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Introduction

The radioisotopes production program, which has been conducted
at the DonnervLaboratory since the early 1960'5; has been used to
investigate the production and chemical separafidn'of radicnuclides
for use in nuclear medicine. These radionuclides were produced

for use in diagnostié imaging (scintigraphic) procedures which
were done in conjunction with the Donner Laboratory gamma camera,
positroh camera, whole-body scanner and tomographic scanner; all
of which were devéloped by H.O. Anger [1-3].

For scintigraphic procedures radioisotopes that provide a
'Bigh yvield of useful photons (100-400 keV) while delivering a
low radiation dose to the patient -are deéirable._ The radioisotopes
of interest usually have half lives rqnéing from a few hours to a
few days. The ideal half life of a radioisotopé would meet the
criteria of Wagner [4], namely the effective half life of thevradié-
isotope would be 0.693 times the time at which the study is.com-
pléted.' The preferable mode of decay for the radioisotopé is by
iSQﬁeric transition br electron capture rather than by g emission..
in the case'ofvdecay by B+ emission the 511 keV annihilation pho- |
tons are uéeful for coincident detection systems . [2]. In addition
it is advantégeous to have relatively "carrier—ffee" preparations
.for uptake in specific tissues or organs of the body. |

The localization of the radioisotope in specific biological
sites and the poséibility of labelling useful chemical compounds
are further considerations in the selection of a particular radio-
isotope for use in nuclear medicineQ Many of these radioisotopes
are produced by irradiation with Cyclbtron»accéierated particles.v

Among a number of comprehensive review papers on the cyclotron
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production of medical radioisotopes are those by Ciark, Mathews,
et al [5], by Glass and Sylvester [6] and by Glass [7]. In the
latter paper Glass indicates the recent incréasevin the number of
cyclotrons used for medical purposes from four”in 1967 to a pro-
jected fourteen in 1974. In addition there are five cyclotrons
used for the commercial production of radioisotopes for use in

nuclear medicine.

LBL 88-inch cyclotron

It can be seen from Table I that nearly all of our radio-
isotopes were‘produced by irradiation at the Lawrence Berkeley
Laboratory 88-inch sector—focused cyélotron which is primarily
a research machine for nuclear physics experiments. The produc-‘
tion of fadioisotOpes for nuclear medicine was usually limited
to one or two eight-hour shifts per week. |

The 88-inch cyclotron accelerates helium-4 tb 130 MeV,

. protons to 60 MeV, deuterons to 65 MeV and helium-3 and heavy ions
to over 100 MeV. Most of the préduction runs were done with
irradiations using an averége beam current of 15 to 20 pA for 4 to
6 hours. Thevcyclotron targets were mounted as foil, pressed or
packed powder, electroplated or as gas targets. The solid tar-
gets were mounted on water cooled backing plateé and co&ered with
- aluminum foil of 0.001 tb 0.005 inch thickneés; In some cases

the target material was enclosed in platinum foil.

- Chemistry, Hot Laboratory

Chemical processing of the irradiated targets was done in
two inch thick lead-shielded caves. Remote handling was done by
tong operations and by semi-automated separation procedures.

Figure 1 shows the "hot"laboratory with the shieldéd caves and

!



© 191m

-3-

glove boxes. The "hot-lab" was completed about four years ago and
it has been used exclusively for the preparation of radioisotopes
for nuclear medicine.

The radionuclidic and chemical purity ofbthe product solution
are of primary consideration for these radioisotopes which are
intended for human use. Either_Ge-Li or NaI(Tl) detectors were
used for gamma-ray spectrometry on all production runé. The final
product soluﬁioh was sterilized by autoclaving or by Millipore?
membraneAfiltration. Most of the radionuclidéé were administered
directly for pafient or animal studies while a limited number were
used as parent isotopes of short-lived daughter radionuclides which
' were milked from a generator system.

In addition to the cyclotron produced radioisotopes, a few:

ll7mSn 191

and Os were produced by neutron irra-

diation. in a nuclear reactor. The 1°10s with a half life of 15

‘isotopes such as

days has been used as a generator for the 4.9 sec half life daughter

Ir for blood perfusion studies [8].

- Radioisotopes

Table I lists the radionuclides which have been produced,
thé nuclear re5ctions, the irradiating particles and their energies,
thé radionﬁclidic‘yields in uCi/uAh and the uses of the radio-
isotopes.

Fluorine-18 and Iron-52

The positron emitting radioisotopes iron-52 (Tl/2 8.2h) and
fluorine-18 (Tl/2 110 min) were produced for bone marrow and bone

imaging respectiveiy. Fluorine-18 was produced by irradiating a
. _

H,0 target with 50 MeV helium-4 ions. Over 100 mCi of 18F were
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produced with a one hour irradiation. The 18F-H20 solution re-
quired no chemical separation and gave a radionuclidicly pure
product with only insignificant traces of 7Be. The preparation of

18

F from a H,O target has been described in the literature {9,10].

2
Two to three hours after intravenous_admihistration of 250-500 uCi

of 18F, posiﬁron camera or whole-body scanner scintiphotos were ob-
tainea which delineated uptake in normal bone with increased up-
take in sites of metastatic lesibns or injury [11,12].

Iron-52 has been producea from 1962 until the present time.
Four to five hundred patients have been studied'fof sites of
erythropoietic marrow'in different disease statés [13-15].

The production of 52Fe has been reported in the literature v
[16,17]. At the present time we are using chromium targets
electroplated on copper backing platéé as shown in Figure 2-A. The
chromium was plated to a thickness of about 0.025 in. and a diameter
of 0.65 in. It is shown mounted on a water-cooled target holder in
Figure 2-B. The chromium target was irradiated with 65 MeV helium-4
or 45 MeV helium-3 ions for 3-4 hr with a 15-20 ﬁA beam cur:ent. The
Cr target was.processed in a_lead-shielded.cave and separated as |
shown in Figure 3. The entire chemical separation procedure was done
by remote‘handling with a semi-automated solvent extraction procedure
using 7.5'M HCi acid solution and isopropyl ether {[13]. The averaged
results of ten prbduction runs for_SZFe uéing 65 MeV gHe gave a |
yield of 17.4 uCi/uAh at the end of irradiation aﬁd a specific
_activity of 22,ﬂci/ug Fe at the time of administration to the
patient which waé about 6 hr after the end of the bombardment.

When thick Cr targets were irradiated with 65 MeV gHe both the"
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50. 4 52 52 4 52 L .
Cr (2He,2n) 26Fe and the 24Cr (2He,4n) 26Fe nuclear reactions

24
were contributing to the production of >2pe..

With the increasing number of small cyclotrons capable of

accelerating gHe ions, 52Fe can be made more readily available for

medical applications. Nuclear reactions for producing 52Fe by 3He

50 3 52 52 3 52
are 24Cr (2He,n) 26Fe, Q-value - 5.7 MeV, and.24Cr (2He,3n) 26Fe,

Q-value about -.17 MeV.- Irradiation of the plated chromium target

52

3Hé particles produced 28.0 uCi Fe/pAh. This was

2
a 60% increase in the vield of 52

with 45 MeV

Fe when compared to 17.4 uCi/uyAh

gHe particles.

Cesium-129 and Rubidium-81

“with

Two radioisotopes have been produced for imaging patterns of
| myocardial blood flow. The first radioisotope of the alkali

129Cs which was produced by irradia-

metals to be investigated was
ting a Nal target with 30 MeV gHe particles [18]. The yield of
129Cs ranged from 300-600 pCi/pAh. The only contaminating radio-
isotope was 22Na with a concentration of less than 3 x lO_4 parts
of the 129Cs at the timelof administration. The results of some
myocardial studies are shown in Figure 4.

Rubidium-81 was the second radioisotope investigated for myo-
Cardialvimaging because of the higher extraction efficiency of the
'myocardium'for rubidium as compared to cesium, Rubidium-81 was
produéed by irradiating NaBr with 29 MeV gHe particles to give the

79 81pb nuclear reaction. Unfortunately it was diffi-

82m

Br (gHe,Zn)
cult to obtain 81Rb relatively free of Rb, which emits an abun-
dance of gamma rays with energies greater than 400 keV. By using

a relatively thin, about .005 in, NaBr target and irradiating
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with 29 MeV gHe particles the amount of 82m

81

Rb could be minimized

to about 20% of the Rb activity.

Radioisotope Generators

Rubidium-81 has also been used to generate the 13 sec half

81lm

life Kr for imaging lung perfusion and ventilation [19,20].

The radionuclidic purity'of the 81Rb was not of primary concern

here since the radioisotopes of rubidium were retained on sulfonic

81

acid cation exchange resin and only the 13 sec Tgr daughter was

milked from the generator system shown in Fiqure 5. For perquion

studies the 81mKr was infused intravenously in a water elution

which was made isotonic with a saline dilution. ‘The 190 keV
photons which are ideal for scintigraphy were used with the'gamma
camera to image the flow of activity through the right side of the
heart and to the lungs. For ventilation studies the 81mKr was
ﬁilked from the dry resin column with Sb cc of’éir which was in-
haled directly by.the patient to,image the ventilated areas of the
lungs. A typical perfusion—vehtilation stuay fpr a normal subjeét
is shown in Figure 6.

An easily transportable radioisotope generator system for imagihg

myocardial blood flow is shown in Figure 7. The 25 day parent, 82Sr,-

was produced by the ggRb (p,4n)y ggSr nuclear reaction [21,22]. The

82Sr activity was adsorbed on a weakly acidic cation exchange resin.

82

The 75 sec Rb daughter was milked from the generator with 2-3%

NaCl solution and infused intravenously directly into the subject.

Rubidium-82 is produced continuously by decay of the 828r parent,

82Rb'can be milked from 82

25 d parent 825r provides a useful generator life of 1-2 months.

thus the Sr every 5-10 minutes while the

Rubidium-82 decéys 96% by positron emission accémpanied by a 0.77
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82Rb

MeV gamma ray (9.0% abundant). The very short half life of
offers low radiation exposure and the possibility of quick repeat
studies. Because it is a positron emitter, the positron scintilla-
tion camera, with its high sensitivity and excellent image-forming
characteristics for deep-lying organs can be used. However satura-
tion occurs in this camera at activity levels required for good
statistics with the short-lived 82Rb. ‘The more recently developed

Brownell multi-crystal positron-camera provides a fast-response

system which functions in a high field of radioactivity [23].

Dysprosium—-157 and thulium-167

Dysprosium-157 (Tl/2 8.1 h) and thuliumfl67 (Tl/2 9.6 d) which
are radionuclides of the lanthanide series of the rare earth ele-
ments have been investigated for scintigraphic_studies-of metas-
tatic bone lesions and uptake in soft tissue tﬁmors respectively.

Dysprosium-157 was produced by irradiating 300 mg of TbCl3.6H20

157

with 30 MeV protons [24]. The production yield of Dy was 2.5

mCi/yAh or 39.6 mCi/hr. The contéminating radionuclides were

159 -4 160
1/2 5.1 days) < 10 parts and Tbh (Tl/2 72.1 days)
157

-5 .
< 10°° parts of Dy. Although the half life and gamma energy of
157 |

Tb (T
D? are well—suited for bone scanning, the slower clearance from
blood and softitissues are limiting factors in the usefulness of
157Dy for bone imaging. Furthermore the introduction of 99mTc
labeled boné scanning agents such as polyphosphates, diphosphonates
and pyrophosphates has méde most other bone agents obsolescent.
Dysprosium=-157 might be of value for soft-tissue tumor uptake as

proposed by Hisada [25] for the radiolanthanides,

Thulium-167, another radiolanthanide, was produced by irra-
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diating 1®5Ho with 30 Mev JHe to yield 20-30 uci/pAh. Thulium-167
was separated from the HoCl3 target material by cation exchange
column chromatography by the method of Ketelle and Boyd ([26]

using Bio-Rad AG 50 x 10, -400 mesh resin and 4.75% ammonium citrate

as the solvent. Chandra [27] proposed the use of ;67Tm for bone

167Tm to be useful for tumor

170

scanning and Hisada [25] considered
localization on the basis of.work with Tm in tumor bearing
rodents. 167Tm might be of use fér either tumor or bone scanning
in those areas where the availability of radiopharmacéuticals is
limited. The 9.6 day half life of +%7rm would provide a useful
shelf life of 10—20 days. The radiation dose to the patient would
be acceptable because of the absence of B~ emission. However in-
ternal conversion of the 208 keV photons increaées the radiation

dose, which would be about 0.455 rad/100 uCi to bone.

Xenon-123 and Neon-18

Xenon-123 and Ne-18, the radioactive inert gases of the

'eighth‘group of elements were produced to study the recoil labeling

of organic compounds when these gases decay to 123 13 hr)

and lgF (T

I (Ty,,

1/2 110 min) respectively. Fifty to fifty-five MeV
protons were used to irradiate 127 123 1/2
2.1 h). The 123Xe was continuously removed from the target material

123

I as Nal to produce Xe (T

during the irradiation and the Xe was collected in evacuated

liguid nitrogen traps which contained the organic compounds to be

labeled (i.e, o-iodohippurate, serum albumin, progesterone or

bleomycin)., The 123Xe was then allowed to decay for about four

hours to yield l231, some of which was bound to the organic com-

pound. The yield of 123I was about 1.5 mCi/pAh, however it was"
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difficult to recover more than 20% of the 123Xe from the Nal tar-

get either by sweeping with helium gas or into evacuated high
vacuum traps. The labeling yields ran from a few percent to 20

percent iodination of the compounds. The work of Fusco et al [28]

and of Blue and Sodd [29] indicate that the trapping 123Xe as a-

separation procedure will produce high radionuclidic purity and

"carrier-free" 1231.

18Ne and allowing labeling to occur

18

In the case of producing

18

F, the 1.5 sec half life of Ne requires the

during decay to
compound, which is to be labeled, to be in contact with the gases
in the target vessel. The glass—lined walls of an aluminum gas

target vessel were coated with progesterone and then filled witﬁ

CO2 gas to a pressure of 2 atm. It was then irradiated with 50

MeV 4He. The prbgesterone was washed from the target vessel and

2
precipitated in water to separate the unbound 18F.‘ The distribu-

tion of 18F labeled progesterone in rats showed a distribution

unlike anionic 18F. These results indicate that recoil labeling

did occur; however the labeling efficiency was <10% of the total

lSF activity which might be indicative of either‘poor recoil

16

labeling or arhigher cross-section for the 0 (3He,pn) 18F reac-

16 18

Ne cross section.

tion compared to the 0 (gHe,Zn)

Conclusions

A number of radioisotopes have been prepared by cyclotron
irradiation for use in nuclear medicine. Some of the radioisotopes
‘such as l8F and 52Fe have proven to be very useful in the diagnosis

of disease states in human subjects. Other radioisotopes such as

the radiolanthanides have been investigated but their usefulness
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has yvet to be demonstrated. Some of the parent radioisotopes
such as 82Sr and 81Rb have made it possible to produce generator
systems for very short-lived radionuclides whose applications and
benefits in nuclear medicine remain té be explored.

It is verY-iikely that new uses, yet unexblored, will be féund
for some of the radioisotopes described here. Although the total
number of possibly useful radionuclides in nuclear medicine is
rather limited, there undoubtedly remain a few'radioisotopes still
to be investigafed for use in nuclear medicine. The construction
of many small‘cycloﬁrons for medical use will exéand the investi-
gation of biolbgically important chemical compoundé labeled with

llC, 10 min l3N, or 2.5 min 15O.

20 min

"Large quantities of medically useful radionuclides will also
be made available in the near future from high_energy proton irra-
diations at Brookhaven Linac Isotopé Prqducer (BLIP) [30], and at

the Los Alamos Meson Production Facility (LAMPF) [31].
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- Isotope
18p
52Fe

81lpy

8lmy,.

825,

82pp

117sb

1234

129
157py
1677
117mgp
19104

191my,

25 d
75 s
2,8 h
2.1 h
13.3 h

32 h

8.1 h

9.6 &
14 a
15 4
4,9 8

Table I.

Primary

- 511

511

511 (BY)

190

511
158

159

375
326
208
158

124

Photon keV

(8*)

(g+)

(8*)

Radioisotopes

Nuclear
Reaction

160(4He,pn)

5°Cr(4ue,2n)
52cr (4He, 4n)

79Br(4He,2n)
daughter 81gph

85gb (P, 4n)
daughter 82gr
1151n(4He,2n)
1271 (p, 5n)

123

daughter Xe

127I(4He,2n)
1597p (p, 3n)
16510 (4te, 2n)
1163n (n,y)
1900 (n, y)

daughter 191pg

for use in Nuclear Medicine

Energy_ﬂ Yield
MeV - uCi/uah
50 . 16,200
65 : 20
29 900
50 s
30 2420
55

2120

30 560
30 2480
0 16

" Bone,

Use

Bone

Bone marrow

8lmyr generator
myocardium

Lung perfusion
and ventilation

82rb generator

Myocardium

_gI—

Antimonates
ro 1231

Label organic
compounds

Myocardium
Bone, tumor

tumor

Bone

Generator

Blood flow
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Figures

Figure 1. "Hét" laboratory for processing radioisotopes for
nuclear medicine. In the foreground.is the;SZFe separation
cave shown with contrél panel for semi-automated extraction.

Figure 2-A. Chromium electroplated on copper backing plate (second
from right) and waﬁer-cooled targét holder, disassembled.

Figure 2-B. 'Assémbled chromium target and water-cooled probe.

Figure 3. Semi-automated 52Fe sqlvent extraction in diisopropyl
ether from Cr in 8-N HCI. | |

Figure 4. Myocardial uptake of 129Cs as showﬂ by scintigraphy in
patients.with (A) normal, (B) cardiomegaly (C) hypertension
and (D) corénary disease. |

8lm

.Figure 5. Kr generator system for perfusion and ventilation

studies of the lungs.
Figure 6. Normal perfusion and ventilation study of the lungs

8lm{r.

with 13 sec
- Figure 7. Rubidium-82 generator for delivering millicurie amounts

of activity in 2-3% saline solution.
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LEGAL NOT!CE ==

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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