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The growing interest in targeted radionuclide therapy (TRT)
for a broad range of applications is shared by a diverse group of
medical professionals, including but not limited to physicians and
basic scientists in several fields, as well as members of industry,
regulatory bodies, and patients. However, no organizational struc-
ture is available to regularly bring these stakeholders together to
discuss the latest findings and the most productive strategies to
ensure that the potential benefits of TRT are realized.
Recognizing the need for a forum to discuss the advances and

challenges of TRT relating to availability, supporting technology,
and interdisciplinary training and research, the National Cancer
Institute (NCI) and the Society of Nuclear Medicine and Molec-
ular Imaging (SNMMI) hosted a joint workshop on March 18 and
19, 2013, at the National Institutes of Health campus in Bethesda,
Maryland (1). Plans for the workshop were initiated in 2012 by
Dr. Frederic Fahey, SNMMI president, and Dr. Jacek Capala of
the NCI, and the 2-d event was cochaired by Dr. Fahey and
Dr. Katherine Zukotynski. The event was designed to bring a small
but diverse group of stakeholders together (Fig. 1) to discuss con-
temporary TRT in both structured and open-forum formats, to
assess approaches for collaboration, and to evaluate strategies to
bring the most promising therapies into routine clinical use. This
white paper briefly reviews the discussion on TRT that took place
at the workshop and offers next-step recommendations from at-
tendees as summarized in presentations by subject matter experts.

BACKGROUND: RADIONUCLIDE THERAPY, FROM

SPECULATIVE TO TARGETED

Historically, reaching a consensus on the advantages, indica-
tions, and implementation of radionuclide therapy, radioimmuno-
therapy, and TRT has been challenging. In the introduction to MIRD
pamphlet no. 22, Sgouros et al. pointed out that the use of 224Ra

for cancer therapy was suggested by Alexander Graham Bell as

early as 1903 (2,3). However, despite sporadic applications of both

b and a emitters for clinical oncology proposed during the 20th

century, only 131I therapy, introduced in 1946 for the treatment of

thyroid disease (4), has been consistently used. 131I was first used

in radioimmunotherapy in 1982 (5), and the first trial of an a emitter

in TRT was not reported until 1997 (6). In the past decade, an

increasing number of radionuclide and therapeutic agent combi-

nations have been explored in cancer therapy, with a growing body

of literature suggesting their effectiveness. The recent U.S. Food

and Drug Administration (FDA) approval of 223Ra-dichloride for

castration-resistant prostate cancer has generated significant inter-

est in a emitters as a strategy for cancer therapy among diverse

stakeholders, including patients and their families (7). The working

group at the NCI/SNMMI workshop noted that to foster expanding

awareness of TRT across the spectrum of medical disciplines, con-

sensus on a single name by which to refer to these therapies is needed.

First, it is important to recall that techniques in which a radionu-

clide is administered with therapeutic intent may or may not be

targeted. For example, radionuclide therapy encompasses every-

thing from 131I thyroid ablation to localized delivery of theranostic

agents, with the term theranostic implying that the agent has potential

for both diagnostic and therapeutic use. Radioimmunotherapy

describes targeted therapy with radiolabeled monoclonal anti-

bodies. Molecular targeted therapy describes both radionuclide

andnonradionuclide therapy (8). TRTdescribes techniques inwhich

one or more radionuclides, usually but not always incorporated

into a conjugate or attached to a ligand, are administered with the

goal of providing targeted therapy at the cellular or molecular level.

EXPERT PERSPECTIVES ON THE TRT STATE OF THE ART

Through a series of presentations, individuals representing dif-
ferent professional perspectives on TRT offered a look at the state
of the art and current challenges.

A Medical Physicist Perspective

Dr. George Sgouros reviewed the physics of TRT, highlighting

the potential of TRT in cancer therapy and emphasizing the role of

dosimetry in conducting phase I trials of novel radionuclide agents.

TRT delivery, which is not susceptible to the resistance mechanisms

seen with chemotherapy, kills targeted cells instead of inhibiting

growth or survival pathways and precludes adaptation. Further,

TRT can be paired with imaging and other techniques to predict
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delivery of therapeutic agents to tumor targets and normal organs
before therapy administration and thus can be used to guide es-
calation protocols and treatment planning. These advantages make
TRT especially promising in several cancers.
Dr. Sgouros stressed the importance of reassessing dosimetry

methods used in TRT, emphasizing the need to adopt methods
specific to the therapy being used and geared to evaluating treat-
ment efficacy and toxicity. Current dosimetry methods associated
with and appropriate to radioimmunotherapy, for example, are
often model-based methods for risk evaluation. In general, these
methods are not patient-specific, do not account for nonunifor-
mity, and do not predict toxicity or efficacy. In the context of TRT,
Dr. Sgouros recommended moving away from average absorbed
dose, noting that a single absorbed dose volume is useful only if it
successfully predicts biologic effects. He recommended adoption
of patient-specific, 3-dimensional (3D) dosimetry coupled with
radiobiologic modeling, where 3D internal dosimetry has the ad-
vantages of being patient-specific, using accurate anatomy and
activity data, calculating absorbed dose voxel by voxel, and providing
output dose as a mean over a chosen volume or dose–volume
histogram (9–11). Also, 3D radiobiologic dosimetry with Monte
Carlo calculations and radiobiologic modeling to predict response
from absorbed dose can produce a more faithful prediction of
tumor response and toxicity to normal tissue (12–14). Dr. Sgouros
provided examples of 3D radiobiologic dosimetry capabilities in
clinical cases, as well as comparisons with organ mean absorbed
doses that were calculated with OLINDA software (15). He pointed
to the general agreement of these methods and the advantages of
3D radiobiologic dosimetry in real-time treatment planning with
patient-specific dosimetry and the potential for additional utility in
combined-modality therapy (16).
Dr. Sgouros reviewed considerations for a-particle dosimetry

and characteristics that distinguish it from b-particle therapy. For
example, with a-particle therapy, the mean dose to any macroscopic
target volume may not predict overall biologic effect (i.e., some

cells may receive no dose, whereas others
receive a high dose), such that total effec-
tive dose depends on the spatial distribu-
tion of activity relative to the target cell
population. He illustrated this principle
with 223Ra bone dosimetry for the treat-
ment of castration-resistant prostate cancer
(with the newly approved agent Xofigo
[223Ra-dichloride; Bayer HealthCare Phar-
maceuticals]) (17) and with 213Bi-labeled
monoclonal antibodies in mouse models of
breast cancer metastases (18). As in other
areas of TRT research, pairing preclinical
studies with human studies allowed deriva-
tion of microscale absorbed dose without
human autoradiography. As part of the
translation of these studies to clinical use,
Dr. Sgouros suggested including absorbed
dose as an escalation variable in phase I
clinical studies.
Dr. Sgouros concluded his talk by em-

phasizing the importance of collaboration
among various stakeholders in the TRT
process to ensure its advancement, citing
Mercadante and Fulfaro (19): “The deci-
sion to use radiopharmaceutical agents should

be based on a multidisciplinary plan, involving radiation oncology,
nuclear medicine, and medical oncology.”

A Radiochemist Perspective

Dr. Michael R. Zalutsky summarized the current status of the
radiochemistry underlying TRT. The critical importance of appro-
priate radionuclide selection to the success of TRT was stressed.
Also, a variety of key considerations were discussed, including the
need for radionuclide availability at reasonable cost and selection
of an appropriate labeling methodology.
Dr. Zalutsky emphasized that improved labeling methodologies

would result in more specific and selective tumor targeting and ther-
apeutic efficacy. Criteria to be considered in selecting a labeling method
included the need for specific activity, preservation of biologic func-
tion, stability in vivo, adaptability to high activity levels, and charac-
teristic tumor-mediated degradation. In a detailed summary of
current labeling strategies, Dr. Zalutsky reviewed the process of
labeling radiometals (acyclic chelated [diethylenetriaminepentaacetic
acid, or DTPA] and macrocycles [DOTA]) and radiohalogens (direct
electrophilic [IODO-GEN; Pierce Biotechnology, Inc.] and pros-
thetic group conjugation [Bolton-Hunter, dehalogenation resistant,
and residualizing]). Several challenges associated with conven-
tional radiosynthesis of radiolabeled agents were discussed, and
the solid-phase synthesis of 211At-meta-astatobenzylguanidine
was presented as an example of a simpler radiochemical approach
more suited to routine use. Of note, specific activity poses greater
difficulties in TRT than in diagnostic imaging—with diagnostic
imaging, acceptable contrast is needed, whereas with TRT, homo-
geneous delivery of sufficient radionuclide to a target is needed to
have the desired therapeutic effect. In a study by Akabani et al. (20),
although 211At-labeled trastuzumab monoclonal antibody was shown
to be effective for treating HER2-positive tumor cells, the specific
activity of the agent was an important variable influencing the
efficiency of cell killing. The challenges in TRT are compounded
by the fact that some molecular targets are expressed at low levels

FIGURE 1. More than 40 molecular imaging physicians, physicists, oncologists, basic scien-

tists, and others gathered at the National Institutes of Health on March 18 and 19, 2013, for

a workshop on targeted radionuclide therapy.
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and most have a high degree of heterogeneity within individual
tumors.
Dr. Zalutsky noted the importance of understanding radiother-

apeutic agent metabolism in normal tissues and tumors, as well as
the nature and disposition of labeled catabolites that are generated,
in order to optimize therapy and reduce toxicity. Considerations
regarding the biodistribution of labeled catabolites were illustrated
with 177Lu- and 125I-labeled agents, and tumor-to-tissue ratios
using bone, liver, tumor, blood, spleen, thyroid, and kidneys were
shown. Methods for accurately assessing internalization into spe-
cific molecular targets were discussed for both research and clin-
ical applications.
Also discussed was an additional factor that can confound ra-

diochemistry at therapeutic dose levels: the effect of radiolysis.
Radiation can generate ions, free radicals, and other molecules in
a complex process yielding a spectrum of products dependent on
type of radiation, dose rate, and presence of trace components.
This was illustrated using 211At, where the effects of radiolysis can
result in lower labeling yields at higher activity levels and at
varying times of day, and poor reactivity in 211At shipped from
one site to another. Lack of reliability in the preparation of clinical
doses larger than 350 MBq and challenges to commercialization
were reviewed. The need to develop approaches to meet these
challenges were underlined and illustrated using the synthesis of
N-succinimidyl 3-211At-astatobenzoate for preparation of clinical
doses of 211At-labeled radiopharmaceuticals.
Dr. Zalutsky concluded his talk by suggesting that labeling

methods are currently available for most radionuclides of clinical
interest for TRT. However, concerted efforts will need to be made
to ensure production of labeled compounds at activity levels sufficient
for TRT and to address challenges associated with specific activity,
radiolysis, and catabolism to maximize effectiveness and safety.

A Nuclear Medicine Physician Perspective

Dr. Richard L. Wahl provided an overview of the history and
emerging opportunities in TRT. He began with a review of 131I
therapy in thyroid cancer (21) and the use of 124I PET/CT as a guide
in the diagnosis and treatment of tumors with BRAF-activating muta-
tions (22). Dr. Wahl then provided an in-depth look at the clinical
use of tositumomab and 131I-tositumomab (Bexxar; GlaxoSmithKline),
the radiolabeled anti-CD20 monoclonal antibody approved for the
treatment of follicular lymphoma. Follicular non-Hodgkin lymphoma
(NHL) is the second most common type of NHL and accounts for
25%–40% of all adult lymphoma. The overview included a discus-
sion of CD20 expression in the B-cell life cycle, characteristics
and mechanisms of action of the constituent radiolabel and mono-
clonal antibody, and the treatment regimen currently used (23,24).
Dosimetry considerations for 131I-tositumomab treatment were re-
viewed, and the need for an accurate and personalized approach to
maximize radiation dose to tumor and minimize patient toxicity
was underlined. The concept was discussed that dosimetry studies
confirm great variation in antibody clearance among patients,
depending on factors such as tumor size, splenomegaly, or the
amount of bone marrow involvement. The importance of adjusting
the amount of radioactivity given to ensure all patients individu-
ally receive a total body dose of 75 cGy was emphasized. The
advantages of careful dosimetry calculations allowing physicians
to prospectively individualize therapeutic dose were reviewed. The
rationale was discussed for administering unlabeled tositumomab
before the 131I-labeled antibody, along with the results of clinical
studies of 131I-tositumomab in patients treated with rituximab. Data

were presented suggesting benefits of 131I-tositumomab retreat-
ment in patients who previously responded to 131I-tositumomab
therapy (25). The fact that 131I-tositumomab has been shown to
have an overall response rate of 95% (complete response, 75%) in
patients with previously untreated, advanced-stage, low-grade NHL
was discussed (26). Studies of up-front radioimmunotherapy plus
chemotherapy, the use of 131I-rituximab radioimmunotherapy in
relapsed or refractory indolent NHL (27), and the use of rituximab
versus CHOP chemotherapy (cyclophosphamide, hydroxydaunomycin,
vincristine, and prednisone) plus 131I-tositumomab in newly di-
agnosed follicular NHL (28) were reviewed.
The mechanism of action and therapeutic regimen for 90Y-

ibritumomab tiuxetan (Zevalin; Spectrum Pharmaceuticals, Inc.),
a monoclonal antibody TRT for relapsed or refractory, low-grade
follicular or transformed B-cell NHL, was presented. It was men-
tioned that response rates for 90Y-ibritumomab tiuxetan were bet-
ter than those for rituximab alone in phase III trials (29). Also, it
was suggested that recent follow-up to the multicenter first-line
trial of 90Y-ibritumomab tiuxetan as consolidation therapy for
first remission in advanced-stage follicular NHL indicates high
overall and complete response rates (30). However, although
90Y-ibritumomab tiuxetan appears to be well tolerated and treat-
ment can be given on an outpatient basis without radiation-related
lifestyle restrictions, its toxicity may be dose-limiting and proper
patient selection remains an important part of clinical practice.
Variability in toxicity, response, and organ dose has been identified
but not yet entirely explained. Methods to account for these varia-
bilities and accurately estimate delivered activity are under inves-
tigation, including the use of 111In-based organ dosimetry (31).
Current challenges in radiolabeled somatostatin analog therapy

were then discussed, including the question of whether to admin-
ister small empiric doses without prior dosimetry calculations or
to use dosimetry calculations to modulate renal dose (32). The
importance of dose escalation studies in answering these questions
was emphasized (33,34). Also briefly discussed were the growing use
of 90Y-labeled microsphere and particle treatment for liver metastases
and primary tumors and FDA-approved therapies for bone metas-
tases, including 153Sm-EDTMP (ethylenediaminetetramethylene
phosphoric acid), 89Sr, and, most recently, 223Ra-dichloride.
In summarizing the current outlook for TRT, Dr. Wahl suggested

that an overall limitation is the need to ensure accurate delivery of
radiopharmaceutical to the target and that despite evidence sug-
gesting TRT is effective as a single agent, combination of TRT
with additional anticancer therapy may be essential to curative
approaches. Dr. Wahl emphasized that collaborative work is needed
to integrate TRT into standard oncologic treatment regimens (35),
an effort that will require a cadre of knowledgeable health-care
professionals. Dr. Wahl also stressed that personalized dosimetry-
based therapy is likely to become increasingly important in TRT
and that economic concerns, including risks associated with de-
veloping new agents and reimbursement issues, will need to be
addressed for TRT to become a viable option. Finally, the need for
exploration of different targets and delivery methods was empha-
sized, and an effort to create well-defined TRT funding mecha-
nisms and collaborative trial groups was proposed.

A Medical Oncologist Perspective (Lymphoma)

Dr. Eric Jacobsen discussed the role of radioimmunotherapy in
lymphoma with emphasis on follicular lymphoma, diffuse large
B-cell lymphoma, andmantle cell lymphoma. A thorough overview
of clinical trials in these disease settings was provided (36–41).
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The effectiveness of the anti-CD20 murine monoclonal antibodies
(90Y-ibritumomab tiuxetan and 131I-tositumomab) in relapsed or
refractory follicular lymphoma was reviewed. It was noted that
both agents are FDA-approved (2002 and 2003, respectively), and
their advantages as single-agent, front-line therapy when com-
pared with rituximab were discussed (26,42,43). The challenges
faced by medical oncologists considering 90Y-ibritumomab tiuxetan
or 131I-tositumomab therapy for patients with follicular lymphoma
were also mentioned. The fact that medical oncologists frequently
report concerns about bone marrow damage and late side effects
associated with therapy, as well as a general preference for non-
radioactive treatment alternatives, was discussed. Practical con-
cerns were emphasized, including difficulty finding an appropriate
site for patient referral, the complexity of the referral process,
and the fact that referring patients to another physician for treat-
ment may adversely affect the referring practice’s bottom line.
Dr. Jacobsen also noted that a compelling barrier to the use of
90Y-ibritumomab tiuxetan or 131I-tositumomab from a medical on-
cologist perspective is the lack of definitive randomized clinical
trial data showing therapy effectiveness and improved outcome.
The available studies, he suggested, leave unanswered questions
about the role of radioimmunotherapy in first-line or consolidation
treatment for follicular lymphoma (43,44).
In diffuse large B-cell lymphoma, although radioimmunother-

apy has met with success as consolidation therapy after rituximab/
CHOP in high-risk, untreated disease (45,46), recent trials com-
paring rituximab/BEAM (carmustine, etoposide, cytarabine, and
melphalan) versus 131I-tositumomab/BEAM in relapsed diffuse
large B-cell lymphoma after autologous stem cell transplantation
found no difference in progression-free or overall survival (47).
Dr. Jacobsen summarized his review of trials on diffuse large B-
cell lymphoma by defining current barriers to implementation of
radioimmunotherapy. Indeed, radioimmunotherapy may be contra-
indicated or less effective in patients with extensive marrow in-
filtration, cytopenia, or bulky disease. Currently available data on
the use of radioimmunotherapy in upfront consolidation are not
definitive and in some cases are negative. Further, patients may
be unwilling to face intervention before 90Y-ibritumomab tiuxetan
or 131I-tositumomab therapy such as the need for a bone marrow
biopsy. Also, there remains concern about the effect of radioimmu-
notherapy on the potential range of future treatments.
Dr. Jacobsen concluded his review with a brief look at current

research on the potential for radioimmunotherapy as consolidation
therapy or as preconditioning in mantle cell lymphoma (48,49).

A Medical Oncologist Perspective (Bone Disease)

Dr. David I. Quinn reviewed past and current TRT in bone dis-
ease. In metastatic castration-resistant prostate cancer, treatment
options are again proliferating after a hiatus from about 2004 to
2010. The spectrum of therapy available for prostate cancer was
reviewed, including the recent development of several novel agents
including immunotherapy, cytotoxic chemotherapy, rank-ligand
inhibitors, and agents targeting the androgen-receptor pathway. In
the midst of this dynamic milieu, level 1 clinical evidence of benefit
for TRT has emerged, along with unanswered questions regarding
optimal treatment selection and sequence of therapy (50–59).
Dr. Quinn reviewed new treatments, with a focus on current and

recently completed trials (57,60,61). He noted that the use of ra-
dionuclides in bone disease is not new. Both strontium and samar-
ium have been in use for more than a decade. For each trial cited,
Dr. Quinn reviewed the historical precedents. He gave special

attention to data from the Alpharadin in Symptomatic Prostate
Cancer Patients (ALSYMPCA) trial, a phase III study of 223Ra-
dichloride in men with symptomatic castration-resistant prostate
cancer and skeletal metastases sponsored by Bayer HealthCare
Pharmaceuticals and Algeta ASA, and opened in 2008 (62). The
aim of the study was to compare the efficacy of standard of care
plus 223Ra-dichloride versus standard of care plus placebo. The
primary efficacy endpoint was overall survival, and secondary
endpoints included evaluation of total serum alkaline phosphatase
and prostate-specific antigen levels. The ALSYMPCA trial’s ra-
tionale was based on numerous studies suggesting that 223Ra targets
areas of new bone formation and metastases, with highly localized
cell killing and minimal damage to surrounding normal tissues
(63,64). Results indicate that in men with castration-resistant pros-
tate cancer and bone metastases, 223Ra-dichloride significantly im-
proved survival (median, 14.9 mo vs. 11.3 mo; hazard ratio, 0.70;
95% confidence interval, 0.58 0.83; P , 0.001) and median time
to first skeletal related event compared with standard of care (62).
223Ra-dichloride was also associated with low myelosuppression
rates and fewer adverse events.
Dr. Quinn concluded by suggesting that TRT will soon become

a mainstay of prostate cancer treatment, with opportunities for
expansion to other cancers, such as breast, lung, and primary bone
tumors, as well as in myeloma. Dr. Quinn also suggested the need
for treatment algorithms leading to a personalized therapy approach
in men with castrate-resistant disease.

A Medical Oncologist Perspective (Neuroendocrine

Tumors [NETs])

Dr. Jorge Carrasquillo provided an overview of radionuclide therapy
in NETs, a diverse group of diseases with widely varying charac-
teristics requiring different therapeutic approaches. Dr. Carrasquillo
provided a comprehensive review of the current status of research
in this area. He discussed the role of 131I-metaiodiobenzylguani-
dine (131I-MIBG), which was first used in the early 1980s to target
the noradrenaline receptor (65), and he reviewed a variety of NETs
that express this receptor and have been targeted for imaging and
therapy. The literature of 131I-MIBG therapy in patients with para-
ganglioma, pheochromocytoma, and neuroblastoma was discussed
(66–85), and TRT in carcinoid and medullary thyroid cancer was
reviewed. Dr. Carrasquillo also reviewed patient preparation, pro-
tocols for TRT, and response criteria assessment across the spec-
trum of disease. Other topics included combination of TRT with
chemotherapy or sensitizing agents, intraarterial TRT administra-
tion, pretherapy imaging providing quantitation of therapeutic de-
livery, therapy regimens varying in specific activity and dose, and
the potential for astatine-labeled MIBG.
Somatostatin receptors in NETs, particularly in carcinoids and

gastroenteropancreatic tumors, were discussed with emphasis on the
use of 111In, 90Y, and 177Lu labels and theranostic agents. Somatostatin
receptors, including the 5 subtypes (1, 2a and 2b, 3, 4, and 5) have
been well described in the literature, and numerous studies have
reported on the characteristics and affinities of radiolabeled so-
matostatin analogs, including 111In-DTPA-octreotide (Octreoscan;
Mallinckrodt Pharmaceuticals), 90Y/177Lu DOTATOC, 177Lu/90Y
DOTATATE, and 90Y DOTA-lanreotide (86,87). Studies have ad-
dressed response rates, outcomes, the role of imaging (particularly
PET/CT with 68Ga-DOTATOC) in guiding therapeutic manage-
ment, and the relative effectiveness of different radiolabeled so-
matostatin receptor agents (88–107). Concerns about renal toxicity
were discussed, and the use of dose fractionation, amino acid infusions,
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radioprotectants, and other mitigating approaches were reviewed
as a way to lessen adverse effects.
Dr. Carrasquillo concluded that although both 131I-MIBG and

radiolabeled somatostatin analogs have shown benefits in symp-

tomatic management and disease response, the impact of study

data on clinical practice has been limited for a variety of reasons,

including in part the relatively low incidence of target diseases.

The need for future investigation to identify optimal peptides and

chelates, develop practical and effective therapy protocols, estab-

lish dosimetry models, and determine which diagnostic imaging

agents are best suited to specific therapy was touched on. Dr.

Carrasquillo noted that each of these concerns should be addressed

through well-designed clinical trials.

A Radiation Oncology Perspective

Dr. Bhadrasain Vikram reviewed the complementary role of

TRT in radiation oncology. He began by reminding attendees that

radiation oncologists attempt to deliver radiation doses as high as

possible to malignant targets while avoiding toxicity to nonmalig-

nant tissues. External-beam (teletherapy) and implanted solid radio-

active sources (brachytherapy) are the 2 most common delivery

approaches. However, the challenge remains that the ability to

distinguish malignant from nonmalignant tissues is key and often

difficult. Further, distinguishing these tissues may be complicated

by the presence of occult metastases. The use of diagnostic and

therapeutic radionuclides and radiopharmaceuticals can comple-

ment both teletherapy and brachytherapy. For this to be practical,

however, improved targeting and labeling methods, optimization

of radionuclide agents, and improved dosimetry are urgently needed

such that TRT will be accepted as a routine adjunct to clinical radi-

ation oncology practice.
Dr. Vikram discussed next-generation characteristics of tele-

therapy and the need for accurate identification of subvolumes that

would benefit from high radiation doses versus those that would

not. He identified the disciplinary tasks that would be required to

create and disseminate the next generation of TRT in radiation

oncology practice. From a basic sciences perspective, he stressed

that these include identification of optimal radionuclides, refinement

of microdistribution-based treatment planning, and development

and commercialization of new delivery and supporting technologies.

Careful attention to radiolabeling techniques for new and evolving

tumor-targeting agents is needed, and identification and charac-

terization of new tumor-specific targets, biomarkers, and radio-

sensitizers is important. Validation using preclinical and translational

studies will be essential. To be adopted into clinical practice, clinical

trials must be carefully planned and initiated, and tumor TRT will

need to be incorporated or compared with current treatment strategies.

CONSENSUS FROM MULTIDISCIPLINARY WORKSHOPS

Four breakout discussion sessions were held as part of the

NCI/SNMMI workshop. In these sessions, cross-sections of stake-

holders were asked to focus their discussion on one of the fol-

lowing topics: lymphoma, bone therapy, solid tumors, and NETs.

Summaries of the discussions and consensus reached by each

group were presented with a focus on current TRT state of the art,

clinical indications, apparent strengths and weaknesses, the most

promising advances in the field, and challenges to overall ac-

ceptance and incorporation into routine clinical use. Despite the

spectrum of diseases discussed, the groups shared several similar

conclusions.

Lymphoma

Dr. Janis O’Malley summarized the results of the breakout group
focusing on lymphoma. The group identified, among other long- and
short-term objectives, the need for evidence-based clinical trials to
generate robust data on radioimmunotherapy and TRT effective-
ness, the utility of developing centers of excellence to coordinate
and translate advances from basic science to clinical use, and the
benefit of increased interaction across the spectrum of stakehold-
ers in targeted therapy.
The group commented on the limited use of radioimmunother-

apy in routine clinical practice today, now more than a decade
after initial FDA approval of radioimmunotherapy for relapsed or
refractory low-grade or follicular NHL and the expansion of ap-
proval in 2009 to first-line radioimmunotherapy in previously
untreated follicular NHL with partial or complete response to
chemotherapy. Although data on ibritumomab and tositumomab in
lymphoma suggest radioimmunotherapy is well tolerated and may
be superior to rituximab alone, many of the prior clinical trials
were single-arm studies or compared radioimmunotherapy with
chemotherapeutic agents that are now obsolete. Moreover, the poor
cure rate of aggressive, transformed low-grade lymphoma has
contributed to skepticism among referring clinicians about the true
extent of radioimmunotherapy benefit. Several participants sug-
gested there was a need for additional data from well-designed clinical
trials to advance acceptance and widespread use of radioimmu-
notherapy in lymphoma. Such trials, it was thought, would ideally
compare radioimmunotherapy with current chemotherapeutic strat-
egies and provide data on cost effectiveness, quality-of-life benefit,
progression-free survival, and overall survival. It was recognized
that a major challenge to developing these trials would be the
dynamic nature of cancer treatment since therapies are rapidly
evolving and may have changed by the time of study completion.
Trial design and selection of the targeted patient pool were thought
to be critical as well. The careful selection of patient groups most
likely to benefit from radioimmunotherapy would likely expedite
therapy to those in most need. Identification of underserved patient
groups, genomic and individual characteristics, and development of
multicenter collaborative initiatives to expedite statistically sig-
nificant findings would be helpful. Patients most likely to benefit
from radioimmunotherapy were thought to include the elderly and
those with difficult-to-treat disease (e.g., mantle cell lymphoma and
diffuse large B-cell lymphoma with activated B-cell monotype).
One challenge to increasing radioimmunotherapy acceptance

and use in lymphoma is that current 90Y- and 131I-labeled CD20-
targeting agents are not sufficient for the range of diseases. The
group suggested that researchers should consider looking beyond
CD20 as a target in NHL to applications in Hodgkin lymphoma
and T- and B-cell NHL. Further, the logistics of current radio-
immunotherapy use were seen as a barrier to growth. The field
has no academic or research home—in various institutions radio-
immunotherapy practice may be centered in radiation oncology,
nuclear medicine, hematologic oncology, or general oncology,
with research distributed among basic scientists and health-care
professionals. Personnel trained in radioimmunotherapy are difficult
to find, and champions are few, even in many academic centers.
Current protocols and referral processes that are often disruptive to
routine clinical practice may offer obstacles in terms of stakeholder
interest and reimbursement issues.
The group suggested that to increase radioimmunotherapy use,

dissemination of knowledge across multiple disciplines, implementa-
tion of easily available and useable agents, appropriate reimbursement,

TARGETED RADIONUCLIDE THERAPY • Fahey et al. 341



and the support of well-trained and enthusiastic physicians and

dedicated personnel are needed. Agents with new cell targets, minimal

side effects, and novel carrier molecules would be of benefit. Studies

exploring personalized dosimetry remain a critical issue.
The discussion group recommended a collaborative approach,

both within and among institutions, in which basic researchers and

clinicians would regularly meet and assess strategies to investigate

new targets, labels, patient populations, and regimens. The group

cited as an example the potential of various radiolabels (e.g., 211As

and 225Ac) that have shown promising characteristics for radio-

immunotherapy. Sites with the capability of developing, validat-

ing, and evaluating these agents both preclinically and clinically

could play a central role. It was suggested that the creation of

a network of centers of excellence that could pool expertise and

findings would be helpful.
One of the overarching needs is to bring patients more actively

into the focus of TRT research. Many patients are afraid of radiation

or may not be willing to undergo the work-up needed for TRT. Studies

providing compelling evidence that TRT improves outcomes—with lower

toxicity than chemotherapy—are needed, preferably including validated

metrics of patient-reported outcomes and toxicities. To facilitate the

range of steps needed to advance understanding and use of TRT,

the group made several short- and longer-term recommendations.

In the short term:

• The SNMMI should reach out to various societies such as the
American Society of Clinical Oncology and the American
Society of Hematology and invite them to scientific meetings
and special sessions to promote collaboration.

• A lymphoma summit meeting, modeled on this workshop,
including scientists, clinicians, and support personnel, would
be helpful in identifying low-hanging fruit in TRT and creat-
ing collaborations among researchers across institutions.

• Collaborative trials focused on underserved populations or
new targets and agents should be formed. In particular, the group
suggested that an interdisciplinary panel might plan a new
collaborative national trial on ibritumomab or tositumomab.

In the longer term:

• Aworking group should be formed either to identify an exist-
ing nationwide trial network or to support creation of a new
network to coordinate nationwide centers of excellence in TRT
to jointly explore advances from basic sciences to clinical im-
plementation. This would include development of multicenter
protocols and trials.

• Increased outreach and training should be emphasized. Clini-
cians and investigators with the expertise, training, and tools
to advance radioimmunotherapy are essential to sustain for-
ward motion in the field. It was recommended that work
with residency review committees across specialties be done
to promote inclusion of TRT in training. Maintenance-of-
certification programs could also be used as a tool to engage
both those who are already involved in TRTand those who have
an interest, and these programs could be offered both within
and outside the traditional core of nuclear medicine–oriented
professional meetings. Certification examinations could also
be amended to include TRT as a requisite part of training.

Bone Disease

Dr. David Quinn presented the results from the breakout group
focusing on bone therapy, summarized factors affecting current

and future standards of care, and discussed key questions for future
clinical trials. The importance of fostering cooperative groups was
emphasized.
Dr. Quinn suggested that current treatment of bone metastases is

changing, as is our understanding of the science that underlies it.
The availability of new oral hormonal agents, for example, may
mean that patients will remain longer under a urologist’s care and
that the urologist will be required to interact with other specialists
to obtain immunotherapy or radionuclide treatments for patients.
The introduction of new medications also means that the treatment
paradigm will change. As urologists treat patients for a longer
time with abiraterone and enzalutamide, for example, the patterns
of metastases at referral to radiation or medical oncology could be
different. Models of care are likely to evolve as well, with the need
for multidisciplinary care teams that bridge academic and com-
munity interests, perhaps with specific bone metastasis focus groups.
The question of who is likely to own radionuclide therapy in the
future remains unclear, although it seems certain that institutions
will vary in their approaches. Whether radionuclides are adminis-
tered by nuclear medicine, radiation oncology, or other specialists,
it is important that adequate and appropriate credentialing be avail-
able and required for all.
The organization of current radionuclide research was discussed,

with a focus on efforts to create cooperative studies. It was noted
that the field is driven largely by industry, with less current research
under way than might be expected from the original promise of
TRT. It was stressed that industry alone cannot address the range
of scientific questions that should be answered to move the field
forward. One challenge cited was the Radiation Therapy Oncol-
ogy Group reorganization of research interests into organ and
body sites, which eliminated the previous radionuclide subgroup
active in the 1990s. The discussion group noted that there was no
current overlap in research through the SNMMI, Radiation Ther-
apy Oncology Group, or other national groups and recommended
that leaders with an interest in radionuclide therapy become in-
volved in key committees of these cooperative groups. SNMMI or
NCI might also choose to lead in new non–industry-driven re-
search through a variety of initiatives and mechanisms.
Many questions remain about a-particle therapy in bone metas-

tases, and the discussion group identified several key questions
that should be the focus of novel research:

• How can we better assess and use information about differ-
ential toxicity between normal and malignant tissues?

• Has the maximum tolerated dose of 223Ra and other a emit-
ters been established? Should researchers look more carefully
at myeloablation?

• How can we secure more useful data on the dosimetric, phar-
macokinetic, and imaging correlates of a-emitter therapy in
bone metastases? Are bone metastases heterogeneous? If we
understand this heterogeneity and the differential responses it
engenders, metastases can be targeted in a more rational way.

• How can we enhance the quality of information provided by
imaging and assessment of the circulating microenvironment,
which are clearly preferable to biopsy?

The discussion group looked at various approaches to new
trials, including use of a-particle therapy as an adjuvant in high-
risk patients with androgen deprivation therapy or in those with
suboptimal response to androgen deprivation therapy. Future trials
should assess optimal therapeutic protocols for 223Ra in combina-
tion or in sequence with novel hormonal agents, combinations of
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novel agents with immunotherapy (such as the work currently under
way with 153Sm-EDTMP and prostate-specific antigen–TRICOM
[Therion Biologics Corp.] vaccine), targeting of the epithelial com-
partment with nanoparticle delivery of reagents, induction of additive
or synergistic DNA damage with cytotoxic chemotherapy or radio-
nuclide targeting, and alternative targeted therapies in prostate cancer,
such as blockade of the PI3K/Akt/mTOR (phosphatidylinositol-39-
kinase/protein kinase B/mammalian target of rapamycin) pathway in
combination with radiation.
Basic and translational researchers will need to continue to ex-

plore modulation of the treatment microenvironment, beginning
with the bone environment. Important questions center on whether
a particles can kill cancer stem cells (when these can be identified)
and, if so, what cell dose dynamics are involved. Animal models
of bone metastasis heterogeneity were discussed, as well as the
potential for rapidly transitioning data from such studies into clin-
ical trials. More studies on mouse models of heterogeneity of tumor
response to radionuclide therapy are needed, as are well-defined
and replicable quantitative imaging approaches that can transition
from translational models to clinical trials. The creation of inter-
disciplinary working groups, including not only imaging special-
ists but also cancer biologists and others, was suggested as one
approach to advancing imaging technologies and techniques.

Solid Tumors

Dr. Wolfgang Weber summarized the discussions of the break-
out group focusing on solid tumors. After a review of the current
status of TRT in solid tumors, the group looked in detail at the
immediate challenges, the most promising technologic and radio-
pharmaceutical advances, and the most likely near-term disease
targets.
Although targeted radiotherapy has been used clinically in thyroid

cancer since the 1940s (4), recent advances in molecular biology
have identified a variety of novel targets. Significant progress has
been made in the development of ligands binding to these targets,
and techniques to calculate and personalize radiation doses.
In current clinical practice, radioiodine therapy is effective as an

adjuvant to radioablation in thyroid cancer, treatment for meta-
static disease, and modulation of iodine metabolism by protein
kinase inhibitors to improve the effectiveness of therapy. Radio-
iodine therapy may also be enhanced by PET-based radiation dosimetry
to predict tumor response (22). Results include improvement in
progression-free survival, overall survival, and symptom pallia-
tion. Current clinical indications for TRT go beyond thyroid can-
cer to include 90Y microsphere treatment in liver metastases, for
which improvement in progression-free survival has been docu-
mented. The discussion group cited several promising preclinical
and initial clinical studies that suggest future routine use of TRT in
intracavitary therapy of tumors in the central nervous system, in-
traperitoneal therapy of ovarian cancer, targeting of HER2-expressing
tumors, and systemic therapy of prostate cancer (108–110). Two
promising example studies described were imaging and therapy of
prostate cancer with gastrin-releasing peptide receptor (bombesin)
antagonist 177Lu-RM2 (4-amino-1-carboxymethyl-piperidine-D-
Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2) and case reports of
the efficacy of a 64Cu-labeled bombesin antagonist (111,112).
The strengths of TRT identified by the discussion group included

that, in principle, it can be applied to all malignant tumors; that
targets can include tumor cells, tumor stroma, the vasculature, and
the physiologic state of the tumor (e.g., pH or hypoxia); and, perhaps
most significant, that TRT can be tailored to address the heterogeneity

of cancer cells. The most significant weakness of TRT is that spe-
cific tumor uptake of currently available radiopharmaceuticals may
be suboptimal in some patients.
The issue of heterogeneity was discussed in some detail. Inter-

patient heterogeneity is well documented, with breast cancers
having an average of 60 mutations per tumor compared with 848
mutations per tumor in lung cancer, and 78,775 mutations per
tumor in malignant melanoma (113–115). This results in hetero-
geneity between tumors and can be seen as an important factor in
how tumors spread, probably explaining the low response rates in
unselected patient populations and rapid development of resis-
tance after initial response. An example of intrapatient heteroge-
neity in renal cell cancer was detailed (116).
One consensus arising from the group discussion was that TRT

is a viable and promising solution for treating heterogeneous tumors.
Pretherapeutic imaging in TRT practice can confirm target ex-
pression in individual patients and lesions, determine the magni-
tude of uptake of the therapeutic radiopharmaceutical, estimate
radiation dose, and predict treatment efficacy. Tumors not express-
ing the therapeutic target can be treated by the crossfire effect,
with limited resistance to high doses of ionizing radiation. In
principle, TRT can address these issues that arise from the het-
erogeneity of cancer cells and their genetic instability.
Despite the potential for broad efficacy in solid tumors, TRT

faces several challenges. These include but are not limited to the
fact that the procedure is perceived as complex; requires inter-
disciplinary collaboration and team science across diverse dis-
ciplines; is costly, with significant reimbursement concerns; and is
supported by clinical studies of limited size and quality. The group
noted that these concerns will most likely be overcome when
targeted radiopharmaceuticals have demonstrated clinical benefit
in diseases with limited treatment options.
The most promising advances now under investigation are likely

to be seen with a-particle therapies, nanoparticle-based therapies,
novel combinations of imaging and therapy (including radioactive
and optical imaging probes developed in tandem with therapeutic
radiopharmaceuticals), and combinations of external-beam radio-
therapy and TRT. The most promising disease targets under cur-
rent investigation include prostate cancer (many potential targets),
ovarian cancer (intraperitoneal therapy), breast cancer (HER2-di-
rected therapy), brain tumors (intrathecal, intracavitary therapy),
and head and neck cancers (p16-negative tumors).
To advance TRT in solid tumors, several scientific and organi-

zational steps are needed. More quantitative analyses of target
expression in human tissues are needed to quickly and definitively
identify promising targets for radiopharmaceutical development.
An infrastructure that supports new radiopharmaceutical develop-
ment and optimization, and robust, clinically feasible dosimetry,
should be encouraged. Interdisciplinary collaborations that drive
multiinstitutional trials should be formed, and TRT stakeholders
should consider formation of a radiopharmaceutical therapy cooper-
ative trials group, either under the umbrella of an existing organization
or as a new effort.

NETs

Dr. Ananth Srinivasan reported on the breakout group discussion
regarding NET therapies. The group looked at both the strengths
and the weaknesses of radionuclide therapy in NETs, including the
discrepancy between the wide availability of such treatment in Europe
and its lack of coverage in the United States, although the possibility
of treating patients with NET using 177Lu-DOTA-Tyr3-octreotate
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(Lutathera; Advanced Accelerator Applications) in the United
States through an open trial was mentioned. As in the other break-
out sessions, participants called for more basic scientific work to
enhance our understanding of the biology of radionuclide therapy.
The group identified the currently most widely used radiophar-

maceuticals for therapy in NETs as being 90Y-DOTA-Tyr3-octreotide
(or 90Y-DOTATOC or 90Y-octreotide), 177Lu-DOTA-Tyr3-octreotate (or
177Lu-DOTATATE or 177Lu-octreotate), 111In-DTPA-octreotide,
131I-MIBG and companion imaging agents for patient selection and
following progress (in only a few patients), and 68Ga-DOTA-
octreotide (for PET imaging). 111In-DTPA-octreotide is the only
FDA-approved imaging agent in use. Other compounds under in-
vestigation include 90Y-DOTA-Tyr3-octreotate and 177Lu-DOTA-
Tyr3-octreotide. Studies performed in Europe over the past 15 y
suggest that 90Y- or 177Lu-labeled peptides can deliver consistent
radiation doses to lesions and achieve significant tumor responses
(117).
Current clinical practice with 177Lu-DOTA-Tyr3-octreotate was

reviewed, including details of a decade-long study involving al-
most 400 patients and representing state-of-the-art practice (118).
Results showed that, compared with historical controls, patients
undergoing TRT had survival benefits of 40–72 mo, with median
time to progression of 40 mo and limited toxicities. Phase III trials
have been initiated in the United States and Europe, and the ra-
diopharmaceutical has received orphan drug status.
In a state-of-the-art clinical study with 90Y-DOTA-Tyr3-octreo-

tide, survival was nearly 3 times longer than expected in patients
treated with conventional approaches (117). Median survival from
diagnosis was 94.6 mo, 2.9 times longer than the expected survival
in patients with differentiated metastasized neuroendocrine cancer
receiving other treatments (119). However, 12.8% of patients de-
veloped severe transient grade 3–4 hematologic toxicities, with
9.2% experiencing severe permanent renal toxicity.
Combination TRT is also a current state-of the-art approach in

NET treatment. The group cited the example of a study comparing
90Y-DOTA-Tyr3-octreotide with and without 177Lu-DOTA-Tyr3-
octreotide in almost 500 patients (120). Patients receiving combi-
nation therapy had a significantly longer survival than patients
receiving 90Y-DOTA-Tyr3-octreotide alone, with comparable rates
of severe hematologic and renal toxicities.
Several ongoing clinical trials of somatostatin receptor–based

therapies were reviewed, as was the most recent consensus report
of the NCI Neuroendocrine Tumor Clinical Trials Planning Group
on future strategies (121). Although key recommendations in-
cluded creation of randomized phase III studies comparing peptide
receptor radiotherapy with standard systemic therapy, the NCI
group did not directly address TRT except for the following state-
ment: “. . .many reported studies have had suboptimal methodol-
ogy, lacked intent-to-treat analyses, and used nonstandard end
point definitions. Furthermore, no studies have compared the rel-
ative efficacy and toxicity of 177Lu-DOTA-Tyr3-octreotate and
90Y-DOTA-Tyr3-octreotide.”
Current clinical practice with TRT in NETs is severely limited

in the United States, and U.S. patients who are deemed appro-
priate for TRT (and who can afford the journey) have often gone to
specialized European centers, such as those in Rotterdam, The
Netherlands; Basel, Switzerland; and Milan, Italy. A small number
of patients in the United States are enrolled in other treatment
protocols, which in a few centers include 131I-MIBG. There is an
urgent need to improve access to TRT for NETs in the United
States.

The workshop group identified several strengths for TRT in the
treatment of NETs. These include the fact that even though a variety

of NETs are treated, they all share expression of somatostatin
receptor subtype 2, which can be treated with agents that have
already shown efficacy, particularly in median survival and quality
of life. Weaknesses include a lack of evidence on complete re-
sponse rates and well-designed multicenter trials. Additional stud-
ies are needed to define the point at which TRT should be initiated,

including consideration of TRT as first-line therapy.
Several logistic challenges face widespread adoption of TRT in

clinical use. Currently available agents are not approved or reimbursed,
with some patents expiring in the short term, making industry less
likely to sponsor new research. Cost is an issue for patients and

physicians; for example, 131I-MIBG is reimbursed in some cases
but not in others, an area in which SNMMI advocacy might play
a role. In many institutions, nuclear medicine physicians are willing
to treat patients but patients are not referred, a situation that calls
for more collaboration and outreach to endocrinologists and gas-
trointestinal oncologists. Evidence of treatment efficacy could be

accelerated by more methodologies identifying potential responders.
Promising potential advances in somatostatin receptor imaging

with antagonists have been shown using radioligands. These radio-
ligands have been shown to label a higher number of receptor-
binding sites than conventional agonist radioligands (107). Peptide

antagonists labeled with b emitters may prove to be useful in
combined imaging and therapy (122).
The group addressed areas requiring additional research to ad-

vance the field. These include preclinical therapy studies using
90Y/177Lu antagonists followed by proof-of-concept studies in humans.

Human studies with somatostatin receptor antagonists can validate
the concept for other indications in which antagonists have been
used for imaging. Additional basic studies are needed to better
understand radiobiology and develop new dosimetry models. Re-
nal toxicities remain a challenge, and new methods of protecting
the kidneys should be explored. Preclinical studies with uptake

enhancers to increase receptor expression are also needed.
To accelerate these strategies, the group pointed to the creation

of new funding mechanisms that might establish centers of excel-
lence in TRT in different geographic regions of the United States.
This not only would provide institutional settings for basic, pre-

clinical, and clinical studies but also would make beneficial treat-
ments more easily available to patients.

WORKSHOP SUMMARY

Dr. Hossein Jadvar provided an overview and highlights of the
workshop, emphasizing areas of consensus, including the regulatory

and economic environment, basic biology, and radiochemistry. He
provided a list of current and future issues for consideration, based
on presentations at the workshop. Specifically, research is under
way, he mentioned, to determine optimal biologic targets and create
in vitro and in vivo models to validate new agents and propel them
into human trials. High-quality, reproducible data are needed, with

basic and preclinical studies performed under good laboratory prac-
tices. First-in-human data, including data on absorption, distribution,
metabolism, and excretion, will follow, providing information on
biologic efficacy, toxicities, and side effects. Among consider-
ations for development and production are ease of radiochemical
incorporation (particularly in the generation of theranostic pairs);

evaluation of data on specific activity, synthesis yields, chemical
and biologic stability, personalized dosimetry, radiobiologic modeling,

344 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 55 • No. 2 • February 2014



and radiolysis; assessment of the availability of similar or less
costly agents with the same action; and easily accessible protocols.
Also of importance are the costs of raw materials and the devel-
opment of reliable distribution networks. Responding to these
considerations is not a trivial endeavor.
Few molecular imaging and contrast agents in development

make the transition to marketing, and even fewer TRT agents have
passed these hurdles in the United States or worldwide. This is in
part the result of the economic and regulatory landscape in which
these agents are developed, approved, and marketed. Market size,
market share, price resistance, and likelihood of reimbursement
affect industry decisions on whether and how to develop a new
agent, even when that agent is clearly beneficial. Challenges in-
clude the cost of supporting clinical trials needed for approval,
issues of exclusivity in terms of patent protection, market com-
petition from same-disease-targeted agents, and a regulatory en-
vironment that places constraints on dosimetry, administration,
transport, and waste disposal.
A major challenge for TRT is ready availability of radioisotopes

for research and clinical use. Some radioisotopes are not available
in the United States; others are unavailable for clinical use because
of lack of reimbursement and approval; some are available but
underused in the clinic. Integration and determination of optimal
sequencing of TRT with existing standards of care might advance
clinical use, as would better data on side effects, toxicity, and
complications compared with conventional therapies. More atten-
tion to patient-reported outcomes assessing quality-of-life benefits
with TRT is also needed.
Although data on TRT efficacy are available from other coun-

tries, non-U.S. data are rarely sufficient for approval and reim-
bursement in the United States. The result is that for U.S. approval,
scientists are often forced to reinvent the wheel, duplicating stud-
ies that have already been published in respected peer-reviewed
literature. One challenge that should be considered by stakeholders
is to identity ways to propel existing data on TRT forward more
quickly in support of U.S. approvals. Another challenge is to directly
address the various logistic problems cited in the workshop: limited
access to TRT for patients and providers, perceived high cost, turf
issues, patient perceptions and fears, and the need for multidisci-
plinary teams supported by strong TRT education efforts (123–132).
During his tenure as director of the National Institutes of Health,

Dr. Elias Zerhouni introduced the 4 Ps of medicine: personalized,
predictive, preemptive, and participatory. These apply to TRT, with
the additional need for partnership. Education and collaboration
are key to ensuring a multidisciplinary approach. Stakeholders in-
volved in such collaborations are numerous and include federal
agencies, academia, pharmaceutical companies, patients and patient
advocacy groups, providers (preferably in multispecialty teams),
payers, professional societies, and philanthropists and venture
capitalists. The ultimate goal, as in all of medicine, is to ensure
that patients receive timely, appropriate therapy in a cost-effective
manner. Balancing these forces through multidisciplinary collab-
oration, bench-to-bedside discovery, innovation, documentation,
and validation of enhanced outcomes is a challenge that will re-
quire new cooperative mechanisms and the involvement of the
broadest range of stakeholders interested in advancing TRT.

CONCLUSION

TRT has great potential for cancer therapy across a spectrum of
tumor types including breast, lung, bone, lymphoma, and NETs,

among others, and may be particularly helpful to treat heteroge-
neous tumors. TRT could be applied as a primary therapy or in
conjunction with other approaches, including external-beam radia-
tion or brachytherapy. However, TRT requires a multidisciplinary
approach, and for this potential to be realized, cooperative struc-
tures must be developed across institutions to gather the necessary
basic science and clinical trial data. This research most likely will
need to go far beyond that which is typically industry-sponsored.
Therefore, a multiinstitutional infrastructure would likely be helpful
to facilitate the collection of such data.
As new potential agents are developed, knowledge of the micro-

environment and metabolism both in the tumor and in normal tissue
must be sought, leading to patient-specific radiobiology-based do-
simetric models and allowing for effective treatment planning.
Effort should also be made to establish routine production at high
activity levels. New, effective models and production methods will
also be desirable for agents in current use. Since no single insti-
tution will likely have expertise in all areas, a multiinstitutional
research network may be effective in enhancing the advancement of
this research.
Once an agent is ready for in-human investigations, large-scale

randomized, evidence-based clinical trials that establish its ef-
fectiveness with respect to cost, quality of life, and patient out-
come will be needed. Study design and patient selection are
critical for implementation, and time will be of the essence so as to
allow comparison to current alternative therapies. This will most
likely require a multiinstitutional cooperative infrastructure be-
yond that provided through industry-based trials.
The clinical implementation of TRTwill require a multidisciplinary

approach and education of all involved, including basic scientists,
physicians, and support personnel. Further careful treatment planning
and patient selection will be needed to ensure treatment benefit.
This workshop was unique in that it included a wide range of

stakeholders invested in the success of TRT, including a variety of
clinicians (nuclear medicine physicians, radiation oncologists, and
medical oncologists) and basic scientists (radiochemists, phys-
icists, and radiobiologists). In order for the promise of TRT to be
realized, more such gatherings would be helpful since the most
successful implementation will be multidisciplinary. Although
focus on a particular disease such as lymphoma or bone disease
may be helpful, interdisciplinary cooperation will clearly be critical,
both across and within institutions.
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