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ABSTRACT

Multiple biomedical imaging techniques are used in all phases of cancer management. Im-
aging forms an essential part of cancer clinical protocols and is able to furnish morpholog-
ical, structural, metabolic and functional information. Integration with other diagnostic
tools such as in vitro tissue and fluids analysis assists in clinical decision-making. Hybrid
imaging techniques are able to supply complementary information for improved staging
and therapy planning. Image guided and targeted minimally invasive therapy has the
promise to improve outcome and reduce collateral effects. Early detection of cancer
through screening based on imaging is probably the major contributor to a reduction in
mortality for certain cancers. Targeted imaging of receptors, gene therapy expression
and cancer stem cells are research activities that will translate into clinical use in the
next decade. Technological developments will increase imaging speed to match that of
physiological processes. Targeted imaging and therapeutic agents will be developed in
tandem through close collaboration between academia and biotechnology, information
technology and pharmaceutical industries.
© 2008 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.

1. Introduction

The future role of imaging in cancer management is shown
in Figure 2 and is concerned with pre-symptomatic, minimally

Biomedical imaging, one of the main pillars of comprehensive
cancer care, has many advantages includingreal time monitor-
ing, accessibility without tissue destruction, minimal or no in-
vasiveness and can function over wide ranges of time and size
scales involved in biological and pathological processes. Time
scales go from milliseconds for protein binding and chemical
reactions to years for diseases like cancer. Size scales go from
molecular to cellular to organ to whole organism.

The current role of imaging in cancer management is
shown in Figure 1 and is based on screening and symptomatic
disease management.
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invasive and targeted therapy. Early diagnosis has been the
major factor in the reduction of mortality and cancer manage-
ment costs.

Biomedical imaging (Ehman et al., 2007) is playing an ever
more important role in all phases of cancer management (Hill-
man, 2006; Atri, 2006). These include prediction (de Torres
et al,, 2007), screening (Lehman et al., 2007; Paajanen, 2006;
Sarkeala et al., 2008), biopsy guidance for detection (Nelson
et al., 2007), staging (Kent et al., 2004; Brink et al., 2004; Shim
et al., 2004), prognosis (Lee et al., 2004), therapy planning
(Fermé et al.,, 2005; Ciernik et al., 2003), therapy guidance
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Figure 1 — Current role of imaging in cancer management.

(Ashamalla et al., 2005), therapy response (Neves and Brindle,
2006; Stroobants et al., 2003; Aboagye et al., 1998; Brindle, 2008)
recurrence (Keidar et al., 2004) and palliation (Belfiore et al.,
2004; Tam and Ahra, 2007).

Biomarkers (Kumar et al., 2006) identified from the genome
and proteome can be targeted using chemistry that selectively
binds to the biomarkers and amplifies their imaging signal.
Imaging biomarkers (Smith et al., 2003) are under develop-
ment in order to identify the presence of cancer, the tumour
stage and aggressiveness as well as the response to therapy.

Various pharmaceutical therapies are under development
for cancer that are classed as cytotoxic, antihormonal, molec-
ular targeted and immunotherapeutic. The molecular tar-
geted therapies lend themselves to imaging for control of
their effectiveness and include signal transduction inhibitors,
angiogenesis inhibitors, apoptosis inducers, cell cycle inhibi-
tors, multi-targeted tyrosine kinase inhibitors and epigenetic
modulators.

In order to obtain the health benefit from understanding
the genome and proteome requires spatial mapping at the
whole body level of gene expression and molecular processes
within cells and tissues. Molecular imaging in conjunction
with functional and structural imaging is fundamental to
achieve this result. Various targeted agents for cancer
markers including epidermal growth factor receptor (EGFR) re-
ceptors, ayBs integrin, vascular endothelial growth factor
(VEGF), carcinoembryonic antigen (CEA), prostate stimulating
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Figure 2 — Future role of imaging in cancer management.

membrane antigen (PSMA), MC-1 receptor, somatostatin re-
ceptors, transferrin receptors and folate receptors have been
developed.

In vitro, cellular, preclinical and clinical imaging are used
in the various phases of drug discovery (Figure 3) and inte-
grated in data management systems using IT (Hehenberger
et al., 2007; Czernin et al., 2006; Frank and Hargreaves, 2003;
Tatum and Hoffman, 2000).

In vitro imaging techniques such as imaging mass spec-
trometry (IMS) can define the spatial distribution of peptides,
proteins and drugs in tumour tissue samples with ultra high
resolution. This review will mainly consider the clinical imag-
ing techniques.

The development of minimally invasive targeted therapy
and locally activated drug delivery will be based on image
guidance (Carrino and Jolesz, 2005; Jolesz et al., 2006; Silver-
man et al., 2000; Lo et al., 2006; Hirsch et al., 2003).

Most clinical imaging systems are based on the interaction
of electromagnetic radiation with body tissues and fluids. Ul-
trasound is an exception as it is based on the reflection, scat-
tering and frequency shift of acoustic waves. Ultrasound also
interacts with tissues and can image tissue elasticity. Cancer
tissues are less elastic than normal tissue and ultrasound
elastography (Hui Zhi et al., 2007; Lerner et al., 1990; Miyanaga
et al.,, 2006; Pallwein et al., 2007; Tsutsumi et al., 2007) shows
promise for differential diagnosis of breast cancer, prostate
cancer and liver fibrosis.

Endoscopic ultrasound elastography (Saftoiu and Vilman,
2006) has potential applications in imaging of lymph nodes,
pancreatic masses, adrenal and submucosal tumours to avoid
fine needle aspiration biopsies.

Ultrasound can be used for thermal therapy delivery and is
also known to mediate differential gene transfer and expres-
sion (Tata et al., 1997).

The relative frequencies of electromagnetic radiation are
shown in Figure 4. High frequency electromagnetic radiation
using gamma rays, X-rays or ultraviolet light is ionizing and
can cause damage to the human body leading to cancer (Pierce
et al., 1996). Dosage considerations play an important part in
the use of imaging based on ionizing radiation especially for
paediatric imaging (Brix et al., 2005; Frush et al., 2003; Byrne
and Nadel, 2007; Brenner et al.,, 2002; Slovis, 2002). Future
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Figure 3 — Imaging in the drug discovery process.
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Figure 4 — Frequency spectrum of electromagnetic radiation imaging technologies.

systems may need to integrate genetic risk, pathology risk and
scan radiation risk in order to optimize dose during the exam.

Non-ionizing electromagnetic radiation imaging tech-
niques such as near infrared spectroscopy, electrical imped-
ance spectroscopy and tomography, microwave imaging
spectroscopy and photoacoustic and thermoacoustic imaging
have been investigated mainly for breast imaging (Poplack
etal., 2004, 2007; Tromberg et al., 2000; Pogue et al., 2001; Fran-
ceschini et al., 1997; Grosenick et al., 1999).

Imaging systems vary in physical properties including sen-
sitivity, temporal and spatial resolution. Figure 5 shows the
relative sensitivity of different imaging technologies.

PET and nuclear medicine are the most sensitive clinical
imaging techniques with between nanomole/kilogram and pi-
comole/kilogram sensitivity.

X-Ray systems including CT have millimole/kilogram sen-
sitivity whereas MR has about 10 pmol/kg sensitivity.

Clinical optical imaging has been mainly limited to endo-
scopic, catheter-based and superficial imaging due to the ab-
sorption and scattering of light by body tissues and fluids.
Preclinical fluorescence and bioluminescence-based optical
imaging systems (D’Hallewin MA, 2005; He et al., 2007) are in
routine use in cancer research institutions. Future develop-
ments using Raman spectroscopy and nanoparticles targeted
to tumour biomarkers are showing promise.
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Figure 5 — Relative sensitivity of imaging technologies.

The concept of only using tumour volume as a measure
of disease progression has been shown to be inadequate as
it only can show a delayed response to therapy and no indi-
cation of metabolism and other parameters. This has led to
the use of multiple imaging techniques in cancer manage-
ment. The development of a hybrid imaging system such
as PET/CT (Beyer et al., 2002) that combines the metabolic
sensitivity of PET and the temporal and spatial resolution
of CT.

As a result there has been an increased use of imaging of
biomarkers to demonstrate metabolism, cell proliferation,
cell migration, receptor expression, gene expression, signal
transduction, hypoxia, apoptosis, angiogenesis and vascular
function. Measurements of these parameters can be used to
plan therapy, to give early indications of treatment response
and to detect drug resistance and disease recurrence. Figure 6
shows the principle of biomarker imaging with differentimag-
ing technologies.

Imaging biomarkers are being developed for the selection
of cancer patients most likely to respond to specific drugs
and for the early detection of response to treatment with the
aim of accelerating the measurement of endpoints. Examples
are the replacement of patient survival and clinical endpoints
with early measurement of responses such as glucose metab-
olism or DNA synthesis.

With combined imaging systems such as PET/CT, SPECT/
CT and in the future the combination of systems using for
example PET and MR and ultrasound and MR, there will be
a need to have standardization in order to follow longitudinal
studies of response to therapy.

Cancer is a multi-factorial disease and imaging needs to be
able to demonstrate the various mechanisms and phases of
pathogenesis.

The use of different modalities, various imaging agents and
various biomarkers in general will lead to diagnostic orthogo-
nality by combining independent and uncorrelated imaging
technologies. The combination of information using results
from these different tools, after they are placed in a bioinfor-
matical map, will improve the sensitivity and specificity of
the diagnostic process.
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Figure 6 — Biomarker imaging.

The integration and combination of such information is
considered to be the future both as part of the validation of
the individual technologies but also as part of the diagnostic
process, especially for disease prediction, early disease detec-
tion and early therapy response.

2. Image contrast

Imaging systems produce images that have differences in con-
trast. The differences in contrast can be due to changes in
physical properties caused by the endogenous nature of the
tissue or by the use of exogenous agents.

Endogenous mechanisms include:

radiation absorption, reflection and transmission
e magnetic relaxivity
magnetic susceptibility
water molecule diffusion
magnetic spin tagging
oxygenation

spectral distribution
temperature

electrical impedance
acoustic frequency shifts
e mechanical elasticity

Exogenous mechanisms include:

radiation absorption, reflection and emission
spin hyperpolarization

magnetic relaxivity

magnetic susceptibility

e magnetization transfer

saturation transfer

e isotope spectra
o fluorescence

e bioluminescence
e perfusion

o extracellular pH
e hypoxia

Diagnosticimaging agents introduced intravenously, intra-
arterially or via natural orifices will play an increasing role in
cancer imaging. In particular new tracers for PET (Machulla
et al., 2000; Eriksson et al., 2002) and nuclear medicine (Pappo
et al., 2000; Xiaobing Tian et al., 2004) are leading the develop-
ment of molecular imaging. ’C-based PET tracers can also be
exogenous substances found in the human body. On the other
hand, *8F-based PET tracers are often analogues of substances
found in the human body.

Nanotechnology-based agents will be developed during the
next decade for MRI (Neuwalt et al., 2004; Schellenberger et al.,
2002; Harishingani et al., 2003; Li et al., 2004; Kircher et al.,,
2003), X-ray/CT (Srinivas et al., 2002; Rabin et al., 2006; Hain-
feld et al., 2006), optical (Itoh and Osamura, 2007; Gao et al.,
2005; Chan et al., 2002; Min-Ho Lee, 2006) and ultrasound im-
aging (Liu et al., 2006, 2007; Wheatley et al., 2006) Nanopar-
ticles are being developed as bi-modal imaging agents
(Mulder et al., 2006; Li et al., 2006) for MR/CT and MR/optical
imaging.

In the subsequent sections the role of various technologies
involved in clinical cancer imaging will be reviewed with an
emphasis on more recent developments.

3. X-Ray-based systems including CT

Digital imaging technology is expanding the role of X-ray-
based systems in the imaging of cancer as the use of picture
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archiving and communications systems (PACS) becomes more
widespread. The various digital imaging systems include the
following.

3.1. Flat panel computed radiography (CR) and digital
radiography (DR) systems that are used for chest X-ray
examinations

CR systems using phosphor plates are more suited to portable
systems although improvements in DR systems are also mak-
ing them more portable.

DR and CR systems can use dual-energy (MacMahon, 2003;
Gilkeson and Sachs, 2006) to separate nodules from bone. DR
systems use tomosynthesis (Dobbins et al., 2003) to produce
slice images. Computer aided detection/diagnosis (CAD)
(Campadelli et al., 2006) is used to improve lesion detection
efficiency.

Dual energy systems can use two stacked detectors sepa-
rated by a copper plate and using one X-ray exposure or one
detector with dual X-ray exposure. In both cases images of
low and high energy X-rays are produced. As a result soft tis-
sue images or bone and calcium images can be obtained.

Dual-energy subtraction eliminates rib shadows and al-
lows accurate, computerized measurement of lung nodule
volume. Energy subtraction images have important advan-
tages over standard radiographic images. Intra-pulmonary
lesions and bone may appear superimposed when projected
in two dimensions. The soft-tissue image, with bone removed,
can improve the ability to detect these lesions. The more clear
margins of these lesions in the soft-tissue image can assist in
lesion characterization. Calcified nodules may be distin-
guished from non-calcified nodules. Only calcified nodules
will appear on the bone image.

Calcifications in hilar lymph nodes can also be visualized
on the bone image. Rib defects including sclerotic metastases
or bone islands and calcified pleural plaques can mimic soft-
tissue abnormalities in standard radiographic images. These
lesions may be accurately characterized on the bone image
in most situations. Energy subtraction images have the poten-
tial to avoid follow-up CT scans in some cases.

Tomosynthesis has been shown to improve the detection
of lung nodules (Pineda et al., 2006). 2D CAD (Samei et al.,
2007) increases the detection accuracy for small nodules com-
pared to single view CAD.

3.2. Digital radiographic and fluorographic systems for
barium and air contrast studies

Digital imaging systems using charge coupled devices captur-
ing light from phosphors showed increased sensitivity over
film-based spot film systems in the study of gastric cancer
(linuma et al., 2000).

3.3. Digital C-arm flat-panel systems for interventional
applications using fluoro imaging and CT image
reconstruction

C-Arm CT uses data acquired with a flat-panel detector C-arm
fluoroscopic angiography system during an interventional
procedure to reconstruct CT-like images from different

projections and this can aid interventional techniques involv-
ing embolization (Meyer et al.,, 2007; Kamat et al., 2008),
chemo-embolization and biopsies.

Typical anatomical areas include the thorax, pancreas, kid-
neys, liver (Virmani et al., 2007; Wallace et al., 2007; Wallace,
2007) and spleen. C-Arm CT could be used with 3D road map-
ping and navigational tools that are under development. This
could lead to improvements in both safety and effectiveness
of complex hepatic vascular interventional procedures. Im-
provements include multi-planar soft tissue imaging, pretreat-
mentvascular road mappingof the targetlesion, and the ability
forimmediate post-treatment assessment. Other potential ad-
vantages are a reduction in the use of iodinated contrast
agents, a lower radiation dose to the patient and the operator
and an increase in the safety versus benefit ratio (therapeutic
index). Motion correction techniques are being developed for
procedures such as liver tumour chemoembolization.

Digital C-arms are also combined with MRI, CT and ultra-
sound systems for various interventional procedures. Image
fusion and 3D segmentation technology permits planning of
the intervention including calculating optimal flow of embol-
izing material and to follow response. Vessel permeability is
increased in angiogenesis and measures of reduction of extra-
vascular perfusion could be a measure of response to
chemoembolization.

3.4.  Full field digital mammography(GE Senographe,
1999) systems and advanced applications(Rafferty, 2007)
including tomosynthesis, contrast enhancement, dual
energy, stereo imaging, multi-modality fusion and CAD

Full field digital mammography systems offer several advan-
tages (Pisano et al., 2005) over film-based systems for breast
screening. These include lower dose, improved sensitivity
for dense breasts, increased dynamic range, computer-aided
detection/diagnosis, softcopy review, digital archiving, tele-
medicine, tomosynthesis, 3-D visualization techniques and
reduction in breast compression pressure.

In tomosynthesis, multiple low-dose X-rays are taken from
different angles usually between +30°. The individual images
are then assembled to give a three-dimensional image of the
breast, which can be viewed as a video loop or as individual
slices. A potential limitation of 2D mammograms is that nor-
mal structures in the breast - for example glandular tissue -
may overlap and obscure malignancies, especially ones buried
deep in the breast. This can result in cancers being missed in
the scan. Sometimes the opposite happens — overlapping tis-
sues which are quite normal can resemble tumours on the
X-ray image, leading to additional patient imaging and unnec-
essary biopsies which cause avoidable patient anxiety and
greater healthcare costs. Tomosynthesis has recently been
shown to detect more breast lesions, better categorize those
lesions, and produce lower callback rates than conventional
mammography. Combining tomosynthesis with digital mam-
mography can reduce false negatives and increase true posi-
tives. 3-D X-ray systems with tomosynthesis also allow less
breast compression.

Another 3D method produces stereoscopic images. Stereo-
scopic mammograms can be created using digital X-ray im-
ages of the breast acquired at two different angles, separated
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by abouteight degrees. When these images are viewed on a ste-
reo display workstation, the radiologist can see the internal
structure of the breast in three dimensions and better distin-
guish benign and malignant lesions. Early clinical trial results
(Getty et al., 2007) indicate a higher detection rate and less false
positives with this technique than conventional 2D mammog-
raphy. The need to increase the number of images for this pro-
cedure leads to a higher radiation dose.

Contrast-enhanced mammography (Jong, 2003), using io-
dinated contrast agents, is an investigational technique that
is based on the principle that rapidly growing tumours require
increased blood supply through angiogenesis to support
growth. Contrast needs to be administered when the com-
pression device is not active. Areas of angiogenesis will cause
an accumulation of contrast agent.

Contrast-enhanced mammography with tomosynthesis
(Diekmann and Bick, 2007) offers a method of imaging con-
trast distribution in breast tissue. The images can be evalu-
ated by two methods. One method is to look for the image
where the iodine concentration is at a maximum, typically
1 min post-injection. High-uptake regions indicate active tis-
sue growth and may indicate malignant tissues. The kinetic
analysis method is able to follow iodine contrast agent flow
in and out of a tissue area. Malignant cancers often exhibit
a rapid wash-in and wash-out of iodine, while benign tissues
have a slow iodine uptake over the duration of study over
a time frame of 5 min. This is similar to what is seen on perfu-
sion imaging with MRI using gadolinium-based contrast
agents.

Tomosynthesis combined with contrast-enhanced mam-
mography may offer advantages in detecting primary and sec-
ondary lesions as well as the possibility to monitor therapy.

Dual energy contrast mammography (Lewin et al., 2003)
could increase detectability of breast lesions at a lower radia-
tion dose (Kwan et al., 2005) compared to non-contrast en-
hanced mammography but needs to be evaluated versus
contrast enhanced MRI.

Dual energy techniques can remove the structural noise,
and contrast media, that enhance the region surrounding
the tumour and improve the detectability of the lesions.

CAD isbeing developed to help identify lesions especially in
locations where it is difficult to obtain a second reading. CAD
has an advantage in identifying microcalcifications but less
so for breast masses. It appears to work better in the hands
of experienced breast cancer experts who can differentiate
benign lesions such as surgical scars from malignant lesions.

The sensitivity of CAD is consistently high for detection of
breast cancer on initial and short-term follow-up digital mam-
mograms. Reproducibility is significantly higher for true-
positive CAD marks than for false positive CAD marks (Kim
et al., 2008).

Recent results from a very large-scale study of 231,221
mammograms have indicated CAD enhances performance
of a single reader, yielding increased sensitivity with only
a small increase in recall rate (Gromet, 2008).

Dual modality systems based on combined X-ray/ultra-
sound systems promise increased sensitivity and specificity
(Kolb et al., 2002). This is due to the lack of sensitivity of mam-
mography in imaging young dense breasts where the
surrounding fibroglandular tissue decreases the conspicuity

of lesions. Addition of screening ultrasound significantly in-
creases detection of small cancers and depicts significantly
more cancers and at smaller size and lower stage than does
a physical examination, which detects independently ex-
tremely few cancers. Mammographic sensitivity for breast
cancer declines significantly with increasing breast density
and is independently higher in older women with dense
breasts. Full field digital mammography systems have a better
detection sensitivity for dense breasts than film-based
systems.

Hormonal status has no significant effect on the effective-
ness of screening independent of breast density.

Cone beam CT systems using flat panel detectors are being
developed for CT mammography with the advantage of higher
sensitivity, improved tissue contrast and no breast compres-
sion (Ning et al., 2006).

The American Cancer Society has recently revised its rec-
ommendations, stating that women should continue screen-
ing mammography as long as they are in good health.

Future systems using CMOS active pixel sensors (APS) in
a large area, low noise, wide dynamic range digital X-ray de-
tector could enable simultaneous collection of the transmitted
beam and scattered radiation. This could be used to obtain
biologically relevant scatter signatures from breast cancer tis-
sue (Bohndiek et al., 2008).

3.5.  Multi-slice CT systems including 4D acquisition and
reconstruction with applications in lung cancer screening,
virtual colonography, radiotherapy planning and therapy
response monitoring

Multi-slice CT systems with large area matrix detectors and
high power X-ray tubes are able to cover large scan volumes
during breath hold acquisitions in the thorax, abdomen and
brain.

CT often incidentally identifies lung nodules during exams
for other lesions in the thorax. There is a need to distinguish
benign from malignant nodules as on average 50% are benign.
Dynamic contrast enhanced CT (Swensen and Functional,
2000; Minami, 2001; Kazuhiro et al., 2006) has been proposed
to identify malignant lung nodules having increased vascular-
ity due to angiogenesis. CT lung cancer screening (Swensen
et al,, 2003; Henschke et al., 2006, 2007; Henschke, 2007) is
used with low dose CT combined with lung nodule analysis
software (Figure 7). Lung nodule size, shape and doubling
times (Reeves, 2007) are parameters of interest. Benign nod-
ules typically have a round shape and smooth, sharply defined
borders. Malignant nodules often have an oval shape, lobu-
lated, irregular borders with spiculations. Advanced lung
analysis software is used to help classify nodules (Volterrani
et al.,, 2006). Juxtapleural nodules are more difficult to classify.

CAD is being developed especially for lung (Suzuki et al,,
2005; Shah, 2005; Enquobahrie et al., 2007) and colon cancer
(Kiss et al., 2001) screening using CT.

CT virtual colonography (Yee et al., 2001) has been assessed
and shown to yield similar results to optical colonoscopy for
clinically important polyps larger than 10 mm in size and
can, in the same examination, also provide information on
changes in adjacent anatomy such as aortic aneurysms and
metastases in the lymph nodes and the liver (Hellstrom
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et al., 2004; Xiong et al., 2005). CT virtual colonography is con-
sidered suitable for elderly patients. The use of fecal tagging
may permit the use of virtual colonography with limited
bowel preparation (Jensch et al., 2008).

A recent study (Taylor et al., 2008) has shown that CAD is
more time efficient when used concurrently in virtual colo-
nography studies rather than when used as a second reader,
with similar sensitivity for polyps 6 mm or larger. When
CAD is used as a second reader the sensitivity is maximized,
particularly for smaller lesions. CAD is also indicated to help
identify flat lesions.

Whole body CT screening is controversial due to dose and
cost issues and can lead to a large number of false negatives
requiring follow-up studies (Furtado et al., 2005).

Four-dimensional CT (3D plus movement synchronization)
acquisition is used for image modulated radiotherapy (IMRT)
applications in the thorax so that the tumour is kept in the
centre of the radiation field. Four-dimensional technology al-
lows following of the tumour at every point throughout the
breathing cycle. It is possible to focus on the tumour, sparing
surrounding healthy tissue. Four-dimensional IMRT (Suh
et al., 2007) decreases both the size of the margin and the
size of the radiation field using linear accelerators with dy-
namic multi-leaf collimators (DMLC).

CT perfusion imaging is based on the linear relation be-
tween the CT attenuation values (expressed by Hounsfield
units) and the concentration of contrast agent. CT perfusion
imaging is used to determine therapy response (Dugdale
et al., 1999; Kim et al., 2007; Fournier et al., 2007).

A CT perfusion study showing changes in hepatic tumour
perfusion after anti-angiogenic therapy is shown in Figure 8.

In the future 4D CT with large detector arrays will be used
to study volumetric perfusion imaging that could show the
effects of anti-angiogenic therapy to reduce the amount of
permeable blood vessels in organs such as the liver.

The openness of the CT gantry makes it suitable for inter-
ventional procedures but dose considerations for the person-
nel must be taken into account (Teeuwisse et al., 2001).

CT guided interventional procedures include: radiofre-
quency ablation of bone metastases (Simon and Dupuy,
2006), hepatic metastases and HCC (Ghandi et al., 2006) and re-
nal tumours (Zagoria et al., 2004), guided brachytherapy (Pech
et al.,, 2004; Ricke et al., 2004), alcohol injection in metastases
(Gangi et al., 1994), nerve block for pain palliation (Vielvoye-
Kerkmeer, 2002; Mercadante et al., 2002) guided biopsies (Mas-
kell et al., 2003; Heilbrun et al.,, 2007; Suyash et al., 2008;
Zudaire et al., 2008) and transcatheter arterial chemoemboli-
zation (Hayashi et al., 2007).

PET/CT is more frequently used to guide biopsy by high-
lighting the metabolically active region (von Rahden et al.,
2006).

Needle artifacts can limit the performance of fluoroscopic
CT guided biopsies of small lung lesions (Stattaus et al.,
2007). Pneumothorax is a complication of transbronchial
lung biopsies especially for small lesions (Yamagami et al.,
2002) and can lead to empyema (Balamugesh et al., 2005) in
the pleural cavity (purulent pleuritis) requiring drainage.
Other complications include haemorrhage/haemoptysis,
systemic air embolization and malignant seeding along the bi-
opsy tract.

Future developments in X-ray imaging include new multi-
tube systems based on field emitters using carbon nanotubes.
These could be used for inverted geometry systems where
multiple X-ray beams are directed onto a detector.

Other work is looking at imaging scattered radiation in-
stead of the traditional X-ray transmission/absorption
methods. Spectral imaging with energy sensitive detectors
will enable separation of different density objects such as
iodine contrast agents and calcifications.

4, Magnetic resonance systems

Magnetic resonance is used in cancer detection, staging, ther-
apy response monitoring, biopsy guidance and minimally in-
vasive therapy guidance. Imaging techniques that have been
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Figure 8 — Pre- and post-anti-angiogenic therapy CT perfusion maps (study courtesy of D. Buthiau, O. Rixe, J. Bloch, J.B. Méric, J.P. Spano,

D. Nizri, M. Gatineau, D. Khayat).

developed to image cancer are based on relaxivity-based im-
aging with and without contrast agents, perfusion imaging us-
ing contrast agents, diffusion weighted imaging, endogenous
spectroscopic imaging, exogenous spectroscopic imaging
with hyperpolarized contrast agents, magnetic resonance
elastography and blood oxygen level determination (BOLD)
imaging.

Nuclear magnetic resonance (NMR) spectroscopy had
existed for over 30 years before the possibility to distinguish
tumour tissue from T1 and T2 relaxation time measurements
in vitro was the catalyst that started the development of mag-
netic resonance imaging MRI systems (Damadian, 1971). MRI
of the human body became possible only after the application
of local gradient fields (Lauterbur, 1973).

4.1. MRI of breast cancer

Breast cancer was one of the first to be examined using MRI
(Ross et al., 1982). After more than 10 years of clinical use
breast MR is now starting to be accepted as a complementary
technique on a par with mammography and ultrasound. This
has happened through the development of surface coils, ad-
vanced gradient coils, parallel imaging, contrast agents and
new fast imaging sequences that have greatly improved MRI
of the breast. Dedicated breast imaging tables provide com-
plete medial and lateral access to the breast, enabling unim-
peded imaging and intervention including biopsies. New
surface coils allow the simultaneous imaging of both breasts
to indicate involvement of the contralateral breast.

The move to higher field strengths with 3 T MRI systems
has been aided by parallel imaging that can reduce the effect
of T1 lengthening, reduce susceptibility artifacts and avoid
too high specific absorption rate (SAR) values. Breast MRI
has a higher sensitivity for the detection of breast cancer
than mammography or ultrasound.

Due to cost reasons, access, and high false positives MRI is
not yet considered a screening exam for breast cancer except
for special cases. As a result of not utilizing ionizing radiation,
breast MRI has been recommended in the repeated screening

of high-risk patients who have increased risk of radiation in-
duced DNA mutations. These include individuals with the
BRCA1 or BRCA2 gene mutation. It is used to screen women
with a family history of breast cancer, women with very dense
breast tissue, or women with silicone implants that could ob-
scure pathology in mammography. It is also useful to look for
recurrence in patients with scar tissue. The American Cancer
Society has given a strong endorsement for MRI, to detect
lymph node involvement and contralateral disease extension
in breast cancer.

Staging is probably the most important use of breast MRI
because it can show chest wall involvement, multi-focal tu-
mours, lymph node metastases and retraction of the skin. It
has a better performance in imaging invasive lobular carci-
noma than other methods.

Magnetic resonance imaging appears to be superior to
mammography and ultrasound for assessing pathological re-
sponse and a low rate of re-operation for positive margins
(Bhattacharyya et al., 2008). This indicates an important role
for MRI in aiding the decision to undergo breast conserving
surgery or mastectomy.

Contrast enhanced MRI has permitted dynamic studies of
wash-in and wash-out. Gadolinium is strongly paramagnetic
and can change the magnetic state of hydrogen atoms in wa-
ter molecules. Tissues, with a high contrast agent uptake in
T1-weighted images appear bright. High concentrations of
gadolinium chelates induce local changes in the local mag-
netic field due to susceptibility effects. The effect is maxi-
mized during the first pass of a bolus of contrast agent after
rapid intravenous injection. On gradient echo T2*-weighted
images this causes a darkening of the image in areas of tissue
that are highly perfused.

Perfusion imaging based on dynamic contrast enhanced
MRI can demonstrate the presence of malignant microcalcifi-
cations seen on mammography and can be used in the evalu-
ation of equivocal microcalcifications before stereotactic
vacuum assisted biopsy (Takayoshi et al., 2007). Dynamic
contrast MRI with gadolinium-based contrast agents is used
to evaluate neo-angiogenesis (Folkman, 1992) and has been
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shown to correlate with histopathology (Leach, 2001), micro-
vessel density (Buckley et al., 1997; Buadu et al., 1996) and re-
sponse to chemotherapy (Padhani et al., 2000a,b).

Signal intensity/time graphs are obtained for each enhanc-
ing lesion at the site of maximal enhancement. Three types of
curves can be distinguished (Kuhl et al., 1999):

e Type I curves demonstrate continuous enhancement and
are usually associated with benign lesions.

e Type II curves exhibit a rapid uptake of contrast followed by
a plateau and can be indicative of both benign and malig-
nant lesions.

e Type III curves demonstrate a rapid uptake of contrast with
rapid wash-out and are most often related to malignant
lesions.

Rapid uptake and wash-out has been attributed to the an-
giogenic nature of malignancies with many microvessels
feeding the tumour (Morris, 2006). Figure 9 shows intensity
time curves in different breast tissues.

MR perfusion imaging has the potential to monitor therapy
by using agents that block angiogenesis directly and indi-
rectly. As well as eliminating angiogenic blood vessels, it has
been proposed that anti-angiogenic therapy can also tran-
siently normalize the abnormal structure and function of
tumour vasculature. Normalized blood vessels are more effi-
cient for oxygen and drug delivery due to less permeability.
Pericytes play an important role in blood vessel formation
and maintenance (Bergers and Song, 2005). Pericytes (vascular
smooth muscle cells) strengthen the normalized vessels. The
strengthened vessels can reduce intravasation of cancer cells
and consequently the risk of haematogenous metastasis. Vas-
cular normalization can also reduce hypoxia and interstitial
fluid pressure.

The American College of Radiology’s Breast Imaging Report-
ing and Database system (BI-RADS) (American College of Radi-
ology, 2004) provides a standard for terminology used to report
MRI findings. Irregularly shaped speculated masses and het-
erogeneous or rim enhancement indicate malignancy. A non-
mass enhancement that is asymmetrical with a segmental or
regional pattern is a strong indicator of ductal carcinoma in
situ (Nunes, 2001). Smooth borders or non-enhancing septa,

which can be seen in a many fibroadenomas, indicate benign
lesions. Small lesions measuring <5 mm (enhancing foci) are
often not of clinical significance (Liberman et al., 2006).

Axillary lymph node imaging with dextran coated ultra
small particle iron oxide (USPIO) contrast agents is based on
the accumulation of iron oxide nanoparticles in macrophages.
USPIO developed for MR imaging of the reticulo-endothelial
system (liver and lymph nodes), causes a loss of signal in
T2* imaging. USPIO helps to distinguish unenlarged meta-
static lymph nodes from normal lymph nodes; and differenti-
ate enlarged metastatic nodes from benign hyperplastic
nodes. The combination of USPIO-enhanced MR and FDG
PET achieved 100% sensitivity, specificity, PPV and NPV in
lymph note detection confirmed by histopathology (Stadnik
et al., 2006). USPIO has also been used to evaluate lymph
node involvement in prostate cancer, colon cancer, rectal can-
cer and lung cancer.

4.2. Diffusion weighted imaging

Diffusion weighted imaging (Le Bihan et al., 1985) (DWI) has
been around for over 23 years with a first application in detect-
ing cytotoxic oedema in stroke. DWI MRI measures the diffu-
sion of water molecules (Brownian movement) and is
a promising technique for the identification of tumours and
metastases and could have an application in characterizing
breast lesions as benign or malignant. DWI MRI provides en-
dogenous image contrast from differences in the motion of
water molecules between tissues without the need for exoge-
nous contrast agents. It is possible to obtain both qualitative
and quantitative information related to changes at a cellular
level demonstrating the influence of tumour cellularity and
cell membrane integrity.

Recent advances enable the technique to be widely applied
for tumour evaluation in the abdomen and pelvis and have led
to the development of whole body DWI.

An inverse image of a whole body DWI acquisition of a pa-
tient with a non-Hodgkin’s lymphoma having diffuse bone
marrow infiltration with spread to cervical, axilla and inguinal
tumoural lymph nodes is shown in Figure 10.

Tumour tissues have disrupted water molecule diffusion
and a lower apparent diffusion constant (ADC) leading to

ZD Curves

Lapid

Figure 9 — MR contrast uptake intensity/time curves in the breast (courtesy of Duke University).
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Inverse image of coronal multiplanar reformat
from DWI scan (B=600) demonstrating
visualization of metastatic spread

(RRRE]

Figure 10 —- DWI image of metastatic spread (courtesy of the Military
Hospital of Laveran, France).

a high signal in DWIimages. A rise in ADC indicates a positive
response to therapy. The observed increase in water ADC fol-
lowing therapy is directly related to the number of cells killed
and is thought to be due to the liberation of water into the
extracellular space as a result of cell necrosis (Chenevert
et al., 2000).

Measurement of ADC has been used for the assessment of
metastatic breast cancer response to chemoembolization.
Normal tissues had no change in their ADC values whereas tu-
mour tissue showed an increase in ADC values after transar-
terial chemoembolization (Buijs et al.,, 2007) even when
volume changes seen with contrast enhanced MRI did not
show complete response based on response evaluation crite-
ria in solid tumours (RECIST) criteria.

DWI MRI in the liver is able to see changes in hepatic me-
tastases from neuroendocrine tumours after transarterial
chemoembolization (Liapi et al., 2008).

DWI MRI could be helpful in detecting and evaluating the
extent of pancreatic carcinomas. Carcinomas appear with
a higher signal intensity relative to surrounding tissues. The
ADC value in the tumour tissue is significantly lower com-
pared to that of the normal pancreas and tumour-associated
chronic pancreatitis (Matsuki et al., 2007a).

As bladder carcinoma ADC values are lower than those of
surrounding structures, DWI MRI could be useful in evaluating
invasion (Matsuki et al., 2007Db).

DWI MRI has also been evaluated and compared to histol-
ogy for the detection of prostate cancer. Similar to other types
of cancer, the mean ADC for malignant tissue is less than non-
malignant tissue but there is overlap in individual values. DWI
MRI of the prostate is possible with an endorectal radiofre-
quency coil (Hosseinzadeh and Schwarz, 2004).

The combination of T2 imaging and DWI MRI has been
shown to be better than T2 imaging alone in the detection of
significant cancer of size greater than 4 mm in patients with
a Gleason score of more than 6 within the peripheral zone of
the prostate (Haider et al., 2000).

ADCs of lung carcinomas correlate well with tumour cellu-
larity with some amount of overlap for different tumour types
when using the Spearman rank correlation analysis. However
on DWI, well-differentiated adenocarcinomas appear to have
higher ADCs than those of other histologic lung carcinoma
types (Matoba et al., 2007).

DWIMRI of the brain is used in combination with perfusion
MRI in order to characterize brain tumours in terms of tumour
type, grade and margin definition and to evaluate therapy
response (Provenzale et al., 2006). High DWI MRI may be able
to predict response to radiation therapy (Mardor, 2003). Tu-
mours with a high diffusion constant corresponding to large
necrotic regions have a worse response.

Palpation that assesses the stiffness of a region with re-
spect to the surrounding tissues is used as part of the clinical
detection of many breast, thyroid, prostate and abdominal pa-
thologies. DWI MRI has been shown to be a label free method
for evaluating therapy response of brain tumours in terms of
non-responders and partial responders during a cycle of frac-
tionated radiotherapy (Moffat et al., 2005). Partial responders
show areas of increased ADC.

Whole-body MRI competes with scintigraphy and PET/CT
in the detection of sclerotic metastases, which are common
to prostate and breast cancers and multiple myeloma. PET-
CT currently is used for soft-tissue metastatic disease but dif-
fusion-weighted MRI techniques hold promise.

4.3. MR elastography

Magnetic resonance elastography (MRE) is an experimental
method of imaging propagating mechanical waves using
MRI that could emulate palpation but with quantitative stiff-
ness information for tissue characterization (Kruse et al.,
2000; Muthupillai et al., 1995) also in anatomic locations not
manually accessible like the brain. It is accomplished by syn-
chronizing motion-sensitive phase contrast MRI sequences
during the application of acoustic waves. The frequency of
the acoustic waves is in the range of 100 Hz to 1 kHz.

MRE creates images of propagating shear waves with vari-
able wavelengths that are a function of the tissue shear mod-
ulus. The wavelength can be calculated by measuring the
distances between black lines that show the waves in the
MR image. The shear modulus and hence the stiffness of the
tissue can be calculated to create a shear modulus map. There
has been some experience in evaluating MRE for breast cancer
(Plewes et al., 2000; Sinkus et al., 2000; McKnight et al., 2002;
Xydeas et al., 2005).

In vivo MRE of the prostate gland has been show to be tech-
nically feasible in healthy volunteers (Kemper et al., 2004).

Ex vivo studies using hyperpolarized *He, a noble gas used
in lung studies, have demonstrated the feasibility of perform-
ing MRE in the lung. In this case it is the gas in the alveolar
spaces and not the lung parenchyma that is used to measure
the shear wave propagation (McGee et al., 2007).

4.4. MR perfusion imaging
Perfusion imaging with MRI is used to evaluate angiogenesis

and response to anti-angiogenic therapy (Su et al., 2000; Pham
et al,, 1998). Angiogenic blood vessels are more permeable
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than normal vessels and permit the passage of contrast agents
in and out of the vessels. MRI perfusion imaging can be per-
formed using two different methods.

T1-weighted acquisitions are used for dynamic contrast
enhanced imaging (Padhani and Leach, 2005; Miller et al,,
2005) and are mainly used to determine leakage from perme-
able blood vessels as a surrogate marker for angiogenesis.
Outside of the brain there can be a difficulty in distinguishing
differences in vascular permeability between benign and ma-
lignant tumours using T1-weighted acquisitions (Helbich
etal., 2000; Brasch and Turetschek, 2000) using standard gado-
linium-based contrast agents. Efforts to overcome this issue
have made in pre-clinical evaluations using higher molecular
weight agents or nanoparticle agents (Turetschek et al., 2003;
Su et al., 1998).

T2*-weighted acquisitions are used for dynamic suscepti-
bility contrast imaging, mainly used to measure relative cere-
bral blood volume (rCBV) that corresponds to capillary density
and can be used as an indicator of tumour grade (Provenzale
et al., 2002).

High molecular weight contrast agents are considered
more reliable in the differentiation of vascular permeability
and blood volume within tumours than the low molecular
weight contrast agents that are in routine use.

Direct imaging of angiogenesis has been attempted using
agents that bind to proteins or receptors involved in angiogen-
esis. Possible targets are membrane proteins that are selec-
tively expressed by angiogenic blood vessels. These include
o, B3 integrins, VEGF and its membrane receptors, prostate-
specific membrane antigen and thrombospondin-1 receptor.
Contrast agents being developed targeted to specific endothe-
lial cell surface markers on the surface of angiogenic vessels
could lead to a more precise indication of vascular response
to therapy (Brindle, 2003).

4.5. Apoptosis imaging

Direct imaging of apoptosis has also been attempted using
agents that bind to a cell surface protease that attracts phago-
cytes to dying cells. Annexin V has been used in optical and
nuclear medicine imaging. The C2 domain of synaptotagmin,
a protein, also binds to phosphatidyl serine. MRI detection of
apoptotic cells, in vitro and in vivo, has been demonstrated
using the C2 domain of synaptotagmin, tagged with superpar-
amagnetic iron oxide (SPIO) particles (Zhao et al., 2001).

4.6. Receptor imaging

Receptor imaging has been performed using targeted SPIO. For
example imaging of the tyrosine kinase Her-2/neu receptor in
breast cancer cells using targeted iron oxide (Artemov et al,,
2003). Streptavidin-conjugated superparamagnetic nanopar-
ticles were used as the targeted MR contrast agent. The nano-
particles were directed to receptors prelabelled with
a biotinylated monoclonal antibody and generated strong T,
MR contrast in Her-2/neu-expressing cells. The contrast ob-
served in the MR images was proportional to the expression
level of Her-2/neu receptors determined independently with
fluorescence-activated cell sorting (FACS) analysis. In these
experiments, iron oxide nanoparticles were attached to the

cell surface and were not internalized into the cells. This could
be an advantage for potential in vivo applications of the
method.

The sensitivity of MRI will limit the clinical application of
direct imaging that is more promising with PET but will find
applications in pre-clinical imaging.

4.7. Stem cell tracking

One area that is showing promise is stem cell tracking using
iron oxide labelled stem cells (Rogers et al., 2006). Due to the
effect of susceptibility the size of the image is larger than
the physical dimensions of the cell and can be resolved by
MRI

Most of the magnetic resonance labels currently used in
cell tracking are USPIO or SPIO because of their very strong
negative contrast effects and their inherent lack of cell toxic-
ity. However, as this is an indirect imaging technique the sig-
nal change is due to the amount of USPIO and SPIO and not the
number of cells. As cells proliferate and the iron is divided be-
tween all the cells, the total iron content and the signal from
each cell decreases. The iron from cells undergoing apoptosis
or cell lysis can be internalized by macrophages resident in
nearby tissue, resulting in signal wrongly attributable to cells.

USPIO and SPIO are negative contrast agents and suffer
from three fundamental disadvantages. MRI cannot distin-
guish loss of signal from the agent from other areas of signal
loss like those from artifacts or calcium. These agents are
also limited by partial volume effects, in which void detection
is dependent on the resolution of the image. If the void created
by the agent is too small, it could be at the limits of MRI detec-
tion. Tracking cells in vivo can be difficult with a negative con-
trast technique.

The introduction of higher field strength MRI at 3.0 T will
assist the development of this technique by helping to in-
crease resolution.

4.8. MR spectroscopy

Proton magnetic resonance spectroscopy using fat and water
suppression techniques can supply biochemical information
about tissues. 3D MR proton spectroscopy and spectroscopic
imaging (Kurhanewicz et al., 2000) have a potential role of lo-
calizing tumours and guiding biopsies in the breast, brain and
prostate and detecting a response to therapy. Combining MR
anatomic imaging and MR spectroscopic imaging in the
same exam can localize the spatial position of metabolites.

Choline helps form phosphatidylcholine, the primary
phospholipid of cell membranes and is a potential marker of
cell division. It has been proposed that carcinogenesis in hu-
man breast epithelial cells results in progressive alteration
of membrane choline phospholipid metabolism (Aboagye
and Bhujwalla, 1999).

Increased choline levels have been detected in invasive
ductal carcinomas of the breast and lymph node metastases
(Yeung et al., 2002). The possibility of using the choline levels
to differentiate benign from malignant tumours may decrease
the number of breast biopsies and permit to monitor and pre-
dict response to chemotherapy (Bartella and Huang, 2007).
Proton spectroscopy identifying the choline peak with a signal
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to noise greater than 2 has a very high sensitivity and specific-
ity for the detection of malignancy in enhancing non-mass le-
sions and significantly increases the positive predictive value
of biopsy (Bartella et al., 2007).

A high choline peak is identified in the proton spectroscopy
of a breast lesion in Figure 11.

Citrate is a normal component of prostate cells and de-
creases in prostate cancer due to disruption of the citrate cycle.

Prostate cancer identification with proton MR spectroscopy
is based on the detection of an increased choline plus creatine
to citrate ratio and a decrease in polyamines that also corre-
lates with the Gleason score in terms of aggressiveness (Hri-
cak, 2007).

Brain cancer exhibits high choline levels and reduced N-
acetyl aspartate due to neuronal loss. Increased lactate due
to anaerobic processes is observed in some tumours. Monitor-
ing the changes in these metabolites can be used to see ther-
apy response or malignant transformation (Nelson et al., 1997;
Tedeschi et al., 1997; Wald et al., 1997).

Spectroscopy of endogenous *3C (Jeffrey et al., 1991) and *'P
(Gillies and Morse, 2005) has been performed but its clinical
application has been limited by the low signal due to the low
concentration of these naturally occurring isotopes in tissues
and the need for very long acquisition times.

4.9. Spin hyperpolarization

Signal to noise in MR imaging and spectroscopy is propor-
tional to the product of concentration, gyromagnetic ratio
and polarization. As the gyromagnetic ratio is a constant for
each nucleus and concentration is limited by tolerance of
the body, the main method to increase the signal to noise ratio
is through an increase of polarization.

Hyperpolarization of nuclear spins can be used to greatly
enhance the sensitivity of magnetic resonance spectroscopy.
The injection of hyperpolarized molecules allows spectroscopic
imaging of distribution and metabolism of these molecules.

Hyperpolarization can be obtained through the technique
of dynamic nuclear polarization. Polarization is transferred
from electrons to the nuclear spins through the excitation of
electron spin resonance. This is obtained by irradiation with
microwaves of a solid material doped with unpaired electrons
at a low temperature of about 1.2 K in a high magnetic field of
about 3.35T. This can increase the polarization by over four
orders of magnitude. Polarizations of up to 50% can be
obtained (Ardenkjaer-Larsen et al., 2003).

Use of hyperpolarized agents signifies that the hyperpolar-
izer must be placed next to the MRI system due to the short
half-life of the hyperpolarized state of the order of 1-2 min.
The substances are brought rapidly to liquid state before
they can be introduced into the body.

The substances that will be able to be used as hyperpolar-
ized agents have to satisfy the criteria of a long T1 relaxation
time, a clear metabolic pathway and no toxicity when used in
clinical concentrations. Examples of potential substances are
[**C]pyruvate, [**C]acetate and [**C]urea.

The metabolic products of pyruvate include, lactate
through reduction, alanine through transamination, bicar-
bonate through oxidative decarboxylation and oxyloacetate
through carboxylation. Lactate is a potential marker for malig-
nant tissue.

The possibility to follow metabolite changes as they occur
requires the use of agents that have a high level of polarization.
This has been demonstrated using hyperpolarized *3C (Gol-
man et al., 2006a,b; Golman and Petersson, 2006). Hyperpolar-
ized agents show promise in monitoring therapy response.

Using a '3C pyruvate agent it has been demonstrated for
the first time in in-vivo preclinical studies that it is possible
to spectroscopically image in tumours the exchange of the
hyperpolarized *C label between the carboxyl groups of lac-
tate and pyruvate (Day et al., 2007). This reaction is catalysed
by the enzyme lactate dehydrogenase and the flux is
decreased in tumours undergoing cell death induced by
chemotherapy.

choline

Figure 11 — MRI anatomic image and proton spectroscopy of a breast lesion.
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4.10. MR guided focused ultrasound

MRI has great potential as a method for guidance and moni-
toring of minimally or non-invasive therapy. The main advan-
tages are the 3D and 4D imaging capability, virtual real time
thermometry and therapy planning and response imaging
with contrast studies.

High intensity focused ultrasound (HIFU) is used to rapidly
heat and destroy diseased tissue. It is a type of therapeutic ul-
trasound that induces hyperthermia within a time frame of
a second. It should not be confused with traditional hyper-
thermia that heats over a time frame of an hour and to
much lower therapeutic temperatures (generally <45°C).
When an acoustic wave propagates through tissue, part of it
is absorbed and converted to heat. With focused beams,
a very small focus can be achieved deep in tissues. At a high
enough temperature, the tissue is thermally coagulated due
to protein denaturization. A volume can be thermally ablated
by focusing at more than one place or by scanning the focus.

High intensity focused ultrasound has been investigated
for over 60 years but has only recently come into clinical use
as result of image guidance using ultrasound or MRI.

HIFU approaches the criteria for optimized treatment of lo-
calized cancer as, due to the very sharp temperature profile, it
can cause complete cell death in tumours without harming
nearby healthy tissue. It is an extracorporeal or natural orifice
technique and is a localized trackless therapy as opposed to
radiotherapy.

MR guidance has many advantages including the possibil-
ity of quasi real time thermometry of the tissue to be ablated
and of the surrounding tissues. There is the added advantage
of 3D imaging for treatment planning with the patient in the
MR system during the treatment.

Itis important to avoid structures that have risk of damage
such as the bowel or nerves next to the prostate or areas that
can absorb an increased amount of energy and generate ex-
cess heat such as bone, surgical clips or scar tissue.

Contrast enhancement with gadolinium contrast agents
identifies tumour margins for treatment planning and also
shows post treatment therapy response while the patient is
still in the system.

A very big advantage over radiotherapy is the ability to re-
peat the treatment several times if necessary.

MR guided focused ultrasound (Jolesz and Hynynen, 2002)
(MRgFUS) is a closed loop thermal therapy technology that
uses multiple ultrasound transducers to focus several beams
onto a small area of tissue to cause highly localized heating.
Heatingtissue tobetween 55 and 80 °C will cause coagulation ne-
crosis as aresult of the denaturization of proteins that are subse-
quently removed by the lymphatic system leaving no scar tissue.
Thebeam is targeted using phased array ultrasound transducers
on a robotic positioning system that has 5 degrees of freedom.

Temperature measurement can be performed from
changes in T1 relaxation times, diffusion coefficient or water
proton resonance frequency.

One-dimensional MR elastography (Yuan et al., 2007) has
recently been developed for temperature and tissue displace-
ment measurements for the monitoring of focused ultrasound
therapy.

MRgFUS technology has been approved for use in the abla-
tion of uterine fibromas (Hindley et al., 2004) as an outpatient
treatment.

Areas of development in oncology include the treatment of
breast (Zippel and Papa, 2005; Gianfelice et al., 2003; Furusawa
et al., 2006) prostate, liver (Kopelman et al., 2006; Okada et al.,
2006), soft tissue sarcomas, kidney (Salomir et al., 2006) and
brain (McDannold et al., 2003) tumours.

Figure 12 shows pre- and post-treatment contrast en-
hanced T1 weighted MRI maximum intensity projection
(MIP) images of a breast cancer patient in a phase 2 trial for
patients with an MR identified single focal lesion (up to
1.5 cm) of T1/T2, NO, MO disease. The lack of contrast enhance-
ment indicates treatment necrosis confirmed by histology.

Pain palliation for bone metastases (Catane et al., 2007) has
the potential for fast response and has also worked in patients
where fractionated radiation therapy has failed.

MRgFUS can be used together with neoadjuvant radiother-
apy and chemotherapy.

Expression of tumour antigens and heat-shock protein 70in
breast cancer cells has been demonstrated after high-intensity
focused ultrasound ablation indicating a potential anti-
tumour response (Wu et al., 2007).

Disruption of the blood-brain barrier by trans-skull
MRgFUS (Hynynen et al., 2005; Kinoshita, 2006) has demon-
strated the potential of using this technique for local drug
delivery to brain tumours.

The delivery of doxorubicin and increasing its anti-tumour
effects has been demonstrated by exposing low-temperature
heat-sensitive liposomes containing the doxyrubicin chemo-
therapy with HIFU exposure that causes the local release of
the drug (Dromi et al., 2007). This combination therapy could
lead to viable clinical strategies for improved targeting and de-
livery of drugs for treatment of cancer.

Future applications will include multi-drug and contrast
agent delivery in locally activated multi-functional nanopar-
ticles (Rapoport et al., 2007).

4.11. MR guided galvanotherapy

Preliminary results have shown that MRI guided galvanother-
apy (Vogl, 2007) appears to be a safe and effective treatment
for prostate cancer with the possibility to control local
tumours without causing impotence or incontinence. MR
compatible electrodes are inserted into the prostate and are
used to pass an electric current.

5. Ultrasound

Ultrasound is one of the most common diagnostic imaging
methods used in the diagnosis of tumours in the thyroid,
breast, prostate, liver, pancreatic, ovarian, uterine and kidney.
Volume ultrasound enhances visualization of lesions. Ultra-
sound is frequently used to guide biopsies.

As there is no ionizing radiation, serial follow up studies
can be performed to check for recurrence using ultrasound.

Recent developments include ultrasound elastography, tar-
geted microbubble contrast agents (Weller et al., 2005), locally



128 MOLECULAR ONCOLOGY 2(2008) 115-152

1w CE MIP image

Figure 12 — Pre- and post-contrast images of a single breast cancer lesion treated by MRgFUS (images courtesy of Breastopia Namba Medical

Center, Miyazaki, Japan and InSightec, Haifa, Israel).

activated ultrasound mediated drug delivery with nano and
microbubbles (Gao et al., in press) and photoacoustic imaging
(Xu and Wang, 2006).

5.1.  Miniaturization of ultrasound systems

Miniaturization of ultrasound systems has made them very
portable so they can be taken to the patient or even inserted
into the patient through natural orifices.

Transrectal ultrasound (TRUS) is used for the diagnosis and
guiding the biopsy of prostate cancer (Narayan et al., 1995).
Transrectal ultrasound guided multiple systematic random
biopsies are presently the method of choice for determining
the presence or absence of prostate cancer (Tillmann et al.,
2004).

Endoscopic ultrasound can identify lesions in mediasti-
num (Larson et al., 2002; Larsen et al., 2005) and is used to
guide fine needle aspiration biopsy to identify primary malig-
nancies as well as spread from lung cancer that had been pre-
viously seen on CT. It has shown a major benefit in avoiding
unnecessary thoracotomies.

Endoscopic ultrasound is also used in the diagnosis of tu-
mours of the gastrointestinal system such as oesophageal,
gastric and pancreatic cancer. It is also used to obtain biopsies
(Williams et al., 1999) of any focal lesions found in the upper
gastrointestinal tract, lymph nodes, pancreas and perirectal
tract.

The use of endoscopic interstitial high intensity focused ul-
trasound has been used to treat oesophageal tumours (Melo-
delima et al., 2006) under fluoroscopic and ultrasound
guidance.

Future devices may use capacitive micromachined ultra-
sonic transducer (CMUT) arrays usually made on silicon
substrates for non-invasive focused ultrasound ablation of
lower abdominal cancers under MR guidance (Wong et al.,
2006).

Endoscopic ultrasound guidance of brachytherapy using
porous silicon microspheres containing phosphorus-32 intro-
duced into the pancreas is another recent application under-
going clinical trials.

5.2.  Acoustic radiation force impulse imaging

Acoustic radiation force impulse (ARFI) imaging (Palmeriet al.,
2004) has been shown to provide information about the me-
chanical properties of tissues. It uses short, high-intensity, fo-
cused ultrasound to generate radiation force and uses
traditional ultrasonic correlation-based methods to track the
displacement of tissues. Acoustic radiation force impulse im-
aging exploits differences in the mechanical properties of soft
tissues to outline tissue structures that may not be seen with
B-Mode ultrasound. In ARFI imaging, an impulse of relative
high acoustic energy is transmitted into the body to deliver
a radiation force that is spatially and temporally localized at
the imaging focus in a way that displaces tissue a few micro-
metres away from the imaging transducer. Ensembles of
ultrasonic transmit-receive lines that generate data for ARFI-
induced axial motion tracking with a one-dimensional
cross-correlation follow each ARFI impulse.

It has the potential to be used in the endoscopic evaluation
of gastrointestinal tumours.

ARFlimagingimplemented on a diagnostic ultrasonic scan-
ner has been proposed (Fahey et al., 2006) as a method to guide
RF ablation procedures in the liver. This could be convenient
when sonographic guidance is used for RF electrode insertion.
ARFI imaging has demonstrated superior imaging of tumour
boundaries of hepatic malignancies (Fahey et al., 2008).

Ultrasound microbubble contrast agent use in preclinical
studies has demonstrated quantitative measures of tumour
neovascularity in the glioma and breast cancer xenograft
models C6 and NMU and appears to provide a non-invasive
marker for angiogenesis (Ro et al., 2006).
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Reflex transmission imaging (RTI) has been used to quanti-
tatively define pigmented skin lesions such as melanoma in
vivo (Rallan et al., 2006). A significant difference in attenuation
is shown in skin cancer lesions. RTI could potential be syner-
gistic with white light clinical (WLC) photography in the diag-
nosis of skin cancer.

Ultrasound is used as direct therapy technique in ultra-
sound guided high intensity focused ultrasound systems and
as a method to facilitate local drug delivery and gene therapy.

5.3. High intensity focused ultrasound

Systems for high intensity focused ultrasound ablation of
prostate cancer have been extensively evaluated (Blana
et al., 2004).

Ultrasound enhanced local drug delivery into tumours has
been the subject of active research (van Wamel et al., 2004;
Tachibana et al., 2000; Yu et al., 2004; Rapoport et al., 2004; Nel-
son et al., 2002). Pretreatment with ultrasound increases the
cytotoxicity of anti-cancer drugs (Paliwal et al., 2005).

Ultrasound can locally enhance systemic gene delivery
into tumours (Anwer et al., 2000). Ultrasound elastography
measures and displays tissue strain. Strain is the change in
the dimension of tissue elements in different areas in a region
of interest. Elastography uses ultrasound measurements
made before and after a slight compression of tissue using
a transducer. Sonoelastography (Salomir et al., 2006) uses vi-
brations to cause compression. The elasticity profiles of tis-
sues are different in size to their gray scale appearance on
B-mode images. Strain values can be displayed as an image
and superimposed on the gray scale image. Normal soft tissue
and fat typically have a smaller profile whereas tumours with
harder tissue have a larger profile. Potential areas of applica-
tion are in breast (Burnside et al., 2007; Itoh et al., 2006; Zhi
et al., 2007), prostate (Luo et al., 2006; Lorenz et al., 2000), thy-
roid (Bae et al., 2007; Rago et al., 2007), liver (Saftoiu and Vil-
man, 2006; Masuzaki et al., 2007) and brain cancer (Scholz
et al., 2005). It has been proposed that a ratio of strain image
to B-mode image size of 0.75 indicates a benign breast lesion.
Using this criterion it would be possible to reduce breast biop-
sies by 50% and have a more accurate evaluation of tumour
size. The technique is most useful for lesions in the indetermi-
nate BI-RADS categories.

6. Non-ionizing electromagnetic imaging
6.1. Photo- and thermo-acoustic imaging

Near-infrared spectroscopy, electrical impedance spectros-
copy and tomography, microwave imaging spectroscopy and
photoacoustic and thermoacoustic imaging are often referred
to as electromagnetic imaging. They use non-ionizing electro-
magnetic radiation between the optical and RF wavelengths.
MRI uses RF as well but is not normally classified as part of
electromagnetic imaging.

Thermo- and photo-acoustic imaging systems use hybrid
imaging techniques that are able to combine the high contrast
in microwave, RF and light absorption between healthy and
tumour tissues with the high resolution of ultrasound. These

systems use non-ionizing radiation and are hybrid because
they use both the transmission of electromagnetic energy
and the reception of ultrasound waves generated by the tis-
sues. The electromagnetic energy is deposited as a very short
time impulse as uniformly as possible throughout the imaging
object that causes a small amount of thermal expansion. Typ-
ical pulse widths for optical excitation are of the order of 5-
10 ns. The photoacoustic technique depends precisely on the
absorbed photons (Xu and Wang, 2006) for a signal and avoids
the issues due to light scattering in optical imaging.

Due to increased haemoglobin and ionic water content tu-
mour masses preferentially absorb more electromagnetic en-
ergy, heat and expand more quickly than nearby healthy
tissue (Joines et al., 1994). These masses act as internal acous-
tic sources that create pressure waves. Ultrasound trans-
ducers surrounding the object detect the pressure waves.
The transducers that are sensitive to acoustic sources
throughout the imaging field of view collect the tomographic
data. Optical heating with very short wavelengths is known
to provide high contrast between healthy and cancerous tis-
sue (Gusev and Karabutov, 1993; Wang and Wu, 2007). Imaging
with optical pulses is limited by tissue absorption to a penetra-
tion depth of a few centimetres. Microwave and RF have more
penetration. Microwave excitation has a less uniform distribu-
tion over large volumes and may be more suitable for pre-
clinical imaging (Xu and Wang, 2006). Breast imaging has
been performed using RF excitation at 434 MHz with about
1 ps pulse widths (Kruger et al., 2000). RF at this frequency is
absorbed by ionic water contained in breast tumours. Laser-
based near infrared excitation breast imaging systems have
started clinical evaluation (Manohar et al., 2005, 2007). The
potential with photoacoustic imaging in the near infrared is
due to the absorption of the infrared light by haemoglobin
that can indicate regions of angiogenesis in tumours (Pogue
et al., 2001; Oraevsky et al., 2002).

Recent developments using an optical ultrasound mapping
system based upon a Fabry-Perot polymer film sensor instead
of piezoelectric detectors can give very highresolution images
(Zhang et al., 2008). The system could have applications in the
study of superficial microvasculature. Photoacoustic micros-
copy has been used for the study of subcutaneous vasculature
(Zhang et al., 2006).

6.2. Electrical impedance tomography

Electrical impedance tomography (EIT) (Bayford, 2006) is an
imaging method that has developed over the last two decades.
Its future application as a clinical diagnostic technique will de-
pend on the development of hardware for data capture and the
image reconstruction algorithms especially to take into ac-
count tissue anisotropy. It was originally developed for use in
geological studies and industrial processes. The main advan-
tage of this technique is the very good temporal resolution of
the order of milliseconds and the lack of ionizing radiation.
Electrical impedance tomography (EIT) determines the
electrical conductivity and permittivity distribution in the
interior of a body from measurements made on its surface.
Conducting electrodes are attached to the skin of the subject
and small currents are applied to some or all of the electrodes
and the corresponding electrical potentials are measured. The
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process is repeated for different configurations of the applied
current.

EIT imaging in the body is based around measuring the im-
pedance of tissues made up of cells, membranes and fluids.
Cells and membranes have a high resistivity and act as small
imperfect capacitors and contribute a frequency dependence.
Fluids provide the resistive component of the impedance that
has a frequency dependence only for liquids outside the cells.
High frequencies of the order a MHz show only the resistive
component due to conduction through intracellular and ex-
tracellular fluids. Low frequencies in the range of a few Hz
to several kHz cause the membranes to impede the flow of
current and can be used to measure dimensions, shapes and
electrical properties of cells (Geddes and Baker, 1967).

Two types of imaging are possible: difference imaging and
absolute imaging. Difference imaging is able to relate to
changes in blood volume or cell size. Absolute imaging is
more difficult as it needs to account for changes in electrode
impedance and channel noise.

Prototype breast imagers have been developed (Halter
et al., 2005, 2008; Cherepenin et al., 2001; Ye et al., 2006) that
look for differences in bioimpedance that can differentiate
malignant from benign lesions. Clinical evaluations have
been performed using 3D image reconstruction. The combina-
tion with mammography tomosynthesis aids the localization
for EIT imaging (Kao et al., 2007). Hand held probes are also
under development (Kao et al., 2006).

Skin cancer detection is another application under devel-
opment for tumour imaging (Aberg et al., 2004).

Future developments will be in the area of algorithm opti-
mization and the applications of targeted metal nanoparticles
for the imaging of cell biomarkers involved in carcinogenesis,
invasion and metastasis. Metal nanoparticles are known to
change the bioimpedance of cells.

6.3. Near infrared optical tomography

Differences in optical signatures between tissues are manifes-
tations of multiple physiological changes associated with fac-
tors such as vascularization, cellularity, oxygen consumption,
oedema, fibrosis, and remodelling.

Near-infrared (NIR) optical tomography is an imaging tech-
nique with high blood-based contrast. This is due to the fact
that haemoglobin absorbs visible wavelength light up to the
near infrared region. There is a window of opportunity in
the near infrared because water absorbs the far infrared
wavelengths.

Non-invasive NIR tomographic imaging has been used in
organs like the breast because they can be transilluminated
externally. A small change in vascularity creates a very large
image contrast. The high contrast of NIR optical tomography
is mainly due to increased light attenuation by haemoglobin
relative to water in parenchymal tissue and the distinct spec-
tral differences between the oxygenated and deoxygenated
states of haemoglobin.

Breast imaging studies (Franceschini et al., 1997; Tromberg
et al., 1997; Pogue et al., 2001; Ntziachristos et al., 2002) have
shown high sensitivity and specificity based upon differences
in vasculature due to angiogenesis in malignant tissues and
several clinical trials are still proceeding.

Time domain (Intes, 2005) and frequency domain (France-
schini et al., 1997) imaging can give depth information not
available with transmission imaging.

Recent evaluation with a four-wavelength time domain op-
tical imaging system has indicated the potential to differenti-
ate malignant from benign lesions (Rinneberg et al., 2005) with
a statistically significant discrimination based on deoxy-hae-
moglobin content. This could potentially avoid the need for in-
vasive biopsies of benign lesions.

Although NIR optical imaging of the breast has a limited
resolution due to light scattering effects it can give spectral in-
formation (Dehghani et al., 2003) that permits functional mea-
surements associated with haemoglobin concentration and
oxygenation, water concentration, lipid content, and wave-
length dependence of tissue scattering.

Oxygenation-index images and perfusion/oxygenation
maps can be obtained from multi-wavelength optical data.

NIR diffuse optical tomography can distinguish cysts and
solid masses (Gu et al., 2004).

Near-infrared optical tomography could also be used in en-
doscopy. High sampling speeds allow in vivo use for cancer
detection of internal organs. Imaging of haemodynamic
changes in prostate cancer (Goel et al., 2006) is a potential ap-
plication. The use of a transrectal probe has been investigated
for prostate imaging (Piao et al., 2007). A clinical system would
require integrated imaging with transrectal ultrasound.

7. Nuclear medicine
7.1. Applications in cancer

Nuclear medicine systems are one of the mainstays of cancer
centres both for imaging and therapy delivery. Nuclear medi-
cine imaging has been used for over three decades in the diag-
nosis, treatment planning, and the evaluation of response to
treatment in patients with cancer. Patient management is
one of the most important applications of nuclear medicine
in oncology in terms of staging of new cancer patients, restag-
ing for treatment planning and the prediction of therapy
response. Nuclear medicine can non-invasively indicate treat-
ment response and disease recurrence so studies can be re-
peated because of low side effects and the low radiation
absorbed doses. It is also possible to correlate nuclear medi-
cine results with analytical laboratory data.

7.2. Radiopharmaceutical imaging agents

Nuclear medicine employs radiopharmaceuticals: radiola-
belled ligands that have the ability to interact with molecular
targets involved in the causes or treatment of cancer. These
exogenous agents using radionuclides are injected intrave-
nously and are relatively non-invasive.

Radionuclides can be o, B or y emitters. Nuclear medicine
imaging involves the use of y radiation from radionuclides.
Radioimmunotherapy uses « or B emitters.

Typical radionuclides used in nuclear medicine imaging
are ' (half-life 8 days), '**I (half-life 13.3h), '*'In (half-life
67.3h), ®™Tc (half-life 6.02 h) ?°'T1 (half-life 73 h) and *'Ga
(half-life 78 h).
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SPECT agents have the advantage of a relatively long half-
life. A relatively simple chemistry also permits the synthesis
of ligands on site. The uptake and biodistribution of these
agents depends on their pharmokinetic properties. By target-
ing to a disease specific biomarker it is possible to get accumu-
lation in diseased tissue that can be imaged.

7.3. Nuclear medicine imaging systems

Imaging can be performed using planar gamma cameras
(scintigraphy) or single photon emission computed tomogra-
phy (SPECT) systems. SPECT permits 3D imaging. The result-
ing images give a physiological and functional response
more than anatomical details. Recently SPECT/CT systems
have been introduced with the advantage of improved atten-
uation correction of y-rays in the body. Multi-slice CT
systems are also employed in SPECT/CT for anatomic
correlation.

7.4. Bone scan

The bone scan continues to have the most common use in on-
cology because of its good sensitivity and relatively low cost.
Technetium-based radiopharmaceuticals such as *™Tc-
MDP, #*™Tc-MIBI and “*™Tc(V)-DMSA are used to detect me-
tastases. FDG PET has however superior specificity compared
to the technetium bone scan especially for bone marrow me-
tastases. There is still considerable discussion on the relative
merits of each technique (Fogelman et al., 2005).

7.5. Lymphoscintigraphy and the sentinal lymph node

99mTc.labelled human serum albumin is used for lymphoscin-
tigraphy to observe lymph node drainage. Its non-particulate
nature allows it to pass well through the lymphatic system
but it has the disadvantage of going to second tier nodes and
may not remain in the sentinel lymph node (SLN).

The sentinel node is the first lymph node met by lymphatic
vessels draining a tumour (Mariani et al., 2001). The absence of
tumour cells in the SLN could indicate the absence of meta-
static disease in other local nodes. Extensive node dissection
surgery can be avoided if the sentinel node is identified and
found to be free of tumour cells.

Radiocolloids are cleared by lymphatic drainage with
a speed that is inversely proportional to the particle size. A
particle size between 100 and 200 nm is a good compromise
between fast lymphatic drainage and nodal retention of the
particle. Particles larger than 300 nm migrate too slowly but
are retained for a longer per time in the sentinel node. Parti-
cles less than 50 nm progress to second or third-tier nodes
too quickly.

The permeability of the lymphatic system to colloidal par-
ticles is highest for particles less than 50 nm. The optimal size
for imaging lymphatic drainage has been identified as be-
tween 10 and 25 nm. [**™Tc]Antimony sulphide nano-colloids
in this size range are no longer commercially available.

99mMTc_sulphur micro or nano colloids are now used for sen-
tinel lymph node imaging and typically have a mean particle
size of 300 nm and a range from 50 to 2000 nm. They have
the advantage of remaining longer in the sentinel lymph node.

Intra-operative sentinel lymph node imaging can be per-
formed using a hand held y-ray detector. Radiolymphoscintig-
raphy confirms the location of the SLN, which is determined
initially with a pre-operative lymphoscintigram and intra-
operative vital blue dye injection. The combination of the iso-
tope and blue dye has a complementary effect in sentinel
node localization.

Lymph nodeimaging (Even-Sapir et al., 2003; Mar et al., 2007;
Lerman et al., 2007) is an important application of SPECT/CT.

SPECT /CT is better than planar imaging for the confirma-
tion of the exact anatomic location of a sentinel node (van
der Ploeg et al., 2007).

SLN imaging has over 99% success rate for melanoma
sentinel lymph node biopsy (Rossi et al., 2006).

Poor visualization of the deep lymphatic system is an in-
herent limitation of lymphoscintigraphy. Web space injec-
tions between the toes can only show the superficial
lymphatic system. As a result deep lymphatic channels origi-
nating posterior to the malleoli and running to the popliteal
nodes and along the superficial femoral vein cannot normally
be seen with lymphoscintigraphy.

SPECT/CT systems may aid in identification of nodes that
are obscured by injection site activity, for deeply located and
in-transit nodes (Belhocine et al., 2006).

7.6. Immunoscintigraphy

Immunoscintigaphy utilizes radiolabelled monoclonal anti-
bodies to target tumour specific antigens such as CEA (Yao
et al., 2007).

Capromab pendetide is a murine monoclonal antibody
(7E11-C53) that reacts with prostate membrane specific antigen
(PMSA). PMSA is a membrane glycoprotein that is highly
expressed in prostate cancer. Immunoscintigraphy is accom-
plished by labelling the antibody with **In. Capromab pende-
tide is indicated in the evaluation of patients with newly
diagnosed prostate cancer especially with an intermediate to
high Gleason grade who are at risk for advanced disease. It is
also indicated for the evaluation of patients who have had
aprostatectomy or radiation therapy and who present with aris-
ing PSAlevel. Thisis to determine whether further local therapy
or systemic hormone therapy isindicated. SPECT/CT has advan-
tages (Wong et al., 2005) in the imaging of capromab pedetide.

7.7. Receptor targeting

Transferrin receptors that are markers of tumour growth, take
up ®’Ga. Imaging with ®Ga-citrate is not used for staging be-
cause it is non-specific due to take up by inflammatory pro-
cesses but could be useful in predicting therapy response
and outcome (Front et al., 2000).

If ¥’Ga imaging is ambiguous for example when looking for
lung cancer in the presence of infection then 2°*T1 in the chlo-
ride form is often used because tumours take it up and it is not
normally taken up by inflamed lymph nodes.

7.8. Neuroendocrine tumour imaging

Radiopharmaceuticals used to image neuroendocrine tumours
are either similar in molecular structure to the hormones that
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the tumours synthesize or incorporated into various metabolic
and cellular processes of the tumour cells.
meta-lodobenzylguanidine (MIBG) also known as ioben-
guane, localizes to storage granules in adrenergic tissue of
neural crest origin and is concentrated in catecholamine pro-
ducing adrenal medullary tumours (Intenzo et al., 2007).

MIBG is a combination of the benzyl group of bretylium and
the guanidine group of guanethidine. It structurally resembles
norepinephrine and guanethidine (a neurosecretory granule
depleting agent). MIBG enters neuroendocrine cells by an active
uptake mechanism. It is believed to share the same transport
pathway with norepinephrine and displace norepinephrine
from intra-neuronal storage granules in adrenergic nerves.

As MIBG is stored in the neurosecretory granules this re-
sults in a specific concentration in contrast to cells of other tis-
sues. Uptake is proportional to the number of neurosecretory
granules within the tumour. In neuroblastomas, the agent re-
mains within the cellular cytoplasm, free of granular storage.
The retention in neuroblastomas is related to the rapid re-
uptake of the agent that has escaped the cell (Shulkin et al.,
1998).

MIBG scintigraphy is used as a sulphate with **' or **[ to
image tumours of neuroendocrine origin (Ilias et al., 2003;
Kumar and Shamim, 2004; Bergland et al., 2001; Kushner
etal., 2003), particularly those of the sympathoadrenal system
(phaeochromocytomas, paragangliomas and neuroblastomas)
and other neuroendocrine tumours (carcinoids, medullary
thyroid carcinoma, etc.).

Due its superior imaging characteristics, the sensitivity of
123_MIBG scintigraphy is higher than that of **!I-MIBG. SPECT
is also possible with '?*I-MIBG.

Neuroendocrine tumours are formed from tissue that em-
bryologically develops into neurons and neuronal structures.
Neuroendocrine tumours are derived from embryonic neural
crest tissue found in the hypothalamus, pituitary gland, thy-
roid gland, adrenal medulla and the gastrointestinal tract.

The uptake-re-uptake system preserves norepinephrine in
sympathetic neurons.

Octreotide, a somatostatin analogue consisting of eight
amino acids, is used to perform somatostatin receptor imag-
ing. Octreotide is labelled with ***In and chelated with DTPA
to make the radiopharmaceutical [**'In]DTPA-p-Phe-octreo-
tide also known as [*''In]pentetreotide. It has a half-life in
plasma of nearly 2 h. Somatostatin has a half-life of only 2-
4 min due to the disruption of its molecular structure by circu-
lating enzymes.

Somatostatin, a 14 amino acid peptide hormone, is pro-
duced in the hypothalamus and pancreas to inhibit the release
of growth hormone, insulin, glucagon and gastrin. Somato-
statin receptors are integral membrane glycoproteins
distributed in different tissues. They are receptors on neuroen-
docrine originating cells. These include the somatotroph cells
of the anterior pituitary gland and pancreatic islet cells. Endo-
crine related tumours such as neuroendocrine tumours have
somatostatin receptors. These include pancreatic islet cell tu-
mours that include gastrinomas, insulinomas, glucagonomas
and vasoactive intestinal peptide (VIP-)-omas, carcinoid tu-
mours, some pituitary tumours, small cell lung carcinomas,
neuroblastomas, pheochromocytomas, paragangliomas and
medullary thyroid carcinoma. Somatostatin receptors are

also found in Hodgkin’s and non-Hodgkin’s lymphomas, Mer-
kel cell tumours of the skin, breast cancer, meningiomas and
astrocytomas.

7.9. Radioimmunotherapy and peptide receptor
radionuclide therapy

Scintigraphy imaging is used for dosimetry measurements
when performing radioimmunotherapy (RIT) or peptide re-
ceptor radionuclide therapy (PRRT).

RIT and PPRT have the possibility to specifically irradiate
tumours while sparing healthy organs. Fractionated external
beam irradiation (XRT), does not permit precise focusing of
the beam specifically to a tumour without affecting proximal
healthy organs, especially in metastatic disease. RIT and
PRRT involve continuous, low-dose irradiation from tumour-
targeted radionuclides. The biological effect is due to energy
absorption from the radionuclide’s emissions.

Cells express receptor proteins on their plasma mem-
branes, with high affinity for regulatory peptides, such as so-
matostatin, bombasin and the neuropeptide NPY (Y,). For
example, NPY (Y,) is involved in both proliferation and angio-
genesis. Over expression of these receptors in many tumours
is the basis for peptide receptor imaging and therapy. Radiola-
belled somatostatin, bombasin and NPY (Y;) analogues are
used in scintigraphy for the visualization of receptor-positive
tumours. "' In-DTPA-octeotride, for example, is used for so-
matostatin receptor scintigraphy imaging. These analogues
have also been labelled with therapeutic radionuclides (« and
B) for PRRT individually or in combination for multi-receptor
targeting. An example is the use of *>Y-DOTATOC as a somato-
statin receptor-based radionuclide therapeutic agent.

The B-particle emitters such as 31, °°y, '®Re and '®Re
have a tissue range of several millimetres. This can create
a “crossfire” effect so that antigen or receptor negative cells
in a tumour can also be treated. p-particle therapy is preferred
for large tumours. Other B-emitters that have been studied are
77Lu and ¥ Cu.

The short range, high energies and high linear energy
transfer (LET) of « particles should be better suited for treat-
ment of micrometastases or circulating tumour cells. The
a-particle emitters such as ?*°Ac (half-life 10 days), *'At
(half-life 7.2 h), *Bi (half-life 60.55 min) and 2'%Bi (half-life
45.6 min) could also be more efficient and specific in killing
tumour cells.

The use of two and three step pre-targeting techniques
(Albertoni, 2003) based on the avidin-biotin system is showing
promise in improving the performance of RIT. Further work on
intra-operative pre-targeting could be an alternative to frac-
tionated radiotherapy in SLN negative breast cancer patients
under going breast conserving surgery (Paganelli et al., 2007).
In a two-step technique, intra-operative injection of avidin
in the tumour bed after quadrantectomy causes intravenously
(IV) administered radioactive biotin labelled with *°Y to home
in onto the target site. Dosimetric and pharmacokinetic stud-
ies with '*'In-DOTA-biotin give scintigraphic images at differ-
ent time points provided evidence of a fast and stable uptake
of labelled DOTA-biotin at the site of the operated breast. Che-
lation with DOTA inhibits the release of °°Y that would other-
wise build up in bone. 'In is a y-ray emitting isotope that can
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be imaged by scintigraphy and mimics the dosimetry of *°Y
that cannot be imaged. The scintigraphic images are acquired
over a 48-h period after injection.

7.10.  Scintimammography

Future developments in nuclear medicine will be in the area
of development of specialized imaging systems. One example
where further development of specialized gamma cameras
will be of use is in breast and axillary node imaging using
scintimammography. This is due to the need to avoid scatter
from extramammary sources that plays an important role in
breast imaging with radiotracers, and is the dominant effect
when imaging near the chest wall is used for mammoscintig-
raphy. Conventional gamma cameras, also known as large
field of view cameras, have been used to image radiopharma-
ceuticals for scintimammography. These cameras have alarge
inactive area at the edge of the detector that prevents the
camera from imaging breast tissue adjacent to the chest
wall. As a result scintimammography using a conventional
gamma camera is typically performed either with the patient
supine and the camera positioned to take a lateral view of the
breast, or in the prone position that permits the breast to hang
freely. Compression of the breast is not possible, thus de-
creasing the sensitivity for detecting smaller lesions. Dedi-
cated breast specific gamma camera imaging (BSGI) systems
(Coover et al., 2004; Rhodes et al., 2005; Brem et al., 2005;
O’Connor MK et al., 2007) have been developed to reduce the
limitations of conventional scintimammography. These cam-
eras have a small field of view that increases the resolution
and gives improved flexibility of movement compared to con-
ventional gamma cameras. Some systems allow positioning
similar to that of an X-ray mammogram with the possibility
of applying compression to the breast during imaging. Im-
provement in this technology has renewed interest in scinti-
mammography as a potential primary screening technique.
It would be important to develop a biopsy system to be used
with breast specific gamma cameras. **™Tc-sestamibi is a sec-
ond-line diagnostic test after mammography approved to
assist in the evaluation of breast lesions in patients with an
abnormal mammogram of breast mass (Sampalis et al,
2003; Khalkhali et al., 2002). False positives can be caused by
uptake of the radiotracer in the chest as a result of physiolog-
ical activity in the auricular aspect of the right atrium (Civelek
et al.,, 2006). A recent study (Brem et al.,, 2007) has shown
a breast specific gamma camera imaging system has compa-
rable sensitivity and greater specificity than MRI (Sweeney
and Sacchini, 2007) for the detection of breast cancer in pa-
tients with equivocal mammograms. The smallest cancer
detected by BSGI was 3 mm. Current recommendations for
the use of scintimammography are:

1. As a general adjunct to mammography to differentiate
between benign and malignant breast lesions in patients
with palpable masses or suspicious mammograms

2. In patients referred for biopsy when lesions are considered
to have a low probability of malignancy

3. In patients with probably benign findings on mammogra-
phy but who are recommended for close follow-up (e.g.,
repeat mammography in 3-6 months)

4. In patients who have dense breast tissue on mammography
who are considered difficult to evaluate on mammography

5. For detection of axillary lymph node metastases in patients
with confirmed breast cancer.

7.11.  Angiogenesis imaging

Cell adhesion molecules, such as integrins, have a major role
in angiogenesis and metastasis. The integrin o,B3 recognizes
the RGD (Arg-Gly-Asp) sequence. **™Tc RGD peptides (Fani
etal., 2006; Liu, 2007; Zhang and Cheng, 2007) have been devel-
oped for scintigraphy imaging of angiogenesis and have po-
tential for early detection of breast cancer and following
response to anti-angiogenic therapy (Jung et al., 2006).

There is a developing interest in using scintigraphy to fol-
low drug delivery using nanoparticles as drug delivery systems
(Liu and Wang, 2007). Pre-clinical studies can use radiolabel-
ling to evaluate the biodistribution of carbon functionalized
nanotubes (CNT). Future drug delivery systems may use car-
bon CNT to transport and translocate therapeutic molecules.
Itis possible to functionalize CNT with bioactive nucleic acids,
peptides, proteins, and drugs for delivery to tumour cells.
Functionalized CNT have increased solubility and biocompat-
ibility, display low toxicity and are not immunogenic.

7.12.  Multi-drug resistance imaging

Radiopharmaceutical agents with lipophilic or cationic prop-
erties signal the presence or absence of P-glycoprotein.
99mMT_MIBI, **™Tc-tetrofosmin, *°™Tc-Q58, and several ''C
PET agents share these characteristics but **™Tc MIBI has
shown the most promise. In the absence of P-glycoprotein
the lipophilicity of **™Tc-MIBI enables it to translocate across
the cell membrane and its cationic charge allows it to concen-
trate inside the cell and be sequestered in the mitochondria.
The agent uptake is consequently high.

In the presence of P-glycoprotein *™Tc-MIBI acts like
a therapeutic agent and is pumped out of the cell. The uptake
is low and quantifiable and the radiopharmaceutical can mea-
sure the effectiveness of drugs designed to treat multi-drug
resistance.

8. PET and PET/CT
8.1. PET radioisotopes

PET cancer imaging utilizes positron-emitting radioisotopes,
created in a cyclotron, like ¥F, ''C, ®*Cu, ***1, #Y, 0 and
3N or in a generator like *®Ga.

The most widely used isotope is *®F due to the practicality
of transport with a half-life of 109.8 min. Various tracers la-
belled with *®F, *’C and ®Ga and imaged with a PET/CT system
are shown in Figure 13.

Some of these tracers are in development and used for re-
search. The research tracers are not products and may never
become commercial products.

The only two FDA approved tracers for oncology imaging
are ['®F]2 fluoro-p-deoxyglucose (**F-FDG) a substrate for
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%8Ga DOTA-GOC

Malignant tumours
18F.Fluorodeoxyglucose

Figure 13 — Examples of PET tracers in oncology where endogenous substances are framed (courtesy of Imanet Uppsala).

hexokinase in glucose metabolism and [*F]fluoride ions such
as 8F-NaF, that are incorporated in the hydroxyapatite crys-
tals in bone for bone imaging.

The unique perspective of 'C chemistry is that many
tracers based on *'C are endogenous compounds in the hu-
man body such as the amino acids methionine and hydroxy-
tryptophan, the neurotransmitter hydyroxyephedrine and
the energy substrate /fatty acid acetate. Other compounds
such as "®F-FDG and *®F-FDOPA are analogues of endogenous
substances.

Manmade drug-based tracers are of great interest.
[*!C]Metomidate (1H-imidazole-5-carboxylic acid, 1-[(1R)-1-
phenylethyl]-methyl ester hydrochloride), a vetinary sedative
and an inhibitor of 11p-hydroxylase is an example of synthetic
drug like tracers that are connecting tracer development to
the imaging of proteins involved in disease processes.

Vorozole (6-[(4-chlorophenyl)-(1,2,4-triazol-1-yl)methyl]-1-
methyl-benzotriazole) is an imidazole-based inhibitor of aro-
matase that was initially developed as a therapy for breast
cancer. [N-methyl-''C]Vorozole, a high-affinity aromatase-
binding radiotracer is being developed for use in imaging ovar-
ian and breast cancer.

Another synthetic drug-based tracer is ®F-RGD peptide
(arginine-glycine-aspartic acid) is an example of an integrin
binding agent currently being investigated for angiogenesis
imaging. This tripeptide motif can be found in proteins of
the extracellular matrix. Integrins link the intracellular cyto-
skeleton of cells with the extracellular matrix by recognizing
this RGD motif. Without attachment to the extracellular
matrix, cells normally undergo anoikis a form of apoptosis
that is induced by anchorage-dependent cells detaching
from the surrounding extracellular matrix (ECM). Soluble

RGD peptides induce apoptosis and might be used as drugs
against angiogenesis, inflammation and cancer metastasis
since small soluble peptides containing the RGD motif inhibit
cell attachment and consequently induce apoptosis.

FDG is also related to an endogenous substrate but it is an
analogue. Oncological applications of *®F-FDG approved in the
US are shown in Figure 14.

All other tracers under investigation except [*®F]fluoride
are used for research purposes in clinical and pre-clinical
imaging.

An example of an '®F-based research tracer is '®F-FHBG
(9-(4-[*®F]fluoro-3-hydroxymethylbutyl)guanine) that is used
as a reporter probe for the herpes simplex virus type 1 thymi-
dine kinase (HSV1-tk) gene, which is transfected into malig-
nant cells in experimental suicide gene therapy. '®F-FHBG
has also been used for the imaging of human mesenchymal
stem cells (hMSCs) expressing HSV1-tk (Hung et al., 2005).

11C is potentially a much more interesting radioisotope but
its use so far has been limited due its short half-life of
20.4 min. There is however the potential to make smaller
and less costly cyclotrons and for developments in carbon
chemistry and in particular the use of [*’C]carbon monoxide
as a versatile and useful precursor in labelling chemistry
(Langstrom et al., 2007).

1241 (half-life 4.2 days) has been used to label agents for ap-
optosis imaging such as annexin V, new tumour targeting
agents such as phospho-lipid ether (PLE) and antibody frag-
ments where the physical half-life of ***I matches the biolog-
ical half-life of the antibody fragments.

8Ga (half-life 68.1 min) prepared in a generator shows a lot
of promise for the labelling of peptides and antibodies for tar-
geted imaging. It has also the potential to be used to label
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Indications Diagnosis g‘t':,'gi'ng &fr?itt?r?:gt; gt(:ging
Breast L X X
Cervical X
Colorectal X X X
Esophagus X X X
Head & neck X X X
Lung, non-small X X X
Lymphoma X X X
Melanoma X x* X
Solitary Pulmonary X
Nodule
Thyroid Xttt

*Does not cover initial staging for axillary lymph nodes for breast cancer and
regional lymph nodes for melanoma

*Patient must have prior CT or MRI negative for extrapelvic metastatic disease

*+* Thyroid cancer must be of follicular cell origin and been previously treated
by thyroidectomy and radioiodine ablation

Figure 14 — US covered PET indications in oncology.

cancer stem cells (CSCs). Cancer stem cells can originate from
mutations in normal somatic stem cells that deregulate their
physiological programs. Mutations could also target more
committed progenitor cells and mature cells that are re-
programmed to acquire stem-like functions.

4Cu (half-life 12.7 h) may have a use in specialized imaging
such as the identification of areas of hypoxia or measurement
of blood flow with ®*Cu ATSM (copper-diacetyl-bis(N*-methyl-
thiosemicarbazone) and [**Cu]copper-pyruvaldehyde-bis(N*-
methylthiosemicarbazone (**Cu-PTSM) or for the labelling of
antibodies, peptides and nanoparticles that have been conju-
gated to DOTA.

150, (half-life 2.03 min) is used as [**O]H,0 to measure tis-
sue perfusion and blood flow in response to anti-angiogenic
therapy. Due the very short half-life this radioisotope has to
be used directly from a cyclotron.

13N (half-life 9.97 min) is used as [**N]Jammonia (**N-NH)
to measure blood flow to determine the grade of brain tu-
mours and identify benign brain lesions. This isotope also
has to be used directly from a cyclotron.

74As (half-life 17.8 days) is being used to label antibodies
because of its long half-life.

8.2. FDG PET

PET and in particular PET/CT promise to have a big impact on
the management of cancer patients. Currently most cancer
imaging is based on the tracer ®F-FDG that is an analogue of
glucose. It is transported across the plasma membrane into
cells by the glucose transport proteins such as glut 1 and
glut 3 down a concentration gradient through a process of
facilitated transport. Glut 1 and glut 3 are over expressed in tu-
mour cell membranes. Hexokinase in the cell phosphorylates
the '®F-FDG into the 6-phospho form. As glut transporters do
not transport the phosphorylated form it remains in the cell
whereas normal glucose is removed. 6-Phospho-*#F-FDG can-
not be further metabolized and therefore accumulates in cells.
With the development of ultra-fast PET systems in the future
it would be interesting to be able to perform dynamic studies
of glucose metabolism using a [**C]glucose tracer.

In tumours, *®F-FDG PET uptake correlates with the rate of
glycolysis that is far greater in neoplastic tissues than in the
normal tissues from which the neoplasia develops (Larson
et al.,, 1999). In order to evaluate the usefulness of ®F-FDG-
based PET imaging in cancer management the National Onco-
logical PET Registry has been set up in the USA (Hillner et al.,,
2007). ®F-FDG uptake is believed to be related to the underly-
ing cancer biology and to predict aggressive tumour behaviour
and treatment response. ®F-FDG PET is being validated as
a true surrogate that could be used in evaluating treatment re-
sponse of tumours in place of classic endpoints such as those
based on RECIST (Therasse et al., 2000)that are not completely
satisfactory. For example in correlation with time to failure
(TTF), ®F-FDG PET, is competitive with CT optimized bi-
dimensional measurements of no growth from baseline to
1 month as an early prognostic indicator of response to imati-
nib mesylate in patients with a gastrointestinal stromal
tumour (GIST) (Holdsworth et al., 2007). The use *®F-FDG PET
to evaluate chemotherapy response of patients with non-
small cell lung cancer correlates with patient outcome
(de Geus-Oei et al., 2007).

The common measurement used by PET is the standard
uptake value (SUV) (Huang, 2000). The SUV is defined by tu-
mour activity per dose injected per body mass. It is propor-
tional to the glucose metabolic rate within the normal range
of serum glucose concentration. The metabolic response is de-
fined by the percentage change of post-therapy SUV from the
pre-therapy SUV. The rate-limiting step for FDG uptake and
retention in most tissues is phosphorylation rather than
transport.

The maximum standardized uptake value has been shown
to predict prognosis in some cancers. These include lung can-
cer (Downey et al., 2004), oesophageal cancer (Rizk et al., 2006)
and thyroid cancer (Robbins et al., 2006). The SUV value can
also help differentiate between indolent and aggressive lym-
phomas (Schoder et al., 2005).

There are multiple examples of the use of ®*F-FDG PET to
predict treatment response in several cancers such as non-
Hodgkin’s lymphoma (Juweid et al., 2005), oesophageal cancer
(Downey et al., 2003; Kato et al., 2007), colorectal cancer (Cas-
cini et al., 2006; de Geus-Oei et al., 2008) and breast cancer
(McDermott et al., 2007; Tardivon et al.,, 2006; Rousseau
et al.,, 2006; Su et al., 2006) as well as lung cancer (Wong
et al., 2007).

The use of 4D PET/CT imaging with respiratory compensa-
tion in the thorax improves the accuracy of SUV measure-
ments. Incorporating metabolic change by PET into
concomitant size change by CT is more sensitive and accurate
in predicting local control than CT alone. Delayed imaging can
avoid the inflammatory effects of post radiation therapy.

In patients with locally advanced adenocarcinomas of the
oesophago-gastric junction, relative changes in tumour FDG
uptake are better predictors for treatment outcome after
pre-operative chemotherapy than absolute SUVs (Wieder
etal., 2007). Metabolic changes within the first 2 weeks of ther-
apy are at least as efficient for prediction of histopathologic
response and patient survival as later changes.

The potential underlying mechanisms causing changes in
8F_FDG uptake as an indicator of early response after therapy
have been reviewed (Linden et al., 2006a).
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8.3.  Acetate and choline PET imaging

Not all cancers are visualized well with ®F-FDG PET. [**C]Ace-
tate or ['®F|acetate are activated to acetyl-CoA in both the cy-
tosol and mitochondria by acetyl-CoA synthetase.
[*!C]Acetate has been used as a tracer for renal, pancreatic,
liver, lung and prostate tumours. [*'C]Acetate PET could be
useful to diagnose pulmonary nodules with ground-glass
opacity images that are not identified by FDG PET (Nomori
et al., 2005).

Well-differentiated HCC tumours are detected by [*'C]ace-
tate and *®F-FDG detects poorly differentiated types. The two
tracers are complementary for liver imaging (Ho et al., 2003).

Visualization of prostate cancer with ®F-FDG as the ra-
diopharmaceutical is limited by the low uptake of FDG in
the tumour and by radioactivity excreted into the bladder.
Serum testosterone levels influence glucose and acetate me-
tabolism in the prostate. Acetate is converted into fatty acids
by the enzyme fatty acid synthetase (FAS) that is over
expressed in cancer cells and ['!C]acetate is also mainly in-
corporated into intracellular phosphatidylcholine membrane
microdomains that play a key role in tumour growth and
metastasis. [*'C]Acetate has been utilized for early detection
of recurrence of prostate cancer after prostatectomy when
salvage radiotherapy may still have a chance of success
(Sandblom et al., 2006). [*'C]Acetate PET has been shown
to have a higher sensitivity than *®F-FDG PET for detection
of recurrent prostate cancer and metastases (Oyama et al.,
2003). A limitation of [*!CJacetate PET imaging of the pros-
tate is that SUVs for normal prostate and benign prostate
overlap significantly with those for prostate cancer (Kato
et al., 2002).

It is thought that the malignant transformation of cells is
associated with the induction of choline kinase activity, with
increased demand on phospholipids attributed to prolifera-
tion and that choline modulates the signalling process of
cell proliferation and differentiation (Zeisel, 1993).

Prostate cancer has a phospholipid metabolism. *'C la-
belled choline a substrate for choline kinase in choline metab-
olism is potentially useful as it is incorporated in the cell
membrane phospholipids through phosphorylcholine synthe-
sis as phosphatidylcholine that is up-regulated in cancer.

[**C]Choline is readily taken up in prostate cancer by both
the primary tumour and the lymph node metastases. There
is almost no uptake in the bladder due to low and delayed re-
nal excretion. Positive [*C]choline PET-CT in the prostatic
fossa indicates local recurrence after radical prostatectomy
but negative PET-CT is not correlated with the absence of tu-
mour (Wiegel, 2007). A correlation has been shown between
PSA levels and potential need for an ['!C|choline study to
identify recurrence (Vormola et al.,, 2007). A disadvantage of
[!C]choline is that it will not distinguish between benign
prostate hyperplasia (BPH) and prostate cancer.

[**F]Choline has been investigated for staging and restag-
ing of prostate cancer (Husarik et al., 2008) but initial results
were disappointing due to the difficulty in detecting small me-
tastases. ['F]Choline may have an application in imaging of
bone metastases from prostate cancer (Beheshti et al., 2007)
particularly in the bone marrow and in early sclerotic and lytic

changes of the bone when [*®F]fluoride imaging is negative.
[*®F]Fluoride normally identifies dense sclerotic lesions but
not ultra-dense sclerotic lesions.

Other potential areas of application of [**C]choline PET-CT
include the brain, the thorax and the bones. Bronchoalveolar
carcinoma has a very low uptake of FDG so that inflammation
may lead to over estimation of aggressiveness.

18E-FDG is not useful for the diagnoses or therapy control of
brain tumours due to the high uptake by normal brain tissue
and the accumulation as a result of radiotherapy induced in-
flammation in tumour tissues. [*'C]Choline PET and MRI
may provide an accurate method to identify high-grade glio-
mas (Ohtani et al., 2001).

8.4. Neuroendocrine tumour targeted tracers

Neuroendocrine tumours (NETSs) are able to express cell mem-
brane neuroamine uptake mechanism and/or specific recep-
tors such as somatostatin receptors. The most common
gastrointestinal neuroendocrine tumours, arising from en-
terochromaffin cells of the gastrointestinal tract are carci-
noids. They are clinically less aggressive than the more
common intestinal adenocarcinoma and typically occur as
well-circumscribed round submucosal lesions.

FDG PET is not very useful for imaging gastropancreatic
neuroendocrine tumours. Only tumours with high prolifera-
tive activity and low differentiation show an increased FDG
uptake.

PET molecules under evaluation are also showing promise
in the imaging of neuroendocrine tumours. These molecules
include:

- [**C]5-hydroxytryptophan  (*!C-5-HTP), a serotonin
precursor
- [**C]hydroxyephedrine (*!C-HED), a catecholamine
analogue

- [**C]epinephrine (*'C-EPI), a catecholamine analogue

- [**C]metomidate (**C-MTO),11p-hydroxylase inhibitor

- [*'Cletomidate (*'C-ETO), 11p-hydroxylase inhibitor

- [*®*F]metomidate (**F-FMTO), 11p-hydroxylase inhibitor

- [*®F]etomidate (*®F-FETO), 118-hydroxylase inhibitor

- [*'CJ.-dihydroxyphenylalanine ~ (*'C-L-DOPA), amine
precursor

- [*®F]dihydroxyphenylalanine (**f-DOPA), amine precursor

- 6-[*®F]dopamine (*®F-DA), norepinephrine transporter
substrate

- [*®Ga]DOTA-octreotide, somatostatin receptor SSTR-III
binding

- [*®Ga]DOTA-NOC, somatostatin receptors SSTR-II, III, V
binding

- [®®Ga]DOTATATE, somatostatin receptor SSTR-II binding

- [*®Ga]DOTATOC, somatostatin receptor SSTR-II binding

Carcinoid tumours produce serotonin via precursors tryp-
tophan and 5-hydroxytryptophan (5-HTP). Serotonin is
synthesized from the amino acid tryptophan by hormone-
producing enterochromaffin cells in the gut and bronchi. Sero-
tonin increases the dilation of blood vessels and platelet
aggregation. Serotonin is metabolized in the liver to 5-HIAA
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(5- hydroxyindole acetic acid) and eventually ends up in the
urine.

The ''C-labelled amine precursors 'C-5-HTP (Eriksson
et al., 2002) and *'C-L-DOPA have been developed for PET im-
aging of these tumours. 'C-5-HTP has a higher uptake in en-
docrine pancreatic tumours. *C-5-HTP PET is better than CT
and somatostatin receptor scintigraphy for tumour visualiza-
tion. Small, previously overlooked lesions can be diagnosed by
11C-5-HTP PET. There is a strong correlation during treatment
between changes in the transport rate constant at repeated
PET and those of urinary 5-hydroxyindole acetic acid (U-
HIAA). This indicates the possible use of *C-5-HTP PET also
for therapy monitoring. The pre-medication of patients with
carbidopa ((2S)-3-(3,4-dihydroxyphenyl)-2-hydrazinyl-2-
methyl-propanoic acid) orally before PET blocks the aromatic
amino acid decarboxylase enzyme. As a result the decarboxyl-
ation rate of 'C-5-HTP decreases, leading to a 300% higher
tumour uptake and 600% less urinary radioactivity concentra-
tion and a reduction of streak artefacts.

MC-HED is a catecholamine analogue and its uptake re-
flects catecholamine transport and storage and neuronal
reuptake. Phaeochromocytomas are chromaffin cell tumours
that produce catecholamines. 'C-HED has depicted both
phaeochromocytomas and neuroblastomas with high sensi-
tivity, specificity and accuracy (Trampal et al., 2004).

The catecholamine analogue *'C-EPI has also been used to
localize phaeochromocytomas (Shulkin et al., 1995).

Dopamine is a better substrate for the norepinephrine
transporter than most other amines, including norepineph-
rine. *F-DA a sympathoneuronal imaging agent is a highly
specific for the localization of adrenal and extra-adrenal
phaeochromocytomas, including metastatic lesions (Ilias
et al., 2003).

Imaging of malignant phaeochromocytomas by %%Ga-
DOTATATE may be indicated for therapy with °°Y-labelled
DOTATATE (Win et al., 2007).

%8Ga-DOTATOC uptake in neuroendocrine tumours is
mainly dependent on receptor binding and fractional blood
volume. Pharmacokinetic data analysis can help to separate
blood background activity from the receptor binding that
may help to optimize planning of °®Y-DOTATOC therapy
(Koukouraki et al., 2006).

MTO is an inhibitor of 11B-hydroxylase, an important en-
zyme in the biosynthesis of cortisol and aldosterone in the
adrenal cortex. Due to the binding of MTO to the 118-hydrox-
ylase activity, the differential diagnosis of adrenocortical
carcinomas versus other adrenal tumours such as phaeochro-
mocytomas is possible using **C-MTO also in the presence of
extended necrosis (Hennings et al., 2006). ®F-FETO has also
shown promise in imaging for adrenocortical imaging
(Wadsak et al., 2006).

8.5. Cancer related processes

PET molecules are under development to image processes
influencing cancer progression and treatment response such
as proliferation, transport, blood flow, angiogenesis, apoptosis
and hypoxia. These processes are inter-related as for example
in the case of hypoxia.

8.6. Hypoxia imaging

Hypoxia activates various agents including Hypoxia-inducible
factor-1 (HIF-1a. and HIF-1p), activation protein-1 (AP-1) and
heat shock proteins (HSP). These agents affect the behaviour
of genes that control angiogenesis (HIF-1 upregulates the
mRNA of VEGF), cell cycle regulation and apoptosis. In combi-
nation, they encourage cancer cells to divide and metastasize
more rapidly through anaerobic glycolysis that is a transcrip-
tion factor for HIF-1.

Hypoxia reduces the cancer-killing power of radiotherapy,
chemotherapy, photodynamic therapy and surgical therapy.
Oxygen is an important mediator of radiation-induced DNA
damage. As a result low pO, levels in the tumour significantly
impede the ability of radiation to kill tumour cells by as much
as 300%. Hypoxia can vary regionally and over time. As a result
radiotherapy plans based on a static image of hypoxia may be
misleading. In general chronic rather than transient hypoxia
is the dominant component. Chronic hypoxia is probably
due to a large distance between tumour cells and blood ves-
sels. Transient hypoxia may be due to blood flow variations.

Compounds for PET imaging of hypoxia that include fluori-
nated nitroimidazole nucleoside analogues ®F-FMISO (Kob
et al.,, 1992; Rajendran et al., 2006) (fluoromisonidazole) and
[*®F](1-(5-fluoro-5-deoxy-alpha-p-arabinofuranosyl)-2-nitroi-
midazole) (*|F-FAZA) (Grosu et al., 2005; Beck et al., 2007),
[*®F]fluoroerythronitroimidazole (**fF-FETNIM) (Lehtio et al,
2003), [*®F][2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-pentaflu-
oropropyl) acetamide] (**F-EFS) (Evans et al, 2006) and
[®*Cu]Cu-diacetyl-bis (N*-methylthiosemicarbazone (**Cu-
ATSM) (Yuan et al.,, 2006) are being evaluated for hypoxia
imaging.

8F-FMISO binds covalently to intracellular macromole-
cules upon reduction at low oxygen levels. In the presence of
oxygen, the molecule is re-oxygenated to its lower reactivity
parent compound that is eliminated from the tissue (Thor-
warth et al., 2005). *8F-FMISO has shown promise for predicting
response to radiotherapy in patients with head and neck can-
cer and non-small cell lung cancer (Eschmann et al., 2005).

Slow specific accumulation and clearance from normoxic
tissues will limit the clinical use of '®F-MISO. *8F-FAZA and
18F-FETNIM have faster clearance due to reduced lipophilicity
(Lehtio et al., 2001; Sorger et al, 2003). '®F-FETNIM and
18E.FMISO have similar intra-tumoural uptake but **F-FMISO
has more uptake in normal tissues than *®F-FETNIM (Grénroos
et al.,, 2004). 8F-FAZA has been used for clinical imaging of
head and neck cancer patients (Souvatzoglou et al., 2007).

8.7. DNA proliferation and protein synthesis imaging

As a consequence of tumour therapy, changes in DNA prolif-
eration occur more rapidly than changes in glucose metabo-
lism. DNA proliferation imaging is possible through the use
of the nucleoside analogues [2-''C]thymidine (Wells et al.,
2004), [*®F1-(2’-deoxy-2'-fluoro-beta-p-arabinofuranosyl)thy-
mine (*¥F-FMAU) (Sun et al., 2005) and [*®F]3’-deoxy-3'-[*¥F]flu-
orothymidine) (Barthel et al., 2003; Herrmann et al., 2007).
Glucuronidation of *®F-FLT and *®F-FMAU leads to high back-
ground radioactivity and limits their use in the liver.



138 MOLECULAR ONCOLOGY 2(2008) 115-152

Cytosolic S-phase-specific thymidine kinase 1 (TK1) regu-
lates the uptake of ®F-FLT. ®F-FLT has potential as a marker
for monitoring anti-proliferative therapy in tumours and
shows more reduction in uptake than '®F-FDG after chemo-
therapy. In the evaluation of brain tumours, *¥F-FLT (Chen
et al., 2005) has more sensitivity, more correlation with prolif-
eration markers (Ki-67) and is a better predictor of progression
and survival than ®F-FDG. '®F-FDG has the disadvantage of
high uptake by normal brain tissue so '®F-FLT is better than
8F-FDG in determining the grade of gliomas.

Due to increased protein synthesis amino acid uptake in
tumour tissue is higher than that in normal tissue. Amino
acids have a small involvement in inflammatory cell metabo-
lism compared to glucose. As a result amino acid-based PET
radiopharmaceuticals have the potential to be more specific
than *®F-FDG (Kubota et al., 1989). Most amino acid PET studies
have been made with [methyl-'C].-methionine (**C-MET).

MC-MET has also more sensitivity than *F-FLT in the de-
tection of gliomas and is better suited for imaging the extent
of gliomas than 'F-FDG, because it is transported specifically
into the tumours but only very slightly into normal brain tis-
sue (Jacobs et al., 2005).

The disadvantage of ''C-MET is that methionine is
involved in several metabolic pathways such as transmethy-
lation and polyamine synthesis. The accumulation of non-
protein metabolites in tumour tissue makes it difficult to
quantify protein synthesis (Jager et al., 2001).

1-[1-"'C]Tyrosine (*'C-TYR) is a carboxyl-labelled amino
acid that has the potential to determine protein synthesis
rates (Bolster et al., 1986; Willemsen et al., 1995) in tumour tis-
sue due to its irreversible main metabolic pathway producing
1CO,.

C-TYR PET has been used for the visualization and pro-
tein synthesis rate assessment of laryngeal and hypopharyng-
eal carcinomas (De Boer et al., 2002). Head and neck cancer is
a difficult area for ®F-FDG PET due to the presence of inflam-
matory regions.

8.8.  Angiogenesis imaging

RGD peptides bind to o,Bs integrins that are specifically
expressed on proliferating endothelial cells and tumour cells
and have been developed for the imaging of angiogenesis
with MRI USPIO contrast agents, ultrasound microbubble con-
trast agents, fluorescence imaging agents, scintigraphy
tracers and PET tracers. RGD peptides have been labelled
with tracers such as ®F (Chen et al., 2004a; Beer et al., 2006),
54Cu (Chen et al., 2004b) and **°I (Chen et al., 2004c). Due its
68-min half-life ®®Ga is very suitable for labelling peptides
and could be used to label RGD peptides in the future.
%8Ge/®®Ga generators with microwave acceleration are being
developed for preparing high purity ®*Ga that are GMP compli-
ant with a high specific radioactivity of ®Ga (Velikyan et al.,
2004).

Angiogenesis imaging with dimeric ®F-RGD peptides has
improved performance versus momomeric *®F-RGD peptides
for the quantitative PET imaging of tumour integrin o,p; ex-
pression (Zhang et al., 2006b). The dimeric RGD peptide has
nearly an order of magnitude higher integrin-binding affinity
than the monomeric analogue. This may be due to the receptor

binding of one RGD domain greatly enhancing the local con-
centration of the other RGD domain near the receptor. This
could cause a faster rate of receptor binding or a slower rate
of dissociation from the radiolabelled RGD dimer. As a result
there is a slower wash-out. A dimeric RGD peptide-paclitaxel
conjugate model has been developed for integrin-targeted
anti-angiogenic drug delivery (Chen et al., 2005).

Vascular endothelial growth factor (VEGF) is the most im-
portant regulator of angiogenesis and VEGF has been labelled
with %*Cu for PET imaging (Cai et al., 2006; Backer et al., 2007).

Angiogenesis and lymphangiogenesis are both regulated
by the VEGF receptors.

8.9. Blood flow imaging

The short half-life tracers °0,-H,0 and **N-NH; permit rapid
sequential scanning. They are used as dynamic PET blood flow
imaging agents to control anti-angiogenic therapy and to
determine tumour grade in brain tumours.

Measuring perfusion with °0,-H,0, has been used as
a method to monitor anti-angiogenic therapy (Herbst et al.,
2002; Anderson et al., 2003).

Tumour to white matter count and perfusion index mea-
surements can differentiate brain lesions (Zhang et al.,
2006a). >N-NH; PET is able to distinguish recurrent astrocy-
toma from radiation necrosis (Zhang and Chen, 2007).

8.10. Apoptosis imaging

Apoptosis is a physiological process that entails selective pro-
grammed cell death. Abnormal control of apoptosis occurs in
tumours. Different stimuli such as drugs, radiation, ischaemia
can initiate apoptosis through activation of proteolytic en-
zymes that cause nuclear fragmentation and cell lysis.

Apoptosis imaging can be performed through targeting of
extracellular and intracellular products of programmed cell
death. A vital step for apoptosis is the externalization on the
outer side of cell membranes of phosphatidylserine a phos-
pholipid that is normally present on the internal side of the
cell membrane. Annexin V is able to identify extracellular
phosphatidylserine and can be used to detect apoptotic cells.

Annexin V, belongs to a family of proteins, the annexins,
with anticoagulant properties. The annexin family of cal-
cium/phospholipid-binding proteins includes many members
(at least 10 occur in mammals). Most of these proteins have
not yet had their functions well characterized. Annexin V is
used to detect apoptotic cells since it preferentially binds to
negatively charged phospholipids like phosphatidylserine in
the presence of Ca®* and shows minimal binding to phospha-
tidylcholine and sphingomyeline that are normally present on
the external side of the cell membrane.

Annexin V labelled with '®F has been developed for apopto-
sis imaging (Murakami et al., 2004; Yagle et al., 2005). The sig-
nificantly lower uptake of ['®F]annexin V in the liver, spleen
and kidneys than that of [**™Tc]annexin V could be an advan-
tage for PET imaging compared to scintigraphy. [***IJannexin
V has also been investigated (Keen et al., 2005; Dekker et al.,
2005).

Due to its specific internalization properties, annexin V
mediated internalization could be a potential therapeutic
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platform for targeted drug delivery and cell entry to treat can-
cer (Kenis et al., 2007).

A new class of intracellular apoptosis imaging agents is be-
ing developed, whereby a molecular switch is activated upon
recognition of apoptotic cell membrane features, allowing
the imaging molecule to bind to the apoptotic cell membrane
and enter and accumulate within the cell. This new class of
agent detects the apoptotic cell from the start of the apoptotic
process and the recognition of the apoptotic cell is universal,
irrespective of cell type or apoptotic trigger. Several types of
labelling are possible including ‘®F for PET imaging. An exam-
ple of this type of molecule is N,N’-didansyl-L-cystine (DDC)
(Cohen et al., 2007).

8.11. Universal PET imaging agent

The current universal PET imaging agent for oncology is
18E-FDG but the specificity is compromised due to uptake by
inflamed and infected tissues as well as metabolically active
tumours. Phospho-lipid ether (PLE) (Weichert et al.,, 2005)
tumour-targeting agents labelled with I (half-life 4.2 days)
are being investigated as potential alternatives to ®F-FDG as
they are not taken up by inflamed and infected tissues.

8.12. Hormone analogues

Hormone analogues have been developed as agents for the
imaging of breast and prostate cancer. 16a-[*®F]Fluoro-17p-
oestradiol ([**F]fluoro-oestradiol or *®F-FES) uptake in primary
breast cancer has been shown to be proportional to the oestro-
gen receptor (ER) concentration of the tumour measured by in
vitro techniques (Mintun et al., 1988). It has been proposed
that by using FES PET for the ER concentration, the in vivo sta-
tus of the primary cancer can be assessed and that of regional
or distant metastatic lesions can be determined avoiding a bi-
opsy of each lesion (Dehdashti et al., 1995). FES PET has been
used to predict response to tamoxifen therapy (Linden et al.,,
2006b).

PET tracers targeting the epidermal growth factor receptor
(EGRF) (Abourbeh et al., 2007) and human epidermal growth
factor receptor 2 (EGRF2) (Steffen et al., 2005) have been devel-
oped with potential use in HER-2 positive breast cancer.

Dihydrotestosterone is produced in the prostate by metab-
olization of testosterone with 5a-reductase and is a stronger
growth factor for prostate cancer than testosterone. Androgen
receptor (AR) imaging using the dihydrotestosterone ana-
logue16B-[*®F]fluoro-5a-dihydrotestosterone  (FDHT) (Deh-
dashti et al., 2005) has been investigated as a technique for
predicting response to hormone therapy for prostate cancer.
Uptake of FDHT appears to be a receptor-mediated process
as it decreases after androgen-receptor antagonist therapy
with  flutamide (2-methyl-N-[4-nitro-3-(trifluoromethyl)-
phenyl]-propanamide). There is a correlation between posi-
tive FDHT PET studies and increased PSA levels.

8.13. Multi-drug resistance imaging
The over-expression of P-glycoprotein (P-gp), encoded by the

MDRI1 gene in humans is one of the main mechanisms causing
multi-drug resistance (MDR). P-gp is extensively expressed in

the blood-brain barrier and in solid tumour tissue. Over-ex-
pression of P-gp on tumour membranes might result in MDR
of human tumours. P-gp functionality in tumours can be mea-
sured in vivo with PET using different tracers such as [*'C]ve-
rapamil (Hendrikse and Vaalburg, 2002; Takano et al., 2006),
[**C]colchicine (Levchenko et al., 2000) and [**C]loperamide
(Passchier et al., 2003).

8.14. Antibody imaging

Genetically engineered antibody fragments have been devel-
oped for PET (Jain and Batra, 2003) with suitable targeting
specificity and systemic elimination properties for the imag-
ing of cancer based on expression of tumour associated anti-
gens. Targeted imaging using antibodies requires longer
half-life PET isotopes such as %1, ®*Cu, 8¢Y and "*As to match
the biological half-lives of the antibodies. Pre-clinical imaging
has been performed using antibody fragments such as anti-
HER-2 labelled with ' (Robinson et al., 2005) and anti-CEA
labelled with '**1 (Sundaresan et al., 2003) and ®**Cu (Wu
et al., 2000).

A7*Aslabelled chimeric monoclonal antibody that binds to
phosphatidylserine expressed on tumour endothelial cells,
has been used for the pre-clinical PET imaging of solid tu-
mours (Jennewein et al., 2008).

Future clinical imaging with longer-lived isotopes will re-
quire correct patient management to avoid radiation risk to
persons coming into contact. Radioimmunotherapy with °Y
monoclonal antibodies (mAbs) has been approved. As *°Y is
mainly a pB-emitter, 86y-labelled mADs are used as surrogates
to determine the biodistribution and the dosimetry of *°Y-
labelled mAbs in patients (Lovqvist et al., 2001).

8.15. Pharmacokinetics and microdosing

PET makes it possible to determine drug distribution and con-
centration in vivo in man with drugs labelled with a positron-
emitting radionuclide that does not change the biochemical
properties.

In vivo pharmacokinetic and pharmacodynamic measure-
ments are possible with PET (Gupta et al., 2002). PET imaging is
used to measure the efficiency of chemotherapy by evaluating
delivery and targeting approaches to maximize drug concen-
tration in tumours relative to normal tissues. PET radiotracers
are used to evaluate biodistribution between normal and tu-
mour tissues, metabolism, toxicity, response prediction and
dosimetry for radioimmunotherapy.

Several labelled chemotherapy agents have been studied.
These include [*®F]paclitaxel (Kurdziel et al., 2003), [*®F]tamox-
ifen (Inoue et al., 1996), [*®F]fluorouracil (Moehler et al., 1998)
and [**Ncisplatin (Ginos et al., 1987).

Pharmacokinetic PET studies with radiolabelled drug can-
didates have the advantage that they can be performed at
very low concentrations of only microgram amounts of unla-
belled drug; the potential toxicological risk to human subjects
is very limited. This has the potential to reduce or avoid
side effects. These studies are known as PET microdosing
studies or human phase 0/pre-phase I clinical trials. Accelera-
tor mass spectrometry (AMS) is another technique using
radioisotopes that is suitable for microdosing studies
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(Sarapa et al., 2005; Boddy et al., 2007). The studies can give im-
portant information about the distribution of a novel drug but
do not provide data about the safety and tolerability of the
drug. The Committee for Human Medicinal Products (CHMP)
of the European Agency for the Evaluation of Medicinal Prod-
ucts (EMEA) proposed that a dose of one-hundredth of the
pharmacological dose derived from in vitro and animal
models could be considered a human microdose (European
Agency for the Evaluation of Medicinal Products, 2003). Reviews
and guidance for the requirements for PET microdosing have
been published (Bergstrom et al., 2003; US Food and Drug Ad-
ministration, 2006; Marchetti and Schellens, 2007; Bauer et al.,
2008). The American College of Clinical Pharmacology has
issued a position statement on microdosing (Bertino et al., 2007).

The Food and Drug Administration (FDA) recently intro-
duced the Exploratory Investigational New Drug Guidance to
accelerate the clinical evaluation of new therapeutic and im-
aging agents. Early phase 0 trials performed under this guid-
ance have been initiated at the National Cancer Institute
(NCI) to integrate qualified pharmacodynamic biomarker as-
says into first-in-human cancer clinical trials of molecularly
targeted agents. The objective of this integration is to perform
molecular proof-of-concept investigations at the earliest stage
of cancer drug development. Phase 0 trials do not offer any pa-
tient benefit. Intensive, real-time pharmacodynamic and
pharmacokinetic analyses of patient tumour samples and/or
surrogate tissues are performed to provide data for further tri-
als. Phase 0 studies require a significant investment of
resources in assay development early on and do not replace
formal phase I drug safety testing. These studies offer the
promise of a more rational selection of agents for further,
large-scale development. They also can provide molecular
identification of potential therapeutic failures early in the de-
velopment process.

8.16. Microfluidics

PET radiochemical syntheses can be miniaturized because
these are carried out at levels (micro-nano-molar quantities
and micro-litre volumes) that are compatible with microflui-
dic technology. Microfluidic systems contain micro-reactors
and reaction yields, rates and selectivities are enhanced
through the use of catalysts. The advantages of microfluidics
include ultra-high radiotracer concentration, specific activity
and enhanced speed of labelling. Speed is of high importance
when dealing with short half-life radionucleotides. Synthesis
times of only a few seconds are feasible (Gillies et al., 2006).
Other advantages include more efficient use of hot-cell space
for production of multiple radiotracers, the use of less non-
radioactive precursor for saving expensive material and a
reduced separation challenge, highly controlled, reproducible
and reliable radiotracer production and cheap, interchange-
able, disposable and quality-assured radiochemistry
processors.

8.17. Multi-modality imaging
Co-registration and automated quantitative assessment of

high spatial resolution CT and MR images with molecular
and functional images from PET for longitudinal studies of

response to chemotherapy will develop further. If the images
are acquired in separate systems image registration is sim-
pler for rigid and stationary anatomy like the head. Non-rigid
moving anatomy, such as the thorax, creates more difficulty
in image registration if the images are not acquired at the
same time. In order to overcome this difficulty combined
SPECT/CT, PET/CT and PET/MR systems have been developed
(Zaidi and Alavi, 2007). Although the concept of a combina-
tion of PET/MR was the first to be conceived, SPECT/CT and
PET/CT were the first to be commercially available. PET and
CT do not have physical constraints precluding the close
proximity of the systems. CT also has the advantage of being
able to make fast attenuation correction measurements for
PET imaging to increase productivity. Photon attenuation in
tissues is the most important physical factor degrading PET
image quality and quantitative accuracy. Quantitative PET
image reconstruction requires an accurate attenuation map
of the body under study for the purpose of attenuation
compensation. Before the advent of PET/CT, attenuation cor-
rection was always calculated using transmission measure-
ments from a y-ray source such as ®®Ge that takes about
20 min compared to about 20 s for CT. PET/CT has demon-
strated the advantages of a combined system in oncological
imaging especially for staging and radiotherapy planning.
Current systems are based on sequential imaging with
movement of the patient table between the CT and PET sys-
tems. Future systems could be based on the same detector
array for PET and CT in order to perform simultaneous imag-
ing. This would imply the development of stationary detec-
tor CT with multiple X-ray sources and the development of
a detector material sensitive to both X-rays and y-rays. As
MR has better soft-tissue contrast than CT, combined PET/
MR systems are being evaluated that can either be used for
sequential or simultaneous imaging. Simultaneous PET/MR
imaging systems require a ring of PET detectors inside the
MR magnet. As magnetic fields interfere with the photomul-
tipliers used in conventional PET systems, their place is be-
ing taken by avalanche photodiodes (APTs) (Grazioso et al.,
2006). It will be important to have a system of temperature
compensation as APTs are sensitive to temperature and MR
magnet bores heat up during imaging. MR attenuation cor-
rection methods based on proton density measurements
and other methods such as inferred information from
a stored atlas are being developed (Buzug et al., 2007;
Martinez-Moller et al., 2007; Hofmann et al., 2007) to avoid
the necessity to use transmission measurements from
a ®8Ge source. The ®Ge source probably would not fit in
the magnet bore and in any case would reduce productivity
due to the long acquisition time and make such a system
not commercially viable.

8.18. Dedicated PET systems

Organ specific PET imaging systems are being developed in or-
der to optimize resolution and allow access for biopsies. A
high-resolution, small field of view, positron emission mam-
mography/tomography imaging and biopsy device (called
PEM/PET) is being developed (Raylman et al., 2008) to detect
and guide the biopsy of suspicious breast lesions. It is hoped
this will reduce the amount of negative biopsies.
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9. Summary

Multiple biomedical imaging techniques are used in all phases
of cancer management. Imaging forms an essential part of
cancer clinical protocols and is able to furnish morphological,
structural, metabolic and functional information. Integration
with other diagnostic tools such as in vitro tissue and fluids
analysis assists in clinical decision-making. Hybrid imaging
techniques are able to supply complementary information
for improved staging and therapy planning. Image guided
and targeted minimally invasive therapy has the promise to
improve outcome and reduce collateral effects. Early detec-
tion of cancer through screening based on imaging is probably
the major contributor to a reduction in mortality for certain
cancers. Targeted imaging of receptors, gene therapy expres-
sion and cancer stem cells are research activities that will
translate into clinical use in the next decade. Technological
developments will increase imaging speed to match that of
physiological processes. Targeted imaging and therapeutic
agents will be developed in tandem through close collabora-
tion between academia and biotechnology, information tech-
nology and pharmaceutical industries.
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