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Abstract

Molecular imaging allows for the remote, noninvasive sensing and measurement of cellular and 

molecular processes in living subjects. Drawing upon a variety of modalities, molecular imaging 

provides a window into the biology of cancer from the subcellular level to the patient undergoing 

a new, experimental therapy. As signal transduction cascades and protein interaction networks 

become clarified, an increasing number of relevant targets for cancer therapy—and imaging—

become available. Although conventional imaging is already critical to the management of 

patients with cancer, molecular imaging will provide even more relevant information, such as 

early detection of changes with therapy, identification of patient-specific cellular and metabolic 

abnormalities, and the disposition of therapeutic, gene-tagged cells throughout the body—all of 

which will have a considerable impact on morbidity and mortality. This overview discusses 

molecular imaging in oncology, providing examples from a variety of modalities, with an 

emphasis on emerging techniques for translational imaging.

EXISTING ADVANCED IMAGING TECHNIQUES

For the purposes of this discussion, we will distinguish functional from molecular imaging 

techniques. The former are generally related to the detection of changes in blood flow while 

the latter concern specific metabolic processes, as defined in detail below. Functional 

imaging techniques include functional magnetic resonance imaging (fMRI), diffusion MR 

techniques, perfusion weighted imaging (PWI), and pharmacological MRI (PhMRI). fMRI 

is commonly used to assess brain activity as a function of oxygenated hemoglobin. Signal 

changes depend on an influx of deoxyhemoglobin into the field of view, generated upon 

brain activation, which causes a change in the overall magnetic susceptibility of the blood 

and consequently a detectable MR signal.1 Diffusion MR techniques include diffusion 

weighted imaging (DWMRI), apparent diffusion coefficient (ADC) mapping, and diffusion 

tensor imaging (DTI). DW-MRI is sensitive to interactions between water and its 

microenvironment at the cellular level and affords detection of minute changes in water 

mobility. ADC mapping provides a three-dimensional image of water mobility and in turn of 

tissue density (ie, diffusion contrast).2,3 PWI uses endogenous labels (ie, protons) or 
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exogenous tracer agents (eg, gadolinium chelates) to image arterial blood flow. Finally, 

PhMRI includes MR techniques applied to the study of the effects that pharmacological 

agents have on brain processes, by virtue of the effect of the agent on cerebral blood flow.

Numerous examples exist in the literature illustrating the utility of functional imaging 

modalities. In particular, functional MR-based imaging methods have been applied broadly 

to various diagnostic applications, including brain, breast, prostate, cervical, liver, lung, and 

rectal cancers.4 fMRI also has been used in surgical settings. For example, neurosurgical and 

radiotherapy planning in brain tumor patients benefits from fMRI, increasing surgical 

precision and decreasing cumulative radiation dose.5,6 Diffusion MR techniques have been 

used to evaluate several different tumor types, including bone, breast, brain, and liver. In the 

context of tumor biology, DW-MRI and ADC mapping provide insight into the extracellular 

milieu, tissue cellularity, and the integrity of cellular membranes. Clinically these techniques 

have been used to assess the metastatic potential of tumors, as well as therapeutic 

responses.2,7 PWI, for example, can quantify the degree of tumor angiogenesis and capillary 

permeability. For gliomas, PWI was used to characterize World Health Organization grade 

and malignant potential, guide biopsies, and provide prognostic information.8–10 Finally, 

PhMRI has been employed in preclinical studies and more recently in clinical studies to 

quantify drug pharmacodynamics and neurotransmitter function within neurocognitive 

systems. PhMRI continues to be used for studying the molecular etiologies of schizophrenia, 

depression, attention deficit hyperactivity disorder, Parkinson’s disease, and substance 

abuse.11

INDICATIONS FOR MOLECULAR IMAGING

Molecular imaging, distinct from advanced functional imaging techniques, is the 

visualization, characterization, and measurement of biological processes at the molecular 

and cellular levels in living systems.12 Molecular imaging spans all organ systems and 

diseases, with the first example in the realm of oncology for imaging thyroid cancer.13 In the 

late 1970s with the advent of positron emission tomography with 18F-fluorodeoxyglucose 

(FDG-PET),14,15 quantification of brain activity became possible.16 Currently, most 

molecular imaging, particularly in the preclinical arena, is performed in the context of 

imaging cancer, where imaging is being used not merely to stage tumors in patients but to 

uncover underlying mechanisms related to tumor biology and to identify specific tumor 

phenotypes—ones that may benefit from specifically targeted therapy.

Three primary indications for clinical molecular imaging are: rapid detection of changes 

within tissue, as physiology tends to change almost immediately upon pharmacologic or 

other intervention (relative to anatomic changes, which may take weeks); tailoring medical 

therapy to match the biology of the patient (“personalized medicine”); and hastening drug 

development.17 The latter is underscored by the fact that all major drug companies have 

their own in-house molecular imaging programs, at least preclinical, if not also clinical 

programs in close, formal collaboration with an academic molecular imaging center.

Detection of changes in tissue that correlate with disease onset and/or progression requires 

characterizing a molecular imaging agent–target interaction. Some cellular targets for 
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molecular imaging are illustrated in Figure 1. There are many excellent reviews describing 

the criteria necessary for the development of a suitable molecular imaging agent,18–21 but 

paramount among these criteria is the ability to generate a high signal-to-noise ratio (S/N). 

Traditionally, high S/N has been considered dependent on two properties, namely, the 

affinity of the agent for its cognate target—with respect to surrounding tissue (ie, high 

specificity)—and the concentration of target within tissue.22 Clever mechanisms to enhance 

the presence of an imaging agent within a specific target include accumulation within cells 

by virtue of internalization after binding to a cell surface receptor, derivatization with a 

chemical moiety that enables trapping of the agent, or activation of a previously invisible 

agent by specific cellular mechanisms. Targets for rapid detection of tissue changes in 

cancer are numerous but include the KRAS-activated oncogene,23 cathepsins, caspases, and 

metalloproteases.24

Molecular imaging provides a means to choose appropriate patients for new, targeted 

therapies, and to decide whether or not to continue certain therapies. That can be done either 

by directly imaging the target, as by imaging the HER2/neu proto-oncogene in breast cancer 

evaluating for susceptibility to trastuzumab therapy,25 or indirectly by imaging with FDG, 

predicting early on whether or not the treatment will work. In a classic example of the latter, 

the efficacy and dramatic therapeutic response of advanced gastrointestinal stromal tumors 

to imatinib therapy was evaluated by FDGPET.26 With respect to of HER2/neu-positive 

breast cancer, estrogen receptor (ER)-negative tumors demonstrate higher FDG uptake than 

ER-positive tumors. Confirmed by microarray analysis, molecular imaging has provided 

insight into the biology of these unique breast cancer subsets, illustrating distinct disease-

specific, gene expression profiles.27 Direct imaging of HER2/neu expression in breast 

cancer via single-photon emission computed tomography (SPECT) and PET using 

monoclonal antibodies radiolabeled with iodine 131, indium 111, and technetium 99m 

(SPECT) and iodine 124, yttrium 86, bromine 76, and zirconium 89 (PET) has provided a 

more sensitive means of tumor detection when compared to conventional imaging 

modalities.28 For example, small animal PET imaging of anti-HER2/neu antibodies (68Ga-

F(ab)2-herceptin) in a mouse model of breast cancer was used to analyze the 

pharmacodynamics and monitor the therapeutic response of the Hsp90 inhibitor, 17-

allylamino-17-demethoxygeldanamycin (17-AAG).29

Molecular imaging in drug development has been addressed in multiple recent reviews.30–34 

Briefly, uses of molecular imaging in drug development include (1) dose finding by 

performing receptor occupancy studies, primarily for applications to the central nervous 

system; (2) determining the pharmacokinetics and metabolism of new drugs under 

physiological conditions; (3) pharmacodynamic studies, in which effects of drugs on the 

body are determined, eg, through an FDG-PET study or PhMRI; and (4) therapeutic 

monitoring. To use molecular imaging in drug development it is often best to have the 

imaging agent ready at roughly the same time as the therapeutic agent so it can be applied as 

a surrogate marker of the target and/or be used in dose-finding assays for the phase I study. 

Theranostic agents, those used for therapy and diagnosis, are also coming online; however, 

almost all remain experimental.
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MOLECULAR IMAGING STRATEGIES

Over the past decade molecular imaging has become a multimodality and transdisciplinary 

enterprise, incorporating elements from ultrasound, optical imaging, MRI, Raman 

spectroscopy, PET, computed tomography (CT), and others. Physics, chemistry, and biology 

all come into play in generating new imaging agents and enabling their detection. 

Engineering practical, efficient, and high-sensitivity devices is also a critical aspect of the 

field. Each modality has a unique sensitivity, spatial resolution, depth of penetration, 

temporal resolution, and cost (Table 1).35 The choice of modality and strategy depends 

primarily on the biological system being studied and the physiological question being asked.

Rapid and High-Sensitivity Detection In Vivo

Imaging Cellular Metabolism on a Molecular Level—Nuclear and optical imaging 

modalities are ideal for studying molecular interactions in vivo with sensitivity sufficient to 

detect submicromolar and lower concentrations of molecular species. As mentioned earlier, 

FDG-PET is the current modality of choice for real-time analysis of glucose metabolism by 

various tissues, especially metabolically active tumors. While readily used in the clinical 

setting, FDG-PET is an inherently nonspecific molecular imaging strategy. In order to 

provide a specific read-out of in vivo metabolic processes, reporter systems must be 

developed that recognize a particular molecular target. A classic example of a target-specific 

strategy is somatostatin receptor imaging (SRI). Gastroenteropancreatic neuroendocrine 

tumors are often diagnosed and staged by SRI using SPECT imaging and the somatostatin 

analog 111In-DTPA0-octreotide as a reporter ligand.36,37

While PET and SPECT imaging are nearly as sensitive as the optical techniques, and benefit 

from much less tissue attenuation making them amenable to quantification, elegant 

strategies for probing protease activity and protein–protein interactions relevant to cancer 

have been developed for optical methods. Chief among them are the use of “activatable” 

molecular probes, or “molecular beacons.”38 The intrinsic properties of these probes change 

in response to appropriate biological or chemical stimuli, affording visualization only within 

the desired milieu. Fluorescent protease-activated probes employ various quenching-

dequenching strategies with the common objective being to obtain fluorescence only upon 

activation by a protease. Cathepsin B is a cysteine protease recognizing polylysine peptide 

sequences and displaying enhanced activity in aggressive tumors. A self-quenching, 

sterically shielded fluorescent probe (ie, fluorescence is quenched due to fluorophore-

quencher intramolecular proximity) with fluorophores linked to a cathepsin B peptide 

recognition sequence produces a fluorescent signal only upon contact with tumor cells. This 

signal is a function of cathepsin B activity and in turn has been purported to be an indicator 

for tumor aggressiveness. Similar strategies have been employed to probe matrix 

metalloprotease activity, also an indicator of poor prognosis in several types of cancer, 

including pancreatic and gastric malignancies.39–41 Notably, low-molecular-weight 

(organic) fluorophores have drawbacks, including photobleaching, low fluorescence signals, 

and variable sensitivity depending on biological milieu. Protease reporters using quantum 

dots (reviewed extensively elsewhere)42–44 have been developed to address these limitations 

and can similarly be conjugated to cleavable peptides.
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Regardless of the strategy used, fluorescence imaging requires external excitation. 

Furthermore, autofluorescence of the sample, especially in an in vivo setting, decreases S/N. 

Although most activatable probes utilize fluorescence as a reporter signal, bioluminescence 

(BLI) provides a viable alternative. Using firefly or renilla luciferase proteins, light is 

generated with enzymatic turnover of the corresponding substrates, luciferin or 

coelenterazine, respectively. BLI offers improved sensitivity and increased S/N relative to 

fluorescence imaging. Protease activity and protein–protein interactions have been probed 

using split-luciferase, protein fragment complementation strategies.45,46 Here the N- and C-

terminal domains of luciferase are tethered to a cleavable peptide sequence for protease 

studies, or to two whole proteins that are being studied for potential protein–protein 

interactions. Upon protease cleavage or protein–protein binding, respectively, the luciferase 

domains are reconstituted (ie, protein fragment complementation) and regain activity. These 

methods hold great promise for imaging an array of interactions within malignant and other 

cell types to understand in the highly relevant, intact milieu that proteins serve as 

chaperones, and/or are integral to cell signaling.

In addition to nuclear and optical imaging of cancer metabolism, magnetic resonance 

spectroscopy (MRS) is an imaging strategy that affords the ability to profile tumor 

metabolites. In analogy to nuclear magnetic resonance spectroscopy (NMR) used in organic 

compound structure determination, MRS is a technique that measures endogenous molecules 

that contain protons, phosphorus, sodium, or other MR-visible species that are of sufficient 

concentration for detection. MRS provides the detection of compounds or contrast agents 

administered exogenously that can report on the tumor microenvironment or drug 

pharmacokinetics. Examples include use of carbon 13–labeled glucose to study tumor 

metabolism or imaging of cytosine deaminase activity.47 The choline/N-acetylaspartate ratio 

as measured by MRS in the brain has been used as a prognostic marker distinguishing low- 

and high-grade disease in various glial cell tumors.48

Transgene Expression in Tissue—Imaging transgene expression in cell culture has 

become routine in the molecular biology laboratory, but detecting gene expression in vivo 

presents unique challenges.49 Reporter gene imaging employs optical, MRI, and/or nuclear 

medicine modalities. There are four types of beetle luciferase BLI reporter genes that differ 

by wavelength of light emitted, from 546 nm (green) to 593 nm (orange), allowing multiple 

reporters to be used simultaneously. BLI is limited to animal studies but provides a real-

time, highly sensitive measure of transgene expression.50 Although less sensitive than BLI 

and with poor spatial and temporal resolution relative to MRI, PET reporters of gene 

expression have the potential for clinical translation and future applications in cancer 

therapy. Two PET reporter gene strategies that have been explored include an enzyme-based 

approach [herpes simplex virus-type 1 thymidine kinase (HSV1-TK)] and a receptor-based 

approach (dopaminergic receptor gene). With respect to the former, which has been utilized 

in studies ranging from pre-clinical to human gene therapy,51,52 TK phosphorylates 

nucleoside analogs that are labeled with a positron-emitting isotope. Similar to FDG-PET, 

phosphorylated nucleosides become trapped within cells (eg, tumors) allowing visualization. 

With respect to the dopamine 2 receptor (DRD2), the radiolabeled imaging agent, 18F-

fluoroethylspiperone (FESP) has been used, but only in animal models.53 Imaging DRD2 
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gene-tagged cells has not proved as useful as has imaging with HSV1-TK, due to its lack of 

signal amplification (lower sensitivity) and the high lipophilicity and consequently greater 

nonspecific binding of FESP and other DRD2 radioligands. However, not all molecular-

genetic imaging requires transfection of cells with an artificial reporter. For example, Fu et 

al demonstrated effective imaging and therapy of virus-associated tumors, by virtue of the 

presence of the viral TK, which merely needs to be activated by suitable pharmacologic 

agents.54 Transgene receptor expression affords interaction with MRI contrast agents. For 

example, the gene encoding transferrin receptor has been employed as a transgene with 

superparamagnetic iron oxide (SPIO) particles as imaging probes.55 A more recent approach 

to MR-based reporter gene imaging involves gene tagging with a lysine-rich reporter protein 

(LRP), which can be detected using saturation transfer techniques, promising to increase the 

sensitivity of such MR-based reporters (Figure 2).56 Further examples of imaging transgene 

expression are detailed below.

Imaging Cell Trafficking—Regardless of the type of cell, imaging modalities used for 

tracking cells in vivo include PET, MRI, BLI, and fluorescence imaging with quantum dots. 

Again, the choice of imaging modality depends on the scientific question and biological 

system being studied. Limitations are modality-specific, as described earlier. PET imaging is 

generally limited by isotope half-life, making longitudinal imaging of cell migration 

challenging. In addition, techniques using radioactive isotopes or ionizing radiation are 

constrained by human exposure limits. However, MRI of SPIO-labeled cells does not ensure 

that the cells being imaged are viable. Fluorescence imaging with near-infrared (NIR)-

emitting proteins or luciferase expression is limited by depth of penetration—and involves 

exogenous administration of substrate in the case of BLI—restricting optical imaging to 

animal studies except in imaging the most superficial structures.57,58 Tracking gene-tagged 

immune cells is one of the most promising indications for translational molecular imaging. 

In this instance the choice of imaging modality will depend on the desired follow-up 

interval, radiation tolerance, availability of imaging technologies, and sensitivity. PET and 

MRI used concurrently provide desirable characteristics for clinical translation, including 

high sensitivity (PET) and high resolution (MRI), and they draw upon established imaging 

protocols for cancer patients.59,60 An illustrative example uses MRI and PET to detect 

noninvasively cytolytic T-cell immunotherapy in a patient with glioma (Figure 3).61

Drug Development

Biomarker Assessment—The US Food and Drug Administration (FDA) defines a 

biomarker as “a characteristic that can be measured objectively and that constitutes an 

indicator of normal biological processes, pathogenic processes, or pharmacological response 

to a therapeutic intervention.”30,62 A biomarker is intended to substitute for a clinical 

endpoint, a characteristic that reflects how a patient feels, functions, or survives. In 

biomarker identification and development, one must be able to measure drug delivery to an 

intended target, predict pathophysiology, and also predict how the pathophysiological 

processes are altered by a therapeutic intervention. In other words, biomarkers should 

indicate that the drug-target interaction (ie, therapeutic intervention) alters the 

pathophysiological mechanism of disease and in turn alters clinical endpoints.30
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Molecular imaging is useful for target identification, as well as providing an in vivo measure 

of drug-target interactions either directly or indirectly. The classic example of imatinib 

described above demonstrated that FDG-PET, a measure of tumor metabolism, provided a 

biomarker of tumor cell kill.26 In fact, structural imaging took months to demonstrate a 

reduction in tumor volume following imatinib therapy, whereas reduction of glucose 

metabolism by 50% was ascertained via PET signal attenuation in 4 hours post-treatment. 

This validated FDG-PET imaging as a measure of therapeutic response to imatinib 

therapy.26

Molecular Imaging of Pharmacokinetics and Pharmacodynamics—Analysis of 

pharmacokinetics (PK), what the body does to the drug, and pharmacodynamics (PD), what 

the drug does to the body, is essential to the drug development process. CT, ultrasound, MR, 

and PET are the imaging modalities most widely used for analyzing PD and PK. CT 

provides soft-tissue contrast and three-dimensional information. In PD analysis, CT with and 

without x-ray dense contrast is valuable for measuring tumor volume changes, tumor 

perfusion changes, lymph node size and appearance, and for assessing the extent of 

metastatic disease after administration of therapy. Ultrasound affords real-time visualization 

of tumors, easily differentiating solid and cystic structures, as well as providing a highly 

sensitive measure of blood flow. Therapeutic trials use ultrasound with micro-bubble 

contrast agents to assess further tissue perfusion as a function of antiangiogenic agents. 

Ultrasound, however, is limited by operator technique that adds considerable variability to 

PD analysis. MRI and, more recently, MRS have been applied to cancer drug trials. 

Compared to CT, MRI has a more useful combination of temporal and spatial resolution and 

therefore affords more sensitive PD endpoint analysis. MRS is used in PD studies to 

measure metabolite concentration in response to therapy (eg, inorganic phosphates, 

adenosine triphosphate [ATP], phosphocholine), especially in animal models (eg, 

phosphorus-31 MRS studies of non-Hodgkin lymphoma and breast cancer). Spectroscopy 

with 19F and 31P has also been used to analyze the PK of the anticancer agents 5-

fluorouracil (5-FU) and cyclophosphamide, respectively. For example, the efficacy of 5-FU 

(ie, tumor response to therapy) is inversely proportional to the 5-FU elimination rate. 

Relative to other modalities like PET, PK and PD studies using MRS afford the ability to 

distinguish metabolites that give rise to distinct signals, therefore providing a broad 

spectrum analysis of tumor metabolism. In the context of cancer drug development, MRS 

affords more extensive PK modeling at the preclinical stage in which routes of excretion can 

be identified and clinical protocols can be designed based on a more precise PK profile for 

the drug candidate. MRS, however, is comparatively less sensitive, requiring relatively high 

drug concentrations for analysis. Sensitivity is less of a concern when measuring metabolites 

in the millimolar range, such as ATP and lactate.63,64

PET methods are gaining traction for PK and PD studies because of their relatively high 

sensitivity, specificity, and reasonable temporal resolution. PET can be used to assess drug 

distribution to the target (tumor) versus normal tissue, drug elimination kinetics, drug-target 

occupancy, and drug efficacy. Such studies using PET include imaging glucose utilization, 

PK of labeled drugs ([18F]5-FU),65 cell proliferation ([11C]thymidine),66 tissue pH 

([11C]bicarbonate),67 blood flow ([15O]H2O/[15O]CO),68 protein synthesis 
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([11C]methionine),69 and several other applications. However, PET imaging is subject to 

synthetic limitations, in that not every compound or metabolite can be synthesized with a 

radioisotope.64,70

Personalized Medicine—“Personalized medicine” is most often discussed relative to 

using a patient’s genotype to determine the optimum therapy for them. Therapeutics are 

designed based on genotype (and the ensuing phenotype), seeking to determine which subset 

of patients should be treated with a particular drug, for example. After treatment is initiated, 

therapeutic monitoring is useful for assessing drug efficacy. Molecular imaging has potential 

in both settings.71 With respect to the former, imaging the HER2/neu proto-oncogene 

affords a “personalized” approach to breast cancer therapy28,72 (ie, predicting the efficacy of 

trastuzumab). With respect to the latter, as described above, the efficacy of imatinib therapy 

has been assessed with molecular imaging in real time.26 The specific choice of imaging 

modality will depend on the biomarker(s) developed and the clinical questions being asked.

EXAMPLES OF TRANSLATIONAL MOLECULAR IMAGING IN ONCOLOGY

Because of the tracer principle, ie, the administration of merely tracer rather than larger, 

potentially pharmacologic doses of agent, much of translational molecular imaging currently 

employs radionuclide-based techniques, as evidenced by the following discussion. A notable 

counterexample, however, is the use of signal enhancement strategies that derive from MR 

saturation transfer techniques, as recently described by Zhou et al.73

Prostate Cancer

Molecular imaging has been applied to the diagnosis, treatment, and therapeutic monitoring 

of prostate cancer.74 Prostate-specific membrane antigen (PSMA) is a transmembrane 

glycoprotein expressed at virtually all stages of prostate cancer and is upregulated in poorly 

differentiated, metastatic, androgen-insensitive prostate cancer.75,76 One study showed that 

patients with PSMA expression in their tumors had a longer time to prostate-specific antigen 

(PSA) recurrence than those who did not.77 PSMA is well suited for targeted therapy and 

imaging. Towards this end, anti-PSMA antibodies have been designed and functionalized 

for imaging, the first being 7E11. Unfortunately, 7E11 recognized an intracellular 

component of PSMA, allowing the antibody to recognize only necrotic tissue. Therefore, 

since the introduction of ProstaScint (another anti-PSMA monoclonal antibody; EUSA 

Pharma, Inc, Langhorne, PA) in 1996, 7E11 has dropped off in use for 

radioimmunoimaging, and has not proved useful for radioimmunotherapy.78 In contrast, 

antibody J591 recognizes an epitope on the extracellular domain of PMSA and has shown 

imaging and therapeutic efficacy when coupled with radionuclides.79 Pandit-Taskar et al 

demonstrated that 111In-J591 administration was able to localize greater than 90% of known 

lesions detected by conventional imaging.80 In a phase II clinical trial, Tagawa et al showed 

that lutetium 177–J591 provided significant antitumor activity in patients with metastatic 

prostate cancer.81 Other anti-PSMA antibodies are currently under development and have 

shown promise when labeled with copper 64.82 Despite the high specificity of antibody-

based agents, they tend to suffer from prolonged retention within the blood pool and may 

not penetrate solid tumors well. Accordingly, a wide variety of low-molecular-weight agents 
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for PSMA have been developed for imaging, with one example of those in the urea class 

having recently completed a phase I trial.83–88 Another example of a promising low-

molecular-weight imaging agent for prostate cancer includes anti-1-amino-3-18F-

fluorocyclobutane-1-carboxylic acid (anti-[18F]FACBC), a synthetic L-leucine analog, 

which has shown significant uptake by prostate carcinoma cell lines as well as within an 

orthotopic prostate cancer nude rat model.89 In humans, anti-[18F]FACBC PET/CT was able 

to identify neoplastic foci and holds promise for future diagnostic imaging of prostate cancer 

both pre- and post-treatment90,91 (Figure 4). Another low-molecular-weight agent, 18F-16β-

fluoro-5α-dihydrotestosterone ([18F]FDHT), has been used to assess androgen receptor 

(AR) levels in prostate cancer.92 Without molecular PET imaging, AR levels could only be 

assessed by direct biopsy of the metastatic lesion, which is usually not available in patients 

with prostate cancer. However, in order to reach its full clinical utility, [18F]FDHT will 

require further study and optimization in different clinical scenarios.93

Gene Therapy

Molecular-genetic imaging has been reviewed previously.49,94,95 Gene therapy is an 

emerging clinical application for molecular imaging technologies. Specifically, HSV1-sr39tk 

has been used as a reporter gene to assess the efficacy of gene delivery to a cancer target as 

well as a means to target chemotherapy.96,97 With respect to the former, HSV1-sr39tk is 

delivered to the relevant tissue and reporter gene expression is evaluated using the PET 

reporter 9-(4-[18F]fluoro-3-(hydroxymethyl) butyl)guanine ([18F]FHBG).98 This technology 

was applied to the treatment of grade IV glioblastoma multiforme (GBM).52 Figure 3 

similarly shows use of [F]FHBG, but for tracking gene-tagged cytolytic T cells.61 With 

respect to targeted chemotherapy, tissues expressing HSV1-sr39tk are primed for ganciclovir 

treatment (ie, the drug is trapped via phosphorylation resulting in an enhanced, localized 

therapeutic effect).96 The sodium-iodide symporter (NIS) is another common reporter that 

has been used in gene therapy studies. Human NIS substrates include those for PET (124I) 

and SPECT (123I, 99mTcO4
−), and have the advantage of requiring no additional 

radiochemical synthesis beyond obtaining the isotope.99 Although NIS is mainly used as an 

imaging reporter, it also has been used in combination with suicide genes such as HSV1-

sr39tk and cytosine deaminase. A phase I clinical trial of prostate cancer patients assessing 

safety and feasibility of an adenovirus NIS/HSV vector encouraging for future clinical 

translation of these techniques.100

Multimodality reporter systems are useful in translational cancer research in that their use 

affords correlation of histology with imaging data obtained in vivo. For example, bi- or tri-

fusion coding elements within a reporter gene system can include luciferase and HSV1-TK, 

or luciferase, HSV1-TK, and fluorescent proteins, respectively. In regard to the latter, in 

vitro cellular expression can be monitored with a fluorescent reporter, optical imaging (eg, 

BLI) affords real-time in vivo imaging in animal models, and PET allows for more 

quantitative imaging and the potential for clinical translation.101 This multimodality 

approach offers the flexibility to use the imaging modality best suited to the application 

while using a single reporter gene construct.
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Molecular imaging also has been applied to the development of tumor vaccines and 

subsequent assessment of vaccine efficacy. Long et al developed methodology to label 

tumor cells with SPIO agents, deliver the irradiated tumor cell vaccine via subcutaneous 

injection, and subsequently monitor peripheral dendritic cell trafficking to lymph nodes. 

MRI quantification of dendritic cell concentration within the T-cell zone of lymph nodes 

could then be used as a measure of tumor vaccine efficacy.102

EMERGING TECHNIQUES

Instructive examples again come from the search for imaging agents for prostate cancer, 

which remains a challenge with respect to screening and therapeutic monitoring. PSA is 

commonly used for prostate cancer screening purposes and monitoring recurrence of 

disease. Unfortunately, PSA is neither sensitive nor specific for prostate cancer detection,103 

illustrating a need for novel biomarkers. One possible alternative is hepsin (HPN), a type II 

transmembrane serine protease that is virtually absent in normal prostate but with 

upregulated expression in the precursor lesion of prostate cancer, high-grade prostate 

intraepithelial neoplasia (HG-PIN), and hormone-refractory tumors. An iterative phage 

display approach104 was employed in an effort to identify selective, high-affinity peptides 

that recognize HPN. Peptides were successfully identified and conjugated to fluorescent 

nanoparticles for imaging applications. The binding affinity of these agents was further 

enhanced through application of multivalency. Results using these peptide-nanoparticle 

conjugates are promising in mouse models, and could be used to delineate prostate cancer at 

many stages.105

In addition to applications in staging, therapeutic monitoring, drug development, etc, 

discussed above, molecular imaging has the potential to provide real-time image guidance 

during surgical resection of tumors. Wide-field, planar, NIR fluorescence imaging coupled 

with color video is particularly suited to this application, although clinical translation will 

require optimization of imaging systems and NIR fluorescent contrast agents. The only 

clinically available NIR fluorophore is indocyanine green (ICG), which when mixed with 

human serum albumin forms a highly fluorescent complex. This complex may be used for 

sentinel lymph node mapping in a variety of cancers.106–109 In addition to lymph node 

mapping, certain tumors (eg, hepatocellular carcinoma, insulinomas) display preferential 

uptake of ICG, thus defining tumor borders with enhanced precision.110,111 Several groups 

have developed NIR fluorophores with molecular specificity to particular human cancers by 

varying NIR probe, linker composition (lipophilic, hydrophilic, ionic, nonionic), and 

targeting unit (ligand, substrate, cell). For example, a mouse model of peritoneal 

carcinomatosis illustrated the specificity and efficacy of a peptide–fluorophore conjugate 

that recognizes the transmembrane integrin αVβ3. This integrin is overexpressed on brain, 

lung, melanoma, and breast cancer cell lines.112,113

As described earlier, real-time in vitro characterization of protein–protein interactions has 

potential for hastening cancer drug development, but BLI strategies (eg, luciferase split-

reporter system) are not amenable to clinical translation. Fortunately, a molecularly 

engineered split reporter of TK has been developed that allows protein–protein interactions 
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to be probed with PET imaging, a modality and strategy that may find its way to the clinic 

once the appropriate trial has been designed.114

CHALLENGES IN MOLECULAR IMAGING: CLINICAL TRANSLATION

Drug development and proof-of-concept testing in clinical oncology will continue to benefit 

from molecular imaging. When imaging modalities are chosen appropriately, molecular 

imaging is more efficient with respect to both time and resources when compared to current 

practices such as tissue dissection and histological analysis.34 Unfortunately, barriers exist 

for the implementation of molecular imaging biomarkers as endpoints in clinical trials. 

These include (1) constraints on the availability of truly useful imaging biomarkers, 

including low molecular weight agents that mimic drugs; and (2) the lengthy approval 

process for clinical use of new agents, ie, those that do not directly replicate—with precise 

isotopic substitution—a drug that has already appeared in the Physicians’ Desk Reference.

With respect to the supply of new molecular imaging agents, what is immediately apparent 

is that there are hundreds if not thousands of such chemical entities already available. 

However, the question remains which are truly useful? This can only be determined in vivo 

in a relevant clinical setting; however, for any agent to attain that position, it must pass FDA 

approval, which requires expensive toxicity evaluation and synthesis according to current 

Good Manufacturing Practice (cGMP). The dilemma is that most academic programs—from 

which most new agents derive—cannot afford such testing, so an interested industrial 

partner or foundation must often assume the cost. Unfortunately, industry has little financial 

incentive as the development of therapeutics has a much higher profit margin, and consumes 

most of the company’s resources.115 That said, molecular imaging biomarkers can help 

increase the odds of successful and relatively cost-effective transition of a drug candidate 

through the development process.116 Furthermore, unlike therapeutic agents, diagnostic 

imaging agents can delineate nonfunctional targets that serve only as disease markers, which 

can still be extremely useful, rather than functional targets that modify disease processes.

The FDA currently evaluates therapeutic and imaging agents through the same process. 

However, in 2006, the FDA changed the traditional Investigative New Drug (IND) 

application to the exploratory IND for therapeutics and diagnostics117 requiring less animal 

toxicity and safety data, thus decreasing the financial and time costs for compounds that 

would ultimately fail. The FDA has provided broad indications for imaging agents, 

including (1) structural delineation; (2) detection or assessment of disease; (3) functional, 

physiological, or biochemical assessment; and (4) diagnostic or patient management. For 

development of imaging agents for functional assessment of disease processes, the FDA 

requires evidence of direct patient benefit (ie, linking patient outcome to imaging 

information).18 Negotiating regulatory hurdles can best be illustrated by the example of 

FDG. FDG was the pioneering molecular imaging agent since the 1970s and has been used 

for many years since then for a variety of indications, including for clinical management, but 

only recently has it become one of the mainstays of cancer management. 2-Deoxy-glucose 

(DG) was initially developed to inhibit glucose utilization by cancer cells and was 

subsequently modified to FDG for mapping glucose metabolism in the brain.14 Although 

several studies demonstrated the tumor targeting properties of FDG, widespread clinical use 
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did not occur for almost 30 years. Optimization of FDG synthesis according to cGMP took 

almost a decade. With increasing clinical demand, regulatory rules and establishing 

guidelines for reimbursement through the Center for Medicare and Medicaid Services 

(CMS), as well as private insurance companies, became formidable barriers. The 

pharmaceutical industry was ultimately motivated to support a clinical trial for approval by 

the FDA. Even with the data supporting safe and efficacious clinical translation, the FDA 

approval process made production and access to FDG-PET imaging cumbersome at best. 

Final FDA approval required an act of Congress, the FDA Modernization and 

Accountability Act of 1997, forcing the FDA to address logistical hurdles.118

A second example involves the use of [18F]-(3′-deoxy)-3′-fluorothymidine (FLT), which 

was developed in the 1990’s. FLT is transported into the cell via a mechanism analogous to 

thymidine and is subsequently phosphorylated by TK-1. Similar to FDG phosphate, FLT 

phosphates are trapped within the cells and are relatively resistant to degradation. Preclinical 

studies using FLT PET for therapeutic monitoring demonstrated that cell proliferation could 

be defined as a function of chemotherapeutic dose.119 Although imaging agents like FLT 

would be invaluable in support of novel drug development, lack of standardization of 

techniques has made these strategies difficult to implement in the United States. In response 

to this hurdle, the Society of Nuclear Medicine created the Molecular Imaging Clinical 

Trials Network (SNM CTN). SNM CTN sought to provide a centralized IND process, 

allowing industries to cross-reference the centralized IND for large multicenter trials. 

Establishment of standardized imaging guidelines for other radiotracers and molecular 

imaging agents remains a formidable hurdle despite the SNM CTN effort.120

PERSPECTIVE

Because molecular imaging has been performed extensively in the service of cancer 

research, new discoveries in and applications of molecular imaging research have been 

developing in parallel with discoveries emanating from the cell biology laboratory. Previous 

examples include how in vivo molecular-genetic imaging has derived from cell-based 

imaging using reporters such as green fluorescent protein (GFP) and firefly luciferase. 

Modern activatable probes find their antecedents in molecular beacons, first described in the 

mid 1990s. More recently, systemic delivery of tissue- and tumor-specific promoters driving 

imaging reporter genes can be used to provide selective targeting of widespread metastases

—for detection as well as theranostic purposes. Now we are beginning to see molecular 

imaging applied to visualize siRNA delivery and the disposition of nanomedicines. Because 

drug delivery, whether with one of these new macromolecular, biological, gene-based, or 

nanocarrier-based techniques, or with traditional, low-molecular-weight agents, is becoming 

increasingly recognized as a major impediment to effective cancer therapy, imaging the 

results of this delivery becomes an increasingly pressing, unmet medical need. By forging 

stronger ties with industry, working closer with the FDA to overcome logistical hurdles and 

continually proving in the laboratory the utility of molecular imaging for informing basic 

biology it will not be long before we begin to see the ultimate benefit of applications of 

molecular imaging research: decreased morbidity and mortality from cancer.
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Figure 1. 
Some cellular targets for molecular imaging. Oncologic molecular imaging agents exist for 

each of these targets. In addition to standard imaging agent binding to extracellular targets in 

the membrane, eg, G-protein–coupled receptors, some agents localize to various organelles, 

such as lysosomes, mitochondria or golgi apparatus, based on electrostatic potential or pH. 

PPI , protein–protein interactions, as detected by split luciferase reporters.
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Figure 2. 
Lysine-rich protein (LRP) as an MR-CEST reporter. (Top) Illustration of the chemical 

exchange saturation transfer (CEST) contrast mechanism. A frequency-selective 

radiofrequency pulse is used to label (green) the amide protons of the contrast agent. Only 

labeled protons exchange with water protons. This leads to a reduction in MR signal 

intensity. (Bottom) CEST difference map (right) overlaid on an anatomical MR image (left). 

This map demonstrates that LRP-expressing xenografts can be distinguished from mock-

transfected controls. Reprinted with permission from Macmillan Publishers Ltd: Nature 

Biotechnology,56 copyright 2007.
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Figure 3. 
Case study: noninvasive detection of cytolytic T cells in a patient with glioma. MRI (top) 

and PET over MRI superimposed (bottom) brain images of a patient who received 

autologous cyolytic T-cell infusions. T cells expressed HSV1-TK and images were acquired 

after 18F-FHBG injection. Cells localized to tumor 1 and trafficked to tumor 2. Reprinted 

with permission from Macmillan Publishers Ltd: Nature Clin Pract Oncol,61 copyright 2007.
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Figure 4. 
Case study: anti-[18F] FACBC to guide prostate cancer radiotherapy target design. A CT 

image (A), an FACBC PET image (B), and a registered image (C) demonstrates how 

FACBC PET scan information was registered with the planning CT scan. The projection of 

FACBC-defined gross tumor volume (GTVFACBC) into the treatment planning CT at three 

different levels (D–F). GTVFACBC was mostly contained within the prostate. Reprinted with 

permission from Jani et al. Clin Nucl Med. 2009.91
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Table 1

Characteristics of Imaging Modalities

Imaging
Technique EM Spectrum Sensitivitya Spatial

Resolutionb
Depth
of Penetration Temporal Resolutionc Costd

PET High-energy γ-ray 10−11–10−12 mol/L 1–2 mm No limit 10 seconds to minutes $$$$

SPECT Low-energy γ-ray 10−10–10−11 mol/L 1–2 mm No limit Minutes $$$

BLI Visible light 10−15–10−17 mol/L* 3–5 mm 1–2 cm Seconds to minutes $$

Fluorescence Visible light or near-infrared 10−9–10−12 mol/L* 2–3 mm < 1 cm Seconds to minutes $–$$

MRI Radiowaves 10−3–10−5 mol/L 25–100 μm No limit Minutes to hours $$$$

CT X-rays Not well characterized 50–200 μm No limit Minutes $$

US High-frequency sound Not well characterized 50–500 μm mm to cm Seconds to minutes $$

Abbreviations: PET, positron emission tomography; SPECT, single-photon emission computed tomography; BLI, bioluminescence; MRI, magnetic 
resonance imaging; CT, computed tomography; US, ultrasound.

*
Not well characterized but likely range is given.

a
Sensitivity is the ability to detect a molecular probe when it is present, relative to the background, measured in moles per liter.

b
Spatial resolution is a measure of the accuracy or detail of images expressed in millimeters. It is the minimum distance between two 

independently measured objects that can be distinguished separately.

c
Temporal resolution is the frequency at the images can be recorded or captured from the subject once the imaging process is initiated.

d
This includes cost of equipment and cost per study.

Data from Massoud and Gambhir.35
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