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1. ABSTRACT 
 
 Molecular imaging comprises a range of 
techniques, spanning not only several imaging modalities 
but also many disease states and organ sites.  While 
advances in new technology platforms have enabled a 
deeper understanding of the cellular and molecular basis of 
malignancy, reliable non-invasive imaging metrics remain 
an important tool for both diagnostics and patient 
management.  Furthermore, the non-invasive nature of 
molecular imaging can overcome shortcomings associated 
with traditional biological approaches and provide valuable 
information relevant to patient care.  Integration of 
information from multiple imaging techniques has the 
potential to provide a more comprehensive understanding 
of specific tumor characteristics, tumor status, and 
treatment response. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

The earlier and more accurate detection and 
diagnosis of cancer, as well as accompanying therapy, will 
doubtless be enabled by enhanced imaging procedures and 
diagnostic technologies.  Recent progress in new 
technology platforms such as proteomic analysis using 
mass spectroscopy or gene analysis using microarrays may 
help identify the hallmarks of malignancy from samples of 
tissues or body fluids.  While potentially powerful, these 
procedures are inherently invasive and are often plagued by 
sampling error and the small size of available biological 
samples.  Thus, reliable non-invasive imaging metrics will 
play a major continuing role in obtaining information on 
the location and extent of cancer, as well as assessing tissue 
characteristics that can predict and interrogate treatment 
response and guide patient management. Hence, 
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considerable efforts are currently aimed at the development 
of improved imaging methods for the detection and 
evaluation of tumors, for identifying important 
characteristics of tumors such as the expression levels of 
surface receptors that may dictate what types of therapy 
will be effective, and for evaluating their response to 
treatments. Some imaging techniques depict specific 
cellular and molecular markers of disease, while others 
report on more general features such as cell density, blood 
flow, and metabolism which are not specific hallmarks of 
cancer. In this review we discuss the role of molecular and 
functional imaging in cancer and describe the use of 
selected quantitative imaging techniques for characterizing 
tumors that can be translated to clinical applications, 
particularly within the context of evaluating novel 
therapeutics and regimens. We also demonstrate how 
integrating the information from multiple imaging 
techniques may be used to provide a more comprehensive 
understanding of tumor status. 
 
3. IMAGING BIOMARKERS AND MODALITIES 
 
3.1. Proliferation assessment by FLT-PET 

Noninvasive imaging approaches designed to 
longitudinally assess cellular proliferation offer 
considerable advantages over invasive approaches that rely 
upon serial biopsy.  For this reason, investigation into 
suitable methodologies for imaging proliferation has been 
undertaken by a number of groups.  Historically, several 
PET tracers that are precursors for DNA synthesis have 
been explored and include (11C) and (18F) labeled 
nucleosides and structural analogues (1-3).  One of the 
most promising nucleoside-based imaging probes described 
thus far has been 3’-deoxy-3’ (18F)-fluorothymidine, 
(18F)-FLT (4-8).  Theoretically, (18F)-FLT and other 
nucleoside-based tracers may serve as surrogate markers of 
proliferation by reporting the activity of the thymidine 
salvage pathway, a cellular mechanism that utilizes uptake 
of deoxyribonucleosides from the extracellular 
environment to provide dividing cells with DNA 
precursors.  Like other nucleosides such as thymidine, 
cytidine, and guanosine, (18F)-FLT is thought to be 
transported across the cell membrane by facilitated 
diffusion via low-affinity, non-concentrative nucleoside 
carrier proteins that are conserved across nearly all animal 
cells (9).  Upon cellular internalization, (18F)-FLT is 
monophosphorylated in a reaction catalyzed by the 
cytosolic enzyme thymidine kinase 1 (TK1).  Unlike 
thymidine, (18F)-FLT is not readily incorporated into DNA 
(10), yet phosphorylation to (18F)-FLT monophosphate 
results in intracellular trapping and subsequent 
accumulation.  In many tissues, TK1 activity is regulated at 
transcriptional, translational, and post-translational levels 
(11) and activity tends to be closely correlated with the 
DNA synthesis phase of proliferating cells (typically late 
G1 through S).  However, TK1 activity is typically 
diminished in quiescent, non-proliferating cells (4, 12, 13).  
Many pre-clinical and clinical studies have been published 
since the late 1990’s exploring the utility of (18F)-FLT 
PET imaging as a quantitative metric to assess cellular 
proliferation in various species, tumor types, and organ 
sites (4-8, 12).   

A fundamental understanding of the biological 
basis of FLT uptake limits the translatability of this tracer 
for broad scale clinical use in oncology.  Currently, the 
relationship between (18F)-FLT uptake, TK1 biology, and 
cellular proliferation is not widely understood across 
various tumor types.  Research published thus far has 
documented varying degrees of correlation between (18F)-
FLT uptake and histological markers of proliferation such 
as Ki67 labeling indices.  A rationale for this discrepancy 
can potentially be explained in a number of ways.  As noted 
above, a central premise behind the use of (18F)-FLT 
uptake as a surrogate biomarker of proliferation is that 
dividing cells utilize thymidine salvage as a source of 
nucleoside precursors for DNA synthesis.  While this 
premise holds true in certain situations, thymidine salvage 
is not a prerequisite for cell survival in replicating 
mammalian cells.  In fact, thymidine salvage is a 
complementary route for providing cells with nucleosides 
with de novo synthesis of nucleosides being fully capable 
of providing all the DNA precursors needed for cell growth 
(11).  Thus, (18F)-FLT uptake (if observed) in tumors 
relying predominately or completely on de novo nucleoside 
synthesis may poorly inform proliferation status compared 
with tumors that rely more heavily on thymidine salvage.  
At the present time, the prognostic and therapeutic 
implications for tumors that utilize de novo nucleoside 
synthesis versus thymidine salvage are not well understood 
within the field of cancer biology. 

 
In addition to variations in cellular nucleoside 

utilization, differences in TK1 molecular biology likely 
contribute to a portion of the variability observed in (18F)-
FLT PET imaging of tumors.  A significant amount of 
research has been carried out towards understanding 
cellular regulation of TK1 expression and relevant 
biological factors that affect TK1 activity.  Much of this 
research, however, has not yet translated directly into a 
broad understanding of (18F)-FLT uptake in tumors.  At 
the genetic level, TK1 has been thoroughly characterized in 
normal cells; the gene is located on chromosome 17 and 
was cloned as early as 1983 (14).  Despite the fact that TK1 
activity tends to be highly regulated throughout the cell 
cycle and closely correlates with S-phase in normal cells, it 
has been shown that both overexpression of thymidine 
kinase mRNA (15) as well a defective p53 response (16) 
can lead to loss of cell cycle control of TK1 expression.  
Both of these conditions are common in tumor cells (10).  
Without compensation from TK1-specific proteolytic 
enzymes that degrade TK1 when expressed outside of S-
phase, near-constitutive expression of TK1 could lead to 
greater intracellular concentrations of the enzyme and thus 
increased accumulation of (18F)-FLT in a given tumor.   

 
Defects in cell cycle regulatory molecules can 

affect TK1 expression and activity in tumor cells.  It has 
been shown that TK1 expression is negatively regulated via 
a p53/p21 dependent mechanism (17).  Cyclin D, cyclin E, 
and p21 regulate the tumor suppressor retinoblastoma gene 
product (Rb), which when hypophosphorylated (ppRb) 
releases E2F transcription factors (18-20) to activate other 
downstream genes including TK1.  Tumor cell defects in 
any of these cell cycle regulatory molecules are common 
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Figure 1.  Assessment of (18F)FLT uptake in vehicle- and trastuzumab-treated BT474 human breast cancer xenografts.  
(18F)FLT-PET images of vehicle-treated (A) and trastuzumab-treated (B) BT474 tumor-bearing mice illustrating significantly 
reduced (18F)FLT uptake in the tumor of a trastuzumab treated mouse.  No change in BT474 tumor (18F)FLT uptake was 
observed following vehicle treatment (C), yet a statistically significant decrease was observed across a cohort of trastuzumab-
treated mice (D).  All images and data shown were collected after 1 wk of vehicle or trastuzumab therapy.  Reproduced with 
permission from (23), modified. 

 
and lead to altered Rb activation and thus dysregulated 
E2F-dependant TK1 transcriptional activity.  Interestingly, 
molecularly targeted therapies which may affect these 
regulatory molecules may also in turn affect TK1 
expression in unexpected ways.  For example, we recently 
reported that (18F)-FLT uptake does not appear to be an in 
vivo biomarker of response to EGF receptor blockade with 
cetuximab (mAb-C225) in DiFi human CRC xenografts 
(21).  Derived from a rectal tumor arising in a patient with 
familial polyposis, DiFi cells express large amounts of EGF 
receptor (approximately 4M receptors/cell) and WT KRAS 
(22) and are therefore sensitive to cetuximab as 
monotherapy.  Surprisingly, in our imaging studies we did 

not observe changes in (18F)-FLT uptake or Ki67 
immunoreactivity following a multidose cetuximab 
regimen, despite observing significant levels of apoptosis 
and regression in responding tumors (21).  However, in 
another recent study Shah et al explored several imaging 
metrics and found (18F)-FLT PET to be predictive of anti-
HER2 therapy response (Figure 1) in a mouse model of 
HER2-positive breast cancer (23). 

 
Interestingly, TK1 activity, but not necessarily 

TK1 expression, appears to be an ATP-dependant process 
(11).  Functional TK1 is a tetrameric protein of 
approximately 100kDa; cDNA encodes a 25.5 kDa 
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monomer.  In the absence of ATP, presumably an 
important cofactor for stabilization of the enzyme, 
monomeric and dimeric species tend to predominate.  
Seminal studies performed by Munch-Petersen and 
colleagues with purified human TK1 demonstrated 
improved TK1 activity in the presence of ATP (24).  In 
these studies, ATP was shown to stabilize the TK1 tetramer 
and improve the binding affinity for substrate.  More 
recently, Barthel and colleagues illustrated that (18F)-FLT 
uptake following chemotherapy (5-FU) more closely 
correlated with tumor cell ATP levels than TK1 levels (25).  
In these studies, prolonged tumor exposure to 5-FU led to 
reduced ATP levels yet increased TK1 expression.  
Presumably the translated enzyme was either inactive or 
destabilized due to reduced tumor ATP.  It is plausible that 
this effect may be pronounced for treatments that directly 
affect ATP because in similar studies the same group did 
not observe an ATP dependency on (18F)-FLT uptake in 
tumors treated with a histone deacetylase (HDAC) inhibitor 
(18).  However, these studies suggest that ATP levels can 
be a limiting factor and should be considered when 
utilizing (18F)-FLT as a biomarker of response. 

   
Though not fully explored, nucleoside 

transporters may also play a role in affecting (18F)-FLT 
uptake in tumor cells.  It has been demonstrated that 
nucleoside analogues with greater lipophilicity such as 
AZT may be able to circumvent nucleoside transporters 
(26).  However, it has also been documented that cells with 
mutant nucleoside transporters have altered nucleoside 
uptake, which can affect intracellular deoxyribonucleotide 
pools (11). 

 
In summary, though FLT PET imaging appears 

highly promising, we wish to emphasize that the 
relationship between (18F)-FLT uptake and proliferation in 
tumor cells is not entirely intuitive and additional basic 
research is needed to establish the role of this tracer in 
cancer imaging.  As described, numerous factors routinely 
at play in cancer may significantly affect tracer uptake, 
which in turn may dictate how well cellular uptake of the 
tracer reflects proliferation.  It is anticipated that future 
basic research studies will begin to elucidate important 
biological factors that dictate the degree to which (18F)-
FLT PET is an informative biomarker of proliferation in 
cancer imaging. 
 
3.2. Metabolism and PET 

By far, the most commonly used PET tracer for 
clinical molecular imaging is (18F)2-fluoro-2-deoxy-D-
glucose (FDG) in oncology. FDG-PET exploits the 
typically increased glucose metabolism of tumor tissues 
compared to surrounding normal tissues.  FDG is 
transported into tumor cells via glucose transport proteins 
(such as GLUT1), which tend to be upregulated in tumor 
cells.  Once FDG is internalized, the tracer is 
phosphorylated to FDG-6-phosphate by an enzyme known 
as hexokinase.  Unlike glucose-6 phosphate, FDG-6-
phosphate does not enter glycolysis due to the presence of 
fluorine substitution at the 2- position, and the tracer 
becomes metabolically trapped.  Subsequent accumulation 
of FDG in metabolically active cells leads to imaging 

contrast.  Some key drawbacks of FDG include non-
specific accumulation in inflammation, as well as high 
background accumulation in highly metabolic tissues such 
as muscle and normal brain. The lack of specificity of FDG 
uptake does provide some anatomical references that can 
aid image interpretation, but the usefulness of this 
background signal has been rendered superfluous by the 
advent of hybrid PET/CT scanners in which the CT image 
provides more complete anatomical information.   

 
The most frequently used measure of FDG 

accumulation is the Standardized Uptake Value (SUV). The 
SUV is a semi-quantitative measure that provides a means 
of comparing tumor uptake, for example, across individual 
scans and across patients by taking into account the amount 
of activity injected and the size of the subject. The SUV is 
the ratio of the activity concentration measured in the PET 
image and the injected dose divided by the subject’s 
weight. Lean body mass or total body surface area is 
sometimes used instead of weight in calculating SUV, and 
these differences can complicate the comparison of scans 
from different sites. Using the mean SUV to characterize a 
tumor can be problematic, since it depends on how the 
tumor boundaries are delineated in selecting regions of 
interest (ROIs) and can be further complicated by tumor 
heterogeneity and the presence of necrotic regions. For this 
reason, the maximum SUV within the tumor ROI (SUVmax) 
is often used as the numeric measure of a tumor’s glucose 
metabolism, despite the obvious statistical uncertainty of 
such a measure. While the use of SUV is an attempt to 
account for natural sources of variability in these imaging 
studies (injected dose and subject size), extreme care still is 
necessary in conducting such studies. First, studies must 
always be carried out with the same time delay between 
radiotracer injection and scanning. While there is no 
standard uptake period across institutions, scanning 
typically commences between forty and ninety minutes 
after FDG injection with sixty minutes being most 
common. Differences in the delay between injection and 
imaging affect not only the uptake at the target site but also 
the amount of background signal. 

 
The distribution of FDG uptake also is highly 

dependent on such factors as blood glucose levels, body 
temperature, and amount of physical activity. While these 
factors have relatively little impact on the glucose 
metabolism of tumor tissues, they greatly affect the 
bioavailability of the radiotracer due to uptake in other 
regions of the body and, thereby, complicate estimation of 
FDG uptake from a single, static scan. Dynamic scans of 
radiotracer distribution accompanied by simplified kinetic 
measures, such as Patlak analysis of uptake rate, can be 
used to avoid some of these complications. More 
information can be obtained by carrying out full radiotracer 
kinetic modeling of dynamic image data. FDG uptake in 
such studies generally has been analyzed using a three-
compartment (two tissue compartment) model, although 
some investigations of FDG uptake in skeletal muscle have 
utilized a four-compartment model in which delivery of 
FDG to the extracellular space, its transport to the 
intracellular space, and phosphorylation are treated 
separately. Despite the better quantitation that can be 
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Figure 2.  Rapamycin synergizes with trastuzumab to decrease tumor viability and glucose metabolism.  Tumor-bearing mice 
were baseline imaged by positron emission tomography for (18F)FDG uptake, randomized to trastuzumab, rapamycin, or the 
combination (n = 5-6 per group) treatment on days 0, 2, 4, and 6, and reimaged on day 7 (n = 4-5 per group).  Images from a 
representative mouse show (18F)FDG uptake pretreatment and post-treatment.  Plot of the % change in (18F)FDG uptake at day 
7 compared with baseline is shown (right).  Gray diamonds/circles are indicative of two tumors within the same mouse. #, P = 
0.0586, Mann-Whitney U test between treatment groups.  Reproduced with permission from (27), modified. 

 
obtained using these techniques, static scans are preferred 
in the clinical arena due to the greater subject throughput 
and the avoidance of blood sampling, which is needed to 
obtain the arterial input function for kinetic modeling. 
Meanwhile, full kinetic modeling in preclinical studies is 
complicated by the technical challenge of blood sampling 
in rodents. Image-derived arterial input functions are 
difficult to obtain in preclinical studies due to partial 
volume effects and accompanying spillover from 
myocardial uptake of FDG, but are the subject of active 
research. 

 
Clinically, FDG-PET currently plays an 

important role in diagnosis and staging of several types of 
malignancies, particularly non-small-call lung cancer, 
colorectal cancer, melanoma, and lymphoma. Increasingly 
FDG-PET is also being used as a measure of response to 
therapy. Changes in tumor metabolism in response to 
therapeutic intervention as measured by FDG uptake have 
been shown to precede changes in tumor volume.  For 
example, recent studies have employed FDG uptake as a 
readout of sensitivity to drug therapy in mouse models of 
HER2 positive breast cancer (Figure 2) (27) and non-small 
cell lung carcinoma (Figure 3) (28).  In each study, drug 
therapy resulted in a marked decline of FDG uptake within 
the tumor volume within days of treatment commencement.  
Interestingly, with some forms of treatment such as 
tamoxifen therapy for breast cancer, an increase in FDG 
uptake 7-10 days after treatment has been observed in 
patients that respond positively to treatment, the so-called 
metabolic flare response. Such experience indicates that 
validation studies are required for each combination of 
tumor type and therapy to establish whether any link exists 
between treatment response and FDG-PET results. The new 
RECIST 1.1 criteria for the use of imaging in clinical trials 
include guidance on the use of FDG-PET. 

As an alternative to assessing glucose metabolism 
with FDG, amino acid-based tracers can be used to measure 
protein metabolism.  Tracers such as O-(2-18F-
fluoroethyl)-L-tyrosine (18F)-FET have been used with 
particular success in brain tumors (29) because unlike FDG 
these agents have little uptake in normal brain tissues.  
Amino acid-based tracers typically show little uptake in 
inflammatory lesions, making them an attractive alternative 
to FDG in some cases as well.  A drawback of amino acid 
tracers is rapid metabolism and attendant radioactive 
metabolites present in blood and tissues, which can 
confound interpretation of imaging data.   

 
Cellular proliferation can also be estimated by 

measuring phospholipid metabolism with (11C)-choline.  
Choline imaging has been shown to be particularly useful 
in brain cancer and prostate cancer imaging where the 
increased activities of choline transporters and choline 
kinase are associated with increased cell membrane 
synthesis and proliferation.  Similarly, (11C)-acetate, a 
precursor of fatty acid synthesis, can be used as a surrogate 
marker of metabolism and proliferation and has shown 
utility in prostate cancer and other diseases.  

 
3.3. Angiogenesis and vascularity 

Angiogenesis, or the formation and recruitment 
of new vasculature, is a highly orchestrated biological 
process that is primarily confined to wound healing and 
reproduction in healthy individuals.  Dysregulated 
angiogenesis is a pathological condition and characteristic 
of a number of common diseases including diabetes, 
psoriasis, rheumatoid arthritis, and cancer (30).  
Angiogenesis plays a central role in the development and 
progression of tumors, as neovascularization is required to 
supply oxygen and nutrients to rapidly growing tumor cells 
and in turn facilitates the spread of metastases (31).
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Figure 3.  MicroPET/CT imaging of human tumor xenografts before and after gefitinib treatment.  Tumor-bearing mice were 
subjected to a microPET/CT scan before (baseline scans) and after two oral doses of gefitinib (70mg/kg/d).  Arrows denote the 
location of tumors.  Reproduced with permission from (28), modified. 

 
Objective, quantitative, non-invasive biomarkers of 
response to angiogenesis-directed therapies are increasingly 
important as the role angiogenesis plays in tumor initiation 
and progression is further appreciated.  The development of 
improved tools that enable evaluation of novel therapeutic 
agents in preclinical animal models is essential.  Within this 
setting, technologies are sought that facilitate rapid, cost-
effective screening of large groups of animals (32).  
Imaging strategies commonly employed to assess 
angiogenesis include dynamic contrast enhanced magnetic 
resonance imaging (DCE-MRI) (33), ultrasound (34), 
computed tomography (35), and fluorescence perfusion 
imaging (36).  In many cases, these techniques are well-
established surrogates of angiogenesis and have proven 
utility (37, 38), but they are limited by their non-specific 
nature and low throughput (39-41).  Since structural 
alterations resulting from inhibition of the vascular 
endothelial growth factor (VEGF) pathway lag the 
molecular event, early assessment of treatment response 
with these anatomical techniques is limited (42), 
underscoring a key advantage of our described molecular 
imaging approach. 

 
Appreciation of the critical role angiogenesis 

plays in cancer progression has spurred development of a 

variety of angiogenesis-directed therapeutic agents, several 
of which are now clinically approved for use in various 
cancers (43).  Tumor induced angiogenesis is 
predominately driven by paracrine VEGF signaling 
between tumor and/or stromal cells, which can secrete a 
variety of soluble VEGF ligands, and endothelial cells, 
which express tyrosine kinase VEGF receptors (44-46).  
Clinically employed approaches to inhibit VEGF signaling 
include therapeutic monoclonal antibodies (mAbs) such as 
bevacizumab (Avastin) that aim to neutralize and 
sequester soluble VEGF ligands, as well as VEGF receptor-
targeted small molecule tyrosine kinase inhibitors (TKIs) 
that inhibit receptor activation and signaling (47-51).  
While these and other angiogenesis-directed therapies 
appear promising and are rapidly entering into mainstream 
clinical use, a lack of objective, non-invasive biomarkers of 
response to this class of pharmaceuticals hinders the 
development and evaluation of these agents in the 
preclinical setting as well as the prediction of patients that 
are likely to benefit from these drugs clinically.    

 
Non-invasive imaging modalities that directly 

assess molecular targets show considerable promise for 
monitoring numerous biological processes and therapeutic 
responses.  The VEGF family of receptors is an attractive
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Figure 4.  (A) representative fluorescence image of a 
mouse bearing a 4T1 xenograft tumor on the right hind 
limb.  Image was collected 24 h after administration of 
NIR800-aVEGFR2ab demonstrating significant 
accumulation of the imaging probe within the tumor region.  
Single channel unmixed image of NIR800-aVEGFR2ab 
uptake (left) as well as multichannel fluorescence 
composite image of autofluorescence (white) and NIR800-
aVEGFR2ab uptake (red) are shown (right).  (B) 
representative fluorescence image of a mouse bearing a 
similar 4T1 xenograft tumor 24 h after administration of 
non-specific NIR800-IgG probe.  Retention of the 
nonspecific probe was not observed within the tumor 
region.  Single channel unmixed image of NIR800-IgG 
uptake (left) as well as composite image of 
autofluorescence (white) and NIR800-IgG (red) are shown 
(right).  (C) quantified fluorescence intensity of the tumor 
region normalized to contralateral flank for mice injected 
with the NIR800-aVEGFR2ab probe (n=20) and the 
nonspecific NIR800-IgG probe (n=6).  Reproduced with 
permission from (64). 

 

class of imaging targets as they are primarily expressed on 
the surface of endothelial cells (52), which enables facile 
delivery of imaging compounds throughout the 
bloodstream. Molecular imaging of angiogenesis via VEGF 
receptor expression requires the use of sensitive imaging 
modalities because the receptors are predominately 
expressed on tumor-related vasculature, rather than tumor 
cells themselves, and therefore comprise only a minor 
fraction of a given tumor volume (53).  Nuclear imaging 
methods, such as positron emission tomography (PET) and 
single photon emission computed tomography (SPECT), as 
well as optical imaging methods, such as fluorescence and 
bioluminescence techniques, possess the requisite 
sensitivity and are suitable modalities for studying 
angiogenesis (32).  To this end, various VEGF receptor 
ligands have been labeled for PET/SPECT (54-62) and 
near-infrared (NIR) fluorescence imaging (63).  One such 
example from our laboratory sought to image tumor 
angiogenesis in a mouse model of breast cancer by 
employing a NIR-labeled mAb based probe targeted to 
VEGFR2 (64).  Retention of the targeted probe (Figure 4) 
was significantly increased over a control, untargeted 
probe, suggesting specific interaction with increased 
VEGF2 within the tumor region. 

 
In many cases, imaging probes of this type have 

shown promise but may be limited by their reactivity with 
more than one VEGF receptor subtype, notably VEGFR1 
and VEGFR2.  VEGFR2 expression is most relevant to 
tumor angiogenesis, as VEGFR2 mediates the major 
angiogenic effects of VEGF.  The significance of VEGFR1 
is not fully understood in cancer but it appears that a 
possible role is to sequester VEGF (65).  An additional 
drawback of ligand-based probes is that they can be 
prohibitively expensive to produce in sufficient quantity to 
support large, statistically meaningful studies in small 
animals or humans.   

 
3.4. Cell death and cellularity 

In normal cells, programmed cell death or 
apoptosis is a tightly regulated intracellular suicide 
program that is widely employed as a method for shedding 
redundant and/or dysfunctional cells.  Cellular regulation of 
apoptosis proceeds via a complex cascade of intracellular 
signaling machinery that is conserved across a majority of 
animal cells.  Specific molecular defects in apoptosis 
regulation are closely associated with numerous diseases 
including neurodegenerative disease and cancer.  
Considerable research has been undertaken to more closely 
understand apoptosis, particularly with respect to the 
adaptive mechanisms that many tumor cells utilize to 
maximize survival.  Indeed, an impaired apoptosis program 
is a feature of many types of malignant tumor cells.  
Though the term ‘apoptosis’ itself was coined nearly 40 
years ago by Kerr and colleagues (66) and an awareness of 
the general phenomenon has been known for many years 
prior to that (67), numerous biological factors affecting the 
molecular regulation of apoptosis still require further 
characterization at the basic science level. 
 

Mitochondria are key players in the apoptotic 
program.  In apoptosis, signaled release of cytochrome c, 
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which normally resides at the interface between the inner 
and outer mitochondrial membranes and serves to transfer 
electrons during oxidative phosphorylation, proceeds 
following depolarization of the outer membrane. Once 
released from mitochondria, cytosolic cytochrome c 
appears to initiate the apoptosis program.  Release of 
cytochrome c occurs through specialized mitochondrial 
channels modulated by a large, complex family of 
regulatory molecules known as the Bcl-2 family of 
proteins. Twenty-four known Bcl-2-related proteins are 
encoded by the human genome; six of these proteins 
function to oppose apoptosis while the others promote 
apoptosis (68).  Overall, a delicate balance between pro- 
and anti-apoptotic proteins governs the fate of individual 
cells.  For example, the anti-apoptotic molecules Bcl-2 and 
Bcl-xL oppose apoptosis by facilitating the blockade of the 
channels responsible for release of cytochrome c.  
Conversely, by mechanisms that are not fully understood 
(69), pro-apoptotic Bcl-2 family members such as Bax, 
Bad, Bak, and Bid promote apoptosis by opening the 
channels and allowing cytochrome c to escape into the 
cytosol.  Thus, mitochondrial release of cytochrome c is 
regulated in accordance with the relative intracellular levels 
of these pro- and anti-apoptotic proteins.  Cancer cells 
commonly resist apoptosis by over-expressing pro-survival 
molecules such as Bcl-2 and Bcl-xL, or alternately, through 
inactivation of pro-apoptosis molecules such as Bax and 
Bad via phosphorylation and/or mutation.   

 
Following cytochrome c release from 

mitochondria, much of the apoptosis program is controlled 
by an intracellular group of homologous cysteine proteases, 
or caspases.  Of the dozen or so caspases thus far identified, 
at least two-thirds of these may play a role in regulation of 
apoptosis (67, 70).  With exquisite selectivity that is 
dictated simply by the four residues amino-terminal to their 
activation site (71), caspases typically operate via site-
specific cleavage of target proteins resulting in activation of 
pro-apoptotic targets or deactivation of pro-survival targets.  
When cytochrome c enters the cytoplasm, it associates with 
a molecule known as Apaf-1, forming a structure that has 
been termed the apoptosome, or ‘wheel of death’ (68).  The 
resulting complex activates caspase 9, an initiator caspase, 
which in turn activates downstream executioner caspases 
such as 3, 6, and 7.  The sequentially ordered activation of 
caspases, which begins with initiators triggering the onset 
of apoptosis signaling, and ends with executioners 
destroying critical components of the cell, forms the basis 
of the intracellular caspase signaling cascade.  Caspase 3 is 
the final enzyme activated in the cascade and shortly after 
activation, breakdown of cellular proteins, cytoskeleton and 
nuclear contents follow.  Subsequent activation of poly-
ADP-ribose polymerase (PARP) facilitates the degradation 
of nuclear DNA into 50-300 kilobase pieces.  The early 
execution phase of apoptosis is also closely associated with 
the redistribution and externalization of phosphotidyl serine 
(PS) to the cell surface, a process that is ATP and calcium 
ion-dependent (72).  Interestingly, recognition of exposed 
PS has been shown to trigger the release of 
immunosuppressive cytokines that at least partially account 
for the lack of inflammation observed in response to 
apoptosis (73). Under the majority of normal 

circumstances, PS is restricted to the inner leaflet of the cell 
membrane lipid-bilayer.     

 
Apoptosis can be initiated by multiple 

independent mechanisms in mammalian cells including an 
intrinsic, or stress activated pathway, and an extrinsic 
receptor-mediated pathway (71).  The intrinsic pathway can 
be initiated by p53-dependant or p53-independent 
mechanisms and results in gene expression of pro-apoptotic 
molecules such as Bax.  As previously noted, this results in 
the release of cytochrome c from the mitochondria, caspase 
activation, and cell death.  Conversely, a receptor-mediated 
approach, termed the death receptor pathway, can be 
triggered externally through pro-apoptotic cell surface 
receptors such as FAS, DR4, and DR5 (71).  Ligands for 
these receptors include tumor necrosis factor (TNF) 
proteins such as TNF-alpha, TRAIL, and Fas Ligand 
(FasL).  Activation of death receptors through ligand 
engagement elicits a unique intracellular caspase cascade 
that eventually converges with the intrinsic apoptosis 
pathway downstream of caspase 8 activation.  Beyond this 
point, the overall apoptotic response of the two pathways is 
similar.   

 
Other non-apoptotic forms of cell-death are 

known and include such processes as necrosis, autophagy, 
and mitotic catastrophe.  Apoptosis is unique when 
compared to these processes in important ways.  Whereas 
apoptosis is a genetically regulated and concerted process, 
necrosis tends not to be.  Additionally, apoptosis usually 
affects individual cells and does not affect neighbors, while 
necrosis tends to affect neighboring cells.  Through release 
of toxic by-products, necrosis is detrimental to neighboring 
stroma (68).  Inflammation is commonly observed with 
necrosis, but not in response to apoptosis.  In contrast to 
both apoptosis and necrosis, autophagy is a recently 
described form of programmed cell death that appears to be 
activated in cells subjected to starvation stress (74-76).  
Cells undergoing autophagy employ cytoplasmic 
lysosomes to digest their own intracellular organelles, with 
many of the resulting chemical species being recyclable for 
later consumption.  Like autophagy, mitotic catastrophe is 
another interesting form of cell death.  Though not as fully 
characterized, mitotic catastrophe appears to occur during 
mitosis and results from a combination of deficient cell-
cycle checkpoints and prior cellular damage (77).  

 
Significant efforts have gone into the 

development of non-invasive imaging methods to 
longitudinally assess apoptosis.  Many of these efforts have 
focused on the use of Annexin-V, an endogenous 36 kDa 
human protein that binds PS with nanomolar affinity, as a 
PS targeted carrier.  Numerous clinical studies have 
demonstrated promising results with SPECT imaging of 
99mTc-labeled Annexin-V to assess apoptosis in patients 
with cancer (78-83), myocardial infarction (84, 85), 
ischemic preconditioning (86), vulnerable atherosclerotic 
plaques (87), acute stroke imaging (88, 89), and 
Alzheimer’s dementia (90).  Additionally, fluorophore-
labeled versions of Annexin-V have been utilized for flow 
cytometry and for imaging response to therapy in animal 
models (91, 92).  For example, we recently reported use of 
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Figure 5.  Accumulation of NIR700-AnnexinV is enhanced in MMTV/HER2 tumors responding to trastuzumab.  NIR700-
AnnexinV was administered i.v., and mice were serially imaged up to 44 h before and after treatments with trastuzumab or 
vehicle (PBS).  Representative images from responding (A) and nonresponding (B) MMTV/HER2 tumor-bearing mice (24h 
images shown).  Significant accumulation of NIR700-AnnexinV was observed within the responsive tumor after 2 wk of 
trastuzumab treatment (A), whereas the nonresponsive tumor does not show significant NIR700-AnnexinV uptake (B).  T, tumor; 
K, kidney; M, reference muscle.  Reproduced with permission from (23). 

 
a near-infrared dye labeled Annexin-V derivative to assess 
response to cetuximab and trastuzumab therapy in mouse 
models of colorectal (21) and breast (23) cancer.  In these 
studies, we observed significant accumulation of Annexin-
V in the tumors of responding, but not non-responding, 
cohorts (Figure 5).   

  
Though previous use of Annexin-V to assess 

apoptosis has yielded promising results, additional studies 
are necessary to characterize and validate factors that affect 
Annexin-V uptake in tumor cells.  It is generally accepted 
that externalization of PS is closely associated with 
apoptosis, yet emerging evidence is now suggesting that 
this may not always be true.  Surprisingly, there is no direct 

evidence that PS externalization is dependent upon 
cytochrome c release, caspase activation, and/or DNA 
fragmentation (93).  Additionally, transient PS expression 
has been reported in viable, non-apoptotic cells (94, 95), 
suggesting the existence of PS externalization mechanisms 
unrelated to apoptosis.  Recently it was documented that PS 
externalization can reversibly occur through a mechanism 
independent of cytochrome c release, caspase activation, 
and DNA fragmentation (93).  The same study suggested 
an important role for sustained concentrations of cytosolic 
Ca2+ and inactivation of translocase for translocation of PS 
(93).  Overall, these studies suggest that substantial 
validation of apoptosis imaging metrics must be conducted 
within appropriate, disease-specific, therapeutic contexts.  
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Novel strategies to image apoptosis have been 
suggested and are being evaluated.  Given that significant 
membrane reorganization occurs during the apoptosis 
process, one promising class of imaging agents include 
small molecules that are selectively permeable to apoptotic 
cell membranes. One such compound, (18F)-ML-10, has 
recently shown promise as apoptosis imaging probe in 
cerebral stroke imaging in vivo (96).  Additionally, both 
small molecule and peptide-based probes targeting caspase 
3/7 expression are also being developed and have shown 
some promise as in vivo imaging probes (97). 

 
Beyond molecular imaging of specific cellular 

proteins or by-products, tissue cellularity can be assessed 
on a more macroscopic level.  The thermally induced 
behavior of molecules moving in a random pattern is 
referred to as self-diffusion or Brownian motion. The rate 
of diffusion in tissues is lower than in free solution and is 
described by an apparent diffusion coefficient (ADC), 
which largely depends on the number, permeabilities and 
separation of barriers that a diffusing water molecule 
encounters.  Magnetic resonance imaging (MRI) methods 
have been developed to map the ADC, and in well-
controlled situations the variations in ADC have been 
shown to correlate inversely with tissue cellularity (98).  
ADC values in tissues tend to be significantly lower than 
that those found in free solution due to the fact that water 
migration is hindered by passage through membranes and 
molecular interaction with a variety of cellular milieu such 
as proteins and organelles.  For diagnosis of pathological 
conditions such as ischemic stroke (99, 100), affected 
tissues have been shown to produce significantly different 
ADC values compared to healthy tissues.  Additionally, 
because of the increased cellularity commonly observed in 
solid tumors, ADC values of tumor tissue tend to be 
significantly lower than surrounding normal tissues.  This 
phenomenon forms that basis of ADC-MRI as a potential 
cancer imaging biomarker.   
 

Despite ever increasing utilization of diffusion 
MRI for oncology applications, there is a critical need for 
improved understanding and validation of the cellular and 
molecular factors that affect water diffusion rates in tissues.  
Recent efforts to utilize pre-treatment ADC values as a 
prognostic biomarker in human rectal cancer (101) and 
colorectal cancer liver metastases (102, 103), as well as in 
mouse models of colorectal cancer (104) and breast cancer 
(105), have shown mixed results.  Generally in the human 
studies reported, higher pre-treatment ADC values tend to 
correlate with poorer response to therapy and prognosis 
(101-103).  For example, in a recent study characterizing 
hepatic metastases with ADC-MRI, thirty-eight responding 
and forty-nine non-responding lesions were evaluated in 
patients with confirmed metastases originating from 
gastrointestinal cancers (102).  In these patients, the mean 
pre-therapy ADC for non-responding lesions was found to 
be significantly higher than that of non-responding lesions.  
Similarly, in a study reporting a smaller group of patients 
presenting with colorectal hepatic metastases, Koh et al 
found that higher pre-treatment ADC values were 
predictive of poor response to chemotherapy (103).  
Interestingly, recent work employing HT-29 colorectal 

cancer xenografts grown in athymic nude mice found no 
correlation between pre-treatment ADC values and 
response to chemotherapy (104).  Combined with human 
imaging studies, these results suggest that additional animal 
modeling studies are warranted to more completely 
understand the prognostic value of pre-treatment ADC 
values.  We wish to emphasize that while the studies 
conducted to date have generally considered the prognostic 
value of ADC imaging with respect to cytotoxic or 
radiation therapies, we are unaware of any studies that have 
thoroughly considered the prognostic value of ADC 
imaging within the context of more novel molecularly 
targeted therapies as proposed here.  Additionally, further 
preclinical modeling efforts must include not only 
xenograft models as are commonly employed, but must 
also increasingly emphasize mouse models that place the 
tumor within a more appropriate microenvironmental 
context.   

 
Towards quantitative assessment of therapeutic 

regimens, early responses to various interventions have 
correlated with increasing ADC values in many studies.  
Representative reports illustrating increased ADC in 
correlation with ultimate tumor response following early 
intervention include studies involving human brain tumors 
(106), brain tumor animal models (107), prostate 
metastases to bone (108), human breast tumors (109), 
mouse models of breast cancer (105, 110), primary rectal 
tumors (101), CRC hepatic metastasis (102, 103), and 
mouse models of CRC (104).  Importantly, the vast 
majority of these studies have been performed in 
combination with either cytotoxic drugs and/or 
chemoradiation, and thus ADC response to molecularly 
targeted therapy is not well established.  However, a recent 
example from our laboratory examined the ADC response 
of a mouse CRC model treated with a targeted cetuximab 
therapy (Figure 6, Manning et al, unpublished data).  In this 
study, a significant increase in the average ADC value was 
observed across the tumor volume in response to cetuximab 
treatment, consistent with measures in a number of other 
tumor models.  Generally, the observed increase in ADC 
values following therapy appears to be a phenomenon 
which can stem from a number of cell death mechanisms 
including apoptosis (105), lytic necrosis, autophagy, and/or 
mitotic catastrophe (110). Because water within tumor cells 
is in a restricted environment relative to extracellular water, 
loss of cell membrane integrity and cellular density 
resulting from any or all of these cell death mechanisms 
could play a role in the observed changes in ADC 
following therapy.  Additionally, cell death responses can 
be intervention and/or tumor-type dependent.  Recent 
studies in preclinical models have illustrated observable 
ADC changes following treatments resulting in primarily 
apoptosis (105) as well as preclinical models where non-
apoptotic cell death mechanisms predominate (110).  Since 
many tumors can rapidly outgrow their vascular and 
nutrient supply, extreme metabolic stress as well as drastic 
changes in hypoxia and pH can induce progressively 
substantial central necrosis.  Occurring in absence of 
treatment and unregulated by genetic control, necrosis can 
occur rapidly and is typically accompanied by significant 
inflammation and marked cell lysis.  It is noteworthy that
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Figure 6.  ADC maps before (A) and after (B) treatment of 
DiFi xenograft tumor with C225.  ADC values in tumor are 
lower than surrounding normal tissues prior to C225 
treatment; “T” = tumor.  Weighted mean ADC pre-
treatment = 9.93e-04 mm2/s.  Following C225, increased 
ADC is observed in the tumor.  Weighted mean ADC post-
treatment = 1.2e-03 mm2/s.  

 
the process of necrosis is vastly different than that of 
apoptosis, but these two processes can occur in concert at 
times.  Additionally, a non-apoptosis form of programmed 
cell death, known as autophagy, has been noted and is 
distinct from apoptosis (74-76) and necrosis.  In general, 
roles for autophagy in cancer are emerging, and under 
normal circumstances it may play a significant role in the 
elimination of cells that suffer from nutrient starvation as 
well as in the prevention of tumorigenesis (74, 75).  
Establishing the specific contribution of various cell death 
mechanisms such as apoptosis, autophagy, and/or necrosis 
within the contexts of particular tumor types and 
therapeutic strategies is of great importance towards the 
basic validation of ADC-MRI.  Ultimately, sorting out the 
range of specific cellular and molecular responses that give 
rise to changes in ADC within well characterized 
preclinical models may also benefit the development of 
novel diffusion MRI techniques such as the novel OGSE 
methods developed at Vanderbilt University (111).     

 
3.5. Receptor-targeted probes 

A key area of molecular imaging research has 
historically been and continues to be based on imaging 
agents that bind to cell surface receptors with high 
specificity.  PET imaging, with its high sensitivity and 
quantitative capability, is a particularly powerful tool for 
such studies, especially those performed in the brain.  
Neuroreceptor imaging plays an important role in the 
diagnosis and study of neurodegenerative disorders such as 

Parkinson’s disease. Another major use of neuroreceptor 
imaging involves quantitative occupancy studies central to 
drug discovery for the treatment of psychiatric disorders.  
Additionally, many studies are conducted to evaluate the 
effects of drugs, including drugs of abuse such as 
methamphetamine and cocaine, on brain function (112).  
One of the more common targets of such neuroreceptor 
imaging studies has been the dopaminergic system, and 
numerous tracers such as (18F)-Fallypride (113) and (11C)-
raclopride (114) exist for this purpose.  

 
Molecular imaging of receptor expression is also 

important in oncology. In breast cancer, (18F)-
Fluoroestrodiol (FES) has been shown to predict those 
patients who will respond to endocrine therapy (115, 116).  
Additionally, imaging probes targeting endothelial growth 
factor receptor (EGFR) and HER-2 have been prepared and 
shown to have potential for the evaluation of receptor status 
in tumors (21, 117). (111In)-DTPA-D-Phe-octreotide is a 
routine clinical tool for evaluation of somatostatin receptor 
in neuroendocrine tumors, yet PET analogs bearing either 
68Ga or 64Cu are also being evaluated to extend 
somatostatin receptor imaging to PET where sensitivity is 
somewhat better.  

 
Another important receptor in cancer imaging, 

EGFR, is a large transmembrane protein family that 
consists of 4 distinct types: HER1/erbB1, HER2/erbB2, 
HER3/erbB3 and HER4/erbB4 (118, 119).  All 4 receptors 
exhibit significant homology in their extracellular binding 
domain, as well as a transmembrane domain, and an 
intracellular protein tyrosine kinase domain. HER3/erbB3 
stands out with its lack of intracellular kinase domain.  
Being a large family, these receptors can form dynamic 
heterogeneous or homogenous complexes that govern the 
most vital signaling events in cell growth and proliferation 
(120).  Upon distinct ligand binding, these receptors can 
activate key signaling pathways such as the mitogen 
activated protein kinase (MAPK) and phosphoinositide 3-
kinase (PI3K) pathways. Overexpression (121), 
upregulation (122, 123) and mutations (124) in EGFR can 
cause abnormal cell proliferation and tumorigenesis.  
Receptor overexpression induces constitutive autocrine 
activation by its upregulated ligand such as transforming 
growth factor receptor alpha (TGFalpha) (125).  Due to its 
importance in cancer initiation and progression, the EGFR 
receptor family has been the main focus of molecular 
targeted therapies in recent years. 

 
There are several EGFR targeted therapies 

currently available in the clinic including mAbs, reversible 
and irreversible small TKIs, and antisense oligonucleotides 
(126).  The chimeric human-murine mAb cetuximab has 
been shown to bind and inhibit EGFR regulated pathway 
activation (127), induce apoptosis (128), block 
angiogenesis in dose-dependent manner (129) and inhibit 
tumor growth and metastasis by downregulating VEGF, 
interleukin-8 (IL-8), and basic fibroblast growth factor 
(bFGF) (130).  As a small molecule inhibitor example, 
gefitinib (Iressa) is reported to inhibit EGFR and cause 
tumor growth regression in both in vitro and human tumor 
xenografts (131).  As a result of its clinical importance, 
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development of non-invasive EGFR imaging modalities 
will provide vital information regarding tumor status and 
response to therapy. 

 
4. SUMMARY AND PERSPECTIVE 
 

Various imaging measures can depict specific 
intracellular, extracellular, and structural changes in tumors 
following treatment and can therefore potentially be used as 
biomarkers clinically and in research. Molecular changes 
detected by nuclear imaging techniques may be the most 
sensitive and specific (e.g. for assessing whether a “target” 
is affected by a drug), but less tumor-specific physiological 
assessments (e.g. metabolism, cell density) “downstream” 
of the primary events may also provide reliable insights 
into the overall therapeutic response and be more practical 
for translation into clinical practice. In the future, hybrid 
scanners capable of simultaneously acquiring multi-modal 
images beyond the new universal PET/CT, and thus 
multiple biomarkers simultaneously such as ADC-
MRI/PET, will likely be available, but reliable and robust 
image co-registration algorithms will also permit 
integration of the information from multiple measurements, 
increasing the information available to investigators in 
synergistic fashion.  Although molecular imaging appears 
to provide tools well suited to personalized medicine, there 
remains some uncertainty as to which molecular imaging 
agents and techniques may become a standard part of 
clinical practice. In addition to the scientific aspect of the 
question, regulatory and reimbursement issues also are 
important factors influencing the evolution of molecular 
imaging.  A framework through which novel imaging 
metrics and molecular imaging agents themselves find a 
path to FDA approval is currently an important topic for 
discussion. 
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