Chapter 5

Nuclear Medicine Imaging Modalities: Bone
Scintigraphy, PET-CT, SPECT-CT

Andor W.J.M. Glaudemans and Alberto Signore

Abstract Nuclear medicine allows imaging of (patho) physiological processes
within the body and contributes in the diagnosis and treatment of specific diseases.
In patients with bone metastases, nuclear medicine not only plays an important
role in the diagnosis, but may also be used for therapeutic purposes. For several
decades, bone scintigraphy has been used and nowadays is still the nuclear medi-
cine imaging method of choice for diagnosing bone metastases in many malignant
diseases. Its sensitivity (>90 %) is still superior to any other available imaging
method. However, the specificity is rather low and interpretation of scans needs to
be carefully evaluated by expert nuclear medicine physicians together with other
biological, anatomical and clinical information.

In the last two decades, nuclear medicine rapidly evolved. New radiopharmaceu-
ticals (SPECT and PET) were produced, specific for a certain cancer type. Recent
development in soft- and hard-ware led to the introduction of hybrid camera
systems (SPECT-CT and PET-CT), combining (patho)physiology and anatomy
together, leading to better diagnostic results and many advantages, also for the
patient.

In this chapter the basic principles of nuclear medicine, the different camera
systems, and the technique and procedure of the bone scintigraphy will be explained.
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An overview is given of the available radiopharmaceuticals (SPECT and PET) to
detect bone metastases in different cancer types. The role of nuclear medicine in
patients with prostate cancer, breast cancer, lung cancer, and some other cancer
types will be discussed more extensively.

Keywords Nuclear medicine * Bone metastases * SPECT ¢ PET e Radio-
pharmaceuticals « SPECT/CT ¢ PET/CT e Diagnosis

5.1 Introduction

In the study of bone metastases, nuclear medicine not only plays an important role
in diagnosis, but also in therapy. This chapter focuses on the role of nuclear medi-
cine in diagnosing bone metastases.

Bone imaging was one of the first applications of nuclear medicine in humans
and still is one of the hallmarks of this discipline. The sensitivity of this nuclear
medicine technique in diagnosing bone metastases is remarkably high, exceeding
90 %. On the other hand, the specificity is rather low, although the specificity rates
have improved since the introduction of hybrid cameras that make it possible to
combine (patho) physiological and anatomical information together. Interpretation
of scans needs to be carefully evaluated by expert physicians in combination with
other biological and clinical information or by other imaging modalities.

In this chapter we will explain the basics of nuclear medicine and the working
mechanisms of the different imaging techniques. We will then give an overview of
the available radiopharmaceuticals that are used for diagnosing bone metastases,
followed by some special imaging characteristics in the most common malignancies
that metastasize to the bone.

5.2 Basics of Nuclear Medicine

5.2.1 Radiopharmaceuticals and Isotopes

In the field of nuclear medicine, radiopharmaceuticals are used to image (patho)
physiological processes in the body. A radiopharmaceutical is a synthesized com-
pound consisting of a radioactive isotope and a pharmaceutical. Isotopes are
nuclides with the same number of protons in their nucleus and are therefore nuclides
of the same element. Most nuclei that are present in nature are stable. However,
some are not stable and want to transform themselves to form stable configurations.
These nuclides are called radionuclides or radioactive isotopes. Transformation to
their stable state is achieved by emission of either particles or energy from the
nuclei. Radionuclides may emit gamma-rays (which can be imaged on a gamma
camera), beta-rays (which are used for therapy purposes), or both. Some
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radionuclides are positron emitters (positively charged electrons) and may be used
for positron emission tomography (PET) imaging. The transformation process, occur-
ring spontaneous and at random, is also called radioactive decay. The rate at which
the atoms decay is measured in disintegrations per second, also called Becquerel
(Bq), the radiation unit. One disintegration per second is equal to 1 Bq. Each radio-
nuclide has its uniquely defined decay constant, also called the physical half-life.
This is the time required for half of the amount of radionuclide to decay. This half-
life is important in imaging purposes, since it determines the time intervals between
which imaging has to take place.

The biodistribution and targeting characteristics of the radiopharmaceutical is
determined by the drug to which the radionuclide is attached. The presence of the
radionuclide may not alter these drug characteristics. The drug part of the radio-
pharmaceutical can be almost every target that is characteristic of a disease or a
target that is present on a particular cell (drug, antibody, enzyme, receptor, etc.). For
example, in bone scan imaging, the ligand hydroxymethylene-diphosphonate (HDP)
is the drug part that is preferentially taken up by osteoblasts. Consequently, by
chemically attaching HDP to the radionuclide *™Technetium (**"Tc), the radiophar-
maceutical is transported to the bone for imaging purposes.

Radiopharmaceuticals are usually administered intravenously. Therefore, the
patient is the source of the radioactivity, in contrast with radiology where the imag-
ing devices emit X-rays or gamma-rays through the patient. The detection of
gamma-rays (photons) emitted from the patient and transforming it into an image is
the main principle of the camera systems used in nuclear medicine (the gamma-
camera and the PET-camera).

5.2.2 Gamma-Camera

A decaying radionuclide emits photons in all directions. Different radionuclides
produce different characteristic photons of a specific energy. *™Tc for instance pre-
dominantly emits photons with an energy of 140 keV, whereas radioactive iodine
(B'T) emits predominantly 364 keV energy photons. A gamma-camera consists of
one, two, or three heads with a detector that registers the impact of these photons.
Each detector consists of a collimator, a scintillation crystal, a light guide, photo-
multiplier tubes, and a positioning and energy discrimination system.

A collimator is made of parallel strips of lead with multiple holes. The holes
guide the individual photons towards the scintillation crystal. Photons that do not
travel in the right direction are absorbed in the septa between the holes. Different
types of collimators are available, depending on the energy level of the emitted
photons. In the scintillation crystal the photons are absorbed and converted into a
small flash of light. Brighter flash of light means a higher energy of the photon. This
light reaches the photomultiplier tubes (PMTs), where it interacts with photocath-
odes and transforms into a photoelectron. This signal is amplified by electrodes or
dynodes at increasing voltages, and eventually all the signals are combined in a
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Fig. 5.1 SPECT-CT camera (Symbia T, Siemens Medical Systems)

position system, which gives each signal from the individual PMTs different weights
to derive the position information of the photons in x- and y-direction. Only photons
falling within a determined photopeak region are accepted. This described tech-
nique forms the basis of conventional planar nuclear medicine images.

5.2.3 SPECT(-CT)

The image contrast of conventional planar imaging is rather low due to overlying
structures that may interfere with the region of interest. This limitation can be over-
come by acquiring images from different angles (64—128°) in a circular manner
around a patients and subsequently reconstruct a 3D-image. This technique is called
Single Photon Emission Computed Tomography (SPECT). These collected imaged
can be reconstructed into different slices and visualized in transverse, sagittal and
coronal views. The resolution of this technique is around 8 mm.

Development in soft- and hardware led to the implementation of hybrid systems,
combining SPECT with multi-detector computed tomography (CT). An example of
a SPECT-CT camera is shown in Fig. 5.1. SPECT and CT are performed in an
immediate sequential setting, without changing the position of patients. This allows
us to correlate the (patho) physiological information with anatomical information,
leading to better specificity rates and better diagnostic accuracy. Acquiring SPECT
images takes approximately 20 min per part of the body (head and neck, thorax,
abdomen etc.)
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Fig. 5.2 PET-CT camera (mCT Biography 64, Siemens Medical Systems)

5.2.4 PET (-CT)

Positron Emission Tomography (PET) is another imaging tool to visualize various
processes in the body. For this technique, radionuclides are used that emit a posi-
tively charged particle (a positron) to become stable. At the end of its kinetic
energy (or at the end of its range, maximum 2,8 mm) the positron reacts with an
electron. The masses of the positron and electron are transformed into energy
(E=mc?) forming two photons that are emitted with the same energy (511 keV)
in exactly opposite directions. This process is called annihilation. This phenom-
enon is registered by a PET camera by using a ring detector around a patients,
thereby registering the photons by opposite detectors and within a certain time
window, to consider these two as one pair from the same annihilation process.
New developments in software lead to a correction method for the time a photon
needs to travel from its origin to the detector. This correction, called Time-of-
Flight (TOF) has advantages for spatial resolution. The resolution of this tech-
nique is approximately 4 mm.

Nowadays, PET cameras are always combined with CT (PET-CT, see Fig. 5.2)
with the same advantages as SPECT-CT. Moreover, costs are reduced (one imaging
modality) and the one-stop-shop principle (one scan on one department instead of
two scans on two departments) reduces waiting time for the patient. In contrast to
SPECT-CT, where only a part of the body can be imaged, a patient can be imaged
completely by moving in the PET-CT camera. A PET-CT scan of the body (head to
mid-thigh) is nowadays performed in approximately 20 min.
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5.2.5 Radiation Issues

The use of radioactive materials means that not only the tumor endures radiation,
but also healthy organs and tissues. Furthermore, persons nearby should be pro-
tected from the radiation exposure. To put this in perspective: the annual radiation
burden from background radiation by natural radiation sources in general is around
2-2.5 mSv. The radiation burden of a bone scan (including SPECT) using a radio-
pharmaceutical with an administered activity of 500 MBq is 2.3 mSv. For
BE-fluorodeoxyglucose (**F-FDG), the most often used PET radiopharmaceutical,
the radiation burden is around 7.6 mSv (using 400 MBq). The radiation dose of a
low dose CT is approximately 1.5 mSv. However, in contrast to the natural back-
ground radiation that is continuously present in our environment, the activity rate
from diagnostically injected amount of a radiopharmaceutical decreases exponen-
tially over time. The radiation burden for people nearby is calculated at a distance
of 1 m and overall exposure is marginal compared to the natural background radia-
tion. Another consideration when referring to the radiation exposure is the age of a
person. The added risk decreases with increasing age. Consequently, young children
are most susceptible to damage due to radiation exposure.

5.3 Bone Metastases from the Nuclear Medicine
Point of View

Several diagnostic modalities are available for the detection of metastatic bone
lesions. These include plain X-rays, CT scan and Magnetic Resonance Imaging
(MRI). All these techniques, described elsewhere, are based on the anatomical char-
acteristics of bone metastases and do not provide any information concerning the
(patho) physiology or metabolic activity of evaluated lesions. Therefore, nuclear
imaging modalities are valuable, not only in diagnosing bone metastases, but also in
the differential diagnosis between metastases and other bone lesions or pathology.
By applying specific radiopharmaceuticals, specific for a specific type of tumor,
different biophysical and biochemical characteristics of bone metastases are
depicted, helping physicians to establish an accurate diagnosis. In the following
subchapters, the characteristics of different SPECT and PET radiopharmaceuticals
are described and their role in detecting bone metastases is discussed.

5.4 Bone Scintigraphy

Bone scintigraphy is widely available and is a well established modality within
nuclear medicine. It is one of the oldest techniques within nuclear medicine
imaging with a clinical experience of almost 50 years. It still remains the
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cornerstone of modern nuclear medicine imaging in the evaluation of bone
metastases. Its sensitivity is high (>90 %); however, its specificity is rather
limited.

5.4.1 *’"Tc-Diphosphonates

The most commonly used radiopharmaceutical for the detection of bone metastases
is ®"Tc labelled with diphosphonates. Different forms exist, such as *"Tc-
hydroxymethylenediphosphonate (*™Tc-HDP), *™Tc-methyldiphosphonate (**™Tc-
MDP), and *"Tc-dicarboxypropane diphosphonate (**"Tc-DPD) with slightly
different kinetic qualities, all three being incorporated in the bone (hydroxyapatite
deposition) by the activity of osteoblasts. The differences between these three
diphosphonates are marginal, and all three can be used for bone scintigraphy, each
of them showing high lesion-to-normal bone ratio. The factors that control accumula-
tion of phosphonates in bone are the blood flow and the extraction efficiency, which
in turn depends on capillary permeability, acid—base balance, parathyroid hormone
levels, etc. Overall, about 50 % of the injected radiopharmaceutical accumulates
in the skeletal system. The maximum bone accumulation takes place 1 h after
injection and remains practically constant for up to 72 h.

5.4.2 Imaging Techniques and the Three Phases

Bone scintigraphy images the distribution in the skeletal system and can be per-
formed in several ways:

— Limited bone scintigraphy or spot views (planar images of a preselected part of
the body)

— Whole body bone scintigraphy (planar images of the entire skeleton in both ante-
rior and posterior view)

— Single Photon Emission Computed Tomography (SPECT) combined with CT of
a preselected part of the body

— Three phase bone scintigraphy (flow, bloodpool, and late planar images)

In oncology, the standard recommended technique is whole body scintigraphy,
complemented by SPECT (CT) imaging if necessary. However, for best accuracy in
single lesions and best differential diagnosis between benign and malignant lesions,
a three phase bone scintigraphy may be the best choice. The first phase (or flow
phase) is sort of an angiogram, performed dynamically for 2 min directly after
administration, over the part of interest. In this phase, the radiopharmaceutical is
delivered to the surface of the bone. Increased bone uptake is seen in areas with high
blood flow. The second phase (also called blood pool phase) is a soft tissue phase,
performed directly after the first phase (2-5 min after injection). The third phase
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(or static/planar phase) represents the situation in which the radiopharmaceutical
has been absorbed into the hydroxyapatite matrix of the bone and is usually per-
formed 3 h after administration. A three phase bone scintigraphy characterizes the
vascularization of a process as well as its metabolic activity and may help distin-
guishing bone metastases from infectious processes, recent fractures and primary
bone neoplasms.

5.4.3 Role of Bone Scan in Diagnosing Bone Metastases

The sensitivity of bone scintigraphy is determined by the level of osteoblastic activity.
This means that in case of osteoblastic metastases a bone scan will reveal highly
intense uptake in the metastases. In case of osteolytic metastases, normal bone tissue
surrounding metastatic lesions will normally respond with compensatory osteoblas-
tic activity, which will also lead to highly intense uptake of the radiopharmaceutical.
Only in case of slowly growing osteolytic metastases there can be absence of an
osteoblastic reaction that would render the metastases undetectable through bone
scanning. The incidence of lytic, blastic, and mixed type of bone metastases is differ-
ent in various tumor types. Bone metastases of bladder, kidney, and thyroid cancer
and lesions of multiple myeloma are invariably lytic. Cold spots on the bone scan,
i.e. focal absence of activity, is typically observed in patients with multiple myeloma
with large osteolytic lesions. Blastic lesions are frequently seen in prostate and breast
cancer, and occasionally in lung, stomach, pancreas, and cervix carcinomas [1].

The radiopharmaceutical is excreted by the kidneys and the bladder and these
organs are normally visualized on a bone scan. However, in some cases there is
extremely high uptake in the bones and absence of activity in kidneys and bladder.
This is called a superscan, suggestive for metastatic disease in the entire skeleton.
Three examples of a bone scan, made to visualize or exclude bone metastases, are
shown in Fig. 5.3.

The major limitation of the interpretation of bone scans is the low specificity. It
may be difficult to distinguish bone metastases from degenerative changes, inflam-
matory processes, traumata, mechanical stress, Paget’s disease, fibrous dysplasia or
benign or malignant primary bone tumours [2].

A recent meta-analysis of the role of bone scintigraphy in the diagnosis of bone
metastases from various malignancies showed a pooled sensitivity of 86 % and a
specificity of 81 % [3]. A meta-analysis only in breast cancer showed a pooled sen-
sitivity of 87 % and a specificity of 88 % [4]; in lung cancer a pooled sensitivity of
86 % and specificity of 88 % was reported [S]. Even-Sapir et al. reported that for the
detection of bone metastases in patients with high-risk prostate cancer bone scintig-
raphy had a low sensitivity of 70 %, a specificity of 57 % and a positive and negative
predictive value of 64 % and 55 % respectively. However, by using SPECT, the
sensitivity was improved to 92 %, the specificity to 82 %, and the positive and nega-
tive predictive values reached 86 % and 90 % respectively [6]. Combining SPECT
with CT may offer even better results.
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Fig. 5.3 Three examples of a bone scan. Left: normal bone scan (administration artifact at the
elbow on the right side). Middle: metastasis on the skull and in a lumbar vertebra. Right: multiple
metastases, no visualization of the kidneys, so called “superscan”

5.5 Other SPECT Radiopharmaceuticals

The following SPECT radiopharmaceuticals are unspecific for bone metastases.
They are specific for certain tumor types, depicting also bone disease if present.
Because of their non-specificity to bone, it may be difficult to localize exactly the
location or to distinguish metastatic bone lesions from localization in surrounding
soft tissues. Therefore, SPECT-CT should be performed in these cases.

5.5.1 'Zlodine and ®'Iodine

ZJodine (‘1) and "*'Todine (**'T) accumulate in the thyroid where it is built into
thyroid hormone and stored for later secretion. Because of this characteristic it can
be used to identify well-differentiated (papillary and follicular) thyroid tumours and



80 AW.JM. Glaudemans and A. Signore
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Fig. 5.4 "' post therapy scan of a patient with follicular thyroid carcinoma. Planar images (a)
anterior view, (b) posterior view): bone metastases in the vertebral column and in costa 11 on the
left side. (¢) CT image with destruction of Thé. (d) Fusion SPECT/CT image with high uptake of
311 in Th6

their metastases. '’I is a gamma-emitter with a half life of 13 h and can be used for
diagnostic reasons before treatment with high dose '*'I. The latter emits beta-rays
for therapeutic purposes and gamma-rays which makes imaging possible. The half-
life of '*'T is 8 days. Theoretically a high treatment dose provides a better sensitivity
as compared to the low diagnostic dose of %I, but several researchers found no
differences between the diagnostic accuracy of 2] pre-treatment scanning with low
dose and "3'T post-treatment scanning with high dose [7, 8].

For the initial diagnostic work-up for nodule investigation or thyroid cancer, '’
or 'T scanning has no role anymore, since ultrasound and fine needle aspiration
(FNA) biopsy are standard diagnostic procedures. Similarly, the follow-up of
recurrent disease is done by following thyroglobulin levels instead of '2/13'T scan-
ning. However, in some cases diagnostic scanning with '»3'T is worthful, espe-
cially when searching for metastases. Both isotopes may also be used before
ablation therapy, to reveal the amount of thyroid remnant after surgery or to see if
there are metastases. Furthermore, after treatment with '*'I because of differenti-
ated thyroid cancer, a post-treatment scan (7—10 days after therapy) is always per-
formed (Fig. 5.4).

Even though these radiopharmaceuticals are highly specific for thyroid tumours,
scintigraphy is associated with a poor signal-to-noise ratio. Upon the physiological
accumulation in the salivary glands, liver, spleen, intestines, kidneys and bladder,
little to no accumulation is seen in structural tissues which makes if often difficult
to identify the exact localization of (bone) metastases. SPECT-CT should therefore
be performed to exactly localize metastatic (bone) disease in patients with thyroid
tumours.
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5.5.2 'ZI- and ¥'I-MIBG

Metaiodobenzylguanidine (MIBG) is a noradrenalin analogue which accumulates
in neurosecretory granules of adrenergic tissue. This makes it suitable for imaging
neuroendocrine tumours, such as phaeochromocytomas, carcinoid, and paragangli-
omas. In children, it may also be used for the diagnosis and staging of neuroblas-
toma. '2I-MIBG is only used for diagnostic purposes, whereas *'I-MIBG (since *'I
is a beta- and gamma-emitter) may be used for both diagnosis and therapy. The
advantage of *¥3MIBG is its high specificity for tissue characterization and
reported sensitivities and specificities are high. In detecting phaeochromocytomas
and neuroblastoma, the diagnostic accuracy of MIBG scintigraphy is superior to
other imaging modalities [9]. For the detection of other neuroendocrine tumours,
sensitivity is lower, and other imaging modalities may be preferred. The specificity
for neuroblastoma is mentioned to be 84 %. However, since other neuroendocrine
tumours in childhood are rare, a positive MIBG scan is nearly diagnostic for a neu-
roblastoma [10].

As described earlier, the imaging characteristics of **'3!T are poor, not showing
accumulation in structural tissues, rendering the exact localization of metastases
difficult. Fusion of the MIBG scintigraphy (SPECT) with a morphological imaging
modality (CT) improved the diagnostic value [11] with the main advantage being
the identification of normal distribution of the radiolabelled MIBG in organs such
as intestines and renal system, leading to a reduction of false positive results. Also,
better differentiation of bone metastases from a local recurrence of a phaeochromo-
cytoma, was possible.

The use of MIBG scintigraphy purely to diagnose bone metastasis is still doubt-
ful. The paper by Zuetenhorst et al. directly compared MIBG scintigraphy with the
bone scan in carcinoid tumours with bone metastases. The bone scan outperformed
MIBG scintigraphy, showing multiple bone lesions in all patients, whereas MIBG
scintigraphy only identified lesions in 22 % [12].

5.5.3 Radiolabelled Somatostatin Analogues

Neuroendocrine tumours frequently express a high density of somatostatin recep-
tors, which is exploited by nuclear medicine imaging techniques using somatosta-
tin analogues. These analogues have been developed since somatostatin itself has
a short plasma half life (approximately 3 min). For most somatostatin analogues,
internalization of the !!'In-octreotide complex with residualization of the '''In
label (gamma-emitter, half-life 2.8 days) is the most likely mechanism accounting
for the good scintigraphic tumor-to-background ratio observed 24 h after injection
[13]. Based on the high receptor expression, somatostatin receptor scintigraphy
(SRS) provides important information on tumour localization and metastases of
many neuroendocrine tumours. Best results are published in paragangliomas and
neuroendocrine gastrointestinal tumours (87 % and 88 % sensitivity) [9]. Of course,
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functional mapping by using SPECT/CT was reported as leading to higher
diagnostic accuracy [14]. However, SRS failed to detect a large proportion (50 %)
of metastatic bone lesions that were detected by bone scintigraphy [12]. More
recently other radiolabelled somatostatin analogues have been successfully used,
such as #"Tc-EDDA-HYNIC-TOC and **™Tc-Depreotide.

5.6 PET Radiopharmaceuticals

PET has two major advantages in comparison to SPECT. First of all, the better spa-
tial resolution (4 mm compared to 8 mm), allows the investigators to see smaller
structures. Secondly, PET offers the possibility of absolute quantification, leading to
an improved sensitivity of the follow-up of metastatic lesions. PET imaging allows
us to diagnose and monitor not only the number and size of pathological lesions, but
also the amount of uptake per lesion. This uptake intensity is calculated by using the
Standardized Uptake Value (SUV). It represents the tissue activity within a region
of interest corrected for the injected activity and for patient’s weight or lean body
mass [15]. This quality makes PET imaging useful to monitor response to therapy
and/or disease progression [2].

5.6.1 F-Fluoride

8F-fluoride is a positron emitter specific for bones since it images any form of
calcification. The radiopharmaceutical itself was already used in the 1950s for bone
scintigraphy, using an old general-purpose rectilinear scanner for imaging purposes.
It was abandoned due to the fast introduction of *™Tc, the development of
diphosphonates, and the introduction of the gamma-camera. The “normal” bone
scan (labelled diphosphonates) became the gold standard in nuclear bone imaging.
Since the introduction of high resolution PET cameras in the early 1990s, '8F-fluoride
is reintroduced into nuclear medicine imaging.

Fluoride ions enter the extracellular fluid of bone by diffusion through capillar-
ies, leading to a slow exchange with hydroxyapatite crystals and the formation of
fluoroapatite [2]. The faster blood clearance of '®F-fluoride and the twofold higher
uptake in developing bone cells of fluoride, makes it possible to image earlier (1 h after
injection), and leads to better ratios between uptake in bone with faster turn-over
and normal bone [16].

The characteristics of '8F-fluoride are in general identical to the diphosphonate
complexes. Both radiopharmaceuticals are normally symmetrically distributed
throughout the entire skeleton. '*F-fluoride deposition favours the axial (spine and
pelvis) over the appendicular (shoulder girdles and limbs) skeleton and is greater for
joints than for shafts of long bones [17]. The route of excretion is through the uri-
nary tract. In accordance with the *"Tc-diphosphonate bone scan, the degree of
uptake does not differentiate benign from malign. However, the pattern may be
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suggestive for a specific diagnosis. Still, physiological uptake may be more variable
in 8F-fluoride due to higher resolution of the PET/CT camera.

Limitations of this technique are the high costs (five times higher compared to
the bone scan with diphosphonates) and the non-possibility to perform flow and
blood pool imaging. A study performed by Even-Sapir et al., reported a sensitivity
for bone metastases of 100 %, a specificity of 62 %, a positive predictive value of
74 %, and a negative predictive value of 100 %. By applying CT to the PET scan all
afore mentioned parameters were improved to 100 % [6].

At the moment, the classical bone scan with diphosphonates is the gold standard
for the detection of bone metastases. However, '8F-fluoride PET is at least as sensi-
tive and specific and should be considered for the individual patient although most
bone metastases can also be detected with *F-FDG.

5.6.2 BF-FDG

The glucose analogue '®F-fluorodeoxyglucose (F-FDG) is used extensively in
various malignant and infectious diseases, and is also a useful radiopharmaceutical
for bone imaging. Processes with high glucose turnover show a high uptake of FDG,
because of its intracellular accumulation. FDG enters the cell by using several
glucose transporters (mainly GLUT-1 and GLUT-3) that are located on cellular
membranes. After phosphorylation of normal glucose by hexokinase, glucose-6
phosphate is formed and further metabolized by glycolysis. On the contrary, FDG is
phosphorylated to FDG-6-phosphate, which cannot be glycosylated and is therefore
retained in the cell. Malignant cells have an increased glucose turn-over, which is
related to a higher density of GLUT-1 and GLUT-3 transporters on the cell mem-
brane and to a higher concentration of hexokinase. This leads to a favourable signal-
to-noise ratio which has made '8F-FDG an extensively used radiopharmaceuticals
for all kind of malignancies.

The high glucose metabolism is related to growth, which makes '®F-FDG espe-
cially useful for aggressive, fast growing, less differentiated tumours and their
(bone) metastases, such as lung cancer, melanoma, lymphoma, breast cancer, sarco-
mas etc. Less FDG-avid tumours are the slow growing, well-differentiated tumour
types, such as prostate carcinoma, neuroendocrine tumours, and well-differentiated
thyroid cancer. However, every form of these well-differentiated tumours may turn
into FDG-avid tumours once they dedifferentiate.

Before undergoing a "®F-FDG PET scan, patients have to fast 4-6 h before the
administration of the radiopharmaceutical. This fasting period stimulates the uptake
of FDG into the organs of interest. In a '8F-FDG scan made directly after eating, all
the FDG accumulates in the muscles, thereby hindering correct image interpretation.
The blood glucose level should be <10 mmol/L to increase sensitivity. Physiological
uptake is seen in the brain and in the left ventricle of the heart, and sometimes in the
intestines. Excretion is by the urinary tract. To avoid uptake in muscles, patients
have to lay quiet and are not allowed to talk during the waiting time, which is 1 h
after injection.
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Fig. 5.5 “F-FDG PET of a
patient with metastasized
breast cancer showing
multiple lesions in the bone
and in mediastinal lymph
nodes. Physiological uptake
is seen in the brain, excretion
via kidneys and bladder

As with bone scans, specificity is the limiting factor of '*F-FDG, since a variety
of processes may show a high glucose metabolism. In the bone, such processes may
include infections, loosening of prosthesis, benign bone tumours etc. The advantage
of BF-FDG PET over bone scintigraphy is that is also provides information on soft-
tissue metastases (combined with CT). Secondly, by calculating SUV, better dif-
ferentiation is possible between malignant and benign diseases. An example of an
F-FDG PET/CT is shown in Fig. 5.5.

5.6.3 BF-FLT

The nucleoside analogue 3-deoxy-3-["*F]fluorothymidine ('*F-FLT) is used to
image tumour cell proliferation. The uptake of FLT relies on the thymidine kinase 1
(TK1) enzymatic activity and thus on DNA synthesis. '®F-FLT PET is mainly used
to diagnose bone marrow diseases [18]. For imaging bone metastases, FLT is
outperformed by '8F-FDG [19].

5.6.4 ''C-Choline

Since FDG is not taken up in huge amounts in slow growing well-differentiated
tumours, it is not the radiopharmaceutical of choice in diagnosing and staging pros-
tate cancer. Instead of 'SF-FDG, '"C-Choline is used in the imaging of nodal
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Fig. 5.6 ''C-Choline PET
scan of a patient with prostate
carcinoma showing multiple
bone metastases and probably
bone marrow invasion

metastases from prostate cancer as well as in the imaging of metastatic bone disease
(Fig. 5.6). It was found that in malignancies there is a high intracellular trapping of
phosphatidylcholine (PC) together with an up regulation of choline kinase, an
enzyme that is responsible for the synthesis of PC. Consequently, by labelling cho-
line with !'C, it enables imaging of PC trapped in malignant cells.

Another reason for the superiority of !!C-Choline over '*F-FDG in imaging pros-
tate cancer is the low urinary clearance and therefore its low concentration in the
bladder. The use of ®F-FDG is associated with higher urinary clearance and a high
bladder activity that obscures the imaging of the prostate. However, imaging with
1C-Choline has also limitations. Benign prostatic hypertrophy also gives a high
choline activity. Discrimination between benign and malignant lesions is not pos-
sible, also not by using SUV calculations. For patients with biochemical recurrence
after initial treatment of the primary tumour, !'C-Choline is an accurate technique,
identifying more abnormalities suspect for recurrent disease or metastases than
BE-FDG [20].

Currently, Choline is also labelled with ¥F and used for imaging purposes.
Results in sensitivity and specificity are similar. However, ®F is excreted by the
urinary tract, so bladder emptying or placement of a catheter is necessary to visual-
ize the prostate region.

In summary, !'C-Choline PET (-CT) is not an appropriate imaging technique for
accurate T-staging of prostate cancer prior to radiotherapy. However, it holds great
potential as a single step diagnostic procedure of lymph nodes and skeleton, which
could also facilitate radiotherapy treatment planning [21].
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5.6.5 '"'C-Methionine

Cellular proliferation is associated with protein synthesis. Since amino acids are
the natural building blocks of proteins, avid uptake of these precursors is a
normal feature of rapidly proliferating cells. Amino acid transport and protein
synthesis are increased in most types of tumours compared to normal healthy tis-
sue. The most frequently used radiolabelled amino acid is 1-[methyl-''C]-
methionine (!!C-Methionine), primarily reflecting the trans-membrane transport
by the sodium-independent L-transporter into cells [22]. 'C-Methionine is
mainly used to image brain tumours and metastases; however it also has a place
in imaging prostate cancer and metastases. For diagnosing the primary tumour,
I1C-Methionine was found equal to *F-FDG [23]. In a study involving only a
small group of patients it was reported that both sensitivity and specificity for
imaging metastases was 70 % (both higher than F-FDG) [20]. This was also
noticed in another study reporting 'C-Methionine was more effective than '*F-
FDG for detecting bone metastases (69.8 % of metastatic bone lesions found
with ""C-Methionine, vs 48.3 % with 'SF-FDG). The authors assumed that the
increased sensitivity of ''C-Methionine may be the result of differences in tumour
metabolism between patients, or a time-dependent metabolic cascade in meta-
static prostate cancer, with initial uptake of ''C-Methionine in dormant sites fol-
lowed by increased uptake of '8F-FDG during progression of the disease [24].

5.6.6 "*F-DOPA

The metabolic pathways by which neuroendocrine tumours synthesize peptides and
the intracellular processes which are essential to sustain production of these pep-
tides are ideal candidates for the development of radiopharmaceuticals specific for
neuroendocrine tumours [9]. The most important one, in the catecholamine path-
way, is 6-['8F]-L-3,4-di-hydroxyphenylalanine (*8F-DOPA). Premedication with the
decarboxylase inhibitor carbidopa is used to reduce the urinary extraction, resulting
in lower renal and bladder activity and a higher availability of DOPA for neuroen-
docrine tumour cells. '¥F-DOPA PET yields a very high sensitivity in the detection
of carcinoid tumours, paragangliomas and phaeochromocytomas (higher than
MIBG scintigraphy and SRS). With the application of '8F-DOPA for all metastatic
lesions, including bone lesions, sensitivities ranging between 65 % and 100 % and
specificities between 75 % and 100 % are reported [25]. In cases of dedifferentiation
of the tumour and its metastases the intensity of the lesions by using '8F-DOPA may
decrease, whereas the intensity increases when ¥F-FDG is used.



5 Nuclear Medicine Imaging Modalities: Bone Scintigraphy, PET-CT, SPECT-CT 87

Fig. 5.7 “F-FES PET scan o
of a patient with breast cancer (
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uptake in the liver, excretion

via gallbladder, bile ducts and Sy
intestines \ g

5.6.7 BF-FES

Approximately 75 % of breast tumours express the oestrogen receptor (ER) at
diagnosis. Knowledge of the ER status of a patient has important consequences
for treatment decision making, since patients with ER-positive tumours are
likely to respond to antihormonal therapy. During metastatic disease, evaluation
of ER status is also important to determine changes in receptor expression.
Discordant ER expression between primary tumour and metastatic lesions occur
in 18-55 % of patients. PET scanning with 16a-['$F]-fluoro-17-p-estradiol ('$F-
FES) provides a unique method to noninvasively obtain molecular information
about ER expression (Fig. 5.7). Several studies have shown that '*F-FES-PET
can reliably detect ER-positive tumour lesions and correlation with immunobhis-
tochemical scoring was well. Low SF-FES uptake was a strong predictor for
failure of antihormonal therapy. '8F-FES-PET may be used in breast cancer to
give up-to-date information about the ER expression in known metastases.
Furthermore, it may be used as valuable additional diagnostic tool when stan-
dard work-up is inconclusive [26].
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5.6.8 F-FDHT

BE-fluoro-5a-dihydrotestosterone (¥F-FDHT) is a labelled analogue of the major
ligand for the androgen receptor (AR), dihydrotestosterone. The androgen receptor
is over expressed in 90 % of primary prostate tumours and plays a major role in
tumor growth. 'F-FDHT could be used in the same diagnostic questions as in
BE-FES, i.e. to see if there are metastases, to solve diagnostic dilemmas and give
up-to-date information about the AR expression in known metastases. At this moment,
only a few studies with *F-FDHT PET are available, but this radiopharmaceutical
seems very useful in deciphering the role of AR in resistant and progressive
metastatic disease and in assessment of treatment [27].

5.6.9 %Ga Labelled Somatostatin Analogues

BGallium (Ga) is a generator-produced radionuclide that can be chelated with
DOTA to form a stable complex with somatostatin analogues. Several variants have
been tested and compared to other imaging modalities, e.g. [*Ga-DOTA?, Tyr?]
octreotide (*Ga-DOTATOC) and [*®*Ga-DOTA, 1-nal*|octreotide (*Ga-DOTANOQOC),
all sharing excellent image quality with better spatial resolution compared with the
imaging of SPECT analogues. Some authors state that PET/CT with ®*Ga-labelled
somatostatin analogues will become the image modality to be used for SRS in the
future [28]. These peptides could also be labelled with ""Lutetium (‘”’Lu) or
DYttrium (°°Y) for therapy. A recent paper showed that bone metastases of
neuroendocrine tumors have a good prognosis if well diagnosed and treated [29].

5.7 Nuclear Medicine Characteristics in Prostate Cancer

Prostate cancer cells metastasize mainly through the haematogenous route, and
despite dissemination to multiple organs, growth preferentially occurs in the bone
and particularly in the red marrow of the axial skeleton. The vertebral column is the
most common site for prostate cancer cells to metastasize. Other common sites are
the pelvis, ribs, and—to a lesser extent—the skull and extremities.

Prostate cancer cells release prostate specific antigen (PSA), a serine protease
that cleaves the parathyroid hormone-related peptide that is responsible for tumour-
induced bone resorption. PSA may also activate osteoblastic growth factor release
in the bone microenvironment during the process of bone metastases formation.
Increased bone turn-over is also caused by bone-derived factors such as bone mor-
phogenetic proteins (BMPs). Moreover, there is a focal imbalance between osteo-
blastic and osteoclastic activity. All this may lead to a vicious cycle which results in
the development of osteoblastic metastases [30].
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For nearly 40 years, bone scintigraphy with *™Tc labelled diphosphonates has been
the ‘reference standard’ to detect skeletal metastases, due to its availability and low cost.

Not all patients with prostate cancer should undergo a bone scan. Routine use of
a bone scan is omitted when the serum PSA level is <10 ng/mL, and may also be not
necessary for those with PSA levels between 10 and 20 ng/mL, when they have T1
disease and Gleason scores of 6 or lower [31]. Almost all patients with a PSA
>100 ng/mL have a widespread skeletal involvement. Bone scintigraphy should also
be performed when levels of alkaline phosphatase (ALP) are >90U/L [32]. In sum-
mary, bone scintigraphy should be performed in patients with high-risk cancer,
elevated serum ALP levels, bone pain, or equivocal bone lesions on other imaging
modalities. Serial scans are often used to assess the extent of bone involvement and
the effectiveness of therapy.

PET radiopharmaceuticals may also be of value in detecting bone metastases in
patients with prostate cancer. The most commonly used one, 'F-FDG, has been
shown to be challenging in the imaging of prostate cancer. The glucose utilization
in well-differentiated prostate cancer is often too low to visualize the metastases.
Moreover, the uptake in the primary tumour is difficult to visualize, due to its prox-
imity to the bladder that shows intense accumulation of FDG. The slow rates of
prostatic tumour growth are associated with low rates of glycolysis and therefore a
low tumour uptake, which is also evident in metastatic bone disease [33]. "8 F-FDG-
PET was shown to be less specific than planar bone scintigraphy in prostatic bone
metastases. Prostate cancer is the “classic” malignancy with false-negative results
on F-FDG-PET [34].

Other PET radiopharmaceuticals that are used for the assessment of patients with
bone metastases from prostate cancer are ''C- or ®F-labelled choline, '8F-fluoride,
and "®F-FDHT. "®F-fluoride was reported to be highly sensitive in detecting bone
metastases [35, 36] and has been shown to be more sensitive and specific than the
bone scan in detecting bone metastases [6]. Increased cell proliferation in tumours
and up regulation of choline kinase in cancer cells are suggested as two possible
mechanisms for increased choline uptake in prostatic cancer cells. '*F-Choline may
be superior for early detection of metastatic bone disease (especially for bone mar-
row involvement) [2]. This statement should, however, be collaborated by other
studies. In patients with negative suspicious sclerotic lesions (after 'F-Choline
PET), a second bone-seeking agent such as "F-fluoride is recommended [37].
BE-FDHT may be used when current knowledge of androgen receptor (AR) expres-
sion is necessary, or to solve diagnostic dilemmas that conventional imaging tech-
niques or imaging techniques with unspecific radiopharmaceuticals cannot solve.

5.8 Nuclear Medicine Characteristics in Breast Cancer

Metastases in bone occur often in patients with breast cancer: In 26-50 % of patients
bone is the first site of metastasis [38]. A high percentage of patients (30-85 %)
with metastatic breast cancer will develop bone metastases during the course of the
disease [39]. In most cases of metastatic bone lesions from breast cancer, mixed
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forms (both osteolytic and osteoblastic) are present. Breast cancer preferentially
metastasizes to vertebrae and the pelvis, followed by ribs, skull and femur [40].

The detection rate of metastatic bone disease by using bone scintigraphy is
0.82 % in patients with stage I disease, 2.55 % in stage II, 16.75 % in stage III, and
40.52 % in stage IV [41, 42]. On the basis of these results routine screening with a
bone scan in early stage breast cancer (stage I and II) is not recommended. The
assessment of the response of bone metastases to therapy by solely following the
changes in the intensity of bone scans is also not recommended [43]. For this pur-
pose other imaging modalities (CT or MRI) may be better suitable.

In a meta-analysis, the value of bone scintigraphy and '®F-FDG-PET was evalu-
ated in detecting bone metastases in patients with breast cancer. '*F-FDG-PET was
found to have a higher specificity than a bone scan and proved to be superior to bone
scintigraphy when used as a confirmatory imaging modality [44]. In another study
it was reported that the morphologic appearance of the metastases influences their
detection. Patients who had lytic or mixed type metastases had a higher number of
lesions identified by using '®F-FDG, whereas in patients with sclerotic lesions the
bone scan found a larger number of metastases [2].

As in prostate cancer, '®F-fluoride PET has the potential to replace the bone scan
for routine patient assessment of breast cancer. When up-to-date knowledge of the
estrogen receptor (ER) status is necessary or to solve diagnostic dilemmas that other
imaging techniques cannot solve, *F-FES could be the radiopharmaceutical of choice.

5.9 Nuclear Medicine Characteristics in Lung Cancer

The role of bone scintigraphy in patients with lung cancer has changed over the
course of time. Advances in other imaging techniques (especially 'SF-FDG PET/
CT) have resulted in an improved accuracy of staging newly diagnosed lung malig-
nancies. In the past, bone scintigraphy was commonly used as a routine staging
technique for non small cell lung cancer (NSCLC) patients. Since the routine avail-
ability of PET/CT imaging, evidence of metastatic disease is often first identified in
lymph nodes (hilar or mediastinal) or in distant organs (liver, adrenal glands),
thereby obviating the need for bone scintigraphy. Furthermore, *F-FDG PET/CT is
also able to locate bone metastases with high sensitivity.

A study in 100 patients with NSCLS compared '8F-FDG-PET with conventional
imaging modalities for staging. Ninety of the one hundred patients also underwent
bone scintigraphy. In total, 12 patients were diagnosed with metastatic bone disease.
BE-FDG-PET identified bone metastases in 11 patients (92 %), only missing a bone
metastasis located in the distal femur in 1 patient. That part of the body was not
assessed during the study. The bone scan revealed metastatic bone lesions in only 6
(50 %) patients. The authors stated that the use of bone scintigraphy for staging
NSCLC patients can be replaced by '* F-FDG-PET [45]. Nowadays, "*F-FDG-PET/
CT is indeed routinely used for staging lung cancer patients. There is no need any
more for the bone scan in these patients.
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5.10 Nuclear Medicine Characteristics
in Other Solid Tumours

Various radiopharmaceuticals are available to stage neuroendocrine tumours,
12/B1IT_MIBG and somatostatin analogues for SPECT, ®F-FDG and '8F-DOPA for
PET. The choice between all these options remains difficult. In carcinoid, reported
sensitivities for '*F-DOPA-PET are high, ranging from 65 % to 100 % and this
technique seems to be an excellent staging method. To localize tumours causing
catecholamine excess (most often caused by phaeochromocytomas), 'SF-DOPA
PET was found superior to '»I-MIBG scintigraphy and CT/MRI [46]. 8F-FDG
PET may be useful when tumours are dedifferentiated. Using '®F-DOPA of '8F-
FDG is also dependent on the differentiation grade of the tumour. In patients with
more aggressive and fast growing tumours, '®F-FDG performs better than 'SF-DOPA
and vice versa.

In well-differentiated thyroid cancer, *'I is still the radiopharmaceutical of choice,
since it is possible to diagnose and predict therapeutic outcome. However, sometimes
thyroglobulin levels are rising without any iodine uptake on the post therapy scan.
Then ®F-FDG PET or *"Tc-HDP may be useful, to search for dedifferentiated
metastases. In medullary thyroid carcinoma, *F-DOPA PET imaging has been
reported to perform equal or better than the reference imaging techniques. In this
cancer type, there is a suspicion that one may have to rely on the calcitonin doubling-
time to select the optimal PET radiopharmaceutical for the individual patient. Again,
in more aggressive tumours (rapidly elevating calcitonin) '®F-FDG may perform bet-
ter, in slow growing types '*F-DOPA is the radiopharmaceutical of choice.

Another cancer type is hepatocellular carcinoma (HCC), one of the most com-
mon cancers worldwide. Normally these patients are preoperatively staged by bone
scintigraphy and CT of the chest in search for metastases. A recent study, however,
showed that only a very minor percentage of patients (2 %) had positive findings on
the bone scan. Recurrence rate and disease-free and overall survival showed no
significant differences between patients with and without preoperative baseline
bone scintigraphy. In conclusion, the authors state that there is no justification for
routine preoperative bone scintigraphy to detect asymptomatic skeletal metastases
in patients with resectable HCC [47].

5.11 Conclusions

Many radiopharmaceuticals are available and helpful for the diagnosis of bone
metastases. Bone scintigraphy is still the nuclear medicine imaging method of
choice in many malignancies and has been used for many years with good results.
However, new emerging radiopharmaceuticals (SPECT and PET) are developed,
specific for a certain type of cancer, and may also be used and may even—in some
cancer types—replace bone scintigraphy. In general, PET radiopharmaceuticals are
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better to use than SPECT radiopharmaceuticals, since PET offers better spatial
resolution and quantification is possible. Clinician and nuclear medicine physician
have to work together, to use the best radiopharmaceutical for the individual patient
leading to the best diagnostic accuracy.

The recent developments in soft- and hard-ware led to the introduction of hybrid
camera systems, combining SPECT and PET with CT. All reports in literature point
out that taking the (patho) physiology and anatomy together is essential for the field
of nuclear medicine. Reported sensitivities, specificities, and diagnostic accuracies
with the use of these new camera systems are better than before. For the patient it also
has advantages: imaging can be performed earlier, is faster, and the patient only has to
come once. Furthermore, the integrated reports of the radiologist and nuclear medi-
cine physician should make it easier for the clinician to understand what is found.
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