
ltrashort-lived radionucides (i.e., those with
physical half-lives of 5â€”30see) offer a number of ad
vantages for angiocardiographic studies including very
low patient radiation dose, high photon flux, and the
ability to perform repeated studies within a short period
of time without interference from the background ra
diation of previous studies.

Although ultrashort-lived radionuclides offer many
advantages in these applications, their very short half
lives also impose severe constraints on the generator
systems that produce them. As a result ofthe short half
lives ofthese radiotracers, conventional dispensing and
calibration are not possible. Instead, the radiopharma
ceutical is produced by a generator system that is con
nectedto a patient's intravenous line and the ultrashort
lived radionuclide is eluted directly into the patient's
vein. The sterility and apynogenicity requirements of
these Systems, as a result, are very strict. This mode of
administration also imposes the additional limitations
on the eluate that it be physiologically compatible (i.e.,

ReceivedAug. 25, 1986;revisionaccepted Apr. 9, 1987.
For reprints contact: Alan B. Packard, Div. of Nuclear Medi

cine, Children's Hospital, Harvard Medical School, 300 Long
wood Ave., Boston, MA 02115.

nontoxic, approximately isotonic, and near-neutral
pH). The generator must also be able to deliver a sharp
bolus (1â€”2ml) ofthe radiotracer at high specific activity
within a very short time (<2 see). Despite these severe
constraints, generator systems have been developed for
the production ofseveral ultrashort-lived radionuclides,
including mercury-195m/gold-195m (@95mHg/l9smAu),
cadmium-l09/silven-lO9m (I@@Cd/I@@mAg), and
I9I@/)9)mIr (1).

Iridium-191m (T,,2 = 4.96 see) is the daughter of
â€˜@â€˜Os(T,,2 = 15.4 d, fi@@)and decays by isomeric tran
sition to stable â€˜9'Irwith emission of 129 keY gamma
rays (26%) and 65 keY x-rays (56%), both of which
may be imaged with Anger-type gamma scintillation
cameras and multicrystal cameras. In addition, the x
rays may be imaged with the multiwire gamma camera

(2).

The@ parent is produced by neutron irradiation
of isotopically enriched â€˜@Â°Os(>96%) and the 15.4-day
half-life of 19@()@permits a useful generator shelf-life of
at least 2 wk. The I9l@/l9ImIngenerator, therefore, has
the potential to be quite economical in the clinical
setting.

In 1956, Campbell and Nelson reported the chro
matographic separation of osmium and iridium using
a Dowex-1 column and 6 N HC1as the eluent (3). This
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Systems Y@IdBreakthroughEluent[Osc1@?_/Ag1@x8t

10%/3ml 0.1%16%â€”18%NaCI[OsCI@?/AG1-x4
4.5%/mi 2 x 10@%8.7% NaCI/pH2.2[OsO@ZJ@/AG

MP-1' 10%/mI 5 x 1O@%0.9% NaC1/pH1.0[oscl.]2-/charcoal'
18%/2ml 3 x 10@%0.9% NaCI/

0.025%KI/pH
2.0.

v.@ and breakthrough are expressed as percentage of 191@ activity in thecolumn.t

Ref.4.*

Ref.6.,

Ref.9.I

Ref. 15.

â€˜9'Ã˜@/'91mfi@generator based on the chemically similar
trans-dioxobisoxalatoosmate(VI) complex.

MATERIALS AND METhODS

Productionof Osmium-191
Osmium-l91 was produced by neutron irradiation of iso

topically enriched (>95%) â€˜@Â°OSmetal in either the Oak Ridge
National Laboratory High Flux Isotope Reactor (HFIR) or
the BrookhavenNational LaboratoryHigh Flux Beam Reac
tor. The details of the production of this isotope have been
previously reported (1 7). A typical irradiation at the HFIR
for 3 days at â€”2.5x l0'@n-cm2-s' produced 250 mCi of
â€˜9'Os/mgof â€˜@Os.

The isotope was supplied as a solution of potassium per
osmate(VIII), K2[0s04(OH)2J, in 0.4 N KOH.

Preparationof the Oxalate Complex
Radioactivepotassium perosmate solution containing the

desired amount ofactivity was added to 3.7 ml of nonradioac
tive perosmate solution (0.074 mM) to which 0.1 g (1.8
mmoles) KOH had been previously added. Ethanol (35 ml)
was then added to reduce perosmate(VIII) to osmate(VI). The

resultingsuspensionwas centrifugedand the excessethanol
decanted from the purple precipitate ofpotassium osmate(VI),
K2[OsO2(OH)4].The precipitate was washed once with ethanol
(35 ml) and dried under a stream of argon or nitrogen. The
resulting powder was dissolved in 10 ml 0.1 N KOH and 10
ml of 0.5 M oxalicacid rapidlyadded. On addition of oxalic
acid, the purple color of the osmate(VI) complex was imme
diately replaced by the golden-brown color of trans-dioxobi
soxalatoosmate(VI), K2[OsO@(ox)2](19). The electronic spec
trum of this complex is identical to that reported by Preetz
and Schulz (19).

Preparation of the Generator
The generator was constructed from a machined Lucite

tube equipped with low dead volume high performance liquid
chromatography fittings as previously described (9) with the
following exceptions: (1) the anion exchange resin (AG MP
l) was converted to the oxalate form prior to being loaded
into the column; and (2) a second, â€œscavenger,â€•column was
not required.The solutionof the oxalatecomplexwasloaded

system was subsequently modified by Yano and Anger
(4,5) who attempted to evaluate regional pulmonary

blood flow by continuous infusion of J9ImIr. In 1977,
further improvements were made in the generator (6,
7); and the newdesigngeneratorwasusedto demon
strate the feasibility of first-pass radionuclide angiocar

diography with â€˜91mfrin monkeys (8). The first â€˜910s/
I9ImIr generator suitable for first-pass radionuclide an

giographic investigations in human subjects was re
ported in 1980 (9,10). This generator was used to
demonstrate the feasibility of l9ImIrradionuclide angio
cardiography for the detection and quantitation of left
to-right shunts and the measurement of ventricular
ejection fraction in pediatric and adult patients (11,12).
More recently, this generator was also used to demon
strate that l9lmIr radionucide angiocardiography could
be used routinely for the measurement of right and left
ventricular ejection fraction in adults (13,14). The de
velopment of an I9l@/l9ImIr generator that uses char
coal as an adsorbant for the â€˜@â€˜Osparent has also been
reported recently (15) and this generator is currently
being used in human studies in Europe. The properties
ofthese generators are summarized in Table 1.

As can be seen from Table 1, each ofthese generators
uses as the parent a chioroosmate complex, either hex
achloroosmate(W) or trans-dioxotetrachloroosmate(VI).
In each case it can also be noted that the I9ImIryield is
quite modest and the eluent used with the generator is
acidic, hypertonic, or both. The eluates of these gener
ators, because they are not physiologically compatible,
must be either buffered or diluted before injection,
complicating clinical use of the generator.

In an attempt to avoid these limitations we have
investigated generators based on osmium complexes
other than hexachloroosmate(IV) and trans-dioxotet
rachloroosmate(VI). We have previously reported the
development ofan l9IOs/I9ImIrgenerator using the ma
lonato complex trans-dioxobismalonatoosmate(VI),
which has a significantly higher I9ImIryield than earlier
designs (16). We report herein the properties of a new

TABLE I
Performance of lalOs/l9lmlr Generator&
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onto the column using a syringe and allowed to equilibrate
on the resin overnight.

Measurement of Yield and Breakthrough
The 19)mlryield of the system was measured by elution of

the generator directly into a polystyrene centrifuge tube placed
in the counting chamber of a dose calibrator. The maximum
reading obtained was then corrected for decay of I9lmIrduring
instrument response to the maximum reading. This method
hasthe advantageofallowingrapid measurementofgenerator
yield and breakthrough of these generators in the clinical
setting. Osmium-19l breakthrough was determined (after de
cay of l9ImJr)using a dose calibrator for generators containing
more than 250 mCi â€˜@â€˜Osor a multichannel analyzer equipped
with a NaI(Tl)well-counterfor generatorswith lessactivity.
Iridium-l9l yieldand â€˜@Osbreakthroughare expressedas a
percentage oftotal @Osactivity on the generator.

Evaluation of the Eluent
The I9ImIryield and@ breakthrough ofthe system were

measured between pH 2 and 8, and as a function of oxalic
acid concentration between 0.001 and 0.075M and sodium
chloride concentration between 0.10 and 0.75M. The goal was
the developmentofan eluent as physiologicallycompatibleas
possible, consistent with high L9ImIryield and low â€˜910sbreak
through.

Animal Studies
Determination of the biodistribution of the @â€˜Osbreak

throughproductsofthe oxalategeneratorwascomplicatedby
the very low breakthrough of the generator. For example, a
100-mCi oxalate generator with a breakthrough of 3 x i0@%
would produce only 0.3 @iCiof â€˜910s/ml,too low a specific
activity with which to conduct a biodistribution study. To
circumvent this difficulty, a generator was prepared with
higher than normal @Osbreakthrough and the eluate of this
generator was used for the biodistribution studies.

The distribution of the @â€˜Osbreakthrough products was
determinedin maleCD-l miceat time points rangingfrom 1
to 28 days. Animals were injected via the tail vein with 0.2
mLofgeneratoreluatecontainingâ€”â€˜0.5@Ci@ Theanimals
were then killedby ether overdose,and selectedorganswere
excised, weighed, and counted in a NaI(Tl) well counter. The
percent injected dose per organ and the percent injected dose
per gram of tissue were then calculated by comparison of
these values with an appropriate standard. Determination of
the biodistributionof I9ImIris precludedby its extremityshort
half-life. AbsOrbeddose estimates were made using the MIRD
technique (20).

Acute toxicity studies were conducted using CD-l female
mice. The animals were divided into three groups and injected
via the tail vein with: (a) generator eluate equal to ten times
the expected dose to a 12.5-kgchild; (b) generator eluate equal
to 100 times the dose to a 12.5-kg child; or (c) normal saline
(as a control). On Days 1, 5, and 7 postinjection, randomly
selected animals were used for the collection of blood and
urine samples.On Day 7, all remaininganimals were killed,
blood samples were obtained by cardiac puncture, and the
animals were examined for gross pathologic changes.

Subacute toxicity studies were also performed using CD-l
female mice. The animals were divided into three groups and
injected on each of 11 consecutive days with: (a) generator

eluate equal to five times the expected dose to a 12.5-kg child;
(b) generator eluate equal to 50 times the expected dose to a
12.5-kgchild; or (c) normal saline (as a control). On Day 12,
the animals were killed and ten animals randomly selected
from each group were prepared for histopathologic examina
tion. In addition, blood and urine samples were collected
before the initial injection and at Days 1, 7, and 11 after the
initial injection.

RESULTS

The )9ImIryield of the generator was found to be
independent of eluent pH within the range 2â€”8.A
decrease in I9I@ breakthrough was observed, however,
at pH 4. The higher breakthrough observed at pH 2
was presumably a result of the higher ionic strength of
the pH 2 solution, wheneas, the higher breakthrough at
pH 6 and 8 may be attributed to hydrolysis of the
parent oxalato osmate complex. This later possibility is

consistent with observations of the electronic spectrum
ofthe trans-dioxobisoxalatoosmate(VI) complex where
marked changes were observed above pH 5. The l9ImIr
yield of the generator was found to increase at higher
sodium chloride concentrations. However, this advan
tage was offset by a larger increase in I91()@break
through. At constant sodium chloride concentration
(0.154M), changes in oxalic acid concentration had
little effect on either l9ImIr yield or â€˜91Osbreakthrough
except in the absence of oxalic acid where the break
through more than doubled, presumably due to hy
drolysis of the parent complex either because of the
higher (neutral) pH of the isotonic saline solution and!
or the absence of excess ligand.

On the basis ofthese observations a solution of 0.001
M oxalic acid/0. 154 M(0.9%) saline was chosen as the
eluent for the generator. The pH of this solution was
found to be 3.5, a result that offers a balance between
the increased breakthrough of 1910sat low pH due to
the higher ionic strength and increased breakthrough of
I9I@ at higher pH due to hydrolysis of the oxalato

osmate complex. A significant advantage of this result
is that the solution is approximately isotonic. This
eluent provides an initial l9ImIryield of 30%/mi and
l9I@ breakthrough of 3 x l0@%/ml.

A wide range of anion exchange materials was eval
uated for use in the oxalate generator including organic
resins, inorganic exchangers (e.g., alumina, tin oxide,
etc.) and activated charcoal. None of these materials
were found to be superior to AG MP-l. Although an
inorganic exchanger would be preferred in this appli
cation because of the inherently superior resistance of
these materials to ionizing radiation, previous studies
in our laboratory have found no evidence of degrada
tion of the AG MP-1 resin at column loadings of up to
1 Ci of@ (9).

The yield and breakthrough of the generator were
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YieldBreakthroughDay
(%)(%)

. Total@ activity on column 4.5 mCi on Day I , elutlon

volume1 ml.Yieldandbreakthroughexpressedas percentof
total 191c@activityon thegenerator.

The contribution of â€˜921r(T112= 74.3 days) to the
estimated dose has not been included because it is
assumed that this impurity will be removed either by
prewashing of the column (21) or distillation of the
starting material to remove nonosmium impurities
(22). Implementation of either of these procedures is
particularly important in view of the unfavorable dosi
metric characteristics of â€˜92Irand the resulting contri
bution of â€˜92Irto the absorbed radiation dose (23).
Prewashing of the column has been found to be an
effective method of removing â€˜92Irin earlier designs of
the l9l@/I9lmIr generator (11).

DISCUSSION

These results demonstrate the importance of the
chemical form of the parent radionuclide in the devel
opment ofa generator system. In this case, the use of a
nonchioro osmium complex has led to the development
ofthe first I9I()@/I9ImIrgenerator with a directly inject
able eluent. The more physiologic pH of the eiuate of
the oxalate, compared with the chioro and charcoal
systems, simplifies clinical use ofthe generator because
buffering of the eluate is not required before injection
(Fig. 1). The l9ImIryield ofthis generator is significantly
higher than that of other 1910s/I9ImIngenerator designs
and, although the yield decreases slowly with time, it
remains higher than that ofother I9bOs/l9lmIrgenerators
throughout the life of the generator. The I91()@break
through of the generator remains extremely low
throughout the entire period.

The ability of the oxalate generator to produce high
specific activity )9lmlrmakes it suitable for radionuclide

TABLE 2
l9lmIr Yield and 1910s Breakthrough of a Typical Oxalate

GeneratorversusTime

also measured as a function of elution volume and
generator age. As stated above, a l-ml bolus elution of
this system results in an initial I9lmIryield of 30% with
I9I@ breakthrough of 3 x l0@%. The l9LmIr yield is

approximately twice that of the chlono (9) or charcoal
generators (15), while the â€˜91Osbreakthrough is less
than one-tenth that of the chloro generator and equiv
alent to that of the charcoal design.

The yield of this generator is not constant, however,
but decreases slowly with time from an initial value of
-â€˜.â€˜30%/mlto@ 16%/ml after 15 days (Table 2). Even at
this lower value, however, the yield for a 1-mi elution
is greater than that ofthe chioro generator and approx
imately the same as that obtained from the charcoal
generator with a 2-ml eiution volume. After 2 wk, a 2-
ml elution ofthe oxalate generator gives an l9lmIryield
of â€”@25%.The breakthrough tends to decrease slightly
through this period from 4-5 x l0@% to --â€˜2x l0@%.

The decreasing yield of the generator over time is
presumably due to radiolysis of the parent oxalatoos
mate complex. A similar result was observed for the
generator prepared using the malonato complex (16).
Although photolytic decomposition was not reported
by Preetz and Schultz for the oxalato complex (19),
this explanation is reasonable in view of the chemical
similarity of the malonato and oxalato complexes and
the extremely high photon flux present in the generator
(as gamma rays and x-rays). This hypothesis is also
supported by the observation that the rate of decrease
of l9ImIryield with time is a function of total â€˜91Os
activity in the column; those columns containing lower

amounts of 19I()@did not show as rapid a decrease in
I9ImIr yield.

The toxicity study on the eluate of the oxalate gen
erator revealed no changes in blood or urine attributable
to injection of the eluate, and histopathologic exami
nation of the carcasses, likewise, revealed no anatomic
changes due to injection ofthe eluate.

The results of the biodistnibution study (Table 3)
were used to estimate the radiation dose to a patient
resulting from a single radionuclide angiogram (Table
4). These data clearly show the superior dosimetry
characteristics of the eluate of the oxalate generator in
comparison with the eluate ofthe chiono generator and
the current standard procedure using @â€œTc.

The more favorable dosimetry characteristics of the
oxalate generator eluate are partly attributable to more
rapid clearance ofthe I9t()@breakthrough products from
the body but, to a greater extent, to the much lower
breakthrough and higher yield of the new generator. A
difference in the clearance rate of the breakthrough
products is not an unexpected result, because the use
of a different chemical form of the osmium parent
would be expected to lead to different chemical forms
ofosmium in the generator eluate, which in turn, would
behave differently in vivo (16).

1323.8x10@2232.3x10@3231.4x10@4201.3x10@5191.3x10@6191.3x10@7181.2x10@8182.0x10@9171.3x10@10179.7x10@11179.4x10512161.0x10@13161.2x10@14161.3x10@15161.2x10@
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Absorbed

System PerstudydosePer mCi

TABLE 4
Whole-Body Radiation Absorbed Dose
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. Total 1910$ activity in column 500 mCi; lalmir yield 25%; â€˜@â€˜Os

breakthrough5 x 10@%; 1 mlbolus.
t Data from Aef. 15, adjusted for 125 mCi bolus.
* Total @Osactivity @icolumn 750 mCi; 1@1r yield 10%; â€˜@â€˜Os

breakthrough5 x 10@%; 1 mlbolus(9).
, 20-mCi @rcas pertechnetate.

angiocardiographic applications where small bolus vol
umes are required (e.g., for small children). In adults,
the higher l9ImIryield of this generator design offsets
loss of I9tmIrdue to decay during pulmonary transit. In
both cases, the dosimetry characteristics of l9lmlr are
clearly superior to those of @â€˜â€œTcfor first-pass radio
nuclide angiography. A series of clinical studies using
the oxalate generator recently has been undertaken in

,-
-@.

c@JI-

@â€˜â€” LEAD SHIELD

GLASS WOOL

â€”AG MP-1 ANION
EXCHANGE RESIN

â€” LUCITE TUBE

â€” GLASS WOOL

@o.9%SALINE
n

Iv LINE
(TO PATIENT)

FIGURE 1
Schematic drawing of oxalate generator.
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1985: 45â€”53.
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Cardiol1986;7:1295â€”1302.
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system using activated carbon. J Nuci Med 1986;
27:380â€”387.

16. Packard AB, O'Brien GM, Treves S. The development
ofan l9I@>I9ImIrgenerator using an osmium chelate
parent complex. I. Trans-dioxo-bismalonatoosmate(W).
IntlJApplRadiatIsotop1986;13:519â€”522.

17. Packard AB, Treves S, O'Brien GM, et al. Chemical
and physical parameters affecting the performance of
the Os-l91/Ir-191m generator. In: Radionuclide gen
erators: new systems for nuclear medicine applica
tions, Butler TA, Knapp FF, Jr, eds. Washington, DC:
ACS Symposium Series #241, ACS 1984:51-66.

18. Butler TA, Guyer CE, Knapp FT Jr@Nuclear medicine
and biology advances, Vol. 1, Raynaud C, ed. Paris:
Pergamon Press, 1983:6 17.
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electronic absorption spectra of [OsO2(ox)@]2 and
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lating the absorbed dose from biologically distributed
radionuclides. MIRD Pamphlet No. 1, Revised. New
York: The Society of Nuclear Medicine, 1976.
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App! Radiat Isot 1985; 36:164.
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the eluate from I9)(y@l9ImJ@generators. Intl J App!
RadiatIsot1984;35:68.

order to more fully explore potential clinical applica
tions of I9ImIrangiocandiography.

Having demonstrated the importance ofthe chemical
form of the osmium parent to the development of a
useful radionuclide generator, we are continuing the
evaluation ofother osmium complexes that might offer
higher )9)mlnyield without the limitation of photolytic
decomposition of the complex.

NOTES

. Bio-Rad, Rockville Center, NY.
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