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Abstract

In this paper we describe the first application of our simple and inexpensive post-elution

tandem cation/anion exchange column system which is based on generator elution with salts of

weak acids such as ammonium acetate instead of saline solution to provide very high specific

volume solutions of technetium-99/77 and rhenium-188 from clinical-scale molybdenum-

99/technetium-99/77 generator prepared from low specific activity (n,v) molybdenum-99, and

tungsten-188/rhenium-188 generators, respectively. Initial passage of the bolus through a strong

cation exchange cartridge converts the ammonium acetate to acetic acid which is essentially not
TM V

ionized at the acidic pH, allowing specific subsequent amine-type (QMA SepPak ) anion exchange

cartridge column trapping of the microscopic levels of the pertechnetate or perrhenate. Subsequent

elution of the anion cartridge with a small volume (< 1 mL) of saline then provides high specific

volume solutions of technetium-99/77 by concentration of the high eluant volumes obtained by

elution of clinical-scale (1 Ci) generators. This new approach also works very effectively to obtain

high specific volume solutions of rhenium-188 (> 500 mCi/mL) from the alumina-based tungsten-

188/rhenium-188 generator.

INTRODUCTION

Nuclear reactors play an important role in providing radioisotopes for both diagnostic and

therapeutic applications in nuclear medicine and radionuclide generator systems [1-3] prepared from

reactor-produced parent radioisotopes are attractive to obtain the daughter products at facilities

remote from the production site. The availability of radionuclide generator systems continues to

represent an important source of radioisotopes for applications in both diagnostic and therapeutic

radioisotopes nuclear medicine. Chromatographic-type molybdenum-99/technetium-99m

generators fabricated from fission-produced molybdenum-99 are widely used to obtain high specific

volume solutions of technetium-99/77. For therapeutic applications, the rhenium-188 radioisotope

(half-life 16.9 hours; (3" max 2.12 MeV ; 15% gamma 155 keV) has many attractive properties, since

it is obtained carrier-free from the reactor-produced tungsten-188 parent (half-life 69 days). The

tungsten-188/rhenium-188 generator is thus an attractive candidate for use in isolated clinical sites,

in less developed countries and in a centralized radiopharmacy.
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1. MATERIALS AND METHODS

General. All chemicals and reagents were analytical grade unless otherwise indicated. The

> 86% enriched tungsten-186 was purchased from the ORNL Isotope Distribution Office. BioRad

alumina was used as the generator adsorbant. Cation-exchange cartridges (IC-H Plus) were

purchased from Alltech Associates (Deerfield, IL) and the QMA "Light" SepPak™ anion-exchange

columns were obtained from Waters Corporation (Milford, MA). Generator columns were fitted with

a coarse glass frit at the bottom under the alumina column. The columns were fitted with machined

Teflon plugs on both top and bottom which were fitted with Luer locks for attachment to short

lengths of arterial extension tubing. The molybdenum-99/technetium-99/77 generators (1 Ci) were

purchased from Mallinckrodt Medical (St. Louis, MO).

Radionuclide Analyses. Radiouclide measurements were determined using a calibrated HpGe solid

state detector (EG&G ORTEC, Oak Ridge, TN) coupled to a PC-based MCA (Nuclear Data/Canberra,

Inc.). Samples of constant geometry were counted with low (< 5 %) deadtime. Data were analyzed

using Nuclear Data Accu-Spec Spectroscopy software. Nuclear data were taken from Lederer and

Shirley [4] and the radioisotope levels were determined by quantification of the following photo

peaks: 188Re, 155 keV (15%); 192lr, 316 keV (82.8%); 191Os 129 keV (25.9%), " T o 140 keV (89 %),

"Mo 739.6 keV (12.1 %). The tungsten-188 levels were usually quantified by measurements of the

155 keV y-ray from decay of the 188Re daughter in the 188W/188Re equilibrium mixtures. Molybdenum-

99 breakthrough was directly measured by analysis of the 739.6 keV photopeak. In some cases,

direct measurement of the 227 keV (0.22%) and 290 keV (0.39%) y-rays from decay of 188W was

possible after post elution "trapping" of the 198W generator column breakthrough on an alumina

(neutral) SepPak® as described earlier [5]. Routine generator elution yields were determined using

a calibrated Capintec dose calibrator.

Reactor Production and Processing of Tungsten-188. Tungsten-188 was produced by irradiation

of enriched tungsten-186 oxide targets in the ORNL High Flux Isotope Reactor (HFIR) at a thermal

neutron flux of 2-2.5 x 1015 neutrons per cm2sec"1. The targets were processed by dissolution in

1 M NaOH solution in the presence of hydrogen peroxide as described earlier [6-7]. The specific

activity of W-188 averaged 4-5 mCi/mg W-186 for a one cycle, 24-day irradiation.

Fabrication and Performance of the Tungsten-188/Rhenium-188 Generator. Following dissolution,

the sodium tungstate solution was acidified to pH 2-3 with 1 £J HCI and adsorbed on a column of

acid-washed BioRad alumina housed in a lead shield [7]. Generators were then conditioned by

washing thoroughly with 100-200 mL of 0.9% saline by elution with a peristaltic pump at a flow rate

of 1 -2 mL/min and were then eluted with saline to determine the baseline elution yields. The

generator system housed in a lead shield is illustrated in FIG. 1.
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FIG 1. Schematic of the generator elution and tandem concentration system.
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FIG 2. Detailed schematic of the tandem cation/anion tandem system used for

concentration of low specific volume solutions of technetium-99/77 and rhenium-188

illustrating the chemical transformations on which the concept of using the salt of a

weak acid for generator elution is based.
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Generator Bution. Prior to elution of the generators with the ammonium acetate solutions, the

generators were equilibrated with eluant by elution at a constant flow rate of 1-2 mL/min using a

peristaltic pump.

Concentration of Technetium-99/n and Rhenium-188 Generator Huants Using the Tandem

Cation/Anion Columns System. The typical set-up of the generator and elution and concentration

systems are illustrated in FIG. 2. In order to minimize exposure, the system is used behind a leaded

glass and/or Lucite shield. A short length of disposable extension tubing is attached to the lower

Luer outlet connection of the generator. Inclusion of an in-line 0.22 micron Millipore filter ensures

trapping of any alumina fines or other particles which may be eluted from the generator. The in-line

alumina SepPak™ traps the low levels of tungsten-188 parent breakthrough [5]. The tandem

cation/anion concentration system (FIG. 2) consists of a commercially available cation exchange

cartridge with a capacity of 2-4 milliequivalents attached to a three-way stopcock connected at the

outlet to the QMA SepPak® anion-exchange column. Another length of extension tubing then

connects the outlet of the anion exchange column to the rhenium-188 collection vessel which is

housed in a lead or Lucite shield. With the stopcock open the generator is eluted with 12-15 mL of

0.9% saline. The eluant collected from the QMA column contains only low levels of radioactivity and

is discarded. The stopcock is then adjusted to permit elution of techentium-99/n Na-pertechentate

or rhenium-188 Na-perrhenate from the QMA anion trapping column with 0.9 mL of 0.9% saline.

2. CONCEPT OF THE TANDEM CATION/ANION CONCENTRATION OF SOLUTIONS OF
SALTS OF WEAK ACIDS

Because tungsten-188 is produced [6-7] with relatively low specific activity in most research

reactors (typically < 5 mCi/mg W-186), the large amounts of alumina required to bind the low

specific activity tungsten-188 parent results in high elution volumes and low specific volume

solutions of rhenium-188. Simple effective methods are thus required for concentration of the

generator eluant to the high specific volumes required for radiopharmaceutical labeling and for other

applications. Our development of a very new simple method using a tandem cation/anion exchange

column concentration system (FIG. 1) for the efficient concentration of rhenium-188-perrhenate and

technetium-99m-pertechnetate makes the availability of high specific volume solutions of carrier-free

rhenium-188 feasible and extends the generator shelf-life to several months. Our preliminary results

[8] have demonstrated that concentration is readily feasible on an experimental scale and we now

demonstrate the effectiveness of this new approach for the multiple elution of clincial-scale tungsten-

188/rhenium-188 (500 mCi) and molybdenum-99/technetium-99m (1 Ci) generators.
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3. CONCENTRATION OF RHENIUM-188 SOLUTIONS FROM THE TUNGSTEN-188/ RHENIUM-
188 GENERATOR

For these studies, the generators were initially eluted with 0.9% saline for control elution

yields, and then equilibrated with the ammonium acetate (NH4OAc) eluant solution. Yield values

were determined using a dose calibrator. Following elution of a clinical-scale tungsten-188/rhenium-

188 generator (Table 1) with a salt of a weak acid such as ammonium acetate, the eluant is passed

through a tandem ion exchange system consisting of an initial strong cation exchange column which

transform the ammonium acetate to acetic acid, which is essentially unionized at this pH. Since the

macroscopic levels of the acetate anion eluant have been transformed to an unionized form,

subsequent elution through an anion column specifically traps the microscopic levels of the

perrhenate anions with the principal non-radioactive volume passing through as waste. After

adjustment of the intermediary three-way valve, and subsequent washing of the QMA anion column

with water, the rhenium-188 perrhenate is then eluted from the anion column in < 1 mL of isotonic

saline. This method provides high specific volume solutions of menium-188 sodium perrhenate over

several weeks (Table 1).

Table 1. Average yields of rhenium-188 and technetium-99m obtained by elution of clinical-

scale generators with 0.3 M ammonium acetate solution.

Tungsten-188/Rhenium-188 Generator

0.9 % NaCI

Eluant

n = 3 Elutions

Yield = 70.9+9.9 %

0.3 M NH4OAc

Eluant, pH 5.5

n = 31 Elutions

Over > 3 Month Period

Yield = 62.6± 14.4%

Molybdenum-99/Technetium-99m Generator

0.9% NaCI

Eluant

n = 8 Elutions

Yield = 84.2+1.2%

0.3 M NH«OAc Containing

0.01 M NH4NO3

Eluant, pH 5.2

n = 20 Elutions

Over > 7 Day Period

Yield = 69.%±1.2%

4. CONCENTRATION OF TECHNETIUM-99/n SOLUTIONS FROM THE
MOLYBDENUM-99/TECHNETIUM-99/n GENERATOR

We have now demonstrated that this approach also works well with clinical-scale 1 Curie

molybdenum-99/technetium-99m generators (Table 1). Although fission-produced molybdenum-99

is exclusively used in western developed countries, the use of low specific activity molybdenum-99

to obtain technetium-99m has been known for many years with sublimation and solvent extraction

methods for use when fission-produced molybdenum-99 is not available [9]. Our new concentration

method, however, allows the use of alumina-based chromatographic generator methods for

separation of carrier-free technetium-99m from low specific activity molybdenum-99. Data from a
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typical study are summarized in Table 1. In contrast to the ease of oxidation of reduced rhenium

species to Re(VII), reduced technetium-99m species are apparently retained on the alumina column,

and we have thus determined that the 0.3 M NH4OAc generator eluant for elution of the

molybdenum-99 generator must also contain low levels of a mild oxidizing agent such as 0.01 M

NH4NO3to maintain the reproducibly high elution yields of technetium-99m. Another advantage of

our tandem concentration system is that the shelf-life of the molybdenum-99 generators can be

extended indefinitely essentially until the molybdenum-99 parent has decayed. The obvious

advantages of using neutron-activated molybdenum-99 include the absence of large amounts of

highly radioactive waste and no need for highly enriched uranium-235.

Although elution yields are somewhat lower, this approach permits very good routine yields.

Generator eluant volumes as high as 20 ml_ are readily concentrated to < 0.5 mL (40:1) and

concentration factors are essentially unlimited, based on the size of the anion column and void

volume of the tubing system, etc. By using this new method for simple eluant concentration, many

reactors throughout the world can now be used for production of both tungsten-188 by double

neutron capture on enriched tungsten-186 targets and molybdenum-99 by neutron activation of

enriched molybdenum-98, making these generators routinely available at remote clinical sites in less

developed regions to obtain the versatile rhenium-188 therapeutic radioisotope and technetium-99m

for preparation of diagnostic agents.

SUMMARY AND CONCLUSIONS

The availability of our new simple and inexpensive tandem cation/anion exchange system

in conjunction with use of salts of a weak acid such as 0.3 M ammonium acetate for elution of

clinical-sacle molybdenum-99/technetium-99/77 generators prepared from low specific activity (n,v)

molybdenum-99 and with tungsten-188/rhenium-188 generators is effective in providing high specific

volume solutions of technetium-99/n and rhenium-188. Although the yields are somewhat lower in

comparison to use of the traditional 0.9 % (0.15 M) sodium chloride eluant, this new method can be

used indefinitely with no apparent decrease in daughter yields with time and continued low parent

breakthrough and should allow the widespread use of these generators.
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