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1. ABSTRACT

Structural imaging is currently used in standard
clinical practice on a daily basis to qualitatively or
semiquantitatively detect, characterize stage, assess post-
therapeutic change in, and determine recurrence of
malignant tumors based on structural features or gross
degree of contrast enhancement. Unfortunately, structural
imaging does not provide information about tumor
physiology, biological processes, and molecular features,
and as such tumors cannot be fully characterized and
monitored. In order to improve the evaluation of tumors
and to reduce cancer-related morbidity and mortality, there
is a need for functional imaging modalities which allow
visualization and quantification of physiological and
biochemical processes in vivo. This article will review a
selection of the wide variety of functional imaging methods
available for non-invasive evaluation of tumor physiology
and molecular processes.
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2. INTRODUCTION

Cancer is a major public health problem in the
United States and many other parts of the world. Currently,
1 in 4 deaths in the United States is due to cancer (1).
Imaging plays a crucial role in oncology, and is being used
for screening, diagnosis and staging, prognosis assessment,
image-guided treatment, treatment response assessment,
and detection of tumor recurrence. As such, imaging may
reduce cancer incidence and mortality and improve survival.
Imaging technologies used to assess patients with cancer
may be grossly subdivided into structural and functional
imaging categories. Structural imaging entails the
assessment of morphologic features or gross degree of
contrast enhancement of normal tissues/organs of the body
and of malignant lesions within these structures. Computed
tomography (CT), magnetic resonance imaging (MRI), and
ultrasonography (US) are the prototypical imaging
technologies that are currently used to perform structural
imaging in oncology (2-4). However, functional or
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metabolic changes at the molecular, subcellular, or cellular
level may occur well before gross structural or contrast
enhancement changes become visible (5). Furthermore,
macroscopic abnormalities are nonspecific and often seen
in non-neoplastic conditions. In addition, data regarding
physiology, Dbiological processes, and molecular
characteristics of tumors are not available by structural-
based imaging.

Thus, structural imaging lacks the desired
information to fully characterize or monitor lesions. In
order to improve the evaluation of tumors, there is a need
for functional imaging modalities which allow visualization
and quantification of physiological and biochemical
processes in vivo. The combination of structural and
functional imaging is expected to improve the management
of patients with cancer or those at risk for cancer (6).
Functional imaging can be implemented through use of CT,
MRI, and US, as well as through positron emission
tomography (PET), single-photon emission computed
tomography (SPECT), and optical imaging (OI). An
explanation of the basic properties of these imaging
modalities can be read elsewhere (2-4). Functional imaging
modalities can grossly be divided into a group that allows
for evaluation of tumor physiology and a group that allows
for assessment of tumor molecular processes. Examples of
physiologic abnormalities that can be visualized in tumors
are perfusion and diffusion, which may provide information
on tumor neovascularity and tumor cellularity, respectively.
Well-known examples of molecular imaging are PET using
the radiotracer 2-'*F-fluoro-2-deoxy-D-glucose (FDG) and
magnetic resonance spectroscopy (MRS), which allow for
assessment of tumor glucose metabolism and detection and
quantification of endogenous molecular compounds,
respectively. The number of molecular targets for imaging
is virtually endless, and other examples of molecular
imaging that are under active investigation (and in which
PET has a major role) include imaging of amino acid
metabolism, cell proliferation, oxygenation, somatostatin
and estrogen receptor expression, angiogenesis, and
apoptosis. This article will review a selection of the wide
variety of imaging methods that is available for the non-
invasive evaluation of tumor physiology and tumor
molecular processes.

3.  FUNCTIONAL
PHYSIOLOGY

IMAGING OF TUMOR

3.1. Perfusion imaging

Tumor angiogenesis is considered an essential
process for the growth, proliferation, and metastasis of
solid tumors (7). Perfusion imaging is a method that allows
non-invasive assessment of functional aspects of tumor
neovascularity in vivo (8-10). Of all imaging techniques
capable of providing qualitative and quantitative data of
tumor vascularity, perfusion CT and dynamic contrast-
enhanced MRI (DCE-MRI) have been widely investigated
because they offer several advantages. First, CT and MRI
are widely used in routine oncologic imaging, and
perfusion studies can be incorporated relatively easily with
routine examinations. Second, both CT and MRI offer good
anatomic detail, and reliable measurements can be obtained
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with good spatial resolution. Third, and most importantly,
these measurements have been shown to correlate with
histologic markers of angiogenesis (8-10).

Perfusion CT and DCE-MRI are performed by
obtaining sequential images before, during, and following
the injection of a contrast agent (i.e. an iodine-based
contrast agent for perfusion CT and (most frequently) a
small molecular weight gadolinium-containing compound
for DCE-MRI) (8-10). The relation between contrast
concentration and enhancement is straightforward with CT;
there is a direct linear relation between enhancement
change and iodine concentration. As a result, the arterial
input, which is required for quantitative analysis, can be
measured directly from a conveniently placed artery. Thus,
perfusion CT allows absolute quantification of perfusion in
terms of blood flow, blood volume, mean transit time, and
permeability (8). In contrast, the relation between MRI
signal intensity change and the concentration of a
paramagnetic contrast agent such as gadolinium is not so
easily defined, because paramagnetic contrast agents
indirectly induce signal intensity changes by affecting the
relaxation properties of surrounding water protons.
Therefore, quantification by DCE-MRI is technically more
challenging. DCE-MRI can be performed using dynamic
T2* methods or dynamic T1-weighted methods. Dynamic
T2* methods employ the fact that the first pass of a contrast
agent through a tissue causes a transient signal drop due to
the local magnetic susceptibility (T2*) effects of the
contrast agent. (Please note that T2*-weighting effects are
due to a combination of T2-weighting effects and the
effects of magnetic field inhomogeneity.) Dynamic T2*
methods can provide information about (relative) tumor
perfusion, which may pathologically be related to tumor
grade and vessel density (8-10). Dynamic T1-weighted
methods, on the other hand, employ the T1 shortening
effects of the contrast agent that cause an increase in signal
intensity as it passes from the blood into the extracellular
space of tissues. Dynamic T1 methods can provide
information about blood vessel permeability, capillary
surface area, and leakage space, which may pathologically
be related to tumor grade, microvessel density and levels of
vascular endothelial growth factor expression (8-10).
Perfusion CT (Figure 1) and DCE-MRI may be used for
tumor detection, characterization, grading, and staging,
determining prognosis, monitoring treatment, and detecting
tumor relapse, as was shown in many types of cancer
including brain, breast, prostate, cervix, liver, lung, and
rectal cancer (8-10). Furthermore, these techniques may be
used to measure the effects of (new) anti-angiogenic
therapies (8-10). Greater detail about perfusion CT and
DCE-MRI can be found elsewhere (8-10).

3.2. Diffusion imaging

Diffusion-weighted imaging (DWI) is an MRI
method that allows non-invasive visualization and
quantification of the random microscopic movement of
water molecules (i.e. Brownian motion) within biologic
tissues, without using any contrast agents (11). Pathologic
processes that lead to changes in the diffusion of water
molecules can be evaluated using DWI. For example, an
increase in cellularity in tumors may lead to a decrease of
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Figure 1. Perfusion CT imaging. Map of prostate gland
K™ (a measure of vascular permeability) from dynamic
contrast-enhanced CT exam of a 64-year-old man, showing
region with elevated K™ values in peripheral zone,
indicative for tumor. The high K™ values in central gland
could also reflect benign prostate hypertrophy. Images
courtesy of Johannes G. Korporaal, PhD, University
Medical Center Utrecht, Utrecht, The Netherlands.

the extracellular volume, where increased tortuosity of the
extracellular space leads to reduced water mobility. On the
other hand, necrosis and apoptotic processes may lead to
loss of cell membrane integrity and decrease in cellularity.
This, in turn, increases the amount of diffusion across the
cell membrane and increases the proportion of water
molecules in the extracellular space, where water mobility
is less impeded (12-14). Currently, the most common
application of DWI is in the diagnosis of acute ischemic
stroke, a condition in which failure of the Na'K" ATPase
pump is believed to lead to a net displacement of water
from the extracellular to the intracellular compartment,
where water mobility is relatively more impeded (12).
Thanks to technological advances, it has recently become
possible to perform DWI outside the brain (13, 15), as a
result of which the use of DWI in oncology is gaining
widespread interest. Since DWI suppresses many unwanted
signals from normal structures (e.g. signals of fat, muscles,
vascular structures, cerebrospinal fluid, and gastrointestinal
contents), lesions can be highlighted to better effect. As
such, DWI may be a useful method for tumor detection and
staging, and its comparison to FDG-PET/CT, a highly
sensitive molecular imaging technique for detection and
quantification of glucose uptake and retention within tumor
sites which is often regarded as the most accurate non-
invasive method for the evaluation of cancer, is of
particular interest (Figure 2). (Please note that FDG-
PET/CT will be described in further detail below under
Metabolic Imaging.) For example, recent studies reported
that the overall diagnostic performance of whole-body
DWI (combined with conventional MRI sequences) was at
least equal to that of FDG-PET for regional nodal (N)
staging (16) and distant metastasis (M) staging (17, 18) in
patients with non-small cell lung cancer.

Another important feature of DWI is that it
allows for quantification of diffusion in biological tissue by
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means of so-called apparent diffusion coefficient (ADC)
measurements, which may provide indirect information
about tissue structure. ADC measurements may help in the
characterization of tumors and in the early detection of
response to therapy. For example, it has been reported that
ADC measurements may facilitate grading of astrocytic
brain tumors (19). Other studies (20, 21) showed that ADC
measurements were at least equal to SUV measurements
from FDG-PET in differentiating benign from malignant
pulmonary lesions. Another recent study (22) reported that
the preoperative maximum standardized uptake value
(SUV) from FDG-PET, a semi-quantitative measure of
lesional glucose uptake, and the ADC correlate with several
prognostic factors, and that both indices may have the same
potential for predicting the prognosis of breast cancer.
Another promising application of DWI is in the early
assessment of response to therapy. Recently, a voxel-based
quantitative DWI approach was introduced (so-called
parametric response mapping of diffusion (PRMapc)),
which allows visualization and calculation of spatial tumor
diffusion coefficient changes during treatment (23, 24).
PRMypc combined with traditional radiological response
criteria 3 weeks after the start of radiation therapy proved
to provide a significantly better prediction of response to
therapy in patients with high-grade gliomas than traditional
size criteria or PRMapc alone (24). The introduction of the
PRMjpc approach is a considerable step forward towards
more individualized treatment planning, but its application
outside the brain is technologically more challenging.
Nevertheless, there are some studies which have already
shown the feasibility of PRMpc as an early biomarker for
the prediction of response to therapy in head and neck
cancer (25), breast cancer (26), and bone marrow
metastases from prostate cancer (27). Overall, DWI is a
very promising method with many potential applications in
oncological imaging. However, more research on DWI
should be done before more definitive conclusions can be
made regarding its exact value.

Interestingly, diffusion in the human body is not
always isotropic. Particularly, it has been shown that
diffusion is anisotropic in the nervous system. That is,
diffusion is more impeded perpendicular to the course of
the nerve fibers, while the highest diffusivity can be
expected parallel to the course of the nerve fibers (28). The
diffusion anisotropy of the nervous system can be exploited
by performing diffusion tensor imaging (DTI). DTI is
performed by applying diffusion-encoding gradients in 6 or
more directions, and allows quantification and visualization
of diffusion anisotropy (29). As such, it is possible to
visualize the direction of cerebral white-matter tracts. DTI
has been shown useful for pre-treatment assessment of
white-matter tract involvement by tumor as well as for
intraoperative visualization and localization of major white-
matter tracts to decrease the chance of injury to normal
tissues (30-32).

3.3. Elastography

Elastography involves imaging of the mechanical
properties of tissue. Most elasticity imaging methods apply
some kind of stress or mechanical excitation to the tissue,
measure the tissue response to this stimulus, and from this
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Figure 2. Diffusion imaging. Whole-body DWI in 67-year-
old woman with small lymphocytic lymphoma. Coronal
maximum intensity projection grey-scale inverted DWI
shows supra- and infradiaphragmatic lymph node
involvement (arrows), corresponding to Ann Arbor stage
III. Image courtesy of Thomas C. Kwee, MD, University
Medical Center Utrecht, Utrecht, The Netherlands.

response calculate parameters that reflect the mechanical
properties (33). Cross-sectional imaging modalities that can
be used for tissue response measurement include US and
MRI. US-based elasticity imaging, however, is limited in
that it requires a suitable acoustic window and has a limited
depth for measurements because of the limited penetration
of ultrasound waves in tissue (33).

In the mid 1990s, magnetic resonance
elastography (MRE) was developed, which involves
inducing harmonic vibrations of acoustic-range frequencies
in tissue and imaging the propagation of these vibrations in
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the tissue to calculate quantitative values for tissue
mechanical parameters (33, 34). MRE can be implemented
on most modern MRI systems. Currently, the most
important clinical application of MRE is the non-invasive
assessment of hepatic fibrosis and cirrhosis, where the
stiffness of the diseased liver is significantly higher than
normal liver tissue stiffness (33, 35). However, the
applications of MRE may also be extended to the
characterization of tumors (Figure 3). For example,
stiffness of malignant breast lesions is known to be higher
than benign lesions and normal breast tissue (33, 36),
which may be determined using MRE. Interestingly, a
recent study in 39 and 29 benign breast lesions reported
that MRE provided a significant diagnostic gain compared
to dynamic contrast-enhanced MRI alone, with an increase
of about 20% in specificity at 100% sensitivity (37).
Oncological applications of MRE are very interesting, but
more research is warranted before these can be
implemented in routine clinical practice.

3.4. Functional lymph node imaging

The evaluation of lymph nodes plays a crucial
role in the management of patients with cancer, because
lymph node status has important therapeutic and prognostic
implications. Current cross-sectional imaging modalities
such as US, CT, and conventional MRI rely on insensitive
and non-specific size criteria, and, therefore, lack the
desired accuracy to characterize lymph nodes (38).
Functional imaging techniques are under development to
overcome these limitations.

Sentinel lymph node mapping is currently the
most frequently employed method for functional lymph
node imaging. The rationale for this method is that sentinel
lymph nodes accurately reflect the status of the lymphatic
basin draining a primary tumor. This assumption has been
proven for malignant melanoma (39), early-stage breast
cancer (40), and penile carcinoma (41). Sentinel lymph
node mapping is usually performed with radiotracers (e.g.
9mTe-sulfur colloid, *™Tc-antimomy trisulfide colloid, or
9mT¢_nanocolloid) and vital blue dyes. After intradermal
injection around the tumor, the radioactive particles will
become efficiently trapped in sentinel lymph nodes,
whereas blue dyes typically pass into second echelon nodes.
Subsequently, the sentinel lymph nodes can be identified
by using pre-operative  lymphoscintigraphy, an
intraoperative gamma-detecting probe, and/or by the
intraoperative visualization of blue-stained lymph nodes
(42). Unfortunately, sentinel lymph node imaging does not
allow for direct detection of involved lymph nodes, but
directs surgical exploration to nodal sites that are
potentially most vulnerable to cancer spread. Another
drawback is the fact that only lymph nodes in the vicinity
of the primary tumor can be assessed. Furthermore,
increasing tumor growth in the sentinel lymph node may
obstruct its afferent lymphatic vessels, as a result of which
flow of lymph through the node may be diverted to the next
draining lymph node, leading to lack of depiction of the
originally involved sentinel lymph node (43-45). FDG-PET,
which will be described in a later section, has an important
advantage over sentinel lymph node mapping, in that it
directly targets cancer cells in involved lymph nodes. Since



Functional oncoimaging techniques and applications

0 10
Shear stiffness (kPa)

30

Figure 3. MR elastography imaging. MRE in 43-year-old woman with invasive ductal breast carcinoma in lateral breast. T1-
weighted image (left) of breast shows irregular tumor mass (arrow), with thick overlying cutaneous tissue. MRE (right) shows
focal area of high shear stiffness corresponding to location of known tumor mass. Reproduced with permission from (111).

systemically administered FDG arrives in the lymph node
through its arterial blood supply, lymphatic obstruction and
the subsequent reversal of lymph flow will not affect the
performance of FDG-PET in diagnosing metastatic lymph
nodes. Thus, in such settings, conventional sentinel lymph
node imaging may be complementary with whole-body
FDG-PET nodal imaging.

Yet another functional imaging technique that
allows non-invasive detection of lymph node metastasis is
ultrasmall  superparamagnetic iron oxide (USPIO)-
enhanced MRI (46). USPIO particles are nontargeted
contrast agents that leak into the interstitium and reach the
reticuloendothelial cells of lymph nodes via the lymphatic
system, allowing for detection of micrometastases within
normal-sized lymph nodes (Figure 4). The uptake of
USPIO particles by normal lymph nodes creates local field
inhomogeneities and turns them “black” (i.e. very low in
signal intensity relative to that on precontrast images) on
T2*-weighted images. Metastatic lymph nodes, on the
other hand, lack uptake of USPIO particles and stay
“white” (i.e. intermediate in signal intensity relative to that
on precontrast images) on T2*-weighted images (46). A
recent meta-analysis (47) including 38 studies that
investigated the diagnostic performance of USPIO-
enhanced MRI for nodal staging in various tumors reported
that overall (lymph node-based) sensitivity and specificity
of USPIO-enhanced MRI (88% and 96%, respectively)
were higher than those of unenhanced MRI (63% and 93%,
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respectively). Although potentially useful, it should be
realized that, unlike FDG-PET, USPIO-enhanced MRI
indirectly reveals cancer sites in lymph nodes. Therefore,
specificity of this method may be suboptimal in lymph
nodes that are involved by non-neoplastic processes. Other
important issues are that USPIO contrast agents have not
yet been approved for human use either by the Food and
Drug Administration (FDA) or by the European Medicines
Agency (EMEA), and that the availability of these contrast
agents is currently very limited. When USPIO contrast
agents become more widely available, it would be of great
interest for clinical studies to compare USPIO-enhanced
MRI to FDG-PET for nodal staging.

DWI, which has been discussed previously, is
another functional imaging technique that has been
investigated for its use in lymph node characterization.
Irrespective of their histological nature, lymph nodes can
be identified as high signal intensity structures at DWI,
because of their relatively long T2 relaxation time and
impeded diffusivity. Assessment of signal intensity at DWI
or quantification of diffusivity in lymph nodes by means of
ADC measurements may aid in the histological
characterization of lymph nodes, because different
pathologic processes may lead to differences in diffusivity
due to differences in cellularity, intracellular architecture,
necrosis, and perfusion (14). Several studies reported the
ADCs of metastatic lymph nodes to be significantly lower
than those of non-metastatic lymph nodes, independent of
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Figure 4. Functional lymph node MR imaging. USPIO-
enhanced MRI in 68-year-old man with prostate cancer and
pelvic lymph node metastasis. The MRI examination was
performed because of rising prostate specific antigen levels
after prostatectomy. Axial T1-weighted image of pelvis 24
hours after administration of USPIO particles shows that
several non-metastatic lymph nodes appear “dark” (i.e.
hypointense in signal intensity) (continuous arrows),
whereas one metastatic lymph node appears relatively
“white” (i.e. hyperintense in signal intensity) (dashed
arrow). Images courtesy of Thomas Hambrock, MD, PhD,
and Jelle O. Barentsz, MD, PhD, University of Nijmegen
Medical Center, Nijmegen, The Netherlands.

size criteria (48-50). This can be explained by the fact that
malignant tissue generally exhibits hypercellularity,
increased nucleus-to-cytoplasm ratios, and an increased
amount of macromolecular proteins, resulting in decreased
diffusivity in the extra- and intracellular compartments.
Nevertheless, ADCs of metastatic and non-metastatic
lymph nodes overlap (48-50). Furthermore, other studies
even reported that there was no significant difference
between ADCs of metastatic and those of non-metastatic
lymph nodes (51, 52). Another issue is that ADC
measurements of smaller lymph nodes may be less reliable
due to the image distortion, insufficient spatial resolution,
and partial volume effects. Therefore, the value of ADC
measurements in the assessment of lymph nodes is still
questionable.

4. FUNCTIONAL IMAGING
MOLECULAR PROCESSES

OF TUMOR

4.1 Metabolic imaging
4.1.1. Glucose metabolism

FDG is by far the most commonly used PET
tracer in the world. PET/CT is often regarded as the ‘‘one-
stop shop’’ for many malignancies due to the versatility of
this radiotracer which allows for accurate localization of
sites of disease with unprecedented sensitivity. It is a
glucose analogue first tested in humans in 1976 at the
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Hospital of the University of Pennsylvania (53). The
mechanism of localization of FDG is well established: FDG
is transported into cells via glucose transporters such as
GLUT-1 and subsequently phosphorylated by hexokinase,
both of which are overexpressed in the malignant cells.
These two factors together with reduced or absent glucose-
6-phosphatase levels in the cancer cells lead to the
accumulation of the metabolic product 2-'SF-fluoro-2-
deoxy-D-glucose-6-phosphate intracellularly, as it cannot
undergo further metabolism through the glycolytic pathway.
Persistent glucose uptake in many cancer cells in a low
serum insulin state makes FDG an ideal tracer for cancer
imaging. In addition to providing certain unique functional
information, FDG-PEt also provides complementary
information to structural imaging techniques for the
management of a wide variety of malignancies. Improved
disease staging, treatment planning, and response
monitoring are some of the most useful aspects of this
powerful imaging technique (Figure 5).

4.1.2. Amino acid metabolism

Amino acid analogues, such as those of
methionine, tyrosine, and L-dihydroxyphenylalanine L-
DOPA) have been found to be clinically useful radiotracers.
Tumor imaging with amino acid analogue radiotracers
allows assessment of more specific uptake in tumors, since
FDG-PET is known to show nonspecific uptake in
inflammatory cells and granulation tissue. Rau er al
compared the tyrosine analogue O- (2-'*F-fluoroethyl)-L-
tyrosine (FET) with ''C-methionine (MET) and FDG in
animal models and demonstrated no uptake of FET in sites
of acute or chronic inflammation (54).

Advantages of imaging brain tumors with MET
are due to the low background uptake of MET in the brain.
However, the major shortcoming of MET is the 20-minute
half-life of the ''C isotope, which requires an on-site
cyclotron for imaging. Jacobs et al showed a sensitivity of
91% for detecting gliomas, as well as larger detected tumor
volumes compared with those detected with Gd-enhanced
MRI, which may have an impact on radiation treatment
planning (55). In one of the earliest comparative study
between FET-PET and FDG-PET in peripheral tumors, it
was observed that FET-PET accumulated in squamous
head and neck tumors while adenocarcinomas and
lymphomas exhibited no significant FET uptake (56). '*F-
6-fluorodihydroxyphenylalanine (FDOPA), an analogue of
L-DOPA, accumulates in dopaminergic neurons in the
basal ganglia and can be used to study patients with
melanoma, carcinoid tumor, medullary thyroid cancer, and
brain tumors (Figure 6) (57). This radiotracer has also been
shown to be an important tracer for evaluation of low-grade
and recurrent brain tumors and for differentiation of low-
grade tumors from necrosis (58).

4.2 Cell proliferation imaging
3'-deoxy-3'-'*F-fluorothymidine ‘FLT) is a
thymidine analogue that has been developed as a PET
tracer to assess cell proliferation in vivo. The cellular
mechanism of FLT uptake is that it reflects thymidine
kinase-1 (TK1) activity, an enzyme expressed during the
DNA synthesis phase of the cell cycle (59). The activity of



Functional oncoimaging techniques and applications

L
-
-
. .
N ® a
- 'va
' - -
¢ -

Figure 5. Glucose metabolism imaging. Whole-body '®

FDG-PET/CT in 62-year-old woman with recurrent lung
cancer for restaging purposes. Coronal maximal intensity
projection image reveals multiple “dark” FDG avid
metastases involving thoracic lymph nodes and bone

marrow. Image courtesy of Thomas C. Kwee, MD,
University Medical Center Utrecht, Utrecht, The
Netherlands.

the enzyme is enhanced in proliferating cells. FLT is
phosphorylated by TK1, forming negatively charged FLT
monophosphate, resulting in intracellular trapping. FLT
uptake correlated significantly with the Ki-67 cell
proliferation index in brain gliomas. Significant correlations
of quantitative FLT uptake with Ki-67 have also been
demonstrated in lung cancer, colorectal cancer, and
lymphoma (60). FLT as a PET radiotracer has been
investigated in several extracranial tumors, such as human
lung cancer, colorectal cancer, melanoma, lymphoma,
breast cancer, laryngeal cancer, and soft-tissue sarcomas.
The studies have showed the role of FLT-PET in early
monitoring of therapy response (both in chemotherapy and
radiation treatment) (61, 62). Hence, there is potential for
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FLT-PET to shorten the time frame of detecting response
to therapy, which might be an effective tool for monitoring
treatment.

4.3. Oxygenation imaging

Tumor hypoxia is recognized as an important
prognostic index in clinical oncology, and there has been
great interest for non-invasive imaging of the oxygenation
status and presence of hypoxia in malignant tissues.
Hypoxic tumor cells are generally more radioresistant and
chemoresistant than normoxic tumor cells (63, 64). Hence,
detection and quantification of hypoxia could be used to
select and plan these treatments, especially radiotherapy.
BE_fluoromisonidazole (FMISO) was the first labeled
nitroimidazole compound detected by PET (65).
Nitroimidazole compounds undergo intracellular chemical
reduction, and under chronic hypoxia their reduced
moieties covalently bind to macromolecules, mainly thiol-
containing proteins. FMISO has been relatively widely
evaluated in non-small cell lung cancers, gliomas, and head
and neck tumors, and can also be used to evaluate the
penumbra following acute ischemic stroke (Figure 7). **Cu
(I)-diacetyl-bis  (N4-methylthiosemicarbazone)  (**Cu-
ATSM) and '"*F-EF35, a 2-nitroimidazole analogue, are other
newer PET radiotracers used to image hypoxia. Hypoxic
regions delineated by '8F-EF5-PET have been shown to
predict patient survival and lack of response to radiation
treatment, and preliminary tests of '*F-EF5 in patients with
head and neck and brain tumors show promising results (66,
67).

Various functional MRI (fMRI) techniques have
been used non-invasively to study oxygenation in human
tumors and to monitor changes in tumors related to therapy.
These include blood oxygen level-dependent (BOLD)
fMRI,  Overhauser-enhanced @ MRI, and electron
paramagnetic resonance imaging (EPRI). Advantages
include potentially reducing the time of surgery and
minimizing intraoperative cortical stimulation methods,
which are sometimes used during the surgical resection of
brain tumors (68, 69).

4.4. Molecular imaging with targeted imaging agents
4.4.1. Somatostatin receptor imaging

Receptor targeting is an attractive approach for
non-invasive imaging including that of cancer.
Somatostatin receptors (SSTRs) are overexpressed in many
tumors (e.g., in neuroendocrine, lung, and breast tumors
and in lymphomas), with subtype specificity for each
histology. Five receptor subtypes (SSTR1-5), acting
through transmembrane domain G proteins, have been
identified. The most commonly used agent in earlier times
has been '''In-pentetreotide for SPECT imaging, although
SSTR-targeted radiotracers have also been developed for
PET, including ®*Ga-DOTA-Phe'-Tyr’-octreotide (**Ga-
DOTATOC) and Gluc-Lys ('*F-fluoropropionyl-TOCA).
The PET radiotracers are of substantial value for the
evaluation of patients with SSTR-positive lesions such as
neuroendocrine  tumors, especially carcinoid. **Ga-
DOTATOC seems to be a very promising new PET
radiotracer for imaging SSTRs even in small meningiomas,
offering excellent imaging properties and a very high
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Figure 6. Amino acid uptake imaging.Gadolinium-
enhanced T1-weighted MRI (left), '*F-FDG-PET (middle),
and 'SF-DOPA-PET (right) in recurrent glioblastoma
multiforme. Reproduced with permission from (58).

Figure 7. Hypoxia imaging.Gadolinium contrast-enhanced
T1-weighted MRI (left) and T2-weighted MRI (middle) in
patient with residual/recurrent glioblastoma multiforme.
PET image (right) shows "*F-FMISO tumor uptake 150-
170 minutes after injection, indicating presence of hypoxia.
Reproduced with permission from (112).

Figure 8. SSTR imaging. ®*Ga-DOTA-TOC in 56-year-old
woman with multiple liver and lymph node metastases was
referred for restaging after surgery and chemotherapy. CT
(not shown) presented these tumor lesions; however, it was
negative for bone lesions. Besides the visceral metastases,
several additional osteoblastic and osteolytic bone marrow
metastases are clearly depicted with **Ga-DOTA-TOC
(arrows point to several representative osseous metastases
within spine and proximal femora). Reproduced and
modified with permission from (113).
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tumor-to-background ratio (Figure 8). Compared with
"In-pentetreotide SPECT, Gluc-Lys (‘*F-fluoropropionyl-
TOCA)-PET revealed more than twice the number of
lesions and resulted in near-perfect interobserver agreement
(70). 8Ga-DOTA-Tyr’-Thr®-octreotide (®Ga-
DOTATATE) (an SSTR2-selective ligand) and %Ga-
DOTA-1-Nal;-octreotide (*Ga-DOTANOC) (with SSTR2,
3, and 5 affinity) are newer somatostatin receptor imaging
agents, which are currently under clinical evaluation.

4.4.2. Estrogen receptor imaging

Estrogen receptor (ER) expression in breast
carcinoma is an indicator of prognosis and likelihood of
response to anti-estrogen therapy. Currently, treatment with
anti-estrogen therapy depends on the results of in vitro
immunohistochemistry assays of biopsy material for ER
expression in breast cancer. However, the in vitro assay
cannot discriminate between functional and non-functional
receptors. ER targeting radiotracers, therefore, may be used
to non-invasively assess the functional ER status of tumors
in vivo through use of "°F fluorinated estrogen analogues,
and6er-"*F-fluoroestradiol-17p (FES) is commonly used for
this purpose due to its favorable biodistribution. FES has
shown the most promise in quantifying the functional ER
status of breast cancer, both in the primary tumor and in
metastatic sites. Studies have shown that the quantitative
level of FES uptake in primary tumors correlates with the
level of ER expression measured by in vitro assay by
radioligand binding and in preliminary data by
immunohistochemistry. This PET radiotracer also provides
sufficient image quality to image metastatic lesions with
high sensitivity in patients with ER positive tumors (71). In
addition to aiding in selection of patients for anti-estrogen
therapy, FES-PET may show a faster treatment response to
tamoxifen than FDG-PET at 7 to 10 days after treatment
initiation (72, 73).

4.5. Angiogenesis imaging

Detection of ayf; integrins that are present on
activated endothelial cells involved in angiogenesis can be
performed by using peptides containing the amino acid
sequence arginine-glycine-aspartate ‘RGD) that have a
general affinity toward integrins. '*F-galacto-RGD uptake
has been found to correlate with ayf; expression, as well as
microvessel density as observed at histology (74). This
radiotracer has been postulated to have applications for
individualized treatment planning and anti-angiogenic
therapy monitoring, since activated endothelium is
susceptible to anti-angiogenic therapy whereas quiescent
endothelium is resistant to anti-angiogenic therapy (Figure
9). A drawback is that it binds to oyf; integrins present on
the membranes of tumor cells, as well as membranes of
tumor-associated endothelial cells. To circumvent this
problem and to more specifically target the vascular
endothelial cells, imaging agents based on targeting of cell
receptors, such as vascular endothelial cell growth factor
receptor, which are over-expressed on endothelial cells
during angiogenesis are currently under development.

4.6. Apoptosis imaging
Annexin V is a 36-kDa protein that binds with high
affinity to phosphatidylserine found on the exterior of the
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Figure 9. Angiogenesis imaging. '*F-galacto-RGD-PET in
70-year-old woman with invasive ductal breast cancer of
left breast (arrow, open tip, solid line), axillary lymph-node
metastases on left side (arrows, open tips, dotted lines), and

osseous metastasis to sternum (arrow, closed tip, solid line).

Reproduced with permission from (114).

cell membrane in the early stages of apoptosis. Apoptosis
plays an important role in defining the biology of cancer
cells. Cells deficient in apoptotic response can potentially
become tumorigenic (75) . The majority of therapeutic
approaches against cancer kill tumor cells by inducing
programmed cell death causing DNA damage beyond the
repair capability of the cell. The high-affinity binding of
Annexin V to externalized phosphatidylserine makes it a
sensitive probe of the early phase of apoptosis. Annexin V
can be labeled with either *™Tc, ', or '*F to image
apoptosis in vivo using SPECT or PET, respectively. These
radiotracers have been studied in animal models, and such
studies have shown that they can accurately measure
internal levels of apoptosis non-invasively.

Superparamagnetic iron-based contrast agents and
other paramagnetic contrast agents in conjunction with
carrier nanoparticles that specifically target particular
molecules or biologic processes of interest have been
studied using MRI (76, 77). For example, Schellenberger et
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al have used nanoparticles conjugated to Annexin V to
target apoptosis for non-invasive tumor monitoring using
MRI (78). However, limitations of such approaches using
MRI are apparent and include low signal-to-noise ratios
(SNR) with low sensitivity, lack of standardization of
utilized imaging sequences and parameters, lack of
standardization =~ of  analysis = methodologies  for
quantification, as well as potential toxicity of the contrast
agents.

4.7 .Magnetic resonance spectroscopy

Magnetic resonance spectroscopy (MRS) is a
molecular imaging method that allows for separation of the
MRI signal from a given tissue into its different chemical
components. This is possible because the magnetic field
experienced by an atomic nucleus is minutely “shielded” or
modified by the fields produced by neighboring atoms on
the same molecule. This produces a “chemical shift” or
small variation in the nuclear resonant frequency. As such,
a display of MRI signal amplitude as a function of nuclear
resonance frequency forms a spectrum, with different
chemical environments of a particular type of atomic
nucleus within and between molecules forming peaks at
characteristic chemical shift positions. As such, it is
possible to quantitatively assess the amount, type, and
location of small molecular compounds within a tissue or
organ of interest at the same time conventional MRI is
performed (79). The data are typically displayed as a grid
of spectra of chemical compound abundances obtained at
either single or multiple locations in a tissue or organ of
interest. These spectra are collected from spinning nuclei
(spins), most often 'H given the abundance of water in
tissue.

"H MRS enables accurate quantitative assessment
of the spatial distribution of tissue metabolites such as
creatinine, choline, amino acids, nucleotides, lactate, and
lipids (80). Although nonspecific for cancer, there are
several MRS findings that are more frequently seen in
cancer. For example, increased concentrations of cell
membrane metabolites like phosphocholine may be seen
due to increased membrane synthesis, a higher
concentration of lactate may be seen due to increased
metabolism through the glycolytic pathway, and lower
concentrations of normal tissue metabolites (such as N-
acetyl aspartate in cerebral tissue or citrate in prostatic
tissue) may be encountered (81, 82). In both research and
clinical practice, 'H MRS is most frequently applied in the
brain, given the relative lack of motion in this location
compared to other body regions. "H MRS has been reported
to be useful for the characterization of brain tumors
(including the differentiation between pyogenic brain
abscesses from cystic or necrotic brain tumors, and the
discrimination between gliomas and solitary brain
metastases) (83, 84) and grading of gliomas (85).
Furthermore, 'H MRS may provide a more accurate
assessment of tumor cell infiltration than structural imaging
alone (86, 87). This, in turn, has significant implications for
surgery and/or radiotherapy planning. In addition, 'H MRS
may be useful to predict patient prognosis; it has been
reported that patients with glioblastoma multiforme had
significantly shorter median survival when a large volume
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of metabolic abnormality was seen at '"H MRS (88). Finally,
studies have shown that 'H MRS can be used to
discriminate residual or recurrent brain tumor from post-
radiation changes (89, 90). Several studies also investigated
the utility of '"H MRS for the evaluation of extracranial
tumors, including tumors of the breast, pancreas, adrenals,
cervix, prostate, bone, and soft-tissue (91-96). However, it
is beyond the scope of this scientific communication to
provide an in-depth overview of the literature on the use of
'"H MRS in oncology, and the reader is referred to a
previous review article on this topic (80).

It is of interest to note that there is an increasing
trend towards performing MRI at higher field strengths
(>1.5 T), because signal-to-noise ratio (SNR) increases
linearly with field strength (97). Increasing the field
strength may also be of advantage for MRS. First, more
signal intensity can be detected from a given volume per
unit of scan time, and, second, the frequency dispersion
(chemical shift) allowing one to distinguish several lines in
the spectra is also increased (97). The increased chemical
shift may not only improve the accuracy of the
determination of compounds that are also seen at lower
field strengths, but it may also allow detection of other
compounds which may be used as biomarkers for the
evaluation of tumors. Recently, whole-body MRI scanners
operating at 7.0 T have become available (98), and research
in this field is very active. Although several technical
challenges still have to be overcome, the first MRS studies
at 70 T are promising and confirm the theoretical
advantages of performing MRS at higher field strengths (99,
100). For example, a recent volunteer study (99) that
compared 'H MRS of the brain at 4.0 T to that at 7.0 T,
reported that the spectral line width was increased by 50%
at 7.0 T, which resulted in a 14% increase in spectral
resolution at 7.0 T relative to 4.0 T. In addition, metabolite
quantification at 7.0 T was less sensitive to reduced SNR
than at 4.0 T, and the precision of metabolite quantification
and detectability of weakly represented metabolites were
substantially increased at 7.0 T relative to 4.0 T. Because of
the increased spectral resolution at 7.0 T, only one-half of
the SNR of a 4.0 T spectrum was required to obtain the
same quantification precision (99). Another recent study
(100) has shown that 'H MRS of the prostate is feasible at
7.0T, and allowed the detection of polyamines next to
citrate, creatine, and choline; these potential tumor markers
may improve the in vivo detection, localization, and
assessment of prostate cancer. Attempts are ongoing to
apply 7.0 T 'H MRS for the evaluation of tumors in other
body regions as well.

Other nuclear candidates for MRS include "C,
F, 2Na, and *'P (79). Phosphorus is fundamental to a
number of cellular processes, including energy metabolism
and membrane construction, and has attracted a lot of
attention for MRS. *'P MRS offers insight into processes
such as cell energy metabolism, tissue oxygenation state,
pH, and membrane turnover (79). It has shown some
promise to differentiate prostate carcinoma from benign
prostatic hypertrophy (101). Others have shown that it can
differentiate benign from malignant head and neck
neoplasms, can predict treatment response, and demonstrate
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therapeutic effects in head and neck cancer (102). It has
also been reported that *'P MRS pre-treatment
measurement of phosphoethanolamine and phosphocholine
content within non-Hodgkin’s lymphoma predicts long-
term response to treatment and time-to-treatment failure,
particularly when combined with the international
prognostic index (103).

Another exciting development is the use of
hyperpolarized contrast agents for molecular and metabolic
imaging (104, 105). Hyperpolarization is the general term
for a method of enhancing the spin-polarization difference
of populations of nuclei in a magnetic field. Since signal
intensity and SNR depend linearly upon polarization level,
this method makes it possible to visualize heteronuclei (i.e.
atomic nuclei other than 'H) that are normally not abundant
and/or have a low concentration in the human body.
Although all heteronuclei can be hyperpolarized, at the
moment only '>C has been used for in vivo MRI
experiments. This is due to the relatively high
gyromagnetic ratio (a constant for a specific nucleus that
relates the nuclear magnetic resonance frequency and the
strength of the external magnetic field) of '*C, which
increases its sensitivity, and to availability of dedicated
coils tuned to the '*C frequency. The highly increased
signal intensity that can be achieved through
hyperpolarization makes it possible to detect newly formed
3C compounds in very short times after injection of a
hyperpolarized '*C contrast agent without background
signal. This makes the visualization of molecules that
represent key steps of the cellular metabolism possible,
therefore providing a direct access to
physiological/pathological changes at the cellular level.
Using chemical shift imaging sequences, more than one
molecule can be visualized in the same anatomical region
(104, 105). For example, animal studies have shown that it
is possible to obtain maps of pyruvate, lactate, and alanine
within a time frame of <l minute after the intravenous
administration of '*C-hyperpolarized pyruvate, and
reported that tumors have a higher lactate concentration
than normal tissue and that lactate SNR levels may be
correlated to histological grade (106-108). The
hyperpolarized '*C-pyruvate technique may also be used
for detecting tumor response to treatment, as was shown in
in vitro and animal studies in lymphoma which reported
that the conversion of pyruvate to lactate in the tumor is
reduced following treatment (109), and may be an
alternative to FDG-PET for imaging tumor treatment
response (110). Besides hyperpolarized '"*C-pyruvate,
several other "“C-hyperpolarized molecules that may
enhance our understanding of tumor biology at the
molecular/metabolic level and that may improve the
evaluation of cancerous lesions are currently being
investigated (104, 105). An important prerequisite for
MRS-based molecular/metabolic imaging methods to be
widely accepted in routine clinical practice is
standardization of acquisition and analysis protocols.

5. CONCLUSION

A wide variety of functional imaging techniques
is available for wvisualizing and quantifying tumor
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physiology and tumor molecular processes in vivo.
Combined with structural imaging techniques, functional
imaging may improve the efficiency and effectiveness of
research in oncology, will help to characterize biomarkers
of disease and new endpoints for assessment of tumor
response, and, eventually, reduce cancer-related morbidity
and mortality by improving cancer screening, diagnosis and
staging, prognosis assessment, image-guided treatment,
assessment of treatment response, and detection of tumor
recurrence. Further research is warranted to establish the
clinical value and/or to optimize the clinical use of the
functional imaging techniques that have been described in
this review.
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