oncogenes, it has 
been shown that the transcription of MYCN is driven by a super enhancer [238, 239] 
and a covalent inhibitor of cyclin-dependent kinase 7 (CDK7) disrupts the transcrip-
tion of MYCN as well as other super-enhancer-associated genes, leading to the 
tumor regression in a mouse model of high-risk neuroblastoma [238]. Activation of 
the phosphatidylinositol 3’-kinase (PI3K) signal transduction pathway and Aurora 
A kinase act at various levels to block the N-Myc protein degradation pathway and 
contribute to high N-Myc protein levels in tumor cells [240–242]. PI3K and Aurora 
A kinase inhibitors destabilize N-Myc protein and inhibit neuroblastoma tumor 
growth [240–242]. Identifying the requisite biopathways downstream of MYCN can 
also provide therapeutic opportunities. ODC1, the rate-limiting enzyme in poly-
amine biosynthesis, and histone chaperone FACT (facilitates chromatin transcrip-
tion) are found to be crucial mediators of the MYCN signal. ODC1 or FACT inhibitor 
treatment suppresses tumor growth in a mouse model of high-risk neuroblastoma 
(MYCN transgenic mouse model) [36, 37]. These findings indicate small molecules 
that target MYCN transcription, destabilize N-Myc protein stability, or inhibit 
MYCN downstream mediators may have great potential for the treatment of high- 
risk neuroblastoma patients.

5.8.5  Targeting RAS-MAPK

WGS identified clonally enriched somatic mutations that are predicted to activate 
the RAS-MAPK pathway in 78 % of relapsed neuroblastoma tumors [127], making 
the RAS-MAPK a good target for treating relapsed high-risk neuroblastoma therapy. 
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Neuroblastoma cell lines with mutations in RAS-MAPK pathway but not wild-type 
RAS-MAPK are sensitive to MEK inhibitors in preclinical xenograft mouse models 
suggesting a role for these agents in the relapsed disease [127]. Loss of the tumor 
suppressor NF1 activates RAS-MEK signaling in neuroblastoma cells and makes the 
cells resistant to retinoic acid-induced cell differentiation, which can be overcome 
by addition of MEK inhibitors [243]. These data indicate that the combination of 
MEK inhibitor and retinoic acid treatment may be beneficial to patients with high- 
risk neuroblastoma.

5.8.6  Targeting Receptor Tyrosine Kinases and PI3K-AKT

Neuroblastoma patients with high brain-derived neurotrophic factor (BDNF) and its 
receptor tyrosine kinase TrkB have an unfavorable prognosis, and activation of TrkB 
protects neuroblastoma cells from chemotherapy-induced apoptosis through 
PI3K/AKT pathway [244–247]. Immunohistochemical staining of neuroblastoma 
samples showed that phosphorylation of Akt occurred in the majority of the samples 
and is associated with reduced event-free and overall survival [248]. The aberrant 
activation of PI3K/AKT/mTOR pathway was also found in high-risk neuroblastoma 
patients by others [249]. The PI3K/AKT/mTOR pathway drives the malignant pro-
cess in neuroblastoma partially due to MYCN stabilization [242, 250, 251]. Many 
preclinical studies have been performed using compounds against PI3K, AKT, and 
mTOR. PI3K inhibitor such as NVP-BKM120 alone or in combination with chemo-
therapeutics has been show to inhibit neuroblastoma cell growth [252, 253]. In pre-
clinical studies, AKT inhibitors such as perifosine alone or in combination with 
chemotherapeutics suppress neuroblastoma growth [254–256]. MTOR inhibitors 
such as rapamycin or temsirolimus have been shown to inhibit neuroblastoma 
growth in vitro and in vivo in preclinical studies [257–259], but clinical studies 
showed little activity in the Phase II setting [260]. Recent preclinical studies have 
shown that MYCN amplified tumors may be sensitive to the combination of the 
allosteric AKT inhibitor MK2206 and rapamycin by preventing the feedback activa-
tion of AKT or mTOR when either agent is used alone [256]. Taken together, inhibi-
tion of the PI3K/AKT/mTOR pathway alone or in combination with standard therapy 
is a promising approach for high-risk neuroblastoma.

5.8.7  Targeting JAK-STAT3

The JAK/STAT pathway is implicated in the pathogenesis of many human cancers. 
AZD1480 is a pharmacological JAK1/2 inhibitor. AZD1480 treatment blocks 
endogenous and IL-6-induced STAT3 activity and suppresses neuroblastoma cell 
growth in vitro and in neuroblastoma xenografts [261]. Moreover, in neuroblas-
toma, a highly tumorigenic subpopulation termed cancer stem cell (CSC) has been 
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shown to express CSF3R, a receptor for granulocyte-colony-stimulating factor (G- 
CSF), and the receptor ligand G-CSF activates STAT3 in neuroblastoma CSC sub-
populations [262]. Blockade of this G-CSF-STAT3 signaling loop with either 
anti-G-CSF antibody or STAT3 inhibitor depleted the CSC subpopulation within 
tumors, resulting in tumor growth inhibition, decreased metastasis, and increased 
chemosensitivity [263]. Thus, inhibition of JAK/STAT signal transduction could be 
a promising therapeutic target for primary neuroblastoma as well as relapsed neuro-
blastoma enriched with CSCs.

5.8.8  Targeting Cell Cycle Genes

In the primary neuroblastomas, about 30 % of the tumors contain genomic aberra-
tions of G1 cell cycle regulating genes such as gain and amplification of cyclin D1 
(CCND1) and cyclin-dependent kinase 4 (CDK4) and deletion of CDK inhibitor 
CDKN2A [264, 265]. The deregulation of Cyclin D1-CDK4/6-pRb pathway corre-
lates with MYCN amplification [264, 265]. Knockdown of Cyclin D1 and CDK4 
restores pRb activity and reduces cell proliferation, resulting in a G1 cell cycle 
arrest [265, 266]. CDK4/6 inhibitor treatment reduced growth of a large subset of 
neuroblastoma cell lines that contain genomic amplification of MYCN in vitro and 
in vivo [267]. In addition to G1 cell cycle genes, the cell cycle checkpoint kinase 1 
(CHK1/CHEK1) is highly expressed in MYCN amplified and high-risk neuroblasto-
mas; moreover, CHK1 is constitutively phosphorylated in a majority of high-risk 
primary tumors but not low-risk primary tumors [268]. Treatment of CHK1 inhibi-
tors shows marked antitumor activity in neuroblastoma [268, 269]. These findings 
suggest that cell cycle genes such as CDK4/6 and CHK1 are potential therapeutic 
targets in neuroblastoma patients.

5.8.9  Targeting Epigenetic Enzymes

Some epigenetic enzymes are aberrantly overexpressed in neuroblastoma. Eleven 
classical HDAC family members are expressed in neuroblastoma, and high expres-
sion of HDAC8 is associated with poor survival [190] [191]. HDAC inhibitor alone 
or in combination with other agents suppresses neuroblastoma cell growth in pre-
clinical studies, and some clinical trials are underway [192, 270–273]. In neuroblas-
toma, many tumor suppressor genes such as CASP8 and RASSF1A are inactivated 
through promoter hypermethylation, which lead to resistance to apoptosis induced 
by therapeutic drugs [188, 274]. Neuroblastoma cells treated with demethylating 
agent 5-aza-2’-deoxycytidine significantly increased the levels of apoptosis induced 
by chemotherapeutic drugs compared to chemotherapeutic drugs alone [275]. 
Currently, demethylating agents such as decitabine in combination with other agents 
are currently in Phase I study [276, 277]. LSD1 is strongly expressed in poorly 
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differentiated neuroblastoma, and LSD1 inhibitor monoamine oxidase treatment 
suppresses neuroblastoma growth in vitro and in the xenograft models [194]. 
Elevated level of PRC2 complex subunit EZH2 is found in poorly differentiated 
neuroblastoma, and EZH2 inhibitor DZNep treatment suppresses neuroblastoma 
tumor growth in mouse xenograft model [63]. Epigenetic enzymes are druggable, so 
they are promising targets in neuroblastoma, and currently new EZH2 specific 
inhibitors have emerged, which need to be further evaluated in preclinical neuro-
blastoma models.

5.9  Conclusion

Outcomes for neuroblastoma patients with lower-stage disease have significantly 
improved in the past three decades. However, long-term survival rates of neuroblas-
toma patients with high-risk disease remain below 50 %. The recent advances in 
understanding the molecular genetics of neuroblastoma provide opportunities to 
establish therapeutic strategies specifically targeting genetic, epigenetic, and signal 
pathway alterations in high-risk neuroblastoma tumors. Targeted therapies focusing 
on recurrent mutations such as ALK mutations or RAS-MAPK mutations should be 
carefully investigated in preclinical models. Next-generation sequencing should be 
used to identify somatic mutations in neuroblastoma patients, which could provide 
knowledge on the treatment of patients with the combinations of molecularly tar-
geted therapies, broad-spectrum chemotherapy, and immunotherapy for high-risk 
patients but reduce therapy for low-risk patients.
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Chapter 6
Molecular Genetics of Gastroenteropancreatic 
Neuroendocrine Tumours

Samuel Backman and Peyman Björklund

6.1  Introduction

The ultimate cause of tumor growth is the presence of genetic alterations that dereg-
ulate the normally tightly controlled cell division, cell growth, programmed cell 
death and tissue architecture [1]. In the specific case of neuroendocrine tumors 
(NETs), it has been clear for a long time that there is a hereditary component with, 
in particular pancreatic NETs (PNETs) occurring as a part of autosomal dominant 
syndromes. Several key genes and key pathways in neuroendocrine tumorigenesis 
have been identified in familial syndromes. More recently, large-scale whole- 
genome sequencing (WGS) and whole-exome sequencing (WES) studies, where 
the entire genome of a tumor or the coding fraction of it, respectively, have been 
resequenced, have helped shed further light on the genetic aetiology of NETs. 
However, much remains to be discovered, especially in non-pancreatic NETs, where 
the genetic drivers are still often completely unknown. This chapter attempts to 
provide an exposé of the current knowledge of genetics in gastroenteropancreatic 
neuroendocrine tumors.

6.2  Pancreatic Neuroendocrine Tumours

Pancreatic neuroendocrine tumors (PNETs) are uncommon tumors of the pancreas. 
PNETs are traditionally believed to arise from the pancreatic islets – the hormone-
producing cell clusters that are intermixed with the exocrine pancreas and comprise 
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approximately 1 % of the cells in the pancreas. However, careful study of precursor 
lesions has suggested that at least some PNETs may be derived from non- islet struc-
tures, e.g. ductal cells [2, 3]. Significantly rarer than the more well-known and 
highly lethal exocrine pancreatic tumors, PNETs account for approximately 1–2 % 
of all pancreatic neoplasms. Pancreatic NETs may be hormonally silent, non- 
functioning (including tumors producing and secreting pancreatic polypeptide and 
or neurotensin, based on the absence of clinical symptoms), or produce any in a 
range of peptide hormones, including insulin, glucagon, VIP, somatostatin and gas-
trin as well as ectopic hormones. With the exception of insulin-producing PNETs 
(known as insulinomas), the tumors are often malignant, with frequent metastatic 
spread to the liver at the time of diagnosis [4]. The 10-year survival is currently 
estimated to around 34 % for functional tumors and 17 % for non-functional tumors 
[5].

6.2.1  Familial Syndromes

It has been known for the better part of a century that PNETs occur in familial forms 
as part of several inherited genetic syndromes. The syndromes include multiple 
endocrine neoplasia type 1 (MEN1), von Hippel-Lindau disease, tuberous sclerosis 
and neurofibromatosis type 1 (also known as von Recklinghausen’s disease). PNETs 
arising in the context of inherited syndromes occur at an earlier age than sporadic 
tumors [6, 7]. Management of the disease can be complicated by the presence of 
numerous lesions in multiple organs, for example, simultaneous lesions in the ante-
rior pituitary gland, parathyroid glands and pancreas in MEN1. The hereditary 
natures of these disorders breed implications not just for the individual patients but 
also for their families; genetic testing of offspring is warranted.

6.2.1.1  Multiple Endocrine Neoplasia Type 1

Multiple endocrine neoplasia type 1 was first described as an autosomal dominant 
trait by Dr. Wermer in 1954 [8]. However, concomitant hyperplasia and/or neoplasia 
in the classic triad of the pancreas, anterior pituitary and parathyroid glands had 
been described in the medical literature prior to this [9]. In addition to pancreatic, 
pituitary, and parathyroid lesions, affected individuals may develop other tumors 
including thymic carcinoids, thyroid adenomas and adrenocortical tumors [10, 11]. 
In 1988, the MEN1 gene was localized by deletion mapping to the long arm of chro-
mosome 11, and it was demonstrated that the unaffected allele is lost in pancreatic 
lesions from affected kindred [12]. In 1990, MEN1 was further determined to be 
located in a narrow region on chromosome 11q13 [13]. In 1997 the MEN1 gene was 
cloned [14]. Subsequent to this, numerous deleterious mutations (the majority lead-
ing to a truncated protein) have been found in different affected families [15]. The 
penetrance of the disease is nearly complete [16]. PNETs occur in about 40 % of 
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patients with MEN1 [10]. A hallmark of MEN1-associated PNET is multiplicity; 
the pancreata of MEN1 patients often show multiple microadenomas, with one or a 
few larger NETs [17]. This can be contrasted with sporadic cases which present 
with a solitary lesion [7].

6.2.1.2  Von Hippel-Lindau Disease

Von Hippel-Lindau disease (VHL) is a highly penetrant autosomal dominant trait 
with a prevalence of 1/36,000 live births [18]. Affected individuals may develop 
hemangioblastomas, pheochromocytomas and endolymphatic sack tumors, in addi-
tion to various forms of pancreatic cysts and pancreatic neuroendocrine tumors 
[18]. PNETs have been determined to develop in 12–17 % of patients affected by 
VHL [19, 20]. The tumors are most frequently non-functional [21]. The VHL gene 
was localized and cloned in 1993 [22]. The protein functions as part of an E3 ubiq-
uitin ligase [23] that is required for the degradation of hypoxia-inducible factor 
(HIF) [24]. In the absence of the functional protein, a pseudo-hypoxic state occurs, 
which drives cellular survival and proliferation. Thus, it plays the role of a tumor 
suppressor. Like MEN1, VHL follows Knudson’s two-hit hypothesis, with the inher-
ited wild-type allele being deleted in the tumors [6].

6.2.1.3  Tuberous Sclerosis

Tuberous sclerosis complex (TSC) is an autosomal dominant genetic syndrome 
which may involve development of multiple benign tumors in various organ sys-
tems as well as behavioural abnormalities, seizures and developmental delay [25]. 
The syndrome is caused by inactivating mutations in either TSC1 on chromosome 9 
[26] or TSC2 on chromosome 16 [27]. The two genes encode the proteins hamartin 
and tuberin, respectively, which form a heterodimer that acts as a negative regulator 
of mTOR signalling [28]. The first report of a PNET in the context of tuberous scle-
rosis complex was published in 1959 [29]. Since then, a number of case reports 
describing PNETs in patients with TSC have been published. A recent review of the 
association between neuroendocrine tumors pinpointed PNETs as a likely rare fea-
ture of TSC [30]. The association is further corroborated by the presence of TSC2 
mutations in a subset of sporadic PNETs [31].

6.2.1.4  Neurofibromatosis Type 1

Neurofibromatosis type 1 (also known as von Recklinghausen’s disease) is a com-
mon autosomal dominant disorder affecting 1 in 2500–3000 individuals [32]. Those 
affected have a characteristic appearance with a large numbers of café-au-lait spots 
and multiple cutaneous neurofibromas [33]. Other manifestations of the disease 
may include cognitive deficits [34] and several forms of malignant tumors including 
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gastrointestinal stromal tumors [35], gliomas [36] and pheochromocytomas [37]. 
The NF1 gene locates to chromosome 17 and functions as a tumor suppressor [38]. 
Neurofibromin, the gene product, has GAP activity [39, 40] and functions as a nega-
tive regulator of the mitogenic Ras signalling pathways [41]. PNETs producing 
somatostatin or insulin have been described in patients with the NF1 syndrome [42]. 
Single case reports have described loss of NF1 immunoreactivity in tumor tissue 
from NF1 patients with pancreatic NETs, supporting a causal relation between the 
two entities [43, 44].

6.2.1.5  Other Syndromes

There are reports of PNETs occurring in other genetic syndromes than those dis-
cussed here. Since PNETs do occur sporadically, it is difficult to determine whether 
there is a true causal relationship or whether co-occurrence between two conditions 
arises by mere chance. Of interest is a recent report of a PNET in a patient with 
paraganglioma syndrome due to a germline mutation in SDHD. The wild-type 
allele was lost in the tumor tissue, and the tumor lacked immunoreactivity for 
SDHB, compatible with a causative role of the SDHD mutation [45, 46]. Inactivating 
mutations in SDHD lead to oncogenesis by causing accumulation of succinate in 
the cell. Succinate functions as an inhibitor of alfa-ketoglutarate-dependent 
enzymes that degrade hypoxia-inducible factor, thus causing a pseudo-hypoxic 
state [47, 48].

6.2.2  Sporadic Pancreatic Neuroendocrine Tumors

Sporadic PNETs have been shown to harbour mutations in many of the same genes 
as familial tumors, including MEN1, TSC2 and VHL. Whole-exome sequencing 
studies have identified mutations in known cancer genes as well as in a novel PNET- 
specific gene, YY1 [49–51].

6.2.2.1  MEN1

The MEN1 gene, which when mutated in constitutional DNA gives rise to multiple 
endocrine neoplasia type 1, has been found to be mutated in sporadic PNETs not 
associated with MEN1 [52]. Estimates of the prevalence of MEN1 mutations vary. 
A whole-exome sequencing study of non-functioning PNETs found somatic MEN1 
mutations in 44 % of tumors [31]. The prevalence of MEN1 mutations is apparently 
lower in insulinomas than in other PNETs. One study found a mutation in one out 
of seven investigated tumors [50], while another found two mutated tumors among 
twelve investigated tumors [53], suggesting a MEN1 mutation prevalence of around 
15 % in sporadic insulinomas.

S. Backman and P. Björklund



131

6.2.2.2  mTOR Pathway

mTOR, the mechanistic (formerly mammalian) target of rapamycin is a serine/thre-
onine kinase which plays an integral role in coordinating several cellular processes, 
including protein synthesis, cell division, cellular metabolism and mRNA synthesis. 
Since the discovery of the mTOR protein, it has, together with its regulators, increas-
ingly become recognized as a key player in several human diseases, including vari-
ous cancers [54]. In cancers, inactivating mutations are frequently found in negative 
regulators of mTOR signalling, such as PTEN [55], TSC1 and TSC2. Activating 
mutations are found in the positive mTOR regulator PIK3CA [56] but seldom in the 
MTOR [57] gene itself. In 2011 a whole-exome sequencing study of ten non- 
functioning pancreatic neuroendocrine tumors (with a verification cohort of an 
additional 58 PNETs) found frequent mutations in several genes in the mTOR path-
way: PTEN, PIK3CA and TSC2 [31]. In total these mutations appear to occur in 
14 % of sporadic pancreatic neuroendocrine tumors. Consistent with the role of the 
mTOR pathway in PNETs, mTOR inhibitors such as everolimus have shown effi-
cacy in treatment of pancreatic neuroendocrine tumors [58].

6.2.2.3  ATRX/DAXX

The same study that found mutations affecting the mTOR pathway in PNETs also 
identified mutually exclusive mutations in ATRX and DAXX in 42.6 % of the anal-
ysed tumors. Several of the mutations were frameshift insertions/deletions, and the 
affected tumors showed loss of immunoreactivity for the affected protein, indicating 
that they act as tumor suppressors. The proteins encoded by ATRX and DAXX inter-
act and participate in chromatin remodelling [59]. Subsequent studies have coupled 
these mutations to an alternative lengthening of telomeres (ALT) phenotype [60, 
61]. Similar mutations are also found in other tumors, including pheochromocyto-
mas [62] and glioblastomas [63]. The prognostic value of ATRX/DAXX mutations in 
PNETs is unknown, with different studies reporting discrepant results [31, 60, 64].

6.2.2.4  YY1 Mutations in Insulinomas

Three separate studies have identified a hotspot mutation (p.T327R) in the YY1 gene 
in sporadic insulinomas [49–51]. YY1 codes for the Yin Yang 1 protein, which is a 
zinc finger transcription factor. The mutated Yin Yang protein has a different DNA- 
binding motif than the wild-type protein and causes alterations in gene expression 
[50]. ADCY1 and CACNA2D2 which are implicated in the regulation of insulin 
secretion and cell proliferation were dramatically overexpressed in YY1-mutated 
tumors compared to YY1-wild-type tumors and were found to neighbour binding 
sites for mutant YY1 [50]. Clinically, patients with YY1-mutated insulinomas pres-
ent at a later age than those with YY1-wild-type tumors in two of the 
above-mentioned studies [49, 51]. While one study found an association between 
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YY1 mutation and female gender [51], the other two studies report no such associa-
tion [49, 50].

6.2.3  Chromosomal Aberrations in Pancreatic Neuroendocrine 
Tumours

Studies of chromosomal aberrations in PNETs have identified several recurrent chro-
mosomal aberrations. A study analysing loss of heterozygosity in non- functioning 
PNETs using microsatellite markers found that the most frequently deleted chromo-
somal arms were 6q, 11q (both deleted in >60 % of cases) followed by 11p, 20q and 
entire chromosome 21 (deleted in approximately 50 % of cases) [65]. The study also 
concluded that non-functioning PNETs can be divided into two groups based on 
chromosomal aberrations: one with few and small aberrations and another with many 
aberrations often involving entire chromosomes, the latter having a worse prognosis.

6.2.4  Epigenetic Aberrations in Pancreatic Neuroendocrine 
Tumours

The presence of mutations in genes encoding epigenetic regulators suggests that 
epigenetic aberrations may play an important role in PNET development and pro-
gression. It has been demonstrated that PNETs often exhibit hypomethylation of 
LINE 1 elements [66, 67], a retrotransposon known to be epigenetically altered in 
various human cancers. RASSF1A hypermethylation has been suggested to be an 
important event in pancreatic endocrine tumorigenesis [68–70]. However, it has 
also been demonstrated that while RASSF1A expression is inversely correlated 
with RASSF1A methylation, its expression is not silenced in PNETs [71]. Notably, 
the isoform RASSF1C appears to be overexpressed [71]. Furthermore, it has been 
shown that tumors harbouring mutations in DAXX (but not tumors with ATRX muta-
tions) have global dysregulation of DNA methylation [64]. Epigenetic regulation of 
the long non-coding RNA MEG3 expression by menin has been suggested as a 
partial explanation for the tumor-suppressor function of MEN1 [72].

6.3  Neuroendocrine Tumours of the Small Intestine

Small intestinal neuroendocrine tumors (SI-NETs, previously “midgut carci-
noids”) are the most common tumors of the small intestine. The disease is rela-
tively rare with an incidence of about 1/100,000 per year [73]. Epidemiological 
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studies report an increasing incidence during the last half-century, likely due to 
improved diagnostics [73, 74]. The tumors arise from enterochromaffin cells in 
the midgut-derived parts of the gastrointestinal canal. While SI-NETs have sig-
nificantly better outcomes and longer survival than adenocarcinomas of the 
small intestine, they may cause significant morbidity due to their frequent pro-
duction of serotonin as well as their ability to cause mesenteric fibrosis, intes-
tinal obstruction and metastases to the liver [75]. The serotonin production may 
give rise to the carcinoid syndrome which includes flushing and diarrhoea. In 
advanced cases right-sided heart failure (carcinoid heart disease) may develop 
[76].

6.3.1  Genetic Drivers

Despite great efforts during the last decades, the disease-causing genetic aberra-
tions are yet to be discovered. One study which investigated 48 small intestinal 
neuroendocrine tumors using whole-exome sequencing found no recurrent pro-
tein-altering mutations [77]. A subsequent study utilizing whole-exome and 
whole-genome sequencing found recurrent mutations in CDKN1B in 8 % 
(14/180) of investigated SI-NETs [78]. CDKN1B encodes p27 which is a cyclin-
dependent kinase inhibitor previously implicated in endocrine neoplasia [79, 
80]. An independent replication study found mutations in tumors from 8.5 % 
(17/200) patients. However, the mutation was noted to be present only in some 
lesions from these patients and, in two cases, only in some parts of the lesions 
[81]. This heterogeneity suggests that the mutation is disease modifying rather 
than disease causing. No differences between the clinical characteristics of 
patients with CDKN1B-mutated tumors and those with non-mutated tumors were 
detected [81].

6.3.2  Chromosomal Aberrations in SI-NETs

While driver mutations are not yet known, recurrent chromosomal aberrations 
have been identified in SI-NETs. The most common aberration is loss of chromo-
some 18 [82] which occurs in 64–88 % of SI-NETs [82, 83]. The minimal over-
lapping region of losses in different tumors has been observed to be 18q22-18qter 
[84]. No recurrent mutation has yet been identified in this region. Tumors har-
bouring the chromosome 18 deletion have been suggested to constitute a sub-
group with superior outcome [83]. A number of other recurrent copy number 
aberrations have been shown to occur in lower frequencies in SI-NETs, including 
LOH at chromosome 11 [84], as well as amplification of chromosomes 4, 5, 14 
and 20 [78].
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6.3.3  Epigenetics

Unsupervised hierarchical clustering of tumors analysed using DNA methylation 
microarrays has identified three distinct clusters with different clinical outcomes 
[83, 85], suggesting a role for DNA methylation in the pathogenesis of these tumors. 
However, identifying epigenetic aberrations of functional importance is made dif-
ficult by the lack of easily accessible normal enterochromaffin cells usable as 
controls.

6.3.4  Familial SI-NETs

While SI-NETs do not show as clear patterns of heredity as do PNETs, there are 
reports of familial forms in the literature. Additionally, population-based studies 
show familial aggregation with the next of kin to affected individuals experiencing 
a significantly increased risk of developing SI-NETs [86, 87]. A recent study of 33 
families with multiple occurrences of small intestinal neuroendocrine tumors iden-
tified one family with a loss-of-function mutation in the gene IPMK which encodes 
the enzyme inositol polyhosphate multikinase [88]. In addition to its enzymatic 
activity, inositol polyhosphate multikinase has been shown to promote p53- mediated 
apoptosis, while deletion of the IPMK gene has been shown to increase cell viability 
[89]. No IPMK mutations were found in the other 32 investigated families [88], sug-
gesting that IPMK mutations are a very rare cause of familial SI-NETs.

6.4  Other GEP-NETs

6.4.1  Gastric NETs

Gastric NETs comprise three distinct clinical groups [90]. Type 1 tumors occur in 
the context of atrophic gastritis. Type 2 tumors occur in the context of multiple 
endocrine neoplasia type 1 and Zollinger-Ellison syndrome (ZES). Chronic hyper-
gastrinemia has been implicated in the pathogenesis of type 1 and type 2 gastric 
NETs. Type 3 tumors occur in the absence of other gastric pathology. It has been 
shown that gastric NETs occur more frequently in patients with MEN1-related ZES 
than in patients with sporadic ZES in whom gastric NETs are only rarely diagnosed 
[91, 92]. In addition, loss of heterozygosity at the MEN1 locus has been found in 
type 2 lesions [93]. Together, these results strongly support a causal role for MEN1 
aberrations in the pathogenesis of gastric NETs. Apart from the involvement of 
MEN1, little is known about the genetic causes of these tumors.
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6.4.2  Duodenal NETs

Neuroendocrine tumors in the duodenum include gastrinomas, somatostatinomas, 
duodenal NECs, non-functioning NETs as well as gangliocytic paragangliomas 
[94]. The genetics of these tumors has not been well studied. What is currently 
known is that a subset of gastrinomas arises in the context of MEN1 syndrome [95] 
and that some sporadic gastrinomas harbour somatic MEN1 mutations [53]. 
Additionally, duodenal somastostatinomas have been described as a rare feature of 
neurofibromatosis type 1 [42], and there are reports of duodenal NETs as a rare 
manifestation of von Hippel-Lindau disease [96, 97]. Also worth noting is the 
recently recognized Pacak-Zhuang syndrome, which consists of somatostatinoma, 
paraganglioma and polycythaemia. The syndrome is caused by stabilizing muta-
tions in the EPAS1 gene, which encodes the HIF2α protein [98].

6.4.3  Colorectal NETs

Neuroendocrine tumors of the colon and rectum together account for approximately 
half of all NETs of the digestive system [99]. Despite this, little if any is known 
about their genetic causes.

6.4.4  Appendiceal NETs

Appendiceal neuroendocrine tumors are typically asymptomatic and diagnosed 
incidentally after an appendectomy for an unrelated cause [100]. Little is known 
about any genetic aberrations they may harbour.

6.4.5  Neuroendocrine Carcinomas

Neuroendocrine carcinomas (NECs) or grade 3 neuroendocrine tumors are NETs 
which have a Ki-67 of 20 % or more [101, 102]. They are poorly differentiated, 
rapidly growing and associated with poor clinical outcome. It is not yet known 
which molecular derangements distinguish NECs from lower-grade NETs. However, 
colorectal NECs often present together with non-neuroendocrine cancers of the 
colon or rectum. It has been hypothesized that synchronous colorectal NECs and 
adenocarcinomas may be derived from the same precursor lesion. There is some 
evidence suggesting that colorectal NECs are genetically more similar to their non- 
neuroendocrine counterparts than to lower-grade NETs [103].
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6.5  Concluding Remarks

During the last few years, the widespread employment of next-generation sequenc-
ing methods and DNA hybridization arrays for copy number and gene expression 
analyses have allowed extensive molecular characterization of several forms of 
tumors. In comparison, our understanding of the genetics of gastroenteropancreatic 
neuroendocrine is lagging behind, with the exception of PNETs and to some extent 
SI-NETs.
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Chapter 7
Current and Future Radiopharmaceuticals 
in Neuroendocrine Tumor Imaging

Melpomeni Fani

7.1  Introduction

Neuroendocrine tumors (NETs) comprise a heterogeneous group of hormonally 
active and nonactive neoplasms characterized by their histopathologic pattern and 
endocrine metabolism [1]. NETs range from well-differentiated and slowly growing 
tumors to poorly differentiated, and rather aggressive, malignancies. They derive 
from endocrine stem cells of the amine precursor uptake and decarboxylation 
(APUD) system [2, 3] that are capable of producing polypeptide hormones and 
biogenic amines. The currently available radiopharmaceuticals for imaging NETs 
are based on these two characteristics and can be divided into: (a) radiolabeled pep-
tide analogs of the natural hormones for imaging peptide receptors that are expressed 
in high density on the surface of NET cells and (b) radiolabeled amine precursors 
that image NET metabolism. In addition, traditional PET imaging with fluorine- 18- 
fluorodeoxyglucose (18F-FDG) may as well be used in the more aggressive forms of 
poorly differentiated NET due to the higher glucose turnover in these tumor cells. 
The radionuclides that are utilized in NET imaging are summarized in Table 7.1. It 
is worth mentioning that, independent from the radiopharmaceutical, improvements 
in the overall imaging performance have been achieved by combining the strengths 
of functional and anatomic modalities in a synergistic way. The developments of 
hybrid technologies, such as SPECT/CT, PET/CT, or PET/MRI, in nuclear medi-
cine suffice to demonstrate the utility of a multimodal approach.

This chapter summarizes the established agents used for NET imaging. The main 
focus is on the imaging of peptide receptors, especially somatostatin receptors, with 
means of radiolabeled somatostatin analogs, by far the most advanced imaging 

M. Fani 
Division of Radiopharmaceutical Chemistry, Clinic of Radiology and Nuclear Medicine, 
University Hospital of Basel, Petersgraben 4, 4031 Basel, Switzerland
e-mail: melpomeni.fani@usb.ch

mailto:melpomeni.fani@usb.ch


142

probes for NETs. This chapter discusses radiopharmaceuticals that have been or are 
used clinically and refers only selectively to preclinical developments. The chapter 
is authored from the perspective of the radiopharmaceutical design and develop-
ment and not from the perspective of their clinical outcome.

7.2  Current Radiopharmaceuticals

7.2.1  Somatostatin Receptor Imaging

Despite the fact that NETs are clinically and pathologically heterogeneous, they 
share the unique feature of overexpressing somatostatin receptors (sstr). Five 
somatostatin receptor subtypes are known (sstr1–sstr5) with the sstr2 being the 
most prominent one in differentiated NETs [4]. However, different subtypes may 
be expressed concomitantly and in various combinations and frequencies on path-
ological targets [5, 6]. The somatostatin receptors belong to the family of 
G-protein- coupled receptors, located on the plasma membrane of the targeted 
tumor cell. The natural ligand somatostatin consists of two cyclic disulfide-con-
taining peptide hormones, one with 14 amino acids (SS-14, Table 7.2) and one 
with 28 amino acids (SS-28).

Table 7.1 Radionuclides used in neuroendocrine tumors imaging

Single Photon Emission Computed Tomography (SPECT)
Radionuclide T1/2 (h) Decay mode (%) Eγ (keV) (%) Production mode
99mTc 6.02 IT (100)

γ
141 (91) 99Mo/99mTc generator

111In 67.9 EC (100)
Auger
γ

171 (90)
245 (94)

Cyclotron

123I 13.2 EC (100)
γ

159 (84)
27 (71)
31 (16)

Cyclotron

Positron Emission Tomography (PET)
Radionuclide T1/2 (h) Decay mode (%) Eβ+ (keV) (%) Production mode
18F 1.83 β+ (97)

EC (3)
634 (97) Cyclotron

11C 0.34 β+ (99.79)
EC (0.21)

968 (100) Cyclotron

68Ga 1.13 β+ (89)
EC (11)

1899 (88) 68Ge/68Ga generator

64Cu 12.7 β+ (19)
β− (40)
EC (41)

656 (18) Cyclotron

β+ decay is always accompanied by 512-keV annihilation γ-radiation
IT isomeric transition, EC electron capture
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Somatostatin itself turned out to be unsuitable for in vivo use as it has a short 
plasma half-life of about 3 min. Somatostatin analogs more resistant to enzymatic 
degradation than somatostatin itself were developed by various modifications of the 
natural molecule. The introduction of d-amino acids for improved in vivo stability, 
the use of the minimal chain length for conserving the biological activity of the 
natural hormone, the hexapeptide lead structure Cys-Phe-d-Trp-Lys-Thr-Cys, and 
the systematic elongation of the N and C terminals allowed the Sandoz team in 1980 
to characterize the most stable and active analog known as octreotide (OC) 
(Table 7.2).

7.2.1.1  Somatostatin Receptor Scintigraphy and SPECT/CT

Octreotide was conjugated at the N-terminus with the acyclic chelator diethylenetri-
aminepentaacetic acid (DTPA, Fig. 7.1) that is able to coordinate metals such as 
In3+. Since the mid-1990s, the radiolabeled analog [111In-DTPA0]octreotide 
(OctreoScan®, Covidien, Petten, The Netherlands) is commercially available for 
somatostatin receptor scintigraphy. OctreoScan was the first peptide-based nuclear 
imaging probe approved by the US Food and Drug Administration (FDA) in 1994. 
The procedure guidelines for tumor imaging with OctreoScan have been described 
by the European Association of Nuclear Medicine (EANM) [7]. OctreoScan is used 
mainly in midgut carcinoid, pancreatic NET, and neuroblastoma but also in growth 

Table 7.2 Somatostatin analogs that have been used in humans

Code Chemical structure

SS-14 Ala-Gly-cyclo(Cys-Lys-Asn-Phe-Phe-Trp-Lys- 
Thr- Phe-Thr-Ser-Cys)

Somatostatin receptor agonists

OC D-Phe-cyclo(Cys-Phe-D-Trp-Lys-Thr-Cys)
Thr(ol)

TOC D-Phe-cyclo(Cys-Tyr-D-Trp-Lys-Thr-Cys)
Thr(ol)

TATE D-Phe-cyclo(Cys-Tyr-D-Trp-Lys-Thr-Cys)Thr
HA-TATE D-Phe-cyclo(Cys-3-Iodo-Tyr-D-Trp-Lys-Thr- 

Cys)Thr
Lanreotide D-β-Nal-cyclo(Cys-Tyr-D-Trp-Lys-Val-Cys)-

Thr-NH2

NOC D-Phe-cyclo(Cys-1-Nal-D-Trp-Lys-Thr-Cys)
Thr(ol)

Somatostatin receptor antagonists

BASS p-NO2-Phe-cyclo(D-Cys-Tyr-D-Trp-Lys-Thr- 
Cys)D-Tyr-NH2

JR11 Cpa-cyclo[D-Cys-Aph(Hor)-D-Aph(Cbm)-Lys- 
Thr- Cys]-D-Tyr-NH2

1-Nal 1-naphtyl-alanine, Cpa 4-Cl-phenylalanine, Aph(Hor) 4-amino-L-hydroorotyl-phenylala-
nine, d-Aph(Cbm) d-4-amino-carbamoyl-phenylalanine

7 Current and Future Radiopharmaceuticals in Neuroendocrine Tumor Imaging



144
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hormone-secreting pituitary tumors, paraganglioma, medullary thyroid carcinoma, 
pheochromocytoma, meningioma, and Merkel cell tumors [8] and became an inte-
gral part of the management of NET patients [9].

[111In-DTPA0]octreotide has moderate binding affinity to sstr2 (Table 7.3). The 
replacement of Phe3 in octreotide by Tyr3 (TOC, Table 7.2) led to an improved sstr2 
affinity (Table 7.3), while the C-terminal introduction of Thr8 (TATE, Table 7.2) for 
Thr(ol)8 (TOC) resulted in a further improvement of the sstr2 affinity (Table 7.3) 
[10]. On the other hand, DTPA is not a suitable chelator for other 3+ radiometals, 
such as 68Ga, 90Y, or 177Lu. The chelator 1,4,7,10-tetraazacyclododecane-1,4,7,10- 
tetraacetic acid (DOTA, Fig. 7.1) has replaced DTPA, as it forms thermodynami-
cally and kinetically stable complexes with a series of 3+ radiometals, including 
111In, 68Ga, 90Y, and 177Lu. Both somatostatin conjugates DOTA-TOC and DOTA- 
TATE, labeled with 111In, appeared to be nearly equivalent in a head-to-head com-
parison [11]. However, their use in SPECT imaging of NETs has been limited. To 
circumvent the drawbacks of 111In, such as cost, limited availability, and high radia-
tion burden, TOC was conjugated to an efficient bifunctional chelator for the 
generator- produced 99mTc, namely, hydrazinonicotinamide (HYNIC, Fig. 7.1). 
99mTc-EDDA/HYNIC-TOC (EDDA, ethylenediamine-N,N’-diacetic acid acting as 
a coligand for 99mTc labeling, Fig. 7.1) was granted marketing authorization and 

Table 7.3 Affinity profiles (IC50) for human sstr1–sstr5 of a series of somatostatin analogs and 
their metallated conjugates that have been used clinically in neuroendocrine tumors imaging

Somatostatin analog sstr1 sstr2 sstr3 sstr4 sstr5

Agonists

DTPA-octreotidea >10,000 12 ± 2 376 ± 84 >1000 299 ± 50
In-DTPA-octreotidea >10,000 22 ± 3.6 182 ± 13 >1000 237 ± 52
DOTA-TOCa >10,000 14 ± 2.6 880 ± 324 >1000 393 ± 84
Ga-DOTA-TOCa >10,000 2.5 ± 0.5 613 ± 140 >1000 73 ± 21
DOTA-TATEa >10,000 1.5 ± 0.4 >1000 453 ± 176 547 ± 160
Ga-DOTA-TATEa >10,000 0.20 ± 0.04 >1000 300 ± 140 377 ± 18
DOTA-lanreotidea >10,000 26 ± 3.4 771 ± 229 >10,000 73 ± 12
Ga-DOTA-NOCb >10,000 1.9 ± 0.4 40.0 ± 5.8 260 ± 74 7.2 ± 1.6
Antagonists

DOTA-BASSc >1000 1.5 ± 0.4 >1000 287 ± 27 >1000
In-DOTA-BASSc >1000 9.4 ± 0.4 >1000 380 ± 57 >1000
DOTA-JR11d >1000 0.72 ± 0.12 >1000 >1000 >1000
In-DOTA-JR11d >1000 3.8 ± 0.7 >1000 >1000 >1000
Ga-DOTA-JR11d >1000 29 ± 2.7 >1000 >1000 >1000
Lu-DOTA-JR11d >1000 0.73 ± 0.15 >1000 >1000 >1000
NODAGA-JR11d >1000 4.1 ± 0.2 >1000 >1000 >1000
Ga-NODAGA-JR11d >1000 1.2 ± 0.2 >1000 >1000 >1000

All values are IC50 ± SEM in nM
aData are from Reubi et al. [10]
bData are from Antunes et al. [29]
cData are from Ginj et al. [72]
dData are from Fani et al. [39]
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became commercially available in some European countries, under the commercial 
name 99mTc-Tektrotyd. Later on, 99mTc-EDDA/HYNIC-TATE was also developed. 
The two 99mTc-labeled analogs have similar performance and seem to have better or 
at least comparable sensitivities to OctreoScan [12–15].

Historically, the first 99mTc-based somatostatin analog was 99mTc-depreotide 
(NeoTect (Diatide Inc.); NeoSpect (Nycomed)), with the peptide sequence Lys- 
Cys- Lys-(beta-DAP)-CH2CO-S-cyclo(hCys-(N-Me)Phe-Tyr-Trp-Lys-Val) that is 
actually a non-octreotide-based analog. FDA approved 99mTc-depreotide in 1999 for 
the detection of lung cancer in patients with pulmonary nodules [16]. However, its 
use was rather constrained, compared to OctreoScan, mainly due to the relatively 
high activity in the abdomen limiting its value in the diagnosis of abdominal NETs. 
111In-DOTA-lanreotide (Table 7.2) is another somatostatin receptor imaging agent 
with a slight different affinity profile than OctreoScan (Table 7.3) [10]. In compari-
son with OctreoScan, it has a lower sensitivity in demonstrating neuroendocrine 
tumors, but it may have advantages in other tumors, for instance, in differentiated 
thyroid cancer [17]. 99mTc-depreotide and 111In-DOTA-lanreotide are not ideally 
suited for imaging abdominal NET primarily because of their diminished sensitivity 
compared to OctreoScan. OctreoScan has covered for many years the medical need 
of imaging NETs, and many clinical centers still use it, not only because it is readily 
available but also because it may adequately answer the question whether a patient 
is suitable for radionuclide therapy. However, somatostatin receptor imaging is rap-
idly “switching” to the use of PET tracers.

7.2.1.2  Somatostatin Receptor PET/CT

Within the last 10 years, the fast progression in NET imaging came together with 
the accelerated development of 68Ga radiochemistry/radiopharmacy. It combined, 
on one side, the advantages of PET over SPECT (100–1000-fold higher sensitivity, 
absolute quantitation, and shorter scanning time) and, on the other side, the advan-
tages of using 68Ga-based radiopharmaceuticals [18–21]. 68Ga is produced from a 
long-lived 68Ge/68Ga generator that makes it available, rather inexpensive and inde-
pendent of an on-site cyclotron or a reactor. Ultimately, 68Ga radiopharmacy is pos-
sible in each hospital. 68Ga has a short half-life of 68 min that is compatible with the 
relatively fast uptake mechanism of small peptides, such as the somatostatin ana-
logs, that are transported to target tissues via the blood circulation. Thus, compared 
to 111In, it allows investigations to be completed within 1–3 h while decreasing the 
radiation dose to the patient by a factor 2–3. Impressive progress in 68Ga radiochem-
istry and chelation chemistry has been achieved over the last few years due to the 
success and high potency of the first 68Ga radiopharmaceuticals, especially the first 
68Ga-labeled somatostatin analog DOTA-TOC [22, 23]. Logically, 68Ga-labeling of 
DOTA-TATE followed. Between these two radiopharmaceuticals, 68Ga-DOTA-
TATE showed a tenfold higher affinity to sstr2 in vitro, compared with 68Ga-DOTA-
TOC (Table 7.3) [10]. Despite its higher affinity, 68Ga-DOTA-TATE was not proven 
to be superior to 68Ga-DOTA-TOC in PET/CT imaging of NET patients, on the 
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contrary, an opposite tendency was observed [24, 25]. Very recently, the so-called 
high-affinity TATE (HA-TATE, a TATE analog in which Tyr3 is iodinated, Table 7.2) 
labeled with 68Ga has been proposed as an adequate, freely available substitute for 
68Ga-DOTA-TATE since its use is not governed by patent restrictions [26]. The sstr2 
affinities of Ga-HA-DOTA-TATE and Ga-DOTA-TATE (IC50 = 1.4 ± 0.8 nM and 
1.2 ± 0.6 nM, respectively) were nearly identical [27].

Modifications of the octreotide at position 3 by introducing the unnatural amino 
acid 1-naphtyl-alanine (1-NaI) led to the analog NOC (Table 7.2), with affinity not 
only for the sstr2 but also for sstr3 and sstr5 (Table 7.3) [28, 29]. In theory, 
68Ga-DOTA-NOC may have the advantage over 68Ga-DOTA-TOC and 68Ga-DOTA- 
TATE by targeting a broader spectrum of various tumors or by increasing the tumor 
uptake in tumor cell coexpressing simultaneously several receptor subtypes. 
However, head-to-head comparative studies of 68Ga-DOTA-NOC vs 68Ga-DOTA- 
TATE have shown discrepant results [30, 31].

All three somatostatin conjugates DOTA-TOC, DOTA-TATE, and DOTA-NOC, 
labeled with 68Ga, are routinely used for PET imaging of NET patients in many 
hospitals, especially in Europe [32]. The European Association of Nuclear Medicine 
(EANM) has currently published procedure guidelines on PET/CT tumor imaging 
using any of the three mentioned PET tracers [33]. Currently, there is no strong 
clinical evidence on the superiority of one analog over the others [34]. None of the 
three PET tracers is registered, and both, 68Ga-DOTA-TOC and 68Ga-DOTA-TATE, 
have received “Orphan Drug Designation” as diagnostic agents for the management 
of patients with neuroendocrine tumors (NETs) by the US Food and Drug 
Administration. It also exists a European Pharmacopeia monograph for “gallium 
(68Ga) edotreotide injection” (No 2482) and one for “gallium (68Ga) chloride solu-
tion for radiolabeling” (No 2464).

Recently, DOTA-TATE labeled with 64Cu has been used for PET imaging of 
NETs [35, 36]. The rational of using 64Cu, instead of 68Ga, lies on delayed imaging 
due to longer half-life of 64Cu (12.7 h, see also Table 7.1), better resolution, and 
avoiding the in-house preparation shortly before application. 64Cu-DOTA-TATE 
was shown to be by far superior to OctreoScan in the diagnostic performance in 
NET patients in a head-to-head comparison [35]. Whether 64Cu-labeled analogs 
have any advantage over the 68Ga-labeled counterparts is not known since so far not 
head-to-head comparison has been performed. However, one could argue that 
DOTA is far from being an ideal chelator for 64Cu, due to the possible transchelation 
of 64Cu and therefore the rather limited in vivo stability of the 64Cu-DOTA complex 
[37, 38]. Indication of the in vivo instability is the accumulation of radioactivity in 
the liver over time, as shown in many preclinical studies. That may explain the mod-
erate to high liver uptake initially observed in patients where 64Cu-DOTA-TATE was 
administered [36]. Nowadays, a number of chelators tailored for 64Cu are available, 
and the in vivo stability of 64Cu-labeled somatostatin analogs can be significantly 
improved, important especially when delayed images are desired. On the other 
hand, one should be aware that the choice of the chelator, but also of the radiometal, 
may influence critical properties of the radiotracer, such as affinity, pharmacokinet-
ics, and others [10, 29, 39, 40].
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There is no doubt that 68Ga-labeled somatostatin analogs represent a significant 
evolution in somatostatin receptor imaging over OctreoScan. They have shown 
higher sensitivity compared with OctreoScan [41] but also with other tracers used 
for imaging of NETs that will be discussed later, such as 18F-FDG (particularly in 
well-differentiated tumors) [42, 43], 18F-DOPA [44–46], and also 123I-MIBG [47, 
48]. It seems reasonable that, if available, PET/CT with 68Ga-labeled somatostatin 
analogs should be the image modality of choice for somatostatin receptor imaging 
in the future. Moreover, the preparation of 68Ga radiopharmaceuticals is amenable 
to automation and approaches the kit-type preparation.

The success of 68Ga-DOTA-somatostatin analogs also relies on the fact that the 
chelator DOTA forms stable complexes with important therapeutic radionuclides, 
such as 177Lu, 90Y, and others. This allows the same DOTA-conjugated analog to be 
used either for PET imaging, when labeled with 68Ga, or for Peptide Receptor 
Radionuclide Therapy (PRRT), when labeled with a therapeutic radionuclide. This 
theranostic approach, in analogy to what has been used for decades with the various 
isotopes of iodine in the field of thyroid cancer, has been extremely valuable in the 
field of NET especially in the era of precision medicine. Somatostatin receptor 
imaging has paved the way for other radionuclide imaging systems and particularly 
in the development of different peptide-based radiopharmaceuticals (see Sects. 7.3.2 
and 7.3.3).

7.2.2  Metabolic Imaging

7.2.2.1  18F-Fluorodeoxyglucose (18F-FDG) PET/CT

The most widely used PET radiopharmaceutical in daily practice is 2-deoxy-2-(18F)
fluoro-d-glucose or 18F-fluorodeoxyglucose (18F-FDG), a glucose analog in which 
the 2’ hydroxyl group (−OH) has been substituted by 18F (Fig. 7.2). 18F-FDG is 
taken up by glucose transporters and phosphorylated by the hexokinase enzyme. 
Once phosphorylated it is not further metabolized thus trapped in the cell [15]. 18F- 
FDG was actually the first PET radiopharmaceutical to be used for detecting NETs 
[49]. However, in contrast to the wide use of 18F-FDG in numerous types of tumors, 
its role in imaging of NETs is rather limited. The well-differentiated NETs (i.e., 
most GEP-NETs) have a normal or slightly increased glucose metabolism, and the 
sensitivity of 18F-FDG is rather low for their detection. Therefore, 18F-FDG is not 
routinely used for this purpose. In undifferentiated or poorly differentiated NETs 
that exhibit aggressive histologic features, 18F-FDG PET seems to be the best choice 
since the expression of somatostatin receptors is less frequent, and therefore soma-
tostatin receptor imaging is often negative [42, 43, 50]. Actually, 18F-FDG PET 
imaging seems to have a complementary role with the first-choice diagnostic tool 
that is PET imaging with 68Ga-labeled somatostatin analogs [42, 43, 51]. Negative 
18F-FDG PET results are predictive for low aggressiveness and a high survival rate, 
and conversely positive 18F-FDG PET results identified cases with worse outcome 
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[52–54]. Therefore, 18F-FDG may retain an important role in managing NET 
patients mainly due to its prognostic value and its higher sensitivity in aggressive 
and high-grade tumors, rather than its role in the diagnosis and staging of NETs.

7.2.2.2  18F-L-Dihydroxyphenylalanine (18F-DOPA) PET/CT

18F-l-dihydroxyphenylalanine (18F-DOPA) (Fig. 7.2) was initially introduced for 
studying the physiology and physiopathology of dihydroxyphenylalanine (DOPA) 
biodistribution in the human brain, in particular Parkinson’s syndrome and then in 
oncology for imaging NETs or brain tumors. The use of 18F-DOPA in NETs is based 
on the fact that neuroendocrine tumor cells take up and transport into the cytoplasm 
the dopamine precursor 18F-DOPA via the cell membrane-bound l-type amino acid 
transporter (LAT) that is upregulated and highly active in these cells. Inside the cell 
18F-DOPA is decarboxylated (metabolized) by the aromatic acid decarboxylase 
(AADC) to 18F-dopamine, which is transported into storage granules by vesicular 
monoamine transporter and trapped intracellularly [55]. 18F-DOPA PET has shown 
very high sensitivity for both staging and restaging of NETs [56]. Compared to 
somatostatin receptor scintigraphy, 18F-DOPA performs superior for the imaging of 
NETs, especially in carcinoid patients [57, 58]. Compared to PET imaging using 
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68Ga-labeled somatostatin analogs, 18F-DOPA performed inferior in NET patients 
[44–46]. 18F-DOPA PET showed relatively high sensitivity in congenital 
hyperinsulinism [59] and can be useful to study benign insulinomas, paragangliomas, 
and pheochromocytomas due to the variable expression of sstr in these tumors. 
Furthermore, 18F-DOPA can be an option for imaging of serotonin-secreting, sstr-
negative NETs.

The production of 18F-DOPA by electrophilic fluorination requires modest radio-
chemistry expertise and is not widely established. However, nowadays, more and 
more centers are capable of producing 18F-DOPA, and it is commercially available 
in several European countries. Contrary to 68Ga-labeled somatostatin analogs, 
18F-DOPA lacks of a therapeutic counterpart.

7.2.2.3  11C-5-HTP

The PET radiopharmaceutical β-[11C]-5-hydroxyl-l-tryptophan (11C-5-HTP) 
(Fig. 7.2) is taken up via the l-amino acid transporter (LAT), it is decarboxylated by 
the aromatic l-amino acid decarboxylase ADCC, and the end product, serotonin, is 
transported via the vesicular monoamine transporter (VMAT) and stored into secre-
tory vesicles. 11C-5-HTP visualizes the serotonin pathway, which is active in many 
NETs. The published clinical results, even though limited, justify its use [57, 60–
63]. In comparison with 18F-DOPA and OctreoScan, 11C-5-HTP seems to be best in 
pancreatic islet cell tumors, while 18F-DOPA in staging of carcinoids [57], and it 
outperforms OctreoScan in the lesion-based detection, with high sensitivity in small 
NET lesions, such as primary tumor [63].

11C-5-HTP-PET/CT is a useful imaging technique, with higher sensitivity for 
pancreatic NETs, as opposed to carcinoids; however its routine clinical use is debat-
able. The synthesis of 11C-HTP is very complex and it is only produced in a few 
specialized centers worldwide. Additionally, the short half-life of 11C (t1/2 = 20 min, 
see also Table 7.1) demands an on-site cyclotron and production in close relation to 
the scan. These factors severely restrict its clinical use. Similarly to 18F-DOPA, 
11C-5-HTP lacks of a therapeutic counterpart.

7.2.2.4  123/131I-Metaiodobenzylguanidine (123/131I-MIBG) Scintigraphy 
and SPECT/CT

Metaiodobenzylguanidine (MIBG) is a noradrenaline analog, containing a benzyl 
and a guanidine group (Fig. 7.2). MIBG labeled with 123I is used for SPECT imag-
ing of tumors that have an endocrine origin while when labeled with 131I can also be 
used for therapy due to the concomitant beta emission. 123/131I-MIBG is transported 
across the plasma membrane mainly by the human norepinephrine transporter 
(NET). Intracellularly, the vesicular monoamine transporters (VMATs) accumulate 
123/131I-MIBG in catecholamine-storing granules where it is not significantly metab-
olized [15, 64]. This mechanism provides specific accumulation of 123/131I-MIBG in 
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neuroectodermally derived tumors, which made it attractive imaging method for 
neuroblastomas, paragangliomas, and pheochromocytomas. However, for the detec-
tion of GEP-NETs and bronchopulmonary NETs, its sensitivity is relatively low, 
and consequently it is not recommended for routine imaging of these tumors. The 
role of 123I-MIBG is unsatisfactory when somatostatin receptor imaging and 18F- 
FDG are available [65]. The main indication for 123I-MIBG imaging is its use as 
companion diagnostics if internal radiotherapy with 131I-MIGB is panned in cases of 
123I-MIBG-positive, sstr-negative NETs [66].

7.3  Future Radiopharmaceuticals

7.3.1  Somatostatin Receptor Antagonists

The radiolabeled somatostatin receptor antagonists represent the recent most favor-
able innovation in molecular imaging of NETs. All somatostatin analogs that are 
currently used in the clinic are agonists, which upon binding to the receptor are 
inducing internalization of the receptor-ligand complex. For years, internalization 
was thought to be of high importance for high- and long-lasting tumor uptake of the 
radioligand. However, a number of recent observations have challenged this para-
digm. The in vitro evidence that antagonists may recognize a higher number of 
receptor-binding sites than agonists [67, 68] makes radiolabeled antagonists a very 
attractive tool for in vivo receptor targeting. Bass et al. published the first somatostatin- 
based antagonists in 1996 [69]. They found that in the hexapeptide core, disulfide 
cyclized, octapeptide series, the inversion of chirality at position 1 and 2 of the 
octreotide family converted an agonist into a potent antagonist. Later structure-activ-
ity-relationship studies by the group of Coy afforded new structures [70]. These 
antagonists were used as leads by J.E. Rivier (Salk Institute for Biological Studies, 
La Jolla, CA, USA), J.C. Reubi (University of Bern, Switzerland), and H.R. Maecke 
(University Hospital of Basel, Switzerland) in collaboration, for the development of 
new sstr antagonists, including DOTA-conjugates for radiolabeling [71, 72].

First in vivo preclinical studies with radiolabeled sstr2- and sstr3-selective antag-
onists (DOTA-BASS (Table 7.2) and sst3-ODN-8, respectively) showed that the 
antagonists were superior to agonists – even in case of agonists with higher receptor 
affinity – with regard to tumor uptake as well as tumor-to-nontumor uptake ratios 
[72]. In vitro, Scatchard analysis showed that, indeed, the radiolabeled antagonists 
recognize a higher number of receptor-binding sites than the agonists (higher Bmax) 
[72, 73]. This was also confirmed by receptor autoradiography on human tumor tis-
sues comparing the sstr2-antagonist DOTA-BASS and the sstr2-agonist 
 DOTA- TATE, both labeled with 177Lu [74]. Further studies demonstrated that this 
new class of compounds is extremely sensitive to modifications such as complex-
ation with distinct radiometals or substituting a chelator by another. This may dra-
matically affect the affinity and pharmacokinetics of a given somatostatin receptor 
antagonist [39, 40].
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The first clinical evidence that imaging of NETs with radiolabeled sstr2 antago-
nists is feasible was brought by a pilot study using 111In-DOTA-BASS [75]. In this 
study the antagonist 111In-DOTA-BASS had a favorable biodistribution profile – 
higher tumor uptake and lower normal organ uptake – than the agonist OctreoScan, 
resulting in a higher tumor detection rate. Further development of radiolabeled sstr2 
antagonists afforded new analogs with improved affinity, compared to the first 
antagonist DOTA-BASS (Table 7.3), such as the analog DOTA-JR11 (Tables 7.2 
and 7.3) [39]. A unique illustration of this development is given in Fig. 7.3, which 
shows the performance of OctreoScan (agonist), 111In-DOTA-BASS (sstr2 antago-
nist), and the improved sstr2 antagonist 111In-DOTA-JR11 in the same patient. 
Recently, Wild et al. brought the first clinical evidence that treatment of NETs is 
also clinically feasible with radiolabeled sstr2 antagonists [76] with promising 
results. In this pilot study, the sstr2-antagonist 177Lu-DOTA-JR11 was compared in 
the same four patients to the agonist 177Lu-DOTA-TATE and showed a favorable 
pharmacokinetic and increased tumor dose (due to a longer intratumoral residence 
time and a higher tumor uptake). Particularly encouraging, given the fact that kid-
neys and bone marrow are the major dose-limiting organs in PRRT [77], was that 
tumor-to-kidney and tumor-to-bone marrow dose ratios were several fold higher for 
the antagonist than for the agonist.

111In-Octreoscan® 111In- DOTA-BASS

Agonist

111In- DOTA-JR11

AntagonistAntagonist

Fig. 7.3 Comparison of 111In-DTPA-octreotide (OctreoScan) scintigraphy (sstr2 agonist), 
111In-DOTA-BASS scintigraphy (sstr2 antagonist), and 111In-DOTA-JR11 scintigraphy (sstr2 
antagonist), 24 h after injection in a patient with NET of unknown origin (G2). sstr2 antagonists, 
especially 111In-DOTA-JR11, performed better than sstr2 agonist OctreoScan
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Based on affinity studies and preclinical results, the sstr2-antagonist JR11 conju-
gated with the chelator 1,4,7-triazacyclononane,1-glutaric acid-4,7-acetic acid 
(NODAGA, Fig. 7.1), which is ideal for 68Ga-labeling, was selected for further 
clinical PET development (Table 7.3) [39]. A phase I/II study comparing, in the 
same patients, two microdoses of 68Ga-NODAGA-JR11 (also named 68Ga-OPS202) 
with 68Ga-DOTA-TOC PET/CT was conducted at the University Hospital of Basel, 
Switzerland (ClinicalTrials.gov NCT02162446). The study indicated increased 
image contrast for both doses of 68Ga-NODAGA-JR11, due to lower hepatic, intes-
tinal, and pancreatic uptake, which in turn resulted in a higher sensitivity and diag-
nostic accuracy (overall and especially for detecting liver metastases) than 
68Ga-DOTA-TOC PET/CT for staging well- to moderately differentiated GEP-NET 
patients [78–80]. The “theranostic pair” 68Ga-DOTA-JR11 (68Ga-OPS202) and 
177Lu-DOTA-JR11 (also named 177Lu-OPS201) (Table 7.3) are currently evaluated 
in NET patients at Memorial Sloan Kettering Cancer Center, New York, USA 
(ClinicalTrials.gov NCT02609737). Larger-scale multicenter clinical trials are 
planned for both the PET tracer 68Ga-NODAGA-JR11 and the therapeutic tracer 
177Lu-DOTA-JR11.

7.3.2  Glucagon-like Peptide-1 Receptor (GLP-1R) Targeting

GLP-1R is overexpressed at a high incidence and density in almost all benign insu-
linomas and therefore represents an ideal target for molecular imaging [81–83]. 
This is clinically relevant as insulinomas can cause life-threatening hypoglycemia 
and are often difficult to localize with conventional imaging methods, thereby ham-
pering the surgical intervention [84]. OctreoScan has a low sensitivity of 50–60 % 
in the detection of benign insulinomas [85] because sstr2 receptors are expressed by 
less than 70 % of insulinomas [83], while the amine precursor [18F]DOPA shows 
controversial results with sensitivities ranging from 17 % up to 90 % [86, 87].

The natural ligand GLP-1 (30 amino acids) is unstable in vivo with a half-life of 
less than 2 min. Exendin-4 (H-His1-Gly2-Glu3-Gly4-Thr5-Phe6-Thr7-Ser8-Asp9-Leu10- 
Ser11-Lys12-Gln13-Met14-Glu15-Glu16-Glu17-Ala18-Val19-Arg20-Leu21-Phe22-  Ile23-Glu24-
Trp25-Leu26-Lys27-Asn28-Gly29-Gly30-Pro31-Ser32-Ser33-Gly34-Ala35-Pro36- Pro37- Pro38-
Ser39-NH2) is a metabolically resistant naturally occurring peptide identified in the 
saliva of the Gila monster lizard (Heloderma suspectum), and it shares 53 % homol-
ogy with the human GLP-1 [88]. Exenatide, synthetic exendin-4, is an FDA-approved 
antidiabetic medication for the treatment of type 2 diabetes mellitus (trade name 
Byetta®). The introduction of a Lys residue at the C-terminal of the peptide, the 
conjugation with Ahx (aminohexanoic acid: a spacer and pharmacokinetic modifier) 
at the side chain of the Lys40, and the coupling with chelators such as DTPA and 
DOTA allowed [Lys40(Ahx-DTPA)NH2]-exendin-4 to be labeled with 111In 
(111In-DTPA-exendin-4) and [Lys40(Ahx-DOTA)NH2]-exendin-4 to be labeled with 
111In or 68Ga (111In-/68Ga-DOTA-exendin-4) for SPECT or PET imaging.
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111In-DTPA-exendin-4 was the first exendin-based radiotracer used in a proof-of- 
concept study including only two patients, and it provided evidence of the diagnos-
tic value of GLP-1R scintigraphy in histopathologically proven GLP-1R-expressing 
insulinomas [89]. 111In-DOTA-exendin-4 was evaluated immediately after in six 
patients with biochemically proven endogenous hyperinsulinemic hypoglycemia 
[90]. SPECT/CT imaging successfully detected insulinomas in all six cases, which 
were precisely localized intraoperatively using a γ-probe allowing this way their 
successful removal. A prospective multicenter study including 30 patients with 
111In-DTPA-exendin-4 concluded on the higher sensitivity of GLP-1R imaging for 
the detection of benign insulinoma than CT or MRI, changing the clinical manage-
ment in a substantial percentage of patients with endogeneous hyperinsulinemic 
hypoglycemia [91].

99mTc-labeled exendin-4, [Lys40(Ahx-HYNIC-99mTc/EDDA)NH2]-exendin-4, has 
also been developed, and 99mTc-HYNIC-exendin-4 is being used the last few years 
at Jagiellonian University Medical College, Krakow, Poland, reporting very high 
sensitivity and specificity for the detection of benign insulinoma [92, 93].

68Ga-DO3A-VS-Cys40-Exendin-4 (a 68Ga-labeled exendin-4 analog with Cys at 
position 40, coupled to DOTA via a vinylsulfonyl spacer (VS)) was the first PET 
exendin-based PET tracer tested in a single patient with severe hypoglycemia where 
several small GLP-1R-positive lesions were confirmed [94]. Very recently, the first 
head-to-head comparison between 68Ga-DOTA-exendin-4 PET/CT and 111In-DOTA- 
exendin-4 SPECT/CT was conducted in a pilot study including five patients [95]. 
68Ga-DOTA-exendin-4 PET/CT revealed higher image contrast (2.5 h after injec-
tion) than 111In-DOTA-exendin-4 SPECT/CT (4 and 72 h after injection). The study’s 
conclusion favored the use of 68Ga-DOTA-exendin-4 PET/CT over 111In-DOTA-
exendin-4 SPECT/CT, because of a higher image contrast, a higher spatial resolu-
tion, the possibility of quantification, and a lower radiation burden. This is currently 
an ongoing study (ClinicalTrials.gov NCT02127541) for the localization of insuli-
noma and transplanted islet cells, at the University Hospital of Basel, Switzerland. 
In a parallel and ongoing study (ClinicalTrials.gov NCT02560376) performed at the 
Peking Union Medical College Hospital, China, 68Ga-NOTA- MAL-Cys40-exendin-4 
(NOTA: 1,4,7-triazacyclononane-1,4,7-triacetic acid (Fig. 7.1) and NOTA-MAL: 
NOTA mono N-ethylmaleimide) PET/CT in patients with endogenous hyperinsulin-
emic hypoglycemia concluded on the much higher sensitivity of GLP-1R PET 
imaging for the detection of insulinoma than CT, MRI, endoscopic ultrasound 
(EUS), and somatostatin receptor scintigraphy [96]. Lately, a consortium (coordi-
nated by the Radboud University Medical Center, Nijmegen, The Netherlands) with 
17 research institutions and companies throughout Europe joined forces in order to 
develop an imaging and therapeutic platform for the “Personalized diagnosis and 
treatment of hyperinsulinemic hypoglycaemia caused by beta-cell pathology” (EU 
FP7 project BetaCure (http://www.betacure.eu)). Among others, the goal of the 
project is the development of the PET tracer [Lys40(NODAGA-68Ga)NH2]-exendin-4 
(68Ga-NODAGA-exendin-4) and its clinical evaluation in adults and in congenital 
hyperinsulinism in children.
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Overexpression of GLP-1 receptors not only on insulinoma cells but also on 
pancreatic beta cells provides further potential applications of GLP-1R imaging 
[82, 97, 98] in diabetes mellitus. It allows the quantification and monitoring of the 
β cell mass (BCM) during the course of the disease and under antidiabetic treat-
ment. Furthermore, the method might be used for assessing islet cell graft survival 
after transplantation. 111In-DTPA-exendin-4 was used to follow β cell viability of an 
islet transplantation into the forearm of a human patient [99].

7.3.3  Cholecystokinin 2 (CCK2)/Gastrin Receptor Targeting

Almost all medullary thyroid carcinoma (MTC) (92 %) expresses the cholecystoki-
nin 2 (CCK2) receptor (or CCK-B or gastrin receptor), a G-protein-coupled recep-
tor, in high density [100]. The peptide hormone gastrin binds with high affinity and 
specificity to CCK2. Therefore, specific targeting of CCK2 with radiolabeled gas-
trin analogs is a promising approach for imaging and also for systemic treatment of 
MTC and its metastasis.

Minigastrin (MG) Leu1-Glu2-Glu3-Glu4-Glu5-Glu6-Ala7-Tyr8-Gly9-Trp10-Met11- 
Asp12-Phe13-NH2 is a C-terminal truncated non-sulfated form having 13 amino acid 
residues. The presence of the C-terminal sequence Trp-Met-Asp-Phe-NH2 is crucial 
for receptor binding [101, 102]. The 111In-DTPA derivative of MG, where the first 
amino acid Leu1 was replaced with by d-Glu1 resulting in an analog containing six 
glutamic acid chains (MG0), was the first gastrin analog to be administered in a 
MTC patient (111In-DTPA-d-Glu-(Glu)5-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2) 
[103]. Despite very encouraging accumulation at the tumor site, this preliminary 
study revealed also a high accumulation of radioactivity in the kidneys that are 
radiation-sensitive organs. High kidney uptake is a typical characteristic for this 
class of compounds.

Gastrins are particularly vulnerable to in vivo degradation by proteases. Many 
structure-activity relationship studies have been conducted in an attempt to cir-
cumvent this problem without diminishing the potency of in vivo targeting of 
CCK2. In a series of 111In-DOTA-minigastrin analogs with reduced number of 
glutamic acid residues (reduced negative charge), it was shown, preclinically, that 
reducing the number of glutamates improved binding affinity, significantly 
reduced kidney uptake, and increased tumor-to-kidney ratio [104]. However, the 
absolute tumor uptake and the metabolic stability of the analog in which the glu-
tamate sequence has been removed, namely, MG11 (DOTA-D-Glu-Ala-Tyr-Gly-
Trp-Met-Asp- Phe-NH2) were lower compared to MG0. The 99mTc-labeled 
tetraamine (N4)-derivatized minigastrin analogs, using a Gly spacer (99mTc-N4-
Gly-d-Glu-(Glu)5-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2, where N4: 6-carboxy-
1,4,7,11-tetraazaundecane, Fig. 7.1), known as demogastrin 2, appeared to be 
more promising diagnostic tool in preliminary clinical studies, compared to 
111In-DOTA-MG11 [105].
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Large efforts were put into the improvement of these analogs, in terms of higher 
in vivo stability, better receptor affinity, and reduced kidney uptake. A systematic 
multicenter study supported by the European Cooperation in Science and Technology 
(COST) action BM0607 [106–108] concluded that the analog where the hexagluta-
mate of the MG0 analog was replaced by hexa-d-Glu, namely, PP-F11 (DOTA-(d- 
Glu)6-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2), was the most promising in terms of 
in vitro stability and in vivo performance. The analog PP-F11, labeled with 111In, is 
currently under clinical development within the Bando ERA-net TRANSCAN JTC 
2011 EU project “GRANT-T-MTC” as an imaging agent.
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Chapter 8
SPECT/CT, PET/CT and PET/MR Principles

Stephen Walrand, Michel Hesse, and Francois Jamar

8.1  Introduction

In 1895, while studying the Crookes tube, the German physicist Wilhelm Röntgen 
observed that it produced an unknown kind of radiation that was able to pass through 
materials in a way depending on their density. Brilliantly, right after this observa-
tion, Röntgen had the idea to make the first planar radiography of his wife’s hand. 
Next year, Henri Becquerel noted that uranium also emits a similar kind of invisible 
radiation able to cross opaque and dense matter. In the following years, physicists 
proved that these x- and γ-rays were parts of the electromagnetic spectrum described 
by the Maxwell equations.

Early in the beginning of radiology and of nuclear medicine, researchers tried to 
get free of the superimposition of the signals coming from the different depths in the 
patient. Johann Radon already proved in 1917 that it was mathematically possible 
to reconstruct a function from the knowledge of its summation over lines. However, 
clinical tomography studies based on this theory, namely, SPECT, PET and CT, 
only began in the 1970s, thanks to the continuous increasing calculation speed of 
the computers [40, 45].

MRI that uses the opposite part of the electromagnetic spectrum came into clin-
ics one decade later [119]. Note that the resolution length of these electromagnetic 
waves is much larger than human organs. As a result, simple measurement of the 
radio frequency wave propagation through the patient’s body is not precise enough 
as it is with x-rays. MRI is so based on a completely different mechanism using 
specific induced local resonances.
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In oncology, emission tomography (i.e. SPECT or PET) is mainly used in four 
applications: disease diagnostic or staging, radionuclide post therapy check, tumor 
follow-up and radionuclide therapy dosimetry. The first two applications require 
low noise-high contrast images and the anatomical localization of the observed 
activity. As oncologic radiotracers are obviously designed to preferably target the 
tumors, the anatomical information provided by emission tomography is poor. This 
triggered the introduction of hybrid systems combining emission tomography with 
CT or MRI modality. The last two emission tomography applications require quan-
titative imaging and thus also benefit from the additional anatomical image that 
provides information about the scattering and attenuation underwent by the gamma 
rays in the patient.

8.2  Tomography from Projections

8.2.1  Nature of the Problem

Transmission (CT) and emission (SPECT, PET) tomography modalities originated 
from the work of the mathematician Johann Radon who proved in 1917 [Radon 
et al. [77] (translation by Parks)] that a function can be retrieved from the knowl-
edge of its integrals along an appropriate set of lines, called lines of response 
(LOR). All the discussion in this section will refer only to CT, SPECT and PET 
tomographic modalities, magnetic resonance imaging (MRI) being a 3D probing 
modality.

In most applications, the LOR set is formed by the projections acquired at dif-
ferent angles around the patient. Basically, the appropriate number of angles is 
equal to the dimension of the reconstruction matrix. Besides various disturbing 
physical effects depending on the specific detector used in each modality (we will 
review them in next sections), this common tomographic acquisition geometry 
induces by itself several artefacts in the final reconstructed image. The understand-
ing of these artefact productions is of prime importance in order to visually inter-
pret the image in the right way, but also to accurately quantify the reconstructed 
distribution.

A major difference between planar and reconstructed images is the nature of 
noise. In a planar image, the noise is not correlated and follows the Poisson distribu-
tion, i.e. the standard deviation of a pixel value obtained from repeated identical 
acquisitions is independent of the pixel values elsewhere in the image and is simply 

equal to the square root of the pixel mean value, i.e. n n± . In tomography, the 

voxel value in a transverse slice is reconstructed from different LORs passing 
through all the voxels of this slice. As a result, the noise in a voxel is correlated to 
the noise present elsewhere in the slice [79, 80], and its order of magnitude is about 
that of the noise present in a projection. This explains why, although tomography 
provides much more information by removing the activity superimposition, the 
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image (Fig. 8.1d) appears less natural than planar views (Fig. 8.1a–c). This also 
explains why much longer acquisition time is required in tomography than in planar 
acquisition.

8.2.2  Tomography is an Ill-Posed Problem

Let’s study the theoretical case of an ideal tomography (i.e. no disturbing physical 
effects) with continuous reconstruction variable (i.e. very small reconstruction 
voxel), with continuous detector sampling (i.e. very small projection pixel) and with 
projections acquired at n equidistant angles around the object. Consider the follow-
ing voxel distribution a(r,θ):

a b

c d

Fig. 8.1 A 55-year-old female patient affected by pHPT with small parathyroid adenoma (size, 
6.1 mm; weight, 261 mg) sited behind inferior pole of right thyroid lobe, negative on planar 
99mTc-pertechnetate (a), 99mTc-tetrofosmin (b) and subtraction (c) scintigraphy and clearly 
revealed (arrow) on coronal P-SPECT (d) (Reprinted from Spanu et al. [95] with permission of the 
Society of Nuclear Medicine)
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where (r,θ) are the polar coordinates in the transverse plane (x,y), A(r) is an arbi-

trary function and k is an integer. As the projections are acquired at the angle i
n
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with i = 0,…,n−1, and as by construction a(r,θ) is invariant for a rotation 
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, all the projections are identical and it is sufficient to compute the 

projection for φ = 0 (Fig. 8.2b, c).
Along the integration line s for the projection φ = 0, the sum of a(r,θ) at the posi-

tions –t and t (Fig. 8.2a) is:
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Adding n π with n odd changes the sign of cosine and with n even does not change 
the sine; thus Eq. (8.2) becomes:
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(8.3)

As cosine is an even function and sine an odd one, both terms of Eq. (8.3) vanish.
So by symmetry the integration of the distribution a(r,θ) on lines parallel to the 

x-axis, i.e. all the projections P(s,φ), is null. In other words, the non-null distribution 
a(r,θ) is an invisible object for the tomographic acquisition.

In the real world, the reconstruction variable and the detector sampling are dis-
crete, i.e. transverse voxel and projection pixel have finite size. As a consequence, 

a b c

Fig. 8.2 (a) Schematic representation of the integration line in the transverse plane (b) and (c) 
invisible distributions corresponding to a tomography of five and six angles, respectively. The 
empty rectangles represent the detector position at the different tomography angles. Small num-
bers of angles were used for the sake of clarity
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the projections of the distribution (8.1) will not strictly vanish but will be very small. 
It is possible using more sophisticated mathematical calculus to show that the 
 projections will be very small no matter where the distribution (8.1) is centred in the 
transverse slice. This means that there exist some very small perturbations of the 
projections that correspond to large fluctuations in the reconstruction slice. This 
makes the reconstruction unstable versus small perturbations induced by noise in 
the acquired data. Such kinds of problems are called ill-posed, or ill-conditioned, 
problems [10].

So, not only is the noise correlated in a transverse slice but is also structured in 
star patterns around intense sources, called streak artefacts (an example of such 
artefacts can be seen in Fig. 8.5b). Intense source refers to a dense material in CT or 
to a high activity in SPECT or PET. The reconstructed slice contains artefactual 
positive or negative values along the LORs crossing the source in order to reproduce 
the observed positive or negative noise contribution in the measured projection at 
different angles, respectively. For LORs not crossing the source, the sum of succes-
sive artefactual positive and negative values vanishes.

As a result the visualization and the quantification of low intensity sources will 
be significantly hampered by the artefacts originating from higher intensity sources 
present in the same slice. Typical issues are in CT, the tissue visualization around a 
metallic implant, and in emission tomography the tumor visualization and quantifi-
cation around a bladder with high active content (see Fig. 8.6a). Note that in this last 
case, unlike PET, SPECT is additionally impacted by the fact that the content, and 
consequently the activity, of the bladder can increase from a projection to another 
one. The attenuation in tissue combined with the fact that the human body is larger 
than thicker favours positive artefactual values in the anterior and posterior regions 
of the bladder and negative artefactual values in the left and right regions of the 
bladder.

8.2.3  Analytical and Iterative Reconstruction Techniques

The meaning and the difference between analytical and iterative methods often 
appear quite obscure for the non-physicist. In this book mainly dedicated to the 
medical community, we think useless to introduce and discuss the reconstruction 
techniques in terms of Fourier transform, log likelihood maximization in Poisson 
distribution, etc. So we will discuss the principles and benefits of these reconstruc-
tion techniques through a very simple example: there is an abundant specialized 
literature of high level [16, 19, 20] that the medical physicist can consult. Our exam-
ple will require only basic knowledges in matrix algebra that are learned in second-
ary school. All the numerical computations described can be easily performed using 
the matrix functions implemented in Microsoft Excel.

Analytical refers to an algorithm that always requires the same number of ele-
mentary operations (e.g. +, −, ×, /, cosine, sine, etc.) in order to obtain the solution. 
Iterative refers to an algorithm that proceeds by successive improvements (called 
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iteration step) of an approximate solution. In this case, the number of iteration steps 
required to get the aimed accuracy depends on the initial approximate solution and 
also on the acquired data.

8.2.4  Analytical FBP Reconstruction

Consider the very simple case of an emission tomography from a 2 × 2 voxelated 
region shown in Fig. 8.3.

Typically the voxel a1 corresponds to a tumor located close to a filled bladder 
modelled by the voxel a3, the voxels a2 and a4 modelling some residual vascular 
activity. In the following computations, the reader should be attentive to the differ-
ence between pi, i.e. the projection value obtained in one specific acquisition, and 
〈pi〉, i.e. the mean projection value obtained by repeating many times the acquisition 
under identical conditions.

This tomography acquisition setup can be simply written as a matrix product:

 
p c ai

j
ij j=

=
∑

1

4

 
(8.4)

Fig. 8.3 Schematic setup in the transverse plane of a simple ideal emission 2 × 2 tomography with 
projections acquired at 45 and 135°. The numbers in the cells represent the mean counts emitted in 
the transverse slice voxels during a projection acquisition time. The symbols ai and pi are the com-
pact labels of slice voxels and projection pixels commonly used in literature
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where the matrix c is:
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giving the mean projection pixels values:
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As the determinant of this matrix is non-null, the linear equation system (8.4) has a 
unique solution (note that using 0 and 90° in place of 45 and 135° is a degenerate 
case and results in a null determinant). The inverse of the matrix c can be directly 
computed using the minors and cofactors technique (function minverse in Excel) 
which gives:
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A straightforward computation (mmult in Excel) shows that our example satisfies 
the relation:

 
a c pi

j
ij j=

=

−∑
1

4
1

 
(8.8)

In other words, the reconstruction of the tomographic acquisition can be performed 
by computing the inverse of the matrix c and making the product of this inverse with 
the projection.

Even for a SPECT using a 64 by 64 transverse voxels reconstruction, the dimen-
sion of the matrix c is already 4096 × 4096. Direct inversion of such a matrix, even 
with the most powerful computer, is not compatible with clinical routine (note that 
in order to correct the attenuation of the gamma rays in the patient, the matrix c is 
in reality dependent on the patient and its inversion cannot thus be computed once 
for all; see next section).

Fortunately, the matrix c describing an ideal tomography, i.e. where the projec-
tion pixel values come from a single LOR (perfect collimator resolution and no 
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Compton scattering), has special properties resulting from the fact that the voxel 
integrations are performed along parallel LOR rotating around the slice. Using the 
Fourier transform theory, it is possible to prove that, for large dimensions (>16 × 
16), the analytical computation (8.8) of ai can be approached by two simple steps: a 
RAMP filtering of the projections followed by the multiplication with the transpose 
of the matrix c. This second operation is commonly called “back-projection”, and 
the whole reconstruction called filtered back-projection (FBP). The RAMP filtering 
can be simply performed by multiplying the Fourier transform of the projection by 
the module of the spatial frequency, and the transpose cT of the matrix c is just the 
matrix obtained by swapping of the indices, i.e.:

 
c cij
T

ji=
 

(8.9)

In a real acquisition, the mean values 〈pi〉 will never be observed as being inevitably 
corrupted by Poisson noise of magnitude pi . Consider the following tomography 
typical acquisition values:
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p was obtained by adding a random Poisson noise to (8.6).
The computation of (8.8) using p instead of 〈p〉 gives:
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(8.11)

We can see that a small perturbation on the projection (±10) induced a larger varia-
tion in the reconstructed voxels (±40) illustrating the ill-posedness of emission 
tomography; see [20] for a mathematical description. As a result the tumor, mod-
elled by the voxel a1, is completely obscured by the streak artefact induced by the 
voxel a3 modelling the filled bladder.

8.2.5  Iterative EM-ML Algorithm

A more powerful reconstruction technique can be implemented after noting that the 
disturbing streak artefact in (8.11) contains negative voxels which do not represent 
a physical emission. Rather than computing the exact solution of equation (8.4), it 
is preferable to compute the optimal solution containing only positive voxels. By 
optimal solution we mean the counts distribution aj that minimizes the weighted 

S. Walrand et al.



171

chi-square between the acquired projections p and the projections that the distribu-
tion ai should have produced, i.e.:
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where n is the reconstruction matrix size. The weighting 1/pi takes into account the 
corruption of the data by Poisson noise. Equation (8.12) is usually called the objec-
tive function to be optimized. Up to now, there is no existing analytical method 
minimizing Eq. (8.12) with ai ³ 0 . However in our simple tomography setup (n = 2), 
this non-negative solution can easily be computed using the solver facility of Excel 
(based on the iterative Newton–Raphson algorithm) and constrained to non- negative 
solution. One gets:
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In this case the streak artefact is almost fully removed and the voxel value a1 model-
ling the tumor is partially retrieved. There are numerous and fast iterative algo-
rithms that minimize the chi-square (8.12), such as the conjugated gradient, the 
Levenberg–Marquardt and the Landweber [75]. However, constraining thousands 
of unknowns to be non-negative during the iterations dramatically hampers the con-
vergence speed and stability of those algorithms.

An alternative of minimizing the weighted chi-square is to maximize the likeli-
hood of the solution ai. When the acquired data pi are distributed as independent 
Poisson variables around the mean values 〈pi〉, it can be shown that the log of the 
likelihood is:
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An algorithm that at each iteration step increases the likelihood (8.14) was devel-
oped [88]. This algorithm always converges because there exists an upper bound 
value for the likelihood (8.14). This algorithm called expectation maximization of 
the maximum likelihood (EM-ML) is:
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Usually, the initial solution is chosen to be ai
0 1=  for all i. As all the cij are non- 

negative, this choice of initial solution preserves in a natural way the non-negativity 
of the solution. In our 2 × 2 example, Eq. (8.15) converges to:
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Note that EM-ML is a multiplicative algorithm and is thus non-linear, i.e. the sum 
of the reconstruction of two acquisitions is not equal to the reconstruction of the 
sum of the two acquisitions, i.e.:

 
EMML EMML EMMLp p p p1 2 1 2( ) + ( ) ¹ +( )  

(8.17)

The right-hand side scenario provides the best result.
The EM-ML also has the drawback to have a very slow and non-uniform conver-

gence speed: hundreds or even thousands of iterations are needed to come close to 
the solution, especially in the low count regions (Fig. 8.4).

8.2.6  FBP, EM-ML and OSEM in Clinical Studies

To reduce the computation time, an accelerated version of EM-ML called ordered 
subset expectation maximization (OSEM) was developed [38] and became the stan-
dard algorithm in tomographic reconstruction. Boost speed factor of about 30 can be 
reached; however OSEM does not overcome the non-uniform convergence speed 
issue.

Fig. 8.4 Pseudo-log-log representation of the relative deviation (RD) as a function of the EM-ML 
iteration number. Although only about 11 iterations are needed to get an RD better than 5 % for the 
voxel a3 (value = 150), more than 2000 and 10,000 iterations are needed for the voxel a1 (value = 10) 
and the voxels a2 and a4 (value = 1) to get the same accuracy, respectively
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Physically, cij represents the probability that a photon emitted in the voxel aj will 
be detected in the pixel pi. When physical effects such as non-uniform attenuation, 
Compton scattering and detector response are included in the modelling of this 
probability cij, it is no longer possible to reconstruct the tomography using analyti-
cal methods such as FBP. On the other hand, iterative algorithms like EM-ML 
(Eq. 8.15) naturally compensate these disturbing physical effects during the recon-
struction. This further explains why since a decade EM-ML or OSEM have super-
seded the historical FBP reconstruction in most SPECT and PET routines.

Figure 8.5 shows reconstructions of a phantom modelling, a typical 111In-octreotate 
SPECT study. Conventional FBP reconstruction using a Shepp–Logan filter does 
not allow visualizing the two modelled tumors that are overshadowed by the streak 
artefact originating by the active kidney cortices. The EM-ML reconstruction 
clearly reveals the presence of the modelled tumors. Note also the better cortex 
delineation and contrast with the kidney pelvis as a result of the inclusion of the 
Compton scattering and of the collimator response in the EM-ML algorithm.

a

b c

Fig. 8.5 (a) Drawing in the transverse plane of the phantom modelling, a typical 111In-octreotate 
study, all compartments are filled with water, besides a Teflon bar modelling the spine attenuation. 
Specific 111In concentrations in the two tumors were 50 and 25 % that of the modelled kidney cor-
tex. (b, c): SPECT 30 min acquisition of the phantom performed on a Trionix Triad XLT20 camera 
equipped with a MEGP collimator and reconstructed in matrix 64 × 64 with FBP (b) and EM-ML 
(c), respectively. Compton scattering [114] and collimator PSF were included in the EM-ML 
reconstruction. Note the clear visualization of the modelled tumors in the EM-ML reconstruction, 
while in FBP they are overshadowed by the streak artefact originating from the kidneys
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In contrary, most CT studies are still reconstructed with FBP. This results from 
two major features. First, CT scan requires reconstruction matrix size much larger 
than in SPECT or PET which dramatically increases the reconstruction time when 
using EM-ML-based algorithms. Secondly, as the dose is delivered to the patient 
only during the acquisition time, and not during several hours such as in SPECT and 
PET, CT can benefit from higher acquisition counting rates. This reduces the noise 
present in the acquired data and the need to use EM-ML-based algorithms. However, 
due to the endless increasing concern about patient radioprotection, all CT manu-
facturers are now proposing iterative reconstruction algorithm with their systems in 
order to reduce the patient irradiation [8, 39, 70, 71].

8.2.7  EM-ML and OSEM Regularization

Although the non-negativity of EM-ML well overcomes the streak artefact issues in 
low count region, EM-ML does not succeed as well in large count regions where the 
ill-posed nature of tomography induces high negative–positive fluctuations around 
the actual counts. The amplitude and the frequency of these fluctuations increase 
with the number of iterations. A simple method to address this issue is to limit the 
number of iterations, which in some way regularizes the problem. However, due to 
the non-uniform convergence speed, this approach cannot be recommended when 
the target tissue is located close to a more active tissue, which is often the case in 
nuclear medicine.

A popular way to regularize the problem is to add some penalty function P to the 
likelihood and to maximize the cost function:

 
Q a L a P a( ) = ( ) - ( )l

 
(8.18)

The goal is now to find the solution aj that maximizes Q(a). The penalty function 
P(a) is constructed such that P(a) increases with fluctuations in ai. In other words, 
the first term in (8.18) penalizes solutions which do not fit well the acquired data, 
while the second penalizes solutions containing unphysical variations. Note that Eq. 
(8.18) contains an adjustable parameter λ. A very simple penalty function is:
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It is very simple to check that for a constant total count C a
i

i=å , the solution that 

maximizes −P(a) is the uniform solution a
C

ni = , i.e. the smoothest solution (e.g. if 

n = 2 and C = 8, 5 3 4 42 2 2 2+ > + ) . Obviously, this simple penalty function has the 

drawback to also smooth the actual activity transition at the tissue boundaries.
There is a very abundant literature about regularization methods [10, 20, 24, 

62–64]. Popular regularization methods are:
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• The use of various sophisticated penalty functions or Bayesian prior designed to 
better preserve the actual edge transitions, such as the promising total variation 
method [14].

• Blob-based reconstruction, where the reconstruction is not performed on adja-
cent voxels but on overlapping voxels (called blobs) of various shapes and diam-
eters playing the role of regularization parameter λ. The inter-blobs coupling due 
to the overlapping stabilizes the reconstruction and avoids excessive 
fluctuations.

• Relaxation method, where the next iteration is not obtained purely using Eq. 
(8.15), but by performing a weighted sum of Eq. (8.15) with the previous itera-

tion, i.e. l la an n+ -( ) +1 1 . When the relaxation parameter λ vanishes, one gets 

back the standard EM-ML algorithm.

Combinations of these different regularization methods are also proposed. Once 
in a while, one manufacturer claims to have succeeded in implementing the ultimate 
reconstruction algorithm that provides a noise-free image without any compromis-
ing of the resolution, giving self-important and attractive name to their reconstruc-
tion software. The reality is that despite intense works performed by mathematicians 
during the last two decades, this ideal regularization has not yet been found. Current 
regularizations still include some trade-off between noise reduction and resolution 
smoothing through the regularization parameter λ which in practice depends in an 
obscure way on the acquired data. Manufacturers continuously improve empirical 
relations giving the regularization parameter as a function of the tracers used, tissue 
studied and patient size. All these considerations advise the clinician to pay atten-
tion to the image rendering.

8.2.8  Conditioning Improvement in Emission Tomography

Although during 40 years the ill-posed nature of emission tomography was only 
addressed in the reconstruction process and only intensively for the last two decades, 
a major breakthrough was initiated in 2006 with the launching of the first successful 
commercial time-of-flight (TOF) PET system [102]. Indeed, by measuring the 
arrival delay between the two 511 keV γ-rays on the detector ring, it is possible to 
get information about the decay location on the LOR. Current TOF-PET systems 
have a TOF resolution of about 320 ps [101] which corresponds to a spatial resolu-
tion of about 5 cm on the decay location on the LOR. Using such a system, two 
decays occurring at two positions –t and t on the LORs (see Fig. 8.2a) more than 
5 cm apart will be counted in two different TOF projections. As a result negative and 
positive offset around the actual counts will no longer cancel each other. In other 
words, the distribution (8.1) is now a visible object for a TOF-PET system, and only 
the distribution (8.1) truncated inside the radius r = 2.5 cm will remain an invisible 
object. TOF information really reduces the ill-posed nature of the tomography 
acquisition [4, 18] rather than lowering its impact on the reconstructed data. As a 
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result TOF significantly reduces noise artefact (Fig. 8.6), especially in corpulent 
patient where the higher attenuation reduces the count rate and thus increases the 
noise in acquired data [50].

Since a decade an intense race is engaged between physics labs in order to reach 
a TOF resolution of 25 ps corresponding to a decay localisation resolution of 4 mm 
[111]. When reached, this TOF resolution will allow the direct positioning of the 
decay in the appropriate 4 mm transverse voxel without any reconstruction process: 
TOF-PET will become a full well-posed problem. In consequence, all the noise 
artefacts will disappear; noise will no longer be correlated in the transverse slice and 
will follow the Poisson distribution such as in planar view. From 2006 to 2015, the 
TOF resolution of commercial systems improved from 650 ps to 320 ps [60, 101, 
103]. In physics labs, TOF resolution of 75 ps was reached, but using a simple two- 
arm detectors equipped with pure thin CsBr crystal [89].

A similar breakthrough for SPECT is in preparation in physics labs with the 
development of recoil electron-tracking Compton camera using pressurized gas 
chamber [46, 47]. With this camera, the LOR of the decay is determined without the 
use of a collimator. Surrounding the patient with such cameras and using multi 
γ-rays emitters, such as 111In, 67Ga or 95Tc, the decay location will directly be obtained 
without any reconstruction process [111].

8.3  CT

8.3.1  Principles

In CT, an anatomical image is derived from the total attenuation underwent by 
x-rays along different angles around the patient. The radiation intensity reaching the 
detector is given by
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Fig. 8.6 Reduction of the artefacts present around the bladder in non-TOF reconstruction 
(Courtesy of Dr. Joel Karp)
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where I0 is the source intensity, μ(x,y) is the patient attenuation coefficient and Rθ is 
the rotation by an angle θ. Taking the logarithm gives:
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Projections p are the sum of the attenuation coefficients along the LORs and can 
thus be reconstructed in the same way that emission tomography where the projec-
tions are the sum of the activity. For a specific photon energy, regarding that mam-
malians are mainly made of low atomic number Z elements (Z ≤ 8), the attenuation 
coefficient mainly depends on the crossed tissues density.

CT reconstructed images are usually displayed in Hounsfield units, defined as
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where μw is the attenuation coefficient of water at the x-ray beam energy used.
Clinical CT developed in [36] is still in continuous improvement [22, 48]. The 

first CT generation was composed of only one x-ray source and one detector cell 
translating and rotating together around the patient (Fig. 8.7a). Next, the number of 
detector cells was increased in order to reduce the acquisition time (Fig. 8.7b). Most 
current CT scanners are from the third generation where an x-ray fan beam is 
detected by many cells forming an arc or a flat panel [29, 30] (Fig. 8.7c). In some 
systems, the source-detector couple rotates around the patient while the patient 
table translates, resulting in a helical acquisition, often called spiral. There exists a 
fourth generation of CT scanner where the detector is a full stationary ring around 
the patient (Fig. 8.7d).

Note that similarly to PET, no mechanical collimation is needed, the LOR being 
the line going from the x-ray point source to the detector cell reached.

The development of fast spiral CT scanner in the 1980s gave a boost to the use 
of CT in medical imaging. Shorter scans make it possible for patients to hold 
their breath during the scan which reduces motion artefacts. Spiral CT scans are 
characterized by the pitch factor, equal to the ratio of the distance covered by the 
table in one source revolution over the detector axial width (or slice thickness). 
In practice the pitch factor is chosen between 1 and 1.8. A higher pitch corre-
sponds to faster volume coverage, but also to fewer data samples as the gap 
between samples increases [37]. Note that with the introduction of multi-row 
detector, some controversies and discrepancies appeared in the definition of the 
pitch [91].

Although CT reconstruction used the same methods than in emission tomogra-
phy, the different detection technique used results in specific reconstruction arte-
facts that are important to know and to identify [7, 12, 37].
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8.3.2  Beam-Hardening Artefacts

Beam-hardening artefacts are due to the non-monochromatic nature of the x-ray 
beam source which is produced by fast electrons colliding with a solid metal anode. 
This generates a continuous energy spectrum up to a maximum energy fixed by the 
high voltage applied between the cathode and anode, i.e. the “kV” value. When 
travelling into the patient’s body, the low-energy part of the spectrum is more atten-
uated making the beam harder and harder. As a result, the beam is less and less 
attenuated by the tissue, resulting in an underestimation of the tissue density in the 
reconstruction image (Fig. 8.8).

A simple correction, implemented in all modern CT scanner to reduce the beam- 
hardening artefacts, consists in adding an aluminium or copper plate between the 
source and the patient to filter the low energetic photons.

a

c d

b

Fig. 8.7 Four generations of CT scan. (a, b) First and second generation: one beam source and 
detector(s) couple translating and rotating around the patient. (c) Third generation: fan beam 
source and arc-shaped detector couple rotating around the patient. (d) Fourth generation: fan beam 
source rotating around the patient surrounded by a full-ring static detector
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The beam-hardening of the x-ray spectrum also induces errors in the recon-
structed image in the form of under-evaluated attenuation coefficients in the central 
region of the patient. These are called cupping artefacts. Most CT scanners include 
software corrections for these artefacts based on a calibration of the system with a 
water phantom. Of course these corrections are not adapted for bone tissues as 
these attenuate the x-ray beam a lot more than water or soft tissues. In that case 
more sophisticated techniques are needed to correct for beam-hardening artefacts. 
One solution is to combine CT scans acquired with two different energies, i.e. two 
different maximum high voltages [44]. By combining the projections obtained 
with the two scans, it is possible to reconstruct the image without beam-hardening 
artefacts [15].

8.3.3  Motion Artefacts

The reconstruction theory assumed that the object did not change during the CT 
scan. In clinics, this assumption may not hold as breathing, cardiac beating and 
peristalsis induce motions. Object changes can also result from the administration 
of contrast agent. As a result, the projections acquired at different time become 
inconsistent and produce motion artefacts in the reconstructed image. These arte-
facts can be reduced by decreasing the scan duration below the typical motion. The 
drawback is the associated reduction of the signal to noise ratio. In the case of respi-
ratory motion, artefacts can be reduced if the patient is able to hold his breath during 
the scan.

Optimal solutions to avoid breathing and beating artefacts make use of gating 
acquisitions [51, 96]. Different parts of the cycle are then reconstructed resulting in 

a b

Fig. 8.8 (a) Beam-hardening artefact due to the stronger attenuation of bone tissues (Reprinted 
from [27] with permission of the society of nuclear medicine). (b) Schematic explanation. a: 
Typical CT energy spectrum. b and c: Hardened energy spectra after crossing 5 cm of bone and 
water, respectively. d and e: Resulting energy spectra after crossing an additional 5 cm of water. 
Due to the higher hardening by bone, the ratio of the total counts between spectra d and b (i.e. 
0.37 = 40/108) corresponds to a pseudo less attenuating additional tissue than the one exhibited by 
the ratio of spectra e and c (i.e. 0.34 = 107/313)
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4D images. These 4D modes not only reduce motion artefacts but also make it pos-
sible to study the organs in motion. Alternative methods are also developed in order 
to extract motion information from the projection data only directly into the itera-
tive reconstruction algorithms [39].

8.3.4  Sampling Artefacts

Sampling artefacts, also known as aliasing, arise when the Nyquist–Shannon sam-
pling theorem is not satisfied. The theorem states that, to be able to correctly recon-
struct, the number of sampling points per distance unit must be at least twice the 
highest spatial frequency in the imaged object. Thus in order to fully profit of the 
resolution of the detector cells, at least two sampling points should be obtained per 
detector cell [37].

Two oversampling methods exist. (1) The quarter detector shift consists in shift-
ing the detector array from one quarter of a cell with respect to the x-ray focal spot 
(Fig. 8.9a). Projections at 180° from each other are no more equivalent, and scans 
over 360° allow to double the sampling points. However, this technique is only par-
tially effective as the double sampling property, exact for the centre rays, is only 
approximate for other rays. (2) In the focal spot wobble approach, the doubling of 
the sampling is obtained by taking additional measurements after a small displace-
ment of the focal spot. For each projection data, an additional projection is per-
formed when the detector has rotated, so that the detector cells straddle their previous 
position, and the focal spot was moved close to its previous location (Fig. 8.9b,c).

8.3.5  Detector-Induced Artefacts

It is well known that defects in the detector produce artefacts in the reconstructed 
image. In third-generation CT scanner, the failure of a detector channel is at the 
origin of ring artefacts as to a given detector channel corresponds a circle in the 
object space [15].

Afterglow photons can be detected too late and then associated to wrong projec-
tions resulting in blurred tissue boundaries in the images. However, modern ceramic 
scintillators, such as the popular gadolinium oxysulfide, have significantly over-
come this issue with their very short afterglow.

8.3.6  Metal Artefacts

Metal artefacts are very problematic for patient diagnosis. Because of their high- 
density and high atomic number compared to soft and bone tissues, metal implants 
produce strong beam-hardening artefacts. Furthermore, as the borders of metal parts 

S. Walrand et al.



181

are usually very sharp, partial volume and aliasing artefacts are also common in the 
reconstructed image. Metal implants not only strongly attenuates the primary beam, 
they also produce a lot of scattered rays. This induces a low signal to noise ratio 
behind the metal object. Metal objects also introduce inconsistencies in the projec-
tions data, which produces especially dark and light stripes in the CT image 
(Fig. 8.10).

Solutions to beam-hardening and partial volume artefacts are also adequate to 
reduce metal artefacts. Additional techniques replace projections data due to the 
metal objects by some interpolation of the neighbouring projection data. This 
greatly improves the image quality around the metal objects, but these objects and 
the nearest tissues are missing from the reconstructed image. Dedicated iterative 
reconstructions allow a better compensation of projection inconsistencies and are 
now proposed by CT manufacturers [105].

a b c

Fig. 8.9 (a) Quarter shift detector technique to double the sampling in 360° CT scans. Opposite 
projections are no more equivalent. (b, c): Focal spot wobble technique to double the sampling. 
The couple formed by the x-ray source and the detector are rotated by a small angle so that the 
detector cells straddle their previous positions (b), and then the focal spot is moved to its previous 
location (c)

a b

Fig. 8.10 (a) Metal artefact as dark streak between hip replacements. (b) Same image after use of 
the metal deletion technique (Reprinted from Boas et al. [8] with permission of Future Medicine)
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8.3.7  Scatter Radiation Artefacts

In addition to be absorbed by the tissue by photoelectric effect, x-rays are also scat-
tered. These scattered photons can then reach other detector cells and increase the 
corresponding measured signals. This is an issue when strongly attenuating objects 
are scanned (like shoulder, abdomen, pelvis or metal implants), because in that case 
the scattered signal may become larger than the direct signal. In the third CT gen-
eration, the contribution of scattered rays is reduced by setting a collimator, or anti- 
scatter grid, in front of the detector and focusing to the x-ray source [15, 37]. 
Correcting software algorithms are also developed [90, 122].

8.3.8  Specific Spiral CT Artefacts

Artefacts specific to spiral CT scans are related to the pitch factor. When the pitch 
increases, or equivalently when the distance travelled by the table during one gantry 
rotation increases, less information are collected per scan volume. This induces 
inconsistencies in the data because of the interpolation needed in spiral CT recon-
struction which results in shading artefacts.

8.3.9  Noise

The noise in reconstructed images has two origins. (1) The detector noise is the 
thermal noise produced by the electrons in the detector and is independent of the 
x-ray flux. (2) The quantum noise comes from the stochastic fluctuations in the 
number of photons (quanta) reaching the detector and can produce streak artefacts 
in reconstructed images (Fig. 8.11). Typically, noise reduction is obtained by 
increasing the number of photons measured on the detector. This can be done by 
increasing the detector size or the x-ray tube intensity, expressed in mAs, i.e. the 
product of the current by the exposition time. Noise reduction techniques are also 
implemented in recent iterative reconstruction algorithm, so as to preserve the 
image quality together with a dose reduction for the patient (see below).

8.3.10  Dose Reduction

Because of its performance as a diagnostic tool, the use of CT scans has known a 
tremendous growth since a few decades [58] resulting in concerns about radiation 
doses. Moreover, scanning protocols were initially derived for adults which leads to 
an overexposure in the case of paediatric CT study. Several techniques have been 
developed in order to reduce the patient dose from CT scans [49, 57, 120, 121].
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The first way to reduce the dose is to use a low x-ray intensity, i.e. low mAs, that 
ensures a sufficient image quality regarding the study purpose. In this perspective 
use of iterative reconstruction algorithms is promising and is now proposed by CT 
manufacturers [72]. In hybrid use, i.e. with SPECT or PET, the goal is often to 
obtain the attenuation map in order to correct the associated emission tomography 
and to anatomically locate the tumors. These two purposes do not require very high-
resolution imaging. CT scans performed in hybrid studies usually used about 5 
times lower mAs than in diagnostic studies and are thus often called low-dose CT 
scan.

The acquired photons depend on the initial x-ray intensity and on the patient 
attenuation along the LOR. So it makes sense to reduce the initial intensity for the 
detector position where the beam is less attenuated in the patient. This is the prin-
ciple of the dose modulation [49]. The longitudinal dose modulation corresponds to 
a current modulation according to the detector position along the patient’s body in 
which smaller current intensities are used in the lung region. In angular dose modu-
lation, the tube current is reduced from anterior or posterior detector position as 
patient section is rather oval than circular. A temporal dose modulation is also pos-
sible during gated scans, i.e. the tube current is switch on and off according to the 
phase in the gated cycle.

As low-energy x-rays are strongly attenuated by matter, they contribute a lot 
to the dose but have a low impact on the measured signal. It is so of interest to 
limit the part of low-energy x-rays in the beam produced by the CT tube. This is 
generally done by adding a filter plate made of aluminium and/or copper in front 
of the CT tube. From the same idea of filtering the x-ray beam, specially shaped 
filters, called bowtie filters, may be used to take into account the fact that x-rays 
at the beam centre must go through more tissues than rays on the beam border 
[15, 37].

Fig. 8.11 Illustration of quantum noise related to the mA intensity. (a) Low-dose CT image shows 
streak artefacts. (b) CT image obtained at a 7.3 times higher dose displays much less quantum 
noise (Reprinted from Boas and Fleischmann [12] with permission of Future Medicine)
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8.4  SPECT/CT and PET/CT

As attenuation depends on the photon energy, some conversion is needed in order to 
rescale the attenuation coefficients to the gamma rays energy used in SPECT and 
PET. The basic approach is to scale the attenuation coefficients by the ratio of the 
attenuation coefficient of water at the CT energy and at the emission energy. This 
gives relatively good results for soft tissues, but does not work very well for denser 
tissues like bones [5, 53].

Not only breathing blurred the image in SPECT and PET [11, 65, 67, 93], but it 
can induce a mismatch between the attenuation map obtained in CT with breathing 
hold (to avoid CT artefact) and the mean location of tissues in the emission tomog-
raphy. This can produce an inaccurate attenuation correction and artefacts in the 
emission tomography [86]. These errors impact the reliability of the resulting 
images, and this is especially problematic in the follow-up of patient lesions in PET/
CT [67]. The breath-holding technique has been adapted for PET and SPECT in the 
form of repeated breath-holds [11, 59, 99, 118]. Breath gating is a preferable option 
to overcome these issues [67, 68, 100]. Other techniques are being developed to take 
into account the respiratory motion directly into the iterative reconstruction algo-
rithm [82, 83].

8.5  MRI (Magnetic Resonance Imaging)

8.5.1  Principles

MRI is based on the spin, or magnetic moment, of the hydrogen nucleus (noted here 
H+). The classical representation of the spin is a top; the spinning speed of which 
being defined by the spin value, i.e. S = 1/2 for the hydrogen nucleus. In the presence 

of a static external magnetic field 


B0 , the mean proton spin over time 


M  is parallel 
with the magnetic field axis although precessing around it at the Larmor frequency 

ω0 which is proportional to 


B0 . Animations of the Larmor precession and of the 

different MRI sequences are freely accessible in [35].
Quantum mechanics (QM) shows that the Larmor precession has 2S + 1 steady 

states, i.e. for H+ two states corresponding to 


M  anti-aligned or aligned with 


B0 , 
this last state being the fundamental state of lowest energy. Even with magnetic 
fields of a few teslas, due to the weakness of magnetic interaction versus the thermal 

collisions, at room temperature the number of H+ spin aligned with 


B0  only exceeds 

by a very small amount that of anti-aligned. Regarding that only this small amount 
induces a macroscopic field, it is common to represent and discuss only the behav-
iour of this small amount.

In a non-uniform magnetic field 


B x y z,, ,,( ) , the H+ will obviously precess with 

different Larmor frequencies ωB(x, y, z). By applying a radiofrequency (RF) pulse of 

S. Walrand et al.



185

frequency ω during an appropriate time, it is possible to rotate by a specific angle 
only the H+ precessing at a frequency close to that frequency ω (resonance effect). 
After the RF pulse, as they are not longer in a QM steady state, the rotated spins will 
move back to a steady state by emitting a RF signal proportional to the H+ density 
and during a time depending on the surrounding tissue environment (relaxation).

In MRI system, a static magnetic field 


B0  of several teslas is set parallel to the 
patient table. By convention the z-axis is parallel to the table, x-axis is horizontal 
and y-axis is vertical. The simplest imaging sequence is made of three steps.


B0  is transformed to a new static field 


B z0 ( )  by adding a gradient Gz along the 

direction z. As a result, the Larmor frequency ω0 becomes ω0(z). During the applica-
tion of this gradient Gz, an RF pulse of frequency ω0(Z) during an appropriate time 
forces the spins of the H+ located in the slice z = Z to align perpendicularly to the 
z-axis. Just after switching off the gradient Gz, the spins are precessing in phase 
(coherent state) with the precession axis nutating to the z-axis (relaxation).

A gradient Gy is then applied along the y-axis during a short time, as the preces-
sion speed is different along y during the gradient application, after switching off 
the gradient the precession is in different phase along y (phase encoding).

Lastly, a gradient Gx is applied along the x-axis giving a precession frequency 
depending on the coordinate x. During the application of Gx, the measured macro-
scopic RF signal has a phase and a frequency depending on the y and x coordinates, 
respectively. This corresponds thus on the direct measurement of the 2D Fourier 
transform of the slice Z.

These three steps are repeated for all the slices z to be imaged and were the core 
of the early MRI. With time, numerous imaging sequences have been developed in 
order to improve the measured signal or to assess other parameters than the H+ den-
sity, such as the different relaxation times which depend on the chemical composi-
tion. Description of all the imaging sequence is far beyond the scope of this section 
and can be found in [35, 98].

The major point is that MRI does not proceed as the measurement of projections, 
but more as a spatial probing. As a result, performance and artefact in MRI will be 
peculiar to this modality.

8.5.2  Artefacts

MR images may be subject to different kinds of artefacts [9].
The frequency of the radio waves used in MRI lies in the FM band. If the scanner 

room is not properly shielded, e.g. if a door remains open, TV and radio communi-
cations can produce artefacts in the image. They typically take the form of zipper 
artefacts, i.e. spurious bands of noise, oriented perpendicularly to the axis of the 
frequency encoding [31].

Hardware defects with the field gradients or RF antennas may produce local non- 
uniformity in the magnetic field that would result in image artefacts.
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The reconstruction technique of the MRI image is based on the assumption that 
all frequency differences are due to the linear imaging gradients. Any violation of 
that assumption results in image artefacts. These artefacts appear as relative dis-
placements of nuclei in the image slice. Similar differences in phase induced by 
other factors than the linear gradients produce distortion artefacts in the image slice.

As the k-space imaging is a Fourier technique, it presents the same artefacts if the 
underlying assumptions are not met. For example, if the sampling of the k-space is 
not dense enough relatively to the signal variations, aliasing artefacts may appear, 
giving rise to misplaced and overlapping signals. Techniques, referred as parallel 
imaging, have been developed to avoid aliasing artefacts. They are based on the use 
of multiple antennas to measure the signal and the combination of their data to pro-
duce a un-aliased image [76, 94].

Artefacts may also be produced by metal implants due to the large differences in 
the magnetic properties of metal parts and tissues. The difference in magnetic sus-
ceptibilities between the metal implant and the surrounding tissues may induce 
local inhomogeneities in the magnetic field. This results in variations in the phase 
and frequency of local spins, which translates to misplacement (possibly coupled 
with signal loss) and distortion artefacts in the image. Such metal artefacts may be 
reduced by proper selection of the scan sequence parameters [32, 97].

8.5.3  Attenuation Map

A few years ago, PET/MR hybrid systems have been introduced in the clinical 
frame. At the beginning the two modalities were located in separate gantries because 
of electromagnetic interferences, with a common bed moved from one modality to 
the other during patient studies. Recent technological advances, especially in solid- 
state detectors (SiPM) for PET, allowed companies to develop PET/MR systems 
with both modalities integrated in the same gantry. This enables simultaneous PET 
and MR acquisitions. One of the challenges of such PET/MR hybrid systems is to 
determine an attenuation map for the PET image reconstruction in the absence of a 
CT scan or a PET transmission scan [106].

MR has the advantage over CT to offer better contrast between soft tissues. 
However deriving an attenuation map from the MR image is less straightforward 
than from the CT image. Indeed unlike the CT scan that provides the distribution of 
the electron density in the image volume, MR image reflects the distribution of 
hydrogen nuclei in tissues and tissue relaxation properties. In particular MR is typi-
cally unable to delineate cortical bones because hydrogen nuclei are somewhat fro-
zen in the corresponding structure and so, like air cavities, emit no signal when 
excited by RF pulses. Cortical bone structures then appear like air cavities on MR 
images. Different approaches have been explored to construct an attenuation map 
from the MR image, but this is still a work in progress [34]. The ideal method would 
provide automatically, i.e. without any intervention of the operator, an attenuation 
map accurate enough to enable the reconstruction of PET images of quality.
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There are mainly two approaches to obtain an attenuation map from MR: image 
segmentation and atlas/template matching [52]. Segmentation techniques of the MR 
image have been successfully applied for brain imaging. MR images are typically 
segmented in three to five classes (air, soft tissues, lungs + fat + bone), each one 
associated to an appropriate attenuation coefficient value at 511 keV [2, 85]. 
Classification can be improved by using additional anatomical information to dis-
tinguish between regions showing similar MR intensities but corresponding to dif-
ferent attenuation properties. Classification schemes based on fused MR and 
uncorrected PET images may also improve the classification accuracy and the cor-
rected PET image quality [117].

The atlas-matching method is based on some atlas co-registration [3]. An atlas is 
composed of a template MR image co-registered to an attenuation label image. The 
template image can be formed by the average of several co-registered MR patient 
images. The label image can be derived from an image segmented into different tis-
sue classes or a co-registered attenuation map obtained from a CT scan. The tem-
plate MR is distorted to match the patient-specific MR image volume. The same 
transformation is then applied to the atlas attenuation image to obtain a patient- 
specific attenuation map for the PET reconstruction. Atlas methods may prove chal-
lenging in whole body imaging because of the strong anatomic variability between 
patients. A general spatial transformation to transform the template to the patient- 
specific image may thus be difficult to obtain [34].

The estimation of the attenuation map from the MR image presents additional 
specific difficulties [34]. As stated before MR imaging usually does not represent 
bones. A combination of dedicated MR sequences, like ultrashort echo time 
(UTE) and late echo, may enable the delineation of cortical bones from soft tis-
sues [1, 52, 84]. The drawback is the longer acquisition time required by these 
sequences. As the field of view of the MR modality is usually reduced compared 
to PET, parts of the patient’s body, especially its arms, may be truncated on the 
MR image [21]. However, these parts contribute to the attenuation of the gammas 
in the PET acquisition and so have to be accounted for. One possible solution 
would be to use the uncorrected PET image to identify these structures unseen on 
the MR image.

There are other structures unseen on the MR image but whose attenuation has to 
be taken into account: MR coils. On one hand, some fixed coils, like head coils, can 
be identified and assigned an attenuation value through some basic CT scan. On the 
other hand, flexible surface coils cannot be located easily because of their elasticity. 
However, they might probably be localized by using some specific UTE MR 
sequences.

Respiratory motion may also impact the quality of the attenuation map when 
used for PET reconstruction. Indeed MR acquisition durations are relatively long 
(counting in dozen minutes), especially if specific RF sequences are combined. So 
these acquisitions span many breathing cycles, and the corresponding MR image 
can only be used to construct an average attenuation map that could be badly cor-
related to the PET image. To lessen the impact of breath averaging, some studies are 
focusing on the creation of attenuation maps from 4D MR acquisitions [13].
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The use of predefined attenuation coefficients in the map may pose problem in 
regions showing strong inter-patient variability, like for lungs. This may lead to non- 
negligible errors in the PET reconstruction. Similarly the number of classes used in 
the segmentation approaches may impact quantitative PET results. Some studies indi-
cate that at least air, lung and soft tissue, spongious bone and cortical bone should be 
distinguished for attenuation correction in order to maintain errors below 5 % [52].

8.6  SPECT

8.6.1  Dead Time Issue

Large FOV SPECT are still routinely performed using conventional NaI gamma 
camera (developed by Hal Anger in 1958) equipped with parallel hole collimator. 
Originally, all the analogue PMT signals were combined together by a resistor 
matrix in order to compute the position and the energy of the photoelectric effect. 
As a result, photoelectric effects occurring anywhere on the crystal impact the 
detector dead time, and the camera count rate starts to quickly saturate above 20 
kcps. Although, this count rate capacity was sufficient for most diagnostic studies, 
it was a real limitation in post-radionuclide therapy imaging.

A major improvement occurred in the 1990s with the individualized digitaliza-
tion of the PMT signals. Thanks to the digitalization, only the signals of the PMTs 
in front of the photoelectric effect are used to characterize the effect. As a result, 
several photoelectric effects occurring at the same time in sufficient distant regions 
of the crystal can be simultaneously treated allowing the maximal count rate of 
modern camera to exceed 500 kcps. This is a significant improvement when per-
forming quantitative 777Lu-DOTATATE or 131I-MIBG early post therapy imaging 
that can still require some dead time correction. Obviously, maximal camera count 
rate capacity can be reached only if the count rate is uniformly spread on the crystal. 
High non-uniform activity uptake can require non-uniform dead time correction.

In contrary, the energy and spatial resolution that mainly depend on the crystal 
and on the collimator, respectively, have little improved.

8.6.2  Spatial Resolution

The spatial resolution of the detector is mainly that of the collimator and thus lin-
early increased with the distance. It is thus of prime importance to keep the colli-
mator as close as possible to the patient during the SPECT orbit. Most modern 
cameras have automatic detector radial motion following the patient surface. At 
15 cm away from the collimator, the spatial resolution of the system is typi-
cally ≈ 10 mm using a low-energy (LE) high-resolution collimator and ≈ 15 mm 
using a middle energy (ME) collimator. Note that these are the optimal theoretical 
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resolutions; the clinical resolution is still worsened by the presence of noise requir-
ing some smoothing of the reconstruction (see first section of the chapter).

8.6.3  Attenuation Issue

Attenuation of gamma rays of energy E in a uniform medium is described by the 
simple law:

 
N x N e E x( ) = - ( )

0
m

 
(8.23)

where N0 is the initial number of photons, N(x) the number after crossing a length x 
in the medium and μ is the attenuation coefficient of the medium. μ decreases when 
the energy of the photons increases, i.e. high-energy gamma rays are less attenu-
ated. When different media are successively crossed by the gamma rays, the final 
number of photons is obtained by successively multiplying the initial number by the 
exponential terms corresponding to each voxel crossed, i.e.:
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where μi(E) is the attenuation coefficient of the crossed voxel i and h the width of 
the voxel.

For water, μ = 0.15 cm−1 meaning that 5 cm of water reduces by a factor 2 the 
number of photons. Air attenuation is negligible for any energy. With regard to the 
limited energy resolution of gamma camera, all natural tissues, besides the lung and 
bones, can be considered as water regarding the attenuation.

Analytical reconstruction algorithm correcting a non-uniform attenuation has 
been recently found [28, 69]. In iterative reconstruction, the correction simply con-
sists to include the attenuation (8.23) in the matrix c used in the algorithm (8.15). 
Obviously, this requires the prior knowledge of the coefficients μi(E) that can be 
derived from a CT or a MR scan.

8.6.4  Energy Resolution and Compton Scatter Issue

The NaI energy resolution (≈10 %) forbids simultaneous clinical acquisition of iso-
topes having close gamma emission energies, such as 177Lu (113 & 200 keV) and 
111In (171 & 245 keV). Furthermore, acquisitions are corrupted by a significant 
amount of gamma rays undergoing Compton scattering inside the patient. This 
amount is about 40 % in standard patient size and increases with the patient corpu-
lence due to the attenuation of the primary gamma rays by the tissue. Typically, 
14 cm of soft tissue corresponds to attenuation by a factor 2 at 200 keV that is the 
main emission of 177Lu. Giving wrong information on the decay location, these scat-
tered gamma rays hamper both the image contrast and the activity quantification.
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The simplest method to correct scattering is to perform the attenuation correction 
using effective attenuation factors that are lower than the actual ones in order to take 
into account the extra amount of detected events induced by the scattering. Although 
this method improves in some way the quantification, it has no impact on the loss of 
contrast induced by the wrong decay location information carried by the scattered 
gamma rays.

A better and popular method is to subtract from the primary acquisition energy 
window a fraction of the events recorded in a lower energy window that mainly con-
tains scattered gamma rays [41]. Although not perfect, due to the fact that the events 
detected in the lower energy windows correspond to scattering angles larger than 
those in the primary energy window, this method has the benefits to also improve the 
image contrast and has been implemented in most commercial systems.

More sophisticated and more accurate models consider an effective path of the 
photon between its emission and its last scattering position; at this last position a 
function takes into account the angular scattering probability. This can be done by 
introducing at each iteration step an additional 3D integration on the last scattering 
position [114] or by performing three simple conventional convolutions [26].

8.6.5  Collimator Choice

The choice of the right collimator is of prime importance, both for the visual quality 
and quantitative accuracy of SPECT imaging. Within its nominal energy range, a 
collimator will behave accordingly to the sensitivity and spatial resolution specifica-
tions provided by the manufacturer. In contrary, just above the nominal energy 
range, the collimator behaviour can appear unpredictable. For example, low-energy 
(LE) collimators with 0.3-mm-thick septa (usually old ones) rightly behave up to 
200 keV, while LE collimators with 0.015-mm-thick septa (usually modern ones) 
suffer from penetration above 160 keV. As a result, one should always use medium 
energy (ME) collimator for 177Lu [54] and for 111In. High-energy (HE) collimator is 
required for 131I due to the presence of small peaks around 700 keV that even if not 
imaged can easily penetrate an ME collimator and afterwards scatter down to the 
360 keV acquisition window.

For 111In and 131I, if available, the use of a camera with thicker crystal is prefer-
able: not only the sensitivity will increase, but the penetration of the high-energy 
gamma rays through the crystal will decrease, by the way reducing their backscat-
tering down into the acquisition energy window by the PMTs.

8.6.6  Bremsstrahlung SPECT

Quantitative bremsstrahlung SPECT of 90Y is one of the most challenging tasks in 
nuclear medicine imaging: high-energy x-rays (up to 2.3 MeV) activate the K-edge 
fluorescence of lead [around 80 keV], penetrate the collimator and the crystal and 
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finally backscatter down [around 200 keV] into the energy range usable by the camera 
[108]. The use of an ME or HE collimator is absolutely required. The acquisition energy 
windows giving the best geometric to scatter photons ratio is [100, 150] keV [33]. Note 
that, even in this window, the primary photons represent only about 15 % of all the 
photons detected resulting in very poor imaging resolution and quantification.

Unfortunately, no commercial and effective correction method is available. 
Sophisticated correction methods [61, 78], helical SPECT using high-energy pin-
hole collimator [107–110], have been developed. Although providing nice quantifi-
cation accuracy, these methods required the involvement of a local physicist for 
their implementation.

8.7  PET

8.7.1  Sensitivity and Spatial Resolution

The major benefit of 3D PET versus SPECT is the replacement of the mechanical 
collimator by an electronic collimation that uses the colinearity of the two annihila-
tion 511 keV gamma rays (Fig. 8.12). In older BGO PET systems acquiring in 2D 
mode, a mechanical collimation is still performed in the longitudinal direction in 

Fig. 8.12 Unscaled transverse section illustrating the spatial resolution and sensitivity improve-
ment obtained in PET by the replacement of the mechanical collimator by an electronic collima-
tion. Sensitivity: in SPECT, gamma rays going from the decay position c to the crystal position a 
are ruled out by the collimator, while they are detected in PET. Spatial resolution: lines 1 and 2 
show the accuracy limits on the decay position b when the gamma ray is detected at the crystal 
position a, note that in SPECT this accuracy worsens when moving away from the collimator while 
it is almost uniform in PET. TOF-PET still goes a step beyond by giving the probability of the 
decay location along the LOR
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order to reduce the significant scatter gamma rays detection resulting from the poor 
energy resolution of BGO.

Contrary to mechanical collimator, the electronic collimation does not determine 
the decay direction by ruling out all oblique gamma rays, but by measuring the loca-
tion of the two 511 keV photoelectric effects on the crystal ring. This results in a 
sensitivity improvement of a factor higher than 100 for 3D PET versus SPECT.

As a result, the spatial resolution of the system is mainly fixed by the crystal pixi-
lation width, i.e. typically ≈ 4 mm. Contrary to SPECT, the spatial resolution is opti-
mal in the FOV centre and worsens a little bit moving to the crystal ring. Note that 
usually an aluminium ring prevents setting the patient closer than 10 cm from the 
crystal ring. The much better sensitivity compared to SPECT reduces the noise pres-
ent in acquired data and by the way also reduces the needed reconstruction smooth-
ing. This results in less degradation of the theoretical resolution in clinical studies.

8.7.2  Attenuation Issue

Attenuation coefficients are lower in PET compared to those in SPECT for which 
energy is significantly lower than 511 keV. However, as the detection of coincidence 
requires that both 511 keV photons reach the detector, the effective attenuation cor-
responds to the total length of the patient’s body intercepted by the LOR. As a 
result, attenuation is in reality higher in PET. In iterative reconstruction, the attenu-
ation is implemented in the same way as in SPECT.

8.7.3  Compton Scatter Issue

Accurate scatter correction is much easier to perform in PET than in SPECT. Indeed, 
by breaking the colinearity of the two 511 keV gamma rays, the scattering in the 
patient induces the detection of LORs which do not intercept the patient’s body. 
These counts detected outside the patient’s body in the sinogram are used to esti-
mate those that are coming from the patient’s body and are mixed with the primary 
511–511 keV coincidences. Originally this estimation was performed using a linear 
or quadratic interpolation of the outside-body counts located in the sinogram tails. 
Current state-of-the-art estimations use a prediction of the scatter using the analytic 
single scatter simulation algorithm [74]. In order to take into account the multiple 
scattering, the simulation is then normalized to fit the outside-body counts.

8.7.4  Yttrium-86 PET Imaging

As peptides labelled with different metals exhibit different receptor affinities [81], 
the positron emitter 86Y has been used as a perfect chemical surrogate of 90Y [42]. 
However, its positron branching fraction is only 30 %, and 86Y also emits about 300 % 
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of prompt high-energy single gamma rays. A fraction of these gamma rays are scat-
tered in the patient down to ≈ 511 keV inducing acquisition of spurious coincidences. 
The prompt single gamma rays, being simultaneously emitted with the positron, can-
not be removed by the delayed window method. Sophisticated correction methods 
are required to rule out these spurious coincidences and achieve accurate quantifica-
tion [108, 112]. Corrected 86Y-DOTATOC PET-based dosimetry study provided con-
vincing tumor dose–response correlation in 90Y-DOTATOC therapy [73]. Kidney 
dose–toxicity correlation in good agreement with that observed in external beam 
radiotherapy was also obtained [6, 115].

Due to the absence of correction method commercially available, 86Y is rarely 
used in clinical imaging, in contrary to preclinical studies [66] where the small size 
of the animals prevents the scattering of the single prompt high-energy gamma rays 
down to the acquisition energy window.

8.7.5  Yttrium-90 PET Imaging

Up to recently, the nuclear medicine community assumed that 90Y was a pure beta 
emitter. But it is not! Early in 1955, Ford theoretically proved the existence of a low 
positron emission in the 90Y decay [25] that was observed the same year [43]. The 
positron branching factor is very low: 32 positron emissions out of one million 
decays [87]. In 2009 our team performed the first human 90Y PET imaging after a 
liver radioembolization with resin spheres [55]. Due to the high 90Y activity (typi-
cally 0.8 → 4GBq) present in the liver, TOF-PET imaging displays a good spatial 
resolution, is quantitative [56, 116] and is becoming the standard in post liver radio-
embolization imaging.

Unfortunately, the situation is not so favourable in 90Y-PRRT where activities in 
tissues are much lower: typically less than 0.05 GBq in the kidney. A phantom study 
modelling 90Y-PRRT shows that 90Y PET imaging was feasible in tumors and in 
kidneys [113]. In this study, an old BGO PET system performed better than a 
650 ps-TOF LYSO PET system. This can be explained by the random coincidences 
rate, induced by the natural radioactivity of lutetium-based crystal. The correction 
of the random coincidences induces noise and bias that are significant compared to 
the low true coincidence count rate [104].

A recent phantom and patient study using a 545 ps-TOF LYSO PET system con-
firmed the quantification feasibility [23]. Patient imaging exhibits spatial resolution 
clearly surpassing that of bremsstrahlung SPECT (Fig. 8.13). TOF does not only 
better condition tomography (see first section of the chapter) but also reduce the 
negative impact of the random coincidences on the signal to noise ratio [17]. No 
doubt that the emerging new generation of SiPM-based TOF-PET systems with 
their TOF resolution reaching 320 ps [60, 92] will further improve the quantification 
accuracy in these low count rate studies.

90Y-PRRT imaging by PET allows computing the tumors and kidneys absorbed 
dose after each therapy cycle. Afterwards, the delivered activity in the following 
cycles can be tuned in order to optimize the therapy. Compared to bremsstrahlung, 
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PET has the benefit to provide a better spatial resolution and a better quantification 
accuracy without the need to implement additional correction methods and, last, can 
be performed in patient receiving a 177Lu-90Y cocktail.
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Chapter 9
Internal Dosimetry: Principles 
and Applications to NET

Uta Eberlein and Michael Lassmann

Abbreviations

PRRT Peptide receptor radionuclide therapy
RIF/cell Radiation-induced foci per cell

9.1  Introduction

In recent years few reports on the dosimetry of diagnostically used 68Ga-labeled 
compounds (see the review by Eberlein and Lassmann [1]) and numerous reports 
describing dosimetry in molecular radiotherapies using 177Lu-labeled [2–10] and 
90Y-labeled compounds have been published. The purpose of this chapter is to famil-
iarize the reader with the concepts of internal dosimetry in nuclear medicine, pro-
vide data on dosimetry after treatment of neuroendocrine tumors, and show 
dose-response relationships.
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9.2  Internal Dosimetry

9.2.1  Basic Quantities and Definitions1

9.2.1.1  Absorbed Dose (D)

In a lot of publications in nuclear medicine, the term “dose” is used for describing 
the administered activity as well as the “absorbed dose.” It is, however, mandatory 
to distinguish between these two terms. The appropriate term for the quantity of 
interest in radiation protection and dosimetry, however, is “absorbed dose” (D), 
expressed in units of gray (Gy) [11].

According to ICRP103 [11], the absorbed dose is defined as the mean energy dε 
imparted to matter of mass dm by ionizing radiation:

 
D d

dm
=

e

 

The SI unit for absorbed dose is joule per kilogram (J kg−1) and its special name is 
gray (Gy) [11]. In nuclear medicine de  represents the number of radionuclide dis-
integrations in a particular volume multiplied by the energy emitted per disintegra-
tion of the radionuclide and multiplied by the fraction of emitted energy that is 
absorbed by a particular (target) mass.

The concept of absorbed dose is only applicable in a macroscopic scale as it 
is generally done in nuclear medicine dosimetry. In “macrodosimetry,” one con-
siders mean parameters (mean doses). It should be noted that the mean absorbed 
dose can be calculated for a large (i.e., organ) volume or at the microscopic 
level, as long as the criteria applicable to macrodosimetry are met. The energy 
deposition, however, is a stochastic process and shows inherent statistical fluc-
tuations. If particle flux – and energy deposition – is large enough, then the 
mean absorbed dose is relevant as the standard deviation due to stochastic fluc-
tuations is small.

9.2.1.2  Effective Dose (E)

For a risk assessment of medical diagnostic procedures involving ionizing radiation 
and radiation protection, the concept of the effective dose (E) has been widely 
adapted [11, 12]. The risk associated with the effective dose is based on assump-
tions such as the concept of considering the risk to the general public or to workers. 
This does not necessarily reflect the situation for patients in nuclear medicine as, 

1 Parts of this chapter have been taken from Lassmann M, Eberlein U. Radiation safety and dosim-
etry. In: Herrmann K, Nieweg EO, Povoski PS, editors. Radioguided surgery: current applications 
and innovative directions in clinical practice. Cham: Springer International Publishing; 2016. 
p. 103–11 with permission of Springer.
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particularly in patients with cancer, the life expectancy is likely to be different of 
that of the general public or of workers. Another aspect is the strong age and sex 
dependency of the radiation risk, which is not included in the effective dose. 
Therefore, the effective dose should not be used for individual risk-benefit assess-
ments in patients; instead, the relevant quantity is the equivalent dose or the absorbed 
dose to irradiated organs. E is defined as

 
E H

T
T T= åw

 

ωT is the tissue weighting factor for the tissue T and represents the radiation sensi-
tivity for stochastic radiation damage of each tissue considered. The sum over all 

tissue weighting factors is 1: 
T

Tåw  = 1. HT is the organ dose (unit: Sv) caused by 

internal or external exposure. For nuclear medicine applications using beta and 
gamma emitters, the organ doses are calculated by multiplying the absorbed dose 
(unit: Gy) by the radiation weighting factor for photons and electrons (=1 Sv/Gy). 
According to ICRP103 [11], the effective dose E is then the arithmetic mean of the 
gender-specific organ doses HT

M  (male) and HT
F  (female):

 
E H H

T
T

T
M

T
F

= ×
+åw
2  

Table 9.1 summarizes the tissue weighting factors according to ICRP103.
The term effective dose is, according to ICRP103 [11], only a protection quantity 

which provides a dose value that is related to the probability of health detriment to 
a reference person due to stochastic effects from exposure to low doses of ionizing 
radiation [11–13] and should not be used for an individual risk analysis. For com-
paring both different diagnostic procedures and similar procedures in different hos-
pitals and countries, the effective dose can be very useful. Furthermore, it is a good 
quantity to compare the use of different technologies for the same medical examina-
tion. But one has to consider that this only holds for patient populations with the 
same age and sex distribution [11].

Table 9.1 Tissue weighting factors according to ICRP103 [11]

Tissue ωT ΣT ωT

Bone marrow (red), colon, lung, stomach, breast, 
remainder tissuesa

0.12 0.72

Gonads 0.08 0.08
Bladder, esophagus, liver, thyroid 0.04 0.16
Bone surface, brain, salivary glands, skin 0.01 0.04
Total 1.00

aRemainder tissues: Adrenals, extrathoracic (ET) region, gall bladder, heart, kidneys, lymphatic 
nodes, muscle, oral mucosa, pancreas, prostate (male), small intestine, spleen, thymus, uterus/
cervix (female)
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9.2.2  Dosimetry in Nuclear Medicine

Methods for calculating the absorbed dose from administration of a radiopharma-
ceutical were first standardized in the 1960s by the Medical Internal Radiation 
Dosimetry (MIRD) committee, with the initial aim of estimating average doses to 
critical organs resulting from diagnostic procedures [14]. Essentially this methodol-
ogy allows the calculation of absorbed dose using the simplified version of the basic 
equation [15]:

 
D r r A S r rk h h k h¬( ) = ¬( )

 

D r rk h¬( ) : the mean absorbed dose to a target region rk from the cumulated activity in 
source region rh.

Ãh : the cumulated activity (i.e., the integral of the activity-time curve from zero to 
infinity) in a given target region rh.

S r rk h¬( ) : the radionuclide-specific S factor for target region rk and source region rh per 
unit cumulated activity in source region rh.

Ã denotes the total number of radioactive decays occurring within an organ in 
which a radiopharmaceutical accumulates (the “source organ”). The MIRD S factor 
accounts for the energy released from each radioactive decay and the relative geom-
etry of the source organ and the organ for which the absorbed dose is to be calcu-
lated. Thus, the cumulated activity is dependent on biological parameters, while the 
S factor deals with the physical components of the absorbed dose.

There is no assumption made concerning the source or target, other than that the 
radioactive distribution is homogeneous in the source h: the source and target can be 
of any size or composition. Theoretically, if the activity in the source is heteroge-
neously distributed, it is possible to subdivide the source into smaller volumes in 
which the activity can be considered homogeneous.

For determining Ã, quantitative imaging of the biokinetics of the administered 
radiolabeled substance is a prerequisite followed by absorbed dose calculation. This 
comprises the following steps [16, 17]:

 1. The percentage of administered activity of the radiopharmaceutical must be 
determined for the accumulating organs. This step mainly requires the imple-
mentation of quantitative imaging procedures and/or blood sampling. The estab-
lished method for quantitative imaging for dosimetry relies on the measurement 
of the biokinetics by serial gamma-camera scans, if possible, including SPECT/
CT and/or PET/CT to increase dosimetric accuracy. The quantitative accuracy 
depends on these different settings and needs to be carefully checked. If organ 
or lesion dosimetry is performed, precise determination of organ/lesion volumes 
is necessary, as the use of standard organ volumes may be severely incorrect 
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leading to serious under- or overdosing in targeted radiotherapy. Dosimetry 
based on quantitative 3-dimensional data is more accurate, provided that all 
effects that degrade the quantitative content of the images have been corrected 
for, and allows a more individualized dosing approach. In addition, inhomoge-
neous organ accumulation of the radionuclide can be detected and possibly 
taken into account. Blood samples can be measured easily using a calibrated 
well counter in order to provide time-activity curves for the disappearance of the 
radiolabeled pharmaceutical from the blood. These measurements can be per-
formed either pre-therapeutically for assessing the activity to be administered or 
post- therapeutically for verification of the absorbed doses.

 2. The previous step needs to be repeated at different time points in order to assess 
the pharmacokinetics of the radiopharmaceutical. This requires the determina-
tion of a correct temporal sampling and the use of ad hoc procedures to integrate 
the activity over time to obtain the total number of decays occurring in the source 
organs or the residence times. A proposal for choosing optimal time points is 
provided by MIRD pamphlet 16 [18] and for obtaining optimized fit procedures 
for nuclear medicine by Kletting et al. [19].

As the cumulated activity constitutes the sum of all radioactive emissions during 
the time considered, the energy deposition rate with time is not taken into account, 
although the absorbed dose rate (Gy s−1) is known to impact on the biological con-
sequences of the irradiation. The relevance of this is indicated by the fact that the 
aim of most dosimetric studies is to relate a physical parameter (i.e., energy absorbed 
per unit mass) to the observed biological effect: the relation between these two 
parameters may not be simple, and scientifically sound dosimetric protocols are 
simply a prerequisite for subsequent radiobiological studies.

Radionuclide S-values for all combinations of source and target tissues, as 
needed for internal dosimetry in diagnostic nuclear medicine, should be based upon 
internationally accepted reference anatomic phantoms as defined by the International 
Commission on Radiological Protection [20]. In this way, organ dose estimates may 
be harmonized across all imaging modalities for the purpose of quantifying stochas-
tic risk.

In therapeutic applications, the absorbed doses of critical organs must be deter-
mined. This is usually obtained for an anthropomorphic computational model using 
adequate knowledge about radiation transport. A variety of methods exists for the 
calculation of the absorbed doses. As a basis for the calculation of absorbed doses, 
the number of decays per administered activity must be determined. This can be 
done for whole body only, for each accumulating organ, for each voxel, or even on 
a cellular level. Different dose calculation approaches exist, and these may be based 
on absorbed dose rates per unit activity (with mass correction) of anthropomorphic 
phantoms, convolution kernels, or on Monte Carlo simulations [21]. Figure 9.1 
shows, in a schematic drawing, a flowchart denoting the single steps needed for 
dosimetry.

9 Internal Dosimetry: Principles and Applications to NET
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9.2.3  Radiobiology

9.2.3.1  Linear Quadratic Model and Biological Effective Dose

During internal or external irradiation, patients are exposed to ionizing radiation, 
which does not only destroy the malignant cells but also damages healthy tissue and 
cells. This is mainly caused by direct and indirect interaction of the radiation with 
the DNA which damages the DNA structure. Most frequently, there are single- 
strand breaks and base damages. DNA double-strand breaks (DSBs) are rare; nev-
ertheless, they are the most critical lesions for cells as repairing the damage is 
difficult. Unrepaired or misrepaired DNA could cause mutations and chromosomal 
aberrations or lead to cell death.

It is assumed that there are two different ways of producing a DSB [22]:

Type A damage: adjacent DNA strands are broken by a single ionizing event.
Type B damage: two different ionizing events destroy adjacent DNA strands. They 

can be considered as two individual single-strand breaks and are therefore 
assumed as potentially repairable because the first single-strand break could be 
repaired before the second occurs. They are also called sublethal damages. This 
effect depends on the dose rate.

During radionuclide therapy, the radioactive decay of the nuclide and its bioki-
netics cause the dose rate to be time dependent and decreasing. The influence of the 
time dependence of the dose rate on the biological effects should, therefore, not be 
neglected. An important point is the influence of repair mechanisms taking place 
during the continuous irradiation.

The survival of cells after irradiation is usually expressed by survival curves, 
which are represented by the linear quadratic model (LQ)

Fig. 9.1 Dosimetry flowchart
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F D DS = - -( )exp a b 2

 

Whereas FS is the survival fraction of the cells, D is the absorbed dose, and α and β 
are tissue-specific cell parameters.

It is assumed that the first part of the equation describes the type A damage 
because those are linearly increasing with the absorbed dose and, therefore, the cell 
survival decreases with increasing absorbed dose. The second part represents the 
type B damage, which increases quadratically with the absorbed dose [23].

During internal irradiation in nuclear medicine, the cells and organs not only are 
irradiated for seconds or minutes but are continuously irradiated over a longer 
period with permanently changing dose rate. This is in contrast to external irradia-
tion, for example, in radiotherapy. This fact potentially alters the impact of the 
 ionizing radiation, although the same absorbed dose is delivered. Therefore, the 
sparing effect in nuclear medicine already occurs during the therapy.

To compare therapies with different dose rates and fractionation, the concept of 
the biological effective dose (BED) is used [22, 24]:

 
BED RED D D( ) = × ( )  

RE(D) defines the relative effectiveness and has to be modified for nuclear medicine 
by a factor G which takes the repair of sublethal damage taking place during the 
therapy into account:

 
RE D G D( ) = +1

b
a  

with

 
G =

+
l

l m  

and

 
l =

( )ln

/

2

1 2T  

while λ is the effective decay rate of the nuclide from the organ of question, T1/2 is 
the effective half-life and μ is the damage recovery constant.

For more than one therapy cycle, the BEDs can be summed, if one assumes that 
there is no activity left and the sublethal damage is repaired.

With those formulas, the adjusted linear quadratic model for nuclear medicine 
treatments is written as
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Fs describes the surviving fraction of the cells as a function of the absorbed dose D. 
The alpha/beta ratios are individual parameters for each organ, tumors, and healthy 
tissue.

How this concept can be applied to kidney dosimetry in PRRTs with 90Y-labeled 
compounds is illustrated in Fig. 9.2. Data for the kidney alpha/beta ratios, the 
repair half-life, and the effective half-life were taken from MIRD pamphlet 20 
[25]. The dotted lines denote the intersection of a BED of 40 Gy and an absorbed 
dose to the kidney of 33 Gy for 4 therapy cycles. This graph shows that the nor-
mally accepted tolerance dose of healthy kidneys (23 Gy [26]) can be exceeded if 
the therapy is fractionated. It also shows that increasing the number of cycles to 
more than four does not lead to a substantial increase in the tolerance dose.

9.2.3.2  Biodosimetry

Specific biomarkers representing DSBs also provide additional information after 
irradiation. Well-known biomarkers used for this purpose are γ-H2AX and 
53BP1.

80
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Fig. 9.2 BED as a function of the absorbed dose for healthy kidneys after PRRTs with 90Y-labeled 
compounds. The fractionation schemes were one cycle (red), two cycles (black), four cycles 
(green), and six cycles (blue). The dotted lines denote, for four therapy cycles, the intersection of 
a BED of 40 Gy and an absorbed dose to the kidney of 33 Gy
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The formation of a DNA DSB in nuclear chromatin results in the rapid phos-
phorylation of the histone H2 variant H2AX, which then called γ-H2AX. Furthermore, 
DSBs also recruit the damage sensor 53BP1 to the chromatin surrounding the DSBs, 
which leads to 53BP1 and γ-H2AX co-localization in the chromatin surrounding a 
DSB. By immunofluorescence staining with γ-H2AX and 53BP1 antibodies, those 
biomarkers can be addressed by microscopically visible DNA damage protein foci; 
this is also known as the DNA damage focus assay [27–29].

For PRRT, there are two studies that addressed the absorbed dose to the blood 
and the number and temporal behavior of radiation-induced DNA double-strand 
breaks in peripheral blood samples [28, 30]. Only the study by Eberlein et al. [28] 
could establish, for the first time, a linear correlation between the average numbers 
of radiation-induced foci per cell (RIF/cell) and the absorbed dose to the blood up 
to 5 h after 177Lu administration. Thereafter, the number of RIF/cell is no longer 
linearly dependent on the absorbed dose. The time- and dose-dependent increase 
and decay of the number of RIF/cell could best be described by a linear increase and 
an exponential decay.

Figure 9.3 illustrates this finding for one of the study patients (after administra-
tion of 7.9 GBq 177Lu-DOTATATE). There is a linear increase of the foci number up 
to 5 h as a function of the absorbed dose to the blood (left panel); the later time 
points are characterized by a decreasing number of radiation-induced foci which is 
in accordance with the progression of DNA repair and the declining dose rates 
(right panel, solid line). 120 h after therapy, the number of RIF/cell are almost back 
to the pretreatment level.

Fig. 9.3 Average RIF per cell in lymphocytes after PRRT as a function of the absorbed dose to the 
blood in an example patient (Lu3). The blood sampling times were 0, 0.6, 1.1, 1.7, 2.3, 3.6, 24.1, 
and 44.7 h. The graph was taken from the work of Eberlein et al. [28] (Copyright with the authors)
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In the future, mores studies like this will help us better understanding the biologi-
cal effects of nuclear medicine therapies.

9.3  Applications

9.3.1  Diagnostic Procedures

Two papers by Eberlein et al. [1] and by Machado et al. [31] summarize the most 
recent data on dosimetry for 68Ga-labeled compounds. For 111In-octreotate, the data 
are taken from the review on the dosimetry of diagnostic compounds by Eberlein 
et al. [32]. The results are compiled in Table 9.2.

For most of the Ga-labeled compounds, the effective dose for typically adminis-
tered activities of 150 MBq is less than 3 mSv, whereas the effective dose for 
111In-octreotate is in the order of some 10 mSv for an administered activity of 
200 MBq.

For diagnostic pediatric applications, Machado et al. published a recommenda-
tion how to modify the administered activities based on body weight [31].

9.3.2  Therapy with 177Lu

For 177Lu data dosimetry, data are summarized in the review article by Lassmann 
and Eberlein [34]. Table 9.3 shows most of the data published so far and the respec-
tive absorbed doses to the red marrow, the kidneys, and the tumor.

Red marrow doses and hematological toxicity
The 177Lu-labeled compounds show a rapid clearance from the blood [7]. The calcu-
lated absorbed doses using blood-based methods result in low specific absorbed 
doses of <0.1Gy/GBq. Consequently, hematological toxicity has not been observed 
in patients receiving 177Lu-DOTATATE/TOC apart from one grade 3 leukopenia and 
thrombocytopenia [6]. An interesting observation was reported by Forrer et al. [4]. 
In their study, the authors observed a strong linear correlation and high agreement 
between the measured radioactivity in the bone marrow aspirates and in the blood.

Table 9.2 Effective dose coefficients (mSv/MBq)

68Ga-DOTATATE
Sandström et al. [33]

68Ga-DOTATOC
Sandström et al. 
[33]

68Ga-DOTATOC
Hartmann et al. 
[34]

111In-octreotate
Eberlein et al. [32]

Adult 2.0E-02 1.9E-02 2.3E-02 5.4E-2
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Kidney doses and kidney toxicity
The kidney doses varied between 0.62 and 0.97 Gy/GBq, and the variability was 
evidently mostly caused by methodological issues (higher values in planar scans as 
compared to SPECT/CT-based scans; see comments by Lassmann et al. [35]).

Although similar conditions were applied for kidney protection before diagnos-
tic imaging and therapy, differences between pre-therapeutic dosimetry using 
200 MBq of 177Lu-DOTATATE and post-therapeutic dosimetry were observed, the 
absorbed dose estimates being higher by almost a factor of two [9]. The authors, 
however, do not discuss potentials reasons for these differences.

In therapies using 177Lu-labeled peptides, no major acute or delayed renal toxic-
ity has been observed. Therefore, the maximum tolerable absorbed dose with 177Lu 
remains unknown, and this therapy is in most cases routinely performed without 
dosimetry.

Tumor absorbed doses
The absorbed doses to the tumors per treatment cycle show a wide variability and 
range from 0.1 to 56 Gy/GBq (see Table 9.3).

Table 9.3 Absorbed dose values for tumors and organs at risk for one treatment cycle

Organ/lesion Absorbed dose (median) Gy/GBq Reference

Red marrow 0.07 Kwekkeboom et al. [2]
0.01 Forrer et al. [4]
0.03 Bodei et al. [6]
0.02 Sandström et al. [7]
≤0.07 (pre-therapeutic)
≤0.08 (post-therapeutic)

Kairemo et al. [9]

Kidney 0.88 Kwekkeboom et al. [2]
0.90 Wehrmann et al. [3]
0.97 (planar)
0.81 (SPECT)

Garkavij et al. [5]

0.68 Bodei et al. [6]
0.63 Sandström et al. [7]
0.57 Gupta et al. [8]
1.15 (pre-therapeutic)
0.68 (post-therapeutic)

Kairemo et al. [9]

Tumor 3.9–37.9 Kwekkeboom et al. [2]
9.7 (mean) Wehrmann et al. [3]
0.1–20 Garkavij et al. [5]
1.3–4.8 Gupta et al. [8]
0.6–56 Cremonesi et al [38]
2–11 (pre-therapeutic)
1–11 (post-therapeutic)

Kairemo et al. [9]
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9.3.3  Therapy with 90Y

Data on absorbed doses after therapy with 90Y-labeled compounds are sparse and are 
mostly based on pre-therapeutic quantitative imaging using either 111In- or 
86Y-labeled peptides [6, 37–43].

Red marrow doses
There are only a few studies on the absorbed doses to the red bone marrow. Absorbed 
doses varied between 0.03 and 0.17 Gy/GBq (see Table 9.4).

Kidney doses and kidney toxicity
The kidney doses varied between 1.7 and 6.1 Gy/GBq, and the variability was evi-
dently mostly caused by methodological issues (higher values in 111In scans as com-
pared to 86Y-based PET scans). Although data are available on toxicity thresholds, 
therapy with 90Y-labeled peptides is, in most cases, routinely performed without 
dosimetry.

Tumor absorbed doses
The absorbed doses to the tumors per treatment cycle show a wide variability and 
range from 0.9 to 41.7 Gy/GBq (see Table 9.4).

9.4  Therapy-Related Dose-Effect Relationships

In a recent paper Strigari et al. [45] analyzed therapy-related dose-effect relation-
ships for radionuclide therapy. For neuroendocrine tumors, their review concen-
trated on absorbed dose effects concerning bone marrow and kidney toxicity. The 
corresponding studies are summarized in Table 9.5.

Table 9.4 Absorbed doses for 90Y

Organ/lesion Absorbed (median) Gy/GBq Reference

Red marrow 0.03 Bodei et al. [36]
0.17 Forrer et al. [39]
0.05 Forster et al. [42]
0.06 Helisch et al. [43]

Kidney 6.1 Kwekkeboom et al. [44]
3.7–4.3 Hindorf et al. [41]
3.8 Cremonesi et al. [38]
2.8 Forrer et al. [39]
1.7 Jamar et al. [40]
2.7 Helisch et al. [43]

Tumor (range) 2.1–29.5 Helisch et al. [43]
2.4–41.7 Forrer et al. [39]
1.4–31 Cremonesi et al. [36]
0.9–5.4 Hindorf et al. [41]
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In a patient-specific dosimetry study with the aim of predicting renal toxicity 
with 90Y-DOTATOC, Barone et al. [37] found a therapy-related dose-effect relation-
ship for renal failure. The endpoint was a reduction in creatinine clearance of >20 % 
per year, as not all patients developed G3 or G4 nephrotoxicity. This value was 
obtained only when individual kidney masses were considered and the biologically 
effective dose (BED) was used as dosimetric descriptor, accounting for different 
dosing schemes. Bodei et al. [47] observed two dose limits for kidneys after treat-
ment with 90Y: 28 Gy BED was a threshold for toxicity in patients with risk factors 
(mainly hypertension and diabetes), while 40 Gy was the limit in patients without 
risk factors.

This finding has been confirmed by a prospective phase II dosimetry trial in 
which a 37 Gy BED threshold for kidney toxicity was found to be a good guide for 
90Y-DOTATOC PRRT [48].

These important findings were not experimentally reproduced with 
177Lu-DOTATATE, with which no major acute or delayed renal or hematological 
toxicity occurred in 51 patients (apart from one G3 leukopenia and thrombocy-
topenia) [6]. With an administered activity up to 30 GBq, the BED remained 
under 40 Gy. Consequently, the maximum tolerable BED with 177Lu remains 
unknown.

With respect to hematological toxicity in 21 patients with NET treated with 
90Y-DOTATOC showing recovery of platelet counts to normal, Walrand et al. 
[46] found a strong correlation (r = 0.96) between red marrow-absorbed doses 
and the platelet count reduction at nadir in nine a posteriori selected patients 
without prior chemotherapy who had spontaneous red marrow recovery. A 
reduction of 50 % in the platelet counts was observed at a red marrow dose of 
2 Gy.

Bergsma et al. [49] reported on subacute hematotoxicity after PRRT with 
177Lu-DOTA-octreotate. The authors found, in a subgroup of patients, the mean 
bone marrow dose per administered activity in 23 evaluable patients was 67 ± 7 mGy/
GBq, resulting in a mean bone marrow dose of 2 Gy in patients who received four 
cycles of 7.4 GBq 177Lu-DOTATATE. Significant correlations between (cumulative) 
bone marrow dose and platelet and WBC counts were found in a selected group of 
patients, however, less toxicity was observed than anticipated. Their conclusion is 
that the often-adopted bone marrow dose limit of 2 Gy, adopted from data on thy-
roid cancer treatment with 131I, may be too low for PRRTs with 177Lu-DOTATATE.

Table 9.5 Studies showing dose-effect relationships for kidneys and bone marrow in PRRTs after 
therapy with 90Y

End point Threshold dose Reference

>20 % decline per year in creatinine 
clearance

35 Gy BED (kidneys) Barone et al. [37]

50 % reduction in platelets 2 Gy (bone marrow) Walrand et al. [46]
Creatinine toxicity more than grade 1 28 Gy BED (kidney risk 

factors)
40 Gy (no kidney risk 
factors)

Bodei et al. [47]
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9.5  Conclusion

The application of dosimetry to PRRT leads to several important conclusions:

 (a) Biodosimetry linked to physical dosimetry might bring new insights in the radi-
ation risk associated with PRRT.

 (b) Effective doses after the diagnostic use of 68Ga-labeled compounds are consid-
erably lower than those for 111In-labeled compounds.

 (c) There is evidence for a threshold value of 40 Gy BED for kidney damages after 
PRRT with 90Y-labeled compounds for healthy kidneys. Lower values should be 
applied for patients with kidney risk factors.

 (d) A dose limit to the kidneys based on patient data has not been established yet 
for PRRT with 177Lu-labeled compounds.

 (e) Reported absorbed doses to tumors vary considerably. More data on dose- 
response relationships are needed.

 (f) Hematological complications play a minor role after PRRT.
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Chapter 10
Principles and Application of Molecular 
Imaging for Personalized Medicine and Guiding 
Interventions in Neuroendocrine Tumors

Michael S. Hofman

10.1  Introduction

Management of patients with neuroendocrine tumors is being signif icantly altered by 
integration of molecular imaging into routine patient care. Multi-slice computed 
tomography (CT) and magnetic resonance imaging (MRI) provide astonishing ana-
tomic detail with submillimeter resolution on modern devices but limited ability to 
characterise disease. Molecular imaging with single photon emission tomography 
(SPECT) or positron emission tomography (PET) are complementary with its strength 
lying in the radiotracer principle where a particular pathway can be interrogated by 
labeling a molecule with a radioactive isotope enabling visualization and noninvasive 
quantif ication of specif ic metabolic or biochemical pathways. For neuroendocrine 
tumors, the high expression of somatostatin receptors (SSTRs) on the cell surface of 
tumors provides a highly specif ic target for nuclear medicine. The gamma camera and 
PET/CT have an extraordinary sensitivity for detecting substances, with the ability to 
detect femtomolar concentrations of substances, several orders of magnitude greater 
than detection of iodinated or paramagnetic contrast used with CT or MRI (see 
Fig. 10.1). Moreover, for both SPECT and PET, radiotracers are administered in 
microgram dosages which do not have any adverse effects. Nowadays, both SPECT 
and PET are combined with anatomic imaging providing integration of functional and 
anatomic assessment in a single study.

In the conventional cancer imaging paradigm, anatomic imaging is used to define 
the number and size of lesions. From these, a tumor stage can be derived, typically 
using the American Joint Committee on Cancer (AJCC) staging system which clas-
sifies tumors into different groups depending on the extent of the primary tumor  
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(T stage), nodal spread (N stage), and distant metastatic disease (M stage). To define 
whether there is nodal disease involvement, arbitrary size criteria are utilized with 
anatomically enlarged nodes considered likely malignant.

The molecular imaging paradigm for tumor imaging is contrasted by focusing on 
MNT stage emphasizing that once distant metastases are identified, the locoregional 
staging is less important (Fig. 10.2). Molecular imaging also performs well in the 
conventional paradigm of identifying lesions and measuring them, particularly 
given the high tumor-to-background contrast that is frequently observed. The high 
tumor-to-background contrast seen with PET/CT also ensures high reporter agree-
ment. There is less reliance on size, since normal size structures that have abnormal 
uptake can be characterized as malignant. With highly specific radiotracers and 
modern generation PET equipment, structures smaller than 5 mm can be confi-
dently identified as malignant if they have high uptake. Given the advantages of 
PET/CT, we advocate that it should be utilized early in the patient workup as the 
first rather than last imaging modality [1].

The paradigm shift and advantages of molecular imaging, however, go beyond its 
ability to identify, count, and measure lesions. Through its ability to characterize 
tumor biology, it provides powerful prognostic information [2]. This was previously 
the realm of histopathology, but with the insights of PET/CT imaging, the limitations 
of relying on characteristics of biopsy from a single site are becoming clear. This is 
particularly true for metastatic neuroendocrine tumors where their inter- tumor het-
erogeneity may be observed with varying degrees of tumor differentiation at differ-
ent sites. In addition to its prognostic power is the predictive power of molecular 
imaging. This is particularly well demonstrated in theranostic treatments, in which 
the same molecule is labeled to a therapeutic beta emitter rather than a gamma or 
positron emitter. The diagnostic scan thereby serves as a predictive biomarker to 
determine suitability for targeted therapy. This is a well-grounded  principle that has 
been used to successfully treat patients with thyroid cancer for more than 75 years.

Fig. 10.1 Contrasting strengths and weaknesses of both anatomic and molecular imaging. The 
fusion of both modalities with hybrid PET/CT or PET/MRI enables the evaluation of function and 
anatomy contemporaneously with precise co-registration between the two modalities
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10.2  PET Versus SPECT and Selection of Radiotracer

For diagnostic imaging, PET has clear technical superiority compared to SPECT 
including higher sensitivity for detecting radioactive decay, higher spatial resolu-
tion, higher temporal resolution, quantitative capability, and, often, lower radiation 
dose to the patient owing to the use of short half-life radiotracers [3]. In our center, 
PET has become the dominant modality for cancer imaging. For imaging neuroen-
docrine tumors, we employ a variety of radiotracers predominantly using fluo-
rine-18 (18F) and gallium- 68 (68Ga) labeled to fluorodeoxyglucose (FDG) and 
peptides that bind to SSTR, respectively. The latter including DOTATATE, 
DOTATOC and DOTANOC, which have variable affinity for different subtypes of 
SSTR, but in clinical practice have similar performance [4]. We have a preference 
to use DOTATATE as we also treat patients with Lu-177 (177Lu)- and Y-90 
(90Y)-radiolabeled DOTATATE, and it therefore serves as a theranostic pair. The 
short half-life of 68Ga of 68 minutes means that imaging must be perform within a 
few hours of injection, negating the ability to perform delayed imaging (e.g., at 
24 h) that can be readily performed with Indium-111 (111In)- or Technetium-99m 
(99mTc)-radiolabeled octreotide with SPECT imaging. The early time-point imaging 
with 68Ga is not suitable for performing prospective dosimetry where imaging at 
24-h or later time-points are required. Positron emitters with longer half-life such as 
Copper-64 (64Cu) are better suited for prospective dosimetry but are not in wide-
spread use. Carbon-11 (11C) labeled to 5- hydroxytryprophan can also be used to 
image neuroendocrine tumors [5], but their clinical implementation is not wide-
spread beyond the research setting owing to the short half-life of 20 min.

Fig. 10.2 The changing cancer imaging paradigm with the use of molecular imaging. This arche-
type is particularly well demonstrated for neuroendocrine tumors where somatostatin receptor 
(SSTR) expression assessed with imaging serves as a predictive biomarker for likely response to 
somatostatin analogue (SSA) therapy or peptide receptor radionuclide therapy (PRRT). FDG 
retains a pivotal role for assessing tumor biology with dedifferentiated tumors having high glyco-
lytic activity and poor prognosis
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10.3  Diagnosis

Def initive diagnosis has traditionally been the realm of histopathology, but as PET 
imaging evolves with specific radiotracers including SSTR PET/CT, one can con-
sider it a form of “imaging histopathology,” in some cases obviating the need for 
invasive biopsy. In the era of multi-slice CT and MRI being more widely performed, 
incidental neuroendocrine tumors in the pancreas, small bowel, and lung are being 
identified. These may have anatomic features that favor neuroendocrine etiology 
such desmoplastic changing surrounding mesenteric lymphadenopathy or arterial 
enhancement of the primary, but these features are not sufficiently specific to estab-
lish a diagnosis. While biopsy remains the first-line diagnostic choice, this cannot 
singularly be regarding as a gold standard as it is subject to sampling error. There 
is also morbidity associated with endoscopic or percutaneous biopsy, and depend-
ing on patient comorbidities and anatomic location, it may not be feasible. We now 
utilize SSTR PET/CT to confirm the diagnosis of NET in selected patients. If very 
intense uptake is demonstrated at site anatomically consistent with a neuroendo-
crine tumor, diagnosis can be established with a high degree of certainty on imag-
ing alone.

Patients presenting with symptoms due to hormone secretion and elevation of 
specific hormones and clinical symptoms are another group where SSTR PET/CT is 
useful to localize the primary site of disease and confirm the diagnosis. This includes 
patients with carcinoid tumors, insulinoma, glucagonoma, gastrinoma, and VIPoma. 
We now utilize SSTR PET/CT as the first-line imaging investigation as CT and MRI 
have a relatively low yield and specificity (see Fig. 10.3). The use of SSTR PET/CT 
may also obviate the need for endoscopic assessment or direct the endoscopy in 
cases where histopathologic correlation is required. While most well- differentiated 
NETs have high SSTR expression making SSTR PET/CT the investigation of choice, 
this is not universally true. In particular, a proportion of insulinomas do not have 
SSTR expression. In these patients, we perform 68Ga-Exendin-4 PET/CT which tar-
gets the glucagon-like peptide-1 receptor (GLP- 1) which is highly expressed in 
SSTR-negative insulinomas [6, 7].

10.4  Tumor Grade and Tumor Heterogeneity

Establishing the grade of neuroendocrine tumor is pivotal for selecting the appropri-
ate therapy for an individual patient. Molecular imaging complements histopatho-
logic analysis of individual sites by enabling a whole-body assessment of tumor 
phenotype. High uptake on DOTATATE and low uptake on FDG PET/CT are seen 
in patients with well-differentiated NETs commensurate with the high SSTR 
expression and low proliferative rate. The converse is seen in poorly differentiated 
tumors. In patients with advanced disease and particular in patients with intermedi-
ate or high-grade neuroendocrine tumors, we utilize molecular imaging to guide 
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biopsy as tumor heterogeneity is frequently observed (see Fig. 10.4). In the conven-
tional paradigm, biopsy typically targets the site that is most accessible. Such 
blinded biopsy may yield tumor specimen that is not reflective of disease at other 
sites. This can misguide management, particularly if biopsy demonstrates low- 
grade disease in a patient with occult high-grade disease at other sites. Such patients 
may be erroneously reassured that they will follow an indolent course only to unex-
pectedly progress. We utilize both FDG and SSTR PET/CT to image sites of poorly 
differentiated and well-differentiated disease, respectively (see Fig. 10.5). Biopsy is 
targeted at sites of most FDG-avid disease which are likely the more aggressive 
sites that will determine the patients’ prognosis.

10.5  Using Molecular Imaging to Guide Management

In the conventional cancer imaging paradigm with anatomic imaging, prognosis can 
be inferred from the stage of disease determined by the extent of the primary tumor, 
nodal spread, and distant metastatic disease according to the TNM staging system. 
In this paradigm, histopathologic features, in particular the proliferative rate mea-
sured using Ki-67, are further used to characterize the grade of the tumor. In the 
molecular imaging paradigm, information from PET/CT is independently valued 
for establishing the grade and prognosis of the patient which is pivotal in directing 
therapy, as more aggressive treatment is needed in patients with poorer prognosis, 

Fig. 10.3 Middle-aged man who presented with carcinoid syndrome, confirmed by the biopsy of 
hepatic metastatic disease which demonstrated well differentiated tumor with Ki-67 less than 1 %. 
FDG PET/CT shows no abnormal uptake. In the conventional imaging paradigm, this would be 
considered a false negative, but the absence of uptake is concordant with the biopsy and supports 
all sites of disease being indolent Grade I neuroendocrine tumor. DOTATATE PET/CT demon-
strates intense uptake in the hepatic metastases indicative of high somatostatin cell surface expres-
sion and serving as a predictive biomarker of response to SSA therapy. The primary site of disease 
which is not visualized on conventional imaging is localized with confidence to the small bowel
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whereas patients with very indolent disease on the other end of the spectrum can 
sometimes be observed.

In a prospective study of 98 patients with neuroendocrine tumors, 58 % of FDG 
PET were positive, and in multivariate analysis, SUVmax > 3 was the only predictor 
of progression-free survival [8] (Fig. 10.6). The study demonstrated that FDG PET/
CT provides strong prognostic information which exceeded traditional markers 
such as Ki-67, chromogranin A, or the presence of hepatic metastases. Other studies 
have confirmed these results [9, 10]. Conversely, high uptake on SSTR PET indica-
tive of a well-differentiated phenotype confers a favorable prognosis [11]. These 
studies highlight the ability of whole-body PET imaging to characterize all sites of 
disease in a given patient, minimizing the sampling error inherent with histopatho-
logic sampling of a random biopsy site. Based on these results, we integrate PET 
phenotype as a critical factor when stratifying patient risk and deciding on therapy 
in conjunction with the European Neuroendocrine Tumor Society (ENETS) patho-
logic grading system [12].

The improved accuracy obtained when imaging patients with SSTR PET/CT 
confers a high management impact with an inter-modality change of therapeutic 
strategy in 19 to 71 % demonstrated in several retrospective studies [13–19]. Most 

Fig. 10.4 The “flip-flop” phenomenon of high DOTATATE and low FDG uptake in well- 
differentiated tumors and the opposite imaging phenotype in poorly differentiated tumors. Inter- 
tumoral heterogeneity may be present with different grade tumors at different sites. Using the 
prognostic and predictive power of FDG and DOTATATE enables better selection of management 
for an individual patient. It should be noted, however, that the pattern is not universal as some 
highly differentiated tumors do not express somatostatin receptors (e.g., insulinomas) and not all 
aggressive tumors use glycolytic metabolism for growth
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Fig. 10.5 Patient with insulinoma and CT/MRI demonstrating a large pancreatic tail primary with 
locoregional nodal and multiple hepatic metastases. FDG and DOTATATE (GaTate) PET/CT dem-
onstrate different grade tumors at different sites. Without the knowledge of the PET findings, 
random core biopsy on the basis of CT or MRI could reveal either subtype, which might misinform 
decision- making. The PET studies demonstrate tumor heterogeneity suggesting both well- and 
poorly differentiated disease at different sites (Modified with permission from [2])
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Fig. 10.6 Kaplan–Meier survival curves in a prospective cohort of patients with neuroendocrine 
tumors. FDG PET provided superior prognostication with overall survival compared to histopatho-
logic Ki-67 (Reproduced with permission from [8])
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recently, a prospective study of 78 patients demonstrated significant management 
impact of 36 %, with SSTR PET/CT being equivalent or superior to 111In-octreotide 
in all patients [20]. In recent years, there are an increasing number of therapeutic 
options for patients with neuroendocrine tumors. Selecting the optimal therapy or 
sequence of therapies for an individual patient can be challenging. In our center, 
molecular imaging staging and characterization play a key role in selection and 
sequencing of therapy as detailed below.

10.6  Surgery

Surgery remains the cornerstone of curative management of patients with localized 
neuroendocrine tumors. As detailed above, the use of SSTR PET/CT usually enables 
confident localization of the primary site which can direct patients to curative sur-
gery, especially those with localized disease. In patients with incidental small well- 
differentiated tumor discovered on imaging performed for other reasons, observation 
may be appropriate in a select population. The strongest evidence of such a conserva-
tive approach is for incidental well-differentiated pancreatic NET less than 2 cm in 
size [21]. This may also be true for small incidental lesions in the small bowel and 
lung. Debulking surgery in patients with metastatic disease can be useful, particularly 
in patients with symptoms due to secretion of hormones, in whom quality of life can 
be improved. The role of non-curative debulking surgery is, however, diminishing 
due to more sensitive imaging with SSTR PET/CT which often demonstrates more 
extensive disease than conventional anatomic imaging (see Fig. 10.7) and with the 
availability of new systemic therapeutic options as detailed below. In patients with 
disease confined to the liver who are being considered for surgery, additional imaging 
with MRI should be performed to complete staging as this modality can identify 
small metastases below PET/CT resolution which may modify management.

10.7  Somatostatin Analogue (SSA) Therapy

Somatostatin analogues (SSA) such as lanreotide or octreotide LAR are now com-
monly used to treat patients with unresectable NET. This was originally used for 
patients with symptoms due to hormonal secretion but is now also used to slow 
progression in selected patients. A key selection criteria for commencing SSA are 
adequate SSTR expression in the tumor, which is defined by imaging. In the 
CLARINET trial [22], this was defined by a Krenning score of Grade II or higher on 
111In-octreotide scintigraphy. In this semiquantitative scale [23], there are five scores 
ranging from 0 to 4 defined as no uptake, very low-intensity uptake, uptake intensity 
less than or equal to the liver, uptake intensity greater than the liver, and uptake 
intensity greater than the spleen, respectively. Although this scale was designed for 
planar scintigraphy, we continue to use this scale for reporting SSTR PET/CT.
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10.8  Radionuclide Therapy

Labeling SSA with therapeutic beta emitters enables targeted treatment of non- 
resectable neuroendocrine tumors. Peptide receptor radionuclide therapy (PRRT) 
with 177Lu was pioneered by the Erasmus group who demonstrated highly favorable 
results in a large cohort of patients back in 2005 [24]. Since this time, the treatment 
has evolved [24–34] with additional use of 90Y-radiolabeled SSA and combining 
PRRT with chemotherapy, the so-called peptide receptor chemoradionuclide therapy 
(PRCRT) [27, 35, 36]. Similar to SSA therapy, the use of SSTR scintigraphy or SSTR 
PET/CT is essential for selection of patients that may benefit from PRRT. Studies to 
date have required uptake intensity greater than the liver corresponding to a Krenning 

Fig. 10.7 Middle-aged man with metastatic ENETS Grade II pancreatic tumor of unknown pri-
mary and documented disease progression despite treatment with somatostatin analogue therapy. 
Following workup with CT and MRI, the patient was scheduled to undergo hepatic debulking 
surgery on the basis that more than 90 % of disease could be excised. DOTATATE PET/CT dem-
onstrated additional disease within the bone and lymph nodes on both sides of the diaphragm. In 
the setting of significant burden of extrahepatic disease not appreciated on conventional imaging 
with all sites of disease demonstrating high SSTR expression, management was changed to peptide 
receptor radionuclide therapy (PRRT)
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score of 3 to indicate potential benefit and suitability for PRRT. While SSTR PET/CT 
is generally superior to SSTR planar or SPECT imaging, there are a minority of 
patients where early time-point imaging performed with 68Ga has lower intensity 
uptake compared with more delayed imaging performed with 99mTc or 111In-SSTR 
SPECT/CT.

We additionally employ FDG PET/CT in selected patients, usually those with 
ENETS Grade II or higher tumors, to further enrich the selection for patients likely 
to benefit from PRRT (see Table 10.1). For patients with sites of FDG+/SSTR- dis-
ease, we usually do not recommend PRRT as these patients have sites of aggressive 
NET that cannot be targeted (see Fig. 10.8). This recommendation is not universal 
as the addition of concomitant chemotherapy with PRCRT may target these sites, 
while patients with symptoms due to hormonal secretion may still derive symptom-
atic benefit by treating the well-differentiated disease components (see Fig. 10.9).

Our application of PRRT and PRCRT is highly individualized [38]. In general, 
for patients with ENETS Grade I tumor, we only use radionuclide therapy for 
patients who, despite SSA therapy, have objective evidence of disease progression 
or have ongoing symptoms. For patients with more aggressive ENETS Grade II or 
higher tumors, we now routinely use PRCRT as the first-line treatment [39] given 
the significantly greater response rates and survival rates seen with the individual-
ized theranostic approach compared to other therapeutic options [40]. For patients 
with tumors greater than 4 cm in size, we generally administer one or two cycles 
with 90Y-DOTATATE followed by further cycles of 177Lu-DOTATATE up to a total 
of four cycles. For patients with very large burdens of disease, we consider early 
consolidation with one to two further cycles of PRRT. We individualize the admin-
istered activity according to tumor burden seen on SSTR PET/CT, body weight, and 
renal function [38].

The adverse prognosis associated with FDG-avid NET as described above was 
described in the pre-PRRT era. We have recently published data regarding the effi-
cacy of peptide receptor chemoradionuclide therapy (PRCRT) with Lutetium-177 
DOTATATE (LuTate) combined with 5-fluorouracil (5FU) in a cohort of 52 patients 
with FDG-avid NET [41]. Despite the anticipated poor prognosis of this cohort, we 
demonstrated an unexpectedly long progression-free survival (PFS) of 48 months, 
with median overall survival of 55 months [40]. While retrospectively, our results 
have a lead-time bias which is disadvantageous to our analysis, as survival was 
measured not from diagnosis but from the time of PRCRT in a population who were 
previously treated with conventional therapeutic regimens including at least one 
line of chemotherapy in 67 %. We believe these favorable results demonstrate how 

Table 10.1 Our recommendation for indications of selective use FDG PET/CT in addition to 
SSTR PET/CT

Ki-67 ≥ 5 %
Lesions of concern on the CT component of SSTR PET/CT with low or no activity
Clinical or radiologic evidence of disease progression within a time frame less than 6 months 
despite a Ki-67 < 5 %
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PRCRT can successfully treat sites of poorly differentiated disease, “converting” 
some patients with aggressive NET back to a more indolent phenotype.

Post-therapy imaging is routinely performed which enables visualization of the 
actual radiotracer delivery. Dosimetry can be performed using a variety of tech-
niques but is beyond the scope of this chapter. Our preference is to perform quanti-
tative SPECT/CT for 177Lu [42] or PET/CT for 90Y, followed by voxel-based lesional 
dosimetry [43]. Knowledge of the actual dose of radiation delivered to sites of 
tumor and normal tissues is informative, but it can be challenging to use this infor-
mation to inform future therapy.

Fig. 10.8 This patient with metastatic neuroendocrine tumor and known hepatic metastases was 
evaluated for suitability for peptide receptor radionuclide therapy (PRRT). FDG and DOTATATE 
PET/CT demonstrated several sites of discordant FDG+ DOTATATE- (orange/red color) disease, 
although the majority sites were DOTATATE+ FDG+ or DOTATATE+ FDG- (green color). This 
patient is not an ideal candidate for PRRT as discordant FDG+ sites will not be targeted with PRRT 
but represent the sites of most aggressive disease that more likely determine patient prognosis and 
outcome

Fig. 10.9 The patient in Fig. 10.8 had intractable hypercalcemia due to PTHrP secretion from the 
neuroendocrine tumor. In view of likely hormone secretion from the well-differentiated disease, 
the patient was treated with PRRT [37] despite the presence of FDG+ DOTATATE- sites of disease. 
As predicted by the baseline molecular imaging phenotype, sites of DOTATATE+ disease (whether 
FDG+ or FDG-) responded to PRRT (green arrow), but sites of discordant FDG+ disease pro-
gressed (red arrow)
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10.9  Liver-Directed Therapy

For patients with metastatic disease confined to the liver, transarterial chemoemboli-
zation (TACE), microwave or other ablative therapies, or administration of 
radiolabeled- 90Y microspheres such as SIR-Spheres® are therapeutic options. As 
detailed above for surgery, the use of SSTR PET/CT for selection of patients is piv-
otal as conventional imaging may significantly underestimate the burden of extrahe-
patic disease, particularly within the bone. In patients with hepatic-confined disease 
and high SSTR expression, intra-arterial PRRT is another therapeutic option, although 
data is lacking to demonstrate superiority to intravenous PRRT. We generally reserve 
liver-directed therapies for patients who are not suitable for PRRT (see Fig. 10.10).

10.10  Cytotoxic Chemotherapy and Targeted Therapy

A range of systemic chemotherapy are available for treating NET include SSA + 5,flu-
orouracil (5FU) [44, 45], 5FU/streptozocin [46], capecitabine/temozolomide [47, 
48] and noncytotoxic therapies including everolimus [49, 50] and sunitinib [51]. To 
select patients for these therapies, we generally mandate that they have FDG-avid 
disease signifying tumors in the ENETS Grade II or III range (see Fig. 10.11). We 
use FDG PET/CT as the primary modality of assessing response to these therapies, 
and repeat DOTATATE PET/CT if consideration is still being given to PRRT.

Fig. 10.10 Patient with metastatic pancreatic islet cell tumor. He previously had a highly favor-
able response to Lutate PRCRT over a 6-year period but then progressed with several sites of dis-
cordant FDG+ DOTATATE- disease. As these were confined to hepatic segment II and VIII, the 
patient proceeded to have treatment with selective transarterial chemoembolization (TACE)
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10.11  Response Assessment

In the conventional cancer imaging paradigm, CT and MRI are repeated several 
months after a therapy with changes in size used to measure effectiveness. The ana-
tomic end point of progression-free survival (PFS) using the Response Evaluation 
Criteria in Solid Tumors (RECIST) [52] is used in most oncologic studies. This, 
however, is a surrogate imaging end point since there is an assumption that pro-
longed PFS is a patient relevant end point and a marker of prolonged overall sur-
vival. The use of PET/CT for restaging frequently highlights the limitations of 
relying on anatomic assessment (see Fig. 10.11, Table 10.2).

Fig. 10.11 Patient with ENETS Grade II metastatic pancreatic neuroendocrine tumor with mul-
tiple hepatic metastases. The patient was restaged after three months of everolimus treatment. MRI 
demonstrated enlargement of the dominant hepatic metastases, including a segment 5/6 lesion 
which increased from 23 × 20 mm (left) to 31 × 25 mm (right), with similar enlargement of a fur-
ther dominant metastasis (not shown). DOTATATE and FDG PET/CT (not shown) demonstrated a 
complete functional response in both these metastases. While MRI defined progression by RECIST 
criteria, functional imaging confirms that this was due to cystic necrosis. By inaccurately defining 
progression, the use of anatomic imaging alone may misinform management as consideration may 
be given to cessation of the effective agent (Reproduced with permission from [4])
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Table 10.2 Limitations of anatomic assessment alone for restaging and advantages of molecular 
imaging

Many target lesions seen with PET are occult on baseline imaging
Change in size is only a surrogate of true response: size may increase with cystic necrosis or 
remain unchanged with cytostatic therapies despite favorable response
Change in size occurs slowly, potentially mandating longer trial of ineffective therapy
Differences in contrast enhancement due to technique, equipment, or physiology can confound 
measurement (e.g., worsening carcinoid heart disease)
Substantial reporter variability in measurement
Selecting erroneous (i.e., benign) target lesion in patients with multiple metastases
Inability to quantify change in function such as SSTR expression or glycolytic metabolism, 
reflecting changes in well- and poorly differentiated disease components

Fig. 10.12 Patient with high-grade metastatic pancreatic neuroendocrine tumor, ENETS Grade 
III, Ki-67 50 %. The patient had rapidly progressive disease and was treated with carboplatin–eto-
poside chemotherapy. After three cycles, a repeat FDG PET/CT demonstrated increase in tumor 
burden by 55 %. On the basis of chemorefractory disease and high SSTR expression, management 
was changed to peptide receptor chemoradionuclide therapy (PRCRT), with Lu-177 DOTATATE 
combined with 5FU. There was a dramatic response following PRCRT which has been durable for 
over 3 years at the time of publication
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In the molecular imaging paradigm, earlier response is feasible as changes, such 
as reduction in glycolytic metabolism, occur faster than anatomic changes after 
initiation of therapy. This may enable restaging after a shorter course of therapy and 
enable a change in therapy if there is an inadequate response (see Fig. 10.12). 
Formalized criteria such as the EORTC criteria [53] and the PET Evaluation 
Response Criteria In Solid Tumors (PERCIST) [54] have not been validated in neu-
roendocrine tumors. With DOTATATE PET/CT, changes in SSTR cell surface 
expression can occur following treatment, and therefore change in intensity of 
uptake alone should be interpreted with caution. For patients with metastatic disease 
and tumor heterogeneity, the combined use of FDG and DOTATATE PET/CT can 
be informative in assessing response of poorly differentiated and well-differentiated 
disease, respectively (Fig. 10.13).

Fig. 10.13 Patient with metastatic renal neuroendocrine tumor and rapidly progressive disease, 
biopsy demonstrating Ki-67 of 15 %. CT demonstrated multiple hepatic metastases, but FDG 
and DOTATATE demonstrate different patterns of uptake consistent with significant tumor het-
erogeneity. There were two dominant sites of FDG+/DOTATATE- disease (red) and multiple 
sites of DOTATATE+/FDG+ or DOTATATE+/FDG- disease (green). The patient was treated 
with six cycles of cisplatin–etoposide chemotherapy. On anatomic imaging, there was a “mixed 
response” with some hepatic metastases smaller and others larger. Restaging FDG and 
DOTATATE PET better characterizes this by demonstrating a complete response at sites of 
baseline FDG+ discordant disease (red) which represented the sites of most aggressive disease 
that were most chemosensitive and progression of GaTate + (green) disease representing sites of 
more well-differentiated phenotype that were less sensitive to chemotherapy. The results of 
PET/CT could be summarized as complete response of poorly differentiated disease and pro-
gression of more well-differentiated disease, elegantly explaining the mixed response on ana-
tomic imaging. As all sites of disease now demonstrated high SSTR expression, the patient was 
subsequently treated with PRCRT. He had a highly favorable response but relapsed within 12 
months highlighting the poor prognosis associated with this pattern of discordant disease 
(Reproduced with permission from [55])
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10.12  Conclusion

There are a growing range of therapeutic options for patients with neuroendocrine 
tumors. A large number of ongoing clinical trials will further inform the efficacy of 
specific therapeutic modalities. The optimal sequencing and fine tuning of therapy, 
however, will remain a challenge. We believe that a personalized approach which 
incorporates predictive and prognostic markers obtained from molecular imaging 
will remain key to optimal treatment of patients.
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11.1  Introduction

The research field of tumor metabolism can be traced back to discoveries made in 
the 1920s by Otto Warburg, with recent renewed focus following discoveries of 
tumor susceptibility genes with key roles in mitochondrial energy metabolism. In 
2011, Hanahan and Weinberg updated their hallmarks of cancer to include meta-
bolic reprogramming of tumor cells, emphasizing the importance of considering 
metabolic changes in tumor development, progression, and therapeutic interven-
tions [24]. To maintain high proliferative capacities, tumor cells must satisfy their 
energetic and anabolic requirements through changes in substrate utilization and 
pathway activities. This metabolic switch often results from mutations in genes 
involved in the regulation of metabolism.

With the discovery of SDHB, SDHC, and SDHD mutations as a cause of familial 
paraganglioma syndromes, the involvement of metabolism in the pathogenesis of 
chromaffin cell tumors became recognized [2, 4, 38]. More recently, mutations of 
other Krebs cycle-related genes, SDHA, SDHAF2, FH, and MDH2, have been iden-
tified as causes of hereditary PPGL [3, 6, 8, 34]. Together with recent advances in 
small molecule analysis by mass spectrometry, these findings have sparked interest 
in PPGL metabolomics.

This chapter reviews the current state of the field focusing on metabolic pro-
cesses during PPGL tumorigenesis and developments in diagnostics and therapeutic 
approaches based on metabolic aberrations in tumor cells.

11.2  The Warburg Effect in Pheochromocytoma 
and Paraganglioma

In 1924 Warburg and coworkers published their landmark paper about the metabo-
lism of cancer cells describing that thin tumor slices, in comparison to non- 
transformed tissue, produce an excess of lactate even in the presence of oxygen 
[55]. Warburg believed mitochondrial deficiency to be the reason for this phenotype. 
It has since been demonstrated that this is only the case for a small proportion of 
tumors; more often mechanisms dysregulating glycolysis are the cause, including 
p53 inactivation and activation of Akt/mTOR, hypoxia-inducible factor (HIF), and 
MYC signaling pathways.

Today the terms “Warburg effect” and aerobic glycolysis refer to tumor features 
of increased glucose uptake and subsequent pyruvate reduction to lactate [30]. This 
is suggested to provide a general growth advantage for proliferating cells via several 
mechanisms: (i) use of the most abundant extracellular nutrient, glucose, which has 
the potential to generate ATP faster than oxidative phosphorylation; (ii) provision of 
intermediate metabolites for biosynthesis; (iii) maximization of flux through path-
ways branching from glycolysis; and (iv) reduction in production of reactive oxy-
gen species (ROS) by decreased respiratory demands [14, 53].

S. Richter and G. Eisenhofer



241

Warburg’s hypothesis of mitochondrial defects causing increased glycolytic 
activity holds partly true for PPGLs. 18F-Fluorodeoxyglucose (18F-FDG)-PET 
allows for detection of tissues with increased glucose uptake. Consequently, PPGLs 
due to germline von Hippel–Lindau (VHL) or SDHx mutations show strong uptake 
of 18F-FDG, whereas PPGLs with germline Rearranged during transfection (RET) 
proto-oncogene or neurofibromin 1 (NF1) mutations show lower 18F-FDG uptake 
[50–52]. Sporadic PPGLs present as a heterogeneous group, where 18F-FDG uptake 
is likely dependent on underlying somatic mutations and the affected signaling 
pathways.

Expression profiling studies in PPGL tumors with four genetic backgrounds 
(NF1, RET, VHL, and SDHx mutation) showed mutation-dependent differences in 
Warburg gene signatures. VHL-mutated PPGLs showed elevated expression of glu-
cose and lactate transporters and glycolytic genes compared to tumors due to NF1 
or RET mutations [18]. In contrast, SDHx-mutated PPGLs showed an intermediate 
expression profile with some elevation of glucose transporter 3 and hexokinase 2, 
but not of other glycolysis-related genes. In another study expression of lactate 
dehydrogenase A was increased in SDHB-mutated PPGLs compared to VHL tumors 
and normal medulla [19]. On the metabolite level, however, no differences in lactate 
or pyruvate were measured in PPGL tissue with different mutational backgrounds 
[42, 45]. Enzymatic activity of respiratory chain complexes was decreased not only 
in PPGLs with impairment of complex II (SDHx mutations) but also in VHL tumors, 
albeit to a lesser extent [18, 41].

In summary, PPGLs due to mutations impacting hypoxia-signaling pathways 
(VHL and SDHx) display a Warburg-like metabolic phenotype with increased glu-
cose uptake, but appear to be distinct in their level of glycolytic activation and most 
likely also in their dependence on other metabolic pathways.

VHL tumors have been studied extensively in the context of renal cell carcinoma 
(RCC), where 70–90 % of clear cell RCC have a VHL deficiency caused by either a 
mutation or hypermethylation. The inactivation of the VHL protein has well- 
documented effects on hypoxia-signaling pathways leading to a HIF1-induced 
Warburg effect [47]. Introduction of VHL in VHL-mutated RCC cell lines reversed 
the Warburg phenotype by reducing glucose uptake and glycolytic flux to lactate 
[32]. VHL-deficient cancer cells are further known to heavily depend on glutamine 
as a carbon source [21]. In this case reductive carboxylation of α-ketoglutarate 
replenishes citrate for subsequent generation of lipids.

11.3  Pheochromocytoma and Paraganglioma 
due to Germline Mutations in Krebs Cycle Genes

PPGLs have a particularly rich hereditary background with every third patient test-
ing positive for a germline mutation in one of the currently known susceptibility 
genes: NF1, RET, transmembrane protein 127, myc-associated factor X (MAX), 
VHL, SDHA, SDHB, SDHC, SDHD, SDHAF2, prolyl hydroxylases (PHD1 and 
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PHD2), kinesin KIF1β, FH [13], and MDH2 [8]. Somatic mutations in many of the 
above genes are also now established to contribute to sporadic PPGLs indicating 
involvement of these genes in 50 % or more of all PPGLs. Additionally somatic 
mutations of the Harvey rat sarcoma viral oncogene homolog (HRAS) play a role in 
a subset of patients [12]. Recently epigenetic aberrations in the SDHC promoter 
have also been shown to occur in PPGLs [23, 44]. Finally, findings of mosaic 
somatic mutations of EPAS1 (also known as HIF2α) as a cause of PPGLs, polycy-
themia, and somatostatinomas support a central role of this hypoxia pathway driver 
in both tumorigenesis and as a determinant of phenotypic features of PPGLs [5, 11, 
58, 59].

Generally PPGLs are benign tumors; however 10–15 % develops metastases to 
distant organs including the bone, liver, lungs, and lymph nodes. The highest risk 
for recurrence after surgery and/or metastasis lies with patients carrying SDHB 
mutations. Mutations in other Krebs cycle genes such as FH and MDH2 also appear 
to predispose to malignancy [8, 9].

Disruption of SDH, FH, and MDH, which are involved in central carbon metabo-
lism, causes accumulation of the Krebs cycle intermediates, succinate or fumarate 
[8, 33, 45]. Similar to the oncometabolite 2-hydroxyglutarate, succinate and fuma-
rate are competitive inhibitors of α-ketoglutarate-dependent dioxygenases that 
impact two major signaling pathways [37] (Fig. 11.1). Through inhibition of PHDs, 
HIF transcription factors are stabilized under oxygenated conditions leading to acti-
vation of genes responsible for angiogenesis, growth, survival, energy metabolism, 
pH regulation, and invasion. Another group of α-ketoglutarate-dependent enzymes 
include DNA and histone demethylases of the TET (ten-eleven translocation) fam-
ily of 5-methlycytosine hydroxylases and the Jumonji C-domain-containing protein 
family. Inhibition of these enzymes results in changes of DNA methylation, which 
in turn cause profound alterations in gene expression [10, 34, 57]. Activation of 
these pathways was shown to drive metastatic transformation of tumor cells by acti-
vation of epithelial-mesenchymal transition in different cell models, including chro-
maffin, ovarian, and lung cancer cells [1, 34, 35]. It has also been demonstrated that 
hypoxia acts synergistically with succinate accumulation to inhibit α-ketoglutarate- 
dependent dioxygenases, potentially leading to a more aggressive phenotype in 
hypoxic tumor areas [25].

Succinate dehydrogenase not only participates in the metabolism of carbon 
but is also a component of the electron transport chain located in the mitochon-
drial membrane (complex II) that is required for ATP generation through oxida-
tive phosphorylation. Inhibition of complex II is known to induce oxidative stress 
in cell culture models [22, 28]. ROS, dependent on their equilibrium to antioxi-
dants, can cause damage to intracellular molecules, including nucleic acids, pro-
teins, and lipids [49]. DNA oxidation generates 8-hydroxy-2′-deoxyguanosine, a 
compound capable of inducing mutations and essentially leading to genomic 
instability. Oxidation of proteins may lead to functional impairment due to struc-
tural changes. ROS have been shown to promote different aspects of tumor 
development and progression, including proliferation, invasion and metastasis, 
and angiogenesis.
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11.4  Tumor Microenvironment and Metabolism

An important component of solid tumors is the stromal microenvironment consist-
ing of several cell types, such as fibroblasts, endothelial cells, and immune cells. 
Immunological staining studies of colorectal tumor tissue section for different met-
abolic enzymes (lactate dehydrogenase, pyruvate dehydrogenase, pyruvate- 
dependent kinase) and lactate and glucose transporters have indicated that fibroblasts 
and untransformed colorectal cells favor aerobic metabolism of pyruvate, whereas 
tumor cells have a suppressed aerobic metabolism aiding in survival under low 
oxygen conditions [31]. Based on these findings, the authors proposed a model of 

Fig. 11.1 Krebs cycle gene mutations in pheochromocytoma and paraganglioma and their down-
stream cellular effects. Mutations in succinate dehydrogenase (SDH) subunit and assembly factor 
genes, fumarate hydratase (FH), and mitochondrial malate dehydrogenase (MDH2) have been 
shown to predispose to chromaffin cell tumors. Due to their disruptive effect on central carbon 
metabolism, intracellular metabolites are altered leading to profound changes in downstream sig-
naling pathways. Succinate and fumarate are known to inhibit α-ketoglutarate-dependent dioxy-
genases, including prolyl hydroxylases and histone and DNA demethylases. Succinate 
dehydrogenase also participates in the respiratory chain, where complex disruption can increase 
reactive oxygen species (ROS) production
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complementary metabolic pathways between highly glycolytic cancer cells, tumor- 
associated fibroblasts with strong lactate uptake and oxidation fueling aerobic 
metabolism, and tumor-associated endothelial cells with a high capacity for glucose 
uptake and aerobic pyruvate metabolism, but resistance to lactate intrusion. Other 
studies have demonstrated a metabolic symbiosis of tumor cells along oxygen and 
nutrient gradients with hypoxic cells being highly glycolytic and excreting lactate, 
which is then taken up as a carbon source by oxygenated cells [48]. Such cell-cell 
lactate shuttles have also been described in normal physiological tissues, including 
between neurons and astrocytes in the brain [15].

In further support of the aforementioned tumor microenvironment intercellular 
shuttling mechanisms, it has also been shown that SDHB silencing in a neuroblas-
toma model leads to increased proliferation, decreased glucose uptake, and increased 
lactate uptake compared to control [43]. Co-culturing these tumor cells with fibro-
blasts resulted in an additional increase in proliferation and lactate uptake, but also 
in a further decrease in glucose uptake.

11.5  Metabolic Biomarkers for Patient Stratification

Different underlying mutations in patients with PPGL result in tumors with dis-
tinct metabolic fingerprints. In PPGL, profiles of catecholamines and their 
metabolites, metanephrines, are characteristic for certain patient groups. 
Mutations affecting the Ras-Raf-MEK-ERK pathway, such as RET and NF1, 
lead to generally high tumor catecholamine contents and a relatively high pro-
portion of epinephrine, whereas tumors due to VHL or SDHx aberrations pre-
dominantly produce norepinephrine with an additional high proportion of 
dopamine in those with SDHx mutations [16]. Patients with MAX mutations on 
the other hand present with an intermediate catecholamine phenotype [40]. 
SDHx-mutated tumors, which have a high risk of metastasis and recurrence, can 
be further distinguished by high levels of the dopamine metabolite 3-methoxy-
tyramine [39]. Quantification of catecholamines and metanephrines by liquid 
chromatography tandem mass spectrometry (LC-MS/MS) therefore not only is 
crucial for the diagnosis of patients with PPGLs but also delivers information for 
stratification of patients [17].

Other biomarkers have been identified within the intermediates of the central 
carbon metabolism. Due to the blockade of the Krebs cycle at the site of SDH, 
PPGLs with disruptions in one of the SDH subunits have high levels of succinate 
and corresponding low levels of other Krebs cycle intermediates, including fuma-
rate, citrate, isocitrate, and cis-aconitate [33, 45]. Measurements of the succinate-to- 
fumarate ratio by LC-MS/MS reliably identify tumors from patients with SDHx 
mutations making this a useful test for assessing the functional impact of mutational 
variants of unknown significance identified during genetic testing. In the same 
study, VHL-mutated tumors were also shown to have lower levels of fumarate, 
citrate, isocitrate, and cis-aconitate indicating increased requirements for 
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 biosynthesis leading to depletion of Krebs cycle intermediates. Citrate, a precursor 
for lipids, is known to be especially depleted in VHL-deficient RCC [21].

NMR-based studies identified a reduction of adenine nucleotides, glutamate, and 
N-acetylaspartate in SDHx-mutated PPGLs, as well as increased levels of glutathi-
one and decreased levels of creatine in VHL-mutated PPGLs [27, 42]. Other metab-
olites altered in SDHx versus non-SDHx tumors include elevated methionine, 
glutamine, and taurine [26]. Recently, proton magnetic resonance spectroscopy was 
successfully employed to identify high succinate levels in patients’ tumors in vivo 
[54]. This technique can provide metabolic information in inoperable tumors, which 
could be used to predict tumor aggressiveness and guide therapeutic decision mak-
ing and monitor therapeutic response.

11.6  Tumor Metabolism as a Therapeutic Target

Similar to cellular signaling cascades, the metabolism of tumor cells is distinct from 
that of healthy untransformed cells providing possibilities for targeted treatments. 
The Warburg phenotype of increased glucose uptake and utilization is one possible 
metabolic target. Gene silencing approaches and small molecule inhibitors were 
successfully used to inhibit different glycolytic steps in several cancer types leading 
to growth delay and apoptosis; however, due to lack of specificity, preclinical devel-
opment of small molecule inhibitors is still ongoing [29]. Glutamine is another 
major carbon source used for oxidative phosphorylation and lipid biosynthesis or to 
replenish Krebs cycle intermediates. Glutamine dependence has been shown in dif-
ferent cancers, including VHL-mutated RCC and MYC-transformed tumors [21, 
56]. Targeting glutamine uptake and metabolism through glutaminase is another 
proven concept for metabolic intervention.

A targeted treatment for SDHx-mutated tumor cells has been suggested by 
employing a genome-scale model of cancer metabolism [20]. This model predicted 
synthetic lethality for inhibition of pyruvate carboxylase (PC) in SDH- and 
FH-deficient cells. In the latter case, separate inhibition of nine other proteins was 
predicted to also selectively kill FH-mutated cells; these include seven enzymes 
involved in heme biosynthesis and two transporters. PC replenishes Krebs cycle 
intermediates by carboxylating pyruvate to oxaloacetate, which is essential for 
aspartate biosynthesis, a precursor for proteins, nucleotides, and other nonessential 
amino acids (Fig. 11.2). An alternative source of oxaloacetate is glutamine feeding 
into the Krebs cycle via α-ketoglutarate. The oxidative metabolic route is however 
blocked in SDHx-, FH-, and also MDH2-mutated tumor cells.

Cell culture models have since established that SDHB knockout cells are depen-
dent on extracellular pyruvate to sustain maximal glycolytic flux. Pyruvate depriva-
tion or PC knockdown results in a selective growth delay of SDHB knockout cells 
compared to wild type in vitro and as xenografts [7, 36]. PC protein levels were also 
found to be upregulated in SDHB-mutated compared to SDHB wild-type PPGLs. 
Experiments with 13C labels demonstrated that pyruvate carbons replenish 
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 oxaloacetate pools in SDHB knockout cells to maximize the glycolytic flux into the 
Krebs cycle via acetyl-CoA. This process supports the biosynthesis of aspartate 
from oxaloacetate. Glutamine is the major source of aspartate in SDHB wild-type 
cells, but only contributes to 20 % in SDHB-mutated cells. Compared to wild-type 
chromaffin cells, which preferably utilize oxidative glutamine metabolism, reduc-
tive carboxylation of glutamine is increased in SDHB knockouts indicating another 
potential point of intervention for targeted therapy.

Cardaci et al. furthermore showed that the respiratory chain in SDH-deficient 
kidney cells operates close to the bioenergetic limit and that these cells have a 
reduced coupling efficiency resulting in ATP being predominantly produced by gly-
colysis rather than oxidative phosphorylation. Inhibition of lactate dehydrogenase, 
a key glycolytic player, with oxamate selectively inhibited proliferation in SDHB- 
mutated cells by 40 %. By using 13C-labeled substrates, reduced entry of glucose 
carbons in the Krebs cycle was demonstrated leading to reduced citrate levels, 
which correlated with findings in PPGL tumor tissue.

Fig. 11.2 Targeting tumor metabolism in pheochromocytoma and paraganglioma. There are sev-
eral possible points of intervention in the central carbon metabolism (marked by bull’s eye). 
Glycolysis can be inhibited by restriction of glucose import via glucose transporters or by inhibi-
tion of specific enzymes, including lactate dehydrogenase. Tumors with mutations in succinate 
dehydrogenase, fumarate hydratase, or mitochondrial malate dehydrogenase (marked as crosses) 
are dependent on additional carbon sources to replenish Krebs cycle intermediates. Those could be 
pyruvate metabolized by pyruvate carboxylase or glutamine metabolized by glutaminase. Due to 
the blockade of oxidative α-ketoglutarate metabolism, tumors with the abovementioned mutations 
use reductive metabolism to replenish citrate and oxaloacetate pools. Hence, pyruvate carboxylase 
and glutaminase may be suitable targets for small molecule inhibitors
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Targeting the metabolism of tumors can be an effective way to selectively kill 
cancer cells by limiting their biosynthetic capacity. Clinical trials with metabolic 
inhibitors as single agents or in combination had varying successes, and many trials 
are still ongoing [46]. There is a strong need for the development of more specific 
agents targeting different metabolic pathways; a careful selection process to match 
certain drugs or drug combinations to specific patients will also be of importance to 
success of any therapies targeting tumor metabolism.
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TMEM127 transmembrane protein 127
VEGF Vascular endothelial growth factor
VHL von Hippel-Lindau

12.1  Pheochromocytoma and Paraganglioma

Pheochromocytomas and paragangliomas (PPGLs) are rare catecholamine- 
producing neuroendocrine tumors that derive from sympathetic chromaffin tissue in 
adrenal and extra-adrenal abdominal or thoracic locations [1]. PPGLs arising from 
the adrenal medulla are commonly referred to as pheochromocytomas. Typical 
locations for extra-adrenal PPGLs are (1) the Zuckerkandl body, a sympathetic gan-
glion located at the root of the inferior mesenteric artery, (2) the sympathetic plexus 
of the urinary bladder, the kidneys, and the heart, and (3) the sympathetic ganglia in 
the mediastinum. Head and neck paragangliomas (HNPGLs), also called glomus 
tumors, arise from parasympathetic paraganglia, mainly from the glomus caroti-
cum, glomus (jugulo-)tympanicum, and glomus vagale.

Most PPGLs are benign, but 10–15 % are defined as malignant based on the 
development of metastases in nonchromaffin tissues such as the lymph nodes, lung, 
liver, and bone. For pediatric PPGL, malignancy rates between 2 and 47 % have 
been described. Currently there are no reliable pathological or molecular markers 
for malignancy. The strongest predictors for the developments of metastases are 
succinate dehydrogenase subunits B (SDHB) mutations (see below), young age, 
large tumors (>5 cm), extra-adrenal tumor location, and elevated plasma 
3- methoxytyramine [2]. The prevalence of an underlying SDHB mutation among 
patients with metastatic PPGL is 30 % and up to 90 % if the tumor originates from 
an extra-adrenal location. Survival is highly variable. The overall 5-year survival 
rate varies between 34 and 60 % [3]. The survival of patients with metastatic disease 
due to an underlying SDHB mutation is lower than in non-SDHB patients [4].

In the context of a tumor that is highly variable in its genotype, biochemical 
phenotype, tumor location, growth and malignancy rate, and prognosis, a multi- 
omics approach is being applied to better stratify PPGLs and guide tailor-made 
diagnostic and therapeutic strategies. As will be reviewed in this chapter, radionu-
clide imaging is a very valuable tool to recognize the different molecular signatures 
of these tumors and can be regarded as a method for in vivo omics.

12.2  The PPGL Genome, Transcriptome, and Methylome

Nearly 40 % of the PPGLs are caused by germline mutations in tumor susceptibility 
genes which include VHL (von Hippel-Lindau), RET (rearranged during transfec-
tion), NF-1 (neurofibromatosis type 1), SDHA/B/C/D/AF2 (succinate dehydroge-
nase subunits A, B, C, and D and assembly factor 2), TMEM127 (transmembrane 

H.J.L.M. Timmers



253

protein 127), MAX (myc-associated factor X) [5], and more recently discovered 
HIF2α (hypoxia-inducible factor 2 α) [6], FH (fumarate hydratase) [7], and MDH2 
(malate dehydrogenase 2) [8]. In addition to hereditary cases, in at least 17 % of 
sporadic tumors, somatic mutations in especially NF1, but also RET, VHL, MAX, 
and in rare cases SDHx and HIF2α, have been reported [9–14].

Based on transcriptional profiling studies, PGLs can be classified into two clus-
ters [15, 16]. Cluster 1 tumors (1a, SDH and FH; 1b, VHL and HIF2α) are character-
ized by increased expression of genes involved in (pseudo)hypoxia, cell proliferation, 
angiogenesis, electron transport chain and the Krebs cycle, and abnormal function of 
oxidoreductases. Cluster 2 tumors (RET, NF1, TMEM127, MAX) show an increased 
expression of genes involved in protein synthesis, kinase signaling, endocytosis, and 
maintenance of a differentiated chromaffin cell catecholamine biosynthetic and 
secretory phenotype. Sporadic PGLs are distributed between the two major clusters 
based on their gene expression pattern and catecholamine phenotype [15].

SDHB mutations are of particular interest, because they have been associated 
with large-sized aggressive tumors and increased risk of malignancy. SDH is an 
important component of the mitochondrial electron transport chain. In tumors with 
SDHx mutations, the ability of cells for oxidative phosphorylation is compromised 
[16–19]. Also, it has been demonstrated in vitro that accumulation of succinate in 
cells silenced for SDH causes inhibition of prolyl hydroxylase activity resulting in 
stabilization of hypoxia-inducible factors (HIF)-1α and -2α [20, 21]. HIF-1α and 
-2α then translocate to the nucleus where, together with aryl hydrocarbon receptor 
nuclear translocator, they form an active HIF complex that induces the expression 
of genes with hypoxia response elements that support tumor progression via differ-
ent signaling pathways. Thus, in cluster 1 tumors, the pseudo-hypoxic drive is 
hypothesized to mediate an increase in aerobic glycolysis, also known as the 
Warburg effect. This is supported by increased HIF-α protein level combined with 
lower SDH activity and increased glycolysis as indicated by lactate dehydrogenase 
activity [16].

DNA methylation profiling revealed that SDH-deficient PPGLs are characterized 
by a pattern of global histone and DNA hypermethylation that results in a decrease 
in gene expression [22, 23]. These epigenetic changes are induced by succinate 
through inactivation of histone demethylases and account for several of the charac-
teristics of this subset of tumors, including catecholamine secretory profile and cell 
migration/metastatic capacity. A pattern of global histone and DNA hypermethyl-
ation was also found in FH-related paraganglioma. In this case, fumarate rather than 
succinate acts as an oncometabolite.

12.3  The PPGL Metabolome

Mitochondria are the metabolic hubs of the tumor which, in addition to providing 
energy, generate reducing equivalents (NADH and NADPH) and intermediates for 
anabolic reactions. Thus, genotype-specific differences in the mitochondrial func-
tion have a strong impact on intermediary metabolism of PPGLs [16, 24, 25].  
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In comparison with other genotypes, VHL tumors show an overall decrease in respi-
ratory chain enzyme function, while SDHx tumors demonstrate a decreased com-
plex II and an attempted compensatory increase in the complex I, III, and IV 
activities, indicative of impaired mitochondrial function [24].

Simultaneous detection of several metabolites is called metabolomics and can 
improve our understanding of the pathophysiology of PPGL. Targeted and untar-
geted metabolomic analyses in PPGL tumor tissues have clearly indicated pro-
found genotype-specific differences in the tumor metabolite profile related to 
differences in mitochondrial function [24, 26, 27]. This was achieved by proton 
nuclear magnetic resonance (1H-NMR) spectroscopy, a leading technology for 
untargeted metabolomics [24] and liquid chromatography-mass spectrometry 
(LC-MS). With 1H-NMR on homogenized tumor tissue, vast accumulation of 
succinate was found in SDH-deficient tumors, together with a decrease in 
energy-rich phosphates ATP/ADP/AMP when compared to cluster 2 and spo-
radic PGLs [24]. Positive correlations were observed between respiratory chain 
complex II activity, catecholamine content, and ATP/ADP/AMP suggesting that 
genotype-specific differences in the energy metabolism contribute to genotype-
specific differences in tumor catecholamine phenotypic features. Furthermore, 
1H-NMR studies exhibited reduced levels of N-acetylaspartic acid in SDHx 
tumors and reduced total creatine in VHL tumors, as well as increased lactate in 
a subset of cluster 1 tumors, all of which are probably related to altered energy 
metabolism. These findings were confirmed by 1H high- resolution magnetic-
angle spinning (HRAS) on small intact tissue samples (solid- state NMR). In 
addition, SDHx tumors exhibited a specific metabolic signature characterized by 
low glutamate and high glutamine, myoinositol, glutathione, and methionine 
levels [28, 29], the latter being consistent with the hypermethylation pattern of 
these tumors. Apparently, cell metabolism is affected beyond the Krebs cycle, 
involving purine and amino acid metabolism, energy storage, and oxidative 
stress response. The full significance of these metabolomic findings requires fur-
ther exploration.

By applying principal component analysis and other unsupervised statistical 
methods for interpretation of magnetic resonance spectra, PPGL tissues could be 
classified in genotype-specific groups on the basis of their metabolite profile [27, 
29]. 1H-NMR can therefore also serve to assess the relevance of SDHx variants of 
unknown significance. This is certainly also true for targeted metabolomics using 
mass spectrometric analysis, which allows identification of metabolites at much 
lower concentrations than 1H-NMR [27]. Measurement of Krebs cycle intermedi-
ates by LC-MS identified 25-fold higher succinate and 80 % lower fumarate, cis- 
aconitate and isocitrate levels in SDHx PPGLs. Succinate:fumarate ratios were 
shown to be highly discriminative for SDH deficiency, providing a sensitivity of 
100 % in PPGL. Succinate:fumarate ratios were higher in SDHB than SDHC/D 
tumors, linking specific SDH mutations to tumor aggressiveness through different 
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extents of succinate-induced hypermethylation and related tumorigenesis. 
Metabolomic profiling is thereby suggested to have prognostic value for assessing 
the likelihood of malignancy.

12.4  Localization of PPGL by Radionuclide Imaging

In patients with a biochemically established diagnosis of PPGL, anatomical and func-
tional imaging are critical for primary tumor localization and detection of multiple 
primary tumors and metastases, guiding the optimal choice between curative surgery 
and palliative treatment options. CT and MRI provide a high sensitivity and allow 
precise tumor delineation. Lesions detected by anatomical imaging can be specifi-
cally identified as PPGL by functional imaging agents that target the catecholamine 
synthesis, storage, and secretion pathways of chromaffin tumor cells [30]. These 
techniques include [123/131I]-metaiodobenzylguanidine (123/131I-MIBG) single-photon 
emission computed tomography (SPECT) and 6-[18F]-fluorodopamine (18F-FDA) 
positron emission tomography (PET). 123/131I-MIBG and 18F-FDA target the norepi-
nephrine transporter of the PPGL cell membrane and the vesicular monoamine trans-
porters in the membrane of intracellular vesicles. These transporters facilitate the 
reuptake and storage of catecholamines, respectively. The PET tracers 11C-epinephrine 
and 11C-hydroxyephedrine are alternatives that accumulate in tumor cells through the 
same mechanisms but are of limited use for clinical imaging because of their (very) 
short half-life. 6-[18F]-fluoro-L-3,4-dihydroxyphenylalanine (18F-DOPA) PET can be 
used for the imaging of the striatal system and neuroendocrine tumors such as carci-
noids but also for PPGL and HNPGL. The target of 18F-DOPA is the large amino acid 
transporter involved in the uptake of amine precursors.

Other targets for PPGL imaging are the somatostatin receptors and glucose trans-
porters (GLUTs). For somatostatin receptor-based imaging, 11In-Pentetreotide is 
available for SPECT and 68Ga-/111In-DOTATATE/DOTANOC/DOTATOC for PET. 
2-[18F]-fluoro-2-deoxy-D-glucose (18F-FDG) PET provides an index of intracellular 
glucose metabolism and is taken up by the tumor cell through the GLUTs [6–8]. 
18F-FDG PET has been successfully applied in the localization of primary non- 
metastatic PPGL, yielding a high sensitivity similar to 123I-MIBG [31]. In malignant 
PPGL and especially in SDHB-related PPGL, metastases are more accurately 
detected by 18F-FDG PET than by 123I-MIBG SPECT [31–34]. A large NIH study 
indicated sensitivities of 80 % versus 49 % with 18F-FDG PET and 123I-MIBG 
SPECT, respectively [34]. One third of patients with metastatic PPGL even had 
completely false-negative 123I-MIBG scans. Moreover, for the localization of metas-
tases of the bone, a frequent site of involvement in malignant PPGL, 18F-FDG PET 
was superior to whole-body CT and/or MRI (sensitivity 94 % vs. 79 %), whereas for 
soft tissue metastases, the performance was similar.
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12.5  Characterization of PPGL by Radionuclide Imaging

Different genotypes are associated with differences in PPGL features such as cate-
cholamine profile, tumor location, and malignant potential [35]. Similarly, the 
results of radionuclide imaging appear to be largely determined by the underlying 
mutations and related tumor cell characteristics. For example, there is evidence of 
differential expression of cellular targets for radiopharmaceuticals across geno-
types. There is lower expression of the cell membrane norepinephrine transporter 
system in VHL-related PPGL cells than in RET-related tumor cells [36]. Considering 
a higher affinity of 18F-FDA than 123I-MIBG for these transporters, it is no surprise 
that 18F-FDA PET is superior to 123I-MIBG SPECT in the specific context of the 
VHL syndrome [37].

Profound effects among PPGLs with different molecular signatures have also 
been observed with 18F-FDG PET. It has been well established that 18F-FDG PET is 
superior to 123I-MIBG SPECT, 18F-FDA PET, and 18F-FDOPA PET for localizing 
metastatic PPGL, particularly with an underlying SDHB mutation [31, 32, 34]. The 
detection rate for metastases was 92.0 % in SDHB versus 67.3 % in non-SDHB [34]. 
Regarding non-metastatic PPGLs, 18F-FDG uptake varies considerably among 
PPGLs of different genotypes, with the highest standard uptake values (SUVs) 
being observed in SDHx- and VHL-related tumors [34]. In the same study, SDHx- 
and VHL-related tumors were without exception detected by 18F-FDG PET, whereas 
the majority of RET-related PPGLs were 18F-FDG PET negative. Similarly, in 
HNPGLs 18F-FDG PET can help to distinguish between SDHx and non-SDHx 
tumors [38]. Apparently, genotype-specific tumor cell biology translates into dis-
tinct patterns of radiotracer uptake and accumulation. These observations suggest 
that 18F-FDG PET can be used along with syndromal features, family history, age, 
tumor location, and catecholamine phenotype [39] to guide the genetic testing strat-
egy in individual patients, prioritizing SDH and VHL testing in those with promi-
nent 18F-FDG uptake (SUV > 5).

Besides 18F-FDG, other PET radiotracers have been shown to exhibit differential 
uptake among genotypes. For unknown reasons, the sensitivity of 18F-FDOPA PET 
for the detection of SDHB-related metastases appears to be lower than in non-SDHB 
metastases (20 vs 93 %) [31], although this awaits confirmation in a larger study. In 
another study in non-metastatic PPGLs and HNPGLs, false-negative 18F-FDOPA 
PET scans were predominantly encountered in SDHx PPGLs [40]. On the other 
hand, no difference in quantitative uptake was found by others [41], excluding the 
possibility to reliably identify genotypes by 18F-FDOPA SUVs. Very recently, the 
superiority of 68Ga-DOTATATE PET/CT to other functional imaging modalities in 
the localization of SDHB-associated metastatic PPGL has been reported [42]. Its 
lesion-based detection rate was 98.6 %, which was higher than that of 18F-FDG PET 
(85.8 %), 18F-FDOPA PET (61.4 %), and 18F-FDA PET (51.9 %). Whether 
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68Ga-DOTATATE PET/CT can facilitate the identification of SDHx versus non- 
SDHx PPGLs remains to be established. Although 123I-MIBG is still considered the 
gold standard for PPGL functional imaging, there seems to be no role for  genetically 
characterizing PPGLs by semiquantitative 123I-MIBG uptake measurements [43]. 
Taking into account the fact that the diagnostic accuracy of different functional 
imaging modalities for PPGL is largely determined by the underlying genotypes, a 
tailored approach regarding the choice of the most appropriate tracer is advocated in 
recent guidelines [44, 45].

12.6  Determinants of 18F-FDG Avidity in PPGL

Enhanced uptake of glucose by tumor cells compared to normal cells is the hallmark 
of in vivo cancer imaging with 18F-FDG PET. However, prominent 18F-FDG uptake 
by subsets of PPGLs has been suggested to be a specific hallmark of altered glucose 
metabolism related to genotype-specific tumor cell metabolism. Similar to glucose, 
18F-FDG is taken up by tumor cells mostly via facilitative transport by GLUTs. 
After cell entry, 18F-FDG is phosphorylated by cytosolic hexokinase (HK) enzymes 
into 18F-FDG-6-P which, in contrast to glucose-6-P, cannot be further metabolized 
along the glycolytic pathway. The cell membrane is impermeable to 18F-FDG-6P so 
it accumulates within cells directly proportionate to their metabolic activity. 
18F-FDG-6P can theoretically escape from the cell by dephosphorylation back to 
18F-FDG by glucose-6-phosphatase. In general, this process is negligible because of 
the low intracellular levels of the dephosphorylating enzyme. Therefore, 18F-FDG 
uptake and accumulation of any cell is determined by expression of GLUTs and 
activity of HKs. Another possible determinant is tumoral blood flow which brings 
18F-FDG to the cell and reasonably increases its metabolism in parallel.

High uptake of 18F-FDG by SDHx-related tumors has been suggested to be a 
reflection of the Warburg effect. Various mechanisms for accelerated glucose use by 
tumor cells have been described. Enhanced influx of glucose via GLUTs is consid-
ered to be the most important. Overexpression of GLUT isoforms GLUT-1 and 
GLUT-3 is closely related to 18F-FDG uptake in tumor cells [46]. In addition, accel-
erated glucose phosphorylation by the HK enzymes results in enhanced 18F-FDG 
accumulation. HK-2 is predominantly expressed in tumor cells that exhibit the 
Warburg effect [47] and is associated with elevated 18F-FDG uptake in malignant 
conditions [48, 49]. Upregulation of both GLUTs and HK is frequently associated 
with malignant transformation of cells [50]. Furthermore, activity of HK-3 and 
monocarboxylate transporter type 4 (MCT-4), which facilitates the cellular lactate 
transport, possibly is regulated by hypoxia [16, 51]. In addition, hypoxia also pro-
motes anaerobic glycolysis, and several studies have demonstrated that 18F-FDG 
uptake is an indirect reflection of tumor hypoxia [52, 53].
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The relationship between markers of the hypoxia-angiogenesis pathway and 18F- 
FDG uptake in PPGL was investigated by comparing preoperative 18F-FDG PET 
scans with the immunohistochemical expression of relevant markers in the same 
tumors. The expression of both HK-2 and HK-3 was significantly higher in SDHx- 
related PPGLs compared to sporadic and cluster 2 tumors [54]. Also, expression of 
vascular endothelial growth factor (VEGF), a downstream target of HIF, was 
 significantly higher in SDHx-related PPGLs compared to cluster 2 PPGLs. 
Quantitative uptake of 18F-FDG significantly correlated with the expression of 
HK-2, HK-3, VEGF, and MCT-4. VEGF activated in endothelial vascular cells 
within tumors can significantly contribute to 18F-FDG uptake [55]. The immunohis-
tochemical expression of GLUT-1 and GLUT-3, however, did not differ between 
cluster 1 and cluster 2 PPGL, nor did it correlate with 18F-FDG uptake. So taken 
together these observations suggest that activation of aerobic glycolysis in SDHx-
related PPGLs is associated with increased 18F-FDG accumulation due to acceler-
ated glucose phosphorylation by hexokinases rather than increased expression of 
glucose transporters. Differences in tumor vasculature and the activity of transporter 
systems may also contribute to genotype-related SUVs.

12.7  Dynamic 18F-FDG PET Scanning

Routinely, 18F-FDG avidity is calculated as SUVs from static PET images acquired 
at least 60 min after tracer injection. However, using 18F-FDG SUV as a measure of 
glucose uptake and metabolism is hampered by several assumptions and simplifica-
tions. For example, it is assumed that the unmetabolized component of a radiophar-
maceutical (e.g., in blood within a tumor, in intercellular spaces, and within tumor 
cells per se) is negligible relatively soon after its administration. Theoretically, how-
ever, high SUVs in SDHx PPGLs may reflect a high proportion of unmetabolized 
(unphosphorylated) 18F-FDG located in the extracellular and intracellular spaces 
rather than a high actual glycolytic rate of the tumor. To overcome this, specific 
determinants of 18F-FDG avidity can be identified by dynamic 18F-FDG-PET acqui-
sition and pharmacokinetic analysis of tracer distribution within the first hour after 
injection [56]. Time-activity curves can be created for a volume of interest over the 
tumor and a reference area such as the abdominal aorta. A two-tissue compartment 
tracer kinetic model can be used to estimate transfer rates of 18F-FDG between the 
vascular/extravascular extracellular space and non-metabolized and metabolized 
tissue compartments. The derived transfer rates for transmembranous glucose flux 
(K1 (in), k2 (out)) and intracellular phosphorylation (k3) along with the fractional 
blood volume can be analyzed using nonlinear regression analysis. Glucose meta-
bolic rate can be calculated using Patlak pharmacokinetic linear regression analysis 
[57] and can be displayed quantitatively in a metabolic rate map. Preliminary results 
of dynamic 18F-FDG PET in patients with PPGL suggest that this approach, rather 
than calculating SUVs from static PET, further facilitates the in vivo identification 
of SDH-deficient tumors.
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12.8  Magnetic Resonance Spectroscopy

The in vivo counterpart of 1H-NMR is proton magnetic resonance spectroscopy (1H- 
MRS), a non-radionuclide imaging technique by which several aspects of the meta-
bolic composition of tissues can be studied in humans and whole animals. For 
example, in the specific context of mitochondrial disease, 1H-MRS of the brain was 
applied in patients with Leigh syndrome, a neurodegenerative disorder caused by 
germline SDHA mutations. 1H-MRS displayed a typical pattern of increased lactate 
and succinate in cerebral and cerebellar white matter areas [58, 59].

So far on a very limited scale, 1H-MRS has also been successfully applied to 
characterize PPGL and HNPGL. The feasibility of 1H-MRS to distinguish between 
PPGL and adrenocortical adenomas was investigated [60]. PPGLs appear to exhibit 
a unique spectral signature, showing a 6.8 ppm resonance that is not seen in adeno-
mas. This peak, together with other resonances, was attributed to the presence of 
catecholamines and their metabolites metanephrines. Very recently, 1H-MRS was 
shown to enable the distinction between SDHx and non-SDHx tumors, both in 
humans and in a mouse xenograft model [29, 61]. A succinate peak was observed by 
1H-NMR in all Sdhb−/−-derived tumors in mice and in all paragangliomas of patients 
carrying an SDHx gene mutation, but neither in wild-type mouse tumors nor in 
patients exempt of SDHx mutation. In parallel to radionuclide imaging, this tech-
nique holds great promise for further in vivo metabolic characterization of PPGLs.

12.9  In Vivo “Radionuclide-omics”

In this era of ex vivo multi-omics, tumor characteristics at the (epi)genetic and 
metabolite level can be analyzed in detail, but not until after invasive surgical tumor 
resection or biopsy has been performed. There is a strong need to determine specific 
features of neuroendocrine tumors such as PPGL at an earlier stage and in a nonin-
vasive way, so that tailor-made and personalized treatment can be planned. This 
purpose can be served by functional imaging, which can identify biomarkers of 
malignancy, growth rate, prognosis, and therapeutic targets. With the rapid develop-
ment of new radiopharmaceuticals and imaging techniques, a new era of in vivo 
tumor characterization has arrived. In parallel to precise localization and delineation 
by anatomical imaging, radionuclide imaging of PPGL can serve to predict the 
underlying genotype and can detect important aspects of tumor cell metabolism, as 
reviewed here. In addition, if germline variants in SDHB or other PPGL susceptibil-
ity genes are encountered that are of unknown significance, functional imaging can 
be useful to assess the functionality of such mutations, providing information that is 
very valuable to determine the risk of malignancy in the individual patient.

In other cancers, functional imaging has been applied successfully to assess 
angiogenesis [62], hypoxia [63], apoptosis [64], and other mechanisms involved 
in tumorigenesis that are also highly relevant for neuroendocrine tumors and may 
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point toward more specific treatment. This warrants further investigation in 
PPGL. Obviously, the results of diagnostic 123I-MIBG and somatostatin receptor 
scanning can lead the way to 131I-MIBG treatment and peptide receptor radio-
therapy with [177Lutetium]-octreotate, respectively. On top of this, however, in 
the near future, functional imaging may help to determine the metabolic Achilles 
heel and/or specific therapeutic targets in individual patients and serve to choose 
the appropriate drug regimen, depending on which “targeted” pathway is affected. 
In addition, radionuclide imaging can be used for treatment monitoring, detect-
ing (absence of) an antitumor effect at an early stage, when tumor shrinkage is 
not yet anticipated. This could prevent unnecessary further exposure to systemic 
drugs with potential adverse effects. Stratification of PPGLs and other neuroen-
docrine tumors by “radionuclide-omics” is expected to further facilitate optimal 
and personalized management of these tumors (Figs. 12.1, 12.2, 12.3, 12.4, 12.5, 
12.6, and 12.7).
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Fig. 12.1 1H-NMR spectra of PPGLs. One-dimensional 500 MHz 1H-NMR spectra of PPGL 
tumor tissues at pH 2.50. Upper panel, sporadic tumor showing normal tumor metabolites like 
lactic acid, acetic acid, and catecholamines. Middle panel, SDHB tumor showing a high concentra-
tion of succinic acid (9.89 nmol/mg tissue). Lower panel, RET tumor showing high resonance of 
epinephrine and the overlap of the three doublets deriving from ATP/ADP/AMP
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Fig. 12.2 Radionuclide transporters in PPGL tumor cell. GLUT glucose transporter, LAT large 
amino acid transporter, NET norepinephrine transporter, SSTR somatostatin receptor, VMAT vesic-
ular monoamine transporter
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a b

Fig. 12.3 Radionuclide imaging of SDHB PPGL. 18F-FDG PET (panel a) and 123I-MIBG SPECT 
(panel b) images of patients with a mediastinal PPGL due to a succinate dehydrogenase subunit B 
(SDHB) mutation. 123I-MIBG fails to detect the tumor (Adapted from Timmers et al. [34])
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Fig. 12.4 18F-FDG uptake across genotypes. 18F-FDG PET standardized uptake values in non- 
metastatic PPGLs across genotypes. MEN2 multiple endocrine neoplasia type 2, SPOR sporadic, 
SUVmax maximum standard uptake value (Adapted from Timmers et al. [34])

Fig. 12.5 18F-FDG uptake and metabolism in PPGL tumor cell
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Fig. 12.6 Two-tissue compartment 18F-FDG kinetic model. Transfer rates for transmembranous 
glucose flux (K1 (in), k2 (out)) and intracellular phosphorylation (k3). EES extravascular extracel-
lular space

a b

Fig. 12.7 Dynamic 18F-FDG PET scanning. Panel a: the SDHD (succinate dehydrogenase subunit 
D)-related PPGL stands out from sporadic tumors in regards to metabolic rate of glucose (MRglu). 
Panel b: 18F-FDG PET-CT fusion image (upper image) and metabolic rate map (lower image) of 
SDHD-related right adrenal pheochromocytoma (corresponding with SDHD case in panel a)
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Chapter 13
Radionuclide Imaging of Head and Neck 
Paragangliomas

David Taïeb, Arthur Varoquaux, Ingo Janssen, and Karel Pacak

13.1  Epidemiology and Natural History

Head and neck paragangliomas (HNPGLs, often referred to as “glomus tumors”) 
belong to the pheochromocytoma/paraganglioma (PHEO/PGL) family. They are 
usually located in specific areas of the head and neck, and more rarely in the anterior 
or middle mediastinum. Like their retroperitoneal counterparts, they exhibit a typi-
cal endocrine pattern with chief cell nests (i.e., zellballen pattern).

HNPGLs account for approximately 20 % of PGLs in an unselected series [1], 
0.6 % of head and neck tumors, and 0.03 % of all tumors [2]. The overall incidence 
of HNPGLs ranges from 1 in 30,000 to 1 in 100,000, with carotid body PGL (CBP) 
making up nearly 60 % of all HNPGL cases, followed by jugular PGL (JP), vagal 
PGL (VP), and tympanic PGL (TP) [3]. It has now been established that 35 % or 
more of HNPGLs are associated with recognized genetic defects. The reported 
malignancy risks are variable and probably overestimated by cancer registries (due 
to unregistered un-resected tumors) [4] or old literature (under diagnosis). In a more 
recent series, malignant cases were present in less than 7 % [5]. In patients with 
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HNPGLs, data suggests little to no growth over time in most cases. To our knowl-
edge, only two studies have specifically examined the natural history of HNPGLs 
(for a total of 95 tumors) [6, 7]. The authors did not find any patients with clinically 
meaningful tumor growth during the 4–5-year follow-up period. Among the tumors 
that grew, the mean growth ranged from 1 to 2 mm/year.

13.2  Tumor Origin

Embryogenesis of paraganglial cells has received considerable attention over the 
last century. Evidence for the origin of sympathetic ganglia, adrenal medulla, and 
carotid body was pursued by a number of labs, but it was largely the work of Le 
Douarin and colleagues using quail/chick chimeras that led to the resolution of their 
neural crest (NC) origin [8]. Later, immunohistochemical, in situ hybridization, 
transgenic animal studies, and single-cell electroporation methods using fluorescent 
NC progenitors signficantly added to the knowledge of the mechanisms required for 
the correct specification, migration, and differentiation of multipotent NC progeni-
tors during development [9]. Beyond the carotid body, little data is available on the 
embryology of other paraganglionic cells associated with the parasympathetic sys-
tem, probably because these cells are relatively late in differentiating. However, 
these peripheral cells produce a selection of neurotransmitter-like compounds, 
which are common to other NC derivatives. They are embedded in several sensory 
ganglia whose neurons may be of NC or placodal origin, but whose supporting cells 
are crest derived. Therefore, it is widely assumed that these cells are also of NC 
origin. Head and neck paraganglia are closely aligned with the distribution of the 
parasympathetic nervous system and act as chemoreceptors. The carotid body is a 
prime example of a chemoreceptor organ that mediates reflex hyperventilation dur-
ing hypoxemia via activation of the respiratory center. Long- term exposure to alti-
tude induces carotid body hypertrophy necessary for acclimatization to chronic 
hypoxemia [10].

13.3  Clinical Presentation

HNPGLs range in spectrum from small lesions (usually detected in PGL mutation 
carriers) to large unresectable masses, often invading cranial nerves and sometimes 
the brainstem. HNPGLs are often discovered on imaging studies or revealed by 
symptoms of cervical mass and/or compression or infiltration of adjacent structures 
(e.g., hearing loss, pulsatile tinnitus, pain, cervical mass, dysphagia, or cranial 
nerve palsies often presenting with vocal cord paralysis). HNPGLs are distin-
guished from other tumors by a newly introduced biochemical marker, 3-methoxy-
tyramine (a dopamine metabolite), that is elevated in almost one third of patients 
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with a HNPGL in contrast to plasma or urine metanephrines, which are very rarely 
elevated [11–14].

13.4  Diagnosis

In the presence of a non-secreting tumor mass, accurate diagnosis of a HNPGL can 
be made by the following criteria:

 1. Typical anatomical location
 2. Typical imaging finding on CT and/or MRI
 3. Tumor uptake using specific radiopharmaceuticals
 4. Presence of a germline mutation in HNPGL susceptibility genes and/or family 

history of PHEO/PGL

13.4.1  Typical Anatomical Location

HNPGLs are usually located in specific areas of the head and neck and more rarely 
in the anterior or middle mediastinum. Tumor sizes range from small lesions (usu-
ally detected in PGL mutation carriers) to very large invasive masses.

Jugular PGLs arise within the adventitia of the dome of the jugular bulb (glomus 
jugulare PGLs, JP), in the middle part of the petro-occipital fissure, posteriorly and 
inferiorly to the middle ear, and in the labyrinthine structure (Fig. 13.1). They may 
extend into the middle ear and mastoid space, inferiorly into the jugular vein and the 
jugular foramen, and medially into the posterior cerebellar fossa and cerebellopon-
tine angle.

Tympanic PGLs commonly arise from paraganglia adjacent to the tympanic 
plexus of Jacobson’s nerve on the cochlear promontory (glomus tympanicum PGLs, 
TP) (Fig. 13.2). They can occlude the Eustachian tube or protrude through the tym-
panic membrane into the external auditory canal.

Vagal PGLs arise from paraganglia associated with the vagus nerve, most often 
at the level of the inferior (nodose) ganglion (glomus vagale PGL, VP) (Fig. 13.3). 
They may extend upward into the skull base through the jugular foramen, inferiorly 
into the cervical area, and laterally surrounding the internal carotid artery and lower 
nerves. Moreover, they can compress the pharyngeal wall.

Carotid PGLs arise from the carotid body at the bifurcation of the common 
carotid artery (glomus caroticum PGLs, CBP) (Fig. 13.4). They may extend later-
ally surrounding carotid vessels and lower nerves and upward into the retrostyloid 
parapharyngeal space.

PGLs may also develop in the anterior and middle mediastinum. They have the 
same embryologic origin as HNPGLs, and are therefore considered within the same 
entity.
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Unusual or exceptional locations have also been reported, such as PGLs of the 
larynx, thyroid, sinonasal region, nasopharynx, orbit, and tongue. Exceptional cases 
of PGLs of the cervical sympathetic chain have been reported.

13.4.2  Typical Imaging Finding on CT and/or MRI

HNPGLs usually demonstrate marked enhancement of intra-tumoral vessels fol-
lowing contrast administration on CT, a low signal on T1-weighted images, and an 
intermediate to high signal on T2-weighted MRI images. They also often enhance 
intensely after gadolinium injection on MRI. Flow signal voids in the tumor are 
typical of PGL, with a “salt and pepper” appearance on spin-echo sequences. These 

Fig. 13.1 Jugular PGL. Co-registered axial planes in MR TOF (time of flight) without gadolin-
ium, CT (bone kernel), and MR TOF—CT rigid fusion with PGLs drawn in orange. 1 Jugular bulb, 
pars vascularis; 2 Jugular bulb, pars nervosa; 3 Hypoglossal nerve in the hypoglossal canal; 4 
Facial nerve, mastoid part; 5 Mastoid cells; 6 Internal carotid artery; 7 Basilar process of occipital 
bone; 8 Vertebral artery (V4); 9 Occipital artery; 10 Middle meningeal artery before entering in 
foramen spinosum; 11 Ascending pharyngeal artery, neuromeningeal trunk; 12 Right jugular PGL 
(confirmed with focal uptake of 18F-FDOPA and 68Ga-DOTATATE) located in the anterior wall of 
jugular vein (pars vascularis of the jugular foramen); 13 Left jugular PGL extending to pars vascu-
laris and nervosa and responsible of “wet sugar” bone erosion
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Fig. 13.2 Tympanic PGL. Co-registered axial planes in MR 3D T1 weighted with fat saturation 
(VIBE, Siemens) with gadolinium, CT (bone kernel), and MR T1 VIBE gadolinium—CT rigid 
fusion with PGLs drawn in orange. 1 Attic, filled by PGL; 2 Mastoid antrum filled by PGL; 3 
Mastoid cells filled by serohemorrhagic fluid; 4 Sigmoid sinus, tumor-free and permeable; 5 
Posterior fossa; 6 Internal auditory meatus opening (porus acusticus internus); 7 Cochlea; 8 
Labyrinthic portion of facial nerve; 9 Posterior semicircular canal; 10 Endolymphatic sac (internal 
blind pouch of endolymphatic duct); 11 Vestibule, 12 Head of malleus; 13 Incus, body and short 
crus; 14 Lateral semicircular canal; 15 Utricularis and ampullaris posterior nerve canal; 16 Fundus 
of internal acoustic meatus; 17 Handle of malleus; 18 Incus, long crus; 19 Mandibular fossa of the 
temporal bone; 20 Carotid canal; 21 Mandibular condyle; 22 Tympanic part of temporal bone; 23 
Anterior tympanosquamous fissure (Glaser’s fissure); 24 Foramen spinosum-middle meningeal 
artery; 25 Foramen ovale; 26 Mastoid segment of facial nerve; 27 Chorda tympani; 28 Jugular bulb 
(upper part); 29 Tympanic membrane (bulging); 30 Tympanic PGL
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flow voids correspond to intra-tumoral arterial vessels on MR angiography [15–19]. 
These MR angiography sequences can be achieved without gadolinium (3D time of 
flight) or with gadolinium injection (3D time-resolved gadolinium). These sequences 
have been shown to be highly informative, with sensitivities and specificities of 
90 % and 94 % [16] and 100 % and 94 % [17], respectively. There is a recent trend 
of using time-resolved 4D gadolinium MR angiography [19]. The 4D time-resolved 
imaging of contrast kinetics (TRICKS) technique enables evaluation of both intra- 
tumoral vessels (early arterial phase) and tumor perfusion, including capillary per-
meability. Fusion images between 3D volumetric interpolated fat-saturated 
(FATSAT) T1-weighted (VIBE) and 4D MR angiography are particularly informa-
tive. Diffusion-weighted imaging (DWI), which is dependent on tissue cellularity, 
may be useful in preoperative characterization and prognosis assessment of PGL, 
but further evaluation is needed [20].

13.4.3  Tumor Uptake Using Specific Radiopharmaceuticals

Radionuclide imaging techniques now play a crucial role in the evaluation of 
HNPGLs. Several excellent studies have demonstrated the superiority of 
Octreoscan for HNPGLs compared to metaiodobenzylguanidine (123/131I-MIBG), 
with sensitivities of 89–100 % and 18–50 %, respectively [21–26]. However, the 
sensitivity of this imaging modality needs to be revised downward, because 
some lesions are only a few millimeters in size, and are therefore not detectable 
by available cameras [27]. The recently introduced hybrid SPECT/CT cameras 
have increased diagnostic confidence in image interpretation and enhanced sen-
sitivity, but practical constraints such as long imaging times remain important 
limitations. PET imaging is a highly sensitive functional imaging technique for 
HNPGLs.

Fig. 13.3 Vagal PGL. Co-registered axial planes in MR T2 WI (a), 3D T1 weighted with fat satu-
ration (VIBE, Siemens) with gadolinium (b). Drawn layer (c) of surrounding arteries (in red) and 
veins (in blue) around the PGL drawn in orange. 1 Vagal PGL, 2 Jugular vein, 3 External carotid 
artery, 4 Ascending pharyngeal artery, 5 Internal carotid artery, 6 submandibular gland, 7 normal 
node. Note that vagal nerve PGLs splay jugular veins away from the carotid arteries
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13.4.3.1  18F-Fluorodihydroxyphenylalanine

18F-fluorodihydroxyphenylalanine (18F-fluorodopa, 18F-FDOPA) is taken up through 
neutral amino acid transporters (mainly LAT1/LAT2), decarboxylated into 
18F-fluorodopamine by aromatic L-amino acid decarboxylase, and concentrated in 
intracellular vesicles. 18F-FDOPA PET/CT was found to be a highly sensitive 

Fig. 13.4 Carotid body PGL. Co-registered axial planes in MR T2 WI (a), MR T1 WI (b), and 
time-resolved 4D MRA at an early arterial phase of gadolinium injection (c). Drawn layers of sur-
rounding muscle (d), deep spaces of the neck (e), and vascular structures (f) around the carotid 
PGL. 1 Styloglossus muscles; 2 Stylopharyngeus muscles; 3 Digastric muscle, posterior belly; 4 
Sternocleidomastoid muscle; 5 Scalene muscles; 6 Trapezius muscle; 7 Longus capitis muscle; 8 
Longus colli muscle; 9 Middle pharyngeal constrictor muscle; 10 Mandible; 11 Parotid space; 12 
Posterior triangle of the neck; 13 Parapharyngeal space, prestyloid; 14 Parapharyngeal space, post-
styloid (vascular space); 15 Mucosal space (visceral); 16 Retropharyngeal and revertebral spaces; 
17 Vertebrae; 18 Paravertebral space; 19 Carotid body PGL; 20 Internal carotid artery; 21 Jugular 
vein; 22 Retromandibular vein; 23 Facial artery; 24 External carotid artery; 25 Vertebral artery; 26 
Internal arterial feeders (flow voids). Note that carotid body PGL (glomus) splays external carotid 
away from the internal carotid artery
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(>90 % for HNPGLs) and specific (95–100 %) imaging modality for PGL detection, 
especially for HNPGLs [28–32]. 18F-FDOPA PET was also found to be superior to 
octreoscan [28, 30] in the detection of HNPGLs, mainly due to increased sensitivity 
to PET cameras. However, 18F-FDOPA is not routinely available at most imaging 
centers worldwide.

13.4.3.2  18F-Fluorodopamine

18F-fluorodopamine (18F-FDA), which uses the cellular norepinephrine transporter 
system expressed on PGL cells, is not recommended for the evaluation of these 
tumors due to its suboptimal sensitivity.

13.4.3.3  68Ga-Labeled Somatostatin Analogues

More recently, PET/CT imaging with 68Ga-labeled somatostatin analogues 
(68Ga-DOTA-SSAs) has rapidly evolved, since it does not require a cyclotron to 
make the radiotracer. All 68Ga-DOTA-SSAs (DOTATOC, DOTATATE, and 
DOTANOC) effectively target somatostatin receptor subtype 2 (SST2) (IC50: 2.5 
nM, 0.2 nM, and 1.9 nM, respectively), which is the most overexpressed subtype in 
PGLs. The low expression of SST5 observed in PGLs constitutes a major difference 
with GEP-NETs.

Moreover, a special advantage of labeled SSAs is that, unlike 18F-FDOPA, they 
can be used in the radioactive treatment of these tumors (as theranostic agents). In 
2014, 68Ga-DOTATATE was approved with an orphan drug status by both the US 
Food and Drug Administration (FDA) and the European Medicines Agency (EMA) 
in the imaging of gastroenteropancreatic neuroendocrine tumors. The use of 
68Ga-DOTA-SSA in the context of PHEO/PGLs has been less studied but has shown 
excellent preliminary results in localizing these tumors [33–38]. Head-to-head com-
parison between 68Ga-DOTA-SSA and 18F-FDOPA PET has been performed in only 
four studies: one retrospective study from Innsbruck Medical University 
(68Ga-DOTATOC in 20 patients with unknown genetic background) [39], two pro-
spective studies from the NIH (68Ga-DOTATATE in 17 and 20 patients) [40–42], 
and one prospective study from La Timone University Hospital (68Ga-DOTATATE 
in 30 patients) [43]. In these studies, 68Ga-DOTA-SSA PET/CT detected more pri-
mary head and neck PGLs as well as SDHx-associated PGLs than 18F-FDOPA PET/
CT. The performances of the different imaging techniques are detailed in Table 13.1. 
In the context of sporadic cases, 68Ga-DOTATATE and 18F-FDOPA PET/CT have 
similar sensitivities with higher uptake values and metabolic tumor volumes with 
68Ga-DOTATATE compared to 18F-FDOPA (Fig. 13.5).

It should be noted that SST-based imaging may be somewhat less specific than 
18F-FDOPA in the evaluation of these tumors and could be falsely positive in meta-
static lymph nodes due to various cancers; meningiomas; other central nervous, 
inflammatory processes; and some rare conditions such as fibrous dysplasia [43]. 
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Nevertheless, this is often not a serious issue, since HNPGLs have a specific loca-
tion and exhibit highly elevated uptake values [38].

13.4.4  Presence of Germline Mutation in HNPGL 
Susceptibility Genes and/or Family History of PGL/
PHEOs

HNPGLs can be sporadic or can occur as components of hereditary syndromes in 
up to 30–40 % with variable penetrance and increased risk for recurrent behavior 
and tumor multiplicity. Of all the known genetic mutations, mutations in SDHD are 
currently the leading cause of hereditary HNPGLs (>50 %), followed by SDHB 
(20–35 %) and SDHC (15 %) mutations [44–46]. Some correlations between the 
gene(s) involved and tumor location have been found. SDHD-linked patients have a 
75 % risk of developing HNPGLs throughout their life, with concomitant thora-
coabdominal PGLs in about 10 % of cases [27]. SDHB-linked PGL syndrome is 
characterized by a high rate of retroperitoneal PGL or HNPGLs, but a combination 
of sympathetic and parasympathetic PGLs is found less frequently [27]. Furthermore, 
it should be noted that multiple PGLs at a very young age found in several family 
members may be related to SDHAF2 mutations [47]. So far, only HNPGLs have 
been reported in these rare families. The inheritance pattern of the SDHB and SDHC 
genes is autosomal dominant, whereas for SDHD and SDHAF2 genes, the disease 
occurs only when the mutations are inherited from the father, which is consistent 
with maternal imprinting [48]. Until present, mutations in SDHA have been 
described in several isolated cases. Major predictors for hereditary HNPGLs are a 

Fig. 13.5 Examples of 18F-FDOPA and 68Ga-DOTATATE tumor uptake patterns in sporadic 
HNPGLs. (a, b) Left CBP, (c, d) left jugular PGL. (a, c) 18F-FDOPA PET/CT (MIP image), (b, d) 
18F-FDG PET/CT (MIP image)
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family history of PGL (especially those related to SDHD mutations), a previous 
personal history of HNPGLs or sympathetic PGL, and multifocality or a character-
istic syndromic presentation [5, 46]. Currently, a well-characterized syndromic pre-
sentation includes the existence of other tumor types associated with the presence of 
a PGL (e.g., renal cell carcinoma, gastrointestinal stromal tumor, and pituitary ade-
nomas can also be related to SDHx mutations) [49, 50].

Imaging phenotypes may vary across genotypes. Although 18F-FDG is not spe-
cific, this imaging modality has clearly shown a higher sensitivity over CT/MRI, 
123/131I-MIBG, 18F-FDA, and 18F-FDOPA [32, 51, 52]. More recently, 68Ga-DOTATATE 
PET/CT detected more SDHx-associated PGLs than 18F-FDOPA PET/CT [39–41, 
43]. It is expected that 68Ga-DOTA-SSA PET/CT will become the preferred func-
tional imaging modality for HNPGLs in the near future.

13.4.5  Differential Diagnosis

There are several potential causes to consider in the differential diagnosis 
(Tables 13.2 and 13.3).

13.5  Role of Imaging and Clinical Impact

The aim of pre-therapeutic imaging is to provide the most complete staging of the 
disease. In this way, treatment can be tailored to each specific situation. The initial 
staging of a HNPGL is currently based on the use of anatomical and functional 
imaging approaches in order to determine the tumor extension into the bone and 
surrounding soft tissue; to determine tumor multiplicity, not only in the head and 
neck area but elsewhere in the body; and finally to exclude any metastases.

13.5.1  Detection of Multifocal/Metastatic Disease

To determine whether additional HNPGLs are present, MRI is inferior to 18F-FDOPA 
PET/CT and 68Ga-DOTA-SSA. Therefore, it is currently recommended that all 
patients with HNPGLs, especially SDHx mutation carriers, be assessed by 
68Ga-DOTA-SSA PET/CT. Although both functional imaging modalities are rela-
tively new and more studies are needed, the published results are strongly support-
ive [33–35, 39, 41, 43, 53] (Figs. 13.6 and 13.7). In absence of available 
68Ga-DOTA-SSA, a combination of 18F-FDOPA and 18F-FDG PET/CT is recom-
mended, especially for patients with multifocal tumors [29, 54] (Fig. 13.8). One of 
the main drawbacks of 68Ga-DOTA-SSA is the very high physiological uptake by 
healthy adrenal glands [55]. This could be a critical problem for detecting small 
PHEOs in hereditary syndromes.
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Although rare, malignancy often requires dramatically different patient manage-
ment. When metastases are present, the goal of imaging is to precisely assess the 
anatomy of these tumors in order to carefully select patients who could benefit from 
aggressive but complete surgical resection with the intent to cure as opposed to 
“debulking” strategies [56]. To this end, 68Ga-DOTA-SSA is superior to 18F-FDG 
PET/CT and 18F-FDOPA PET/CT in SDHB patients [40] (Figs. 13.9 and 13.10).

13.5.2  Assessment of Locoregional Extension

Anatomic imaging serves as the first-line modality in the locoregional staging of 
these tumors. CT offers several advantages over MRI (e.g., better spatial resolution 
and less motion artifacts) and enables better evaluation of the temporal bone exten-
sion of JP and TP. MRI provides better soft tissue contrast than CT, and thus, it 

Table 13.2 Classification of HNPGLs and their main clinical and radiological differential 
diagnoses

Type Differential diagnoses

Jugular PGL Schwannoma
Neurofibroma
Meningioma
Carcinoma (primary and metastatic) and tumor extension from 
nasopharyngeal carcinoma
Angiosarcoma and chondrosarcoma
Plasmacytoma, hemangiopericytoma
Endolymphatic sac tumor
Miscellaneous lesions (i.e., internal jugular vein thrombosis, Langerhans cell 
histiocytosis)

Tympanic PGL Middle ear adenoma (carcinoid)
Meningioma
Hemangioma of geniculate ganglion
Schwannoma
Neurofibroma
Miscellaneous lesions (i.e., aberrant internal carotid artery, mega bulb jugular, 
dehiscent jugular bulb, Langerhans cell histiocytosis)

Vagal PGL Schwannoma
Neurofibroma
Lymph node metastasis (nasopharynx/oropharynx, thyroid cancer)
Lymphoma
Ganglioneuroma
Hemangiopericytoma
Miscellaneous lesions (i.e., abscess, internal carotid artery aneurysm, internal 
jugular vein thrombosis, vascular malposition, organizing hematoma)

Carotid body 
PGL

Carotid artery aneurysm
Vasculitis of the carotid artery
Lymphadenopathy
Schwannoma
Neurofibroma
Branchial cleft cyst
Accessory thyroid gland
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offers unique information for tumor delineation. MRI is also preferred if radiother-
apy or stereotactic radiosurgery (SRS) is considered. Several classifications (i.e., 
Fisch and Mattox’s or Glasscock and Jackson’s for TP and JP, Netterville’s for VP, 
Shamblin’s for CBP) help predict surgical outcome and should be used in the evalu-
ation of these patients [57–60] (Table 13.4, Figs. 13.11 and 13.12).

13.5.3  Tumor Characterization

Beyond its localization value, radionuclide imaging provides unique opportunities 
for characterizing these tumors at molecular levels (e.g., catecholamine synthesis, 
specific receptor and transporter expression) and mirroring ex vivo histological clas-
sification on a whole-body, in vivo, scale [61]. This opportunity has more recently 

Table 13.3 Differential diagnosis of post-styloid retropharyngeal masses: imaging features on 
MRI and molecular imaging

Paraganglioma Nodal metastasis Schwannoma Neurofibroma

MRI Numerous 
arterial feeders
  Spin echo: 

flow void 
(“salt and 
pepper” 
appearance 
on T1- and 
T2-weighted 
images)

  TOF: 
hyperintense 
vessels 
within the 
lesion

  3D (or 4D) 
gadolinium 
angiograms: 
avid 
enhancement

Variable appearance
Well-defined margins
Moderate signal in T2
Restricted diffusion 
Heterogeneous 
enhancement usual

Well-defined margins
Moderate to high 
signal intensity on T2
No restriction of 
diffusion
Heterogeneous 
enhancement seen in 
large tumors with 
degenerative changes 
(cystic, pseudocystic)

IDEM 
schwannoma
Central low 
signal on T2 
may be seen 
(“target sign”)

PET/CT 
18F-FDG

Moderate to 
high uptake 
(highly 
elevated in 
SDHx)

Low to high uptake 
depending on the 
primary tumor

Low to high uptake 
(even in benign 
cases)

Low uptake 
(high uptake 
values in 
malignant 
forms)

PET/CT 
18F-FDOPA

High uptake No significant uptake No significant uptake No significant 
uptake

PET/CT 
68Ga-SSA

High uptake No significant uptake 
(possible high uptake 
in nodal metastases 
from thyroid cancers 
or nasopharyngeal 
cancers)

No significant uptake No significant 
uptake
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been augmented by a number of excellent radiopharmaceuticals, which target differ-
ent functional and molecular pathways that often reflect the diverse genetic land-
scape of PGL. Based on these characteristics, nuclear imaging provides a means of 
linking imaging phenotype to genotype and can be considered a member of the 
multi-omics approach. For example, an intense 18F-FDG uptake by a PGL is mostly 
associated with mutations involving one of the genes encoding the succinate dehy-
drogenase (SDH) complex. Conversely, a low uptake can often rule out a classic 
SDH deficiency linked to SDH mutations [62]. The 18F-FDG uptake pattern SDHx 
PGLs reflects metabolic reprogramming, a hypermethylator phenotype, and abnor-
mal mitochondrial respiratory function [63] and is predominantly linked with high 
succinate metabolomic pattern [64–66]. Such tumors are classified as exhibiting 
“pseudohypoxia” [67]. There are further differences based on the site of origin.

Fig. 13.6 Superiority of 68Ga-DOTATATE to 18F-FDOPA PET/CT and MRI in an SDHD patient. 
(a) 18F-FDOPA PET (MIP) missed the large left VP (long arrow). (b) 68Ga-DOTATATE (maximal 
intensity projection (MIP)) showing three PGLs (right VP = asterisk, left VP = small arrow, left JP 
= long arrow). (c) Contrast-enhanced time-resolved 4D MRA at 3 tesla showing a small nodule 
located in the wall of the jugular bulb with an early arterial enhancement (white arrow), prior to 
jugular vein and sigmoid sinus lumen contrast media injection filling (*). This lesion was detected 
only upon knowledge of the PET results
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More recently, MR spectroscopy (MRS) was found to be a valuable tool for 
in vivo quantifying metabolic abnormalities associated to cancer. Technical devel-
opments including high and ultrahigh field are providing increased sensitivity and 
specificity for probing in vivo tissue metabolites. In vivo proton MRS has shown 
promising results for characterizing PGLs/PHEOs with detection of succinate and 
other metabolites in SDHx-related PGLs [67, 68]. There are some specific technical 
difficulties for imaging of HNPGLs since they are located in very challenging 
regions for MRS (with the bone, lipids, air) making difficult the automatic shim 
procedures. Furthermore, tumor volumes may be small, and MRS requires a num-
ber of acquisitions to get an acceptable signal-to-noise ratio without any motion. It 
is proposed to get raw data before summation to be able to correct any phase or 
frequency shift induced by weak motion and to exclude useless spectra due to sig-
nificant motion. Automatic procedures are available for this purpose by using the 
water signal as a reference.

13.5.4  Clinical Impact

The clinical impact of detecting additional PGL is multiple.

 (i) Complete surgical resection is curative for patients with HNPGLs. However, 
for many tumors, e.g., large and locally advanced JPs, complete resection is 

Fig. 13.7 Superiority of 68Ga-DOTATATE to 18F-FDOPA PET/CT and MRI in an SDHD patient. 
Multicentric SDHD-related PGL syndrome. (a) Craniocervical 18F-FDOPA PET image (MIP) 
showing the two lesions but was slightly positive on the left side (arrow). (b) Craniocervical 
68Ga-DOTATATE image (MIP) showing two VP. (c) WB 18F-FDOPA PET (MIP) which failed to 
demonstrate the left VP. (d) WB 68Ga-DOTATATE (MIP) image showing the known two lesions. 
(e) Early arterial phase of contrast-enhanced time-resolved 4D MRA at 3 tesla. (f) 4D MRA fused 
with 3D gadolinium-enhanced sequences T1 fat-saturated post-gadolinium (3D VIBE) image. 
Both images show the early arterial enhancement pattern of the two VPs (white arrows showing 
the left VP). Note the discrete splaying between internal carotid artery (yellow arrowhead) and 
external carotid artery (green arrowhead)
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inadvisable due to their specific anatomical location. It is expected that early 
detection of JP with functional imaging may minimize complications related to 
mass effect and facilitate curative treatment of these tumors.

 (ii) For tumors that are good candidates for tumor resection, lower cranial nerve 
injury represents a major risk in the surgical resection of HNPGLs—up to 
20 % for CBP (especially for Shamblin class III) and quasi 100 % for VP. In 
patients with an apparently single tumor, cranial nerve palsy may significantly 
compromise additional surgery to the contralateral side. Therefore, identifica-
tion of an additional tiny tumor may change the management strategy from 
surgery to follow-up or radiation therapy.

 (iii) It is widely accepted that tumors with an underlying SDHB mutation are asso-
ciated with a higher risk of aggressive behavior. It is therefore expected that the 
early detection and treatment of SDHB-related tumors may potentially reduce 
the occurrence of metastases.

 (iv) Detection of these lesions by functional imaging facilitates their evaluation by 
anatomical imaging and subsequent follow-up.

Fig. 13.8 Superiority of 18F-FDG PET/CT to 18F-FDOPA PET/CT in the detection of additional 
PGL of sympathetic origin in an SDHD patient. (a) 18F-FDOPA PET/CT (MIP image), (b) 18F- 
FDG PET/CT (MIP image). Arrows mark the false-negative 18F-FDOPA tumors
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 (v) Functional imaging also enables the localization of extra-cervical PGLs/
PHEOs that could justify surgery prior to the management of HNPGLs.

13.5.5  Imaging Follow-Up of Mutation Carriers

Mutation carriers, especially those with SDHD mutations, may develop asymptom-
atic HNPGLs during their lifespan [69]. The penetrance of SDHD-related PGLs is 
modulated by genomic imprinting, resulting in an almost complete absence of 

Fig. 13.9 Superiority of 68Ga-DOTATATE to other molecular imaging modalities in SDHB-related 
metastatic HNPGL. Imaging of metastatic head and neck PGL with 68Ga-DOTATATE (a), 18F- 
FDG (b), 18F-FDOPA (c), and 18F-FDA PET/CT (d) in a 63-year-old female patient with SDHB 
mutation. First diagnosed with CB tumor on the right side at the age of 27. Recurrence of CB 
tumor as well as glomus vagale tumor and diagnosis of metastatic disease to the neck, mediasti-
num, lungs, and bones at the age of 49

Fig. 13.10 Superiority of 68Ga-DOTATATE to other molecular imaging modalities in SDHB- 
related metastatic HNPGL. Imaging of metastatic head and neck PGL with 68Ga-DOTATATE (a), 
18F-FDG (b), 18F-FDOPA (c), and 18F-FDA PET/CT (d) in a 36-year-old male patient with SDHB 
mutation, first diagnosed with a paraganglioma of the right foramen jugulare at the age of 19 with 
partial resection. First diagnosis of widespread bone metastatic disease in 2012
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disease following maternal transmission [48]. Paternal transmission is associated 
with incomplete penetrance (43–100 %) [27, 69, 70]. In contrast to SDHD, SDHB 
mutations are responsible for a lower risk of asymptomatic PGLs in mutation carri-
ers, consistent with a lower penetrance of the disease [71].

The optimal follow-up algorithm has not yet been validated in hereditary 
HNPGLs but most likely requires a more frequent and complete imaging workup 
than for their sporadic counterparts. MRI offers several physical advantages over 
CT and does not expose patients to ionizing radiation, which is critical in a patient 
population submitted to lifelong imaging surveillance. Follow-up should include 
annual biochemical screening, and MRI can be delayed to 3-year intervals. 
Indications for PET imaging studies should be discussed on an individual basis [72].

13.5.6  Current Proposed Imaging Algorithm in the Diagnosis 
and Localization of HNPGLs

Based on the currently available imaging techniques for the diagnosis and staging 
of PGLs, we propose the following approach to investigate a patient with HNPGL:

Table 13.4 Classifications of HNPGLs

Shamblin’s Carotid 
body PGL

I: Splaying of 
the carotid 
bifurcation 
with little 
attachment to 
the carotid 
vessels

II: Partial involvement 
of the carotid vessels

III: Complete 
involvement of the 
carotid vessels

Netterville’s Vagal PGL A: Confined to 
the neck

B: In contact with the 
jugular foramen

C: Extended into or 
beyond the jugular 
foramen with or 
without intracranial 
extension

Fisch and 
Mattox’s

Tympanic 
PGL

A: Limited to 
the middle ear 
cleft

B: Limited to the 
tympanomastoid 
compartment

Jugular PGL C1: Located in 
the jugular 
foramen, 
erosion of the 
carotid 
foramen

C2: Vertical segment 
of the carotid canal 
involved
C3: Horizontal 
segment of the carotid 
canal involved
C4: Foramen lacerum 
and cavernous sinus 
involved

De: Intracranial 
extradural 
extension (De1/2 
depending on the 
displacement of the 
dura)
Di: Intracranial 
intradural 
extension (Di1/2/3 
depending on the 
depth of invasion 
into the posterior 
cranial fossa)
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 (i) For diagnosis, the specificity provided by functional imaging techniques using 
18F-FDOPA PET/CT or 68Ga-DOTA-SSA is superior to anatomical imaging.

 (ii) For detecting additional tumor sites (multifocality, metastases), functional 
imaging techniques are superior to anatomical imaging. Based on the most 
recent studies, both SDHx and non-SDHx HNPGLs are well detected by 
18F-FDOPA PET/CT and 68Ga-DOTA-SSA. PHEOs are better visualized by 
18F-FDOPA PET/CT.

 (iii) For determining the locoregional extension of HNPGLs, anatomic imaging 
modalities remain the first-line modalities. Temporal bone extension of TPs 
and JPs is better evaluated by CT, while MRI enables a better evaluation of soft 
tissue extension.

 (iv) This algorithm should be adapted to the practical situation within each institu-
tion and should evolve with time as new techniques become available.

13.5.7  Imaging-Based Therapeutic Radiation

Nowadays, radiotherapy has gained precision with the integration of modern imag-
ing leading to a reduced and more accurate treated volume, thereby decreasing the 
likelihood of complications within surrounding normal tissues. The way photons 

Fig. 13.11 Shamblin III carotid body PGL. T2-weighted 3D fast spin echo imaging sagittal (a), 
axial (b), and coronal (e) reconstructions; 3D volumetric fat-saturated (FATSAT) T1 weighted 
(VIBE) with gadolinium in sagittal (c), axial (d), and coronal (e) reconstructions; 18F-FDG PET/
CT (maximal intensity projection (MIP)) (g) and 18F-FDOPA PET/CT (MIP) (h). MRI shows a 
“lyre sign” related to a 5-cm left carotid body PGL (red arrowheads) arising from the carotid 
bifurcation, splaying the internal carotid artery (ICE) (a–e, white arrows) and external carotid 
artery (ECA) (a–d, white arrowheads). Note small central necrosis in the tumor (e, f, red asterisk) 
and the lack of flow voids due to high temporal resolution of 3D sequences, especially for high- 
field MRI. 3D reconstructions demonstrate 360° carotid invasion along the common carotid, ICA, 
and ECA. 18F-FDG PET/CT and 18F-FDOPA PET/CT show a single highly avid carotid body PGL
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Fig. 13.12 Tumor extension of jugular PGL. Examples in several patients with jugular paragan-
gliomas of FISCH C1 (a–c), C2 (d–f), C3 (g–i), C4 (j–l), De (m–o). Co-registered axial planes in 
CT (a, d, g, j, m), 3D T1 weighted with fat saturation with gadolinium (b, e, h, k, n), and fused 
modalities with drawn layer of paraganglioma in orange (c, f, i, l, o). 1 Internal carotid artery, 2 
Jugular foramen, 3 Erosion of the carotid foramen, 4 Vertical segment of the carotid canal involved, 
5 Horizontal segment of the carotid canal involved, 6 Foramen lacerum involved, 7 Cavernous 
sinus involved, 8 Intracranial extradural extension, 9 Temporomandibular joint involved (miscel-
laneous), 10 Direct extend to middle ear (miscellaneous)
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are delivered within defined target volumes also radically evolved through other 
technological breakthroughs (intensity-modulated radiation therapy, image-guided 
radiation therapy, volumetric modulated arc therapy) further enhanced conformality 
and dramatically decreased treatment time [73, 74]. Radiosurgery (RS or SRS for 
stereotactic radiosurgery) is the most spatially precise form of therapeutic radiation. 
This attribute, when combined with the steepest possible surrounding dose gradient, 
enables the procedure to be most typically administered in a single outpatient ses-
sion lasting less than 1 h. There are three major types of radiosurgical instruments. 
The oldest radiosurgical method, the Gamma Knife, utilizes a frame affixed to the 
skull for target localization and patient immobilization (Gamma Knife®) [75]. 
More recently, image-guided targeting technology has enabled a noninvasive “fra-
meless” approach to precision targeting of radiosurgery. The pioneer in image- 
guided radiosurgery, the CyberKnife, utilizes real-time dual projection X-ray 
correlation to a pre-SRS CT [76–80]. Meanwhile modified conventional medical 
linear accelerators have recently demonstrated the capacity to administer highly 
accurate therapeutic radiation by using a pretreatment cone beam CT (such as the 
TrueBeam STx® series) for a patient positioning [81, 82]. By combining targeting 
accuracy with the steepest possible dose gradients, the above technologies have 
together made ablative radiosurgery readily available throughout much of the world.

Delineation of biological tumor volume of tumors may be challenging, espe-
cially after surgery. The use of PET imaging using specific tracers and optimal 
segmentation methods might help modify the extent of biological tumor volumes 
for radiotherapy planning purposes.

It is also expected that the use of specific radiopharmaceuticals in advanced PET/
MRI integrated systems might also improve delineation of tumor residual masses [54].

13.6  Theranostic Approaches

The term theranostics epitomizes the inseparability of diagnosis and therapy, the 
pillars of medicine. In the context of nuclear medicine, it refers to the use of molec-
ular targeting vectors (e.g., peptides) labeled either with diagnostic radionuclides 
(e.g., positron or gamma emitters) or with therapeutic radionuclides. For the time 
being, one of the most studied examples is the coupling of 68Ga-DOTATATE and 
177Lu-DOTATATE with very promising results in the setting of neuroendocrine 
tumors. 177Lu-DOTATATE will also be rapidly implemented into the therapeutic 
arsenal for HNPGLs [83], especially inoperable HNPGLs and metastatic PGLs. 
Recent reports have shown that cellular internalization might shorten the residual 
time of 177Lu within tumor cells compared to radiolabeled SST antagonists. SST 
antagonists also have higher affinities for SST receptors than agonists and lower 
internalization rates resulting in a longer retention time on cell membrane. According 
to these observations, it is possible that SST antagonists may be considered as the 
next step for peptide-based internal radiotherapy with a highly elevated tumor- 
background uptake ratio.
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Chapter 14
Radionuclide Imaging of Chromaffin Cell 
Tumors

David Taïeb and Karel Pacak

14.1  Epidemiology and Natural History

PHEOs/PGLs are rare tumors with an annual incidence of one to eight patients per 
million [1]. They account for about 4 % of adrenal incidentalomas with a higher 
prevalence in an autopsy series [2]. Pediatric PHEOs/PGLs account for about 20 % 
of these tumors [3]. Approximately 75–85 % are located in the adrenal gland, and 
the remaining tumors are found outside of the gland, most commonly in the abdo-
men and thorax and less frequently in the head and neck (also termed as head and 
neck PGLs/HNPGLs) [4]. It is estimated that in the USA, there are about 1,000–
2,000 new patients per year. Approximately 10 % of these patients present with 
metastatic disease upon initial diagnosis [5]. Around one third of these tumors are 
hereditary, caused by at least a dozen, well-characterized genes, described later on 
in this chapter [6, 7]. It is also estimated that about 30–50 % of these tumors are 
unrecognized initially, resulting in serious consequences to the patient, including 
death [8–10].
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14.2  Tumor Origin

PHEOs and sympathetic-associated paragangliomas (symp-PGLs) develop from 
cells of the adrenal medulla or extra-adrenal chromaffin cells, respectively.

Chromaffin cells and sympathetic neurons derive from a common sympathoad-
renal (SA) progenitor cell of neural crest origin. SA progenitor cells aggregate at the 
dorsal aorta, where they acquire a catecholaminergic neural fate. Subsequently, the 
cells migrate ventrally to invade the fetal adrenal cortex and form the adrenal 
medulla, as well as dorsolaterally to form sympathetic ganglia. Most extra-adrenal 
chromaffin cells regress via apoptosis. The organ of Zuckerkandl (OZ) constitutes 
the largest chromaffin paraganglia in the embryo and regresses after birth via 
autophagy [11]. Adrenal medulla and persistent extra-adrenal chromaffin cells 
located in the retroperitoneum and posterior mediastinum represent the chromaffin 
paraganglia system in adults. These cells possess the machineries to synthesize, 
store, release, and take up catecholamines, including the enzymes for noradrenaline 
synthesis. They have been named “chromaffin” by Kohn (1902) because of their 
characteristic staining property by chromium salts [12]. These embryological bases 
explain why PHEO and symp-PGL can be widely distributed along the sympathetic 
nervous system in the posterior mediastinum and retroperitoneum. In contrast, 
HNPGLs are derived from neural crest cells of the parasympathetic nervous system, 
with only 20 % producing and/or secreting catecholamines, usually dopamine or its 
metabolite 3-methoxytyramine [13–15]. Furthermore, these tumors are usually 
benign, except those caused by succinate dehydrogenase subunit B (SDHB) gene 
mutations, which are considered aggressive either locally or by the development of 
metastatic disease [5, 16–18].

14.3  Clinical Presentation and Diagnosis

PHEOs and symp-PGLs usually cause symptoms of catecholamine (norepinephrine 
or epinephrine) oversecretion (e.g., sustained or paroxysmal elevations in blood pres-
sure, headache, episodic profuse sweating, palpitations, pallor, nervousness, or anxi-
ety) [4]. These attacks can be caused with or without a trigger. The most common 
causes of catecholamine release from these tumors are direct manipulation, various 
drugs (mainly antidepressants, over-the-counter cold and allergy medicine, or anti-
emetics), stress, any type of local or general anesthesia, or excessive physical activ-
ity. If such an attack (sometimes called a “spell”) occurs, catecholamine concentrations 
can be enormous, reaching 1,000 times the normal reference limit, resulting in seri-
ous cardiovascular consequences and, in some patients, death [19–21]. Therefore, all 
patients with PHEO/PGL must be put on an adrenoceptor blockade that can lessen or 
at least partially prevent (full prevention of catecholamine effect on any organ is 
impossible) the deleterious effects of catecholamines on end organs [22]. Patients 
with a completely biochemically silent PHEO/PGL based on repeated, normal 
plasma and/or urine catecholamines and metanephrines are the only exception.
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14.4  Biochemical Phenotypes

PHEOs/PGLs present in three well-defined biochemical phenotypes: noradrenergic, 
adrenergic, and dopaminergic (Table 14.1). A noradrenergic phenotype is defined 
by the elevation of norepinephrine or its metabolite, normetanephrine. In these 
tumors, the concentration of metanephrine, a metabolite of epinephrine, is usually 
less than 5 % of the sum of normetanephrine and metanephrine tissue concentra-
tions [23]. These tumors are characteristic for extra-adrenal PGLs, either sporadic 
or those with hereditary background, mainly including mutations in succinate dehy-
drogenase subunits (SDHx), von Hippel-Lindau (VHL), fumarate dehydrogenase 
(FH), and hypoxia-inducible factor alpha (HIF2A) [7] genes. Clinically, patients 
with these tumors mainly present with paroxysmal or sustained hypertension and, 
less commonly, with tachyarrhythmia. An adrenergic phenotype is defined by the 
elevation of metanephrine in a PHEO/PGL tissue that is at least 10 % or more of the 
sum of metanephrine and normetanephrine tissue concentrations [23]. Epinephrine 
production in these tumors reflects the presence of the enzyme Phenylethanolamine-
N-methyltransferase (PNMT) which is uniquely found in the adrenal medulla. 
Therefore, most of these tumors, if not all of them, are located in the adrenal medulla 
and as previously described called PHEOs. They can be sporadic or hereditary, 
including mutations in RET proto-oncogene (RET), neurofibromatosis type 1 (NF1), 
and transmembrane protein 127 genes. Clinically, patients with these tumors mainly 
present with paroxysmal or sustained tachyarrhythmia and, usually, mild hyperten-
sion. Due to the significant effect of epinephrine on beta-adrenoceptors, some of 
these patients may even present with hypotension due to beta-adrenoceptor- 
mediated vasodilation [24]. A dopaminergic phenotype is characterized by signifi-
cant elevation of either dopamine or its metabolite methoxytyramine, or both. 
Usually, dopamine or methoxytyramine elevation is associated with an increase in 
norepinephrine or normetanephrine, which is commonly seen in patients with SDHx 
mutations [14, 15]. If only dopamine is elevated, patients do not present with any 
clinical signs or symptoms, unless dopamine levels are tremendously high (very 
rare) and hypotension may occur.

14.5  Spectrum of Hereditary Syndromes and Phenotype- 
Genotype Correlations

Research in molecular genetics has resulted in the identification of more than 20 
susceptibility genes for tumors of the entire paraganglia system [7, 25]. Most 
PHEOs occur sporadically, whereas the majority of symp-PGLs are associated with 
germline driver mutations. Depending on their location, the most commonly found 
gene mutations are (1) unilateral PHEO: succinate dehydrogenase complex subunit 
B or D (SDHB or SDHD) and VHL; (2) bilateral PHEO: SDHB, RET, VHL, NF1, 
MYC-associated factor X (MAX), and TMEM127; and (3) symp-PGLs with or 
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without PHEO: SDHB, SDHD, VHL, and HIF2A. Other genes account for a small 
minority of cases. Recent tumor sequencing has also led to the identification of 
somatic events in a large number of PHEOs/PGLs (The Cancer Genome Atlas, 
unpublished observations) (Table 14.1). Patients presenting with metastatic disease 
mainly include those with SDHB and perhaps SDHD (excluding HNPGLs), FH, 
and MAX-related PHEOs/PGLs, although, at present, about 50 % of metastatic 
PHEOs/PGLs are non-hereditary [5].

14.6  Differential Diagnosis

There are several potential causes to consider for the differential diagnosis in the 
presence of an adrenal or extra-adrenal mass (Table 14.2). However, the masses that 
belong to either PHEO or PGL are usually detected by imaging-specific character-
istics that include the value of Hounsfield units (HU), T2-weighted bright images, 
and positivity on PHEO-/PGL-specific functional imaging, as described below.

14.7  Typical PHEO/PGL Imaging Finding on CT and/
or MRI

On non-contrast computed tomography (CT), PHEO/PGL can demonstrate a variety 
of appearances. Two thirds of PHEO/PGLs are solid, while the remainder are com-
plex or have undergone cystic or necrotic changes [26]. Typically, the CT attenuation 
of PHEO/PGL is about soft tissue attenuation and thus greater than 10 HU, with most 
PHEOs/PGLs 20–30 HU or higher. PHEO/PGL can present with a high attenuation 
due to the presence of hemorrhage or calcifications. In contrast, necrotic tissue pres-
ents with a low attenuation. Typically, a PHEO/PGL demonstrates avid enhancement 
(often greater than 30 HU) [27]. In addition, enhancement can be heterogeneous, or 
there may be no enhancement due to cystic, necrotic, or degenerated regions within 
the lesion [28]. On magnetic resonance imaging (MRI), the classic imaging appear-
ance of PHEO/PGL is “light bulb” bright on T2-weighted imaging. In reality, 30 % 
of PHEOs/PGLs demonstrate moderate or low T2-weighted signal intensity [27, 29]. 
PHEOs/PGLs typically demonstrate avid contrast enhancement following the admin-
istration of intravenous gadolinium-based contrast material [30, 31].

14.8  Typical Imaging Finding on Molecular Imaging

Nowadays, positron emission tomography (PET) is a cornerstone in the evaluation 
of hereditary as well as non-hereditary PHEOs/PGLs. The broad diversity of PET 
biomarkers enables assessment of different metabolic pathways and receptors. 
Beyond its localization value, this imaging modality provides unique opportunities 
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for better characterizing these tumors at molecular levels (e.g., the presence of cat-
echolamines and their metabolites, specific cell membrane receptors and transport-
ers), mirroring ex vivo histological classification but on a whole-body, in vivo, scale 
(Table 14.4).

Thus, successful PHEO-/PGL-specific localization depends on the presence of 
molecules (imaging targets) for which PET radiopharmaceuticals are currently avail-
able. Based on several recent studies, it has been uncovered that PHEO-/PGL- specific 
imaging targets have various expressions based on whether these tumors belong to 
pseudohypoxic or kinase signaling clusters, present as metastatic, are located in or 
outside the adrenal gland, or are derived from the sympathetic or  parasympathetic 
nervous system. Currently, 18F-fluorodeoxyglucose (18F-FDG) is the most accessible 
PET radiopharmaceutical, but lacks specificity for these tumors. 18F-fluorodopamine 
(18F-FDA) and 11C-hydroxyephedrine (11C-HED) are the most specific tracers for 
chromaffin tumors, but are available in very few centers and fail in metastatic and 
hereditary PHEOs/PGLs [32–34].18F-fluorodyhidroxyphenylalanine (18F-FDOPA) is 
available from different pharmaceutical suppliers, but its sensitivity widely depends 
on the genetic background and whether the PHEO/PGL is sympathetic or parasym-
pathetic [35–37]. Metastatic behavior of these tumors can also affect the expression 
of amino acid transporters [38]. Newly developed 68Ga-labeled peptides, as in other 
neuroendocrine tumors, have shown very interesting results and, in our opinion, 
should be positioned first for many indications due to their exceptional affinity to 
somatostatin receptor type 2 found on these tumors [39–44].

PHEOs and PGLs usually have highly elevated uptake values with specific radio-
pharmaceuticals based on their genetic background. For example, 18F-FDOPA PET/CT 

Table 14.2 Main causes of solid extrarenal retroperitoneal masses

Localization Cause

Adrenal masses Adrenocortical adenoma
Adrenocortical carcinoma (ACC)
Pheochromocytoma
Adrenocortical hyperplasia
Lymphoma
Metastasis
Myelolipoma
Angiomyolipoma
Ganglioneuroma
Hematoma (may coexist with tumors, especially PHEO)
Oncocytoma
Granulomatous inflammation
Sarcoma

Extra-adrenal retroperitoneal 
masses

Neurogenic tumor (schwannoma, neurofibroma)
Ganglioneuroma
Paraganglioma
Lymph node (malignancies, inflammatory origin, Castleman 
disease)
Gastrointestinal stromal tumor (GIST)
Sarcoma (liposarcoma, leiomyosarcoma, other)
Solitary fibrous tumor

14 Radionuclide Imaging of Chromaffin Cell Tumors
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was replaced by 68Ga-DOTATATE PET/CT as the best available imaging modality for 
metastatic PHEO/PGL, especially in those with SDHB mutations and head and neck 
PGLs [40–42]. The Octreoscan has been suggested not to be used anymore due to its 
suboptimal performance in the detection of these tumors and the growing availability 
of 68Ga-DOTATATE PET/CT. However, the use of other 68Ga-labeled DOTA analogues 
(68Ga-DOTATOC and 68Ga-DOTANOC) needs to be confirmed in a large population of 
patients. A variety of new radiopharmaceuticals have been developed as potential com-
petitors of 68Ga-DOTATATE (68Ga-labeled somatostatin antagonists, 64Cu-labeled SSA 
[45], or 18F-SiFAlin (silicon-fluoride acceptor)-modified TATE), but they need to be 
evaluated [46].

14.9  Relationship Between Genotype and Imaging 
Phenotype

Proper evaluation of PHEO/PGL is a key point for choosing the necessary treatment 
plan for follow-up and outcome for these patients. The presence of SDHx mutations 
markedly influences sensitivity of 18F-FDG, 18F-FDOPA, and 68Ga-DOTA-SSAs 
PET/CT. 18F-DOPA PET/CT has a sensitivity approaching 100 % for sporadic 
PHEO and a very high specificity (95 %), but can miss tumors in SDHx-mutated 
patients. 18F-FDOPA PET/CT still remains a very good modality for the detection of 
some metastatic PHEO/PGLs – it ranks as the second best for the detection of 
HNPGLs, and it can also be used for patients with non-hereditary metastatic PHEO/
PGL [18, 35, 36, 38, 47, 48]. By contrast, SDHx tumors usually exhibit highly ele-
vated 18F-FDG uptake values. However, 18F-FDG PET/CT positivity is present in 
about 80 % of primary PHEOs. Thus, 18F-FDG PET/CT remains a good alternative 
for the detection of metastatic PHEO/PGL, especially those related to SDHx muta-
tions [49]. Several potential diagnoses should be considered in cases of 18F-FDG- 
avid adrenal masses (Table 14.3).

The use of 68Ga-DOTA-SSAs in the context of PHEOs/PGLs has been studied 
less, but has shown excellent preliminary results in localizing these tumors, espe-
cially metastatic and head and neck ones, as discussed above. A head-to-head com-
parison between 68Ga-DOTA-SSA and 18F-FDOPA PET has been performed in only 
five studies: one retrospective study from Innsbruck Medical University 
(68Ga-DOTATOC in 20 patients with unknown genetic background) [50], three 
 prospective studies from the NIH (SDHB, HNPGL, and sporadic metastatic PHEOs/
PGLs) (68Ga-DOTATATE in 17 and 20 patients), and one prospective study from La 
Timone University Hospital (68Ga-DOTATATE in 30 patients) [40–42]. In these 
studies, 68Ga-DOTA-SSA PET/CT detected more primary head and neck PGLs as 
well as SDHx-associated PGLs than 18F-FDOPA PET/CT [51]. By contrast, in the 
context of sporadic PHEO, 18F-FDOPA PET/CT may detect more lesions than 
68Ga-DOTATATE, although larger studies are needed to confirm those results [51]. 
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One of the main drawbacks of 68Ga-DOTA-SSA is the very high physiological 
uptake by healthy adrenal glands [52]. Furthermore, there are also different affini-
ties of various DOTA-SSAs to somatostatin receptors. DOTATATE has the best 
affinity to somatostatin receptor type 2, mostly expressed on PHEO/PGLs, fol-
lowed by DOTATOC. DOTANOC has the lowest affinity to somatostatin receptor 
type 2 and has some affinity to somatostatin receptor type 5, which is least abun-
dant on PHEOs/PGLs. Therefore, the use of DOTANOC may result in suboptimal 
detection of PHEO/PGL, especially their metastatic lesions. Studies comparing 

Table 14.4 Comparison of different PET radiopharmaceuticals in the detection of metastases 
PHEO/PGL (number of sites) (40, 42Timmers, 49)

Tracer Molecular target Cellular retention
Specificity 
(%)

Sensitivity 
sporadic

Sensitivity 
SDHx

18F-FDA Norepinephrine 
transporter

Neurosecretory 
vesicles

100 78 52

18F-FDOPA Neutral amino acid 
transporter system 
L (LATs)

Decarboxylation 
(AADC)

>95 % 75 61

68Ga-SSA Somatostatin 
receptors

Internalization 
(agonists)

90 % 98 99

18F-FDG Glucose 
transporters 
(GLUTs)

Decarboxylation 
(hexokinase)

80 % 49 86

Table 14.3 Differential diagnosis of highly 18F-FDG-avid adrenal masses (adrenal to liver 
SUVmax ratio >3, A/L >3)

Tumor type
Typical feature on 18F-FDG PET/
CT Major criteria for diagnosis

PHEO Well-circumscribed mass with a 
heterogeneous uptake
Moderate to high avidity
Central area of low or absent 
avidity
BAT uptake (periadrenal)

Elevated metanephrines
Family history
PHEO/PGL predisposing 
mutation
Multifocality

Adrenocortical 
carcinoma

Often irregular mass with a 
heterogeneous uptake
Moderate to high avidity
Often more rapid growth

Elevated steroid secretion
Venous tumor extension (vena 
cava)
Liver/lung metastases

Lymphoma Poorly circumscribed mass with a 
homogeneous uptake
Highly elevated A/L (often >8)

Bilateral adrenal and lymph node 
involvement, elevated serum 
lactate dehydrogenase (LDH)

Adrenal oncocytoma Well circumscribed with a 
homogeneous uptake
Highly elevated A/B (often >8)

Possible elevation of cortisol or 
androgens

Metastases Variable features
Moderate to high avidity

Personal history of cancer
Often extra-adrenal metastases
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68Ga-DOTATATE and 68Ga-DOTATOC are currently unavailable. Excellent results 
with DOTA analogues in both sporadic as well as SDHx-related metastatic PHEOs/
PGLs resulted in the use of 177Lu-DOTATATE (Lutathera) in radiotherapy of these 
tumors [53–57]. This is followed by the preparation of clinical protocols in order to 
properly assess the efficacy of this treatment on a large population of well-charac-
terized patients with metastatic or inoperable PHEO/PGL (Lin, Pacak et al. NIH 
protocol in preparation, 2016).

14.10  Role of Radionuclide Imaging

Successful PHEO/PGL management requires an interdisciplinary team approach. 
Precise identification of clinical context and the genetic status of a patient 
enables a personalized use of functional imaging modalities. Currently, it is rec-
ommended to adopt a tailored approach using a diagnostic algorithm based on 
tumor location, biochemical phenotype, and any known genetic background 
(Table 14.5) [48, 58].

14.10.1  Diagnosis of PHEO or Symp-PGL

14.10.1.1  Adrenal Mass

Functional imaging should be used in a minority of cases, such as those with suspi-
cion of nonfunctioning PHEO on CT/MRI, elevation of plasma or urine normeta-
nephrine in the presence of an adrenal mass, acute cardiovascular complication in 
the critical care setting together with the presence of an adrenal mass, hemorrhagic 
adrenal masses, and either elevated plasma metanephrine or normetanephrine in 
renal insufficiency. Elevation of metanephrine in the plasma or urine in the presence 
of an adrenal mass does not call for the use of functional imaging since metaneph-
rine is 99 % derived from the adrenal gland. Thus, its elevation highly supports the 
presence of PHEO, especially when plasma or urine metanephrine is 4x above the 
upper reference limit. Another new promising option is the use of proton single- 
voxel magnetic resonance spectroscopy (1H-MRS) that can detect the presence of 
catecholamines in PHEO and, therefore, may correctly point to the presence of this 
tumor [59–61].

PET imaging using 18F-FDOPA, 18F-FDA PET/CT, or 68Ga-DOTA-SSA PET/CT 
is highly sensitive with 18F-FDA having an excellent specificity, as described above 
(Fig. 14.1). The low uptake of 18F-FDOPA by normal adrenals is a potential advan-
tage over 68Ga-DOTA-SSA for localizing a small PHEO (Figs. 14.2, 14.3, and 14.4).
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Table 14.5 Stepwise molecular imaging approaches for PHEO/PGL

Location
Other related tumor 
conditions First line Second line

MEN2 Adrenal MTC, parathyroid 
adenoma, or hyperplasia

18F-FDOPA 123I-MIBG

NF1 Adrenal Neurofibromas, 
MPNSTs, and gliomas

18F-FDOPA 123I-MIBG

TMEM127 Adrenal RCCs 18F-FDOPA 123I-MIBG
MAX Adrenal None reported 18F-FDOPA 123I-MIBG
VHL PHEO/PGL RCC and CNS

Hemangioblastomas

18F-FDOPA 68Ga-DOTATATE

SDHB PHEO/PGL GISTs and RCCs
Pituitary adenoma

68Ga-DOTATATE 18F-FDG

SDHD PHEO/PGL GIST, RCC, and 
pituitary adenoma

68Ga-DOTATATE 18F-FDG

SDHC PHEO/PGL GIST 68Ga-DOTATATE 18F-FDG
HIF2A PHEO/PGL Somatostatinomas 18F-FDOPA 18F-FDA

GIST gastrointestinal stromal tumor, MTC medullary thyroid carcinoma, RCC renal cell carci-
noma, MPNST malignant peripheral nerve sheath tumor

a b

c d

Fig. 14.1 Typical imaging features of PHEO on 18F-FDOPA PET/CT and 68Ga-DOTATATE. Axial 
18F-FDOPA PET (a) and PET/CT (b). Axial 68Ga-DOTATATE PET (c) and PET/CT (d). The 
PHEO was positive on both imaging studies (arrows). Note high 68Ga-DOTATATE uptake by the 
left normal adrenal gland (arrowheads)
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a b

c d

fe

Fig. 14.2 Unilateral MEN2A-related PHEO. Multiphasic adrenal CT (a–c), 18F-FDOPA PET/CT, 
and (e) 18F-FDG PET/CT (f) showed a single left PHEO (arrow) with normal contralateral gland 
(arrowhead), while 123I-MIBG was falsely positive for the right adrenal gland. A total left adrenal-
ectomy was performed with subsequent normalization of metanephrine. Pathological analysis 
found three PHEOs (20 mm for the largest tumor)
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a b

d

c

Fig. 14.3 MEN2A with PHEO and persistent MTC. (a) 18F-FDOPA PET/CT (MIP image) show-
ing persistent cervical metastatic lymph nodes from MTC (arrow), (b) unenhanced CT showing a 
left adrenal nodule, and (c) axial 18F-FDOPA PET and PET/CT are consistent with a small left 
PHEO (arrow)

14.10.1.2  Retroperitoneal Extra-Adrenal Nonrenal Mass

In the presence of a retroperitoneal extra-adrenal, nonrenal mass, it is important to 
differentiate a PGL from other tumors (Table 14.2). A biopsy is not always contribu-
tory or even recommended, since it can carry a high risk of hypertensive crisis and 
tachyarrhythmia. Therefore, it should only be done if a PGL has been ruled out in a 
patient presenting with signs and symptoms of catecholamine excess. Specific func-
tional imaging studies, which are not usually performed before biochemical results 
are available, are very helpful in distinguishing PGLs from other tumors (Figs. 14.5, 
14.6, 14.7, and 14.8). 68Ga-DOTA-SSAs are the first-line imaging since most 
patients are expected to have SDHx mutations.
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a

b

c

Fig. 14.4 18F-FDOPA PET/CT findings in hereditary PHEOs. (a, b) NF1-related right PHEO. (c, 
d) Bilateral VHL-related PHEO. (c, d) Bilateral MAX-related PHEO (note the presence of two foci 
within the left adrenal gland)
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14.10.2  Assessment of Locoregional Extension and Diagnosis 
of Malignancy

Presently, there are no reliable cytological, histological, immunohistochemical, 
molecular, or imaging criteria for determining malignancy [62]. The diagnosis of 
malignancy remains strictly based on the finding of metastases where chromaffin 
cells are not usually present, such as the lymph nodes, lung, bone, or liver.

Anatomical imaging appears sufficient in the staging of PHEO/PGL. Functional 
imaging is probably not necessary in the preoperative workup of PHEO patients 
meeting the following criteria: >40 years, no family history, small (less than 2.0 cm) 
PHEO-secreting predominantly metanephrine, and negative genetic testing. 
Functional imaging is strongly recommended for excluding metastatic disease in 
large adrenal tumors (>4–5.0 cm) and in SDHB patients, and most probably SDHD 
as well. It is widely accepted that tumors with an underlying SDHB mutation are 
associated with a higher risk of aggressive behavior, development of metastatic dis-
ease, and, ultimately, death.

To date, 18F-FDOPA PET or 68Ga-DOTA-SSA may be the imaging modality of 
choice in the absence of a SDHB mutation, or when genetic status is unknown. By 
contrast, 68Ga-DOTA-SSA or, if not available, 18F-FDG PET should be considered 
as the imaging modalities of reference for SDHx-related cases (for images, see 
Chap. 13).

14.10.3  Detection of Multifocality

Beyond malignancy risk, inherited (especially SDHx, VHL, and MEN2) or symp- 
PGL raises the problem of multifocality. Based on recent published data, 
68Ga-DOTA-SSA has gained an increasing role and should get a leading position in 
this setting. In absence of available 68Ga-DOTA-SSA, 18F-FDG should be preferred 
to 18F-FDOPA in SDHx patients, whereas 18F-FDOPA appears to be a very good 
imaging tool in other genotypes and sporadic cases.

14.10.4  Imaging Follow-Up of Sporadic PHEO/PGL Patients

For sporadic PHEO/PGL patients, imaging follow-up is necessary, especially in 
those patients presenting with primary tumors larger than 4–5 cm and those with an 
extra-adrenal location [63]. Currently, there is no guideline regarding the frequency 
of imaging follow-up, but it is recommended to be done at least every 2 years, with 
either CT or MRI, preferably alternatively, to reduce the amount of radiation deliv-
ered to the patient.
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a b

c d

e f

Fig. 14.5 Sporadic extra-adrenal paraganglioma. CT scan revealed a solitary preaortic mass with 
a rapid and marked contrast enhancement and a slow washout pattern suspected of paraganglioma. 
18F-FDG PET was slightly positive, but 18F-FDOPA PET was pathognomonic for PGL. (a) 
Unenhanced CT, 40 HU; (b) arterial contrast-enhanced CT, 130 HU; (c) arterial contrast-enhanced 
CT (reconstruction); (d) portal-phase contrast-enhanced CT, 80 HU; (e) 18F-FDG PET, moderate 
tumor uptake (SUVmax = 2.5); and (f) 18F-FDOPA PET, high tracer uptake (SUVmax = 8.5). 
Pathological analysis found a typical paraganglioma
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a b

c d

e f

Fig. 14.6 Retroperitoneal neurofibroma. CT scan showed a retroperitoneal para-aortic solitary 
mass with a moderate and progressive homogeneous contrast enhancement. 18F-FDG PET showed 
a mildly increased 18F-FDG uptake, and 18F-FDOPA PET was negative. (a) Unenhanced CT, 28 
HU; (b) arterial contrast-enhanced CT, 36 HU; (c) arterial contrast-enhanced CT (reconstruction); 
(d) portal-phase contrast-enhanced CT, 70 HU; (e) 18F-FDG, moderate tumor uptake (SUVmax = 
3.6); and (f) 18F-FDOPA PET, absence of tumor uptake. Pathological analysis found a cellular 
neurofibroma with atypia (Ki-67 10–15 %)
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14.10.5  Imaging Follow-Up of Mutation Carriers

An optimal follow-up algorithm has not yet been validated in mutation carriers for 
predisposing genes for PHEO/PGL. MRI offers several physical advantages over CT 
and does not expose patients to ionizing radiation, which is critical in a patient popu-
lation submitted to lifelong imaging surveillance. However, MRI can be less sensi-
tive than radionuclide imaging for detecting small lesions. Follow-up should include 
annual biochemical screening, and CT or MRI can be delayed on 2-year intervals. 
Indications for PET imaging studies should be discussed on an individual basis.

14.11  Current Proposed Imaging Algorithm in the Diagnosis 
and Localization of PHEO and Symp-PGL

Successful PPGL management requires an interdisciplinary team approach. Precise 
identification of clinical context and genetic status of patients enables a personal-
ized use of functional imaging modalities [64–67]. Although the extra cost and 
availability of new PET tracers can prove problematic, the option of not employing 

a b c

d e

Fig. 14.7 Para-adrenal PGL in a SDHD patient. Axial 18F-FDG PET (a) and PET/CT (b) and 
18F-FDOPA PET (d) and PET/CT (e). 18F-FDG PET was positive, while 18F-FDOPA PET was 
considered as falsely negative. Gross pathology showed that the tumor was developed from para- 
adrenal paraganglia (adr adrenal, pgl paraganglioma) (c)
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them might lead to inappropriate management with health-related consequences 
that should not be underestimated.

Based on the currently available imaging techniques, we propose the following 
approach to investigate a patient with HNPGL:

 1. For diagnosis, the specificity provided by functional imaging techniques using 
18F-FDOPA PET/CT or 68Ga-SSTa is superior to anatomical imaging.

 2. For detecting additional tumor sites (multifocality, metastases), functional imag-
ing techniques are superior to anatomical imaging. Based on the most recent 
studies and personal experience, PPGLs are well detected with 18F-FDOPA  PET/
CT. 68Ga-DOTA-SSA is also very sensitive for staging, regardless of the geno-
type. In the absence of available 68Ga-DOTA-SSA, 18F-FDG PET/CT should be 
used as the first-line radionuclide imaging tool in SDHx cases.

 3. For determining the locoregional extension of PHEO/symp-PGL, anatomic 
imaging remains the first-line modality.

a b

c

Fig. 14.8 HIF2A-related paraganglioma of the organ of Zuckerkandl. Contrast-enhanced CT arte-
rial phase (a) showing a hypervascular and heterogeneous left para-aortic mass located at the level 
of the inferior mesenteric artery (arrow). 18F-FDOPA PET/CT (b) and 18F-FDG PET and PET/CT 
(c) showing a single tumor with heterogeneous uptake and a preferential 18F-FDOPA imaging pat-
tern, a finding which is opposite to the classical SDHx-associated imaging phenotype (see 
Fig. 14.7)
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This algorithm should be adapted to the practical situation within each institution 
and should evolve with time as new techniques become available (Table 14.5). 
18F-FDOPA and 68Ga-DOTA-SSA are currently available in many clinical and 
research centers around the world.

14.11.1  Image-Based Treatment of PHEOs/PGLs

14.11.1.1  Adrenal-Sparing Surgery

A subtotal (cortical-sparing) adrenalectomy is a valid option in patients with MEN2, 
NF1, or VHL. In cases with bilateral PHEOs, this strategy offers the advantage of 
potentially avoiding steroid supplementation. Therefore, it is crucial to perform 
regular imaging follow-ups of known PHEOs in addition to biochemical testing for 
determining the optimal time to schedule a cortical-sparing surgery. CT is prefera-
ble over MRI due to its excellent resolution, which provides detailed anatomical 
locations of tumor extension within the adrenal gland and, for MEN2 patients, the 
number of tumors within the adrenal medulla. On the other hand, the advantage of 
using MRI over CT is the lack of exposure to ionizing radiation, which is an impor-
tant factor in hereditary cases undergoing continuous follow-up. In selected cases, 
functional imaging may be used in addition to anatomical imaging. There is a clear 
advantage of 18F-FDOPA PET/CT over MIBG and other specific PET tracers due to 
the lack of significant uptake in normal adrenal glands [68]. 18F-FDOPA PET may 
also identify metastases from medullary thyroid carcinoma with persistent hyper-
calcitoninemia [69].

14.11.1.2  Theranostics

123I-MIBG scintigraphy is used as a companion imaging agent to assist in radio-
nuclide therapy selection. A special advantage of labeled SSAs is that, unlike 
18F-FDOPA, they can be used in the radioactive treatment of these tumors (as 
theranostic agents). To date, peptide receptor radionuclide therapy (PRRT) using 
90Y-/177Lu-labeled somatostatin agonists has been evaluated in a limited number of 
PHEO/PGL cases [53–57, 70]. On average, response rates (mainly partial 
responses) have been 30–60 %. Disease stabilization is frequent but more difficult 
to interpret, since these tumors often exhibit a slow growing pattern. Larger stud-
ies, including various hereditary and non-hereditary PHEOs/PGLs, are needed in 
order to conclude which PHEOs/PGLs can best be treated using this therapy and 
whether PRRT should be used together or as a “replacement” to other treatment 
modalities.

We believe that data from PRRT in midgut NETs will provide a powerful impe-
tus for wider application of the 68Ga-/177Lu-DOTATATE strategy in the management 
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Table 14.6 Physical characteristics of 111In, 90Y, 177Lu, and 161Tb [71]

Emission T1/2 (d)
Total electron energy/
decay (keV)

Path length 
(mm)

Gamma 
(keV)

111In Auger 2.8 34.8 <0.01 171 (91 %)
245 (94 %)

90Y Beta particles 2.7 933.1 12 –
177Lu Beta particles 6.6 147.9 2 113 (6.4 %)

208 (11 %)
161Tb Beta 

particles + Auger
6.9 202.5 <1 75 (10 %)

of inoperable (including metastatic ones) PHEOs/PGLs. The toxicity profile (kid-
ney, bone marrow) of 177Lu-DOTATATE is acceptable due to the low penetration 
range of 177Lu (Table 14.6). 90Y has a pure beta emission with long-range particles 
that, besides the direct action, also lead to irradiation of non-receptor-expressing 
tumor cell (cross-fire effect). For these reasons, 90Y-peptides could be preferable for 
the treatment of larger and inhomogeneous lesions. However, toxicity is more fre-
quent than with 177Lu, and clinical implementation of dosimetry is much more com-
plex than for 177Lu. 68Ga can be used as a surrogate isotope for dosimetry purposes, 
but it provides only limited information due to its very short physical half-life 
(68 min) compared to 90Y and 177Lu (Table 14.6). 64Cu-DOTATATE was also found 
to provide excellent imaging quality for NET imaging [45] and can be used for 
dosimetry purposes. Beyond 90Y and 177Lu, the terbium radioisotopes 155Tb (SPECT), 
152Tb (PET), and 161Tb (therapeutic isotope) can also be considered as theranostic 
pairs. 161Tb has medium-energy beta particles similar to 177Lu, but has the advantage 
over 177Lu to emit a high level of internal conversion and Auger electrons that may 
act synergistically to beta particles. Modeling studies have shown that 161Tb and 
177Lu can deliver equivalent absorbed doses in 10 mm spheres. However, 161Tb 
would be more effective than 177Lu at a smaller scale [71]. Therefore, the use of 
161Tb would enable destruction of macroscopic residual disease but also small cell 
clusters (micrometastases, isolated cells). Therapeutic nuclear medicine may also 
include the administration of bone-seeking radiopharmaceuticals. Beyond the use 
of beta particles and Auger emitters for therapeutic applications, there are signifi-
cant advantages to use alpha emitters. However, until present, only a few studies 
have targeted NETs.

Recent reports have shown that cellular internalization might shorten the residual 
time of 177Lu within tumor cells compared to radiolabeled SST antagonists. SST 
antagonists also have higher affinities for SST receptors than agonists, and lower 
internalization rates, resulting in a longer retention time on cell membrane. 
According to these observations, in the future, somatostatin antagonists might be 
considered as an alternative to agonists for PRRT.

Funding This research did not receive a specific grant from any funding agency in the public, 
commercial, or not-for-profit sector.
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Chapter 15
Radionuclide Imaging of Gastrointestinal 
Neuroendocrine Tumors

Alessio Imperiale, Christophe M. Deroose, Elif Hindié, and Bernard Goichot

Neuroendocrine tumors (NETs) are rare and heterogeneous epithelial neoplasms 
with neuroendocrine differentiation [1]. The most common origin of primary NETs 
is the gastrointestinal (GI) tract (about 60 % of all cases), and within the GI tract, the 
small intestine represents the first site of primary tumor development [2]. Because 
only a small percentage of GI NETs are functional, patients are often asymptomatic, 
and the tumors are incidentally diagnosed by endoscopic examination or imaging 
studies performed for unrelated reasons. The clinical symptomatology of GI NETs 
is generally associated with advanced disease and the presence of systemic meta-
static spread. Bowel obstruction and incidental detection of hepatic metastases are 
common circumstances that lead to the diagnosis. Extensive tumor bulk and 
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metastatic disease are the major causes of death. However, even in advanced dis-
ease, long patient survival, which is mainly related to the slowly growing pattern of 
many of these tumors, is not uncommon [3]. This chapter will focus on medical 
imaging for gastrointestinal NETs except for pancreatic NET.

15.1  Epidemiology

NETs of the GI tract derive from the embryological foregut intestine (esophagus, 
stomach, first portion of duodenum), midgut (duodenum, jejunum/ileum, appendix, 
cecum, ascending colon), and hindgut (distal large bowel, rectum). Incidence of GI 
NETs is classically estimated at 1/100,000 but is probably underestimated as old 
autopsy studies suggested that most of the cases were not diagnosed during the 
patient’s life. Prevalence is much higher because of the relatively long survival 
(overall about 60 % at 5 years) [4]. Apart from ileal tumors, GI NETs are rarely 
associated with secretory syndrome. They are usually diagnosed on tumor symp-
toms or, often so, fortuitously. The revelation of GI NET by liver metastasis is fre-
quent, presenting with general symptoms, with biological abnormalities, or as 
incidental findings on imaging studies.

15.2  Classification and Staging

Grading of GI NETs relies on the 2010 WHO classification [5] developed in detail 
in another chapter. Briefly, G1 (defined by a Ki-67 index < 3 % and a mitotic 
count < 2) is usually very slowly evolving tumors, G2 (defined by a Ki-67 index 
ranging between 3 % and 20 % or a mitotic count of 2–20) constitutes a more het-
erogeneous group with well-differentiated but more aggressive tumors, and G3 
(Ki-67 index >20 % or a mitotic count >20) usually refers to poorly differentiated 
carcinomas characterized by an aggressive pattern, clear response to chemotherapy 
in particular platinum-based agents, and a poor overall survival. The limits of this 
classification is discussed elsewhere, and the two main challenges are currently to 
better separate G2 tumors in subgroups of different prognosis and to identify 
among G3 tumors a subgroup of morphologically well-differentiated tumors which 
might display a different sensitivity to chemotherapy. Nuclear imaging may be one 
of the tools that could achieve this improvement in the characterization of a “meta-
bolic” tumor grade.

Staging of GI NET relies on TNM classification. Two different classifications are 
used, ENETS 2007 and UICC; they differ only for the appendix (and for the pan-
creas, not treated here). Stages 0 to IIIa correspond to localized tumors, IIIb to 
tumors with lymph node involvement, and stage IV to metastatic diseases [6].
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15.3  Clinical Presentation

Tumors from the esophagus, stomach, first part of duodenum, colon, and rectum are 
usually diagnosed during endoscopy and may present macroscopically as polypus, 
ulcers, or other types of digestive tumors. They are usually non-secreting, and the 
main question in these cases is to ensure that there has been complete resection of 
the lesion. Echoendoscopy is useful to evaluate the depth of invasion and the pres-
ence of abnormal lymph nodes. This staging step is necessary to decide further 
therapeutic strategy. Endoscopic submucosal resection allows in most cases to avoid 
surgical resection.

Gastric NET is classified in three subgroups:

• Type 1 are the most frequent and are associated with atrophic gastritis (mainly 
Biermer’s disease). They are usually < 1 cm, multiple, and benign.

• Type 2 are very rare and are associated with Zollinger–Ellison syndrome.
• Type 3 are rare, generally unique, and potentially malignant.

It is very important to distinguish type 1 and type 3 because conservative treat-
ment is indicated in type 1, whereas more aggressive treatment, in particular sur-
gery, is justified in type 3. Gastrin measurement and biopsy of the gastric mucosa 
(to show evidence of atrophic gastritis) are mandatory [7, 8].

Ileal NET often secretes various amines and in particular serotonin, whereas 
secretion is rare for the other GI NETs. These tumors are named “functional” if the 
secretion causes symptoms. The syndrome caused by serotonin secretion is named 
carcinoid syndrome. It associates three main symptoms: flushing, diarrhea, and 
more rarely bronchoconstriction as well as heart failure related to a specific cardiac 
complication (carcinoid heart disease) with right-side valve involvement, in particu-
lar tricuspid insufficiency. Careful cardiac evaluation is necessary in patients with 
serotonin-producing tumors, because carcinoid heart disease has a major impact on 
survival, and valve replacement may be necessary in some patients [9].

Tumors of the appendix are usually discovered during surgery for appendicitis. 
The majority of patients with stage I tumors do not need additional treatment or 
long-term follow-up. However, for depending on localization and depth of tumor 
invasion, some patients will require complementary surgery (right 
hemicolectomy).

Chromogranin A (CgA) is the most reliable plasma marker of NET. It is not spe-
cific of GI NET and is strongly correlated to tumor burden. It is usually normal in 
small and localized tumor. False positive is very frequent, in particular due to treat-
ment with proton-pump inhibitors, atrophic gastritis, or renal failure. If initially 
elevated, CgA can be an interesting tool for the follow-up of patients, but its inter-
pretation warrants caution in some cases as some antisecretory treatments (mainly 
somatostatin analogues) can decrease CgA plasma levels independently of any anti-
tumor effect. Serotonin measurement is not recommended for the diagnosis and 
follow-up of serotonin-producing (“carcinoid”) tumors due to its great variability. 
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Twenty-four-hour urinary 5-hydroxyindole-3-acetic acid (5-HIAA) is the best 
marker for these tumors and is partially correlated to prognosis [10].

Whatever the localization of the tumor, stage, and grade, all cases should be 
presented to a multidisciplinary board, and many patients will need follow-up by a 
multidisciplinary team with sufficient experience in neuroendocrine tumors. If cure 
is the goal for localized tumors, it is rarely achievable in metastatic disease. Beyond 
increasing survival, preservation of quality of life is essential. Control of the secre-
tory syndrome, treatment of complications (as carcinoid heart disease), and consid-
eration of short- and long-term therapy toxicities are crucial.

The main clinical features, hormonal secretion, and the first-line therapeutic 
management are briefly summarized in Table 15.1.

15.4  Role of Imaging in GI NET Diagnosis and Management

Considering surgery as the only curative treatment in patients without metastases or 
with limited metastatic spread [11], it is essential to define the real extent of the 
disease and to identify patients with inoperable disease [12, 13]. Accordingly, medi-
cal imaging plays an increasingly crucial role by (a) guiding tumor preoperative 
assessment (i.e., identification of the primary, assessment of locoregional extension 
and distant metastases), (b) expanding surgical approaches, and (c) evaluating the 
therapeutic outcome. In patients with a known or suspected GI NET, a multidisci-
plinary strategy including both radiological studies and nuclear medicine examina-
tions is usually employed. The former provides detailed anatomical information that 
is indispensable for primary tumor detection, locoregional and distant metastases 

Table 15.1 Summary of the main clinical features, hormonal secretion, and first-line therapeutic 
management in well-differentiated (G1/G2) GI NETs

Frequent clinical features Secretion Management (first line)

Stomach Mainly endoscopic 
discoverya

Rare Depends on type (see text)

Small 
intestine

Often discovered on 
complication (obstruction, 
perforation, bleeding)
Liver metastasis
Carcinoid syndrome

30 %, mainly 
serotonin

Surgery
Somatostatin analogues
Cardiac monitoring

Appendix Mainly incident discovery 
during surgery

No Right hemicolectomy should 
be discussed for tumor > 1 cm

Colon Mainly endoscopic 
discoverya

Rare Endoscopic resection if 
possible
Surgery

Rectum Mainly endoscopic 
discoverya

Rare Endoscopic resection if 
possible
Surgery

aIndication for endoscopy may be abdominal pain, bleeding, cancer screening, etc.
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identification, surgical planning optimization, and medical treatment evaluation. 
The latter allows a noninvasive characterization of tumoral functional status and 
variability at the molecular and cellular level starting from the analysis of uptake 
intensity and kinetics of some target-specific radiotracers. Molecular imaging tech-
niques are also very sensitive and can detect disease at an early stage. Nuclear medi-
cine provides further details regarding the tumoral extent improving patient staging 
and therapeutic strategy. In order to improve the diagnostic accuracy, anatomic and 
functional imaging are usually combined by using « hybrid » modalities as positron 
emission tomography/computed tomography (PET/CT) and single-photon emission 
computed tomography/computed tomography (SPECT/CT) devices. Nowadays, 
PET/MRI hybrid systems are also available and may be effective, although the role 
of PET/MR in GI NETs needs to be established and its availability in clinical rou-
tine is limited.

15.5  Diagnostic Performances of Anatomic Imaging

In the evaluation of patients with suspected or known GI NETs, a number of tech-
niques have been proposed to identify the tumor primary site, to assess locoregional 
extent, and to assess the presence of distant metastases. A variable combination of 
endoscopy, ultrasound (US), endoscopic ultrasound (EUS), CT, and magnetic reso-
nance imaging (MRI) is typically adopted to provide optimal patient management, 
taking into account the clinical context and both strengths and limitations of each 
diagnostic modality (Table 15.2).

15.5.1  Primary Tumor Detection

Upper and lower endoscopy enable the detection of esophageal, gastric, colorectal, 
and some terminal ileal NETs. Double-balloon or push enteroscopy is more effi-
cient for small intestine lesions but remains a time-consuming technique and 
uncomfortable for the patient [14]. Capsule endoscopy seems an attractive tech-
nique for esophagus, stomach, and small intestine examination but does not permit 
lesion biopsy [15]. The main advantage of video capsule is that it is a noninvasive 
technique able to analyze the entire small bowel. However, it has only moderate 
sensitivity (46–65 %) for tumor detection [16]. The use of transabdominal ultraso-
nography (TAUS) in GI NET diagnosis and staging is mainly limited to the solid 
viscera and suffers from inter-operator variability. Overall, US has limited sensitiv-
ity (13–27 %) for the detection of gastrointestinal NETs [17]. Intraoperative US 
could be also performed but it prolongs operating time, and it is not free of potential 
risk of iatrogenic injury during the diagnostic procedure. Conversely, endoscopic 
US (EUS) has a remarkable role. EUS is a highly sensitive technique for the detec-
tion of gastric, duodenal, and rectal NETs permitting not only the identification of 
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small submucosal tumors but even to perform diagnostic procedures such as biopsy 
or fine-needle aspiration [18]. However, EUS remains a more invasive imaging 
method. In patients suspected of having small-bowel tumors, the enteroclysis and 
barium-contrast examinations may show fixation, separation, thickening, and angu-
lation of the bowel loops, but they are rarely diagnostic. Small primary tumors are 
difficult to visualize unless there is secondary fibrosis. At present, barium-contrast 
studies have been largely replaced by multi-planar contrast-enhanced CT or MR 
imaging followed by small-bowel distention before a focused CT or MR enterogra-
phy or enteroclysis to improve tumor detection. Small-bowel tumors are multifocal 
in about 30 % of the cases [19], and they manifest as polypoid lesions or hypervas-
cular parietal concentric or asymmetrical thickening. The sensitivity and specificity 
for tumor detection of CT and MR enterography or enteroclysis have been 

Table 15.2 Comparison of the main anatomical imaging and endoscopic techniques currently 
available

TAUS EUS Video capsule CT MRI

Widely 
available

Highly 
sensitive 
technique for 
the detection 
of gastric, 
duodenal, and 
rectal primary 
NETs

Attractive 
technique for 
the detection of 
esophageal, 
gastric, 
duodenal, and 
small-bowel 
primary NETs

Widely available Multiplanar contrast- 
enhanced images

Use limited 
to solid 
organs only

Diagnostic 
biopsy is 
possible

Analysis of the 
entire bowel is 
possible

Multiplanar 
contrast-enhanced 
images

First-choice imaging 
modality for detection 
and assessment of 
liver metastases 
(superior to CT)

High 
inter-operator 
variability

Invasive 
diagnostic 
procedure

Moderate 
sensitivity

First-choice 
imaging modality 
for staging and 
follow-up

High sensitivity for 
bone marrow 
metastases

Limited 
sensitivity for 
primary GI 
NET 
detection

Identification of 
tumor primary 
site, evaluation of 
local extent, and 
assessment of 
metastases

Enterography and 
enteroclysis are 
possible and can 
enhance sensitivity

Enterography and 
enteroclysis are 
possible and can 
enhance sensitivity

Gadolinium chelate 
more safe than CT 
iodine-contrast agents 
as regards allergic 
reactions and 
nephrotoxicity

Ionizing-radiation 
technique

No ionizing radiation

TAUS transabdominal US; EUS endoscopic US; CT computed tomography; MRI magnetic reso-
nance imaging

A. Imperiale et al.



327

estimated at 100 % and 86–94 %, and 96 % and 95–98 %, respectively. Overall sen-
sitivity increases with rising tumor size [20–24]. Artifacts from bowel motion and 
lower spatial resolution compared with CT may be limiting factors of MR enterog-
raphy or enteroclysis.

15.5.2  Tumor Staging and Metastatic Assessment

CT remains the first-choice diagnostic procedure for tumor staging allowing the 
assessment of local extent to the mesentery as well as metastases to lymph nodes, 
liver, and lungs. Typically, the appearance of mesenteric invasion by carcinoid 
tumor on CT is a spiculated mass with heterogeneous contours, variably associated 
to central calcifications and usually near the primary tumor (“cartwheel” pattern) 
[25]. Metastatic lymph nodes are frequently in the mesentery or retroperitoneal and 
paracardial gastric lymph nodes. For the assessment of metastatic hepatic disease, 
all available imaging modalities frequently miss lesions sized less than 5 mm [26]. 
Nevertheless, multiphasic imaging is recommended, with the hepatic arterial phase 
being the most informative for lesion detection [27]. On multiphasic contrast- 
enhanced CT or MR images, hepatic lesions are usually hypervascular in the arterial 
phase and demonstrate washout in the late phase [28, 29]. MRI is a very sensitive 
technique for the detection of liver metastases, and it is considered more accurate 
than both US and CT [26]. Multiphasic MRI with fat-suppressed contrast-enhanced 
T1-weighted imaging provides the best accuracy [29, 30]. Typically, NET lesions 
show T2 hyperintensity and T1 hypointensity. The use of diffusion-weighted imag-
ing (DWI) and apparent diffusion coefficients (ADC) could improve the detection 
ability of MRI for malignant liver lesions [31]. An added advantage of using DWI 
is its ability to reflect lesion changes in response to treatment [32]. Finally, the 
advantages of MRI over CT are the lack of ionizing radiation and the use of gado-
linium chelate contrast agents, which have a better safety profile in terms of allergic 
reactions and nephrotoxicity than iodine-contrast agents. Metastases to the bone 
arise more commonly from foregut primary tumors. The preferred site of metastatic 
spread is the axial skeleton and radiographic signs may be easily missed. On stan-
dard radiography and CT, bone metastases frequently demonstrate either an osteo-
sclerotic or a mixed osteolytic–osteosclerotic pattern. MRI is the most sensitive 
technique for detection of bone marrow metastases [33–35].

15.6  Radionuclide Imaging for Molecular and Metabolic 
Characterization

Nuclear medicine imaging for NETs exploits some molecular characteristics that 
are specific for the neuroendocrine phenotype. Hence, the overexpression of spe-
cific membrane receptors as well as the ability to take up and decarboxylate amine 
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precursors has been considered for diagnostic radiotracer development. Moreover, 
the glycolytic metabolism, which is not a specific energetic pathway of NETs, has 
been also proposed (Table 15.3). Accordingly, a personalized nuclear medicine 
exploration will be tailored for each patient taking into consideration both clinical 
symptomatology and the tumor characteristics.

15.6.1  Radiolabeled Somatostatin Analogue Imaging

The somatostatin receptor (SSTR) is a seven-transmembrane G-coupled receptor, of 
which six human subtypes have been described and which upon activation reduces 
endocrine secretion and cell growth and increases apoptosis [36]. Upon binding of 
an agonist to the receptor, the receptor/ligand complex will internalize in the cell, 
and the receptor will be later recycled to the cell surface. A vast majority (>85 %) of 
intestinal NETs will have moderate to high overexpression of one of the six SSTR 
subtypes (1, 2A, 2B, 3, 4, and 5) [36], most frequently subtype 2A [37]. The SSTR 
has been used as a molecular target in nuclear medicine since more than 25 years 
[38]. Radioligands binding to the SSTR detected by gamma camera scintigraphy 
and SPECT were the first to be developed and are based on synthetic somatostatin 
analogues (SSAs) such as the 8 amino acid derivative octreotide or further opti-
mized chemical variants of this vector backbone. Different chelators have been 
developed to allow labeling of these vector molecules with a whole range of radio-
isotopes. One gamma camera radiopharmaceutical is commercially available 
(111In-pentetreotide; Octreoscan™), and technetium-99 m-labeled tracers have been 

Table 15.3 Comparison of the main functional imaging techniques currently available

111In-pentetreotide 
SPECT/CT

68Ga-somatostatin 
analogues PET/
CT 18F-FDOPA PET/CT 18F-FDG PET/CT

Primary staging
Restaging
Evaluation of uptake 
before peptide receptor 
radiotherapy (PRRT)

Primary staging
Restaging
Unknown 
primary
Evaluation of 
uptake before 
PRRT

Primary staging
Unknown primary
(Restaging?)
Carcinoids +++

Prognostic 
stratification
High-grade G2 and 
G3 NETs

Approved nuclear 
medicine technique for 
NET imaging

It will replace 
SRS in the near 
future

Sensitivity may be 
lower than 68Ga-PET/
CT for non-ileal NETs

Widely available

Low spatial resolution 
(>10 mm)

High spatial 
resolution 
(5 mm)

High spatial resolution 
(5 mm)

High spatial 
resolution (5 mm)

2-day procedure 1-day procedure 1-day procedure 1-day procedure
Radiation exposure Radiation 

exposure
Radiation exposure Radiation exposure

FDOPA dihydroxyphenylalanine; FDG fluorodeoxyglucose; PET positron emission tomography
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described as well, using both octreotide and octreotate backbones with a HYNIC 
chelator/linker. The use of somatostatin receptor scintigraphy (SRS) is recom-
mended in the guidelines at diagnosis [1] and during follow-up [39]. It offers high 
sensitivity and specificity in detecting tumoral lesions in grades 1 and 2 NET, out-
performing other nuclear medicine tracers such as 18F-fluorodeoxyglucose (18F- 
FDG) and 123I-meta-iodobenzylguanidine (123I-MIBG). In a study by Binderup and 
colleagues, SRS detected more lesions in all organs studied than 18F-FDG or 
123I-MIBG with a sensitivity of 90 % vs. 57 % and 53 %, respectively [40]. Of note, 
in highly proliferative NET (Ki-67 > 15 %), 18F-FDG had a sensitivity of 92 % vs. 
69 % for SRS [40]. Besides tumor detection, SRS allows to determine functional 
target presence for treatment with cold SSAs. Two randomized controlled trials 
(RCTs) have shown a prolongation of progression-free survival (PFS) in NET 
patients treated with SSAs; one trial included well-differentiated metastatic midgut 
NETs (PROMID) [41], and the other included well-differentiated nonfunctional 
tumors of the pancreas, midgut, hindgut, or unknown origin (CLARINET) [42]. A 
positive SRS was an inclusion criterion in the CLARINET study, whereas in the 
PROMID trial, 73 out of 85 patients had a scintigraphy performed, with 86 % posi-
tive and 14 % negative patients [41], highlighting the importance of the scintigraphy 
as a selection tool for this treatment. For peptide receptor radionuclide therapy 
(PRRT), good uptake on pre-therapy SRS has always been considered a prerequi-
site. For example, in the Netter-1 RCT, a positive scintigraphy on all evaluable 
lesions was an inclusion criterion [43].

Uptake on whole-body planar 111In-pentetreotide scintigraphy is typically scored 
according to the Krenning scale, with grade 1 representing tumor uptake lower than 
the liver, grade 2 tumor uptake equal to the liver, grade 3 uptake higher than liver, 
and grade 4 tumor uptake as the most intense site in the body (usually meaning 
higher than spleen uptake). A grade 3 uptake is typically required for PRRT 
candidates.

In the last decade, a novel class of radiopharmaceuticals for SSTR imaging has 
emerged as the current gold standard (Fig. 15.1). These tracers are based on octreo-
tide derivatives labeled with the positron-emitting radionuclide gallium-68. 
Gallium-68 is a radioisotope of the metal gallium. It decays primarily through posi-
tron emission (abundance 89 %). It has a half-life (T1/2) of 68 min and can be obtained 
from a germanium-68/gallium-68 generator (T1/2: 271 days), thus allowing in-house 
production of labeled radiopharmaceuticals. Gallium can be chelated by a number 
of different chelators to label peptides or other biomolecules for detection with PET, 
PET/CT, or PET/MR. Labeling has to be done at the site of  administration as the 
yield of the generator, and the half-life usually does not allow for off-site transport.

There are several gallium-68-labeled tracers for SSTR imaging that have been 
described and are in clinical use in Europe of which 68Ga-DOTATOC, 
68Ga-DOTATATE, and 68Ga-DOTANOC are the most commonly used. “DOTA” 
refers to the chelator, which is covalently bound to a slightly modified synthetic 
octapeptide with high affinity for the SSTR (all have high affinity for SSTR2, the 
most overexpressed subtype). They are collectively referred to as 68Ga-DOTA- 
peptides or 68Ga-OctreoPET.
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These 68Ga-DOTA-peptides have advantages over gamma scintigraphy-based 
imaging. They have a much higher affinity for SSTR2 compared to 111In-pentetreotide 
(IC50 = 2.5 nM for 68Ga-DOTATOC, 0.2 nM for 68Ga-DOTATATE, and 1.9 nM for 
68Ga-DOTANOC, vs. 22 nM for 111In-pentetreotide) [44]. This better affinity profile 
combined with the physical advantages of current clinical PET cameras over 
gamma cameras, with higher spatial resolution and higher sensitivity (detected 
events per unit of radioactivity), allows detection of smaller lesions and detection 
of lesions with even low or moderate SSTR expression, resulting in a higher sensi-
tivity (Fig. 15.2). There is strong scientific data that the 68Ga-DOTA-peptides are 
significantly better diagnostic agents for performing SSR imaging than 
111In-pentetreotide. Gabriel et al. [45] compared 68Ga-DOTATOC with 
111In-pentetreotide in 84 NET patients and found a sensitivity of 97 % for 
68Ga-DOTATOC vs. 52 % for 111In-pentetreotide. 68Ga-DOTATOC showed better 
performance for small lesions in lymph nodes and for bone metastases (Fig. 15.3). 
Buchmann et al. [46] compared 68Ga-DOTATOC with 111In-pentetreotide in 27 
NET patients and found a sensitivity of 100 % and 66 %, respectively. They con-
cluded that the PET ligand was superior for detection of lung and bone metastases. 
Van Binnebeek et al. [47] have recently shown similar results with sensitivity of 
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Fig. 15.1 Example of a 48-year-old NET patient with an 11-year disease history with high SSTR 
expression (SUVmax = 36 in the most intense lesion) and high multifocal tumor burden in the bone, 
pancreas, soft tissue, and liver on 68Ga-DOTATATE PET/CT. The patient was sent for PRRT eligi-
bility and was considered as candidate. (a) MIP image. (b) Sagittal PET showing diffuse bone 
involvement and liver metastases. (c) Corresponding PET/CT fusion. (d) Axial view showing mul-
tifocal liver metastases with several lesions exceeding the uptake level of the spleen; the lesion in 
the left liver lobe is the one with the highest uptake of all lesions (SUVmax = 36). Note metastases 
in both humeri. (e) Corresponding PET/CT fusion, (f) corresponding CT with very little findings, 
both in the liver (late venous contrast phase) and in the bone
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99.9 % for 68Ga-DOTATOC with only 60 % for 111In-pentetreotide in metastatic 
NET patients scheduled for PRRT. Furthermore, they showed that in up to 80 % of 
the patients, the PET ligand would detect at least 20 % more lesions, showing that 
the benefit of 68Ga-DOTA-peptide PET reaches a large fraction of patients. Recent 
data from Northern America have shown a lesion sensitivity of 95.1 % vs. 45.3 % 
for anatomic imaging and 30.9 % for 111In-pentetreotide SPECT/CT in 131 GEP-
NETs or NETs from unknown primary [48]. In four out of 14 patients (29 %), 
68Ga-DOTATATE PET/CT found a previously unknown primary tumor. The ther-
apy recommendation was changed on the basis of the 68Ga-DOTATATE PET/CT in 
one third of the patients [48]. Again, large differences between 68Ga-DOTATOC 
and 111In-pentetreotide were reported by Morgat and colleagues in the follow-up of 
MEN1 patients [49].

Although there are some differences in the affinity profiles (68Ga-DOTATOC: 
SSTR2 > SSTR5; 68Ga-DOTATATE: SSTR2; 68Ga-DOTANOC 
SSTR2 > SSTR5 > SSTR3), clinical comparative studies have only shown minor if 
there are any differences in lesion detection rate and lesion uptake when comparing 
head to head two of these PET SSTR ligands (Fig. 15.4). The consensus is that for 
the vast majority of clinical indications, these tracers are equivalent [50]. In a head- 
to- head comparison in the same patients (n = 40) between 68Ga-DOTATOC and 
68Ga-DOTATATE, 262 and 254 (97 %) lesions were detected with an average stan-
dardized uptake value (SUV) of 20.4 and 16.0, respectively [51].

a b c e
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d

Fig. 15.2 Example of a 50-year-old female NET patient scanned with both 111In-pentetreotide and 
68Ga-DOTATATE PET/CT. Anterior (a) and posterior (b) planar projections of 111In-pentetreotide 
at the time of initial diagnosis. The anterior image does not show any sites of increased uptake. The 
posterior image shows a small focus with slightly increased uptake in the left hemisacrum. (c) MIP 
image of 68Ga-DOTATATE PET/CT performed because of suspicious findings on liver MRI and 
rising serum chromogranin 12 months later. There are multiple small liver and bone metastases 
with strong to intense tracer uptake. (d) Transverse image showing two liver metastases with 
strong uptake. (e) Corresponding late venous phase contrast-enhanced CT with the absence of 
radiological correlate (the hypodense structure in the mid-liver is the falciform ligament). (f) 
Fusion image showing four pelvic bone metastases with intermediate to strong uptake; one lesion 
in the left hemisacrum corresponds to the location seen on the posterior 111In-pentetreotide image. 
(g) CT in bone window showing only subtle changes at the site of the bone metastases seen on the 
fusion image
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The clinical impact of 68Ga-DOTA-peptide PET is mainly due to:

 1. Detection of smaller lesions
 2. Detection of lesions with low to moderate SSR expression (Fig. 15.5)
 3. Detection of more lesions that potentially will direct the patient to a different 

therapeutic choice
 4. A much faster imaging procedure (60 min after injection [52] vs. two images at 24 

and 48 h after injection [53]; reduction of 66 % of the number of hospital visits)
 5. Lower radiation burden to the patient
 6. Detection of an occult primary tumor, with yields as high as 30–60 % in patients 

negative on conventional imaging [54]

a b

c

d

Fig. 15.3 Example of a 54-year-old male patient with a small-bowel NET with known abdominal 
lymph node metastases and liver metastases under cold SSA therapy. Patient was referred in a 
potential presurgical setting. (a) MIP image of a 68Ga-DOTATATE PET/CT showing multiple mes-
enterial and retroperitoneal lymph node metastases with high uptake as well as two right-sided 
subcapsular liver metastases and a metastasis in the liver dome. There is also a bifocal lesion in the 
left supraclavicular area. (b) Focal strongly increased uptake in the largest of the two left-sided 
supraclavicular lesions, with an SUVmax of 8.5 (the smallest lesion – not shown – had an SUVmax of 
4.5). (c) Fusion PET/CT image showing the localization of the hot spot. (d) CT-graphic correlate 
shows a non-enlarged lymph node of 7-mm diameter (the smaller lesion – not shown – has a diam-
eter of 4 mm). In light of the extent of tumor involvement, no surgery was performed. This case 
illustrates the ability of 68Ga-DOTA-peptide PET/CT to detect metastatic involvement in 
CT-graphic normal lymph nodes
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When comparing a 68Ga-DOTA-peptide PET image with a previous scan of the 
same patients, one needs to be careful that visualizing more lesions does not neces-
sarily mean that the patient is progressive.

The physiological biodistribution in normal patients is as follows: high uptake in 
spleen (hottest organ in normal patient), kidneys, adrenal glands, liver, pituitary gland, 
and the bladder (tracer excretion). There is also moderate uptake within the pancreas 
and more notably the uncinate process, the thyroid gland, the intestine. There is low 
uptake in the lungs, muscles (including myocardium), and the bone marrow.

Typical pitfalls in SSTR PET include misinterpretation of the physiological 
uptake in the uncinate process of the pancreas as a pancreatic NET, misinterpretation 
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Fig. 15.4 Example of a 47-year-old male patient with a NET scanned with 68Ga-DOTATATE PET/
CT 14 months after a 68Ga-DOTATOC PET/CT with very comparable images. (a–d) 
68Ga-DOTATATE PET/CT images. (e–h) 68Ga-DOTATOC PET/CT images. (a, e) MIP images 
showing diffuse metastases with high to intense tracer uptake, with a similar pattern. (b, f) Coronal 
images showing three pelvic bone metastases with similar uptake and signal to background ratio; 
the thoracic lesions are different because of different alignment of the transection plane. (c, g) 
Sagittal images showing two vertebral metastases with similar uptake. (d, h) PET/CT fusion image 
showing similar aspect of a cardiac metastasis, which are not infrequent in NET patients and can 
be readily detected by 68Ga-DOTA-peptide PET/CT
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of a small meningioma (which can also have high SSTR expression) as a bone 
metastasis or brain metastasis, misinterpretation of accessory spleens, intrapancre-
atic spleen, or splenosis in operated or trauma patients as metastases of a NET, and 
classifying the mild to moderate uptake seen in inflammatory processes due to acti-
vated white blood cells as metastatic disease, in postsurgical scar tissue, or inflam-
matory or reactive lymph nodes, or in facet joint osteoarthritis, for example.

Several developments are currently ongoing to optimize SSTR PET imaging. A 
relatively recent paradigm shift is coming from radiolabeled antagonists that allow 
achieving higher uptake than with all previously mentioned ligands, which are ago-
nists [55, 56]. Because some antagonist analogues are independent of the conforma-
tional status of SSTR, they can bind to a much higher fraction of the receptors 
present than agonists, which only bind certain specific conformations. This could 
lead to the emergence of second-generation 68Ga-DOTA-peptides with even higher 
uptake ratios and potentially higher clinical detection rate. Another evolution is 
optimization of the labeling process. One major drawback of gallium-68-labeled 
peptides is the necessity to perform an on-site radiolabeling step, which requires 
specialized radiopharmaceutical personnel that is lacking in most nonacademic 
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Fig. 15.5 Example of a 58-year-old patient with a NET with absent SSTR expression and diffuse 
liver metastases on 68Ga-DOTATOC PET/CT. The patient was sent for PRRT eligibility and was 
not retained as a candidate, based on manifest lack of target expression. (a) MIP image, showing a 
primary lung NET with uptake lower than normal liver parenchyma and a photopenic area in the 
center of the liver dome, (b) coronal section showing the primary lung NET with rounded photo-
penic areas within the liver corresponding to liver metastases without SSTR expression, (c, d) 
sagittal and axial views through the liver showing photopenic metastases, (e) axial view of the liver 
with corresponding CT and fusion image, (f) axial views of the liver with corresponding CT and 
fusion image, with the orange crosshair centered on a photopenic liver metastasis, nicely visible on 
CT and on the fusion image
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PET centers. Some groups are developing SSTR ligands labeled with radioisotopes 
that would allow centralized production and distribution to peripheral sites, using, 
e.g., copper-64 (T1/2: 12.7 h) [57] or aluminum-fluoride-18 (T1/2: 110 min) com-
plexes that can be chelated and bound to octreotide derivatives [58]. The latter iso-
tope is produced in curie quantities in cyclotrons throughout the world to produce 
fluorine-18 for 18F-FDG synthesis and would allow scanning 10–30 patients per 
production, compared to 1–4 for gallium-68-labeled peptides. For gallium-68, kits 
are currently being developed that would allow a more facile on-site labeling. It will 
be interesting to see which of these improvements will be the more adopted in clini-
cal practice.

15.6.2  18F-Fluorodihydroxyphenylalanine PET

The cellular ability to take up, accumulate, and decarboxylate amines and amine 
precursors has been taken into account for the development of amino acid-based 
diagnostic radiotracers for nuclear medicine imaging. Accordingly, dihydroxy-
phenylalanine radiolabeled with fluorine-18 (18F-FDOPA) has been successfully 
proposed for in vivo nuclear imaging of NETs [59]. Once internalized via the 
sodium independent system L, 18F-FDOPA is decarboxylated to 18F-dopamine by 
the aromatic L-amino acid decarboxylase (AADC) enzyme, transported and 
stored into secretory vesicles. Therefore, the high uptake of 18F-FDOPA in NETs 
is the result of the cellular increased synthesis, storage, and secretion of biogenic 
amines [60, 61].

The sensitivity of 18F-FDOPA PET for both primary tumor detection and meta-
static spread assessment is influenced by NET embryological origin and differentia-
tion. Specific tumoral features such as the overexpression and/or increased activity 
of the AADC involved in the tumoral biosynthesis of serotonin are significant ele-
ments to explain the best sensitivity of 18F-FDOPA PET for carcinoids. Of interest, 
the metabolic tumor burden on whole-body 18F-FDOPA studies is positively corre-
lated to the amount of serotonin secretion [62]. Based on a meta-analysis by Jager 
et al. [63], the radiolabeled DOPA analogues show a sensitivity ranging from 65 to 
96 % in a lesion-based analysis in patients with carcinoid tumor. Becherer et al. [64] 
reported sensitivities of 81.3 % for the liver, 100 % for the mediastinum and lymph 
nodes, and 90.9 % for the skeleton in the evaluation of patients with histologically 
proven NETs. The detection of osseous metastases is an important issue with nega-
tive prognostic implication on clinical outcomes. Concordant results are reported 
by Kauhanen et al. [65], who evaluated 82 patients with suspected or known gastro-
intestinal NETs examined for primary diagnosis and staging. Compared to 
 histological findings and clinical follow-up, the diagnostic accuracy of 18F-FDOPA 
PET was 89 %.

Overall, 18F-FDOPA PET has excellent diagnostic performance and a relevant 
impact on therapeutic management of low-grade midgut NETs [66–68]. In this 
clinical setting, 18F-FDOPA PET is indicated for tumor localization and staging, 
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particularly in symptomatic patients (carcinoid syndrome) [65, 66]. At present, 
there are no recommendations about the utilization of 18F-FDOPA PET during fol-
low-up. Thus, indications for PET-imaging studies should be discussed on an indi-
vidual basis. No specifically focused studies are available about the role of 
18F-FDOPA PET in hindgut or foregut NETs, including duodenal gastrinoma. In 
these situations, the sensitivity of 18F-FDOPA PET is very low (25 %) [67]; thus, 
68Ga-OctreoPET and/or 18F-FDG will be preferred to 18F-FDOPA according to 
tumor grade. It is immediately evident that the tumor embryologic origin influences 
the nuclear medicine phenotype and plays a key role in the choice of the most 
appropriate diagnostic examination.

The administration of carbidopa (CD), an inhibitor of the peripheral AADC, 
has been shown to improve image interpretation for 18F-FDOPA PET by increas-
ing tumor-to-background uptake ratio [69]. Moreover, CD premedication drasti-
cally reduces the physiological pancreatic uptake and should facilitate the 
diagnosis of duodenal tumors (Fig 15.6). However, patient premedication by CD 
remains inconsistently performed across oncological studies using 18F-FDOPA 
PET imaging [70, 71]. Furthermore, the CD dosage and the optimal protocol for 
18F-FDOPA PET/CT image acquisitions are not standardized in clinical practice 
(200 mg [72], 100 mg [73], 2 mg/kg [74]). At present, no recommendation exists 
concerning the use of carbidopa premedication, but this approach should be fur-
ther evaluated.
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Fig. 15.6 Positive 18F-FDOPA PET results in a 72-year-old man with G1 duodenal NET (pT2) 
appearing as a contrast-enhanced 15-mm lesion of duodenal wall (arrow) on MRI. Note that car-
bidopa premedication drastically reduced the physiological 18F-FDOPA pancreatic uptake improv-
ing PET diagnostic sensitivity. SRS failed to detect the tumor. (a) Axial contrast-enhanced T1 MRI 
(arterial phase), (b) axial DWI MRI, (c) 18F-FDOPA PET whole-body maximum intensity projec-
tion (MIP), (d) SPECT/CT SRS, (e) fusion of axial 18F-FDOPA PET and MRI images
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Several studies have demonstrated 18F-FDOPA PET superiority compared to 
morphological imaging (CT) and gamma camera-based SRS for the detection of 
lymph nodes, skeletal, and liver metastases in patients with low-grade midgut NETs 
(Fig 15.7). 18F-FDOPA PET allows the detection of more lesions, more positive 
regions, and more lesions per region as compared with conventional CT and gamma 
camera SRS (sensitivities of 18F-FDOPA PET at the patient, region, and lesion lev-
els were 100, 95, and 96 %, respectively) [70]. The increased sensitivity of PET/CT 
over SPECT/CT cameras for the detection of small lesions contributes to explain the 
better diagnostic performance of 18F-FDOPA PET/CT over gamma camera SRS.

In midgut NETs, the advantages of 18F-FDOPA PET in comparison with 
68Ga-OctreoPET are still unclear, and large prospective dedicated studies are cur-
rently lacking [75, 76]. Accuracy of 68Ga-OctreoPET appears to be better than 
18F-FDOPA PET in metastatic NETs, both for the detection of primary tumor and 
metastatic spread. Moreover, 68Ga-OctreoPET approach has the added advantage 
that it allows the assessment for PRRT, something that it is not possible by 
18F-FDOPA PET. In a head-to-head comparison between 68Ga-DOTATATE and 
18F-FDOPA PET in the diagnosis of differentiated metastatic NETs, patient-based 
sensitivities were 96 % and 56 % for 68Ga-DOTATATE and 18F-FDOPA PET, respec-
tively [76]. Nevertheless, the population considered for the comparison was charac-
terized by high tumoral heterogeneity, preventing definitive conclusions. Prospective 
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Fig. 15.7 Head-to-head comparison between SRS and 18F-FDOPA PET in a patient with multiple 
hepatic metastases and retractile mesenteric mass from a G2 intestinal NET of unknown origin. 
SRS showed a pathological uptake in liver metastases and in the prevascular mesenteric lesion (*), 
failing to detect the primary. 18F-FDOPA PET/CT confirmed both hepatic and mesenteric spread, 
detected a sub-centimetric focus of peritoneal carcinomatosis (white arrow), and allowed the iden-
tification of the primary tumor, corresponding to a G2 NET (Ki-67: 5 %) of the small intestine 
(yellow arrow). Note the change of primary tumor position during time on PET images. (a) Whole- 
body planar SRS. (b) Abdominal and pelvic SPECT/CT SRS. (c) 18F-FDOPA PET whole-body 
maximum intensity projection (MIP). (d) Coronal PET/CT acquisition performed 20 min after 
18F-FDOPA iv. injection. (e) Coronal PET/CT acquisition performed 60 min after 18F-FDOPA iv. 
injection, following oral water ingestion (note the change of tumor position during time on PET 
images). Carbidopa premedication before PET imaging drastically reduces the physiological 
18F-FDOPA pancreatic uptake
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studies in patients with midgut NETs are needed.18F-FDOPA is less frequently 
available throughout Europe than 68Ga-OctreoPET. One indication where 
18F-FDOPA could be considered mandatory is in patients with biochemical proof of 
a tumoral process (e.g., ectopic adrenocorticotropic hormone (ACTH) production) 
and negative conventional, 68Ga-OctreoPET and 18F-FDG PET.

18F-FDOPA PET also appears to be a sensitive functional imaging tool for the 
detection of primary NETs of midgut origin that is occult on conventional imaging 
or gamma camera SRS [71] (Fig 15.8). This is an important point because the local-
ization of the primary NET remains a diagnostic challenge in clinical practice. The 
primary tumor is not localized in 20–50 % of GEP-NETs [77]. Gastrinomas and 
bowel carcinoids are particularly difficult to detect [78]. The identification of the 
primary tumor is crucial in treatment planning since surgical resection is associated 
with better symptom-free survival, overall survival, and quality of life even in 
patients with distant metastases [79, 80]. Furthermore, the detection of a pancreatic 
NET can enable the use of efficient molecular targeted therapies [81, 82].
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Fig. 15.8 Superiority of 18F-FDOPA PET/CT to SRS in a patient with carcinoid syndrome and 
retractile mesenteric lesion peripheral to a small-bowel thickening. SRS showed a pathological 
uptake in the mesenteric lesion (*) and the adjacent intestinal tumor (yellow arrow). PET/CT 
detected two additional bowel focal uptake (red arrows) corresponding to two G1 NETs at patho-
logical examination. Note that carbidopa premedication drastically reduced the physiological 
18F-FDOPA pancreatic uptake. (a) CT-enterography (plus I.V. contrast enhancement). (b) 
Abdominal and pelvic SPECT SRS. (c) 18F-FDOPA PET maximum intensity projection (MIP). (d, 
e) Surgical resection specimens after tumoral excision. (f) Positive immunohistochemical staining 
for chromogranin A. (g) Tumoral cells arranged in a trabecular or glandular manner, invading the 
muscularis propria and the serosa (HE × 100)
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Carcinoid tumors are multiple in approximately 30 % of cases [83]. The sensitiv-
ity of conventional presurgical diagnostic investigations is still far from being 
exhaustive [84]. Considering its high diagnostic power for serotonin-secreting well- 
differentiated NETs [85], 18F-FDOPA PET/CT could potentially improve the detec-
tion of primary multifocal carcinoids. At present, published studies from adequate 
patient series are not available, and case reports are extremely rare [86]. Delayed 
two-field PET/CT acquisition centered on the abdominal and pelvic regions after 
water ingestion should be performed, in particular when standard images are doubt-
ful (increased tracer uptake and visceral thickening) (Fig 15.7). The distension of 
intestinal loops and the negative contrast related to water ingestion could help to 
differentiate an intestinal lesion from the physiological radiotracer uptake, increas-
ing sensitivity particularly for small NETs. Accordingly, focally increased 
18F-FDOPA uptake on one or more bowel segments, changing in position between 
the first study and the delayed one acquired after oral hydration, is suggestive of GI 
NETs and represents an additional argument to make an accurate intraoperative 
palpation of the entire small bowel.

15.6.3  18F-Fluorodeoxyglucose PET

18F-fluorodeoxyglucose (18F-FDG) is a glucose analogue labeled with the 
positron- emitting isotope fluorine-18. It is taken up into cells by the facilitative 
glucose molecular transporter (GLUT). Once internalized, 18F-FDG is phosphor-
ylated by hexokinase without further metabolic processes and remained trapped 
within the cell.

Only limited value of 18F-FDG PET is usually reported in the management of 
low-grade NETs, probably because of their low metabolic activity and slow growth. 
However, 18F-FDG PET is considered the preferred technique for the identification 
and staging of high-grade NETs (high G2 and G3 tumors) [87]. Usually, a value of 
Ki-67 above or equal to 10 % is empirically considered as the cutoff to propose 18F- 
FDG PET as the first-choice scintigraphic examination for well-differentiated endo-
crine tumors [88]. 18F-FDG PET seems to have a potential value for prognostic 
stratification in patients with NETs [89]. An inverse relationship between the inten-
sity of tumoral radiotracer uptake and patient survival has been reported [90, 91]. 
Accordingly, NETs with increased 18F-FDG uptake have a more aggressive behavior 
and less favorable long-term survival supporting the evidence that an increased gly-
colytic rate reveals a worse prognosis [92]. FDG PET/CT was found more sensitive 
than both pathologic differentiation and Ki-67 in the early prediction of rapidly pro-
gressive disease in patients with low-grade GEP-NET [93, 94]. Interestingly, among 
patients with positive SRS, a positive 18F-FDG PET permits to identify those with 
poorer survival [95]. Following these observations, a metabolic grading based on 
18F-FDG PET result has been recently proposed in patients with metastatic GEP- 
NETs with high predictive power regarding the overall survival. Thus, 18F-FDG PET 
could be considered as a noninvasive and effective method for patient stratification 
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as a complement to conventional Ki-67-based grading with potential consequences 
on the modulation of treatment aggressiveness [96]. Moreover, some evidences indi-
cate that 18F-FDG PET plays a role to predict response to 177Lu-PRRT monotherapy, 
allowing the identification of patients with grades 1 and 2 metastatic NETs that 
might benefit from more intensive therapy protocols including the combination of 
chemotherapy and PRRT [97]. Overall, 18F-FDG PET appears interesting in disease 
prognostication, with a view on all lesions in a given patient, and being able to influ-
ence the therapeutic strategy and the aggressiveness of patient management.

15.7  Current Proposed Imaging Algorithm in the Diagnosis 
of GI NETs

Based on the currently available imaging techniques for the diagnosis and staging of 
NETs, a complex and personalized approach is usually adopted to investigate a 
patient with suspected or known GI NET. However, no evidence-based imaging 
algorithm exists at present. Morphological and functional imaging studies will be 
performed and variably associated according to the patient symptomatology as well 
as tumor origin and grade, tailoring to each clinical situation the best combination of 
diagnostic studies. In patients with diagnosed NET, CT is usually performed to 
define the local extension and the metastatic spread. MRI remains the first-choice 
examination for hepatic metastases, being more sensitive than both CT and US. In 
addition, nuclear medicine studies are usually added for staging purpose (detecting 
additional metastases, primary unknown, primary multifocality) and/or treatment 
selection according to the pathological characteristics of the primary tumor. The mis-
match high uptake of radiolabeled SSA or 18F-FDOPA/low 18F-FDG uptake (known 
as flip-flop effect) is widely considered as the functional imaging pattern of low-
grade GEP-NETs (Fig 15.9). Conversely, the pattern of low uptake of radiolabeled 
SSA or 18F-FDOPA/high 18F-FDG uptake is representative of high-grade tumors [98, 
99] (Fig 15.10). The suggested imaging procedures for patients with GI NETs are 
schematically reported in Fig 15.11. Starting from these principles, the diagnostic 
algorithm should be adapted in each situation considering both availability of the 
various imaging studies and the own experience of medical team [66, 87, 100].

15.8  Functional Imaging-Based Interventional Options

Imaging-guided biopsy and locoregional treatment utilizing thermal ablation are 
routinely performed in patients with NETs. Despite several limitations, US, CT, and 
MRI are usually employed for this purpose. Nowadays, the availability of hybrid 
systems allows new possibilities and interesting perspectives to target tumors that 
are not well visualized at CT or other imaging methods. Nuclear medicine tech-
niques and in particular PET/CT are suitable for optimal planning of image-guided 
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invasive diagnostic procedures and treatments such as transcutaneous biopsy and 
radiofrequency ablation (RFA) of secondary liver or bone malignancies [101–103]. 
18F-FDG is the tracer that has been more widely used in this clinical setting. 
Functional images and their underlying anatomical correlates obtained on hybrid 
cameras easily provide the differentiation and the extent assessment of viable tumor 
tissue from the adjacent necrosis, which is usually abundant in larger NET. PET/
CT-guided biopsy may be also useful to confirm the metabolic findings (potentially 
influencing the therapeutic strategy) when conventional imaging fails to show mor-
phological abnormalities. The management of patients with NET largely depends 
on the results of pathological examination, which allows a differentiation of 

a db c

Fig. 15.9 Typical example of “flip-flop” effect in a patient with metastatic low-grade (G1) small- 
bowel NET. 18F-FDOPA PET (a, b) showed the ileal primary tumor (red arrow) and multiple 
hepatic (white arrows) and lymph node metastases. On the other hand, 18F-FDG (c, d) showed an 
exclusive pathologic uptake in the center of a hepatic metastasis of segments IV–VIII, correspond-
ing to a photopenic area on 18F-FDOPA PET

a db c

Fig. 15.10 Patient with metastatic high-grade (G3) NET of unknown origin. 18F-FDOPA PET/CT 
showed no significant uptake abnormalities (a, b). Instead, 18F-FDG PET/CT showed intense glu-
cose metabolism in multiple hepatic metastases (*), lymph nodes, and lung metastases (arrow) (c, d)
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aggressive malignancies from low-grade tumors. Generally, the tumor grade is 
determined from a limited tissue sample obtained from biopsy or from partial surgi-
cal resection, which might be not truly representative of the whole tumor burden. 
On the contrary, nuclear medicine provides whole-body imaging, allowing an 
extensive tumor in vivo characterization that is potentially useful for guiding biopsy, 
in particular of 18F-FDG avid lesions that are not clearly detectable at CT or largely 
necrotic. Hence, 18F-FDG PET/CT could be considered as a powerful and noninva-
sive option to guide biopsy for optimal patient stratification according to conven-
tional Ki-67-based grading. However, the presumed value of PET/CT for guiding 
biopsy-based proliferation assessments in metastatic disease should be further 
investigated. Beyond 18F-FDG, 18F-FDOPA could be also proposed in patients with 
NETs for planning PET/CT-guided diagnostic biopsy, ablative treatment, and 
immediate efficacy assessment (Fig 15.12), even in a one-step examination [104].

15.9  Toward a Personalized (Nuclear) Medicine

The knowledge of the molecular substrate of the disease as well as the advantages 
and limitations of each diagnostic imaging modality is essential for optimal patient 
management. The use of in vivo molecular diagnostic testing, such as nuclear 

Gastrointestinal NETs
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Fig. 15.11 Suggested imaging procedures for patients with GI NETs. *: based on presumption of 
origin and hormonal secretion if present; na not available
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medicine investigations, to explore the molecular mechanisms of an individual 
patient’s disease, is necessary for a safe and effective therapeutic strategy, even in 
patients with NETs. From a clinical point of view, the integration of diagnostics and 
therapeutics (theranostic) by in vivo molecular imaging represents a major opportu-
nity to early detect the disease and select appropriate treatment, to monitor therapy 
and to determine prognosis [105]. Targeted radionuclide therapy represents the 
most common example of patient-specific therapies based on the “image and treat 
approach” [106]. In the context of NETs, it means the use of molecular vectors 
labeled either with diagnostic or with therapeutic radionuclides, and one of the most 
interesting association is 68Ga-DOTATATE and 177Lu-DOTATATE with very prom-
ising results [44].

In conclusion, we emphasize the evolving role of nuclear medicine imaging in 
the management of NETs, enabling a better understanding of tumor physiopathol-
ogy necessary for patient outcome improvement.

a

d

b

c

Fig. 15.12 Simultaneous 18F-FDOPA PET/CT-guided biopsy and radiofrequency (RF) ablation 
procedures of two hepatic metastases in a patient with history of ileal G1 NET. (a) Baseline PET/
CT showing two foci of intense 18F-FDOPA uptake in hepatic segments IV and VII corresponding 
to metastatic spread not clearly visualized on earlier MRI examination. (b) Combination of 
CT-VRT (volume rendering technique) and PET-MIP (maximum intensity projection) images 
showing the RF probe positioned on segment VII metastasis. (c) Posttreatment PET/CT acquired 
30 min after the end of radiofrequency ablation showing two photopenic areas corresponding to 
both treated metastases. (d) Posttreatment MRI performed about 3 months after RF procedure 
confirmed two parenchymal scars without evidence of persistent disease (PET/CT-guided diagnos-
tic biopsy and radiofrequency ablation procedures were done in collaboration with Pr. Afshin 
Gangi and his team, from the Interventional Radiology Unit of the University Hospitals of 
Strasbourg)
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Chapter 16
Radionuclide Imaging of Pancreatic 
Neuroendocrine Tumours

Valentina Ambrosini and Stefano Fanti

16.1  Introduction radiopharm

Nuclear medicine currently plays a central role for the detection of NEN lesions 
and an array of various radiopharmaceuticals can be employed to study different 
tumor features. In fact, neuroendocrine cells present characteristic metabolic 
pathways and surface receptors expression that can be targeted with different 
radiopharmaceuticals [1]. Although the diagnostic flowchart of well-differenti-
ated pNEN has been revolutionised by the introduction of somatostatin receptor 
imaging (SRI), first by means of scintigraphy and then of PET/CT, other radio-
pharmaceuticals may be useful in selected cases. In particular, much attention has 
been recently devoted to investigate the role of 18F-FDG in undifferentiated tumor 
forms and to select patients with more aggressive disease. Another clinical setting 
in which SRI is not the gold standard is the detection of benign insulinoma. 
Although not frequent, this clinical entity is often misdiagnosed due to the mis-
leading clinical presentation (hypoglycaemia) that can be mistakenly attributed to 
other conditions.

Overall nuclear medicine imaging procedures provide whole-body, functional 
data that are crucial for disease detection (with a higher diagnostic accuracy as com-
pared to conventional imaging techniques), treatment planning and patients prog-
nostic stratification.
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16.2  Morphological Imaging Procedures for the Detection 
of pNEN

Morphological imaging procedures (including CT, MR and endoscopic US) [2] 
may be employed for pNEN detection, although their use is generally hampered by 
the small dimensions that can characterise NEN lesions and by the inability to dis-
tinguish reactive nodes from secondary nodal lesions on the basis of morphological 
criteria alone. When compared to SRI nuclear medicine procedures, conventional 
imaging also fails to provide data on somatostatin receptor expression (SSTR) that 
is relevant for therapeutic management.

Due to its wide availability, CT is often performed for the evaluation of patients 
with pNEN and shows a good sensitivity for the detection of the primary pancreatic 
tumor (ranging between 57 and 94 %) [3]. Pre-contrast CT scan can detect the pri-
mary lesion appearing as a hypodense area with calcifications. NET generally pres-
ents as hypervascular lesions that enhance during early arterial phases, although the 
vascular blush is often transient, while the delayed portal venous phase usually 
shows washout of the contrast medium [2].

MR [2] generally shows NEN lesions as hypointense on T1 images. Primary 
lesions have hyperintense signal in T2 images. DWI sequences may be used to 
assess lesions differentiation grade: poorly differentiated NET generally shows 
lower ADC (apparent diffusion coefficient) values probably due to increased tumor 
cellularity. Post-contrast images show the same features as CT. MR has been 
reported to provide a diagnostic accuracy higher than CT for the detection of the 
primary tumor and for a more accurate characterisation of suspicious liver second-
ary lesions. However, it is well known that major disadvantages of MR are repre-
sented by long scanning time and by the limits imposed by the presence of metallic 
devices.

Among conventional imaging procedures, US has a relevant role for the 
assessment of pNEN. Non-functioning large pNEN can be detected by US per-
formed as first-line imaging procedure. On the contrary, for smaller tumors, 
endoscopic ultrasound (EUS) and endoscopic ultrasound-guided biopsy of the 
lesion through fine needle aspiration (EUS-FNA) may be successfully employed. 
The US appearance of pNEN is generally as a well-defined, round, homogeneous 
hypoechoic lesion. Less commonly pNEN may present as isoechoic or, rarely, 
hyperechoic with irregular margins. pNEN generally presents hypervascular 
enhancement during the arterial phase at CEUS. EUS has become a cornerstone 
morphological imaging modality in the diagnosis of pNEN tumors, presenting a 
high sensitivity for lesions detection (ranging from 83 to 94 %) [4, 5]. Various 
reports described the excellent diagnostic ability of EUS-FNA for pNEN, with 
sensitivity of 83.3–93 % [4, 5]. EUS-FNA is imperative for preoperative diagno-
sis of pNEN. However, around 10–15 % of cases remain undiagnosed despite 
EUS-FNA. In particular, tumors located in the pancreatic head and those charac-
terised by rich stromal fibrosis were associated with reduced sampling adequacy 
of EUS-FNA [6].
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16.3  Nuclear Medicine Procedures for the Detection 
of pNEN

Nuclear medicine plays a central role for the diagnostic work-up of patients with 
NEN. Beta-emitting radiopharmaceuticals currently employed for the detection of 
pNEN include both receptor-mediated (68Ga-DOTA-peptides, 68Ga-exedin4) and 
metabolic tracers (18F-FDG, 18F-DOPA).

In particular, the development of tracers that bind to SSTR that are overexpressed 
on NEN cells totally changed the clinicians’ approach to NEN lesion detection [7].

Although the first SRI procedure to be employed was scintigraphy (SRS), the 
introduction of PET/CT has shadowed SRS role, and PET/CT with beta-emitting 
somatostatin analogues is becoming the gold standard nuclear medicine procedure 
to study NEN. In fact, several factors are in favour of PET/CT imaging including the 
higher spatial resolution of PET/CT for the detection of small lesions (due to sub-
optimal spatial resolution of the isotopes used for SRS imaging, although improve-
ments have been made with the introduction of novel SPECT/CT) [8–10], the 
relative overall lower costs [11], shorter imaging protocols (approximately 2 h for 
PET/CT as compared to the delayed acquisitions at 4–24 h of SRS), the possibility 
to semi-quantify the tracer uptake in the region of interest (by means of the SUVmax) 
and the relative lower liver accumulation of beta-emitting somatostatin receptor 
radiopharmaceuticals.

16.3.1  68Ga-DOTA-Peptide Imaging of pNEN

68Ga-DOTA-peptides are a group of beta-emitting radiopharmaceuticals 
(68Ga-DOTA-TOC, 68Ga-DOTA-NOC, 68Ga-DOTA-TATE) specifically binding to 
SSTR overexpressed on NEN cells [12, 13]. All clinically employed 68Ga-DOTA- 
peptides present a common structure: a beta-emitting isotope (68Ga), a chelant 
(DOTA) and the ligand to SSTR (NOC, TOC, TATE). The different clinically 
employed compounds (68Ga-DOTA-TOC, 68Ga-DOTA-NOC, 68Ga-DOTA- TATE) 
merely differ for the binding affinity for SSTR subtypes, with 68Ga-DOTA- TATE 
presenting the higher affinity for SSTR-2 (the most common receptor on NEN) and 
DOTA-NOC presenting the wider subtype affinity (binding to SSTR- 2,3,5). From a 
clinical point of view, these compounds are considered to provide substantially 
equal information. Only a few papers directly compared the performance of one 
tracer over the other, reporting comparable diagnostic accuracy [14]. From a practi-
cal point of view, however, it should be reminded that no direct comparison of the 
absolute SUVmax value measured using different compounds should be 
performed.

At present, 68Ga-DOTA-peptides represent the most promising tracers to study 
well-differentiated NEN. Several papers demonstrated the superiority of 
68Ga-DOTA-peptides imaging over SRS and conventional imaging [15, 16] for the 
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detection of NEN lesions at both the primary and metastatic sites. In a recent pro-
spective trial of comparison between 68Ga-DOTA-TATE PET/CT, octreotide 
SPECT/CT and whole-body MR, PET/CT detected more lesions in the pancreas 
(p = 0.0455 and p = 0.0455, respectively) [16]. PET/CT higher diagnostic accuracy 
was also reported for bone lesions as compared to both MR and SPECT/CT. Finally, 
as regards liver lesions, PET/CT and MR results were comparable, and both were 
superior to SPECT/CT.

In a recent large prospective trial, including 1258 68Ga-DOTA-TATE PET/CT 
scans obtained in 728 NEN patients (142/728 of whom with pancreatic primary), 
68Ga-DOTA-TATE sensitivity and specificity for the detection of pNEN were 
reported to be extremely high (94.5 % and 97 %, respectively) [17] (Figs. 16.1, 16.2 
and 16.3).

Indications to 68Ga-DOTA-peptides PET/CT [14] include staging, restaging after 
therapy, detection of the unknown primary tumor (in cases presenting with meta-
static NEN lesions) and to assess the presence of SSTR on NET cells, in order to 
select patients eligible for treatment with somatostatin analogues. In fact, 
68Ga-DOTA-peptide PET/CT has become an unavoidable procedure before starting 
target therapy with either cold or hot (PRRT, peptide receptor radionuclide therapy) 
somatostatin analogues. The employment of 68Ga-DOTA-peptide PET/CT as first- 
step examination in patients with only a clinical suspicion of NEN and the assess-
ment of the response to therapy are on the contrary two clinical settings in which 
there is still debate on whether DOTA-peptides should be routinely employed.

The information derived from 68Ga-DOTA-peptide PET/CT was reported to have 
an impact on clinical management, especially regarding the choice of treatment 
(medical, PRRT, surgical) [17–19].

Finally, 68Ga-DOTA-peptide PET/CT has been reported to provide prognostic 
information (patients presenting lower SUVmax values were more likely to pres-
ent disease progression) [20]. In fact, since 68Ga-DOTA-peptide PET/CT uptake 
correlates with SSTR expression on NET cells [21–23], it also provides an indi-
rect measure of cell differentiation: lesions with a high 68Ga-DOTA-peptide 
uptake have a higher differentiation grade and are therefore associated with a 
better prognosis [23]. The SUVmax of pNEN has been reported to be significantly 
higher than the one of the patients with other NEN primary sites [20]. In a recent 
paper, specifically addressing SUVmax prognostic value in a population of 43 
patients with pNEN with a long follow-up, the patients with a higher SUVmax 
were more likely to present stable disease at 24-month follow-up [23]. Finally, a 
recent report highlighted how patients with higher SUVmax were more likely to 
respond to treatment with either hot or cold somatostatin analogues [24].

Although SRI by means of PET/CT with 68Ga-DOTA-peptides is at present the 
most accurate imaging procedure to study patients with well-differentiated pNEN, 
it must be remembered that other tracers are more suitable for cases presenting 
undifferentiated forms or in cases with variable to low expression of SSTR (e.g. 
benign insulinoma).
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Fig. 16.1 68Ga-DOTA-NOC PET/CT images of a patient with a large pNEN of the pancreatic head 
(a,b,c; SUVmax 40) presenting three additional focal lesions at liver level (a,d,e; SUVmax=7.4). 
Teaching point: the very high uptake of the lesions reflects a high expression of SSTR and a high 
degree of tumour differentiation that is correlated with a better prognosis

a bb d

c

Fig. 16.2 68Ga-DOTA-NOC PET/CT coronal (a), transaxial (b, c) and MIP (d) images showing a 
focal area of pathologic tracer uptake at the pancreatic body (arrows) consistent with active disease 
localisation in a patient with MEN1 previously surgically treated for other NEN localisations 
(parathyroid, head of the pancreas, right liver). Teaching point: SRI PET/CT shows a high sensitiv-
ity for the detection of very small lesions
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16.3.1.1  Synthesis of 68Ga-DOTA-Peptides and PET/CT Imaging Protocol

The synthesis and labelling process of 68Ga-DOTA-peptides [14] is quite easy and 
economic: gallium can be easily eluted from a commercially available Ge-68/Ga-68 
generator, and therefore there is no need of an on-site cyclotron. 68Gallium 
(t1/2 = 68 min) presents an 89 % positron emission and negligible gamma emission 
(1077 keV) of 3.2 %. The long half-life of the mother radionuclide 68Ge (270.8 days) 
makes it possible to use the generator for approximately 9–12 months depending 
upon the requirement, rendering the whole procedure relatively economic. In 2011, 
the EANM published guidelines for the standardisation of 68Ga-DOTA-peptide 
PET/CT acquisition; in particular no specific patient preparation is required, and the 
use of contrast media is not routinely recommended [14]. In adults, images are gen-
erally acquired 60 min after the intravenous injection of approximately 100–
200 MBq of the chosen 68Ga-DOTA-peptide (TOC, NOc, TATE). Images should be 
reconstructed using the iterative reconstruction algorithm implemented in the sys-
tem and with the system settings. Reconstruction may be performed with or without 
time of flight information, depending on the system capabilities.

16.3.1.2  68Ga-DOTA-Peptides and PET/CT Image Interpretation: Normal 
Biodistribution and Pitfalls

A 68Ga-DOTA-peptide PET/CT scan is generally reported positive when increased 
tracer activity is detected at sites other than the physiological biodistribution (pitu-
itary gland, spleen, liver, adrenal glands, head of the pancreas, the thyroid, kidneys 
and urinary bladder).

a b

d

c

e

Fig. 16.3 68Ga-DOTA-NOC PET/CT image of a patient with metastatic NEN of the pancreatic tail 
presenting multiple liver (a; SUVmax=22) and bone (b,c,d,e; SUVmax=7) lesions. Teaching point:  
SRI PET/CT may document pathological lesions at bone level that do not present changes on co-
registered CT
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In order to correctly interpret 68Ga-DOTA-peptide PET/CT scans, a thoughtful 
knowledge of the biodistribution and of common causes of false-positive and false- 
negative findings is mandatory.

False-positive reporting may derive from the presence of accessory spleens 
(rarely intra-pancreatic), splenosis, inflammation (due to the presence of SSR on 
activated lymphocytes and macrophages, e.g. pancreatitis) and lymphoma (e.g. pri-
mary pancreatic lymphoma). Increased tracer uptake at the head of the pancreas is 
a relatively frequent finding (30–60 %), not necessarily associated with the presence 
of disease. From a clinical point of view, the detection of a focal area of increased 
uptake at the head of the pancreas should be regarded more suspiciously as com-
pared to a diffuse homogeneous uptake pattern (more likely to be benign), and fur-
ther investigations should be recommended.

False-negative findings include small lesion dimension (<5 mm) and tumors with 
low or variable expression of SSR (e.g. benign insulinoma).

16.3.2  18F-FDG Imaging of pNEN

18F-FDG, an analogue of glucose labelled with 18F and the most commonly 
employed radiopharmaceutical in PET/CT studies, is not the gold standard tracer 
to study well-differentiated NEN due to their generally slow growing rate and a 
low glucose metabolism. However, undifferentiated tumors may present increased 
glucose consumption and therefore 18F-FDG uptake. In particular, FDG-positive 
sites may or may not correspond to 68Ga-DOTA-peptide uptake sites. Therefore, 
much attention has been recently focused on the possibility to perform double 
PET tracer investigation [25–27], in order to acquire both data on SSTR expres-
sion (by means of 68Ga-DOTA-peptides) and data on glucose metabolism (by 
means of 18F-FDG), that is well known to correlate with a more aggressive tumor 
behaviour [28]. In particular, with the increase in pNEN detection, as a conse-
quence of both an improvement in lesions detection techniques and therapeutic 
management, there is also an increase in the number of pNEN cases presenting a 
more aggressive behaviour, either at first presentation or during the course of the 
disease. Several papers recently addressed these issues, portraying the message 
that 18F-FDG PET/CT may be useful to select patients with a more aggressive 
disease [27]. Although very interesting, the limited patient sample studied in each 
of the published reports (not to mention that only few specifically addressed 
patients with pancreatic primary), together with the lack of suggestions on how 
often to perform double tracer imaging during the course of the disease (that is in 
many cases quite long), fails to provide a definitive message to the clinicians, who 
still are therefore encouraged to discuss each individual case in multidisciplinary 
board meetings in order to decide when it is more appropriate to perform double 
tracer PET/CT.

Further studies are needed to better ascertain the role of double tracer imaging in 
clinical practise, and in particular it is mandatory to identify factors that may help 
to identify when a patient should be address to double tracer PET/CT imaging dur-
ing the course of the disease.
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16.3.3  68Ga-Exedin4 PET/CT Imaging of Pancreatic 
Insulinomas

Insulinomas are the most common functioning endocrine pancreatic tumors (1–2 % 
of all pancreatic neoplasms) [29, 30]. Their clinical presentation is characterised by 
hypoglycaemia secondary to insulin secretion. Delays in the diagnosis are common 
because the symptoms usually precede tumor detection and may be misattributed. 
Since aggressive surgical resection is the primary treatment option, accurate tumor 
localisation is important for appropriate management [29].

Insulinomas are generally solitary, confined to the pancreas and benign. However, 
malignant forms, although extremely rare, were reported and are characterised by 
an aggressive clinical behaviour, with invasion of the surrounding soft tissues/
lymph nodes or distant spread (mostly to the liver) [29, 31].

To accurately image benign insulinomas, glucagon-like peptide-1 receptor 
(GLP-1) imaging is generally superior to SRI, due to low expression of SSTR [32, 
33]. In particular the 68Ga-labelled exedin was reported to be superior to the 
111-In-labelled compound [34]. However, negative GLP-1 receptor findings have 
been suggested to indicate the presence of a malignant insulinoma [32] that can be 
studied with 68Ga-DOTA-peptides [35].

16.3.4  18F-DOPA Imaging of pNEN

18F-DOPA is a metabolic tracer that can be employed to study NEN. However, due 
to its normal biodistribution to the pancreas [36], it is not the tracer of choice to 
study pancreatic tumors at primary site. 18F-DOPA may be helpful for the charac-
terisation of well-differentiated secondary neuroendocrine lesions. However, its 
accuracy in well-differentiated neuroendocrine lesions detection has been reported 
to be inferior to 68Ga-DOTA-peptides [37, 38]. Recent reports also indicate a limited 
accuracy for the detection of insulinomas, although carbidopa premedication seems 
to improve it [39]. In this clinical setting, both 68Ga-exedin and 68Ga-DOTA- peptides 
seem to be more promising.

16.4  Conclusions

The diagnostic approach to well-differentiated pNEN mainly relies on somatostatin 
receptor imaging by PET/CT. The clinically available beta-emitting somatostatin 
receptor radiopharmaceuticals (68Ga-DOTA-TOC, 68Ga-DOTA-NOC, 68Ga-DOTA-
TATE) show a high sensitivity and specificity for the detection of well-differentiated 
pNEN, often superior to morphological imaging procures. Moreover, SRI PET/CT 
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provides data on SSTR expression on tumor cells that is crucial to accurately plan 
treatment (with either cold somatostatin analogues or PRRT).

Considering the heterogeneous clinical behaviour of pNEN and the increasing 
number of cases presenting undifferentiated lesions (either at presentation or during 
the disease natural history), the role of 18F-FDG should also be empathised. In fact, 
the presence of 18F-FDG-positive lesions is correlated with a worse prognosis. A 
complete biological characterisation of the disease would take into account the 
assessment of both SSTR expression and glucose metabolism and may have an 
impact on clinical decision making. However, the paucity of literature data on the 
factors that can be employed to select “when” a patient should undergo both imag-
ing modalities during the course of the disease does not currently provide a defini-
tive message to the clinician. At present, 18F-FDG is certainly mandatory in 
undifferentiated cases, in pNEN with high ki-67 levels or when SSTR-negative 
lesions are detected at 68Ga-DOTA-peptides PET/CT. Further studies in larger 
patients population will better answer to these issues.

Although a rare entity, benign insulinoma can be clinically challenging. A novel 
receptor-mediated radiopharmaceutical (68Ga-exedin4), which binds to GLP-1- 
receptor, can be employed for accurate benign insulinoma imaging. In cases of 
malignant insulinoma (known to be GLP-1-receptor-negative), 68Ga-DOTA- peptides 
may be employed.

Among metabolic tracers used for NEN imaging, 18F-DOPA may be also useful; 
however imaging the pancreatic primary is limited by its physiological biodistribu-
tion. Well-differentiated secondary lesions can be detected by 18F-DOPA; however 
its accuracy has been reported to be inferior to 68Ga-DOTA-peptides.
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Chapter 17
Radionuclide Imaging of Pulmonary 
and Thymic Neuroendocrine Tumors

Sellam Karunanithi, Ganesh Kumar, and Rakesh Kumar

17.1  Epidemiology

Neuroendocrine tumors (NETs) comprise a rare group of malignant tumors that 
have a diverse array of presentations in terms of clinicopathological and bio-
chemical features as well as outcomes. Pulmonary carcinoid tumors comprise of 
1–2 % of all lung malignancies and roughly 20–30% of all NETs [1, 2] and cur-
rently have an increasing tendency of incidence [3]. Thymic NETs comprise of 
2–5 % of thymic epithelial tumors [4–6]. No specific sex predilection has been 
known for bronchopulmonary NETs [7]. Among thymic NETs, MEN-1-
associated atypical carcinoids are known to occur more commonly in males [8, 
9]. In contrast to bronchopulmonary NETs which have higher incidence of typi-
cal carcinoids, thymic NETs usually have higher occurrence of atypical carci-
noids over the other pathologic subtypes [10]. No causal association have been 
attributed to the development of these tumors; few studies have found higher 
association of cigarette smoking with pulmonary atypical carcinoids as com-
pared to typical carcinoids [11, 12].
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Epidemiologically, bronchopulmonary NETs have been understood more exten-
sively. Patients with atypical lung carcinoids (AC) tend to be older than those with 
typical carcinoids (TC) [13, 14]. Higher prevalence of TC has been observed in 
comparison to AC at a ratio of about 4:1 [15]. Most of the carcinoid tumors are 
centrally located [1, 16] and have a predilection to affect the right lung [1, 13].

17.2  Prognosis

Carcinoid tumors of the lung generally carry a better prognosis than other forms of 
pulmonary malignancy. The prognosis of the bronchopulmonary NETs generally is 
determined by the grade of the tumor, in that it deteriorates as the grade increases. 
Typical carcinoid tumors have been found to have a much better prognosis than do 
the atypical variety. Patients with atypical carcinoids carry a 5-year survival rate of 
about 61–88 % compared to 92–100 % in those with typical carcinoids [2]. Also, 
involvement of local lymph nodes reduces the survival rates in atypical carcinoids, 
whereas it does not seem to have much impact over the prognosis of the typical 
carcinoids [17, 18].

Thymic NETs are generally known to carry a poor prognosis as they behave aggres-
sively and are commonly associated with invasion of adjacent mediastinal structures 
and show higher occurrences of local disease recurrences and metastases [10].

17.3  Etiopathogenesis

Although pulmonary NETs were initially thought to originate from the neural crest 
cells, more recent as well as current research suggests that these tumors originate 
from the Kulchitzky cells present normally in the bronchial mucosa. A premalignant 
neuroendocrine cell hyperplasia has been postulated as the heralding event in patho-
genesis though evidence is still evolving [19].

Pathogenesis of thymic NETs is less well understood; the cell of origin is yet to 
be identified. However, it has been recognized from immunohistochemistry-based 
studies that neuroendocrine differentiation is a common feature of thymic epithelial 
tumors [20, 21]. It has also been postulated that a common progenitor cell of epithe-
lial origin may be the culprit in pathogenesis of both epithelial carcinomas of the 
thymus and neuroendocrine tumors of the thymus [22].

17.4  Nomenclature and Histologic Classification

The spectrum of bronchopulmonary neuroendocrine tumors ranges from the low- 
grade typical carcinoids (TCs) at one end, through the intermediate-grade atypical 
carcinoids (ACs), to the high-grade tumors – large cell neuroendocrine carcinomas 
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(LCNECs) or small cell neuroendocrine carcinomas (SCNEC) at the other extreme 
of the spectrum (Table 17.1) [23].

Conversely, thymic NETs are considered to occur as a result of neuroendocrine 
differentiation of a preexistent epithelial tumor rather than as a de novo process. 
Also, these tumors bear a significant risk for recurrence, metastasis, and tumor- 
associated deaths despite presence of benign-looking features. Hence it has been 
suggested that these tumors be referred to as well-differentiated or poorly differenti-
ated neuroendocrine carcinomas which are further subclassified based on specific 
histologic features [24] (Table 17.2).

17.5  Clinical Presentation

Bronchopulmonary carcinoids can present both as intrabronchial masses and intra-
parenchymal pulmonary nodules. Owing to their high vascularity and tendency 
toward causing bronchial obstruction, the affected patients commonly present with 
cough, hemoptysis, and obstructive pneumonia [15]. However, tumors that are more 
peripherally situated are diagnosed as incidental radiologic findings. Nearly half of 
all the bronchopulmonary NETs have been diagnosed incidentally in asymptomatic 
conditions [2]. On the other hand, thymic NETs, typically the poorly differentiated 
NETs and about half of the well-differentiated NETs, present with local symptoms 
such as chest pain, cough, dyspnea, and superior vena cava syndrome [4, 5, 25].

The features of carcinoid syndrome appear quite rare in both bronchopulmo-
nary [15] and thymic NETs [25] as many of these tumors do not secrete  

Table 17.1 Histologic classification of bronchopulmonary neuroendocrine tumors

Variable
Typical 
carcinoid

Atypical 
carcinoid

Large cell 
NEC Small cell NEC

Mitoses per 
2 mm2 
(10HPF)

<2 2–10 ≥10 ≥10

Necrosis Absent Often punctate Often, 
large zones

Frequent, large zones

Histologic 
grade

Low Intermediate High High

Nuclear- 
cytoplasmic 
ratio

Moderate Moderate Low High

Nucleoli Occasional Common Very 
common

Absent/inconspicuous

Nuclear 
Chromatin

Finely 
granular

Finely granular Usually 
vesicular, 
may be 
finely 
granular

Finely granular

HPF high power fields
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vasoactive substances. However, thymic NETs not uncommonly can present with 
an ectopic Cushing’s syndrome owing to ACTH secretion [26, 27]. Rare reports 
of ectopic Cushing’s syndrome have also been noted with atypical pulmonary 
carcinoids [28].

Thymic NETs are also known to be associated with MEN-1 (multiple endocrine 
neoplasia, type 1) syndrome [8, 29], in which case, the tumors are insidious and can 
manifest by local symptoms, metastases, disturbances of calcium/phosphate metab-
olism [10], or, rarely, with acromegaly [30]; however, manifestation in the form of 
an ectopic Cushing’s syndrome is yet to be reported in such cases.

17.6  Conventional Diagnostic Approaches

Histopathologic examination is the gold standard for the diagnosis of NETs. Invasive 
diagnostic modalities such as flexible bronchoscopy and thoracotomy not only help 
in characterizing the tumor but are also routinely used for extracting tissue samples 
for diagnosis by means of washings, needle aspiration, and biopsy. However, the 
high vascularity of these tumors comes with a caveat that these procedures can 
sometimes result in severe or even life-threatening hemorrhage.

Contrast-enhanced CT is the conventional imaging modality routinely used for 
the diagnosis of bronchopulmonary and thymic NETs. Owing to their highly vascu-
lar nature, these tumors enhance exquisitely on administration of intravenous CT 
contrast. However, literature suggests that thymic NETs associated with ectopic 
Cushing’s syndrome are comparatively small in size and may be easily missed on 
contrast-enhanced CT studies. Other structural imaging investigations such as chest 
radiography and MRI can also be used. For example, MR imaging may be used in 
suspect peripheral pulmonary nodules to differentiate between small carcinoids and 
adjacent vascular structures [31]. However, each of these modalities suffers from its 
own drawbacks. Also, the findings are rather nonspecific enough in establishing a 
diagnosis [31]. More importantly, they cannot assess the functional status of the 
tumor and cannot differentiate between typical and atypical carcinoids [32].

Table 17.2 Histologic classification of thymic NETs

Neuroendocrine carcinoma

Well differentiated Poorly differentiated

Typical 
carcinoid

Atypical 
carcinoid Large cell Small cell

Mitotic index (10HPF) <2 2–10 >10
Necrosis Absent Present – –
Cytomorphology Non-small 

cell
Small cell

aHPF high power fields
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17.7  Treatment

Surgical resection is the treatment of choice for bronchopulmonary carcinoids, with 
lobectomy being the surgical procedure of choice for most tumors; however, limited 
resection maybe attempted in more peripherally situated lesion [33]. Also, as most 
of the poorly differentiated NETs present with locally advanced disease and tend to 
metastasize early, chemotherapy and radiotherapy in an adjuvant or neo-adjuvant 
setting are rendered necessary in these cases. However, no robust evidence is avail-
able that definitively demonstrate a benefit in the outcome [34, 35]. The prospect of 
theranosis has evolved into an attractive treatment option in advanced unresectable 
and metastatic tumors, specifically the more differentiated varieties that express 
somatostatin receptors [discussed later].

Thymic NETs are often aggressive in their clinical behavior. Hence, a complete 
resection often accompanied by mediastinal lymphadenectomy by median sternot-
omy approach is considered to provide the best opportunity of a curative disease 
removal and longer disease-free survival. Currently there are no data to suggest that 
an adjuvant therapy (radiation, chemotherapy, or chemoradiation) will prolong the 
disease-free interval or median survival [36–38].

17.8  Radionuclide Imaging of NETs

Wide arrays of SPECT and PET radiopharmaceuticals have been used in the evalu-
ation and management of neuroendocrine tumors. In general, functional imaging 
with PET radiopharmaceuticals carries a higher detection rates for lesions in these 
patients owing to inherently better spatial resolution and a broader spectrum of 
radiopharmaceuticals available for targeting the various molecular mechanisms for 
identifying these lesions.

17.8.1  Radionuclide Imaging in Bronchopulmonary NETs

Bronchopulmonary NETs, as is the case with carcinoid tumors elsewhere in the 
body, express somatostatin receptors which can be used to functionally assess the 
various aspects in the management of these tumors. Functional imaging techniques 
such as somatostatin receptor and dopamine receptor imaging offer a higher sensi-
tivity in disease detection in comparison with anatomical imaging techniques such 
as CT and MRI which offer sensitivities of only about 50–80 % [39].

Somatostatin receptor is an important cellular marker available in characteriz-
ing cells of neuroendocrine origin. This group of receptor consists of 7-transmem-
brane G-protein-coupled receptors; although five subtypes have been identified, 
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neuroendocrine tumors are known to express predominantly the receptor subtypes 
2 and 5 [40].

17.8.1.1  Somatostatin Receptor Scintigraphy

Neuroendocrine tumors are known to express somatostatin receptors (SSRs) on 
their cell surface. Somatostatin (SS) by itself has a very short half-life of 1–2 min 
and hence has no clinical application. Octreotide analogues have a high affinity for 
the SSR-2 and SSR-5 subtypes and a much lower binding to the SSR-1, SSR-3, and 
SSR-4 subtypes [41].

111In-Pentetreotide Scintigraphy

The cyclic octapeptide octreotide was the first SS analogue to be used in clinical 
practice. This compound was initially conjugated with diethylene-triamine- 
pentaacetic acid (DTPA) and then coupled with various radioisotopes especially 111In. 
The sensitivity of this scintigraphy technique has been reported to be about 80–90 %. 
Positivity on 111In-DTPA-octreotide scintigraphy (octreoscan) not only helps to local-
ize the tumor but also helps to predict the response to octreotide therapy. Octreotide 
can also be conjugated with the macrocyclic chelator DOTA (1,4,7,10- tetraazacyclod
odecane-N,N=,N,N-tetraacetic acid), resulting in 111In 1,4,7,10- tetraazacyclododecan
e- 1,4,7,10-tetraacetic acid-lanreotide (111In-DOTA-lanreotide) and 111In-DOTA-Tyr3-
octreotide and enabling its use in the diagnosis, staging, and follow- up of patients 
with NETs [41]. This technique provides whole-body screening and is associated 
with radiation exposure comparable to that of other imaging modalities.

Sensitivity of SRS in different tumor types is related to various factors such as 
type and density of SS receptors expressed by the tumor, target-to-background ratio, 
and tumor site and the histology. In clinical practice, SRS is mainly used for local-
izing the primary lesion and for evaluating disease extension, monitoring the effects 
of treatment, as well as a prognostic parameter in predicting the response to 
therapy.

In a retrospective analysis of pulmonary carcinoids with 111In-octreotide scintig-
raphy, Yellin et al. [42] reported sensitivity of 90 % for SRS. The specificity was 
83 % and the positive and negative predictive values were 83 % and 91 %, respec-
tively. Hervás Benito et al. [43] evaluated the role of octreoscan in three cases of 
pediatric bronchial carcinoids (one preoperative, two postoperative with residual 
tumor); uptake was noted in all the three cases, which were later confirmed 
 histologically. In one case the scan was able to differentiate between the tumor and 
associated atelectasis.

Irrespective of the promising results provided above, octreoscan carries a few but 
troublesome limitations such as limited spatial resolution, low tumor-to-background 
ratio which might hamper visualization of smaller lesions, and a high false-positive 
rates due to uptake in many other tumors, granulomas, and some autoimmune dis-
ease, thus reducing its specificity.
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123I/131I-MIBG (MIBG Scan)

MIBG (meta-iodobenzylguanidine) is an analogue of biogenic amine precursor 
resembling adrenergic neurotransmitter norepinephrine. It is taken up by active 
sodium and energy-dependent uptake mechanism in the cell membrane of sympa-
thomedullary tissue and is stored in the intracellular granules [44]. This molecule 
can be labelled with either 123I or 131I, with 123I-labelled molecule having better 
characteristics such as superior spatial resolution and absence of high-energy beta 
emissions that are emitted from 131I. On the other hand, 131I-MIBG can be a use-
ful cost-effective option as it is much less expensive compared to 123I-MIBG.

The use of 131I-MIBG for the detection and imaging of neuroendocrine tumors 
was reported as early as the 1980s, followed by papers about its therapeutic applica-
tions. The sensitivity of the MIBG scan for carcinoid tumors is reported to be a little 
lower than that of the 111In-pentetreotide scintigraphy scan; however, a combination 
of these scans increases the sensitivity to 95 % [45]. MIBG scintigraphy may provide 
advantages over octreoscan in preoperative localization of tumors, as well as radio-
guided surgery of neuroendocrine metastatic lesions, if the involved site is located in 
proximity to highly octreotide-avid organs such as the kidneys or spleen [46].

99mTc-EDDA/HYNIC-TOC

Being a technetium-99 m-labelled radiopharmaceutical, this molecule has definitive 
logistical and imaging advantages over octreoscan and MIBG considering the easy 
availability of the radionuclide, favorable imaging properties, early imaging time, 
and lesser exposure to radiation to the patients. The radionuclide 99mTc and the 
somatostatin analogue Tyr3-octreotide are held together by a bifunctional chelator 
EDDA/HYNIC, a hydrazinonicotinic acid derivative with ethylenediamine N,N’ 
diacetic acid (EDDA) acting as a coligand; this renders the molecule highly stable 
in vivo and in vitro [47]. This radiopharmaceutical has been sporadically used to 
evaluate solitary pulmonary nodules [48] and large cell neuroendocrine carcinoma 
[49] with rather disappointing results. It carries a low specificity due to high possi-
bility of uptake in benign findings such as foreign body and suppurative inflamma-
tions, hamartomas, and tuberculomas [48].

17.8.1.2  Positron Emission Tomography (PET) Radiopharmaceuticals

18F-FDG

The utility of 18F-FDG PET scan depends principally on increased glucose 
metabolism and so-called metabolic trapping – greater trapping of the agent in 
the more metabolically active tumor cells than in surrounding tissues [50]. 18F-
FDG PET/CT is one of the most commonly utilized investigations in the field of 
oncology today. Notwithstanding, the utility of this radiopharmaceutical is 
somewhat limited in the evaluation of NETs. The FDG uptake in carcinoid 
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tumors is low, due to their low proliferative and metabolic activity and high 
degree of differentiation [51]. The use of 18F-FDG PET/CT may be reserved for 
poorly differentiated neuroendocrine cancers with little or no hormone produc-
tion and a high proliferative activity (Table 17.3). Also, 18F-FDG PET/CT 
appears to show a higher SUVmax values for atypical carcinoids than typical 
carcinoids [57, 58]. This in turn leads to higher sensitivity for detection of atypi-
cal carcinoids compared to typical carcinoids. A disadvantage in using 18F-FDG 
is that it may be falsely positive in the inflammatory and infective lesions of lung 
and lymph nodes [52]. Also, other non-carcinoid tumors which can mimic bron-
chopulmonary carcinoid (mucoepidermoid carcinoma, adenoid cystic carci-
noma, schwannoma, and inflammatory myoblastic tumors) show 18F-FDG 
avidity that lowers the specificity of 18F-FDG PET/CT in the detection of bron-
chopulmonary NETs [52, 55, 59, 60]. 18F-FDG has been rarely used in the evalu-
ation of thymic carcinoids; a possible role of the modality may lie while searching 
for a cause of ectopic Cushing’s syndrome where thymic carcinoids may be 
identified [61–63].

68Ga-DOTA-Somatostatin Analogues (SSA)

High levels of SSTR expression are generally detected in lung carcinoids, predomi-
nantly subtypes 2, 3, and 5, which has been verified by a multitude of in vitro and 
in vivo studies [64]. This implies that radiopharmaceuticals which target these 
receptors can help in the detection of these lesions. This has best been achieved with 
the help of 68Ga-DOTA-conjugated SSA. Three such molecules (DOTANOC, 
DOTATOC, DOTATATE, all labelled with 68Ga) have been developed and exten-
sively studied in assessing their role in the detection of pulmonary carcinoids apart 
from neuroendocrine tumors at other sites [65, 66]. They offer distinct advantages 
compared to their SPECT counterparts such as octreoscan in terms of superior spa-
tial resolution and earlier imaging times. The superior spatial resolution invariably 
leads to higher detection rates compared to octreoscan. They have opened up hori-
zons in terms of understanding the biological behavior of these malignancies. The 
binding molecular affinities and specificities to the different somatostatin receptor 
subtypes vary between the three molecules [65]. Hence, although they show similar 
biological distribution and diagnostic accuracies, one 68Ga-DOTA-SSA molecule 
may show superior tumor-to-background ratios and SUVmax values compared to 
the other [67].

However, one feature common to the three molecules is their often documented 
inverse relationship compared with 18F-FDG in uptake values between typical and 
atypical carcinoids. Two studies at our department also prove this point satisfacto-
rily. The study by Venkitaraman et al. [55] and Jindal et al. [59] evaluated patients 
with suspected bronchial carcinoids using 68Ga-DOTATOC and 18F-FDG PET/CT 
studies. They found that the ratio of SUVmax values of 68Ga-DOTATOC to 18F-FDG 
PET scans was higher in case of typical carcinoids, while atypical carcinoids 
showed higher SUVmax for 18F-FDG (Table 17.4).
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The performance of 68Ga-DOTA-SSA in case of thymic carcinoids however has 
not been very promising. Apart from sporadic case reports of the radiopharmaceuti-
cal identifying metastatic thymic carcinoids (Fig. 17.1), it has not been able to dis-
tinctly detect either the presence of or the grade of the thymic carcinoids [74].

18F-DOPA

18F-DOPA has been used for PET imaging in humans for more than two decades 
and has gradually found its way into the application of oncology practice in NETs. 
The pathophysiological basis for PET imaging of NET with 18F-DOPA is that 

Table 17.3 Studies depicting the utility of 18F-FDG PET in pulmonary carcinoids

Serial 
no. Authors Year Methodology Results

1 Erasmus et al. 
[51]

1998 Evaluated 7 cases of 
pulmonary carcinoids with 
18F-FDG PET

Carcinoid tumors do not 
show high uptake on 
18F-FDG PET

2 Bryant et al. 
[52]

2006 Evaluated 585 patients of 
solitary pulmonary nodule 
with 18F-FDG PET CT(14 
cases were carcinoid 
tumors)

10/14 carcinoid showed 
uptake on FDG PET while 4 
showed no uptake. 18F-FDG 
PET showed increased 
uptake in infective lesions; 
lesions with SUVmax > 2.5 
were more likely to be 
malignant

3 Kruger et al. 
[53]

2006 Studied 13 patients with 
pulmonary carcinoids (12 
typical and 1 atypical). 
Integrated FDG PET/CT 
scan and surgical resection 
were performed in all 
patients

SUVmean in atypical 
carcinoids significantly 
higher than in typical 
carcinoids

4 Daniels et al. 
[54]

2007 Performed a retrospective 
review 18F-FDG PET of 16 
patients with pathologic 
diagnosis of bronchial 
carcinoid (TC-11;AC-5)

Overall sensitivity of 75 %; 
higher for atypical 
carcinoids (80 %) than 
typical carcinoids (72.7 %)

5 Venkitaraman 
et al. [55]

2014 Prospective study on 
18F-FDG PET/CT in 32 
patients with clinical 
suspicion of BCs

The sensitivity of 18F-FDG 
PET was superior in patients 
with atypical BCs compared 
to those with typical BCs 
(100 versus 61.9 %)

6 Gasparri et al. 
[56]

2015 Retrospectively evaluated 
97 patients with pulmonary 
carcinoids (65 typical, 32 
atypical) who had 
undergone preoperative 
18F-FDG PET

Overall sensitivity of 67 %; 
higher for atypical 
carcinoids (81 %) than 
typical carcinoids (60 %)
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Table 17.4 Studies depicting the utility of 68Ga-DOTA-SSA PET in pulmonary carcinoids

Serial 
no. Authors Year Methodology Results

1 Hofmann et al. 
[68]

2001 Evaluated 8 patients with 
histologically proven 
metastatic carcinoid 
tumors (2 bronchial, 6 
abdominal) by 
111In-octreotide scan and 
68Ga-DOTATOC PET

68Ga-DOTATOC PET could 
identify all the reference 
lesions, whereas 
111In-octreotide imaging 
identified 85 % of lesions. 
68Ga-DOTATOC PET 
identified 30 % more lesions

2 Kowalski et al. 
[69]

2003 Compared 
68Ga-DOTATOC PET and 
111In-DTPA- octreotide in 
4 patients with metastatic 
NET

68Ga-DOTATOC was better in 
demonstrating smaller lesions 
with low tracer uptake 
especially tumors bearing a 
low density of somatostatin 
receptors

3 Kayani et al. [70] 2008 38 cases of NET were 
evaluated(4 bronchial 
carcinoids), with 18F-FDG 
PET and 68Ga-DOTATOC 
PET and correlated with 
proliferative and mitotic 
index

Sensitivity of 68Ga-DOTATOC 
PET (82 %) and 18F-FDG PET 
(66 %); 68Ga-DOTATOC PET 
had higher uptake in 
well- differentiated tumors

4 Jindal et al. [71, 
72]

2011 Compared utility of 
68Ga-DOTATOC PET CT 
and 18F-FDG PET CT in 
20 biopsy-proven 
bronchial carcinoids to 
differentiate typical and 
atypical cases (13 
TC,7 AC)

68Ga-DOTATOC PET positive 
in all typical and 6/7 of 
atypical. 18F-FDG PET 
negative in 6 TC, positive in 
all AC. SUV for TC was 
higher than for AC

5 Venkitaraman 
et al. [55]

2014 First prospective 
comparative study of 
68Ga-DOTATOC and 
18F-FDG PET/CT in 32 
patients with clinical
suspicion of BCs

Sensitivity of 68Ga-DOTATOC 
PET was superior in patients 
with typical BCs compared to 
those with atypical BCs (100 
versus 80 %, respectively), 
whereas the sensitivity of 
18F-FDG PET was superior in 
patients with atypical BCs 
compared to those with 
typical BCs (100 versus 
61.9 %)

6 Lococo et al. 
[73]

2015 Multicenter study; 
evaluated 33 patients with 
confirmed pulmonary 
carcinoid (23 TC, 10 AC) 
using 18F-FDG and 
68Ga-DOTA-SSA PET CT

68Ga-DOTA-peptide PET was 
superior in detecting TC 
(detection rate 91 %), whereas 
18F-FDG PET was superior in 
detecting atypical carcinoid 
(detection rate 100 %)

AC atypical carcinoid, SUV standardized uptake value, TC typical carcinoid
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amino acids, such as DOPA, and their biogenic amines are taken up, stored, and 
decarboxylated by several types of NETs [75, 76]. 18F-DOPA PET has not found 
much utility in the management of bronchial carcinoids and thymic NETs alike – 
this is primarily owing to the lack of ease of production of the radiopharmaceutical 
and hence a low cost-to-benefit ratio which renders it less feasible option for 
detection of disease. Its utility has been only sporadically studied in case of 
bronchial carcinoids: with pooled studies showing a patient-based detection rate of 
50 % as against 88 % for somatostatin receptor PET with the latter showing more 
foci than 18F-DOPA in half of these cases [77].

17.9  Choice of Radiopharmaceutical for Imaging

In general, few points need to be kept in mind while advising the appropriate inves-
tigation for the detection and management of bronchopulmonary NETs:

 1. PET radiopharmaceuticals should be given preference over SPECT radiophar-
maceuticals owing to their inherently superior imaging advantages.

 2. Typical bronchial carcinoids (well-differentiated NETs) show higher and more 
selective uptake on somatostatin receptor PET/CT than on FDG PET/CT, while 
the reverse is usually observed for atypical bronchial carcinoids and higher 
grades of lung NET.

 3. If bronchopulmonary NET staging is found clinically useful, somatostatin recep-
tor PET could be recommended, except in cases of atypical carcinoids where 
FDG could be recommended as first line.

a b c

d e

Fig. 17.1 A 46-year-old male with thymic NET underwent 68Ga-DOTANOC PET/CT scan for 
initial staging. Maximum intensity projection PET image (a) and trans-axial PET/CT images 
revealed DOTANOC avid thymic mediastinal mass (b, c) with right supraclavicular lymph node 
metastasis (d, e; arrows)
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 4. Somatostatin receptor PET helps to predict the histology in suspected broncho-
pulmonary NET as a negative study potentially rules out typical carcinoids.

 5. The combination of PET/CT using 68Ga-DOTA-SSA and 18F-FDG seems to be 
very useful in predicting the histology in patients with clinical suspicion of bron-
chopulmonary NET.

 6. In case a patient presents with advanced well-differentiated disease that can-
not be rendered a definitive cure by surgery, somatostatin receptor PET 
should hold precedence over other radiopharmaceuticals as this would pro-
vide an opportunity in assessing the patient’s disease extent and also qualify 
him for a theranostic trial should it be one of the options available with the 
treating team.

17.10  Theranosis in Bronchopulmonary NETs

The principle of theranosis in the context of NETs is based on the use of soma-
tostatin receptor imaging using 68Ga-DOTA-SSA for the diagnosis and feasibil-
ity, followed by delivery of radiation to cancerous cells at the molecular level 
using peptide receptor radionuclide therapy (PRRNT) by means of 177Lu 
(Fig. 17.2) or 90Y-labelled somatostatin analogues [78]. There is immense inter-
est in this prospect as it provides for a safe and feasible option in the treatment 
of inoperable or metastatic NETs. Promising results continue to emphasize the 
role of PRRNT in differentiated forms of NETs that express somatostatin 
receptors.

Systematic studies have been able to prove a definitive benefit in prolonging 
survival and delaying disease progression as well as provide a favorable outcome 
when used in earlier stages of the disease [79].

17.11  PET/MRI in Bronchopulmonary and Thymic NETs

Though at a nascent stage in the context of this topic, the possible role of PET/
MRI cannot be denied in the management of these tumors. The added advantage 
of superior soft-tissue contrast and better spatial resolution of MRI makes it an 
attractive option. Also, the availability of a variety of imaging sequences to 
visualize different aspects of the tumor may help in providing additional infor-
mation regarding the tumor function [80]. Also, as already discussed, a wide-
spread availability of molecular probes for PET to study the tumor behavior 
may have an additive effect in terms of patient evaluation and management. As 
of now, a single case report is available where integrated PET/MRI with 18F-
FDG has been helpful in decision-making in a patient with atypical pulmonary 
carcinoid [81]
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Chapter 18
Radionuclide Imaging of Medullary Thyroid 
Carcinoma

Giorgio Treglia, Arnoldo Piccardo, and Luca Giovanella

18.1  Introduction

18.1.1  Epidemiology and Tumour Origin

Medullary thyroid carcinoma (MTC) is a neuroendocrine tumor (NET) originat-
ing from the neural crest-derived parafollicular C cells of the thyroid gland [1]. 
As the ultimobranchial bodies migrate from the neural crest during embryogen-
esis, they become entrapped within the middle and upper poles of each thyroid 
lobe, giving rise to C cells, which are much more numerous in males compared 
to females [2]. Unlike other thyroid tumors, which arise from follicular cells, 
MTC is a NET, being classified as a thyroid tumor because of its anatomical loca-
tion [1].

MTC accounts for approximately 1–2 % of thyroid cancers in the United States, 
occurring either sporadically or in a hereditary form as a component of the type 2 
multiple endocrine neoplasia (MEN2) syndromes [1].
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18.1.2  Genetics

The RET proto-oncogene, located on chromosome 10q11.2, encodes a transmem-
brane receptor of the tyrosine kinase family. Virtually all patients with MEN2 syn-
dromes have RET germline mutations, and approximately 50 % of sporadic MTCs 
have somatic RET mutations [1, 3–5]. Sporadic MTCs lacking somatic RET muta-
tions may have somatic RAS mutations in a significant proportion of cases [6, 7]. 
Different RET mutations are associated with different patterns of aggressiveness, 
expressed as development of MTC at an early age, frequently in association with 
metastatic disease [1].

18.1.3  Clinical Characteristics

MTC is frequently an aggressive tumor. Sporadic MTC usually occurs between the 
fourth and the sixth decade of life [8]. The risk designation for sporadic MTC is 
based on the American Joint Committee on Cancer (AJCC) classification of tumor 
(T), node (N) and metastases (M). Central and lateral compartment lymph nodal 
metastases are present, respectively, in 14 % and 11 % of patients with T1 tumors 
and in 86 % and 93 % of patients with T4 tumors [9]. Unfortunately, 70 % of patients 
with MTC who present with a palpable thyroid nodule have cervical metastases and 
10 % have distant metastases. The most frequent sites of distant metastases are 
bone, lung and liver [10].

On univariate analysis, prognosis is directly related to patient age at diagnosis, 
male sex, the presence of local tumor invasion, lymph node metastases and distant 
metastases. On multivariate analysis, however, only age and stage of disease at the 
time of diagnosis are significant independent prognostic factors [11–14]. 10-year 
survival rates for patients with MTC stages I, II, III and IV (according to AJCC clas-
sification) are 100 %, 93 %, 71 % and 21 %, respectively [12].

About inherited syndromes two MEN2 syndromes are recognised: MEN2A and 
MEN2B.

Within MEN2A (incidence 1/1,973,500), which accounts for 95 % of MEN2 
cases, four variants are described: classical MEN2A (the most frequent variant), 
represented by the uniform presence of MTC and the less frequent occurrence of 
pheochromocytoma (PHEO) or hyperparathyroidism (HPTH) or both depending on 
the specific RET mutation, MEN2A with cutaneous lichen amyloidosis, MEN2A 
with Hirschsprung’s disease, and familial MTC (families or individuals with RET 
germline mutations who have MTC but neither PHEOs nor HPTH) [1].

The MEN2B syndrome (incidence 1/38,750,000) accounts for 5 % of heredi-
tary MTCs. Patients with MEN2B develop MTC and PHEOs and exhibit a recog-
nisable phenotype. In patients with MEN2B syndrome, the MTC often presents 
in infancy and is highly aggressive metastasizing early to regional lymph nodes 
and beyond [1].
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18.2  Diagnostic Methods Beyond Imaging

Several diagnostic tests beyond imaging methods should be performed in patients 
with MTC including genetic testing, serum tumor markers assays and pathology 
analyses.

18.2.1  Genetic Testing

Patients with MEN2 syndromes should be tested for specific RET mutations. 
Genetic counselling and genetic testing for RET germline mutations should be even 
offered to first degree relatives of patients with proven hereditary MTC.

Importantly, patients with presumed sporadic MTC should have genetic counsel-
ling and genetic testing to detect a RET germline mutation, because up to 7 % of 
these patients may have hereditary MTC [1].

18.2.2  Serum Tumour Markers

Among the secretory products of parafollicular C cells, calcitonin and carcinoem-
bryonic antigen (CEA) are valuable tumor markers in patients with MTC, and their 
serum concentrations are directly related to the parafollicular C-cell mass [1, 15].

Calcitonin is the most sensitive and specific serum marker for MTC. Whereas the 
role of serum calcitonin as screening method for MTC in patients with thyroid nod-
ules is widely debated, this serum marker is crucial for the assessment of disease 
extent and progression and post-treatment evaluation in patients with MTC [1, 15]. 
Basal serum calcitonin levels >100 pg/mL are suspicious for MTC when deter-
mined with an immunoradiometric or immunochemiluminometric assay. Serum 
calcitonin elevations below this value are of difficult interpretation [15]. Falsely 
high or low serum calcitonin levels might occur with a variety of clinical diseases 
other than MTC, and clinicians should consider this possibility when serum calcito-
nin levels are disproportionate to the expected clinical findings [1, 15]. Administrating 
potent secretagogues, such as intravenous calcium or pentagastrin, may increase the 
accuracy of calcitonin testing [1, 15]. Procalcitonin, a precursor of calcitonin, 
appears to be a very promising and reliable serum marker for the diagnosis of MTC, 
and it is not inferior to calcitonin. The addition of basal serum procalcitonin mea-
surement in patients with thyroid nodules and increased serum calcitonin may sig-
nificantly improve accuracy of calcitonin measurement without needing a 
stimulation test [16].

CEA is not a specific biomarker for MTC, but it is a useful tool for evaluating 
disease progression in patients with clinically evident MTC and for monitoring 
MTC patients following thyroidectomy [1].
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In patients with MTC simultaneous elevations of serum CEA and calcitonin lev-
els indicate disease progression. Serum calcitonin and CEA doubling times are effi-
cient tools for assessing MTC progression and are useful prognostic factors [1]. 
Some patients with progressive disease have increasing serum CEA levels associ-
ated with stable or declining serum calcitonin levels. This is considered an indica-
tion of poorly differentiated MTC [1]. Rarely, patients with advanced MTC have 
normal or low serum levels of calcitonin and CEA; this unusual state represents 
either a misdiagnosis or advanced dedifferentiation of the MTC, in which case it 
conveys a poor prognosis [1, 17].

18.2.3  Cytology and Histology

Thyroid nodules that are 1 cm or greater in size, suspicious at ultrasound (US) 
and cold at thyroid scintigraphy with Technetium-99 m pertechnetate should be 
evaluated by fine-needle aspiration cytology (FNAC) [1]. MTC cytology is 
characterized by high cellularity with single cells or small clusters, absent col-
loid and a variable amount of amyloid substance. Cytomorphology consists pre-
dominantly of round to oval, spindle-shaped and polygonal cells. Specimens 
usually present a mixture of cell types and are characterized by a dispersed 
pattern with loosely cohesive groups [15]. FNAC is able to detect approximately 
one-half of MTC lesions [18]. FNAC findings that are inconclusive or sugges-
tive of MTC should have calcitonin measured in the FNAC washout fluid [19] 
and immunocytochemical staining of the FNAC sample to detect the presence of 
markers, such as calcitonin, chromogranin and CEA, and the absence of thyro-
globulin [1, 15].

Macroscopically, MTC is firm and either white, tan or red in colour. Sporadic 
MTC usually occurs as a solitary unilateral tumor, whereas hereditary MTC is usu-
ally multicentric and bilateral. On histological examination the MTC cells are typi-
cally round, polyhedral or spindle shaped and form sheets or nests with peripheral 
palisading in a vascular stroma [1, 20]. The amyloid material present in over half of 
MTCs is actually composed of full-length calcitonin [21].

The assessment of a thyroid tumor with any feature suggestive of MTC should 
include immunohistochemical (IHC) analysis to determine the presence of markers, 
such as calcitonin, chromogranin and CEA, and the absence of thyroglobulin [1, 
20]. IHC staining of calcitonin may vary in intensity and extent, but in its absence, 
a diagnosis of MTC should be questioned [1]. The IHC reactivity of calcitonin is 
often reduced in undifferentiated tumors, whereas staining for CEA is almost always 
strongly positive in these neoplasms [22].

In hereditary MTC the entity C-cell hyperplasia (CCH) precedes the devel-
opment of MTC and is best demonstrated by IHC staining with calcitonin anti-
bodies [23].
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18.3  Role of Imaging Methods

Different morphological and functional imaging methods may be used in patients 
with MTC both in the preoperative staging than in detecting persistent/recurrent 
disease. The pivotal role of imaging is to address therapy. The main treatment for 
MTC is surgical resection that is the only strategy for potential cure. In patients with 
metastatic disease, therapeutic options are limited as this tumor does not concen-
trate radioiodine and shows poor response to chemotherapy and radiation therapy. 
Targeted therapy with tyrosine kinase inhibitors seems to show promising results in 
the treatment of advanced MTC [1].

18.3.1  Preoperative Imaging

Neck US is the most important preoperative imaging study in patients with 
MTC. Neck US is the pivotal tool for the stratification of the risk of malignancy in 
thyroid nodules. Even if the US patterns are not pathognomonic for MTC, however, 
the finding of a solid and deeply hypoechoic nodule or the presence of intralesional 
(especially if coarse) calcifications should suggest the possibility of an MTC and 
prompt the determination of serum calcitonin [15]. As approximately 50 % of 
patients have clinically detectable cervical lymph node involvement or extracapsu-
lar diffusion at diagnosis, a careful US evaluation of the neck is always needed in 
suspicious MTC patients. US staging may guide the extent of surgery and help to 
define the preoperative patient prognosis [15, 24].

If metastatic MTC is expected, and in all MTC patients with a serum calcitonin 
level greater than 500 pg/mL, preoperatively additional imaging procedures are 
indicated including computed tomography (CT), magnetic resonance imaging 
(MRI) and bone scintigraphy [1]. Unfortunately, no single procedure provides opti-
mal whole body imaging [1]. Beyond bone scintigraphy, the role of other radionu-
clide imaging techniques in preoperative staging of MTC seems limited [1].

18.3.2  Imaging for Detection of Persistent/Recurrent MTC

Patients with increased postoperative serum calcitonin levels less than 150 pg/mL 
should have a physical examination and US of the neck, because persistent/recur-
rent MTC is almost always confined to lymph nodes in the neck. If these studies 
are negative, the patients should be followed with physical examinations, measure-
ment of serum calcitonin and CEA and neck US every 6 months [1]. If the postop-
erative serum calcitonin levels exceed 150 pg/mL, patients should be evaluated by 
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systemic imaging procedures including US, CT, MRI and bone scintigraphy [1]. In 
this setting radionuclide imaging, and in particular positron emission tomography/
CT (PET/CT) using different radiopharmaceuticals, could be used to detect MTC 
recurrence [1].

18.4  Focus on Radionuclide Imaging

Conventional morphological imaging modalities may be often negative or inconclu-
sive in the presence of postoperative rising levels of serum MTC markers. Therefore, 
functional radionuclide imaging using different radiopharmaceuticals was explored 
as a way to detect persistent/recurrent MTC, whereas its role in the initial staging of 
MTC seems limited [25].

18.4.1  Conventional Nuclear Medicine Techniques

Whole body scintigraphy with single photon emission tracers such as 
Technetium-99 m pentavalent dimercaptosuccinic acid (99mTc-(V) DMSA), soma-
tostatin analogues labelled with Indium-111 or Technetium-99 m, radioiodinated 
metaiodobenzylguanidine (MIBG) or radiolabelled anti-CEA antibodies are not 
sensitive enough to detect MTC relapse [1, 25, 26]. This is particularly true when 
these imaging techniques are compared with conventional radiological imaging 
(US, CT, MRI) and PET/CT imaging [25–29].

In the 1990s 99mTc-(V) DMSA scintigraphy seemed to be an efficient method to 
detect MTC lesions [25–27]. Although the 99mTc-(V) DMSA uptake mechanism 
was unknown [30], the sensitivity reported in localising MTC ranged from 50 to 
80 % [25, 26, 31]. More recent studies comparing 99mTc-(V) DMSA with PET trac-
ers reported a very low sensitivity for 99mTc-(V) DMSA (33 %) and did not recom-
mend the use of this tracer in detecting recurrent MTC [32]. To date, the use of 
99mTc-(V) DMSA is going to be neglected, and it is not commercially available in 
most countries [26].

Since somatostatin receptors may be expressed by MTC, somatostatin analogues 
labelled with Indium-111 or Technetium-99 m had been tested in the MTC diagno-
sis. Indeed, a great variability in term of sensitivity of somatostatin receptor scintig-
raphy in detecting MTC recurrence has been reported ranging between 20 and 70 % 
[25–29]. More in general, these single photon emission tracers seemed to be more 
sensitive than 99mTc-(V) DMSA and radioiodinated MIBG but unable to add diag-
nostic information when compared with conventional radiological imaging modali-
ties [25, 26, 33–35].

Radioiodinated MIBG is a specific tracer for tumor deriving from the neural 
crest, including MTC. It is a norepinephrine analogue and is actively trans-
ported into noradrenaline granules of sympathetic nerve terminals by 
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norepinephrine transporter [25, 36] Despite its specificity due to its uptake 
mechanism, the sensitivity of this tracer in detecting MTC recurrence is low, 
reaching only 30 % [25, 26]. However radioiodinated MIBG scintigraphy may 
establish the indication for targeted radionuclide therapy with iodine-131 MIBG 
that may be able, in same selective cases, to achieve disease partial remission or 
stability [37, 38].

Bone scintigraphy with Technetium-99 m diphosphonates evaluating the bone 
metabolism is still recognised as a useful imaging technique in MTC staging and 
restaging [1]. Bone scintigraphy was reported to be as sensitive as MRI and superior 
compared to fluorine-18-fluorodeoxyglucose (FDG) PET/CT in detecting bone 
metastases of MTC [39].

Results from scintigraphy with radiolabelled anti-CEA monoclonal antibodies 
largely vary in terms of sensitivity; the diagnostic performance of this technique 
seems to be related to the MTC aggressiveness [26].

Finally, promising results were obtained with cholecystokinin-B/gastrin receptor 
scintigraphy in recurrent MTC, but more studies in this setting are warranted [26].

18.4.2  PET/CT

Several radiopharmaceuticals evaluating different metabolic pathways or receptor 
status can be used as PET tracers in detecting MTC lesions, including FDG, fluorine- 
18- dihydroxyphenylalanine (FDOPA) and somatostatin analogues labelled with 
Gallium-68 [40–43].

18.4.2.1  FDG-PET/CT

FDG, a glucose analogue and the most used PET radiopharmaceutical worldwide, 
accumulates in neoplastic cells allowing scintigraphic visualisation of tumors that 
use glucose as an energy source. FDG uptake in neoplastic cells correlates with poor 
differentiation and high-proliferative activity. NETs usually show an indolent course 
and consequently low-FDG uptake [43, 44]. NETs, however, when undergoing 
dedifferentiation become more aggressive and may show increased FDG uptake, 
and this is also the case in MTC [40–44].

Overall, the studies using FDG-PET/CT have reported conflicting results about 
the diagnostic performance of this imaging method in patients with recurrent 
MTC. In particular, sensitivity ranged from 17 to 95 % whereas specificity, when 
reported, ranged from 68 to 100 % [43]. A possible explanation for these heteroge-
neous findings could be related to diversity between the studies in technical aspects 
and inclusion criteria (patients with known lesions versus patients with occult dis-
ease at conventional morphological imaging methods, patients with slowly progres-
sive disease versus patients with more aggressive disease) [43, 45]. False-negative 
results of FDG-PET/CT could be related to small MTC lesions or to the slow growth 
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of NETs, both factors influencing the diagnostic accuracy of FDG-PET/CT. False- 
positive results are typically due to inflammatory lesions [43, 45].

A meta-analysis showed that the detection rate of FDG-PET or PET/CT in sus-
pected recurrent MTC on a per patient-based analysis is 59 % (95 % confidence 
interval, 54–63 %) [45]. Therefore, a significant number of recurrent MTC, based on 
rising levels of tumor markers, remain unidentified by using FDG-PET/CT. On the 
other hand, it should be considered that FDG-PET/CT is often performed in patients 
with suspected recurrent MTC after negative conventional morphological imaging 
studies, affecting the surgical management of patients with recurrent MTC when 
hypermetabolic lesions are detected [43, 45].

Based on literature findings, the diagnostic performance of FDG-PET/CT in 
patients with recurrent MTC improves in patients with higher serum calcitonin and 
CEA levels [43, 45]. Also, sensitivity of FDG-PET/CT improves in patients with 
shorter serum calcitonin and CEA doubling times, confirming the usefulness of this 
imaging method in patients with more aggressive disease (with high-glucose con-
sumption and high-FDG uptake) compared to those with slow-progressive disease 
(with low-glucose consumption and low-FDG uptake) [45]. In particular FDG-PET 
has a relevant prognostic value being able to identify MTC patients with poor sur-
vival [46, 47].

18.4.2.2  FDOPA-PET/CT

FDOPA is taken up through ubiquitous transmembrane amino acid transporter sys-
tems that are significantly upregulated in NETs, including MTC. This upregulation 
is presumably secondary to the increased activity of aromatic amino acid decarbox-
ylase (converting DOPA to dopamine) in NET cells [43, 44].

Overall, the studies using FDOPA-PET/CT in detecting recurrent MTC showed 
wide range of sensitivity, ranging from 47 to 83 % [43]. Differences in technical 
aspects and inclusion criteria could explain the heterogeneity between studies about 
the sensitivity values reported. False-positive results of FDOPA-PET/CT in recur-
rent MTC are uncommon. On the other hand, possible causes of false-negative 
results of FDOPA-PET/CT should be kept in mind; they could be probably related 
to small MTC lesions or to dedifferentiation, both factors affecting the diagnostic 
accuracy of this imaging method [43, 48].

A meta-analysis showed that the detection rate of FDOPA-PET or PET/CT in 
suspected recurrent MTC on a per patient-based analysis is 66 % (95 % confidence 
interval, 58–74 %) [48]. This value increases to 72 % considering hybrid PET/CT 
(excluding studies performing PET only) [48]. However, FDOPA-PET/CT may 
modify the surgical management of a significant number of patients with recurrent 
MTC when positive [49, 50], because this functional imaging method is often per-
formed in patients with recurrent MTC based on rising tumor markers after negative 
conventional morphological imaging studies [43, 48].

Based on literature findings, the diagnostic performance of FDOPA-PET/CT in 
recurrent MTC improves in patients with higher serum calcitonin levels and shorter 
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serum calcitonin doubling time, reaching a detection rate of 86 % in recurrent MTC 
and calcitonin doubling time lower than 24 months [48].

To improve the bioavailability of FDOPA, some teams propose premedication 
with carbidopa, a selective extracerebral decarboxylase inhibitor. However, a recent 
meta-analysis did not demonstrate a higher detection rate of FDOPA-PET/CT by 
using premedication with carbidopa in MTC diagnosis [48].

Interestingly, some researchers demonstrated the improvement in the detection 
rate of FDOPA-PET/CT in MTC brought by early images acquisition (around 
15 min after radiopharmaceutical injection) compared to standard acquisition (per-
formed 60 min after radiopharmaceutical injection) suggesting to perform dual- 
phase FDOPA-PET/CT in MTC [51, 52].

18.4.2.3  Somatostatin Receptor PET/CT

NETs usually overexpress somatostatin receptors on their cell surface, and this rep-
resents the rationale for using somatostatin analogues labelled with positron emitter 
Gallium-68 for diagnosis of these tumors by using PET/CT. In fact, somatostatin 
receptor PET/CT is a valuable diagnostic tool for patients with NETs [53–55]. 
Nevertheless, the experience with somatostatin analogues labelled with 
Gallium-68 in recurrent MTC is limited compared to FDG and FDOPA [32, 50, 
56–61].

Overall, the diagnostic performance of somatostatin receptor PET/CT in recur-
rent MTC seems to be inferior compared to other NETs (such as lung and gastroen-
teropancreatic NETs) due to the variable somatostatin receptor expression in MTC 
[43, 50, 54, 62]. In particular, based on the available literature, sensitivity of soma-
tostatin receptor PET/CT in patients with recurrent MTC largely varies from 25 to 
83 %, whereas the specificity is very high [32, 50, 56–61]. As for FDG- and FDOPA- 
PET/CT, the detection rate of somatostatin receptor PET/CT in recurrent MTC 
increases in patients with higher serum calcitonin levels [32].

Compared to FDG- and FDOPA-PET/CT, somatostatin receptor PET/CT may 
have a theranostic value as this method could be useful in selecting metastatic MTC 
patients for therapy with cold or radiolabelled somatostatin analogues to treat meta-
static lesions showing high expression of somatostatin receptors [54].

18.4.2.4  Comparative Analyses Between Different PET 
Radiopharmaceuticals

Several studies compared different PET tracers in detecting recurrent MTC [32, 40, 
46, 50, 56–58, 61, 63–65] (Table 18.1 and Figs. 18.1, 18.2, 18.3, 18.4, and 18.5).

Comparative analyses between FDOPA and FDG have shown better results with 
FDOPA in terms of sensitivity and specificity and a complementary role of the two 
radiopharmaceuticals in the assessment of recurrent MTC [46, 50, 63–65]. The dif-
ferent behaviour of FDOPA and FDG in recurrent MTC can be explained by their 
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Fig. 18.1 A 54-year-old female affected by MTC with evidence of increasing serum calcitonin 
levels (44 pg/mL) after thyroidectomy and cervical lymphadenectomy. Serum CEA was normal. 
Neck ultrasonography showed a small right laterocervical (IV level) lymph node suspicious for 
recurrence (a). Maximum intensity projection FDG-PET image (b) and coronal FDG-PET/CT 
image (c) did not show any abnormal tracer uptake. On the other hand, maximum intensity projec-
tion FDOPA-PET image (e) and coronal FDOPA-PET/CT image (d) correctly detected the recur-
rence of disease (black arrow)

a b c

d

e

Fig. 18.2 A 44-year-old female affected by MTC with evidence of increasing serum calcitonin 
levels (80 pg/mL) after thyroidectomy and cervical lymphadenectomy. Serum CEA was normal. 
Neck ultrasonography (not shown) did not detect suspicious lymph nodal recurrence. 
Radioiodinated MIBG scintigraphy in anterior (a) and posterior (b) view did not demonstrate any 
abnormal tracer uptake. On the other hand, maximum intensity projection FDOPA-PET image (c) 
and axial FDOPA-PET/CT images (d, e) correctly detected disease recurrence showing tracer 
uptake corresponding to small retropharyngeal (black arrow) and paraesophageal (dotted arrow) 
lymph nodes
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Fig. 18.3 A 48-year-old female affected by MTC with persisting high serum calcitonin levels 
(39 pg/mL) after thyroidectomy and right laterocervical lymphadenectomy for lymph nodal metas-
tases. Serum CEA was normal. Neck ultrasonography (a) showed a right laterocervical (IV level) 
lymph node suspicious for metastasis adjacent to a scar tissue. Coronal contrast-enhanced CT (b) 
detected a 12 mm right laterocervical lymph node with contrast enhancement (black arrow). 
Neither FDOPA-PET/CT (c, d) nor FDG-PET/CT (e, f) demonstrate any abnormal tracer uptake 
corresponding to the right laterocervical lymph node (black arrows). Histopathology on this lymph 
node showed a MTC metastasis

a

b c
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different uptake mechanisms that, in turn, reflect the different metabolic pathways 
of NET cells, including MTC cells. FDOPA is a marker of amino acid  decarboxylation 
that is a feature of the neuroendocrine origin of MTC. So, it can be assumed that a 
higher FDOPA uptake is related to a higher degree of cell differentiation, whereas a 
higher FDG uptake is related to a high-proliferative activity and a poor differentia-
tion [46, 50, 63–65]. Although FDOPA-PET/CT has less prognostic value com-
pared to FDG, it can more accurately assess the extent of the disease in patients with 
residual/recurrent MTC [46, 50, 63].

Comparative analyses between somatostatin analogues labelled with Gallium-68 
and FDG have shown the complementary role of these PET tracers in recurrent 
MTC without statistically significant difference in terms of detection rate of MTC 
lesions [32, 50, 56, 58, 61].

To date, only one multicentric study compared FDOPA, FDG and somatostatin 
analogues labelled with Gallium-68 demonstrating that FDOPA-PET/CT is the 

d

e f

Fig. 18.3 (continued)
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Fig. 18.4 A 47-year-old female affected by MTC with evidence of increasing serum calcitonin 
levels (280 pg/mL) after thyroidectomy and cervical lymphadenectomy. FDOPA-PET (a) showed 
multiple areas of abnormal tracer uptake corresponding to bone (red arrows) and liver metastases 
(blue arrows). On the other hand, somatostatin receptor PET was negative (b)

Fig. 18.5 A 80-year-old female affected by MTC with evidence of increasing serum calcitonin 
(480 pg/mL) and CEA (322 ng/mL) levels after thyroidectomy and cervical lymphadenectomy. 
FDG-PET (a) showed multiple areas of abnormal tracer uptake corresponding to lymph nodal (yel-
low arrows) and liver metastases (blue arrows). FDOPA-PET (b) and somatostatin receptor PET 
(c) demonstrated only minimal abnormalities
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most useful functional imaging method for detecting recurrent MTC lesions in 
patients with increased serum calcitonin levels, performing better than FDG and 
somatostatin analogues labelled with Gallium-68 and leading a change in the patient 
management in a significant percentage of cases [50].

According to the injected activity of radiopharmaceutical and the volume of the 
body explored by low dose CT, the total effective dose from FDG, FDOPA or soma-
tostatin receptor PET/CT varies between 13 and 15 mSv, and the radiation dose is 
very similar for all these radiopharmaceuticals [66]. The actual effective dose is 
currently decreasing with a trend to reduce the injected activity of radiopharmaceu-
ticals by using time of flight PET/CT [66].

While FDG and FDOPA may be prepared industrially (for PET centres without 
an on-site cyclotron) and delivered ready to use, for labelling somatostatin ana-
logues with Gallium-68, both Germanium-68/Gallium-68 generator and lyophilised 
peptides are needed [66]. The easy synthesis process or radiolabelled somatostatin 
analogues is an advantage supporting their clinical use as PET tracers [54, 55].

FDOPA is the most expensive PET tracer for evaluating recurrent MTC, mainly 
for its difficult synthesis, but it is questionable whether its first-line indication in 
recurrent or metastatic MTC will increase the total costs of diagnostic workup. In 
fact, FDOPA-PET/CT allowing the most precise diagnostic information among 
other functional imaging techniques and sometimes providing additional informa-
tional compared to conventional morphological imaging in recurrent or metastatic 
MTC may permit avoiding further examinations, savings which may compensate 
for its price [66]. Unfortunately no cost-effectiveness studies are currently available 
for the diagnostic workup of recurrent or metastatic MTC by using radionuclide 
imaging.

The limited availability of FDOPA and somatostatin analogues labelled with 
Gallium-68 compared to FDG is probably not a major drawback in case of a rare 
cancer such as MTC, a limited number of specialised centres being able to match 
the demand [66].

18.4.3  Proposed Algorithm About the Use of Radionuclide 
Imaging Methods in MTC

The role of radionuclide imaging in staging MTC before treatment seems to be 
limited compared to conventional morphological imaging [1].

In suspected recurrent MTC based on rising tumor markers levels after thyroid-
ectomy, radionuclide imaging methods may provide additional information com-
pared to conventional imaging if serum calcitonin is >150 pg/mL. In particular, 
PET/CT with different tracers may change the patient management in a significant 
percentage of cases [43, 67].

FDOPA-PET/CT should be used as first radionuclide imaging method in recur-
rent MTC showing significant diagnostic performance in patients with higher serum 

18 Radionuclide Imaging of Medullary Thyroid Carcinoma



396

calcitonin levels and shorter serum calcitonin doubling time. In negative cases, 
FDG-PET/CT should be the next radionuclide imaging method, in particular if cal-
citonin and CEA levels are rapidly rising or a more aggressive disease is suspected. 
PET/CT with somatostatin analogues labelled with Gallium-68 could be performed 
when neither FDOPA- nor FDG-PET/CT are conclusive or in selecting patients 
suitable for therapy with cold or radiolabelled somatostatin analogues. Bone scin-
tigraphy could complement FDG-PET/CT if FDOPA is not available [66].
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Chapter 19
131I-Meta-Iodobenzylguanidine Therapy 
for Pheochromocytoma/Paraganglioma 
and Neuroblastoma

Ioannis Ilias and Georgios Meristoudis

19.1  Introduction

Although, ideally, the aim of 131I-meta-iodobenzylguanidine (131I-mIBG) therapeutic 
administration is disease cure, for the majority of adult patients with pheochromocy-
toma/paraganglioma (PHEO/PG) or neuroblastoma (NB), a more realistic goal is to 
stabilize disease, to provide symptomatic relief, and to elicit biochemical response. For 
younger patients with refractory or relapsing NB, already burdened by prior therapies, 
therapeutic 131I-mIBG is considered when other treatment options are ineffective.

19.1.1  131I-mIBG

Meta-iodobenzylguanidine is an analogue of guanethidine and shows similar 
molecular structure to noradrenaline (Fig. 19.1). Labeled with 131I, this radiophar-
maceutical, via metabolic pathways (including the pathway of norepinephrine), is 
selectively accumulated in vivo by noradrenergic tissues and neuroendocrine tumors 
such as PHEO/PG, NB, carcinoids, or medullary carcinoma of the thyroid [1, 2]. 
The intense uptake and the prolonged retention of 131I-mIBG in these neuroendo-
crine tumors provide the basis for imaging and its potential therapeutic use. Although 
131I-mIBG is FDA-approved for diagnosis, it is not approved for therapy, and when 
used for such purposes it is done as an experimental procedure.
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19.1.2  mIBG: Uptake Mechanism

Meta-iodobenzylguanidine moves into cells by the mechanism of noradrenaline 
reuptake of the adrenergic presynaptic neuron, by binding to the noradrenaline 
transporter, a protein that is expressed in neuroendocrine tumors. It is concen-
trated in intracellular storage granules through vesicular monoamine transporters, 
as noradrenaline does, or remains in the cytoplasm (the latter is generally sug-
gested to occur in NB). Unlike noradrenaline it shows no uptake by postsynaptic 
neurons and is not further metabolized. The main pathway of 131I-mIBG entry into 
the cells is via a Na+/ATP-dependent mechanism (uptake 1). Additionally, non-
specific low concentrations are achieved by passive diffusion (uptake 2) in the 
majority of cells. The half-life of 131I is at 8.04 days; beta maximum energy emis-
sion is at 0.61 MeV (average energy 0.192 MeV). Its mean range of penetration 
in soft tissues is approximately 0.5 mm. Therapy with 131I-mIBG is possible due 
to DNA damage and cancer cells’ death following their exposure to the radionu-
clide’s beta (β) irradiation [3]. The phenomenon of radiation-induced bystander 
effect might also contribute to cell death; however, its role in cytotoxicity is not 
well defined [4, 5].

19.1.3  Contraindications to 131I-mIBG Therapy

Absolute contraindications to 131I-mIBG therapeutic administration include 
pregnancy, lactation, less than 3 months’ life expectancy (except in cases of 
significant bone pain), and compromised renal function requiring dialysis at 
short intervals [6]. Relative contraindications to 131I-mIBG therapy include sig-
nificant urinary incontinence, high medical risks from isolation, rapidly deterio-
rating renal impairment (GFR <30 ml/min), and bone marrow suppression 
(white blood cell count less than 3 x 109/L, platelet count less than 100 x 109/L). 

Fig. 19.1 Structural similarities of adrenaline (upper molecule), noradrenaline (middle molecule), 
and 131I-mIBG (lower molecule)
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In the aforementioned conditions or in case of bone marrow invasion, the admin-
istered activity should be reduced.

19.1.4  Preparation of 131I-mIBG Therapeutic Administration

A prerequisite for therapy with 131I-mIBG is positive imaging with 123I-mIBG or 
131I- mIBG in adults; the former is considered the radiopharmaceutical of choice 
for diagnosis. Thyroid blockade is necessary from 48 to 24 h before therapy until 
10–15 days after therapy (usually with 130 mg potassium iodide in combination 
with 400 mg potassium perchlorate/24 h). Several drug classes (cardiovascular, 
sympathomimetics, antipsychotics, neuroleptics, tricyclic antidepressants, and 
CNS stimulants) that may affect the biokinetics of 131I-mIBG should be discontin-
ued before treatment, if possible. In patients with metabolically active tumors 
secreting catecholamines taking alpha-adrenergic receptor antagonists to control 
blood pressure combined with beta-adrenergic receptor blockers for tachycardia 
control, withdrawal is not recommended due to the risk of complications, although 
the effectiveness of treatment might be diminished. Antiemetics (such as ondanse-
tron) should be administered before treatment and for 3 days following treatment. 
Care must be given for complete and proper information to patients, and instruc-
tions (written and oral) should be delivered on the procedure before receiving 
treatment. Parents with proper guidance according to radiation safety protection 
can participate in the care of children receiving treatment [5]. Since more than 
50 % of administered dose is excreted by the urine, a urinary catheter may be 
placed especially in children with NB to reduce bladder radiation dose and to 
avoid contamination.

19.1.5  131I-mIBG Administration Procedure

131I-mIBG is administrated in a therapy unit with lead shielding rooms via a slow iv 
infusion over 45 min up to 4 hours (usually over an hour to 2 hours); the procedure 
is undertaken by appropriately trained staff. Monitoring of vital signs is necessary, 
including blood pressure. The latter may be elevated, especially in patients with 
PHEO/PG [7]; this rise may be attributed to the release of noradrenaline from stor-
age granules, possibly due to the infusion of substantial quantities of non-radiola-
beled (or “cold”) mIBG (only one in 2000 molecules is labeled). In that case, 
short-acting alpha (followed by beta-)-adrenergic receptor blockers may be given, 
although usually infusion rate reduction or temporary interruption of the infusion is 
sufficient [5, 8]. Discharge of a patient from the special shielded room depends on 
national and local legislation, considering that the dose equivalent to persons with 
contact with the patient is insignificant (exposure rate <3 mrem/h at 1 m or in gen-
eral 3–5 days).
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19.1.6  Undesirable Effects of 131I-mIBG Therapy

Immediate effects include nausea, vomiting (usually limited to 2 days), and tran-
sient myelosuppression (4–6 weeks after 131I-mIBG administration); the latter is 
noted in children with NB after chemotherapy, and it is less common in adults 
receiving therapeutic 131I-mIBG. Rarely renal function can worsen, hypertensive 
crisis can ensue, or the parotid glands may get swollen (but no xerostomia is 
observed). Long-term undesirable effects of 131I-mIBG therapy include hypothy-
roidism (up to 25 % of patients, with lower incidence in adults), persistent bone 
marrow suppression, or the appearance of secondary neoplasias such as leukemia or 
myelodysplastic syndrome (<4 %) [9].

19.1.7  Myelosuppression

Myelosuppression is the most important undesirable effect of 131I-mIBG therapy 
[10]; the effect is more pronounced in thrombocytopenia vis-à-vis neutropenia, 
because platelets show selective 131I-mIBG uptake. In children with NB, bone mar-
row suppression peaks after 28 days after 131I-mIBG therapy, but may occur earlier 
if combined with chemotherapy. Myelosuppression from 131I-mIBG is dose depen-
dent; it is mild at administered doses ≈ 7.4 GBq (200 mCi) in adults, while doses 
> 444 MBq/kg (12 mCi/Kg) may cause severe myelosuppression in both adults and 
children. Grade III or IV thrombocytopenia and/or neutropenia requires platelet 
transfusion and administration of hematopoietic growth factors [6].

19.1.8  131I-mIBG Dosing

Dosages of therapeutic 131I-mIBG are to their greater extent empirical. They vary 
depending on the patients, on toxicity (expected pretreatment and perceived posttreat-
ment), on response to treatment, on disease progression rate, and on the accumulated 
experience of each center. In general, the therapeutic dose is usually 3.7–11.2 GBq 
(100–300 mCi). Dosing of 131I-mIBG can be fixed in amounts of limited toxicity 
(3.7–7.4 GBq; 200 mCi) or based on patient weight (96–666 MBq/kg) (2.6–18 mCi/
kg) or body surface area (3.7–14.8 GBq/m2). Fixed doses are usually divided in mul-
tiple non-myelosuppressive segments over 3–6 months, based on response and toxic-
ity. A high initial dose might be preferred for more responsive microscopic disease 
with rapid progression, whereas low repeated doses may be given to target macro-
scopic disease with slow progression. The doses can also be prescribed based on a 
dosimetric assessment of less than 2–4 Gy to total-body absorbed dose. If total-body 
radiation dose is higher than 2 Gy, provision for stem cells to be harvested before 
therapy (for autologous stem cell transplantation) should be made [6, 11–13].
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19.1.9  131I-mIBG Dosimetry

The administered therapeutic 131I-mIBG dose is personalized, depending on disease 
burden, lesion distribution, and bone marrow reserves. Dosimetry with a pretreat-
ment 123I-mIBG scan alone may underestimate the dose in 65 % of patients, but is 
more reproducible than that based on body weight. Posttreatment imaging is done 
to determine tumor targeting and its extent and retrospective dosimetry; due to high 
doses additional lesions may be detected in two-thirds of scans. Methods to estimate 
the total-body absorbed dose are either based on pretreatment dosimetry or pre-
scribed as activity/kg, and posttreatment imaging is used to prescribe the second 
administration to achieve the goal of total-body dose. On the contrary to external 
beam radiation therapy, dosimetry of targeted radionuclide therapy may not be so 
precise, because of tumor volume variations and heterogeneous uptake by the tar-
geted lesions. Nonetheless, total-body dosimetry is useful in predicting hematologic 
toxicity and assessing the radiation dose to tumor (usually cumulative doses of 
60–150-Gy suffice), thus enabling individualized treatment [14–18].

19.2  131I-mIBG Therapy for PHEO/PG

Low (80–200 mCi; 2.96–7.4 GBq), intermediate (up to 500 mCi; 18.5 GBq), and 
high (>12 mCi/kg; >444 MBq/kg) doses have been used in PHEO/PG with cumula-
tive dose up to 2,322 mCi (85,914 MBq). Patients that received a mean dose of 
388 mCi (14.356 GBq) of 131I-mIBG and responded to treatment had a median 
survival of 4.7 years versus 1.7 for those without response to treatment. Furthermore, 
those who received over 500 mCi (18.5 GBq) as initial doses had a median survival 
of 3.8 years versus 2.6 years for those who received low doses [19]. In another 
study, patients who received intermediate doses of 269 mCi (9.953 GBq) compared 
to those with low doses of 149 mCi (5.513 GBq) had a quick response, similar sur-
vival rate, and mild side effects [20]. There is evidence that 131I-mIBG, given thera-
peutically at high activity and myelosuppressive doses (median dose 818 mCi or 
12 mCi/kg, range 6–19 mCi/kg; 30.266 GBq, 444 MBq/kg, range 222–703 MBq/
kg) after peripheral stem cell collection, may be associated with a higher response 
rate; the overall 5-year survival was 64 % compared to 44 % in patients without such 
therapy (based on a historical control group) [21]. At present the use of intermediate 
or high activities with autologous stem cell rescue is more advantageous due to the 
survival benefit.

Only approximately 0.05 % of 131I-mIBG molecules are radiolabeled, the rest 
being unlabeled mIBG (“cold carrier”). The latter is considered to competitively 
inhibit radiolabeled mIBG uptake by its target tissues, affecting treatment efficacy 
and may also provide adverse effects [22, 23]. In a phase I clinical study, 11 
patients with refractory PHEO/PG were treated with high-purity and specific 
activity of no- carrier- added 131I-mIBG (radiolabeled 131I-mIBG more than 94 %; 

19 I-Meta-Iodobenzylguanidine Therapy for Pheochromocytoma/Paraganglioma



406

mean administered dose of 5.160 mCi (190.9 MBq). The study showed similar 
blood clearance and excretion characteristics to the carrier-added 131I-mIBG, and 
no side effects were related to the study drug [22].

There are no randomized trials or any consensus for the optimal strategy or of 
dosing schedules of 131I-mIBG therapeutic administration. Nor are there any com-
parative studies in patients given multiple non-myelosuppressive 131I-mIBG doses 
vis-à-vis high doses. Few prospective type studies of 131I-mIBG have been pre-
sented. Consequently, the observed differences in response to131I-mIBG treatment 
and survival could be attributed to patient selection. Several patients benefit from 
131I-mIBG treatment: symptomatic response is high, ranging between 75 and 90 %, 
biochemical response rate is 45–74 %, and morphologic response is 27–47 % [24]. 
Nevertheless, complete response is low, ranging from 0 to 18 %, whereas 5-year 
survival ranges between 45 and 85 % [6, 12, 13]. The relative ease of the process, 
the partial response to treatment, the noted symptomatic and biochemical improve-
ment, and limited side effects compared to chemotherapy make – regardless of its 
shortcomings – 131I-mIBG an attractive therapeutic option for patients with meta-
static PHEO/PG.

19.3  131I-mIBG Therapy for NB

Seventy percent of patients with NB initially respond to surgery and chemotherapy, 
but approximately 50 % of those with high risk of relapse do so, with no reliable 
salvage therapy. Nonsurgical treatment for high-risk NB consists of three phases: 
induction, stabilization, and preservation, which can be administered with chemo-
therapy, radiotherapy, bone marrow transplantation, 131I-mIBG, or immunotherapy 
[25]. Chemotherapy at myelosuppressive doses and autologous bone marrow trans-
plantation improve survival as consolidation therapy in randomized clinical trials. 
131I-mIBG has been used mainly in patients with relapsed and refractory disease 
(alone and/or combined with chemotherapy) rather than as first-line therapy. 
131I-mIBG has been administered at fixed doses of 100–200 mCi (3.7–7.4 GBq) with 
cumulative activity of 600–1.000 mCi (22.2–37 GBq). Doses based on body weight 
(2.6–18.0 mCi/kg; 96.2–666 MBq/kg) or with a total-body radiation dose delivered 
of 1–4 Gy in dosimetry have been given in NB (for doses > 12 mCi/kg or a total-body 
radiation dose > 2 Gy, collection of hematopoietic cells is advocated) [6]. Nonetheless, 
therapeutic treatment based on dosimetric assessment is mandatory in NB due to 
prior therapy and the increased possibility of hematologic toxicity [18].

In a systematic review of 979 patients included in 30 studies (studies of induction 
treatment n = 2, consolidation n = 1, relapsed and refractory disease n = 27), partial 
response to 131I-mIBG therapy in patients with relapsed and refractory disease 
ranged from 0 % to 75 %, with an average value of approximately 32 % (and com-
plete response in less than 10 %) [26]. Recently, a retrospective analysis of 218 
patients with refractory or relapsed NB showed that, after 131I-mIBG treatment, the 
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refractory cohort had higher rates of stable disease compared to those patients with 
prior relapse (59 % versus 39 %), lower rates of progressive disease (9 % versus 
24 %), and superior 2-year overall survival (65.3 % versus 38.7 %) [27]. The use of 
no-carrier-added 131I-mIBG (specific activity 165 MBq/μg) was recently evaluated 
in a clinical trial using doses ranging from 444 to 666 MBq/kg (12–18 mCi/kg) with 
autologous peripheral stem cell transplantation [28]. In this group of 15 patients, no 
other significant (non-hematologic) toxicity was observed. An important increase of 
total-body dose was noted by increasing the dose/kg of no-carrier-added 131I-mIBG, 
with total-body doses analogous to those with carrier-added mIBG. Furthermore, 
the median tumor-absorbed dose was higher than that of carrier-added mIBG (49 Gy 
versus 33 Gy).

Treatment with 131I-mIBG is effective; however, more data along with clinical 
evidence are needed to understand how best it should be incorporated in multimodal 
therapy of NB. Further (prospective randomized studies) are needed to asses effec-
tive compared to chemotherapy, whether there is a benefit of combination therapy 
with 131I-mIBG and chemotherapy compared to 131I-mIBG alone. Furthermore, the 
optimal 131I-mIBG dose is yet to be defined.

19.4  Future Developments

The armamentarium for PHEO/PG/NB in the future may be enriched with 131I-mIBG 
combined with chemotherapy given as consolidation therapy, combination 
131I-mIBG/topoisomerase inhibitor treatment with topotecan [29] or irinotecan [30], 
or 131I-mIBG administered with hyperbaric oxygen [31]. High-purity, carrier-free 
131I-mIBG may be further used and assessed. Enhancing norepinephrine transporter 
expression and 131I-mIBG efficacy is also sought with differentiating agents (reti-
noic acid, interferon alpha and gamma) [4]. Finally it remains to be seen whether 
newer alpha-radiation-emitting meta-astato(211At)-benzylguanidine (MABG) can 
be a radionuclide with potential therapeutic use [32].
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Chapter 20
Peptide Receptor Radionuclide Therapy 
for Neuroendocrine Tumors

Janet Pollard, M. Sue O’Dorisio, Thomas O’Dorisio, and Yusuf Menda

20.1  Somatostatin Receptors as Primary Target 
for Neuroendocrine Tumors

Neuroendocrine tumors (NETs) arise from the diffuse neuroendocrine system with 
approximately 55 % arising in the small bowel, 25 % in lung bronchioles, and 20 % 
in the pancreas. Less frequent sites include the appendix, cervix, ovaries, prostate, 
thyroid, breast, and rectum (Fig. 20.1). Pheochromocytoma and paraganglioma will 
not be considered in this review as excellent evaluations of genetics and imaging in 
these rare tumors have been published recently [1, 2]. Neuroendocrine tumors are 
graded according to the mitotic index and/or Ki-67 expression. Grade I tumors dem-
onstrate neuroendocrine differentiation with mitotic index and Ki-67 < 2 %; grade II 
tumors are also well differentiated with a mitotic index of 3–10 % and Ki-67 index 
of 2–20 %. Grade III NETs may be either well differentiated or poorly differentiated 
with mitotic index greater than 10 % and Ki-67 greater than 20 %. Poorly differenti-
ated, grade III tumors are classified as neuroendocrine carcinoma (NEC) and can be 
either small-cell or large-cell malignancies. However, it is important to recognize 
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that neuroendocrine tumors of any grade can metastasize, most often to the liver, 
lymph nodes, or bone. The incidence and prevalence of NETs in the USA have been 
tracked in the Surveillance, Epidemiology, and End Results (SEER) database of the 
National Institutes of Health since 1973. The most recent comprehensive analysis of 
SEER data with regard to neuroendocrine tumors was published in 2008 [3]; the 
estimated rate of new diagnoses was 5.2/100,000 person-years, with a prevalence of 
approximately 103,000. NETs are primarily a disease of older adults, but may also 
be diagnosed in childhood. According to the SEER database, the incidence of NETs 
in the 0–29-year age group is much lower at 0.3/100,000 with a prevalence in the 
USA of 7724 children and young adults referenced to 1 January 2004 [4]. A rapid 
increase in the worldwide incidence of NETs has been observed over the past decade 
as first pointed out for tumors of the lung, small bowel, and pancreas [5]. This 
increase was confirmed for all NETs in Norway, where the incidence increased 
from 13.3 to 21.3 per 100,000 person-years from 1993 to 2010 [6] and for 
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gastroenteropancreatic (GEP) NETs in Italy [7]. Much of this increase in incidence 
is likely due to both the increased sensitivity of newer diagnostic techniques and to 
the recognition that even NETs formerly classified as “benign” can metastasize.

Except for the undisputed role of surgery in the management of neuroendocrine 
tumors, the development and registration of the somatostatin analogs (congeners) 
octreotide and lanreotide have been critical in the management of NETs, both in 
symptom control and in delaying disease progression. Equally relevant, these ana-
logs have helped unmask the unique, highly sensitive, and specific properties of most 
NETs, namely, somatostatin-octreotide/lanreotide cell membrane receptor (soma-
tostatin receptor subtype 2, sstr2) kinetic [8]. As well, we now know that both octreo-
tide and lanreotide have antiproliferative (therapeutic) action [9, 10]. Octreotide has 
a “mild antiproliferative” action shown with a placebo-controlled, double-blind ran-
domized noncrossover trial [9]. The CLARINET Trial was a randomized placebo 
versus lanreotide-controlled double-blind study (cross = over design) that demon-
strated clear antiproliferative action of lanreotide [10]. Lanreotide has been recently 
registered in the USA with specific indication as an antiproliferative drug for NETs.

In order to better understand the rationale for somatostatin analogs’ use in both 
NETs diagnosis and therapy, it is necessary to briefly review the properties of the 
somatostatin analogs. The development of a synthetic analog for somatostatin (orig-
inally termed “somatotropin release-inhibiting factor, SRIF”) began shortly after its 
isolation in 1973 [11]. The first analog such compound to become clinically avail-
able was octreotide (SMS 201–995) followed by lanreotide. The striking similari-
ties between the two synthetic analogs can be appreciated in Fig. 20.2. As can be 
noted, both synthetic somatostatin analogs have achieved reproducing the biologi-
cally active portion of native somatostatin in the ringed amino acid residues (eight 
amino acids) without needing to synthetize the whole 1–14 residue native com-
pound. Equally important is the maintenance of the lysine residue within the syn-
thetic ring. Lysine is the purported binding unit to the somatostatin membrane 
receptor, sstr2 [12]. Another observation can be made from an exam of Fig. 20.2 is 
that the synthetic somatostatin analog tested and available for both diagnosis and 
therapy is a slightly modified octreotide. [Tyr(3)]-octreotide (TOC) represents the 
replacement of phenylalanine residue in position 3 with the tyrosine moiety. When 
the chelator, DOTA, is attached to TOC (DOTATOC), it can be labeled with the 
radiometal gallium-68 (68Ga) for diagnosis and detection of sstr2 receptor avid 
NETs and Yttrium-90 (90Y) or lutitium-177 (177Lu) for therapy. As well, octreotate 
(TATE) is tyrosine(3)-octreotide but with an amidated form of threonine rather than 
threoninol. It is linked to the chelator, DOTA, and is labeled with 68Ga for diagnosis 
and 90Y or 177Lu for therapy. Lanreotide has also been linked to a chelator and used 
for therapy with 177Lu/90Y, but the modified octreotide forms are now fully devel-
oped, and 68Ga-DOTATE has been approved by the United States Food and Drug 
Administration for PET imaging of somatostatin receptor-positive tumors.

Two important works from JC Reubi helped to establish the predominate soma-
tostatin subtype receptor 2 to be present on at least 80 % of all neuroendocrine 
tumors [13]. He also demonstrated the high affinity and specificity of the labeled 
synthetic analogs for the somatostatin receptor subtype 2. Table 20.1 has been 
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 modified from Reubi’s work which compares the affinity profiles (IC50) of a series 
of synthetic somatostatin analogs to the subtypes of human somatostatin receptors, 
sstr2-5 [14]. The sstr1 responses have been deleted for clarity since all forms had 
IC50s greater than 10,000. Further, only the mean value for each analog for the 
respective receptor is shown, and the SDs were deleted for clarity. Cell lines were 
transfected with each somatostatin receptors. As can be noted, when compared to 
the IC50 of octreotide, the affinities of the synthetic analogs DOTATOC and 
DOTATATE were variously improved when radiolabeled with 68Ga or 90Y.

20.2  Peptide Receptor Radionuclide Therapy (PRRT): 
Rationale and Patient Selection

PRRT for NETs uses radiolabeled octreotide analogs to deliver targeted radiation to 
somatostatin receptor (primarily sstr2)-positive tumor tissue. Success of PRRT is 
based upon delivering high radiation dose to tumors while minimizing harmful 
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Table 20.1 Affinity profiles (IC50) of a series of somatostatin analogs to the subtypes of human 
somatostatin receptors (sstr2–5) modified from JC Reubi et al. [14]

Peptide sstr2 sstr3 sstr4 sstr5

SS-28 2.7 7.7 5.6 4.0
Octreotide 2.0 187 >1000 22
DTPA-Octreotide 12 376 >1000 299
DOTATOC 14 27 >1000 103
68Ga-DOTATOC 2.5 613 >1000 73
90Y-DOTATOC 11 389 >10,000 114
DOTATATE 1.5 >1000 453 547
68Ga-DOTATATE 0.2 >1000 300 377
90Y-DOTATATE 1.6 >1000 523 187
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radiation effects to nontarget tissues. Achievement of a high therapeutic index 
requires selection of patients with disease with high expression of somatostatin 
receptor subtype 2 (sstr2) which binds the octreotide analog component of the 
radiolabeled PRRT compound [15]. Imaging with 111In-DTPA-octreotide 
(Octreoscan®) or the 68Ga-labeled octreotide analogs can gauge the degree of sstr2 
expression in tumors and identify patients appropriate for PRRT [15]. Quantification 
of sstr2 expression by histology alone is limited to the site of the sample and may 
misgauge the sstr2 receptor expression at the remainder of disease sites [15].

PRRT agents are composed of a radionuclide bound to a somatostatin receptor 
analog by a chelator. Diethylenetriamine pentaacetic acid (DTPA) has been used as 
the chelator to label octreotide with 111In; however, the current PRRT agents labeled 
with 90Y and 177Lu utilize 1,4,7,10-tetra-azacyclododecane-N,N’,N”,N”’-tetra- 
acetic acid (DOTA) because of its improved stability of the radionuclide-peptide 
complex [16]. The stability of labeling is critical as free 177Lu and 90Y accumulate in 
the skeleton increasing radiation dose to the bone marrow [17]. Initial attempts in 
PRRT were performed with 111In-DTPA-octreotide, which emits—in addition to 
gamma rays used for imaging—Auger and conversion electrons that have cytotoxic 
effects. These particles have tissue penetration of 0.02–10 μm and 200–500 μm, 
respectively [18]. Objective responses were rare with 111In- DTPA-octreotide [19], 
which led to efforts in developing beta-emitter PRRT agents. Beta particles have 
higher energy and longer range tissue penetration, which increases cytotoxicity. 90Y 
has tissue penetration of 11 mm, while 177Lu has a shorter maximal tissue penetra-
tion of 2 mm. Although different somatostatin analogs have been developed for 90Y 
and 177Lu DOTA-chelated peptides, 90Y-DOTATOC and 177Lu-DOTATATE have 
emerged as the primary radiopharmaceuticals for PRRT for NETs.

Consensus guidelines for indications, preparation, administration, and follow-up 
for PRRT in NETs have been published [20]. PRRT is indicated for treatment of 
metastatic or inoperable NETs with positive expression of sstr2 [20]. After histo-
logic confirmation of NET, candidacy for PRRT requires demonstration of the pres-
ence of sstr2 receptors on target tumors with somatostatin receptor imaging. As 
primary toxicities associated with PRRT are renal and bone marrow toxicity, poor 
renal function and inadequate bone marrow reserve are relative contraindications to 
PRRT. Given the more severe renal toxicity associated with 90Y-DOTATOC, normal 
renal function is generally required for 90Y-DOTATOC, whereas patients with mild/
moderate renal impairment may be safely treated with 177Lu [20]. The following 
hematological parameters are suggested prior to PRRT: white blood cell count 
>3000/μl, absolute neutrophil count >1000/μl, RBC >3,000,000/μl, platelets 
>75,000/μl for (177Lu), and >90,000/μl for (90Y) [20]. Patient with diffuse bone/bone 
marrow metastases should not be treated with 90Y-DOTATOC but may be treated 
with 177Lu-DOTATATE [21].

An amino acid co-infusion for renal radioprotection is now a standard practice 
for PRRT. The mechanism of action of amino acid infusion will be discussed later 
in the chapter. The recommended amino acids are lysine and/or arginine diluted in 
large volumes of saline, typically 25 g of amino acid in 1 L of normal saline with 
the large saline volume used for protection against electrolyte disturbances. A mini-
mum of 50 g of arginine and/or lysine (typically given as 25 g of lysine and 25 g of 
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arginine) should be administered, and the amino acid infusion needs to be started 
30–60 min prior to the administration of the radiopharmaceutical. Currently there is 
no commercially available preparation of an amino acid solution in the USA that 
contains only arginine and lysine; the commercially available amino acid solutions 
contain a multitude of amino acids with a significantly higher osmolarity, which is 
associated with a higher incidence of nausea and vomiting. The amino acid infusion 
takes approximately 4–6 h depending on the infusion rate. As the amino acid infu-
sion is frequently accompanied by nausea and vomiting, antiemetic therapy (such as 
a 5-HT3 antagonist) should be given [20].

20.3  Efficacy of Peptide Receptor Radionuclide Therapy 
(PRRT)

20.3.1  90Y-DOTATOC

[90Y-DOTA0,Tyr3]-octreotide (90Y-DOTATOC) was the first beta-emitter PRRT agent. 
90Y is a pure β-emitter, with a maximum energy of 2.3 MeV and maximum range of 
11 mm and a half-life of 64 h. The relatively long range of the β-particle of 90Y allows 
for a bystander effect in heterogeneous tumors in which some cells may not express 
somatostatin receptors. 90Y-DOTATOC is generally administered in fixed doses of 
2.78–4.44 GBq every 6–12 weeks over 2–4 cycles [20]. 90Y-DOTATOC has been 
investigated in several phase 1 and 2 studies; there are currently no randomized trials 
comparing 90Y-DOTATOC with accepted standard therapy agents for NETs.

The largest study with 90Y-DOTATOC in NETs was reported by Imhof et al. in 
1109 patients with tumor progression in the preceding last 12 months prior to 
PRRT [22]. There were 821 patients with gastroenteropancreatic NETs, 185 
patients had unknown primaries, and 103 with other less common NETs. Patients 
were treated with 3.7 GBq/m2 per cycle, with additional treatment cycles adminis-
tered if they showed stable or improving disease at follow-up; additional treatment 
was withheld if they showed progression or permanent toxicity. Morphologic 
response (any change in tumor size) was observed in 34 % of patients, although 
complete response was only seen in 0.6 %. Drop in tumor markers was noted in 
15 %, and clinical response (improvement in symptoms and/or weight gain) was 
observed in 60 % of patients. Overall median survival after 90Y-DOTATOC PRRT 
was 94.6 months, which was 2.9 times longer than historic data for metastatic 
NETs treated with other modalities [22]. The efficacy of 90Y-DOTATOC in 
advanced NETs was also reported in two multicenter studies [23, 24]. The first 
study was a phase 1 study that included 58 patients, 47 of them with progressive 
disease, who were treated with a wide range of cumulative doses between 1.7 and 
32.8 GBq of 90Y-DOTATOC. There were no complete responses in this group; 
partial or minimal response was seen in 21 %, and stable disease was reported in 
45 % of the patients who initially presented with progression. Symptomatic 
response was observed in 57 % of patients [24]. In another multicenter phase 2 
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study, Bushnell et al. reported the results of 90 patients with symptomatic carci-
noid tumor treated with 4.4 GBq of 90Y-DOTATOC, every 6 weeks over 3 cycles. 
Although only 4 % showed a partial response (no complete response) and 70 % had 
stable disease after therapy, 51–60 % of patients reported durable improvement in 
carcinoid symptoms including diarrhea, flushing, and abdominal pain, with an 
average length of symptomatic response between 8 and 12 weeks [23]. These stud-
ies along with other single-center studies show that 90Y-DOTATOC therapy may 
provide objective disease control by stabilizing patients with progressive disease, 
however, rarely leads to complete or partial responses. 90Y-DOTATOC therapy pro-
vides durable symptomatic relief in majority of patients and may also improve 
overall survival. The response to PRRT is generally worse in patients with higher 
tumor burden in the liver, more advanced disease, and higher grade NETs [25]. In 
children and young adults, a phase 1 study in 17 patients with a variety of soma-
tostatin receptor-positive tumors including neuroblastoma, NETs, and brain 
tumors, PRRT with 90Y-DOTATOC was safe without dose-limiting toxicities and 
an overall response rate of 41 % [26].

20.3.2  177Lu-DOTATATE

177Lu-[DOTA0,Tyr3] octreotate (177Lu-DOTATATE) is both a β-emitter and γ-emitter. 
The 177Lu β particles have maximum energy of 0.5 MeV and maximum range of 
2 mm and a half-life of 6.7 days. The lower β particle energy as compared with 90Y 
improves irradiation of smaller-size tumors [16]. 177Lu also emits γ-rays of energy 
208 and 113 keV with relative abundance of 10 % and 6 %, respectively, which 
allows for imaging and dosimetry in addition to therapy [16]. Similar to 
90Y-DOTATOC, standard protocols for 177Lu-DOTATATE therapy follow a fraction-
ated fixed dosing regimen consisting of 3–5 cycles with a per cycle dose of 5.55–
7.4 GBq [20]. Per cycle activity is reduced if dosimetry indicates radiation dose to 
the kidneys exceeding 23 Gy [27]. In addition to several phase 1 and 2 non-random-
ized/non-controlled trials, early data is now available for 177Lu-DOTATATE from 
the first prospective randomized/controlled phase 3 trial (NETTER-1), the first of its 
kind for a PRRT agent. The experience of several of the largest studies and the pre-
liminary data from the NETTER-1 clinical trial are summarized.

The largest prospective study to date reported phase 2 efficacy results for 
177Lu-DOTATATE in 310 patients with various types of GEP-NETs (carcinoid 
n = 188, nonfunctional pancreatic n = 72, unknown origin n = 31, gastrinoma n = 12, 
insulinoma n = 5, VIPoma n = 2), 43 % of them with disease progression prior to 
therapy. Overall objective tumor response rate was 46 %, including complete 
response (CR) in 2 %, partial response (PR) in 28 %, and minor response (MR) in 
16 %. Median overall survival (OS) from the start of treatment was 46 months [27]. 
The pancreatic NET subgroup was the focus of two recent studies. In a prospective 
phase 2 trial of 52 patients with pancreatic NETs, where 26 patients received 
27.8 GBq and 26 received 18.5 GBq, the high-dose cohort showed a complete 
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response of 12 %, partial response of 27 %, and stable disease of 46 %, compared to 
4 %, 15 %, and 58 %, respectively, for the low-dose group [28]. Another retrospec-
tive analysis of 68 patients with pancreatic NETs showed comparable results with 
overall disease control rate of 85 % in patients with baseline progression [29]. 
177Lu-DOTATE was also effective in small-bowel NETs with an overall objective 
disease control rate of 91.8 % (PR and SD) [30]. Another study in 265 patients also 
demonstrated the symptomatic improvement after PRRT, with improvement in pain, 
nausea/vomiting, and diarrhea, observed in 53–70 % of patients regardless of the 
objective disease outcome [31]. In two pilot studies of pediatric patients, treatment 
with 177Lu-DOTATE has shown objective responses in children with refractory neu-
roblastoma [32, 33].

The NETTER-1 study is the first phase 3 multicenter stratified randomized con-
trolled trial of PRRT with parallel group design comparing 177Lu-DOTATATE with 
octreotide LAR (Sandostatin® LAR Depot). The study evaluated 230 patients with 
inoperable progressive metastatic somatostatin receptor-positive grade 1–2 midgut 
NETs. Patients were randomized to either PRRT plus supportive octreotide 
(177Lu-DOTATATE 7.4 GBq every 8 weeks for four total administrations with 30 mg 
Sandostatin® LAR every 4 weeks) versus octreotide alone (Sandostatin® LAR 
60 mg every 4 weeks). At the time of this writing, results (abstract only) showed 
statistically significant favorable results for the intent-to-treat (ITT) arm including 
longer progression-free survival (median not reached for ITT versus 8.4 months for 
control) and larger objective radiographic complete and partial response rate (18 % 
versus 3 %). Overall survival data could not be definitively evaluated at the time of 
this writing, but early analysis suggests a possible improvement in survival for ITT 
group. The safety profile for 177Lu-DOTATATE was favorable with dose-modifying 
toxicity occurring in only 5 % and grade 3 or 4 hematologic toxicity occurring in 
9 % versus none of the controls [34, 35].

In summary, similar to 90Y-DOTATOC, 177Lu-DOTATATE is highly effective in 
achieving disease control, albeit with few partial/complete responses, and provides 
symptomatic relief. It improves progression-free survival compared to the standard 
therapy with octreotide. There are no randomized trials comparing 90Y-DOTATOC 
with 177Lu-DOTATATE in patients with neuroendocrine tumors. The reader is 
directed to a tabular summary of study results with both radiopharmaceuticals in the 
excellent review paper by Bodei et al. 2016 [25].

20.4  Toxicity from PRRT

PRRT labeled with 90Y and 177Lu has been proven to be generally safe and well 
tolerated. The most common adverse effect during administration of PRRT is acute 
mild-moderate nausea (25–80 %) and less often vomiting (10 %) relating to coad-
ministration of amino acids [27, 36]. Hormonal crisis occurs in about 1 % of patients 
receiving PRRT [37]. Although the mechanism of hormonal crisis is not well under-
stood, manipulation of the tumor as with PRRT, chemotherapy, induction of 
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anesthesia, surgery, or endoscopy can result in a sudden large release of metaboli-
cally active compounds [37]. Symptoms of hormonal excess include severe flush-
ing, hypotension, blood pressure fluctuation, bronchoconstriction, and arrhythmia 
[37, 38]. These patients may benefit from subcutaneous or IV octreotide 
administration.

Long-term moderate and severe adverse effects are uncommon. Renal and hema-
tologic toxicity represent the two major long-term potential adverse effects associ-
ated with PRRT. For many radiotherapies, marrow is the dose-limiting organ; 
however, for 90Y- and 177Lu-labeled PRRT agents, the kidneys are the critical dose- 
limiting organs as these agents are primarily cleared through the kidneys [39–41]. 
These radiolabeled small peptides are first filtered through the glomeruli, and 
because of their relatively small size (<70 kDa) are reabsorbed through the proximal 
tubules, a process mediated by the membrane protein megalin [40, 42]. Renal paren-
chymal retention of radiolabeled peptides increases radiation dose to the kidneys 
and can transiently and permanently degrade renal function and even lead to end- 
stage renal disease [43, 44]. Renal biopsies in patients with chronic renal failure 
after 90Y PRRT therapy showed thrombotic microangiopathy as a cause of renal 
dysfunction [45].

Rates of renal failure after PRRT are low, especially when kidney dosimetry and 
amino acid administration are followed. In a retrospective series of 807 patients 
receiving various combinations of 90Y-octreotide or 177Lu-octreotate, nephrotoxicity 
of any grade and duration occurred in 34.6 %, although severe nephropathy (grade 
3 or 4) was only noted in 1.5 % of patients, occurring only in the patients receiving 
90Y-DOTATOC [46]. In a prospective series of 1109 patients receiving 90Y-DOTATOC, 
the nephrotoxicity was higher with 9.2 % of developed grade 4 or 5 permanent renal 
toxicity; the relatively higher administered activity of 90Y-DOTATOC in this study 
per cycle, at 3.7GBq/m2 per cycle, may have contributed to the relatively higher 
incidence of toxicity in this group [22]. In a series of 504 patients receiving 
177Lu-DOTATATE, no renal toxicity attributable to the therapy was observed [27]. 
Overall, 177Lu-labeled PRRT shows lower rates of nephrotoxicity than 90Y-labeled 
PRRT, which is likely due to the lower energy β particle emission of 177Lu, which 
results in lower tissue penetration [16].

The maximum permissible cumulative absorbed dose to the kidney appears to be 
~23–27 Gy [47, 48]. Coadministration of highly concentrated amino acids with 
PRRT has long been recognized as a method of reducing renal radiation dose and 
toxicity by competitively blocking the renal tubular reabsorption and retention of 
the radiolabeled peptides, resulting in a renal absorbed dose reduction of 9–53 % 
[39, 47, 49, 50]. The positively charged amino acids D-lysine and L-arginine have 
been particularly effective [47, 49, 51]. Amino acid administration is responsible for 
the most frequently encountered acute side effects of PRRT. Rates of gastrointesti-
nal toxicity following amino acid infusion have ranged from 25 to 69 % depending 
on the infusion protocol, with higher infusion rates associated with more nausea/
vomiting [27, 47]. These symptoms have been attributed to the level of osmolarity 
and, in particular, to the arginine component of the solution [47]. The nausea and 
vomiting can be successfully controlled with antiemetics [25, 27]. Another potential 
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renoprotective agent is Gelofusine, which is a plasma tissue expander that has been 
shown to disrupt protein reabsorption in the kidneys, reducing renal radiation dose 
by 45 %, comparable to amino acid infusion [52]. A summary of studies reporting 
on severe renal toxicity is presented in Table 20.2.

Although serious long-term bone marrow toxicity is rare with PRRT, subacute 
and reversible Grade 3–4 bone marrow toxicity occurs in 10–13 % of patients [22, 
46]. Evidence suggests marrow exposure is not related to sstr2 receptor uptake, but 
rather transchelation of the radiometal component of the radiopeptide to transferrin 
[53]. Imhof et al. (2011) in a prospective phase 2 study of 1109 patients receiving 
multiple cycles of 90Y-DOTOTOC noted transient grade 3–4 hematologic toxicity in 
12.8 % patients; follow-up was not sufficient to assess for long-term toxicity [22]. 
Bodei et al. in a retrospective study of 807 patients undergoing PRRT regimens with 
177Lu or 90Y or combination of radiopharmaceuticals noted myelodysplastic syn-
drome and acute leukemia in 2.4 % and 1.1 % of patients, respectively [46].

Risk factors for the development of toxicity from PRRT have been sought as a 
measure for predicting outcomes from PRRT. Imhof et al. (2011) showed severe 
nephrotoxicity was associated with older age, low baseline glomerular filtration 
rate, and high kidney uptake score [22]. Bodei et al. (2015) identified several risk 
factors for the development of long-term renal and bone marrow toxicity. Long- 
term nephrotoxicity was associated more with 90Y and 90Y + 177Lu than with 177Lu 
alone (33.6 %, 25.5 %, and 13.4 %, respectively); hypertension and hemoglobin 
toxicity; other nephrotoxic drug exposure; and shorter duration of PRRT from 
first to last cycle. Long-term hematologic toxicity was associated with platelet 
toxicity grade and longer duration of PRRT. Despite known variables relating to 
adverse effects on kidneys and marrow, in the analysis of Bodei et al. (2015), 

Table 20.2 Grade 3–4 renal toxicity after PRRT

Grade 3–4 renal toxicity

PRRT Patients

Imhof et al. (2011) 
[22]

Prospective 90Y-DOTATOC n = 1,109 9.2 %

Bodei et al. (2015) 
[46]

Retrospective 177Lu-DOTATE; 
177Lu-DOTATATE 
+90Y-DOTATOC; 
90Y-DOTATOC

n = 807 1.5 %

Kwekkeboom et al. 
(2008) [27]

Prospective 177Lu-DOTATATE n = 504 None

Bodei et al. (2011) 
[54]

Prospective 177Lu-DOTATATE n = 51 None

Sabet et al. (2015) 
[30]

Retrospective 177Lu-DOTATATE n = 61 None

Ezzedin et al. (2014) 
[29]

Retrospective 177Lu-DOTATATE n = 68 None

Delpassand et al. 
(2014) [36]

Prospective 177Lu-DOTATATE n = 32 None

Note the absence of severe kidney toxicity after 177Lu-DOTATATE only therapy
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these factors predicted only a minority of such cases of toxicity (<30 %), which 
points to some as yet unidentified factors, possibly genetic, underlying adverse 
effects from PRRT [46].

In summary, long-term serious side effects of nephrotoxicity and hematotoxicity 
from PRRT are overall rare. 177Lu-labeled agents generally show lower rates of 
nephrotoxicity than 90Y, likely due to lower energy and penetration of its β particle. 
Radioprotection of the kidneys by amino acid infusion is standard practice. Acute 
side effects relating to nausea and vomiting secondary to the amino acid administra-
tion are common and can be managed with antiemetics.

20.5  Approaches to Improve the Efficacy of PRRT

20.5.1  Combination of Radiopharmaceuticals

The combination therapy with 90Y- and 177Lu-labeled DOTA-octreotide analogs uses 
the different penetration range of the beta particles of both isotopes (max range of 
11 mm for 90Y versus 2 mm for 177Lu) to allow targeting of tumors of variable sizes. 
177Lu with its shorter range will be more effective than 90Y for smaller lesions (as a 
significant portion of the energy of 90Y radiation will be deposited outside the 
tumors), whereas 90Y will deposit a higher radiation dose to larger tumors (which 
may be outside the range of 177Lu beta particles). 177Lu and 90Y therapies have been 
given simultaneously or in sequence. In a prospective study by Kunikowska et al., 
50 patients were randomized to receive either 90Y-DOTATATE or a combined dose 
of 90Y/177Lu-DOTATATE (1:1 ratio) with an administered activity of 3.7 GBq/m2 per 
cycle over 3–5 cycles [55]. This study found a significantly better survival in patients 
treated with the combination therapy, with a probability of a 24-month survival of 
62 % in the group treated with 90Y-DOTATATE versus 89 % in those treated with 
90Y/177Lu-DOTATATE. In another cohort study, Villard et al. treated 237 patients 
with 90Y-DOTATOC and 249 patients with alternating cycles of 90Y-DOTATOC and 
177Lu-DOTATATE and found a significantly better survival in the combination group 
versus the monotherapy group (median survival of 66.1 months versus 47.5 months) 
[56]. There was no significant difference in renal or bone marrow toxicity between 
the monotherapy and combination therapy group.

20.5.2  PRRT Combined with Chemotherapy

Chemotherapeutic radiosensitizers may increase the efficacy of PRRT. Claringbold 
and colleagues from Australia have reported the results of several phase 1–2 studies 
that combine 177Lu-DOTATATE with capecitabine or with a combination of 
capecitabine and temozolomide in patients with advanced neuroendocrine tumors 
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[57–60]. In their initial study of 33 patients who received PRRT along with 
capecitabine, the objective response rate was 24 % with a tumor control rate of 94 % 
achieved in patients with progressive disease [57]. As the combination of 
capecitabine and temozolomide (CAPTEM) is used increasingly as first-line che-
motherapy regimen for metastatic NETs [61, 62], more recent studies have explored 
the combination of CAPTEM with PRRT. In 30 patients with progressive pancreatic 
neuroendocrine tumors treated with 177Lu-octreotate combined with 14 days of 
capecitabine (at 1,500 mg/m2) and 5 days of temozolomide (at 200 mg/m2), the 
overall response rate was 80 %, with complete remission reported in 13 % and par-
tial response in 70 % of the cases. These higher response rates compared to the 
historical results with monotherapy PRRT did also not come at the expense of 
higher rate of adverse events [59]. The long-term safety of the CAPTEM and 
177Lu-DOTATATE was also demonstrated by Kesavan et al. in 65 patients, who did 
not demonstrate any significant increase in hematological toxicity over a 5-year 
period with the combination therapy compared to what would be expected from 
monotherapy with 177Lu-DOTATATE [60].

20.5.3  Intra-arterial PRRT of Liver Metastases

The delivery of the radiopeptide into the liver metastases may be improved through 
direct intra-arterial administration. This concept was demonstrated by Kratochwil 
et al. by the comparison of Ga-68 DOTATOC uptake in liver metastases after intra-
venous and intra-arterial administration, which demonstrated an average of 3.75- 
fold increase in uptake after intra-arterial injection [63]. Although the translatability 
of this observation to therapeutic radiopeptides has been questioned by other inves-
tigators due to differences in binding affinity of the radiopharmaceuticals [64], two 
pilot treatment studies reported promising results with intra-arterial administration 
of 90Y-DOTA-lanreotide and 90Y-DOTATOC for hepatic metastases, with partial 
response rates of 16 % and 53 %, respectively [65, 66].

20.5.4  Dosimetry-Based Therapy

PRRT with 90Y-DOTATOC and 177Lu-DOTATATE is typically administered in fixed 
doses. These doses are established to provide a high likelihood of tumor effect and 
low likelihood for renal and bone marrow toxicity, the dose-limiting organs for 
PRRT. The renal and bone marrow doses are, however, highly variable among the 
patients. With individual dosimetry, personalized treatment doses can be established 
to ensure that total renal doses do not exceed 23–27 Gy, and the bone marrow dose 
does not exceed 2 Gy, the generally accepted thresholds for organ toxicity [67, 68]. 
This concept is supported by the findings of dose-dependent radiation 
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nephrotoxicity with 90Y-DOTATOC therapy [67] and the positive correlation dem-
onstrated between tumor shrinkage and radiation dose to the tumor with PRRT [69]. 
The dosimetry protocol for PRRT depends on the radiopeptide used for therapy. 
177Lu-DOTATATE due to its gamma emissions can be used for pre-therapy dosim-
etry of the same therapeutic agent. For treatment with 90Y-DOTATOC, 86Y-DOTATOC 
PET-CT imaging is ideal for pre-therapy dosimetry; however, the cost and limited 
availability of 86Y limit its routine use. The widely available 111In-octreotide is used 
as a surrogate for dosimetry of 90Y-DOTATOC; however, the significantly different 
binding affinity of 111In-octreotide leads to overestimation of kidney dose and under-
estimation of normal liver dose [41]. Another important consideration for prethera-
peutic dosimetry is the need to administer the amino acid solution to avoid 
overestimation of the kidney dose; however, this can cause significant nausea and 
vomiting as previously discussed. The widespread adaptation of dosimetry has been 
also hampered by the need of multiple patient visits and limited availability of 
expertise. Studies demonstrating the improved outcome in terms of toxicity and 
tumor response with the dosimetric approach would justify this complex but person-
alized approach to PRRT.

20.5.5  Use of Somatostatin Receptor Antagonists

Somatostatin receptor antagonists, unlike the agonists, are not internalized after 
binding to somatostatin receptors. However, antagonists appear to have significantly 
higher binding affinity for somatostatin receptors allowing a higher radiation dose 
delivery in pilot studies [70–72]. In in vitro samples of NET tissues, Cescato et al. 
found approximately four times higher binding affinity for the sstr2 by the antago-
nist, 177Lu DOTA-BASS, compared to 177Lu-DOTATATE [70]. More recently, a 
newer generation antagonist with higher receptor affinity, 177Lu-DOTA-JR1, was 
investigated in a pilot treatment study of four patients with advanced NETs [72]. In 
all four patients, 177Lu-DOTA-JR11 demonstrated a higher tumoral uptake and lon-
ger tumor residence time compared to 177Lu-DOTATATE resulting in a 1.1–7.2 
times higher tumor-to-kidney and tumor-to-bone marrow dose [72].

20.5.6  Alpha Emitters

Alpha emitters have a higher linear energy transfer and shorter path length than beta 
emitters. This leads to a significantly higher radiation dose delivery to the tumor 
cells expressing somatostatin receptors and lower dose to adjacent normal tissue. 
Nayak et al. demonstrated in human adenocarcinoma cell lines 3.4 times higher 
relative biologic effectiveness for an alpha emitter, 213Bi-DOTATOC, as compared 
to 177Lu-DOTATOC [73]. In a pilot study of seven patients who previously failed 
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treatment with beta-emitter PRRT, intra-arterial therapy with 213Bi-DOTATOC for 
liver metastases (n = 6) and intravenous therapy for bone marrow metastases (n = 1) 
produced durable responses with acceptable toxicity [74].
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Chapter 21
Alpha Radionuclide Therapy: Principles 
and Applications to NETs

Jorge A. Carrasquillo

21.1  Introduction

Several radiopharmaceuticals have been used for the treatment of neuroendocrine 
tumors (NETs). One of the most established has been I-131 MIBG, which is used 
for treating carcinoids, pheochromocytoma/paraganglioma (PHEO/PARA), neuro-
blastoma, and other NETs. More recently, the use of radiolabeled somatostatin ana-
logs has been established, including In-111 DTPA pentetreotide and Y-90 or Lu-177 
DOTATOC, DOTATATE, DOTANOC, and other somatostatin analogs [1, 2]. In 
addition to these receptor-targeted agents, other radiopharmaceuticals based on 
affinity for bone matrix have been used occasionally. These include Sr-89 chloride, 
a bone-seeking radiopharmaceutical [3–7] and possibly Sm-153 EDTMP. An addi-
tional approach for the treatment of metastatic disease to the liver has been the use 
of radiolabeled Y-90 resin or glass microspheres that depend on local delivery via 
blood flow [8–10]. For all of the above reagents, the radionuclides’ therapeutic 
emissions are beta particles, with the exception of In-111, an auger emitter.

In contrast to beta particles for therapeutic applications, there are significant 
advantages to using alpha emitters. The path length of alpha emitters is in the range 
of 50–100 microns compared to that of beta emitters, which is generally in the range 
of millimeters. Compared to the low linear energy transfer (LET) of beta emitters, 
alpha emitters have high LET. As a result, alpha emitters deposit much more energy 
along their path than beta emitters, resulting in greater biological effectiveness of 
the deposited radiation than seen with beta radiation. With alpha emitters, the gen-
eration of double-strand DNA breaks gives rise to cytotoxicity that is independent 
of dose rate, cell cycle growth phase, and oxygen concentration [11]. It has been 
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shown that transversal of alpha particles through the nucleus and not the cell mem-
brane or cytoplasm is related to induction of cell death [12]. According to estimates, 
as few as 1–20 alpha tracks crossing the nucleus will result in cell death [11], which 
is brought about through a number of mechanisms such as apoptosis, autophagy, 
necrosis, and mitotic catastrophe. A list of the most promising alpha emitters to date 
and their characteristic emissions is shown in Table 21.1.

Several clinical examples of therapeutic applications of alpha emitters exist, pre-
dominantly using antibodies as the targeting vehicle [13–16]. Radiolabeling meth-
ods to attach the various alpha emitters to radiopharmaceuticals have been described 
[17]. Ra-223 dichloride (formerly known as Alpharadin and more recently known 
as Xofigo™) is the only approved alpha emitter radiopharmaceutical to date [18]. 
While Ra-223 is only approved in the setting of metastatic prostate cancer, promis-
ing results have been reported in breast cancer [19, 20], and a single case report for 
a patient with metastatic paraganglioma has been published [21].

Although the clinical applications of alpha emitters in NETs are limited thus far, 
their feasibility and safety have been evaluated in diverse clinical studies. In this 

Table 21.1 Physical key properties of promising alpha-emitting radiopharmaceuticals

Radionuclide
T1/2 
(h) Emission

Energy deposited (MeV 
maximum)a Source

Ra-223 273.6 4 Alpha
2 Beta
4 Gamma
2 X-ray

Alpha 5.6, 6.8, 7.4, (6.6 
or 7.50)
Beta 0.48, 0.50
Gamma, 0.154, and 
0.270, 0.351
X-ray 0.81, 0.84

Th-227 decay chain

At-211 7.21 1 Alpha
0 Beta
0Gamma
2 X-ray

Alpha 5.86 or 7.45
Beta none
Gamma none
X-ray 0.077–0.079

Cyclotron Bi-209 (alpha, 
2n)

Bi-212 1.01 1 Alpha
1or 3 Beta
3 Gamma

Alpha 6.05 or 8.8
Beta 0.83 or (0.44, 0.53, 
0.65)
Gamma (0.51, 0.58, 
2.60, 0.86)

Th-228 decay chain. 
Ra-224 generator

Bi-213 0.76 1 Alpha
3 Beta
1 Gamma

Alpha 8.4 or 5.9
Beta 0.49, 0.32, 0.2
Gamma 0.440

Ac-225 decay chain

Ac-225 238 4 Alpha
3 Beta
2 Gamma

Alpha 5.8, 6.3, 7.1, (8.4 
or 5.9)
Beta 0.49, 0.32, 0.2
Gamma, 0.218, 0. 440

Th-229 decay chain or 
Ra-226 (p,2n) reaction

Pb-212 10.6 1 Alpha
2or 4 Beta
3 Gamma

Alpha 6.05 or 8.8
Beta 0.177 and 0.83 or 
(0.44,0.53, 0.65)
Gamma (0.51, 0.58, 
2.60, 0.86)

Th-228 decay chain

aBeta energy average MeV, only those gamma or beta greater than 10 % included
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chapter, we review the rationale for alpha emitters (see above); touch on some of the 
clinical trials in the non-NET literature, as they provide some preliminary feasibility 
and safety data for alpha-based radiopharmaceuticals that may be applicable to 
NETs; and discuss preclinical and, where available, clinical work with alpha emit-
ters in NETs.

21.2  Application of Alpha Emitters in Cancer (Preclinical 
and Clinical)

21.2.1  Ac-225 and Bi-213

Ac-225 for clinical use is typically produced from Th-229 [22], although accelerator- 
based methods for Ac-225 production have been described. Ra-226 (p,2n) and 
Ac-225 are yet to be used clinically [23]. Bi-213 is normally obtained from an 
Ac-225/Bi-213 generator [24]. Scheinberg et al. from Memorial Sloan Kettering 
have been pioneers in the field of alpha therapy, performing the first radioimmuno-
therapy studies in humans using Bi-213 huM195 directed against CD33 in patients 
with acute myelocytic leukemia (AML) [25]. Bi-213 has predominantly been 
attached to antibodies via a chelator such as 1,4,7,10-tetraazacyclododecane- 
1,4,7,10-tetraacetic acid (DOTA), the same chelate used for attaching metals to 
somatostatin analogs. In clinical studies, activities ranging from 0.6 to 1.6 GBq 
were administered intravenously [15]. A clinical trial combining Bi-213 huM195 
with cytarabine in patients with AML delivering activity ranging from 18.5 to 
46.25 MBq/kg showed a maximum tolerated dose (MTD) of 37 MBq/kg due to 
myelosuppression. That study concluded that the combination of alpha-emitting 
radionuclide therapy with cytarabine was tolerable and could induce remission in 
patients with AML [25].

Bi-213 9.2.27 anti-melanoma monoclonal antibody has been used in patients 
with metastatic melanoma. Following intravenous administration of 46–925 MBq 
of the Bi-213 9.2.27 antibody, 38 patients were followed for response and toxicity. 
The MTD was not achieved and no adverse events occurred. An objective partial 
response rate of 10 % was observed, with 40 % stable disease at 8 weeks and a 
median survival of 8.9 months [26].

The utilization of intralesional delivery of Bi-213 with anti-melanoma 9.2.27 
monoclonal antibody was well tolerated and induced tumor kill [27]. Furthermore, 
intra-tumoral injection of Bi-213 substance P in patients with brain gliomas (1.1–
7.36 GBq) demonstrated proof of principle, with pathological evidence of tumor 
necrosis on resection and no relevant toxicity [28].

One disadvantage of Bi-213 is its short physical half-life of 0.76 h, making it 
logistically difficult to elute and label enough activity in a timely manner, thus 
requiring production on-site with an Ac-225/Bi-213 generator. To solve this prob-
lem, McDevitt and Scheinberg’s group at MSKCC developed the concept of an 
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in vivo generator using Ac-225, a longer-lived alpha emitter that could be conju-
gated to antibody and results in the generation of multiple alpha particles in situ 
[29]. This longer-lived Ac-225 with a T1/2 of 240 h allows for the production of a 
radiopharmaceutical that can be shipped from a local manufacturing site to end 
users. Its use has been validated in preliminary phase I multicenter trials [13, 30] 
with Ac-225 lintuzumab (huM195) provided by a commercial manufacturer, 
Actinium Pharmaceuticals, Inc (www.actiniumpharma.com).

The use of Bi-213 DOTATOC in metastatic NETs to the liver has been reported 
[31]. The rationale for intra-arterial (IA) delivery is the superiority of IA hepatic 
administration of Ga-68 DOTATOC that resulted in a 3.7-fold higher intrahepatic 
tumor accumulation compared with IV infusion [32], consistent with significant 
first-pass extraction. Given the short T1/2 of Ga-68 DOTATOC, it was not clear how 
translatable this would be when a longer-lived radionuclide such as In-111, Lu-177, 
or Y-90 was utilized. Thus, in a subsequent study of a longer-lived In-111 DOTATOC, 
this group also showed tumor uptake immediately after IA that was four times 
greater than systemic administration, decreasing to 1.3 times greater at 72 h [33]. In 
15 patients treated with IA somatostatin analogs of Lu-177 or Y-90 DOTATOC, a 
7 % complete response (CR), 53 % partial response (PR), and 40 % stable liver 
metastasis were noted [33]. However, the pharmacokinetics of longer-lived isotopes 
showing a decrease in tumor uptake at 72 h compared to immediately post-infusion 
[33] suggest that short-lived radionuclides such as Bi-213-labeled somatostatin ana-
logs are preferential compared to longer-lived isotopes when locally delivered to 
tumor, given that they would deliver their payload before significant release from 
tumor.

Animal studies with Bi-213 or Ac-225 somatostatin analogs have shown promis-
ing results in preclinical tumor models [34, 35]. Given the favorable preclinical data 
with Bi-213 DOTATOC, seven patients with NETs refractory to cold octreotide and 
Y-90/Lu-177 DOTATOC received compassionate use of Bi-213 DOTATOC IA [31]. 
An Ac-225/Bi-213 generator was used to obtain the Bi-213 [36]. The Bi-213 
DOTATOC had radiochemical purity of 99.7 ± 0.3 %, and the specific activity was 
typically 80 MBq/nmol peptide at the time of injection. Injections were performed 
15 ± 2 min after generator elution. Tumor concentration was demonstrated by planar 
and SPECT imaging of the 414 keV gamma ray of Bi-213. These patients received 
1–5 treatment cycles (median 4.5) with single doses ranging from 3.3 to 10.5 GBq 
(median 7.1 GBq) and cumulative activities of 3.3 to 20.8 GBq (median 17.65 GBq). 
Enduring responses in liver metastasis were seen in all patients, and no evidence of 
tumor progression in the liver was noted by RECIST criteria during a follow-up 
period of 24–34 months, resulting in 1 CR, 2PR, and 3 SD. Response of extrahe-
patic disease was also noted in several patients. Hematopoietic toxicity was less 
than that observed in patients who had received Lu-177 or Y-90 DOTATOC. Grade 
2 thrombocytopenia was seen in one patient, and no greater than Grade 1 thrombo-
cytopenia was noted in other patients. Other hematologic toxicities were mild. One 
patient was diagnosed with MDS and AML at 2-year follow-up. The mean GFRs 
determined with Cr-51 EDTA were 115 ml/min, 101 ml/min, and 83 ml/min at base-
line, 1 year post-therapy, and 2 years post-therapy, respectively. Only one of seven 
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patients had a serum creatinine of 1.5 times higher than the upper limit of normal 
(ULN). Notably, these patients had received prior peptide receptor radionuclide 
therapy, which on its own can contribute to a decrease in GFR. These preliminary 
results, which demonstrated tumor response at therapeutically effective doses with 
limited toxicity, are encouraging [31].

A preliminary dose escalation trial of Ac-225 DOTATOC has been reported in 
abstract form on the treatment of patients with progressive NETs. Thirty-six patients 
were administered 48 treatments of Ac-225 DOTATOC intravenously, with 17 
patients receiving 2-year follow-up. The single MTD was 40 MBq. Alternative mul-
tiple fractions with 25 MBq every 4 months or 18.5 MBq every 2 months were 
delivered. A cumulative activity of 75 MBq was found tolerable with respect to 
delayed toxicity. Detailed response data was not provided, although radiologic 
treatment responses were observed in some patients [37].

21.2.2  Lead-212 (Pb-212)

Pb-212 is another alpha-emitting radionuclide that has undergone extensive pre-
clinical work by Brechbiel et al. at the NIH [38] and some clinical evaluation. It can 
be obtained from a Ra-224 generator [39]. The clinical development of Pb-212 has 
been promoted by AREVA Med (http://www.arevamed.areva.com). Chelators uti-
lized for binding Pb-212 include DOTA or 2-(4-isothiocyanotobenzyl)-1,4,7,10- 
tetraaza- 1,4,7,10-tetra-(2-carbamoyl methyl)-cyclododecane (TCMC) chelates, 
with some advantage in the stability of the complex of Pb with TCMC [40]. Pb-212 
has been conjugated to trastuzumab and used for intraperitoneal administration in 
patients with metastatic HER2-positive malignancy [41]. For clinical trials, the 
TCMC-chelated trastuzumab was radiolabeled on-site because of the short 10.6 h 
T1/2 of Pb-212. Patients were administered escalating doses of Pb-212 TCMC 
trastuzumab intraperitoneally at 7.4, 9.6, 12.6, 16.3, and 21.1 MBq/m2 after pre- 
dosing with intravenous administration of trastuzumab at 4 mg/kg. This proof of 
principal study showed little toxicity, as expected, based on dosimetric estimates. 
Assessment of tumor response was difficult to evaluate in these patients with intra-
peritoneal disease [42].

21.2.3  Bi-212

Bismuth-212 is obtained from the decay chain of Th-228 using a generator system 
[39]. It has a half-life of 60.6 min and emits one of two alpha particles (Table 21.1). 
Part of its decay scheme also involves emission of a 2.6 MeV gamma ray that is 
difficult to shield and may pose radiation safety issues. Although some preclinical 
work has been performed with Bi-212-radiolabeled antibodies [43, 44], no preclini-
cal studies in NET models or clinical studies have been performed. Preclinical work 
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with Bi-212 DOTPM, a bone-seeking radiopharmaceutical, has also been performed 
[45]. It appears that rather than Bi-212 development, the approach with the Bismuth 
radionuclide has gravitated to Bi-213 as previously discussed.

21.2.4  At-211

At-211 is a cyclotron-produced alpha emitter with a 7.2 h T1/2 [46]. Various pre-
clinical trials have been performed with At-211-radiolabeled (1) antibodies [47–52], 
(2) MIBG analogs [53–55], and (3) octreotate analogs [56]. Zalutsky and his group 
have been pioneers in the use of At-211-labeled pharmaceuticals and methods for 
radiolabeling proteins [46, 50, 57].

At-211-labeled ch81C6 anti-tenascin antibody has been used clinically via intra-
cavitary delivery in patients with primary recurrent supratentorial tumors that were 
candidates for resection. After gross resection of the tumor, a Rickham reservoir and 
catheter were placed within the surgical resection cavity (SCRC). The SCRC was 
then directly injected with 71–347 MBq of the At-211 ch81C6. Some Grade 2 neu-
rologic toxicity was noted. The 2-year survival probability was 61 % and the median 
overall survival was 54.1 weeks [14]. Because At-211 is a halogen and accumulates 
in the thyroid, thyroid blocking is required due to the possible release of free At-211. 
Minimal toxicity was observed in these patients [14].

Another study with At-211-labeled MX35 F (ab) 2 in patients with ovarian can-
cer used activity of 83–355 MBq delivered intraperitoneally. This study concluded 
that therapeutically effective amounts of i.p. therapy could be administered without 
causing any acute or deterministic radiation toxicities [52]. In this and other studies 
with At-211, gamma camera imaging has been performed to assess biodistribution 
and targeting [58].

Preclinical work has been done with octreotate derivatives that have been modi-
fied with two prosthetic groups: one containing a carbohydrate unit and the other, a 
tin group-containing aryl moiety, both amenable to At-211 labeling [56]. 
Unfortunately, these derivatives have less than ideal tumor targeting and internaliza-
tion, and clinical trials have not been performed.

Preclinical studies have also been performed with At-211-labeled analogs of 
MIBG. Norepinephrine transporters are overexpressed in neuroblastoma, PHEO/
PARA, carcinoids, and other NETs. Iodine-labeled MIBG uptake is based on bind-
ing to the norepinephrine transporter and has been used extensively for the imaging 
and therapy of these NETs [59–61]. Based on MIBG, Zalutsky et al. have developed 
various At-211-labeled analogs of MIBG with high affinity. The first reagent labeled 
was meta-[At-211] astatobenzylguanidine [49]. Following a technique used for the 
preparation of no-carrier-added MIBG, At-211 MABG has been prepared in good 
yields [49], and it behaves in vitro like MIBG with respect to its in vitro binding to 
SK-N-SH human neuroblastoma cells. Its tissue distribution in normal mice has 
been determined [62]. In clonogenic assays with the SK-N-SH human neuroblas-
toma cell line, the inherent radiosensitivity, or Do value, of [At-211] MABG was 

J.A. Carrasquillo



435

0.2 kBq/ml compared with 384 kBq/ml for no-carrier-added I-131 MIBG, indicat-
ing a more than 1,000-fold greater cytotoxicity for the alpha particle-emitting ana-
log compared to I-131 MIBG under single-cell conditions [63]. A kit method for the 
synthesis of relatively high amounts of At-211 MABG in good radiochemical yields 
has been developed; this method is adaptable to a kit formulation, and the quality 
control characteristics of the final dose are consistent with those appropriate for 
clinical studies [54]. To date, however, no clinical trials have been performed with 
At-211-labeled MABG analogs.

21.3  Bone Metastasis: NETs and PHEO/PARA

Many cancers present or develop bone metastases, which can lead to adverse clini-
cal sequelae including pain, fractures, spinal cord compression, bone marrow dys-
function, and hypercalcemia, known as skeletal-related events (SRE). These lead to 
significant morbidity, which impact performance status and patient quality of life.

Various NETs also frequently metastasize to the bone. In a report of 86 consecu-
tive patients with carcinoid tumors that had metastasized to the liver, the frequency 
of bone metastasis was 10 % (9/86 patients) [64]. The median interval between diag-
nosis of metastatic carcinoid and bone metastasis was 37 months. In that report, 
they evaluated the use of bone scan, In-111 pentetreotide, and I-131 MIBG for 
detection. In all patients with metastatic bone disease, the disease was noted on the 
bone scan, whereas I-131 MIBG detected only two of nine patients with bone 
metastasis and In-111 pentetreotide detected only four of eight patients. Other 
reports have shown sensitivity for bone metastasis of 70 % for In-111 pentetreotide 
scintigraphy and 90 % for bone scintigraphy [65]. In contrast to In-111 pentetreo-
tide, the sensitivity of newer Ga-68 somatostatin analogs has been much higher. In 
one study, Ga-68 DOTANOC PET/CT was able to identify more lesions than CT 
(246 vs. 194), resulting in higher sensitivity (100 % vs 80 %) and specificity (100 % 
vs. 98 %) [66]. Similarly, using Ga-68 DOTATOC PET/CT, the sensitivity for detec-
tion of skeletal metastases was 100 % compared to 58 % for CT [67]. This provides 
an opportunity for the use of somatostatin analogs such as DOTANOC, DOTATOC, 
and DOTATATE radiolabeled with an alpha emitter for targeting bone and soft tis-
sue disease in NETs.

In an autopsy series of NETs, the incidence of bone metastases was much higher 
than recognized clinically, with an incidence of 42 % [68]. NETs and PHEO/PARA 
involving bone had a high incidence of SRE [69]. The most common SRE in PHEO/
PARA was severe pain (33 %), followed by pathological fractures (27 %) and spinal 
cord compression (25 %). Median time from diagnosis to first bone metastasis to 
first SRE was 4.3 months. These SREs usually happened after the bone metastases 
were diagnosed, and SRE were often the first manifestation of malignant disease as 
well (31 %) [70]. FDG PET imaging was able to identify 95 % of skeletal metasta-
ses, allowing the use of this reagent for assessment of tumor response. In contrast, 
MIBG identified only 70 %; it is important to identify this group, which can then be 
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directed toward MIBG therapy. The exact incidence of bone-only metastatic disease 
has not been well determined. In a series of 15 patients with metastatic PHEO 
treated with I-131 MIBG, four patients had soft tissue disease only, and 4 had bone 
disease only [71].

Overall, most NET bone metastases are found to be osteoblastic [72, 73], which 
has implications for bone-seeking radionuclides, as they are more likely to localize 
in blastic bone lesions than in exclusively lytic lesions and in bone scan-positive 
rather than bone scan-negative disease. Given the incidence of metastatic bone dis-
ease that accumulates bone-seeking radiopharmaceutical in NETs, this should allow 
the use Ra-223 dichloride, which requires having a positive bone scan. In addition, 
PHEO/PARA have a high incidence of metastatic disease to the bone with up to 
71 % incidence reported in a series of 137 malignant PHEO [70]. Most of the PHEO/
PARA patients with metastatic disease have widespread bone metastases, which 
tend to be lytic. Nonetheless, PHEO/PARA bone metastases accumulate bone- 
seeking agents and thus are likely amenable to Ra-223 dichloride therapy [74].

21.3.1  Ra-223 Dichloride (Xofigo or Alpharadin)

Radium-223 dichloride (Ra-223) is a novel, bone-seeking calcium mimetic alpha 
emitter that accumulates in areas of increased bone turnover. It has been approved 
for the treatment of metastatic prostate cancer to the bone. Among its advantages are 
its availability from a long-lived actinium-227/thorium-227 generator [75] and a 
physical half-life of 11.4 days, which allows for easy shipping to end users with a 
long time between manufacturing and expiration. Similar to other alkaline earth 
elements such as calcium, Ra-223 is absorbed into bone matrix at sites of active 
mineralization [76]. The path length of the alpha particles emitted (<100 μm) is 
much shorter than the beta particles of Sm-153 and Sr-89, resulting in less hemato-
logic toxicity [77].

Following the promising results in the Alpharadin in Symptomatic Prostate 
Cancer (ALSYMPCA) Phase III Ra-223 multinational, placebo-controlled trial in 
921 subjects with prostate cancer, the FDA granted full approval in May 2013 [18, 
78], with subsequent approval in the European Union. The trade name of Ra-223 
dichloride is Xofigo, previously known as Alpharadin.

21.4  Pharmacokinetics and Biodistribution

Two studies have evaluated the blood pharmacokinetics of Ra-223 [79, 80]. Ra-223 
clears rapidly from blood and less than 1 % of initial activity is present at 24 h. 
Gamma camera imaging is suboptimal but feasible, based on the gamma rays emit-
ted in conjunction with the alpha emissions [79–81]. Elimination is mainly intesti-
nal. Specifically, early excretion is seen into the small bowel, presumably 
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transluminal, with a median of 52 % in bowel at 24 h and up to 2–82 % removed 
from the body at approximately 1 week [80]. Very little urinary excretion is noted 
(typically <5 %).

21.5  Clinical Studies with Ra-223

Ra-223 dosing is on an activity/kg basis. The initial Phase I study used single esca-
lating doses ranging from 46 to 250 kBq/kg [79]. Several Phase II trials used single 
injections of ≤ 200 kBq/kg or cumulative activity of up to 240 kBq/kg, with demon-
strated benefit and limited toxicity. The clinically approved dose is 50 kBq/kg with 
repeat injections × 6, based on the ALSYMPCA Phase III trial [78]. It should be 
noted that recently and subsequent to these studies National Institutes of Standards 
(NIST) have identified that the previous calibration for Ra-223 was 10 % low indi-
cating that the 50kBq really represents 55kBq, thus the new treatment dose corre-
sponds to 55kBq/kg.

Clinical trials with Ra-223 have consistently shown a decrease in alkaline phos-
phatase [79, 80, 82]. Markers of bone turnover such as uNTX-1, CTX-1, and pro-
collagen I N-terminal propeptide also have shown significant decreases in patients 
treated with Ra-223 vs. control [19, 82]. Variable changes in PSA have been 
observed; in patients treated with four doses of Ra-223 at 50 kBq/kg every 4 weeks, 
a 23.8 % PSA drop was noted, compared to a 44.9 % increase in the placebo control 
group. Furthermore, the median time to PSA progression was 26 weeks vs. 8 weeks 
in the control group [82]. A dose response was seen in patients receiving three injec-
tions of 25, 50, or 80 kBq/kg, with ≥ 30 % drop in PSA found in 5 %, 17 %, and 26 % 
of the patients treated, respectively [83]. Note that a consistent drop in PSA was not 
observed in the ALSYMPCA trial.

A more important outcome is a decrease in SREs, including pain, a significant 
problem in patients with prostate cancer. In a group of 64 patients, with XRT plus 
50 kBq/kg × 4 doses of Ra-223 compared to XRT plus placebo, the median time for 
the first SRE was 14 weeks in the Ra-223 group compared to 11 weeks in the pla-
cebo group [82]. In the ALSYMPCA trial, the time to first SRE was significantly 
delayed, with a median time to SRE of 15.6 months vs. 9.4 months for the control 
group and hazard ration of 0.66 [78]. With respect to pain, several of the Ra-223 
clinical trials demonstrated improvement following Ra-223 [83].

Furthermore, in contrast to other bone-seeking radiopharmaceuticals, Ra-223 
therapy has demonstrated significant improvements in survival. The median overall 
survival (OS) at 18 months was 14.9 months compared to 11.3 months for the con-
trol group [78]. A second look at the data at 24 months confirmed this effect, with 
overall survival of 16.3 months compared to 11.6 for the placebo group in favor of 
the Ra-223 arm [84]. Furthermore, at 2 years, 30 % of the Ra-223 group was alive, 
compared to only 13 % of the placebo group. Interestingly, patients receiving the 
four intended injections had longer OS than those receiving placebo (93 weeks vs. 
49 weeks, respectively) [84].
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21.6  Toxicity

Dosimetry estimates using standard approaches have been compared to cell-level 
dosimetry using a model that accounts for the expected localization of Ra-223 rela-
tive to marrow cavity architecture by Hobbs et al. [77]. These investigators esti-
mated the percentage of cells that received a potentially toxic-absorbed dose (2 or 
4 Gy). Based on their model, it was estimated that the majority of the radiation dose 
will be deposited near the trabecular bone, in which case increasing the activity of 
Ra-223 may not substantially increase the risk of marrow toxicity [77]. Organ-based 
dosimetry based on patient studies and utilizing the MIRD method and OLINDA 
software are provided in the product monograph (http://www.bayer.ca/omr/online/
xofigo-pm-en-10mar2015-161312.pdf).

Compared to beta emitters, Ra-223 has the theoretical advantage of sparing 
much of the marrow from irradiation, given its short-range emissions [77, 85, 86]. 
None of the studies performed to date have determined the maximum tolerated sin-
gle or fractionated Ra-223-administered activity. The activity administered has 
ranged from single injections of 5 to 250 kBq/kg and maximum fractionated activity 
of up to 300 kBq/kg [83]. The question remains whether higher doses, achieved by 
administering higher single doses or increasing the number of cycles of multiple 
lower doses, will have additional benefits.

Ra-223 myelotoxicity is very infrequent, typically with no Grade 4 toxicity 
(utilizing NCI common toxicity criteria) [79, 82] and rare occurrence of Grade 3 
toxicity. Of 33 patients receiving 50 kBq/kg × 4, none developed Grade 4 myelo-
toxicity and only one developed Grade 3 leukopenia, neutropenia, and anemia 
[79]. Mild hematopoietic toxicity is seen and appears to be dose related when 
single doses are administered [87]. With activities between 25 and 80 kBq/kg 
given × 3 every 6 weeks, significant hematologic toxicity was infrequent with no 
Grade 3 or 4 neutropenia and only one Grade 4 thrombocytopenia at the 50 kBq/
kg dose level. Two patients developed Grade 4 anemia. In all cases, recovery 
occurred by 24 weeks, with the exception of those with anemia in whom recovery 
took longer [83].

In most cases, non-hematologic adverse events are mild to moderate in intensity. 
Most studies reported diarrhea, fatigue, nausea, vomiting, and bone pain [79, 82, 
83], some of which were believed to be dose related. In one trial, various constitu-
tional symptoms such as these were no more common in the Ra-223 group than in 
the control group, with the exception of a higher incidence of constipation in the 
control group [82].

In the package insert, based on 600 patients treated with Ra-223 and 301 subjects 
in the placebo group, the most commonly reported side effects occurring in >10 % 
of treated patients were nausea, diarrhea, vomiting, and peripheral edema. While 
these were slightly more common in the Ra-223 group, they were also among the 
most frequent side effects in the control group. Hematopoietic Grade 3/4 leukopenia 
and thrombocytopenia occurred in <3 % of the Ra-223 group and <1 % of the pla-
cebo group.

J.A. Carrasquillo

http://www.bayer.ca/omr/online/xofigo-pm-en-10mar2015-161312.pdf
http://www.bayer.ca/omr/online/xofigo-pm-en-10mar2015-161312.pdf


439

21.7  Late Toxicity

Long-term follow-up in patients receiving Ra-223 is limited, given that the initial 
clinical studies were performed in 2005 and considering the relative short survival 
of patients with advanced prostate or breast cancer. Late effects from another alpha 
emitter, Ra-224, have been reported but primarily in individuals treated as children 
or young adults and involving high-dose regimens with a lag time of 8 years for 
bone tumors, whereas no increased risk was observed in adults treated with the 
same regimen [88]. In a separate cohort of patients treated with lower doses (1 MBq 
× 10 doses of Ra-224), a slightly increased incidence of acute myeloid leukemia 
was noted [89]. Data from the radium dial painters have also demonstrated an 
increased risk of bone cancer secondary to Ra-226 and Ra-228 ingestion, with 
higher risk in younger subjects. The incidence of carcinomas of the head was also 
higher in these subjects [90]. These studies also showed a lag period of at least 3–7 
years and often decades before presentation. A 24-month follow-up of castration- 
resistant prostate cancer patients with metastases to the bone receiving Ra-223 at 
25, 50, or 80 kBq/kg × 3 at 6-week intervals showed that 57 % of patients died, with 
similar proportions per group, generally attributable to progression of disease. No 
cases of MDS, AML, or aplastic anemia occurred [83]. In ten patients alive 2 years 
after four injections of 50 kBq/kg, none developed AML, MDS, or aplastic anemia. 
One case of bladder cancer and one case of pancreatic cancer occurred, but these 
were deemed to be unrelated to Ra-223 [84].

More recently, 23 patients with metastatic breast cancer to the bone were treated 
with 50 kBq/kg of Ra-223 × 4 doses every 4 weeks. Evidence of biologic activity 
was noted in terms of bone alkaline phosphatase and urinary bone resorption mark-
ers. Each lesion was classified as having a metabolic response based on FDG PET/
CT (>25 % decrease of SUVmax from baseline), stable disease (SD, <25 % decrease 
and 25 % increase of SUVmax from baseline), or progressive disease (PD, >25 % 
increase of SUVmax from baseline) [19]. By these criteria, evidence of bone 
response was noted in 41.5 % of patients at week 17 [19]. Treatments were well 
tolerated with infrequent treatment-related adverse events.

Experience in NETs with Ra-223 is very limited. A case report has described 
favorable pain palliation from extensive metastatic bone disease in a subject with 
SDHB mutation paraganglioma [21].

21.8  Radiation Safety Precautions with Alpha Emitters

In general, instructions for patients receiving alpha emitters are limited and similar 
to those that should be given to patients and caregivers when administering other 
therapeutic radiopharmaceuticals. Due to the limited gamma emissions of Ra-223 
and other alpha emitters and the relatively low doses of administered activity, the 
patient as a source is not usually a risk to the general public and caregivers. Thus, an 
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isolation period is typically not required. However, some high-energy gamma rays 
can be problematic with large amounts manipulated during the labeling process 
(i.e., 2.6 MeV gamma ray for Bi-212). Soiled clothing and bodily fluids should be 
handled using gloves, and universal precautions are sufficient to protect from radia-
tion contamination, which is the main radiation safety issue.

21.9  Summary

Alpha emitters are much more potent than beta emitters and have significant poten-
tial advantages as therapeutic agents. A limited but slowly increasing number of 
studies have been performed in NETs due to problems with availability of some of 
the radionuclides, as well as radiochemistry challenges. Preliminary studies with 
various alpha-emitting radiopharmaceuticals have already shown proof of principle 
with safety and initial efficacy data in NETs. Although there is some preliminary 
experience, larger systematic clinical trials are needed before determining the role 
of alpha emitters in NETs.
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Chapter 22
Nanoparticles for Radionuclide Imaging 
and Therapy: Principles

Sybille Kennel, Ananda Appavoo, Jürgen Schulz, and Philippe Barthélémy

22.1  Introduction

Nanoparticles and nanoscale technologies have gained great interest in biomedical 
fields, and their use for the treatment, diagnosis, monitoring, and control of biologi-
cal systems has been referred to as “nanomedicine” by the National Institutes of 
Health [1]. Nanoparticles mainly employed in nanotechnology usually refer to 
materials with dimensions less than several hundred nanometers. With the size com-
parable to biological molecules such as antibodies, enzymes, and receptors, and 
about 100–10000 times smaller than human cells, these small structures can extrav-
asate through the endothelial cell layers and can be designed to interact with bio-
molecules both on the surface of or inside the cells. Nowadays nanoparticles can be 
designed to improve delivery efficacy and in vivo stability of drugs by varying the 
size, charge, or surface modification. For example, nanoparticles are typically 
coated with polyethylene glycol to reduce their uptake by the reticuloendothelial 
system and to increase their plasma half-life. Another noteworthy property of 
nanoparticles is their very high surface-to-area volume ratio, which enables surface 
chemistry for targeting but also high loading capacity for diagnostic or therapeutic 
payload. Hence, several nanoparticles for radionuclide imaging [2–8] and therapy 
[9–11] featuring different functionalities have been investigated (Fig. 22.1).
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These nanoparticles can be classified according to their chemical composition 
(Fig. 22.2). The following families can be distinguished: (1) metal-based nanopar-
ticles including quantum dots, iron oxide, and gold nanoparticles, (2) carbon-based 
nanoparticles such as nanotubes or fullerenes, (3) polymer nanoparticles such as 
nanocapsules or dendrimers, (4) lipid-based nanoparticles including liposomes and 
solid lipid nanoparticles, and (5) a new class based on nucleolipid nanoparticles 
(Fig. 22.2). Two main radiolabeling strategies for nanoparticles have been investi-
gated. One is to radiolabel the nanostructure itself, either on the surface or in the 
core. The other approach is to radiolabel the payload encapsulated inside the 
nanoparticles.

One main concern in the design of nanoparticles for nanomedicine is the efficacy 
of the targeting to minimize size effect during therapy or false positive in diagnosis. 
Two approaches are generally used: a passive or an active targeting. In passive tar-
geting, nanoparticles can take advantage of the increased vascular permeability and 
pass through the leaky vasculature of tumor bed but not transport through tight 
inter-endothelial junctions in normal tissues. Such spontaneous accumulation is 
known as the enhanced permeability and retention effect (EPR effect). In active 
targeting, molecules such as antibodies or specific ligands can be attached to the 
surface of the nanoparticles to interact with receptors that are overexpressed on 
tumor or other cells resulting in enhanced accumulation and preferential cellular 
uptake through receptor-mediated process.

Consequently one major application of nanomedicine is in the field of cancer. 
Many systems were primarily designed for therapeutic purposes especially for a 
more efficient delivery of chemotherapeutic drugs to pathologic sites while reduc-
ing their accumulation in healthy tissues. Thus, several therapeutic nanoparticles are 
routinely used in clinic including Doxil (encapsulation of doxorubicin), Ambisome 
(amphotericin B), or Abraxane (paclitaxel) [12, 13].

The aim of this review is to highlight some of the recent advances in the area of 
nanoparticles for radionuclide imaging and therapy. We wish to underline that these 

Fig. 22.1 Schematic drawing of nanoparticles used for multimodal radionuclide imaging and 
therapy
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nanoparticles offer new perspectives in the fields of biomedicine. First, we will 
focus on the previous works realized on carbon-based nanoparticles. This section 
includes several examples of fullerenes, carbon nanotubes, graphene oxide, and per-
fluorocarbon emulsions. Second, we present several metal-based nanoparticles cur-
rently developed for nanomedicine. Third, polymer-based nanoparticles are 
presented with the example of dendrimers. The fourth section is dedicated to the 
lipid-based particles. The last section underlines recent examples of investigations 
on promising bioinspired nanoparticles constructed via the supramolecular assem-
blies of hybrid nucleoside lipids (nucleolipids).

22.2  Carbon-Based Nanoparticles

In recent years, carbon-based nanomaterials have attracted considerable attention in 
nanomedicine due to their unique properties. These materials such as fullerenes, 
carbon nanotubes, graphene oxide, and perfluorocarbon nanoemulsions provide 
unique advantages and opportunities for drug delivery, therapeutics, diagnostics, 
and imaging.

Fullerenes

NanotubesGraphenes

Dendrimers Liposomes

Solid-lipid
nanoparticles

LIPID-BASED NANOPARTICLES
(size range: 100-250 nm)

Micelles

CARBON-BASED NANOPARTICLES
(size range: 10-150 nm)Perfluorocarbon

nanoemulsions

Nanocapsules

NUCLEOLIPIDS
NANOPARTICLES
(size range: 50-200 nm)

Nucleoside functionalized
with lipids nanoparticles

POLYMER-BASED NANOPARTICLES
(size range: 50-350 nm)

METAL-BASED
NANOPARTICLES
(size range: 5-150 nm)

IO
Iron oxide

nanoparticles

Gold nanoparticles

Quantum dots QD

Au

Fig. 22.2 Schematic illustration showing the nanoparticles classified according to their chemical 
composition
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22.2.1  Fullerenes

The discovery of the buckminsterfullerene (C60) by Kroto et al. in 1985 gave rise 
to carbon technology era [14]. Fullerene’s structures are composed of closed car-
bon cages formed by 12 pentagons and a number of hexagons that increased with 
the number of carbon [15]. Their unique chemical and physical properties make 
them attractive candidates for diagnostic, therapeutic, and theranostic applications 
[16, 17]. Several studies report radiolabeling of water-soluble C60 [18–24]. Nikolić 
et al. developed a novel method for radiolabeling nanoC60 with radioactive iodine, 
125I. Biodistribution studies indicated higher accumulation for 125I-nanoC60 com-
pared to the radioactive tracer Na125I in the liver and spleen and also lower accu-
mulation in the thyroid, stomach, lungs, and intestines. The described radiolabeling 
method might offer opportunities for cancer radiotherapy applications by using 
131I instead of 125I [25]. Shultz et al. described the encapsulation of 177Lu, gamma 
emitter used in SPECT imaging, in a fullerene cage. This agent was conjugated 
with an interleukin-13 (IL13) peptide to target an overexpressed receptor in glio-
bastoma multiform tumors. By complexation of other radioisotopes such as 166Ho 
and 90Y, other diagnostic and therapeutic applications might be elaborated using 
that kind of nanoplatform [26]. More recently, the same team developed a 
metallofullerene radiolabeled with lutetium 177, 177Lu-DOTA-f-Gd3N@C80. This 
theranostic agent is able to deliver effective brachytherapy (with 177Lu) and imag-
ing functionality (MRI exam with Gd). The efficacy of this agent was demon-
strated on orthotopic xenograft brain tumor models of glioblastoma multiform 
(GBM) [27,28]. Alternatively, Diener et al. opted to use 212Bi, an α-emitter, for 
radio-immunotherapeutic purpose. In order to overcome its short half-life 
(t1/2 = 60.6 min), they prepared a C60 fullerene radiolabeled with its parent isotope, 
212Pb (t1/2 = 10.6 h). This nanoplatform was synthetized by recoil following α-decay 
of its short-lived radioisotope parent 216Po generated in situ by the decay of 224Ra. 
A preliminary biodistribution study demonstrated that encapsulation of 212Pb in 
C60 prevented bone accumulation of 212Pb but showed a rather slow clearance. 
Another limitation highlighted is that 36 % of the 212Bi formed was released from 
the fullerene during the β-decay of 212Pb [29].

22.2.2  Carbon Nanotubes

Carbon nanotubes have been first described by Ijima in 1991 [30]. They are homog-
enous tubes of rolled graphene sheets between 50 nm and 1 cm diameter. Nanotubes 
are classified in two different categories according to the number of graphene lay-
ers: (i) the single-walled carbon nanotube (SWCNT) from 1 to 2 nm diameter and 
(ii) the multi-walled carbon nanotube (MWCNT) from 10 to 100 nm diameter [31]. 
Different carbon nanotubes are used in imaging or therapy [32]. Mc Devitt et al. 
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functionalized an SWCNT with a DOTA derivative for the introduction of 86Y and 
111In, radioisotopes used in PET and SPECT, respectively. Whole-body PET images 
showed an accumulation of radiotracer essentially in the liver, intestine, spleen, 
and at a lower level in bones [33]. Thereafter, a similar SWCNT was synthetized 
by the same team with a DOTA macrocycle grafted for 111In chelation and also an 
antibody targeting CD20 epitopes overexpressed in Burkitt’s lymphoma human 
cells. This resulting tracer succeeded in selectively targeting in vitro tumoral cells 
and in vivo tumors [34]. Villa et al. synthesized two new SWCNTs with two moi-
eties (i) a single- stranded oligonucleotide, which undergoes self-assembly in the 
presence of the complementary-stranded, and (ii) a radiotracer component, made 
up of a  111In-DOTA and a targeting component, consisting of an RGD peptide [35]. 
Liu et al. developed an SWCNT functionalized with PEG phospholipids. In this 
study, they attached DOTA macrocycles for 64Cu introduction and c(RGDyK) pep-
tides in order to target positive αVβ3 integrin tumors (U87MG) in mice. The high 
tumor uptake of the 64Cu-SWCNT-PEG-RGD visualized by PET imaging was 
attributed to the multivalent effect (several RGD grafted by nanotubes). Raman 
spectroscopy revealed the presence of SWCNT-PEG-RGD in the liver and tumor 
and at a lower level in the kidney, but no SWCNT Raman signal was observed in 
the muscle [36]. Ruggiero et al. developed neo-vessels and irregular tumor vessels 
targeting nano-objects. For this purpose, this team synthetized two new functional-
ized SWCNTs with endothelial angiogenic cell-specific antibody, E4G10. The first 
derivative was composed of a DFO chelate allowing 89Zr chelation to follow its 
accumulation by PET imaging. The second derivative was a DOTA chelate for 
225Ac introduction, α emitters used in radiotherapy. This study showed that those 
two nano-objects were specific to the targeted vessels. SWCNT-DFO89Zr-E4G10 
gave PET imaging with a good contrast, and SWCNT-DOTA225Ac-E4G10 presented 
a significant therapeutic effect [37].

22.2.3  Graphene Oxide

Graphene oxide (GO) is made of monoatomistic carbon atom layers in a honey-
comb structure. Graphene oxide has excellent electrical, thermal, mechanical, 
and optical properties [38]. In addition to their hydrophilic properties, their sur-
face can be easily functionalized with, for example, hydrophilic polymers. GO 
has carefully been studied for biomedical applications in numerous studies [38–
41] more particularly for imaging and therapeutic purposes [42–45]. Shi et al. 
synthetized a reduced graphene oxide (RGO) conjugated to two moieties: (i) an 
antibody TRC105 anti- CD105 and (ii) a 64Cu-labeled NOTA macrocycle, allow-
ing tumor vasculature targeting and PET imaging on mice model of breast cancer. 
64Cu-NOTA-RGO-TRC105 showed excellent in vitro and in vivo stability and 
vascularized tumor specificities [46]. More recently, this team used a new 
64Cu-labeled GO derivative, functionalized with a VEGF ligand to enhance tumor 
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vasculature targeting. In vivo studies were done on mice with U87MG tumors. 
64Cu-GO-VEGF nanoconjugate showed effective targeting for VEGFR on 
U84MG tumor models and showed great stability [47]. Chen et al. described the 
design and synthesis of a PEG-coated reduced nano- graphene oxide (RGO) 
labeled with 131I. This RGO derivative had the advantage of giving access to 
radiotherapy and photothermal therapy simultaneously. After a 10 mg/kg 
131I-RGO-PEG (200 uCi) dose-injection on mouse tumor models, an effective 
elimination of the tumor after irradiation at 800 nm for 20 min had been shown. 
Toxicological data revealed no toxicity of the 131I-RGO-PEG derivative at admin-
istrated dose on treated mice [48]. Another interesting idea developed by Fazaeli 
et al. was to radiolabel GO-aminopropylsilyl derivative with 198/199Au nanoparti-
cles to target and visualize by SPECT imaging fibrosarcoma tumors. This nano-
construct allowed a fast and effective tumor visualization. However, the low 
lipophilicity of this structure induced also a fast body excretion (24 h) through 
kidneys [49].

22.2.4  Perfluorocarbon Nanoemulsion

Perfluorocarbon nanoemulsions are composed of perfluorocarbon liquid encapsu-
lated in a phospholipidic monolayer and dispersed in water. Those particles are 
widely used for medical applications, more precisely for drug delivery [50,51], ath-
erosclerosis [52], tumors, and plaque angiogenesis [53] diagnostic and treatment. 
For imaging, perfluorocarbon derivatives are widely studied as 19F MRI contrast 
agents [54–56] as well as bimodal 19F MRI-optical imaging agents [57–60]. Few 
studies also reported an application for PET imaging. In this context, Hu et al. 
developed 111In-labeled perfluorocarbon nanoparticles for αVβ3 integrin targeting 
and cancer-induced angiogenesis detection. The in vivo studies were done on Vx-2 
rabbit tumors. Nanoparticles provided a high tumor signal and accumulation in 
nascent tumors as a function of both specific and passive entrapment within the 
neovasculature [61]. More recently, Fabiilli et al. encapsulated 18F-fluorodeoxyglucose 
(FDG) in a double perfluorocarbon emulsion and performed emulsion or solution 
injections in rats bearing gliosarcoma. When FDG solution was compared to FDG 
emulsions, FDG uptake decreased by 36 % in the brain and 44 % in tumors (calcu-
lated from the AUCSUV). Moreover, dynamic micro-PET imaging indicated no accu-
mulation of FDG emulsions in the lungs, which is critical in minimizing PFC-related 
bioeffects [62].

As we briefly resumed in this section, carbon-based nanomaterials possess 
intrinsic physicochemical properties that are wisely exploited. However, potential 
toxicity of those nanomaterials has been pointed out in the last decade and is well 
highlighted and described in extensive toxicological review and studies [63–68]. 
Size, shapes, surface properties and chemistry, concentration, agglomeration, dose, 
and preparation of carbon-based nanomaterials are all determinants for their bio-
logical activities that may also lead to toxicity.
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22.3  Metal-Based Nanoparticles

22.3.1  Gold Nanoparticles

In biomedical field, gold nanoparticles have received increasing attention due to 
their biocompatibility and optical properties, conferred by their localized surface 
plasmon resonance (SPR) in particular in imaging (x-ray [69] and photoacoustic 
[70] imaging) and cancer therapy [71–73]. Gold nanoparticles (AuNPs) consist of a 
Au core with surface coating. They are colloidal or clustered particles with diame-
ters in the range of a few to several hundred nanometers. In order to control optical 
properties, size and shape can be easily tuned to obtain 1 nm to 150 nm AuNPs with 
diverse morphologies. Recent studies have reported AuNPs radiolabeling for ther-
apy [74, 75] and nuclear imaging [76–86].

Karmani et al. studied conjugation influence of the distribution of an antibody, 
the cetuximab on gold nanoparticle labeled with 89Zr in mice bearing A431 xeno-
grafts. Immuno-PET studies showed that conjugation of cetuximab to AuNP did not 
affect EGFR-dependent tumor uptake. However, compared to 89Zr-cetuximab, the 
higher reticuloendothelial system uptake for AuNP-89Zr-cetuximab could be a limi-
tation of radioactive nanoparticle use for systemic metabolic radiotherapy [79].

Felber et al. described a new coating ligand for Qds and AuNPs allowing direct 
labeling with [99mTc(OH2)3(CO)3]+ in the last step. The ligand comprises (i) a thiol 
group as anchor for the NPs surface, (ii) a PEG linker, (iii) and 2,3- diaminopropionic 
acid to act as chelator for [99mTc (CO)3]+ and for the introduction of a small prostate- 
specific membrane antigen (PSMA) inhibitor via an amide link. Biodistribution of 
various sized (7 and 14 nm) AuNPs performed by micro-SPECT showed rapid 
clearance from the blood pool through hepatobiliary pathway, in mice bearing 
LNCaP xenografts. 7 nm AuNPs revealed higher stability and significantly higher 
bone uptake than 14 nm AuNPs [82].

Zhang et al. reported functionalized gold nanoparticles preparation through 
nucleic acid-directed assembly. Oligodeoxynucleotide-derivative gold nanoparti-
cles were assembled with a library of pre-functionalized complementary PNAs 
(peptide nucleic acid). PNAs were functionalized with either (i) 64Cu-DOTA for 
PET imaging, (ii) PEG for stealth properties, or (iii) with Cy5 for fluorescent imag-
ing. The resulting AuNPs showed a good in vitro and in vivo stability [84]. Another 
interesting strategy developed by Black et al. consisted in the preparation of multi-
spectral SPECT agent to quantify MMP9 expression in tumors. AuNPs were radio-
labeled by two distinct nuclides, 125I and 111In, separated by an MMP9-cleavable 
peptide [85].

177Lu-labeled AuNPs conjugated to different peptides were proposed as a new 
class of theranostic agents and have been recently reviewed [74]. In this context, 
Luna-Gutiérrez et al. evaluated the potential of 177Lu-labeled gold nanoparticle (20 
nm) conjugated to cyclo-[RGDfK(C)] peptide via the cysteine thiol group, as a plas-
monic photothermal therapy and targeted radiotherapy system in MCF7 breast can-
cer cells. After laser irradiation, [RGDfK(C)]-AuNPs’ presence in cells caused a 
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significant decrease in MCF7 viability, down to 9 %, and after treatment, with 
177Lu-[RGDfK(C)]-AuNP, the MCF7 proliferation was significantly inhibited [87]. 
They also evaluated 177Lu-[RGDfK(C)]-AuNP therapeutic response in athymic 
mice bearing αVβ3-integrin-positive C6 gliomas. The nanoconstruct significantly 
decreased glioma tumor progression. No uptake in nontarget organs or renal toxic-
ity induction was observed [88].

22.3.2  Iron Oxide Nanoparticles

Iron oxide nanoparticles are superparamagnetic particles especially used as MRI 
contrast agents. Several studies reported their radiolabeling for use in MRI/PET or 
MRI/SPECT bimodal imaging and have been recently reviewed [89].

22.3.3  Other Metal-Based Nanoparticles

A particularly interesting idea, developed by Pérez-Campaña et al., consists in 18F 
radiolabeling of 18O-enriched aluminum oxide NPs by direct irradiation with 
16 MeV protons. Size and crystalline phase of those NPs were not altered during the 
irradiation step. Biodistribution studies were conducted in male rats after intrave-
nous injection. PET imaging has shown NP rapid accumulation in the liver. 
Radioactivity was also detected in the lungs, kidney, heart, and stomach. This label-
ing strategy is promising for activation of metal oxide particles or powder [90]. A 
more recent study, published by the same group, presented an analogous strategy for 
13N radiolabeling of commercially available aluminum oxide with different sizes via 
the 16O (p,α)13N nuclear reaction. PET imaging performed after intravenous injec-
tion in rats allowed to determine NP accumulation in organs up to 68 min postinjec-
tion, despite the short half-life of radioactive 13N. Results have shown that large NPs 
were uptaken in the lungs, while small particles were accumulated in the stomach, 
heart, kidney, and bladder. Moreover, a high accumulation in the liver was observed 
regardless of the NP size (Fig. 22.3) [91].

22.4  Polymer-Based Nanoparticles

22.4.1  Dendrimers

Dendrimers are highly branched macromolecules with a well-defined number of 
peripheral groups discovered by Tomalia et al. in the early 1980s [92]. They formed 
spherical object in the nanometer range. Size, architecture, density, and surface 
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groups are easily tunable. They are widely used in nuclear imaging and therapy 
fields, especially due to the possibility to incorporate several recognition units in 
order to improve targeting [93]. Moreover in imaging field, dendritic structures are 
also used to design multivalent or multimodal contrast agents [94]. However, the 
question of their biodegradability is highly discussed, and biocompatible dendrimer 
designs are reviewed by Cheng et al. [95].

A PAMAM dendrimer DOTA conjugate was designed by Ghai et al. 68Ga radio-
labeling was achieved with high radiochemical yield (79 % decay corrected), and 
the subsequent tracer presented good stability. Preliminary PET imaging studies in 
mice bearing EAT (Ehrlich’s ascites tumors) showed a 68Ga-dendrimer accumula-
tion in tumor through passive targeting and excretion through kidney [96].

McNelles et al. reported the synthesis of a PEGylated fifth-generation aliphatic 
dendrimers functionalized with peripheral vinyl groups and a dipicolylamine Tc(I) 
chelate core. The radiolabeling was achieved with high radiochemical purity (>99 
%) using [99mTc (CO)3(H2O)3]+. SPECT imaging of healthy rats indicated that the 
radiolabeled dendrimer circulated in the blood up to 24 h postinjection mainly due 
to PEG chains. SPECT imaging experiments were then performed on xenografted 
murine tumor model. Results demonstrated a dendrimer accumulation within the 
tumor through the EPR effect 6 h postinjection [97].

Laznickova et al. described the synthesis of 177Lu-radiolabeled G1 and G4 
PAMAM dendrimer functionalized with DOTA-monopyridine-N-oxide. 
Biodistribution studies on rats revealed that 177Lu-G1-PAMAM dendrimer injection 
induced a lower residence time of radioactivity in the blood and organs, in compari-
son with 177Lu-G4-PAMAM dendrimer. However, the latter allowed the conjugation 
of higher number of metal chelator and thus radiometal per molecule [98]. A recent 
study achieved by Kovacs et al. described also the synthesis of 177Lu-G4-PAMAM 
dendrimers functionalized with DOTA to determine the elementary changes in 

Fig. 22.3 Activation of Al2O3 NPs by proton irradiation via the 16O (p,α)13N nuclear reaction. 
Metal oxide NPs are directly irradiated with protons, converting 16O atoms to 13N atoms by colli-
sion. Adapted from [91]
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tumors caused by ionizing radiations. C57BL/6 mice tumor tissues treated with 
177Lu-DOTA-dendrimer showed decreases in Br, Ca, Cl, K, and Na concentrations 
and increases in Fe, Mg, Rb, S, and Zn concentrations, when compared to untreated 
tumors tissues [99].

Zhao et al. developed a 131I radiolabeled theranostic platform for SPECT imaging 
and radiotherapy of an MMP-2 overexpressing xenografted glioma model in vivo. 
Generation five amine terminated poly(amidoamine) was used to conjugate (i) PEG, 
(ii) targeting agent chlorotoxin (CTX), and (iii) 3-(4’-hydroxyphenyl)propionic 
acid-OSu (HPAO). The HPAO phenol groups allowed 131I radiolabeling with good 
stability and high radiochemical purity. The 131I-dendrimer biodistribution was stud-
ied by SPECT imaging. Dendrimers were highly uptaken in the liver, and a low 
accumulation was observed in the tumor, lungs, stomach, heart, kidney, spleen, 
intestines, and soft tissues. It should be noted that tumor uptake was higher for the 
131I-CTX-dendrimer in comparison with the 131I-dendrimer without CTX. Those 
data confirmed the targeting role mediated by the CTX moiety. It was also demon-
strated that after treatment with the 131I-CTX-dendrimer, the tumor grows slower 
than those of the mice treated by either saline, Na131I, or 131I-dendrimer without 
CTX [100].

22.4.2  Nanocapsules

Nanocapsules are vesicular colloidal system constituted with a liquid core and poly-
meric shell. Such structures can be obtained from a large variety of monomers or 
polymers through direct chemical reaction or through precipitation of preformed 
template at the interface of the droplet. Size, morphology, and functionalization can 
be controlled [101]. Few examples of radiolabeled nanocapsules with 99mTc have 
been reported [102–104]. In this context, Pereira et al. radiolabeled nanocapsule 
with 99mTc-HMPAO (D,L-hexamethylpropyleneamine oxime) in order to identify 
inflammatory process in rats. Nanocapsules were prepared with biodegradable 
polymers poly(D,L-lactic acid) (PLA) and were PEGylated or not. The authors 
demonstrated that both types of nanocapsules were able to encapsule 99mTc- 
HMPAO. However, as shown by AFM, physical and structural properties of 
PEGylated nanocapsules were more homogeneous. Biodistribution studies have 
shown similar uptake in inflamed and control paws for 99mTc-HMPAO-NC and free 
99mTc-HMPAO, while PEGylated 99mTc-HMPAO-NC have shown a greater uptake. 
The authors have concluded that the latter could be useful as radiotracer for inflam-
matory process imaging [105, 106]. Polyglucosamine-/squalene-based nanocap-
sules (PG-NC) were radiolabeled with 111In by Vicente et al. to monitor the 
biodistribution of PG-NC and their affinity for the draining lymph nodes. After 
injection in New Zealand white rabbits, γ-scintigraphy imaging revealed slower 
clearance than for the control 111InCl3 and progressive accumulation in popliteal 
lymph node [107].
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22.5  Lipid-Based Nanoparticles

22.5.1  Liposomes

Liposomes are defined as phospholipid vesicles consisting of one or more concen-
tric lipid bilayers with an aqueous internal cavity. With a wide range of physico-
chemical and biophysical properties (particles size, charge, number of lamellae, 
lipid composition, surface modification), liposomal formulations can be modified to 
control their biological behaviors. Liposomal systems have received widespread 
attention as nanocarriers for a wide range of biomedical applications by overcoming 
obstacles to cellular and tissue uptake, stabilizing therapeutic compounds, and 
improving biodistribution of lipophilic and hydrophilic compounds to target sites 
[108]. Numerous studies described the radiolabeling of liposomes for diagnostic or 
therapeutic applications [9, 109–111].

Recently De Barros et al. prepared long circulating and pH-sensitive liposomes 
(SpHL) containing bombesin radiolabeled with 99mTc (99mTc-BBN(7–14)) to target 
breast cancer tissues. Liposomes presented a diameter in the range of 160 nm and a 
99mTc-BBN(7–14) encapsulation percentage around 30 % in the presence of glucose 
(SpHLG). Moreover the authors demonstrated that the liposomes remained stable 
up to 120 days of storage. When injected in breast tumor-bearing nude mice, 
SpHLG-99mTc-BBN(7–14) exhibited a high tumor/muscle and tumor/blood ratio. 
Furthermore, scintigraphic studies revealed a strong signal in tumor area suggesting 
the tumor specificity of the radiotracer [112]. Ogawa et al. reported the synthesis of 
111In-radiolabeled liposome modified with phosphatidylserine for atherosclerotic 
plaque imaging. It was demonstrated that the tracer allowed macrophages and 
artherosclerotic region targeting in Apo E −/− mice. However, too rapid blood 
clearance was also observed [113]. In order to solve this problem, the authors devel-
oped new liposomes-PS modified with PEG. As expected, slower blood clearance 
was observed with PEGylated liposomes. Nevertheless, PEGylation did not improve 
the uptake in artherosclerotic plaques in vivo [114]. Bandekar et al. evaluated the 
potential of PEGylated liposomes radiolabeled with 225Ac to selectively kill PSMA- 
expressing human (LNCaP and HUVEC induced to express PSMA) and rat 
(Mat-Lu) cell lines in vitro. Two targeting ligands were compared: (i) the mouse 
antihuman PSMA J591 antibody and (ii) the A10 PSMA aptamer. J591-liposomes 
showed higher level of specific binding to all cell lines than A10-liposomes did. It 
has also been shown that radiolabeled J591-labeled liposomes are more cytotoxic 
than radiolabeled A10-liposomes. Moreover relatively low LD50 values of J591- 
labeled liposomes both on LNCaP and on PSMA-expressing HUVEC suggested the 
potential of these liposomes for selective antivascular α-radiotherapy [115]. Petersen 
et al. described theranostic liposomes and evaluated their potential in human xeno-
grafted mouse model. For this purpose PEGylated liposomes were radiolabeled 
either with 64Cu for PET imaging or with 177Lu for internal tumor radiotherapy. They 
investigated also the optimal level of PEGylation in liposomes. The authors demon-
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strated that 10 % mol PEGylated liposomes showed higher tumor uptake than 5 % 
mol PEGylated liposomes. PET imaging with 64Cu-liposomes allowed clear tumor 
visualization. High-absorbed doses to the tumor were estimated by dosimetric anal-
ysis for 177Lu-liposomes. This result suggested that 177Lu-liposomes could achieve 
adequate delivery of therapeutic internal radiation to solid tumors. However, the 
therapeutic potential of 177Lu-liposomes must be further evaluated in a tumor- 
bearing mice model [116].

22.5.2  Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLNs) consist in spherical solid lipid particles dispersed 
in water or in aqueous surfactant solution. They are usually constituted with a 
hydrophobic solid core coated with a phospholipid monolayer. They are highly used 
as drug carrier [117–119]. Radiolabeled SLNs have been designed as potential 
nuclear imaging agent particularly as SPECT imaging agents by 99mTc radiolabeling 
[120–124]. In a recent study, Banerjee et al. described the synthesis of SLNs encap-
sulating paclitaxel radiolabeled with 99mTc by a novel method. Taxol was radiola-
beled also, in order to compare their biodistribution in normal rats. It was found that 
brain uptake of 99mTc-SLNs was 5 times higher than 99mTc-Taxol. This result sug-
gests that 99mTc-SLNs are able to deliver more paclitaxel in the brain than Taxol 
formulation [125]. Andreozzi et al. developed a method for SLNs radiolabeling by 
64Cu for PET imaging. A BAT chelator (6-[p-(bromoacetamido) benzyl]-1,4,8,11- 
tetraazacyclotetradecane- N,N′,N′′,N′′′-tetraacetic acid) was conjugated with a syn-
thetic lipid and incorporated into the SLN monolayer. 64Cu-SLNs were obtained 
with 67 % radiolabeling yield after incubation with 64CuCl2. PET imaging and 
gamma counting suggested that 64Cu-SLNs are circulating in the bloodstream after 
3 h but are almost entirely cleared after 48 h. The authors planned to coat SLNs with 
hydrophilic polymers such as PEG to reduce SLNs clearance from the RES and 
increase the blood half-life [126].

22.5.3  Micelles

Micelles are colloidal dispersions belonging to a group of association or amphiphi-
lic colloids, which form spontaneously under certain concentration and temperature 
phase. Polymeric and non-polymeric micellar systems are subject of many publica-
tions addressing various biomedical applications due to favorable biodistribution 
and lower toxicity of encapsulated therapeutic agents [127]. Radiolabeled micelles 
have been extensively studied during the last few years [128–140]. A recent study 
described the use of lipid-coated magnetite micelles to act simultaneously as vehi-
cle for vaccine and as radiotracer for SPECT/PET imaging. Similarity between Ga3+ 
and Fe3+ in charge and size allowed achieving gallium radiolabeling by exchange in 
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biomolecule metalation. Antigen (OVA) and TLR9 agonists (CpGS) were accom-
modated in the hybrid micelles for efficient delivery in the lymph nodes. SPECT 
imaging demonstrated migration from the injection site to regional and non-regional 
lymph nodes. In addition, in vitro and in vivo studies showed that cellular and hor-
monal immune responses were greatly enhanced and provided protection against 
tumor [141]. You et al. used a combination of core cross-linked polymeric micelles 
radiolabeled with 177Lu (CCPM-177Lu) and cyclopamine solubilized in lipid-liquid 
nanoparticle system (CPA-LLP). Cyclopamine is a potent inhibitor of Hedgehog 
pathway studied for anticancer effect. It has also been investigated for enhancing 
tumor response to radiation therapy. As expected clonogenic assays demonstrated 
that CPA-LLP significantly enhances cell response to CCPM-177Lu radiotherapy. 
Moreover, combination of CPA-LLP and CCPM-177Lu delayed tumor growth more 
than monotherapy alone, in 4T1 Miapaca-2 mouse xenografted models [142]. 
Multifunctional theranostic unimolecular micelles have been generated by Guo 
et al. They conjugated brush-shaped amphiphilic block copolymers to a monoclonal 
antibody anti-CD105 (TRC105) and to NOTA macrocycle for 64Cu introduction. In 
addition doxorubicin was loaded into the unimolecular micelle. It has been demon-
strated that these multifunctional unimolecular micelles offer pH-responsive drug 
release and noninvasive PET imaging capability, together with both passive and 
active tumor-targeting [143].

22.6  Nucleolipid-Based Nanoparticles

The self-assembly properties of biomolecules play a fundamental role in biology, 
and these principles have been widely exploited for the implementation of supramo-
lecular structures and nanodevices [144]. The multiple cooperative non-covalent 
interactions (e.g., H-bonding, π − π stacking, hydrophobic effects, etc.) between 
biomolecules allow the synthesis of complex biological systems and structures. 
Scientists are taking advantage of these biological principles for the design of hybrid 
amphiphiles based on the combination of biological units such as amino acids [145]. 
Peptides [146–149], sugar [150–152], nucleic acids [153, 154], and lipids are cur-
rently emerging as new class of biocompatible molecules for biomedical applica-
tions. The combination of lipid with nucleoside/nucleotide moieties has been 
reported to improve the cellular internalization of nucleoside drugs [155] in the 
treatment of certain diseases including cancers. Nucleolipids [156–158] have been 
the object of intense investigations due to their unique self-organization properties 
and their potential applications in the biomedical field. For example, nucleolipids 
featuring reduced cytotoxicity have been used for the transfection of DNA [159] 
and siRNA [160, 161].

Ten years ago our group has reported the formation of microspheres simply 
by hydrating phosphocholine-based nucleolipids with aqueous solutions con-
taining either actinide or lanthanide salt [162, 163]. These actinide and/or lan-
thanide microspheres were prepared as independent objects suspended in 
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aqueous media. Such a result was the first step in the exploration of nucleolipid 
behaviors in the presence of radionuclides. The formation of these microspheres 
demonstrated the versatility and utility of nucleolipids in this field and the impor-
tance of combining nucleolipids and inorganic metals to create new structures 
for the synthesis of nano- and microscale materials using the principles of supra-
molecular assembly.

99mTc has long track records for use in drug development as SPECT imaging 
agents [164]. Considering the above and the potential of 99mTc for labeling 
nanoparticles, recently, we investigated advanced formulations featuring 
nucleolipids. Interestingly, it was demonstrated that nucleolipid-based nanopar-
ticles can be labeled with 99mTc in the absence of chelating agent such as DOTA 
(1,4,7,10- tetraazacyclododecane- 1,4,7,10-tetraacetic acid). These nanoparticles 
were implemented using a bottom-up strategy involving positive, negative 
nucleoside lipids (NLs) and PEGylated nucleoside lipids (Fig. 22.4). The direct 
labeling of these nanoparticles was realized with 99mTc using stannous chloride 
as a reducing agent to reduce pertechnetate oxidation state from +7 to +5. We 
hypothesized that in these conditions 99mTc forms a complex with uridine moi-
eties (Fig. 22.5). The labeling efficiency was found to be quantitative (yield 
higher than 97 %). Importantly, it was shown that such functionalized and 
labeled nanoparticles loaded with cisplatin (active principle ingredient, API) 
can address pharmacokinetic and biodistribution issues. Indeed, it was found 
that these nanoparticles increase the half-life of the API in vivo and accumulate 
in tumor tissue, indicating that nucleolipid-based formulations could provide 
novel radiotracer labeled nanoparticles with potential applications in the field 
image-guided therapies.

Fig. 22.4 Drawing of the nucleolipid-based nanoparticles. These PEGylated (PEG2000 and 
PEG3000 folic acid) nanoparticles feature a solid core of cisplatin (high drug loading) stabilized 
by two layers of nucleolipids (anionic nucleotide-lipid, diC16-3’-dT, and cationic-nucleoside-lipid 
DOTAU)
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22.7  Conclusion

Multiple radiolabeled nanoplatforms have been investigated and developed in the 
last two decades, and these approaches have demonstrated their potential use in 
diagnostic, imaging, and therapy. Targeted radionuclide therapies of cancer provide 
a viable alternative to chemo- and external beam radiation therapies of tumor cells, 
including neuroendocrine tumors (NETs).

NETs arise from the neuroendocrine system and are a heterogeneous group of 
disease, including pluripotent endocrine cells in different sites, presenting with dif-
ferent signs and symptoms, various malignant potential, and different prognosis. 
Due to this biological diversity, the early recognition of a tumor’s potential for pro-
gression is very important. Somatostatin receptors (SR) are overexpressed in a 
majority of neuroendocrine tumors and are targeted using 111In-pentetreotide (SRS; 
Octreoscan®). A.I. Petersen et al., investigated a somatostatin peptide analog 
(TATE) as a targeting moiety on 100 nm PEGylated liposomes to evaluate soma-
tostatin targeting and cancer diagnostic potential, using PET imaging [165]. The 
positron emitter 64Cu is used as imaging agent and was encapsulated in liposomes. 
To evaluate the diagnostic imaging agent, the tumor-to-muscle (T/M) ratio of 
64Cu-TATE-liposomes and free peptide uptake were compared in neuroendocrine 
carcinoma H727-bearing mice. The experiments seem to show a significantly higher 

Fig. 22.5 Proposed 
99mTc-pyrimidine complex 
allowing the labeling of the 
NPs in the absence of 
DOTA
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T/M ratio for targeted liposomes, making liposomes a promising biomedical agent 
for visualizing NETs. Recently, researchers have developed radiopeptide conju-
gated to gold nanoparticles and functionalized PAMAM dendrimers as multimeric 
and multivalent systems for NETs imaging [166]. Those two nanosized multimeric 
systems, 99mTc-PAMEM-Tyr3-octreotide and 99mTc-AuNP-Tyr3-octreotide, showed 
high and specific somatostatin-positive tumor uptake in mice bearing AR42J tumors 
and therefore potential radiolabeled nanoplatforms for NET imaging. Abou et al. 
reported the synthesis of PEGylated liposomes radiolabeled with Gd and with 89Zr 
for bimodal MRI/PET imaging of neuroendocrine tumors. Liposomes were conju-
gated with octreotide to target human receptor somatostatin subtype-2 (SSTr2) 
[167]. Arora et al. developed a PEG-coated 177Lu-DOTATATE-PLGA nanoparticles 
for neuroendocrine tumor therapy. PLGA (polylactic-co-glycolic acid) was chosen 
because of its biocompatibility and biodegradability properties. In vivo studies have 
shown reduced renal uptake suggesting the potential of PEG-coated 
177Lu-DOTATATE-PLGA 50:50 nanospheres towards reducing nephrotoxicity and 
unnecessary radiation dose to normal tissues [168].

One of the greatest advantages of the nanoparticles technology is the ability to 
generate functionalized particles from materials of diverse chemical nature (poly-
mers, carbon, metals, lipids, nucleolipids), with different morphology and with a 
wide variety of targeting ligands. Radiolabeled nanoparticles will undoubtedly lead 
a revolution for drug delivery, therapeutics, diagnostics, and multimodality imag-
ing. More and more scientific research teams will join this field in order to prepare 
nanoparticle-based platforms, which can allow for efficient, specific in vivo delivery 
of diagnostic agents without toxicity.
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