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Abstract. Biomarkers to predict or monitor therapy response are becoming essential components of drug

developer_s armamentaria. Molecular and functional imaging has particular promise as a biomarker for

anticancer therapies because it is non-invasive, can be used longitudinally and provides information on

the whole patient or tumor. Despite this promise, molecular or functional imaging endpoints are not

routinely incorporated into clinical trial design. As the costs of clinical trials and drug development

become prohibitively more expensive, the need for improved biomarkers has become imperative and

thus, the relatively high cost of imaging is justified. Imaging endpoints, such as Diffusion-Weighted MRI,

DCE-MRI and FDG-PET have the potential to make drug development more efficient at all phases,

from discovery screening with in vivo pharmacodynamics in animal models through the phase III

enrichment of the patient population for potential responders. This review focuses on the progress of

imaging responses to new classes of anti-cancer therapies targeted against PI3 kinase/AKT, HIF-1a and

VEGF. The ultimate promise of molecular and functional imaging is to theragnostically predict response

prior to commencement of targeted therapy.
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INTRODUCTION

Over the last decade, the changes in diagnostic imaging
have been nothing short of revolutionary. What used to be a
discipline focused on anatomy has been transformed to one that
can measure tissue function as well as expression of specific
molecules. This has occurred primarily through advances in
Magnetic Resonance Imaging (MRI) and Positron Emission
Tomography (PET) with somewhat lesser contributions from
other imaging modalities, such as Single Photon Emitted
Computed Tomography (SPECT), ultrasound and X-ray CT.

Therapeutic clinical trials are an important venue that
can be significantly impacted by the application of these
newer molecular and functional imaging modalities. As these
are applied in combination with molecular biomarkers, they
will guide the practice of oncology towards individualized
therapy. These imaging endpoints also have the potential to
make drug development and clinical trials more efficient.
Despite the promise and progress in molecular and functional
imaging, these approaches have yet to be incorporated into
the mainstream of clinical trial design. As of 2004, molecular
or functional imaging was only being used in approximately
10% of phase I/II anti-cancer therapy trials while toxicity and
pharmacokinetics have continued to remain as the familiar
gauge in determining recommended dose (1).

MOLECULAR AND FUNCTIONAL IMAGING
OF CANCER

Molecular imaging generally uses contrast agents or
tracers that interact with tissue in a molecularly specific
fashion, whereas functional imaging can use endogenous or
exogenous contrast to provide information on tissue pheno-
type or behavior. Because the demarcation between these
approaches is fuzzy, we prefer the single moniker, Molecular
and Functional Imaging. Because of its promise, substantial
resources have been put into molecular and functional
imaging of cancer over the last decade with the expectation
for exciting new research opportunities and clinical transla-
tion (http://imaging.cancer.gov/). Molecular and functional
imaging involves non-invasive measures that have distinct
advantages over traditional tissue sampling. Although tissue
biopsies provide important information regarding molecular
pathology, the sampled tissue may not adequately represent
the heterogeneity of tumors and furthermore cannot be
sampled longitudinally. Non-invasive imaging can allow for
repeated non-destructive assessment of molecular phenotype
and provide spatial and temporal information regarding
target organs, tumors or the entire body (2). Hence, molec-
ular and functional imaging can be used to complement
tissues biopsies and histopathological methods.

Another limitation of traditional monitors of anti-cancer
treatments is the lack of longitudinal information obtained
regarding metabolism and pathophysiology of individual
tumors during therapy. Such information would allow for
the early detection and monitoring of molecular or physio-
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logical alterations prior to changes in tumor size and could
guide the development of new targeted therapies. In practice,
a relatively limited set of imaging endpoints have been applied
to quantitatively monitor patient response to targeted anti-
cancer therapies. These include Diffusion-Weighted (DW)
MRI, Dynamic Contrast Enhanced (DCE) MRI, Magnetic
Resonance Spectroscopy (MRS) and PET studies using
fluorodeoxyglucose and other tracers (3–6).

MAGNETIC RESONANCE IMAGING

In Magnetic Resonance Imaging, patients are placed in a
strong magnetic field gradient that causes MR-active nuclei
to resonate at field-dependent frequencies. These are inter-
rogated by radiofrequency pulses to generate images. In
MRI, the observed signal is typically from the hydrogen
nuclei (protons) on water and fat molecules because (a)
hydrogen is the most sensitive biologically relevant NMR-
active atom and (b) it is highly abundant in vivo. Water
hydrogens are $ 110 Molar and the -CH2 methylene protons
on highly mobile lipids are also abundant enough to be
visible by MRI. Depending on need, either the lipid or the
water signal can be Bsuppressed,^ so that only the signals
from other classes of protons are visible. The images acquired
provide a wealth of information regarding tumor metabolism,
vascularization and pathophysiology (3,7). Moreover, non-
destructive data obtained from cell or animal models can be
readily translated over into the clinical setting. A large
number of imaging approaches are currently being used with
some of these being well-developed and applicable in the
clinic today (Table I). For the purpose of this review, we
will focus on Diffusion-Weighted and Dynamic Contrast
Enhanced MRI as the major MRI endpoints. These will be
compared and contrasted to FDG-PET scanning.

DIFFUSION-WEIGHTED MRI

Diffusion-Weighted MRI measures the random micro-
scopic motion of water protons by measuring signal decay
between two balanced pulses of magnetic field gradients. If
water is stationary, these pulses cancel each other out and
100% of the signal is obtained. If water is in motion, the
pulses have unequal effects and signal is lost according to the
relationship, S=S0 ejbD, where FD_ is the (apparent) diffusion
coefficient and Fb_ is a factor that includes the gradient pulses
strength, G, and the time between gradients pulses, D. The

higher the b-factor, the greater the diffusion weighting. In
tissues, the free diffusion of water is restricted by membrane
and protein barriers (3,8). Thus, water diffusion is lower in
tissues with high cell density than it is in pure water or tissues
with edema or low cellularity. In quantitative diffusion MRI,
a series of images are obtained at different b-values, and the
data are fit to the above relationship on a pixel-by-pixel basis
to generate maps of the apparent diffusion coefficient (ADC).
Thus ADC maps are able to detect microstructural changes in
cell membrane integrity and alterations in intra- vs.
extracellular compartments prior to changes in tumor
volume that occur with therapy (8). Diffusion-Weighted
MRI has been used clinically to measure therapy response
in brain tumors (9–14), GI cancers (15), osteosarcomas (16)
and metastatic breast cancer (17). These have generally
shown that an increase in ADC is observed early on (1–2
weeks) following commencement of successful therapy.
Notably, some studies have indicated that a low pre-therapy
ADC can predict response (18,19). As a low ADC is
observed in tissues with high cell density, these results
would suggest that tumors with higher cell density are more
likely to respond to therapy.

In pre-clinical animal models, increases in ADC have
been observed in cancers including fibrosarcomas, breast and
prostate in response to a wide variety of non-targeted
therapies, such as cisplatin, BCNU, taxanes and fluorouracil
(8). In RIF-1 tumors, treatment with cyclophosphamide
resulted in a 67% tumor cell kill which in turn lead to an
increase in ADC values within 2 days that was seen in
changes in tumor volume (20). In breast and prostate cancer
xenografts, an increase in the ADC is a predictor of response
to taxanes or combretastatin, which are targeted against
tubulins (21–24). A number of groups are beginning to
investigate the application of diffusion-weighted MRI to
monitor response to therapies targeted against specific signal
transduction pathways. In our group, Jordan et al. (5) demon-
strated a significant increase in ADC at 24 h and 36 h
following treatment with the HIF-1a inhibitor, PX-478, before
returning to baseline (Fig. 1). Chinnaiyan et al. (25) dem-
onstrated that ionizing radiation sensitized breast cancer cells to
tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) by the upregulation of a TRAIL receptor. DW-
MRI was used here to identify changes in cellularity due to the
combination of radiation and TRAIL and to assess its
therapeutic efficacy. Rustamzadeh et al. (26) examined the
efficacy of a human interleukin-13 and diphtheria toxin fusion
protein to target human glioblastoma cell lines in a murine
intracranial model using DW-MRI. DW-MRI was able to
assess cellular toxicity and detect reductions in tumor volume as

Table I. MR Imaging Biomarkers for Anti–cancer Therapies

Imaging Endpoint What it Measures and How it is Used Refs.

Low MW DCE-MRI Tumor blood flow, extraction rate (Ktrans), and interstitial volume.

Ktrans is reduced with anti-angiogenics but has high variance.

(43–48)

High MW DCE–MRI Vessel permeability, vascular volume fraction. Low Variance.

Sensitive to many drugs pre-clinically. Experimental in humans.

(49,50)

Diffusion-Weighted MRI Sensitive to the intra- and extracellular volume ratio.

Changes in response to cytotoxic therapies.

(5,8)

FDG-PET Uptake and trapping of glucose analog.

Metastatic cancers have elevated glycolysis and FDG trapping.

(51,52)
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well as support the efficacy of this fusion protein in an
intracranial model.

DYNAMIC CONTRAST ENHANCED MRI

Dynamic Contrast Enhanced MRI follows the time
course of signal enhancement following a bolus injection of
a contrast agent into the vasculature. DCE-MRI is non-
invasive and is sensitive to tumor perfusion parameters of
vasculature volume, vascular permeability and flow. Serial
images are acquired before, during and after injection of
contrast agents which are typically chelates of lanthanides,
most commonly gadolinium (Gd) (5,27). Transition element

metals such as manganese (28) and iron (29) have also been
used as contrast agents.

The intensity of enhancement as the contrast agent washes
in and out of the intravascular and extravascular spaces provide
information regarding the vasculature and permeability and
can be used to discriminate between benign and malignant
tissues. Typically more aggressive tumors are characterized by
a rapid enhancement followed by a subsequently rapid wash-
out period (30,31). Small molecular weight contrast agents
such as Gd-DTPA are currently being used extensively in the
clinics. However, these small molecular weight agents are not
ideal to distinguish changes in perfusion that occur with
therapy, because their wash-in and wash-out kinetics are so
rapid, which necessitates rapid image acquisition and conse-
quent reduction in image resolution. Furthermore, the
vascular permeability is generally high, and thus these small
agents will continue to extravasate even after therapy (3).
Larger molecular weight molecules such as Gd-DTPA
conjugated to Bovine Serum Albumin (Gd-DTPA-BSA),
Gadomer-17 (Schering) or P-792 (Guerbet) may be more
attractive as they can discriminate between more or less leaky
microvessels. Hence, they may provide a fuller picture of the
vasculature and permeability networks due to their longer
intravascular retention times (7). Jordan et al. (5) demonstrated
a dramatic reduction in tumor blood vessel permeability using
Gd-BSA within 2 h following treatment with PX-478 (Fig. 2).
DCE-MRI has enormous potential to measure tumor response
to anti-cancer therapies that affect angiogenesis or perfusion.

18 F-FLUORODEOXYGLUCOSE POSITRON
EMISSION TOMOGRAPHY AND GLUCOSE UPTAKE

Positron Emission Tomography is a radiological technique
that involves the acquisition of physiologic images based on the
detection of radiation from emitting positrons. In general,
radioactive nuclei are introduced to the body as labels on tracer
molecules. Frequently used tracers for PET imaging include
15 O, 13 N, 11 C and 18 F. These radioactive nuclei emit positively

Fig. 2. Permeability maps of tumors at 2, 12, 24, and 48 h following injection of vehicle (control) or PX-478 (drug) injection. Each image

represents an axial slice of the mouse with the tumor area encircled. A substantial decrease in tumor permeability was observed as early as 2 h

following treatment and continuing until 24 h, in comparison to controls.

Fig. 1. DW images at a b value of 25 (top row) and corresponding

diffusion maps (bottom row) of an HT-29 tumor-bearing mouse at 0,

24, and 48 h following PX-478 injection. Decrease in tumor

cellularity was noted at 24 and 36 h following treatment as indicated

with an increase in ADCw values. Each image represents an axial

slice of the mouse with the tumor area encircled and indicated by an

arrow.
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charged positrons that annihilate with an electron in tissue to
produce a reaction resulting in the release of two 512 keV
gamma rays that are 180- apart. These gamma rays easily pass
through tissues where they are captured by a ring of detectors
that detect simultaneously occurring events. Coincidence
detection is used to pinpoint the source by a straight line
along which the event took place (32).

PET has drawn much attention particularly in the early
detection and staging of cancer and in evaluating response to
therapy. Another powerful aspect of PET imaging is its
ability to generate whole-body images, which is ideal for
examining metastatic disease. Metastatic cancers invariably
have increased glucose metabolism and, hence, they rapidly
take up and phosphorylate (trap) 18Fluorodeoxyglucose
(18FDG). 18FDG is used in more than 90% of all cancer-
related PET scans (33). It is transported via the glucose
transporter GLUT-1 (or GLUT-3) into the cell where it is
phosphorylated by hexokinase (II) and hence, trapped. The
rate of 18FDG trapping is used as a marker of malignancy as
more aggressive tumors take up glucose more avidly due to an
upregulation of glucose transporters (GLUT 1 and 3 ) and
hexokinases (I and II) (34,35). Tissues with increased glucose
uptake have positive 18FDG PET scans with specificity and

sensitivity around 90% (36); Fig. 3). Numerous studies
involving 18FDG PET have also correlated poor prognosis
and tumor aggressiveness with increased 18FDG uptake
(37,38). In addition to staging tumors, 18FDG PET has
proven to be efficacious in evaluating response to therapy in
a variety of cancers including breast (39,40), lung (41) and
colorectal (42) by monitoring glucose uptake following
treatment. The clinical relevance here is early identification
of response to therapy and as a result more individualized and
effective treatment to patients.

THE NEED FOR BIOMARKERS IN DRUG
DEVELOPMENT

The achievements in molecular oncology in the past
decade have been remarkable. With these, the hope of
improved clinical outcomes has risen. Despite this potential,
there has been a decrease in the number of new drugs to reach
the market, and in recent years a decrease in the number of new
drug applications (53). A possible reason for this is costs as the
development of new therapies is becoming prohibitively
expensive. It has been estimated that $1.6 billion in research
and development is spent (equally split between government
and PhRMA) for each new approved drug (54). This cost is
approximately 50% higher than just 10 years ago and this
increase has primarily occurred in the cost of conducting
clinical trials where sensitivity, stability and reproducibility are
all rigorously tested. These costs are being transferred over to
the patients as the average cost of newly targeted cancer
treatments has increased from about $20,000 / patient / year to
roughly $100,000 / patient / year (55,56). Hence, there is a
significant interest and effort towards reducing the costs of
clinical trials by making them more efficient. Biomarkers are a
quantifiable process that respond to, or predict, drug action. It
is hypothesized that appropriate biomarkers can improve
efficiency, and hence reduce costs, during all phases of drug
development.

The advantage of using biomarkers is proof-of-principle
studies that can be done for novel targeted therapies early on
in the developmental process. This will allow for a more
streamlined approach in identifying efficacious targets that
will improve clinical outcome. Identifying these targets has
multifaceted benefits to the patient and to investors. To the
patient the greatest advantage would be early detection and
more individualized treatment based on their tumor charac-
teristics, as the heterogeneity of tumors are far more complex
than originally thought. A perfect example is the recent
identification of a large number of previously uncharacter-
ized candidate cancer (CAN) genes in breast and colorectal
cancers by Velculescu et al. (57) at Johns Hopkins. These
genes, which affect a wide variety of cellular functions,
provide potentially new therapeutic targets and reinforces
the need for individualized treatment based on tumor type
and individual characteristics and less to generic treatments.
Patient stratification based on targeted therapies can guide
treatment decisions. An example is herceptin, a drug given to
breast cancer patients who overexpress the Her-2/neu receptor.

Identifying therapies for individual patients can prevent
adverse drug reactions and increase survival by avoiding inef-
fective treatments. To PhRMA, identifying sub-populations

Fig. 3. Position Emission Tomography imaging with 18fluorodeoxyglucose

of a patient with lymphoma. The mediastinal nodes (purple arrow)

and supraclavicular nodes (green arrows) show high uptake of
18fluorodeoxyglucose (FDG), showing that tumors in these nodes

have high levels of FDG uptake. The bladder (yellow arrow) also has

high activity because of excretion of the radionuclide.
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that will respond to therapy will help in the development of
more targeted drugs therapies at reduced costs. In choosing
appropriate markers, one must consider not only its sensitivity
and specificity but also the feasibility and ease with which they
can be translated over to the clinical setting. Non-invasive mo-
lecular imaging has enormous potential to improve clinical trial
efficiency and aide in the development of targeted therapies.

IMAGING BIOMARKERS

An important hypothesis that remains to be proved is
that molecular and functional imaging can make clinical trials
more efficient. Imaging can potentially impact all areas of
drug development (Table II). In drug discovery, in vivo
imaging can be used to measure pharmacodynamics in high
cell content and animal-based drug screens. In phase I
clinical trials, biomarkers can be used to monitor pharmaco-
dynamics by determining dose response of imaging end-
points. In phase II, changes in imaging parameters can be
used to monitor therapy response and, in some cases, predict
clinical outcome. During phase II, images are obtained pre-
therapy and these can be analyzed retrospectively to
determine if a functional imaging biomarker was predictive
of sensitivity or response. If so, phase III could incorporate
the use of biomarkers as an inclusion criteria, which would
have a great impact on clinical trial efficiency. Phase IV and
clinical practice would then use these biomarkers as an
indication for use of the drug. Moreover, the utilization of
imaging biomarkers to stratify patients based on therapy
response can reduce the numbers of patients required for
clinical trials by up to 16-fold (58,59). Streamlining clinical
trials to be even slightly more efficient can easily translate to
millions of dollars in savings and a decrease in the time for a
drug to reach the market (60).

Molecular and Functional imaging biomarkers have gen-
erated interest because they are able to identify the location of
disease as well as be used thera(g)nostically to assess response,
diagnose and segment patients based on response, and elucidate
the mechanisms of therapy response and resistance. An
underlying hypothesis in our laboratory is that pre-clinical
imaging in appropriate animal models can be predictive of
responses in humans. If true, this would be advantageous in that
many more imaging endpoints can be tested in animals in less
time and for less money, than in humans. Furthermore, the
issue of which imaging biomarker is appropriate and at what
time post-therapy could be better elucidated early on. Testing
this hypothesis depends critically on having a substantial base of
animal data for drug-tumor combinations. This will also depend

on having a clinical trial environment receptive to the use of
these data.

The incorporation of imaging endpoints into clinical
trials is being supported by initiatives from the Food and
Drug Administration (FDA), the National Institutes of
Health (NIH), the Radiological Society of North America
(RSNA), Pharmaceutical Research and Manufacturers of
America (PhRMA), the American College of Radiology
(ACR), the Society of Nuclear Medicine (SNM) and the
Association of American Cancer Institutes (AACI). These
are being organized into a network wherein the RSNA and
ACR are spearheading the adoption of uniform protocols for
imaging in clinical trials, UPICT (http://upict.acr.org/).
PhRMA is working on an agreement for data sharing
amongst its members, the FDA and the NIH, as part of their
Critical Path Initiative have developed (and are continuing to
develop) guidelines for the inclusion of imaging data into drug
approval (http://www.fda.gov/cder/regulatory/medImaging/
default.htm). Additionally, the NIH in partnership with the
AACI has established a national consortium of Imaging
Response Assessment Teams (http://www.aaci-cancer.org/).

TARGETED THERAPIES

The utilization of molecular imaging to identify response
to therapy relies on having validated cancer drug targets.
Ideal cancer targets are those that are specific to molecules
involved in proliferation and apoptosis, cell invasion and
metastatic spread, and angiogenesis but yet are not toxic to
normal cells. Over the past five years, the number of novel
targets has risen as signaling pathways involved in cancer
progression have become better elucidated (61,62). For the
purposes of this review, we will focus on three anti-cancer
therapy targets to represent targets where there has been no
imaging (PI3K-AKT); a little imaging (HIF1-a) and exten-
sive imaging (VEGF/VEGF-R).

PHOSPHATIDYLINOSITOL-3-KINASE (PI3K)-AKT

Phosphatidylinositol-3-kinase is a key regulator of fun-
damental cellular functions including transcription, transla-
tion, proliferation, growth and survival (63,64); Fig. 4).
Constitutive activation of the PI3K-AKT signaling pathway
has been associated with the development of cancer and drug
resistance (65–67) as well as diabetes and autoimmunity
(68,69). PI3K, a heterodimeric lipid kinase composed of
regulatory and catalytic subunits, is responsible for the
phosphorylation of the 30-OH group of the inositol ring to
produce phosphatidylinositol-3,4,5-triphosphate (PIP3). The
PTEN (phosphatase and tensin homologue deleted on
chromosome 10) tumor suppressor is a PIP3 phosphatase
that acts to convert PIP3 back to PIP2. It is inactivated
through deletion or mutation in many cancers resulting in
constitutively high levels of PIP3 (64). PIP3 acts as a scaffold
for plekstrin-homology (PH) domain containing proteins
such as AKT. AKT is a 57 kD member of the Ser/Thr kinase
family that acts downstream of PI3K to regulate processes
involved in cell survival and proliferation (70). There are
three mammalian AKT genes, AKT1(PKBa), AKT2(PKBb),

Table II. Imaging Applications

Stages of Imaging

Discovery High content screening in vitro and in vivo

Phase I Noninvasive measure of in vivo

pharmacodynamics and pharmacokinetics

Phase II Quantitative biomarker of therapy response

Phase III Predictive biomarker of response for patient

segmentation in trials

Clinical Practice If approved, imaging results can be used

as indicator
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and AKT3(PKBg) that are widely expressed in various
tissues (67). Following binding of the PH domain to PIP3,
AKT is translocated to the plasma membrane where it is
activated via phosphorylation on Thr308 and Ser473 by
membrane kinases, such as phosphoinositide-dependent
kinase 1 and 2 , PDK1 and PDK2 (67,71–73). Activated
p-AKT phosphorylates a number of targets involved in cell
growth, metabolism and survival.

Targeted Therapy and Functional and Molecular Imaging

PI3K inhibitors are a major target in inhibiting AKT
activation and tumor progression. Wortmannin, LY294002
and PX-866 are anti-cancer drugs used in inhibiting the PI3K-
AKT pathway. Wortmannin and LY294002 are potent
inhibitors of PI3K and have been shown to sensitize tumor
cells to other targeted therapies including chemo- and

Fig. 5. Permeability maps of HT-29 tumors following injection of PX-866. A decrease in tumor permeability was observed at 48 h following

therapy. Each image represents an axial slice of the mouse with the tumor area encircled.

Fig. 4. PI3K-AKT pathway and the downstream effects of phosphorylated AKT.
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radiotherapy (74–77). PX-866, a PI3K inhibitor with selec-
tivity for p110a, is a biologically stable synthetic viridian
related to wortmannin. PX-866 has demonstrated single
agent anti-tumor activity in A549 human non-small cell lung
cancer (NSCLC) and human ovarian cancer (OvCar-3)
xenografts as well as increases in the anti-tumor effects of
cisplatin and radiation treatment (73). In our group, prelim-
inary data using PX-866 has shown a reduction in perme-
ability 48 h post-therapy in HT-29 tumors (Fig. 5).

Another important target downstream in PI3K-AKT
pathway that upregulates cell growth and proliferation is the
mammalian target of rapamycin (mTOR). mTOR is a
current target for anti-cancer therapies, such as rapamycin
and it analogues (CC1779, Rad 001, AP23573 and AP23841).
CCI-779 is the most extensively studied analogue with
efficacy having been shown in Phase II clinical trials in
patients with renal cell carcinomas and glioblastomas (78,79).
Moreover, CCI-779 has demonstrated decreased growth in a
range of tumors with PTEN mutations including breast and
other cancer models (80–82).

A recent seminal paper by Rosen_s group at Memorial
showed that, when BAD is phosphorylated by AKT or MAP
kinase, it is sequestered by the 14-3-3 protein, and prevented

from inhibiting the anti-apoptotic BCL-2 and BCL-XL
proteins (83). Hence, activation of MAPK through EGFR
or activation of AKT through inhibition of PTEN will inhibit
apoptosis. Rosen also showed that PTEN deficient breast
cancer cells were resistant to gefitinib but were re-sensitized
if PTEN activity was restored.

The use of molecular imaging in detecting early target
inhibition in the PI3K-AKT pathway has been extremely
limited. However, since the PI3K pathway directly targets
glucose uptake and metabolism, there is significant potential,
particularly in the area of functional imaging and the use of
18FDG PET.

HYPOXIA INDUCIBLE FACTOR (HIF)

Oxygen homeostasis is a highly regulated process.
Hypoxia Inducible Factor (HIF)-1 is recognized primarily
for its role in the maintenance of oxygen and energy
homeostasis. HIF-1 mediates a pleiotropic response to
hypoxic stress by inducing more than 40 genes involved in
energy metabolism, iron metabolism and angiogenesis (84).
An increase in HIF-1a resulting from intratumoral hypoxia,

Fig. 6. HIF-1a is stabilized by a number of factors, including (CCW from top) hypoxia, cyclooxygenase-2, insulin-like growth factor-2/EGF

receptor, microtubule stabilization, PI3 kinase/Akt, heat shock protein-90, thioredoxin and histone deacetylase. All of these are targets for

therapies, indicated in red. HIF-1a is a survival factor and this, combined with hypoxic induction of xIAP (inhibitor of apoptosis) will lead to

increased survival, measurable with diffusion MRI. HIF-1a induction of glycolysis via glucose transport and phosphorylation is measurable

with FDG-PET. HIF-1a induction of angiogenesis via VEGF and its receptor are measurable via dynamic contrast enhanced MRI. Thus the

actions of these drugs is potentially measurable by these relatively distal imaging biomarkers.
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genetic alterations or a combination of both leads primarily
to increased transcription of angiogenic genes (e.g., VEGF)
and altered glucose metabolism (85).

HIF-1 is a heterodimer that functions as the master
regulator of oxygen homeostasis. It is composed of two con-
stitutively expressed HIF-1a and HIF-1b subunits that are basic
helix-loop-helix-PAS domain proteins (86). HIF-1b is ubiqui-
tously expressed whereas HIF-1a is destabilized under nor-
moxic conditions. In the presence of oxygen, HIF-1a (120 kD)
is regulated by prolyl hydroxylases that hydroxylate two
specific proline residues (564 and 402) on HIF-1a (85,87,88).
This enzymatic modification allows for the binding of the Von
Hippel-Lindau (VHL) tumor suppressor protein, the recogni-
tion component for ubiquitin ligase, leading to immediate
ubiquitination and proteasomal degradation of the a subunit
(89–91). In normoxia, the half-life of HIF-1a is less than 10 min
at which point the protein is almost completely undetectable
(89). Under hypoxic conditions, oxygen availability is limited
resulting in erythropoiesis through the production of erythro-
poietin (EPO) and in angiogenesis to increase oxygen delivery
(92). Furthermore, the expression of certain glycolytic
enzymes (aldolase A and C, enolase 1, hexokinase 1 and 3,
lactate dehydrogenase A, phosphofructokinase L and phos-
phoglycerate kinase 1), glucose transporters (GLUT 1 and 3),

and growth factors (insulin-like growth factor 2) are upregu-
lated to adapt to the changing energy needs and to promote
tumor cell survival (85). In hypoxia, the prolyl hydroxylases
become inactivated, preventing the binding of VHL, resulting
in HIF-1a escaping both ubiquitination and proteasomal
degradation (91). HIF-1a is then transported to the nucleus
where upon dimerization with HIF-1b an active transcription
factor complex is formed that binds to regions of DNA known
as hypoxia response element (HRE), an upstream promoter
region of target genes (92).

Intratumoral hypoxia and genetic alterations including loss
or inactivation of VHL, p53, or PTEN, or activation of Ras or
pAKT can result in the overexpression or stabilization of HIF-
1a in many cancers (93,94). Thus, HIF-1a can remain elevated
even under normoxic conditions (95) and can be induced by a
variety of other stimulants including nitric oxide (96), insulin-
like growth factor (97,98), HER2neu (99) and prostaglandin E2
(100). In the setting of cancer, accumulation of HIF-1a protein
is associated with highly aggressive tumors and a poorer
patient prognosis (85). For instance, in both breast and brain
tumors, a significant relationship exists between HIF-1a levels
and tumor grade (101,102). The accumulation of HIF-1a can
result in altered glucose metabolism and tumor progression
resulting ultimately in treatment failure.

Fig. 7. VEGF Signaling and downstream effects of activation.

1179Functional and Molecular Imaging Response to Targeted Therapies



Targeted Therapy and Functional and Molecular Imaging

Targeting the HIF-1a signaling pathway to inhibit tumor
progression is attractive as hypoxic tumors limit the effective-
ness of chemo- and radiotherapies, and the fact that HIF-1a
can be stabilized by a number of other factors, most of which
are drug targets (103). These are shown in Fig. 6, along with
the sequelae of HIF-1a activity, namely survival, glucose
transport and expression of VEGF, which can be measured
non-invasively with Diffusion-Weighted, FDG-PET, and
DCE-MR imaging, respectively.

There are currently four major areas of research in
hypoxia related drug therapy: direct inhibitors of HIF-1,
indirect inhibitors of HIF-1 through other signaling cascades,
hypoxia regulated genes and hypoxia activated agents (104).
PX-478 has been the pioneer drug in demonstrating direct
reductions in HIF expression (105). Additionally, 103D5R, a
novel small molecule inhibitor of HIF-1a, has shown promise
in directly inhibiting protein expression in xenografts (106).

Using PX-478, Jordan et al. (5) observed a dramatic
reduction in tumor blood vessel permeability within 2 h,
followed by a significant (almost 2-fold) increase in tumor
diffusion (ADC) within 24 h of treatment. Tumor cellularity,
estimated from ADC, was significantly decreased 24 h and
36 h after treatment. Based on these studies, Diffusion-
Weighted and DCE MRI data will be collected from patients
in the clinical trials of PX-478. Additional molecular and
functional imaging of HIF-1a inhibitors has been limited.

VASCULAR ENDOTHELIAL GROWTH FACTOR
(VEGF)

VEGF, a homodimeric glycoprotein with a molecular
weight of 45 kD, is a key player in angiogenesis and in tumor
progression. In the initial stages of tumor growth, tumor cells are
fairly dormant with cellular proliferation being balanced by
apoptotic rate (107). Tumors beyond 500 mm must be
vascularized in order to avoid necrosis and/or apoptosis
(108,109). As the tumor grows, it quickly outgrows its
vasculature that supplies essential nutrients and oxygen. If an
adequate blood supply cannot be found, the Bangiogenic
switch^ will be triggered as a result of low pO2, low pH and
low glucose (110). The hypoxic tumor cell releases transcription
factors such as hypoxia inducible factor that stimulate proan-
giogenic growth factors such as platelet-derived endothelial cell
growth factors (PDGF), fibroblast growth factors (FGF),
transforming growth factors (TGF), interleukins (IL) and
vascular endothelial growth factors (VEGF) to be released.
VEGF is normally expressed during embryogenesis (111–113),
the reproductive cycle (114) and wound healing (115).

In the setting of cancer, VEGF plays a multifaceted role in
tumor progression. Upon release, VEGF binds to two receptor
tyrosine kinases (VEGF-1 and -2) triggering signaling cascades
involved in angiogenesis and cell migration (Fig. 7). In addition
to inducing the sprouting and growth of new blood vessels,
VEGF increases vascular permeability allowing for the leakage
of plasma proteins in tumors (116). Activated endothelial cells
release matrix metalloproteases (117) that degrade the base-
ment membrane and the extracellular matrix. Furthermore,
VEGF protects the newly formed vasculature from destruction

by inducing anti-apoptotic signals such as BCL-2 (118) and
survivin (119). It is important to note that the newly formed
vasculature is functionally and structurally distinct from
normal tissue.

Imaging Has Shown Tumor Perfusion to Be Heterogenous

The homeostatic regulation of the vascular network is
crucial toward maintaining tissue function (120). A mature
vasculature must adapt to changing metabolic demands
through adjustments in blood flow in vessels in order to
provide adequate perfusion to maintain oxygen tensions,
physiologic pH and adequate levels of glucose and other
nutrients (121). This requires a highly coordinated system
that is able to relay information both upstream and down-
stream of local conditions and respond via synchronized
changes in diameters of vessels along flow pathways (120).
Dysregulation of this system, as in solid tumors, lead to a
chaotic vasculature containing regions of long, tortuous
vessels coexisting with numerous short vessels and shunts
(121,122). Specifically, features of a chaotic vasculature include:
spatial heterogeneity and chaotic structures, arterio-venous
shunts, acutely collapsed and transiently collapsing vessels,
poorly differentiated, fragile and leaky vessels, and a vascula-
ture unable to meet the demands of cancer cells (123).
Consequently, blood flow and resistance in vessels become
unbalanced contributing to heterogeneous perfusion (43).
Paradoxically, heterogeneously perfused angiogenic tissue are
not only poorly perfused but also hypoxic as a result of
unbalanced resistance and blood flow through vessels stimu-
lating even further VEGF production (122).

Targeted Therapy and Functional and Molecular Imaging

VEGF plays a crucial role in tumor growth and metas-
tasis in many epithelial derived cancers including colorectal
(124), breast (125), lung (126) and cervical (127). It is an
attractive target as it can be altered without affecting normal
physiology and be used as a prognostic indicator of angio-
genesis (128). Additionally, since VEGF is a circulating
molecule, penetrating the tumor is not crucial as in other
drug therapies (128). Current anti-angiogenic therapies are
targeted against either VEGF or its tyrosine kinase receptors.
In 2004, the FDA approved the first anti-angiogenic drug
(bevacizumab) to be used in combination with chemotherapy
for metastatic colorectal cancer. In 2006, sunitinib received
FDA approval for the treatment of metastatic renal cell
carcinoma and gastrointestinal stromal tumors (129). Other
experimental anti-angiogenic drugs include AG-013736, Bay
57-9352, SU5416, SU6668, PTK787, ZD6474 and DC101 all
targeting tyrosine kinase receptors. Dynamic Contrast En-
hanced MRI has played a strong supportive role in assessing
tumor vascularity and permeability following treatment of
agents such as bevacizumab (130), PTK787 (131,132), AG-
013736 (133,134), and sunitinib (135).

Bevacizumab, a humanized monoclonal antibody against
VEGF, has demonstrated the greatest success in both human
and animal models. In various clinical phase trials, bevacizu-
mab in combination with chemotherapy has demonstrated
increased response rates, median time to disease progression
and median survival time (136,137) in patients with untreated

1180 Stephen and Gillies



metastatic colorectal cancer. In animal xenograft models,
bevacizumab has demonstrated a marked decrease in vascu-
lar density, permeability and interstitial pressure (5,138).
DCE-MRI has supported these data through vascular param-
eters that indicated reduced angiogenesis (5,130,139).

PTK-787/ZK222584, as part of phase I clinical trials has
shown reductions in flow, permeability and vascular surface
area in colon cancer patients (5,131,132). AG-013736, an oral
angiogenesis inhibitor, has also demonstrated a decrease in
tumor vascular parameters in patients with advanced solid
tumors following acute dosing (133). Li et al. (134) gave
further credence to utilizing DCE-MRI through assessment
of the heterogeneity in the angiogenic response to AG-
013736 by voxel analysis.

Sunitinib, a multi-targeted tyrosine kinase inhibitor,
demonstrated early anti-angiogenic effects using DCE-MRI
following a single dose administration. A 42% and a 31%
decrease was observed in vascular permeability and in initial
area under the concentration time curve using a macromo-
lecular (Gd-DTPA-Albumin) and low molecular weight (Gd-
DTPA) contrast agent respectively (135). This is particularly
promising as the current clinical contrast agents are low
molecular weight agents.

The use of FDG-PET in detecting response to anti-VEGF
therapies has been limited. Jennens et al. (140) demonstrated
early metabolic response to SU5416 (semaxanib), a potent
VEGF receptor inhibitor, on a FDG-PET scan within 2 weeks
of therapy in a patient with probable Von Hippel Lindau
syndrome and metastatic renal cell cancer. Further reduction
in both extent and intensity of FDG uptake in all tumor sites
was observed at 4 weeks and a complete metabolic response at
12 months following treatment. This study demonstrates the
potentially significant role of FDG-PET as a biomarker in the
early response to anti-VEGF therapies.

CONCLUSIONS

The rise in deaths due to cancer in conjunction with
rising drug development costs have forced the research
community to think outside of the box. A majority of the
development costs are tied up in clinical trials in order to
verify safety, sensitivity, efficacy and reproducibility, of
which none can be compromised. Therefore, the goal has
been to make clinical trials more efficient and thereby
mitigate associated costs of drug development and clinical
trials. Imaging biomarkers, particularly functional and molec-
ular imaging, have the potential to do this through validation
of drug targets, confirming mechanisms of action and ther-
agnostically predicting early responders to drug treatment.

Despite the promise and progress of molecular and
functional imaging, imaging has not been incorporated into
clinical trial designs and has seen only limited action in
experimental animal studies. The existing bodies of work,
however, have demonstrated significant potential for imaging
in acquiring information regarding cellularity, metabolism and
vasculature using Diffusion-Weighted MRI, FDG-PET, and
DCE MRI respectively. The three targets (PI3K-AKT, HIF-1a,
and VEGF) discussed in this review have significance in regards
to their role in tumor progression but also in their potential to
be used by the aforementioned imaging endpoints. Ultimately,
application of molecular and functional imaging can be

expected to result in significant savings in time and costs during
all stages of drug development and testing.
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