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Research reactors continue to play an important role for
the production of “neutron-rich” therapeutic radioiso-
topes which have important applications in nuclear
medicine, oncology and interventional cardiology.
Important applications include the palliative treatment of
metastatic bone pain, tumor therapy, treatment of arthri-
tis and the inhibition of coronary restenosis following
balloon angioplasty. A variety of B-emitting therapeutic
radioisotopes of current interest, such as holmium-166,
lutetium-177 and rhenium-186, can be readily produced
with low or moderate neutron flux reactors (i.e. thermal
neutron flux 10'*~10" neutrons/cm?®/sec) via the simple
radiative neutron capture route (n, y). A high thermal
neutron flux of >5 X 10"~ > 1 X 10" neutrons/cm?®sec
or a significant epithermal component is required, how-
ever, for effective production of several important
radioisotopes such as tin-117m, tungsten-188 and cop-
per-67. Tungsten-188 is produced by double neutron
capture of tungsten-186 and used in a generator sys-
tem as the parent of rhenium-188 (16.9 h, 2.12 MeV),
which is of wide interest as an inexpensive therapeutic
radioisotope available on demand from the generator
with a long useful shelf-life of several months. Tin-117m
(15 days, conversion electrons) is used for preparation
of tin (IV)-DTPA for bone pain palliation and is most
effectively produced by the inelastic tin-117 (n, n’, v)
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tin-117m route, while scandium-47 (3.42-day half-life,
B-emitter) for preparation of radiolabeled antibodies for
tumor therapy is a key example which can be produced
by the titanium-47 (n, p) scandium-47 route. A high neu-
tron flux is also an important advantage when target
volume is limited, and allows production of higher spe-
cific activity products and conserves expensive
enriched target isotopes. The ORNL High Flux Isotope
Reactor (HFIR) has a very high thermal neutron flux of
about 2.5 X 10" neutrons/cm?/sec (85 MW) and repre-
sents a unique resource for the production of a wide
variety of medical radioisotopes. The versatile target
irradiation and handling facilities provide the opportunity
for production of a wide variety of therapeutic radioiso-
topes of current interest. Key examples include californi-
um-252, dysprosium-166, holmium-166, lutetium-177,
rhenium-186, tin-117m and tungsten-188. The nine
hydraulic tube (HT) positions in the central high flux
region permit the insertion and removal of targets at
any time during the 22-24 day operating cycle. To
increase the irradiation capabilities of the HFIR, special
target holders have recently been installed in the six
Peripheral Target Positions (PTP), which are also locat-
ed in the high flux region. These positions are only
accessible during reactor refueling and are used for full
cycle irradiations, such as required for the production of
tin-117m and tungsten-188. Each of the six PTP tubes
houses a maximum of eight HT target holders, which
has increased the maximum number of HT targets from
9 to 57, significantly expanding the high flux target vol-
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ume by over 600%. In this paper the current and pro-
jected medical radioisotope production capabilities of
the ORNL HFIR are discussed, and examples of evolv-
ing medical applications of reactor-produced radioiso-
topes are described.
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Applications of Radioisotopes in Nuclear
Medicine

Radioisotopes or “twinkling atoms” have important
diagnostic and therapeutic applications in medicine. In radia-
tion oncology, “sealed” sources are used for cancer therapy
and “unsealed” radioisotopes (i.e. tissue specific radiophar-
maceuticals) are widely used for important diagnostic and
therapeutic applications in nuclear medicine, oncology and
interventional cardiology. The Society of Nuclear Medicine
estimates that about 35,000 diagnostic nuclear medicine pro-
cedures are conducted daily in U.S. hospitals. These 12-13
million annual tests play an important role in providing diag-
nostic information to referring physicians. The therapeutic
use of radioisotopes in nuclear medicine, oncology and car-
diology is the most rapidly growing application of medical
radioisotopes [1-4]. Since most therapeutic radioisotopes are
“neutron rich” and decay by beta emission and are thus reac-
tor-produced, nuclear reactors, such as the High Flux Isotope
Reactor (HFIR) at the Oak Ridge National Laboratory
(ORNL), will continue to play an important role in providing
radioisotopes for nuclear medicine. Generators prepared
from reactor-produced radioisotopes are of particular interest
since repeated elution inexpensively provides many patient
doses [4-6]. This is expected to be especially important for
providing a source of radioisotopes to remote sites, especial-
ly in developing regions, which involve long distances and
expensive distribution costs. Since therapy is the major
growth area in nuclear medicine, the increasing use of these
therapeutic -emitting radioisotopes in nuclear medicine,
oncology and interventional cardiology, illustrates that
nuclear reactors and the HFIR will play an increasingly
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important role in providing therapeutic radioisotopes and
parent radioisotopes for radionuclide generator systems
which provide therapeutic radioisotopes for these applica-

tions.

Nuclear Reactors and Medical Radioisotopes
Nuclear reactors continue to play an important role in
providing radioisotopes for nuclear medicine. In this paper,
key examples of radioisotopes of current interest and those
which are expected to become important in the near future
are discussed. In addition, the availability of complementary
technologies required for a variety of clinical applications,
such as tumor-specific peptides and antibodies, especially for
tumor therapy and bone pain palliation, require the cost-
effective availability of high purity radioisotopes. The issues
associated with the production and processing of several key
reactor-produced radioisotopes of current interest are also
discussed, including those produced by various production
pathways. Generators prepared from reactor-produced
radioisotopes are of particular interest [6] since repeated elu-
tion inexpensively provides many patient doses. The devel-
opment of the alumina-based tungsten-188/rhenium-188
generator system is discussed as a key example of a simple
system which provides the rhenium-188 therapeutic radioiso-
tope for a variety of important therapeutic applications.
There is no doubt that nuclear reactors will continue to
play an increasingly important role in providing therapeutic
radioisotopes for both physician-sponsored investigational
applications and the higher levels which are required for
commercialization for broad distribution, especially with the
increasing use of B-emitting radioisotopes in nuclear medi-
cine, oncology and interventional cardiology. A recent sum-
mary by the International Atomic Energy Agency [IAEA, 7]
indicates that 297 research reactors were operating through-
out the world in 1994, although only a limited number have
been used for medical radioisotope production. Although a
variety of research reactors are operating which have low to
moderate thermal neutron flux in North America, Europe
and the former Soviet Union, Africa and South America, the
general trend is that most of these reactors are 20-30 years
old, and no new reactors are currently planned, for example,
for construction in the U.S. Fortunately, countries where new
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reactors are planned for construction include Canada,
Australia, Germany, and the TRR II reactor, Taiwan, which
will represent important new resources for medical radioiso-

tope production.

The ORNL High Flux Isotope Reactor (HFIR)

The ORNL HFIR in Oak Ridge, Tennessee, and has the
highest steady-state thermal neutron flux and the highest
power density available in the world. The HFIR is a major
resource for production of many medical radioisotopes
which can often be produced with higher specific activity
and higher production yields then elsewhere, and began oper-
ation in 1965. The nine axial hydraulic tube (HT) positions
in the high flux core position permit the insertion and
removal of targets at any time during the operating cycle,
allowing great flexibility in production schedules. The maxi-
mal thermal neutron flux is about 2.5 X 10"
neutrons/cm’/sec at the central # HT 5 position. In addition
to serving as a key production site for californium-252 and
other transuranium (“heavy”) isotopes, key examples of ther-
apeutic radioisotopes which are currently produced in the
HFIR for distribution include dysprosium-166, rhenium-186,
tin-117m and tungsten-188 (parent of rhenium-188). The
nine hydraulic tube (HT) positions in the central high flux
region permit the insertion and removal of targets at any time
during the operating cycle (22-24 days) and have traditional-
ly represented a major site for the production of medical
radioisotopes.

Because of the importance of having the HT positions
available for short term irradiations and the practical impor-
tance of increasing the target size (mass), the Peripheral
Target Positions (PTP), which are located in the high flux
region, have recently been modified to accept long target
containers, each of which will house eight individual HT tar-
get tubes. Since there are six PTP positions, the maximum
number of HT targets housed in the PTP positions now totals
48, which represents nearly a seven-fold increase in the num-
ber of earlier 9 HT positions which were available. Since the
PTP targets can only be accessed during refueling when the
top of the reactor vessel is removed, these positions are only
suitable for longer term, multi-cycle irradiations, which is

particularly well suited for production of tungsten-188 and

MSEESG 2001;14:109-118

ORNLBHTTE R 36 4
Radionuclide production at ORNL

tin-117m. The use of HT targets in the PTP tubes is an
important advantage of this design, since it permits removal
of the targets from the PTP tubes in the HFIR pool area, with
subsequent transportation to the hot cell processing area
using the same carrier which is currently in use. The HFIR
was temporarily out of service for a six-month period begin-
ning in October 2000, for replacement of the beryllium
reflector - which is required every ten years - and for other
upgrades, which will insure that this important reactor will
be available for production of medical radioisotopes for at

least another 30 year period.

Importance of Reactor-Produced Radioisotopes
for Therapy

One of the most rapidly growing areas of clinical
nuclear medicine is the therapeutic use of radioisotopes, and
with the rapidly increasing development and evaluation of
new agents and their introduction into clinical use and com-
mercialization, the availability of high levels of the therapeu-
tic reactor-produced neutron-rich radioisotopes is of increas-
ing importance. A recent study by Frost & Sullivan (Journal
of Nuclear Medicine, pp 14N-27N, July 1998) has projected
that the 1996 revenue of $ 48 million dollars from the U.S.
therapy market is expected to increase to $ 62 million dollars
by the year 2000, and that therapy could represent as high as
an incredible $ 6 billion dollar market by the year 2020.
Since this estimate does not include the expected widespread
introduction of therapeutic radioisotopes for intravascular
brachytherapy (IVB), the projected market figures could
even be higher. Key examples of therapeutic radioisotopes of
current interest and their specific clinical applications are

summarized in Table 1.

Reactor-Production of Therapeutic
Radioisotopes

Medical radioisotopes are produced in a nuclear reactor
by a variety of mechanisms, based on different incident neu-
tron particle reactions with the target nucleus. The produc-
tion yields are dependent upon a variety of factors, primarily
including the cross section, or probability of the neutron
interacting with the target nucleus, and the neutron flux of

the reactor. In this section, a few basic examples are used to
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Table 1. Examples of reactor-produced radioisotopes of current interest for therapy

Radioisotope Half-life Target Comment

Iodine-125 60 days #Xe Therapy of prostatic carcinoma

Lutetium-177 6.71 days 7Lu, YD High production yields - low energy beta for therapy

Scandium-47 3.42 days “Ti Substitute for “Cu

Palladium-103 17 days 2pd Therapy of prostatic carcinoma

Rhenium-188 16.9 hours '*Re (or from Broad interest for palliation,tumor therapy,
"W generator) vascular radiation therapy, synovectomy, etc.

Rhenium-186 3.77 days '%Re Antibodies/Bone pain palliation

Samarium-153 1.93 days 2Sm Bone pain palliation

Tin-117m 13.6 days "“Sn or ''"Sn Bone pain palliation

Gold-199 (From

Platinum-199) 3.14 days 5Pt Antibodies

Tungsten-188

(Rhenium-188

daughter) 69 days 18w Bone pain/Antibodies/Synovectomy

Dysprosium-166

(Holmium-

166 daughter) 3.4 days '“Dy Synovectomy/Bone Pain

Table 2. Examples of medical radioisotopes of current interest produced by the (n, ) radiative route

Target Product

Comment

Palladium-102 Palladium-103

Rhenium-185 Rhenium-186
Rhenium-187 Rhenium-188
Samarium-152 Samarium-153
Copper-63 Copper-64
Tin-116 Tin-117m

Encapsulated therapy -
Prostate cancer/Cardiac stents
Camcer/Restensosis therapy
Cancer/Restenosis

Palliation of bone pain

High specific activity
Example of positron emitter
Palliation of bone pain

illustrate the production of various medical radioisotopes of

current interest.

Examples Produced by Single Neutron Capture

The radiative capture of neutrons by target nuclei is by
far the most common route for reactor production of medical
radioisotopes. A large variety of radioisotopes produced by
this route are of current interest, as shown in Tables 1 and 2.
Rhenium-186 is a key example of a radioisotope of current
interest which is produced by neutron capture of enriched
rhenium-185. Although the neutron capture cross section is
relatively high, very high specific activity rhenium-186 is
often required for peptide/antibody labeling, which is not
possible with low flux reactors. Although low specific activi-

ty rhenium-186 can be used for preparation of phosphonates
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for palliative treatment of bone pain from cancer, for distrib-
ution to distant sites, high specific activity rhenium-186 is
important. Samarium-153 is another reactor-produced
radioisotope for bone pain palliation. Tin-117m is produced
with low specific activity by neutron irradiation of enriched
tin-116 in most reactors. Specific activity can be increased in
the HFIR by a factor of about 3 by the inelastic tin-117 (n,
n’, y) tin-117m inelastic route, as described later. Palladium-
103 has been reactor-produced by irradiation of enriched pal-
ladium-102 and represents a major radioactive implantation
device for the treatment of prostatic carcinoma. Theragenics,
Inc., recently announced that they will invest > $ 20 million
in the Oak Ridge area to build a palladium-102 enrichment
and palladium-103 processing facility and will use the
ORNL HFIR for production of the palladium-103, which
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will be used for development of radiolabeled therapeutic
devices in addition to prostate therapy. More recently,
lutetium-177m has become of interest for therapy, although it
is a low beta energy emission, it can be produced in high

specific activity, even in low to moderate flux reactors.

Examples Available from Beta-Decay of Reactor-Produced
Radioisotopes

Another very useful approach which provides carrier-
free radioisotopes for therapy even when high thermal neu-
tron flux is not available, is the “batch” chemical separation
of the no carrier added product which is formed by B-decay
of the reactor-produced parent. Examples produced via this
route are shown in Table 3, and include lutetium-177, which
is of recent interest for radiolabeling octreotide peptide ana-
logues which are internalized into the cell after receptor
imaging. Relatively high lutetium-177 can be produced even
in moderate flux reactors, but production of no-carrier-added
lutetium-177 by decay of reactor-produced ytterbium-177 is
an attractive alternative route when very high specific activi-
ty is required. In the some context, promethium-149 and
ruthenium-105 are other attractive candidates for therapy
which can be produced by similar beta decay rotes from
reactor-produced parent radioisotopes. Other examples
include silver-111, arsenic-77 and gold-199. Silver-111 is
readily obtained by anion exchange chromatographic separa-
tion of palladium-111, and the 7.47-day half-life readily per-
mits shipment to other sites. Silver can be complexed with

functionalized tetraazaheterocycles for attachment to anti-
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bodies or other therapeutic agents. Arsenic-77 is readily sep-
arated from the germanium-77 reactor product and has
chemistry similar to phosphorus, permitting preparation of

arsonates and other potentially useful species.

Examples Produced by Double Neutron Capture and the
Inelastic Neutron Reaction and (n, p) Routes

Since yields of radioisotopes produced by the double
neutron capture process are proportional to the square of the
flux, the reactor neutron flux is an important factor, and the
HFIR has a key role in producing several important parent
radioisotopes which are used for fabrication of radionuclide
generators systems. Two radioisotope parents produced by
this process which are of current interest for generator sys-
tems are tungsten-188 (parent of rhenium-188), discussed
later, and dysprosium-166 (parent of holmium-166).
Holmium-166 can also be produced directly from neutron
irradiation of holmium-165 (monoisotopic in nature) but
long-lived holmium-166m [half-life 1,200 years; 810 keV
(57 %) and 712 keV (54 %) gammas, etc.] is also produced.
As an alternative, dysprosium-166 produced from dyspro-
sium-164 provides carrier-free holmium-166 with no holmi-
um-166m. Although holmium-166 can be separated from
dysprosium-166 by high performance liquid chromatogra-
phy, this is not currently a practical approach since the parent
is also eluted and must be reapplied to the system. Holmium
is currently of interest for radiation synovectomy and tumor
therapy. Rhenium-188 is readily separated from tungsten-188

on alumina (vide infra) and is of interest for a variety of ther-

Table 3. Examples of medical radioisotopes produced by beta decay of short-lived reactor products via the [n, y](B—) route

Target Intermediate Product

Carrie-Free Product Half-Life (Days)

Ytterbium-176
Neodymium-148
Platinum-198
Ruthenium-104

Ytterbium-177
Neodymium-149
Platinum-199
Ruthenium-105

Lutetium-177 6.7

Promehtium-149 2.21
Gold-199 3.14
Rhodium-105 1.47

Table 4. Examples of medical radioisotopes produced by the (n, p) reaction

Target Product Comment
Sulfur-32 Phosphorus-32 Therapy - Cancer/Restenosis
Titanium-47 Scandium-47 Interest for therapy (+3) Surrogate for copper-67
Zinc-67 Copper-67 Expensive target material

Low production yields even at high flux

% FE&E% 2001;14:109-118
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Table 5. Key examples of reactor-produced radioisotopes for bone pain palliation

Radioisotope Half-Life Beta Energy, Gamma Energy, Chemical Form For
(Days) MeV keV (%) Clinical Use

Strontium-89 50.5 1.46 None Ionic - Chloride

Phosphorus-32 14.3 1.71 None Phosphate

Tin-117m 13.6 None, CE 159 (86 %) Sn(IV)-DTPA

Samarium-153 1.93 0.81 103 (28 %) EDTMP

Rhenium-186 3.71 1.08 137 (9.2 %) HEDP

Rhenium-188 0.70 2.1 155 (15 %) HEDP, Re(V)-DMSA

apeutic applications.

Production of medical radioisotopes by the (n, p) route
is another method which provides no carrier added products,
as shown in Table 4. The disadvantage is that the production
yields can be low, as in the case of production of copper-67
using enriched zinc-67 targets, but often the yields are quite
acceptable, as for the production of phosphorus-32 from sul-
fur-32 targets and the production of scandium-67 from the
irradiation of enriched titanium-67 targets. Scandium-47 is
also of interest as a surrogate for copper-67, which is not
widely available, and is produced by the titanium-47 (n, p)
scandium-47 route [3,8].

In contrast to the other radioisotopes of current interest
for palliation [3,9], tin-117m decays by conversion electron
emission (Table 1). The low energy conversion electrons
travel only a very limited distance in tissue, and potential
bone marrow depression, which can be a limiting factor with
high energy B-emitting radioisotopes, is precluded. Potential
advantages of tin-117m are the absence of high energy beta
particles, the emission of a gamma photon of nearly optimal
energy for imaging, and high metastatic uptake.

Production of tin-117m in nuclear reactor involves
radiative capture by the (n, ) route by irradiation of enriched
tin-116, or via the inelastic (n, n’, y) route by irradiation of
enriched tin-117. We have evaluated both these routes in
detail using the ORNL HFIR [10]. Although specific activity
values by either route are not high, the tin-117 target is now
routinely used since the specific activity of tin-117m pro-
duced by this route is significantly higher than produced by
irradiation of tin-116. Disadvantages for widespread use of
tin-117m for bone pain palliation may thus be the expected
high costs associated with the relatively low specific activity

values, and the availability of only limited reactor sites
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(HFIR) with sufficiently high neutron flux for production of
this radioisotope. In the ORNL HFIR the production specific
activity values of 8-10 mCi/mg from enriched tin-117 and
long irradiation time (1 cycle = 24 days) are routinely
obtained. The metallic powder target is shipped directly to
customers for processing and preparation of the tin-117m
(IV)-DTPA complex.

The Tungsten-188/Rhenium-188 Generator System

Since some of the most attractive therapeutic radioiso-
topes are those which are inexpensively available from gen-
erators, nuclear reactors will continue to play an important
role in providing radioisotopes for both diagnostic and thera-
peutic applications in nuclear medicine. Radionuclide gener-
ator systems [11] prepared from reactor-produced parent
radioisotopes are thus attractive to obtain the daughter prod-
ucts at facilities remote from the production site. For thera-
peutic applications, the rhenium-188 radioisotope (half-life
169 h; B~ 2.12 MeV; 15% gamma 155 keV suitable for
imaging) has many attractive properties, since it is obtained

max

carrier-free from the reactor-produced tungsten-188 parent
(half-life 69 days). The tungsten-188/rhenium-188 generator
is of interest because the parent has a long half-life and rhe-
nium-188 is an attractive radioisotope for a variety of thera-
peutic applications. A major advantage is availability of car-
rier-free rhenium-188-perrhenate by saline elution of tung-
sten-188/rhenium-188 alumina generators [4-5], providing
rhenium-188 at any time in the clinic and the costs of rheni-
um-188 are expected to be low. The chemistry of rhenium
(VID) is similar to technetium(VII). The generator which we
have developed and optimized at ORNL is a chromatograph-
ic system which uses alumina as the adsorbent [4-6]. A

major important advantage for use of rhenium-188 is the
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inexpensive, ready availability from the generator which has
a very long useful shelf-life.

For production of the tungsten-188 parent, we have had
extensive experience over the last several years in HFIR pro-
duction of tungsten-188, from both enriched tungsten-186
tungsten metal and tungsten oxide targets [12,13]. The metal-
lic powder targets are usually processed by oxidation with
hydrogen peroxide and/or hypochlorite in the presence of
base and oxide targets are dissolved in base with concomi-
tant oxidation. The reactor production yields of tungsten-188
are about one order of magnitude lower than the calculated
values using the published cross section values for the tung-
sten-186 (n, y) tungsten-187 (6= 37.9 + 0.6 barn) and for the
tungsten-187 (n, ) tunsgetn-188 (o = 64 + 10 barn) reac-
tions. The neutron burn-up cross section for the tungsten-188
(n, y) tungsten-189 nuclear reaction is one factor which has
been recently shown to contribute to the reduced production
yields observed for tungsten-188. By irradiation of tungsten-
188, a value of 12.0 + 2.5 barns has been calculated for this
neutron burn-up cross section [13]. Because of the relatively
low density of powder targets and the limited space in the
HT target holders, we have recently developed a pressed
enriched tungsten-186 metal target configuration, where the
density is increased by a factor of 8-10 [14]. Pressing and
scintering (> 1000°C) provides cylindrical targets that do not
dissolve by the usual peroxide/hypochlorite oxidation meth-
ods but which are readily converted to tungsten oxide by
heating under an air stream in a split-tube furnace.
Subsequent dissolution in base then provides solutions of
sodium tungstate. We estimate that greater than 1 kilo Curie
of tungsten-188 per cycle can be produced in the HFIR using
this new technology.

Clinical Applications of Reactor-Produced
Therapeutic Radioisotopes

Examples of several representative important clinical
applications of reactor-produced therapeutic radioisotopes
include cancer treatment, palliative treatment of bone pain
from metastases of cancer to the skeleton, treatment of
arthritis of the synovial joints and the inhibition of arterial
restenosis after high pressure balloon angioplasty. Ongoing

research at ORNL and other research centers provides new
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and improved methods for production and processing of
radioisotopes which are required for both research and clini-

cal use.

Bone Pain Palliation

One very important application of current interest
which requires reactor-produced radioisotopes is focused on
the palliative treatment of bone pain resulting from skeletal
metastases [9,15,16], which is often encountered in patients
with primary tumors of the breast, prostate and lung.
Although many of these patients are often “end-stage”, the
quality of life can be significantly improved with the cessa-
tion of intractable pain. It is important to note that all of
these radioisotopes used for bone pain palliation are reactor-
produced and that HFIR-produced tin-117m, rhenium-186
and strontium-89 are currently provided to commercial cus-
tomers from ORNL. The treatment of painful skeletal metas-
tases is a common clinical problem and the use of therapeu-
tic radioisotopes which localize at metastatic sites has been
found to be an inexpensive and effective method for treat-
ment of pain, especially for multiple sites for which the use
of external beam irradiation is impractical. There are cur-
rently several metastatic-targeted agents radiolabeled with
various therapeutic radioisotopes which are in various stages
of clinical investigation (Table 5). Since neutron-rich
radioisotopes are produced in research reactors and often
decay by emission of B particles, most radioisotopes used
for bone pain palliation are reactor-produced. Key examples
produced by single neutron capture of enriched targets
include rhenium-186 and samarium-153. In addition, genera-
tor systems which provide therapeutic daughter radioisotopes
from the decay of reactor-produced parent radioisotopes are
also of interest.

One important example is rhenium-188, available from
generators via decay of reactor-produced tungsten-188 [17].
Tin-117m is an example of a reactor-produced radioisotope
which decays with the emission of low energy conversion
electrons rather than by - decay. Each of these agents and/or
radioisotopes has specific advantages and disadvantages,
however, the ideal agent for bone pain palliation has not yet

been identified.
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Vascular Brachytherapy

An emerging application which we have originally pro-
posed and which is expected to have very important applica-
tions is the use of solutions of rhenium-188 agents for the
inhibition of coronary artery restenosis following percuta-
neous transluminal coronary angioplasty (PTCA) [18,19].
This new and unique approach involves the low pressure
intracoronary balloon expansion using solutions of rhenium-
188, since solutions offer the most uniform vessel wall radia-
tion dose delivery system. Production of tungsten-188 and
yttrium-90 wires is also of interest for vascular therapy to
inhibit restenosis after percutaneous transluminal angioplasty
(PTCA). In addition, the new method (vide infra) involving
angioplasty balloons filled with rhenium-188 available from
our alumina-based generator from decay of tungsten-188 or
rhenium-186 requires the dependable availability of these
reactor-produced radioisotopes. The chemical species which
are being evaluated for this application include rhenium-188-
perrhenat, the rhenium-188-MAG, agent (MAG, = mercap-
toacetyltriglycine) and rhenium-188-DTPA complex [20].
The use of these rhenium-188-labeled agents may be unique
for balloon inflation, since the species are rapidly excreted
via the urinary bladder in the unlikely event of balloon rup-
ture [21].

Tumor Therapy

For use in one major type of cancer treatment, thera-
peutic radioisotopes are attached to antibodies or peptides
which are specifically targeted to tumor cells after intra-
venous administration. This targeting approach delivers the
radioisotope to the tumor cells where the radiation is local-
ized and can destroy the tumor. A large variety of reactor-
produced radioisotopes are being evaluated for this important
application which are chemically converted to pharmaceuti-
cal species which are targeted to deliver the therapeutic
radioisotope at the tumor site. High neutron flux is not
required for the production of large amounts of many
radioisotopes of current interest for these applications, such
as lutetium-177, rhenium-186 and samarium-153. Broad
interest has developed for the use of rhenium-188 for tumor
therapy, because of the advantages of its availability from the

tungsten-188/rhenium-188 generator, described later, and a
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variety of targeting approaches are being evaluated [22-24].

Summary and Conclusions

There is no question that the use of unsealed radioiso-
topes for therapy is one of the major growth areas in nuclear
medicine and that nuclear reactors are thus expected to play
an increasingly important role in providing a variety of thera-
peutic radioisotopes and parent radioisotopes for radionu-
clude generator systems. The very high flux of the ORNL
HFIR is a unique capability and represents an important
resource for the production of radioisotopes which require a
very thermal neutron flux, such as tungsten-188 and tin-
117m. However, a variety of other research reactors with low
or moderate neutron flux which are now operating or planned
for construction nonetheless play a very important role in the
production of a variety of medical radioisotopes which have
important roles for therapeutic applications. Since the reduc-
tion of health care costs is a major issue throughout the
world, the potential use of radionuclide generators which
have a long shelf-life which would provide sufficient doses
of a therapeutic radioisotope on a daily basis is an attractive
capability. For this reason, interest in the use of rhenium-188
from the tungsten-188/rhenium-188 generator is rapidly
growing and its commercialization as a radiopharmaceutical
system and the possibility of its routine use in a hospital or

centralized radiopharmacy are exciting possibilities.

Acknowledgments

Oak Ridge National Laboratory (ORNL) is managed
by UT-Battelle, LLC, for the U.S. Department of Energy
(DOE), under contract DE-AC05-000R22725.

References

1. Knapp FF, Jr. Beets AL, Mirzadeh S, et al. Production of
Medical Radioisotopes in the ORNL High Flux Isotope
Reactor (HFIR) For Cancer Treatment and Arterial
Restenosis Therapy After PTCA. Czech J Physics 1999
Suppl. 1;49:799-809.

2. Mausner LF, Kolsky KL, Joshi V, Srivastava SC.
Radionuclide development at BNL for nuclear medicine
therapy. Appl Radiat Isot 1998;49:285-294.

3. Blower PJ, Kettle AG, O’Doherty MJ, Coakley AlJ,

Vol. 14 No. 2 June 2001



10.

11.

12.

13.

Knapp FF Jr. ®"Tc(V)DMSA quantitatively predicts
'Re(V)DMSA distribution in patients with prostate can-
cer metastatic to bone. Eur J Nucl Med 2000;27:1405-
1409.

. Knapp FF Jr. Rhenium-188—a generator-derived

radioisotope for cancer therapy. Cancer Biother
Radiopharm 1998;13:337-349.

. Knapp FF Jr, Beets AL, Guhlke S, et al. Availability of

rhenium-188 from the alumina-based tungsten-188/rhe-
nium-188 generator for preparation of rhenium-188-
labeled radiopharmaceuticals for cancer treatment.
Anticancer Res 1997;17:1783-1795.

. Knapp FF Jr, Callahan AP, Beets AL, et al. Processing of

reactor-produced '¥W for fabrication of clinical scale
alumina-based tungsten-188/rhenium-188 generators.
Appl Radiat Isot 1994;45:1123-1128.

. Directory of Nuclear Research Reactors 1994,

International Atomic Energy Agency, Vienna, 1995.

. Kolsky KL, Joshi V, Mausner LF, Srivastava SC.

Radiochemical purification of no-carrier-added scandi-
um-47 for radioimmunotherapy. Appl Radiat Isot.
1998;49:1541-1519.

. Silberstein EB. Dosage and response in radiopharmaceu-

tical therapy of painful osseous metastases. J Nucl Med
1996;37:249-252.

Mirzadeh S, Knapp FF Jr, Alexander CW, et al.
Evaluation of neutron inelastic scattering for radioiso-
tope production. Appl Radiat Isot 1997;48:441-446.
Knapp FF Jr, Mirzadeh S. The continuing important role
of radionuclide generator systems for nuclear medicine.
Eur J Nucl Med 1994;21:1151-1165.

Knapp FF Jr, Mirzadeh S, Beets AL. Reactor-production
and processing of therapeutic radioisotopes for applica-
tions in nuclear medicine. J Radioanalyt Nucl Chem Lett
1996;10:19-32.

Mirzadeh S, Knapp FF Jr, Callahan, AP. Production of
tungsten-188 and osmium-194 in a nuclear reactor for

new clinical generators. In: Qaim SM. ed. Proceedings of

%ZS-EEEG 2001;14:109-118

ORNLIAGTE [R5 4L
Radionuclide production at ORNL

the International Conference on Nuclear Data for
Science and Technology. New York: Springer-Verlag;
1992:595-597.

14. Mirzadeh S, Du M, Beets AL, et al. Thermoseparation of

neutron-irradiated tungsten from Re and Os. Indust
Engineer Chem Res 2000;39:3169-3172.

15. Freeman LM, Blaufoux MD, eds. Radionuclide therapy

of intractable bone pain. Semin Nucl Med 1992;22:1-58.

16. Knapp FF Jr, Mirzadeh S, Beets AL, et al. Reactor-pro-

duced radioisotopes from ORNL for bone pain palliation.
Appl Radiat Isot 1998;49:309-315.

17. Hsieh BT, Hsieh JF, Tsai SC, Lin WY, Wang SJ, Ting G.

Comparison of various rhenium-188-labeled diphospho-
nates for the treatment of bone metastases. Nucl Med
Biol 1999;26:973-976.

18. Knapp FF Jr, Guhlke S, Beets AL, et al. Rhenium-188 -

Attractive properties for introvascular irradiation for
inhibition of restenosis after PTCA (abstract). J Nucl
Cardiol 1997;4:S118.

19.Knapp FF Jr, Guhlke S, Beets AL, et al. Endovascular

Beta Irradiation for Prevention of Restenosis Using
Solution Radioisotopes: Pharmacologic and Dosimetric
Properties of Rhenium-188 Compounds. Cardiovasc Rad
Med 1999; 1:86-97.

20. Hsieh BT, Hsieh JF, Tsai SC, et al. Rhenium-188-labeled

DTPA: a new radiopharmaceutical for intravascular radi-
ation therapy. Nucl Med Biol 1999;26:967-972.

21.Lin WY, Hsieh JF, Tsai SC, Yen TC, Wang SJ, Knapp FF

Jr. A comprehensive study on the blockage of thyroid
and gastric uptakes of '**Re-perrhenate in endovascular
irradiation using liquid-filled balloon to prevent resteno-
sis. Nucl Med Biol 2000;27:83-87.

22. Srivastava SC. Is there life after technetium: what is the

potential for developing new broad-based radionuclides?
Semin Nucl Med 1996;26:119-131.

23.Wang SJ, Lin WY, Chen MN, et al. Biodistribution of

rhenium-188 Lipiodol infused via the hepatic artery of
rats with hepatic tumours. Eur J Nucl Med 1996;23:13-

20014E6H 148287




- 118

Knapp FF Jr

X B RBIR EE S (ORNL) &b T-5d 28 6] i 35 B RE 2%
(HFIR) B M RN 5 s Bl Bl

F. F. (Russ) Knapp, Jr.

Nuclear Medicine Group, Life Sciences Division, Oak Ridge National Laboratory (ORNL),
Oak Ridge, TN 37831-6229, U.S.A.

HMARRIEBEESHEMEALEDR T 2 ERNGAE > RN REHARILETRZERABSET RATFESE &
9 e 0 TR TR AT R A R B B R B AR R F o 4k-166 ~ 48-177 B 4k-186%F BRI 5 T AR RS P Tl ¥
BE % (10°-10" n/em?sec) 48 (n, r) MRIEIEAF > 5 9146-188 ~ -11TmBAA-67TF Mz £ B F i d S+ FE S (K5
X 10" n/cm?/sec) MR IEFEAT » RV 45-188F 4 F 2 A& & LIAVA45-186B 4 ¥t — k¥ THEIE » K& 451880 IE
BATRABE AR BB A G- 188 T HAE (FRM16.9 1R A2.12 MeV) * 37 XA A& & 2 451883 45 B 4 & BALH§
5o RARE  ASER G  BABRTRAMEM > FRLFBE - H-117m (FRMISK > AHAHKRET) T
W (n, 0, 1) BRE AL  BEMERS (IV)-DTPARRR MK > B F Rish A FHRZBOKE D SIERIK o 5 9 4ri-
47 (FRI3.42K) BITT A4k-47 B S e > 48 (n, p) MRIE A E > -ATRERFB LS B TRAE R LH - LEARBEE
EEBRESRTTRERAGCEIRARER —SARMNANRERE  ARESMEHZ—REAFERNRNGEE » 03 4252
$-166 ~ 48-166 ~ 5£-186 ~ #-117m ~ 45-188% o HFIRM SR HEMALIEA L AR F 4 X KEFBHHAET L (T
AEYR R AT ) HAF TR T A RE S (HFIRE 8 80 5 20~24 R) 208 IR & B4t de o G HFIR B & Fl 42 % 3%
FAAETR  AMECRAERGEEABAHENE (HETHEIRB4e)  HbB A TRESTERB Il E » AT
BT 64 0 RIEE BHRAT ZAMFE Y F A E RO RBHY o KEREHABHFIRE A B SR AR L RN
BERMIEH o

REERED : 5% M A4 F 45 » HFIR * ORNL

% FB&E% 2001;14:109-118

90F1H17HZH 902 A5 HiEZTI#L
Bif& A : Russ F. Knapp Jr.fit- P.O. Box 2008 MS6229, Oak Ridge National Laboratory (ORNL), Oak Ridge, TN 37831-6229, U.S.A. 2% : 865-574-6225 {#iH : 865-
574-6226 #E-T{5% : knappfir@ornl.gov

Ann Nucl Med Sci 2001;14:109-118 Vol. 14 No.2  June 2001



	
	
	
	
	
	
	
	
	
	

