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Radionuclide cancer therapy

Cornelis A. HOEFNAGEL
Department of Nuclear Medicine, The Netherlands Cancer Center Institute

Therapeutic nuclear medicine is rapidly developing as an additional treatment modality in
oncology. Its unique characteristics are the systemic, yet selective delivery of radiation doses in
target tissues, its non-invasiveness, the relative lack of immediate and late side effects, and the
advantage that uptake and retention in the tumor can be pre-assessed by tracer studies. Many
different tumor secking radiopharmaceuticals are being used for therapy by different routes and a
variety of targeting mechanisms.

The current clinical role of radionuclide therapy is briefly reviewed, as well as more general
aspects and considerations, such as mechanisms for tumor targeting, the choice of radionuclide

labels, radiopharmacy, drug delivery, radiation protection, dosimetry and toxicity.
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INTRODUCTION

INTHE PAST DECADE the role of nuclear medicine in oncology
has changed and expanded, in particular in the field of
tumor detection, quantitative function analysis of organs
at risk during oncological therapy, in vivo pharmacoki-
netic studies of drugs and formulations, as well as therapy.

In diagnostic tumor imaging more or less specific
tumor seeking radiopharmaceuticals depict the tumor as
a “hot spot.” Specific metabolic characteristics and bio-
logical properties of tumors are being exploited not only
for the diagnosis, staging and follow-up, but also for
characterization of the tumor and to target radionuclides
at tumors for therapy. In addition some benign disorders,
e.g. thyrotoxicosis and rheumatoid arthritis, may also be
treated with radioactive open sources.

Radionuclide therapy is a unique cancer treatment
modality, which can selectively deliver radiation doses in
target tissues, is systemic and non-invasive, is associated
with few immediate and late side effects, and has the
advantage that the uptake and retention in the tumor can
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be assessed with a tracer study prior to administering a
therapeutic dose.

The basis for successful radionuclide therapy is a good
and selective concentration and prolonged retention of the
radiopharmaceutical by the tumor. The effect depends on
the total absorbed radiation dose and the sensitivity of the
lesion to radiation. The radiation effect is only maximally
exploited if the radioactivity remains in the tumor for total
decay. In practice this is almost never the case because of
biologic turnover.

TARGETING MECHANISMS/
RADIOPHARMACEUTICALS

There is a steadily expanding list of tumor seeking radio-
pharmaceuticals with different targeting mechanisms,
which are currently being used or can potentially be used
in humans for therapy. A good knowledge of the site of the
deposition of the radiopharmaceutical in relation to the
cell’s nucleus is essential for the proper choice of the label
by the effective range of the alpha- or beta-particles. It is
possible to incorporate radionuclides into the DNA of the
cell nucleus or into the cytoplasm via the metabolism (e.g.
by "*'T as iodide and "*'I-MIBG), to attach radioisotopes to
the cell surface (e.g. via antibodies and receptor binding
agents) or to bring radioactivity into close vicinity of the
tumor cell, e.g. by targeting at the extracellular osteoid or
by local or regional administration, such as the intraarterial
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Fig. 1 Schematic representation of the various targeting mechanisms for radionuclide therapy,
showing the site of deposition in relation to the cell’s nucleus.

use of radiolabeled microspheres and the intracavitary
application of radiocolloids and monoclonal antibodies
(Fig. 1).

To achieve meaningful radiation doses it is essential
that the tumor cells have sufficient and accessible binding
sites and that the radiopharmaceutical is “carrier-free,”
i.e. not containing nonlabeled molecules, which also bind
to the target thereby reducing the number of binding sites
available for the radioactive compound.

RADIONUCLIDE LABELS

The choice of the radionuclide by its physical character-
istics plays an important role in the delivery of an
adequate radiation dose. Table 1 shows the range of
major radionuclides available for therapeutic applica-
tion.>* Most often low-energy beta-emitters are used to
attain intense irradiation of the target while sparing the
surrounding tissues. The range of the beta-rays must be in
accordance with the distance between the site of the
radiolabeled molecule and the structure in which the
radiation effect is intended to take place (the nucleus).
Most of the radionuclides currently used for therapy
deliver so-called “low-LET” radiation. Specific pharma-
ceuticals labeled with “high-LET” beta- or alpha-particle
emitters, which produce intense ionization over an ul-
trashort path length, may deliver higher radiation doses,
provided that the uptake of the radionuclide is highly
selective. In this respect also the tumor size is important,
as for isotopes with different physical characteristics the
optimal tumor size varies.* Auger electron emitting radio-
nuclides also have a high relative biological effectiveness
(RBE), but, due to the range being much less than a cell’s
diameter, require a carrier which brings the source into or
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close to the nucleus.’

QUALITY CONTROL/DRUG DELIVERY/
LOGISTICS

For most of the used radiopharmaceuticals it is essential
that, just prior to the administration of therapeutic amounts
to patients, quality control, checking both the radionu-
clide and radiochemical purity takes place, as impurities
will not contribute to the tumor targeting, but may add to
the side effects of such a treatment. Relatively high doses
of radioiodinated pharmaceuticals (e.g. MIBG, anti-
bodies, lipiodol) with a high specific activity undergo
autoradiolysis, which is dependent on the temperature,
the volume and the presence of stabilizers and scavengers
in the formulation.® Although blocking the thyroid with
potassium iodide is an important aid to reduce the radia-
tion dose to the thyroid, too much free '*'I (e.g. > 5%) will
nevertheless result in uptake of some radioiodine in the
thyroid.

Several routes of administration prevail, depending
on the indication, e.g. oral, intravenous by either bolus
injection or infusion, intraarterial, intracavitary, and
intratumoral. In the case of i.v. or i.a. infusion of radio-
active material over hours, dedicated systems with lead
shielded vials, infusion pump and monitoring equipment
exist or may be developed for specific purposes. For most
applications, however, it has not yet been well estab-
lished, which is the optimal route, dose, speed and
frequency of administration, and which specific activity
will result in the greatest possible tumor uptake.

Other logistical factors are the availability and licens-
ing of radiation protected isolation facilities, and the
necessity of guidelines for radiation protection to ensure
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that the treatment is safe both for the patient and for
relatives/friends, personnel and the environment. Results
of a European survey by the E.A.N.M. Task Group
Radionuclide Therapy demonstrate that there is consider-
able variation between countries in radionuclide thera-
peutic practice, dependent on local legislation and the

Table 1 Physical characteristics of radionuclides used for
therapy in order of maximum range

nuclide half life emission maximum range
8$mBr  4.42h Auger <10 nm

15 60.0d Auger —> 10 nm

AL 7.2h alpha —> 65 nm

19Er 9.5d beta —> 1 mm

’Cu 2.58d beta/gamma —> 2.2 mm

| 8.04d beta/gamma ———> 2.4 mm

BSm 1.95d beta/fgamma ——> 3.0 mm

requirement and availability of isolation facilities.”

Finally, as many of the new therapeutic radiopharma-
ceuticals are relatively expensive, the financing of these
treatments is also an issue.

AVAILABLE THERAPIES AND CLINICAL
RESULTS

A summary of the types of radionuclide therapy which are
currently available or undergoing clinical trial, as well as
their indications and principle targeting mechanism are
shown in Table 2. Contraindications for radionuclide therapy
are pregnancy, continued breast feeding, severe myelo-
suppression and renal failure. In addition, a relative con-
traindication is any unstable condition of the patient, that
does not allow isolation therapy. In this section current
applications for cancer treatment will be briefly reviewed.?

":’AU 2.7d beta/gamma ————> 4.4 mm 1-131 therapy of differentiated thyroid carcinoma
186 . N . .
I“Re 3774 beta/gamma > 5.0 mm Iodine-131 as iodide has been used with success to treat
sgSDy §03 g 2 beta/l;famma > 6';0"“" thyrotoxicosis and for follow up and therapy of differen-
. r cta mm tiated thyroid carcinoma for nearly half a century and this

P 14.3d beta ——————> 87 mm . P the back df ther f f
soy 267 d beta 12 mm experience forms the background for other forms o

Table 2 Therapeutic applications of nuclear medicine in oncology
Treatment targeting mechanism indications

[-131 as iodide

thyroid hormone synthesis

papillary/follicular
thyroid carcinoma

P-32 phosphate

incorporation into DNA of rapidly
proliferating cells

polycythemia vera
essential thrombocythemia

I-131 MIBG active uptake-1 neuroblastoma
granular storage pheochromocytoma
paraganglioma
symptomatic carcinoid
medullary thyroid ca.
In-111/Y-90 somatostatin receptor binding neuroendocrine tumors
octreotide

I-131 anti-CD20 lymphoma

1-131 bispecific antigen binding medullary thyroid ca.
Moabs NSCLC

Sr-89 chloride increased bone metabolism palliation of painful
Re-186 HEDP surrounding metastases skeletal metastases

Sm-153 EDTMP
Sn-117m DTPA

(prostate/breast ca.)

i.a. Y-90 glass

microspheres intravascular hepatocellular ca.

I-131 lipiodol trapping liver metastases
intracavitary malignant effusions
Moabs/colloids/ antigen binding/ cystic

chelates serosal fixation craniopharyngioma
intratumoral glioma

I-131 Moabs direct intratumoral pancreatic and liver tumors

P-32 colloids

injection
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Fig. 2 Total body scintigrams of a patient with papillary thyroid carcinoma metastatic to lymph nodes
and both lungs, at 24, 72, 144 and 188 hours after 7.4 GBq (200 mCi) I-131. Although on planar
scintigraphy (above) the pulmonary uptake appears to be diffuse, single photon emission tomography
(below) indicates more inhomogeneous distribution of the radioactivity.

targeted radionuclide therapy.® More than a million
patients worldwide have safely and effectively been
treated for hyperthyroidism with *'I-doses usually rang-
ing 110-370 MBq (3-10 mCi). Similar doses are used
for tracer studies in postoperative follow up of thyroid
carcinoma.

After total or near-total thyroidectomy for thyroid
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carcinoma higher doses of "'I ranging 1.1-5.5 GBq
(29.9-150 mCi) are used to ablate residual normal thyroid
tissue in order to enable scintigraphic detection and even-
tually radionuclide treatment of local or distant metastases,
which may not sufficiently concentrate '*'I in the presence
of thyroid remnants.

Doses up to 7.4 GBq (200 mCi) are applied for '*'I
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Table 3 Cumulative results of *I-MIBG in neural crest tumors (Workshop, Rome, September 1991')

Objective response

Disease Patients Centers (CR/PR and rate) Palliation
Pheochromocytoma 116 12 3/23/31 hr—> 56% most patients
Paraganglioma 8 7 1/6 all patients
Neuroblastoma 276 13 17/70 —> 35% most patients
Medullary thyroid ca. 22 5 1/6 — 32% 50%
Carcinoid tumors 52 5 2/6 — 15% 65%

CR = complete remission, PR = partial remission (> 50% decrease in tumor volume), hr = hormonal response (>50%

decrease in catecholamine excretion).

Table 4 Radionuclide bone therapy: physical and clinical characteristics

Radionuclide: 1p #Sr %Re 13Sm
Physical properties:
Half life 14.3d 50.5d 3.77d 1.95d
E beta max. 1.71 MeV 1.46 MeV 1.07 MeV 0.805 MeV
Maximum range 8.7 mm 8.0 mm 5.0 mm 3.0 mm
Gamma emission none none 137 keV 103 keV
Imaging Brems Brems +4++ ++
Isolation no no yes yes
Clinical aspects:
Adm. dose 370 MBq 150 MBq 1.4 GBq 37 MBg/kg
Chemical form phosphate chloride HEDP EDTMP
Response rate 74-87% 75-80% 79% > 65%
Side effects significant minimal minimal minimal
Advantage cost outpatient imaging imaging
dosimetry dosimetry
Disadvantage BM-dose cost availability availability

cost cost

treatment of metastatic differentiated thyroid carcinoma,
with great efficacy of in terms of objective remission
and survival, without too many side effects and late
effects (Fig. 2).!° In contrast, in Ukraine and Bellarus,
where, following the Chernobyl accident, a significantly
increased incidence of differentiated thyroid carcinoma
in children has been observed, the response of lung
metastases to '*'[ therapy has been less favorable.!!

P-32 therapy of myeloproliferative disease

Since its introduction in 1936, radiophosphorus as 32P-
orthophosphate has been used in the treatment of
myeloproliferative disease, particularly in polycythemia
vera and essential thrombocythemia. Incorporation of
32p-orthophosphate into the nucleic acids of rapidly
proliferating cells was considered to be the targeting
mechanism. Polycythemia vera is characterized by an
autonomous proliferation of marrow cells and can be
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treated by repeated phlebotomies, radioactive phospho-
rus and chemotherapy. If untreated, the prognosis is
poor (median survival 1.5 years). Both chemotherapy
(Chlorambucil or Busulphan) and P treatment yield
better results than phlebotomy alone, attaining objective
remissions and prolonged survival.'?

I-131 MIBG therapy of neural crest tumors
Radioiodinated meta-iodobenzylguanidine (MIBG) has
established its place in the diagnosis and treatment of
tumors which are derived from the neural crest and
present the characteristic features of an active uptake-1
mechanism at the cell membrane and storage granules in
the cytoplasm, responsible for the uptake and retention of
this radiopharmaceutical.'® Table 3 shows the cumulative
results of major centers treating neural crest tumors with
BI-MIBG, as compiled in 1991."

In a total of 276 neuroblastoma patients (predomi-
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Fig.3 "'[-MIBG therapy at diagnosis of a 7-month-old baby presenting with an inoperable neuroblas-
toma stage III: 4 weeks after a therapeutic dose of 3.7 GBq (100 mCi) the tumor had decreased 75% in
size and, following a 2nd dose, could be radically resected without further need of chemotherapy.

nantly children) the overall objective response rate was
35%. Most of these patients had stage IV, progressive and
intensely pretreated disease, and were only treated with
"I-MIBG after other treatment modalities had failed.
In addition MIBG therapy provided valuable palliation
and improved quality of life to many children as its
non-invasiveness is in contrast with that of chemotherapy.
“'I-MIBG therapy is now being used with success
preoperatively instead of combination chemotherapy
in children with inoperable neuroblastoma, in order to
obtain resectability of the tumor and reserve chemo-
therapy to treat minimal residual disease (Fig. 3)."5 Alter-
natively '*I-MIBG may be used for therapy of micro-
metastases and bone marrow infiltration.

In 116 patients with malignant pheochromocytoma
the cumulative objective response rate (including hor-
monal response) was 56%, and in more than 60% of the
patients subjective improvement of symptoms, lowering
of blood pressure, as well as pain relief were achieved.

There are few reports in the literature of successful '*'I-
MIBG therapy of paraganglioma, showing objective
partial remission, pain relief and a dramatic improvement
in the quality of life. In 22 reported cases of medullary
thyroid carcinoma treated with '*'I-MIBG, a 38% objec-
tive response rate and palliation in 50% of the patients was
observed, and results in 52 patients with metastatic
carcinoid revealed objective response in only 19%, but
palliation, which may be very meaningful and long last-
ing, in 65% of these patients. A more recent study of
palliative therapy of 50 patients with carcinoid tumors
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using either *'I-MIBG or high doses of unlabeled (“cold”)
MIBG demonstrated no objective remissions but pallia-
tion in 60% of the patients with either modality.'s

Radiolabeled peptides
At present only few radiolabeled peptides are available
for use in nuclear medicine.'” The long acting analogue
of somatostatin, octreotide, has been labeled with '*I
for autoradiography and with '?°I, "'In and **"Tc for
scintigraphy of neuroendocrine and other tumors. ']
labeled Vasoactive intestinal peptide (VIP) has also used
with success for tumor imaging. Reubi found VIP-recep-
tors much more frequently present on the cell surface of
most tumors than somatostatin-receptors. Approaches to
radionuclide therapy include the use of somatostatin ana-
logs labeled with B-emitting radioisotopes, such as '3'I
(not optimal), Y, '*Re and '*'Tb, and the administration
of cold octreotide or sodium maleate to diminish the dose-
limiting renal accumulation of the radiopharmaceutical.
Attempts have been made to treat tumors with high
doses of '"'In-DTPA-octreotide, despite its unfavorable
characteristics for therapy (halflife 2.8 days, pure gamma
emissions at 174 and 247 keV and biodistribution).

Radioimmunotherapy

Since the development of the hybridoma technique in
1975, a great variety of radiolabeled monoclonal antibod-
ies or fragments are used for diagnostic scintigraphy of
tumors. Although the experience and image quality var-
ies, in many cases the accumulation of radiolabeled mono-
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Fig. 4 Palliative therapy of painful bone metastases using "**Re-HEDP in a patient with prostatic
carcinoma. Note the excellent correlation of the diagnostic bone scintigram (left) and the post-therapy

scintigrams (right).

clonal antibodies (in % dose) was not very high, the
retention not very long, and the volumes of tumors which
could be imaged relatively large, i.0.w. the dosimetric
parameters unfavorable. This has limited their therapeutic
application till recently. Particularly for solid tumors the
cumulative reported results'® are poor (objective response
rate of 1.2%). For some indications regional or intracavitary
application avoided some of the problems in selective
targeting of antibodies (cumulative objective response
rate 17.4%).

More recently, however, considerably better results
have been reported in the treatment of leukemia and
lymphoma, particularly using *'I-anti-CD20 monoclonal
antibodies (objective response rates up to 70% with a
relatively high number of patients attaining a complete
remission).

Other developments of radioimmunotherapy include
the production of chimeric, “humanized” and bispecific
antibodies, multistep targeting technology such as Avi-
din-Biotin pretargeting, the use of other labels (*Cu, '*Re
and 2''At), neutron capture therapy using '°B, the combi-
nation of modalities, the conjugation of antibodies with
drugs and toxins, and the use of biologic response modi-
fierses

Bone therapy

Although it has been 50 years since the use of radioactive
strontium for the treatment of bone metastases was first
described by Pecher, arevival of radionuclide bone therapy
is seen in recent years, partly due to the fact that more
suitable agents become available, partly due to a greater
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appreciation of radionuclide therapy in general.

Bone therapy may be the treatment of primary bone
tumors, such as osteosarcoma, which produce osteoid
and in which bone seeking radiopharmaceuticals are
in fact tumor seeking, also targeting lung- and soft tissue
metastases. Bone therapy may also be the treatment of
painful skeletal metastases, which may be palliated due to
the absorbed radiation dose in the zone of reactive bone
surrounding the tumor. Bone metastases of some tumors
may also be treated by specific tumor seeking radio-
pharmaceuticals, e.g. "*'I in thyroid carcinoma or "*'I-
MIBG in neuroblastoma.

Radiotherapists are used to give 8 Gray by external
beam to the hemi or total body with success: around 80%
of patients respond. However all other tissues in the body
receive a similar radiation dose, which may cause consid-
erable side effects. Radionuclide therapy is less invasive,
better tolerated and produces a similar response, limiting
the radiation dose to the site of the metastases and sparing
the normal tissues."

Table 4 summarizes the major physical and clinical
characteristics of 4 available beta-emitters for bone
therapy: Phosphorus-32, Strontium-89, Rhenium-186 and
Samarium-153. The first two are relatively long living
beta-emitters, the latter are beta/gamma emitters with
shorter physical half lives and good imaging properties
(Fig. 4). Reported results so far indicate response rates
similar to radiotherapy and minimal side effects, except
for *P. More recently, ''"Sn-DTPA is undergoing clini-
cal investigation as a therapeutic bone seeking agent.
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Table 5 Principal drug interactions for radionuclide therapy

Treatment

Drug interference

Drug intervention

I-131 as iodide

anti-thyroid medication
T4/T3 hormones
contrast agents

Lithium carbonate
TSH

excess iodine (drugs, food,
topical applications)

I-131 MIBG

Labetalol, Reserpine
Calcium-channel blockers
Tricyclic antidepressants

Nifedipine
“cold” MIBG
hyperbaric oxygen

Ephedrine, Cocaine
Adrenergic blocking agents
Sympathicomimetic agents
Phenothiazines, a.o.

Sr-89 chloride

Calcium supplements

Intra-arterial therapy

epinephrine

Radiosynoviorthesis

chelates (e.g. EDTA)

Alternative approaches: intraarterial/intracavitary/
intratumoral targeting

Tumors, which are localized or regional, may be targeted
via the intraarterial route using formulations which
preferentially lodge in arterioles and capillaries of the
tumor.” Tumors are usually rich in vasculature and liver
metastases, for instance, are almost exclusively depen-
dent on arterial blood supply in contrast to the normal liver
which receives most of its blood from the portal vein.

As oil contrast is selectively retained in tumor vessels,
as well as in tumor cells, *'I-Lipiodol is used with success
for i.a. therapy of liver tumors. Another intraarterial
approach was the production of P and °Y glass
microspheres. Hepatic artery scintigraphy using *™Tc-
MAA has become an essential aid to verify the correct
positioning of the arterial catheter, to quantify the arterio-
venous shunting to the lungs and to assess tumor-to-
normal-liver ratios just prior to radioactive particle therapy.
The selectivity of intraarterial radioactivity to the tumor
may be further increased by modern arteriographic tech-
niques and the use of vasoactive drugs, which cause
vasoconstriction of the normal liver arterioles, but to
which tumor vessels, lacking smooth muscle, are insensi-
tive.

An alternative route to bring radioactivity into close
contact with tumors which have spread over the serosal
linings of cavities and to tumor cells present in the
malignant effusions, is by intracavitary administration
of radiolabeled colloids, chelates or monoclonal anti-
bodies. Intracavitary radionuclide therapy can be applied
to the pleural, pericardial and peritoneal cavities,
intrathecally into the cerebrospinal fluid, and into cystic
tumors, e.g. cystic craniopharyngioma.

Another example of intracavitary use of radionuclide
therapy is the treatment of benign joint diseases, such as
rheumatoid arthritis and other forms of synovitis, by
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Y -citrate/silicate, '**Re-sulphide colloid and '“Er-cit-
rate (“radiosynovectomy”).

Some tumors may be treated by direct intratumoral
injection of radioisotopes, e.g. the use of '*'I-labeled
antitenascin antibodies in glioma?! and *P-colloids for
palliation of inoperable pancreatic and hepatic tumors.?

SIDE EFFECTS AND LONGTERM EFFECTS
Major series, in which patients treated with '*'I have been
followed up for decades, show that side effects and
long-term complications of this treatment do not consti-
tute a real problem.

Possible acute side effects are nausea and vomiting,
sialadenitis, radiation sickness, temporary painful swell-
ing of metastases, thyroid storm and bone marrow sup-
pression.?

Possible long-term effects of '*'I-therapy are hema-
tologic effects, pneumonitis and lung fibrosis, fertility
disorders, induction of leukemia and other second neo-
plasms. In practice these late effects are hardly ever seen
and long-term (20—40 year) follow up studies of patients
treated with *'I or *P show that radionuclide therapy has
in fact a much lower risk of leukemia and second cancers
than chemotherapy and external beam radiotherapy.*%

Toxicity may also be due to the targeting agent rather
than to the radiation effect. E.g., in the case of radio-
immunotherapy, apart from radiation-induced bone mar-
row toxicity, additional limiting factors may be acute
toxicity (which can present with symptoms like fever,
chills, flushing, urticaria, rash, headache, nausea, vomit-
ing, dyspnea, hypotension, tachycardia, anaphylaxis, se-
rum sickness, bronchospasm) and the human antimouse
antibody (HAMA) response limiting repeated applica-
tion.

In order to promote the safety of radionuclide therapy,
it is essential that the relative lack of side effects and long-
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term effects in comparison to chemotherapy and external
beam radiotherapy is substantiated by registration of ill
effects.

DRUG INTERACTIONS

As many of the mechanisms exploited for radionuclide
tumor targeting are related to delicate and complex tumor
cell functions, one must be aware that drugs and other
factors may interact with these mechanisms, either in a
positive (i.e. increased uptake/prolonged retention) or,
more often, in a negative way (no uptake/early release of
the radiopharmaceutical). Table 5 shows the principal
drug interactions with radionuclide therapy.

Drugs interfering with the uptake and/or retention of
the radiopharmaceutical may be the cause of false nega-
tive results in diagnostic tumor imaging; however, in
radionuclide therapy such drug interactions are far more
serious, as the altered biodistribution of the therapeutic
agent may lead to an increased radiation burden to normal
tissues and render the absorbed dose to the tumor insuffi-
cient for tumor response.

Use of some other drugs may have a positive effect on
the therapeutic index of a radiopharmaceutical (drug
intervention).

DOSIMETRY

A simplified equation used to calculate the absorbed
radiation dose delivered by a beta-emitting radionuclide
which is uniformly distributed and decays within water
equivalent tissue (e.g. a tumor) is: Dy (Gy) = 19.9 X C X
E x T1/2.4, in which C is the concentration in MBq per
gram tissue, E is the average beta-energy in MeV and
T1/2.¢ the effective halflife in days, which accounts for
the fixed physical decay of the radionuclide and an ap-
proximation of the biologic turnover of the compound,
which is variable and may be different for diagnostic and
therapeutic doses as a result of cell damage.

The specific activity in the target tissue tumor can be
estimated by adding volumetric information obtained by
palpation, x-rays, ultrasonography, computerized
tomography (CT) or magnetic resonance imaging (MRI)
to the uptake measurements. As the volumetry does not
always reflect the actual volume of viable tumor to be
treated and as the inhomogeneity of distribution of the
radiopharmaceutical (Fig. 2) is not accounted for, the
formulation can not be but an approximation of the dose.

Dosimetry in clinical practice remains difficult, with

calculated absorbed radiation doses to the tumor not
always matching the observed response. Animal models,
such as the xenografted MIBG-concentrating neuroblas-
toma in the nude mouse, enable the study of the pharma-
cokinetics, dose-scheduling, dose-response relations and
pharmacologic intervention.

EDUCATION
Apart from creating suitable conditions and facilities for
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radionuclide therapy, it is essential that the level of
specific training and expertise of all personnel involved in
this form of treatment is adequate. Standardization of
therapeutic nuclear medicine procedures will improve the
overall quality and will enable better comparison and
pooling of reported results. Clinicians making use of
radionuclide therapy should be informed more widely
about this modality.

CONCLUSION

Taking into account that for most indications radionuclide
therapy still finds itself in a last position among other
treatment modalities, the response reported to date can
certainly be considered as promising. By moving radio-
nuclide therapy forward in treatment protocols, as is now
being explored in neuroblastoma, the efficacy of this
modality in view of the overall management of oncological
disease can be optimized, appreciating that the invasiveness
and toxicity compare favorably with that of chemotherapy,
immunotherapy and external beam radiotherapy.

Many aspects require further investigation. The mecha-
nisms of uptake and retention, the dose-scheduling as well
as pharmacological intervention to enhance the radiation
dose delivered to the tumor and to minimize toxicity to
non-target tissues are being further investigated. Dosim-
etry requires more attention to allow a better assessment
of the tumor dose and to account for the exposure of the
normal tissues and the environment. Animal model stud-
ies, microdosimetry using intratumoral thermolumines-
cence measurements and autoradiography, as well as
pharmacokinetic computer modeling may all be helpful
in this respect. More pathways into the tumor cell are to
be explored and more agents will be identified to selec-
tively target radioactivity. For some of these agents high-
LET labels, such as ', ¥Y and ?!'At, may increase the
radiotoxicity to these cells.

Lastly, nuclear medicine therapy requires a multi-
disciplinary approach and should not be regarded to be in
competition with any of the other treatment modalities in
finding its optimal place in the overall management of
every individual indication. Successful therapeutic nuclear
medicine requires responsible action of both specialists in
designing and carrying out these treatments, of hospital
directors and health authorities to create the proper envi-
ronment for such treatment and of legislators to see to it
that safety regulations on the one hand protect the envi-
ronment but on the other ensure that treatment of cancer
patients remains feasible.
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