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TOWARDS MULTIDIMENSIONAL RADIOTHERAPY (MD-CRT): BIOLOGICAL
IMAGING AND BIOLOGICAL CONFORMALITY
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Purpose: The goals of this study were to survey and summarize the advances in imaging that have potential
applications in radiation oncology, and to explore the concept of integrating physical and biological conformality
in multidimensional conformal radiotherapy (MD-CRT).

Methods and Materials: The advances in three-dimensional conformal radiotherapy (3D-CRT) have greatly
improved the physical conformality of treatment planning and delivery. The development of intensity-modulated
radiotherapy (IMRT) has provided the “dose painting” or “dose sculpting” ability to further customize the
delivered dose distribution. The improved capabilities of nuclear magnetic resonance imaging and spectroscopy,
and of positron emission tomography, are beginning to provide physiological and functional information about
the tumor and its surroundings. In addition, molecular imaging promises to reveal tumor biology at the genotype
and phenotype level. These developments converge to provide significant opportunities for enhancing the success
of radiotherapy.

Results: The ability of IMRT to deliver nonuniform dose patterns by design brings to fore the question of how

to “dose paint” and “dose sculpt”, leading to the suggestion that “biological” images may be of assistance. In
contrast to the conventional radiological images that primarily provide anatomical information, biological images
reveal metabolic, functional, physiological, genotypic, and phenotypic data. Important for radiotherapy, the new
and noninvasive imaging methods may yield three-dimensional radiobiological information. Studies are urgently
needed to identify genotypes and phenotypes that affect radiosensitivity, and to devise methods to image them
noninvasively. Incremental to the concept of gross, clinical, and planning target volumes (GTV, CTV, and PTV),
we propose the concept of “biological target volume” (BTV) and hypothesize that BTV can be derived from
biological images and that their use may incrementally improve target delineation and dose delivery. We
emphasize, however, that much basic research and clinical studies are needed before this potential can be
realized.

Conclusions: Whereas IMRT may have initiated the beginning of the end relative to physical conformality in
radiotherapy, biological imaging may launch the beginning of a new era of biological conformality. In combi-
nation, these approaches constitute MD-CRT that may further improve the efficacy of cancer radiotherapy in the
new millennium. © 2000 Elsevier Science Inc.

Biological imaging, Conformal radiotherapy.

INTRODUCTION mendous promise for improving the management of
human cancer.

Radiological images have played an important role in med-  Recent developments in cancer detection, diagnosis, and
icine since the discovery of X-rays by Roentgen in 1896. In treatment have suggested new types of images and intensi-
the last two decades, the advent of computed tomographyfied our need for them. This realization evolved with im-
(CT) and magnetic resonance imaging (MRI) has brought a provements in imaging and radiotherapy treatment technol-
quantum leap to our ability to visualize the human anatomy. ogy, the spectacular advance in our knowledge of cancer at
Indeed, these advances have directly and significantly im-the molecular level, and the cross-fertilization of the mul-
proved cancer diagnosis and treatment. In addition, ad-tiple disciplines. Whereas up to the present, radiological
vances in nuclear medicine imaging, with the widespread images are largely anatomical, the new types of images can
implementation of single photon emission computed to- provide biological and mechanistic data, for example, met-
mography (SPECT) and the emerging widespread avail- abolic information from PET scanning with fluorodeoxy-
ability of positron emission tomography (PET), hold tre- glucose (FDG) radiolabeled witfF and functional/meta
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bolic data from nuclear magnetic resonance imaging andcancers of the prostate, head/neck, and breast have been
spectroscopy (MRI/MRS) studies. Under development are treated with IMRT at MSKCC. Operationally, the modality
potential methods to characterize the genotype and pheno-is well-accepted. In terms of radiation dose, our experience
type of tumors by noninvasive molecular imaging (1-4). indicates a precision of about 1%. Although the potential
Given the wide spectrum of information that the “new” clinical benefits associated with the increased dose confor-
imaging techniques can unfold, we suggest the descriptormality must be evaluated in outcome studies, preliminary
“biological” for this class of images (in contrast to anatom- results in terms of reducing treatment-related morbidity and
ical). Biological images broadly include those in the meta- increasing local control appear promising.
bolic, biochemical, physiological, and functional categories, Indeed, current technology for delivering conformally
and they should also encompass molecular, genotypic, andshaped external beam radiation therapy may have exceeded
phenotypic images presently under investigation. For radi- our ability to localize tumors and normal tissues by conven-
ation therapy, images that give information about factors tional imaging techniques. In particular, IMRT can produce
(e.g., tumor hypoxia, J,) that influence radiosensitivity  isodose distributions capable of delivering different dose
and treatment outcome can be regarded as radiobiologicalprescriptions to multiple target sites with extremely high
images. dose gradients between tumor and normal tissues. Consider,
Biological images are needed and useful for many rea- for example, Fig. 1 which demonstrates an ultraconformal
sons. Images that yield genotype and phenotype informationexternal beam treatment of the prostate. In this example, we
would be helpful for genetic and molecular diagnosis, and assume that biological imaging techniques exist which per-
for gene therapy. MR functional imaging of the brain may mit localization of regions within the prostate that contain
help surgical and other forms of local-regional therapy to highest tumor burden (gross target volume [GTV], outlined
avoid critical neurological structures (5). In radiotherapy, in orange), and also identification of urethra (blue outline)
the advent of three-dimensional conformal radiotherapy and prostatic capsule (planning target volume [PTV], green
(3D-CRT) and intensity-modulated radiotherapy (IMRT) outline). We show in Fig. 1 the exquisite capability, using
has escalated the need for images, and in particular biolog-the existing MSKCC inverse treatment planning system, to
ical images, as will be discussed (6, 7). sculpt the dose to the desired shape. An analysis of the
In the last half of this (soon to become past) century, a associated dose—volume histograms (DVHs) demonstrates
number of major technological advances have significantly that the goals of the treatment design are well met: namely,
impacted upon the practice of radiotherapy and incremen-to deliver 99 Gy to the GTV, 91 Gy to the PTV, no more
tally improved its therapeutic efficacy. These include the than 86 Gy to urethra, and no more than 76 Gy to no more
Co-60 teletherapy unit, medical linear accelerators, treat- than 30% of the rectal wall. This treatment plan is currently
ment simulators, afterloading and remote afterloading tech- achievable using a 10-field IMRT treatment technique with
niques, radium and radon substitutes, and computerizedl5 MV photons.
treatment planning. In the last decade, patient-specific 3D  The ability of IMRT to “paint” (in 2D) or “sculpt” (in 3D)
images are increasingly applied to treatment planning, 3D- the dose, and to produce exquisitely conformal dose distri-
CRT planning systems are maturing and becoming widely butions within the constraints of radiation propagation and
available, computer-controlled systems and multileaf colli- scatter, begs the “64 million dollar question” as to how to
mators are emerging as standard features in medical lineapaint or sculpt. Our hypothesis is that noninvasive biologi-
accelerators, and the use of electronic portal imaging de-cal imaging may provide the pertinent information to guide
vices is gradually becoming established. Most recently, the the painting or sculpting of the optimal dose distribution.
new buzz words are inverse planning and IMRT, advances There has been much laboratory and clinical research on the
that have the potential of delivering exquisitely conformal so-called predictive assays, i.e., the use of radiobiological
dose distributions to the treatment target relative to the characteristics such as proliferative activity (potential dou-

dose-limiting normal structures (6, 7). bling time [T,,{]), radiosensitivity (the surviving fraction at
At Memorial Sloan-Kettering Cancer Center (MSKCC), a dose of 2 Gy [SH), energy status (relative to sublethal
inverse planning and IMRT with dynamic multileaf colli- damage repair), pH (a possible surrogate of hypoxia), tumor

mators have been clinically implemented since October hypoxia, etc. as prognosticators of radiation treatment out-
1995 (6—11). Initially, the inverse planning algorithm was come (12). Noninvasive biological imaging is an incremen-
that of Bortfeld, adapted and incorporated into the Memo- tal advance in the same direction and may provide “radio-
rial Sloan-Kettering Treatment Planning System (8, 9). biological phenotypes” (in the nomenclature of the “new”
More recently, the method of Spirou and Chui has been biology) of individual tumors. Important for IMRT, the
applied clinically (10, 11). In their approach, the conjugate spatial (geometrical) distribution of the radiobiological phe-
gradient method is applied to minimize an objective func- notypes is also provided by such images, based on which
tion that is basically the deviation from the desired dose in dose distribution may be designed conforming to both the
the various structures of interest (10). Depending on the physical (geometrical) and the biological attributes.
specific structure, the associated objective function can be Given the above, the purpose of this report is to give an
cast as a hard constraint, a soft constraint, or a dose—volumeverview of the development of the various forms of bio-
constraint. As of the fall of 1999, over 600 patients with logical imaging in the context of the needs of radiotherapy.
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Fig. 1. An example of an ultraconformal, or “dose painted” external beam treatment of the prostate. We assume that
biological imaging techniques exist which permit localization of regions within the prostate that contain highest tumor
burden (GTV, outlined in orange), and also identification of urethra (blue outline) and prostatic capsule (PTV, green
outline). This 10-field plan demonstrates the exquisite capability, using the existing MSKCC inverse treatment planning
system, to sculpt the dose to the desired shape.

These advances will be grouped into three categories: MRI/tineoplastic treatment. In addition, it has been suggested that
MRS, biological imaging with PET, and molecular imaging/ changes in these parameters can be monitored by magnetic
radiobiological phenotyping. (Given that some of these ap- resonance (13-15).
proaches are in early development stage and others in Tissue perfusion with submillimeter resolution can be
preclinical or clinical testing, it is neither our intent nor estimated from the increase in the T1 signal after the bolus
possible to give a detailed review and comparison of the administration of a contrast agent such as gadolinium dieth-
relative merits of the different options.) Following these ylenetriaminepenta-acetic acid (Gd-DTPA). With faster
discussions, we introduce the concept of biological target pulse sequences such as the echo-planar dynamic imaging
volume (BTV) based on biological imaging, thus integrat- (EPI) method, serial images &tl second per frame can be
ing physical and biological conformality and leading to obtained to track the uptake of the contrast agent. The
multidimensional conformal radiotherapy (MD-CRT). derived parametric image can yield pixel by pixel informa-
tion on blood volume, blood—brain barrier permeability,
blood perfusion, diffusion, extravascular space, etc. The
utility of such techniques to assess tumor grade and type,
treatment efficacy, and possibly long-term prognosis as
The excellent soft tissue contrast, based on differences inapplied to brain, breast, sarcoma, and other sites is being
the T1 and T2 relaxation parameters of normal and patho- studied.
logic states, underlies the significant utility of MRIin cancer ~ For breast cancers, because benign lesions are less vas-
detection and staging. However, the early promise, based oncularized (16) than malignant ones, the use of dynamic
findings that malignant tissues have higher T1 and T2 contrast enhanced MRI to quantify vascularity may improve
values than normal tissue, has been somewhat modulatedhe specificity of detection (17). As tumor grade, metastatic
due to inadequate specificity. Methods for contrast enhance-potential, and neovascularity may be correlated (16, 18),
ment have been developed to provide images that also yielddynamic MRI may also provide prognostic information
tumor physiological and microenvironmental information, (19).
such as blood flow (perfusion or diffusion), hypoxia, pH, Diffusion-weighted imaging (DWI), in measuring the
etc. These parameters may be important prognosticatoramobility of water molecules and providing information on
relative to tumor responsiveness to radiation and other an-the media and/or barriers, may be used to distinguish normal

MAGNETIC RESONANCE IMAGING AND
SPECTROSCOPY
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and pathological states (20). In its application of assessingment plans are designed to deliver a higher dose to those
treatment response of high-grade gliomas, the measuredegions with a higher than normal choline/citrate ratio.
diffusion coefficients were used to differentiate between Other studies have suggested thdtNMR can be used
enhancing, nonenhancing, cystic, and necrotic regions (21).to monitor tumor response, although it remains to be seen
Applying this technique, Krabbet al. studied 28 patients  whether they will reliably serve as an early indicator. For
(12 with high-grade and 3 with low-grade gliomas, 7 with example, Waldet al. observed a correlation between choline
metastases, 5 with meningiomas, and 1 with a cerebralreduction and response to brachytherapy in brain tumors,
abscess) and reported that cerebral metastases could beand found that rising choline level corresponded to tumor
distinguished from high-grade gliomas (22). Similarly, in 74 recurrence (32). Speckt al. were able to follow tumor
hepatic lesions (11 hemangiomas, 15 metastases, and 48esponse to brachytherapy and noted a decrease in choline
hepatocellular carcinomas), Ichikawaal. reported distin- due to necrosis (33). Tedesdtial. studied tumor progres-
guishable diffusion coefficients and suggested that this ap-sion in 27 patients with gliomas and found that progressive
proach may be useful for differential diagnosis of these disease was characterized by an increase in choline level of
lesions and hepatocellular carcinomas from hemangiomasgreater than 45% (34).

(23). Other compounds that have been detectedHNMR
Advances in magnetic gradient technology and rapid spectroscopyn vivo include creatine (indicative of energy
imaging technigues have made possible the mapping ofmetabolism), glutamate (a major excitatory neurotransmit-
brain function (fMRI). One type of fMRI studies is based on ter and energy source), myo-inositol (involved in intracel-
the paramagnetic property of deoxygenated hemoglobin thatlular signaling pathways related to growth), and gamma

induces local magnetic inhomogeneities, enhances the re-aminobutyric acid (a major inhibitory neurotransmitter).
laxation of the adjacent water molecules, and thereby de-The molecule of lactate, detectable ty-NMR, is of par
creases the T2 signal adjacent to the blood vessels. Taskicular interest. Lactate increases in direct relation to anaer-
activation stimulates the brain, and increases blood flow andobic glycolysis caused by tumor hypoxia, ischemia, or in-
oxygen to the activated region, resulting in a higher oxyhe- fection. As early as 1983, Behat al. reported that lactate
moglobin level and increased T2 signal. Such blood oxy- levels were correlated with hypoxia in the rat brain (35).
genation level-dependent (BOLD) changes (24) have beenRecent data have indicated that high tumor levels of lactate
observed during sensory stimulation, manual tasks, and aare associated with an adverse prognosis. Schwiekext
wide variety of other forms of activation (25, 26). An studied 10 patients with cervical cancer and found that
important application of this noninvasive procedure for lactate levels were significantly higher in patients with
surgical and radiation oncology is in conformal avoidance metastatic spread compared to patients with localized dis-
of critical areas of the brain to minimize the possibility of ease (36). Similarly, Walentt al. studied 15 patients with
loss of critical functions (5, 27). The potential use of fMRI head and neck tumors and concluded that high levels of
data for radiotherapy treatment planning with function- lactate are associated with metastatic disease (37). In a more
specific DVHs has been described by Hamil&tral. (5). recent study of 50 patients with laryngeal cancer, a similar
Nuclear magnetic resonance (NMR) spectroscopy is aprognostic relationship with tumor lactate levels was ob-
powerful approach in that it can yield abundant biological served (Mark Dewhirst, personal communication, 2/99).
information associated with many different biomolecules. Lactate has also been shown to change in response to
Among the various techniques, protdtdf spectroscopy is  radiation (38), suggesting that it may be involved in resis-
attractive in terms of sensitivity, spatial resolution, signal to tance to radiation.
noise, and acquisition time. Molecules that can be studied NMR spectroscopy of*P can provide information about
with H spectroscopy include water, lipids (which are sup tumor energy status (nucleoside triphosphates [NTP], phos-
pressed in most studies), choline, citrate, lactate, and creaphocreatine [PCr], inorganic phosphates [Pi], etc.), pH, and
tine. other biomolecules involved in the phosphorylation meta-
In the prostate, an elevated choline level (resulting from bolic pathway. The membrane precursors phosphocholine
the enhanced phospholipid cell membrane turnover associ-(PC) and phosphoethanolamine (PE) have been resoived
ated with tumor proliferation, increased cellularity, and vivo at high magnetic fields (14, 39, 40) and have been
growth) may be an indicator of active tumor. Recent studies shown to change in response to radiation and chemotherapy.
from the University of California, San Francisco (UCSF) With *H decoupling, PE and PC can be resolved with 1.5 T
indicated thatH-NMR may provide useful parametric im  clinical magnets, and it has been suggested that they may be
ages of prostate cancer for radiotherapy treatment designuseful as an early predictor of tumor response. In a rodent
and for response assessment (28—31). Specifically, the tumodel, PE increased and PC decreased in a dose-dependent
mor is higher in choline concentration (choline/citrate ratio manner, possibly due to changes in proliferation and growth
of 2.1 = 1.3) in contrast to the higher citrate level in normal fraction (41-43). Other investigators have observed that
prostatic tissue and benign hypertrophy (choline/citrate ratio changes in energy (ATP/Pi) resulting from radiation and
of 0.61 = 0.21) (28-31). Based on this information and hyperthermia treatment correlated with the necrotic fraction
patient-specific parametric images, the investigators atin sarcoma at surgery and th&P-NMR data correlated
UCSF are conducting a clinical trial in which IMRT treat- with hypoxia (43—46). Whether this information can serve
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as a surrogate of tumor response to therapy remains to beabolism, there are other influential factors, including tumor
defined. burden, blood flow, tissue inflammation, cellular energy
level, and hypoxia. Given the heterogeneous nature of hu-
man malignancy, it is possible that the usefulness of FDG-
PET is disease-specific or even patient-specific. Clearly, an
Whereas nuclear medicine approaches have long beerimproved understanding of the effects of the above-men-
useful in cancer diagnosis, the recent widespread availabil-tioned factors will facilitate the interpretation of FDG-PET
ity of clinical PET scanners, and the adaptation of SPECT images in clinical situations.
scanners for coincidence detection, have greatly enhanced Besides FDG, other PET tracers are beginning to be
the potential of radionuclide detection in cancer manage- examined. A major class of compounds are the DNA pre-
ment. This method has the major advantages of being non-cursors, either thymidine or deoxyuridine. These molecules,
invasive, versatile (with the use of diverse biomolecules), labeled with eithe*C or *4 for PET or **} for SPECT,
and highly sensitive (capable of imaging concentrations as are incorporated in DNA replication during the S phase of
low as picomolar). Furthermore, the ability of such methods cycling cells and can be noninvasively imaged to identify
for quantitation of radioactivity uptake provides additional regions of cell proliferation (57-59). Another group are the
information on tumor characteristics that were previously substrates for protein synthesis, e {C-labeled methio-
unavailable. nine or choline (60), with the latter being studied in prostate
The increased enthusiasm for PET scanning is in part duecancer since phosphatidylcholine is known to be elevated in
to the availability of FDG as a tracer. The increased glucose that disease. Although none of these processes can be con-
metabolism of cancer cells, as compared to normal tissuessidered a direct measure of tumor aggressiveness or curabil-
underlies the enhanced uptake of FDG in malignant growth. ity, each provides a measure of tumor characteristics that
Clinical studies of many disease sites, including brain, may be indirectly related to treatment outcome.
breast, head and neck, colorectal, and ovarian, have shown Another emerging PET application of potential impor-
that PET imaging with FDG has the potential to improve the tance is the detection of hypoxic cells, coincidental with the
detection, staging, treatment design, and evaluation (47—resurgent interest in tumor hypoxia. Since the observation
51). It is most probable that FDG-PET will be increasingly of Thomlinson and Gray (61), tumor hypoxia has been
useful and embraced as a tool for assessing human maligfegarded as an important reason for the failure of radiother-
nancy. apy. Data for 6975 patients, accrued in 43 randomized trials
There have been a large number of clinical studies re- using oxygen-mimicking sensitizers and hyperbaric oxygen,
porting the efficacy of FDG-PET in diagnosing and staging support the hypothesis that treatment outcome can be im-
thoracic lesions, leading to the Health Care Financing Ad- proved by reducing the influence of hypoxia (62). Recent
ministration (HCFA) approval of reimbursement for PET clinical trials clearly demonstrated a correlation between
studies in the thorax in 1997. Its use in clinical target hypoxia and radiocurability in both metastasis-containing
volume (CTV) definition of cancer of the lung is only lymph nodes in head and neck cancer and in cervical cancer
beginning to be explored. In a retrospective study, Kier (63, 64). Even among the patients who underwent surgery
al. observed that coronal FDG-PET images would have for cancer of the cervix, survival and relapse-free survival
influenced the radiation treatment field of 4 of 15 patients were poorer for those with hypoxic tumors (65). In high-
(52). In a prospective study, Munley al.reported that PET  grade soft tissue sarcomas, Brigtlal. reported an associ-
data altered 34% (12 of 35) of treatment plans for their ation between tumor hypoxia and the development of me-
patients (53). Our preliminary data support these data on thetastases following multimodality treatment (64). Thus,
ability of FDG-PET in detecting metabolic foci not detected hypoxia may be associated with a more aggressive tumor
on CT scans (Rosenzweig, personal communication). phenotype, in addition to radioresistance. It follows that an
The sensitivity of FDG-PET for detecting small lesions assessment of tumor hypoxia may be of prognostic value,
led to its exploratory use for outcome or recurrence assess-and important for making treatment decisions.
ment after radiotherapy of colorectal and head/neck tumors A spin-off of the search for hypoxic cell radiosensitizers
(54, 55). In the study involving 37 head/neck squamous cell is the finding that nitroimidazoles are preferentially and
carcinomas, the specific decrease in FDG uptake was cor-metabolically reduced in hypoxic cells (but not in aerobic
related well with 3-year survival after radiotherapy (73% ones), resulting in toxic bioreductive products that target
versus 22%) (55). In contrast, in 44 patients with colorectal hypoxic cells. Rasegt al. have demonstrated the efficacy of
cancer treated with combined photon and neutron therapy,PET imaging with Fmiso (fluorinated misonidazole) in
only 50% showed decrease in FDG uptake despite goodquantifying hypoxia in lung and head/neck cancers (66). In
palliative results (54). In a patient with meningioma treated their study, 36 of the 37 tumors investigated had hypoxic
with radiation, Fischman reported no evidence of tumor but regions, with fractional hypoxic volumes of 47% and 9%
only reactive changes and necrosis in the surgical specimengor non—small-cell lung and head/neck cancers, respec-
from “hot” regions on the FDG-PET image (56). Other tively (66). Chapmaret al. have shown that SPECT with
studies have also shown that, while the enhanced FDG-'*%iodinated azomycine arabinocidé*§AZA) can also
uptake in tumor is largely dependent upon the altered me-detect tumor hypoxia in both small cell lung and head/neck

BIOLOGICAL IMAGING WITH PET
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Fig. 2. Anidealized schematic illustrating the concept of biological target volume (BTV). Whereas at present the target
volume is characterized by the concepts of GTV, CTV, and PTV, biological images as depicted in Fig. 2 may provide
information for defining the BTV to improve dose targeting to certain regions of the target volume. For example, regions
of low pO, level may be derived from PE¥F-misonidazole study, high tumor burden from MRI/MRS data of
choline/citrate ratio, and high proliferation from PEF4UdR measurement.

cancers, despite the lower resolution of this imaging method significance, noninvasive images of apoptosis were ob-
(67). Motivated by these initial promising findings, but tained.

recognizing the inherent disadvantage of SPECT and the

short half-life of *®F, research efforts are ongoing in our

institution to explore PET radionuclides with longer half- MOLECULAR IMAGING AND
lives to better match the 6—8 hr kinetics of tracer incorpo- RADIOBIOLOGICAL PHENOTYPING
ration. The rapid advance of our understanding of human cancer

Several laboratories, including ours, are studying the at the molecular level and the intense interest to exploit such
potential of PET in detecting and imaging cell death, par- ynderstanding in gene therapy have stimulated the develop-
ticularly as it relates to apoptosis. If imaging cell death  ment of noninvasive imaging methods to guide, monitor,
vivo is possible with PET scanning, we may have a nonin- and evaluate the efficacy of this form of cancer treatment.
vasive predictive assay that quantifies treatment-inducedBoth NMR and nuclear medicine approaches hold promise
cell death, applicable to radiotherapy and other forms of for noninvasive molecular imaging, although such methods
cancer therapy. At present, annexin V is used in PET are very much in infancy and developmental stages, and are
imaging of cell death. Annexin V is a 35-36 kDa calcium- primarily performed in preclinical studies.
dependent phospholipid-binding protein with a high affinity  Several strategies are generally employed for molecular
for phosphatidylserine (PS), located on the inner plasmaimaging using NMR or nuclear medicine techniques. In the
membrane (and therefore inaccessible) in normal cells. Dur-first approach, enzymatic processing of an agent and/or the
ing an early stage of apoptosis, the plasma membrane bemetabolic trapping of a substrate would provide the image
comes depolarized, resulting in the translocation of PS to signal. For example, Tjuvajest al. successfully monitored
the outer surface where it becomes exposed to the extracelthe in vivo transduction of the HSV1-tk marker gene using
lular milieu and accessible to annexin V. Recently, Blan- the *3%4- or **4jodinated 2Fluoro-1-D-arabinofuranosyl-5-
kenberget al. and Vrienset al. have demonstrated in rodent iodo-uracil ¢?4-FIAU) as the reporter substrate—with the
models the detection of apoptosis witf"Tc-labeled An- level of metabolically trapped FIAU, detectable by SPECT
nexin V, after coronary graft implants and in hepatic treat- or PET, representing the expression of the transduced gene
ment with anti-FAS antibody, respectively (68, 69). Of (70). Similar but using NMR, Weissledet al. were able to



Biological imaging in MD-CRT® C. C. LinG et al. 557

Physical Biological
Conformality Conformality

Evidence-Based
Multi-Dimensional
Conformal Therapy

Radiation Therapy 2010?

Fig. 3. MD-CRT combines the attributes of physical conformality of 3D-CRT, and the dose targeting ability of IMRT
to conform the dose pattern to the radiobiological features of the target that may be derived from biological imaging.

ascertain the transfer (infa vitro cell culture) and expres-  tivity (73, 74), they do not account for the subtle variation
sion of a vector coding for the human tyrosinase by imaging in radiocurability encountered in clinical radiotherapy. Al-
the enzymatic product melanin (3). though there have been a number of studies examining the
The second strategy targets cell surface receptors witheffects of gene expressions of myc, ras, p53, cyclins, etc. on
imaging tracers. For example, Moogeal. showed that the  radiosensitivity, to date no reliable correlation has been
expression and regulation of the human transferrin receptorestablished (75-78). Nevertheless, endeavors to attempt ra-
(hTfR) can be visualized by NMR imaging using a novel diobiological phenotyping need to be continued, in parallel
probe with a sterically protected paramagnetic core (2, 71, with the more traditional and phenomenological predictive
72). The same approach can be adopted using nuclear medassays such as proliferative activity,(J, radiosensitivity
icine detection techniques and radioactive tracers conju-(SF,), and tumor hypoxia (12).
gated with receptor-specific ligands (71, 72). Another strat-
egy for imaging gene expression is to use antisense
molecules to target the relevant messenger RNA (mMRNA) GTV, CTV, PTV, BTV, AND MD-CRT
(4). This approach depends on a sufficient amount of target The concept of gross, clinical, and planning target vol-
mMRNA, accessibility of the binding domain, and the syn- umes (GTV, CTV, and PTV), as proposed by the Interna-
thesis and stability of the marker antisense molecule (4). tional Commission on Radiation Units and Measurements
Studies are urgently needed to explore and extend theReport No. 50 (ICRU-50), is now well accepted and widely
above approaches for application to radiation oncology. used in radiotherapy treatment design, especially for 3D-
Such efforts should be directed to at least two areas. TheCRT (79). In general, cross-sectional images (CT and MRI)
first is to identify genotypes and phenotypes that affect are used to delineate the GTV, CTV, and PTV, and radiation
radiosensitivity, and the second is to devise methods to treatment portals are designed to entirely cover the PTV and
image them noninvasively. Whereas several genes (e.g.deliver a uniform dose distribution to it.
ATM, components of the DNA-PK, etc.) are well-known The requirement for dose uniformity within the PTV in
for their significant effects on DNA repair and radiosensi- external beam treatment planning has been largely a matter
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of tradition and convention. 3D-CRT and dose-escalation designed to optimize local control probability. Still another
studies have stimulated discussion concerning this require-example would be the use of PET tracers (e.g., iodine-124-
ment in treatment design. Specifically, there have beenijododeoxyuridine'*4UdR) to image tumor repopulation
suggestions that nonuniformity within the PTV, specifically during a course of radiotherapy so as to permit selectively
regions of increased dose, may actually increase the localdelivering additional doses to those regions (57).

control. The ability of IMRT to deliver nonuniform dose The schematics in Fig. 2 advance the concept of the
patterns by design, brings to fore the question of how to “biological target volume” (BTV) and project a “blue-sky”
“dose paint” and “dose sculpt.” In this regard, we suggest gcenario, combining the examples of biological images dis-

that biological images may be of value. We emphasize, ¢ ,ssed above. We hypothesize that the BTV can be derived
however, that much scientific research and clinical studies ¢, biological images and that their use may guide cus-

are needed before this potential can be realized.

A real-life example of using biological images for treat-
ment planning and delivery is the work of the researchers at
UCSF. As alluded to previously, they are evaluating the
potential clinical gain of using IMRT to deliver a nonuni-
form dose distribution within the PTV, with a higher dose
(than that prescribed) given to specific regions with active =~ > *> == L ,
tumor. Such “dose sculpting” is guided by MRI/MRS im- Painting” or “sculpting” strategy may be applied.
ages of choline/citrate ratio, taken as a surrogate for tumor Whereas IMRT may have initiated the beginning of the
burden. Another type of biological image is that of tumor end relative to the physical conformality of dose distribution
hypoxia (66, 67, 80). If regions of low pQvithin the tumor  in radiotherapy, biological imaging may launch the begin-
can be delineated using either PET or NMR, higher dosesning of a new era of biological conformality. In combina-
can be targeted specifically to the hypoxic fraction using tion, these approaches constitute MD-CRT that may further
IMRT. Likewise, if the signal intensity of FDG-PET can be improve the efficacy of cancer radiotherapy in the new

tomized dose delivery to the various parts of the treatment
volume. As depicted in Fig. 2, regions of low p@evel
(from PET*®F-misonidazole study), high tumor burden
(from MRI/MRS data of choline/citrate ratio), and high
proliferation (from PETY*4UdR measurement) may be
consideredn toto to design a BTV, based on which “dose

correlated to tumor burden, IMRT treatment plan may be millennium (Fig. 3).
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