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There has been enormous progress in nuclear medicine in
recent years, and the impact of this progress has been par-
ticularly noticeable in oncology. Research into molecular
imaging has led to the development of radiopharmaceuti-
cals that can explore the cellular metabolism, and visualize
at molecular and subcellular levels the pathological
processes specific to cancer. Equipment development has
produced high-technology instruments such as those used
in positron emission tomography (PET), able to produce
high-quality images that have become indispensable in the
diagnostic work-up of cancer patients, because they often
reveal alterations and lesions not demonstrated by conven-
tional morphologically oriented techniques such as X-ray
imaging, ultrasound, computed tomography (CT), or mag-
netic resonance imaging (MRI). Research in the area of
image fusion techniques has led to the design of software
programs able to merge in a single image the molecular,
functional, and metabolic information of nuclear medicine
with the morphological information provided by radiol-
ogy. Hybrid instruments (PET/CT, SPECT/CT) are now
available which allow the fusion of images of a patient in
just one diagnostic session. Intensive research is ongoing to
obtain detectors, hardware, and software able to perform
whole-body scans faster and with increasing spatial resolu-
tion, so that it may become possible to detect lesions on a
submillimeter level. Nuclear medicine has made the step
from bench to bedside, to a significant extent.

All of these achievements have had a great impact on not only
the diagnosis but also the treatment of cancer. Improved,
individually tailored therapy is now on the horizon.

Radiopharmaceuticals developed specifically to target and
visualize malignant tumors can also be used, at high doses,
for therapeutic purposes. Nuclear medicine therapeutics
thus takes advantage of selective radiopharmaceuticals that
have demonstrated marked anticancer efficacy in many
types of tumors. For example, in recent years, these tech-
niques have been used and shown greatest efficacy in the
treatment of lymphomas and neuroendocrine tumors.

The diagnostic and therapeutic achievements in nuclear
medicine are the result of the interdisciplinary research
efforts of cell biologists, chemists, pharmacologists, physi-
cists, computer scientists, engineers, nuclear medicine
physicians, and oncologists. The clinical implications of
these achievements have made nuclear medicine indispen-
sable in the management of cancer.

This textbook on modern nuclear medicine applications in
the diagnosis and treatment of cancer describes the state of
the art and the current position of nuclear medicine in the
light of these recent developments. It is intended as a valu-
able update also for non-nuclear medicine specialists work-
ing in oncology. Nuclear medicine as part of molecular
imaging and therapy has changed radically in the past
decade. The growing importance and clinical impact of
these changes for the near future has impelled the authors
to record them in this book.

Emilio Bombardieri
John Buscombe

Giovanni Lucignani
Otmar Schober

Preface
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1
What is cancer?
Uwe Haberkorn

At first sight cancer is a disease induced by the failure of
control mechanisms. The cancer cell does not respond to
control signals because of damage to its DNA, the presence
of oncogene products, or because the homeostatic control
mechanisms themselves are disturbed. Biologically this
corresponds to uncontrolled proliferation occurring at the
wrong place and time driven by oncogenic signals,
impaired differentiation, and invasion of other tissues lead-
ing to metastases.

In a recent review, Hanahan and Weinberg mentioned
six essential alterations in cell physiology which are seen as
the hallmarks of cancer: self-sufficiency in growth signals,
insensitivity to growth-inhibitory signals, evasion of
programmed cell death (apoptosis), limitless replicative
potential, sustained angiogenesis, and tissue invasion and
metastasis. These alterations are interpreted as results of
genetic changes in the cancer cell. However, mutations in
the tumor genome may not be the only cause.1

GGeenneettiicc  aanndd  eeppiiggeenneettiicc
bbaacckkggrroouunndd
Cancer has been viewed as a multistep process of genetic
alterations that result in the transformation of benign cells
into malignant ones. These genetic abnormalities include
mutations in tumor-suppressor genes and oncogenes, and
chromosomal abnormalities such as chromosomal gain,
loss, and/or rearrangement (Table 1.1).1,2 Such events are
thought to be followed by a clonal selection of variant cells
that show increasingly aggressive behavior.3

Although it is still commonly thought that aneuploidy
occurs as a late-stage effect rather than as a cause of cancer
development, this might not always be true, as carcinogens
such as asbestos and arsenic initially do not cause gene
mutations, but rather lead to aneuploid lesions. Further-
more, normal cells exposed to chemical carcinogens can
become aneuploid long before they show signs of being
cancerous. Therefore, it is possible that gains and losses of

whole chromosomes may disturb the balances that regulate
normal growth control. On the other hand, many normal
cells, both in vitro and in vivo, may become cancerous after
the right combination of oncogenes is introduced.4

However, only a fraction of these cells will give rise to
cancer, implying that other yet unknown factors might also
be involved in tumor initiation. Therefore, both mutations
and chromosomal derangements are important in the 
initial stages of tumor development, and both mechanisms
might be involved in establishment of the cancer stem cell.

Many of the oncogenes act by mimicking normal growth
signaling. This can be accomplished by alteration of
extracellular growth signals, or alterations of transcellular
transducers of those signals or of intracellular circuits that
translate those signals into cellular response. Many cancer
cells acquire the ability to synthesize growth factors to
which they are responsive, creating a positive feedback 
signaling loop. Examples of this autocrine stimulation are
platelet derived growth factor (PDGF) and transforming
tumor growth factor β (TGFβ). Furthermore, there is over-
expression of growth factor receptors, which often carry
tyrosine kinase activities in their cytoplasmic domains.
This results in cells becoming hyperresponsive even to 
low growth factor levels that normally would not trigger
proliferation. As an example, members of the epidermal
growth factor receptor family such as EGFR/erbB are
upregulated in non-small-cell lung cancer (NSCLC) and
head and neck, renal cell, brain, and breast tumors,
and HER2/neu receptors are overexpressed in stomach and
mammary tumors. Ligand independent signaling can also
be achieved through structural alteration of receptors:
truncated versions of the EGFR lacking parts of the 
cytoplasmic domain act constitutively. Finally, there are
alterations of the downstream cytoplasmic signaling 
pathways, which receive and process the signals emitted by
ligand-activated growth factor receptors and integrins.
In that respect, the Ras–Raf–MAPK (mitogen-activated
protein kinase) cascade plays a central role. In about 25% of
human tumors, Ras proteins are present in structurally
altered forms. This has been exemplified in human colon
carcinomas where about 50% of the tumors bear mutant
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2 Advances in Nuclear Oncology

Table 1.1 Regulatory proteins for tumorigenesis, apoptosis, and drug resistance

Protein Role in tumorigenesis, apoptosis, and drug resistance

Suppressor proteins

p53 Mutated or altered expression in many cancers. Initiates the intrinsic apoptotic pathway. p53-negative
cells are resistant to drug-induced apoptosis

ATM Mutated in ataxia–telangiectasia syndrome. Senses DNA double strand breaks and stabilizes p53.
Increased risk for hematological malignancies and breast cancer

CHK2 Mutated in Li–Fraumeni syndrome. Senses DNA double strand breaks and phosphorylates and stabilizes p53

Rb Mutated in some cancers, functionally disrupted in many cancers. Inhibits E2F-mediated transcription.
Loss of Rb function induces p53-dependent and -independent apoptosis

Bax Mutated or decreased expression in some tumors. Mediates mitochondrial membrane damage

Bak Mutated or decreased expression in some tumors. Mediates mitochondrial membrane damage

PTEN Mutated or altered expression in cancers. Regulates Akt activation and subsequent phosphorylation 
of Bad. Loss of PTEN results in resistance to many apoptotic stimuli

APAF1 Mutated and transcriptionally silenced in melanoma and leukemia cell lines. Necessary for activation 
of caspase-9 following cytochrome c release. Chemoresistance

CD95/Fas Mutated and downregulated in lymphoid and solid tumors. Initiates the extrinsic apoptotic pathway.
Resistance to drug-induced cell death

TRAIL-R Mutated in metastatic breast cancers. Initiates the extrinsic apoptotic pathway. Mutations lead to
suppression of death receptor-mediated apoptosis

Caspase-8 Silenced in neuroblastomas. Activates both extrinsic and intrinsic apoptotic pathways. Resistance 
to drug-induced apoptosis

Oncogenes

Bcl-2 Frequently overexpressed in many tumors. Antagonizes Bax and/or Bak and inhibits mitochondrial
membrane disruption. Inhibits drug-induced apoptosis

MDM2 Overexpressed in some tumors. Negative regulator of p53. Inhibits drug-induced p53 activation

IAPs Frequently overexpressed in cancer. Downregulation of XIAP induces apoptosis in chemoresistant tumors

NFκB Deregulated activity in many cancers. Transcriptionally activates expression of antiapoptotic members of
the Bcl-2 and IAP families. Can inhibit both the extrinsic and intrinsic death pathways and induce
drug resistance

Myc Deregulated expression in many cancers. Induces proliferation in the presence of survival factors, such 
as Bcl-2, and apoptosis in the absence of survival factors. Can sensitize cells to drug-induced apoptosis

Akt Frequently amplified in solid tumors. Phosphorylates Bad. Hyperactivation induces resistance to a range 
of apoptotic stimuli

PI3K Overexpressed or deregulated in some cancers. Responsible for activation of Akt and downstream
phosphorylation of Bad. Inhibition of PI3K enhances chemotherapeutic drug-induced apoptosis

Ras Mutated or deregulated in many cancers. Activates PI3K and downstream pathways.
Induces proliferation and inhibits c-myc and drug-induced apoptosis

ATM, ataxia telangiectasia mutated; Chk2, checkpoint kinase 2; PTEN, phosphatase and tensin homolog; Apaf-1, apopotic protease activating
factor 1; TRAIL-R, TNF-related apoptosis-inducing ligand receptor; MDM2, transformed 3T3 cell double minute 2; IAPs, inhibitor of apoptosis
proteins; NFκB, nuclear factor κB; Akt, protein kinase B; PI3K, phosphatidylinositol 3-kinase.
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ras oncogenes. It is suggested that the remaining colonic
tumors carry defects in other components of the growth
signaling pathways, with similar functional results to those
obtained after ras oncogene activation.1

Besides response to growth signals, resistance to antigrowth
signals is an equally important feature of cancer. These
antiproliferative signals are coordinated mainly by the
retinoblastoma protein (pRb) and its two relatives p107
and p130. Hypophosphorylated pRB blocks proliferation by
sequestering and altering the function of E2F transcription
factors that control the expression of several genes which
are essential for the progression from G1 into S phase.5

Disruption of the pRb pathway liberates E2F and allows 
cell proliferation, rendering cells insensitive to antigrowth
factors. In this respect, transforming growth factor β (TGFβ)
is an important regulator of pRb modification by preventing
the inactivating phosphorylation of the protein. Response
to TGFβ can be lost after downregulation of TGFβ recep-
tors, or mutant, dysfunctional receptors.6 In addition,
changes in the signaling pathway may occur: the function
of proteins such as Smad4, which transduces signals 
from ligand-activated TGFβ receptors to downstream 
targets, or p15INK4B may be changed by mutation of the
corresponding genes.7,8

Differentiation is is also a condition which results in the
inhibition of proliferation and is disturbed in a variety of
tumor cells. One of the target genes in this respect is the c-myc
oncogene, which encodes a transcription factor. During
normal development, the growth-stimulating action of Myc,
in association with another factor, Max, can be inhibited by
the formation of complexes of Max with a group of Mad
transcription factors. These Mad–Max complexes result in
differentiation-inducing signals.9 Overexpression of the 
c-Myc oncoprotein occurs in many tumors and shifts the
balance to Myc–Max complexes, which impairs differentia-
tion and thereby promotes tumor growth. A further 
example is inactivation of the APC/β-catenin pathway 
in colon carcinoma, which results in a block of the 
differentiation of enterocytes in the colonic crypts.2

The characteristics mentioned above are subsumed
under the term ‘somatic mutation theory of carcinogene-
sis’, which has been the dominant force driving cancer
research during the 20th century. In brief, it proposes that
successive DNA mutations in a single cell cause cancer. This
theory places carcinogenesis at the cellular and subcellular
hierarchical levels of biological complexity. However,
increasing evidence has been obtained that epigenetic
changes and also changes in surrounding or tumor infil-
trating non-tumor cells such as fibroblasts and endothelial
cells are important. These may interact with tumor cells by
secretion of a variety of signaling factors such as diffusible
growth factors, extracellular matrix components, or cell-
to-cell adhesion/interaction molecules. Evidence of a pro-
motion of cancer cells by inflammatory cells infiltrating the
tumor site has also been found.10

Epigenetic changes are realized by three different 
mechanisms: DNA methylation, RNA-associated silencing,
and histone modification, which are known to initiate 
and sustain epigenetic silencing, and to interact with each
other.11–13

Methylation of the C5 position of cytosine residues in
DNA is maintained by a number of DNA methyltransferases
and has multiple roles for the silencing of transposable 
elements, for defense against viral sequences, and for the
transcriptional repression of genes. The resulting metabolite,
5-methylcytosine, is highly mutagenic, causing C:G to T:A
transitions, and leads to a suppression of the methylated
site in the human genome. The predominant sites, CpG
islands, are regions of more than 500 base pairs in size and
with a GC content greater than 55%,14 and have been 
conserved during evolution because they are normally 
kept free of methylation. They are located within the 
promoter regions of about 40% of mammalian genes and
can be transcriptionally silenced by methylation. Extensive
de novo methylation of CpG islands is a common feature of
many cancers.15

Histone modifications such as acetylation, phosphorylation,
and methylation of conserved lysine residues on the amino-
terminal tail domains have also been defined as epigenetic
modifiers. Acetylation of histones causes transcriptionally
active DNA regions, whereas hypoacetylated histones are
associated with transcriptionally inactive DNA regions.
Since there is a considerable variation of all possible 
histone modifications, and also interactions between 
histone deacetylases, histone methyltransferases, and
methylcytosine-binding proteins occur, this is seen as a his-
tone code which is used by a variety of cellular factors.16,17

The role of epigenetic changes in cancer has been shown
for the MLH1 gene, where methylation and silencing of
the gene may lead to a variety of cancers.18,19 Chromatin-
modifying enzymes have also been associated with human
leukemias, with histone acetyltransferases and histone
methyltransferases engaged in the modification of fusion
protein activity, such as the oncogenic PML–RARα
(promyelocytic leukemia–retinoic acid receptor α) in acute
promyelocytic leukemia, which recruits a histone deacety-
lase to repress genes essential for the differentiation of
hematopoietic cells, or AML1-ETO (AML refers to acute
myeloid leukaemia) fusions, which recruit a histone
deacetylase 1 complex to inhibit myeloid development.20,21

Furthermore, loss or mutations of adenosine triphosphate
(ATP)-dependent chromatin remodeling complexes 
such as SWI–SNF, BRM, and BRG1 have been found to be
associated with pediatric cancer as well as a variety of
cancer cell lines and tumor tissues.22

A simple way to induce a carcinogenic phenotype is the
transcriptional repression of tumor suppressor genes,
which may represent an alternative mechanism to genetic
mutation. In addition, cancer-cell genomes simultaneously
show global hypomethylation and gene promoter-specific
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hypermethylation. This might contribute to genomic insta-
bility, structural changes in chromosomes, and increases in
gene expression.15,23–25 These alterations may occur at early
stages of carcinogenesis and may determine the subsequent
genetic changes and progression of these mutated clones.

Many genes are epigenetically silenced in cancer cells,
and many epigenetically silenced genes have not been
found to contain any genetic mutations at all, even though
they are transcriptionally repressed in many different
cancer-cell types. These facts underscore the potential value
of screening for all epigenetic modifications, as well as
genetic changes, that are associated with human tumor
types. Examples of a combination for genetic and 
epigenetic changes were found in the colon cancer cell line
HCT116, which contains several mutations, including the
DNA mismatch-repair protein, MLH1, and p16, which
contribute to the mismatch-repair phenotype and to 
disruption of the cyclin D-RB1 (retinoblastoma 1) cell-
cycle-control pathway, the transforming growth factor-β2
receptor, which causes a loss of control of a cell differentia-
tion pathway, and an activating mutation in the gene that
encodes β-catenin, resulting in constitutive Wnt (wingless
type) signaling and cell proliferation.26–30 In addition to
these mutations, there are at least 14 epigenetically silenced
genes in these cells, all of which can be reactivated by either
treating the cells with DNA-demethylating agents or 
disrupting the genes that encode DNA methyltransferases,
which catalyze DNA methylation.31–35 Reactivating expres-
sion of these growth-control genes results in phenotypic
changes that range from reducing proliferation to inducing
senescence or apoptosis.26,27,33 Epigenetic alterations of
these genes seem to complement mutations in determining
the phenotype of these cells. Examples of a collaboration
between epigenetic and genetic abnormalities are MLH1
and CDKN2A (the gene that encodes p16) in HCT116 cells:
while one allele of each of these genes is mutated in these
cells, the wild-type allele becomes silenced by hypermethy-
lation. Therefore, genetic and epigenetic changes can col-
laborate to prevent expression of a functional gene product
in cancer cells.

Another epigenetic–genetic collaboration in HCT116
cells is found in the Wnt pathway. Four members of the
secreted frizzled-related gene family (SFRP1, SFRP2,
SFRP4, and SFRP5) that encode Wnt antagonists are epige-
netically silenced in these cells. This contributes to the
abnormal activation of Wnt signaling, even in cells that
already carry activating mutations in β-catenin.33 In addi-
tion, silencing of the genes that encode the transcription
factors GATA4 and GATA5, as well as their downstream
activation targets trefoil factor 1 (TFF1), TFF2, TFF3, and
inhibin-α,32 could impair maturation of endoderm-derived
epithelial cells.36–39 Finally, TIMP3 (tissue inhibitor of met-
alloproteinase 3) is silenced in HCT116 cells, and loss of
function of its product might increase the invasive ability of
these cells.35

Epigenetic silencing may occur during the early stages of
tumor progression, possibly during the abnormal expansion
of stem and progenitor cells. This silencing predisposes the
stem cells to abnormal clonal exposition. Changes that are
known to contribute to tumor formation such as chronic
inflammation, which leads to the production of reactive
oxygen species, induce cell renewal dedicated to repair of
tissue damage. This is associated with epigenetic events
which lead to heritable transcriptional repression and 
activation of stem-cell and progenitor-cell expansion at the
expense of normal cell differentiation and maturation. The
subsequent progression to malignancy would then depend
not only on gene mutations but also on the collection of
epigenetic alterations. These epigenetic changes might
occur continuously not only in epithelial cells but also in
surrounding stromal cells.40

The reductionist approach, which sees cancer solely as a
disease reducible to mutations, has been challenged not
only by the finding of epigenetic changes but also by the
number of mutations occurring in cancers. These range from
three to anywhere from 11 000 to 100 000 mutations.41–43

In principle these data, obtained from high-throughput
technologies such as gene arrays, may be used to introduce
new classifications.44 However, these new technologies face
problems associated with bias, reproducibility, overfitting,
and data interpretation.45

This has led to the proposal of an alternative theory,
the tissue organization field theory of carcinogenesis and 
neoplasia. Its assumptions are that proliferation is the
default state of all cells and that carcinogenesis and neoplasia
are defects of tissue architecture. Carcinogens would act
initially by disrupting the normal interactions between
parenchymal cells and the stroma of the organ. In this
model the stroma appears as the primary target of carcino-
gens, stating that carcinogenesis and neoplasia occur 
exclusively through supracellular phenomena. This implies
that neoplastic cells may be reprogrammed to behave as
non-tumor cells when placed in the context of normal 
tissues.46 Evidence is derived from early studies with terato-
carcinomas, where the stem cells generated not only more
stem cells but also more differentiated cells that gave rise to
non-tumorigenic tissue. The teratocarcinoma cells were
generated from tumors resulting from the implantation of
normal embryos into ectopic locations. Teratocarcinoma
cells injected into normal blastocysts were shown to generate
normal tissues in viable mosaic individuals resulting from
this manipulation.47,48 In subsequent generations, normal
offspring resulted from the genome of a cell that was once a
cancer cell. If cancer indeed results from the accumulation
of DNA mutations in a previously normal cell, it becomes
problematic to explain these data. More recently, ectopic
expression of stromelysin-1 by mammary gland epithelial
cells in transgenic animals resulted in mammary gland 
carcinoma. In this case, expression of this enzyme induces
stromal changes that in turn would lead to carcinoma.
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Treatment with specific protease inhibitors blocked 
carcinogenesis in this model.49 Also, irradiation of the
stroma of epithelium-free mammary glands results in 
carcinogenesis in non-irradiated mammary epithelial cells
inoculated into the irradiated stroma.50 In all these experi-
ments, the parenchyma–stroma interaction seems to be an
important factor for cancer progression.51,52 From the 
evidence mentioned above it follows that cancer is more
than a disease of specific genes. Rather, instability of the
genome as a whole must be seen as a hallmark of malignant
tumors.53–56 Furthermore, the concept that epigenetic
abnormalities could be as important as genetic ones in
determining the course of tumor development, and also be
involved in tumor-specific signaling pathway abnormalities,
is relevant to the future design of both preventive and 
therapeutic approaches to cancer.13

Cell death: Apopotosis and more
To control abnormal proliferation a cell can either enter a
quiescence-like growth arrest phase, or undergo apoptosis
or senescence. These antiproliferative programs are
induced by tumor suppressors such as p53 and pRb in
response to potential oncogenic signals.

The most common and well-defined form of programmed
cell death is apoptosis, which is a physiological cell-suicide
program that is essential for embryonic development,
function of the immune system, and the maintenance of
tissue homeostasis in multicellular organisms. Apoptosis in
mammalian cells is mediated by a family of cysteine 
proteases known as the caspases. To keep the apoptotic 
program under control, caspases are initially expressed 
in cells as inactive procaspase precursors. When initiator 
caspases such as caspase-8 and caspase-9 are activated by
oligomerization, they cleave the precursor forms of effector
caspases, such as caspase-3, caspase-6, and caspase-7.57,58

Activated effector caspases cleave a specific set of cellular
substrates, resulting in specific biochemical and morpho-
logical changes (Table 1.2) that are associated with the
apoptotic phenotype. Dysregulation of apoptosis has been
implicated in numerous pathological conditions, including
neurodegenerative diseases, autoimmunity, and cancer.59

There are two pathways by which caspase activation is
triggered, the extrinsic and intrinsic apoptotic pathways.
The extrinsic pathway is induced by activation of death
receptors on the cell surface. Binding of ligands such as
FasL and tumor necrosis factor (TNF) to Fas and the TNF
receptor (TNFR), respectively, leads to formation of the
death induced signaling complex (DISC). DISC recruits
caspase-8 and promotes the cascade of procaspase activa-
tion (Figure 1.1).60 The intrinsic pathway is triggered by
various extracellular and intracellular stresses, such as
growth-factor withdrawal, hypoxia, DNA damage, and
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Table 1.2 Morphological and biochemical
differences between apoptosis and necrosis

Features Apoptosis Necrosis

Tissue Single cells Multiple cells
distribution

Tissue reaction Phagocytosis Cellular exudate

Cell morphology Shrinkage Swelling

Organelles Intact Damaged

Chromatin Marginated, Fragmented
condensed

Membrane Intact Damaged

Biochemistry Activated Defective ion pump
endonucleases

DNA cleavage Activated lysosomal 
Activated enzymes

caspases

Fas ligand

Fas

FADD

Caspase-8
(FLICE)

Caspase-3

†

ARC

FLIP

DISC

FFiigguurree  11..11
Simplified scheme of the death receptor-mediated or extrinsic
apoptosis pathway. Binding of the Fas ligand is followed by
formation of the death inducing signaling complex (DISC): the
adaptor molecule FADD binds to the death domain of Fas and
recruits procaspase-8 via its death effector domain.
Autocatalytic activation of procaspase-8 leads to activation of
the downstream effector caspase-3. The cascade may be
inhibited by FLICE inhibitory protein (FLIP) or by the apoptosis
repressor with a CARD domain (ARC).
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oncogene induction. Signals that are transduced in response
to these stresses converge mainly on the mitochondria.
A series of biochemical events is induced that results in the
permeabilization of the outer mitochondrial membrane,
the release of cytochrome c and other proapoptotic mole-
cules, the formation of the apoptosome, a large protein
complex that contains cytochrome c, apoptotic protease
activating factor 1 (APAF1), and caspase-9, and caspase
activation. Once cytochrome c is released, the downstream
cascade of caspase activation is irreversible. Cell death is
also modified by other proteins such as endonuclease G21
and apoptosis-inducing factor (AIF), which may induce
cell death independently of caspase activation.

In order to survive, tumor cells need to avoid apoptosis
that can be induced by unregulated oncogene expression,
and a limited supply of growth factors, oxygen, or nutrients.
Protection from apoptosis may be achieved by modification
of the activities of antiapoptotic genes such as Bcl-2 or 
suppressor genes such as p53. In human B-cell follicular
lymphomas, a chromosomal translocation linking the 
Bcl-2 gene to an immunoglobulin locus was identified in
the transformed cells, resulting in constitutively active 
Bcl-2 and survival of the lymphoma cells.61

The tumor suppressor p53 is an important regulator of
apoptosis and is the most commonly mutated gene in
cancer.62 Normal function of p53 induces apoptosis in the
presence of genotoxic stress, causing DNA damage that
cannot be repaired during cell-cycle arrest, growth-factor
withdrawal, hypoxia, and dysregulated expression of mito-
genic oncogenes. In addition to the fact that most human
cancers have either mutations in p53 or defects in the path-
way, p53-null mice are highly prone to developing cancers.

As the Fas pathway regulates the immune system
through its proapoptotic function, disruption of this 
pathway may lead to lymphoproliferative disorders and
hematopoietic cancers. Somatic mutations of the Fas gene
or its downstream effectors have been found in patients
with multiple myeloma, non-Hodgkin’s lymphoma, and
other cancers.63,64 Alterations to cell-survival pathways may
also be involved in the suppression of apoptosis.
The PI3K–Akt (phosphatidylinositol 3-kinase–protein
kinase B) survival signaling pathway is activated by various
intracellular and extracellular stimuli and modulates 
apoptotic pathways, resulting in the resistance of tumor
cells to death signals. Akt signaling induces expression of the
antiapoptotic molecule Bcl-XL, inhibits the proapoptotic
activity of FKHRL1 (FOXO3A), and leads to negative 
regulation of p53 mediated apoptosis.65 Akt activation also
provides cells with a survival advantage through its promotion
of glucose metabolism.66,67 Another survival factor that is
relevant to human tumorigenesis is nuclear factor κB
(NFκB), a transcription factor that is activated by numerous
cytokines and oncogenes. De novo gene transcription that
is induced by NFκB prevents apoptosis that is induced 
by the engagement of death receptors.68 Therefore, many

different modes of inactivating proapoptotic signaling
pathways underlie tumorigenesis.

Several non-apoptotic cell death mechanisms have been
identified, including necrosis, autophagy, mitotic catastrophe,
and senescence. In contrast to apoptotic cell death, necrosis
is an unregulated process with membrane distortion,
organelle degradation, and cellular swelling, resulting in cell
destruction and the release of intracellular components.
Necrosis is usually a consequence of a pathophysiological
condition, such as infection, inflammation, or ischemia,
which leads to the failure of normal physiological pathways
that are essential for maintaining cellular homeostasis, such
as regulation of ion transport, energy production, and pH
balance.

Primary cells in culture initially proliferate rapidly, with a
significant shortening of the telomeres of their chromo-
somes. This may lead to a form of permanent cell-cycle
arrest that has been described as replicative senescence. A
senescent cell is characterized by flattened cytoplasm,
increased granularity, changes in metabolism, and the
induction of senescence-associated β-galactosidase activity.
Furthermore, alterations in chromatin structure and gene-
expression patterns are seen. The phenomenon is inducible
by various cellular stresses, DNA damage, and oncogene
activity.69 The senescence program then induces the activation
of various cell-cycle inhibitors and requires the functions of
p53, the CDKN1A gene product WAF1/p21, the CDKN2A
gene product INK4A/p16, and the retinoblastoma protein
(pRb). The involvement of these tumor suppressors implies
that one of the main functions of the senescence program is
to suppress tumorigenesis, a hypothesis that has been con-
firmed in mutant mice.70,71

In normal cells, unwanted proteins or proteins that are
no longer required are degraded by two independent mech-
anisms: ubiquitin mediated proteolysis in proteasomes, and
autophagy, a mechanism by which long-lived proteins and
organelle components are directed to and degraded within
lysosomes.72 Autophagy is conserved in various species, and
is activated in response to growth-factor withdrawal, differ-
entiation, starvation, and stress. After the induction of
autophagy, autophagic vesicles (autophagosomes) are
formed by the assembly and expansion of membrane-
bound structures, probably originating in the endoplasmic
reticulum around organelles and isolated proteins. The
autophagosome encapsulates the cytosolic materials and
fuses with lysosomes or other vacuoles, causing degradation
of its content. The signaling pathway that leads to autophagy
involves at least the activities of phosphatidylinositol 3-
kinase (PI3K) and the kinase target of rapamycin (TOR).73

The TOR pathway coordinates signaling pathways that are
initiated by nutritional and mitogenic factors, and also
controls both protein synthesis and degradation. Although
the components of the autophagic machinery are highly
conserved in a wide range of organisms, the physiological
role of the process varies. There is evidence that lysosomal
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degradation of organelles is required for cellular remodeling
due to differentiation, stress, or damage following exposure
to cytotoxins, and that dysregulation of autophagy can result
in pathological states such as neurodegenerative diseases,
cardiomyopathy, and cancer.74

Uncontrolled protein degradation by the proteasomal
pathway can contribute to tumorigenesis. Examples are the
Wnt and hedgehog (HH) signaling pathways, which are
regulated by the turnover of β-catenin and cubitus inter-
ruptus (CI). Mutations in the corresponding genes that
lead to constitutive activation of Wnt and HH pathways 
are common in human colon cancer and basal-cell skin 
carcinomas.75 Defects in the autophagic pathway of protein
degradation might also be connected to cancer via some
oncogenes and tumor-suppressor genes. Autophagy is partly
controlled by the PI3K pathway, and constitutive activation
of PI3K signaling is common in human cancer cells.76 PI3K
and its downstream effectors, Akt and TOR, might normally
contribute to the suppression of autophagy, whereas PTEN
(phosphatase and tensin homolog), a tumor suppressor 
that negatively regulates PI3K signaling, might normally
promote autophagy. Furthermore, beclin 1 (BECN1) that
interacts with PI3K and participates in the induction of
autophagy in response to starvation is monoallelically
deleted in a high percentage of human ovarian, breast,
and prostate cancers.77,78 Transfection of BECN1 into a
transformed cell line can decrease its tumorigenic poten-
tial, and studies of mice that are deficient for this protein
have shown that BECN1-mediated regulation of autophagy
is required for normal mammalian development, and that
animals with heterozygous deletions in Becn1 show a
marked increase in the incidence of lymphomas and carci-
nomas of the lung and liver. Without autophagy, the natu-
ral turnover of a protein that acts as a positive regulator of
cell growth might be blocked, promoting proliferation.
Autophagy is also involved in removing damaged organelles
and, therefore, in maintaining cellular homeostasis.
Damage to mitochondria or sections of the endoplasmic
reticulum might result in the production of endogenous
cellular oxidants that increase the basal mutation rate.
Removal of these damaged internal cellular structures by
autophagy might therefore limit the genotoxic damage that
is caused by oxidants. Conversely, reduced autophagy might
increase oxidant stress and promote the accumulation of
tumorigenic mutations.

Mitotic catastrophe is caused by aberrant mitosis and is
associated with the formation of multinucleate, giant cells
that contain uncondensed chromosomes. In normal
somatic cells, the M phase of the cell cycle encompasses two
processes: mitosis, in which sister chromatids are aligned
and segregated into two daughter cells; and cytokinesis, in
which the cytoplasm and its contents are partitioned into
those cells. Mitosis is further subdivided into prophase,
prometaphase, metaphase, anaphase, and telophase. The
G2 checkpoint of the cell cycle is responsible for blocking

mitosis when a cell has been hit by DNA damage. This 
activates a number of molecules that promote cellular
activities such as cell-cycle arrest, DNA repair, or apoptosis,
if the damage cannot be repaired. However, if the G2
checkpoint is defective, a cell can enter mitosis prematurely,
before DNA replication is complete or DNA damage has
been repaired. This aberrant mitosis causes the cell to
undergo death by mitotic catastrophe. Activation of the G2
checkpoint begins with the detection of DNA damage by
the sensory molecules ataxia telangiectasia mutated (ATM)
and ATM- and Rad3-related (ATR). The further process
involves activation of checkpoint kinase 2 (CHK2) and
checkpoint kinase 1 (CHK1), and phosphorylation of
CDC25C and several G2 checkpoint genes. The inhibition
or inactivation of any of these G2-checkpoint genes results
in the death of cells that have sustained DNA damage by
mitotic catastrophe. Recent evidence suggests an important
role of the cytoprotective protein survivin in checkpoint
regulation.79

Defects in genes such as the polo-like kinase (PLK)
family, the NIMA (for never in mitosis, gene A) family, the
aurora kinase family, and a regulator of the spindle check-
point called BUB that are required for mitotic catastrophe
can also contribute to tumorigenesis.80 Overexpression of
aurora-A, which occurs in a wide range of human cancers,
increases genetic instability, aneuploidy, and centrosomal
aberrations. Furthermore, the overexpression of other
mitotic kinases results in multinucleation and an increase
in centrosome number.81,82

Cancer cells often have a defect in a particular cell-death
pathway, but the cells can still die because of the redundancy
of cell-death mechanisms. However, the nature of the 
cell-death defect ultimately affects the clinical outcome of
treatment, depending on which mechanism is missing. At
present it is not clear whether apoptosis, senescence, necro-
sis, autophagy, and mitotic catastrophe are entirely inde-
pendent programs, whether these mechanisms overlap to
some degree, or whether one mechanism may compensate
for another that is inactivated by a tumorigenic mutation.

Factors influencing 
tumor growth
Since Virchow postulated that inflammation stimulates the
progression of cancer, evidence has been found that
immune-cell infiltration is a characteristic of malignant
tumors. Tumor cells produce various cytokines and
chemokines that attract macrophages, dendritic cells, mast
cells, T cells, and hematopoietic progenitors. These stromal
cells sometimes even outnumber cancer cells. Besides
releasing mitogenic and survival factors, stimulating DNA
damage, facilitating invasion by remodeling the extracellular
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matrix, and evading the host defense, inflammatory cells
also stimulate angiogenesis in tumors.83 For instance,
tumor-associated macrophages accumulate in hypoxic
tumor regions and produce angiogenic factors such as vas-
cular endothelial growth factor (VEGF), VEGF-C, and
VEGF-D. Tie2-expressing monocytes, mast cells, and
platelets also release proangiogenic factors.84 Bone
marrow-derived hematopoietic cells become recruited to
tumors in response to VEGF and placenta growth factor
(PGF) and extravasate around nascent vessels, where they
stimulate growth of resident vessels by releasing angiogenic
factors such as VEGF, PlGF and angiopoietin-2. In addition,
these cells function as hemangioblasts, producing both
hematopoietic and endothelial progenitors that result in
new blood vessels.85 Furthermore, leukocyte-attracting
chemokines such as interleukin-8 (IL-8) directly stimulate
endothelial cell growth. Moreover, in response to PlGF
released by tumor cells, VEGFR-1 positive hematopoietic
bone-marrow progenitors home to tumor-specific
premetastatic sites, where they recruit tumor cells and
endothelial progenitor cells.86

As mentioned above, growth factor peptides and their
receptors are often overexpressed in human cancer and are
involved in cell proliferation, differentiation, and survival.
One of the best known systems is the HER/erbB family which
consists of four structurally similar, transmembrane tyrosine
kinase (TK) receptors: endothelial growth factor receptor
(EGFR or HER1/erbB-1), HER2/erbB-2, HER3/erbB-3, and
HER4/erbB-4.87 Multiple ligands bind to the EGFR: endothe-
lial growth factor (EGF), transforming growth factor 
β (TGFβ), heparin-binding EGF, amphiregulin, betacellulin,
epiregulin, and neuregulin G2b. After binding, the receptors
dimerize and trigger intracellular signaling pathways.88 HER2
heterodimerizes with either EGFR or HER3, and binds to
their ligands for receptor activation. The downstream path-
ways of activated EGFR/HER2 involve at least two major
pathways: the Ras/mitogen activated protein kinase
(MAPK)-dependent pathway and the phosphatidylinositol
3-kinase (PI3K)-dependent pathway.

The HER receptors and their ligands are frequently over-
expressed in many tumor types and are often associated
with advanced disease and poor prognosis (Table 1.3).89

Therefore, EGFR and HER2 have been defined as promising
targets of anticancer therapy, which has been realized
mostly using monoclonal antibodies such as trastuzumab,
to prevent ligand binding, and tyrosine kinase inhibitors, to
interact with receptor autophosphorylation and signaling.

In addition to overexpression mutations may occur.
Mutations in exons 18–21 lead to increased EGFR activity
through overactivation of PI3K/Akt signaling and confer
sensitivity towards TK inhibitors, such as gefitinib or
erlotinib.90 On the other hand, there are mutations in exon
20 that confer resistance to TK inhibitors.91

Another important system is the ras signal transduction
pathway. It is activated by growth factor receptors,

cytokines (IL-2, IL-3, GM-CSF (granulocyte macrophage-
colony stimulating factor)), and hormones (insulin,
insulin-like growth factor (IGF)).92 Ras activity is regulated
by cycling between the inactive guanosine diphosphate
(GDP)-bound and the active guanosine triphosphate
(GTP)-bound forms. Active ras triggers several down-
stream effector pathways that mediate cell proliferation and
suppression of apoptosis. The hydrolysis of GTP by Ras is
facilitated by GTPase-activating proteins (GAPs) such as
p120GAP and NF1.92 Point mutations in the ras gene
render Ras insensitive to GAP stimulation and result in 
a permanent activation of the downstream pathways.
Furthermore, continuous activation of Ras also occurs in
the absence of any mutation in the ras gene, as a result of
continuous upstream signals, for example by activation of
HER family receptors. Overexpression of Ras isoforms is
reported in many solid and hematologic malignancies and
is associated with a worse outcome.93 Ras protein function
depends on its physical association with the inner surface
of the membrane and transmission of the signal to Raf-1,
which involves complex post-translational modifications
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Table 1.3 Human cancers with overexpression
of the epidermal growth factor receptor

Tumor type Expression (%) Prognostic significance

NSCLC 40–80 Shorter overall survival,
metastases

Head and neck 80–100 Shorter disease-free and 
overall survival

Renal cell 50–90 Poor prognosis, shorter
survival

Bladder 31–48 More prevalent in 
recurrent invasive
tumors

Gastric 40 Shorter survival in 
tumors positive 
for TGFβ and EGFR

Pancreatic 30–50 Reduced survival

Colon 25–77 Poor patient outcome

Breast 14–91 Worse overall survival,
steroid receptor-
negative tumors

Ovary 35–70 Reduced disease-free 
survival, overall
survival, drug
resistance

NSCLC, non-small-cell lung cancer; TGF, transforming growth
factor; EGFR, epidermal growth factor.
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of the protein such as farnesylation, which is catalyzed by
the enzyme farnesyl-transferase.94 Mutations may also
occur downstream of the ras pathway. The Raf kinase 
proteins include three isoforms, ARAF, BRAF, and RAF-1,
which differ in their expression profile, regulation, and
ability to function in the context of the Ras–Raf–MAPK
pathway. Activating mutations in the BRAF gene have been
demonstrated in 70% of human malignant melanomas and
15% of human colon cancers.95

Akt/protein kinase B (PKB) is a serine/threonine protein
kinase that interacts with the membrane lipid phos-
phatidylinositol-trisphosphate (PIP3), which is produced
by PI3K after activation by growth factor receptors. Activation
of Akt is prevented by PTEN, a phosphatase that removes
from PIP3 the phosphate attached by PI3K.96 Akt is a positive
regulator of the mammalian target of rapamycin (mTOR),
a central control element for cell growth and proliferation,
by phosphorylation and inactivation of mTOR inhibitors,
such as tuberin (TSC2).97 Furthermore, Akt activation
leads to phosphorylation and thereby inactivation of
proapoptotic proteins, such as BAD and caspase-9, and 
several transcriptional factors. There are multiple lines of
evidence relating Akt to carcinogenesis: Akt is overex-
pressed in a variety of human cancer types; PTEN, a major
antagonist of Akt activity, is frequently lost or inactivated
by mutation in human cancer; and the Akt positive regulator,
PI3K, or one of its downstream effectors, mTOR, is 
commonly upregulated in cancer.96,98

Angiogenesis
The dependence of tumor growth on the development of a
neovasculature is now a well-established aspect of cancer
biology.99,100 In general, increased tumor vascularization
and tumor expression of proangiogenic factors has been
associated with advanced tumor stage and poor prognosis
in a variety of human cancers.101–104

Tumor angiogenesis is regulated by a balance of pro- and
antiangiogenic factors (Table 1.4). A shift in this balance in
favor of proangiogenesis molecules activates the normally
quiescent vasculature to develop new blood vessels, often
together with enlargement of the pre-existing vasculature.
This process involves the recruitment of sprouting vessels
from existing blood vessels and the incorporation of
endothelial progenitors into the growing vascular bed.
This relies on the proliferation, migration, and invasion 
of endothelial cells, organization of endothelial cells into
functional tubular structures, maturation of vessels, and
vessel regression.105

The normal vasculature is usually quiescent in the adult,
and endothelial cells are among the longest-lived cells 
outside the nervous system. There are only a few adult 
tissues that require ongoing angiogenesis, including female

reproductive organs, organs that are undergoing physiolog-
ical growth, or injured tissue. Under normal physiological
angiogenesis, new vessels rapidly mature and become
stable. One characteristic feature of tumor blood vessels is
that they fail to become quiescent, resulting in a constant
angiogenesis. The tumor vasculature presents unique char-
acteristics being different in architecture compared to their
normal counterparts. Tumor vessels are usually irregularly
shaped, dilated, tortuous, and sometimes with dead ends, and
they lack organization into definitive venules, arterioles,
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Table 1.4 Most important pro- and
antiangiogenic factors

Molecule Function

Proangiogenic

VEGF Angiogenesis, permeability,
leukocyte adhesion

VEGFR Integration of angiogenic signals

Ang-1/Tie-2 Stabilization of vessels

PDGF Recruitment of smooth 
muscle cells

TGFβ, TGFβR Extracellular matrix stimulation

FGF, HGF, MCP-1 Angiogenesis

Integrins Receptors for matrix proteinases

VE-cadherin Endothelial junction

Plasminogen Matrix remodeling, release of
activators growth factors

Chemokines Pleiotropic role

Antiangiogenic

Soluble VEGFR-1 Secreted molecule, binds VEGF

Ang-2 Antagonist of Ang-1, function 
depends on other factors

Angiostatin Suppresses angiogenesis

Endostatin Inhibition of endothelial survival
and migration

Vasostatin Inhibition of endothelial growth

Platelet factor 4 Inhibition of bFGF and VEGF
binding

MMP inhibitors Suppression of pathological 
angiogenesis

VEGF, vascular endothelial growth factor; VEGFR, VEGF
receptor; PDGF, platelet derived growth factor; FGF, fibroblast
growth factor; HGF, hepatocyte growth factor; MCP-1, monocyte
chemotactic protein 1; VE-cadherin, vascular endothelial
cadherin; MMP, matrix metalloproteinase.
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and capillaries. In consequence, the vascular network that
forms in tumors is often chaotic, leaky, and hemorrhagic.
Blood flows irregularly in tumor vessels, moving slowly,
and sometimes even shows oscillations. Tumors can be 
heterogeneous in their vascular patterns, and are able to
overproduce their capillary networks. In normal tissues, by
contrast, vessel density is dynamically controlled by the
metabolic need for nutrients and oxygen.106–108

The molecular basis of angiogenesis has been studied
extensively and has identified a number of growth factor
receptor pathways that promote tumor angiogenesis. One
of the major pathways involved in this process is the vascular
endothelial growth factor (VEGF) family of proteins and
receptors.109,110 Activation of the VEGF/VEGF-receptor
(VEGFR) axis triggers multiple signaling networks that
result in endothelial cell survival, mitogenesis, migration,
and differentiation, and vascular permeability and mobi-
lization of endothelial progenitor cells from the bone
marrow into the peripheral circulation. In addition, VEGF
mediates vessel permeability, and leads to deposition of
proteins in the interstitium that facilitate angiogenesis.
Especially VEGF-A has been found to be expressed in many
human tumors and to be associated with a broad spectrum
of oncogenes such as mutant ras, erbB-2/Her2, activated
EGFR, and bcr-abl21.111,112 VEGF-A binds to two receptor
tyrosine kinases (RTK), VEGFR-1 (Flt-1) and VEGFR-2
(KDR, Flk-1).111 VEGFR-2 is the major mediator of the
mitogenic, angiogenic, and permeability-enhancing effects
of VEGF-A. In contrast, VEGFR-1 may function as a decoy
receptor that sequesters VEGF and prevents its interaction
with VEGFR-2.111 Furthermore, VEGFR-1 has significant
roles in hematopoiesis, the recruitment of monocytes and
other bone marrow-derived cells that may home to tumor
vasculature and promote angiogenesis.113,114 In addition,
VEGFR-1 is involved in the induction of matrix metallo-
proteinases (MMPs) and in the paracrine release of growth
factors from endothelial cells.115

Other signaling molecules involved in angiogenesis are
platelet derived growth factor β and its receptor (PDGF-B/
PDGFR-β) and the angiopoietins (Ang), the ligands of the
Tie-2 receptor.110,116 PDGF-B is required for the recruit-
ment of pericytes and maturation of the microvasculature.
Inhibition of PDGFR-β signaling has been reported to
result in a tumor microvascular tree that is dependent on
VEGF-mediated survival signals. Furthermore, tumor-
derived PDGF-A and PDGFR-β signaling has been shown
to be involved in the recruitment of an angiogenic stroma
that produces VEGF-A and other angiogenic factors.117

Ang-1 is required for the remodeling and maturation of the
immature vasculature. Ang-1 is the major agonist for Tie-2,
whereas Ang-2 may act as an antagonist or a partial 
agonist.118 However, recent studies present evidence that
Ang-2 may also play a positive role in tumor angiogenesis.119

Several endogenous inhibitors of angiogenesis have been
identified such as thrombospondin, a multifunctional 

glycoprotein secreted by most epithelial cells in the extra-
cellular matrix, and fragments of larger proteins including
endostatin, tumstatin, vasostatin, and vasohibin.120 The
precise mechanism of action of these proteins is not fully
defined, although several hypotheses have been proposed,
including that they bind to specific integrins.120

Hypoxia
Due to uncontrolled growth and a misbalance between
tumor mass and vascularization, oxygen limitation is a
common feature of malignant tumors. Oxygen concentra-
tion inside solid tumors is reduced, which contributes to
the tumor aggressiveness and poor prognosis of patients.121

Genomes of tumor cells become unstable under hypoxic
conditions, and hypoxia can be the selective pressure for
the expansion of clones with antiapoptotic, treatment
resistant, or highly metastatic potential.122,123 Resistance to
chemotherapy and radiation therapy can be attributed, at
least in part, to the hypoxic condition of tumor cells.124

Hypoxia confers these aggressive properties on the tumors
through either the remodeling of tumor vasculature or the
direct phenotypic changes of tumor cells themselves.
Tumor cells under hypoxia can acquire antiapoptotic and
chemoresistant properties through changes in the expres-
sion of apoptosis-related molecules. Furthermore, the
involvement of HIF-1α in tumor progression to an anti-
apoptotic phenotype was reported.125

Oxygen deprivation is encountered by the induction of
various genes. Hypoxia inducible factor 1 (HIF-1) plays a
central role in this regulatory system (Figure 1.2). HIF-1
can induce the production of a variety of gene products 
relevant for metabolism, vascularization, survival, pH, and
cell migration. Active HIF-1 is a heterodimer composed of
two subunits, HIF-1α and HIF-1β. HIF-1β is constitutively
expressed independent of environmental oxygen concen-
tration, while the expression of HIF-1α is negligible under
normoxia and induced under hypoxia. Up to now, HIF-1α,
HIF-2α, and HIF-3α have been identified and cloned as
the members of the HIFα family that can dimerize with 
HIF-1α and bind to hypoxia responsible elements (HRE)
in the genes of hypoxia responsive molecules.

Among HIFα family members, HIF-1α is thought to be
the key molecule regulating the cellular response to physio-
logical and pathological hypoxia. Mechanisms of hypoxia-
induced expression of HIF-1α have been intensively
studied, and the intracellular level of HIF-1α protein under
reduced oxygen concentration was found to be increased
mainly through stabilization of the protein. Turnover of
the HIF-1α protein is regulated by the ubiquitin–protea-
some system, in which target proteins are degraded by pro-
teasome depending on their ubiquitylation.126 Under
normoxia, the level of the HIF-1α protein is kept low
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through rapid ubiquitylation and subsequent proteasomal
degradation. HIF-1α becomes susceptible to rapid ubiqui-
tylation through hydroxylation of proline residues at Pro-
402 and Pro-564 by prolyl hydroxylase 2 (PHD2), which
requires oxygen for its enzyme activity.127 In cells under
hypoxia, the ubiquitylation and subsequent degradation of
HIF-1α are suppressed due to the decrease in PHD2 activ-
ity, and therefore the level of HIF-1α protein increases. In
addition, the activity of HIF-1 as a transcription factor is
also controlled by hydroxylation of HIF-1α protein.
Hydroxylation of the asparagine residue at Asn-803
inhibits the interaction between HIF-1α and p300, which is
essential for the transcriptional activity of HIF-1.128

Because the factor inhibiting HIF (FIH) that hydroxylates
Asn-803 is also an oxygen-dependent enzyme, the tran-
scriptional activity of HIF-1 increases under hypoxia due to
the suppressed hydroxylation at Asn-803.129,130 Cells can
control the transcription of HIF-1-regulated genes by sens-
ing the oxygen concentration through the activities of
oxygen dependent enzymes PHD2 and FIH, and conse-
quently regulating the intracellular level as well as the tran-
scriptional activity of HIF-1.131

Although HIF-1 can be activated by non-hypoxic path-
ways, hypoxia inside the growing tumor mass is the most
probable candidate for the activation of HIF-1α cascade in
tumor cells. This is supported by the fact that both HIF-1α
and VEGF expression are upregulated predominantly in
tumor cells around the necrotic areas of highly vascularized
tumor mass in glioblastoma.132 Therefore, angiogenesis
triggered by the hypoxia–HIF-1α–VEGF cascade seems to
play an important role in tumor progression to the more
aggressive phenotypes.

Cancer stem cells
Stem cells are defined as cells that have the ability to perpet-
uate themselves through self-renewal and to generate

mature cells of a particular tissue through differentiation
(Figure 1.3). The term ‘cancer stem cell’ is an operational
term defined as a cancer cell that has the ability to 
self-renew, dividing to give rise to another malignant stem
cell and a cell that gives rise to the phenotypically diverse
tumor cell population. Stem cells in different tissues vary
with respect to their intrinsic abilities to self-renew and to
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Hypoxia

HIF-1 upregulates:
VEGF
VEGFR
Glycolysis
Tyrosine hydroxylase
etc.

Angiogenesis
Metabolic changes
Loss of tissue-specific
properties
Antiapoptosis

Disease
progression

Stabilization of HIF-1
FFiigguurree  11..22
HIF-mediated reactions to hypoxia
leading to disease progression. Since
hypoxia inducible factor (HIF) induces
the expression of a variety of genes,
multiple reactions at the physiological
and biochemical level result. 
VEGF, vascular endothelial growth
factor; VEGFR, VEGF receptor.

Stem
cell

Self-renewal

Clonal expansion
Transit amplifying cells

Differentiated cells

D
ifferentiation

P
roliferation

FFiigguurree  11..33
Stem cell paradigm. It is postulated that within every tissue a
small fraction of cells exist which have the following
properties: self-renewal, pluripotency giving rise to other cells
of the lineage, and longevity. The transit amplifying cells
show rapid division and end up in terminally differentiated
cells which lose their ability to proliferate.
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differentiate into particular cell types. Most cancers consist
of a heterogeneous population of cells with differences in
their proliferative potential as well as their ability to reconsti-
tute the tumor on transplantation. Evidence for cancer stem
cells was first documented in hematological malignancies
where only a small subset of cancer cells were capable of
forming new tumors.133–137 Because the differences in clono-
genicity among the leukemia cells mirrored the differences in
clonogenicity among normal hematopoietic cells, the 
clonogenic leukemic cells were described as leukemic stem
cells. It has also been shown for solid cancers that the cells
are phenotypically heterogeneous and that only a small
proportion of cells are clonogenic in culture and in
vivo.138–142 As in the context of leukemic stem cells, these
observations led to the hypothesis that only a few cancer
cells are actually tumorigenic and that these tumorigenic
cells could be considered as cancer stem cells. However, two
possible explanations remain: either all solid cancer cells
have a low probability of proliferating extensively and
behaving in clonogenic assays as cancer stem cells, or most
cancer cells have only a limited proliferative potential and
cannot behave as cancer stem cells, but a small, definable
subset of cells is enriched for the ability to proliferate exten-
sively and form tumors. In both cases, some of the cancer
cell heterogeneity would arise as a result of environmental
differences within the tumor and continuing mutagenesis.

On transplantation, cancer stem cells give rise to tumors
consisting of both new cancer stem cells and heterogeneous
populations of non-tumorigenic cells, reminiscent of the
developmental hierarchy in the tissues from which the
tumors arose. To date, cancer stem cell-like cells have been
identified in breast and central nervous system tumors.143–148

It is still not clear whether the cancer stem cells are derived
from true tissue-derived stem cells, bone marrow stem cells
or mature cells that have undergone dedifferentiation or a
transdifferentiation process. It is also not entirely clear
whether the cancer stem cell represents one or multiple
phenotypes.149,150

Further evidence for cancer stem cells comes from the
study of signaling pathways. Since normal stem cells and
cancer cells share the ability to self-renew, it seems reason-
able to propose that newly arising cancer cells apply the
machinery for self-renewal that is normally expressed in
stem cells. Evidence shows that many pathways that are 
classically associated with cancer may also regulate normal
stem cell development. For example, the prevention of apop-
tosis by enforced expression of the oncogene bcl-2 results in
increased numbers of hematopoietic stem cells (HSCs) in
vivo, suggesting that cell death has a role in regulating the
homeostasis of HSCs.151 Other signaling pathways associated
with oncogenesis, such as the Notch, Sonic hedgehog (Shh)
and Wnt signaling pathways, may also regulate stem cell 
self-renewal (Table 1.5).75 In vivo data from transgenic mice
suggest that activation of the Wnt signaling pathway in 
epidermal stem cells leads to epithelial cancers.152

If the signaling pathways that normally regulate stem cell
self-renewal lead to tumorigenesis when dysregulated, then
the stem cells themselves may represent the target of trans-
formation in certain types of cancer.153,154 There are two
lines of evidence in support of this hypothesis. First,
because stem cells have the machinery for self-renewal
already activated, maintaining this activation may be 
simpler than turning it on de novo in a more differentiated
cell: fewer mutations may be required to maintain 
self-renewal than to activate it ectopically. Second, by 
self-renewing, stem cells often persist for long periods of
time, instead of dying after short periods of time like many
mature cells in highly proliferative tissues. Therefore, there
is a much greater opportunity for mutations to accumulate
in individual stem cells than in most mature cell types.

If cancer stem cells are responsible for tumor growth,
this would have profound implications for cancer therapy.
One possible reason for the failure of current cancer ther-
apy is the acquisition of drug resistance by cancer cells;
another possibility is that existing therapies fail to kill
cancer stem cells effectively. Normal stem cells from vari-
ous tissues tend to be more resistant to chemotherapeutics
than mature cell types from the same tissues. This may be
due to high levels of expression of antiapoptotic proteins or
ABC (ATP-binding cassette) transporters such as the mul-
tidrug resistance gene.151,155,156 If the same were true of cancer
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Table 1.5 Signaling pathways in stem cells 
and cancer

Pathway Stem cell Cancer

Wnt Hematopoietic stem Lymphoblastic 
cells leukemia

Intestinal epithelial Colorectal cancer
stem cells

Keratinocyte stem Pilomatricoma
cells

Cerebellar granule-cell Medulloblastoma
progenitors

CNS stem cells Gliomas
Shh Hair-follicle progenitors Basal-cell carcinoma

Cerebellar granule-cell Medulloblastoma
progenitors

CNS stem cells Gliomas

BMI1 Hematopoietic stem B-cell lymphomas,
cells AML

Notch Hematopoietic stem Lymphoblastic
cells leukemia

Mammary epithelial Breast cancer
stem cells

PTEN Neural stem cells Gliomas

Wnt, wingless type; Shh, Sonic hedgehog; BMI1, B lymphoma
MO-MLV insertion region; AML, acute myeloid leukemia.
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stem cells, then it could be expected that these cells would
be more resistant to chemotherapeutics than would be
tumor cells with limited proliferative potential. Even thera-
pies that cause the complete regression of tumors might spare
enough cancer stem cells to allow regrowth of the tumors.
Therefore, it is hoped that therapies that are more specifically
directed against cancer stem cells might result in much more
durable responses and even cures of metastatic tumors.
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2
Targets
Christoph Bremer and Michael Schäfers

GGeennoommiiccss––pprrootteeoommiiccss
The human genome consists of approximately 34 000 genes
encoding numerous protein structures in the body.
Disease-specific aberrations of gene expression profiles 
are being discovered with ever-increasing speed, and are 
therefore unraveling the underlying ‘molecular pathology’
of cancer. Thus, innumerable molecular structures can
potentially serve as novel tissue specific markers for onco-
logical imaging in vivo. High-throughput anaylsis tools 
in genomics and proteomics help to identify new target 
molecules which are specifically regulated (up- and/or
downregulation) in cancer. The term functional genomics
refers to the systematic generation and analysis of informa-
tion on what specific genes do. Moreover, the genome-wide
analysis of gene expression (analysis of the transcriptome),
the analysis of protein expression levels (proteomics), and
their phenotypic effects are fundamental research advances
which will help to discover ever new relevant targets for
oncology in general, and imaging in oncological disorders
specifically.

The investigation of how genes and proteins interact to
finally carry out cellular functions, which is also referred to
as ‘systems biology’, will moreover improve our under-
standing of the ‘molecular anatomy’ as well as ‘molecular
pathology’.

Whereas many activities in basic research on molecular
pathology in cancer are pursued by analytical methods
applied to blood or tissue samples, molecular and func-
tional imaging is uniquely able to discover molecular target
expression and function on a protein level non-invasively
in vivo. Thus, profiling-mediated discovery of novel disease-
specific targets will also spur the development of new and
more specific imaging agents for molecular imaging.1

Based on this knowledge, new ligands with high affinity
towards newly discovered molecular targets in cancer will
form the basis for new imaging as well as therapeutic agents
(see below).

Targets for oncological molecular imaging in vivo
should generally be (1) clinically relevant (i.e. linked to a
certain type of disease or be predictive of disease outcome),

(2) abundantly overexpressed (or significantly downregu-
lated) as compared to healthy tissue (warranting appropriate
imaging contrast), and (3) easily accessible by intravenously
applied molecular tracers (e.g. extracellular). Typically,
specific proteins (e.g. cell receptors) are chosen as molecular
targets, since the ‘natural amplification’ mechanism from
gene to protein (i.e. 1 gene = several copies of proteins) can
be exploited and – depending on the site of expression – 
proteins may be more easily accessible in general.

While targeting extracellular proteins seems relatively
easily achievable using a huge variety of compounds 
(peptidyl vs. non-peptidyl structures) coupled to an 
isotope or fluorescent dye (tracer), intracellular targets can
only be reached with a more complex chemical approach,
since pharmacological barriers are substantial (see below).
In a ‘classical’ approach, tracers are constructed to bind in a
1:1 fashion to the molecular target. A typical example is
given by the binding of a receptor antagonist to a cellular
surface receptor2 or an inhibitor of an enzyme binding
selectively to the activated enzyme.3 As a distinct group of
molecular targets, enzymes can be exceptionally interesting
when combined, for example, with radiolabeled substrates
which are trapped intracellularly after enzymatic conver-
sion, since one target structure (e.g. hexokinase) can
process several hundreds of reporter probes and thus vastly
amplify the signal in vivo. Optical imaging approaches 
have taken the advantages of fluorescence resonance energy
transfer (FRET) techniques to design enzymatically activat-
able fluorophores (so-called ‘smart’ probes), which can be
exploited to visualize a broad spectrum of oncologically 
relevant enzyme systems (e.g. matrix metalloproteinases,
cathepsins, etc.).4,5

However, theoretically even intracellular structures 
(e.g. caspases, RNA, DNA) can be targeted by different
molecular imaging approaches. For this purpose, membrane
translocation signals can facilitate entry of the probe into
the intracellular space. Different approaches have been
described to achieve improved transmembrane migration
of reporter probes, including the human immunodeficiency
virus (HIV) derived tat-peptide, dendrimers, and polyamine
residues.1
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TTaarrggeettss
To date, numerous molecular targets have been explored to
serve as targets for new molecular imaging tools. Therefore,
we here refer to only a few classes of currently applied
molecular imaging targets in cancer. Generally speaking,
among the huge spectrum of targets being evaluated for
preclinical purposes using different imaging modalities
such as scintigraphy and fluorescence imaging, there are
only a few molecular imaging targets which have been 
validated and established for clinical applications, in the 
vast majority using scintigraphic approaches such as 
positron emission tomography (PET) and single photon
emission computed tomography (SPECT). Recent advances,
especially in the field of molecular imaging, have prompted
the development of new tracers being specific for molecular
imaging of molecular targets in oncology.6 A review of new
molecular imaging tracers for diagnostic purposes is addi-
tionally given in Chapter 31.

CClliinniiccaallllyy  eessttaabblliisshheedd  ttaarrggeettss  
ffoorr  oonnccoollooggiiccaall  iimmaaggiinngg
Glucose transporters and hexokinase
Positron emission tomography with [18F]fluoro-2-deoxy-
D-glucose (FDG) is one of the first molecular imaging 
techniques which has been extensively validated experi-
mentally and has now provided a substantial clinical 
benefit for oncological imaging. In a first step, FDG (as the
original molecule glucose) is taken up intracellularly 
via glucose transporters (e.g. GLUT1 and GLUT4) and 
subsequently phosphorylated by hexokinase. In contrast to
glucose-6-phosphate, FDG-6-phosphate cannot enter the
citrate cycle, and thus is trapped and increasingly accumu-
lated intracellularly. While the target enzyme, hexokinase,
is not specific for malignancy (being activated in inflam-
mation, remodeling, etc.) the specificity of the FDG 
imaging approach is limited per se. However, a vast number
of malignant tumors indeed show an increased rate of
glycolysis, so that FDG-PET is becoming an increasingly
important mainstay of molecular imaging in clincal oncology
(see Chapter 28).

Neuroendocrine tumors
Some of the earliest reported peptide based receptor imaging
agents developed and investigated in cancer patients were
radiolabeled analogs of the hormone somatostatin.
Somatostatin receptors (SSTRs) are found on the cell surface
in a number of organs, including the central nervous

system, the gastrointestinal tract, and the endocrine and
exocrine pancreas. A large number of human tumors
express the somatostatin receptor subtype SSTR2. SSTR
has a very short biological half-life; however, somatostatin
analogs such as octreotide have much longer residence
times. Octreotide labeled with 111In using DTPA (diethylene-
triaminepentaacetic acid) is approved for human use in 
the USA and Europe as a diagnostic imaging agent for neu-
roendocrine tumors. There are numerous other ocreotide
based imaging agents which have been extensively validated
for oncological molecular imaging. Recently, new SSTR 
ligands for PET imaging of SSTR expression in cancer
patients have been described.7,8

Metaiodobenzylguanidine (MIBG) was developed in the
early 1980s to visualize tumors arising from the adrenal
medulla. Today, MIBG scintigraphy using MIBG labeled
with 123I in combination with SPECT represents the imaging
modality of choice for pheochromocytomas, paragan-
gliomas, and neuroblastomas. It has a complementary
function in other neuroendocrine tumors such as carcinoids,
medullary thyroid carcinomas, and non-functioning 
paragangliomas.9 Future developments might translate the
SPECT technology to PET, e.g. labeling MIBG with the
positron emitter 124I.

Sodium iodide symporter
Sodium iodide symporter (NIS) is a membrane glycopro-
tein that couples the transport of iodine and sodium 
into cells using a sodium gradient maintained by the
sodium–potassium adenosine triphosphatase (ATPase).
Secondary active transport of iodine occurs in the thyroid
gland, lactating breast, salivary glands, and gastric mucosa.
Radioactive isotopes of iodine (e.g. 123I and 131I) and
[99mTc] pertechnetate are well established tracers in nuclear
medicine for the diagnosis and targeted therapy of thyroid
gland pathology. NIS transport is maintained in thyroid malig-
nancies at lower levels compared to normal thyroid tissue,
which can help to detect recurrent thyroid cancer and its
metastasis as hot spots.

PPrreecclliinniiccaall  iimmaaggiinngg  ttaarrggeettss
Over recent years substantial progress has been made in the
development of target specific anticancer drugs. Successful
molecular targeting in cancer by treatment with target-avid
drugs include, for example: the anti-HER2/neu antibody
(trastuzumab) for erbB2-expressing breast cancers,10 and
the kinase inhibitor imatinib for chronic myelogenous
leukemia and gastrointestinal stroma tumors. Moreover,
molecularly targeted drugs have shown efficacy in lung
cancer (e.g. the epidermal growth factor receptor (EGFR)
inhibitor erlotinib11), multiple myeloma (e.g. the proteasome
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inhibitor bortezomib12), advanced colorectal cancer (e.g. the
EGFR antibody cetuximab13), and other breast cancer enti-
ties (e.g. the aromatase inhibitor letrozole14).

However, the response to target specific treatment 
regimens can be difficult to predict, which spurs the 
development of new target specific imaging probes that
may help to enhance the clinical risk stratification due to
improved diagnostic capabilities, optimize therapy based
on molecular target characterization, and improve efficacy
assessments.

Generally speaking, fundamental biological properties
of oncological processes that are desirable to measure by
means of molecular imaging include angiogenesis, prolifera-
tion, apoptosis, and hypoxia; these will be briefly reviewed
hereafter.

Imaging of angiogenesis
Angiogensis is a key oncological feature that is essential for
tumor growth and for the formation of tumor metastases.15

Different key features are important hallmarks of angio-
genesis in solid tumors.

Cell surface tyrosine kinase receptors are closely linked to
cancer progression. Angiogenic endothelial cells depend on
activation of the vascular endothelial growth factor
(VEGF) receptor VEGFR2, and undergo apoptosis upon
withdrawal of VEGF.16

A large array of adhesion molecules is important for the
interaction of endothelial with other endothelial cells17 and
with perivascular smooth muscle cells and pericytes
respectively.18 The αvβ3 integrin is one prominent example
of an adhesion molecule that can be targeted for both 
therapeutic and diagnostic purposes. Finally, enzymes
degrading the extracellular matrix are an integral part of
tumor angiogenesis, including matrix metalloproteinases,
cathepsins, or hyaluronidase.

Different non-specific, parametric imaging modalities
have been developed to quantify tumor perfusion, vascular
permeability, and intravascular and interstitial volume 
fractions.19–23 For direct imaging of angiogenesis related
molecules, various endothelial targets can be successfully
visualized, including VEGF and the αvβ3 integrin 
(see above). The αvβ3 integrin receptor, for example, is 
upregulated in angiogenic endothelium, and has been imaged
using Arg-Gly-Asp containing peptidic linkers which exhibit
a high affinity for integrins.24,25 E-selectin is another 
potential angiogensis-related target that can be imaged by
appropriate affinity ligands. Other factors that are related
to or trigger angiogenesis include the hypoxia inducible
factor 1 (HIF-1; see below) that induces the expression 
of VEGF. VEGF in turn causes an increase in vessel 
leakiness, extravasation of plasma proteins, and activation
of the coagulation cascade, which leads to an alteration of
the extracellular matrix, making it supportive of endothelial

and tumor cell invasion. Migration and invasion of cells
requires the degradation of components of the extracellu-
lar matrix, which is triggered by a cascade of enzymes 
(e.g. matrix metalloproteinases and cathepsins), and finally
the establishment of new cell adhesion contacts mediated
by integrins.

Imaging of proliferation
The nucleoside thymidine (e.g. labeled with 11C) as well 
as [124I] iododeoxyuridine has been successfully applied 
to monitor tumor cell proliferation and response to 
tumor treatment.26–28 18F-labeled thymidines include 
3′-deoxy-3′-fluorothymidine (FLT). FLT is trapped intra-
cellularly in a manner analogous to FDG, since following
initial phosphorylation by thymidine kinase the resulting
monophosphate cannot be incorporated into DNA due 
to lack of a hydroxyl group. In general, FLT provides 
complementary information to FDG imaging, showing a
good correlation with histological markers for tumor 
proliferation.29 FLT may substantially improve the sensitivity
of assessing treatment response in cancers, since responding
tumor cells may continue to metabolize FDG but stop 
synthesizing DNA (and thus stop accumulating FLT).

Moreover, molecules that are involved in cell cycle 
regulation and thus trigger tumor growth can be imaged.
The estrogen receptor is one prominent example that can
be monitored, e.g. by 18F-labeled estrogens (FES).30 FES
estrogen receptor (ER) imaging has been validated and
tested in preliminary patient studies as a tool for measuring
ER expression and a predictive assay for hormonal therapy.10

Likewise, the androgen receptor can be successfully 
targeted by [18F] fluoro-5-dihydrotestosterone (FDHT).
FDHT-PET is feasible in patients with advanced prostate
cancer with testosterone levels that are in the castrate 
range. Recent data suggest that FDHT may be a valuable
tracer to study prostate cancer biology and to determine
the treatment efficacy of receptor blockage in these 
patients.31

Tyrosine kinases (TKs) represent another highly relevant
class of onocological targets that regulate most of the signal
transduction in eukaryotic cells and control many
processes in cancer cells, including metabolism, transcrip-
tion, cell-cycle progression, cytoskeletal rearrangement and
cell movement, apoptosis, and differentiation.32,33 There
are more than 90 known protein kinase genes in the human
genome: 58 encode transmembrane receptor TKs distrib-
uted into 20 subfamilies, and 32 encode cytoplasmatic,
non-receptor TKs in ten subfamilies. The epidermal
growth factor receptor (EGFR) is a transmembrane recep-
tor of TK of the erbB (also known as HER) family that is
abnormally activated in many epithelial tumors33 and has
been targeted both therapeutically and diagnostically 
with good success.33,34
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Imaging of apoptosis
Cancer is as much a failure of apoptosis as it is a result of
unchecked proliferation.35 Apoptosis also plays a signifi-
cant role in cancer response to therapy. Programmed cell
death pathways, many of which are p53 dependent, are 
triggered when tumor cells detect damaged DNA. These
pathways lead to the activation of effector caspases that
trigger a proteolytic cascade resulting in a fragmentation 
of intracellular components.36 One of the earliest effects of
caspase activation is disruption of the translocase system
that normally maintains phosphatidylserine on the interior
of the cell membrane. Together with an upregulation of the
scramblase activity, a redistribution of phosphatidylserine
to the outer membrane leaflet occurs, serving as a signal 
of digestion by phagocytic cells.37 Annexin 5 is a 36-kDa 
protein that binds with high affinity to externalized 
phosphatidylserine and has been successfully applied for
scintigraphic, optical, and magnetic resonance (MR)-based
imaging of apoptotic events. Apoptosis imaging probes
could potentially be applied in the evaluation of cancer
therapies, particularly in lymphoma and leukemia.38,39

Imaging of hypoxia
Hypoxia may result from unregulated cell growth, but is
also a common attribute of the tumor phenotype and may
even be a factor in tumorigenesis. Hypoxia enhances 
the expression of endothelial cytokines such as VEGF,
interleukin-1, tumor necrosis factor α, and transforming
growth receptor β, and a cellular O2 sensing mechanism
triggers the production of hypoxia inducible factor 1 (HIF-1).
HIF-1 initiates a cascade of events resulting in angiogenesis
(see above). Hypoxia promotes radioresistance of tumors
as well as chemoresistance through various mechanisms.
Hypoxia impedes drug delivery to tumors, slows cellular
proliferation, and induces gene expression changes that
enable cellular rescue from severe damage.10

Derivatives of misonidazole, hypoxic cell sensitizer
which binds covalently to intracellular molecules at a rate
inversely proportional to the intracellular O2 concentra-
tion, have successfully been developed for PET imaging of
tumor hypoxia.40 Because hypoxia is associated with poor
response to both radiation and chemotherapy, identifying
hypoxia should have prognostic value.10
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BBaacckkggrroouunndd
Cancerous transformation entails major biochemical
changes including modifications of the energy metabolism
of the cell, e.g. utilization of glucose and other substrates,
protein synthesis, and expression of receptors and antigens.
Tumor growth also leads to heterogeneity in blood flow
owing to focal necrosis, angiogenesis, and metabolic
demands, as well as disruption of transport mechanisms of
substrates across cell membranes and other physiological
boundaries such as the blood–brain barrier. These bio-
chemical and histological changes, along with their macro-
scopic anatomical effects, can be assessed with different
non-invasive imaging tools, such as X-ray computed
tomography (CT), magnetic resonance imaging (MRI),
magnetic resonance spectroscopy (MRS), positron emis-
sion tomography (PET), and single photon emission com-
puted tomography (SPECT). Whereas anatomical imaging
(i.e. CT and MRI) is aimed at defining the size and exact
localization of brain tumors, along with the assessment of
invasion of surrounding structures, functional imaging
(MRS, PET, SPECT) is better suited for characterization of
the biological properties. The identification of a tumoral
mass and the assessment of its size and vascularization 
are best achieved with CT and MRI, while functional 
imaging can provide additional information that is crucial
for tumor classification, differential diagnosis, and 
follow-up.1

CCllaassssiiffiiccaattiioonn  aanndd  eeppiiddeemmiioollooggyy
Intracranial brain neoplasms can be classified into primary
brain neoplasms and metastatic tumors. Primary brain
tumors may arise from various cell types of the brain,
including glial cells, neurons, neuroglial precursor cells,
pinealocytes, the meninges, choroid plexus, pericytes of the
vessels, cells of the hypophysis, and lymphocytes. Brain
metastases are more common than primary brain tumors,
since lung neoplasms, as well as breast, gastrointestinal and

genitourinary tumors, and melanomas frequently give rise
to a metastatic tumor in the central nervous system (CNS).

The incidence of primary brain tumors varies between
subtypes. Incidence rates of all primary non-malignant and
malignant brain and central nervous system tumors 
published by the Central Brain Tumor Registry of the
United States (CBTRUS) for the year 2000 are 14.8 cases
per 100 000 person-years (7.4 per 100 000 person-years 
for benign and borderline tumors and 7.4 per 100 000
person-years for malignant tumors).2 These incidence rates
are substantially similar to those from other institutions,
including the International Agency for Research on Cancer
(IARC) (http://www-dep.iarc.fr). Considering all tumors
(benign and malignant), the rate is higher in females,
but malignant tumors show slight predominance in males.
In other words males have a 0.65% and females a 0.50%
lifetime risk of being diagnosed with a primary malignant
brain/central nervous system tumor. Pediatric incidence
(ages 0–19) is 4.3 cases per 100 000 person-years.

Despite aggressive multimodal treatment strategies 
(surgery, radiation, chemotherapy), median survival of
patients with gliomas is limited, depending on the grade
and age at diagnosis, varying from 1 year for glioblastoma,
to 2–3 years for grade 3 and to 5–10 years for a grade 2
glioma. Overall, the 5-year relative survival rate following
diagnosis of a primary malignant brain and central 
nervous system tumor decreases with age, from 64.8%
(ages 0–19) to 23.1% (ages 45–54) and 4.8% (over 75).

In adults, about two-thirds of brain tumors arise from
supratentorial structures, while in children about two-
thirds of brain tumors are infratentorial. Over one-half of
brain neoplasms are metastases from tumors outside the
CNS, and involve the skull or any intracranial structure.

The most frequent primary brain tumors in adults are
gliomas, accounting for over 90% of primary brain tumors
in patients older than 20 years and for more than 60% of all
intracranial brain tumors in all patients.1 Their incidence is
5–10 per 100 000 in the general population. Gliomas are
divided histologically into astrocytomas, oligodendrogliomas,
mixed gliomas, ependymal tumors, and tumors of the
choroid plexus. Grading is performed according to World
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Health Organization (WHO) criteria, taking into account
the presence of nuclear changes, mitotic activity, endothelial
proliferation, and necrosis. The most frequent (65%) and
most malignant histological subtype of glioma in adults is
the glioblastoma, with a peak incidence in the seventh
decade and survival of less than 2 years for most patients.
Even in low-grade astrocytomas, 5-year survival is only 
30% due to malignant progression. If we consider glioma
subtypes as distinct entities, the single most frequent brain
tumor in adults is not glioma but meningioma. Decreasing
frequencies are reported for pituitary adenomas, schwan-
nomas, congenital tumors, and others.

In children, the most common brain tumors are low-grade
gliomas, mostly the pilocytic astrocytoma and the benign
cerebellar astrocytoma. Other frequent brain tumors are
the medulloblastoma (the most common pediatric malig-
nant brain tumor), the ependymoma (which grows into the
brain ventricles), and brainstem glioma. They occur more
often between the 4th and 11th years of life, rarely below
the first year.

Metastatic brain tumors are more frequent than primary
ones. Up to 15% of cancer patients may have metastatic
spread into the brain, and the incidence of brain metastasis
increases as cancer patients live longer. The most common
primary cancers metastasizing to the brain are lung cancer
(50%), breast cancer (15–20%), unknown primary cancer
(10–15%), melanoma (10%), and colon cancer (5%).4

Eighty percent of brain metastases are localized in the cere-
bral hemispheres, 15% occur in the cerebellum, and 5% in
the brainstem.3 For diagnostic purposes it is important to
consider that in over 70% of cases there are multiple brain
metastases at the time of diagnosis, but solitary metastases
may also occur.4 It is important to avoid the mistake of con-
sidering an intracranial tumor a metastasis just because the
patient has had previous cancer; in this case a correct diag-
nosis and appropriate treatment could be missed. Brain
involvement can occur with cancers of the nasopharyngeal
region by direct extension along the cranial nerves or
through the foramina at the base of the skull.

Brain tumors are named after the brain cell type they his-
tologically appear most similar to. This does not mean that
the tumor originates from the type of cell it is named after.
Certain tumors are composed of cells that are so undifferen-
tiated that no similarity to a histological category can be
determined, such as glioblastoma cells.5 In general, the
malignancy grade of the tumor is based on nuclear atypia,
number of mitoses, vascular proliferation, and foci of necro-
sis, but specific differences between the different tumor types
must be considered. The commonly applied terminology
follows the rules of the WHO classification published in
2002,6 consisting of classification of the malignancy grade of
brain tumors into four different grades, from the least
aggressive (grade 1) to the most malignant (grade 4).

The three main categories of gliomas are astrocy-
tomas, oligodendrogliomas, and mixed oligoastrocytomas.

Astrocytomas can then be graded according to their histo-
logical malignancy grade into the four WHO grades, while
oligodendrogliomas and mixed oligoastrocytomas are
graded only into two grades, although a reassessment of this
classification is in progress, concerning the grading criteria
with the possible addition of a grade 4 oligodendroglioma, a
subclass of glioblastoma with an oligodendroglial compo-
nent.7,8 Even low-grade tumors are infiltrative, with a marked
potential to increase the malignancy grade over time.

The only WHO grade 1 tumor is the pilocytic astrocy-
toma, which occurs mainly in children and can be located
in the posterior fossa (cerebellum and brainstem), hypo-
thalamus, basal ganglia, or optic tracts (often associated
with neurofibromatosis type 1). It is characterized by a slow
growth rate with good prognosis and a long-term survival.

Grade 2 gliomas include the diffuse astrocytoma, the
oligodendroglioma and the oligoastrocytoma. Most low-grade
gliomas affect young adults, the incidence slowly increasing
from birth up to 40 years of age, with a subsequent
decrease.

Most oligodendrogliomas are low-grade; the malignant
form represents only 20% of cases. Approximately one-
third of patients survive for 5 years after diagnosis. Like
most slowly growing brain tumors, low-grade gliomas 
usually present with partial or generalized seizures. Usually
they develop over a year-long silent period with slow 
subclinical progression, followed either by diffuse spread of
the tumor throughout one or both hemispheres or by
malignant transformation into grade 3 or 4 gliomas.7

The most frequent grade 3 and 4 gliomas are the anaplas-
tic astrocytoma (WHO grade 3) and the glioblastoma
(WHO grade 4), which account for more than half of all
astrocytomas after the age of 60, with survival less than 2
years for most patients. The peak age of incidence is the fifth
decade for the anaplastic astrocytoma and the sixth decade
for the glioblastoma. Typically these tumors, although highly
malignant, do not spread beyond the CNS. Despite most
modern therapy approaches, these tumors virtually always
recur, usually arising within 2 cm of surgical resection mar-
gins. Treatment of these tumors is palliative, and must be
individually tailored through a multidisciplinary approach
to preserve or restore the highest possible quality of life for as
long as possible. There are no strict guidelines for the timing
of treatment options. External radiation therapy seems to
slightly improve survival in these patients. A recent large ran-
domized phase-3 study, including 573 glioblastoma patients,
has shown that the addition of the alkylating drug temozolo-
mide to radiotherapy as initial treatment prolongs the 2-year
survival rate from 10.4% to 26.5% in patients with glioblas-
toma.9 Large efforts are aimed at identifying molecular
markers predictive of treatment response. This may, in the
future, permit the selection of a particular treatment based
on specific molecular features of the tumor. Molecular
tumor profiles may also allow identification of novel and
promising treatment targets for malignant gliomas.10
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The anaplastic oligodendroglioma which arises either
from a lower grade oligodendroglioma or de novo is well
known to be chemosensitive, in contrast to malignant
astrocytomas.11 Several subgroups of patients with differ-
ent response rates for chemotherapy can be differentiated
through genetic analysis.7,12,13

Meningiomas are not strictly brain tumors, as they occur
outside the brain, in the meninges. Nevertheless they grow
inside the cranial cavity and present some of the features of
brain tumors. Meningiomas arise especially in areas of
arachnoid villi, mostly along the sagittal sinus, over the
cerebral convexity, at the base of the skull, and in the
parasellar regions. They are mostly asymptomatic and 
discovered accidentally, but constitute approximately 30%
of all brain neoplasms. The median age at diagnosis is 
64 years, and the female to male ratio is almost 2:1. Slow,
progressive enlargement of the tumor leads to focal or 
generalized seizure disorders or neurological deficits
caused by compression of adjacent neural tissue.14 Most of
these tumors present with histological well-differentiated
tissue, low proliferative capacity, limited invasiveness, and
good long-term prognosis after surgical treatment. Ninety
percent of meningiomas are classified as benign, 6% atypical,
and 2–4% malignant. There is increased incidence of
meningiomas in patients with breast cancer, for which a
hormonal relationship has been proposed.15 All menin-
giomas show loss of chromosome 22q, a feature common
to neurofibromatosis type 2. In fact, neurofibromatosis
type 2 is often associated with multiple meningiomas.16

Adenomas of the pituitary gland are often composed of
well differentiated cells that produce anterior pituitary 
hormones, which can cause syndromes of hormone excess
as in acromegaly and gigantism for growth hormone-,
galactorrhea for prolactin-, and Cushing’s syndrome for
adrenocorticotropic hormone-producing tumors. They
can also be non-secreting, and all can cause hormonal 
misbalances or other symptoms due to the compression of
surrounding structures, such as hormonal deficiencies and
visual problems due to compression of the optic chiasm.
Aids to diagnosis are plasma hormone measurements in
addition to MRI of the sella turcica. Pituitary adenomas are
typically divided on the basis of their size into ‘microade-
nomas’ when their size is below 10 mm in diameter and
‘macroadenomas’ when they are bigger. Nearly all of these
tumors are benign. Life expectancy is normal if complete
surgical removal is achieved and the subsequent hormone
deficiency is corrected by drugs.

Primary central nervous system lymphoma is a rare
form of extranodal non-Hodgkin’s lymphoma that is con-
fined to the CNS and the eye.17 In immunocompromised
patients, the incidence is several thousand-fold higher than
the baseline rate in the general population, namely about 5
per 1000 person-years among patients with acquired
immunodeficiency sybdrom (AIDS) and 0.3 per 100 000
person-years in the immunocompetent population.7,18

The incidence rate is low in children and rises steadily with
age, reaching its maximum in the seventh and eighth
decades. In the immunocompetent subject the tumor is
often localized in the subcortical region and is multifocal in
40% of cases.19 The tumor is characterized by the tendency
to spread diffusely throughout the CNS and to the eye;
therefore, surgical excision is not considered useful as in
other brain tumors. Nevertheless, diagnostic surgery or
stereotactic biopsy are necessary to establish a histological
diagnosis, showing in almost all cases a malignant large-cell
diffuse B-cell lymphoma that expresses pan-B cell markers
such as CD20. These tumors are sometimes called ‘ghost
tumors’because of spontaneous or steroid-induced regression
of the mass.7 As a consequence, administration of steroids
prior to diagnostic procedures such as imaging procedures
or biopsy with histological evaluation should be avoided.

Primary brain tumors are the most frequent neoplastic
disease in children after leukemia. In children, up to 50% of
brain tumors are located in the infratentorial region; this
region is rarely affected by brain neoplasms in adults. In
general, tumors in infants and children tend to show high
variability and low specificity of clinical symptoms. General
symptoms of rising intracranial pressure such as irritability,
reduced alertness, vomiting, failure to grow, and progressive
macrocephaly can be observed in infants; older children can
sometimes show focal symptoms, but it is not the rule.20

The three most common brain tumors in children are the
pilocytic astrocytoma (21%), the medulloblastoma (17%),
and the diffuse low-grade cerebellar astrocytoma (9%).

The medulloblastoma is an infratentorial primitive 
neuroectodermal tumor that shows local invasiveness,
subarachnoid dissemination, and extraneural metastases.
Its frequency decreases from the first decade by approxi-
mately halving every decade. The 5-year disease-free sur-
vival for medulloblastoma is variable, with an average of
approximately 50%. Increased risk of recurrence is mainly
determined by the presence of metastases, age below 4
years, and extensive residual disease after surgery. In addition
to surgical resection, treatment is based on craniospinal
radiotherapy to prevent leptomeningeal dissemination
through cerebrospinal fluid. Chemotherapy is added to
radiotherapy in selected cases.20

Ependymomas are commonly diagnosed in children
under 4 years of age, but they occur also in adults at any
age. They usually arise in the ependymal lining of the 
ventricles and may occur anywhere within the CNS. Most
frequently they lie within the posterior fossa arising from
the lining of the fourth ventricle or cerebellopontine angle,
but they may also arise in the filum terminale and the cen-
tral spinal canal. Advances in neuroimaging, neurosurgery,
and radiation therapy have improved disease control and
functional outcomes for children with ependymoma,
including children under the age of 3 years.21 Supratentorial
ependymomas are often larger and have a cystic component.
The 5-year survival rate depends on the histopathological
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grading, being 87% for low-grade tumors and 27% for
high-grade tumors, and localization: 97% for tumors of the
spine, 68% for infratentorial tumors, and 62% for supra-
tentorial tumors.22

Other primary brain tumors in children include choroid
plexus papilloma and carcinoma. They are rare tumors
which arise from the cerebral spinal fluid (CSF) producing
neuroepithelial tissue. Almost half of these tumors occur
under 12 years of age, and represent 2–4% of all pediatric
brain tumors. The choroid plexus papilloma is the most
common brain tumor in children less than 1 year of age.
Most of these tumors are located in the lateral ventricles,
less often in the fourth and rarely the third ventricle.
Because papillomas tend to grow slowly within ventricles,
they expand to fill the ventricle and block CSF flow. When
a complete surgical resection can be achieved, the prognosis
of choroid plexus papilloma is good, in contrast to the
choroid plexus carcinoma which has an extremely poor
prognosis.23

MMoolleeccuullaarr  bbaassiiss  ooff  bbrraaiinn
ttuummoorriiggeenneessiiss
Understanding glial tumorigenesis is crucial for the devel-
opment of molecular therapeutic targets to overcome current
therapeutic limitations. Molecular changes are the basis of
dysregulation of the cell cycle, alterations of apoptosis and
cell differentiation, neovascularization, and tumor cell
migration and invasion into the brain parenchyma.
Genetic alterations which play an important role in glioma
development include a loss, mutation, or hypermethylation
of the tumor suppressor gene TP53 or other genes involved
in the regulation of the cell cycle, such as cyclin-dependent
kinase N2A/p16, p14ARF, and primitive neuroectodermal
tumor (PTEN), as well as activation or amplification of
oncogenes and growth factors and/or their receptors, such
as MDM2, cyclin-dependent kinase 4, cyclin D1 and D3,
epidermal growth factor receptor (EGFR), vascular
endothelial growth factor (VEGF), PDGFR (platelet-
derived growth factor (PDGF) receptor), and transforming
growth factor β.24–26 During progression from low-grade
astrocytoma (WHO grade 2) to anaplastic astrocytoma
(WHO grade 3) and to glioblastoma multiforme (WHO
grade 4), a step-wise accumulation of genetic alterations
occurs. Whereas TP53 mutation and PDGF and PDGFR-α
overexpression represent early changes during low-grade
glioma development, progression to anaplastic astrocy-
toma is associated with pRb (retinoblastoma protein) alter-
ation and loss of heterozygosity (LOH) of 19q, further
malignant progression to glioblastoma including LOH 10q,
and mutations of the PTEN gene.27 These secondary
glioblastomas, which develop from better differentiated

astrocytomas, can be distinguished from primary de novo
glioblastomas on the basis of molecular genetic findings,28

with amplification and/or overexpression of the EGFR, p16
deletion, PTEN mutation, pRb alteration, and LOH 10p and
10q associated with primary glioblastoma. Most important,
molecular alterations have been identified which indicate
the therapeutic response of patients and, thus, are prognos-
tically relevant: anaplastic oligodendrogliomas with LOH
1p and/or LOH 19q are characteristically sensitive to PCV
(procarbazine, lomustine, vincristine) chemotherapy, and
patients’ survival is significantly prolonged.12,29–31

DDiiaaggnnoossttiicc  mmooddaalliittiieess
The goals of diagnostic procedures in brain oncology
include: primary diagnosis, ideally obviating the need for
stereotactic biopsy; planning of stereotactic biopsy and 
surgical resection; radiation therapy planning for target
volume definition; evaluation for chemotherapy in selected
cases as well as experimental therapies; and re-evaluation
after treatment.

When clinical signs and symptoms lead to the suspicion of
a brain tumor, the differential diagnosis includes a number
of non-oncologic causes of expanding intracranial lesions
such as granulomas, paracytic cysts, abscesses, hemorrhages
(intracerebral, extradural, or subdural), or aneurysms.

The first diagnostic evaluation is based on neuroradio-
logic imaging, and when the diagnosis of brain tumor is
highly suspicious, it is necessary to characterize the type of
tumor and its grade of malignancy, as the morphologic
imaging alone is not specific enough to give full compre-
hension of brain lesions. The gold standard for diagnosis is
histopathological evaluation, which requires the use of
tissue sampling, either surgically or by stereotactic biopsy,
both of which are invasive procedures. However, because of
tumor heterogeneity, even biopsy does not always hit the
site of highest malignancy, which should best define the
grade of the tumor. Hence the histological evaluation yields
a ‘minimum grading’ which is not always the real grade of
the tumor.5 Non-invasive functional imaging techniques
can then be applied with the aim of characterizing more
subtle tissue differences and enable successful targeting of
the biopsy to the site of highest malignancy.

Most clinical manifestations of tumors located in the
brain parenchyma are due to the ‘mass effect’ of the grow-
ing tumor and the consequence of non-specific events such
as increased intracranial pressure, edema, and shift and
destruction of surrounding brain tissue. There is a ten-
dency for slowly growing tumors to cause partial or gener-
alized seizures, especially if they are located in the cortex (as
often observed in low-grade gliomas). Rapidly growing
tumors tend to cause symptoms of progressively rising
intracranial pressure, which results from the growing
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tumor mass itself, from cerebral edema, or from obstructed
cerebrospinal fluid flow. These symptoms are headache,
nausea, vomiting, drowsiness, and visual abnormalities.
Other symptoms are focal neurological deficits, which can
show the localization of the tumor. Mental status changes,
such as memory loss and decreased alertness, can be associ-
ated with tumors of the frontal lobe, diffuse meningeal
spread, or diffuse brain infiltration.7

Unfortunately, as mentioned above, tumor misclassifica-
tion can occur with morphologic imaging techniques. The
first crucial step to achieving correct diagnosis through 
histological evaluation is to target the biopsy to the most
malignant region within the tumor. Especially gliomas can
be regionally extremely heterogeneous, so biopsy-targeting
is of crucial importance for a correct grading of the tumor
and for subsequent management planning, otherwise 
sampling errors may lead to malignancy-grade underesti-
mation. Furthermore, low-grade gliomas have the tendency
to infiltrate throughout the brain parenchyma and to
increase malignancy grade over time, so again exact 
sampling of the site of highest malignancy is crucial.7 For
correct biopsy-targeting, the ideal imaging procedure
would design a precise map of regional malignancy within
the tumor. Thus, if such a technique was sufficiently 
sensitive and specific, it could allow a non-invasive diagno-
sis obviating the need for biopsic sampling prior to surgical
intervention. Nevertheless, mostly for gliomas, in addition
to the problem of correct sampling there is another frequent
source of error, namely the poor within- and between-
observer reproducibility in the morphological classification
of glioma subclasses, especially for differentiating astrocytic
from oligodendroglial tumors or identification of anaplastic
astrocytomas.31,32

Detection of a brain lesion is the first diagnostic step in
patients with symptoms and signs suggesting the presence
of a brain tumor. Imaging is primarily done to prove or rule
out the presence of such a lesion. To this end, both direct
and indirect signs are sought. A direct sign of a brain tumor
is an area with a density (CT) or signal (MRI) different
from that of normal cerebral tissue, including changes sec-
ondary to contrast media infusion. Such changes in density
or signal occur secondary to the structural features of
neoplasms.

XX--rraayy  ccoommppuutteedd  ttoommooggrraapphhyy,,
mmaaggnneettiicc  rreessoonnaannccee  iimmaaggiinngg  aanndd
mmaaggnneettiicc  rreessoonnaannccee  ssppeeccttrroossccooppyy
For many years, X-ray CT with contrast enhancement has
been the gold standard for the diagnosis of brain tumors
due to its ability to ascertain the presence of a brain lesion,
to define its dimension and relation with surrounding

brain structures, to assess perilesional edema, and to define
the presence of multiple brain lesions. Most tumors are
characterized by contrast enhancement; the increased
accumulation of contrast results primarily from the leakage
of contrast into the tumor’s interstitium because of the
absence of a blood–brain barrier in the blood vessels
derived from tumor neoangiogenesis. The region of
contrast-enhancement corresponds to the main tumor
mass; however, malignant tumor cells are commonly found
beyond the contrast-enhanced region, particularly in
gliomas. X-ray CT is superior to MRI for detecting calcifi-
cation, skull lesions, and hyperacute hemorrhage (bleeding
less than 24 hours old), and helps in direct differential 
diagnosis as well as immediate management. On the other
hand, it is less sensitive than MRI in some brain regions,
namely those near bony areas of irregular shape, such as the
posterior fossa and the floor of the middle fossa, due to 
the presence of beam-hardening artifacts. Nevertheless, the
X-ray CT depiction of bone structures is valuable for defin-
ing bone destruction or sclerosis associated with metastatic
tumors, pituitary adenomas, meningiomas or carcinomas
from the sinuses or pharynx, and for studying lesions with
calcific components or localized close to bone structures.
The use of multislice high speed X-ray CT is desirable for
evaluating clinically unstable patients in whom motion
would result in degraded MR images due to artifacts.
Contrast-enhanced X-ray CT allows us to detect any 
blood–brain barrier disruption which occurs in most 
brain tumors, but also in many neurological disorders
including acute stroke, inflammatory, infectious cerebral
diseases, and multiple sclerosis. X-ray CT can also miss
non-enhancing tumors such as low-grade gliomas.33

Continuous developments in MRI provide new insights
into the diagnosis, classification, and understanding of the
biology of brain tumors. MRI offers several advantages as
compared to X-ray CT. MRI studies are characterized by
higher contrast resolution associated with multiplanarity.
MRI is characterized by high sensitivity for structural 
alterations caused by tumoral growth, also in brain regions
that are poorly assessed by X-ray CT, such as the infratentorial,
sellar, temporal, and meningeal regions. The already high
sensitivity for structural alterations can be further
enhanced by the use of paramagnetic contrast agents.
For these reasons, MRI is the procedure of choice for the
primary diagnosis of all types of brain tumor.33 Standard
T1- and T2-weighted MRI acquisitions display high 
sensitivity for brain tumors and give information on the
size and localization of the tumor.34 MRI is characterized
by high soft-tissue resolution, and it allows the detection
with high definition of lesions that are isodense on X-ray CT,
tumor enhancement, and secondary concurrent alterations
such as edema, mass effects, signs of intracranial pressure, all
phases of hemorrhagic states (except hyperacute), and necro-
sis. MRI is also the procedure of choice in the evaluation
of intramedullary and extramedullary spinal cord lesions.
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A normal contrast-enhanced MRI scan essentially rules out
the possibility of a brain tumor.

There are several available MRI acquisition parameters:
T1-, T-2, proton density-, diffusion-, and perfusion-
weighted images, as well as fluid attenuated inversion
recovery (FLAIR). They display characteristic patterns
depending on tumor type and grade. Usually most brain
tumors are hypointense on T1-weighted images and hyper-
intense on FLAIR and T2-weighted images (unless fat or
hemorrhage is present (Figure 3.1)). In highly proliferative
brain tumors, such as the glioblastoma, the blood–brain
barrier is often disrupted, resulting in leakage of contrast
media, visible in gadolinium-enhanced T1 images and 
contrast-enhanced X-ray CT. On plain images, without
contrast agent, the margins of gliomas are ill defined.
Gliomas tend to spread to the opposite hemisphere along
the white matter through the corpus callosum. Due to their
fast proliferation, high-grade gliomas such as the glioblastoma
often display central necrotic areas, fluid, and hemorrhage;

the fast expansion leads to mass effect and peritumoral edema.
Lower grade gliomas can have large cystic components; they
are usually more homogeneous without central necrosis.

Three main variables differentiate tumors from normal
tissue: water content, regressive events, and vascular 
architecture.

Most types of brain tumor typically exhibit an increased
water content due to the high cellularity. Changes are more
pronounced in those lesions having a low nucleus/cyto-
plasm ratio (e.g. astrocytoma) than in lesions with a high
nucleus/cytoplasm ratio (e.g. medulloblastoma). Another
factor responsible for the increased water content in neoplasms
is the high quantity of interstitial fluids, that is, the cyto-
toxic intratumoral edema. Increase of water content is the
explanation of CT hypodensity and the increase in T1 and
T2 relaxation times on MRI (T1 hypointensity and T2

hyperintensity). Regressive events include the presence of
cysts, necrotic and hemorrhagic areas, calcifications, and
fatty degenerative areas.
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Left hypothalamic astrocytoma typically
showing a bright hyperintensity on T2

images (a, b), hypointensity on T1 images
(c), and a hypointense signal on
diffusion-weighted images (d), suggesting
increased water molecule movement.
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The cystic appearance of some neoplasms has long been
utilized as an aid for differential diagnosis (Figure 3.2).
Preoperative delineation of cysts is also helpful to the 
neurosurgeon when planning the surgical approach. Intra-
tumoral cysts are secondary to focal mucoid degeneration,
and further enlargement of the cavity occurs due to fluid
transudation from cyst walls. Large cysts are commonly
found in low-grade lesions (pilocytic astrocytoma, heman-
gioblastoma, ganglioglioma, pleomorphic xantho-astrocy-
toma, ependymomas, craniopharyngiomas, pituitary
adenoma, acoustic neurinoma, meningioma). Cysts can be
filled with pure water, or contain considerable amounts of
protein or other debris deriving from prior hemorrhage.
A homogeneous content is a common finding in large
cysts; in some cases, cysts and solid tumors display similar
imaging characteristics and cannot be differentiated. The
characteristics of the fluid contained in the cysts influence
the MR signal characteristics. If the water is pure and does
not contain proteins, the fluid in the cyst will have the 
same signal as cerebrospinal fluid (CSF). When the protein
content increases, protons become bound in a hydration
layer adjacent to the protein, significantly decreasing the T1

relaxation time of the water solution, with a final increase
in the signal intensity on both T1 and T2 images. The most
benign tumors commonly show cystic fluid with an intensity
near to that of CSF. On CT scans, cysts are characterized by
a low density, similar to that of CSF. Higher protein density
is reflected in greater CT density and may lead to simulation

of a solid tumor. Necrotic areas are due to ischemic cell
damage or intralesional hemorrhagic events that result in
the formation of pseudocystic areas. Both the discrepancy
between tumoral growth and blood supply and microvessel
thrombosis due to wall infiltration or hyalinosis can cause
intralesional ischemia. On CT and MRI, the density and
signal characteristics can be similar to those of true cysts.
Morphological criteria, including an irregular shape of cav-
ities, with indented borders and heterogeneous content,
may suggest the necrotic origin of the cyst. Generally,
lesions containing areas of necrosis are more likely to be
malignant. A large hemorrhage originating from a tumor is
a relatively uncommon event (1% in neuroepithelial
lesions), and when it occurs it is usually very difficult to
immediately identify a tumor as the cause. However, small
hemorrhages are frequently seen within tumors. Certain
primary intracranial neoplasms (e.g. glioblastoma, ependy-
moma, and oligodendroglioma) and metastases from 
various tumors (e.g. melanoma, lung carcinoma, renal cell
carcinoma, choriocarcinoma) demonstrate a characteristic
tendency to bleed, and this behavior can be useful for the
diagnosis. This implies that it is necessary to use methods
that are sensitive and specific for the detection of hemor-
rhage. Both CT and MRI are useful for depicting the 
presence of hemorrhage, but the ability of CT to define its
etiology is very poor. On MR images it is possible to distin-
guish between the signal intensity pattern of intratumoral
hemorrhage and that of benign intracranial hematomas.35

The signal intensity is heterogeneous in the former, with
concurrent areas of edema and hemorrhage.35 Further-
more, the evolution of blood within tumor tissue may be
slow, as compared to the evolution of benign hematomas.
These delayed changes are probably related to the hypoxic
state typical of human neoplasms,36 or to repeated episodes
of bleeding.37 Another finding that helps to differentiate
intratumoral bleeding from benign hematomas is the
reduction or irregularity of the hemosiderin halo that can
usually be found in the periphery of chronic benign intracra-
nial haematomas.35 The presence of non-hemorrhagic tumor
tissue inside the lesion represents a clear sign of neoplasm.
Lastly, the presence on long TR (repetition time) images of
high-intensity signal in the parenchyma surrounding tumoral
hemorrhage35 requires follow-up by MRI or a biopsy.38 In the
presence of any of these signs the hemorrhagic event can be
due to a benign cause, such as an occult cerebrovascular 
malformation; however, a work-up must be performed to
exclude a tumor.38 The presence of calcifications in brain
tumors is common and it has a diagnostic relevance.
Tumors that commonly undergo some calcification include
meningioma, craniopharyngioma, oligodendroglioma, astro-
cytoma, ependymoma, choroid plexus papilloma, gan-
glioneuroma, dysgerminoma, chordoma, and all tumors after
irradiation. Calcification patterns vary from punctate to 
diffuse, and calcifications are best seen on CT as high-
density areas. Calcium produces a void signal on MRI,
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Cerebellar pilocytic astrocytoma, characterized by a cystic
mass with enhancing mural nodule (arrows).
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and calcifications are thus difficult to identify by this 
technique. Areas of fatty degeneration occur secondary 
to macrophagic phagocytosis in necrotic areas (most common
in glioblastomas). They are seen as hypodense lipidic areas
on CT and with a marked reduction in relaxation time,
especially T1, on MRI. An abnormal vascular architecture is
a feature of most tumors. Tumors stimulate neoangiogene-
sis within the tumoral tissue and sometimes in the adjacent
areas, so the detection of vascularity is not specific enough
to characterize morphologic images. Thus, several efforts
have focused on the development of further MR-based
techniques including diffusion and perfusion imaging, and
spectroscopy studies. The implementation of echo planar
imaging sequences on clinical MR scanners has allowed the
rapid acquisition of images with new types of contrast
mechanisms.39 One possibility that is beginning to be
investigated in association with brain tumors is the use of
diffusion-weighted MRI (Figure 3.3). With this technique,
magnetic field gradients are applied before and after the
180i pulse in spin echo imaging sequences. The reversal of
spins by the 180i pulse means that these gradients do not
contribute any net phase shift for static spins, whereas 
protons that are diffusing in the medium undergo a loss of
phase coherence that is detected as a loss of MR signal

amplitude.39 Spins with higher diffusion rates generally
produce a greater loss of phase coherence and a lower MR
signal than those with slower diffusion rates.39 The apparent
diffusion coefficient (ADC) reflects physical factors, such as
temperature and viscosity, in addition to the restricted
motion of the molecules resulting from the presence of semi-
permeable tissues and membranes. Differences in ADC are
expected to reflect changes in cellularity, cell membrane
permeability, intracellular and extracellular diffusion, and
tissue structure.39 Preliminary studies in brain tumors have
typically shown low anisotropy in abnormal regions, which
reflects the loss of normal tissue structure, with an
increased ADC in necrosis, edema, and cysts relative to
normal-appearing white matter. There have been reports that
the ADC of regions of tumor is correlated with cellularity,
with a tendency towards lower ADC values in high-grade as
compared with low-grade gliomas.40 The minimum ADC
value in patients with tumors tends to be higher in regions
of low anisotropy than in regions of normal tissue
anisotropy. This parameter may be important in the effort
to distinguish regions of edema from non-enhancing
tumor.39 Moreover, diffusion-weighted MRI can be suc-
cessfully used to differentiate between extra-axial cysts and
epidermoid tumors.41 Another application of echo planar
imaging is in the estimation of parameters that reflect
tissue vascularization.39 This is achieved by acquiring mul-
tiple repeated images during the first pass of a bolus of MR
contrast agent. Changes in signal intensity of such dynamic
data may be used to calculate an image of regional cerebral
blood volume (rCBV).39 Although the detailed mechanisms
underlying perfusion and vascular contrast MRI are under
investigation, the potential of the technique to provide
useful information in patients with brain tumors is clear.39

Neovascularization has been shown to be an important
factor in the regulation and malignant potential of many
tumors,42 and as an increasing number of new therapies that
specifically target angiogenesis are available, it is desirable to
have an imaging technique able to depict angiogenesis.39

With such a methodology, necrosis may be differentiated
from tumor by virtue of its low rCBV relative to normal-
appearing white matter in the contralateral hemisphere.
The differentiation between viable tumor and adjacent gray
matter is more difficult because these tissues may appear
isointense on rCBV images.39 A study of glioma patients
suggested a positive correlation between rCBV and tumor
grade.43 The potential for use of rCBV imaging to define
the radiation target and monitor therapeutic success was
demonstrated in a study of eight glioma patients investi-
gated three to four times serially.44 This study showed 
similar results for rCBV data and positron emission tomog-
raphy (PET) scans obtained at the same time points. In a
more recent study the authors state that dynamic suscepti-
bility contrast MRI is more useful for grading glioma 
than conventional MRI, and that it can also provide 
complementary information that facilitates differentiation
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Deep right basal ganglia primary central nervous system
lymphoma characterized by a very low signal on T2 images (a),
a sharp enhancement after gadolinium (b), and a clear
restriction of apparent diffusion coefficient on diffusion-
weighted images (c) and maps (d).
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between malignant lymphoma and glioma. The absence of
tumor neovascularization in malignant lymphoma leads to
a low rCBV, which is in contrast to findings in malignant
gliomas. Moreover, this technique can be used to differentiate
between extra-axial tumors, e.g. between meningioma and
neurinoma.45

Two new MRI modalities attempt to highlight functional
or metabolic properties of the tumor: perfusion-weighted
and diffusion-weighted MRI.

Perfusion-weighted MRI is able to assess the tumor
blood volume, which can be useful in defining the tumor
extent. With an intact blood–brain barrier, this measure is
reliable, but in most brain tumors, where the blood–brain
barrier is disrupted or absent, there is a variable underesti-
mation of the tumor extent.46 New techniques have been
developed to overcome this problem, but there is yet no
application in clinical practice.

The apparent diffusion coefficient in diffusion-weighted
MRI sequences does not seem to be helpful for distinguishing
tumor tissue from peritumoral brain tissue in gliomas.47 In
vivo white matter tractography by diffusion tensor imaging
(DTI) has become a popular tool for investigation of white
matter architecture in the normal brain (Figure 3.4). DTI
studies for delineating white matter organization in the
vicinity of brain tumors have demonstrated that edema,
tissue compression, and degeneration may cause significant
interpretation problems, but also that the combination of
functional MRI (fMRI) and DTI may represent a useful
tool to define the seed region of interest for DTI-based
tractography and to provide more comprehensive, func-
tionally related, white matter mapping in presurgical
assessment.48

The MRI finding of most intracranial tumors without
contrast enhancement consists of iso- or hypointensity on
T1-weighted, and hyperintensity on T2-weighted images, to
a variable extent of mass effect on other structures inside the
cranial cavity. These features alone are not reliable enough
to differentiate between the different tumors. To discrimi-
nate between the different tumors before histological evalu-
ation, other features can be helpful, such as morphology,
contrast enhancement, and the presence of a cystic compo-
nent, of calcifications, of necrosis, hemorrhage, and edema.

MR spectroscopy (MRS) shares with MRI the principle
that makes the production of images feasible, namely that
of nuclear magnetic resonance. In MRS the signal obtained
from a single element is further separated into its different
chemical forms. This is possible because the effect of a
magnetic field on nuclei is not direct: it is shielded by the
distribution of the bonding electrons around the nuclei
being detected. Therefore, nuclei in different chemical
environments give rise to signals at different frequencies.
This separation of nuclear resonance frequencies is 
termed chemical shift, depends on the magnetic field
strength, and is expressed in dimensionless units termed
parts per million (ppm). It is thus possible to define a 
spectrum of nuclear magnetic resonance signal, in which
the several chemical forms of an element (where ‘element’
indicates hydrogen, carbon, etc.) give peaks in specific 
positions.

With 1H-MRS, a non-invasive in vivo approach for the
determination of some cerebral metabolites of clinical 
relevance is possible. Unfortunately, the in vivo resolution
of this method is poor; only molecules small and mobile
enough to tumble freely in solution can be detected. There is
no way to detect signals from proteins, from most membrane
components, or from small molecules bound to larger ones.
Moreover, only compounds present in concentrations of
about 1 mmol can be measured directly. The rationale for
considering that signals originating from certain metabo-
lites are of use in defining the viability of, or the damage to,
any cellular structure is based on in vitro histochemical and
cellular studies. These studies demonstrated that individual
metabolites are localized in specific cells or cerebral struc-
tures; on the basis of this evidence, signal modifications of
a particular metabolite could reflect death or injury to a cer-
tain cell population. In a brain proton MRS study the main
marker resonances include: the generally defined choline
peak at 3.2 ppm, which encompasses choline-containing
compounds, such as membrane phospholipids (phospho-
choline and glycerophosphocholine), and their respective
degradation products; creatine and phosphocreatine,
which are elements of cellular energetic metabolism;
mobile lipids and triglycerides; N-acetyl-aspartate (NAA)
and N-acetylate groups, considered to be the markers of the
neuronal population; and the lactic acid peak, which can be
measured when the glycolysis terminal metabolite concen-
tration exceeds the normal value, as in hypoxic conditions.
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Diffusion tensor imaging (DTI) tractography combined with
functional magnetic resonance imaging (fMRI) in a patient
with left rolandic glioblastoma multiforme (GBM). In (a),
three-dimensional reconstruction of the corticospinal tract
(CST) depicts the destructive effect of the lesion on the white
matter tract (white arrow). In (b), the anterior displacement of
part of the left CST and of the hand motor area, demostrated
with fMRI (blue spot), is shown.
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In addition to these metabolites, it is possible to detect
other compounds utilizing short echo time (TE) sequences
(10–50 ms). Short TEs allow the recognition of substances
with a short T2, or that are strongly spin-coupled, such as
glutamate, glutamine, taurine, glycine, myoinositol, and 
γ-aminobutyric acid (GABA), which is very informative
from the clinical point of view, but very difficult to quanti-
tate with the 1.5-T magnetic field that is normally used for
clinical studies.

The major clinical application of MRS considered for
brain tumor patients has been its potential for non-invasive
tumor grading.49–51 These studies have predominantly used
MRS techniques that detect a signal spectrum from a small
region of interest (single-voxel MRS). Trends such as
higher mean choline and lower mean NAA levels in higher-
grade tumors have been reported (Figures 3.5 and 3.6).
However, most of the studies have found large standard
deviations in metabolite ratios and substantial overlap in
individual values, which may restrict the accuracy of the
technique. Studies using sophisticated data analysis tech-
niques have shown a higher degree of accuracy for in vitro
and in vivo spectroscopy studies.52 A significant improve-
ment in accuracy was obtained using a two-dimensional
MRS imaging technique.51 Multivoxel techniques (chemical
shift imaging or spectroscopic imaging) provide spatially
encoded chemical information from large tissue slices
composed of several voxels. The combination of improved
spatial resolution and increased number of voxels provides
many more data about tumor heterogeneity and assists in
exploration of the tumor margin (Figure 3.7). As a result 
it is possible to measure the metabolite content of different
areas of neoplasms and surrounding normal tissue.
This is very useful for better characterization of glial
tumors, in which areas with different grading very often
coexist, and for more accurate monitoring of possible
malignant degeneration of benign tumors. In a serial proton
MRS imaging study it was clearly demonstrated that an
increased choline signal is associated with malignant 

progression of cerebral gliomas and that serial MRS imag-
ing effectively and accurately differentiates between stable
and progressive disease.53

Spectroscopy studies are also very useful in the assess-
ment of response to therapy. The sensitivity of this tech-
nique in fact exceeds that of conventional MRI, with useful
information being provided in lesions treated with
chemotherapy or radiation therapy. There is general agree-
ment that within high-dose regions that correspond to the
radiation target, treatment response is reflected in reduc-
tion in the levels of choline, creatine, and NAA 2–3 months
after treatment. In regions that are not responsive to the
radiation treatment, levels of choline may increase, corre-
sponding to residual or recurrent tumor. This different
behavior is of paramount importance in helping to differ-
entiate between radionecrosis and recurrence, one of the
most difficult topics in oncological neuroradiology. The
possibility of monitoring the efficacy of new antitumoral
compounds explains why MRS is included as the main tool
in most new experimental protocols.

The high sensitivity of MRS is not paralleled by its speci-
ficity. Although several studies have reported that MRS
permits the differentiation of diverse histological tumor
types or of abscesses or cystic lesions from neoplasms, the
experience of routine daily practice has drawn attention to
the risks related to the technique, and warrants caution
when considering differential diagnosis. This is true not
only for differentiation of neoplastic lesions, but even more
so when distinction between tumoral and non-neoplastic
lesions is addressed.

The absolute quantitation of metabolites and short TE
spectra may provide additional data to improve specificity.
However, absolute quantitation is complex and time con-
suming, and short TE spectra have a poor signal to noise
ratio. Although the problems of absolute quantitation and
reduction of TE without impairment of quality may soon
be resolved, it is still debatable whether different metabolic
patterns correspond to different types of tumors.
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Single-voxel spectroscopy (echo time (TE) 135 ms) 
of a subcortical low-grade glioma. Compared to the
normal spectral profile (top left), the tumoral
spectrum (top right) shows a slight increase of
choline (Cho) and N-acetyl-aspartate (NAA)
reduction.
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RRaaddiioonnuucclliiddee  iimmaaggiinngg  ooff  
bbrraaiinn  ttuummoorrss
In the early 1970s, before X-ray CT had an established role
in medicine, the aim of nuclear medicine studies was to
image a tumor which was suspected on a clinical basis.
Nowadays, such a demand is easily answered by X-ray CT
and/or MRI, but great effort has been spent on the charac-
terization of brain lesions beyond what is possible using

simple imaging. Intracellular biochemical processes 
can be measured and visualized with nuclear medicine
techniques.

For radionuclide imaging, there are two available three-
dimensional techniques: single photon emission computed
tomography (SPECT) and positron emission tomography
(PET). They rely on the detection of different types of
radioactive emission of radionuclides, namely β+ emission
for the more sophisticated and expensive PET and photon
emission for the SPECT. PET has a better spatial resolution
(up to 4 mm) than SPECT (8–10 mm).

There are several applications for radionuclide brain
imaging, including: delineating tumors from non-neoplas-
tic tissue, grading and prognosis, localizing the optimum
site for biopsy, distinguishing radionecrosis from tumor
recurrence, assessing response to therapy, predicting malig-
nant progression, distinguishing high- from low-grade
glioma, and therapy follow-up.

SSiinnggllee  pphhoottoonn  eemmiissssiioonn  
ccoommppuutteedd  ttoommooggrraapphhyy
Even today the most important SPECT tracer in neuro-
oncology is thallium-201 chloride ([201Tl]chloride), a potas-
sium analog.54–59 The uptake of [201Tl]chloride in neoplastic
tissue was observed in patients referred for myocardial per-
fusion studies with this tracer. In those patients who had
tumors, [201T1]chloride uptake was also evident in those
extramyocardial areas where the tumors were localized. The
mechanism of [201T1]chloride uptake is not completely
understood; however, it is thought to be largely dependent
upon delivery, i.e. blood flow and blood–brain barrier per-
meability, cellular metabolism, and efficiency of the
sodium–potassium adenosine phosphatase (ATPase) activity.
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Single-voxel spectroscopy (TE 135 ms) of a glioblastoma multiforme
(GBM). The single volume of interest comprises different tumoral
areas (solid and cystic). There is a clear increase of choline (Cho)
content; N-acetyl-aspartate (NAA) is severely reduced.
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Multivoxel technique on a 3-T scanner in a subject
with temporal lobe low-grade glioma. Multiple
spectra on the left side show the differences
existing between tumoral tissue (spectra 1–4) and
peritumoral tissue normal (5–8).
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Factors affecting the uptake of [201T1]chloride in brain
tumors include tissue viability, tumor type, co-transport
system, calcium ion channel system, vascular immaturity
with leakage, and increased cellular permeability.
[201T1]chloride has been shown to accumulate in viable
tumor tissue more than in connective tissue, especially in
inflammatory cells, and it is barely detectable in necrotic
tissue. [201Tl]chloride has a much higher affinity for brain
tumor than for white and gray matter, as the latter show
little or no [201Tl]chloride uptake. Disruption of the
blood–brain barrier allows for greater [201Tl]chloride
uptake in tumors; however, in radiation necrosis and resolv-
ing hematoma, blood–brain barrier disruption can occur
without [201Tl]chloride accumulation. The time course of
[201Tl]chloride uptake in brain tumors depends upon 
several variables. Early uptake, i.e. within 5 min of tracer
injection, depends on regional blood flow, blood volume,
and permeability of the blood–brain barrier. By contrast,
delayed uptake depends on active transport by the 
membrane pump of the tumor. Sodium–potassium ATPase
activity has been shown to account for ten times more
[201Tl]chloride uptake than tumor blood flow.

Depending on the patient selection process, the sensitivity
and specificity of [201Tl]chloride in localizing brain tumors
have been estimated to be about 70% and 80%, respec-
tively.58,59 Sensitivity is lower in low-grade gliomas, while
specificity is lower in cases with hemorrhagic infarction.60

Small tumor size and a location in the posterior fossa may
further reduce the sensitivity of [201Tl]chloride imaging.58

The highest sensitivity has been observed in glioblastoma
multiforme and metastatic lesions. By comparing the
uptake of [201Tl]chloride in tumors of different histological
type,61 it has been demonstrated that the mean retention
index (tumor/non-tumor activity) is higher than 0.7 for
each type of malignant tumor, whereas it is lower than 0.6
in all benign tumors, except pituitary adenomas. Moreover,
it has been shown that the early uptake of [201Tl]chloride
correlates with contrast enhancement on MRI, except in
the case of schwannomas and cavernous hemangiomas.
Ricci et al. have reported59 that the extent of necrosis may
affect the uptake of [201Tl]chloride when the volume
included within the region examined encompasses both
necrotic areas and highly malignant tumor tissue. Since
necrosis is related to tumor proliferative activity and represents
a negative prognostic factor in astrocytoma, a possible under-
estimation of [201Tl]chloride uptake due to intratumoral
necrosis must be carefully evaluated. It must be noted that
the administration of steroids diminishes the uptake of
[201Tl]chloride by more than 20%.58 Thallium-201 has also
been found to be useful for evaluating the histological
grade of astrocytomas. In a study comparing this tracer
with [18F]FDG (fluro-2-deoxy-D-glucose) in 23 patients,
[201Tl]chloride uptake was statistically different both
between grades 2 and 3 and between grades 3 and 4, while
FDG was negative in all grade 2 patients, positive in six out

of seven grade 4 patients, but highly variable in grade 
3 patients.62

Thallium-201 SPECT has been utilized to characterize
treatment response and to detect recurrence after initial
treatment. Patients who showed recurrence presented with
a high uptake of [201T1]chloride, but this technique failed
to diagnose the viability of tumors that were less than 1.5
cm in diameter, owing to the partial volume effect and/or
the limited resolution of [201Tl]chloride SPECT. In order to
improve the quality of SPECT images, [99mTc]sestamibi has
been applied in the detection of recurrent gliomas 
after radiotherapy; this method is able to identify 
recurrent gliomas with a higher accuracy than [201Tl]
chloride.63–65

[99mTc]methoxyisobutylisonitrile (MIBI),63,64 was origi-
nally developed for the evaluation of myocardial perfusion.
This tracer is a cationic complex that is concentrated in
cytoplasm and mitochondria as a result of passive diffusion
across highly negative transmembrane potentials in 
relation to metabolic demand. The entry of [99mTc]MIBI
into cells depends on a combination of charge and
lipophilicity. The negative potential on the inner mito-
chondrial membrane traps the tracer within the organelle
matrix.66 Its retention in the mitochondria is not organ
specific, and appears to be a mechanism common to most
tissues. Studies with this tracer have shown that its sensitiv-
ity to detect malignant tumors and recurrences is similar to
that of [201Tl]chloride. The uptake of [99mTc]MIBI in brain
tumors was first compared with that of [201Tl]chloride in
1993 by O’Tuama et al.,67 and it was concluded that the
spectrum of avidity is similar for both tracers. Later, the
uptake of MIBI was studied in a greater number of patients
and it was demonstrated that this tracer is of value in 
distinguishing low- from high-grade gliomas, and at the
same time enables differentiation from other non-malignant
lesions such as radiation necrosis, cerebral abscess, or
ischemic stroke.68,69

For brain tumors and cerebral metastases, [99mTc]MIBI
has a sensitivity and a specificity of 85%, with a positive
predictive value (PPV) of 97% and a negative predictive
value (NPV) of 53%. The best results are obtained in
gliomas (sensitivity 88%, specificity 92%, PPV 98%, and
NPV 63%), without differences between low- and high-grade
tumors.64 The use of [99mTc]MIBI for the assessment of
tumor response to chemotherapy has also been advocated.
This proposal is based on the observation that the efflux of
[99mTc]MIBI is related to the expression of the multidrug-
resistance MDR1 gene and amplification or increased
expression of its product, P-glycoprotein (Pgp), and to the
expression of the multidrug resistance-associated protein.70

Tests in gliomas64 and pediatric neuroblastomas and gan-
glioneuromas71 have suggested that the results of [99mTc]
MIBI imaging may correlate with the presence of func-
tional Pgp in gliomas and neural crest tumors, as has been
shown for other tumors. It has also been suggested that

3344 Advances in Nuclear Oncology

9781841846149-Ch03  8/21/07  4:34 PM  Page 34



[99mTc]MIBI imaging might be used to assess recurrent
gliomas after radiation therapy.63,64

[99mTc]tetrofosmin is a lipophilic cationic tracer which
shares many of the properties of [99mTc]MIBI and is 
extensively used in nuclear cardiology. It has been shown
that this tracer has a trapping mechanism which is similar
to that of [99mTc]MIBI, depending on both cell membrane
and mitochondrial potentials.71 Recently it has been 
suggested that it may be a suitable radiotracer for brain
tumor imaging.72 Preliminary results with [99mTc]tetrofos-
min indicate that this tracer does not accumulate in 
low-grade gliomas (grade 2), but is taken up avidly by 
high-grade gliomas and other malignant brain tumors.
Uptake in the tumor region correlates well with that of
[99mTc]MIBI, so it has been concluded that [99mTc]tetrofos-
min may also be useful for the non-invasive grading of
brain tumors.73

Imaging modalities based on the use of SPECT and
monoclonal antibodies have attracted increasing interest,
and this is particularly true in those aimed at signal ampli-
fication and dose reduction by tumor pre-targeting tech-
niques. This is best achieved by the administration of
biotinylated monoclonal antibody followed by administra-
tion of the radioactive tracer (two-step technique), or by
the administration of avidin after the monoclonal antibody,
and then tracer administration (three-step technique).
The additional steps are aimed at enhancement of the
signal to noise ratio by allowing a longer time for antibody
localization on the tumor (two-step technique), and the
removal of free antibody by conjugation with avidin
(three-step technique), prior to the administration of low
doses of radioactive tracer.

These approaches overcome the limitations deriving
from the low tumor/non-tumor ratio and high dosimetry
when using monoclonal antibodies directly labeled with
iodine-131. In practice, one of the procedures used entails the
following three steps: administration of biotinylated BC2 anti-
tenascin immunoglobulins; administration of cold avidin at
24 h; and administration of 99mTc-labeled PnAO-biotin
(where PnAO is propylene amine oxime) after a further 24 h.
In glioma patients, Paganelli et al.74 have shown a correlation
between in vitro immunohistochemistry for tenascin and in
vivo immunodetection with this pre-targeting technique 
(sensitivity 93%, specificity 75%, accuracy 90%).

Somatostatin receptor imaging in intracranial tumors is
usually performed with [111In]DTPA-D-Phe1-octreotide
(where DTPA is diethylenetriamine pentaacetic acid) or
[123I]Tyr3-octreotide. Uptake depends upon receptor
expression and absence or disruption of the blood–brain
barrier. Non-specific uptake is commonly observed in
lesions other than tumors.

Somatostatin receptor imaging in intracranial tumors
has already been the object of a review summarizing 15
studies in a total of 535 patients carried out between 1989
and 1996. The analysis demonstrated the usefulness of

somatostatin analogs in meningiomas but not in gliomas;
its role in pituitary adenomas is also considered doubtful.75

The use of tracers which specifically bind to receptors
has been applied mostly to pituitary adenomas, in particu-
lar in the assessment of non-secreting tumors in the
parasellar region, where radiological differential diagnosis
may occasionally be difficult. The in vivo characterization
of the biochemical and functional properties of the tissue
may provide useful information about the nature of the
pituitary mass. PET and SPECT have been used for the
assessment of adenomas and other parasellar tumors with
[11C]deprenyl, 11C- and 18F-labeled spiperone analogs,
[123I]IBZM (iodobenzamide), and [123I]epidepride.76−81

Some brain tumors show a high density of benzodiazepine
receptors compared with normal tissue.[11C]PK11195 is a
ligand which binds with high affinity to peripheral benzo-
diazepine receptors and has been used to image human
gliomas.82,83

The limited spatial resolution of the SPECT technique may
restrict its value in assessment of the extent of the disease.
Nevertheless, attempts have been made to delineate tumor
tissue with [201Tl]chloride and with [123I]α-methyl-tyrosine
(IMT), and it has been concluded that [123I]IMT shows
greater tumor extent especially in grade 3 gliomas, while the
size of glioblastomas is shown in a comparable manner.84

PPoossiittrroonn  eemmiissssiioonn  ttoommooggrraapphhyy
The tumor variable most commonly assessed with PET is
glucose uptake. Tumor glycolysis can be assessed with 
2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG), which 
differs from glucose only in the replacement of the
hydroxyl group on the second carbon atom by radioactive
fluorine. Glucose and [18F]FDG share the same saturable
carriers between blood and tissue, and [18F]FDG competes
with glucose for hexokinase. [18F]FDG-6-phosphate is
trapped in cells in proportion to the glucose metabolic rate,
and its accumulation can be detected by PET. By fitting the
data of [18F]FDG accumulation under a region of interest
in a dynamic study, three constants may be derived which
represent the glucose transport from blood to brain, the
reverse transport from brain to blood, and the phosphory-
lation of glucose. [18F]FDG is the most important tracer for
PET oncological studies: its relatively simple synthesis and
long half-life along with extensive knowledge of the mech-
anisms determining its uptake and retention have made it
quite popular in neuro-oncology. It is well established that
brain neoplasms present changes in glucose utilization in
comparison with normal tissue. In vitro tumor cells have a
high rate of glucose degradation into lactic acid even in the
presence of oxygen.85 With this tracer, changes in the 
oxidative metabolism were first demonstrated in vivo in
brain neoplasms.86,87
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Alterations of glucose transport in experimental cancer
cells have been demonstrated and related both to an
increased metabolism and to an increased number of exist-
ing glucose transporters.88 Activation of the gene encoding
the synthesis of glucose transporter GLUT1 is a major early
marker of malignant transformation. An overexpression of
GLUT1 and GLUT3 has been observed in several tumor
types, including brain tumors,89 and this may explain the
raised level of glucose extraction demonstrated with PET.90

In both experimental and human gliomas it was demon-
strated that even in the presence of a normal unidirectional
glucose influx into tumor cells, the glucose metabolism was
doubled in comparison with normal gray matter, and that
there was an uncoupling between glucose transport and
phosphorylation.91,92

The [18F]FDG uptake into malignant cells is therefore
the consequence of both increased expression of glucose
transporter molecules and glycolysis. Quantitative 
assessment of glucose metabolism with PET in human
brain neoplasms is considered to be highly reproducible93

but cumbersome. The use of semiquantitative methods
such as the standardized uptake value (SUV) has become
popular for the analysis of tumor activity in sites other 
than the brain. However, some doubts have been raised as
to the usefulness of quantitation or even semiquantitation
in a clinical setting, where simple visual assessment 
of tracer accumulation by an experienced reader or 
measurement of the radioactivity distribution ratio
between tumor and contralateral normal brain has been
found to be sufficient in most cases. The latter methods
remain the most common means of [18F]FDG-PET 
analysis in brain tumors.94,95

Most [18F]FDG-PET studies have been performed on
gliomas and on correlation between brain tumor-[18F]FDG
uptake and survival,96–99 histology,99–106 tumor grad-
ing,99,103,107 different histological subtypes of glioma,102,108

histology, other imaging methods,103,109,110 and PET with
other tracers.98,99,103,105,111–114 Most studies have been per-
formed in a limited number of patients. A sum of studied
patients among all available studies would yield a high
number of patients, but this cannot be done, due to
extreme heterogeneity in patient characteristics, histology,
evaluation parameters of diagnostic procedures, and 
reference parameters. In sum, the level of evidence would
be too low, and thus insufficient to draw definitive 
guidelines. Nevertheless, it can be concluded that only in
high-grade gliomas can the accuracy of conventional 
radiological methods with high sensitivity, such as MRI, be
improved by the concomitant use of [18F]FDG-PET, which
contributes to the accuracy through improved specificity.
Initial studies with [18F]FDG were able to identify elevated
uptake of tracer in brain tumors,115 and it was rapidly 
concluded that the uptake of [18F]FDG is correlated with
the grade of malignancy. Thus, low-grade gliomas are not
easily identified, or appear as cold spots surrounded by
normal uptake in the cerebral cortex, which may hinder

clear definition of tumor extension. Overall, insufficient
correlation between [18F]FDG uptake and histological
grade, and low diagnostic accuracy for low-grade gliomas,
led to recommend the use of [18F]FDG only in selected
cases, mostly for restaging after treatment to differentiate
tumor persistence/recurrence from radiation necrosis in
high-grade gliomas or to visualize malignant transforma-
tion of low-grade gliomas.62,102,103,105,108

There are various applications of FDG in the assessment
of brain tumors. Prior to any treatment, PET scan with
[18F]FDG is considered useful in the diagnostic work-up of
suspected brain tumors and metastases as it may identify
focal hypermetabolic abnormalities. Different studies have
related the grade of malignancy of gliomas to the rate of
[18F]FDG uptake, and shown that while low-grade astrocy-
tomas display low [18F]FDG uptake, anaplastic astrocytomas
and glioblastomas have markedly elevated uptake.62,97,116,117

[18F]FDG-PET has also been proposed as a useful tool 
to assess the tumor grade in oligodendrogliomas118 and 
gangliogliomas.109 In some other rare intracranial tumors
such as hemangiopericytomas, low uptake of [18F]FDG was
not correlated with high malignancy.119 On the other hand,
the high uptake of [18F]FDG that has been observed in
juvenile pilocytic astrocytomas is not an expression of
malignancy, as these tumors are associated with a relatively
good prognosis.120 Anaplasia is considered the factor that
determines the elevated uptake of glucose, and PET has
therefore been proposed as a tool to guide biopsy in the
high metabolic area, where it is most likely to provide diag-
nostic results.121,122 [18F]FDG-PET has been used to predict
the survival of untreated patients. In low-grade gliomas,
the natural history of the disease is variable, and malignant
transformation is difficult to predict. [18F]FDG-PET is
useful in this context in that detection of areas of increased
[18F]FDG uptake in histologically proven low-grade
gliomas is predictive of malignant transformation.123,124 In
the early postoperative period, [18F]FDG-PET can be used
to differentiate residual tumor from the effect of surgery.125

It seems clear that a decline in tumoral uptake of [18F]FDG
weeks or months after therapy is suggestive of a good
response to treatment, indicating either a reduced number
of viable cells or reduced metabolism of damaged cells.126

After treatment, [18F]FDG may differentiate recurrence
from other therapy-related changes. Furthermore, when
recurrence is confirmed, no visible uptake of [18F]FDG or
uptake lower than adjacent cortical activity is associated
with a longer survival than is observed in patients in whom
tumor [18F]FDG uptake is higher than in the adjacent
cortex.127,133

Malignant gliomas and gray matter structures take up
FDG avidly, whereas lower grade gliomas do so to a lesser
degree. Thus, when tumors are in or near gray matter, it
may be difficult to distinguish between the two. Improve-
ment in the delineation of gliomas with FDG-PET 
imaging, by extending the interval between FDG adminis-
tration and PET data acquisition, has been preliminarily
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reported.134 Delayed images by visual analysis showed
better delineation of the FDG uptake of tumors relative to
gray matter. This result likely stems from a greater effect of
glucose-6-phosphatase degradation of FDG-6-phosphate
in normal brain relative to the gliomas. Delayed FDG-PET
imaging is simple, is technically feasible, and may improve
glioma diagnosis in tumors in or near the cortex or 
deep nuclei.

Imaging with radiolabeled amino acids visualizes pro-
tein synthesis and amino acid transport phenomena, which
are accelerated in tumors.135 Because the uptake of amino
acids in macrophages and other inflammatory cells is low,
these tracers might be more tumor specific than [18F]FDG
for the assessment of abnormal tissue. Methionine and
other large neutral amino acids, e.g. phenylalanine,
leucine, tyrosine, isoleucine, valine, tryptophan, and histi-
dine, are normally supplied to the brain from systemic
protein breakdown and diet. A transport system in the
blood–brain barrier mediates the transcapillary movement
of structurally related amino acids that compete with each
other for entry into the brain, which occurs at a rate of
approximately 3–10 nmol/g per minute. Use of carbon-11
methionine avoids many of the problems related to the
tumor/non-tumor uptake ratio that are encountered with
[18F]FDG, and overcomes the difficulty in differentiating
tumors from other cerebral pathologies that may cause
abnormal [18F]FDG uptake, i.e. infections, radiation necro-
sis, and edema.136 In tumors without obvious breakdown of
the blood–brain barrier, a stereospecific process with 
similar properties to those in the normal brain tissue is
responsible for the accumulation of labeled methionine.137

Amino acid uptake, evaluated by administration of
11C-labeled L-methionine, has been found to be different in
tumors compared with normal brain tissue.138 In contrast
to [18F]FDG, tumor tissue, like glioma, shows avid uptake
of radiolabeled amino acids, while uptake in macrophages,
other inflammatory cells, and normal cerebral tissue is low.
Therefore these tracers might be more tumor specific than

the radiolabeled glucose analog.33 Accumulation of 11C-
labeled L-methionine in brain tumors does not seem to be
dependent on disruption of the blood–brain barrier, like
contrast enhancement in CT and MRI. In fact, most low-
grade gliomas do not show any blood–brain barrier leak-
age, but they display increased 11C-labeled L-methionine
uptake.139–143 Many authors have found a positive correla-
tion between 11C-labeled L-methionine uptake and the 
histological grade of gliomas.99,142,144 Less clear results 
can be found on the possible correlation between 
11C-labeled L-methionine uptake and prognosis: other fac-
tors must be taken into account in the evaluation of patient
prognosis, such as histology, presenting symptoms, and
clinical performance status.141,145 11C-labeled L-methionine
has proved to be useful to target stereotactic biopsy.143,146

Another interesting application of this method is func-
tional brain mapping: Kaplan et al. used PET scans and co-
registered MR images prior to neurosurgical tumor
excision of brain tumors in children to maximize resection
and minimize the risk of neurological sequelae. Good
results have also been found for restaging of brain tumors
after treatment, especially for differentiation between
recurrent glioma from radiation necrosis147–149 and to 
evaluate chemotherapy effectiveness142,144 (Figure 3.8).
There are several applications of 11C-labeled L-methionine
that complement those of FDG and of anatomical imaging.
[11C]methionine allows earlier and more accurate 
delineation of tumor extension than does anatomical
imaging,150–152 and has been proved to be better than
[18F]FDG in delineating low-grade gliomas99,108 (Figure 3.9).
[11C]methionine enters several biochemical pathways;
therefore, modeling of its kinetics in brain tumor tissue
presents even more difficulties than those deriving from
the heterogeneous features of tumor masses. Non-specific
uptake has been reported in non-neoplastic lesions, includ-
ing hematomas and abscesses, while the administration of
branched chain amino acids inhibits the accumulation 
of methionine in brain tumors without severe disruption

Primary brain tumors 3377

100.0

120.0

140.0

160.0

180.0

200.0

200.0

150.0

50.0

0.0

Temozolomide

Anaplastic OA, WHO III
after resection
and radiation

100.0

30000.0

25000.0

20000.0

10000.0

15000.0

5000.0

MET uptake 2.34 MET uptake 2.26 MET uptake 1.79

start TMZ 3 cycles TMZ 6 cycles TMZ

80.0

60.0

40.0

20.0

0.0

FFiigguurree  33..88
Value of methionine-positron emission tomography
(MET-PET) in the follow-up of chemotherapy. 
A patient presented with the clinical signs of tumor
progression (increase in seizure frequency).
Magnetic resonance imaging (MRI) was non-
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Health Organization.
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of the blood–brain barrier, as in normal brain tissue.138 The
use of [11C]methionine is justified by its relatively simple
synthesis and its rapid uptake in tumors and clearance
from blood and other tissues. In conclusion, in brain
oncology, PET with 11C-labeled L-methionine can add sub-
stantial information to MRI or CT, for primary diagnosis,
planning of stereotactic biopsy, target volume definition
prior to radiation therapy and surgical resection, and for
restaging after treatment. Nevertheless MRI and CT can
detect the tumor with high sensitivity, and to date they
cannot be replaced by any functional imaging procedure.

Experience with other tracers is limited, but in a quanti-
tative evaluation of [11C]methionine uptake in patients
with low-grade gliomas, those patients with a low tumor
uptake in the baseline study had a significantly better prog-
nosis than those with a high uptake.154

More recently, [11C]methionine PET has been applied to
guide, in a stereotactic environment, the biopsy of a brain
tumor. In comparison with [18F]FDG, this tracer has the
advantage of offering better detection of non-anaplastic tumor
zones and brain regions with infiltrating neoplastic cells.102

Many studies have demonstrated that [11C]methionine
imaging is highly accurate in the detection of brain tumor
boundaries both in primary lesions and in recurrences,
regardless of their pathological grading.108,155,156 In a large
series of gliomas, 35 out of 37 lesions were clearly depicted as
hot spots on the [11C]methionine images; by contrast,
[18F]FDG (45 patients) visualized 23 lesions as hot spots (these
were mostly high-grade gliomas) and 18 as hypometabolic

lesions, while four were difficult to distinguish from sur-
rounding brain tissue.108 The reported advantage of
[11C]methionine over [18F]FDG in delineating gliomas is
probably not relevant in CNS lymphoma, where [18F]FDG
uptake in tumor is much higher than in normal cortex.157

Highly significant differences in amino acid uptake were
demonstrated between low-grade and high-grade oligo-
dendrogliomas, and in one recent study it was found that
[11C]methionine was even better than [18F]FDG in grading
this type of tumor.103

The use of [11C]methionine-PET has been evaluated in
low-grade gliomas after radiotherapy. It was demonstrated
that stable or decreasing uptake of methionine in tumors
during follow-up is apparently a favorable sign.154

Other amino acids used for brain tumor imaging are
tyrosine, thymidine, glutamate, and phenylalanine and
their labeled derivatives. Tyrosine uptake in brain tumors
can be assessed with its labeled derivatives: O-(2-[18F]fluo-
roethyl)-L-tyrosine (FET), L-[3-18F]methyltyrosine (FMT),
and [123I]iodomethyltyrosine (IMT).158,159 Also, the uptake
of tyrosine-labeled derivatives is higher in brain tumors
than in normal brain tissue. They are not incorporated into
proteins, and their distribution patterns parallel that of
methionine. Other labeled amino acids for the evaluation
of brain tumors include [18F]fluorophenylalanine, which
has a marked uptake in oligodendrogliomas,160 and [11C]
choline, a tracer that has a higher uptake in glioblastoma
cells than in normal brain tissue.161

Oxygen-15 is a short-lived positron-emitting isotope
that can be used to measure hemodynamic parameters.
Using mathematical modeling techniques, functional
images of cerebral blood flow (CBF), oxygen extraction
(OER), oxygen metabolic rate (rCMRO2), and regional
blood volume (CBV) can be derived from the combination
of sequential studies with 15O2, C15O2, and C15O. Blood flow
in tumors is variable, while oxygen metabolism has been
found to be depressed in patients with gliomas, in keeping
with the relatively anaerobic energy metabolism. The low
OER implies that the tumor is not ischemic and that perfu-
sion is sufficient to meet the metabolic need for oxygen in
brain tumors before the initiation of any therapy.162,163

The use of oxygen relative to that of glucose, i.e. meta-
bolic ratio, is reduced in malignant gliomas. In normal
brain, the metabolic ratio is 5.2 moles of oxygen per mole of
glucose, whereas in gliomas it is 1.9. A low metabolic ratio
concurrent with adequate blood flow and reduced oxygen
extraction indicates aerobic glycolysis in tumors, i.e. the
non-oxidative metabolism of glucose described by War-
burg. Although oxygen metabolism in gliomas differs from
that in normal brain, hypoxia appears to be an important
factor in determining glioma aggressiveness and response to
therapy. Low oxygen tension levels are associated with poor
response to radiation therapy and recurrences. Spontaneous
necrosis suggests the presence of hypoxic regions that are
radioresistant. [18F]fluoromisonidazole (FMISO) is a
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Non-invasive differentiation between low- and high-grade gliomas.
In low-grade gliomas (WHO 2) glucose metabolism is similar to
that of white matter (arrowheads) and amino acid uptake is only
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glucose metabolism and amino acid uptake are increased.
(Reproduced with permission from reference 153.)
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hypoxia agent for in vivo imaging with PET. FMISO is not
retained in non-hypoxic tissues, and high-grade lesion
uptake of FMISO is frequently heterogeneous and incom-
pletely overlapping with FDG uptake.

The most direct measure of tumor growth and prolifera-
tion is the rate of DNA synthesis. Because thymidine is
present in DNA and not in RNA, many tracer approaches
for measuring tumor growth based on the rate of DNA syn-
thesis have been based on the use of a labeled form of
thymidine. The most popular compound for this purpose
is [18F]fluoro-L-thymidine (FLT).164,165 This compound has
little degradation after injection and slow incorporation
into DNA, but the lack of labeled metabolites generates
high-contrast images in high-grade brain tumors, possibly
related to increased expression of nucleoside transporters
and cellular thymidine kinase activity29 (Figure 3.10).

Tracers of cell membrane synthesis, including 1-[11C]
acetate, [11C]choline, or [18F]fluorocholine, show retention
in tumor tissue but not by gray matter. For 1-[11C]acetate, in
particular, in non-tumor regions of brain, 11C will egress
quickly as CO2 by way of the tricarboxylic acid cycle. 1-[11C]
acetate may be selectively taken up by glioma cells, because
exogenous acetate is preferentially metabolized by astrocytes
in the central nervous system and the uptake in astrocytes is by
a carrier similar to the monocarboxylic acid transporter.166

[11C]choline or [18F]fluorocholine are alternative tracers
that are being evaluated for lipid/membrane biosynthesis.
Choline uptake could reflect choline transporter or choline
kinase activity rather than lipid/membrane biosynthesis.167

Choline uptake in low-grade tumors could be difficult to
distinguish from that in gray matter structures.168

Nuclear medicine images usually lack the anatomical
information needed to define treatment margins with the
accuracy requisite for surgery and radiotherapy planning.
Nevertheless, functional brain mapping with H2

15O-PET

associated with 11C-methionine or [18F]FDG has been pro-
posed as an effective tool to define higher cortical functions
near a brain tumor (Figure 3.11), with the aim of achieving
aggressive resections with a reduced risk of neurological
impairment.169 Similar results have recently been obtained
with SPECT and [99mTc]ethyl-cysteinate dimer (ECD), a
tracer approved for the assessment of CBF.When this tracer is
injected during a motor activation test, it clearly depicts sen-
sorimotor and supplementary motor areas in patients with
brain lesions near the central sulcus,170 and this information
is relevant in planning as extensive a resection as possible.

The same objective can be achieved with MRI of brain
functions in relationship to intracranial tumors, to determine
the risk for performing surgical excision and selecting the
optimal surgical approach to a lesion. A variety of paradigms
are used to produce a blood oxygen level-dependent response
in various brain regions, which can be identified with fMRI.
The paradigms used include active motor, language, or cogni-
tive tasks, and passive tactile, auditory, or visual stimuli. Acti-
vation usually indicates the location of eloquent cortex. Lack
of function in a region cannot be assumed when fMRI shows
an absence of activation within the region.171

CCoonncclluussiioonnss  aanndd  ffuuttuurree  oouuttllooookk
Anatomical imaging procedures are essential tools for brain
tumor assessment. No patient presenting with symptoms
suggesting the presence of a brain tumor can be assessed
properly unless an X-ray CT and/or an MRI scan is per-
formed, with and without the administration of contrast
agents and, in the case of MRI, with various acquisition
sequences.172 Additional information can be obtained from
functional imaging with emission tomography and MRS.
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Parameters of interest in the non-invasive diagnosis of brain tumors. Alteration of the blood–brain barrier and the extent of
peritumoral edema are detected by MRI. Signs of increased cell proliferation can be observed by means of multitracer PET imaging
using [18F]FDG (fluro-2-deoxy-D-glucose), [11C]MET, and [18F]FLT (fluro-L-thymidine) as specific tracers for glucose consumption, amino
acid transport, and DNA synthesis, respectively. Secondary phenomena, such as inactivation of ipsilateral cortical cerebral glucose
metabolism, may be observed ([18F]FDG) and are of prognostic relevance. (Reproduced with permission from reference 153.)

9781841846149-Ch03  8/21/07  4:34 PM  Page 39



SPECT and PET with different tracers are indicated during
the diagnostic work-up to determine the degree of malig-
nancy and as a substitute or guide for biopsy, as well as to
assess prognosis. After surgery and radiotherapy, anatomi-
cal and functional imaging is indicated to assess persistence
of the tumor, to monitor progression and changes in the
degree of malignancy, and to differentiate recurrence from
radiation necrosis. Although somewhat similar informa-
tion can be obtained with either MRI or X-ray CT, and with
either SPECT or PET, each technique has unique features
and provides information complementary to that acquired
with the other techniques. The choice of which method to
use, or of synergistic use of different methods, depends
upon the availability, the question addressed, and the stage
of the disease. In most cases SPECT methods may be per-
fectly adequate and provide results that parallel those
obtained with PET. To claim that any single method (X-ray
CT, PET, SPECT, MRI, etc.) is the ultimate magical one for
brain tumor assessment is simply to limit one’s opportunity
to achieve a proper diagnosis. Best results are achieved when
anatomical imaging (X-ray CT, MRI) and functional imag-
ing (PET/SPECT) are used sequentially and to complement
each other. Studies are being conducted to investigate the
ability of some of the methods based on the use of radionu-
clides to assess processes that are relevant for disease man-
agement, such as the presence and expression of multidrug
resistance in cancer. Imaging studies in experimental brain
tumor models over the past 10 years aimed towards (1) the
development of new radiotracers for cellular proliferation
and protein synthesis, (2) characterization of these tracers
with respect to their ability to detect responses to radio-
and chemotherapy at a relatively early stage, (3) strategies
for imaging transcriptional regulation and migration of
tumor cells, and (4) imaging the expression of exogenous

genes carrying a marker or therapeutic function and intro-
duced into experimental gliomas for the purpose of devel-
oping improved gene therapeutic vectors (Figure 3.12).
These experimental strategies have been reviewed in detail
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Preoperative differentiation of tumor tissue from functionally
important neuronal tissue through multimodal and
multitracer imaging. These combined imaging procedures
guide the neurosurgeon to operate as much tumor as possible
but at the same time to leave the functionally important
tissue intact. (Reproduced with permission from reference 153.)

[18F]FDG

[11C]-MET

MRI

(T1+Gd)

68 h

1 h [124I]- FIAU

FFiigguurree  33..1122
Multimodal imaging for the establishment of imaging-guided
experimental treatment strategies. Co-registration of [124I]FIAU,
[11C]MET, [18F]FDG-PET, and MRI before (left column) and after
(right column) targeted application (stereotactic infusion) of a
gene therapy vector. The region of specific [124I]FIAU retention
(68 h) within the tumor after LIPO-HSV-1-tk transduction
(white arrowhead) resembles the proposed ‘tissue dose’ of
vector-mediated gene expression and shows signs of necrosis
(cross right column; reduced methionine uptake (MET) and
glucose metabolism (FDG)) after ganciclovir treatment.
(Reproduced with permission from reference 173.)
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previously.174 New developments aim towards (1) the
detection of tumor cell migration in vivo,175 the establish-
ment of in vivo assays for direct imaging of tumor-specific
signal transduction pathways (e.g. p53, E2F-1, and HIF-1-α
regulated pathways),175–178 (3) the design of labeled pep-
tides binding specifically to the cell adhesion receptor inte-
grin αvβ3 or other tumor-specific antigens and of labeled
bone marrow-derived endothelial precursor cells to allow
highly specific tumor visualization and the study of glioma
angiogenesis and neovascularization,179–183 (4) the genera-
tion and in vivo characterization of transgenic mice with
gliomas induced by signaling through Ras and Akt path-
ways,184 and (5) the construction of bifunctional imaging
marker and therapeutic genes to allow direct assessment of
therapeutic gene expression in culture and in vivo models

by directly corresponding assays.185,186 Especially the design
of small tumor-specific antibody fragments is an attractive
way for specific detection of tumor cells by imaging in vivo,
as well as for targeted therapy by radioimmunotherapy.
Many of the current experimental protocols investigating
new drug and treatment strategies for experimental
gliomas include MRI, optical or PET imaging of either the
distribution of therapeutic agents,187–189 or therapy-
induced tumor changes,185,190–198 with the overall attempt
of designing image-guided treatments.173,199 Most intrigu-
ing for potential clinical application is the design of multi-
functional nanoparticles that can be detected by both MRI
and fluorescence imaging, allowing the non-invasive pre-
operative assessment of the tumor and the intraoperative
visualization of tumor margins by optical imaging.200
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Table 3.1 Revised classification of primary intracranial tumours according to the World Health Organization (WHO)

Histology

Histological class Predominantly in adults Predomininatly in children

Tumors of neuroepithelial tissue Pilocytic astrocytoma
Diffuse astrocytoma
Anaplastic astrocytoma
Astrocytoma
Glioblastoma
Oligodendroglioma
Anaplastic oligodendroglioma
Ependymoma/anaplastic ependymoma Ependymoma/anaplastic ependymoma
Mixed glioma

Choroid plexus tumors
Embryonal/primitive/medulloblastoma

Tumors of cranial and spinal nerves Nerve sheath, benign and malignant

Tumors of meninges Meningioma
Other mesenchymal, benign and malignant

Lymphomas and hemopoietic neoplasms Lymphoma

Germ cell tumors and cysts Germ cell tumors, cysts and heterotopias

Tumors of sellar region Pituitary

Craniopharyngioma

Table 3.2 Simplified classification of gliomas according to the World Health Organization (WHO)

WHO grade Classes of gliomas

(from least to most aggressive) Astrocytomas Oligodendrogliomas Mixed oligoastrocytomas

1 Pilocytic astrocytoma (frequent — —
in children, localized in the 
cerebellum)

2 Diffuse astrocytoma Oligodendroglioma Oligoastrocytoma

3 Anaplastic astrocytoma Anaplastic Anaplastic 
oligodendroglioma oligoastrocytoma

4 Glioblastoma — —

9781841846149-Ch03  8/21/07  4:34 PM  Page 41



4422 Advances in Nuclear Oncology

Table 3.3 Typical traditional neuroimaging findings of the main intracranial tumors

Percentage of all primary Median age at 
Type of tumor intracranial tumors diagnosis (years) MR/CT findings PET tracer

Gliomas 40% of all brain tumors
(78% of malignant 
brain tumors)

High grade gliomas

Glioblastoma 20.3% 64 CT: irregular lesion [18F]FDG: high uptake
(grade 4) MR: T1 hypointense [11C]MET: very high 

inhomogeneous lesion uptake
with ring-like CE (contrast
enhancement) around
irregular foci of necrosis
and edema, mass effect

Anaplastic astrocytoma 3.2% 51 CT: inhomogeneous lesion [18F]FDG: usually high 
(grade 3) MR: T1 hypointense, CE uptake

and perifocal edema; T2 [11C]MET: very high 
hyperintense uptake

Anaplastic 1.2% 48 CT: inhomogeneous lesion [18F]FDG: variable 
oligodendroglioma with focal CE and uptake
(grade 3) calcifications [11C]MET: very high 

uptake

Low grade gliomas

Diffuse astrocytoma 0.7% 46 MR: diffuse, non-enhancing [18F]FDG: low uptake
(grade 2) mass; distinct borders; [11C]MET: high uptake

no edema; T1 hypointense;
T2 hyperintense

Oligodendroglioma 2.5% 41 [18F]FDG: variable 
(grade 2) uptake

[11C]MET: high uptake

Mixed glioma (grade 2) 1.1% 42 FLAIR hyperintense [18F]FDG: variable 
(oligodendroglioma uptake
can have calcifications [11C]MET: high uptake
and hemorrhage)

Pilocytic astrocytoma 2.3% (20.9% of tumors 12 CT and MR: well- [18F]FDG: variable 
(grade 1) occurring within circumscribed, contrast- uptake

ages 0–14) enhancing cystic tumor [11C]MET: high uptake

Ependymoma 2% 39 CT: hypodense [18F]FDG: low uptake
MR: solid structure with [11C]MET: very high 

heterogeneous signal uptake
intensity, CE, typical 
localization in fourth 
ventricle (if supratentorial:
periventricular localization) 
or intramedullary; often 
cystic, hemorrhages

Choroid plexus 0.3% 21 CT: iso/hyperdensity [11C]MET: high uptake
papilloma MR/CT: characteristic 

localization in ventricles;
sharp tumor border; gross 
contrast enhancement
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Table 3.3 Typical traditional neuroimaging findings of the main intracranial tumors—cont’d

Percentage of all primary Median age at 
Type of tumor intracranial tumors diagnosis (years) MR/CT findings PET tracer

Meningioma 30.1% 64 Localization: adjacent to [18F]FDG: variable 
bone with typical growth uptake
along the dura (‘dural tail’) [11C]MET: high uptake
in the typical localizations [18F]FES: high uptake
(see text)

CT: hyperdensity, possible 
calcifications

MR: T1 isointense;
T2 hypointense; infiltration 
of bone; dural artery; dural 
tail sign

Diffuse contrast enhancement 

Pituitary adenoma 6.3% 49 Microadenomas: [18F]FESP: high uptake
MR: high variability (for 

details see reference 201)
Most commonly: T1 hypo- 

or isointense; no contrast 
enhancement in contrast 
with the healthy pituitary 
gland 

Macroadenomas: T1 and
T2 inhomogeneous
Utility of contrast 

enhancement relies on the 
contrast between slight 
contrast enhancement of
the tumor, and strong 
enhancement of healthy 
pituitary tissue

Medulloblastoma 1.7% (16.8% of tumors 9 (Brain and spinal MR for [18F]FDG: very high 
occurring within risk of dissemination uptake
ages 0–14) through cerebrospinal fluid) [11C]MET: high uptake

Localized in fourth ventricle 
(75%) or cerebellum (25%)

MR: homogeneously 
enhancing masses;

T1 hypointense; T2 hyperintense

Lymphoma 3.1% 60 CT, MR: diffuse and [18F]FDG: very high 
homogeneous pattern of uptake
enhancement [11C]MET: high uptake

Localization: periventricular, in 
50% of cases multiple sites 
(at diagnosis in 25% of cases 
spinal dissemination, in 20% 
of cases infiltration of the eye)

MR, magnetic resonance; CT, computed tomography; PET, positron emission tomography; FDG, fluro-2-deoxy-D-glucose; MET, methionine;
FES, fluroethylspiperone; FESP, fluroestradiol.
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Table 3.4 Summary of indications for use of radionuclide imaging of brain tumors

[18F]FDG-PET

1 Grading: 90% accurate for tumor grading (low grade versus high grade) and prognosis

2 Progression: monitoring of progression from low-grade to high-grade glioma

3 Together with amino acid tracer: differentiating radionecrosis and recurrence. However,
recurrence may be undetectable due to high glucose consumption in surrounding normal brain tissue

4 Differentiation between primary CNS lymphoma and toxoplasmosis

L-amino acids PET/SPECT

1 Grading: together with [18F]FDG-PET 

2 Delineation: good separation of tumor from surrounding normal brain tissue (in comparison to [18F]FDG-PET)

3 Residuum/progression: good delineation of residual tumor and determination of tumor progression

4 Differentation between radiation necrosis and recurrent tumor

201Tl-SPECT

1 Accurate for glioma grading (low uptake in glioma WHO 1–2 vs. high uptake in glioma 3–4, non-Hodgkin’s lymphoma,
metastases)

2 Poor separation of gliomas 1–2 from non-tumoral lesions and of gliomas 3–4 from meningiomas

3 Good prediction of malignancy, accurate estimation of therapeutic efficacy, early detection of recurrence and of
malignant transformation

[99mTc]sestamibi SPECT

1 Accurate for glioma grading (low uptake in glioma WHO 1–2 vs. high uptake in glioma 3–4, non-Hodgkin’s lymphoma,
metastases)

2 High positive predictive value but low negative predictive value in tumor relapse after radiotherapy

CNS, central nervous system; SPECT, single photon emission computed tomography.
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4
Head and neck cancer
Flavio Crippa, Alberto Gerali,
and Alessandra Alessi

BBaacckkggrroouunndd
Head and neck cancers constitute approximately 5% of all
malignancies. Most head and neck cancers are squamous
cell carcinomas (HNSCCs) of paranasal sinuses, the areo-
digestive tract (nasopahrynx, oral cavity and oropharynx,
hypopharynx), and larynx.1 Currently, the management 
of these cancers demands a multidisciplinary approach 
for therapy, including surgery, radiotherapy, and
chemotherapy. The role of imaging in HNSCC is somewhat
different from that applied in other malignancies. Many
tumors (in particular of the naso-, oro-, and hypopharynx)
present late, with bulky disease, invasion of the contiguous
structures, and enlarged lymph nodes. The clinical diagno-
sis is often obvious, with direct access for biopsy. Therefore,
imaging usually has a minor role in the initial diagnosis of
the primary tumor, but it is essential for the success of
treatment, which is based on accurate staging. Staging aims
to evaluate the local extent of the tumor and to detect
regional lymph node involvement, distant metastases, and
synchronous/metachronous primary lesions. After primary
therapy, imaging plays a major role in assessment of the
response to treatment and early detection of cancer
relapse.2–4

The normal anatomy of the head and neck is complex,
and structures traverse many different planes and angles;
therefore, cross-sectional imaging is required to study
HNSCC. Currently, the most widely accepted cross-
sectional imaging modality is computed tomography (CT),
and in some institutions magnetic resonance imaging
(MRI). During recent years, positron emission tomography
(PET) has been proposed as an additional cross-sectional
technique to evaluate patients with HNSCC.5–9 CT and
MRI detect and characterize tumors by studying their
changes in morphology, electronic density (CT), or proton
environment and density (MRI). PET studies the metabolic
differences between tumors and normal tissues. Metabo-
lism in tumors is different from that in normal tissues in
several ways. Some of these differences can be visualized
with PET, taking advantage of the peculiar physical and
chemical properties of particular radiolabeled compounds

called PET radiopharmaceuticals. After intravenous injec-
tion into the patient, these radiopharmaceuticals are incor-
porated into metabolic pathways, and the signals emitted
by the cells, which have actively accumulated them, can be
registered by dedicated instruments (the PET scanners),
which produce multiplanar tomographic images of the
radiopharmaceutical distribution. Cancer cells usually have
a  higher metabolic activity than do normal cells, and thus,
in PET imaging, cancer is depicted as a focal area of
increased accumulation of the radiopharmaceutical
(Figure 4.1).

Functional alterations can precede morphological alter-
ations in the development of many diseases, and this is par-
ticularly true for cancer. Therefore, it is intuitive that
imaging based on metabolic changes may give a different
perspective of cancer than imaging based on morphologi-
cal changes, with potential advantages in staging of the dis-
ease, in evaluation of the response to therapy, and in
diagnosis of cancer relapse.

This chapter addresses the current role of PET in the
management of HNSCC, considering also some limitations

a b
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FFiigguurree  44..11
Locally advanced tongue squamous cell carcinomas. Axial
fluoro-2-deoxy-D-glucose (FDG) image (b) shows intense glucose
hypermetabolism of the tumor (arrows).
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of this technique that, according to our experience and 
literature data, may lead to the misinterpretation of PET
images.

PPrriinncciippllee  ooff  ppoossiittrroonn  eemmiissssiioonn
ttoommooggrraapphhyy  iimmaaggiinngg
The advantages and limitations of PET imaging are 
basically determined by the biological properties of the
radiopharmaceutical. The type of instrumentation used to
generate PET images decides the quality of imaging and,
consequently, the level of confidence in interpreting PET
findings, but it cannot compensate for radiopharmaceutical
limitations.

As in the vast majority of oncological applications of PET,
also in HNSCC the most extensively studied and clinically
used radiopharmaceutical is [18F]fluoro-2-deoxy-D-glucose
(FDG).10–12 With FDG-PET, cancer detection and charac-
terization is based on changes in glucose metabolism in
tumor cells, which usually show a high FDG uptake as a 
consequence of their well-known high rate of glycolysis
(the Warburg effect).11 FDG-PET imaging is performed in
the fasting state (at least 5–6 hours) in order to reduce
blood insulin and glucose levels. FDG competes with 
glucose for intracellular carrier-mediated transport, and
serves as an alternative substrate for hexokinase; therefore,
an increase of blood glucose leads to competitive tumor
displacement of FDG (Figure 4.2). The blood glucose level
should be checked before FDG injection, and diabetic
patients with a value > 200 mg/dl should be rescheduled for
PET when their glycemia is under control. Tumor uptake of
FDG may increase even up to 2.5 hours after injection, and
therefore it is important to use a standardized uptake time
(at least 50 minutes) before imaging. Imaging should
include at least the regions extending from the frontal
sinuses to the liver.

PET imaging is characterized by poorer spatial resolu-
tion than CT or MRI, and the normal distribution of FDG
in the head and neck region is complex, with a paucity of
identifiable anatomic structures to accurately localize FDG
uptake (Figure 4.3).13,14 In the head and neck, numerous
structures show physiological uptake of FDG, such as mus-
cles (tongue, muscles of the floor of the mouth and partic-
ularly the genioglossus muscle, masticator, laryngeal,
scalene, sternocleidomastoid, and paraspinal muscles),
lymphoid tissue (adenoidal, palatine and lingual tonsillar
tissue), salivary glands, and brown tissue. Adopting a pro-
cedure to minimize muscular uptake can be crucial for cor-
rect image reading. In this regard, ensuring that during the
uptake time the patient is not chewing gum, talking or
reading is important. In young and tense patients, the use
of benzodiazepine to reduce muscle uptake may be an

advantage (Figure 4.4). The pattern of normal distribution
of FDG is variable among different patients, and even in
the same patient in repeated PET studies for follow-up.
Sometimes, high and/or asymmetric uptakes can be found
(Figures 4.5 and 4.6), and the differentiation between
normal and abnormal findings may be very difficult.
According to some investigators, semiquantitative analysis
of FDG imaging with a standardized uptake value (SUV)
may help to distinguish benign from pathological uptakes,
and a SUV > 3.0 has been proposed as a threshold value
suggestive of malignancy. However, in our experience the
utility of SUV in this clinical setting is rather questionable.

A substantial improvement in FDG imaging of HNSCC
has been represented by combined in-line PET–CT, a dual
imaging modality in which CT and PET are performed
sequentially during a single diagnostic session with a
hybrid PET–CT scanner. The PET and CT images can be
independently analyzed, or accurately co-registered 
using fusion software which produces superimposed
PET–CT multiplanar tomographic images. This permits
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FFiigguurree  44..22
Liver metastases from colorectal cancer studied with FDG-PET
in fasting state and after oral glucose load. The metastates
(arrows) are clearly detected in the axial FDG image performed
in fasting state and normal blood glucose level (a) and they
are not still visible in the corresponding image performed after
glucose load and with high blood glucose level (b).
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the accurate anatomic designation of FDG-PET findings,
increasing the level of confidence in the reading of PET
images.15–21

PET–CT has introduced some sources of potential arti-
facts which may lead to the wrong interpretation of fused
PET–CT images.22–26 PET–CT imaging can be affected by
lateral head movement of the patient between the CT scan
and the subsequent PET scan. This produces artifacts
which can lead to wrong localization of asymmetric FDG

uptakes in the fused PET–CT images, simulating malignant
findings. In these cases, it is important to evaluate the non-
attenuation corrected emission PET images to obtain an
accurate interpretation (Figure 4.7). Metals used for dental
work can produce artifacts in PET–CT imaging, character-
ized by stripe artifacts in CT and fused PET–CT images,
totally photopenic areas in PET images because of
overadsorption of photons by the metal, and fictional FDG
uptake in the space close to the metal dental work in the
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FFiigguurree  44..33
Sequential axial FDG images showing
a pattern of normal FDG distribution
in head and neck.
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FFiigguurree  44..44
Coronal whole body FDG images showing high uptakes in the muscles of neck and shoulders (a). These uptakes may be reduced
with muscle relaxation with benzodiazepine (b). After this preparation, an abnormal focal area of FDG uptake very consistent with
a metastatic node is visible in the left neck (arrow).
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attenuation corrected PET images. Also in these cases 
it is advisable to analyze FDG uptake using the non-
attenuation-corrected emission PET images (Figure 4.8).

The main limitations of FDG imaging are related to the
spatial resolution of the current PET technology (about
5–10 mm), not adequate to detect very small foci of cancer,
and the suboptimal specificity of FDG in some situations
for accumulation in inflammatory alterations, particularly
those with dense granulation tissue and infiltration of
macrophages.

IInniittiiaall  ssttaaggiinngg  wwiitthh  FFDDGG--PPEETT
The contribution of FDG-PET to the staging of a 
primary tumor (T-staging) has been addressed in several

published studies.27 They have demonstrated that FDG-
PET can accurately detect primary HNSCC without, how-
ever, advantages over CT/MRI. However, many of these
studies have been performed with outdated imaging sys-
tems (i.e. coincidence γ cameras or old-generation PET
scanners producing only non-attenuation corrected
images), and their conclusions might have been different
had PET–CT been used. All the same, recent and 
preliminary studies with PET–CT in the evaluation of
mandible involvement of HNSCC of the oral cavity have
given contradictory results.28,29 It makes sense that T-stag-
ing of HNSCC should remain a critical indication for FDG
imaging also using PET–CT. In fact, in order to have a clear
definition of the tumor margins, we need enough spatial
resolution to separate close and complicated anatomical
structures, a fast imaging technique to minimize move-
ment artifacts (particularly when the site of interest is in
the oral cavity or the neck), and to be able to distinguish the
tumor from surrounding inflammatory secretions. The
resolution of current PET scanners is about 5–10 mm, they
take at least 6–8 minutes to provide good quality FDG
images of the head and neck, and differentiation between
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FFiigguurree  44..55
Axial FDG image showing intense uptake in two metastatic
retro-mandibular nodes (green arrows) as well in normal
structures. Normal bone is usually hypometabolic.
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FFiigguurree  44..66
Axial and coronal FDG images showing asymmetric uptake
(arrows) in the right posterolateral wall of nasopharynx due to
physiological uptake in tissue with benign hyperplasia of
lymphoid tissue.
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FFiigguurree  44..77
In combined PET-CT imaging, patient movement between 
CT scan and PET scan (arrows) may induce wrong anatomic
localization of FDG uptake in the fused PET-CT images (a)
mimicking cancer. In this example, the FDG uptake (curved
arrow), apparently localized in the right mandible (a), can be
repositioned in the floor of the mouth analyzing the
corresponding PET alone image (b) and, particularly, the 
not-corrected PET image (c). Therefore, the FDG finding can be
interpreted as normal uptake in the right genioglossuss muscle.
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normal and abnormal FDG uptake may be difficult because
of the complicated pattern of normal distribution of FDG
and possible accumulation in inflammatory cells. On the
basis of this performance, PET imaging may be inadequate
to study precisely the local extension of HNSCC, unless
there are further improvements in technology and/or
radiopharmaceuticals other than FDG are used.

Many studies have described the high sensitivity and
specificity of FDG-PET in the evaluation of lymph node
involvement (N-staging) of HNSCC30–37(Figure 4.9). Even
if PET cannot detect micrometastases, it performs better
than radiologic modalities for detecting metastases in
normal lymph nodes according to morphological criteria.
The sensitivity and specificity of PET is about 90% and
94%, respectively, as compared to 82% and 85% (CT), 80%
and 79% (MRI), and 72% and 70% (ultrasound).17 How-
ever, being a functional imaging procedure and having less
spatial resolution than CT/MRI, PET alone cannot provide
some important parameters for nodal staging: the level and

size of the metastatic nodes, their number and 
distribution (ipsilateral, contralateral, bilateral), and the
presence of extracapsular spread. In particular, extracapsu-
lar spread decreases the expected survival by 50%.38 There-
fore, a combination of PET and CT is likely to provide
more accurate nodal staging.

A particular indication of FDG-PET is the evaluation of
patients with cervical lymph node metastases from an
unknown primary tumor. The aim of PET imaging in this
clinical setting is to localize a focal and asymmetric area of
abnormal uptake, to guide direct examination and biopsy.
PET can detect the site of the primary lesion in about
30–50% of patients, as compared to 10–20% with
CT/MRI.39,40

Distant metastases are less common in HNSCC than in
other cancers. Because of the low prevalence (< 5%) of dis-
tant metastases at presentation, PET is unlikely to change
the staging in a clinically significant fraction of patients.
Whole-body PET, however, could be recommended as part
of the initial staging in patients with advanced disease or
recurrent cancer who have a higher risk of distant lung,
liver, and bone metastases.27,30,34 In these patients, PET
could reduce the need for other, additional investigations
and affect the therapeutic strategy (palliative vs. curative)
(Figure 4.10).

Whole-body PET may also help in the detection of a
second primary tumor in patients with HNSCC, who have
an increased risk of synchronous or metachronous carci-
nomas which are localized in the areodigestive tract, esoph-
agus, and lung.41
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FFiigguurree  44..88
In combined PET–CT imaging, metal dental works may induce
errors in the interpretation of photon attenuation-corrected
PET images. In CT (a) and fused PET–CT (b) images dental
works typically produces stripe artifact (short arrows). In
attenuation-corrected (c) and not-corrected PET images (d)
metal dental works are seen as totally fotopenic areas (large
arrows) with unreal FDG uptakes in contiguous tissues (curved
arrow). The evaluation of not-corrected PET images (d) is
useful to recognize the presence of these artifacts. In this
example, inflammatory FDG uptake is visible in the soft
palate, and the finding is emphasized in corrected-PET
imaged for the same reasons (c, long arrows).

FFiigguurree  44..99
57-year-old man with primary squamous cell carcinoma of
hypopharynx. Fused axial PET–CT image shows intense FDG
uptake in the primary lesion (short arrow) and in two
metastatic lymph nodes (long arrows) in the right neck, one of
them with size < 10 mm.
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PPoosstt--tthheerraappyy  eevvaalluuaattiioonn  
wwiitthh  FFDDGG--PPEETT
In the past 20 years, therapeutic management of HNSCC
has changed from a primarily surgical approach to a multi-
disciplinary approach which contemplates different 
combinations of therapy, including surgery, preoperative
or postoperative radiation therapy, and neoadjuvant or
induction chemotherapy, depending on the stage of disease.
As a consequence of these growing treatment options,
imaging plays a major role in guiding the therapeutic 
strategy, by means of essential contributions to the initial
staging and the detection of residual or recurrent cancer.

Many investigators have shown that FDG-PET has greater
accuracy than CT or MRI in assessing the response to
chemotherapy and radiotherapy.42–55 The superiority of PET
in detecting residual/recurrent disease is for several reasons.
First, the biological properties of FDG are unique among
nuclear medicine tracers and radiological contrast agents. It
provides a non-invasive evaluation of the cancer vitality as a
consequence of the close relationship between the amount of
uptake and the number of viable tumor cells. Second, volume
changes measured with conventional imaging during therapy
are rather late events, and a reduction in the viable tumor-cell
fraction does not always result in a volume reduction if tumor
tissue is replaced by necrotic or fibrotic tissue. Additionally,
new anticancer therapy based on antivascular and cytostatic
agents aim at tumor growth stabilization rather than tumor
shrinkage, and during these therapies no major volume
changes are to be expected. Finally, the interpretation of PET
imaging is not affected by post-surgery and/or post-radio-
therapy anatomical distortions and the FDG uptake can be

calculated, providing semiquantitative (SUV) or quantitative
parameters useful for evaluating the metabolic changes
during therapy (Figure 4.11).

The procedures for using PET in the assessment of
therapy response are not yet completely standardized.
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b cFFiigguurree  44..1100
Axial (a) and coronal (b and c) PET-TC 
images showing abnormal FDG uptakes in a
locally advanced nasopharyngeal squamous
carcinoma with skull base invasion (arrows a)
and distant metastases in mediastinal lymph
nodes (arrows b) and bone (arrows c).

SUV 16

SUV 22

SUV 15 SUV 1.5

SUV 3

a

b
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FFiigguurree  44..1111
Two patients with locally advanced tongue cancer treated with
chemotherapy and monitored with FDG-PET. Pre-treatment
axial FDG images (right column) show hypermetabolic cancer
in both patients (SUVmax 15 and 16, respectively). After the
completion of therapy, axial FDG images (left column) shows
complete metabolic response in patient a: SUVmax 1.5 equal to
background activity and less than FDG uptake in normal tissue
as palatin tonsils. In patient b, axial FDG images shows a
larger metabolic diameter of the tumor and increased SUVmax

(22), indicating a not-responding cancer.
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Pretreatment imaging is generally recommend to evaluate
the FDG avidity of the tumor and obtain a baseline measure
of its metabolic activity. The time-point of PET reevaluation
after therapy depends on the treatment modality used, but
different choices can be found among investigators.
Chemotherapy does not usually induce intense inflamma-
tory alteration, which may interfere with PET imaging, and
the PET scan can be repeated as early as after 1–2 cycles of
therapy to evaluate the chemosensitivity, or after the comple-
tion of therapy to evaluate the chemoresistance. Radiother-
apy may induce an early acute inflammatory reaction with
dense infiltration of macrophages and fibroblasts, which
causes a high rate of false-positive results in PET imaging
within 4–6 weeks after the completion of therapy. When
FDG uptake occurs in irradiated regions, it may remain visi-
ble for several months. A conventional time-point for PET
imaging is 3–4 months after the completion of radiotherapy.

A particular field of application of FDG-PET is the use of
combined PET–CT for the definition of the radiotherapy
target volume (BTV, biological target volume) and dose in
HNSCC patients.56,57 In the literature, there are an expand-
ing number of studies which demonstrate that FDG-PET
imaging may be useful for radiotherapy planning in differ-
ent ways: first, excluding from radiotherapy patients with
unknown distant metastases detected by PET (16% of
cases), and, then, providing modified target volumes thanks
to metabolic evaluation of the extent of viable tumor
and/or detection of a malignant, normal-size lymph node.
The obtained BTV might reduce the risk for geographic
misses and minimize the dose of ionizing radiation applied
to non-target organs. However, this is still an area of clini-
cal research, and the impact on treatment outcome of the
these procedures remains to be demonstrated.

All HNSCC patients are at high risk of cancer recurrence
and a second primary tumor. Most recurrences appear
within the first 24 months of follow-up, but long-term 

surveillance is required. The sensitivity and specificity of
FDG-PET for detecting recurrent disease are approxi-
mately 88–100% and 75–100%, respectively, compared
with 70–92% and 50–57% for CT and MRI. The superior-
ity of FDG-PET compared with conventional imaging is
based on the detection of abnormalities in metabolism
rather than in anatomy, which can be greatly distorted after
radiation or surgery (Figure 4.12). Such distortions are par-
ticularly complicated after reconstructive surgery of the
maxillofacial region or neck. After surgery and/or radio-
therapy, FDG findings are analyzed with greater confidence
using combined PET–CT rather than PET alone. However,
FDG uptake in the treated region due to inflammation
tissue may mimic cancer relapse, and differential diagnosis
between post-therapy alteration and recurrence may pres-
ent particular challenges (Figure 4.13). Some authors use a
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FFiigguurree  44--1122
Axial fused PET–CT images showing abnormal areas of FDG
uptake (arrows) very consistent with cancer relapse (biopsy
confirmation) of squamous cell carcinomas of the oral cavity
(a) and nasopharynx (b).

SUV 6.4

SUV 4.6

FFiigguurree  44..1133
Axial PET–CT images showing FDG uptakes (arrows) in bone and soft tissues (SUVmax > 3.0) after major surgery for maxillary cancer.
FDG findings are ambiguous between cancer relapse and inflammation both in visual and semi-quantitative analyses.
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SUV value > 3.0 as a parameter consistent with malignant
uptake, but in our experience SUV is often confusing
because of the overlap between SUV values found in
inflammation and those in recurrent tumor. In our opin-
ion, better results are obtained by repeating PET imaging
after 1–2 months and calculating the SUV, to monitor 
evolution of the FDG uptake. Regression or no significant
variation of SUV is generally associated with post-therapy
alteration. In some difficult cases, biopsy of ambiguous
lesions visualized on FDG-PET may be needed to reach the
correct diagnosis. The negative predictive value of PET
imaging for recurrent disease is high; nevertheless 
false-negative results may occur if the tumor is not 
FDG-avid, the relapse is located in structures with a physi-
ologically elevated FDG uptake, and the tumor size is below
the resolution of current PET imaging.

Finally, in recurrent HNSCC, PET has the value of a
whole-body procedure that may detect unknown distant
metastases which completely change the therapeutic 
strategy and the patient’s prognosis (Figure 4.14).

CCoonncclluussiioonnss
FDG-PET imaging can improve the management of
patients with HNSCC, providing additional and valuable
diagnostic information for the selection of therapeutic
options. In fact, PET imaging can detect, with higher sensi-
tivity than conventional imaging, metastases in a normal-size
lymph node, distant metastases and/or a secondary 

primary tumor, and residual/recurrent disease. The use of
combined PET–CT improves significantly the accuracy of
FDG imaging, but false-positive results are inevitable in
some situations because of the biological properties of
FDG, and false-negative results can be found if the tumor
size is below the spatial resolution of current PET imaging
(about 5–10 mm). A new and promising indication of
PET–CT is the definition of a metabolic target volume to
improve radiotherapy planning. The clinical validation of new
radiopharmaceuticals (i.e. [11C]methionine, [18F]thymidine,
and [18F]MISO (misonizadole)) might expand the role of
PET imaging in HNSCC.
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Coronal whole body PET-CT images showing
unknown lung metastases (arrows). This
example stresses the additional diagnostic
value of PET in the restaging of HNSCC.
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5
Lung cancer
Richard P Baum, Vikas Prasad, and Wolfgang A Weber

BBaacckkggrroouunndd
Lung cancer, the commonest cancer in the world and
accounting for 12.3% of all new cancer cases, is responsible
for millions of deaths per year, greater than the total
number of deaths from breast, colon, and prostate 
cancer combined. More than 160 000 patients died of lung
cancer in the USA in 2005 (estimated figure of American
Cancer Society). In Europe, nearly 400 000 new cases of
lung cancer are diagnosed every year, and it continues 
to be the leading cause of cancer deaths in man above the
age of 45 years.1 The 5-year survival rates are 16% in the
United States and 5% in the UK. In Europe, there is sub-
stantial geographical difference in the incidence and 
mortality of lung cancer. Males have a four time higher
chance of getting lung cancer as compared to females,
and the average time of diagnosis is 61 years. The associa-
tion of tobacco smoking was first reported in 1950, and it 
is now well established as the main cause of lung cancer,
with around 90% of cases thought to be related to tobacco
consumption.1–3 The strong association is related to the
amount and type of tobacco product used, the duration 
of use, and the age at initiation.4

Histologically, lung cancer is classified into two main
categories: non-small-cell lung cancer (NSCLC) and small-
cell lung cancer (SCLC). NSCLC accounts for roughly 
80% of lung cancer cases, the rest being SCLC. Although
there are many histological variants of NSCLC (such as
squamous cell carcinoma, adenocarcinoma, large-cell 
carcinoma, adenosquamous carcinoma, etc.), the broader
classification SCLC/NSCLC mainly determines clinical
management and prognosis.

The average survival time for untreated NSCLC and
SCLC is only 6 months and 2 months, respectively. If
diagnosed at an early stage, NSCLC can be cured by surgi-
cal resection. Locally advanced disease is treated by preop-
erative chemoradiotherapy followed by surgical resection.
In contrast, the primary therapy of SCLC is systemic
chemotherapy, since this tumor type is highly sensitive to
chemotherapy and has usually metastasized at the time of
diagnosis.5

DDiiaaggnnoossttiicc  ssttrraatteeggiieess  aanndd
ttrreeaattmmeenntt  ooppttiioonnss
Lung cancer often presents as a solitary pulmonary nodule
(SPN) diagnosed on chest radiographs, after initial presen-
tation of the patient with a broad spectrum of non-specific
symptoms. Chest radiographs are frequently used as a
screening method. Approximately one-third of SPNs in
patients more than 35 years old are malignant. However,
the non-invasive identification of malignant nodules is 
a diagnostic challenge, and approximately 50% of radi-
ographically indeterminate nodules resected at thora-
coscopy are benign.6

In patients with lung cancer, a battery of investigations 
is required for staging and restaging after therapy.
Knowledge about the cardiopulmonary status prior to
therapy is essential to ascertain whether a patient is fit for
surgery and to predict residual lung function. Preoperative
assessment of residual lung volume is important in the
management of patients with lung cancer.7–9 Scintigraphic
assessment of residual lung volume – predicted as a relative
value from the percentage loss of radioactivity in the lung
segments, or lobes, intended for resection or irradiation – 
is essential for the estimation of functional resectability.
All patients suspected of harboring lung cancer should
undergo the tests recommended by the American Thoracic
Society (ATS) and by the German Pneumology Society
(Table 5.1).5,7 Once the diagnosis has been confirmed,
the next level of investigation should be adapted according
to the available therapeutic options as described in 
Table 5.2.2,3,5,9,10

Staging should be performed in accordance with the
International Staging System (ISS).5,9,11 The TNM system
depicts the size and proximity of the primary tumor (T) 
to important structures, the lymph node status (N), and
the presence of metastases (M) (Table 5.3).11 The involve-
ment of ipsilateral peribronchial, hilar lymph nodes is 
designated as N1, ipsilateral mediastinal lymph node
metastases are designated as N2, and contralateral 
mediastinal or supraclavicular lymph node metastases are
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described as N3. Further, thoracic lymph nodes are 
classified into four groups: superior mediastinal, inferior
mediastinal, aortic and N1 nodes. These nodal groups 
can be subdivided into different levels (Table 5.4).12 One of
the uses of this classification of lymph nodes is for selection

of a proper method of lymph node sampling. There are
numerous invasive methods for lymph node sampling such
as mediastinoscopy,13 video-assisted thoracic surgery
(VATS), thoracotomy, and ultrasound-guided and endo-
scopic transbronchial biopsy, as well as computed tomogra-
phy  (CT)-guided percutaneous needle biopsy (Table 5.5).14

Mediastinoscopy is commonly used for the evaluation of
levels 2, 4, and 7, whereas VATS is mostly used for lymph
nodes at levels 5, 6, and 7. However, VATS, depending upon
the approach, can evaluate multiple stations. Sampling of
lymph nodes at all levels is performed during thoraco-
tomy. Pulmonary metastases outside the lung lobe of the
primary tumor are designated as M1, including distant
lymph nodes above the supraclavicular level and other
organ sites. The brain, central nervous system, bone,
liver, and adrenal glands are common sites for distant
metastases. The combination of T, N, and M results in the
ISS stages 1–4. In the new guidelines, ISS is also recom-
mended for small–cell lung cancer.9

Prior to the initiation of any tumor-specific treatment,
a histopathologic or at least a cytological diagnosis needs 
to be obtained. Management strategies are based on the
stage of the disease. Current recommendations for stage-
specific treatment of NSCLC and SCLC are summarized 
in Tables 5.6 and 5.7 respectively.2,3,5,7,10 Because of the
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Table 5.1 Tests recommended by American
Thoracic Society and German Pneumology
Society for patients suspected of having lung
cancer

Thorough medical history

Complete physical examination

Total blood count

Laboratory investigations for following: electrolytes,
calcium, alkaline phosphatase, albumine, AST, ALT, GGT,
LDH, bilirubin, creatinine

Chest X-ray

CECT of chest and upper abdomen covering the adrenals

Bronchoscopy for cytological and histological
examination and staging biopsy for central tumors

Table 5.2 Indications for further work-up of patients having confirmed lung cancer

Investigation Indication

CECT of liver Deranged liver function on LFT; abnormal NCECT of liver/ 
abnormal clinical evaluation

CECT or MRI of brain Presence of CNS symptoms or abnormal clinical evaluation

MRI of thoracic wall/spine In case of Pancoast tumor or if there is suspicion of infiltration 
of the spine

Whole body bone scintigraphy Complaint of bone pain, or documented evidence of elevated 
alkaline phosphatase (bony fraction), elevated calcium or 
abnormal clinical evaluation

Biopsy/MRI/FDG-PET Potentially resectable patients having an isolated adrenal 
enlargement/liver lesion

PFT In case lung resection or thoracic radiotherapy is planned

Quantitative lung perfusuion scintigraphy or exercise Patients with borderline resectability (having limited 
testing to evaluate maximum oxygen consumption cardiopulmonary status)

Concentration of arterial blood gases Patients with borderline resectability (having limited  
cardiopulmonary status)

Mediastinoscopy Evidence of mediastinal lymph nodes of 10 mm short axis  
diameter or left-sided tumor on chest CT

Diagnostic thoracotomy For pathological confirmation of malignancy (only if no other 
less invasive techniques are not successful)

Thoracoscopy For pathological confirmation of malignancy in pleural effusion 
(only if aspiration of pleural biopsy is not successful)
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Table 5.3 International Staging System
(ISS)/TNM stage and 5-year survival rate

5-year survival rate (%)

Clinical Pathological 
ISS stage TNM stage staging staging

1A T1N0M0 61 67

1B T2N0M0 38 57

2A T1N1M0 34 55

2B T2N1M0 24 39
T3N0M0 22 38

3A T3N1M0 9 25
T1–3N2M0 13 23

3B T4N0–2M0 7 —
T1–4N3M0 3 —

4 T1–4N0–3M1 1 —

Table 5.4 Thoracic lymph node stations

Superior mediastinal Highest mediastinal
nodes Upper paratracheal

Prevascular and retrotracheal
Lower paratracheal (including

azygos)

Inferior mediastinal Subcarinal
nodes Paraesophageal (below carina)

Pulmonary ligament

Aortic nodes Subaortic (AP window)
Para-aortic (ascending aorta 

or phrenic)

N1 nodes Hilar
Interlobar
Lobar
Segmental 
Subsegmental

AP, aortopulmonary.

Table 5.5 Procedures used for sampling of lymph node (LN) according to level

Level of LN Esophageal sonography Thoracotomy Mediastinoscopy Chamberlain/VATS

Paratracheal (L&R) + +

Lower paratracheal (L&R) + + +

Subaortic, para-aortic + + +

Subcarinal + + +

Paraesophageal, pulmonary ligament + +

Hilar (L&R) + +

Interlobar, lobar, segmental, +
subsegmental

L&R, left and right; VATS, video-assisted thoracic surgery.

Table 5.6 Therapy for non-small-cell lung cancer adapted to stage

Future directions with a view upon 
Stage Therapy used in current practice Recommended therapy improving the prognosis

1A Surgery Surgery Neoadjuvant or adjuvant systemic therapy
If inoperable: radiotherapy If inoperable: radiotherapy Optimization of radiotherapy

1B/2 Surgery Treatment in controlled trials* Neoadjuvant or adjuvant systemic therapy
If inoperable: radiotherapy Optimization of radiotherapy

3A Surgery and radiotherapy Treatment in controlled trials* Use of multimodality treatment approach

3B Radiotherapy as most are Platin-based chemotherapy followed Use of multimodality treatment approach
inoperable by radiotherapy Optimization of chemotherapy and 

Simultaneous with radiotherapy radiotherapy
or treatment in controlled trials*

4 Chemotherapy Chemotherapy or treatment in New chemotherapeutic combinations
Palliative treatment controlled trials* or tyrosine kinase/angiogenesis

inhibitors

*For patients suitable for participation in phase 3 studies with the intent of optimization of therapy.
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largely unchanged overall 5-year survival rate in the past
decade (only 15%), there are frequent changes in the guide-
lines, especially for locally advanced lung cancer, in an
effort to improve the prognosis.

In the absence of mediastinal (N2 or N3) or distant
metastases (M), surgical treatment is potentially curative in
patients with NSCLC. Nearly 45% of all lung cancers are
confined to the chest, and surgical resection with curative
intent is a possibility in such patients,15 provided the 
surgeon is well versed in bronchoplastic and angioplastic
techniques, including expanded resection techniques if
there is involvement of the neighboring organs, especially
the mediastinum and/or the chest wall. If there is suspi-
cion of involvement of N2 lymph nodes on CT, medi-
astinoscopy is currently the recommended procedure to
confirm the lymph node status.10 If the results of histopathol-
ogy suggest metastatic involvement of N2 nodes, then mul-
timodality treatment should be used. Involvement of the
contralateral mediastinal or supraclavicular lymph node

(N3) is considered as a contraindication for surgical 
resection.10

Palliative chemotherapy is the standard treatment 
for SCLC and stage 4 NSCLC. The main aim of such a
treatment strategy is to increase survival and quality of
life.2,3 In patients having locally advanced NSCLC with
metastatic involvement of the mediastinal lymph nodes, or
in non-resectable tumors, the use of chemotherapy and
radiotherapy followed by surgery is currently under 
investigation.

Inoperable early-stage patients (due to concurrent 
diseases or non-compliance) can be treated with primary
radiotherapy using tumor doses of at least 60 Gy. For 
pancoast tumors (T3N0M0), preoperative radiotherapy
with a tumor dose of 50 Gy is recommended. Patients
having mediastinal lymph node metastases or incomplete
tumor resection should be treated with adjuvant radio-
therapy (50 Gy), subsequently followed by a boost dose 
of 10–16 Gy for the residual tumor. Radiotherapy is also
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Table 5.7 Therapy for small-cell lung cancer adapted to stage

Future directions with a view upon 
Stage Therapy used in current practice Recommended therapy improving the prognosis

1 Surgery followed by RT and PCI Surgery followed by RT and PCI Optimization of multimodality 
or or therapeutic options
CTx followed by TRT and PCI CTx/TRT with addition of

if there is complete remission PCI (if CR) treatment in studies*

2 Surgery followed by CTx, TRT, Surgery followed by CTx, TRT, Experimental studies mainly taking 
and PCI and PCI into account:

or or the efficacy of resection in stage 1–3A;
CTx followed by TRT and PCI if CTx/TRT with addition of PCI use of different concepts for TRT 

there is complete remission (if CR) treatment in studies* (fractionation, target volume, dose) 
in stage 1–3B 
for the purpose of improved local
control

3A CTx followed by TRT and PCI if CTx/TRT and PCI if there is Experimental studies mainly taking 
there is complete remission complete remission, treatment in into account:

controlled trials* the efficacy of high-dose CTx in stage
1–3B;

3B CTx followed by TRT and PCI if CT/TRT and PCI (if CR) treatment The efficacy of biological therapy 
there is complete remission in controlled trials* principles (metalloproteinase 

inhibitors, angiogenesis inhibitors) 
for the purpose of achieving improved
systemic control

4 CTx CTx New chemotherapeutic combinations 
or or or tyrosine kinase/angiogenesis 
palliative treatment treatment in controlled trials* inhibitors

*For patients suitable for participation in phase 3 studies with the intent of optimization of therapy.
RT, radiotherapy; PCI, prophylactic cranial irradiation; CTx, chemotherapy; TRT, thoracic radiotherapy; CR, complete remission.
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useful for palliation of symptoms. Combined radiotherapy
and chemotherapy has been extensively studied, especially
in stage 3 NSCLC.5

In SCLC, the recommended treatment is irradiation 
of the tumor site after chemotherapy, followed by prophy-
lactic cranial irradiation.

DDiiaaggnnoossttiicc  mmooddaalliittiieess
Various imaging modalities play an important role in 
the management of lung cancer. The selection of these
imaging modalities depends on the tumor stage and the
available therapeutic options. This chapter will outline
the role of various imaging modalities in relation to
patient management, focusing on nuclear medicine 
procedures.

LLuunngg  nnoodduulleess
By definition, a solitary pulmonary nodule (SPN) is an
opacity in the lung parenchyma measuring up to 3 cm
that is not associated with mediastinal adenopathy or
atelectasis. Lesions greater than 3 cm are categorized 
as masses.16 Approximately 75% of pulmonary nodules
are found incidentally during chest radiographs.
Signs and symptoms (coughing, hemoptysis, or thoracic
pain) suggesting a lung problem are found in only
20–25% of patients with SPN. A German study has
shown that there is an average delay of 7 months before 
a definitive diagnosis is reached.17 The same study has
documented that the younger is the patient and smaller 
is the lesion, the longer is the delay in reaching the final
diagnosis.

There are numerous etiologies (approximately 80) 
for lung nodules, ranging from infections to inflamma-
tion and malignancies.18 Approximately 130 000 SPNs
are diagnosed per year in the USA, with an incidence 
of 52 per 100 000 population. Invasive techniques such 
as bronchoscopy have a sensitivity of only 65%,
whereas transbronchoscopic biopsy reaches a sensitivity
of 79%.19 Although transthoracic fine needle biopsy
(TTFB) has a very high sensitivity (94–98%) and speci-
ficity (91–96%), the risk factors associated with its use
(mainly pneumothorax) reach 19–26%, with approxi-
mately 10–15% of patients requiring pleural drainage
after TTFB, resulting in hospital stay and increased
expenditure.20

Conventional imaging (chest radiographs and CT) and
metabolic imaging (using positron emission tomography
(PET)) play a complementary role in the diagnosis of lung
cancer.

CCoonnvveennttiioonnaall  iimmaaggiinngg
The evaluation (additional work-up) of a SPN starts after
its incidental detection on a chest radiography to rule 
out malignancy. Uniformly dense calcified nodules on
chest radiography are mostly benign in nature.4 Serial
chest radiographs taken over a longer period of time 
(2 years or more) showing no signs of change in the
appearance also make the diagnosis of a benign nodule
very likely.

Prior to the advent of PET, a radiographically indeter-
minate SPN was best evaluated using CT.21 Although 
CT remains an integral part of the work-up of SPN,
other options are available. CT is used for the evaluation
of shapes, borders, and densities of nodules. With 
the use of CT densitometry, calcifications can be 
detected within the nodules. Calcified nodules are 
mostly benign; however, the list of differential diagnoses 
is long, including metastasis from primary tumors (e.g.
bone tumor, mucin-producing adenocarcinomas, and
soft-tissue sarcomas) or internal hemorrhage in metas-
tases (e.g. choriocarcinoma and melanoma).4 A nodule 
is presumably benign only if the attenuation consistent
with calcification is present in the majority of the region
of the nodule. The calcification has to be present in 
the center of the nodule for it to be considered benign.4

Diffuse calcification measuring more than 300 HU
(Hounsfield units) is indicative of a benign nodule.16

The pattern of contrast enhancement can also help to 
differentiate between benign and malignant nodules.
Nodules showing less than 15 HU enhancement in 
the center are more likely to be benign, whereas those
showing enhancement greater than 25 HU are more likely
to be malignant.22,23

A report from the Early Lung Cancer Action Program
(ELCAP) study has documented that 20% of pulmonary
nodules on baseline screening are like ground-glass, or sub-
solid (they are less dense than the solid nodules and the
surrounding pulmonary vasculature and, thus, do not
obscure the lung parenchyma). Ground-glass opacities are
associated with bronchoalveolar carcinoma, whereas 
other adenocarcinomas present more frequently as solid
nodules.24

Apart from the calcification and ground-glass appear-
ance, certain morphological characteristics of pulmonary
nodules such as a speculated outer margin, a hazy and
indistinct margin, extension to pulmonary veins, focal
retraction of adjacent pleura, and endobronchial extension
are also suggestive of malignancies. Inhomogeneous 
internal composition and the evidence of central necrosis
point towards a malignant nature of the lesion. Some
malignant lesions create air bronchograms, commonly
associated with pneumonia. Sometimes, CT scan features
of lymphoma and bronchoalveolar cell carcinoma can be
confused with benign lung lesions.4

Lung cancer 6655

9781841846149-Ch05  8/18/07  2:24 PM  Page 65



In spite of all these morphologic criteria, 25–39% of malig-
nant nodules are inappropriately classified as benign.25

Although constancy of the nodule in terms of its morpho-
logic characteristic over time is reliable for labeling a
nodule benign, the predictive value of stability in size 
may be only 65%, probably because doubling in volume
amounts to only 26% increase in nodular diameter, a
change very difficult to perceive.26,27 Clinical information
combined with the radiographic characteristics can be 
used to calculate the likelihood ratio of malignant disease.
This strategy, having its origin in Bayesian analysis, is also 
a way of choosing the appropriate management protocol.
If the probability of cancer is less than 5%, then the patient
is monitored over time; if the probability is between 5 and
60%, the lesion is biopsied. For a likelihood ratio greater
than 60%, resection of the nodule is recommended.28,29

However, 50% of patients undergoing surgical biopsy of
an indeterminate SPN have benign disease. Because of the
inadequacy of these radiographic characteristics, there was
a need to find a better alternative, resulting in the rapid
development of PET in lung cancer diagnosis.6,30–32

NNuucclleeaarr  iimmaaggiinngg
Somatostatin receptor imaging
[99mTc]depreotide, a somatostatin analog with a high affin-
ity for the receptor subtypes 2, 3, and 5, has been used 
for the differentiation of indeterminate lung nodules.33

A study by Blum et al. in 114 patients showed a sensitivity
of 97% with a specificity of 73% and a negative predictive
value of 86%.34 [99mTc]depreotide has been approved 
in Europe and the United States for the differentiation of
benign and malignant nodules. Although the results are
encouraging, it is mainly recommended for institutions
having no PET facility.35

Positron emission tomography with
fluoro-2-deoxy-D-glucose (FDG-PET)
The rapidly increasing role of FDG-PET in the work-up of
lung cancer in the past decade can be related to the
advancement in instrumentation and associated software,
resulting in image resolution of 6 mm or less in clinical
applications.36 In lung cancer, there are numerous approved
indications for performing FDG-PET (Table 5.8). Because
of its immense potential in oncology, whole-body FDG-
PET should be used with diligence in order to reproduce
the results with a high degree of sensitivity and specificity.
Optimal patient preparation is the stepping-stone and
should be followed strictly (Table 5.9). Sufficient time
interval between injection and scanning should be given 

so that there is good blood clearance of FDG, especially
from the mediastinum and lung.37,38 In order to detect
small mediastinal lymph nodes, use of attenuation correc-
tion is necessary. Nowadays, iterative reconstruction is
standard, and is especially useful to avoid reconstruction
artifacts and to detect lymph node metastases near the 
primary tumor when there is intense uptake in the pri-
mary tumor or the myocardium. Respiratory movements
during scanning produce their own artifacts, which can 
be minimized using four-dimensional (4D) PET (gated
PET).39–41 In order to minimize the impact of respiratory
artifacts on the fusion of PET and CT data, often the CT
images are acquired in the mild expiratory phase. This
might compromise the detection of lung metastases.
Juergens et al.42 have shown that additional low-dose chest
CT in inspiration improves the detection of solitary 
pulmonary nodules while using FDG-PET–CT.

There are specific guidelines for acquisition and image
reconstruction, as summarized in Table 5.10.43–45 Calcula-
tion of the maximum standardized uptake value (SUVmax)
is recommended in all or at least in the most relevant
tumor lesions.46,47 Bryant and Cerfolio46 have shown in a
large prospective series in 585 patients that, if the pul-
monary nodule is less than 2.5 cm (indeterminate pul-
monary nodules), a SUVmax between 0 and 2.5 suggests
24% chance of malignancy. If the SUVmax is between 
2.6 and 4 the chance of the nodule being malignant is 
80%, which increases to 96% for SUVmax greater than 4.1
However, for solid pulmonary lesions with low FDG 
uptake (SUVmax < 2.5), semiquantitative approaches do 
not improve the accuracy of [18F]FDG-PET over that
obtained with visual analysis. Pulmonary lesions with 
visually absent uptake suggest that the probability of malig-
nancies is very low. On the other hand, the probability of
malignancy in any visually evident lesion is about 60%.48

The results of the PET study should always be analyzed
in conjunction with a CT image, because of the poor
anatomic localization on PET images alone. The advent of
PET–CT and the possibility of image fusion has been 
heralded as a major breakthrough in oncologic PET 
imaging.49

For characterization of SPN, FDG-PET alone better 
predicts malignancy than a combination of clinical 
and morphologic criteria. A meta-analysis,50,51 covering 
the results of numerous studies in approximately 
1400 patients,52–76 proved that FDG-PET can differentiate
between benign and malignant SPN with a sensitivity and
specificity of approximately 96.8% and 77.8%,50 respec-
tively. The counter argument put forward is the relatively
high cost of a PET study. A group from Italy compared the 
traditional SPN work-up using CT, fine-needle aspiration
cytology, and thoracoscopic biopsy with a diagnostic 
work-up including FDG-PET.77 This study demonstrated 
a reduction in cost of approximately 50 euros (~$60) per
patient if PET was included in the work-up. Lejeune et al.
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Table 5.8 Nuclear medicine techniques in the work-up of lung cancer

Nuclear medicine techniques and commonly used 
radiopharmaceuticals (sorted according to their clinical relevance) Indications

[18F]FDG Differentiating benign from malignant pulmonary lesions
[99mTc]SMS (depreotide)
[99mTc]MIBI
[99mTc]tetrofosmin
[201Tl]chloride
[67Ga]citrate
[99mTc](5)DMSA

FDG-PET Staging of mediastinal lymph node in NSCLC
Somatostatin receptor scintigraphy
([99mTc]depreotide)
[99mTc]MIBI
[67Ga]citrate

FDG-PET Staging of NSCLC for extrathoracic metastases
Immunoscintigraphy (mAb NR-LU-10)

Bone scanning (99mTc-labeled phosphonates) Ruling out or detection of bone metastases
[18F]flouride PET
FDG-PET
[99mTc](5)DMSA

FDG-PET Staging of SCLC
Immunoscintigraphy (MAb NR-LU-10)
Somatostatin receptor scintigraphy
([111In]pentetreotide)

[99mTc]MIBI Evaluation of resistance to cytostatic chemotherapy
[99mTc]tetrofosmin

Lung perfusion scintigraphy Assessment of lung function prior to therapy

FDG-PET Diagnosis of recurrence
[201Tc]chloride
[67Ga] citrate

FDG-PET Evaluation of treatment response
[201Tc]chloride

FDG-PET, fluoro-2-deoxy-D-glucose-positron emission tomography; SMS, somatostatin; MIBI, methoxyisobutylisonitrile; DMSA,
dimercaptosuccinic acid; mAb, monoclonal antibody; NSCLC, non-small-cell lung cancer; SCLC, small-cell lung cancer.

Table 5.9 Patient preparation prior to
[18F]FDG-PET scan

Fasting: 12 hours (minimum 6 hours)

Hydration of the patient: intake of at least 0.75 liter 
of mineral water (or other non-caloric fluids) before
injection

Blood glucose estimation prior to FDG administration
(not to exceed 150 mg/dl or 7.5 mmol/l)

Intravenous injection of 230–500 MBq (5–6 MBq/kg)
[18F]FDG

Emission scan to be acquired after a resting period of
60 (to 90) minutes

Enforced diuresis (furosemide 20 mg intravenously after
FDG injection)

Table 5.10 Imaging techniques for 
[18F]FDG-PET

First the transmission scan is acquired

Emission scan should include neck, thorax, abdomen,
and pelvis

use lower 18F activity in case of three-dimensional
scanning

Image reconstruction including
iterative algorithms
scatter compensation
attenuation correction
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compared the cost-effectiveness ratio of three management
strategies for SPN: wait and watch with periodic CT, PET,
and a combination of CT plus PET. It was concluded that
CT plus PET is the most cost-effective strategy in those
patients having a risk of malignancy in the range 5.7–87%,
whereas patients having a risk of 0.3–5% should be 
followed under the wait and watch strategy.78

In ground-glass nodules, preliminary PET studies have
found a sensitivity of only 10% and a specificity of
only 20%.79 The ELCAP report has suggested a limited role
of FGD-PET in the evaluation of these nodules, because of
the small size of the nodules and the potential for false-
negative findings in focal bronchoalveolar cell carcinoma.4

Chhajed et al.80 have demonstrated in their study the 
significant role of FDG-PET when combined with bron-
choscopy in the diagnosis of non-calcified chest radiologic
lesions ≤ 3 cm in size.

An important issue that determines the diagnostic 
accuracy of an imaging modality in the evaluation of
SPN is the size of the nodule. Pulmonary nodules having a
diameter of less than 5 mm on CT scan were found to be
non-malignant in 378 patients monitored with CT in the
New York (NY)-ELCAP study. For FDG-PET, Bastarikka 
et al.81 found a sensitivity of 69% for the detection of
malignancy in nodules having a size in the range 5–10 mm

and a sensitivity of 95% in nodules greater than 10 mm 
in size. The authors also observed a reduction in the 
apparent uptake of FDG in nodules if the size of the nodule
was less than twice the system resolution (7–8 mm),
underlining the need for generating different criteria for
determination of malignancy in patients having SPN
smaller than 15 mm. The inability of PET to reliably detect
nodules smaller than 7 mm has also been documented in 
a phantom study by Coleman et al.82

A meta-analysis of five prospective studies by Hellwig 
et al.,51 including at least 35 patients per study and 
fulfilling the quality criteria as specified by the German
Consensus Conference, has shown that FDG-PET has a
sensitivity and specificity of 93% and 87%, respectively
(Table 5.11). The positive and negative predictive values 
are 94% and 89%, respectively; the probability to miss a
malignant nodule is 11%. This risk has to be weighed
against possible life-threatening complications of surgery.
The method of interpretation of a PET study is also a
matter of debate.70 Hubner et al. have shown that there is
an improvement of approximately 10% in the specificity of
FDG-PET if Patlak analysis is applied for quantitation.83

Cerfolio et al.,84 in their retrospective analysis to evaluate the
role of maximum SUV in prediction of stage, recurrence,
and survival in NSCLC patients, clearly demonstrated that
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a b

c

d

FFiigguurree  55..11
Singulary pulmonary nodule (SPN) left upper
lung lobe. Clinical stage based on contrast
enhanced (ce) CT scan: cT1 (16 x 13 mm) N2
M1 (enlarged mediastinal lymph nodes and
enlarged right adrenal gland). Metabolic
tumor stage (based on F-18 FDG PET/CT):
mT1(SUV 6.1) N0 M0. a: coronal PET/CT slice,
b: transversal PET/CT slice, c: transversal PET
slice (non-attenuation corrected), d:
attenuation corrected transversal PET slice.
Histopathological stage: pT1 pN0 Mx
(adenocarcinoma G3, stage IA, R0 L0 V0 C4
after lobectomy and radical
lymphadenectomy). The enlargement of
mediastinal lymph nodes on CT was due to
anthracosilicosis. Follow-up showed no
change in size of the right adrenal gland
(incidentaloma). Influence on clinical
management (ICM) by PET/CT: operation
instead of chemotherapy, exclusion of
distant metastasis.
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the maximum SUV of a pulmonary nodule on [18F]FDG-
PET is an independent predictor of aggressiveness of
NSCLC. The maximum SUV predicted more accurately the
recurrence rate for stages 1B and 2 NSCLC and survival for
patients with stage 1B, 2 or 3A than did TNM stage.

In a recent study by Yi et al.,85 it has been shown that
integrated PET–CT is more sensitive and accurate than 
helical dynamic CT for malignant nodule characteriza-
tion; therefore, PET–CT may be performed as the first-line
evaluation tool for SPN characterization. The authors have
also concluded that since helical dynamic CT has high
specificity and acceptable sensitivity and accuracy, it may
be a reasonable alternative for nodule characterization
when PET–CT is unavailable.

When interpreting FDG-PET studies in patients with
SPN, several causes of false-positive and false-negative
findings (Table 5.12) need to be considered.86–88 In order to
increase the sensitivity and specificity of FDG-PET,
dual-phase (over time) studies have been performed in
which the images were acquired at 1 h and 2 h after the
injection of FDG.89,90 Matthies et al.89 compared single-
phase and dual-phase imaging in patients with SPN using 
a cut-off SUV value of 2.5% and a 10% increase in SUV as
a marker of malignancy. They found a sensitivity and speci-
ficity of 89% and 94%, respectively, in the single-phase
study and of 100% and 89%, respectively, in the dual-phase
study. Ponzo et al. have explained this phenomenon on the
basis of the difference in levels of glucose-6-phosphatase
and hexokinase within benign and malignant cells.91 How-
ever, other studies have indicated that active granulomas, a
common reason for false-positive FDG-PET scans, demon-
strate the same time course of FDG uptake as that of malig-
nant tumors. Therefore, more data are needed before the
dual-phase study becomes routine clinical practice.

SSttaaggiinngg  ooff  lluunngg  ccaanncceerr::  ddiissttaanntt
mmeettaassttaasseess
CCoonnvveennttiioonnaall  iimmaaggiinngg
At the time of first presentation, occult metastases are 
present in approximately 30% of patients with adenocarci-
noma or large-cell carcinoma as compared to 15% in
patients with squamous cell carcinoma.92 The adrenal
glands and liver are the most common sites of extrathoracic
occult metastases. Without clinical or laboratory evidence,
routine use of radiology is not advised for the work-up 
of occult metastases. Approximately 10% of patients 
with bronchogenic cancer have an adrenal mass on CT.
However, benign adenoma needs to be ruled out, as these
are found to occur in 3–5% of the overall population.93,94

Non-contrast-enhanced CT followed by magnetic resonance
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FFiigguurree  55..22
SPN left lower lung lobe in a 52-year-old patient at high risk
for lung operation (NYHA IV due to aortic valve insufficiency,
hypertension, diabetes mellitus). CT scan shows a well-
rounded nodule, 1.1 cm in diameter in segment S 10. F-18
FDG PET/CT demonstrates no increased glucose metabolism 
of the SPN (benign nodule). Follow-up CT scans showed no
increase in size. ICM by PET/CT: no operation, exclusion of
malignancy.
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imaging (MRI) has been reported as the most 
cost-effective morphologic evaluation for the assessment 
of suspected adrenal masses.95 Adrenal masses less than 
10 HU on non-contrast-enhanced CT are generally benign;
those adrenal masses which fail to fulfill the CT criteria for
a benign lesion are followed up with MRI.

NNuucclleeaarr  iimmaaggiinngg
Conventional nuclear medicine
procedures
Osteoblastic activity induced by bone metastases can be
imaged by osteotropic tracers very early, whereas conventional
radiographic imaging is able to detect bone metastases only

if the size of the lesion is more than 1 cm and 
if there is a focal loss of at least 50% or a focal increase 
of 30% of the bone mineral.96 In lung cancer patients,
[99mTc]MDP (methylene diphosphonate) bone scan is 
indicated for further evaluation of bone pain, elevated
serum calcium, or elevated alkaline phosphatase levels.2,3

Although the sensitivity of the technique is reasonably
high, it suffers from lack of specificity (40–90%) because of
the increased uptake of MDP in various benign conditions
that are associated with increased osteoblastic activity.
In order to minimize false-positive findings, proper history
taking is essential prior to acquiring a whole-body bone
scan. In the absence of PET–CT, single photon emission
computed tomography (SPECT)–CT has also been shown
to have a significant role in diagnosis, staging, response
evaluation, follow-up, and dosimetry evaluation of patients
with lung cancer.97
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Table 5.11 Evaluation of solitary pulmonary nodules using FDG-PET51

Author Year Cases Prevalence(%) Sensitivity(%) Specificity(%)

Pitman 2002 36 58 90 93

Lowe 1998 89 67 91 89

Gupta 1996 61 73 93 87

Bury 1996 50 66 100 88

Duhaylongsod 1995 47 65 100 81

a b

c

d

FFiigguurree  55..33
SPN right upper lung lobe. Clinical stage
based on ceCT scan: cT1 (15 x 15 mm) N0
M1 (enlarged adrenal glands), differential
diagnosis (DD) tuberculoma vs. lung cancer
(Tbc known since 38 years). Metabolic tumor
stage (based on F-18 FDG PET/CT): mT1(SUV
14.9) N0 M0. a: coronal PET/CT slice, b:
transversal PET slice, c: transversal CT slice,
d: fused PET/CT slice. There is high FDG
uptake in the posterior lesion which has
contact to the pleura. No uptake is seen in
a morphologically similar lesion more
anteriorly. Histopathological stage: pT1 pN0
Mx (squamous cell carcinoma, so-called scar-
derived cancer, stage IA, R0 L0 V0 C4 (after
lobectomy and radical lymphadenectomy).
The enlarged adrenal glands were shown 
to be incidentalomas in the follow-up. ICM
by PET/CT: operation, exclusion of distant
metastases.
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FDG-PET
One of the major advantages of PET over other imaging
modalities is the feasibility of performing a whole-body
scan in a single examination, thereby allowing the detec-
tion of distant and lymph node metastases along with 
the primary tumor. Once a patient is diagnosed with 
distant metastases, palliative treatment is the only available
therapy option, except for a single brain metastasis,
which, in selected cases can be cured by complete surgi-
cal resection followed by cranial radiotherapy and tho-
racic surgery. At this stage it is essential to know the
detection limit of PET in terms of the number of cells.
Fischer et al.98 have shown in their experimental model
that the detection limit of PET is in the order of 105–106

malignant cells.

It has been documented in several studies38,59,99–108

that FDG-PET is superior to CT and other conventional
imaging techniques in detecting distant metastases in
patients with lung cancer. The average frequency of occult
extrathoracic metastases in these studies was 13%;
FDG-PET resulted in a change in treatment management
in 18% of patients. A significant correlation was observed
between the ISS stage and the frequency of metastases in
clinical trial in patients with suspected stage 3 NSCLC prior
to conformational radiotherapy. The frequency of metas-
tases was found to increase with the increase in ISS stage 
of the disease: 7.5%, 18%, and 24% in stage 1, stage 2 
and stage 3, respectively. van Tinteren et al.109 enrolled 
188 patients with NSCLC in a prospective, randomized,
multicenter study to investigate the utility of preoperative
FDG-PET in improving the outcome of surgery.
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Table 5.12 Possible causes of false-positive findings in FDG-PET studies in the chest (modified from
reference 88)

1. Physiologic uptake
Muscle Hypermetabolism after activation
Thymus Normal until puberty

Hyperplasia after chemotherapy
Bone marrow Hyperplasia after chemotherapy
Brown fat Non-shivering thermoregulation

2. Infection/inflammation
Lung

bacterial Pneumonia, nocardiosis, abscess
mycobacterial Active tuberculosis, atypical mycobacteriosis
fungal Aspergillosis, coccidioides-mycosis, cryptococcosis, blastomycosis
granuloma Granuloma, necrotizing granuloma, Wegener’s granulomatosis, sarcoidosis, histoplasma

granuloma, rheumatoid arthritis-associated lung disease, plasma cell granuloma
interstitial fibrosis Fibrosing alveolitis, radiation pneumonitis
allergic Airway inflammation with asthma
occupational Inflammatory anthracosilicosis
non-specific Acute inflammation with bronchiectasis and atelectasis, tumor necrosis, reactive

mesothelial cell, histiocytic infiltrate, fibrous histiocytic infiltrate, aspiration pneumonia
with barium, aspiration pneumonia with salivary and tracheal secretions, inflammatory
pseudotumor, organizing pneumonia

Mediastinum
esophagus Esophagitis
lymph node Chronic non-specific lymphadenitis; cryptococcal; tuberculosis; anthracosilicosis; active

granuloma
Pleura Empyema

Pleural effusion

3. Non-malignant tumors
Lung Chondrohamartoma
Pleura Fibrous mesothelioma
Bone Enchondroma
Nerve root Schwannoma

Aggressive neurofibroma

4. Iatrogenic
Trachea Tracheostomy tube
Skin and soft tissue Open lung biopsy

Irradiation
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The patients were divided into two groups: one group 
(96 patients) was worked up with conventional imaging
(mainly CT); in the other group (92 patients) FDG-PET
was added to the conventional work-up. The authors
observed that the addition of FDG-PET to conventional
imaging resulted in a significant reduction in the frequency
of futile surgery (defined as relapse or death within 1 year
after surgery, or intraoperative proof of advanced disease),
from 41% to 21%. This study proved that in NSCLC,
the selection of patients for surgical resection can be
improved significantly by the addition of FDG-PET. Some
studies have shown the superiority of integrated PET–CT
over CT or PET alone in the staging of lung cancer.110,111 In
places where integrated PET–CT is not available, visually
correlated PET–CT is a valuable alternative. In a recent
study, FDG-PET and helical CT were found to be comple-
mentary to each other, with similar performances in the
mediastinal staging of NSCLC.112

FDG-PET has been shown to have high sensitivity in the
detection of adrenal metastases.113 An enlarged adrenal is

present in approximately 20% of patients at the time of the
initial presentation.114 Pooled data from smaller and larger
data series on whole-body FDG-PET yielded a sensitivity
and specificity of 97% and 98%, respectively.59,105,114–116

The negative and positive predictive values were 98% and
94%, respectively. These data demonstrate that a negative
PET scan rules out the malignant nature of a suspicious
adrenal mass, thereby avoiding unnecessary surgical
trauma.

In the detection of brain metastases, FDG-PET has no
role,51 as the positive and negative predictive values are
lower than with conventional imaging using MRI. For bone
metastases, FDG-PET can be used, because it has higher
specificity (98% vs. 61%) than skeletal scintigraphy.100,104

Kramer et al. have shown that the tumor stage on 
FDG-PET is the most significant prognostic factor for 
survival in patients with NSCLC.117 A study of immense
importance is the one conducted by Nguyen et al.,118 in
which they have shown that FDG tumor uptake is more
valuable than glucose transporter GLUT1 or Ki-67 protein
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FFiigguurree  55..44
Staging of NSCLC. Clinical stage based on ceCT scan: cT4 N2 M0. Metabolic tumor stage (based on F-18 FDG PET/CT): mT4(SUV 35.9)
N2 M1adrenal. a: coronal PET/CT (large, left central primary tumor of the upper lobe with invasion of the mediastinum; CT (b) and
transversal PET (c) slices, revealing an intrapulmonary metastasis in segment 1 (17 x17 mm in diameter). Transversal PET/CT slice at
the level of the adrenals (d) showing focal FDG uptake on the right; e: small (5 x 5 mm) right adrenal metastasis as confirmed by
follow up. PET scan (upper row), CT (middle) and fusion image (lower right). ICM by PET/CT: Upstaging of patient (M1 stage).
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expression in terms of predicting prognosis in patients 
with resected NSCLC. The authors have shown that SUVmax

is the only determinant of disease-free survival. In the
analyses of 498 patients with lung cancer, including surgical
and non-surgical cases, Davies et al. have also concluded
that a higher tumor uptake of FDG is associated with worse
survival.119 In stage 1 lung adenocarcinoma also, FDG
uptake was found to be predictive of disease-free 
survival.120

LLyymmpphh  nnooddee  ssttaaggiinngg
The prognosis of patients and therapeutic options available
in NSCLC depend upon whether the mediastinal lymph
nodes are involved or not. The presence of contralateral
mediastinal lymph node metastases rules out surgical
intervention; chemotherapy and/or radiotherapy then
becomes the treatment option.5 Patients with ipsilateral
lymph node metastasis are candidates for multimodality
therapy, including preoperative chemoradiotherapy fol-
lowed by surgical resection. Specifically, patients having 
so-called ‘minimal N2’ status have been found to have 
reasonable prognosis after complete resection and adjuvant
radiotherapy. The 5-year survival rate is found to be 40% 
in this subgroup of patients as compared to 8% in ‘bulky
N2’.15 These observations underline the importance of
accurate mediastinal staging of NSCLC.

CCoonnvveennttiioonnaall  iimmaaggiinngg
Lymph nodes greater than 1 cm in size are considered
abnormal by CT criteria.121–123 However, 15% of patients
with stage 1 disease have the probability of having
micrometastases in lymph nodes which otherwise appear
normal.124 A prospective Radiological Diagnostic Onco-
logic Group Study has shown that CT and MRI have low
sensitivity and specificity (approximately 50% and 65%,
respectively) in the detection of mediastinal lymph 
node metastases.101 Some 30–40% of enlarged lymph
nodes (2–4 cm in diameter) exhibit no tumor cells on
histopathology.125 CT has very high false-negative (7–39%)
and false-positive (20–50%) values for the detection of
mediastinal lymph nodes.16 The presence of fat in an enlarged
lymph node suggests a benign lesion. The introduction of
spiral CT has not been shown to significantly improve the
accuracy of mediastinal lymph node staging, as is shown 
by meta-analyses on mediastinal staging using CT and 
FDG-PET.51,126

NNuucclleeaarr  iimmaaggiinngg
Several studies have investigated the role of FDG-PET in
mediastinal lymph node staging.38,52,59,61,74,101,105,106,108,125–146

The results of three meta-analyses have also proved that
FDG-PET is significantly more accurate than CT in the
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FFiigguurree  55..55
Staging of NSCLC. Bronchoscopy: centrally located squamous cell carcinoma with invasion of the bronchus. Clinical stage based on
ceCT scan: cT2 (diameter 4,5 cm) N2 (enlarged paratracheal and para-aortic lymph nodes) M0. Metabolic tumor stage (based on F-
18 FDG PET/CT): mT2(SUV 14.2) N0 M0. a: coronal PET/CT slice, b: transversal CT and PET/CT slice, c: zoomed CT and PET/CT slice.
Intense FDG uptake in the primary tumor, which is invading the left main bronchus. No lymph node or distant metastases.
Histopathological stage: pT1 pN0/30 Mx (squamous cell carcinoma G3, stage IB, R0 L0 V0 C4 after lobectomy and radical
lymphadenectomy). ICM by PET/CT: operation (instead of neoadjuvant chemo-/radiation therapy), exclusion of mediastinal lymph
node and distant metastases.
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staging of lymph nodes in non-small-cell lung cancer,
irrespective of the instrumentation used for CT
scan.51,147,148 Table 5.13 shows studies (including more 
than 35 patients) of mediastinal lymph node staging 
(N0/1 versus N2/3) in patients with NSCLC. Pooled data
from these 11 studies in 1039 patients suggest that FDG-
PET has an overall sensitivity of 87% and a specificity of
87%, as compared to a sensitivity and specificity of 69%
and 65%, respectively, for CT scan (in seven studies with a
total of 505 patients).

False-negative findings may occur in small-sized lymph
nodes. Similarly, false-positive findings are also possible. In
order to decrease the impact of false-positive findings on
patient management, lymph nodes showing increased FDG
uptake on PET (and hence inducing a change in manage-
ment of the patient, e.g. altering planned surgery) should be
histologically verified, for example by mediastinoscopy.35

The ways and means to assess patients with stage 
3A–N2 after induction therapy remains a matter of debate,
specifically when it comes to deciding upon potential 
surgical treatment.108 The performance of PET alone has
not been as satisfactory in restaging as it was for the base-
line lymph node staging. Studies have documented the
superiority of PET–CT as compared to PET alone in 
lymph node staging.149 By allowing accurate localization 
of focally increased FDG uptake, PET–CT facilitates the
identification of FDG uptake by normal structures 
such as brown adipose tissue or skeletal muscles.
Consequently, the number of false-positive findings is sig-
nificantly reduced. PET–CT has also been found to be more

accurate than visual comparison of PET and CT images or
software fusion of independently acquired PET and CT
images.150–152 Some studies.153–155 have demonstrated the
superiority of endobronchial ultrasound-guided trans-
bronchial needle aspiration as being superior to CT or PET
in mediastinum and hilar lymph node staging. In a recent
meta-analysis, the dependency of FDG-PET on the size of
the lymph node has been evaluated by de Langen et al.156

In order to stratify patients for mediastinoscopy or 
thoracotomy, depending upon the test (PET and CT)
results, it is essential to establish the relationship between
size and likelihood of malignancy. In this meta-analysis,
de Langen et al.156 have shown that post-test probability for
N2 disease is 5% for lymph nodes measuring 10–15 mm on
CT in patients with a negative FDG-PET result, suggesting
that these patients should be planned for thoracotomy, as
the yield of mediastinoscopy will be extremely low. For
patients with lymph nodes measuring ≥ 16 mm on CT 
and a negative FDG-PET result, a post-test probability 
for N2 disease is 21%, indicating that these patients 
should be planned for mediastinoscopy prior to possible
thoracotomy, to prevent too many unnecessary thoraco-
tomies in this subset.

Just as hand-held γ probes have helped in the lymph
node staging of breast cancer patients, Nwogu et al.157 have
demonstrated that it is feasible to detect occult metastases
in lymph nodes using an FDG sensitive intraoperative 
γ probe. More studies are needed to elucidate further the
role of these γ probes in the lymph node staging of lung
cancer patients.
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Table 5.13 Studies comparing computed tomography (CT) and [18F]FDG-PET for mediastinal lymph
node staging (modified from reference 35)

CT PET

Author Year No. of cases Sensitivity (%) Specificity (%) Sensitivity Specificity (%)

Valk 1995 76 63 54 83 94

Bury 1997 66 79 72 88 87

Vansteenkiste 1998 68 75 63 92 95

Marom 1999 79 64 78 97 87

Liewald 2000 80 NR NR 92 76

Pieterman 2000 102 75 66 90 85

Roberts 2000 100 NR NR 87 90

Poncelet 2001 61 56 68 66 84

Kernstine 2002 237 NR NR 81 81

Vesselle 2002 118 NR NR 80 96

von Haag 2002 52 50 65 66 91

NR, not reported.
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DDeetteeccttiioonn  ooff  rreeccuurrrreennccee
Conventional imaging and FDG-PET play a complemen-
tary role in the detection of tumor recurrences, where 
PET is used to differentiate scar from viable tumor 
tissue based upon the increased glucose metabolism in
tumor tissue as compared to non-viable fibrotic tissue.

FDG-PET detects local recurrences of lung cancer 
with an average sensitivity of 98% and a specificity 
of 87%.114 False-positive findings114 can occur, especially
after external radiation therapy (so-called radiation
pneumonitis). PET–CT has been shown to be of sig-
nificant importance in detecting recurrent tumor/
residual tissue.158
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FFiigguurree  55..66
Staging of NSCLC. Clinical stage based on ceCT scan: cT1 N2 (enlarged mediastinal lymph nodes) M0. Metabolic tumor stage (based
on F-18 FDG PET/CT): mT1(SUV 8.0) N2 M0. a: transversal CT and PET/CT slice (primary tumor in segment S 1, b: CT and PET/CT
slice (mediastinal lymph node metastases, region 4R accordings to the ATS classification). Mediastinoscopy confirmed pN2 lymph
node metastases. ICM by PET/CT: Neoadjuvant chemo-/radiation therapy, confirmation of mediastinal lymph node metastases.

a

b

c

FFiigguurree  55..77
Staging of NSCLC. Clinical stage based on
ceCT scan: cT2 N2 (enlarged mediastinal
lymph nodes) M0. Metabolic tumor stage
(based on F-18 FDG PET/CT): mT2(SUV 15.9)
N3 M0. a: Maximum intensity projection
(MIP) images showing the primary lung
tumor, lymph node metasases and a focus
in the pelvis (red arrow); b: coronal PET/CT
slice showing the primary tumor in right
middle lobe centrally, extending to the right
atrium; c: transversal PET, CT and PET/CT
fusion slices at the level of focal FDG uptake
in the pelvis. Colonoscopy confirmed a
second primary tumor (adenocarcinoma pT1)
in the recto-sigmoid colon.
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a b c d

FFiigguurree  55..88
Staging of NSCLC. Same patient as shown in fig. Y. Hypermetabolic lymph node metastases in the retroclavicular region on the
right (a), in the aorto-pulmonary window (b), at the level of tracheal bifurcation (c), and in the right central hilus (d).
Mediastinoscopy confirmed pN3 lymph node metastases. ICM by PET/CT: Chemo-/radiation therapy, confirmation of mediastinal
(N2) and detection of N3 lymph node metastases, therefore upstaging from stage 3A to stage 3B. Detection of an asymptomatic
second primary tumor in the colon.

FFiigguurree  55..99
Restaging of NSCLC (adenosquamous cell
carcinoma, primary stage pT2 (G3) N1 M0)
after resection of the left upper lobe 3 years
ago. F-18 FDG PET/CT (coronal and
transversal PET/CT slices) show a 15 mm soft
tissue dense nodular lesion in the left hilus
region at the resection rim (local
recurrence). No other hypermetabolic
lesions are evident on the FDG-PET whereas
CT shows additionally multiple, up to 20
mm large lesions in the parenchma of the
left lung. The patient was treated by left
pneumonectomy. Histology confirmed local
recurrence as well as multiple
intrapulmonary metastases. Two years
follow-up was unremarkable. ICM by PET/CT:
confirmation of local recurrence. As a
consequence, surgery was performed.
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MMeettaabboolliicc//mmoolleeccuullaarr  rraaddiiaattiioonn
tthheerraappyy  ppllaannnniinngg
In patients with lung cancer, radiotherapy is used with 
curative as well as with palliative intent. For effective radia-
tion therapy, exact staging of the disease is essential in order
to deliver the killing dose of radiation to all suspected
metastatic sites with least toxicity to the surrounding
normal tissues.159 However, one has to keep in mind that
the main cause of death after primary radiation therapy of
lung cancer is local recurrence,114 thereby necessitating 
the need for having precise delineation of the extent of
the tumor and its size. MRI and CT scans sometimes fail to
differentiate malignant from normal tissues, particularly
when atelectasis, pleural effusion, or normal tissue dis-
placement occurs. During the calculation of gross tumor
volume (GTV) and ultimately planning target volume
(PTV), this may lead to wide intraobserver variation and
radiation exposure to normal and benign tissues.160,161

The concept of using radiopharmaceuticals such 
as [18F]FDG, directed towards detecting the metabolic
activity of cancerous cells, for radiation therapy planning
had its origin in 1993,35,159,162–167 and this was soon 
coined a special term by Baum as ‘metabolic or molecular

radiation treatment planning’ using HERMES software
(now registered as a trademark by HERMES Medical 
as MRTP™). Until the early 1990s, radiation dose based 
on two-dimensional (2D) radiotherapy plans was still
much in vogue. It is now proven that 2D planning leads 
to a lower dose to the tumor and a higher dose to the 
surrounding normal tissue, e.g. spinal cord and lung.168

In the early 1990s, three-dimensional (3D) radiotherapy
plans were introduced. The calculation of unconventional
field configurations was soon possible. Since in 3D confor-
mational radiation therapy the isodoses can maximally
follow the delineated target volume, it is possible to
increase the dose without causing damage to normal
tissue.106,169 The co-registration of planning CT and 
PET, with the patient in the same treatment position,
is an exciting new tool for improving the planning 
target volume by treating the metabolically active tumor
(‘biological target volume’ or BTV) and not – as is routine
today – an anatomical or morphological target volume
based only on the CT scan.170 Several studies have shown
the importance of incorporating PET in the radiotherapy
planning of lung cancer,171–177 and different methods for
the delineation of target volume on PET have already been
described.178
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FFiigguurree  55..1100
Restaging of NSCLC (squamous cell
carcinoma, primary stage pT2 N1 M0) after
chemotherapy. F-18 FDG PET/CT (coronal
and transversal PET/CT slices) shows a
solitary, hypodense liver metastasis in
segment IVa (35 x 35 mm in diameter, 
SUV 7.2. Metabolic tumor volume 15.3 ml).
No other metastases are present. ICM by
PET/CT: Confirmation of a single liver
metastasis. As a consequence,
radiofrequency ablation (RFA) was
performed.
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In the first prospective study of its kind, describing the
use of PET in the 3D planning of radiation therapy in 27
patients with NSCLC, Schmucking et al.159 concluded that:
(1) PET is an important complementary tool to morpho-
logical imaging used for exact localization of nodal tumor
involvement as well as for determining the extent of the
primary tumor, (2) radiation therapy can be delivered with
less toxicity in most patients, and (3) better tumor control
may be possible by MRTP.

Recent research has focused on establishing the opti-
mum thresholds for maximum standardized uptake value
calculation. The result suggests that 15–20% may be the
appropriate threshold value; however, Biehl et al.179

have shown in their study that there is no single threshold
delineating the PET(GTV) that is accurate for volume 
definition when compared with that provided by the
CT(GTV) in the majority of NSCLC patients. There are
several issues that have to be taken into consideration 
for defining the target volumes.180,181

The role of PET in radiotherapy is also highlighted in 
a study by Cherk et al.182 The authors have shown (using
FDG-PET and [18F]fluoromisonidazole-PET) that the
hypoxic cell fraction of primary NSCLC is consistently 
low. Since the response to external beam radiotherapy 
is highly dependent on the oxygen concentration in the
target tissue, this study has far-reaching consequences.

PPrreeddiiccttiioonn  aanndd  mmoonniittoorriinngg
rreessppoonnssee  ttoo  tthheerraappyy
[99mTc]methoxyisobutylisonitrile (MIBI) is one of the 
substrates for P-glycoprotein (Pgp), a product of the 
multidrug resistance gene MDR1, which is responsible 
for resistance to chemotherapy in patients with unre-
sectable lung cancer.35,183 Studies have demonstrated the
scintigraphic retention of [99mTc]MIBI as a model for 
the non-invasive assessment of Pgp expression.64,132,184–187

By measuring the [99mTc]MIBI uptake, Ceriani et al.
reported a sensitivity and specificity of 83% and 84% for
predicting the response to chemotherapy of lung cancer.184

However, more studies will be needed supporting these
observations before [99mTc] MIBI is incorporated into the
management protocol of lung cancer patients.

Inductive chemotherapy or chemoradiation therapy 
followed by resection is one of the treatment options 
available for patients with locally advanced NSCLC,
especially ISS stage 3A-2,5 where the success of downstag-
ing is usually assessed by histological analysis of a surgical 
specimen of the primary tumor and/or mediastinal 
lymph nodes. Based upon the observation that metabolic
changes precede morphologic alterations, metabolic 
imaging using PET radiopharmaceuticals has shown

encouraging results for monitoring response to 
therapy.159,188–191 Using morphological imaging, tumor
response is usually assessed according to the World Health
Organization (WHO) or the Response Evaluation Criteria
in Solid Tumors (RECIST) criteria. In solid tumors, mor-
phologic changes induced by therapy usually take several
weeks to months, thereby subjecting non-responding
patients to unnecessary side-effects of chemotherapy or
radiotherapy. Apart from that, the relative inability of mor-
phologic imaging to differentiate scar tissue from viable
tumor with a high degree of specificity may lead to a mask-
ing of tumor regression.

In the therapy monitoring of patients with lung cancer,
PET is used in three main areas: assessment of response 
to neoadjuvant chemotherapy,192,193 early assessment of
response to therapy, and restaging after completion of
therapy.19 The potential of FDG-PET in the evaluation 
of response to inductive chemotherapy in lung cancer
patients has been assessed by Baum et al.194 by showing 
a close correlation between histomorphometric studies 
and the results of PET imaging. In 26 patients treated with
neoadjuvant chemotherapy, Ryu et al.195 found a sensitivity
and specificity of FDG-PET of 88% and 67%, respectively,
for the diagnosis of tumor viability and a sensitivity and
specificity of 58% and 97%, respectively, in nodal restaging.
Akhurst et al.196 reported a high negative predictive value 
of 98% for the detection of viable residual tumor tissue,
but a low diagnostic accuracy (52%) for nodal tumor
status. Pottgen et al.197 in their study have come to the con-
clusion that corrected SUVmax from two serial PET–CT
scans, before and after three chemotherapy cycles or later,
allows the prediction of histopathologic response in the
primary tumor and mediastinal lymph nodes and has
prognostic value.

Su et al.198 have shown that glucose metabolic activity as
measured by FDG-PET reflects the response to gefitnib
(endothelial growth factor receptor kinase inhibitor).
Weber et al.190 used FDG-PET for the early assessment 
of response to chemotherapy in 57 patients with NSCLC,
1 and 3 weeks after the first cycle of chemotherapy, and
found a significant correlation between the metabolic
activity and the final outcome after therapy. Whereas the
early metabolic response predicted a better survival after
the first three cycles of chemotherapy, a poor response was
associated with disease progression, which opens the possi-
bility of excluding non-responders from the treatment 
regimen and thereby reducing the morbidity and cost of
treatment.

Since the inception of integrated PET–CT in clinical
practice, studies have been conducted to determine the role
of this new technology over that of stand-alone PET.
PET–CT has been found to have the possibility to make 
a difference in monitoring the tumor response to therapy
by integrating anatomic and functional measures of treat-
ment effects. Perhaps even more important, PET–CT is

7788 Advances in Nuclear Oncology

9781841846149-Ch05  8/18/07  2:25 PM  Page 78



expected to increase the acceptance of PET as a tool for
assessing the tumor response in medical research and 
clinical practice, since anatomic and functional measure-
ments can be obtained in just one imaging session and
jointly reported.151,199,200 Cerfolio et al.,201 in their recent
study, have shown that repeat integrated PET–CT is 
superior to repeat CT for the restaging of patients with
stage 3a non-small-cell lung cancer after neoadjuvant
chemoradiotherapy. The authors also conclude that the
percentage decrease in SUVmax of the primary and of the
involved lymph node is predictive of pathology; however,
nodal biopsy is required, as a persistently high SUVmax does
not equate to residual cancer.

Patz et al.202 have shown that patients with a positive
FDG-PET after completion of therapy have a worse 
prognosis than that of patients with a negative FDG-PET.
Based upon FDG-PET for treatment monitoring, Hicks 
et al.203 demonstrated a change in patient management 
in 63% of patients, and that tumor response assessed by
FDG-PET predicted better patient survival than did CT
criteria, the pretreatment tumor stage, or patient perform-
ance status. The correlation between tumor FDG uptake
after chemoradiotherapy and patient outcome was also
confirmed in a recent study by Hellwig et al.204 in 47 patients
after preoperative chemoradiotherapy. Patients were 
classified as responders if the SUV of the primary was less
than 4. Median survival after resection was greater than 
56 months for PET responders and 19 months for PET
non-responders (p < 0.001). Schmucking et al.205 have
demonstrated significant correlation between histologic
results and the PET findings for tumor regression and 
survival in locally advanced non-small-cell lung cancer
after neoadjuvant treatment.

CCoosstt--eeffffeeccttiivveenneessss
One of the major concerns in the routine use of PET in
clinical practice in oncology is the costs associated with
FDG-PET studies. However, FDG-PET also has the 
potential to lead to cost savings by reducing the number 
of expensive invasive procedures. Several studies have
demonstrated the cost-effectiveness of PET in the manage-
ment of NSCLC patients. Cost of patient care and life
expectancy were taken as criteria for the assessment of
cost-effectiveness. In spite of differences in medicoeconomic
data due to diversities in the healthcare structure, various
studies from the United States, Europe, Japan, and Australia
have come to the common conclusion that FDG-PET 
is cost-effective for the differentiation of lung nodules 
as well as for the preoperative staging of NSCLC.78,206–216

A study comparing confirmatory and selective medi-
astinoscopy in patients with positive FDG-PET has 
shown approximately double the cost savings per patient

($2267 vs. $1154) at the expense of missing 1.7% of
patients who might have been cured.210

PPlleeuurraall  ddiisseeaassee
FDG-PET has also been used for the assessment of pleural
mass or pleural effusion for evidence of malignancy.217

In a study conducted by Erasmus et al.25 in 25 patients 
with suspected malignant pleural effusion, the sensitivity,
specificity, and positive predictive value of FDG-PET were
found to be 95%, 67%, and 95%, respectively. Such a high
positive predictive value of FDG-PET for the detection of
malignant pleural effusion will help in the appropriate
staging of NSCLC. Schaffler et al.218 have compared the
utility of FDG-PET with that of CT in 92 patients for 
the ability to differentiate benign from malignant pleural
effusion. FDG-PET was found to have a sensitivity, speci-
ficity, and positive predictive value of 100%, 71%, and 
63%, respectively. The difference in the positive predictive
value from the previous study by Erasmus et al. is attrib-
uted to the inclusion of a relatively large number of
patients with benign pleural disease. This study also
demonstrated that use of CT was indeterminate in 71% of
the patients. Pleural dissemination of lung adenocarci-
noma is best diagnosed using the CT component of FDG-
PET–CT, since lesions causing pleural involvement without
pleural effusion are beyond the resolution of PET.219 Research
is ongoing to determine the role of FDG-PET–CT in 
pleural mesothelioma, and initial results are promising.220

SSttaaggiinngg  ooff  ssmmaallll--cceellll  lluunngg  ccaanncceerr
Small-cell lung cancer (SCLC) is a tumor of neuroen-
docrine origin with an aggressive growth pattern, often
metastasizing early and proliferating rapidly.221 There is a
two-stage classification scheme222 proposed by the Veterans
Administration Lung Cancer Study Group: limited disease
(limited to the thorax) or extensive disease (distant metas-
tases, including those to the contralateral lung). The role of
FDG-PET in the staging of SCLC is still controversial.
According to Detterbeck et al.,223 the clinical presentation
and radiographic appearance of the disease are sufficiently
characteristic to negate the need for further evaluation.
However, the few studies that have evaluated the role of
FDG-PET as compared to conventional radiographic imag-
ing have demonstrated that PET changed patient manage-
ment in 8.3–29% of patients.34,224,225 Patients having
extensive disease were treated with chemotherapy whereas
those having limited disease received chemoradiotherapy.
Kruger et al.226 have demonstrated low FDG uptake in
patients with pulmonary carcinoids necessitating biopsy
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and surgical resection, even if the FDG-PET study did 
not show hypermetabolic activity. Recent research into
SCLC has shown some promising results for the use of
integrated PET–CT in SCLC by simplifying and even
improving the accuracy of the current staging protocol,227

as well as in response evaluation.228,229 Further prospective
studies are needed to assess the exact role of FDG-PET 
in the restaging of patients with SCLC and in therapy 
monitoring.
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6
Esophageal cancer
Cristina Nanni, Sara Taddayon, Guido Biasco,
Stefano Fanti, and Arturo Chiti

BBaacckkggrroouunndd
Esophageal cancer is a malignant disease characterized 
by a poor prognosis, which accounts for about 4% of all
digestive tract cancers. In developed countries the inci-
dence is 4–5 per 100 000 people, with a significant higher
incidence in China, in the Caspian region of Iran, and in
South Africa. Males are affected two to four times more
often than females, and black men present the highest 
incidence in squamous cell carcinoma. The overall 5-year
survival rate in patients amenable to definitive treatment
ranges from 5% to 30%, although patients diagnosed with
early disease may have a better chance of survival.

Several risk factors are associated with the development
of esophageal cancer. These factors are responsible for
inflammation of the mucosa first, which may evolve into
metaplasia, dysplasia, and eventually cancer. The strongest
association with esophageal cancer has been found with
tobacco use, dietary habits (very hot food), alcohol 
consumption, obesity, Barret’s esophagus, chronic gastro-
esophageal reflux disease, Plummer–Vinson syndrome,
caustic injury, chronic achalasia, and tylosis.

Two major pathologic types account for more than 
98% of all esophageal cancers: squamous cell carcinoma,
frequently arising in the upper two-thirds of the organ,
and adenocarcinoma, commonly located in the distal
esophagus. The other 2% of esophageal malignant lesions
include lymphomas, leiomyosarcoma, and neuroendocrine
tumors. Worldwide, squamous cell carcinoma is more
prevalent than adenocarcinoma.

In many patients, the tumor is metastatic before the 
initial diagnosis. The distal esophagus is most often involved,
and the overall prognosis is generally poor. Surgery is the
only curative option, although characterized by a high 5%
mortality risk and a low 20% overall 5-year survival rate.
Radiation therapy is commonly associated with surgery 
to improve overall survival. Neoadjuvant chemoradiother-
apy, used as a multimodality approach with surgery, may
reduce local recurrence and improve survival.

The TNM system is used to determine the patient’s 
staging, commonly based on the American Joint Committee

on Cancer (AJCC) system. The T stage relates to local 
invasion of esophageal structures by the tumor, not to its
size. The N stage is based on the presence of metastatic
regional lymph nodes and is simply divided into N0 and
N1. The presence of any metastases determines stage M1,
which differs depending on the third of the organ which
harbors the primary site. Tables 6.1 and 6.2 illustrate the
TNM and AJCC systems.1 Prognosis is strongly dependent
on stage, and while early stages are treated by limited 
surgical or endoscopic procedures, multimodality strate-
gies are required for advanced tumor stages. In patients
with systemic metastases the therapy is palliative, with the
aim of relieving dysphagia.

DDiiaaggnnoossttiicc  mmooddaalliittiieess
Accurate staging is essential for an effective therapeutic
approach to both limited and advanced disease.2 Diagnos-
tic modalities must be chosen in order to assess the poten-
tial resectability of the primary tumor with its locoregional
lymphatic drainage, and the presence of systemic tumor
spread.

This assessment relies on endoscopic ultrasound (EUS),
computed tomography (CT) scan, and positron emission
tomography (PET) using [18F]fluoro-2-deoxy-D-glucose
(FDG).

EEnnddoossccooppiicc  uullttrraassoouunndd
EUS is established as the diagnostic modality of choice 
for evaluating local tumor growth and depth of invasion.
Since it is widely employed, the advantages and limitations
of EUS are well defined. A recent paper suggested that the
accuracy of EUS is dependent on the size and location of
the tumor3 and that it is better in small tumors (< 5 cm)
than in large tumors (> 5 cm). These data are most probably
related to a bias in patient selection, namely the exclusion
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of non-resectable cancers. The same study concludes that
EUS is more accurate in staging esophageal tumors than
esophagogastric junction tumors, which is a common 
finding. EUS is particularly effective in visualizing lymph
node metastases at the celiac axis, which is strongly corre-
lated with survival.4 In fact, the medium-term survival of
surgically treated patients harboring large celiac (> 20 mm)
lymph nodes is reported to be in the same range of that of
non-surgically treated patients without detectable celiac
lymph node enlargement.

CCoommppuutteedd  ttoommooggrraapphhyy
CT scan is able to detect the primary tumor in up to 80% 
of cases; however, the sensitivity is low for local regional
nodal metastases, ranging from 50% to 70%.5

Moreover, although CT scans may accurately predict
resectability in as many as 75% of cases, it has not been
demonstrated to be useful for assessing the response to
induction therapy.

FFDDGG--PPEETT
Positron emission tomography (PET) is the leading method
in nuclear molecular imaging.

Its principle is based on the possibility of labeling 
biological molecules with a positron emitting isotope.
These radionuclides are able to emit a positron from 
their nucleus; the positron has a high probability of being
annihilated by an electron after a short time of travel. This
annihilation leads to the production of two 511-keV pho-
tons which travel at 180° apart. These coincidence photons
can be detected using dedicated scanners, which have 
particular crystals for photon detection and electronic 
circuits to localize the emissions in time and space 
coordinates.

FDG is a glucose analog which enters cells through 
specific glucose receptors (GLUT). Once inside the cell,
FDG is phosphorylated and trapped, without being further
metabolized. This mechanism allows the in vivo labeling of
cells in proportion to their glucose metabolism.

Since malignant lesions, including those from
esophageal cancer, have a high mitotic index and an
increased glucose metabolism, they can be easily detected
using PET, often earlier than with CT. This approach allows
identification of malignant lesions at a very early stage,
since the spatial resolution of new scanners approaches 
4.0 mm. A favourable characteristic of PET is that it allows
measurement of the metabolic activity of the lesion in a
very simple way. The maximum standardized uptake value
(SUVmax) is widely used to quantify the uptake of a lesion
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Table 6.1 TNM definitions in esophageal cancer

Primary tumor (T)

TX: Primary tumor cannot be assessed

T0: No evidence of primary tumor

Tis: Carcinoma in situ

T1: Tumor invades lamina propria or submucosa

T2: Tumor invades muscularis propria

T3: Tumor invades adventitia

T4: Tumor invades adjacent structures

Regional lymph nodes (N)

NX: Regional lymph nodes cannot be assessed

N0: No regional lymph node metastasis

N1: Regional lymph node metastasis

Distant metastasis (M)

MX: Distant metastasis cannot be assessed

M0: No distant metastasis

M1: Distant metastasis

Tumors of the lower thoracic esophagus

M1a: Metastasis in celiac lymph nodes

M1b: Other distant metastasis

Tumors of the mid-thoracic esophagus

M1a: Not applicable

M1b: Non-regional lymph nodes and/or other distant
metastasis

Tumors of the upper thoracic esophagus

M1a: Metastasis in cervical nodes

M1b: Other distant metastasis

Table 6.2 American Joint Committee on
Cancer (AJCC) stage groupings

Stage 0: TisN0M0

Stage 1: T1N0M0

Stage 2A: T2N0M0; T3N0M0

Stage 2B: T1N1M0; T2N1M0

Stage 3: T3N1M0; T4 any N M0

Stage 4: Any T any N M1

Stage 4A: Any T any N M1a

Stage 4B: Any T any N M1b
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and can give an index of disease response to therapy or 
disease progression.

A clinical PET examination requires the intravenous
injection of 5–6 MBq/kg of FDG. Since insulin alters the
tracer distribution, the patient fasts for at least 6 h before
injection and is not allowed to have insulin or oral antidia-
betic drugs. Therefore, this poses a problem when dealing
with diabetic patients, who must be strictly followed and
instructed. After the injection the patient rests for an 
optimal uptake time of 60 minutes, during which he or she
is hydrated. Eventually the patient undergoes the image
acquisition procedure, which may last from 15 to 45 minutes,
depending on the scanner type and patient’s size.

To improve PET accuracy in the localization of positive
findings, hybrid PET–CT scanners have recently been
implemented. Hybrid scanners are able to co-register a 
PET with a CT scan acquired within a short time interval,
without moving the patient from the scanner bed. Images
are fused slice by slice, superimposing PET on the anatom-
ical map created by CT. In these scanners CT data are also
used to measure attenuation correction.

The value of PET is also related to its whole-body view,
which gives a complete overview of disease extent, and
allows early detection of lymph node involvement and dis-
tant metastasis for staging, assessment of therapy response,
evaluation of disease relapse, and follow-up.

On the other hand, although PET is very sensitive for 
the detection of primary lesions, as both adenocarcinoma
and squamous cell carcinoma are easily detected, the exact

infiltration of the esophageal wall cannot be evaluated by
means of functional imaging because of the poor spatial
resolution compared to EUS.

For N staging, PET is considered to be more sensitive
than CT because of its ability to make a diagnosis based 
on a functional index, the tracer uptake, and not on 
a morphological alteration. In fact, normal-sized,
CT-negative, lymph nodes may harbor metastatic cells and
show increased tracer uptake. Nonetheless, metastatic
lymph nodes close to the primary tumor cannot be seen 
on PET, due to the high activity of the primary tumor 
that masks the lower signal coming from small lymph
nodes.

PPEETT  ppoossiittiivviittyy  ccrriitteerriiaa
PET is considered to be consistent with esophageal cancer
when a focal area of increased tracer uptake is detected 
in correspondence to the esophageal wall as seen on CT.
SUVmax is indicative of malignancy when greater than 2.0–2.5
according to international guidelines (Figures 6.1–6.3).
Esophagitis is frequently associated with esophageal cancer
and can be misinterpreted. Inflammation, in fact, is the
main cause of false-positive results in PET, and must 
always be taken into account. The only characteristic 
that differentiates esophageal inflammation from cancer 
is that the former is usually diffuse and the latter is 
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FFiigguurree  66..11
[18F]fluro-2-deoxy-D-glucose-positron
emission tomography–computed
tomography (FDG-PET–CT) fused axial
images of a patient with an esophageal
cancer upstaged by PET to N+MO. Panel 
(a) shows the primary tumor, while panels
(b) and (c) show paraesophageal and
superior paratracheal metastatic lymph
nodes.
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FFiigguurree  66..22
Coronal slices of CT (upper panel, left), PET
(center), and fused PET–CT (right) images of 
a T2N0M0 tumor. Lower panel shows the
corresponding axial images.

FFiigguurree  66..33
Coronal PET slice and sagittal images 
(CT, PET, and fused) of a metastatic tumor 
at staging.
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usually focal. These criteria are not strict, and extension of
the uptake cannot be considered a reliable method.

FDG-PET is falsely negative also for lesions smaller than
the scanner spatial resolution (4–6 mm) or for flat lesions
thinner than this size, growing parallel to the major axis 
of the esophagus. In situ carcinoma and severe dysplasia
are, therefore, not usually detected.

The advantage of PET–CT over stand-alone PET has
been assessed by Bar-Shalom et al.,6 who published a study
prospectively comparing PET–CT and PET reviewed side
by side with CT. The authors concluded that PET–CT has 
additional value over PET and plays an important role in
defining tumor involvement in cervical and abdominal–
pelvic sites, as well as in the pretherapy assessment of
locoregional disease involvement. Precise characteriza-
tion of abnormalities in areas of post-surgical distorted
anatomy using PET–CT has a particular value in this
tumor, as surgery may be the only curative chance.

SSttaaggiinngg
A recent review and meta-analysis of 12 studies summa-
rizes and evaluates FDG-PET as a staging method for
esophageal cancer.7 Pooled specificity and sensitivity data
for detection of either locoregional or distant metastases
have been calculated as 84% and 51%, respectively.
FDG-PET has been shown to have high sensitivity and
specificity for the detection of distant (lymphatic and
hematogenous) metastases. By contrast, the method has
been confirmed to be poor in delineation of locoregional
lymph node metastases.

The incremental value of the use of FDG-PET in addi-
tion to a CT scan has been demonstrated in a Japanese
study8 in which relevant additional information was
derived from FDG-PET imaging in 20 of 149 patients.
Whether the additional information obtained by FDG-PET
has a direct impact on the surgical management is still 
not clear.9,10 Some authors suggest that unnecessary surgi-
cal explorations could be avoided due to additional 
information on systemic tumor burden given by FDG-PET,
whereas others conclude that the method does not lead to 
a change in surgery indication. Further advancements in
this field are expected using PET–CT technology in larger
studies,11 although the fusion of PET and CT will not 
overcome the intrinsic limitations of the two imaging 
technologies. In particular, both PET and CT are poor in
detecting locoregional lymph node metastases. In CT
imaging, lymph nodes are considered metastatic based on
size criteria, while a positive PET is dependent on glucose
metabolism of the tumor cells, the number of tumor cells,
and the distance of the lesion from the primary tumor.
Thus, preoperative information about lymph node status
may still be unclear. Consequently, it is some authors’

opinion that information on locoregional lymph node
status should not influence the therapeutic decision.

A recent paper12 reports that CT, EUS, and PET have
similar performances in nodal staging, with sensitivity 
and specificity of 84% and 67% for CT, 86% and 67% for
EUS, and 82% and 60% for FDG-PET. This paper also
reports a trend towards improved locoregional assessment
for EUS and better distant disease staging with CT or PET,
but concludes that each test contributes by means of
unique patient staging information on an individual basis,
suggesting that a combination of the three diagnostic
methods should always be used.

SUVmax measured during staging procedures has been
proposed as a prognostic index.13 In this study, patients
were clustered into two groups depending on the primary
lesion SUVmax value. The two groups eventually presented a
significant difference in the overall survival (613 ± 89 vs.
262 ± 47 days). Another recent paper on 50 patients14

concludes that SUVmax of the primary tumor in esophageal
adenocarcinoma predicts clinical stage, pathologic stage,
and overall survival. The authors also state that a high
SUVmax identifies a subset of patients with early-stage 
clinical and pathologic stage disease but poor prognosis.
Therefore, FDG SUVmax can potentially be used at diagno-
sis to select patients for induction therapy or to stratify
patients for entry into clinical trials, testing novel multi-
modality treatment strategies.

Another study15 suggests that the number of PET abnor-
malities detected at baseline independently correlates 
with overall survival, and may become a useful factor 
for patient stratification in randomized trials. It can also
become a tool for individualizing therapy. The study also
determines that baseline EUS correlates with neither
patient outcome nor any of the PET parameters.

The impact of FDG-PET in patients with locally advanced
disease has been determined in a group of patients enrolled
in a phase 2 trial of preoperative chemoradiation therapy.16

This study showed that the addition of PET imaging after
conventional staging resulted in the upstaging of a sig-
nificant percentage of patients. The authors report that
patients with locally advanced esophageal cancer on 
conventional staging, but subsequently found to have 
PET findings consistent with distant disease, experience a
worse outcome after receiving definitive or preoperative
chemoradiation therapy. Therefore, it is suggested that the
use of FDG-PET is considered a fundamental part of the
routine staging.

RReellaappssee
In patients operated on for esophageal cancer, the presence
of post-surgical fibrotic tissue causes difficulties in inter-
pretation of the CT scan. In fact, distinguishing vital tissue,
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indicating cancer relapse, from non-vital tissue resulting
from a surgical scar may be difficult. PET has proved to
have a high accuracy for the detection of early relapse in
different tumors, and has also been demonstrated to be
useful in assessing recurrent and distant metastatic dis-
ease.17,18 For the detection of recurrent disease, PET is 
very sensitive (Figure 6.4), although the combination of

conventional methods and PET is the most helpful in 
characterizing anastomotic recurrences.19 PET is more 
sensitive than CT and has at least an equal specificity for
the detection of systemic metastatic disease, and may detect
distant metastases in up to 10–20% of patients that were
not identified with CT.20,21 Pooled sensitivity and speci-
ficity for the detection of locoregional metastases are
reported to be 51% and 84%, respectively, while for distant
metastases pooled sensitivity and specificity are 67% and
97%.22 PET may also provide additional diagnostic infor-
mation over CT, which may lead to management changes
in 4–30% of patients.23,24

RReessppoonnssee  ttoo  nneeooaaddjjuuvvaanntt
tthheerraappyy
As previously described, many investigators have demon-
strated that FDG-PET has a high sensitivity as a staging
procedure in esophageal cancer. Fewer studies have exam-
ined the use of this imaging method for evaluation of
the response to a combination of chemotherapy and radio-
therapy,25–27 reporting very high sensitivity and specificity
as well (Figures 6.5 and 6.6).

Since a significant number of patients are diagnosed
with esophageal cancer in a late phase, when the disease 
is so extended that a surgical approach is useless or even
dangerous, neoadjuvant chemoradiotherapy has been 
proposed to reduce the primary mass and allow successful
post-treatment surgery. FDG-PET results have been corre-
lated to the pathologic response and the percentage change
of SUVmax before and after therapy, and this is considered
to be an accurate index for the early evaluation of therapy
response. Nevertheless, it is not clear whether an early
recognition of neoadjuvant therapy response is signifi-
cantly correlated to a better prognosis, although Swisher 
et al.28 found that after neoadjuvant chemoradiotherapy,
patients with SUVmax ≤ 4 within the residual lesion had a
significantly longer overall survival compared to patients
with SUVmax > 4.

Although it is commonly accepted that FDG-PET is an
effective modality for assessing pathologic tumor response
to neoadjuvant chemoradiotherapy in esophageal cancer,
it must be stressed that methodological differences may
play an important role when assessing response in clinical
practice and also when comparing data from different
studies. For instance, Brucher et al.29 report an extremely
high sensitivity (100%) and a relatively low specificity
(55%) in the prediction of pathologic response with FDG-
PET, defining sensitivity as the proportion of responding
tumors showing a reduction in FDG uptake equal to or
greater than a cut-off value. Their methods and definitions
seem to be very helpful in depicting the change in tumor
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FFiigguurree  66..44
Demonstration of a relapse suspected on CT with PET–CT,
which shows local relapse (a), mediastinal lymph nodes (b),
and a lung metastasis (c).
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size, but not in detecting a residual tumor before surgery, as
the relatively small amount of residual tumor may lead to
recurrence and a poor prognosis. Also, different definitions
of pathologic response in published studies lead to a great
variation in reported sensitivity and specificity.15 Using
single-center defined cut-off values in the measurement 
of SUV variation, reported sensitivity is in the range from
71 to 100% and specificity from 54.5 to 95%.

Esophagitis is also often mentioned as a source of
false-positive results, which may be a common finding in
patients treated with aggressive chemotherapeutic regimens.
Song et al.15 did not find any correlation between the
absolute value of SUV post-therapy or its relative change
from baseline level and the pathologic response, but

reported that when patients with highly metabolic tumors
(SUV > 4.0) were selected, the result became comparable 
to that of other investigators. This study also showed a
lower sensitivity in assessing pathologic response in lymph
nodes than in primary tumors, after chemoradiotherapy.
Refuting established data, they affirm that FDG-PET is 
not effective for detecting lymph node metastasis or 
evaluating response after chemoradiotherapy because of
the low diagnostic sensitivity.

Duong et al.30 qualitatively evaluated PET images on an
SUV-calibrated scale, without calculating the tumor SUV.
PET after chemoradiotherapy was interpreted only as 
being negative or positive for residual disease, thus using 
a dichotomous classification of images. In the authors’
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FFiigguurree  66..55
Coronal (a) and sagittal (b) slices of a patient with a complete response after neoadjuvant therapy.
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report, the advantage of this method is that a baseline study
is not required, and it is not subject to methodological 
variation. They also promote this approach, since most 
pretreatment primary esophageal tumors are already
demonstrated to be FDG-avid.31,32 On the other hand, the
absence of a baseline study limits this approach only to
assessing which patients could be considered for non-
surgical treatment or in whom aggressive surgical treat-
ment would be inappropriate based on the extent of
residual disease. Nevertheless, a PET scan before treatment
is always advisable, since this is likely to be beneficial in
terms of both tumor staging and treatment planning,
as well as providing further prognostic stratification.

Levine et al.33 recently suggested incorporating FDG-
PET to identify a patient subgroup with a high probability
of response, based on a pretreatment scan. In this way,
patients with a low SUVmax could be managed with surgery
alone or chemoradiotherapy followed by esophagectomy,
while potential responders may be managed by chemora-
diotherapy alone. The authors concluded that FDG-PET is
a useful tool for identifying esophageal cancer patients
likely to experience a significant response to preoperative
chemoradiotherapy.

FFoollllooww--uupp
FDG-PET is not routinely used for follow-up, and should
only be employed when the patient has equivocal findings
upon conventional imaging.

OOtthheerr  PPEETT  rraaddiioopphhaarrmmaacceeuuttiiccaallss
[11C]choline is commonly used for clinical studies, particu-
larly for the evaluation of prostate cancer, giving an index
of cell membrane metabolism.

According to the literature, [11C]choline is feasible for
the study of esophageal cancer, but, from preliminary stud-
ies, it has a significantly lower sensitivity, specificity, and
accuracy for the detection of primary tumors and distant
metastases, missing abdominal lesions due to high uptake
in the liver and spleen. Concerning nodal involvement
[11C]choline-PET seems to be more sensitive than FDG-
PET, and its use has been suggested to increase the accuracy
of N evaluation,34 although clinical studies with a signifi-
cant number of patients are still lacking, probably due 
to the low availability of this radiopharmaceutical. [18F]
fluorothymidine has been also used to evaluate esophageal
cancer, being a direct marker of cell proliferation. This
tracer also showed a lower sensitivity when compared to
FDG, but limited the number of false-positive results as it 
is not taken up in inflammatory lesions.35
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Coronal PET slices of a patient with advanced
disease. Panel (a) shows the image at staging
(maximum standardized uptake value, 
SUVmax = 11) and panel (b) after therapy, 
5 months later (SUVmax = 6).
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7
Colorectal cancer
Ken Herrmann and Bernd Joachim Krause

BBaacckkggrroouunndd
Colorectal cancer is one of the most common neoplasms 
in Western countries. In 2002 it ranked second for men 
and women.1 After a slight increase in frequency over
recent years, the incidence is expected to remain stable
over the coming years. Epidemiologic and experimental 
studies suggest that an unbalanced fatty nutrition with low
dietary fibers may promote tumor growth. Two inherited
syndromes, familial adenomatous polyposis (FAP) and
hereditary non-polyposis colorectal cancer (HNPCC),
associated with colorectal cancer have been identified so
far. In Germany, the mortality rate for colorectal cancer in
2000 was 29.8/100 000 for men and 19.3/100 000 for
women.1

In most cases colorectal cancer is located in the rectum
(40%), followed by the sigmoid and cecum. Of diagnosed
tumors around 70% are resectable. However, around 
40% of patients undergoing surgery will relapse in the first
2 years after initial resection. Up to 30% develop hepatic
metastases and around 15% lung metastases. Reported 
5-year survival rates range between 40% and 60%.
Early stages (Dukes A) are well curable, resulting in 
5-year survival rates of around 90%. However, only 39% of
colorectal cancers are diagnosed at this early stage. For
advanced stages (Dukes D) the reported 5-year survival
rate is only around 10%.2 The goal of treatment is cure in
the early stages (Dukes A and B), prolongation of survival
in stage C, and palliation in stage D. Resection of metastases
isolated to the liver has been associated with improved 
survival.3,4

The initial detection of primary colorectal cancer is a
domain of endoscopy. Additional imaging for therapy plan-
ning is discussed controversially, especially due to the lack
of a single comprehensive imaging method.5 Conventional
imaging modalities, comprising endoluminal ultrasound,
computed tomography (CT), and magnetic resonance
imaging (MRI), are limited to give morphological 
information. Differentiation between malignant and benign

lesions is not always reliable. For assessment of lymph node
involvement, size and morphology remain the only criteria.
Regarding MRI and CT, lymph nodes larger than 1cm are
considered to be suspicious, but of course also smaller
lymph nodes can contain malignancies. Therefore, there is
a high demand for imaging methods providing functional
information.

Imaging modalities play an even more important role in
the setting of suspected recurrence of colorectal cancer. In
around 40% of cases, recurrence occurs within 2 years of
the initial diagnosis. Of these, around 30% appear to have
limited recurrent disease, but only 25% of them are actually
curable by surgery.6 At surgery, up to 75% of patients are
revealed to have non-resectable disease due to distant
metastases or widespread disease.7,8 In order to decrease the
number of futile surgeries it is essential to improve the
accuracy of preoperative detection of recurrent disease.

Positron emission tomography (PET) is based on imag-
ing biochemical processes in vivo, which represent molecular
processes underlying metabolic activity.9 The most common
tracer is the glucose analog [18F]fluoro-2-deoxy-D-glucose
(FDG). FDG accumulation is proportional to the amount of
glucose utilization.10,11 Increased consumption of glucose is
a characteristic of most cancers, and is in part related to
overexpression of the GLUT1 glucose transporters in many
cancers.12 According to the 3rd German Interdisciplinary
Consensus Conference, FDG-PET is rated as a 1a indica-
tion (established clinical use) for restaging in suspected
relapse and as a 1b indication (clinical use probable) for
therapy control, whereas staging of colorectal cancer is not
indicated.13

In 1989, a first study of PET in patients with recurrent
colorectal cancer was published comparing PET with CT.
The aim of the study was to differentiate between scar
tissue and recurrent disease in the follow-up of patients
with colorectal cancer. In a group of 29 patients, Strauss 
et al. detected recurrent disease in 21 patients all showing
an increased FDG uptake in PET cross-sections.14 Since
then, a considerable number of PET studies of different
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groups regarding staging,15 detection of recurrence,6,16–23

and changes of therapy management24–26 have been pub-
lished (for reviews see Huebner et al.6 and Dietlein et al.18).

In 1998, the first PET–CT scanner, combining functional
information with morphological information, was intro-
duced by Townsend and co-workers.27 Combined PET–CT
devices offer an efficient tool for whole-body staging and
functional assessment within one imaging modality.
PET–CT scanners allow a merging of complementary 
information from CT and PET, leading to an exact anatomic
localization. Furthermore, a more precise assessment of
tumor volume is possible in comparison with PET. Since
then, the number of institutions and imaging centers oper-
ating combined PET–CT scanners has been steadily
increasing. After its introduction into clinical routine in
2001, first studies concerning the restaging of colorectal
cancer were published (Figures 7.1 and 7.2).28–32

This chapter will focus on the main indications of PET
and PET–CT in patients with colorectal cancer and analyze

the published data separately regarding staging, detection of
recurrent disease (Figure 7.1), therapy monitoring (Figure 7.2),
early response evaluation, and tumor control.

PPoossiittrroonn  eemmiissssiioonn  ttoommooggrraapphhyy
SSttaaggiinngg
In 1994, Falk et al.33 reported on a comparison of PET and 
CT for preoperative staging of colorectal carcinoma in 
16 patients.PET proved to be more accurate than CT (accuracy
83% for PET vs. 56% for CT). Abdel-Nabi et al.15 preoper-
atively investigated 48 consecutive patients with biopsy-
proven or highly clinically suspected colorectal cancer.
PET depicted all primaries, resulting in a sensitivity of
100%, and the related specificity was 43%. PET also proved
to be very sensitive for the detection of liver metastases 
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Colorectal cancer recurrence

A

B

FFiigguurree  77..11
Positron emission tomography–computed tomography (PET–CT) with [18F]Fluoro-deoxy-glucose (FDG) in an 81-year-old patient with
recurrent rectal carcinoma (local/pelvic recurrence and solitary hepatic metastasis) 15 months after initial diagnosis and surgical
resection. (A) Transaxial sections of the liver in CT, PET, and fused PET–CT. (B) Transaxial sections of the pelvis.
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(sensitivity 83%) whereas it was positive only in 29% of
the lymph node metastases. Overall, Abdel-Nabi et al.15

concluded that PET is superior to CT for the staging of
primary colorectal carcinoma. In a study of 24 patients,
Mukai et al.21 confirmed earlier published results regard-
ing PET examinations by detecting a sensitivity of 96% 
for staging of primary colorectal cancer. Only 22% of the
histologically confirmed lymph node metastases were
depicted by PET. In a more recent publication, Kantorova
et al.19 compared FDG-PET with CT in the preoperative
staging of colorectal cancer. In 38 consecutive patients
with histologically proven colorectal cancer, PET was more
sensitive than CT and ultrasound (95%, 49%, and 14%
respectively) in staging primary disease. Despite a low sen-
sitivity of 29%, PET had an accuracy of 75% in depicting
lymph node metastases. Compared to ultrasound (accu-
racy 81%), PET and CT appeared to be more accurate
(both 91%) in detecting hepatic metastases. Additional
information provided by PET led to a change of treatment
modality for 8% of patients and influenced the range of
surgery for 13%.

Regarding the prognostic relevance of the initial maxi-
mum standardized uptake value (SUVmax), Calvo et al.17

showed that initial SUVmax in PET staging was predictive for
long-term patient outcome in a cohort of 25 consecutive
patients. The definition of a cut-off of SUVmax ≤ 6 correlated
with a significantly better 3-year survival (92% vs. 60%).

T-staging is the domain of morphological imaging
methods (CT and MRI). Sensitivity for N-staging remains
low for morphological as well as functional imaging

modalities (PET). PET can provide important additional
information regarding M-staging.

RReeccuurrrreenntt  ddiisseeaassee
In 1989, the first study evaluating PET for the differentia-
tion between scar tissue and recurrent disease was pub-
lished.14 In a group of 29 patients, PET detected recurrent
disease in 21 patients, all showing an increased FDG uptake
in the cross-sections. In a meta-analysis by Huebner et al.,6

11 studies met the inclusion criteria defined, and the
reported data were analyzed. The overall sensitivities and
specificities of PET for the local/pelvic region on a patient
basis, hepatic metastases on a patient and lesion-by-lesion
basis, and the whole body on a patient basis were determined
separately. Imaging results for the detection of local/pelvic
recurrence were available in a total of 366 patients. Analysis
of the pooled data resulted in a sensitivity of 94% (range
90–97%) and a specificity of 98% (range 89–100%). Analy-
sis of the imaging results of FDG-PET of the liver in a total
of 393 patients included in five studies showed a sensitivity
ranging between 94% and 100% and a specificity reaching
from 67% to 100%. Hepatic involvement reported in lesion
data was published in two studies including a total of
182 patients. Sensitivity (90% vs. 91%) and specificity
(96% vs. 100%) were similar in both publications. Five
studies reported on sensitivity and specificity data for
FDG-PET, depicting colorectal recurrences in the whole body.

Colorectal cancer 110011

a b

FFiigguurree  77..22
PET–CT with [18F]Fluoro-deoxy-glucose (FDG) in a patient with mediastinal and retro peritoneal lymph node recurrence of colorectal
cancer (a) before and (b) after 6 weeks of chemotherapy. (a,b) Left coronal sections of the whole body, right upper, and lower
transaxial sections of thorax and pelvis.
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In a total of 281 patients the sensitivity ranged from 95% 
to 100%, whereas the specificity showed a wider spread
(69–83%). This led to an overall sensitivity of 97% and an
overall specificity of 76%. All studies are summarized in
Table 7.1.

Whiteford et al.23 compared the clinical efficacy of FDG-
PET with that of CT plus other conventional imaging
methods in patients with recurrent or metastatic colorectal
cancer. In the detection of clinically relevant tumor or
metastases, PET showed a significantly higher sensitivity
(87% vs. 66%) and specificity (68% vs. 59%) than CT plus
other conventional imaging. Reported sensitivities for PET
were higher than for conventional imaging, including CT

detecting hepatic metastases (89% vs. 71%), extrahepatic
metastases (94% vs. 67%), and local recurrence (90% vs.
71%). The determined specificities showed no significant
difference for both imaging methods (Table 7.1).

In another study with a total of 100 patients, the 
influence of FDG-PET on surgical decision-making was 
studied. PET showed an overall sensitivity of 98% and
specificity of 90% (Table 7.1) for detecting malignant
lesions compared to CT, 91% and 72% respectively, and to
CEA (carcinoembryonic antigen) level measurements, 76%
and 90% respectively.22 PET was more sensitive in the
detection of hepatic metastases than ultrasound (98% vs.
87%), whereas ultrasound revealed a higher specificity
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Table 7.1 Reported sensitivity and specificity for positron emission tomography (PET)6,16,20,22,23

Author Year Patients (n) Type Part Modality Sensitivity (%) Specificity (%)

Schiepers 1995 83 Studies Local/pelvic PET 96 97
83 Studies Hepatic PET 94 100

Vitola 1996 24 Patients Whole body PET 95 80
55 Lesions Hepatic PET 90 100

Lai 1996 34 Patients Hepatic PET 100 67

Delbeke 1997 61 Patients Whole body PET 98 83
127 Lesions Hepatic PET 91 96

Keogan 1997 18 Patients Local/pelvic PET 92 80

Ogunbiyi 1997 58 Patients Hepatic PET 96 100
47 Patients Local/pelvic PET 90 100

Ruhlmann 1997 59 Patients Whole body PET 100 69

Flanagan 1997 22 Patients Whole body PET 100 71

Valk 1999 115 Patients Whole body PET 95 79
115 Patients Hepatic PET 95 100
115 Patients Local/pelvic PET 97 96

Flamen 1999 103 Patients Local/pelvic PET 94 100
103 Patients Hepatic PET 98 100

Whiteford 2000 109 Patients Whole body PET 87 68
70 Patients Local/pelvic PET 90 92

101 Patients Hepatic PET 89 98
101 Patients Extrahepatic PET 94 98

Staib 2000 100 Patients Whole body PET 98 90
Patients Hepatic PET 100 99
Patients Local/pelvic PET 96 96

Arulampalam 2001 42 Patients Whole body PET 93 58
15 Patients Hepatic PET 100 100
15 Patients Local/pelvic PET 100 86

Lonneux 2002 79 Patients Whole body PET 97 72
32 Patients Hepatic PET 97 100
15 Patients Local/pelvic PET 100 98
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than PET (96% vs. 90%) resulting in similar accuracies
(PET: 95%, ultrasound: 93%). According to this study,
additional PET information regarding correct diagnosis of
hepatic and distant metastases influenced surgical decisions
in 61% of the cases, separated into very high relevance
(14%) and high relevance (47%).

Arulampalam et al.16 investigated the impact of FDG-
PET on clinical management in a group of 42 patients with
suspected recurrence. Due to the additional information
provided by PET, 27% of the patients were upstaged, and in
a total of 16 (38%) patients the clinical management 
was altered. Follow-up and histological confirmation of
diagnosis proved that in 14 cases a change of treatment 
was to the benefit of the patient, whereas two patients 
ultimately did not benefit from the alteration of clinical
management. Determination of sensitivity for the detec-
tion of recurrence showed that PET was more sensitive
than CT (93% vs. 73%). The related specificity of PET was
58% compared to a specificity of 75% for CT (Table 7.1). In
staging local recurrence, PET (sensitivity 100%, specificity
86%) proved to be more accurate than CT (sensitivity 75%,
specificity 100%). Additionally, PET proved to be superior
to CT for the detection of liver metastases (sensitivity: 100%
vs. 45% and specificity both 100%).

In a study of 79 patients with known or suspected 
recurrence, Lonneux et al.20 analyzed the impact of PET on
selecting candidates for curative resection more accurately
than with conventional imaging modalities. PET predicted
resectability significantly more accurately (82% vs. 65%,
p = 0.02) than conventional imaging modalities consisting
of CT abdomen, CT pelvis, and chest X-ray, and led to a
reduction of unnecessary surgeries of 53%. PET was also
more accurate (overall sensitivity 97%, specificity 72%)
than conventional imaging modalities (overall sensitivity
61%, specificity 36%) in detecting recurrence at all sites
except for the liver (Table 7.1).

PPEETT––CCTT
The combination of whole-body anatomical (CT) and
functional (PET) imaging offers an efficient tool for whole-
body staging and functional assessment in one device.
PET–CT enables assessment of the exact tumor volume.
Recently, studies evaluating the impact of PET–CT on diag-
nosing and treating colorectal cancer have been published
(Tables 7.1 and 7.2).28,30–32

In 45 patients with known colorectal cancer, Cohade 
et al.32 compared retrospectively the accuracies for staging
and restaging of PET–CT vs. PET alone. All PET and
PET–CT studies were evaluated separately in randomized
order. 68Ge attenuation-corrected images were assessed to
reassure that only the added value of CT information was
evaluated. Patient scans were evaluated on a lesion-by-lesion

and on a patient-by-patient basis. Lesion location was
scored on a three-point scale (0 = uncertain, 1 = probable,
2 = certain) and certainty of lesion characterization on a
five-point scale (0 = definitely benign, 1 = probably benign,
2 = equivocal, 3 = probably malignant, 4 = definitely malig-
nant). PET–CT reduced the number of lesions rated as
uncertain location by 55% and the number of lesions 
characterized as equivocal or probable by 50%. On a
patient-by-patient basis the overall accuracy was raised by
11% (PET–CT: 89%, PET alone: 78%), resulting in a 
reduction of incorrectly staged patients by 50%. Additional
information provided by PET–CT in comparison to PET
alone seems to be of greater importance for the evaluation
of extrahepatic disease than for liver evaluation. In extrahep-
atic regions a better localization of [18F]FDG uptake
appeared to be crucial for staging. In this study, follow-up
data for at least 6 months was available only in 56% of the
analyzed patients.

Kamel et al.31 evaluated the contribution of dedicated
CT interpretation to the accuracy of PET–CT in patients
with suspected primary or metastatic colorectal carcinoma.
In 100 PET–CT scans in 90 consecutive patients, this group
analyzed the impact of the additional CT information to
the overall accuracy of PET–CT. The CT component of the
PET–CT scans was reviewed retrospectively by two experi-
enced CT radiologists and findings classified as primary
lesion, local recurrence, or distant metastases. Comparison
of sensitivity, specificity, and accuracy of combined
PET–CT with dedicated CT interpretation (99%, 100%,
and 98% respectively) to the PET–CT reports (91%, 63%,
and 83% respectively) showed a statistically significant
higher accuracy (p < 0.05). The 15% increase of the overall
accuracy was mainly due to an increase of specificity by a
significant reduction of false-positive scans consisting of
post-liver resection or radiofrequency ablation, inflammatory
pulmonary or hilar uptake, and non-neoplastic increased
activity. These results demonstrate the high impact of
combined PET–CT devices in clinical routine by combin-
ing functional information with valuable anatomic and 
pathologic information.

Kim et al.30 compared the accuracies of [18F]FDG-PET,
in-line PET–CT, and software fusion for the restaging of
recurrent colorectal cancer. A total of 51 patients under-
went a PET–CT examination and 34 patients of this cohort
received an additional CT scan within 4 weeks of PET–CT.
For evaluation of the accuracy of the software fusion,
defined landmarks, including normal anatomic structures
such as the lower poles of both kidneys and the lower pole
of the spleen, were identified on CT and PET scan and the
distances measured. PET, PET–CT, and software fusion of
PET and CT were interpreted separately by independent
observers. Findings were validated by histological evaluation
or clinical follow-up of at least 6 months. Staging accuracy
on a patient basis was significantly higher for PET–CT
(88%) than for PET alone (71%; p = 0.01) due to an 

Colorectal cancer 110033

9781841846149-Ch07  8/21/07  4:11 PM  Page 103



additional identification of metastases in five regions and
correct exclusion of metastases in seven regions. Addition-
ally detected metastases included peritoneal lesions, small 
pulmonary metastases, and a sclerotic bone metastasis.
Better anatomic localization of increased FDG uptake led
to a reduction of false-positive findings. Analysis of
software fusion of independently acquired PET and CT
scans revealed a comparable accuracy to that of in-line
PET–CT (95% vs. 97% respectively), but software fusion
was successful in only 76% of the patients. In accordance
with the results published by Kamel et al.,31 Kim et al.30

concluded that CT scans should also be evaluated for signs
of metastatic disease and not only for anatomic localization 
of abnormalities identified in the PET study, leading to 
significantly higher accuracies than with PET alone.
Additionally, in-line PET–CT reduces the time required for
the diagnostic work-up, and is therefore likely to become
the new standard for the staging of patients with recurrent
colorectal cancer.

Strunk et al.28 compared retrospectively, in a cohort of
29 patients referred for restaging due to suspected recurrent
colorectal carcinoma, PET alone, CT alone, and PET 
and CT virtually fused with simultaneously co-registered
PET–CT scans. Detection of lesions was most sensitive with
co-registered PET–CT scans. Discrepancies were mainly
found in the lung, where PET alone often detected lymph
nodes and soft tissue masses, while CT alone was negative.
Co-registered PET–CT scans provided additional informa-
tion in seven of 29 patients, leading to a higher accuracy 
in diagnosis and anatomic localization of metastases in 
colorectal cancer patients.

MMaannaaggeemmeenntt
This section gives an overview of the consequences of
additional information provided by PET on the clinical
therapy management of patients with recurrent colorectal 
carcinoma. PET is expected to allow earlier treatment 
evaluation when CT-negative lesions can already be
detected by PET. Detection of distant metastases and better
preoperative assessment of tumor spread can avoid unnec-
essary surgeries, sparing patients significant morbidity and
mortality associated with aggressive and futile therapeutic
approaches.

Seven of the 11 studies reviewed by Huebner et al.6

evaluated the change of therapy management as a conse-
quence of PET imaging (Table 7.2). In a total of
349 patients the pooled change of management rate was
29% (range 20–44%). In the study by Whiteford et al.23

clinical management based on the results of FDG-PET was
changed in 30 patients (30%). Histological analysis and
clinical follow-up proved that in 26 cases (26%) FDG-PET
had a beneficial effect by upstaging disease from resectable

to unresectable (n = 14), disproving a positive CT finding 
(n = 8), or detecting a previously unrecognized resectable 
(n = 4) tumor. In four cases false-positive FDG-PET scans
had a negative clinical effect, leading to non-therapeutic
interventions. Arulampalam et al.16 reported a change of
clinical management in a beneficial manner due to additional
information provided by PET in 14 of 42 patients (33%). In
nine patients with a negative CT scan, PET detected 
local recurrence, and in five patients PET allowed a 
more accurate staging of liver metastases, avoiding 
futile surgery in three cases. In two other cases (5%) 
PET led to invasive investigations which had no benefit for
the patient.

In a study by Lonneux et al.20 PET correctly modified the
disease stage in 33 of 79 patients (41%). In 18 patients
recurrence was detected by PET. PET ruled out recurrence
in seven patients and upstaged the disease in eight cases,
avoiding surgery in seven patients. Kalff et al.24 aimed to
confirm the earlier claimed beneficial influence of PET in
treatment planning in a prospective study. In a total of
102 patients, an alteration of clinical management was
found in 59% (60 patients) of the cases. Three patients
were lost to follow-up. In 52 of the 57 evaluable patients,
follow-up revealed a beneficial effect of management
changes induced by PET. These 52 included seven patients
with a true-negative PET scan and 45 patients with a true-
positive PET result. In five patients, consisting of one case
with a false-positive PET and four studies underestimating
disease spread, changes of therapy management had no
therapeutic benefit for the patients.

In another study with 120 patients, FDG-PET led to a
major management change in 58 (48%) of the referred
patients.26 Clinical management changes due to additional
information provided by PET had a beneficial effect in 
54 (45%) cases. Three patients with a negative PET scan
relapsed within 9 months of follow-up, and another one
referred for preoperative planning showed no FDG uptake
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Table 7.2 Change of management 6,16,20,24–26

Author Year Change (%) Patients (n)

Fong 1999 23 40
Whiteford 2000 30 101
Arulampalam 2001 33 42
Huebner 2001 29 349
Strasberg 2001 14 43
Simo 2002 48 120
Kalff 2002 59 102
Lonneux 2002 41 79
Ruers 2002 20 51

Pooled 34.9 927
management 
change
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in a histologically proven lesion. Ruers et al.25 investigated
prospectively the value of FDG-PET for treatment planning
in candidates for resection of colorectal liver metastases. In
ten of 51 patients (20%), additional information provided
by PET resulted in a change of clinical management. In six
cases, PET detected unresectable metastases (pulmonary:
n = 5, hepatic: n = 1). In two patients, extrahepatic disease,
and in another two, hepatic disease, could be ruled out by
PET. Regarding the additional information provided by
PET in a retrospective analysis, PET revealed a potential
change of management in 15 patients (29%). PET and con-
ventional imaging consisting of spiral CT of the lung,
abdomen, and pelvis showed discordant results for extra-
hepatic disease in eleven patients (22%) and for hepatic
disease in eight patients (16%). According to follow-up and
histological confirmation of discrepant results in PET 
and conventional imaging, PET resulted in true upstaging
(n = 11, 22%), true downstaging (n = 5, 10%), false upstag-
ing (n = 1, 2%), and false downstaging (n = 2, 4%). Pooling
the data of all reviewed studies with a total of 927 patients
shows that additional information provided by PET led to
a change of clinical management in around 35% of the
cases. All studies are summarized in Table 7.2.

CCoosstt--eeffffeeccttiivveenneessss
New techniques must be assessed with respect to efficiency
and cost-effectiveness in comparison to already existing
strategies. So far, only a few cost-effective analyses of the
management of recurrent colorectal cancer based on 
decision analysis models have been published. Cost 
calculations of two studies were based on US Medicare
reimbursement rates,34–38 whereas one other economic
analysis was performed from the French national health
insurance’s perspective.37

Gambhir and co-workers34 compared carcinoembryonic
antigen (CEA) + CT with CEA + CT + PET for detecting
and restaging patients with suspected hepatic metastases.
In comparison to the CEA + CT strategy, the calculations
for CEA + CT + PET resulted in savings of $220 per patient
and were accompanied by a calculated gain in life
expectancy of 2 days. The study by Park et al.35 also focused
on patients with a positive CEA and suspected hepatic
recurrence who were potentially curable through surgical
hepatic resection. Compared to the CEA + CT strategy,
the CEA + CT + PET strategy was higher in mean cost by
$429 per patient, but was associated with a calculated
increase of life expectancy of 9.5 days. The incremental
cost-effectiveness ratio (ICER) of $16 437 per life-year
gained,calculated by ICER = (Costa − Costb)/(life expectancya −
life expectancyb), was significantly lower than the maximum
ICER ($50 000 per life-year gained) accepted by many health-
care economists as indicating a cost-effective strategy.

Recently, Lejeune et al.37 published a study assessing the
cost-effectiveness of FDG-PET in the management of liver
metastases of colorectal cancer based on a decision analysis
model and survival data provided by the Burgundy Diges-
tive Cancer Registry (France). In contrast to the other two
studies, patient selection was based on an abdominal ultra-
sound with suspicious findings. The CT + PET strategy
presented an expected incremental cost saving of $3213 per
patient, mainly caused by a decreasing number of futile
surgeries (88% less than CT alone). CT + PET did not 
generate an additional survival effectiveness compared to
CT alone. In conclusion, the use of FDG-PET for diagnosis
and staging of recurrent colorectal cancer might prove to
be cost-effective, and its introduction into clinical routine
economically justifiable.

MMeetthhooddss  aanndd  lliimmiittaattiioonnss
Spatial resolution of PET scanners is lower, compared to
morphological imaging techniques such as CT and MR.
However, PET possesses specific molecular markers 
resulting in high lesion-to-background contrasts. One of
the consequences of the low spatial resolution is a partial
loss of signal in structures which are smaller than twice the
resolution of the PET scanner, leading to measured activity
concentrations which are lower than the real activity con-
centration. This effect, described as the partial volume
effect, represents one of the main limitations of qualitative
and quantitative analysis of PET studies of small anatomical
structures. As a result, PET has difficulties in detecting
lesions smaller than 1 cm such as small lymph nodes and
lesions in the liver and lung.

A wide spectrum of methods and algorithms for the
evaluation and interpretation of FDG metabolism signals
from PET, ranging from visual analysis to kinetic model-
ling, are available. For quantitation of FDG metabolism,
individual rate constants and uptake kinetics have to be
determined, requiring arterial blood sampling or arterial-
ized venous blood sampling simultaneous with dynamic
image acquisition or look-up tables. Due to its complexity,
kinetic modeling remains mainly limited to scientific inves-
tigations. Semiquantitative analysis of static PET images
using the standardized uptake value has proved to be suit-
able for clinical routine. Calculation of the standardized
uptake value (SUV) is defined as the ratio of measured
activity in the lesion in mCi/ml and the injected dose in
mCi/g of body weight. Normalization of the SUV to the
body surface area,38 lean body weight,39 and blood glucose
level40 has been reported. Graham et al.41 compared, in a
study population of 40 patients with colon cancer and liver
metastases, complex kinetic modeling methods with sim-
plified quantitative analysis methods of FDG uptake. The
best predictor of outcome and best discriminator between
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normal tissue and tumor was the Patlak graphical analysis,
nevertheless SUV normalized to body surface area also
revealed good results. Regarding therapy monitoring, Stahl
et al.42 investigated the influence of different imaging pro-
tocols and SUV normalizations on the prediction of tumor
response in a cohort of 43 patients with gastric carcinomas.
The SUV decrease was not essentially influenced by any of
the methodological variations investigated, demonstrating
the robustness of FDG SUV for therapeutic monitoring.

Metabolic response plays a decisive role in therapy 
monitoring and evaluation of tumor response to therapy.
So far, only a reduction of SUV has been taken into
account, whereas a change of tumor volume is not included
in semiquantitative analyses. The PET–CT technique, com-
bining metabolic and anatomic information, allowing the
precise location of FDG uptake, might potentially lead to a
more detailed evaluation of changes in therapy response.
Comparison of in-line PET–CT, with software fusion of
PET and CT, with so-called mental fusion of PET and CT,
with PET only, proved superiority of the new in-line devices
in staging and restaging of colorectal carcinoma.28,30

Image acquisition in PET scanners takes several minutes
per acquisition field of view, during which the patient
breathes freely. As a consequence, PET images represent an
average of different organ positions during breathing cycles.
In contrast, state of the art CT scans are performed in a few
seconds, and can be acquired in any desirable state of respi-
ratory arrest.43 Motion artifacts can result in suboptimal 
co-registration of PET and CT images, leading to breathing-
related non-rigid mismatches and possible misinterpreta-
tion of lesions, especially in the lung and liver. Respiratory
gating, a possible approach to solve this problem, was intro-
duced by Nehmeh et al.,44 proving a reduction of respiratory
motion artifacts in PET imaging. Another approach
reported by Shekhar et al.45 was the development of an auto-
mated three-dimensional elastic registration algorithm of
whole-body PET and CT, correcting non-rigid misalign-
ments as well as improving mechanical registration.

Another limitation of PET relates to false-positive find-
ings. FDG is an excellent tumor-localizing tracer but is not
tumor-specific. Benign processes associated with increased
glucose uptake include physiologic processes such as brown
fat, colonic and gynecologic activity, infectious and inflam-
matory processes, hyperplastic bone marrow, and rebound-
ing thymic hyperplasia in children and young adults.46

TThheerraappyy  mmoonniittoorriinngg
Guillem et al.47 investigated the prediction of response by
FDG-PET to preoperative chemoradiation in patients with
rectal cancer. In a cohort of 15 patients, a decrease of
SUVmax > 62.5% in the second PET, 4 weeks after comple-
tion of chemoradiation, correlated significantly with a

better recurrence-free survival (p = 0.02). In a recently pub-
lished study by Cascini et al.,48 early assessment of response
to radiochemotherapy by FDG-PET was investigated in 
33 patients with locally advanced rectal cancer. Patients
underwent FDG-PET scans before start of therapy and
twelve days after starting treatment. Retrospective ROC-
analysis revealed that a cut-off of 52% SUVmean decrease
separated histological responders from non-responders
with a high sensitivity, specificity and accuracy as early as
twelve days after the start of radiochemotherapy. Wieder 
et al.49 used the amino-acid tracer methionine (MET) to
investigate assessment of response to radiochemotherapy
in 26 patients with locally advanced rectal cancer. The
degree of SUV decrease showed no correlation with
histopathological tumor response. In a study of 22 consec-
utive patients, Amthauer et al.50 correlated SUV decrease
between the initial FDG-PET and second PET, 2–4 weeks
after completion of neoadjuvant radiochemotherapy, with
histopathology. Applying a cut-off of 36% SUV decrease
revealed a sensitivity of 100% and a specificity of 86% in
histopathological response prediction.

CCoonncclluussiioonnss
FDG-PET and PET–CT imaging in the setting of recurrent
colorectal cancer provide a unique opportunity for 
detecting recurrence, exclusion of distant metastases, and
monitoring response to therapy. The combination of
morphological information with functional information
guarantees functional assessment and whole-body staging
within one imaging modality. Particular advantages of
PET–CT lie in its ability to assess exact tumor volume and
its time saving for the patient in reducing the number of
examinations to one scan. Furthermore, additional infor-
mation provided by PET and PET–CT allows a specific
patient and therapy selection, risk stratification, and 
individual therapy monitoring.

The introduction of new tracers such as [18F]MISO
(misonizadole) and [18F]FAZA (fluoroazomycinarabinofu-
ranoside) for hypoxia imaging and [18F]galacto-RGD (argi-
nine-glycine-aspartate) for angiogenesis imaging make
PET a promising non-invasive tool to accurately character-
ize individual tumor biology and offer the potential to
optimize and individualize therapy for cancer patients.51–53
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BBaacckkggrroouunndd
Prostate cancer is the fourth most common cancer world-
wide. In men it is the most common malignant tumor,
accounting for approximately one-third of all cancer diag-
nosis; in the United States 230 000 new cases were diag-
nosed in 2004.1

Prostate cancer has a variable biology, ranging from
indolent low grade to spreading aggressiveness and a ten-
dency to metastasize finally. Characteristically it originates
in the peripheral zone. Since this part of the gland is
attached to the anterior rectal wall, palpation of the
prostate during digital rectal examination (DRE) is a cor-
nerstone in the diagnosis and local staging of prostate
cancer. DRE has a sensitivity of 52% and a specificity of
81% for the prediction of organ-confined disease.2 In DRE,
which is sometimes subjective and poorly reproducible,
very often understaging and overstaging will be seen.

According to the pathologic features, impalpable prostate
cancers detected by elevated serum prostate specific antigen
(PSA) only and those diagnosed by DRE are equivalent in
their potential to be indolent (9–10%).3 However, only about
20% of tumors diagnosed by PSA alone have advanced
pathologic features, compared with 40% of palpable cancers.

The staging of prostate cancer using clinical examination
alone will in 30–60% of patients usually be underesti-
mated.4 Patients underestimated for cancer extent may
suffer from morbidity of local treatment, with limited ther-
apeutic benefit. For this reason, proper staging estimation
is of pivotal importance; nevertheless, a precise staging
(Table 8.1) in an individual patient cannot always be
obtained.5–7

PPrrooggnnoossttiicc  ffaaccttoorrss
The probability of recurrence after radical prostatectomy is
related to the clinical stage, tumor grading in the biopsy
specimen, and serum PSA level. In multivariate analysis,

all three of these were found to be independent risk factors
for tumor progression after radical prostatectomy.8

To obtain an early diagnosis, individual nomograms
including PSA, Gleason score (GSc) at biopsy, and clinical
stage (at presentation) are used. More than 70% of prostate
cancers are diagnosed when the tumor is still within the
organ,5–7 and in most cases patients die from bone and/or
bone marrow involvement.

Staging
Prostate cancer, predominantly a disease of the elderly, is
becoming a disease of middle age. In comparison to more
advanced metastatic disease, the incidence of localized 
disease has increased.

Nevertheless, the clinical stage is closely related to the
risk of disease recurrence after local treatment. After sur-
gical treatment, 5-year disease progression-free probabili-
ties for non-palpable (T1c) and palpable disease (T2) are
85–90% and 63–85% respectively.8–11 In clinical stage T3
prostate cancer (with extraprostatic extension and/or
seminal vesicle involvement), surgical treatment has not
been widely accepted, due to the potential for incomplete
excision of the primary tumor and a high incidence of
lymph node metastases.12 Due to the possibility of occult
metastases before diagnosis, patients with clinical stage
T3 prostate cancers very often have a poor prognosis.
In carefully selected patients with minimal extraprostatic
protrusion, seminal vesicle invasion will be seen in 67%
and lymph node metastases in 20%.13 Seminal vesicle
invasion in itself is a strong predicting factor of distant
disease progression.

The Gleason grading system (GSc)
Numerous grading systems exist for the pathological evalu-
ation of prostatic adenocarcinoma. In general, cytological
features do not play an important role in tumor grading.
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The most widely accepted Gleason grading system is based
on the glandular pattern of the tumor. Two architectural
patterns, the predominant primary and the most prevalent
secondary pattern, are identified and assigned a grade
from 1 to 5: 1 is the most and 5 is the least differentiated.
Because both patterns have an influence on the prognosis,
the Gleason sum is obtained by adding the primary and
secondary grades; the minimum score is 2, and the maxi-
mum could be 10. Patients with higher biopsy grades
mostly have worse pathologic stages. The probability of
having lymph node spread is 4% with Gleason 6, 12% with
Gleason 7, and 28% with a higher Gleason score on
prostate biopsy.14

PSA
The introduction of widespread prostate specific antigen
(PSA) testing in the early 1990s has been associated with

dramatic shifts in the incidence, age, and stage at diagnosis.
Currently it is the most commonly used screening method
for diagnosis and follow-up management, followed by
ultrasound-guided biopsies. PSA is a glycoprotein that acts
as a serine protease, and is found almost exclusively in the
epithelial cells of the prostate. It is secreted in large quanti-
ties into the seminal fluid, responsible for liquefaction 
of the coagulum. A small amount of PSA is reabsorbed via 
the ductal epithelial cells into the circulating bloodstream.
A disruption of the normal prostatic structure allows a
greater amount of PSA to enter the serum. This may occur
in benign as well as malignant prostatic diseases. Preopera-
tive serum PSA level and velocity are highly predictive 
of the risk of progression after radical prostatectomy.
Almost 80% of patients with PSA values below 4 ng/ml
have pathologically organ-confined disease. In those with
PSA levels between 4 and 10 ng/ml approximately 66% have
organ-confined cancer, and more than 50% of men with PSA
levels above 10 ng/ml have extraprostatic involvement.15,16
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Table 8.1 Prostate cancer: TNM and grading system

Primary Tumor (T)

Tx cannot be assessed
T0 no evidence
T1 clinically unapparent – not palpable or visible by imaging

a – incidental discovery, found in < 5% of the gland
b – incidental discovery, found in > 5% of the gland
c – incidental discovery, elevated PSA and biopsy

T2 confined within the prostate
a – involves one lobe
b – involves both lobes

T3 extends outside the gland
a – extracapsular extensions (unilateral or bilateral)
b – involves seminal vesicles

T4 fixed in the pelvis a/o locally invades regional tissue

Regional Lymph Nodes (N)

Nx cannot be assessed
N0 no nodal involvement
N1 spread to regional nodes in the pelvis

Distant Metastasis (M)

Mx cannot be assessed
M0 no metastases
M1 metastases

a – lymph nodes outside the pelvis
b – bone
c – other sites

Stage

Stage 1 T1a N0 M0 grade 1
Stage 2 T1–T2 N0 M0 grade 2–4
Stage 3 T3 N0 M0 any grade
Stage 4 T4 N0–1 M0–1 any grade
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About 20% of patients with PSA levels more than 20 ng/ml
and the majority of patients (approximately 75%) with PSA
levels more than 50 ng/ml have pelvic LN involvement.2

RRiisskk  ssttrraattiiffiiccaattiioonn
The results of staging and prognostic evaluation allow the
risk posed by each individual’s tumor to be assessed.
Initially, the risk of progression without treatment is esti-
mated. If treatment is judged to be preferable, a prediction
of the outcome of a specific therapeutic intervention is
made. Patients with very low-risk tumors might be 
considered for deferred treatment or watchful waiting, or
brachytherapy. Those with intermediate-risk cancers are
generally considered for definitive surgery or external-
beam irradiation. Patients with high-risk cancers should be
considered for combined-modality programs. For those
cancers likely to be curable with single-modality therapy,
the treatment approach should focus on reducing compli-
cations while optimizing cancer control. For aggressive,
high-risk cancers, increased toxicity can be justified in an
effort to increase the chances of cancer control.

TThheerraappeeuuttiicc  aapppprrooaacchheess
Definitive treatment in prostate cancer, which is indicated
in organ-confined disease, means local tumor ablation.
This might be achieved by means of surgery, radiation
(internal or external), and cryotherapy. However, the most
recognized form of localized prostate cancer treatment is
radical prostatectomy.

Treatment directed at eradication of the primary tumor
is not likely to affect the prognosis when the disease is no
longer organ-confined or metastatic. Reliable adjuvant ther-
apy capable of eradicating extraprostatic disease is currently
unavailable.

Surgery
Radical prostatectomy is defined as entire surgical ablation
of the prostatic gland and seminal vesicles, followed by uri-
nary bladder neck to urethra anastomosis. The goal of the
operation is to excise all the cancer with the least morbidity
to continence and potency.

Radical perineal prostatectomy was first performed by
Billroth in 1867 and further popularized by Young in
1905.17 The retropubic approach was pioneered by Millin in
1947.18 Over the years this technique was adopted by others
and modified, but never gained widespread popularity
because of poor oncologic outcomes aside from significant

complications of bleeding, incontinence, and impotence.
With a large series of anatomic discoveries and variations,
Walsh et al. improved the surgeon’s ability to remove the
entire tumor, thus substantially reducing perioperative
morbidity, including functional significance in erectile
function.19–21 As a result, modern radical prostatectomy
provides good cancer control with reasonable morbidity.
In the past two decades, shifts in the stage and age on diag-
nosis of the disease have led to wide popularization of the
operation. Today, radical prostatectomy is one of the most
frequently performed operations in urology; nevertheless,
it should be reserved for men who are likely to be cured and
will live long enough to benefit from the cure.

Other therapeutic modalities
In symptomatic advanced prostate cancer, hormone 
therapy including antiandrogen, luteinizing hormone
releasing hormone (LH-RH) agonists, and orchiectomy
shows symptomatic relief in the majority of patients.

Realizing high rates of postoperative disease progression
after radical prostatectomy, investigators turned to the
issue of neoadjuvant therapy prior to surgery. In this con-
text, androgen deprivation therapy was evaluated. Neoad-
juvant hormonal regimens lead to a lowering of the PSA
level and downstaging of the disease; however, this form of
treatment has no influence in long-term follow-up.22,23

Radiation therapy (RT) has been established in the man-
agement of prostate cancer in stages 1 and 2. With the
introduction of advanced techniques it has become a useful
modality in patients who are not primarily scheduled for
surgery, especially in cases of distant metastases, high-risk
conditions, or by patient request. However, its benefit
should be regarded in the light of different complications,
such as impotence, incontinence, dysuria, and radiation-
induced inflammation (e.g. proctitis).24,25

Recent advances in chemotherapy of metastatic prostate
cancer treatment have influenced the investigation of new
drugs in neoadjuvant and adjuvant protocols. Cisplatin,
5-FU (fluorouracil), estramustine, mitoxantrone, and 
docetaxel (Taxotere®) are agents which have been used in
different regimens;26–28 nevertheless, outcomes of these
studies do not yet exist.

Follow-up managment
After radical prostatectomy, serum PSA levels should
decline to undetectable values. Detectable and rising PSA
levels almost always precede clinical recurrence, usually
after 6–8 years.9,29,30

After an initial curative therapeutic approach (radical
prostatectomy or radiation), recurrences – revealed by a
rise in the PSA level – are not uncommon.31,32

Prostate cancer 111111
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To distinguish local recurrence from distant metastases,
the velocity of PSA increase is used.33,34 The PSA doubling
time (DT) provides additional information concerning the
course of the disease. This is the time taken for the PSA
value to double, based on at least three values separated by
at least 3 months each. Semeniuk et al.35 showed in one
study that PSA DT serves as an independent prognostic
marker for survival in patients with metastatic hormone
refractory prostate cancer (HRPC). They concluded that
the inclusion of PSA DT with other clinical data could help
clinicians to select men at high risk of early mortality who
may benefit most from aggressive treatment regimens, such
as docetaxel-based regimens.

For patients with histologically organ-confined prostate
cancer, 5-year disease-free recurrence determined by meas-
urement of the serum PSA level is greater than 90%.8,10

Advanced pathologic grade and stage, involvement of sur-
gical margins, and positive lymph nodes are all independ-
ent predictors of postoperative disease recurrence aside
from preoperative clinical assessment tools. Extracapsular
extension and seminal vesicle and lymph node involvement
are associated with descending probability of disease-free
survival: 76%, 37%, and 18% progression rate in 5 years,
respectively. Positive surgical margins are associated with a
40–74% 5-year progression rate.8,36,37

Nomograms based on pathological characteristics are
available for the prediction of tumor progression in a
period of 10 years after prostatectomy.38

TThhee  sseennttiinneell  llyymmpphh  nnooddee  ccoonncceepptt
The concept of the sentinel lymph node (SLN) originally
described by Cabanas for penile cancer is based on the
assumption that the lymph flow is orderly, sequential, and
predictable.39 The SLN is the first lymph node encountered
by tumor cells, and a negative SLN excludes distant lymph
basin involvement. The concept of radioisotope-guided
sentinel lymph node dissection, which has already proved
its value for the management of melanoma and breast
cancer, has been successfully introduced into prostate
cancer management by Wawroschek et al.40 They succeeded
in using this innovative technique to decrease the morbid-
ity of PLND (pelvic lymph node dissection) while main-
taining sensitivity.41

GGeenneerraall  aassppeeccttss
Lymph node status is of crucial significance for the estima-
tion of prognosis and treatment planning in the prostate
cancer patient. Unfortunately, at present there is no non-
invasive imaging modality that can reliably identify those

individuals with nodal involvement. Surgical staging by
way of PLND therefore remains the mainstay of diagnosis
of lymph node metastases. At least 26% of patients with
small, organ-confined T1c cancer who undergo radical
prostatectomy and have negative lymph nodes during stan-
dard PLND later develop distant metastases.42

Lymphangiography studies showed that the prostate has
three sets of draining vessels. The most important set of
lymphatics drains into the internal iliac nodes, which are
not routinely dissected.43 Frequently, solitary nodes are also
found around the external iliac vessels.

Thus, the so-called ‘standard’ PLND is actually a limited
dissection of the obturator fossa only. It is still commonly
neglected that primary lymph node metastases may occur
on a much larger template. Studer and his group were
among the first to clearly demonstrate that the detection
rate of small solitary lymph node metastases markedly
increases when performing an extended PLND, and almost
half of the metastases are missed by a PLND of the obtura-
tor fossa only.44 Heidenreich et al. also observed a higher
incidence of metastases in extended PLND as compared to
standard PLND (26% vs. 12%).45 Substratifying the risk
categories, they noted that 95.8% of patients with lymph
node metastases had a preoperative PSA of more than 
10.5 ng/ml and a biopsy Gleason score of 7 or more. They
concluded that these high-risk patients benefit from the
extended template. Stone et al. noted that the incidence of
positive lymph node was three times higher (23.1% vs. 7.3%)
with extended PLND.46

TTeecchhnniiccaall  aassppeeccttss
Prior to surgery, the radioactive tracer technetium-99m
(Tc), bound to large particle size colloids, is injected into
the peripheral zone of the prostate. The tracer travels to the
first lymph node echelon which will be marked by the
radioactivity. By means of a γ probe it can be identified and
removed during surgery. Provided that the sentinel nodes
are negative, further metastases can be excluded. A total of
335 of 350 patients showed at least one sentinel node in
lymphoscintigraphy, and 24.7% had lymph node metas-
tases. Only in two of these patients, were metastases found
in a node not marked by radioactivity without at least one
sentinel node being affected.47

PLND is routinely performed in conjunction with radi-
cal retropubic prostatectomy. Surgical staging of the lymph
node may precede other local treatment modalities, or be
performed by a different access in cases of perineal prosta-
tectomy. However, PLND is not recommended as a separate
operation except in selected patients with high-grade, high-
stage cancer and a markedly elevated serum PSA level who
still have a chance of localized disease and in whom retropubic
prostatectomy is unsuitable.
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Compared to limited dissection, extended PLND is a
time-consuming procedure with increased morbidity.
Clark et al.48 evaluated extended versus limited PLND and
stated a trend towards an increased risk of complications
after extended PLND. To simplify dissection and reduce
morbidity while maintaining the diagnostic accuracy of
extended PLND is of substantial clinical interest.

LLaappaarroossccooppiicc  llyymmpphhaaddeenneeccttoommyy
The ability to gain access to the lymphatic drainage of the
prostate gland in a minimally invasive fashion has a major
impact on the diagnosis and treatment of prostate cancer.

Laparoscopy for pelvic lymphadenectomy was first
described for cervical carcinoma in 1991.49 In the same year,
Schuessler et al. reported their initial experience in the use
of laparoscopic PLND in prostate cancer.50

A significant reduction of morbidity as compared to
open PLND enables application of the procedure in con-
junction with perineal prostatectomy and other forms of
definitive prostate cancer treatment. The most important
application of laparoscopic PLND is in combination with
laparoscopic radical prostatectomy.

Numerous papers have addressed the question regarding
the efficacy of the procedure, showing no difference when
compared with the open alternative.51,52 The complication
rate is strictly related to the learning curve and decreases
with experience.53 The conclusion of the abovementioned
studies was that the laparoscopic approach provides the
same staging accuracy as the open surgical technique, and
is superior with respect to morbidity.

As shown in our studies (Table 8.2), both extended and
sentinel PLND can be performed by a laparoscopic
approach.47,54–57 The prerequisite, therefore, is the availability
of a laparoscopic γ probe with a diameter of 11 mm and a lat-
eral energy window at 90° (Figure 8.1). The detection rate of
lymph node metastases (Figure 8.2) was 12.9% in 71 patients
with a mean PSA of 8.9 ng/ml; 72.7% of the metastases were
outside the obturator fossa. Lymph node metastases were
exclusively found in the nodes marked with radioactive
tracer (Figure 8.3). The smallest metastasis was 0.2 mm 
in diameter; additionally several micrometastases were
detected. The transperitoneal approach proved superior to
the extraperitoneal since exposure of the internal iliac nodes
is more precise, and the risk of lymphocele formation lower.

IImmaaggiinngg
Many morphological imaging modalities have been intro-
duced for staging and follow-up reasons. However, early stages
of disease will only be detected if structural abnormalities are

seen already. In cases of disease progression and/or in signif-
icant structural abnormalities, anatomic imaging techniques
will become more and more successful. Nevertheless, in
some cases structural abnormalities may never be obvious
throughout the course of certain diseases.58

CCoonnvveennttiioonnaall  iimmaaggiinngg  mmooddaalliittiieess
Transrectal ultrasound
The use of transrectal ultrasound (TRUS) for the local stag-
ing of prostate cancer remains controversial. TRUS has a
sensitivity of 66%, a specificity of 46%, a positive predictive
value (PPV) of 63%, and a negative predictive value (NPV)
of 49% in predicting extraprostatic extension of the 
disease.59 However, ultrasound is frequently used to guide
biopsy for optimal sampling.

Computed tomography and magnetic
resonance imaging for TNM staging
TT  ssttaaggiinngg
Recently, molecular expression imaging techniques have
been introduced for local staging purposes. Normal prostate
tissue is rich in citrate, and prostate cancer contains high
levels of choline and often diminished citrate. This is due to
conversion from a citrate-producing to a citrate-oxidizing
metabolism and a high cell membrane phospholipid
turnover in prostate cancer cells. This is behind the applica-
tion of magnetic resonance spectroscopy (MRS) in diagnosis
and local staging of the disease. In combination with pelvic
phased array and an endorectal coil, MRI (magnetic reso-
nance imaging) with MRS has a sensitivity of 54% and a
specificity of 96% in predicting the extracapsular extension.60

Though promising, the major limitations of MRS are cost,
availability, and lack of supporting clinical data.

NN  ssttaaggiinngg
Imaging is not indicated as a routine staging procedure to
search for lymph node metastases in men with clinically
localized prostate cancer unless in high-risk patients.
Grossly positive nodes are encountered in less than a third
of patients with positive nodes and in less than 1% of
candidates for radical prostatectomy.61

Due to the limited sensitivity (< 20 %) of cross-sectional
imaging, computed tomography (CT) and MRI are not
routinely used for the evaluation of lymph node metas-
tases.59,62,63 This is probably because early metastatic lesions
from prostate cancer usually take the form of small nodules
rather than large metastatic deposits. Nevertheless, it is cur-
rently useful in detecting advanced lymphatic spread only.
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Limitations of these modalities in the imaging of small
lesions are well recognized. The probability of detectable
lymph node enlargement increases in high-risk patients as
defined by clinical prognostic factors. However, one should
remember that enlarged lymph nodes in prostate cancer
are frequently secondary to regressive or hyperplastic alter-
ations and not to metastatic disease.64

Highly lymphotropic superparamagnetic nanoparticles,
which gain access to lymph nodes by means of interstitial
lymphatic fluid transport, could be used in conjunction
with high-resolution MRI for prostate cancer LN staging.

Limited clinical data available at this time show extremely
promising results, with an overall sensitivity of 90.5% in
metastatic lymph node detection and of 41.1% in the nodes
smaller than 5 mm.65

MM  ssttaaggiinngg
For staging of distant metastases, CT is used due to its high
sensitivity and specificity.66–68 In the detection of bone
metastases it has only a limited role, and therefore its 
routine use is not strongly recommended.

A major dimension in the investigation of bone and 
soft tissue abnormalities, sometimes in combination with 
multiple organ disorders, was added with MRI.69–72 For the
detection of vertebral metastases, it is accepted as the most
accurate and sensitive (97–100%) imaging modality
today,73,74 distinctly better for imaging the spinal cord,
adjacent soft tissue structures, and bone marrow, than for
evaluating bone itself.75 MRI is more sensitive than planar
bone scintigraphy (BS) in the spine and pelvis, whereas in
the skull and ribs BS is more sensitive.73,76–78

Bone scintigraphy in the detection of early metastatic
disease has been reported to be superior to radiographs as
well as to clinical evaluation, alkaline phosphatase, and acid
phosphatase, due to the fact that 15% of patients have no
pain and both enzymes at normal levels.79 For further eval-
uation of scintigraphic bone lesions, correlation with CT
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FFiigguurree  88..11
Laparoscopic view of pelvic side wall with γ probe scanning
(arrow) for sentinel lymph node.

FFiigguurree  88..22
Metastatic lymph node (LN) (yellow arrow) attached to the
external iliac artery (red arrow) and vein (blue arrow).

FFiigguurree  88..33
Three positive iliac LN metastases (yellow arrows) detected by
lymphoscintigraphy.
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and/or MRI is the most common approach, visualizing
normal and malignant tissues in great detail.80–82

NNuucclleeaarr  mmeeddiicciinnee  mmooddaalliittiieess
Radioimmunoscintigraphy
During recent decades, radioimmunotargeting has led to
the development of specific agents for applications in both
imaging and therapy. Capromab pendetide (ProstaScint®) –
conjugated to 111indium – is a murine monoclonal anti-
body which binds to an intracellular component of the
prostate specific membrane antigen (PSMA). PSMA is a
transmembrane glycoprotein on the surface of prostatic
epithelial cells with three recognized extracellular, trans-
membrane, and intracellular components. The intracellu-
lar component83 will only be available when the membrane
is disrupted (e.g. dead or dying cells).84 This is probably
responsible for the limitation of the capromab pendetide
scan to detect metastases accurately, especially in bone
lesions. Recently, labeling of monoclonal antibodies to the
extracellular component of PSMA has been tried as possi-
ble second-generation scans that could probably improve
the accuracy of detecting extraprostatic disease.85 In order
to contribute to anatomic localization of revealed lesions,
fusion with cross-sectional imaging is gaining increased
popularity.

The reported sensitivity, specificity, PPV, and NPV for
nodal disease as compared to the results of obturator fossa-
limited lymph node dissection are 63%, 72%, 62%, and
72% respectively.86 Of note, this study revealed that 14 of
25 patients (56%) showed PSA progression following radi-
cal prostatectomy. This suggests that the true positive pre-
dictive value may actually be higher than that reported
based on limited lymph node dissection. However, in
patients with a low probability of pelvic metastases, posi-
tive findings should be confirmed using other procedures
before changing treatment regimens.

Availability and cost-effectiveness are major limitations
for wider clinical application in preoperative staging. On
the other hand, due to a normal faint uptake in the intact
prostate gland and also in prostate hyperplasia, an evalua-
tion of the local extent of prostate cancer is not yet estab-
lished. Due to the presence of PSMA, the differentiation of
inflammatory changes (after surgery or radiotherapy) from
recurrent tumor is also not reliable.

Bone scintigraphy
GGeenneerraall  aassppeeccttss  ooff  bboonnee  mmeettaassttaasseess
After pelvic lymph nodes, the second most prevalent target
of metastatic prostate cancer is the skeleton, where bone

metastases occur in up to 70% of patients.87 Therefore, BS
is the most commonly used test in patients with suspected
recurrent disease. A survey among urologists revealed that
70% order a bone scan in a case of rising PSA levels after
radical prostatectomy or radiation therapy.88

There are well-known pathophysiological mechanisms
clearly showing that the mineralization process of bone
formation as well as activated osteoclasts, osteoblasts,
cancer, and inflammatory cells coexist in bone metastases.
Additional factors such as increasing vascularity in areas of
red marrow, as well as tumor cells producing adhesive mol-
ecules (binding them to bone matrix and marrow stromal
cells), will account for the frequency of bone metastases.10

Patients can have osteolytic, osteoblastic, or mixed lesions
containing both elements.

Currently, the most commonly used tracer for imaging
the skeleton in conventional nuclear medicine is methylene
diphosphonate (MDP) labeled with 99mTc. The exact mech-
anism of this tracer uptake is not fully understood, but it is
believed that this compound is chemisorbed onto bone
surfaces. The uptake depends on local blood flow and
osteoblastic activity. Therefore, there is focal accumulation
of this tracer, because nearly all bone metastases are accom-
panied by an osteoblastic reaction.

CClliinniiccaall  iimmppaacctt
In patients with an abnormal bone scan, the extent of skele-
tal metastatic disease from prostate cancer is an independ-
ent prognostic marker.89–91 Lund et al.92 were also able to
show the prognostic role of skeletal scintigraphy in prosta-
tic carcinoma; they found that patients with an abnormal
scan initially have a mortality rate of approximately 45% at
2 years, compared with 20% for those with a normal scan.

In the preoperative management, BS is not required in
asymptomatic patients and in those with serum PSA levels
< 10 ng/ml, but in symptomatic patients with bone pain
and low or raised PSA levels it will be recommended by 
urologists.93 Nevertheless, in a large retrospective analysis,
the yield for bone metastases was less than 1% in patients
with PSA < 20 ng/ml: among 306 men only one (PSA 
18.2 ng/ml) had a positive bone scan, yielding a negative
predictive value of 99.7%.94–98

The value of serum PSA as a marker for patient follow-up
is more than established. BS is indicated in the case of any
PSA elevation following total prostatectomy,99 as well as in
patients treated with antiandrogen therapy, since 35% have
been reported to have bone metastases with normal PSA
levels.100

For treatment monitoring BS could be misleading,
especially if performed too early,101,102 due to an intense
osteoblastic response following successful therapy – the
‘flare’ response.

Bone metastases that are not detected in bone scintigra-
phy may be explained due to an absence of reactive changes
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and/or slow-growing lesions, in which reactive bone is not
detectable.103–106

PPllaannaarr  aanndd  SSPPEECCTT  tteecchhnniiqquueess
Especially in elderly patients, FP (false positive) scinti-
graphic findings are common in benign bone diseases
(inflammatory processes, trauma, degenerative changes,
Paget’s disease, etc.). Mostly, experienced readers will provide
a clear-cut diagnosis; nevertheless, in some cases additional
diagnostic procedures are required.

In several studies it could be shown that the sensitivity of
BS could be improved by additional single photon emission
computed tomography (SPECT) imaging.74,106,107 Particu-
larly in the detection of lesions in the posterior vertebral
region, SPECT is superior; on the other hand it is less evi-
dent in the body of the vertebra.108 Nevertheless, definitive
clinically relevant data for this issue are not yet published.

Conventional planar γ camera imaging as well as SPECT
is a routine, but still powerful, imaging technique. How-
ever, due to recent findings we expect both to be much less
frequently used at the end of this decade. For the detection
of bone abnormalities we assume that [18F]fluoride PET
will replace completely conventional bone imaging with
99mTc-labeled diphosphonates within the next few years.58,109

RRaaddiioopphhaarrmmaaccyy  ooff  pprroossttaattee
ccaanncceerr::  ppoossiittrroonn  eemmiissssiioonn
ttoommooggrraapphhyy--ttrraacceerrss
Positron emission tomography (PET) is considered a new
modality for metabolic tumor imaging. The design of the
corresponding PET-radiopharmaceuticals is based on dif-
ferent metabolic models showing a specific alteration in
prostate cancer.

[[1188FF]]fflluuoorroo--22--ddeeooxxyy--DD--gglluuccoossee
[18F]fluoro-2-deoxy-D-glucose (FDG) was first introduced
in 1976. FDG is transported in cancer cells by GLUT1 
(glucose transporter protein) and is then phosphorylated
by hexokinases (HK2) to FDG-6-phosphate, which is
retained within the malignant cells, due to the increased
glucose metabolism of tumors.

[18F]FDG has been used as the ‘workhorse’ of PET 
imaging for more than 30 years, and can therefore be
regarded as a well-established radiopharmaceutical. Its
preparation is mostly based on sterile disposable kit systems
which allow multiple high-scale productions. Furthermore,
the quality control of [18F]FDG has been standardized in

monographs of the European Pharmacopoeia as well as the
United States Pharmacopeia (USP).

The first studies with labeled glucose and prostate
tumors started at the end of the 1990s. There are many lim-
itations in the results of these studies due to renal excretion,
which produces an accumulation in the urinary tract and
does not correctly show the prostate zone and locoregional
lymph node.94 In general, well-differentiated prostate
cancer has, because of the low expression of GLUT1 trans-
porters, a lower glucose utilization than many other tumor
types.110 The urinary excretion of [18F]FDG combined with
the close proximity of the prostate to the bladder, with its
intense accumulation of [18F]FDG, results in difficulties in
diagnosing primary prostate cancer.111

However, since the imaging of prostate cancer based on
glucose metabolism is connected with several disadvan-
tages, leading to many misinterpretations, investigators
have focused their interest on the development of PET-
tracers related to alternative metabolic approaches.

1111CC--  aanndd  1188FF--llaabbeelleedd  cchhoolliinnee
ddeerriivvaattiivveess
Since 31P magnetic resonance spectroscopy in vivo and 
in vitro has revealed an elevated level of phosphatidylcholine
in tumors, which is the most abundant phospholipid in the
cell membranes of eukaryotic cells, it is thought that this
elevation is the result of increased uptake of choline, a pre-
cursor of the biosynthesis of phosphatidylcholine. Thus,
Hara et al.112 successfully used [11C]choline (CH) in identi-
fying locally extensive prostate cancer and associated
metastases, compared with [18F]FDG. Choline is a quater-
nary ammonium base which, in the first step of its meta-
bolic pathway, is phosphorylated to phosphorylcholine
under the catalysis of choline kinase, utilizing adenosine
triphosphate (ATP). Choline kinase is widely distributed in
tissues such as the brain, liver, and lung. In a further step,
phosphorylcholine is converted to cytidine diphosphate
(CDP) – choline catalyzed by cytidine triphosphate (CTP)
by means of phosphocholine cytidyltransferase. The two
alternative pathways consist of enzyme-catalyzed oxidation
or acetylation of free choline. Following the oxidation
pathway, choline is oxidized to betaine aldehyde, which is
mainly converted to betaine in the liver and kidneys by
choline oxidase. Just a small amount of the choline is acety-
lated via acetyl coenzyme A to the neurotransmitter acetyl-
choline, catalyzed by choline acetyltransferase, which is
highly concentrated in the cholinergic nerve terminals.
Roivainen et al. studied the biodistribution and metabolism
of CH in rats and humans.113 They could show that, after an
initial rapid metabolism, the ratio of CH and [11C]betaine,
which was the major metabolite, remained constant after
20 min. The late clearance pattern was attributed by
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Roivainen et al. to reflect the metabolism of CH to
[11C]betaine and the subsequent clearance of the latter by
the urinary system, because most 11C in arterial plasma is 
in the form of [11C]betaine > 5 min after administration.
Although most of the circulating CH in blood is trans-
ported to tissues, it did not disappear totally from the blood
during the study time of 40 min PET imaging. The practi-
cal advantages of working with the longer lived radioiso-
tope 18F (half-life 110 min) led Hara et al. to synthesize 
and evaluate the choline analog [18F]fluoroethylcholine
(FECH).114 In vitro experiments showed an incorporation
into tumor cells by active transport, intracellular phospho-
rylation, and a final integration into phospholipids.

DeGrado et al.115 developed an ‘18F-fluoromethylated’
choline derivative (H atom of choline substituted by 18F),
anticipating that this tracer would mimic choline transport
and metabolism more closely than FECH because of its
structural similarity, with lower excretion of 18F radioactiv-
ity. In fact, an increased uptake of [18F]choline (FCH) has
been shown in PC3 prostate cancer cells compared to FECH.

Furthermore, DeGrado et al. measured the in vitro phospho-
rylation rates of FCH and FECH using yeast choline kinase,
and showed that the phosphorylation rate of FCH was com-
parable to that of choline, whereas the phosphorylation rate
of FECH was 30% lower. Bender et al.116 compared both
derivatives, and reported a 1.5–3 times higher uptake of FCH
in known metastases, but also in normal organs (1.2–2.5) as
compared to FECH. Both 18F-labeled choline derivatives
(Figure 8.4a) have a significant urinary excretion.

In general, the production of all choline derivatives is
based on the alkylation of dimethylaminoethanol (DMAE),
either in solid phase or in a reactor system. CH is synthe-
sized by the 11C methylation of DMAE on a 18C solid phase,
and the final product is purified by a cation exchange car-
tridge followed by formulation in saline.112,117 In a similar
way, Hara et al.114 described the synthesis of FECH by the
production of [18F]fluoroethyltosylate and subsequent flu-
oroethylation of DMAE in a reaction vessel. The final prod-
uct is purified by high performance liquid chromatography
(HPLC) separation.
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The synthesis of FCH starts with synthesis of the 18F-
fluoromethylation agent [18F]fluoromethylbromide by the
reaction of [18F]fluoride with dibromomethane, followed
by conversion of the intermediary to the more reactive
[18F]fluoromethyltriflate.118 Afterwards, DMAE is fluo-
romethylated in solid phase and the final product is puri-
fied as described for CH. Meanwhile, the synthesis process
could be fully automated and integrated in a sterile dispos-
able kit system.119 The quality control of all choline deriva-
tives is performed analogously. The radiochemical purity of
CH, FECH, and FCH is determined by HPLC. A central
point in the quality control of both tracers is the quantita-
tion of DMAE, which is proposed to be performed by
either HPLC or gas chromatography.

[[1111CC]]aacceettaattee
Another approach to the molecular imaging of prostate
cancer is using the malignant transformation of the specific
citrate metabolism of prostate epithelial cells.120 The
normal human prostate gland is producing, accumulating,
and secreting extraordinarily high levels of citrate. This is a
unique capability, which does not exist in any other soft
tissue cells of the body. Furthermore, citrate-producing
prostate epithelial cells exhibit an extremely low capability
for oxidizing citrate due to a limiting mitochondrial 
m-aconitase activity that results in a truncated Krebs cycle.
m-Aconitase is generally described as catalyzing an equilib-
rium between citrate via cis-aconitate and isocitrate, and
this is not a rate-limiting reaction. Consequently, a rate-
limiting m-aconitase activity is the most metabolic charac-
teristic of these cells, and the equilibrium is significantly
shifted in the direction of citrate. As a result, the supply of
substrate for citrate oxidation is hampered, and just 40% of
the usual energy in the form of ATP can be provided, which
means that the main task of epithelial prostate cells is 
the secretion of citrate. Malignant prostate epithelial cells
undergo a metabolic transformation from citrate-producing
normal cells to citrate-oxidizing malignant cells. This alter-
ation leads to an increased turnover of acetate again. Oppo-
site to this mechanism, Yoshimoto et al.121 suggest that
acetate is incorporated into the lipid pool in cancer tissue
with low oxidative metabolism and high lipid synthesis.
They showed that tumor cells incorporated [11C]acetate
into the lipid soluble fraction, mostly consisting of phos-
phatidylcholine and neutral lipids. These data suggest that
the acetate accumulation was caused by enhanced lipid
synthesis. The preparation of [11C]acetate was already
described in the early 1980s, where methylmagnesium bro-
mide was carboxylated with [11C]carbon dioxide, followed
by hydrolysis with HCl and ether extraction.122,123 Several
procedures for the radiosynthesis of [11C]acetate have 
been presented in subsequent years, all based on the 

11C-carboxylation of magnesium halides. The published
procedures mainly differ in the isolation method of the
resulting [11C]acetate. Isolation methods were described 
as liquid–liquid extraction122,124 or – avoiding this trouble-
some procedure – as column extraction through anion-
exchange columns, Kieselguhr columns,125 commercial
cartridges,126 or on specially designed AG11A8-18C columns.
A further isolation method is the distillation of [11C]acetate
into aqueous buffer solutions.127

[[1188FF]]fflluuoorrooaacceettaattee
Similar to other 11C tracers, sodium [18F]fluoroacetate has
been developed as a longer living analog of [11C]acetate to
facilitate diagnostic studies by PET. Sodium fluoroacetate is
well known as a salt with very high mammalian toxicity,
and is often used as a rodenticide or insecticide.128 This salt
is metabolized to fluorocitrate, which cannot be further
metabolized to carbon dioxide, and blocks the tricarboxylic
acid cycle of the Krebs cycle in the body and might therefore
accumulate in proportion to oxidative metabolism.129–130

A toxic effect by using the 18F-labeled analog cannot be
expected since the tracer is prepared carrier-free. Recent
studies using sodium [18F]fluoroacetate as a tumor imaging
agent have been reported, and the results suggested that
defluorination of sodium [18F]fluoroacetate was species
dependent and occurred in rodents but not in primates.132

Sodium [18F]fluoroacetate has also been reported to be 
a useful PET tracer for prostate cancer imaging.133 In the
past decade, several groups reported the synthesis of
[18F]fluoroacetate starting from either O-mesyl glycolate or
O-tosyl glycolate, which react with potassium [18F]
fluoride/Kryptofix® 2.2.2, followed by hydrolysis with
aqueous sodium hydroxide solution and HPLC purification.
Sun et al.134 were able to automate the synthesis and to inte-
grate the production of [18F]fluoroacetate into a sterile, dis-
posable kit system.

1166bb--[[1188FF]]fflluuoorroo--55aa--
ddiihhyyddrrootteessttoosstteerroonnee
PET has also been used to analyze androgen receptors
(ARs) and their impact on the clinical management of
prostate cancer by using 16β-[18F]fluoro-5α-dihydrotestos-
terone (FDHT). A reliable and practical in vivo method is
needed to better understand the mechanism of progression
of prostate cancer and to determine the activity levels of
ARs in order to monitor therapeutics that target ARs.
FDHT has been shown to accumulate in the prostate gland
of non-human primates. In addition, the biodistribution
and radiation dosimetry of FDHT in non-human primates
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suggest that this agent holds promise for studying ARs in
human prostate carcinoma.135

FDHT (Figure 8.4b) has been synthesized by nucleo-
philic substitution of the corresponding trifluoromethane
sulfonate precursor, reduction by lithium aluminum hydride,
and subsequent HPLC purification.

LLaabbeelleedd  bboommbbeessiinn  ddeerriivvaattiivveess
The bombesin/gastrin-releasing peptide (GRP) receptor 
is overexpressed on prostate cancer cells, and has been 
the target for the imaging of prostate cancer. Rogers 
et al.136 introduced [64Cu]DOTA-Aoc-bombesin (DOTA 
is tetraazacyclododecanetetraacetic acid, and Aoc is 8-
aminooctanoic acid) as the first radiolabeled bombesin
(BN) analog suitable for PET. Micro-PET images showed
good tumor localization in a PC3 xenograft mouse model,
but high retention in normal tissues prevented clinical
application of corresponding radiotracer. The incorpora-
tion of polyethylene glycol (PEG) linker resulted in signifi-
cantly reduced receptor avidity and lower receptor-specific
accumulation.136 Chen et al.137 reported the synthesis and
pharmacologic evaluation of [64Cu]DOTA-Lys3-BN in PC3
and 22RV1 tumor models, observing a fast washout of
activity from PC-3 tumors. Schuhmacher et al.138 synthesized
[68Ga]DOTA-PEG2-DTyr6-β-Ala11-Thi13-Nle14-BN(6–14)
amide (BZH3), which is conjugated with the macrocyclic
chelator DOTA through a PEG2 linker and labeled with gen-
erator produced 68Ga. They investigated the tracer imaging of
AR4-2J rat pancreatic cancer-bearing nude mice and
reported a clear delineation of tumors in the mediastinal area
by means of [68Ga]-BZH3. Recently, Zhang et al.139 achieved 
the synthesis of 18F-labeled Lys3-BN and aminocaproic 
acid-bombesin(7–14) (Aca-BN(7–14)) by coupling the Lys3

amino group and Aca amino group with N-succinimidyl-4-
[18F]fluorobenzoate ([18F]-SFB) as prosthetic group. It 
has been shown that [18F]FB-Lys3-BN is superior to [18F]FB-
Aca-BN(7–14) in terms of GRP receptor avidity,
receptor-mediated internalization rate, intracellular reten-
tion, tumor-targeting efficacy, and in vivo pharmacokinetics.
Although [18F]FB-Lys3-BN (Figure 8.4c) is relatively meta-
bolically unstable, dynamic PET scans demonstrated the 
ability of this tracer to visualize both subcutaneous and
orthotopic PC3 tumor in murine xenograph models.

FFuuttuurree  ppeerrssppeeccttiivveess
Some new PET-radiopharmaceuticals and their correspon-
ding derivatives have been developed in recent years for the
diagnosis and staging of prostate cancer which are based on
different metabolic models. However, efforts need to be

made to evaluate and compare these tracers with respect to
their efficacy. Furthermore, approximately 80–90% of
prostate cancers are androgen dependent at initial diagnosis,
whereas some aggressive forms of prostate cancer have lost
the expression of the androgen receptor. Although this
receptor is the main target of prostate cancer therapy, its out-
come remains uncertain. Thus, the design of new, more suit-
able PET-tracers for the prediction and monitoring of
antiandrogen therapy should be a major goal for the future.

PPEETT  aanndd  PPEETT––CCTT  iimmaaggiinngg
GGeenneerraall  aassppeeccttss
Within the past 10 years PET has become one of the most
important and innovative clinical applications in oncology.
In comparison with CIM (conventional imaging modali-
ties) such as CT, ultrasound (US), MRI, etc., PET has many
important advantages. PET images have higher resolution
and provide three-dimensional anatomical information,141

thus leading to superior sensitivity and specificity compared
with conventional planar and SPECT techniques. Even with
persisting high costs, PET is almost routinely used in the
clinical management of certain cancer patients.141–143

New, combined in-line PET–CT scanners are providing
more detailed and precise CT anatomic localization of
tumor lesions, especially in the skeletal system. In a recent
study, PET–CT was able to clearly differentiate benign from
malignant lesions in the majority of cases, even when only
low-dose CT was performed.144 With the newest CT scanner
development (e.g. 64 slices) an increasing number of addi-
tional and/or unexpected tumor lesions will be detected
and more easily visualized.145

From the clinical point of view in PET imaging, more
and more radiopharmaceuticals are now available for
detecting different cancers. [18F]FDG has proved to be sen-
sitive, specific, and also cost-effective.146 Additionally,
[18F]fluoride as a non-specific bone tracer is also widely
accepted in daily clinical routine.80

In the clinical setting of PET scanning, the semiquantita-
tive parameter SUV (standardized uptake value) – which
represents the tissue activity within a region of interest
(ROI) corrected for the injected activity and for patient
weight or lean body mass – is most widely used.147–150 For
measuring the true tissue activity in attenuation corrected
(AC) images a transmission scan is required.

[[1188FF]]FFDDGG
Increased glycolysis in cancer cells is directly associated
with the accumulation of FDG in PET imaging. FDG is most
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effectively trapped by tumors with slow or absent dephos-
phorylation, due to the fact that malignant lesions have a
higher glycolytic rate than normal tissue.151 Moreover, FDG
accumulation is increased in tumor hypoxia through acti-
vation of the glycolytic pathway.146

However, there is no clear relationship between defined
biochemical alteration in glycolysis processes and FDG
uptake in prostate cancer.152,153 Early studies with FDG-
PET were disappointing due to the fact that in prostate
cancer a low FDG accumulation was generally demon-
strated. These unsatisfactory results might be due to the
urinary excretion of FDG, increased uptake in benign pro-
static hyperplasia (BPH), and/or inflammatory processes.
Moreover, older reconstruction techniques or PET systems
and/or the lack of appropriate patient selection were 
further limitations.154–156

However, higher FDG uptake in tumors with higher
Gleason score and close correlation between PSA level
and FDG uptake were shown in some clinical157 and in
vitro studies.158,159 FDG might sometimes be suitable for
prostate imaging in carefully selected patient groups
when using adequate imaging techniques (iterative recon-
struction, segmented attenuation correction, and applica-
tion of PET–CT imaging).78,109,160,161 Although some
involved regional lymph nodes show abnormal FDG
uptake, it is not reliable enough for use in preoperative
assessment.94

In 17 patients with progressive metastatic prostate
cancer, Morris et al.162 showed that FDG was able to dis-
criminate active from quiescent osseous lesions. Finally,
FDG-PET – which is generally known to be highly effective
in the early detection of bone marrow metastases – could
be useful for the evaluation of lymph node and distant
metastases in advanced disease (Figures 8.5 and 8.6).

[[1111CC]]aacceettaattee
Due to the lack of urinary excretion and the good
tumor/background ratio, [11C]acetate has also been used
for the imaging of prostate cancer during the past few
years.159,163–166 Shreve et al.164 suggested acetate as a poten-
tial and more suitable tracer for the imaging of the geni-
tourinary system. Although many mechanisms were
introduced for the accumulation of acetate in malignant
cells (see section on ‘Radiopharmacy’ above), the final
pathway is still unclear. However, acetate also accumulates
in BPH.

The relationship between the intensity of acetate uptake
in prostate cancer and PSA is unclear.159,166 When compar-
ing SUVs, no significant differences could be shown
between the normal prostate of older subjects and patients
with proven prostate cancer, thus being unreliable for 
preoperative staging.

Some studies evaluated also the potential role of
[11C]acetate-PET in the detection of prostate cancer recur-
rence.165,166 In operated patients with PSA values below 
3 ng/ml it also showed a low sensitivity and discouraging
results.165 These results could be due to methodological
limitations such as the absence of SUV measurement and
the low number of histological confirmations, as shown by
Dimitrakopoulou-Strauss and Strauss.167

Nevertheless, recent published data showed that it might
have a significant potential for the detection of recurrences168

when using more advanced PET-CT instrumentations.
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FFiigguurree  88..55
[18F]fluoro-2-deoxy-D-glucose (FDG)-positron emission
tomography–computed tomography (PET–CT): multiple LN
metastases (cervical, mediastinum, retroperitoneal, pelvis) 
in a patient with postoperatively increasing prostate specific
antigen (PSA) values (after hormone and chemotherapy).
Current PSA 8.0 ng/ml.
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[[1111CC]]cchhoolliinnee
CH was first introduced by Hara and co-workers for the
imaging of prostate malignancies;112,169–171 nevertheless, it
also accumulates in BPH and inflammation. The rapid
blood clearance of [11C]choline (approximately 7 minutes)
allows imaging as early as 3–5 minutes after injection, and
provides images of good diagnostic quality.112,169–171

In prostate cancer, de Jong et al. used [11C]choline for 
the detection of recurrences after surgery or radiotherapy.
The site of recurrence was detected correctly in 78% of the
patients after external beam radiotherapy, compared to
38% postoperatively.88 In a second series the accuracy of
[11C]choline PET in the preoperative staging of pelvic
lymph nodes was shown.88

Although it was previously published that [11C]choline
PET–CT cannot reliably distinguish between benign
changes and malignant disease,172 Reske et al. were able to
show, in a recent study, a clear differentiation between
prostate cancer and benign processes (BPH or chronic pro-
statitis). In that study, the SUVmax correlated significantly
with T stage but not with PSA or Gleason score.173

[[1188FF]]cchhoolliinnee
Recent successful labeling of choline compounds with 
18F overcomes the limitations of 11C (e.g. short half-
life of 20 minutes). [18F]fluoroethylcholine (FECH) 

and -fluoromethyldimethyl-2-hydroxyethylammonium (fluo-
rocholine, FCH) are two 18F-labeled choline tracers which
are currently used in PET imaging.114,115,174,175 Both com-
pounds show rapid blood pool clearance, appearing in the
urinary bladder 3–5 minutes after injection. The highest
activity of FECH concentration occurs at 55 minutes post-
injection,114 whereas FCH uptake shows a peak of activity
at about 3 minutes post-injection followed by a plateau.115

It is unclear whether this difference would be clinically rel-
evant, because beyond 5–8 minutes post-injection, the
increasing accumulation of excreted tracer in the urinary
bladder exceeds activity in the prostate and may interfere
with visualization of abnormalities in the prostate (similar
to FDG). This is in contrast to [11C]choline, which shows
only small urinary excretion, and therefore lower activity in
the bladder. It has been suggested that early urinary appear-
ance of [18F]choline compounds is caused by incomplete
tubular resorption of intact tracer, or by enhanced excre-
tion of oxidized metabolites.115

Physiologically, FCH accumulation is seen in the salivary
gland, lung, liver, kidneys, adrenal glands and also immedi-
ately post-injection in the bowel (Figure 8.7). In prostate
cancer, in lymph node and/or bone metastases an intense
tracer accumulation will be seen even 1 minute post-injection.

Some studies are now underway performing early
dynamic acquisition 1 minute after injection of [18F]choline,
which is supposed to overcome the abovementioned limi-
tations. In particular, it could be useful to differentiate focal
tracer activities in the ureters against tumor infiltrated
lymph nodes (Figure 8.8).
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FDG-PET–CT (axial slices): in the same patient retrocrural (left) and para-aortal LN metastases (right).
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Our group evaluated the potential value of [18F]choline
PET–CT for preoperative staging of patients with prostate
cancer. FCH-PET–CT was performed consecutively in 
103 patients with biopsy proven prostate cancer. However,
in our series, the sensitivity for the detection of pelvic
lymph node metastases > 5.0 mm in diameter was 63%,
with a specificity of 99%.176,177 The PPV and NPV in that
series were 83% and 96% respectively. Furthermore, due to
lymph node and/or bone metastases, seven of 103 patients
were upstaged with FCH-PET, with concomitant changes
in the therapeutic management; instead of surgery, radia-
tion or hormone therapy was performed.

In conclusion, the authors believe that for preoperative
staging, choline-PET might be an effective method for 
evaluation of regional lymph node and distant metastases;
nevertheless, further studies are essential to validate its
accuracy.

Similar to FDG,109 the choline uptake under hormone
(e.g. antiandrogen) therapy or chemotherapy (Figure 8.9)
is sometimes markedly reduced (this is also seen in bone
metastases). In patients who have already received hor-
mone therapy PSA level is likely to be suppressed, and 
may not correlate well with tumor size or metabolism.
Although there are reports of choline uptake decreasing
after initiating hormone therapy,178 we do not know
whether the influence on choline metabolism and on PSA
level occurs in parallel. It cannot be ruled out that the FCH-
PET signal is influenced less strongly than the PSA level.
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FFiigguurree  88..77
Physiological distribution of [18F]choline to renal cortex, liver,
spleen, bowel, pancreas, and salivary glands.

a b

FFiigguurree  88..88
FCH-PET–CT (dynamic images). (a) Green arrow: intense FCH
uptake in minute 1 in prostate cancer; blue arrow: still no
FCH secretion in the urinary bladder (minute 8); yellow
arrows: FCH uptake on both sides (minute 1) in the pelvic
region due to iliac LN metastases. (b) Green arrow: small 
focal FCH uptake in minute 1 in prostate cancer; blue arrow:
urinary bladder uptake (minute 5) of FCH; white arrows: FCH
uptake on the right (minute 5) and on the left (minute 6) in
the pelvic region due to ureter activity.

a b

FFiigguurree  88..99
FCH-PET–CT: significant decrease of FCH uptake before (a) and
3 months after (b) chemotherapy (docetaxel) in a patient with
prostate cancer. Current PSA 170 ng/ml.
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In follow-up management, FCH-PET–CT seems also to
be a suitable tool for detecting local recurrences and/or
distal metastases. In 113 cases of elevated PSA levels, FCH-
PET–CT was performed; in 20% lymph node, in 15% bone
(Figure 8.10), and in 8% lymph node and bone metastases

were diagnosed.177 In our experience, in almost all cases
with bone metastases there was an increase in the SUV
when comparing early and late (approximately 120 minutes
post-injection) FCH images179 (Figure 8.11).

Although de Jong et al.88 raised the question whether
the use of FCH-PET after initial therapy should be
restricted to patients with PSA > 5 ng/ml, we were clearly
able to show in a former study by our group180 that FCH-
PET–CT should not be limited to PSA values below 
5.0 ng/ml; these findings were confirmed by other imaging
modalities (CT, MRI, biopsy, and/or histology) or clinical
follow-up. Moreover, we also believe that in patients under
hormone therapy (with PSA levels < 5.0 ng/ml), FCH-
PET–CT is of additional value for the detection of patho-
logical lesions.

[[1188FF]]fflluuoorriiddee
For skeletal imaging [18F]fluoride as a non-specific bone
scanning agent was first described in 1962.181 With the
introduction of γ cameras it was replaced by 99mTc-labeled
diphosphonates such as MDP, the most commonly used
bone-seeking substance.

Due to the improvements of new PET scanner genera-
tions, high-resolution imaging of the bone became more
and more interesting, thus reintroducing [18F]fluoride for
clinical and research investigations. In comparison to only
64% of the larger phosphonate complexes, the smaller 18F
has almost 100% ‘first-pass’ extraction from blood through
the capillary membrane into the bone.182,183
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FFiigguurree  88..1100
Comparison of FCH- (a) and [18F]fluoride-PET–CT (b): multiple
bone metastases in a patient with postoperatively increasing
PSA values (after hormone and chemotherapy). Current PSA
79.2 ng/ml.

EARLY WB

SUV 7.9

LATE WB

SUV 14.7

FFiigguurree  88..1111
FCH-PET–CT: comparison of early and late axial images in bone metastasis (arrow) with 30-mm diameter – increasing standardized
uptake values (SUVs) in the delayed images.
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Although there are only a few studies available which com-
pare [18F]fluoride with [99mTc]MDP, for the diagnosis of bone
metastases [18F]fluoride-PET seems to be more sensitive
than conventional BS (Figure 8.12).81 Showing a higher con-
trast between normal and abnormal tissue, additional
lesions, especially in the spine, were identified.80,81,109,145,184,185

[18F]fluoride-PET has a high sensitivity in the detection
of non-malignant bone pathologies but limited specificity
in the differentiation of malignant and/or benign lesions.186

However, the use of integrated PET–CT technology,
recently introduced to overcome this limitation, provides
additional information (Figure 8.13).144

Especially in high-risk prostate cancer patients (GSc > 7
and/or PSA DT < 3 months), [18F]fluoride-PET–CT and
not BS as an additional staging procedure should be per-
formed. Therefore, as already mentioned, the authors believe
that [18F]fluoride may replace BS in the coming years.109

MMuullttiittrraacceerr  iimmaaggiinngg
Multitracer imaging will provide in some cases an insight
into the variations of intra- as well as interindividual tumor
metabolism, thus improving our knowledge about special
pathophysiological mechanisms and/or complex tumor
metabolism.

Due to excessive and rapid changes in tumor metabo-
lism, the early repetition of a diagnostic procedure may be
useful. Not always knowing the ideal ‘time curve’ for when
to perform diagnostic procedures,109 FCH or FDG at ‘the
beginning’ of a disease seems to have clear advantages over
[18F]fluoride.

In order to more fully evaluate the distribution of
skeletal and soft tissue metastases, some authors187 have
proposed combining FDG and [18F]fluoride imaging (two-
in-one PET method). This is an approach which has not
been accepted into daily clinical routine.
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FFiigguurree  88..1122
Comparison of [18F]fluoride-PET–CT (a) and whole-body bone
scintigraphy ([99cTc]MDP (methylene diphosphonate)) (b) in a
patient under chemotherapy.

FFiigguurree  88..1133
FCH-PET–CT (axial images): prostate cancer with bone marrow metastasis only seen in FCH-PET images (left) and sclerotic bone
metastases detected by FCH-PET–CT (right).
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Ovarian carcinoma is the third most common cancer of the
female genital tract, but it accounts for over half of all deaths
related to gynecologic neoplasms. This is primarily because,
unlike patients with other common malignant gynecologic
tumors, most patients with ovarian cancer have an advanced
stage of disease at the time of initial diagnosis.1–3

The prognosis is considerably changed by the extent of
spread: the 5-year survival rate is 85% if the cancer is con-
fined to the ovaries (stage 1), 55% if the cancer has spread
into the pelvis (stage 2), 14% for stage 3 abdominal spread,
and 4% for stage 4 more distant spread.3 There are 
two major diagnostic challenges when an ovarian mass is
detected: determination of malignancy and evaluation of
tumor extent (staging). Diagnostic studies that allow accu-
rate confirmation of benignity might reduce unnecessary
surgery. On the other hand, diagnostic procedures that
allow accurate cancer staging should help to determine sur-
gical and chemotherapeutic planning.2,3 The current man-
agement of clinically suspected disease involves histological
confirmation of the diagnosis, the identification of tumor
spread, and debulking prior to chemotherapy, usually 
followed by second-look surgical procedures to assess the
response.4,5 Because of the extremely poor prognosis for
advanced ovarian cancer, suspicious ovarian masses need
prompt attention. In fact, misleading symptoms of ovarian
cancer often delay an early diagnosis. As a result, 75% of
patients have stage 3 or 4 disease at the time of initial diagno-
sis.6–13 Accurate diagnosis of ovarian carcinoma is essential
in the proper management of these patients. Measurement
of the serum tumor marker CA125 may be used. However,
its accuracy is limited because negative values do not rule
out active disease, whereas elevated values cannot provide
information on the site of tumor tissue.14–16 In the past
decade, morphologic imaging modalities have played a
major role in accurately delineating disease status: particu-
larly, computed tomography (CT) and magnetic resonance
imaging (MRI) have proved useful in evaluating the extent

of ovarian disease and evaluating the response to treatment
in these patients.17–20

PPrriimmaarryy  oovvaarriiaann  ccaanncceerr::
ddiiaaggnnoossttiicc  mmooddaalliittiieess
Clinical pelvic examination and serum CA125 levels have
failed to allow consistent detection of ovarian malig-
nancy.14–16 As the sensitivities of these techniques are often
below 50%, imaging modalities such as ultrasonography
(US), CT, and MRI have become indispensable. US per-
formed with transabdominal and endovaginal techniques
has demonstrated accuracies of up to 80% in the evaluation
of ovarian masses. US is better for the detection of masses
than in the diagnosis of malignancy.17 Studies of contrast
material-enhanced CT and MRI have shown accuracies of
almost 80% in the diagnosis of cancer and 80–90% in the
detection of abdominal spread.17–20 In general, comparative
studies of US and MRI have shown MRI to be superior in
the differentiation of benign from malignant masses.19,20

In previous reports, US, CT, and MRI were compared in
diagnosing primary ovarian cancer.17,18 The three imaging
modalities yielded similar estimated areas under the
receiver operating characteristic (ROC) curve for discrimi-
nation between benign disease and cancer in all regions,
with a mean area of 0.91 for all three modalities. Although
the differentiation of benign from malignant disease is
obviously clinically important, and these detection rates
are higher than those previously reported, they are likely
still not high enough for surgery to be avoided in most
cases. The estimated areas under the ROC curve for each
modality revealed that MRI and CT are superior to
Doppler US for diagnosis of malignancy in the mass. It is
unfortunate (but unavoidable) that the study design did
not allow statistical evaluation of the performances of CT
and MRI versus that of combined Doppler and conven-
tional US. The relatively poor performance of Doppler US
has been discussed without identification of a unifying
cause. The neovascular response of ovarian cancer may be
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incomplete or non-specific. Thus, when intratumoral arte-
rial flow is detected with Doppler US, the differentiation of
benign from malignant processes is often not possible.
Therefore, whatever the reason, the present lack of
specificity makes Doppler US a poor diagnostic tool. It is
possible that different numerical cut-off values for the
Doppler indices may provide more encouraging results,
although the considerable overlap of the indices in benign
and malignant tumors makes this possibility unlikely.
Perhaps the use of intravenous contrast agents to enhance
the tumor and its vascularity may improve diagnostic accu-
racy. Problems with both overstaging and understaging are
also present with three morphologic imaging modali-
ties.17–20 Overstaging leads to a wider surgical approach, but
makes it more likely that malignancy will not be over-
looked. Understaging causes extension of the originally
planned pelvic surgery with the potential for a tumor to be
overlooked. In most centers, the greater is the suspicion of
abdominal spread, the more likely it is that a specialist in
gynecologic oncology will perform the exploration. This
point is important, because surgery by specialists leads to
better staging and maximal debulking (cytoreduction) and
to longer survival. Although one could argue that it is
always better to overstage so that malignancy is not over-
looked, it is more important to accurately distinguish
malignancy that has spread into the abdomen (stage 3 or 4)
from malignancy confined to the pelvis (stage 1 or 2).1–5

Because of the importance of not understaging abdominal
malignancy as disease limited to the pelvis, if stage 3 
cancer is not detected at initial abdominal US, CT or 
MRI should be performed because of their higher 
sensitivities in staging. Whatever the modality used, it is
hoped that the correct staging of advanced disease will 
lead to appropriate referral to a specialist in gynecologic
oncology.

PPrriimmaarryy  oovvaarriiaann  ccaanncceerr::  rroollee  
ooff  ffuunnccttiioonnaall  iimmaaggiinngg
Positron emission tomography (PET) with [18F]-fluoro-
2-deoxy-D-glucose (FDG) is a functional technique which
can yield metabolic information, thus helping in the iden-
tification of cancer tissue. In contrast to CT and MRI, diag-
noses with FDG-PET are made using functional rather
than morphological criteria. In fact, FDG-PET is a method
based on the increased glucose metabolism of malignant
tumors. FDG-PET has been shown to be effective in the
identification of different primary and metastatic tumor
types. It can reveal the biochemical differences between
normal and malignant tissues and has been used as a func-
tional method of determining tumor viability in several
cancer types.21–24 In particular, FDG-PET has been used for
detecting malignancies in patients with an adnexal mass.

This diagnostic technique showed heterogeneous results in
different studies, with sensitivities ranging from 58% to
90% and specificities ranging from 76% to 90%.24–31

Particularly the lower sensitivity value was due to the failure
in detecting malignancies in a patient with early stage (1–2)
tumors. In fact, due to the frequent small amount of solid
tumor inside the cystic lesion, the presence of viable tumor
tissue is too small to be clearly detected. Other cases of false
negative (FN) results were observed in low malignant
potential (LMP) tumors, also called ‘borderline’ tumors. In
these cases the glucose metabolism is not highly increased,
and FDG-PET may result in negative findings. Conversely,
FDG-PET showed moderate-intense uptake in many 
non-malignant pathological conditions (false positive (FP)
results), such as mucinous cystadenoma, serous cysts,
endometrioma, inflammatory processes, corpus luteum
cysts, dermoid cysts, and hydrosalpinx. In conclusion,
FDG-PET accuracy in identifying malignancy in a patient
with adnexal masses is not higher than that of conventional
diagnostic techniques, such as US and MRI. FDG-PET
should only be suggested in those cases where US and MRI
are uncertain in the definition of adnexal masses.

PET shows a particular usefulness in staging, restaging,
and follow-up of cancer patients. In particular, in ovarian
cancer, the major role of the PET functional modality has
been reported in the restaging and follow-up of these
patients. However, based on the findings of several stud-
ies,24,32,33 FDG-PET may also become a tool for the initial
staging of ovarian cancer patients. Preliminary data suggest
that FDG-PET can effectively supplement clinical evalua-
tion and CT or MRI information in the staging of ovarian
cancer.21 In fact, although CT still remains the principal
technique in staging ovarian cancer, the addition of FDG-
PET seems to provide a better staging definition. As for pre-
surgical staging, Yoshida et al.34 enrolled 15 patients with
suspected ovarian cancer and compared the results of
CT alone with those of CT in addition to FDG-PET. Post-
surgical histopathological findings were used as gold stan-
dard. Presurgical CT-alone staging was concordant with
post-surgical histopathological findings in 8/15 (53%)
patients, whereas presurgical CT plus FDG-PET staging
was concordant in 13/15 (87%) patients. In particular, the
additional information of FDG-PET increased the overall
lesion-based sensitivity from 46% to 68%, specificity 
from 90% to 92%, and accuracy from 83% to 88%. A higher
improvement in lesion detection was observed for extrapelvic
locations (sensitivity from 24% to 63% and specificity from
85% to 93%).

Another diagnostic challenge in ovarian cancer staging 
is the definition of peritoneal involvement, as one of the
principal ways of spread being one of the most important
prognostic indicators of this neoplasm.35 Early peritoneal
disease may be limited to the ascitic fluid, but more
advanced disease may invade the parietal peritoneum,
omentum, mesenteric peritoneum, and surface of the bowel.
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Macroscopic peritoneal involvement may have different
aspects, including nodules of different size, flat plaque, and
large sheets with little thickness.36,37 The heterogeneity of
these findings may explain the difficulty in diagnosing
peritoneal carcinomatosis. Surgical exploration and biop-
sies of suspected abdominal areas (subdiaphragmatic areas,
lateral and paracolic gutters, scraping of the visceral and
parietal surfaces, washing of the cul-de-sac, and cytological
evaluation of peritoneal fluid) are the most common proce-
dures for establishing peritoneal involvement. Conventional
CT is currently the imaging procedure of choice to detect
peritoneal carcinomatosis before surgery. However, it still
remains inadequate37,38 with a sensitivity ranging from
17% to 54%.39,40

Turlakow et al.41 analyzed CT and FDG-PET imaging in
the detection of peritoneal carcinomatosis from different
tumors, including ovarian cancer. The reported sensitivi-
ties for CT, FDG-PET, and CT combined with FDG-PET
were 43%, 57%, and 78%, respectively. They concluded
that FDG-PET helps in the diagnosis of peritoneal cancer
involvement. A limitation of FDG-PET is the spatial resolu-
tion. In fact, of the ten reported FDG-PET FN cases, nine
were due to small disease, as confirmed at histopathological
findings (from 0.2 to 0.5 cm diameter). Examples of peri-
toneal neoplastic involvement as detected by FDG-PET are
reported in Figures 9.1 and 9.2.

In staging neoplastic disease, PET images are usually
qualitatively evaluated. However, quantitative evaluation of
areas of increased activity can be performed on attenuation
corrected scans. The quantification of FDG uptake in a
lesion by means of measurement of the standardized
uptake value (SUV) may be useful to determine whether
the lesion is more likely to be benign or malignant. SUV is
calculated as follows: SUV = (dose in tissue/injected dose) ×
patient weight. SUV is dependent on many variables,

including body mass and the region of interest evaluated.
Therefore it is not often used for diagnosis, but is com-
monly used to follow up treatment response. SUVs tend to
be higher in tumor tissue as compared to corresponding
normal tissue.

The value of PET, in comparison with conventional
modalities, in diagnosis and staging primary ovarian
cancer has been investigated by several authors, as reported
in Table 9.1.

A postential advantage of PET is that lesions are conspic-
uous relative to minimal background activity, due to
increased radiotracer uptake in tumor lesions. This phe-
nomenon may help in detecting metastatic tumor on vis-
ceral surfaces and in normal-sized nodes. However, for
lesions that are considered to be pathologic, accurate local-
ization for surgical resection may be difficult, because of
the lack of precise anatomic landmarks. In functional PET
imaging, the evaluation of tracer distribution in the body
without knowing its morphological substrate limits image
interpretation. Different factors, including the kinetics and
metabolism of tracers, may influence functional imaging.
As an example, difficulties in image interpretation are
encountered for lesions located in abdominal regions, as
FDG physiological excretion is via the intestine and urinary
tract. Therefore, in some cases, the characterization of a
focal uptake cannot be definitively accomplished and 
the presence of disease cannot be excluded or confirmed.
PET is, in fact, usually performed in conjunction with CT,
the standard imaging technique for the majority of neo-
plasms.21 The combined use of CT and PET yields a diag-
nosis and staging of cancer in a very fast and accurate way.
In clinical practice, PET is generally indicated when
patients have already been assessed with CT (or MRI), in
order to understand the nature of a suspected lesion or to
look for lesions not detected at CT/MRI, but clinically
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FFiigguurree  99..11
Peritoneal lesions in persistent carcinoma of the ovary. At positron emission tomography (PET) transaxial imaging (a), two
circumscribed areas of intense focal [18F]fluro-2-deoxy-D-glucose (FDG) uptake are seen in the lower portion of the abdominal
cavity, presumably in the peritoneal region. On related PET–computed tomography (CT) transaxial imaging (b), a correspondence
between two small soft-tissue masses evident on CT imaging and the areas of abnormal FDG uptake at PET imaging is evident.
These findings were judged as peritoneal persistent disease.
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strongly suspected. The addition of CT imaging to 
PET is essential for PET image interpretation.21–24,32,33,42–46

However, in some cases, even when a previous CT study is
available for visual comparison with PET data, such CT can
be inadequate for the interpretation of PET images.
In fact, the time spent between CT and PET examinations
may be too long, and pathology can meanwhile change.
Furthermore, the appropriate body section or the CT

window acquired (e.g. filtered for bone or soft tissue) 
is not always available for correct interpretation of PET
images.

The introduction of PET–CT scanners overcomes these
limitations.47 The PET–CT device acquires PET and CT
images that are contemporaneous and co-registered by
means of the hardware arrangement. Increased FDG uptake
may thus be localized with improved anatomic specificity.
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FFiigguurree  99..22
PET coronal images of a patient surgically operated for ovarian cancer. Diffuse abdominal FDG uptake is evident. This finding is
representative of peritoneal involvement.
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Potential advantages of PET–CT include increased lesion
detectability, anatomic localization of lesions, and differen-
tiation of a neoplastic disease process from inflammatory
tissue (Figure 9.3).

PET–CT may provide a significant advantage in PET
image interpretation in all cancers, including ovarian carci-
noma, by accurately aligning whole-body anatomical and
functional images in a single study session. The PET–CT
technique and protocol will be described further in the
second section of the present chapter.47

RReeccuurrrreenntt  oovvaarriiaann  ccaanncceerr
BBaacckkggrroouunndd
Ovarian carcinoma has a propensity for either persistence
or recurrence after primary surgery and chemotherapy,
even in early-stage cases. In fact, after the completion of
initial surgery, patients with ovarian cancer usually receive
systemic chemotherapy for disease control. Despite the fact
that ovarian cancer is very sensitive to platinum-based
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FFiigguurree  99..33
Patient with adnexal mass suspected to be ovarian cancer. At CT imaging a hypodense area surrounded by a solid lesion is present
(a). This area is clearly hypermetabolic at corresponding PET (b) where three areas of intense focal FDG uptake are seen in the
pelvis, surrounding the central CT hypodense area. This finding is suggestive of neoplastic ovarian involvement.

Table 9.1 [18F]fluoro-2-deoxy-D-glucose-positron emission tomography (FDG-PET) and conventional
imaging in ovarian cancer diagnosis and staging

Authors Year Patients (n) Imaging modality Sensitivity (%) Specificity (%) Accuracy (%)

Schroder et al.25 1999 40 PET 90 90 90

Grab et al.26 2000 101 US 92 60 63
MRI 83 84 84
PET 58 80 77

Rieber et al.27 2001 103 US 92 59 63
MRI 83 84 83
PET 58 78 76
US + MRI + PET 92 84 85

Fenchel et al.28 2002 99 US 92 60 64
MRI 83 84 84
PET 58 76 74
US + MRI + PET 92 85 86

Kawahara et al.29 2004 49 MRI 91 87 92
PET 78 87 82
MRI + PET 91 87 92

Yoshida et al.34 2004 15 CT 46 90 83
CT + PET 68 92 88

US, ultrasonography; MRI, magnetic resonance imaging; CT, computed tomography.
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chemotherapy, the majority of patients with advanced dis-
ease will die within 5 years of diagnosis.12,13 A second-look
surgical procedure is performed in most institutions, as this
is currently considered the most accurate method of assess-
ing disease status in patients who have completed first-
line treatment.7–9,12 For patients in whom recurrence is
diagnosed, secondary cytoreductive surgery is beneficial if
the largest tumor deposit is less than 5 cm; in other cases a
second-line chemotherapeutic treatment is usually per-
formed. Justification for the routine use of a second-look
procedure has been questioned, and its role as a part of the
standard treatment in the management of ovarian cancer is
still discussed. Sijmons and Heintz9 reported that about
35% of patients with macroscopic or microscopic negative
findings at second-look laparotomy will develop recurrent
disease within 1 year of the procedure. In fact, accurately
determining disease status is difficult when there are small,
viable, neoplastic foci and when post-surgical adhesions
are present. Currently, serial measurement of tumor-
related antigen CA125 is the most common method used
for monitoring clinical response after first-line treatment.
However, its limited reliability is known, as CA125 eleva-
tion may indicate tumor persistence or recurrence but a
negative value does not provide absolute assurance of the
absence of disease.13–16

RReeccuurrrreenntt  oovvaarriiaann  ccaanncceerr::
ddiiaaggnnoossttiicc  mmooddaalliittiieess
The traditional imaging modalities for evaluating patients
with possible recurrence of ovarian cancer are CT and MRI.
Two reports from the Radiology Diagnostic Oncology
Group17,18 stated that CT and MRI are equally accurate, and
either modality can be used for staging patients with ovar-
ian cancer. However, correct assessment of persistent or
recurrent disease using only these conventional imaging
modalities can be difficult. MRI was found to be a useful
adjunct to clinical examination to identify patients with
recurrent disease, but it is limited in depicting small,
calcified, peritoneal implants. In previous work,19,20 where
findings at MRI and surgery were correlated, MRI showed
an accuracy for lesions less than 2 cm of only 35%, which
increased to 82% when the lesion diameter was greater
than 2 cm. The overall accuracy rate was 59% for evaluating
recurrent disease. Due to its wide availability and lower cost
as compared to MRI, CT is currently the most common
non-invasive imaging modality used to monitor patients
with ovarian cancer after first-line treatment. Nevertheless,
the effectiveness of CT scanning, even with the use of state
of the art dynamic techniques, still remains unclear. This is
mainly because CT has proved to have a low sensitivity for
small lesions and hardly allows reliable differentiation
between persistent disease and postoperative changes.
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RReeccuurrrreenntt  oovvaarriiaann  ccaanncceerr::  
rroollee  ooff  ffuunnccttiioonnaall  iimmaaggiinngg
Differently from CT and MRI, diagnoses with FDG-PET
are made based on functional rather than morphological
criteria. In fact, as previously reported, it may detect 
the presence of viable tumor tissue independent of its site
and morphology.21–23 FDG-PET is showing increasing 
usefulness in restaging and monitoring the therapeutic
response of a variety of neoplasms, including gynecologic
malignancies.5–8 In particular, there are several studies
reporting the role of FDG-PET in the evaluation of ovarian
cancer response after primary surgery and chemother-
apy.24,32,33,42–49 Torizuka et al.46 assessed the value of FDG-
PET for the diagnosis of recurrent tumor in a series of 25
patients who had previously undergone surgery for ovarian
cancer. FDG-PET showed a sensitivity of 80%, and an
accuracy of 84%. In the same series, conventional imaging
studies, including CT, showed lower sensitivity and accu-
racy rates of 55% and 64%, respectively. The results of that
study confirmed that viable lesions in patients with treated
ovarian cancer may become detectable due to metabolic
changes before any morphological correlate. Nakamoto 
et al.43 described the clinical value of FDG-PET in 24 patients
with a suspicion of ovarian tumor recurrence. In their
work, FDG-PET alone had a fairly good rate of diagnostic
accuracy (79%). Interestingly, by adding information from
conventional imaging modalities, including CT, the FDG-
PET accuracy rate improved to 94%. Similar results were
also obtained by Picchio et al.49 In their series, where FDG-
PET and CT images were co-registered using software, it
was suggested that FDG-PET used in conjunction with CT
improves the overall detection rate of residual ovarian car-
cinoma, compared to CT used alone. This study addition-
ally indicated that the real advantage of PET in addition to
CT is the possibility to exclude the presence of residual
viable tumor after treatment, as shown by a high negative
predictive value (NPV). However, a limitation of PET, as
for morphological imaging modalities, is the misdetection
of microscopic disease that can be depicted by histological
analysis. In fact, it has been reported that PET may accu-
rately detect tumors greater than 1.0 cm in diameter and
that the sensitivity of FDG-PET for persistent lesions
smaller than 0.5 cm in diameter is low. Lesions smaller than
this size may be not visible, as it is smaller than the PET
spatial resolution. Difficulties in identifying small tumors
with FDG-PET were also reported in a study by Cho et al.,45

in which the sensitivity for lesions smaller than 1.0 cm was
about 50%. In addition, physiologic uptake observed in the
stomach, colon, and bladder may occasionally mask the
abnormal uptake of tiny disseminated lesions. Because of
these circumstances, and of the reported FDG-PET limited
sensitivity for small lesion detection, several authors have
stated that it may be difficult to replace the second-look sur-
gical procedure in the detection of persistent and recurrent
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ovarian cancer. However, small, viable, neoplastic foci may
be missed even at surgery, as suggested by Sijmons and
Heintz.9 In their study, it was reported that when no tumor
is found at second-look laparotomy, either macroscopically
or microscopically, the persistence rate is about 35%.

In conclusion, FDG-PET may be a cost-effective,
non-invasive imaging procedure for recurrent ovarian
cancer. PET could replace, or at least postpone, some of
the second-look operations in patients who have suspicious
CT findings or rising tumor markers.

RReeccuurrrreenntt  oovvaarriiaann  ccaanncceerr::
iinntteeggrraatteedd  PPEETT––CCTT,,  tteecchhnniiqquuee  
aanndd  pprreelliimmiinnaarryy  rreessuullttss
As previously reported, a new imaging technique, combin-
ing a full-ring-detector clinical PET scanner and a multide-
tector row helical CT scanner in one machine, has been
recently introduced into clinical practice.50–54 Both scan-
ners are aligned so that patients can undergo imaging in
either of two gantries by moving the one-system table. In
this way, coverage of anatomically co-registered images
from the head to the pelvic floor is obtained by means of
the hardware, rather than by means of post-acquisition
software. One of the advantages of integrated PET–CT over
PET alone is the capability to localize foci of elevated tracer
uptake with improved anatomical specificity.

The PET–CT standard protocol is as follows: patients
fast for at least 6 hours before the intravenous administra-
tion of approximately 10 mCi (370 MBq) of FDG. In addi-
tion, patients are usually orally hydrated (500 ml of water)
during the FDG uptake period, and are asked to empty
their bladder before positioning for PET–CT study.
Approximately 60 minutes after the injection of FDG, the
combined examination starts. CT data are acquired first.
An unenhanced CT image is generally obtained from the
pelvic floor to the patient’s head with the use of a standard-
ized protocol. Several CT protocols are available, and one of
the most used is the following: 140 kV, 80 mA (but adjusted
for body thickness), a tube rotation time of 0.5 second per
revolution, a pitch of 6, a section thickness of 5 mm to
match the section thickness of PET images, and an acquisi-
tion time of 22 seconds. CT scans are acquired during shal-
low breathing. No oral or intravenous contrast agent is
administered routinely, although intravenous injection of
iodinated contrast media is feasible and can be useful for
specific clinical questions, especially in cancer patients.
Immediately after CT scanning, PET is performed, cover-
ing the identical axial field of view. The mean acquisition
time for PET is usually 4 minutes per table position; as six
incremental table positions are acquired, the PET study has
a mean duration of 24 minutes. PET images are acquired

during quiet breathing. The PET component of the 
scanner has an in-plane spatial resolution which may 
range between 0.4 and 0.6 cm. Attenuation correction is
performed by using CT images: the CT pixel values in
Hounsfield units are transformed into linear attenuation
coefficients for the 511-keV energy radiation. For fusion
with PET data, images are reconstructed with a 128 × 128
matrix, an ordered subset expectation maximum iterative
reconstruction algorithm, an 8-mm Gaussian filter, and a
50-cm field of view. Attenuation correction of the PET
scans is needed for fusion with the CT scans. Attenuation
correction compensates for differing activity in deep versus
superficial lesions.

Image analysis for integrated PET–CT is performed as
follows: attenuation-corrected PET images, CT images, and
co-registered PET–CT images are displayed together on the
monitor and the PET–CT examination analyzed as a single
study. At PET–CT, regions of increased FDG activity seen at
PET can be localized on CT scans, and lesions seen at CT
can be evaluated for pathologic activity on PET scans. For
peritoneal and pelvic recurrent lesions, PET–CT results are
reported as whether or not abnormal FDG uptake is pres-
ent in any abdominal region, and, when present, its exact
anatomic site is indicated on the basis of CT findings. As 
for lymph node sites, the diagnosis of pathologic lymph
nodes on PET–CT images is based on the presence of
focal increased FDG uptake on PET images, whose location
corresponded to lymph nodal chains on CT images. All
data sets are analyzed at a workstation capable of providing
interactively multiplanar reformations and any appropriate
window and level settings: the images are reviewed in axial,
coronal, and sagittal planes with a varying gray scale and
rotating views.

Some pitfalls may be associated with PET–CT. Although
the external anatomy is aligned, respiratory motion and
bowel peristalsis can result in a mismatch between the loca-
tion of a lesion at PET and its location at CT. A relatively
common pitfall involves the gastrointestinal tract, where
normal activity may be misinterpreted as pathologic or vice
versa, especially if the activity is focal. Moreover, the size of
lesions with intense radiotracer uptake can be overesti-
mated on a PET scan relative to the lesion size at CT scan,
due to the ‘blooming’ of intense activity that occurs at PET.

The value of PET and PET–CT in detecting ovarian
cancer recurrence has been studied by several investigators
in recent years (Table 9.2). Results of a recent investigation,55

reporting a comparison of PET–CT and histopathologic
findings, indicate that integrated PET–CT may be an effec-
tive means of detecting persistent or recurrent ovarian car-
cinoma, showing an overall accuracy of 77%. Results from
that study also indicate that integrated PET–CT has a low
(57%) NPV, and high (89%) positive predictive value
(PPV), in detecting residual neoplastic lesions after first-
line treatment. Interestingly, this is in agreement with pre-
vious results obtained with PET alone.44,46 The low NPV
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seems to depend on the limited capability of PET–CT in
depicting microscopic or small-volume lesions: such a 
limitation of PET–CT may make it difficult to identify
patients with minimal tumor deposits. In those patients,
therefore, the assessment of disease may still require a sur-
gical second-look. On the other hand, integrated PET–CT
presented a high PPV in revealing persistent disease:
this could allow reliable identification of those patients 
with macroscopic disease who are candidates for salvage
treatment.55 PET–CT study has a potential role in evaluat-
ing patients for recurrent ovarian cancer, particularly those
with negative CT or MRI findings and rising tumor marker
levels.

PET–CT may be a valuable diagnostic investigation for
the follow-up of ovarian cancer patients after first-line
treatment, mainly because of its ability to depict macro-
scopic residual disease. Furthermore, integrated PET–CT
could have a clear clinical impact on the therapeutic man-
agement of patients with ovarian cancer. In fact, following
primary cytoreductive surgery and chemotherapy, a patient
could be evaluated for persistence of disease by this imag-
ing modality and then proceed to the most appropriate
second-line treatment. Additional investigations with accu-
rate histopathologic correlation are necessary to determine
the benefits of lesion detectability at PET, and anatomic
localization at CT, on combined PET–CT scans.
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Table 9.2 FDG-PET, PET–CT, and conventional imaging in ovarian cancer recurrence
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BBaacckkggrroouunndd
The role of nuclear medicine in breast cancer has become
very important. Different diagnostic approaches have been
proposed to study breast tumors, and some of them have
been adopted in the current work-up of patient manage-
ment (Table 10.1). Sentinel lymph node biopsy (SLNB)
after localization through lymphoscintigraphy has achieved
large consensus among surgeons as a method for staging as
well as enhancing the pathological analysis. The imaging of
breast cancer and cancer metastases was studied initially
with scintimammography, without a definitive satisfactory
sensitivity, in spite of some improvement obtained by the
use of single photon emission computed tomography
(SPECT) and the recent development of dedicated breast 
γ cameras. There is no doubt that positron emission
tomography (PET) and PET–computed tomography (CT)
are the most reliable modalities for visualizing both pri-
mary and metastatic breast lesions. PET and PET–CT today
can compete with conventional morphological tools in
staging, detecting tumor relapses, evaluating tumor
response to therapy, and giving useful prognostic indica-
tions. This chapter will summarize the most relevant
advantages of nuclear medicine techniques, with particular
attention to the diagnostic potential offered by PET.

SSeennttiinneell  llyymmpphh  
nnooddee  bbiiooppssyy
SLNB has been proposed with the aim of staging breast
cancer, to avoid axillary node dissection (ALD), which is
not curative and is associated with a significant rate of
complication.1 In breast cancer patients, SLNB has been
evaluated as an alternative method to routine axillary clear-
ance to detect axillary node status. Today, many years after
the first report from Krag et al., SLNB is considered in the
majority of institutions to be the new standard method for
axillary lymph node staging in breast cancer.2 The efficacy

of SLNB has been widely demonstrated; the technique is
considered very accurate and feasible, able to improve the
staging and enhance the pathological analysis, and it shows
less morbidity than axillary lymph node dissection. Several
clinical studies have confirmed that lymphoscintigraphy in
combination with γ probe-guided surgery is the best
option for depicting and removing the sentinel lymph node
(SLN).3,4 Nuclear medicine physicians are aware that the
protocol for lymphoscintigraphy differs among Centers,
and some controversies still exist:2,5–7

■ type of radiopharmaceutical: 99mTc-labeled sulfur 
colloids (size 15–5000 nm), 99mTc-labeled nanocolloids
(size 4–100 nm), 99mTc-labeled antimony trisulfide 
colloids (size 3–30 nm)

■ site of injection: intratumoral, intraparenchymal,
periareolar/subareolar, intradermal/subdermal

■ injected activity and volume of injection.

In spite of many discussions about and various experiences
with the methods and optimal technique proposed, the
general thought is that, whatever method is used, lym-
phoscintigraphy is always able to localize the axillary SLNs.
It should be stressed that lymphoscintigraphy can also
visualize the internal mammary chain in 2% of cases, when
it is performed after subdermal/intradermal injection of
radiocolloid.8 A deep injection under the tumor mass
increases the rate of detection to 8%.9 The highest rate of
visualization of the internal mammary chain has been
described for tumors located in the inner quadrant. This
finding leads to a change in the stage from N0 or N1 to N3.10

Despite the fact that SLNB is routinely performed in
clinical practice, the clinical indications for SLNB nowa-
days still represent a matter of study. Many centers consider
SLNB as standard practice in the treatment of patients with
early breast cancer and clinically negative lymph nodes.
Other proposals are under evaluation in order to extend
and validate its indications. The available data derive mainly
from retrospective studies. Many randomized prospective
clinical trials have been designed to better evaluate SLNB,
and most of them are still ongoing world wide.
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The Medical Research Council in the UK has compared
SLNB and axillary clearance in 1300 women with clinically
negative nodes, randomized to either surgery or SLNB.10

Veronesi et al. have published the results of a prospective
study in 517 women with breast cancer randomly assigned
to undergo either SLNB and axillary dissection or SLNB
followed by dissection only in the case of positive SLN. In
patients who had routine axillary dissection, the sensitivity,
specificity, and accuracy of SLN detection were 91.2%,
100%, and 96.6%, respectively. The false-negative results
were 8.8% and the negative predictive value 95.4%.11

Two studies were designed in the USA by the National
Surgical Adjuvant Breast and Bowel Project Foundation in
order to investigate whether SLNB alone was equivalent to

axillary dissection in terms of long-term control of
regional disease, disease-free survival, and overall survival,
in 5500 breast cancer patients with clinically negative 
axillae and pathologically negative SLNs.12,13

The European Organization for Research and Treatment
of Cancer (EORTC) is going to compare complete axillary
dissection with radiotherapy in the axillae of women with
positive SLNs. This trial has had an accrual of 3485 patients
within 3 years.14 The International Breast Cancer Study
Group has the goal of studying the prognostic value of SLN
micrometastases or isolated tumor cells only in the SLN;
patients are assigned randomly to either complete axillary
clearance or no treatment.15

These large studies all demonstrate the extreme interest
of clinicians in SLNB, and how the various issues are 
matters of much attention and investigation. Clinical trials
and results deriving from clinical practice have led to
changes in some concepts about the use of the SLNB 
technique. In fact, several situations were considered in the
past to be contraindications to SLNB. Today, much clinical 
evidence has contributed to clarify several issues about:
(1) the efficacy of SLNB in multifocal/multicentric breast
cancer; (2) the effect of primary chemotherapy;
and (3) the effect of previous breast biopsy. It has been
demonstrated that SLN localization maintains its high neg-
ative predictive value also in multicentric/multifocal breast
cancer, and in patients who have undergone breast biopsy
SLNB can be a correct indication.16–18 Recent studies have
concluded that SLNB in patients after neoadjuvant
chemotherapy has demonstrated a certain rate of success in
SLN identification and removal, with no significant 
differences compared to patients prior to chemotherapy;
therefore, SLNB is also applicable following neoadjuvant
chemotherapy.19–21 In the same way, it has been shown that
SLNB can be performed accurately also after excisional
biopsy, and is also effective in patients who have undergone
partial mastectomy.22,23

Other interesting questions, mainly in the area of
pathology, are focused on the meaning of micrometastatic
disease and occult metastases. Should the prognostic value
of detected micrometastes in the SLN address the surgeon
to perform axillary dissection or not?24,25 This is another
subject of study where attention is transferred to new 
techniques of tissue and cell characterization using 
molecular biology analysis on pathological samples from
the SLN.

Experience with SLNB is ongoing, and there is a contin-
uous effort to better standardize and optimize all steps of
this technique (surgery, nuclear medicine, pathology). This
is the final goal of all investigations that are being carried
out, also including prospective studies. We can say without
any doubt that SLN localization and biopsy not only 
represents impressive progress in the area of nuclear 
medicine, but also is one of the most important develop-
ments in surgery.
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Table 10.1 Current diagnostic work-up 
in patients for breast cancer

Clinical problem Tests

Diagnosis of breast mass Autopalpation
Patient history
Physical examination
Mammography
Ultrasonography (US)
Magnetic resonance 
imaging (MRI)
Scintimammography
Cytology
Biopsy

Follow-up Physical examination
Patient history
Mammography 
(also for contralateral 
breast)
US upper abdomen
Chest X-ray
Bone scan
Computed tomography (CT)
MRI
Positron emission
tomography (PET),
PET–CT
Tumor markers (CA15.3, AP)

Staging Lymphoscintigraphy and 
sentinel node biopsy
(locoregional staging)
US upper abdomen
Chest X-ray
Bone scan
CT
MRI
PET, PET–CT
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BBrreeaasstt  ccaanncceerr  iimmaaggiinngg  wwiitthh
ppllaannaarr  sscciinnttiiggrraapphhyy  aanndd  ssiinnggllee
pphhoottoonn  eemmiissssiioonn  ccoommppuutteedd
ttoommooggrraapphhyy
[99mTc]sestamibi and [99mTc]tetrofosmin are the radio-
pharmaceuticals currently used to visualize breast lesions.
They were introduced for myocardial perfusion imaging,
and have been demonstrated to concentrate in cancer
cells.26 The mechanisms of uptake are similar, and both
[99mTc]sestamibi and [99mTc]tetrofosmin are transport
substrates for P-glycoprotein (Pgp), a plasma membrane
protein encoded by the multidrug resistance (MDR)
gene.26–31 [99mTc]sestamibi was the first radiopharmaceuti-
cal registered for this purpose in the USA, about 14 years
ago. Scintimammography with [99mTc]sestamibi has been
evaluated in single-center and multicenter trials in order to
assess its sensitivity and specificity in both palpable and
non-palpable breast lesions. The clinical data describe a
good sensitivity for palpable lesions but poor sensitivity for
non-palpable lesions.32 A large study in 673 patients was
conducted, involving 42 clinical centers; randomized
scintigraphic images were read by two groups of three,
blinded readers. The sensitivity and specificity of [99mTc]
sestamibi were strictly size-dependent, and were much
higher when the lesions were > 1cm in size (Figure 10.1).
A meta-analysis was carried out by Hussain and Buscombe
in 2424 breast cancer patients, and another meta-analysis
was performed by Libermann et al. in 5340 patients.33,34

Both studies reported a maximum sensitivity of 85% and a
maximum specificity of 86%; this means that in the diagnosis
of tumor mass the authors had a not negligible ratio (15%)

of false-negative results. A multicenter prospective clinical
trial evaluated the diagnostic accuracy of scintimammog-
raphy.35 The results were a little better, since in 1243 
evaluable patients the sensitivity was estimated to be 93%
and the specificity 87%, with an overall diagnostic accuracy
of 88%. The problem of correct diagnosis of small lesions
remains critical. Lesions < 1 cm in size are detectable in
only 50% of cases.36,37 Also, results from a multicenter clin-
ical trial involving 673 patients in North American institu-
tions indicated that the sensitivity was 87% for palpable
and 61% for non-palpable lesions.38 The diagnostic speci-
ficity of scintimammography is usually better than the
specificity, but several false-positive results have been
described. These are due to areas of radiopharmaceutical
uptake in local inflammation, fibroadenomas, and fibro-
cystic changes. [99mTc]sestamibi and [99mTc]tetrofosmin
uptake in benign pathology is strongly correlated with the
presence of proliferative changes.39

Considering the worldwide experience in scintimam-
mography, the results cannot be considered completely
satisfactory for breast cancer diagnosis, since the low sensi-
tivity, associated with the size of the lesions, cannot compete
with the sensitivity of conventional radiological diagnostic
imaging, such as mammography, ultrasound (US),
and magnetic resonance imaging (MRI), which show
higher spatial resolution40 (Figure 10.2).

Scintimammography has also been used to evaluate
tumor response to chemotherapy. The intensity of
[99mTc]sestamibi in tumor lesions can change according to
several biological factors, including the number and the
activity of viable tumor cells. In this way it is possible to
monitor the efficacy of anticancer treatments (Figure 10.3).
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FFiigguurree  1100..11
Forty-one-year-old patient with extremely dense breast on
mammography (a) and a palpable mass on the left breast,
which shows focal [99mTc]sestamibi uptake at
scintimammography (b). Final diagnosis: invasive ductal breast
carcinoma.

a b

FFiigguurree  1100..22
Sixty-four-year-old patient with a small highly suspicious
lesion (arrow) on the right breast on mammography (a), which
does not show [99mTc]sestamibi uptake at scintimammography
(b), probably due to its limited size. Final diagnosis: invasive
ductal breast carcinoma.
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Besides this, the [99mTc]sestamibi accumulation and release
in tumors describe the MDR phenotype prior to any 
treatment. The evaluation of methoxyisobutylisonitrile
(MIBI) kinetics as a MDR parameter includes: intensity 
of MIBI uptake, rapidity of tumor clearance, tumor/ 
background ratio, etc., and according to several limited
experiences it can predict success or failure of the 
treatment.

The acquisition of tomographic images, by means of
SPECT, can enhance the sensitivity of planar scintimam-
mography and reduce the number of false-negative results.
An increasing number of SPECT studies have been reported
in primary breast cancer detection in comparison with
planar scintimammography. The accuracy of SPECT has
proved higher than that observed in planar scintigraphy, in
particular for the detection of small lesions.41–45 However, in
this field, several technical problems can occur. Even if
SPECT images provide better contrast resolution, in some
cases it is difficult to obtain accurate localization. In this
field the co-registration of SPECT with anatomical infor-
mation obtained by radiological examination, or the com-
mercial availability of a hybrid γ camera/CT scanner, can
facilitate the fusion of morphological maps and SPECT
images.46 It should be remembered that SPECT images of
good quality can be obtained only if the patient is in the
supine position with arms raised above the head.47,48 The
higher sensitivity of SPECT when compared to planar scin-
timammography was reported in a recent paper by Mathieu
et al., who studied the impact of SPECT in a group of
patients with discordant triple diagnosis (mammography,
US, and fine-needle biopsy).49 In a series of 104 patients (69
with proven breast cancer), SPECT showed a sensitivity of
88.4% and a specificity of 67%. Eleven cancers were diag-
nosed with SPECT, although planar images were negative.

The problem of detecting small tumors remains also
with SPECT, and this is critical for the future application of
conventional nuclear medicine modalities, considering that
developments in oncology demand more and more the
early identification of small, suspicious lesions. Today, scin-
timammography is carried out with a standard γ-camera
(Anger camera), which has an intrinsically poor spatial res-
olution and limited detection geometry, because of the dis-
tance between the detector and the tumor mass. The design
of the small field of view, high-resolution γ camera brings
better flexibility in patient positioning, improving breast
imaging without including the liver and heart, and giving
breast compression. Some experimental dedicated 
γ cameras are also able to provide better intrinsic and
extrinsic spatial resolution, and in very limited series of
patients seem to improve the diagnostic performance.50,51

The dedicated camera LumaGEM® 3200S (Gamma 
Medica Inc. Northridge, USA), in a few studies of
validation, gives high-resolution images that are able to
visualize smaller and deeper breast cancer, overcoming the
limitation of conventional scintimammography.52–54 In a
study by Rhodes et al., the diagnostic sensitivity in tumors
<1 cm was 86% (75% in T1a and 89% in T1b), while in
tumors >1 cm in size it was 100%. These results are very 
preliminary; however, it seems that the availability of these
new devices could partially improve the diagnostic value of
scintimammography. Further studies are needed, and
larger numbers of cases will allow a definite opinion to be
drawn on the clinical impact of these devices.

SPECT, like planar scintimammography, can also simul-
taneously provide images of both breast and axillary
regions. Furthermore, some comparative studies in breast
cancer patients have shown that the performance of
conventional SPECT is improved when a pinhole collimator
is used for acquisition. Pinhole SPECT has a very high
intrinsic spatial resolution, and is also able to describe the
lymph node status with good accuracy.55 In spite of some
very interesting results obtained in certain qualified 
institutions, this method has been adopted in only a few
centers, and is not of interest for routine staging.

In conclusion, the imaging of breast lesions with
[99mTc]sestamibi and [99mTc]tetrofosmin, due to the facts
that scintimammography does not reach an acceptable
diagnostic sensitivity, the imaging protocol is fairly com-
plex, patient positioning and image acquisition take time,
compliance is not so good, and there is a current possibility
to improve the diagnostic performance (tomography, colli-
mators, dedicated breast cameras, etc.), at present does not
give any satisfactory definitive perspective and remains an
option of second choice in particular situations.56 These
have been described in the European Association of
Nuclear Medicine (EANM) procedure guidelines for breast
scintigraphy: (1) patients with equivocal mammograms;
(2) patients with doubtful microcalcifications, or parenchymal
distortions, in the presence of scarring following surgery 
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FFiigguurree  1100..33
Patient with locally advanced left breast cancer.
[99mTc]tetrofosmin imaging performed before (a) and after (b)
neoadjuvant chemotherapy. Scintigraphy demonstrates only a
partial response of the tumor to therapy.

9781841846149-Ch10  8/21/07  4:13 PM  Page 146



or biopsy; (3) patients with dense breasts; (4) patients with
breast implants; (5) assessment of multicentric, multifocal,
or bilateral disease; (6) monitoring response to neoadju-
vant chemotherapy; and (7) evaluation and prediction of
tumor response to chemotherapy for breast carcinoma.
One should consider that all these indications, except for a
few experimental applications that have been carried out
using quantitative scintimammography to predict the
chemoresistance of breast cancer prior to therapy (predic-
tion of MDR), can be better covered by PET imaging.

PPoossiittrroonn  eemmiissssiioonn  
ttoommooggrraapphhyy  iimmaaggiinngg
Clinical diagnosis with PET in breast cancer patients is
based mainly on the use of fluoro-2-deoxy-D-glucose
labeled with fluorine-18 ([18F] FDG). Breast cancer has
been demonstrated to be particularly avid for FDG due to
its elevated metabolic rate and the overexpression of some
glucose transporters such as GLUT1 and GLUT357–59

(Figure 10.4).
[18F]FDG-PET was first used for breast imaging over 20

years ago by Beany et al., who studied tumor metabolism by
measuring the blood flow and oxygen consumption in
cancer.60 The first diagnostic study of breast tumors was
carried out by Wahl et al., who succeeded with FDG-PET to
visualize primary breast cancer in a small group of patients
with very large lesions.61 Many clinical trials have been 
carried out since these preliminary experiences, and today
an impressive series of data confirm that PET plays an
important role in the management of breast cancer
patients.62,63 Clinical experience reports that FDG uptake is

higher in ductal carcinomas than in lobular carcinomas, in
grade 3 carcinomas than in grade 1–2 carcinomas, and in
carcinomas with a high level of p53 expression. Also,
normal breast tissue shows a faint uptake of FDG: dense
breast demonstrates higher FDG uptake than non-dense
breast, and the lactating breast shows a high FDG uptake
related to sucking. Acute mammary infections, inflammatory
conditions, and post-surgical hemorrhagic mastitis may
lead to FDG uptake.

When FDG-PET is used to evaluate a breast cancer
patient, PET is able to: (1) detect whether a breast mass is
benign or malignant; (2) determine the tumor extent (stag-
ing and restaging); (3) reveal local or distant recurrence;
(4) assess response of the cancer to the treatment; and 
(5) prove the biological characterization of the tumor. The
technological evolution of PET instrumentation has
recently made available new integrated PET–CT systems,
that combine a PET camera and CT scanner in a single ses-
sion, providing both anatomical and functional informa-
tion at the same time.64 The functional and anatomic image
fusion of [18F] FDG-PET–CT may improve the accuracy of
cancer images, and clinical experience has demonstrated a
diagnostic value superior to that of CT or PET alone.65

Therefore, the introduction of PET in the diagnostic work-
up of breast cancer patients is a great help in identifying
malignant lesions and their metastases, and offers a higher
accuracy in comparison to other conventional imaging
modalities, such as US, mammography, CT, and MRI.66,67

PPEETT  iinn  tthhee  ddiiaaggnnoossiiss  ooff  
pprriimmaarryy  ccaarrcciinnoommaa
Clinical experience with PET in the diagnosis of primary
carcinoma shows a good sensitivity for tumors > 0.8 cm in
size, palpable, and with a high probability of malignancy
(Figure 10.4). These tumors can often be visualized by
other, conventional imaging modalities. For non-palpable
tumors or for smaller breast lesions, the sensitivity and
specificity are lower. The major factors limiting the accu-
rate diagnosis of lesions < 0.5–0.6 mm in size by PET are
the physical detection limits of the available scanners and
the poor glucose utilization by some breast masses.68,69

A fundamental diagnostic issue is the differentiation
between cancer and benign alterations. Among benign
lesions, breast cysts are usually visualized by FDG-PET as a
photopenic area.70 The majority of fibroadenomas are 
negative. Fibrocystic changes and the inflammatory process
often do not reveal any significant FDG uptake, even if
some false-positive uptakes have been described with
fibroadenoma, severe fibrocystic mastopathy, ductal ecta-
sia, tubular angiomyoepithelioma, and cystosarcoma phyl-
lodes.68–71 A paper by Scheidhauer et al. on the use of
FDG-PET in the primary diagnosis of suspicious breast
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FDG-PET Mammography - Left breast

Right

FFiigguurree  1100..44
Patient with a malignant mass in the left breast shown on
mammography. The focal uptake of fluoro-2-doxy-D-glucose
(FDG) visualized by FDG positron emission tomography (PET) in
the transaxial slice confirms the mammographic findings. No
other foci of FDG uptake were shown in the rest of the body
by FDG-PET-whole-body scan.
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lesions analyzes the experiences of different authors and
summarizes a sensitivity ranging from 64 to 96%, a specificity
from 73 to 100%, an accuracy from 70 to 97%, a positive pre-
dictive value from 81 to 100% and a negative predictive
value from 52 to 89%.72 Of course the hybrid PET–CT
system can increase the sensitivity of the test, enhancing the
figures of merit. In the literature there are some reports of
very small lesions detected by PET–CT; in these cases the
hypermetabolism of cancer tissue could be a positive factor
for its detection, in spite of the very small diameters of
tumor masses.73 Other clinical studies describe the occa-
sional detection of unexpected areas of focal uptake in the
breasts of patients undergoing PET–CT for reasons other
than breast diagnosis or staging.74 When evaluated, almost
all of the abnormal foci that were seen in the breast subse-
quently proved to be breast carcinomas, and specifically
infiltrating ductal carcinomas. In spite of such very inter-
esting results with PET and PET–CT, there is a general
agreement about the statement that FDG-PET should not
be considered the first-choice modality for the diagnosis of
any breast masses. In the study of breast lesions, mammog-
raphy, in association with US, maintains excellent diagnos-
tic efficacy with the advantage of lower cost. In the same
way, mammography is the first diagnostic tool to be con-
sidered for screening breast cancer in the asymptomatic
(Table 10.2). MRI has recently been proposed for screening
women at high risk of breast cancer. Ultrasound should be
considered an adjunctive tool for mammographically sus-
picious lesions, and as guidance for reliable histological
diagnosis by percutaneous biopsy. Dynamic enhanced
magnetic resonance mammography (MRM) shows a high
sensitivity in detecting breast cancer and high resolution,
but it has also a high rate of false-positive diagnosis.

FDG-PET can be very useful in some problematic cases,
such as in women with breast protheses where radiological
modalities are not accurate, or in women with dense
breasts or with breast alterations, who have already been
exposed to morphological distortions (previous treat-
ments, surgery, chemotherapy or radiotherapy).

PPEETT  iinn  ssttaaggiinngg
Lymph node staging
While for the diagnosis of primary breast tumors oncolo-
gists have several different valid options (mammography,
US, MRI), the diagnosis of axillary lymph node involve-
ment is an area where nuclear medicine methods have
obtained much consideration, because of the limits of the
non-nuclear medicine techniques.75 The relevance of SLNB
in breast cancer patients after identification through lym-
phoscintigraphy has already been described.76 It is known
that clinical examination of the breast is not a reliable diag-
nostic tool, and conventional X-ray modalities are unable
to solve the diagnostic problem. PET is able to visualize
both the primary tumor and also axillary lymph nodes
(Figure 10.5). Therefore, FDG-PET has been extensively
evaluated for staging axillary lymph nodes in large series of
patients, obtaining a sensitivity ranging from 30 to 80%
and a specificity from 70 to 100%.71–82 In our experience at
the nuclear medicine division of the Istituto Nazionale
Tumori, we have obtained a negative predictive value in the
group of patients with non-palpable lymph nodes equiva-
lent to 95%. This large variability is due to the different
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Table 10.2 Current non-nuclear medicine imaging modalities for studying a breast mass

Mammography It has a relatively high sensitivity, good compliance, low cost; screening with mammography has 
resulted in a reduction of the breast cancer mortality rate by about 25–40% in females older
than 40 years; digital mammography is superior (higher sensitivity, favorable dosimetry,
better contrast resolution, high quality of imaging, image transmission); computed-aided
detection (CAD) may reduce false-negative interpretations

Ultrasound (US) Necessity for high-frequency devices (≥ 10 MHz); current work-up of questionable
mammographic findings (second-level imaging); first-level imaging as evaluation in
symptomatic women pregnant or younger than 30 years of age; guide for interventional
procedures; second-level screening for high-risk women and for women with dense
fibroglandular tissue

Magnetic resonance High sensitivity (> 90%) in most invasive cancers; sensitivity about 40% in ductal carcinoma in
imaging (MRI) situ (DCIS); specificity generally moderate, with a wide range of results (50%–90%); useful 

for evaluation of women at genetic or familial high risk; search for multifocal or multicentric
disease and bilateral tumors; localization of occult cancer in patients with axillary metastases
from unknown primary (75% detection rate); study of women with breast implants or 
anatomical distortions after surgery, chemotherapy, radiotherapy
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series of patients studied, the different technical protocols
used for PET, and the individual conditions that can affect
FDG uptake in lymphatic/cancer tissue. A large study was
perfomed in the USA in 308 assessable patients who had
FGD-PET and subsequent pathological diagnosis after sur-
gery.83 The mean and the range of diagnostic sensitivity and
specificity, and positive and negative predictive values, for
PET were 61% (54–67%), 80% (79–81%), 62% (60%–
64%), and 79% (76–81%), respectively. Patients with PET
false-negative axillae had significantly fewer tumor-positive
lymph nodes (2.7%) than patients with PET true-positive
axillae (5.1%). The authors concluded that FDG-PET
revealed a moderate accuracy in detecting axillary metas-
tases, and often failed to detect small and/or a few nodal
metastases. Considering the overall experience with 
FDG-PET in detecting axillary lymph node metastases,
there is no doubt that the detection of small lesions
depends mainly on the PET resolution. At present, the
maximum theoretical resolution for state-of-the-art PET is
around 5 mm. It should be remembered that SLNB 
following lymphoscintigraphy has shown a very high 
sensitivity and has achieved general consensus for use in
clinical management.76,84,85 Different studies have been 
carried out comparing SLNB and FDG-PET. Veronesi et al.
evaluated 236 breast cancer patients clinically negative for
axillary involvement.86 FDG-PET was performed before
surgery and sentinel node biopsy was carried out 
after identification through lymphoscintigraphy. Patients
underwent lymph node dissection in the case of positive
PET or positive sentinel node biopsy. All results were 
compared with histopathology. A total of 103 out of

236 patients (44%) had metastases in axillary nodes. The
sensitivity of the FDG-PET scan was low (37%); however,
the specificity and the positive predictive value were 96%
and 88%, respectively. The high specificity of PET indicates
that patients who have a PET-positive axilla should have an
axillary lymph node dissection rather than a sentinel node
biopsy for axillary staging. In contrast, FDG-PET showed
poor sensitivity in the detection of axillary metastases,
confirming the need for SLNB in cases where PET is 
negative for the axilla. Gil-Rendo et al. have confirmed this
low sensitivity, but in the same way suggest that the high
predictive value of PET (98.4%) could be an indication for
a full axillary lymph-nodal dissection without previous
SLNB.87 In conclusion, FDG-PET, when positive in the
axilla, could avoid sentinel node biopsy, but we cannot 
confirm that PET is able to substitute for SLNB in those
patients with small breast tumors or negative axillae.

The problem of visualization of metastatic lymph nodes
in the internal mammary chain is a matter for discussion,
because this finding may alter the treatment. Conventional
radiological imaging has limited diagnostic value because
of its very low sensitivity in our experience and those of
other authors. FDG-PET improves the detection of metastatic
lymph nodes of the internal mammary chain and medi-
astinum. Positive lymph nodes can be observed mainly in
20–25% of patients with locally advanced breast cancer,
before neoadjuvant chemotherapy. Due to non-systematic
investigations, these diagnoses have not had pathological 
confirmation. However, the mammary chain involvement
was usually associated with large tumors and inflammatory
disease and a poor prognosis. There is a need for prospec-
tive studies, with pathological control, in this field.

Detection of distant metastases
FDG-PET has a role in staging patients with locally
advanced breast cancer. van der Hoeven et al. demonstrated
that the addition of FDG-PET to the standard work-up of
this group of patients can lead to the detection of unexpected
distant metastases. This may contribute to a more realistic
stratification between patients with true stage III breast
cancer and those who are in fact suffering from stage IV
disease. The use of FDG-PET in this case prevents patients
from being denied appropriate treatment.88 Weir et al.
demonstrated that in 165 patients with breast cancer, 5%
were diagnosed with distant metastases and distant metas-
tases were demonstrated in 30% of patients who were
thought only to have locoregional recurrence.89

There is evidence that FDG-PET has great potential in
tumor staging (Figure 10.6). Data from the literature 
indicate that in breast cancer patients, FDG-PET permits
complete tumor staging with a single whole-body investiga-
tion, even allowing the diagnosis of a significant number of
metastases which would have been missed or non-correctly
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FFiigguurree  1100..55
FDG-PET transaxial slices in a 40-year-old woman with a T2
malignant mass which was also visualized by mammography
and US in the left breast (a). FDG-PET also revealed clear FDG
uptake in the left axilla (b). FDG-PET can determine the local
extent of cancer and regional lymph node involvement.
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diagnosed by CT, US, MRI, and also bone scintigraphy,
which is still widely used in breast cancer patients. In fact,
clinical experience has demonstrated that FDG-PET is
often superior to conventional imaging modalities in local-
izing tumor lesions, as significantly more lesions are
detected in different sites. The role of PET in evaluating soft

tissue lesions appears to be important (liver, lung, distant
lymph nodes). Also, bone metastases of breast carcinoma
usually accumulate FDG (Figure 10.7). The availability of
hybrid PET–CT allows better performance when compared
with PET alone, and of course can improve the diagnostic
accuracy in several situations.63–65,67

FFiigguurree  1100..66
FDG-PET whole-body scan coronal slices in a patient with multiple bone lesions in shoulder and lumbar-spine (arrows), liver, and
lung. FDG-PET can stage the disease, by depicting the involvement of the different structures, and sites of metastatic localization.

T

N
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FFiigguurree  1100..77
FDG-PET whole-body scan in a 50-year-old patient with breast cancer. The PET whole-body scan (coronal slices) indicates
localizations in the left breast (T), in the left axilla (N), and in the liver and spleen (M). The fused PET–computed tomography
images (PET-CT), transaxial slices, better localize the lesion by defining the relationships with the anatomical structures.
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PPEETT  iinn  tthhee  ddeetteeccttiioonn  ooff  
ttuummoorr  rreeccuurrrreenncceess  ((ffoollllooww--uupp  
aanndd  rreessttaaggiinngg))
Follow-up in patients with breast cancer has been, and
remains, a subject of discussion. The current tendency to
limit instrumental examinations as much as possible
during follow-up in asymptomatic patients is known.90–94

Therefore, it is important to identify some categories of
patients with a high risk of recurrence (with negative prog-
nostic factors) in which an adequate program of diagnostic
control could be acceptable. Besides this, it goes without
saying that in symptomatic patients, detection of the sites

and extent of metastases is essential in order to plan the
correct therapy. Without becoming too involved in a much
debated problem, whole-body FDG-PET could limit the
number of diagnostic tests to which asymptomatic patients
at high risk of metastases could be exposed (Figure 10.8
and Figure 10.9). Apart from asymptomatic ones, patients
with symptoms can benefit from FDG-PET. Whole-body
PET becomes fundamental in the search for metastases,
especially when a recurrence of disease is suspected because
of the presence of clinical symptoms or a progressive
increase of tumor markers. The major advantage of FDG-
PET imaging when compared with conventional imaging is
that PET is able to screen the body for local recurrence,
lymph node metastases, and distant metastases, with a
reported average sensitivity of 96% and a specificity of 77%
(Figure 10.10 and Figure 10.11). The rather low specificity
of FDG-PET can be increased by utilizing hybrid PET–CT
systems.95 A recent paper by Radan et al. reported that in
patients with suspected recurrences of breast cancer and
rising tumor markers, FDG-PET–CT had a better perform-
ance than CT for the diagnosis of tumor recurrence (over-
all accuracy of 81% vs. 59%), and led to changes in the
subsequent clinical management of 51% of patients.96 The
high accuracy of FDG-PET to depict breast cancer recur-
rences in patients who were referred for clinical suspicion
of tumor relapse has been described by Moon et al.97

Patients were clinically followed for up to 2 years in order to
assess the accuracy of PET diagnosis by biopsy, follow-up
imaging, and other diagnostic tests. PET scans in 29
patients showed 41 sites indicating recurrent or metastatic
disease, while in 28 patients there were 38 sites that showed
no evidence for malignant disease. FDG-PET was able to
detect cancer recurrence in bones, lymph nodes, breast,
lung, chest wall, liver, and other sites. The FDG-PET per-
formance on a per-patient basis was: sensitivity 93% 
and specificity 79%, and corresponding positive and 
negative predictive values 82% and 92%, respectively.

Breast cancer 115511

FFiigguurree  1100..88
FDG-PET–CT whole-body scan coronal slices. Evidence of FDG
uptake in a patient treated for breast cancer and with a
single-site tumor relapse (arrow) in the left lung.

a b

FFiigguurree  1100..99
FDG-PET–CT of a patient treated for breast
cancer with a history of pain in the spine.
Coronal and sagittal views depict an intense
focal area of FDG (a, b), uptake in the
vertebral spine (D11). This is confirmed in the
fused images. There are no other apparent
areas of pathological uptake of FDG.
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On a per-lesion basis, the sensitivity was 85% and specificity
79%. Whole-body FDG-PET seems to have a satisfactory
accuracy in depicting bone lesions (Figure 10.12). However,
in the literature, bone metastases are described to demon-
strate a significantly larger proportion of false-negative
lesions than other, non-osseous, malignant sites. False-
positive lesions are due to muscle uptake, inflammation,
blood pool activity in the great vessels, bowel uptake and
other unknown causes. To improve the interpretation of
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a

b

FFiigguurree  1100..1100
(a) FDG-PET coronal slices in a patient treated for breast
cancer. The images show a right para-sternal focal area of
uptake; (b) Transaxial slices show an intense focal uptake
(arrow) due to internal mammary chain metastatic
involvement.

FFiigguurree  1100..1111
FDG-PET–CT in a breast cancer patient in follow-up after a
progressive increase of tumor markers. The coronal slices
show multiple foci of FDG uptake in the liver, corresponding
to multiple liver metastases (arrows).

FFiigguurree  1100..1122
FDG-PET whole-body scan in a 64-year-old breast cancer patient
with multiple skeletal metastatic involvement, during follow-up.
FDG uptake in the lesions is intense, and the scan excludes
other localizations in the soft tissues or internal organs.
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FDG-PET, the present authors suggest paying great atten-
tion to patient preparation, and accurately reading the FDG
in skeletal muscles or in areas where artifactual images are
more frequent. Wolford et al. studied the role of FDG-PET
as an adjunct to localize recurrence in stage II and III breast
cancer patients who present with clinical suspicion for
recurrence.98 Overall sensitivity, specificity, and accuracy
were 81%, 100%, and 87% respectively; positive and nega-
tive predictive values were 100% and 83% for stage II and
100% and 50% for stage III, respectively.

A problem with FDG-PET includes some pitfalls
described for the diagnosis of osteoblastic bone lesions. In
this subset of lesions it seems that bone scintigraphy is still
superior to PET, while FDG-PET has a good sensitivity for
lytic lesions.99,100 Some authors propose using [18F]fluoride
to study osteblastic bone lesions showing a low avidity 
for FDG; however, [18F]fluoride scans do not discover
metastases in soft tissues and organs101 (Figure 10.13).
A very interesting review of this problem has been written
by Fogelmann et al., who describe a different uptake of
FDG in sclerotic lesions, in lytic lesions, and in lesions with
a mixed pattern.102 Previous chemotherapy can influence
the uptake of FDG in bone lesions, and the discrepancy
often observed between the FDG-PET and CT patterns can
have a prognostic value.

A specific condition in breast cancer patients is brachial
plexopathy, which can cause pain and give a suspicion of
tumor relapse. This disease is due to fibrosis secondary to
treatment, and it is very difficult to assess on conventional

anatomical imaging, as sometimes these patients have
normal CT and MRI studies. FDG-PET is the best diagnos-
tic tool to investigate patients with brachial plexopathy, as it
is able to differentiate plexopathy induced by treatment
from malignant relapse or progression.103

PPEETT  iinn  mmoonniittoorriinngg  
tthheerraappyy  rreessppoonnssee
FDG-PET is able to measure metabolic changes in tissues.
Several papers have demonstrated that a reduction of FDG
uptake occurs from 8 to 60 days after the beginning of
therapy, while a significant morphological reduction in
tumor size requires more time. The metabolic response of
the tumor always precedes the dimensionally measurable
response, because the effects of the anticancer treatment
primarily influence the metabolism and only at a later stage
are followed by a decrease of tumor mass. The usefulness of
PET in the evaluation of all different types of therapy has
been studied (chemotherapy, hormone therapy, and radio-
therapy); however, only the therapy response in locally
advanced breast cancer patients has been investigated thor-
oughly.104 Histopathological response could be predicted
with an accuracy of around 90%. A semiquantitative evalu-
ation (through the standardized uptake value, SUV) is of
course a prerequisite when PET is used for therapy moni-
toring. McDermott et al. evaluated FDG-PET for predict-
ing tumor response to neoadjuvant chemotherapy.105 SUV
was measured after the first and the second cycle, at the
midpoint, and at the end of chemotherapy. The best dis-
crimination was measured for mean SUV at the midpoint
of therapy, which correctly identified 77% of low-respond-
ing tumors, whilst identifying 100% of high-responding
tumors. The predictive value of FDG-PET for the 
pathological response after completion of neoadjuvant
chemotherapy was confirmed by Kim et al.106 Rousseau 
et al. demonstrated that the pathologic response to neoad-
juvant chemotherapy in stage II and III breast cancer
patients can be predicted accurately by FDG-PET even
after two courses of chemotherapy.107 Many other studies
have been carried out on the decline of FDG uptake in
patients responsive to treatment. In contrast, any signifi-
cant reductions in FDG uptake have not been observed in
non-responsive patients.108–112 This finding should be used
both to check the efficacy of therapy after the end of treat-
ment and also to measure the subclinical response of the
tumor mass during treatment, in order to predict the grade
of clinical response (Table 10.3). FDG-PET study at the end
of treatment can be also an index of prognostic stratifica-
tion for survival. Cachin et al. demonstrated that FDG-PET
study performed after the last cycle of high-dose
chemotherapy before autologous stem cell transplantation
can powerfully stratify for survival.113
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FFiigguurree  1100..1133
FDG-PET whole-body scan in a breast cancer patient with bone
pain at the left shoulder. FDG-PET shows pathological uptake
in the humerus and also in supraclavicular and axillary nodes
(arrows). These indications cannot be provided by skeletal
scintigraphy alone; such findings are very important for clinical
management because the patient with soft tissue metastases
can benefit from chemotherapy instead of hormone therapy,
which is the standard treatment for postmenopausal patients
with bone metastases.
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TTuummoorr  cchhaarraacctteerriizzaattiioonn  aanndd
rraaddiioopphhaarrmmaacceeuuttiiccaallss  ootthheerr  tthhaann
[[1188FF]]FFDDGG
At present, FDG remains the best tracer for breast cancer
studies with PET. Its metabolic characteristics can also
describe the aggressiveness of cancer. Inoue et al. studied a
group of breast cancer patients for preoperative evaluation
of prognosis.114 The SUV max-high group showed a signif-
icantly poorer prognosis than the SUV max-low group, and
SUV was demonstrated to be a more accurate prognostic
index than conventional TNM staging.

One of the strongest prognostic parameters for breast
cancer is hormonal status, as knowledge of this condition
allows the prediction of response to hormonal therapy and
survival of the patient. Positron tracers for receptors are of
great theoretical importance, and for this reason hormonal
estrogens or progesterone derivatives have been studied for
PET, such as fluoroestradiol (FES) and normoprogesterone
(NPg) labeled with 18F.115–118 18F-labeled estrogen analogs
gave acceptable results in visualizing primary breast cancer
and distant metastases. An overall sensitivity of 90% 
was described, and a good correlation between FES 
uptake in vivo and in vitro receptor status was observed.
Nevertheless, in spite of intense radiochemistry research in
this area, the clinical applications proposed by the literature
have not yet been introduced into current clinical practice.

Another tracer, 11C-labeled tyrosine, was successful in
visualizing breast cancer, and was shown to correlate with
the protein synthesis rate.119 11C-labeled methionine had
some use in evaluating tumor response after chemother-
apy. Comparative imaging prior to and post-therapy

demonstrated a decreasing uptake in stable or regressing
tumors; in contrast an enhanced uptake was associated
with cancer progression and non-response.120,121

A very interesting new radiopharmaceutical is [18F] 
fluorothymidine (FLT), which has recently been proposed
for the diagnosis of breast cancer and tumor characterization,
since thymidine uptake is in vitro related to cell prolifera-
tion. Preliminary studies indicate that FLT-PET is suitable
for the diagnosis of primary breast cancer and locoregional
metastases.122

CCoonncclluussiioonnss  oonn  FFDDGG--PPEETT  aanndd
nnuucclleeaarr  mmeeddiicciinnee  mmooddaalliittiieess  
iinn  bbrreeaasstt  ccaanncceerr
Much clinical experience of FDG-PET in breast cancer has
already been gained worldwide by studying a large number
of patients and breast lesions. On the basis of data from the
international literature and from our own experience, there
is no doubt that FDG-PET has revealed good sensitivity
and specificity in visualizing both primary and metastatic
breast lesions. Considering all the diagnostic modalities
currently available for this tumor type (primary breast
cancer can be detected by mammography, digital mam-
mography, US, MRI, scintimammography; metastatic
breast cancer can be detected by conventional radiography,
CT, US, bone scintigraphy), FDG-PET in clinical routine
today finds its most important role in depicting tumor
relapses, mainly in the presence of biochemical, clinical, or
instrumental signs or symptoms of recurrence. In this 
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Table 10.3 Use of fluoro-2-deoxy-D-glucose-positron emission tomography (FDG-PET) in the evaluation
of tumor response

Evaluation of neoadjuvant chemotherapy The aim of therapy is to reduce the size of the primary neoplasm in order
for locally advanced disease to increase the success of surgical resection; anatomical changes are

measurable only several weeks after the beginning of therapy and scar 
cannot be differentiated from viable tumor; FDG-PET is more effective
than anatomic imaging in monitoring early treatment response,
using serial SUV measurements; a rapid decrease in glucose metabolism
in responders can be detected by PET as early as after 1–2 cycles of therapy

Treatment of metastatic disease Monitoring therapy of metastatic disease is difficult, since tissue sampling 
is not feasible; earlier response assessment could be beneficial to guide
further therapy and avoid prolonged treatment with ineffective drugs;
CT or MRI is still the standard method to assess treatment, but anatomic
changes occur too late in order to assess early treatment response 
(morphological changes shown by radiological methods take 2–3 months
to show evidence); metabolic changes occur much earlier and can be
easily assessed with PET

SUV, standardized uptake value.
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indication, much clinical evidence has shown that PET or
PET–CT is so far more accurate than CT, MRI, and bone
scintigraphy. Even if CT and MRI have a higher spatial res-
olution, it has been demonstrated that PET sometimes pro-
vides more useful information in discriminating lesions
and differentiating viable tumors from benign conditions.
FDG-PET also has an interesting role in establishing tumor
extent and re-staging breast cancer, showing very good sen-
sitivity in evaluating lymph node involvement, soft tissue
lesions, and bone metastases. Some authors propose the
use of whole-body FDG-PET–CT as the unique tool for
staging, restaging, and monitoring follow-up, since they
support the hypothesis than PET–CT is a reliable substitute
for all other diagnostic imaging, excluding only the diagno-
sis of a breast mass at presentation. Besides this, the evalu-
ation of tumor response has become another very
important indication, in the different phases of chemother-
apy. Strong clinical evidence shows that FDG-PET can pre-
dict early on whether cancer will respond to therapy, or, if
PET is carried out at the end of treatment, can be useful to
evaluate the metabolic response. It is easy to understand
that this application is strategic in clinical oncology, since
there is a need to measure the efficacy of the anticancer

therapy, both for evaluation of the current antineoplastic
therapy and for the development of new drugs in experi-
mental trials. The diagnosis of breast masses, in spite of the
lower sensitivity of FDG-PET in comparison with conven-
tional diagnostic modalities, can benefit from the use of
FDG-PET in particular conditions. It goes without saying
that in this indication, priority has to be given to mammog-
raphy (alone or associated with US), which of course still
remains the imaging of first choice at tumor onset. FDG-
PET can be considered the second-choice examination,
since it is effective in the study of patients with ambiguous
mammographies. Finally, FDG uptake in the primary
tumor correlates with the histological grade and potential
aggressiveness of the breast cancer, and this may have prog-
nostic consequences.

Considering all the abovementioned performances of
PET and other nuclear medicine tools, we can confirm that
the diagnosis of breast cancer today involves many diag-
nostic options based on the application of nuclear medi-
cine procedures (Table 10.4). Not much more than 10 years
ago, only the bone scan was suitable for studying breast
cancer patients, and this confirms the impressive progress
of this discipline in clinical practice.
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Table 10.4 Nuclear medicine modalities for studying breast cancer

Sentinel node biopsy following Standard method for detection and analysis of the sentinel node (SLN);
lymphoscintigraphy it improves preoperative staging and lymph node analysis;

indication in patients with small primary breast cancer and non-palpable lymph nodes;
precise and correct clinical indications are still under study in ongoing prospective
multicentric trials

Issues requiring further clarification:
standardization of methods, optimization of indications, standardization of pathological
analysis, study of the meaning of micrometastases (in SLN)

Scintimammography with Second-choice examination to visualize primary breast cancer;
[99mTc]sestamibi/tetrofosmin indicated in cases where radiological methods cannot make diagnosis;

limits due to its poor sensitivity in non-palpable/small breast tumor, non-optimal
compliance with standard γ camera;
possible diagnostic improvement by the use of SPECT, hybrid SPECT–CT, pinhole 
collimators, dedicated γ cameras 

Issues requiring further clarification: 
proposed use in monitoring therapy and in predicting therapy response (MDR);
proposed use in locoregional staging of breast cancer patients, with particular procedures
(pinhole SPECT) only in a few centers

[18F]FDG-PET [18F]FDG-PET has only a complementary role in diagnosis of primary breast tumor,
except for some particular conditions (anyhow more accurate than scintimammography);
best indication in evaluating tumor extent (staging, restaging) and monitoring therapy 
(in many cases more accurate than conventional radiological modalities);
appropriate indication in seeking distant metastates and tumor relapses (follow-up of
symptomatic and non-symptomatic patients);
hybrid PET–CT images improve the diagnostic accuracy, increasing the specificity 
and anatomical localization (cont’d)
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Table 10.4 Nuclear medicine modalities for studying breast cancer (cont’d)

semiquantitative methods (SUV analysis) are valuable both as prognostic indicators of
cancer aggressiveness and for monitoring therapy (early phases and at the end of
treatment) 

Issues requiring further clarification: 
under study whether whole-body PET–CT alone can substitute for all other modalities 
in staging and follow-up of breast cancer patients;
under development or under clinical validation, other radiopharmaceuticals 
as alternatives to FDG

Bone scintigraphy with 99mTc-labeled diphosphonate whole-bone scan has very high sensitivity, but low
99mTc-labeled diphosphonates specificity to detect skeletal metastases in symptomatic patients. SPECT increases 

the specificity to study doubtful lesions in the spine;
in asymptomatic patients bone scan has indication as staging modality in those patients
at high risk of metastases or with clinically or biochemically suspected bone
involvement;
during follow-up bone scintigraphy has indication in those patients with suspected 
bone involvement, with symptoms or biochemical signs;
[18F]FDG-PET has better accuracy for all types of bone metastases than bone scintigraphy;
data on [18F]FDG-PET or PET–CT also indicate that [18F]FDG-PET is superior except
for osteoblastic metastases 

Issues requiring further clarification:
can [18F]FDG-PET substitute for bone scan in clinical routine, considering that by means 
of a single test it is possible to study both skeleton and soft tissues and organs?

SPECT, single photon emission computed tomography; MDR, multidrug resistance.

9781841846149-Ch10  8/21/07  4:13 PM  Page 156



17. Tousimis E, van Zee KJ, Fey JV et al. The accuracy of sentinel
lymph node biopsy in multicentric and multifocal invasive
breast cancers. J Am Coll Surg 2003; 197: 529–35.

18. Knauer M, Konstantiniuk P, Haid A et al. Multicentric breast
cancer: a new indication for sentinel node biopsy – a multi-
institutional validation study. J Clin Oncol 2006; 24: 3374–80.

19. Schwartz GF, Meltzer AJ. Accuracy of axillary sentinel lymph
node biopsy following neoadjuvant (induction) chemother-
apy for carcinoma of the breast. Breast 2003; 9: 374–9.

20. Mamounas EP. Sentinel lymph node biopsy after neoadju-
vant systemic therapy (review). Surg Clin North Am 2003;
83: 931–42.

21. Stearns V, Ewing CA, Slack R et al. Sentinel lymphadenec-
tomy after neoadjuvant chemotherapy for breast cancer may
reliably represent the axilla except for inflammatory breast
cancer. Ann Surg Oncol 2002; 9: 235–42.

22. Wong SL, Edwards MJ, Chao C et al. The effect of prior
breast biopsy method and concurrent definitive breast 
procedure on success and accuracy of sentinel lymph node
biopsy. Ann Surg Oncol 2002; 9: 272–7.

23. Luini A, Galimberti V, Gatti G et al. The sentinel node biopsy
after previous breast surgery: preliminary results on 543
patients treated at the European Institute of Oncology.
Breast Cancer Res Treat 2005; 89: 159–63.

24. Viale G, Maiorano E, Mazzarol G et al. Histologic detection
and clinical implications of micrometastases in axillary sen-
tinel lymph nodes for patients with breast carcinoma.
Cancer 2001; 92: 1378–84.

25. Turner RR, Chu KU, Qi K et al. Pathologic features associ-
ated with nonsentinel lymph node metastases in patients
with metastatic breast carcinoma in a sentinel lymph node.
Cancer 2000; 89: 574–81.

26. Schomacker K, Schicha H. Use of myocardial imaging agents
for tumour diagnosis – a success story? Eur J Nucl Med 2000;
27: 1845–63.

27. Carvalho PA, Chiu ML, Kronauge JF et al. Subcellular distri-
bution and analysis of Tc-99m MIBI in isolated perfused rat
hearts. J Nucl Med 1992; 33: 1516–21.

28. Moublant J, Zhang Z, Rapp M et al. In vitro uptake of tech-
netium-99m-teboroxime in carcinoma cell lines and normal
cells: comparison with technetium-99m-sestamibi and thal-
lium-201. J Nucl Med 1993; 34: 1949–52.

29. Pwinca-Worms D, Chiu ML, Budding M et al. Functional
imaging of multidrug-resistant P-glycoprotein with an
organotechnetium complex. Cancer Res 1993; 53: 977–84.

30. Arbab AS, Koizumi K, Toyama K et al. Uptake of technetium-
99m-tetrofosmin, technetium-99m-MIBI and thallium-201
in tumor cell lines. J Nucl Med 1996; 37: 1551–6.

31. Ballinger JR. 99mTc-tetrofosmin for functional imaging of
P-glycoprotein modulation in vivo. J Clin Pharmacol 2001
Suppl: 39S–47S.

32. Khalkhali I, Mena I, Jouanne E et al. Prone scintimammogra-
phy in patients with suspicion of carcinoma of the breast. J
Am Coll Surg 1994; 178: 491–7.

33. Liberman M, Sampalis F, Mulder DS et al. Breast cancer diag-
nosis by scintimammography: a meta-analysis and review of
the literature. Breast Cancer Res Treat 2003; 80: 115–26.

34. Hussain R, Buscombe JR. A meta-analysis of scintimammog-
raphy: an evidence-based approach to its clinical utility. Nucl
Med Commun 2006; 27: 589–94.

35. Sampalis FS, Denis R, Picard D et al. International prospec-
tive evaluation of scintimammography with 99mTc-
sestamibi. Am J Surg 2003; 185: 544–9.

36. Scopinaro F, Schillaci O, Scarpini M et al. Technetium-99m
sestamibi: an indicator of breast cancer invasiveness. Eur J
Nucl Med 1994; 21: 984–7.

37. Tolmos J, Cutrone JA, Wang B et al. Scintimammography
analysis of nonpalpable breast lesions previously identified
by conventional mammography. J Natl Cancer Inst 1998; 90:
846–9.

38. Khalkhali I, Villanueva-Meyer J, Edell SL et al. Diagnostic
accuracy of 99mTc-sestamibi breast imaging: multicenter
trial results. J Nucl Med 2000; 41: 1973–9.

39. Gupta P, Waxman A, Nguyen K et al. Correlation of Tc-99m
sestamibi uptake with histopathologic characteristics in
patients with breast diseases. J Nucl Med 1996; 37: 250–1.

40. Lumachi F, Ermani M, Marzola MC et al. Relationship
between prognostic factors of breast cancer and 99m-Tc-
sestamibi uptake in patients who underwent scintimam-
mography: multivariate analysis of causes of false-negative
results. Breast 2006; 15: 130–4.

41. Aziz A, Hashmi R, Ogawa Y et al. Tc-99m-MIBI scintimam-
mography; SPECT versus planar imaging. Cancer Biother
Radiopharm 1999; 14: 495–500.

42. Obwegeser R, Berghammer P, Rodrigues M et al. A head-to-
head comparison between technetium-99m-tetrofosmin
and technetium-99m-MIBI scintigraphy to evaluate suspi-
cious breast lesions. Eur J Nucl Med 1999; 26: 1553–9.

43. Spanu A, Schillaci O, Meloni GB, et al. The usefulness of
99mTc-tetrofosmin SPECT scintimammography in the
detection of small size primary breast carcinomas. Int J
Oncol 2002; 21: 831–40.

44. Spanu A, Dettori G, Nuvoli S et al. 99mTc-tetrofosmin SPET
in the detection of both primary breast cancer and axillary
lymph node metastasis. Eur J Nucl Med 2001; 28:1781–94.

45. Spanu A, Schillaci O, Madeddu G. 99mTc labelled cationic
lipophilic complexes in malignant and benign tumors: the
role of SPET and pinhole-SPET in breast cancer, differenti-
ated thyroid carcinoma and hyperparathyroidism. Q J Nucl
Med Mol Imaging 2005; 49: 145–69.

46. Schillaci O, Scopinaro F, Danieli R et al. Scintimammography
with technetium-99m-tetrofosmin in suspected breast
cancer. Anticancer Res 1997; 17: 1623–6.

47. Waxman A, Nagaraj N, Kovalevsky M et al. Detection 
of primary breast malignancy with Tc-99m methoxy-
isobutylisonitrile in patients with non-palpable primary
malignancies: the importance of lesion size. J Nucl Med
1995; 36: 194P.

48. Tiling R, Kessler M, Untch M et al. Initial evaluation of breast
cancer using Tc-99m sestamibi scintimammography. Eur J
Radiol 2005; 53: 206–12.

49. Mathieu I, Mazy S, Willermart B et al. Inconclusive triple
diagnosis in breast cancer imaging: is there a place for scinti-
mammography? J Nucl Med 2005; 46: 1574–81.

50. Brem RF, Schoonjans JM, Kieper DA et al. High-resolution
scintimammography: a pilot study. J Nucl Med 2002; 43:
909–15.

51. Schillaci O, Manni C, Danieli R et al. Tc-99m sestamibi scin-
timammography with a hybrid SPECT/CT imaging system.
Eur J Nucl Med Mol Imaging 2005; 32: S128.

Breast cancer 115577

9781841846149-Ch10  8/21/07  4:13 PM  Page 157



52. Rhodes DJ, O’Connor MK, Philips SW et al. Molecular
breast imaging: a new technique using technetium Tc scinti-
mammography to detect small tumors of the breast. Mayo
Clin Proc 2005; 80: 24–30.

53. Schillaci O, Cossu E, Romano P et al. High-resolution
gamma-camera for molecular breast imaging: first clinical
results. Phys Med 2006; 21: 113–16.

54. Brem RF, Rapelyea JA, Zisman G et al. Occult breast cancer:
scintimammography with high-resolution breast-specific
gamma camera in women at high risk for breast cancer.
Radiology 2005; 237: 274–80.

55. Schillaci O, Scopinaro F, Spanu A et al. Detection of axillary
lymph node metastases in breast cancer with Tc-99m tetro-
fosmin scintimammography. Int J Oncol 2002; 20: 483–7.

56. Bombardieri E, Aktolun C, Baum RP et al. Breast scintigra-
phy: procedure guidelines for tumour imaging. Eur J Nucl
Med Mol Imaging 2003; 30: BP107–14.

57. Som P, Atkins HL, Bandoypadhyay D et al. A fluorinated glu-
cose analog, 2-fluoro-2-deoxy-D-glucose (F-18): nontoxic
tracer for rapid tumor detection. J Nucl Med 1980; 21:
670–5.

58. Brown RW, Wahl RL. Overexpression of GLUT-1 glucose
transport in human breast cancer: an immunohistochemical
study. Cancer 1993; 72: 2979–85.

59. Pauwels EKJ, Sturm EJ, Bombardieri E, Cleton FJ,
Stokkel MPM. Positron-emission tomography with (18F)flu-
orodeoxyglucose. J Cancer Res Clin Oncol 2000; 126: 549–59.

60. Beaney RP, Lammertsma AA, Jones T, McKenzie CG, Halnan
KE. Positron emission tomography for in vivo measurement
of regional blood flow, oxygen utilization and blood volume
in patients with breast carcinoma. Lancet 1984; 1: 131–4.

61. Wajl RL, Cody RL, Hutchins GD, Mudgett EE. Primary and
metastatic breast carcinoma: initial clinical evaluation with
PET with the radiolabeled glucose analogue 2-(F-18)-fluoro-
2-deoxy-D-glucose. Radiology 1991; 179: 765–70.

62. Gambhir SS, Czernin J, Schwimmer J et al. A tabulated sum-
mary of the FDG PET literature. J Nucl Med 2001; 42:
1S–93S.

63. Kumar R, Alavi A. Fluorodeoxyglucose-PET in the manage-
ment of breast cancer. Radiol Clin North Am 2004; 42:
1113–22.

64. Endo K, Oriuchi N, Higuchi T et al. PET and PET/CT using
18F-FDG in the diagnosis and management of cancer
patients. Int J Clin Oncol 2006; 11: 286–96.

65. Zangheri B, Messa C, Picchio M et al. PET/CT and breast
cancer. Eur J Nucl Med Mol Imaging 2004; 31: S135–42.

66. Adler LP, Bakale G. Positron emission tomography imaging.
In: Khalkali I, Maublant JC, Goldsmith SJ, eds. Nuclear
Oncology. Diagnosis and therapy. Philadelphia: Lippincott
Williams & Wilkins, 2001: 289–95.

67. Rouesse J, Alberini JL, Wartski M et al. [FDG (18fluo-
rodeoxyglucose) positron emission tomography and breast
cancer]. Bull Acad Natl Med 2005; 189: 963–75. [in French]

68. Bender H, Palmedo H, Biersack HJ. Breast imaging with
positron emission tomography. In: Taillefer R, Khalkhali I,
Waxman AD, Biersack HJ, eds. Radionuclide Imaging of the
Breast. New York: Marcel Dekker, 1998: 147–75.

69. Avril N, Dose J, Janicke F et al. Metabolic characterization of
breast tumors with positron emission tomography using F-
18 fluorodeoxyglucose. J Clin Oncol 1996; 14: 1848–57.

70. Palmedo H, Bender H, Grunwald F et al. Comparison of flu-
orine-18 fluorodeoxyglucose positron emission tomography
and technetium-99m methoxysobutylisonitrile scintimam-
mography in the detection of breast tumours. Eur J Nucl
Med 1997; 24: 1138–45.

71. Avril N, Scheidhauer K, Kuhn W. Breast cancer. In: Helmut J,
Wieler R, Coleman E, eds. PET in Clinical Oncology. New
York: Springer, 2000: 355–72.

72. Scheidhauer K, Walter C, Seemann MD. FDG PET and other
imaging modalities in the primary diagnosis of suspicious
breast lesions. Eur J Nucl Med Mol Imaging 2004; 31:
S170–9.

73. Owaki T, Kijma Y, Yoshinaka H et al. Ductal carcinoma in-
situ of the breast detected by F18 fluorodeoxyglucose
positron emission tomography. Breast Cancer 2006; 13:
210–13.

74. Korn RL, Yost Am, May CC et al. Unexpected focal hyperme-
tabolic activity in the breast: significance in patients under-
going 18F-FDG PET/CT. AJR Am J Roentgenol 2006; 187:
81–5.

75. Bombardieri E, Crippa F, Maffioli L et al. Nuclear medicine
approaches for detection of axillary lymph node metastases.
Q J Nucl Med 1998; 42: 54–65.

76. Sandrucci S, Casalegno PS, Percivale P et al. Sentinel lymph
node mapping and biopsy for breast cancer: a review of liter-
ature relative to 4791 procedures. Tumori 1999; 85: 425–34.

77. Adler LP, Faulhaber PF, Schnur KC, Al-Kasi NL, Shenk RR.
Axillary lymph node metastases: screening with (F-18)
2deoxy-2-fluoro-D-glucose (FDG) PET. Radiology 1997;
203: 323–7.

78. Smith I, Ogston K, Whitford P et al. Staging of the axilla in
breast cancer: accurate in vivo assessment using positron
emission tomography with 2-(fluorine-18)-fluoro-2-deoxy-
D-glucose. Ann Surg 1998; 228: 220–7.

79. Greco M, Crippa F, Agresti R et al. Axillary lymph node stag-
ing in breast cancer by 2-fluoro-2-deoxy-D-glucose-positron
emission tomography: clinical evaluation and alternative
management. J Natl Cancer Inst 2001; 93: 630–5.

80. Crippa F, Agresti R, Seregni E et al. Prospective evaluation of
fluoride-18-FDG PET in presurgical staging of the axilla in
breast cancer. J Nucl Med 1998; 39: 4–8.

81. Utech CI, Young CS, Winter PF. Prospective evaluations of
fluorine-18 fluorodeoxyglucose positron emission tomogra-
phy in breast cancer for staging of the axilla related to sur-
gery and immunocytochemistry. Eur J Nucl Med 1996; 23:
1588–93.

82. Fehr MK, Hornung R, Varga Z et al. Axillary staging using
positron emission tomography in breast cancer patients qual-
ifying for sentinel lymph node biopsy. Breast J 2004; 10: 89–93.

83. Wahl RL, Siegel BA, Coleman RE, Gatsonis CG; PET Study
Group. Prospective multicenter study of axillary nodal stag-
ing by positron emission tomography in breast cancer: a
report of the staging breast cancer with PET Study Group. J
Clin Oncol 2004; 22: 277–85.

84. Veronesi U, Paganelli G, Galimberti V et al. Sentinel-node
biopsy to avoid axillary dissection in breast cancer with clin-
ically negative lymph-nodes. Lancet 1997; 349: 1864–7.

85. Krag D, Weaver D, Ashikaga T et al. The sentinel node in
breast cancer. A multicentric validation study. N Engl J Med
1998; 339: 941–6.

115588 Advances in Nuclear Oncology

9781841846149-Ch10  8/21/07  4:13 PM  Page 158



86. Veronesi U, De Cicco C, Galimberti V et al. A comparative
study on the value of FDG-PET and sentinel node biopsy to
identify occult axillary metastases. Ann Oncol 2007; 18:
473–8.

87. Gil-Rendo A, Zornoza G, Garcia-Velloso MJ et al.
Fluorodeoxyglucose positron emission tomography with
sentinel lymph node biopsy for evaluation of axillary
involvement in breast cancer. Br J Surg 2006; 93: 707–12.

88. van der Hoeven JJ, Krak NC, Hoekstra OS et al. 18F-
2-fluoro-2-deoxy-D-glucose positron emission tomography
in staging of locally advanced breast cancer. J Clin Oncol
2004; 22: 1253–9.

89. Weir L, Worsley D, Bernstein V. The value of FDG positron
emission tomography in the management of patients with
breast cancer. Breast J 2005; 11: 204–9.

90. Rosselli del Turco M, Palli D, Cariddi A et al. Intensive 
diagnostic follow up after treatment of primary breast
cancer. A randomized trial. National Research Council
Project on Breast Cancer Follow Up. JAMA 1994; 271:
1953–7.

91. Maffioli L, Zambetti M, Castellani MR, Bombardieri E. Role
of bone scan in breast cancer follow-up. Tumori 1997; 83:
547–9.

92. Nicolini A, Ferrari P, Sacripanti A, Capri A. The role of
tumour markers in predicting skeletal metastases in breast
cancer patients with equivocal bone scintigraphy. Br J
Cancer 1999; 79: 1443–7.

93. Bares R. Skeletal scintigraphy in breast cancer management.
Q J Nucl Med 1998; 42: 43–8.

94. Eubank WB, Mankoff D, Bhattacharya M et al. Impact of
FDG-PET on defining the extent of disease and on the
treatment of patients with recurrent or metastatic breast
cancer. AJR Am J Roentgenol 2004; 183: 479–86.

95. Lind P, Igerc I, Beyer T, Reinprecht P, Hausegger K.
Advantages and limitations of FDG PET in the follow-up of
breast cancer. Eur J Nucl Med Mol Imaging 2004; 31:
S125–34.

96. Radan L, Ben-Haim S, Bar-Shalom R, Guralnik L, Israel O.
The role of FDG-PET/CT in suspected recurrences of breast
cancer. Cancer 2006; 107: 2545–51.

97. Moon DH, Maddahi J, Silverman DH et al. Accuracy of
whole-body fluorine-18-FDG-PET for the detection of
recurrent or metastatic breast carcinoma. J Nucl Med 1998;
39: 431–5.

98. Wolfort RM, Li BD, Johnson LW et al. The role of
whole-body fluorine-18-FDG positron emission tomogra-
phy in the detection of recurrence in symptomatic patients
with stages II and III breast cancer. World J Surg 2006; 30:
1422–7.

99. Nakai T, Okuyama C, Kubota T et al. Pitfalls of FDG-PET 
for the diagnosis of osteoblastic bone metastases in patients
with breast cancer. Eur J Nucl Med Mol Imaging 2005;
32: 1253–8.

100. Uematsu T, Yuen S, Yukisawa S et al. Comparison of FDG-
PET and SPECT for detection of bone metastases in breast
cancer. AJR Am J Roentgenol 2005; 184: 1266–73.

101. Langsteger W, Heinisch M, Fogelman I. The role of fluo-
rodeoxyglucose, 18F-dihydroxyphenyalanine, 18F-choline,
and 18F-fluoride in bone imaging with emphasis on
prostate and breast. Semin Nucl Med 2006; 36: 73–92.

102. Fogelman I, Cook G, Israel O, Van der Wall H. Positron
emission tomography and bone metastases. Semin Nucl
Med 2005; 35: 135–42.

103. Ahmad A, Barrington S, Maisey M, Rubens RD. Use of
positron emission tomography in evaluation of brachial
plexopathy in breast cancer patients. Br J Cancer 1999; 79:
478–82.

104. Biersack HJ, Bender H, Palmedo H. FDG-PET in monitor-
ing therapy of breast cancer. Eur J Nucl Med Mol Imaging
2004; 31: S112–17.

105. McDermott GM, Welch A, Staff RT et al. Monitoring pri-
mary breast cancer throughout chemotherapy using FDG-
PET. Breast Cancer Res Treat 2006 Aug 9; [Epub ahead of
print]

106. Kim SJ, Kim SK, Lee ES, Ro J, Kang S. Predictive value of 18F
FDG-PET for pathological response of breast cancer to
neo-adijuvant chemotherapy. Ann Oncol 2004; 15: 1352–7.

107. Rousseau C, Devillers A, Sagan C et al. Monitoring of early
response to neoadjuvant chemotherapy in stage II and III
breast cancer by 18F fluorodeoxyglucose positron emission
tomography. J Clin Oncol 2006; 24: 5366–72.

108. Avril N, Schelling M, Naehrig J et al. Monitoring primary
chemotherapy in advanced breast cancer using FDG-PET. J
Nucl Med 2000; 41: 112P.

109. Smith IC, Welch AE, Hutcheon AW et al. Positron emission
tomography using (18F)-fluorodeoxy-D-glucose to predict
the pathologic response of breast cancer to primary
chemotherapy. J Clin Oncol 2000; 18: 1676–88.

110. Schelling M, Avril N, Nahrig J et al. Positron emission
tomography using (18F)fluorodeoxyglucose for monitor-
ing primary chemotherapy in breast cancer. J Clin Oncol
2000; 18: 1689–95.

111. van der Hiel B, Pauwels EKJ, Stokkel MP. Positron emission
tomography with 2-(18F)-fluoro-2-deoxy-D-glucose in
oncology. Part IIIA: therapy response monitoring in breast
cancer, lymphoma and gliomas. J Cancer Res Clin Oncol
2001; 127: 269–77.

112. Nair N, Ali A, Dowlashahi K, Fan M, Lamonica G. Positron
emission tomography with fluorine-18-fluorodeoxyglucose
to evaluate response of early breast carcinoma treated with
stereotaxic interstitial laser therapy. Clin Nucl Med 2000;
25: 505–7.

113. Cachin F, Prince HM, Hogg A, Ware RE, Hicks RJ. Powerful
prognostic stratification by 18F fluorodeoxyglucose
positron emission tomography in patients with metastatic
breast cancer treated with high-dose chemotherapy. J Clin
Oncol 2006; 24: 3026–31.

114. Inoue T, Yutani K, Taguchi T et al. Preoperative evaluation
of prognosis in breast cancer patients by 18F 2-deoxy-2-
fluoro-D-glucose positron emission tomography. J Cancer
Res Clin Oncol 2004; 130: 273–8.

115. Dehdashti F, McGuire AH, van Brocklin HF et al.
Assessment of 21-(18F)fluoro-16-alpha-ethyl-19-norprog-
esterone as a positron emitting radiopharmaceutical for 
the detection of progestin receptors in human breast 
carcinoma. J Nucl Med 1991; 32: 1532–7.

116. McGuire AH, Dehdashti F, Siegel BA et al. Positron 
tomographic assessment of 16-alpha-[18F] fluoro-17 beta-
estradiol uptake in metastatic breast carcinoma. J Nucl Med
1991; 32: 1526–31.

Breast cancer 115599

9781841846149-Ch10  8/21/07  4:13 PM  Page 159



117. Katzenellenbogen JA, Welch MJ, Dehdashti F. The develop-
ment of estrogen and progestin radiopharmaceuticals for
imaging breast cancer. Anticancer Res 1997; 17: 1573–6.

118. Mintun MA, Welch MJ, Siegel BA et al. Breast cancer: PET
imaging of estrogen receptors. Radiology 1988; 169: 45–8.

119. Kole AC, Nieweg OE, Prium J et al. Standardized uptake
value and quantification of metabolism for breast cancer
imaging with FDG and L-(1-11C)tyrosine PET. J Nucl Med
1997; 38: 692–6.

120. Leskinen Kallio S, Houvinen R, Nagren K et al.
(11C)methionine quantitation in cancer PET studies.
J Comput Assist Tomogr 1992; 16: 468–74.

121. Houvinen R, Leskinen Kallio S, Nagren K et al. Carbon-11-
methionine and PET in evaluation of treatment response of
breast cancer. Br J Cancer 1993; 67: 787–91.

122. Smyczek-Gargya B, Fersis N, Dittmann H et al. PET with
18F fluorothymidine for imaging of primary breast cancer:
a pilot study. Eur J Nucl Med Mol Imaging 2004; 31: 720–4.

116600 Advances in Nuclear Oncology

9781841846149-Ch10  8/21/07  4:13 PM  Page 160



11
Thyroid cancer
Peter Lind and Susanne Kohlfürst
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The incidence of thyroid cancer (TC) ranges between 4 and
9/100 000/year. It increases with age and varies consider-
ably in different countries, with the highest incidence rates
being reported in areas with a normal or even high iodine
supply. In addition, it has to be mentioned that, in former
iodine-deficient countries which now belong to iodine-
sufficient areas, mainly due to salt iodination, the incidence
of TC has increased and the histopathology has changed
from follicular to papillary TC.1 Today, in countries with
only moderate iodine deficiency, papillary thyroid cancer
accounts for more than 75% of TC, and in iodine-sufficient
areas more than 85%. The female to male ratio is reported
to be 3:1 for papillary and 2:1 for follicular differentiated
thyroid cancer (DTC). In general, DTC is known to have a
good prognosis after radical primary treatment including
total thyroidectomy and radioiodine ablation. However,
mortality due to DTC is significantly higher in iodine-
deficient regions than in areas with an adequate iodine
supply, and higher in males than in females. Therefore it 
is very important to diagnose TC at a very early stage.
Especially in areas with a sufficient iodine supply, clinical
symptoms are rare. In most cases TC is detected by chance via
small ultrasonographically hypoechogenic thyroid nodules.
Ultrasonography-guided fine needle aspiration biopsy (US-
FNAB) of these small nodules is of great importance and
should be performed early. Another tool that may be helpful
in selected cases of thyroid nodules is scintigraphy using
[99mTc]pertechnetate, or non-specific tumor searching trac-
ers such as [99mTc]sestamibi or [99mTc]tetrofosmin. In recent
years also the value of [18F] FDG (fluoro-2-deoxy-D-glu-
cose)-positron emission tomography (PET) has been under
consideration for the assessment of thyroid nodules.

After treatment, including total thyroidectomy, radio-
iodine remnant ablation, and thyroid hormone suppressive
therapy, the follow-up of TC includes various tests. One has
to consider that 50% of local recurrences appear in the first
years but that distant metastases may occur after several
years, sometimes decades, after initial therapy. Recombi-
nant thyroid stimulating hormone (rhTSH) stimulated 
thyroglobulin (Tg) is the basis of following up TC. For the

localization of recurrences and metastases, several imaging
methods are available today. Ultrasonography (US) is the
method of choice for the detection of local recurrences 
and cervical lymph node metastases, 131I whole-body
scintigraphy (131IWBS) for iodine-positive, and [18F] 
FDG-PET or PET–computed tomography (CT) for iodine-
negative metastases. If [18F]FDG-PET or PET–CT is not
available, whole-body scintigraphy and single photon
emission computed tomography (SPECT) using non-
specific tumor searching tracers such as [99mT]sestamibi or
[99mTc]tetrofosmin are alternatives. These tracers fall
between 131I and [18F] FDG as they may demonstrate iodine-
positive as well as iodine-negative metastases in some cases.

DDiiaaggnnoossttiicc  mmooddaalliittiieess
PPrreeooppeerraattiivvee  aasssseessssmmeenntt  ooff
tthhyyrrooiidd  nnoodduulleess
Whereas in iodine-deficient areas TC may be symptomatic
and is diagnosed often in huge, multinodular goiters, in
iodine-sufficient areas TC is mostly diagnosed by chance.
The best method to differentiate between benign and
malignant changes of small thyroid nodules is US and 
US-FNAB, especially for the diagnosis of papillary TC.2–6

SSoonnooggrraapphhyy
Ultrasonography is a simple method that has become the
basis of each morphological investigation of the thyroid. It
allows assessment of the size of the gland, the detection of
nodules, and evaluation of the echogenicity of the whole thy-
roid gland and the nodules (hypo-, hyper-, or isoechogenic,
echo-free structures, or calcifications). In addition, enlarged
lymph nodes in the neck may be detected, localized, and
investigated by US-guided FNAB. Modern systems usually
provide algorithms to measure diameters of thyroid nodules
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(cm) and to estimate volumes of each thyroid lobe according
to an established formula: lobe volume (ml) = maximum
depth (cm) × breadth (cm) × length (cm) × 0.479.

Today, modern ultrasonography systems are equipped
with high-resolution transducers (7.5–10 MHz). For routine
use in most thyroid and/or nuclear medicine departments,
transducers with 7.5 MHz are the standard armamen-
tarium, allowing the detection of nodules below 5 mm.
However, in special cases it might be necessary to reinvesti-
gate the patient with a very high-resolution transducer
(10–16 MHz), especially for the detection of lymph node
pathology and assessment of the nodule margin and its
relationship to surrounding structures. These small, high-
resolution transducers also allow the detection and inter-
pretation of substernal nodules to some extent. In most
institutions the patient is examined in the supine position
with the neck hyperextended. The thyroid gland can usually
be well delineated from surrounding structures, especially
the hypoechogenic muscles. Nodules within the thyroid
can easily be identified. Besides cystic lesions (that appear
echo-free), calcifications, and degenerative nodules (mainly
hyper- or isoechogenic), the most important echo structure
of a thyroid nodule, which should be further investigated,
is the hypoechogenic one. More than 90% of TCs are
hypoechogenic on ultrasonographic studies. On the other
hand, echo-free, iso-, or hyperechogenic nodules exclude
TC in more than 90% of cases. However, it has to be
stressed that no characteristic echo pattern has been found
for TC. When the invasion of surrounding structures in the
neck can be demonstrated, the diagnosis of thyroid cancer
is obvious. With the exception of anaplastic thyroid cancer,
this is seen very rarely in TC. Especially in nodules larger
than 2 cm in diameter the performance of [99mTc]pertech-
netate scintigraphy demonstrating the regional metabo-
lism could be helpful in detecting hypofunctioning nodules
that are supicious for being malignant. In iodine-sufficient
areas with a low prevalence of goiter, it is the goal to detect TC
as early as possible. The detection of a small hypoechogenic
area, which is often not palpable, is a finding by chance.
These hypoechogenic, non-palpable nodules as small as 
<10 mm may further be investigated using US-FNAB.

In conclusion, ultrasound has an important role in the
early detection of thyroid nodules, defining the echostructure
of the nodule, giving a higher probability of malignancy in
the case of hypoechogenic nodules, and providing exact
positioning of the needle for US-FNAB, also in nodules as
small as 5 mm in diameter.

FFiinnee  nneeeeddllee  aassppiirraattiioonn  bbiiooppssyy
To detect TC at an early stage, even in non-palpable lesions,
it can be demonstrated that US-guided FNAB has advan-
tages over FNAB without US guidance.5 In most institutions,

US-guided FNAB is performed free-handed, with a 
21-gauge needle attached to a 10- or 20-ml syringe. Nodules
as small as < 10 mm can be investigated using this method
(Figure 11.1). Cytological interpretation should be per-
formed by experienced cytopathologists. For the interpre-
tation of thyroid cytology the traditional classification by
Papanicolaou is obsolete. Today the interpretation of FNAB
is divided into three groups: A (non-neoplastic lesion),
B (suspicious lesion), and C (malignant lesion). Using 
US-guided FNAB, the sensitivity is reported to be > 80%
and specificity > 70%.5,6 However, it is important that the
pathologist receives not only cytological material but also
clinical, sonographic, and scintigraphic information. A vari-
ety of functional mechanisms as well as antithyroid drug
therapy or previous [131I] therapy can grossly distort the cyto-
logical pattern and therefore lead to a wrong interpretation.
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Ultrasonography-guided fine needle aspiration biopsy.
Hypoechogenic nodule with the the tip of the needle 
in the center of the nodule (a). Cytology with follicular
proliferation (b).
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In contrast to follicular TC, papillary TC can be diagnosed
very accurately using US-FNAB. One major advantage 
of US-FNAB is that the negative predictive value (NPV) is
as high as 95%, increasing to 99% for solitary thyroid
nodules, as reported by Mikosch et al.6,7 This means that
non-suspicious US-FNAB excludes TC at a very high
degree. Still unresolved is the problem of rather low speci-
ficity and poor positive predictive value (PPV) due to 
the fact that follicular proliferation has to be interpreted 
as suspicious for malignancy. Although US-FNAB is a
very valuable procedure to determine the nature of
thyroid nodules, in cases of follicular proliferation or
inconclusive cytological results, further methods such as
201Tl, [99mTc]sestamibi, or [99mTc]tetrofosmin scintigra-
phy or [18F] FDG-PET may be helpful in the finding 
of hypofunctioning thyroid nodules in conventional
[99mTc]pertechnetate or 123I scintigraphy. It has to be
mentioned that the sensitivity of these conventional 
thyroid scintigraphic methods regarding hypofunction-
ing nodules depends on the size of the nodule. In some
cases, however, a definitive diagnosis can only be obtained
by surgery and postoperative histological results.

SScciinnttiiggrraapphhyy  uussiinngg  9999mmTTcc
ppeerrtteecchhnneettaattee  oorr  112233II
Scintigraphy using [99mTc]pertechnetate or 123I demon-
strates the metabolic activity of the thyroid gland.8 There-
fore, scintigraphy is able to show the regional iodine
metabolism, including hyperfunctional as well as hypo-
functional areas or nodules. With respect to the probability
of malignancy, hypofunctioning nodules are more suspi-
cious than hyperfunctioning (Figure 11.2). However, hypo-
function of a thyroid nodule does not mean malignancy in
all cases. The reasons for such a decrease in iodine metabo-
lism are regressive changes in pre-existing adenomas and
cystic degeneration. However, also inflammatory destruc-
tion of thyrocytes, and most important of all malignant
growth, produce a functional decrease of thyroid tissue vis-
ible as a hypofunctional area in scintigraphy. The incidence
of TC in hypofunctioning nodules is almost proportional
to the iodine supply in a given population. The better is the
iodine supply, the higher is the likelihood of a hypofunc-
tioning nodule to be malignant. The highest rate of malig-
nancy in hypofunctioning nodules (38%) is described by
Molitch et al.9 In most reports, malignancy of hypofunc-
tioning nodules, depending on iodine supply and age of the
patient, is reported to be between 5 and 15%.10,11 However,
eufunctional or hyperfunctional nodules cannot be consid-
ered as benign in each case, especially when scans were
obtained with [99mTc]pertechnetate and the nodule is very
small. One problem of planar scintigraphy is the fact that

the scintigraphic pattern of a nodule depends also on the
size and the location of the nodule. Kresnik et al. noted that
most hypofunctioning nodules that turned out to be thy-
roid cancers were larger than 2 cm in diameter. In contrast,
nodules below 1 cm demonstrated normal radionuclide
distribution on planar scintigraphy, despite being malig-
nant at final histological evaluation.12 The reason for this
pattern is mainly due to overlapping of normally function-
ing thyroid tissue in front of the (hypofunctional) nodule.
Therefore, it can be concluded that the value of the scinti-
graphic pattern for the probability of malignancy of a 
thyroid nodule smaller than 1 cm is to be questioned, and
in nodules between 1 and 2 cm the scintigraphic result 
has to be interpreted with caution. However, together with
ultrasonography, especially in cases of multiple hypo-
echogenic nodules, scintigraphy can help to select lesions
for FNAB.

Today [99mTc]pertechnetate is the tracer of choice for
functional thyroid scanning. [99mTc]pertechnetate is
administered intravenously (37–74 MBq). Scans are
obtained 20 minutes post-injection, usually as planar
images in anterior–posterior projection. [99mTc] is rapidly
trapped into thyroid cells, but then washed out from the
cells as no organification occurs in thyroid tissue. Due to
the low γ energy of 99mTc (140 keV), the demonstration of
tracer uptake in retrosternal/mediastinal goiter can be
impaired by attenuation in the sternum.13 The technique
usually produces excellent images of cervical thyroid
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Hypofunctioning nodule (right lower pole) in [99mTc]pertechnetate
scintigraphy (size > 1.5 cm).
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activity, with a radiation dose of only 0.05–0.1/mSv 
effective equivalent dose. [99mTc]pertechnetate is cheap,
and always available in any nuclear medicine department.
It seems obvious that SPECT studies, especially using pin-
hole collimators, would improve the anatomical assess-
ment of nodular changes within the thyroid gland.14

Iodine-123 was proposed as an ideal substitute (γ radia-
tion only, 160 keV, 13 h half-life), but its widespread use
has been impaired by its high cost and logistic difficulties
arising from the short half-life. Wherever obtainable,
however, it would be the best radiotracer for thyroid 
studies (7.4–18.5 MBq per os or intravenously, scanning
after 6–8 h, low-energy high-resolution collimators on
cameras).

[[9999mmTTcc]]sseessttaammiibbii,,
[[9999mmTTcc]]tteettrrooffoossmmiinn  sscciinnttiiggrraapphhyy
aanndd  [[1188FF]]--FFDDGG--PPEETT
Preoperative diagnosis of follicular TC remains difficult.
In cases of unclear cytology or the cytological diagnosis of
follicular proliferation, multitracer imaging may play a
helpful role in the clinical assessment.14 Due to the low 
diagnostic specificity of functional imaging for TC with
[99mTc]pertechnetate or 123I scintigraphy, other radionu-
clides and radiotracers with affinity to malignant lesions
such as [201Tl] chloride, [99mTc]sestamibi, or [99mTc]tetro-
fosmin were used to assess the probability of malignancy of
thyroid nodules.15–19 Neither 201Tl nor cationic complexes
such as [99mTc]sestamibi or [99mTc]tetrofosmin were able to
clearly differentiate between benign and malignant sono-
graphically hypoechogenic, scintigraphically hypofunction-
ing thyroid nodules (Figure 11.3). Nevertheless the results
of such studies can be important for therapy planning, espe-
cially in a case of inconclusive cytology from US-FNAB or
multinodular goiter. Recently, the value of [18F]FDG-PET
was investigated not only for the follow-up of TC but also

for the preoperative assessment of hypoechogenic and/or
hypofunctioning thyroid nodules.20–24 Joensuu et al. found
clearly elevated [18F] FDG uptake only in one patient with
anaplastic thyroid cancer and in one with oxyphilic thyroid
carcinoma out of five patients investigated.20 Three patients
with papillary TC demonstrated only moderate [18F]FDG
uptake. In contrast to this study, Uematsu et al. could
demonstrate in 11 patients investigated that all malignant
nodules could be separated from benign ones using a stan-
dardized uptake value (SUV) cut-off of 5 and time activity
curves.22 Mitchell et al. performed FNAB and [18F]FDG-
PET–CT before surgery in 31 patients with 48 lesions.
Fifteen out of 48 lesions were malignant, and 33 were benign.
Nine of the 15 malignant lesions demonstrated [18F]FDG
uptake (sensitivity: 60%). Thirty of 33 benign lesions were
[18F]FDG-negative (specificity 91%). The authors conclude
that [18F]FDG-PET–CT with a high NPV of 83% for malig-
nancy may be a useful tool in the evaluation of thyroid 
nodules with indeterminate fine needle aspiration biopsy.23

Our own experience in 43 patients with hypoechogenic
and/or hypofunctioning thyroid nodules (11 papillary DTC,
three follicular TC, two anaplastic carcinomas, 11 microfol-
licular adenomas, 10 oxyphilic adenomas and two macro-
follicular adenomas, four regressive goiters) demonstrates
that all patients with TC and oxyphilic adenomas had an
elevated [18F]FDG uptake25 (Figure 11.4). Using a SUV
threshold of 2 for differentiating benign from malignant
nodules, sensitivity, specificity and NPV were 100%, 63%,
and 100% respectively. In a subgroup of 24 patients with
cytological diagnosis follicular proliferation, [18F]FDG-
PET was able to differentiate between follicular adenoma
and carcinoma. From these studies it may be concluded
that tumor-seeking agents including [18F]FDG are not able
to differentiate 100% benign from malignant thyroid 
nodules. However, in a case of non-diagnostic cytology 
or a cytological diagnosis of follicular proliferation,
[18F]FDG-PET seems to be the method of choice to decide
whether surgery or a wait and watch strategy should be 
recommended.
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FFiigguurree  1111..33
[99mTc]sestamibi dual-phase
scintigraphy with tracer uptake in a
case of indeterminate cytology in
hypoechogenic, hypofunctional
thyroid nodule. Histology revealed
microfollicular adenoma. p.i., post-
injection.
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FFoollllooww--uupp  ooff  tthhyyrrooiidd  ccaanncceerr  
aafftteerr  ttrreeaattmmeenntt
The radicality of treatment of TC depends on the TNM
classification after surgery. With the exception of papillary
microcarcinoma (pT1a according to TNM 2003 supple-
ment), total thyroidectomy, followed by radioiodine therapy,
and TSH suppressive thyroid hormone therapy is the 
standard treatment of differentiated TC, at least in Europe.
Radioiodine therapy is indicated not only to destroy any
microscopic cells remaining after surgery, but also to
increase the specificity of the tumor marker Tg. TSH stim-
ulated Tg should be negative (< 0.5 ng/ml) after surgery
and radioiodine therapy. In these cases, each increase of Tg
over time in the follow-up means recurrent or metastatic
disease. To localize recurrence and metastases US of the
neck, radioiodine imaging, scintigraphy using non-specific
tracers such as [99mTc]sestamibi or tetrofosmin and [18F]
FDG-PET (better, PET–CT) as whole-body modalities for
distant metastases are the methods of choice.

TThhyyrroogglloobbuulliinn  aass  ttuummoorr  mmaarrkkeerr
Serum Tg is a very sensitive tumor marker for following TC
if determined by immunoradiometric assays, and also has a
high specificity after total thyroidectomy and radioiodine
remnant ablation.26–29 After total thyroidectomy and
radioiodine remnant ablation, Tg should be undetectable
in cases of complete remission. However, it has to be men-
tioned that the value of Tg is only reliable if Tg-antibodies
are undetectable and recovery of Tg is within the normal

range between 70 and 130%. In the presence of Tg-
antibodies, serum Tg can be falsly lowered if determined by
an immunoradiometric assay.30 It has also to be mentioned
that in the case of measurable Tg-antibodies more than 
a year after surgery and radioiodine therapy, persistent 
thyroid tissue or recurrence has to be suspected. In a case of
increasing Tg, recurrence, lymph node metastases, or 
distant metastases are likely. The serum Tg level under TSH
elevation (either after withdrawal of thyroid hormone over
4–6 weeks or after recombinant TSH given intramuscu-
larly) is thought to be the most reliable indicator for per-
sistent or recurrent disease.31 However, there are some case
reports with proven recurrent or metastatic disease but
negative Tg.32 Sometimes this may be due to an oxyphilic
subtype of DTC, in which not only Tg levels remain 
negative in the case of recurrent disease but also 131I WBS is
negative. Therefore, metastatic disease can only be detected
by non-specific tracers.33 With the exception of these rare
cases Tg is an excellent tumor marker for TC. The sensitiv-
ity of Tg, however, depends on the TSH serum level and is
much higher under TSH elevation > 30 mU/l (98%) than
under TSH suppressive thyroid hormone therapy (80%).
A negative TSH stimulated Tg level is highly predictive 
for the absence of disease. In two retrospective studies it
could be demonstrated that in the case of negative TSH
stimulated Tg, routine diagnostic 131I WBS does not add
any further information.34,35 For the most sensitive (TSH
stimulated) measurement of Tg, the withdrawal of thyroid
hormone over a period of 4–6 weeks and hypothyroidism is
now substituted by intramuscular injection of recombinant
TSH: twice 0.9 mg rhTSH intramuscularly on two subse-
quent days.36 With the introduction of rhTSH it has been
shown that the sensitivity of rhTSH stimulated Tg is as
high as after the withdrawal of thyroid hormone after 
several weeks, although the values are somewhat lower.37

Against this background, the question arises whether
rhTSH stimulated Tg alone is sufficient for the follow-up of
patients with TC. In two studies it is concluded that in gen-
eral, TSH stimulated Tg alone is not sufficient to screen
unselected patients.38–40 However, a recently published 
consensus paper that differentiates between high- and low-
risk patients concludes that for low-risk patients in whom
initial work-up after treatment has demonstrated complete
remission (negative radioiodine scanning, negative ultra-
sonography, and non-detectable TSH stimulated Tg),
ultrasonography of the neck and rhTSH stimulated Tg is
sufficient for further follow-up.41 Ultrasensitive Tg assays
measuring Tg levels as low as 0.07 ng/ml are now available.
Whether these supersensitive assays add clinical informa-
tion in the follow-up of TC or even substitute TSH stimu-
lation of Tg is not clear up to now, but it is unlikely. It may
be concluded that serum Tg under elevated TSH condi-
tions plays a major role in the follow-up of TC, either 
in combination with ultrasonography alone for low-risk
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[18F]fluoro-2-deoxy-D-glucose (FDG)-positron emission
tomography–computed tomography (PET–CT) in a case of
hypofunctioning thyroid nodule and undeterminated cytology.
The nodule demonstrates a clear FDG uptake. Histology
revealed follicular thyroid cancer.
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patients or with the complete armarmentarium of nuclear
medicine methods, including radioiodine scanning and
[18F]FDG-PET or, better, PET–CT.

UUllttrraassoonnooggrraapphhyy
Ultrasonography of the neck should be performed at any
visit in the follow-up of TC. It is the most sensitive method
to detect local recurrence and lymph node metastases at an
early stage, although it is not specific.42 In a case of any
pathologic US findings in the neck, US-FNAB should be
performed to obtain cytological diagnosis and to be able to
plan the further management and treatment of the patient.
For low-risk patients a combination of rhTSH stimulated
Tg and US may be sufficient in most cases, as described
above.41 Figure 11.5 demonstrates a hypoechogenic lymph
node metastasis in a case of increasing serum Tg after 
surgery and radioiodine ablation due to papillary thyroid
cancer pT3bN1M0 (TNM 2003 supplement).

RRaaddiiooiiooddiinnee  wwhhoollee--bbooddyy
sscciinnttiiggrraapphhyy  aanndd  SSPPEECCTT
Iodine-131 or 123I WBS was performed periodically over
several years for the follow-up of TC, either under thyroid
hormone withdrawal or under rhTSH. However, it could be
demonstrated that two negative 131I WBSs within 1 year in
combination with negative TSH stimulated Tg had a very
good predictive value for the absence of recurrent or

metastatic disease.43–46 On the other hand, in a study by
Robbins et al., 13% of patients with negative TSH stimu-
lated Tg (< 2 ng/ml) had evidence of disease.38 In this light,
the question of a correct value for negative Tg arises. In our
center, after surgery and radioiodine therapy, a TSH stimu-
lated Tg < 0.5 ng/ml is claimed to designate a patient free of
disease.47 In a consensus paper by Schlumberger et al., for
low-risk patients, rhTSH stimulated Tg and ultrasonogra-
phy were described to be sufficient for following up TC.41

This is not true for high-risk patients, and many centers are
still performing radioiodine scanning in connnection with
TSH stimulated serum Tg. Radioiodine (131I/123I) is the
most specific radionuclide to image recurrences or distant
metastases of TC. However, the sensitivity is rather low, and
depends on the activity administered.48 There are several
preconditions that have to be fulfilled before WBS using
radioiodine can be performed.49 To image patients with
radioiodine in the follow-up of TC, TSH suppressive 
L-thyroxine therapy has to be withdrawn for several weeks
to achieve a TSH of at least 30 m U/l, and a low iodine diet
is recommended. Several authors claim that a TSH of more
than 50 mU/l is required before radioiodine should be
administered.50,51 This, however, leads to transient hypo-
thyroidism with all the known disadvantages for the patient:
reduced quality of life, emotional dysfunction, tiredness,
increase in weight, possible cardiac failure, possible growth
of local recurrence and distant metastases, and disruption
in work life, with its possible negative economic and pro-
fessional consequences. Considering these facts it is no 
surprise that the administration of rhTSH has such a high
compliance among patients. Due to this fact, today, many
thyroid centers use rhTSH (0.9 mg twice intramuscularly)
instead of withdrawing L-thyroxine to achieve elevated
TSH. During this procedure, the patient remains in euthy-
roidism, without symptoms of hypothyroidism. Before the
administration of radioiodine, contamination due to con-
trast media or iodine-containing drugs has to be excluded.
In this context, the determination of urinary iodine excre-
tion is recommended. If these preconditions are fulfilled,
131I (mostly given orally) or 123I (injected intravenously) is
administered. The advantage of 123I includes a favorable 
γ energy of 159 keV with good quality γ camera imaging
and the lack of β energy, and therefore lack of thyroid 
stunning.46 However, 123I is expensive and not readily 
available. The short half-life of 13 hours may also be a 
disadvantage in imaging recurrent and metastatic disease.
Furthermore, the 123I activity administered and the time of
acquisition are still a matter of debate. Concerning the
diagnostic accuracy, 123I is not superior to 131I scanning,
and post-therapy 131I WBS demonstrates sometimes more
lesions when compared to a diagnostic 123I WBS. Therefore,
most thyroid centers remain using 131I for diagnostic WBS.
After surgery and radioiodine remnant ablation therapy,
the first 131I WBS is performed post-therapy, 5–7 days after
radioiodine. In the majority of patients this post-therapy
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Hypoechogenic lymph node metastasis in a patient with
recurrent papillary thyroid cancer pT4N1M0, 1 year after
surgery and radioiodine therapy.
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131I WBS demonstrates some activity in the remnants,
depending on the surgical radicality, and non-specific uptake
in the salivary glands, the stomach, intestine and urinary
bladder (Figure 11.6). Sometimes in this post-therapeutic
131I WBS, additional metastases that are not known before
can be detected (Figure 11.7). Four to six months after
radioiodine remnant ablation the first diagnostic 131I WBS
is performed to evaluate the success of the initial treatment.
At this time, M-staging of the disease is possible. Under
endogenous (4–6-week withdrawal of thyroid hormones)
or exogenous TSH elevation (0.9 mg rhTSH intra-
muscularly on two subsequent days), 131I is administered
orally, and diagnostic WBS is performed 48–72 hours later.
In most studies, 185 MBq 131I is recommended. Due to the
possibility of thyroid stunning, in the case of elevated Tg
and planned radioiodine treatment the aministered activity
for the diagnostic scan should not exceed 74 MBq. The
specificity of 131I WBS ranges between 96 and 100%.52,53

Besides physiological uptake, some pitfalls of false positive
131I WBS results have to be considered.55 The sensitivity of
131I WBS, however, is low, and depends on the administered
activity and the type of histology. According to the litera-
ture, the sensitivity of a diagnostic 131I WBS ranges between
45 and 75%, and is somewhat lower for papillary compared
to follicular DTC.51,52,54,56,57 Due to the low impact of
diagnostic 131I WBS in low-risk patients with negative TSH
stimulated Tg (no evidence of residual disease), some
doubts regarding the value of this procedure have emerged
in recent years. In addition, due to the low sensitivity of a
low-dose diagnostic 131I WBS with the possibility of stun-
ning in a case of elevated Tg, the performance is also ques-
tioned in a case of planned 131I therapy.58,59 For the future,
it may be recommended that in low-risk patients, rhTSH
stimulated Tg is sufficient, and in patients with elevated Tg
with evidence of disease, high-dose radioiodine therapy
and a post-therapy scan should be performed.60,61 The place
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Post-therapy 131I whole-body scintigraphy after 2960 MBq 131I
remnant ablation demonstrates uptake in the thyroid bed 
and physiologic iodine distribution in the salivary glands,
liver, gut and urinary bladder.
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Post-therapy 131I whole-body scintigraphy after 2960 MBq 131I
remnant ablation demonstrates uptake in the thyroid bed but
also multiple metastases in the lung.
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for a low dose-diagnostic 131I WBS may remain in the
follow-up of high-risk patients. However, the role of a low-
dose radioiodine scan even in these patients is increasingly
a matter of discussion. There are several papers demon-
strating that radioiodine therapy due to increasing Tg has a
therapeutic effect, and post-therapy 131I WBS has a higher
sensitivity compared to a low-activity diagnostic scan.54,62

Therefore, some centers prefer, in a case of elevated or
increasing Tg, radioiodine therapy and post-therapy 131I WBS
only, without perfoming a diagnostic scan (Figure 11.8). An
additional problem arises if TSH stimulated Tg is elevated
or increases over time (e.g. > 3 ng/ml) and diagnostic 131I is
negative. The reason for this false negative 131I WBS may be
insufficient TSH stimulation, iodine contamination, small
tumor volume, or iodine-negative metastases.46,63 If the
first and second reasons are excluded, the patient should be
scheduled for [18F] FDG-PET (PET–CT without contrast
media), and should be treated with radioiodine followed by

a post-therapy 131I WBS. In a study by Ruf et al., 25 patients
with inconclusive findings in planar scanning after ablative
radioiodine therapy underwent SPECT–CT of the ques-
tionable region.64 Forty-one lesions were observed in the 
25 patients. In 17/41 lesions uptake was due to remnant
tissue, 13/41 lesions were caused by metastases, and 11/41
lesions were not malignant. In 44% of lesions, improved
anatomical assignment was seen by SPECT–CT. In patients
with strongly elevated Tg, but only faint uptake in the 131I
WBS, a combination with 18F FDG-PET–CT is able to
demonstrate the complete extent of the disease, with exact
anatomical localization of iodine-positive and iodine-
negative lesions.65 This is not only important for exact 
staging and restaging of metastasizing thyroid cancer, but
also for individually based multimodality treatment of
these patients, including radioiodine treatment, surgery,
external radiotherapy, retinoic acid, and somatostatin
receptor therapy.

WWhhoollee--bbooddyy  sscciinnttiiggrraapphhyy  aanndd
SSPPEECCTT  uussiinngg  nnoonn--ssppeecciiffiicc  ttrraacceerrss
Due to the fact that only two-thirds of recurrences and
metastases store iodine, and due to the low sensitivity of
diagnostic 131I WBS, additional methods are necessary to
detect early (iodine-negative) recurrences and metastases.
Several years ago, 201Tl was used to give additional informa-
tion to 131I WBS in patients with elevated Tg, and several
studies in the literature reported that 201Tl is superior to 131I
WBS in the follow-up of TC.54,66,67 201Tl has a high affinity
to Na+/K+ adenosine triphosphatase (ATPase), and is there-
fore stored in the intracellular compartment. One of the
main advantages of 201Tl WBS is the fact that 201Tl is taken
up by tumor cells without the need for withdrawal of
thyroid hormone to achieve elevated TSH levels. In a study
by Hoefnagel et al., 201Tl WBS was performed in 326 patients
(301 TC, six anaplastic thyroid carcinomas, one giant cell
carcinoma, 18 medullary thyroid carcinomas) after total
thyroidectomy for thyroid carcinoma.66 As in most of the
centers 201Tl WBS was performed 20 minutes after intra-
venous injection of 74 MBq 201Tl. In this study, it was found
that 201Tl WBS had a sensitivity of 94%, compared to 48%
for the diagnostic 131I WBS. Charkes et al. reported a detection
rate for metastases of 60% using planar 201Tl scintigraphy,
which however increased to 85% when SPECT imaging 
was performed.67 Like 201Tl, [99mTc]sestamibi and [99mTc]
tetrofosmin are mainly used for myocardial perfusion
scintigraphy. With the introduction of these 99mTc-labeled
cationic complexes, they were also evaluated as imaging
modalities in the follow-up of TC. The most likely mecha-
nism for cellular uptake of both tracers is diffusion of the
lipophilic cation across the mitochondrial (and sarcolemmal)
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Post-therapy 131I whole-body scintigraphy after 7400 MBq 131I
due to increasing serum thyroglobulin (Tg) in a patient with
follicular thyroid cancer. Multiple mediastinal, lung (pleural),
and rib metastases.
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membranes in response to an electrical potential.68 After 
an intravenous injection of 555 MBq [99mTc]sestamibi,
WBS is performed 20 minutes post-injection. As with 201Tl,
withdrawal of thyroid hormone is not necessary. In an early
study, Briele et al. compared 201Tl and [99mTc]sestamibi in 
12 patients with suspicion of recurrent DTC.69 They found
that, except in one case, the findings concerning tumor
localization and extension were identical. Whereas locore-
gional lymph node metastases and bone metastases could
be imaged very well, this was not the case for lung metastases.
Sundram et al. found that [99mTc]sestamibi was less sensi-
tive compared to 131I WBS in patients after surgery before
radioiodine in detecting thyroid remnants, but superior to
131I WBS to detect lymph node metastases.70 Alam et al.
reported in a retrospective study that [99mTc]sestamibi can
be proposed as a first-line diagnostic agent to follow up
patients with TC, with some limitation in small lung metas-
tases. They found a sensitivity of 94.4% for neck, 78.4% for
lung, and 92.8% for bone metastases.71 For all sites
together, PPV and NPV were 96.1% and 86.5% respec-
tively. All together, studies performed up to now using
[99mTc]sestamibi in the follow-up of TC have demonstrated
quite different results with sensitivities between 45 and
94%.69–72 In a preliminary study comparing 201Tl, [99mTc]
sestamibi, and [99mTc]tetrofosmin in 15 patients in the
follow-up of TC with elevated Tg levels, we found that
[99mTc]tetrofosmin had significantly higher in vivo target/
background (T/Bg) ratios (1.76 ± 0.345) and detection
rates compared to [99mTc]sestamibi (1.51. ± 0.31). For 
201Tl (1.59 ± 0.396) the in vivo T/Bg ratio was slightly but
not significantly lower compared to [99mTc]tetrofosmin.73

In a subsequent study in 114 patients, we found that the
overall detection rate of metastatic disease for [99mTc]
tetrofosmin was 86%74 (Figure 11.9).

[[1188FF]]FFDDGG--PPEETT  aanndd  PPEETT––CCTT
In less- or dedifferentiated thyroid cancer patients recurrences
or metastases may lose the ability to concentrate iodine.
Iodine-131 WBS may therefore be negative or not able to
demonstrate the complete extent of the disease. In former
years, 201Tl, [99mTc]tetrofosmin, or [99mTc]sestamibi were
introduced to image iodine-negative metastases from TC.
Due to the limited spatial resolution of single photon emit-
ters, up to 15–25% of recurrences and metastases were
missed by these methods. To overcome this problem
[18F]FDG-PET was introduced in the follow-up of TC
patients.75 Whereas the role of [18F]FDG-PET in the preop-
erative assessment of thyroid nodules is not yet fully evalu-
ated, its use in the follow-up of TC belongs to the 1a
indications for [18F]FDG-PET in oncology.76 In most centers
[18F]FDG-PET is performed after overnight fasting, with
blood glucose below 140 mg/dl. Sixty to 90 minutes 

after the intravenous injection of 200–500 MBq [18F]FDG
(depending on the PET system, two-dimensional (2D), 3D
acquisition), emission scanning is started. Transmission
scanning is performed either before FDG injection (cold
transmission) or after FDG injection (hot transmission).
Recently, CT transmission has become available in com-
bined PET–CT machines, where morphology and metabo-
lism will be imaged during one investigation. Already, the
first investigations using [18F]FDG-PET in the follow-up of
TC have demonstrated that [18F]FDG uptake represents
less-differentiated thyroid cancer cells or the dedifferentia-
tion of cells. Feine et al. investigated 41 patients, comparing
[18F]FDG-PET and 131I WBS in the follow up of differenti-
ated thyroid cancer.77 Combined imaging resulted in a 
sensitivity of about 95% in detecting recurrences and
metastases. Alternating uptake (131I negative but [18F]FDG
positive or 131I positive and [18F]FDG negative) was found
in 90% of patients. The authors conclude that besides an
increase of sensitivity using 131I WBS and [18F]FDG-PET,
the uptake of [18F]FDG seems to be an indicator of poor
differentiation. In a multicenter trial, Grünwald et al. com-
pared the sensitivity and specificity of [18F]FDG-PET, 131I
WBS, and [99mTc]sestamibi/201Tl WBS.78 The sensitivity of
[18F]FDG-PET, 131I WBS, and [99mTc]sestamibi/201Tl was
75%, 50%, and 53% and specificity 90%, 99%, and 92%
respectively. The sensitivity of [18F]FDG-PET increased to
85% in a subgroup of patients with 131I negative WBS. In a
recent study by Iwata et al., [18F]FDG-PET was compared
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whole-body scintigraphy demonstrates multiple tetrofosmin-
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with [99mTc]sestamibi and 131I post-therapy whole-body
scintigraphy.79 In 19 patients, a total of 32 lesions were
diagnosed as metastases. [18F]FDG-PET, [99mTc]sestamibi
WBS, and post-therapy 131I WBS respectively revealed a
total of 26 (81%), 20 (62.5%), and 22 (68.8%) lesions.
Similar results were obtained by our group comparing [18F]
FDG-PET, [99mTc]tetrofosmin WBS, and post-therapy 131I
WBS in the follow-up of TC in 35 patients.80 In a retrospec-
tive study by Conti et al., 30 patients with TC, 24 with rising
or elevated thyroglobulin, and six with elevated calcitonin
had a [18F]FDG-PET investigation.81 In all 24 patients with
papillary/follicular thyroid carcinoma and in all six patients
with medullary cancer, [18F]FDG-PET was able to detect
recurrent or metastatic disease, which was confirmed
directly by surgery or indirectly by changes or persistence
of laboratory findings in 17/24 patients with papillary/
follicular and 4/6 patients with medullary TC. From a
group of 32 TC patients with elevated thyroglobulin but
negative 131I WBS, Altevorde et al. performed [18F]FDG-
PET in 12 patients.83 In 6/12 patients [18F]FDG-PET was
positive. The Tg level was much higher in [18F]FDG-PET
positive patients (23–277 ng/ml) compared to [18F]FDG-
PET negative patients (1.5–17 ng/ml). According to a German
consensus conference in 2000, the sensitivity and specificity
of [18F]FDG-PET in detecting 131I negative metastases in
cases of elevated thyroglobulin were 85–94% and 90–95%
respectively.76 In a study by Schluter and co-workers, a total
of 118 [18F]FDG-PET studies in 64 patients with elevated
thyroglobulin but negative 131I WBS with respect 
to change of therapy due to the outcome of [18F]FDG-
PET were performed.83 Forty-four patients had positive

[18F]FDG-PET (34 true positive, seven false positive,
two with secondary malignancy, one non-evaluable), and
20 patients had negative PET scans (five true negative,
15 false negative). According to these results the PPV was
83%, and the NPV only 25%. Treatment strategy was
changed in 19 of 34 patiens with true positive PET scans.
It has to be mentioned that the sensitivity of [18F]FDG-PET is
higher under endogenous or exogenous TSH stimulation.84,85

Moog et al. investigated ten TC patients under TSH sup-
pressive I-thyroxine therapy and after withdrawal of
L-thyroxine (TSH > 22 mU/l),84 they could demonstrate
that the T/Bg ratio increased after TSH stimulation from
3.85 to 5.84 (p < 0.001). Similar preliminary results with an
increase of the SUV from 1.3 to 4.4 are reported by Petrich
et al. using recombinant TSH before [18F]FDG-PET.85 In
our own series we performed 221 [18F]FDG-PET studies in
161 TC patients. Of the 122 follow-up patients, 96 had 
differentiated (33 papillary and 63 follicular), 15 medullary,
and 11 anaplastic histology of thyroid cancer.80 Among the
96 patients with differentiated histology, in 81 patients Tg
was elevated and in a group of 15 patients [18F]FDG-PET
was performed due to positive Tg-polymerase chain reaction
(PCR) but normal serum Tg. The sensitivity of [18F]FDG-
PET for the detection of metastases in cases of elevated Tg
for all patients was 77%, and in cases of elevated Tg but
negative 131I WBS it increased to 88%. [18F]FDG-PET is a
valuable tool to detect recurrences and metastases of TC,
especially in cases of elevated Tg and negative 131I WBS
(Figure 11.10).

Although the introduction of PET has improved the
follow-up of TC, the localization of FDG-positive lesions is
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sometimes difficult using PET alone. This is also true for
other malignancies, especially head and neck cancer. As early
as 1998, Beyer and Townsend developed a combination of a
(partial ring) PET and CT machine, and published their
first 100 clinical cases in the year 2000.87 This prototype of
PET–CT was followed by the development of second- and
third-generation machines, culminating in a combination
of high-end PET (LSO/GSO (lutetium oxyorthosilicate/
gadolinium oxyorthosilicate crystals)) and high-end CT 
(64 slices) scanners (Figure 11.11). PET–CT is available
from all major companies of PET imaging equipment:
Siemens, CTI, GE, and Philips. All these systems have in
common that a commercial CT scanner is in conjunction
with a commercial PET scanner. This construction creates
the possibility to gather data from CT and PET and fuse
them without having to register the images manually. For
daily routine in the clinical environment, a standard acqui-
sition protocol was generated. First a topogram is taken by
CT. After defining the region of interest to scan, a diagnos-
tic – or low-dose – CT is recorded. Finally, data from PET
are collected. The whole procedure takes from 15 to 
45 minutes depending on the scanner, the activity injected,
and the crystal. The CT and PET images can be merged
automatically. Because of the time difference between CT
and PET, movement artifacts can occur and must be taken
into consideration.The construction of the PET–CT device
implies also the possibility of reconstruction errors due to
the low physical integration. Nevertheless, the number of
worldwide ordered PET–CT devices is increasing greatly
compared to the number of ordered PET standalone solu-
tions. With the introduction of this new modality of imag-
ing in oncology, the question arises whether PET–CT is
superior to PET and CT alone, and, if so, can PET–CT
affect patient management better than both modalities
alone. PET can assess, for example, metabolism, protein

synthesis, gene expression, and tissue hypoxia depending
on the tracer used, whereas CT mainly reflects anatomy and
to some degree perfusion.87 In the combined modality, CT
data are used for the calculation of attenuation correction
as well as for anatomic information. The question whether
CT should be performed as contrast-enhanced diagnostic
CT or only as low-dose CT for anatomic correlation is not
yet answered. There is also some debate on the use of oral
contrast media for PET–CT imaging.88 First clinical results
of PET–CT in oncology reveal that in general there is 
much better reliability of the results and higher diagnostic 
confidence using PET–CT compared to each modality
alone.87,89,90 Due to the fusion of anatomy and metabolism,
exact localization of hypermetabolic spots (e.g. osseous
versus soft tissue lesions) on the one hand and metabolic
evaluation of anatomic lesions on the other hand can be
achieved. The combination of PET and CT is most helpful
in the cervical and abdominal regions. Our own experience
in the first 2000 patients using PET–CT for staging and
restaging of various tumors confirms that there is addi-
tional information in about 45% of patients and a change
of management in 15% of patients. In addition, it could be
demonstrated that the pitfalls of PET (e.g. normal structures
in the head and neck region that are positive on FDG-PET,
bowel activity, muscle activity, excretion via the kidneys, and
subsequent sometimes circumscribed ureter activity, brown
fat tissue, etc.) can be reduced using PET–CT (Figure 11.12).
An overview regarding the hardware, software, and current
clinical role of PET–CT was published from a symposium
‘PET–CT: the holy grail of multi-modality imaging?’91–93

There are only few data about PET–CT in TC. In a study by
Ong et al., 17 patients with elevated Tg but negative 131I
WBS underwent FDG-PET–CT.94 Fifteen out of 17 PET–CT
scans revealed lesions consistent with metastases, giving a
sensitivity of 88.2%. Unfortunately this paper gives little
information on the additional value of PET/CT compared
to PET alone. Nahaz et al. investigated the impact of
PET–CT on the management of 33 patients with recurrent
papillary thyroid cancer.95 In 67% of patients, PET–CT
supplied additional information that altered or confirmed
the management plan. Twenty of the 33 patients underwent
surgery, with an accuracy for PET–CT of 70%, comparing
the results with histopathology. The sensitivity of PET–
CT in identifying recurrent disease was found to be 66%,
with a specificity of 100% and a PPV of 100%. When
PET–CT is positive it is a powerful tool for predicting the
exact location of recurrent papillary TC. The authors con-
clude that PET–CT is most useful in the detection and
management of recurrent papillary TC in patients with
average Tg >10 ng/ml. In our own first series, 33 [18F]FDG-
PET–CT investigations in 27 TC patients were performed
(follicular TC: 14; papillary TC: 10; medullary TC: 2, anaplas-
tic TC: 1). In six of the 27 patients a second investigation was
done after treatment (surgery, external radiotherapy, etc.).
Most of them had already-known iodine-negative 
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metastases or elevated Tg levels but negative post-therapy
131I WBS (Figure 11.13). In 67% of patients, PET–CT was
more accurate than PET or CT alone, and in 17%, PET–CT
results led to a change of treatment (change of radiation
field, radiation instead of surgery, surgery due to exact local-
ization of recurrence, heparin treatment instead of surgery
due to tumor thrombosis) (Figure 11.14).65 The first results
of PET–CT in TC provide increased diagnostic confidence,
reduction of equivocal results in PET and CT alone,
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image fusion with CT the mediastinal [18F]FDG could be
localized as metastatic thrombosis which changed treatment
from surgery to antithrombotic heparin therapy.
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Brown fat tissue as possible pitfall in following up thyroid
cancer: (a) transaxial slice; (b) coronal slice. Due to image
fusion, FDG uptake can easily be correlated with fatty tissue
in CT.
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additional information in about 45%, and a change of
therapeutic management in about 10–15% of patients.

Despite that rhTSH stimulated Tg and ultrasonography
are the basis for following up thyroid cancer patients, and
are probably sufficient for low-risk patients, the whole 
armamentarium of modern nuclear medicine investigations
may be necessary for individual treatment planning of
high-risk patients with elevated serum thyroglobulin.96–97
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Adrenal tumors
Christiane Franzius and Otmar Schober

BBaacckkggrroouunndd
The adrenal glands are two small retroperitoneal organs
composed of a cortex and a medulla. These components
are of entirely different tissue embryologically, histologi-
cally, and functionally. The cortex is responsible for the
synthesis and excretion of adrenal steroid hormones and 
is divided into three histological and functional zones.
The outer zone produces the principal mineralocorticoid
aldosterone, the middle zone produces glucocorticoids,
primarily cortisol, and the inner zone the androgenic hor-
mones androstenedione and dehydroepiandrosterone
(DHEA, and the sulfate DHEAS). Growth and secretory
functions of cortisol and adrenal androgenic hormones are
controlled by the anterior pituitary adrenocorticotropic
hormone (ACTH). Aldosterone secretion is controlled 
by extracellular sodium concentration, blood volume,
and the renin–angiotensin–aldosterone system (RAAS) via
angiotensin 2. Cholesterol is the principal metabolic pre-
cursor of the adrenocortical steroids. Consequently, choles-
terol analogs are used for adrenal scintigraphy.1–3

The adrenal medulla is embryologically derived from the
neural crest, and is a part of the sympathetic nervous
system. The adrenal medulla secrets the catecholamines
epinephrine and norepinephrine. Radiolabeled cate-
cholamine analogs are used for scintigraphic imaging of
tumors deriving from the sympathetic nervous system.2–4

AAddrreennooccoorrttiiccaall  ttuummoorrss
The hypersecretion of different steroid hormones leads to
different clinical symptoms and syndromes.1

Cushing’s syndrome is caused by excess glucocorticoids,
usually cortisol. The clinical signs are hypertension, obesity,
purple striae, and virilization. The hypercortisolism 

results from excessive ACTH secretion from the pitu-
itary, from ectopic sources stimulating adrenal cortisol
secretion (ACTH dependent), or directly from an adrenal
adenoma or bilateral nodular adrenal hyperplasia (ACTH
independent).

Primary aldosteronism is caused by adrenal adenoma or
bilateral hyperplasia excessively producing aldosterone.
The correct treatment of patients depends upon distin-
guishing these two possibilities. Because aldosterone does
not suppress ACTH secretion, dexamethasone medication
is used during adrenal scintigraphy for the suppression of
tracer uptake in normal adrenocortical tissue. Thus, the
detection and lateralization of aldosterone-producing 
adenomas is enhanced.

In hyperandrogenism the excess androgens may origi-
nate from the ovaries, the adrenals, or though peripheral
conversion of androstenedione to testosterone. Androgen
secretion by the adrenal gland is controlled by ACTH,
and androgen secretion by the ovaries is controlled by
pituitary luteinizing hormone (LH). Usual suppression
and stimulation tests of the ovaries and adrenals, however,
do not reliably identify the origin of excess androgen 
production. Dexamethasone suppression scintigraphy
with cholesterol analogs is used to evaluate patients in
whom an adrenal source of androgen hypersecretion is
suspected.

Adrenocortical carcinoma is an extremely rare disease.
Only 60% of the carcinomas produce hormones, most of
them aldosterone. Diagnosis is usually late. Metastases
occur in the liver, lungs, and bones. Lymph node metastases
are also common. Most adrenocortical carcinomas do not
show an increased tracer uptake in adrenal scintigraphy
with cholesterol analogs, but there are exceptions. These
highly aggressive tumors may show an increased glucose
metabolism, and therefore [18F]fluoro-2-deoxy-D-glucose
(FDG) may be used for imaging with positron emission
tomography (PET).5
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TTuummoorrss  ooff  tthhee  aaddrreennaall  mmeedduullllaa
aanndd  ootthheerr  ttuummoorrss  ddeerriivviinngg  ffrroomm
tthhee  ssyymmppaatthheettiicc  nneerrvvoouuss  ssyysstteemm
Tumors deriving from the sympathetic nervous system 
are pheochromocytomas, neuroblastomas, paragangliomas,
and ganglioneuromas/ganglioneuroblastomas. These tumors

occur in the adrenals and in other tissues of the sympa-
thetic nervous chain. Pheochromocytomas are rare; 85% 
are benign, and 15% are malignant. The sole criterion 
for malignancy is the presence of metastases. Some 90% 
of pheochromocytomas are unilateral, and 10% are 
bilateral; 85% are localized in the adrenal glands; 10% are
recognized within the multiple endocrine syndrome
(MEN) type 2, von Hipple–Lindau disease, or neurofibro-
matosis (von Recklinghausen’s disease). The clinical signs
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FFiigguurree  1122..22
A 34-year-old male patient presenting with hypertension and
hypokalemia. Magnetic resonance imaging (MRI) shows
normal-sized adrenal glands but a mass ventral and medial of
the left renal pelvis. Planar [131I]norcholesterol dexamethasone
suppression scintigraphies (views from ventral and dorsal)
demonstrate increased tracer uptake ventral of the left kidney
on day 3 (a) and even more intense on day 5 (b, arrow). The
focus on the right hand side on day 3 (a, dotted arrow) fades
on the following days. SPECT with low-dose CT (left SPECT,
right SPECT–CT fusion) clearly shows focal tracer uptake in 
the mass ventral and medial of the left renal pelvis on days 3
and 5 (arrows), which was revealed to be an aldosterone-
producing adenoma. The focus on the right hand side on the
day 3 SPECT is unequivocally physiological gall bladder activity
(dotted arrow).

day 3

R L L R

FFiigguurree  1122..11
A 50-year-old female patient presenting with Cushing’s
syndrome, enlargement of the right adrenal gland, decreased
adrenocorticotropic hormone (ACTH), and increased cortisol.
Planar [131I]norcholesterol scintigraphy (views from ventral and
dorsal) demonstrates slightly increased tracer uptake of the
right adrenal gland on day 3 (arrow). Single photon emission
computed tomography (SPECT) with low-dose computed
tomography (CT) (left CT, middle SPECT, right SPECT–CT fusion)
clearly shows focal tracer uptake of the endocrine active
adenoma in the right adrenal gland.
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of pheochromocytoma include headache, palpitations,
hyperhidrosis, and hypertension. Paroxysms may be trig-
gered by emotional stress, physical exercise, and palpation
of the tumor.4

Neuroblastoma is the most common solid tumor in
childhood. Most primary tumors arise in the adrenal gland,
but they can arise anywhere along the sympathetic chain.

Some 15–20% of primary tumors are located in the thorax.
At presentation, about 60% of patients have metastases in
cortical bones, bone marrow, lymph nodes, and liver. The
most common presenting signs and symptoms include a
palpable mass and the secondary conditions associated
with bone marrow involvement which are anemia, throm-
bocytopenia, and leukopenia.6

Adrenal tumors 117799
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FFiigguurree  1122..33
A 37-year-old female patient with an enlargement of the left adrenal gland and increased dehydroepiandrosterone (DHEA). Planar
[131I]norcholesterol dexamethasone suppression scintigraphy (view from dorsal, day 3) demonstrates increased tracer uptake in both
adrenal gland and physiological gall bladder activity (dotted arrow) on day 3. SPECT with low-dose CT (left CT, middle SPECT, right
SPECT–CT fusion) clearly shows focal tracer uptake in both adrenal glands (arrows) and uptake in the gall bladder (dotted arrow).
This is the typical pattern of bilateral adrenal hyperplasia.
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FFiigguurree  1122..44
A 58-year-old male patient with hypertensive crises, increased urinary catecholamines, and an enlarged right adrenal gland. Planar
[123I]meta-isomer of iodobenzylguanidine (MIBG) scintigraphies (view from dorsal) demonstrate increased tracer uptake in the right
adrenal gland 4 h after injection (a, arrow) and even more intense 24 h after injection (b, arrow). SPECT shows focal tracer uptake
in the right adrenal gland (arrow) and slightly increased tracer retention in both renal pelvises (dotted arrows). The pheochromocytoma
of the right adrenal gland was confirmed histologically.

FFiigguurree  1122..55
A 43-year-old male patient with a metastasized pheochromocytoma. Planar [123I]MIBG scintigraphy (views from vertral and dorsal)
24 h after injection shows increased bone marrow uptake due to an extended bone marrow infiltration.
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OOtthheerr  aaddrreennaall  ttuummoorrss
Adrenal metastases deriving from extra-adrenal maligno-
mas are rare conditions. The most common malignoma
producing adrenal metastases is lung cancer (Figure 12.10).7

DDiiaaggnnoossttiicc  mmooddaalliittiieess
AAddrreennooccoorrttiiccaall  sscciinnttiiggrraapphhyy
Conventional scintigraphy and single
photon emission computed
tomography (SPECT)
Adrenocortical scintigraphy is based on radiolabeled cho-
lesterol, as cholesterol is the principal precursor in the syn-
thesis of adrenocortical steroid hormones. 131I-or 75 Se labeled
norcholesterol analogs with high affinity to the adrenal
cortex and great in vivo stability are used, e.g. 131I-labeled
6β-iodomethyl-19-norcholesterol (NP-59). After slow
intravenous injection, NP-59 is transported by low-density
lipoproteins (LDLs), and uptake in the adrenocortical cell
is via LDL-receptors. Once located within the adrenal
cortex, NP-59 is esterified, but it does not enter the steroid

metabolic pathway. Esterified NP-59 is metabolically inert
and cannot be converted back to free NP-59. Thus, it is
trapped irreversibly within the cell. Adrenocortical cellular
uptake of NP-59 is increased with an increased adrenocor-
tical steroid hormone synthesis and increased plasma
ACTH level. A high serum cholesterol level can reduce NP-
59 uptake.2,3

PPrreeppaarraattiioonn  ooff  ppaattiieennttss
Prior to NP-59 application the iodine uptake of the thyroid
should be blocked, e.g. with perchlorate, which blocks the
sodium iodide symporter. The treatment is continued for 
2 weeks after NP-59 application. In addition, all patients
studied for hyperaldosteronism or hyperandrogenism
receive 5 mg of oral dexamethasone daily, starting 7 days
prior to injection and ending on the last day of imaging, to
suppress pituitary ACTH secretion. Medication that influ-
ences the renin–angiotensin–aldosterone system has to be
paused (Table. 12.1).

IImmaaggiinngg
NP-59 is administered intraveously with an activity 
of 20–40 MBq. Sufficient time must be allowed between
NP-59 injection and imaging for the clearance of

Adrenal tumors 118811

FFiigguurree  1122..66
A 3-year-old boy with a neuroblastoma relapse in the left femur. [18F]fluoro-2-deoxy-D-glucose-positron emission tomography (FDG-
PET) (a), [99mTc] methylene diphosphonate (MDP) bone scintigraphy (b), and [123I]MIBG scintigraphy (c) clearly demonstrate increased
tracer uptake in the left femur (arrows). No other metastases are visible.

B CA
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background activity. The usual imaging interval is 3–5 
(or 7) days after injection. Planar scintigraphy is performed
in posterior view with a high-energy collimator. An acqui-
sition time of 10 min is usually sufficient. Using a double-
head γ camera, the additional anterior projection should be
acquired for the assessment of bowel activity. Because of
biliary elimination, activity within the gall bladder or
bowel can superimpose the adrenal region. Therefore, it is
recommended to give laxatives the day before the first scan.
For exact anatomical orientation and unequivocal judg-
ment, lateral views, SPECT(–CT), or comparison with com-
puted tomography (CT) or magnetic resonance imaging
(MRI) is helpful.8

In some patients, the right adrenal gland shows a 
physiologically higher intensity on planar images in the
posterior view because of the dorsal location of the right
gland. In planar dexamethasone suppression scintigraphy,
visible adrenal activity before day 5 after injection is 
pathological. A normal scan demonstrates bilateral adrenal 
activity on day 5.3

AAddvveerrssee  rreeaaccttiioonnss  aanndd  rraaddiiaattiioonn  eexxppoossuurree
Even with slow injection of NP-59, in about 8% of patients
there are side-effects such as hypertensive crisis, flush,
headache, and nausea. The radiation exposure of the exam-
ination is relatively high. The effective dose in adults is 
1.5 mSv/MBq [131I]NP-59, which is about 30 mSv after
application of 20 MBq [131I]NP-59. The adrenal dose is up
to 4 mSv/MBq, and lower in dexamathasone-suppression
scintigraphy.2

IInntteerrpprreettaattiioonn
In ACTH-dependent hypercortisolism, excessive ACTH
secretion from the pituitary gland or ectopic ACTH pro-
duction from an occult neoplasm leads to bilateral adrenal
hyperplasia. Usually, in this situation there is no need for
adrenal scintigraphy. If performed, scans demonstrate a
symmetrical increased adrenal NP-59 uptake. The classical
pattern of a glucocorticoid-producing adrenal adenoma
(ACTH independent) is increased NP-59 uptake in the

118822 Advances in Nuclear Oncology

Table 12.1 Most important drugs that are
known or may be expected to interfere with
6β-iodomethyl-19-norcholesterol (NP-59)
uptake and/or storage

Diuretics

ACE inhibitors, e.g. captopril and enalapil

Vasodilative drugs, e.g. minoxidil

Calcium antagonists, e.g. verapamil

Central α-sympathomimetics such as clonidine and
methyl-DOPA

Peripheral α1-receptor-blockers, e.g. prazosin

β-Receptor blockers

Aldosterone antagonists, e.g. spironolactone

ACE, angiotensin converting enzyme; DOPA, 3,4-dihydroxy-2-
phenylalanine.

R L

FFiigguurree  1122..77
A 52-year-old female patient with a metastatic
pheochromocytoma relapse in the left adrenal region, spleen,
pulmonal, and pleural (apex and base of the left lung).
[11C]hydroxyephedrine-PET (HED-PET)–CT with low-dose CT
(maximum intensity projection ((MIP) and coronal slices, left 
CT, middle PET, right PET–CT fusion) demonstrates increased
tracer accumulation in all tumor manifestations (arrows).
Furthermore, there is high HED accumulation in the right
renal pelvis and the right ureter (dotted arrows).
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affected gland and absent uptake in the contralateral gland
(Figure 12.1). The decreased or absent uptake in normal
tissue is caused by the suppression of ACTH. Unilateral
NP-59 uptake can also be present in unilateral carcinoma.
However, as carcinomas function poorly, there can also be no
uptake in the adrenal glands in the rare case of carcinoma.

In aldosteronomas, dexamethasone suppression imaging
is used to enhance detection and localization of aldos-
terone-producing adenomas. Usually there is an early (day
3 or 4) unilateral uptake, with absent or poor visualization

of the contralateral gland (Figure 12.2). This is a very spe-
cific sign for adenomas. Because of the small size of many
adenomas, the sensitivity is limited. In patients with hyper-
plasia, uptake is usually symmetrical and is visualized
before day 5 (Figure 12.3).

The same patterns as shown in hyperaldosteronism 
can be found in hyperandrogenism. After adrenalectomy,
NP-59 can be used to visualize functioning remnants that
cannot be depicted by morphological imaging or selective
hormone sampling.8–11

Positron emission tomography 
with FDG-PET
There is no indication for FDG-PET in adrenocortical
hyperplasia or adenoma, as these benign conditions usually
do not show an increased glucose metabolism.12,13 FDG-
PET publications in adrenocortical carcinoma are limited.
Reports of single cases suggest a high sensitivity in the
detection of recurrences of adrenocortical carcinoma.

FDG-PET may be extremely helpful in the detection of
adrenal metastases deriving from other tumor entities such as
lung cancer. The sensitivity of FDG-PET is reported to be
between 93% and 100% in patients with non-adrenal cancer;
the specificity is reported to be between 90% and 100%.7,14,15

SScciinnttiiggrraapphhyy  ooff  ttuummoorrss  ddeerriivviinngg
ffrroomm  tthhee  ssyymmppaatthheettiicc  nneerrvvoouuss
ssyysstteemm
Conventional scintigraphy and SPECT
Scintigraphic imaging of tumors deriving from the adrenal
medulla is based on radiolabeled catecholamine analogs 
or precursors. The commercially available 123I- or 131I-
labeled meta-isomer of iodobenzylguanidine (MIBG) is
the most widely applied tracer. The cellular uptake mecha-
nism is the norepinephrine reuptake (so called uptake one)
into the presynaptic sympathetic neuron and thus into the
adrenomedullary cells, neuroblastoma, and pheochromo-
cytoma cells.16 About 90–95% of tumors deriving from 
the sympathetic nervous system demonstrate an increased
MIBG uptake. Pharmacological intervention studies and
clinical observations show that MIBG uptake is blocked by
uptake- one inhibitors such as tricyclic antidepressants,
cocaine, and reserpine. Most α and β blocking drugs are
without any effect on the MIBG uptake. The usual MIBG
distribution includes uptake in the salivary glands,
myocardium, and liver, and excretion via the urinary tract.
Colon activity may also be observed; uptake in the thyroid
gland may be seen, if it is inadequately blocked. In renal
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FFiigguurree  1122..88
A 57-year-old male patient with a metastatic
pheochromocytoma and multiple tumor manifestations in soft
tissue and bones. [11C]-HED-PET–CT with low-dose CT (MIP and
transverse slices, left CT, middle PET, right PET–CT fusion)
demonstrates an increased tracer accumulation in all tumor
manifestations. Furthermore, there is high HED accumulation
in the right renal pelvis and the right ureter.
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failure the image quality is severely impaired by high back-
ground activity and increased colon excretion.

PPrreeppaarraattiioonn  ooff  ppaattiieennttss
Before imaging, any interfering medication has to be
stopped early enough (Table 12.2). Thyroid uptake of free
radioiodine should be blocked, e.g. with perchlorate.

IImmaaggiinngg
[123I]MIBG is used for diagnostic purposes. The appli-
cation of [131I]MIBG is applied only in the case of
MIBG therapy. [123I]MIBG is administered by slow intra-
venous injection of 400 MBq in adults, with appropriate
downscaling in children. Planar whole-body imaging in
anterior and posterior views and lateral views of the 
head are performed 4 h, 24 h, and in some cases 48 h post-
injection. Additional SPECT (or even better SPECT–CT
with low-dose CT) is extremely helpful, and therefore 
recommended.17

AAddvveerrssee  rreeaaccttiioonnss  aanndd  rraaddiiaattiioonn  eexxppoossuurree
Adverse effects of MIBG such as tachycardia, pallor, vomiting,
and abdominal pain are very rare when slow injection is used.
Rapid injection is contraindicated since it can induce these
effects. The estimated effective doses following administration
of [123I]MIBG are 0.013 mSv/MBq (adult), 0.017 mSv/MBq
(15 years old), and 0.037 mSv/MBq (5 years old).

IInntteerrpprreettaattiioonn
The sensitivity of [123I]MIBG scintigraphy is about 90% in
the detection of neuroblastoma and pheochromocytoma

and their metastases (Figures 12.4 and 12.5). The diagnosis
of these tumors is established biochemically by measuring
the level of urinary and plasma catecholamines and their
metabolites. Today there are several morphological and
functional imaging methods available that predict tumor
localization and tumor extent and give anatomic informa-
tion. CT and MRI are the morphological imaging modali-
ties of choice in localizing these tumors. Both provide
excellent anatomical details and the sensitivity is very high.
Both lack in specificity, as difficulties may occur in distin-
guishing between tumors deriving from the sympathetic
nervous system and other tumor entities. The major advan-
tages of [123I]MIBG imaging are high sensitivity, especially
in the depiction of extra-adrenal tumors and metastases,
very high specificity, and the routine use of whole-body
scanning. Furthermore, in follow-up examinations func-
tional imaging is not influenced by postoperative artifacts
such as scar tissue or metallic clips. Therefore, [123I]MIBG
imaging is used for characterization of adrenal lesions and
for staging of tumors deriving from the sympathetic nerv-
ous system. The MIBG avidity influences the choice of
follow-up examinations. Usually, [123I]MIBG scintigraphy
is necessary before [131I]MIBG therapy of these tumor enti-
ties, and is excellent for monitoring therapy.6,16,17

Positron emission tomography
PPEETT  wwiitthh  [[1111CC]]  hhyyddrrooxxyyeepphheeddrriinnee  ((HHEEDD--PPEETT))
HED is a catecholamine analog that has been specifically
developed for imaging the sympathetic nervous system
using PET.18 Comparable to MIBG, HED uptake reflects
catecholamine transport, storage, and catecholamine recy-
cling. For imaging, patients receive an intravenous injec-
tion of 370 MBq with adaptation of activity to lower body
weight in children. Medication that interferes with uptake
one has to be stopped in advance (Table 12.2). Whole-body
PET acquisition is started 3–5 min after the injection.
Because of the short half-life of 11C, PET–CT scanners with
no need for time-consuming radioactive source-based
transmission measurement are preferred. Kinetic studies
show a rapid accumulation and high retention of HED in
localized neuroblastomas and pheochromocytomas.19,20

Due to the favorable physical conditions of positron emit-
ters, HED-PET enables higher spatial resolution than does
[123I]MIBG scintigraphy. First clinical whole-body HED-
PET studies demonstrate that the high image quality results
in the detection of more lesions and even small lesions
(Figures 12.7, 12.8 and 12.9).21,22 Whereas [123I]MIBG
scintigraphy requires at least 18–24 h to achieve tumor-to-
background ratios adequate for imaging, whole-body HED-
PET is completed in one examination within 30 minutes
after injection. [123I]MIBG scintigraphy requires at least
two, and in the case of SPECT, up to four, acquisition ses-
sions. This advantage of HED-PET is especially beneficial
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Table 12.2 Most important drugs that are known
or may be expected to interfere with the uptake
and/or storage of the norepinephrine analogs
[123I]meta-isomer of iodobenzylguanidine
(MIBG), [11C]hydroxyephedrine (HED)

Opioids, cocaine, tramadol

Tricyclic antidepressants, e.g. amitriptyline and derivates,
imipramine and derivates, amoxapine, loxapine, doxepine

Sympathicomimetics, e.g. dopamine, salbutamol,
terbutaline, xylometazoline

Antihypertensive and cardiovascular agents, e.g. labetalol,
metopropol, amiodarone, reserpine, calcium channel
blockers, ACE inhibitors

Antipsychotics, e.g. phenothiazines, thioxanthenes,
butyrophenones
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in children, where the shorter scanning time improves com-
pliance and reduces sedation (or anesthesia) time.23 Because
of the short half-life of 11C, whole-body radiation exposure is
considerably lower using HED-PET as compared with
[123I]MIBG scintigraphy. However, due to the short half-life
of 11C, an on-site cyclotron is necessary. Therefore the avail-
ability is limited. Furthermore, the on-site production for
every patient is time-consuming and cost intensive. Due to
the renal excretion during imaging, tumor manifestations
next to the kidney or ureter may be missed using HED-PET.

PPEETT  wwiitthh  LL33,,44--ddiihhyyddrrooxxyy--22--pphheennyyllaallaanniinnee  ((LL--DDOOPPAA--PPEETT))
Both [18F] L-DOPA-PET and [11C] L-DOPA-PET, show
higher sensitivities in the detection of pheochromocytoma
manifestations than [123I]MIBG scintigraphy with and

without SPECT.24–26 The specificities of radiolabeled 
L-DOPA-PET and [123I]MIBG scintigraphy are comparably
high. Additionally, PET with radiolabeled L-DOPA can be
used for other neuroendocrine tumors such as carcinoids or
gastrinomas, with high performance characteristics. Up to
now there are no studies comparing PET with HED and
radiolabeled L-DOPA in neuroblastoma and pheochromo-
cytoma patients.

PPEETT  wwiitthh  [[1188FF]]FFDDGG  ((FFDDGG--PPEETT))
The published experience on tumors of the sympathetic
nervous system and FDG-PET is limited. In one large study
in patients with high-risk neuroblastoma, FDG-PET was
found to be sensitive in the detection of soft-tissue and
extracranial osseous neuroblastoma lesions (Figure 12.6).6

Adrenal tumors 118855
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FFiigguurree  1122..99
A 4-year-old boy with a large neuroblastoma in the lower abdomen and bone marrow infiltration. (a) Planar [123I]MIBG
scintigraphies (view from ventral and dorsal) and SPECT (left CT, middle SPECT, right SPECT–CT fusion) demonstrate increased tracer
uptake in the neuroblastoma in the lower abdomen (arrow) and in the bone marrow.
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FFiigguurree  1122..99,,  ccoonntt’’dd
(b) [11C]HED-PET–CT with low-dose CT (MIP, coronal and transverse slices, left CT, middle PET, right PET–CT fusion) demonstrates
increased tracer accumulation in the neuroblastoma in the lower abdomen (arrow) and in the bone marrow. Furthermore, there is
high HED accumulation in the left renal pelvis and the left ureter (dotted arrows).

R L
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FDG-PET is recommended in neuroblastoma and
pheochromocytoma with negative [123I]MIBG scintigra-
phy, negative [11C]HED-PET, or negative [18F]l-DOPA-
PET.27–29 FDG uptake is particularly high in patients with
aggressive pheochromocytoma.30

Further studies are required to elucidate the role of PET
with various tracers in imaging tumors deriving of the
sympathetic nervous system.
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A 59-year-old patient with non-small-cell lung cancer in the middle lobe. FDG-PET–CT with low-dose CT (transverse slices, left PET,
middle PET–CT fusion, right CT) shows clearly increased FDG uptake in the primary tumor and metastases in the mediastinum,
right adrenal gland, and right femur.
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13
Neuroendocrine gastroenteropancreatic (GEP)
tumors
Emilio Bombardieri, Angela Coliva, Marco Maccauro, Ettore Seregni,
and Irene Virgolini

BBaacckkggrroouunndd
In recent years, nuclear medicine has become strategic in
the diagnosis of neuroendocrine tumors, thanks to the
good diagnostic performance of somatostatin radiolabeled
analogs used for scintigraphic imaging.1–3 Other radio-
pharmaceuticals are proposed for use in this area. Some 
precursors of the catecholamine metabolism, such 
as metaiodobenzylguanidine (MIBG), find their main 
indication for tumors of sympathoadrenal lineage, while
different peptides with affinities for various receptors have
been studied in many experimental clinical trials.4–6

The peculiarity of nuclear medicine imaging is that it
allows functional information to be obtained based on the
kinetics and biodistribution of particular radiolabeled 
substances, providing images of cellular structures involved
in metabolic processes. In recent years, tremendous techno-
logical progress has been obtained in scintigraphic imaging,
using both γ cameras and positron emission tomography
(PET). One of the most relevant achievements is image
fusion using dedicated software and hybrid instrumentation
(single photon emission computed tomography– computed
tomography (SPECT–CT, PET–CT) that allow the combina-
tion of both functional and morphologic information.
Nowadays, nuclear medicine diagnostic modalities can be
divided into two fields of application, according to the detec-
tion technique: (1) scintigraphy with γ emitting radiophar-
maceuticals (planar scintigraphy and SPECT) and (2) PET.

Neuroendocrine tumors are a heterogeneous group of
tumors that have recently been reconsidered in terms of
biology and classification. Today it is universally accepted
that they derive from pluripotent stem cells or differenti-
ated neuroendocrine cells and the term ‘neuroendocrine’
defines cells and tumors with a characteristic pattern of
histology (particular pathological staining, secretory prod-
ucts, and presence of specific cytoplasmic proteins). There-
fore, the neuroendocrine cell system includes all neuronal
and endocrine elements that share a common phenotypic

program characterized by the simultaneous expression 
of specific marker proteins (neuroendocrine markers) 
and cell type-specific hormonal products. These peptides
are contained within membrane-bound vesicles from
which they are released by exocytosis in response to exter-
nal stimuli. On the basis of the above definition and their
anatomical and clinical features, neuroendocrine tumors
can be classified into different types: (1) neuroendocrine
tumors from the gastroenteropancreatic (GEP) tract (pan-
creatic endocrine tumors; neuroendocrine tumors of the
stomach; duodenum; jejunum, appendix, and cecum;
colon and rectum;) (2) tumors of sympathoadrenal lineage
(pheochromocytoma, paraganglioma, neuroblastoma);
(3) medullary carcinoma of the thyroid gland; (4) multiple
neuroendocrine neoplasia (MEN 1, MEN 2A, MEN 2B);
neuroendocrine tumors of the lung; and (5) pituitary
tumors (Table 13.1). In this chapter we will discuss nuclear
medicine applications in only neuroendocrine gastroen-
teropancreatic tumors, since they constitute about 2% of
gastrointestinal malignancies and their clinical impact is
increasing more and more.

DDiiaaggnnoossttiicc  aapppprrooaacchheess
Neuroendocrine GEP tumors include the so-called carci-
noid tumors and endocrine pancreatic tumors. The carci-
noid tumors can be divided into three groups: (1) foregut
tumors (50–60% of total), mainly located in the gastric
mucosa, duodenum, lung, and thymus; (2) midgut carci-
noids (20–25%), located in the distal ilium and the
jejunum; and (3) hindgut tumors (15–30%), located in the
distal colon and rectum. The typical carcinoid syndrome
(flushing, diarrhea, heart disease, bronchial constriction,
and high levels of 5-hydroxyindole acetic acid in the urine),
when present, is mainly related to midgut carcinoids;
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however, it can also be observed in patients with lung 
carcinoids.7,8

The diagnosis of neuroendocrine tumor is based on dif-
ferent approaches, starting with the physical examination
(Table 13.2). Endocrine pancreatic tumors are located in
the pancreas and can be classified as functioning (about
60%) and non-functioning tumors (about 40%). The 
clinical syndrome depends on the circulating levels 
of secretory products. High blood levels of glucagon 
cause hyperglycemic glucagonoma syndrome, hyperinsu-
linemia determines the hypoglycemic syndrome, elevated
levels of vasoactive intestinal peptide (VIP) are related to
Verner–Morrison syndrome, and the hypersecretion of
gastrin is associated with Zollinger–Ellison syndrome.
Non-functioning tumors produce different substances
such as chromogranin A, pancreatic polypeptide (PP), and
also hormones, but they do not induce clinical syndrome.

The diagnosis is always based on histopathology,
which is fundamental, since it also has a prognostic value.
Immunohistochemistry, using antibodies targeting several
specific neuroendocrine markers, such as chromogranin 
A, neuron-specific enolase (NSE), and synaptophysin, can
be helpful. Staining for hormones can help diagnosis in
patients with clinical syndrome. Proliferation markers
(Ki67 or MIB-1 antigen) give information about biological
aggressiveness. The World Health Organization (WHO)

has established new criteria for classification, taking 
into account both the classical structural criteria and the
proliferation index (PI) ki67 expression. Three groups of
tumors can be identified: well-differentiated endocrine
tumors (PI <2 %), well-differentiated endocrine carcino-
mas (2% < PI < 15%), poorly differentiated endocrine carci-
nomas (PI > 15%), and mixed exocrine–endocrine tumors.

Tests for circulating tumor markers such as chromo-
granin A or NSE can give some useful information; their
diagnostic value is satisfactory in the presence of a large
tumor mass, and also for monitoring therapy. Some 
false-negative results can be described in the case of small
tumors or in poorly differentiated carcinoma. Other tumor
markers such as VIP, PP, and carcinoembryonic antigen
(CEA) have, at present, only experimental value. When a
clinical syndrome is observed and symptoms are present,
the measurement of specific hormones or metabolites
reveals great value for diagnosis.

Radiological diagnosis can be performed by ultrasonog-
raphy (US), CT, or magnetic resonance imaging (MRI).
Data from the literature indicate that these modalities are
able to depict 65–75% of lesions; however, the sensitivity
changes according to the size of the lesion and location of
the tumor. Of course, the diagnostic sensitivity of MRI and
CT is higher in visualizing lesions larger than 1–2 cm in size.
Endoscopic ultrasonography (EUS) has great diagnostic

119900 Advances in Nuclear Oncology

Table 13.1 Classification of neuroendocrine tumors

Neuroendocrine tumors of the Pancreatic endocrine tumors (gastrinomas, insulinomas, VIPomas,
gastroenteropancreatic tract (GEP) glucagonomas, somatostatinomas)

Neuroendocrine tumors of the stomach
Neuroendocrine tumors of the duodenum
Neuroendocrine tumors of the jejunum, appendix, and cecum
Neuroendocrine tumors of the colon and rectum

Tumors of sympathoadrenal lineage Pheochromocytoma
Paraganglioma
Neuroblastoma

Medullary carcinoma of the thyroid
gland (MTC)

Multiple neuroendocrine neoplasia (MEN) MEN 1 (hyperplasia or neoplasia of anterior pituitary, parathyroid gland,
duodenopancreatic endocrine system, adenomas or hyperplastic nodules
of adrenal and thyroid glands, multiple lipomas)

MEN 2A syndrome (MTC, pheochromocytoma, hyperplasia of parathyroid 
gland)

FMTC (MTC)
MEN 2B (rare parathyroid involvement; neurinomas, muscoloskeletal 

abnormalities, disturbances of intestinal motility)

Neuroendocrine tumors of the lung

Pituitary tumors

FMTC, familial MTC; VIP, vasoactive intestinal peptide.
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value for certain tumors with a particular anatomical 
localization. EUS allows the examination to be performed
using a flexible endoscopic probe, which can reach the area
including and surrounding the cancer, increasing the accuracy
of the test. EUS for tumors of the duodenum and pancreas
shows a sensitivity and a specificity of around 90%.

Several radiopharmaceuticals have shown great affinity
for these neoplasms, and they are used in visualization of
the lesions by nuclear medicine modalities (Table 13.3).
Molecular studies have revealed the existence of five 
distinct somatostatin receptor types (SSTR) with different
tissue distributions. These receptors have been cloned, and
are termed SSTR1, SSTR2 (with two splice variants, SSTRA

and SSTRB), SSTR3, SSTR4 and SSTR5. Of the five major
subtypes, SSTR2 and SSTR5 are the ones most commonly
expressed in GEP tumors, which express receptors in
80–90% of cases. However, there is a considerable variation
in somatostatin receptor expression in different tumor
types and among tumors of the same type. The somato-
statin analogs bind somatostatin receptors, and the most
widely used radiolabeled somatostatin analog for planar
scintigraphy and SPECT is [111In]DTPA-octreotide 
(pentetreotide), (where DTPA is diethylenetriaminepenta-
acetic acid), commercially available. Other analogs 
labeled with γ emitting radiopharmaceuticals can be used,
such as [99mTc]EDDA/HYNIC-TOC (ethylenediaminedi-
acetic acid/hydrazynonicotinyl-Tyr3-octreotide) [99mTc]P829
(depreotide), [111In]DOTA-lanreotide (where DOTA is
tetraazacyclododecanetetracetic acid), [111In]DOTA-
NOC-ATE (1-NaI3-Thr8-octreotide), and [111In]DOTA-
BOC-ATE, (Bz Thi3-Thr8-octreotide).9–14 However, at pres-
ent these compounds have importance only for limited
studies, since they are not available on the market. Other
non-somatostatin analog peptides labeling receptors
expressed by neuroendocrine tumors and suitable for
SPECT scintigraphy are of potential interest, such as [123I]
VIP and [111In]GLP-1 (glucagon-like pancreatic pep-
tide).15,16 Metaiodobenzylguanidine (MIBG) labeled with
123I or 131I accumulates in neuroendocrine tissues, in partic-
ular those of sympathoadrenal lineage, while its sensitivity
for other neuroendocrine types is so far lower than that of
somatostatin analogs such as [111In] pentetreotide. In fact,
MIBG is still considered the radiopharmaceutical of first
choice to image neuroblastoma and pheochromocytoma,
but its use in patients with other neuroendocrine tumors is
justified only in those without somatostatin receptors and to
select candidates for therapy with high doses of [131I]MIBG.

An alternative modern nuclear medicine approach to
imaging neuroendocrine tumors is to use radiopharma-
ceuticals labeled with PET radioisotopes, using PET or
PET–CT technology. The most common PET examination
in oncology is PET with [18F]FDG(fluoro-2-dexy-D-glucose).
However, the accuracy of [18F]FDG-PET for neuroen-
docrine tumors is not very high, since these neoplasms 
are often well differentiated and have a low metabolism.
For this reason the FDG uptake is limited in many tumors,
and this affects the overall PET sensitivity. A great avidity
for FDG is shown only for poorly differentiated tumors,
but this kind of neoplasia represents only a small number
of examined patients.17,18 Better results can be obtained
today with [68Ga]DOTA-TOC or [68Ga]DOTA-NOC, which
show a sensitivity and a specificity similar to that of
[111In]pentetreotide, and in some clinical studies even
higher sensitivity and etter specificity.19–22 This radiorecep-
tor-PET approach is very interesting, since tumor localiza-
tion remains based on somatostatin receptor imaging but
its diagnostic performance lies in the great efficacy of PET
systems. The current trend in nuclear oncology is to substitute,
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Table 13.2 Diagnostic work-up 
of neuroendocrine tumors

Physical examination Medical history, signs and symptoms

Laboratory tests Circulating tumor markers 
(chromogranin A, NSE, specific
hormones)

Pathology Histology, specific histological staining
(silver and argyrophil, electron
microscopy: large dense-core
granules, vescicles); immuno-
histochemistry (cytosolic: NSE,
PGP 9.5, p/B2; granule associated:
chromogranin A, B, C; vesicle
associated: synaptophysin,
synapsin, etc.; receptor expression;
mRNA in situ hybridization;
markers of proliferation)

Endoscopy

Morphologic X-rays
imaging Ultrasonography (US)

Endoscopic ultrasonography (EUS)
Computed tomography (CT)
Magnetic resonance imaging (MRI)

Nuclear medicine Planar scintigraphy/single 
imaging photon scintigraphy (SPECT)

with γ-emitting somatostatin
analogs and other radiolabeled
radiopharmaceuticals such as
MIBG

Positron emission tomography
(PET) with positron-emitting
radiopharmaceuticals (glucose 
analogs, catecholamine precursors,
somatostatin analogs)

Image fusion SPECT–CT
modalities PET–CT

NSE, neuron-specific enolase; PGP, protein gene product;
MIBG, metaiodobenzylguanidine.
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progressively, traditional scintigraphy by γ camera with
PET, even if at present the clinical availability of PET 
systems is still a problem in several countries.

SScciinnttiiggrraapphhyy  wwiitthh  g--eemmiittttiinngg
rraaddiioopphhaarrmmaacceeuuttiiccaallss  aanndd  
ssiinnggllee  pphhoottoonn  eemmiissssiioonn
ccoommppuutteedd  ttoommooggrraapphhyy
IImmaaggiinngg  wwiitthh  
rraaddiioollaabbeelleedd  ooccttrreeoottiiddee
Octreotide is a somatostatin analog with high affinity for
receptor subtypes 2 and 5, and it has been the first tracer

applied in the imaging of GEP tumors. This peptide was
initially labeled with [123I] (123I-Tyr3-octreotide), but,
because of the high cost of the reagent, the short half-life of
radioisotope, and the rapid biliar clearance hampering the
abdominal localization, its clinical use was not successful.
111In-labeled octreotide, [111In]DTPA-octreotide, or
[111In]pentetreotide), commercially available as Octreo-
Scan®, became immediately popular.23–25 The relatively
long radioisotope half-life and its pharmacokinetics are
more suitable for diagnostic purposes; the diagnostic pro-
cedure is well tolerated by patients and the irradiation is
similar to that of traditional radiological tests (effective
dose for adults 0.054 mSv/MBq). The uptake of [111In]pen-
tetreotide is usually very elevated in tumor lesions, and this
is the reason why, by using high doses, it is also possible to
carry out successful radioreceptor therapy. However,
at the moment, trials on the therapeutic application of
[111In]pentetreotide are limited in number, in spite of some
interesting results.26–29
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Table 13.3 Radiopharmaceuticals used to visualize gastroenteropancreatic (GEP) tumors

Group Acquisition modality Radioisotope Radiopharmaceutical

Somatostatin analogs

DTPA-octreotide Planar, SPECT 111In [111In]DTPA-OCT
DOTA-Tyr3-octreotide Planar, SPECT 111In [111In]DOTA-TOC
DOTA-Tyr3-octreotide PET 18F [118F]DOTA-TOC
DOTA-Tyr3-octreotate Planar, SPECT 111In [111In]DOTA-TATE
DOTA-Tyr3-octreotate PET 18F [18F]DOTA-TATE
DOTA-Nal3-octreotide Planar, SPECT 111In [111In]DOTA-NOC
DOTA-Nal3-octreotide PET 18F [18F]DOTA-NOC
DOTA-Nal3-octreotate Planar, SPECT 111In [111In]DOTA-NOC-ATE
DOTA-BzThi3-octreotate Planar, SPECT 111In [111In]DOTA-BOC-ATE
EDDA/HYNIC-Tyr3-octreotide Planar, SPECT 99mTc [99mTc]HYNIC-TOC
EDDA/HYNIC-Tyr3-octreotate Planar, SPECT 99mTc [99mTc]HYNIC-TATE
Depreotide Planar, SPECT 99mTc

Other peptides

Vasoactive intestinal peptide (VIP) Planar, SPECT 123I [123I]VIP
Vasoactive intestinal peptide (VIP) Planar, SPECT 99mTc [99mTc]P3654
Glucagon-like pancreatic peptide (GLP) Planar, SPECT 111In [111In]GLP-1R

Catecholamine metabolism

Metaiodobenzylguanidine (MIBG) Planar, SPECT 131I [131I]MIBG
Metaiodobenzylguanidine (MIBG) Planar, SPECT 123I [123I]MIBG
L-DOPA PET 11C [11C]L-DOPA
L-DOPA PET 18F [18F]L-DOPA
5-HTP PET 11C [11C]HTP

Other metabolism

Fluoro-2-deoxy-D-glucose (FDG) PET 18F [18F]FDG

DTPA, diethylenetriaminepentaacetic acid; DOTA, tetraazacyclododecanetetraacetic acid; EDDA, ethylenediaminediacetic acid; HYNIC,
hydrazinonicotinyl; DOPA, dihydroxyphenylalanine; 5-HTP, 5-hydroxy-L-tryptophan; OCT, octreotide; TOC, Tyr3-octreotide; TATE,
Tyr3-octreotate; NOC, 1-NaI3-octreotide; NOC-ATE, 1-NaI3-Thr8-octreotide; BOC-ATE, BzThi3-Thr8-octreotide.
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Clinical evidence in the diagnostic use of OctreoScan®
scintigraphy in GEP tumors reports high accuracy, better
than that of traditional radiological examinations (CT and
MRI). The diagnostic sensitivity ranges between 80 and
100% in the localization of primary lesions and in the 
evaluation of disease extent.30,31 These characteristics are
particularly evident for carcinoids and pancreatic neo-
plasias (except for insulinomas which express somatostatin
receptors in fewer than 70% of cases), and remain the same
for both functioning and non-functioning forms. Other
instrumental examinations (in particular US, spiral CT,
and echoendoscopy in some cases) associated with [111In]
pentetreotide scintigraphy improve the diagnostic accu-
racy.32,33 In a multicentric study performed in our institute
together with the nuclear medicine divisions of Careggi
Hospital (Florence) and the S. Orsola Malpigli Hospital
(Bologna), the diagnostic efficacy of planar scintigraphy
and of SPECT has been evaluated in 253 patients 
bearing neuroendocrine tumours (112 carcinoids), and
data obtained were of high diagnostic value.30 The accuracy
was 82% for primary lesions in abdominal sites, 94% for
hepatic lesions, 91% for soft tissue, and 98% for bone 
localizations (Table 13.4). The results reported by other
authors in the literature confirm these findings. Moreover,
in our experience, the possibility of analyzing the images
also considering semiquantitative evaluation of the 
uptake intensity contributed to improving the global 
accuracy from 90 to 93% and the accuracy for primary
tumors and hepatic metastases up to 99% (Table 13.5).

So, currently [111In]pentetreotide scintigraphy has been
widely adopted in the clinical management of GEP tumors,
where this functional and morphological information is
essential in order to plan the subsequent therapy.33–36

In healthy subjects different organs weakly express somato-
statin receptors, including the thyroid, spleen, liver, kidneys
and, in some patients, also the pituitary. Other organs 
can be visualized in scintigraphy as a result of excretion 
of the radiopharmaceutical by the urinary tract, the 
bladder, the gall bladder, and the colon. Any uptake in a

non-physiologic area reflects the presence of somatostatin
receptor-expressing lesions: this can be a sign of neoplasia,
but also of benign lesions.24

Cellular differentiation seems to be associated with
intense receptor expression, and so pretreatment 
scintigraphic positivity can be considered predictive for
subsequent therapy with somatostatin analog. On the other
hand, poorly differentiated neoplasias do not express
somatostatin receptors and are not shown by scintigraphy.
It is important to note that highly intense areas of uptake
can be observed also in different tumors (lymphomas,
melanomas, sarcomas, breast cancer, thyroid tumors, etc.),
in inflammatory disease such as granulomas and in
autoimmune disease.24,25

The diagnostic sensitivity of scintigraphy with Octreo-
Scan® is elevated for all neuroendocrine tumors, but in
particular for GEP tumors such as carcinoids, gastrinomas,
glucagonomas, and VIPomas, which show high expression
of somatostatin receptors.33 Whole-body images are able to
describe the extent of the disease and to give the oncologist
information about the resectability of the primary tumor
(Figures 13.1–13.4). Scintigraphy shows distant metastases
as areas of focal uptake of the radiopharmaceutical in soft
tissue, in lymph nodes, and in bones (Figure 13.2).
SPECT should be performed in association with planar
scintigraphy in order to better define the relationships of
the lesions with the anatomical structures (Figure 13.3). In
the presence of symptoms or biochemical signals such as an
increase of tumor markers or hormone levels, radiorecep-
tor scintigraphy can discover the relapse of disease 
(Figure 13.4). On the basis of clinical experience, the use of
radioreceptor scintigraphy is consolidated worldwide,
especially for GEP tumors, and the clinical usefulness has
been demonstrated in the following indications:33,37–39

(1) staging and restaging (study of primary tumor and detec-
tion of distant metastases); (2) monitoring/evaluation of
treatment response; (3) patient selection for treatment
with ‘cold’ or radiolabeled analogs; (4) prognostic 
indications on the basis of lesion receptor expression; and

Neuroendocrine gastroenteropancreatic (GEP) tumors 119933

Table 13.4 Results of somatostatin receptor imaging in group according to qualitative evaluation. Data
are expressed on a per-lesion basis, the lesions being subdivided into four major groups

Sites TP FP FN TN SN (%) SP (%) ACC (%) PPV (%) NPV (%)

Primary 41 1 29 100 59 99 82 98 78
Liver 86 3 8 74 91 96 94 97 90
Soft tissue 47 6 9 109 84 95 91 89 92
Bone 12 2 2 155 86 99 98 86 99

TP, true-positive result; FP, false-positive result; FN, false-negative result; TN, true-negative result; SN, sensitivity; SP, specificity; ACC, accuracy;

PPV, positive predictive value; NPV, negative predictive value.
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Table 13.5 Results of somatostatin receptor imaging in group 2 (qualitative and semiquantitative
evaluation). Data are expressed on a per-lesion basis, the lesions being subdivided into four major groups

Sites TP FP FN TN SN (%) SP (%) ACC (%) PPV (%) NPV (%)

Primary 46 3 1 32 98 91 99 94 97

Liver 20 0 1 61 95 100 99 100 98

Soft tissue 3 0 0 79 – – – – –

Bone 1 0 0 0 – – – – –

FFiigguurree  1133..11
Whole-body scan with [111In]pentetreotide of a patient with a
pancreatic mass (neuroendocrine pancreatic cancer). No other
foci of uptake are depicted in the extrapancreatic regions. The
patient underwent surgery.

FFiigguurree  1133..22
Staging with [111In]pentetreotide scintigraphy of a patient with
neuroendocrine pancreatic cancer at presentation.
Visualization of the primary tumor and multiple localizations.
The patient had systemic treatment with somatostatin analogs.

(5) search for tumor with primary unknown origin in patients
with metastasis or elevated levels of circulating markers.

It has been observed that the elevated diagnostic sensi-
tivity of [111In]pentetreotide scintigraphy allows finding
some occult lesions not demonstrated by other conven-
tional diagnostic procedures. This is very helpful in the

management of patients, and sometimes can modify the
therapeutic strategy.40

Scintigraphy with OctreoScan® is performed following a
standard protocol; 220 MBq (6 mCi, 5–6 µg of peptide) of
the radiopharmaceutical are injected intravenously8,9 and
whole-body images are acquired after 24 and 48 hours.
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For some specific sites also tomographic images can be
acquired. The radiopharmaceutical has a rapid plasma
clearance: only 1% of the activity remains in the blood 
24 hours after administration. Excretion is mostly renal:
at 24 hours after administration, 85% of the activity has
been eliminated with the urine. The hepatobiliar or fecal
elimination is less than 2%. Uptake in the lesions is quite
slow, and needs at least 4 hours; for this reason images
should be acquired at 24 and 48 hours, and, in some partic-
ular cases, at 72 hours after injection. A semiquantitative
measurement of the radiopharmaceutical uptake based on
the tumor/background ratio can be calculated on SPECT
images acquired at 4 and 24 hours post-injection; this
parameter seems to be correlated with the intensity of
receptor expression and thus can have a prognostic role.24

Recent technological developments have made available
several hybrid instrumentations that combine both nuclear
medicine and radiological detectors (SPECT–CT). This
approach improves the overall diagnostic accuracy because
morphological and functional data deriving from the two
detector systems can be acquired at the same time in the
same patient.41–43

Another interesting application of [111In]pentetreotide is
radioguided surgery by using dedicated γ probes during the
operation to directly localize somatostatin receptors in the
lesions, define the tumor extent, search local and lymph-node

occult metastases, define the margins of surgery, and 
facilitate their radical resection.44–47 Experience in this 
field is limited; nevertheless, the reported results are
encouraging.

IImmaaggiinngg  wwiitthh  ootthheerr  ssoommaattoossttaattiinn
aannaallooggss  aanndd  ootthheerr  rraaddiioollaabbeelleedd
ppeeppttiiddeess
Many somatostatin analogs have been synthesized and
developed in order to obtain higher affinity for the various
receptor subtypes in comparison with native somatostatin.
Several differences in the chemical structure have led to
related differences also in the affinity of the molecule for

Neuroendocrine gastroenteropancreatic (GEP) tumors 119955

FFiigguurree  1133..33
[111In]pentetreotide single photon emission computed
tomography (SPECT) of the same patient as described in 
Figure 13.2. The transaxial sections better define the sites of
metastases as foci of intense uptake in the liver (segment 4
and 6), the epigastic region, and the adrenal gland.

FFiigguurree  1133..44
Patient with carcinoid already treated with surgery. After a
progressive increase of chromogranin A levels during follow-
up, [111In]pentetreotide scintigraphy showed a focus of uptake
in the mesogastric region. This diagnosis was confirmed with
surgery and following pathology.

9781841846149-Ch13  8/21/07  4:16 PM  Page 195



the five receptor subtypes. Some of these reagents 
(DOTA-Tyr3-octreotide, DOTA-TOC; DOTA-lanreotide,
DOTA-LAN; DOTA-Tyr3-octreotate, DOTA-TATE; DOTA-
Nal3-octreotide, DOTA-NOC) have raised the interest of
physicians also for their potential application as therapeu-
tic agents.2,28,47 Radiopharmaceuticals labeled with 99mTc
seemed to bring some advantages. The biodistribution of
[99mTc]EDDA/HYNIC-TOC shows high physiological
uptake in the kidneys, moderate uptake in the liver and
spleen, and little uptake in the gut, with predominant renal
and negligible hepatobiliary excretion.48 Tumors express-
ing somatostatin receptors demonstrate a high and rapid
[99mTc]EDDA/HYNIC-TOC uptake in imaging acquisition
within the first hours after injection; this shortens the time
for examination. In a similar way it is possible to use
[99mTc]EDDA/HYNIC-TATE, which allows images of high
quality to be obtained a few hours after injection (Figure 13.5).
In clinical application, this scintigraphy has sometimes
revealed more metastases than by using [111In]pentetreotide
imaging. The radiopharmaceutical has also been used for
radioguided surgery.49 On the basis of clinical experience, this
radiopharmaceutical seems to be a good tracer for imaging
tumors expressing somatostatin receptors, thanks to several
interesting clinical characteristics. In particular, the tracer
shows a high specificity for receptors, good biodistribution,
and a high quality of imaging, and allows earlier diagnosis
(from 15 minutes to 4 hours after injection).9 This is not
always an advantage, since tumors expressing somatostatin
receptors with low intensity are sometimes visualized after
days, due to the slow kinetics of the tracer biodistribution and
uptake. Other advantages of [99mTc]labeled compounds
should be low radiation exposure for the patient and favor-
able cost-effectiveness. The literature reports experience with
image fusion analysis combining [99mTc]EDDA/HYNIC-
TOC-SPECT with diagnostic CT (Figure 13.6). In this way it
is possible to obtain better accuracy in patients with known
or suspected endocrine tumors, since image fusion reduces
false-positive results and can detect additional lesions.50

Among other peptides that recognize other receptors
expressed by GEP neuroendocrine tumors, [99mTc]TP3654
has been evaluated. This tracer images cancer cells through
its affinity for VIP receptors, and has been studied also for
tumors of the gastrointestinal tract. The available data are
very few, and [99mTc]TP3654 still has to demonstrate its use-
fulness in current diagnosis of this kind of neoplasia.51–53

A number of clinical experiences have been gained with
[99mTc]depreotide, a somatostatin analog, that visualizes
tumors overexpressing somatostatin receptors. This radio-
pharmaceutical has been Food and Drug Administration
(FDA)-approved for use in the diagnosis of indeterminate
solitary pulmonary nodules and to discriminate malignant
from benign lung lesions. Therefore, it has been rarely used
in patients with GEP tumors, since the majority of studies
have been carried out on lung cancer. Even the reported
overall diagnostic accuracy is acceptable, although clinical

data demonstrate that [99mTc]depreotide-SPECT is less
sensitive than [18F]FDG-PET for the diagnosis of
lung malignancies. At present, [99mTc]depreotide-SPECT
cannot substitute PET in lung cancer staging, and it
remains a second-choice tracer in this indication.54–56

IImmaaggiinngg  wwiitthh  rraaddiioollaabbeelleedd
mmeettaaiiooddoobbeennzzyyllgguuaanniiddiinnee
MIBG is a derivative of guanethidine and acts as an analog of
norepinephrine. MIBG labeled with 123I or 131I can be used as
an index of the integrity and function of the adrenergic
nervous system, especially in the heart. MIBG shows the
same cellular transport system as norepinephrine, and accu-
mulates in neuroendocrine tumors, mainly in pheochromo-
cytoma, neuroblastoma, and paraganglioma.57–59 [123I]MIBG,
due to the physical characteristics of the radioisotope and
the favorable dosimetry, represents the radiopharmaceutical
of choice for SPECT. Nevertheless, the elevated cost and lim-
ited availability are negative factors for extensive clinical use.
[131I]MIBG, however, due to the longer half-life of 131I 
that allows also dosimetric studies, its low cost, and easy
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FFiigguurree  1133..55
[99mTc]EDDA/HYNIC-TOC (ethylendiaminediacetic
acid/hydrazinonicotinil-Tyr3-octreotide) scintigraphy in a patient
with carcinoid syndrome (uknown primary). Somatostatin
receptor scintigraphy was able to identify liver metastases and
multiple skeletal lesions, but not depicted the primary tumor.
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availability, is nowadays the radiopharmaceutical most used
in clinical routine, except for pediatric patients.

Before the scintigraphic examination, the patient has to
be prepared by the oral administration of potassium iodide
or potassium perchlorate to block the thyroid uptake of
free iodine. Moreover, patients should withdraw from some
treatments (α and β blockers) that could interfere with
MIBG uptake, for a time depending on the individual drug.32

37–74 MBq (1–2 mCi) of the radiopharmaceutical is
administered by slow intravenous injection (1–2 minutes).
Using [131I]MIBG, images should be acquired at 24 and 
48 hours post-injection (in some cases 72 hours). Using
[123I]MIBG, the administered activity for adults is about
370 MBq; images should be acquired at 24 hours and only
in some exceptional cases at 48 hours post-injection.
SPECT studies must be carried out at 24 hours post-
injection. The effective dose in adults is 0.013 mSv/MBq for
[123I]MIBG and 0.14 mSv/MBq for [131I]MIBG.60

The biodistribution of MIBG is characterized by uptake
in the normal liver, myocardium, salivary glands, intestines,

spleen, bladder, and thyroid. The adrenal medulla can
sometimes be visualized with [123I]MIBG and more rarely
with [131I]MIBG. In pediatric patients the cardiac uptake
can be elevated, and sometimes uptake in the shoulder and
neck region can be observed. A neuroendocrine tumor 
can be evidenced by a non-physiologic area of uptake.
False-positive cases are very rare because of the high 
specificity of the tracer, but are possible in the presence of
an obstruction in the urinary tract or hyperplasia of the
adrenal glands after a monolateral adrenalectomy.

MIBG scintigraphy has a limited role in the management
of carcinoids and in GEP tumors, while it has found a large
application for the diagnosis of neoplasia of sympatho-
adrenal lineage (Figure 13.7).58 A review of the literature
regarding MIBG scintigraphy reports that about 60–70% of
carcinoids are visualized using this radiopharmaceutical.60–65

MIBG uptake is shown both in primary lesions and in
metastasic sites; the best results can be obtained with
SPECT in hepatic metastasis. A comparison of the diagnostic
sensitivity of MIBG scintigraphy and that of somatostatin
analogs indicates that the latter are better in depicting both
the primary tumor and its metastases. This indication
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FFiigguurree  1133..66
Patient who presented with liver and lymph node metastases
from unknown neuroendocrine primary. [99mTc]EDDA/HYNIC-
TOC scintigraphy demonstrated at whole-body scan (upper
panel) liver and lymph node metastases. SPECT–computed
tomography (CT) image fusion (lower panel) localized the
primary tumor in the lower duodenal tract.

FFiigguurree  1133..77
[131I]MIBG (metaiodobenzylguanidine) whole-body scan of a
patient with multiple metastases from pheochromocytoma.
Scintigraphy shows various pathologic areas of intense uptake
in bone, lung, abdomen, and lumboaortic lymph nodes.
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remains true also for the study of solitary metastasis or for
the diagnosis of unknown primary tumor site in the 
presence of metastasis. Nevertheless, there are some carci-
noids that are not visualized by scintigraphy with Octre-
oScan®, and in contrast are shown by MIBG scan.
Scintigraphy with MIBG is compulsory before the admin-
istration of high therapeutic activity of [131I]MIBG, in
order to assess the potential efficacy of this radiopharma-
ceutical at high doses, such as in the case of nuclear medi-
cine therapy of patients with neuroendocrine tumors that
do not express somatostatin receptors.

PPoossiittrroonn  eemmiissssiioonn  ttoommooggrraapphhyy
PET is a scintigraphic technique based on the use of
positron-emitting radioisotopes, such as 11C, 15O, 13N, and
18F. Some biological molecules can be labeled with these
radioisotopes without compromising their structure, and
so they can be useful as radiopharmaceuticals for PET 
technology. PET is commonly used in clinical applications
for the diagnosis of neoplasia, since it has been shown to 
be a very powerful tool for staging, restaging, diagnosis 
of hidden lesions during follow-up, monitoring therapy
response, and therapeutic planning.66,67 Hybrid instruments,
such as PET–CT, are able to increase the accuracy of
tumor detection, giving both morphological and metabolic
information.65,68 [18F]FDG is today the most important
radiopharmaceutical used in oncology both for its physical
characteristics (favorable half-life of 18F) and for the reason
that FDG is the most reliable general tracer for cancer 
(the tumor uptake reflects an elevated anaerobic glycolysis
which is common in all neoplastic processes). Nowadays
PET with [18F]FDG is included in many diagnostic 
protocols for different tumors, because it is a non-invasive
method and highly effective, often capable of giving 
information that, in 30% of cases, contributes to a modifi-
cation of the therapeutic strategy.69,70 Moreover, in spite of
the relative high cost of PET instrument and facilities, stud-
ies of technological assessment have demonstrated that
[18F]FDG-PET has a favorable cost/effectiveness balance in
oncology. [18F]FDG-PET has been employed also for the
diagnosis of neuroendocrine tumors, but the results in this
area are not completely satisfactory in terms of diagnostic
sensitivity. In fact, neuroendocrine tumors often have a well-
differentiated histology and show a very slow metabolism;
this leads to a poor uptake of FDG. This characteristic can
be used as a prognostic index, because an intense uptake of
[18F]FDG signifies a parameter of elevated proliferation
and high biological aggressiveness.17,18 In fact, an intense
uptake of [18F]FDG is usually accompanied by weak 
positive or negative imaging with somatostatin analogs;
this happens for poorly differentiated tumors that scarcely
express somatostatin receptors.

GEP tumors metabolize L-dihydroixyphenylalanine
(L-DOPA) and 5-hydroxy-L-tryptophan (5-HTP) by trans-
forming these substances in dopamine and serotonin,
respectively. For this reason, 11C-on 18F-labeled L-DOPA
and 11C-labeled 5-HTP have been used as PET radiophar-
maceuticals. Interesting results were obtained in some
studies with 11C-5-HTP, even if in a limited number of
patients. An overall sensitivity of 84% has been obtained,
and this result is better than that obtained with conven-
tional radiology.71,72 [18F]DOPA-PET was used to investi-
gate the activity of aromatic L-amino acid decarboxylase 
in the brain and to assess in vivo the integrity of the
dopaminergic system in patients. Neuroendocrine tumors
demonstrate an increased activity of L-DOPA decarboxy-
lase, and for this reason they show a high uptake of 18F-
DOPA. Several studies have reported that [18F]DOPA-PET
is a good procedure for detecting neuroendocrine lesions
(including carcinoids).73,74 When PET–CT is used, the
hybrid system increases the spatial resolution and allows
more accurate localization of the focal uptake, thanks to
the anatomical map obtained by CT.75

Nowadays the major interest in this field is represented by
somatostatin analogs radiolabeled with positron-emitting
isotopes, such as 68Ga. 68Ga (half-life 68.3 minutes) is pro-
duced by the 68Ge generator (half-life 2070.8 days) available
on the market which allows a constant and continuous pro-
duction of the radioisotope.76 Peptides DOTA-TOC,
DOTA-NOC, and DOTA-TATE can be easily labeled with
68Ga without the need for a cyclotron. 68Ga-radiolabeled
peptides show a brief renal clearance and are rapidly 
accumulated in tumors (about 30 minutes). Administered
activities in adults are 100–150 MBq (2.7–4 mCi) and
images are acquired 60–90 minutes after injection, so 
the procedure is straightforward. Clinical studies with
[68Ga]DOTA-TOC, [68Ga]DOTA-NOC, and [68Ga]DOTA-
TATE are still limited; however, the available clinical 
results are very interesting and they encourage the use 
of this diagnostic procedure in the management of GEP
tumors.19–22,77,78 68Ga-labeled somatostatin analogs for PET
show several advantages in comparison with [111In]pente-
treotide: PET has very good spatial resolution, and the
advantage of carrying out a whole-body scan in a short
time (about 1 hour from injection), and produces high-
quality images. The diagnostic sensitivity of 68Ga-labeled
somatostatin analogs PET leads to very interesting results
(Figures 13.8 and 13.9). The available data suggest that the
diagnostic efficacy of 68Ga-labeled somatostatin analogs
PET is higher than that obtained with [111In]pentetreotide.
For example, comparison of PET with [68Ga]DOTA-NOC
and SPECT with [111In]pentetreotide has shown that 
the former has better diagnostic accuracy. PET with
[68Ga]DOTA-NOC is particularly sensitive in imaging small-
dimension lesions, above all in lymph nodes, and lesions in
the liver and in bones, as well as in finding unknown primary
tumor sites in patients with metastasis.79–82
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CCoonncclluussiioonnss
Nuclear medicine imaging of GEP tumors has become
more and more important over time, with the evolution of
technology and increasing knowledge of the biology and
natural history of these tumors. The impressive pharmaco-
logical research in the area of somatostatin analogs has

obtained several substances that have achieved a very
important role in tumor targeting. Somatostatin analogs
radiolabeled with γ and positron emitters are one of the
best examples of the impact of radioreceptor imaging on
patient management. The qualitative and quantitative
imaging of receptor expression and distribution is essential
not only for diagnosis but mainly for the characterization
of lesions (prognostic value) and the selection of patients
candidate for somatostatin analog therapy (prediction
therapy response). At present it is not possible to approach
the different steps of management in patients with GEP
tumors without the support of nuclear medicine, and in
the near future we should expect further improvements in
this area. For many reasons nuclear medicine still remains
the most fertile field of discovery and new developments.

RReeffeerreenncceess
1. Bombardieri E, Maccauro M, de Deckere E, Savelli G, Chiti A.

Nuclear medicine imaging of neuroendocrine tumours. Ann
Oncol 2001; 12: S51–61.

2. Rufini V, Calcagni ML, Baum RP. Imaging of neuroen-
docrine tumors. Semin Nucl Med 2006; 36: 228–47.

3. Oberg K, Eriksson B. Nuclear medicine in the detection,
staging and treatment of gastrointestinal carcinoid tumours.
Best Pract Res Clin Endocrinol Metab 2005; 19: 265–76.

4. Kolby L, Bernhardt, P, Levin-Jakobsen AM et al. Uptake 
of metaiodobenzylguanidine in neuroendocrine tumors is
mediated by vesicular monoamine transporters. Br J Cancer
2003; 89: 1383–8.

5. Kurtaran A. Receptor imaging in oncology. In: Aktolun C,
Tauxe WN eds. Nuclear Oncology; New York: Springer 1999:
333–43.

6. Kweekkboom DJ, Krenning EP. Somatostatin receptor imag-
ing in oncology. In: Aktolun C, Tauxe WN (Eds), Nuclear
Oncology, New York: Springer 1999, 345–57.

7. Seregni E, Chiti A, Bombardieri E. Radionuclide imaging of
neuroendocrine tumors: biological basis and diagnostic
results. Eur J Nucl Med 1998; 25: 639–58.

8. Arnold R, Goke R, Behr T. Neuroendocrine gastro-entero-
pancreatic (GEP) tumours. In: Scheppach W, Bresalier RS,
Tytgat GNJ (Eds), Gastrointestinal and Liver Tumors,
New York: Springer 2004, 195–233.

9. Maecke HR, Behe M. New octreotide derivates labeled with
technetium-99m. J Nucl Med 1996; 37: 1144 (abstrt).

10. Gabriel M, Muehllechner P, Decristoforo C et al. 99m
Tc-EDDA/HYNIC-Tyr(3)-octreotide for staging and 
follow-up of patients with neuroendocrine gastro-entero-
pancreatic tumors. Q J Nucl Med Mol Imaging 2005; 49:
237–44.

11. Lebtahi R, Le Cloirec J, Houzard C et al. Detection of neu-
roendocrine tumors: 99mTc-P829 scintigraphy compared
with 111In-pentetreotide scintigraphy. J Nucl Med 2002; 43:
889–95.

12. Blum J, Handmaker H, Lister-James J, Rinne N. A multicen-
ter trial with a somatostatin analog (99m)Tc depreotide in

Neuroendocrine gastroenteropancreatic (GEP) tumors 119999

FFiigguurree  1133..88
Patient with neuroendocrine primary of unknown origin
detected by [68Ga]DOTA-TOC-PET (tetraazacyclodode-
canetetracetic acid-Tyr3-octreotide positron-emission
tomography) in the pancreatic head (arrow).
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Patient with neuroendocrine primary of unknown origin
localized by [68Ga]DOTA-TOC-PET in the jejunum (arrow). Clear
hyperfixation in multiple liver metastases. The primary was
not revealed by conventional radiological imaging.
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14
Lymphoma
Simona Ben-Haim and Ora Israel

BBaacckkggrroouunndd
Lymphoma was initially described by Thomas Hodgkin in
1832. It includes Hodgkin’s disease (HD) and non-Hodgkin’s
lymphoma (NHL), and is characterized by transformations
of normal lymphoid cells at different stages of their devel-
opment. Lymphoma may present as the involvement of one
or more lymph node groups or of an isolated organ, or as
widely disseminated disease. In general, enlarged lymph
nodes displace other structures, but large-cell high-grade
NHL may also be locally invasive.

Lymphomas represent about 8% of adult malignancies
and 10% of childhood tumors.1,2 Histological classifications
of HD were first introduced in 1947, and were finalized in
the revised European–American lymphoma classification
in 1994.3–5 Over the past 60 years there have been several
reclassifications of NHL, until the World Health Organiza-
tion (WHO) adopted an official classification.6–9

The goals of the diagnostic work-up of a patient with
lymphoma include establishing the precise histological
subtype, the localization and extent of the disease, and 
the performance status of the patient. Assessment for 
B-symptoms, whole-body computed tomography (CT),
bone marrow biopsy, and lymph node biopsy with histo-
logical, immunological, and molecular biologic assessment
are required for precise diagnosis. Functional imaging,
mainly with 67Ga, in the past had an important role in the
assessment of lymphoma patients.10–12 67Ga scintigraphy
has been proved to be superior to CT to define the response
to therapy,13–15 to characterize a residual mass post-ther-
apy,16 in the early detection of disease recurrence,17 and as a
predictor of long-term prognosis in HD and NHL.18–21

[18F]fluoro-2-deoxy-D-glucose-positron emission tomogra-
phy (FDG-PET) and PET–CT are being increasingly used
in the evaluation of lymphoma, and have an established
role for staging, evaluation of response to therapy, routine
follow-up, and early detection of recurrence.22–27 In addi-
tion to these well-established indications, PET may also
have a role in radiotherapy planning, by defining func-
tional tumor target volumes.28 Owing to a more accurate
definition of the extent of disease, PET–CT can define the
radiation field arrangements and dose distributions in
order to minimize radiation exposure to normal tissues.28

HHooddggkkiinn’’ss  ddiisseeaassee
There are about 7500 new HD cases yearly in the USA. This
incidence has been stable for the past 50 years. HD is more
common in the third and seventh decades and in men,29,30

and accounts for 7% of lymphoma deaths.29 The most
common histological type is nodular sclerosis (65%),
usually involving the mediastinum.31 The mixed cellularity
type is present in 25%, while lymphocyte-predominant
and lymphocyte-depletion types each account for 5%.32

Cervical lymph nodes are the most commonly involved site
in HD (60–80%), and two-thirds of newly diagnosed HD
present with intramediastinal disease involvement. Fewer
than 10% of patients present with isolated infradiaphrag-
matic lymphadenopathy. HD spreads contiguously to 
adjacent lymph nodes.32 Extranodal involvement is uncom-
mon in HD33 and is caused mainly by direct extension from
nodal disease. Hematogenous spread, reported in 10–15%
of patients, is associated with a less favorable outcome.34

Histologic classification is not of major importance in
the management of patients with HD. The prognosis is
directly related to the stage of disease and presence of sys-
temic symptoms.35,36 At presentation, 85% of patients have
stage I or II disease, with lymphadenopathy confined to one
or a few sites on one side of the diaphragm. In patients with
stage III or IV disease lymphadenopathy is present both
above and below the diaphragm, with or without involve-
ment of organs such as the liver, spleen, lung, and bone
marrow.30 Nodular sclerosis type HD stage I or II has the
most favorable prognosis. The recurrence rate in HD
ranges between 10 and 40% and occurs mainly during the
first 3 years after the initial diagnosis.29

Currently HD is cured in over 80% of patients.29,37,38

However, treatment-related mortality has increased 
dramatically over recent decades, mainly due to MOPP
chemotherapy (mechlorethamine, vincristine, procar-
bazine, prednisone).39 Major research goals in HD are
therefore directed at present towards defining novel 
therapeutic regimens for the 20% of patients who are not
cured with currently used treatment regimens, as well as
towards maintaining high cure rates while reducing the
treatment-related toxicities in the remaining 80% of
patients.
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NNoonn--HHooddggkkiinn’’ss  llyymmpphhoommaa
NHL is more frequent in patients over the age of 50 years,
with a similar incidence in men and women. There are about
50 000 new cases yearly in the USA, and approximately 
23 000 patients die yearly of NHL.40

Lymph nodes involved by NHL are usually larger than
those involved by HD. NHL commonly arises in nodal sites;
however, extranodal disease is more common than with HD
and may occur in extranodal lymphatic tissue, such as
Waldeyer’s ring, the thymus, and spleen, and in non-lymphatic
organs, such as the liver, the gastrointestinal tract, region of
the head and neck, the orbit, central and peripheral 
nervous system, lung and pleura, skeleton, bone marrow,
skin, breast, testis, thyroid, and genitourinary system.41

NHL is classified using the modified working formulation.9

The classification of I–IV stages is applied also in NHL, but
the prognosis of NHL depends less on this classification.
Histology and cellular origin, the presence of bulky disease,
and specific organ involvement determine the clinical and
radiographic presentation of NHL, and are important in
risk stratification with an impact on the clinical manage-
ment and outcome of patients.40 High-grade NHL (HG-NHL)
represents about 25% of tumors,40 is the most aggressive
type of disease, and without therapy has a short survival.
Most patients have localized disease at initial diagnosis.
Low-grade NHL (LG-NHL) is an indolent type of disease
with slow progression, but often associated with large-volume
disseminated nodal stage III or IV disease at presenta-
tion.40,42,43 Intermediate-grade NHL (of the follicular and
diffuse types) is often associated with rapidly enlarging
lymph nodes and with extranodal disease.40

The treatment of NHL is less successful as compared to
HD. In HG-NHL, 50–70% of patients achieve complete
response with first-line chemotherapy, cure is obtained in
about a third of patients, and the annual relapse rate is
7%.40 Early diagnosis of treatment failure and early detec-
tion of recurrence determine the results of salvage therapy.

AAnnaattoommiicc  iimmaaggiinngg  mmooddaalliittiieess  
ooff  llyymmpphhoommaa
CCoommppuutteedd  ttoommooggrraapphhyy
CT is one of the major imaging modalities for detection,
staging, and follow-up of lymphoma.44 The extent of dis-
ease is a main factor affecting the choice of appropriate
therapy in HD. In both HD and NHL the disease bulk and
the presence of extranodal disease provide prognostic
information. Accurate imaging enables radiotherapy plan-
ning for localized disease. CT has replaced the need for
staging laparotomy and lymphangiography for the detection

of lymph node involvement.44,45 A major limitation of CT
is represented by the use of size-related criteria for the 
diagnosis of nodal disease, which makes the detection of
lymphoma in normal-sized nodes very difficult. In addition,
CT cannot distinguish between lymphadenopathy caused
by reactive hyperplasia and lymphoma involvement.44

Extranodal involvement, which occurs primarily in NHL, is
an adverse prognostic factor. In the abdomen, focal liver
and spleen involvement can be easily detected by CT,
whereas diffuse infiltration of either organ cannot be reliably
diagnosed.44–51 Extranodal disease in organs such as the
lung, breast, and gastrointestinal tract can be easily 
identified on CT.44 Bone marrow involvement, which 
indicates stage IV disease with poor prognosis, cannot be
defined by CT.44

For the purpose of assessment of the response to therapy
and definitions for complete or partial response, as well as
stable or progressive disease, CT imaging is based on 
assessing interval changes in nodal or organ size.52 CT
enables accurate and reproducible measurements, mainly
in regularly shaped tumors, although with up to 15% 
interobserver variability, higher in cases of irregular masses
or poor lesion to background contrast.52–54 The structural
changes of the mass following therapy may also be helpful
to determine tumor viability. Low attenuation may indicate
cystic degeneration and calcifications which are seen in
response to therapy.55 Furthermore, dynamic contrast-
enhanced CT may be used to obtain perfusion measurements,
which are higher in the case of active disease.56

Residual masses occur in 50–64% of patients with HD,
mainly in the mediastinum,57–59 and in 20–60% of patients
treated for NHL.52,60 Residual masses seen on CT following
treatment may indicate fibrosis or necrosis, but in some
cases may represent viable tumor. In large-cell NHL, while
30–50% of patients will have a residual mass post-therapy,
only 5% of these lesions will represent active disease.60 The
change in size cannot be used as an indicator, and therefore
CT cannot differentiate residual tumor from a fibrotic
mass. CT attenuation values are also not reliable in this 
differentiation, showing similar levels in fibrosis and in
active lymphoma.52

Routine follow-up of patients with lymphoma is 
performed in order to assess the response to therapy, to 
differentiate patients in complete response (CR) from
other clinical settings, in order to make decisions with
respect to further clinical management. CT is therefore 
performed at the time of diagnosis, during treatment, and
after completion of therapy. In patients during continuous
clinical remission (CCR), early detection of recurrent 
disease is important in order to institute salvage therapy as
soon as possible. In patients with a residual mass, CT is
only of limited value in the detection of a recurrence in 
the same region, since there may be some time lag until 
the volume of the viable tumor is large enough to be 
recognized by CT.52
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MMaaggnneettiicc  rreessoonnaannccee  iimmaaggiinngg
As for CT, lymph node assessment on magnetic resonance
imaging (MRI) is also based on nodal size. The accuracy 
of MRI for the detection of lymph node involvement is sim-
ilar to that of CT and is hampered by the same limitations.
Superparamagnetic iron oxide is taken up by nodal reticu-
loendothelial cells and leads to a decrease in signal on T2-
weighted images. In the presence of malignancy, iron oxide is
not taken up in the specific node, and the signal does not
decrease. However, in cases of only partial replacement by
tumor, iron oxide may still be taken up and micrometastases
may therefore be missed.61

MRI has a major role in the evaluation of meningeal or
spinal cord involvement, and in diagnosis of bone marrow
involvement, scenarios where CT cannot provide information.
Infiltration of the bone marrow occurs in 20–40% of NHL
at presentation and is an indicator of poor prognosis.50

Intramedullary infiltration is often patchy, and therefore
bilateral iliac crest biopsies are routinely performed, to
increase the diagnostic yield. MRI is the most sensitive imag-
ing modality for the detection of bone marrow involvement,
with affected areas showing a low T1 and high STIR (short T1

inversion recovery) signal.44 MRI can result in the upstaging
of up to 33% of patients with negative bone marrow biop-
sies, and may be useful in guiding biopsy.44 False-negative
studies can occur in cases with microscopic infiltration, such
as with LG-NHL. In patients with lymphoma involving the
skeleton, MRI shows the extent of bone marrow and soft
tissue invasion, while CT is better in predicting bone
destruction.44

MRI may have a role in monitoring the response to 
therapy, and may be able to differentiate active tumor from
fibrosis or necrosis, due to excellent contrast resolution,
changes in signal intensity, and enhancement after therapy.
Active disease contains an excess of free water, and has a
low signal on T1-weighted sequence and an intermediate to
high signal on T2-weighted sequence.52 Following successful
therapy, the collagen and fibrotic stroma show a low signal
on T2-weighted sequence. However, there still may be active
tumor within the low signal areas, and also inflammatory
changes and edema due to a successful response may be
falsely related to as active disease.52,62 Radiotherapy can
cause false-positive readings.52 As with CT, MRI cannot
precisely diagnose whether there is viable tumor within a
residual mass; however, MRI may sometimes be helpful in
cases with a residual mass on CT. If the mass decreases in
size and if there is also a rapid decrease in T2-weighted
signal and uniform low signal intensity, this may indicate a
good response.52 False-positive results have been reported
with this same pattern in cases of inflammation and necro-
sis, most commonly within 4 months post-therapy. New
high signal abnormalities suggest recurrence of lymphoma,
and may precede symptoms by 8–12 weeks.52 Contrast-
enhanced MRI may also be useful in predicting the 

recurrence of lymphoma. A significant decrease in the
amount of enhancement on MRI was reported in patients
showing residual masses during CCR as compared 
with patients who had recurrence, with sensitivity and
specificity of 40–90% and 80–90%, respectively.63

UUllttrraassoouunndd
Ultrasound (US) is useful for the assessment of superficial
lymph nodes and the genitourinary tract. It is also useful
for US-guided biopsies of focal lesions.64

FFuunnccttiioonnaall  iimmaaggiinngg  mmooddaalliittiieess  
ooff  llyymmpphhoommaa::  ssiinnggllee  pphhoottoonn
eemmiissssiioonn  ccoommppuutteedd  ttoommooggrraapphhyy
GGaalllliiuumm--6677
Before the growth of oncologic PET indications, gallium-67
(Ga) was widely used for the assessment of HD and NHL.
The precise mechanism of Ga localization in lymphoma is
not fully understood, and many different factors are likely
to be involved.65–67 Normal physiologic Ga activity is pres-
ent in the liver, spleen, bone marrow, bone and growth
plates, lacrimal and salivary glands, and breast tissue, and is
due to transport by transferrin receptors. Ga is excreted via
the kidneys and bowel. In tumors, specifically lymphoma,
the mechanism of Ga uptake is more complex. Increased
permeability of tumor blood vessels as compared to the
normal vasculature enhances intracellular delivery of
transferrin-bound Ga into the tumor cells.68 In cells that
are rapidly proliferating, transferrin receptors are upregu-
lated, enhancing Ga uptake.69 The Ga–transferrin complex
is bound to the CD71 transferrin receptor on the surface of
lymphoma cells. This mechanism contributes to over 70%
of the Ga uptake by the tumor.70 There is also a slower
transferrin-independent pathway, which contributes
10–25% of tumor uptake.71,72 Intracellular Ga has also been
found in lysosomes and in the rough endoplasmic reticu-
lum bound to macromolecules, including ferritin and
lactoferrin.66,71,73 The cellular tumoral uptake of Ga is
linked to the metabolic activity of cells. Iosilevsky et al.
showed in an animal model that Ga uptake correlates with
the amount of viable tumor tissue.74

Ga imaging protocol
High doses of Ga (260–370 MBq) and single photon emission
computed tomography (SPECT) imaging are prerequisites
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for high-end Ga imaging.10 SPECT, performed 48–72 hours
after radiotracer injection, offers the greatest gain in 
contrast and in disease detection. Iterative reconstruction
algorithms improve image quality. Due to bowel excretion
of Ga, planar images of the abdomen and pelvis should be
repeated at 7–10 days after the injection, when the physio-
logic bowel activity has cleared and disease can become
more apparent.10 With the use of SPECT–CT, which
includes CT imaging for attenuation correction and
anatomic localization of abnormal Ga foci, SPECT image
quality is further improved, as well as diagnostic accuracy,
and there is no need for delayed imaging.75

Ga-SPECT for staging of lymphoma
In centers using Ga-SPECT for functional assessment of
lymphoma, staging is done primarily with CT. Ga has a
lower sensitivity as compared with CT. For HD, Ga-SPECT
has a reported sensitivity of 86–97% and a specificity of
100% (Figure 14.1). For NHL the sensitivity is 86–92% and

the specificity is 100%.68,76 The sensitivity is mainly
reduced in patients with abdominal involvement, ranging
from 69% for planar imaging to 85% for SPECT. The 
specificity is likewise improved with SPECT in the chest
from 66% to 100% and in the abdomen from 87% to 100%.13,77

At the time of presentation, Ga imaging is performed to deter-
mine whether a specific tumor is tracer-avid, and will thus
benefit in the future from Ga imaging for monitoring
response to therapy and follow-up.

Ga avidity varies among the different subtypes of HD
and NHL. In general, HD and HG-NHL have intense Ga
uptake.12,78,79 In patients with LG-NHL, early studies
reported a low sensitivity, related in part to the use of
suboptimal planar imaging. Later studies indicate better
results, with sensitivity ranging between 79 and 89% at 
initial staging and 89% for detection of recurrent disease.79,80

Among LG-NHL, low Ga-SPECT sensitivity has been
mainly reported for MALT (mucosa-associated lymphoid
tissue) (50%) and small lymphocytic lymphoma (64%), as
compared to 84% in follicular, types mixed small-cleaved
cell and 91% in follicular, mixed small-cleaved and large cell
types.80 It has been demonstrated that patients with LG-
NHL and a high degree of Ga uptake had worse prognosis as
compared to patients with low or absent Ga uptake.81

Ga-SPECT for extranodal lymphoma
Extranodal disease, mainly NHL, may arise along the 
gastrointestinal tract, head and neck, central and peripheral
nervous system, lung and pleura, bone, and skin, and is
more common in LG-NHL.41,82 In primary extranodal 
disease of the skin, gastrointestinal tract, and testis, Ga
(planar studies only) has very low sensitivity,82 but sensitivity
is higher, reaching 88%, in other locations, comparable to
nodal disease.

Bone involvement occurs in 4–15% of patients with HD
or NHL during the course of disease.83,84 Ga has a sensitivity
of 93% and specificity of 91% for the diagnosis of skeletal
involvement, and is superior to bone scintigraphy and CT
in the follow-up of skeletal lesions.85 In the diagnosis of
bone marrow involvement, Ga has poor results, while 
MRI and bone marrow biopsy are currently utilized for the
diagnosis of bone marrow involvement.

Liver involvement, either focal or diffuse, occurs in 3% of
patients with HD and in 15% of patients with NHL. The
spleen is frequently involved, in 30–40% of HD and 22% of
NHL. Due to physiologic uptake of Ga in the liver and
spleen, it is suboptimal for the detection of disease involve-
ment in these organs.86–88

The gastrointestinal tract is the most common site of
primary extranodal lymphoma, mainly B-cell origin NHL,
of which gastric lymphoma is the most common (50%),
followed by the small bowel (30%). Ga imaging is useful in
staging the extent of gastric involvement, with a reported
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FFiigguurree  1144..11
Gallium-67 scan at diagnosis in a 77-year-old female patient
with Hodgkin’s disease, nodular sclerosing type, showing
extensive nodal disease above and below the diaphragm:
bilateral cervical, supraclavicular and axillary, superior
mediastinal, right hilar, mesenteric, para-aortic, para-iliac,
bilateral inguinal, and left femoral lymphadenopathy.
(Courtesy Department of Nuclear Medicine, Carmel Medical
Center, Haifa, Israel.1)
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sensitivity of 92%,89 but has significantly lower sensitivity
in MALT lymphoma (50%).80 One should be cautious in
the interpretation of gastric Ga uptake, as it has been
reported to occur in 10% of patients without disease
involvement,90 likely due to reflux of biliary contents into
the stomach.

Ga-SPECT for restaging, assessing
response to therapy, and evaluation 
of a residual mass
One of the major dilemmas after therapy is assessment of
the residual mass, and whether this mass is due to fibrosis,
associated with a good prognosis and no need for further
therapy,58,91–93 or whether it is due to residual or progressive
disease, which is associated with poor prognosis and neces-
sitates further treatment. Residual masses are present in
20–60% of NHL92,94 and 50–64% in HD.91,95–97 Of these
residual masses, 59% disappear without further treatment
and 45% disappear within 1 year.58 Disease activity in a
residual mass was correlated with the presence of Ga
uptake, which predicted poor clinical outcome.95,96 In 25
lymphoma patients, Ga became negative in 95%, compared
to 57% in CT.16 Post-therapy Ga had a positive predictive
value of 73% in 43 patients with HD and 80% in 
56 patients with NHL, compared with 35% and 29%
respectively for CT.13 Disease-free survival of patients with
negative post-therapy Ga was significantly better than that
of patients with positive post-therapy Ga, whereas there
was no significant difference in the disease-free survival of
patients with positive or negative post-therapy CT.14 In HD
patients with suspected residual mediastinal disease who
had biopsy confirmation, Ga-SPECT had a sensitivity and
specificity of 96% and 80% respectively,81,98 as compared
with 68% and 60% for CT. Twenty-seven percent of
patients with positive biopsies had a non-conclusive CT.
Normal Ga post-therapy indicates remission, whereas 
positive Ga in a residual mass on CT implies disease 
progression.99 This is supported by other studies, showing 
a 100% 4-year survival rate of patients with negative Ga
compared to 51% in patients with positive Ga.100,101 It has
been shown that abnormalities in patients who respond to
therapy tend to persist on MRI for up to 6 months, due to
inflammatory changes, fibrosis, and necrosis, whereas Ga
normalizes more rapidly.102

Ga-SPECT for assessment of prognosis
In patients with aggressive NHL, follow-up Ga can predict
outcome better than can CT.103 When abnormalities on Ga
persist, or a negative scan turns positive, the outcome is
poor. At the end of chemotherapy, patients with persistent

Ga-positive scans are likely to have local relapse, whereas
when Ga is negative they remain disease-free despite a pos-
itive CT.93 In HD, Ga has a positive predictive value of 85%
and a negative predictive value of 87% at the end of ther-
apy. When Ga is negative at the end of therapy the relapse
rate is 19.7%, compared to 84.6% in patients with positive
Ga.100 Similarly, Salloum et al. found a high negative pre-
dictive value of Ga in stages I and II, but relapse had
occurred in this series in 34% of patients with stage III and IV
disease, despite negative Ga.104 This finding can be
explained by the failure of Ga to detect small-volume viable
tumor, mainly if surrounded by a large volume of fibrosis
and/or necrosis.

Ga-SPECT evaluation of rapidity 
of response to therapy
Early response to therapy and achievement of an early CR
predicts a favorable outcome.18–20,22,105 Israel et al. found, in
patients with aggressive NHL, that Ga after one course of
chemotherapy and at mid-treatment was a significant 
variable and a better indicator of response rate and failure-
free survival compared to pretreatment risk factors.21 Sim-
ilar findings were reported by the same group for HD and
NHL patients.19,20 Kaplan et al. found a 3-year disease-free
survival rate of 70% of patients with aggressive NHL and
negative Ga at mid-treatment, compared to 24% when Ga
was positive.106 Other studies have demonstrated that the
prediction of outcome is more accurate when Ga imaging
is performed early during treatment. The relapse rate of
patients with early CR was significantly lower as compared
to patients who achieved late CR (20% vs. 60%).105 In
patients with bulky NHL, Janicek et al. found that Ga after
two cycles of chemotherapy is a better predictor of response
compared to Ga at the end of four cycles.18 A positive Ga
early during treatment can identify patients who will not
respond and may benefit from early modification of their
treatment.

Ga-SPECT for early detection 
of recurrence
Early detection of recurrent lymphoma is critical, as treat-
ment is more effective in patients with minimal disease.
In 139 patients with large-cell NHL who were in CR, Weeks
et al.107 found that Ga was the most sensitive technique
with a sensitivity of 90% to detect early recurrence in 36
patients. Front et al. found that follow-up Ga can detect
recurrent disease 8.6 months before clinical symptoms and
other diagnostic tests.17 About 25% of relapses occur only
in new sites;17,107 therefore, whole-body imaging and serial
follow-up studies are important in patients in CR.
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OOtthheerr  SSPPEECCTT  aaggeennttss
Additional SPECT agents have been assessed as lymphoma-
seeking tracers. In comparison with Ga, 201Te (Tl) is more
specific in differentiating lymphoma from inflammatory
lesions, and its uptake is not affected by steroid administration,
or by prior chemo- or radiotherapy. The uptake appears to
be higher in low-grade than in high-grade lymphoma, and
in low-grade lymphoma Tl appears to be more sensitive
than Ga.108 A sensitivity of 100% for HD, low-grade, and
intermediate-grade NHL, and 75% in high-grade NHL,
was reported.108 Tl may solve causes for false-positive Ga
results, such as benign thymic hyperplasia and benign hilar
uptake, where it appears to be more accurate than Ga in
ruling out the presence of active lymphoma.12,109

[99mTc]methoxyisobutylisonitrile (MIBI) has a lower
sensitivity and specificity for the assessment of lymphoma
as compared to Tl: 71% and 76%, respectively.110 However,
studies in cell cultures have shown that the uptake of
MIBI is higher in malignant cells that do not develop 
multidrug resistance following chemotherapy.111,112 MIBI
was positive in most patients with complete or partial
response, and was negative in patients who did not respond
to therapy or had tumor progression.113 The potential role
for MIBI in the evaluation of multidrug resistance in
treated lymphoma is unclear, although it has been sug-
gested that a positive scan in a residual tumor may suggest
the need to use non-cross-resistant chemotherapeutic
drugs.12

Somatostatin receptors have been demonstrated in HD
and NHL; however, their density is low.114 In a prospective
study in 126 patients with HD, somatostatin-receptor
scintigraphy (SRS) had a site-based sensitivity of 98% for
lesions above the diaphragm and 67% below the
diaphragm.115 In NHL an inverse correlation has been
demonstrated between the expression of somatostatin
receptors and the degree of lymphoma differentiation. In a
prospective study in 50 patients with low-grade NHL, SRS
was positive in 84%.116 In 20% of patients, SRS revealed
unsuspected lesions, but in 38% lesions were missed. SRS is
not used routinely in the management of patients with
lymphoma.

Different monoclonal antibodies (mAb) were evaluated
for the imaging of lymphoma, but have not gained wide-
spread acceptance, possibly because of cost and availability,
but also due to the evolving role of PET in lymphoma
patients. Lymphomas are radiosensitive and also have easy
access via the blood; therefore, B-cell lymphomas and HD
appear to be good targets for radioimmunotherapy (RIT).
As treatment strategies include mAb, scintigraphy per-
formed prior to RIT may gain new clinical significance.117

Uptake in the specific lymphoma at hand should first be
confirmed by imaging with mAb, which could also be used
for dosimetry calculations.118

MMeettaabboolliicc  iimmaaggiinngg  mmooddaalliittiieess  
ooff  llyymmpphhoommaa
The use of FDG-PET in lymphoma and other tumors is
based on the concentration and metabolic trapping of the
glucose analog, FDG, in malignant cells.119 The glycolytic
metabolic rate of malignant cells is higher than in normal
tissues. This metabolic imaging modality detects changes in
tumor biology, allowing for early detection of disease as
compared to conventional anatomical imaging modalities,
which can only detect morphological changes.120 Over the
past decade PET has become the most important nuclear
medicine technique in the assessment of lymphoma.
Recently, the use of combined PET–CT scanners has
resulted in an improved resolution of approximately 3.5 mm,
automatic co-registration of FDG-PET and CT images,
reduced scanning time, and improved signal-to-noise
ratio.121 With attenuation corrected PET images it is also
possible to quantify the degree of FDG uptake in treated
and untreated lymphoma by the use of standardized uptake
values (SUVs) (ratio of activity per volume unit over
injected activity per body mass).

IImmaaggiinngg  pprroottooccooll
Imaging is performed about 60–90 minutes after the injec-
tion of 370 MBq of FDG. When using PET–CT, CT images
are acquired first and are used for attenuation correction
and for precise anatomical localization of PET findings.
Intravenous and sometimes also oral contrast can be used,
and some centers apply standardized breathing protocols
during acquisition of the CT component. In follow-up
studies during or after the completion of treatment, PET
should be performed at least 10 days after the last treatment
cycle. Early after treatment, false-negative studies as well as
false-positive findings may occur, due to an inflammatory
response to chemo- or radiotherapy.122

Knowledge of the normal biodistribution of FDG is of
major importance in lymphoma, a multifocal disease that
can be located in any region of the body and affect all
organs. Intense physiologic FDG uptake is seen in the
brain. Urinary excretion of FDG accounts for activity in the
collecting systems of the kidneys, variable visualization of
the ureters and urinary bladder, and low-level renal
parenchymal activity. Myocardial uptake is variable and
increases in the presence of high insulin blood levels. In an
attempt to minimize myocardial activity, patients are
instructed to fast for 4–6 hours. Mildly intense activity is
seen throughout the liver, and may limit FDG-PET sensi-
tivity for small liver lesions. Normal bowel activity, usually
of low intensity, can be seen in the esophagus (mainly 
the gastroesophageal junction), stomach, small bowel,
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and colon. The correct localization of sites of increased
activity is facilitated by the use of integrated PET–CT.
Differentiating normal bowel activity from pathological,
clinically significant uptake can occasionally be difficult.
Focally intense activity should be interpreted with suspi-
cion, and can be related to inflammatory processes, or pre-
malignant or malignant lesions. Muscular FDG activity
varies with insulin level, and is also higher following stren-
uous exercise. The neck is a frequent site for benign muscu-
lar activity, but physiologic uptake can occur even in small
muscles such as the vocal cords. Physiologic low-level FDG
uptake is noted in the oropharynx, tonsils, salivary glands,
thyroid, breast, and bone marrow. Focal increased bone
marrow activity is suspicious for malignancy, although it
can also occur due to benign reasons. Diffusely increased bone
marrow activity can be seen in patients with activated bone
marrow secondary to treatment with colony-stimulating
factor or anemia.123

In recent years, FDG studies have been reviewed with
attenuation correction provided by PET–CT systems.
Non-attenuation corrected images may be useful in evaluation
of the lung fields, to better localize lesions in the periphery
of the lung vs. pleura, skin lesions in cutaneous lymphoma,
or the liver in large patients to decrease the incidence and
severity of reconstruction artifacts.123

There are many causes of benign FDG activity on PET
scans. False-positive results may be related to the presence
of inflammatory processes showing significant FDG uptake,
sites of prior surgery or biopsy causing low-grade activity,
and recent chemo- or radiation therapy. Recent trauma can
also cause false-positive results of FDG-PET. Children and
young adults may show increased FDG uptake in the 
anterior mediastinum due to thymic hyperplasia, more 
frequent after treatment.123

TTuummoorr  bbiioollooggyy
Preliminary studies showed that higher-grade lymphomas
tend to have higher FDG uptake than that of low-grade
tumors.124–128 Most large B-cell NHL, mantle cell, follicular
lymphoma, and HD are FDG-positive,129 and only 6% of
these tumors have non FDG-avid disease. However, the
sensitivity of FDG-PET is lower in marginal zone lym-
phoma,130 mainly in extranodal sites,131 and is only 50% in
small lymphocytic lymphoma.132,133 In 42 patients with
NHL, Jerusalem et al.132 report that PET identified 40%
more abnormal sites compared to conventional imaging
modalities in 24 patients with follicular histology, but fewer
than 58% of CT abnormalities in 11 patients with small
lymphocytic lymphoma. There are contradictory data
about the relationship between FDG uptake in tumors
measured as SUV and the grade of malignancy. Some
authors report that patients with lymphomas with a high

glycolytic rate had a higher mitotic rate, a higher-grade
malignancy, and poor prognosis,124,126,134 whereas others
found no significant differences between low-grade and
high-grade lymphoma,135 and report a good performance
of FDG-PET in low-grade lymphoma.132,133,136

FFDDGG--PPEETT  ffoorr  iinniittiiaall  ssttaaggiinngg  
ooff  llyymmpphhoommaa
The prognosis of both HD and NHL and the therapeutic
strategy depend on the histological type and disease stage.
Correct staging is an important factor for selection of the
most appropriate treatment. Staging is performed using
conventional imaging studies including CT or MRI, in
addition to the clinical history, physical examination, and
laboratory data. FDG-PET imaging is more accurate than
Ga-SPECT, and has therefore replaced it, where available.137,138

Because of concerns about the long-term toxicity of high-
dose irradiation and alkylating agent chemotherapy, such
as MOPP,139 combined modality protocols now include
low-dose radiotherapy and chemotherapy with non-
alkylating agents, such as ABVD (doxorubicin, bleomycin,
vinblastine, dacarbazine). Patients with bulky (< 10 cm)
stage I or II disease and patients with advanced disease are
treated with 6–8 cycles of chemotherapy followed by radio-
therapy to the initial site of bulky disease. The detection of
more extensive disease at initial staging using PET rather
than conventional imaging can upstage disease and alter
management. For example, the detection of more extensive
disease in patients previously considered to have limited
stage I or II HD will lead to chemotherapy or combined
modality treatment instead of only radiotherapy. Due to
the fact that lymphoma is a systemic disease and usually
not treated surgically, it is problematic to obtain pathologic
validation for each suspected site on PET or CT. The true
accuracy of anatomic and metabolic imaging modalities
cannot therefore be precisely assessed, except for selected
cases in which a change in stage will occur and will cause 
a change in treatment. An alternative strategy to confirm
the presence or absence of disease is long-term clinical
follow-up.

Several studies have shown superior sensitivity of FDG-
PET compared to CT for the staging of lymphoma28,140–143

(Figure 14.2). In 60 consecutive patients with HD and NHL,
Moog et al. showed that PET is superior to CT in the initial
staging.FDG-PET correctly identified all abnormalities seen on
CT, detected additional CT-negative lesions, and excluded
disease in one false-positive CT lesion.144 In a prospective
study in 45 patients with newly diagnosed and four patients
with relapsed HD, including 38 patients who had pathologi-
cal validation of all abnormalities detected on CT and PET,
PET was superior to CT with a sensitivity, specificity, positive
predictive value, and negative predictive value of 100%,
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FFiigguurree  1144..22
[18F]fluoro-2-deoxy-D-glucose-positron emission tomography–computed tomography (FDG-PET–CT) at diagnosis: initial staging of
Hodgkin’s disease with nodal and extranodal (skeletal) involvement, in a 41-year-old man. (a) PET study, coronal slices show foci of
abnormal FDG uptake involving disease sites above and below the diaphragm: bilateral supraclavicular, hilar, para-aortic and para-
iliac lymphadenopathy, as well as additional foci of unclear location. (b) Transaxial PET (top), PET–CT (center), and CT (bottom)
images show the precise localization of abnormal FDG uptake to an enlarged left supraclavicular lymph node. (c) Transaxial PET
(top), PET–CT (center), and CT (bottom) images show the precise localization of abnormal FDG uptake to the T9 vertebral body. 
(d) Transaxial PET (top), PET–CT (center), and CT (bottom) images show the precise localization of abnormal FDG uptake to an
enlarged left para-iliac lymph node. (e) Transaxial PET (top), PET–CT (center), and CT (bottom) images show the precise localization
of abnormal FDG uptake to a sclerotic lesion in the left iliac bone.
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compared to 20%, 83%, 50%, and 56% respectively for CT.
PET changed the stage of HD in 59% of the patients.145 In 45
patients with newly diagnosed HD and NHL, where discor-
dant lesions on CT and FDG-PET were verified by biopsy or
clinical follow-up, Delbeke et al.146 report that FDG-PET
correctly changed the initial staging in 16% of patients, fol-
lowed by a change in therapy in 13% of patients, but also
understaged 7% of patients. The authors therefore conclude
that FDG-PET can be used efficiently for staging lymphoma
in conjunction with conventional imaging modalities. Huel-
tenschmidt et al.147 report that PET had an accuracy of 96%
in the initial staging of HD compared to 56% for the conven-
tional imaging modalities, including CT, and in some cases
MRI and US. FDG-PET resulted in a change in stage in 40%
of these patients. In another prospective study PET changed
the staging in 8% of patients with 1297 nodal, extranodal,
and bone marrow sites. PET was significantly more accurate
than CT in all sites and was comparable to bone marrow
biopsy for intramedullary involvement.143 Since no attenua-
tion correction was used, PET and CT were found to have
similar accuracy in the abdomen, but PET was significantly
more accurate for sites above the diaphragm. Wirth et al.148

found a sensitivity of 95% for PET and 90% for CT, clinical
examination, and bone marrow biopsy. The improved site
sensitivity of PET (82% vs. 68%) led to a change in staging in
14% and change in management in 18% of patients, includ-
ing altered radiation fields in 4% of cases. A summary of
recent studies shows an improved sensitivity of PET com-
pared to CT (79–99% vs. 65–90%), and similar specificities
of 99–100%.134

Overall, it has been shown that FDG-PET has a higher
sensitivity for disease detection compared to conventional
imaging.23,137,140,144,149 It changes the staging in 10–14% of
patients, and may also lead to a modification of treatment. It
should be noted, however, that most literature data currently
available analyzed studies performed using first-generation
PET scanners, with no attenuation correction and inaccurate
anatomical localization of lesions. PET–CT may have a fur-
ther impact on the staging of lymphoma, overcoming pitfalls
which are due to physiological FDG uptake.121,150–152

FFDDGG--PPEETT  iinn  eexxttrraannooddaall  llyymmpphhoommaa
FDG-PET was shown to be superior to CT also in the
detection of extranodal involvement of lymphoma149,153–156

(Figure 14.2). In 81 patients with HD and NHL, Moog et al.
found that PET modified staging by either detection of
spleen, liver, and bone involvement or by excluding sites
falsely reported as disease on CT.153 Schaefer et al. showed
in 60 lymphoma patients better sensitivity of PET–CT
compared to CT for detection of extranodal involvement
(88% vs. 50%). The specificity of PET–CT was also better
(100% vs. 90%).151 In 103 patients with HD and NHL,

PET–CT changed the staging of patients considered to have
stage I and II, detecting involvement in small, normal-sized
lymph nodes, and in extra-nodal sites, including the spleen,
liver, thymus, cortical bone, bone marrow, lung, and pleura,
which were all missed on CT.155

Mucosa-associated lymphoid tissue (MALT) lymphoma
involves mainly the gastric mucosa and less commonly may
involve the skin, thyroid, breast, thymus, orbit, liver, kidney,
prostate, urinary bladder, and gall bladder.41,157,158 Twenty-
five percent of patients may have multiple sites of disease,
including the bone marrow.159 Initially MALT lymphoma was
considered to be non-FDG-avid.160 However, a study in 
175 patients with MALT lymphoma reported a sensitivity of
PET–CT of 81%, which may potentially be related, although
this is not proven, to technological improvement.161

The gastrointestinal tract is the most common extranodal site
in NHL, and gastrointestinal lymphoma occurs in 10–15% of
NHL and 30–40% of the extranodal NHL.41 Physiological
FDG uptake may cause false-positive and false-negative
results.153 The use of PET–CT and of oral contrast appears,
however, to improve the performance of the study.162,163

Hepatic or splenic lymphomatous involvement may
present as diffuse or mass-forming disease. Liver involve-
ment is present in 3% of newly diagnosed HD and 15% of
newly diagnosed NHL. Splenic involvement is present in
30–40% of patients with HD34,164 and 22% of patients with
NHL.153 Only limited data are available on the role of
FDG-PET in the evaluation of splenic lymphoma, suggesting
better accuracy for PET compared to CT.165,166

Bone marrow involvement occurs in 10% and 25% of
newly diagnosed HD and NHL, respectively.153 It has been
previously shown that FDG-PET can accurately demonstrate
bone marrow lymphoma infiltration. Carr et al.167 showed
an accuracy of 93% of PET for the detection of bone marrow
involvement, while Moog et al. reported an accuracy of 95%,
superior to bone marrow biopsy and CT.168 However,
Jerusalem et al.132 found that FDG-PET is not reliable for the
exclusion of bone marrow involvement in low-grade lym-
phoma, probably due to a lower sensitivity of FDG-PET in
LG-NHL, or to a diffuse rather than focal pattern of involve-
ment, and therefore more difficult to diagnose. Treatment
with granulocyte colony-stimulating factors can cause
increased FDG uptake by the bone marrow, which may be
difficult to differentiate from active marrow disease.169

In the region of the head and neck there is physiologic
FDG uptake in the buccal region, nasopharynx, tonsils, and
nasal cavity. Increased FDG uptake can also be related to an
inflammatory or infectious process in this region. Corre-
sponding CT findings may assist in the diagnosis. Focal or
diffusely increased FDG uptake may be observed in thyroid
lymphoma. These findings are, however, non-specific,
and may also be caused by benign lesions, such as goiter,
thyroiditis, adenoma, or thyroid cancer.170

Lymphoma of the central nervous system (CNS)
accounts for 2–4% of extranodal lymphomas and 1–4% of
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malignant brain tumors.41 However, this incidence increases
in immunocompromised patients.171 Because of physiological
FDG uptake in the cortex, diagnosis of lymphoma in this
area is problematic. FDG-PET is also unable to differentiate
between primary CNS lymphoma and other malignancies
or infectious processes.172

FFDDGG--PPEETT  ffoorr  rreessttaaggiinngg,,  aasssseessssiinngg
rreessppoonnssee  ttoo  tthheerraappyy,,  aanndd
eevvaalluuaattiioonn  ooff  aa  rreessiidduuaall  mmaassss
The role of FDG-PET in assessing response to treatment
has been evaluated in heterogeneous patient populations,
including HD and NHL. Cremerius et al.173 reported a better
specificity and positive predictive value for FDG-PET 

compared to CT (92% and 94% for PET vs. 17% and 60%
for CT, respectively). In 44 patients with residual abdomi-
nal masses reported by Zinzani et al.,174 none of the seven
patients who had negative PET and CT relapsed. In the
remaining 37 patients with positive CT findings, 13
patients with a positive PET relapsed, as compared to only
one of 24 patients with a negative PET. The majority of
relapses occurred at sites showing persistent FDG uptake at
the time of therapy completion. The 2-year relapse-free
survival was 95% for the PET-negative group and 0% for
the PET-positive group.174 Jerusalem et al.175 evaluated
post-treatment PET and CT at completion of treatment in
54 patients with HD and NHL. PET had a positive predic-
tive value for relapse of 100% compared to 42% for CT 
(p > 0.05), and patients with a positive PET scan had a 
1-year progression-free survival rate of 0% compared to
86% in cases with negative PET after treatment (p > 0.0001).
In 848 patients with NHL and HD, Castelluci et al.27
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Negative FDG-PET at the end of treatment: assessment of complete response and good prognosis. (a) Baseline PET study of a 
76-year-old woman with immunoblastic T-cell non-Hodgkin’s lymphoma, shows abnormal FDG uptake in left cervical,
supraclavicular, and anterior mediastinal lymph nodes.
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reported a true-negative rate for PET of 100%, and a false-
positive rate of only 5%, mainly due to inflammation.
In patients with NHL, Mikhaeel et al.176 found FDG-PET to
be more accurate than CT in the assessment of achieving a
remission after treatment (Figure 14.3). PET-positive
patients had a relapse rate of 100%, as compared to 17% in
PET-negative patients, whereas the relapse rate for patients
with positive and negative CT at the end of treatment was
41% and 25%, respectively. The 1-year progression-free
survival was 0% for the PET-positive and 83% for the PET-
negative group.176 Spaepen et al.177 report a high predictive
value of FDG-PET for the detection of residual or recurrent
lymphoma. All patients with persistent FDG uptake had a
recurrence. The 2-year progression-free survival was 85%
for PET-negative and 4% for PET-positive patients.177

Jerusalem et al.132 found 0% 1-year progression-free sur-
vival in patients with a positive PET compared to 86% in

patients with a negative study (p > 0.0001), as well as a sig-
nificantly lower overall survival at 1 year of PET-positive
patients (50% vs. 92%, p > 0.001). Based on the combination
of PET and CT results, the authors identified three prognostic
groups: low-risk patients (CT negative, PET negative), inter-
mediate-risk patients (CT positive, PET negative), and
high-risk patients (CT positive, PET positive), showing sig-
nificant differences between progression-free and overall
survival rates.132 Juweid et al.178 also reported higher posi-
tive and negative predictive values for 1-year progression-free
survival of FDG-PET as compared to CT (92% and 88% vs.
47% and 85%, respectively).

Similar results were reported in HD patients.147,179–183

In 37 HD patients with 50 studies, de Wit et al.182 report a
sensitivity, specificity, positive predictive value (PPV), negative
predictive value (NPV), and accuracy of 91%, 69%, 46%,
96%, and 74%, respectively for the prediction of disease-free
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survival for FDG-PET. They found a relatively high number
of false-positive studies, causing the lower specificity and
positive predictive value. In 28 HD patients with a residual
mass at the end of therapy, Weihrauch et al.179 report 1-year
progression-free survival of 95% of patients with PET-negative
studies, compared to 40% for the patients with PET-positive
studies, again noting the number of false-positive results.
In 60 HD patients after first-line therapy reported by
Spaepen et al.,181 55 patients had a negative PET after treat-
ment and 50 of these remained in complete remission.
All five patients with a positive PET relapsed. The 2-year
progression-free survival was 0% in patients with a positive
PET, compared with 91% in patients with a negative PET.

Discrepant results were reported regarding the predictive
performance of FDG-PET after treatment. Most authors
report a high negative predictive value of 90–100%, with
lower values of 80–83% only infrequently presented.175,184

However, there is a much larger variability in positive predic-
tive values for FDG-PET prediction of outcome, ranging 
from 25% to 100%, due to a relatively high false-positive
rate.176,179,182–184 False-positive findings were due to post-irradi-
ation inflammatory processes, mainly radiation pneumoni-
tis, thymic hyperplasia, and muscular uptake. False-negative
PET results were caused by minimal residual disease. It has
been suggested that in LG-NHL, FDG-PET may be less valu-
able, because of a lower sensitivity on the pre-therapy study.

Overall, in NHL patients, a persistently abnormal FDG
study in the initially involved disease sites is predictive of
residual or recurrent disease.24 FDG uptake in other sites
may suggest the presence of infection, inflammation, or
thymic hyperplasia. A negative study cannot exclude the
presence of minimal residual disease, and therefore a
relapse after a negative PET, although rare, may occur.

HD patients usually have a higher response rate, and there-
fore, mainly in early-stage disease, a negative FDG-PET corre-
lates with prolonged CR. This is due mainly to the excellent
prognosis of these patients, as well as to the high predictive
value of a negative scan. The clinical value of the FDG-PET
in HD at the end of treatment is therefore somewhat contro-
versial.24 However, in HD patients with a residual mass on
CT, defining CR based only on the conventional modalities
may not be possible. Positive PET at the end of therapy in
HD patients is infrequent, and the chance of it being false-
positive is relatively high, causing the lower positive predic-
tive value of PET compared to its negative predictive
value.147,179–182 Naumann et al.184 reported that one of six HD
patients with a positive PET relapsed (none with equivocal
or low-grade FDG uptake relapsed), compared to all NHL
patients with an FDG abnormality and two of three NHL
patients with an equivocal study who relapsed.

It has been suggested that different algorithms should be
applied for the use of post-treatment PET in different types
of lymphoma.177,181 In NHL and high-stage HD a positive
PET at the end of first-line therapy is highly suggestive of
active disease, and requires intensive confirmatory investi-
gations. A negative PET does not exclude the presence of

minimal residual disease and future relapse and requires
close follow-up. On the other hand, in early-stage HD a neg-
ative PET can be used to define CR despite the presence of a
residual mass on CT. A positive PET, especially if located in
a site different from the original tumor or the residual mass
may also be due to a benign or inflammatory etiology.

In addition to the prognostic information following
standard chemotherapy, FDG-PET has also been used to
predict outcome following autologous stem cell transplan-
tation and radioimmunotherapy for recurrent lymphoma.
Becherer et al.185 studied 16 patients who relapsed and had
FDG-PET before autologous stem cell transplantation.
One-year progression-free survival and overall survival
were 100% for the PET-negative patients and only 18% and
55%, respectively, for the PET-positive patients. Similar
results in small numbers of patients were reported by other
groups.186–188 Spaepen et al.188 evaluated the predictive
value of FDG-PET for post-transplant prognosis in 60
patients and showed a significant difference in overall and
progression-free survival after high-dose chemotherapy
with autologous bone marrow transplantation between
patients with negative PET and those with positive PET
before transplant. Twenty-five of 30 patients with negative
PET achieved prolonged CR, whereas 26 of 30 patients with
positive PET relapsed. PET performed 2–5 weeks after the
initiation of salvage therapy was shown to predict outcome
of transplantation better than CT.189

In a small group of patients who received radioim-
munotherapy after one or more failures of chemotherapy,
Torizuka et al.190 showed that FDG-PET results correlated
with the response of NHL to this treatment. Patients
showed a slower pattern of metabolic response to radioim-
munotherapy in comparison with the response pattern to
first-line chemotherapy. Delayed FDG-PET, performed 1–2
months after therapy, had a better predictive value than
early PET.190 Recently, Hart et al.191 described 15 patients
who received radioimmunotherapy and showed that FDG-
PET–CT provided additional information to CT in 73% of
patients, influenced the administration of donor lympho-
cyte infusions in nine patients, and documented a graft-
versus-lymphoma effect in five patients. The authors
conclude that a large prospective study is needed to clarify
the role of FDG-PET–CT in this clinical setting.

EEvvaalluuaattiioonn  ooff  rraappiiddiittyy  ooff  
rreessppoonnssee  ttoo  tthheerraappyy
Long-term prognosis of lymphoma depends not only on the
pre-therapy clinical risk factors but also on the sensitivity of the
individual tumor to the chemotherapeutic regimen.149 Since
more aggressive but also more toxic treatment modalities are
available, therapy monitoring of lymphoma patients is of
clinical significance. Prognostic assessment early during treat-
ment, leading to a rapid change in therapy, might improve
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outcome and survival.24 Rapidity of response during treat-
ment appears to be an accurate predictor, with early tumor
regression indicating higher cure rates.105 Accurate early
assessment of response allows the timely institution of aggres-
sive second-line protocols in the presence of a smaller resistant
tumor load, and can also avoid treatment-related toxicity.149

As previously demonstrated with Ga after one or two
cycles of chemotherapy,20 FDG-PET performed early during
treatment allows the assessment of early response and the
prediction of long-term prognosis.113,154,192 Initial data in
small groups of patients showed significantly reduced FDG
activity even after one cycle of chemotherapy.154,192,193 SUVs
decreased by 60% at 7 days and by 76% after 42 days. A cut-
off SUV of 2.5 differentiated responders from non-respon-
ders.192 Jerusalem et al. found visual assessment of FDG-PET
predictive of therapy response in 28 NHL patients evaluated
after 2–5 cycles of chemotherapy.194 Twenty-one of 23
patients with negative PET achieved CR, whereas four of five
PET-positive patients did not respond to treatment. The 
2-year progression-free survival was 0% for PET-positive
patients and 81% for PET-negative patients. Mikhaeel et al.176

evaluated 23 NHL patients after 2–4 chemotherapy cycles.
PET-positive patients had a relapse rate of 87%, compared
with 0% in PET-negative patients. The same group evaluated
32 HD patients after two or three cycles of chemotherapy and
found a relapse rate of 100% for the PET-positive group com-
pared with 8% for the PET-negative group.195 In a prospective
study in 70 patients with aggressive NHL who had FDG-PET
after three or four cycles of chemotherapy, Spaepen et al.196

reported that 33 patients had persistent FDG uptake, and
none of them achieved a durable CR. Of the 37 patients with
a negative scan, 31 remained in CR, as compared with six who
achieved only partial response (PR) or had relapse.

Kostakoglu et al.193 evaluated response during therapy
using FDG-PET with a dual-head coincidence camera after
one cycle of chemotherapy in 30 patients with HD and
NHL, and compared this with the post-therapy scan. The
progression-free survival correlated better with FDG-PET
after the first cycle than with imaging results at the end of
therapy. FDG-PET had a greater sensitivity and positive
predictive value after the first cycle (82% vs. 45% and 90%
vs. 83%, respectively) and a lower false-positive rate (13%
vs. 35%). Lowe and Wiseman197 analyzed these data in a
related editorial, and suggested that the less optimal post-
therapy assessment could be related to the histological type
of disease and the treatment protocols of these patients as
well as use of the low-performance coincidence scanners.

EEaarrllyy  ddeetteeccttiioonn  ooff  rreeccuurrrreennccee
Early diagnosis of relapse and early administration of
salvage therapy may improve patient outcome.149

FDG-PET can detect early recurrence,198 and was found to
be superior to conventional imaging for diagnosis and

restaging of recurrent HD and NHL (83% vs. 56%).147

In 27 patients with HD and NHL, Freudenberg et al.199

showed the incremental value of FDG-PET–CT imaging,
which significantly improved the sensitivity and specificity
for restaging lymphoma compared with CT alone (96%
and 99% vs. 61% and 89%, respectively). In 36 HD
patients, routine follow-up FDG-PET was positive in all
five patients with recurrence, and preceded other imaging
modalities by 1–9 months. Negative FDG-PET excluded
relapse. However, six of the 11 positive findings were false-
positive, due to hyperplastic thymus, gastrointestinal activity,
and an inflammatory lung lesion.194

LLiimmiittaattiioonnss  aanndd  ppiittffaallllss  ooff  
FFDDGG--PPEETT
FDG is not tumor-specific, and can be taken up by anti-
inflammatory cells such as macrophages, leukocytes, or
granulation tissue.24 Common causes of false-positive
studies in patients with lymphoma include radiation pneu-
monitis, non-specific nodal inflammatory reaction after
radiotherapy, and pleural and pulmonary inflammatory
lesions.122 In addition, physiologic uptake in thymic hyper-
plasia, urinary or colonic artifacts due to physiologic tracer
excretion, uptake in tense muscles, and non-specific
brown-fat uptake above and below the diaphragm may also
cause false-positive results.24

The experience of the reporting physicians with the pat-
terns of physiologic biodistribution, artifacts, and benign
FDG-avid findings unrelated to lymphoma, correlation
and comparison of post-therapy with pre-therapy studies,
and knowledge of clinical data and results of other imaging
modalities can all reduce the incidence of false-positive
results. Co-registration of PET and CT data allows for the
identification of non-specific uptake, and the use of inte-
grated PET–CT scanners will further reduce the numbers
of false studies.

The limited spatial resolution of PET instrumentation
may reduce the sensitivity of this modality, mainly for the
detection of minimal residual or small-volume disease. The
performance of FDG-PET in some LG-NHL is probably
limited. Data regarding monitoring response to treatment
are mainly available for HG-NHL, and these may not nec-
essarily apply to the low-grade types of lymphoma.24

CCoommppaarriissoonn  ooff  FFDDGG--PPEETT  aanndd  
GGaa--SSPPEECCTT  iimmaaggiinngg
In a first report of FDG uptake in lymphoma, Paul200

compared FDG and Ga planar imaging in five patients 
with NHL. FDG was positive in four, while Ga was positive
in two, suggesting the potential superiority of FDG.
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Both scans were negative in all patients after therapy, sug-
gesting that both tracers can be used for monitoring
response to therapy. Shen et al.201 evaluated 25 HD and
NHL patients at diagnosis and relapse. The sensitivity of
FDG-PET was better as compared to Ga (96% vs. 73%),
mainly due to falsely negative Ga in low-grade lymphoma,
bone and bone marrow involvement, and small lesions, less
than 12 mm in diameter. PET was falsely negative in only
one patient with low-grade gastric NHL.

As detailed above, FDG is taken up with high avidity by
LG-NHL, particularly follicular-cell lymphoma. FDG-PET
and Ga were incongruent in six of 16 patients.202

Kostakoglu et al. studied 50 patients with HD and NHL137

using camera-based FDG-PET, Ga, and CT. The sensitivity
of FDG-PET was superior to that of Ga for both site-based
(100% vs. 72%) and patient-based (100% vs. 80%) analy-
sis. In 84 patients who had camera-based PET and Ga and
had 219 suspected disease sites, Bar-Shalom et al.203

reported a higher sensitivity of FDG-PET as compared to
Ga (83% vs. 63% in patient-based analysis, and 87% vs.
33% in site-based analysis). A higher detection rate 
was reported for the camera-based FDG-PET compared to
Ga for both nodal and extranodal lymphoma sites,
and mainly for the accurate assessment of bone and 
bone marrow disease. In 50 patients, Wirth et al.148

reported a sensitivity of 95% for PET vs. 88% for Ga on a
patient-based analysis and 82% vs. 61% on the site-based
analysis. Both modalities altered staging in 14% of
patients, compared to CT. Clinical management was 
modified in 18% of patients based on PET and in 14%
based on Ga, again compared to CT. In 32 HD patients 
with splenic involvement, FDG-PET was superior to Ga,
with sensitivity, specificity, and accuracy of 92%, 100%,
and 97% vs. 50%, 95%, and 78%, respectively.165 FDG-PET
was also found to be superior to Ga for early monitoring of
response to treatment in 26 NHL patients evaluated after
two cycles of chemotherapy.204

OOtthheerr  PPEETT  aaggeennttss
Amino-acid utilization is increased in malignant lym-
phoma.205 Methionine is an essential amino acid, and its
tissue uptake and tracer kinetics reflect the metabolism of
essential amino acids. [11C]-labeled methionine was com-
pared with FDG-PET in 14 patients with head and neck
NHL,206 and was positive in 13/14 patients compared to
8/14 for FDG. In 17 patients with HD and NHL, Sutinen et
al. reported comparable sensitivities of FDG-PET and
[11C]methionine-PET.207 Due to unfavorable biodistribu-
tion in the abdomen and the short half-life of 11C, this
tracer is not widely used. However, to avoid some of the pit-
falls related to the reduced specificity of FDG-PET, and as
data suggest comparable sensitivity to that of FDG-PET, it

may be of use in selected cases, such as hyperglycemic
patients.

Thymidine is incorporated into DNA in correlation to
cellular proliferation. [3H]thymidine has been used in
experimental tumor models to measure proliferation rates.
3′-[18F]thymidine (FLT) was developed as a PET imaging
agent to evaluate tissue proliferation in vivo.206,208

FLT showed comparable detection rates to those of FDG in
nine patients with NHL.209 In another report of the same
group there was excellent separation between aggressive
and indolent lymphoma types using FLT as a measure of
malignancy grade.210 As a marker of proliferation, this
tracer may prove suitable for monitoring response to 
therapy.

Receptors for somatostatin are expressed in relatively
low density on lymphoma cells.211,212 Octreotide derivatives
were labeled with positron emitters 64Cu, 68Ga, and 86Yr.
These could represent potential tracers for the imaging of
lymphomas for diagnostic purposes as well as for targeting
internal radiation therapy.

CCoonncclluussiioonn
FDG-PET is considered at present to be more sensitive than
conventional imaging modalities for the staging of lym-
phoma patients, leading mainly to upstaging and, in
smaller numbers, to downstaging of the disease. PET fur-
ther plays an important role in monitoring response to
treatment and in restaging of disease, and is therefore rou-
tinely used for post-therapy evaluation in patients with
nodal and extranodal lymphoma. Persistent FDG uptake
during and after chemotherapy indicates a poor prognosis
and high likelihood of relapse, while a negative study indi-
cates a good prognosis. Therefore, FDG-PET may be used
to guide and follow therapy and to improve the outcome of
patients. The use of integrated PET–CT scanners with
radiotherapy, planning CT to better define radiation fields
and to minimize radiation exposure, may improve the
management of lymphoma patients in the future.

Nuclear medicine techniques have for decades played a
significant role in the evaluation of lymphoma patients
along the course of their disease. The concept of using
nuclear medicine procedures as functional indices of the
presence of viable tumor tissue and for monitoring the 
success or resistance to treatment has evolved from the use
of this modality in lymphoma. The incremental value of
the metabolic information provided by nuclear medicine
procedures in general and specifically by PET in the 
assessment of lymphoma is well established. PET and CT
are not competing but rather complementing techniques,
and therefore the integrated PET–CT devices are widely
accepted by the imaging community and by the referring
clinical teams.
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BBaacckkggrroouunndd
Diagnosis of bone and soft tissue tumors is generally diffi-
cult, as they have heterogeneous biologic behavior patterns.1

Early detection and accurate grading or classification of
these tumors can improve the overall outcome and prog-
nosis. The classification and staging of soft-tissue and bone
neoplasms is evolving and depends on multiple factors 
and staging methods including clinical, radiographic, and 
histological features2 (Table 15.1). The American Joint
Committee on Cancer and the Musculoskeletal Tumor
Society systems are the most commonly used staging meth-
ods for bone and soft tissue tumors.2–7 High-grade tumors
with evidence of metastases are reported to be associated
with a poor prognosis for all bone and soft tissue neoplasms
regardless of the staging system that is used.2 The size of the
tumor, the anatomical compartment, and the depth of tumor
invasion are also considered to be important variables.2

However, determination of the anatomical extent, character-
istics, and histopathological features of bone tumors and
soft-tissue sarcomas involves a diagnostic strategy in which
a biopsy is the final step.2 In general, histology remains the
most reliable method for establishing a diagnosis but
depends on the site, quality, and size of the biopsy specimen.1

In some tumor types, the diagnosis can be difficult even for
the experienced pathologist. In these clinical dilemmas,
diagnosis can be established with the complementary aid of
conventional and radionuclide imaging techniques.1,8,9

Conventional and radionuclide imaging provide important
information with regard to the appearance, extent, and
characteristics of this group of tumors.

CCoonnvveennttiioonnaall  aanndd  
rraaddiioonnuucclliiddee  iimmaaggiinngg
The main role of conventional and radionuclide imaging
in the management of bone and soft tissue tumors is to

differentiate between benign and malignant masses, to
assess local tumor extent/invasion, to screen for metas-
tases, to assess the effect of chemotherapy, and finally to
evaluate residual tumor or recurrence10,11 (Table 15.2).
However, no single modality can be used to complete all
these tasks.11

The radiological assessment of bone tumors is based on
multiple parameters such as its location, rate of growth,
tumor margin, periosteal reaction, and mineralization of
the matrix. In general, magnetic resonance imaging (MRI)

15
Bone and soft tissue tumors
Gopinath Gnanasegaran, Gary Cook,
Sanjay Vijayanathan, and Ignac Fogelman

Table 15.1 Summary of TNM classification 
and histological grading of bone and soft 
tissue sarcomas2–7

Bone tumors

Tx: primary tumor cannot be assessed
T0: No evidence of primary tumor
T1: Tumor within the cortex
T2: Tumor beyond the cortex

N0: No regional lymph node metastases
N1: Regional lymph nodes

Soft tissue tumors

T1: < 5cm, T1a superficial, T1b deep
T2: > 5cm, T2a superficial, T2b deep

N0: No regional lymph node metastases
N1: Regional lymph nodes

Grading and differentiation (bone and soft 
tissue tumors)

GX: Grade and differentiation cannot be assessed
G1: Well differentiated
G2: Moderately differentiated
G3: Poorly differentiated
G4: Undifferentiated
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and [18F]fluoro-2-deoxy-D-glucose positron emission
tomography ([18F]FDG-PET) are able to detect marrow
involvement early in the course of the disease, often before
identifiable bone destruction/osteoblastic changes occur.
These modalities may also precede computed tomography
(CT) and [99mTc] methylene diphosphonate ([99mTc]
MDP) bone scintigraphy in identifying the presence of
malignant bone involvement.12 In general, CT is used for
the assessment of bone structure/morphology and MRI
for detecting early marrow infiltration and epidural
masses.

Currently a wide range of radiopharmaceuticals are
available for the diagnosis and management of primary
bone and soft tissue tumors. However, they are not widely
utilized, although this may change with the development
of newer single photon and PET related tracers.
Compared to conventional nuclear medicine imaging,
PET has an inherent advantage, as tomography is per-
formed routinely and the spatial resolution of resultant
images is relatively superior. PET also has the advantage of
superior quantitative accuracy, which may be useful for
following the effects of therapy. The improved sensitivity
reported with PET is partly explained by the fact that the
direct imaging of tumor metabolism is possible with
[18F]FDG.

Recent advances in conventional imaging techniques
such as CT and MRI as well as technological advances in
nuclear medicine including the use of single photon emis-
sion computed tomography (SPECT)–CT and PET–CT,
may provide a better localization of scintigraphic findings
and may improve the overall diagnostic accuracy.12

Currently, with wider availability of PET–CT, the clinical
applications are likely to increase. In general, all these
modalities have advantages and limitations and their role
may vary in patients in different clinical settings or with
different tumors (Tables 15.3–15.6).10,12–19 However, these
techniques can be used to full potential only when they are
used in a complementary fashion.

RRaaddiioopphhaarrmmaacceeuuttiiccaallss::
mmeecchhaanniissmm,,  aaddvvaannttaaggeess,,  
aanndd  lliimmiittaattiioonnss
Various specific and non-specific radiopharmaceuticals
including [99mTc]MDP, (67Ga) citrate [67Ga], [201Tl]chloride
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Table 15.2 Role of conventional radiological
and radionuclide imaging in bone and soft
tissue tumors

Differentiate benign and malignant tumors

Evaluation of tumor extent and invasion

Screen for distant metastases

Assessment of treatment response

Evaluation of residual tumor or recurrence

Follow-up

Table 15.3 Advantages and limitations 
of plain radiography in imaging bone 
and soft tissue tumors12–19

Advantages

Non-invasive method to establish differential diagnosis

Readily available

May be useful in evaluating location of lesion

May be useful in evaluating type of bone destruction

May be useful in evaluating presence of soft tissue mass

Limitations

Only five densities such as air, fluid, fat, calcium, and
metal are demonstrated

Diagnosis of lesions is limited primarily to evaluation 
of tumor mineralization or documentation of lesions 
with a high fat content

Table 15.4 Advantages and limitations of
ultrasonography in imaging bone and soft
tissue tumors12–19

Advantages

Lack of ionizing radiation

Readily available

Identifies size and extent of soft tissue lesions

Useful in differentiating cystic from solid masses

Combined with color and power Doppler may enable
assessment of vascular architecture and altered 
blood flow

Vascular architecture analysis can be helpful in
differentiating benign from malignant tumors

Under ultrasound guidance biopsy or aspiration 
can be easily performed

Limitations

Rarely used as the primary modality for evaluation 
of a soft tissue mass

Operator dependent

Limited specificity
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(201Tl), [99mTc]hexakis-2-methoxyisobutylisonitrile ([99mTc]
MIBI (sestamibi)), [99mTc]tetrofosmin ([99mTc] MyoviewTM),
and [99mTc]pentavalent dimercaptosuccinic acid (DMSA)
([99mTc]DMSA) are used in imaging bone and soft tissue
tumors (Table 15.7).20–24 [99mTc]MDP is the most widely
used bone agent, giving optimal contrast between normal
and diseased bone but, similar, alternative [99mTc]diphos-
phonate tracers exist.20 The uptake of diphosphonates
depends on local blood flow, osteoblastic activity, and
extraction efficiency. The actual mechanism of uptake is
still not fully understood, but diphosphonates are probably
incorporated into the hydroxyapatite crystal on the miner-
alizing bone surface.

201Tl, an analog of potassium, enters tumor cells via the
Na+/K+ adenosine triphosphatase (ATPase) pump, but as

well as reflecting the metabolic status of the cell, uptake
also depends on blood flow. The accumulation of 201Tl
indicates viability and metabolic activity of the tumor
cell.21,22

99mTc-labeled sestamibi has a different mechanism of
accumulation, and is thought to reflect cell viability,
being mainly associated with mitochondria intracellu-
larly. [99mTc]DMSA uptake has also been described in
soft tissue tumors, the exact mechanism of uptake being
uncertain.23

The 67Ga uptake mechanism is not fully understood, but
its uptake probably reflects metabolic activity or tumor via-
bility, and it is known to be transported protein-bound,
predominantly to transferrin, in the circulation. Tumor
localization of 67Ga is multifactorial, and various mecha-
nisms include neovascularity and uptake in the inflamma-
tory portion of the tumor.24

In general, these radiopharmaceuticals are used to
improve the specificity in differentiating benign from
malignant lesions. However, reported results are variable,
and suggest that there may only be a limited role for
nuclear medicine techniques in clinical situations, where
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Table 15.5 Advantages and limitations 
of computed tomography (CT) in imaging
bone and soft tissue tumors12–19

Advantages

Useful in both diagnosis and staging

Good anatomic resolution, soft-tissue contrast, and
detailed morphology

Accurate assessment of size of the tumor

Accurate assessment of extent and anatomic 
margin of disease

Assessment of integrity of adjacent bones

Identifies complications in the bone and soft tissues

In hybrid or fusion imaging it is useful for attenuation
correction

Identifies extrinsic osseous erosions, subtle areas of
mineralization, or soft tissue gas

Useful in assessing anatomic landmarks and localizing
lesion seen on scintigraphy

Sensitivity for detecting sclerotic lesions is high

Useful as a guide for tissue sampling

More sensitive than MRI in the detection of metastatic
disease to the lungs

Useful in planning surgical resection and 
radiation therapy

Limitations

Unable to differentiate between disease and scar,
necrosis, when monitoring response to therapy

CT is not sensitive for assessment of malignant 
marrow infiltration

MRI, magnetic resonance imaging.

Table 15.6 Advantages and limitations of MRI
in imaging bone and soft tissue tumors12–19

Advantages

Useful in both diagnosis and staging

Optimal imaging modality for bone marrow assessment

Detects malignant marrow involvement/infiltration early
in course of the disease

Able to differentiate hematopoietic marrow from 
non-hematopoietic marrow

Identifies anatomical changes

Critical role in planning surgical resection and 
radiation therapy

Soft tissue contrast to delineate tumor relationship 
to muscle, fat, fibrous tissue, and adjacent blood 
vessels is relatively superior to CT

Identifies skip lesions

Limitations

Less sensitive than CT for detecting cortical bone
destruction

May be contraindicated in the presence of cardiac
pacemakers and cerebral aneurysm clips

Unable to differentiate between disease and scar,
necrosis, when monitoring response to therapy

Limited sensitivity in detecting soft tissue calcification

9781841846149-Ch15  8/21/07  4:19 PM  Page 225



conventional techniques are equivocal or unavailable.25–29

In recent years there has been increasing interest in the
use of PET tracers in the investigation of bone and soft
tissue sarcomas. Currently, [18F]FDG (a tumor specific
tracer) and [18F]fluoride ion (non-specific bone tracer)
have been assessed, and early results suggest that both
agents may have a role to play in the clinical management

of musculoskeletal tumors. Most malignant tumors are
known to exhibit increased glucose membrane trans-
porters and a high glycolytic rate due to increased hexo-
kinase activity, which may be reflected in enhanced
accumulation of [18F]FDG, but other mechanisms such as
tumor hypoxia may also play a part in the uptake of this
radiopharmaceutical.30
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Table 15.7 Advantages and limitations of common conventional planar and single photon emission
computed tomography (SPECT) pharmaceuticals in imaging bone and soft tissue tumors15,20–28

Advantages Limitations

[99mTc]MDP bone scan
High sensitivity Lower specificity in differentiating benign and malignant tumors/lesions 
Easy availability Distinguishing a healing process from other active metabolic processes 
Less expensive (tumor recurrence or metastases) is limited

Differentiating ‘flare’ phenomenon from residual/recurrent tumor 
is difficult

67Ga
Reliable in predicting malignancy of soft Not used routinely in the evaluation of bone and soft-tissue tumors

tissue masses Uptake mechanism is not fully understood
Useful in staging accurately (can detect occult Utility in diagnosis of abdominal and pelvic pathologies is limited due 

non-pulmonary metastases) in childhood to its physiological excretion into the bowel
rhabdomyosarcoma, epithelioid sarcoma, Physical characteristics are suboptimal for imaging 
and synovial sarcomas Delayed imaging protocol post-injection makes it less popular

Sensitivity is highest in intermediate- and Non-specific uptake in inflammation limits its use in assessment 
high-grade tumors and lower in low-grade of tumor response
tumors Poor uptake in myxoid tumors

201TL
High positive predictive value Poor uptake in chondroid lesions and myxoid tumors
Uptake in inflammatory and non-tumorous Physical and biological characteristics limit imaging quality and the 

lesions is negligible radiation burden is also relatively high
Defines the extent of soft tissue tumor accurately Biological excretion makes it less ideal for abdominal, lung, or 
Serial quantitative of uptake in malignant bone pelvic imaging

tumors post-chemotherapy predicts histological Uptakes in myositis ossificans, chronic granulomatous synovitis, in 
response and prognosis highly cellular and vascular benign lesions are the reported pitfalls

Differentiates recurrent or residual tumor and 
post-treatment changes

Imaging can be performed soon after injection

[99mTc]MIBI and [99mTc]tetrofosmin
Sensitive and has high negative predictive value Tumors located near the heart, kidney, and bladder are difficult 
Useful in diagnosis as well as assessment of to localize 

multidrug-resistant tumors Chronic granulomatous synovitis and benign lesions are reported 
Differentiates active tumors from post- false positive

treatment changes The role of [99mTc]tetrofosmin has not been studied extensively
Evaluates therapeutic response and prognosis

[99mTc](5)DMSA
Useful in detecting progressive and Low specificity in diagnosing malignant chondrogenic tumor

hypervascular soft tissue tumors (low-grade 
sarcomas, tenosynovial giant cell tumours, etc.)

Accumulates in chondrogenic and myxoid tumors

MDP, methylene disphosphonate; MIBI, methoxyisobutylisonitrile; DMSA, dimercaptosuccinic acid
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BBoonnee  ttuummoorrss::  eettiioollooggyy,,
ppaatthhooggeenneessiiss,,  aanndd  sscciinnttiiggrraapphhyy
Primary bone tumors may arise from any element indige-
nous to bone.15 Malignant bone tumors represent 0.2% of
all new cancers.15,31–3 The role of nuclear medicine tech-
niques is limited except in specific tumor types and certain
clinical situations. Bone scintigraphy is the initial investiga-
tion of choice when a bone lesion is seen incidentally on a
radiograph and cannot be characterized accurately. The
lesion is more likely to be benign when not visualized on a
radionuclide bone scan.33 The converse is not true, and an
area of increased metabolic activity does not help in differ-
entiating benign from malignant lesions. Scintigraphy is a
sensitive but non-specific technique for the assessment of
bone tumors. Malignant tumors are characteristically very
vascular, and dynamic scintigraphy with the three-phase
bone scan may be useful but not sufficient to make a 
diagnosis, as there are a number of vascular benign bone
tumors such as osteoid osteoma or aneurysmal bone cyst
with similar appearances.34 A characteristic pattern of
uptake in some primary bone tumors35,36 has been
reported by various authors, but in practice there is too
much overlap of features on the radionuclide bone scan to
differentiate tumor types. The differential diagnosis
depends on conventional imaging techniques such as plain
X-ray, CT, or MRI, and a specific diagnosis depends on
histopathology.

The role of radionuclide imaging in the initial evaluation
of primary bone tumors prior to intervention or surgery
varies. However, it plays a role in the post-therapy evalua-
tion of primary bone tumors and in the detection of skele-
tal metastases.37

RRaaddiioonnuucclliiddee  sscciinnttiiggrraapphhyy  
ooff  bbeenniiggnn  bboonnee  ttuummoorrss
The role of radionuclide scintigraphy in the diagnosis and
management of benign tumors is limited. However,
scintigraphy of benign bone tumors such as osteochon-
droma, osteoid osteoma, osteofibrous dysplasia, enchon-
droma, chondroblastoma, and aneurysmal bone cyst has been
reported in the literature38–44 (Table 15.8) (Figure 15.1).
The findings noted in these tumors are not consistent or
specific (Table 15.9). Generally a negative bone scan may
be useful in excluding malignancy, but it is not always the
case. Benign tumors usually demonstrate clearly delin-
eated margins. In general bone islands are not visualized
on scintigraphy, but occasionally low-grade focal uptake
may be seen.39,61

Osteoid osteoma
These benign bone tumors commonly present in adoles-
cents with a classical history of night pain relieved by
non-steroidal anti-inflammatory drugs. They are often
small, and may not be detected with conventional radi-
ography,52 the commonest areas of occurrence being the
long bones (meta-diaphysis) and the posterior elements
of vertebral bodies in the spine. Bone scintigraphy plays
an important role in localizing these tumors, as it is
extremely sensitive.33 The typical appearances on a bone
scan are of an intense focus of uptake within an area of
abnormal osteoblastic activity, often called the ‘double
density sign’53 (Table 15.9). Once located, further imaging,
e.g. with CT, may lead to a specific diagnosis as an
appearance of sclerotic cortical thickening, and a radi-
olucent area within the sclerosis is a typical appearance.
The high avidity for [99mTc]MDP in osteoid osteomas
can be used to accurately locate the tumor during 
surgery by the use of a probe, and ensuring complete
excision.54 A negative study virtually excludes the 
diagnosis.39
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Ewing’s sarcoma 

Osteoid osteoma 

Chondrosarcoma  
Osteochondroma

Osteosarcoma 

Chondroblastoma 

Giant cell tumour  

FFiigguurree  1155..11
Schematic representation of the common sites of some major
primary bone tumors.
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Table 15.8 Classification of benign bone tumors and their common sites2,7,9,38–51

Benign tumors Age range and sex Common sites

Chondroid origin
Chondroma 10–80 years Hands (40%), appendicular skeleton

Peak in 2nd–4th decade
M:F equal

Osteochondroma 2–60 years (common in 2nd decade) Long bones (especially around knee joint)
M:F 1.4:1

Chondroblastoma 2nd decade (80%) Epiphysis (most common), metaphysis
M:F 2:1

Chondromyxoid 10–30 years (75%) Metaphyseal
fibroma Peak in 2nd decade

M:F slight male predominance

Osteoid origin
Osteoid osteoma 2nd–3rd decade No skeletal site is exempt

M:F 2.5:1 Common in appendicular skeleton

Osteoblastoma Under 30 years (80%) Spine (vertebral arch), diaphysis and metaphysis 
Peak in 2nd decade of long bones
M:F 2:1

Bone cysts
Simple bone cyst 4–10 years (70%) Proximal third of femur, calcaneum, ilium

Under 20 years (90%)
M:F 2:1

Aneurysmal bone cyst 5–20 years (70%) Any bone but usually arises from the 
M:F equal (slight female predominance) metaphysis of the long bones and posterior 

elements of vertebral bodies

Giant cell tumor/ 18–45 years (80%) Knee joint, distal end of femur
osteoclastoma M:F 2:3

Fibrous origin
Non-ossifying fibroma 2nd decade Lower limb (90%)

M:F male predominance

Benign fibrous histiocytoma 20–50 years Knee
Peak 3rd decade
M:F equal

Desmoplastic fibroma 10–30 years (70%) Metaphyseal region of long bones, pelvis, scapula,
M:F equal humerus, femur, forearm

Other tumors
Angioma, cystic angiomatosis, — —

massive osteolysis

Tumor-like disorders
Implantation dermoid, — —

fibrous dysplasia,
osteofibrous dysplasia
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Osteoclastoma/giant cell tumor (GCT)
Osteoclastoma may arise anywhere in the skeleton. The
common sites include the lower end of the femur, upper
tibia, and distal radius. The distinction between a benign
and a malignant lesion is often difficult based only on clin-
ical and radiological findings. Approximately 10% of these
tumors are malignant. The scintigraphic findings are
increased tracer uptake in all three phases of a bone scan,
and accumulation of the tracer around the tumor peri-
phery is more than in its center (doughnut sign)55–58

(Figure 15.2). However, this feature is non-specific, and
can also be seen in tumors such as telangiectatic osteosar-
coma, chondrosarcoma, and aneurysmal bone cyst.55–58

The bone scan is useful in detecting local recurrence.
Although several groups have investigated the role of bone
scintigraphy in assessing the true extent of this tumor,
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Table 15.9 [99mTc]MDP bone scan findings in some primary benign and malignant bone
tumors15,39,46,52–60

Tumor [99mTc]MDP bone scan findings

Osteogenic sarcoma Markedly increased uptake with some patchy areas of decreased accumulation with 
ill-defined margins/distortions. In some, uniform and increased uptake is noted.
Rarely photopenia has also been reported

Ewing’s sarcoma Markedly increased accumulation with a homogeneous distribution. Distortion is less 
marked than with osteogenic sarcoma. Tumor margins are poorly delineated

Chondrosarcoma Moderately increased throughout the tumor with some scattered areas of focal intense 
uptake. The tumor margins are well defined with mild distortion

Non-ossifying fibroma Mild increase in the delayed images only or no increase in uptake

Simple bone cyst Non-traumatized bone cysts may be indiscernible, as they typically show a slight reactive 
margin surrounding a photopenic center

Unicarmel bone cyst Normal or cold (unless there is complicating fracture)

Monostotic fibrous dysplasia Markedly increased uptake on all three phases of the bone scan (intense homogeneous 
uptake pattern in the delayed phase)

Aneurysmal bone cyst Hypervascularity with a ring-like pattern (non-specific). (Moderate to intense tracer 
accumulation at the periphery of the lesion with little activity at its center 
(doughnut sign))

Osteochondroma Normal vascular phase and increased uptake in delayed phases

Chondroblastoma Mild uniform uptake

Enchondroma Unremarkable first and second phases and the delayed phase shows mild to 
moderate uptake

Osteoid osteoma Intense focus of uptake with area of abnormal osteoblastic activity. Negative study 
excludes diagnosis

Giant cell tumor Rim of moderately increased uptake surrounding a photopenic area/doughnut pattern

Langerhans cell histiocytosis Early phase may show intense vascularity, delayed phase often shows centrally 
reduced uptake

a b

FFiigguurree  1155..22
(a, b) Giant cell tumor: increased uptake around the left
maxilla as seen on anterior and left lateral images.
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they concluded that the bone scan was less useful than
conventional radiological imaging in planning surgical
margins.56–58 Further, 67Ga, was also reported to have a very
limited role in these tumors.

Aneursymal bone cyst (ABC)
Aneurysmal bone cyst is an expansile lesion of bone contain-
ing thin-walled blood-filled cystic cavities, and patients often
present with pain or pathologic fracture.29,39,55,59 In general,
primary ABC is more common than secondary ABC. The
secondary ABC arises from pre-existing benign or malignant
bone lesions.29,39,55,59 The scintigraphic appearances of this
tumor are similar to chondrosarcoma and GCT, and thus
lack specificity and radiography is often helpful in exclud-
ing GCT (18–45 years of age) and chondrosarcoma (meta-
physeal/diaphyseal). The telangiectatic osteosarcoma is
difficult to differentiate from ABC as it can present as a lytic
lesion with fluid levels and also have a ‘doughnut’ appearance
on a bone scan.59

Fibrous dysplasia of bone
Fibrous dysplasia is a skeletal developmental anomaly in
which mesenchymal osteoblasts fail to undergo normal
morphologic differentiation and maturation.29 Patients
are usually asymptomatic, although pathologic fracture
resulting from fibrous dysplasia can cause pain.
Approximately 70–80% of cases are monostotic and 
20–30% are polyostotic. In general, amorphous or irregu-
lar calcification is seen on CT scans, and MRI is also useful
in accurately defining the full extent of the lesion. The
bone scan shows increased uptake on all three phases, with
an intense homogeneous uptake pattern in the delayed
phase. In some cases, only minimal uptake or even no
uptake is noted on a bone scan. The main use of the bone
scan in fibrous dysplasia is to demonstrate polyostotic
involvement60 (Figure 15.3).

Other miscellaneous benign 
bone lesions
Osteochondroma is the commonest benign bone tumor
and may present as solitary or as multiple lesions. The bone
scan appearances may vary from moderately increased
uptake to no focal increased uptake, and scintigraphy has
been reported to have no value in predicting sarcomatous
changes in these tumors.39

Bone islands consist of foci of compact lamellar bone in
a normal cancellous bone, and 50% of these show increased
uptakes on a bone scan and the remainder may show no
abnormal uptake. Bone islands and osteoblastic metastases

may have similar radiological appearances and a normal
bone scan can help to exclude a malignant lesion.61,62

Chondroblastoma appears as a lytic lesion in the epiphy-
seal ossification center of long bones, and may also invade
the adjacent bone. The bone scan appearances vary from
normal to markedly increased uptake.63

Benign cortical irregularity of the distal femur (BCIDF)
is a condition that usually mimics malignancy on radiogra-
phy but the bone scan is normal. The bone scan distin-
guishes it from primary lesions of bone.64

Increased uptake of bone scanning agents has also been
reported in conditions such as intraosseous ganglion,

223300 Advances in Nuclear Oncology

FFiigguurree  1155..33
Fibrous dysplasia. [99mTc] methylene diphosphonate (MDP)
bone scan shows increased uptake in the right hemipelvis,
right knee joint, right tibia, and right foot. Right total hip
replacement (THR) is noted with increased uptake around 
the acetabular component and the tip.
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cholesteatoma, ameloblastoma, periosteal leiomyoma,
non-ossifying fibroma, osteoblastoma, Langerhan’s cell 
histiocytosis, etc.65

RRaaddiioonnuucclliiddee  sscciinnttiiggrraapphhyy  
ooff  mmaalliiggnnaanntt  bboonnee  ttuummoorrss
Malignant bone tumors can occur at any age. There are 
several types of malignant bone tumors and the most
common are osteosarcoma, Ewing’s sarcoma, and chondro-
sarcoma (Table 15.10).2,45,66–69 Excluding multiple myeloma,

osteosarcoma is reported to be the most common primary
tumor of bone and accounts for 36% of primary bone
malignancies.15

Osteosarcoma
Osteosarcoma is a high-grade, malignant spindle cell tumor
that arises within a bone, and it typically occurs during child-
hood and adolescence.66 It can occur in the elderly as a rare
complication of Paget’s disease. In general, 80–90% of these
tumors occur in the long bones, and are usually metaphyseal,
and pain is the most common complaint (Figure 15.4).66

Bone and soft tissue tumors 223311

Table 15.10 Classification of malignant bone tumors and their common sites2,7,9,40,45,47–51,66–68

Malignant tumors Age range and sex Common sites

Chondroid origin
Chondrosarcoma Over 40 years (>50%) Pelvis, proximal femur, proximal 

(central and peripheral) M:F 1.5:1 humerus
Other varieties of chondrosarcoma — —

(juxtacortical, mese-chymal, clear cell)

Osteoid origin
Osteosarcoma (central) Under 30 years (> 80%) Metaphyseal region of growing bones.

M:F 2:1 75% are found in distal femur or 
proximal tibia

Other varieties of osteosarcoma — —
(telangiectatic, low-grade 
intramedullary, surface, parosteal,
periosteal, high grade)

Fibrous origin
Malignant fibrous histiocytoma All ages with a predilection for Metaphyses of long bones (particularly

4th decade (rare in children) around knee)
M:F 1.5:1

Fibrosarcoma 20–50 years Long bones, diametaphyses of femur 
M:F equal and tibia

Marrow tumors
Ewing’s sarcoma Under 20 years (75%); under Diaphysis, femur, tibia, and humerus

30 years (90%)
M:F 2:1

Primary lymphoma of bone 2nd–8th decade (mean age Diaphysis of long bones (femur, tibia,
(lymphosarcoma of bone, reticulum 50 years) and humerus)
cell sarcoma of bone) M:F 1.6:1 Any bone, skull (50%), long bones 

Metastatic neuroblastoma Under 5 years (metaphyseal)

Notochordal in origin
Chordoma All decades (max. 50–70 years) Basisphenoid, sacrum

M:F equal below 40 years 
(later M > F)

Other tumors
Angiosarcoma (hemangioendothelioma, All ages Any bone, long bones predominate,

hemangioendothelial sarcoma) M:F 2:1 tibia, humerus, femur
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FFiigguurree  1155..44
Osteogenic sarcoma. (a,b) Radiograph demonstrating metaphyseal osteosarcoma with ill-defined increased density and ‘sunburst’
spiculation. (c) T2-weighted transaxial magnetic resonance imaging (MRI) demonstrating perpendicular spiculation into the soft
tissue mass. (d) Coronal unenhanced T1-weighted MRI showing intermediate signal tumor invading the marrow. (e) Computed
tomography (CT) scan showing pulmonary metastases, some of which are calcified. (Image courtesy Dr Richard Hughes.)
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The diagnosis is made by an initial biopsy, and standard
treatment involves the use of multiagent chemotherapy
and definitive surgery of the primary tumor, followed by
postoperative chemotherapy.69 In recent years aggressive
adjuvant and neoadjuvant treatment has improved the
treatment outcome.70,71 These tumors commonly metasta-
size to the lungs, other bones, and lymph nodes,72 and
accurate preoperative staging and evaluation of response to
chemotherapy are therefore important aspects of patient
management (Tables 15.11 and 15.12).2–9 The bone scan is
markedly abnormal in osteosarcoma, and the typical find-
ings include markedly increased uptake, patchy tracer dis-
tribution within the lesion, marked distortion of the bony
outline, and a moderately well defined margin (Figure 15.5).
In parosteal osteosarcoma tracer distribution is more uni-
form within the lesion. Radionuclide scintigraphy has been
used to detect osseous metastases at the time of diagnosis
and during follow-up.

The use of bone scintigraphy in assessing local tumor
extent is controversial and remains an area of debate, but is

a technique which can readily be used to assess the rest of
the skeleton for metastatic sites. At presentation, skeletal
metastases are relatively rare, only appearing in 2–6% of
patients.46,74 This technique may be even more useful in
the post-treatment follow-up of such patients, because it 
is at this stage that skeletal metastases are commoner.74

Bone metastases from osteosarcoma characteristically
show increased uptake, but cold lesions (photopenic)
have also been reported. The lungs are a common site of
metastatic spread, and although uptake of bone seeking
tracers has been recorded in the chest this is not a suffi-
ciently reliable technique for staging. Currently CT is 
the preferred technique both at presentation and as a
follow-up investigation.

A good preoperative response to chemotherapy corre-
lates with relapse-free and overall survival.75,76 The assess-
ment of response to preoperative chemotherapy is of
particular interest in functional nuclear medicine imaging
as the degree of tumor necrosis may be related to the 
prognosis.77 Recent reports indicate that patients with
more than 90% necrosis have a better prognosis than those
with less than 90% necrosis. Conventional imaging modal-
ities have been used to assess response after preoperative
treatment. These techniques provide the size of the tumor
after preoperative treatment, but these seem to correlate
poorly with histological necrosis of the tumor.76,78–80

For bone scintigraphy, initial studies reported an overall
accuracy of 88–96% for assessing tumor regression prior to
surgery.81–85 However, further studies do not recommend
using bone scintigraphy for assessing tumor response.81–85

Kobayashi et al. reported a method to assess the effects of
preoperative chemotherapy using bone scintigraphy.86 In
his method the uptake was calculated as tumor-to-back-
ground ratio (TBR), and the changes in TBR before and
after chemotherapy were calculated as the alteration ratio.
However, this technique is limited by the fact that increased
osseous uptake may reflect both tumor viability and heal-
ing.76,87 In general bone, scintigraphy overestimates the
extent of the tumor, and post-therapeutic bone scintigra-
phy has difficulty in differentiating tumor viability and
healing response.81,88–92

Radionuclide scintigraphy with 201Tl is useful in the
assessment of response to chemotherapy in osteosarcoma.
Many studies have confirmed that the changes in accumu-
lation of 201Tl in the tumor are effective for evaluating the
response to preoperative treatment.22,90,93–99 A marked
decrease in 201Tl uptake by the tumor indicates a favorable
response to chemotherapy. A change in therapy may be
needed when 201Tl uptake by the tumor does not decrease
within weeks of chemotherapy.99 Kunisada et al. compared
thallium scintigraphy and angiography in the assessment 
of preoperative treatment response, and suggested that
thallium scintigraphy was more useful than angiography in
categorizing responders and non-responders to preoperative
chemotherapy.76
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Table 15.11 Clinical staging of osteosarcoma
based on tumor grade and TNM2–8,73

Clinical stage Tumor grade TNM

Stage 1A G1 T1N0M0

Stage 1B G1 T2N0M0

Stage 2A G2 T1N0M0

Stage 2B G2 T2N0M0

Stage 3A G3 T1N0M0

Stage 3B G3 T2N0M0

Stage 4A Any G Any T N1M0

Stage 4B Any G Any T any N M1

T, Tumor; N, nodes; M, metastasis.

Table 15.12 surgical staging system by 
Enneking et al.2–9,73

Grade Tumor site Stage

Low Intracompartmental 1A

Low Extracompartmental 1B

High Intracompartmental 2A

High Extracompartmental 2B

Low or high Metastasis (regional or distant) 3
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FFiigguurree  1155..55
Osteogenic sarcoma. (a) Radiograph showing a less common diaphyseal osteosarcoma with periosteal reaction and spiculation. 
(b) Radiograph demonstrating Codman’s triangle of periosteal elevation by the tumor at the peripheries. (c) [99mTc]MDP bone scan
demonstrating irregular, predominantly cortical uptake seen in the left femoral diaphysis. (d) Unenhanced transaxial T1-weighted
MRI showing intermediate tumor signal in the bone marrow and a soft tissue mass encircling the femur.
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Radionuclide scintigraphy with [99mTc]MIBI has also
been reported to be useful in the imaging evaluation of
osteosarcoma, and it also identifies non-responders earlier
during chemotherapy, which would then help in deciding
on alternative chemotherapeutic agents or surgery.27, 100–103

[99mTc]MIBI has also been assessed in a series of predomi-
nantly bone sarcomas post-therapy.100–104 It was found to
accurately differentiate active sarcoma from post-treatment
changes.

Paget’s sarcoma
In fewer than 1% of patients with Paget’s disease a sarcoma
may develop. The tumor characteristically shows relatively
reduced uptake compared with the benign pagetic
bone,105,106 but in active Paget’s disease it may be difficult to
identify superimposed osteosarcoma. Smith et al. described
a series with a variety of imaging tests in patients with
Paget’s sarcoma. 67Ga showed a slight increase in tracer

uptake in benign pagetic bone compared to normal bone,
and in the pagetic sarcoma the uptake was markedly
increased (where MDP was cold).105,106 In general, pagetic
sarcoma can be confirmed by conventional radiological
imaging; however, in equivocal cases a combination of
[99mTc]MDP bone scan and 67Ga may be helpful in identi-
fying a site for biopsy.

Ewing’s sarcoma
These tumors occur primarily in children and adolescents,
and they arise in the diaphysis of long bones (Figure 15.6).
The primary lesion usually shows avid uptake of
[99mTc]MDP (Figure 15.7), which is more uniform and
shows less irregularity of contours than with osteosarcoma,35

but similarly may not accurately demonstrate the true
extent of tumor due to marrow involvement. 67Ga also
avidly accumulates into primary lesions,107 but surprisingly
Caner et al. noted absent uptake in a number of Ewing’s
tumors using [99mTc]MIBI.27 Skeletal metastases are con-
siderably more common (> 10%)108–110 than with osteosar-
coma, and so routine bone scintigraphy has a role in the
initial staging of these patients. Bone scintigraphy also 
has a role in routine surveillance of patients, as more than
one-third subsequently develop skeletal metastases.103,110

Unlike osteosarcoma, extraskeletal metastases from Ewing’s
sarcoma will not accumulate bone-scanning agents.111

[18F]FDG-PET is also reported to be superior to bone
scintigraphy in the detection of bone metastases of Ewing’s
tumors.112 In general, 201Tl and [18F]FDG imaging are more
reliable than a bone scan in monitoring tumor response to
treatment.
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FFiigguurree  1155..66
(a,b) Ewing’s sarcoma: radiograph showing permeative
destruction and periosteal reaction with multilaminar ‘onion
peel’ appearance on the medial aspect of the fibula on the
frontal view. (Image courtesy Dr Richard Hughes.)

FFiigguurree  1155..55,,  ccoonntt’’dd
(e) Coronal short time inversion recovery (STIR) MRI showing
high signal within the marrow and the extraosseous soft
tissue component of the tumor. (Image courtesy 
Dr Richard Hughes.)
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Chondrosarcoma
Chondrosarcoma is the second most common primary
malignant spindle cell tumor of bone.39 These are a hetero-
geneous group of tumors whose basic neoplastic tissue is
cartilaginous.47 Five types of chondrosarcomas have been
described (central, peripheral, mesenchymal, differentiated,
and clear cell).48,49,113 These tumors are broadly classified 
as primary and secondary (often arising from benign carti-
lage tumors). The most common primary sites of chon-
drosarcomas are the pelvis, femur, and shoulder girdle.

These tumors are also the most common malignant tumors
of the sternum and scapula. Metastatic potential correlates
with the histological grade of the tumor.64,113,114 The role of
radionuclide bone scan is limited, and the typical appear-
ances show moderately increased uptake throughout the
tumor with some focal areas of intense uptake. Distortion
of the bone outline is usually slight, and the scintigraphic
margin is well defined. The scintigraphic appearances do
not correlate with histological grading of the tumor.36,115,116

If serial scans are available, the bone scan may play a role in
screening the sarcomatous transformation of enchondroma
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FFiigguurree  1155..77
Ewing’s sarcoma. (a) Radiograph
showing a permeative destructive
lesion of the distal fibula with
periosteal reaction. (b) Increased
uptake at left distal fibula on bone
scintigraphy but no skeletal
metastases. (c) Coronal STIR MRI
showing a high signal soft tissue
mass involving the distal fibula. 
(d) Transaxial unenhanced 
T1-weighted MRI showing the large
intermediate signal soft tissue
component surrounding the distal
fibula with infiltration of the
marrow. (Image courtesy Dr Richard
Hughes.)
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into chondrosarcoma. Further, [99mTc]DMSA scintigraphy
can also be used in distinguishing benign and malignant
chondrogenic tumors, and in predicting malignant trans-
formation of chondrogenic tumors.28,117

Lymphoma of bone
Lymphomas of bone are rare, and constitute 5–8% of pri-
mary malignant bone tumors.118–121 The most common
forms of primary bone lymphomas are large cell or mixed
small and large cell lymphomas of B-cell lineage. The femur
is the most common site, and other sites include the pelvis,
humerus, head and neck, and tibia.122 Involvement of the
skeleton occurs in up to 20% of patients with Hodgkin’s
(HD), and 3–5% of all cases of non-Hodgkin’s lymphoma
(NHL) are primary disease of the skeleton (secondary
involvement occurs in up to 25% of patients).119–121 Bone
involvement upgrades disease to stage, and is indicative of
an aggressive disease with a poor outcome12 (Figure 15.8).
Extension of disease from adjacent disease in the soft tissue
to bone, however, does not alter staging.12 The radiographic
features of bone lymphomas are non-specific.122,123

Radiononuclide scintigraphy using 67Ga scintigraphy is
reported to be useful in diagnosis and for assessing the
treatment response. However, its role in the assessment of
tumor response is debatable. Some studies have demon-
strated that 67Ga scintigraphy is of value in assessing bone
lymphoma, whereas others have suggested that 67Ga uptake
in skeletal lesions after treatment may preferentially reflect
bone healing.90,124–127 However, the hypothesis is that 67Ga
uptake is seen in both osteosclerotic and osteolytic lym-
phoma. The lymphoma-seeking properties, rather than the
bone-seeking properties of 67Ga, play the primary role in
uptake in sites of active bone involvement.119 67Ga scintig-
raphy may be used as a predictor of long-term outcome in
patients with lymphoma of the skeleton, as CT scans do not
become negative even 1 year after treatment.122 PET using
[18F]FDG has proven accurate for the initial diagnosis and
staging of bone lymphoma.128–131 In general, [18F]FDG-
PET has the potential for predicting treatment outcome
early during the treatment. However, it may be limited by
bone marrow uptake and other conditions affecting the
bone, particularly in the axial skeleton.128,129 The CT images
of PET–CT may be helpful in detecting soft-tissue paraver-
tebral masses as well as epidural masses and neural fora-
men invasion in patients with lymphomas.12 In general, the
pattern of marrow involvement by lymphoma is often
patchy, and a blind marrow sampling technique could
result in false-negative results if the biopsy site is not infil-
trated by lymphoma.12 It is reported that [18F]FDG-PET
could be used to guide the biopsy site, and can also identify
patients with HD who are at high risk of having marrow
involvement.12 However, we should be cautious in assessing
the marrow involvement in lymphoma, as reactive changes

following chemotherapy and granulocyte colony-stimulating
factors may cause increased bone marrow activity.130,131

The role of [18F]FDG-PET and PET–CT imaging for mon-
itoring the treatment response still needs to be assessed.131

Myeloma/plasmacytoma
Myeloma is a plasma cell tumor, and in general patients
may present with symptoms such as persistent, unex-
plained backache, impaired renal function, hypercalcemia,
and anemia.132–134 The diagnosis is confirmed by bone
marrow aspirate ± trephine biopsy. Further, to estimate
tumor burden and prognosis, bone marrow cytogenetics is
used.134 The skeletal survey remains the standard method
for radiological screening at diagnosis,134 but plain radiog-
raphy has a low sensitivity and specificity. CT has a higher
sensitivity than plain radiographs at detecting small lytic
lesions.135–137 MRI is useful for the assessment of the extent
and nature of soft tissue disease, and in patients with cord
compression it provides an accurate assessment of the level
and extent of cord or nerve root compression. Further, MRI
provides information about bone marrow infiltration.138

The role of radionuclide bone scintigraphy is limited by its
low sensitivity in myeloma, owing to the lack of osteoblas-
tic activity. Reported sensitivities for [99mTc]MDP bone
scan range from 40% to 60%.139

[99mTc]MIBI imaging has been reported to be useful and
to have higher sensitivity and specificity in the detection of
bone marrow involvement than radiography.139–141 Both
focal and diffuse bone marrow uptake patterns have been
reported as evidence for active myeloma,139–141 although a
diffuse pattern may also be seen in normal individuals.141

Nandurkar et al. have reported that focal uptake of MIBI is
a better indicator of active myeloma than diffuse uptake.139

[18F]FDG-PET is reported to be useful in accurate staging
and evaluation of therapy response.142,143 Schirrmeister et al.
reported that [18F]FDG-PET is accurate in detecting multi-
ple myeloma, and revealed a greater extent of disease than
routine radiographs in 60% of patients who had osteolytic
bone lesions.144 Further, a focal or mixed focal/diffuse
[18F]FDG-PET uptake pattern exhibited a higher positive
predictive value for active disease compared with a diffuse
uptake pattern (100% and 75% respectively).144 In detecting
myelomatous involvement by [18F]FDG-PET, Bredella et al.
reported a sensitivity and specificity of 85% and 92%
respectively.142,143,145 Mileshkin et al. compared the utility of
MIBI with [18F]FDG-PET in the evaluation of bone disease
in myeloma and they found that in the patients investigated
by both [99mTc]MIBI and [18F]FDG-PET, MIBI not only
detected additional sites to those detected by [18F]FDG-PET
in 52% of cases, but also demonstrated a positive correla-
tion with plasma cell infiltrate in the bone marrow.146

In general, both [99mTc]MIBI and [18F]FDG-PET are useful
in the diagnosis and management of myeloma.
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FFiigguurree  1155..88
Bone lymphoma. (a) Coronal [18F]fluoro-2-deoxy-D-glucose-positron emission tomography (FDG-PET) scan showing active disease in 
left cervical and right supraclavicular nodes as well as focal disease within the spleen. There is also evidence of bone disease
affecting the pelvis. (b, c) Transaxial PET–CT images of the pelvis showing active bone disease appearing both lytic and sclerotic 
on CT bone windows.

BBoonnee  ttuummoorrss::  PPEETT  aanndd  PPEETT––CCTT
The exact role of [18F]FDG-PET in osteosarcoma is unclear.
Most reports using PET have investigated soft tissue sarco-
mas rather than bone tumors. However, current literature
suggests that in patients with bone sarcomas, [18F]FDG-PET

may play an important role in guiding biopsy, detecting
recurrence in amputation stumps, evaluating metastatic
disease, and assessing treatment response and prog-
nosis.73,103,147,148 The possible role of [18F]FDG-PET in 
differentiating benign and malignant bone tumors by using
standardized uptake valves (SUVs) has been studied by
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Aoki et al., and they found that [18F]FDG-PET may be of
limited value in distinguishing malignant from benign
bone tumors accurately because of the high accumulation
of [18F]FDG in some benign bone lesions.149 However,
[18F]FDG-PET SUV analysis may be helpful in histologic
grading and guiding biopsy (most metabolically active
regions).73,103,147,148

In the detection of local recurrence in the amputation
stump, the role of [18F]FDG-PET may be limited by
increased uptake seen in the postoperative period, which
can last up to 18 months post-surgery.150 However, in the
absence of local inflammatory or reactive changes, one
should suspect recurrence, and confirmation with biopsy is
necessary.147,148

Franzius et al. compared [18F]FDG-PET and bone
scintigraphy for detecting osseous metastases, and con-
cluded that the sensitivity, specificity, and accuracy of
[18F]FDG-PET in the detection of osseous metastases from
Ewing’s sarcomas are superior to those of bone scinti-
graphy.151 However, in the detection of osseous metastases
from osteosarcoma, [18F]FDG-PET seems to be less sensi-
tive than bone scintigraphy.151 Further studies from other
groups reported that [18F]FDG-PET, when compared to
CT, is reported to have lower sensitivity but increased
specificity in detecting lung metastases from osteosar-
coma.148,152,153 The sensitivity of [18F]FDG-PET in detect-
ing bone metastases is also limited.154

Currently it is difficult to comment on the role of
PET–CT technology in detecting metastases, and results
are awaited. In the assessment of treatment response in
bone tumors, [18F]FDG-PET using the SUV and tumor-to-
background analysis is reported to be useful in predicting
response and responders.81,147,148,155–157 [18F]FDG-PET is
also reported to be a useful adjunct to MRI in distinguish-
ing viable tumor from post-treatment changes in patients
with bone and soft-tissue sarcomas.143,158 Finally, in judging
the prognosis in patients with osteosarcoma, [18F]FDG-PET
is reported to be useful and complementary.159 Franzius 
et al. have reported that overall and event-free survivals were
significantly better in patients with low [18F]FDG uptake in
the tumor than in patients with high [18F]FDG accumula-
tion in the tumor at the time of diagnosis.159

SSoofftt  ttiissssuuee  ssaarrccoommaass::  eettiioollooggyy,,
ppaatthhooggeenneessiiss,,  aanndd  sscciinnttiiggrraapphhyy
Soft tissue sarcomas are a heterogeneous group of tumors
that arise from tissue of mesenchymal origin and account
for approximately 1% of all malignant tumors.160,161 The
etiology of these tumors is not well defined, but multiple
associated and predisposing factors have been reported.162

Tumor suppressor genes play a critical role in cell growth

inhibition and can suppress the growth of cancer cells, and
the retinoblastoma (Rb) gene and the p53 tumor suppressor
gene are reported to be relevant to soft tissue sarcomas.163

Imaging of soft tissue sarcomas requires a multimodality
approach, no single imaging modality being ideal for every
tumor.14,164,165 In general, following radiography, MRI is
usually considered as a first line for the evaluation of a soft
tissue mass, followed by CT, [18F]FDG-PET, ultrasonography
(US), and magnetic resonance angiography (MRA), depend-
ing on the availability and the clinical scenario.14,164

Soft tissue sarcomas can occur in any site in the body,
and approximately 50% of them appear in the extremities.50

These tumors generally grow in a centrifugal fashion, com-
pressing the surrounding normal structures.166 Different
types of soft tissue sarcomas have been described and have
distinguishing histological characteristics, although many of
them have common clinical and pathological features50,51,167

(Table 15.13). These tumors also have numerous grading
criteria and grading scales. Unfortunately the grading crite-
ria are neither specific nor standardized.50,168–170 The tumor
grade, size, and depth in relation to the muscle fascia are
important determinants of disease recurrence and the devel-
opment of metastases.16,171–176 The overall 5-year survival rate
in patients with soft tissue sarcomas of all stages remains
only 50–60%. In general the dominant pattern of metastasis
is hematogenous and is site specific.161,162 In patients with
lesions in the extremities, most metastasize primarily to the
lungs (70%), and in those with retroperitoneal or visceral
lesions, the more common site would be the liver, with lung
a secondary site.50,177

RRaaddiioonnuucclliiddee  sscciinnttiiggrraapphhyy  
iinn  ddiiaaggnnoossiiss,,  ssttaaggiinngg,,  
aanndd  mmaannaaggeemmeenntt
The role of nuclear medicine in the detection and staging of
soft tissue sarcomas is uncertain. However, the advantage of
being a functional imaging modality will be useful in dif-
ferentiating viable from non-viable tumor and in assessing
the response to therapy. 67Ga is reported to have high sensi-
tivities for the detection of soft tissue sarcomas and metas-
tases,178,179 but uptake depends on tumor grade, and this
makes it less sensitive for some tumors.167 The reported
results are equally good before or after therapy, with 52/56
(93%) of patients having true positive studies prior to
treatment and 8/9 (89%) post-treatment, in a study by
Southee et al.178 Approximately 85% of disease sites were
correctly located, although liver metastases were poorly
identified presumably due to physiological gallium accu-
mulation in the liver, making lesions obscure. One tumor
that is consistently negative with 67Ga imaging is Kaposi’s
sarcoma. This finding is diagnostically useful, as gallium

Bone and soft tissue tumors 223399

9781841846149-Ch15  8/21/07  4:19 PM  Page 239



imaging may then differentiate Kaposi’s sarcoma from
infective abnormalities such as atypical mycobacterial
infections, which are gallium positive, in patients with
acquired immunodeficiency syndrome (AIDS).179 In gen-
eral, thallium imaging has been shown to be more accurate
than gallium in both soft tissue sarcomas and bone tumors
in assessment of chemotherapy response.

PPEETT  aanndd  PPEETT––CCTT  iinn  ddiiaaggnnoossiiss,,
ssttaaggiinngg,,  aanndd  mmaannaaggeemmeenntt
Diagnosis and staging
[18F]FDG–PET is recommended for the diagnosis and stag-
ing as well as for the detection of recurrence in patients
with malignant soft-tissue sarcomas (Table 15.14). The
reported results vary from visual evaluation to semiquanti-
tative evaluation using SUVs.182 The sensitivity and speci-
ficity reported in the literature using a dedicated PET
scanner is 91–100% and 65–88% respectively,183–187 with a
close correlation between tumor grade and degree of
uptake.8,188–191 Common false negatives are in low-grade sar-
comas and false positive in some benign tumors and inflam-
matory lesions.183,187,190–192 In detecting local disease, Lucas 
et al. have reported a sensitivity of 73% and specificity of 94%,
and the results for MRI were 88% and 96% respectively.193 A
number of studies have reported the ability of [18F]FDG-PET
to grade tumors, although the differentiation of low-grade
from benign lesions is more difficult.8,185,187,193–196 In a sys-
tematic review and meta-analysis (17 studies), Bastiaannet 

et al. found that [18F]FDG-PET has the potential to dis-
criminate between sarcomas and benign tumors, as well as
between low- and high-grade sarcomas.180 The pooled sen-
sitivity, specificity, and accuracy of PET for the detection of
sarcomas were 91%, 85%, and 88%, respectively.180 Further
reports suggest that evaluating full FDG kinetics may provide
superior information for discriminating grade I and grade II
tumors (positive predictive value of 80%).147,183,180 The dif-
ferentiation of benign lesions from high-grade tumors is
improved by delayed scanning (as high-grade tumors may
not reach peak activity until 4 hours, whereas benign
lesions plateau as early as 30 minutes).180 Intermediate-
grade and high-grade sarcomas are reported to accumulate
and metabolize FDG to a greater extent than in normal tissues,
many benign tumors, and low-grade sarcomas,161,181,187,190,196

and grading of low-grade tumors and benign lesions may
not be adequate and accurate.

Guiding biopsies
Sarcomas are often heterogeneous and may contain areas of
inflammation, fibrosis, and necrosis in addition to viable
tumor cells. By demonstrating the most metabolically
active sites within a primary sarcoma, [18F]FDG-PET may
be helpful in guiding biopsies to ensure a representative
sample.193 Hain et al. reported that benign lesions showed
low or no FDG uptake, and in malignant masses the biopsy
site suggested based on the [18F]FDG-PET scan was found
to be representative of the most malignant site on 
histology.197 With the availability of PET–CT, localization
of the most active metabolic site will become easier and will
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Table 15.13 Classification of soft tissue sarcomas2–9,14,50,51,160,161

Histology subtype Age range (years) Common site of primary

Liposarcoma 40–60 Majority lower extremities and retroperitoneum

Angiosarcoma 50–70 Cutis/subcutis of head, lower extremities

Ewing’s sarcoma (extraskeletal) 10–30 Lower extremities, paravertebal, chest wall

Fibrosarcoma 30–50 Extremities, trunk

Leiomyosarcoma 50–60 Retroperitoneum, cutis/subcutis of lower extremities

Primitive neuroectodermal tumor (PNET) 15–35 Trunk, lower extremities

Malignant fibrous histiocytoma 50–70 Proximal extremities, retroperitoneum

Malignant schwannoma 25–30 Proximal extremities, trunk

Embryonal rhabdomyosarcoma 7–11 Head, neck, urogenital

Alveolar rhabdomyosarcoma 15–20 Extremities, head, neck

Pleomorphic rhabdomyosarcoma 40–60 Extremities, urogenital

Synovial sarcoma 20–35 Extra-articular joints of lower extremities
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help the surgeon to plan an appropriate approach to reach
the biopsy site.

Detection of metastases
In detecting metastases, [18F]FDG-PET may not be quite as
sensitive as CT for lung metastases or as sensitive as MRI
for local recurrence, although it demonstrates good speci-
ficity and is able to detect other distant metastases.150 It has
therefore been suggested that all three imaging procedures
may be required to accurately stage patients. For the identi-
fication of lung metastases, the sensitivity and specificity of
[18F]FDG-PET were 86% and 100%, respectively, and those
of chest CT were 100% and 96%, respectively. However,
[18F]FDG-PET is reported to be helpful in identifying other
unexpected sites of metastases.198,199

Assessment of local reccurence
In earlier studies, Lucas et al. reported [18F]FDG-PET to be
not as satisfactory as conventional imaging for the identifi-
cation of local recurrence (MRI is better) in patients with

surgically excised tumors.161 However, further study by
Hian et al. and others was reassuring, and they concluded
that, in the absence of localized clinical changes (pressure
areas with skin breakdown), these areas represented a
recurrence and needed a biopsy.150,199,200 Schuetze et al.,
with a median patient follow-up of 46 months, reported that
the sarcoma SUVmax is a strong predictor of local and distant
disease recurrence.171 The risk of distant recurrence of dis-
ease was reported to be higher in patients with a baseline
tumor SUVmax ≥ 6.171

Assessment of treatment response
In general, it has not been well established whether a signif-
icant change in the tumor size is a meaningful surrogate of
patient outcome.73,201 More recently there has been much
interest in the use of [18F]FDG-PET to assess response to
therapy.73,171,202–203 Successful treatment results in a sharp
decline in tumor glucose metabolism, in comparison with
the high level of glucose metabolism in the tumor before
therapy.205–207 The results from Schuetze et al. show that
with pre-treatment tumor SUVmax and change in SUVmax

after neoadjuvant chemotherapy it is possible to identify
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Table 15.14 Summary of [18F]fluoro-2-deoxy-D-glucose (FDG)-PET in bone and soft tissue
tumors12,73,98,150,161,180,181

1. Non-invasive

2. Diagnosis and staging
Useful in the evaluation of both primary and recurrent soft-tissue lesions
Clinically helpful in tumor grading
Accurate in differentiating low- from high-grade tumors
Preoperative analysis of glucose metabolism may help in selecting appropriate treatment regimen
Superior to [99mTc]MDP bone scintgraphy in detecting bone tumors

3. Assessment of treatment response and prognosis
Detects early responses to therapy
SUV is useful in predicting patient outcomes
Change in the maximum accumulation of FDG in sarcomas closely relates with survival
Differentiates scar from viable tumor

4. Guiding biopsies
Helpful in guiding biopsies
Helpful in localization of the most active metabolic site

5. Limitations
[18F]FDG-PET may not be quite as sensitive as CT for lung metastases
[18F]FDG-PET may not be quite as sensitive as MRI for local recurrence
It may not discriminate between low-grade tumors and benign lesions
Probable lower sensitivity in detecting osteosclerotic bone metastases from extraskeletal malignancies
Epihyseal growth plates in children show moderate uptake and must not be misinterpreted as tumors
Intense uptake may be noted in patients using crutches (shoulder, axilla, etc.)
The cost-effectiveness needs to be delineated
Further evaluation and comparison against other newer radiopharmaceuticals is required

SUV, standardized uptake value
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patients who may be at high risk of tumor recurrence.171

In a retrospective analysis, the ability of pre-therapy [18F]
FDG-PET was determined in predicting patient survival
and disease-free interval in patients with sarcoma.180,201

Further, multivariate analysis showed that SUVmax was a
statistically significant independent predictor of patient
survival, such that tumors with larger SUVmax had a signif-
icantly poorer prognosis. [18F]FDG-PET is also reported to
be a useful adjunct to MRI in distinguishing viable tumor
from post-therapeutic changes in patients with bone and
soft-tissue sarcomas, especially when MRI is equivocal.158

However, a definitive value of [18F]FDG-PET in the evalua-
tion of therapy is still unclear, and needs further investiga-
tion and clarification.

SSppeecciiffiicc  ttuummoorr  ttyyppeess
Rhabdomyosarcoma
Rhabdomyosarcoma is the commonest soft tissue tumor of
childhood, and is a highly malignant tumor (Figure 15.9).
The tumor usually presents as a mass, and metastasizes to
the lungs, bones, and lymph nodes. Radionuclide imaging
with 67Ga, [99mTc]MDP, and thallium are reported to be
useful. In a retrospective study by Cogswell et al., 67Ga scans
had a sensitivity of 84% and specificity of 95%, and
[99mTc]MDP bone scans had a sensitivity of 70% and speci-
ficity of 95% for detection of metastatic disease in all tissues.
In the detection of skeletal metastases, bone scan sensitivity
and specificity of 100% and 95% were reported, respec-
tively.208 The bone scan was sensitive in detecting bone
metastases, and 67Ga was better for the detection of soft
tissue metastasis. Similar sensitivities were reported between
201Tl and 67Ga in localizing the sites of rhabdomyosarcoma.209

Further, Menedez et al., in a small group of patients,
reported that thallium was useful in assessing treatment
response in patients with high-grade sarcomas.210 Nine of
their ten patients showed reduced thallium uptake after
chemotherapy, and also marked histological response.210

[18F]FDG-PET imaging may be useful in detecting the pri-
mary and monitoring therapeutic response (Figure 15.9).
Peng et al., in a small group of pediatric patients, showed
that a decreased [18F]FDG uptake by the tumor was associ-
ated with a favorable response to therapy and prolonged
remission of the disease. In contrast, persistent abnormal
FDG was associated with early relapse.211

Gastrointestinal stromal tumors
Gastrointestinal stromal tumors (GISTs) constitute
approximately 0.1–3.0% of all gastrointestinal tract neo-
plasms and 6% of all sarcomas. Nearly 70% of GISTs 
are benign, and 30% are malignant. Malignant GIST is
reported to recur and metastasize, often to the liver and
peritoneum. It can metastasize less frequently to other sites
such as the lungs, pleura, retroperitoneum, bone, and 
subcutaneous tissues.202,212,213 GISTs are reported to be
chemoresistant and insensitive to irradiation.214 Recent stud-
ies show promising results by treating GIST tumors with
imatinib (tyrosine kinase inhibitor).215–217 CT and [18F]FDG-
PET are reported to have comparable sensitivity and 
positive predictive values in staging malignant recurrent
GISTs. In predicting early response to therapy, [18F]FDG-
PET is reported to be superior201,214–217 (Figure 15.10).
However, in treatment planning, PET–CT is reported to
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FFiigguurree  1155..99
Alveolar rhabdomyosarcoma. Sagittal MRI (a) and localized
[18F]FDG image (b) show the tumor with a satellite lesion
(arrow). (Reproduced with permission, from reference 185.)

FFiigguurree  1155..1100
Gastrointestinal stromal tumors. Liver metastases pretreatment
(top row) show good response after 2 weeks of Glivec® 
(on [18F]FDG-PET) (bottom row).
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be more useful than PET alone, as it precisely delineates
lesions and aids in the correct planning of surgical 
interventions.218

Malignant peripheral 
nerve sheath tumor
Neurofibromas are benign skin tumors with typical histo-
logical features.219 Some 4% of patients with neurofibro-
matosis type 1 (NF1) develop malignant peripheral nerve
sheath tumors.220 Malignant peripheral nerve sheath tumor
(MPNST) represents approximately 10% of all soft tissue
sarcomas. Its diagnosis is often difficult, and the survival
rates are low. The prognosis is not well correlated with 
the histopathology and tumor grading221 (Figure 15.11). The
tumors may metastasize to the lung, brain, liver, bone, soft
tissue, regional lymph nodes, skin, and retroperitoneum.222

Ferner et al., using SUV, have reported that [18F]FDG-PET
is helpful in determining malignant change in plexiform
neurofibromas in NF1.223 They have also concluded that,
by calculating the SUV at about 200 minutes post-injec-
tion of [18F]FDG (peak activity in malignant tumors), it
may be possible to differentiate benign and malignant
tumors.224 Brenner et al. have also reported that tumor
SUVs help in the prediction of survival in NF1 patients
with MPNSTs.221

Primitive neuroectodermal tumor
(peripheral neuroepithelioma,
extraosseous Ewing’s sarcoma)
Primitive neuroectodermal tumor (PNET) is a soft tissue
sarcoma, and there is considerable clinical and histological
overlap between this tumor and Ewing’s sarcoma. In gen-
eral, Ewing’s sarcoma arises within the bone, while PNET
arises within soft tissues. MRI is useful in the assessment of
the extent of disease. [18F]FDG-PET imaging may be useful
in detecting the primary and metastatic lesions of PNET.

RReecceenntt  aaddvvaanncceess  
aanndd  ffuuttuurree  ttrreennddss
SSPPEECCTT––CCTT  aanndd  PPEETT––CCTT  iimmaaggiinngg
Recently, integrated or hybrid imaging systems composed
of SPECT or PET with CT have been used in clinical prac-
tice. Acquisition of both the SPECT or PET and CT is per-
formed without changing the patient’s positioning. The
limitations of using only scintigraphic techniques in local-
izing lesions in the vicinity of physiological uptake may be
overcome using these hybrid techniques. The CT part of
the SPECT–CT or PET–CT is reported to be valuable for
attenuation correction and anatomical localization of the
abnormality. Further, because routine radiopharmaceuti-
cals used for the detection of malignant bone involvement
are generally not tumor-specific, false-positive benign
lesions may also show increased tracer uptake and, thus,
correlation, mainly with CT, is often indicated and may
prove to be useful.

NNeewweerr  ttrraacceerrss
Currently, PET imaging with newer tracers such as18F-
labeled Fab fragment of TP3 (animal study), [18F]fluoride,
and [11C]choline are being investigated for the evaluation
of bone tumors.152,161,224 In brain, head and neck, bone, and
soft tissue tumors, [11C]choline is reported to show higher
contrast than FDG.225 Reports comparing [18F]FDG-PET

Bone and soft tissue tumors 224433

FFiigguurree  1155..1111
Neurofibromatosis. [18F]FDG images show tumor on the right
is low grade and that on the left thigh is high grade with
heterogeneous uptake. (Reproduced with permission, from
reference 185.)
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with [11C]choline-PET found [11C]choline to be advanta-
geous because of its shorter examination time and minimal
urine retention in the bladder.226 [11C]choline also has lower
muscle uptake, and is thereby expected to provide a higher
contrast tumor image than [18F]FDG-PET.227 Further,
[11C]aminoisobutyric acid (AIB) and 15O labeled water are
reported to be suitable for functional imaging of soft tissue
sarcomas and the detection of sarcoma recurrence.197 These
tracers were found to accumulate in primary and recurrent
soft tissue sarcomas of different histological type. Suzuki 
et al. have reported that 18F labeled α methyl tyrosine
([18F]FMT) is superior to FDG in the differentiation
between benign and malignant tumors.228,229 However, they
were unable to establish a cut-off SUV for benign and malig-
nant tumor differentiation. Finally, there are few reports on
the use of [18F]FDG-PET in bone tumors.73 However, these
results are preliminary, and further studies are awaited.

CCoonncclluussiioonn
Functional imaging using radiotracers, imaged using a
conventional γ camera or PET scanner, provides unique
and complementary information in the overall diagnosis
and management of bone and soft tissue tumors. Although
there is a limited role in initial staging of primary bone and
soft tissue tumors and in differentiating benign from
malignant masses, in specific tumor types conventional
planar and SPECT techniques have proven useful in diag-
nosis, staging, assessment of treatment response, and dif-
ferentiating responders and non-responders. PET imaging
using [18F]FDG, acquired either on a dedicated PET system
or by using hybrid PET–CT, plays an important role in the
diagnosis and management of soft tissue tumors. However,
the definitive role in various stages of the disease process
needs further evidence and clarification. Finally, with the
advent of newer state-of-the-art hybrid technology and
tracers, there may be a more definitive role for radionuclide
imaging in the near future.
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16
Malignant melanoma
Ehab M Kamel and Angelika Bischof
Delaloye

BBaacckkggrroouunndd
Malignant melanoma (MM) is the most common fatal skin
cancer. It usually stems from dermic or epidermic neural-
crest derived melanocytes. However, melanocytes located
in other regions of the body such as the meninges, the
choroidal tissue of the eye, the digestive tract, the mucosal
surfaces, and the lymph nodes can also give rise to MM.1

Currently, there are no proven causes of MM, but the most
likely associated factor is episodic exposure to the ultravio-
let (UV) component of sun rays.2 The risk of melanoma is
relatively higher in fair-skinned individuals, particularly
those with blond or red hair who sunburn and freckle easily
in contrast to those with darker complexions. The sites of
predilection for MM are primarily related to the areas of
intermittent exposure to the sun, such as the back in men
and the lower leg in women, with relative sparing to the
more frequently exposed sites such as the face, hand, and
forearms.2 Despite the continuous advances in prevention,
early detection, and treatment, the worldwide incidence and
mortality rate of MM are increasing dramatically. The
National Cancer Institute Surveillance, Epidemiology, and
End Results (SEER) database documents increases of 619%
in annual diagnosis of cutaneous melanoma and of 165% in
annual mortality from 1950 to 2000.3 Malignant melanoma
has four histogenetic types: superficial spreading, lentigo
maligna, nodular, and acral lentiginous melanoma. Clinical
signs that may be indicative of possible MM are asymmetry,
border irregularity, color variegation, increase in diameter,
elevation, ulceration, and bleeding of pigmented lesions.1

Histologic findings (tumor thickness, tumor invasion), sur-
face ulceration, spread to regional lymph nodes, and distant
metastases are interchangeably applied to predict disease
course and patient outcome.

SSttaaggiinngg  ooff  mmaalliiggnnaanntt  mmeellaannoommaa
According to the American Joint Committee on Cancer
(AJCC), the staging criteria for MM include lesion 

thickness, surface ulceration, number of involved lymph
nodes, pattern of nodal involvement (microscopic, macro-
scopic), and the presence or absence of distant metastases.4

Currently, there are four stages that are derived from the
TNM status of each individual lesion (Table 16.1). It is gen-
erally agreed that patients with stage I–II are categorized as
low risk, whereas stage III–IV are portending high risk of
disease relapse and poor outcome, respectively. Since pre-
cise tumor (T) staging can only be obtained after surgical
resection, diagnostic imaging has no significant role in this
regard. Based upon the Breslow microstaging method,
which estimates the total vertical height of the melanoma,
thin MMs, measuring < 1mm thickness, have a very favor-
able prognosis, with a 10-year survival of > 90%.4,5 Increas-
ing Breslow thickness is associated with a significant
decrease in the overall disease-free survival, since both
locoregional disease recurrence and the incidence of
distant metastases augment steadily. For MM thicker than 
4 mm, a 5-year survival of 67% has been reported.4

The role of diagnostic imaging in MM is to accurately
identify potential disease spread to the locoregional lymph
basin or to distant sites. Accurate disease staging is a pre-
requisite for choosing the appropriate therapeutic
approach and to extrapolate the forthcoming disease
course and patient outcome. For now, a group of non-
invasive and invasive tests have been recommended for 
initial staging of MM. However, understanding the advan-
tages and limitations of each of them can help in offering
the best healthcare service in a cost-effective manner 
without any loss in the overall diagnostic accuracy.

NNooddaall  ssttaaggiinngg
Since MM cells usually spread to regional nodal basins
before metastasizing widely,1 accurate nodal staging is 
of paramount importance, since immediate lymphad-
enectomy in patients with subclinical sentinel-node metas-
tases has been shown to significantly increase the
melanoma-specific 5-year survival rate, as compared with
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delayed lymphadenectomy for clinically detected nodal
relapse (72% vs. 52%).6 Anatomic imaging studies such as
computed tomography (CT) and magnetic resonance
imaging (MRI) that rely on morphologic alterations at sec-
ondary tumor sites are neither sensitive nor specific in iden-
tifying occult metastatic tumor nests.7 In contradiction,
functional imaging studies using both lymphoscintigraphy
with sentinel lymph node biopsy (SLNB) and [18F]fluoro-
2-deoxy-D-glucose-positron emission tomography ([18F]
FDG-PET) have enriched the process of nodal staging in
MM, provided that certain ‘patient selection criteria’ are
considered. In fact, SLNB and [18F]FDG-PET have a recip-
rocal role in nodal staging of MM, which is directly related
to the tumor burden at the time of initial presentation.

LLyymmpphhoosscciinnttiiggrraapphhyy  aanndd  SSLLNNBB
Lymphoscintigraphy with small particle radiocolloids and
SLNB provide the road map to identify the nodes to study,
even if these lymph nodes lie outside habitual node fields
or are interval nodes lying between the primary tumor site
and the lymphatic basin. This technique is based on the
hypothesis that lymphatic drainage from the primary
tumor follows an orderly progression through afferent
lymphatic vessels into sentinel node(s) before flowing into
non-sentinel node(s). Sentinel lymph node evaluation has
the potential to separate patients without nodal metastases,
who can avoid nodal basin dissection with its known risk of
chronic lymphedema and nerve injury, from those with

225544 Advances in Nuclear Oncology

Table 16.1 Currently applied melanoma staging algorithm according to final version of the 
American Joint Committee on Cancer1,4

Pathological Thickness No. of involved
and TNM stage of lesion Ulceration lymph nodes Nodal involvement Distant metastasis

mm
IA ≤ 1.0 No 0 ——— No
IB

T1b ≤ 1.0 Yes or Clark 0 ——— No
level IV or V

T2a 1.01-2.0 No 0 ——— No
IIA

T2b 1.01-2.0 Yes 0 ——— No
T3a 2.01-4.0 No 0 ——— No

IIB
T3b 2.01-4.0 Yes 0 ——— No
T4a > 4.0 No 0 ——— No

IIC > 4.0 Yes 0 ——— No
IIIA

N1a Any No 1 Microscopic No
N2a Any No 2 or 3 Microscopic No

IIIB
N1a Any Yes 1 Microscopic No
N2a Any Yes 2 or 3 Microscopic No
N1b Any No 1 Microscopic No
N2b Any No 2 or 3 Microscopic No

IIIC
N1b Any Yes 1 Macroscopic No
N2b Any Yes 2 or 3 Macroscopic No
N3 Any Yes or No 4 Macroscopic or No

microscopic
IV

M1a Any Yes or No Any Any Skin, subcutaneous
M1b Any Yes or No Any Any Lung
M1c Any Yes or No Any Any Other visceral site
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metastatic involvement, who may benefit from alternative
therapeutic pathways such as radical lymphadenectomy
and adjuvant therapy. The incidence of sentinel lymph
node metastasis is around 5% for MM with thickness
between 0.76 and 1.5 mm; however, it increases to about
20% for lesions with thickness between 1.5 and 4 mm.8

Consequently, patients with lesion thickness ≤ 4 mm repre-
sent the population who are most likely to benefit from
elective lymph node dissection in case SLNB demonstrates
metastatic deposits.

Using a colloidal particle size of 2.5–100 nm, which is
essential for efficient uptake of radiolabeled particles by
macrophages, an intradermal/subdermal injection of small
volume (0.05–0.2 ml depending on skin thickness) of
7–20 MBq 99mTc-labeled sulfur or rhenium colloid or albu-
min nanocolloid is performed. Injection should be 0.5–1 cm
away from the scar or the tumor margin, and one or two
injections are sufficient to imitate the pattern of lymphatic
drainage of any potential tumor emboli leaving the MM
(Figures 16.1 and 16.2). It is recommended to start with a
dynamic acquisition (20–30 s/frame over 20–30 min) after
radiotracer injection to better identify any eventual in-
transit nodes (nodes along the channel from primary site to
regional basin) such as cubital and popliteal lymph nodes,
and to precisely separate first (sentinel) from second (non-
sentinel) order nodes in the basin. Subsequently, anterior,
posterior, and oblique static (300 s) images are acquired in
order to localize the nodes in three dimensions.8 To facili-
tate spatial localization of the detected nodes, a 57Co flood
source can be used to silhouette the patient during the 
5-min image acquisition, or a radioactive point/rode
source can be moved along the contour of the patient body
during the scan. In case a single photon emission computed

tomography–computed tomography (SPECT–CT) camera
is available, image fusion can be used to precisely localize
each individual lymph node, for a relatively rapid intraop-
erative recognition, with a detection rate that reaches 100%
in some series.9 The study is completed by applying a hand-
held γ probe detector in order to draw guiding marks for
the surgeon on the overlying skin.

Lymphoscintigraphy for sentinel node detection has a
success rate of about 98%,8 and failure is primarily related
to the existence of diffuse metastatic spread in the lymph
node of advanced MM, which can certainly interfere with
adequate retention of the radiocolloid, or to the masking of
the sentinel node by neighboring activity in the injection
site, as seen in some MMs of the head and neck that are in
close proximity to the draining nodal basin. The negative
predictive value of SLNB is very high owing to the low (2%)
incidence of skip metastases (involvement of second- or
third-order lymph nodes while escaping the sentinel node)
in MM.8 The specificity of SLNB is 100%, since thorough
ultrathin sections, histopathological and immunohisto-
chemical examinations are usually performed for the
resected node(s).

[[1188FF]]fflluuoorroo--22--ddeeooxxyy--DD--gglluuccoossee--
ppoossiittrroonn  eemmiissssiioonn  ttoommooggrraapphhyy
Since the sensitivity of [18F]FDG-PET is directly propor-
tionate to the patient’s tumor burden at the scan time,
[18F]FDG-PET is generally considered for the metastatic
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a b

FFiigguurree  1166..11
Lymphoscintigram, (a) anterior and (b) right lateral views, in
a 30-year-old patient with melanoma of the trunk. The
arrows depict a sentinel lymph node in the right axilla as
confirmed by surgical exploration. (*) Injection site.

*

FFiigguurree  1166..22
Lymphoscintigram, right lateral view, in a 63-year-old
patient with right auricular melanoma. The arrow depicts
a sentinel lymph node that was located in the parotid gland
upon surgical exploration. (*) Injection site.
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work-up of high-risk patients (melanoma of the trunk and
upper arm, Breslow thickness of > 4 mm, surface ulcera-
tion, and high mitotic index) who are expected to harbor
potential disease manifestations within the detection 
capability of PET. In fact, applying [18F]FDG-PET for early
stage MM (AJCC stage I–II), where the challenge is to
detect microscopic disease spread, has yielded quite 
disappointing results in nodal staging, with an overall 
sensitivity ranging from 14% to 21%.10–12 Consequently, it
has been concluded that [18F]FDG-PET neither is a sensi-
tive indicator of occult regional lymph node metastases nor
provides a significant impact on the care of patients with
early stage MM. However, the situation can be reversed
substantially when [18F]FDG-PET is considered for staging
high-risk (AJCC stage III–IV) patients (Figures 16.3 and
16.4). Among 70 foci of locoregional or distant nodal/soft

tissue metastases in 103 patients with stage III–IV, [18F]FDG-
PET was successful in identifying 55 (78%) lesions.13 Similar
encouraging results were reported in another study compris-
ing 92 patients with advanced MM.14

DDiissttaanntt  mmeettaassttaasseess
Malignant melanoma can metastasize anywhere in the
human body. This is primarily attributed to the rapid pro-
liferation potential and the high rate of tumor angiogenesis
that characterize MM. However, some types of MM such as
choroidal melanoma and head and neck melanoma tend to
metastasize to selective body organs such as the liver and
the brain, respectively.15–17 Early identification of occult
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FFiigguurree  1166..33
Millimetric in-transit metastases of malignant melanoma and the negative contribution of partial volume effect. (a) Coronal 18F-FDG
PET and (b) coronal PET/CT reveal 3 millimetric focal hot spots (arrows) consistent with in transit metastases in a 62-year-old
patient with melanoma of the right leg. (c and d) Transverse CT and (e and f ) correlative transverse PET/CT show the
aforementioned lesions with significant underestimation of 18F-FDG activity in the smallest (3 mm) nodule due to partial volume
effect (small arrows) in comparison with a relatively larger (5 mm) one (arrowheads).
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distant metastases derives its importance from the fact that
curative surgical resection of locoregional tumor burden or
even isolated distant metastatic focus is invariably pre-
cluded in patients who harbor widely disseminated
melanoma manifestations. Based upon the hematogenous
nature of disease spread in advanced MM, a battery of
imaging tests is performed, such as CT of the chest and
abdomen, CT or MRI of the brain, bone scan, and ultra-
sonography of soft tissues. Some investigators have advo-
cated the use of gallium-67 whole body scan and immuno-
scintigraphy using monoclonal antibodies directed against
specific melanoma-associated antigens; however, these
attempts did not offer any significant advantage in diag-
nostic accuracy over that obtained from cross-sectional
imaging modalities.18–20 A single diagnostic test that can
cover the whole body in one session for the detection of
distant metastasis in MM would be of great benefit.

[[1188FF]]fflluuoorroo--22--ddeeooxxyy--DD--gglluuccoossee--
ppoossiittrroonn  eemmiissssiioonn  ttoommooggrraapphhyy
Whole body [18F]FDG-PET was extensively investigated for
the detection of distant metastatic disease spread in
advanced (AJCC stage III–IV) MM. Aside from small (< 80
mm3) tumor volumes, which are often missed, PET has not
only yielded high sensitivity (84% to 92%) in identifying
occult metastatic disease (Figures 16.5 and 16.6), but also
affected the clinical decision-making process in at least
one-third of the studied patient populations.14,21 Further-
more, two recent reports have advocated the usage of
[18F]FDG-PET–CT in the metastatic work-up of a patient
with choroidal melanoma (Figure 16.7), since PET–CT
precisely identified distant disease spread in many organs
of the studied patient cohort.15,16

These promising results can be explained in light of the
known avidity of MM to [18F]FDG as well as the whole
body mode of PET scan that maximizes the chance of iden-
tifying any macroscopic distant disease spread. However, it
has to be noted that the high sensitivity figures of
[18F]FDG-PET may be thwarted by a non-negligible rate of
false positives owing to the non-specificity of the [18F]FDG
molecule to human malignancies.22 [18F]FDG is known to

be taken up by both acute and chronic active inflammatory
cells.23–25 Correlating PET findings with those obtained
from cross-sectional structural modalities such as CT and
MRI, especially using hybrid PET–CT scanners, has been
recommended to improve the specificity of lesion catego-
rization. In a recent report comprising 250 melanoma
patients,26 the diagnostic performance of [18F]FDG-
PET–CT in detecting both visceral and non-visceral metas-
tases was significantly better than that of PET alone and CT
alone (97%, 93%, and 79%, respectively). This is not sur-
prising, since the morphologic data derived from the CT
part of PET–CT represent a cornerstone in identifying the
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ba FFiigguurree  1166..44
Cutaneous melanoma metastasis in
the upper thigh. (a) Transverse CT and
(b) co-registered transverse 18F-FDG
PET/CT display cutaneous metastasis 
in the upper thigh (arrows) of a 
74-year-old patient previously treated for
malignant melanoma of the right foot.

a

b

FFiigguurree  1166..55
Melanoma metastases in the mammary gland. (a) Transverse
CT and (b) co-registered transverse 18F-FDG PET/CT show
infracentimetric melanoma metastases in the parenchyma of
the right breast of 29-year-old patient with melanoma (arrows).
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true origin of [18F]FDG signals. However, it has to be
emphasized that [18F]FDG-PET is known by its limited
yield (~60%) in the detection of brain metastases, owing to
the high physiologic accumulation of [18F]FDG in the cere-
bral cortex (Figure 16.8), suggesting that MRI with
gadolinium enhancement should remain the method of
choice in this regard.27

DDeetteeccttiioonn  ooff  rreeccuurrrreennccee
In MM, patients initially identified with AJCC stage IIB,
IIC, or III have risks of relapse, and death exceeds 40% at 
5 years.28 Interestingly, 10–60% of patients with locore-
gional or solitary distant metastasis have additional lesions

at occult sites;29,30 consequently, an accurate non-invasive
diagnostic test for melanoma metastases is strongly war-
ranted. Several studies have demonstrated that [18F]FDG-
PET can detect and localize disease recurrence in MM even
in clinically asymptomatic patients.31–33 Identifying the
exact recurrent tumor burden may avert futile surgery in
patients with unresectable disease and target those with
isolated distant tumor manifestation to benefit from surgi-
cal enucleation aiming at achieving long-term remission.
With a range of sensitivity between 85% and 92% and
specificity between 90% and 94%,31,32 [18F]FDG-PET per-
forms better than conventional imaging modalities in the
detection of relapsing melanoma (Figure 16.9), with an
overall impact on management of 14–36%.33,34 However,
the high performance of [18F]FDG-PET in detecting 
distant treatment failure in MM may be compromised in
certain body regions. For instance, it is known that small 
(≤ 6 mm) lung metastases are hardly detected by the currently
available PET scanners; this is primarily attributed, in part, to
the partial volume effect (PVE) that tends to underestimate
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FFiigguurree  1166..66
Melanoma metastasis in the pancreatic parenchyma.
(a) Transverse CT and (b) co-registered transverse 18F-FDG
PET/CT display focal metabolically active melanoma metastasis
in the pancreatic body of a 64-year-old patient (arrows).

b

a

FFiigguurree  1166..77
Melanoma metastasis in the hepatic parenchyma. (a) Transverse
18F-FDG PET and (b) co-registered transverse PET/CT reveal
solitary melanoma metastasis in segment VII of the liver in a
30-year-old patient with ocular melanoma (arrows).
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the [18F]FDG concentration of small sized lesions, as well as
to activity smearing by virtue of the respiratory movements
during PET data acquisition. In fact, the sensitivity of
[18F]FDG-PET in detecting pulmonary metastases in MM
has been shown to be ~70%, in comparison with 93% for
CT.32,33 Combining both functional and morphological
data in hybrid systems is potentially capable of resolving
the aforementioned shortcoming of PET. However, it has to
be recognized that the currently applied CT acquisition
protocols (free breathing or post-normal expiration) may
not allow full expansion of the caudal end of both lungs.35

Consequently, for [18F]FDG-PET–CT negative studies, a
dedicated, full inspiration, chest CT is still needed if small
pulmonary metastases in the lower lobe of both lungs are
to be excluded.36,37 Likewise, since high signal intensity on
T1-weighted MRI can be obtained from melanoma metas-
tases to the brain (especially those that have both melanin

and hemorrhagic components), no currently available
imaging modality performs better than MRI in this
regard.38

In contrast to locoregional nodal and distant recurrence,
there are no adequate studies that specifically investigate
the role of [18F]FDG-PET in evaluating patients with satel-
lite or in-transit metastases of MM (Figure 16.3). Satellite
metastasis refers to skin metastasis within 2 cm of the pri-
mary site, whereas in-transit metastasis refers to that from
2 cm to the regional lymphatic basin. Both, indeed, are
lymphogenous metastases. Preliminary results, however,
have shown a possible role for [18F]FDG-PET in this
domain. Among 65 skin or subcutaneous sites containing
tumor, PET detected 56 (86%) lesions, which led to a
change of management in 17% of the studied patient
cohort.31 Noteworthy, however, is the reported low (25%)
specificity that may be related to the chronic post-therapy
inflammatory reactions and/or to the process of skin and
soft tissue remodeling after surgical interference, radiother-
apy, and isolated limb perfusion therapy. Future applica-
tions of [18F]FDG-PET–CT will certainly reduce this
relatively high incidence of false positive results.

TThheerraappyy  mmoonniittoorriinngg
Since surgical intervention with curative intent is the stan-
dard care for patients with early stage (AJCC stage I–II)
MM, systemic therapy (chemotherapy/immunotherapy)
and radiotherapy are usually reserved for patients with rel-
atively advanced disease stage or for those who harbor
unresectable tumor burden. Unfortunately the role of
functional imaging in therapy monitoring of metastatic
melanoma is not fully established, potentially due to the
suboptimal therapeutic effect of the currently available
modalities. However, it has to be recognized that [18F]FDG-
PET was proven to be of great benefit in monitoring the
response of other tumor types to systemic therapy or 
radiation treatment.39 Adding [18F]FDG-PET to future
clinical trials that concern advanced MM may offer 
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ba

FFiigguurree  1166..88
Small cortical metastasis that resulted in a false-negative PET
scan. (a) Transverse 18F-FDG PET scan in a 27-year-old patient
with melanoma shows normal tracer distribution with no
evidence of cerebral metastasis. Even at retrospective review,
no abnormal 18F-FDG activity could be appreciated against the
background activity of the cerebral cortex. (b) Transverse 
T1-weighted MR image display an 8-mm metastatic lesion
(arrow) in the left frontal region.

ba

FFiigguurree  1166..99
Melanoma metastasis in the skeletal muscle. (a) Transverse CT and (b) co-registered transverse 18F-FDG PET/CT in a 63-year-old
patient with melanoma. Please note the normal appearance of the right paravertebral muscle on CT that proved to harbor a
metabolically active melanoma metastasis (arrow).
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non-responders the opportunity to have alternative thera-
pies before developing further tumor progression, and,
thereby, spare them unnecessary toxicity burden.

RRiisskk  ssttrraattiiffiiccaattiioonn//
oouuttccoommee  pprreeddiiccttiioonn
Since [18F]FDG-PET is known for its unique ability to
resume the global metabolic state of each individual tumor,
numerous studies have reported a frank correlation
between the tumor’s avidity to [18F]FDG and the overall
disease-free survival and patient outcome. Using different
cut-off values for SUV, these postulations have been 
validated for brain, head and neck, pulmonary, breast,
and pancreatic tumors in addition to lymphoma and 
sarcoma.40–46 In a recent study, a SUVmean cut-off value of 5.2
could predict disease-free survival (DFS) in 38 melanoma
patients who presented with palpable, [18F]FDG avid, lymph
node metastases.47 Patients who presented with a SUVmean

of ≤ 5.2 had a mean DFS of 790 days, whereas those who
expressed higher values had a mean DFS of only 377 days.
Similarly, among 14 patients with choroidal melanoma, the
highest SUVmax was observed in two (14%) patients who
developed distant metastases along their disease course.48

These concordant results are of paramount importance,
since identifying high-risk groups may allow adjuvant radi-
ation treatment or chemotherapy to be applied, aiming at
an optimal DFS.

IImmaaggiinngg  ppiittffaallllss
Pitfalls of [18F]FDG-PET data interpretation in MM can be
classified into three main categories: (1) secondary pitfalls
that result from the insufficient topographic resolution of
PET, (2) false positives that are frequently related to the lack
of appropriate clinical data, and (3) incidental findings that
stem from other pathological processes distinct from the
primary one for which PET is considered.

The first category includes [18F]FDG accumulation that
mimics active disease foci, such as segmental muscular
uptake in the head and neck region, uptake in the salivary
glands, excreted saliva in the pharynx, [18F]FDG-avid
brown adipose tissue (Figure 16.10), uptake in recent rib
fractures and scars, uptake in degenerative joint diseases,
accumulation in vascular abnormalities (atheromatosis or
venous thrombosis), stagnant [18F]FDG activity in the
ureters, and [18F]FDG accumulation along the gastroin-
testinal tract.49–55 In fact, resolving the vast majority of
these pitfalls can easily be accomplished by virtue of
PET–CT image fusion,56,57 where the location of any

abnormal [18F]FDG uptake can be precisely identified.
Especially for MM, the integration of the patient’s clinical
information in the process of [18F]FDG-PET reading has
been shown to optimize the overall specificity.58 In the case
of blind data interpretation, reactive lymph nodes second-
ary to recent biopsy, or subcutaneous injection of inter-
feron (Figure 16.11), can easily be mistaken for active
metastatic foci or in-transit metastases, and the same holds
true for patients undergoing melanoma vaccination. It
should be emphasized, however, that some non-specific
[18F]FDG accumulation in lymph nodes remains
inevitable, and may lead to unnecessary biopsy in up to 8%
of patients.59 For the third category, many incidental
[18F]FDG-avid lesions, which mimic active manifestations
of MM, can be detected anywhere in the human body.
For instance, some active granulomatous lung diseases
such as tuberculosis and sarcoidosis have been shown 
to accumulate considerable amounts of [18F]FDG.60

226600 Advances in Nuclear Oncology
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FFiigguurree  1166..1100
18F-FDG accumulation in brown adipose tissue mimicking
lymph node metastases. (a) Transverse PET in a 30-year-old
patient with melanoma shows multiple focal 18F-FDG uptake
in the lower cervical and supraclavicular regions on either
side mimicking bilateral metastatic lymph node involvement
(black arrows). (b) Correlative transverse CT and 
(c) co-registered transverse 18F-FDG PET/CT confirm that the
aforementioned focal hot spots stem from the brown adipose
tissue and not the lymph nodes (white arrows).
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Likewise, synchronous tumors in the head and neck, breast,
lung, and lymph nodes may be easily mistaken for
melanoma metastasis on [18F]FDG-PET.61,62 Furthermore,
some precancerous lesions such as advanced colonic ade-
nomas, which are known for high [18F]FDG avidity, may be
confounded with gastrointestinal metastases of MM.55,63

Despite the fact that these incidental pathologic findings
are likely to deteriorate the specificity of [18F]FDG-PET,
their early detection may have a major positive impact on
patient management and consequently outcome.

FFuuttuurree  ddiirreeccttiioonnss
The development trials of alternative radiotracers and
diagnostic tools for MM are of great clinical importance.
For instance, N-isopropyl-p-[123I]iodoamfetamine ([123I]
IMP), which is known to be incorporated into the melanin
producing melanocytes, has recently been investigated
using SPECT for the detection of primary uveal MM.64

In fact, [123I]IMP-SPECT revealed better sensitivity than
[18F]FDG-PET. Another radiopharmaceutical of potential
prognostic benefit is [99mTc]interleukin-2 ([99mTc]IL-2).
This agent traces the IL-2 receptors that may be expressed

in the melanoma-infiltrating lymphocytes. Since IL-2
immunotherapy potentiates the action of IL-2 receptor
positive lymphocytes, a positive [99mTc]IL-2 scintigraphy
indicates that the lesions under investigation are prone to a
successful IL-2 immunotherapy.65 The proliferation poten-
tial of MM can be assessed in vivo using tracers that target
the process of DNA synthesis such as 3′-[18F]fluoro-
3′-deoxy-L-thymidine ([18F]FLT). Except for those lesions
that stem from the liver or the skeleton, where [18F]FLT
normally accumulates, a sensitivity of 88% has been
reported for [18F]FLT in the detection of locoregional
melanoma metastases.66 Accordingly, this tracer may have a
complementary role to that of [18F]FDG in characterizing
indeterminate lesions that may be mistaken for melanoma
metastasis. The recent introduction of the high-energy
γ photon probe into the clinical environment has facilitated
intraoperative detection of some challenging (non-palpable
or non-visualized) [18F]FDG-avid lesions, especially those
that locate in areas where the anatomy is perturbed by virtue
of surrounding scar tissue or previous surgical interference.67

Despite a high specificity figure, a positron detecting probe
revealed a moderate sensitivity for some melanoma lesions
due to signal loss within the background activity.68 Future
developments will certainly overcome these shortcomings to
allow an ideal performance of the positron detecting probe.

CCoonncclluussiioonnss
As MM is categorized as the most common fatal skin
cancer, the primary care of MM patients represents one of
the major clinical priorities. For the initial tumor (T) stage,
excisional biopsy and pathological examination remain the
standard of reference against which accurate T-staging can
be established. For nodal (N) staging of early (AJCC stage
I–II) MM, lymphoscintigraphy and SLNB have far sur-
passed [18F]FDG-PET; this latter, however, has an estab-
lished role in excluding the existence of extracranial
metastasis in patients with high-risk (primary lesion of the
trunk and upper arm, Breslow thickness of > 4 mm, surface
ulceration, and high mitotic index) or advanced (AJCC
stage III) MM. For patients who present with a suspicion of
local or distant treatment failure, the application of whole
body [18F]FDG-PET–CT may allow rapid identification of
any potential disease relapse and, thus, spare additional
radiological or invasive diagnostic procedures. Further-
more, PET–CT image fusion has the potential to dramati-
cally reduce the rate of false positives, since it has the
capability to relate each individual [18F]FDG signal to its
true origin. Besides a possible role in the evaluation of
melanoma response to systemic therapy, PET can offer reli-
able prognostic information for de novo MM patients since
the [18F]FDG avidity of some primary lesions/nodal metas-
tases has been shown to predict disease-free survival.

Malignant melanoma 226611

a

b

FFiigguurree  1166..1111
Post immunotherapy cutaneous reaction mimicking melanoma
metastasis. (a) Transverse CT and (b) co-registered transverse
18F-FDG PET/CT show cutaneous and subcutaneous thickening
along with pathological 18F-FDG accumulation in a 62-year-old
patient with melanoma after adjuvant treatment with
subcutaneous interferon injection in the left thigh (arrows).
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In the near future, further brilliant horizons are awaited,
since the development trials of other radiotracers that
target certain pathophysiological processes in MM are
advancing steadily.
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Cancer of unknown primary
Emilio Bombardieri, Stefano Fanti, Arturo Chiti, Cristina Nanni,
Angela Coliva, Enrico Pelosi, and Gianni Bisi

BBaacckkggrroouunndd
Cancer of unknown primary (CUP) is defined as a 
biopsy-proven secondary lesion with no detectable 
primary tumor after physical examination and conven-
tional imaging tests (X-ray imaging, computed tomogra-
phy (CT), and ultrasound (US)). The primary site of some
cancers may eventually be found by additional tests, and in
this case they are no longer considered CUP. The reasons
why the primary tumor sometimes is not found can be 
different: (1) sometimes the secondaries have grown very
quickly while the primary remains very small or below 
the resolution of the diagnostic modalities; (2) some
immunitary reactions can cause the spontaneous disap-
pearance of the primary tumor; and (3) the diagnostic
imaging methods are not able to depict the primary
because it is hidden.1 The frequency of CUP in cancer
varies from 2–3 to 4.2%, depending on geographical area,
and represents the eighth most frequently occurring malig-
nancy in the world. CUP prognosis is poor: fewer than 25%
and 10% of patients are alive at 1 and 5 years respectively.2,3

The histological types have been classified according to the
World Health Organization (WHO) into: adenocarcinoma
(well to moderately differentiated and poorly or undiffer-
entiated), squamous cell carcinoma (undifferentiated 
and not specified), neuroendocrine tumors, lymphomas,
germ cell tumors, melanomas, sarcomas, and embryonal
malignancies.4 The diagnosis of CUP can be made on the
basis of symptoms, which depend on the organ the CUP
has spread to.

The conventional diagnostic work-up for CUP syn-
drome consists of two distinct phases: the first includes
detailed history, physical examination, laboratory tests,
chest radiography, contrast-enhanced (ce)-CT of the
abdomen and pelvis, and mammography. Should these
procedures not be sufficient, the following examinations
are ce-CT of the chest, endoscopic procedures, magnetic
resonance imaging (MRI), and even exploratory surgery.1,5

Unfortunately, at completion of both phases of the 
traditional work-up, the rate of identification of the 
primary site does not exceed 10–35%, thus leaving us with
actual CUP syndrome.6

Imaging studies are therefore very important (Table 17.1)
and can sometimes be guided by progressively increasing
levels of tumor markers (Table 17.2).7

Of course, pathologic analysis, including microscope
morphological examination, immunohistochemistry, elec-
tron microscopy, and cytogenetic and molecular genetic
testing (polymerase chain reaction, PCR), can contribute
to clarify the origin of a lesion from an unknown primary.
Also, the pathology sometimes does not succeed in giving 
a correct diagnosis even if the search for immunoperoxi-
dase markers (e.g. cytokeratin, vimentin, desmin, cuta-
neous lymphocyte-associated antigen (CLA), epithelial
membrane antigen (EMA), thyroid transcription factor 1
(TTF-1), S-100 protein, melanocytic marker HMB-45, etc.)
contributes towards identifying the characteristic pattern

Table 17.1 Most common imaging studies for
cancer of unknown primary (CUP)

Chest X-ray

X-ray of the gastrointestinal tract

Mammography

Computed tomography (CT)

Magnetic resonance imaging (MRI)

Ultrasound (US)

Endoscopy

Nuclear medicine (planar scintigraphy/SPECT/PET)

SPECT, single photon emission computed tomography; PET,
positron emission tomography.
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associated with a single organ or tissue.8 Recently, after
using a gene-based algorithm reverse transcriptase-
polymerase chain reaction (RT-PCR), Talantov et al. pub-
lished some interesting results for identifying the tissue of
origin of metastatic carcinoma. However, this approach
still has only experimental value, and further studies are
needed to validate this method.9 Among the imaging
modalities, nuclear medicine examinations have a very
important impact on making an accurate diagnosis, due 
to the widespread use of positron emission tomography
(PET) and PET/CT in oncology, and to the high diagnostic
efficacy of this new technology. In this area, the most
important experience has been gained with [18F]FDG
fluro-2-deoxy-D-glucose. Whole-body PET and PET/CT
using [18F]FDG have demonstrated good accuracy in 
identifying CUP for the most common histologies, namely
adenocarcinoma, squamous cell carcinoma, and poorly 
differentiated carcinoma.10 However, it is well known that
[18F]FDG is of limited value in tumors that do not usually
show enhanced FDG uptake, such as some neuroendocrine
tumors. Alternative PET tracers have been proposed for
studying these types of tumors, but unfortunately no large
experience is reported in the literature for radiopharma-
ceuticals other than FDG.11 At the same time, we would like
to point out that also several single photon emission com-
puted tomography (SPECT) tracers have demonstrated
their diagnostic value in detecting CUP. This review 
will discuss the most relevant results obtained with the 
different γ emitting tracers (SPECT radiopharmaceuticals)
and those with positron-emitting tracers (PET radiophar-
maceuticals) (Table 17.3).
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Table 17.2 Most relevant tumor markers
guiding the diagnosis of CUP

Markers with high tissue specificity
PSA
Tg
hCG and other hormones
AFP
CgA

Markers with moderate tissue specificity
CA125
Enolase (NSE)

Markers with low tissue specificity
CEA
CA15.3, CA19.9, and other mucin markers
Enzymes (LDH, BAP, etc.)

PSA, prostate specific antigen; Tg, thyroglobulin; hCG, human
chorionic gonadotropin; AFP, α-fetoprotein; CgA, chromogranin A;
NSE, neuron-specific enolase; CEA, carcinoembryonic antigen;
LDH, lactate dehydrogenase; BAP, bone alkaline phosphatase.

FFiigguurree  1177..11
[68Ga]DOTA (tetraazacyclododecanetetracetic acid) positron
emission tomography–computed tomography (PET–CT): patient
with 6-mm neuroendocrine tumor (NET) of the pancreas
confirmed by surgery (cancer of unknown primary, CUP).
(Courtesy of Prof. essor Baum, Zentralklinik Bad Berka.)

Table 17.3 Proposed radiopharmaceuticals for
detecting cancer of unknown origin

γ-emitting radiopharmaceuticals (SPECT tracers)
[99mTc]pertechnetate
[99mTc]MDP
[99mTc]sestamibi
[67Ga]citrate
[111In]pentetreotide
[99mTc]EDDA/HYNIC-octreotate

Positron-emitting radiopharmaceuticals (PET tracers)
[18F]FDG
[18F]DOPA
[18F]DOPA-NOC

MDP, methylene diphosphonate; EDDA, ethylenediaminediacetic
acid; HYNIC, hydrazinonicotinyl; FDG, fluoro-2-deoxy-D-
glucose; DOPA, dihydroxyphenylalanine; NOC, 1-NaI3-octreotide.
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PPllaannaarr  aanndd  SSPPEECCTT  sscciinnttiiggrraapphhyy
[[6677GGaa]]cciittrraattee  sscciinnttiiggrraapphhyy
Gallium-67 has been used in recent decades as a radiophar-
maceutical for oncology, and due to its uptake in many
tumor types this radiopharmaceutical has been suggested
for cases presenting with metastases without a known 
primary. Gallium scintigraphy, for a long period, has been
used in patients with lymphoma, malignant melanoma,
and lung malignancies, and it has been a usual indication in
tumor staging, restaging, monitoring, and prediction of
tumor response to therapy.12,13

The results of 67Ga scintigraphy in occult tumor 
detection were not satisfactory.14 However, in patients with
lymphoma and melanoma, the primary sites can some-
times be detected by whole-body scan scintigraphy when
metastases are evident at diagnostic imaging. The limita-
tions in using the gallium scan are well known, such as its
poor cancer specificity, the slow biokinetics requiring at
least 2–3 days for good image acquisition, interference of
its physiological uptake in the gastrointestinal system,
and relatively high irradiation of patients. All these factors
have progressively limited the wide use of gallium in oncol-
ogy, and today this tracer has almost been abandoned.
Therefore, gallium-67 at present is not used to identify an
unknown primary.11

[[9999mmTTcc]]PPeerrtteecchhnneettaattee  sscciinnttiiggrraapphhyy
In the presence of metastasis of unknown origin, the
demonstration of a thyroid nodule by means of ultra-
sonography or scintigraphy suggests the possibility of
thyroid cancer, and requires fine needle aspiration biopsy
(FNAB). The risk of cancer is higher if the nodule does 

not concentrate [99mTc]pertechnetate (‘cold nodule’).15

According to some authors, the [99mTc]pertechnetate 
scan finds indication when metastases from an unknown
primary are first depicted in the perithyroidal cervical
lymph nodes. FNAB of the nodules is required to confirm
or rule out the possibility of primary tumor in this gland.16

It should be stressed that in this area there is no general
agreement, since many authors suggest that echography
combined with FNAB is sufficient to obtain a correct diag-
nosis; therefore, the thyroid scan has to be considered
redundant.17,18 However, scintigraphy can be of help in
describing the function of the nodule, and the examina-
tion, especially in the presence of multiple nodules, could
guide the biopsy that should be performed on non-
functioning nodules.19 In conclusion, thyroid scintigraphy
with [99mTc]pertechnetate ought to be considered in
patients with CUP of suspect thyroid origin, in association
with echotomography and FNAB.

[[9999mmTTcc]]MMDDPP  bboonnee  sscciinnttiiggrraapphhyy
[99mTc]MDP (methylene diphosphonate) whole-body scan
is able to examine the entire skeleton, but the published data
on its use in detecting CUP are only anecdotal. A bone scan
may be useful to detect unknown skeletal metastases. For
this reason, bone scintigraphy is in current use for staging
patients with prostate cancer, and lung and breast carcino-
mas, at high risk of distant metastases.20–22 Besides this, the
bone scan is important in studying primary bone tumors.
Nonetheless, the application of the bone scan to depict CUP
is very limited. Some bone scan metastatic patterns are asso-
ciated with a particular cancer type. However, they are not
specific for diagnosing the origin of the cancer, and can only
give a general orientation. Therefore [99mTc]MDP bone
scan at present has no role in depicting CUP.

Cancer of unknown primary 226677

FFiigguurree  1177..22
[99mTc]EDDA/HYNIC-TATE
(ethylenediaminediacetic
acid/hydrazinonicotinyl-octreotate):
secondary hepatic lesions in a
patient with unknown primary
carcinoid that is demonstrated by
[99mTc]EDDA/HYNIC-TOC (duodenum).
Unknown primary carcinoid of
duodenum is indicated by the arrow.
(Courtesy of Professor Chiti,
Humanitas Institute)
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[[9999mmTTcc]]sseessttaammiibbii  sscciinnttiiggrraapphhyy
Apart from cardiologic applications, [99mTc]sestamibi has
demonstrated success in oncology, and in particular for
studying breast cancer. It has been registered by the Food
and Drug Administration (FDA) as the radiopharmaceuti-
cal for scintimammography, and has been indicated as 
the examination of second choice when other diagnostic
imaging modalities are not conclusive.23,24 One of the 
most important limitations of scintimammography is the
resolution of detection, which, using the current γ cameras,
is around 8 mm. This resolution should be improved by
adopting particular collimators (pin-hole) or dedicated
detectors.25,26 Few studies in the literature describe the use
of [99mTc]sestamibi for depicting occult breast carcinoma.
Coover et al. evaluated 37 patients with dense breast tissue
and a family/personal history of breast neoplasms but
without any evidence of cancer. Scintimammography with
a dedicated breast camera was carried out in association
with a clinical examination and mammography. The
pathologic examination of a biopsy from five patients 
who showed a focal uptake yielded three carcinomas that
were undetectable by clinical breast examination or mam-
mography, even on retrospective review.27 [99mTc]sestamibi
scintigraphy has also been used in different tumor types 
as a tumor-seeking agent.28 The literature describes only a
case report where an occult phosphaturic mesenchymal
tumor was discovered by scintigraphy.29 From the theoretic
point of view, [99mTc]sestamibi scintigraphy could be
useful for the diagnosis of CUP with suspected breast
origin, especially in the case of patients with locoregional
or distant metastases, dense breast tissue, and a history of
breast cancer. However, the clinical use of [99mTc]sestamibi
scintigraphy in this indication is very limited.

[[111111IInn]]ppeenntteettrreeoottiiddee  sscciinnttiiggrraapphhyy
The use of functional imaging with [111In]DTPA-
octreotide [111In]pentetreotide or OctreoScan® (where
DTPA is diethylenetriaminepentaacetic acid) is based 
on the observation of an enhanced expression of somato-
statin receptors in neuroendocrine tumors (NETs),
demonstrated in a high percentage of tumors. Somato-
statin receptor scintigraphy (SRS) has gained widespread
acceptance in the past decade, and SRS is routinely 
used in NET evaluation (mainly in patients with carci-
noids and pancreatic NETs) with a major clinical role.
The main localizations of primary gastroenteropancre-
atic (GEP) tumors are: 35% appendix, 15% ileum,
10% rectum, 10% pancreas, and 7% colon. For the find-
ing of 35% of NETs present with functional syndrome,
38% showed local invasion and 42% were metastatic at
staging.30
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FFiigguurree  1177..33
[18F]DOPA-PET/CT (dihydroxyphenylalanine): secondary hepatic
and bone lesions in a patient with unknown primary
carcinoid that is demonstrated by [18F]DOPA-PET–CT (head 
of the pancreas).

FFiigguurree  1177..44
[18F]FDG-PET/CT (fluoro-2-deoxy-D-glocose): secondary hepatic
and bone lesions in a patient with unknown primary
adenocarcinoma that is demonstrated by [18F]FDG-PET–CT
(hilum of the right lung).
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Due to the good results in identifying NETs, [111In]
pentetreotide has been suggested for detecting CUP of
neuroendocrine origin. Our group assessed the feasibility
of SRS for the detection of the site of unknown primary
neuroendocrine neoplasms in patients in whom clinical
examination and conventional radiological imaging were
not successful. According to this study in 14 patients, it 
was concluded that SRS was able to modify the manage-
ment in six patients, who had surgery, i.e. prompted surgi-
cal management in 17% of cases.31 This paper indicates a
good capability of SRS in localizing the site of the primary
lesion (14/36 cases = 3%), suggesting a useful role for this
approach.

[111In]OctreoScan has also been used to study a group of
women presenting with metastatic carcinoma in axillary
nodes and suspect occult primary breast cancer. The ration-
ale of this application relies on the frequent expression of
somatostatin receptors in breast cancer; this issue, however,
has not been extensively studied.32 On the basis of these 
clinical experiences, [111In]pentetreotide scintigraphy can be
useful to detect clinically occult tumors of neuroendocrine
origin or other kinds of cancer expressing somatostatin
receptors.

[[9999mmTTcc]]EEDDDDAA//HHYYNNIICC--ooccttrreeoottaattee
sscciinnttiiggrraapphhyy
Recent papers suggested the use of a new tracer, [99mTc]
EDDA/HYNIC-octreotate (ethylenediaminediacetic acid/
hydrazinonicotinyl), for SRS.33 In comparison with [111In]
pentetreotide, [99mTc]EDDA/HYNIC-octreotate should
improve the diagnosis of carcinoids owing to the better
affinity for somatostatin receptor type SST2, the higher
count rate due to [99mTc]emission, the short time to 
obtain imaging, and the lower irradiation of patients.34

On the basis of clinical experience it seems that [99mTc]
EDDA/HYNIC-octreotate may be usefully applied for
detection of the primary focus in patients with metastases
from an unknown primary tumor of neuroendocrine
origin.

[99mTc]EDDA/HYNIC-octreotate may have the same
indications as [111In]pentetreotide, but further studies in
this area are compulsory.

PPoossiittrroonn  eemmiissssiioonn  ttoommooggrraapphhyy
[[1188FF]]FFDDGG--PPEETT
[18F]fluoro-2-deoxy-D-glucose-positron emission tomog-
raphy (FDG-PET) has become one of the most reliable

examinations when the majority of diagnostic tests have
failed to identify the primary site. A complete evaluation of
the diagnostic value of FDG-PET is not easy, since the
patient population described in the literature is still too
small, and very heterogeneous (patients with cervical and
extracervical lymph node metastases are often mixed, and
also the paraneoplastic syndromes are included). Besides
this, the diagnostic work-up before PET is variable, and
therefore several conflicting or non-conclusive results 
have been described. However, it must be pointed out that
in this setting FDG-PET can reach a very high added value,
since it is a single-step whole-body study able to identify
the primary site and at the same time stage the disease.

As far as primary tumor detection is concerned, several
studies have demonstrated that PET with [18F]FDG can be
useful for localizing primaries both in patients with tumor
metastases within the head and neck region,35–37 and in
patients with extracervical metastases,38–41 with a detection
rate ranging between 24 and 53%.42,43 In the year 2000,
these findings led to a German Consensus Conference to 
recognize the whole-body FDG-PET study as a class I-a
diagnostic technique (with scientifically proven benefit and
established clinical use) in patients with CUP syndrome,
irrespective of the site of metastatic disease. However, it is
important to stress that the diagnostic work-up is not 
the same when a patient presents with cervical lymph node
or with extracervical metastases, since the involvement of
upper and middle cervical lymph nodes is usually related to
cancers of the head and neck region, while, on the other
hand, the involvement of lower laterocervical, supraclavic-
ular, and other visceral stations can be the expression of
neoplasms from any region.

In 2004, Rusthoven et al. carried out a meta-analysis in
patients presenting with CUP with cervical lymph node
metastases, pooling data from 16 studies, giving a total of
302 patients. The identification rate for the primary site
was 24.5%. Furthermore, they considered the false-positive
and -negative rates in this setting: tonsil and base of the
tongue were the more critical regions due to the possible
physiologic or paraphysiologic uptake of FDG, while the
regions with higher accuracy were the larynx and the
hypopharynx.44 Considering patients who presented with
extracervical metastases, in a study by Joshi et al. in 
62 patients, the identification rate was exactly the same 
as for the laterocervical region, i.e. 25%.45

Finally, in a comprehensive meta-analysis by Delgado-
Bolton et al. who examined 15 studies and 298 patients,
the identification rate of the primary was determined to be
43% (54 lung cancer, 37 oropharynx, nine nasopharynx, six
breast, four colorectal, two esophagus, 17 other).43 With the
clinical introduction of combined PET/CT instrumenta-
tion, which allows the simultaneous acquisition of accu-
rately aligned whole-body anatomical and functional
images, the study is more accurate than PET alone in
assessing the presence and location of tumor foci and
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therefore in tumor staging. Similar benefits can be expected
in metastatic cancer of unknown primary origin. Recently,
three different papers46–48 studying heterogeneous popula-
tions with CUP syndrome, including patients with cervical
lymph node metastases and extracervical metastases,
agreed on the concept that dual-modality PET/CT is ‘a
promising alternative to separate acquisition of morpho-
logic and functional data when assessing patients with
cancer of an unknown primary tumor’, showing that the
whole-body FDG-PET/CT technique has an interesting
sensitivity associated with a high positive predictive value.
Gutzeit et al. with fused PET/CT images depicted primary
tumor in 15 of 45 patients (33% sensitivity), versus 67%
(8/12) for CT and 28% (11/39) for PET alone. PET and CT
side by side evaluation depicted 13 of 45 tumors (29%).
PET alone revealed the primary in 11 (24%) while CT
alone helped in correct diagnosis in 8 of 45 patients
(18%).16 In a study carried out by the nuclear medicine
division of the University of Bologna, an identification rate
for the primary tumor of 57% is described.47

Clinical trials of CUP depiction have given another
important result. PET provides the opportunity to obtain 
a complete evaluation of disease extent. In a meta-analysis
of a subgroup with cervical lymph node metastases,
Rusthoven et al. focused attention on the detection of even-
tual, not previously known, additional metastases, and
reported an identification rate of 27.1% for additional sites
of disease, both regional and distant metastases.44 Consid-
ering the subgroup of patients with extracervical lymph
node involvement, Joshi et al. reported an identification
rate for additional secondary sites of 40%.45 Even though
we are discussing small numbers, this difference is not a
surprise, since extracervical metastases are expected to be
often associated with other involved sites.

It goes without saying that any detection of a known site
of the primary can lead to a change in the management of
patients. The meta-analysis of Rusthoven et al. demon-
strated a change in management, related to the PET study,
in about 25% of patients. In fact, in the presence of cervical
lymph node metastases, when the primary origin is not
known, the current treatment consists of comprehensive
mucosal irradiation (which can lead to heavy post-actinic
side-effects). In contrast, identification of the lesion can
allow more specific and even curative therapy, sparing 
peritumoral organs. On the other hand, the eventual 
discovery of unexpected metastases obviously shifts the
therapeutic approach from curative to palliative.

In the experience of the nuclear medicine department 
of the University of Turin, 72 patients48,49 were studied 
with FDG-PET and divided into two groups: those with
cervical metastases (n = 18) and those with extracervical
metastases (n = 54). All of them had a negative diagnostic
work-up which included detailed history, physical 
examination, laboratory tests, chest radiography, ce-CT of
the abdomen/pelvis, and mammography, followed by

whole-body FDG-PET/CT scan. Patients with positive
PET/CT scans were further evaluated with biopsy, or alter-
natively with further diagnostic imaging modalities during
an adequate follow-up. Patients with negative PET/CT
scans were followed for a minimum period of 3 months. In
the group of 18 patients with biopsy-proven laterocervical
metastases, the identification rate for the primary site was
44% and that for additional secondary sites was 16.6%.
This result allowed rational clinical management in 61.1%
of cases (data not published). It must be pointed out that in
two cases with involvement of the lower laterocervical
nodes, the primary site was found in the lung and the 
pancreas. In the group of 54 patients with biopsy-proven
extracervical metastases the identification rate for the 
primary site was 35.2%, with a positive predictive value 
of 90% (most frequent primaries were in the lung and 
pancreas).

Regarding possible changes in patient management due
to the use of FDG-PET, in this second group we adopted
three different strategies: (1) the identification of some
additional metastatic sites, independent of the diagnosis of
the presence of the primary tumor, leads us to consider the
disease as being at an extended stage, and all locoregional
therapeutic approaches are prevented; (2) identification of
the primary site without any distant localizations shifts 
the strategy from systemic treatment to locoregional and
potentially curative therapy; and (3) when, after PET/CT,
the biopsy does not confirm the presence of cancer in the
positive-imaged primary site, the patient should be consid-
ered free of disease, but in this case it is mandatory to 
monitor the patient with prolonged and strict follow-up.
Our results suggest the concept that, in CUP syndrome,
the FDG-PET/CT scan has a high clinical impact and
should be performed early in the work-up of the patient.

[[1188FF]]DDOOPPAA--PPEETT
Neuroendocrine tumors have shown an increased uptake
and metabolism of [18F]DOPA (dihydroxyphenylalanine).
[18F]DOPA-PET has demonstrated better sensitivity com-
pared to that of [131I]MIBG (metaiodobenzylguanidine)
and [111In]pentetreotide scintigraphy in the diagnosis of
several neuroendocrine malignancies.50,51 We recently
reported our experience of the use of [18F]DOPA for study-
ing the unknown primary of demonstrated tumors of
neuroendocrine origin: our population consisted of five
patients with at least one biopsied secondary lesion, and all
examinations and imaging procedures were negative for
the detection of CUP.52 In two out of five cases, [18F]DOPA-
PET/CT detected the primary occult lesion. In a patient
with diffuse abdominal secondary lesions the primary
cancer was correctly identified at pancreatic level; in a
patient with doubtful findings at CT and SRS the primary
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cancer was confirmed to be located in the ileum,
and unsuspected bone lesions were documented. In the
remaining three cases, [18F]DOPA-PET/CT did not identify
the CUP; in one case, however, unknown bone and lymph
node lesions were demonstrated. Although very preliminary,
these data indicate the feasibility of detecting occult 
primary tumors of neuroendocrine origin by using
[18F]DOPA-PET/CT. Therefore, in our opinion, [18F]
DOPA-PET may have a role in detecting clinically occult
gastroenteropancreatic tumors of neuroendocrine origin.

[[6688GGaa]]DDOOTTAA--NNOOCC  aanndd  [[6688GGaa]]
DDOOTTAA--TTOOCC
In recent years, [68Ga]DOTA-NOC and [68Ga]DOTA-TOC
(tetraazacyclododecanetetraacetic acid-1-NaI3-octreotide
and -Tyr3-octreotide) was introduced as an effective tracer
for NETs, due to the high affinity for SST2, SST3, and SST5
receptors.53 The uptake is based on a receptorial mecha-
nism, and, although not yet demonstrated by a large series
of cases, it seems to have higher sensitivity for this kind 
of neoplastic disease.54 The clinical evidence demonstrates
that 68Ga-labeled somatostatin analogs are increasingly
being used in specialized centers in Europe for PET and
PET/CT imaging and show very promising results, with
high diagnostic accuracy. New somatostatin analogs with
different receptor affinities as well as other peptides are
currently under investigation, and will further improve 
our diagnostic and therapeutic capabilities in the future,
in our opinion, due to the high diagnostic sensitivity of
PET and PET/CT, the very high quality of imaging, and 
the high specificity of the mechanism of uptake of the
radiopharmaceutical. The use of 68Ga-labeled somatostatin
analogs may be a valuable tool for revealing unknown 
primaries of neuroendocrine nature. There is a need for
clinical validation by means of large prospective studies.

CCoonncclluussiioonnss
Cancer of unknown origin has recently been reconsidered,
and has been classified according to particular clinico-
pathological entities, taking into consideration the organ
involved by secondaries and the histology.55 The treatment
strategies of CUP are different because oncologists con-
sider two different groups of diseases: (1) favorable subsets:
poorly differentiated carcinoma with mid-line distribu-
tion; women with papillary adenocarcinoma of the peri-
toneal cavity; women with adenocarcinoma involving only
axillary lymph nodes; squamous cell carcinoma involving
cervical lymph nodes; isolated inguinal adenopathy; poorly

differentiated neuroendocrine carcinomas; men with blas-
tic bone metastases and elevated prostate specific antigen
(PSA); patients with a single, small, potentially resectable
tumor; (2) unfavorable subsets: adenocarcinoma metastatic
to the liver and other organs; non-papillary malignant
ascites; multiple cerebral metastases; multiple lung/pleural
metastases; multiple metastatic bone disease. This classifi-
cation is carried out according to some prognostic param-
eters. The overall results of treatment at present are not
satisfactory. Treatment of favorable subsets is well identi-
fied, and sometimes it is possible to obtain complete
response. In fact, complete responses are reported and a 
satisfactory rate of long-term disease-free survival can be
described. In contrast, the treatment of the unfavorable
group, presenting with disseminated bone, liver, or multi-
organ metastases, is not effective at all. Median survival is
still in the range of 8–9 months.

Therefore, there is a need to implement the diagnostic
potential of CUP, and PET technology seems at present to
be the nuclear medicine tool more adequate to improve the
detectability of CUP. Until now, FDG-PET/CT has often
been considered only at the end of an unsuccessful conven-
tional diagnostic approach, and not in the early phases of
diagnostic work-up, with a considerable waste of time and
money. In spite of the limitations of the available clinical
trials, the low number of patients included in each indi-
vidual study, and the extremely heterogeneous cohort of
patients presenting with CUP, FDG-PET/CT scan has been
revealed to be a very important tool for studying CUP 
syndrome, allowing the identification of primary tumors 
in one out of three cases and modifying the stage of the 
disease and oncological treatment in about 50% of cases.
These results suggest the use of PET/CT with FDG in an
early phase of the diagnostic work-up in order to optimize
the management of these patients.
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18
Therapy of differentiated thyroid cancer
Martin Biermann and Otmar Schober

BBaacckkggrroouunndd
Thyroid cancer (TC) is a generic term for cancer arising in
the thyroid gland.

More than 90% of TC originates from the follicular cells,
whose task it is to produce thyroid hormone. Follicular-
cell-derived tumors are: (1) differentiated thyroid carci-
noma (DTC; ~90%), which includes the papillary (PTC;
~80%) and the follicular (FTC; ~10%) subtypes, and 
(2) dedifferentiated, so-called anaplastic thyroid carcinoma
(ATC; ~5%). C-cell carcinoma or medullary thyroid carci-
noma (MTC) is derived from the calcitonin-producing 
C-cells and constitutes 5% of all cases of TC. MTC is distin-
guished from DTC by the absence of iodide uptake, the
production of calcitonin as a tumor marker, and its fre-
quent association with multiple endocrine neoplasia type II.
Because of many special aspects in the management of
MTC, including genetic testing, it will not be discussed in
the present chapter.

DTC has unique properties. Cancer cells resemble the
normal follicular cells in their ability to actively accumulate
iodine, an advanced cell function needed for thyroid 
hormone production. This unique property, normally
found only in the healthy thyroid gland, can be used diag-
nostically and therapeutically, as will be discussed in the
present chapter. Advances in the treatment of DTC include:
(1) improved methods for pre-surgical diagnosis of TC, most
importantly, ultrasound-guided fine-needle aspiration
cytology (FNAC), (2) systematic compartment-oriented
microdissection of the cervical viscera, (3) improved
follow-up methods, including [131I]SPECT–CT(single photon
emission computed tomography–computed tomography),
[18F]FDG-PET–CT(fluro-2-deoxy-D-glucose-positron
emission tomography–computed tomography), high-resolu-
tion ultrasound, and highly sensitive assays for the tumor
marker human thyroglobulin (hTg), and (4) the strive
towards evidence-based interdisciplinary guidelines1,2 for
the therapy and follow-up of TC.

TThheerraappeeuuttiicc  aapppprrooaacchheess
The therapy of DTC includes the following modalities:
surgery, radioiodine therapy (RIT), thyroid stimulating
hormone (TSH)-suppressive thyroid hormone therapy,3

and – in selected advanced cases – external beam radiother-
apy4 (Figure 18.1). The tumor is generally very slow-
growing. This has two consequences: (1) the prognosis is
excellent,5,6 with further improvements in the last decade
(Figure 18.2),7,8 and (2) recurrences are possible, long 
after initial diagnosis and therapy.9 Long-term follow-up is
therefore mandatory. Because of the rarity of the disease,
follow-up should be restricted to specialized centers.10

There are many guidelines on thyroid cancer.1 In the 
following discussion we will focus on the newly published
guidelines of the European Thyroid Association (ETA),11

the current interdisciplinary German guidelines of the
German Cancer Society (DKG),3 which form the basis for
our own therapeutic practice at Münster University,8 and
the current North American guidelines from the National
Comprehensive Cancer Network (NCCN).12

Others

Radioiodine

Surgery

L-Thyroxine

FFiigguurree  1188..11
Multimodal therapy of differentiated thyroid carcinoma.
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SSuurrggeerryy
The object of surgery is to remove the primary tumor as
well as regional metastases (Figure 16.3), and to prepare
ablative radioiodine therapy.

Guideline recommendations
The guidelines of the European Thyroid Association explic-
itly recommend thyroid cancer surgery only in specialized
centers. Preoperative staging must include ultrasound of
the cervical lymph node chains, and FNAC14–16 of any 
solitary thyroid nodule ≥ 1 cm that is not proven to be
hyperfunctioning, and of suspicious cervical lymph
nodes.11 If FNAC gives rise to the suspicion of PTC, total

(or near-total) thyroidectomy is recommended, as the
false-positive rate of FNAC suspicious for PTC is only
about 2%. If FNAC shows a follicular neoplasm,17 hyper-
functioning nodules are to be excluded by means of thyroid
scintigraphy. A near-total thyroidectomy is recommended
if there is clinical suspicion of malignancy or if the patient
wants to avoid a two-stage operation.11 The only situation
in which thyroid cancer does not require a (near) total 
thyroidectomy is solitary well-differentiated TC less than 
1 cm without evidence for nodal or distant metastases
(N0M0) and no history of previous radiation exposure.11

The German DKG guidelines developed together with 
the German Society of Surgery likewise recommend (near)
total thyroidectomy in all tumors over 1 cm with multifo-
cality or lymph node metastases. Total thyroidectomy is
recommended in FTC regardless of size. In addition to 
total thyroidectomy, the German guidelines advocate 
routine systematic lymph node dissection in the central
compartment (Figure 18.3) of the neck between the 
jugulum and hyoid bone and medial to the large vessels.3

The North American NCCN base their treatment 
algorithm primarily on the results of a preoperative FNAC.12

In suspected PTC, they recommend total thyroidectomy in
any patient who is younger than 15 or older than 45 years,
or with a tumor that is bilateral, larger than 4 cm, or locally
invasive (pT3a/b), or has cervical lymph node (N1) or dis-
tant metastases (M1), or has had previous radiation ther-
apy or a positive family history of papillary or follicular
thyroid cancer.12 In cases that do not meet any of the 
above-named conditions, a choice is given between lobec-
tomy with isthmusectomy or a total thyroidectomy.
If histology then shows an aggressive variant of TC,
macroscopic multifocal disease, positive margins (R1/2),
or cervical lymph node metastases, total (completion) thy-
roidectomy is recommended. In FTC, total thyroidectomy
is recommended if the tumor is widely invasive or has
metastasized (N1 or M1), or if this is preferred by the
patient; otherwise a lobectomy with isthmusectomy is 
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Prognosis of differentiated thyroid carcinoma. The
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(local invasion or distant metastases).7

1a 1b

4a 4b

2 3

FFiigguurree  1188..33
Thyroid cancer surgery. The central compartment 1a + b
reaches from the brachiocephalic vein to the hyoid bone
between the trachea and the carotid sheath. The vascular
sheath is part of the lateral compartments 2 and 3.13
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considered adequate. For Hürthle cell (oxyphilic) carci-
noma total thyroidectomy is recommended in all cases.12

In patients with a follicular neoplasm on FNAC17 and a low
TSH, thyroid scintigraphy is recommended. If the suspect
nodule is hot, radioiodine is the preferred mode of therapy
because the risk of malignancy is minimal.12,18

The guidelines of the DKG and German Society of
Surgery have recommended routine systematic dissection
of the central cervical compartment (perithyroidal, pretra-
cheal, and prelaryngeal) since 1996,3,19 and similarly the
guidelines of the Austrian Society of Surgery.20 The British
Thyroid Association recommends routine dissection of
lymph nodes in the vicinity of the recurrent laryngeal 
nerve in patients with PTC.21 The current guidelines of
the American Association of Endocrine Surgeons22 and 
the British Association of Endocrine Surgeons23 recom-
mend removal of all enlarged lymph nodes (so-called
berry-picking) but no prophylactic dissection, and the
NCCN guidelines recommend regional lymph node dis-
section only for Hürthle-cell carcinoma.12 The ETA guide-
lines consider prophylactic ‘en bloc’ central node dissection
in the absence of pre- or intraoperative evidence for nodal
disease to be ‘controversial’.11 There is consensus between
all the major guidelines that lateral lymph node dissection
for DTC is only indicated when there is clear evidence for
metastatic involvement.

Commentary
The rationale of thyroid surgery – lobectomy and lymph
node dissection – is to remove all locoregional tumor man-
ifestations. The rationale underlying total thyroidectomy is
(1) to prevent recurrences in the contralateral lobe or
remaining thyroid gland and (2) to prepare ablative radioio-
dine therapy. The potential benefits of the more radical sur-
gery have to be balanced against the risks. Unfortunately,
there are no randomized prospective trials on the benefits of
thyroid ablation,24 and experiences with other randomized
trials on DTC such as our own Multicenter Study Differen-
tiated Thyroid Carcinoma (MSDS) trial25 teach us not to
expect any such trials in the foreseeable future.

All current guidelines attempt to draw a line between
low-risk cases that are adequately treated with a less than
total thyroidectomy – lobectomy or subtotal resection –
and cases with higher risk, which warrant more radical sur-
gery. In this they have to take into account the biological
heterogeneity of DTC and integrate evidence from a large
number of retrospective series from different institutions
with a plethora of different treatment protocols.

PPTTCC
PTC is multifocal in approximately 20% of cases if the 
thyroid is examined routinely26 and up to 80% if with very

great care.27 The majority of multifocal cancer lesions in
PTC arise from different somatic mutations.28 Seemingly
normal follicular cells may therefore have the potential 
for malignant transformation, which may explain the
sometimes very late tumor recurrences.29 This argues for
total thyroidectomy in PTC. Indeed, this is the line taken 
by most guidelines.

The controversy lies in which criteria distinguish low-
risk patients from patients who require radical thyroidec-
tomy. At one end of the disease spectrum, papillary
microcarcinomas – PTC ≤ 10 mm, as defined by the World
Health Organization (WHO)30 – are very frequent. This
has been documented in autopsy series, with a prevalence
up to 30%,31 as well as epidemiologically.32 The risk for
extrathyroid growth and lymph node metastases then rises
continuously with the diameter of the primary tumor.33

This extends to clinical events. In a retrospective cohort of
403 patients from the University of Vienna with pT1/pT2
DTC and up to 10 years of follow-up, all of the 163 patients
with PTC ≤ 10 mm survived but 3/80 with PTC between 11
and 20 mm and 4/76 with PTC between 21 and 40 mm died
of thyroid cancer.34 All patients in this series received total 
thyroidectomy and central lymphadenectomy as the 
preferred mode of therapy, except patients with unifocal
PTC ≤ 10 mm N0. In the light of this and other recent
series,35 ETA and the German interdisciplinary guidelines
continue to recommend that PTC over 1 cm should be
treated with total thyroidectomy and subsequent ablative
radioiodine therapy, and the decision of the International
Union against Cancer (UICC) to raise the threshold
between pT1 and pT2 tumors from 1 to 2 cm without new
published evidence supporting this change has been widely
criticized.36,37

In a number of circumstances, PTC smaller than 1 cm
can also carry a significant risk for subsequent complica-
tions. These include the presence of lymph node metas-
tases,38 multifocality,38 a positive family history,39 or
previous external beam radiotherapy in the head or neck.40

In these circumstances total thyroidectomy is also recom-
mended by most authorities,29,41 if not in all the guidelines
themselves.

FFTTCC
Follicular cancers are a biologically heterogeneous group
that are relatively more frequent in iodine-depleted regions
of the world.36,42,43 Minimally invasive FTC is an encapsu-
lated tumor that is very rarely multifocal (2.3% in one
recent study)44 and rarely associated with lymph node
metastases.44 The problem lies in the potential for distant
hematogenous metastases, predominantly bone and lung.
Some authorities29 and a number of guidelines12,45 advo-
cate total thyroidectomy only in tumors larger than 4 cm.
Considering that this cancer is rare in countries with 
good iodine supplementation, and very few series have 
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distinguished between minimally invasive and widely 
invasive FTC, we doubt that there are adequate data to
quantify the risk reliably. In a series from Hong Kong with 
52 patients with minimally invasive FTC, the 10-year
cancer-specific survival was 97.6% and freedom from 
distant metastases 90.6%, with local control in 100%.
The association between tumor diameter and prognosis
did not reach statistical significance.46 In the abovemen-
tioned series from the University of Vienna, cancer mortal-
ity was 1/7 for FTC ≤ 10 mm, 2/25 for FTC between 11 and
20 mm, and 3/37 for FTC between 21 and 40 mm (effect of
tumor size not significant).34 Petrich et al. reported on
patients who presented with primary distant metastases 
at the University of Hannover.47 Of 102 patients with FTC,
40% had locally invasive disease, which implies the diagno-
sis of widely invasive FTC. Some 20% had tumors larger
than 4 cm (pT3), 33% tumors between 1 and 4 cm (pT2),
and 5% FTC smaller than 1 cm.48 Lin et al. reported 
70 patients with FTC and pulmonary metastases, out of the
institution’s cohort of 2003 TC patients, who had 5-year
survival of 69%; 28/70 cases had a history of prior thyroid
surgery.49 Also in our experience, prior thyroid surgery is
not uncommon in patients presenting with newly diag-
nosed metastases of TC, often with histological diagnosis 
of a ‘follicular adenoma’. Treatment for bone metastases is
rarely curative unless instituted very early.50 Only total 
thyroidectomy with subsequent ablative RIT allows a
timely diagnosis and treatment of distant metastases. We
therefore conclude that subtotal resection without RIT is
not adequate treatment for minimally invasive FTC, and agree
with the ETA recommendation to perform total thyroidec-
tomy for all minimally invasive FTC larger than 1 cm.

Widely invasive FTC is essentially an aggressive tumor
entity with the tendency for local invasion and regional
lymph node metastases. In one series the relative risk of
recurrence was 2.2 if the FTC was not encapsulated, and 
6.8 if the grading was aggressive.51 Other series confirm
these observations.46,52 Widely invasive FTC warrants radi-
cal surgery as well as ablative RIT.

CCoommpplleettiioonn  tthhyyrrooiiddeeccttoommyy
Often the diagnosis of TC can only be established after
paraffin embedding of serial slices through the tumor,
especially if the aim is to document, or exclude, capsular 
or vascular invasion in the differential diagnosis between
follicular adenoma and minimally invasive FTC. If the 
final histological diagnosis is cancer, thyroidectomy needs
to be completed within a few days.3 Completion thyroidec-
tomy is associated with risk if the ipsilateral thyroid bed has
been explored as a part of the initial procedure. Many
endocrine surgeons therefore prefer total hemithyroidectomy
with ipsilateral central lymph node dissection as the primary
procedure if there is suspicion of TC, so that re-exploration
of the thyroid bed is avoided. The risk for surgical 

complications rises steeply after the first postoperative week,
and completion thyroidectomy is recommended only in the
first few days or 3–6 months after the initial operation.

Currently, about 60% of all TC patients in Germany
receive two operations as their primary surgical therapy.53

One important reason is that FNAC is only used in about
30% of all cases, and that ultrasound examination of the
thyroid gland does not always include cervical lymph
nodes.53 Few studies have addressed whether a delay in
instituting primary therapy has an effect on prognosis.
In Mazzaferri’s series, a delay in cancer diagnosis imparted
a risk comparable to that of old age.9 In Scheumann’s series,
delaying completion thyroidectomy by more than 30 days
was also associated with an adverse prognosis.27

CCeennttrraall  llyymmpphh  nnooddee  ddiisssseeccttiioonn
Lymph node dissection as part of the primary surgical 
procedure for thyroid cancer has long been a subject of
debate.54

Proponents of the more aggressive strategy point out
that in the hands of an experienced endocrine surgeon the
procedure entails limited extra risk,20 but that recurrences
in the pre- and paratracheal region are highly dangerous
and very difficult to operate.

Only a limited number of studies have examined the
effect of prophylactic systematic lymph node dissection 
on recurrence rates and/or survival.55 Tisell’s series from
Göteborg, also mostly without subsequent radioiodine
therapy,56 lacked a control group. Noguchi et al. reported
2859 patients operated on at a single center in Japan
between 1946 and 1991.57 Propylactic lymph node dissec-
tion improved survival in patients with locally invasive
DTC (pT4) or patients with lymph node metastases (N1).57

However, patients did not receive routine radioiodine 
therapy, which limits the applicability of the results to 
current therapeutic practice in the Western world.
Scheumann et al. demonstrated improved local control 
and survival in 342 patients operated on at Hannover 
University Hospital in Germany before and after 1986
without, and with, systematic lymphadenectomy, respec-
tively. The second group included many patients from the
former group who had had locoregional recurrence.13

Results from the ongoing MSDS trial may provide further
evidence,53 but so far recurrence rates in the trial have 
been generally lower than expected.58 In the light of a
recent prospective cohort survey, which demonstrated a
clear correlation between complications and the radicality
of the thyroid surgery (subtotal vs. total lobectomy),59 the
stipulation of the German guidelines to perform a central
lymph node dissection has been questioned.60

Based on our clinical experience we caution against 
well-intentioned but overaggressive surgery outside spe-
cialized centers which have sufficient patient numbers,
optimal diagnostic resources, and stringent quality control.
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Complications from overambitious surgery are generally
irreversible, while recurrences of thyroid cancer can usually
be cured in a multimodal approach without undue iatro-
genic morbidity.

SSuurrggiiccaall  ccoommpplliiccaattiioonnss
The main complications specific to thyroid cancer sur-
gery are recurrent laryngeal nerve palsy (RLNP), and
hypoparathyroidism. Both conditions can be transitory
due to irritation of the nerve on preparation of the thyroid
bed, or a temporarily disturbed blood supply to the
parathyroid glands, or permanent. Most data on complica-
tion rates have been published by specialized centers and
may not reflect results under real-world conditions. In a
prospective quality assurance study with 7617 patients
operated on at 50 centers in the five East-German states,
RLNP occurred transiently in 12.8% and permanently in
6.8% of patients, and hypoparathyroidism in 23.8% and
7.1%, respectively.61 These figures correspond to docu-
mented – presumably transient – rates for RLNP and
hypoparathyroidism of 15.9% and 12.9% in the Patient
Care Evaluation Study of thyroid cancer (PCES)62 and 20%
and 22% in the MSDS trial.63 In the MSDS trial the risk 
for RLNP increased to 42% in patients receiving three or
more operations.63 This underlines the need for optimal
preoperative diagnostics including FNAC, which was
underused in the trial. In a continuation of the cited 
quality assurance study, the risk of permanent RLNP was
correlated to radicality of surgery (subtotal vs. total lobec-
tomy) as well as the experience of the center.64 This under-
lines the recommendation of the ETA to have thyroid
cancer surgery performed only in centers of excellence.11

RRaaddiiooiiooddiinnee  tthheerraappyy
Radioactive iodine-131 (131I) is generally applied orally in
the form of gelantin capsules or, less frequently, as a liquid
solution in water. Iodine is rapidly absorbed in the 
upper intestine and actively concentrated in the follicular
epithelial cells by means of the sodium iodide symporter.
Depending on the preservation of thyroid architecture, 131I
is then stored as preformed thyroid hormone in the thyroid
follicles (Figure 18.4). The physical half-life is 8 days.
When 131I disintegrates radioactively, it emits both β and γ
radiation. β radiation is a particle radiation consisting of
rapid electrons. These have a maximum reach of 2 mm in
tissue. The therapeutic effect is therefore confined to sites
with 131I uptake. The effected tissue damage is apoptosis
and/or necrosis of thyroid cells. γ radiation is an electro-
magnetic radiation similar to X-rays, and can be used 
diagnostically to image the distribution of 131I in the body
(Figure 18.5).

Guideline recommendations
AAbbllaattiivvee  RRIITT
The ETA guidelines stratify their recommendations for 
RIT and follow-up into three risk categories at the time 
of initial treatment:11

1. Very low risk – no indication for RIT:65 unifocal TC ≤1 cm
with no extension beyond the thyroid capsule and with-
out lymph node or distant metastases and complete resec-
tion (T1N0M0R0) and a favorable histological type.11

2. Medium risk – probable indication for RIT: TC >1cm
N0M0R0. This includes also patients with less than total
thyroidectomy, no lymph node dissection, age
< 18 years, or unfavorable histology: PTC tall-cell,
columnar cell, diffuse sclerosing; FTC widely invasive or
poorly differentiated.11

3. High risk – definitive indication for RIT: tumor exten-
sion beyond the thyroid capsule, lymph node metas-
tases, incomplete tumor resection, or distant metastases
(T3/4 or N1 or R1 or M1).11

For high-risk patients therapy is recommended with
high activity (≥3.7 GBq) of 131I following prolonged with-
drawal of thyroid hormone.11 For low-risk patients ETA
guidelines leave a choice between 1.1 or 3.7 GBq of 131I, and
a withdrawal of thyroxine or stimulation with recombinant
human TSH (rhTSH).11 The ETA guidelines explicitly 
do not recommend a diagnostic scan before thyroid 
ablation because of its low clinical utility compared to a
post-therapeutic scan and because of a possible stunning66,67

during the subsequent therapeutic activity of 131I.11 If a
diagnostic scintigraphy is required, 123I or a very low 
activity of 131I (4 MBq) is recommended.11

German DKG guidelines recommend ablative RIT in all
cases of thyroid cancer except papillary microcarcinoma
(pT1a N0; < 1 cm) without radical surgery, medullary TC,
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Radioiodine therapy. Radioactive iodine is taken up by the
follicular cells and stored in the follicular lumen. As 131I
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a maximum reach in tissue of 2 mm.
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and anaplastic TC.3 A radioiodine test with 10–20 MBq
over 24 h is recommended. When the uptake is > 20% 
a completion thyroidectomy is to be considered.3 The 
recommended activity is 1–3 GBq 131I, or based on individ-
ual dosimetry aiming for an absorbed dose of > 300 Gy.3

The American NCCA guidelines recommend a diagnos-
tic whole-body radioiodine scan off thyroid hormone 
4–12 weeks after thyroidectomy. If the diagnostic radioio-
dine scan is negative and serum thyroglobulin (Tg) is lower
than 1 ng/ml, no indication for RIT is seen.12 The NCCA
guidelines do not specify the activity of 131I to be used or
the time interval for scanning (24, 48, or 72 h).12

PPrreeppaarraattiioonn  ffoorr  RRIITT
ETA guidelines recommend that the patient be seen by 
a nuclear medicine specialist or endocrinologist for an
assessment and full discussion about the rationale and side-
effects of RIT.11 Practice at our own center is that a nuclear
medicine specialist sees the patient in the outpatient clinic
some 10–14 days after thyroidectomy before thyroid hor-
mone withdrawal interferes with the patient’s intellectual
capabilities and coping mechanisms. Our department’s web-
site contains detailed information for patients, including a
special brochure.

A sufficient level of TSH is necessary in order to increase
uptake in the thyroid remnant. Thyroid hormone is with-
drawn 4 weeks3,68 to 5 weeks11 before RIT in order to
increase TSH to levels above 2569 to 30 mU/l.70 Alterna-
tively, exogenous stimulation with rhTSH has been shown
to be effective with a fixed activity of 3700 MBq 131I.71

rhTSH has been approved for ablative therapy by the Euro-
pean Medicines Agency (EMEA) for use in low-risk
patients.11 The patient should receive an intramuscular
injection of 0.9 mg on two consecutive days and receive 
131I the day after.11

RIT must only be given in centers suitably equipped 
for that purpose,11 which should include a γ camera with
high-energy collimators capable of performing SPECT 
and ideally SPECT–CT. In all Western countries, radiopro-
tection legislation requires patients to be isolated in
approved units under high-dose RIT. Before patient dis-
charge the dose rate of the remaining 131I activity must 
be measured and documented.11

Pregnancy must be excluded.11 A low-iodine diet is 
recommended 10 days72 to 3 weeks11 before RIT. In cases 
of doubt, urinary iodine excretion should be measured.11

hTg should be measured immediately before adminis-
tration of RIT in patients under thyroid hormone with-
drawal or on the third day following the last application 
of rhTSH.11 If the patient has stopped thyroid hormone,
oral thyroid hormone is begun on the second or third day
after 131I administration.11

A whole-body 131I scintigraphy is performed 3–5 days
after 131I application11 when the residual 131I activity is 
sufficiently low that the maximum count rate of the 
γ camera is not exceeded.

Commentary
The rationale underlying ablative RIT includes (1) the 
sterilization of occult cancer foci, or residual normal follic-
ular cells destined to become malignant, in or near the 
thyroid remnant, (2) the sterilization of metastatic foci 
in cervical lymph nodes, (3) detection of lymph node and
distant metastases in the post-therapeutic 131I whole-body
scintigraphy, and (4) elimination of serum hTg to (almost)
undetectable levels so that it can be used as a highly 
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Radioiodine therapy. This 45-year-old man was diagnosed with
papillary carcinoma pT3 (m) (4.6 cm) pN1 Mx in July 2005.
Post-ablation scintigraphy 9/2005 (panel (a), 4 days after 
5.6 GBq 131I) showed focal uptake in the left thyroid bed, but
otherwise physiological tracer distribution in stomach, colon,
and urinary bladder. The diagnostic scintigraphy 1/2006 
(panel (b), 48 h after 200 MBq 131I) is negative. The corresponding
ultrasound examination from 1/2006 showed a 2.7 cm large
lymph node metastasis. The diagnosis has since been confirmed
histologically. This case illustrates the inferior image quality of
low activities of 131I (b) and underlines the necessity for routine
cervical ultrasound as an adjunct to 131I imaging.
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sensitive tumor marker.11 Tumor foci in the thyroid rem-
nant need not take up 131I as they receive radiation from the 
surrounding thyroid tissue (‘bystander effect’).

A number of retrospective series have documented an
impressive benefit in terms of freedom of recurrence and
survival. Mazzaferri and Jhiang were able to document 
a reduction in the 10-year rate of recurrence from 28% to
6% in medium-risk patients (p < 0.001) that extended 
over the whole follow-up period, and an elimination of
tumor-related deaths.9 In Samaan’s study, RIT was the
single most powerful predictor for increased disease-free
interval with a concomitant survival benefit.73 Data from
our own institution document a 97% 5-year survival rate
among patients with TC limited to the thyroid and without
distant metastases.8 A prospective cohort study in high-risk
patients with TC showed a survival benefit due to RIT.74

A recent meta-analysis showed a significant 10-year risk
reduction for locoregional recurrence (relative risk 0.31,
95%-confidence interval 0.2–0.49) and for distant meta-
stases (absolute decrease in risk 3%; 1– 4%). The incremen-
tal benefit of remnant ablation in low-risk patients treated
with total thyroidectomy and thyroid hormone suppressive
therapy was unclear.75 Unfortunately, there are no random-
ized trials on the effectiveness of ablative RIT.23

The optimum activity for thyroid remnant ablation 
has been addressed by a number of retrospective series76

and at least four randomized trials.77–80 The latter include
two trials by Bal et al.79,80 In the original 1996 trial, activities
over 1.9 GBq (50 mCi) did not increase the efficacy of
ablation beyond 77%.79 Based on 19 studies, a recent 
meta-analysis has concluded that high-dose remnant 
ablation 2.7–3.7 GBq is more effective than low-dose with 
1 GBq or less.81

An important area of controversy between the various
guidelines is whether a diagnostic 131I scintigraphy should
precede ablative RIT. We agree with the ETA guidelines 
that a diagnostic 131I scintigraphy preceding RIT has very
limited utility, and should be discouraged for the following
reasons:

1. Activities of 131I as low as 40 MBq can stun subsequent
131I uptake under RIT by 50%.82 The effect sets in after a
couple of days and is maximal after 3 weeks.66

2. The sensitivity of ‘diagnostic’ 131I scintigraphy with
activities of a few hundred MBq is limited compared to
post-therapeutic scintigraphy after RIT. In a series of
81 patients studied by Fatourechi et al., post-therapeutic
scans revealed a new site with abnormal uptake not 
seen on a diagnostic scan with 111 MBq in 13% of
the scans, which changed management in 9% of the
patients.83 This is also a well documented phenomenon
in the evaluation of hTg-positive patients with negative
‘diagnostic’ 131I scintigraphy. In an early series by Pacini
et al., scintigrams with a therapeutic activity revealed
tumor tissue previously undiagnosed with 185 MBq 131I

in 16/17 patients.84 In de Keizer’s series of 16 Tg-posi-
tive patients, 131I-scintigraphy with 7.4 GBq revealed
pathologic uptake not seen on scintigraphy with 
370 MBq 131I a week before in 11/16 patients (69%; neck
in seven, mediastinum in three, lung in one patient).85

In Koh’s series the corresponding fraction was 12/28
cases (43%),86 in Pineda’s series 16/17,87 and in van Tol’s
28/54.88 One explanation for these findings is that 
contrast in 131I scintigraphy is optimal only after 
3–5 days, due to both the slow uptake of tracer in the
tumor tissue and the slow elimination of background
activity. With ‘diagnostic’ 131I activities the count rate
after 48–72 h is suboptimal. A 131I scan with a ‘diagnos-
tic’ activity has therefore insufficient sensitivity to be
able to exclude distant metastases also in cases of newly
diagnosed TC.

The ideal diagnostic tracer with respect to stunning is
123I, a pure γ emitter. When scintigraphy with 123I is posi-
tive, a subsequent RIT will show uptake.89 However, 123I 
is vulnerable to the same pre-therapy staging inaccuracies
as is low-dose diagnostic imaging with 131I.90–92 Alzahrani 
et al. compared 123I scintigraphies 24 h after oral ingestion
of 185–555 MBq 123I with post-therapeutic 131I scans 
4–5 days after RIT. In 166 patients receiving their first 
ablative RIT, six post-therapeutic 131I scans showed extra
foci in the thyroid bed, three extra foci in cervical lymph
nodes, one in the lung, and one new bone metastasis.92

A single study reported that 123I was more sensitive 
for imaging thyroid remnants.93 Also, with 123I, contrast
improves over time: a scan after 24 h is more sensitive than
after 4 h.94 Compared with other tracers, 123I is more costly
and needs to be delivered on the day of the study.

Radioiodine uptake over 24 h with 123I or a tracer dose 
of 131I is a good observer-independent way to quantify 
thyroid remnant tissue.95 In line with the German guide-
lines, the latter method is in routine use at our institution
in Münster. Because we apply ablative RIT the following
day, stunning of subsequent 131I uptake is presumably not
relevant. If the only intention is to prove or exclude the
presence of a large remnant that precludes ablative RIT
without completion thyroidectomy, thyroid scintigraphy
with [99mTc] pertechnetate is a readily available and cheap
alternative to 123I. This is a technique which we routinely
use in the postoperative evaluation of patients with 
subtotal or partial thyroid resections.

131I scintigraphy has a very high specificity if one takes
care to avoid a number of pitfalls.96–98 Patients should
receive a laxative the day before and empty the bladder,
suck lemon, and drink some water immediately before
scintigraphy in order to reduce 131I activity in the colon,
urinary bladder, salivary gland, and esophagus. Scanning
with diagnostic activities should be performed at a slow
speed for optimal statistics.11 Since the anatomic information
contained in 131I scintigrams is limited, SPECT–CT
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increases diagnostic accuracy considerably (Figure 18.6),99

especially when combined with high-resolution ultra-
sound. Dual-isotope scanning may be an alterative for
institutions that lack SPECT–CT.100

HHaarrmmffuull  eeffffeeccttss  ooff  RRIITT
Radiation thyroiditis is frequent in patients with large 
remnants, and can usually be controlled with an ice bag.
Abnormalities of taste are frequent but transient.101

Standard practice is to have the patient lick lemon juice 
or a sour sweet and/or chew gum in order to induce a
steady flow of saliva that transports 131I out of the salivary
gland.102 Diagnostic salivary gland scintigraphy demon-
strates that these maneuvers effectively reduce the levels of
radioactivity in the salivary gland.103 Amifostin is effective
for radioprotection, but has side-effects.104 Whether
Nakada’s recommendation to delay sucking of lemon 
candies until 24 h after 131I administration, which is based
on historical controls,103 is to be followed without further
validation is a matter of debate.105

Hypospermia has been observed but is usually transient.106

Pretreatment sperm-banking should be offered to male
patients if multiple high-dose RIT is planned.11,107 Concep-
tion should be avoided for 411 to 6–123 months in males and
611 to 12 months3 in females. Pregnancy is safe.108,109 How-
ever, there is a slight increase in miscarriage if pregnancy
occurs between 6 and 12 months after treatment.109 Breast-
feeding should be stopped before RIT,11 also for radioprotec-
tion of the mammary gland. An earlier onset of menopause
has been reported after repeated RIT.110 Transient thrombo-
cytopenia and leukopenia are normal after RIT for TC. They
may be chronic above cumulative activities > 18.5 GBq.111

An increase in secondary primary malignancies has 
been documented, especially with RIT with activities
exceeding 20–30 GBq.112–114 Therefore, the indication for
high-dose therapy should be established with diligence.11

Pulmonary fibrosis can be a problem after high-dose ther-
apy for pulmonary metastases.115 For a further discussion
of side-effects of RIT we refer to Mazzaferri’s review.29

HHoorrmmoonnee  tthheerraappyy
The aim for therapy with thyroid hormone in TC is 
two-fold: (1) to treat hypothyroidism by providing normal
levels of thyroid hormone, and (2) to inhibit TSH-depend-
ent growth of residual cancer cells by suppressing TSH
below normal levels.11

Guideline recommendations
The guidelines of the European Thyroid Association 
recommend suppression of TSH below 0.1 mU/l in all
patients with persistent disease, including patients with
detectable hTg.11 In high-risk patients (see above) who 
have achieved complete remission, TSH-suppressive therapy
is recommended for 3–5 years. In low-risk patients in com-
plete remission, TSH should be between 0.5 and 1.0 mU/l.11

L-Thyroxine should be taken once a day in the morning 
on an empty stomach.11 Dose adjustments should be in
steps of 25 µg/day with a control of TSH 3 months later.11 In
pregnancy more frequent dose adjustments are necessary.11
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FFiigguurree  1188..66
131I-single photon emission computed tomography–computed
tomography (SPECT–CT). This 27-year-old woman had papillary
thyroid cancer pT3b (5 cm; locally invasive) pN1 Mx. 3 months
after ablation with 3 GBq 131I the planar scan (370 MBq; not
shown) was negative. Human thyroglobulin (hTg) was 
18.6 ng/ml, which indicated tumor tissue. 131I scintigraphy
with a therapeutic activity (panel (b); 3 GBq, 72 h) shows a
weak focus to the left of the midline. The corresponding 131I-
SPECT (panel (a); center column) shows weak focal uptake, but
contains no anatomic information. CT (left column) was done
as part of the same examination. When CT was fused with the
131I-SPECT the focus could be localized in the jugulum to the
left of the trachea. Sonographically the focus corresponded to
two lymph node metastases, which had not been diagnosed
before. [18F]fluoro- 2-deoxy-D-glucose-positron emission
tomography (FDG-PET) was negative. Operation 11/2003
confirmed the diagnosis. Laryngeal nerve function was intact.
The patient has since been in complete remission; hTg under
stimulation was < 0.2 ng/ml 2/2004.
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Treatment is best supervised by an endocrinologist or other
member of the multidisciplinary team.11

For the USA, the NCCA guidelines recommend a risk-
stratified approach, but do not define explicitly which
degree of TSH-suppression is to be aimed for.12 The Amer-
ican Association of Clinical Endocrinologists (AACE)
guidelines recommend a TSH goal between 0.1 and 0.4
mU/l.69 The interdisciplinary German guidelines recom-
mend TSH suppression to 0.1–0.2 mU/l without risk 
stratification.3 Current German nuclear medicine guide-
lines recommend TSH suppression below 0.2 mU/l and
0.3–0.5 mU/l for papillary microcarcinoma.72

Commentary
A number of retrospective series were able to demonstrate
an effect of TSH-suppressive therapy in patients without
RIT116 or with RIT.117 A recent meta-analysis concluded
that TSH-suppressive therapy had an effect on reducing
recurrence rates.118 However, compared with surgery 
and RIT, the effect is weak. At the same time there is an
increasing body of published evidence on the deleterious
effects of even subclinical hyperthyroidism, especially 
atrial fibrillation and stroke119 and bone loss.120 This has
induced the authors of most guidelines to relax the aims 
for TSH-suppressive therapy in recent years.

EExxtteerrnnaall  bbeeaamm  rraaddiiootthheerraappyy
Both the European and the German guidelines see an indica-
tion for external beam radiotherapy (RTx) only in undiffer-
entiated TC or in cases of residual tumor (R1 or R2) that is
not treatable by surgical resection and/or RIT.3,11 The NCCN
guidelines recommend that RTx be considered for patients
older than 45 years with gross extrathyroidal invasion.12

There is inconclusive evidence from a large number of
retrospective series. A prospective randomized multicenter
trial which was coordinated by the authors had to be termi-
nated because of lack of acceptance of randomization.24

We recently conducted a comprehensive meta-analysis 
and concluded that there is no longer an indication for
adjuvant RTx in patients with locally invasive TC under 
the prevailing conditions in the industrialized world.4

FFoollllooww--uupp
Follow-up is primarily based on the following methods:
clinical examination, cervical high-resolution ultrasound,
determination of serum hTg with and without TSH stimu-
lation, and 131I scintigraphy.11

Guideline recommendations
The ETA’s recommendations can be briefly summed up as
follows. Very-low-risk patients not submitted to ablative
RIT are followed up by hTg under L-thyroxine treatment
and neck ultrasound.11 Patients without evidence for
metastases are seen under ongoing L-thyroxine therapy at 
3 months with control of TSH, free thyroxine (FT4), and
free triiodothyronine (FT3). At 6–12 months hTg is deter-
mined under rhTSH stimulation, and neck ultrasonography
is performed. If the hTg is undetectable and there are no
other abnormalities, patients are followed up yearly with
neck ultrasonography and a determination of TSH, FT3,
FT4, and hTg. If the hTg is larger than an institutional 
cut-off or there are other abnormalities, L-thyroxine is
withdrawn and the patient receives a large activity of 131I
with whole-body scintigraphy (WBS). Follow-up should be
lifelong.11 The role of supersensitive hTg assays121,122 has
not yet been established.11

The current German guidelines give the following 
recommendations. The success of RIT is documented 
with two diagnostic WBSs with 100–300 MBq 131I under
endogenous or exogenous TSH stimulation 3–4 months
and 1 year after RIT.3 If there is demonstrable thyroid 
bed uptake, RIT is repeated until WBS is negative. Patients
with local invasion or distant metastases receive a WBS
every 2 years. All patients are followed-up with a half-yearly
examination that includes determination of hTg and cervi-
cal ultrasonography until year 5, and thereafter at yearly
intervals.3

The NCCN guidelines12 recommend regular diagnostic
WBS with 150 MBq 131I over 48 h123 every 12 months until
the scan is negative. WBS is performed under endogenous
TSH stimulation if a repeat RIT is likely, or under endoge-
nous or exogenous TSH stimulation. Thereafter the patient
is controlled half-yearly, and yearly after year 2, with a
physical examination, serum TSH, hTg and hTg-antibodies,
and periodic ultrasound.12

Commentary
The chief controversy between current guidelines is the 
role of diagnostic 131I WBS. A number of studies have tried
to shed light on the issue.

In a classical report from 1970, Varma et al. reported 
a 20-fold increase in mortality from DTC when RIT was
discontinued short of total ablation of functioning thyroid
tissue.124

Grigsby et al. reported on 76 patients after ablative RIT
with at least one negative WBS 1 year after RIT. WBS was
repeated at years 1 and 2 and then every 3–5 years. Seven
patients had a positive 131I WBS 1 year after the first nega-
tive WBS, and two patients 1 year after two consecutive
WBSs. None of these patients had measurable hTg.
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The authors concluded that a single negative WBS after 
complete ablation has a lower predictive value than two
consecutive negative studies.125

Cailleux et al. evaluated 131I WBS in 256 consecutive
patients with DTC 6–12 months after ablative RIT.126

A total of 113 patients were nodal positive (N1). Surgery
included lymph node dissection in 228 patients. Ablative
RIT was performed with 3.7 GBq. Therapeutic uptake was
< 1% in 189 patients and 1–2% in 67 patients. Patients with
extrathyroidal uptake in the post-therapeutic WBS or with
interference in the hTg assay were excluded. Diagnostic
WBS was performed 72 h after 74 MBq (in low-risk
patients) or 185 MBq (in high-risk patients) under TSH
stimulation (TSH > 30 mU/l). WBS showed no uptake in
92% of the patients and thyroid bed uptake <1% in 
the remaining eight patients. A 131I WBS with 3.7 GBq 
was additionally performed in nine of 15 patients with 
a hTg >10 ng/ml. It showed uptake corresponding to
lymph node metastases in two patients and chest uptake
corresponding to lung metastases in one patient. Of the six
131I-negative patients one had lymph node and one had
lung metastases. Of the remaining patients in the cohort,
three were diagnosed with lymph node metastases 
3–4 years after the initial surgery over a mean follow-up
period of 5 years. The authors conclude that WBS with
74–185 MBq 131I has no incremental value over serum hTg
under TSH stimulation and neck ultrasound, and that 
if hTg exceeds a certain value, diagnostic scanning with 
131I should be performed with an activity of 3.7 GBq 
or more.126

Pacini et al. described 662 consecutive patients 
undergoing the first control WBS 6–12 months after 
ablative RIT with 1.1–3.7 GBq between 1980 and 1990.
Follow-up was a mean of 12 years, with yearly hTg 
and ultrasonography and periodic 131I WBS. A total of
315 patients had undetectable hTg (<3 ng/ml). WBS was
performed with 148–185 MBq after 48–72 h with a rectilin-
ear scanner. The post-RIT scan showed uptake in the 
thyroid bed in 100%, in lymph node metastases in 10.5%,
and in the lung in 1.3%. In the diagnostic WBS, uptake 
was found in the thyroid bed in 90 patients (28.6%);
54 patients received one extra RIT, and seven patients
received two. Of the 315 patients, two relapsed with lymph
node metastases after 2 and 9 years respectively, both dis-
covered by cervical ultrasound. Twenty-nine patients with
persistent thyroid bed uptake had no clinical events. None
died of TC.127

Taylor et al. reported 153 consecutive patients treated
between 1990 and 2000. RIT was performed with 1.1–3
GBq 131I. Post-therapeutic WBS showed thyroid bed uptake
with or without extrathyroid uptake in all. The diagnostic
scan 6 months after RIT with 185 MBq over 48–72 h was
positive in 20 and faintly positive in another 16 patients.
Of the former 20, 16 received RIT with 5.5 GBq 131I. WBS
became negative in nine and remained positive in seven

(thyroid bed uptake in six, lymph nodes in one). Of the
latter seven, six had elevated hTg and one had hTg-
antibodies. At follow-up all seven are alive and disease-free.
Of the 117 patients with negative WBS, ten had recurrences
which were always detected clinically or by a rising hTg.128

Serum hTg may be falsely negative. Schlumberger and
Baudin estimate that hTg under L-thyroxine is not measur-
able in fewer than 1% of patients with distant metastases
visible on X-ray, 5% of patients with lung metastases 
not visible on X-ray and 20% of patients with isolated
lymph node metastases. Patients with negative hTg under
TSH stimulation in patients with recurrences are rare,129

but are occasionally observed (Figure 18.7).
We agree with the European guidelines that determi-

nation of hTg under TSH stimulation and cervical 
ultrasonography130 are the two most sensitive tests for
recurrence. However, Cailleux’ data, which provide the
strongest evidence against routine diagnostic WBS,
cannot be generalized. That lymph node dissection was
performed in 89% of patients and 131I uptake was less 
than 2% indicates that patients were exceptionally well
operated. This in no way reflects the prevailing conditions
in Germany, where centers receive patients from many 
surgical departments. In the MSDS trial, a systematic
lymph node dissection was performed in only 32% of
patients,131 and radioiodine uptake was over 3% in half the
study patients.1 Also as Cailleux et al. point out, large thy-
roid remnants interfere with the detection of metastatic 131I
uptake. We therefore argue against abandoning diagnostic
WBS after ablation without evaluating the concept in large
multicenter studies. The ETA guidelines rely heavily on
ultrasound of the neck. The diagnosis of recurrences 
especially in the thyroid bed is a challenge (Figure 18.8).
It is very important to perform ultrasound in direct corre-
lation with all scintigraphic studies. We perform ultra-
sound routinely at each visit in the follow-up of all our 
TC patients, and we encourage every nuclear physician 
specializing in the treatment and follow-up of TC to learn
the technique, as the diagnostic gain often lies in the 
combination of the different imaging modalities.

Recurrent and metastatic cancer
All guidelines recommend [18F]FDG-PET in patients 
with suspected recurrence.3,11,12,132–136 The value of other
scintigraphic methods such as [99mIc]MIBI (methoxy-
isobutylisonitrile), [99mTc]tetrofosmin, [111In]octreotide,
and [201Tc] is comparatively limited.136,137

In patients with suspected recurrence, we routinely use
the following work-up:138 endogenous or exogenous TSH
stimulation with determination of serum hTg,131I WBS
including a SPECT–CT of the neck99 (Figure 18.6) with a
‘therapeutic’ activity ≥ 3 GBq, and [18F]FDG-PET–CT fol-
lowing the therapeutic 131I application, including a diagnostic
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CT of the neck and – if there is suspicion of pulmonary
metastases – of the chest. The last examination is ultra-
sound of the neck in the light of all other imaging studies.
Rarely, both 131I scintigraphy and FDG-PET may both be
negative (Figure 18.9).

We routinely perform [18F]FDG-PET under TSH 
stimulation. The sensitivity is best under rhTSH, because
lesional FDG uptake is promoted by TSH139 and the 
elimination of background activity is not delayed as in the
hypothyroid state. Endogenous TSH stimulation is more
sensitive than TSH suppression140 (Figure 18.8). The 
observation in the German multicenter study that FDG-
PET was seemingly more sensitive than under endogenous
TSH stimulation is probably not valid,136 since this was a
comparison between two unrelated historical groups.

It is estimated that remission can be obtained in 
two-thirds of patients with a neck recurrence and one-third
of patients with distant metastases.11 Remission is more
frequently achieved in patients with a limited tumor
burden.11 The therapeutic strategy is primarily surgical.11

Lesions that are not operable but take up 131I are treated
with repeated high-dose RIT.11 131I negative, inoperable
lesions may be treated with RTx, especially when there is
risk for local complications.11 Disseminated lung metas-
tases can be cured by repeated high-dose RIT.141–143

Bone metastases should be treated surgically whenever
possible.11,50,144 Bone metastases of TC are difficult to 
diagnose in conventional skeletal scintigraphy because
lesions are mostly cold. They are heavily vascularized and

may require preoperative embolization. Metastases in the
pelvis and spine can only rarely be completely resected.
A combination of surgery with repeated high-dose RIT 
is therefore the rule. External RTx should be delayed as 
long as there is the option for RIT, as RTx may stun subse-
quent therapeutic 131I uptake. TSH stimulation and RIT
entail a chance of transitory tumor swelling with the risk 
of compressive symptoms. In this situation we prefer 
short-term TSH stimulation with rhTSH under prophylac-
tic therapy with corticosteroids.98 Diagnostic WBS with 
131I before RIT is to be discouraged because of stunning
therapeutic 131I uptake.11

CCyyttoottooxxiicc  tthheerraappyy
There is consensus among guidelines that cytotoxic
chemotherapy145 has no role in the routine management 
of DTC. Its use is restricted to patients with progressive 
disease uncontrolled by surgery, 131I, TSH suppression,
and RTx.11

Therapy with derivatives of vitamin A can reinduce
expression of the sodium iodide symporter in dedifferenti-
ated, iodine-negative tumor manifestations of DTC.146 The
therapy has only moderate side-effects, mostly dryness 
of the skin, which is reversible.147 Uncontrolled series 
document that 131I uptake may be reinduced in 30%148

to 40%149–151 of patients, and partial remissions may be
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FFiigguurree  1188..77
Recurrence with negative hTg. This 77-year-old woman had papillary thyroid cancer pT3b (4 cm; locally invasive) (1 cm) pN1 Mx.
She received ablative radioiodine therapy 3/1997. In 1999 sonography discovered an echo-depleted lesion behind the left clavicle
in contact with the left internal jugular (VII) and subclavian veins. 131I scintigraphy off thyroxine (panel (b); 1 GBq 131I, 72 h) was
negative, but [18F]FDG-PET (panel (c); in 1999 without attenuation correction) highly positive. Thyroid stimulating hormone (TSH)
was 34 mU/l, hTg 0.8 µg/l, hTg-recovery 91%, anti-Tg-antibodies negative. Histology was positive. The patient was event-free until
another regional recurrence 6 years later.
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induced in 20%149 to 40%151 of patients. It is important 
to note that hTg may rise even if lesions regress, since 
redifferentiation may increase hTg production of dediffer-
entiated tissue.147 It is not clear whether redifferentiation 
by itself or RIT utilizing reinduction of 131I uptake induces
remission. As with other treatment modalities for DTC,
there is a lack of prospective randomized trials.

CCoonncclluussiioonnss
DTC is an example of a disease where improvements 
in multiple diagnostic and therapeutic modalities and
interdisciplinary cooperation have almost eliminated
cancer-related mortality for the vast majority of
patients.
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FFiigguurree  1188..88
Local FDG-positive recurrence only under TSH stimulation. This
28-year-old woman had right-sided papillary thyroid cancer
pT3b (2.5 cm; locally invasive) pN1 Mx. The patient received
radioiodine therapy at another institution (3 GBq 5/02, 8/02,
and 12/02 under L-thyroxine withdrawal). 131I scintigraphy
showed minimal thyroid bed uptake 8/2002. 
At this time hTg was 40 µg/l. We saw the patient 2/2003 
while she was under TSH suppression. Initial sonography and
FDG-PET (a) were negative. Only when the patient was TSH-
stimulated after 4 weeks’ cessation of L-thyroxine therapy was
FDG-PET positive (b), and we were at last able to diagnose a 
10 × 10 × 16 mm large local recurrence in the thyroid bed
(c,d). Reoperation confirmed the diagnosis. Recurrent laryngeal
nerve function remained intact. Stimulated hTg after surgery
was 4 µg/l. The patient has been free of recurrence since.

a

b

c d

FFiigguurree  1188..99
131I- and FDG-negative recurrence. This 28-year-old woman
had bilateral papillary thyroid cancer pT1 (m) (17 cm) pNx Mx.
After ablative radioiodine therapy, hTg off L-thyroxine was 
6.4 ng/ml. Cervical ultrasound showed a lesion (11 ¥ 11 ¥
15 mm) in the left thyroid bed (a,b). 131Iscintigraphy (panel (c); 
3 GBq, 72 h) and [18F]FDG-PET (d) were both negative. Fine-
needle aspiration cytology yielded papillary structures. Surgery
revealed a lymph node metastasis. Recurrent laryngeal nerve
function remained intact. The patient has since been in
complete remission.
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Therapy of medullary thyroid cancer
Aurore Oudoux, Catherine Ansquer, Jacques Barbet, David M
Goldenberg, Jean-François Chatal, and Françoise Kraeber-Bodéré

BBaacckkggrroouunndd
EEppiiddeemmiioollooggyy
Medullary thyroid carcinoma (MTC) is a neoplasm of the
parafollicular C cells and belongs to the neuroendocrine
tumor group. MTC represents 5–10% of thyroid cancers.1

C cells secrete calcitonin (Ct), other polypeptides and
glycoproteins, such as carcinoembryonic antigen (CEA),
vasoactive intestinal polypeptide, and somatostatin. MTC
may occur sporadically or in a hereditary form as familial
MTC that includes multiple endocrine neoplasia type IIA,
type IIB, and isolated familial MTC.2 Germline mutations in
the RET protooncogene have been identified in families with
these syndromes, and genetic screening has become inte-
grated to the clinical management.1 Both sporadic and famil-
ial MTC are characterized by relatively slow tumor growth
but early lymphatic metastatic spread. Metastases are already
present in 35% of patients at the time of initial diagnosis.3

PPrrooggnnoossiiss
The prognosis of MTC varies from long-term survival to a
much shorter duration in patients with poor prognostic fac-
tors, including age, initial stage, and biochemical markers
(pre- and postoperative serum concentrations of Ct and
CEA).4 After initial surgery, Saad et al. observed that the slope
of the curve for serum CEA concentrations over time and its
doubling time (DT) correlate well with the course of the dis-
ease.5 Recently, we confirmed this observation in a retrospec-
tive study performed on 65 MTC patients (6 –75 years of age)
after initial surgery:6 when Ct DT was < 6 months, 5- and 
10-year survivals were 3/12 (25%) and 1/12 (8%), respec-
tively; when Ct DT was between 6 months and 2 years, 5- and
10-year survivals were 11/12 (92%) and 3/8 (37%), respec-
tively, whereas all 41 patients with Ct DT > 2 years were alive
at the end of the study (Figure 19.1). TNM stage, European
Organization for Research and Treatment of Cancer
(EORTC) score, and Ct DT were significant predictors of

survival by univariate analysis, but only Ct DT remained 
an independent predictor of survival by multivariate analysis
(p = 0.002). Ct DT was a better predictor than CEA DT.

IImmaaggiinngg
One study performed in 35 patients with progressive MTC
showed neck metastases in 81% of patients, mediastinal
metastases in 54%, lung metastases in 34%, liver metastases
in 43%, and bone involvement in 74%.7 Several imaging
methods should be proposed for a patient with abnormal
residual Ct level persisting after complete surgery: ultra-
sonography and computed tomography (CT) for neck
exploration, and CT for chest, abdomen, and pelvis.
Magnetic resonance imaging (MRI) seems to have an edge
over CT for the detection of liver metastases from
endocrine tumors.8 Moreover, MRI appears to be a sensi-
tive imaging technique for detecting the spread of MTC to
bone/bone marrow.7 It has a higher sensitivity than bone
scintigraphy, which detects bone involvement at a relatively
advanced stage of tumor infiltration, when an osteoblastic
reaction has occurred. The advantage of bone scintigraphy is
the evaluation of the whole skeleton. [18F]fluoro-2-deoxy– 
D-glucose-positron emission tomography or [18F]FDG-PET
also appears to be of interest for the detection of disease
throughout the body.9 [18F]dihydroxyphenylalanine(DOPA)-
PET is another functional imaging procedure that seems to
provide interesting results in neuroendocrine tumors.10

TThheerraappeeuuttiicc  aapppprrooaacchheess
CCoonnvveennttiioonnaall  ttrreeaattmmeennttss
Surgery can cure patients with a localized tumor. However,
MTC is often diagnosed at an advanced stage, resulting in a
low cure rate. Indeed, 48–80% of patients are operated on
with a stage-3 or -4 TNM; i.e. with lymph node involvement
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or extrathyroidal invasion.11–13 In the management of this
group, some investigators have recommended repeated
lymph node dissection in the neck and mediastinum.14,15

The rate of postoperative normalization of serum Ct is low,
ranging from 6 to 38%.16,17 Because of the relative scarcity
of MTC, few prospective studies have investigated the effi-
cacy of systemic treatments of metastatic disease. A review
of several studies indicates that chemotherapy is associated
with a partial response rate lower than 30%, with severe mor-
bidity.18,19 An in vitro study using a human MTC cell line
attributed resistance to chemotherapy to the association of
overexpression of the mdr gene (multidrug resistance gene)
and low proliferation fraction.20 The analogs of somatostatin
or interferon only have an effect on the symptoms induced
by the hormones secreted by the tumor.21 The efficacy of
internal radiotherapy using [131I]MIBG (metaiodobenzyl-
guanidine), which can only be performed in about 35% of
patients with a moderate to high tumor uptake, is generally
limited to a symptomatic effect.22 Thus, new therapeutic
strategies are needed. MTC cells express high amounts of
CEA,23 and thus this tumor appears to be a candidate for
radioimmunotherapy (RIT) with anti-CEA monoclonal
antibodies (mAb).

RRaaddiiooiimmmmuunnootthheerraappyy
Pre-targeting strategies
RIT is a new therapeutic modality using radiolabeled mAb
targeting tumor antigens, and which has been validated for
the treatment of non-Hodgkin’s lymphoma. Several clinical
studies have shown high response rates with both myeloab-
lative and non-myeloablative doses, and improved survival
with myeloablative activity in patients with recurrent or
refractory lymphoma.24,25 In the more radioresistant solid
tumors, RIT has not yet shown sufficient antitumor effects

in metastatic disease to suggest that it could be considered
as a new therapeutic option.26,27 This is mainly due to a low
therapeutic index with the current one-step RIT using
directly labeled mAb.

Pre-targeting strategies have been proposed to overcome
this problem.28,29 In the first step, an unlabeled antitumor
immunoconjugate is injected. In a later step, when the
immunoconjugate has sufficiently cleared from the circula-
tion, the radionuclide is injected, coupled to a rapidly clearing
effector with a high affinity for the immunoconjugate pre-
localized in the tumor. Interesting clinical results have been
obtained with the avidin–biotin system, using one or several
chase steps to clear excess high-affinity (Kd =10−15 mol/l)
antibody–avidin complexes.30 The affinity enhancement
system (AES) is another pre-targeting technique that uses a
bispecific antibody (BsmAb) and a radiolabeled bivalent
hapten (Figure 19.2). In this system, the hapten’s affinity
for the BsmAb is limited (Kd = 10−8 mol/l), but the bivalent
hapten binds avidly to the immunoconjugate bound to the
surface of target cells, whereas hapten–BsmAb complexes in
the circulation can dissociate and excess hapten is cleared, at
least in part, through the kidneys. Increased tumor-to-
normal tissue ratios and reduced toxicity have been demon-
strated in animal RIT studies 31–34 and improved by adding a
chase step.35

Pre-targeted RIT in MTC
Two-step AES RIT using anti-CEA × anti-DTPA (diethyl-
enetriaminepentaacetic acid) BsmAb and di-DTPA-[131I]
bivalent hapten has been evaluated in MTC with interest-
ing results. A study in CEA-producing MTC xenograft,
comparing toxicity and efficacy of 131I-labeled F(ab′)2 and
pre-targeted bivalent hapten, showed that two-step RIT
was as efficient as the one-step system and markedly less
toxic.34 Repeated treatments with AES agents increased effi-
cacy without increasing toxicity.36 These data allowed us to
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implement a clinical evaluation of this new therapeutic
approach.

A first feasibility study was carried out in five patients
with persistent disease or recurrence of MTC.37 The pur-
pose of this study was to estimate the dose delivered to tumor
targets and normal tissues after two-step injections of a
BsmAb anti-CEA × anti-DTPA (F6-734) and a di-DTPA-[131I]
hapten. All patients showed positive immunoscintigraphy.
Dosimetric results showed that small lesions received
potentially tumoricidal irradiation (up to 174 cGy/mCi), a
dose comparable with that delivered by iodine-131 internal
radiotherapy to cervical metastases of differentiated thy-
roid carcinoma (43–140 cGy/mCi for lesions of 8–40 g).38

A phase I/II clinical trial with escalating doses began, in
1996, to evaluate toxicity, pharmacokinetics, dosimetry,
and antitumor activity of AES, using murine anti-CEA ×
anti-DTPA (F6-734) BsmAb and di-DTPA-[131I]hapten,
in 26 patients with recurrence of MTC.39 Twenty to 
50 mg of BsmAb and 1.5–3.7 GBq of di-DTPA-[131I] were
injected  4 days apart. Clinical, biological, and morpholog-
ical follow-up was carried out for 1 year after treatment.
Immunoscintigraphy showed a good targeting of tumor
sites suspected by conventional imaging (Figure 19.3). The
biological half-life in tumors ranged from 3 to 95 days, and
tumor doses ranged from 2.91 to 184 cGy/mCi. The esti-
mated tumor-to-non-tumor dose ratios were 43.8 ± 53.4,
29.6 ± 35.3, 10.9 ± 3.6, and 8.4 ± 10.0 for total body, red
marrow, liver, and kidney, respectively. Dose limiting toxic-
ity was hematological, and maximum tolerated activity was
estimated at 48 mCi/m2 in the group of patients with sus-
pected bone marrow involvement. Preliminary data analysis
showed a significant analgesic effect in five cases, five minor
tumor responses, and four biological responses. The thera-
peutic responses were observed mainly in patients with a
small tumor burden and after repeated courses of RIT. Nine
patients developed human anti-mouse antibody (HAMA).

Because hematological toxicity was relatively high and
immune responses frequent, further optimization of the
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Pre-targeted affinity enhancement system (AES). 
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Immunoscintigraphy in medullary thyroid cancer (MTC)
patient. Anterior view recorded 10 days after injection of
[131I]hapten in a MTC patient, showing excellent targeting of
multiple lung metastases.
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treatment including the development of chimeric or
humanized BsmAb became necessary. A prospective phase I
optimization study was designed to determine optimal
BsmAb dose, hapten activity, and pre-targeting interval.40,41

Thirty-four patients with CEA-expressing tumor were
enrolled (non-MTC: 25 patients, MTC: nine patients).
These patients received escalating doses of BsmAb 
hMN-14 (humanized anti-CEA antibody) × m734 (murine
anti-DTPA antibody) and escalating activities of radiola-
beled di-DTPA-[131I], 5 or 7 days later. Targeting, pharma-
cokinetics, dosimetry, toxicity, and efficacy were studied.
A BsmAb dose of 40 mg/m2 with a pre-targeting interval of
5 days appeared to be a good compromise between toxicity
and efficacy. The rate of tumor stabilization was 45% in 
the 1-year assessment. HAMA elevation was observed in 8%
of patients and HAHA (human anti-human antibody) in
33%. Accordingly, fully humanized BsmAb constructs have
been produced for future clinical trials.

Increased hematological toxicity risk in
MTC patients
The risk of severe hematological toxicity was higher in
MTC patients than in patients with other CEA-expressing
tumors, limiting the maximum activity that would be admin-
istered to 1.8 GBq/m2.40 Bone involvement (BI) is known to
increase the hematological toxicity of internal radiother-
apy, and could thus explain the toxicity observed with
moderate radiation doses administered by RIT. Indeed we
evaluated, retrospectively, the prevalence of BI using MRI
and post-RIT immunoscintigraphy in 35 MTC patients
enrolled in the two phase 1/2 clinical pre-targeted RIT
trials.7 Bone scintigraphy, MRI, and immunoscintigraphy
detected bone/bone-marrow involvement in 74.3% of MTC
patients (Figure 19.4).

RIT and effect on survival
Six years after the first pre-targeted RIT study and 3 years
after the second, long-term disease stabilization was
observed in 53% of the MTC patients, as documented by
morphological imaging (CT, MRI) and serial Ct and CEA
serum measurements. The survival of 29 patients given
pre-targeted RIT has been compared to that of 39 contem-
poraneous untreated patients for whom data were collected
by the French Tumor Endocrine Group (GTE).42 A second
objective was to examine whether post-pre-targeted RIT
variations of Ct DT could be used as a surrogate marker for
survival by comparing, among treated patients, the survival
of biological responders and non-responders, defining a
responder as showing at least a 100% increase in Ct DT.
Overall survival (OS) was significantly longer in high-risk
(Ct DT < 2 years) treated than in high-risk untreated

patients (median OS, 110 vs. 61 months; p < 0.030). Forty-
seven percent of patients, defined as biological responders,
experienced significantly longer survival than did non-
responders (median OS, 159 vs. 109 months; p < 0.035) or
untreated patients (median OS, 159 vs. 61 months; p < 0.010)
(Figure 19.5). Treated patients with bone/bone marrow
disease had a longer survival than patients without such
involvement (10-year OS of 83% vs. 14%; p < 0.023). Toxicity
was mainly hematological and related to bone/bone-
marrow tumor spread.

PPrroocceedduurree  ooff  pprree--ttaarrggeetteedd
rraaddiiooiimmmmuunnootthheerraappyy
A French phase 2 pre-targeted RIT study is ongoing, with
the aim to evaluate the response rate, time to progression,
and overall survival as endpoints in two separate groups of
MTC patients: those with minimum residual disease (ele-
vated Ct without imaging evidence of disease) and those
with measurable disease. In this study, patients receive 
40 mg/m2 of BsmAb and 1.8 GBq/m2 of radiolabeled 
di-DTPA-[131I], 4–6 days apart. They are kept in lead-shielded
rooms for 5–7 days, until the exposure rate decreases to less
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Bone/bone-marrow involvement in a MTC patient. 
(a) Immunoscintigraphy image (posterior view) recorded 
7 days after injection of [131I]hapten shows high bone-marrow
uptake; (b) magnetic resonance imaging (MRI) confirms bone
marrow metastases.
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than 25 µSv/h. Whole body immunoscintigraphy is recorded
5–7 days after hapten infusion to document tumor target-
ing. The toxicity is monitored by clinical examination 15
and 30 days after RIT and at 3, 6, and 12 months; complete
peripheral blood cell counts every week during 2 months
and at 3, 6, and 12 months after therapy; and by performing
renal and hepatic function evaluations at 15, 30, 45, and 
60 days and again at 3, 6, and 12 months after therapy.
Human anti-BsmAb immune response is evaluated by
HAMA and HAHA levels. Tumor response is assessed at 
3 and 6 months after RIT and every 6 months during 
36 months. This evaluation is performed by physical exami-
nation, determining serum biomarker levels and DT 
(Ct and CEA), and CT, MRI, and [18F]FDG-PET studies.

CCoonncclluussiioonn
If the efficacy of pre-targeted RIT in progressive MTC
patients is confirmed in the ongoing phase 2 study, this
treatment modality could become a standard in the post-
surgery treatment of high-risk patients with progressing
disease. Since synergistic antitumor effects between RIT
and chemotherapy, especially using paclitaxel, have been
demonstrated in animal studies, this combination should
be evaluated in future clinical trials of pre-targeted RIT.43,44
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(GETC). Br J Cancer 1995; 71: 363–5.

19. Wu LT, Averbuch SD, Ball DW et al. Treatment of advanced
medullary thyroid carcinoma with a combination of
cyclophosphamide, vincristine, and dacarbazine. Cancer
1994; 73: 432–6.

20. Yang KP, Liang YF, Samaan NA. Intrinsic drug resistance in a
human medullary thyroid carcinoma cell line: association
with overexpression of mdrl gene and low proliferation.
Anticancer Res 1991; 11: 1065–8.

21. Lupoli G, Cascone E, Arlotta F et al. Treatment of advanced
medullary thyroid carcinoma with a combination of recom-
binant interferon α-2b and octreotide. Cancer (Phila) 1996;
78: 1114–18.

22. Hoefnagel CA. Metaiodobenzylguanidine and somatostatin
in oncology: role in management of neural crest tumours.
Eur J Nucl Med 1994; 21: 561–81.

23. Ishikawa N, Hamada S. Association of medullary carcinoma
of the thyroid with carcinoembryonic antigen. Br J Cancer
1976; 34: 111–15.

24. Press OW, Eary JF, Gooley T et al. A phase I/II trial of iodine-
131-tositumomab (anti-CD20), etoposide, cyclophos-
phamide, and autologous stem cell transplantation for
relapsed B-cell lymphomas. Blood 2000; 96: 2934–42.

25. Gopal AK, Gooley TA, Maloney DG et al. High-dose
radioimmunotherapy versus conventional high-dose therapy
and autologous hematopoietic stem cell transplantation for
relapsed follicular non-Hodgkin lymphoma: a multivariable
cohort analysis. Blood 2003; 102: 2351–7.

26. Chatal JF, Mahé M. Therapeutic use of radiolabeled antibodies.
In: Murray P, Ell P, eds. Nuclear Medicine in Clinical
Diagnosis and Treatment. Edinburgh: Churchill Livingstone,
1998: 1101–14.

27. Goldenberg DM. Targeted therapy of cancer with radiola-
beled antibodies. J Nucl Med 2002; 5: 693–713.

28. Barbet J, Kraeber-Bodéré F, Vuillez JP et al. Pretargeting with
the affinity enhancement system for radioimmunotherapy.
Cancer Biother Radiopharm 1999; 14: 153–66.

29. Chang CH, Sharkey RM, Rossi EA et al. Molecular advances
in pretargeting radioimmunotherapy with bispecific anti-
bodies. Mol Cancer Ther 2002; 1: 553–63.

30. De Santis R, Anastasi AM, D’Alessio et al. Novel antitenascin
antibody with increased tumour localisation for Pretargeted
Antibody-Guided RadioImmunoTherapy (PAGRIT). Br J
Cancer 2003; 88: 996–1003.

31. Le Doussal JM, Martin M, Gautherot E, Delaage M, Barbet J.
In vitro and in vivo targeting of radiolabeled monovalent
and divalent haptens with dual specificity monoclonal anti-
body conjugates: enhanced divalent hapten affinity for cell-
bound antibody conjugate. J Nucl Med 1989; 30: 1358–66.

32. Le Doussal JM, Gruaz-Guyon A, Martin M et al. Targeting of
indium-111-labeled bivalent hapten to human melanoma
mediated by bispecific monoclonal antibody conjugates:
imaging of tumors hosted in nude mice. Cancer Res 1990;
50: 3445–52.

33. Hosono M, Hosono M, Kraeber-Bodéré F et al.
Biodistribution and dosimetry study in medullary thyroid
cancer xenograft using bispecific antibody and iodine-125-
labeled bivalent hapten. J Nucl Med 1998; 39: 1608–13.

34. Kraeber-Bodere F, Faibre-Chauvet A, Sai-Maurel C et al.
Bispecific antibody and bivalent hapten radioimmunother-
apy in CEA-producing medullary thyroid cancer xenograft.
J Nucl Med 1999; 40: 198–204.

35. Mirallié E, Sai-Maurel C, Faivre-Chauvet et al. Improved pre-
targeted delivery of radiolabelled hapten to human tumour
xenograft in mice by avidin chase of circulating bispecific anti-
body. Eur J Nucl Med Mol Imaging 2005; 32: 901–9.

36. Kraeber-Bodere F, Faivre-Chauvet A, Sai-Maurel C et al.
Toxicity and efficacy of radioimmunotherapy in carcino-
embryonic antigen-producing medullary thyroid cancer
xenograft: comparison of iodine 131-labeled F(ab′)2 and
pretargeted bivalent hapten and evaluation of repeated injec-
tions. Clin Cancer Res 1999; 5: 3183s–9s.

37. Bardies M, Bardet S, Faivre-Chauvet A et al. Bispecific anti-
body and iodine-131-labeled bivalent hapten dosimetry in
patients with medullary thyroid or small-cell lung cancer.
J Nucl Med 1996; 37: 1853–9.

38. Thomas SR, Maxon MR, Kereiakes JG, Saenger EL.
Quantitative external counting techniques enabling improved
diagnostic and therapy decisions in patients with well-
differentiated thyroid cancer. Radiology 1977; 122: 731–7.

39. Kraeber-Bodere F, Bardet S, Hoefnagel CA et al.
Radioimmunotherapy in medullary thyroid cancer using
bispecific antibody and iodine 131-labeled bivalent hapten:
preliminary results of a phase I/II clinical trial. Clin Cancer
Res 1999; 5: 3190–8.

40. Kraeber-Bodere F, Faivre-Chauvet A, Ferrer L et al.
Pharmacokinetics and dosimetry studies for optimisation of
carcinoembryonic antigen x anti-hapten bispecific antibody
mediated pretargeting of iodine-131-labeled hapten in a
phase I radioimmunotherapy trial. Clin Cancer Res 2003;
9: 3973–81.

41. Kraeber-Bodere F, Rousseau C, Bodet-Millin C et al.
Targeting, toxicity and efficacy of 2-step, pretargeted
radioimmunotherapy using a chimeric bispecific antibody
and 131-I-labeled bivalent hapten in a phase I optimisation
clinical trial. J Nucl Med 2006; 47: 247–55.

42. Chatal JF, Campion L, Kraeber-Bodéré F et al.; for the French
GTE Group. Survival improvement in medullary thyroid
carcinoma patients given pretargeted CEA radioim-
munotherapy. J Clin Oncol 2006; 24: 1705–11.

43. Kraeber-Bodere F, Sai-Maurel C, Campion L et al. Enhanced
antitumor activity of combined pretargeted radioim-
munotherapy and paclitaxel in medullary thyroid cancer
xenograft. Mol Cancer Ther 2002; 1: 267–74.

44. Stein R, Juweid M, Zhang CH et al. Assessment of combined
radioimmunotherapy and chemotherapy for treatment of
medullary thyroid cancer. Clin Cancer Res 1999; 5:
3199–206.

9781841846149-Ch19  8/21/07  4:22 PM  Page 298



20
Therapy of lymphoma
Tim Illidge and Yong Du

BBaacckkggrroouunndd
Lymphomas represent abnormal proliferations of B or 
T cells and are currently classified on the basis of the histo-
logical appearance into Hodgkin’s lymphoma (HL) and
non-Hodgkin’s lymphoma (NHL). HL is now curable 
in the majority of patients with modern treatment
approaches which usually involve chemotherapy, or in
combination with radiotherapy. Radionuclide therapy does
not play a part of the established approach, although clini-
cal investigations are ongoing.1 In contrast, impressive clin-
ical progress has been made in the last decade with
radiolabeled antibody therapy or radioimmunotherapy
(RIT) applied to NHL. Following the recent approval of
two radioimmunoconjugates (Zevalin® and Bexxar®) by
the United States Food and Drug Administration (US FDA)
and the European authorities (Zevalin®), RIT has become
established as a new therapeutic modality for NHL. This
chapter will thus focus on the scientific background and
development of RIT, the current clinical and potential
future clinical indications, a review of the efficacy data, and
the practicalities of RIT delivery.

NNoonn--HHooddggkkiinn’’ss  llyymmpphhoommaa
NHL encompasses many heterogeneous different histolog-
ical subtypes. NHL is largely a disease of older adults, with
peak incidence in individuals greater than 60 years of age
(the average diagnosis age is 60). It is the fifth and sixth
most common malignancy in females and males, respec-
tively, and NHL is responsible for 4% of all cancers and 4%
of cancer deaths seen in the United States.2 The incidence
of NHL has been continuously on the rise over the past 
25 years, and the reasons for this are largely unknown.
Data collected from the Survival, Epidemiology, and End
Results (SEER) project demonstrated a two-fold rise in
incidence (8/100 000 to 16/100 000) between 1973 and 1995.
A majority (85%) of NHLs are of B-lymphocyte origin,
while T-lymphocytes, natural killer cells, or unknown cell

type origins form the rest (15%).3,4 Although observational
data have demonstrated an association between NHL and
several toxic exposures, immune defects, or infectious dis-
eases, the cause of NHL in most individuals is unknown,
however.

The NHLs have in the past been divided into the clinical
entities of ‘low grade’ and ‘high grade’, reflecting the biolog-
ical behavior of the disease and the type of treatment
approach that was generally adopted. Paradoxically, high-
grade lymphomas are potentially curable, such as Burkitt’s
lymphoma, whereas low-grade lymphomas are still gener-
ally considered to be incurable with conventional therapy,
although patients may live for a number of years and
respond to treatment several times.5 The recognition and
description of such heterogeneous lymphoma types has
evolved over many years. Currently, the World Health
Organization classification scheme for non-Hodgkin’s
lymphoma (Table 20.1)6,7 is widely accepted, and is a
largely successful attempt to integrate clinical and new
pathological information into one classification.

AAnnttiibbooddyy--ttaarrggeetteedd  tthheerraappyy  iinn  NNHHLL
Despite the sensitivity of most lymphomas to initial ther-
apy with chemotherapy or radiotherapy, the majority of
patients with advanced NHL eventually relapse and die of
their disease.5 Furthermore, patients with advanced low-
grade lymphomas remain incurable, and their survival has
not altered since the early 1960s. The introduction of mon-
oclonal antibody (mAb) based therapy and more recently
radioimmunotherapy (RIT) has provided fresh hope for
NHL patients that their prognosis can be improved.

Following the advent of monoclonal antibody technol-
ogy in the 1970s,8 there was a great expectation that mAb
would provide effective targeted therapy for cancer. Over
the past three decades, there has been intense therapeutic
evaluation of a wide spectrum of mAb recognizing different
tumor-specific or tumor-associated antigens. Finally in 1997,
rituximab, a mAb directed at the CD20 antigen on the 
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surface of B cells, was approved by the US FDA for the
treatment of cancer, and this provided a very significant
milestone in the history of targeted therapy. Rituximab has
subsequently been successfully used in a wide variety of
B-cell malignancies.9 The single agent response rates of rit-
uximab, however, remain rather modest, with overall
response rates in the order of around 50% and complete
response rates usually in single figures for previously
treated patients with follicular lymphoma.10,11

TThhee  pprriinncciipplleess  ooff
rraaddiiooiimmmmuunnootthheerraappyy
Radioimmunotherapy (RIT) refers to the therapeutic
administration of radionuclides chemically conjugated to
mAb or mAb-derived constructs. It is a conceptually
appealing approach for cancer treatment, where the conju-
gation of radioisotope to mAb enables the delivery of tar-
geted radiotherapy in addition to the specific cytotoxic
effects of the mAb. mAb can be generated to recognize and
bind to either tumor-specific antigens or antigens that are
highly expressed on tumor cells. mAb were initially
regarded only to serve as direct carriers for the radionu-
clide, which delivers systemically targeted radiation to areas
of disease with relative sparing of normal tissue. It is, how-
ever, becoming clearer that the mAb effector mechanisms
may also play an important additional role in killing lym-
phoma cells. RIT therefore holds potential advantages of
enhanced therapeutic effect over conventional external

beam radiation therapy (EBRT). The efficacy of RIT
depends on a number of factors, including properties of the
targeted antigen (specificity, density, availability, shedding,
and heterogeneity of expression), the tumor (vascularity,
blood flow, and permeability), and the mAb (specificity,
immunoreactivity, stability, and affinity) and the properties
of chosen radionuclides (emission characteristics, half-life,
and availability).12

Over the past few years RIT has demonstrated vastly
superior clinical responses to unlabeled anti-CD20
mAb.13,14 A variety of different mAb, delivery schedules,
radioisotopes, and doses of radioactivity have been used 
in RIT and have resulted in impressive durable partial and
complete responses in the treatment of non-Hodgkin’s
lymphoma (NHL).13,15,16 It now seems highly likely that
RIT will play a significant role in the treatment of some
NHLs following the US FDA approval of [90Y]ibritumomab
tiuxetan (Zevalin®) and [131I]tositumomab (Bexxar®).

TThheerraappeeuuttiicc  aapppprrooaacchheess
TThhee  cchhooiiccee  ooff  ttaarrggeett  aannttiiggeenn
The pursuit of ‘tumor-specific antigens’ has been difficult,
and most targets are in fact tumor-associated antigens that
are more highly expressed on tumor cells than on normal
cells. The exception is the ‘tumor-specific’ idiotype or cell
surface immunoglobulin present on the B-cell lymphomas.
Although anti-idiotype mAb can be prepared and appear

330000 Advances in Nuclear Oncology

Table 20.1 World Health Organization classification scheme of the more
common non-Hodgkin’s lymphomas

Frequency (%)

Mature B-cell neoplasms

B-cell chronic lymphocytic leukemia/small lymphocytic lymphoma 7

Lymphoplasmacytic lymphoma 1.5

Extranodal marginal zone B-cell lymphoma of MALT type 10

Follicular lymphoma 25

Mantle cell lymphoma 5–7

Diffuse large B-cell lymphoma 31

Burkitt’s lymphoma 2

Other rarer lymphomas

T-cell and NK-cell neoplasms 15

HTLV-1, human T-cell leukemia virus 1; MALT, mucosa-associated lymphoid tissue; NK, natural killer.
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clinically efficacious, such a patient-specific approach is
not feasible for large-scale production. Furthermore,
another disadvantage of idiotype antigens is that these
immunoglobulins on the B-cell surface are commonly shed
into the circulation. Thus, high levels of idiotype are often
present in the circulation and can interfere with adminis-
trated radiolabeled mAb and prevent it from reaching 
the tumor.17

Therefore, although tumor-specific antigens sound the
ideal targets, that degree of specificity is unusual, and in
practice tumor-associated antigens, expressed abundantly
on tumor cells as well as some normal tissues, represent the
majority of potential targets. During the process of B- and
T-cells developing from marrow stem cells, a variety of
lymphocyte differentiation markers are expressed at dif-
ferent stages. These antigens are not tumor-specific but are
generally B- or T-cell-specific. As most NHLs are of B-cell
origin, the pan-B-cell antigens such as human leukocyte
antigen DR (HLA-DR), CD19, CD20, CD22, CD37, and
CD52 have been extensively evaluated as targets for
RIT.18–26 Among them, CD20 has many of the characteristics
thought to be important for an ideal target (Table 20.2)27

which does not internalize or shed from the cell surface and
initiates signal transduction that triggers apoptosis through
a caspase-dependent pathway.28,29 CD20 is highly expressed
on the majority of B-cell lymphomas but not expressed on
stem cells or plasma cells, so that after treatment the B-cell
pool is replenished. Currently, anti-CD20 directed
approaches are dominating the clinical RIT of NHL,
although other antigens such as CD22 are still being actively
investigated.30,31

TThhee  sseelleeccttiioonn  ooff  rraaddiioonnuucclliiddee
The optimal radionuclide delivers the maximal dose of
ionizing radiation to tumor sites whilst minimizing the
radiation dose to normal tissue and to medical personnel.

The physical characteristics considered important for a
radionuclide in RIT include half-life, type of radioactive
emissions (α, β, or γ), and ionization path length. Particle
energy and mean path length in tissue are important deter-
minants of therapeutic efficacy. The emission profile of the
radionuclide determines not only its suitability for therapy,
but also the toxicological profile.

Animal studies have consistently indicated that the
major dose-limiting organ for RIT is the bone marrow.32

With the advent of bone marrow and peripheral blood
stem cell transplantation, the upper limit of the amount of
tolerable radiation dose is likely to increase, and, in the
mean time, also the wider choice of radionuclides.30

The availability of radiolabeling techniques is another
factor which limits the RIT application of radionuclides.
The most frequently used radionuclides and their physical
characteristics are listed in Table 20.3.

In practice, the choice of the optimal isotope for RIT
remains controversial, with proponents advocating the 
relative merits of iodine-131, yttrium-90, rhenium-186,
copper-67, and α emitters such as astatine-211.30 Compar-
ative studies are difficult to conduct, and scientifically
sound randomized human trials have not been performed.

The vast majority of clinical trials so far have been con-
ducted with either 131I or 90Y because of their favorable
emission characteristics, availability, and well documented
radiochemistry that permits reliable and stable attachment
to mAb. 131I has the advantage of a long history of success-
ful use in the management of thyroid cancer and a well
documented safety profile. It is readily available, inexpen-
sive, and easily conjugated, and emits both β particles with
a path length of 0.8 mm and penetrating γ emissions. The 
γ emissions enable uncomplicated imaging using a γ camera
for dosimetry purposes, but result in a significant non-targeted
normal tissue radiation dose, as well as radiation protec-
tion issues for visitors and medical/nursing staff.

90Y offers a number of theoretical advantages over 131I,
although the radioisotopes have not been directly com-
pared, conjugated to the same mAb. 90Y is a pure β emitter,
delivering higher energy radiation (2.3 MeV vs. 0.6 MeV) at
a longer path length (5.3 mm vs. 0.8 mm). This increased
path length would be expected to enhance the ‘crossfire
effect’ and could therefore potentially be advantageous 
in treating larger, poorly vascularized tumor nodules or
tumors with heterogeneous antigen expression.33 This
longer path length will, however, increase the normal tissue
dose when targeting microscopic disease, for which the
shorter path length of 131I may be preferable. The half-life
of 64 hours matches the biological half-life of murine mon-
oclonal antibodies, and the absence of penetrating γ emis-
sions enables delivery as an outpatient.30 In addition, if a
cell internalizes 90Y, it is likely to be retained within the
cell.34 In contrast, if 131I conjugates are internalized by a 
cell they will be rapidly dehalogenated and the small 131I
products rapidly released into the bloodstream, reducing
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Table 20.2 The characteristics of an ideal target
antigen

Tumor cell specific

Highly expressed on tumor cells

No tendency to mutation

Not secreted or shed

Not rapidly modulated on antibody binding

Critical for target cell survival

Not expressed on critical or non-renewable host cells
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desired tumor absorbed radiation dose and increasing
normal tissue exposure to radiation.35

The major disadvantages of 90Y relate to its greater expense,
relatively limited availability, and complicated chelation
radiochemistry, making radiolabeling more difficult. In addi-
tion, as 90Y is a pure β emitter, in the absence of γ emissions,
there is a need to use a surrogate isotope, indium-111, to
obtain images for biodistribution and dosimetry studies.
Rhenium-186 and copper-67 have physical and chemical
properties that make them attractive alternatives; however,
their current limited availability has meant that these
radioisotopes have received limited clinical use.36

Astatine-211 is an α emitter producing a particle of very
high energy but with a very short path length. The high linear
energy transfer (LET) radiation of α emitters may be lethal to
cells with a single hit; however, the very short path length
means that the isotope must be internalized to be effective and
is likely to have little or no ‘crossfire effect’. The suitability of
α emitters therefore appears limited to readily accessible
tumors such as leukemia cells in blood or bone marrow. The
short half-life of around 7 hours complicates administration,
meaning that such radioisotopes are likely to require genera-
tion on the same site as delivery in the clinic. Despite this logis-
tical hurdle, early clinical data in the treatment of leukemia
appear extremely promising.37,38 Recent experimental RIT
studies involving animal leukaemia models have also 
demonstrated the therapeutic potential of another α emitter,
bismuth-213.39,40 Recently, Oh et al. reported impressive ther-
apeutic effects using an Auger emitter, 25I-labeled mAb target-
ing on a tumor blood vessel (endothelial cell) specific protein,
anti-annex A1, to treat lung tumor bearing rats.41

TThhee  eevvoolluuttiioonn  ooff  
rraaddiiooiimmmmuunnootthheerraappyy
Initially, radiolabeled antibodies were assessed in radio-
immunodetection (RID) or radioimmunoimaging (RII)
using a γ camera to localize and identify tumor-specific
binding. Early RIT trials dating back to the 1960s used 
131I-labeled polyclonal antibodies, but these antibodies
lacked homogeneity in specificity and affinity and resulted
in tremendous in vivo variability.42 Accelerated by the avail-
ability of mAb technology, RIT attracted wide interest and
led to extensive preclinical and clinical investigations in the
1980s. However, by the end of the 1980s many investigators
had become increasingly despondent with the realization
of some of the obstacles of using mAb in RIT: (1) the insuf-
ficient penetration of tumor tissue by mAb; (2) the low
radiation doses delivered to tumors in patients via mAb
being insufficient to have significant effects on tumor
growth; (3) the prolonged retention of the radiolabeled
mAb in the blood leading to increased myelotoxicity; and
(4) the development of human anti-murine Ab (HAMA) to
the administered murine origin mAb, which subsequently
compromises repeated administration. These problems
appeared to be related to the biological features of mAb
molecules. Therefore, most investigators have since focused
on manipulating the mAb itself in an effort to improve its
performance in radionuclide delivery. A variety of different
approaches have been investigated including mAb fragments,
single chain Fv (scFv), bispecific mAb, and pre-targeting
techniques.12,39,40,42–46
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Table 20.3 Physical characteristics of radionuclides used in radioimmunotherapy

Radioisotope Half-life Emission (MeV) Path length (mm)

Iodine-131 8.1 days β, 0.6 0.8
γ (81%), 0.37

Yttrium-90 2.5 days β, 2.3 5.3
γ, nil

Rhenium-186 3.7 days β, 1.1 1.8
(γ (9%), 0.14

Iodine-125 60.1 days Electron capture, 7.45 0.001
γ, 0.027

Copper-67 2.5 days β, 0.4–0.6 0.6
γ, 0.185

Astatine-211 7 hours α, 6.8 0.065
Electron capture, 7.45

Bismuth-213 1 hour α, 7.8 0.07
γ, 0.72
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In order to deliver a therapeutic dose of radiation to all
tumor cells, the penetration of the radiolabeled mAb is 
crucial, especially for solid tumors. A variety of physical
parameters are known to influence the penetration of pro-
tein molecules such as mAb into tumors. These include the
infused protein dose of mAb, the circulating half-life of the
mAb, the abundance of blood vessels perfusing tumor sites,
the permeability of the tumor vessels, the interstitial fluid
pressure and intratumoral pressure impeding mAb pene-
tration of tumors, the binding avidity of mAb for tumor
antigens, and the specificity of Ab binding.47 One of the
easiest ways to increase the penetration seems to be by
using mAb fragments such as F(ab)2, Fab, or scFv con-
structs, which are smaller than the intact mAb. Experimen-
tal data indicated that these fragments penetrate into
tumors faster and have a shorter circulating half-life, which
may have the benefit of less radiation exposure to normal
organs.48,49 However, clinical trials revealed that these frag-
ments have high renal retention, and the monovalent
reagents (Fab and scFv) have lower avidities and much
shorter tumor retention times and, therefore, reduced radi-
ation dose delivered to the tumor. Besides the above disad-
vantages, the difficulty of producing a large enough
quantity of these fragments, and the inability of such frag-
ments to recruit host immune effectors which require 
Fc segments, also contribute to outweigh their penetration
advantage. Although currently there are still investigators
using bioengineering techniques to improve the features of
radiolabeled mAb fragments, intact mAb are preferred for
clinical RIT studies.30

Most of the early antibody vectors used for RIT were
murine in origin, and the development of a human anti-
mouse antibody (HAMA) has been another significant
challenge in the development of clinical RIT.50 The devel-
opment of a HAMA response is itself dependent on the
integrity of the host immunity. Most cancer patients,
greater than 80%, usually develop an immune response
against a therapeutically administered murine or other
species antibody even after a single injection. Such an
immune response can occur with small protein doses of
1 mg of antibody fragments or smaller constructs, though
with less frequency than found after the administration of
intact immunoglobulin G (IgG).12,51 Repeated administra-
tion of antibody in a patient with a HAMA response can
result in a severe immune reaction and rapid blood clear-
ance, which may substantially reduce tumor uptake of
radiolabeled mAb.12 Patients treated in the majority of clin-
ical RIT trials to date have been mainly relapsed ‘low grade
lymphoma’, many of whom have been heavily pretreated
and chemotherapy ‘refractory’. As a consequence primarily
of the previous chemotherapy exposure, in addition to a
background of a probably impaired host immune system,
these patients are observed to be less prone to develop an
immune response to the given antibody, occurring among
10–30% patients after [131I]tositumomab or [131I]Lym-1.50,52

Interstingly, Kaminski et al. observed that in 76 stage III
and stage IV previously untreated NHL patients, after a
single dosimetric dose in the course of treatment with
[131I]tositumomab therapy, 48 (63%) developed a HAMA
reaction. They also observed a reduced therapeutic effect in
patients who developed a HAMA reaction. In this study,
among 23 patients in whom antibody levels were more
than five times the lowest level of detection within the first
7 weeks, the 5-year rate of progression-free survival was
35%, as compared with 70% for the remaining 53 patients 
(p = 0.003). The authors did not, however, discuss whether
the potential mechanisms behind this compromised thera-
peutic effect in HAMA-positive patients was related to dif-
ferent biodistribution patterns of the infused therapeutic
radiolabeled mAb.16

The use of recombination DNA technology to produce
humanized or chimeric murine mAb has contributed effec-
tively in overcoming the HAMA problem. These mAb are
much less immunogenic, and allow for repeated mAb
administration. Rituximab is one such chimeric mAb, and
a variety of others are under investigation.9 In a study to
assess the safety and efficacy of rituximab treatment, a multi-
center, phase II study of eight consecutive weekly infusions
of 375 mg/m2 rituximab in patients with low-grade or fol-
licular B-cell NHL who had relapsed or had failed primary
chemotherapy was conducted. Among the 37 patients with
a median age of 55 years who were treated, none developed
human anti-chimeric antibody (HACA).53 Interestingly, in
a recently conducted phase I/II dose-escalation trial of rit-
uximab in the treatment of systemic lupus erythematosus
(SLE), although the amount of infused rituximab was
much less, six out of 17 (35%) patients developed human
anti-chimeric antibodies (HACA) at a level ≥ 100 ng/ml.
In this study, rituximab was administered as a single infusion
of 100 mg/m2 (low dose), a single infusion of 375 mg/m2

(intermediate dose), or four infusions (1 week apart) of
375 mg/m2 (high dose). These HACA titers were observed
to be associated with African-American ancestry, reduced
B-cell depletion, and lower levels of rituximab at 2 months
after initial infusion.54

The humanized or chimeric mAb had been found to
have longer circulating half-lives, which is thought to be
secondary to their human Fc portion which is believed to
be more compatible with human tissues. This prolonged
circulating half-life may theoretically cause excessive radia-
tion exposure to normal organs, and this initially led to
concerns that humanized mAb may be less favorable for
RIT.30 However, recent RIT studies using 131I-labeled ritux-
imab have demonstrated favorable therapeutic results, and
data suggest that radiolabeled chimeric mAb may not 
in fact have increased myelotoxicity.55–57 More importantly,
the substantially reduced immunogenicity of rituximab
makes it suitable for repeated administration, and therefore
to deliver increased radiation doses to refractory or
relapsed tumors.
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Recent preclinical work using syngeneic murine B-cell
lymphoma models has demonstrated that RIT is not simply
targeted radiation therapy, and the mAb effector mecha-
nisms played an important role in the success of RIT.58,59

In another recent report, Sharkey et al. have also postulated
that the possible interaction between mAb and host immune
effectors may have contributed significantly to the otherwise
inexplicable therapeutic responses of 90Y-labeled humanized
anti-CD22 IgG ([90Y]epratuzumab) in NHL patients.60

These important insights may have an important impact on
the future selection of mAb in RIT, with the possible use of
combinations of mAb and radioimmunoconjugates.

Newer RIT approaches include pre-targeting RIT. Here,
instead of labeling the vector mAb with radionuclides, the
initial infused mAb is labeled with streptavidin and subse-
quently followed 1–2 days later by a clearing agent that
binds to unbound mAb in the circulation before the thera-
peutic radionuclide-labeled biotin is administered. This
radiolabeled biotin rapidly conjugates with the strepta-
vidin, ensuring rapid targeting of the radiation to the lym-
phoma cells and minimizing exposure of non-antigen
bearing cells to radiation. In animal models this technique
has been shown to improve the ratio of tumor-to-normal
tissue-absorbed radioactivity by a factor of 9, enabling safer
dose escalation and improved responses.40,43,44,61 Limited
numbers of patients have been treated by this pre-targeting
approach thus far. Pilot clinical studies of this approach are
now under way.61–63 Most recently, Forero et al. reported an
impressive phase I clinical study of pre-targeted RIT for B-cell
NHL in 15 patients. In this study, the ratio of average tumor
to whole-body radiation dose reached 49. At the fixed 
low dose of 90Y administered (555 MBq/m2), 21% (3/14) of
patients achieved an objective response, and no RIT-induced
hematological toxicity was observed.64

CClliinniiccaall  pprrooggrreessss  ooff  RRIITT  ffoorr  
nnoonn--HHooddggkkiinn’’ss  llyymmpphhoommaa
Although clinical RIT trials in NHL differ in terms of eligi-
bility criteria, antibody, and radioisotopes used, dose,
number of treatments, doses of unlabeled mAb pre-infused
or co-infused, and the biodistribution or dosimetry estima-
tions required for the administration of a therapeutic dose
of radiolabeled Ab, virtually all clinical studies performed
to date have shown promising results.12,14,16,26,46,61,65

Non-myeloablative RIT
DeNardo et al. pioneered RIT for NHL.24,66 In their early
studies, patients were given fractionated doses (30–60 mCi)
of 131I-labeled anti-HLA-DR mAb (Lym-1) at 2–6-week
intervals.24 Thirty patients with relapsed NHL or chronic

lymphocytic leukemia were treated. Three (10%) achieved
complete remission (CR) and 14 (47%) achieved partial
remission (PR) for an overall response rate of 57%. A sub-
sequent trial investigating the efficacy of escalating doses of
131I-labeled Lym-1 (40–100 mCi/m2) achieved an overall
response rate of 52% in 21 treatment courses administered
to 20 patients, with seven patients (33%) achieving CR and
four patients (19%) achieving PR.24 Goldenberg et al. used
131I-labeled anti-CD22 Ab (LL2) to treat B-cell lymphomas.
In one of their trials, four out of 17 patients achieved 
objective remission, including one CR.19 In another trial,
90Y-labeled LL2 was administered to seven patients with 
B-cell lymphomas, two of whom achieved PR.67 In a recent
dose escalation trial using 90Y-labeled humanized anti-
CD22 mAb, among 16 treated patients the objective response
rate was 62% and complete response rate 25%.68

The majority of clinical trials of B-cell lymphomas and
the most impressive clinical results to date have used radio-
labeled anti-CD20 mAb. Kaminski and colleagues have
conducted a series of trials at the University of Michigan
using 131I labeled tositumomab (Bexxar®) for the treatment
of relapsed follicular lymphoma.16,25,69,70 On the basis of
these clinical trials, Bexxar® was approved by the US FDA
in June, 2003.71

The Bexxar® therapeutic regimen is completed in four
visits over 1–2 weeks, as shown in Table 20.4. This regimen
involves an initial biodistribution/dosimetry study fol-
lowed by a therapeutic infusion given 7–14 days later.

Each infusion of radiolabelled mAb is preceded by an
infusion of 450 mg per patient of unlabeled ‘cold’ tositu-
momab as a pre-dose. Whole-body γ imaging is performed
three times over the week following the trace labeled infu-
sion to calculate the whole body half-time and the dose
required for the therapeutic infusion to deliver 65–75 cGy
of whole body irradiation (usually 100–150 mCi).72 In the
study to evaluate the therapeutic efficacy of 131I-labeled
tositumomab, a single course of [131I]tositumomab has
shown to provide far unreachable disease-free survival 
over the last qualifying chemotherapy (LQC) received by 
60 extensively pretreated patients with chemotherapy-
refractory low-grade, or transformed low-grade NHL. In this
study, the 60 patients acted as their own internal controls.25

Myelosuppression was found to be the dose-limiting
toxicity. Since 1990, over 800 patients with ‘low grade’ and
transformed lymphoma have been treated with [131I]tosi-
tumomab. Long-term follow-up data were presented at the
American Society of Hematology (ASH) Annual Meeting
2002 for 250 of these patients, indicating a response rate of
56%, with 30% of patients achieving a complete response
(CR). Perhaps the most impressive fact was that 70% of the
patients who achieved a CR are alive and remain in CR at
up to 7.8 years, with a median follow-up of almost 4 years.73

An analysis of prognostic factors has confirmed that this
remarkable durability of response cannot be accounted for
by patient selection in the reported trials.74 Of the patients
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who achieved CR, 89% had stage III/IV disease, 32% had 
no response to their last therapy, 45% had > 4 prior thera-
pies, 50% had bulky disease, and 43% had bone marrow
involvement.

Impressive response rates have also been seen in patients
who were refractory to rituximab. Horning and colleagues
have treated 40 patients with low-grade NHL, 72% of
whom had received four or more previous lines of therapy
and 60% of whom had failed to respond to rituximab.
An overall response rate of 68% with a CR rate of 30% was
noted, and a median duration of response of 14.7 months
reported. Nine of the 12 complete responders remained in CR
at the time of presentation, with a range of 12–26 months.75

More recently, an analysis including 230 patients treated
with [131I]tositumomab was made. Independently assessed
durable CRs were noted with similar frequency in patients
with rituximab-refractory disease (28%) and rituximab-
naive patients, all of whom had chemotherapy-refractory
disease (23%). With a median follow-up of 4.6 years, 75% of
patients with durable CR continue in complete remission.76

Highly promising results have also been seen in the
frontline treatment of previously untreated low-grade lym-
phomas using [131I]tositumomab. The most recent update
included 76 patients with a median follow-up of 5.1 years.
An encouraging overall response rate of 95% was seen, with
75% achieving CR. The actuarial 5-year progression-free
survival for all patients was 59%, with a median progres-
sion-free survival of 6.1 years. Hematological toxicity was
moderate, with no patient requiring transfusion or
hematopoietic growth factors.16,73,77 In a recent multicen-
ter, randomized study comparing treatment outcomes for

131I-labeled tositumomab and an equivalent total dose of
unlabeled tositumomab, involving 78 patients with refrac-
tory/relapsed NHL (median follow-up 42.6 months), Davis
et al. reported the following responses in 131I-labeled tositu-
momab versus unlabeled tositumomab groups: overall
response 55% vs. 19% (p = 0.002); complete response 
33% vs. 8% (p = 0.012); median duration of overall
response not reached vs. 28.1 months; median duration of
complete response not reached in either arm; and median
time to progression 6.3 vs. 5.5 months (p = 0.031), respec-
tively. Although hematological toxicity was more severe
and non-hematological adverse events were more frequent
after 131I-labeled tositumomab than after tositumomab
alone, there were no serious infectious or bleeding compli-
cations. The frequency of developing HAMA was similar in
the two arms at 27% (131I-labeled tositumomab group) vs.
19% (tositumomab alone group), respectively. This study
demonstrated that although unlabeled tositumomab
showed single agent activity, the conjugation of 131I to tosi-
tumomab significantly enhanced the therapeutic efficacy.14

A parallel series of clinical trials has also been conducted
by investigators using 90Y-labeled ibritumomab tiuxetan
(Zevalin®), which was the first radioimmunoconjugate to
be granted US FDA approval in February, 2002.13 The stud-
ies included in the FDA submission were a randomized
controlled trial comparing 90Y-labeled ibritumomab tiuxe-
tan with rituximab in relapsed or refractory low-grade 
B-cell NHL.13 Seventy-three patients received two doses of
rituximab 250 mg/m2 a week apart as pre-dosing followed
by a single dose of 90Y-labeled ibritumomab tiuxetan 
0.4 mCi/kg body weight. Seventy patients in the control
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Table 20.4 Bexxar® ([131I]tositumomab) therapeutic regimen

Dosimetric step∗ Therapeutic step*
beginning on day 0 1 day between days 7 and 14

Tositumomab Tositumomab
(450 mg, 60 min IV infusion) (450 mg, 60 min IV infusion)

[131I]tositumomab → [131I]tositumomab
(35 mg mAb labeled with 185 MBq (35 mg mAb labeled with patient-specific dose of 131I to deliver 

131I, 20 min IV infusion) 65–75 cGy total body dose, 20 min IV infusion)

Three total body scans for dosimetry and 
biodistribution:

day 0

day 2, 3 or 4

day 6 or 7

*Thyroid protection medication at least 24 hours prior to dosimetric dose and continuing for 14 days after therapeutic dose.
IV, intravenous; mAb, monoclonal antibody.
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arm received rituximab 375 mg/m2 weekly for 4 weeks.
The overall response rate was 80% for the labeled antibody
group versus 56% for the rituximab alone group (p = 0.002).
Complete responses were 30% and 16% in the 90Y-labeled
ibritumomab tiuxetan and rituximab groups, respectively.

Myelosuppression was found to be the dose-limiting
toxicity of RIT. An analysis of all patients treated in 
90Y-labeled ibritumomab tiuxetan trials (n = 261) indicated
that 28% will experience grade 4 neutropenia and 8% will
experience grade 4 thrombocytopenia.78 90Y-labeled ibritu-
momab tiuxetan also appeared to be able to deliver durable
remissions, and for those patients who achieved a CR,
a median duration of response approaching 2 years and
ongoing responses of more than 4 years have been
reported.79 These highly promising results demonstrated
for the first time that RIT can lead to superior overall and
complete response rates compared to those seen with
‘naked’ mAb. Clinical responses have also been observed
for 90Y-labeled ibritumomab tiuxetan in transformed fol-
licular and relapsed diffuse large B-cell lymphoma (DLBC).
A phase I/II study reported a response rate of 58% with a
33% CR rate in a group of patients who had relapsed 
following two previous chemotherapy regimens that included

CHOP (cyclophosphamide, doxorubicin, vincristine, pred-
nisolone).78

Table 20.5 compares the characteristics of 90Y-labeled
ibritumomab tiuxetan (Zevalin®) and 131I-labeled tositu-
momab (Bexxar®).

Myeloablative RIT
In contrast to most of the other investigators, the Seattle
group has investigated high-dose ‘myeloablative’ RIT for
patients with relapsed lymphomas, supported by autolo-
gous stem-cell transplantation (ASCT).15,22 The use of
ASCT has allowed dose escalation to at least three-fold 
the dose delivered in the non-myeloablative approach,
although the established approach of delivering 75 cGy to
the whole body with 131I-labeled tositumomab (anti-B1)
has proved to be extremely well tolerated, with predictable
grade 4 thrombocytopenia or neutropenia occurring in
fewer than 10%, and rarely manifested clinically.52,69

Press and colleagues in Seattle, using [131I]anti-B1, have
pioneered the myeloablative approach and have arguably
achieved the best results thus far reported in clinical RIT,
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Table 20.5 Characteristics of [131I]tositumomab (Bexxar®) and [90Y]ibritumomab tiuxetan (Zevalin®)

[131I]tositumomab [90Y]ibritumomab tiuxetan

US trade name Bexxar Zevalin

Monclonal antibody Tositumomab (anti-B1) – murine Ibritumomab (2B8) – murine

Chelation Simple More complex

Isotope 131I 90Y

Isotope emissions γ and β β only

β Energy 0.606 MeV 2.293 MeV

β Particle path length 0.8 mm 5.3 mm

Isotope half-life 8 days 2.6 days

γ Energy 0.364 MeV None

Radiation protection 4–6-day inpatient stay in Outpatient
measures shielded room

Isotope excretion Renal (variable) Limited

Normal tissue uptake Thyroid (blocked with potassium iodate) Bone

Pre-dose (unlabeled antibody) Tositumomab (450 mg/patient) Rituximab (250 mg/m2) × 2

Dose 65–75 cGy whole body dose 11.1–14.8 MBq/kg depending on 
Dosimetric dose obligatory patient platelet count 

Dosimetric dose not required 
Dose reduction for thrombocytopenia
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albeit in a highly selected group of patients. In a group of
multiply relapsed patients with low-grade lymphoma, a
durable CR rate of 73% was reported,80 and outcomes have
been shown to be superior to conventional high-dose
chemotherapy and stem cell transplantation in a non-
randomized cohort analysis.81 Following this success, the same
group have reported a CR rate of 91% and a progression-
free survival of 61% at 3 years in poor-prognosis mantle
cell lymphoma using high-dose RIT with cyclophos-
phamide and etoposide chemotherapy followed by ASCT.82

In Germany, Behr et al. reported their initial myeloablative
RIT study using high-dose (261–495 MBq) 131I-labeled rit-
uximab, treating seven mantle cell NHL patients. In this
study, six patients achieved CR and one PR.57 Nevertheless,
the much higher dose of administered radioimmunocon-
jugate does impose bigger safety problems, and currently
there are very few centers in the world that have the neces-
sary facilities to reproduce this type of approach. This
makes the more widespread establishment of this approach
seem unlikely at the current time; however, the data are suf-
ficiently compelling to demand further investigation.

Although the high CR rates and prolonged remissions
are encouraging, more than half of patients eventually
relapse with single-agent RIT, even when given at maximal
doses with stem-cell support. In an attempt to further
increase the percentage of patients with durable remission,
RIT is currently being investigated as a component of high-
dose therapy, and both [131I]tositumomab and 90Y-labeled
ibritumomab tiuxetan have been added to high-dose
chemotherapy with BEAM (BCNU, etoposide, Ara-C, mel-
phalan). The early results have confirmed the feasibility of
this approach and studies are ongoing.83

PPrroocceedduurreess
CClliinniiccaall  iinnddiiccaattiioonnss
[90Y]ibritumomab tiuxetan (Zevalin®) was the first of this
class of drugs to be licensed by the United States FDA, and
is currently the only radioimmunoconjugate to be licensed
within the European Union (EU). However both [90Y]ibri-
tumomab tiuxetan (Zevalin®) and [131I]tositumomab
(Bexxar®) are approved for the treatment of adult patients
with relapsed CD20+ follicular or transformed B-cell 
NHL within the USA. Bexxar® can be given in most (but
not all) of the states in the USA on an outpatient basis,
while Zevalin®, using pure β emitter 90Y, can be used
throughout the USA on an outpatient basis. The license for
[90Y]ibritumomab tiuxetan (Zevalin®) within the EU is
restricted to relapsed follicular lymphoma which is refrac-
tory to or relapsed after rituximab, and it can be given on
an outpatient basis. As these are currently the only RIT
drugs to have a licensed indication for NHL, this section
will focus on the delivery of these two treatments, which
differ substantially in their mode of dosimetry and require-
ments for hospital stay. The characteristics of both
[90Y]ibritumomab tiuxetan (Zevalin®) and [131I]tositu-
momab (Bexxar®) are shown in Table 20.4. Table 20.6 is the
Zevalin® administration schedule. The most noticeable dif-
ference is regarding the 4–5-day inpatient stay within the
EU required for [131I]tositumomab (Bexxar®), which con-
trasts with a single outpatient visit required for the delivery
of [90Y]ibritumomab tiuxetan (Zevalin®).

No comparative clinical trial has ever been performed
between [90Y]ibritumomab tiuxetan and [131I]tositumomab,
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Table 20.6 Administration schedules for Zevalin®

Dosimetric step beginning on day 0

(not required in the EU) Therapeutic step day 7–9

Rituximab → Rituximab

(250 mg/m2, 50 mg/h IV infusion) (250 mg/m2, 50 mg/h IV infusion)

Dosimetric dose: [111In]ibritumomab tiuxetan Therapeutic dose: [90Y]ibritumomab tiuxetan

1.6 mg ibritumomab tiuxetan labeled with 185 MBq 111In, 3.2 mg ibritumomab tiuxetan labeled with 90Y,
IV injection over 10 minutes, given within 4 h of IV injection over 10 min within 4 h of
rituximab infusion rituximab infusion as follows:∗

Assess biodistribution 14.8 MBq/kg for patients with normal platelet count

Required scan: day 2 or 3 11.1 MBq/kg for patients with platelet count 
Optional: other time points 100–150 × 109/l

∗The maximum allowable dose of [90Y]ibritumomab is 1184 MBq (32.0 mCi).
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and is unlikely ever to be. However, it appears reasonable to
surmise that the two drugs have very similar response rates
and response durations, from the published results. The
integration of [90Y]ibritumomab tiuxetan and [131I]tositu-
momab into routine clinical practice seems therefore more
likely to depend on the cost and convenience of each ther-
apy rather than perceived differences in clinical efficacy.
[131I]tositumomab remains licensed in the USA only, and if
an EU license is eventually gained, the radiation protection
issues with the necessity for 5–6 days of inpatient stay for
patients (within the EU) receiving [131I]tositumomab may
influence clinicians on health economic grounds in favor of
[90Y]ibritumomab tiuxetan. The removal of the dosimetric
dose, within the EU, further simplifies the delivery of
[90Y]ibritumomab tiuxetan, making the whole regimen
very easy for the patient. Notably, in the US license for
Zevalin®, pretherapy imaging using 111In-labeled ibritu-
momab tiuxetan as surrogate is required to ensure a suit-
able mAb distribution pattern.

Patients with an increased likelihood of developing
hematological toxicity or patients with impaired bone
marrow reserve as defined by the following criteria 
should be excluded from RIT with [131I]tositumomab or
[90Y]ibritumomab:

■ presence of > 25% infiltration of lymphoma cells within
the bone marrow

■ prior history of external beam radiation therapy to 
> 25% of the bone marrow

■ baseline platelet counts < 100 000/µl or neutrophil
counts < 1500/µl

■ patients with a platelet count between 100 000 and 
150 000/µl should be given a dose reduction of 0.3 mCi/kg
(11.1 MBq/kg) for [90Y]ibritumomab.

All patients require a bone marrow trephine examination
within 4–6 weeks prior to treatment with RIT. Patients
should be excluded if pregnant or breast-feeding, or if
known to have hypersensitivity to mouse antibodies or
chelating agents such as tiuxetan or serum human anti-
murine antibody (HAMA). Patients with known active
infection with the human immunodeficiency virus, or lym-
phoma of the central nervous system, should also be
excluded, as there are currently no data to confirm the
safety of this approach in these groups of patients. Patients
who have progressed within 1 year of radiation in a field
that has previously been irradiated, or who are receiving
other anticancer drugs or biologics, are not eligible. Thyroid
blockade with potassium iodide or Lugol’s solution is
required prior to the administration of Bexxar® therapy. It
is recommended that prior chemotherapy must have been
discontinued ≥ 4 weeks (6 weeks for nitrosourea com-
pounds) before RIT.

Despite initial concerns, preliminary data suggest that
patients after prior bone marrow transplant or stem cell

support can be safely treated as long as a significant dose
reduction is made. For the [90Y]ibritumomab tiuxetan reg-
imen, the published data at present suggest 0.2 mCi/kg,
and for [131I]tositmomb around 65 cGy whole-body dose
(WBD).84,85 It should be emphasized that the delivery of
either reagent post-autologous stem cell transplantation
(ASCT) is outside the current licensed indication.

TTrreeaattmmeenntt  ddoossiinngg  sscchheedduullee
Radioimmunotherapy with [90Y]ibritumomab tiuxetan is
completed within 1 week, and consists of a single dose of
the therapeutic radioimmunoconjugate. The treatment sched-
ule includes intravenous infusion of rituximab (250 mg/m2)
on days 1 and 8.86 As yttrium-90 is a pure β emitter, to facil-
itate γ camera imaging, indium-111 (111In) is used as a 
surrogate, and chelated to ibritumomab tiuxetan for
dosimetry. Imaging was done as part of the registration
studies on day 1 (at a dose of 185 MBq (5 mCi)) following
rituximab infusion, with imaging done at 2–24 hours, at
48–72 hours, and at 90–120 hours post-injection, and two
scans still form part of the approved schedule within the
USA.87 [90Y]ibritumomab tiuxetan is administered within 
4 hours after the second rituximab infusion via slow intra-
venous push over a period of 10 minutes, provided that a
0.2- or 0.22 µm low protein binding filter is in place.

An initial phase I dose escalation study of [90Y]ibritu-
momab tiuxetan up to a myeloablative activity of 1850 MBq
(50 mCi), which included 14 patients with relapsed or
refractory low- or intermediate-grade B-cell NHL, estab-
lished that predosing with unlabeled ibritumomab
(murine antibody) improved the tumor dose and also
demonstrated that the hematological toxicity was corre-
lated most closely with body weight, rather than body 
surface area.88 A further phase I/II study was subsequently
performed, and this demonstrated that the biodistribution
of the radioimmunoconjugate can be improved by predos-
ing with rituximab (chimeric antibody), and no difference
was found between 125 mg/m2 or 250 mg/m2 dosing. Myelo-
toxicity was found to be the dose-limiting toxicity, and 
the maximum tolerated dose (MTD) was identified as 
14.8 MBq/kg or 0.4 mCi/kg (to a maximum dose of
1184 MBq or 32 mCi) for patients with a baseline platelet
count of ≥ 150 000 × 109/l and 11.1 MBq/kg or 0.3 mCi/kg
for patients with baseline platelet counts of < 150 000 
× 109/l but ≥ 100 000 × 109/l.86 Another study specifically
examined the tolerability of a reduced dose in patients 
with mild thrombocytopenia (baseline platelet count of
100–150 000 × 109/l). This study demonstrated that such
patients can be safely treated with [90Y]ibritumomab tiuxetan
at a dose of 11.1 MBq/kg or 0.3 mCi/kg.89 The recommended
maximal dose for Zevalin® is no more than 1184 MBq
per patient.
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The [131I]tositumomab (Bexxar®) therapeutic regimen
differs from [90Y]ibritumomab tiuxetan (Zevalin®) and is
completed in four visits over 1–2 weeks as shown in 
Table 20.6. For Bexxar®, the therapeutic dose is calculated
based on the pre-therapy dosimetric data using the MIR-
DOSE 3 software program, and the recommended total
body dose is 65 cGy to 75 cGy.16 This regimen involves an
initial biodistribution/dosimetry study followed by a ther-
apeutic infusion given 7 days later.

Each infusion of [131I]tositumomab is preceded by an
infusion of a predose of 450 mg ‘cold’ or unlabeled tositu-
momab. Whole-body γ camera imaging is performed three
times over the week following the trace labeled infusion to
calculate the whole body half-time and the dose required
for the therapeutic infusion to deliver 65–75 cGy of whole
body irradiation (usually 100–150 mCi).72 A therapeutic
total body dose (TBD) of 75 cGy is preceded by a dosimet-
ric step. Dose adjustments to 65 cGy are made for a baseline
platelet count of 100 000/mm3 to < 150 000/mm3 and for
obesity.

IInntteeggrraattiioonn  iinnttoo  ttrreeaattmmeenntt
aallggoorriitthhmmss  ffoorr  NNHHLL
The high response rates and durable remissions achieved
with either [90Y]ibritumomab (Zevalin®) or [131I]tositu-
momab (Bexxar®) make single-agent RIT an attractive
treatment option for many patients with relapsed follicular
lymphoma. Furthermore, the impressive duration of response
seen after achieving a complete response is achieved with a
treatment that is completed within a week, is very well 
tolerated, and has minimal non-myelotoxicity toxicity and
easily manageable myelotoxicity. There is no doubt that
RIT drugs are highly active, but considerable uncertainty
remains as to when and how best to integrate RIT into 
clinical practice even within the licensed indication of
relapsed low grade (US) or relapsed rituximab failure or
refractory follicular lymphoma (within the EU).

Although the results for single-agent RIT are encouraging
and make RIT an attractive treatment option for relapsed
follicular lymphoma, the future is likely to involve integrating
RIT into chemotherapy treatment protocols in an attempt
to increase relapse-free and overall survival. The current
challenge for clinical investigators is to determine the opti-
mal approach of integrating RIT into chemotherapy sched-
ules. The emerging data using both [131I]tostumomab and
[90Y]ibritumomab tiuxetan as consolidation following
shortened or full course chemotherapy look extremely
promising and suggest that the quality of response can be
substantially increased by this type of approach.90–92 Future
randomized clinical trials will define whether this type of
approach offers similar or perhaps even superior relapse-free
survival over rituximab–chemotherapy regimens followed

by maintenance rituximab. Future clinical studies will indi-
cate whether the ability of RIT to improve the quality of
response from partial to complete will add to relapse-free
survival and perhaps even overall survival.

In the education session on follicular lymphoma at the
2004 American Society of Hematologists an algorithm 
was suggested whereby RIT was recommended upon first
relapse after a rituximab–chemotherapy combination
(Figure 20.1). Currently, this seems a very reasonable strat-
egy as it does not exclude transplantation options at a later
date, especially if, as recommended, progenitor stem cell
collection is performed at the time of the initial remission.
Further clinical trials will need to be performed to further
define the integration of RIT into treatment protocols for
other NHL.

PPrreeccaauuttiioonnss  aanndd  ssiiddee--eeffffeeccttss  iinn  uussee
Successful implementation of RIT requires a multidiscipli-
nary approach which ideally includes hematologists/
oncologists, nuclear medicine physicians, physicists, radio-
pharmacists, and trained nursing staff. Regular communi-
cation between the hematology/oncology department and
the nuclear medicine department is essential throughout
treatment. For the successful delivery of RIT a coordinator
is required to organize the logistics of delivering RIT.
Good practice should involve patients who are being con-
sidered for treatment consulting with the nuclear medicine
physician or radiation oncologist (radioisotope delivery
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Stage I/II Stage III/IV

(Indications to treat: cytopenias, rapid disease
progression, potential organ compromise)

YesInvolved field
radiotherapy

R-CHOP
(rituximab–

chemotherapy)

RIT
Radioimmunotherapy

Transplantation
(age limitation)

* (decision point whether to
collect peripheral blood progenitor

cells for future transplant)

*

No

Watch and wait

Indications

to tre
at

FFiigguurree  2200..11
Proposed treatment algorithm for follicular lymphoma
patients. R-CHOP, rituximab–cyclophosphamide, doxorubicin,
vincristine, prednisolone.
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certificate holder) prior to treatment, to confirm that all
safety criteria for treatment are met and to provide the
patient with additional information regarding radiation
safety issues and the practicalities of RIT. The certificate
holder (nuclear medicine physician/radiation oncologist) is
responsible for the preparation and administration of RIT.

For the preparation of [90Y]ibritumomab tiuxetan
(Zevalin®), only trained personnel should perform the
labeling of ibritumomab tiuxetan with radiopharmaceuti-
cal grade 90Y, with appropriate facilities for shielding, cali-
bration, and quality control. Emitted β particles are
absorbed completely by plastic or acrylic pots with a thick-
ness of 1 cm. To ensure the accuracy of results, all quality
control testing should be performed in duplicate, and the
[90Y]ibritumomab tiuxetan preparation should not be
administered if radiochemical purity is < 95%.

[131I]tositumomab is delivered radiolabeled, and the
appropriate quality control including labeling efficiency
and immunoreactivity will have been performed at the
production facility prior to dispatch. The patient-specific
dose is calculated from the whole body dosimetry and pre-
ordered, and therefore the required activity of [131I]tositu-
momab requires measurement prior to administration.

Both [131I]tositumomab and [90Y]ibritumomab tiuxetan
should be administered through a patent indwelling can-
nula, with a 0.20–0.22-µm in-line filter placed between the
injection port and the patient. Acute side-effects during
infusion of the radioimmunoconjugates are extremely rare,
but steroids and antihistamines should be readily available
during [131I]tositumomab and [90Y]ibritumomab tiuxetan
administration. If extravasation occurs, the infusion should
be stopped immediately, and the arm should be elevated
and massaged to facilitate lymphatic drainage.

Safety data for [90Y]ibritumomab tiuxetan from four
clinical trials were reviewed retrospectively in an integrated
analysis93 encompassing 349 patients, of whom 345 (99%)
completed treatment. Although 80% of patients reported
non-hematological adverse events, those were generally
mild to moderate in severity with asthenia, nausea, and
chills being the most common events that were considered
probably or possibly related to treatment. Only 11% 
(39 patients) of all patients experienced grade 3–4 non-
hematological toxicity.

The primary and dose-limiting toxicity associated with
[90Y]ibritumomab tiuxetan was transient, reversible myelo-
suppression, typically developing delayed by week 4–6,
reaching a nadir by week 7–9. Of note, thrombocytopenia
grade 1–2 and 3–4 occurred in 37% and 63% of patients,
respectively. Some 87% of patients with grade 3–4 throm-
bocytopenia recovered to ≥ 50 000/µl by week 12 following
therapy. Neutropenia grade 3–4 was observed in 30% of
patients, with 90% recovering to > 1000/µl within 12 weeks
post-treatment.

Incidences of severe thrombocytopenia and neutropenia
correlated significantly with the degree of bone marrow

involvement and platelet counts at baseline, underscoring
the importance to exclude patients with ≥ 25% bone
marrow infiltration and inadequate bone marrow reserve.
Patients who had more than two prior chemotherapies
were twice as likely to develop grade 4 thrombocytopenia,
whereas number of prior chemotherapies did not correlate
with longer median duration of neutropenia, thrombocy-
topenia, and anemia.

For [131I]tositumomab (Bexxar®) the short-term non-
hematological adverse events are also generally mild, and
include typically fatigue, nausea, fever, vomiting, pruritus,
and rash, which usually respond well to antihistamines.
Hypothyroidism appears to be one of the most notable
long-term adverse effects after 131I-labeled mAb treatment,
which can however be easily managed with thyroid hor-
mone replacement. Most recently, Zelenetz reviewed the
multicenter RIT trials using [131I]tositumomab in NHL
patients, and reported that elevated thyroid stimulating
hormone (TSH) was observed in five out of 59 patients in
the phase I study.52 However, Liu et al. observed elevated
TSH in 59% of patients treated in Seattle with a myeloabla-
tive dose of [131I]tositumomab.80

HAMA reactions appear to be substantially lower in pre-
viously treated NHL patients compared to the rates experi-
enced in solid tumor RIT.12 DeNardo et al. analyzed 
617 samples from 112 subjects, including 85 patients with 
B-cell malignancies. They found that 77% of B-cell malig-
nancy patients developed no response or a weak response
after multiple doses of mouse Lym-1 antibody.50 In a 
separate study, Zelenetz observed similar results, with
approximately 10% of [131I]tositumomab-treated patients
developing a positive HAMA reaction.52 However, in a
most recent study involving previously untreated patients,
Kaminski et al. reported that 48 out of 76 (63%) patients
developed detectable HAMA after a single course of treat-
ment with 131I-labeled tositumomab.16

Secondary malignancy following RIT has fortunately
proved to be rare.16,52 In a very recent study, 1071 RIT-treated
patients were assessed for treatment-related myelodysplastic
syndromes (MDS) and acute myeloid leukemia (AML).
Among them, 995 patients with low-grade and trans-
formed low-grade NHL had been treated with a median of
three previous therapies (range 1–13 therapies) prior to
RIT. Seventy-six patients received RIT as their initial ther-
apy for follicular NHL. For the previously treated patients,
the median follow-up from the diagnosis of NHL and 
RIT was 6 years and 2 years, respectively; for the patients
who received RIT as their initial therapy, the corresponding
median follow-up times were 5.6 years and 4.6 years,
respectively. Of the 995 previously treated patients, 35 (3.5%)
cases of treatment-related MDS/AML were reported and 
13 cases were confirmed to have developed MDS/AML 
following RIT. This incidence was found to be consistent
with that expected on the basis of patients’ prior chemother-
apy for NHL. With a median follow-up approaching 
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5 years, no case of treatment-related MDS/AML has been
reported in the 76 patients receiving [131I]tositumomab as
their initial therapy.94

It is strongly recommended that the hematologist/oncol-
ogist is responsible for the post-treatment evaluation of the
patient, keeping the nuclear medicine physician informed
about the patient’s progress. Follow-up involves weekly full
blood count from 3 weeks following radioimmunotherapy
until hematological recovery. Response to treatment
should be assessed no earlier than 3 months after treat-
ment, and even at this point clinicians should be aware that
the quality of response may continue to improve beyond
this time, with the conversion of partial to complete
response occurring many weeks and months later in some
patients.

CCoonncclluussiioonnss
Despite more than two decades of expectation since the
introduction of RIT, it has only been in the last few years
that this technology has begun to gain a role in the treat-
ment of cancer because of its successful application in lym-
phoma patients. Following US FDA (Zevalin® and Bexxar®)
and European Union (Zevalin®) approval, RIT is likely to
contribute substantially to the future treatment of non-
Hodgkin’s lymphoma.

Although RIT has emerged as an effective treatment for
NHL, the underlying mechanisms of action, such as the
interaction of irradiation and mAb in RIT, the existence of
radiation dose response, and the role of radiation dose rate
effect in the overall therapeutic outcome, are still poorly
understood.30,95,96 These issues are probably better investi-
gated through preclinical experiments, and recently results
from our group have provided some new insights into
some of them, which could be helpful for the design of
future clinical RIT protocols.58,59 Clinically, the optimal
integration of RIT into other therapeutic modalities needs
to be further clarified. Future randomized clinical trials will
define whether this type of approach offers similar or 
perhaps even superior relapse-free survival over ritux-
imab–chemotherapy regimens followed by maintenance
rituximab. Long-term observation will elucidate whether
the ability of RIT to improve the quality of response from
partial to complete will add to relapse-free survival and
perhaps even overall survival.
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BBaacckkggrroouunndd
TThhee  ffaammiillyy  ooff  nneeuurrooeennddooccrriinnee
ttuummoorrss
Neuroendocrine tumors (NETs) are relatively rare disease
entities derived from the diffuse endocrine system, and
found anywhere in the body. They often present as a bizarre
diagnostic puzzle.1 The fact that these malignancies arise
from hormonally active cells explains the wide variety of
symptoms encountered in NET patients of various origin.
The different manifestations are related to the release of
hormones or other biologically active substances produced
in excessive amounts, such as insulin, gastrin, vasoactive
intestinal peptide (VIP), glucagon, or serotonin.2

NETs are classified according to their site of origin and
whether they are functioning (hormone secreting) or non-
functioning (non-hormone secreting). There are many
types of NETs, including the most common gastro-
enteropancreatic (GEP) tumors which encompass gastro-
intestinal carcinoid tumors originating in the foregut,
midgut, or hindgut as well as pancreatic islet cell tumors
(e.g. insulinoma, gastrinoma, VIPoma, glucagonoma,
and non-functional tumors), medullary thyroid cancer
(MTC), paraganglioma, pheochromocytoma, and bronchial
carcinoid tumors, among others. NETs may present at 
different stages of the disease. Functioning tumors are
usually detected in earlier stages, due to hormone secre-
tion, rather than detected as tumor bulk, along with dis-
tant metastases.

NETs constitute a group of relatively slow-growing
malignancies, which are sometimes diagnosed after years of
symptoms in affected patients. This is related to the fact
that the amount of hormones secreted does not necessarily
correlate with tumor size, whereas small cancers tend to
escape clinical detection by conventional radiological imaging.

Thus, the start of successful therapy or symptomatic pallia-
tion is often delayed. A multidisciplinary approach for
therapeutic intervention is necessary.

Once metastasized, the therapeutic options for patients
with NETs are limited. Treatment with long-acting 
somatostatin (SST) analogs results in reduced hormonal
(over)production and thus relief of symptoms.2,3 Surgery is
the therapy of choice in localized disease. Chemoemboliza-
tion of primary tumor/liver metastases can be attempted in
order to reduce the tumor mass for subsequent therapy
with radiolabeled peptide analogs in patients with slow-
growing tumors. In patients with poorly differentiated
tumors, chemotherapy may be considered. However, the
management options are manifold. There are few evidence-
based controlled studies available. Furthermore, formal
guidelines are required. One should be aware that not all
centers have the same treatment approach. For example,
some believe that the long-acting SST analogs exert a bene-
ficial effect even when the patient does not appear to have a
carcinoid syndrome. In addition, there is no general agree-
ment as to the scope and timing of tumor debulking surgery
and/or chemoembolization.3

For the optimal management of NETs, the following
strategy has been suggested:4 (1) suspect the diagnosis;
(2) perform appropriate biochemistry profile including 
24-hour urine 5-hydroxyindole acetic acid (5-HIAA) and
serum hormone including chromogranin A measure-
ments; (3) assessment of histopathology to confirm diag-
nosis and determine aggressiveness of the disease, e.g.
features of tumor differentiation, invasion, and prolifera-
tion index; (4) determine the presence of inherited disorders
such as multiple endocrine neoplasia type 1 (MEN-1) or the
von Hippel–Lindau syndrome; (5) determine the site and
extent of disease using, for example, contrast-enhanced 
computed tomography (CT) or magnetic resonance imaging
(MRI) as well as the most sensitive modality, OctreoScan®;
(6) treat the symptoms or excessive hormonal state; (7) treat
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the disease if possible with curative surgery otherwise con-
sider surgical debulking; non-surgical treatments of
metastatic disease include SST analogs, interferon α,
chemotherapy, hepatic artery embolization, and radionu-
clide therapies (see below); and (8) all patients will require
long-term follow-up, preferably within treatment protocols.

PPeeppttiiddee  rreecceeppttoorr  eexxpprreessssiioonn  oonn
nneeuurrooeennddooccrriinnee  ttuummoorrss
The expression of peptide receptors on various tumor cells
including NETs was shown to be significantly higher as
compared to normal tissues or cells.5,6 Over the past decade
such receptors have become recognized targets for molecu-
lar imaging and therapy, because they are expressed on 
the cell surface and, upon binding of a ligand, the recep-
tor–ligand complex is internalized. Receptor scintigraphy
using radiolabeled peptide ligands, in particular with long-
acting SST analogs, is nowadays established in clinical 
practice.

The 14 amino acid peptide SST is a multifunctional pep-
tide mediator which is involved in the regulation of diverse
biological processes. Most significantly, SST and its analogs
inhibit the growth of normal as well as of neoplastic cells.7,8

The effects of SST are mediated via specific cell surface
receptors expressed in abundant numbers on human
tumors. Five different human SST receptors (hSSTR)9–15

have been characterized in detail and have been cloned. The
vast majority of human tumor entities seem to overexpress
one or another of these receptor subtypes (hSSTR1–5).

However, the expression of hSSTR on tumors seems to
be very individual and varies from tumor entity to tumor
entity. In initial studies only hSSTR2 was identified fre-
quently in primary human tumors.5 Over the years, other
hSSTR have frequently been described.16–30 The data pub-
lished vary from research group to research group, most
probably due to the different techniques applied and also to
the various tumor entities investigated. We and others have
identified hSSTR3 as another peptide receptor expressed
on, or in, human tumor cells.30 hSSTR3 may be responsible
for binding both VIP and SST/octreotide (common bind-
ing site), and for the observed cross-competition between
these peptides in primary human tumors as well as a vari-
ety of human tumor cell lines.6 Whereas NETs frequently
overexpress hSSTR2, intestinal adenocarcinomas and a
variety of other tumor types seem to overexpress mainly
hSSTR3 and/or hSSTR4.30–38

Not only SST receptors have been implemented as targets
for molecular imaging and therapy of NETs. VIP receptor
subtypes regularly found5,6 in high numbers on tumor cells
have also been targets for NET tumor imaging.39 Interest-
ingly, many tumors appear to co-express binding sites for
VIP and SST.6,40 However, due to instability, radiolabeled

VIP analogs have so far not been used for therapeutic
approaches.

Similar to VIP receptor subtypes, bombesin receptor
subtypes have also been found in high numbers on a vari-
ety of more frequently appearing tumor types, rather than
on NETs where they are also expressed.41 More recently,
radiolabeled bombesin analogs have also been imple-
mented for radionuclide therapy of tumors expressing
bombesin subtype receptors.42,43 Furthermore, substance
P44 and neurotensin receptors45 have been suggested as pos-
sible molecular targets.

RRaaddiioollaabbeelleedd  ppeeppttiiddeess  aass
mmoolleeccuullaarr  aaggeennttss
With the spreading idea of molecular targeting on the
basis of SSTR expression, a variety of SSTR radioligands
(Table 21.1) have been synthesized and comparatively
investigated for their in vitro binding properties. The SST
subtype receptor binding profile of various radiolabeled
SST analogs is depicted in Table 21.2.

Native SST exists in two forms (14 or 28 amino acids),
but it is readily attacked by aminopeptidases and endopep-
tidases, and has a short in vivo half-life. Consequently, syn-
thetic SST analogs, which incorporate a Phe-D-Trp-Lys-Thr
(or similar sequence) and which are metabolically stabi-
lized, at both the N- and C-terminals, were developed for
clinical applications. In the past, three commercially 
available SST analogs, i.e. octreotide,50 lanreotide,51 and
vapreotide,52 have been shown to be effective in controlling
the growth of some human tumors. These SST analogs all
have similar binding profiles for four of the five hSSTR
subtypes (i.e. a high affinity for hSSTR2 and hSSTR5, mod-
erate affinity for hSSTR3, and very low affinity for
hSSTR1), but lanreotide and vapreotide have a moderate
affinity for hSSTR4, whereas octreotide has little or no
affinity for this hSSTR.53

Octreotide-based ligands
In initial studies, [123I]Tyr3-octreotide was used to demon-
strate the feasibility of detecting and localizing human neu-
roendocrine tumors.54,55 However, labeling with [123I]sodium
iodide of high specific activity is expensive, and hardly
available worldwide. Furthermore, iodination of peptides
requires technology and skills which are usually restricted
to larger nuclear medicine institutions. Due to substantial
accumulation of [123I]Tyr3-octreotide in the gut as a result
of hepatobiliary clearance of the agent, interpretation of
the abdominal images is sometimes troublesome. Similar
high abdominal accumulation was also found with
[123I]octreotide.56 Some of the aforementioned problems
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have successfully been overcome by the introduction 
of [111In]DTPA-DPhe1-octreotide [111In]DTPA-OC (where
DTPA is diethylenetriaminepentaacetic acid) which was
the first receptor radiopharmaceutical available on the
market (OctreoScan; Mallinckrodt Medical, St Louis,
MO). In this molecule a DTPA group is coupled to the
αNH2 group of the N-terminal DPhe residue.57 As opposed
to [123I]Tyr3-octreotide, [111In]DTPA-OC shows minor
accumulation in the liver and is predominantly excreted via
the kidneys.58 Therefore, the interpretation of scintigrams
of the abdominal region is less affected by intestinal back-
ground radioactivity.

Clinical studies with [111In]DTPA-OC have clearly
shown that this receptor radiopharmaceutical is effective in
diagnosing and staging tumors and their metastases, due to
binding to hSSTR2.56,59

Another analog of octreotide, [111In]DOTA-DPhe1-Tyr3-
octreotide [111In]DOTA-TOC (where DOTA is tetraaza-
cyclododecanetetraacetic acid), shows similar in vivo
accumulation as compared with [111In]DTPA-OC.60 The
purpose of this development was to create a ligand which

could be stably labeled with 90Y for receptor-mediated
radiotherapy.61–64 In this molecule the Phe3 was replaced
with Tyr to increase the hydrophilicity of the radiolabeled
peptide. DOTA is a universal ligand for labeling with triva-
lent metal ions, which made feasible also the creation of the
positron emission tomography (PET) tracer [68Ga]DOTA-
Tyr3-octreotide ([68Ga]DOTA-TOC65,66) and labeling with
67Ga for therapy.67

First data for [64Cu]TETA-octreotide (where TETA is 
triethylenetetramine) have recently described a high rate 
of lesion detection, sensitivity, favorable dosimetry, and
pharmacokinetics in a small cohort of NET patients.68

Furthermore, several efforts have been made to label
octreotide with 99mTc. [99mTc]N-α-(6-hydrazinonicotinoyl)-
octreotide (HYNIC-octreotide) shows excellent image
quality.69–71

Improvements to octreotide itself included the replace-
ment by octreotate, thereby increasing the internalization
rate and subsequently the in vivo uptake by hSSTR2-
expressing tumor cells.68 The change from octreotide to
octreotate analogs – differing only in that the C-terminal
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Table 21.1 Overview of selected imaging agents

Name Abbreviation Structure Labeling with

Tyr3-octreotide TOC 123I

DTPA-octreotide DTPA-OC 111In

DOTA-Tyr3- DOTA-TOC 111In, 90Y, 68Ga
octreotide

DOTA-Tyr3-Thr8- DOTA-TATE 111In, 90Y,

octreotate 177Lu 68Ga

DOTA-NaI3- DOTA-NOC 111In, 90Y,
octreotide 177Lu, 68Ga

DOTA-lanreotide DOTA-LAN 111In, 90Y,
177Lu, 68Ga

DTPA, diethylenetriaminepentaacetic acid; DOTA, tetraazacyclododecanetetraacetic acid.
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threoninol is replaced with threonine – not only increased
the binding affinity, internalization rate, and selectivity of
hSSTR2, but clinical studies with Tyr3-octreotate derivates
have shown considerable improvement of SSTR scintigraphy.72

Recently, a new octreotate derivatized with the tetramine
chelator has been introduced for clinical studies.73 DOTA-
1-NaI3-octreotide (DOTA-NOC) shows a 3–4 times higher
binding affinity to hSSTR2 than that of DOTA-TOC,
together with a good affinity for hSSTR3 and hSSTR5, leading

to an improved tumor uptake and kidney-to-tumor ratio
in animal biodistribution studies.49 In clinical studies per-
formed with the 111In and 68Ga-radiolabel, more lesions
could be detected with [68Ga]DOTA-NOC in comparison
to [111In]DOTA-NOC and [99mTc]EDDA-HYNIC-TOC
(where EDDA is ethylenediamineacetic acid).74 DOTA-
NOC-ATE (1-NaT3-Thr2-octreotide) and DOTA-BOC-
ATE (B2 Thi3-Thr3-octreotide) also show high affinity to
hSSTR2, hSSTR3, and hSSTR5, and some intermediate
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Table 21.2 Somatostatin receptor subtype binding of peptides

Radioligand 1 2 3 4 5 Reference

Somatostatin 14 0.1–2.26 0.2–1.3 0.3–1.6 0.3–1.8 0.2–0.9 46

Somatostatin 28 0.1–2.2 0.2–4.1 0.3–6.1 0.3–7.9 0.05–0.4 46

Octreotide (OCT) 200 0.6 10 1000 7 6
290–1140 0.4–2.1 4.4–34.5 > 1000 5.6–32 46

Lanreotide (LAN) 500–2330 0.5–1.8 43–107 66–2100 0.6–14 46

DTPA-OCT > 10 000 12 376 > 1000 299 36

[In]-DTPA-OCT > 1000 1.5 30 > 1000 1 36
> 10 000 22 182 > 1000 237

DOTA-Tyr3-TOC > 100 0.9 15 > 1000 700 47
> 10 000 14 880 > 1000 393 36

[In]DOTA-TOC > 1000 0.1 250 > 1000 1.0 48
> 10 000 4.6 120 230 130

[Y]DOTA-TOC > 10 000 11 389 > 10 000 114 36

[Ga]DOTA-TOC > 10 000 2.5 600 > 1000 70 36
> 10 000 2.5 613 > 1000 73

DOTA-LAN 154 0.3 15 2.5 0.4 47
> 10 000 26 771 > 10 000 73 36

[In]/[Y]DOTA-LAN 215 4.3 5.1 3.8 10 47

[Y]DOTA-LAN > 10 000 23 290 > 10 000 16 36

DOTA-Tyr3-octreotate (TATE) > 10 000 1.5 > 1000 453 547 36

[Y]DOTA-TATE > 10 000 1.6 > 1000 523 187 36

[Ga]DOTA-TATE > 10 000 0.2 > 1000 300 377 36

[In]DOTA-1-Nal3-octreotide (NOC) > 10 000 2.9 8 227 11.2 49

[Y]DOTA-NOC > 10 000 3.3 26 > 1000 10.4 49

[Tc]Depreotide (P829) > 1000 1 1.5 > 1000 2 37

[In]DOTA-NOC > 10 000 2.9 8 227 11.2 1

DOTA-NOC-ATE > 1000 3.6 302 260 16.7 4

DOTA-BOC-ATE > 1000 0.8 33 80 3.6 4

All values are in nmol/l, indicating the binding affinity constant Kd.
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affinity to hSSTR4. Both 111In radiopeptides internalize
much more efficiently than [111In]DOTA-TOC into AR4-2J
cells, and show a two-fold higher tumor uptake and signif-
icantly lower kidney uptake in animal biodistribution 
studies compared with [111In]DOTA-TOC.48 The enhanced
tumor uptake of these ligands seems to be related to
improved hSSTR2 and hSSTR3 internalization, as it has
been shown recently that even highly potent hSSTR5 ago-
nists such as KE108, BIM-23244, and L-817,818 are not able
to induce hSSTR5 internalization.75

All together, it has to be mentioned that the differ-
ent chemical structures, different charges, and differ-
ent hydrophilicities of the SST analogs lead to marked
changes in the subtype receptor affinity profiles
(Table 21.2).

Lanreotide-based ligands
[111In]DOTA-lanreotide ([111In]DOTA-LAN; MAURITIUS
(Multicenter Analysis of a Universal Receptor Imaging and
Treatment Initiative: a eUropean Study)) is a SST analog
which is a conjugate of DOTA coupled directly to the 
N-terminus of lanreotide.47 The substance can be stably
labeled with a variety of radionuclides. [111In]/[90Y]DOTA-
lanreotide (LAN) binds with high affinity (dissociation

constant Kd 1–12 nmol/l) to numerous primary human
tumors. When expressed in COS7 cells, [111In]/[90Y]DOTA-
LAN binds with high affinity to hSSTR2 (Kd∼5 nmol/l),
hSSTR3 (Kd 5 nmol/l), hSSTR4 (Kd 3.8 nmol/l), and
hSSTR5 (Kd 10 nmol/l), and with lower affinity to hSSTR1
(Kd ∼200 nmol/l). A direct comparison of [111In]DOTA-
LAN with [111In]DTPA-OC and [111In]DOTA-TOC has
resulted in discrepancies in the scintigraphic imaging pat-
tern in one-third of tumor patients concerning both tumor
uptake and detection of tumor lesions.76 Similar discrepan-
cies were found for the 68Ga-labeled analogs, as depicted for
selected patients in Table 21.3.

Depreotide-based ligands (P829;
NeoTect®, NeoSpectTM)
Although clinical results with 111In- and 123I-labeled pep-
tides have been excellent, extensive efforts have been made
in preparing and evaluating peptides labeled with 99mTc.
[99mTc]P829 has been identified as a suitable hSSTR ligand
which binds to hSSTR2, 3, and 5 with high affinity.37 The
cyclic hexapeptide domain of the peptide component of
[99mTc]P829 contains the pharmacophore L-tyrosine-D-
tryptophan-L-lysine-L-valine, which binds to the SSTR of
tumor cells. The therapeutic compound analog P2045 can
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Table 21.3 Comparative positron emission tomography (PET) data from the University of Innsbruck:
tumor uptake of [68Ga]DOTA-lanreotide compared with [68Ga]DOTA-TOC in selected patients

Patient. [68Ga]DOTA- [68Ga]DOTA-
no Diagnosis Age (years) Sex lanreotide TOC

1 MTC 52 M + −

2 Carcinoid–bowel 60 M − ++

3 NET 64 F ++ ++

4 NET 64 M − –

5 Hemangiopericytoma 31 M − +

6 NET–VIPoma 40 M − ++

7 Thyroid CA–poorly differentiated 55 M − −

8 Urothelial cell CA 76 M ++ +

9 Hypernephroma 64 M + +

10 NET 32 F ++ −

11 Carcinoid–lung 43 F ++ −

12 Adeno-CA–parotid gland 27 M + +

MTC, medullary thyroid carcinoma; NET, neuroendocrine tumor; VIP, vasoactive intestinal peptide; CA, carcinoma.

9781841846149-Ch21  8/21/07  4:36 PM  Page 319



be stably labeled with rhenium,77 but larger patient studies
are missing.

VIP-based analogs
Vasoactive intestinal peptide (VIP) is a 28 amino acid
neuropeptide with a broad range of biological activities.
VIP receptor scintigraphy uses naturally occurring VIP
labeled with 123I in positions 10 and 22 of the amino
acids.39,78,79

Although the results obtained suggested [123I]VIP to be a
promising tumor tracer with the potential to provide addi-
tional information to that of conventional imaging, there
are some shortcomings which hamper widespread clinical
use of the compound. Attempts have been made to label
VIP with 99mTc, since [123I]VIP is difficult and costly to 
produce. In developing such a radiopharmaceutical, the
99mTc-labeled VIP analog TP3654 showed promising results
for imaging VIP receptor-positive cancer.80 Consequently,
Re-labeled products have been suggested for therapy.

Radiolabeled neurotensin analogs
In the periphery, neurotensin (NT) acts as a local hormone,
exerting a paracrine and endocrine modulation of the
digestive tract.81 The pharmacological effects of NT result
from the specific interaction of the peptide with the cell
surface. To date there are three known NT subtype receptors
(NTRs). NTR1 is a well documented receptor, including
Ca2+ release after inositol-1,4,5-triphosphate stimulation,87

and activation of mitogen-actived protein kinases (MAPKs)83

via protein kinase C, leading to its role in cell proliferation,
and whereas the levocobastine sensitive NTR2 is still a
matter of controversy.84 NTR3 is non-G protein-coupled
and capable of binding the peptide with high affinity.85

The prevalence of NT receptors (NTRs) in several
human tumors makes it an attractive target for the delivery
of cytotoxic drugs and imaging agents45,86 which bind to
NTRs and induce tumor growth.87

The short plasma half-life of NT hinders its clinical
application. Some effort has been undertaken to develop
NT derivates for possible clinical application.88–90 With the
development of Tc(CO)3-technology, NT analogs are 
currently being used in clinical trials.91,92

Radiolabeled bombesin/gastrin
releasing peptides
Bombesin and gastrin releasing peptide (GRP) are mem-
bers of a family of brain–gut peptides.93 The 14 amino 
acid peptide bombesin (BN) has a high affinity for GRP
receptors expressed in a variety of tumors. Stimulation of

proliferation by BN was reported for lung, breast, and pan-
creatic cancer.94,95 BN and GRP mediate their action
through membrane-bound, G protein-coupled receptors,
which include at least four different subtypes, namely 
the neuromedin B receptor subtype (BB1), the GRP recep-
tor subtype (BB2), the BB3, and BB4 subtypes.96 With 
the exception of the GRP receptor97 these have been 
poorly investigated with regard to their subtypes and func-
tion in human tissue. High densities of GRP receptors 
were identified by in vitro receptor autoradiography in
human prostate, breast, and gastrointestinal cancer.98,99

Accordingly, interest in developing radiometal labeled 
BN derivates was generated.100–102 First data show promis-
ing results for tumor imaging: [99mTc]BN,103 [99mTc]
RP527,104 [111In]DTPA-Pro1-Tyr4-BN,105 and [64Cu]DOTA-
Aoc-BN(7–14) (where Aoc is 8-aminooctanoic acid).106

Radiolabeled bombesin analogs for radionuclide therapy
have recently been postulated.42,43

Radiolabeled cholecystokinin/
gastrin analogs
The gastrointestinal peptides cholecystokinin (CCK) and
gastrin exist in different molecular forms. Pro-CCK and
pro-gastrin can be processed to peptides of variable length,
but, as biologically active peptides, they have the same five
terminal amino acids at their carboxyl terminus. Both act
as neurotransmitters in the brain, and as regulators of var-
ious functions of the gastrointestinal tract (i.e. stomach,
pancreas, and gall bladder).93 Besides their physiological
role as growth factors in the gastrointestinal tract, they can
also act as growth factors in some tumor entities, such as
colonic, gastric, and brain carcinomas.107–109 To date,
three CCK receptor subtypes are known. CCK1 (formerly
CCK-A) and CCK2 (formerly CCK-B) subtypes are well
described,110 distinguishable pharmacologically by their
low CCK1- versus high GGK2-affinity for gastrin. CCK2
receptors have been described in small-cell lung carcino-
mas, medullary thyroid carcinoma, astrocytomas, in sex
cord stromal ovarian carcinomas, in some neuroendocrine
gastroenteropancreatic tumors, especially insulinomas, in
breast and endometrial adenocarcinomas, and in soft tissue
tumors, in particular leiomyosarcomas.111–113 CCK1 were
expressed in neuroendocrine lung and gastroenteropancre-
atic tumors, and meningiomas.113,114 For CCK2 receptor
imaging [111In]DTPA-DGlu1-minigastrin has recently been
developed and clinically investigated.115,116

Substance P
Substance P, a neuropeptide involved in a variety of func-
tions of the central and peripheral nervous systems, is 
able to stimulate proliferation of malignant tumor cells.117
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One of the substance P receptor subtypes is the neu-
rokinin-1 (NK1) receptor frequently expressed in glial
tumors, medullary thyroid cancer, small-cell lung cancer,
and pancreatic as well as breast cancer.44 However, to date
there is only one report of visualization of the thymus in
autoimmune disease using an 111In-labeled-DTPA derivate
of substance P.118

IImmppaacctt  ooff  rreecceeppttoorr--mmeeddiiaatteedd
iimmaaggiinngg
Since its implementation in the late 1980s, SSTR scintigra-
phy54,55 has improved the ability to diagnose, detect, stage,
and review the response to therapy in patients with NETs.

The biodistribution of [111In]DTPA-OC as well as of
[111In]/[90Y]DOTA-TOC differs from that of [111In]/
[90Y]DOTA-LAN in terms of higher liver and kidney and
less bone marrow uptake. Based on this hSSTR binding
profile, [111In]DOTA-LAN may be a more powerful radioli-
gand for other tumor entities, and [90Y]DOTA-LAN for
SST-mediated radionuclide therapy.

When directly compared in patients with NETs, discrep-
ancies concerning both the tumor uptake and the detection
of tumor lesions were found between [111In] DOTA-LAN
and [111In]DTPA-D-OC or [111In]DOTA-TOC in about
one-third of patients.119 This divergence is most probably
based on the different SSTR binding profiles.

Similar to lanreotide, the newer analog NOC shows a
broader receptor binding profile with higher binding
affinities for hSSTR3 and hSSTR4 (Table 21.2).

In about two-thirds of patients with NET, [111In]DOTA-
LAN tumor uptake was found to be lower than that with
other octreotide derivates such as [111In]DOTA-TOC.119

This holds true also for patients investigated with the 
PET ligands [68Ga]DOTA-TOC and [68Ga]DOTA-LAN
(Table 21.3). Therefore, [90Y]DOTA-TOC should be consid-
ered the first choice radiopharmaceutical for experimental
SSTR-based therapy in patients with NETs. Evaluation of the
type of radiotracer to be used for SSTR-targeted radiother-
apy, based on scintigraphic pattern and dosimetric studies,
should, however, always be performed for the individual
patient, because of the discrepancies concerning both the
tumor uptake and the detection of tumor lesions between
the different radiopharmaceuticals available.

Potential first-choice indications for [90Y]DOTA-LAN
remain neuroendocrine carcinoma, radioiodine-negative
thyroid cancer, hepatocellular cancer, small- and non-
small-cell lung cancer, brain tumors, and possibly malig-
nant melanomas.

TThheerraappeeuuttiicc  aapppprrooaacchheess
So far, several radionuclides have been used for peptide
therapy (Table 21.4). The first nuclide used for this purpose
is 111In. However, 111In has a low β energy and therefore a
short particle range. Several mechanisms may contribute to
the therapeutic effect of SSTR therapy. Among these is the
internalization of the receptor ligand complex.72 This binds
the radiopharmaceutical to the targeted cells and will be
indispensable when using Auger emitters such as 111In as
radionuclide. On the other hand, the so called ‘crossfire’ of
β-particles will affect not only the cell that the radiophar-
maceutical is bound to, but also a number of cells in the
vicinity. In this case, lower tissue penetration (e.g. 177Lu
versus 90Y) may be an important feature for small-sized
tumors. (Radio)nuclides that show a small fraction of
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Table 21.4 Physical properties of radionuclides used for peptide receptor radionuclide therapy

Radionuclide t1/2 (days) Emax (keV) Path length (mm) γ (keV)

177Lu 6.7 498 2.1 113 (6.6%) 
208 (11%)

90Y 2.7 2280 12 No γ
111In 2.8 14.7 (AE) < 0.01 172 (90%) 

247 (94%)

67Ga 3.3 8.6 (AE) < 0.01 93 (39%) 
185 (21%)

64Cu 0.53 1673 (β+) 7, 4; 10 1346 (< 1%)
(AE) 578 (β−) 2 No γ

T1/2, half-life Emax, maximum energy of emitted electrons (β− particles) and Auger electrons (AE; Kα energy of daughter nuclide); branch ratio
for 64Cu is 61% β+ electron capture (EC), and 39% β− decay, γ . γ energies from decay of daughter nuclides to ground state (most prominent only).
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γ emission such as 177Lu may further be useful for dosime-
try, as they allow intratherapeutic imaging. The approaches
for diagnostic and therapeutic work-up used at the Inns-
bruck Medical University are presented in Tables 21.5 and
21.6, respectively.

[[111111IInn]]DDTTPPAA--DD--PPhhee11--ooccttrreeoottiiddee
((OOccttrreeooSSccaann®®))
The Rotterdam group pioneered radionuclide treatment
with [111In]DTPA-OC (OctreoScan®). Initial results pub-
lished for the first time in 1994, and later in a small cohort
of patients in 1996 using high amounts of [111In]DTPA-
OC, indicated a significant therapeutic potential for
patients with SSTR-expressing tumors.61,62 In a follow-up
the Rotterdam group120 reported that 2/26 patients with
GEP tumors who had received cumulative doses of more
than 20 GBq had decreases in tumor size by 25–50%, as 

evidenced by CT. In a similar NET patient group, Anthony
et al.121 from New Orleans reported prolonged survival in
this cohort of patients with a poor clinical prognosis.
Despite improved clinical status and a low rate of side-
effects at both study centers, CT-measurable tumor load
was rare.

In a more recent study,122 the Melbourne group reported
in 21 GEP tumor patients a 67% stabilization rate on CT
and improvement or stabilization on scintigraphy in 77%
of patients using a combined scheme of high-dose Octre-
oScan® plus 5-fluorouracil chemotherapy as radiosensitiz-
ing agent.

The Toulouse group123 came up with a report on 19 patients
in whom 6.6 GBq was administered in 3-month intervals.
Patients were followed for up to 3.8 years. In a single patient
a partial remission (PR) was seen, eight patients had stable
disease (SD), and the other patients were progressive. The
results are in line with other observations that the overall
response to treatment correlates with the extent of tumoral
disease. Many patients could gain more benefit from 
peptide-mediated radionuclide therapy if treated earlier.

[[9900YY]]DDOOTTAA--DD--PPhhee11--TTyyrr33--ooccttrreeoottiiddee
(([[9900YY]]DDOOTTAA--TTOOCC))
Despite differences in the protocols used since its first
application, complete remissions (CRs) were rarely reported.
PRs in most studies were around 25% and the stabilization
rate was around 50%, which gave an overall response to
therapy of about 75% (Table 21.7).

The Basel group was the first to report the in vivo admin-
istration of [90Y]DOTA-D-Phe1-Tyr3-octreotide in patients
with NETs.63,64,124,131,132 In their first group of patients a
dose-escalating treatment scheme was applied with a
cumulative dose of 6 GBq/m2.131 Later, in four treatment
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Table 21.5 Innsbruck – somatostatin analogs for diagnosis today

1. [68Ga]DOTA-Tyr3-octreotide-PET
tracer of choice for staging and restaging

2. [111In]DOTA-Tyr3-octreotide-SPECT
tracer of choice for dosimetry preceding radionuclide therapy with [90Y]DOTA-Tyr3-octreotide

3. [68Ga]DOTA-lanreotide-PET/[111In]DOTA-lanreotide-SPECT
tracer of choice for staging and restaging if octreotide is negative or unfavorable/dosimetry preceding therapy with
[90Y]DOTA-lanreotide

4. [177Lu]DOTA-Tyr3-octreotate–scintigraphy and dosimetry following high-dose radionuclide therapy

5. [99mTc]HYNIC-octreotide, [99mTc]NeoTect®, OctreoScan®

SPECT, single photon emission computed tomography; HYNIC, hydrazinonicotinoyl.

Table 21.6 Innsbruck – somatostatin analogs
for therapy today

1. [90Y]DOTA-Tyr3-octreotide for patients with larger
NET (crossfire effect)

2. [177Lu]DOTA-Tyr3-octreotate for patients with smaller
NET (Auger electrons)

3. [90Y]/[177Lu]DOTA-lanreotide – broader spectrum 
of SSTR binding, thus higher soft tissue and bone
marrow dose; if octreotide analogs show no
satisfactory tumor accumulation

SSTR, somatostatin receptor.
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cycles132 or two treatment cycles133 the treatment substance
was given up to a cumulative dose of 7.4 GBq/m2. Tumor
response was found in 23%132 and 33%,126 respectively.
Whereas the first applications were done without renal
protection, all later studies were performed under amino
acid infusion.

The Milan group injected up to 5.2 GBq per cycle, which
they defined as maximum tolerated dose per cycle.125,134

The group reported a response rate of 29% in patients with
21 GEP tumors after two treatment cycles with a cumula-
tive dose of 5.9–11.1 GBq.126 The Milan summary127

includes 141 patients, among whom 114 patients were
affected by NETs, and 59 patients had GEP tumors.
An overall objective response was observed in 26% (PR,
CR) of patients. Considering the progressive status of dis-
ease in 80% of patients, an overall clinical benefit was
observed in 76% (CR, PR, SD). Stable patients showed a
response (CR, PR) in 32%. The duration of response was
2–59 months with a median of 18 months overall, and a
median of 13 months in progressing patients and 16 months
in stable patients.

The Rotterdam group together with centers in Brussels,
Belgium, and Tampa (Florida) injected escalating doses up
to 14.8 GBq in four cycles, or up to 9.3 GBq in a single
administration.130 These administrations were done up to a
cumulative radiation dose to the kidneys limited to 27 Gy,
and all 54 patients received amino acids concomitantly for
kidney protection. In 7% PR and in 13% minor response
(MR) was measured. The median time to progression in 
44 patients who had stable disease was 30 months.

Recently, the Iowa City group135 reported an overall clin-
ical response of 66% in 21 patients with GEP, allowing a
total cumulative dose of 13.3 GBq in three cycles.

The Bad Berka group136 summarized results from 
57 patients treated with 3.25 GBq up to six times with a
3–6-month time interval between each treatment cycle.
Despite that, no CR was seen, 20% of patients had PR, and
60% had SD, providing an overall response of 80%.

Since 1997 we have treated more than 100 patients with
[90Y]DOTA-TOC.129 In general, our current treatment
schedule (Figure 21.1) foresees 3–4 cycles with 3.7 GBq,
given under kidney protection with amino acids, up to a
cumulative kidney dose of 28 Gy. If the patient shows
response to therapy in terms of MR, PR, or SD, a further
1–3 treatment cycles are added individually according to
the clinical status of the patient. Radioactive treatment is
usually applied every 10 weeks with long-acting octreotide
(two injections) between the radioactive treatments
(Figure 21.2). Restaging is done in all patients with
[68Ga]DOTA-TOC-PET and repeated dosimetry with
[111In]DOTA-TOC. A representative case is shown in
Figure 21.3. All patients also undergo repeated [18F]FDG-
PET (FDG is fluoro-2-deoxy-D-glucose) scanning.

[[117777LLuu]]DDOOTTAA--TTyyrr33--ooccttrreeoottaattee
(([[117777LLuu]]DDOOTTAA--TTAATTEE))
Reports with larger numbers of patients in treatment 
protocols using [177Lu]DOTA-TATE (Tyr3-octreotate) are 
limited to the Rotterdam group,137 who also initiated this
kind of treatment. In 131 patients, cumulative doses of
22.2–29.8 GBq were applied, and CR was observed in 2%,
PR in 26%, MR in 24%, and SD in 35% of patients. Most
significantly, median time to progression of more than 
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Table 21.7 Representative treatment results in patients with NETs using [90Y]DOTA-D-Tyr3-octreotide
([90Y]DOTA-TOC)

Basel124 39 GEP and Up to a cumulative dose of 5% CR, 18% PR, 69 % PR
bronchial carcinoids 7.4 GBq/m2 in four cycles

Milano125 114/141 NET, 7.4–26.4 GBq in 2–16 cycles, 76% overall clinical benefit, 26% overall
59/141 GEP administered 4–6 weeks apart objective response (CR, PR)

Rotterdam 54 GEP Up to a cumulative dose of 7% PR, 13% MR, 61% SD
and Tampa126 14.8 GBq in four cycles

Iowa City127 21 GEP Up to 13.3 GBq in three cycles 66% overall response

Vienna128 10 4 × 1.8 GBq, 28 Gy 25% PR, 50% CR

Innsbruck129 98 GEP 2-4 GBq per cycle until tumor 22% PR, 50% SD
progression (see also Figure 21.1)

Bad Berka130 57 Up to a max. cumulative dose 20% PR (60% SD)
of 3.5 GBq in up to six cycles

GEP, gastroenteropancreatic; CR, complete remission; PR, partial remission; MR, minor response; SD, stable disease
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36 months was seen in 103 patients who had either SD or
tumor progression. Remission rates were higher in patients
with high pre-therapeutic SST agent uptake and a limited
number of liver metastases, whereas PD was more frequent in
patients with a low performance score and extensive disease.

At Innsbruck, we have so far involved in this kind of
treatment only patients who had previously already
undergone treatments with the 90Y-labeled derivates. One
of 20 patients treated to date is depicted as an example in
Figure 21.4.
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FFiigguurree  2211..11
Current treatment scheme used at the University of Innsbruck. Initial evaluation for treatment is done by [68Ga]DOTA-TOC. (where
DOTA is tetraazacyclododecanetetraacetic acid and TOC is Tyr3-octreotide). A highly positive positron emission tomography (PET)
scan predicts high somatostatin receptor (SSTR) expression and response to treatment with [90Y]DOTA-TOC. Dosimetry with
[111In]DOTA-TOC is then performed for tumor dose and critical organ dose estimation. Treatment is started with a fixed dose of 
3.7 GBq [90Y]DOTA-TOC under kidney protection with amino acids. The patient is dismissed from hospital with an Intramuscular
injection of long-acting octreotide (dose 20–30 mg). A second long-acting octreotide injection is given after 4 weeks, and after 
6 weeks the next radionuclide therapy cycle is applied. Such a treatment cycle is repeated 4–5 times until restaging.

FFiigguurree  2211..22
Follow-up in a patient with pancreatic carcinoid aged 50 years treated with [90Y]DOTA-TOC (cumulative dose 18.5 GBq) by
[99mTc]HYNIC-TOC (where HYNIC is hydrazinonicotinoyl (a), [111In]DOTA-TOC (b), and [68Ga]DOTA-TOC (c). The images indicate partial
remission of liver metastases in all three imaging modalities over the treatment years. The treatment schedule since 2003 is
depicted in (d). 99mTc-HYNIC-TOC (a) scan at 4 hours post-injection of 400 MBq. [111In]DOTA-TOC dosimetry (b). After injection of 
200 MBq, serial whole-body images were acquired up to 48 hours post-injection (the images depict the 24-hour acquisition). 
The estimated tumor dose was 10 Gy/GBq for representative liver lesions, the dose to the kidneys 4.5 Gy/GBq, the liver dose 
1.52 Gy/GBq, the bone marrow dose 0.06 Gy/GBq, and the spleen dose 8.85 Gy/GBq. The effective dose was 0.41 Sv. [68Ga]DOTA-
TOC whole-body PET (c) was performed at 90 minutes post-injection of 200 MBq. (d) Reviewing the treatment schedule of the
patient from November 2003 until May 2006, the patient had received a cumulated total dose of 31.7 GBq. The estimated 
total tumor dose was 130 Gy for the representative liver lesions, the cumulated total dose to the kidneys 77.7 Gy, the liver dose
28.8 Gy, the bone marrow dose 1.3 Gy and the spleen dose 160.5 Gy. The effective dose was 7.7 Sv. The treatment response was
partial remission, and no toxicity was noted. In particular, hematological parameters and kidney function remained in the normal
range over the whole treatment and follow-up period since 2003. Creatinine clearance was slightly decreased, but remained within
the normal range.
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FFiigguurree  2211..33
Follow-up in a patient aged 62 years with a neuroendocrine tumor (NET) (primary unknown) treated with [90Y]DOTA-TOC and
[177Lu]DOTA-TOC. (a) Treatment schedule since 2002. In the patient, the diagnosis was established in 2002 with high-grade NET 
of unknown origin and liver, lymph node, and bone metastases. Following diagnosis, chemoembolization of liver metastases was
performed. Later, the patient was referred for possible therapy with radioactive analogs to our center in Vienna, Lainz Vienna City
Hospital, where he received on an outpatient basis treatments with [90Y]DOTA-TOC. After stabilization, further treatment with
[177Lu]DOTA-TATE (where TATE is Tyr3-octreotate) was given at the University of Innsbruck as depicted.

Reviewing the treatment schedule of the patient from March 2003 to June 2005, the patient had received a cumulated total
dose of 43.1 GBq. The estimated total tumor dose was 150 Gy for the representative tumor lesions, the cumulated total dose to
the kidneys 40.9 Gy, the liver dose 8.4 Gy, the bone marrow dose 1.7 Gy, and the spleen dose 32.5 Gy. The effective dose was 3.9 Sv.
The treatment response was partial remission, and no toxicity was noted. In particular, hematological parameters and kidney
function remained in the normal range over the whole treatment and follow-up period since 2003. Creatinine clearance remained
stable and within the normal range.
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Also, the Basel group138 reports 27 patients pretreated
with [90Y]DOTA-TOC. Patients received a fixed dose of
7.4 MBq [177Lu]DOTA-TATE. Restaging after 8–12 weeks
showed PR in two patients, MR in five patients, and SD in
12 patients, suggesting a safe and efficacious form of
retreatment modality. The time of remission ranged from 
4 to 13 months. These authors suggested that obviously a
positive prognostic factor for further radionuclide treat-
ment with [177Lu]DOTA-TATE exists in a good response to
[90Y]DOTA-TOC.

[[9900YY]]DDOOTTAA--TTyyrr33--ooccttrreeoottaattee
(([[117777LLuu]]DDOOTTAA--TTAATTEE))
The Bad Berka group139 reported in 75 patients a rate of
37% PR and SD in 52%; thus, objective tumor response
was seen in 85% of the patients. In this study the mean
activity applied was 3.6 GBq, and the time between cycles
ranged from 3 to 6 months. Besides tumor shrinkage, sig-
nificant clinical response was seen in terms of symptom
reduction, low toxicity, and few adverse effects.

Therapy of neuroendocrine tumors 332277
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FFiigguurree  2211..33——ccoonntt’’dd
(b) [68Ga]DOTA-TOC-PET scans indicated partial remission of liver, lymph node, and bone metastases following treatment with
[177Lu]DOTA-TATE. The images were acquired at 90 minutes post-injection of 200 MBq. (c) [18F]FDG-PET (where FDG is fluoro-2-
deoxy-D-glucose) was negative, whereas [18F]NaF-PET (where NaF is sodium fluoride) bone scanning was highly positive at the time
of treatment initialization. Following treatment, a partial response for the bone metastases was observed as well. (d) [177Lu]DOTA-
TATE whole-body scan and dosimetry during the first treatment cycle and after four treatment cycles as depicted in (a). After
treatment with 7.4 MBq, serial whole-body images were acquired up to 96 hours post-injection (the images depict the 24-hour
acquisition of the geometric mean with the regions of interest set for dosimetry). The estimated tumor dose was 25 Gy/GBq for
representative lesions, the dose to the kidneys 0.49 Gy/GBq, the liver dose 0.10 Gy/GBq, the bone marrow dose 0.03 Gy/GBq, and
the spleen dose 0.48 Gy/GBq. The effective dose was 0.06 Sv.
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[[6677GGaa]]DDOOTTAA--TTyyrr33--ooccttrreeoottiiddee
(([[6677GGaa]]DDOOTTAA--TTOOCC))
67Ga-labeled radiopeptides may become a new class of
labeled peptides for radionuclide therapy, based on the
high microdosimetric effect of Augerelectrons produced
by the electron-capture decay of 67Ga. In first clinical
applications the Hannover group72 reports promising
results in a series of ten patients with high [68Ga]DOTA-
TOC uptake.

[[117777LLuu]]DDOOTTAA--NNaaII33--ooccttrreeoottiiddee
(([[117777LLuu]]DDOOTTAA--NNOOCC))
This new SST analog was recently used for the first time for
treatment in patients in whom a higher [111In]DOTA-NaI3-
octreotide uptake as compared to OctreoScan was meas-
ured.140 As with lanreotide analogs (see below), due to the
binding to a broader spectrum of SSTR, especially hSSTR3,
a higher background activity is observed, as well as higher
doses to normal organs. In line with this observation,
despite higher tumor uptake, the Bad Berka group141 dis-
continued treatment with this substance.

[[9900YY]]DDOOTTAA--llaannrreeoottiiddee//[[117777LLuu]]
DDOOTTAA--llaannrreeoottiiddee
The first data (phase I/IIa trial) that suggested a significant
potential for [90Y]DOTA-LAN for SST receptor-positive
tumors were obtained in the Vienna–Innsbruck Multicen-
ter Study which was initiated in 1997. Subsequently, the
results of the European study MAURITIUS (Multicenter
Analysis of a Universal Receptor Imaging and Treatment
Initiative, an eUropean Study) confirmed the potential use-
fulness of [111In]/[90Y]DOTA-LAN for diagnosis/therapy 
in 154 patients with different tumor entities expressing
hSSTR.76 A further review of the MAURITIUS trial was
presented in May 2003, after 5 years of follow-up142

(Figures 21.4 and 21.5). The data analyzed included those
for 235 patients with neuroendocrine tumors, thymoma,
thyroid cancer, brain tumors, lymphoma, intestinal adeno-
carcinoma and some rare tumors.76 Patients had received
up to an accumulated dose of 8.5 GBq of [90Y]DOTA-
LAN which was applied in up to seven treatment applica-
tions. [90Y]DOTA-LAN was given either intravenously 
(121 patients), intra-arterially (21 patients), or by local
intratumoral injection (93 patients). Patients were at a
stage of progressive disease when entering treatment.
During the follow-up period, disease was evaluated by
repeated scintigraphy and computer tomography/magnetic
resonance imaging, documenting the response to therapy
(in terms of stable tumor disease, progressive disease, par-
tial remission, or complete remission), as well as by docu-
menting the time of progression of disease and quality of
life parameters. Overall results indicate that beneficial
effects can be suspected from therapy with [90Y]DOTA-
LAN. The 5-year follow-up period indicated that 37%
(40/109) of the patients treated with [90Y]DOTA-LAN had
stable disease and 18% (18/109) had partial remission of
tumor lesions. Objective response of quality of life meas-
urements was documented in 10–20% of patients, and sub-
jective response was found in 30–50% of patients. So far,
results of the MAURITIUS trial indicate that radiolabeled
SST analogs may be considered in patients with SSTR-pos-
itive tumors for size reduction and improvement of quality
of life parameters. Furthermore, the new tracer [68Ga]-
DOTA-LAN may provide helpful information in the pre-
therapeutic work-up of patients suitable for therapy with
[90Y]DOTA-LAN.143

[[113311II]]MMIIBBGG  aanndd  [[9900YY]]DDOOTTAA--TTyyrr33--
ooccttrreeoottiiddee
A potential advantage of combined [131I]MIBG
(metaiodobenzylguanidine) and [90Y]DOTA-TOC therapy
was recently proposed by the Iowa group144 on the basis of
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FFiigguurree  2211..44
Treatment evaluation with [68Ga]DOTA-LAN (where Lan is
lanreotide) versus [68Ga]DOTA-TOC. In this patient age 42 years
with lung carcinoid/neuroendocrine carcinoma, [68Ga]DOTA-
TOC-PET scanning as first choice modality was negative.
Therefore, therapy evaluation was performed with [68Ga]DOTA-
LAN, which indicated sufficient accumulation in the tumor
lesions. Following dosimetry, the patient is currently treated
with [90Y]DOTA-LAN. The estimated tumor dose was 15 Gy/GBq,
the dose to the kidneys 1 Gy/GBq, the liver dose 0.22 Gy/GBq,
the bone marrow dose 0.09 Gy/GBq, and the spleen dose 
0.56 Gy/GBq. The effective dose was 0.09 Sv.
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an analysis of published data. Because of the differences in
biodistribution and critical organ targeted therapy in NET
patients, such combined targeted therapy in NET patients
could provide a significant increase in the delivered tumor
dose over either agent alone. The magnitude of increase
depends on the relative dose delivered by each agent. The
optimal tumor dose for the combined agent will occur
when the dose per activity delivered to the tumor by the
[90Y]DOTA-TOC is 2–3 times that of [131I]MIBG.

PPrroocceedduurreess
SSeelleeccttiioonn  ooff  ppaattiieennttss  ffoorr
rraaddiiooppeeppttiiddee  tthheerraappyy
The various response rates reported for radiopeptide ther-
apy may at least be in part due to differences in patient
selection. In principle, all patients with tumors known to
express hSSTR are eligible for the application of high-dose
radiolabeled SST analogs, provided that the tumors
demonstrate sufficient uptake of the radiolabeled peptide
on scintigraphy.

It is still a matter of discussion at which stage of the 
disease we should start treatment with radiopeptides.

Most patients treated so far with radiolabeled peptides had
no other treatment option, were refractory to conventional
treatment strategies, and/or were at a progressive stage at
the time of the first treatment application. In fact, a ‘wait
and see’ attitude is not justified any longer, as results from
larger trials are nowadays available. Results from those cen-
ters who have treated larger numbers of patients point to
the fact that one can expect better treatment results, the
earlier therapy is initiated. Furthermore, the better is the
Karnofsky score the better also is the therapeutic outcome.

Another important parameter seems to be the uptake of
radiolabeled SST analog by the tumor. Therefore, a highly
positive scintigraphic study and a proceeding dosimetric
evaluation are prerequisite for the initiation of treatment
with radiolabeled peptides (Figure 21.1, Tables 21.5 and
21.6). Usually, patients who were included in therapeutical
trials had multiple sites of disease, as evidenced by scinti-
graphic and dosimetric evaluation with 111In/99mTc-labeled
peptides and/or by imaging with PET performed with 
86Y-/68Ga-labeled peptide analogs. Patients with less liver
involvement seem to respond better than those with exten-
sive liver burden.

In general, the clinical protocols available are designed
such that tumor uptake is controlled by dosimetry, or at
least by repeated scintigraphic studies which score the
tumor uptake prior to, and during the whole treatment and
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FFiigguurree  2211..55
Patient with small-cell lung cancer and only weak positive
[68Ga]DOTA-TOC binding to the recurrent lung tumor mass
followed by [68Ga]DOTA-LAN-PET prior to and after therapy 
(a) with 7.4 GBq [177Lu]DOTA-lanreotide (b). The estimated tumor
dose was 10 Gy/GBq, the dose to the kidneys 4.8 Gy/GBq, the
liver dose 6.6 Gy/GBq, the bone marrow dose 2.24 Gy/GBq, and
the spleen dose 1.85 Gy/GBq. The effective dose was 0.47 Sv.
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follow-up period. The MAURITIUS study61 included an
extensive dosimetry protocol, as also did the studies by the
Rotterdam Group together with the group in Brussels.130,137

Substances known to block hSSTRs such as octreotide or
lanreotide are usually withdrawn at least 7 days prior to a
planned dosimetric study and prior to each treatment
cycle. However, there are conflicting data on the withdrawal
of pre-existing therapy with long-acting SST analogs (see
below).

DDiissccoonnttiinnuuaattiioonn  ooff  ttrreeaattmmeenntt
Usually, treatment is discontinued if the patient shows pro-
gressive disease under treatment with the radiolabeled pep-
tide, or in the case of dose-limiting toxicity. Dose-limiting
toxicity is mostly regarded as the failure of kidney function.

DDiiaaggnnoossttiicc  aanndd  ddoossiimmeettrriicc
eevvaalluuaattiioonn
There is no standard dosimetry protocol available. At Inns-
bruck, the protocol for each patient follows standard
nuclear medicine procedures and includes serial whole-
body scintigraphies. For organ and tumor dose calculation,
regions of interest (ROIs) are drawn on every whole-body
scintigram at each acquisition time up to 72 hours. The
mean of the anterior and posterior counts is calculated for
large ROIs of the liver, spleen, kidneys, and urinary bladder.
In addition, ROIs are drawn for all tracer accumulations
regarded as tumor sites and background regions using the
software written for the camera analyzing system. The
background and decay are corrected to the time of injec-
tion. The derived residence times are used for organ dose
calculation on the basis of the Medical Internal Radiation
Dose (MIRD) concept for the organ dose calculation, and
the ‘nodule module’ option of the program for estimating
the self-s values of spherical tumors for tumor dose calcu-
lation, as described previously.145 The effective dose, as
defined by the International Commission on Radiological
Protection (ICRP), is also calculated. For the assessment of
tumor volume, conventional radiological techniques such
as CT and/or MRI are used.

The primary critical organ with radiopeptide therapy is
the kidney, because small peptides are filtered through the
glomerular capillaries and are reabsorbed by the proximal
tubular cells. In external beam radiation, the critical dose to
the kidneys is set in most protocols to about 30 Gy (or
below) accumulative dose of the radiopeptide. Some
groups have thus recommended infusion of positively
charged amino acids such as L-lysin or L-arginine to reduce
renal uptake of peptide radiotracers (see below).

There has been some debate on the type of tracer used
for diagnostic calculations, i.e. estimations. Adequate
dosimetry prior to peptide therapy is mandatory and the
most effective surrogate should be used, i.e. for instance
[86Y]DOTA-TOC for [90Y]DOTA-TOC therapy. However,
such isotopes are limited to only a few centers, and a more
widely feasible method should be used. In our opinion we
agree with the Basel group146 that dosimetry should be per-
formed with the same peptide used for therapy, and not
with OctreoScan® as a first choice tracer. Recent data have
also pointed out that there exist only minimal differences in
the pharmacokinetics of [111In]DOTA-TOC and [177Lu]
DOTA-TATE.147 Practically, if individual dosimetry is per-
formed in every patient and if several treatment cycles are
planned, dosimetry would be most adequate when being
performed during the first treatment cycle by adding the
111In-labeled substance. It has been the attitude that kidney
toxicity is the dose-limiting parameter. But no clear data
are available on the relation between absorbed dose and
irreversible renal toxicity in internal radiotherapy. There-
fore, the patient should not be excluded from beneficial
treatment due to strict settings which are not proven and
can be overcome.

DDoossee  aanndd  aaddmmiinniissttrraattiioonn  ooff
rraaddiioollaabbeelleedd  ppeeppttiiddee
The administration of radiolabeled peptides was done
either intravenously, intra-arterially, or intratumorally, for
example in the MAURITIUS trial.76,142,148 For intravenous
injections, many different regimens were used with either
radiopeptide. Starting with escalating doses in the early
phase 1 trials with [90Y]DOTA-TOC, fixed doses are given
in most of the clinical applications nowadays. A single
3.7–5.2-GBq dose of [90Y]DOTA-TOC per cycle can be
regarded as tolerable if the individual dosimetry data are in
favor of radionuclide therapy. With cumulative doses up to
15 GBq, usually the kidney dose of about 30 Gy is reached.
However, we have given cumulated kidney doses of 80 Gy
in individual patients treated first with [90Y]DOTA-LAN
and/or with [90Y]DOTA-TOC and/or [177Lu]DOTA-TOC,
over years, without seeing notable kidney toxicity (see also
Figures 21.3 and 21.4). Dosing of radiopeptides, in 
our point of view, is more complex than limiting the 
maximal tolerable dose to be applied to the estimation of
tolerable kidney dose that has only empirically been
adapted from external beam radiation to around 30 Gy.
Therefore, the calculated absorbed kidney dose can only be
a guideline for our therapy decision. The fact that NET
patients usually have no other treatment option makes
their exclusion from radiopeptide treatment ethically
unacceptable. The therapeutic situation is best displayed by
the reality that most of our patients have already undergone
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potentially nephrotoxic or hematotoxic therapies such as
[131I]MIBG, or cisplatin.

In most centers, therapeutic applications are repeated
only if the patient does not have dose-limiting toxic reac-
tions (i.e. World Health Organization (WHO) grade 4
hematological toxicity or grade 3 non-hematological toxic-
ity), has stable disease or tumor regression with measurable
persistent disease, and if the blood count, levels of hepatic
and renal function, and performance status in the ranges
originally required for patient entry into the study.

EEvvaalluuaattiioonn  ooff  tthheerraappeeuuttiicc
rreessppoonnssee
Tumor burden
Evaluation of the tumor disease response is performed
according to WHO standard criteria. Accordingly, disease is
classified as complete remission, CR (disappearance of all
tumor masses for a minimum of 4 weeks), partial remis-
sion, PR (decrease of all tumor masses by at least 50% with-
out appearance of new lesions for a duration of at least 
4 weeks), stable disease, SD (no significant regression (i.e.
> 50% of all lesions) or increase (i.e. < 25% of measurable
tumor masses, no new lesions), or progressive disease, PD
(increase of known tumour masses by > 25%, or appear-
ance of any new lesions).

As with other treatment modalities, CT and/or MRI are
performed repeatedly to measure tumor burden and to
document response to therapy. A tumor size dose–response
relationship is documented in most centers. In general, the
smaller are the tumor lesions in patients treated with 
radiolabeled peptides, the better is the response observed
for these particular lesions.

Time of regression/progression 
of disease
In addition to the evaluation of tumor disease response to
treatment, the time to disease progression and the survival
time are usually recorded. There are long-term data now
available.

Under therapy with [177Lu]DOTA-TATE, the median time
to progression in 103 patients who had either SD or tumor
regression was more than 36 months and thus this was more
beneficial as compared with chemotherapy.137 Also cardiac
adverse effects, as well as vomiting and hematological toxicity,
are much more frequent with chemotherapy than with treat-
ment with radiopeptides. Randomized trials have not estab-
lished a standard chemotherapy protocol, and most evaluated
chemotherapies have had response rates of < 20%.149

For [90Y]DOTA-TOC, the Rotterdam group, in 44 patients
with MRs, PRs, or SD documented a median time to pro-
gression of 30 months.131 The Milan group reported a
median duration of response of 9 months for a group of
21 patients.126

Long-term and survival statistics for patients treated
with [90Y]DOTA-LAN therapy are available in the form of a
5-year follow-up in patients with radioiodine-negative thy-
roid cancer including MTC.142 Improved progression-free
and overall survival was also reported by the London
group.150

Biochemical parameters
Tumor markers most commonly used for following the
treatment of respective tumor entities are measured before
and under therapy. Changes in laboratory parameters such
as in serotonin, gastrin, chromogranin, neuron-specific eno-
lase (NSE), or thyroglobulin serum levels have frequently
been found. However, no conclusions can be drawn on the
general behavior of hormone values in hormone-producing
tumor patients under ongoing therapy. However, an early
decline of the specific tumor markers reflects response to
radionuclide therapy, and therefore these parameters are reg-
ularly measured before each therapy cycle.

Quality of life parameters
In symptomatic patients, treatment with long-acting SST
analogs is the therapy of choice and is highly effective in
these patients for symptom reduction.151

Following treatment with radiolabeled SST analogs in
patients with metastasized tumors, with or without sys-
temic therapy with long-acting SST analogs (see below),
regardless of its effects on tumor shrinkage, improved qual-
ity of life was repeatedly reported.

In line with the generally accepted European Organiza-
tion for Research and Treatment of Cancer (EORTC) QLQ-
C30 questionnaire,152 we have evaluated the impact of
radionuclide treatment in patients undergoing therapy
with [111In]DOTA-LAN. Improvement in quality of life for
some months, sometimes over years, was reported for
patients in all MAURITIUS centers.76 Objective response of
quality of life measurement documented an improvement
in the quality of life in 10–20% of patients, and subjective
improvement was reported in 30–50% of patients. A reduc-
tion of general pain, bone pain reduction or relief, reduc-
tion of headache, and improvement of sleeping behavior,
appetite, weight, and general well-being were found. Most
patients with subjective improvement reported this after
single injections of therapy. The response of improved
quality of life was not dependent on the tumor response,
and was observed also in patients with progressive disease.
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In a more recent study, significantly improved global
health and quality of life parameters were also reported for
treatment with [177Lu]DOTA-TATE in patients with metas-
tasized GEP tumors.153 The score was significantly
increased 6 weeks after therapy. Furthermore, significant
improvement was observed in role, emotional, and social
function scales. The symptom scores for fatigue, insomnia,
and pain were significantly decreased. Most significantly,
patients with progressive disease also indicated an
improvement in their global health score.

In our patients we evaluate the pain intensity by quanti-
tative measurement of a visual analog score prior to and
during each therapy cycle with either [111In]DOTA-LAN or
[90Y]DOTA-TOC, and by recording the use of analgesics.
The Karnofsky score and vegetative symptoms such as
appetite, weight, bowel movement, miction, and sleep are
also recorded. The general well-being (from comfortable
feeling to discomfort) is evaluated by interviewing the
patient.

SSiiddee--eeffffeeccttss  ooff  ttrreeaattmmeenntt  wwiitthh
rraaddiioollaabbeelleedd  ppeeppttiiddee  aannaallooggss
Side-effects of receptor-mediated radionuclide therapy
concern mainly the critical organs, which are the kidney
and bone marrow (for review see also reference 154). Possi-
ble toxicity may be divided into acute and delayed. Acute
toxicity consists of a transient reduction in blood cells, with
the nadir occurring 3–5 weeks after therapy. Acute effects
such as nausea and vomiting appear to be related to the
coadministration of renal protective agents.

Renal toxicity
In the kidney, radiolabeled SST analogs are efficiently reab-
sorbed by cells in the proximal tubule of the nephron,
where a significant amount of activity is retained. Using
octreotide derivatives ([90Y]DOTA-TOC or [177Lu]DOTA-
TATE) a few patients were seen with renal problems,
reduced renal function, and over the years chronic renal
failure. After [90Y]DOTA-LAN, a reduced creatinine clear-
ance was seen in 2% of patients.

A recent long-term follow-up after therapy with
[90Y]DOTA-TOC and [177Lu]DOTA-TATE155 showed that
the time course of creatinine clearance after therapy was
compatible with the pattern of sustained loss in progressive
kidney disease. The infusion of large amounts of amino
acids reduces renal exposure during peptide-based radio-
therapy and allows higher absorbed doses to tumors.156

Several alternative amino acid regimens have been investi-
gated, and reduction of kidney dose reported was extremely
variable, with large interpatient variation amounting to

roughly 25–50%.126,127,155,156 It is difficult to derive from the
available studies a clear relationship between cumulative or
per-cycle radiation dose and renal damage. Obviously,
there is substantial variation in the kidney uptake of the
radiopeptide, which leads to different accumulated activi-
ties. With the assessment of renal toxicity by the commonly
used National Cancer Institute (NCI) grades 0–4 for serum
creatinine and blood urea nitrogen, it is difficult to predict
which patient will develop nephrotoxicity after radiopep-
tide therapy. There are several improvements. One, for
instance, was recently demonstrated by the Greek group,157

who showed a beneficial effect of DTPA co-infusion. DTPA
gravely decreased the blood pool indium-free (ionic) frac-
tion, and consequently the bone marrow and whole body
burden.

Bone marrow toxicity
Using octreotide derivatives ([90Y]DOTA-TOC or
[177Lu]DOTA-TATE), grades 3 and 4 hematological toxicity
were reported in a small number of patients (roughly 10%
of all patients treated) throughout the various clinical
trials. Single patients developed a myelodysplastic syn-
drome (MDS), whereas with [111In]DTPA-OC also acute
myeloid leukemia was seen (for review see reference 154).

None of the patients treated with [90Y]DOTA-LAN
developed any severe acute or chronic hematological side-
effect, or had significant changes in renal or liver function
parameters caused by this type of radiopeptide therapy
under the doses administered. Transient thrombocytope-
nia or lymphocytopenia grade 1–2 was found in roughly
10% of patients.

IImmppaacctt  ooff  ccoonnccoommiittaanntt  tthheerraappyy
wwiitthh  lloonngg--aaccttiinngg  aannaallooggss
According to the results obtained so far, there can be no
doubt about the wide therapeutic index and the high effi-
cacy of SST analogs in the symptomatic management of
NETs. Symptomatic improvements have been obtained in
about 60% of patients, and biochemical responses in
40–60%. The use of SST analogs as antineoplastic agents
outside of clinical trials is still questionable, as the optimal
dose and schedule of application has not been defined for
the currently used agents.158 Most of the reported side-
effects are gastrointestinal in nature and include minor
nausea, bloating, diarrhea, constipation, and steatorrhea.
The observation that SST inhibits the release of various
peptide hormones and therefore reverses many symptoms
attributable to NETs has also stimulated interest in its use
as an antiproliferative agent. From the studies reported so far,
several important conclusions can be drawn for the future.
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Following therapy with long-acting analogs, tumor
shrinkage was reported in many studies (for review see
reference 158). However, the doses used in many of the
trials seem to be too small to exert a marked tumor
response. High-dose treatment with SST analogs has
given significant antitumor responses in patients resistant
to standard doses of SST analog treatment. A combina-
tion α-interferon and SST analogs in patients resistant to
single treatment with either compound has generated sig-
nificant tumor reduction in about 25% of patients, with a
median duration of almost 2 years and further stabiliza-
tion in 60% of patients.

In our patients, we are following a treatment schedule
(Figure 21.1) that changes between cold and hot SST
analog. In fact, recent studies159 have indicated that chronic
octreotide does not influence the upregulation of SSTR on
tumor cells. Furthermore, no desensitization of SSTR,
tachyphylaxis, has been observed. This observation is very
important, as in patients on long-term octreotide treat-
ment, whether by frequent short-acting subcutaneous
injection, by continuous pump delivery, or by monthly
subcutaneous long-acting release, the efficacy of radioac-
tive therapy would be expected to decrease over time. This
study also suggested that cessation of the aqueous
octreotide for 48 hours before a diagnostic SSTR scan or
therapy is not required.

CCoonncclluussiioonnss
The overall results of receptor therapy with radiolabeled
SST analogs indicate that these molecular therapies have
their place in patients with SSTR-positive tumors for size
reduction, improvement of quality of life, and overall prog-
nosis. Serious side-effects are rare, especially in combina-
tion with amino acids for kidney protection. Patients
should always be evaluated by preceding SSTR scanning
and dosimetry using respective octreotide or lanreotide
analogs, preferably those used for PET. At the University of
Innsbruck the current evaluation procedure includes a
[68Ga]DOTA-TOC- and/or [68Ga]DOTA-LAN-PET scan,
followed by dosimetry with the 111In-labeled analog. This
procedure is repeated during therapy with the therapeutic
yttrium or lutetium analog.

Results with [90Y]DOTA-LAN therapy have pointed out
the clinical potential of SSTR-targeted radiotherapy in
patients with tumor sites expressing hSSTR. In particular,
the MAURITIUS trial documented the possibility of imag-
ing and treating specifically (receptor-mediated) cancer
patients in an advanced stage of the disease, with only mild
side-effects.76 Although all patients included in this trial
started [90Y]DOTA-LAN therapy when tumor disease was
progressive, disease control at a cost much less than that of
conventional chemotherapy was achieved in several patients.

A reduction of tumor size and improvement of quality of
life was found in a significant number of patients. It was
most notable that also in patients with progressive disease,
improved quality of life was observed. More recent 
long-term data on [177Lu]DOTA-TATE, in a large number
of patients, evidenced significant tumor shrinkage, improved
quality of life, and prolonged survival.137

Clinical improvement can be observed with
[177Lu]DOTA-TATE in patients pretreated with
[90Y]DOTA-TOC or [90Y]DOTA-LAN after relapse. It is
most notable that only a small number of serious adverse
events occurred in those centers retreating patients who
already had previously undergone a radioactive treatment
phase. In fact, in our patients, accumulated kidney doses
over 5–10 years were in the range as high as 50–80 Gy, with-
out a decrease in creatinine clearance over time. A good
response to any radioactive peptide therapy obviously is a
positive prognostic factor for further treatment with
radiopeptides.

Therapy might be improved by combining both
radionuclides, 177Lu and 90Y. The 90Y gives high doses to
tumors and also to areas with low SSTR expression and
heterogeneous tumor tissue. Because of the strong crossfire
effect, parts of the tumor that are either poorly differenti-
ated and therefore have a low density of SSTR2 subtype
receptors, and are poorly vascularized, can thus be reached.

The future treatment of NETs will be more individual-
ized, whereby the tumor biology and molecular genetics
play a major role. It is a general understanding that patients
with low proliferating tumors with a Ki-67 level < 3%
should receive biotherapy, SST analogs, α interferon, or
combinations of both. Patients with high proliferating
tumors with a Ki-67 above 10% are usually first treated
with cytotoxic treatment, streptozotocin plus 5-fluoro-
uracil, or cisplatinum plus etoposide. At progression,
tumor-targeted radiotherapy is considered. In fact, so far,
mostly patients with an advanced stage of tumor disease
have been treated with peptide receptor-mediated radionu-
clide therapy. Future therapeutic trials should discuss the
possibility of inclusion of patients at an earlier stage of dis-
ease and therefore be able to evaluate the possible potential
of radiopeptide therapy at an earlier stage of tumor disease.

There is also a need for randomized trials in order to
establish which treatment scheme and which radiolabeled
SST analog, or combination of analogs, is optimal for
radiopeptide therapy.

Our early results160 have indicated that chemotherapeu-
tic agents may modulate SSTR expression on tumor cells.
Targeted therapy combinations have demonstrated unique
promise, and also provide challenges related to timing, and
the dosage necessary to enhance efficacy and reduce over-
lapping toxicities. Enhancement of immunotherapy and
radioimmunotherapy has recently been demonstrated by
the use of combined molecular targeting. Regarding the
SST signaling pathway, the use of two biologic agents to

Therapy of neuroendocrine tumors 333333

9781841846149-Ch21  8/21/07  4:36 PM  Page 333



achieve therapeutic synergy by coactivation or blockade of
cancer cell signaling pathways was recently postulated by
the Rotterdam group.161 In particular, they linked octreo-
tate with RGD (Arg-Gly-Asp) peptides that are antagonists
of the avβ3 integrin receptors found on neovascular cells
and epithelial tumors. These peptides induce apoptosis in
vascular endothelium in only newly sprouting vessels.
Whereas an enhanced apoptosis was observed with this
bifunctional compound, the uptake of the radiolabeled
agent by the kidneys was considered not appropriately safe
for therapy. Members of our group162 have recently intro-
duced [18F]galacto-RDG-PET for non-invase determina-
tion of integrin receptor expression, with the goal of
providing important dose and time sequence information
for the development of effective therapy and clinical moni-
toring of these therapies. Anyway, such combinations 
provide new scientific dimensions for radionuclide peptide
or cancer therapy in general, as part of molecular targeted
regimens.

The incorporation of radionuclide therapy into clinical
protocols in combination with chemotherapy, immunother-
apy, or external beam radiation is an evolving new treat-
ment option for future targeted therapy protocols. The
concomitant benefit of radionuclide therapy (89Sr) and
chemotherapy (doxorubicin) in the treatment of patients
with painful metastases from advanced prostate carcinoma
was recently demonstrated.163 Similar beneficial effects
were reported for low-dose cisplatin in combination with
89Sr.164 Radiosensitization with gemcitabine after high-dose
[153Sa]EDTMP (ethylenediaminetetramethylenephospho-
nic acid) with stem cell support pointed out a significant
response in patients with osteosarcoma.165 In the field of
neuroblastoma166 the feasibility of [131I] MIBG (meta-
iodobenzylguanidine) in combination with chemotherapy
or myeloablative chemotherapy has been demonstrated.
Many other combination possibilities are nowadays evolv-
ing and find their way towards clinical trials. There exists
emerging interest in the oncological community and
industry in combining therapeutic radiopharmaceuticals
with other modalities such as immunotherapy, radiother-
apy, or chemotherapy. This trend is illustrated by the fact
that recognized, organizations – such as the International
Atomic Energy Agency (IAEA) – are currently setting up
clinical protocols of such combinations for the treatment
of malignancies with a higher incidence such as lymphoma
or prostate cancer. Recently, experts in ‘radiopeptides’ met
in Innsbruck167 to discuss the current status of clinical
applications. It was agreed that several aspects of informa-
tion on trial conduction, and the definition of response to
treatment, should be brought together into a common doc-
umentation file.

When we look towards radiation therapy, which is nowa-
days widely applied in combination with other modalities
for malignancies, the combination of peptide receptor ther-
apy with chemotherapy could aim at chemosensitization of

the antitumor effect of therapeutic peptides for internal
radiation.165 The synergistic antitumor effect could be
explored. The majority of NETs display tyrosine kinase
receptors, and new tyrosine kinase inhibitors might play an
important role in future treatment. Other molecules are
angiogenesis inhibitors (such as bevacizumab), which may
alone or in combination with cytotoxic agents have some
significance. Rapamycin (RAD001), an inhibitor on the
mTOR (mammalian target of rapamycin) signaling path-
way, alone or in combination with cytotoxic treatment,
might be of value for treatment in NET patients.

Of course, there is great demand for multi-institutional
trials on the concomitant use of therapeuticals. The avail-
ability of adequate facilities, and legislation, are restricting
progress. One of the major problems still is the availability
of these radiopeptides in general, and the request for new
and cheaper therapeutic radionuclides in particular.
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22
Therapy of bone metastases
Holger Palmedo

BBaacckkggrroouunndd
Radionuclide therapy of bone metastases represents a sys-
temic therapy administering open radioactive agents intra-
venously. It is the aim of each radiation therapy to apply a
maximal dose to the target – in this case bone metastases –
and a minimal dose to the rest of the whole body. The dose
to the rest of the body determines the frequency and inten-
sity of side-effects and limits treatment efficacy.

Bone metastases are frequent, and will occur for every
physician treating oncologic patients.1 Many solid tumors
generate bone metastases. Mainly, patients with breast,
prostate, and lung cancer are concerned. Over 60% of all
breast cancer patients develop osseous metastases of the
osteolytic or combined osteolytic/osteoblastic type during
the course of disease.2 A half of prostate cancer and a third
of lung cancer patients will show metastatic bone disease.
In prostate cancer, bone metastases are predominantly
osteoblastic.3

Once bone metastases are diagnosed, the disease must be
classified as incurable.4 At this stage, quality of life and pro-
longation of survival are the important parameters that
constitute the basis of further medical decision-making.

Although bone metastases are rarely the cause of cancer-
related death, they lead to serious complications:5 (1) 30–60%
of patients develop pain symptoms of diverse intensity;
(2) predominantly the osteolytic type has the tendency to
develop fractures, resulting in important morbidity; (3) a
hypercalcemic syndrome due to increased bone resorption
of osteolytic metastases can occur, and this can also appear
as a paraneoplastic syndrome; and (4) if there is extensive
metastatic disease the bone marrow can be destroyed, and
clinically relevant alterations to blood counts can be observed.

A chronic pain syndrome is the most important compli-
cation of bone metastases, having a negative impact on
quality of life and the social environment of the patient.
These patients represent the main indication for radionu-
clide therapy. Up to one-half of the patients do not receive
adequate pain treatment.6 About two-thirds of pain
patients complain about breakthrough pain, meaning a
contemporary appearance of strong pain in spite of the

intake of analgesics. It is therapeutically relevant that, in
most patients with breakthrough pain, optimization of
pain therapy is possible.6

From a pathophysiologic point of view, it is important to
differentiate nociceptor pain from neuropathic pain (nerve
pain). Nociceptor pain is mediated by free sensoric nerve
endings of the nociceptor cells that can be found through-
out the body.7 A large amount of nociceptors are located in
the skin, the skeleton musculature, the tendons, the joints,
and the intestine.8 Depending on their location, we differ-
entiate somatic and visceral or superficially and deeply
located nociceptor pain. Visceral excitations are frequently
projected to special skin regions, the so-called dermatoma.
While nociceptor pain is generally described by the patient
as being of a stinging, drilling, or dull character, neuro-
pathic pain is decribed as burning, and suddenly appearing
(e.g. in the case of nerve plexus infiltration).9 Therefore,
already patient interrogation leads to a differentiation
between the two pain entities. This is extremely important,
because radionuclide therapy is useful in nociceptor pain
patients but not for neuropathic pain.

Physiologically, the nociceptor is not activated unless
strong mechanical or thermal influences are present.10 This
makes sense as, for example, a warm object should not
cause painful sensations. However, the nociceptor can be
sensitized by the production of endogenous algesic agents:
an arthritis patient will suffer from pain even if smallest
movements and the slightest pressure are applied to an
affected joint. In these cases, substances such as
prostaglandin E, bradykinin, histamine, and interleukin act
as pain mediators, changing the microcirculation and per-
meability of the vessels and leading to a decrease of the
excitation level.11,12 Lymphocytes and macrophages assist
in this process. The simultaneous excretion of different
pain mediators can lead to an exponential increase of their
effect. This principle is known in the field of pharmacolog-
ical pain treatment, and therefore agents inhibiting the pro-
duction of, for example, prostaglandin E are successfully
administered to pain patients.

The nociceptor cell also can self-regulate its excitation level.
By secretion of the so-called substance P, vasodilatation and
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consequently an invasion of inflammatory cells and
enhanced secretion of pain mediators will occur. This
process is often called neurogenic inflammation.11

Bone metastases can generate pain either by a strong
mechanical impact to the nociceptor or by an osteoblastic-
and osteoclastic-induced excretion of pain mediators that
results in the described sensitization of the nociceptor.13

TThheerraappeeuuttiicc  aapppprrooaacchheess
Radionuclide therapy of bone metastases was begun
decades ago, with the administration of phosphorus-32.14

32P is incorporated in the DNA of rapidly proliferating cells
of the bone marrow as well as in the trabecular and cortical
structures of the bone. The ratio of 32P in normal bone to
that in metastatic tissue was calculated to be 1:2, and there-
fore relatively low.15 This inappropriate ratio and the 
frequently observed strong myelosuppression were the rea-
sons for abandoning phosphorus-32.

Since that time, a variety of β emitters have been investi-
gated for therapy of bone metastases (Table 22.1). The
maximal β-energy lies between 0.8 and 2.3 MeV, and the
average β-energy between 0.27 and 0.8 MeV. The electrons
deposit their radiation energy in a field of a few millimeters
around the place of decay. The physical half-life of the 
nuclides in Table 22.2 differs importantly in the range 
2–52 days. Therefore, the energy per time unit transferred
to the tissue varies from nuclide to nuclide, although the
total amount of radiation energy may be the same for two
radionuclides. Principally, the radiation dose can be
applied over a very short period necessitating a high dose
rate, or over a longer time period administering a radionu-
clide with a low dose rate. Since the aspect of killing tumor
cells has gained more and more importance, new treatment
schemes that use repeated radionuclide applications and

that administer radionuclides combined with low-dose
chemotherapy are increasingly favored.

The two calcium analogs strontium-89 chloride and
yttrium-90 are taken up by bone to an extent dependent on
the intensity of the osseous metabolism.16–18 Strontium-89
is excreted renally to 70–90%, and is eliminated from the
vascular compartment within a few hours.19 Exept for bone
uptake and excretion via the urinary system, there is no
accumulation in any organ system. Depending on the
extension of metastatic disease the tracer uptake in the
skeletal system ranges between 12 and 90% of the adminis-
tered activity. The more extensive are the bone metastases,
the quicker is the blood clearance into the skeleton. The
accumulation of strontium-89 chloride in metastatic
lesions is 5–20 times as high as the accumulation in normal
bone tissue. Ninety days after administration, 20–88% of
the injected strontium-89 activity was found in metastatic
bone lesions.20 The effective half-life was calculated to be
over 50 days, and thus strontium-89 chloride delivers a low
dose-rate radiation.

A different radiopharmaceutical option is to label
radionuclides to phosphonates that are known to have a
high osteoaffinity. In the diagnostic field, this principle was
realized by introducing bone scintigraphy into clinical 
routine, and transferred to therapy after the development
of radiopharmaceuticals such as samarium-153 ethylenedi-
aminetetramethylenephosphonate ([153Sm]EDTMP) and
rhenium-186 hydroxyethylidenediphosphonate ([186Re]
HEDP).21,22 Also, these agents are excreted mainly by the
kidneys, and they disappear rapidly from the vascular 
compartment.23,24 Twelve hours after administration, 50%
of the administered activity of [186Re]HEDP and [153Sm]
EDTMP has been eliminated renally. The uptake in the
skeleton is in the range 20–30% and 30–50% of the injected
dose for [186Re]HEDP and [153Sm]EDTMP, respectively.
Depending on the intensity of bone metabolism, the radio-
labeled phosphonates are accumulated via adhesion to
bone and bone metastases. The accumulation in metastatic
lesions is between 3 and 20 times as high as in normal bone.
The effective half-life of [186Re]HEDP and [153Sm]EDTMP
lies in the range of 2–3 days.

All commercially available radiopharmaceuticals for
bone palliation ([89Sr]chloride, [186Re]HEDP, and [153Sm]
EDTMP) do not accumulate in the tumor cell itself but
they are deposited in close vicinity in the bone, emitting
radiation to the tumor and pain mediator cells. The higher
is the β-energy of the radionuclide, the longer is the range
of electrons into the tissue. Since bone is characterized by
high-energy absorption, the range of therapeutic electrons
emitted by osteotropic radionuclides does not reach more
than a few millimeters at maximum.

The creation of bone tissue takes place around conglom-
erations of tumor cells in primitive tumor bone or
osteoid.25 If osteolytic metastases are present, a broad line
of resorption lacunes is found at a distance of 80–100 µm

334422 Advances in Nuclear Oncology

Table 22.1 Nuclide and carrier of the
radiopharmaceutical

Nuclide Carrier

Strontium-89 Chloride

Samarium-153 EDTMP

Rhenium-186/188 HEDP

Yttrium-90 Citrate

Phosphorus-32 Orthophosphate

EDTMP, ethylenediaminetetramethylenephosphonate; HEDP,
hydroxyethylidenediphosphate.
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from the tumor borders.26 In the case of osteoblastic metas-
tases, resorption lacunes are rarely found. Typically, the tra-
beculae are covered by freshly produced bone tissue and the
agent is integrated deeply in the bone structure. Therefore,
the accumulation of radiopharmaceuticals is much higher
in osteoblastic than in osteolytic metastases, with ratios of
1:15 and 1:3, respectively. The uptake of the radionuclide
determines the therapeutic dose in the bone metastases,
and, thus, the predictive value of bone scintigraphy previ-
ous to treatment is indispensable, even if osseous metas-
tases have already been diagnosed by other imaging
modalities.

To calculate the radiation dose applied to tumor tissue
and organs, different methods are used,27–29 showing a
deviation in the calculated to the real dose of up to 50%.
Generally, a time–activity curve is generated over the
region of interest (ROI), e.g. a reference metastasis, by
ROI analysis of multiple whole-body scintigrams. The
area under the curve represents the accumulated activity,
which has to be normalized to the target volume and must
be multiplied by the S-value. The S-value contains
nuclide- and tissue-specific parameters such as the average

energy per decay and radiation sensitivity of the con-
cerned tissue.

Using different models of dosimetry, the dose to bone
metastases was calculated for [89Sr]chloride and [186Re]
HEDP to be 60–600 mGy and 11–108 mGy per MBq admin-
istered activity, respectively (Table 22.3).27–29 If a standard
dose of 4 mCi [89Sr]chloride, 70 mCi [153Sm]EDTMP, and 
35 mCi [186Re]HEDP is taken into account, the radiation
dose to bone metastases lies between 8 and 90 Gy, 10 and 
70 Gy, and 14 and 140 Gy, respectively (Table 22.3). Normal
bone tissue receives a dose between 1 and 2.5 Gy, which is
significantly below that of metastatic lesions. The variation
of radiation dose in osseous metastases can be explained by
the different intensities of radionuclide accumulation in the
metastases. This stresses the importance of pre-therapeutic
scintigraphy to perform at least a visual estimation of the
tumor uptake and to predict therapy response.

The organ doses are also listed in Table 22.3, demon-
strating that the kidneys and bladder receive non-critical
doses. Obviously, the critical organ is the bone marrow
that is exposed to doses between 1 and 1.5 Gy. At this level,
first alterations to blood counts can be expected.27–29
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Table 22.2 Physical properties of radionuclides used for treatment of bone
metastases

Nuclide 89Sr 153Sm 186Re 188Re 32P 90Y 117Sn

Half-life (days) 52 2.1 3.8 0.7 14 2.7 13.6

βmax energy (MeV) 1.4 0.8 1.1 2.1 1.7 2.27 CE

Maximum range (mm) 6.6 3.7 4.6 10.0 8.1 10.9 0.9
(soft tissue)

CE, conversion electrons.

Table 22.3 Organ doses and whole-body dose for commercially available
radiopharmaceuticals using standard amount of applied radioactivity

Radiation dose (Gy/Sv)

Organ [89Sr]chloride (4 mCi) [153Sm]EDTMP (70 mCi) [186Re]HEDP (35 mCi)

Kidneys 0.9 0.8 1.4

Bladder 0.2 0.6 0.63

Bone 2.5 1.5 1.05

Bone marrow 1.6 1.2 0.97

Metastases 8–90 10–70 14–140

Whole body 0.43 0.23 0.105
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PPrroocceedduurreess
PPaaiinn  tthheerraappyy
The application of radionuclides for the treatment of
painful bone metastases has been investigated for some
decades. Beginning in the 1960s, the first nuclide adminis-
tered for pain therapy of multiple osseous metastases was
phosphorus-32.14 Since that time many different radio-
pharmaceuticals including [89Sr]chloride, [90y]citrate,
[186Re]HEDP, [153Sm]EDTMP, [177mSn]DTPA (where DTPA
is diethylenetriaminepentaacetic acid), and [188Re]HEDP
have been investigated. Even this list is not complete, and
therefore this chapter can only be confined to the most
important agents.

First [89Sr]chloride (89Sr) must be mentioned, with
which the nuclear medicine community has gained the
largest experience. Laing et al.30 treated 119 prostate cancer
patients with painful metastatic bone disease, who did not
respond to conventional therapy, by application of 89Sr.
A total of 75% of the patients demonstrated a marked
improvement of pain status, and every fifth patient was
almost completely pain-free. The effect of 89Sr treatment
began 10–20 days post-injection, and reached a maximum
after 6 weeks. Pain improvement lasted for 6 months on
average, with a variation between 4 and 15 months. This
group evaluated the efficiency of treatment by pain inten-
sity, change of pain medication, the patient’s mobility, and
a score for the patient’s general condition. The authors
could not find a significant advantage of a dosage of
3.0 MBq per kilogram body weight over that of 1.5 or 
2.2 MBq per kilogram, resulting in a recommended dose of
150 MBq or 4 mCi of 89Sr. This dose has been considered
the standard dosage since that time. Lewington et al.31

performed a randomized, placebo-controlled, double-
blind study in prostate cancer patients who were refractory
to hormonal treatment and external radiation therapy.
The patients treated with 89Sr showed significantly better
pain reduction than did patients of the placebo group. Also
in this study, the evaluation of efficacy comprised all the
abovementioned parameters of Laing’s study. Considering
that these patients were end-stage patients who had failed
all conventional therapy, the effect of 89Sr treatment is
impressive. Further studies confirmed the beneficial effect
of 89Sr for pain treatment in prostate cancer patients.
Quilty et al.32 could demonstrate in 284 prostate cancer
patients that one injection of 89Sr is as efficient as 
hemibody irradiation, which frequently shows intolerable
side-effects.

Among the group of the new radiopharmaceuticals,
[153sm]EDTMP (153Sm) and [186Re]HEDP (186Re) are the
most studied and also commercially available agents. In a
double-blind and placebo-controlled study, Serafini et al.33

investigated the effect of 153Sm in 80 prostate cancer
patients. Four weeks after the injection of a single dose of

1.0 mCi per kilogram body weight, an improvement of the
pain situation was observed in 72% of the patients. In 31%
of cases, almost complete pain reduction could be found.
Four months after the treatment, 43% of the patients
showed a continuing improvement of pain symptoms.
In this study, a visual analog scale for different regions of
the body, the consumption of analgesics, and a pain scoring
system performed by the physician served as criteria for
treatment response. The response rate of the 153Sm group
was significantly better than that of the placebo group, who
showed a response rate of 40% and 2% after 4 weeks and 
4 months, respectively. Furthermore, the study delivered
evidence that a dose of 1.0 mCi per kilogram body weight
results in pain reduction more frequently and for a longer
period than a dose of 0.5 mCi per kilogram body weight.
However, Tian et al.34 could not confirm in their multicen-
ter trial that the two different doses of 153Sm had different
effects in pain palliation. Collins et al.35 reported that the
beginning of pain alleviation can be expected after 7–14 days.
Also, for 186Re Maxon et al.29 could demonstrate in a group
of 20 patients that a significant improvement of pain could
be achieved in 80% of cases after a single injection. The
investigated parameters were a special pain and analgesic
index. They used a standard dose of 30–35 mCi per patient.
Our own experience in 30 patients with osseous metastases
due to different tumor types revealed a response rate of
70% and an average time of 4 weeks for pain relief, begin-
ning 1 week after injection of 186Re.36 The main criterion of
treatment response was the visual analog scale. Also, the
follow-up study published by Schoeneich et al.37 in 
44 patients confirmed these results. In all cited studies,
treatment consisted of a single injection of 35 mCi 186Re.
Quirijnen et al.38 performed a dose escalation study in 
43 prostate cancer patients, investigating the effect of 186Re
in dosage groups of 35 mCi, 50/65 mCi, and 80/95 mCi. The
authors used a multimodality score to determine the pain
situation, consisting of the parameters pain intensity, anal-
gesic consumption, and general activity of patients. The
development of the single parameters, scored accordingly,
was then transferred to a total overall score using a special
algorithm. Referring to these very strict criteria, the 
groups with an activity of 35 mCi, 50/65 mCi, and 80/95 mCi
showed a response rate of 33%, 78%, and 70%, respectively.
Although the correlation of response rate and dosage was
not statistically significant, there is a clear tendency favor-
ing the dose of 50–65 mCi. Unfortunately, the commer-
cially available standard dose of 35 mCi (1.3 GBq) 186Re was
not increased to 65 mCi (2.4 GBq). Han et al.39 conducted a
double-blind, placebo-controlled, randomized trial testing
186Re in hormone-resistant prostate cancer patients with
painful bone metastases (Placorhen (placebo-controlled
rhenium) study). They included 111 patients and assessed
pain relief using an electronic pain diary, containing 
questions reflecting the multidimensional character of
chronic pain. The total response of patients treated with
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186Re was statistically significantly better than that of the
placebo group. Also, the rate of patients requesting addi-
tional radiotherapy was lower in the 186Re group at 44%
than that in the placebo group at 67%. Amazingly, the over-
all response rate to 186Re was only 30% on average. One
reason for this might be the aforementioned low-dose
activity of 186Re that was also used in the Placorhen trial. In
summary, there are sufficient evidence-based data to con-
firm the benefit of radionuclide therapy as an effective
treatment modality of painful osseous metastases in hor-
mone-refractory prostate cancer patients.

These radiopharmaceuticals have not been exclusively
used to treat prostate cancer patients, but also other tumors
such as breast cancer and lung cancer. The tumor most fre-
quently studied after prostate cancer is carcinoma of the
breast. Robinson40 reported a response rate of 81% in
breast cancer patients with multiple bone metastases,
investigating 500 patients with different tumors retrospec-
tively after injection of 89Sr at a standard dose. Baziotis 
et al.41 treated 64 breast cancer patients by a single injection
of 2 MBq per kilogram body weight of 89Sr. They found an
improvement of the pain situation in 80% of cases, includ-
ing 35% of patients demonstrating almost complete pain
relief. The average time of response was 3 months.

In the case of the radiopharmaceutical [153Sm]EDTMP,
the already mentioned studies by Serafini et al. and Tian 
et al. also investigated breast cancer patients.33,34 They report
effective pain therapy in 72–85% of metastatic bone dis-
ease, with a mean duration of 1–2 months. After 4 months,
the response rate was still at a level of 43%. Hauswirth 
et al.42 prospectively investigated 17 breast cancer patients
receiving 35 mCi 186Re, and found a response rate of 60%
and a mean duration of response of 5 weeks. Our follow-up
study in 30 patients confirmed these data, and showed that
repetition of treatment could prolong the duration of pain
relief.43 Han et al.39 investigated 24 breast cancer patients in
a dose-escalation study, administering doses between 
35 mCi and 80 mCi, and assessed therapeutic effect by a
multimodality pain evaluation scoring system. They also
found a response rate of 60%, and a mean duration of
1 month. In summary, also in breast cancer patients, there
is evidence that radionuclide therapy is effective in palliat-
ing painful bone metastases.

AAnnttiittuummoorr  tthheerraappyy
In a randomized, placebo-controlled phase III study, Porter
et al.44 investigated the efficacy of 89Sr treatment for 
hormone-refractory prostate cancer patients as an adjunct
to radiation therapy. They irradiated 126 patients with multi-
ple osseous metastases, progressive disease, and a significant
pain syndrome by external beam therapy, and adminis-
tered additionally either placebo or 89Sr. Besides the pain 

documentation, the authors registered the frequency of
newly appearing painful bone metastases and also the over-
all survival. Three months after radiation therapy, the rate
of new osseous metastases was 66% and 41% in the placebo
group and the 89Sr group, respectively. This difference was
statistically significant. Also, the time interval between 89Sr
or placebo injection and a second external beam irradia-
tion, due to recurrent pain symptoms, was significantly
longer for the 89Sr group at 35 weeks than for the placebo
group at 20 weeks. This tumoricidal effect was confirmed
by laboratory testing of prostate specific antigen (PSA) and
alkaline phosphatase. More patients in the 89Sr group
demonstrated a reduction in pain of over 50% within the
first 4 months after treatment. These results were con-
firmed by a different study performed by Quilty et al.32 in
284 prostate cancer patients with bone metastases. In this
study, one patient group received either local radiation
therapy or hemibody irradiation depending on the site and
extent of metastases. The other patient group underwent a
single injection treatment with 89Sr. Comparing both
groups it was observed that pain reduction was equivalent;
however, new pain foci were significantly less frequent in
the 89Sr group, even when compared to hemibody irradiation.
The necessity of new radiation therapy due to these new
pain sites was also less frequent in the 89Sr group when
compared to local radiation therapy, but not when com-
pared to hemibody irradiation.

Both cited studies give evidence that radionuclide ther-
apy with 89Sr is more than pure pain palliation, and cer-
tainly has a tumoricidal effect. This favors an earlier rather
than late-stage administration of 89Sr in prostate cancer
patients, ideally combined with external radiotherapy.
In the cited studies, no prolongation of overall survival
could be proved for 89Sr. To enhance survival, it seems that
an additional antitumor effect is necessary (see ‘New treat-
ment strategies’ below).

Looking at the dosimetric data (Table 22.3) it becomes
quite clear that the organ limiting therapeutic dosage is the
blood cell generating system. No other organs are affected by
side-effects. It is known that blood cell counts can change if a
dose of 1 Gy or more is applied. Therefore, the most relevant
side-effect of radionuclide therapy of bone metastases is
thrombo- and leukopenia. If the mentioned standard doses
are applied for the different radionuclides and if pretreatment
blood counts are normal, changes of blood counts are mod-
erate. However, for patients who have received chemotherapy,
it may be necessary to take into account that the bone marrow
reserve is limited. In these cases, blood counts must be con-
sidered more critical, and a certain time interval (generally
the time to the expected nadir of thrombo- or leukopenia)
must be accepted before a new myelosuppressive treatment
can be started. Also, it may be necessary to reduce the dosage
of the radionuclide for treatment.

In the British multicenter study, Quilty et al.32 describe
that leuko- and thrombocyte counts demonstrated an average
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decrease of 30–40% compared to baseline values after the
injection of 200 MBq (5.4 mCi). The average interval of
the maximal decrease (nadir) of thrombo- and leukocytes
was 6 weeks (4–8 weeks). In the follow-up, blood counts
increased again but at week 12 after injection, baseline
levels were not yet reached. Significant toxicity (World
Health Organization (WHO) grades III and IV) of blood
count was observed in only 7% of patients. In the cited
study, only one patient needed a thrombocyte concentrate
due to treatment-related toxicity. The erythrocyte count
and hemoglobin levels were not altered by radionuclide
therapy. In comparison to 89Sr therapy, hemibody irradia-
tion resulted in twice as many blood transfusions. Also
nausea, vomiting, and diarrhea were observed four times
more frequently after hemibody irradiation. Laing et al.30

confirmed in their study that the main side-effect was throm-
bocytopenia, with an average decrease of 25% and a nadir at
week 6. No patient showed a toxicity of more than grade II.

Also, [153Sm]EDTMP and [186Re]HEDP led to mild
hematotoxicity if a dose of 1.0 mCi/kg body weight and of
35 mCi were administered, respectively. The nadir of the
20–30% decrease of thrombo- and leukocytes was found to
be at week 4–5. In contrast to 89Sr, after injection of these
newer radionuclides, baseline levels were reached at week 8
post-injection. Erythrocyte counts and hemoglobin did 
not change, and toxicity was maximally grade II. If higher
doses of [153Sm]EDTMP (> 2.0 mCi/kg body weight) and
[186Re]HEDP (> 70 mCi) were used, grade III or higher tox-
icity could occur.

The patient must be informed that pain syndromes
might be aggravated for some days (flare effect), and return
to the initial level afterwards. Rarely, it is necessary to
increase the pain medication in this situation. In the author’s
experience, the flare phenomenon is less frequent than
described (up to 30% of cases).

There are some cases in the literature describing tempo-
rary paresis and paresthesia for [186Re]HEDP in patients
with extensive metastatic disease of the skull base and of
the vertebral column. However, this might also be caused
by progressive bone metastases. After more than 400 treat-
ments with rhenium-labeled HEDP, we could not observe
any patient who developed temporary paresis and pares-
thesia due to radionuclide therapy. Conversely, one patient
with pre-therapeutic, unilateral hypoglossus paresis
showed a significant improvement of tongue movement
after [188Re]HEDP treatment. Eight weeks after radionu-
clide therapy, paresis had completely disappeared.

NNeeww  ttrreeaattmmeenntt  ssttrraatteeggiieess
To enhance the effect of radionuclide therapy on cancer cells,
the following new strategies have recently been investigated:
combined radionuclide and chemotherapy, high-dose
radionuclide therapy, and repeated radionuclide therapy.

It is known that special cytotoxic agents such as cisplatin
work as radiosensitizers.45 This means that the addition of
chemotherapy and radiation therapy not only has an accu-
mulative effect on tumor cells, but should result in an expo-
nentially increased cell killing. If both treatment modalities
are applied simultaneously, however, also the side-effects
will increase. Therefore, the administration of a reduced-
dosage protocol for chemotherapy would mean that side-
effects could be kept on a stable level, but efficiency would
grow due to a higher tumoricidal effect of the combination
therapy.

Yet in 1992 Mertens et al.46 investigated 18 hormone-
refractory prostate cancer patients who received a combi-
nation of 4 mCi 89Sr and a low-dose cisplatin infusion 
(35 mg/m2). They observed good pain palliation and an
improvement in hemoglobin, tumor markers, and bone
scans in some patients. Sciuto et al.47 randomized 70 patients
with painful bone metastases either to group A receiving
148 MBq 89Sr and 50 mg/m2 cisplatin or to group B receiv-
ing 148 MBq 89Sr plus placebo. The follow-up was until
death, to evaluate outcome. Overall pain relief occurred in
91% of patients in arm A and 63% of patients in arm B,
with a median duration of 120 days in arm A and 60 days in
arm B. New painful sites on previously asymptomatic bone
metastases appeared in 14% of patients in arm A and in
30% of patients in arm B. The median survival without
new painful sites was 4 months in arm A and 2 months in
arm B. Sciuto et al.47 observed a progression of bone disease
in 27% and 64% of patients in groups A and B, respectively.
This shows quiet clearly that the progression of bone
metastases is slowed down by combined therapy, and that,
therefore, new painful sites are significantly less frequent.
This improves, importantly, quality of the remaining life,
especially because hematologic toxicity is moderate.
Between both arms of the cited study, there was no signifi-
cant difference in side-effects. Median global survival was
better at 9 months for combined therapy (only 6 months
for 89Sr alone), but this was not statistically significant.
That also overall survival can be improved by combined
chemo- and radionuclide therapy was demonstrated by a
study of Tu et al.48 They investigated 103 patients with
advanced, hormone-refractory prostate cancer, and per-
formed induction chemotherapy consisting of ketocona-
zole (400 mg orally thrice daily for 7 days) and doxorubicin
(20 mg/m2 at weeks 1, 3, and 5) alternating with estramus-
tine (140 mg orally thrice daily for 7 days) and vinblastine
(4 mg/m2 intravenously on the first day of every week).
After two or three cycles of induction chemotherapy,
72 patients who were clinically stable or responders were
randomized to one group receiving chemotherapy with
doxorubicin and 89Sr or to a second group receiving
chemotherapy alone. Chemotherapy with doxorubicin 
was administered weekly for 6 weeks and 89Sr was given 
at week 1 at a dose of 2.035 MBq per kilogram body 
weight (approximately 4 mCi for a 70-kg person). A sub-
stantial (more than 80% from baseline) and continued 
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(for at least 8 weeks) decrease of PSA values was observed
in 72% and 36% of the combined (doxorubicin plus 89Sr)
and of the doxorubicin-alone treatment group, respec-
tively. The median time to progression was significantly
longer after combined therapy at 13.9 months in contrast
to 7.0 months after pure chemotherapy. The median sur-
vival of patients also increased from 16.8 months
(chemotherapy alone) to 27.7 months after additional injec-
tion of 89Sr. Moreover, 52% of patients with bone pain
showed a complete resolution of pain. The authors hypothe-
size that 89Sr not only is responsible for an additional tumo-
ricidal effect but also has an impact on the microenvironment
of the bone (e.g. paracrine growth factors), leading to an
increasing resistance against metastatic tumor cells.

Akerley et al.49 performed a multicenter study in hor-
mone-refractory prostate cancer patients using estramus-
tine (600 mg/m2 daily in weeks 1–4 and 7–10) and
vinblastine (4 mg/m2 intravenously, each week, in weeks
1–4 and 7–10) combined with 89Sr 2.2 MBq per kilogram
bodyweight (equaling 4 mCi for a 70-kg individual).
Courses were repeated every 12 weeks, meaning that
repeated doses of 89Sr were applied. The authors assessed
treatment response based on a change in the serum PSA
level. A greater than or equal to 50% decline of PSA for at
least 6 weeks was observed in 21 of 44 patients (48%), with
a mean duration of response of 23 weeks. Hematologic 
toxicity was within the expected range. This study is 
interesting because it shows that the addition of 89Sr to
chemotherapy and its repeated administration is safe and
effective. Furthermore, also this study confirms that there is
a tumoricidal effect on the prostate cancer cells. Repeated
injections of radionuclide seem to enhance the treatment
efficacy. However, clinicians are often concerned about
hematological toxicity when radionuclide therapy is repeated
or administered simultaneously with chemotherapy. Tu
and colleagues50 investigated, in a subgroup analysis,
34 prostate cancer patients who had undergone combined
chemotherapy with doxorubicin and a single 89Sr injection.
Subsequently, they assessed hematotoxicity in terms of
bone marrow failure and the ability to tolerate additional
treatments during a median of 25 months follow-up after
89Sr administration. Within the 6 months after receiving
89Sr, no patient developed bone marrow failure. Five of
34 patients developed bone marrow failure at a median of
23 months after 89Sr treatment. Bone marrow biopsy per-
formed in two of these five patients showed complete
replacement of the marrow by tumor cells. In the remain-
ing three (9%) patients, differentiation could not be made
between tumor cell invasion and bone marrow aplasia orig-
inated by β irradiation. However, these data show that 
bone marrow failure, even after simultaneously applied
chemotherapy and radionuclide treatment, is rather unlikely,
and if suspected also aplasia induced by diffuse bone marrow
infiltration must be considered. This has to be kept in mind
when clinicians blame radionuclide therapy predominantly
for bone marrow failure. This seems not to be justified.

Furthermore, it is evident that a therapeutic regimen
applying chemotherapy and radionuclide therapy sepa-
rated by a time interval of 4–8 weeks or more is substan-
tially less toxic for the bone marrow than a treatment
affecting simultaneously the hematopoietic system. In the
therapy tolerance study of Tu et al.,50 91% of patients
received subsequent cytotoxic treatments at a median of 11
months after 89Sr injection. In their analysis, the authors
state that a single dose of 89Sr combined with chemother-
apy did not affect the delivery of subsequent courses of
chemotherapy in a selected patient group.

As a further cytotoxic agent, gemcitabine has been inves-
tigated in combination with 89Sr in patients with androgen
independent prostate carcinoma and bone metastases.
Pagliaro et al.51 performed a phase I/II study applying gem-
citabine at a dosage of 600 mg or 800 mg/m2 on days 1, 8,
15, 43, 50, and 57, and a single dose of 89Sr (55 µCi/kg,
equaling almost 4 mCi for 70 kg body weight) on day 8. The
authors treated 15 patients, but there was no response
measured by PSA concentration. However, six patients had
stable disease. The authors conclude that 800 mg/m2 gem-
citabine is the maximal tolerated dose for the combination,
and that a response rate over 10% cannot be expected.
Therefore, further studies with gemcitabine at the indicated
dosage and schedule are not warranted.

Another new approach to enhance the efficacy of radionu-
clide therapy is to repeat the injection, aiming at a higher
radiation dose. Rhenium-188 hydroxyethylidenediphos-
phonate ([188Re]HEDP) is a new radiopharmaceutical that
we have previously investigated for pain palliation of bone
metastases.52 We have shown that the application of
[188Re]HEDP in humans is safe, and that pain palliation
can be achieved in about 70% of patients. A major advan-
tage is that rhenium-188 is inexpensively available on
demand from a 188W/188Re generator, and a kit is available
for easy radiolabeling of the bone-seeking hydroxyethyli-
denediphosphonate (HEDP). The most important physical
characteristics of 188Re are its emission of high-energy 
β particles with a maximal energy of 2.1 MeV and a rela-
tively short physical half-life of 17 hours. Therefore 188Re is
readily available, and due to its high dose constant it offers
the possibility of repeated therapy without additional costs,
compared to those of a single injection. We performed a
prospective phase II trial in 64 hormone-refractory
prostate carcinoma patients who were randomly assigned
to one of two groups.53 One group (group A) received a
single injection of [188Re]HEDP, and patients in the other
group (group B) received two injections (interval 8 weeks).
After therapy, patients were followed up by assessment of
pain palliation and clinical outcome until death. In both
groups, toxicity was low, with moderate thrombo- and
leukopenia (maximum common toxicity criteria (CTC)
grade II). The effectiveness of [188Re]HEDP for pain pallia-
tion with repeated treatment (group B) was significantly
better, with a response rate and time of response of 92%
and 5.66 months, respectively. In this group, 11 (39%) of
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Post therapy Rhenium-188 HEDP scintigraphy from ventral and dorsal view (a). The patient had prostrate cancer diagnosed 4 years
ago (initially pT3 N0 M1, PSA 1570 ng/ml). Under antiandrogene treatment, the PSA value was decreased to 30 ng/ml and kept
stable at this level for 2 years. In the following 2 years, PSA value rised to 930 ng/ml despite different hormonal treatment
regimens. The patient complained about pain in the entire vertebrae (visual analog scale 4) although he was taking pain
medication. We applied a total of five rhenium-188 HEDP injections over almost one year. The pain medication could be
discontinued after pain was reduced significantly (VAS 1 only lumbar spine). PSA-value decreased to a minimum of 466 ng/ml after
the second therapy cycle. The pain situation could be kept stable for almost one year (b). Post-therapy scintigraphy with 
rhenium-188 HEDP only showed minor regression of metastatic sites in the lumbar spine and the pelvis (c).
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28 patients had a PSA decrease of more than 50% for at
least 8 weeks, in comparison to two (7%) of 30 patients in
the single-injection group (group A). The median times to
progression of group A and group B were 2.3 and 7.0 months,
respectively, and the median overall survival times of
group A and group B were 7.0 months and 12.7 months,
respectively. These differences were statistically signifi-
cantly different. Our data confirm that bone-targeted ther-
apy with high-energy [188Re]HEDP has an antitumor effect
in prostate cancer patients, resulting in a better clinical 
outcome. One advantage of a short-living radionuclide
such as [188Re]HEDP is that it can deliver a high dose rate,
meaning a high radiation dose within a relatively short
time interval. Moreover, we think that the high electron
energy (2.1 MeV) of [188Re]HEDP is an important factor.
This results in electrons ranging from approximately 3 to
5 mm in osseous tissue. We suppose that the high-energy
radiation of [188Re]HEDP reaches the tumor tissue, which
is surrounded by bone trabeculae. This would lead to cyto-
toxic effects in the outer layers of the tumor. By repeating
treatment with [188Re]HEDP within an interval short
enough to avoid new tumor growth, the following tumor
layer could be eradicated (onion peeling). We believe that a
time interval even shorter than 6–8 weeks would be more
effective, and that therapy might be repeated several times
to enhance the cytostatic effect. This seems to be possible
because toxicity, which was limited to the bone marrow,
was very moderate after repeated treatment with [188Re]HEDP.
Recently, we have been evaluating our experience in
patients treated with up to six cycles of radionuclide ther-
apy. In our experience, it seems that patients can signifi-
cantly benefit from multiple injections of [188Re]HEDP
without increasing the rate of bone marrow failure and
without inhibiting further chemotherapy.

A third new approach is the application of high-dose
radionuclide therapy necessitating bone marrow support.
Anderson et al.54 administered different doses of [153Sm]
EDTMP (1, 3, 4.5, 6, 12, 19, and 30 mCi per kilogram body
weight; standard dose of [153Sm]EDTMP for pain palliation
is 1.0 mCi/kg body weight) in 30 patients with locally recur-
rent or metastatic osteosarcoma or skeletal metastases.
Patients received peripheral-blood progenitor cell (PBPC) or
bone marrow support. The authors found that marrow radi-
ation doses corresponded linearly to the injected amount of
[153Sm]EDTMP. Also, the grade of cytopenia was dose-
related. After PBPC or marrow infusion on day 14 after
[153Sm]EDTMP injection, recovery of hematopoiesis was
problematic in two patients who had received 30 mCi/kg
body weight and who were infused with less than 2 × 106

CD34/kg. However, in the remaining patients, no complica-
tions were observed. A reduction or elimination of opiates
for pain was seen in all patients, and there was no adverse
change in appetite or performance status. The authors con-
clude that high-dose irradiation (39–241 Gy) by bone-tar-
geted therapy with [153Sm] EDTMP is feasible, and that
non-hematologic side-effects are minimal.
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23
Therapy of liver tumors
John Buscombe

BBaacckkggrroouunndd
The liver plays host to both primary and secondary tumors.
However, the scope of this chapter is to concentrate on those
tumors which have their primary origin within the liver. These
tumors are unusual in that they can be limited to a single
organ, grow, metastasize, and then kill their host, still within
their organ of origin. In addition, unlike most other tumors,
the host organ is normally sick before the tumor develops, and
successful treatment of the tumor can be followed by death
from liver failure. It is also unusual in that the radionuclide
therapies that have been developed are local in nature.

HHeeppaattoocceelllluullaarr  ccaarrcciinnoommaa::
ddeeffiinniittiioonnss
Hepatocellular carcinoma (HCC) can also be called a
hepatoma, but the term hepatoma is misleading as it 
suggests a benign disease, which is not the case. Within the
rest of this chapter, the term HCC will be used.

EEppiiddeemmiioollooggyy
The incidence of HCC varies widely throughout the world.
In Northern Europe and North America it tends to be seen
as a rarity, maybe representing only 1% of all cancers,
whilst in East Asia and sub-Saharan Africa it is the most
common tumor, causing 20–30% of all cancers.1,2 This 
epidemiology is important, as it enabled the etiology to be
determined, leading to steps to prevent disease development
and early diagnosis through targeted screening.3 However,
it has been noted that even with the same risk factors the
rate of disease still differs with different ethnic groups, as
does the way the disease spreads. For example, the Japanese
have a higher incidence and a more diffuse type of HCC
than that seen in North America.4

CCaauussaattiivvee  aaggeennttss
The liver is an amazing organ: it can regenerate itself after
much tissue has been destroyed, so that if half the liver is
removed, within months the liver will return to its normal
volume. This, however, is the Achilles heel of the liver. If,
instead of a single injury, there are small repeat injuries,
then the liver will be continuously trying to repair itself.
This rapid regrowth becomes disorganized, leading to a
condition known as cirrhosis. The theory is that continued
cell division leads to an increased chance of a fatal 
DNA error to be replicated, and then cancer can develop.
However, this could be going on throughout the liver (the
so-called field change), which means that multiple sponta-
neous or sequential cancers can develop.5

The most common cause of cirrhosis leading to HCC is
viral hepatitis B and C. The peak incidence of HCC in East
Asia and Africa is from 20 to 40%, suggesting that HCC
resulted from hepatitis B contracted at birth, from the
mother, or in childhood.6 The time from infection with
hepatitis C to HCC is about 30 years,7 with 3–8% of
infected patients converting each year.

Other agents which have been suggested include aflatoxins,
which occur in rice infected with aspergillus, the oral con-
traceptive, and alcohol. These can all be linked to cirrhosis,
but the link to HCC is less clear.8

SSttaaggiinngg  ooff  tthhee  ddiisseeaassee
Again, HCC is different from other tumors in that the pat-
tern of disease is to grow or spread within the organ of
origin. Small solitary tumors of less than 2 cm are stage 1
up to stage 4, with disease disseminated throughout the
liver. The added complication is that HCC has the same
density as that of liver, and is not easily distinguished even
on contrast computed tomography (CT). Magnetic reso-
nance imaging (MRI) is much better, but again small
daughter tumors may not be seen. Some tumors grow as
lumps, and others just spread as lines of individual cells
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growing through the liver.9 Because the primary cause is
normally cirrhosis, multiple synchronous tumors may
develop within the liver. Metastases are rare, but are known
within the lung and bones. A more common manifestation
is that the tumor, still taking its blood supply from the liver,
grows up the inferior vena cava into the right atrium.
The most useful staging systems are those that combine
information about tumor size with information as to how
the rest of the liver is working, such as the Okuda and
Child–Pugh staging systems.10,11

NNaattuurraall  hhiissttoorryy
As the disease progresses, the common problems are
related to loss of functioning liver tissue; this will include a
raised bilirubin, reduced albumin, and a reduction in 
clotting factors. The portal vein may become occluded,
leading to signs of portal hypertension. It is this progressive
liver failure which will kill the patient. Confusingly, the
same could be due to the underlying cirrhosis, so 
the patient may die with their tumor size unchanged, but
the surrounding liver has just failed. If the HCC is slow
growing and the rest of the liver can remain well, then the
patient may live several years, even without treatment.

MMeeaassuurriinngg  hheeppaattoocceelllluullaarr
ccaarrcciinnoommaa
As stated, CT, even triple-phase, may not identify the 
disease correctly. MRI may be better, and still not see small
tumors. Ultrasound is sensitive to tumors that are superfi-
cial, but is less useful when they are deeper in the liver. Most
HCCs (> 90%) excrete the α-fetoprotein (AFP), and in an
individual patient levels of AFP map changes in tumor size
quite precisely. Many of these tumors are very vascular, and
on angiography multiple nests of angiogenic vessels are
seen. Most metastases into the liver are hypoperfused, and
so the HCC stands out as unusually vascular; only 
neuroendocrine tumors tend to be that vascular.

When looking for metastatic disease, CT and bone scan
seem to be of most use. [18F]FDG (fluoro-2-deoxy-D-glu-
cose) is of variable use, but could monitor those patients
who are FDG-positive.

Because these tumors occur in patients with underlying
disease, Okuda et al.10 have devised a method of staging
using the tumor size and the state of the liver to determine
prognosis. First, each factor is graded, then the grades
added to form the Okuda score (Tables 23.1 and 23.2).

Though we have more sophisticated measures such as
the Child–Pugh index, they use a system similar to the

Okuda system, and as the established system, nuclear 
medicine papers often refer to the Okuda system.

CCoonnffiirrmmiinngg  tthhee  ddiiaaggnnoossiiss
If there is any chance of cure, it is not normal practice to
biopsy the lesion, as seeding along a biopsy route has been
reported. The diagnosis is made by the fact that there are
risk factors present, a hepatic mass, and rising AFP.

OOtthheerr  lliivveerr  ccaanncceerrss
The other most common liver cancer is the cholangiocarci-
noma, arising from the biliary tract lining. The outlook for
these patients is grim, and no therapy, let alone with
radionuclides, appears to make any difference.

Another is the fibrolamellar variant of HCC. This arises
mainly in male Caucasians, and the peak incidence is 
15–25%. It is slowly metastatic, spreading to the lungs,
myocardium, and bones. It can be controlled by repeat sur-
gery. It has a unique tumor marker, the B12 binding pro-
tein.12 It is not related to hepatitis infection. The tumors
often have somatostatin receptors, but the use of radionu-
clide therapy using radiolabeled somatostatins has been
disappointing.13

335522 Advances in Nuclear Oncology

Table 23.1 Scoring of factors for 
Okuda staging10

Predictive factor Score

Tumor > 50% of liver volume 1
Tumor < 50% of liver volume 0
Ascites present 1
Ascites absent 0
Albumin < 30 g/l 1
Albumin > 30 g/l 0
Bilirubin > 30 mg/l 1
Bilirubin < 30 mg/l 0

Table 23.2 Calculation of Okuda grading10

Total grade from Table 23.1 Okuda score

0 1
1–2 2
3–4 3
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TTrreeaattiinngg  hheeppaattoocceelllluullaarr
ccaarrcciinnoommaa
If the tumor is single (or limited to one or two segments),
then surgery is ideal, especially in the non-cirrhotic. Wedge
resection or lobectomy can be curative. Success depends on
finding the tumor when it is small, which normally occurs
in patients on active screening with risk factors such as
known hepatitis C. Those who are resected live longer, but
the non-cirrhotic do best with a 50% 3-year survival, com-
pared to no survivors without resection.14 As patients may
die of cirrhosis despite a successful cancer operation,
another strategy is to use a liver transplant. This will
remove both the tumor and any abnormal tissue likely to
develop into cancer. The initial mortality is higher than
with resection, but if the patient survives the operative
period their outlook is good. However, this treatment is not
common due to the low number of donors.

CChheemmootthheerraappyy
There has been no convincing evidence that any
chemotherapy-alone regimen has any effect on survival in
either local or systemic disease.15

LLooccaall  ttrreeaattmmeennttss
As stated earlier, HCC is unusual in that as a cancer it can
start, grow, metastasize, and kill the patient all whilst staying
in the liver. It would appear logical then to treat the tumor.
This should maximize efficacy but reduce systemic side-effects.
Simplest treatments include ultrasound or CT-guided 
alcohol injections and radiofrequency (RF) ablation.15

These are best suited to those lesions easily punctured by
the skin and not too close to a major blood vessel, or the
lesion should not be too large. However, alcohol will be
absorbed, as one of our patients found out after he drove
home from the procedure and there were many difficult
explanations to the court!

HCCs are vascular tumors, but their blood supply is nor-
mally from the hepatic artery (the normal hepatocytes are fed
from both hepatic artery and portal vein (which is really an
artery!)). Therefore, embolization via the hepatic artery
should affect the HCC more than the liver. This can be done
with Gelfoam®, coils, or iodinized poppy seed oil, lipiodol,
either on its own or mixed with a chemotherapy agent such as
cisplatin.Whilst cure is not possible, these treatments are gen-
erally well tolerated and can be repeated. However, if it is pos-
sible to treat HCC locally with these techniques, could they
not be used to deliver therapeutic radiopharmaceuticals?

RRaaddiioonnuucclliiddee  tthheerraappyy
Initial attempts to treat HCC concentrated on the use of
radionuclide therapy in disseminated disease, probably as
outlooks with other treatments remained grim. Order et al. in
Baltimore produced antibodies against human α-fetoprotein
labeled with 131I.16 Though this work has continued inter-
mittently since about 1980 there has been little advance,
partly as it is difficult to deliver sufficient radioactivity to
the tumor using a systemically injected radiolabeled anti-
body. Repeat treatments were difficult because of the
immune reaction caused from repeat use of animal-based
antibodies. In the author’s experience, 131I-labeled anti-AFP
has always failed to have any significant impact on disease,17

but a properly engineered antibody with appropriate
radionuclide could still offer some hope to patients with
disseminated HCC.

LLooccaall  ttrreeaattmmeennttss
The most successful strategy for the treatment of HCC with
radionuclides has been to use a combination of radiophar-
maceutical and the local approach to ensure that treatment
is delivered to the tumor. As stated previously, the HCC has
a single blood supply, and the normal liver a dual supply.
Cannulization of the hepatic artery either by surgical place-
ment of a ‘portocath’ into the gastroduoedenal artery or
angiographically via the femoral artery and aorta will allow
the radiopharmaceutical to be administered via the
catheter in the right, left, or common hepatic artery, to
ensure that the agent bathes the site of the tumor and max-
imizes uptake. The catheter must be placed so that no activ-
ity passes through the gastroduodenal artery and hence
damage the stomach wall or the duodenum (Figures 23.1
and 23.2). This may mean, as the anatomy is variable, that a
direct visual approach is the best.18 The procedure requires
local anesthesia over the femoral artery, and then a 
5-French catheter is passed into the celiac trunk and an
angiogram performed to map out the main arteries. This
may also be the first time that the full extent of the tumor
and its intrahepatic metastases will be seen as areas of
tumor flush. The patency of the portal vein is also checked.
In addition, a superior mesenteric angiogram is done so
that it can be seen whether any tumor is fed from this artery
in addition to the celiac trunk. When it is confirmed that
the site of the tumor is known, a catheter is advanced into
the right or left hepatic artery, depending whether it is a
right- or left-sided tumor, or the common hepatic artery if
bilobar (though a preferred strategy is to treat the side with
the larger tumor first then treat the other side 6 weeks
later). Though a ‘5-French’ catheter is optimal for delivery
of lipiodol, the vessels near an HCC can be thin and tortu-
ous, and thin, stiff catheters such as a microcatheter may
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need to be used. Once the catheter is placed correctly the
radionuclide therapy can be infused, and the line is then
fully flushed to ensure that, as the catheter is withdrawn,
there is no leakage into the systemic circulation.

[[113311II]]lliippiiooddooll
The first candidate for such therapy was lipiodol; as men-
tioned previously, it had been used for localizing HCC. It is
a viscous brown liquid which is mixed with chemotherapy
agents for the local treatment of HCC. Work with lipiodol
in animal models shows that there is preferential uptake
into HCC cells compared to normal hepatocytes by a ratio
of 9:1,19 with electron microscopy finding that the lipiodol
localizes close to the nucleus. Also, using cell cultures, it was
found that though non-radioactive lipiodol and 131I have

little action on HCC cells, combined [131I]lipiodol has a 
significant cytotoxic effect.19 To obtain calculated tumor
doses of 30 Gy, then 1 GBq of [131I]lipiodol in a volume of
1–1.5 ml is infused over 5 minutes (any longer and the
catheters start to dissolve in the lipiodol). The substance
does not mix with water, so during administration it forms
little globules; these are radio-opaque so can be seen if the
patient undergoes fluoroscopy. This is useful because if the
lipiodol is given too fast it could reflux into the gastroduo-
denal artery; therefore, the rate of infusion can be adjusted
so that this does not happen. Also, it is possible, where 
the lipiodol is moving in a direction that is not wanted, to
readjust the catheter tip and redirect the flow. Confirmation
of residency of [131I]lipiodol at the site of the tumor is
determined by planar X-ray at the time of infusion, a
radionuclide image 2 days later (Figure 23.3), and CT at 
10 days. If more than 15% of activity has shunted into the
lungs, repeat treatment should be avoided.
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Placement of catheter for treating both lobes (a), right lobe (b), and left lobe (c). A, artery.
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Image taken during catheterization of the right hepatic artery.
During this procedure multiple tumors not seen on computed
tomography (CT) can be seen by their vascular blush.
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CT (a) of patient with unresectable hepatocellular carcinoma
(HCC) in the right lobe seen as areas of increased contrast in
the upper right lobe. Imaging 48 hours post-infusion of
[131I]lipiodol (b) shows focal uptake in multiple tumors
including those not seen on CT. There is no lung shunting.
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FFiirrsstt  rreessuullttss
The group with the greatest experience of this technique is
from Rennes, France.20 Their first publications showed that
the technique was safe, and there was evidence of efficacy in
terms of both radiologically reduced tumor size and
reduced AFP. There followed a randomized controlled trial
comparing the results of [131I]lipiodol and chemo-
lipiodol21 (Table 23.3).

Results showed a similar response rate between the two
techniques, but the [131I]lipiodol was better tolerated than
chemo-lipiodol, with shorter hospital stay and less severe
side-effects. With [131I]lipiodol, the patient typically had
2–3 days of mild pain and low-grade fever after administra-
tion of 1 GBq, and discharge was related to radiation pro-
tection issues normally on day 3 or 4. With chemo-lipiodol,
discharge was 3–4 days later, and was determined by the
need for symptom control. These findings were confirmed
by those from the UK21 (Table 23.3). Unfortunately, there is
no evidence for improved survival, partly as the patients
may have died from their background liver disease and not
their cancer. It was also clear that the outcome in Okuda-1
patients was poor, with survival beyond 6 months unlikely;
however, they were treated. The only peri-treatment deaths
occurred in Okuda stage-2 patients, and no form of
radionuclide therapy should be considered in these
patients. Radiation hepatitis was rare, and systemic side-
effects non-existent. One important fact, however, was that
[131I]lipiodol was safe in patients with a blocked portal
vein, and, in this group, it remains the primary anticancer
therapy in HCC. We have found that lipiodol contains so
much elemental iodine that thyroid blockage is not needed,
but other centers still do this.

The advantages of [131I]lipiodol compared with other
treatments in terms of reduced side-effects for similar effi-
cacy means that it remains the method of choice for the

treatment of non-resectable HCC with or without a
blocked portal vein.22

EExxtteennddeedd  uussee  ooff  [[113311II]]lliippiiooddooll
Because many HCCs are multifocal, either because they
arise at different points in the liver or because multiple
micrometastases are common, about 50% of patients
having a curative resection with all known HCC removed
have recurrent disease within 2 years. This would be an
excellent indication for adjuvant treatment. The point of
adjuvant treatment is to treat disease that cannot be seen,
and therefore prevent or slow recurrent disease. It would
also be ideal if such a treatment were to be relatively non-
toxic and easily tolerated. It has been postulated that
[131I]lipiodol would fit this role perfectly. It is also postu-
lated that the growth factors released after liver resection,
which stimulate liver growth, and also liver cancer growth,
are at their most active 6 weeks post-surgery.23 This would
therefore be an ideal time for adjuvant therapy. The Hong
Kong group studied 43 patients; 21 were randomized to
treatment with a single activity of 1.8 GBq of 131I or best
supportive care. The median progression-free survival in
the [131I]lipiodol-treated group was 57 months, compared
to 14 months in the untreated group. At 3 years, 86% of
treated patients were alive, but only 46% in the untreated
group. These results have been confirmed by other
groups24,25 (Figure 23.4).

An extension of the idea would be the use of [131I]
lipiodol before operation to try and shrink the tumor to a
size where it becomes operable. This is described as neo-
adjuvant therapy. This has been tried in both France and
Belgium, and early results suggest that up to 50% of tumors
may undergo a significant reduction in size,26,27 and that
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Table 23.3 Summary of results of randomized controlled trials of [131I]lipiodol and chemotherapy-based
lipiodol regimens

Survival (%)

Trial Treatment (n) 6 months 12 months 24 months Comments

Battacharya, 199521 [131I]lipiodol (11) 58 29 0 Hospital stay shorter for
Epirubicin–lipiodol (17) 40 25 6 [131I]lipiodol; NS

Raoul, 199720 [131I]lipiodol (65) 69 39 22 Life-threatening 
Cisplatin–lipiodol (64) 66 42 22 toxicity 39%, death 9%

of cisplatin arm, none
for [131I]lipiodol; NS

NS, no significant difference between treatments.
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CT is a poor arbiter of response, and patients may still have
a lesion on their CT after [131I]lipiodol. However, patholog-
ical examination of the explants only finds fibrosis at resec-
tion. This again raises the problem of how to image HCC
and the need for a good positron emission tomography
(PET) agent. Often the only reliable source of data about
response is the AFP level.

[[118888RRee]]lliippiiooddooll
Whilst HCC shows a good level of response to [131I]
lipiodol, there are some problems, namely:

1. The long half-life limits the activity that can be admin-
istered, so the dose rate immediately after administra-
tion is not ideal. As there is good initial uptake into the
HCC, a high initial dose rate would be desirable.

2. The long half-life and high-energy γ emissions of the
131I mean that radiation protection precautions are
required for a significant period.

3. All [131I]lipiodol comes from France (Europe); most
patients with HCC are in East Asia and sub-Saharan
Africa, so logistics are difficult.

4. The cost of [131I]lipiodol at 1000 euros is not high for
the developed world, but may not be affordable in the
less rich countries with a high incidence of HCC.

There was therefore a need to develop an alternative. One
of these still uses a loipiodol carrier, but the radioisotope is
no longer 131I but 188Re. 188Re is available from a 188W/188Re
generator. Each generator costs about 10 000 Euros, but can
produce a therapeutic dose of 188Re every day for 6 months,
bringing the cost down to about 100 euros per patient. The
half-life is only 17 hours, allowing a higher initial activity

(5–7 GBq vs. 1–2 GBq for 131I). This will hopefully deliver a
higher radiation dose rate to the tumor. However, whilst
iodine freely associates with lipiodol and substitutes for a
non-radioactive iodine in the fatty acid, 188Re does not do
this. Therefore, some pharmaceuticals have been developed
that will allow the 188Re to associate with the lipiodol. The
one most commonly used comes from Korea and is based
on a substance called 4-hexadecyl 1-2,9,9-tetramethyl-4,7-
diaza-1,10-decanethiol, fortunately also known as HDD.28

After initial mixing, the mixture is centrifuged and the
[188Re]HDD will transfer to the lipiodol layer.

As shunting could occur into the lungs, a low activity
‘scout’ dose is performed first. This is imaged, and the
activity that will allow a maximum of 12 Gy to the lungs, 30
Gy to the liver, and 1.5 Gy to the bone marrow is calcu-
lated.29 Up to 7.4 GBq can be administered. It is possible for
all this to occur in one long sitting, with the patient moving
from the fluoroscopy suite to nuclear medicine and then
back to fluoroscopy, though it is more normal for this to be
done in two sittings.

The project was initially funded and organized through
the International Atomic Energy Agency, and both early
phase I results and an extended phase II study showed high
levels of efficacy with little toxicity. As toxicity occurred
much sooner after administration than with [131I]lipiodol
(12–24 hours), and because of the short half-life of 188Re a
1–2-day admission was more normal than the 3–4-day
admission for the 131I product.30

Confirmatory studies from Belgium have shown that
activities of 7 GBq are easily tolerated, and that the treat-
ment is safe in patients with advanced cirrhosis.31,32

[[116666HHoo]]cchhiittoossaann
Chitosan is a derivative of chitan, and has been found to
have high levels of retention within HCC. In Korea and
China it has been complexed to holmium (166Ho), another
β emitting isotope more commonly available in East Asia.
The product has been injected both intra-arterially and
directly into the tumor.33,34 In addition, 166Ho has been
complexed to small plastic beads in the same way as 90Y
microspheres.35 Early results are encouraging, but most of
the patients treated had fairly small tumors for which a
good prognosis is normally expected. At present these
agents are not available outside of East Asia.

9900YY  mmiiccrroosspphheerreess
Life sometimes seems to go round in circles: 25 years ago
there were attempts to treat HCC with 32P and 90Y particulates
passed into the liver, but these were abandoned when 
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FFiigguurree  2233..44
CT (a) of a patient who has undergone left lobe resection for
surgically treatable HCC. Note the reduced liver volume. The
[131I]lipiodol image (b) performed 6 weeks after surgery shows
equal distribution throughout the liver remnant, confirming
no focal residual HCC.
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131Ilipiodol was used. However, the combination of modern
interventional radiology and advances in 90y labeling has
meant that this technique is being reconsidered. The latest
study uses a commercial preparation of 90y resin spheres
called ‘SIRspheres’ or 90y in irradiated glass balls called
‘Theraspheres’.36,37 These are small glass balls of 25–35 µm.
The 90y has a much longer path length than 131I, and as a
consequence may be better for treating bigger tumors. The
method of administration differs slightly from lipiodol. In
this case, a scout dose of [99Tc]MAA macro-aggregated
albumin is given via an angiographic catheter; the patient is
then taken to nuclear medicine, and if good flow to the
tumor and shunting of less than 15% is demonstrated, the
patient returns to the fluoroscopy suite and 1 GBq of 90y
SIRSpheres mixed with saline to form an emulsion is then
administered via the catheter.36 Whilst originally used in
metastatic carcinoma of the colon in Hong Kong, it has
been administered to 71 patients with HCC; 1 GBq was
given in each administration, with some patients receiving
a total of five treatments, and hence accumulated activity of
5 GBq of 90y SIRSpheres. It has been calculated that this
method will deliver 750 Gy to the tumor. In 94% of patients
there was a drop of 90% in AFP to normal. However, only
27% of patients had > 50% reduction in the liver tumor size
on CT. In addition, where it has been used as a neoadjuvant
treatment, it has been found that whilst the lesions were
present on CT at surgery, no live HCC cells were found
again, showing that CT is not the best way to monitor
tumor response. There is an issue of cost, as this method
may cost as much as 10 000 euros per treatment.

CCoonncclluussiioonnss
Though primarily used by departments which are enthusi-
asts, there is solid evidence from a variety of radiopharma-
ceuticals that there is a role for radionuclide therapy
(delivered to the liver by intra-arterial catheter) in the pal-
liative treatment of non-resectable HCC, and in adjuvant
therapy after potentially curative resection. In a recent
review of 44 randomized trails of available treatments for
nonresectable HCC, two American authors conclude that:
‘Hepatic artery infusion of I-131 Lipiodol appears safe; initial
trials suggest a survival benefit and efficacy comparable to
more toxic embolization-based therapies’.38
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24
Therapy of colorectal cancer
John Buscombe

BBaacckkggrroouunndd
Colorectal cancer remains one of the most common cancers
worldwide. There are over 875 000 sufferers per year, and
it accounts for 8.5% of all cancers and 7.2% of all cancer
deaths.1 The incidence rises with age, with slightly more
women suffering than men, but this may just reflect that
in many societies women live 10 years more than men
and therefore are more likely to suffer this age-related
disease. The disease is curable if found early, and may yet
be treatable or controllable in more advanced cases.
Because of the presence of carcinoembryonic antigen
(CEA) on most colorectal cancer cells, the main strategy
has been based on the development of radiolabeled anti-
CEA antibodies.

EEttiioollooggyy
A higher incidence of colorectal cancer has been linked to
low-fiber diets, where reduced gut transit may lead to
potential carcinogens being in touch with the bowel for
longer. As a consequence there is some suggestion that the
disease is commoner in the developed world, but part of
this will be because as a person lives longer the chance of
colorectal cancer increases. There is an increased incidence
in patients with colonic polyps, in particular if they are
familial. In patients with multiple polyps, it is possible for
there to be more than one primary at one time in about 5%
of cases.2 In familial adenomatous polyposis it has been
found that the genetic defect is a deletion of the short arm
of chromosome 5.3

SSttaaggiinngg
The primary staging of colorectal cancer is by direct vision
and biopsy via endoscopy, and imaging normally relying on

computed tomography (CT). The main method of staging
was described by Dukes in 1932, as seen in Table 24.1.4

In terms of prognosis, the Dukes staging method has
proved to be very robust.

The TNM staging system is similar to the Dukes method
with stage 1 equaling Dukes A; there is in addition a stage 4
in patients with distant metastasis.

The prognosis for stage 1 and 2 disease is good, and
should be considered curable. In patients suffering from
stage 4 there are few survivors over 5 years.

TTrreeaattmmeenntt
Early treatment by surgery is normally curative for Dukes A
and B (stages 1 and 2); for stage 3 disease extended lymph
node resection may prevent later metastasis. In stage 4 dis-
ease, surgery may still be considered for symptom relief
such as removing an obstruction. If surgery is not possible
then radical radiotherapy, with 50 Gy in 25 fractions,
may be curative, though with high levels of morbidity.5

Chemotherapy has been used as both adjuvant therapy and
palliative treatment in disseminated disease. Until very
recently all the successful regimens have been based on 
5-fluorouracil (5-FU).6 Irinotecan has shown some improved
results, but has still not become routine.7

If these methods fail, then effective options are very lim-
ited, and it is in these patients that nuclear medicine meth-
ods have been directed. There is a unique target in the CEA,
which is overexpressed in colorectal cancer, and there have
been attempts to develop antibodies against CEA for the
past 30 years. However, success has eluded the nuclear med-
icine community. It has been said that if there was a mouse
with colon cancer we would know how to treat that mouse
with ten different agents, yet, after 30 years, we have not
really progressed in our management of patients with col-
orectal cancer. Though this is a gross simplification, there
remains an element of truth, and it is this frustrating jour-
ney that this chapter will map.
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EEaarrllyy  uussee  ooff  rraaddiioollaabbeelleedd
aannttiibbooddiieess
It has been known for 30 years that there is variation in the
CEA antigen; this is not unexpected, as other systems such
as the adrenergic receptor or the somatostatin receptor
system also show some natural variation. In 1975, a group
from Yale obtained different forms of purified CEA from
different sources and originating from different countries.8

Looking at binding profiles they were able to show very dif-
ferent kinetics for a single anti-CEA antibody, with up to
three times variation in affinity between different formula-
tions of CEA. Therefore, this group suggested that CEA was
not a single antigen but a family of antigens. This may help
to explain some of the different results obtained from dif-
ferent centers. There has also been much refinement of the
antibodies so that they may recognize particular domains
within the CEA molecule.

113311II--llaabbeelleedd  aannttii--CCEEAA  aannttiibbooddiieess
The era of radioimmunotherapy in colon cancer started
with the first reported successful localization of colon

cancer with an 131I-labeled murine anti-CEA antibody by
Goldenburg et al.9 Imaging per se is not the topic of this
chapter, but the development of imaging has proceeded
therapy, and until recently CEA-positive tumors have been
visualized using 99mTc-labeled antibody fragments (arcti-
momab)10 (Figure 24.1).

Though most radioimmunotherapy has used the CEA
target, an alternative has been the tumor-associated glyco-
protein 72 (TAG72). In a short series, 15 patients with
metastatic colon cancer were treated with 2.8 GBq/m2

[131I]CC49 directed to TAG72.11 The antibody was a non-
engineered mouse protein, and 12/13 patients tested devel-
oped human anti-mouse antibody. Bone marrow toxicity
was common, with 7/15 patients having reversible grade III
and grade IV toxicity. Despite calculated radiation doses to
the tumors of 0.19–6.67 Gy there was no tumor response.

Overall there have been three main studies in humans
with some mixed results, and an overall response rate of 0%
with the antibody on its own to 45% when combined with
chemotherapy (Table 24.2). As can be seen fewer than 
40 patients have been studied, and only in one series was
131I-labeled anti-CEA antibody used on its own. In others
there were cofactors. The use of heat to improve blood flow
and penetration would seem to improve the response 
from the antibody alone. In the third study reported, the 
131I-labeled antibody was combined with 5-FU and leuco-
vorin, and it is unclear whether the chemotherapy or the
radiolabeled antibody resulted in the reported response rate.

One of the limitations affecting radioimmunotherapy is
the poor distribution of the antibody within the tumor,
with antibody penetrating the tumor edge but little passing
into the main tumor mass. Using a mouse model and 
111In-labeled anti-CEA antibody F33-104 for imaging and
131I-labeled antibody for autoradiography, it was shown that
once the tumor had a diameter greater than 0.5 cm there
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Table 24.1 Dukes staging of colorectal cancer

Stage Pathological/radiological characteristics

A Tumor confined to gut wall

B Tumor through muscularis propia

C Spread to regional lymph nodes

a b

FFiigguurree  2244..11
Computed tomography (CT) scan in patient with previous history of colon cancer resected 2 years previously. The carcinoembryonic
antigen (CEA) level is rising but CT (a) is unhelpful. 99mIc-labeled arctimomab (b) however shows accumulation on the serosal
surface of the small bowel (arrowed) due to cancer infiltration.
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was a rim of antibody uptake around the edge of the tumor
with little penetration into the center of the tumor.14 This
would suggest that 131I-labeled monoclonal antibodies are
best suited to clearance of tumors of 0.5 cm and below, i.e.
as adjuvant therapy only.

This lack of success in treating colon cancer metastases is
even more frustrating in view of the fact that both radioim-
munotherapy and chemotherapy induce similar changes in
cellular mucin-1 (MUC1) and colon specific antigen-p
(CSAp), which are seen as markers of cell damage.15

9900YY--llaabbeelleedd  aannttiibbooddiieess
Wong et al. have successfully undertaken a phase I trial using
90Y linked via DOTA (tetraazacyclododecanetetraacetic acid)
to a chimeric anti-CEA antibody termed T84.66.16 The use
of the DOTA linker comes primarily from work with 
90Y peptides in neuroendocrine tumors and the hLL2 anti-
body used in lymphoma. In these cases the complex
remained stable, which is important, as free 90Y is bone-
seeking and will lead to significant bone marrow toxicity.
An initial imaging study was performed using 185 MBq
labeling on 5 mg of T84.66. This was used to identify active
accumulation at the tumor site and estimate dosimetry
with imaging up to 7 days post-injection of the tracer dose.
The dose-ranging stage of the trial started with 444 MBq/m2

[90Y]DOTA nT84.66 up to 1147 MBq/m2. In the first few
patients, grade II and grade III hematological toxicity was
noted, so a co-infusion of Ca-DTPA (diethylenetriamene-
pentaacetic acid) was given 3 days post-treatment to mop
up any free 90Y. Mild to moderate bone marrow toxicity was
seen in nine patients. There was no recorded liver or kidney
toxicity. In eight patients a human anti-chimeric antibody
reaction was induced; in four of these patients it was of suf-
ficient strength to prevent retreatment. Though there were

no cases of partial or complete response, in four patients
with previously progressive disease there was stability after
treatment for 3–5 months. A phase II study is now planned.

OOtthheerr  iissoottooppeess
An alternative β emitting isotope is 188Re. This has the
advantage of being available from a tungsten generator.
The chemistry is related to technetium, but there are some
significant differences, and its use in labeled biomolecules
has been limited. It has been attached to a bispecific anti-
body using complex chemistry, but uptake in the tumor
was less than using an 125I-labeled antibody.17

The radiation dose that can be delivered even with 
β radiation is limited, and if good targeting can be achieved
then α emitters may be able to deliver a higher linear
energy transfer. Behr et al. have compared 90Y- and 
213Bi-labeled antibodies in an animal model. The α emitter
was more active in tumor destruction with similar toxicity;
however, it was not known whether this can be translated to
the larger tumors in the human where the short path length
of the α may be a disadvantage.18

BBiissppeecciiffiicc  aannttiibbooddiieess
This is a strategy to try and optimize localization of the
radioisotope at the site of the tumor but reduce uptake
elsewhere, especially in the bone marrow, which is often the
dose-limiting organ. Two main methods have been devel-
oped, first using pre-targeting techniques such as the
biotin–avidin system or the antibody-directed enzyme pro-
drug therapy (ADEPT) system.19,20
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Table 24.2 Results of human studies using 131I-labeled antibodies in human colorectal cancers11–13

Study Year n mAb Activity ORR (%) PR (%) CR (%) Comments

Murray et al.11 1994 15 CC49 75 mCi/m2 0 0 0 GIII and GIV toxicity in 
12 patients, HAMA 67%

Mittal et al.12 1996 6 IMMU-4 30, 60 mCi/m2 17 17 0 Combined with 
hyperthermia, 50% GIII 
and GIV toxicity,
83% drop in CEA

Behr et al.13 1999 12 MN-14 50–70 mCi/m2 45 5 0 Combined with 5-FU and 
leucovorin, MTD 
70 mCi/m2

MAB, monoclonal antibody; ORR, objective response rate; PR, partial response; CR, complete response; G, grade; HAMA, human anti-murine
antibodies; CEA, carcinoembryonic antigen; MTD, maximal tolerated dose.
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With bispecific antibodies, the ‘two arms’ of the anti-
body have different antigenic properties. The first is like a
traditional anti-CEA antibody able to attach to a colon
cancer cell. The other ‘arm’ is directed towards a specific
antigen such as a peptide or another antibody which con-
tains the radioisotope. The first antibody is given, and
when enough time has elapsed to allow clearance from the
blood, the second radiolabeled antibody or peptide is
given, acting as a hapten, and will only attach to the anti-
body which is itself attached to the cancer cell, allowing
delivery of the radioactive dose to the tumor. By their very
nature these bispecific antibodies are heavily engineered
and normally also humanized, so that repeat administra-
tions can be given.

An example of this is the work by Karacay et al.21 They
have used an antibody directed against CEA and a hapten
which is a 90Y peptide (defined as di-HSG (histamine-
succinyl glycine) with 90Y attached via a DOTA linker).
In initial animal studies there was rapid clearance of the 
90Y peptide from the blood over the first few hours. There
was a tumor to blood ratio of about 24:1 at 24 hours post-
injection, and a tumor to liver ratio of 31:1. By 48 hours the
ratio of tumor uptake to liver uptake had risen to 80:1, and
that of the blood had risen less, but was still 33:1. When the
bispecific method was compared with the antibody directly
labeled with 90Y, the 96% injected dose in the tumor was
greater by a factor of 2.6 times.

CCoommbbiinnaattiioonn  wwiitthh  pphhyyssiiccaall  
ffaaccttoorrss
A group from Chicago used hyperthermia as a method to
improve the blood flow and hence delivery of antibodies
into the tumor. They used the IMMU-4 anti-CEA antibody
labeled with 131I in activities of 1.1 GBq/m2 to 2.2 GBq/m2.
This was combined with local hyperthermia to liver colonic
cancer metastasis, raising the local temperature to an aver-
age 42.5°C.12 There was a good improvement in symptoms
in 2/6 patients and a drop in CEA in 5/6 patients, though
only one patient had a radiological response; this could
suggest that radiology may not be ideal in determining
response in these patients. Toxicity was very limited and
easily reversed.

A more conventional physical therapy is to combine tar-
geted radioimmunotherapy with external beam radiother-
apy. In a Swiss study, six patients with liver metastases were
treated with 20 Gy external beam radiotherapy to the liver,
combined with 7.4 GBq of 131I-labeled anti-CEA antibody.22

There was bone marrow toxicity in all patients, but in addi-
tion there was grade I–III liver toxicity. One of the patients
imaged had disease regression, and three others disease sta-
bility, on CT. This work should be repeated in a larger study.

CCoommbbiinnaattiioonn  wwiitthh  cchheemmootthheerraappyy
One unique method is to use less toxic substances which
still have anti-colon cancer action, such as the cyclooxyge-
nase-2 (COX-2) inhibitor parecoxib. In a nude mouse
model, however, it was found that the addition of a COX-2
inhibitor did not improve uptake of 124I-labeled MN-14
anti-CEA antibody into tumor xenografts or result in
increased tumor kill.23

Work with more conventional chemotherapy agents has
also been carried out using a high-affinity antibody MN-14.
In an animal model, the antibody was given with coadmin-
istration of 5-FU and leucovorin, with clearance of small
vessel disease.13 An extended study in humans using 5-FU,
leucovorin, and increasing activities of 131I-labeled MN-14
from 1.1 GBq/m2 up to a maximal tolerated dose of
2.2 GBq/m2 was then performed. In these patients who had
small volume disease, there was some reduction in tumor
size in 7/12 patients, with 2/12 having a formal partial
response (PR).

There have been attempts to use radiosensitizers in 
addition to radioimmunotherapy. In a mouse model, the
hypoxic cell radiosensitizer misonidazole was combined
with 131I-labeled A5B7 (an anti-CEA antibody).24 More
recently, newer agents such as the anti-angiogenic drug
combretastatin have been combined with 131I-labeled A5B7
(Figure 24.2). The hypothesis is that combretastatin will
turn hypoxic tumor into infarcted tumor, and the 
131I-labeled A5B7 will attack the viable tumor around the
edge. Phase I studies are progressing.

9900YY--llaabbeelleedd  SSIIRRSSpphheerreessTTMM

The primary site for metastatic colorectal cancer is the liver.
Though a single metastasis can be removed with improved
survival, many patients will present with multiple liver
metastases either at diagnosis or with recurrent disease
later. Despite nearly 30 years of research into radiolabeled
antibodies in metastatic colorectal cancer, the first licensed
radioactive product for the treatment of metastatic 
colorectal cancer is not an antibody but a 90Y-labeled resin.
Using the same principle as used in the treatment of liver
cancer, this is given directly into the liver via the hepatic
artery. The technique involves cannulization of the hepatic
artery via a surgically placed ‘portocath’ or radiologically
via a transarterial route. Then, up to 2.5 GBq of 90Y resin
spheres is instilled over about 10 minutes (Figures 24.3 
and 24.4). The method appears to be safe.25 In a phase II
trial, a combination of 90Y resin spheres (SIRSpheresTM)
and 5-FU–leucovorin chemotherapy was compared with
chemotherapy alone. To have an expected effect, all or
nearly all of the sites of known tumor were in the liver, and
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FFiigguurree  2244..22
Whole body anti-CEA antibody (131I-labeled A5B7) image at 
72 hours showing some focal accumulation within the
liver. (Courtesy of R Begent, T Meyer, B Pedley, K Chester,
and A Green, UCL.)

a b

FFiigguurree  2244..33
Patient with metastatic colon cancer in the liver. CT (a) and [18F]FDG-PET (fluoro-2-deoxy-D-glucose-positron emission tomography)
(b) show a large amount of cancer within the liver. After treatment with 1 GBq of 90Y SIRSpheresTM there is improvement seen on
both the CT scan (c) and [18F]FDG-PET (d). (Images courtesy of Dr Adil Al-Nahaas, Hammersmith Hospital.)
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of the 21 patients enrolled 11 received the chemotherapy
and the 90Y resin spheres.

Though assessment of response was limited to the liver
by necessity, six patients demonstrated disease stability
and four with progressive disease with chemotherapy
alone, compared with ten partial responses and one with
disease stability when both chemotherapy and 90Y resin
spheres were used. This translated to improved survival,
with a mean of 3.6 months with chemotherapy alone and
18.6 months when the combination therapy was used.26

As a consequence, registration approval has now been
given in Australia, Hong Kong, the European Union, and
North America, though use is still limited possibly by the
high cost of 15 000 euros per dose.

CCoonncclluussiioonn
The long search for radioimmunotherapy in colorectal
cancer has been frustrating. There is no clear consensus

336644 Advances in Nuclear Oncology

a

c e

d

b

FFiigguurree  2244..44
Patient with metastatic colon cancer in the liver. CT (a) and [18F]FDG-PET (b) show a large amount of cancer within the liver. 
After treatment with 1 GBq of 90Y SIRSpheres with good localization seen on brehmsstrahlung imaging in the left lobe lesions (c),
there is improvement seen on both the CT scan (d) and more clearly on [18F]FDG-PET (e). (Images courtesy of Dr Adil Al-Nahaas,
Hammersmith Hospital.)
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regarding the best strategy: should bispecific antibodies be
used, or should radioimmunotherapy be combined with
chemotherapy, and if so which agent should be used? 
131I has been the most commonly used isotope, but there is
no evidence that this or any alternative is the best radiolabel.

There is an approved and licensed method using
radioisotopes to treat colorectal metastasis as long as it is in
the liver, where intra-arterial 90Y-labeled resin (SIRSpheres)
in combination with common chemotherapy has pro-
longed survival, but as yet this is not widely used.
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25
Therapy of brain tumors
Chiara Maria Grana, Mirco Bartolomei, Mahila Ferrari,
and Giovanni Paganelli

BBaacckkggrroouunndd
Tumors of the central nervous system (CNS) include a
number of different difficult-to-treat neoplasms.

In the United States alone, more than 17 000 new cases of
primary malignant brain tumor are diagnosed per year,
and the incidence appears to be increasing.

Studies using data from the Surveillance, Epidemiology,
and End Results (SEER) registry report that the incidence of
primary tumors of the CNS is between 2 and 19 per 100 000
per year depending on age.1 From birth to age 4 years the
incidence of primary brain tumors is approximately 3.1 per
100 000, and then slowly declines to a nadir of 1.8 per
100 000 in persons aged 15–24 years. The incidence then
rises again to a relative plateau at around age 65 years, with
an incidence of approximately 18 cases per 100 000 persons.
The most common and serious malignant neoplasm 
is glioblastoma multiforme (GBM), which accounts for
23% of cases, and is among the most lethal and difficult-
to-treat cancers: median survival is less than 1 year from 
the time of diagnosis.2

The great majority of glioma patients experience local
recurrence, and the management of recurrent disease is even
less effective, with a median survival of only 16–24 weeks
being reported.3

The epidemiology of primary brain tumors is complex,
because a large number of histologic subtypes of tumor
arise within the CNS, reflecting the diversity of cell types
found there. Nevertheless, based on informal reviews of
the literature and case series from the neuropathologic lit-
erature, an estimate of the approximate frequency of 15 major
subgroups of CNS tumors can be made (Table 25.1).
Such percentages can be misleading, because the frequency
of particular subtypes of tumor is highly dependent on age.
For example, although gliomas are the most common type
of primary brain tumor – accounting for nearly 50% of all
primary CNS neoplasms – gliomas represent a minority of
primary brain tumors in children. By contrast, primitive
neuroectodermal tumors (PNETs) represent the most
common primary brain tumor in the pediatric population,

but are relatively uncommon in adults. Estimating the 
incidence and prevalence for any given tumor subtype is
further complicated because age is a continuous variable,
not truly separable into discrete categories such as child-
hood and adulthood. Similarly, the frequency of glioma
subtypes is age dependent: low-grade tumors are much
more prevalent in children and young adults, whereas
malignant tumors (particularly glioblastomas) are increas-
ingly more common in elderly populations.

Given the problems in determining the true prevalence
of CNS tumors, it is not surprising that it has been diffi-
cult to estimate whether the incidence of CNS tumors is
changing. A 1990 study reported a very large increase in 
the incidence of malignant gliomas in the elderly.4 These
and other similar findings have been partially attributed 
to the greater availability of diagnostic imaging tests such 
as computed tomography (CT) and magnetic resonance
imaging (MRI) over the past two decades, which poten-
tially causes screening artifact.

PPaatthhoollooggiiccaall  ccllaassssiiffiiccaattiioonn
The pathological classification of CNS tumors reflects the
many cell types that constitute the CNS, any of which can
transform into a neoplastic phenotype. The frequency of
individual tumor types roughly parallels the relative 
frequency of cell types within the CNS and their normal
proliferative capacity. Astrocytes are among the most
common cell types in the CNS and are mitogenically 
competent; thus, astrocytomas are the most common 
primary CNS tumor. In contrast, although neurons are 
also numerous in the CNS, they are postmitotic, and there-
fore neuronally derived tumors are uncommon.

CNS tumors can be divided into tumors derived from
glial cells, neuronal cells, cells that surround or insulate the
CNS, and cells that form specialized anatomic structures.
Glial cells that are thought to give rise to specific tumor
types include astrocytes (astrocytomas), oligodendrocytes
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(oligodendrogliomas), and ependymal cells (ependymo-
mas). Neuronal cells identified as the precursors for specific
tumors include the cerebellar external granular cells
(medulloblastoma) and neuroblasts (PNETs). Transforma-
tion of cells lining the CNS causes meningiomas (derived
from arachnoid cells) and schwannomas (derived from
Schwann cells). Specialized anatomic structures within the
CNS and the tumors arising there include the pituitary
gland (pituitary adenomas), pineal gland (pineocytomas),
notochord remnants (chordomas), endothelial or stromal
vascular cells (hemangioblastomas), primitive germ cells
(all subtypes of germ cell tumors), and choroidal epithelial
cells (choroid plexus papillomas and carcinomas).

Although the classical description of the cell of origin
depicted previously is satisfyingly straightforward, this
schema remains speculative, sometimes based on scanty
phenotypical and immunohistochemical evidence.

Thus, it is possible that the long-accepted dogma that
specific CNS tumor types are derived from specific normal
differentiated cell types within the CNS may in fact 

be incorrect. An alternative view is that because all neu-
roepithelial cells are derived from a common precursor cell
(i.e. a multipotent neural stem cell), all neuroepithelial
tumors are derived from neural stem cells or their commit-
ted progen.5 This theory holds that tumors of neural stem
cell origin might exhibit phenotypic characteristics of a ter-
minally differentiated cell because the neural stem cell of
origin had undergone partial differentiation either before
the transforming event(s) or through partial induction of
the differentiation process through genetic perturbations
responsible for transformation itself.

A complete and proper classification of tumors is impor-
tant, because tumor subtyping can affect prognosis and
treatment recommendations as much as does the general
tumor category. Tumor location and patient age are also rel-
evant in tumor classification. For instance, astrocytomas of
the spine, brainstem, and cortex may portend very different
prognoses. Whether the different natural histories reflect dif-
ferent neuroanatomic constraints or diverse biologic proper-
ties of these tumors in various locations, or both, is not
known. Finally, patient age not only may influence prognosis
but may actually predict a totally different tumor type. For
example, tumors in many young adults with glioblastomas
(the most aggressive type of astrocytoma) have the genetic
and behavioral characteristics of tumors derived from lower-
grade gliomas (‘secondary glioblastomas’), whereas almost
all older patients have de novo (‘primary’) glioblastomas.5

There has been significant controversy over the patho-
logic classification of astrocytic tumors. Generally speaking,
slower growing and less aggressive tumors have been desig-
nated as low grade, and faster growing, more aggressive
tumors have been designated as high grade. The first widely
used system was devised by Kernohan and co-workers, who
proposed a four-tier system with grades 1 and 2 defined as
lower-grade tumors and grades 3 (anaplastic astrocytoma)
and 4 (glioblastoma multiforme) as high-grade gliomas.

A more useful approach was suggested by Daumas-Duport
and co-workers, who developed a four-tier system based on a
small set of objective criteria: nuclear pleomorphism, mitoses,
endothelial proliferation, and necrosis.6 Grade 1 tumors had
none of these features, grade 2 tumors had one feature, grade 3
tumors had two features, and grade 4 tumors had three or
four. Although the classification initially appeared to demon-
strate good separation in survival among patients with all four
grades of tumor, the system did not adequately differentiate
between prognoses of patients with tumors designated as
grades 2 and 3 in one single-center validation study.7

To resolve these controversies, in 1999 the World Health
Organization (WHO) convened an international consensus
panel of neuropathologists to define a new classification
system, which has since garnered worldwide acceptance.8

The WHO ratified a new comprehensive classification 
(Table 25.2) of neoplasms affecting the central nervous system.

In recognition of the emerging role of molecular diag-
nostic approaches to tumor classification, genetic profiles

336688 Advances in Nuclear Oncology

Table 25.1 Frequency of primary intracranial central
nervous system (CNS) tumor

Primary brain Gliomas 
Histopathology tumors (%) (%)

Glioblastoma multiforme 21.7 47

Malignant astrocytomas 16.6 36

All oligodendrogliomas 3.1 6.7

All ependymomas 2.3 5.1

Low-grade astrocytoma 1.8 3.9

Meningiomas and other 26.7 —
mesenchymal tumors

Pituitary tumors 9.7 —

Nerve sheath tumors 7.3 —
(e.g. schwannomas)

CNS lymphomas 3.5 —

Medulloblastomas and other 1.7 —
primitive neuroectodermal 
tumors

All neuron and neuron/glial 1.0 —
tumors

Craniopharyngiomas 1.0 —

Germ cell tumors 0.5 —

Choroid plexus tumors 0.3 —

Other tumors 2.7 —

CNS, central nervous system.
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Table 25.2 The new World Health Organization (WHO) classification of tumors of the central nervous system

1 Neuroepithelial tumors of the CNS:

● Astrocytic tumors: Astrocytoma (WHO grade II) variants: protoplasmic, gemistocytic, fibrillary, mixed
Anaplastic (malignant) astrocytoma (WHO grade III)
Glioblastoma multiforme (WHO grade IV) variants: giant cell glioblastoma, gliosarcoma
Pilocytic astrocytoma (non-invasive, WHO grade I)
Subependymal giant cell astrocytoma (non-invasive, WHO grade I)
Pleomorphic xanthoastrocytoma (non-invasive, WHO grade I)

● Oligodendroglial tumors: Oligodendroglioma (WHO grade II)
Anaplastic (malignant) oligodendroglioma (WHO grade III)

● Ependymal cell tumors: Ependymoma (WHO grade II)
Anaplastic ependymoma (WHO grade III)
Myxopapillary ependymoma
Subependymoma (WHO grade I)

● Mixed gliomas: Mixed oligoastrocytoma (WHO grade II)
Anaplastic (malignant) oligoastrocytoma (WHO grade III)
Others (e.g. ependymo-astrocytomas)

● Neuroepithelial tumors of Polar spongioblastoma (WHO grade IV)
uncertain origin: Astroblastoma (WHO grade IV)

Gliomatosis cerebri (WHO grade IV)

● Tumors of the choroid plexus: Choroid plexus papilloma
Choroid plexus carcinoma (anaplastic choroid plexus papilloma)

● Neuronal and mixed neuronal- Gangliocytoma
glial tumors: Dysplastic gangliocytoma of cerebellum (Lhermitte-Duclos)

Ganglioglioma
Anaplastic (malignant) ganglioglioma
Desmoplastic infantile ganglioglioma
Central neurocytoma
Dysembryoplastic neuroepithelial tumor
Olfactory neuroblastoma (esthesioneuroblastoma)

● Pineal parenchyma tumors: Pineocytoma
Pineoblastoma
Mixed pineocytoma/pineoblastoma

● Tumors with neuroblastic or Medulloepithelioma
glioblastic elements Primitive neuroectodermal tumors with multipotent differentiation medulloblastoma
(embryonal tumors): cerebral primitive neuroectodermal tumor

Neuroblastoma
Retinoblastoma
Ependymoblastoma

2 Other CNS neoplasms:

● Tumors of the sellar region

● Hematopoietic tumors

● Germ cell tumors

● Tumors of the meninges

● Non-menigothelial tumors of the meninges

● Tumors of cranial and spinal nerves

● Local extensions from regional tumors

● Metastatic tumours

● Unclassified tumors

● Cysts and tumor-like lesions
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have been emphasized, as in the distinct subtypes of
glioblastoma and the already clinically useful 1p and 19q
markers for oligodendroglioma and 22q/INI1 for atypical
teratoid/rhabdoid tumors. The classification of brain
tumors is based on the premise that each type of tumor
results from the abnormal growth of a specific cell type.
To the extent that the behavior of a tumor correlates with
basic cell type, tumor classification dictates the choice of
therapy and predicts prognosis. In this revised WHO
schema, astrocytic tumors are divided into three categories:
astrocytoma (including fibrillary, gemistocytic, and proto-
plasmic), anaplastic astrocytoma, and glioblastoma (includ-
ing giant cell glioblastoma and gliosarcoma). Juvenile
pilocytic astrocytomas and pleomorphic xanthoastrocy-
tomas, two tumors with unique histologic and clinical 
features, are considered as separate entities in this schema.

Oligodendrogliomas tend to occur in young to middle-
aged adults. They are quite uncommon in the very young
or the elderly. Grossly, oligodendrogliomas are often well
demarcated, with 20% being cystic. Like astrocytomas,
oligodendrogliomas display various degrees of clinical
aggressiveness, although they are more likely to spread
along cerebrospinal fluid (CSF) pathways. Although multi-
level grading systems for oligodendrogliomas have been
proposed, a two-level classification of differentiated (grade 2)
or anaplastic (grade 3) appears to be as useful. Oligoden-
drogliomas often display areas of astrocytic or, much more
rarely, ependymal differentiation. Such tumors, referred to
as oligoastrocytomas or mixed gliomas, are also classified as
low grade (grade 2) or high grade (grade 3 or anaplastic).
Clinically, oligodendrogliomas present in a fashion typical
of cortical astrocytomas, but with a more indolent course, a
longer antecedent history of symptoms (often over many
years), and a higher frequency of seizures. Many are calci-
fied on CT scan. Patients with well-differentiated tumors
survive much longer than those with anaplastic tumors
(median survival of 9.0 vs. 2.2 years for low-grade and
high-grade oligodendrogliomas, respectively).9 Most data
suggest that patients with pure oligodendrogliomas have
better prognoses than those with mixed gliomas. Shaw 
and colleagues found that the 5- and 10-year survival 
rates for patients with oligodendrogliomas were 72% 
and 46%, respectively, whereas the survival rates for mixed
oligoastrocytomas were 63% and 33%.10

TThheerraappeeuuttiicc  aapppprrooaacchheess  
aanndd  pprroocceedduurreess
SSuurrggeerryy
An accurate tumor diagnosis requires surgery. With current
stereotactic procedures, tissue samples should be obtainable

from any location in the brain with few exceptions. In 
most cases, a surgical resection should be considered and
recommended: there is a possible sampling error when
only biopsy is performed, and the improvement of
symptoms is related to the mass effect of the tumor.

For high-grade glioma, the extent of tumor resection
and survival are related, favoring any degree of resection
beyond biopsy.

The major objective of brain tumor surgery is to resect
and potentially cure the tumor.

There are several reasons for performing a resection 
of gliomas in adults whenever it is thought to be safe.
First, resection (rather than stereotactic biopsy) provides
the best opportunity to obtain an accurate diagnosis.
Gliomas are notoriously heterogeneous, and therapy is
guided by the most aggressive histologic type detected in
the specimen. Studies have shown that more complete
resections are more likely to provide a high-grade diagno-
sis11 and to detect an oligodendroglial component in the
tumor.12 Second, resection relieves symptoms from the
mass effect in many patients, and more extensive resec-
tions are associated with greater chances of neurologic
improvement; however, it may happen that neurological
impairment can derive from a large resection. Third,
response to postoperative radiation therapy is more 
favorable and deterioration during treatment is less likely
after resection.13 Finally, it is likely that resection has a
modest survival benefit through cytoreduction. Only one
randomized trial of resection of malignant gliomas has
been published; survival was approximately twice as 
long with resection.14 Many retrospective studies of both
low-grade15 and high-grade glioma16 have shown longer
survival with resection, after adjustment for age, perform-
ance score, tumor histologic type, and other prognostic 
factors. Although selection bias accounts for some of the
difference in survival, most surgeons believe that resection
is beneficial, especially in patients who have a mass effect at
presentation.

For deeply situated intrinsic tumors, or for diffuse 
non-focal tumors, resection is not practical. In these situa-
tions, needle biopsy is used for diagnosis. Open biopsy is
reserved for unusual situations, such as a lesion abutting a
large blood vessel or the brainstem; such lesions are often
simply resected. Although tissue can be obtained through 
a needle directed by hand through a burr hole under ultra-
sonographic, CT, or MRI guidance, nothing is as simple or
as accurate as CT- or MRI-directed stereotactic biopsy.

RRaaddiiootthheerraappyy
Most common brain tumors, such as low-grade and 
malignant astrocytomas, are infiltrative into surround-
ing normal brain tissue, many centimeters from the 
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primary lesion. Radiation treatment volumes for these
tumors generally include the enhancing volume (which
contains solid tumor tissue), surrounding edema (which
comprises normal brain infiltrated by microscopic tumor),
and a margin of normal brain. Thus, even with the use of
very conformal techniques, a substantial amount of
‘normal’ brain is included in the full-dose volume. The tol-
erance of normal brain (and spinal cord in the case of cord 
tumors) is a major limiting factor in achieving local control
and cure.

The tolerance of the brain depends on the size of the
dose per fraction, total dose given, overall treatment time,
volume of brain irradiated, host factors, and adjunctive
therapies. The probability of injury increases with larger
daily doses (2.2 Gy/fraction), and doses in excess of
60 Gy are delivered in 30 fractions over approximately 
6 weeks.

Approximately 4–9% of patients treated with 50–60 Gy
using conventional fractionated radiation for brain tumors
develop clinically detectable focal radiation necrosis, but
this form of injury may be found in as many as 10–22% 
of patients at autopsy.

The appropriate volume to encompass within the 
radiation treatment portal varies with the specific
histopathologic tumor type, and, with certain histologies,
is controversial. Benign tumors typically do not infiltrate
beyond the lesional borders seen by MRI. Certain tumors,
such as benign meningiomas, pituitary adenomas, cranio-
pharyngiomas, and acoustic neuromas, may be treated 
with narrow margins of surrounding normal tissue. In 
contrast, the astrocytic gliomas require larger margins
because of their tendency to infiltrate beyond the imaged
tumor border.

The across-target volume is defined as a three-dimen-
sional reconstruction of the tumor contour based on 
operative findings and data from CT and MRI studies.
The planning target volume consists of the volume of tissue
that must be irradiated to encompass the tumor volume,
with a margin of surrounding tissue considered to be at
risk for microscopic tumor spread and to account for
patient movement and daily set-up uncertainties. Three-
dimensional conformal radiation therapy and the
advanced technique of intensity-modulated radiation 
therapy are new methods of treatment planning and deliv-
ery designed to enhance conformation of the dose to the
target volume, while maximally restricting the dose deliv-
ered to the normal tissue outside the treatment volume.

Radiosurgery is a method of highly focal, closed-skull
external irradiation that uses an imaging-compatible
stereotactic device for precise target localization. It is being
used to treat other intracranial lesions, including small
arteriovenous malformations, pituitary adenomas, acoustic
neuromas, meningiomas, gliomas, and brain metastases.
The relationship between the stereotactic coordinate
system and the radiation source(s) allows accurate delivery

of radiation to the target volume. Radiosurgery can be
administered by γ knife units, made up of multiple cobalt
beams, and by modified linear accelerators. This technique
is designed to give a high radiation dose to an intracranial
target in a single session without delivering significant 
radiation to adjacent normal tissues. Stereotactic radio-
therapy may be delivered in a fractionated dose schedule
using stereotactic radiosurgery hardware and software and
head frames that can be relocalized daily in a reproducible
fashion.

Temozolomide is a novel oral alkylating agent with
known activity in patients with malignant gliomas. A pilot
phase II trial demonstrated the feasibility of the concomi-
tant administration of temozolomide with fractionated
radiotherapy, followed by up to six cycles of adjuvant 
temozolomide, and suggested that this treatment had
promising clinical activity (2-year survival rate 31%).17

The European Organization for Research and Treatment
of Cancer (EORTC) Brain Tumor and Radiotherapy
Groups and the National Cancer Institute of Canada
(NCIC) Clinical Trials Group therefore initiated a random-
ized, multicenter, phase III trial to compare radiotherapy
plus continuous daily temozolomide (followed by six 
cycles of adjuvant temozolomide) with radiotherapy alone
in patients with newly diagnosed GBM. A total of 573
patients from 85 centers underwent randomization.
At a median follow-up of 28 months, the median survival
was 14.6 months with radiotherapy plus temozolomide
and 12.1 months with radiotherapy alone. The 2-year 
survival rate was 26.5% with radiotherapy plus temozolo-
mide and 10.4% with radiotherapy alone. The addition 
of temozolomide to radiotherapy for newly diagnosed
glioblastoma resulted, therefore, in a clinically meaningful
and statistically significant survival benefit with minimal
additional toxicity.18

Another way to increase the radiation dose is with 
interstitial brachytherapy. Iodine-125 and iridium-192
sources have been used in clinical practice in well-
circumscribed, peripheral, solitary supratentorial lesions of
limited volume. Early phase II studies showed promising
survival in patients with glioblastoma multiforme treated
with external irradiation combined with brachytherapy.
However, two randomized trials did not succeeded in
demonstrating any statistically significant results in terms
of survival, comparing the use of interstitial implantation
(60 Gy at 10 Gy/day) preceding external irradiation 
(60.2 Gy at 1.72 Gy/fraction) and BCNU (carmustine)
versus external irradiation and BCNU alone.19,20 Thus,
despite the survival advantage suggested in early trials,
these randomized trials do not support the use of
brachytherapy to treat newly diagnosed glioblastoma.
Brachytherapy has also been suggested to improve the 
survival and quality of life of patients with recurrent 
malignant gliomas who meet criteria for implantation.21

The use of less invasive highly conformal radiation 
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techniques (i.e. radiosurgery) appears to provide results
equivalent to those of brachytherapy in patients with recur-
rent gliomas, and this has become the radiation treatment
of choice for patients with small recurrences.22

CChheemmootthheerraappyy
Although there have been advances in intraoperative 
imaging and other neurosurgical techniques, many tumors
still remain only partially resectable or non-resectable
because of their location in important areas of the brain
(i.e. brainstem, base of the skull), or because of their highly
infiltrative nature (glial tumors), or their tendency to 
disseminate along CSF pathways (embryonal tumors).
Although most CNS tumors are partially responsive to
radiotherapy, neural tissue toxicity usually prevents the
administration of curative doses of radiation. Thus, there 
is a significant need for additional treatment modalities.

Chemotherapy offers the theoretical advantage of
reaching all tumor cells, regardless of their gross or
microanatomic location within the CNS, because all tumor
cells must be within the perfusion zone of pre-existing 
or tumor-associated microvasculature. Furthermore, many
chemotherapeutic agents have minimum neurotoxic
effects, so toxicity concerns are largely confined to systemic
toxicity. Finally, because the vast majority of normal cells
within the CNS are postmitotic, chemotherapeutic 
agents that are preferentially toxic to dividing cells should
have a high therapeutic index within the CNS. Despite
these theoretical arguments, the fact is that chemotherapy
is used as primary therapy for few types of CNS tumor 
(i.e. primary CNS lymphoma), is at most an adjunct to 
surgery and radiation for some CNS tumors, and is totally
ineffective for others.

There are several reasons for the largely disappointing
results of chemotherapy. As with systemic tumors, intrinsic
and acquired drug resistance at doses attainable with
acceptable systemic toxicity remains a primary reason for
chemotherapy failure. The challenges for successful use of
chemotherapy for CNS tumors, however, are even greater
than they are for systemic tumors. Central to this difference
is the issue of drug delivery. The CNS is protected 
from toxic substances in the blood by the blood–brain 
barrier (BBB).

Ever since the blush of dye extravasation was first seen 
in tumors on cerebral angiography, it was appreciated 
that the blood–tumor barrier (BTB) was different from 
the BBB. The microvascular differences between the 
BTB and the normal BBB range from a subtle increase in
endothelial fenestrations to a dramatic breakdown of tight
junctions, enlargement of the perivascular space, and
swelling of the basal lamina.23,24 Different tumors display
different degrees of disruption of the BTB. For example,

most low-grade gliomas do not have contrast enhancement
on CT or MRI scans and have BTBs that are quite similar 
to the normal BBB. In contrast, highly malignant tumors
such as glioblastoma may have nearly total disruption 
of most barrier functions within the avidly contrast-
enhancing portion of the tumor. Even in these tumors,
however, drug delivery is not normal, because the tumor-
induced neovasculature is often poorly perfused or not
patent, and there is a relatively long distance between
tumor-induced angiogenic vessels and individual tumor
cells. Furthermore, even in these highly malignant and
angiogenic tumors, the leading front of infiltrating tumor
cells is located in normal brain parenchyma with a rela-
tively intact BBB. The limited access of most chemothera-
peutic drugs to the tumor decreases the chance that
cytotoxic concentrations of the drug will be delivered to 
all or even most of the infiltrating tumor cells, and results
in tumor cell exposure to sublethal concentrations of
the drug, which increases the chances of acquired drug
resistance.

Physicochemical characteristics largely determine a
drug’s ability to cross the BBB. Smaller, ionically neutral,
lipophilic drugs, with a high octanol/water coefficient, are
more likely to penetrate the BBB and BTB.25 Unfortunately,
most drugs lack these characteristics and are excluded 
by the barrier. For this reason, and because only a tiny 
portion of any systemically delivered drug finds its way 
into a relatively small tumor regardless of permeability
issues, there are significant problems both in obtaining
homogeneous, pharmacologically active concentrations of
drugs throughout a brain tumor and in limiting systemic
toxicity. This has led to the development of alternative 
drug administration techniques that either disrupt the 
BBB and BTB or deliver drugs directly to the region. One
way to do this is the surgical placement of biodegradable
synthetic polymers impregnated with a drug. The proto-
type implantable polymer is the Gliadel® wafer, which con-
tains BCNU.26 After surgical debulking of a malignant
glioma, the surgeon lines the surgical cavity with Gliadel
wafers that are left in place. Over the next several weeks the
BCNU diffuses out of the wafers into the surrounding
brain, providing very high local concentrations of BCNU
with little systemic exposure to the drug. Although theoret-
ically attractive, this approach has pharmacologic con-
straints. BCNU is highly lipid soluble and crosses the 
BBB readily in both directions. BCNU that diffuses out of
the polymer therefore passes into the local bloodstream,
where the BCNU concentration is low. This carries the
drug away from the brain, a phenomenon known as 
the sink effect. Another limitation is that drug penetrates
the surrounding brain only by passive diffusion, a slow 
and inefficient process. High concentrations of BCNU 
are thus found only within a few millimeters of the 
wafers, which makes it unlikely that cytotoxic drug concen-
trations will reach distant infiltrating tumor cells.27
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Despite the large number of trials of chemotherapy for
glioma conducted in the past 30 years, relatively little can
be said about the proven benefit of individual agents or
even of chemotherapy in general because of discrepancies
and inconsistencies in clinical trial design, interpretation,
and reporting.

Although there is growing consensus on the benefit of
adjuvant chemotherapy for high-grade astrocytomas at
diagnosis, the evidence favoring chemotherapy use in 
the recurrent setting is much less compelling. To date there
is no convincing demonstration of a survival benefit 
for patients with recurrent astrocytomas treated with
chemotherapy, although few controlled trials have exam-
ined the question.

Clearly, the agent with the most proven activity against
recurrent astrocytomas is temozolomide, an orally 
administered, second-generation imidazotetrazine pro-
drug with excellent bioavailability; wide tissue distribution,
including the ability to cross the BBB; and alkylating 
activity principally at the O6 position of guanine.28 After
phase I trials revealed activity in glioma patients, a pivotal
open-label multicenter phase II trial of temozolomide in
patients with anaplastic gliomas at first relapse was 
conducted.29 There were 97 evaluable patients with
anaplastic astrocytoma and 14 patients with anaplastic
oligoastrocytoma. The overall objective radiographic
response rate was 35% (8% complete response and 27%
partial response); 26% had stable disease. Unfortunately,
median progression-free survival was relatively short 
(5.4 months), and 12-month progression-free survival was
only 12%. A parallel trial accrued 225 patients with
glioblastoma at first relapse to a multicenter randomized
phase II trial of temozolomide versus procarbazine.30

Patients treated with temozolomide had statistically 
significantly longer median progression-free survival 
than patients treated with procarbazine (12.4 vs. 8.3 weeks;
p < 0.006). Radiographic response rates were disappoint-
ing: 5.4% in temozolomide-treated patients and 5.3% in
procarbazine-treated patients.

A new standard of care for patients with newly diag-
nosed glioblastoma may be now on the horizon. Stupp and
co-workers treated 64 patients with newly diagnosed
glioblastoma in a phase II trial of low-dose temozolomide
(75 mg/m2/day for 7 days) given during conventional 
fractionated radiotherapy, followed by six cycles of
standard-dose temozolomide (200 mg/m2/day for 5 days 
every 28 days) after radiotherapy.17 Treatment was well 
tolerated, and the median survival of the group was an
impressive 16 months, with 1- and 2-year survival rates of
58% and 31%, respectively. An EORTC randomized trial is
currently comparing this treatment regimen to radiation
alone. If the promising findings of the phase II study are
confirmed by this trial, then low-dose temozolomide
during radiotherapy followed by standard-dose adjuvant
temozolomide will become the new standard of care 

for glioblastoma. However, alkylating agents such as temo-
zolomide are highly reactive molecules that cause cell death 
by binding to DNA. The most frequent site of alkylation 
in DNA is the O6 position of guanine. Alkylation here
forms cross-links between adjacent strands of DNA,
which explains how the nitrosoureas, tetrazines, and pro-
carbazine kill cells. The cross-linking of double-stranded
DNA by alkylating agents is inhibited by the cellular 
DNA-repair protein O6-methylguanine-DNA methyltrans-
ferase: the DNA-repair enzyme O6-methylguanine-DNA
methyltransferase (MGMT) inhibits the killing of tumor
cells by alkylating agents. MGMT activity is controlled 
by a promoter; methylation of the promoter silences the 
gene in cancer, and the cells no longer produce MGMT.
Esteller et al. examined gliomas to determine whether
methylation of the MGMT promoter is related to the
responsiveness of the tumor to alkylating agents. They ana-
lyzed the MGMT promoter in tumor DNA by a methyla-
tion-specific polymerase chain reaction assay. The
molecular data were correlated with the clinical outcome.
They found that MGMT promoter was methylated in
gliomas from 19 of 47 patients (40%). This finding was
associated with regression of the tumor and prolonged
overall and disease-free survival. It was an independent and
stronger prognostic factor than age, stage, tumor grade, or
performance status. In this paper they concluded that
methylation of the MGMT promoter in gliomas is a useful
predictor of the responsiveness of the tumors to alkylating
agents.31

RRaaddiiooiimmmmuunnootthheerraappyy  
Despite the modest benefits afforded by radiation therapy
and alkylating agent chemotherapy, it is clear that more
effective treatments are desperately needed.

Monoclonal antibodies (mAb) against tumor-associated
antigens can be used therapeutically as delivery systems 
for chemotherapeutic agents, toxins, and radionuclides.
In particular, the utility of mAb (molecular weight 
150 kDa) for targeting radioactive agents to tumor cells,
for diagnostic (radioimmunoscintigraphy and radio-
immunoguided surgery) and therapeutic purpose (radio-
immunotherapy, RIT), has been extensively studied.32–35

Because of its potential for more selectively irradiating
tumor cells than conventional radiotherapy, radioim-
munotherapy is an attractive strategy for brain tumors.
Its antitumor effect is primarily due to the associated
radioactivity of the radiolabeled antibody, which emits
continuous slowing-down, low dose-rate irradiation.36,37

One of the main therapeutic advantages of radiolabeled
mAb is their potential to overcome the problem of tumor
heterogeneity. Because the radionuclides can penetrate up
to several millimeters of tissue, radioemission can kill 
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those antigen-negative tumor cells which have no specific
radiolabeled antibody localized on their surface (crossfire
effect).

The range of radioisotopes available for the production
of radiolabeled compounds is ever increasing. Although
damaging DNA represents the main mechanism for 
killing tumor cells, the choice of suitable radioisotopes
needs appropriate consideration in order to match their
decay properties with the characteristics of the tumor
(Table 25.3).

Among the radionuclides used in clinical practice,
90Y has physical and radiobiological features suitable for
the RIT approach, due to its high-energy β− particles 
(maximum energy 2.27 MeV). Moreover, 90Y penetration
(maximum particle range in tissue 12 mm, range in tissue
after which 50% of particles are stopped 4 mm) allows 
high radiation doses to the target area, while sparing 
surrounding tissues and normal organs and maximizing
the tumor to non-tumor dose ratio.

Besides, the radiochemistry procedures apt to conjugate
an antibody with a radioisotope can be varied according 
to different chemical reactions: several isotopes, in particu-
lar 131I and 125I, can be directly conjugated to the antibodies.
In contrast, the use of radiometals such as 90Y, 177Lu, and
186Re requires more complex reactions, involving first the
binding of a chelator with the antibody and subsequently
conjugation with the isotope.38,39 The attractive feature of
RIT is the prospect that most normal tissues are spared
from a high radiation burden. Unfortunately, RIT has thus
far failed to fulfill this expectation mainly because only a
very small amount of tagged mAb localizes per gram 
of tumor (< 0.001%), while the remainder stays in the 
circulation conjugated to the radioisotope with toxic effects
on tissues, especially bone marrow.40

Tumor pre-targeting
One of the limitations of directly labeled antibodies for 
targeted radiotherapy is that, as a consequence of their

macromolecular size, they diffuse slowly through tissue,
hampering their delivery to tumor cells distant from 
their site of injection. In an attempt to overcome this 
problem and the low uptake of radiolabeled mAb by 
the tumor, various studies have examined the concept of
tumor pre-targeting, consisting of the administration 
of a modified mAb (first conjugate) that permits a second
component (second conjugate) to bind specifically to it.41

Conceptually, the modified mAb is administered first and
allowed to distribute throughout the body, to bind to the
cells expressing antigen, and to clear substantially from
other tissues. Then the radiolabeled second component is
administered and, ideally, it localizes at sites where the
modified mAb has accumulated. If the second component
has higher permeation, clearance, and diffusion rates than
those of the mAb, more rapid radionuclide localization to
the tumor and higher tumor selectivity are possible, thus
achieving a higher tumor to non-tumor ratio.42

The avidin–biotin model
One of the most clinically used pre-targeting techniques is
the avidin–biotin system (Figure 25.1). This pre-targeting
approach takes advantage of the extremely high affinity
between avidin and biotin. Avidin (molecular weight 
66 kDa) is a small oligomeric protein made up of four 
identical subunits, each bearing a single binding site for
biotin (vitamin H, molecular weight 244 Da). They can
therefore bind up to four moles of biotin per mole of
protein. The affinity of avidin for biotin is extremely 
high, with a dissociation constant of the avidin–biotin
complex in the order of 10−15 mol/l. For practical purposes,
their binding can be regarded as irreversible.43,44

Briefly, pre-targeted antibody-guided radioimmunother-
apy (PAGRIT®) is based on intravenous or locoregional
sequential administration of a specific biotinylated 
antibody, avidin, and radioactive biotin (90Y-biotin).45 The
first clinical experience with the avidin–biotin pre-
targeting system in cancer therapy was performed almost 
a decade ago at the European Institute of Oncology 
in Milan, in patients affected by recurrent high-
grade glioma (HGG).46

Clinical applications
Theoretically, the radioimmunotherapy approach could be
exploited in all those tumors for which a specific mono-
clonal antibody is available to target its specific antigen.

However, malignant gliomas represent the most favor-
able model since they are refractory to conventional treat-
ments, and a suitable marker, the glycoprotein tenascin-C,
is overexpressed in the extracellular matrix of gliomas,
but not in normal cerebral tissues47 (Figure 25.2). The level
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Table 25.3 Isotope characteristics

t1/2 Emaxβ Rmax Eγ
Isotope (days) (MeV) (mm) (keV)

131I 8.0 0.81 3.3 360 (81%)–630 (7%)

90Y 2.7 2.27 11.9 —

177Lu 6.7 0.50 2.2 113 (6%)–208 (11%)

t1/2
, half-life; Emaxβ, maximum energy of β particles;

Rmax, maximum range; Eγ, γ energy.
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of tenascin expression increases with tumor grade.48

Important for its role as a target for radioimmunotherapy
is the fact that more than 90% of glioblastomas exhibit
high levels of tenascin expression.49 In addition, tenascin is
located primarily around tumor blood vessels, with this
feature becoming more predominant with advancing
tumor grade.50

The hope of therapy for brain tumors and, in particular,
for high-grade gliomas lies in the potential to extend 
functional life-span with little additional, and possibly
reduced, morbidity, as compared with current aggressive
treatment modalities. In fact, protocols including aggres-
sive combined therapies, such as surgical debulking,
external beam radiotherapy, and chemotherapy, usually
provide time-limited results, and local recurrence is a
common event, occurring within a few months. Surgical
resection could potentially represent the only curative
option, but, in clinical practice, it is impossible to remove
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Three-step radioimmunotherapy: (a) binding of biotinylated monoclonal antibodies to the antigen tenascin; (b) binding of avidin to
biotinylated monoclonal antibodies; (c) binding of radioactive biotin to avidin.
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Example of immunohistochemistry for tenascin.
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the microscopic tumor foci, which constantly spread into
the brain adjacent tissue (BAT) giving rise to recurrence.
The efficacy of conventional external radiotherapy has
been demonstrated, but no more than 60 Gy can be deliv-
ered, due to unacceptable risks of neurological toxicity.

Radioimmunotherapy, as systemic or locoregional 
application, has the potential to become a well-tolerated
therapeutic option in the management of HGG, comple-
menting traditional regimens.

Systemic PAGRIT® in 
high-grade glioma
In a phase I–II study the toxicity and therapeutic efficacy 
of the avidin–biotin pre-targeting approach in a group 
of 48 eligible patients were evaluated. All patients had 
histologically confirmed grade III or IV glioma and docu-
mented residual disease or recurrence after conventional
treatment.46 Three-step radioimmunotherapy was per-
formed by intravenous administration of biotinylated 
anti-tenascin monoclonal antibody (BC2 and BC4 epi-
topes), followed 36 hours later by avidin and streptavidin 
(a non-glycosylated analog of avidin), and 18–24 hours
later by 90Y labeled biotin. The injected activity, calculated
on the basis of previous studies and dosimetry calculation,
ranged from 2.22 to 2.97 GBq/m2 per cycle. Three major
conclusions emerged from this study. First, three-step
radionuclide therapy with high-dose 90Y produced accept-
able toxicity at the dose of 2.22 GBq/m2 due to the
extremely favorable biodistribution of 90Y-DOTA-biotin
(where DOTA is tetraazacyclododecanetetraacetic acid)
with the majority of the non-tumor-bound activity elimi-
nated in the first 24 hours. MTD was determined at the
level of 2.96 GBq/m2. Second, an objective therapeutic
response was documented in an encouraging fraction of
our patients, who were no longer responsive to conven-
tional treatments: 52% did not progress any further (the
majority suspended steroid consumption, had a reduction
in epileptic seizure rate and an improved quality of life),
while significant tumor reduction occurred in 25%. Third,
immune response to the murine monoclonal antibody,
known to interfere with localization in subsequent admin-
istrations, was less frequent than in patients treated with
the directly labeled mAb used in other studies, possibly
because of its shorter residence time in the circulation with
our procedure.

The encouraging results obtained in this phase I–II study
prompted us to apply the same approach in an adjuvant
setting, to evaluate: (1) the time to relapse and (2) the 
overall survival.51 We studied 37 high-grade glioma
patients, 17 with grade III glioma and 20 with glioblastoma,
in a controlled, open, non-randomized study. All patients
received surgery and radiotherapy and were disease-free by
neuroradiological examination. Nineteen patients (treated)

received adjuvant treatment with radioimmunotherapy.
In the treated glioblastoma patients, the median disease-
free interval was 28 months (range 9–59); median survival
was 33.5 months and one patient is still without evidence of
disease. All 12 control glioblastoma patients (non-treated)
died after a median survival from diagnosis of 8 months.
In the treated grade III glioma patients, the median disease-
free interval was 56 months (range 15–60) and survival
cannot be calculated as only two, within this group, died.

A number of points arose from the results of this second
study. First, three-step radioimmunotherapy was con-
firmed as highly active against malignant glioma, yet did
not cause major adverse events, as previously described.
Second, the effect of RIT on glioblastoma was interesting:
it considerably prolonged the disease-free interval and
overall survival relative to the untreated group.

Locoregional PAGRIT® in 
high-grade glioma
The principal advantages of a locally delivered compound
(chemotherapeutic agent or radiopharmaceutical) consist
mainly of bypassing the blood–brain barrier, minimizing
systemic toxicity, and achieving prolonged local drug 
concentration.

Several studies demonstrated that the locoregional (LR)
infusion of 131I- or 90Y-labeled anti-tenascin mAb in glioma
patients provided a favorable safety profile and the possi-
bility to control the growth of the tumor in the long-
term.52,53 Riva et al.54 evaluated the efficacy of 131I-labeled
and 90Y-labeled BC2 and BC4 moAb for the locoregional
treatment of malignant gliomas. The phase 2 study with 131I
involved 91 patients, including 74 with GBM and nine 
with anaplastic astrocytoma (AA). The study population
consisted of 47 newly diagnosed and 44 recurrent tumors.
Patients received 3–10 cycles of 131I-labeled moAb, at 
intervals of either 1 or 3 months, with a cumulative 
administered activity of up to 20.35 GBq (550 mCi).
The median survival was > 46 months in AA and 
19 months in GBM, with no distinction between newly
diagnosed and recurrent patient groups. The response rate
was better in those with small volume (56.7%) compared
with larger tumors. A subsequent study was performed
using 90Y in order to investigate the potential effects of
a radionuclide emitting β particles with greater tissue 
penetration. Patients received between three and five cycles
of 90Y-labeled moAb with a cumulative activity of 3.145
GBq (85 mCi). The median survival for patients with AA
and GBM was 90 months and 20 months, respectively.

In a more recent study, the therapeutic potential of
131I- and 90Y-labeled BC4 moAb was evaluated in 
37 patients, consisting of 13 with AA and 24 with GBM.55

Multiple cycles of labeled moAb were administered (mean,
three per patient) at various activity levels. The median 
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survival for GBM was 17 months. No attempt was made to
stratify analyses according to the radionuclide used or
whether the patients had recurrent or newly diagnosed
lesions.

The three-step pre-targeting approach, described above
and applied in a systemic fashion, has also been validated 
in the locoregional treatment of glioma. In a phase 
I–II study we investigated the safety profile and antitumor
efficacy of the three-step method, employing [90Y]biotin 
in the locoregional therapy of recurrent high-grade
glioma.56 Twenty-four patients with recurrent glioma
(eight anaplastic astrocytoma and 16 GBM) underwent
second surgical debulking with implantation of an
indwelling catheter (connected with a subcutaneous reser-
voir) (Figure 25.3) into the surgical cavity in order to
receive the radioimmunotherapeutic agent.

Biotinylated anti-tenascin mAb (BC2 or BC4), avidin,
and, finally, 90Y-biotin were subsequently injected through

the catheter. Each patient received two of these treatments
8–10 weeks apart, and the injected activity ranged from 
0.5 to 1.1 GBq. Dosage was escalated by 0.2 GBq in four
consecutive groups. Bremsstrahlung images were acquired
to confirm the correct localization of the 90Y-biotin 
(Figure  25.4). The treatment was well tolerated without
acute side-effects up to 0.7 GBq. The maximum tolerated
activity was 1.1 GBq, limited by neurologic toxicity.
None of the patients developed hematological toxicity.
In three patients infection occurred around the catheter,
and was promptly treated. The average absorbed dose 
to the normal brain was minimal compared with that
received at the surgical resection cavity interface.

This study assessed that with activity ranging from 
0.7 to 0.9 GBq per cycle, three-step locoregional 
radioimmunotherapy was safe, and produced an 
objective response (partial and stable disease in 75% of
patients).
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Different models of reservoirs connected with catheter (a) and placed into the surgical cavity (b). The subcutaneous reservoir is well
tolerated by the patient (c). In locoregional radioimmunotherapy, all reagents are injected through the reservoir (d).
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Multimodal approach: locoregional
PAGRIT® in association with
chemotherapy
From the beginning of 1999, in our department, temozolo-
mide (TMZ) was proposed in association with LR RIT to
the newly enrolled patients. In our opinion, the basis for
combining LR RIT and TMZ includes toxicity independ-
ence (the two treatments have different toxicity profiles)
and the possibility to eliminate microscopic disease outside
the radiation LR RIT field with TMZ. This hypothesis is
supported by a retrospective analysis performed in a group
of 73 patients with histologically proven recurrent GBM
and immunohistochemical demonstration of tenascin
expression in the tumor.57 All patients had a catheter
implanted at second surgery and underwent at least two
cycles of locoregional radioimmunotherapy (range 2–7)
with 2 month’s interval. Thirty-five out of 73 patients were
also treated with oral chemotherapy (TMZ). Two cycles of
TMZ (200 mg/m2/day, for 5/28 days) were administered
between each course of LR RIT.

Radiological objective response occurred in nine
patients (3 partial response, 6 minor response). In a large
number of patients (63%) a stabilization of disease was
obtained.

In the 38 patients treated with LR RIT alone, median
overall survival and progression-free survival were respec-
tively 17.5 months (95% confidence interval (CI) 17–20)
and 5 months (95% CI 4–8), while in the 35 treated 
with the combined treatment (LR RIT + TMZ) respective
values were 25 months (95% CI 23–30) and 10 months
(95% CI 9–18, p < 0.01). The addition of TMZ to LR RIT
did not increase neurological toxicity, and no major 
hematological toxicity was observed.

This study confirmed the efficacy and safety of locore-
gional radioimmunotherapy in recurrent glioblastoma
patients, with a significant increase in survival compared 

to that obtained with surgery and external radiotherapy
alone. In particular, this study shows that this improvement
in survival can be further increased by the multimodal
approach of combining LR RIT with TMZ.

More recently, our group has assessed another multi-
modal therapeutic strategy in cooperation with the Neuro-
Oncology Department of the National Neurological
Institute ‘C Besta’ in Milan.58 Twenty-six recurrent GBM
patients sequentially treated at the ‘C Besta’ Institute 
were enrolled for a second surgery in order to remove
recurrent tumor and to place the indwelling catheter 
into the surgical cavity, to allow local delivery of
chemotherapy and pre-targeted RIT. All patients had 
partial tumor resection and 75% of them had a residual
tumor mass after excision larger than 2 cm. After surgery 
all patients were managed with second-line systemic
chemotherapy (PCV; procarbazine, CCNU, vincristine).
Moreover, the protocol scheduled two cycles of locore-
gional RIT, according to the ‘three-step’ method, with an
activity ranging from 0.2 to 1.0 GBq (depending on the
cavity volume), with a 10-week interval. Mitoxantrone
chemotherapy was also locally delivered as a single dose of
4 mg every 20 days. Responses to treatment were assessed
by monthly neurological examination and by MRI or 
contrast-enhanced CT scan performed every 2 months.
For the whole group of patients the progression-free 
survival after second surgery at 6 and 12 months was 61%
and 22%, respectively, and survival after recurrence at 
6, 12, and 18 months was 80%, 53%, and 42%, respectively.
Major side-effects occurred neither systemically nor related
to the site of local injections. The percentage of long-term
survivors was very high: 42% of patients were still alive at
18 months.

Radiation dosimetry evaluation
The challenge for internal therapy is to deliver the highest
possible dose to the tumor while sparing normal organs
from damage. Response and toxicity prediction are essen-
tial to the rational implementation of cancer therapy.

The appropriate term for the quantity of interest in
dosimetry, however, is absorbed dose (D), expressed in
units of Gray. This is defined as the energy (E) absorbed 
in a particular mass of tissue, divided by the tissue mass (M):

D = E
M

In particular, in radionuclide therapy: E = number of
radionuclide disintegrations in a particular volume ×
energy emitted per disintegration of the radionuclide ×
fraction of emitted energy that is absorbed by a particular
(target) mass.

The biologic effects of radionuclide therapy are medi-
ated via the absorbed dose.
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Thus, an accurate dosimetry method that would provide
reliable dose estimates to critical organs and to tumors
before therapy would allow the clinician to plan a specific
therapeutic regimen and also to select those patients who
would benefit the most from treatment.

In radionuclide treatment, different from external 
beam radiotherapy, dosimetry is strongly time and space
dependent. Radiopharmaceuticals may in fact show 
different distribution patterns.

The normal brain is the critical organ for external 
beam radiotherapy, as it is inevitably included in the field 
of treatment. In contrast, during radioimmunotherapy,
the normal brain receives negligible doses. The mean
absorbed dose in normal brain was 0.16 ± 0.08 mGy/MBq
and 0.015 ± 0.005 mGy/MBq in systemic and in locore-
gional treatments, respectively.59,60

Compared to systemic treatment,59 local administration
has been demonstrated to be advantageous in the mini-
mization of systemic toxicity. The adsorbed dose to red
marrow was 0.22 mGy/MBq in systemic treatment com-
pared to 0.03 mGy/MBq in locoregional treatment.

In the systemic treatment, the biodistribution images
showed rapid clearance of the radiocompound. The
normal organs mainly involved in the biodistribution of
the 90Y-biotin were the liver (1.5 ± 1.0 cGy/37 MBq) and
kidneys (2.7 ± 1.6 cGy/37 MBq); 65% ± 28% of the injected
activity was eliminated via the kidneys in the first 24 h 
after the treatment (Figure 25.5).

Scintigraphic images acquired up to 48 h after LR RIT
with 90Y-biotin showed the radiolabeled compound 
to be well localized within the injection site and minimal
activity in the remainder of the body. Low 90Y activities

were found in the bloodstream. The activity in other
normal organs was negligible in most cases, as confirmed
by imaging.

After injection into the surgical resection cavity, the
radiocompound diffuses into the brain adjacent tissue
(BAT) to target the neoplastic cells scattered throughout
this region, or remains localized in the cavity, depending on
tumor cell distribution and on the amount of binding to
the tumor cells.

Considering a cavity of 7.2 ml (radius 1.2 cm), the mean
dose to a cuff of tissue 6 mm thick around the cavity (BAT)
ranged from 130 to 1300 mGy/MBq, considering different
degrees of binding to the cavity wall for 90Y-biotin: from
lack of binding (all the radiopharmaceutical remains uni-
formly distributed inside the cavity) to complete binding
(all the radiopharmaceutical is bound to the cavity wall)
(Figure 25.6).

The LR approach, whenever feasible, guarantees a higher
irradiation of the tumor-resected cavity, while sparing
normal brain.60

CCoonnssiiddeerraattiioonnss  aanndd  ffuuttuurree
ddiirreeccttiioonnss
The combined modality approach to treating brain tumors
was introduced about 30 years ago; it remains the most
effective approach we have. The promise is that the combi-
nation of surgery, radiotherapy, chemotherapy, new 
targeted small molecules (as inhibitors of growth factor
receptors), and RIT may provide, at last, a way of increasing
life expectancy in high-grade glioma patients.

AAcckknnoowwlleeddggmmeennttss
We thank Mrs Deborah Console for editing the 
manuscript.

Therapy of brain tumors 337799

Kidneys Liver Brain Bone
marrow

Tumor

25

20

15

10

5

0

cG
y/

37
 M

B
q

FFiigguurree  2255..66
Mean dose to a cuff of tissue 6 mm thick around the cavity.FFiigguurree  2255..55

Absorbed dose (cGy/37 MBq) in critical organs and in tumor.
Mean values are calculated in 12 patients. Note higher uptake
in tumor compared with non-targeted organs. Reproduced
from European Journal of Nuclear Medicine, 1999, 26(4):
348–57, Antibody-guided three-step therapy for high grade
glioma with yttrium-90 biotin, Paganelli G, Grana C, Chinol M,
Cremonesi M, De Cicco C, De Braud F, Robertson C, Zurrida S,
Casadio C, Soboli S, Siccardi AG, Veronesi U, Figure no. 2, 
© With kind permission of Springer Science and Business
Media (reference 46).

10.00

1.00

0.10

0.01
0.5 4.2 7.2

Cavity volume (ml)
14.1 33.5 65.4

G
y/

M
B

q

9781841846149-Ch25  8/21/07  5:05 PM  Page 379



RReeffeerreenncceess
1. Davis FG, Preston-Martin S. Epidemiology. Incidence and

survival. In: Bigner DD, McLendon RE, Bruner JM, eds.
Russell and Rubinstein’s Pathology of Tumors of the Central
Nervous System. London: Arnold 1999: 5–46.

2. Stewart LA. Chemotherapy in adult high-grade glioma: a
systematic review and meta-analysis of individual patient
data from 12 randomised trias. Lancet 2002; 359: 1011–18.

3. Wong ET, Hess KR, Gleason MJ et al. Outcomes and factors
in recurrent glioma patients enrolled onto phase II trials.
J Clin Oncol 1999; 17: 2572–8.

4. Greig NH, Ries LG, Yancik R, Rapoport SI. Increasing annual
incidence of primary malignant brain tumors in the elderly.
J Natl Cancer Inst 1990; 82: 1621–4.

5. Maher EA, Furnari FB, Bachoo RM et al. Malignant glioma:
genetics and biology of a grave matter. Genes Dev 2001; 15:
1311–33.

6. Daumas-Duport C, Scheithauer BW, O’Fallon J, Kelly P.
Grading of astrocytomas, a simple and reproducible method.
Cancer 1988; 62: 2152–65.

7. Kim TS, Halliday AL, Hedley-Whyte ET, Convery K.
Correlates of survival and the Daumas-Duport grading
system of astrocytomas. J Neurosurg 1991; 74: 27–37.

8. Kleihues P, Louis DN, Scheithauer BW et al. The WHO clas-
sification of tumors of the nervous system. J Neuropathol
Exp Neurol 2002; 61: 215–25.

9. Berger MS, Leibel SA, Bruner JM. Primary central nervous
system tumors of the supratentorial compartment. In: Levin
VA, ed. Cancer in the Nervous System. New York: Churchill
Livingstone, 1995.

10. Shaw EG, Scheithauer BW, O’Fallon JR, Tazelaar HD,
David DH. Oligodendrogliomas: the Mayo Clinic Experience.
J Neurosurg 1992; 76: 428–34.

11. Jackson RJ, Fuller GN, Abi-Said D et al. Limitations of
stereotactic biopsy in the initial management of gliomas.
Neuro-oncol 2001; 3: 193–200.

12. Perry A, Jenkins RB, O’Fallon JR et al. Clinicopathologic
study of 85 similarly treated patients with anaplastic astro-
cytic tumors. An analysis of DNA content (ploidy), cellular
proliferation, and p53 expression. Cancer 1999; 86: 672–83.

13. Barker FG 2nd, Chang SM, Larson DA et al. Age and radia-
tion response in glioblastoma multiforme. Neurosurgery 2001;
49: 1288–98.

14. Vuorinen V, Hinkka S, Farkkila M et al. Debulking or biopsy
of malignant glioma in elderly people—a randomised study.
Acta Neurochir Wien 2003; 145: 5–10.

15. Keles GE, Lamborn KR, Berger MS. Low-grade hemispheric
gliomas in adults: a critical review of extent of resection 
as a factor influencing outcome. J Neurosurg 2001; 95:
735–45.

16. Hess KR. Extent of resection as a prognostic variable in the
treatment of gliomas. J Neurooncol 1999; 42: 227–31.

17. Stupp R, Dietrich PY, Ostermann Kraljevic S et al. Promising
survival for patients with newly diagnosed glioblastoma
multiforme treated with concomitant radiation plus temo-
zolomide followed by adjuvant temozolomide. J Clin Oncol
2002; 20: 1375–82.

18. Stupp R, Mason WP, van den Bent MJ et al. European 
Organisation for Research and Treatment of Cancer Brain

Tumor and Radiotherapy Groups; National Cancer Institute
of Canada Clinical Trials Group. Radiotherapy plus con-
comitant and adjuvant temozolomide for glioblastoma.
N Engl J Med 2005; 352: 987–96.

19. Selker RG, Shapiro WR, Burger P et al. The Brain Tumor
Cooperative Group NIH Trial 87-01: a randomized compar-
ison of surgery, external beam radiotherapy, and carmustine
versus surgery, interstitial radiotherapy boost, external 
radiation therapy, and carmustine. Neurosurgery 2002;
51: 343–55.

20. Laperriere NJ, Leung PM, McKenzie S et al. Randomized
study of brachytherapy in the initial management of patients
with malignant astrocytoma. Int J Radiat Oncol Biol Phys
1998; 41: 1005–111.

21. Leibel SA, Gutin PH, Wara WM et al. Survival and quality of
life after interstitial implantation of removable high-activity
iodine-125 sources for the treatment of patients with 
recurrent malignant gliomas. Int J Radiat Oncol Biol Phys
1989; 17: 1129–39.

22. Shrieve DC, Alexander E, Wen PY et al. Comparison of
stereotactic radiosurgery and brachytherapy in the treatment
of recurrent glioblastoma multiforme. Neurosurgery 1995;
36: 275–82.

23. Groothuis DR. The blood–brain and blood–tumor barriers:
a review of strategies for increasing drug delivery. Neuro-
oncol 2000; 2: 45–59.

24. Dropcho EJ, Rosenfeld SS, Vitek J, Guthrie BL, Morawetz RB.
Phase II study of intracarotid or selective intracerebral 
infusion of cisplatin for treatment of recurrent anaplastic
gliomas. J Neurooncol 1998; 36: 191–8.

25. Greig NH, Yu QH, Utsuki T et al. Optimizing drugs for brain
action. In: Kobiler D, ed. Blood–Brain Barrier. New York:
Kluwer Academic/Plenum Publishers, 2001: 281–311.

26. Brem H, Mahaley MS Jr, Grossman SA, Saltzman WM. Inter-
stitial chemotherapy with drug polymer implants for the
treatment of recurrent gliomas. J Neurosurg 1991; 74: 441–6.

27. Strasser JF, Fung LK, Eller S, Grossman SA, Saltzman WM.
Distribution of 1,3-bis(2-chloroethyl)-1-nitrosourea and
tracers in the rabbit brain after interstitial delivery by
biodegradable polymer implants. J Pharmacol Exp Ther
1995; 275: 1647–55.

28. Clark AS, Deans B, Stevens MF et al. Antitumor imidazote-
trazines: 32. Synthesis of novel imidazotetrazinones and
related dicyclic heterocycles to probe the mode of action on
the antitumor drug temozolomide. J Med Chem 1995; 38:
1493–504.

29. Yung WK, Prados MD, Yaya-Tur R et al. Multicenter phase II
trial of temozolomide in patients with anaplastic astrocy-
toma or anaplastic oligoastrocytoma at first relapse. Temodal
Brain Tumor Group. J Clin Oncol 1999; 17: 2762–71.

30. Yung WK, Albright RE, Olson J et al. A phase II study of
temozolomide vs. procarbazine in patients with glioblas-
toma multiforme at first relapse. Br J Cancer 2000; 83:
588–93.

31. Esteller M, Gargia-Foncillas J, Andion E et al. Inactivation 
of the DNA-repair gene MGMT and the clinical response 
of gliomas to alkylating agents. N Engl J Med 2000;
343: 1350–4.

32. Epenetos AA, Munro AJ, Stewart S et al. Antibody-guided
irradiation of advanced ovarian cancer with intraperitoneally

338800 Advances in Nuclear Oncology

9781841846149-Ch25  8/21/07  5:05 PM  Page 380



administered radiolabelled monoclonal antibodies. J Clin
Oncol 1987; 5: 1890–9.

33. Larson SM. Radiolabelled monoclonal anti-tumor antibodies
and therapy. J Nucl Med 1985; 26: 538–45.

34. Buraggi GL, Callegaro L, Mariani G et al. Imaging with 131I-
labeled monoclonal antibodies to a high-molecular-weight
melanoma-associated antigen in patients with melanoma:
efficacy of whole immunoglobulin and its F(ab′)2 frag-
ments. Cancer Res 1985; 45: 3378–87.

35. Kim JA, Triozzi PL, Martin EW Jr. Radioimmunoguided 
surgery for colorectal cancer. Oncology 1993; 7: 55–64.

36. Fazio F, Paganelli G. Antibody-guided scintigraphy: targeting
of the ‘magic bullet’. Eur J Nucl Med 1993; 20: 1138–40.

37. Hazra DK, Britton KE, Lahiri VL et al. Immunotechnological
trend in radioimmuno-targeting: from ‘magic bullet’ to
‘smart bomb’. Nucl Med Commun 1995; 16: 66–75.

38. Wessels BW, Rogus RD. Radionuclide selection and model
absorbed dose calculations for radiolabeled tumor associated
antibodies. Med Phys 1984; 11: 638–45.

39. Chinol M, Hnatowich DJ. Generator-produced yttrium-90
for radioimmunotherapy. J Nucl Med 1987; 28: 1465–70.

40. Goldenberg DM, Griffiths GL. Radioimmunotherapy of
cancer: arming the missiles. J Nucl Med 1992; 33: 1110–12.

41. Chetanneau A, Barbet J, Peltier P et al. Pretargetted imaging
of colorectal cancer recurrences using an In-111-labelled
bivalent hapten and a biospecific antibody conjugate. Nucl
Med Commun 1994; 15: 972–80.

42. Magnani P, Paganelli G, Modorati G et al. Quantitative com-
parison of direct antibody labeling and tumor pretargeting
in uveal melanoma. J Nucl Med 1996; 37: 967–71.

43. Wilchek M, Bayer EA. The avidin biotin complex in bioana-
lytical applications. Anal Biochem 1988; 171: 1–32.

44. Paganelli G, Magnani P, Zito F et al. Three-step monoclonal
antibody tumor targeting in carcinoembryonic antigen-
positive patients. Cancer Res 1991; 51: 5960–6.

45. Paganelli G, Chinol M, Grana C et al. Optimization of the
three-step pretargeting approach for diagnosis and therapy
in cancer patients. J Nucl Med 1995; 36: 225P (abstr).

46. Paganelli G, Grana C, Chinol M et al. Antibody-guided
three-step therapy for high grade glioma with yttrium-90
biotin. Eur J Nucl Med 1999; 26: 348–57.

47. Zagzag D, Friedlander DR, Dosik J et al. Tenascin-C expression
by angiogenic vessels in human astrocytomas and by human
brain endothelial cells in vitro. Cancer Res 1996; 56: 182–9.

48. Leins A, Riva P, Lindstedt R et al. Expression of tenascin-C in
various human brain tumors and its relevance for survival in
patients with astrocytoma. Cancer 2003; 98: 2430–9.

49. Wilkstrand CJ, Zalutsky MR, Bigner DD. Therapy of
brain tumors with radiolabeled antibodies. In: Liau LM,
Becker DP, Cloughsey TF, Bigner DD, eds. Brain Tumor
Immunotherapy. Totowa, NJ: Humana Press, 2001: 205–29.

50. Herold-Mende C, Mueller MM, Bonsanto MM et al. Clinical
impact and functional aspects of tenascin-C expression
during glioma progression. Int J Cancer 2002; 98: 362–9.

51. Grana C, Chinol M, Robertson C et al. Pretargeted 
adjuvant radioimmunotherapy with yttrium-90-biotin in
malignant glioma patients: a pilot study. Br J Cancer 2002;
86: 207–12.

52. Riva P, Franceschi G, Frattarelli M. Loco-regional radio-
immunotherapy of high-grade malignant gliomas using 
specific monoclonal antibodies labeled with 90Y: a phase I
study. Clin Cancer Res 1999; 5: 3275–80.

53. Cokgor I, Akabani G, Kuan CT. phase I trial results of
iodine-131-labeled antitenascin monoclonal antibody 81C6
treatment of patients with newly diagnosed malignant
gliomas. J Clin Oncol 2000; 18: 3862–72.

54. Riva P, Franceschi G, Riva N et al. Role of nuclear medicine
in the treatment of malignant gliomas: the loco-regional
radioimmunotherapy approach. Eur J Nucl Med 2000; 27:
601–9.

55. Goetz C, Riva P, Poepperl G et al. Locoregional radioim-
munotherapy in selected patients with malignant gliomas:
experiences, side effects and survival times. J Neurooncol
2003; 62: 321–8.

56. Paganelli G, Bartolomei M, Ferrari M et al. Pre-targeted
locoregional radioimmunotherapy with 90Y-biotin in 
glioma patients: phase I study and preliminary therapeutic
results. Cancer Biother Radiopharm 2001; 16: 227–35.

57. Bartolomei M, Mazzetta C, Handkiewicz-Junak D et al.
Combined treatment of glioblastoma patients with locore-
gional pre-targeted 90Y-biotin radioimmunotherapy and
temozolomide. Q J Nucl Med Mol Imaging 2004; 48:
220–8.

58. Boiardi A, Bartolomei M, Silvani A et al. Intratumoral 
delivery of mitoxantrone in association with 90-Y radioim-
munotherapy (RIT) in recurrent glioblastoma. J Neurooncol
2005; 72: 125–31.

59. Cremonesi M, Ferrari M, Chinol M et al. Three-step
radioimmunotherapy with yttrium-90 biotin: dosimetry
and pharmacokinetics in cancer patients. Eur J Nucl Med
1999; 26: 110–20.

60. Ferrari M, Cremonesi M, Bartolomei M et al. Dosimetric
modeling for locoregional treatment of brain tumors with
90Y-Biotin. J Nucl Med 2006; 47: 105–12.

Therapy of brain tumors 338811

9781841846149-Ch25  8/21/07  5:05 PM  Page 381



9781841846149-Ch25  8/21/07  5:05 PM  Page 382



26
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BBaacckkggrroouunndd
Ovarian cancer is the fifth leading cause of cancer death 
in the USA. This is due mainly to the advanced stage of
disease at diagnosis and the non-curative responses often
achieved with standard treatments. The therapeutic 
management of ovarian cancer today is dependent on 
early diagnosis, exquisitely exhaustive surgical treatment,
and platinum/paclitaxel-based chemotherapy. However,
the majority of patients are diagnosed in advanced stages.
Although cures can be achieved in the primary treatment
of stage III disease, the rate of complete response to 
the conventional anticancer treatments is very low.
Moreover, the main problem is that also those patients who
achieve a complete remission show an elevated ratio 
of recurrent disease. Monoclonal antibody (mAb) thera-
pies have recently had a positive impact and become 
standard elements in the treatment of both hematologic
and certain solid malignancies. Such advances have shown
only a marginal value in the treatment of ovarian cancer;
however, novel antibodies and different approaches, now in
development, could impact on therapeutic standards for
ovarian cancer in the coming years.1

Ovarian cancer is a very heterogeneous disease and 
a variety of tumor types, including mucinous, clear cell,
and serous cell types, are associated with the variable
expression of different tumor markers including mucins
(MUC16/CA125, MUC1), and tumor-associated glyco-
proteins (TAG72, folate receptor). Since antibodies can 
be raised against a wide range of macromolecules, they 
represent an ideal targeting vehicle for detecting antigenic
structures expressed in neoplastic tissues. The prospect 
of utilizing mAb to deliver radiopharmaceuticals precisely
to tumor targets has raised the interest and investigative
effort of many researchers.

An antibody is a tetramer composed of a pair of
identical heavy and light chains linked by disulfide bonds.
Each chain is composed of domains of constant size

(100–110 amino acid residues) characterized by a loop
defined by the presence of intrachain disulfide bonds. The
N-terminal domain of each chain is termed the variable
(V) region and is followed by one (light chain) or three
(heavy chain) constant (C) domains. The antigen binding
sites are determined by the association of V regions of light
and heavy chains and depend on specific hypervariable
sequences named CDR (complimentarity-determining
region), while the biological activities of the immunoglob-
ulins (i.e. complement fixation, antibody-dependent cellu-
lar cytotoxicity, and the possibility to be reabsorbed and
recirculate) are associated with the heavy constant regions
(Figure 26.1).

The first developed and most widely used technology 
for the generation of monoclonal antibodies (mAb) is the
use of mouse hybridomas generated from the stable fusion
of immortalized myeloma cells with B cells from immu-
nized mice. These reagents, due to their heterologous
origin, are highly immunogenic, limiting their in vivo 
utilization. Several different modifications of mAb have
been proposed in order to decrease the immunogenicity of
these molecules. Accordingly, mAb were modified by 
protein engineering to be chimeric (V regions of murine
origin and C regions of human origin) or humanized
(CDR of murine origin and the majority of the residual
sequence of human origin). More recently, fully human
mAb have been obtained by phage display technology,
from transgenic mice, or by immortalization of human B
lymphocytes.2

The efficacy of mAb in cancer treatment is limited by
different factors (antibody structure and size, target anti-
gen, antibody affinity, immunogenicity, biodistribution,
kinetics) as summarized in Table 26.1.

The level of antigen expression by the neoplastic cells
represents one of the most important factors affecting the
uptake of antibodies in solid tumors, and several studies
indicate that the choice of antigen for antibody targeting
should be guided by the level of their expression in vivo.
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Relatively lower relevance could be attributed to the other
factors, although a relevant issue is the mAb relative inabil-
ity to reach their target in vivo in adequate quantities.3,4

Besides the levels of antigen expression, other issues are
also critical for a satisfactory mAb accretion in neoplastic
lesions. In fact, low and/or heterogenic expression of
tumor antigen alone cannot account for the poor penetra-
tion of antibodies in tumors and their inability to 
reach all regions of a tumor in adequate quantities.5,6

Only recently have the peculiarities of tumor physiology
been recognized as determinants in antibody distribution.
Three physiological barriers responsible for the poor local-
ization of macromolecules in tumors have been identified:
(1) heterogeneous blood supply; (2) elevated interstitial
pressure; and (3) long transport distances in the intersti-
tium. The first barrier limits the delivery of molecules to
well-perfused regions of a tumor; the second barrier
reduces extravasation of fluid and macromolecules in 
the high interstitial pressure regions and also leads to a
radially outward convection in the tumor periphery, which
opposes the inward diffusion; and the third barrier
increases the time required for slowly moving macro
molecules to reach distal regions of a tumor. Binding of
antibody to an antigen further lowers the effective diffusion
rate by reducing the amount of mobile antibody. Due to
micro- and macroscopic heterogeneities in tumors, the 
relative magnitude of each of these barriers will vary from
one location to another, from one day to the next in the
same tumor, and from one tumor to another.7 In the 
specific case of ovarian cancer, Choi et al.8 suggest that 
poor antibody penetration is due to the intratumoral 
collagen content. Experiments performed in athymic rats
bearing human ovarian tumors (SKOV-3 and OVCAR-3)
in the abdominal wall were designed to study the influence
of tumor interstitial pressure on the penetration of an 
antibody. They concluded that the elevation of interstitial
pressure might not be the sole explanation for the trans-
port barrier to immunoglobulin G (IgG) in tumor tissue;
nevertheless, measurement of tumor interstitial pressures
showed a peak pressure of 30 mmHg at the center of the
tumor and an average pressure of 10–12 mmHg, which
were greater than the maximum pressure attainable in the
peritoneal cavity (8–10 mmHg). They hypothesized that
the tumor interstitial matrix (tumor cell microenviron-
ment) was a major barrier to intraperitoneal macromolec-
ular delivery. From histologic observations, a similar pattern
of distribution of collagen and hyaluronic acid in the
experimental tumors in that rat model was shown. Both
hyaluronan and collagen were located mainly at the periph-
ery, in the layer of proliferating cells surrounding the
tumor cell mass. An analogous configuration for the inter-
stitial structure has been reported in human ovarian
tumors that have metastasized to the abdominal wall. The
findings of Choi et al.8 indicated that collagen but not
hyaluronic acid contributes resistance to the transport of
antibody. This suggests that the nature of a potential trans-
port barrier is as important as its structural location. Also,
the influence of electrostatic repulsion between negative
charges on the glycosaminoglycans and the protein was
minimized, as similar transport profiles were found for 
two different antibodies with different net charge, a non-
specific IgG with isoelectric point of 7.6 and the mono-
clonal antibody trastuzumab with isoelectric point of 9.2.
They concluded that, while the high interstitial pressure is a
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Table 26.1 Principal parameters conditioning
application of antibodies in the clinical setting

Characteristics Parameter

Antigen ● Localization: extracellular 
microenvironment), membrane,
intracellular

● Level of expression
● Metabolism of the antigen–antibody

complex: internalization, release
● Function
● Clinical correlation

Antibody ● Origin of species: homologous,
heterologous

● Dimension: whole antibody,
fragments

● Specificity
● Affinity

Pathology ● Vascularization
● Interstitial pressure
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deterrent to convective penetration of macromolecules
into the tumor parenchyma, there is also an inherent 
resistance in the structure of the interstitial matrix that
must be overcome before effective delivery of an antibody.
The physical presence of the collagen microfibrillar 
network could thus be the primary barrier to transport.

Furthermore, the structure of mAb is very important,
since the most common subclass of mAb used in
immunotherapy is IgG, characterized by a long circulatory
half-life in plasma. This determines a tumor-to-background
ratio that is usually low. In order to improve the tumor
uptake, other immunoreagents have been constructed and
investigated, such as antibody fragments obtained by enzy-
matic digestion of the intact IgG antibodies or protein engi-
neering. Thus, the tumor-to-non-tumor ratio increases,
even if the tumor retention time tends to be shorter than
that of intact mAb, and the kidney excretion increases.9

RRaaddiiooiimmmmuunnootthheerraappyy
Radioimmunotherapy (RIT) has two major advantages
over the application of mAb alone or conjugated with
drugs or toxins.10 First, radionuclides can irradiate not 
only the specifically targeted tumor cells, but also the 
surrounding area, including tumor cells not expressing 
the target antigen (crossfire phenomenon). Second, the
mechanism of action of radionuclides is not dependent on
multidrug resistance.

Whereas RIT of hematopoietic neoplasms is gaining
attention as a future therapy modality, solid tumors 
have been less responsive, and targeting minimal or
micrometastatic disease appears at present to be the 
optimal approach in solid tumor therapy. The challenge 
of treating solid tumors has stimulated several approaches
to improve the radiation dose delivered and to achieve a
more uniform distribution of ionizing radiation, with the
ultimate goal being the delivery of tumoricidal doses while
sparing normal tissues.11

Since ovarian cancer has a high propensity to stay con-
fined to the peritoneal cavity until very late in the course 
of the disease, radiolabeled antibodies have been adminis-
tered intraperitoneally in many trials (see Table 26.3).
Authors’ opinion about the advantage of such a route of
administration is somewhat conflicting. It is suggested 
that possible peritoneal implants will more likely benefit
from intraperitoneal injection, whereas non-implants (i.e.
those metastases in the peritoneal cavity resulting from
hematologic spread) are more likely to have higher uptake
following intravenous injection.11 It has furthermore been
suggested that intravenous administration may result in a
more homogeneous uptake in intraperitoneal tumors, as
compared to intraperitoneal administration.12 However,
it is evident that in spite of many different targets located 

in ovarian cancer cells and the number of mAb raised
against the tumor-associated antigens of ovarian cancer,
the clinical applications of radiolabeled mAb are still 
limited to a small number of clinical studies. This does 
not correspond to the huge number of experimental data
obtained in cell lines and animal models, where the poten-
tial effectiveness of RIT has been well demonstrated.
The general opinion is that the intraperitoneal route has
several advantages for achieving an optimal tumor/
non-tumor ratio of radioconjugates, allowing the adminis-
tration of a high activity of radioisotope and at the same
time limiting the myelotoxicity, compared to the systemic
route. However, it should be borne in mind that the intra-
venous route of administration may result in a wider distri-
bution of mAb in the bloodstream, and this can be an
advantage because it allows the targeting of distant metas-
tases and the potential treatment of metastatic disease,
such as that in extraperitoneal lymph nodes.

RRaaddiioollaabbeelliinngg  tteecchhnniiqquueess
The most commonly used radionuclides in RIT are 
β emitters, although Auger electron emitting radionuclides
and α emitters can also be used. Efficient labeling 
of monoclonal antibodies depends on a large number of
factors, including the physicochemical properties of the
radionuclide and the methods of its incorporation into the
protein. A wide variety of nuclides with different physical,
chemical, and biological properties are now available for
experimental and clinical evaluation. Table 26.2 reports 
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Table 26.2 Radioisotopes most commonly used
in radioimmunotherapy of ovarian cancer

Particle
maximum 

Decay mode range in soft 
Radionuclide Half-life (MeV) tissue (mm)

131I 8.0 days β−(0.192),
γ (0.364) 3.0

90Y 64 hours β−(0.935) 12.0

177Lu 6.7 days β−(0.149),
γ (0.208) 2.5

186Re 3.72 days β−(0.362),
γ (0.137) 5.1

188Re 17 hours β−(0.795),
γ (0.155) 11

211At 7.2 hours α (5.9),
γ (0.687) 0.065
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the isotopes generally used for the labeling of monoclonal
antibodies.

The most commonly used radioisotopes for therapy are
the β emitters iodine-131 (131I) and yttrium-90 (90Y).
Other interesting β emitters are rhenium-186 (186Re),
rhenium-188 (188Re), and lutetium-177 (177Lu). Iodine-125
(125I) has been used as an Auger electron emitter and asta-
tine-111 (111At) as an α-emitter. These radioisotopes differ
with respect to their radioactive emission, energy, physical
half-life, absence or presence of γ rays, and range of parti-
cles in the tissues. These parameters affect the radiation
dose delivered to the tumor, which can be estimated by
dosimetric analysis. For instance, the medium-energy 
β emitters such as 131I and 177Lu are more effective for smaller
tumor nodules since the radiation energy is deposited
mainly inside the diameter of a small tumor. On the other
hand, high-energy β emitters such as 90Y are more suitable
for larger tumors due to the high penetration of their 
radiation through large tumor masses. The α emitting
radionuclides emit particles of higher energy than 
β particles, with a much shorter range (less than 100 µm) 
and considerably higher linear energy transfer. mAb 
radiolabeled with α emitters or Auger electron emitters
need to be internalized into the cancer cells, because the
very short range of these radiations require almost a 
contact with proteins or nucleic acids in order to be 
effective in killing cells.

The most widely used isotope in clinical practice for
radioimmunotherapy is iodine-131, due to its well estab-
lished protein iodination chemistry, availability, and cost.
However, its long half-life and abundance of 364-keV 
photons (81%) results in less attractive tumor/non-tumor
target ratios. An important limitation of iodinated anti-
bodies is the high degree of dehalogenation which occurs
in vivo. Free iodine leads to misplaced radiation to 
non-target organs such as the thyroid and gut. The dehalo-
genation is attributed to deiodinases unable to distinguish
between thyroxine and the iodinated tyrosine on antibod-
ies. The most extensively adopted procedure of antibody
iodination includes an electrophilic substitution reaction
on the aromatic ring of specific amino-acid residues, such
as tyrosine. Electrophilic reactions require the production
of an electrophilic radiohalogenation reagent through oxi-
dation of iodine. The most used oxidants are chloramine T,
Iodogen®, lactoperoxidase, and indirect conjugation 
methods such as the classic Bolton–Hunter method.13 mAb
were also labeled with 211At, using the intermediate label-
ing reagent N-succinimidyl-3-(trimethylstannyl)benzoate 
(m-MeATE) and N-iodosuccinimide.14 The possibility 
of labeling immunoproteins with metallic radioisotopes
represents a further improvement in tumor therapy.
Radiometal labeling protocols make use of bifunctional
chelating agents to obtain stable radiometal antibody con-
jugates. Bifunctional chelating agents possess the correct
stereochemistry for radiometal binding and a reactive

functional group for covalent attachment to antibodies.
The most used chelator for indirect labeling is called DOTA
(tetraazacyclododecanetetraacetic acid) and is able to 
bind many radiometals, such as 90Y and 177Lu, in a very
stable way, also in vivo.15 A direct approach is feasible 
for radiometals such as 188Re. The radiometal binds 
the protein residues containing free sulfhydryl groups 
generated by the reduction of disulfide bridges.
Commonly employed reducing agents include dithiothre-
itol, 2-mercaptoethanol, ascorbic acid, and tin chloride.16

TTaarrggeettss  aanndd  rreeaaggeennttss
The more important antigens expressed on ovarian 
carcinoma cells and their associated antibodies, already
evaluated at preclinical and clinical levels, are listed in 
Table 26.3.

MMuucciinnss
Mucins are a family of large, heavily glycosylated proteins.
The major targets used in radioimmunotherapy are
MUC16 and MUC1.
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Table 26.3 Most commonly used monoclonal
antibodies in radioimmunotherapy

Radioisotopes 
Target antigen Antibody utilized

Mucins

MUC16/ OC125 131I, 111In
CA12517,18 B43.13 99mTc, 188Re

776.1 90Y

MUC119,20 HMFG1, HMFG2, 131I, 90Y
AUA

Glycoproteins

CEA21 MN-14 131I

aFR/gp3822,23 MOv18 131I, 90Y, 177Lu, 211At

TAG7224 B72.3 90Y
CC49 90Y, 177Lu

gp9525 MX35 211At

Oligosaccharides

Lewis Y26,27 hu3S193 90Y
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AAnnttiiggeenn::  MMUUCC1166//CCAA112255
CA125, first identified in 1981,17 is a large membrane-
bound glycoprotein whose biological function remains
unknown. CA125 appears to function as a calcium-
dependent protease with autoproteolytic activity, its release
is regulated by phosphorylation, and its binding to
mesothelin appears to contribute to epithelial ovarian
cancer (EOC) invasion. 18

This antigen is present in fetal celomatic epithelia 
derivatives, serous ovarian carcinoma cell lines, and serous
adenocarcinoma tissue. The antigen is also found in 
several adult tissues such as the epithelium of the fallopian
tubes, the endometrium, the endocervix, the pleura, and
the peritoneum.

Antibody: OC125
The monoclonal antibody OC125 was developed by 
conventional hybridoma technology using as immunogen
the OVCA 433 cell line derived from a human serous 
cystadenocarcinoma.

In several reports this antibody or its F(ab′)2 fragment
were used in diagnostic immunoscintigraphic studies after
labeling with 111In,28–30 and the encouraging results led to
its evaluation in intraperitoneal radioimmunotherapy.

In 1999, Mahe et al.31 reported the results of a phase II
study designed to evaluate the efficacy of intraperitoneal
radioimmunotherapy in patients with minimal residual
disease after primary treatment with surgery and chemother-
apy (see Table 26.3). Six patients with minimal residual 
disease received intraperitoneal RIT performed with 
60 mg of OC125 F(ab′)2 monoclonal antibody labeled 
with 4.44 GBq of 131I injected 5–10 days after the surgical
procedure. Systematic laparoscopy or laparotomy with
multiple biopsies was performed 3 months after RIT in 
five patients, and showed no change in three patients, and
progression in two patients (clinical progression was seen
in one patient). Toxicity was mainly hematological,
with grade 3 neutropenia and thrombocytopenia in two
patients. Human anti-mouse antibody production was
demonstrated in all six patients. This study showed little
therapeutic benefit from intraperitoneal RIT in patients
with residual ovarian carcinoma.

Antibody: B43.13
B43.13 is another monoclonal murine antibody which was
produced by immunizing mice with a partially purified
CA125 antigen. McQuarrie et al.32 demonstrated that
B43.13 radiolabeled with 99mTc had a tumor uptake and
showed a pharmacokinetic profile similar to that of the
unlabeled antibody. The dosimetric study indicated that

target organs are liver, spleen, kidneys, and heart. The 
same group published the radiolabeling protocol with
188R,33 but no clinical study based on this radiopharmaceu-
tical has yet been published.

Antibody: 776.1
776.1 mAb is a murine monoclonal antibody directed 
to the antigen CA125 that has the unique property of
preferential binding to the cell-associated form of the anti-
gen. Studies performed using a subcutaneous OVCAR-3
xenograft mouse model demonstrated a peak uptake 
of 17.7%ID/g (where ID is injected dose) in tumors at 
72 hours post-injection. Little uptake in other organs was
observed. DOTA-776.1 was labeled with 90Y and used 
in efficacy studies. [90Y]DOTA-776.1 at a single dose 
of 555 kBq was able to mediate an efficient reduction of
tumor growth, with regression observed in a subset of
animals for a period ranging from 3 to 48 days. No signifi-
cant regression was observed in animals treated with con-
trol antibody.34 These results suggest that 776.1 mAb may
be a promising radioimmunotherapeutic agent for the
treatment of human ovarian cancer.

AAnnttiiggeenn::  MMUUCC11
The antigen MUC1 is a 300-kDa molecular weight glyco-
protein expressed by over 90% of epithelial ovarian tumors
and is antigenically distinct from normal tissue mucin,
as a result of underglycosylation or aberrant glycosylation
of this protein in cancerous tissue.19 The antigen is
expressed by the lactating breast and weakly by some
normal epithelial tissues. The extracellular portion of the
MUC1 protein mainly consists of a variable number of
highly conserved 20 amino acid repeats. In malignancy, the
complex carbohydrate side chains are truncated, leading to
exposure of cryptic epitopes within these amino acid
repeats.20

Antibody: HMFG1
HMFG1 is a murine monoclonal antibody developed
against a delipidated preparation of the human milk fat
globule.35 One of the very first clinical trials of RIT in
patients with ovarian cancer was carried out by Epenetos 
et al.,36 who treated 24 patients with stage III ovarian cancer,
after cytoreductive surgery and first line platinum-based
chemotherapy, with escalating activity doses of 131I-labeled
mAb HMFG1, HMFG2, AUA1, or H17E2. The radiolabeled
antibodies were administrated alone or, when immunohis-
tochemical staining showed the strong presence of more
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than one antigen, as a mixture. Clinical responses were 
limited to those 16 patients with minimal residual or 
small volume disease (< 2 cm). Four patients experienced
complete responses for up to 3 years, whereas five patients
showed stable disease for up to 20 months. In a second 
trial, Nicholson et al.37 tested the efficacy of 666 MBq/m2

of 90Y-labeled HMFG-1 mAb in 21 patients with stage
IIC–IV ovarian cancer who had no macroscopic disease
after cytoreductive surgery and completion of platinum-
based chemotherapy. Sixteen patients were still alive 
10 years after treatment, which was significantly better 
than the median survival of less than 4 years of a matched
historical control group. Epenetos et al.38 reported later
that, within the subgroup of 21 patients who experienced
complete remission, the median survival had not yet been
reached at a follow-up of > 12 years.

Janssen et al.39 studied the therapeutic efficacy of RIT
using HMFG1 labeled with 90Y, 131I, or 186Re in nude mice
with intraperitoneally growing OVCAR-3 ovarian carci-
noma xenografts. Each of the three regimens caused a delay
in ascites formation and mortality as compared with the
control groups. They also concluded that [90Y]HMFG1 is
more effective in inhibiting tumor growth when adminis-
tered intraperitoneally than intravenously. Based on these
promising results a multicenter phase III trial was initiated,
comparing the efficacy of [90Y]DOTA-HMFG1 to no treat-
ment in a total of 447 patients with ovarian cancer with no
evidence of disease following cytoreductive surgery and
platinum- or taxol-based chemotherapy, as confirmed by
diagnostic laparoscopy. Results of the study indicated that 
a single intraperitoneal administration to patients who
showed no evidence of disease after first line therapy did
not extend survival or time to relapse.40 Several factors
including dose, pharmacokinetics, and the absence of
microscopic disease, may theoretically have hampered the
efficacy of RIT. Other potentially confounding variables
include the use of different consolidation strategies
adopted in this multicenter trial.

GGllyyccoopprrootteeiinnss
AAnnttiiggeenn::  CCEEAA
Carcinoembryonic antigen (CEA) is a glycoprotein
involved in cell adhesion. It can be found in many types of
cells associated with tumors and the developing fetus. CEA,
first identified in human colon cancer tissue, was then
found associated with many other types of tumors, such as
pancreas, stomach, breast, lung, and certain types of thy-
roid and ovarian cancer.21 The antigen is normally secreted
into the circulation, but a high CEA content, ranging from
115 to 17 800 ng/g, was reported in malignant ovarian
tumors even when the plasma CEA level was normal.

Antibody: MN-14
Murine mAb MN-14 (mMN-14) is a high-affinity 
anti-CEA antibody produced by a hybridoma cell line.
In 1997 Juweid et al. published a case report of a patient
with advanced ovarian cancer refractory to paclitaxel 
therapy. The patient received radioimmunotherapy 
with 2.7 GBq of [131I]MN-14, followed 4 months later 
by a similar dose. A partial remission was seen by com-
puted tomography (CT) 1 month after the first radioim-
munotherapy, and a further objective response was 
documented after the second radioimmunotherapy.41

A humanized version of MN-14 (hMN-14) was
selected from several clones that differed slightly in their
framework composition. Targeting studies using 131I-
labeled humanized MN-14 showed excellent tumor uptake
and tumor/non-tumor ratios, similar to the mMN-14.
A pilot clinical imaging trial was initiated to determine the
targeting, pharmacokinetics, and dosimetry for 131I-labeled
hMN-14 IgG. An antibody response to hMN-14 was not
detected in patients who received only the hMN-14 
(as many as three injections). With similar, excellent target-
ing properties to those of the mMN-14 and the potential
for reduced immunogenicity, hMN-14 is an attractive 
candidate for further clinical imaging and therapy 
applications.42

AAnnttiiggeenn::  ggpp3388  ((aaFFRR))
gp38 is a tumor-associated glycoprotein of 38 kDa identi-
fied as the α isoform of the folate receptor.22 On ovarian
cancer cells the antigen is expressed on the whole cellular
surface; in contrast, normal cells express it only on 
the apical portion that is not accessible by the injected 
antibodies. Different studies have demonstrated the high
correlation between aFR and ovarian carcinoma, as it is
absent on the superficial epithelial ovarian cells, and the
highly correlated expression with malignity.23 Further-
more, the antigen is not internalized after interaction with
specific antibodies and its expression is not modulated by
chemotherapeutic agents.

Antibody MOv18
MOv18 is a murine monoclonal antibody with a high 
affinity constant for the antigen gp38, selected for its 
positive reactivity towards non-mucinous malignant 
ovarian carcinoma and the negative reactivity in other
non-epithelial tumors or normal tissues, except for very
faint staining on kidney and lung specimens.43

Radiolabeled MOv18 in its chimeric form was 
applied in the radioimmunotherapy of ovarian carcinoma.
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After demonstrating preferential uptake of intraperi-
toneally or intravenously administered 131I-labeled murine
MOv18 in tumors in 30 patients with ovarian cancer,
Crippa et al. tested the efficacy of high-dose intraperitoneal
RIT using [131I]MOv18 (3700 MBq) in 16 patients with
minimal or small volume ovarian cancer.44 Clinical follow-
up and/or third-look evaluation performed 90 days after
RIT showed complete response in five patients, stable dis-
ease in six patients, and progressive disease in the remaining
five patients. Of the five patients who experienced complete
remission, one patient remained clinically disease-free for
34 months, whereas the remaining four patients relapsed
after a mean disease-free period of 10.5 months. With the
aim of reducing the immunogenicity of the treatment,
van Zanten-Przybysz et al.45 studied the pharmacokinetics
and efficacy of RIT using 131I-labeled chimeric MOv18
(3 GBq) in three patients with ovarian cancer. The tumor-
absorbed radiation dose was estimated by means of dosi-
metric analysis of repeated radioimmunoscintigraphic
images. All patients experienced stabilization of disease for 
2–6 months, as assessed by CT scans and serum CA125
measurements. Tumor absorbed radiation doses varied
from 600 to 3800 cGy. None of the patients developed a
human anti-chimeric antibody (HACA) response.

Andersson et al.46 studied the feasibility of labeling
MOv18 with 211At and assessed it in nude mice with
intraperitoneally growing human ovarian cancer xenografts.
The antibody was injected intraperitoneally when the
cancer growth was microscopic. The injected activity was
485–555 kBq. The median survival for treated mice was 
213 days, compared to 138 days for untreated mice. No
obvious toxicity was seen. Thirty-three percent of the mice
were apparently free of cancer after 7 months and were
probably cured. In the second part of the study, mice with
macroscopic cancer and signs of ascites were injected
intraperitoneally with the same 211At-labeled antibody
(377–389 kBq). This treatment delayed the production of
ascites. No transfer to a clinical setting has yet been reported.

Coliva et al. reported the possibility of labeling 
MOv18 with 90Y via the bifunctional chelator DOTA.47

The radiopharmaceutical was assessed in a preclinical 
setting in nude mice bearing a subcutaneous human 
ovarian cancer xenograft. Biodistribution studies indicated
a significant uptake of the radiolabeled antibody in the
tumor, while a normal distribution was observed in the
other target organs (Figure 26.2). Despite the good preclin-
ical results, a pilot trial in a woman bearing ovarian cancer
evidenced a quite high bone marrow toxicity.

To overcome this toxicity the antibody was labeled 
with 177Lu (Figure 26.3). In the animal model the radio-
pharmaceutical has been demonstrated to be effective in
decreasing tumor volume without any toxicity at the doses
injected (5,55–9,25 kBq). A clinical trial will assess the
capacity to localize in tumor, the biodistribution, and the
dosimetry of [177Lu]MOv18.

AAnnttiiggeenn::  TTAAGG7722
TAG72 is a high molecular weight (> 200 kDa) tumor-
associated oncofetal antigen, expressed by a wide variety of
human adenocarcinomas. This antigen is expressed by 50%
of primary breast carcinomas, in 85% of primary colon
carcinomas, in 71% of metastatic ovarian cancers, and in
several other carcinomas.24 It is not expressed by leukemia,
lymphomas, sarcomas, mesotheliomas, melanomas, or
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FFiigguurree  2266..22
A representative scintigraphc image acquired 48 hours post-
injection of [111In]MOv18 in a woman with pelvic lymph node
recurrence.

Tumor Blood pool Tumor Blood pool

48h 72h

FFiigguurree  2266..33
Scintigraphic images of mice bearing subcutaneous human
ovarian cancer xenografts expressing the folate receptor (aFR)
injected with a diagnostic dose of [177Lu]MOv18 and acquired
at different time points.
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benign tumors. TAG72 is also expressed on normal secre-
tory endometrium, but not on other normal tissues.

Antibody: B72.3
Murine monoclonal antibody B72.3 recognizes the surface
domain of the glycoprotein complex TAG72, and was
developed using a membrane-enriched fraction of human
metastatic mammary carcinoma tissue as immunogen.48

It was used by several investigators for immunohisto-
chemical staging of ovarian carcinoma and to perform
scintigraphy of various human tumors. It has been coupled
with 111In and 90Y via the ligand DTPA (diethylenetri-
aminepentaacetic acid). After studying the clinical pharma-
cology, metabolism, and tissue distribution and confirming
preferential uptake of 90Y-labeled B72.3 in tumors in nine
patients with ovarian cancer, Rosenblum et al.49 performed
a dose-escalating, phase I study of radioimmunotherapy
using [90Y]DTPA-B72.3 administered intraperitoneally in a
total of 38 patients with ovarian cancer. Accumulation in
the bone had limited the maximal tolerated dose because 
of hematological toxicity and platelet suppression. To 
suppress the bone uptake of 90Y and therefore overcome 
the myelotoxicity, patients were treated with a continuous
intravenous infusion of EDTA (ethylenediaminetetraacetic
acid) immediately before administration of the radiola-
beled antibody. This modification to the protocol allowed
the administration of higher activity doses. Dose-limiting
toxicity was thrombocytopenia and neutropenia. Four
responses 2 complete responses (CR), 2 partial responses
(PR) were observed in patients who received 555–1110
MBq of 90Y-labeled B72.3, with response durations of
1–12 months. These results encouraged an expanded 
phase II trial in patients with minimal residual disease after
standard chemotherapy or for the palliation of refractory
ascites, but no results have yet been published.

Antibody: CC49
Murine CC49 mAb has a higher affinity and more rapid
plasma clearance than B72.3, recognizes a distinct epitope,
and exhibits higher reactivity to gastric, colonic, and pan-
creatic adenocarcinomas. Preclinical studies in athymic
mice bearing human tumor xenogafts showed improved
targeting and 3–5-fold greater therapeutic efficacy of
mAb CC49 labeled with either 131I or 90Y compared with
similarly labeled B72.3.50

Alvarez et al. conducted two phase I/II trials in which
they investigated the toxicity and efficacy of CC49 labeled
with either 77Lu or 90Y via the bifunctional chelator 
PA-DOTA. In their first trial,51 27 patients with ovarian
cancer, who failed conventional chemotherapy, were
treated with [177Lu]CC49. The maximum tolerated activity

dose was established to be 1665 MBq/m2, at which dose-
limiting myelosuppression was encountered. Radio-
immunoscintigraphic imaging revealed intraperitoneal
tumors in 19 out of 27 patients. Of the 13 patients with
measurable disease, one showed a partial response. Of the
nine patients with < 1cm tumor nodules, two patients
showed stable disease for 4 and 5 months, respectively,
whereas the other seven patients progressed within 
21 months. Five patients had only microscopic disease
upon study entry. Of these, one showed evidence of pro-
gression at 10 months, whereas the remaining four patients
remained disease-free at 6–35 months post-treatment.

Meredith et al.52 subsequently tested the feasibility and
efficacy of the combination of intraperitoneal RIT using
[177Lu]CC49 and intraperitoneal paclitaxel (100 mg/m2) in
34 patients with ovarian cancer. Chemotherapy was given
48 hours prior to the administration of the radiolabeled
antibodies. In addition, patients received subcutaneous
injections of interferon (IFN) α2b in order to enhance 
the expression of TAG72. The maximal tolerated dose
(MTD) of [177Lu]CC49 within this combination treatment
regimen was reached at 1480 MBq/m2, above which dose-
limiting bone marrow toxicity occurred. Four out of
17 patients with measurable disease on CT had partial
responses, whereas four out of 27 patients with non-
measurable disease experienced progression-free time
intervals of > 18 months. After showing the feasibility of
the combination of RIT using [177Lu]CC49 and paclitaxel
in a phase I trial, Alvarez et al.53 treated 20 patients with
persistent or recurrent ovarian cancer after conventional
cytoreductive surgery and chemotherapy, with a combina-
tion of RIT using 90Y-labeled CC49 and chemotherapy
using paclitaxel. Patients received subcutaneous injections
of IFN α2b as well. The MTD of [90Y]CC49 was reached at
895 MBq/m2, with hematological toxicity being dose-
limiting. Of nine patients with measurable disease, two 
had partial responses for up to 4 months. Eleven patients
had non-measurable disease. Of these, four patients
remained disease free, three of whom for longer than 
18 months post-treatment.

AAnnttiiggeenn::  ggpp9955
gp95 is a cell surface antigen of about 95 kDa, initially iden-
tified on OVCAR-3 ovarian cancer cells. This antigen is a
glycoprotein, stabilized by disulfide bonds, with a large
protease-resistant region that carries the MX35 epitopes.25

Antibody: MX35
Monoclonal antibody MX35 reacts with approximately
90% of ovarian epithelial cancers, and has been studied in
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localization and biodistribution trials in ovarian cancer
patients. Rubin et al.54 performed a clinical trial using 
125I- or 131I-labeled MX35. Twenty-five patients with
advanced ovarian cancer entered the study and were
administered intravenously or intraperitoneally with 
the radiolabeled antibody. They observed a specific local-
ization of mAb in tumor. The tumor/normal tissue ratios
were not significantly related to mAb dose, the level of
immunohistochemical antigen expression, or the interval
between mAb injection and surgery.

In the search for increased efficacy and lower toxicity 
for normal tissues, α emitters may play an important role 
in the treatment of micrometastases and small tumors.

Elgqvist et al. investigated the therapeutic efficacy of
radioimmunotherapy in an ovarian cancer model using 
the α particle emitting nuclide 211At labeled to MX35.55

Dosimetric evaluations based on assumed tumor cluster
sizes and on studies of the binding kinetics of the
radioimmunocomplexes in vitro, indicated that, for tumor
clusters smaller than 71 µm (maximum path length of
the α particle emitted by 211At), the mean absorbed dose 
is surprisingly high (15 Gy), and effective also if mAb do
not penetrate the tumor. These conclusions indicate 
that the high-LET (linear energy transfer), short-range,
α particle emitter 211At, labeled to the mAb MX35 and
intraperitoneally injected, exhibits a high efficacy when
treating micrometastatic growth of the ovarian cancer cell
line OVCAR-3 on the peritoneum of nude mice.

From the whole murine monoclonal antibody the
F(ab′)2 fragment was derived. Studies performed by 
Finstad et al.56 demonstrated that mAb MX35 F(ab′)2
localizes to the micrometastatic ovarian carcinoma
deposits within the peritoneal cavity. Back et al.57 deter-
mined the relative biological effectiveness in vivo of
[211At]MX35 F(ab′)2 in a human ovarian cancer xenograft
in nude mice. The slow diffusion in combination with 
the short particle range may result in a heterogeneous 
dose distribution, reducing the overall tumor cell eradica-
tion effect.

SSaacccchhaarriiddee  aannttiiggeennss
AAnnttiiggeenn::  LLeewwiiss  YY
The Lewis Y (LeY) antigen is a family member of the blood
group-related difucosylated oligosaccharides associated
with 60–90% of human carcinomas of epithelial cell origin,
including breast, colon, gastric, ovarian, and lung cancer.26

The high frequency of LeY-expressing tumors, high density
of LeY on the tumor cell surface, and relatively homoge-
neous expression in primary and metastatic lesions have
led to its selection as an antigenic target. Its presence in
normal tissues is limited to the surface of the epithelium of

the esophagus, gastric mucosa, proximal small intestine,
acinar cells of the pancreas, ciliated epithelium of the tra-
chea, and the bronchus and type II pneumocytes.27

However, because LeY is located on the epithelial 
surface of these tissues, the antigen should have restricted
accessibility to administered antibodies.

Antibody: hu3S193
During recent decades, several antibodies that recognize
LeY have been generated. Most of these, however, show
cross-reactivity with LeX and type II H-antigen structures.
3S193 is a murine monoclonal antibody with exceptional
specificity for LeY.58 The humanized version of this anti-
body, hu3S193, has been generated by CDR grafting.
hu3S193 not only retains the specificity of 3S193 for LeY

but also has gained the capability to mediate complement
dependent cytotoxicity (CDC) and antibody dependent
cellular cytotoxicity (ADCC). This antibody targets 
LeY-expressing xenografts in nude mice as demonstrated 
by biodistribution studies with hu3S193 labeled with 125I,
111In, or 90Y59. Greater tumor uptake and retention of
111In-labeled hu3S193 and similar blood clearance 
compared with 125I-labeled hu3S193, suggest that radiomet-
als are the preferred radioisotope for this antibody–antigen
system. A phase I/II clinical trial is ongoing at the Memorial
Sloan-Kettering Cancer Center to evaluate humanized
3S193 labeled with 90Y and administered intraperitoneally.

OOtthheerr  aannttiiggeennss  aanndd  aalltteerrnnaattiivvee
rraaddiiooiimmmmuunnootthheerraappyy  aapppprrooaacchheess
AAnnttiiggeenn::  HHEERR22//nneeuu
The HER2/neu proto-oncogene encodes a tyrosine kinase
growth factor receptor involved in the development and
progression of the majority of cancers. Initial studies have
shown that HER2/neu oncogene is overexpressed in
approximately 15–30% of ovarian carcinomas.60 However,
findings regarding the overexpression and prognosis are
still conflicting.

Antibody: AE1
The tumor-specific anti-HER2/neu monoclonal antibody
AE1 was tested for specificity, toxicity, and efficacy after
labeling with 212Pb in nude mice bearing the SKOV-3
human ovarian tumor cell line expressing the HER2/neu
proto-oncogene. The therapeutic agent used was conju-
gated to 212Pb whose decay generates 212Bi, an α and 
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β emitter. A derivative of DOTA was used to couple 212Pb 
to the anti-HER2/neu monoclonal antibody AE1. The
radiopharmaceutical as an intact radiolabeled monoclonal
antibody may be of only modest value in the therapy of
bulky solid tumors due to the short physical half-life of
212Pb and the time required to achieve a useful tumor-
to-normal-tissue ratio of radionuclide after administra-
tion. However, the radiolabeled monoclonal antibody may
be useful in the therapy of tumors in the adjuvant setting.61

IIggMM  aannttiibbooddyy
IgM antibody can also be used as a radioimmunotherapeutic
agent.

Antibody: AC6C3-2B12
An IgM λ human tumor cell-reactive monoclonal anti-
body was developed that reacts with cells of ovarian 
cancer, colorectal cancer, breast cancer, and certain other
malignancies. The monoclonal antibody AC6C3-2B12,
obtained from a recent recloning, was conjugated to 
isothiocyanato-2-benzyl-3-methyl-diethylenetriamine-
pentaacetic acid and labeled with either 111In or 90Y.
Borchardt et al.62 studied the therapeutic efficacy in nude
mice bearing intraperitoneal nodules of SKOV-3 NMP2 
of intraperitoneal administration of [90Y]2B12 as a single
or fractionated administration. Untreated mice and mice
treated with unlabeled immunoconjugates served as 
controls. The controls had a mean survival time of 20 and
17 days, respectively. Treatment with [90Y]2B12 increased
median survival by 11–12 days per 3.7 MBq for a single
administration (1.8–14.8 MBq) and fractionated adminis-
trations (5.6–18.9 MBq).

TThhrreeee--sstteepp  ssttrraatteeggyy
A method to improve the tumor targeting of mAb and
reduce bone marrow toxicity is the so-called pre-targeting
method, where the radionuclide is administered separately
from the tumor targeting mAb. This approach using the
(strept)avidin–biotin or bispecific antibody methodology
has been applied in preclinical and clinical research.63 In 
an attempt to improve tumor-to-tissue ratios of anticancer
agents in radioimmunotherapy, Xiao et al. studied a 
three-step strategy for targeting drug carriers to human
ovarian carcinoma cells in vitro.64 The approach consists of
prelabeling target cells with biotinylated anti-CA125 anti-
body and streptavidin prior to administration of biotiny-
lated liposomes. Biotinylated, conventional liposomes were

specifically and effectively delivered to OVCAR-3 cells
prelabeled with biotinylated B43.13.1 and streptavidin.
The slow internalization and shedding properties of
these antibodies are useful for multistep pre-targeting
methods. Thus, a modified targeting strategy, utilizing 
a bispecific antibody and liposomes, may be feasible for
radioimmunoliposomal therapy of ovarian cancer.65

MMoosstt  iimmppoorrttaanntt  cclliinniiccaall
rraaddiiooiimmmmuunnootthheerraappyy  ssttuuddiieess
The most important clinical trials are summarized in 
Table 26.4. Since access to the tumor site is a limiting 
factor in targeting solid tumors, the locoregional routes 
of administration show several advantages. The efficacy 
of the treatment can be affected by several variables;
however, the intraperitoneal route has been chosen by 
the majority of investigators for their clinical trials in order
to obtain optimal delivery of the radioconjugates. Even 
if several issues affect tumor targeting with the intraperi-
toneal approach (penetration of mAb, clearance from
cavity, local biodistribution of radioimmunoconjugates),
there is evidence that the intraperitoneal route allows 
the administration of high activities of radioisotopes 
with relatively low toxicity. 131I-labeled immunoconjugates
have been used without limiting problems of toxicity;
in fact, the predictable myelotoxic effects are correlated 
to the radiation dose, and activities up to 3.7–5.55 GBq 
can be administered with negligible toxicity. Also, the
myelotoxicity consequent to 90Y-labeled radioimmunocon-
jugate treatment was limited at activities ranging from 
555 to 740 MBq when DOTA was used as chelating agent.
Radioimmunoconjugates as alternatives to 131I and 90Y 
have been actively investigated for clinical applications in
order to explore the possibility of optimizing the therapeutic
efficacy of RIT. 177Lu-labeled radioimmunoconjugates seem
to be very promising due to the physical characteristics of
this radioisotope, which emits both β and γ radiation, and
the reliable radiolabeling procedure.

Reviewing the clinical trials it is evident that intraperi-
toneal RIT offers great benefits to patients with small-
volume disease. All investigations demonstrate that
patients with limited residual tumor burden (nodules 
< 2 cm in diameter) showed a prolonged disease-free
period when compared with historical controls.51,66

Furthermore, patients with minimal residual disease 
have achieved complete response after RIT.44,67 In contrast,
clinical effects are limited in patients with tumors larger
than 2 cm in diameter, and the non-success could be mainly
attributed to the poor penetration of mAb in cancer masses
and to the range of irradiation penetration.68 Some clinical
trials in patients with negative second-look laparotomy who
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received intraperitoneal RIT as an adjuvant treatment
demonstrated an increased disease-free survival.53,66

Intraperitoneal RIT can have also a palliative effect on recur-
rent and symptomatic chemotherapy-resistant ascites.69

Twenty-seven patients who failed chemotherapy 
entered a phase I/II trial of intraperitoneal [177Lu]CC49
mAb. Patients had disease confined to the abdominal
cavity, and retroperitoneal lymph nodes.51 The maximum
tolerated activity was 1.67 GBq/m2. The most common
side-effects were delayed transient arthralgia (ten out of
27 patients) and bone marrow suppression at the maxi-
mum tolerated dose. One of 13 patients with gross disease

had > 50% tumor reduction after therapy, while most
others progressed (one had stable disease and went off
study). Two of nine patients with small nodules (<1 cm)
progressed in 21 months, and two of nine remained with-
out evidence of disease at 4–5 months. Among patients
with microscopic occult disease, one relapsed at 10 months
and four of five remained without evidence of disease at
6–35 months.

Some attempts to increase the antigen expression on
cancer cells have also been made with the combined
administration of interferon.53 Another phase I/II trial 
with [177Lu]CC49 mAb has been carried out to assess 
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Table 26.4 Most important clinical trials using radiommunotherapy

Via,
Isotope and patients

Author Year Antibody activity (GBq) (n) Stage Residual disease Response

MUC1

Epenetos36 1987 Murine IgG, 131I up to 7.4 ip, 24 III after Small volume 4 CR, 5 SD
HMFG1 (dose-escalating) CT

Nicholson37 1998 Murine IgG, 90Y 0.67/m2 ip, 25 IC–IV Complete clinical 70% 10-year OS
HMFG1 after CT remission

Epenetos38 2000 Murine IgG, 90Y 0.67/m2 ip, 52 III–IV Complete clinical 15/21 longer OS
HMFG1 after CT remission

Verheijen40 2006 Murine IgG, 90Y 0.67/m2 ip, 447 IC–IV Complete clinical No difference
HMFG1 after CT remission

Folate receptor

Crippa44 1995 Murine IgG, 131I 3.7 ip, 16 III Minimal 5 CR, 6 SD
MOv18

van Zanten- 2000 Chimeric IgG, 131I 3 iv, 3 III Minimal 3 SD
Przybysz45 MOv18

TAG72

Alvarez51 1997 Murine IgG, 177Lu up to 1.665/m2 ip, 27 IC–IV Gross disease, 1 PR, 2 SD,
CC49 (dose-escalating) small nodules 4 DFS  

< 1 cm 6–35 months
Rosenblum49 1999 Murine IgG, 90Y up to 1.48/m2 ip, 38 III–IV Minimal refractory 2CR, 2MR

B72.3 (dose-escalating) after CT ascites

Meredith52 2001 Murine IgG, 177Lu up to 1.48/m2 ip, 34 III after Recurrent, 4PR, 4 PFS 
CC49 (dose-escalating) CT persistent 18–37 months

Alvarez 53 2002 Murine IgG, 90Y up to 0.895/m2 ip, 20 III after Persistent, delayed 2PR, 2 DFS 
CC49 (dose-escalating) CT recurrence 18 months

CA125

Mahe31 1999 Murine IgG, 131I 4.44 ip, 6 III after Minimal 3 SD
OC125, CT
F(ab′)2

IgG, immunoglobulin G; ip, intraperitoneal; iv, intravenous; CT, computed tomography; CR, complete response; SD, stable disease; OS, overall
survival; PR, partial response; DFS, disease-free survival; MR, minor response; PFS, progression-free survival.
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the feasibility of combining interferon and Taxol with
intraperitoneal RIT.52 Patients with recurrent or persistent
ovarian cancer after first line chemotherapy were enrolled.
IFN was administered as four subcutaneous injections
before RIT to increase the expression of TAG72, and 
this increased hematological toxicity. Taxol was given
intraperitoneally 48 hours before RIT. A subsequent group
of patients were treated with IFN, 100 mg/m2 Taxol®, and
escalating doses of [177Lu]CC49. The maximum tolerated
dose was 1.48 GBq/m2 given with IFN plus 100 mg/m2

Taxol. Therapy was well tolerated with the expected
reversible hematological toxicity. IFN increased the effec-
tive whole body radiation dose. Four of 17 patients with
measurable disease had a partial response, and four of
27 patients with non-measurable disease had progression-
free intervals of 18–37 months.

CCoonncclluuddiinngg  rreemmaarrkkss
At present, is not clear what is the most effective RIT for
ovarian cancer, since many immunoreagents have been
studied and the different results depend on the mAb type
used, the protocol of administration, and the characteris-
tics of the radioisotope. Also, the choice of optimal
radionuclide for RIT still remains an open problem,
depending upon its efficacy on physical characteristics,
availability and cost, specific activity, method of radiolabel-
ing, and biokinetics, which is related to the radiopharma-
ceutical bioavailability. The route generally used is the
intraperitoneal one since ovarian cancer disease, in the
majority of patients, involves the abdominal cavity.
Looking at papers published in the literature, the radioiso-
topes mostly investigated are iodine-131 and yttrium-90.
Much experience has been gained with the 131I-labeled
radioimmunoconjugates, and recently great progress 
has been achieved in labeling yttrium-90 to some stable
chelating agents, such as DOTA.

As already mentioned above, the intraperitoneal route
does not guarantee the efficient targeting of retroperitoneal,
lymph node, and hematogenous metastases, even if the
spread of ovarian cancer is often limited to the abdomen.
Investigations using RIT via the intravenous route, using the
same mAb as utilized intraperitoneally or other radiophar-
maceuticals (chimeric antibodies, immunoreactive frag-
ments, or radiolabeled peptides), can provide further
information about the real efficacy of this approach.

The data collected to date and the ongoing clinical trials
do not give sufficient evidence in order to draw any reliable
conclusions about these treatments.

Speaking about toxicity, it should be noted that
intraperitoneal administration gives a very low 
toxicity, in spite of the fact that it is possible to reach a 
high activity of the injected radiolabeled mAb. The 

dose-limiting organ is the bone marrow, with myelosup-
pression that arises about 1 month after injection. Hypersen-
sitivity reactions to human anti-mouse antibodies (HAMA)
are sometimes described and generally well tolerated, and
occur from 1 to 3 weeks after the treatment. Anaphylaxis is
rare and some elevations of hepatic enzymes have also been
described, but without clinical importance.

The overall data emerging from evaluations of clinical
trials of RIT through the intraperitoneal route support 
the concept that RIT can have a role in the treatment 
of small lesions of ovarian cancer and minimal residual 
disease. Our opinion is that indications for RIT should be
moved from advanced disease after first and second line
therapy to earlier phases of therapy, in those patients not
radically operated, in order to eliminate residual disease,
or in patients already treated and with second look negative,
as adjuvant therapy. Other possible applications of RIT 
are in combination with chemotherapy, as biological
response modifiers, or with radiotherapy in order to
enhance its anticancer effectiveness.
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27
New instrumentation
Jörg Eckardt, Klaus Schäfers, and Lars Stegger

BBaacckkggrroouunndd
Recent years have seen tremendous advancements in
nuclear imaging technology. These include the develop-
ment of new detector materials for both single photon and
positron emission imaging, the development of devices
dedicated to single-organ imaging, and the development of
devices that combine single photon emission computed
tomography (SPECT) or positron emission tomography
(PET) with computed tomography (CT) in one gantry.
Many of these inventions have already been deployed in
commercially available scanners and have found wide-
spread clinical acceptance. In this chapter, an overview of
these new technologies, either already used in clinical rou-
tine or under investigation, is provided, with a focus on
oncological imaging.

DDeetteeccttoorr  tteecchhnnoollooggyy
Imaging in nuclear medicine is based on the tracer princi-
ple, which was first applied by Hevesy in 1911. A radioac-
tive pharmaceutical is injected into a living organism and
tracked by a detection system. By following the radioactivity
from the outside, the distribution of the pharmaceutical
can be measured over time. Gamma (γ) radiation-emitting
isotopes with well defined γ energies such as technetium-
99m (emitting a single γ photon with an energy of 140 keV)
are commonly used as radioactive markers for planar and
SPECT imaging. For PET, two γ photons with an energy of
511 keV each are produced secondary to a β+ decay
(positron–electron annihilation). A great variety of detec-
tors for γ radiation have been developed over recent
decades to allow sensitive and exact measurement of the
radioactivity distribution. Camera systems are equipped
with such γ photon sensitive detectors for generating pro-
jection images by using planar detectors or for generating
three-dimensional images by using tomographic devices. No
matter which system design has been chosen, the performance
of a single detector is the core part of good image quality.

Great effort has been made over recent decades to 
construct the optimal γ-ray detector for nuclear imaging.
The performance characteristics of γ-ray detectors have
been constantly improved and optimized for their respec-
tive fields of application, resulting in a group of devices
with different strengths and weaknesses. Detectors can 
be based on various principles, such as gas amplification
chambers, semiconductors, or inorganic scintillators.
However, scintillators using crystalline materials are the
most commonly employed for nuclear imaging today.
γ photon energy is converted into scintillation light, which
can then be converted into free electrons suitable for elec-
tronic readout circuits after amplification by devices such
as photomultipliers (Figure 27.1). The development of new
inorganic crystals with improved performance is one of the
major fields in γ detector development.

IInnoorrggaanniicc  sscciinnttiillllaattoorrss
In 1948, Robert Hofstadter discovered that inorganic crys-
talline sodium iodide doped with thallium (NaI(Tl)) is an

Crystal Photomultiplier

Photo-
cathode

Dynodes Anode

Pulseγ

FFiigguurree  2277..11
Principle of γ photon detection by a scintillation crystal and a
photomultiplier tube. The scintillation light is converted into
a photoelectron at the photomultiplier entrance window
which is then further accelerated towards the first dynode to
produce secondary electrons. A dynode cascade multiplies the
number of electrons until a measurable signal reaches the
anode. The resulting electrical signal pulse is directly
proportional to the number of scintillation photons and the
absorbed γ photon energy.
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excellent scintillator since it produces a very large light
output when absorbing γ photons.1 This discovery estab-
lished the basis for the development of many imaging
modalities, and contributed importantly to the success of
modern nuclear medicine. It is remarkable that NaI(Tl) 
is still the crystal of choice for many imaging devices,
although efforts have been made to develop crystals with
improved characteristics (Table 27.1). An ideal scintillator
would be described by the following properties: a high den-
sity and high atomic number for a high detection efficiency
for γ photons; good energy resolution to allow precise char-
acterization of the photon energy which can be used to sep-
arate scattered from true events; a short decay constant for
exact coincidence timing and high count-rate capability;
and a high light yield (the number of photons produced
per absorbed γ photon) to improve the data readout and to
lower the noise level. Other factors such as the refraction
index, hygroscopic properties, the presence or absence of
natural radioactivity, or the ruggedness of the material may
also be important for construction of an ideal detector.

The dominant decay time of the scintillation pulse for
sodium iodine is 230 ns. This time is comparatively long,
and leads to a significant dead time in which no other event
can be detected. As the count rate becomes higher, the
detector is no longer able to collect and adequately process
all events, effectively limiting the amount of injectable
radiotracer. Additionally, a fast scintillator allows for a
short coincidence time window in PET, decreasing random
coincidences. However, the speed of the scintillator is often
not a critical factor for a γ camera intended for lower 

γ energies (e.g. 140 keV for 99mTc). Owing to its low cost,
NaI(Tl) is still the crystal of choice for most present day 
γ camera designs.

In 1970, a new crystal material became commercially
available, bismuth germanate (BGO). Its main advantage
over NaI(Tl) is its higher density (7.13 g /cm3), which
results in an increased absorption probability for high
energy γ photons. This is of major interest for the design of
PET devices, since it allows for the construction of smaller
crystals, resulting in a higher spatial resolution without sac-
rificing sensitivity. One of the drawbacks of BGO is the
quite long decay time of 300 ns. Again, this limits the high
count rate capability and precludes a narrow coincidence
time window. Cerium-doped gadolinium oxyorthosilicate
(GSO) is as dense as BGO but with a significantly shorter
decay time (60 ns). It is therefore an excellent PET detector.
It cleaves easily, which makes fabrication more difficult.
Both BGO and GSO suffer from a relatively low light yield
compared to NaI(Tl). Cerium-doped lutetium oxyorthosil-
icate (LSO) offers a significantly better light yield 
compared to BGO and GSO. Together with a fast decay
time (40 ns) and high density (7.4 g /cm3), this attribute
characterizes this crystal. In fact, many newly developed
PET scanners are equipped with LSO crystals today. Time-
of-flight information of the traveling photons becomes
measurable in PET with faster crystals such as LSO or LYSO
(with yttrium). This can effectively improve the signal-
to-noise properties of the reconstructed images. Several
PET scanner prototypes equipped with alternative crystals
are currently under construction.
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Table 27.1 Properties of scintillator crystals for γ photon detection.2–9 Values are approximations and can
vary depending on crystal impurities, growing conditions, etc.

Name Density (g/cm3) Energy resolution (%) Decay time (ns) Light yield (ph/MeV)

NaI (Tl) 3.7 6 230 38 000

BGO 7.1 9 300 8200

GSO:Ce 6.7 8 60 10 000

LSO:Ce 7.4 10 40 28 000

LYSO:Ce 5.4 10 40 28 000

LuAP:Ce 8.3 7 17 12 000

LuYAP:Ce 7.1 10 24 10 000

LaBr3 5.3 3 25 60 000

BGO, bismuth germinate; GSO, gadolinium oxyorthosilicate; LSO, lutetium oxyorthosilicate; LYSO, yttrium containing LSO; LuAp, lutetium
orthoaluminate; LuYAp, yttrium containing LuAp.
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PPhhoottoommuullttiipplliieerr  ttuubbeess
The conversion of scintillation light into a measurable 
electrical current is commonly performed by photomultiplier
tubes (PMTs). A high gain (leading to a high signal-to-
noise ratio), a high speed, ruggedness and stability are 
the main advantages of PMTs. The basic principle is the
conversion of the incoming photon into a photoelectron
(photoelectric effect) directly at the PMT entrance window,
which is then further accelerated towards the first dynode
to produce secondary electrons which are likewise acceler-
ated to produce a measurable electrical signal at the end of
the dynode cascade (Figure 27.1). The electrical signal
pulse is directly proportional to the number of scintillation
photons and in turn the absorbed γ photon energy.

AAvvaallaanncchhee  pphhoottooddiiooddeess
Photodiodes are alternative elements for converting the
scintillation light into an electrical signal.10–13 In semicon-
ductor layers, light can be used to generate electron–hole
pairs. The detection principle is characterized by the 
junction (depletion layer) between n-type and p-type
materials, which is generated by doping. Electron–hole
pairs that are created near the junction cause an electrical
signal by moving out of the depletion layer due to an
intrinsic electric field. An external voltage is applied to
increase this effect. For higher quantum efficiency the
thickness of the depletion layer is increased in positive
intrinsic negative (PIN) diodes with a wide, undoped
intrinsic semiconduction region between the p-type 
semiconductor and n-type semiconductor (Figure 27.2).
PIN diodes have no internal gain. Therefore, energy resolution
is determined by electronic noise rather than photoelectron
statistics, as in the case of PMTs.

To overcome this limitation, a new class of photodiodes
with internal gain has been developed – avalanche 

photodiodes (APDs).14,15 The basic idea is that a specially
designed semiconductor-based photodiode is operated
with a relatively high reverse voltage. If an electron is cre-
ated after light absorption, the electron is accelerated in the
electric field, causing further electron–hole pairs by impact
ionization. This avalanche process effectively amplifies the
photocurrent, which is helpful in producing very sensitive
detectors. The main advantages of APDs compared to
PMTs are their compactness, insensitivity to magnetic
fields, and their low price, even with large active areas.

SSPPEECCTT  ddeevveellooppmmeennttss
Most commercial γ cameras available today are still based
on the original design by Hal Anger, who combined a single
flat NaI(Tl) scintillator crystal with a number of photomul-
tiplier tubes for highly sensitive and position-encoded
count detection (Figure 27.3).16 The detector has to be
combined with a collimator that serves to focus the γ radi-
ation onto the detector. The most widely applied design is
that of a parallel-hole collimator that allows only photons
with a trajectory path that is nearly perpendicular to the
detector to reach the scintillator; all others are absorbed.
Collimators are optimized with respect to photon energy,
sensitivity, and resolution, depending on the radiotracer
and the clinical protocol. Modern γ cameras offer a vastly
improved image quality owing to many technical advance-
ments in the fields of electronics and digitization.
Therefore, much present-day development still focuses on
image enhancement, e.g. by scatter and attenuation correc-
tion, for traditional Anger cameras. New camera designs
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Scheme of a positive intrinsic negative (PIN) diode. The
detection principle is characterized by the junction (depletion
layer) between n-type and p-type materials, which are
generated by doping. Electron–hole pairs that are created
near the junction cause an electrical signal by moving out 
of the depletion layer.
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Principle of an Anger γ camera. A large flat scintillator crystal
is combined with a light guide and an array of
photomultiplier tubes (PMTs). A collimator (depicted is a
parallel-hole collimator) is attached to the detector head to
absorb photons with an oblique trajectory path. During event
detection, all PMTs produce differently shaped electrical signal
pulses dependent on their positions relative to the locus
position of γ photon impact. Electronic circuitry is used to
calculate the locus of γ photon impact from the pulses.
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based on semiconductor detectors are currently under
development and are likely to become commercially viable
in the foreseeable future. A completely new concept of a 
γ camera is that of a ‘Compton’ camera. This design obviates
the need for collimators and consequently leads to a signifi-
cant increase in sensitivity.

AAtttteennuuaattiioonn  aanndd  ssccaatttteerr  ccoorrrreeccttiioonn
Scatter and attenuation are known to degrade the image
quality in emission imaging significantly.

Scatter correction
Inelastically (Compton) scattered photons lose energy to
the surrounding tissue and may change their trajectory
path considerably. Compton scatter deserves particular
attention since it can lead to image blur. An effective way to
correct for scatter is to optimize the energy resolution of
the imaging system. The energy of unscattered photons is
close to the photo peak, whereas the energy of scattered
photons is lower. By defining an energy window around the
photo peak, many scattered photons with an energy outside
of this window can be excluded from image generation.
This approach to scatter correction has been successfully
implemented for many years. More advanced correction
techniques that also strive to eliminate scattered photons
with energies within the acceptance window do not only
record counts with an energy deposition near the photo
peak. They also utilize count rate information from addi-
tional energy windows. In the Compton-windows subtrac-
tion technique all counts from an energy window below the
photo peak are also recorded, multiplied by a constant
factor k, and subtracted from the photo peak image.17 The
split photo peak method estimates the amount of scattered
events from the fraction of counts in a bisected photo peak
window.18 For imaging of isotopes that emit photons of
different energies such as iodine-123 or gallium-67, down-
scatter from higher energy photons into the photopeak
window occurs. Ogawa and coworkers have proposed a
triple window technique where the amount of scatter is
estimated from counts acquired in energy windows above
and below the photo peak window.19

In addition to these long established windowing tech-
niques, newer software based methods for scatter elimina-
tion have been developed. The image of a point source
(point spread function, PSF) surrounded by tissue is
degraded by the limited intrinsic resolution of the imaging
device, by photon attenuation, and also by scatter. The long
tails of the PSF are mainly due to scatter, so that scatter
causes an effect on the original activity distribution that is
similar to that of a low-pass filter. Knowledge about how

scatter degrades the image of a point source can be used to
correct images of a complex activity distribution encoun-
tered in clinical nuclear medicine. To understand the ideas
behind these techniques it is important to know that the
image of a complex activity distribution can be exactly
described as the ‘convolution’ of the original activity distri-
bution and the PSF, where convolution is a special mathe-
matical calculation. This means that the image of a scan can
be exactly calculated if the original activity distribution and
the PSF are known (in practice only approximations for the
PSF are feasible). In nuclear imaging we are confronted
with the inverse problem. Hence it should, in theory, be
possible to measure the PSF, correct the PSF for scatter, and
calculate the images by deconvolution (the inverse of
convolution). However, data quality is not good enough for
direct deconvolution, so equivalent numerical algorithms
are used. These scatter correction techniques can be incor-
porated into the process of image reconstruction in 
SPECT imaging, together with techniques for attenuation
correction.

Attenuation correction
Emitted γ photons may be absorbed by the surrounding
tissue without reaching the detector, a process called 
attenuation. Since the magnitude of attenuation depends
on the shape and density of tissue that the photons travel
through, attenuation is not isotropic in the body and is also
patient specific. Therefore, for best results, attenuation
must be measured individually using an external radiation
source (‘transmission scan’). Different types of attenuation
measurements have been implemented using rotating
point, line, or flat panel sources of radioactive material 
with known activity, or, for newer camera designs,
using X-ray sources in combined SPECT–CT devices 
(see Chapter 27 for a more detailed description of
CT-based attenuation correction in combined SPECT–CT
and PET–CT). Simultaneous transmission and emission 
scanning is possible when using radioactive sources. A more
detailed description of the available attenuation correction
methodologies can be found elsewhere.20

CCoommppttoonn  ccaammeerraa
One of the major limitations in all traditional single
photon emission cameras is the need for mechanical aper-
tures (collimators) to restrict the incoming photon path-
ways. This decreases the sensitivity of the camera system
substantially.

Compton cameras overcome this limitation by avoiding
mechanical apertures altogether. Instead, they use the phys-
ical principle of Compton scattering to obtain information
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about the γ photon’s trajectory path. Although the theoret-
ical concept of a Compton camera was described many
years ago,21,22 the immense technical challenges have 
hampered a direct translation of this idea into a commercial
product.

In principle, the emitted γ photon of a radiation source
Compton-scatters within a first detector (scatter detector),
and the deposited energy and the exact position of the scat-
ter event is recorded (Figure 27.4). A second detector
(absorption detector) located directly behind the scatter
detector absorbs the scattered γ photon, and, again, both
position and energy are registered. Using all the acquired
information, the possible origin of the γ photon can 
be restricted to lie on a well defined conical shell.
Sophisticated reconstruction algorithms have been devel-
oped to obtain a three-dimensional (3D) distribution
image.23 At present, the obtainable spatial resolution is still
not good enough to be usable for routine applications.

PPEETT  ddeevveellooppmmeennttss
BBaassiicc  pprriinncciippllee
Positron emission tomography is a powerful imaging tech-
nology. It utilizes the liberation of positrons in β+-decay
events and their interaction with the surrounding tissue. A
positron is emitted and rapidly loses its kinetic energy in
dense material such as body tissue. If most of its kinetic
energy is lost, it can interact with an electron, leading to
positron–electron annihilation, since positrons are the

antimatter particles of electrons. The mass-equivalent
energy of the two particles is converted into electromagnetic
energy. Most often two γ photons with an energy of 511 keV
each will be produced that fly in nearly 180°-opposing
directions at the speed of light. Ideally, both annihilation
photons are detected by the detectors commonly arranged
in a ring system (Figure 27.5). If two photons are measured
within a certain time frame (coincidence time window),
they will by accepted as a coincidence pair which stem 
from one annihilation process. The annihilation process is
known to have occurred on the line between the two
photon detectors (line of response, LOR) in the case of
non-scattered γ photons. Since the locus of the β+-decay
event is very close to the locus of the annihilation process,
the coincidence detection principle in PET acts like an 
electronic collimation. This obviates the need for physical
collimation as in SPECT imaging. Each detector is 
connected to a fan of detectors on the opposite side of the
ring by means of coincidence detection circuitry. For all
other detector pairs the associated LORs do not traverse the
scanner’s field of view, and can therefore be ignored.
Usually a number of detector rings are combined to
improve sensitivity and to increase the axial field of view.

Ideally, only true non-scattered coincidence events
would be recorded by PET. However, certain detector limi-
tations as well as interactions of the 511-keV photons with
tissue lead to other types of events such as random,
scattered, or multiple coincidences. Random coincidences
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Principle of positron emission tomography (PET) coincidence
detection. Two annihilation photons are recognized by the
detectors commonly arranged in a ring system. If two photons
are measured within a certain time frame (coincidence time
window) they will be accepted as a coincidence pair (except
for random coincidences) that stem from one annihilation
process. The annihilation process is assumed to have occurred
on the line between the two photon detectors in the case of
non-scattered γ photons.
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Principle of a Compton camera. The emitted γ photon of a
radiation source Compton-scatters within a first detector
(scatter detector) while the deposited energy and the exact
position is recorded. A second detector (absorption detector)
located directly behind the scatter detector absorbs the
scattered γ photon and registers position and energy. By using
all the acquired information, the possible origin of the γ photon
can be restricted to lie on a well defined conical shell.
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are recorded, if two photons that stem from two different
annihilation processes are detected within the coincidence
time window. They are then mistaken for photons that
stem from the same annihilation event, leading to a wrong
LOR assignment. If a 511-keV photon interacts with the
body tissue it may be Compton scattered, with a loss of
energy and a change in traveling direction. If the redirected
photon is then detected with its partner photon in coinci-
dence (scattered coincidence), a misplaced LOR will be
recorded. Multiple coincidences may occur at high count
rates when three or more events are detected simultane-
ously. They are commonly rejected.

All of these effects impair image quality. Corrections
need to be applied to produce acceptable images. One other
major factor that needs to be addressed is the attenuation
of emitted photons in the surrounding tissue. Most often
attenuation correction is performed by using an additional
transmission scan with an external radiation source. For
brain imaging, simple model-based approaches may be 
adequate. In combined PET–CT scanners attenuation 
correction is based on a CT-derived attenuation map.

22DD  vveerrssuuss  33DD
2D data acquisition used to be the standard in PET for a long
time, since it reduces random events and scattered coinci-
dences. By inserting tungsten septa between the detector
planes, only the in-plane LORs can reach the scintillators;
photons with oblique LORs are absorbed (Figure 27.6).

Most designs accept coincidence events recorded by detectors
located in the same detector ring (direct planes), and also
events recorded by detectors located in adjacent detector
rings (cross planes). By removing the septa between the
detector rings (3D data acquisition), also detector pair 
combinations that represent oblique LORs are possible.
Compared to 2D acquisition this leads to a significantly
improved sensitivity. This improved sensitivity may yield
better signal-to-noise properties, reduced acquisition time, or
less radiation exposure. However, this comes at the expense of
a higher scatter fraction. Today, 3D imaging has evolved into
the standard acquisition mode for brain and whole-body
PET imaging. In many combined PET–CT designs septa have
been eliminated in favor of a wider gantry opening.

DDeepptthh  ooff  iinntteerraaccttiioonn
The spatial resolution in PET is limited by a number of
factors such as positron range, scanner geometry, and detec-
tor shape and size. The invention of new technologies to
improve spatial resolution is among the major challenges in
PET development. One solution is obviously to miniaturize
the size of a single detector. While simple in concept, an
implementation of this idea without losing sensitivity
requires sophisticated approaches. Crystals with a high den-
sity, and consequently high stopping power for 511-keV pho-
tons, are required. With currently available crystals (BGO,
LSO, etc.), the potential for miniaturization is limited. One
option is to reduce the width of a single detector while keep-
ing the depth unchanged. The reduced crystal width allows
for more precise spatial localization of photons with a trajec-
tory path parallel to the detector (Figure 27.7). For photons
with an oblique trajectory path, the relatively large depth may
cause a parallax error. When a photon is interacting at the
edge of a detector element, the true LOR may not correspond
to the assigned LOR, which is defined to intersect the detector’s
center-of-mass. The parallax error is a typical problem of ring
PET scanners, and increases from the center towards the
edges of the transaxial field of view (FOV). One technical
solution to correct for this effect is the depth-of-interaction
(DOI) measurement.24–28 Thereby some information about
the location of the γ photon interaction within a crystal ele-
ment can be derived. This is achieved by splitting up a single
detector element into several regions with separate data read-
outs. Although not a standard feature of modern scanners, it
has seen first implementation in some PET scanner designs.

TTiimmee  ooff  fflliigghhtt
The two photons of a coincidence pair may reach the detec-
tors at discrepant time points, dependent on their origin

440022 Advances in Nuclear Oncology

2D data acquisition 3D data acquisition

Septa

Direct planes

Cross planes

Dectors rings

FFiigguurree  2277..66
Two-dimensional (2D) versus 3D data acquisition. In 2D 
data acquisition only lines of response (LORs) lying on ‘direct
planes’ or ‘cross planes’ are detected. Photon pairs on oblique
LORs are absorbed by tungsten septa. In 3D-PET also detector
pair combinations that represent oblique LORs are accepted.
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from the respective detectors. Time-of-flight (TOF) 
PET utilizes this time difference to improve image quality,
especially the signal-to-noise ratio, due to a reduction of
scattered and random coincidences. Using the additional
time information the annihilation point can be restricted
to certain sections of the LOR (Figure 27.8), which can be
used in specialized reconstruction algorithms.29–33 The new
generation of fast scintillators such as LSO, LYSO, or LaBr3

(Table 27.1) have reinvigorated the TOF concept originally
developed in the 1970s and 1980s.34–42

DDeeddiiccaatteedd  iimmaaggiinngg  ddeevviicceess
The all-purpose γ cameras used today in clinical routine
diagnostics allow for manifold acquisition modes, includ-
ing planar and tomographic (SPECT) scintigraphy,
partial-body and whole-body scans, static and dynamic
imaging, and, in hybrid systems, also coincidence imaging
of positron-emitting radiotracers. This is similar for PET
scanners. Although adequate for many clinical applica-
tions, the image quality of these all-purpose cameras is
likely to be inferior to that of cameras dedicated to single-
organ imaging (Table 27.2). One important advantage of
dedicated devices is that their geometry is adapted to the
organ of interest (Figure 27.9). The organ–detector distance
is reduced for better image quality. Additionally, random
and scattered coincidences can be reduced in PET.

NNuucclleeaarr  mmaammmmooggrraapphhiicc  iimmaaggiinngg
Dedicated devices for molecular imaging are most likely to
be deployed in areas with a strong and broad clinical or sci-
entific interest. A prime example is the field of mammo-
graphic imaging. Breast cancer is one of the most relevant
types of cancer in women. A huge number of imaging pro-
cedures, mostly X-ray mammography and ultrasound, are
performed every year. In many cases the results obtained
are equivocal, and additional molecular imaging is desired.
It has been shown that imaging of the breast using an all-
purpose γ camera and the technetium-99m labeled radio-
tracer methoxyisobutylisonitrile ([99mTc] MIBI) can
identify breast cancer.43,44 Unlike other imaging modalities,
nuclear imaging is not hampered by dense breast tissue and
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Depth-of-interaction (DOI) correction. Photons with an oblique
trajectory path may cause a parallax error. The true LOR may
not correspond to the assigned LOR, which is defined to
intersect the detector’s center-of-mass. DOI measurements can
partially correct for this error by deriving information about
the location of the γ photon interaction within a crystal
element. This can be achieved by splitting up a single detector
element into several regions with separate data readouts.

Table 27.2 Advantages (+) and (−)
disadvantages of dedicated devices in
comparison to all-purpose systems

Dedicated All-purpose

Time needed for patient + −
positioning

Time needed for camera + −
preparation (collimator change,
detector configuration)

Total cost + −

Sensitivity + −

Spatial resolution + −

Whole-body information − +

Variability − +

Standard PET Time-of-flight PET

Image planeLine of response
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Time-of-flight PET (TOF-PET). Two photons of a coincidence
pair may reach the detectors at discrepant time points. 
TOF-PET utilizes this time difference to restrict the possible
annihilation point to a certain section of the LOR. This can
improve image quality when using sophisticated
reconstruction algorithms.
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breast implants. However, lesions with a size of less than 
1 cm regularly evade detection.45,46 Although whole-body
PET systems offer higher spatial resolution than SPECT,
the resolution may still be not good enough to detect small
lesions. Therefore, dedicated single photon emission (scin-
timammography) and positron emission (positron mam-
mography, PEM) cameras have been constructed and
evaluated.

Dedicated mammographic camera systems are usually
equipped with small detector heads in a quadratic or rec-
tangular shape (dimensions of 10 × 10 up to 20 × 20 cm2)
for imaging of a single breast. For planar image acquisition,
compression of the breast during imaging similar to X-ray
mammography can be useful to improve image quality
(Figure 27.10).47 Additionally, this geometry allows for
software fusion with X-ray mammography.48

Single photon emission
mammography
Several detector designs have been developed for optimized
resolution. While in a small number of scanner designs a
single crystal is coupled to a number of photomultiplier
tubes (PMTs), most designs deviate from this Anger 
set-up.49 Some designs are based on an array of very small
scintillator crystals made of NaI(Tl) or CsI(Tl), coupled to
one or more position-sensitive PMTs (PS-PMTs). Coover 
et al. showed an improved detectability of small lesions
with a dedicated camera using an array of 2 × 2 × 6-mm
NaI(Tl) scintillators.50 Pani et al. used an array of 2 × 2 ×
3-mm CsI(Tl) scintillators to achieve an intrinsic resolution
of less than 2 mm in a 10 × 10-cm detector.51 They were also
able to show an improved sensitivity for small malignant
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distance for all-purpose single photon
emission computed tomography (SPECT) and
PET cameras as well as for dedicated
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Photograph of a mammoscintigraphy device (LumaGEM®;
Gamma Medica-Ideas, Fornebu, Norway). (Reproduced with
kind permission from Gamma Medica-Ideas.)
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breast lesions compared to an Anger camera.52 Some designs
have replaced the photomultiplier tubes by photodiodes to
obtain a better energy resolution, usually a problem for 
multicrystal/PMT designs.53,54 Other designs are based on
semiconductor detectors that can achieve an energy resolu-
tion of less than 4% for 99mTc-based radiotracers.55 Mueller
and co-workers have evaluated a camera with 2.5 × 2.5-mm
cadmium zinc telluride (CZT) detector elements and a
total detector size of 20 × 20 cm.56 They showed that the
sensitivity was 76% of that for an equivalent NaI(Tl)
system, the energy resolution was 6.5% for 99mTc-based
tracers, and the resolution was excellent. Brzymialkiewicz
and colleagues successfully combined a CZT-based detec-
tor with a 3D positioning system for mammotomography.57

They optimized the rotation orbit and camera tilt.

Positron emission mammography
Positron emission mammography (PEM) is based on coin-
cident γ photon detection following positron–electron
annihilation. Planar systems use two adjacent detectors and
electronic circuitry for coincidence detection (Figure 27.11).
Again, several different designs are used. Thompson et al.
proposed and simulated a PEM device in 1994 that was
later implemented using 2 × 2 pixelized BGO detector blocks
with a size of 36 × 36 × 20 mm (effective single detector size 
2 mm) connected to PS-PMTs.58,59 Spatial resolution was
measured to be 2.8 mm FWHM (full width half maximum)
with a system sensitivity of 3%. The system was successfully
tested in patients.60 Weinberg and co-workers integrated
two detectors into a standard mammography system.61

They used a 1cm thick slab of a BGO crystal coupled to a
PS-PMT to achieve a detector with a FOV of 6 × 6 cm and
a spatial resolution of 3.1 mm FWHM. This early PEM

system was also successfully used in patients. Doshi et al.
developed modular detectors based on LSO scintillators 
(9 × 9 array of size 3 × 3 × 20 mm) coupled to PS-PMTs for
sensitive and fast coincidence imaging.62 Raylman and col-
leagues used GSO crystals (30 × 30 array of size 3.1 × 3.1 ×
10 mm) coupled to PS-PMTs for stereotactic biopsies.63

Modern PEM systems can achieve an intrinsic resolution in
the order of 1.5 mm FWHM.64 Tomographic imaging is
possible with PEM when using a rotating set-up.65 Rosen
and co-workers used a PEM system with large area detectors
(size 15–20 cm) using 3 × 3 × 10 mm lutetium gadolinium
oxyorthosilicate (LGSO) scintillators to obtain tomo-
graphic images without detector rotation.66

Several clinical studies using [18F]fluoro-2-deoxy-D-glucose
(FDG) have shown the clinical applicability of modern
PEM systems and the improvement of diagnostic accuracy
over conventional PET for breast imaging.64,67

PPoossiittrroonn  eemmiissssiioonn  
pprroossttaattee  iimmaaggiinngg
PET imaging of the prostate with the radiotracer 
[11C]choline has become increasingly important for 
evaluation of prostate carcinomas.68 A prototype design of
a PET scanner dedicated for prostate imaging has been
developed and evaluated.69 Scanner geometry allows for a
reduced distance between prostate and detector head 
compared to a conventional full-ring PET scanner, for
favorable signal-to-background characteristics.

IInnttrraaooppeerraattiivvee  pprroobbeess
Non-imaging radiation probes have found widespread
clinical application in recent years. They have been used for
the intraoperative detection of sentinel lymph nodes
(SLNs) in patients with skin or breast cancer, and numer-
ous other malignant tumors. The targeted removal of SLNs 
by help of radioguided surgery instead of systematic 
lymphadenectomy can prevent many side-effects without
reducing the staging accuracy.70

Several hours or 1 day before surgery, radiolabeled 
colloid is injected at the site of the tumor. The drainage of
the radiotracer and its accumulation in SLNs can be
imaged with a conventional γ camera after injection. Often
the locations of the SLNs are marked on the body surface to
guide the surgeon. The γ radiation probe is used intraoper-
atively to identify and remove the SLNs. The radiation
probe should have a high sensitivity and a defined photon
acceptance angle for good spatial resolution. Probes for
detecting positron-emitting nuclides or small trans-
portable camera systems extend this concept.71,72
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Principle of a positron emission mammography device. 
It consists of two detectors and electronic circuitry for
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CCoommbbiinneedd  mmoolleeccuullaarr––
mmoorrpphhoollooggiiccaall  iimmaaggiinngg
One of the most exciting developments in the field of
nuclear imaging in oncology has been combined molecu-
lar–morphological imaging technologies such as
SPECT–CT and PET–CT. These combine a SPECT or PET
scanner with a CT in one device (Figure 27.12). Imaging
can be performed within one session and without reposi-
tioning of the patient.

Images from nuclear imaging procedures reflect physio-
logical and biochemical processes within the body and 
provide only limited information about anatomy and mor-
phology. Therefore, nuclear physicians have always made
use of additional morphological imaging for anatomic cor-
relation and image interpretation. In the majority of cases,
SPECT or PET images have been correlated with images
from ultrasound, X-ray, CT, and magnetic resonance imag-
ing (MRI) by means of visual side by side interpretation.
Additionally, computer programs have been developed that
assist in the alignment of different studies.73–75 Some com-
puter programs only implement simple rigid body trans-
formations, while others use more sophisticated non-linear
transformations for even better co-registration. While
these techniques work rather well for rigid structures, e.g.
the brain, they are in many cases inadequate for whole body
imaging. In whole body imaging there is a far greater vari-
ability of body part and organ position between different
scans. As an example, PET whole body imaging has most

often been acquired with arms positioned next to the body,
and CT scanning has most often been performed with arms
elevated over the head, resulting in a non-linearly changed
body configuration between PET and CT. In addition, off-
line computer-based image co-registration tends to be
laborious and time-consuming.

Contrary to off-line image fusion, the combined imaging
with SPECT–CT and PET–CT devices produces spatially
co-registered images without additional user interaction.
Co-registration is optimized since the patient is scanned in
one image session and without patient repositioning.
Combined molecular–morphological imaging will likely be
obligatory for future clinical applications of highly specific
radiotracers that may accumulate, for instance, only in
cancer cells, without providing enough background infor-
mation for anatomic orientation. However, even though
image co-registration is optimized by the integrated imag-
ing approach, the achievable image fusion is still not 
perfect. With the present generation of devices, image
acquisition of molecular and morphological data is not
simultaneous but sequential. Moreover, movement due to
respiration and heart contraction as well as accidental
patient movement leads to misalignment, especially given
the different imaging time required for SPECT or PET on
one side (several minutes) compared to CT on the other
side (seconds). Additionally, misalignment also adversely
affects SPECT or PET image generation itself since the CT
data are also used for attenuation correction in most
devices. It is important to know about these limitations for
adequate image interpretation.
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SPECT–computed tomography (CT) and PET–CT devices. (a) Photograph of a combined SPECT–CT system VG Millenium (Hawkeye®;
GE Medical Systems) that combines a two-head SPECT camera with a simple CT component used for attenuation correction and
anatomical landmarking. The X-ray source and detectors are attached to the rotating SPECT camera head support system. (b)
Photograph of a combined PET–CT system (Biograph® Sensation 16; Siemens Medical Solutions) that combines a state-of-the-art 
3D-only LSO-PET system with a diagnostic 16-slice CT. Basic operation of the PET and CT systems is largely independent of one
another. They are arranged sequentially within the gantry, the CT at the front, the PET at the rear.
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CCTT  tteecchhnnoollooggyy
Widely used in medical imaging since the early 1970s as a
stand-alone device for morphological imaging, CT utilizes
an X-ray tube together with one or more opposing detec-
tors for signal generation. In the most widely used (third
generation) design, the tube and a small arc of opposing
detectors rotate together around the patient on a circular
orbit. A large number of the produced X-ray photons
directed at the opposing detectors are absorbed on their
way through the patient without reaching the detector,
reflecting the body tissue density with respect to X-ray 
photons along the trajectory path. From a large number of
such projections transaxial tomographic images through
the patient’s body are reconstructed by help of a computer.

Achievable image quality and imaging speed vary widely
across the range of available CT scanners; state of the art
imaging requires a sophisticated technical design. Simple
scanners use a single beam that allows for acquisition of a
single slice at a time. More sophisticated multislice CT
designs, developed in the late 1990s, use a fan-shaped beam
with four, 16, 64, or more detector rows to acquire a corre-
sponding number of slices simultaneously. In modern
high-performance designs rotation speed can be very fast at
one-third of a second and less for a 360° orbit. Some tomo-
graphs use two tube/detector configurations with 90°
angular offset, effectively reducing the necessary scanning
orbit from 180° to 90°. Future designs will probably use a
cone beam approach with flat panel detectors for volumet-
ric imaging. Another technique to improve imaging speed
that was introduced in the late 1980s and is implemented in
all modern scanners is spiral CT acquisition, where bed
motion, tube/detector rotation, and image acquisition are
continuous, resulting in projections on a spiral trajectory
path around the patient.

Image quality is also dependent on the tube voltage 
and the tube current. These values can be arbitrarily 
chosen within the technical limits of the scanner. Often 
an inverse relationship exists between image quality and

radiation exposure. Sometimes a suboptimal image quality
is chosen in order to limit radiation exposure to the patient.
Another way to improve the diagnostic accuracy of CT
imaging is the use of a contrast agent. Intravenously admin-
istered contrast agent improves the assessment of blood vessels
and well perfused organs. Orally administered contrast agents
can enhance the visibility of gastrointestinal structures.

CT as a component within a combined SPECT–CT or
PET–CT scanner can be of very different quality according
to requirements. For attenuation correction and coarse
anatomic orientation a low-quality (low-dose) scan is usu-
ally adequate. Simple CT designs can then be used, and
radiation exposure can be kept at a minimum. For the
assessment of subtle disease-related changes in morphol-
ogy, the quality of the CT component has to be comparable
to that of dedicated stand-alone CT scanners, and contrast-
enhanced imaging is usually desirable. Technically, all 
available CT scanner designs can be incorporated into a
SPECT–CT or PET–CT system. Most technical features
from stand-alone CT scanners, with the exception of
oblique scanning, can be used.

SSPPEECCTT––CCTT
Combined SPECT–CT was introduced in the early 1990s,
followed by the technical implementation of CT-derived
attenuation correction.76–79 The first commercially avail-
able systems use low-resolution and low-dose CT devices
for attenuation correction and anatomic orientation
(Figure 27.12a). Acquisition speed is slow, since the X-ray
tube and the CT detector are attached to the same rotation
mechanisms as the scintigraphic camera heads. Image
acquisition is performed without breath-holding, similarly
to SPECT data acquisition. Although this CT component is
unable to deliver diagnostic image quality, it is ideally
suited for SPECT attenuation correction and anatomical
landmarking (Figure 27.13). No difference in breathing
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FFiigguurree  2277..1133
SPECT–CT example. Images of a transaxial slice located in the region of the upper abdomen showing [metastatic uptake of [123I]-
metaiodobenzylguanidine ([123I]MIBG)] (a), the morphology by low-quality CT for attenuation correction and anatomical landmarking (b),
and the fused molecular–morphological information (c) of a patient with malignant paraganglioma.
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pattern between SPECT and CT image acquisition exists.
Two-head camera systems with thick NaI(Tl) crystals for
adequate 511-keV photon detection efficiency and an
attached coincidence unit are used in some designs to allow
coincidence imaging with positron emitting radionuclides.

SPECT–CT systems with a diagnostic quality CT compo-
nent have been introduced into the market, offering the pos-
sibility to replace a separate CT scan on a stand-alone device.

PPEETT––CCTT
The first prototype scanner was developed in the mid- to
late 1990s and was successfully applied in a large number of
oncology patients.80 Today, a number of integrated
PET–CT designs are commercially available from several
manufacturers (Figure 27.12b). Most scanners combine
state-of-the-art PET and diagnostic-quality CT (Figure 27.14).
PET components with long-established BGO detectors or
with newer and faster LSO or GSO detectors are available.
Especially cardiovascular imaging requires the fastest mul-
tislice CT available. The speed demand for oncological
imaging is usually lower, so that intermediate-quality CT
scanners suffice.

Attenuation correction for PET imaging is in the major-
ity of cases performed by using a CT-derived attenuation
map. Additionally, most scanners are 3D-only scanners
without retractable septa for additional 2D imaging, so that
a large gantry opening in the order of 70 cm is possible.
This facilitates the use of PET–CT for radiotherapy planning.

CCTT--bbaasseedd  aatttteennuuaattiioonn  ccoorrrreeccttiioonn
ffoorr  SSPPEECCTT  aanndd  PPEETT
The use of CT for SPECT and PET attenuation correction
has some important advantages over external positron

emitting sources: (1) a CT scan is very fast compared to a 
traditional transmission scan, thus reducing required 
scanning time considerably; and (2) a CT scan offers less
noisy attenuation maps, effectively increasing image quality.

However, there are also several challenges associated
with CT-based attenuation correction: (1) attenuation
(and scatter) is energy dependent: the energy range of pho-
tons produced by an X-ray tube (peak at ~70 keV) is very
different from the energies for most isotopes used in
nuclear imaging; this is especially true for the high-energy
511-keV photons in PET, and therefore, processing of the
CT-derived attenuation map is required; (2) spatial resolu-
tion is much lower in SPECT and PET compared to CT;
(3) spatial co-registration of SPECT or PET and CT is 
limited due to respiratory, cardiac, and involuntary 
movement between the sequentially acquired scans; addi-
tionally, functioanatomic changes such as bladder filling
and peristaltic movement of gastrointestinal and urogeni-
tal organs can further hamper co-registration; (4) contrast
agent application leads to different attenuation maps
during CT and SPECT/PET imaging; and (5) metal objects
such as hip implants and cardiac pacemakers lead to arti-
facts in the CT-based attenuation map which are then
transferred into SPECT/PET images.

Several technical solutions have been found for the
above problems.

Energy scaling of attenuation map
The CT-derived attenuation map for PET attenuation cor-
rection (principles are similar for SPECT attenuation correc-
tion) has to be scaled to 511-keV photons. Adequate scaling
can be achieved when using a common scaling factor for air,
water, blood, and soft tissue, and a second scaling factor for
bone. Either a bilinear combination of these two scaling fac-
tors can be applied on a pixel by pixel basis to account for a
mixture of soft tissue and bone, or segmentation of bone and
soft tissue can be combined with scaling.78,81,82
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FFiigguurree  2277..1144
PET–CT example. Images of a transaxial slice located cranially to the heart showing [metastatic uptake of [18F]-fluoro-2-deoxy-
D-glucose ([18F]FDG)] (a), the morphology by contrast-enhanced diagnostic-quality CT (b), and the fused molecular–morphological
information (c) of a patient with poorly differentiated thyroid carcinoma.
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Resolution scaling
Resolution of the CT-based attenuation map can be
adapted to the SPECT or PET resolution by simple low-
pass filtering. This eliminates higher frequencies represent-
ing sharp edges so that resolution is effectively reduced.

Motion artifacts
The largest contribution to motion-related misalignment
of SPECT or PET and CT data normally stems from respi-
ratory movement. This effect is especially aggravated near
the diaphragm and near the anterior chest wall. However,
many other thoracic and abdominal organs may also be
affected.83 Since SPECT or PET requires several minutes of
acquisition time per bed position, data acquisition during
breath-holding is impossible. On the other hand, CT acqui-
sition using modern equipment is very fast, so that imaging
of the chest and upper abdomen is usually possible during
a single breath-hold. To make things worse, the diagnostic
accuracy of CT chest imaging is highest when acquired in
near-maximal inspiration. This respiratory position is very
different from that during the usually shallow tidal breathing
during SPECT or PET data acquisition. Several breathing
protocols have been proposed, but no single standard 
protocol has yet emerged. To better match the respiration
pattern during CT and SPECT or PET acquisition, either
CT acquisition with shallow tidal breathing or during a
breath-hold in the non-forced expiratory position seems
best.84,85 An additional CT scan in full inspiration might be
required for optimal diagnostic accuracy. In many cases
this additional scan can be performed with reduced radia-
tion exposure for accurate lung imaging.86 In the future,
computer algorithms are likely to be clinically useful for
movement-adapted attenuation correction.87 Nevertheless,
the additional assessment of uncorrected SPECT and 
PET images is of paramount importance to assess equivo-
cal findings in the attenuation corrected images and to
increase sensitivity for small lesions, especially in 
the lung.

Effect of contrast agents
Contrast agents for intravenous application are positive
contrast agents that increase attenuation compared to the
surrounding tissue. The attenuation map measured during
contrast-enhanced CT reflects the contrast agent density at
exactly this time. During the SPECT or PET scan the con-
trast agent has redistributed to a large degree so that the
effect of the contrast agent on 511-keV photon attenuation
is considerably different. The attenuation map acquired
during contrast-enhanced CT therefore does not reflect the
true attenuation during the SPECT/PET scan so that errors

are being introduced. This effect is even aggravated if the
regional contrast agent density makes local attenuation
indistinguishable from bone, so that a wrong factor is used
for energy scaling. Fortunately, in real-world applications,
the effect of intravenously administered contrast agents on
PET quality was found to be small, and is not considered to
be a grave problem in most cases.88

Oral contrast agents can either be positive or negative
(e.g. cellulose). As the amount of local contrast agent 
deposition can be very high compared to intravenously
applied contrast agents, a noticeable effect on SPECT or
PET image quality can result. For that reason the use of
negative contrast agents is preferred by some centers.
Again, assessment of non-attenuation-corrected SPECT or
PET images can help to distinguish true positive findings
from attenuation artifacts.

SPECT/PET and CT have to be acquired in the same
position. Scanning with both arms elevated over the head is
optimal for attenuation correction, since for some CT scan-
ners the attenuation map is truncated because the chest
with both arms next to the trunk is too wide for complete
imaging. However, not all patients tolerate this position
well enough for acquisition times of 20 minutes and longer
for whole-body SPECT–CT or PET–CT data acquisition.

PPEETT––MMRRII
The integration of PET with magnetic resonance imaging
(MRI) into a single PET–MRI device is feasible, as several
prototypes have shown. The complexity of developing an
integrated PET–MRI device is magnitudes higher compared
to SPECT–CT or PET–CT technologies. The static magnetic
field precludes the use of classic photomultiplier tubes for
radiation detection, so that the design of the PET component
has to be fundamentally changed. Fiberoptic cables can be
used to transport the scintillation light from the detector crys-
tals inside the magnet to photomultiplier tubes outside.89,90

Modern MRI scanners use active shielding so that the mag-
netic field drops to low values within a short distance.
Another promising development is to replace photomultiplier
tubes by semiconductor converters that are compatible
with strong magnetic fields.13,15

MRI yields unique morphological and functional infor-
mation, especially for soft tissue characterization, unob-
tainable by other imaging modalities. The possibility of
additional magnetic resonance spectroscopy (MRS) adds
to the diagnostic possibilities of this imaging modality. A
very important advantage of PET–MRI over SPECT–CT or
PET–CT is that simultaneous and not only sequential
imaging is possible. The MRI component may be used to
monitor movement during the PET acquisition, so that
accurate motion correction in PET can be performed for
better delineation of small lesions such as pulmonary nodules.
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MRI-derived anatomical information may also be used for
partial volume correction and region of interest (ROI) 
definition in quantitative PET. Moreover, the usage of MRI
is not limited by ionizing radiation. The future will show
whether this new technique can find its way into clinical
practice.

CCoonncclluussiioonn
Many exciting new technologies developed for radionu-
clide imaging have begun to emerge in recent years. Some
of them have already seen widespread clinical application.
In many ways these new technologies have contributed 
to better diagnostic quality, albeit, in some cases, at the
expense of increased methodological complexity.

With the rapidly increasing knowledge about the genetic
aberrations underlying malignant diseases and the 
associated changes on a molecular and cellular level, the
need for adequate molecular imaging devices will equally
increase. Nuclear imaging methods are uniquely suitable
owing to their high sensitivity, molecular target specificity,
and whole-body imaging capability. It is therefore likely
that the pace of technological progress in the field of
radionuclide imaging will be maintained on a high level in
the foreseeable future.
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New radiopharmaceuticals for cancer 
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BBaacckkggrroouunndd
PPrroobblleemmss  aanndd  ooppppoorrttuunniittiieess  iinn
ddeevveellooppiinngg  nneeww
rraaddiioopphhaarrmmaacceeuuttiiccaallss
In the past decade, no new radiopharmaceuticals have been
approved by the regulatory authorities in Europe or the
USA for use in the diagnosis of cancer. The reasons for this
stem almost totally from a rapid escalation in costs for
developing and licensing new drugs.1 However, this state of
affairs has not inhibited the rate of academic research into
the field, and this has continued unabated throughout this
period of time. The increasing availability of positron emis-
sion tomography (PET) technology means that the distinct
separation between PET and single photon emission com-
puted tomography (SPECT) radiopharmaceutical develop-
ment which used to be present is starting to disappear.
Although different research groups continue to specialize
in their own fields, an increasing number are working
across both disciplines.

Radiopharmaceuticals currently under development for
cancer imaging fall into two main categories – those that are
targeted towards peptide hormone receptors or antibody epi-
topes that show enhanced levels of expression in malignancy
and those that interact with metabolic pathways which are
important in the response of cancer to therapy. For a detailed
discussion of these pathways readers are referred to Chapter
1. The pathways that have been most extensively explored in
radiopharmaceutical development are glucose transport,
proliferation, apoptosis, angiogenesis, and hypoxia.

These two groups are, however, not entirely distinct, and
there is a significant degree of overlap between them. In
many cases, therefore, the same targets are being pursued
for both PET and SPECT imaging, as described below.

PPeerrssppeeccttiivveess  ffoorr  nneeww  SSPPEECCTT
rraaddiioopphhaarrmmaacceeuuttiiccaallss
AAppooppttoossiiss
Two quite different mechanisms are responsible for cell
death – the relatively rapid and uncontrolled process of
necrosis, and the much slower, highly controlled system of
apoptosis. Apoptosis can be the outcome in a number
of different therapeutic interventions, and there is there-
fore an interest in imaging this process using a variety
of imaging modalities, including radionuclide imaging.2

The different stages of apoptosis can each present possible
targets for radiopharmaceutical development. These stages
include: (1) induction of apoptosis, e.g. through p53
signaling; (2) nuclear condensation, endonuclease and cas-
pase activation, and fall in intracellular pH; (3), phospho-
lipid and cytoskeleton reorganization, and cell shrinkage;
and (4) production of apoptotic bodies and phagocytosis.
By far the most widely explored is stage (3), which results
among other things in the switch of intracellular phos-
phatidylserine (PS) to the external surface of the dying cell.
Several proteins bind to PS, of which annexin v (recently
given the nomenclature anxA5) has been the most widely
used.3 anxA5 can be produced in Escherichia coli using
recombinant techniques to provide a suitable source of
pharmaceutical grade material for clinical application.
anxA5 has been labeled with a number of radionuclides,
including 123I, 111In, and 18F, but a major impetus for clini-
cal research was the development of technetium-99m
labeling kits by Theseus Imaging Corp. The first generation
of ‘ApomateTM’ employed a pre-labeling approach devel-
oped by NeoRx Corp. to label antibody fragments for the
imaging of small-cell lung cancer.4 This approach had two
problems. The first was that the labeling procedure was
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rather complex and took up to 2 hours to perform. Yields
were also relatively low. Second, metabolism of the protein
conjugate in vivo resulted in the production of lipophilic
metabolites which were excreted by the hepatobiliary tract
resulting in high non-specific accumulation in the abdomen.5

The second generation of kits produced by Theseus Corp.
used hydrazinonicotinate (HYNIC) (Figure 28.1) as a
bifunctional chelating agent. anxA5–HYNIC conjugate was
formulated along with stannous ions and the tricine co-
ligand in a freeze-dried kit, which can simply be labeled
in one step by the addition of sodium pertechnetate.6

The great majority of the preclinical and clinical research
undertaken with radiolabeled annexin has been performed
with this formulation, although, unfortunately, financial
issues forced Theseus to withdraw the product from late-
phase clinical trials. The results of these studies are summa-
rized elsewhere,3 but it can be concluded that, although
[99mTc]-anxA5 does show promise for imaging apoptosis,
its use is complicated by two distinct factors. The first is
that this tracer is not an ideal radiopharmaceutical.
Although its distribution and clearance are more rapid
than those of larger proteins such as monoclonal antibod-
ies, it is still cleared too slowly for optimal imaging, and
this, together with normal uptake in the kidney, spleen, and
bone marrow, provides a high background against which to
image ‘pathological’ sites of apoptosis. The second compli-
cating factor relates to the kinetics of the apoptotic process
itself. This is essentially a transient process which occurs in
a subpopulation of cells within a tissue. The best time for
imaging is therefore uncertain, and likely to vary from one
indication to another.

The second feature of apoptosis that has been most
extensively pursued as a target for radiopharmaceutical
development is caspase activation, although this approach
is currently at a much earlier stage. Induction of apoptosis
results in a cascade of events in which intracellular enzymes
known as caspases are involved. The activation of early cas-
pases such as caspase-8 results in a number of intracellular
events, including the activation of late caspases such as cas-
pase-9 and caspase-3 that implement the later stages of cell
destruction. Radiolabeled substrates for caspases that are
retained by the cell after enzyme cleavage are therefore an
interesting means for imaging apoptosis. This approach has
been pursued by Haberkorn et al. Initial studies used
radioiodinated Z-VAD-fmk (where VAD is Val-Ala-Asp
and fmk is fluoromethylketone), a pan-caspase inhibitor.
These showed that cells undergoing apoptosis accumulated
more radioiodine than normal cells, but the absolute level
of uptake of the tracer was relatively low.7 More recent
studies have employed radiolabeled peptide substrates for
caspase-3. Cellular uptake of these peptides was also low,
but could be enhanced by conjugation with tat-sequences
while still retaining a level of discrimination between cells
undergoing apoptosis and those not.8

AAnnggiiooggeenneessiiss
Angiogenesis, or the production of a new blood supply,
is a prerequisite for tumor growth and progression.
Consequently, drugs that interfere with this process could
be useful therapeutic agents, and radiotracers that monitor
the efficacy of such drugs could be useful.9 The angiogenic
process follows a series of steps beginning with the secre-
tion of growth factors such as vascular endothelial growth
factor (VEGF) triggered by hypoxia within the tumor.
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Contributions are also made by normal tissues including
stromal and endothelial cells, which secrete proteolytic
enzymes such as matrix metalloproteinases (MMPs) and
serine proteases to break down the structure of the tissue.
Activated endothelial cells express integrin ligands such as
αvβ3 that allow them to migrate through the extracellular
matrix, and new proteins such as laminin and collagen type IV
are produced to form a basement membrane on which the
endothelial cells can organize to form new blood vessels.
Each of these steps can form a target for therapeutic drug
and also radiopharmaceutical development; however, focus
has been concentrated on three main targets – MMPs,
integrins, especially αvβ3, and extracellular matrix proteins.

MMPs are zinc-containing peptidases that degrade a
number of proteins that form the extracellular matrix. A
number of radiolabeled substrates for MMPs have been
explored. They include fragments of naturally occurring
inhibitors (TIMPs),10 artificial peptides generated by phage-
display,11 and small synthetic non-peptide inhibitors.12 These
have been labeled with a variety of radionuclides including
99mTc, 123I, 111In, 64Cu, 11C, and 18F. Encouraging results have
been obtained in animal models, but these compounds have
not yet been extensively explored in clinical studies.

Integrins
αvβ3 and other integrins are expressed by activated
endothelial cells to aid their migration through the extra-
cellular matrix, and may also be expressed by the tumor
cells themselves. αvβ3 is not, however, expressed by normal
vascular endothelium other than during pregnancy or
wound healing. αvβ3 acts by binding to the sequence Arg-
Gly-Asp (RGD), which is present in many extracellular
matrix proteins such as fibronectin or fibrinogen.
Consequently the RGD sequence has formed the basis for
many drug and radiopharmaceutical candidates. Short
linear peptides containing this sequence have only low
binding affinity for the αvβ3 and are also rapidly degraded
by serum proteases in vivo. Consequently, cyclic peptides,
which contain a number of artificial substitutions, have
formed the basis of the most promising radioligands.
Cyclo-(-Arg-Gly-Asp-DPhe-Val-), first introduced by
Kessler et al., has been the lead structure for ligand develop-
ment.13 Tracers initially labeled with 125I showed high non-
specific uptake in the intestines as a result of hepatobiliary
excretion,14 but Haubner et al. were able to improve the
pharmacokinetics by conjugation of sugars such as glucose
and galactose.15 An improvement in affinity and selectivity
can be achieved by linking together several αvβ3 binding
sequences. Thus, a homodimer of cyclo-(-Arg-Gly-Asp-
DPhe-Val-) conjugated by either DOTA (tetraazacyclodo-
decanetetraacetic acid) for group III radiometal labeling or
HYNIC for 99mTc labeling showed increased uptake in
animal tumor models compared to the monomer.16 This
approach has been further extended by making tetrameric

and even octameric constructs. Such compounds were
studied in animal models and showed improving tumor
uptake in the order of tetramer > dimer > monomer.17

Most recently the use of water-soluble N-(2-hydroxy-
propyl)methacrylamide (HPMA) copolymers bearing up
to 15 doubly cyclized αvβ3 binding peptide ligands labeled
with 99mTc using the carbonyl precursor also showed
improved tumor uptake compared to the unconjugated
peptide.18

Extracellular matrix proteins
Fibronectin is a widely distributed matrix protein that
exists in a variety of isoforms, depending on alternative
splicing in different regions of the molecule. One such iso-
form contains the ED-B domain, a 91-residue sequence
that has been shown to be important in angiogenesis. This
protein is widely expressed in fetal and malignant tissues
but shows a highly restricted pattern of expression in
normal adult tissues. Neri et al. have developed a number of
conventional and single-chain antibodies that show high-
affinity binding to the ED-B sequence, and several con-
structs have been engineered for molecular imaging or
therapeutic approaches.19 Among the radioactive ligands
produced is one labeled with 211At, which could potentially
be used for targeted radionuclide therapy.20 Clinical studies
with a 123I-labeled F(ab′)2 fragment of the L19 anti-ED-B
antibody showed selective localization in tumor lesions in
aggressive types of lung cancer and colorectal cancer. This
approach, therefore, deserves further evaluation to deter-
mine its possible clinical application for imaging and mon-
itoring of antiangiogenic therapies.21

HHyyppooxxiiaa
Hypoxia has long been recognized as playing a major role
in mediating resistance to external-beam radiotherapy.
However, recent identification of the molecular basis of the
relationship between hypoxia and angiogenesis has raised
the possibility that hypoxia may also have a prognostic
influence in other treatment modalities such as chemother-
apy with mitomycin C or porfiromycin.22 In addition, the
cellular response to hypoxia is controlled through a com-
plex gene expression pattern. This includes, for instance,
the expression of growth factor genes for adaptive cellular
response, leading to increased tumor cell vascularization.22

Classically, tissue hypoxia is measured either by the use of
pH-sensitive electrodes or by immunohistochemistry of
nitroimidazole adducts on tissue sections removed at biopsy.
However, both techniques are necessarily relatively invasive
and also provide only an indication of hypoxia at monitored
positions in the tumor, even though the oxygen concentra-
tions in tumor are known to be extremely heterogeneous.
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They can only be used for tumors that are accessible to
biopsy or needle placement. For this reason, a non-invasive
procedure that could provide whole-body information on
the regional distribution of oxygen levels throughout the
tumor would be very valuable.

Radiopharmaceuticals for imaging hypoxia fall into two
types, those based on nitroimidazoles that are trapped in
hypoxic tissues due to irreversible reduction of the nitro-
group to reactive species that bind to intracellular macro-
molecules, and those based on metal complexes that show
enhanced bioreduction in hypoxic tissues leading to selective
retention of the radiometal (for review see reference 23).

Nitroimidazoles
The most well-established hypoxia tracer is 1H-1-
(3-[18F]fluoro-2-hydroxypropyl)-2-nitroimidazole
([18F]FMISO), described below in the ‘PET radiopharma-
ceuticals’ section. Because of the limited (although cur-
rently increasing) availability of PET imaging, single
photon nitroimidazole tracers have also been developed.
The most widely explored is [123I]IAZA (iodoazomycin
arabinoside)24 (Figure 28.2), a nitroimidazole conjugated
nucleoside which lacks the metabolic instability and high
lipophilicity of simple iodo-nitroimidazoles. Both FMISO
and IAZA have undergone extensive clinical evaluation.

A number of technetium-labeled compounds have also
been developed. One of the first to be studied was
BMS181,32125 (Figure 28.2), in which a 2-nitroimidazole

was coupled to a propylene amine oxime (PnAO) chelator,
similar to that employed in exametazime (Ceretec™). This
tracer shows relatively high selective uptake in hypoxic
tumors in animal models, but owing to its very high
lipophilicity blood clearance is slow, resulting in poor
tumor/blood ratios and high intestinal excretion which
severely limits imaging in the abdomen. A second-generation
tracer is BRU59-2126 (Figure 28.2), in which the nitroimi-
dazole group is moved to a different point in the chelator.
This small change reduces the lipophilicity of the molecule
and improves its metabolic stability. Clinical studies with
[99mTc]BRU59-21 showed good correlation with staining
for pimonidazole adducts.

Bioreductive metal complexes
The best-explored bioreductive systems are the copper–
semicarbazone complexes PTSM and ATSM, which are
discussed in the ‘PET radiopharmaceuticals’ section below.
During the development of technetium-labeled nitroimi-
dazole–chelate complexes, a control compound consisting of
a technetium-labeled butylene amine oxime (BnAO, HL91),
but lacking a nitroimidazole moiety, surprisingly showed
high and selective uptake in hypoxic cells27 (Figure 28.2).
This hydrophilic compound shows generally lower tumor
uptake than BMS181,321 and BRU59-21, but the rapid
clearance and predominantly renal route of excretion
engender high tumor to background ratios. The mecha-
nism of retention of [99mTc] BnAO has not been elucidated.

RReecceeppttoorr--bbiinnddiinngg  ppeeppttiiddee--bbaasseedd
rraaddiioopphhaarrmmaacceeuuttiiccaallss
In the past decade, in vivo peptide receptor scintigraphy
has become a reality. The successful use of the somatostatin
analog, [111In]DTPA-octreotide (OctreoScan®) (where
DTPA is diethylenetriaminepantaacetic acid) for imaging
neuroendocrine tumors has led the way in a field that is
rapidly expanding. In oncology, the use of these small
radiolabeled biological molecules is based upon the
overexpression of their receptors in various tumor types28

(Table 28.1). Tumor imaging with radiolabeled peptides
that target these receptors may lead to radionuclide therapy
using the same targeted peptide carrying a therapeutic
isotope. Therefore, in addition to tumor localization infor-
mation, the diagnostic scan also provides a measure of
whether the receptors are sufficiently dense for peptide
receptor radionuclide therapy. It is not uncommon for the
development of diagnostic and therapeutic peptide radio-
pharmaceuticals to proceed hand in hand. For instance, the
same chelating systems can be used for indium, yttrium,
and lutetium, and therefore the development of many
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111In-labeled peptide diagnostic agents is followed closely
by that of the 90Y or 177Lu analogs for radionuclide therapy.
Similarly, studies of 99mTc labeled peptide diagnostic imag-
ing agents are often coupled with development of 186/188Re
therapeutic analogs. This section will focus primarily on
the diagnostic applications of peptide receptor imaging,
while peptide receptor radionuclide therapy will be dealt
with in a later chapter. Radiolabeled analogs of minigastrin,
cholecystokinin, bombesin, and neurotensin are among the
more promising peptide diagnostics emerging in the field,
and these will be covered in detail.

Peptides are small proteins consisting of anything from
two up to 50 amino acids. In general, the peptides being
used for receptor targeting in nuclear medicine are in a
group of naturally occurring peptides known as regulatory
peptides. Regulatory peptides have a wide range of func-
tions, acting as hormones, neurotransmitters, neuromodu-
lators, vasodilators, and growth factors, to name a few.

They have membrane-bound receptors (mainly G protein-
coupled receptors) through which they control or modu-
late the function of major organs and metabolic processes.
In general, the peptides are small and hydrophilic, and
therefore localize rapidly to the tumor site, binding to the
receptor at the cell membrane. Since most peptides used for
radionuclide imaging are agonists, the receptor–ligand
complex usually internalizes into the cell. This agonist
internalization is desirable as it causes accumulation of
radioisotope at the tumor site, with little washout over the
period of time required for imaging. Any unbound peptide
is rapidly excreted through the hepatobiliary or renal route,
depending on the peptide. Although these peptides can
have side-effects due to their pharmacological activity,
these can be minimized by administering extremely low
doses, as is usual for radiotracer studies. Peptides are rela-
tively easy to synthesize and radiolabel, and as they are
widely conserved through species, have no antigenicity.
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Table 28.1 Peptide receptor proteins found in some human tumors. Adapted from reference 28

Tumor type Receptor type (subtype)

GH-producing pituitary Somatostatin (SST2, SST5)
adenoma

Non-functioning  Somatostatin (SST3 > SST2)
pituitary adenoma

Gut carcinoid Somatostatin (SST2 > SST1,
SST5)

CCK (CCK-1)
GRP/bombesin (NMB-R)

Gastrinoma Somatostatin (SST2)
GRP/bombesin (GRP)

Insulinoma Somatostatin
CCK/gastrin (CCK-2)

Paraganglioma Somatostatin (SST2)

Pheochromocytoma Somatostatin (SST2)

Medullary thyroid Somatostatin
carcinoma CCK/gastrin (CCK-2)

Neurotensin (NTR1)

Small-cell lung cancer Somatostatin (SST2)
CCK/gastrin (CCK-2)
GRP/bombesin (BB3)
Neurotensin (NTR1)

Meningioma Somatostatin (SST2)
Neurotensin (NTR1)
CCK (CCK-1)

Tumor type Receptor type (subtype)

Neuroblastoma Somatostatin (SST2)
CCK (CCK-1)

Medulloblastoma Somatostatin (SST2)
Neurotensin (NTR1)

Astrocytoma Somatostatin
CCK/gastrin (CCK-2)
Neurotensin (NTR1)

Exocrine pancreatic Neurotensin (NTR1)
tumor

Gastric carcinoma Somatostatin

Hepatocellular carcinoma Somatostatin

Renal cell carcinoma Somatostatin
GRP/bombesin (GRP)

Prostate carcinoma Somatostatin (SST1)
GRP/bombesin (GRP)

Breast carcinoma Somatostatin
GRP/bombesin (GRP)

Ovarian carcinoma Somatostatin

Lymphoma Somatostatin

Ewing sarcoma Neurotensin (NTR1)

Leiomyoma Somatostatin

Subtype in bold indicates receptor of high density and incidence; preferentially expressed subtype in parentheses only when shown by
immunohistochemistry or autoradiography.

CCK, cholecystokinin; GRP, gastrin releasing peptide.
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However, due to their natural structures, they are rapidly
degraded in vivo by peptidases. Therefore, one of the great-
est challenges in developing new peptide radiopharmaceu-
ticals is to synthesize metabolically stable analogs which
maintain the high affinity binding shown by the native
peptide.

The somatostatin analogs
The most notable success in the field of peptide receptor
scintigraphy has been in the use of radiolabeled somato-
statin analogs for diagnosis of somatostatin receptor-
positive tumors. Somatostatin is a cyclic 14-mer peptide for
which five main receptor subtypes have been identified
and cloned (SST1–SST5). As is the case with most native
peptides, somatostatin is metabolically unstable, having
a circulatory half-life of only 3 minutes.29 This problem
was overcome by the incorporation of D-amino acids (to
reduce enzymatic degradation) and shortening of the mol-
ecule to the core sequence required for receptor binding.
This resulted in stabilized analogs (Figure 28.3), some of
which are used for conventional therapy of acromegaly and
neuroendocrine tumors30 as well as for radionuclide imag-
ing and targeted therapy.

The most widely used of these somatostatin analogs is
octreotide. Initially, a tyrosine containing analog, Tyr3-
octreotide (TOC) (Figure 28.3) was developed for radio-
labeling with isotopes of iodine. However, the use of
diethylenetriaminepentaacetic acid (DTPA, see Figure 28.1)
conjugated octreotide analogs for labeling with 111In greatly
improved the biodistribution, shifting the gastrointestinal

excretion of the iodinated compound to a predominantly
renal excretion pathway.31 This led to commercialization of
[111In]DTPA-DPhe1-octreotide (OctreoScan®), the first
ever licensed peptide radiopharmaceutical, for the imaging
of neuroendocrine tumors. The only other peptide radio-
pharmaceutical to receive regulatory approval for oncolog-
ical applications since then is a 99mTc-labeled somatostatin
analog, [99mTc]Depreotide (NeoTect®), for imaging pul-
monary tumors. The clinical use of OctreoScan® and
NeoTect® has been extensively covered in the literature, and
does not fall within the scope of this chapter.32,33 However,
work on other somatostatin analogs has continued, and
various DTPA and DOTA (Figure 28.1) conjugated analogs
have been radiolabeled with radioisotopes of indium, gal-
lium (for PET imaging), yttrium and lutetium (for therapy
of neuroendocrine tumors, covered in Chapter 29). Some
workers have sought to identify ligands with increased
affinity for SST2, the receptor most commonly found in
human tumors. Tyr3-octreotate (TATE), an octreotide
derivative which lacks the threonine alcohol moiety, shows
higher affinity for SST2 than octreotide, and changing the
radiometal also has an effect.34 Reubi et al. showed that
[Ga]DOTA-Tyr3-octreotate displayed the highest affinity
for SST2, followed by [In]-DTPA-Tyr3-octreotate and
[Y]DOTA-Tyr3-octreotate. The affinity of [Ga]DOTA-
Tyr3-octreotate was two orders of magnitude greater than
that of [In]DTPA-octreotide.34 Analogs with different SST
receptor affinity profiles have also been investigated.
Somatostatin-14 binds to all five of the receptors with high
affinity, but the stabilized analogs have varying affinity
profiles. Octreotide binds with high affinity to SST2, and
with intermediate and moderately high affinity to SST3
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Somatostatin-14

Octreotide

Lanreotide

RC-160 (Vapreotide)

Tyr3-octreotide
(TOC)

Tyr3-octreotate
(TATE)

Depreotide
(P829)

Nal3-octreotide
(NOC)

Nal3-octreotate
(NOC-ATE)

Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Ser-Cys

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

b-D-Nal-Cys-Tyr-D-Trp-Lys-Val-Cys-Thr-NH2

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

D-Phe-Cys-Tyr-D-Trp-Lys-Val-Cys-Trp-NH2

D-Phe-Cys-Tyr-D-Trp-Lys-Thr-Cys-Thr

D-Phe-Cys-Nal-D-Trp-Lys-Thr-Cys-Thr(ol)

D-Phe-Cys-Nal-D-Trp-Lys-Thr-Cys-Thr

(N-Me)Phe-Tyr-D-Trp-Lys-Val-Hcy-(CH2CO-(b-Dap)-Lys-Cys-Lys-NH2)

FFiigguurree  2288..33
Some somatostatin analogs which have been
radiolabeled with various radioisotopes, usually
through bifunctional chelators. Nal,
naphthylalanine; Hcy, L-homocysteine; β-Dap, 
β-(L-1,2-diaminopropionic acid).
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and SST5, respectively. A more recently developed com-
pound, ([111In-DOTA-1-Nal3-octreotide ([111In]-DOTA-
NOC) (Nal is naphthylalanine), binds SST2, SST3, and
SST5, all with high affinity, and has higher binding
affinity than all other somatostatin-based radiopeptides.35

The internalization rate of [111In]-DOTA-NOC into 
AR4-2J rat pancreatic tumor cells was twice that of [111In]-
DOTA-TOC, and three times higher than that of
[111In]-DOTA-octreotide.35 Furthermore, the uptake of
[111In]-DOTA-NOC-ATE into somatostatin receptor posi-
tive tissues and AR4-2J tumors in Lewis rats was at least
twice that of [111In]-DOTA-TOC, with lower kidney
uptake.36 In a study in a single patient with an advanced
neuroendocrine tumor [68Ga]-DOTA-NOC showed better
imaging characteristics than did [111In]-DOTA-TOC, with
some bone metastases being better visualized, perhaps due
to expression of SST5 receptors.37

To take advantage of the shorter half-life and superior
imaging characteristics of 99mTc, mixed ligand ethylenedi-
aminediacetic acid (EDDA)/tricine-HYNIC, tricarbonyl,
and N4 (see Figure 28.1) chelating systems (amongst
others) have been used to label somatostatin analogs. Of
these, the most developed are the [99mTc]HYNIC-TOC
compounds.38,39 It was shown by Decristoforo et al. that the
use of EDDA rather than tricine or tricine/nicotinic acid as
co-ligand in the labeling of HYNIC-derivatized somato-
statin analogs gave higher stability, lower protein binding,
and higher tumor/organ ratios.40 These findings were
supported by a comparison of the results of clinical studies
of [99mTc]tricine/HYNIC-TOC,39 and [99mTc]EDDA/
HYNIC-TOC.38,41 Since then, [99mTc]EDDA/HYNIC-TOC
has been evaluated in a number of clinical studies with
promising results.42–46 In a preclinical study, Storch et al.
have recently compared a number of [99mTc]EDDA/
HYNIC-TOC octreotide derivatives with [111In]DOTA-
TATE and [111In]-DTPA-octreotide, showing that [99mTc]-
HYNIC/EDDA-TATE and [111In]-DOTA-TATE had the
highest internalization rates and tumor uptakes.47 Other
workers in the field have been developing Tyr3-octreotate
analogs derivatized with a tetraamine chelator (Figure 28.1)
(Demotate-1 and -2).48–50 One of these (Demotate-1) has
been evaluated clinically alongside [99mTc]EDDA/ HYNIC-
TOC, and shows faster pharmacokinetics, providing
images as early as 1 hour after injection.51,52 In a different
approach, octreotide analogs have also been labeled using
99mTc-tricarbonyl complexes53,54 (Figure 28.1). However,
despite the good specific uptake seen in CA20948 pancre-
atic tumor-bearing Lewis rats of some of the analogs, and
commercial availability of the IsoLink® kit (Mallinckrodt,
Petten, The Netherlands) for preparation of the
[99mTc(H2O)3(CO)3]+ precursor, none of these compounds
has yet progressed to studies in man.

In summary, a number of studies of new somatostatin
receptor imaging agents have shown that the octreotate
derivatives are generally superior to the octreotide

compounds such as OctreoScan®, and it remains to be seen
whether any of these compounds will undergo commer-
cialization to become licensed radiopharmaceuticals.

Peptide receptor scintigraphy 
of CCK-2 receptor expressing tumors
The success of peptide receptor scintigraphy with somato-
statin analogs has been tempered by the fact that somato-
statin receptors are only overexpressed in sufficient
quantities in tumor types that are relatively uncommon.
Therefore, many workers are seeking to repeat this success
using a variety of peptides that have receptors in a wide
range of malignancies, especially those that are more
common such as lung, colon, or prostate carcinomas.
Investigations of a number of other peptide radiopharma-
ceuticals have been carried out, with perhaps the most
advanced and promising being the minigastrin/CCK-8
analogs. The gastrin/CCK-2 receptor has been shown to be
present in a number of tumor types, including medullary
thyroid carcinoma (MTC) (92%), small-cell lung cancer,
astrocytomas (65%), stromal ovarian cancers (100%), and
others.55,56 Increased expression of CCK-2 mRNA has also
been seen in colorectal cancers.57 The peptide ligands for
this receptor are analogs of either gastrin or cholecystokinin
(CCK), both of which are 34 amino acid peptides, and share
a C-terminal sequence that confers binding affinity, i.e. Trp-
Met-Asp-Phe-NH2 (Figure 28.4). One of the several shorter
forms of CCK is CCK-8, the sulfated form of which binds
with high affinity to the CCK-1 receptor as well as CCK-2.
Non-sulfated CCK-8, like gastrin, has only low affinity for
the CCK-1 receptor, but binds with high affinity to CCK-2.

Behr et al. have looked at a variety of these CCK-2 recep-
tor binding peptides in vivo, either iodinated or labeled
with 111In through a DTPA moiety.58 They showed that the
non-sulfated CCK-8 analogs gave the lowest tumor and
CCK-2 receptor positive tissue uptakes in nude mice bear-
ing human medullary thyroid tumors (TT). The sulfated
analogs had higher receptor positive tissue uptake, but were
also taken up in normal CCK-1 receptor expressing tissues.
The gastrin analogs (containing the Glu5 sequence) had the
highest tumor uptake and highest tumor-to-non-tumor
ratios, but also high kidney uptake. [111In]DTPA-minigastrin
was used to visualize normal CCK-B receptor expressing
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Minigastrin Leu-(Glu)5-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2

MG0 DTPA-DGlu-(Glu)5-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2

CCK-8 Asp-Tyr-Met-Gly-Trp-Met-Asp-Phe-NH2

FFiigguurree  2288..44
The amino acid sequences of some CCK-2 (cholecyctokinin
receptor) ligands.
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organs as well as all known tumor sites. This group then
went on to develop a [111In]DTPA-DGlu-minigastrin
derivative (MG0), which had improved metabolic stability
in comparison to the conventional [111In]DTPA-minigas-
trin conjugate, with corresponding improved background
signal.59 This radiolabeled minigastrin analog was used to
look at MTC in 75 patients, with a sensitivity of 91%.60,61

Since the thrust of this work was to combine imaging with
peptide receptor radionuclide therapy, eight patients were
treated with [90Y]DTPA-D-Glu-minigastrin. Although this
treatment had some therapeutic efficacy, some rather
severe nephrotoxicity was also seen due to the high renal
uptake of this compound.

Other groups working in this field have developed some
DTPA- and DOTA-linked non-sulfated CCK analogs.62,63

In particular, Reubi and co-workers identified conjugates
of DAsp-Tyr-Nle-Gly-Trp-Nle-Asp-Phe-NH2 as high affin-
ity CCK-2 receptor binders.63 In vivo, the [111In]DOTA
conjugate showed specific uptake into receptor positive tis-
sues in CA20948 tumor bearing rats.64 On the basis of these
findings, an imaging study using the [111In]DTPA analog in
seven MTC patients was carried out. Although some of the
lesions were visualized, uptake in the strongly receptor pos-
itive stomach was low, and the peptide underwent rapid in
vivo degradation.65

Although most of the work on CCK-2 receptor scintig-
raphy has been carried out using 111In, a few groups have
focused on imaging with 99mTc due to its more suitable β
emission and half life.66–69 Von Guggenberg et al. have
demonstrated very high uptake of a [99mTc]EDDA/
HYNIC-minigastrin compound in AR4-2J tumors in nude
mice,69 while Nock and co-workers have evaluated mini-
gastrin analogs modified with N-terminal open chain
tetraamines in the same animal model.68 Imaging with
their lead compound, Demogastrin-2, in one MTC patient
detected all known lesions in lymph node, lung, and bone.
99mTc-labeled analogs of CCK have also been developed
using HYNIC67 and diphenylphosphinopropionyl66 as
chelators. However, these studies have yet to be followed up
in humans.

The area of CCK-2 receptor scintigraphy with radiola-
beled gastrin/CCK analogs is expanding rapidly, and there
are some promising new agents being developed. Although
a number of clinical studies have been carried out in MTC,
this approach has yet to be evaluated in other CCK-2 recep-
tor expressing tumor types such as small-cell lung carci-
noma or (possibly) cancers of the colon.

Receptor scintigraphy with
radiolabeled bombesin analogs
Several groups have recently made progress in the develop-
ment of radiolabeled bombesin analogs for receptor
scintigraphy. Bombesin is a 14 amino acid peptide of

amphibian origin, and gastrin releasing peptide (GRP) is
its 27 amino acid human counterpart. Apart from one
amino acid, the ten C-terminal amino acids of GRP and
bombesin are the same. There are three human receptor
subtypes, namely the neuromedin B receptor (BB1, NMB,
for which neuromedin B is a high affinity ligand), the GRP
receptor subtype (BB2, for which GRP is a high affinity
ligand), and the orphan receptor, BB3, for which the native
ligand has yet to be identified. The GRP receptor is the sub-
type most frequently expressed in tumors,70 and is overex-
pressed in some common tumor types such as carcinomas
of the prostate and breast,28 as well as gastrointestinal stro-
mal tumors.71 For this reason, research effort has focused
on the GRP receptor.

The tendency of Tc/Re-labeled peptides to be somewhat
lipophilic and to clear via the hepatobiliary pathway
(thus hindering imaging in the abdominal region)72 has
been a recurrent theme in the development of 99mTc-
labeled bombesin analogs for SPECT imaging of GRP
receptors. Baidoo et al. have described the synthesis of
[99mTc]diaminodithiol (DADT) conjugates of Lys3-BN.73

Subsequent work by this group involved modifications of
this compound to reduce the lipophilicity of these analogs
in order to decrease hepatobiliary clearance and allow
scintigraphy of the abdominal region.74,75 The group of
Volkert have used P2S2

76,77 and N3S BN(7–14) conjugates78

using different carbon chain spacers between the Tc bind-
ing moiety and the peptide. They showed that between 3
and 8 spacer carbon atoms could be used without compro-
mising the agonist binding affinity.79 Van de Wiele and
co-workers have demonstrated the clinical utility of
these compounds using [99mTc]N3S-Gly-5-Ava-BN(7–14)
([99mTc]RP527) in patients, where specific uptake was seen
in 4/6 breast and 1/4 androgen-resistant bone-metastasized
prostate carcinomas, with good tumor to normal ratios,80

but again, hepatobiliary excretion of this compound
makes imaging in the abdominal areas problematic.81 More
recently, Nock et al. have investigated a series of com-
pounds, one based on a GRP receptor antagonist as well
as four other GRP receptor agonists. Demobesin-1 is based
on the potent antagonist DPhe6,Leu-NHEt13,des-Met14-
BN(6–14),82 to which they attached an open chain
tetraamine (N4) chelator for labeling with 99mTc (see
Figure 28.1). Although this compound showed minimal
internalization in prostate cancer cells, it demonstrated
very high and persistent uptake in PC-3 human xenografts
in nude mice.83 This group went on to develop compounds
based on GRP receptor agonists, as agonists are known
to undergo receptor-mediated endocytosis which allows
residualization of the radiometal within the cell. Using the
tetraamine chelator, four further compounds were devel-
oped: N4

0-Pro1-Tyr4-BN and its Nle14 substituted analog
(Demobesin-3 and -4) as well as two truncated BN analogs,
(N4-Bzdig)0-BN(7–14) and its Nle14 substituted analog,
using a benzylaminodiglycolic acid spacer between the
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chelator and the receptor-binding sequence (Demobesin-5
and -6).84 All of the compounds showed high receptor
affinity (50% inhibitory concentration) (IC50) < 0.06
nmol/l in competition binding assays) and rapid internal-
ization (~75% within 30 min) in PC-3 tumor cells. In vivo,
Demobesin-3 and -4 demonstrated high tumor uptake
(9–11%ID/g at 1 h post-injection, 7–9%ID/g at 4 h post-
injection, where ID is initial dose) with rapid clearance
from non-target tissues. These compounds proved to be
much less lipophilic than the truncated BN analogs, and
were excreted mainly via the kidneys. Demobesin-5 and -6
showed lower tumor uptake and largely hepatobiliary
clearance. Due to the higher tumor uptake and favorable
excretion route, this group plan to start clinical trials on
their Demobesin-4 compound.

In other clinical studies, Scopinaro et al. have reported
detection of prostate cancer using Leu13-BN(1–14) modi-
fied on its N-terminus to directly bind 99mTc.85 Since
this compound undergoes hepatobiliary clearance, it is
probable that the Demobesin compounds will be superior
in clinical trials. A [99mTc]EDDA/HYNIC-Lys3-BN com-
pound has been developed by Ferro-Flores et al.86

Although this compound shows predominantly renal
excretion, it had relatively low uptake in PC-3 tumors
in vivo.

[99mTc]BN derivatives have also been prepared via the
(99mTc(H2O)3(CO)3)+ precursor (see Figure 28.1). La Bella
et al. demonstrated high binding affinity for the GRP
receptor, and rapid internalization into PC-3 cells of their
[99mTc(CO)3]Nβ-histidinylacetate-BN(7–14) compound;
however, tumor uptake was low and no blocking was seen.
Since uptake into the pancreas was high and specific, the
authors speculated that this was due to weak vasculariza-
tion of the tumor xenografts. This group developed
another tricarbonyl technetium bombesin conjugate:
[99mTc(1)]PADA-AVA-bombesin(7–14) (where PADA is
picolyaminediacetic acid and AVA is S-amino valerianic
acid), which demonstrated hepatobiliary clearance in vivo
and relatively low (but specific) tumor uptake.87 Smith et
al. have also used tricarbonyl–99mTc complexes such as
[99mTc(X)(CO)3]Dpr-SSS-BN(7–14)NH2 (where X = H2O
or P(CH2OH)3 and Dpr is diaminopropionic acid),
demonstrating specific uptake in PC-3 tumor xenografts of
3.7 ± 0.9%ID/g at 1 h post-injection (better than that of the
[99mTc]N3S conjugate in the same animal model).79,88 As
yet, the 99mTc(1)-carbonyl bombesin conjugates have not
been investigated in humans.

Receptor scintigraphy with
neurotensin analogs
Native neurotensin (NT) is a 13 amino acid peptide found
in the central nervous system as well as peripheral tissues,
especially in the gastrointestinal tract, where it acts as a

local hormone. Two G protein-coupled NT receptors have
been identified: NTR1 which is a high affinity, low capacity
receptor and NTR2, a low affinity, high capacity receptor.
A further non-G protein-coupled receptor has also been
identified (NTR3).28 Reubi and co-workers have shown
that NTR1 is expressed in Ewing’s sarcoma (65%), menin-
gioma (52%), astrocytoma (43%), medulloblastoma
(38%), medullary thyroid carcinoma (29%), small-cell
lung carcinoma (25%), and exocrine pancreatic tumors
(75%).89,90 The native NT C-terminal hexapeptide, Arg8-
Arg9-Pro10-Tyr11-Ile12-Leu13, is the minimum sequence
required for receptor binding, but as with most native pep-
tide sequences, has a short half-life in human plasma
(1.5 minutes in this case).91 However, stabilized analogs of
NT(8–13) have been developed for labeling with 131I, 123I,
99mTc, and 111In (as well as 18F, 177Lu, and 90Y).91–96 One
group of workers has concentrated on labeling with the
99mTc(1)-tricarbonyl precursor,93,97,98 leading to a clinical
study of [99mTc(CO)3](NβHis)Ac-Lys(ψCH2-NH)-Arg-
Pro-Tyr-Tle-Leu [99mTc]NT-XI) (Tle is tertiary leucine) in
ductal pancreatic adenocarcinoma, which expresses NTR1
receptors (whereas there are none in normal pancreas).
Tumor was visualized in one out of four patients, the tumor
tissue of which was subsequently shown to be NT receptor
positive. There was also rather high non-specific kidney
and liver uptake.99 This group has gone on to develop fur-
ther compounds to try to increase the target to non-target
tissue ratio and improve the clearance profile.95 Another
group has focused on labeling with 111In using DTPA and
DOTA conjugates of stabilized NT analogs. Their stabilized
peptide (Gly(Pip)-Pro-Gly(PipAm)-Arg-Pro-Tyr-tBuGly-
Leu-OH) incorporates amino acid mimics in the enzy-
matic cleavage positions of the native peptide and has high
NTR1 binding affinity (Gly(Pip) is 4-piperidinyl-S-glycine,
Gly(PipAm) is 4-piperidinyl-(N-amidino)-S-glycine). This
compound, when conjugated to DTPA and labeled with
111In, showed good stability and specific tumor NTR1
uptake in HT29 human adenocarcinoma tumor bearing
mice.94,100 Clinical studies of this agent have yet to be
carried out.

Other peptides
Although there are a number of groups working on radio-
labeling other peptides which have receptors in various
tumor types, these tend to be limited to animal experimen-
tation thus far. An exception worth mentioning is vasoac-
tive intestinal peptide (VIP), of which two radiolabeled
analogs, [123I]VIP and [99mTc]VIP, have been studied in
humans.101–105 However, despite considerable effort from
workers in the field, VIP suffers from a lack of stabilized
analogs, limiting the development of good radioligands for
the VPAC type receptors which are present in a number of
tumor types.28,106
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TThhee  ffuuttuurree  ooff  PPEETT
rraaddiioopphhaarrmmaacceeuuttiiccaallss  iinn
tthhee ccuurrrreenntt  rroouuttiinnee
The purpose of this section is to give a brief overview of
current PET tracers that have been clinically evaluated for
oncology. Also, some PET radiopharmaceuticals with very
promising preclinical data will be reviewed, including
aspects of new labeling chemistry. Naturally, the selection
of papers will be very much of subjective choice within the
given space. An analysis of the PET oncology literature of
the past 10 years reveals the dominance of 2-[18F]fluoro-2-
deoxy-D-glucose ([18F]FDG) compared to other clinical
PET tracers (Figures 28.5 and 28.6). However, the relative
roles of alternative markers are also becoming apparent.
Whereas the average number of [11C]methionine
([11C]MET) publications remains high, the increase of 3′-
[18F]fluoro-3′-deoxythymidine ([18F]FLT) articles is com-
parable with that of [18F]FDG.

GGlluuccoossee  ttrraannssppoorrtt
FDG-PET
The clinically most relevant PET tracer, [18F]FDG, has a
long history. More than 70 years ago, Warburg discovered
that malignant tumors show an increased glycolytic rate.107

After PET became an established imaging modality,
[18F]FDG as a surrogate tracer for D-glucose was prepared
for the first time in 1977 by Ido et al. using electrophilic
fluorination of 3,4,6-tri-O-acetyl-D-glucal.108 However,
the radiosynthesis had some disadvantages such as poor
labeling yield and a carrier-added tracer as a product.
Also, [18F]fluorine gas was not widely available. The break-
through in the radiosynthesis of [18F]FDG came eventually
in 1986 with the publication of a nucleophilic labeling
method based on [18F]fluoride and the use of the phase
transfer catalyst Kryptofix®.109 This protocol provided
no-carrier-added [18F]FDG with high yields. The biological
basis of FDG-PET is the uptake of the tracer by the glucose
transporter, followed by metabolic trapping after 
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phosphorylation to [18F]FDG-6-phosphate by hexokinase.
This trapping mechanism enables subsequent PET imaging
of cells with predominantly upregulated glucose metabo-
lism. This factor, along with the radiochemistry improve-
ments and the wide range of clinical applications of
[18F]FDG, contributed to the acceptance of the PET method
in general. For instance, diagnostic whole-body scanning
and diagnosis and preoperative staging of lung cancer have
now become widely recognized applications of PET in
oncology.110

However, [18F]FDG as a marker for glucose metabolism
is not specific for tumors. Interpreting the images requires
experience and skill to identify causes of variable physio-
logical uptake, which can occur through inflammation,
wound healing, muscle contraction, and anatomic or
physiological variants.111,112 This applies, for example, to
the low uptake in hepatocellular carcinoma,113 prostate car-
cinoma,114 carcinoid,115 differentiated teratomas,116 and
mucinous tumors.117 Also, the contribution of tumor pro-
liferation and hypoxia to the [18F]FDG uptake in individual
tumors remains difficult to evaluate.22 Considering these
issues, the design of clinical protocols needs careful plan-
ning and standardization. There has been a European ini-
tiative to produce guidelines for the use of [18F]FDG for

response assessment in oncology.118 The role of [18F]FDG
for monitoring tumor response to the therapy of a number
of cancers has been reviewed recently.119

Given the high importance of [18F]FDG, various groups
are currently investigating further improvements to the
automated radiosynthesis. In a proof-of-principle study, it
was shown that [18F]FDG can also be produced on a micro-
fabricated device.120 This concept allows simplified automa-
tion, improved control of reaction parameters, batch
fabrication of disposable components, and, most impor-
tant, very short reaction times. The prototype microchip
produced acetyl-protected [18F]FDG in radiochemical
yields of 20–49% in less than 20 seconds.120 Using a similar
set-up, other researchers reported radiochemical yields of
50% in only 4 seconds.121 A highly sophisticated microflu-
idic device was reported by Lee et al. (Figure 28.7).122 Here,
the chip incorporated the complete radiosynthesis of
[18F]FDG, including initial water removal, fluoridation,
and deprotection. This device produced [18F]FDG in 38%
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radiochemical yield and 97.6% radiochemical purity.
The isolated radioactivity (190 µCi) was sufficient for a
microPET scan of a tumor bearing mouse. Microfabricated
devices still have shortcomings such as not delivering suffi-
cient amounts of radioactive tracer for human scanning
and poor chip stability to organic solvents. However, the
chips are being improved, and ample opportunities for
future PET radiochemistry applications can be expected.

PPrroolliiffeerraattiioonn  mmaarrkkeerrss
Radiolabeled nucleosides
[18F]FDG-PET scanning of the brain for malignant lesions
is usually complicated due to the high physiological back-
ground signal. In addition, [18F]FDG does not measure
specifically the rate of DNA synthesis, a more characteristic
assessment criteria for developing tumor tissue. A specific
proliferation marker would therefore have enormous
potential for PET oncology to monitor treatment response.
The carbon-11 (half-life 20 min) labeled nucleoside 2-
[11C]thymidine (Figure 28.6) has been used as a PET tracer
to directly measure tumor cell proliferation. The tracer is
considered to be a substrate of thymidine kinase (TK1),
and is taken up by the salvage pathway (Figure 28.8).123

Vander Borght et al. carried out initial clinical studies to
image brain tumors using 2-[11C]thymidine.124 Compared
with surrounding tissue, an 80% increased uptake of

2-[11C]thymidine was found. The investigators also noted a
better uptake of that tracer in recurrent tumors compared
with [18F]FDG. Later, 2-[11C]thymidine-PET was applied
to measure small-cell lung tumor response to chemother-
apy shortly after the initiation of treatment using cisplatin
and etoposide. It was found that responding tumors had a
lower uptake of 2-[11C]thymidine, whereas no change in
glucose metabolic activity was seen.125

Despite these reports, the short half-life of carbon-11,
the non-trivial radiosynthesis, and the complex metabo-
lism can all be seen as disadvantages of 2-[11C]thymidine,
preventing its general adaption as proliferation marker.

Some of these issues have been overcome with the intro-
duction of [18F]FLT (Figure 28.6).126 This tracer benefits
from the longer half-life of fluorine-18 (110 min) and a
straightforward radiosynthesis.127–129 The production of
[18F]FLT is now supported commercially by precursor
supply and automated synthesizer modules. However, the
process still has some potential for improvements in the
final purification step.130

As for 2-[11C]thymidine, [18F]FLT is taken up via the sal-
vage pathway. The fluorine substituent of [18F]FLT not only
prevents the glycolytic degradation of the compound but
also its incorporation into DNA. In a biodistribution study,
[18F]FLT showed virtually no uptake in the brain but some
physiological uptake in the liver, bone marrow, calices, and
urinary bladder.130 Thus, similarly to 2-[11C]thymidine,
[18F]FLT has a great potential for imaging tumors of the
brain where [18F]FDG gives a high background signal.
Other promising indications are diagnosis and staging of
breast cancer, neck tumors, and lymphoma.131 So far, clini-
cal studies using [18F]FLT have been carried out to validate
the tracer in comparison with [18F]FDG, to differentiate
between benign and malignant lesions, or to investigate
correlation with proliferation. It has been also reported
that [18F]FLT uptake can be increased shortly after
chemotherapy, which contradicts the concept of the salvage
pathway.130

Amino acid transporter markers
Radiolabeled amino acids can be used to measure changes
in protein metabolism that are caused by the growth of
neoplasms. This alternative approach to the study of glu-
cose metabolic rate or cell proliferation has been pursued
in PET oncology for many years. Various tracers have been
suggested. Two of the most promising compounds that
have been discovered are [11C]methionine ([11C]MET,
Figure 28.6),132,133 and O-(2-[18F]fluoroethyl)-L-tyrosine
([18F-FET, Figure 28.6).134,135 The tracers appear to be more
tumor specific as the protein metabolism of inflammatory
cells seems to be unaltered.22

In a recent clinical study it was shown that only
[18F]FET-PET as opposed to magnetic resonance imaging
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(MRI) was able to visualize a recurrent glioma after brain
surgery. This result indicated that further operative inter-
vention was not practical.136,137

HHyyppooxxiiaa  mmaarrkkeerrss
A characteristic feature of solid tumors is their tendency to
become hypoxic. However, any radiation therapy relies on
the generation of reactive oxygen radical species. Thus,
hypoxic tumors typically show radiation resistance. This
phenomenon is also known for chemotherapy agents such
as mitomycin C or porfiromycin.22 In addition, the cell
response to hypoxia can be a complex gene expression pat-
tern. This includes, for instance, the expression of growth
factor genes for adaptive cell response, leading to increased
tumor cell vascularization.22 There is currently great inter-
est in the nuclear medicine community to be able to char-
acterize individual tumors in order to improve planning of
the radiation therapy regimen. Therefore, various prospec-
tive hypoxia markers have been evaluated.

One class of hypoxia markers for PET oncology is based
on the 2-nitroimidazole function. A well known PET tracer
for hypoxia, 1H-1-(3-[18F]fluoro-2-hydroxypropyl)-2-
nitroimidazole ([18F]FMISO, Figure 28.6), was proposed by
Grierson et al.138 The radiosynthesis of [18F]FMISO has
since been further improved and automated.139,140 A first
clinical study proved the prognostic impact of [18F]FMISO-
PET for imaging of hypoxia in non-small cell lung cancer
and head-and-neck cancer before radiotherapy.141 A recently
published derivative of [18F]FMISO is [18F]fluoroetanid-
azole ([18F]FETA, Figure 28.6).142 Early reports suggest
similar in vivo properties as for [18F]FMISO. However, in a
preclinical study, [18F]FETA proved to be more stable, with a
lower liver accumulation and a lower amount of circulating
and urinary metabolites.143

Bioreductive metal complexes
Pyruvaldehyde-bis (N4-methylsemicarbone) (PTSM) read-
ily forms complexes with copper, and has been used in con-
junction with the generator-produced, positron emitting

radionuclide copper-62. Cu-PTSM is non-selectively
trapped in cells because its redox potential is higher than
that of the ubiquitous NADH (reduced nicotinamide ade-
nine dinucleotide) and can therefore be used as a perfusion
marker. Diacetyl-bis (N4-methylsemicarbone) (ATSM),
on the other hand, has a lower redox potential and is
trapped only in hypoxic tissues,144 most likely because of
selective reduction of the copper to a reactive intermediate.
Cu-ATSM shows higher tumor uptake and more rapid
clearance from normal tissues than does FMISO.

PPeeppttiiddee  rreecceeppttoorr  mmaarrkkeerrss
Radiolabeled peptides for targeting receptor expressing
tumors are another area of intense research in PET oncol-
ogy. As described above in the ‘SPECT radiopharmaceuti-
cals’ section, peptides are regarded as a worthwhile labeling
substrate – mostly because they can be easily tailored for
specific purpose with nanomolar receptor affinities, they
can be designed to be small and stabilized against meta-
bolic degradation, and their biological half-life matches the
physical half-life of typical PET nuclides. In this context,
fluorine-18 can be seen as an almost ideal positron emitter
for peptide labeling. However, the direct introduction of
fluorine-18 into peptide precursors is still elusive.
Therefore, various approaches based on pre-labeled pros-
thetic groups have been devised. These labeling agents have
been reviewed earlier.145–148

A widely adapted concept relies on the preparation 
of active esters for conjugation with primary peptide
amino groups. Here, N-succinimidyl-p-[18F]fluorobenzoate
([18F]SFB, Figure 28.9) was introduced by Vaidyanathan
and Zalutsky149 in 1992. Later, the radiosynthesis of
[18F]SFB was been improved by others.148,150 The prepara-
tion was also automated, but still requires three radioactive
steps, which are time consuming and lower radiochemical
yields.151,152 In addition, the bulky phenyl moiety can cause
unwanted alterations of molecular properties of smaller
peptides. So far, [18F]SFB conjugation has not yet been used
for human studies.

A smaller active ester for introducing 18F into peptides is
2-[18F]fluoropropionic acid 4-nitrophenylester ([18F]FPNP,
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Figure 28.9).153–155 Although the necessary synthetic effort
for preparing [18F]FPNP is the same as for [18F]SFB, the
labeling synthon can now be obtained in sufficient
amounts to label peptides for clinical studies. Beer et al.
recently published a study based on peptide labeling using
[18F]FPNP.156 The authors reported on the biodistribution
and pharmacokinetics of [18F]galacto-RGD in 19 cancer
patients with metastases of malignant melanoma, sarco-
mas, and osseous metastases (Figures 28.10 and 28.11). The
[18F]galacto-RGD tracer allowed the first ever assessment
of the αvβ3 receptor status in humans as a measure of the
degree of angiogenesis.157,158 It was found that the tracer
uptake varied widely for different tumor types. PET imag-
ing of angiogenesis for monitoring treatment with new

antiangiogenic drugs is a promising field and more studies
can be expected.159

Recently, an interesting new method for chemoselective
peptide labeling with fluorine-18 was published by
Poethko et al.160 Here, the prosthetic group p-[18F]fluo-
robenzaldehyde ([18F]FBA, Figure 28.9)161 is prepared in
one high yielding labeling step and subsequently conju-
gated to a modified peptide bearing an aminooxy function.
This radiochemistry does not require amino protecting
groups, and efficiently results in a very stable oxime bond.
Schottelius et al. used [18F]FBA to prepare the octreotide
analog Cel-S-Dpr([18F]FBOA)TOCA (Figure 28.10) for
imaging of the somatostatin receptor.162 The radiolabeled
peptide could be obtained in high yields (65–85%) and
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with fast radiochemistry (50 minutes vs. 3 hours for the
[18F]FPNP chemistry of the same peptide). The tumor
accumulation in pancreatic tumor-bearing mice was excel-
lent (15.1 ± 2.5 % of injected dose/g after 1 h) with a low
uptake in non-target organs.

OOtthheerr  PPEETT  oonnccoollooggyy  mmaarrkkeerrss
Various fluorinated estrogen analogs have been suggested
as diagnostic tools for breast cancer. However, 30–40% of
these tumors are not estrogen receptor positive (ER+), and
up to 50% of the ER+ tumors will not respond to endocrine
therapy.22 Most data in this field have been obtained with
16α-[18F]fluoroestradiol-17β-([18F]FES). Dehdashti et al.
were able to show that tamoxifen-responding ER+ patients
had reduced [18F]FES uptake.163 The data also revealed
local [18F]FDG accumulation, which was caused by ‘meta-
bolic flare’.

Choline as a marker for membrane lipid metabolism has
been radiolabeled with carbon-11 by Hara et al.164 This tracer
and the recently published [18F]choline165 are now preferred
markers for prostate cancer, with encouraging results.166

The readily available sodium [18F]fluoride is a well-
established marker for osseous metabolism. The tracer gave
good results for skeletal metastases of breast cancer.167 Due
to the higher sensitivity of the PET modality, bone scan-
ning with sodium [18F]fluoride is superior to existing
SPECT diagnostica.

CCoonncclluussiioonnss
A broad range of alternative and specific markers are now
available which are complementary to the limitations of
[18F]FDG-PET. Some of the current anticancer agents can

be cytostatic rather than cytotoxic. Therefore, for optimal
diagnosis and treatment decisions, morphological imaging
modalities have to be coupled with functional imaging.
This need is already reflected by the fact that PET–CT is
now a standard instrumentation, and there is no stand-alone
PET scanner available on the market. Also, sophisticated
PET oncology markers for molecular imaging will have
great impact on successful Intensity Modulated Radiation
Therapy towards a personalized medicine.
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Radiopharmaceuticals for therapy
Margaret S Cooper and John Buscombe

BBaacckkggrroouunndd
The use of therapeutic radiopharmaceuticals to target
cancer is possibly as close as medicine has come to achiev-
ing the dream of the ‘magic bullet’, first proposed by Paul
Ehrlich. A therapeutic radiopharmaceutical consists of two
parts, a vector and a radioisotope. The vector takes the
radioisotope to the tumor cells, where the radioactivity kills
the tumor cells leaving normal cells unharmed. The choice
of vector and isotope is critical for achieving an effective
radiopharmaceutical.

VVeeccttoorrss
In an ideal world, the vector would be completely specific
for the target, binding only to the cancer cells and not to
any normal tissue. It would be able to reach its target tissue,
the cancer cells, easily, and it would not cause unwanted side-
effects such as allergic reactions or toxicity of any kind.

One of the main problems in finding an ideal vector for
targeting cancer cells is that the cancer cells are so similar to
normal cells. However, the process that induces malignancy
results in changes on the surface of the tumor cell such
that it can be recognized as being different from a normal
cell. These changes on the surface of the tumor cells give
rise to tumor specific markers, or antigens, that can be
used to target the vector specifically to the cancer cell.
Most of these differences that arise are not due to the
appearance of entirely novel cell surface markers but to
altered expression of a normal cellular constituent; for
example, a protein may be glycosylated aberrantly during
its passage through to the surface of the tumor cell, or a
marker which exists on normal cells may be overexpressed
on the tumor cell. So, in fact, it is more helpful to think of
these markers as tumor associated antigens rather than
tumor specific antigens.

Vectors can be identified that bind specifically to these
tumor associated antigens; for example, it is possible to
raise antibodies against these antigens. Although many

antibodies in clinical use such as Bexxar® and Zevalin® are
based on conventional mouse monoclonal antibodies,
there may be some advantages offered by engineered anti-
bodies in terms of factors such as reduced binding to leuko-
cyte Fc receptors or reduction of binding to Brambell
receptors in the liver.1 Alternatively, it may be possible to
identify peptides that bind to the tumor associated antigens
using techniques such as phage display technology.

Tumor associated antigens have been exploited in
radioimmunotherapy for various tumors; for example, the
TAG72 antigen, the AC170 antigen, the L6 antigen, high
molecular weight adenocarcinoma-associated membrane
and cytoplasmic antigen, the E4 antigen, and prostate spe-
cific membrane antigen (PSMA) have all been targets for
radioimmunotherapy in prostate cancer.2

RRaaddiiooiissoottooppeess
As well as a good vector, the choice of radioisotope is cru-
cial for tumor cell kill (Table 29.1). The β emitting isotopes
131I and 90Y have commonly been used, and these isotopes
are employed for the two commercially available radioim-
munotherapeutics, Bexxar and Zevalin. The high energy
and 2.7-day half-life of 90Y have made it increasingly attrac-
tive for radioimmunotherapy. However, several studies
have used α-particle emitting radionuclides, and there is
some evidence that the short path length offers the poten-
tial for more specific tumor cell killing with less damage to
surrounding normal tissues than with β-emitters.3 90Y and
111In have commonly been used for radionuclide therapy
with peptides, although there is also increasing interest in
using 177Lu .4 It is unclear which isotope is ideal, and indeed,
the choice may be dependent on the nature of the cancer
and possibly on the vector itself. However, practical issues
such as availability, radiation safety, and of course cost need
to be taken into account. The main challenge may actually
be in targeting solid tumors, which are relatively radioresis-
tant. The use of higher injected activities of radioisotopes
and targeting smaller tumors as well as novel approaches to
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therapy such as pre-targeting and intracavity injection may
go some way to meeting this challenge.5

MMaannuuffaaccttuurriinngg  tthheerraappeeuuttiicc
aannttiibbooddiieess
It is essential that radioactive antibodies are manufactured
to a high quality in aseptic conditions for clinical studies.
The considerations required to achieve these standards
can make the manufacture difficult at the practical level,
especially in routine hospital radiopharmacies, since many
of the materials and reagents used are generally manufac-
tured for laboratory and not clinical use. Recent European
legislation has enshrined these requirements into a set of
directives and rules which are then transposed into
national law of member states, but are generally known as
‘good manufacturing production’ or GMP. The require-
ments are not only the need to ensure that all components
of a product are themselves made to a similar standard of
sterility and purity, but also to ensure that each item is
traceable to source.

Antibodies have been radiolabeled with iodine for sev-
eral decades,6,7 although improvements have been made in
the methodology. However, radioiodination has largely
been surpassed by metal ion chelation, using most commonly
90Y and 111In. Direct radiolabeling using these radiometals is
not possible; instead an immunoconjugate needs to be
prepared that can then be radiolabeled. There are several
benefits to using these radiometals over radioiodination,
especially in pharmaceutical terms. The main advantage is
that, once the conjugation is complete, the radiolabeling
methodology is fairly straightforward. In addition, there is

greater consistency between one radiolabeling episode
and the next, and less dependency on operator technique.
High radiolabeling efficiency is usually achieved, making a
purification step unnecessary in most cases. There are also
advantages in that it is possible to achieve high-quality
standards during manufacture, since the main part of the
process can be carried out in advance ensuring sterility,
ability to bind to the target, purity, and robust radiolabel-
ing. It can also be argued that the radiolabeling is safer for
the operator using a pure β emitter such as 90Y, compared
with using 131I which also has high energy γ emissions.

CCoonnjjuuggaattiioonn  ooff  aannttiibbooddiieess
wwiitthh bbiiffuunnccttiioonnaall  lliiggaannddss
Unlike radioiodination, antibodies cannot be directly
labeled with metal ions. Instead, it is necessary to make a
chemical modification to the antibody by attaching a
bifunctional ligand. The ligand is buifunctional in that it
(1) attaches itself to the antibody, usually via the amino side
chain of lysine resides within the antibody, and (2) it
chelates the radiometal. The method of radiolabeling can
be described as a three-step process:

■ conjugation – a chemical reaction between the antibody
and the ligand

■ purification – removal of excess ligand from the newly
formed immunoconjugate

■ radiolabeling.

Diethylenetriaminepentaacetic acid (DTPA) was the first
such ligand to be used in these conjugation reactions, the
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Table 29.1 Radioisotopes used or proposed for therapeutic applications

Maximum particle Maximum range
Radionuclide Particle Half-life energy (MeV) in tissue

Yttrium-90 (90Y) β 2.7 days 2.28 12.0 mm

Iodine-131 (131I) β 8.0 days 0.61 2.4 mm

Lutetium-177 (177Lu) β 6.7 days 0.50 1.8 mm

Rhenium-188 (188Re) β 17.0 hours 2.11 10.8 mm

Rhenium-186 (186Re) β 3.8 days 1.08 5.0 mm

Indium-111 (111In) Internal conversion 2.8 days 0.25 0.6 mm
electrons

Samarium-153 (153Sm) β 2.0 days 0.81 3.0 mm

Bismuth-212 (212Bi) α 1.0 hour 8.8 87.0 µm

Astatine-211 (211At) α 7.2 hours 6.8 65.0 µm
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attachment to the antibody being via a peptide bond
formed between the amino side chain of a lysine residue
and one of the carboxylic acid groups of the DTPA.8

However, the radioactive complexes formed following radi-
olabeling were not very strong, since only four carboxylic
acid groups remained available for chelation with the metal
ion. Instead, backbone substituted DTPA derivatives have
been used, and conjugation is achieved via a thiourea bond
between the isothiocyanatobenzyl DTPA derivative and
the amino side chain of the lysine residue9 (Figure 29.1).
Further substitutions on the backbone of the DTPA deriv-
ative confer greater stability to the radiolabeled antibody
and can influence biodistribution.10 The theory is that the
increased rigidity of the chelate ring system might provide
enhanced radioisotope complex stability.11 Novel ligands
such as 2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraaza-1,
4,7,10-tetra-(2-carbamoylmethyl)-cyclododecane (4-NCS-
Bz-TCMC) and 2-(4-isothiocyanatobenyl)-1,4,7,10,13,
16-hexaazacyclohexadecane-1,4,7,10,13,16-hexaacetic acid
(HEHA-NCS) for chelation of lead isotopes (203Pb and
212Pb) and actinium (225Ac) respectively have also been syn-
thesized, 12,13 and there are reports of other ligands in the
literature where backbone substitutions confer greater in
vitro and in vivo stability and can be used for radiolabeling
both α and β emitters.14 However, the theory behind conju-
gation to the antibody remains the same.

Greater stability can be achieved by using 1,4,7,10-tetra-
azacyclododecane-N,N′,N′′,N′′′-tetraacetic acid (DOTA)
rather than DTPA derivatives (Figures 29.2 and 29.3), but
not without the practical problem that heating is required
for achieving radiolabeling, and this limits the usefulness of
DOTA as a bifunctional ligand for antibodies. However, it is

an extremely useful ligand for radiolabeling peptides where
heating to 100∞C is usually not a problem.

The initial conjugation step is pH sensitive; optimal 
conjugation occurs at ~pH 8.5 (for example in HEPES
buffer (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)).
The conditions for the conjugation reaction can be varied
to achieve varying ligand/antibody ratios. The exact condi-
tions will be dependent on the ligand and antibody;
however, satisfactory conjugation can usually be achieved
following overnight incubation of the antibody with the
ligand at 2–8∞C.

It is critical that throughout the conjugation and purifi-
cation steps the level of metal ions present is kept to a min-
imum. This can be achieved by preparing buffers using
high-purity reagents with low metal ion content and low
metal leaching consumables, such as sterile polypropylene
containers, and avoiding the use of metal, for example
metal needles and spatulas. If metal ions are present, they
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can poison the ligand in that they will be chelated by the
ligand in the same way as the radiometal and prevent the
ligand being available for radiolabeling.

Following conjugation, excess ligand must be removed
from the newly formed immuonconjugate. This purifica-
tion step achieves two goals, that of removing the excess
ligand but also allowing a buffer transfer step, leaving the
immunoconjugate in a more suitable buffer for storage
and/or radiolabeling.

Purification can be carried out by a number of methods,
but the preferred methods are ultracentrifugation or tan-
gential flow filtration (TFF). Both methods work on the
same principle: a membrane filter allows the passage of
small molecules such as the buffer components and the
excess ligand but does not allow passage of the antibody. In
this way, the excess material is removed from the immuno-
conjugate and fresh buffer can be introduced into the
system. Ultracentrifugation is very useful for small scale
developmental work, but TFF is more suitable for large
scale production and has the advantage of being quicker
and having smaller in-process losses of antibody material.

Quality control checks should be carried out on the puri-
fied immunoconjugate. The necessary tests include: full test
labeling with the radiometal to be used; testing for sterility
and pyrogenicity; protein concentration; purity, usually
assessed by high performance liquid chromatography
(HPLC) sodium dodecylsulfate or (SDS) gel; immunoreac-
tivity; ligand to antibody ratio; and stability assays.15

The immunoconjugate can be packed in quantities suit-
able for single patient use and stored. Depending on the
exact radiolabeling method chosen and the buffer used for
storage, the radiolabeling method is usually quite simple,
requiring the addition of the radiometal to the immuno-
conjugate possibly following buffering to achieve an opti-
mal pH for radiolabeling to occur. Ascorbic acid16 or human
serum albumin17 can be added to prevent radiolysis.

Radiolabeling efficiencies in excess of 99% are usually
achieved, but, if necessary, a chelating agent such as DTPA
or ethylenediaminetetraacetic acid (EDTA) can be added to

the radiolabeled antibody to chelate free radiometal which
will be excreted via the kidneys.

90Y-labeled antibodies show much promise in the clinical
setting. Zevalin ([90Y]ibritumomab tiuxetan) is now a com-
mercially available therapeutic radiopharmaceutical for the
treatment of relapsed or refractory low-grade follicular or
transformed B-cell non-Hodgkin’s lymphoma.18

However, there are other applications of 90Y antibodies
under investigation. It is likely that the most effective
approach may be to use a combination of radioim-
munotherapy and conventional chemotherapy in treating
solid tumors.19 Richman et al. have investigated using
[90Y]MUC1 (mucin-1) monoclonal antibody, m170, com-
bined with low dose paclitaxel for treating metastatic
prostate and breast cancer. A similar strategy was used for
treatment of non-small-cell lung cancer using an antibody
targeting the tumor associated glycoprotein-72 (TAG72).20

In addition, Kelly et al.21 have studied combination therapy
using an anti-Lewis Y monoclonal antibody (hu3S193)
combined with paclitaxel in a breast cancer model.
Biodistribution studies demonstrated excellent tumor tar-
geting and limited normal tissue uptake. This antibody has
also been used in combination with the epidermal growth
factor receptor inhibitor, AG1478, in a human cancer xeno-
graph model.22

Another approach to treating prostate cancer has been to
target mindin/RG-1 protein expression on prostate can-
cers. Studies using a fully human antibody, 19G9, showed
significant antitumor effects with single administration of
the radiolabeled antibody in animal studies.23 The identifi-
cation of new targets such as these will be crucial for effec-
tive therapy in the future.

The manner in which the treatment is given may also be
important for effective therapy and reduction of unwanted
side-effects. It is proposed that fractionation of therapy
could reduce myelotoxicity compared with single dose
administration.24 In a study by Vallabhajosula et al. using
an anti-PSMA monoclonal antibody to treat prostate
cancer, it was found that patients receiving their treatment
as three separate doses suffered reduced myelotoxicity
compared with patients receiving a single treatment dose.

A novel approach to radioimmunotherapy has been to
use 212Pb as an in vivo generator of 213Bi. This strategy has
been adopted in a pre-targeted approach using NR-LU-10-
antibody–streptavidin conjugate and 212Pb/212Bi chelate of
DOTA–biotin.25 This approach is of interest since the short
half-life of 213Bi (46 min) limits its usefulness in conven-
tional radioimmunotherapy.

The use of 188Re and 186Re should also be mentioned. The
potential usefulness of these isotopes stems from their
chemical similarity to the commonly used γ emitting 
isotope 99mTc, making them a tantalizing choice for an
effective diagnostic/therapeutic strategy. In addition, 188Re
can be eluted from an on-site installable 188W/188Re genera-
tor, which has a useful shelf-life of several months.
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However, labeling with rhenium has proved somewhat
more problematic than labeling with technetium, with the
complexes being more difficult to radiolabel and often 
possessing unsatisfactory stability.26,27 Improvements in
radiolabeling techniques have enabled the preparation of
[188Re]anti-CD20 antibody28 for non-Hodgkin’s lym-
phoma, and the potential to radiolabel other antibodies in
this way exists and may lead to the development of some
interesting 188Re-labeled antibodies.

AAnnttiibbooddyy  ffrraaggmmeennttss
The strategy of radiolabeling antibodies with metal ions or
with iodine can be applied to antibody fragments as well as
to whole antibodies. Due to their smaller molecular size,
antibody fragments have shown rapid tumor targeting and
blood clearance, a more uniform tumor distribution, and a
lower potential to elicit a human immune response. However,
there is also increased risk of renal toxicity as the antibody
fragments are cleared rapidly from the blood through the
kidney. Strategies using a variety of isotopes have recently
been employed, including 131I, 90Y, 111In, 64Cu, and 177Lu,29

for targeting neuroblastomas, renal cell carcinomas, ovarian
carcinomas, endometrial carcinomas, gastric carcinomas,
gliomas, and hepatocellular carcinomas.30–32 Improved
tumor targeting can be achieved by increasing avidity using
diabodies and minibodies. Such strategies have been
employed using anti-carcinoembryonic antigen (CEA)
fragments.33

PPrree--ttaarrggeettiinngg  ssttrraatteeggiieess
Pre-targeting is an alternative to directly radiolabeled
antibodies. The theory behind pre-targeting is that a
bifunctional antibody conjugate is first injected. One func-
tionality binds to the tumor while the other functionality
acts as a ‘hook’ to catch a subsequently administered radio-
labeled complex. Several different approaches exist, but
most commonly this hook is provided by streptavidin,
which is bound to the antibody. In an (optional) second
stage a macromolecule clearing agent is administered to
remove circulating conjugate from the bloodstream.
Finally a radioactive molecule which binds to the ‘hook’ is
injected (in the case of the streptavidin conjugated anti-
body this would be biotin), and this binds to the antibody
conjugate pre-targeted to the tumor. There are several
advantages to this method, in particular the potential of
lower radiation dose to normal tissue and more specific
localization of radioactivity at the tumor site, resulting in
higher tumor cell kill. This is achieved because the time
taken for antibodies to localize at the tumor site (usually

several hours) means that when they are directly radio-
labeled there is the potential for radiation damage to occur
to normal tumor cells; however, in the pre-targeting
approach, the antibody has time to localize at the target
before the smaller, radioactive moiety is introduced, which
is capable of quickly reaching its target causing less radia-
tion damage to surrounding tissues. Studies in a variety of
hematologic and solid tumor models have shown advan-
tages of pre-targeting compared with directly radiolabeled
immunoglobulin G (IgG) for therapy, and there are several
clinical studies under way that are also showing promising
results.34,35 This approach can also be applied using anti-
body fragments.36

Several pre-targeting strategies have been proposed, but
only those using the biotin–avidin recognition system and
those using bispecific antitumor × antihapten antibodies
have been tested in the clinic for both immunoscintigraphy
and radioimmunotherapy.37,38 Because pre-targeting is a
multistep process, it initially met with some resistance, but
simpler procedures have been introduced meaning that it is
likely that the next generation of targeting agents will
employ pre-targeting approaches to optimize radionuclide
delivery for a wide range of applications.39

RRaaddiiooppeeppttiiddee  tthheerraappyy
OOccttrreeoottiiddee  ddeerriivvaattiivveess
The field of radiopeptide therapy has been dominated by
the use of radiolabeled somatostatin analogs. The use of
octreotide and its derivatives has been covered in depth in
Chapter 21. Initially, therapeutic studies used high-dose
[111In]octreotide, taking advantage of the internal conver-
sion electrons from 111In.40 However, more recently,
DOTA-DPhe1-Tyr3-octreotide (DOTA-TOC)41 has been
radiolabeled with 90Y for effective treatment of neuroen-
docrine tumors. Other derivatives, such as DOTA-Tyr3-
Thr8-octretate (DOTA-TATE), in theory offer advantages
due to increased specificity for the somatostatin receptor
subtype 2 (hSST2),42 but in clinical practice little if any
benefit over DOTA-TOC is seen.43 [177Lu]DOTA-TOC or
[177Lu]DOTA-TATE may offer some advantages over the
90Y-labeled derivatives since 177Lu has a lower β particle
energy and shorter range, and may be more effective in
treating small lesions.44

BBeeyyoonndd  ooccttrreeoottiiddee  ddeerriivvaattiivveess
The future of radiopeptide therapy is not limited to
somatostatin, and many potential targets exist which could
be explored (Tables 29.2 and 29.3). These receptor targets
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are overexpressed in many primary human cancers com-
pared with adjacent normal tissue, and this gives a targeting
advantage for molecules that bind to the receptors. Many of
the peptides under investigation are naturally occurring,
but one of the advantages of using peptides is that they can
be designed synthetically as novel molecules, with the
potential of giving increased binding affinity compared
with their naturally occurring counterparts. Other advan-
tages of using peptides compared with antibodies or anti-
body fragments are excellent permeability, lack of
antigenicity, minimal side-effects, ease of radiolabeling,
and rapid clearance from the body.

Many of the targets have been investigated for their
potential in diagnostic imaging. Theoretically these recep-
tors are also targets for radiopeptide therapy, but in fact
there are far fewer reports in the literature relating to
radiopeptide therapy compared with radiopeptide imag-
ing. One of the reasons may be the inability to achieve high
enough tumor to background ratios. This is not such a

problem with the diagnostic applications as long as uptake
in other organs does not interfere with interpretation of the
scan. However, for therapy, it is vital to obtain good uptake
solely in the tumor and not in other organs, where radia-
tion damage is likely to become a dose-limiting factor.

RRGGDD  ppeeppttiiddeess
Angiogenesis is an important factor for the development
of cancers. The αvβ3 receptor is present on developing but
not developed vasculature. This means that it is highly
expressed on activated endothelial cells, and tumor cells
but not on dormant endothelial cells or normal cells, and
so presents an attractive target for tumor therapy. The pep-
tide Arg-Gly-Asp (known as the RGD peptide) binds to
αvβ3 receptors but is not rigid enough to be an effective
vector for targeting radionuclides. However, several groups
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Table 29.2 Targets for radiopeptide therapy

Target Tumor Radiopeptide therapy examples

Somatostatin receptors Endocrine tumors, neuroendocrine tumors, Octreotide, DOTA-TOC,
other tumors: small-cell lung cancer (SCLC), DOTA-TATE
medullary thyroid cancer, breast cancer, renal
cancer, thyroid cancer, lymphoma, brain tumor:
medulloblastoma and glioma

Gastrin releasing peptide Prostate cancer, breast cancer, lung cancer, SCLC, Bombesin and analogs,
receptors colonic cancer, glioblastoma [177Lu]AMBA

Substance-P (SP) receptors Medullary thyroid cancer, SCLC, breast tumors, gliomas [90Y]DOTA-substance P

Integrin (αvβ3) receptors Glioma, ovarian tumors, breast cancer, prostate cancer [90Y]RGD peptides

α-Melanocyte stimulating Melanoma DOTA-α-MSH
hormone (α-MSH) receptors

DOTA, tetraazacyclododecanetetraacetic acid; TOC, Tyr3-octreotide; TATE, Tyr3-octreotate; AMBA, aminomethylbenzoic acid;
RGD, Arg-Gly-Asp.

Table 29.3 Potential future targets for radiopeptide therapy

Target Tumor

Cholecystokinin B/gastrin (CCK-2) receptors Medullary thyroid cancer, gastrointestinal stromal tumors (GIST),
SCLC, insulinomas

Vasoactive intestinal peptide (VIP) receptors Adenocarcinomas, SCLC, neuroendocrine tumors, lymphoma

Neurotensin (NT1) receptors Exocrine pancreatic cancer, menigioma, Ewing’s sarcoma

Neuropeptide Y (NPY) receptors Breast cancer (NPY-1), sex cord stromal ovarian tumor and adrenal 
tumor (NPY-1 and NPY-2)

Glucogon-like peptide 1 receptors (GLP-1) Insulinoma, medullary thyroid cancer, gastrinoma

Corticotropin-releasing factor (CRF) receptors Pituitary adenoma, paraganglioma
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have used this peptide as a starting point for designing
agents which can bind specifically to the receptor, for
example by using cyclic RGD peptide, doubly cyclized
CDCRGDCFC (RGD4C) peptide, or peptide derivatized to
other molecules such as copolymers.45,46 These agents can
then be radiolabeled with radioisotopes such as 90Y, 111In, or
210Po following conjugation to a suitable bifunctional
ligand such as DOTA or cyclohexyl (CHX)-A-DTPA. These
peptides have been studied in animal models with promi-
sing results, and may prove valuable in the treatment of
solid tumors.47

BBoommbbeessiinn  aanndd  iittss  aannaallooggss
Gastrin releasing peptide (GRP) receptor is expressed on a
variety of tumors including breast and prostate cancer.
Bombesin (BN), a 14 amino acid peptide, has a high affinity
for the GRP receptor and hence is of interest for radiopep-
tide therapy. BN and its analogs have been radiolabeled with
90Y, 111In, and 177Lu as potential agents for treating prostate,
breast, and lung cancers. Specific and high uptake of the
peptides has been shown, and there are encouraging results
in terms of response to treatment in animal models.48–50

OOtthheerr  ttaarrggeettss
Several other receptor targets exist which could be utilized
for radiopeptide therapy. α-Melanocyte stimulating hor-
mone (α-MSH, α-melanotropin) has been conjugated to
DOTA with the potential for radiolabeling with a variety
of radiometals. Such agents would be useful for targeting
melanomas.51 Similarly, conjugation of substance-P with

DOTA offers the possibility of treating medullary thyroid
cancer, small-cell lung cancer (SCLC), breast tumors, and
gliomas, and radiolabeled analogs of neurotensin, vasoac-
tive intestinal peptide (VIP), bombesin (BN), and gastrin/
cholecystokinin (CCK) are all being studied and evaluated
for potential clinical application.52 However, much of this
work is in its early stages, and it remains to be seen which of
these radiopeptides will be able to make an impact in the
treatment and management of patients with solid tumors.

CChhaannggiinngg  tthhee  ttaarrggeett::  ggeenneettiicc
mmooddiiffiiccaattiioonn
Whilst most work in the development of therapeutic
nuclear medicine has been directed towards the develop-
ment of better molecules which have more precise and
higher affinity for the target an alternative solution would
be to change the target. It is known that the antigen used for
tumor targeting is encoded by a specific gene, for example the
gene encoding BRAC1 means a woman has a higher chance
of developing breast cancer, but its expression also means
that effective treatment is possible from Herceptin®.53

It is one step from identifying a gene which is responsi-
ble for a particular antigen, and the ability to use this to
provide specific therapy.

A classic example is the sodium iodide symporter (NIS)
gene whose expression is normal in thyroid and some
breast tissue. When the NIS gene is expressed, it will allow
the target cell to accumulate radioactive iodine. The trick,
however, is to find a vector which will carry the gene into
the target cell (Figure 29.2). Normally the vector used is a
virus, and adenovirus has been used as a successful vector
for the NIS gene in an animal model54 (Figure 29.4). The
advantage is that once a cell is transfected it will allow
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uptake of a cheap radiopharmaceutical such as 131I, though
there is evidence that such uptake may be limited for about
6 weeks, which seems to be the mean time for a transfected
cell to express the genes carried to it by the viral vector.
There is also another theoretical problem in that, unlike
thyroid cells, there is no mechanism for the organification
and hence retention of the 131I within the transfected cell,
though pretreatment with lithium salts may help to
increase residency within the cell type.

Other genes may also be targets, including the genes
encoding the amine uptake of [131I]MIBG (metaiodobenzyl-
guanidine) and the gene for the somatostatin-type 2 recep-
tor; all have the advantage that imaging can be used to
determine whether transfection is high enough to allow
therapy before a therapeutic dose is given. The best hope
may be to ‘reinfect’ those thyroid cancers which have
become 131I-resistant.

An alternative is to use a physical vector, and this has
been shown to allow transfection of hepatocellular cells
with [131I]lipiodol, into which is dissolved an EGF (epider-
mial growth factor) promoter gene which will allow the
tumor cells to be attacked by antivascular therapies. In this
case, the 131I is used as a marker of targeting.55

Whilst this area of work remains highly speculative and
limited to animal studies, there is some suggestion that it
could lead to extension of the use of radionuclide therapies
in a range of cancers; this may be of particular importance
in view of the generally non-toxic nature of these treatments
compared to other chemotherapy-based approaches.

CCoonncclluussiioonnss
There is much work being undertaken to improve the range
of therapeutic radiopharmaceuticals available. This includes
a variety of radioisotopes and chelaters. The carrier mole-
cules for therapy include whole antibodies, fragments of
antibodies, peptides, and potentially the cell itself, by gene
therapy. As always, however, commercial pressure will
determine which of these agents is most successful.
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New concepts in dosimetry and radiation
protection
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Sauli Savolainen, and Sven-Erik Strand

BBaacckkggrroouunndd
Nuclear medicine contributes significantly to the health,
healthcare, and quality of life of European citizens, particu-
larly in major clinical areas such as cancer and cardio-
vascular disease. Every year in Europe, over 10 million
patients benefit from a nuclear medicine procedure, 90%
of which are diagnostic (planar, positron emission tomog-
raphy (PET), single photon emission computed tomogra-
phy (SPECT)) and 10% therapeutic. These radionuclide
therapies (or targeted radiotherapy, TRT) will increase in
importance and number in the coming years, in particular
with the introduction of new molecules and radiopharma-
ceuticals, including radioimmunotherapy, through rapid
developments in molecular biology and medicine. TRT
(e.g. radioimmunotherapy) with new radiopharmaceuti-
cals coupled to β- or α-emitting isotopes is a promising
form of radiotherapy for the treatment of different forms
of cancer.

According to a survey carried out by the European
Association of Nuclear Medicine (EANM) radionuclide
therapy committee1 in 1999, there were 82 892 patients
treated with radionuclides in 18 European countries, i.e.
191 treatments per million inhabitants. The most frequent
therapy indication was and is ‘benign thyroid disease’ with
131I (69.1%). Another 26.6% of the indications were for
malignant diseases. These numbers underline the necessity
to carry out accurate dosimetry:

1. To comply with the EU council directive 97/43/
EURATOM (June 1997)2 in which it is stated that ‘For
all medical exposure of individuals for radiotherapeutic
purposes … exposures of target volumes shall be
individually planned; taking into account that doses of
non-target volumes and tissues shall be as low as

reasonably achievable and consistent with the intended
radiotherapeutic purpose of the exposure’. Individualized
treatment planning has become routine practice for
patients undergoing external beam radiotherapy, and
this directive is now becoming incorporated into
national legislation, such as the Ionising Radiation
(Medical Exposure) Regulations (IRMER) regulations
in the UK.3

2. To fulfill the clinical need for reliable individual patient
dosimetry estimates to improve the efficacy of targeted
radiotherapy.

A number of centers worldwide have conducted theoretical
as well as (pre)clinical experimental studies for TRT.
Significant progress in the development of selective
radionuclide carriers and optimal radioisotopes has been
achieved in several centers. Evaluation of the efficacy of
TRT by unsealed sources of radiation4 depends on calculat-
ing the absorbed dose delivered to the patient’s organ and
tissues.5 Oncology is the most common context in which
these therapeutic methods are implemented, in which case
the absorbed doses delivered are determined in both tumor
targets and the normal tissues that are to be preserved.6

As the administered activities are very high, deterministic
radiation effects are to be expected.

Individual patient dosimetry is currently the only
possible way to:

■ establish an individual minimum effective absorbed
dose and maximum tolerated absorbed dose to tissue

■ predict tumor response and normal organ toxicity on
the basis of pretherapy dosimetry

■ increase the knowledge of clinical radionuclide radio-
biology by correlation calculations and observed effects
post-therapy
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■ relate and compare the results to the radiation dosime-
try routinely performed for external beam radiotherapy

■ Increase radiation safety to both patients and staff.

Absorbed dose calculations are based on modeled bio-
distribution data and on quantitative imaging procedures.
The biodistribution of radioactive tracers should be assessed
separately for each individual patient, as it depends on a
number of patient-specific parameters, such as gender, and
size of the subject as well as the extent and nature of the 
disease. However, to date, technicalities and knowledge
have had to be augmented and stimulated in order to
achieve a more satisfactory correlation between absorbed
dose estimates and treatment response or correlation with
organ toxicity. Due to this, almost all TRT treatments today
are based on empirical fixed administered activities, activi-
ties modified by clinical and/or pathological findings. This
approach certainly leads to suboptimal under- or overdosing,
as it is not individually tailored. (For the sake of safety,
empirical-based treatments are in general far below the
toxicity threshold.)

Currently, the errors of internal dosimetry calculations
for diagnostic or therapeutic studies are in the order of
magnitude of 30–100% or even higher, so that the situa-
tion is comparable to the situation of external beam ther-
apy 30 or more years ago. Lower accuracy in quantitative
imaging in combination with more demanding patient
study and analysis time for internal dosimetry in TRT is
maybe the reason for this delay with respect to external
beam therapy. Nevertheless, improvements in quantification
accuracy and specifically designed hardware and, above all,
software can be conceived. Obviously resources are needed.
It is a fact that, at present, technological means and human
and time resources for internal dosimetry are small com-
pared to external beam therapy. The influence of the indi-
vidual patient’s radiation sensitivity and the knowledge of
radiation-induced biological effects are not taken into
account when patient absorbed doses are calculated.

Dosimetry, however, is very demanding, particularly in
TRT. Today administered activities in the order of GBq
cause deterministic effects in, for example, bone marrow
and are close to 50% lethal dose (LD50) without any good,
accurate internal dosimetry.

Internal Dosimetry in Nuclear Medicine today can be
divided into two main approaches, one is the dosimetry for
the diagnostic application of radionuclides, and the second
approach is the patient-specific dosimetry for TRT. Both
approaches can be based on the so-called ‘MIRD formalism’.
As stated below for dosimetry in diagnostics, the possibility
of having any correlation with biological effect is then lim-
ited. The second approach demands the development of
dose planning systems for individual patient dosimetry. It
is driven by the use of high activities in radionuclide ther-
apy, where the goal is methodology able to estimate any
relationship between absorbed dose and biological effect.

DDeeffiinniittiioonn  ooff  ‘‘aabbssoorrbbeedd  ddoossee’’
In many publications the term dose is used to describe 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
dosimetry, however, is absorbed dose (D), expressed in
units of gray (Gy).

The absorbed dose is defined as the energy (E) absorbed
in a particular mass of tissue, divided by the tissue
mass (m):

D = E
m

(1)

In radionuclide therapy E represents the number of
radionuclide disintegrations in a particular volume multi-
plied by the energy emitted per disintegration 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 on a
macroscopic scale as it is generally done in nuclear medi-
cine dosimetry. In macrodosimetry, one considers 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.7,8 The energy
deposition, however, is a stochastic process and shows
inherent statistical fluctuations. If particle flux – and
energy deposition – is large enough then the mean
absorbed dose is relevant, as the standard deviation due to
stochastic fluctuations is small.

In microdosimetry, the whole process of energy deposi-
tion is followed, and the results are given as a probability
distribution of energy deposition events. Microdosimetry
has to be applied in a situation when the statistical fluctua-
tions of the energy deposition events become apparent.
A typical example for the applicability of microdosimetry
in nuclear medicine is treatment with α emitters such as
212Bi or 223Ra. As a detailed description of microdosimetry
and the related concepts is beyond the scope of this book,
the reader is referred to the International Commission on
Radiation Units (ICRU) ‘Report 36’.7

CCoonnvveennttiioonnaall  ddoossiimmeettrryy
ffoorrmmaalliissmm
Methods for calculating the absorbed dose from the admin-
istration of a radiopharmaceutical were first standardized in
the 1960s by the Medical Internal Radiation Dosimetry
(MIRD) committee (see, for example, reference 9) with the
initial aim of estimating average doses to critical organs
resulting from diagnostic procedures. Essentially this
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methodology allows the calculation of absorbed dose using
the simplified version of the basic equation:

D
– 

(rk ¨ rh) = Ãh S(rk ¨ rh) (2)

D
– 

(rk ¨ rh): 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 source region rh.
S(rk ¨ rh): 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
geometry of the source organ and the organ for which the
absorbed dose is to be calculated. Thus, the cumulated activ-
ity is dependent on biological parameters whilst 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 homo-
geneous in the source h. The source and target can be of
any size or composition. Theoretically, if the activity in the
source has a heterogeneous distribution, it is possible to
subdivide the source into smaller volumes in which the
activity can be considered to be homogeneous.

As the cumulated activity constitutes the sum of all radio-
active 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 consequences of the irradiation.10 The rel-
evance 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.

MIRD S factors have been published as look-up tables
for any given pair of relative organs for a comprehensive
range of clinically relevant radionuclides.11 For a full expo-
sition of the MIRD schema, the reader is referred to the
various pamphlets and books published by the MIRD com-
mittee. Further methodologies for dosimetry have been
developed,12,13 although the basic principles behind each
are essentially identical.

Whilst MIRD methodology, as traditionally employed,
provides a relatively simple means to perform internal
dosimetry, adaptations and alternative methods are required
to deal with therapeutic applications of radiopharmaceuticals.

Whilst the basic principles of dosimetry hold for all dosi-
metric calculations, the application of these methods, and
in particular in the determination of the required input
parameters, is not straightforward. The method of admin-
istration may be intravenous, intra-arterial, or by direct

infusion, as well as oral. Different methods of administra-
tion, for example, will require different approaches to
dosimetry calculations. For example, in the case of an
intratumoral administration of a radiopharmaceutical, the
absorbed dose gradient can be dramatic, and a mean
absorbed dose over the whole tumor can be meaningless.
For intracavitary administration, the absorbed dose to the
cavity wall has been calculated using an absorbed fraction
of 0.5 rather than 1, since only half of the energy is assumed
to be deposited in the wall.

Furthermore, an increasing range of radionuclides are
being employed for TRT, including α and pure β emitters
as well as low energy electron emitters such as Auger elec-
tron emitters, and the mechanism and localization of
uptake can vary for different therapy procedures. To be
clinically useful, dosimetric calculations must be per-
formed for both target organs (which may include focal
and primary lesions) and for organs-at-risk, which fre-
quently include the red marrow as well as organs such as
the kidneys, liver, and heart. In particular, the accuracy with
which dosimetry may be carried out is adversely affected by
heterogeneity of radiopharmaceutical uptake on both a
macroscopic and a microscopic scale and by non-standard
organ geometries.14 In a recent publication of the ICRU,
different aspects on the heterogeneity of activity uptake in
tissues and tumors have been addressed.15

One example of a recent clinical application of dosime-
try is the application of [90Y] ibritumomab tiuxetan (the
first radiopharmaceutical for radioimmunotherapy which
is licensed in Europe and the USA) to the radioim-
munotherapy of non-Hodgkin’s lymphoma (NHL) by
Wiseman et al.16 In this study, pre-therapeutic image-based
dosimetry for an administration of 15 MBq/kg [90Y]ibritu-
momab tiuxetan (Zevalin®) radioimmunotherapy for
NHL was performed. Patients were given a tracer adminis-
tered dose of 185 MBq [111In]ibritumomab tiuxetan on day 0,
evaluated with dosimetry, and then a therapeutic adminis-
tered activity of 7.4–15 MBq/kg [90Y]ibritumomab tiuxe-
tan on day 7. The residence times for 90Y in blood and
major organs were estimated from 111In.17 One of the find-
ings was that the median absorbed dose for 90Y was 0.97 Gy
(sacral image-derived method) to red marrow, and that the
hematological toxicity did not correlate with estimates of
red marrow absorbed dose.17

The lack of standardized dosimetric practice is due in
part to the relatively low numbers of patients treated at any
one center and also due to the lack of medical physicists
involved in dosimetry. However, the increasing number of
multicenter trials involving TRT will enable more data to be
collated and processed according to similar protocols.18–27

Patient-specific absorbed dose calculations for tumors
and for normal organs present two main challenges. The
first, and arguably the most significant, barrier to routine
accurate dosimetry is that of image quantification, by
which the counts recorded in an image may be converted to
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absolute values of activity or activity concentration. The
second issue that arises is that of the absorbed dose calcula-
tion itself, and particularly the need to deal with problems
caused by a non-uniform uptake of activity and by non-
standard organ geometries. A comprehensive overview of
methods and instrumentation for dosimetry is compiled by
the MIRD committee and published in pamphlet form.28

The ICRU Report 6715 summarizes the current status of
internal dosimetry, including small-scale and macrodosime-
try as well as radiobiological considerations. For assessment
of the biokinetics (the ‘time–activity curve’) for pre-thera-
peutic or therapeutic dose calculations several methods can
be used according to their respective capabilities.

The ICRP has published several summaries of absorbed
doses in nuclear medicine, all based on the MIRD concept
and mean absorbed doses.29,30 These data can be considered
as useful in the diagnostic setting, but not applicable in any
therapeutic applications or for predicting biologic effects.

SScciinnttiillllaattiioonn  ccaammeerraa  iimmaaggiinngg  iinn
nnuucclleeaarr  mmeeddiicciinnee  ddoossiimmeettrryy
Photons are emitted in the patient and undergo a certain
number of interactions until they are (or are not) finally
detected. Photon transport depends on the interaction
probabilities in tissue, which vary within the body, arising
in attenuation and scatter of the photons. A minor portion
of the photons emerging from the patient body pass
through a collimator, whose role is to make sure that only
orthogonal projections of the source will impinge on the
crystal. The photons then interact in the crystal, creating
scintillation light that is detected by a position sensitive
array of light sensitive detectors (i.e. PMTs, photomulti-
plier tubes). By using appropriate electronics for conver-
sion of the light to an electrical signal, the position and the
energy of the impinging photon, which falls within a pre-
determined energy window, are registered as a count on the
image. The counts are then used to quantify the activity
distribution in the patient by using, for example, region
of interest (ROI) techniques. All these processes have to
be considered for activity quantification calculations
(Figure 30.1). The main corrections needed for absolute
quantification are attenuation, scatter, collimator effi-
ciency, detector sensitivity, septal penetration, and eventu-
ally high count rate corrections. Only a minor part of the
emitted photons will be detected (about 10−6).

At a low pulse rate, the number of counts collected
during a preset time interval is limited, which makes the
statistical uncertainty high and produces noisy images.
However, the time resolution of the camera has to be
considered at high activities (such as those encountered for
therapeutic applications) and thus for high fluence rates of
photons that impinge on the scintillation crystal.

When using radionuclides emitting high energy pho-
tons, large septal penetration can occur, and therefore
images can no longer be considered as orthogonal projec-
tions of an activity distribution. An accurate method of
revealing such effects is to use Monte Carlo methods for
simulating the total process of photon transport and inter-
actions. For example, for 131I, the scatter component is
complex, due to the higher principal energy (364 keV), and
the contribution of non-negligible higher energy photons
(637 and 723 keV). Interactions that need to be modeled
occur in the patient, the collimator, and the camera head,
and include septal penetration.31

PPllaannaarr  iimmaaggee--bbaasseedd  ddoossiimmeettrryy
To date, the majority of dosimetric calculations, where they
have been carried out, have employed planar images.
Mostly the conjugate-view method has been used for quan-
tification. Imaging is possible with γ emitting radionuclides
that are used for therapy (e.g.131I, 153Sm, 186Re, and 188Re),
whilst in cases where pure β-emitters have been adminis-
tered, dose estimates have been made using a surrogate
radioisotope such as 111In for 90Y.32 Planar imaging is less
resource intensive than SPECT- or PET-based imaging, and
has a spatial resolution around 10 mm, although contrast is
decreased and it is necessary to distinguish tumor or organ
uptake from uptake in underlying or overlying organs.
Also, for the A/P method the matching of the two projec-
tions and the transmission image is crucial for accurate
quantification. Planar imaging has been used widely in
many recent clinical studies.33–44

The contribution from overlapping tissue activity has
been calculated for some organs.45 As an example for 99mTc:
in the images, the kidney activity was overestimated by up
to a factor of 34 for some time points, due to activity and
scatter from overlapping organs partly caused by excretion
of activity through the intestines. The residence times cal-
culated for 131I were for some organs more than ten times
higher than the true residence time, resulting in 6–7 times
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General problem in nuclear medicine: the number of emitted
photons is not equal to the number of detected photons.

9781841846149-Ch30  8/21/07  5:43 PM  Page 446



higher calculated absorbed dose to those organs than was
the actual mean absorbed dose.46

SSPPEECCTT  iimmaaggee--bbaasseedd  ddoossiimmeettrryy
The disadvantage of planar imaging is the lack of three-
dimensional (3D) information. This can be partially solved
by the addition of three-dimensional anatomical images
from computed tomography (CT) or magnetic resonance
imaging (MRI),33,47–52 although this will not yield the true
3D distribution of radioactivity. As the conjugate view
method cannot correct appropriately for overlapping
tissues (see above), quantitative SPECT imaging leads to a
more accurate determination of the actual tissue activity
concentration. It is particularly advantageous for measur-
ing organ activities in body structures with overlying
structures.28 Examples of the application of this technique
to preclinical and clinical studies can be found in the
literature.53–80 As well as the increased resources required
to obtain a time-sequential series of SPECT scans following
the administration of a therapy or pre-therapy tracer,
post-acquisition image processing is also more involved.
The most notable of these is image reconstruction, for
which a number of algorithms have been developed.
However, the ability of SPECT imaging to identify the 
distribution of uptake within the target organ offers the
potential in many cases for improved dosimetric accuracy.
A flow chart describing the methodology of the quantifica-
tion procedure and evaluation is shown in Figure 30.2.74

QQuuaannttiittaattiivvee  SSPPEECCTT  iimmaaggiinngg
Emission tomography methods significantly reduce the
macroscopic superposition of activity in the reconstructed
data and permit determination of the activity volume on a
macroscopic scale. Tomographic image reconstruction can
be performed by analytical methods, using filtered back-
projection, although many contemporary reconstruction
methods now work on an iterative basis where the aim is
to generate a set of estimated projections from a first
guess of the activity distribution. The estimated projections
are compared to the measured projections and updated
based on the differences. The comparison, updating, and
stopping criteria can be performed based on various
approaches, e.g. the maximum-likelihood or ordered-sub-
sets expectation maximization algorithms. An advantage of
the iterative methods is that compensation for physical
limitations can be modeled in the reconstruction process.81

It is also possible to account for scatter during the iterative
reconstruction process.82 A detailed review of reconstruc-
tion algorithms in SPECT is found in an article by
Bruyant83 and the textbook by Wernick and Aarsvold.84

In SPECT imaging, the attenuation of homogeneous
regions can be estimated using a body contour and a single
value of the effective attenuation coefficient. For non-
homogeneous regions, a patient-specific attenuation map
is required. This can be obtained from scintillation-camera
transmission scanning,85 or CT,86,87 or by using segmented
scatter-emission images.88,89 Attenuation corrections can be
performed on the projection images, on the reconstructed
images, or as part of an iterative reconstruction method.

New concepts in dosimetry and radiation protection 444477

Create density and
activity maps

representing the
known distribution of

activity and
attenuation

Compare absorbed
dose distribution

with
‘gold standard’

Compare
activity distribution

with
known distribution

Calculation of
‘gold standard’

3D absorbed dose
distribution

QUANTIFICATION METHOD

Monte Carlo
simulation of

SPECT
projection data

Registration of
CT image

to SPECT image

Image reconstruction:
Compensation for

scatter, attenuation
and collimator

response (including
septal penetration)

Calculation of
3D absorbed dose
from quantitative

SPECT

FFiigguurree  3300..22
Flow chart describing methodology of quantification procedure and evaluation. Known activity map and gold standard absorbed
dose distribution are compared with corresponding maps obtained from quantitative single photon emission computed
tomography (SPECT) calculation scheme. (Redrawn from reference 74.)
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A full review of attenuation correction for emission tomo-
graphy is given by Zaidi and Hasegawa90 and is also
addressed in the above textbook.84

The problem of image quantification for therapy radionu-
clides, particularly for 131I, is exacerbated by the fact that most
cameras are optimized for diagnostic imaging with 99mTc.

PPEETT--bbaasseedd  ddoossiimmeettrryy
PET is currently the most accurate method for the determi-
nation of activity concentrations in tissue. PET is based on
electronic collimation, and thereby offers a wide accept-
ance angle for detecting emitted annihilation photons.
Consequently, the sensitivity of PET per disintegration
with comparable axial fields of view is two orders of mag-
nitude greater than that of SPECT cameras. Quantification
techniques are well established with PET. For dosimetry,
PET offers improved spatial resolution over SPECT. The
measured line integrals must be corrected for a number of
background and physical effects before reconstruction,
such as subtraction of random coincidences, detector nor-
malization, dead time, attenuation, and scatter corrections.

In PET, correction for attenuation depends on the total
distance traveled by both annihilation photons, and is
independent of the emission point along the ray defined by
these photons. The most accurate attenuation correction
techniques are based on measured transmission data
acquired before (pre-injection), during (simultaneous), or
after (post-injection) the emission scan. Alternative meth-
ods to compensate for photon attenuation in reconstructed
images use assumed distribution and boundary of attenua-
tion coefficients, segmented transmission images, or con-
sistency condition criteria.91

PET imaging can be considered for treatment planning
but ideally requires the use of a radioisotope from the same
element as that used for treatment (for example 124I for 131I
or 86Y for 90Y). 124I was applied to dosimetric assessments as
early as 1986,92 particularly for the dosimetry of radioio-
dine therapy of benign thyroid diseases.93,94 In 1991 the use
of 124I was proposed for quantifying in vivo tumor concen-
tration and biodistribution for radioimmunotherapy.95–97

An additional application was the approach to treatment
planning of [131I]MIBG (metaiodobenzylguanidine) tar-
geted radiotherapy.98 Due to the complex decay process
of 124I, the quantification procedure cannot be performed
in the same way as for 18F. Pentlow et al.99 measured resolu-
tion, linearity, and the ability to quantify the activity con-
tents of imaged spheres of different sizes and activities in
different background activities. It was shown that the
quantification process for 124I could reproduce the activi-
ties administered. Compared to conventional PET
nuclides, resolution and quantification were only slightly
degraded.100,101 In addition, the sphere detectability was

also only slightly worse if imaging time was increased to
compensate for the lower positron abundance.

PET with 124I was also successfully applied to the meas-
urement of thyroid volume.101,102 Today’s state of the art of
PET 124I-based thyroid dosimetry is described in a recent
paper by Sgouros et al.,103 in which it is shown that, when
using the PET results as input to a fully 3D dose planning
program, spatial distributions of absorbed dose, isodose
contours, dose–volume histograms, and mean absorbed
dose estimates can be obtained.

Another application of PET quantification to dosimetry
is the use of 86Y for the therapy planning of somatostatin
receptor positive tumors.104–111 The complex decay process
of 86Y, however, makes the use of extensive corrections for
quantification necessary, which are not easily implemented
into standard PET or PET–CT scanners. Helisch et al.109

For example, showed that the image quality and quantifica-
tion process is superior when using 86YDOTA-Phe1-Tyr3-
octreotide (where DOTA is tetraazacyclododecanetetraacetic
acid) compared to [111In]pentetreotide. They conclude that,
compared to 86Y, dosimetry with 111In overestimated doses
to the kidneys and spleen, whereas the absorbed dose to the
tumor-free liver was underestimated. However, both dosimet-
ric approaches detected the two patients with an exceptionally
high radiation burden to the kidneys that carried a poten-
tial risk of renal failure following radionuclide therapy.110

When applying appropriate corrections to the PET
images a dose dependence of the radiation nephrotoxicity
after [90Y]DOTA-TOC (where TOC is Tyr3-octreotide)
therapy was shown.111 Individual renal volume, dose rate,
and fractionation play important roles in accurate dosime-
try estimation that enables the prediction of risk of renal
function impairment.111

Other radioisotopes such as 66Ga,112 or 134Ce/134La, a
radionuclide generator producing an Auger electron- and
positron-emitting radionuclide,113 may also play an impor-
tant role in PET-based dosimetry for targeted radiotherapy.

Problems that have to be overcome include but are not
limited to the following:

1. Many of the surrogate isotopes used have such a short
half-life that the time–activity curve does not reflect the
complete biokinetics of the radionuclide used for ther-
apy (such as 86Y/90Y).

2. Special quantification procedures have to be performed,
as the standard quantification procedures fail due to
additional γ emissions of the isotopes used which are
detected in the coincidence window (such as 86Y) of the
PET systems.

3. The availability of the PET radiopharmaceutical is often
restricted to very few centers which have access to a
cyclotron for nuclide production.

4. The software of newer PET–CT systems does not easily
allow the application of non-standard ([18F]-based)
corrections.
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MMoonnttee  CCaarrlloo  mmeetthhooddss  iinn  nnuucclleeaarr
mmeeddiicciinnee  ddoossiimmeettrryy
Dosimetric estimates require both quantitative imaging
and dose calculation. These can be referred to as the two
terms of equation (1) above. Dose calculation can be 
carried out by multiplying the cumulated activity (which
requires quantitative imaging and pharmacokinetics asses-
ment) by the relevant S factor (the dose conversion factor,
which is relevant for a given geometry and isotope).

Monte Carlo techniques can be used in both fields.
Historically, Monte Carlo simulations were first used for
S factor calculations, but now the trend seems to be to use
these techniques more and more in the field of quantitative
nuclear medicine imaging.

SS  ffaaccttoorr  ccaallccuullaattiioonnss
S factor calculations seem to be the obvious field for the use
of Monte Carlo methods in nuclear medicine. Analytical
description of radiation transport is only feasible in a
restricted number of cases – basically for very simple
geometries and uniform propagation media. The pioneer
work of Berger114 was first used for Monte Carlo determi-
nation of dose point kernels (DPKs) that were previously
determined by numerical solving of the radiation transport
equations.115,116 A further step was reached with the model-
ing of dose deposition in heterogeneous phantoms,117

which eventually led to the publication of the MIRD
S factor tables for an adult reference man.118 Cristy and
Eckerman119 published S factors for six anthropomorphic
phantoms representing the newborn, and 1-, 5-, 10- and
15-year-old child (at the time considered as equivalent to
the reference women – a statement that would not be
accepted today) and the reference adult male. These were
later integrated in the MIRDOSE software (version 2). At
the time, due to calculation time constraint, a large degree
of uncertainty had to be accepted. Since then, the availabil-
ity of ever increasing computing power has allowed the
generation of more sophisticated mathematical phantoms,
including ethnic phantoms, or male or female phantoms of
varying size and weight.120–122

Patient specific dose calculation through Monte Carlo
simulation was difficult to achieve – at least when the whole
patient body was considered. The example given by Xu123

emphasizes this point: the reference man, when segmented
with a (quite good) sampling of 0.30 × 0.3 × 1 mm leads to
a 4-Gbyte data set, which exceeds the limits of most 32-byte
workstations. It is also generally felt that dealing with digi-
tal phantoms (i.e. the closest data set to a ‘real’ patient
image) dramatically increases the calculation time required
for performing Monte Carlo simulations.124 However,

some examples have recently been published that seem to
indicate that patient specific dose calculation using Monte
Carlo techniques is feasible, and may become more wide-
spread in the near future.124–129

IImmaaggiinngg
Sufficient image quantification is only possible if all effects
that degrade the quantitative content of the image have
been corrected for. Monte Carlo simulations are an appeal-
ing tool that can help to model interactions occurring in
the patient and in the detector system. This is helpful to
develop and test correction techniques, and to help define
detector geometries better suited to quantitative imaging.
As a consequence, there are a growing number of arti-
cles130,131 and textbooks132,133 being published in the field of
nuclear medicine that involve Monte Carlo techniques,
particularly with respect to quantitative imaging.

There are basically two kinds of Monte Carlo codes that
can be used in nuclear imaging: generic Monte Carlo codes
and specific Monte Carlo codes.

Generic Monte Carlo codes come from the world of high
energy physics. They were mostly created in major nuclear
research centers, and were developed to deal with radiation
propagation in matter. Codes such as ETRAN and its
derivates,114 EGS,134 MCNP,135 or Geant136 belong to that
category. They have been widely used by the scientific com-
munity and possess an established user database. They are
usually part of an extensive research program, i.e. involving
several permanent people committed to the development,
debugging, and maintenance of the code. This explains why
these codes can generally be considered as standards
against which other codes can be benchmarked. One major
drawback is that they usually have not been designed to
deal with nuclear imaging explicitly. This often makes it
very difficult to use them within that area. For example, it is
important to make sure that ‘low energies’ such as those
encountered in nuclear imaging are dealt with correctly.

Specific Monte Carlo codes, on the other hand, have
been especially designed for nuclear imaging. They can 
be differentiated by the way that detection modeling is
dealt with. In SPECT for example, some codes model inter-
actions that occur in the collimator, and others just con-
sider photons that impact on the detection head with the
right solid angle (optical selection). The main possible
drawback of ‘homemade’ Monte Carlo codes is the lack of
support with time: being mostly the product of a single lab-
oratory, the continuity of a given code is often not granted.
Also, the way physics interactions are dealt with is in 
general less reviewed – or at least reviewed by a smaller user
community – than for generic Monte Carlo codes.

A collaborative effort has been carried out recently by a
group of laboratories involved in the field in order to create a
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Monte Carlo code dedicated to nuclear imaging but based on
a generic Monte Carlo code. That code, Gate,137 is based on
Geant4. The user can create the experiment through the use
of a macro-language via a dedicated scripting mechanism
that extends the native command interpreter of Geant4 and
allows performing and controlling the Monte Carlo simula-
tion in an intuitive manner (http://www lphe. epfl.ch/~PET/
research/gate/). As an example, in Figure 30.3 a Monte Carlo
simulation of the influence of septal penetration and scatter
of 131I photons on a high energy collimator of a γ camera is
shown (Figure 30.3a: resulting image; Figure 30. 3b: scatter
only; Figure 30.3c: septal penetration; Figure 30.3d: geomet-
ric photons). The numbers in the upper right corner denote
the percentage of photons. In the case of 131I only 47% of
detected photons counted by a γ camera are geometric pho-
tons. The rest come from either septal penetration or scatter.

One major limit of Monte Carlo methods is linked to the
statistics required to accurately simulate a given experi-
mental setting: the number of simulated particles has to be
very high, and therefore implies heavy computing power.

In SPECT, photons that reach the detector head first
impact the collimator. Since only one out of 10 000 pho-
tons – or fewer – that hit the detector head actually cross the
collimator and are detected, this highlights how inefficient
this process is from a computing perspective.

In order to decrease computing time, analytical model-
ing of physical effects can sometimes be carried out, such as

optical selection of photons that impinge the collimator,
but this may not be always feasible. For example, when
modeling γ cameras for high energy radionuclides such as
131I, one has to consider explicit interaction modeling in the
collimator, since septal penetration cannot be neglected in
that case.

Variance reduction techniques can be implemented, but
are not available in every code proposed to the scientific
community. The validation of those techniques is itself a
field of research, so one has to be very cautious when deal-
ing with variance reduction.

Monte Carlo modeling of radiation interactions in
matter fall in the ‘embarrassingly parallel problem’ cate-
gory: photons that interact with the detector are independ-
ent, and therefore it is equivalent to simulate 109 photons
on a single machine or 108 photons on ten different
machines, thus paving the way for cluster computing.138

Apart from the trivial caveat related to random seed gener-
ation, one has to be aware of some specific aspects of image
detection; for example, dead-time modeling, or pile-up
effect implementation, requires serious attention to the
simulation set-up in a parallel environment.

Another drastic limitation is the difficulty in validating
the results given by a simulation. Experimental validation
has to be carried out in a simple, i.e. feasible, practice set-
ting, which may not allow as thorough a validation as
would be required.
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Monte Carlo simulation of the influence of septal penetration and scatter of 131I photons on a high energy collimator of a
γ camera ((a) resulting image; (b) scatter only; (c) septal penetration; (d) geometric photons).
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CCoommppuutteerr  ccooddeess  aanndd  ttoooollss
ffoorr ddoossiimmeettrryy
Several software packages have been developed to imple-
ment the S value methodology (see equation (2) above).
Basically there are two groups of computer codes.

The first group use planar conjugate view quantitative
imaging and/or SPECT imaging for determining patient-
specific organ cumulated activities or residence times.
Typical codes that have been published are NUCLIDOSE139

(Figure 30.4) or ULMDOS.140

The results can be inserted into a group of computer
codes which use the cumulated activities or residence time
as input. As an output the doses are calculated according to
the MIRD formalism. One of the first and the most widely
used codes is MIRDOSE3.141 This code incorporates S factors
for 223 radionuclides and ten different anthropomorphic
models, including standard male, female, and pediatric
geometries. With the exception of the ‘nodule module’,
a part of the program which calculates the self-dose to spheres
of varying diameters, patient specific parameters such as
organ weight and/or organ size could not be corrected for
directly. This software is no longer distributed. It has been
replaced by Organ Level Internal Dose Assessment (OLINDA;
Vanderbilt University).142 OLINDA received US Food and
Drug Administration (FDA) exemption (premarket notifica-
tion, 510K). It includes S values specific to ten phantoms and

five organ models for more than 800 radionuclides, including
α particle emitters, which were not previously included in S
value tabulations. The program also includes a pharmacoki-
netic module that may be used to determine organ cumulated
activities. A typical output is shown in Figure 30.5.

MABDOSE (University of Colorado), another package
that also implements fixed geometry, allows the user to
place spherically shaped tumors within the simplified
anatomic model originally described by the MIRD com-
mittee. To do this, an on-the-fly Monte Carlo simulation
was incorporated into the code.143,144 This method could
accommodate tumor dosimetry within the idealized geom-
etry defined by the MIRD committee.

The consequence of using these programs is that in gen-
eral it is not possible to include or recalculate patient-
specific S factors. How much this fact contributes to the
uncertainty in the dose assessment is highly dependent
upon the disease and the radiopharmaceutical used. In
some cases the patient specificity does not influence the
result greatly, whereas in other cases a complete over- or
underestimation of the dose is possible.

In volumes of interest (VOIs) that are large relative to the
spatial resolution of the imaging system for a given
radionuclide, it is often possible to discern a heterogeneous
uptake of a radiopharmaceutical throughout a tumor or
organ. In this case it can be misleading to quote a mean
absorbed dose, with the problem exacerbated by the difficulty
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of delineating an outline within which the absorbed dose is
to be calculated. One possible solution is to quote a maxi-
mum absorbed dose, although overall response is likely to
be dependent on the extent of the volume that receives a
low absorbed dose. A more comprehensive approach is to
calculate the absorbed dose distribution throughout the
tumor and generate dose–volume histograms.145 This can
be achieved by registering sequential tomographic data
so that each voxel within the VOI occupies the same
coordinate throughout the series of scans. The mean
absorbed dose in each voxel can then be calculated inde-
pendently for each coordinate. For this technique voxel S
values are required. The MIRD pamphlet 17146 gives S values
for a range of radionuclides for voxels with edge 0.1 mm, 3
mm and 6 mm. Image registration is becoming a more rou-
tinely used tool in medicine, due largely to an increasing
interest in the incorporation of functional and MR data with
CT for external beam radiotherapy planning, and by the
advent of dual modality scanners.

Therefore, the second group completely relies upon
3D imaging and voxel-based dosimetry. Many researchers
have pursued and contributed to 3D imaging-based patient-
specific dosimetry.61,136–155 A typical output of such a code is
shown in Figure 30.6 applied to [131I]MIBG treatment.

In principle, the codes take the distribution of a radio-
pharmaceutical for a given patient (from SPECT or PET)
and combine it with anatomic information (from CT or
MRI) to yield absorbed dose estimates that are specific to a
particular patient’s biodistribution and anatomy.156 In
addition, some of the codes introduce the concept of
dose–volume histograms for internally administered
radionuclides. Dose calculations can be done applying
either Monte Carlo or point kernel based calculations.
More recently, the computer code 3D-ID has been used in
thyroid cancer patients with 124I-PET data and CT.99 The
DOSIMG software developed by the Lund group has been
used with mathematical anthropomorphic phantoms 
to examine the impact of different quantitative SPECT
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Organ

Adrenals
Brain
Breasts
Gallbladder wall
Lower large intestine wall
Small intestine
Stomach wall
Upper large intestine wall
Heart wall
Kidneys
Liver
Lungs
Muscle
Ovaries
Pancreas
Red marrow
Osteogenic cells
Skin
Spleen
Testes
Thymus
Thyroid
Urinary bladder contents
Urinary bladder wall
Uterus
Total body
Remainder

0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00

0.00E+00
0.00E+00
0.00E+00

4.38E−02
4.38E−02
4.38E−02 
4.38E−02
4.38E−02
4.38E−02
4.38E−02
4.38E−02
4.38E−02
1.30E+00
2.61E−02
1.33E−01
4.38E−02
4.38E−02
4.38E−02
1.08E−01
1.52E−01
4.38E−02
1.33E+00
4.38E−02
4.38E−02
4.38E−02

5.64E−01
4.38E−02
5.75E−02

8.05E−02
2.94E−02
2.84E−02 
6.14E−02
6.02E−02
6.09E−02
6.70E−02
5.78E−02
5.07E−02
2.40E−01
4.70E−02
4.94E−02
4.25E−02
6.19E−02
9.28E−02
5.27E−02
5.52E−02
2.54E−02
2.73E−01
4.04E−02
4.07E−02
3.81E−02

1.51E−01
7.45E−02
4.41E−02

1.24E−01
7.32E−02
7.22E−02 
1.05E−01
1.04E−01
1.05E−01
1.11E−01
1.02E−01
9.46E−02
1.54E+00
7.32E−02
1.83E−01
8.64E−02
1.06E−01
1.37E−01
1.60E−01
2.07E−01
6.92E−02
1.61E+00
8.42E−02
8.45E−02
8.19E−02

7.15E−01
1.18E−01
1.02E−01

3.50E+00
4.50E−01
1.20E+00

1.50E+00

2.20E+00

1.98E+00

2.91E+01

*mSv/MBq; nuclide, 131⎜(8.02E00 day); adult male.
†MBq-h/MBq (µCi-h/µCi).

Photon

Dose to target organs*

Total
No. disintegrations
in source organs†

Portion of Sample Output from OLINDA/EXM 1.0

α β
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Example of the output of OLINDA (Organ Level Internal Dose Assessment) used for preliminary dose assessment in a patient with
differentiated thyroid cancer. (From reference 142)
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algorithms on Monte Carlo derived absorbed dose calcula-
tions. Mathematical phantom derived CT and SPECT
images were generated, and dose calculations derived from
these were compared with ‘true’ dose results derived from
the actual mathematical phantom data.153 The SPECT
quantitation methodologies derived from this work were
subsequently applied to 111In/90Y dosimetry.153

An example of the application of SPECT to three-
dimensional dose calculations is shown in Figure 30.7 in
which a transaxial slice of a dose distribution resulting
from [131I]MIBG therapy of neuroblastoma can be seen.
In Figure 30.7a a SPECT slice acquired post-therapy, in
Figure 30.7b the corresponding absorbed dose distribu-
tion, in Figure 30.7c the rendered view of absorbed dose
distribution, and in Figure 30.7d the isodose contours from
targeted therapy superimposed onto the registered CT slice
are shown.61

DDoossiimmeettrryy  oonn  ttiissssuuee  aanndd  cceelllluullaarr
lleevveellss  aanndd  hheetteerrooggeenneeiittyy  iinn
aaccttiivviittyy  aanndd  aabbssoorrbbeedd  ddoossee
ddiissttrriibbuuttiioonnss
SSmmaallll--ssccaallee  ddoossiimmeettrryy
All nuclear medicine procedures are based on physiological
processes, where the administered radiopharmaceutical is
distributed in the tissues governed by its chemical proper-
ties. Most radiopharmaceuticals are taken up or accumu-
lated in certain cells in the tissues, which in fact is the basis
for nuclear medicine and functional imaging.

Considering that most radiopharmaceuticals inherently,
due to their behavior, will distribute heterogeneously in
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Montage of dosimetry package output for an abdominal node, imaged using [131I]MIBG (metaiodobenzylguanidine). (a) (left–right)
Transverse, coronal, sagittal SPECT slices including volume of interest (VOI), and dialoge window. (b) (left–right) Transverse
abdominal computed tomography (CT), integral dose–volume histogram (DVH), and transverse SPECT slices.
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most organs and tissues, internal dosimetry must address
this fact, in order to obtain the realistic activity and
absorbed dose distribution. Not only the geometry for
radiation emission in the tissue must rely on realistic distri-
butions; also the activity must be quantified in vivo with
high precision and the pharmacokinetics must be followed
for a  sufficient time period.

Figure 30.8 indicates that with different imaging tech-
niques, different levels of resolution will determine how
accuratly absorbed dose distributions can be elucidated.

For example, with in vivo imaging with a scintillation camera,
SPECT, or PET, the resolution is very low, in that only mean
absorbed dose calculations can be obtained. Although a het-
erogeneous activity distribution mostly is present it will not
be revealed with such imaging. Complementary imaging
techniques are needed based on tissue sampling, such as
biopsies in patients or experimental animal data. Then more
realistic activity distributions can be obtained.

The dosimetry can be divided into three categories,
macro-, small-scale, and micro-dosimetry, with no clear
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FFiigguurree  3300..77
Transaxial slice of a dose distribution resulting from [131I]MIBG therapy of neuroblastoma. (a) SPECT slice acquired post-therapy;
(b) corresponding absorbed dose distribution; (c) rendered view of absorbed dose distribution; (d) isodose contours from targeted
therapy superimposed onto registered CT slice.
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distinction between the first two which can be dealt with by
the basic MIRD formalism with absorbed fractions and
related S values.

Different models for more realistic organ/tissue dosime-
try have been developed, and one example is a new model
for crypt cell dosimetry in the intestines.157 Another factor
in radionuclide therapy that can affect the mean absorbed
dose to a tumor is its shrinkage during therapy. It was
shown158 for one tumor that the absorbed dose calculation
differed by 75% due to this.

On the tissue level, the heterogeneous distribution of
radioactivity will in most cases result in great deviation of
the tissue dose distribution from the mean absorbed dose.
Absorbed dose heterogeneity will be obtained if there is no
radiation equilibrium or charged particle equilibrium in
the volume.

Heterogeneous uptake causing great deviations from
mean absorbed dose is illustrated in the paper by Gardin
et al.159 where the absorbed dose to Kupfer cells was 15 000
times higher than the mean absorbed dose to the liver for
[99mTc]sulfur colloids. Also, Makrigiorgos et al.160 showed
for individual lung cells an absorbed dose variation of a
factor of 30 000 for 99mTc-labeled microspheres.

The cellular distribution of radioactivity is of great
importance, especially when dealing with short-ranged
particles, which will have great impact especially for α
emitters and Auger emitters.

In a study by Linden et al.161 it was shown that the uptake
of [99mTc]Fab′ anti-CD22 in lymphoma cells varied, and
depended on the CD22 expression, where the mean
absorbed dose to the cells could vary between 10−7 and 10−1

Gy. When the activity was evenly distributed within the
cytoplasm or on the cell surface the absorbed dose to
the cell nucleus was either 16 × 10−3 or 9 × 10−3 Gy. Thus,
the absorbed dose within cells can vary considerably, espe-
cially for low energy Auger electron emitters. Interestingly,
it was found in that study that only five atoms per cell
for 99mTc will be targeted, whereas in a therapeutic setting

with 90Y the number of atoms per cell will increase to 480.
This is considerably less than suggested by Humm162 for
eradicating tumor cells.

Microdosimetry for internal emitters has to be considered
when the energy deposition density is highly variable and the
statistical fluctuations in energy deposition increase when
smaller volumes are considered. In a study by Humm et al.163

it was stated that when the relative deviation of the specific
energy from the mean absorbed dose was larger than 20%
then stochastic effects should be taken into account.

One example of the importance of the heterogeneity of
activity distribution is the use of α particles for therapy.
Elgqvist et al.164 studied the absorbed dose distribution
at different distances from the center of different sized
tumor cell clusters for 211At-labeled monoclonal antibody
MX35 in experimental ovarian cancer. They showed that for
cell clusters of 25 µm radius with 400 kBq intraperitoneal
injection, then an absorbed dose of 126 Gy was obtained
with homogeneous activity distribution. However, if the
activity was only on the cluster surface, then the absorbed
dose declined to 29 Gy. For tumors with radii larger than
62 µm (range of α particles), then the absorbed dose outside
the range became zero, with a large decreasing gradient.

RRaaddiioobbiioollooggiiccaall  aassppeeccttss
Up to now the role of the rate of dose delivery has been
completely neglected in TRT. The key concepts have been
known for a decade,165 and are currently in use in external
radiotherapy (XRT) dosimetry, but they were never applied
in the clinical practice of TRT dosimetry. This could be one
of the reasons why the situation of dosimetry in targeted
radiation therapy is comparable to the situation of dosime-
try in external beam therapy 30 or more years ago. In XRT
it is well known that the same dose given with different
fractionation schema gives a different biological response.
TRT could be seen as a sequence of tiniest dose fractions, so
frequent that a continuous delivery takes place. A latent
question is the absence of toxicity to healthy organs in spite
of the XRT dose limit being surpassed by the sum of the
absorbed dose in therapeutic cycles (see for instance
[131I]MIBG or [111In]DTPA-octreotide (where DTPA is
diethylenetriaminepentaacetic acid) cycles without liver
damage, or [177Lu]DOTA-TATE (where TATE is Tyr3-
octreotate) and [111In]DTPA-octreotide with unexpectedly
low kidney toxicity). On the other hand [90Y]DOTA-TOC
more often gave renal problems in spite of the fact that the
evaluated kidney doses of these three peptides were almost
the same.166 In the case of [166Ho]DOTMP applying con-
ventional clinical dosimetry for bone metastasis treatment,
calculated kidney doses were less than 10 gray,167 but the
pharmaceutical gave rise to radiation-induced nephritis168

and it was suspended from use.
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FFiigguurree  3300..88
Different levels of resolution determine how accurate
absorbed dose distributions will be. ARG, autoradiography.
(Redrawn from reference 15.)
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Another recent dosimetry failure hopefully opened the gate
to use of the biological effective dose (BED) in TRT. Pauwels
et al. conducted an individualized dosimetric study in 
18 patients to be treated with [90Y]DOTA-TOC.111 Dosimetry
was based on PET imaging of the DOTA-TOC molecule
labeled by 86Y, a positron emitter (14.7 hours half-life).

The treatment planning was to give a kidney dose of 27 Gy
to each patient. Note that the XRT threshold for kidney tox-
icity (5% in 5 years) TD5/5 is 23 Gy, and TD50/5 is 28 Gy.169

Patients were administered in some cases with a single batch,
and in other cases with more (up to five) injections, with a
30–45 day interval. Eventual late renal toxicity was moni-
tored through percentage creatinine loss per year in a follow-
up period of minimum 18–maximum 65 months.

The observed effects on the kidney following a supposed
identical absorbed dose were astonishing: the radio-induced
creatinine loss per year varied from 0 to 60%. Absolutely no
correlation between absorbed dose and effect was found.

Having seen the failure of this high-technology, pretreat-
ment dosimetry, the authors improved the dosimetric
accuracy retrospectively by measuring individual kidney
volume. They manually implemented individual mass 
correction after the use of MIRDOSE3 based dosimetry.
For only one calculation, which for a pure β emitter 
consists of multiplying the self-irradiation S by the ratio
between standard mass and actual mass, ROIs on any
single kidney CT slice were drawn. The correlation between
absorbed dose and effect rose slightly to r = 0.54, but was
considered insufficient by the authors.

A further and radical improvement was undertaken
looking at the basis of the biological effect of radiation. The
dose rate effect and the number of activity administrations
were included quantitatively in the dosimetric evaluation
using the biological effective dose (BED, not to be confused
with effective dose, see next paragraph). The dose–effect
curve F = (1 −exp(−aD))^b fitted experimental data with 
r = 0.93, p < 0.0001. The five out of 18 patients with creati-
nine loss per year greater than 20% were well separated in
the creatinine loss vs. BED plot. A BED threshold for
kidney toxicity could be set at BED = 45 Gy. According to
this study, which unfortunately is still unique, the effect
correlates not with the absorbed dose D, but with the BED
(which in any case is based upon D). Prudence is necessary,
because three of the five patients suffered from hyperten-
sion, a risk factor for impaired kidney function. Also,
the damage parameterization is not universally accepted.
Nevertheless, the role of dose rate in TRT must be investi-
gated quantitatively. Absorbed dose, though the base of any
dosimetric evaluation, is not sufficient for description of
the biological effects. The key point is the competition
between the rate of sublethal cellular damage and the cellu-
lar repair rate. But ‘nihil novum sub soli’, since the linear
quadratic (LQ) model has been known since 1982,170 and is
currently employed in XRT when a sequence of treatment
needs modification.

RRaaddiioobbiioollooggiiccaall  lliinneeaarr  qquuaaddrraattiicc
mmooddeell  aanndd  TTRRTT
The LQ model was developed in order to explain the cellu-
lar survival curves as a function of absorbed dose, for dif-
ferent dose rates. For the sake of simplicity, we consider
only one type of radiation, i.e. we discard relative biological
efficacy (RBE) problems. LQ in TRT was introduced by
Dale in 1996, but it was applied only recently in order to
quantitatively account for the [90Y]DOTA-TOC kidney
dose–effect relationship.171,172

Two kinds of damage to DNA are taken into account
(Figure 30.9). A type damage, in which a single interaction
breaks both DNA strands, and B type damage, in which the
two strands are broken by two independent ionizations, sep-
arated by a time interval. The amount of A type damage
depends on the number of incident ionizing events, i.e. is
proportional to the absorbed dose D through the radiosensi-
tivity α. The B type damage is proportional to the probabil-
ity of two independent interactions happening in the same
place. This probability is proportional to the product of
two independent probabilities; hence, the quadratic term
D2 is necessary. Moreover, in B type damage, being two inter-
actions separated by a time interval, enzymatic repair can
occur if the time interval is long enough. So, the competition
between dose rate and repair rate becomes the crucial point.

Biological effects in an in vitro irradiated cellular popu-
lation are described by the survival fraction S as a function
of the absorbed dose D. The LQ model starting point is:

S = exp(−αD − βD2) (3)
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(a)

(b)

FFiigguurree  3300..99
(a) A type damage (lethal): one single interaction breaks both
DNA strands. Linear dependence on the absorbed dose D.
(b) B type damage (sublethal): two independent ionizations
break one DNA strand each. Dependence upon D2: as the two
events are separated by a time interval, enzymes can repair
the first damage before the second occurs, if enough time is
given. This effect depends on competition between the
cellular repair time and the dose rate.
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Where α is radiosensitivity to A type damage, β to B type
damage.

From XRT, it is known that low α/β values are character-
istic of tissues with slow replication (indirect oxygen effect
negligible): this includes healthy organs, except red
marrow, with α/β around 2–5 Gy. High α/β values, about
5–25 Gy, are typical of fast-replicating tissues (tumors)
(substantial indirect oxygen effect). Hypothetical examples
of S curves for α/β = 2 Gy and α/β = 10 Gy are given in
Figure 30.10.

As it is easy to understand from Figure 30.10(a), low α/β
tissues allow a ‘sparing effect’ by dose rate reduction. This
fact had been investigated at the beginning of XRT in order
to optimize the present irradiation scheme, and to fix the
dose fraction per day (usually 2 Gy). TRT is nowadays at
that point. Optimization should be based on the biological
effective dose (BED, not to be confused with effective
dose (ED)):

BED = −1n(S)/α (4)

The presence of α as the denominator makes the compari-
son between BEDs of tissues with different radiosensitivi-
ties meaningless. BED is useful for comparison of different
irradiation conditions on the same tissue.

BED (measured in Gy) is conveniently factorized as the
product of absorbed dose D and the relative efficacy (RE):

BED = D × RE (5)

Equation (5) shows the predominant importance of the
absorbed dose, modulated by RE.

In the case of XRT treatment with daily fraction d, we have:

RE = 1 + d/(α/β) (6)

In the case of nuclear medicine TRT to an organ with mono-
exponential clearance with effective decay constant l, initial
dose rate R0, and cellular repair rate constant µ, we have:

RE = 1 + R0/[(µ + λ)(α/β)] (7)

So, the relative efficacy, i.e. the biological response for a
fixed absorbed dose, depends upon the following key
parameters (in case of monoexponential clearance):

■ R0, initial dose rate
■ µ = ln(2)/t1/2

rep
, repair half-time of cellular sublethal

damage
■ λ = ln(2)/t1/2

eff, effective half-life
■ α/β, radiosensitivity ratio for A type over B type damage.

Pauwels111 applied a derivation of the above formula (5)
which includes the sum over more than one administration:

BED = ∑i Di + β/α ⋅ t1/2
rep/(t1/2

rep + t1/2
eff) ⋅ ∑i Di

2 (8)

All problems seem to be solved. Unfortunately, among the
above listed parameters, only R0 and t1/2

eff can be measured
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FFiigguurree  3300..1100
Hypothetical cellular survival curves vs. absorbed dose for low α/β ((a) slow cellular replication tissues), and high α/β ((b) tumors
and slow cellular replication tissues). The sparing effect is evident in (a) since the same absorbed dose with a low dose rate gives
much less damage.
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in patients. The radiobiological parameters α/β and t1/2 
rep

are known with large uncertainties, or even unknown.
They allow ad hoc choices and easy manipulation to obtain
a good fit. Table 30.1, for instance, shows radiobiological
values in mice obtained by different authors.

For kidneys, Pauwels et al.111 adopt α/β = 2.6 Gy and 
t1/2

rep = 2.8 h.
As an example of quantitative LQ model application,

consider that XRT dose rates are around 1–10 Gy/min, with
2 Gy/day fractions, while [90Y]DOTA-TOC gives an initial
kidney dose rate of 0.003 Gy/min, which continuously and
exponentially decays with t1/2 

eff of about 30 h. In XRT there
is a consensus for kidney α/β = 3.0 Gy. Using this value,172

the XRT tolerable dose of 23 Gy can be translated to a limit
BED of 38 Gy, while in nuclear medicine TRT with
[90Y]DOTA-TOC, a dose limit of 27 Gy corresponds to
BED = 30 Gy in the case of three equal administrations, or
to BED = 37 Gy in the case of a single administration.

DDoossee  rraattee  ttoo  ttuummoorrss  aanndd  ttuummoorr
cceellll  rreepplliiccaattiioonn  rraattee
The low dose rate in TRT monotonically decays following
the effective half-time. Dosimetric calculations consider the
whole dose given below the integral of the time–activity
curve until infinite time to be effective. But if the dose rate
is too low, competition of cellular repopulation may
occur.171 The BED must be corrected subtracting the
repopulation factor RF:

BED = D × RE − RF (9)

A proposed but also much debated expression for RF
includes the average doubling tumor time tav, the irradia-
tion duration T, and tumor radiosensitivity α:

RF = 1n(2)T/(αtav) (10) 

From equation (10) the critical dose rate for repopulation is:

Rcrit = 1n(2)/(αtav) (11)

Absorbed dose imparted with a dose rate below this limit
is ineffective. The situation worsens for low radiosensitivity
and fast-replicating tumors. This effect, although theoreti-
cally well understood, is again difficult to take into consid-
eration in practice as we are ignorant about the
radiobiological parameters.

RRaaddiiaattiioonn  pprrootteeccttiioonn  ffoorr
ββ--eemmiitttteerrss
There had long been an understanding that using very high
activities (> 10 GBq) of 131I in a therapeutic regimen tends
to create concerns in terms of radiation protection for per-
sonnel, as well as the public. This is particularly true in all
cases where a significant amount of the administered activ-
ity is retained in the patient’s body, while it is of lesser
importance in therapy of thyroid carcinoma, where > 90%
of the activity is excreted within the very first hours.

The radiation protection issues with 131I are quite well
understood, and can rather easily be quantified because of
the γ radiation component of 131I which makes detection
and measurement of the amount and distribution of activ-
ity a fairly simple task.

The latter is not the case with nuclides that have no γ
emission at all or only minute γ components. The most
prominent of such nuclides is 90Y, which is used for quite a
number of TRTs, the most prominent being the therapy
with 90Y labeled Zevalin®. Of all the β-decaying nuclides
currently in use in nuclear oncology, 90Y also has the high-
est maximum β energy (Eβ endpoint = 2280 keV). This sec-
tion thus focuses on radiation safety considerations with
respect to 90Y.

RRaaddiiaattiioonn  pprrootteeccttiioonn  ffoorr  wwoorrkkeerrss
External exposure
90Y is a pure β emitter with maximum β energy of 2.28 MeV.
Its average path length in soft tissue is approximately 5 mm.
Significant exposure to the skin of personnel is to be
expected unless proper shielding is used. The highest
absorbed doses occur for workers in the radiochemistry
laboratory during radiolabeling and the physician, nurse, or
technician when handling the syringe during administra-
tion. Table 30.2 lists skin absorbed doses from a number of
source configurations.173 Direct contact with 1000 MBq 90Y
in a syringe without shielding for only 1 minute, e.g. stabiliz-
ing it during administration, would result in a dose of approx-
imately 725 mSv to the fingertips and could thus exceed the
regulatory limit of 500 mSv per any square cm of skin.
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Table 30.1 Radiosensitivity ratio (α/β) and
repair half-time of cellular sublethal damage
(t1/2

rep = ln(2)/µ) for mouse kidney according
to different authors

α/β (Gy) 1.6–3.2 1.8 2.3 0–3.5 5.0

t = ln(2)/µ (h) 1.3 2.1
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During the whole process of radiopharmaceutical prepa-
ration and administration, 90Y must be handled in shields
or, where this is impossible, at least with tweezers to
increase the distance between source and skin.

Lead or tungsten shields for syringes or vials are inap-
propriate in this case, because the high atomic number of
these elements results in generating high amounts of
bremsstrahlung, which would counteract the reduction in
β radiation. Instead, shields made of low-Z (low atomic
number) material such as glass, acrylic, or aluminum should
be used, possibly combined with an outer layer of high-Z
material.174 Such shields were shown to reduce the dose rate by
three orders of magnitude, e.g. from 3.66 Gy/h to 1–2 mGy/h
during preparation of 1.55 GBq [90Y]ibritumomab tiuxe-
tan or from 12.87 Gy/h to 2–3 mGy/h while handling a 
10-ml syringe with 1147 MBq of the same substance.175

As is the case in all procedures that involve manual han-
dling of β-only emitters, hands and clothing should be
monitored frequently for external contamination.

Once the 90Y has been administered to the patient, the
only source of external exposure to workers is the
bremsstrahlung generated within the patient. As man pri-
marily consists of low-Z elements, the resulting dose rate is
very small. Wiseman et al. measured deep dose equivalent
rates Hp(10) (‘personal deep dose equivalent’: dose equiva-
lent at 10 mm depth below the point of the body where the
personal dosimeter is worn) from bremsstrahlung at 1 m
distance from the patient immediately after administration
of 15 MBq/kg [90Y]Zevalin® to an average 2.95 µSv per
hour (range 2.4–3.9 µSv/h).176 Similar values had been
predicted from computations.177

Taking decay into account, no person can receive a dose
of more than 1 mSv even if he or she remains at 1 m dis-
tance from a patient at all times.

Internal exposure
Internal exposure could result from inhalation of airborne
radioactivity or (accidental) ingestion.

Contrary to iodine which, due to its vapor pressure,
causes measurable concentrations in the air even when
handled in liquid form, none of the other β emitters is
known to yield any significant airborne activity concentra-
tions. Yet, performing the radiochemical procedures under
a fume hood with filtering at the exhaust would be consid-
ered ‘good medical practice’, and at the same time reduce
the probability of accidental incorporation, e.g. from
breakage of a container. The dose coefficients for intake of
90Y are 2.7 × 10−9 Sv/Bq from ingestion and 1.6 × 10−9 Sv/Bq
from inhalation.173 The accidental ingestion of 1 MBq 90Y
would thus result in an effective dose of 2.7 mSv.

RRaaddiiaattiioonn  pprrootteeccttiioonn  ffoorr  hheellppiinngg
ppeerrssoonnss  aanndd  tthhee  ppuubblliicc
External exposure
As mentioned above, external exposure from a patient is very
low. In most countries, the administration of [90Y]ibritu-
momab tiuxetan (Zevalin®) is therefore performed on an
outpatient basis. In order to minimize the exposure of per-
sons otherwise not involved, all patients are supplied with
instructions for adequate behavior after therapy (see below).

Absorbed dose measurements for those family members
having the closest contact to a patient yielded an average
value Hp(10) of 35 µSv (range 14–79 µSv), measured over
1 week beginning immediately after administration.178

The exposure of relatives is thus within the range of back-
ground radiation.

Internal exposure
Internal exposure of persons in the vicinity of the patient
could most likely result from spilled urine. In a worst case
scenario, a helping person is assumed to incorporate 0.1%
of all activity excreted by the patient. Total excretion via
urine was measured to be 7.3 ± 3.2% of the administered
activity for [90Y]ibritumomab tiuxetan.179 Assuming the
maximum administered activity of 1200 MBq and an
excretion of 10%, the helping person would ingest at most
0.12 MBq 90Y, resulting in an effective dose of 0.2 mSv. Any
realistic exposure is certainly one order of magnitude lower
if the situation is understood by the persons involved and
precautionary measures are taken.

RRaaddiiooeeccoollooggiiccaall  ccoonnssiiddeerraattiioonnss
In order to clear the way for regulatory exemption of
[90Y]Zevalin® treatment from the requirement of inpatient
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Table 30.2 External exposure from 90Y in
different configurations

Configuration Dose rate (mSv h−1)

Point source 1 MBq in air at 1.08 × 10−1

30 cm distance

10-ml glass vial with 1 MBq at 7.11 × 10−5

100 cm distance

Contact with 1 MBq in 5-ml 43.5
plastic syringe

Contamination with 1-kBq droplet 1.35
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treatment in Germany, a radioecological model calculation
was performed to ascertain that there could be no signifi-
cant exposure to the public from excretions of the patients.
Even under most conservative assumptions, the activity
concentration in surface water would not exceed 0.5% of
the regulatory limit.179 Keeping the requirement of a mini-
mum stay of 48 hours in a nuclear therapy ward would
have reduced that concentration by no more than one-half.

IInnssttrruuccttiioonnss  ttoo  ppaattiieennttss
From the abovementioned aspects it becomes clear that
instructions to patients after a [90Y]ibritumomab tiuxetan
administration can be moderate compared to those for
patients after radioiodine therapy.180 It seems that the
simple set of rules laid out in Table 30.3 is agreed upon
internationally.181

CCoonncclluussiioonn
β Emitters in nuclear oncology require certain radiation
protection measures, but these are easy to implement.
During preparation and administration of the radiophar-
maceutical, the general rules for handling β emitters apply:
no direct contact, use of plastic shields and/or tools to
manipulate vials and syringes. Once in the patient, the
radionuclide constitutes hardly any radiation risk: expo-
sure to helping persons and the general public is generally
within the range of background radiation exposure.

CCoonncclluussiioonnss  aanndd  ffuuttuurree  aassppeeccttss
Nuclear medicine dosimetry is still controversial because of
its faint correlation with biological effects. This has been
mostly emphasized in radionuclide therapy, where several
efforts have been made to find this correlation, with limited
success.

The MIRD scheme divides the dosimetric process into
two parts: cumulated activity determination and dosimet-
ric calculations. It is therefore common practice to consider
these two components independently. However, this is not
entirely the case.

Organ-based dosimetry relies on quantitative imaging:
organ definition and functional or anatomical segmenta-
tion are based on patient images. Anatomical segmentation
is most often based on CT with a resolution that is superior
to that of functional (nuclear medicine) imaging. However,
it is acknowledged that absorbed dose gradients are likely
to be observed at small distances from the emission point:
the majority of β emitters deliver their energy in the sub-
millimeter to millimeter range. Any heterogeneous activity
distribution at that level will not be visualized by conven-
tional nuclear medicine imaging alone. Without additional
means to assess radiopharmaceutical uptake at the mil-
limeter level (or less), one is left with the assumption that
activity is distributed homogeneously in the smallest quan-
tifiable image volume element.

Any progress made in quantitative imaging impacts
directly on the dosimetric calculation: voxel-based activ-
ity determination enables voxel-based absorbed dose
calculations. It can be argued that the absorbed dose cal-
culations themselves present less uncertainty than the
activity determination, so that the limiting step in
obtaining accurate dosimetry estimates is that of image
quantification. It is hoped that fast and reliable Monte
Carlo-based absorbed dose calculations will become
available for nuclear medicine departments. With this
methodology it is possible to account for heterogeneity of
the activity distribution.

Whilst crude dosimetric estimates based on or extrapo-
lated from anthropomorphic phantoms may be considered
sufficiently accurate for radiation protection purposes,
there is an increasingly strong requirement in the targeted
therapy community for accurate tumor dosimetry. At pres-
ent the single largest factor in need of improvement and
further development is that of image quantification. It is
hoped that as these issues are addressed, standardized pro-
cedures can be formulated that may be introduced into
routine clinical practice.

In summary, for an accurate dosimetry estimate and to
get closer to the goal of having a dosimetry that can predict
the biological effect, a combination of macro–small-
scale–microdosimetry needs to be explored and further
developed.
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Table 30.3 Instructions for patients after
[90Y]ibritumomab tiuxetan therapy

Time after 
treatment Instructions

3 days Avoid contact with patient’s body fluids 
(clean up spilled urine, dispose of
body fluid-contaminated material by 
flushing it through toilet)

Wash hands frequently and thoroughly,
especially after using the toilet

1 week Use condoms during sexual intercourse

1 year Avoid pregnancy, breastfeeding should 
be discontinued completely
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BBaacckkggrroouunndd
The main task of imaging in oncology is the detection of
the smallest lesion in the whole body of a patient. Hence
lesion detectability is our goal. In the simplest imaging
theory, where the influence of the observer is neglected, a
lesion is detectable if the signal to noise ratio (some authors
refer to this ratio more rigorously as the contrast to noise
ratio, see reference1) exceeds the value of 4–5. Thus we have
two parameters.

The signal has to be interpreted as the contrast of the
lesion with respect to the surrounding background:

where Nt and Nb are the average count per pixel in the
tumor and in the background respectively. Contrast
depends upon the intrinsic contrast (uptake) of the lesion,
upon the imaging methodology (tomographic techniques
were developed to offer better contrast with respect to the
planar view), upon the background level (where scatter plays
a major role in whatever nuclear medicine imaging, while
random coincidences are an additional contribution only
in positron emission tomography (PET)), and upon the
spatial resolution, which is strongly dependent on the
reconstruction method and parameters.

The noise is the image pixel fluctuation (relative standard
deviation σ) which masks the signal. Nature forces the noise
to obey Poisson’s law, according to which σ/÷Nb = 1/÷Nb.
This means that, in order to improve the signal/noise by a
factor of two for fixed contrast and acquisition conditions,
the acquisition must be prolonged four times. Since acqui-
sition time reduction, or patient throughput increase, is a
general goal, only two chances are left: injecting higher
activities or improving the system sensitivity. These two
options, in PET, are not independent, because the noise

equivalent count rate (NECR) implies that an excessive
injected activity deteriorates the count rate capabilities
(besides giving higher radiation dose to the patient).

NECR improvement has been the leading force in recent
PET scanner development. However, this focuses only on
the second parameter (noise). Moreover, the NECR is
related only to raw data collection, while in tomography the
noise is also strongly dependent on data handling methods
and reconstruction parameters.

Recent years have seen technological improvements
in imaging equipment, moderate and continuous in 
γ cameras, and explosive in PET scanners. The number of
newly developed PET models is difficult to account for. The
new era of three-dimensional (3D) PET posed difficult
challenges to the manufacturers. Industrial research aimed
to fully exploit the 3D power, trying to solve two major
problems: limited count rate capability with bismuth ger-
manate (BGO) crystals, and scatter fraction. March 2006
was the dawn of a new era of PET scanners based on the
time-of-flight (TOF) PET technique. The old dream is the
reality of today. TOF further reduces the noise.

New scanner models have been, up to now, compared
according to individual physical parameters which cannot
be easily related to lesion detectability. The issue of ‘the best
scanner’ or ‘the best lesion detectability’ is still open.

SSiinnggllee  ddeetteeccttiioonn
PPllaannaarr  γγ ccaammeerraass
The γ camera is a device that produces digital images repre-
senting the radioactivity distribution within the body of a
patient. It basically consists of a detector mounted on a
gantry for easy positioning close to the patient, and an elec-
tronic processing console. Modern γ cameras are connected
to a computer for image processing and display.2,3

N N

N
t b

b

−

9781841846149-Ch31  8/20/07  10:27 AM  Page 467



The detector is a scintillation crystal, usually thallium-
activated sodium iodide NaI(Tl), which converts the
absorbed energy of the γ-ray into light flashes. The light is
converted into electronic signals by photomultiplier tubes
(PMTs) optically coupled to the crystal. The large area
detector is viewed by an array of usually up to 59 PMTs, or
95 PMTs in the most refined models (GE InfiniaTM VC with
1-in thick crystal, 94 PMTs in the SophaTM DST-XL). Signals
from PMTs are amplified and finally processed by the posi-
tion-energy circuit that furnishes the (x,y) position of inter-
action of the γ-ray and its energy. The interaction location
of the γ-ray on the crystal is determined by using the relative
levels of the PMT signals (Anger logic) and can be deter-
mined with an error of approximately 3–4 mm. This
important characteristic is called intrinsic spatial resolution
(typical values are reported in Table 31.1). In modern 
γ cameras, the NaI(Tl) crystal is usually of rectangular
shape, with dimensions of about 40 × 60 cm2 in the case of
whole body studies and 25 × 40 cm2 for cerebral studies.

Another main characteristic of the detector is its intrin-
sic efficiency, which means its capability of detecting γ-rays.
It depends on the γ-ray energy (Eγ) and strongly decreases
when medium and high energy isotopes are used, due to
the dependence of the photoelectric effect probabil-
ity. Efficiency can be improved by increasing the standard
3/8-in detector thickness. For this reason, larger detector
thicknesses of 4/8 in, 5/8 in, or 6/8 in were also adopted for
commercially available γ cameras. Unfortunately this brings
a loss of intrinsic spatial resolution, since in a thicker crystal
the spark of light photons will spread over a larger extent
before reaching the PMTs. The crystal thickness is usually
3/8 in when the 140-keV γ emission of 99mTc has to be

detected; this value in fact represents a good compromise
between efficiency (about 90% at 140 keV) and good spatial
resolution.

A recent technological improvement is represented by
the 1-in thick StarbrightTM grooved crystal, which offers a
sensitive increase of intrinsic efficiency for medium and
high energies containing the loss of spatial resolution (see
Table 31.1). This kind of detector, which is mounted on the
GE Infinia VC and Siemens e.camTM, is pixelated on
the rear (Figure 31.1). This limits the spread of the light
photons. Intrinsic efficiency for 364-keV γ-rays of 131I
photons with a 1-in StarbrightTM detector is about twice
with respect to a 3/8-in thick crystal. The only disadvantage
of the 1-in thick crystal is its high cost.

Examples of spatial resolution measurements obtained
at Istituto Nazionale Tumori with this type of crystal are
shown in Table 31.2. Physicians at this center are not able
to distinguish the technetium bone studies acquired with a
3/8-in crystal from those obtained with a 1-in thick
StarbrightTM detector (Figure 31.2).

In the case of cerebral imaging, where the isotopes
employed are usually 99mTc (Eγ= 140.5 keV) and 123I (Eγ=
159 keV), the optimal choice is the typical thickness of 3/8 in 
and dedicated small field γ cameras.

Intrinsic efficiency and spatial resolution combine their
influence on system performance through the type and
structure of the collimator. This has essentially the function
of identifying the direction of flight of the γ-rays. In fact
two points are needed to define a straight line in space,
while single emitters provide only the point of interaction
on the crystal, and this is not enough to produce an image.
Therefore, the collimator has the aim of projecting the
radionuclide distribution within the organ being imaged
on the crystal surface. Due to the absorption in the collimator,
only a small fraction (of the order of 10−4) of the emitted
photons actually reaches the detector surface. This huge loss

1 3/ Eγ
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Table 31.1 Examples of intrinsic spatial
resolution (full width half maximum (FWHM)
in central field of view (CFOV)) with 99mTc

Crystal FWHM (producer 
Producer Model thickness (in) specification) (mm)

Siemens e.cam 3/8 ≤ 3.8

Siemens e.cam 5/8 ≤ 4.5

Siemens e.cam 1 ≤ 5.5

GE Infinia 3/8 ≤ 3.8

GE Infinia VC 1 ≤ 4.5

Philips EPIC-AZ 3/8 3.3
detectors

Philips EPIC-AZ 5/8 3.9
detectors

Mediso Spirit 3/8 3.6
DH-V

FFiigguurree  3311..11
The rear of a 1-in thick StarbrightTM NaI detector. (Courtesy of
General Electric Medical Systems.)
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of photons is the main drawback of single detection com-
pared to coincidence detection, where no collimator is
necessary. The most widely used type of collimator is the
parallel hole collimator. It consists of small holes perpendi-
cular to the crystal separated by thin lead septa. A γ-ray
perpendicular to the detector can pass through the holes,
while an oblique γ-ray is stopped by the lead septa. The
quality of the final image will strongly depend on the colli-
mator specifications.

The collimator lead septa are usually of hexagonal shape
with a ‘bees’ nest’ configuration. Recently, efforts were
made to reduce the annoying visibility of the collimator
hexagonal structure in images obtained with high energy
isotopes such as 131I (Figure 31.3). A first simple shrewdness

Advances in nuclear medicine imaging in oncology 446699

FFiigguurree  3311..33
The same 20-ml 131I vial lain at contact of high-energy
collimator of Sopha DHD (top left) and Toshiba 7200 (top
right). The vial axis in both cases is parallel to the hole rows.
The better image quality on Sopha is evident. Note also in
the bottom image the vertical rows of holes on Toshiba 7200,
which causes marked stripes in whole-body studies ([131I]MIBG
(metaiodobenzylguanidine scan 96 h post-therapeutic
injection).

3/8in 1in

FFiigguurree  3311..22
Comparison of technetium bone scan acquired with 3/8-in
and 1-in StarbrightTM crystal thicknesses. (Courtesy of General
Electric Medical Systems.)

Table 31.2 Dependence on crystal thickness of
the system spatial resolution without scatter at
10 cm with LEHR collimator (CFOV)

Crystal FWHM (producer 
thickness specification) Authors’

Producer Model (in) (mm) (mm)

Siemens e.cam 3/8 7.4 7.1

Siemens e.cam 5/8 7.8 7.8

Siemens e.cam 1 8.5 NA

GE Infinia 3/8 7.4 NA

GE Infinia 1 8.1 8.0
VC

Philips Forte with 3/8 7.4 NA
EPIC-AZ 
detectors

Philips Forte with 5/8 7.7 NA
EPIC-AZ 
detectors

9781841846149-Ch31  8/20/07  10:27 AM  Page 469



that the manufacturer can adopt to reduce these effects 
at least in whole-body studies is to avoid lines of holes par-
allel to the longitudinal direction.

The theory developed by Formiconi et al.4 establishes
that by placing the high energy collimator at an appropri-
ate distance from the crystal, disappearance of the ‘bees’
nest’ effect will be obtained. Such optimal distance
depends upon the collimator specification, and for 131I
should be about 15 mm. The unavoidable loss of resolu-
tion should be negligible. To date, no γ camera exploits
such an expedient.

The system sensitivity of a γ camera is defined as the
count rate (number of events per second) for a specified

amount of activity. This parameter influences the acquisi-
tion time or the statistics of the acquired image. The system
sensitivity depends on detector efficiency (i.e. on crystal
thickness, γ-ray energy, and on the width of energy window)
and on the collimator sensitivity, which is determined by its
geometric parameters.

Table 31.3 compares the sensitivities for some com-
mercial γ cameras according to the data furnished by the
manufacturers and according to the results of acceptance
tests by the authors, performed with an International
Electrotechnical Commission (IEC) phantom (flat poly-
methylmethacrylate (PMMA) disc 15 cm in diameter, 1 cm
thickness).

447700 Advances in Nuclear Oncology

Table 31.3 System sensitivity comparison of modern γ cameras

Energy Point source Authors’ IEC 
Crystal window (producer phantom 
thickness width specification) measurement

Producer Model (in) Collimator (%) Isotope (cpm/µCi) (cpm/µCi)

Siemens e.cam HD4 3/8 LEHR 15 99mTc 202 219

Siemens e.cam HD4 3/8 LEHR 20 99mTc NA 232

Siemens e.cam HD4 5/8 LEHR 15 99mTc 225 219

Siemens e.cam HD4 5/8 LEHR 20 99mTc — 233

Siemens e.cam HD4 5/8 LEUHR 15 99mTc NA 94

Siemens e.cam HD4 5/8 LEUHR 20 99mTc NA 100

Siemens e.cam HD4 5/8 HE 15 131I NA 224

Siemens HD4 1 LEHR 15 99mTc 230 224

GE Infinia 3/8 LEHR 20 99mTc 160 NA

GE Infinia 3/8 HEGP 20 131I 114 NA

GE Infinia VC 1 LEHR 20 99mTc 171 182

GE Infinia VC 1 HEGP 20 131I 190 213

GE Millennium MG 3/8 LEHR 15 99mTc 135 NA

GE Millennium MG 3/8 LEHR 20 99mTc NA 178

GE Millennium MG 3/8 HEGP 20 131I 180 161

Philips EPIC-AZ 3/8 LEGP 20 99mTc 265 NA
detectors

Philips EPIC-AZ 3/8 LEHR 20 99mTc 146 NA
detectors

Philips EPIC-AZ 5/8 LEGP 20 99mTc 285 NA
detectors

Mediso Spirit DH-V 3/8 LEHR NA 99mTc 160 NA

LEHR, low energy high resolution; LEUHR, low energy ultrahigh resolution; HE, high energy; HEGP, high energy general purpose;
LEGP, low energy general purpose; NA, not available.
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The system spatial resolution of a γ camera is defined as
the least distance between two point sources that allows to
distinguish them. It is another fundamental characteristic
for image quality. In fact, the partial volume effect consists
of a loss of contrast for lesions smaller than about twice the
spatial resolution. A quantitative evaluation of the spatial
resolution is given by the width of the peak at half maxi-
mum (FWHM) obtained, projecting along an axis
the counts of a point or a linear source imaged at different
distances from the collimator surface.

Spatial resolution depends on the intrinsic characteris-
tics of the detector system (intrinsic resolution), on the
geometric resolution of the collimator, and on the distance
of the source from the collimator. When a point source is
placed in front of the γ camera at a close distance to the
collimator, the γ-rays will pass only through a small
number of holes and the point source will be imaged with
high resolution. In contrast, when the same point source is
placed at a distance from the collimator, the γ-rays from the
source will pass through many more holes, ‘illuminating’ a
larger area of the detector with a consequent loss of spatial
resolution. Hence, it is very important that the collimator
remains as close as possible to the patient surface. For this
purpose the GE and Siemens γ cameras are equipped with
infrared-based automatic systems that maintain the heads
at the closest distance from the surface of the patient
during whole-body or single photon emission computed
tomography (SPECT) studies.

The collimator spatial resolution depends on its geomet-
ric characteristics which, on the other hand, are strictly cor-
related to the energy of the used isotope. It increases with
decreasing hole diameter and increasing hole length.
Unfortunately this leads inevitably to a reduction of system
sensitivity. In fact, an approximate relationship between
efficiency and collimator spatial resolution is ε " (FWHM)2.
Collimator spatial resolution can be improved only at the
expense of efficiency; hence, once the isotope is fixed, the
choice of collimator has to be made according to a compro-
mise between good spatial resolution and high efficiency.
From this point of view, oncology requires the use of colli-
mators with good resolution, with the purpose of detecting
lesions as small as possible.

Various types of collimators are commercially available;
these are classified according to the radiation energy of the
used isotopes and their spatial and efficiency characteris-
tics. The principal characteristics of the collimators in more
common use are summarized in Table 31.4.

In the field of neurological imaging, considering the usu-
ally used isotopes and the small dimensions of the organ of
study, the most suitable collimators are the low energy high
resolution (LEHR) (or low energy ultrahigh resolution,
LEUHR) and the fan beam collimators described later on.

The most probable interaction mechanism for nuclear
medicine photons emerging from a lesion is Compton
scatter with surrounding tissues. γ-Rays which undergo

Compton scatter within the patient lose part of their
energy and change their flight direction. If these kinds of
events are scattered perpendicularly to the crystal, they can
be detected, giving wrong information about the position
where the photon was originally emitted. These events have
to be eliminated because they cause a loss of resolution and
contrast, since they do not give any useful information to
the image. Scatter events can be reduced by accepting only
the photons with an energy within a prefixed energy
window centered on the primary energy. Discrimination
between valid and scatter events is more selective, decreas-
ing energy window. On the other hand, the loss of sensitiv-
ity represents a limit to reduction of the energy window,
because of the finite energy resolution. In other words, the
energy window is inevitably of finite dimensions (15–20%
of the peak energy); this causes an image contrast loss due
to the fact that, if the γ-ray scatter angle is small, the energy
loss is also small, and the scattered photon will probably be
accepted as a valid event.

The typical energy resolution in modern γ cameras is
about 10% at 140 keV (Table 31.5) and the typical energy
window is 20%, wide enough to include the majority of the
non-scattered events in the window. In some cases a 15%
energy window or an asymmetric window shifted towards
the high-energy range can be taken, in order to reduce scat-
ter more efficiently. The better is the detector’s energy reso-
lution, the smaller is the energy window that can be taken
and the better is the scatter rejection.

Another functional aspect of a γ camera is its count rate
performance, which refers to the ability of the system to
keep strict proportionality between the activity and
recorded counts. Nevertheless, count rate performance is
not a problem with γ cameras for typical diagnostic activi-
ties. In contrast, a large count underestimation affects 
early post-therapy scintigraphy. This fact poses severe
quantification problems in dosimetric studies during the
therapeutic phase.5

SSPPEECCTT
The main problem of planar imaging with the γ camera is
that images are a bidimensional representation of distribu-
tions of three-dimensional (3D) sources. Therefore, the
image of a given anatomical structure is somewhat hidden
by under- and overlying structures, resulting in low image
contrast.

With SPECT, the 3D radioactivity distribution within
transverse slices is reconstructed from 2D projection
images acquired at different angles around the patient.
The reconstructed image will have a better contrast
resolution, defined as the smallest detectable size for a fixed
lesion to background ratio, especially for deeply located
lesions.6
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In order to perform SPECT, γ cameras able to rotate
around the patient are needed. Different types of γ cameras
can perform tomographic studies, and the main difference
is the number of heads that can vary from one to three.
As the number of heads increases, system sensitivity
increases, and therefore, presuming that all other parame-
ters such as acquisition time are fixed, the statistical noise of
the image decreases. Currently the two-headed γ camera is
the most common type, because it can attain a good 
performance level and is very versatile.

The ability to visualize small lesions with SPECT is
strongly influenced by the tomographic spatial resolution of
the γ camera, which is measured by calculating the FWHM
of a point source imaged in SPECT geometry at different
SPECT radii. Since spatial resolution worsens with the dis-
tance of the source from the collimator, an important crite-
rion for optimizing the spatial resolution in SPECT is to
have the γ camera rotating as close as possible to the
patient. For this purpose different strategies have been
developed, including rotation of the γ camera around the

447722 Advances in Nuclear Oncology

Table 31.4 Comparison of collimator specifications

Hole Hole Septal Crystal System Sensitivity 
diameter length thickness thickness resolution at 10 cm 

Collimator (mm) (mm) (mm) (in) at 10 cm (mm) (cpm/µCi) Isotope

LEHR, Siemens 2.54 24.05 0.36 3/8 15.6 1020 99mTc

LEAP, Siemens 1.45 24.1 0.20 3/8 9.4 330 99mTc

LEHR, Siemens 1.11 24.05 0.16 3/8 7.4 202 99mTc

LEUHR, Siemens 1.16 35.8 0.13 3/8 6.0 100 99mTc

LEFB, Siemens 1.53 35 0.16 3/8 7.3 280 99mTc

MELP, Siemens 2.94 40.64 1.14 3/8 12.5 310 67Ga

HE, Siemens 3.4 50.8 2 3/8 14.5 135 131I

LEGP, Philips 1.40 24.7 0.18 3/8 8.8 265 99mTc

LEHR, Philips 1.40 32.8 0.152 3/8 7.4 146 99mTc

VXGP, Philips 1.78 42.0 0.152 3/8 7.8 159 99mTc

VXHR, Philips 2.03 54.0 0.152 3/8 7.4 132 99mTc

VXUR, Philips 1.78 54.0 0.152 3/8 6.7 106 99mTc

MEGP, Philips 2.95 48.0 1.143 3/8 11.3 212 67Ga

HEGP, Philips 3.81 60.0 1.727 3/8 12.5 106 131I

HEHR, Philips 3.06 60.0 1.95 3/8 10.4 53 131I

LEGP, GE Infinia 1.9 35 0.2 3/8 9.0 270 99mTc

LEHR, GE Infinia 1.5 35 0.2 3/8 7.4 160 99mTc

MEGP, GE Infinia 3.0 58 1.05 3/8 9.4 144 67Ga

MEGP, GE Infinia 3.0 58 1.05 1 11.5 144 67Ga

HEGP, GE Infinia 4.0 66 1.8 3/8 10.7 97 131I

HEGP, GE Infinia 4.0 66 1.8 1 15.7 97 131I

Fan beam, GE 1.5 40 0.2 3/8 7.0 NA
Infinia

Fan beam, GE 1.5 40 0.2 1 7.4 NA
Infinia

LEHS, low energy high sensitivity; LEAP, low energy all purpose; LEFB, low energy fan beam; MELP, medium energy low
penetration; VXGP, vertex general purpose; VXHR, vertex high resolution; VXUR, vertex ultrahigh resolution; MEGP, medium
energy general purpose; HEHR, high energy high resolution.
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patient with non-circular orbits. In the case of cerebral
SPECT, the ‘as close as possible’ condition can be reached,
avoiding the shoulders of the patient in the detector sight;
in fact, the obstacle represented by the shoulders would
involve an excessive moving apart of the detectors in corre-
spondence to some angular projections, with consequent
worsening of the resolution. In this case a decentralized
zoom can be used; this kind of zoom allows magnification
of views of the patient’s head starting from the detector’s
edge, thus leaving the patient’s shoulders external to the
detector field of view.

Spatial resolution in SPECT is tightly correlated with the
planar spatial resolution; the tomographic spatial resolution
measured according to National Electrical Manufacturers
Association (NEMA) specifications, in terms of FWHM,
can be assumed to be approximately 20–30% higher than
the planar spatial resolution. Obviously, the clinical resolu-
tion in SPECT will strongly depend also on the reconstruc-
tion algorithm. For cerebral studies, tomographic spatial
resolutions vary typically between 8 and 12 mm, according
to the type of collimator in use; moreover, the spatial reso-
lution in the cortex is slightly better in comparison to that
in the center of the skull.

When the organ under study is small compared to the
crystal dimensions, such as for example in cerebral SPECT
studies, and parallel hole collimators are used, only a partial
use of the detector area is possible, with a consequent limit
on the efficiency. It is possible to take better advantage of
the detector surface by using special collimators for tomog-
raphy, the so-called fan beam collimators. These convergent
collimators have tilted holes focused along a line parallel to
the γ camera axis of rotation. This determines a magnifying
effect, with a consequent increase of detection efficiency.

Also, for this type of collimator, there is an improvement
of spatial resolution with decreasing distance, but at the
same time this determines a loss of efficiency because of

the smaller image magnification effect. This means that for
fan beam collimators there is a fixed distance (typically
13–15 cm) that guarantees the best compromise between
efficiency and spatial resolution. With appropriate holes
and septa size, fan beam collimators guarantee, for the
same efficiency, superior performance in terms of spatial
resolution in comparison to parallel hole collimators.

The magnification effect of the fan beam collimators
also implies a dependence of the image dimension on the
distance from the collimator, with a consequent image
distortion; however, this distortion is corrected by the fan
beam dedicated reconstruction software.

In tomographic imaging, both SPECT and PET, an addi-
tional crucial influence on the final images is furnished by
the reconstruction algorithm and by the filtering parame-
ters (some notes on a new reconstruction algorithm are
presented below in ‘software improvement’).

One of the main problems in SPECT is attenuation:
γ-rays emitted inside the patient can undergo photoelectric
absorption or Compton scatter, resulting in a loss of
detected counts. The degree of attenuation depends on the
energy of the γ-ray, on the type of material it passes
through, and on the distance it travels through the attenu-
ating material. Attenuation brings an underestimation of
emission activity coming from deep organs within the
body, and hence the necessity to perform a correction for
attenuation. In cerebral SPECT images, for instance, atten-
uation gives an underestimation of the activity concentra-
tion in the inner areas of the skull.

One of the first approaches to attenuation correction,
which is still widely used, is Chang’s method.7 This method
assumes a uniform attenuation coefficient in the different
tissues within the SPECT image. The intensity of each pixel
in the reconstructed image is changed according to the atten-
uation probability which is correlated to the depth of the
pixel from the surface. The optimal attenuation coefficient
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Table 31.5 Intrinsic energy resolution

Producer Authors’ measured 
Producer Model Crystal thickness (in) specification (%) value (%)

Siemens e.cam 3/8 ≤ 9.9 9.6

Siemens e.cam 5/8 ≤ 9.9 9.6

Siemens e.cam 1 ≤ 10.4 NA

GE Infinia 3/8 ≤ 9.8 NA

GE Infinia VC 1 ≤ 9.8 9.1

Philips EPIC-AZ detectors 3/8 ≤ 9.5 NA

Philips EPIC-AZ detectors 5/8 ≤ 9.7 NA

Mediso Spirit DH-V 3/8 9.7 NA
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has to be experimentally determined on a single γ camera,
because Compton scatter partially compensates the attenu-
ation effect. Chang’s method provides a reasonable estima-
tion of attenuation in areas of uniform density. This is the
reason why it gives particularly good results in the case of
cerebral SPECT studies, since the constancy of the attenua-
tion coefficient hypothesis is practically correct.

Unfortunately, with a few exceptions, the attenuation
coefficient varies dramatically within the body; the degree
of attenuation non-uniformity is more severe in regions
such as the thorax, where the photons may encounter struc-
tures with very different attenuation coefficients. In this
case, Chang’s method shows its limits.

A more recent method consists of correcting for attenu-
ation on the basis of a transmission image obtained with
external sources.8 In this method a map of densities within
the body (µ map) is obtained, and then can be utilized in an
iterative reconstruction algorithm to correct for the effects
of non-uniform attenuation. This method requires addi-
tional radioactive sources (usually 153Gd, 133Ba, or 57Co)
positioned in such a way that their photons pass through
the patient before reaching the opposing detector. Different
configurations of the external sources have been used for
simultaneous transmission and emission measurements.
As an example, three-headed SPECT systems allow the use
of one of the heads in conjunction with a rod or point
source to obtain attenuation maps of the patient from
transmission data.

Another example is the Siemens e.cam profile attenua-
tion correction system that utilizes dual arrays of 153Gd
transmission sources to simultaneously illuminate both
detectors. A multiple line array utilizes a series of individ-
ual stationary line sources that, when appropriately spaced
and positioned at an adequate distance from the detector,
appear as a sheet source.

More recently, the computed tomography (CT)-based
attenuation correction method has been implemented in
SPECT–CT systems, discussed later, which improves the
image quality of SPECT studies. The method is practically
identical to what is done with PET–CT systems: the CT
numbers are used, after scaling for different photon ener-
gies, to calculate the µ map for attenuation correction.

SSPPEECCTT––CCTT
A general limit of nuclear medicine images is the scarce
morphological information. The location of radioactive
accumulation is sometimes difficult to find without addi-
tional anatomical information. Commercially available
registration software allows the co-registration of nuclear
medicine images with images from other modalities such
as magnetic resonance imaging (MRI) or CT; these kinds of
imaging modalities furnish excellent anatomical details

thanks to their high spatial resolution, and can be corre-
lated to the accumulation of radioactivity in SPECT
images. Software image fusion is often successful for the
brain, which can substantially be considered as a rigid body
whose form is determined by the skull, but does not work
as well for the rest of the body. The problem is mainly the
non-identical positioning of the patient during scans with
different imaging modalities.

The employment of SPECT–CT hybrid systems is a
more direct (and more accurate) method of integrating the
physiological and functional data furnished by SPECT
images with the anatomical data furnished by CT images.
With these kinds of scanners, in which SPECT and CT are
combined in a single system, emission and transmission
images are acquired during the same session with the
patient in the same position, eliminating any imaging
co-registration problem.

As previously discussed, another advantage of a SPECT–
CT system is that one can use the transmission images of
the CT to correct SPECT images for attenuation.

The first system able to perform simultaneous CT and
SPECT brain studies was reported in 1992. Currently,
SPECT–CT systems are becoming more and more common
in nuclear medicine departments; examples are Infinia VC
and HawkeyeTM by GE, PrecedenceTM by Philips, and
SymbiaTM by Siemens. The main difference between these
commercial systems is that the CT mounted by Siemens
and Philips is a spiral CT, which works independently of
the SPECT, allowing fast rotation and acquisition. On the
other hand, in the GE system, the CT image is produced using
an X-ray tube which rotates together with the γ camera’s
heads. In this case the CT acquisition time is much higher
and can reach 20 minutes for a thorax. Moreover, the slice
thickness with the GE system is much larger; obviously
these differences are reflected by the cost of the various sys-
tems. The Hawkeye price is about one-half that of a
γ camera, while the Symbia CT costs more than a γ camera.

DDeeddiiccaatteedd  bbrraaiinn--SSPPEECCTT  ssyysstteemmss
There are three- and four-head γ camera systems commer-
cially available that constitute the most sophisticated instru-
ments for cerebral SPECT, reaching spatial resolutions as
low as 6 mm. As an example, the NuclineTM X-Ring-4R dig-
ital γ camera produced by Mediso is a four-head γ camera
with internal dimensions of about 25 cm, and can reach
tomographic resolutions of 5.6 mm with LEUHR.

With the purpose of increasing the efficiency, ring
dedicated systems were developed for cerebral SPECT, such
as, for example, Sprint II,9 CeraSPECT,10 and FAST-
SPECT.11 These systems have mainly been used for
research, and they are not found in a typical nuclear
medicine department.
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FFuuttuurree  ddeevveellooppmmeennttss
In the future, new types of detectors may be employed in
nuclear medicine. For example, semiconductor detectors
such as those including cadmium zinc telluride (CdZnTe)
show a better energy resolution with respect to NaI(Tl),
and do not need PMTs. On the other hand, their detection
efficiency is lower than that of NaI(Tl). At the moment
their most promising application is in mobile systems.

One of the main limitations of mechanically collimated
γ cameras is that sensitivity is dramatically reduced by the
collimator, and can be improved only at the expense of
spatial resolution. An alternative to mechanical lead
collimation for single-photon imaging is represented by
‘electronically collimated’ or ‘Compton cameras’,12–14 which
have the potential for dramatic improvement in sensitivity
without sacrificing spatial resolution. These systems need
two separate detectors to estimate the direction from which
the γ-ray originated. Figure 31.4 shows the functioning
principle of the system. A γ-ray from the patient undergoes
Compton scatter within the first detector; subsequently the
scattered photon proceeds toward the second detector.
Both detectors determine the interaction position and the
deposited energy. The sum of the deposited energies gives
the energy of the incident photon. From the energy
deposited in the first detector and the relative position of
interaction within the two separated detectors a cone of
possible flight directions of the γ-ray can be determined. In
order to have good spatial resolution, the position in the
first detector must be determined with good precision and
one of the two detectors must have very good energy reso-
lution. In fact, only in this case can the energy of the scat-
tered photon be determined with good precision and the

surface of the cone in 3D space be accurately determined.
With many of these cones, the source distribution within
the patient can be reconstructed.

These kinds of systems present an increase in sensitivity
with respect to traditional γ cameras, by a factor of 100. The
necessary good resolution can be obtained using semicon-
ductor detectors and liquid nitrogen cooling.

Compton camera prototypes show promising perform-
ance, especially with isotopes of higher energies with the
dominating Compton scatter. The C-SPRINT Compton
camera15 uses pixelated, low-noise, position-sensitive sili-
con as the first detector, and a sodium iodide scintillation
detector ring as the second detector. The system consists of
a single 4.5 × 1.5 × 0.03-cm3 silicon pad detector module
with ~2 keV energy resolution centered at the front face of
a 50-cm diameter, 12-cm long sodium iodide detector
annulus.

CCooiinncciiddeennccee  ddeetteeccttiioonn
IInnttrroodduuccttiioonn::  tthhee  aaiimmss
ooff PPEETT ssccaannnneerr  eevvoolluuttiioonn
The fascinating possibility of fully exploiting the counting
capability of a dedicated PET scanner by the 3D mode is
the force which drives actual research in PET technology.
As a matter of fact, the recent evolution of dedicated PET
scanners has moved mainly towards solutions to the two
non-trivial problems raised by the 3D PET modality:16

■ the rather limited BGO system count rate performance
in 3D

■ the large scatter fraction in whole-body 3D (no matter
the type of crystal) with respect to the 2D modality.

Shortly after the introduction of 3D PET with BGO, the main
idea was to improve its count rate performance, probably
with the aim of shortening the acquisition time rather than
improving the image quality. Systems were developed in this
direction, leaving behind BGO, ‘prince’ of 2D imaging:
Siemens PET AccelTM and PET–CT BiographTM with
lutetium oxyorthosilicate (LSO); Philips PET AllegroTM

and PET–CT GeminiTM with gadolinium oxyorthosilicate
(GSO). The price in terms of injected activity necessary to
fully exploit first-generation fast-crystal scanners was
rather high. Probably for this reason, GE changed the PET
crystal structure from Discovery LS to Discovery ST, but
kept BGO. Changes in electronics were adopted, and signif-
icant improvements were made (Siemens: from Biograph
to Biograph equipped with Pico 3D, Philips: from Gemini
to Gemini GXL, GE: from Discovery ST to Discovery STE, the
only scanner keeping 2D and 3D modalities with BGO).
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Schematic drawing showing the functioning principle
of electronic collimation.

9781841846149-Ch31  8/20/07  10:27 AM  Page 475



This industrial competition towards the best count rate
performance seems to focus on the fundamental goal of
imaging in oncology (90% of PET studies), which is lesion
detectability. This is only partially true, since better statis-
tics in principle means easier lesion localization through
higher signal to noise ratio (SNR). But many other factors
contribute to the visibility of a small region: spatial resolu-
tion and scatter fraction are the most important figures of
merit. For these reasons, another improvement line was
towards better spatial resolution (see, for example, the
structural changes from Discovery ST to STE). Moreover,
other elements which play a crucial role in the tomographic
imaging process must be mentioned: data handling, correc-
tions, and reconstruction algorithms. These elements can
be grouped under the generic term ‘software’. Regarding the
intrinsic statistical noise of PET data, it has been said17 that
‘reconstruction can cause image noise to be as much as an
order of magnitude higher’.

In the wake of image quality improvement from the
aspect of SNR, the next revolution has been under way
since March 2006: Philips officially presented the first com-
mercial time-of-flight (TOF) PET–CT scanner (Gemini
TF). TOF-PET means the ability to detect the infinitesimal
difference in detection time between two annihilation
photons.

However, the following fundamental oncological ques-
tion still remains open.

Which scanner gives the best lesion
detectability?
This question is accompanied by several others. What is the
price in terms of injected activity in clinical routine? What
is the inferior limit to the acquisition time? It must be
clearly stated that the monoparametric approach used to
date is far from giving the answer; i.e. the count rate capa-
bility (NECR) used to compare different scanners is only
one factor among many others.

We should point out that answers to these questions are
not available, being the front line of current research. In the
following, we hope to summarize elements for better
understanding of the multiparametric jungle in which
answers have to be sought.18 A useful mental framework
could be the following:

Hardware crystal material
scanner structure
electronics

Software data handling
correction and reconstruction algorithm

An even more exciting technology under development is
research in small-animal PET, but this is beyond the aims of
this chapter.

BBaassiiss  ooff  ccooiinncciiddeennccee  ddeetteeccttiioonn
Classical and new positron emitters
Beyond the usual four cyclotron-produced clinical
positron emitters (11C, 13N, 15O, 18F), further isotopes could
be more extensively considered.18 As a matter of fact, copper
(62Zn/62Cu), gallium (68Ge/68Ga), rubidium (82Sr/82Rb), and
lanthanum (134Ce/134La) have been clinically used, and are
characterized by the noticeable advantage of being distrib-
utable as generators, similarly to technetium. However, the
mind of the nuclear physician could easily sweep the possi-
ble clinical applications of 124I (half-life 4.18 days), both as
a free iodine isotope (thyroid pathologies) and in bound
form (metaiodobenzylguanidine (MIBG)), monoclonal
antibodies (mAb). Similar important applications could be
immediately thought of with 86Y (half-life 14.7 hours)
bound to somatostatin receptor targeting peptides or anti-
CD20 mAb. The application of these isotopes is not prob-
lem-free, since quantification is difficult because there are
other simultaneous γ emissions besides the coincidence
photons. Specific corrections must be implemented for
commercial scanners (see Chapter 30 by M. Lassmann for
more detail) and careful calibrations must be performed.

Nevertheless, it is a fact that such kinds of isotopes,
though available, are of extremely restricted distribution
and use. An important role regarding these topics could be
played by cyclotron- and PET scanner-producing compa-
nies. Regarding new positron emitters, to date no specific
target and related process system has been proposed com-
mercially. Not even correction and calibration for the
abovementioned isotopes are implemented on commercial
scanners. Rather, the company responsibility mechanism
prevents the final user implementing such corrections
themselves, both by legal argument and in practice by
delivering inaccessible software.

This forced ‘black box acceptance’ of any imaging system
is certainly a negative modern trend, absent in the pioneer-
ing phase of PET (1970s–1990s).

Coincidence detection
Coincidence detection requires two almost collinear 
(180∞ ± 0.25∞) 511-keV annihilation photons to ‘simultane-
ously’ interact in two detectors coupled to a coincidence
unit (Figure 31.5). Such an ‘electronic black box’ has two
input gates, and accepts two incoming signals. As soon as
the first gate is triggered (start signal), the second gate stays
alert for a fixed time interval τ, the resolving coincidence
time. An output logical signal of ‘good event’ is produced if
a second pulse enters the second gate within the time inter-
val τ. Since annihilation photons are indistinguishable, and
we cannot say which one arrives first without detecting it, a
fundamental physics symmetry law imposes the correct
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statement ‘an event is detected if the two pulses arrive
within ± τ’.19

Figure 31.6 represents the components of the response of
a coincidence detection system. Singles are uncoupled
counts in only one detector; trues are really correlated
photons coming from the same positron annihilation; ran-
doms are couples of uncorrelated photons coming from
different annihilations; scatters are pairs in which photons
were deflected and degraded in energy (Compton effect)
within the extended source or within the detector.

Scanner structure
Scanner structure is based on tens of thousands of single
scintillating crystals. In order to reduce the number of
necessary photomultipliers (PMTs) in the block design
(Figure 31.7), an array of n × n crystals are subtended by a
few PMTs (typically four). The interaction position is given

in discrete single crystal steps, weighting the relative ampli-
tude of the four-PMT output. Many blocks surround the
patient in a cylindrical geometry. In 2D each detector ring
can accept coincidences from itself or from adjacent rings.
The sensitivity of the system is limited by the small solid
angle seen by a point source at the center of the axial field
of view (AFOV). In this case, inter-ring lead or tungsten
septa mechanically collimate scatter photons, reducing the
scatter fraction to about 10%. In 3D mode, septa are
removed (in GE scanners) or absent (Siemens and Philips
3D-only scanners). The scanner count rate increases ten
times with respect to the 2D mode, but scatter photons
enter the detector rings also from outside the AFOV, giving
typically 30–40% scatter fraction.

An alternative to block design is the large crystal design.
The ADAC C-PETTM is an example of this structure. The
potential advantage of this kind of structure with respect to
the block design is the improved energy resolution, i.e.
potentially lower scatter fraction. In fact, in the block
design, the crystals are in different positions with respect to
the sensitive part of the PMT, the photocathode, and for
this reason equal light sparks give different PMT output
signals from different crystal positions, deteriorating the
system energy resolution.

On the other side, the large crystal structure is subtended
by an Anger type location system. This implies that many
PMTs are involved, in principle, after each interaction,
causing count rate limitations. Specific electronics had to
be developed in order to isolate the centroid of the light
spark, and to process simultaneous events, provided that
they are spatially separated. This is also the basic limitation
of coincidence γ cameras. In the block structure, each PMT
works independently from the others, and the system count
rate can be higher.

The most recent variation of the large crystal design is
the Philips PIXELARTM technology, used in Allegro and
Gemini scanners, in which the inner part of the cylinder is
constituted by small single crystals, as in the block design.
The crystals are subtended by a large light guide (flat
panel), which faces on its opposite side the Anger logic
PMT array. In this intermediate configuration, the best of
both designs should be pursued.
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FFiigguurree  3311..55
Coincidence detection. An event is detected (OK) by the
coincidence unit if the two pulses arrive at the two gates
within ± τ. τ is named coincidence resolution time.

FFiigguurree  3311..66
Components of response of a coincidence detection system.
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Both in block and in flat panel design, the elementary
detection unit is a couple of crystals in coincidence. The
volume between them is defined as the line of response
(LOR). The possibility of electronically identifying the
traveling direction of photons eliminates the collimator
(which is necessary in single detection with γ cameras).
This raises the system sensitivity by two or three orders of
magnitude. If we consider a fixed transaxial section and a
fixed projection angle, we have a sequence of parallel LORs
whose counts give a count profile, which is stored in a row
of a matrix. Changing the projection angle we have another
vector which is stored as the second row of the matrix. The
complete matrix is called a sinogram. This is the raw data
set for each slice. The name derives from the fact that a
point source coordinate as seen as a function of the projec-
tion angle varies as the sine function.

Random coincidences and timing
electronics
Now we consider the elementary timing circuit shown in
Figure 31.8. We replaced the coincidence unit, which gives
only a yes/no answer, with a time amplitude converter,
whose output is a signal of amplitude proportional to the

time interval between the photon arrival instant. Given the
infinitesimal time scale under study, it is also necessary
to properly balance the traveling time of the electric pulses
in the two strands of the electronic chain. In fact, if the dif-
ference in traveling was too long, i.e. larger than 2τ, no valid
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Scanner design: (a, b) block design; (c, d) flat panel design. (a) Siemens Biograph; (b) GE Discovery ST; (c, d) Philips Gemini.
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plot in case of coincidence emitter. Varying the delay T, true
coincidences (below the Gaussian peak) are lost. For any other
arbitrary delay, a constant rate is observed: it is the random
distribution.
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coincidence output would result. The interesting point is
that, even with totally unbalanced strands, a constant
number of counts is detected on average. Since there is no
correlation between such couples of photons, they are
named random coincidences. It is also easy to quantify
their rate. r1 (cps) is the singles rate in detector 1. Each pulse
in strand 1 opens gate 2 for 2τ. So, in each second, gate 2
remains opened for a fraction of time equal to 2τ r1. In this
fraction, the rate of random pulses coming from gate 2 is:

R = 2τ r1 r2 (1)

The random rate R (equation (1)) is the area of the accept-
ance rectangle, if the delay is too large. Note that R is an
average value, and that the statistical nature of nuclear
decay adds fluctuation (noise) to it.

Equation (1) has three important consequences:

1. Since the singles rates r1 and r2 are proportional to the
activity of the source, in a fixed 2D or 3D modality,
R increases with the square of the injected activity, while
the true rate T has a linear dependence on the activity
(ideally).

2. If we pass from 2D to 3D, since septa are removed,
R jumps by one order of magnitude, and random events
become a problem.

3. Equation (1) gives the first method of measuring R for
each LOR, on the basis of the singles rates, named ‘single
based’ estimation of random coincidences. With this
random correction method the average of R can be
subtracted on-line from T; in this case, for the law of
propagation of errors, the resulting error on T is raised.
Since all kinds of coincidence rates are much smaller
than the singles rates, the statistical Poisson noise of
R according to equation (1) is small. This method of
random correction is ‘noiseless’, but is reliable only if
singles rates are measured at an appropriate point in the
data processing stream.1

A second method for random correction is based on
Figure 31.8. Split the dual coincidence circuit in two dual
strands and use one strand properly balanced, while the
second strand has a totally unbalanced delay. We collect
total coincidence events in the first strand and only random
events in the second strand; trues are calculated as the dif-
ference of the two. This method is ‘noisy’, because random
noise enters the two collected sinograms and propagates to
the result of the subtraction.

No matter the correction method, the optimal choice
would be to reduce the random rate. We can obtain this
reduction either mechanically by inserting septa in 2D
mode, or again using equation (1) in 3D mode. In fact, the
narrower is the coincidence window, the lower is the
unwanted random background rate. So the idea is to reduce τ,
but we have two limits. As shown in Figure 31.8, the peak in

the time spectrum has a certain width, whose FWHM is
defined as:

∆t = time resolution of the coincidence circuit

No real detector has an infinitely narrow peak, i.e. infinite
time resolution (∆t = 0). This extremely important feature
depends mainly upon the crystal scintillation timing prop-
erties, but also on the electronic chain, as will be described
below. So 2τ cannot be reduced to less than about 2∆t,
otherwise true coincidences will be lost. In other words, the
timing resolution of the system imposes an inferior limit to
the coincidence resolving time.

Since technology advances quickly, we could conceive, in
the not too distant future, improvements in timing resolu-
tion, so that this first limit might become meaningless.
Unfortunately a second physical constant will stop our
dream: the finite speed of light (3 × 1010 cm/s) implies that
the γ rays need 3.3 nanoseconds to cross a 1-m diameter
PET detector ring. We cannot close the second gate before
the second γ has arrived. Hence, in any case, it must be:

τ > 3.3 ns (speed of light limit) (2)

Scatter
The second unwanted event in the crystal is that of scattered
photons. The problem is more familiar than the random
event, and is well known on collimated γ cameras. What is
new in 3D PET is the amount of scatter caused by the
absence of any collimation. Figure 31.9 shows an example
obtained by a NaI scanner, the source being a 20-cm diam-
eter, 70-cm length cylindrical phantom (NaI should have
the best energy resolution, i.e. the best scatter rejection).20

Scatter contribution can be reduced mechanically by
using septa in 2D mode, or in 3D mode by raising the lower
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The scatter problem in three-dimensional positron emission
tomography (3D PET). Energy spectra obtained by ADAC C-PET
NaI scanner from a 20-cm diameter, 70-cm long cylindrical
phantom. (Reproduced with permission of Edizioni Minerva
Medica from reference 20.)
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threshold of the discrimination energy window. The sensi-
tivity loss unavoidably related to narrowing the energy
window is less evident the narrower is the photo peak, i.e.
the better is the system energy resolution. Here again, average
scatter can be somewhat estimated by suitable correction
algorithms, but the scatter-related noise will always enter
the system, increasing the image noise. While randoms can
be quantitatively measured, at least in terms of their aver-
age value, scatter cannot be exactly quantified. Scatter
depends critically upon the volume of the extended source,
so it increases during the same PET study in moving the
AFOV from the head of the patient to the thorax and the
abdomen. In 3D mode, scatter depends also on the activity
outside the AFOV.

GGeenneerraall  PPEETT  ssccaannnneerr  
ppeerrffoorrmmaannccee  ppaarraammeetteerrss
Spatial resolution
In oncology, spatial resolution is one of the most important
parameters in lesion detectability, but it is not the only one.
The partial volume effect reduces the contrast of spheres of
constant lesion to background activity as their diameter
diminishes below twice or three times the spatial resolution
(see the IEC recovery coefficient test21 and the NEMA 2001
image quality test).22

In full ring PET scanners, maximum spatial resolution
depends upon:

1. Positron range in tissue (minor dependence). This 
effect depends only upon the used isotope.

2. Non-perfect colinearity of annihilation photons. This is
associated with scanner structure, since blurring is greater
if the ring diameter is larger: FWHM ≅ 0.0022 × D (cm).
For this reason, dedicated brain scanners were produced
in the past.

3. Crystal dimension, w. Ideally, the related FWHM is w/2.
The resolution could be improved by a reduction of w,
limited at present mainly by PMT dimensions. For this
reason, a number of alternative solutions are under
study.16 Position sensitive PMT (PSPMT) is one line
of research. Such a device is already implemented in
small-animal PET scanners (microPET by Concorde
Microsystems). Another completely new trend aims to
replace PMT with pixelated semiconductor solid state
photodetectors.

4. Parallax error (Figure 31.10). This bias worsens for
smaller ring diameter. As a matter of fact, this effect
forces the actual human scanner to have a detector ring
much larger than the patient port, with a consequent
loss of spatial resolution (see point 2) and necessity of a

larger amount of scintillation crystal (which is the most
expensive scanner component). The solution to this
problem falls under the term ‘depth-of-interaction’
(DOI) measurement. Many prototypes have been real-
ized in different laboratories, mostly following the
philosophy of a stacked detector in the radial direction
(phoswich). The stack can be obtained by layers of dif-
ferent crystals, or by different doping levels of the same
scintillator. Other prototypes measure the DOI by
means of two photodetectors: one PMT on the back of
the crystals (as usual) and one photodiode at the
entrance to the crystals. The difference between front

448800 Advances in Nuclear Oncology
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The parallax error. (a) The orange correct line of response
(LOR) is mispositioned. The point source is distorted radially.
(b) The depth-of-interaction (DOI) measurement by phoswich
detector reduces parallax error and improves radial resolution.
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and back light amount is correlated to the DOI. To date,
no human scanner allows DOI measurement.

One must keep in mind that, in clinical studies, spatial res-
olution is worsened with respect to the NEMA measured
value. The presence of the scatter medium and the recon-
struction filters is responsible for this reduction.

Sensitivity
Sensitivity is in general the ratio between the true count
rate and the activity in a fixed source. NEMA NU 2-2001
protocol defines a precise way to determine the scanner sen-
sitivity without scatter. Sensitivity depends on the crystal
material, on its packing fraction, on the AFOV, and, of course,
on the acquisition modality (2D vs. 3D). The goal of sensitiv-
ity gain in PET guided the efforts from the very beginning.
NaI, which is very suitable with 140-keV 99mTc photons, was
abandoned (apart from very few exceptions equipped with
thicker crystals) for BGO, the most efficient crystal at 511 keV.

Now let us carry out a ‘gedanken experiment’. This para-
dox uncouples one important parameter in generic image
quality (the statistics of accumulated counts) from sensitiv-
ity. Any imaging system undergoes Poisson statistics,
according to which the relative image noise is proportional
to 1/√N, where N is a generic number of counts. Now, fol-
lowing this paradox, extremely low sensitivity could be
overcome by extremely long acquisition times. So, sensitiv-
ity is not a problem, if one has enough time.

Coming back to the real world, where shortening the
acquisition time is imperative, in 3D mode the alternative
solution, i.e. to increase the injected activity, is not trivial.
While in 2D clinical PET an increase of injected activity
gives a proportional increase in the scanner count rate, this
is dramatically false in 3D mode. One reason for this is the
scatter increase due to the absence of septa. Another is the
huge jump in random rate, following the square depend-
ence on the singles rate (activity). For this reason, in 3D
PET, other, more sophisticated parameters should be con-
sidered for scanner comparison.

The simpler one is the peak trues (see Figure 31.18),
which is a generalization of linearity curves of usual singles
detection systems. Trues after random and scatter subtrac-
tion cannot be proportional to an arbitrarily high injected
activity, because of the dead time count loss (known also
as saturation), but even working at the true peak rate is not
the optimal condition. Corrected trues can be useless if
accompanied by excessive noise. This is the deep meaning
of the NEC parameter.

Noise equivalent count rate
One of the most important concepts in imaging theory is
the signal to noise ratio (SNR).23 In a uniformity image it

can be thought of as the ratio between the average value of
the pixel count divided by their standard deviation. The
noise equivalent count (NEC) is a general parameter
related to the SNR by the relationship:

(3)

Equation (3) is quite similar to Poisson’s law, which states
that the average counts of a detector in a fixed time divided
by their standard deviation is proportional to Pay
attention to the fact that we are speaking of total collected
counts.

The formula for NEC was introduced in PET by Strother
et al.24 in the strict assumption of a uniform cylinder. In the
original Strother paper, T is the total collected true counts.
Many other authors report a formula for the noise equiva-
lent count rate (NECR) similar to the following (from
Brasse et al.1):

(4)

where T, R, S are the rates for trues, scatter, random, and
k = 0 for noiseless random correction method, k = 1 for
noisy delayed random correction method, and fFOV is the
fraction of field of view occupied by the object.

It is of great importance to keep in mind the difference
between noise equivalent count NEC (which is directly
related to the SNR) and noise equivalent count rate
(NECR), which can be linked to the former by multiplica-
tion by the scan duration. Unfortunately, in PET literature,
there is a misleading convention of indicating both 
parameters by ‘NEC’.

Examples of experimental NECR curves as a function of
phantom activity are shown in the ‘performance compari-
son’ section below. It is meaningless to use activities higher
than that corresponding on the abscissa of the NECR peak.
The maximum useful true count rate is the ordinate of the
NECR peak.

According to Daube-Witherspoon et al.,17 ‘It should be
noted that the NEC is a fairly global parameter and does
not describe local noise in the image’. This means that other
forms of signal to noise ratio could be considered when
predicting lesion detectability. In other words, NECR is no
more than an effective count rate. It gives the trues rate, cor-
responding to a situation of identical noise if scatter and
random were absent. While it is easy to calculate the NECR
for cylindrical phantoms, it is less trivial to relate NECR to
the injected activity in patients. Theoretical optimization of
activity to be injected in patients was performed on the
basis of the NECR.25 Comparison of image quality on the
basis of the NECR is meaningful only for a fixed scanner,
fixed acquisition time, and reconstruction algorithm. More
complicated is drawing a conclusion after having compared

NECR
T

T S f k R

2

FOV

=
+ + +( )1

N.

SNR cons NEC= × 
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NECRs on different scanners. The NECR is not the unique
parameter for the final choice of best scanner performance.
It affects only the denominator of the contrast to noise
ratio. Prolonging the acquisition time always improves the
image quality in terms of SNR through the NEC. On the
other hand, for example, exceptional count rate capability
without spatial resolution would result in poor lesion
detectability (low contrast).

This should be said in another way. The competition
between scanner designers focused recently first on improving
the scanner count rate performance (i.e. improving patient
throughput), mainly to overcome the problems posed by
the 3D mode. There is no experimental evidence that these
improved count rate performances, obtained passing from 2D
to 3D and further passing from 3D BGO to 3D fast crystals,
correspond to the expected improvement in lesion detectability,
defined as contrast to noise ratio.

Scatter fraction
Quality control protocols precisely define the method of
scatter fraction determination. Numerical values will be
reported in the section below regarding scanner compari-
son. Bear in mind that the tabulated values are valid for
20-cm diameter phantom studies. The actual clinical scat-
ter fraction on the thorax or abdomen is surely higher.

We remark that the reduction of the high 3D scatter frac-
tion is the second aim of 3D scanner manufacturers after the
improvement of NECR. As values show, only a minor
improvement in this field was attained. The obese patient
still remains a problem in 3D. One trend of the present
research is devoted to optimizing acquisition protocols for
such patients.

Lesion detectability
After having been impressed by the rate of production of
new models with new crystals, researchers are now address-
ing the real focal problem in oncology: lesion detectability.
Apparently, the current tool for testing it is the NEMA NU
2-2001 ‘image quality test’. This name is rather misleading,
since the image quality (IQ) test is a complicated but con-
ventional measure of lesion to background contrast in an
abdomen phantom: hot spheres are surrounded by activity
with a 4:1 or 8:1 concentration ratio. An evaluation of the
noise of the background is included. The total activity must
be 60 MBq. The presence of activity outside the AFOV is
prescribed.

This test is not a signal to noise ratio or, to define it more
rigorously, a contrast to noise measurement. It takes into
account only the denominator of the contrast to noise ratio.
For this reason, IQ evaluation is independent of count rate.
So the NEMA IQ test shows some limitation, since various

centers have started to vary the injected activity to be closer
to the clinical average situation, but also in order to see the
dependence of NEMA ‘image quality’ upon the NECR.
However, scatter fraction surely plays a more direct and
simpler role. From this point of view, a comparison with the
‘old’ 2D BGO mode is mandatory. Other figures of merit for
scanner comparison have been introduced.1 No data have
been published yet.

Another huge topic under research is the influence
of data handling and correction and the reconstruction
algorithm. ‘Reconstruction can cause image noise to be as
much as an order of magnitude higher.’17 NECR character-
izes the acquisition condition without taking into account
reconstruction parameters. We believe that a demonstrated
answer should be found in order to assure proper patient
diagnosis.

TTeecchhnnoollooggyy  ppaasstt  aanndd  ffuuttuurree
New inorganic scintillation crystals
for 3D mode
IInnttrriinnssiicc  eeffffiicciieennccyy
The recent most impressive technological development
concerns scintillator crystals. The probability t of photo-
electric interaction, i.e. of detecting primary undeflected
photons coming from a lesion, depends roughly upon:

(5)

where ρ is the material density (g/cm3), Zeff is the effective
detector atomic number, and Eγ is the incident γ energy. For
Compton scatter we have:

(6)

For photon energies below pair production (Eγ < 1022 keV),
the linear attenuation coefficient is:

(7)

The attenuation of N0 impinging photons by a crystal in a
single detection is given by:

(8)

where x is the crystal radial dimension.
The need for high intrinsic efficiency εS (ratio of inter-

acting to impinging photons) for single detection:

(9)ε µs stopped 0x N (x)/N x( ) [ exp( )]= = − −1

N x N 1 xstopped 0( ) [ exp( )]= − − µ

µ = σt +

σ ρ÷ Z /Eeff γ

t Z /Eeff÷ ρ γ
4 3
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derives from their high energy. This obliges us to consider
inorganic scintillators for their high µ. µ is characteristic of
the material, and εS(x) additionally, improves with higher
detector radial dimension. Note that µ and εS(x) include
both photoelectric (PE) and Compton interaction in the
detector. However, some of the Compton interacting pho-
tons are rejected, and equation (9) is the upper limit of real
efficiency. The physical parameters of inorganic scintilla-
tors are reported in Table 31.6.

The need for high efficiency in detection coincidence is
further stressed by the total interaction probability, which
is the product of single interactions:

(10)

This reduces quadratically the coincidence intrinsic effi-
ciency, i.e. the system sensitivity. This explains why NaI
coincidence γ cameras have one-twentieth sensitivity with
respect to a BGO scanner. For the same reason, BGO is the
best crystal in terms of coincidence intrinsic efficiency (see
the µ column in Table 31.6), but the other crystals have
values that are not much lower, except NaI. What is special
in BGO is its highest 40% PE probability. Unfortunately,
photoelectric interaction cannot be sharply distiguished
from Compton interaction in the crystal, becase of the low
BGO energy resolution.

EEnneerrggyy  rreessoolluuttiioonn  
Energy resolution impacts on the scatter fraction of the
scanner.

Scintillation converts one γ photon into thousands of
light photons through the decay of excited molecular elec-
tron–hole pairs to their ground state. In general emission
and absorption visible spectra overlap. Hence, scintillation
would be self-absorbed. For this reason, an activating
doping element is added (ppm). The activator is usually
thallium (Tl) or cerium (Ce) indicated at right of the
chemical formula for the scintillator, e.g. NaI(Tl). The
excited electrons fall to excited levels of the intermediate
doping element and their subsequent fall to the ground
state originates a new, visible emission spectrum, which is
not absorbed. It is clear that if the doping is not uniform
between crystals or within a single crystal, the system or
single crystal energy resolution will be degraded. BGO
emission and absorption light spectra do not overlap (self-
activated scintillator), so it does not need any activator.

Intrinsic crystal energy resolution depends on the
number of information carriers N according to the Poisson
statistic 1/÷N. It is measured in laboratory conditions with
one single crystal at the center of a PMT. This depends on
the incident energy, because N, the number of visible pho-
tons produced in the crystal, is proportional to the 
γ-ray energy. So the light yield (column Nphoton/MeV 
in Table 31.6) plays an indirect role in scatter rejection.

Finally, the transparency to light within the crystal depends
on its shape. Crystals used in scanner design are necessarily
20–30 mm thick in radial dimension and 3–5 mm wide in
the other dimensions. This deteriorates energy resolution
with respect to cubic crystals. The intrinsic crystal energy
resolutions in Table 31.6 were measured with 662-keV 137Cs
photons on single crystals.

Additional factors influence the system energy resolu-
tion. The first of these is the number of information carri-
ers, which initially is the number of light photons. At the
entrance to the PMT they are converted into electrons.
Here we have the nuclear medicine bottleneck to energy
resolution: the photocathode. The number of carriers
drops by a factor of five, its quantum efficiency being only
20–30% maximum. Another problem could be the match-
ing between the scintillator emission light spectrum and
photocathode absorption spectrum (peaked at visible
wavelength around 390–410 nm). The BGO emission spec-
trum is partly above 500 nm.

Reflection of light at the photocathode is low if the
refractive index of the crystal is close to the value for glass
of 1.5. BGO is the worst case.

We have already mentioned that, in the block design, the
system energy resolution is suboptimal because crystals are
in different positions with respect to the photocathode. Flat
panel technology seems to overcome the problem only
partially (see Table 31.6).

The final component contributing to energy spread is
the electronic PMT noise which is, luckily, small. Table 31.6
summarizes energy resolution according to different
authors.

Research in photodetectors
The second scanner component after the crystal is the pho-
todetector. Many laboratories are working in this field with
the intent of improving both energy and spatial resolu-
tion.16 In this direction we find the position sensitive PMT
(PSPMT), but even more promising is the study of the
possibility of replacing the PMT with a semiconductor
photodetector, i.e. photodiodes (PDs). Good features of
the PMT are high gain (105), stability, low electronic
noise, good linearity, and good scintillator–photocathode
spectral matching. Weak points are lower limits in dimen-
sion (limit to spatial resolution) and, above all, the low
photocathode quantum efficiency (low energy resolution,
poor scatter rejection). For these reasons PDs are attractive:
they have high quantum efficiency (70%), and possible
high spatial resolution in the pixelated shape. Features to be
improved are the low gain (1 in simple PD), high noise,
and poor spectral match (absorption in the infrared region
at 1000 nm).

Photodiodes are grouped into PIN (positive, intrinsic,
negative) diodes, avalanche photodiodes (APDs), and

ε ε εCOINCIDENCE S S= ×
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silicon drift detectors. PIN diodes have 70% quantum effi-
ciency, but unit gain and high noise. They are candidates
for small-animal PET. APDs operate at much higher reverse
bias than PINs, so their gain is 1000. The noise is again
high, and the major impairment is the strong dependence
upon temperature: 2.5% of gain variation per °C. Silicon
drift detectors show lower quantum efficiency, but low
noise, and above all they can be produced as large surfaces.
These are candidates for human PET scanners. Prototypes
of scintillators with PDs are many (a dozen references in
reference 16), and they are usually coupled to LSO.
Examples of energy resolution with a CsI(Tl) scintillator
using 137Cs (662 keV) are: 6.6% (APD), 7.1% (PMT), and
7.9% (PD). Pixel dimensions range from 1 × 1 mm2 to 3 ×
3 mm2 (good spatial resolution). Time resolution is low
with LSO: 2800–4000 picoseconds, but new technologies
promise 2000 picoseconds.

Nowadays, PDs outperform PMTs in some features, but
not globally. The hope behind PDs is that PMTs were
extensively studied for decades and all their possibilities
were reached, while the research into semiconductor
devices is among the more active. Besides that, photodiode
cost is definitely lower.

Detector time response
After the primary γ interaction in a crystal, which can be
considered instantaneous, the scintillation light production
follows an exponential law in time:

(11)

This is true if late ‘afterglow’ phenomena consequent to
crystal or doping imperfection are absent. Any spectrome-
try detector can be modeled as a simple circuit with a resis-
tor and a capacitor in series. The charge of the capacitor
follows the charge collection, and in our case it is character-
ized by the constant of time τscint. The tail of the pulse
depends upon the circuit time constant RC. This second
value is arbitrary, but in order to collect the whole charge
must be RC >> τscint, otherwise the capacitor will start to
discharge before being completely charged. Moreover, the
best energy resolution is attained by collecting the whole
charge, i.e. using RC >> τscint. In simpler, other words, the
pulse following an interaction is a bi-exponential curve,
whose leading edge rises with τscint and tail decays with RC.
Then the scintillation process through τscint seems to dictate
the inferior limit to the system dead time.

Actually, this is not always true, because in some lucky
cases it is possible to obtain the timing information by
sampling the leading edge before it reaches its top.
Unfortunately, this is only possible if the light yield is high.

For instance, in NaI ADAC C-PET, the leading edge is
sampled (or ‘clipped’) at 140 nanoseconds with τscint

(NaI) = 230 ns and RC = 240 ns.20 This is not possible with
BGO (τscint= 300 ns, RC = 770 ns). For this reason, BGO
shows poor count rate capability in 3D. Its dead time is too
long, and it cannot be bypassed due to its low emission of
light. This is the reason why faster scintillation crystals were
developed: LSO first of all (τscint= 40 ns) and then GSO
(τscint= 60 ns). LYSO is a light modification of LSO (with
yttrium).

A last element must be analyzed, and it is the following.
How can be the system timing resolution ∆t be less than the
coincidence resolution time τ = 12 nanoseconds (BGO) if
the signal lasts for 300 + 770 nanoseconds?

The point is that the time resolution is related to 
the scintillation time constant by the following absolutely
fundamental equation (see in reference 16 from 
reference 27):

∆t = τSCINT/number scintillation photons (12)

Equation (12) is rarely fulfilled by common crystals. In fact
a high light yield (many scintillation photons) usually
requires a long scintillation time to be produced. There is
only one exception: the LSO crystal. This is the fundamen-
tal characteristic which makes LSO unique nowadays.
Thanks to its exceptional time resolution, a new generation
of commercial PET scanners was born in March 2006: the
time-of-flight (TOF) PET scanners.

Summary remarks about scintillators
BGO features are excellent for 2D imaging, showing the
highest intrinsic efficiency, but its light yield and conse-
quently its energy resolution are low. The worst BGO
parameter is its very low time resolution. Other detectors
have been introduced (LSO, GSO, LYSO) with better time
resolution, but only LSO and LYSO have been maintained
in further technological development. LSO is second in
efficiency only to BGO; it gives a high light yield (good
energy resolution), and it has a fast scintillation time. Both
properties result in excellent time resolution. LSO is the
only crystal capable of measuring the time of flight of pho-
tons across the ring. Minor drawbacks with LSO are an
observed non-linear response with γ energy, differences in
energy and time resolution from different batches (proba-
bly related to non-identical concentrations of doping Ce),
and the presence in the natural lutetium of 2.6% of the
radioactive isotope 176Lu (4 × 1010 years half-life), which
gives 10 kcps of background count rate in a clinical scanner
(not a negligible rate in small-animal PET where low count
rates are the rule).

scintillation light const exp ( t/ )scint= − τ
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TTiimmee--ooff--fflliigghhtt  PPEETT
Time-of-flight PET theory28

In 1966, Anger realized that in coincidence detection, the
possibility of determining the exact position of annihila-
tion could be at the basis of a new reconstruction algo-
rithm. It is almost obvious that if we could measure exactly
each annihilation position along the propagation line
(LOR), no reconstruction would be necessary in order to
obtain an image. Such a possibility is now open thanks to
the extremely quick response of the new crystals. Note that
we are speaking of measuring the difference in arrival times
at opposite sides of the detector ring of two photons travel-
ling at the speed of light, c = 300 000 km/s. Unfortunately,
present technologies cannot exactly determine such an
infinitesimal difference, but only approximately. We are
facing again a resolution problem, but in terms of time.

Consider now Figure 31.11. A system with an extremely
high time resolution (narrow peak), with exactly equal
electronic traveling time in the two strands of the chain,
with the source exactly at half the distance (point A)
between the two crystals, would record coincidences in a
very sharp peak in time, positioned at abscissa zero. The
peak enlargement (time resolution = FWHM) gives the
system uncertainty of measuring the arrival times.

If now the source is moved to the point B, closer to detec-
tor D1 by a distance ∆x, photons will be detected earlier in
detector D1 with an anticipated arrival time of ∆t1 = −∆x/c,
while in D2 they will arrive ∆t2 = +∆x/c. The time difference
between the two signals is then:

∆arrival time = ∆t2 − ∆t1=2∆x/c (13) 

The factor 2 derives from the fact that one photon gains
time and the other loses time by the same amount, ∆x/c.

Now equation (13) is fundamental to understanding
TOF. If, instead of an extremely high time resolution ∆t, we
had a large time uncertainty ∆t similar to Figure 31.8, we
would not be able to distinguish whether the source is in
position A or B, the two peaks being completely over-
lapped. If ∆t becomes smaller but finite, we can reduce the
position uncertainty, though without being able to exactly
fix a point. Time resolution ∆t and the consequent position
uncertainty (both as FWHM) are related by equation (13).
Table 31.7 reports some examples of values. With 
50 picoseconds (50 × 10−12 seconds) time resolution,
the reconstruction would be unnecessary, since the posi-
tion uncertainty would be equal to the present spatial 
resolution.

TOF improves the signal to noise ratio
Since actual technology cannot reach ∆t = 50 ps, what can
be the advantage of a time resolution of some hundreds of
picoseconds? We have to consider Figure 31.12 and the
principle of back projection.

In conventional back projection, the whole activity con-
tained within the volume between a couple of detectors
contributes to back projected counts and noise. In TOF
reconstruction only a part of that volume contributes to
counts, and, most important, to image noise. This is the
part confined to the position uncertainty ∆x. So, for a uni-
form cylinder of diameter D, the signal to noise ratio will be
approximated by:29

(14)SNR
D

x
SNR

2D

t
SNRTOF CONVENTIONAL CONVENT= =

∆ ∆c IIONAL
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Time-of-flight (TOF) coincidence detection with high time
resolution.

Table 31.7 Time resolution and annihilation
position uncertainty

Position 
Time resolution, uncertainty
Dt (ps) Dx (cm)

50 0.75 Reconstruction not 
necessary

Present spatial resolution
reached

300 4.5

500 7.5

650 9.75 Gemini TF
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This simple formula indicates that the gain over noise is
greater if the time resolution is better (smaller ∆t) or, for a
fixed ∆t (i.e. for a fixed scanner), if the patient is larger.
Note that the noise reduction applies also to random and
scatter coincidences. In other words, a better time resolu-
tion and TOF reconstruction algorithm should increase
the NECR peak, and this could be decisive in solving the
problem of obese patients in 3D. Figure 31.13 demonstrates
the effect.

Old and new technological TOF
implementations
A number of PET cameras incorporating TOF were built in
the early 1980s and the predicted gains were observed.
However, the scintillators used (BaF2 and CsF) were poor in
intrinsic efficiency, having low density and low effective
atomic number (see Table 31.6). Their system sensitivity
was too low. The TOF PET was abandoned. The recent rev-
olution came from a new crystal, LSO, which in addition to
suitable intrinsic efficiency, energy resolution, and fast
scintillation time, is characterized by a time resolution of
300 ps under ideal conditions. Other changes in the use of
PET required TOF improvement: whole-body oncological
studies rather than the brain or heart studies of the 1980s,
and 3D mode with a multi-ring system rather than the 
2D mode of old scanners with few rings. Other technologi-
cal advances now allow TOF PET: an improvement in
timing performance of PMTs and miniaturization of
integrated circuits.

The first experimental confirmation of the TOF noise
reduction theory came in 2005.29 Conti et al. implemented
TOF reconstruction in the CPS Hi-Rez PET scanner both
with 2D filtered back projection and with 3D iterative
reconstruction. They adapted and optimized a scanner not
conceived for TOF in the most important features (time
alignment and scatter correction). A time resolution of
1200 ps was attained. The coincidence window was set at
4.5 ns. Coincidence data were acquired in list mode (inter-
esting results have been obtained regarding the possibility
of avoiding list mode data storage.30) Noise was measured
as the standard deviation of counts in a cold region in a
phantom divided by the mean value in the same region. In
a simulated phantom of 40 cm in diameter, an undoubtable
NECR gain larger than 2 was determined. In a real phan-
tom of 50 cm diameter, 20 cm length, an inner cylinder of
10 cm in diameter with 85% activity concentration with
respect to the surroundings became visible only after TOF
reconstruction.

The Gemini TF by Philips is the first commercially avail-
able scanner designed for time-of-flight PET. The GSO
crystal, poor in light yield and consequently with low time
resolution (equation (12)), was abandoned for the more
suitable LYSO, with 450 ps time resolution. The PMT cath-
ode became a curve instead of being traditionally flat, in
order to keep the PMT time resolution of ≅100 ps uniform
over the photocathode area. New electronics have been
developed in order to preserve time resolution with only an
additional 100 ps uncertainty. A system time resolution of
650–750 picoseconds is reported.

A second, important innovation is the new stability in
electronics, with the current small drift after 70 hours to be
compared with the stability of minutes in the 1980s. The
time calibration today takes 10 minutes against hours in
the 1980s. These are real advances! The amount of collected
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a

b

FFiigguurree  3311..1122
Noise reduction by TOF reconstruction. (a) In standard back
projection all the voxels along a LOR contribute to the noise.
(b) In TOF back projection, only the voxels within the position
uncertainty ∆x contribute to the noise.
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data could not be processed in the absence of the tremen-
dous improvement in processor performance. Unique in
this feature, Gemini TF employs all the LOR from the
detector pairs. Data must be collected in list mode. A
RAMLA (row action maximum likelihood approach, see
below) iterative algorithm is used for reconstruction by a
multiple parallel processor architecture.

The results obtained in phantom studies and the design
of a fully dedicated time of flight PET scanner hopefully
will dissipate one of the two problems of 3D PET. Obese
patient imaging will be sensitively improved by the gain 
in signal to noise ratio obtained by TOF. Research is 
going further, looking towards newer crystals for TOF:
lanthanum bromide31 (see Table 31.6).

EExxttiinncctt  eevvoolluuttiioonn  lliinneess
Time passes, causing a natural selection of the systems. The
tomograph C-PET with curved NaI crystal 1in thick is no
longer produced by Philips. This should be a clear and
interesting sign for those who sustained NaI technology 
in PET.

Coincidence γ cameras still survive among users thanks
to their extremely low prices, but the disappearance of a
NaI tomograph with much better performance with
respect to coincidence γ cameras should be a strong indica-
tion. We remark that coincidence γ cameras are not pro-
vided even with random, scatter, or dead time corrections.

SSooffttwwaarree  iimmpprroovveemmeennttss
We must always keep in mind that tomographic imaging is
a sequence of actions starting with acquisition, passing
through on-line corrections, and followed by off-line cor-
rections during the reconstruction process. It is clear that
image quality depends critically also on this third step, i.e.
upon the method of creation of the image starting from the
raw data. This remark is necessary because the final lesion
detectability could be destroyed by bad reconstruction
methods, even starting from the best raw data acquired
with a scanner with the highest performances. In this
respect, Brasse et al. introduced several figures of merit in
order to evaluate image quality.1 The first, the NEC, applies
only to sinograms, i.e. raw data, and does not take into
account the reconstruction process. We say again that NEC
is only one parameter among many figures which con-
tribute to the imaging process.

RReebbiinnnniinngg  oorr  ffuullllyy  33DD  aallggoorriitthhmm
The huge increase of the number of LORs passing from 2D
to 3D PET posed data reconstruction problems, which
were solved with the shortcut of rearranging 3D data in 2D
form, and followed by the use of standard 2D reconstruc-
tion algorithms. The simplest method is ‘single slice rebin-
ning’ (SSRB), in which an event with LOR oblique with
respect to the axial direction is assigned to the transaxial

448888 Advances in Nuclear Oncology

27 cm 35 cm 35 cm27 cm 35 cm27 cm

1 minute/frame 2 minute/frame 4 minute/frame

FFiigguurree  3311..1133
Effect of time-of-flight noise reduction on phantom images in a system with 460 picoseconds time resolution. The improvement in
image quality is evident in terms of signal to noise ratio passing from not TOF (upper row) to TOF reconstruction (lower row).
(Courtesy of Philips Medical Systems.)
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plane corresponding to midway along the LOR segment.
This distorts the real activity distribution in the longitudi-
nal direction. Improved but not perfect rebinning methods
are multislice rebinning (MSRB) and Fourier rebinning
(FORE). Of course, any rebinning method degrades the
potential information of the whole set of 3D data.

For this reason, the most recent development in PET
reconstruction methods focuses on fully 3D algorithms.

FFiilltteerreedd  bbaacckk  pprroojjeeccttiioonn
ssuuppppllaanntteedd  bbyy  iitteerraattiivvee
rreeccoonnssttrruuccttiioonn  mmeetthhooddss
Any experienced user of nuclear medicine imaging systems
knows that important software improvements took place in
recent decades regarding tomographic reconstruction algo-
rithms. It is a fact that iterative methods supplanted filtered
back projection (FBP). This possibility derives from a par-
allel technological improvement in computer performance,
since the main obstacle to the use of iterative reconstruc-
tion methods is their computational time demand.

The filtered back projection algorithm was born in the
CT world and transferred to SPECT, where its application
is not optimal because various physical factors do not fulfill
the assumptions on which FBP relies: (1) photons do not
impinge strictly perpendicular to the crystals; in SPECT the
collimator hole sees a cone of activity rather than a line;
the resolution degrades with the distance from the crystals;
(2) attenuation, (3) scatter, and (4) statistical fluctuations
are present. Corrections try to partially compensate such
effects. Only 2D methods are possible.

On the other hand, iterative reconstruction methods can
more correctly take into account the abovementioned
physical effects, which can be modeled in the algorithm,
starting from a fully 3D architecture. Flash 3DTM technol-
ogy is an example of fully 3D iterative (ordered subsets
expectation maximization, OSEM) methods with beam
modeling and attenuation correction32 implemented by
Siemens on new e.softTM γ camera workstations.

In the FBP, basic principle is to project counts from pro-
jection space to the opposite direction along their propaga-
tion path. Counts are added to all the image pixels on entire
segments over the reconstruction matrix (see Figure
31.12), giving origin to the well known strike artifacts out-
side the patient contour. Projections of the unknown image
x are the starting point of the reconstructed images.

In an iterative reconstruction algorithm, the starting
point is a hypothetical image y0, which is mathematically
projected by a projector operator A simulating the acquisi-
tion process, in order to obtain simulated projections g:

g = Ay0 (15)

The probability, or ‘expectation value’, P(g|x) of obtain-
ing the projections g from the real image x is calculated.
This probability is then maximized by a mathematical
function called maximum likelihood (ML). A new image
y1 is created, which is a better approximation of the real
image x. The procedure is then iterated. The maximum
likelihood expectation maximization (MLEM) algorithm
was introduced in 1992. Its main drawback is the large
number of iterations required for convergence, which is
the reduction of the difference between the estimated and
the real projection data below a fixed threshold. MLEM
is time consuming. The greater is the number of itera-
tions, the better is the approximation of the reconstructed
image yn to the target real image x, and the higher is the
spatial resolution, and noise. The noise problem is
reduced by the so-called ‘overiteratin + post-filtering’
philosophy. The Gaussian smoothing post-filters pose
the usual trade-off between noise limitation and loss of
resolution.

A reduction of computational time is furnished by a
variation of the above method by grouping projections
uniformly distributed around the source volume in ‘sub-
sets’, and with MLEM applied to these subgroups. The
resulting OSEM algorithm, introduced in 1994, converges
more rapidly and is less time consuming. The number of
subsets is suggested to be as large as possible (minimum
eight for 64 or 128 projections), but not to exceed one-
quarter of the number of views. OSEM is now the most
widely used iterative reconstruction method both in
SPECT and in PET.

RAMLA (row action maximization likelihood algo-
rithm) works at each step on one row of the system matrix
(i.e. it considers one single projection at each step).
RAMLA is not an extraordinary innovation, apart from a
particular application which considers as a fundamental
mathematical entity special functions instead of the com-
monly used pixels or voxels. The idea is to describe the
volume of the patient by a number of 3D partially overlap-
ping functions, radially symmetric, bell shaped, called
‘blobs’. These mathematically constitute a ‘base’ in the
object space, i.e. any activity distribution can be described
as a linear combination of these functions, in perfect anal-
ogy with the possibility in FBP of describing an image as a
superimposition of many sine functions in Fourier space.
The spatial frequency interval covered by the blobs gives
the degree of noise and resolution included in the recon-
structed images. RAMLA can be either 2D (rebinning and
bidimensional blobs) or 2.5D (rebinning and 3D blobs), or
completely 3D (no rebinning, 3D blobs). Philips adopted a
fully 3D (without data rebinning) RAMLA algorithm on 
CT-PET, Allegro, and Gemini PET scanners. They sustain33

that the use of proper blobs allows a reduction in the image
noise without losing resolution, which is the typical prob-
lem following the common 3D Gaussian post-filtering
(smoothing).

Advances in nuclear medicine imaging in oncology 448899
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PPeerrffoorrmmaannccee  ccoommppaarriissoonn  ooff
ccoommmmeerrcciiaallllyy  aavvaaiillaabbllee  ssccaannnneerrss
Since the introduction of positron emission tomography
(PET) several decades ago, there has been a constant
improvement in technology and in physical performance
of PET scanners. In particular, in the last 2 years a sudden
acceleration of this process took place. The introduction of
integrated PET–CT systems, which provide a combination
of metabolic and anatomic imaging, further increased this
process. On the one hand, CT data provide an attenuation
map for the quantification of PET emission data that can
be collected rapidly from the patient, reducing the overall
duration of the examination, typically from about 45 min-
utes on a stand-alone 2D PET scanner to about 20 minutes
on an integrated 3D system.34,35 On the other hand, CT
data provide a high-quality anatomical image co-registered
with the PET functional image that is fundamental for a
correct localization and interpretation of radiotracer con-
centrations.

Integrated PET–CT scanners became commercially
available in 2001.36 Although these systems are more
expensive than traditional PET scanners, evidence of their
superiority imposed this technology on the market, and
nowadays PET–CT examinations are performed in the
staging of cancer patients.

This section examines the performance of state-of-the-
art PET–CT scanners published in the literature or
reported in manufacturers’ pamphlets, and compares these
performances to those of the corresponding former gener-
ation of PET scanners (Discovery ST (GE),37,38 Allegro
(Philips),39 Biograph (Siemens).40

PPEETT  ssyysstteemmss
The main requirements in PET oncology are high-contrast
detailed imaging to detect subcentimetric lesions accumu-
lating [18F]fluoro-2-deoxy-D-glucose (FDG). The principal
parameters of a PET scanner that account for them are sen-
sitivity, spatial resolution, scatter fraction, noise equivalent
count rate, and NEMA NU 2-2001 image quality, which up
until now was erroneously considered the most important
objective parameter correlated to lesion detectability. To
this extent, the characteristics of state-of-the-art PET–CT
scanners for principal manufacturers are examined in the
following paragraphs, evidencing the improvements in
these parameters with respect to the former generation of
PET scanners, showing how PET technology has improved,
especially in the last 5–10 years.

The three state-of-the-art PET scanners are based on
GSO, LSO, and BGO detector crystals. Two of them that use
fast detectors, the Biograph Hi-Rez-pico3D (LSO)41 and
Gemini GXL (GSO), choose to have only 3D geometry to

take full advantage of the main characteristics of these
detectors. The Discovery STE, with extendable septa, has
the possibility of a dual acquisition modality and is based
on BGO crystals.

In these scanners, the total number of detector crystals is
increased (> 13 000) and multiple full detector rings
(24–39 rings) are disposed over 360° around the imaging
volume, covering an axial field of view of 15–18 cm, creat-
ing 40–90 imaging planes of about 2 mm each.

In the following, a detailed analysis of the characteristics
and performance of the latest PET tomographs commer-
cially available is reported.

SSppaattiiaall  rreessoolluuttiioonn
As described previously, crystal dimensions directly influ-
ence spatial resolution. In current scanners, the reduction
of axial and tangential crystal dimensions (3–6 mm, com-
pared to ~6 mm of the former generation) leads to an over-
all improvement in spatial resolution of about 1 mm, as can
be observed from Table 31.8 and Figure 31.14.

The greatest improvement in spatial resolution is
observed for the Hi-Rez-pico3D, even if this tomograph
shows the highest dependence on the point of measure
in the FOV (coefficient of variation, CV = 10.3%). The
Discovery STE for both modalities shows a better unifor-
mity of spatial resolution values (CV = 8%).

SSeennssiittiivviittyy
3D geometry increases the sensitivity about five-fold rela-
tive to the 2D modality (8.5 kcps/MBq vs. 2.0 kcps/MBq,
for Discovery STE). Among 3D tomographs, the Hi-Rez-
pico3D shows the lowest sensitivity (Figure 31.15), which
is mainly due to a reduced depth of the detector crystal in
the radial direction (20 mm), with respect to Gemini GXL
and Discovery STE (30 mm). The highest sensitivity
observable for the Discovery STE/3D is mostly due to
the use of BGO as detecting material, which is the most
efficient crystal at 511 keV.

With respect to the former Philips scanner, the Gemini
GXL shows a two-fold increase in sensitivity, mainly due to
an important improvement in the electronics of signal
processing.

SSccaatttteerr  ffrraaccttiioonn
The increase in sensitivity deriving from the 3D modality
leads to an increase also in the scatter fraction (32–36%)
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with respect to the 2D mode (9–18%) (Table 31.9 and
Figure 31.16). The improvement in energy resolution of
the fast crystals (present energy resolution of 15% for 3D
Gemini GXL and Siemens Hi-Rez-pico3D, comparable to
that of 2D systems) allows an increase in the lower limit of
the energy window, and this feature, together with the
implementation of accurate and sophisticated algorithms
for scatter evaluation and subtraction, reduces the prob-
lem. In new systems, indeed, we observe a reduction in the
scatter fraction of about 20% with respect to the old ones,
as shown in Figure 31.16.

NNooiissee  eeqquuiivvaalleenntt  ccoouunntt  rraattee
Improvements in the parameters described above result in
an improvement also in the peak of the noise equivalent

count rate (NECR), an important parameter describing
PET count rate performance in relation to the activity pres-
ent in the field of view. While for 2D systems the NECR
increases with increasing activity in the patient (for the
clinical range of activities), for the 3D scanners there is a
precisely defined value of activity in the FOV which corre-
sponds to the peak in the NECR. This peak position and
value depend on the shape of the source. As in 3D mode
randoms increase faster with respect to the 2D mode (see
above), a limitation of unrelated coincidence events is
achieved by using fast electronics with a narrow coinci-
dence window. Figure 31.17 shows the NECR curves for the
latest scanners, for which the NECR peak is between 60 and
80 kcps; the square symbols superimposed refer to previous
systems.

The abovementioned technological improvements
between the last two generations of scanner result in an
increase of the NECR peak, which is evident especially for

Advances in nuclear medicine imaging in oncology 449911

Table 31.8 State of the art positron emission tomography–computed tomography (PET–CT) scanners:
technical parameters (manufacturers’ data)

Parameter Discovery STE, GE Gemini GXL, Philips Hi-Rez-pico3D, Siemens

Number of detector rings 24 29* 39

Ring diameter (mm) 886 885 830

Number of individual crystals 13 440 17 864 24 336

Crystal material BGO GSO LSO

Crystal size (mm) 4.7 ¥ 6.3 ¥ 30 4 ¥ 6 ¥ 30 4 ¥ 4 ¥ 20

Number of crystals/ring 560 616 624

PMT number 420 144

Number of crystals/block — — 13 ¥ 13

Acquisition mode 2D/3D 3D 3D

Interplane septa 0.8 mm tungsten, 5.4 cm long — —

Energy window width (keV) 375 (2D) 410–590 425–650
425 (3D)

Coincidence window (ns) 11.05 (2D) 7.5 4.5
9.75 (3D)

Transaxial FOV (mm) 70 57.6 58.5

Axial FOV (mm) 15.7 18.0 (physical) 16.2

Number of image planes 47 90 81

Slice thickness (mm) 2 2.0

Patient port diameter (cm) 70 70 70

Axial sampling interval (mm) 3.27 2 2.0

PMT, photomultiplier tube; 2D, two-dimensional; 3D, three-dimensional; FOV, field of veiw.
*Theoretical ring.
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Siemens and Philips systems, for which the older NECR
curves were fairly low with respect to GE systems. In the 
Hi-Rez-pico3D, beyond the increase in NECR peak from 
44 to about 60 kcps, also a horizontal shift is observable from
15 to 22 kBq/ml. This important improvement in the Siemens
scanner is the result of the presence of fast electronics and a
narrow coincidence window (4.5 ns) that allow the rejection
of ‘bad’ coincidence events. The difference between GE and
other systems is explained by the higher BGO sensitivity.

In the Gemini GXL the increase in NECR peak is more
than twice with respect to the Allegro, and the reason

can be found in the improvements in both electronics and
the energy window. The Discovery STE shows a limited
increase in peak NECR (12%), because the former GE
system had already reached an excellent NECR peak
value.37,38

Similar considerations apply to the true count rate
(curves and data are reported in Figure 31.18). It must be
mentioned that the concentration of the trues peak is not
the optimal working condition for a scanner, because it
neglects the noise influence, which on the other hand is
included in the NECR.

449922 Advances in Nuclear Oncology
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(a) Spatial resolution data for Discovery STE (2D and 3D modes), Gemini GXL (manufacturer’s data) and Hi-Rez-pico3D.41

(b) Transverse spatial resolution at 1 cm: comparison between former and latest PET scanner generations.37–41 Discovery ST B or 
M refers to Bettinardi40 or Mawllawi41 data.
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CCTT  ssyysstteemmss
The CT scanners of combined PET–CT systems nowadays
are based on a 16-slice spiral tomograph, providing bases
for not only attenuation correction of emission [18F]FDG
data but also high-resolution and -contrast images. The use
of CT as a transmission source has several advantages over
the application of conventional sources such as 68Ge or
137Cs, among which we must consider higher signal to 
noise ratio and a reduced acquisition time.

The CT image is a map of attenuation coefficients nor-
mally obtained at 120 kVp that corresponds to a mean 
X-ray energy of 80 keV. These attenuation coefficients are
scaled to 511 keV energy for the three typical materials 
of body composition, soft tissue, bone, and lung, using
dedicated software.

CT examination is performed using submillimeter slice
sampling and a variable pitch with fast rotation times
(0.4–0.5s) that improve image quality, increasing lesion
detectability.

Advances in nuclear medicine imaging in oncology 449933

Table 31.9 Physical performance of state of the art PET–CT scanners

Discovery STE, GE* Gemini GXL, Philips* Hi-Rez-pico3D, Siemens41

Transverse spatial 5.2 (2D) 5.2 4.6
resolution at 1 cm (mm) 5.3 (3D)

Transverse spatial 5.6 (2D) 5.8 5.1
resolution at 10 cm (mm) 5.7 (3D)

Axial spatial resolution 5.0 (2D) 5.8 5.3
at 1 cm (mm) 5.3 (3D)

Axial spatial resolution 6.0 (2D) 6.6 5.9
at 1 cm (mm) 6.2 (3D)

System sensitivity (kcps/MBq) 2.0 (2D) 8.0 (center) 4.87 (center)
8.5 (3D) (average on- 8.3 (10 cm off-center) 4.97 (10 cm off-center)

axis/10 cm off-axis)

Scatter fraction (%) 19 (2D) 35 33
36 (3D)

Energy resolution (%) 15 15

Peak noise equivalent 84 kcps at 49 kBq/ml (2D) 55 kcps at 5.3 kBq/ml 58.99 kcps at 21.68 kBq/ml
count rate 75 kcps at 12 kBq/ml (3D) (k= 2)

Maximum trues 235 kcps at 5.14 kBq/ml 171 kcps at 17 kBq/ml

Reconstruction VUE point iterative 2D FBP, 2D OSEM, 2.5D Fourier rebinning (FORE) 
algorithm reconstruction RAMLA, 3D RAMLA attenuation, weighted-

(ML-OSEM) ordered subsets expectation

Random correction method Direct from singles and Delayed window (160 ns) Delayed window
real-time delayed window

Scatter correction method Single scatter simulation 
(micro-Monte Carlo)’
inside 3D LOR algorithm;
with ‘energy selection’; with 
‘Background subtraction’

Adjacent bed overlap (%) Not given 50 28

*Manufacturers’ data.

ML-OSEM, maximum likelihood-ordered subsets expectation maximization; FBP, filtered back projection; RAMLA, row action maximization
likelihood algorithm; LOR, line of response.
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Sensitivity in new and old tomographs.37–41
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Scatter fraction in new and old
tomographs.37–41
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The principal parameters of the CT scanners in modern
hybrid PET–CT systems are presented in Table 31.10.

DDeeddiiccaatteedd  PPEETT  ssccaannnneerrss
The state-of-the-art PET–CT scanners described above are
designed to optimize their performance in the study of whole-
body imaging. These scanners are used to diagnose and stage
several types of tumors. In the case of the breast and the
prostate, the distance between these organs and PET detec-
tors (20–30 cm) limits the sensitivity of this technique.

This paragraph describes some dedicated scanners for
breast and prostate PET imaging, which at present are not
commercialized but represent only prototypes.

Breast cancer
Mammography allows the detection of very small lesions,
and nowadays has become the screening modality of
choice. However, this technique has a limited sensitivity in
the detection of microcalcifications in dense and fibrocys-
tic breasts, and poor specificity in differentiating between
malignant and benign lesions.

Dedicated PET systems for breast imaging, positron
emitting mammography (PEM) instruments, overcome
this limitation, being designed especially for the imaging of
this organ.42 Normally, PEMs consist of two planar detec-
tors positioned parallel to each other, operating in coinci-
dence. The detectors used can be pixellated BGO crystals43

or arrays of LSO crystals44 coupled to position sensitive
photomultiplier tubes. One of these systems43 is coupled to
a traditional mammography unit and co-registers the
[18F]FDG emission with the X-ray transmission images,
allowing valuable information to be obtained about the
localization and characterization of suspicious lesions.

Prostate cancer
Dedicated scanners for prostate PET imaging45 use two
curved detector banks, each composed of 40 conventional
block detectors with septa extended to 5 cm to limit scatter
and random counts. The banks are positioned above and
under the patient, respectively, on the prostate region; they
can be tilted and their relative distance can be adjusted in
order to maximize sensitivity.

CCoonncclluuddiinngg  rreemmaarrkkss
The evolution of imaging in oncology is characterized by
fast technological steps forward, especially in the PET field.
Scanner improvement has occurred mainly in count rate
performance, and its impact on noise reduction. The same
goals are pursued by the most recent revolution, time-
of-flight PET technology.

There is no single figure of merit that summarizes PET
scanner performance, since performance ultimately depends
on the diagnostic task being performed.46 Nonetheless, to
provide a common set of metrics that assesses performance
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of PET scanners, the National Electrical Manufacturers
Association (NEMA) introduced in the NU 2-2001 stan-
dard,22 among other tests already present in the 1994 stan-
dard (spatial resolution, sensitivity, scatter fraction, and
count rate performances), an ‘image quality’ test, in which
contrast recovery and background variability are assessed
for a standardized situation, which is supposed to simulate
a clinical imaging condition.

It must be stressed that inferences regarding lesion
detectability in a patient cannot be directly extrapolated
from such a test, which is subject to many limitations. For
instance, the counting rate characteristics of the phantom
used in the NEMA standard, at a given activity concentra-
tion, are not similar to those found in patients, probably
as a result of the higher concentration of activity in the

scanner field of view and lower attenuation than in
patients.40 Moreover, a single activity concentration is
unlikely to represent the wide range of activity concentra-
tions that may be found in patients as a result of the different
activity administration schemes adopted in clinical practice.
Still more relevant, several groups have previously shown
that visualizing a lesion in a uniform background when the
location is known (as is the case with the IEC phantom) is
much easier than detecting a lesion of unknown location in
a heterogeneous background.47

Lesion detection can be assessed using human observers
(i.e. receiver operating characteristic (ROC), localization
receiver operating characteristic (LROC), alternative free-
response receiver operating characteristic (AFROC) studies),
numerical observers (non-prewhitening matched filters,

449966 Advances in Nuclear Oncology

Table 31.10 Technical parameters of CT tomographs (manufacturers’ data)

Parameters Somatom 16, Siemens Lightspeed 16, GE Brilliance, Philips

Scan mode Helical, axial, scout Helical, axial, scout Helical, axial, scout

Aperture (cm) 70 70 70

Transverse scan field (cm) 50 50 25, 50

Maximum number of CT slices 16 16 16

Nominal slice width (mm) 0.6, 0.75, 1.0, 1.5, 2.0, 3.0, 0.625, 1.25, 2.5, 3.75, 5.0, 0.6, 0.75, 1.5, 3.0, 4.5, 6.0
4.0, 5.0, 6.0, 7.0, 8.0, 10.0 7.5, 10

Tube voltage (kV) 80, 100, 120, 140 80, 100, 120, 140 90, 120, 140

Tube current (mA) 28–500 10–440; 5 mA increments. 20–500; 1mA increments

Detector material Solid state (ultrafast Solid state GOS
Ceramic, UFCTM)

Number of elements 24 24 6, 10, 16 slices, 24 detectors 
along z-axis along z for a total 

covered length of 24 cm

Total number of detectors 16 128 21 888 16 128

Total effective length of 24 24 24
detectors array (mm)

Rotation times (s)/360∞ 0.42, 0.5, 0.75, 1.0, 1.5 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 0.4, 0.5, 0.75, 1.0, 1.5, 2.0
rotation 2.0, 3.0, 4.0

Pitch factor (volume pitch) 0.5-2.0 (1-20) 0.5625, 0.9375, 1.375, 1.75 0.13–1.7 continuously

Spiral scan time (s) 100

Helical interpolation algorithms AMPR (adaptive multi-
available plane reconstruction)

Heat capacity (MHU) 5.3 8.0

Maximum power (kW) 60 53.2 60

Focal spot (mm) 0.5 ¥ 0.7/7∞ 0.7 ¥ 0.6 Large: 1.0 ¥ 1.0
0.8 × 1.2/8∞ 0.9 ¥ 0.9 Small: 0.5 ¥ 1.0

GOS, gadolinium oxysulfide.
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channelized Hotelling observers), or, more theoretically,
sound figures of merit (i.e. contrast to noise ratio), and
requires a large number of studies (human observers), mul-
tiple noise realization (numerical observers), or anthropo-
morphic phantoms in order to assess the ability to detect a
lesion in a heterogeneous background, as is the case in a
patient study.46–51

The front lines of actual research focus on the depend-
ence of lesion detectability on the scanner structure, recon-
struction algorithm, injected activities, and scan duration.
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32
Nuclear medicine-guided radiotherapy
Diano Salvo, Annibale Versari, Cinzia Iotti, and Marta Paiusco

BBaacckkggrroouunndd
Radiation therapy (RT) plays a very important role in cancer
treatment. About 50% of patients with cancer, during the
course of their lives, receive radiation treatment, with curative
intent (with or without chemotherapy) in at least 30% of cases.

The main goal of radical radiation therapy is local con-
trol of the tumor, with preservation of the functional status
and a satisfying quality of life. This means delivering a high
tumoricidal dose to the target volume while minimizing
the dose to the adjacent healthy tissues. In the past, the
major constraints to the uncomplicated cure of cancer were
the poor anatomical knowledge of the volumes to be irradiated
and the possibility of delivering an effective dose to the
tumor without exciting the tolerance of the surrounding
tissue. However, in recent decades radiation therapy tech-
nology has witnessed an extraordinary evolution. The
introduction of computed tomography (CT) imaging into
treatment planning (in the late 1970s) combined with the
later development of fast computers and new planning and
delivery techniques has led to highly tailored dose distribu-
tion around three-dimensional (3D) targets of any shape
with steep gradients falling away from them. The paradig-
matic term for these advanced techniques is intensity mod-
ulated radiation therapy (IMRT). IMRT is the delivery of a
non-uniform intensity of radiation to produce a non-
uniform absorbed dose to satisfy, as much as possible, fixed
goals. The first advantage allowed by this approach is a
more precise and conformal dose distribution around con-
cave surfaces and invaginations of the tumor volume, with
a very rapid dose decrease at its periphery. This allows dose
escalation without the concomitant increasing risk of
radio-induced injury to normal tissue, or reduced toxicity
for treatment with conventional doses. Furthermore, IMRT
permits the shift from multifractionated radiotherapy to
hypofractionated radiotherapy (radiosurgery). Actually, it
is assumed that the high-fraction dose is more effective on
the tumor while improving protection of the healthy tissue.
Another attractive characteristic of IMRT is the possibility
to deliver different dose levels to multiple targets 
simultaneously. This means delivering, with the same plan

and during the same session, lower prophylactic doses to
regions at risk of subclinical disease and higher doses to the
macroscopic tumor, and also to boost parts of the tumor
regarded as more radioresistant. In other words, it is 
possible to produce a controlled non-homogeneous dose
distribution inside the target (dose painting).

The expected clinical result of these new high-precision
techniques is an improvement of local control rate of the
tumor, and hence the survival probability of the patient,
with the lowest possible risk of acute and late toxicity. The
advances in radiotherapy techniques require equivalent
progress in the use of imaging in treatment planning. Unless
there is a comparable level of precision in definition of the
disease extent and localization, any benefit expected from
the new techniques can be lost. It is now recognized that
cancer is not a homogeneous ensemble of cells with similar
attributes, but that it contains areas responding to treatment
variously, because of hypoxia, intrinsic resistance to X-ray
damage, high proliferation rate, high aggressiveness, and so
on. The ability of IMRT to ‘sculpt’ the dose around different
target volumes is a spur for the identification of multiple
aspects of the tumor, in order to treat them differently.

Thus, the main need of the radiation oncologist is knowl-
edge of the distribution and extent of the disease, in order to
avoid missing the tumor, with consequent reduction of local
control probability, and, on the other hand, avoiding the
unjustified irradiation of healthy tissue, leading to unaccept-
able side-effects. Furthermore, correct definition of the dis-
ease stage is mandatory for selection of the most appropriate
therapeutic strategy and intent. The other very important
need for the radiation oncologist is the knowledge of the
tumor and tissue biological characteristics, which could
affect the response to radiotherapy, and so be useful for 
optimized and personalized treatment strategy planning.

MMooddeerrnn  rraaddiiaattiioonn  tthheerraappyy
The advance of new technology has had a significant
impact on the practice of radiotherapy and has improved
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its therapeutic efficacy. Development of the computer 
controlled multileaf collimator (MLC) system has been one
of the main technical advances in the past decade.1,2

The MLC is quite a standard feature in the medical linear
accelerator (linac). It is an intensity modulator consisting
of 20–60 pairs of movable leaves (Figure 32.1). The first
application of the MLC is to replace conventional blocking
with a more practical method, to conform the geometrical
shape of the field to the planning target volume (PTV).
This led in the 1990s to the concept of conformal radio-
therapy, in which the high-dose volume is tailored to the
PTV, trying to spare the organs at risk (OAR).3

Actually, the major advantage of the MLC is to make
IMRT clinically practical.

IMRT is considered one of the most significant techno-
logical breakthroughs in cancer treatment. In IMRT,
instead of a single large radiation beam passing through the
body, the radiation, thanks to MLC, is broken up into thou-
sands of tiny pencil-thin radiation beams, each with differ-
ent intensity. This results in a high dosage to the tumor
with high gradients on its edges, lowering the dose to the
adjacent sensitive structures. The IMRT delivery approach
can be static or rotational.

SSttaattiicc  IIMMRRTT  ddeelliivveerryy
In static (cone beam) IMRT, a standard MLC is used to
modulate the fluence of a fixed gantry field. There are two
methods of modulating beam intensity: the ‘segmental
IMRT’ and ‘dynamic IMRT’. In the first mechanism, also

called ‘step and shoot’ (S&S), the shape of the field 
is constant during irradiation and changes while the 
beam is off. Superimposing a series of segments of uniform 
intensity produces a non-uniform pattern of fluence.
In dynamic IMRT, leaves are instructed to move during the
entire irradiation time. To date, the most common mecha-
nism used has been the sliding window modality, where the
MLC leaf pair defines a gap sweeping across the target
volume with various velocities to create the modulation.

RRoottaattiioonnaall  IIMMRRTT  ddeelliivveerryy
The rotational modality includes a fan beam technique such
as tomotherapy and the IMAT (intensity modulated arc
therapy) technique, using a standard dynamic MLC.1,2,4,5

Tomotherapy is a modality inspired by the tomography
technique. The IMRT is delivered through a narrow slit
while the gantry is rotating. The first commercially 
available system is known as serial tomotherapy, as it
employs a slice-by-slice beam delivery where a binary beam
modulator produces modulation of the beam intensity.
The intensity modulating collimator consists of two banks
of 20 leaves, and is mounted on the gantry of the linear
accelerator. While the gantry rotates around the patient and
the beam is on, the binary modulator opens and closes with
an electropneumatic action. Originally, the couch had to 
be moved after every slice of treatment, but recently an
autocrane system has been introduced to move the table
automatically to the next index. The newer tomotherapy
machine is called TomoTherapy Hi-Art System® (Figure 32.2a).
Essentially it is a marriage of two types of technology:
spiral CT scanning and intensity modulated radiation 
therapy. As with a CT scanner, the patient moves through
the gantry while a 6-MV X-ray spirally rotates around him.
The binary modulator used has 64 leaves. These are pneu-
matically driven in and out of the radiation, and the opening
patterns, which change as a function of the gantry position,
modulate the beam.

550000 Advances in Nuclear Oncology500 Advances in Nuclear Oncology

a b c

FFiigguurree  3322..22
Modern devices for radiotherapy delivery: (a) TomoTherapy®
Hi-Art System®; (b) Cyber Knife®; (c) linear accelerator with kV
and MV conebeam computed tomography (CT).

FFiigguurree  3322..11
A multileaf collimator.
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An important feature of the TomoTherapy Hi-Art is the
on-board detector system that allows the acquisition of
megavoltage computed tomography (MVCT) images prior
to treatment. These images may be used for patient 
positioning and to compare the actual delivered dose to the
planned one. This, in principle, makes it possible to adapt
the treatment according to the displacements.

IMAT is a technique employing a conventional accelerator
(Figure 32.2c). While the gantry rotates, the dynamic MLC
moves continuously, changing the shape of the field.
Multiple overlapping arcs, each with a different set of field
shapes, create the intensity modulation.

CCyybbeerrKKnniiffee®®
A robotic linear accelerator has been proposed as a 
treatment device delivering the IMRT plan: the CyberKnife®
(Figure 32.2b).1,2 The system consists of a compact 6-MV
linear accelerator assembled on a computer controlled
robotic arm. The CyberKnife system’s image guidance 
technology is capable of tracking the skeletal and lesion
orientations throughout the treatment process. It correlates
live radiographic images with preoperative CT scans to
determine patient and tumor position repeatedly during
the course of treatment. The imaging information is 
transferred from the computer’s operating system to the
robot so that it may compensate for any changes in patient
position by repositioning the linac.

The main advantages of the CyberKnife are the huge
degrees of freedom, improving conformity for irregularly
shaped volumes, and the rotational X-ray (RX) image 
guidance system that makes adaptive radiotherapy possible.

Adaptive radiotherapy is a new standard in treatment
delivery. Linac machines are now equipped with cone beam
CT able to generate MV or KV images of the patient in the
treatment position. Software, merging a reference CT with
the daily image, calculates how much the couch needs to be
moved to align the planned isocenter with the beam. This is
a new integrated technology that performs as a fully auto-
mated patient positioning system for more accurate tumor
targeting. The goal of cone beam CT is the possibility of
identifying the exact location of the organ before radio-
therapy to adapt the treatment, or dose distribution, to 
the patient, fraction by fraction. However, due to internal
organ motion and patient positioning differences, the
tumor can move both during a radiation treatment session
and from one treatment session to another. Because of
these changes the tumor could move out of the prescribed
treatment range and might not receive the planned amount
of radiation, or normal tissues may receive more radiation
than they can tolerate. One way to overcome this problem
is to minimize the motion. A great effort is now being
directed towards the control of breathing movement.

To reach this goal, a respiratory gating system has been
developed.6 An infrared marker is set on the abdomen of
the patient while an infrared video camera, attached to the
CT ceiling, is used to detect respiratory motion and to 
trigger the CT scan. Normally, the system is gated to only
one tidal cycle phase, mainly the exhalation one. It means
that a CT scan is acquired only when the respiratory
motion amplitude detected by the camera is correlated to
the exhalation phase. This would reasonably guarantee that
the tumor would be in the same position for every scan.
By carrying out a 3D-CT study synchronized to a respiratory
phase we are indeed acquiring a 4D-study, the fourth
dimension being time. At the treatment machines, thanks
to the same infrared system, the radiation beam will be
turned on only when the patient is in the same phase of the
respiratory cycle and, probably, the tumor in the same posi-
tion as planned on the 4D-CT scan.

PPoossiittrroonn  eemmiissssiioonn  ttoommooggrraapphhyy
iimmaaggiinngg  iinn  rraaddiiaattiioonn  tthheerraappyy
ppllaannnniinngg
RRaattiioonnaallee
CT is still the gold standard for radiotherapy planning
(RTP) for a variety of reasons, ranging from its spatial reli-
ability to the availability of tissue density information for
dose calculation. Nevertheless, morphologic imaging is
often unable to define in detail the tumor extent and its
characteristics. The recent development of biologic imag-
ing allows additional information, about both cancer and
healthy tissues. The expression ‘biologic’ embraces 
metabolic, biochemical, physiologic and functional 
classes of images, and also molecular, genotypic, and 
phenotypic ones.

Nuclear medicine, with positron emission tomography
(PET) and single photon emission computed tomography
(SPECT), can offer significant contributions to define the
volume of interest in treatment planning (Figure 32.3).
In addition, this technology is easily upgradable with 
the use of different radiotracers. Thanks to technology
progress, biological imaging can be fused and registered
with CT and magnetic resonance imaging (MRI) and then
incorporated into radiation treatment planning for a better
definition of the target volumes.

The terminology for the target volumes in radiotherapy
includes three main concepts: GTV, CTV, and PTV.7 The
GTV (gross tumor volume) represents the macroscopic,
demonstrable disease, including the primary site and all
other nodal and/or distant localizations. The CTV (clinical
target volume) contains the GTV plus any regions esti-
mated to be at risk of subclinical disease (e.g. locoregional
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lymph nodal areas). The addition to the CTV of a margin
accounting for geometric uncertainties (set-up errors and
organ motion) generates the PTV (planning target
volume). The introduction of functional imaging to 
treatment planning leads to the definition of a new target
concept, the biological target volume (BTV).8 The BTV is
not a substitute for CT-based volumes. Depending on the
radiotracer used, the BTV expresses different functional
properties of the tumor that can be variously considered in
the treatment design. Bentzen defined ‘theragnostic’ imaging
as the multimodality imaging employed as a guide to
design the highest dose spots in the context of the tumor. In
substance, the difference between this new concept and
diagnostic imaging is that it provides information to deter-
mine how and not purely where radiation therapy should
be delivered.9 Furthermore, attention can be focused on the
functional aspects and importance of the healthy tissue, so
as to reduce radioinduced damage. In conclusion, the use
of multimodal imaging can lead to personalized radiation
therapy, biologically optimized for the individual patient
instead of the population of patients. The expected clinical
result of such an approach is improvement of the locore-
gional control, and subsequently of survival, with the
lowest possible risk of severe iatrogenic complications.

The first goal of the inclusion of functional imaging in
treatment planning is to improve the cancer staging and to
help the physician in identification of the tumor volume,
using anatomical imaging as a frame for the dose calculation.

The inclusion of fluoro-2-deoxy-D-glucose (FDG)-PET
in RTP, because of the improvement in cancer staging, may
have significant effects.10,11 The impact of PET on target

delineation is related to the accuracy of the study (sensitivity
and specificity) for the type of tumor to be treated. The
way in which the treatment planning is affected by 
PET hinges on the radiation oncologist’s goal. If missing
the tumor is the major concern, sensitivity is the attribute
required, and the interpretation criteria should be 
stringent. On the other hand, if the purpose is healthy
tissue protection and, thus, its exclusion from the high 
dose volume, specificity is the most important quality
demanded.12

Another advantage provided by PET–CT image co-
registration is a reduction of the interobserver variability in
target delineation, especially among practitioners less
expert in imaging.13

However, in addition to the benefit in definition of the
PTV, the most promising use of multimodality imaging is
the characterization of biochemical and physiological 
features of the tumor, providing a guide for the delineation
of tumor subvolumes to be boosted. In this context, the
benefit offered by multimodal imaging makes the ideal
match with IMRT, because of its particular ability to paint
the dose close to selected volumes. For example, if
the uptake intensity of FDG is related to tumor burden, the
IMRT plan can be designed to deliver an additional dose in
this area, to maximize the local control probability.

While dose escalation in metabolically active areas is still
experimental, the use of FDG-PET for more precise and
accurate localization of the disease has entered into clinical
use, at least for specified solid cancer types.

A further possibility offered by functional imaging is
prediction of the responsiveness to radiotherapy during the
early phase of treatment. Monitoring the reduction of FDG
uptake or standardized uptake value (SUV) variation can
allow the treatment optimization and correction of the
original strategy. Another possible role of nuclear medicine
in RT planning regards the definition of healthy tissue to be
spared, instead of tumor volume delineation. More exactly,
SPECT imaging can allow the identification of non-
functional tissue and thus guide the beam set-up.

The use of multimodal imaging in radiation treatment
planning implies several successive steps. First, image
fusion, that is the transfer of information from one study 
to another. The second step is image co-registration, the
correct spatial mapping of corresponding points of the
images. The third step is delineation of the volume of
pathologic tracer uptake. In fact, unlike the nuclear physi-
cian who makes his analysis mostly in a qualitative way, the
radiation oncologist needs a quantitative evaluation.

IImmaaggee  ffuussiioonn  aanndd  ccoo--rreeggiissttrraattiioonn
As Ling et al. write in ‘Towards multidimensional radio-
therapy (MD-CRT): biological imaging and biological 
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The target volumes for radiation therapy. The GTV (gross
tumor volume) is shown in red, representing macroscopic
visible disease. In light green is the CTV (clinical target
volume), i.e. the region adjacent to gross tumor and the
lymph node areas at risk of occult disease. In cyan, is the PTV
(planning target volume), the three-dimensional (3D)
expansion to CTV accounting for geometric uncertainties.
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conformality’, ‘... the current technology for delivering may
have exceeded our ability to localize tumors and normal
tissue by conventional imaging technique’.8 Regarding this,
there is growing evidence that the integration of PET with
morphological imaging such as CT and MRI leads to a
better delineation of target volume.

An accurate image co-registration process is required to
incorporate PET into treatment planning. This means
determining a geometrical transformation that maps an
acquired image onto another acquired with the same or
different modalities. Different manual or automated 
methods have been proposed.14 They are based on geometrical
features such as point-based registration, or on voxel simi-
larity measures.15,16

The case of PET–CT or PET–MRI fusion is complicated
by the lack of anatomical features and deviation from the
rigid-body model, assumed in most of the commercially
available registration algorithms. To reduce tissue deformation
and volumetric distortion on the different images, the 

position of a patient must be well reproduced using appro-
priate immobilization systems and a flat table such as 
those used for RT (Figure 32.4).

Fiducial markers, filled with CT contrast and FDG, can
be necessary to guide the registration and to improve the
matching accuracy (Figure 32.5). Another important 
consideration is the necessity to place lasers in the room.
Lasers are commonly used in a CT room to set up the
patient or to localize the isocenter position, as in the 
treatment room. The placement of lasers in the PET room
will guarantee the accuracy of patient positioning.

It needs to be pointed out that the accuracy of registra-
tion must always be checked by phantom measurements, as
this could be a limiting factor for using PET in tumor
delineation.17–19

Actually, registration accuracy appears to be variable,
depending on the anatomical region investigated. For
tumors of the head and neck (H&N), the deviation
between the center of the tumor as defined by CT and as
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Patient position reproducibility: (a) flat bed, (b) laser positioning system, (c, d) immobilization systems.
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defined by PET was found to be about 0.15 cm.20 Maximal
deviation was found in the chest region, and ranged up to
0.64 cm in the x and y directions with a range of 0.8–0.4 cm
in the z direction. This mismatch in the thorax is mainly a
breathing effect, which is different in CT and PET.

Acquisition is rapid with CT, and the resulting image is a
virtual snapshot of the diaphragm position that could be
markedly different from the average position obtained with
a 5-minute PET scan. This phenomenon could be so pro-
nounced as to result in marked mislocalization of a lesion
that would appear to be located in the wrong position.
Osman et al. reported that in evaluating 250 PET–CT
scans, in which free breathing was allowed, thre were six
cases of mislocalization of liver metastasis, which appeared
to be in the lung on the CT image.21

Regarding this, use of the PET–CT scan seems to be the
future. Equipped with a gantry as large as possible, so that
special immobilization devices used during radiotherapy
treatment can fit through the PET–CT, it might solve the
problem of patient positioning, thanks to scans being
acquired on the same machine. Nevertheless, involuntary
patient motion and motion due to breathing are not solved
with this new technology, and a gating capability for respi-
ration should be provided.

GGrroossss  ttuummoorr  vvoolluummee  ddeelliinneeaattiioonn
Accurate delineation and localization of the GTV is espe-
cially critical when the volume has a deep impact on the
treatment plan results, as in IMRT treatment, or when con-
sidering a dose escalation. The co-registration of CT and

PET may improve the definition of a given tumor because
of the functional imaging, but the volume definition in a
functional image is a very critical step.22 This is strictly
related to the nature of PET imaging. Factors such as the
size of the tumor, the background signal, and the algorithm
used for image reconstruction, which define the full width
half maximum (FWHM), could affect the resultant size of
an image in PET. Furthermore, PET volumes displayed on
the screen may look large or small depending on the display
window/level settings (Figure 32.6) and this underlines the
importance of robust volume segmentation tools. Different
segmentation methods have been proposed, principally
based on a threshold value defined by phantom study.
Using CT volume as a standard, Erdi et al. define an 
optimal threshold in relation to the signal to background
ratio (S/B).23 A value ranging from 36% to 44% of the
lesion maximum signal is indicated for volumes larger than
4 ml, where the measure is less sensitive to partial volume
effects. Due to the edge blurring effect of the background,
this value must be increased for volumes smaller than 4 ml
(Figure 32.7).

As the SUV is a standard parameter used in diagnostic
nuclear medicine, it has been suggested as a criterion to
define gross tumor volume. A value of 2.5 (SUV2.5), the
same as used in diagnostic studies, has been proposed by
Paulino and Johnstone.24 Comparison between the Erdi
criterion and the SUV2.5 shows that, compared to CT-GTV,
the first criterion underestimates the volume. Black et al.
found a linear correlation between the SUV threshold and
the mean target SUV: the higher the mean SUV is, the
greater is the threshold SUV.25 The important concept
reported by Black et al. is that the background activity con-
centration and the sphere volume have no independent
effect on the SUV threshold. Again, this segmentation over-
estimates the extent of a target volume with respect to the
Erdi method.

A different segmentation method is proposed by Nestle
et al.26 In this case the criterion is defined in terms of signal
intensity. The intensity threshold is an increasing linear
function of the mean intensity inside the lesion and of the
intensity background. This criterion underestimates the
volume with respect to the SUV2.5 method, and overesti-
mates it with respect to Erdi.

A different relation between the threshold value and the
S/B ratio has been investigated by Daisne et al.: the deter-
mined value is higher for less contrasted images. A new
aspect introduced by Daisne et al. is that the value is related
to the image reconstruction algorithm used.27 The method
proposed by these authors has been validated using surgical
specimens for pharyngolaryngeal carcinoma: the FDG-
PET-GTV appeared to be more accurate than CT- and
MRI-GTV, even if it was still larger than the surgical one.28

The results of the above described studies underline that
the segmentation method is an unsolved crucial problem
and further evaluation must be done.
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Fiducial markers in CT (a) and positron emission tomography
(PET) (b) images. These markers, filled with CT contrast and
fluoro-2-deoxy-D-glucose (FDG), can be used to guide
registration and improve matching accuracy.
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CClliinniiccaall  aapppplliiccaattiioonnss
Many authors have demonstrated that FDG-PET is a very
effective imaging modality for managing oncologic
patients. Gambhir et al. published a review (419 articles
and abstracts) reporting a global sensitivity (18 402
patients) and specificity (14 264 patients) of 84% and 88%
respectively; the management of patients (n = 5062) was
changed by PET in 30% of cases.29 Dizendorf et al. evalu-
ated the impact of whole-body FDG-PET on the staging
and managing of patients for radiation therapy in 202 con-
secutive cases. The radiation therapy strategy was changed
in 27% of patients.30 Similar results have been reported by
other authors.31,32

The recent development of PET imaging regarding inte-
grated acquisition PET–CT has been an important step
towards true morpho-functional imaging. Ciernik et al.

investigated the usefulness of hardware co-registered
PET–CT images for target volume definition in 39 patients
with various solid tumors. CT and FDG-PET were
obtained in the treatment position, and co-registered
images were used for treatment planning. In 56% of cases,
GTV delineation changed significantly. In 16% of cases,
PET–CT revealed distant metastases, changing the treat-
ment strategy from curative to palliative.20

In radiotherapy planning, PET–CT is particularly useful
when the patient has poorly defined target volumes (e.g.
brain tumors or lung cancer), or is candidate for dose-
escalated radiotherapy (e.g. H&N cancer, lung carcinoma,
prostate carcinoma), which needs accurate definition of the
metabolically active tumor volume and its differentiation
from surrounding healthy tissue (Figure 32.6).33

The following sections provide a view on the clinical
applications of PET (Figure 32.8), and a look also at
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Images of the same PET scan are shown with different window level settings on the treatment planning system screen. In the
upper right image a threshold value of 65% of the maximum is set, while a value of 40% is set in the lower left image. It is
evident that the window level defines a different dimension of the lesion.
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SPECT, in the radiation treatment planning for several
tumor sites. The most common tracer employed is FDG,
and the main goal of its use is definition of the GTV. More
experimental applications of FDG and the use of alterna-
tive radiotracers for different purposes – such as assess-
ment of biological tissue properties (i.e. for BTV
definition) – will be discussed separately.

LLuunngg  ccaanncceerr
Lung cancer is the most deadly form of cancer. The most
effective therapy is surgery, but unfortunately only a few
patients are operable. The outcome of radiation therapy is
poor: the long-term survival in inoperable lung cancer
receiving only RT ranges from 6% to about 30% for stage
I–II, decidedly worse for the advanced stages.

Even if the main event affecting the prognosis is the
appearance of distant metastases, there is a significant
number of patients relapsing inside the treatment field.
This demonstrates the necessity to improve the local con-
trol. The current trend to improve survival is towards dose
escalation only in the radiographically evident tumor,
combined with systemic therapy. In fact, the elimination of
prophylactic irradiation of the mediastinal region reduces
the toxicity, leaving more room for dose escalation on 
the GTV.

It has been proved that FDG-PET plays an important
role in the management of non-small-cell lung cancer
(NSCLC) patients. As a meta-analysis by Toloza et al. has
shown, PET is a valuable diagnostic and staging tool. PET-
FDG has a sensitivity and specificity, for mediastinal stag-
ing, of 84% and 89%, respectively, compared to 57% and
84% for CT (Figure 32.9).34 A recent study of the relation-
ship between the SUV obtained from FDG-PET and the
treatment response/survival of inoperable NSCLC seems to
indicate SUVmax as an important prognostic factor for sur-
vival and a predictive factor for treatment response.35 The
FDG SUV appears to be a good indicator for selecting
patients for different treatment strategies.

The incorporation of PET into radiation therapy seems
to improve tumor coverage and normal tissue sparing,
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Segmentation of PET volumes. The threshold value required
to visualize spheres of defined dimension is shown for
different source to background ratios (S/B). A phantom
including spheres of volumes 0.2, 0.5, 1.0, 2.0, 4.0, 8.0 ml
was used. For lesions bigger than 4 ml and a S/B equal to 
8, the graphic exhibits a plateau, to indicate that a threshold
of 40% may be used for automated segmentation. For smaller
lesions the threshold is a function of the tumor dimension,
and a single segmentation value cannot be defined.
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The sequence of radiation therapy. 
The figure shows the phases of patient
management in radiation therapy in
which FDG-PET imaging plays a major
role (staging, biological target volume
definition, and treatment response
evaluation).
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which may lead to less toxicity and the possibility of dose
escalation.36–38

Actually, the integration of FDG-PET images into radio-
therapy planning is an issue of recent interest. Therefore,
most of the reported studies have analyzed the impact of
FDG-PET on radiation therapy without the help of fusion
images, but using other methods to incorporate functional
information. Despite this, there is clear evidence that PET
has the potential to affect both management and radiation
treatment planning.39 PET imaging, combined with CT,
can dramatically alter the GTV definition. Because of the
higher sensitivity of PET in detecting lymph node metas-
tases compared to CT, it may lead to an increase in the size
of the GTV. Nestle et al., in a retrospective study, reported
that incorporating PET would have altered the radiother-
apy plan in 12 of 34 patients (35%).40 Vanuytsel et al., com-
paring the GTV defined by only CT and by CT integrated
with PET, asserted that radiation portals were altered in 45
of 75 patients (62%).41 Messa et al. changed the CTV after
the inclusion of PET–CT data, in 55% of cases.42 The same
is reported by Munley et al.: 34% of the treatment plans
would be influenced by PET images.43

In more recent studies, the effect of PET on target defini-
tion via image fusion has been investigated.44–47 Mah et al.
recruited 30 patients only referred for radiation therapy
with radical intent.44 CT and PET data sets were acquired in
the treatment position. The inclusion of PET showed a sig-
nificant change in disease location, size, and shape, and in
identifying affected lymph nodes that were borderline on
CT. The study reports that in 12 cases radiation treatment
was changed. A significant finding is that seven of
30 patients were actually not suitable for radiation treatment
because of the extent of the disease. In agreement with this,

McManus et al. reported that 30% of patients with locally
advanced NSCLC became ineligible for radical radiotherapy
treatment because of distant metastasis or extrathoracic
disease.10 An interesting result, confirmed by other studies,
is that the integration of PET and CT lowers observer vari-
ation, providing a more consistent definition of GTV.20,45

In this paper10 the ratio between the largest and the small-
est GTV, as drawn on a CT image had a variability ranging
from 1.06 to 7.66. The range was narrowed to between 
1.09 and 2.77 when PET information was included.

A reduction of the delineation variability is proved by
Steenbakkers et al.48 In this study the three-dimensional
observer variation was reduced from 1.0 cm to 0.4 cm
(standard deviation, SD) using matched CT-FDG-PET.
The largest reduction was seen in the atelectasis region.

Likewise, Bradley et al. found that PET changed the
American Joint Committee on Cancer (AJCC) clinical
stage in eight of 26 patients.49 The radiation therapy plan-
ning was changed in over 50% of patients in comparison
with CT targeting because of variation of PTV.

It needs to be pointed out that there is no agreement
regarding the definition of ‘significant variation of tumor
volume’. Bradley et al. have adopted as a criterion ‘a clear
difference between contours, i.e. nodal regions contoured
as tumor on PET–CT data sets and not contoured only on
CT’, while other authors define criteria related to minimum
percentage volume differences from GTV on PET/CT and
GTV on PET.20,39 Strictly related to this is the rule used to
identify the lesion boundary on PET images. Mah et al. set
a window level equal to 50% of the maximum;45 Bradley 
et al. define a threshold value of 40%,50 while Erdi et al.
consider a variable threshold related to the background
signal.45 Ashamalla et al. have also addressed this issue: a
criterion equal to a SUV value of 2 ± 0.4 is defined.50

The lack of a general consensus regarding these criteria,
which are subject to debate, means that, even if the benefits
of PET scans are well established, the correct integration of
metabolic information in radiotherapy treatment is still an
open issue.

Recently, Deniaud-Alexandre et al. studied 101 patients
who underwent CT and FDG-hybrid PET for simulation
treatment. A significant variation of the GTV, i.e. a difference
of 25% between GTV-CT and GTV-PET–CT, was found.
The GTV was decreased by CT–PET image fusion in 
21 patients (23%), and increased in 24 patients (26%).
Because of the PET-modified GTV, the percentage of total
lung volume receiving > 20 Gy increased in 15 cases and
decreased in 22. The multivariate analysis demonstrated that
tumor with atelectasia was the single independent factor that
resulted in a significant effect on the modification of the size
of the GTV.38 Due to the ability of PET to distinguish tumor
from atelectasis, a review of published data suggests a reduc-
tion in the CT-derived GTV in 15% of cases (Figure 32.10).48

Respiratory motion is an important factor that 
degrades PET image quality and reduces its potential.

Nuclear medicine-guided radiotherapy 550077

FFiigguurree  3322..99
FDG-PET uptake in a case of non-small-cell lung cancer
(NSCLC). The red contour represents the GTV defined on a CT
basis only. Without PET imaging, the GTV would have been
underestimated because of missing one mediastinal node not
described as pathologic by CT (arrow).
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Respiration creates artifacts and blurring, and reduces the
image quality, the ability to quantify FDG uptake, the target
to background contrast, and, consequently, the capability
to define the lesion size. Due to respiratory motion, usually,
we see an increase in the planning target volume that limits
dose escalation. Some authors have suggested that the
‘smearing’ of the lesions due to motion might indicate 
the exact margin to add to a GTV to avoid a mismatch of
the tumor and its underdosage.51–54 The best solution for
motion is the respiratory gating.53 PET data are acquired
synchronized to the respiratory cycle, in a similar way that
PET is already designed in terms of cardiac gating. A
patient study has shown that when gating is applied, the
GTV is reduced by 28% and the SUV increased by 56.5%.
This recent approach with respiratory gating in PET 
certainly represents a new line of development.

Patients with NSCLC often have inhomogeneous lung
perfusion, and its evaluation can be useful in planning and
monitoring the radiation treatment.

Christian et al. suggested using a SPECT scan to design
radiotherapy treatments that limit the dose to healthy 
perfused lung. In six patients they optimized 3D-conformal
plans using SPECT images to define the volume of perfused
‘functioning’ lung. This procedure was helpful for patients
with large perfusion deficits.55

Zhang et al. evaluated radiation-induced lung injury in
19 patients receiving thoracic 3D conformal radiotherapy
for lung cancer. SPECT lung perfusion scans and X-ray or
CT scans before RT, and after 40–50 Gy radiation, were 
performed. A decreased post-RT lung perfusion was
observed in six patients, whereas a relatively increased 
post-RT lung perfusion was observed in 13. The authors
concluded that SPECT lung perfusion scanning is a simple,
convenient, and useful method for assessing pre-RT
regional lung function and monitoring the changes in
regional lung function after irradiation.56

Seppenwoolde et al. studied regional differences in lung
radiosensitivity by evaluating the incidence of radiation
pneumonitis (RP) in relation to regional dose distribution.
They registered chest CT and SPECT lung perfusion scans in
106 patients before curative radiotherapy for NSCLC.
The incidence of RP correlated significantly with the mean
lung dose and the mean regional dose. They found that by

weighting the local dose with the local perfusion it is possible
to improve the dose–effect relationship, particularly impor-
tant for caudally located lung tumors, resulting in a greater
risk of radiation pneumonitis.57

Regional lung functional impairment in patients with
lung cancer was also assessed by Suga et al. using co-regis-
tered respiratory-gated ventilation/perfusion SPECT–CT
images. Twenty untreated and three irradiated patients
underwent gated 99mTc-labeled Technegas/macroaggregated
albumin (MAA) SPECT, using a triple-headed SPECT unit
and a respiratory synchronizer. The conclusion was that
detailed functional–morphological correlation on co-
registered gated SPECT–CT images contributes to the accu-
rate assessment of regional functional impairment, and may
be useful for surgical planning, prediction of postoperative
function, and assessment of external beam radiotherapy
effects in patients with lung cancer.58

HHeeaadd  aanndd  nneecckk  ccaanncceerr
Head and neck cancer represents an elective indication for
IMRT techniques, because of the anatomic complexity of
the region in which a variety of critical structures lies in
close proximity to the tumor. Consequently, the ability of
IMRT to spare normal tissue is particularly helpful in this
area. Xerostomia is an example of radioinduced injury
affecting most heavily the quality of life of the patient
treated for H&N cancer. Thus, the preservation of salivary
function is one of the most important goals in H&N treat-
ment planning. Obviously, by reducing the dose to
radiosensitive tissue, IMRT also gives more room for dose
escalation to the macroscopic disease. Head and neck 
cancers are at high risk of lymph node metastases, and
anatomical imaging (CT and MRI), with its dimensional
and morphologic criteria, can fail in the differentiation
between neoplastic and non-neoplastic lymph nodes.
For this reason, it is usual to treat all neck regions deemed
to be at more than 10–15% risk for subclinical disease.
This approach, combined with the necessity to improve
local control by dose escalation and combination with
chemotherapy, makes this kind of treatment very aggressive
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A case of NSCLC in which the 
CT-based GTV overestimated the true
extent of disease because of
inclusion of an area of atelectasia.
(a) In blue is shown the distribution
of a dose potentially dangerous for
the lung. (b) Reduction of the target
volume, allowed by PET imaging
integration, led to much better
sparing of healthy lung tissue.
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and toxic. Therefore, the best possible disease localization
and description is one condition to improve the therapeutic
ratio, i.e. the ratio between the probability of cure and the
risk of induced damage. The main justification for PET
imaging in H&N RT planning is its superiority for lymph
node disease detection; several studies also report good
performance in the detection rate of primary tumor sites
(ranging from 88% to 98%).28,59–67 PET may also be helpful
in finding the primary site in patients with lymph node
metastases of unknown origin.68,69 Yet, in these cases, some
authors have reported a significant incidence of false-
positive findings, warning against making treatment decisions

unless proven by biopsy.70 Finally, PET may show unde-
tected distant metastases and synchronous second primary.
It must be underlined that PET interpretation in the head
and neck region is not easy because of physiological FDG
uptake in certain areas (i.e. tonsils, base of the tongue,
parotid glands, thyroid, masticatory muscles). Co-registration
with CT can improve image understanding and allow 
correct anatomical localization of the lesions and the 
detection of smaller ones (Figure 32.11). The relatively
rigid nature of the H&N region and the possibility of
immobilizing it properly are a good basis to fully evaluate
the role of PET on target volume definition.
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(a) The GTV variation consequent to
PET–CT registration in a case of right
parotid cancer with homolateral nodal
disease. On the left, in blue, is shown the
CT-based GTV. On the right, in black, is
the PET–CT GTV. In the axial section
displayed there is no target defined on
CT imaging, while PET reveals a para-
pharyngeal nodal involvement. After PET
integration, the GTV increased by about
100%. Note the absence of uptake
corresponding to a necrotic area inside a
massive lymph node metastasis. (b) The
prescribed dose distribution
corresponding to the two different GTVs.
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On the whole, FDG-PET is helpful in target delineation,
and may greatly influence the radiation treatment plan,
also playing a role in normal tissue sparing (particularly
parotid glands) (Figure 32.12).

There are several published studies on the influence of
FDG-PET in head and neck radiotherapy. Nisioka et al.
studied the PET influence on RT planning for oro- and
nasopharynx cancer.71 In their experience, after the 
inclusion of PET information, only two of 21 patients had
a beam geometry variation, but the dimension changed by
about 50%. Furthermore, parotid gland sparing was
planned with more confidence because of the more precise
GTV localization. Ciernik et al. reported a GTV modification
by ≥ 25% in six of 12 patients; the volume increased in four
patients, and decreased in two.20

Scarfone and colleagues investigated the influence of
PET on the delineation of target volume in head and neck
cancer.72 The inclusion of PET findings led to GTV changes
in five of the six patients evaluated (one patient was not
evaluated because PET was negative after induction
chemotherapy). In all cases the volume was enlarged by an
average of 15%. Heron and colleagues investigated the
effect of the use of hybrid PET–CT simulation for 
treatment volume definition in 21 patients with H&N
cancer. In all cases PET images showed increased uptake in
the known primary tumor site, while CT failed in its visu-
alization in three cases. The primary volume defined by
PET was smaller than the CT-based one in all patients
(ratio CT-GTV/PET-GTV, 3.1). In contrast, the volume of
abnormal lymph nodes as defined by PET was overall
larger than in CT images (ratio CT nodal volume/PET
nodal volume, 0.7). PET detected more pathologic nodes in
nine patients. The better performance of PET imaging in

primary tumor identification can partly be explained by its
lesser susceptibility to artifacts generated by metal dental
work.73

Geets and co-workers evaluated the influence of FDG-
PET in the treatment of 18 patients with pharyngolaryn-
geal squamous cell carcinoma. All patients underwent
pretreatment CT, MRI, and PET.74 The GTVs that were PET
based, and the related CTVs and PTVs, were smaller than
those based on morphologic imaging. This reduction led to
a significant decrease of the irradiated volumes and to
better healthy tissue, namely parotid gland, sparing. The
patients were also studied using the same procedure after a
mean dose of 46 Gy. CT and MRI showed a GTV reduction,
but, because of radiotherapy-induced inflammation, PET
automated segmentation was not usable.

Wang et al. studied 28 patients with H&N carcinoma.75

PET led to changes in disease staging in 16 patients (57%)
and found a second primary cancer in one other patient.
GTV variation was evaluated in 16 patients by comparing
PET–CT-GTV to CT-GTV. The authors reported a poten-
tial overestimation of the disease extent by CT in nine
patients (volume changes 11–40%) and underestimation in
five patients (volume changes 14–31%).

Paulino and colleagues examined 40 patients with head
and neck squamous cell carcinoma who underwent CT-
simulation and PET–CT. After image co-registration, the
CT-GTV and the PET-GTV were delineated. The aim of
their study was to define the adequacy of PET-GTV dose
coverage if radiation treatment was planned on a CT basis
only. The primary tumor identified by PET was under-
dosed by the CT-based plan in ten (25%) patients. In seven
patients it was caused by the detection of additional neo-
plastic areas (PET-GTV > CT-GTV), while in the other
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A case of rhinopharynx cancer with
nodal metastases at the 2° left level of
the neck. (a) The yellow contour
represents the pathologic FDG-PET
uptake and the red the parotid glands.
(b) Intensity modulated radiation
therapy (IMRT) plan dose distribution:
the proven absence of disease near the
right parotid allowed its sparing
without risk of missing the tumor.
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three cases it was because of non-overlapping PET- and
CT-GTVs.76 For 36 in the same patient series, Koshy et al.
reported the staging and therapy variation consequent to
PET–CT image fusion. Changes in TNM score and AJCC
stage were registered in 36% and 14% of the patients,
respectively. In addition, PET allowed the detection of the
primary site in two cases with cervical node metastases from
an unknown primary. Nine patients (25%) had a modifica-
tion of their treatment strategy. The pattern of changes (in
some cases overlapping in the same patient) included: shift
of treatment intent from curative to palliative because of
metastatic disease; exclusion of radiotherapy for detection
of synchronous advanced lung cancer; modification of
treatment volume (larger in two patients, smaller in three);
variation of treatment dose (higher in three patients, lower
in one); and variation of chemotherapy management.77

Versari et al. reported the results of PET application in 36
H&N curative IMRT. According to PET–CT findings, the
stage of disease changed in 22.2% (8/36) of cases. GTV
modifications led to changes in high dose volumes in 10/36
patients (27.8%). In two cases (5.6%) the radiation therapy
intent shifted from a curative to a palliative purpose as a
consequence of the detection of distant metastases. In the
group of patients (22/36) with a follow-up longer than 6
months, no local failures have been observed in regions
excluded from the high dose because of PET negativity.78

To fully exploit the potential of IMRT, Scwhartz et al.
examined 20 H&N patients and studied the potential
impact of PET–CT imaging for more tailored IMRT plans,
targeted to PET–CT-GTV only, with the exclusion of pro-
phylactic irradiation of PET-negative regions. The theoret-
ical plan created can greatly reduce the dose to normal
tissue, and contextually can leave more room for intensive
irradiation of the macroscopic disease. Obviously, this
promising approach requires that FDG-PET–CT is fully
validated. The benefit of FDG-PET on head and neck
radiotherapy outcome is still unknown, and its use for
target delineation should be regarded as a research tool.79

It should be mentioned that there is no consensus about
the usefulness of FDG-PET in H&N cancer staging and RT
planning.80 The reason advocated to justify this position is
the small advantage of PET in the definition of primary
tumor and its failure in the demonstration of microscopic
nodal metastases, considerably frequent in H&N tumors.

Besides staging purposes, FDG uptake can be considered
for treatment response prediction. The early monitoring of
treatment can provide help in distinguishing responders
from non-responders (particularly useful in organ preser-
vation protocols) and allow the identification, before ther-
apy, of the most aggressive tumors.81

FDG-PET imaging plays also an important role in the
detection of residual/relapsing disease after radiation treat-
ment. In this context, the limits of morphologic imaging
(CT and MRI) in the characterization of abnormal tissue
become evident, and the superiority of PET imaging 

is acknowledged.82–84 Greven et al. evaluated 45 patients
before radiotherapy and at 1, 4, 12, and 24 months after-
wards. The study showed a high accuracy in both positive
and negative findings at 4 months after radiotherapy, but
not as accurate at earlier intervals (namely for negative
scans).85 However, it seems reasonable that a gap of 8 weeks
is enough to prevent the majority of false results.86 The
early detection of disease recurrence is imperative, improv-
ing the salvage therapy outcome.87 Besides, the predictive
value of a negative scan is high enough to postpone biopsy
specimens. The avoidance of repeated unjustified biopsies
is particularly useful in the head and neck region, namely
after larynx radiotherapy, because they can promote severe
tissue damage and also precipitate necrosis.88

OOtthheerr  ccaanncceerr  ssiitteess
The number of tumor sites investigated for PET-guided
treatment planning is rapidly increasing. Some of these are
not well detected with FDG, and can require the use of
alternative radiotracers or single photon emission technol-
ogy instead of PET. The results are still preliminary, but it is
likely that clinical application of nuclear medicine technol-
ogy in the radiotherapy sector will become gradually more
important for a variety of cancer types.

Cervical cancer
Radiation therapy has a major role in cervical cancer. For
early-stage cervical cancer the treatment is radical surgery
and/or radiation therapy, whereas for patients with locally
advanced disease the treatment of choice is combined
chemoradiotherapy. The radiotherapy planning consists of
brachytherapy (intracavitary implants) and external beam
radiation therapy.

FDG is the main tracer used for PET studies in cervical
cancer. Its role is important in the primary staging of
untreated advanced disease, in post-treatment surveillance
with suspicion of recurrence, and in restaging of poten-
tially curable recurrent cervical cancer.

An application of PET imaging in radiotherapy planning
is the identification of positive para-aortic lymph nodes
(PALNs). In fact, the conventional treatment of this region,
because of the dose limit due to the adjacent organs at risk,
is ineffective, and the prognosis of patients with positive
PALNs is poor. A possible solution is to escalate the dose to
the positive nodes using PET-guided IMRT.

Esthappan et al. attempted to determine guidelines
regarding the selection of appropriate treatment and
organ-specific parameters for intensity modulated radio-
therapy planning for PALNs. They developed treatment
plans that deliver 59.4 Gy to the positive PALNs and 50.4 Gy to
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the para-aortic region using CT–PET-guided IMRT, achieving
acceptable sparing of the stomach, liver, and colon.89

Another application of PET is to guide the brachytherapy
dose distribution to assure adequate tumor coverage, as
reported by some authors.90–92

Esophageal cancer
Leong and co-workers examined the impact of PET–CT 
in the delineation of GTV in 21 patients with esophageal
carcinoma, and found significant differences between the
volumes generated with and without PET contribution.
PET-avid disease regions were excluded from GTV-CT in
11 patients. Consequently, radiotherapy plans based only
on CT imaging would have failed to cover the tumor 
adequately in five of these patients (31%). The main cause
of discrepancy was the longitudinal extent of the disease.
Furthermore, PET findings led to a staging variation in
eight of 21 cases (38%) and to a change of therapeutic
intent (from curative to palliative) in five.93

Moureau-Zabotto et al. studied 34 patients scheduled for
concomitant chemoradiotherapy. In two cases the detection
of unsuspected distant metastases excluded curative radio-
therapy. The inclusion of FDG-PET in target definition led
to the reduction of GTV in 12 patients (35%) and to its
increase in seven (21%). A GTV variation ≥ 25% was
observed in six patients. Consequently, the lung volume
exposed to radiation damage was also affected by CT and
FDG-PET image fusion. The definitive clinical impact of
these variations has still to be defined.94

Konski and colleagues described their experience with 25
patients with esophageal cancer who underwent CT, PET, and
endoscopic ultrasound (EUS). The authors concluded that
FDG-PET in addition to EUS is able to provide information
useful for more precise and accurate target definition.95

Vrieze and co-workers evaluated the impact of FDG-
PET for the delineation of lymph nodal target volume in
patients with locally advanced esophageal cancer. They
studied 30 patients using CT, EUS, and FDG-PET. In 14 cases
(47%) the FDG-PET features appeared to be discordant
with the CT/EUS ones. In six of these patients, the PET
information would have led to a change in treatment
volume (enlargement in three, reduction in three). Because
of the high specificity of PET for esophageal cancer the
authors consider the possibility of using it in the treatment
planning in the case of positive findings. In contrast, its low
sensibility warns about the exclusion of PET-negative
nodes appearing pathologic with CT/EUS.96

Lymphoma
FDG-PET is very sensitive and specific for Hodgkin’s and
non-Hodgkin’s lymphomas, and is widely used as a staging

procedure and for post-treatment evaluation. The use of
PET to optimize the treatment volume is still under 
investigation. It is justified by the necessity to reduce the
irradiation volume as much as possible, in order to lower
the risk of late side-effects (namely secondary cancer and
permanent pulmonary toxicity) in these long-surviving
patients. In the retrospective study conducted by Lee and
colleagues of 17 thoracic lymphomas, PET showed different
findings from CT in all but one patient. These results could
lead to substantial changes in treatment field definition.
However, the additional value of PET could be more relevant
if moving from the conventional anterior–posterior technique
towards more conformal and innovative approaches such
as IMRT of smaller ‘lymph-node fields’.97

Brain tumors
Brain tumors are frequently treated with radiosurgery or with
stereotactic radiotherapy. These very precise and conformal
therapies are delivered in one or a few high-dose fractions
and require careful localization of the tumor.98

Other than for PET imaging, brain tumors represent a
field of interest also for SPECT applications. Grosu and 
colleagues examined 66 patients with resected malignant
gliomas and evaluated the influence of the incorporation of
[123I]α-methyl-tyrosine-SPECT (IMT-SPECT) imaging in
the postoperative radiotherapy treatment planning.99 Their
results showed substantial differences between the volumes
of MRI abnormalities and IMT uptake. Because of the high
specificity of IMT-SPECT, these findings can be used for
the definition of target volume, especially for localization
of the high-dose volume. In a more recent work, Grosu et al.
demonstrated a similar result with the use of L-(methyl-11C)-
labeled methionine-PET (MET-PET), an imaging modality
having a higher specificity and sensibility than MRI for the
differentiation of unspecific tissue modifications and residual
tumor after surgical resection of high-grade gliomas.100

Prostate cancer
The low sensitivity of FDG-PET in prostate cancer has lim-
ited its use in this field. The development of new PET
radiopharmaceuticals will probably allow the use of func-
tional and biological imaging to support parallel develop-
ments in radiotherapy techniques for prostate cancer. The
ultimate goal is a coordinated diagnostic and therapeutic
approach to individualize and optimize the treatment plan
for patients with prostate cancer.101

Choline-PET and acetate-PET are promising tracers 
in the diagnosis of prostate cancer, but their validity in 
local tumor demarcation, lymph node diagnosis, and
detection of recurrence has to be defined in future clinical
trials.102–104

551122 Advances in Nuclear Oncology

9781841846149-Ch32  8/21/07  6:55 PM  Page 512



FFuuttuurree  ppeerrssppeeccttiivveess
MMuullttiittrraacceerr  PPEETT––CCTT
The heterogeneity of the biologic properties of the tissues
makes the individual response to radiation extremely
varied. Knowledge of the incidence and intensity of the
events leading to tissue damage is really interesting for the
radiation oncologist, in order to predict the responsiveness
of both tumor and normal tissues. Prediction of the
response can give information about the prognosis and
efficacy of a determined gold-standard treatment, and can
also allow the identification of patient subgroups for whom
an altered/new therapeutic strategy could be superior.

For a long time, the radiation oncologist has tried to
measure the predictors of response to radiotherapy, such as
surviving fraction to 2 Gy, potential tumor doubling time,
thymidine labeling index, and tumor hypoxia. Unfortunately,
the methods used to measure these factors were mostly
invasive and prone to sampling errors. Now, some properties
influencing the radiotherapy effect may be assessed by
means of non-invasive and repeatable techniques. The
images that provide information about factors affecting the
responsiveness to radiation therapy can be described as
radiobiological.

Nuclear medicine, using PET and SPECT, allows the
determination of various tissue properties potentially
affecting the outcome of radiotherapy. However, it must be
emphasized that the first aim is demonstration of the 
correlation between the imaging and biological features of
the tissue. The second issue is verification of the temporal
constancy of a specified functional property.

Tumor hypoxia
Tumor hypoxia is one of the main causes of radioresistance
and poor prognosis. The main mechanism of radiation
injury at the molecular level is mediated by the production
of free radicals, and requires the presence of oxygen. If the
partial oxygen pressure is low, the repair of free radical
damage, and hence cell survival, increases. In the hypoxic
condition, the dose required to achieve the same level of
cell kill is 2–3 times higher than in well-oxygenated tissue.
The radiation therapy community has invested important
resources to evaluate techniques able to overcome 
the radioresistance caused by hypoxia. The identification 
of hypoxia markers is an offshoot of research into
radiosensitizer drugs.

Chapman et al. described clearly which requisites the
best hypoxia tracer should exhibit.105 It should have a high
hypoxia-specific factor (HSF), i.e. good sensitivity for the
hypoxic cells relative to the aerobic ones. At the same time
it should identify tumor cells with oxygen levels above the
range defining the radiobiologic oxygen effect. Furthermore,

acquisition of the hypoxia-specific signal should be done 
at the time at which the hypoxia/background signal is 
maximal. The hypoxia tracers under investigation belong
to three different classes.

The first group (also called ‘vanilla’ markers) contains
the 2-nitroimidazole (azomycin) moiety. The family
includes: misonidazole (MISO); fluoromisonidazole
(FMISO); the azomycin nucleosides (IAZAF, IAZGP,
IAZXP); and EF-5.105 These markers, upon reduction, can
covalently bind to cellular molecules. Among these 
markers, those labeled with 18F are very difficult to image
because, soon after administration, the hypoxia signal is
covered by the signal coming from non-specific markers
not yet excreted.

In the second group (the ‘chocolate’ markers), the 
selective bond with hypoxic cells is due to the reduction of
a chelated metal. The best known tracer of this group is
[60Cu]diacetyl-bis(N4-methylthiosemicarbazone) ([60Cu]
ATSM). This agent shows a HSF lower than that of the 
first group, and a heterogeneous dependence on oxygen 
concentration. The third class of markers (the ‘chocolate
swirl’markers) bind to hypoxic cells by means of the reduction
of a metal-chelating ligand coupled with an azomycin com-
pound. These products combine the tissue distribution and
uptake asset of the chocolate class with the bioreduction
properties of the azomycin. The main, and still unresolved,
problem with the use of hypoxia markers in radiotherapy is
the demonstration that the uptake into tumor regions cor-
relates with the individual tumor radioresistance.

For H&N patients, Chao et al. demonstrated the feasibility
of a novel [60Cu] ATSM-guided IMRT approach through
co-registering hypoxia [60Cu]ATSM-PET with the corre-
sponding CT images.106

Dehdashti et al. investigated whether pretreatment
tumor hypoxia assessed by [60Cu]ATSM-PET predicts
responsiveness to subsequent therapy in cervical cancer.
Fourteen patients were studied by PET with [60Cu]ATSM
before initiation of radiotherapy and chemotherapy. The
study revealed that tumor uptake was inversely related to
progression-free survival and overall survival. PET furnished
clinically relevant information about tumor oxygenation
that was predictive of tumor behavior and response to 
therapy.107

Eschmann et al. studied 40 patients with advanced H&N
cancer (n = 26) or NSCLC (n = 14) to evaluate the ability of
FMISO-PET to predict tumor recurrence after radiotherapy.
Dynamic (0–15 min) and static PET scans were acquired.
The results indicated that the outcome after radiotherapy
can be predicted on the basis of the kinetic behavior of
FMISO in tumor tissue. An accumulation-type curve,
high SUV, and high tumor-to-muscle and tumor-
to-mediastinum ratios at 4 hours after injection are highly
suggestive of an incomplete response to treatment 
and might be used to select patients for intensified therapy
protocols.108
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The [60Cu]ATSM images show the best contrast early
after injection, but these images are confounded by blood
flow. FMISO has been criticized as inadequate because of
its clearance characteristics, but its uptake after 2 hours is
probably the most purely reflective of regional partial
oxygen pressure at the time that the radiopharmaceutical 
is used. FMISO images show less contrast than those 
of [60Cu]ATSM because of its lipophilicity and slower
clearance.

In conclusion, many radiopharmaceuticals have been
proposed for hypoxia imaging. To date, only FMISO and
[60Cu]ATSM have been evaluated in patients, but other
promising tracers are under investigation.

Tumor proliferation and 
clonogenic cell density
Several randomized controlled trials have provided evidence
on the importance of overall treatment time, especially in
squamous-cell carcinoma of the H&N, with evidence from
other tumor sites being less strong.109,110 This feature has
been linked to rapid tumor-cell proliferation during RT as
a resistance mechanism in fractionated RT. Proliferating
cells in the S-phase (also called ‘growth fraction’) represent
a part, ranging from 3% to 15%, of the entire tumor
volume. Appearance of the radiation response and tumor
volume shrinkage are generally faster when the growth
fraction is higher. Knowledge of the clonogenic activity
within the GTV is important for treatment planning and
maybe more so for evaluating treatment response.

Numerous in vitro and in vivo studies have documented
that FDG uptake is an indicator of tumor grade and clono-
genic activity.111–114 Nevertheless, only three studies have
documented a relationship of FDG uptake to local
response.

Rege and colleagues reported their data in 12 patients
with epidermoidal cancer of the head and neck.115

Pretreatment metabolic activity, as expressed by FDG-PET
findings, is related to local control probability. This infor-
mation could be used to identify the patients who could
benefit from more aggressive or somewhat altered treat-
ment instead of a conventional one.

Brun et al. reported that a low metabolic rate of glucose
in 17 patients with H&N cancer after RT (15–36 Gy) or one
cycle of chemotherapy is predictive of complete remission.116

Allal et al. studied 63 patients with H&N cancer and 
suggested that tumors with high pretreatment FDG uptake
require stronger approaches.117

Unfortunately, FDG is an indicator of consuming energy
activities, as cell division is, but also, other activities of
tumor and non-tumor cells require glucose consumption.
Therefore, information provided by FDG uptake can be
ambiguous. Consequently, different and more focused
radiotracers have been investigated.

RRaaddiioollaabbeelleedd  nnuucclleeoossiiddeess
Thymidine is the only base incorporated uniquely into
DNA. 11C-labeled thymidine is a tracer produced with 11C
in two different positions (methyl-5 or ring-2 position);
both forms are rapidly metabolized after their injection
and consequently their assessment requires complex
time–activity models to distinguish tumor uptake from the
metabolites produced. There are some clinical data demon-
strating a difference of [11C]thymidine uptake in various
human cancers.118,119 This behavior could reflect different
proliferation profiles, but the data are still insufficient to
draw any conclusion.

RRaaddiioollaabbeelleedd  ddeeooxxyyuurriiddiinnee
To overcome difficulties related to the rapid metabolism of
thymidine and the short half-life of 11C, radiolabeled
thymidine analogs have been developed. The [131I], [124I]
deoxyuridine, and [77Br]deoxyuridine, have a half-life long
enough to allow delayed imaging. Preliminary clinical
investigations are inconclusive because of technical issues
of measurement (low statistical count and high back-
ground activity).120,121

New radiopharmaceuticals more resistant to in vivo
metabolism are to be studied. The most interesting is an 
18F analog, [18F]FLT (3′-deoxy-3′-fluorothymidine).

RRaaddiioollaabbeelleedd  aammiinnoo  aacciiddss
Tumor cells incorporate a large amount of amino acids.
One fraction of these amino acids is addressed to protein
synthesis and one fraction to other use (such as energy
supply or production of secretory substances). Despite that
protein synthesis requires only a small portion of the
amino acids pooled in the tumor cell, generally the signal
produced by radiolabeled amino acids represents the pro-
liferation grade of the tumor. Furthermore, the registered
signal is a little hampered by the inflammatory component,
because of its lower protein metabolism.124 The most inves-
tigated amino acids are [11C]MET and [11C]tyrosine (Tyr),
because of their simple synthesis and low metabolite 
interference. Despite preclinical studies showing a 
correlation between MET uptake and proliferation activity
better than FDG in H&N cancer cell lines, clinical studies
have demonstrated a correlation in brain and lung tumors
but not in head and neck cancer and lymphoma.123–126

However, the studies published failed to clearly demon-
strate the predictive value of MET-PET.127,128

Apoptosis
Two different kinds of cell death can occur after radiation
injury: interphase death and mitosis-related death. The
first type is usually expressed by an apoptotic mechanism;
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the second can happen with both apoptotic and necrotic
processes. Apoptosis (or programmed cell death) is the
dominant mechanism of lymphoid cell radio-induced
death, while seeming to be less important in carcinoma
cells. Apoptosis develops early and reaches its peak 
3–6 hours after irradiation. There is evidence that the peak
of apoptosis varies among different tumors and is related to
the radiotherapy outcome. Studies of non-Hodgkin’s lym-
phoma and prostate, bladder, and rectal cancer correlate
high pretreatment apoptosis levels with good tumor 
regression.129–131 In H&N and cervical carcinoma the utility
of pretreatment assessment is dubious.132,133 However,
reports aiming to demonstrate a correlation between spon-
taneous apoptosis in non-irradiated tissue and the peak of
apoptosis after irradiation have shown opposing results.
Thus, the measurement of apoptotic response after the first
fraction of radiotherapy is the best way to define the 
apoptotic response of the tumor and, consequently, the
expected efficacy of treatment. Annexin 5 is a protein 
with high affinity for membrane phosphatidylserine;
it is normally located at the inner membrane surface,
but becomes externalized when the cell dies. The use of
radiolabeled annexin 5 and its assessment by means of
SPECT has been studied for purposes other than 
cancer cure, but this kind of application is now under
investigation.134,135

Tumor growth factor receptor status
Many tumor cells overexpress on their surface the receptors
for epidermal growth factor (EGFR). EGFR is involved in
the signal transduction of cellular response to various
growth-stimulating factors. Consequently, amplification of
the receptor status correlates with increased growth rate
and worsens prognosis. There are several studies aimed at
finding an association between high expression of
EGFR and the response to radiation.136–138 All but one
demonstrated a poor outcome in EGFR overexpression.139

The interest in EGFR is determined by the possibility of
targeting the receptors to block the signal transduction
pathway. This can be accomplished by various substances
such as monoclonal antibodies (e.g. IMC-225) and 
thyrosine kinase inhibitors (ZD1839). The in vivo 
assessment of EGFR expression can represent a predictive
marker for radiotherapy outcome. For this purpose,
several radiolabeled peptides and antibodies have 
been produced for various cancer types.140 Furthermore,
the concomitant delivery of these new therapeutic 
factors (in particular IMC-225 and Iressa®) and radiother-
apy seems to improve the tumor response; to date, the 
most significant preclinical and clinical data concern 
head and neck and colorectal cancer.141,142 However,
the clinical impact of radiolabeled EGF imaging is still 
to be defined.

TThhee  ffuuttuurree
To fully exploit the IMRT dose-painting ability, the next step
should be to tailor the dose distribution on the functional
image. A great effort needs to be made to improve patient
management in terms of much more individualized radio-
therapy. Xing et al. have coined the idea of new 4D data for
radiotherapy: 3D structural plus 1D metabolic.143,144 As PET
imaging includes functional information, it can provide
more than one method to better define the treatment
volume. The information on tumor biology and functional
properties of sensitive structures is valuable for guiding a
spatial non-uniform dose distribution. The goal is to obtain
a true biologically driven dose distribution, taking full
advantage of the voxel by voxel metabolic information and
IMRT features. The objective is to generate a different for-
malism for dose optimization that, instead of working in the
PTV geometrical domain, will work in a voxel domain, deal-
ing with biological heterogeneity.

In this way, radiotherapy will be a full image-guided
process in which the dose would be escalated according to
the functional signal. A rationale for delivering a dose in
relation to the PET activity distribution is, for example, for
FDG uptake, the correlation between signal and cell 
proliferation rate. Many authors have demonstrated the
technical feasibility of planning in accordance with a meta-
bolic map.143–147 Nevertheless, another important issue
arises from this new concept of integration of functional
information in radiation therapy.

To achieve a biologically conformal dose instead of a
geometrical dose distribution means, first of all, defining a
metric of tumor metabolism that gives us the possibility to
quantify the metabolic signal, allowing us to define an
abnormal signal. Second, it will be necessary to understand
the correlation between the abnormal signal and the radia-
tion dose and, in the meantime, to define the normal tissue
tolerance on a voxel basis, according to functional impor-
tance. There is work being done in this direction, trying to
establish a suitable metric for different functional imaging
modalities, and this will be an active area of research.
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Gemini scanners 477

Gemini GXL 490, 491, 491, 492, 493, 494–5
Gemini TF 487, 488
PET-CT Gemini 475, 477, 478

gene defects in tumorigenesis 7
genetic changes

in cancer 1, 3–5
combined with epigenetic changes 4
primary brain tumors 26

genetic modification 439–40, 439
genomics 17
German Pneumology Society lung cancer tests 

61, 62

‘ghost tumors’ 25
giant cell tumors (osteoclastomas) 228, 229
Gleason grading system 109–10
Gliadel wafers 372
glioblastoma multiforme (GBM) 367

brachytherapy 371
glioblastomas 23, 24

classification 41, 368
epidemiology 367
genetic changes 26
imaging 31, 32, 34
neuroimaging findings 42
signaling pathways 12

gliomas 23–4
biopsy 27
classification 41
genetic changes 26
high vs low grade 376–7
imaging 32, 33, 34, 36–7, 38

high vs low grade 38
magnetic resonance imaging 28
neuroimaging findings 42
therapy 370, 376–7

glucagon-like peptide (GLP) 190, 191, 192
glucagon-like peptide (GLP) receptors 438
glucose transporters 18, 36
gross tumor volume (GTV) 501, 502

delineation 504
ground-glass appearance 65
growth factor receptors

in primary brain tumors 26
upregulation/overexpression in tumors 1

growth factors
from cancer cells 1
in primary brain tumors 26

growth signaling
in cancer development 1
ligand-independent signaling 1

[131I]hapten 295, 297
HD see Hodgkin’s disease (HD)
head/neck cancer imaging

radiotherapy 508–11
recurrent disease 511

head/neck squamous cell carcinomas (HNSCCs)
51–60

FDG-PET 56–8
PET 52–5
post-therapy evaluation 51, 56–8
staging 51, 54–5
tongue squamous cell carcinomas 51

HED-PET 184–5, 187
HED-PET-CT 182, 186
hedgehog (HH) pathway 7
[186Re]HEDP 342, 343, 343

in antitumor therapy 346
in pain therapy 344, 348
repeated dose 347, 349
scintigraphy 348

hemangioendothelial sarcomas 231
hepatocellular carcinoma (HCC) 351–8

causative agents 351
diagnosis, confirmation of 352
epidemiology 351
fibrolamellar variant 352
grading 352, 352
imaging

CT 351, 352, 356, 357
MRI 351, 352

measurement 352
metastases 352
natural history 352
staging 351–2, 352
therapy 353–7

chemotherapy 353
radionuclide therapy 353–7

catheter placement 353, 354
surgery 356
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HER/erbB receptors/ligands 8
hexokinase 17, 18
Hi Rez PET scanner 487
Hi-Rez-pico3D 490, 491, 491, 492, 493, 494–5
histone modification 4
HL91 416, 416
HNSCCs see head/neck squamous cell carcinomas

(HNSCCs)
Hodgkin’s disease (HD) 203, 206, 237

radiotherapy planning 512
therapy 299

hormone therapy 111, 119
5-HTP-PET 192, 198
human anti-chimeric antibodies (HACA) 303
human anti-murine antibodies (HAMA) 302,

303, 305
H¸rthle cell (oxyphilic) carcinoma 277
[11C]hydroxyephedrine (HED-PET) see HED-PET
[99mTc]HYNIC core 414, 414
[99mTc]HYNIC-octreotide 317, 322
[99mTc]HYNIC-TOC 324
hyperandrogenism 177
hypercortisolism 182
hypertension 178, 180
hypoxia 10–11, 415–16

markers 425
measurement 415
radiopharmaceuticals 416
radioresistance 513
in radioresistance/chemoresistance 20
tracers 513

hypoxia-inducible factors (HIFs) 10–11, 11, 20

131I-labeled anti-AFP 353
131I-labeled anti-CEA antibodies 360–1, 361
131I-SPECT 282
123I 163, 164, 166

thyroid stunning 281
131I 166–8, 170, 279, 281

for DTC therapy 279–82
for lymphomas 301–2
for ovarian cancer 386
patient preparation for scintigraphy 281

IAPs 2
IAZA 416, 416
[90Y]ibritumomab tiuxetan (Zevalin) 300, 305–6,

433, 436
adverse effects 306, 310
characteristics 306
and chemotherapy 309
dosimetry 445
dosing schedule 308–9
indications 307–8
instructions for patients 460
patient preparation 308
preparation 310
safety data 310
therapeutic regimen 307

[99mTc]IL-2 261
imaging devices, dedicated 403–5

interoperative probes 405
nuclear mammographic imaging 403–5
prostate imaging, positron emission 405

imatinib 18
immunoglobulins

IgG 384
IgM 392

[123I] IMP (N-isopropyl-p-
[123I]iodoamphetamine) 261

IMP-SPECT 261
IMT-SPECT 512
inflammatory cells 7–8
instrumentation 397–412

combined molecular–morphological imaging
406–10

see also PET-CT; PET-MRI; SPECT-CT
dedicated imaging devices 403–5
past/future 482–5

insulinomas 417
integrins 9, 19, 415

receptors 438
intensity-modulated radiation therapy (IMRT) 499

4D data 515
ATSM-guided 513–14
CyberKnife 500, 501
dose-painting ability 515
dynamic 500
future perspectives 515
head/neck cancer imaging 508–11, 510
multileaf collimators (MLC) 500
PET-CT image co-registration 502
rotational delivery 500–1
segmental (step and shoot) 500
static (cone beam) delivery 500

[99mTc]interleukin-2 261
interleukin-8 (IL-8) 8
International Agency for Research on Cancer

(IARC) 23
International Staging System (ISS) 61, 63
interoperative probes 405
N-isopropyl-p-[123I]iodoamphetamine ([123I]

IMP) 261

Kaposi’s sarcoma 239–40
ketoconazole 346
Kryptofix 422

L-DOPA-PET
adrenal tumor imaging 185, 187
CUP imaging 268, 270–1
neuroendocrine tumor imaging 192, 198

L-DOPA-PET-CT 270–1
L3,4-dihydroxy-2-phenylalanine-PET see L-DOPA-

PET (L3,4-dihydroxy-2-phenylalanine)
Langerhans cell histiocytosis 229
lanreotide 418
lanreotide-based ligands 319
laparoscopic lymphadenectomy 113
leiomyosarcomas 240
lesion detectability 467, 482
letrozole 19
leucovorin 362
leukemias 3
[131I]lipiodol 354–6, 354

and chemotherapy 355
extended use 355–6
first results 355

[188Re]lipiodol 356
liposarcomas 240
liver metastases

breast cancer 150
from colorectal cancer 51, 363–4

liver tumors 351–8
causative agents 351
diagnosis, confirmation of 352
epidemiology 351
fibrolamellar variant 352
grading 352, 352
imaging

CT 351, 352, 356, 357
MRI 351, 352

measurement 352
metastases 352
natural history 352
staging 351–2, 352
therapy 353–7

chemotherapy 353
radionuclide therapy 353–7

catheter placement 353, 354
surgery 356

low-grade cerebellar astrocytomas 24
lung cancer 61–87

adrenal metastases 181
classification 61
cost-effectiveness of imaging 79
detection of recurrence 75

lung cancer (Continued)
diagnostic accuracy 68
diagnostic modalities 65–6, 67, 68–9

conventional imaging 65–6
nuclear imaging 66, 67, 68–9

false-positive findings 71
diagnostic strategies 62
imaging

[201Tl]chloride 67
[67Ga]citrate 67
CT 70

detection of recurrence 76–7
diagnosis 65–6, 68
radiotherapy planning 77, 78
staging 69–70, 72, 73, 73, 74, 74, 75, 76

depreotide 66, 67
FDG 67, 77
FDG-PET 67, 68–9, 79

cost-effectiveness 79
detection of recurrence 75
diagnosis 66, 68–9, 70
false-positive findings 71
patient preparation 67
predicting/monitoring response to therapy

78, 79
radiotherapy planning 78
sensitivity/specificity 68–9, 72
staging 71–4, 74, 79–80
techniques 67

FDG-PET-CT 66, 68, 69, 70
detection of recurrence 76
staging 72, 73, 75, 76

MIBI 67, 78
PET 68

comparison with PET 74
cost-effectiveness 79
predicting/monitoring response to 

therapy 78
radiotherapy planning 77–8
staging small-cell lung cancer 79

PET-CT 68, 68, 70
comparison with PET 74
detection of recurrence 75, 76–7
predicting/monitoring response to therapy

78–9
radiotherapy planning 77
staging 72, 73, 75, 76, 80

somatostatin receptor imaging 67
[99mTc]tetrofosmin 67

radiotherapy 506–8
radiotherapy planning 77–8
solitary pulmonary nodules 65
staging 72, 73, 75, 76, 79–80

distant metastases 69–73
conventional imaging 69–70
nuclear imaging 71–3

lymph node evaluation 73–4, 74
comparison of modalities 74, 74
conventional imaging 73
nuclear imaging 73–4

restaging 76–7
systems 61–2

therapy indications 62
therapy response 78–9
treatment options 62, 64–5

lung nodules see solitary pulmonary nodules
(SPNs)

lymph node evaluation 55
procedures by level 63
sampling methods 62

lymph node involvement 169
lymph nodes, thoracic 63
lymphadenectomy, laparoscopic 113
lymphangiography 112
lymphoblastic leukemia 12
lymphocytic lymphoma 206
lymphomas 203–22, 299–314

of bone, primary 231, 237, 238
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lymphomas (Continued)
chemotherapy 213, 214, 215
follow-up 204
imaging

anatomical modalities 204–5
functional modalities 203, 205–8
metabolic modalities 208–16

metastatic disease 204, 206–7, 206, 211–12
lymph node involvement 205

primary brain tumors 25, 43
magnetic resonance imaging 30

prognostic evaluation, early 214–15
radioimmunotherapy 208, 214, 299–300

adverse effects 310–11
choice of target antigen 300–1, 301
dosing schedule 308–9
indications 307–8
integration into NHL chemotherapy 309
patient preparation 308
precautions 309–10
radionuclide selection 301–2, 302
safety data 310

radiotherapy 512
residual/recurrent disease 204, 205, 207, 214

early detection 215
restaging 207
staging 206, 209, 211
therapy response 204, 205, 207, 212, 212, 213,

214–15
tumor biology 209
see also Hodgkin’s disease (HD); non-Hodgkin’s

lymphoma (NHL)
lymphosarcoma of bone 231
lymphoscintigraphy

breast cancer 143
breast cancer imaging 155
malignant melanoma imaging 254, 255, 255
prostate cancer 115

MABDOSE 451
[99mTc]macro-aggregated albumin (MAA) 353
magnetic resonance imaging (MRI) see MRI

(magnetic resonance imaging)
magnetic resonance mammography (MRM) 148
magnetic resonance spectroscopy (MRS) see MRS

(magnetic resonance spectroscopy)
malignant melanoma 253–64

etiology/pathogenesis 253
future directions 261
imaging 260–1

brown fat as pitfall 260, 260
CT 254, 257, 257, 258, 259
FDG-PET 254, 255–6, 257–8

false-negative 259
pitfalls 260–1
recurrent disease 258, 259
risk stratification 260
therapy response 259
and tumor stage 256

FDG-PET-CT 257, 257, 258, 259, 259
lymphoscintigraphy 254, 255, 255
MRI 254, 257, 258
PET-CT 256, 257
pitfalls 260–1
sentinel lymph nodes 255
sentinel lymph node biopsy 254–5

interferon reaction mimicking 260, 261
metastatic disease 256–8, 257, 258

in-transit metastases 256
lymph node evaluation 253–6

outcome prediction 260
recurrent disease 258–9
risk stratification 260
staging 253

AJCC system 254
distant metastases 256–8
nodal 253–6

therapy response 259–60

MALT (mucosa-associated lymphoid tissue)
lymphoma 206, 211

mammary gland carcinoma 4
mammographic imaging devices 403–5

positron emission mammography 405
single photon emission mammography 404–5

mammography
breast cancer imaging 145, 148, 148
dedicated scanners 495

markers 17
cancer of unknown primary 265–6, 266
neuroendocrine tumors 190

matrix metalloproteinases (MMPs) 415
MAURITIUS (Multicenter Analysis of Universal

Receptor Imaging and Treatment Initiative:
eUropean Study) 319, 328, 330, 331

Max 3
MDM2 2
[99mTc]MDP 267
[99mTc]MDP bone scan 70
[99mTc]MDP scans

bone tumor imaging 224, 225, 226, 227,
229–30, 229, 234

soft tissue tumor imaging 226, 242
mediastinoscopy 62
Medical Internal Radiation Dosimetry (MIRD)

committee 444–5, 446, 451, 452
medullary thyroid cancer (MTC) 190, 293–8

bone metastases 296
epidemiology 293
imaging 293

CT 293
DOPA-PET 293
FDG-PET 293
MRI 293

peptide receptor expression 417
prognosis 293, 294
therapy

MIBG 294
radioimmunotherapy, pre-targeted 294–7, 295

affinity enhancement system 294, 295
hematological toxicity risk 296
pre-targeting strategies 294
procedure 296–7
survival 297
survival, effect on 296

surgery 293–4
therapy response 296, 297

medulloblastomas 25, 43
signaling pathways 12

megavoltage computed tomography 
(MVCT) 501

α-melanocyte stimulating hormone (α-MSH)
receptors 438, 439

meningiomas 25, 43, 417
MET-PET 37–8, 424

in brain tumor imaging
multimodal 40
radiotherapy planning 512
traditional findings 42–3

breast cancer imaging 154
colorectal cancer imaging 106
lymphoma imaging 216
publication statistics 422, 422
vs FDG-PET 38
vs MRI 37

[123I]meta-isomer of iodobenzylguanidine (MIBG)
scintigraphies see MIBG scintigraphy

metal complexes, bioreductive 416, 425
metastases

adrenal 72
brain 72
breast 268
FDG-PET detection 55
in HNSCCs 55
liver 51, 150, 363–4
pulmonary 62
spleen 150

metastases (Continued)
see also bone metastases; cancer of unknown

primary (CUP)
metastatic brain tumors 24
[11C]methionine-PET (MET-PET) see MET-PET
[99mTc]methoxyisobutylisonitrile (MIBI) see MIBI
methylation 3–4
[99mTc] methylene diphosphonate bone

scintigraphy see MDP bone scintigraphy
L-[3-18F]methyltyrosine (FMT) 38, 244

bone tumor imaging 244
MGMT promoter methylation 373
[131I]MIBG 439–40

PET-based dosimetry 448
MIBG scintigraphy 18

adrenal tumor imaging 180, 181, 183–4, 185, 187
drug interactions 184

with [90Y]DOTA-TOC 328–9
neuroendocrine tumor imaging 189, 191, 192,

196–9, 197
biodistribution 197
vs somatostatin analogs 197–8

[131I]MIBG therapy 453, 454
MIBI ([99mTc]methoxyisobutylisonitrile)

bone tumor imaging 226, 235, 235, 237
brain tumor imaging 34–5
breast cancer imaging 146
lung cancer imaging 67

predicting response to therapy 78
lymphoma imaging 208
soft tissue tumor imaging 226

mindin/RG-1 protein 436
minigastrin analogs 417, 419, 420

amino acid sequences 419
MIRDOSE software 448, 451, 456
misonidazole 362
misonidazole derivatives 20
mitotic catastrophe 7
MLH1 4, 5
molecular markers 17
molecular targets see targets, molecular
monoclonal antibodies (mAb)

[177Lu]CC49 393, 394
131I-labeled anti-HLA-DR mAb (Lym-1) 304
radioimmunotherapy 383

evolution of 302–3
non-myeloablative 304–6

structure 385
monoclonal antibody therapy

brain tumors 373–4, 375, 377
efficacy 383
lymphoma imaging 208
medullary thyroid cancer 294
non-Hodgkin’s lymphoma 299
ovarian cancer 383
and radiotherapy 515
in SPECT 35, 208
see also radioimmunotherapy

morphology, cellular 5
MRI (magnetic resonance imaging) 70

adrenal tumor imaging 178
apparent diffusion coefficient (ADC) 30, 31
bone tumor imaging 223–4, 225, 232, 234,

236, 237
STIR 235, 236

breast cancer imaging 148, 148
colorectal cancer imaging 99
diffusion-weighted 30, 30, 31
functional (fMRI) 31, 31
head/neck cancer imaging 51
hepatocellular carcinoma 351, 352
lung cancer staging 70, 73
lymphoma imaging 205, 209, 211
malignant melanoma imaging 254, 257, 258
neuroendocrine tumor imaging 190
ovarian cancer imaging 133, 134, 137

recurrent disease 138, 140
perfusion-weighted 31
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MRI (magnetic resonance imaging) (Continued)
primary brain tumors 23, 27–31, 39, 40

astrocytoma 28
cerebellar pilocytic astrocytomas 29
gliomas 28
traditional findings 42–3

prostate cancer imaging 113, 115–16
radiotherapy planning 510
soft tissue tumor imaging 225, 241, 242

diagnosis/staging 243
MRS see magnetic resonance spectroscopy (MRS)
MRS (magnetic resonance spectroscopy)

multivoxel 32, 33
primary brain tumors 23, 31–2, 39

grading 32
prostate cancer imaging 113
sensitivity vs specificity 32
short echo time (TE) sequences 32
single-voxel 32, 32, 33

Multicenter Study Differentiated Thyroid
Carcinoma (MSDS) trial 277, 279

multiple neuroendocrine neoplasia (MEN) 190
multislice rebinning (MSRB) 489
multitracer imaging 125, 513–15
Myc 2, 3
myelodysplastic syndromes (MDS) 310–11
myeloma (plasmacytoma) 237

N4 Tc chelating system 414
nasopharyngeal SCC 56
neck cancers see head/neck squamous cell

carcinomas (HNSCCs)
necrosis 6

molecular targets in imaging 20
and SPECT imaging 34
vs apoptosis 5

NeoTect (NeoSpect) (P829) 319
nerve sheath tumors, malignant peripheral 243, 243
neuroblastomas

adrenal 179, 181, 185, 185, 186, 187
metastatic 231

neuroendocrine tumors 315–39
classification 189, 190, 315
derivation 189
diagnosis 190
diagnostic work-up 191
family of tumors 315–16
follow-up 326
gastroenteropancreatic 189–202

classification 189, 190
imaging 197

imaging
catecholamine analogs 192
CT 190
depreotide-SPECT 196
DTPA-octreotide 191, 192, 192
[99mTc]EDDA/HYNIC-TOC 196, 197
FDG-PET 192, 196, 198
GLP 190, 192
5-HTP-PET 192, 198
L-DOPA-PET 192, 198
MIBG 189, 191, 192, 196–9, 197

biodistribution 197
vs somatostatin analogs 197–8

MRI 190
octreotide 191, 192–5
pentetreotide 192, 193, 194, 194, 195

radioguided surgery 195
PET 191, 198–9
PET-CT 191, 198
PET-DOTA-NOC 198
PET-DOTA-TOC 199
planar scintigraphy 192, 193
radiopharmaceuticals 191, 192
somatostatin analogs 191, 192, 192, 195–6,

197–8
somatostatin receptors 191, 193–4
SPECT 191, 193, 195

neuroendocrine tumors (Continued)
SPECT-CT 195, 197
[99mTc]TP3654 196
ultrasound 190–1
VIP 190, 192

markers 190
metastatic disease 197, 268
molecular targets in 18
peptide receptor expression 316
radiopeptides 316–21

bombesin 320
cholecystokinin analogs 320
depreotide-based ligands 319–20
gastrin analogs 320
gastrin-releasing peptide (GRP) 320
lanreotide-based ligands 319
neurotensin analogs 320
octreotide-based ligands 316–19
substance P 320–1
VIP-based analogs 320

receptor-mediated imaging 316–21
impact of 321

secretions 315
therapeutic approaches 321–9

chemoembolization 315
diagnostic/dosimetric evaluation 330
discontinuation 330
management, optimal 315–16
procedures 329–33
radiopeptides 328

dose/administration 330–1
patient selection 329–30

somatostatin analogs 315
surgery 315

therapy response
biochemical parameters 331
long-term effects 332–3
quality of life parameters 331–2
radiopeptide side-effects 332
regression/progression 331
tumor burden 331

of unknown primary 266, 269
see also neuroblastomas; pheochromocytomas;

sympathoadrenal tumors
neuroepithelioma, peripheral 243
neurofibromas 243
neurofibromatosis 243, 243
neuron-specific enolase (NSE) 190
neuropeptide Y receptors 438
neurotensin analogs 320, 417

peptide receptor scintigraphy 421
neurotensin receptors 438
NFKB 2, 6
NHL see non-Hodgkin’s lymphoma (NHL)
NIS see sodium iodide symporter (NIS)
nitroimidazoles 416
NOC 418
NOC-ATE 418
nociceptors 341–2
noise equivalent count rate 467, 481–2
non-Hodgkin’s lymphoma (NHL) 25, 204, 237,

299–300
classification 203, 204, 300
epidemiology 299
grading 299
radioimmunotherapy 294, 436
radiotherapy planning 512
therapy

antibody-targeted 299–300
integration of radioimmunotherapy 309
response monitoring 212

non-ossifying fibromas 228, 229
non-small-cell lung cancer (NSCLC) 61

cost-effectiveness of imaging 79
CT overestimation 508
FDG-PET

in management 506
studies 71–3

non-small-cell lung cancer (NSCLC) (Continued)
uptake 507

PET-CT 508
pleural disease assessment 79
predicting/monitoring response to therapy 78–9
radioimmunotherapy 436
radiotherapy planning 78, 508
staging 72, 73, 75, 76

restaging 76–7
therapy by stage 63, 64

[131I]6β-iodomethyl-19-norcholesterol (NP-59) see
NP-59

normoprogesterone 154
Notch pathway 12
NP-59 181–3

drug interactions 182
interpretation 182–3
patient preparation 181
pitfalls 182
technique 181–2

nuclear factor KB (NFKB) 6
nuclear medicine-guided radiotherapy see under

radiotherapy
nucleosides, radiolabeled 424, 514
NUCLIDOSE 451, 451

15O labeled water 244
OctreoScan see DTPA-octreotide (DTPA-OC)
octreotide 418–19, 418

brain tumor imaging 18, 35
neuroendocrine tumor imaging 191, 192–5

octreotide-based ligands 316–19
radiopeptide therapy 437

Okuda grading system 352
Okuda staging system 352
oligoastrocytomas 24
oligodendrogliomas 24, 370

neuroimaging findings 42
OLINDA (Organ Level Internal Dose 

Assessment) 451
sample output 452

oncogenes
in cancer development 1
in tumorigenesis/apoptosis/drug resistance 2

‘onion peel’ appearance 235
orchiectomy 111
osteoblastomas 228
osteochondromas 228, 229, 230
osteoclastomas (giant cell tumors) 228, 229–30, 229
osteogenic sarcomas (osteosarcomas) 229, 231,

231, 235
diagnosis 233
[99mTc]MDP scans 234
metastatic disease 233
[99mTc]MIBI scan 235, 235
MRI scans 232, 234
radiographs 232, 234
staging systems 233
therapy response 233

osteoid osteomas 228, 229
radionuclide scintigraphy 227

osteosarcomas see osteogenic sarcomas
(osteosarcomas)

ovarian cancer 133–42, 383–96
CA125 measurement 133, 138
diagnosis, importance of 133
diagnostic modalities 133–4, 137, 139–40

recurrent disease 138
follow-up 134
functional imaging 134–7

recurrent disease 138–9
imaging

CT 133, 134, 135, 137
Doppler ultrasound 133, 134
FDG-PET 134, 135–6, 137
FDG-PET-CT 136–7
MRI 133, 134, 137
PET 134, 135–6, 135, 136, 137
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ovarian cancer (Continued)
PET-CT 136–7, 137
ultrasound 133, 134, 137

malignancy determination 133, 134, 137, 137
management 133

chemotherapy 137–8
second-look laparoscopy 138

pelvic examination 133
peritoneal involvement determination 134–5,

135, 136
prognosis 133
radioimmunotherapy 385

clinical studies 392–4, 393
glycoproteins 383, 386, 388–91
isotopes used 385, 386
mucins 383, 386–8, 386
radiolabeling technique 385–6
saccharide antigens 386, 391
targets 386–92, 386
three-step strategy 392

recurrent disease 137–40
imaging

CT 138, 140
FDG-PET 138–9, 140
MRI 138, 140
PET 139–40, 140
PET-CT 139–40, 140

staging 133, 134, 135, 137
overstaging/understaging 134
restaging 134

ultrasound 133
oxygen-15 38
oxygen deprivation see hypoxia
oxyphilic (H¸rthle cell) carcinoma 277

P13K 2
P13K– Akt signaling pathway 6, 7
p16 4
p53 2, 6
P829 (NeoTect) (NeoSpect) 319
[99mTc(1)] PADA-AVA-bombesin(7-14) 421
Paget’s sarcomas 235
PAGRIT 374, 378

with chemotherapy 378
locoregional 376–7, 378
systemic 376

pain
bone metastases 341–2
breakthrough 341

pancreatic peptide (PP) 190
papillary thyroid cancer (PTC) 161, 166

prognosis 276
recurrent disease 285, 286
surgery 277
therapy 276

para-aortic lymph nodes (PALN) 511–12
paragangliomas 417
parecoxib 362
Patient Care Evaluation Study of thyroid cancer

(PCES) 279
PDGF see platelet derived growth factor (PDGF)
pelvic lymph node dissection (PLND) 112–13
pentetreotide 268–9

neuroendocrine tumor imaging 192, 193, 194,
194, 195

radioguided surgery 195
peptide receptor proteins 417
peptide receptor scintigraphy

bombesin analogs 420–1
CCK-2 receptor expressing tumors 419–20
neurotensin analogs 421
VIP-based analogs 421

peptide receptor therapy see radiopeptide 
therapy

perineal prostatectomy 111
[99mTc]pertechnetate 267
[99mTc]pertechnetate

thyroid cancer imaging 162, 163–4

PET (positron emission tomography) 18, 51, 52
adrenal tumor imaging 182, 183, 184–5, 186, 187
brain tumor imaging 44
breast cancer imaging 148, 149
colorectal cancer imaging 99–100, 101, 102–3,

102, 104, 105
combined methods 39, 40
CT-based attenuation correction 408–9

contrast agents, effect of 409
energy scaling of attenuation map 408
motion artifacts 409
resolution scaling 409

CUP imaging 266, 266
detection of residual/recurrent disease 56, 101
esophageal cancer imaging 90–1, 92

advanced disease 96
metastases 92
positivity criteria 91, 93
staging 93
therapy response 95
vs PET-CT or CT 93

head/neck cancer imaging 51, 52–4, 56
sensitivity/specificity 55
staging 54–5

instrumentation see PET scanners
lung cancer imaging 68

comparison with PET 74
cost-effectiveness 79
predicting/monitoring response to therapy 78
radiotherapy planning 77–8
staging small-cell lung cancer 79

lymphoma imaging 208, 209, 210, 211
neuroendocrine tumor imaging 191, 198–9
ovarian cancer imaging 134, 135–6, 135, 136, 137

recurrent disease 139–40, 140
primary brain tumors 23, 33, 35–9

traditional findings 42–3
proliferation markers 424–5
prostate cancer imaging 117–25

[11C]acetate 119, 121
bombesin derivatives 120
[11C]choline/derivatives 117–19, 122
[18F]choline/derivatives 117–19, 122–4
FDG 120–1
[18F]fluoride 124–5
16β-[18F]fluoro-5α-dihydrotestosterone

119–20
[18F]fluoroacetate 119
future perspectives 120
multitracer imaging 125

with radiolabeled amino acids 37
radiopharmaceuticals, new 413
radiotherapy planning

head/neck cancer 509, 510
image fusion/co-registration 502–4
lymphomas 512
rationale 501–2

sensitivity/specificity 102
thyroid cancer imaging 172
tracers 421

structures 423
see also specific PET-tracers

whole body, for metastases 55, 58, 58, 71
see also FDG-PET; FDHT-PET; FLT-PET; HED-

PET; MET-PET; PET scanners; PET-CT
PET scanners 397–9

‘afterglow’ phenomena 485
detector technology

avalanche photodiodes 399
inorganic scintillators 397–8
photomultiplier tubes 399

detector time response 485
developments 401–3

2D vs 3D 402
depth of interaction 402
time of flight 402–3, 482–5

extinct evolution lines 487–8
Fourier rebinning (FORE) 489

PET scanners (Continued)
inorganic scintillators 397–8, 482, 484, 485

energy resolution 483
intrinsic efficiency 482–3

maximum likelihood expectation maximization
(MLEM) 489

multislice rebinning (MSRB) 489
ordered subsets expectation maximization

(OSEM) 489
photodetector research 483, 485
photodiodes 482–3
RAMLA 489
scanner evolution 475–80
scanner performance parameters 480–2

depth of interaction 402, 480–1
image quality (IQ) 482
lesion detectability 482
noise equivalent count rate 481–2, 490–1, 494
parallax error 480, 480
peak trues 481, 494
scatter fraction 482, 490–1, 494
sensitivity 481, 490, 494
signal:noise ratio 481, 482
spatial resolution 480–1, 490, 492

scintillators see PET scanners, inorganic
scintillators

single slice rebinning (SSRB) 488–9
software improvements 488–9

filtered back projection 489
fully 3D algorithm 488–9
iterative reconstruction methods 489
rebinning 488–9

time of flight 402–3, 486–8
annihilation position uncertainty 486
coincidence detection 486
noise reduction 487, 488
signal:noise ratio improvement 486–7
technological implementations 487–8
theory 486
time resolution 486

PET Accel 475
PET-CT

adrenal tumor imaging 182, 186
bone tumor imaging 224, 237, 238, 239, 243
breast cancer imaging 147, 148

recurrent disease 151–3
co-registration of images 406
colorectal cancer imaging 100, 100, 101, 103–4

inline vs software fusion 103–4
limitations 106

cost-effectiveness of imaging 105
CUP imaging 266, 266
esophageal cancer imaging 91, 92

metastases 94
vs PET or CT 93

example image 408
head/neck cancer imaging 52–3

movement artifacts 53, 54
post-therapy evaluation 57
for radiotherapy target volume 57
stripe artifact 55

hypopharyngeal SCC 55
instrumentation, new 406, 408, 409
lung cancer imaging 68, 68, 70

comparison with PET 74
detection of recurrence 75, 76–7
predicting/monitoring response to therapy

78–9
radiotherapy planning 77
staging 72, 73, 75, 76

small-cell lung cancer 80
lung cancer staging

distant metastases 70
lymph node evaluation 74
small-cell lung cancer 80

lymphoma imaging 203, 208, 210, 211, 215
malignant melanoma imaging 256, 257
multitracer imaging 513–15

Index 552299

9781841846149-Idx  8/25/07  11:06 AM  Page 529



PET-CT (Continued)
apoptosis 514–15
clonogenic cell density 514
tumor growth factor receptor status 515
tumor hypoxia 513–14
tumor proliferation 514

neuroendocrine tumor imaging 191, 198
ovarian cancer imaging 136–7, 137

recurrent disease 139–40, 140
prostate cancer imaging 120
radiotherapy image co-registration 502
radiotherapy planning 503, 505

esophageal cancer 512
head/neck cancer 509, 510, 511
imaging 512
lung cancer 507, 508

scanner 171
soft tissue tumor imaging 242–3

biopsy guidance 240–1
metastatic disease 241
recurrent disease 241
therapy response 241–2

thyroid cancer imaging 161, 171–3, 172
volume segmentation 503, 505
whole body, for metastases 58, 58

PET-CT scanners
state of the art scanners 494

physical performance 493, 494–5
spatial resolution 492
technical parameters 491

time of flight 476
PET-DOTA 266
PET-DOTA-NOC

cancer of unknown primary (CUP) imaging 271
CUP imaging 271
neuroendocrine tumor imaging 198

PET-DOTA-TOC
cancer of unknown primary (CUP) imaging

271
CUP imaging 271
neuroendocrine tumor imaging 199

PET-MRI 409–10, 503
PGF see placenta growth factor (PGF)
pheochromocytomas 178–9, 180, 187

metastatic disease 182, 197
peptide receptor expression 417

pilocytic astrocytomas 24
classification 41
magnetic resonance imaging 29
neuroimaging findings 42

pilomatricomas 12
pituitary adenomas 25, 43, 417
PIXELAR 477
placenta growth factor (PGF) 8
planar scintigraphy

neuroendocrine tumor imaging 192, 193
soft tissue tumor imaging 226

plasmacytoma (myeloma) 237
platelet derived growth factor (PDGF) 9, 10

from cancer cells 1
pleomorphic rhabdomyosarcomas 240
pleural disease 79
positron emission mammography 405
positron emission prostate imaging 405
positron emission tomography (PET) see PET

(positron emission tomography)
positron emitting mammography (PEM)

instruments 495
pRb see retinoblastoma protein (pRb)
pre-targeted antibody-guided

radioimmunotherapy (PAGRIT) 374
with chemotherapy 378
locoregional 376–7, 378
systemic 376, 378

pre-targeting strategies 437
primary bone lymphoma 231, 237, 238
primary brain tumors

differential diagnosis 26

primary brain tumors (Continued)
histopathology 26
imaging 244
symptoms 27

primitive neuroectodermal tumor (PNET) 240,
243, 367

procarbazine 373
proliferation

control of 5
molecular targets in imaging 19

ProstaScint 116
prostate cancer 109–31

bone metastases 344–5
characteristics 109
cost-effectiveness of imaging 116
dedicated scanners 495
imaging 113, 115–17

bone metastases/scintigraphy 115, 116–17,
124, 124

CT 113, 115–16
FDG-PET-CT 121, 122
lymphoscintigraphy 115
MRI 113, 115–16
MRS 113
PET 120

[11C]acetate 119, 121
bombesin derivatives 120
[11C]choline 117–19, 122
[18F]choline 122–4
FDG 117, 120–1
[18F]fluoride 124–5
16β-[18F]fluoro-5α-dihydrotestosterone

119–20
[18F]fluoroacetate 119
future perspectives 120
multitracer imaging 125

PET-CT 120
radioimmunoscintigraphy 116
SPECT 117
transrectal ultrasound (TRUS) 113

metastases 111, 112, 116–17
lymph node detection 113, 115, 115

prognostic factors 109–11
grading 109–10, 110
prostate specific antigen 110–11
staging 109, 110

radioimmunotherapy 436
radiotherapy 512
recurrence 109, 121, 122
risk stratification 111
sentinel lymph nodes 112–13, 114, 115
staging

M staging 115–16
N staging 113, 115
T staging 113

therapy 111–12
follow-up 111–12
hormone therapy 111, 119
surgery 111, 113

prostate imaging, positron emission 405
prostate specific antigen (PSA) 109, 110–11

in follow-up therapy 111–12, 116
PSA doubling time 112

prostate specific membrane antigen (PSMA) 116
prostatectomies 111
protease inhibitors 4
protein degradation 6–7
protein kinase B (PKB) 9
proteomics 17
PSA see prostate specific antigen (PSA)
PTC see papillary thyroid cancer (PTC)
PTEN 2, 7, 9, 26
PTEN pathway 12

radiation protection 458–60
for β-emitters 458
external exposure 458–9, 459
for helpers/public 459

radiation protection (Continued)
instructions for patients 460, 460
internal exposure 459
radioecological considerations 459–60
for workers 458–9

radiation therapy see radiotherapy
radical prostatectomies 111
radiofrequency ablation 353
radiography, plain

bone tumor imaging 224, 232, 234, 235, 236
soft tissue tumor imaging 224

radioimmunodetection 302
radioimmunoimaging 302
radioimmunoscintigraphy 295, 297

prostate cancer imaging 116
radioimmunotherapy 208, 214

antibodies
776.1 386, 387
AC6C3-2B12 392
AE1 391–2
B43.13 386, 387
B72.3 386, 390, 393
CC49 386, 390, 393, 393
HMFG1 386, 387–8, 393
hu3S193 386, 391
IgM antibody 392
MN-14 386, 388
MOv18 386, 388–9
MX35 386, 390–1

antigens
CEA 386, 388
gp38 (aFR) 386, 388
gp95 386, 390
HER2/neu 391–2
Lewis Y 386, 391
MUC1 386, 387, 393
MUC16/CA125 386, 387
TAG72 386, 389–90, 393, 394

brain tumors 373–9
avidin–biotin model 374
clinical applications 374–6
dosimetry evaluation 378–9, 379
pre-targeting 374

clinical progress of, for NHL 304–7
evolution 302–4
glycoproteins 386, 388–91
isotopes used 385, 386
mucins 386–8, 386
myeloablative 306–7
non-myeloablative 304–6
ovarian cancer 385

radiolabeling technique 385–6
targets 386–92, 386

pre-targeted 294–7
hematological toxicity risk 296
pre-targeting strategies 294, 437
procedure 296–7
survival, effect on 296

principles 300
saccharide antigens 386, 391
three-step strategy 375, 377, 379, 392
vs external beam radiotherapy 300

radioiodine therapy 166–8, 167, 170
differentiated thyroid cancer 279–82

ablative radioiodine therapy 279–80, 283–4
guidelines 279–80

controversy 281
papillary thyroid cancer 280
patient preparation 280
side-effects 280

radioisotopes 433–4
therapeutic applications 434

radiolabeled amino acids 37–9
radionuclide imaging see PET (positron emission

tomography); SPECT (single photon
emission computed tomography)

radionuclide scintigraphy
bone tumor imaging 223–4, 224
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radionuclide scintigraphy (Continued)
benign tumors 227, 229–31
malignant tumors 231, 233–7

brain tumor imaging 33–9
soft tissue tumor imaging 223–4, 224, 239–40

radionuclide therapy
bone metastases 341, 342, 342
dosimetry 443–58
hepatocellular carcinoma 353–7

radionuclides 321–2
physical properties 321, 343

radiopeptide therapy
bombesin analogs 438–9
octreotide derivatives 437
RGD peptides 438–9
targets 438

future 438
radiopharmaceuticals

in bone/soft tissue imaging 224–6, 343
cancer of unknown primary 266
chelating systems 414
new developments

antibodies
fragments 437
manufacturing 434–7

for diagnosis 413–32
genetic modification 439–40
hypoxia markers 425
peptide receptor markers 425–7
PET 413, 421–7
pre-targeting strategies 437
problems/opportunities 413
proliferation markers 424–5
radioisotopes 433–4, 434
radiopeptide therapy

bombesin analogs 438–9
octreotide derivatives 437
RGD peptides 438–9

receptor-binding peptide-based 416–21
SPECT 413–21
for therapy 433–42
vectors 433

organ doses/whole-body dose 343, 343
in PET 52

radiosensitivity ratio 458
radiosensitizers 346, 362
radiotherapy 502–4

4D data 515
biological target volume (BTV) 502
brain tumors 370–2, 512
cervical cancer 511–12
clinical applications 505–12
clinical target volume (CTV) 501–2, 502
esophageal cancer 512
future perspectives 513–15
gross tumor volume (GTV) 501, 502

delineation 504, 505, 509
head/neck cancer 508–11
lung cancer 64–5, 506–8

planning 77–8
lymphomas 512
modern 499–500
multidimensional (MD-CRT) 502

fiducial markers 503–4, 504
immobilization systems 503
patient positioning 503
registration accuracy 503–4

multitracer PET-CT 513–15
nuclear medicine-guided 499–520
phases of patient management 505
planning 77–8

with PET imaging 501–4
image fusion/co-registration 502–4
rationale 501–2

prostate cancer 111, 512
tomotherapy 500
see also intensity-modulated radiation therapy

(IMRT)

Raf 8–9
Ras 2, 8
Ras–Raf–MAPK pathway 1
ras signal transduction pathway 8
Rb 2

see also retinoblastoma protein (pRb)
regional cerebral blood volume (rCBV) images

30–1
regulatory proteins 2
renal toxicity 332
replicative senescence 6
reticulum cell sarcoma of bone 231
retinoblastoma protein (pRb) 3
retro-mandibular node imaging 54
retropubic prostatectomy 111
reverse transcriptase-polymerase chain reaction

(RT-PCR) 266
RGD peptides 438–9
rhabdomyosarcomas 240, 242
rhinopharynx cancer 510
rituximab 299–300, 303

SCCs see squamous cell carcinomas (SCCs)
schwannoma, malignant 240
scintigraphy 192

adrenal tumor imaging 179
adrenocortical 181–3
sympathetic nervous system tumor 183–7

planar, problems of 163
whole body 161, 166–9, 167, 168, 169, 170

scintimammography 144, 145, 146–7, 268
breast cancer imaging 155

sentinel lymph node biopsy (SLNB)
breast cancer 149
breast cancer imaging 143–4, 155
malignant melanoma imaging 254–5

sentinel lymph nodes (SLN)
in breast cancer 143–4
laparoscopic lymphadenectomy 113
malignant melanoma imaging 255
in prostate cancer 112–13, 114, 115

[99mTc]sestamibi
bone tumor imaging 225
breast cancer imaging 146, 155
CUP imaging 268
soft tissue tumor imaging 225
thyroid cancer imaging 161, 164–5, 164, 168,

169, 170
[99mTc]sestamibi SPECT 34, 44
[18F]SFB 425

structure 425
Shh pathway 12
signaling pathways 12
signal:noise ratio 467, 476, 486–7
silencing of genes 3

epigenetic 4
single detection 467–75

choice of scanner 476
future developments 475

single photon emission computed tomography see
SPECT (single photon emission computed
tomography)

single photon emission mammography 404–5
single slice rebinning (SSRB) 488–9
SIRSpheres 362, 364, 364
small-cell lung cancer (SCLC) 61

classification 79
peptide receptor expression 417
staging 79–80
therapy by stage 64

‘smart’ probes 17
sodium iodide symporter (NIS) 18
soft tissue tumors 239–44

classification 240
diagnosis 223
etiology/pathogenesis 239
grading 223, 239
metastatic disease 242

soft tissue tumors (Continued)
radiopharmaceuticals 224–6
recent advances/future trends 243–4
staging 223, 223

solitary pulmonary nodules (SPNs) 61, 65
CT imaging 70
FDG-PET-CT imaging 68, 69, 70
FDG-PET imaging 70
PET-CT imaging 70

somatic mutation theory of carcinogenesis 3
somatostatin 418
somatostatin analogs 316, 418–19

CUP imaging 271
for diagnosis 322
neuroendocrine tumors

imaging 191, 192, 192, 195–6, 197–8
after metastasis 315

radiolabeled 418
for therapy 322
uptake 329

somatostatin receptors
binding of peptides 317
expression 316
neuroendocrine tumor imaging 191, 193–4
in radiopeptide therapy 438

somatostatin receptor imaging
CUP imaging 268
lung cancer

diagnosis 66
imaging 67

primary brain tumors 18, 35
SPECT (single photon emission computed

tomography) 18, 454
adrenal tumor imaging 178, 179, 180, 181–4, 185
bombesin analogs 420
bone tumor imaging 226
brain tumor imaging

indications 44
radiotherapy planning 512

breast cancer imaging 146
correlated with other modalities 406
CT-based attenuation correction 407, 408–9

contrast agents, effect of 409
motion artifacts 409
resolution scaling 409

CUP imaging 266, 266
imaging agents 416
instrumentation see SPECT scanners
lung cancer radiotherapy planning 508
lymphoma imaging 205–8
and monoclonal antibodies 35
neuroendocrine tumor imaging 191, 193, 195
primary brain tumors 23, 33–5, 39
prostate cancer imaging 117
radiopharmaceuticals, new 413–21
radiotherapy image co-registration 502
sensitivity vs specificity 34
soft tissue tumor imaging 226
thyroid cancer imaging 161, 166–9
tracers 33, 34–5
see also Ga-SPECT; SPECT-CT; SPECT

scanners; Tl-SPECT
SPECT scanners

advances made 471–4
attenuation 473

Chang’s method 473–4
dedicated brain-SPECT systems 474–5
developments 399–401

attenuation correction 400
Compton camera 400–1
scatter correction 400

fan beam collimators 473
intrinsic efficiency 473
sensitivity, system 472
spatial resolution 472, 473

SPECT-CT
adrenal tumor imaging 178, 179, 182, 184, 185
advantages 407
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SPECT-CT (Continued)
bone tumor imaging 224, 243
co-registration of images 406
example image 407
instrumentation, new 406, 406, 407–8, 409
lung cancer

radiotherapy planning 508
staging of distant metastases 70

neuroendocrine tumor imaging 195, 197
VG Millenium system 406

SPECT-CT scanners 474
spleen metastases 150
squamous cell carcinomas (SCCs)

esophageal 89
head/neck (HNSCCs)

FDG-PET 56–8
PET 52–5
post-therapy evaluation 56–8
staging 54–5

hypopharynx 55
staging

bone tumors 223, 223, 233
breast cancer 144, 148–50
colorectal cancer 100–1, 359, 360
esophageal cancer 89–90, 90, 93
head/neck cancers 51, 54–5

node evaluation 55
hepatocellular carcinoma 351–2, 352
lung cancer 72, 75, 79–80

distant metastases
conventional imaging 69–70
nuclear imaging 71–3

lymph node evaluation 74
conventional imaging 73
nuclear imaging 73–4

restaging 76–7
small-cell lung cancer 79–80
systems 61–2

lymphomas 206, 209, 211
restaging 207

malignant melanoma 253
distant metastases 256–8
nodal 253–6

ovarian cancer 133, 134, 135, 137
preoperative 276
prostate cancer 109, 110, 113, 115–17
soft tissue tumors 223, 223, 240, 241, 243, 243

Starbright detector 468, 468
stem cell paradigm 11
stem cells 11–13

signaling pathways 12
strontium-89 342
substance P 320–1

receptors 438
suppressor genes 3, 6
suppressor proteins 2
supratentorial ependymomas 25–6
Survival, Epidemiology and End Results (SEER)

project 299, 367
sympathoadrenal tumors 181–3, 190

associated diseases 178
scintigraphy 183–7

synovial sarcoma 240
systems biology 17

T-cell lymphomas 300
targeted radiotherapy (TRT) see radionuclide

therapy
targets, molecular 17–20

imaging
clinically established 18
preclinical 18–20

therapeutic 18–19
Taxol 394
temozolomide 371, 373, 378
tenascin 374–5, 375

immunohistochemistry 375

teratocarcinomas 4
[64Cu]TETA-octreotide 317
[99mTc]tetrofosmin 35

bone tumor imaging 226
breast cancer imaging 146, 155
lung cancer imaging 67
soft tissue tumor imaging 226
thyroid cancer imaging 161, 164–5, 165, 168,

169, 170
thallium (201Tl) scintigraphy see 201Tl scintigraphy
thallium (201Tl) SPECT see Tl-SPECT
thoracic lymph node stations 63
thymidine see FLT

metabolism/salvage pathway 424
thymidine-PET 422
thyroglobulin 161, 165–6, 167–8, 170, 170

human (hTg)
and cytotoxic therapy 286
and DTC hormone therapy 282
and DTC surgery 275
and external beam radiotherapy 283–4
and radioiodine therapy 280, 281, 282
and recurrent disease 285, 286

rTSH-stimulated thyroglobulin 161, 167–8, 172
thyroid cancer 161–75, 275

diagnostic modalities
follow-up 161, 164–73
preoperative 161–4

hyperfunctioning nodules 163
hypofunctioning nodules 163, 165
imaging 168

brown fat as pitfall 172
radioiodine 161, 163, 164
whole body scintigraphy 167, 169, 170

metastatic disease 161, 165, 168, 172
papillary vs follicular 161
recurrent disease 161, 165
treatment 161, 165

thyroglobulin 161, 165–6
see also differentiated thyroid cancer (DTC);

follicular thyroid cancer (FTC); medullary
thyroid cancer (MTC); papillary thyroid
cancer (PTC)

thyroid stimulating hormone (TSH) 161, 165–6
rTSH-stimulated thyroglobulin 161, 167–8, 172
stimulation 285, 286
suppression 283, 285

thyroid stunning 167, 281
thyroidectomy 276

completion 278
thyroiditis, radiation 282
L-thyroxine 282, 283
tissue inhibitors of metalloproteinases (TIMPs)

415
tissue organization field theory of carcinogenesis

4–5
201Tl scintigraphy

bone tumor imaging 225, 226, 233, 235
soft tissue tumor imaging 225, 226, 242
thyroid cancer imaging 168

201Tl-SPECT 33, 34, 233
brain tumor imaging 44
lymphoma imaging 208

TNM staging system
bone/soft tissue tumors 223, 233
colorectal cancer 101
esophageal cancer 89, 90
lung cancer 61–2
malignant melanoma 253
prostate cancer 109, 110, 113, 115–16

tomotherapy 500
TomTherapy Hi-Art System 500–1
tongue cancers 51, 56
TOR pathway 6
[131I]tositumomab (Bexxar) 300, 433

adverse effects 304, 310
characteristics 306

[131I]tositumomab (Bexxar) (Continued)
and chemotherapy 309
dosing schedule 309
efficacy 304–5
indications 307–8
non-myeloablative radioimmunotherapy 304–5
patient preparation 308
preparation 310
therapeutic regimen 305

TP53 26
TP3654 196
TRAIL-R 2
transforming growth factor β (TGFβ) 1, 9
transrectal ultrasound (TRUS) 113
trastuzumab 18
tricarbonyl precursor 414
tumor blood vessels 9–10
tumor growth 7–9
tumor necrosis factor (TNF) 5
tumor suppressor genes 6

repression 3
tumorigenesis

gene defects in 7
primary brain tumors 26
regulatory proteins 2

Tyr-octreotate (TATE) 418, 418
Tyr-octreotide (TOC) 316, 317, 418, 418
tyrosine 154
tyrosine kinases 19
tyrosine kinase inhibitors 515

ubiquitin-mediated proteolysis 6
ULMDOS 451
ultrasound (US)

bone tumor imaging 224
breast cancer imaging 148
colorectal cancer imaging 99, 101
endoscopic see endoscopic ultrasound (EUS)
lymphoma imaging 205, 211
neuroendocrine tumor imaging 190–1
ovarian cancer imaging 133, 134, 137
soft tissue tumor imaging 224
thyroid cancer imaging 161–2, 165, 166
transrectal (TRUS) 113
US-FNAB thyroid cancer imaging 161–3, 162, 165

‘vanilla’ markers 513
Vapreotide 418
vascular endothelial growth factor receptor

(VEGFR) 9, 10, 19
vascular endothelial growth factor (VEGF) 8, 9,

10, 19
vasoactive intestinal peptide (VIP) 190, 191

neuroendocrine tumor imaging 190, 192
VIP-based analogs 320, 421
VIP receptors 316

vectors 433, 439–40
video-assisted thoracic surgery (VATS) 62
vinblastine 347
VIP-based analogs 320

Warburg effect 52
white matter tractography 31, 31
whole body scanning see under specific modality
Wnt pathway 4, 7, 12

X-ray computed tomography see computed
tomography (CT)

90Y 301, 302
90Y-labeled anti-CEA antibodies 361
90Y-labeled humanized anti-CD22 IgG 304
90Y-labeled microspheres 356–7, 362, 364, 364
ytrium-90 342

Zevalin see ibritumomab tiuxetan (Zevalin) 
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