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Targeted radionuclide therapy (TRT) seeks molecular and functional targets within patient tumor
sites. A number of agents have been constructed and labeled with beta, alpha, and Auger emitters.
Radionuclide carriers spanning a broad range of sizes; e.g., antibodies, liposomes, and constructs
such as nanoparticles have been used in these studies. Uptake, in percent-injected dose per gram of
malignant tissue, is used to evaluate the specificity of the targeting vehicle. Lymphoma (B-cell) has
been the primary clinical application. Extension to solid tumors will require raising the macroscopic
absorbed dose by several-fold over values found in present technology. Methods that may effect
such changes include multistep targeting, simultaneous chemotherapy, and external sequestration of
the agent. Toxicity has primarily involved red marrow so that marrow replacement can also be used
to enhance future TRT treatments. Correlation of toxicities and treatment efficiency has been lim-
ited by relatively poor absorbed dose estimates partly because of using standard (phantom) organ
sizes. These associations will be improved in the future by obtaining patient-specific organ size and
activity data with hybrid SPECT/CT and PET/CT scanners. © 2008 American Association of
Physicists in Medicine. [DOI: 10.1118/1.2938520]
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I. PRESENT CLINICAL SITUATION

A possible imaging result with a cancer patient is shown in
Fig. 1, whereby multiple lesions appear using nuclear (or
other) technology. It is important to find a method to target
both seen and unseen tumor locations anywhere in the body.
It would be desirable that this strategy be as specific as pos-
sible to the tumor with minimal collateral toxicity. Targeting
of this sort is measured in units of percent-injected dose per
gram of tissue (% ID/g). The mouse would generally be the
test species for preclinical development of radiopharmaceu-
ticals for targeted radionuclide therapy (TRT). Following IV
injection into a 20 g animal, nonspecific uptake should be

100% ID/20 g=5% ID/g (1)

for any of the tissues. Extrapolating the calculation to a
70-kg man, the comparable nontargeting value is
1.4% ID/kg. Tumor uptakes (u) exceeding these respective
tissue sample numbers can then be taken as evidence of spe-
cific targeting of the agent of interest. Tumor absorbed dose
rate for particulate emissions is also proportional to the tu-
mor u value so that applicability of uptake to radiotherapy is
direct.

While intravenous injection is probably the only way to
target lesions at any site, direct injections may be used to
enhance tumor accumulation. Typically, this intervention oc-
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curs postsurgery. For example, intraperitoneal applications of
antibodies to ovarian cancer' and directly into brain tumor
sites” are currently being evaluated.

Many agents have been investigated as possible tumor-
targeting vehicles. Some, such as antibodies, may also have
intrinsic antitumor effects. While the following will describe
radionuclide-effected therapy, antitumor chemical species
may also be loaded into some tumor seekers such as lipo-
somes. A partial list is given in Table I that includes the
traditional use of the "'I jon as postsurgery treatment of
choice for some types of thyroid cancer. This compilation is
capable of expansion using either further engineering of the
agents listed, direct invention of novel entities, or combina-
tions of multiple technologies; e.g., liposomes with antibod-
ies on their outer surface.

Optimization of tumor targeting is complicated due to the
number of possible agents. Using an antibody as an example,
a single amino acid exchange can cause order-of-magnitude
variation in blood circulation times of the mutated protein.13
Since there are several thousand amino acids in the original
antibody sequence and essentially 20 possible amino acid
inserts at each location, the number of variations is astro-
nomical. Thus, only a very limited subset of all possible
agents will ever be investigated experimentally.

Only four agents have progressed to FDA-approved clini-
cal therapies as shown in Table II. Note that two of these
therapies involve direct catheter injection into tumor sites in
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FiG. 1. Anterior gamma camera image of a medullary thyroid cancer pa-
tient. Image obtained at 48 h post-IV injection of 5 mCi (185 MBq) of
"n-cT84.66 anti-CEA antibody. Multiple bone lesions are seen in the pel-
vis and both femurs. Part of the right lobe of liver appears superiorly (see
Ref. 37).

the liver. Intravenous injections have been limited to treat-
ment of lymphoma using anti-B cell (anti-CD20) monoclonal
antibodies.

Il. CURRENT LIMITATIONS

Because of the small number of FDA-approved agents, it
is clear that significant constraints have hindered develop-
ment of TRT. Primarily, the limitation has been relatively
poor tumor uptake. This has led to correspondingly low ab-
sorbed doses and lack of tumor response. Table III contains
estimated absorbed doses for a standard phase III lymphoma
trial'* and an experimental colon cancer thempy.16 These
protocols were at previously determined maximal values of
activity per body mass'* or per body surface area.'® Notice
that both lymphoma and colon cancer regimens have
achieved similar numerical tumor absorbed dose values.
Clinical application of TRT to the former disease state has
followed from the relatively high sensitivity of B-cells to
ionizing radiation.

TABLE 1. A partial list of tumor-targeting agents.

Increasing injected total activity (A,) cannot be used to
arbitrarily raise tumor absorbed doses because of limits set
by normal organ toxicities.'” Bone marrow is the most prob-
able absorbed dose-limiting tissue in TRT when the activity
is injected IV. Presently, red marrow (RM) absorbed dose is
difficult to estimate due to uncertainty in patient-specific in-
formation. Recall that internal emitter absorbed dose (D) is
usually estimated by the simple vector equation

D=Sx*A, (2)

where S is a rectangular matrix relating source organs to

targets and A is a vector containing the integrals of source
organ activities (A) over time. S contains information on the
radionuclide’s emission energies and probabilities as well as
the geometry of the source and target organs. For particulate
emitters that stop in the source, we concern ourselves with
diagonal elements of S where source and target are the same
tissue. In this case, S matrix elements are inversely propor-
tional to the total organ mass. For red marrow, this parameter
is unknown since the individual patient has genetic, age-
related, and therapy-associated variability. One would expect
that the RM mass would be significantly different from—and
probably lower than—values found in phantom-based ab-
sorbed dose estimation algorithms. There is no present-day
routinely used method for estimating this unknown tissue
mass value. Thus, phase I TRT trial escalation has generally
not been based on absorbed dose toxicity but usually on the
injected activity per meter squared or activity per total body
mass. Neither of these parameters, which are based on tradi-
tional chemotherapy treatment planning, has correlated well
with patient marrow toxicity.

Given the above constraints, an approximate formula to
estimate the circulating blood contribution to marrow ab-
sorbed dose has been developed by the AAPM task group19

Agent Molecular weight (Da) or physical size Application Representative radiolabels
Nal 154 Da Thyroid cancer (follicular and papillary) 1Bl
MIBG* 130 Da Neuroendocrine tumors 134
Octreotide” 100 Da As above QOY, R Y
SHALs® <2 kDa Lymphoma 1B
Nucleotides® 10 kDa Solid tumors Mmpe iy
Antibodies® 25-150 kDa Lymphomas, solid tumors 0y and '
Liposomesr 100 nm Solid tumors '“In, 99m e
Nanoparticles® 10 nm Solid tumors
Morpholinosh 2 kDa Solid tumors 188Re
Spheresi 30 um Hepatic lesions Py
*See Ref. 3. 'See Ref. 8.
"See Ref. 4. £See Ref. 9.
“See Ref. 5. "See Ref. 10.
‘See Ref. 6. 'See Refs. 11 and 12.
“See Ref. 7.
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Agent Label

Disease Method

SIR spheres® (plastic)
Theraspheres® (glass)
Zevalin® (Ibritumomab)

Dy (*™Tc MAA for images)
Py (™Tc MAA for images)
Py (""In for images)

Bexxar? (Tositumomab) 131y

Metastatic liver cancer Catheter via hepatic artery
Catheter via hepatic artery

IV injection

Primary liver cancer
B-cell lymphoma

B-cell lymphoma IV injection

“See Ref. 11.
"See Ref. 12.
‘See Ref. 14.
9See Ref. 15.

A(RM) = f * A(blood) * 1500/5000, (3)

where f is a fraction on the order of 0.3 and the ratio repre-
sents the correction for marrow mass (1500 g in a particular
standard phantomzo) in a patient with an assumed 5000 g
total blood mass. In the ideal case of no direct marrow tar-
geting of the radioactive agent or its label, the result of Eq.
(3) is used as an input into Eq. (2) to estimate total RM
absorbed dose.

Issues of accurate absorbed dose estimation have been at
the heart of TRT since its inception in the 1950s; e.g., there is
little knowledge of the absorbed dose to remnant thyroid
tissue during BI treatment. While MIRD-type calculations
are often used to justify clinical trials to the FDA, use of the
associated phantom mass values contained in programs like
MIRDOSE3 (Ref. 20) and OLINDA (Ref. 21) cannot be directly
applied to a given patient. It has been shown, for example,
that hepatic and splenic masses may differ by factors of two-
and threefold in individuals undergoing TRT of colon
cancer.” Patient-specific treatment planning23 requires actual
knowledge of patient anatomy (organ separations) and organ
sizes (masses). This problem is thus one of image fusion
whereby the activity found using quantitative nuclear imag-
ing can be assigned correctly to a particular anatomic
structure.

lll. FUTURE DEVELOPMENTS

Medical physicists can be expected to contribute directly
to the growth of TRT in the next 7-10 years. Advances
would be of two distinctly different but complementary
types. Initially there will have to be a strategy for develop-

ing, testing, and generally enhancing the tumor-targeting ca-
pability of radiopharmaceuticals. Computer modeling of bio-
distributions and comparisons of figures of merit are aspects
of this work relevant to the physicist. This is particularly
important for solid tumors. Beyond the engineering and in-
ventive phase will be the necessity of establishing improved
methods of patient-specific absorbed dose calculations.
These estimates will become more useful when they relate to
voxels rather than whole organ values as indicated above.
Among target tissue calculations, red marrow absorbed dose
estimates will continue to be the most important.

lll.LA. Pharmaceutical development and testing

Engineering is the operative word for the future. TRT
agents of the present time are usually constructed by crude
analogy to naturally occurring entities in the bloodstream of
common mammals. Protein configurations appear to be one
of the most likely for future manipulation. After in vitro test-
ing, the putative tumor seekers would be evaluated via se-
quential animal three-dimensional imaging rather than by
biodistribution studies as are done today. One particularly
fruitful area of this research would be the use of mouse-sized
PET or SPECT scanners to obviate the need for large num-
bers of animals being sacrificed at each time point in the
biodistribution evaluation. Statistically, this method is also
preferred since the same animals are being followed serially.
Flexibility of usage may favor SPECT over PET in that more
radionuclide labels are available for the former technique.

Use of PET scanners requires availability of suitable pos-
itron emitters as labels. Two types of labeling may be antici-
pated: Radioiodine and radiometal. In the case of proteins,

TaBLE III. Comparison of two TRT clinical antibody protocols involving *°Y. Absorbed doses were computed using the MIRD formalism (Refs. 20 and 21)
and refer to whole organ mean values. Ranges are shown in parentheses. The clinical protocols were at maximum activity per body mass (Ref. 14) or body
surface area (Ref. 16) determined from previously established hematological toxicity levels.

Tumor absorbed dose

RM absorbed dose Liver absorbed dose

Agent Disease (cGy) (cGy) (cGy)

Zevalin® NHL 1484 71 532
(61-24 300) (18-221) (234-1856)

Ant-CEA® Colon cancer 1320 64 912
(46-6400) (19-198) (534-1719)

“See Ref. 14.

°See Ref. 16.
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there is a developmental advantage in using radioiodines.
Iodine can be directly attached to tyrosine moieties in the
amino acid sequence with protein amounts as small as
100 ug. This is in contrast to the radiometal case where
milligram amounts are required since a chelator must be first
attached to the protein. For iodines, the physical half-life of
1297 is 100 h and appears to be a good theoretical choice for
PET. Limitations of availability and accurate quantitation
have stymied extensive use. Recent work®* has shown that
measurement of the amount of '*I is possible with a com-
mercial PET imager and human-scale phantoms.

Iodination of tumor-tracking agents has one disadvantage.
Because of thyroid needs, multiple enzymes have evolved to
extract iodine atoms from sites on proteins and other agents.
Using an iodinated species for extended periods in vivo may
lead to unwanted targeting of freed activity to stomach, gut,
and thyroid. Because of this limitation, use of radiometal
labels of proteins and other entities is expected to increase.
This will require production facilities for **Cu and *°Y, for
example. With their relatively simple gamma spectra, these
labels will probably become the marker of choice in many
preclinical and clinical trials that study entities with rela-
tively rapid biological targeting (i.e., biological half-life
<12 h). Species that remain in the blood for periods exceed-
ing one day, however, will remain difficult to label with these
radiometals and may require use of '**I.

Several ideas have shown promise in the enhancement of
tumor therapy using I'V-injected agents. One of these is the
use of a sequence of steps to optimize the placement of ac-
tivity on or within the tumor.” In this strategy, a large unla-
beled molecule, which is at least partially an antibody to the
tumor-associated antigen, is injected initially. After some
time, and perhaps a clearance step, a low-mass radiolabeled
entity is injected. The labeled agent would be an antibody
fragment or other small ligand that reacts to the complex of
original antigen and the first large molecule. Since the la-
beled molecule would be of relatively low molecular weight,
it would diffuse more rapidly to the lesion sites. Such quick
movement would reduce red marrow absorbed dose induced
by the circulating activity in the blood.”® Limitations to the
method involve the possible increase in the renal absorbed
dose due to the anticipated urinary excretion of the radiola-
beled entity.

A second targeting variation that manipulates the blood
curve of the radiotracer shows significant promise for reduc-
ing bone marrow toxicities as estimated via Eq. (3). Here the
clinicians would use an antigen-bearing protein column lo-
cated outside the patient.27 Blood would be shunted from the
patient to the column at a calculated time when the estimated
marrow absorbed dose approached toxic limits. At that point,
the activity level in the bloodstream would essentially be set
to zero such that no further bone marrow toxicity would be
anticipated. Note that this method requires that the patient be
placed into an external circulatory system.

Other invasive strategies have been proposed. If the mar-
row is expected to be the absorbed dose-limiting tissue, the
patient may have a marrow sample sequestered prior to the
therapy with subsequent transplantation if the RM is suffi-
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ciently depleted. It has become conventional to replace plate-
lets and white cells in patients undergoing TRT when these
cells are below certain limits. In the future, such procedures
may become economical enough such that the marrow is no
longer the activity-limiting tissue. In that case, other solid
organs such as the kidneys or liver may be considered limit-
ing. This strategy may lead to greater total activities being
injected and larger tumor absorbed doses being achieved.

As in the case of external beam, one anticipates that con-
siderable effort will be expended to enhance TRT-induced
absorbed dose by means of circulating chemotherapeutic and
radiation-enhancing agents.28 At present, it is unclear what
chemical dose levels and what timing relative to the IV in-
jection of the radiotherapeutic agent are optimal. Again, pre-
clinical and phase I trials will be needed to evaluate the
effectiveness of this approach. Because of the multiple pos-
sible combinations of enhancing and TRT agents, extensive
animal testing will become more important in the near term.

Following from the above multiple agent therapies, it is
probable that future collaborations would be expanded be-
tween medical oncology and radiation oncology. Historically,
chemotherapeutic drugs have been studied using only blood
and excreta chemical measurements. In the next 7-10 years,
it would be anticipated that present-day and future chemo-
therapeutic drugs would be radiolabeled and then followed,
probably with PET scanning, in patients. Because of concern
that the radioactive tag may affect the biodistribution, label-
ing will preferably be done by substituting radioactive iso-
topes into the chemical structure. While organic isotopes ''C,
150, and N are of primary importance, there will be other
possible labels such as 18F in the case of 5FU. Availability of
local cyclotrons is implicit in this approach due to the short
half-lives of the positron labels required.

lll.B. Improved absorbed dose estimation

Improvement in patient-specific absorbed dose estimates
will be one outcome achievable by medical physicists in the
immediate time frame. This result may be termed a type-II
absorbed dose estimate whereas the MIRD (phantom) result
is a type-I calculation.”” Phantom results will still be needed
for FDA approval of the trial; patient-specific calculations
will evolve to be used to assess clinical outcomes for an
individual. In order to achieve such specificity, knowledge of
the patient’s organ masses and their spatial separations will
be essential.

Instrumentation enhancements, now common in nuclear
medicine, will make it possible to directly improve patient
absorbed dose estimates. This follows from the two uncer-
tainties implicit in Eq. (2): Evaluating A and S for an indi-
vidual. Considering the present difficulty of estimating the
activity (A) at depth, it is important to realize that there are at
least six different techniques30 that have been applied to this
long-standing physics problem. With hybrid scanners such as
SPECT/CT and PET/CT, gamma attenuation factors will be
evaluated directly without the need for external transmission
sources or complicated fusions of different modality images.
Additionally, the activity being imaged will be assignable to
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a specific anatomic structure in the body; a structure that will
also have a definite geometric volume and location relative
to other tissues. As a result, uncertainties using the phantom
calculations in OLINDA (Ref. 21) will be reduced and the true
organ (or tumor) size obtained. Koral and co-workers have
demonstrated®' that quantitative SPECT permits tumor ab-
sorbed dose estimates that do correlate with lymphoma out-
comes. With hybrid scanners, we expect that such improved
correlations will occur for other tumor types.

Variation of tumor mass during therapy is a feature of
TRT that has been observed in clinical lymphoma trials.*
This result cannot be anticipated from prior imaging sessions
since the effect arises out of the relatively high magnitude of
the therapeutic absorbed dose. In the future, simple relation-
ships such as Eq. (2) will not generally be valid for tumors.
Instead, dosimetrists will use the differential form of the
equality whereby absorbed dose rate is evaluated over a set
of time intervals during the therapy regimen. A mathematical
model of the target mass variation over time can be used in
the determination of S in this case.

Equation (2) has other important limitations. As defined
above, it refers to average total organ or tumor absorbed
doses. While of gross interest, such single value representa-
tions of the ionizing radiation would not be as useful as
absorbed dose-volume histograms that have been popular-
ized in external beam work. In this case, a voxel-based set of
sources would be introduced and a voxel-by-voxel result cal-
culated by convolution. This result, when available, will lead
to greater absorbed dose heterogeneity and make treatment
planning a more complicated task. A technical problem in
this context would be the tracking of individual regions from
one imaging session to the next during the imaging or sub-
sequent therapy. For beta emitters, brake radiation effects can
be included in this formulation.

It has been shown in both murine and some human studies
that tumor uptake is an inverse function of tumor mass—at
least for radiometal-labeled entities.*>* We would anticipate
that this result would become more important in future clini-
cal trials implying adjuvant treatment of patients postsurgery.
Applications of this idea to occult lesions would also be of
interest since these sites would probably have relatively
small sizes. One colon cancer trial involving unlabeled anti-
bodies has been reported.35

Like politics, absorbed dose is essentially a local phenom-
enon. Given surgical specimens and information on cellular
localization, an optimal radionuclide label for a given tumor
type can also become possible. Proof of localization within
tumor cell nuclei or at least at their surfaces would imply use
of alpha emitters such as 23Bi or Auger emitters as '''In.
Heterogeneous distributions of activity throughout the tumor,
on the other hand, would indicate longer-range beta produc-
ers such as *°Y to enhance cross-fire effects. Similar argu-
ments can be applied to normal tissue toxicity. Thus, future
improvement in therapy will depend upon greater coopera-
tion between surgeons (and pathologists), radiation oncolo-
gists, and therapy physicists.
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IV. CONCLUSIONS

Continued growth in lymphoma treatment using TRT is
expected with more patients being entered into RIT trials as
part of a first-line therapy. Helping to expedite this expansion
is the unexplained, growing incidence of B-cell lymphomas.
We would anticipate that T-cell antibodies would become
available within the next 5 years. While *°Y facilitates out-
patient treatments, the utilization of 3] as a label is ex-
pected to continue due to lower radionuclide cost and the
possibility of directly imaging therapeutic administrations to
verify treatment planning.

With better dosimetry, repeat TRT procedures would be-
come possible. In the next 5-7 years, repeated lymphoma
therapies would become a topic of importance to patients
who have recurrence or were originally undertreated. Patient-
specific normal organ absorbed doses would be tabulated to
make sure that the relevant total is within the levels deter-
mined in external beam therapy. Tt is likely that the toxicity
levels due to TRT-derived absorbed doses will be found to be
different from those seen in external beam therapies.

We can also expect extensive use of engineering and in-
vention to contribute a number of new targeting
pharmaceuticals.36 Improvement in chelates will enable
greater control of radiometals so that direct targeting of the
freed label to the marrow becomes improbable.

Improved patient-specific absorbed dose estimates will
lead to better control of toxicities and improved clinical re-
sults for lymphomas and, eventually, solid tumors. The
present tenuous connection between estimated marrow ab-
sorbed dose and its clinical toxicity will become more statis-
tically significant as the marrow mass becomes available via
marrow tracers used as adjuncts prior to the TRT protocols.
As a result, escalation in phase I and other FDA-approved
trials would occur with normal organ absorbed doses as the
control variables and not simplistic parameters such as total
activity or total activity per body surface area or body mass.
Labeling and tracking of chemotherapeutics will evolve out
of this work and lead to greater understanding and safety of
their administration to individual patients. Combinations of
radiation-enhancing compounds with TRT will expand
within these two converging threads of knowledge. Patient-
specific treatment is one logical outcome of this work.
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