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Abstract

Although most clinical diagnostic imaging studies employ anatomic techniques such as computed tomography (CT)
and magnetic resonance (MR) imaging, much of radiology research currently focuses on adapting these conventional
methods to physiologic imaging as well as on introducing new techniques and probes for studying processes at the
cellular and molecular leveis vivo, i.e. molecular imaging. Molecular imaging promises to provide new methods

for the early detection of cancer and support for personalized cancer therapy. Although molecular imaging has been
practiced in various incarnations for over 20 years in the context of nuclear medicine, other imaging modalities have
only recently been applied to the noninvasive assessment of physiology and molecular events. Nevertheless, there has
been sufficient experience with specifically targeted contrast agents and high-resolution techniques for MR imaging
and other modalities that we must begin moving these new technologies from the laboratory to the clinic. This brief
review outlines several of the more promising areas of pursuit in molecular imaging for oncology with an emphasis
on those that show the most immediate likelihood for clinical translation.
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Introduction some novel approaches beginning to find their way to the
clinic.

As it relates to cancer, molecular imaging representsTranslational research is a somewhat nebulous term
a group of methods to study the malignant phenoty/igat attempts to describe the work that goes into bringing
noninvasively at high resolution with specific probeghe most promising experimental therapies to the clinic
contrast agents or MR pulse sequences with a viedfter extensive testing in experimental models. In the
not only to understanding cancer biology but also t&S, the National Cancer Institute (NCI) has recognized
providing early diagnosis and support emerging cancte importance of this type of research and has invested
therapies. Molecular imaging is important to cancegubstantial funding not only into the developmentiof
research, diagnosis and therapy now because of the maivp cellular and molecular imaging centers (ICMICs)
new, specific therapies that may not be as indiscriminatgt also into small animal imaging resource programs
cytotoxic as most have been to date. Much has be&PAIRPS), both of which involve translational research
written about parallel progress in development of highextensively. Because imaging agents are designed to
resolution, multimodality imaging devicBs* along be ‘tracers’ of physiology and therefore have no
with array-based technigues used to discover ngwharmacologic effect, they can be approved for human
targets for cancer imaging and ther&yand the ready administration much more readily than most therapeutic
availability of experimental models, many of which ar@gents. In the US, there has been a recent revision of the
genetically based and therefore provide unprecedentiteria needed to be met for an imaging agent to progress
relevance to human cand&fl. Convergence of advancesto the clinic, reflecting the general lack of toxicity of
in those areas has provided interesting and in some catiesse agents, further promoting clinical translation. There
spectacular imaging results in experimental models wilre also other programs, such as the Development of
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Table 1 A sampling of recently translated and near-term clinical molecular imaging probes and methods for
cancer (promising preclinical techniques are depicted in bold type)

Biology Representative probe Method Reference
Angiogenesis 1BF]Galacto-RGD PEF ]
Apoptosis P9mMTc]Annexin-v SPEC? (98]
Signal transduction 1P4FIAU PET [14]
Protein interaction Luciferin Bioluminescence (16]
Receptor/enzyme/transporter 68Ga]F(aby-Herceptin PET [72]
Metabolism FLT PET (20]
Cell trafficking Cy5.5-CLIO Fluorescence/MR [55]
Chemotherapy pharmacokinetics BrFluorouracil PET [62]
Multidrug resistance PMTcSestamibi SPECT [63]
Hypoxia [FOcujATSM PET (82]
Gene delivery/expression Ormosil Fluorescence (32]

8positron emission tomography.
bSingle photon emission computed tomography.

Clinical Imaging Drug Enhancers (DCIDE) program aand androgeli344 receptors. Promising metabolic tech-
the NCI, that are beginning to hasten translation of nemiques involve the use of§F]fluorodeoxyglucose (FDG)
molecular imaging agents. The questions become: what studying tumor glycolysié>46l and therapeutic
are the promising areas in molecular imaging researofonitoring in clinical*”! and preclinical studid®],

on which to focus for near-term clinical translation? Iwadiolabeled choline analo8! for prostate cancer, and
light of the abundant, new targets and technologies, hg®#F]fluorothymidine (FLT) as well as other thymidine
do we know where to place our efforts? Small animainalogs as tumor proliferation agents, the uptake of
imaging can certainly help in validating or eliminatingwhich are dependent upon activity of the cell cyéfé
potential molecular imaging probes from the pool oflthough an incomplete list, those entities were chosen
available materials, however, small animal imaging itselfecause they have all been imaged clinically, have all
is a time- and labor-intensive process such that only tipeoved useful and provide models for the translation of
most promising targets for the most useful indicationsxperimental molecular imaging agents (Table 1). Several
should be pursued. illustrative examples are discussed in greater detail below.

Cellular events and molecular pathways as A word on instrumentation and modality choice

imaging targets for cancer Because molecular imaging is a biology-driven enter-
prise, workers in this field are generally less inter-
Among the many possible targets for imaging cancegsted in applying a specific imaging modality than at
those that have been the focus of the most intengacovering a particular biological process, which may
research include angiogend&i¥, apoptosi& %l sig- require complementary modalities. Fig. 1 summarizes
nal transductioR?~15], and study of protein interactionthe most commonly used molecular imaging modalities
networkd!®l as well as more conventional approachesith respect to their relative sensitivities. The imaging
to receptor!”l or enzyme-basétfl and metabolic modalites must be thought of as complementary in
imaging*®-2%l. Methods for imaging cellular trafficking that while some, such as MR spectroscopy, may
are no longer experimental curiosity with the use diave a built-in correlative anatomic mode, i.e. MR
functionalized nanoparticles providing among the moshaging, and therefore provide high spatial resolution,
compelling evidence for the use of MR in moleculathat technique is of considerably less sensitivity than,
imaging for clinical applications to cancer, arguablyor example, positron emission tomography (PET).
at sensitivities superior to those demonstrated for ti@n the other hand, the use of superparamagnetic
radionuclide-based techniqués 26!, iron oxide (SPIO) particles for cellular trafficking has
Other targets that have been the subject of signiftnabled the visualization of a single cell using a
cant imaging inquiry include probing multidrug resis<clinical magne?®%, That fact appears to contradict
tancd?’-3% and gene delivery and expressibitl=33]  the sensitivity scale shown in Fig. 1. Nevertheless, the
Among the most promising receptor-based targets are ttaglionuclide-based techniques have been used for many
prostate specific membrane antigen (PSM&$4, HER- years to study specific molecular species, and remain
2/ned®] the vascular endothelium through thgBs supremely translatable. As we gain more experience
receptor using RGD peptid€s-36-371and steroid recep- with experimental models, we continue to learn the
tor proteins including the estrogBf%], progestif*1421  strengths and weaknesses of the modalities for particular
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Sensitivity ‘ Modality | Agents | H ‘ R | Primary uses Examples
« Qptical
FMT fluorescent X | gene expression, tagging GFP, RFP, NIRF
" proteins superficial structures probes
P BLI luciferin X | gene expression, therapeutic | fLuc rLuc
monitoring
» Muclear
SPECT 8mTe, 1235, 11 | X | X | site-selectivity, protein labeling | #*mTec-annex in V, 123]-
AB5380

nii

PET G, 18F 124 X | X | site-selectivity, gene 1C-RAC, 124-FIAU,
BMBIEICY expression, drug development | #Cu-ATSM

« MRI
spectro- endogenous X | X | CNS, prostate , heart, breast | NAA, Cr, Cho, Glx, ml,
scopy metabolites Ip

ur
contrast Gd, Mn, FeOD X | cell trafficking, enzymatic poly-L-lysine,
agents activation dendrimers, MION
« Ultrasound
contrast petflucrinated X | drug-delivery, gene human albumin

(10 pm) agents microbubbles transfection (Optison)

H=human, R=rodent

Figure 1 Modalities for molecular imaging.
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Figure 2 Use of a lymphotropic MR contrast agent (iron oxide-containing nanoparticle) in a patient with
prostate cancer. Arrows indicate micrometastases, i.e. where nanoparticles are excluded from lymph node
uptake (from reference [25]).

oncologic indications, leading to certain generalizationas the translation of such agents is being vigorously
For example, MR-based nanoparticles are proving usefuirsued®’ 58,

for cell trafficking studies, both clinicallg® (Fig. 2) and

preclinically®®52] while radionuclide- and optically-

based molecular-genetic reporter systems, although use- Translational molecular imaging:

ful experimentally, have not yet enjoyed much clinical examples

exposure. On the other hand, for receptor- or enzyme- ) )
based imaging or for studying the pharmacokinetic Radmlabelec_l ChemOtherapeUt'C agents and
disposition of chemotherapeutic agents, the radionuclide- monitoring chemotherapy

based techniques predominate. MR- and opticallys humber of groups, most notably that of Aboagsteal.
based, activatable probes have proved useful experimgf-the Hammersmith Hospital, have worked to provide
tally[53-5¢] but have not yet achieved clinical translationpositron-emitting analogs of chemotherapeutic agents
Of course the development of nanodiagnostics, which aggach as paclitaxérig'eo], fluorouracif®!! and others, in
often engineered to provide multimodality imaging, willan effort to assess the pharmacokinetic profile of these
soon add a new dimension to clinical molecular imaginggents in specific patients as well as studies in modulation
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Figure 3 FDG-PET images of tumor-bearing rats before and after 12 days of therapy with 3-bromopyruvate
(from reference [46]).

of pharmacokinetics with other enhancing driids pump (Pgp), such a®y™Tc]sestamibi, have been used
Perhaps one of the most important applications of thi® predict how patients may respond to therapy for lung
cancef3]. Radiolabeled taxanes have also been used to

PC-3 d}\ . »

\ v
(PSMA-) '\ > % '
* l" ..' ’ /
tumor ' '
axial
g - .-

Figure 4 SPECT-CT imaging of [*23]DCIT in an SR e Tl
LNCaP and PC-3 tumor-bearing SCID mouse. The aseline 17_&:8;;2&;{&1 i
PSMA-expressing LNCaP tumor displays high uptake

wr_m_e the PSMA non-expressing PC-3 tumor shows Figure 5 MicroPET images obtained 3 h post
minimal uptake (adapted from reference [18]). injection with 88Ga-F(ab),-Herceptin in a mouse with

technology is to determine whether a patient will be @ BT 474 breast tumor (images provided courtesy

candidate for the corresponding chemotherapeutic agegVen Larson, Memorial Sloan Kettering Cancer
based on the ability of the tumor to sequester tHgenter). Note the early metabolic response to therapy

radiolabeled analog. Another key application will bdith 17-allylamino-17-demethoxygeldanamycin (17-

to determine if the radiolabeled agent can be used

prediction of early cytostasis and cytotoxicity. A classiquantify the modulation of Pgp, a new strategy in enhanc-
example of that application has been provided by Saleény cancer chemotherapy, in nonhuman prim&fés

et al. in which they showed how pharmacologic doseSmall animal PET imaging has been used in this context,
of eniluracil were able to improve the delivery of 5-such as the study by Leytoet al. in which FLT was
[*8F]fluorouracil to tumors quantitatively and noninvaused to measure the effects of cisplatin treatment of
sively in human subject®]. Radiolabeled substrates forfibrosarcoma tumor-bearing mi€él. That study found
the multidrug resistance (MDR)-derived P-glycoproteifLT-PET to be superior to FDG-PET for predicting early
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T,,~weighted

APT-weighted

Figure 6 Amide proton transfer imaging (APTI) in 9L tumors in rat. Both conventional (T2-weighted and
apparent diffusion coefficient (ADC) maps) and APTI are shown. Note that the hyperintensity within the
peritumoral tissue (small arrow) and cerebrospinal fluid (open arrows) in the ADC map become normal with
APTI, adding to the clearer contour of the tumor (large arrow) on the latter images. APTI provides clearer
tumor contour than the T2-weighted image as well (adapted from reference [92]).

After Radiotherapy; day 4

Figure 7 SPECT imaging of ®®*™Tc-annexin V in a patient with follicular lymphoma. Note high uptake in
tumor-bearing lymph nodes after radiation therapy (from reference [98]).

changes due to chemotherapy, lending support to the sseh as by CT diameter, the current clinical standard.
of FLT-PET for early detection of chemotherapy-induced metabolic technique should be tailored to a new
tumor metabolic changes. In this sense, small animaletabolic therapy, as shown for a recent study performed
PET imaging can be used to aid in the translation not an effort to provide information on 3-bromopyruvic
only of diagnostic but also new therapeutic agents acid as a putative treatment for sarcdffib (Fig. 3).
drugs, which are increasingly of the cytostatic varietydadly needed in conjunction with all of these animal PET
A cytostatic drug may not produce a decrease studies is concurrent validatidn vitro using histologic
tumor size readily detectable by anatomic measurdschniques that reflect the underlying biological changes
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that are expected with therapy, i.e. validation of mecha-polyethylene glycol moiety and coupling with a long-

nism. lived positron emitter such as copperl&4. The RGD
peptides represent an excellent example of a class of
compounds that are likely to find widespread clinical use

Recent and near-term translation of in the near future for imaging a variety of cancers.

receptor-based imaging agents Metabolic imaging agents
The prostate specific membrane antigen (PSMA) hg$HG-PET imaging for cancer has been reviewed exten-
been a target for molecular imaging for the last tegively elsewher@®47.77] FDG is the only FDA-approved
years using the monoclonal antibody Prosta$elftl.  positron-emitting radiopharmaceutical in widespread
Because of the inherent difficulty of antibody-baseginical use and only for cancer and Alzheimer disease.
imaging, small molecule ligands for PSMA are being\s suggested above in the discussion of radiolabeled
pursued activell}®66671 Animal models reveal high chemotherapeutic agents, perhaps the most important
tumor target selectivity, providing the impetus fogle for imaging in therapeutic monitoring is in the
translation of agents of this class to the clitf (Fig. 4). early prediction of patient outcome with a particular
Although the ultimate clinical success of those agentferapeutic agent. For example, FDG-PET was able to
for prostate cancer remain to be seen, steroid receptgfedict the outcome of patients with gastrointestinal
based imaging has proved clinically useful in studiestromal tumors treated with imatinib within several days
dating back nearly 20 yedf8l. First, estrogef®®®l o initiating treatmeni?®. A similar result, indicating
and more recently androgen recefttr imaging have early prediction of tumor response to chemotherapy,
been shown to provide biologically meaningful imageRas recently been shown in breast cancer using MR
in patients with receptor-positive breast and prostatpectroscoplf®. The article cited above by Leyton
cancer, respectively. HER-2/neu, a receptor up-regulatgdal. suggests the improved utility of FLT over FDG
in certain forms of breast cancer, primarily due tor predicting tumor respon&¥!. FLT is the result
amplification, has been a target for multimodalityf many years of development of other thymidine
molecular imaging®~"%. Artemov et al. have pursued analogs for cancer imaging and is based on the fact
an MR-based approach using avidin-biotin technologyat thymidine kinase, the enzyme of which FLT is a
to image successfully HER-2/neu overexpressing tumasgbstrate, is regulated by the cell cycle, which often goes
in an experimental modéP!. Although not yet ready awry in cancel®l. Because of the salutary metabolic
for clinical translation, that study provided the proof-ofcharacteristics and direct link of the mechanism of
principle that receptor-based MR imaginy vivo was action to FLT uptake to cancer, FLT will soon gain
possible provided that appropriate signal amplificatiofidespread use and quite possibly displace FDG as the
techniques are employed. On the same theme, Larsgiimary metabolic tumor imaging agent. Other promising
et al. have developed a positron-emitting anti-HERmetabolic cancer molecular imaging agents include the
2/neu antibody labeled with gallium-68. That construgamily of radiolabeled choline analogs for prostate
has been used preclinically and is currently undesancel*°8l as well as radiolabeled analogs of ATSM
assessment for clinical translatiél (Fig. 5). The use for imaging tumor hypoxi&%:82l. Agents of both of these
of a positron-emitting analog has certain advantagefasses recently entered the clinic and are beginning to
over an MR-based agent in that it will be administeredemonstrate utility in cancer detection and monitoring.
in subpharmacologic, i.e. ‘tracer’, doses, enabling Bhe metabolic imaging technique of magnetic resonance
smoother path to clinical translation. In addition to earlgpectroscopy, which has been in clinical use for about
diagnosis or detection of metastatic disease, receptes years, has been applied both to central nervous
based imaging techniques can also be used to chegktem malignancies as well as to prostate cancer to
the efficacy of receptor-based therapies. Although ngbod advantadé?3-851 |n the former, it can be used to
performed to date, receptor occupancy studies, in analogigtinguish radiation necrosis versus recurrent neoplasm,
with those that are performed for neuropsychiatrign important problem in brain tumor imagif§l, and
drugd?”73l, could be performed in oncology researchn the latter it can be used to direct biopsy toward the
as well. Notably both PSMA and HER-2/neu havenost malignant elements of a prostate tulfdr That
been targets for the development of nanodiagnosti¢adication is important because current prostate cancer
illustrating the wide variety of potential new agents thasiopsies are random and highly subject to sampling error.
can be developed once a suitable target is cH6%éH.

Radiolabeled RGD peptides, directed toward the

angiogenic markery, 83 integrin receptor, have shown Recent and near-term translation of novel

great utility in imaging experimental tumor models molecular imaaina agents and methods
and are beginning to be used in the clifii&36:37] ging ag

Much effort has been expended in pharmacokinetithe abovementioned examples tend to focus on
optimization of these agents, including incorporation afadionuclide-based techniques, however MR-based meth-
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ods are also proving useful. After more than ten yealmas been placed on individual laboratories for assuring
of meticulous preclinical optimization, Weissledstral. good manufacturing practice (GMP) through heavy
have shown the ability for iron oxide nanoparticleslocumentation of each step en route to the clinical
to differentiate benign from malignant lymph nodegxamination. As discussed above, the DCIDE program at
with prostate canc&®l. One significant facet of that the NCI provides funds for toxicology and a supportive
study was that lesions smaller than what could b&aff for the dissemination of promising new molecular
detected by PET, touted to be the much more senshaging agents, however, despite these measures, few
tive technique (1 million-fold), were detectable. Alsonew molecular imaging agents have gained widespread
significant about that work is that it represents thelinical use over the last several years.

first practical clinical application of nanotechnology to
imaging in that the particles used to generate contrast
were engineered, primarily inorganic, substances. Simila{:
technology has also been used recently to delineate the T
margins of gliomas, using a multifunctional reporter of Apomate
for intraoperative managemd#ftl. Other multifunctional .
nanoparticles have also been developed using antibo@%— stated at the outset, one of the most promising

0

based approaches as well as for the visualization gets for_molec_ular_ imaging in cancer Is th? process
angiogenesis withw s as the target, in analogy to apoptosis, which is the mechanism by which many

the RGD peptidel€®l. Although nanoparticle technologyChem%t.he:ap?rlrj]t'c agenlts prqducgthe|rtutmor|C|daI ﬁﬁﬁa'
suffers from the relatively large size of the resulta peeordingly, ‘heseus Imaging f.orporation (a wholly

imaging agents, suggesting that they may be limited hn?%vSEESI(gfy icr)ul:/ N(t)rgh AirTrﬁmanrl ?nc'im'f\';’ rlncr.{d
intravascular applications, that is not necessarily the ¢ atsworth, ) ested significa anpower a

as they may be linked to various peptides that promo %nds into the clinical development of an 'early'biomarker
internalizatiod®® or may be introduced to the cells of O ¢NCer therapy based on apoptosis imaging technol-

interest, such as in tracking studies using MR, throu y using single phof{gglg%wission Compu_ted tqmography
ex vivo techniques such as microelectroporatfdh PECT) of annexin V=%, Because the imaging agent

Another, new MR-based molecular imaging techniqu‘t’%’aas _?e;eZOQE;qa:t Irje’\cl’la'\r;qceeill\{[?eit%ro'[gnéstgere:JtSherik
that will find clinical use shortly is amide proton transfef fq'rl#m noX en'cl'\t/ (?fthel Irote'n alng e 'reud an assa
imaging (APTI). APTI obviates the use of exogenousl immunogenicity protel qui Y

administered contrast media and is performed in analo Sb (raar:rcle ﬂﬁ;fthiﬂgngotr;j bcg'r;:ga:jég?ér.fgrs f%tgerne_
to magnetization transfer imaging for visualization o u wod lous immu

proteins within malignant tiss@@ (Fig. 6531, while Mediated effeci”). The development of those assays

the MR-based techniques may suffer, in many cases,fré tcha]lengmg, tlrrlli-cor}.sgmllng an? gau;ed a d.elatﬁ n
less sensitivity than the radionuclide-based methods, tl’% aining approvaj for clinical apoptosis Imaging in the
]

do have the advantage of ready clinical translation, 1= Furthermore, the results of the first phase Il trial

no exogenous contrast is administered, as in the case 6t © difficult to interpret, largely based on the design

APTI. So far the only clinical example of molecular—O?the trial that combined broad based cytotoxic agents

genetic imaging of cancer is the study performed HEE 5 S BRSO B8 e moterapy. The
Jacobset al, now nearly 4 years old, in which patients SN apy.
esults proved of great scientific interest, particularly

undgrgomg ganC|cIo_V|r therapy were imaged with évith baseline imaging, and in some cases produced the
radiolabeled nucleoside anal8y. o= :
counterintuitive result that patients who responded to
conventional chemotherapy tended to demonstoater
uptake of the radiolabeled annexin relative to the baseline
Hurdles to overcome for translational scan. Those results suggest that the tumor environment
molecular imaging studied by this imaging agent was much more complex
than expected and included possibly lymphocytes and
Although molecular imaging is a relatively new fieldphagocytic cells in addition to tumor cells. Taken
there is a sense that clinical translation of moleculdogether, these findings indicate that a straightforward
imaging agents is not happening sufficiently rapidlclinical protocol, in which patients were chosen at the
Although the scientific hurdles, such as cell penetratiavutset based on a more targeted pro-apoptotic therapy,
of imaging agents, appropriate pharmacokinetic profilesiich as radiation therapy, would have possibly provided
etc. are being steadily overcome, regulatory hurdlesore readily interpretable dd®dl (Fig. 7). Therefore,
persist. The US Food and Drug Administration (FDAJjegulatory hurdles surrounding a challenging initial
has recently recommended a relaxation in what wepgoduct such as those that are protein-based, and, in
relatively stringent requirements for toxicity testing ofetrospect, a suboptimal phase Il imaging trial design,
new imaging agents, many of which can now be assessady have significantly limited the dissemination of
using a microdosing protocol. However, increased burdetinical apoptosis imaging.

linical translation: the cautionary tail
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Perspective [12]

Conventional clinical molecular imaging, i.e. with

radionuclide-based probes, has been practiced for m

years and is a growing field with the development of ever
more selective receptor-, enzyme- and transporter-based
imaging agents. We are beginning to see the first applit4]
cations of MR- and optically-based clinical molecular
imaging, particularly for cell trafficking studies and intra-
operative guidance. One of the great promises of molec-

ular

imaging research, i.e. molecular-genetic imagind,15]

will gain clinical use in parallel with the acceptance of

gene therapy, which has proved challenging, and as maqr,
sensitive, biocompatible reporter-probe combinations are

%]

discovered. Regulatory hurdles remain prominent for
translation of the most novel agents, but microdosing 7,
protocols are being adopted for some and programs such
as DCIDE will continue to shepherd the most promising
new contrast agents and probes to the clinic.

(18]
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