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FOREWORD

The potential and viability o f medical applications o f radionuclides 
in clinical research and routine clinical practice have already been amply 
demonstrated. Radiopharmacy has developed dramatically in the past decade, 
when new scientific concepts and innovations were introduced for the design 
of radiopharmaceuticals with improved characteristics for diagnostic nuclear 
medicine. This includes studies on the relationship of chemical structures and 
biological activity o f labelled compounds, and experiments leading to a better 
knowledge o f the chemistry and biochemistry o f radiopharmaceuticals. 
Recognizing the significance and importance of this field of research, the 
International Atomic Energy Agency has supported activities in radiopharmacy 
and nuclear medicine, particularly in developing countries.

The Conference on Radiopharmaceuticals and Labelled Compounds was 
organized by the IAEA in co-operation with the Japan Radioisotope Association 
and took place in Tokyo, from 22 to 26 October 1984, at the invitation o f the 
Government of Japan. A similar Conference was held in 1973 in Copenhagen, 
which was jointly organized by the IAEA and the World Health Organization. 
The aim o f the Tokyo Conference was to review the most recent developments 
in this field and to provide an international forum for scientific discussions and 
the dissemination of information. The Conference was attended by 156 partici
pants, representing 34 Member States of the IAEA and one international 
organization. A total of 70 papers were presented, dealing with nuclear reactor 
and cyclotron production of radionuclides; radionuclide generators; and the 
synthesis, chemistry and biochemistry o f radiopharmaceuticals and labelled 
compounds, including biodistribution studies. The preparation of labelled 
compounds for radioimmunoassay and labelling techniques for monoclonal 
antibodies were also among the subjects discussed.

Many papers dealt with the chemistry of technetium-99m radiopharma
ceuticals, confirming its position as the radionuclide o f choice and pointing out 
the enormous potential o f this radionuclide for routine nuclear medicine 
diagnostics. Several papers commented on the promising future application of 
elements o f life, such as n C, 13N and 150  as well as 18F, in probing human 
biochemistry in a quantitative way.

The Agency gratefully acknowledges the co-operation o f the Japan 
Radioisotope Association in the organization o f the Conference and in 
particular the work o f the local organizing committee. The generous support 
of the Commemorative Association for the Japan World Exposition, which 
facilitated the general participation in the Conference, is greatly appreciated.
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RESEARCH REACTOR PRODUCTION 
OF RADIOISOTOPES FOR MEDICAL USE

R.S. MANI
Radiopharmaceuticals Division,
Bhabha Atomic Research Centre,
Trombay, Bombay,
India

Abstract

RESEARCH REACTOR PRODUCTION OF RADIOISOTOPES FOR MEDICAL USE.
More than  70% of all radioisotopes applied in medical diagnosis and research are currently 

produced in research reactors. Research reactors are also an im portan t source of certain radio
isotopes, such as 60Co, 90Y, 137C s and 198Au, which are em ployed in teletherapy and brachy- 
therapy. F o r regular m edical applications, m ainly 29 radionuclides produced in research reactors 
are used. These are now produced on an ‘industrial scale’ by m any leading commercial m anu
facturers in industrialized countries as well as by national atom ic energy establishm ents in 
developing countries. Five m ain neutron-induced reactions have been em ployed for the regular 
p roduction  of these radionuclides, namely: (n , y),  (n, p), (n, a),  (n, y)  followed by decay, and 
(n , fission). In addition, the Szilard-Chalmers process has been used in low- and m edium-flux 
research reactors to  enrich the specific activity o f a few radionuclides (m ainly s lCr) produced 
by the  (n , y)  reaction. Extensive work done over the last three decades has resulted in the 
developm ent o f reliable and econom ic large-scale production m ethods for m ost o f these radio
isotopes and in the  establishm ent of rigorous specifications and purity criteria for their manifold 
applications in  m edicine. A useful spectrum  of o ther radionuclides w ith suitable half-lives and 
low to  m edium  tox ic ity  can be produced in research reactors, w ith the requisite purity  and 
specific activity and at a reasonable cost, to  be used as tracers. Thanks to the system atic work 
done in  recent years by  m any radiopharm aceutical scientists, the radionuclides of several 
elem ents, such as arsenic, selenium, rhenium , ruthenium , palladium , cadm ium, tellurium , 
antim ony, platinum , lead and the  rare earth  elem ents, which until recently were considered 
‘exo tic’ in the biom edical field, are now gaining attention.

1. INTRODUCTION

Research reactors are the main source of the large majority o f radionuclides 
which are at present employed as tracers in medicine. In addition, substantial 
quantities o f  radioisotopes, such as 60Co, 137Cs and 198Au, which are used as 
radiation sources for teletherapy and brachytherapy, are also produced in research 
reactors. It is estimated that the current annual world production o f medical 
radioisotopes and radiation sources in research reactors exceeds 500 million US 
dollars in value. For regular applications, medical interest in research reactor

3



4 MANI

TABLE I. RADIOISOTOPES PRODUCED ON AN ‘INDUSTRIAL SCALE’ IN 
RESEARCH REACTORS

No. R adioisotope/ Medical applications
half-life

1 3H 3H-labelled organic com pounds are extensively
12.323 a used as tracers in biomedical research

2 14C 14C-labelled organic com pounds are extensively
5730 a used as tracers in biomedical research

3 MNa Measurement of exchangeable sodium
14.96 h

4 згР 32P-labelled com pounds are em ployed as tracers
14.3 d in m edical research

32P is also used in nuclear m edicine for therapy

5 35S 3sS-labelled com pounds are em ployed as tracers
87.5 d in research

6 4ÎK M easurement o f exchangeable К and coronary
12.36 h  blood flow

7 47Ca Studies o f  calcium m etabolism ; bone studies
4.54 d

8 51 Cr Red cell labelling, study of RBC turnover and
27.7 d spleen scintigraphy;

s lCr EDTA is used for G FR studies

9 S8Co As labelled cyanocobalam in for studies of
70.78 d anaemia and B n  disorders

10 59Fe Study of iron m etabolism , erythropoiesis
45.1 d

11 ^ C o  Teletherapy and brachytherapy
5.272 a

12 75Se Pancreatic scintigraphy, localization of tum ours;
120 d potential applications o f  various labelled

com pounds

13 82 Br D eterm ination of extracellular fluid
35.34 h

14 8sSr Bone investigations
54.9 d

15 86Rb C oronary blood flow m easurem ent
18.7 d

" S r  
28.5 a

16 ^ S r  Beta-ray therapy
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TABLE I. (cont.)

No. R adioisotope/
half-life

Medical applications

17 9 0 -y Synoviorthesis
64.1 h

18, 19 99M o -99Tcm Extensive applications in nuclear m edicine
66 h -  6 h

2 0 ,2 1 u 3 Sn—113Inm A pplications in nuclear medicine
115.1 d -  99.48 min

22 1 2 S | Labelled com pounds used in RIA and related
60.14 d assays

23 131 j Extensive applications in nuclear medicine
8.Ö2 d

24 131 Cs Myocardial scintigraphy
9.69 d

25 I33Xe Lung investigations,
5.25 d m easurem ent of local blood flow

26 137Cs Teletherapy and brachytherapy
30.17 a

27 169 Yb T um our scanning ;
32 d detection of inflam m atory lesions

28 192Ir Brachytherapy
74 d

29 »»«Au Therapy (pleural and peritoneal effusions);
2.7 d brachytherapy

produced isotopes is at present centred around the 29 radionuclides listed in 
Table I. These are now produced on an ‘industrial scale’, by many commercial 
manufacturers in industrialized countries and by national atomic energy establish
ments in several developing countries [1—21]. In addition to these radionuclides, 
a variety of others can be produced in research reactors; many o f these appear to 
have interesting potential applications in medical diagnosis and research.

2. MAIN PRODUCTION REACTIONS

Five nuclear reactions induced by neutrons are employed for large-scale 
production o f medical radioisotopes in research reactors; these are: (n,7 ),(n ,p ) 
(n,oi), (n/y) followed by decay, and (n, fission) [1 4 -1 6 , 2 2 -2 7 ] .
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2. 1. (n, 7 ) reaction

The activation cross-sections for many (n ,7 ) reactions are high [14—16, 25] 
and, generally, target irradiations at neutron fluxes exceeding 1013 n/cm 2 -s 
provide the desired radionuclides with high specific activity for medical applications 
[15, 16, 25]. However, high-flux isotope reactors, with fluxes exceeding 
1015 n/cm2 -s, are currently used in industrialized countries for most target 
irradiations. The advantages o f high-flux irradiations include very high specific 
activities, which are required for the end uses in some cases [15, 16, 28, 29]
(such specific activities may be very difficult to attain at lower fluxes), and 
maximum economy in the use of precious targets consisting of enriched isotopes. 
Further, in the chemical processing of high-flux-irradiated targets, some economy 
in hot-laboratory facilities can be envisaged because of the smaller masses of 
irradiated targets involved compared with the much larger quantities required for 
irradiations at lower fluxes. Occasionally, however, problems are encountered 
owing to the production of undesirable radionuclidic impurities by successive 
neutron capture processes [15, 16], which assume considerable significance at 
higher fluxes (>  1013 n/cm2 -s). An example is the production of 199Au from 198Au:

1 9 7 A u  1 9 8 A u ( 2 -6 9 3 5  d )(100%) (a }

(In this value of a, the epithermal cross-section is not included.)

198Au ------— ------ ► 199Au (3.139 d)
(a = 25100 b)

2.2. (n, a) and (n,p) reactions

The cross-sections of these reactions are satisfactory for the production of 
3H, 14C, 32P, 35S and s8Co in research reactors [14—16, 25]. ‘Carrier-free’ 
radionuclides can be obtained by these reactions if the target is initially free 
from stable isotopes of the product radionuclide and if these are not introduced 
during chemical processing. Typical production yields o f 3H, 14C, 32P, 3SS and 
S8Co are given in recent publications [15, 16, 25].

2.3. (n,7 ) reactions followed by decay

Such reactions are used for the regular production of " T cm , 125I, 131I 
and 131Cs.
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(In this value o f a, the epithermal cross-section is not included.) 

(n,7)124 Xe 
(0.10%) (a = 2 2 + 106 b)

125Xem (57 s)

IT

EC в +
ш Хе (16.8 h) -------—— » 125I (60.14 d)

130Te
(33.8%)

(n,7 )
(a = 0.02 + 0.27 b)

* 131Tem (30 h)

131

IT

Те (25 min)

131 I (8.02 d)

Ba
(0.106%)

(n,7) ;
(0 = 2.5 + 11 b)

131 Bam

IT

131 Ba
EC, ß+

*Cs (9.69 d)

In the production o f " T cm from neutron-irradiated molybdenum targets, the 
possibility of contamination o f " T cm by various radionuclidic impurities, such 
as 60Co, 6sZn, 95Zr, 95Nb, 110Agm , 124Sb, ,34Cs, 192Ir, 239Np and 239Pu, 
originating from the activation o f Co, Zn, Zr, Ag, Sb, Cs, Ir and U impurities in 
the molybdenum target, has to be kept in mind [30—36].

In the production o f 131I, long-lived 129I and stable 127I are also produced 
by (n,7 ) decay processes on corresponding tellurium isotopes, thus diluting the 
specific activity o f  131I [15, 16].

126Te (n,7)

(18 95%) ^  0.135 + 0.90 b)

127Tem (109 d) 
I  IT 

127Te (9.35 h)
127I (stable)

128Те 
(31.69%)

(n,7)
(<7=0.015 + 0.200 b)

129Tem (33.6 d) 
I  IT

129Те (69.6 min)
129j

(1 .57X 107a)
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TABLE II. 126I CONTAMINATION IN 125I 
Period of irradiation: 30 days

N eutron flux Percentage of 126I in 125I
(n /cm 2 -s) at end of bom bardm ent

1012 0.21

1013 1.98

1014 15.93

TABLE III. IMPORTANT FISSION-PRODUCT RADIONUCLIDES OF 
INTEREST IN MEDICINE

Radionuclide/
half-life

Fission yield of 23SU 
(%)

Medical applications

90Sr 5.772 Brachytherapy
28.5 a (ophthalm ic applicators)

5.772 Synoviorthesis
64.1 h (for 90Sr)

" M o —" T c m 6.074 Extensive applications in
66 h -  6 h nuclear m edicine

131 j 2.892 Extensive applications in
8.02 d nuclear m edicine

137Cs 6.183 Teletherapy and
30.17 a brachytherapy

Stable iodine contamination in the tellurium target and in the chemicals and 
reagents employed in the processing of irradiated tellurium would also lower the 
specific activity o f  the 131I produced in this reaction. In the production o f 12SI, 
the high activation cross-section o f 125I [37] gives rise to significant 126I contamina
tion [16] (Table II).

( 6 0 Л 4 » w k ï j  ' “ , ( 1 3 0 d ) í í r É 5 w  Ш 1 ( И Л 1 ' )
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TABLE IV. ACTIVITIES OF FISSION-PRODUCT RADIONUCLIDES IN 
"M o PRODUCED BY 235U FISSION

Target: 1 gram 99% 23SU Period of irradiation: 7 days
Neutron flux: 1014 n/cm2 'S Post-irradiation cooling: 3 days

"M o activity produced: 90 Ci 1

Radionuclide/ Fission yield Activity, as percentage of Maximum percentage
half-life (%) 99 Mo activity in 

irradiated target
allowed in 99Tcm 
for medical use

90Sr 
28.5 a

5.772 0.114 0.000006

91y

58.5 d
5.931 17.852 0.01

9sZr 
64.0 d

6.52 18.057 0.01

" M o  
66.0 h

6.074 100 0.015

103Ru 
39.35 d

3.029 14.2 0.005

106 Ru 
368 d

0.4019 0.223 0.01

I24Sb 
60.3 d

9.5 X 10~6 3.018 X 10~5 0.01

131 j

8.02 d
2.892 43 0.005

134 Cs 
2.06 a

8.9 X 10_i 2.43 X 10‘6 0.01

137Cs 
30.17 a

6.183 0.116 0.01

144 Ce 
284.8 d

5.493 3.919 0.01

1 1 Ci = 37 GBq

2.4. (n, fission) reaction

Table III lists the important fission-product radionuclides of interest in 
medicine and their fission yields. While the long-lived radionuclides o f medical
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interest, 90Sr and 137Cs, are extracted from spent fuel, for the production o f short
lived fission-product radionuclides, highly enriched (235U) uranium targets are 
irradiated; the irradiation conditions are optimized for the production o f the 
desired radionuclide. Since the fission process gives rise to a mixture of radio
nuclides, some of which are highly toxic, even in such irradiations stringent 
purificatory procedures have to be employed to recover the short-lived radionuclides 
of interest for nuclear medicine applications ("M o and 131I) [38—44]. Table IV 
gives the approximate activities o f the various radionuclides which are present in 
1 gram of 99% 235U irradiated for seven days to produce "M o; the maximum 
permissible levels o f these radionuclides in " T cm obtained from "M o -  " T cm 
fission-product generators are also shown in this Table [1 5 ,2 5 ,4 5 ].

2.5. Szilard-Chalmers recoil enrichment

The Szilard-Chalmers recoil enrichment process can be employed at low and 
medium fluxes for the production of radioisotopes o f high specific activity, 
e.g. s lCr, 64Cu and 65Zn. The details o f the targets used, the enrichment factors 
and the specific activities reported in recent literature [14—16] are of interest for 
the production.

3. REGULAR PRODUCTION CONSIDERATIONS

Systematic studies carried out during the last three decades have resulted in 
the development o f convenient and economic production methods for the reactor- 
produced isotopes discussed above. The first step in a regular production 
programme is the preparation or procurement of the target materials with the 
requisite purity [14—17, 25]. The criteria of purity for the targets are laid down, 
keeping in mind the possible formation of radionuclidic impurities and the carry
over o f chemical contaminants into the desired product radionuclide. For 
example, tellurium targets used for irradiation in the production of 131I should 
contain not more than two parts per million o f stable iodine, arsenic, selenium, 
lead and antimony. Molybdenum targets used for high-flux irradiation in the 
production o f "M o should contain not more than five parts per million o f cobalt, 
silver, antimony, rhenium and zirconium (these impurities are likely to give rise 
to radionuclidic contaminants such as 60Co, 110Agm , 124Sb, 122Sb, 188Re, 186Re, 
95Zr and 9sNb), and less than two parts per million o f uranium. The uranium 
impurity is likely to give rise to 239Np and 239Pu; the permissible concentration 
of 239Pu in the " T cm obtained from "M o — " T cm generators is not more than
0.0004 nCi 239Pu per mCi o f " T cm [34 ,45].
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Fission products

238U
(99.275%)

(п,т)

С
С

(о  = 2.7 Ь)
239и

/ — ■\Х>
(N

с

24°и 

(14.1 h)

239 Np

Г
240Npr

S
r—1
+

с СЛ
II
e>

2 3 9 p u

(2 .411X104 а)

240Np
(7.22 min) (65 min)

239 Pu (n,7)
(a = 268.8 b)

240Pu (6550 а)

(n,f)
(af = 742.5 b)

fission products

Electromagnetically enriched targets are used in some cases to obtain the 
desired specific activity; for example, enriched ^Ca (>  95% 44Ca), enriched 
46Ca (>  40% 46Ca), enriched s0Cr (>  95% 50Cr), enriched 58Fe О  70% 58Fe) 
and enriched 112Sn ( *  80% 112Sn) are used for the production of 45Ca, 47Ca, 
slCr, 59Fe and 113Sn, respectively [46, 47].

Target irradiation is the second step in the production programme, which 
requires careful planning. For regular irradiation in research reactors, neutron 
fluxes in the range 1013 — 101S n/cm2 -s are employed. The target quantities 
which can be irradiated are laid down on the basis of the total neutron 
absorption cross-section, the production rate o f the desired radionuclide, and 
the availability and price o f the targets [14—16, 25, 46, 47]. For regular isotope 
production, arrangements are generally made for loading and unloading of targets 
during full-power reactor operation [16, 25].

The third important step o f  the production programme is chemical 
processing and purification o f the desired radionuclide. Remote processing 
facilities such as hot cells are required for handling and processing large quantities 
of radioisotopes. The production laboratory should be provided with controlled 
ventilation and facilities for storage of radioactive liquid effluents and solid 
wastes [1 4 -1 6 ].

Several recent publications give details about the processing methods adopted 
at various production centres for the preparation and purification o f a variety o f  
reactor-produced isotopes [14—16, 25, 26]. Special mention should be made here
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of the recent development o f column-type generators for " T cm using "M o of 
relatively low specific activity in the form of a gel [4 8 -5 0 ]. Two procedures 
have been described for the preparation o f such generators; the first procedure 
is based on the conversion o f "M o molybdate to a zirconium molybdate gel 
suitable for column operation, and the second method utilizes direct irradiation 
of preformed Zr or Ti molybdate; the irradiated Zr or Ti molybdate is subsequently 
used in column operation [48—50].

Several in-process quality assurance measures are taken in the regular produc
tion o f  medical isotopes. These include careful selection o f targets and raw 
materials, and adequate control of irradiation conditions and processing parameters, 
such as pH and temperature [14—16, 25, 27].

4. QUALITY CONTROL OF REACTOR-PRODUCED ISOTOPES

The finished radioisotope products are subject to evaluation of: (a) radio
nuclidic purity (usually by gamma spectrometry using Nal (TI) or Ge (Li) crystal 
detectors, and in some cases by specific radiochemical separation o f impurities 
followed by assay); (b) radiochemical purity (by paper, column or thin-layer 
chromatography); and (c) chemical purity (by absorption spectrophotometry, 
emission spectrography and.semi-quantitative spot tests). The specific activity 
of the radionuclide is estimated by activity measurements, and by determining 
the carrier concentration by colorimetry and other microanalytical procedures 
[15, 1 6 ,2 5 ,2 6 ,5 1 -6 3 ] .

The currently accepted specifications for several reactor-produced radioiso
topes are given in recent publications [14—16, 25].

5. PACKAGING AND TRANSPORT

The IAEA and the IATA2 have laid down regulations for the safe packaging 
and transport of radioactive materials. These regulations define the quantities of 
radioisotopes in different types o f packages, the tests to be carried out and the 
specifications regarding labelling o f  these packages [6 4 -6 6 ].

6. FUTURE PERSPECTIVES

Research in recent years in the field o f  medical radioisotope tracers and 
radiopharmaceuticals has been increasingly oriented towards the exploitation of  
new radionuclides and the synthesis o f new chemical forms based on structure/

2 In ternational Air T ransport Association, M ontreal, Canada.
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TABLE V. RADIONUCLIDES OF ‘EXOTIC ELEMENTS’ WHICH CAN BE 
PRODUCED IN NUCLEAR REACTORS

R adionuclide/
half-life

Production  reaction and details Maximum specific activity
(Ci/g)
attained at 1014 n /cm 2 s

76 As 
26.4 h

7SAs(n, 7 )76As 
100% ( a  = 4.3 b) 93.34

77 As 
38.8 h 76G e(n, y )  — *

77Gem (53 s) 
I I T  

^ G e  (11.3 h)
—► 77As ‘Carrier-free’

0.23 Ci 77As per gram Ge

7.8% ( a  = 0 .0 9  b) 
( a =  0.05 b)

81 S em 

57.3 min
®°Se(n, 7 )8lSem 

1

81Se

81Sem 0.81

81Se 

18 min
49.6% (a  = 0 .0 8  b) 

( a =  0.53 b) 81 Se 5.35

97Ru 
2.9 d

96R u(n , 7 )97Ru 
5.52% ( a =  0.25 b)

0.23

107Cd 
6.5 h

l06Cd(n, 7 )101Cd 
90% enriched (ff = 1.0 b)

13.82

109Pd 
13.43 h

108Pd(n , 7 ) 109Pdm (4.69 min)
I  I T  

w »pd

26.46% (ff = 0.2 b)
(ff=  12.0 b)

180

u s Cd 
53.38 h

114C d(n , 7 )1ISCd 
98% enriched ( a =  0.3 b)

4.2

117Cdm 
3.31 h

n 6 C d (n ,7 )117C dm 
i  I T  

117Cd

98% enriched ( a =  0.008 b) 
( a =  0.043 b)

I17Cdm 0.59

n ? Cd 
2.42 h

117Cd 0.11
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TABLE V. (cont.)

Radionuclide/
half-life

Production reaction and details Maximum specific activity 
(Ci/g)
attained at 1014 n /cm 2 -s

U7Snm 
13.6 d

u 6 Sn(n, 7 ) 1I7Snm
95.6% enriched ( a=  0.0131 b)

0.18
Irradiation at 
2 X 1015 n /cm 2 -s at 
HFIR  (Oak Ridge) has 
yielded a specific activity 
exceeding 4 Ci/g

ш Те 
16.8 d

120T e(n , 7 )12ITe 
51% enriched (a  = 2.0 b)

13.84

123-pem

119.7 d
122T e(n , 7 )123Tem 
96% enriched (a  = 1.1 b)

14.09

122Sb 
2.70 d

I21S b (n ,7 )122Sb
(a  = 6.2 b)

83.42

m Snm 

40.1 min
122Sn(n , 7 ) I23Snm 
92.2% enriched ( a =  0.18 b)

2.21

126Sb 
12.4 d

23sU (n, f)126Sb 
Yield 0.0536%

‘Carrier-free’

127Te 
9.35 h

126T e(n , 7 )127Te 
18.95% ( a =  0.9 b)

2.20

13sXe 
9.1 h

23SU (n, f )13SXe 
Yield 6.536%

‘Carrier-free’

137Cem 
34.4 h

137Ce 
9.0 h

136C e(n, 7 )137Cem
4-

137Ce

34.8% enriched (a  = 0.95 b) 
( a =  6.3 b)

137Cem 3.96 

137Ce 26.24

139Ce 
137.6 d

138C e (n ,7 )139Ce
26% enriched ( a  = 1.115b)

3.42

142Pr 
19.13 h

141P r(n , 7 ) I42Prm (14.6 min) 
1 IT 

142Pr

(a  =3 .9  b)
( a =  7.6 b)

132.79
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TABLE V. (cont.)

Radionuclide/
half-life

Production reaction and details Maximum specific activity 
(Ci/g)
attained at 10 14 n /cm 2 • s

153Sm 152Sm (n, 7 ) ls3Sm 589.10
46.75 h 26.7% (<;= 206 b)

191 pt 190P t(n , 7 )191Pt 53.85
2.8 d 4.19% enriched (a  = 150 b)

191 Os 190O s (n ,7 )191Osm (13.1 h) 28
15.4 d 4-IT

191 Os — —► 191 Irm

191 Irm
4.94 s 26.4% (a  = 9 .1  b)

( a =  3.9 b)

193pj.nl 192P t ( n ,7 ) 193P tm 0.15
4.33 d 0.79% (cr= 2.2 b)

195 pf m 194P t( n ,7 ) 19SP tm 0.25
4.02 d 32.9% (a  = 0.09 b)

activity relationships. Radionuclides of many elements, such as arsenic, selenium, 
tellurium, tin, antimony, lead, ruthenium, platinum, xenon and the rare earth 
elements (which were until recently considered ‘exotic’ in the biomedical field), 
are increasingly being explored for possible applications [6 7 -1 2 6 ]. Table V gives 
some o f the radionuclides which appear to be o f interest; many of these can be 
produced in reactors with the requisite purity and specific activity and at 
reasonable cost. Future developments in nuclear medicine and tracer applications 
in biomedical research may well depend on the successful exploitation of these 
radionuclides.
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Abstract

SMALL CYCLOTRONS AND THE PRODUCTION OF POSITRON EM ITTERS: PRESENT 
AND FUTURE.

Small cyclotrons play a central role in biomedical research and clinical application of 
radiopharm aceuticals — m ultidisciplinary and interdisciplinary activities which are becoming 
ever m ore widespread. The use o f positron  em itters, produced with these m achines, as 
m etabolic and physiological probes in studying animal and hum an physiology and pa tho 
physiology began in the late 1930s and early 1940s, but the current general interest has its 
origin in research started in the mid 1960s. This paper discusses the current status and future 
prospects o f positron em itters in the overall context o f  their detection  and application. The 
subjects o f m ost interest are the use o f cyclotrons, positron-em itting radionuclides, positron- 
labelled precursors, and radiotracer synthesis and application.

INTRODUCTION

Small "medical” cyclotrons and Positron Emission Tomography 
(PET) are inextricably related in what is one of the fastest 
growing areas of fundamental biomedical research, an area which is 
also beginning to show promise in clinical applications. The
significant feature of the use of positron emitter labeled
compounds which is often misunderstood is that they are probes for 
measuring biochemical and physiological events non-invasively in 
vivo and that they are not primarily effective as imaging agents. 
Thus the differentiation from CT and NMR is clear since these 
latter modalities are primarily, if not exclusively, imaging 
methods providing anatomical information.

If we consider the Cyclotron-PET (С-P) facility as a 
biomedical resource which is used to probe the properties of 
living systems, we can propose four technological and r e s e a r c h

areas which encompass all that makes up a productive program in

23
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PROPERTIES OF LIVING 

SYSTEMS

F IG .l. Research square showing the integration o f facilities and disciplines in a 
Cyclotron-PET center.

С-P (Fig. 1). The cyclotron and associated facilities comprise 
one corner of the research square. Before addressing the 
specifics of cyclotrons and production of positron emitters, it is 
worth noting that an extensive literature is building up, covering 
all the applicable areas of the disciplines to be seen in Fig. 1. 
This paper is not intended to provide an exhaustive set of 
references; however, the reader might find it useful to become 
acquainted with four recent books on the subject [1-4], a survey 
of what has been done in the clinical and research areas through 
1981 [5], a special issue of Annals of Neurology on research 
issues [6], problems in image reconstruction [7] and finally some 
of the problems involving modeling and the pitfalls of PET 
experimental procedures [4] (cf. Budinger et al. in [4] and 
Sokoloff in [6 ]).

A list of medical cyclotrons and their capabilities as of 
November 1984 is given in Table I. To our knowledge, the 
Sumitomo-370 and Computer Technology and Imaging 11 MeV machines 
have as yet not been constructed and placed in operation. A list 
of world PET centers is given in Table II. It should, however, be
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TABLE I. SMALL MEDICAL CYCLOTRON

Protons (MeV) Deuterons (MeV) Current (/uA)
JSWBC168 16 8 50

JSWBC1710 17 10 50

MC 16F 17 8.5 50

CGR MeV 
SUM 325

15 8 50

CGR MeV 
SUM 370

17 10 50

CTI 11 None 50

JSW - Japan Steel Works, Japan
MC - Scanditronlx, Sweden
CGR - CGR Sumitomo, France and Japan
CTI - Computer Technology and Imaging, USA

noted that some of these centers obtain their positron emitters 
from larger multipurpose machines and therefore do not have wholly 
dedicated cyclotrons supporting the PET effort.

An elementary description of the technical aspects of 
cyclotrons used in biomedical research has been published [8]. A 
general introduction to positron emitter research and application 
is given in the Annals of Neurology Supplement [6 ].

Consideration of purchase of a small medical cyclotron raises
a number of pertinent questions :

1. What are the specifications as to particles, particle
energy, beam current and other operating characteristics
the buyer should set?

2. What is the physical size of the machine?

3. What are the space requirements for installation of the 
machine, including the peripherals, such as focussing 
magnets if needed, target changer, etc., power supplies 
and heat exchanger, and the control console?

4. What are the shielding requirements? These must be 
related to local laws governing radiation protection.
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TABLE II. COMPLETE AND DEVELOPING CYCLOTRON-PET CENTERS

North America
Brookhaven National Laboratory, Upton, NY
Case Western Reserve, Cleveland, OH
Duke University, Durham, NC
Johns Hopkins University, Baltimore, MD
McMaster University, Hamilton, Ontario, Canada
Massachusetts General Hospital, Boston, MA
McGill University, Montreal, Canada
M. D. Anderson Hospital, Houston, TX
Mt. Sinai Hospital, Miami Beach, FL
National Institutes of Health, Bethesda, MD
Oak Ridge National Laboratory, Oak Ridge, TN
Oak Ridge and Associated Universities, Oak Ridge, TN
Sloan Kettering Cancer Center, New York, NY
University of California, Berkeley, CA
University of California, Los Angeles, CA
University of Chicago/Argonne National Laboratory, Chicago, IL
University of Houston Medical School, Houston, TX
University of Michigan, Ann Arbor, MI
University of Pennsylvania, Philadelphia, PA
University of British Columbia, Vancouver, Canada
University of Washington, Seattle, WA
University of Wisconsin, Madison, WS
Washington University, St. Louis, MO
West Los Angeles VA Medical Center, Wadsworth Division, UCLA 

South America
Buenos Aires Atomic Energy Commission 
National Laboratory, Säo Paulo 
University of Rio de Janeiro

Europe
Abo Akademi, Turku, Finland
Frédéric Joliot Hospital, Orsay, France
Hammersmith Hospital, London, England
Kemforschungsanlage, Jülich, Federal Republic of Germany 
Max-Planck-Institut, Köln, Federal Republic of Germany 
Medizinische Hochschule Hannover, Federal Republic of Сегтацу 
National Cancer Inst., Univ.of Heidelberg,
Federal Republic of Germany
National Research Lab (CNR), Pisa, Italy
Universitäts Klinikum, Essen, Federal Republic of Germany
University of Uppsala, Sweden
University of Stockholm, Sweden
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TABLE II (.wont.;

Europe (cont.)
University of Liège, Belgium
University of Ghent, Belgium
University of Louvain, Medical School, Belgium
University of Milan, Italy
University of Gronigen, Netherlands
University of Oslo, Norway

Middle East

King Faisal Hospital, Riyadh, Saudi Arabia 

Japan

Gunma University, Maebashi, Japan 
Japan Steel Hospital, Muroran, Japan 
Kyushu University, Fukuoka, Japan 
Kyoto University, Kyoto, Japan 
National Radiological Institute, Chiba, Japan 
Research Institute for Brain and Blood 

Vessels, Akita, Japan 
Tohoku University, Sendai, Japan
Tokyo Nakano Chest Diseases Hospital, Tokyo, Japan

5. What are'the personnel requirements for the operation and 
maintenance of the machine? What is the operating 
cost/year?

6. Last, but not least, what is the cost of the machine and 
the needed housing? A related question, if the buyer is 
lacking adequate laboratory space for processing and 
preparation of the radionuclides and compounds: what is 
required in terms of laboratory space and equipment for 
radiotracer synthesis?

From the point of view of the research to be accomplished,
question 1 is the most germane. What is of direct bearing is the
use to which the machine is to be put. Is it intended to service 
a pure research program or will there be a heavy clinical load 
on the PET facilities in addition to biomedical and clinical 
research programs? In our view, the answer should be based on
what is known today and what can reasonably be expected in the
near future. If a single-particle machine is considered, it is
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TABLE III. STABLE ISOTOPES REQUIRED FOR 
POSITRON EMITTER PRODUCTION

Carbon-13 (p,n _ï»J-3N) $147/g

Nitrogen-15 (p,n — e»-150 ) $154/g

Oxygen-18 (p,n — o> 18F) $ 72/g

Using proton-only reaction. Prices as per Decem ber 1984. 
Enrichm ent: 98% or higher.

generally agreed that a deuteron-only machine Is not to be con
sidered in the light of today’s knowledge (although it must be 
noted that an important part of the pioneering research with 
positron and PET was done with deuteron-only machines at 
Washington University, St. Louis, and Massachusetts General 
Hospital, Boston). If a proton-only machine is an option, then 
one must use enriched isotopes (cf. Table III for prices of 
enriched isotopes available in the U.S.). Carbon-11 is produced 
from readily available nitrogen-14. In this regard it is 
instructive to consider some examples of production capabilities, 
given a variety of nuclear reactions (cf. Wolf, A.P. in [6]). Let 
us compare the production of fluorine-18 via the ^®0 (p,n)^°F 
and the ^®Ne(d, a)l8p reactions. It must be stated at the outset 
that production using a thick target and bombarding to saturation 
is impractical since it would require about 8 hrs bombardment to 
approach saturation. Furthermore, in the case of fluorine-18 from 
oxygen-18, where the conventional target is H2^®0 , radiolysis and 
other problems would lead to a deterioration of the target 
materials.

We have arbitrarily chosen a one-hour bombardment of 
oxygen-18, Fig. 2, and a two-hour bombardment of neon, Fig. 3, as 
practical everyday beam-on times for a thick target. Depending on 
need, less time may be required. In addition, a factor has been 
included for the efficiency of recovery of the required 
fluorine-18. The data used in these curves are taken from Ruth 
and Wolf [9] and Casella, Ido and Wolf [10]. It is immediately 
apparent that the actual recovery (Figs. 2 and 3, right-hand curve 
and values right ordinate) is very much smaller than the 
"theoretical" value. What also must be strongly emphasized is 
that one cannot take the mCi/uA yield for a particular bombardment 
and multiply by the number of uA. available from a particular 
machine and assume that this is the yield one can actually 
obtain. The yield is not linearly related to the current,due to 
conditions in the target during bombardment, e.g. radiolysis, hot
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FIG.2. Fluorine-18 production from oxygen-18. The right-hand curve shows the practical 
yield. The curves are for pure oxygen and not oxygen-18 water for which theoretical and 
practical yields are somewhat lower because o f a smaller ‘production cross-section’.
(1 Ci = 37 GBq)
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FIG.3. Fluorine-18 production from  neon-20. The right-hand curve shows the practical yield".
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ENERGY ON TARGET (M eV )

FIG.4. Carbon-11 production from nitrogen-14. The right-hand curve shows the practical yield.

atom effects, wall effects, gas expansion effects, bubble forma
tion In liquid targets, etc. Thus, what is presented in these 
curves are the yields for reasonable beam currents on state-of- 
the-art targets, e.g. ~ 25 цА In the case of the ^®Ne reaction and 
15-25 уА in the case of a H2O target. The important point here is 
that these curves can serve as guidelines and practical upper 
limits, given today’s available target designs and recovery 
methods.

Carbon-11 and oxygen-15 present a somewhat different picture 
(Figs. 4 and 5), due primarily to their shorter half-life and less 
complex targetry requirements. It can be seen from the right-hand 
practical yield curve for carbon- 1 1 (obtained as [^C]C>2 from the 
target), Fig.4» that one can approach the saturation value for the 
radionuclide. The carbon-11 yields are reasonable for currents up 
to 25 uA. For oxygen-15, because of the short half-life (2 min), 
near-saturation is readily reached. Here, two saturation curves 
are compared. It is interesting to note that the proton reaction 
on nitrogen-15 has a lower yield over the whole energy range shown 
in the curves. The carbon-11 data is taken 'from Bida, Ruth and 
Wolf [11] and the oxygen-15 data from Vera-Ruiz and Wolf [12] and 
Sajjad, Lambrecht and Wolf [13]. Similar arguments obtain for the
Production of nitrogen-13 from the ^С(р,п)1.-%, 160^p>ajl3N an<j 
¿C(d,n)13N reactions.
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ENERGY ON TARGET (MeV)

FIG.5. Oxygen-15 production from nitrogen-14 and nitrogen-15. 
Both curves are saturation curves.

Stress must also be given to the fact that the yields shown 
in Figs. 2-5 are based on the particle energy (abscissa) on target 
and not on the particle energy on target window. Thus, one should 
remember that energy on target may be 0.5 to 2.0 MeV less than the 
measured or stated beam energy of the particle delivered by the 
machine to the target.

It should be clear at this point that a two-particle machine 
has distinct advantages in terms of the number of nuclear 
reactions available for production yields which are attainable and 
the size of the program which needs to be supported. A choice 
between machines can rationally be based on the program 
requirements and the other considerations noted above. In a world 
of ever inflating costs, it is pleasant to note that the prices of 
cyclotrons are relatively stable and the technical advances to 
automation and PC operation (i.e. menu-driven machines) continue 
to appear without appreciable impact on these prices «

There are a number of other positron emitters,e.g. 68ga> 
^Br, etc., which are not considered here because effective 
production on small cyclotrons is not possible. Nevertheless, 
availability of these isotopes can extend the breadth of research 
and utility of any PET center.
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Machines such as linear accelerators are not considered 
in this paper since no commercial devices are currently being 
marketed for this purpose. Clearly, however, a proton linac with 
50 yA current capability might be a competitor for a comparable 
(in capacity) cyclotron should it be economically competitive.

Turning from nuclides, the next consideration is cyclotron 
targetry and precursor production. Because precursor production 
is inextricably related to targetry and to radiotracer synthesis 
and its ultimate application, it is in this context that this 
subject will be discussed. For convenience, the general subject 
of standard PET methods and precursor and cyclotron targetry, 
followed by a discussion of recent developments in ^®F, ^^0 , ^ C  
and labeled precursors and tracers, will be given. Since the 
intention of this paper is to highlight recent developments rather 
than to present an extensive review of the literature,the reader 
is referred to bibliographies [27] and to recent publications for 
a more detailed treatment of this subject (cf. Wolf in [6] and 
[3,28,29]).

Standard PET Methods : Broadly speaking, the average
cyclotron-PETT program today adopts a number of standard PET 
methods (i.e. those for which radiotracer production and tracer 
kinetic models and methodology are well described and for which 
efficacy is documented in the literature). Depending on the 
institution's resources and scientific orientation, a research 
program may be developed to apply one or more of the known 
short-lived positron emitters to new problems and therefore the 
problem is usually one of technology transfer. More frequently, 
however, the development of new radiotracers may be required and, 
if they are to be used to address some problem in quantitating 
human biochemistry in vivo, biochemical validation and tracer 
kinetic modeling also come into play. Thus, one finds a range of 
sophistication in the programsj the simplest will involve clini
cal research with the known PET methods and the more complex may 
employ a combination of clinical research and exploratory research 
with new directions in radionuclide research, radiotracer 
synthesis, biochemistry, physiology and mathematics being applied to 
developing the PET methods of the future.

While there are a great number of tracers being used at 
centers around the world [3,14], perhaps three could be 
categorized as standard in that not only is their use 
widespread and relatively routine but also they are not 
strictly imaging agents but are used in conjunction with a tracer 
kinetic model. These are the deoxyglucoses (2-deoxy-2[^®F]fluoro- 
D-glucose [15] and l-^C-deoxyglucose [16]), l50-tracers (СО, H2O, 
O2 ) [1^,18], and [4-C]-palmitic acid [19,20]. One can expect that 
in the very near future the dopamine receptor binding radiotracers, 
such as and ^C-labeled butyrophenone neuroleptics, will fall
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into this category since the difficult questions of biochemical 
validation and modeling are being addressed by a number of groups 
[21-26].

Precursors and Cyclotron Targetry: While some precursors can
be simply produced in quantities which exceed what is required for 
the synthesis of a given radiotracer, the yields of others are 
inadequate, the specific activities are too low and, in general, 
the factors responsible for lack of reproducibility in production 
or in chemical properties are not known.

The targetry requirements for producing ^C, ^0, ^3N and 
labeled precursors for the most sophisticated and demanding 
clinical and basic research programs are actually quite modest 
(see Fig. 6). For example, the most widely used ^ C  precursors 
[1 J-C102 and H[^C]N can be produced from a single gas target using 
the *^N(p,a)“ C reaction and different target gases [30]. All of 
the oxygen-15 tracers for producing [ ^ 0 ]0 2» С [̂ -̂ 0] and H2 [ ^ 0 ] 
are also available from a single gas target with the appropriate 
on-line post-target conversions [31]. Both H[1®F] and -^N (as 
[1% ] 0з~) are conveniently produced (using a single small-volume 
water target) by proton bombardment of enriched water (H2^®0) or 
^2 0 [32]. The production of requires a dedicated Ne/F2
target [1 0], especially since target gas impurities can seriously 
compromise the [^®F]F2 yield [33]. It should be noted here that 
these four targets provide the majority of precursors required for 
even the most sophisticated program. Actually, recent results 
suggest that it may be possible to double up even further on 
targets, using a common gas target for 1®F, “ o an¿ 1 1c production 
[34]. The use of common targets requires, however, that for each 
new production mode the target be well flushed with new target 
gas and that one be aware that in-target changes of target wall 
reactivity may cause a lack of reproducibility in production and 
chemical properties of the precursor.

To summarize, in our experience the routine use of a common
gas target for [ C ]02 and H[^^C]N production,and a common small-
volume water target for H[^®F] and [1 3Ы]0з” production on a small 
medical cyclotron has been highly successful. Further 
simplification is possible by using a single target for even more 
precursors and tandem targets for simultaneous nuclide production.

^F-Labeled Radiotracers : Recent progress and the scope of
the problems in ^F-labeling are well illustrated by one of the 
major radiotracers in PET research today, 2-deoxy-2[18F]fluoro- 
D-glucose (18FDG). can be synthesized from either [1®F]F2

[18g]i?2 » 18FDG д ч[18т?]

°r H[18F] [35]. Of these, electrophilic fluorination using 
[ F]F2 is in more widespread use because the synthesis of ^8FDG
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CYCLOTRON TARGETRY: PRINCIPAL PRECURSORS 
(11C, 13N, 150, 18F)
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F I G . 6 .  M i n i m u m  t a r g e t r y  r e q u i r e m e n t s  f o r  n C ,  13N , 1S0 a n d  1SF .

from [1 8f]F2 was developed first and the problems associated with 
targetry for producing large quantities of [1®F]F2 are now 
reasonably well understood. Nonetheless, there are still a number 
of new developments, including the production of [18p]F£ from 
targets [36] and the conversion of [^®F]F2 to more selective 
fluorination reagents, such as CH3C0 2[^®F]. The latter reagent can 
now be produced conveniently and in high yield in the gas phase 
[37] and, when allowed to react with 3,4,6-tri-O-acetyl-D-glucal in 
freon-11, gives the highest ratio of *-°FDG to the "mannose" isomer 
(l^FDM) of any electrophilic fluorination method (i.e. 95:5

1 8 f d M )  v s .  85:15 (^-®FDG:l ^ F D M )  produced by the reaction of 
CH3C02 [18F]/H0Ac with tri-O-acetyl glucal) [37-39].
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Since it was only recently discovered [38,39] that l^FDM was 
present in the -^FDG, which was presumed to be a single isomer, the 
question of the effect of radiotracer composition on the value of 
measurements of glucose metabolism must be raised. The impact of 
the presence of the "mannose" isomer on the measured rate of 
regional cerebral glucose metabolism may be small since the 
"mannose" and the "glucose” isomers are derivatives of 2-deoxy- 
glucose, where in one case the fluorine atom occupies an equatorial 
position at C-2 and in the other case the fluorine atom occupies 
an axial position at C-2. It is well known that substitution at 
C-2 of glucose leads to a minimal change of its facilitated diffusion 
or of its ability to serve as a substrate in the hexokinase 
reaction [40-42] and that the experimental measurements are made 
at ~ 40 minutes post injection when the impact of the values of 
the rate constants is minimized (cf. Sokoloff, L. in [6]).
Nonetheless, the definitive experiment in this regard would be the 
intercomparison of metabolic rates and rate constants using pure 
18FDG, pure 18FDM and n C-2-DG.

The use of H[^®F] for 18FDG synthesis is, in principle, 
exceedingly attractive [43]. While the synthesis and purification 
by this route are more complex than was initially appreciated 
[44], this method produces no ^®FDM [45] and may be preferred,both 
in terms of its use of protons rather than deuterons for pro
duction and the higher yields of ^8F from the l®0 (p,n)^8F reaction 
compared with the 20fje((j>ajl8p reaction [9]. The development of 
small-volume H 2-*-80 targets (< 1 mL) which has allowed the 
economical production of H[^®F] in ~ Curie quantities [32] has 
complemented the synthesis of ^®FDG from H[^-®F]. Here the low 
volume of water required in this target has reduced one of the 
more frustrating problems in rapid organic synthesis, namely rapid 
water removal. While it is appreciated by most groups working 
with l®F-fluoride that the reactivity of the l^F-fluoride produced 
in the water target is frequently unpredictable and that some 
displacement reactions are far more facile than others [46], the 
factors responsible for this are still not completely understood.
It is in areas such as this that the production of what oné would 
assume to be a standard PET tracer may require considerable 
further development before it can be integrated into a routine 
clinical delivery setting.

Oxygen-15 Labeled Radiotracers: The advantages of using
oxygen-15 in serial studies of blood flow and oxygen metabolism 
are many, including rapid tracer production from a single gas 
target, the existence of well validated tracer kinetic models and 
radiation dosimetry which permits several serial studies on the 
same subject [47]. To begin, the required tracers, [^^0]0£, С [ ^ 0 ] 
and [15o]C02 or H2 [ ^ 0 ], are available from a single target using 
rapid post-target conversions. In the case of H2 [̂ "*0 ], a number 
of production options are in use at different institutions. These
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include the direct production of H2 [ ^ 0 ] using N2/H2 as the target 
gas [48]. This requires a change of target gas but eliminates the 
requirement for post-target conversion. If a single target gas 
(N2 + O2) is to be used, then post—target conversion of
[1 50]02 — [150]C02 m H2 [150 ] [49] or of

[150]02 -- H2 [150] [50] can be implemented.catalyst

While it is safe to say that the use of ^ O - t r a c e r s  

the best method at this time for measuring regional 
cerebral blood flow [51,52] and that this measurement is of great 
importance in assessing cerebral metabolic status, the need for 
careful attention to total dosimetry, both for the patient and for 
the physician administering the tracers, cannot be overemphasized. 
Additionally, the typical organization requirements for a PETT 
study are amplified by the two-minute half-life of the oxygen-15, 
and lack of attention to protocol can result in an aborted or 
meaningless study.

Carbon-ll Labeled Radiotracers: Regarding carbon-11
labeled radiotracers, nearly all of them can be derived from 
either H[^C]N or [^C]0 2. The reactions which are used to 
incorporate these precursors into radiotracers are well known in 
synthetic organic chemistry [3]. Recent progress, therefore, is 
in the use of modern strategies to increase the rates of reaction 
(extractive alkylation [53] and oxidation [54], for example) to 
eliminate the need for purification of intermediates in a 
multistep synthesis and to effect rapid purification of products. 
Additionally, rapid HPLC resolution of optically active compounds 
using chiral stationary phases [55] and asymmetric hydrogenation 
[56] are also being explored as a route to D and L-^^-C-amino acids 
which are required in many applications.

The 20.4 minute half-life of carbon-11 makes it a nearly ideal 
nuclide for applications in a TEST:RETEST experimental strategy 
where control and variable physiological assessment can be made in 
a single subject at 2-hour intervals. Three tracers, ^ С -palmitic 
acid, 4-C-2DG and ^C-N-methylspiroperidol, are now being used at 
different institutions in programs which require that they be 
prepared 4-5 times/day. Each of these tracers is used in conjunc
tion with a tracer kinetic model which relates tissue concentra
tion of radioactivity to the biochemical process being studied, 
with biochemical validation forming an essential component of the 
overall methodology development.

[H-C]Palmitic acid, prepared from [4 -CJ02 and the appropriate 
Grignard reagent, is still a model compound for studying 
myocardial metabolism [57]. Labeling it with longer-lived
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nuclides [58] as well as structural modification of the fatty acid 
itself [59] have also been investigated. With ^C-palmitic acid, 
the disappearance of ^-C from the myocardium has been proposed as 
an index of myocardial palmitic acid oxidation. The synthesis of 
this tracer has been adapted to remote operation at places where 
it is routinely carried out several times a day [6 0,.6l].

^ С -Labeled 2-deoxy-D-glucose (prepared from H[^^C]N) [62] 
has been in routine use for the past 4 years for PET studies 
using the TEST:RETEST experimental strategy. Although the 
synthesis of this compound is more complex than the synthesis of 
^ С -palmitic acid, the development of a synthetic strategy, where a 
one-pot reaction accomplishes a number of steps, has resulted in a 
rapid and remote experimental setup which is successfully used to 
prepare this tracer on a 4-run/day basis.

The most recent addition of a carbon-11 labeled compound to 
an active PET research program is N-[H-C]methylspiroperidol, which 
is currently prepared on a several-run/day basis [53]. The syn
thesis, based on the N-[H-C]inethylation of an amide, employs 
extractive alkylation and rapid HPLC purification and results in a 
simple high-yield route to this compound. Although the carbon-11 
labeled precursor is [^C]C>2, specific activities which are 
sufficiently high to avoid receptor saturation and pharmacological 
effects are achieved in this synthesis. The development of a 
tracer kinetic model for obtaining the kinetic properties of 
receptor:radioligand interactions has been treated by Burns et al.[53] 
as well as others who are considering l8F-labeled butyrophenones 
for studying dopamine receptors in vivo [22,23]. In the near 
future, the widespread use of this tracer and/or the -labeled 
tracer [26] will allow the evaluation of different tracer kinetic 
models and the exploration of the quantitative determination of 
dopamine receptor abnormalities in disease states and in 
subjects at risk.

Nitrogen-13 Labeled Tracers: Nitrogen-13 has been applied as
a tracer in both medical and environmental studies [63]. The most 
widespread tracer is [^NJHß, which is most conveniently prepared 
in high purity by the reaction of from an H2 ^ 0  target with 
Devarda's alloy [64]. Another method of [l^NJHß synthesis from a 
l^c target has also been explored [65]. In addition, an HPLC 
purification of the produced by a H o ^ O  target can be used to 
produce pure samples of [13и]Оз- anc* [^N]02- [6 6]. Recently, a 
rapid synthesis of [1^N]H20H from [1%]02~ was described [67].

Although 13и_ашпоп:£а j,as been used widely to probe myocardial 
and brain perfusion, it is known that tissue localization is 
brought about by a metabolic trapping mechanism where the enzyme 
glutamate synthetase is responsible for the biodistribution.
Recently, the limitations of this tracer in the measurement of
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perfusion, especially in the context of its localization via 
metabolic trapping, have been studied [68-70] and the results of 
these studies reemphasize the importance of understanding 
mechanisms of localization and the factors responsible for the 
biodistribution of a radiotracer.

In spite of the short half-life of nitrogen-13, it has been 
used to label a number of compounds, the most frequently 
encountered example being the synthesis of amino acids via 
immobilized enzymes [3]. The major application of these ^-^N-amino 
acids has been the exploration as indicators of myocardial and 
tumor metabolism using PET [57,71]. Whether these amino acids can 
be incorporated into PET methods which provide a quantitative 
probe of some well-defined aspect of biochemistry or physiology 
remains to be seen. Provided that an application is found and the 
biochemical validation and tracer kinetic modeling are developed, 
the technology for producing the labeled tracers is already 
reasonably well in hand.

In addition to possible medical applications of nitrogen-13, 
its use as a tracer for nitrogen metabolism in mechanistic studies 
in enzymatic reactions and in plants and microorganisms offers 
some unique advantages over nitrogen-15. The most notable of 
these is that the sensitivity of detection of nitrogen-13 allows 
studies to be performed at true tracer levels [64]. Some recent 
examples include the study of [^3Ы]Нз uptake in myocardial single 
cells [69], the quantitation of the binding of [•*-'%]H20H to two 
transaminases [67], studies of the metabolic fate of [^3Ы]Нз in the 
brain [72] and the dynamics of ammonia metabolism in man as it is 
effected by liver disease and hyperammonemia [73]. Additionally, 
examples of the use of -*-3N to trace nitrogen metabolism (denitri
fication nitrogen fixation, assimilation and dissimilation) in 
plants and microorganisms are numerous in the literature and are 
the subject of a recent review [74].

CONCLUSIONS
The future is indeed bright for Cyclotron-PET centers. At 

the present moment the number of centers world-wide continues to 
increase. The power of positron emitters in probing human 
biochemistry and physiology, especially in the brain and heart, is 
not matched or even approached by any other technique, i.e. CT and 
NMR,at the present time. However, the technical staffing and the 
cost of such centers are factors which cannot be overlooked. At 
present, Cyclotron-PET centers are staffed by research personnel 
at the Ph.D. and M.D. level plus technical support staff. 
Remarkable strides have been made in the simplification of 
operation of both cyclotrons and PET devices. A modem cyclotron 
requires a minimal staff, usually one or two full-time individuals, 
and is operable by any technically inclined person. One of the
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F I G . 7. C o m p u t e r - m e n u - d r i v e n  r a d i o t r a c e r  p r o d u c t i o n .

authors of this paper is reminded of a site review some 
fifteen years ago in which a renowned physicist on the review team 
proclaimed that a cyclotron could not be automated or computer 
controlled. We can only note that "times have changed". The 
future for isotope, precursor and compound production (indeed in 
injectable form) is also bright.

Efforts by universities, research institutes, cyclotron 
manufacturers and other industries to increase automation of 
production and to focus their efforts on compounds which are in 
common use will slowly but surely lead to having hospital 
pharmacies take over preparation and delivery of those materials 
in clinical use. One can envision the computer menu-driven system 
to resemble the diagram in Fig. 7. Additionally, robotics may be 
envisioned as a means of performing routine cyclotron maintenance, 
thereby reducing personnel radiation exposure [75]. Thus the 
research teams can become more effective in furthering the search 
for new probes and carrying out the needed biomedical research.

Considering the progress of the field does not vitiate the 
cost factor of a Cyclotron-PET center. We would vigorously defend 
the utility of such centers as providing unique and powerful tools 
for biomedical research. We nevertheless also feel that 
Cyclotron-PET centers can serve the daily delivery of medical 
care. To this end we would like to suggest the concept of a 
Cyclotron-PET central facility, using a city of perhaps two million 
inhabitants as our focal point. Such a center is outlined in 
Fig. 8 . The core center has at its disposal a number of 
cyclotrons, e.g. two or three, and PET machines. The PET machines 
in the center would be used for oxygen-15 and nitrogen-13 and 
possibly some carbon-11 applications. The center would have 
laboratories for compound development. In addition, it could serve
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F I G . 8 .  R e g i o n a l  C y c l o t r o n - P E T  c e n t e r .

the needs for archiving and provide analysis and interpretation 
services. Peripheral hospitals throughout the city could have 
their own PET devices to be used with the rapidly increasing 
fluorine-18 labeled probes. Two major examples are the metabolic 
probes, such as l^FDG, and the receptor ligand probes, such as 
l°F-methylspiperone. Given suitable transport routes, necessary 
because of the shorter half-life, carbon- 1 1 labeled compounds can 
also be delivered. Our laboratory has successfully and on a 
sustained basis delivered compounds labeled with these two
isotopes to collaborating institutions at distances of 20 km for

and 400 km for 1®F.

We have not attempted to present an in-depth review of 
Cyclotron-PET, to say nothing of the interrelated fields pictured 
in Fig. 1. We have attempted to draw the readers’ attention to the 
already detailed literature which exists on this subject. In this 
paper, we have focused on the most contemporary issues and have
provided opinions on what one can expect in the future.

We feel most strongly that the future for this field is 
bright indeed and the ever-increasing numbers of excellent 
publications addressing all of the questions raised in this paper 
underscore this opinion.
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Abstract

ANCILLARY CYCLOTRON PRODUCTION OF TECHNETIUM-9Sm FO R CLINICAL 
AND CHEMICAL RESEARCH.

Most cyclo tron facilities involved in comprehensive program m es of radionuclide production, 
culm inating in the preparation  of short-lived radiopharm aceutical agents requested for 
‘in-house’ clinical research applications, can ill afford to use the accelerator prim arily for the 
p roduction  o f long-lived radionuclides. This dilemma can be overcom e by the preparation of 
radiochem ically pure technetium -95m  (Ц  = 61 d) from  a natural m olybdenum  m etal target 
by substitu tion  in the extraction  system  of the cyclotron deflector. The chemical separation 
of carrier m olybdenum  from  technetium -9 5m utilizes a specially designed Pyrex galvanic cell 
to achieve the form ation  and subsequent dissolution o f the m olybdenum  oxide, thus minimizing 
the need for additional oxidizing agents while maintaining low  personnel radiation exposure.
The ancillary cyclo tron production  and radiochem ical yield o f technetium -95m  as well as the 
novel adap tation  to  the  conventional chem ical separation from  m olybdenum  m etal are presented.

INTRODUCTION

The most widely used tracer for a variety of diagnostic 
investigations in nuclear medicine is technetium-99m. A variety 
of reasons contribute to the popularity and resilience of this 
radionuclide in clinical applications since its introduction in 
the pertechnetate form. They include its widespread 
availability through a generator system, its 'ideal' nuclear 
properties and its versatile chemistry through complexation in 
several oxidation states.

Medical investigators continue to seek rational guidelines 
to predict the in vivo localization to structural/activity

47



48 FINN et al.

relationships of radioactive diagnostic agents. Currently, 
nearly 80% ^ f  m the chemically used radiopharmaceuticals 
incorporate Tc , but the exact chemical structure is not 
certain for most of these diagnostic agents [1-5]. The 
application of short-lived radiolabelled agents offers both 
special advantages and difficulties in regard to animal 
evaluation and modelling of radiopharmaceutical, compounds. As 
an alternative, the long-lived radioisotope Tc may assist 
in the development of therapeutic and diagnostic agents for 
lyophilicity, chirality, enzyme substrate mimicry, as well as 
the determination of the chemical structure for the technetium 
radiopharmaceutical.

There are twenty-one isotopes of technetium with atomic 
masses ranging from 90 to 110 and half-lives from less than one 
second to greater than one million years. The element was 
discovered in 1937 by Perrier and Segré [6] from a sample of 
molybdenum which had been bombarded with deuterons at the 
Berkeley cyclotron.

At present, most hospital-based cyclotron facilities are 
involved in programs of radionuclide production that culminate 
in the synthesis of short-lived radiopharmaceutical compounds 
required for 'in-house' clinical research or patient 
application. To effectively meet the demands for short-lived 
radiopharmaceuticals, efficient and economical use of the 
accelerator must be realized. This goal can be accomplished by 
the appropriate choice of target materials specifically 
considering machine energy constraints. The preparation of 
radiochemically pure technetium-95m without carrier, from a 
natural molybdenum metal target, serves as an excellent 
illustrative example.

PRODUCTION OF TECHNETIUM RADIONUCLIDES AND RADIOCHEMICAL
SEPARATION

The nuclear cross—  sections and isomer ratios for 
technetium isotopes produced during irradiation of both natural 
and enriched molybdenum compounds with energetic protons and 
deuterons have been reported by several investigators [7-15]. 
The production rate for 28 MeV deuterons [14-15] on natural 
molybdenum targets has been reported at 2.2 pCi/yA.h and for 22 
MeV protons [16] at 18 pCi/yA-h.1 For this study, the tungsten 
preseptum blade of the electrostatic deflector for the Mount 
Sinai Medical Center CS-30 Cyclotron was replaced by a blade 
fabricated from molybdenum metal. The chemical similarity of 
these two metals is illustrated in Table I, while Table II 
summarizes the various proton nuclear reactions on molybdenum.

1 1 Ci = 37 GBq.
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TABLE I. PROPERTIES OF MOLYBDENUM AND TUNGSTEN

49

Molybdenum Tungsten

Atomic weight 95.94 183.85

Specific gravity 10.2 g/cm3 19.35 g/cm3
Melting point 2610°C 3387°C

Boiling point 5560°C 5927°C

Crystal type bcc bcc

Lattice constant 
(1 X 108 cm)

3.140 3.1589

This modification to the extraction system allows the molybdenum 
target to be irradiated during all external irradiations. The 
blade is removed during routine cyclotron maintenance involving 
deflector replacement, which occurs every 6 months to one year. 
Following a two- to three-month radiation cooling period, the 
blade is radiographed and sectioned. The radioactive section 
becomes the anode in a specially designed galvanic cell. The 
cell consists of a U-shaped pyrex tube separated into two 
sections by mea^s of a coarse glass frit. The larger section 
measures AO cm and ^contains a small stir bar. The other 
section measures 20 cm . The electrolyte consists of 1 N sodium 
hydroxide. From a standard DC power supply (Harrison 6296A DC 
Power Supply) a current of 400 mA was applied to initiate the 
formation of molybdate solution. Occasionally, peroxide was 
added to accelerate the dissolution of the electrode. Following 
complete dissolution of the molybdenum electrode, the normality 
of the sodium hydroxide solution was adjusted to 5 N, and solvent 
extraction with freshly distilled methyl ethyl ketone effected 
the chemical separation of the technetium radionuclide from the 
target material. Final purification was achieved by passage of 
the crude product through an alumina chromatographic column.

For the radionuclidic analysis, the various gamma — ray 
activities were measured on a 30 cm Ge(Li) detector coupled to 
a Nuclear Data Model 600 multichannel analyzer. The 
disintegration rates were obtained from observed counting rates 
by appropriate corrections for chemical yields, efficiencies, 
and branching abundances. An abridged decay scheme for 
technetium-95m is given in figure 1. For the high-performance 
liquid chromatographic (HPLC) analyses, all solvents were high 
purity grade from Burdick and Jackson, USA, and were degassed 
ultrasonically under vacuum before use. HPLC separations were 
performed using an Altex Model 330 chromatograph equipped with
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Photon in tensity  p erce n ta g e  in p a re n th e s e s ^ “* ' * ^

FIG.l. Abridged decay scheme for technetium-95 and technetium-95m.

an Altex Model 155-40 variable-wavelength ultraviolet detector 
operated at 254 nm. Eluates were continuously monitored for 
radioactivity, using a Nuclear Data Model 60A multichannel 
analyzer in the multichannel scanning mode.

The analyses were performed with an Alltech C-18 reversed 
phase column (10 ym, 25 cm x 4.6 mm i.d.) fitted with a C-18 guard 
column (40 ym, 3 cm x 4.6 mm). The mobile phase was 80% - 0.01 M 
octylamine, adjusted to pH 5.3 with phosphoric acid, and 20% 
acetonitrile at a flow rate of 2.0 mL/min.

RESULTS AND DISCUSSION

There are several methods for separating technetium 
isotopes from molybdenum target compounds, including solvent 
extraction, sublimation and chromatographic techniques [17-20]. 
The design of this separation sequence provides a practical 
repetitive operation. It is based upon a combination of the 
aforementioned techniques. Due to the radiation field generated 
by the molybdenum target and this element's resistance to 
solvation in basic media, dissolution is accomplished by an 
electrolytic cell which combines the processes of oxidation and 
solution. The sectioned molybdenum becomes the anode, and 
platinum is used as the cathode. One normal sodium hydroxide 
serves as the electrolyte. The specific chemical species formed 
is uncertain in this process; however, the dissolved product in
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FIG. 2. HPL C Chromatograph o f  the crude ex tract.

the basic media yields a molybdate anion. The basic reaction 
sequence could be summarized as:

+3 -anodic reaction : 4 Mo --- > 4 Mo + 12 e

cathodic reaction: 6H20 + 3 02 + 12 e" — > 12(0H)-

Resultant: 4 Mo + 6H20 + 3 <>2— > 4 Mo (OH>3 <— > 2(Mo203 .3H20)

4Mo(0H), + 8 NaOH +  3 0, — *  4 Na.MoO. + 10H.0
j  2 2 4 2

It has recently been shown [21] that reversed phase C-18 
HPLC columns eluted with 0.01 M octylamine are useful in the 
separation of various inorganic anions and that many of the
anions can be detected by UV absorption.^The_retentioi^time of 
pertechnetate was established with and Tc 0^ .
Previous investigations have established that pertechnetate can 
be detected using UV detection at 254 nm [22,23]. Figure 2 
^ o w s  _the mass trace at 254 nm and the radiochromatogram of 

Тс Од prior to chromatographic purification. Retention time
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of the labelled pertechnetate was 10.2 minutes (corrected for 
delay between mass detector and radioactivity detection). The 
peak at 8.0 minutes was determined to be the molybdate anion. 
Following complete processing of the radionuclide, only the 
radioactivity peak was detected.

CONCLUSION

There are several methods for separating technetium 
radionuclides from parent molybdenum and in most cases the 
choice of method is dictated by the mode of preparation 
considering the available resources, economics, and the 
radiation factors.

The use of natural molybdenum as an integral component in 
the extraction system allows minimal post-irradiation processing 
and continuous irradiation of the target material during all 
external irradiations. The working life of the deflector 
assembly is a function of many variables, including position, 
beam quality and energy at extraction, operating vacuum 
conditions, and length of operation. Although the published 
nuclear data indicate that the yields of the various mixed 
isotopes of technetium will be low, the abundance of time for 
irradiation and the long half-life combine to provide an 
advantageous preparation of the radionuclidically pure 
technetium-95m nuclide.
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Abstract

LARGE-SCALE PRODUCTION OF RADIOISOTOPES ON THE SIN CYCLOTRON 
FACILITIES.

In addition to  the already known high-current off-line procedure, 123I is produced in a 
parasitic way. A 6 ßA  proton beam of 72 MeV is split off from the main beam line to irradiate 
an Nal target for the formation of 123I by the (p,5n,/3+) reaction. The yield of this target is
19—20 mCi//jA • h 123I, which corresponds to a daily production rate of greater than 1 Ci at 
EOS. The 12SI contamination is about 0.4% at EOS. Rubidium-81 is produced by the 
irradiation of RbCl pellets with 72 MeV protons; 16 mCi/^A-h 81Rb at 7 0 -8 0  ßA  beam current 
are obtained; 2 Ci 81Rb are produced per batch. The generator is used for ventilation studies; 
its capacity is 200 mg Rb+ without breakthrough. At calibration time, the generator has between 
15 and 20 mCi 81Rb. Fluorine-18 is produced via the reaction lsO (p ,n)18F by irradiation 
of highly enriched H2180  with 15 MeV protons. The average yield is 24 mCi/AiA-h at 50 ßA  
beam current, which corresponds to actual production rates of 0.7 Ci per 30 min irradiation.
The H2 I80  is recovered. The new SIN Injector II cyclotron makes available a parasitic 100 ßA  
proton beam of 72 MeV around the clock. This allows an increase of the isotope production 
capacity by more than one order of magnitude and also enables an ambitious programme with 
positron emitters in collaboration with physicians working at the SIN site.

1. INTRODUCTION

The production o f medical radioisotopes has a long tradition at the Swiss 
Federal Institute for Reactor Research (EIR). After becoming operational in 
1974/75, the production programme o f the cyclotron facilities at the adjacent 
Swiss Institute for Nuclear Research (SIN) was extended to cyclotron isotopes. 
According to the specifications o f the injector cyclotron, the development work 
was mainly focused onto 13.3 h 123I by the (p,5n) process ([1 ,2 ] and references

t  Deceased on 17 April 1981.
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quoted there). The original off-line production procedure for this nuclide was 
improved step by step, resulting in a once-a-week routine production [3 ,4 ]. Later, 
the trend o f users’ requests was towards repeated deliveries during the week; the 
beam time, however, was kept strictly limited. Thus, a parasitic on-line production 
method on a side-beam of 5—6 pA , permanently split off from the main beam, 
was developed and likewise resulted in a routine procedure.

The present paper compares both production methods of 123I; further, it 
deals with the production o f 4.6 h 81Rb/13 s 81Krm generators and o f 109 min 18F. 
Moreover, it gives a short outlook on future developments o f this joint 
EIR/SIN project.

FIG .l. Schematic view o f  the experimental hall a t SIN. INJ 1 -  injector cyclotron I  
(Philips 72 Me V p), INJ 2 -  injector cyclotron II (72 Me V p), R M  -  ring cyclotron (590 Me V), 
IP 1 -  isotope production facility I  (INJ 1 beamj, IP 2 -  isotope production facility II 
(INJ 2 beam, under construction), OL -pro d u ctio n  facility fo r on-line 1231, CW -  electrostatic  
pre-injector (800 ke V), A N  -  analysing bunker, NE  -  low-energy experim ental areas, BMA -  
biomedical facility (pion therapy), PK -p ro to n  channel, M -  thin target M, n -  pion experi
mental areas, pM  1 -  polarized proton experimental area, E -  thick target E, ц -  muon 
experimental areas, nE 1 -  neutron area.
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TABLE I. SPECIFICATIONS OF INJECTOR I CYCLOTRON AT SIN

Particles Energy (MeV)
Maximum external 
beam current (¡J.A)

Protons 1 0 - 72 150

Deuterons 1 0 -  65 80

3He particles 15-160 25

^He particles 20 -1 3 0 25

2. IRRADIATION FACILITIES

Figure 1 shows a schematic view o f the Experimental Hall at SIN. Funda
mentally, SIN is a meson factory: in the Ring Cyclotron (RM), the proton beam 
is accelerated up to 590 MeV and is then led to a number o f nuclear physics 
experiments as well as to biomedical applications (pion therapy). The ring machine 
is supplied with 72 MeV protons generated at the Philips Injector I cyclotron 
(INJ 1). Its specifications, relevant to the production purposes, are summarized 
in Table I. The isotope production facility IP 1 was constructed to use a special 
beamline o f  72 MeV protons. At present, all off-line production procedures are 
carried out there.

Close behind the outlet of Injector I, the beam splitter with the target unit for 
parasitic on-line production of 123I (OL) is located. A third target station for isotope 
production with Injector I is in the low-energy area A (NE-A); here, experimental 
irradiations at low beam currents (< 3 0  цА ) are performed.

Since the Injector I cyclotron could not meet the increasing demand with 
regard to beam current, the new Injector II cyclotron (INJ 2, with the Cockcroft- 
Walton pre-injector CW) was constructed. It produces exclusively 72 MeV protons 
of high beam quality. First test runs were recently successfully carried out. It 
is intended to increase the beam current stepwise up to 2 mA. A side-beam of 
100 цА  will be split o ff permanently and led to the isotope production area 
IP 2. There, three target stations are under construction; the first o f  them will 
become operational in 1985.

For a more detailed description o f F ig.l, see Ref. [5].

3. RADIOISOTOPE PRODUCTION

3.1. Off-line 123I

Since this is a well-known procedure, only a short summary will be given here. 
Figure 2 shows the irradiation station. Sodium iodide is dried in vacuum at 350°C,
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FIG.2. Target station and isotope production facility I. The beam comes from  Injector I. 
Production o f  off-line 123/, slR b /&1K rm and 18F; 72 M eV  proton beam, 100 ßA. The hot 
cell is connected with a second hot cell, containing cold traps for separation o f  n3Xe and 123I.

then pressed into pellets (3.5 g/cm2, 40 mm dia.) and sealed into an aluminium 
capsule. The capsiile is clamped into the target holder shown in Fig.3, 
which is moved down into the irradiation position by the elevator. After 
irradiation, the capsule with the target material is dissolved in 4M hydrochloric 
acid, and the radioactive xenon is swept off with a helium stream and frozen out 
in cold traps. All handlings are remotely controlled. The yield is about 
13 mCi/^A-h at EOS; it contains 0.2% 12SI at EOS and 0.8% at calibration time. 
In a regular batch (100 pA , 90 min), about 2 Ci 123I at EOS are produced.1

3.2. On-line 123I

The on-line target is located in the transfer line from Injector I to the ring 
cyclotron, about 1.5 m behind the first bending magnet and 2 m in front o f an

1 1 Ci = 37 GBq.



IAEA-CN-45/60 59

FIG.3. Target holder and target fo r  the off-line production o f 123/.
1 -  reflux valves for cooling water, 2 -  O-rings, 3  -  targets, in sandwich formation.

oo
T,— 9 t°  ■" '

! ]  j
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о

FIG.4. On-line target fo r  production o f 123/. N al is m elted before exposure to the beam by 
means o f  heat radiating from  a tungsten filament. Helium enters through the capillary tube, 
streams over the surface o f  the m olten salt and leaves the target by the ou ter tube. The 
wings reinforce the dissipation o f  the beam-deposited heat (see R e f.[7 \j.
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FIG.5. Yields o f 123Xe and 125Xe as a function o f  effective target thickness. The production  
cross-sections are taken from  Ref. [5] and integrated. The relation o f  the yields from  l2$Xe 
and 123Xe indicates that the target thickness should not exceed 4 g /cm 2. The 123/y ie ld  
(6 .7  h after irradiation) may be obtained by multiplying the l23Xe y ie ld  by 0.110 (see R ef.[7]¡.

energy analysing slit. The cross-section o f the beam in this position is fairly small, 
4—6 mm FWHM horizontally and 1 .5 -3  mm FWHM vertically.

The beam splitter consists o f  a cathode and a movable thin septum, made of 
15 molybdenum strips and a front strip o f tungsten (3 mm wide, 50 мm thick).
The principle o f  the splitter is the same as that described in Ref. [6] (for more 
detailed information see there). This system yields a beam separation o f 12.5 mm 
at the target.

The target itself is shown schematically in Fig.4. In principle, it is a rectangular 
stainless steel box, 17 mm wide, 48 mm high and 18 mm long in beam axis. Its 
front wall is 0.5 mm thick. The vessel is filled with 18 g pure sodium iodide 
which occupies about half o f the inner space. The target material is melted by 
electrical heating before irradiation starts. During the irradiation, it is kept liquid 
by the beam power dissipation (« 3 0 0  W). The present target is cooled only by 
heat dissipation; the vessel is coated on the outside with sputtered titanium 
dioxide to increase the heat transfer. The temperature is controlled by two 
thermocouples: one dips into the molten salt («700°C), the second measures the 
gas outlet temperature («500°C).

A crucial point is the positioning o f the beam. The best position is in the 
left lower corner o f  the target vessel, as indicated in Fig.4. (1) In this position, 
internal convection o f the melt is guaranteed aftd, consequently, practically 
complete release o f the formed xenon is ensured. (2) The target vessel is allowed 
to have a sufficient distance from the main beam, which increases the target
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safety in case o f  an unstable beam. The target is positioned close to the main beam 
before the production beam is pealed off by the splitter. Four insulated measuring 
fingers made of tungsten, fixed in front o f the target vessel, shield the sensitive 
target walls against the beam and simultaneously help to position the target with 
respect to the main beam and the production beam by controlling the current 
signals o f the different measuring fingers. The production current is measured at 
the beam stopper behind the target.

A second crucial point is the target thickness, with respect to yield and 
radionuclidic purity o f the produced 123Xe. Heating o f the molten salt by the 
beam decreases the density o f  the melt and consequently its effective thickness.
At 5—6 ¿iA, its thickness ranges between 3.6 and 4.2 g/cm2, depending on the 
actual spot size o f the beam. Hence, the activity o f 125I varies between 0.75 and 
1.5% o f 123I, at calibration time. As can be seen from Fig.5, the target thickness 
should be limited to about 4 g/cm2; too strong heating decreases the yield 
remarkably.

The remote target handling is described in detail in Ref. [7]. Actually, three 
target units are used in rotation, in order to keep the dose rate at a tolerable 
level. A target lifetime o f more than 2000 /хА-h has been achieved.

The different parameters of the target system are controlled by a computer 
unit which performs adjustments and corrections. A detailed description o f this 
computer system is given in Ref. [7].

The xenon is swept out o f the target vessel by a continuous flow o f helium 
(16 mL/min) streaming over the surface o f  the target material. It is transported 
to the same collecting apparatus as that used for the off-line 123I production, 
through a 40 m long stainless steel tube (i.d. 1.4 mm). Two different cold traps 
are filled, each for 6 hours, to keep the 12SI impurity within reasonable limits.

In agreement with the cyclotron group, a 5 - 6  pA  beam current is split o ff  
for this on-line production. This current is accepted by the target without external 
cooling. The measured yield is 19—20 mCi/juA • h, which results in a weekly 
production rate of 3 Ci 123I at EOS, in addition to the off-line production o f 4 Ci.

Iodine-123 is supplied to EIR customers on a routine basis in the form of 
iodide, hippuran, heptadecanoic acid [9, 10], plasmin [11], p-isopropyl- 
amphetamine [ 12] and monoclonal antibodies [13].

3.3. 81Rb/8Krm

Rubidium-81 is produced via the simultaneously occurring nuclear reactions

85Rb

(p,p,4n)

81Rb
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TABLE II. ANALYSIS OF THE RbCl TARGET AFTER 1 h IRRADIATION 
WITH PROTONS OF 67 MeV, 90 piA3

Nuclide T l/2
Activity (mCi)

EOB Cal. time

8IRb 4.6 h 1500 380

82Rbm 6.3 h 800 300

82Rb b 1.3 min 3 3

83Rb 86.2 d 8 8
84Rb 32.8 d 10 10

00 O* Я o' 18.7 d 3 3

83Sr 32.4 h 80 66
87Srm 2.81 h 10 1
77Br 57.0 h 2 2
82Br 35.3 h 20 17

128Cs c 3.8 min 3 3

129Cs 32.1 h 1 1
132Cs 6.5 d 1 1
128Ba 2.43 d 3 3

I29Ba 2.20 h 1 -

129Bam 2.13 h 1 -

a The activities are given for EOB and calibration time [17]. 
b Generated from 25.5 d 82Sr.
0 Generated from 2.43 d 128Cs.

From the excitation function measurements [14, 15], rather high yields are 
expected. Likewise, a solid-state target can accept higher beam currents than the 
commonly used gaseous krypton targets ([16], and references quoted there). The 
product, however, is not carrier free, and the usefulness o f this generator is 
determined principally by the exact knowledge of the breakthrough.

Analogous to the off-line production of 123I, the irradiation is performed in 
the target station depicted in Fig.2. An amount o f 7.1 g RbCl o f natural isotopic 
composition is vacuum dried and pressed to a pellet o f  30 mm diameter and 
1 g/cm2 thickness. The pellet is sealed in an aluminium capsule, clamped into the 
target holder and positioned precisely in the beam. The proton entrance energy 
into the RbCl pellet is calculated to be 67.2 MeV and its outlet energy is 60.7 MeV. 
From these target conditions and the excitation functions [15], a theoretical 
yield o f 17 mCi//^A-h 81Rb can be expected.
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TABLE III. BREAKTHROUGH OF THE 81Krm VENTILATION 
GENERATOR [18]

Measured
nuclide

Contained in 
% of samples 
examined

Average
activity

(nCi)

w . Exemption 
Maximum .. .

limit according
actlvlty to  SSVOa
(nCi) (nCi)

121j 7 3 3 ?
123j 86 10 80 1000
124j 71 3 8 10
126j 71 2 3 10

81Rb 21 2 3.5 10s

a Swiss Federal Regulations for Radiation Protection ( 1976).

Table II shows the activity composition in the target after irradiation [17].
The main contaminant is 6.3 h 82Rbm, which accompanies the 81Rb. Since it 
does not have a radioactive daughter nuclide, it does not contaminate the 
effluent; however, a higher shielding o f the vessel is required. The other nuclides 
are not significant contaminants. The barium and caesium impurities can be 
explained by the presence of CsCl or Csl impurities in the RbCl target material.

The capsule is opened in a hot cell, the irradiated RbCl is dissolved in 250 mL 
water, and the appropriate volume ( 10 mL per generator) is loaded onto the 
generator column, which consists o f Dowex 5 0 X 8  cationic exchanger. Then the 
column is washed with 10 mL water and eluted with air (500 mL/min). On 
loading and washing, 5-10%  o f the 81Rb are lost, probably owing to effects of 
exchange kinetics. The elution yield is measured in a calibrated ionization chamber 
before the column is inserted into a lead shielding, analogous to that o f  the 
‘Minitec’ "Tcm generators, and the product is ready for shipment.

The most crucial point is the breakthrough of the generator. The generator 
contains 200 mg rubidium at 80 mCi 81Rb EOB; 2 - 6  h elution tests were 
conducted, with an air flow o f 500 mL/min, to assess the breakthrough o f 81Rb 
in the generators. The air stream passed a 20 mL water trap through a sintered 
glass tube. This water was subjected to gamma spectroscopic analysis. Table III 
shows the results [18].

Among the rubidium isotopes, only 81Rb was found in some samples, with 
an average activity o f 2 nCi (maximum 3.5 nCi, according to 30 pCi per litre air). 
The presence o f  iodine isotopes suggests contamination o f the target material by 
caesium as well as by iodide. However, for the quality of the medical diagnostics 
and for the radiation dose o f the patient, these contaminants can be neglected; in 
the ventilation generator, the breakthrough of 81Rb does not play an important part.
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FIG. 6. Front and side view o f  the H2180 target chamber. The tw o necks (A and B) are 
coupled by rem ote control to  the laboratory units. The capillary tube (C) is closed to the 
syringe system  (see R ef.[22]).

For the applications o f this generator to perfusion studies, the breakthrough 
had to be tested with water. Even though for the clinical applications only 
continuous elution with infusion is suitable, the elution data were tested off-line 
by 5 mL portions. The 81Rb breakthrough was measured to be about 50 nCi/mL 
at calibration time. An additional cation exchanger containing the same material 
as the generator column (Dowex 50 X 8, HT̂  form) reduced this breakthrough to 
about 5 nCi/mL. Thus, the 81Rb generator can be eluted with pure water, in 
the course o f  which the exemption limit according to the Swiss Federal Radiation 
Protection Regulations is reached after 2 L eluent. To obtain a physiological 
solution, the same volume of a 1.9% NaCl solution has to be added to the effluent, 
as proposed previously [19].

The ventilation generator contains 1 5 -2 0  mCi at calibration time. Its 
production rate is 25 units per irradiation hour and it is already in the marketing 
phase. The perfusion generator, however, is still in the testing phase.

3.4. 18F

The production of 109 min 18F at Injector I is not typical for the energy and 
beam current characteristics of this cyclotron. It should rather be regarded in
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connection with the future programme at SIN/EIR on positron-emitting 
radiopharmaceuticals.

The 18F is produced routinely via the nuclear reaction 180 (p ,n ) 18F 
by irradiation o f highly enriched H2180  (98.5%) with 15 MeV protons [20], in 
a way similar to that published recently [21 ]. The 72 MeV proton beam is 
degraded down to 31 MeV by a graphite degrader, and further down to 15 MeV 
by both the cooling water and the target capsule. An amount o f  4.2 g target 
material (0 .4  g/cm2180 )  is irradiated in a water-cooled target vessel (Fig.6) 
made o f stainless steel, coated with silver on the inside.

The average yield under these target conditions is 24 mCi//LiA-h at 50 ßA  
beam current, which corresponds well with the actual routine production rate of 
about 0.7 Ci per 1/2 h of irradiation [22]. This is equivalent to 37% of the 
theoretical yield reported in Ref. [20]. When more beam time is available, several 
curies per batch can easily be achieved.

For the labelling o f biomolecules it is necessary to know exactly which 
radioactive species o f 18F are present. In the past, a mixture o f undefined metal- 
fluorine complexes o f different stability was obtained [21—23], but the silver- 
coated target shows reproducible yields o f  anionic no-carrier-added 18F-fluoride, 
as confirmed by ion exchange. Obviously, the silver promotes the formation of 
anionic fluoride species on contact.

Isolation o f 18F as Cs18F from the irradiated target material is achieved by 
distillation after alkalizing the liquid [24]. The recovered H2 180  is reused for 
further irradiation. The loss o f target material per run is around 10%.

4. FUTURE PROSPECTS

As indicated in Section 2, three separate target stations for irradiations with
the parasitic 100 ixA 72 MeV proton beam are under construction. In future, this
beam will be available around the clock. This arrangemènt will not only help to
overcome the present beam-time limitation problems, it will also offer the
possibility to set up a large-scale radionuclide production programme on a daily
routine basis.

The 123I will remain to be the most important radionuclide for future
considerations, but besides it and the 81Krm generator, new nuclides will be
taken into the production programme; actual development work has already
been carried out for both 36 d 127Xe and 2.9 d 97Ru.

The availability of beam time in the future will also permit the production of
short-lived ß"1" emitters in a sandwich arrangement placed behind the production 
targets, requiring a higher energy. The most crucial parameters in these systems are
energy scattering and beam spreading. Their influence on the yield and purity o f the
produced nuclides, in n C 0 2, Hn CN and 13NH3, is now under investigation.
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The inclusion of this positron programme into the nuclear medical 
activities will be done with two main topics: neurology and tumour diagnostics, 
the latter mainly in co-operation with the SIN pion therapy group. With respect 
to this, the glucose derivatives ( 18F) 2-fluoro-2-deoxy-D-glucose and 
( 18F) 3-fluoro-3-deoxy-D-glucose have been synthetized.
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Abstract

A CENTRAL SYSTEM FOR THE SIMULTANEOUS CONTROL OF SEVERAL ITEMS OF 
EQUIPMENT FOR THE PREPARATION OF RADIOPHARMACEUTICALS.

A new control system was developed for the preparation of short-lived radiopharma
ceuticals. I t has the following characteristics: (1) control and measurement of a large number 
of equipment components (digital output 480 channels, digital input 120 channels, analogue 
input 128 channels, analogue output 16 channels); (2) parallel control of maximally five items 
of equipment located in separate places; (3) easy programming procedure; and (4) easy 
construction of new equipment. To demonstrate the effectiveness of the system, two sets of 
equipment were constructed and connected to the system for the preparation of u C-labelled 
Flumazepil (Ro 15—1788) — a benzodiazepine receptor antagonist — and 13N-labelled 
ammonia. The n C-labelled Ro 15-1788 (125 mCi) was obtained in 30 minutes, with a 
specific activity of 670 Ci/mmol and a radiochemical purity of >  99%. During the synthesis 
of n C-labelled Ro 15—1788, the 13N-labelled ammonia (180 mCi) was prepared in 5 minutes, 
with >  99% radiochemical purity.

1. INTRODUCTION

Recently, some automated equipment has been developed for the production 
of cyclotron-produced radiopharmaceuticals [1—5]. This equipment is suitable 
for the routine production o f selected compounds, such as lsOO, n C 02, 13NH3 
and , 8F-FDG. It is often necessary to modify the equipment at hand or to 
develop new equipment in order to meet the requirements o f  nuclear medicine 
for new radiopharmaceuticals. For the user himself, it is nearly impossible to 
do this without special knowledge o f  computer programming, electronics, and 
so on. Furthermore, it takes a long time to develop new equipment, and it is 
expensive.

This paper presents a new control system which enables the user to develop 
or modify an automatic synthesis equipment for investigation or routine production 
o f radiopharmaceuticals. The system can control several items o f equipment in 
parallel, so as to use the cyclotron efficiently.
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A block diagram of the central system is shown in Fig.l. The system can 
deal with a large number of equipment components, such as electric valves, heaters, 
flow meters/controllers and radiation detectors, corresponding to the hardware 
of more than five standard items o f equipment, for the production o f various 
radiopharmaceuticals, e.g. n CH3I, 13NH3, 18F-FDG. Fast control and data 
transfer are possible (200 jus per analogue input) since the computer HP9816 
(16 bits) is used as a system controller and is connected to an interface having 
its own CPU with ROM and RAM through the GPIB bus. The system is fixed 
and cabled; only the items of equipment are exchangeable. Several items of 
equipment can be connected simultaneously to one or more terminal boxes 
established in the working areas (hot cell, irradiation room, etc.), as shown in 
Fig.2. To prepare an automatic equipment, all that is necessary is to assemble 
the components of the equipment, such as sensors and electric valves, and to 
connect them by cables to the nearest terminal box.

The system program is designed to control maximally five items of equip
ment (corresponding to five jobs) in parallel. The central system is fixed and 
need not be changed, even if a part o f an equipment item is modified or new 
equipment is installed, since all information required for control is given in 
tabular form for the corresponding job. Each job can contain at most six tables 
for control and one table for display. The display-only table is transferred 
internally to job six and is executed there when it is selected on the keyboard. 
Table I shows an example o f a system program table, which can contain a 
100-step program. The meaning o f each command is described briefly. The 
commands are performed in the order of step number. The order can be changed 
when the commands AI (analogue input), DI (digital input), TM (timer),
BR (jump without any condition) are carried out. Up to eight components can 
be controlled in one step by the commands AI (analogue input), BS (background 
subtraction), AO (analogue output), DI (digital input) and DO (digital output). 
One or two program tables are usually sufficient for the synthesis of a radio
pharmaceutical. Other program tables are used for preparatory work, such as a 
leak Check o f a production system. The tables can be connected with each other 
by the NX command.

The flow o f keyboard operation is shown in Fig.3. The system program can 
manage only one table for each job at a time, which is selected by the user from 
six tables for the corresponding job. Start/stop for each job and other commands 
are carried out by pressing the respective function keys. The meaning o f each 
function key is displayed on a CRT and the proper meaning can be assigned to the 
function keys according to the stage of operation. Manual operation is also 
possible with the commands described in Table I. Eàch job has individual para
meters, such as job number, table number, step number, start and end flags and 
timer-counter, to describe its present situation. The system program monitors

2. THE CENTRAL SYSTEM
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F IG .l. Block diagram of the central system, connected to several items o f equipment.
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( chang eable)

FIG.2. Central system connected to the equipment for the production o f n C-labelled 
Flumazepil (Ro 15-1788) and i3N-labelled ammonia.
T I, T2 -  target boxes for 11С and 13 N  production; EA1, EA2 -  equipment for n C-labelled
Ro 15-1788; EB1, EB2 
amplifier, linearizer, etc.

eq u ipm en t fo r  N H 3 production; ТА to TF  — terminal boxes with
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TABLE I. CONTENTS OF A TABLE USED IN THE SYSTEM PROGRAM

Step Command Auxiliary Branch Parameter 
command

Channels 
1 ,2 ,3 ......8

1 AI DS, LM, etc. 20 120 13,24,...

Analogue data input, scaling, jump to specified step if  the condition is satisfied

2 BS

Set present analogue data of selected channels as background

5,8 , 13,...

3 AO . . , DS 2500 

Analogue data output and scaling for selected channels

5, 10,...

4 DI . . ,  DS 15 0 or 1

Jump to specified step according to ‘AND ’ or ‘OR ’ conditions o f 
digital input for the selected channels

7 ,3 ,8 9 ,...

5 DO . . ,  DS 0 or 1 

Output DC 24 V or AC 100 V to the selected channels

6,35, 7, 15,...

6 TM . . ,  SE 70 130 

Set timer and jump to specified step when time is up

7 BR . , ,C L  10 3 

Jump to specified step for a given number of repetitions

8 US 25 70 

Subroutine command for more complicated control

9 PA

Interrupt program execution o f the present table for user's intervention; 
other program execution is not affected

10 NX 3 

Jump to the first step o f specified table

100
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F/G.3. Flow of keyboard operation for the parallel control o f several items o f equipment. 
KO-K 9 -  function keys; Table 1 to Table 6 -  sequence of program tables described in Table I; 
manual -  manual operation for A I, BS, AO, D I  and DO commands; start/stop -  start/stop 
of the program execution for the job; jump/step -  go to next step in the sequence table 
before and after executing the present step.

and changes the parameters o f each job, performing a one-step program for each 
job, successively in circles. When a function key is pressed, only the fact of 
intervention and the key number are memorized by the system and the command 
is carried out as soon as the system program comes to the corresponding job.
The time required for the system program to make one cycle is about 0.3 s; 
because of this very short time interval, several items o f equipment appear to be 
controlled at the same time.

3. APPLICATION OF THE SYSTEM

To demonstrate the effectiveness o f the present system, two items of 
equipment were prepared by manually assembling electric valves, heaters, 
pressure sensors, etc. One is for the preparation of n C-labelled Flumazepil 
(Ro 15—1788) -  a benzodiazepine receptor antagonist (Fig.4) — the other for 
13NH3 production (Fig.5). The labelling procedure is similar to that described 
by Ehrin et.al. [6].



72 SUZUKI

смps «

Air 9 kg/cm2 Ng 4 kg/cm2 Vacuum

FIG.4. Diagram for the production and purification ofRo 15-1788 with n CH-¡I.
1 to 27 -  electric valves; P I, P2 -  pressure sensors; FM/FC -  flow meter and flow controller; 
R1 to R4  -  reaction vessels; I I  to 13 -  injectors; S I to S4 -  solutions; C l -  CuO column 
(800°C); C2 -  HPLC 18C reverse-phase column; R -  radioactivity sensor; VT1, VT2 -  cooling 
tubes (-10 °Cj; A l to A3 -  air cylinders; H I to H4 -  heaters; RG1 to RG3 -  pressure 
regulators; UF -  ultrafiltration equipment [8]; = is A I; § is AO; +  is D I; *  is components 
assembled in EA1 (Fig.2j; other components are in EA2.
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FIG.5. Diagram for i3N H 3 production.
1 to 18 -  electric valves; R1 and R2 -  radioactivity sensors; I I  and 12 -  injectors; A l and 
A2 — air cylinders; S I — lONNaOH; S2 -  10% TiCl-¡; R V  — reaction vessel; *  — components 
assembled inEBl (Fig.2); other components are in EB2; +  is D I; = is AI.

Pure nitrogen gas (purity >  99.9998%) was introduced into the target box 
(inner diameter: 20 mm at inlet, 30 mm at outlet; length 150 mm) at a pressure 
o f 14 kg/cm2 and the target was bombarded by 14 MeV protons from the NIRS 
isochronous cyclotron. The irradiated gas was led into the reduction vessel 
(containing 1 mL o f tetrahydrofuran (THF) with LiAlH4) after passing through 
the CuO column (800°C) at a flow rate of 200 mL/min. One millilitre o f water 
was injected into the vessel after evaporation o f THF. The generated n C-labelled 
methanol was evaporated into the second vessel, containing conc. HI, and 
converted to UCH3I, which was trapped in the third vessel, containing 500 #¿L 
o f dimethylformamide (DMF) with 2.5 mg of NaH and 2.5 /¿mol Ro 15-5528 
at -2°C . The mixture was allowed to react for one minute at 50°C and was then 
transferred into the reservoir for HPLC. The reaction vessel and the tube line 
were washed with 1 mL H20 .  The product was purified by 18C reverse-phase
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column chromatography (Nihon Bunko KK, Tokyo), using acetonitrile : 0.01M H3P 04 
(40 :60 ) as the mobile phase, at a flow rate of 3 mL/min. Up to this point, every
thing proceeded automatically. Evaporation of the solvent, addition of 5 mL sterile 
isotonic saline and filtration were carried out manually because o f the slow speed 
of evaporation. The synthesis time was about 30 min. The n C-labelled R ol5-1788  
(125 mCi) was obtained with a specific activity o f 670 Ci/mmol and >  99% radio
chemical purity.1 Pyrogens were not detected in the product.

The 13NH3 was synthesized by the TiCl3 method [7]; the diagram for 13NH3 
production is shown in Fig.5. Distilled water was introduced into the target box 
by helium gas pressure. The water level was determined with a conductivity 
sensor. After filling, the water level was somewhat lowered by applying a pressure 
from the opposite direction, in order to avoid electric noise during irradiation.
Only a concentrated fraction o f 13N activity of the irradiated water was collected 
in the reduction vessel and then 5 mL o f ION NaOH and 5 mL o f 10% TiCl3 
solution were injected into the vessel. The 13NH3 generated was evaporated into 
a sterilized vial. The synthesis time was about 5 min. The radiochemical yield 
was about 80% and the radiochemical purity was >  99%.

By using this central system, the equipment for the production o f n C- 
labelled Ro 15-1788 and 13NH3 could be controlled as if  two specially designed 
separate controllers had been used. The programming procedure required to make 
the equipment work was to fill in the program tables, as demonstrated in Table I, 
and to fill in an I/O condition table determining the scaling parameters o f time 
span and offset for analogue input and output. The tables for the two different 
items of equipment are not interdependent. The heating and cooling devices, the 
glassware and the solvent injectors, etc., used in the development o f the equipment, 
are standardized.

With this central system and the standardized components, it is easier and 
quicker for the user to modify equipment for the preparation of short-lived 
radiopharmaceuticals and to develop new equipment; also, the costs involved are 
lower.
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Abstract

RADIONUCLIDE GENERATOR TECHNOLOGY: STATUS AND PROSPECTS.
Radionuclide generators are a practical solution to the logistic problems caused by the 

demand for short-lived products. Whether based on the secular or the transient equilibrium 
decay process, these generators provide a long-lived source for a short-lived daughter radio
nuclide. Consequently, they have removed the constraints of time and distance which, other
wise, would have limited the spread of nuclear medicine. The best known generator type is 
based upon the 99Mo:99Tcm parent/daughter system. Technetium-99m has been extensively 
applied and, in retrospect, it is claimed that nuclear medicine owes its existence to  this 
generator. Despite the establishment of alternative diagnostic techniques, there is a continuing 
demand for 99Tcm and this, justifies scientific investigation into a better understanding of the 
generator and a search for improved versions. The paper reviews some of the factors influencing 
generator performance and 99Tcm product quality; a brief description of the zirconium 
molybdate gel generator is also given. Finally, attention is focused on other generator systems 
which have been proposed for use in nuclear medicine. These generators can provide the ultra
short-lived radionuclides suitable for determining organ functions at a reduced radiation 
exposure.

1. INTRODUCTION

Few, if any, would dispute the claim made by Richards et al. [1] that nuclear 
medicine owes its emergence and very existence to the important role played by 
technetium-99m ("  Tcm ). Recognizing the excellent physical properties of 99 Tcm, 
the Brookhaven Group in the 1960s overcame the problem of logistics associated 
with a short half-life by developing a generator based upon fission-product 
molybdenum-99 (99Mo) adsorbed on chromatographic alumina from which " T c m 
could be separated via a suitable eluent.

Since that time, many innovations to 99Tcm generators have been made and 
these have been reviewed by Boyd [2]; their incorporation has resulted in an 
exponential increase in the use of " T c m which has placed this radionuclide in a 
pre-eminent position in contemporary nuclear medicine. Looking towards the 
future, one sees that, despite the greater availability of cyclotrons and generators
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based on other parent/daughter systems, it is the intention of many countries, 
including Australia, to continue relying on " T c m for the base load of patient 
scans. Because of this continued importance of " T c m in nuclear medicine, 
we shall focus attention on the status of " T c m generator technology and attempt 
to point to the directions it will take in the future. We refer to interesting work 
performed at Lucas Heights in order to gain a better understanding o f factors 
influencing generator performance and eluate quality. A description is given of the 
gel generator concept, which promises to overcome many of the problems 
associated with the chromatographic generators o f " T c m . We give examples of 
the newer types of generators which permit the ultra-short-lived radionuclides to 
be applied in diagnostic medicine.

2. TECHNETIUM-99m GENERATORS

Chromatography, sublimation and solvent extraction are the three most 
common methods used to separate " T c m ; a comprehensive review o f generators 
which exploit all these processes has been provided by Boyd [3]. The chromato
graphic generator, utilizing fission 99 Mo, is probably the most popular version 
because it is simple to operate, portable, has an excellent elution profile and yields 
a maximum concentration o f 99 Tcm. These attributes contrast sharply with 
those of the alternatives which can be bulky and complicated, and which are not 
portable and operate at significantly reduced efficiencies.

The performance of the chromatographic generator, as measured by the 
efficiency of a series of sequential elutions, has been a fertile subject for researchers. 
It is widely held that a loss in efficiency is due to the conversion of Тс VII to a 
lower oxidation state brought about by the end-products from the radiolysis of 
residual water within the generator. The addition of a hydrated-electron scavenger 
to the eluent or the displacement of residual eluent by air prevents a decrease 
in elution efficiency (see Table I) and this is taken as proof of the ‘radiolysis 
theory’. Our experimental results implicate the detrimental effect of chloride 
ions in the eluent. Table II shows that the displacement of residual saline by 
water and the substitution o f sodium siáphate solution or sodium perchlorate 
solution for saline are acceptable options for stabilizing the elution efficiency 
o f a generator. These results must obviously reduce the significance of water 
in the simple ‘radiolysis theory’ whilst they direct attention to the role of 
chlorides.

It has been reported by Molinski [6] and confirmed by our own experience [7] 
that small concentrations of dissolved organic impurities in the eluent affect 
elution efficiency. The containment o f the saline eluent in a vinyl sachet is 
often responsible for the presence o f organic traces. (This is hardly surprising 
when it is realized that flexible PVC sheeting contains approximately 30 wt% of 
non-polymers such as stabilizers, plasticizers and catalysts.) We have demonstrated
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TABLE I. TECHNIQUES FOR THE STABILIZATION OF ELUTION 
EFFICIENCIES

Generator type Serial elution efficiencies 
(%)

Alumina/saline (control) 

Alumina/saline + 10“7M ЫаЫОз 

Alumina/saline + 50 ppm N2O 

Alumina + Cr VI/saline 

Alumina/saline/air8

9 9 ,5 8 ,1 8 ,1 9 ,1 9

8 0 ,1 0 0 ,9 3 ,9 7 ,9 3  [4] 

9 7 ,9 7 ,9 8 ,9 7 ,9 7

8 2 ,8 5 ,8 4 ,7 9 ,8 1  [5] 

8 2 ,8 4 ,8 4 ,8 1 ,7 9

a Residual saline displaced by air.

TABLE II. OVERCOMING THE DETRIMENTAL EFFECT OF CHLORIDE 
IONS ON ELUTION EFFICIENCY

Generator type Serial elution efficiencies 
(%)

Alumina/saline/water8 
Alumina/0.05M NajS04 
Alumina/0.15M NaClC>4

84, 84, 82, 80, 80 

100, 99 ,98 , 96 ,93  

100, 100, 9 7 ,9 9 ,9 7

a Residual saline displaced by water.

that if the eluent is purified by passage through activated charcoal, high 
elution efficiencies can be maintained (Table III). However, if  the generator 
is constructed o f materials which, on autoclaving, release significant quantities 
of organic contaminants, the generator may be poisoned and a greatly reduced 
performance may ensue. In these circumstances the charcoal filter in the inlet 
line offers no protection.

Charlton and Lyons [4] have claimed that a nitrate concentration in the 
saline as low as 0.01 ppm ( 10~7M) is sufficient to maintain high elution efficiencies. 
Figure 1 shows our experience with nitrate additions to those generators known 
to be contaminated with organics from the materials o f  construction. The curve 
shows, first, a steep increase in mean performance at around 30 ppm and, second, 
that variations in individual elution efficiencies, as depicted by the error bars for one 
standard deviation, are not significantly eliminated below 100 ppm.

Finally, in addition to problems with extracts from plastic materials, the 
undesirable effects o f  residual glue (cyclohexanone) and disinfectant (propan- l-o l)  
have been identified. These effects result in elution efficiencies o f the order of 
10% or less.



TABLE III. EFFECT OF PURIFYING THE SALINE VIA CHARCOAL

8 2  BOYD et al.

Elution
Elution efficiency3

No.
Purified saline Untreated saline

1 96.8 ± 2.2 98.9 ± 1.8

2 89.6 ± 0.7 92.1 ± 2.0

3 88.0 ± 0.6 63.5 ± 4.6

4 90.5 ± 0.5 30.2 ± 6.2

5 87.6 ± 0.9 20.7 ± 6.7

6 88.7 ± 0.6 16.3 ± 6.1

7 89.0 ± 0.6 20.3 ± 5.8

8 88.6 ± 0.5 23.8 ± 5.7

9 87.8 ± 0.8 50.3 ± 4.0

10 88.0 ± 0.8 70.6 ± 3.1

11 87.7 ± 0.7 78.8 ± 3.1

12 86.1 ± 1.0 84.5 ± 2.3

a Mean of six generators ± 1 standard deviation.

It should be obvious from the above that the advantage o f  simplicity claimed 
for the chromatographic generator is apparent only in its operation in the user’s 
laboratory. To the manufacturer, the chromatographic generator represents a 
minefield o f potential problems demanding a careful selection of techniques 
and materials.

Implicit in the use of fission-product99 Mo is the need for elaborate processing 
facilities and the ability to dispose o f high levels o f long-lived radioactive waste. 
Molybdenum-99 may also be produced by neutron activation, but its resultant 
low specific activity is not ideally suited to the chromatographic generator. 
Alternative generator systems have been developed to overcome this problem ; 
the best known o f these are the methyl ethyl ketone (MEK) extraction generator 
and the sublimation generator. Both o f these types are well described in the 
literature [2, 3] and need only passing mention in this paper.

In the late 1960s, the Australian Atomic Energy Commission (AAEC) was 
the first to exploit the sublimation generator as a source o f 99Tcm for distribution 
throughout the Australian network o f nuclear medicine clinics [8]. Tachimori 
et al. [9] and Vlcek et al. [10—14] have also contributed significantly to our under
standing o f the thermal separation o f 99Tcm from neutron-activated molybdenum. 
(Colombetti et al. [15] studied the purity o f 99Tcm sublimed from fission-product 
99 Mo.)
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The early workers on the sublimation generator independently agreed that this 
technique had the following characteristics:

(a) The yield o f  " T c m diminishes markedly on repeated sublimation;
(b) The yield can be enhanced by raising the furnace temperature;
(c) More constant " T c m yields can be obtained by stepwise increase o f  tempera

ture with each successive sublimation;
(d) Optimal operation is achieved at temperatures where the molybdenum  

trioxide also sublimes;
(e) Since the release mechanism o f " T c m from M o03 is bulk diffusion, the yield 

of " T c m can be maximized by increasing the dwell time at sublimation 
temperature;

(f) The yield o f " T c m is also influenced by the mass o f M0O3 loaded into the 
sublimation furnace.

In Australia the sublimation generator was superseded in the mid 1970s because 
of its inherently low separation efficiency. However, the efficiency with which 
" T c m is separated from "M o (regardless o f the technique) not only affects the 
economics of the operation but is also a major factor in determining the quality 
of " T c m. Because this is often overlooked, we shall return to.it later.

The solvent extraction (MEK) generator has been described by various 
workers [16—21]. All use the same basic technique, which involves the following:

— bringing the aqueous 99 Mo solution into vigorous contact with a volume o f  
MEK

— allowing the phases to separate when the less dense MEK forms the upper 
layer

— retaining the 99 Mo solution for subsequent re-extraction
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-  passing the MEK solution of " T c m through a small alumina column to 
remove any traces o f 99 Mo

-  evaporating the MEK solution to dryness in a stream of warm air
-  redissolving the 99Tcm residue in a small volume of physiological saline.

The quality o f 99Tcm obtained from the MEK process has been questioned, 
particularly with regard to the presence o f organic residues and their potential 
for interfering in subsequent chelation steps to perturb biological properties. 
Narasimhan and Mani [22] found direct evidence o f  polymeric condensation 
products formed in the MEK generator, which subsequently contaminated the 
saline solution o f 99Tcm . Their experiments also indicated that these conden
sation products could be removed by alumina and that a high-quality product 
suitable for use in nuclear medicine could be obtained. Because of reservations 
about the general acceptability of MEK-derived 99Tcm, the AAEC commissioned 
a study by Rohani Mohammad [23]. Using sensitive analytical techniques on a 
large number of samples, she found that the principal organic residues in decayed 
MEK-99Tcm solutions were formaldehyde (up to 3.2 mg-L-1 ),acetaldehyde 
(up to 34.2 mg-L-1 ), acetone (up to 6.1 mg-L-1 ) and MEK (up to 3.7 m g-L-1 ); 
in addition, compounds thought to be dimers o f MEK were detected at very 
low levels (<1 mg-L-1). Subsequent experiments, using ten times the above 
levels, proved that these compounds did not significantly alter the tissue 
distribution o f a pyrophosphate radiopharmaceutical. As a result o f  these studies, 
we dispelled the idea that MEK-derived " T c m was inferior because it was conta
minated with organic residues; further investigation pointed to excessive technetium 
concentration being responsible for altered biological properties.

The AAEC has achieved very significant advances in " T c m technology by the 
conception and development o f the zirconium molybdate (99 Mo) gel generator 
[24, 25]; variations of this technique have also been described by Narasimhan 
et al. [26].

Many countries have neither irradiation facilities with sufficiently high flux 
nor the technological infrastructure necessary to produce high-specific-activity 
(n, y )  99Mo or fission-product 99Mo; accordingly, these countries produce 99Tcm 
by inefficient methods. In those countries where high fluxes are available, reliance 
is still placed on the fission process in order to achieve physically small, high- 
activity generators. The high cost of this type o f operation reflects both the 
elaborate processing and the waste disposal requirements.

The gel generator represents a simpler alternative to the current methods 
of producing 99Tcm, with the advantage o f requiring cheap, non-polluting (n, 7 )
99 Mo whilst retaining the performance characteristics of the fission 9 9 Mo 
chromatographic generator.

In the AAEC process, the gel is prepared by dissolving irradiated M 0O 3 in 
alkali, adjusting the pH to 4 and then precipitating with a zirconium salt. After 
filtration the precipitate is dried to a glassy amorphous substance; when this
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TABLE IV. ELUTION EFFICIENCIES OF GEL GENERATORS3
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Elution G enerator size

No.
2.6 g 6.2 g 12.1 g

1 93.5 93.3 77.9

2 92.7 98.5 78.7

3 92.8 99.2 81.8

4 90.7 100.4 85.1

5 91.5 99.0 86.3

6 92.0 98.8 87.4

7 87 .2b 98.4

8 85.7 99.1c

9 87.8 96.6

10 88.0 98.5

11 87.6 98.3

12 87.6 98.1

Mean eff. (%)
9 2 .2 /

/ 87 .3b
98.2 82.9

a 10 mL saline elution. 
b G enerator autoclaved, elution continued. 
c Elution continued w ith saline from  PVC bags.

material is poured into water the internal stresses thus produced cause it to 
fragment to an appropriately sized granular structure. Extensive washing follows, 
to remove adsorbed ions.

A column o f the gel granules may be eluted with either saline or water to 
yield " T c m as pertechnetate. At a level equivalent to generators used in hospitals, 
the gel generator compares favourably in performance with the fission "M o  
generator. However, this'generator can also be scaled up and used as a " T c m 
source for a central radiopharmacy; in these circumstances, some modifications 
are required before the product is suitable for immediate medical application. A 
physically large generator demands the use of a large volume o f eluent and 
produces " T c m o f low concentration. This can be overcome by connecting a 
small bed o f hydrous zirconia to the generator outlet. Typically, a 1 g zirconia 
bed used with a 150 g gel generator raises the eluate pH from 3 to 6 and reduces
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the "M o breakthrough to less than 5 X IQ~S% o f the total activity. More 
important, provided the generator has been eluted with water, the zirconia also 
adsorbs the pertechnetate ions; these may subsequently be recovered in a small 
volume o f saline. Concentration factors as high as 20 have been achieved by this 
technique. As the generator activity is raised, there appears to be an increasing 
tendency for radiation-induced yield losses; these can be minimized by including 
oxidizing ions in the gel structure or the eluent.

The elution efficiencies o f three generators o f different size are reported in 
Table IV. Note especially that the 2.6 g generator was autoclaved midway through 
the series o f elutions; a statistically significant drop in elution efficiency o f 5% 
resulted. With the 6.2 g generator, the initial elutions were performed with saline 
from a glass bottle, the later elutions with saline from a PVC sachet; no effect on 
performance was observed. In the case o f the 12.1 g gel generator, the use o f only 
10 mL o f eluent is insufficient to elute the generator completely.

2.1. Content o f 99 Tc; " T c :" T c m ratio

Technetium-99m solutions always contain " T c; the amount varies consi<- 
derably, depending on production methods and conditions, generator performance 
and the time between separation and use. There is increasing evidence that the 
labelling and imaging with some radiopharmaceuticals are adversely affected when 
99 Tc exceeds a certain threshold value.

We have found it particularly helpful in understanding the mechanics of " T c  
formation to develop mathematical models which predict the atom ratio of 
" T c :" T c m (subsequently referred to as 99/99m ). The models assume that the 
99 Tc and " T c m contents of a system are controlled only by the theoretical 
considerations o f :

— the time intervál between separation and use
— the time interval between two successive separations
— the separation efficiency.

It is presumed that no chemical differences between 99 Tc and 99Tcm exist which 
could affect their relative proportions.

Figure 2 shows that, whilst time has only a small influence on the 99/99m  ratio 
for technetium within the generator, after separation the 99/99m  value increases 
very rapidly with time.

Figure 3 shows that there is a moderate increase in the value o f 99/99m  as 
the time interval between separations is increased, but that, for any particular 
period, the value is apparently constant for successive separations.

Figure 4 shows the effect o f separation efficiency on the value of the 99/99m  
ratio. The important fact emerging from this family of curves is that for low  
separation efficiencies there is a buildup of " T c  which causes a progressive 
increase in the value o f  thé 99/99m  ratio with each successive separation.
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FIG.2. Comparison o f  increase rates o f  the 99/99m ratio in the generator and in separated 
pertechnetate.

FIG.3. E ffect o f  technetium growth time on the 99/99m ratio (separation efficiency 90%, 
post-separation decay 18 h).
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FIG.4. E ffect o f  separation efficiency on the 99/99m ratio. (growth time 24 h, post-separation 
decay 18 hj.

FIG.5. E ffect o f  separation efficiency and post-separation decay on the 99199m ratio 
(-----90% effic iency ,------- 40% efficiency).
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Figure 5 illustrates the combined effects of separation efficiency and post
separation decay time. The solid lines show the 99/99m  ratio values for 4 h and 
24 h decay, respectively, when the separation efficiency is 90%. The dashed lines 
are for the same respective decay times, but for situations where the separations 
are only 40% efficient. In the latter case, the difference between 4 h and 24 h 
decay regarding the value of the 99/99m  ratio can be seen to increase with each 
separation.

Since the total technetium content of a " T c m solution is related directly 
to the 99/99m  ratio and the activity by the expression

Tc (ng) = 0.19 (1 + 99/99m ) X " T c m (activity in mCi) 1

care must be taken in selecting the operating cycles for the generator. This 
analysis demonstrates that the generators should be eluted regularly and completely; 
this is especially important for those generator types with reduced efficiencies, or 
when a long decay period between separation and use is unavoidable. Insufficient 
understanding and control of these factors can lead to a significant deterioration 
in the quality o f " T c m and subsequently to poor scintigraphic images.

3. NON-99 Tcm GENERATORS

Although 99Tcm is regarded as an ideal radionuclide in nuclear medicine, it 
lacks certain properties which, in turn, impose constraints on the scope o f its 
applications. For example, its half-life is too long for certain applications where 
repeat studies are required over a short period o f time. Whilst " T c m is used in 
single-photon tomography (SPECT), it can have no role in the alternative modality, 
positron emission tomography (PET). The usual source o f the short-lived positron 
emitter is the hospital cyclotron ; the alternative may be a generator system 
(see Table V).

3.1. Generators for PET applications

82 Sr:82 Rb system: This generator was introduced by Yano and Anger [27].
It consists o f  an alumina column from which the 82 Rb is eluted with saline [28].
The elution efficiency is claimed to be high, (80%) and the 82 Sr breakthrough low  
(< 1 0 _4%). A modification o f this system, incorporating a dual column o f alumina 
and Chelex-100 (Biorad), has been proposed by Horlock et al. [29]; in this case,
82 Sr breakthrough is further reduced, but only at the expense o f separation 
efficiency. A generator using a. stannous oxide bed [30, 31] is claimed to further

1 1 Ci = 37 GBq.
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TABLE V. GENERATORS OF RADIONUCLIDES OF SHORT HALF-LIFE 
FOR NUCLEAR MEDICINE

Parent Half-life Daughter Half-life
Decay m ode3 
(%)

Gamma energy 
o th er than  0.51 MeV

MeV (%)

52 Fe 8.3 h S2Mnm 21.1 min ß+ (98) EC(2) 1.43 (100)
62 Zn 9.1 h 62 Cu 9.7 min /Г (100) 0.59 (22)
68 Ge 287 d 68 Ga 68.3 min ß+ (88) EC(12) 1.08 (3.5)
77 Br 57 h 77Sem 17.5 s IT 0.162 (52)
81 Rb 4.58 h 81Krm 13.3 s IT 0.191 (67)

82 Sr 25 d 82 Rb 76 s ß* (96) EC(4) 0.78 (9)
113 Sn 115.1 d 113 ln m 1.66 h IT 0.392 (64.1)
п 8 Те 6.0 d 1I8Sb 3.5 min ß+ (75) EC(22) 1.23 (3)
122 Xe 20.1 h 122 j 3.5 min 0+ (lOO) 0.56 (14)
128 Ba 2.43 d 128Cs 3.8 min ß* ( 5 1)E C  (49) 0.44 (27)
191 Os 15.4 d 191 ¡ r m 4.9 s IT 0.129 (25)

195 Hgm 40 h 195 Aum 30.6 s IT 0.262 (68.2)

a EC — electron capture; IT -  isomeric transition.

reduce 82 Sr breakthrough by a factor o f 103 , without affecting the elution efficiency. 
Rubidium-82 (T 1/2 = 76 s) may be injected as a bolus or at a constant infusion rate 
in order to study the heart, brain or kidneys [30, 32, 33].

68Ge:68Ga system: Currently available, this generator is based upon the work 
of Greene and Tucker [34]. Gallium-68 ( J m  = 68.3 min) is eluted from an 
alumina column with a 5 mmol neutral solution o f EDTA- Unfortunately, the 
high stability constant o f the 68Ga/EDTA complex limits further chemical 
manipulation and subsequent clinical application [35]. Several generators have 
been described [36—43] which are capable o f delivering the more useful ionic 
68Ga; satisfactory elution efficiencies and radionuclidic purities have been achieved.

62 Zn :62 Cu system: Copper-62 (T m  = 9.7 min) has been proposed as an alter
native to 68 Ga when multiple studies are required. Typical generators have been 
described by Robinson et al. [44] and Ramamoorthy et al. [45]. The parent is pro
duced in a cyclotron via 63Cu(p, 2n) 62 Zn. The generator consists o f an anion- 
exchange resin bed and is eluted with 0.1M HC1 containing 100 mg-mL-1 NaCl 
and 1 fig ■ mL-1 CuCl2 ; the elution efficiency is quoted as 85%, with a 62 Zn 
breakthrough o f less than 2 X 10 ”3 %. Another generator, consisting o f a cation- 
exchange resin bed and eluted with Na2S20 3, has been reported in Ref. [36].
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FIG. 6. Activation process for the 1910 s : m l / n system.

A number o f 62 Cu radiopharmaceuticals have been investigated [46, 47, 48].
A disadvantage o f the 62Zn:62Cu generator is the short half-life (9.1 h) o f the 
parent.

3.2. Short-lived radionuclides for photon scintigraphy

The use o f ultra-short-lived single-photon radionuclides for scintigraphy has 
several advantages. The radiation dose to the patient is minimized; repeated 
studies are possible over short time intervals and the higher photon fluxes improve 
the accuracy and image quality. Examples of generators capable o f producing 
these radionuclides are as follows:

191 Os:191 Irm system: This is a reactor-produced parent/daughter pair for 
which the activation processes are shown in Fig.6. It was first proposed by Yano 
and Anger [49] ; more recent developments o f  the generator system and its clinical 
evaluation have been described in Refs [5 0 -5 4 ]. The preparation o f the generator 
is complex and involves the loading of a potassium tetrachlorosmate ( 191 Os) solution 
onto an organic anion-exchange resin in tandem with a second scavenging column; 
the generator is eluted with acidic saline. The elution efficiency is around 20% 
and the 191 Os breakthrough is 10“3%. Subsequent reports [55, 56] have indi
cated the presence of 192 Ir in the eluate; this contaminant with its potential to 
impart high radiation doses must be eliminated by comprehensive washing during 
the preparation o f the generator. Until recently, the use o f 191 Os-191 Irm genera
tors was limited to a few US laboratories owing to restrictions on the supply of 
enriched 190Os target material; these restrictions have now been lifted.

195Hgm :i95Aum system: The use o f 195 Aum (T 1/2 = 30.6 s) in nuclear medicine 
was predicted in 1974 [57], but practical problems delayed its development until 
1980. Several systems have now been proposed [58—61]. The parent radionuclide
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is produced by the proton bombardment o f gold ( 197Au (p, 3n)19s Hgm). Several 
systems have been proposed to separate 195 Aum, including one using sodium 
cyanide eluent. Brihaye et al. [61] have described a generator in which the parent 
is adsorbed onto T i0 2 , and 19s Aum is eluted with a near-neutral 5% solution of  
glucose. These workers claim a much reduced level o f 19s Hgm breakthrough.

81 Rb:81 Krm system: Krypton-81m has a very short half-life (13.3 s) and 
emits photons o f 0.19 MeV energy and, hence, is well suited to serial scintigraphic 
studies. The lower solubility in body fats and the reduced radiation exposure 
contribute to its superiority over the radioxenons in pulmonary ventilation studies 
[54, 62]. It is also used for first-pass cardiac studies [54]. The parent is produced 
from natural krypton in a cyclotron by 82Kr(p, 2n)81 Rb and 83Kr(p, 3n)81 Rb. The 
generator consists of an ion-exchange column which is eluted with moist air for 
gaseous 81 Krm or water to yield 81 Krm in solution. The separation efficiency is 
85-90%  and 81 Rb breakthrough in only 10_3%. Problems due to bed channelling 
have been resolved by Billinghurst et al. [63] who used an ion-exchange membrane, 
and by Helus et al. [64] who used chromatographic paper. A disadvantage o f the 
use o f the 81 Rb:81 Krm generator is the short half-life o f  the parent (4.6 h) for which 
a daily replenishment is necessary [62, 64].

4. CONCLUSIONS

The radionuclide generator was conceived in order to permit short-lived radio
pharmaceuticals -  so important for the reduction o f radiation exposure -  to 
be used many thousands o f miles away from their site of manufacture.

In the case o f  technetium-99m, history shows that the removal o f the 
constraints o f  time and distance attracted the interest o f private enterprise and 
thereby accelerated the spread o f nuclear medicine techniques.

The use o f generators will continue, but the establishment o f non-nuclear 
imaging modalities, for instance the CT and NMR devices, with their vastly superior 
powers o f spatial resolution, leads to a situation where some changes in the appli
cation o f radioisotopes in medicine are inevitable. These changes impose a new 
set o f  selection criteria which uncover the need for even shorter-lived radionuclides. 
Therefore, it is obvious that greater emphasis will be placed on generators and the 
paper has highlighted a few o f the developments already under way.
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Abstract

NEW, PORTABLE GENERATOR FOR THE SUBLIMATION OF TECHNETttUM-99m.
The portable sublimation generator Sublitech is suitable for the separation of 99Tcm 

from 99Mo of low or medium specific activity, irradiated in low-flux (research) reactors. The 
use of titanium molybdate as a new target material enabled the operation of the generator at a 
significantly lower separation temperature and with higher separation efficiency than is usual 
with other sublimation generator types. The production and operation of the new generator is 
very simple and the 99Tcm injection produced is of the required quality.

1. INTRODUCTION

From a comparison o f various " T cm generators by Boyd [ 1 ], the following 
points should be noted:

— At present, good chromatographic generators can be prepared only by using 
fission "Mo.

— For the preparation and purification o f fission-produced "Mo isotopes a 
very complicated and expensive processing plant is needed and care must
be taken to avoid contamination with other fission products and highly toxic 
alpha-emitting transuranics.

— The fission "Mo is more expensive than neutron-irradiated molybdenum.
— Sublimation and extraction methods are suitable for the separation o f non- 

expensive "Mo o f low specific activity, produced in low-flux (research) 
reactors.

— Chromatographic generators are widely used, but the best products can be 
obtained with sublimation generators because no chemical processing is 
required.

— Sublimation separation has the lowest efficiency o f all methods.
— Up to now, sublimation separation has not been developed for small nuclear 

medical laboratories.

In view o f these observations and because we had to face problems in connec
tion with a relatively low neutron flux in our isotope production with a research 
reactor, we focused our attention on the perspectives of sublimation separation 
of "Tcm from "Mo.

95
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A sublimation generator for obtaining multicurie activities of "Tcm was 
developed at Lucas Heights, Australia. The separation is carried out in an 
apparatus with a horizontal tube furnace through which an oxygen stream of 
850°C is passed. With minor modifications, this method is used in several 
laboratories to produce ‘instant technetium’.

As reported in the literature [2—7], the thermal separation o f " T cm from 
molybdenum trioxide depends on the mass o f  M o03, the dwell time, the tempera
ture and the frequency of ‘milking’.

2. A NEW TARGET MATERIAL

In 1974, we started to develop a technetium sublimation generator, hoping 
to be able to eliminate or at least to decrease the disadvantages of this process.

The new target material, to be used in place of M o03, should have a con
siderable molybdenum content. Near the sublimation temperature o f technetium 
heptoxide (3 1 1°C) a reversible physical or chemical process should enhance the 
sublimation o f Tc20 7 and so increase the separation efficiency and render 
separation repeatable. Furthermore, the other elements in the new target compound 
should yield only radionuclides with very short half-lives after reactor irradiation.

On the basis o f these considerations, the new target material was preparared 
from titanium and molybdenum compounds [8] with which the separation 
efficiency could be increased from 20—50% to 40-60% . A considerable tempera
ture shift was also achieved: the sublimation temperature o f  780°C (for M o03) 
was lowered to 380°C. The separation is repeatable at this temperature in the 
presence o f  a wet air stream. The Mo/Ti ratio is about one in the amorphous 
compound.

3. NEW TECHNOLOGY FOR ‘INSTANT TECHNETIUM’

With the new target material, a separation technology was developed. With 
this technology, we have been able to supply the Budapest hospitals with ‘instant 
technetium’ since 1976 [9].

The electrical control unit maintains the temperature in the region which is 
optimum for separation, keeps the vapour content of the air flow constant and 
controls automatic operation (Fig. 1 ).

The generator vessels containing "M o are put into the furnaces that provide 
the heat for sublimation. The furnaces are then placed in a hot cell. The 
technetium heptoxide sublimes into the ‘cold finger’. The rinsing o f the finger, 
the dispensing and the sterilization are carried out in another hot cell (Fig.2).

The production process is fully automatic. The technical staff has to carry 
out only radiometric assay, dilution and dispensing of the technetium heptoxide.
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FIG.l. Electrical control unit o f  the ‘instant technetium'generator.

F IG .2. Sublim ation generators using the ‘instant tech n etiu m ’ technology.
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FIG.3. Schematic o f  the portable sublimation generator Sublitech.
1 -  Regulation and control unit, 2 -  portable generator unit, 3 -  cyclindrical lead shielding 
fo r the sterile receiver vial.

This takes only an hour, and every day, early in the morning, a fresh supply of 
" T cm is ready for use. With a neutron flux o f 2 X 1013cm-2 *s_1, 90 hours of 
irradiation are needed for the preparation of " T cm of 3 - 4  Ci (1 1 0 -1 5 0  GBq).

4. THE PORTABLE SUBLIMATION GENERATOR SUBLITECH

In 1982, we launched a project to adapt the work of the centralized instant 
technetium service to the requirements of the local nuclear medical laboratories.
It was an important requirement that the new generator should be as easy to 
handle as a chromatographic generator. Furthermore, since no chemical processes 
were needed for the new technology (in contrast to the chromatographic and 
extraction methods), the technical realization of this generator must be simpler 
than that o f other generators. The new portable generator is shown schematically 
in Fig.3.

The apparatus consists o f three parts: the regulation and control unit, the 
portable generator, and the cylindrical lead shielding for the sterile receiver vial.

The regulation and control un it is o f small dimensions (30 cm X 30 cm X 20 cm) 
so that in a medical laboratory, it can be placed on a table o f 0.5 m2, together with 
the generator. The parts o f this control unit and their functions are as follows.

(a) Temperature regulator: by changing the power output, it controls the furnace 
temperature with an accuracy o f  ±5°C.
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FIG.4. Front panel o f  the regulation and control unit, a -  Main switch, b - control lamp for 
operation, с -  control lamp for water level, d -  signal lamp for heating, e -  switch, 
f  -  clockwork switchgear, g -  track, h -  connection.

(b) Membrane air pum p: through a valve on the buffer receptacle it supplies air 
flow with a constant speed.

(c) Water vessel with heater: contains water o f the required temperature. Air 
pumped in at constant speed bubbles through the vessel just before entering 
the generator. The temperature o f the heater is controlled by a regulator.
The vessel has to be filled once a week when the new generator is delivered 
to the user.

(d) Transformer: reduces the input voltage o f 220 V to a voltage as low as 48 V; 
this is required to avoid accidents.

(e) Clockwork switchgear: ensures that ‘milking’ is finished in due time.

The front panel o f the regulation and control unit can be seen in Fig.4.
On the top o f the regulator there is a connection at the end o f a track by which 
the generator is supplied with air and electricity.

The portable generator (Fig. 5) has a size o f 14 cm X 5 cm X 15 cm and a 
weight o f 25 kg. The cast lead holder, which has a steel coating, provides adequate 
radiation shielding. A 15 mm thick aluminium sheet is at the bottom o f the holder. 
The generator support is equipped with a leading slot for coupling to the regulation 
and control unit.

The cover plate has an opening through which the vessel with the radioactive 
target can be inserted. The sublimation itself takes place through this opening.

The heater with the generator vessel is in the middle o f  the generator body. 
The upper part of the generator can be turned until it gets blocked; in this 
position, a ring closes the opening on top o f the generator vessel. During trans
portation the middle opening is covered with a lead plug.
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FIG.5. Portable part o f  the generator with cylindrical lead shielding. 1 -  Lead holder for 
sterile receiver vial, 2 -  lever arm for sterile glass vials, 3 -  pliers for sterile glass vials,
4 -  sterile glass vial, 5 -  cover plate, 6 -  generator body, 7 -  generator vessel, 8 -  radioactive 
material, 9 -  glass filter, 1 0 -hea ter , 11 -  air inlet connection, 12 -  generator support 
equipped with leading slot fo r coupling to regulation and control unit.

150

Ю Ю

10-15

20-30
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FIG. 6. Doses (mR/h) o f  the generator with 600 mCi (22 GBqj Mo.
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Figure 6 gives the doses o f a generator which was delivered on a Friday and 
which produced 300 mCi (11 GBq) " T cm until next Monday.

The third part o f the apparatus, the cylindrical lead shielding, serves for 
shielding the sterile receiver vial (Fig.5).

5. RESULTS

5.1. Preparation of the generator

The preparation o f the generator consists o f  the following steps:

-  preparation o f the inactive target material
-  preparation o f the target material for irradiation by thermal annealing 

at 300° С
-  irradiation o f the target material in an aluminium vessel
-  thermal treatment in a hot cell to remove the accumulated " T c and other 

volatile contaminants
-  measurement o f  the "M o activity
-  dispensing o f  the active target material in the generator vessel
-  measurement o f  the activity in the vessel
-  placing o f the vessel containing "M o into the generator
-  preparation o f a clean and sterile plug and of receiver vials.

The generator is then made ready for delivery and a quality certificate is filled in.

5.2. Operation o f the generator

5.2.1. Installation by the user

The generator, loaded with the radioactive target, is transported from the 
producer to the user in the container shown in Fig.7. Then the generator is taken 
out o f the container and placed on the track located on the top part o f  the control 
unit and is pushed back into the coupling until it gets blocked.

The cover plate is turned away and the lead plug is removed from the middle 
opening and placed into the opening on the cover plate.

A sterile,.multidose glass vial is placed into the lead holder, which is held 
upside down and put into the middle opening. The cover plate is turned back into 
its original position and the glass vial in the lead holder is let down through the 
neck o f the generator vessel.

Now the generator is ready for ‘milking’. The water vessel is filled with water. 
The period required is set on the clockwork switchgear. The main switch o f  the 
control unit is turned to the ‘in’ position. The run switch is set in the ‘automatic’ 
position.
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FIG. 7. Container for transportation o f  the generator unit. 1 -  Cover plate, 2 -  vessel, 
3 -  plastic foam, 4 -  lever arm, 5 -  safety bolt, 6 -  lead plug, 7 -  lead shielding.

FIG.8. Cylindrical shielded lead holder for ready-to-use injection. 1 -  Lead shielding,
2 -  movable cam, 3 -  pliers for sterile glass vial, 4 -  sterile glass vial, 5 -  rubber stopper.
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FIG.9. Diagram o f  the relative separation frequency and the normal distribution (203 data).

5.2.2. Daily procedure o f  the user

The sodium pertechnetate injection is prepared as follows: By lifting the lead 
holder a little, the cover plate is turned until it gets blocked; then the lead holder 
is lifted out and the glass vial is closed with a sterilized plug. After placing the 
cover plate on the lead holder, physiological saline is injected into the glass with a 
syringe; then the solution is shaken and its activity measured (Fig.8). The injection 
is then diluted as required and is ready for use. For the separation o f the following 
day, another sterile vial is placed into the generator and the whole procedure is 
repeated.

5.2.3. Shipm ent fro m  the user back to the producer

After the last daily procedure at the user’s place, the lead plug is placed on 
the middle opening o f the cover plate, which is then turned back to its original 
position. Then the generator is put into the container in which it is transported 
to the producer.
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Contaminants Half-life Percentage

"M o 2.75 d 2 X 10~3 -  5 X 1 0 's

82Br 36 h О
I Cf
t

1 О
1 •о

96Tc 4.28 d 10' 7 -  10'8
92Nbm 10.15 d 10-7 -  10-8
“ Sc 83.83 d 10'8 -  10'9
75 Se 119.8 d 10‘8 -  10'9

5.2.4. Separation data

The radionuclidic purity was checked with an NTA 31024 type 1024-channel 
pulse height analyser produced by EMG, equipped with a Canberra Ge(Li) detector. 
The spectra were compared with those of standards.

The radiochemical purity was determined by paper chromatography on 
6 cm X 1 cm Whatman ET 31 paper, with a development time o f 2.5 min, using 
acetone as developing agent.

A microbiological analysis was also carried out with Sabouraud and thio- 
glycolate culture media to ensure aseptic conditions during production and to 
check product sterility.

Analyses were carried out on samples from eight different irradiations.
The results are summarized in Fig.9 and Table I.

These preliminary results show that the average yield o f 203 separations was 
50.25%. More than 75% of the separation efficiencies was between 44% and 61%.

From the data it can be concluded that the separation efficiency does not 
depend on the mass o f the target or on the ‘milking’ frequency; the reliability 
increases with higher quantities of " T cm (about 1 Ci, i.e. 37 GBq). Depending 
on the sublimation velocity, the real separation efficiency is higher by 10—15% 
because o f the decay o f " T cm during the separation period.

The radiochemical purity o f the product (T c04 content) changed from 
98.1% to 99.8%. The radionuclidic purity data (amount o f contaminants) are 
summarized in Table I.

The preparations checked were found to be satisfactorily sterile and 
pyrogen-free.
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On the basis of the preliminary results, a comparison o f the portable sublima
tion generator Sublitech and a sublimation generator containing a M o03 target 
leads to the following findings.

(a) Advantages
— The method is suitable for small nuclear medical laboratories
— The separation temperature is lowered from 850°C to 380°C
— The " T cm yield does not depend on the mass of the target
— The " T cm yield does not drop with repeated ‘milking’ at a constant 

temperature
— The separation efficiency is 4 0 —60% (as compared with 25—30%)
— The separation efficiency is more reliable at higher activities o f " T cm 

(about 1 Ci (about 37 GBq))
— The ready-to-use injection is obtained with a short and simple operation in 

the medical laboratory.

(b) Disadvantages
— The molybdenum content o f  the titanium molybdate target is about 40% 

(instead o f 66% with M o03)
— The target material is more expensive.

6. ADVANTAGES AND DISADVANTAGES OF THE NEW TECHNOLOGY

7. FUTURE PLANS

We intend to complete the development of the new sublimation technique 
and we aim at achieving the following improvements:

-  Lowering o f the weight o f the portable part
-  Increase o f the separation efficiency by optimizing the separation conditions 

and improving the target preparation
— Construction o f a suitable container for transporting the loaded generator 

vessel, so that it is no longer necessary to transport the whole generator
— Lessening o f the differences in efficiencies.

8. CONCLUSIONS

The application of titanium molybdate as a target material opens up new 
vistas in the separation technique o f "M o-"T cm. The special advantage o f the 
new technology is that the quality o f  the product is high without it being necessary 
to use high-specific-activity fission "M o.
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With the new generator, it is possible to prepare " T cm injections in a nuclear 
medical laboratory without having to make special investments.

The separation method offers special advantages also for the producer. 
Compared with the chromatographic and solvent extraction techniques, the 
production o f the generator is a rather simple operation.
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Abstract

STUDIES ON THE PRODUCTION OF 97Ru, 38K AND ^ C l1" AT THE VARIABLE ENERGY 
CYCLOTRON OF BHABHA ATOMIC RESEARCH CENTRE, CALCUTTA.

Ruthenium-97 is a promising radionuclide for certain nuclear medical applications, such as 
tum our localization, cisternography and cell labelling. The authors studied the optimization of 
the yield of 97 Ru after irradiation of stacks of natural molybdenum foils with alpha particles of 
up to 40 MeV. The yield of 97 Ru was 120 ^/Ci/^A-h. Since 97 Ru can be formed by different 
(a, xn) reactions (x = 1 to 4) when natural molybdenum targets are irradiated with 40 MeV 
alpha particles, the production rate of 97Ru was constant over the range 2 7 -4 0  MeV. The levels 
of 94 Ru and 9sRu in 97 Ru were negligible. The 103 Ru content in 97 Ru was less than 0.1%. The 
yields of various technetium radionuclides were also assayed and a procedure for the recovery of 
technetium activities is described. Technetium-95 (half-life 20 h) can be obtained as a by-product 
in small quantities. Potassium-38 was used for myocardial studies in conjunction with PET. The 
authors studied the production of 38K by irradiation of NaCl targets with alpha particles of up 
to 40 MeV. Potassium-38 was obtained with a yield of about 1 mCi/juA during 30 min 
irradiation with 18 MeV alpha particles, through the reaction 3SC1 (a, n) 38K. With alpha particles 
of 2 2 -4 0  MeV, 34Clm (T w  = 32 min) alone is formed by the reaction 3SC1 (a, an) 34Clm, with 
a yield of 2.5 mCi//nA-h; 38K activity, expected from the reaction 37Cl(a, 3n )38K, was 
not observed.

1. INTRODUCTION

The Variable Energy Cyclotron (VEC) o f the Bhabha Atomic Research Centre 
(BARC) in Calcutta offers limited irradiation facilities for radioisotope 
production [1 ,2 ]. At present, alpha beams o f up to 60 MeV energy and 0 .2 -2  uA  
intensity are available for target irradiations o f short duration. In this paper, the 
authors report on the production o f 97 Ru and 38K /34Clm , using alpha-induced 
reactions on Mo and NaCl targets, respectively.

Ruthenium-97, because o f  its attractive physical characteristics, is a promising 
radionuclide, to be used in nuclear medicine for tumour localization, cell labelling,

107
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cisternography, etc. [3, 4]. Ruthenium-97 can be produced by 4 He or 3He bom
bardment of molybdenum targets [5]. Ku et al. [6] have described a spallation 
method for 97 Ru production using the reaction 103 Rh (p, 2p5n) 97 Ru. The method 
chosen by us is bombardment o f molybdenum targets with alpha particles.
Silvester et al. [7] reported a yield o f 97 Ru o f 75.3 ptCi/fxA-h with 30 MeV alpha 
particles1. Ruthenium-97 can be formed by any o f the following reactions:
94Mo(a, n)97Ru, 95Mo(a, 2n)97Ru, 96Mo(a, 3n)97Ru, and 97Mo(a, 4n)97Ru, when 
molybdenum targets are bombarded with alpha particles o f suitable energy; we 
have carried out irradiations with alpha particles o f up to 40 MeV energy.

Potassium-38 is a short-lived positron emitter with great potential for rapid 
sequential studies o f the myocardium with a positron emission tomographic (PET) 
device [8] .  Potassium-38 can be produced in various ways [9]. The authors have 
studied the production o f 38 К by alpha particle bombardment o f common salt 
through the reaction 35Cl(a, n)38K. Following an accidental high-energy (40 MeV) 
bombardment o f a NaCl target, 34 Clm was obtained once. Since 38 К can be 
produced also by the reaction 37Cl(a, 3n)38K, with alpha particles o f higher energy, 
studies were carried out with alpha particles o f up to 40 MeV energy on NaCl targets.

2. MATERIALS AND METHODS

All irradiations reported here have been carried out at the Variable Energy 
Cyclotron of BARC in Calcutta.

2.1. Targets

Molybdenum metal foils o f different thicknesses were obtained from Cross Co., 
USA, and used in our irradiation experiments. Sodium chloride was deposited 
(1 mg/cm2) by vacuum evaporation on aluminium backing foils (0.025 mm and 
0.05 mm thick) and used in stacked-foil experiments. Sodium chloride pellets, 
0 .3 -0 .5  mm thick and 12—14 mm dia., were also prepared for use as targets. 
Aluminium foils o f suitable thicknesses were used as spacers as well as for ensuring 
the required incident energy on the targets in stacked-foil experiments.

2.2. Beam currents

The intensity o f the alpha particles used for target bombardment was 
determined with copper monitor foils kept in a few places in the stack and/or 
with a Faraday cup receiving the outgoing beam, and the total charge collected 
and registered. The beam currents employed were from 0.2 to 2 pA , and the 
duration o f bombardment was 30—150 min in the case o f Mo targets and 
1 5 -6 0  min in the case o f NaCl targets.

1 1 Ci = 3 7 GBq.
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2.3. Counting methods

A pre-calibrated 100 cm3 Ge (Li) or HPGe detector, coupled to a 4K multi
channel analyser (Canberra-80), was employed for all gamma-ray spectroscopy 
work. Standard sources o f 152 Eu as well as other reference sources were employed 
for calibration. The radio activities were assayed by using the prominent gamma 
emissions o f the radionuclides. In the case o f positron emitters with no charac
teristic gamma emission, the 511 keV annihilation radiation was used. When 
necessary, the decay curve was also analysed, since all positron emitters exhibit 
annihilation radiation. All relevant nuclear data have been taken from standard 
reference books [ 10—12].

2.4. Radiochemical processing

Molybdenum foils were counted directly, without any radiochemical 
separations, at suitable times after irradiation. Also, after dissolution and the 
necessary radiochemical processing to isolate the technetium and ruthenium 
activities, samples were prepared for counting. For the radiochemical processing 
of irradiated molybdenum targets, the procedures reported by Silvester et al. [7] 
and Comar and Crouzel [13 ] were employed. Following the dissolution o f molyb
denum foils in warm H20 2 , the solution was made alkaline with NaOH. Tech
netium activities were extracted into methyl ethyl ketone (MEK) and purified 
by filtration through a neutral alumina column. Ruthenium activities in the 
aqueous phase were recovered by oxidation of Ru to R u04 with NaOCl/Cl2 and 
extraction into CC14 . The oxidation and extraction steps can be repeated in 
order to minimize the molybdenum content, which was estimated colorimetri- 
cally using potassium ethyl xanthate. Other methods reported for isolation of 
ruthenium activities from molybdenum targets are steam distillation and ion 
exchange over tin (IV) oxide [14]. In the case o f  NaCl targets, the targets were 
quickly dissolved in water for injection after the end o f bombardment (EOB) 
and aliquots taken for counting.

3. RESULTS AND DISCUSSION

3.1. Ruthenium radionuclides

Ruthenium-97 can be formed by any o f the following reactions, since natural 
molybdenum contains many isotopes:

94 Mo (a, n)97 Ru, 95 Mo (a, 2n)97 Ru, 96 Mo (a, 3n)97 Ru, 97 Mo (a, 4n)97 Ru 
(9.1%) (15.9%) (16.7%) (9.5%)
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INC IDENT ENERGY OF ALPHA PARTICLES (MeV)

F I G . l .  Y i e l d s  o f 97 R u  a n d  94 R u  a s  a  f u n c t i o n  o f  i n c i d e n t  e n e r g y  o f  a l p h a  p a r t i c l e s .
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F I G . 2 .  Y i e l d s o f  t e c h n e t i u m  r a d i o n u c l i d e s  a s  a  f u n c t i o n  o f  i n c i d e n t  e n e r g y  o f  a l p h a  p a r t i c l e s .

The results o f  the stacked-foil experiments are summarized in Figs 1 and 2 and 
Tables I and II. The thick-target yield o f 97 Ru was found to be 120 mCí/mA h.
The yield reported earlier by Silvester et al. [7] was 75.3 //Ci/juA-h with
30 MeV alpha particles. Because of the various (a, xn) reactions (x = 1 to 4) 
and the thicknesses o f the individual foils used, increasing yields up to 40 MeV 
were observed. The yield o f 97 Ru below 15 MeV was low. For 27—40 MeV, 
the production rate o f 97 Ru remained constant. The yield o f 103 Ru was 
0.1 /xCi/^A-h. The reaction 100Mo(o:, n )103R u (100Mo = 9.6%) has a relatively 
low cross-section, omax, since the threshold energy for 100M o(a, 2n)102Ru is low 
(11 MeV). Consequently, (a, 2n) reactions on a 100 Mo target can compete with 
(a, n) reactions at lower energies. Thus, not more than 0.1% o f 103 Ru has been 
observed in 97 Ru preparations. This can be lowered even further by ensuring that 
the exit energy from the molybdenum target is about 14 MeV. The consequent
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Radionuclide
(Ti«)

Decay mode3 Decay product 
(T ,e )

Principal gamma 
energy in keV 
(and abundance)

Yield at 
EOB
( ßCi / ßAh)

94 Ru (51.8 min) EC ^ T c "1 (52 min) 
(not 94Tc)

367 (79) 330

9S Ru (1.65 h) EC

r

95 Tc (20 h) 
(97.4%)
95 Tcm (61 d) 
(2.6%)

336 (71) Not
determined

97 Ru (2.88 d) EC 97Tc(2.6 X 106 a) 216 (86) 
324(10.3)

120

103 Ru (39.5 d) Г 103 Rhm (56 min) 

103 Rh (stable)

497 (86.4) 0.1

a EC is electron capture.

TABLE II. NUCLEAR DATA AND YIELD OF TECHNETIUM 
RADIONUCLIDES3

Radionuclide
(T ia)

Principal gamma 
energy in keV 
(and abundance)

Yield at EOB 
(MCi/MA'h)

Relative levels (%) at 24 h 
after EOB

Ea  = 40 MeV Ea  = 30 MeV Ea  = 40 MeV Ea  = 30 MeV

^ T c  (293 min) 871 (100) 350 100 16.7 9.5
95 Tc (20 h) 766 (93) 150 80 100 100
95 Tcm(61 d) 204 (66.2) 0.025 0.02 0.04 0.06
“ Tc (4.35 d) 778 (99) 10 1.2 13 2.9
" T c " 1̂  h) 140 (89) 45 3.5 4.3 0.6

a 9 4 T c m(52 min) and *®Tcm(51.5 min) were not assayed.
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loss in 97 Ru yield is not significant. Using enriched targets, Graf and Munzel [15] 
reported the following cross-section values for the reaction 94 Mo (a, n)97 Ru: 
a = 700 mb (E = 18 MeV) and ctf  = 96 mb (E = 14 MeV). The radio-IïidX IIldA E,
chemical processing needed about 2 h for completion. This was carried out after 
a cooling period of 12. h to let the short-lived ruthenium nuclides decay into the 
technetium nuclides. The radiochemical yield o f the ruthenium nuclides was only 
about 60%, but this can be improved by careful control o f the separation conditions. 
The yield o f 94 Ru was 330 juCi/juA -h -  almost completely formed by the 
reaction 92 Mo (a, 2n)94 Ru. However, the yield o f 95 Ru was not high, probably 
because o f the predominance of 92 Mo (a, p)95 Tc reactions over 92 Mo (a, n) 95 Ru 
reactions.

3.2. Technetium

As expected, radioactivities due to a host o f technetium nuclides, produced 
directly as well as through ruthenium precursors, were observed in all irradiations. The 
yields of the various technetium nuclides are shown in Fig.2 and Table II. The nuclides 
94Tc (4.9 h) and 95Tc (20 h) were obtained in relatively large quantities,
96Tc (4.35 d) and 99Tcm (6 h) in smaller quantities; 94Tcm (52 min) and 
%Tcm (51.5 min) were not assayed owing to decay during the cooling period.
Traces o f 95Tcm (61 d) were observed by prolonged counting o f  the samples 
after a few weeks’ decay.

One o f the reasons for the present study was the need for some technetium 
radionuclides o f longer half-life than that of 99Tcm, which has such wide-ranging 
applications in nuclear medicine. The availability o f such tracers will be of great 
advantage during the initial development and evaluation of various new technetium 
radiopharmaceuticals. The mixture of technetium activities could be quantitatively 
recovered from irradiated molybdenum targets by extraction into MEK and 
purification over alumina, thanks to our very great experience in solvent extraction 
generation o f 99 Tcm. After a cooling period o f 24 h, the mixture consisted mainly 
of 95 Tc, with other technetium nuclides present as impurities. Table II shows these 
yields o f 95 Tc and the radionuclidic impurities observed with two different alpha 
energies. The quantities o f 95Tc and 96Tc produced are inadequate for tracer 
studies. An attractive alternative route to producing 96Tc (4.35 d), which is being 
investigated, is through the reaction 93Nb (a, n)96Tc, since 93Nb is а 100% abun
dant nuclide. The initial results of these studies for the production o f 96 Tc have 
been encouraging [16].

3.3. Potassium-38

It was found that 15 min after EOB, 38 К suitable for intravenous use can 
be obtained, following alpha-particle bombardment o f a NaCl target, dissolution 
in water for injection, and sterilization by membrane filtration. The yield of
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40 MeV V  on NaCl 

y f  35 d  (a, n) 34dm  and 

/  35ci(Q,n)38K

10 20 30 40 50 60 70 80 90 100 110 120 
TIM E (min)

F I G . 3 .  D e c a y  c u r v e s  o f  t h e  p h o t o p e a k s  d u e  t o :  ( a )  5 1 1  k e V  o f 3 S K ,  ( b j  1 4 6 . 4  k e V  o f M C l m , 

( c )  5 1 1  k e V o f 3SK  + 34C7m.

38 К was typically of the order of 1 mCi/дА during 30 min irradiation with 18 MeV 
alpha particles. The yield can be increased further, since alpha particles of 
2 0 -2 1  MeV can be used for the irradiations, without fear o f  contamination from 
34Clm. Tilbury et al. [17] reported a saturation yield o f 0.58 mCi o f 38К per (iA, 
with 15 MeV alpha particles. The analysis of the decay curve o f the 511 keV 
(annihilation radiation) photopeak exhibited a half-life o f 7.5 min (Fig.3), 
matching well with the reported half-life o f 38 K. No radionuclidic impurity 
including 22 Na could be seen from the gamma-ray spectra, even after allowing 
for decay o f 38 К activity and prolonged counting. Table III gives a list o f the 
various production methods for 38 K.

3.4. Chlorine-34m

During our studies on the production o f 38 K, a NaCl target was irradiated 
once with 40 MeV alpha particles. When the product activities were measured 
by gamma-ray spectroscopy, the 511 keV photopeak exhibited a complex decay 
curve (Fig.3) for two components, one o f  7.5 min half-life and the other o f  32 min 
half-life. A photopeak o f 146 keV was also seen, which exhibited a half-life of 
32 min (Fig.3). By comparing the results with standard nuclear charts and checking 
for the presence o f  the high-energy gamma-ray photopeaks of 1176.4 keV and 
2127.8 keV, this activity was identified to be due to 34 Clm . The nuclear reaction 
leading to this product should be 35 Cl (a, cm)34Clm (Table III). However, no 
increase in 38 К yield was seen, even though a contribution from the reaction
31 Cl (a, 3n)38K to augment the yield due to the reaction 35 Cl (a, n)38K can be 
expected when using 40 MeV alpha particles on NaCl targets. The results of
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TABLE III. NUCLEAR DATA AND PRODUCTION METHODS 
OF 38 K AND 34Clm

4 Decay mode Ел+ in MeV Ev in keV (and abundance)

38K (7.6 min) ß+ (100%) 2.6 (100%) 511 (200); 2167.6 (99.9)

34 Clm (32.1 min) ß+ (53%) 1.35 (43%) 146.4 (42.6); 511 (106)
IT (47%) 2.47 (57%) 1176.4(13.6);

2127.8 (42.2); 3305 (12)

Nuclear reactions [2, 9] for the production of

Potassium-38 Chlorine- 34m

40 Ar (p, 3n)38K 3SC1 (a, n)38K 
(75.53%)

32S (3H e,p)34Clm

40 Ca (d, a)38 К 37Cl (3He, 2n)38K 
(24.47%)

31P (a, n )34Clm

40 Са (7 , pn)38K 39 К (p, d)38K 35Cl (p, pn) 34Clm

40 Ca (3He, ap)38K 39 К (3H e,a)38K 3SC1 (a, a n )34Clm 
(present study)

Results of the present study

Nuclear reaction Projectile energy Product yield

3SC1 (a, n)38K 18 MeV 1 mCi/MA-h

3SC l(a ,a n )34Clm 40->-22 MeV 2 .5m C i/M -h

Cross-sections for the reaction 35 Cl (a, an)34 Cl1!1

E (MeV) 39.0 36.9 34.8 32.6 30.3 27.8 25.1 22.3

aE(mb) 56 111 110 97 73 58 29 18

the subsequent stacked-foil experiments are shown in Fig.4. The 34Clm activity 
was observable on foils irradiated with alpha particles from 22 MeV onwards.
The yield o f  34Clm (40 -*■ 22 MeV) was found to be 2.5 mCi/д А -h. A 38К activity 
was not seen in these preparations. In this low-Z range, the probability o f a direct 
interaction type o f reaction, such as (a, cm), is high. This can account for the 
presence o f 34Clm activity and the absence o f 38 К activity, since for 38 К an (a, 3n) 
reaction would be necessary. Even though the chlorine activity produced is not
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INC IDENT ENERGY OF ALPHA PARTICLES (MeV)

F I G . 4 .  Y i e l d  o f ^ C l m  a s  a  f u n c t i o n  o f  t h e  i n c i d e n t  e n e r g y  o f  a l p h a  p a r t i c l e s .

carrier-free, this method provides a simple means o f preparing a short-lived and 
neutron-deficient chlorine tracer with high yields. The 22 Na is a possible radio
nuclidic impurity through the reaction 23 Na (a, an)22Na. However, because o f the 
short duration of the irradiations used and the relatively long half-life of 
22Na (T 1/2 = 2.6 a), the level o f 22 Na was not detectable.

Since NaCl targets used for irradiation are ‘thin’ and since only a single 
reaction leads to the formation o f 34Clm, the cross-section for this reaction at 
different energies has been calculated from the activities of 34Clm produced and 
these data are shown in Table III.
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Abstract

PRODUCTION AND CLINICAL USE OF 19sAum.
A practical 195Hgm/ I95Aum generator has been developed, primarily for first-pass nuclear 

angiography from a peripheral intravenous injection but which can be used also for myocardial 
perfusion studies by a catheter technique. The parent 19sHgm is prepared by the 
197A u(p,3n)195Hgm reaction, the bombarding energy being 34 MeV and the yield being 
approximately 170 MBq/juA-h at the end of bombardment. The 195Hgm is separated by evapora
tion and collection in 10% nitric acid and is buffered with sodium acetate. The generator is of 
the chromatographic column design, currently using a controlled pore glass support lipoamide 
column with 2.5 mmol sodium cyanide solution as the eluant; the elution efficiency is 
approximately 25%. For specific activities above 40 MBq/mg, the elution efficiency decreases 
markedly as a function of time after column preparation; this has been shown to be the result 
of radiolytic reactions and may be suppressed by the addition of radical scavengers. Following 
administration of up to 20 mL of eluate to patients, no changes were found in heart rate, blood 
pressure, electrocardiogram or blood gases. Plasma cyanide, red cell cyanide and plasma 
thiocyanate levels did not rise above the normal ranges for non-smokers. The radiation doses 
received from six first-pass angiograms (a total of 4800 MBq of 19SAum) are 1 mSv to the 
heart and 1.9 mSv to  the kidneys (of which 1.7 mSv is due to 19sHgm breakthrough). The whole- 
body dose is estimated to be 0.08 mSv. The generator has been used to carry out rapid 
sequential first-pass studies during physiological and pharmacological stress of the cardiovascular 
system. Ejection fractions from 8 to 67% have been measured, with an excellent correlation 
against 99Tcm values. Over 1500 patient studies have been carried out w ithout any demonstrable 
side-effects.
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The technique of radionuclide angiocardiography occupies a 
major role in cardiology, both as a routine clinical tool and in 
research. The first-pass technique offers the advantages of 
rapid acquisition (facilitating measurements of cardiac function 
during physiological stress or drug intervention) and of chamber 
separation on a temporal basis (permitting viewing from any 
angle). Using 9"Tcm , the method has two drawbacks - sequential 
studies must be carried out against a residual radioactive 
background from preceding studies, which places a limit on the 
interval between studies, and considerations of radiation dose 
limit the number of such studies. A radionuclide with a short 
half-life ( < 1 minute) and appropriate radiation emission, 
preferably a metastable gamma emitter, would circumvent these 
problems.

Of the several generator systems which have been developed, 
two are in clinical use. The °^Rb/°^Krm generator [1] is used 
for myocardial perfusion studies [2], but cannot be used for 
angiocardiography since °1кгш is eliminated from the blood on 
passage through the lungs. Iridium-191 m , obtained from the 
'91Os/>91irm generator [3], is used for angiocardiography [4] but 
its five-second half-life is too short to permit adequate left 
ventricular studies following peripheral intravenous injection in 
patients with poor cardiac function.

The potential use of 195ц8т/195дит as a generator pair was 
first noted by Lebowitz and Richards [5]. The 262 keV gamma 
photon emitted by 195дит in ggj of its decaya iS suitable for 
imaging, particularly with the multicrystal camera, while the 30.5 
second half-life is long enough to permit left heart studies with 
a peripheral intravenous injection but short enough to permit 
repeat studies at 2-3 minute intervals. The associated radiation 
dose is extremely low [6].

1. INTRODUCTION

2. GENERATOR DESIGN AND PRODUCTION

The ideal generator system for first-pass angiocardiography 
would comprise a parent nuclide with a half-life of several days, 
to give a long working lifetime, and a daughter nuclide with a 
half-life between 20s and 1 min ; the daughter would decay by 
isomeric transition to a stable ground state by monoenergetic 
gamma emission in the range 100-200 keV with a 100Ï abundance. 
The ^ 5 д ет/195дит SyStem has characteristics which are reasonably 
close to these. The parent and daughter half-lives are 41h and 
3 0.5s respectively, the simplified decay scheme being shown in 
figure 1, and, while the 262 keV gamma emission is above the 
optimal range for Anger-type gamma cameras, it is well within 
their operating range and is ideal for use with the multicrystal 
camera.
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F I G . l .  S i m p l i f i e d  d e c a y  s c h e m e  o f  l9 S H g m .

2.1. Preparation of ^i>Hgm

Since gold is monoisotopic, the most convenient reaction for 
the production of ^ ^ H g m is

197Au(p, 3n)195Hgm

The ALICE code [7] gave a cross-section of 880 mb for a bombarding 
energy of 25 MeV. The ^9^Hgm is produced on the Harwell Variable 
Energy Cyclotron using 34 MeV protons incident on à helium-cooled
0.5mm thick, 15g metallic gold target (the cooling is essential 
because of the volatility of mercury). Approximately 8MeV is 
absorbed and practical yields average approximately 170 MBq/(nA-h) 
at the end of a 6h bombardment. Radionuclidic impurities include 
^ ^ H g  and so the irradiated target is left for 20h (two half- 
lives) to permit this to decay prior to processing. The only 
significant impurity is ^ 7 ц 8 т (approximately 3.5$ at end of 
bombardment), which decays to ^97Hg with a half-life of 24h and 
thence to stable gold with a half-life of 65h; it does not 
contribute to the radioactivity of the eluate.

Mercury-195m is separated by heating the target in a furnace 
for 1h at 1000°C in a helium gas flow of 50 mL/min. The 
evaporated mercury is collected in 20 mL of a mixture of 10? HNO^ 
+ 10? HC1 + 100Ц g Hg carrier; this solution is then neutralised 
by pouring it on 5g of sodium acetate.
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F I G . 2 .  C u r r e n t  g e n e r a t o r  s y s t e m .
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Concentration of NaCN (mmol)

F I G . 3 .  V a r i a t i o n  i n  e l u t i o n  e f f i c i e n c y  w i t h  c o n c e n t r a t i o n  o f  c y a n i d e .  

( 1  C i = 3 7  G B q )

2.2. Column design

Given the short half-life of the daughter nuclide, together 
with the requirement for rapid sequential elutions, a 
chromatographic column design is indicated; for good separation of 
gold from mercury, the choice of column materials is restricted to 
ion exchange materials containing thiol groups. Initial 
generators used vicinal dithiolcellulose, but this was found to 
give high parent breakthrough and to be susceptible to radiation 
damage [8]. Subsequently, thiopropyl sepharose-6B and controlled 
pore glass support lipoamide (CPG) have been investigated.

Of a variety of eluants, only sodium cyanide solution gave a 
satisfactory elution efficiency with minimal breakthrough in the
0.25-0.75 mL volume required [9] for successful first-pass 
angiocardiography.

The requirement of a low elution volume means that the dead 
volume must be kept to a minimum, while one of the design criteria 
was for a system which was easy to use. The current design is 
shown in figure 2. This has proven robust for road, rail and air 
transport, no transit damage^occurring in over 100 shipments.

The column materials are prepared by washing with EDTA/sodium 
acetate solution to chelate any heavy ions; this serves also as a 
swelling solution for the sepharose. Free thiol groups are 
produced by reduction with mercapto-acetic acid for about one hour 
and the materials washed several times with acetic acid/sodium 
chloride solution. The ^ ^ H g m is then bound to the column 
material by mixing with the active solution and stirring by



122 ELLIOTT et al.

Time after activity absorbed on columns 
(hours)

F 1 G . 4 .  C P G  l i p o a m i d e  c o l u m n s :  t i m e  d e p e n d e n c e  o f  e l u t i o n  e f f i c i e n c y  f o r  d i f f e r e n t  

' s p e c i f i c  a c t i v i t y  ’  c o l u m n s .

bubbling a slow gas flow through the solution for about 30 minutes 
(mechanical stirring was investigated but discarded when it was 
found to give rise to increased parent breakthrough). The 
material is then drawn onto the column and washed with about 50 mL 
of sodium cyanide.

Figure 3 shows the variation in elution efficiency as a 
function of cyanide concentration for both column materials. It 
was found that the initial concentration of 10 mmol could be 
reduced to 2.5 mmol with only a small drop in elution efficiency 
(35-30$ for sepharose-6B and 27-24$ for CPG).

The smaller the volume of eluant used, the lower the elution 
efficiency, while the smaller the column, the greater the elution 
efficiency; however, all columns were better than 20$ efficient 
with 0.6 mL of eluant.

The specific activity (the measure of radioactivity per mg of 
column material) was found to influence the elution efficiency as 
a function of time, as shown in figure 4 for CPG columns. The 
drop in efficiency has been shown to be due to radiolytic damage 
and may be suppressed by the use of radical scavengers. The 
deterioration is minimal for CPG columns if the specific activity 
is kept below 40 MBq/mg. Current columns contain approximately 
4GBq of ioa<ied onto 120 mg (0.3 mL) of column material.
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FIG.5. Elution profile obtained from CPG column using 2.5 mmol sodium cyanide as eluant.

Columns are produced in accordance with the procedures and 
facilities specified in the Guide to Good Pharmaceutical 
Manufacturing Practice [10].

2.3. Elution characteristics
The elution profile of the generator is shown in figure 5, 

demonstrating clearance of available ’̂5дит by the passage of 1 mL 
of eluant. The chemical form of the 9̂^Aum in the eluate has 
been identified tentatively as (Au(CN)h)n~, while the eluate pH is 
9.8.

The amount of mercury breakthrough is a crucial property, 
since the administration of significant amounts of mercury would 
increase the radiation dose substantially. This requires the 
protection of the column against radiolytic damage as described 
above, which is achieved by storing the column under a 2% solution 
of sodium nitrate when not in use.

While the column is not in use. the level of ^9^Au on the 
column builds up. Whereas 1MBq of ’” AUm eluted from the column 
produces about 2 Bq of î>Au, a coiumn containing 4 GBq of ^i>Hgm 
will produce about 400 kBq of ^^Au left standing for
30 minutes.

Thus, in order to minimise the amounts of both 9̂i>Hgm an(j 
195Au in the eluate, it is necessary to adopt a strict elution 
protocol. Having washed the column free of nitrate by passing 
through 10-20 mL of NaCN, the column is eluted at least five times 
at 2 minute intervals immediately prior to patient use; during a 
patient study, elution is carried out at 2.5 -3 minute intervals 
and discarded if not required. During long periods not in use,
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the column is again stored under nitrate solution. Following 
this scheme, administration of ^5ди is close to the theoretical 
minimum of 2.5 kBq per investigation, while the ^^Hgm breakthrough 
is approximately 0.01?.

Using the dosimetry data of Ackers and de Jong [6 ], the 
radiation doses received from 6 first-pass nuclear 
angiocardiograms - a total of some 4800 MBq of ^5¿um 3 mL 0f
eluate - are 1mSv to the heart and 1.9mSv to the kidneys; of the 
latter figure, 1.7mSv is attributable to ^^Hgm breakthrough. The 
total body dose is estimated to be 0.08mSv. Applying the ICRP 
weighting factors [11], the effective whole-body dose equivalent 
is 0.35mSv. From long-term whole-body counting studies [12], 80$ 
of the residual radioactivity is found in the liver and kidneys, 
with 20$ in bone and soft tissue.

Sterility and apyrogenicity of the eluate have been 
established on broth cultures and the 24h rabbit rectal 
temperature test. Eluates have been tested between 24-120h after 
column preparation.

3. IMAGING EQUIPMENT CONSIDERATIONS
Although 262keV may be considered a rather high energy for an 

Anger type gamma camera, satisfactory images can be obtained using 
a medium-energy collimator. Using a Siemens ZLC LEM gamma camera 
fitted with such a collimator, the resolution of ^f>Aum was found 
to be 10.5 mm full-width-at-half-maximum (FWHM) at 50 mm depth in 
tissue compared to ^^Tcm values of 6.1 and 7.0 mm FWHM for the 
high resolution and all-purpose low-energy collimators 
respectively. The sensitivity (counts-s-  ̂per MBq) for ^5дцт 
ranged from 40 to 75Í of that for ̂ ^Tcm, depending on the energy 
window chosen. The above resolution values may be compared with 
the 15 mm FWHM for ̂ ^Tcm and 17 mm FWHM for ^5дцт achieved by the 
multicrystal camera at 50 mm depth in tissue.

Count rates of over 80000 counts/s have been achieved with 
the Siemens camera following the administration of approximately 
750 MBq of ^^Aum. For a larger generator, loaded with 5-6 GBq 
of 195Hgm and capable of producing a 1 GBq bolus, it should be 
possible to achieve sufficiently good counting statistics to 
obtain reliable left ventricular ejection fraction (LVEF) values 
from first-pass studies with newer models of Anger cameras, 
although it is unlikely that count rates high enough to yield 
accurate wall motion data could be obtained. To realise the full 
potential of the first-pass technique and the present generator 
system, a multicrystal camera is required.

For other studies using ^^Aum, however, such as those of 
myocardial perfusion (section 7) and venography [13], Anger 
cameras are perfectly adequate in both their count rate response 
and resolution.
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In addition to obtaining the standard biodistribution data, 
animal studies were carried out to establish the safety of the 
eluate for patient use, given the presence of the toxic 
substances, mercury and cyanide. The results have been reported 
in full [14].

Measurements of plasma cyanide, red cell cyanide and plasma 
thiocyanate (a detoxication product of cyanide) showed that these 
did not rise above the normal ranges for non-smokers [15], which 
are substantially lower than those achieved in patients following 
the infusion of sodium nitroprusside for hypotensive anaesthesia 
[16]. Blood gas analysis of arterial and central venous samples 
showed no significant change in Pq2, or PH> Heart rate, ECG
waveform and arterial and central venous pressures were unchanged 
during administration.

4. ANIMAL STUDIES

5. INITIAL HUMAN STUDIES
Clinical trials in humans were commenced in 1981 [17], 

initially in normal volunteers and then in patients referred for 
nuclear angiocardiography, in whom comparative 99 xc m an(j 195дцт  
studies were undertaken.

Angiocardiograms were obtained in the standard manner [18] 
using a multicrystal gamma camera (Baird Atomic System 77) fitted 
with 40mm collimation at rates between 25-50 frames per second. 
All data were corrected off-line for instrument dead-time and 
flood field non-uniformity, the latter based on a stored 9̂ 5дит 
flood field image. Patients underwent two ^95дит gaudies, five 
minutes apart, followed by a 99>rcm stu<iy ten minutes later.

From the normal volunteers, it was established that there 
were no significant rises in plasma cyanide, red cell cyanide or 
plasma thiocyanate levels following the test. There were no 
significant changes in heart rate, electrocardiogram or blood 
pressure.

A total of 25 patients were studied (age range 36-66) after 
informed consent had been obtained. No significant changes in 
the above physiological parameters were found. Ejection 
fractions from 8-67? were measured, with an excellent correlation 
(r = 0.98, SEE 3.3Í) against 99>rcm values.

Residual count rates for gold and technetium were measured by 
collecting 1 second static images at 30 second intervals following 
the dynamic study. Count rates were obtained for both the whole 
field of view and the left ventricular region of interest. 
At 3 minutes post injection the gold counts in the whole field and 
in the left ventricular region were 2.5? of the respective 
technetium values, falling to 0.8? at 5 minutes.

\
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In ten patients undergoing routine contrast angiography, 
blood gas analyses were carried out on arterial and central venous 
samples obtained before and after peripheral intravenous 
adminstration of 5 mL of eluate. No significant changes in P0 , 
PCOj or acid base status were found. 2

6 . CLINICAL STUDIES
The use of 195дит for first-pass nuclear angiocardiography 

permits studies which could not have been carried out with 99x0m 
because of the high residual background and radiation dose 
associated with the latter. To date, over 1500 patient 
investigations have been performed; examples of clinical studies 
are given here.
6.1. The assessment of the cold pressor test

Cold pressor stimulation (CPS) has been proposed as an 
alternative to dynamic exercise in the diagnosis of coronary 
disease. Variable responses have been reported, however; 
Wainwright et al, [19] reported good discrimination between normals 
and ischaemic patients, but Wasserman et al. [2 0] could not 
reproduce this finding. Most work has been carried out using 
gated radionuclide ventriculography and it was suggested that the 
relatively long acquiral time obscured subtle changes in 
ventricular function occurring during the test. In order to test 
this hypothesis, a group of 30 patients were studied 2 minutes 
before, during the first 30 seconds, at 2.\ minutes and after 
2 minutes recovery from CPS [21]. The study group comprised 
10 normals, 10 patients with angiographically proven coronary 
heart disease but normal left ventricular function with no history 
of myocardial infarction, and 10 patients with impaired left 
ventricular function due to congestive cardiomyopathy and who had 
normal coronary arteries.

There were no significant differences found between the left 
ventricular ejection fractions (LVEF) at rest and the 30 second 
CPS or 2 minute post-CPS studies in any of the 3 subgroups. A 
small but non-significant fall in LVEF was seen from rest to
2 minute CPS studies in both the normal and ischaemic groups; the 
drop achieved significance (p<0.005) only in the cardiomyopathic 
group. In this study, CPS could not differentiate ischaemic 
patients from normals, with no evidence of rapidly occurring 
changes to explain the diverse results from gated scanning.
6.2. Left ventricular performance in fit elderly men

A decrease in left ventricular contractile performance is 
associated with increasing age: this may result from occult 
coronary disease, deconditioning or as part of the ageing process 
per se. The effect of lifelong physical conditioning is not known.



IAEA-CN-45/21 127

Left ventricular performance was investigated in eleven 
volunteers (mean age 30) and in ten elderly men (mean age 70) who 
had maintained physical fitness by lifelong regular exercise, 
confirmed by their maximum exercise oxygen consumption of 
44 mL-kg“ 1 • min-1. Data were obtained from first-pass 
angiocardiography carried out at rest, at submaximal (70$ maximal) 
exercise and at maximum predicted heart rate. Subjects exercised 
on an upright bicycle, the load increasing by 25 watts every
3 minutes.

During exercise, the young subjects’ left ventricular 
ejection fraction rose significantly while the elderly subjects' 
LVEF was unchanged from the resting values. Left ventricular 
end-systolic volume was unchanged in the elderly but fell 
significantly in the younger group. Cardiac output rose 
significantly in both groups, but by 50$ less in the elderly. 
Peak ventricular emptying rate fell significantly in the elderly 
but was unchanged in controls, while peak ventricular filling rate 
rose significantly only in controls.

It is concluded that lifelong physical training does not 
prevent a decrease in left ventricular contractile performance 
with increasing age.

6.3. Quantification of intracardiac shunts
The quantification of intracardiac left-right shunts by 

radionuclides has been successfully applied to adults and children 
[22]. The use of ^5дцт has been investigated and compared with 
results obtained using 99>гст> has been validated previously
against oximetry.

First-passage angiocardiograms were obtained- in the standard 
manner from peripheral intravenous injection using an Anger type 
gamma camera (Technicare, 0N100) interfaced to a computer system 
(Nodecrest, V77), 70 images being collected at a framing
rate of 2 s“ . The time-activity curve generated from a lung 
region-of-interest was analysed by a modified Maltz and Treves 
gamma variate technique [2 3].

Twenty-two patients were studied in the antero-posterior (AP) 
projection: no significant differences were found between the results with '95дит an(j 99jcm or between successive ^95дцт studies 
carried out at rest. In 15 patients an attempt was made to 
localise the site of the shunt by repeating the study in different 
projections, but this proved impossible; the shunt ratios, 
however, did not change significantly from those obtained in the 
AP projection. Twelve patients were studied after ten minutes' 
oxygen administration (4 L-min“ )̂, while 11 patients underwent two 
minutes of straight leg raising exercise; in both cases, shunt 
ratios did not change significantly from resting values.
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Thus the quantification of intracardiac shunts using ^i>Aum 
is accurate and reproducible. The results are unaffected by 
projection, exercise or oxygen administration and the low 
radiation dose should encourage the use of the technique in 
children.

7. MYOCARDIAL PERFUSION STUDIES
Given the recent interest in coronary revascularisation by 

procedures such as thrombolysis [24] and balloon angioplasty [25], 
it was decided to investigate whether the generator could be used 
for per catheter myocardial perfusion studies, by which the 
efficacy of these procedures might be evaluated. Brihaye et aL 
[26] have reported the development of a ^^Hgm/^^Aum generator 
specifically for infusion studies, but gave no indication of. the 
radioactivity on the column or in the eluant. Injection volumes 
of up to 500 ml were envisaged, which appears excessive.

Studies have been performed on patients undergoing routine 
coronary arteriography using a mobile gamma camera (Siemens,ZLC 
LEM) and computer system (Link Systems, MAPS 2000) in the cardiac 
catheter laboratory. Immediately following contrast 
arteriography, the camera was positioned over the patient and the 
catheter connected to the generator outlet via a length of sterile 
tubing passed through a peristaltic pump; the total void volume of 
tubing and catheter was 2 mL. A range of infusion rates was 
investigated and it was found that, at 3 mL*min“ ,̂ a count rate 
of Ю 4 counts-s was obtained, yielding adequate images over a 
30 second period. Studies have been performed with the catheter 
tip positioned in the aortic root and in proximal sections of 
individual coronary arteries. The maximum volume infused 
was 20 mL and no significant changes in heart rate, 
electrocardiogram or blood pressure were noted during infusion.

The total amount of ^5¿um infused is estimated at 1-2.5 GBq; initial levels of ^i>Au and 195fjgin in the eiuate are similar to 
those obtained for the bolus injections, decreasing thereafter.

A smoother infusion flow could be obtained using an infusion 
pump, but its void volume and the mixing which takes place in the 
drive chamber preclude its use on the outlet side of the 
generator. Studies are in progress to determine whether the 
generator can be operated as a positive pressure system, with an 
infusion pump driving the eluant through the column, without 
hazard to the patient or damage to the column itself.

8. CONCLUSION
A portable generator system for the production of ^^Aum has 

been developed, which can be used both for first-pass nuclear
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angiocardiography and for myocardial perfusion studies. The 
safety of the product has been established and its clinical 
utility demonstrated.

In addition to the ability to perform rapid sequential 
studies, the low radiation dose associated with this 
radiopharmaceutical makes it suitable for use in the investigation 
of children and in screening programmes in sub-groups of the 
population with a high risk of ischaemic heart disease.
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Abstract

IMMUNORADIOMETRIC ASSAY AND RADIOIMMUNODETECTION USING MONOCLONAL 
HUMAN CHORIONIC GONADOTROPIN (hCG) ANTIBODIES RECOGNIZING ONLY 
NATIVE hCG.

M onoclonal antibodies to  hum an chorionic gonadotropin (hCG), w hich recognize 
conform ational determ inants o f  native hCG molecules, were used for two-site im m unoradio
m etric assay (IRM A) and radioim m unodetection (RID ) o f hCG-producing tum ours in nude 
mice. Several m onoclonal hCG antibodies were produced against hCG, one of w hich (21-D-6) 
reacted w ith only native hCG with a high Ka value o f 8.8 X 10®L/mol; another antibody 
(3 -D -l) had a specificity for the  epitopes located on the 0-subunit o f hCG. The antibodies 
3-A-3, 12-A-5 and 24-B-6 cross-reacted substantially w ith LH. The antibodies 21-D-6 and 
3-D -l, reacting w ith different antigenic sites, were used in a two-site IRMA in which 3-D-l 
was imm obilized and 2 l-D-6 was labelled w ith  IJ5I. This two-site IRMA was highly specific 
for hCG and there was no  cross-reaction w ith hCG-a and hCG-0; the sensitivity o f this IRMA 
was com parable w ith th a t o f hCG radioim m unoassay (R IA ) using polyclonal hCG antibodies.
The hCG values in am niotic fluids were determ ined by IRMA and routine  RIA, using SB-6 
as hCG antiserum . B oth values were significantly correlated (r = 0.85, p <  0 .01), and the values 
obtained by IRMA were lower than  those obtained by RIA. The IgG and F (a b ') j  fractions 
prepared from  2 l-D-6 were iodinated by the  lactoperoxidase m ethod and used to  detect 
hCG-containing tum ours in nude mice by whole-body photoscans w ith a gamma scintillation 
camera. Positive RID results were obtained fo r all three tum our sites, a t 144 h  and 240 h  after 
1311-IgG injection w ith a slightly higher background activity, and at 48 h after 1311-F(ab')2 
adm inistration w ith essentially no background activity. These results indicate th a t m onoclonal 
anti-hCG and its radiolabelled fragm ent, which recognizes the  conform ation o f the native 
hCG bu t no t th a t o f  the  subunit, are preferable fo r two-site IRMA and fo r RID of hCG- 
producing tum ours.
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1. INTRODUCTION

The hybridoma technology has provided monoclonal antibodies that bind to a 
single antigenic déterminant [ 1 ]. The usefulness o f these antibodies for radio
immunoassay (RIA) is limited in general by their lower affinity for antigens 
compared with that of polyclonal antibodies, but it has become apparent that 
some mixtures o f two monoclonal antibodies have a higher affinity for antigens than 
either individual antibody alone [2]. We have produced several monoclonal antibodies 
to human chorionic gonadotropin (hCG) and developed a two-site immunoradio
metric assay (IRMA) for the measurement of hCG in body fluids using two different 
antibodies that recognize either native hCG molecules or a hCG-ß subunit. We have 
also applied radiolabelled monoclonal antibodies which are highly specific for the 
conformational determinant o f  native hCG in radioimmunodetection (RID) of the 
hCG-producing tumour in nude mice.

2. MATERIALS AND METHODS

2.1. Production o f monoclonal anti-hCG antibodies

Balb/c mice were immunized with an intraperitoneal injection o f 150 ßg of 
purified hCG (10 000 IU/mg) in complete Freund’s adjuvant. After 1—3 months a 
booster injection was given with 100 jug of hCG in saline; the spleen was excised three 
days after injection. The spleen cells were fused with mouse myeloma 
P 3-N Sl/l-A g4-l, using polyethylene glycol. Anti-hCG antibodies were isolated 
from the hybridoma cells that were cloned by limiting dilution and expanded 
by forming ascites in Balb/c mice primed with pristane [3]. The antibodies were 
extracted from the ascites fluid by passage through diethylaminoethyl cellulose 
columns. The antibody fragment F(ab ')2 was prepared by enzyme digestion and 
Sephadex column purification. The purified monoclonal anti-hCG antibodies 
were evaluated in competitive RIA systems by sequential addition o f unlabelled 
hormones with 12SI-hCG, overnight incubation at 4°C, and precipitation with 
polyethylene glycol 6000, followed by counting. The cross-reactivity o f mono
clonal antibodies was determined by measuring the displacement o f m I-hCG 
in the presence o f  various hormones; the binding capacity and the affinity 
constant were derived from a Scatchard plot [4].

2.2. Two-site immunoradiometric assay

Polystyrene balls (6.3 mm dia.) were incubated with 0.1 mg/mL o f purified 
monoclonal antibodies for 24 h at 4°C in phosphate-buffered saline and the free 
excess was removed by washing four times with the buffer. Antibody-coated 
polystyrene balls were put into the test tubes containing 0.1 mL of various
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concentrations o f hCG, related hormones or amnio tic fluids. After mixing, the 
tubes were incubated for 4 h at 37°C, and then the solution was removed and the 
balls were washed with 2 mL buffer. The 125I-21-D-6 (20 000 counts/min), 
radioiodinated by the lactoperoxidase method, was pipetted into each tube. The 
tubes were incubated for 18 h at room temperature and, after washing the balls, 
were counted in an autowell gamma counter.

2.3. Radioiodination o f monoclonal anti-hCG antibodies

Radioiodination o f IgG and F(ab')2, extracted from the monoclonal anti-hCG 
antibody 21-D-6, was performed by the lactoperoxidase method [5]. The reaction 
mixture consisted o f  50 pg IgG or F(ab')2 , 500 ng lactoperoxidase, lmCi Na131I, 
and 0.4 mol sodium acetate buffer, pH 6 .0 .1 The reaction was initiated by adding 
500 ng hydrogen peroxide. At the end o f the incubation, the mixture was layered 
on a 1 cm X 10 cm Sephadex G-50 column and eluted with phosphate-buffered 
saline. Aliquots o f 0.5 mL were collected and counted in a well-type gamma 
counter. The specific activity o f 1311-21-D-6 was approximately 10 pCi/pg.

2.4. Radioimmunodetection

The 1311-labelled anti-hCG IgG or F(ab ')2 was injected into the tail vein of 
hCG-producing tumour-bearing nude mice at a dose o f 10 pg (100 p d )  per mouse 
in 0.5 mL of sterile 0.9% NaCl.

Whole-body radioscans were made at 144 h and 240 h after administration 
of the radioactive IgG and at 48 h after administration o f the radioactive F(ab')2 
using a gamma scintillation camera. Then the animals were killed by cardiac 
puncture and the tumour and organs (brain, lung, liver, spleen and kidney) were 
removed. After weighing each tissue, the radioactivity was measured with a 
well-type gamma counter.

3. RESULTS AND DISCUSSION

3.1. Characterization of antibodies by RIA

The binding affinities and specificities of monoclonal anti-hCG antibodies are
shown in Table I. The antibody 21 -D-6 binds hCG with the highest affinity
(8.8 X 109 L/mol). The other four antibodies bind hCG with a Ka value of
(1 .4—5.3) X 108 L/mol. It is remarkable that 21-D-6 showed little cross-reactivity
with hCG-a, hCG-/3, LH and FSH, while 3-D-l showed a 50% cross-reactivity with 
hCG-P, but less than 1% cross-reactivity with hCG-a and LH. The antibodies 3-A-3,

1 1 Ci = 37 GBq.
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TABLE I. BINDING AFFINITIES AND SPECIFICITIES OF MONOCLONAL 
ANTbhCG ANTIBODIES B Y COMPETITIVE RADIOIMMUNOASSAY

M onoclonal
antibodies

к а
(L /m ol)

Percentage of cross-reactivity

hCG-a hCG-0 LH FSH

3-A-3 5.3 X 108 2 2 60 <1
3-D-l 2.1 X 108 <1 50 <1 <1

12-A-5 1.9 X 108 <1 <1 54 <1

2 l-D-6 8.8 X 109 <1 <1 2 <1
24-B-6 1.4 X 10® <1 <1 58 <1

12-A-5 and 24-B-6 reacted to more than 50% with LH, but to less than 2% with 
hCG-a, hCG-ß and FSH. These results suggest that 21-D-6 recognized the confor
mational determinants expressed only on the native hCG molecule but not on 
the hCG-a and hCG-0 subunits, while 3-D-l had a specificity for the epitopes 
located on the hCG-ß subunit.

3.2. Two-site immunoradiometric assay

A combination of the 21-D-6 and 3-D-l antibodies, reacting with different 
antigenic sites, increased the maximum binding of I2sI-hCG [3] and was used 
to develop a two-site IRMA, in which polystyrene balls were coated with 3-D-l, 
and 2 l-D -6 was radiolabelled with 125I. This IRMA was highly specific for hCG 
and there was no cross-reaction with hCG-a, hCG-|3, LH and FSH.

Representative standard curves of IRMA and conventional RIA for monoclonal 
antibodies are shown in Fig. 1. The sensitivity of IRMA was less than 0.5 ng, while 
that of RIA was approximately 2 ng, which indicates that the sensitivity o f IRMA 
was four times that o f RIA, and was comparable with that of hCG RIA using 
polyclonal hCG antibodies. These results show that hCG IRMA, using two different 
monoclonal antibodies, which either detect the whole hCG molecule or the hCG-ß 
subunit, is highly specific for hCG and does not cross-react with any related 
hormones. In contrast, a sandwich enzyme assay o f hCG with solid monoclonal 
antibodies for the hCG-a and enzyme-coupled monoclonal antibodies specific 
for hCG-ß showed a relatively high cross-reactivity with LH, as reported by Wada 
et al. [6].
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hC G  ( ng/lube )

HCC < ng/tube )

FIG.l. Standard hCG curves o f  (a) competitive RIA and (b) two-site IRMA using two different 
monoclonal antibodies: 21-D-6 and 3-D-l.

3.3. Values o f hCG in amniotic fluids

The values of hCG in amniotic fluids were determined by both IRMA and 
routine RIA using SB-6 as hCG antiserum (Fig.2). The values for the two 
assay methods were significantly correlated (r = 0.85, p <  0.01), but each 
value obtained by IRMA was lower than that obtained by RIA. The 
amniotic hCG concentrations in pregnant women (n = 66) who had previously 
had a baby with Down syndrome were 478.2 ± 371 .3  ng/mL for IRMA and
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amniotic hCG (polyclonal antibody SB-6)

FIG.2. Relationship between amniotic hCG concentrations detected by RIA using polyclonal 
antibody (SB-6) and two-site IRMA.

FIG.3. Radioimmunodetection o f  nude mice with hCG-producing tumours, following injection 
with m I-anti-hCG (21-D-6) IgG.
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a )

FIG .4. (a) R adio im m unodetection  o f  nude mouse w ith hCG-producing tumour, using 
1311-anti-hCG (21-D -6)F (ab')2; (b) photograph o f  nude mouse.

758.5 ± 555.5 ng/mL for RIA, suggesting the presence of not insignificant 
amounts of hCG subunits or fragments in these samples. Thus, the cross-reactivity 
problems present in conventional hCG RIA using polyclonal antibodies were 
eliminated by IRMA. Furthermore, the combination o f two different monoclonal 
antibodies in IRMA may increase the sensitivity o f the assay and would be useful 
in clinical studies.

3.4. Radioimmunodetection

Radioiodinated 21-D-6 IgG and F(ab ')2 were used to detect hCG-containing 
tumours in nude mice. Positive RID results were obtained for all three tumour 
sites, at 144 h and 240 h after 1311-IgG injection with a slightly higher background 
activity (Fig.3), and at 48 h after 131I-F(ab')2 administration with essentially 
no background activity (Fig.4). An analysis o f radioisotope localization shows the
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FIG.5. Tum our:blood ratios and tissue.blood ratios o f  nude mice w ith  hCG-producing 
tumours, at 144 h and 240 h a fter  1311-anti-hCG (21-D-6) IgG injection and a t 48  h after 
1311-anti-hCG (2 l-D-6) F  (ab') 2 injection.

selective uptake o f the monoclonal antibody by the tumour (Fig.5). The tumour: 
blood ratios at 144 h and 240 h after 1311-anti-hCG IgG injection were 5 and 4.5, 
and the ratios o f  other tissues (except the brain) to the blood were 2—4; the 
tumour:blood ratio at 48 h after 1311-anti-hCG F(ab ')2 injection was 4.5, and the 
ratios o f other tissues to the blood were less than 2 ; this suggests that the selectivity 
for hCG-producing tumour o f the anti-hCG F(ab ')2 fragment was higher than that 
of the anti-hCG IgG.

These results indicate that anti-hCG monoclonal antibodies administered in 
vivo are capable o f selective localization o f hCG-producing tumours in nude mice. 
This study demonstrates that monoclonal anti-hCG or its radiolabelled fragment,
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which recognize the conformation o f the native hCG, should be used preferably 
for two-site IRMA and for RID of hCG-producing tumours. This suggests the 
clinical usefulness o f these antibodies for the detection of hCG-producing tumours 
in humans.
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Abstract

BIFUNCTIONAL CHELATING AGENTS FOR 99 Tcm-LABELLED MONOCLONAL 
ANTIBODIES.

Labelling with 99Tcm of monoclonal antibodies against human thyroglobulin (IgG), using 
p-carboxyethylphenylglyoxal-di(N-methylthiosemicarbazone) (CE-DTS) as the bifunctional 
chelating agent, was studied on the basis of two parameters: 1. immunoreactivity of the conjugate, 
and 2. in vivo stability of the 99Tcm-labelled conjugate. When CE-DTS was coupled to IgG at a 
molar ratio of 1:1, no loss of its original immunoreactivity was observed. Labelling with 99 Tcm 
was performed at pH 4.5 in the presence of stannous chloride in ascorbic acid solution; the 
post-labelling time was found to be a critical factor determining the labelling efficiency. A high 
yield of more than 90% was achieved after 3 h standing at room temperature. An in vivo study 
with mice showed the percentage of the injected radioactivity dose and the blood clearance 
to be the same for 99Tcm-labelled IgG and 131I-labelled IgG. The presence of high radioactivity 
in the liver is discussed. The present study showed the applicability of the bifunctional chelating 
agent CE-DTS for labelling monoclonal antibodies with 99Tcm. These results provide a good 
basis for future studies in radioimmunodetection using the most suitable radionuclide, 99Tcm, 
for diagnostic studies.

1. INTRODUCTION

In recent years, the labelling of biologically interesting molecules with " T c m 
was o f great interest to researchers. Various bifunctional chelating agents, containing 
dithiosemicarbazone (DTS) as the chelating molecule on one side and on the other 
side a carboxyl group as a reacting agent for covalent binding with macromolecules, 
have been synthesized. In preliminary studies, using human serum albumin (HSA) 
as a model protein, p-carboxyethylphenylglyoxal-di(N-methylthiosemicarbazone) 
(CE-DTS) (F ig .l) has shown valuable characteristics. The 99Tcm-labelled CE-DTS- 
HSA obtained has shown good stability with excellent in-vivo behaviour comparable 
to that o f radioiodinated HSA [ 1 ].

On this basis, the potential for labelling other biomolecules o f interest with 
99Tcm is evident. Nowadays, with the advent of the hybridoma technology, the 
ready availability o f monoclonal antibodies has introduced another dimension for their
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plausible use in radioimmunodetection. Many attempts have been made to label 
monoclonal antibodies with metallic radionuclides, 111 In being the often reported 
radionuclide of choice [2—7]. However, little has been reported on the labelling 
with " T c m [8, 9], which is considered the almost ideal radionuclide becausé of its 
nuclear properties and its ready availability from a generator; " T c m has not often 
been used for labelling because of the lack o f a suitable bifunctional chelating agent 
and the problems associated with the chemical characteristics of technetium.

In the present study, an antibody against human thyroglobulin (IgG) is 
selected and, upon its coupling with CE-DTS, the labelling o f CE-DTS-IgG with 
" T c m is tested using electrophoresis and HPLC methods o f analysis. The changes 
in immunoreactivity through the various stages o f preparation are monitored with 
a solid-phase radioimmunoassay.

In vivo studies brought a good characterization of the 99 Tcm-labelled IgG 
containing CE-DTS, with the immunoreactivity of the parent protein being kept and 
with great applicability for radioimmunodetection.

2. MATERIALS AND METHODS

The bifunctional chelating agent CE-DTS was synthesized as described in 
Ref. [ 1 ] and a monoclonal antibody against human thyroglobulin (IgG) was made 
available by a standard procedure [10]. The 12SI- and 1311-labelled IgG was 
obtained by the chloramine-T method.

The analytical materials used were as follows: cellulose acetate strips from 
Johko Co. Ltd (Separax), columns for HPLC from Toyo Soda Manufacturing Co. 
Ltd (TSK-Gel G3000SW; 0.75 cm X 30 cm), microtitre plates from Cooke 
Engineering Co. (disposable ‘U’ plates 2 0 0 -2 4 ), the coupling reagent diphenyl- 
phosphorylazide (DPPA) from Nakarai Chemicals Co. Ltd, 99Tcm pertechnetate 
eluate from Daiichi Radioisotope Labs Ltd (Ultra-TechneKow), and Na125I and 
Na131I from New England Nuclear Corporation. All chemicals used were of 
reagent grade.

2.1. Preparation of CE-DTS conjugate

CE-DTS was attached to IgG, following the same method as for HSA [ 1 ].
To a chilled solution ( - 1 0  to -5 °C ) o f CE-DTS (5 X 10-s mol), dissolved in 
0.5 mL of dimethylformamide, triethylamine (7 juL) and DPPA (11.9 juL) were 
added. After stirring for 1 h at -1 0 °C , small aliquots (2 4 -1 2 0  /uL) o f this 
solution were added to a cold (0°C) solution of IgG (3 X 10_7mol) in 10 mL of  
0.01M borate buffer, pH 9.0, and the mixture was stirred for another hour. For 
purification, after an overnight dialysis at 4°C with a large excess o f 0.02M acetate 
buffer, pH 6.2, free CE-DTS was separated using Protein A Sepharose CL-4B
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column chromatography (1 cm X 6.5 cm) with 0.02M acetate buffer, pH 6.2, 
until no UV absorbance at 320 nm (free CE-DTS) was detected. Then the 
CE-DTS-IgG conjugate was eluted with 0.01M acetate buffer, pH 4.5. After a 
volume reduction by ultrafiltration, the CE-DTS-IgG conjugate was diluted with
0.2M acetate buffer o f various pH values (3.4—6.2) to a final concentration of 
6 mg/mL, and 1 mL aliquot samples were stored at -18°C .

2.2. Characterization of CE-DTS-IgG conjugate

(a) The number o f CE-DTS molecules attached per molecule o f IgG w as. 
determined by spectrophotometric measurements. The UV absorbances of the 
conjugate were measured at 280 nm (A280) and 320 nm (A320), respectively.
The number o f CE-DTS per IgG (N) was calculated, using the molecular weights 
of CE-DTS and IgG o f 380 and 150 000, respectively.

A32O/380 X 51 N = -------------------------- — 222— -------- ------------
(A 280 - A 32 o  X 20/380 X 5 1 ) /1.4 X 150 000

The absorption coefficients o f CE-DTS were E2¿J,% = 20 and Ез^0% = 51; that of 
IgG was E28q% = 1.4.

(b) The immunoreactivity o f the conjugate and o f the 99 Tcm-labelled 
conjugate was determined by solid-phase radioimmunoassay. To each well of 
96-well microtitre plates pre-coated with 28 pg of human thyroglobulin were 
added 50 jiL of varying amounts of (1) a conjugate prepared at different conjugation 
levels, or (2) a 99Tcm-labelled conjugate, or (3) native IgG, all prepared in 0.25% 
bovine serum albumin (BSA) in phosphate-buffered saline (PBS), pH 7.4. Then,
50 pL  o f 12sI-labelled IgG were added. In order to minimize non-specific protein 
absorption, 100 pL  o f 0.25% BSA in PBS were added. After an overnight standing 
at 4°C, and plates were washed extensively with distilled water. The counts per minute 
of the bound fraction were detected by cutting the individual wells from the plate 
and measuring the radioactivity in a well counter for the calculation o f B/T.

2.3. Labelling with 99Tcm o f CE-DTS-IgG conjugate

To 1 mL conjugate solution (6 mg/mL) in 0.2M acetate buffer at various 
pH values (3 .4 -6 .2 )  were added 0.4 mL o f 10~4 M solution o f stannous chloride 
prepared in 10_2M ascorbic acid and 0.6 mL 99Tcm04 eluate (0 .5—3 mCi)1 .
After a certain post-reaction time, each solution was passed through a 0.22 pm  
millipore filter.

1 1 Ci = 37 GBq.
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2.4. In vitro characterization of 99Tcm-labelled conjugate

The labelling yield o f 99Tcm was determined by cellulose acetate electro
phoresis and HPLC. The electrophoresis was carried out in veronal buffer (ionic 
strength = 0.05), pH 8.6, for 15 min, with an electrostatic field of 0.8 mA/cm; 
under these conditions, 99Tcm04 migrated 5—6 cm towards the anode. The 
position o f  the protein was determined by Ponceau 3R staining. For HPLC,
50 pL  o f  the sample were applied and the column was eluted with PBS, pH 7.4; 
then, a sequential determination o f radioactivity and UV absorption at 280 nm 
was performed at a flow rate o f  1 mL/min. The elution time o f the original 
IgG and 99TcmO i was 12 min and 17 min, respectively.

2.5. In vivo studies

An amount o f 0.05 mL of 99Tcm-labelled conjugate (1 0 -5 0  pCi) was 
injected intravenously into male ddY mice (weighing 2 5 -3 0  g) through a lateral 
tail vein. After a certain time interval, each animal was sacrificed and the organs 
of interest were removed, weighed and counted in a well counter. For comparative 
studies, IgG labelled with 1311 was also injected and the biodistribution measured.

At 6 h and 24 h after injection, blood samples were withdrawn by cardiac 
puncture. Sera were obtained by centrifugation; a 50 pL  aliquot of each serum 
was mixed with 1.5 mL solution of anti-mouse IgG rabbit antibody (second 
antibody) and centrifuged, and the radioactivity in the precipitate and super
natant were counted; the percentage o f radioactivity in the precipitate was 
calculated.

3. RESULTS

Using the newly synthesized CE-DTS (Fig. 1 ), the coupling reaction with IgG 
was easily performed in the presence o f DPPA. After purification by Protein A 
Sepharose CL-4B column chromatography, the obtained conjugate, CE-DTS-IgG,

-o s
s

HC=N-NH-C-NHCH3

F IG .l. Chemical structure o f  p-carboxyethylphenylglyoxal-di(N -m ethylthiosem icarbazone).
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FIG.2. Im m unoreactiv ity  o f  the CE-DTS-IgG conjugate a t various stages o f  preparation.
(a) N um ber o f  conjugated CE-DTS per IgG molecule.
(b) E ffe c t o f  99 Tcm labelling reaction at various pH  values using the conjugate a t a 1:1 molar ratio. 
Dose-response curve obtained by p lo tting  the diluted CE-DTS-IgG concentration against boundj 
to ta l 12SI-labelled IgG, w ith a specific activity  o f  (a) 15 m C i/m g and (b) 7 mCi/mg.

retained the immunoreactivity of the parent molecule. The number of 
chelating agents attached per IgG molecule was a determining factor, as shown 
in Fig.2(a). At a molar ratio o f 1:1 (blackened circle), an immunoreactivity equal 
to the original standard curve (open circle) was achieved. However, any excess of 
chelating groups per mole o f antibody induced a decrease in the immunoreactivity 
of the conjugate (Fig.2(a)).

From spectrophotometric studies o f the coupling reaction, a CE-DTS-IgG 
conjugate o f a 1:1 molar ratio could be achieved when the preparation was per
formed in the presence of an excess of 8 mol o f the chelating agent over IgG, which 
represented a 10—15% yield. The conjugate at the molar ratio 1:1 also showed 
that the immunoreactivity was preserved under the conditions required for the 
labelling reaction, at pH values ranging from 3.4 to 6.2 (Fig.2(b)). The labelling 
reaction performed at various pH values was analysed through electrophoresis 
(Fig.3(A)). The data indicated the presence of a single peak o f the 99Tcm-labelled 
conjugate when labelling was carried out at a low pH (curves a, b). At higher pH, 
an increase o f  some technetium species was detected at the anodic side, 2 cm from 
the conjugate identified at the neutral site by Ponceau 3R staining. No free 
pertechnetate was detected.

A further test was performed with the appropriate acidic medium for IgG 
of pH 4.5, and the effect o f post-reaction time on the completion o f the labelling 
reaction was surveyed (Fig.3(B)). With an increase o f post-reaction time from 
15 min to 3 h, the radioactivity at 2 cm from the anode decreased, while the 
radioactivity o f the labelled conjugate increased. These data indicate that a long 
post-reaction time (about 3 h) is required for the completion o f the 99 Tcm-labelled 
conjugate. The labelled conjugate remained stable over 24 h. Studies with HPLC
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FIG.3. Studies on labelling parameters o f 99 Tcm -labelled CE-DTS-IgG conjugate.
(A) E ffect o f  pH: (a) 3.4, (bj 4.5, (c) 5.5, (d) 6.2, at 3 h post-reaction time.
(B) E ffect o f  post-reaction time at pH 4.5: (a) 15 min, (b) 1 h, (cj 3 h, (dj 24 h. 
CE-DTS-IgG conjugate at 1:1 molar ratio. Cellulose acetate electrophoresis in veronal buffer, 
pH 8.6 (ionic strength = 0.05), 0.8 mA/cm, for 15 min.

confirmed the procurement of a stable 99 Tcm-labelled conjugate. A single elution 
peak was detected 12 min after the application o f the sample. This radioactivity 
peak followed the UV tracing o f the original IgG profile, as shown in Fig.4. The 
sample showed no changes after 24 h.

The 99 Tcm-labelled conjugate obtained, 99 Tcm-CE-DTS-IgG (1:1 molar ratio), 
at pH 4.5, which was stable after a post-reaction time o f more than 3 h, was 
tested in vivo in an experiment with mice.

A comparative study with 131I-labelled IgG indicated the same percentage of  
the injected dose in the blood, with a similar clearance rate. With the same initial 
uptake in the liver for both compounds, rapid clearance from the liver and ele
vated radioactivity in the stomach were found with radioiodinated IgG, whereas 
the radioactivity remained high in the liver and was low in the stomach in the 
case o f  the 99 Tcm-labelled conjugate (see Fig.5).

The stability of the 99 Tcm-CE-DTS-IgG in mice serum was tested by using a 
second antibody. Sera were obtained from blood samples o f mice injected with 
99 Tcm-labelled conjugate; 92.9% of the total radioactivity was found in the 
precipitate, as a result o f an antigen-antibody reaction, at 6 and 24 h after intravenous 
injection.

4. DISCUSSION

Many studies on labelling of antibodies with 111 In, using DTPA as the 
bifunctional chelating agent, have been carried out in recent years [5 -7 ] . These 
studies provided the basis for work on labelling o f antibodies with 99Tcm . The
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ELUTION TIME (min)

FIG.4. HPLC elution profile o f  99 Tcm -labelled CE-DTS-IgG (1:1 molar ratio) at pH 4.5,
3 h post-reaction time. -----radioactivity curve,---------UV absorption curve at 280 nm.
Elution with PBS, pH 7.4, at 1 mL/min, in TSK-Gel G3000SW column, 0.75 cm X 30 cm.

attachment o f a large number o f CE-DTS molecules per molecule o f antibody 
seemed to be a possible way to obtain a stable 99 Tcm -labelled antibody with 
high specific activity. However, experiments with DTPA showed that the 
immunoreactivity o f the antibodies was greatly affected when the number of 
attached chelating agents was increased [6]. Consequently, a survey was urgently 
needed to establish the best coupling and labelling conditions so that the biological 
activity of the 99Tcm-labelled IgG would be preserved.

On this basis, among the various tested coupling reactions for CE-DTS with 
IgG, the azido method using DPPA -  an efficient, mild procedure for peptide 
synthesis [11] and competent for HSA [ 1 ] — showed also good yield and 
reproducibility for IgG. The immunoreactivity o f IgG was very sensitive to the 
number o f CE-DTS molecules attached per molecule o f protein. An immuno
reactivity comparable to that o f the parent biomolecule was registered whenever 
the coupling ratio (determined spectrophotometrically, as described in Section 2) 
reached a value of 1:1 ; any higher ratio induced an immunoreactivity change, as 
shown in Fig.2(a). At this optimal ratio of 1:1, no changes due to the labelling 
procedure carried out at various pH values could be traced (Fig.2(b)).

The labelling parameter was derived from experiments carried out with 
HSA-coupled CE-DTS. A very stable 99Tcm-CE-DTS-IgG was made available 
at pH 4.5 (Fig.3(A))when the post-reaction time was extended to 3 h (Fig.3(B)). 
Under these conditions the radioactive HPLC elution profile o f the 99 Tcm-CE- 
DTS-IgG superimposed on the spectrophotometrical elution curve registered at 
280 nm o f the conjugate as well as o f  the native parent protein (Fig.4). Further, 
inertness to any exchange with other serum proteins was clearly demonstrated in
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(a)  <b)

TIME AFTER INJECTION (h) TIME AFTER INJECTION <h>

OBlood ©Llver ostomoch Alntestlne

FIG.5. Comparative distribution in mice o f  99 Tcm -labelled CE-DTS-IgG fa) 
and 1311-labelled IgG (b).
99 Tcm-labelled CE-DTS-IgG, prepared from  CE-DTS-IgG (1:1), at pH 4.5, 3 h post-reaction time. 
Each mouse was injected with a 0.05 mL sample o f  99 Tcm -labelled CE-DTS-IgG (20 pCi) and 
1311-labelled IgG (1 pCi).

serum from animals injected with the labelled CE-DTS-IgG. The biodistribution 
of this labelled IgG in mice indicated the 99 Tcm-labelled IgG to have the same 
characteristics as those o f 1311-labelled IgG (Fig.5), with good stability while 
circulating in the blood. The blood clearance o f 99Tcm-labelled IgG parallelled 
that o f radioiodinated IgG. Since a low 99Tcm radioactivity in the stomach was 
detected, the in vivo breakdown to free pertechnetate and/or in vivo ligand 
exchange with other serum proteins appeared negligible. In spite o f an identical 
initial liver uptake for 99Tcm- and1311-labelled proteins, the clearance rate was 
different for the two labelled compounds. These results may be attributed to 
different metabolic products or to contamination with some colloidal products 
in the case o f 99 Tcm-labelled IgG.

Further studies are required for better characterization o f 99 Tcm-labelled 
IgG. The necessity to shorten the post-reaction time is a subject which calls for 
experiments in order to find better labelling conditions to fit the physical 
characteristics o f 99 Tcm.

In summary, the collected results provide evidence for the applicability of 
CE-DTS as a bifunctional chelating agent for labelling monoclonal antibodies 
with 99Tcm . The excellent in vivo stability o f 99 Tcm -labelled CE-DTS-IgG, with 
unaltered immunoreactivity compared with the parent biomolecule, provides a 
good basis for further studies in radioimmunodetection.
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Abstract

LARGE-SCALE RADIOLABELLING OF MONOCLONAL ANTIBODIES WITH IODINE-131 
OR -123 AND INDIUM-111 FOR IN VIVO DIAGNOSTIC.

Two monoclonal antibodies, anti-CEA and 19-9, directed against colorectal carcinomas, 
were selected for in vivo diagnostic. The radiolabelling of these monoclonal antibodies is 
considered here in terms of choice of radionuclide, labelling procedures and conjugation with 
DTPA. Direct iodination techniques using chloramine T, lactoperoxidase and iodogen are 
discussed. The iodogen technique is the most promising method since it offers high labelling 
efficiency achieved under mild conditions, involving minimal dénaturation of protein. Moreover, 
this method is quick and easy to perform and it can be used for small and large quantities 
of antibody. A promising development in the field of radiolabelled antibodies is the use of 
chelating agents which permits a large variety of nuclides to be linked to  antibodies. The 
labelling of antibodies with indium using DTPA conjugated with proteins is discussed. The 
effect of conjugation on the biological activity of the antibody and the maximum number of 
chelates that can be linked per antibody were studied. The conjugation of DTPA bicyclic 
anhydride with antibodies is easy to perform, but the biological activity decreases rapidly as 
the number of DTPA linked to  the antibody increases.

1. INTRODUCTION

The possibility of radioimmunodetection of cancer with radiolabelled anti
bodies against tumour antigens has recently attracted considerable attention. The 
role of antibodies in the detection o f cancer was recognized a long time ago, but 
only recently has the possibility to produce large quantities o f monoclonal 
antibodies with well-determined affinity and specificity contributed to the use o f  
radiolabelled antibodies on a large scale for the clinical detection o f tumours.
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TABLE I. RADIONUCLIDES USED IN GAMMA IMAGING
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Radionuclide Half-life Gamma ray

1-123 13.3 h 159 keV (84%)

1-131 8.05 d 364 keV (82%)

In-111 67.5 h 172-247 keV (94%)

Ga-67 78.1 h 185 keV (24%) 
300 keV ( 16%)

Tc-99m 6 h 140 keV (88%)

The monoclonal antibodies, anti-CEA and 19-9, directed against colorectal 
carcinomas, are used at present in immunoscintigraphy [ 1 ]. The advantages and 
disadvantages of the different methods used to label these antibodies, and the 
effects o f labelling on the antibody molecules with respect to their physico
chemical and immunological reactivity are examined.

2. CRITERIA OF CHOICE FOR LABELLING OF MONOCLONAL 
ANTIBODIES

2.1. Choice of useful radioisotopes

The selection of radionuclides for radioimmunoimaging is based on the 
same criteria as used in choosing nuclides for other imaging studies.

A short physical half-life o f the radionuclide and a pure gamma ray with a 
weak energy ( 100—300 keV) are suitable, first to obtain a good detection by the 
gamma cameras, and second to give the patient minimum radiation doses.

The radionuclides easily available for in vivo diagnostic are limited. Table I 
lists the nuclides commonly used in gamma imaging, with their physical properties.

2.2. Choice of labelling technique

The following points are important for the choice o f the labelling technique:

— the labelling should be quick and easy to perform
— the labelling yield and the specific activity should be high
-  the biological and immunological properties of the antibodies should be 

preserved
-  the link between radionuclide and antibody should be sufficiently strong.
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TABLE II. COMPARISON OF THE THREE TECHNIQUES

155

Technique Antibody Incorporation
yield

Immunoreactivity

Chloramine T 19-9 F(ab')j 88% 72%

Lactoperoxidase 19-9 F(ab')2 65% 83%

Iodogen 19-9 F(ab')2 91% 85%

Chloramine T Anti-CEA 58% 70%

Lactoperoxidase Anti-CEA 25% 68%

Iodogen Anti-CEA 78% 77%

3. LABELLING WITH IODINE

For radioiodination of antibodies, many methods are available. However, 
considering the criteria mentioned above, only three methods were investigated: 
those using as oxidizing agents lactoperoxidase, chloramine T and iodogen.

The method using lactoperoxidase [2] is an enzymatic method, so it is very 
mild and the dénaturation of protein is minimal. However, the labelling time is 
long and iodine incorporation is not very high; furthermore, purification is a 
lengthy process because the lactoperoxidase has to be separated from the 
labelled antibody.

The method using chloramine T [3] is rapid and easy to perform, and a very 
high specific activity and labelling yield are obtained. However, chloramine T is a 
highly reactive agent and can cause dénaturation and polymerization o f proteins. 
Therefore, the quantity of chloramine T and the reaction time are very important 
factors in radioiodination.

The method using iodogen [4] is easy to perform, and a very high specific 
activity and labelling yield are obtained. The iodogen is poorly soluble in water; 
the reaction occurs in a solid phase and thus the dénaturation o f protein is 
minimal and purification can be achieved easily with a very small anionic exchanger 
column.

The three methods were compared for labelling o f the two antibodies. The 
results obtained (Table II) show the advantage o f the iodogen method. The 
quantity of antibody used was 0.5 mg and the radioactivity was 1.5 mCi 
(iodine-131).1

1 1 Ci = 37 GBq.
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FIG.l

TABLE III. LARGE-SCALE RADIOLABELLING OF ANTIBODIES

Antibody Quantity Activity Incorporation
yield

Immunoreactivity

19-9 F(ab')3 10 mg 21 mCi 90% 75%

19-9 F(ab')2 20 mg 33 mCi 95% 71%

Anti-CEA 10 mg 20 mCi 70% 67.5%

Anti-CEA 20 mg 35 mCi 73% 65%

The iodogen technique is easy to perform; it gives a high labelling yield, 
comparable with that obtained with chloramine T, and has an immunoreactivity 
comparable with that obtained with lactoperoxidase.

The two antibodies are now routinely labelled via the iodogen method; the 
general process of labelling and purification is shown in Fig. 1. This process is used 
in large-scale labelling o f antibodies (Table III).

4. LABELLING WITH METALLIC RADIONUCLIDES

For the labelling with metallic radionuclides, two points have to be considered:

— direct labelling is in many cases not possible because these nuclides have 
no affinity for proteins

-  when direct labelling is possible, the stability constant is generally too weak 
and some trans-chelation with other plasmatic proteins occurs in vivo..

So, for labelling, bifunctional chelating agents are used; these form stable 
protein conjugates and bind metal ions very tightly.

LABELLING WITH IODOGEN

I
PURIFICATION ON DOHEX ANIONIC EXCHANGER COLUMN

I
STERILIZATION MILLIPORE

I
QUALITY C O N T R O I ^ ^

ELECTROPHORESIS STERILITY PYROGEN IMMUNOREACTIVITY 

General process o f  labelling and purification o f  antibodies with iodine.

SACCAVINI et al.
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TABLE IV. EFFECT OF DTP A CONJUGATION ON ANTIBODY 
IMMUNOREACTIVITY

DTPA anhydride/ 
antibody 
molar ratio

Number of DTPA
molecules
incorporated

Dimeric form 
UV determination

Immunoreactivity

2.5 1 - 74%

5 1.8 15-20% 69%

10 5 27-33% 64%

20 7.6 35-40% 53%

Chelating agents such as EDTA or DTPA are known to form stable complexes 
and have been widely used to bind metal ions to a variety of simple and complex 
organic molecules. The two antibodies 19-9 and anti-CEA are labelled with indium 
via DTPA. The conjugation o f DTPA with the antibodies uses DTPA bicyclic 
anhydride prepared as described in Ref. [5]. This is a reaction of alkylation 
between the anhydride groups and the amino groups of the proteins. The con
jugation is achieved in ten minutes in a bicarbonate buffer of pH 8.

The influence o f the ratio o f DTPA anhydride/antibody on the formation of 
the dimeric form and on the immunoreactivity of the antibody was studied. The 
content in the dimeric form was determined by UV detection after HPLC separation 
on a TSK 3000 column. The efficiency o f the method and the number o f molecules 
o f DTPA effectively conjugated with the proteins were measured after labelling 
with indium.

The efficiency of the conjugation method is about 40%. As the number of 
DTPA molecules linked to the protein increases, the percentage o f the dimeric 
form increases, which results in a decrease in the immunoreactivity o f the anti
bodies (Table IV).

For the labelling with indium, acetate complexes are first produced; then 
the metal ions change easily from the acetate to the protein-bound DTPA at 
pH = 5.5. Figure 2 shows the general process o f production o f indium-DTPA 
antibodies.

, 5. CONCLUSIONS

Dehalogenation is a major problem when antibodies are labelled with iodine 
isotopes; about 50% of the radioiodine are removed from the protein within 
48 hours. The result o f this dehalogenation is a rapid clearance o f the tracer from 
various organs and from the tumour.
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LABELLING

IN CL3 Na Ac , In - Ac DTPA - Aq In - DTPA - AB 

ADJUST pH=5-5 30 MN

PURIFICATION

SEPHADEX GlOO COLUMN TO REMOVE FREE IN -DTPA (AROUND 10 X)

QUALITY CONTROL

PAPER CHROMATOGRAPHY STERILITY PYROGEN IMMUNOREACTIVITY

FIG.2. General process o f  production o f  indium-DTPA antibodies.

Indium or gallium have many favourable properties; the half-life is adapted 
to the maximum tumour concentration, and they form stable labelled molecules 
when linked to bifunctional chelates conjugated with antibodies. However, with 
these products, about 20% of the injected dose are accumulated in the liver, which 
is a great disadvantage for the visualization o f liver métastasés. Therefore, the 
choice o f the radionuclide used for labelling of antibodies depends on what has 
to be done and which part of the body is to be examined.
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Abstract

CONTRIBUTIONS TO THE CHEMISTRY AND PHOTOCHEMISTRY OF TcClf.
Studies have been conducted on the properties of 99TcmCl6 , the species that results from 

the reduction of pertechnetate with HC1. It is documented that a photoaquation may occur when 
the acidity of the medium is reduced and the hexahalotechnetium is exposed to visible light while 
in an aqueous solution. Evaporation of the HC1 solution to dryness, followed by redissolution of 
the hexahalotechnetate in acetonitrile, gives a technetium-containing intermediate that can 
readily be complexed with organic ligands under non-aqueous conditions. As an example, the 
reaction of TcCl| with 8-hydroxyquinoline results in compounds that are highly soluble in 
chloroform, have an octanol/water partition coefficient of 28, and can be resolved into two 

“ complexes upon electrophoresis. It is proposed that these products are the TcCl2L2 and TcLÎ 
complexes (L representing a polydentate ligand), examples of the liposoluble compounds that 
can be readily prepared using the conditions described in this paper.

INTRODUCTION

The first step in the preparation of most technetium 
radiopharmaceuticals is the reduction of 99Tcm0 4~, where Tc is in the VII 
valence state, to a lower oxidation state, usually Tc(IV). A recent study of 
this reduction using HCI at various concentrations suggested that the main 
species formed is TcCI62~ [1]. However, various manipulations of this 
Tc(IV) species resulted in products whose chromatographic behaviour 
suggested a possible rearrangement to a species where Tc might have 
been reoxidized to a T с (VII) state. Such an assumption, based on 
chromatographic evidence alone, did not appear to be consistent with the 
overall behaviour of these technetium species, and the possibility was 
raised that phenomena other than reoxidation might be involved. The
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possibility that we were observing a photochemical effect was considered, 
and we have reported elsewhere that light may, indeed, result in a 
transformation of the hexahalotechnetate to an aquated species [2] of 
Tc(IV).

Work by Slater [3] had documented that when technetium was reduced 
polarographically, its ability to complex organic ligands depended strongly 
on whether all oxygens surrounding the central technetium atom could (or 
could not) be removed. The hexahalotechnetate obtained upon HCI 
reduction is a technetium complex where no oxygen is directly linked to 
the central technetium atom, and it was of interest to determine whether 
its reaction with organic ligands, in a non-aqueous medium, would allow 
us to prevent the formation of the polar Tc=0 group, probably present in 
practically all currently known technetium radiopharmaceuticals.

EXPERIMENTAL

The Tc-99m was obtained by elution either from a dry generator (New 
England Nuclear) or from a fission generator (Mallinckrodt). All chemicals 
used In this study were either J. Baker, analytical grade, Fisher Scientific or 
Aldrich. All reactions were carried out in deionized, triply distilled water. 
The preparation of the 99TcmCI62~ was accomplished as previously 
described [1]. The hydrochloric acid was then completely removed by 
evaporation of the solvent under reduced pressure. The dry residue was 
redissolved either in 1 mL of the desired aqueous solution or in 1 mL of 
dry acetonitrile. This resolubilization was conducted either in the usual 
laboratory lighting environment (daylight and/or fluorescent light) or in a 
dark room. The chromatographic conditions used were either those 
previously described (0.6N HCI) [1], n-butanol sat. with 1N HCI, or n-  
butanol/acetic acid/water (4:2:1 v/v).

A typical complexation experiment was conducted as follows: The dry 
residue of TcCI62‘  (5 mCi) was redissolved in 1 mL of dry acetonitrile, and
0.2 mL of a 1.5 x 10~6 M solution of 8-hydroxyquinoline in acetonitrile 
was added, followed by 10 uL of an equimolar solution of triethylamine, 
also in acetonitrile. The mixture was heated to 80 ± 5°C  for 30 minutes. 
This solution was evaporated to dryness, redissolved in 1 mL of 
chloroform, extracted with 2 x 1 mL portions of distilled water, dried over 
Na2S 0 4 and again evaporated to dryness. Chromatographic analysis of this 
final product following redlssolution in an isotonic (0.9%) solution of NaCI 
containing 5% ethanol revealed a single spot of Rf 0.95 in the butanol/ 
acetic acid/water system.

The partition coefficient of the above material was determined by 
thorough mixing of 0.1 mL of the chloroform solution of the purified 
material with 1 mL of n-octanol and 1 mL of 0.9% saline, and separating 
the two layers by centrifugation at 2000 revolutions per minute for 
5 minutes. Aliquots of both layers were counted.
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TABLE 1. DISTRIBUTION OF ACTIVITY ON RADIOCHROMATOGRAMS 
FOLLOWING INCUBATION AT ROOM TEMPERATURE FOR 30 MINUTES

HCI Origin
(%)

R f = 0.7 
(%)

Rf = 0.9 
(%)

0.1 5.57 ± 5.32 95.66 ± 5 .2 0 _
0.1 6.65 ± 6.62 - 96.22 ± 6.92

0.01 18.29 ± 5.30 81.69 ± 5.29 _

0.01 8.39 ± 9.04 - 91.61 ±9.06

0.001 8 .0 9 + 2 .5 3 88.03 ± 3 .0 3 _

0.001 1.98 ±2.15 - 96.98 ± 2.27

0.0001 8.65 + 2 .2 2 91.27 ± 2 .3 4 -

0.0001 6.78 ±6.35 - 93.20 ±6.03

h2o 10.71 ± 5.84 95.99 ± 5 .8 9 -

H20 1.58 ± 1.97 — 98.42 ±2.07

All data are ± standard deviation and were calculated using ten replicate runs for each data 
point. The regular print represents the product distribution following exposure to light, while 
the values printed in bold represent the product distribution of the material not exposed to light. 
The chromatographic solvent used was 0.6N HC1.

Electrophoresis was carried out using either 0.001N HCI in 1% NaCl (pH 
3.8) or 0.05M barbital buffer (pH 8.6) as the electrolytes. Whatman #1 was 
the support material. A potential of 300 V was applied for 30 min to 2 h.

RESULTS AND DISCUSSION

Table 1 summarizes the chromatographic results when comparing 
aqueous solutions of TcCI62~ that had been maintained in the dark with 
those exposed to light. The difference between the Rf values of 0.7 (±0.05) 
and 0.9 (±0.05) is significant and clearly documents that when a 10~9 M 
solution of TcClg2'  in water is exposed to light, a very rapid photoaquation 
occurs. Similar results had been observed by Fujinaga et ai. [4, 5] and by 
Kanchiku [6] when dealing with Tc-99 complexes at a much higher (1 0 '3M) 
concentration, although they reported a much slower reaction, loanovichi 
et al. [7] had reported that 50% of ammonium hexachlorotechnetate would 
be equated in 4 hours when a 6 x 10"3M solution of this compound was 
irradiated by a low-pressure mercury arc. Further evidence that we are 
dealing with a photoaquation rather than a photooxidation reaction is that 
no reaction occurs in light when all water has been removed. Indeed, the



TABLE 2. PAPER CHROMATOGRAPHY OF VARIOUS 99Tcm SPECIES
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Species 0.6N HCI n-BuOH sat. 
IN HCI

n-BuOH:AcOH: 
H20  (4:2:1)

TcC>4 0.7 0.75 0.55

TcClj" 0.9 0.25 0.05

Tc-oxine 0.9 0.95 0.95

Tc-thiooxine - - 0.85

hexahalocomplex is stable in either the absence of water or in aqueous 
solutions of high acidity.

The results reported in Table 1 were obtained using the 0.6IM HCI eluting 
system previously described [1]. This system, while allowing a reasonable 
separation of the Tc(IV), the Tc(VII) and the slow-moving (Tc(V) ?) species, 
failed to separate the hexachlorotechnetate from the complexes formed 
upon its reaction with oxine (Table 2). A decrease in the solvent's polarity 
achieved by addition of n-butanol (n-butanol saturated with 1N HCI) 
resulted In a complete separation of the complexed and the uncomplexed 
forms of Tc(IV), both among themselves and from Tc(VII). However, the 
use of a chromatographic solvent system where the two phases have to 
be separated requires good saturation of the chromatographic chambers 
and makes its use more cumbersome. Several n-butanol/acetic acid/water 
systems can be completely mixed and of these the 4:2:1 fully resolved the 
technetium species studied, as documented in the last column of Table 2.

The hexachlorotechnetate (or the hexachlorotechnic acid), although fully 
soluble in water, is highly unstable under those conditions because it 
looses some of its chlorine ligand following the photoaquation reaction 
described above. We studied the solubility of this Tc(IV) complex and 
determined that it was fully soluble in dry acetonitrile or in absolute 
ethanol, but was poorly soluble in less polar solvents such as chloroform. 
These observations are consistent with the presumption that 
hexachlorotechnetate (or its acid) possesses a significant polar nature and 
requires organic solvents of sufficient polarity for solubilization. There 
was no evidence of any photochemical (or other) decomposition of the 
hexahalotechnetate in acetonitrile over a 24 h period of observation.

When the acetonitrile solutions were mixed with solutions of either oxine 
(8-hydroxyquinoline) or thiooxine (8-mercaptoquinoline) at 75 (±5) °C, a 
slow reaction appeared to take place and products of an Rt different from 
that of the starting material became obvious immediately (5 minutes post
mixing), as shown in Table 3.
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TABLE 3. ANALYSIS OF THE REACTION 
OF T cC lf WITH OXINEa

Time
(min) 2? n © Rf = 0.95

5 96 4

15 90 10
30 88 12

180 84 16

a At (70 ±5)°C; no base added.

TABLE 4. ANALYSIS OF THE REACTION 
OF TcCl*- WITH OXINE3

Time , 
(min) R' =<U

R f = 0.95

5 80 20
15 66 34

30 60 40

120 45 55

180 43 57

a At (70 ± 5)°C; pyridine added.

The rate of formation of the complexes was slow (only 16% was 
produced after 3 hours of reaction). Inasmuch as HCI appears to be 
liberated in the binding of oxine to the hexachlorotechnetate, we decided 
to explore whether the presence of a stronger base would accelerate this 
reaction. Tables 4 and 5 document our studies using either pyridine or 
triethylamine. A five-fold increase in yield was observed at 5 minutes in 
the presence of pyridine at 75°C, with the reaction reaching an apparent 
equilibrium at 120 minutes. The use of a stronger base (triethylamine) to 
bind the HCI liberated helped improve the kinetics of the reaction even 
further, but failed to shift the equilibrium conditions. Thus, it appeared
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Time
(min) Rf = 0.1 Rf = 0.5 Rf = 0.95

5 (80) 44 — 56
IS (80) 43 13 44

15 (92) 32 8 60

30(92) 22 20 58
60 (80) 20 27 53

60(92) 26 21 53

a At (80 ±5)°C and (92 ±3)°C; triethylamine added.

that, at least under the present conditions, we had obtained an equilibrium 
mixture which could not be made to react further, at least under the 
conditions described in this paper. Inasmuch as we were interested in 
developing conditions for the rapid synthesis of a radiopharmaceutical 
which might be used in biological studies, it was essential to use methods 
that would not entail significant radioactive decay of technetium, and 
could be completed in a reasonable time. This appears to be 
accomplishable by evaporating this crude reaction mixture to dryness, 
followed by a fractionation of the residue according to its liposolubility. 
The liposoluble complexes remained in the chloroform layer, while 
unreacted hexahalotechnetate, free pertechnetate, and any other lipophobic 
byproducts were extracted in the aqueous phase. Thus, while 
hexachlorotechnetate was totally extracted in the first aqueous washing, 
some of the pertechnetate (1-5%) remained in the chloroform solution. A 
second washing resulted in complete extraction of this possible byproduct. 
The chromatographic purity of the material remaining in chloroform was 
better than 98%, and its partition coefficient was measured at 28.6 ± 3.3 
(n=24) in n-octanol/0.9% saline. Finally, we determined that such 
complexes, once redissolved in 0.9% saline containing 5% ethanol, or 
in 0.05M phosphate buffer (pH 7.4), also containing 5% ethanol, are stable 
over a 24 hour period: chromatographic analyses at 0, 3, 6 and 24 hours 
failed to detect any new chromatographic peaks appearing in any of the 
systems tested.

The electrophoretic results provided further clues as to the possible 
nature of the complexes present. The migration distances of the various 
Tc-containing compounds are given inTable 6.
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TABLE 6. ELECTROPHORETIC MIGRATION OF TECHNETIUM SPECIES 
AT 300 V

Species
0.00IN НС1/
1% NaCl for 30 min

0.05M barbital 
buffer for 60 min

TcC>4 -3 .5 -9 .5

T cC lf -3 .5 -1 0 .5

Tc complexes 0 and +7.0 0 and +2.5

The — indicates distance migrated (in cm) towards the anode, the + indicates distance migrated 
(in cm) towards the cathode, and 0 indicates no migration.

When the m aterial extracted in chlorofo rm  w as subjected to 
ele ctro p h o re sis in HCI, 9 2 -9 5 %  of the activity rem ained at the origin, w hile  
som e 5 -7 %  of the activity m igrated tow ards the cathode. When, however, 
the sam e preparations w ere subject to a 1 -2  h separation with barbital
buffer, tw o peaks containing equal am ounts of activity w ere m easured at
the origin and at 2.5 cm  tow ards the cathode. T hese data su gg est that at 
least two com plexes appear to be present: one is neutral, probably the 
Tc(oxine)2C I2, and one behaves as a cation ic species, po ssib ly  the 
Tc(oxine)3. We propo se the follow ing set of re actio ns to explain the results  
obtained:

2 T c 0 4~ + 18 HCI -*■ 2 T c C I62‘  + 8 H20  + 3 C l2 + 2 H*

TcClg2- + 2 HL -*• T c L2C I2 + 2 HCI + 2 С Г

TcClg2" + 3 HL -*• Tcl_3+ + 3 HCI + 3 С Г

The results reported in th is w ork su g g e st that 99T c m- T c C I62'  m ight serve  
as a sim ple and highly versatile  interm ediate for the preparation of novel, 
specially  lipophilic T c-9 9 m  radiopharm aceuticals, of the general types  
T c L2X2 or TcL3+, w here L re presen ts a polydentate ligand, and X a halogen  

(Cl, Br or I).
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Abstract-Résumé

THE INFLUENCE OF CHARGE AND OF THE TIN-LIGAND RATIO ON BONE FIXATION 
OF TECHNETIUM-99m-LABELLED OSTEOTROPIC RADIOPHARMACEUTICALS.

For a constant Sn/P weight ratio the charge value obtained by an ion-exchange method 
for osteotropic 99Tcm-labelled tin-ligand complexes depends on the ligand. The fixation of 
these complexes in epiphysical cartilages (Sprague-Dawley rats, gamma camera measurements) 
is a function of the negative charge of the complex. The variation in the charge for the 99Tcm- 
labelled HMDP-Sn-complex associated with the variation in the Sn/P ratio is represented by a 
curve with two maxima and one minimum. The authors also varied the concentration of the 
complex injected; the scintigrams show that the higher the negative charge of a complex, the 
more necessary it is to dilute it so as to avoid imaging hepatic retention. Measurements of 
the blood clearance curve by extracorporeal circulation and biodistribution results show that 
the most favourable time for examinations is as early as one hour. The pre-existence of the 
HMDP-Sn complex is demonstrated by its precipitation with a [Co(NH3)6]2+ counter-ion.
The precipitates were analysed by emission spectrometry, which showed that the complexes 
with a strong negative charge had one tin atom bound to  three HMDP molecules while that 
with a charge of -1 had one tin atom bound to one HMDP molecule. In conclusion, the 
biological fate of an osteotropic tracer does not depend only on the ligand but also on the 
physico-chemical form of the complex (its charge), which is in turn dependent on the Sn/ligand 
ratio for radiopharmaceuticals containing tin chloride.

INFLUENCE DE LA CHARGE ET DU RAPPORT ETAIN-LIGAND DANS LA FIXATION 
OSSEUSE DES PRODUITS RADIOPHARMACEUTIQUES OSTEOTROPES MARQUES AU 
TECHNETIUM-99m.

Pour un rapport pondéral Sn/P constant, la valeur de la charge obtenue par une méthode 
d’échange d’ions des complexes ostéotropes w Tcm-Sn-ligand dépend du ligand. La fixation 
osseuse de ces complexes sur les cartilages de conjugaison (rats Sprague-Dawley, mesures 
gamma-caméra) est fonction de la charge négative du complexe. L’évolution de la charge pour 
le complexe 99Tcm-HMDP-Sn liée à la variation du rapport Sn/P se traduit par une courbe à 
deux maxima et un minimum. Nous avons également fait varier la concentration du complexe 
injecté; les scintigraphies m ontrent que plus un complexe est chargé négativement, plus il est 
nécessaire de le diluer pour ne pas visualiser une rétention hépatique. La mesure par circulation 
extracorporelle de la courbe d’épuration sanguine et les résultats de la biodistribution montrent
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que l’examen le plus favorable est obtenu au temps précoce d’une heure. La préexistence du 
complexe HMDP-Sn est mise en évidence par une précipitation de celui-ci à l’aide d’un contre-ion 
[Co (NH3)6]2+. Les précipités sont analysés par spectrométrie d’émission, ce qui permet 
d’affirmer que les complexes fortement chargés négativement ont un atome d’étain lié à trois 
molécules de HMDP alors que celui de charge -1 a un atome d’étain lié à une molécule de HMDP. 
En conclusion, le devenir biologique d’un traceur ostéotrope ne dépend pas seulement du ligand 
mais aussi de la forme physicochimique du complexe (sa charge), elle-même dépendante du 
rapport Sn/ligand pour les produits radiopharmaceutiques contenant du chlorure d’étain.

Depuis plusieurs années, la médecine nucléaire utilise pour la scintigraphie 
osseuse des complexes du technétium avec des ligands appartenant à la série 
des phosphates et des phosphonates, l’agent réducteur du pertechnétate utilisé 
dans les trousses commerciales étant généralement un sel halogénure de l’étain 
stanneux.

Les études effectuées sur ces produits pour l’obtention du meilleur agent 
ostéotrope ont surtout été axées sur la nature du ligand, d’où l’apparition de 
plusieurs complexants tels que le MDP, le HEDP, le DPD, le HMDP, etc.

Les travaux réalisés sur ces complexes sont souvent des études sur la 
biodistribution et en particulier la fixation osseuse. Récemment SUBRAMANIAN 
[ 1 ] a étudié plusieurs ligands sous l’angle de leur aptitude à se fixer sur une lésion 
osseuse par rapport à l’os sain.

Une étude d’un point de vue plus chimique des ces complexes a été faite par 
PINKERTON sur le HEDP-Тс en se servant du borhydrure de sodium comme 
réducteur ou de la réduction électrochimique [2] dans le but d’identifier le ou les 
complexes par HPLC.

Puisque la fixation osseuse d’un traceur semble dépendre de son adsorption 
en surface au niveau de la couche hydratée de l’hydroxyapatite, des réactions 
d’échanges ioniques et de la diffusion intraosseuse [3], il nous a paru intéressant 
de déterminer la charge de certains de ces complexes. Ensuite on a étudié, pour 
le ligand HMDP, l’influence du rapport Sn-ligand sur la charge, la taille et le 
comportement in vivo.

1. MATERIEL ET METHODES

1.1. Détermination de la charge

Les charges ont été déterminées grâce au principe de la réaction d’échange 
[4—6] entre
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une résine anionique une phase aqueuse contenant
sous forme СГ des ions complexes de charge x~

xMCl + C54'  *=> хСГ+М хС
complexe fixé sur la résine

en utilisant des solutions de chlorure de sodium de concentration variable. 

Equation d’équilibre:

1 , [MC1]X [Cx~]
Keq [СГ]Х [MxC]

Or [MCI] >  [MxC]; [MCI] entre donc dans la constante et [C r]total^ [Cl~]échangé • 

[Cx~]
D’où К' [Cl"]x =

[MxC]

[MxC]
D coefficient de distribution =

[Cx ]

Soit: “log D = log K' + x log [СГ]

La préparation de la résine AGI X 8, 5 0 -1 0 0  mesh (chlorure form) consiste 
en un lavage avec NaCl 9%o. Elle est ensuite rincée avec de l’eau distillée jusqu’à 
ce que le pH de l’éluat soit égal à celui de l’éluant. La résine est séchée à l’air à 
température ambiante.

La fabrication du complexe consiste à peser X mg de ligand, à les solubiliser 
dans 1 mL d’eau distillée, à y ajouter Y mg de chlorure d’étain SnCl2, 2H20  pour 
satisfaire au rapport Sn/ligand puis à ajuster le pH de la solution à 5,5 -  6,5 avant 

. de porter le volume à 2 mL avec de l’eau distillée. La solution est mise sous 
atmosphère d’argon et on introduit le technétium 99m sous forme de pertechnétate.

Dans des seringues de 5 mL munies d’un fritté, on met 25 mg de résine en 
équilibre avec 0,9 mL de solution de NaCl dont les concentrations en chlorure 
varient de 0,05 à 0,5 M puis, après une quinzaine de minutes, on ajoute 0,1 mL de 
solution du complexe " T cm-ligand dont on veut évaluer la charge et on agite 
pendant 20 minutes. On mesure la radioactivité totale de la solution en équilibre 
avec la résine puis celle de l’éluat. Les courbes log D en fonction du log [СГ] nous 
donnent les valeurs de x, c’est-à-dire la charge du complexe anionique qui se trouve 
fixé sur la résine.

On a étalonné la résine à l’aide de la mesure de la charge de l’ion pertechnétate 
"T cm O4 (mesure radioactive) et celle du sel d’hydroxyméthylène diphosphonate 
HMDP (sel disodique) en dosant les phosphonates dans chaque éluat par une 
méthode colorimétrique basée sur la formation du bleu de molybdène [7—9].
Les valeurs des charges obtenues sont respectivement -1  et -2 ,0 5 .
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La valeur de la charge des différents produits radiopharmaceutiques étant 
obtenue de façon précisé, nous avons étudié son influence sur la fixation 
correspondante dans l’organisme par l’analyse biologique au moyen soit de la 
gamma-caméra, soit de la dissection. L’analyse biologique a été réalisée sur des 
rats de souche Sprague-Dawlëy (environ 200 g).

Dans le cas de la mesure à la gamma-caméra, les rats sont anesthésiés au 
pentobarbital et restent sous anesthésie pendant une heure de façon à ce que 
l’élimination urinaire du produit dont on a injecté 0,2 mL se concentre dans la 
vessie. Au bout d’une heure, on pratique une scintigraphie.

Dans le cas de la biodistribution par dissection, les rats sont anesthésiés à 
l’éther pour subir une injection de 0,2 mL du produit dans la veine pudendale 
puis sacrifiés par ponction du sang dans l’aorte abdominale une ou deux heures 
après injection.

2. RESULTATS ET DISCUSSION

2.1. Détermination de la charge pour différents ligands

Le méthylène diphosphonate (MDP) se trouve sous forme de produit radio- 
pharmaceutique commercial, de rapport Sn/P égal à 0,150. Nous avons synthétisé 
des complexes avec d’autres ligands tels que l’acide 2 amino-éthyl phosphonique, 
l’imidodiphosphonate (IDP) et l’hydroxyméthylène diphosphonate (HMDP), ces 
ligands ayant un rapport Sn/P constant et égal au précédent.

Ces produits radiopharmaceutiques ont donné des complexes plus ou moins 
fortement chargés négativement (tableau I; chaque valeur représente la moyenne 
± écart type pour trois animaux).

Le taux de fixation osseuse sur les cartilages de conjugaison mesuré à la 
gamma-caméra suit la valeur de la charge.

2.2. Variation de la charge suivant la composition pondérale. Cas du HMDP

La seconde étude sur les facteurs déterminants de la charge a été effectuée 
en faisant varier le contenu en étain pour un même ligand. Nous avons choisi le 
HMDP et nous avons fait varier le rapport Sn/P de 0,05 à 0,75.

Les charges des complexes se positionnent suivant une courbe (figure 1 ) à deux 
maxima respectivement pour les rapports Sn/P = 0,20 et 0,45 et un minima pour le 
rapport 0,30. (Les valeurs décimales sont le résultat de la moyenne entre des 
complexes de charges légèrement différentes.)

Pour la valeur Sn/P = 0,75, nous avons obtenu une chute brutale de la charge; 
la charge est égale à -  1, avec une diminution du taux de fixation osseuse mesuré 
à la gamma-caméra (tableau II).

1.2. Biodistribution
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FIG .l. Valeur de la charge en fonction de la quantité de chlorure stanneux.

TABLEAU III. RETENTION HEPATIQUE DU HMDP EN FONCTION DE 
LA CONCENTRATION

Rapport Charge Activité (%) dans le foie aux concentrations
Sn/P 0,5 mg/mL 0,25 mg/mL 0,05 mg/mL

0,300 - 7 Saturation 18 0

0,750 -1 25 0 0

Il apparaît que le ou les complexes fortement chargés négativement présentent 
un tropisme osseux nettement supérieur et que la charge est influencée par le 
contenu en étain.

Par ailleurs, en faisant varier la concentration du complexe injecté, les 
scintigraphies à la gamma-caméra ont montré que plus un complexe est chargé, 
plus il est nécessaire de le diluer pour ne pas visualiser une rétention hépatique 
(tableau III).

Maintenant se pose le problème de la préexistence du complexe HMDP-Sn. 
Nous avons supposé que ce complexe existe et que c’est un anion fortement 
chargé. A l’aide d’un contre-ion d’hexammine cobalt II [Co(NH3)6]2+, nous avons 
précipité les complexes HMDP-Sn pour des rapports Sn/P égaux à 0,75; 0,30; 0,15.

L’analyse par spectrographie d’émission nous a donné les résultats regroupés 
dans le tableau IV.

On observe que le rapport P/Со reste constant dans les trois cas; c’est-à-dire 
un atome de cobalt pour une molécule de HMDP. D’autre part, le rapport Sn/P
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TABLEAU IV. RAPPORTS PHOSPHORE, ETAIN, COBALT DANS LES 
PRECIPITES DES COMPLEXES

Rapport
Sn/P

Charge

Sn/Co

Rapports molaires 

Sn/P P/Co

0,75 -  1 1/ 1,1 1/2 2/1,13

0,30 - 7 1/3,3 1/6,1 2/1,08

0,15 - 9 1/3 1/5,4 2/ 1,12

indique que pour la charge -  1, un atome d’étain s’associe à une molécule de 
HMDP et que pour les complexes fortement chargés, -7  et -9 , un atome d’étain 
se lie à trois molécules de HMDP.

Il apparaît donc que les complexes sont constitués par le regroupement de 
plusieurs molécules de ligand et que la présence de quantités particulières d’étain 
est à l’origine de ce regroupement et entre dans la formation du complexe.

Taille

La charge très élevée et la présence d’un complexe ayant un rapport Sn/HMDP 
égal à 1 /3 nous laisse supposer que celui-ci est un complexe de taille non négligeable. 
En effet, la mesure de l’encombrement à l’aide de la perméation sur gel (Bio Gel P2 
et Bio Gel P-10) a donné des pics d’élution uniques pour tous les complexes 
HMDP-Sn-"Tcm de charge -1 à -  8 qui se situent dans une zone de poids molé
culaires légèrement supérieurs à 1800 daltons et largement inférieurs à 20 000 daltons.

2.3. Biodistributions

Pour les complexes dont les valeurs de charge se révèlent être trop voisines, 
une biodistribution par dissection des rats a été pratiquée afin d’obtenir une 
évaluation très précise de la fixation osseuse. Nous avons rassemblé dans le 
tableau V les résultats obtenus pour les complexes dont le rapport Sn/P est de
0,15; 0,30; 0,45.

La fixation osseuse obtenue à l’aide des produits de charge -8 ,3  et - 8,6 est 
supérieure au produit de charge -7 . Nous pouvons noter également que la fixation 
osseuse est supérieure pour un temps précoce d’une heure après injection par 
rapport à celle obtenue deux heures après injection.
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La circulation extracorporelle effectuée pour les trois complexes cités ci- 
dessus nous a donné trois courbes d’épuration sanguine en fonction du temps 
dans lesquelles l’analyse mathématique fait apparaître trois exponentielles par 
courbe (théorie des compartiments [ 10]) caractérisées par leur temps de demi- 
réaction T.

La première exponentielle correspond à la dilution du produit radioactif dans 
le sang et est extrêmement rapide (<  1 minute). La seconde exponentielle 
correspond à l’élimination urinaire T2 = 2; 1,6; 2,5 minutes et la troisième 
exponentielle correspond à la fixation osseuse T3 = 27; 28; 26,5 minutes. Les 
résultats biologiques montrent que la charge est un des facteurs qui déterminent 
la fixation osseuse.

Le devenir biologique du traceur ne dépend pas seulement du type de la 
molécule complexante mais de la forme physicochimique du complexe 
proprement dit, elle-même dépendante, dans le cas des produits radiopharma
ceutiques contenant du chlorure d’étain, du rapport Sn/ligand.
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Abstract

TECHNETIUM-99m RADIOPHARMACEUTICALS CONTAINING A TECHNETIUM-NITRIDO 
GROUP.

A method is described for the preparation of 99Tcm complexes containing a 99Tcm-nitrido 
group by substitution reactions of 99TcmNCl4 . The properties of these complexes differ from 
those prepared by conventional reduction methods. As an example, the biological properties of 
the dimercaptosuccinic acid (DMSA) complex prepared by substitution of 99TcmNCl4 are 
compared with those of the complex prepared by reducing 99Tcm0 4_ with HCI and reacting 
with DMSA. Compared with the 99Tcm-DMSA (HCI) preparation, significant bone uptake in 
mice, lower blood and kidney activity and higher urine activity was shown for 99TcmN-DMSA.
The complex 99TcmNCl4 was also used for the labelling of monoclonal antibodies. Monoclonal 
antibodies labelled with 99Tcm were shown to retain their specificity after labelling with this agent.

1. INTRODUCTION

Most " T c m radiopharmaceuticals are prepared by reduction of pertechnetate 
in the presence of a co-ordinating molecule or ligand. Stannous ion is the commonly 
used agent, but a number of other reducing agents have also been utilized, e.g. 
formamidinesulphinic acid, sodium borohydride and sodium dithionite [1 ]. The 
use of these agents generally results in the reduction of technetium to the Те IV 
or Те V valency states. The composition of the radiopharmaceutical formed can 
be variable because of the hydrolytic reactions taking place during the chelation 
process. In order to overcome the problems experienced with these agents, the 
use of substitution reactions for preparing technetium complexes has been 
advocated [2]. The methods described have been based on the substitution 
reaction of TcX |_ and TcOX^ (X = Cl, Br). Recently, we described [3] a method 
for the production of " T c m radiopharmaceuticals based on substitution reactions 
of " T c mNCl4 . The present paper describes some of our experiences with the 
method and indicates areas of potential use of the procedure.

179
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2.1. Preparation of " T c mN radiopharmaceuticals

Sodium azide (about 20 mg) was added to 1 mL " T c m-pertechnetate 
(50 mCi) 1 in 6 -7  mL of concentrated hydrochloric acid (specific gravity 1.18). 
The solution was refluxed for 5 min to destroy excess azide and then taken to 
dryness in a rotary evaporator. All reactions using azide were performed in a 
fume hood. The dry residue containing " T c mNCl4 was then dissolved in 1 mL 
of ligand solution (usually 5 mg/mL, pH 7) and, if required, diluted with saline. 
If necessary, the pH was adjusted to 6 -7 , using 0.1M sodium hydroxide, before 
filtration through a 0.22 д т  membrane filter.

2. MATERIALS AND METHODS

2.2. Animal distribution studies

An amount of 0.05-0.1 mL of the preparation (1 -2  mCi) was injected 
into the tail vein of Swiss mice (20—30 g) and the injected activity measured in 
an ionization chamber. After injection, the mice were allowed free access to 
food and water. At each time interval studied, three mice were sacrificed by 
cervical dislocation and dissected. The organs were weighed and their activities 
measured in an ionization chamber. The injected activity was corrected for the 
activity found in the tail. If the tail activity exceeded 3% of the injected activity, 
the results were discarded and the study rejected. The blood activity was calculated 
on the assumption that blood weight is 7% of total body weight.

2.3. Stability of " T c mNCl4

The compound " T c mNCl4 in hydrochloric acid was prepared as described 
above. Aliquots of 1 mCi were dispensed into 5 mL round-bottom flasks and 
taken to dryness in a rotary evaporator. The samples were then stored for 24 h 
under the following conditions:

-  at room temperature exposed to the atmosphere
-  at 80° С
-  at room temperature and 100% humidity.

The residues were then used to prepare " T c mN-DTPA. The radiochemical 
purity of the reconstituted preparations was measured by high-performance liquid 
chromatography (HPLC) using the published method [3].

1 1 Ci = 37 GBq.
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2.4. Effect of heating time on the production of " T c mNCl4

Sodium azide (20 mg) was added to 1 mL " T c m-pertechnetate (25 mCi) in 
6 -7  mL of concentrated hydrochloric acid and the solution refluxed. At varying 
time intervals up to 90 min, aliquots of 200 juL were removed and taken to dryness. 
The dried residue was then used to prepare " T c mN-DTPA and the radiochemical 
purity was determined by HPLC.

2.5. Labelling of monoclonal antibodies

The compound " T c mNCl4 was used to label monoclonal antibodies and 
then tested for specificity by RIA using the method described by Kanellos et al. [4].

3. RESULTS

3.1. Animal distribution studies

The results of bio distribution studies of " T c mN-DMSA are given in Table I. 
Table II gives the biodistribution data for " T c m-DMSA, which was prepared in 
the same way as " T c mN-DMSA, except that the addition of sodium azide to the 
preparation was omitted.

3.2. Effect of heating time on the production of " T c mN Q 7

Chromatograms obtained by HPLC indicated that even after 2 min at room 
temperature there was significant production of " T c mNCl4 . After 5 min heating, 
the production of TcNQÇ (as measured by the " T c mN-DTPA formed) was 
essentially complete. After refluxing in hydrochloric acid for 70 min, the content 
of " T c mNCl4 was reduced only by 10%.

3.3. Labelling of monoclonal antibodies

RIA curves for the labelled a  2.1 antibody, obtained with specific (Rf/J) and 
non-specific (C57B16) cell lines, are shown in Fig. 1. The dilution curve for the 
specific cell line clearly shows that antibody specificity is maintained in the 
labelling process.

4. DISCUSSION

The compounds " T c mN-DMSA and " T c m-DMSA were prepared in an 
identical way, except that the azide addition step was omitted for the preparation
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TABLE I. BIOLOGICAL DISTRIBUTION OF " T c mN-DMSAa

Percentage of injected dose per organ

Time after 
injection

30 min 60 min 120 min

Heart 0.0 (0.0) 0.1 (0.0) 0.0 (0 .0)

Lung 0.6 (0.2) 0.4 (0.0) 0.4 (0.1)

Liver 1.6 (0.1) 1.0 (0.3) 0.9 (0.0)

Spleen 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

Stomach 0.9 (0.7) 0.7 (0.5) 0.3 (0.1)

Kidney 3.8(1.1) 3.9 (0.5) 4.5 (0.6)

Intestines 1.6 (0.5) 1.8 ( 1.1) 1.8 (0.8)

Femurs 1.4 (0.2) 1.4 (0.1) 1.5 (0.4)

Blood 4.9 (1.0) 2.2 (0.4) 1.4 (0.2)

Urine 29.1 (4.1) 36.4 (4.4) 36.7(1.3)

Percentage of injected dose per gram organ

Time after 
injection

30 min 60 min 120 min

Heart 0.2 (0.0) 0.4 (0.1) 0.3 (0.1)

Liver 0.8 (0.1) 0.5 (0.2) 0.5 (0.0)

Kidney 6 .4 (1 .8) 6.6 (0.7) 7.8 (1.0)

Femurs 6 .4 (0.1) 6.2 (0.6) 6.8 (2.0)

Blood 2.1 (0.4) 1.0 (0.2) 0.6 (0.1)

a Standard deviation in brackets; n = 3.

of " T c m-DMSA. When Tables I and II are compared, significant differences are 
noted between the two preparations:

(a) Higher renal localization was shown for " T c m-DMSA.
(b) The blood levels of " T c m-DMSA were higher.
(c) Significant bone uptake of "T c mN-DMSA was shown, measured by femur 

uptake; the scanned skeleton was clearly delineated.
(d) The excretion of " T c mN-DMSA was higher.
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Percentage of injected dose per organ

Time after 
injection

30 min 60 min 120 min

Heart 0.3 (0.0) 0.3 (0.0) 0.2 (0.0)

Lung 1.6 (0.1) 1.1 (0.2) 1.1 (0 .2)

Liver 4.3 (0.1) 3.9 (0.3) 3.4 (0.2)

Spleen 0.4 (0.1) 0.4 (0.1) 0.3 (0.0)

Stomach 0.6 (0.1) 0.7 (0.2) 0.5 (0.1)

Kidney 10.3 (0.5) 12.3 (0.8) 17.1 (0.7)

Intestines 5.3 (0.7) 5.1 (0.4) 4.8 (0.5)

Femurs 0.5 (0.1) 0.5 (0.0) 0.4 (0.1)

Blood 18.0(1.7) 13.5 (0.9) 9.5 (0.5)

Urine 39.9(11.4) 57.8 (4.4) 65.3 (4.3)

Percentage of injected dose per gram organ

Time after 
injection

30 min 60 min 120 min

Heart 1.8 (0.1) 1.8 (0.2) 1.2 (0.0)

Liver 2.0 (0.2) 2.1 (0.3) 1.7 (0.2)

Kidney 16.4 (0.7) 22.2(1.4) 29.0 (2.9)

Femurs 2.0 (0.5) 2.4 (0.2) 1.9 (0.4)

Blood 7.1 (0.8) 6.4 (0.3) 4.1 (0.2)

a Standard deviation in brackets; n = 3.

Ikeda et al. [5, 6 ], Moretti et al. [7] and Kubiatowicz et al. [8] have studied 
the effect of the preparation conditions on the chemical and biological properties 
of " T c m-DMSA complexes. The pH has a significant effect on the biological and 
chemical behaviour of the " T c m-DMSA preparation. The biological distribution 
of " T c m-DMSA (HCI reduction) showed that the renal and bone localization in 
mice was similar to that reported for preparations of " T c m-DMSA(Sn) made at 
low pH [9], while the liver uptake was lower. The renal uptake, however, was
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FIG.l. Antibody dilution curves for the ^Tc™ N -labelled a 2.1 monoclonal antibody 'obtained 
against specific (XJand non-specific (a) cell lines.

less than that reported by Kubiatowicz [8] for preparations made with " Т с шВГб“ 
for which the ligand addition was performed in ethanolic solution.

The bone uptake of " T c mN-DMSA is surprising. Ikeda et al. [9] have 
demonstrated that " T c m(Sn)-DMSA complexes prepared at pH 6 -1 0  show high 
bone localization. Later, they identified four " T c m-DMSA complexes 
(complexes I-IV ) which were prepared under different conditions of pH and 
stannous tin content [6]. Complexes II and IV were responsible for kidney 
uptake, while complexes I and III localized primarily in bone. Our preparations 
were made under identical conditions of pH and DMSA concentration. The 
presence of the nitrido group has resulted in bone localization rather than kidney 
localization. The mechanisms responsible for bone uptake of the various DMSA 
complexes have not yet been reported in the literature and warrant further 
investigation.

Stability studies of the dry " T c mNCl4 preparations have indicated that the 
agent is sufficiently stable to be prepared in a central laboratory or manufacturing 
site and to be distributed to users for use in the preparation of " T c mN-labelled 
radiopharmaceuticals. The " T c mN radiopharmaceuticals are prepared in most 
cases simply by dissolving the dry residue in a solution of the chelate. A list of 
chelates that have been labelled by this procedure is given in Table III.

The compound " T c mNCl4 may also be used to label ligands which are 
insoluble in water or which may be unstable in aqueous solutions. It is possible 
to extract the " T c mN activity from the dry salt residue into organic solvents 
such as acetonitrile. Labelling may be performed in the organic solvent which 
may then be removed by evaporation.

The " T c mN radiopharmaceuticals examined to date do not appear to have 
significant advantages over the established " T c m radiopharmaceuticals. However,
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TABLE III. CHELATING AGENTS USED 
TO PREPARE " T c mN RADIOPHARMACEUTICALS 
BY SUBSTITUTION OF 99TcmNCl4

Thiouracil EH DP

Diethyldithiocarbamate MDP

Mercaptopyridine Acetylacetone

Mercaptopyrimidine DTPA

Thiooxine Gluconate

Dimercaptosuccinic acid Pyridoxal

Thiomalic acid Oxine

Thiourea Tropolone

Cysteine Tetracycline

HIDA

PIPIDA

it is believed that further investigation of methods using " T c mNCl4 for labelling 
chelates is required. Labelling with 99TcmNCl4 takes place via a substitution 
mechanism and is expected to be less susceptible to the hydrolytic type reactions 
which occur with many other labelling procedures. In addition, the presence of 
the nitrido group modifies the chemistry of the technetium atom in that reactions 
with ‘soft’ ligands are more favoured than when other reducing agents are used. 
The method has been shown to be especially useful for labelling of monoclonal 
antibodies [4] and may be the method of choice for these agents.

Further studies of the applicability of the labelling procedure are in progress 
and will be reported.
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Abstract

STUDIES OF DIMERCAPTOSUCCINIC ACID (DMSA) AND DMSA-Sn(II) COMPLEXES 
USING HYDROGEN-1 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY: 
RADIOCHEMICAL AND BIOLOGICAL BEHAVIOUR OF THE COMPLEXES IN THE 
59Tcm -Sn-DMSA KIT.

The interaction of DMSA with Sn(II) was investigated in solutions of different molar 
ratios at various pH values by lH nuclear magnetic resonance (NMR) spectroscopy and chromato
graphy, and in animal experiments. Three complexes were identified by NMR; chromatographic 
techniques were not suitable to separate these chemical species after labelling with 99Tcm.
Their existence was related to the biological localization, which is only dependent on the pH 
value of the solution. At low pH values, kidney imaging was obtained (complex 1); liver 
visualization corresponded to higher pH values (complex 2); and bone imaging was obtained 
in alkaline medium (complex 3). There was no evidence of free DMSA in the kit.

1. INTRODUCTION

The " T c m complex of dimercaptosuccinic acid (DMSA) is widely used as a 
renal imaging agent [1—4]. Details of the chemical structure of this complex have 
been reported previously by Ikeda et al. [5, 6], Laroche et al. [7] and Moretti et al. 
[8]; however, the role of the Sn(II) ions in the inactive kit preparation has not 
been clarified. The following hypothesis should be considered: Sn(II) ions reduce 
pertechnetate ions to a chemical form suitable for binding of " T c m with DMSA; 
or, after complexation of Sn(II) with DMSA, a new mixed complex, " T c m-Sn- 
DMSA, is formed.

We have investigated the chemical stability of DMSA and the complexation 
of DMSA with Sn(II) for solutions of different molar ratios in a study of the full 
pH range, using ]H nuclear magnetic resonance (NMR) spectroscopy. The results
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were related with the radiochemical and biological behaviour of DMSA after 
labelling with " T c m eluate.

2. MATERIALS

2.1. Chemicals

The compound (meso)-2, 3-dimercaptosuccinic acid was obtained from 
Sigma Chemical Company; Biogel P6 was obtained from Biorad; TcO4- had been 
eluted from a "M o-"T cm generator (Cis, France); all other reagents used were 
of analytical grade. The purity of DMSA was certified by determination of the 
melting point and elementary analysis.

2.2. DMSA solutions

The DMSA solutions (3 X 10- 3M) were prepared at various pH values, 
adjusted with NaOH. After drying of the samples, a D20  solution was added for 
NMR spectroscopy. The new DMSA solutions were maintained under nitrogen 
atmosphere. The DMSA solutions, which were prepared at pH 2.5 to study the 
chemical stability, were kept in a glove box under very pure nitrogen atmosphere.

2.3. Preparation of the DMSA-Sn(II) complexes

To an aqueous solution of DMSA (3 X 10~3M) was added a SnCl2.2H20  
solution in IM HCI at a concentration suitable to obtain a reaction mixture with 
molar ratios for ligand to tin chloride of 1.5:1, 2:1 and 3:1. The pH of each 
reaction mixture was then adjusted with NaOH to the following values: 2.5,
3.5, 5 and 9. The solutions were filtered and put into vials in 2 mL fractions, 
which were lyophilized in a freeze-dry unit. For the *H NMR spectra, 2 mL D20  
solution were then added to each preparation. All chemical preparations were 
carried out under nitrogen atmosphere. The molar ratio 1:1 was not prepared, 
since in acidic medium this concentration of stannous chloride gives rise to a 
white precipitate. The dissolution of this precipitate occurs at a pH value near 
neutrality. The pH values quoted are the direct meter readings without any 
correction for D20  solutions.

2.4. Labelling procedure, radioanalytical control and biological behaviour

The " T c m-Sn-DMSA complexes were prepared by adding to the freeze-dried 
products 2 -3  mL " T c m generator eluate. The solution obtained was kept for 
30 min at room temperature to ensure complete labelling.
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The radiochemical behaviour was evaluated using the following chromato
graphic methods:

(a) Ascending paper chromatography (Whatman paper No. 1, 2 cm X 12 cm) 
using methyl ethyl ketone as eluent. With this procedure it was ensured 
that no unreacted " Т с т 0 4- was present.

(b) Ascending paper chromatography (Whatman paper No. 1, 2 cm X 12 cm) 
using 0.9% NaCl as eluent.

(c) Gel filtration in a column (0.9 cm X 20 cm) packed with Biogel P6, which 
was previously swollen with 0.9% NaCl solution. The column was checked 
using 0 .2% blue dextran solution and was then eluted with a flow rate of
20 mL/h. The volume eluted was 12 mL and none of the radioactive zones 
of the column was eluted. The pH of the developing solution was always 
adjusted to the pH value of the DMSA preparation under study.

(d) Biodistribution studies with Charles River female mice weighing 30—35 g.

3. METHODS

3.1. Hydrogen-1 NMR spectroscopy

Most of the spectra were obtained at 300 MHz in a CXP 300 Bruker spectro
meter; in some cases, as mentioned in Section 4 (Fig.3), the spectra were made 
at 80 MHz in a WP 80 SY Bruker spectrometer. As an internal reference, tert- 

, butanol (S = 1.3 ppm) was used. The temperature was always 296 K.

3.2. Chromatography

The column and paper chromatograms were scanned with a Berthold thin- 
layer scanner, using a 25 mm sodium iodide detector with a 1.10 mm slit collimator.

3.3. Animal experiment

One-twentieth millilitre of " T c m-Sn-DMSA complexes was injected into 
mice intravenously via the tail vein. The animals were killed three hours after 
injection and whole-body images were obtained using a Berthold scintigraph.

4. RESULTS AND DISCUSSION

The DMSA chemical stability and the complexation with Sn(II) were studied 
by 1H NMR spectroscopy.

The chemical stability of DMSA solutions in the absence of molecular oxygen, 
at a pH value of 2.5, was studied first. When preparing the Tc-(Sn)-DMSA kit, the
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2.0 1ю о ppm

FIG.l. 'H  NMR spectra o f  a DMSA solution in a run at pH  2.5, 80 MHz, after the following 
time intervals: (a) immediately after sample preparation, (bj 24 hours, (c) 14 days, (d) 22 days, 
and (e) 52 days after sample preparation.

pH value of the DMSA-Sn solutions was adjusted to 2.5, this value being quoted in 
the literature as the most favourable value for radiopharmaceutical preparations.

The *H NMR spectra shown in Fig. 1 were obtained with one sample at several 
time intervals. In spectra (a) and (b), the single sharp resonance at 2.40 ppm is 
assigned to the methyne protons of the DMSA molecules, accounting for their 
magnetic equivalence due to the free rotation about the C-C bond. The same signal 
is still identified in spectrum (c) where two other signals begin to appear: a sharp 
signal at 2.10 ppm and a very broad signal at 1.70 ppm. These signals dominate 
in the (d) and (e) spectra.
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FIG.2. lH N M R  spectra: (a) DMSA solution at pH = 2 .7, 24 h after sample preparation; 
(b) DMSA/Sn solution with a molar ratio o f  9:1, at pH =2.7, 4 h after sample preparation.

The chemical shifts assigned to the new species formed are upfield relative 
to the initial signal. This trend cannot be explained by the occurrence of an 
oxidation reaction, since this would require a downfield shift; intramolecular or 
intermolecular sterification reactions should be considered.

The oxidation of thiols by molecular oxygen to disulphides is a well-known 
reaction in its qualitative aspects [9]. In aqueous solutions it occurs under both 
acid and alkaline conditions, but the presence of strong bases increases the reaction 
rate. Large excess amounts of bases cause oxidation beyond the disulphide level, 
as could be observed for DMSA. Traces of metal ions (like Sn(II)), UV light and 
other initiators of radical reactions catalyse the oxidation.

The influence of the pH of the solution on the oxidation reactions taking 
place with molecular oxygen was studied in the pH range 2 .7 -11 . At pH = 2.7,
24 h after sample preparation (Fig. 2(a)), the methyne proton signal from the 
free acid was observed at 2.40 ppm and other small peaks were observed at 
2.71 ppm.

As mentioned above, the addition of Sn(II) catalyses the oxidation reaction. 
By adding a small amount of SnCl2 (the molar ratio for DMSA:Sn is 9:1) and 
visualizing the increasing intensity of the signals of the oxidized species, it was 
possible to analyse the spectrum (Fig. 2(b)). Similarly to processes in the oxidation
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TABLE I. CHEMICAL SHIFTS AND COUPLING CONSTANTS OF THE 
METHYNE PROTONS OF THE OXIDIZED SPECIES IDENTIFIED

Downfield AB quartet Upfield AB quartet

pH
V Зт

JHH V Зт
JHH

(ppm) (Hz) (ppm) (Hz)

2.7 2.74 3.1 + 0.2 2.61 9.4+  0.2

2.71 2.58

9.5 2.34 11.4 + 0.3 2.10 7.4 + 0.0

2.31 2.07

reaction of the thiomalic acid [ 10], a dimer with a disulphide bond is formed.
Two AB quartets are assigned to two DMSA molecules in slightly different 
conformations; the corresponding NMR parameters are listed in Table I.

With pH = 9.5 and a higher concentration of Sn(II), in a solution of molar 
ratio 3:1, the amount of oxidized species increases (see Fig.6). Again it was 
possible to analyse the spectrum; the parameters are also shown in Table I.

The values of the vicinal coupling constants, 3Jhh> f° r ethane were found 
to be dependent on the orientation of the molecule; for the protons in a trans
position this value was close to 10 Hz. A much lower value, 2 Hz, would imply 
a left-hand orientation. By analogy with ethane and neglecting substituent 
effects, we conclude from the calculated parameters that the conformation of 
the DMSA molecules changes with the pH of the solution, and a conformation 
with both me thy ne protons close to a transposition is expected to be more stable, 
at least at high pH values; it is obvious that in this conformation both thiol groups 
would also be close to a transposition.

In the absence of Sn(II), the oxidation reaction rate increases with increasing 
pH value. Figure 3 shows the spectra obtained at pH = 5.2 and pH = 11, at 80 MHz. 
For both pH values, the higher intensity of the signals compared with those of 
Fig. 2 indicates an increase of the oxidation reaction rate relative to low pH values. 
For pH = 5.2, two days after sample preparation, the signals from the oxidized 
species are as intensive as the signal assigned to ionized acid at 2.06 ppm, the 
resonance frequencies ranging from 2.53 to 1.97 ppm (spectrum not shown).
For pH = 11 the sulphydryl groups are partially ionized; however, in a fresh 
solution, 24 h after sample preparation, the most intensive peak is still identified 
at 2.06 ppm. The spectrum reveals the presence of several species whose corre
sponding signals are observed from 2.44 to 1.86 ppm. In a spectrum obtained 
twelve days after sample preparation (not shown) the most intensive signal is
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FIG.3. lH  NMR spectra o f  DMSA solutions at pH  = 5.2 and pH  - 1 1 ,  obtained at 80 MHz, 
24 h after sample preparation.

observed at 5.27 ppm. This can be assigned to an oxidized species in which a 
sulphur atom is bound to an oxygen atom, accounting for the high downfield shift 
relative to the free acid signal. The other resonances are also observed in the 
frequency range 2.44-1 .86 ppm.

These oxidation reactions are not reversible; any studies of complexation 
with this ligand should consider the possibility of formation of oxidized species 
which are already present in the fresh solution, as observed for pH values higher 
than 2.7.

In conclusion, unless the experimental conditions are carefully chosen, 
undesirable processes might occur in the chemical preparations involving DMSA, 
initially or when they are handled after labelling, as pointed out by Taylor et al. [11].

The complexation of DMSA with Sn(II) was studied in the pH range 2.8-9.5. 
Three dominating species were identified. As can be seen in Figs 4 -6 , the popu
lation of these complexes depends on the pH value and the molar ratio (ligand/ 
metal) of the solution (the spectra of the solutions with molar ratios 2:1 and 3:1 
at pH = 9.5 are not shown). The corresponding chemical shifts are listed in 
Table II.
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25 2 ppm

FIG.4. 1H N M R  spectra o f  DMSA/Sn solutions obtained at pH  = 2.8, for molar ratios o f  
1.5:1, 2:1 and 3:1.

DMSA:Sn

1.5:1
If

2:1

3:1

25 2 ppm

FIG. 5. 'H  NMR spectra o f  DMSA/Sn solutions obtained at pH  = 5, fo r molar ratios o f  1.5:1, 
2:1 and 3:1.
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FIG. 6. lH  NMR spectrum o f  a DMSA/Sn solution obtained at pH = 9.5, for a molar ratio o f  3:1.

TABLE II. CHEMICAL SHIFTS OF THE METHYNE PROTONS OF THE 
BOUND LIGAND OF THE COMPLEXES IDENTIFIED3

Chemical shift (ppm)

pH Bound ligand Complex Free ligand

2.8 3.11 1 2.33

5.0 3.31 2.70 2 2.05

9.5 2.94 3 2.06

a The chemical shifts of the free ligand signals are also shown.

For all chemical species the shifts of the methyne protons are to the low 
field side relative to the free ligand signal, as expected from a deshielding of these 
nuclei when the complexes are formed.

Because of exchange processes, the signals are broad and a better resolution 
could be achieved by lowering the temperature. In spite of the broadness of the 
signals, some speculations on the structure of the complexes can be made. The 
chemical shifts obtained for complex 2 are assigned to a single species; at higher 
temperatures the signals are much less broad, but the chemical shifts remain the 
same. This could be explained by an exchange between two ligand conformations, 
similarly to processes observed in some tartaric acid complexes [12]. Also the 
involvement of a single mercapto group in the co-ordination might be responsible 
for the difference found between the two resonances; one carboxyl group may 
also be co-ordinated. The population of this species increases with increasing 
metal concentration. Indeed, in a solution with a 1.5:1 molar ratio the signal 
vanishes. This trend rules out the structure proposed in Ref. [13], namely a 2:1 
complex with one molecule having both mercapto groups involved in bonding and 
the other molecule having only a carboxyl group co-ordinated.
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D M S A /S n  ( 1.511 ) O M S A /S n (2 : l l D M S A /S n (3 : l )
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FIG. 7. Paper chromatograms o f " T c m compounds. The molar ratios o fD M SA .Sn are 
1.5:1, 2:1 and 3:1 at pH  values o f  2.5, 5 and 9 ( fis  fron t o f  solvent).

The structures of complexes 1 and 3 must correspond to an electronic 
environment very similar to that of both methyne protons, accounting for the 
spectra obtained; this trend would imply the involvement of both carboxyl 
groups or the involvement of both sulphydryl groups in co-ordination. The first 
hypothesis seems more reasonable for low pH values, hence for complex 1 ; the 
second hypothesis should apply to complex 3, with a significant population at 
higher pH values. The absence of a free ligand signal in the spectra of the solutions 
with a molar ratio of 1.5:1, at any pH value, indicates that the stoichiometry of 
the complexes must be n: 1, with n <  1.5.

The chromatographic results and the biological behaviour of the complexes 
identified were evaluated after labelling them with "T cm. The solution with a 
molar ratio of 3:1, at pH = 9, was not studied since a high concentration of free 
pertechnetate had been detected.

Typical elution profiles of "T cm-Sn-DMSA complexes are shown in Fig.7 
(paper chromatograms) and Fig. 8 (biogel chromatograms). This analytical method 
is not well suited for identifying the chemical species involved. As can be seen in 
Fig. 7, the radioactivity distribution shows differences according to the molar ratio 
of DMSA:Sn and the pH values used, but the same R f  value is found for the 
different complexes.

Gel filtration has been reported in the literature and is considered a suitable 
technique to perform the separation of " T c m complexes [5, 6 , 10]. At pH = 2.5, 
only one activity peak was obtained, being probably related to complex 1, which
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D M S A /S n (1 .5 :l) D M S A /S n (2 : l) D M S A /S n l3 :1 )

FIG.8. Gel chromatograms o f  99Tcm compounds. The molar ratios o f  DMSA.Sn are 
1.5:1, 2:1 and 3:1 at pH  values o f  2.5, 5 and 9 ( f  is front o f  solvent).

is strongly bound to the gel. At pH = 5, different elution profiles were obtained, 
according to the DMSA:Sn molar ratio used. These findings lead us to think that 
hydrolysed reduced "T cm can occur, especially if the amount of Sn(II) is increased. 
Complex 2 was also identified at pH = 5 and could be eluted. The same is true for 
complex 3, formed in alkaline solution (Fig. 8).

The biological behaviour of the chemical species under study is shown in 
Fig. 9. The scintiscans presented exhibit different biological distributions, in 
agreement with the existence of the various complexes identified by 'H NMR 
spectra and the results obtained by gel chromatography. Good kidney imaging 
is obtained at pH = 2.5 (complex 1); marked liver uptake is found at pH = 5 
(complex 2); and bone and kidney imaging is obtained at pH = 9 (complex 3).
The images do not show any influence of the molar ratio of DMSA:Sn used.
The non-existence of free DMSA at the molar ratio 1.5:1 implies that the 
complexes 1, 2 and 3 formed are the chemical species responsible for the biological 
localization.

5. CONCLUSIONS

The DMSA shows low chemical stability, especially in alkaline medium. 
However, oxidation reactions take place even in acidic medium, so all chemical 
manipulations must be carried out very carefully and under an inert atmosphere.
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FIG.9. Scintiscans o f 99Tcm -(Sn)-DMSA complexes, 3 h after injection into female mice o f  
DMSA/Sn solutions prepared with molar ratios o f  1.5:1, 2:1 and 3:1, at pH  values o f  2.5, 5 and 9.
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The study of the complexation of DMSA with Sn(II) led to the identification 
of three dominating species. The populations of these species depend on the molar 
ratio (ligand/metal) and the pH value of the solution (see Table II).

The highest kidney uptake was verified for the preparations at pH = 2.5; 
at this pH value, only complex 1 is present. We can conclude from the reported 
data that this complex of DMSA-Sn is the chemical species to be assigned to 
kidney imaging.

These studies will have to be continued with "T c  and should aim at finding 
out exactly which species are present in the 99Tcm-Sn-DMSA kit; assuming that 
the chemical behaviour of "T c  and "T cm is the same, it should be possible to 
obtain concentrated solutions which could be observed by NMR spectroscopy.
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Abstract

DISTINCTIVE BEHAVIOUR OF 99Tcm(V) DIMERCAPTOSUCCINIC ACID AS A 
TUMOUR-SEEKING AGENT: USEFULNESS FOR THE DIAGNOSIS OF HEAD AND 
NECK TUMOURS, MEDULLARY THYROID CANCERS AND SOFT-TISSUE TUMOURS.

Considering the ideal nuclear properties of 99Tcm, a new 99Tcm-labelled radiopharma
ceutical has been developed for tumour imaging. Dimercaptosuccinic acid (DMS) has been 
chosen as ligand and SnClî as reducing agent. The highest uptake by tumour cells was obtained 
when the 99Tcm complex was in oxidation state V. This newly designed tumour-seeking 
agent, 99Tcm(V) DMS, showed a distribution behaviour different from that of the well- 
known renal scanning agent, 99Tcm(III) DMS, which was considered to be in oxidation 
state III. Basic studies, carried out in vitro and in vivo with Ehrlich tum our cells of tumour- 
bearing mice, clearly substantiated the great potential of 99Tcm(V) DMS for clinical use. 
Therefore, 193 untreated patients with a histologically proven diagnosis of cancer were scanned 
for 99Tcm(V) DMS uptake. This radiopharmaceutical was particularly useful for scanning 
of head and neck squamous cell carcinomas, medullary thyroid cancers and soft-tissue 
tumours. Also the superior physical properties of 9, Tcm , which gave better images within two 
hours after injection, together with the easy method and the low cost, justify its use in pref
erence to 67Ga. The great importance of the 99Tcm oxidation state with regard to its 
biological behaviour, and the different tum our uptake mechanisms of 99Tcm(V) DMS and 
67Ga or 201 TI could be shown. The data collected provide a good basis for the clinical 
applicability of 99Tcm (V) DMS as a tumour-imaging agent.

1. INTRODUCTION

Gallium-67 citrate has been widely used in clinical nuclear medicine for the 
detection and location of malignant tumours. However, its use is hampered by its 
rather high cost and its slow blood clearance (48—72 h are required to  obtain
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good images). Additionally, 61Ga concentrates in inflammatory lesions. 
Thallium-201 has also been used for the detection of thyroid cancers as well as 
in nuclear cardiology.

Technetium-99m has ideal nuclear properties. In order to develop new 
9 9Tcm-labelled radiopharmaceuticals for tumour imaging, dimercaptosuccinic 
acid (DMS), a well-known compound for renal scanning, has been chosen as a 
ligand and SnCl2 as a reducing agent [1,2]. Recently, we found that the 
chemical structure of the polymeric complexes plays an important role in the 
subsequent organ uptake; different uptake in tumour cells was observed for 
different labelling conditions.

The highest uptake by tumour cells was obtained when the " T c m complex 
was prepared at an alkaline pH of 8 and with a relatively low amount of SnCl2, 
with " T c m in oxidation state V. This newly designed tumour-seeking agent, 
99Tcm(V) DMS, showed a biochemical behaviour different from that of the 
renal scanning agent currently in use, which was obtained at an acid pH and with 
a relatively high amount of SnCl2. This scanning agent was estimated as being 
in oxidation state III, i.e. 99Tcm(III) DMS [3]. By in vitro and in vivo studies 
as well as experiments with patients with malignant tumours, it was shown that 
99Tcm(V) DMS (but not 99Tcm(III) DMS) accumulated in tumours, which 
substantiates its great potentiality for clinical use.

In the present study, scintigraphic examinations of various tumours with 
99Tcm(V) DMS were performed and a comparative examination of 67Ga and 
201T1 was made.

2. MATERIALS AND METHODS

The clinical studies were made with 193 untreated patients with a histo
logically proven diagnosis: 132 patients had malignant tumours and 61 benign 
tumours. Within two weeks, the scintigraphic results of the 99Tcm(V) DMS 
treatment were compared with those obtained using 67Ga or 20,T1.

For the present study, commercially available 67Ga and 201T1 were used.
The lyophilized kit of 99Tcm(V) DMS, containing 1.36 mg dimercaptosuccinic 
acid, 1.26 mg NaHC03, 0.11 mg SnCl2 -2H20  and 30 mg glucose, was made 
available by Daiichi Radioisotope Laboratories, Tokyo. Labelling was performed 
by adding to the kit 7% NaHC03 with 2—3 mL 99Tcm-pertechnetate of the 
desired activity. Upon intravenous administration of 10 mCi 99Tcm(V) DMS1, 
a scintigram was taken after 2 h using a conventional gamma camera [4, 5]. In 
some cases, single-photon emission computed tomography (SPECT) was 
performed, with 64 different views over 360°, of 15 s each, with rotation of the

1 1 Ci =  37 G Bq.
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TABLE I. RESULTS OF 99Tcm(V) DMS SCANS

203

Malignant Benign
Tumour Number of 

patients
Sensitivity
(%)

Number of Specificity 
patients (%)

Head/neck 36 78 17 88
Thyroid

Medullary 5 100
Others 12 8 7 71

Lymphoma 16 31 - -

Lung/mediastinal 16 25 1 100
Gastro-intestinal 4 0 4 100
Liver/pancreas 10 40 - -

Bone 15 87 9 33

Soft tissue 18 94 23 74

Total 132 60 61 74

gamma camera every 5.6°. Scintiscans of 67Ga and 201T1 were performed 72 h 
and 30 min after intravenous injection, respectively.

3. RESULTS

The results for 193 patients with various tumours are shown in Table I. 
Primary head and neck tumours did not include central nervous system and 
thyroid tumours as well as lymphomas. Histologically, 27 out of 36 malignant 
tumours were squamous cell carcinomas, and 10 out of 17 benign tumours were 
pleomorphic adenomas or inflammatory lesions. The sensitivity and specificity 
of scans with 99Tcm(V) DMS were 78% and 87%, those with 67Ga citrate were 
85% and 51%, respectively. Most head and neck tumours are treated by radio
therapy. For these patients, 67Ga uptake was often seen in the salivary glands 
owing to inflammatory changes. However, there was no significant uptake of 
99Tcm(V) DMS in the salivary glands, even after radiotherapy (Fig.l). Further, 
SPECT pictures clearly revealed the extent of the tumour.

For bone tumours, 99Tcm(V) DMS accumulation was seen not only in 
malignant primary and metastatic tumours but also in benign tumours (Fig.2);
67Ga scans also showed accumulation in malignant and benign tumours.

For 18 malignant soft-tissue tumours, all but one (94%) showed significant 
uptake of 99Tcm(V) DMS (Fig.3), while 67Ga citrate was positive in only 60% of
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RADIOTHERAPY

FIG .l. Scintigrams with 99Tcm fV) DMS fo ra  patient with squamous cell carcinoma o f  the 
left maxillary sinus: before treatment (upper left), SPECT o f  sagittal section (lower left), 
and SPECT after radiotherapy o f  6000 rad (60 Gy) (upper right). Tumour uptake o f  99 Tcm (V) 
DMS (arrow) disappeared after radiotherapy. N ote that no significant uptake o f  this agent 
was observed in the salivary glands, even after radiotherapy.

these cases. One patient with cell sarcoma showed an equivocal accumulation of 
99Tcm(V) DMS, while the uptake of 67Ga was manifest. For benign soft-tissue 
tumours, six out of 23 cases showed an uptake of 99Tcm(V) DMS (Fig.4); 67Ga 
was accumulated in only 14% of the benign soft-tissue tumours. Thus the 
accuracy of the soft-tissue tumour scans was 82% for 99Tcm(V) DMS and 75% 
for 67Ga.

For lung and abdominal tumours, lymphomas, melanomas and inflamma
tory lesions, the sensitivity of 99Tcm(V) DMS was poor (less than 40%). Also 
negative were scans of most thyroid cancers. However, the scans of five patients 
with medullary thyroid cancers were all positive with 99Tcm(V) DMS (Figs 5 
and 6). Two patients with medullary thyroid cancer were operated. The mean 
radioactivity ratio of tumour to normal thyroid tissue two hours after injection
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FIG.2. Scintigrams with 99 Tcm (V) DMS for a patient with osteosarcoma o f  the right 
femur. Scans were taken at 5 min and 45 min after the injection.

SOFT-TISSUE TUMOUR

FIG.3. Scintigrams with 99 Tcm (V) DMS for patients with malignant fibrous histiocytoma 
o f  the right lower leg (left) or neuroepithelioma o f  the left thigh (right). Although the uptake 
o f  " T c m(V) DMS was no t specific fo r  malignant tumours, it was useful to know the location 
and extent o f  the tumours fo r treatment o f  patients after surgery [5 ].
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FIG.4. Scintigrams with 99Tcm (V) DMS (left and centre) and 67Ga (right) fo r a patient 
with benign soft-tissue tumour in the left neck (arrow). The uptake o f  99 Tcm (V) DMS 
in the neck was low, that o f  67Ga was still lower.

MEDULLARY THYROID CANCER 
OPERATION

FIG.5. Pre-operative and post-operative scintigrams o f  a medullary thyroid cancer. A patient 
with a tumour in the left neck was found to have medullary thyroid cancer extending into 
the thoracic cavity. A fter surgery, there was no abnormal uptake o f  99 Tcm (V) DMS and 
the serum calcitonin levels returned to normal.
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FIG.6. Pre-operative scintigrams o f  a medullary thyroid cancer, using 99Tcm fVJ DMS (left), 
99Tcm pertechnetate (middle) and 201 TI (right). The right-neck tumour mass with medullary 
thyroid cancer did no t accumulate 99Tcm pertechnetate, but both 99Tcm (V) DMS and 
201 TI accumulated in the lesions. N ote that the biodistribution o f  99 Tcm (V) DMS and 
201 TI was different [4].

was 36.2; the tumour-to-blood ratio and the tumour-to-muscle ratio were 
15.3 and 25.0, respectively. Scans of 201T1 uptake were performed to detect 
metastatic lesions in thyroid cancers, including the medullary type. As shown 
in Fig.6 , there was no significant uptake of 99Tcm(V) DMS in the normal part 
of the left thyroid lobe; however, 201 TI accumulated in both the cancer and 
normal tissue.

4. DISCUSSION

The following conclusions can be drawn from the present study:

(a) The distinctive character of the newly developed 99Tcm(V) DMS was made 
evident (99Tcm(V) DMS has the same ligand and radionuclide as the renal 
scanning agent 99Tcm(III) DMS).

(b) The great importance of the " T c m oxidation state with regard to its 
biological behaviour, and the different tumour uptake mechanisms of 
99Tcm(V) DMS and 67Ga or 201T1 could be shown.
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(c) The clinical applicability of " T c m (V) DMS as a tumour-imaging agent was 
clearly assessed for head and neck squamous cell carcinomas, medullary 
thyroid cancers and soft-tissue tumours [4,5].

(d) The data collected gave conclusive evidence of the higher scanning accuracy 
of 99Tcm(V) DMS compared with that of 67Ga citrate in a wide variety
of tumours.

It has long been observed that in south-east Asian countries head and neck 
tumours occur considerably more often than other tumours. Most of these 
tumours are radiosensitive and radiocurable. However, radiotherapy applied 
previously may affect the accuracy of 67Ga scans, since this radionuclide is often 
taken up in the salivary glands. This was not observed for 99Tcm(V) DMS, which 
therefore can be usefully employed for follow-up of patients after radiotherapy.

In the therapy of soft-tissue tumours, a good diagnostic judgement on the 
presence of benign or malignant, multiple or solitary tumours as well as their 
extent and localization is a decisive factor. The newly developed 99Tcm(V) DMS 
has advantages over the currently used 67Ga for the examination of soft-tissue 
tumours. The 99Tcm(V) DMS has a higher sensitivity than 67Ga for the detec
tion of malignant tumours; for some benign tumours, however, 99Tcm(V) DMS 
gave a false positive indication (Fig.4).

Medullary thyroid cancers constitute 2-9%  of thyroid cancers and recur in 
50% of the cases after operation. The 99Tcm(V) DMS will be useful for the 
diagnosis of medullary thyroid cancers and can be used for follow-up of 
patients after surgery.

For some inflammatory lesions, a lower accumulation of 99Tcm(V) DMS 
as compared with that of 67Ga was observed. The data collected provide a good 
basis for the clinical applicability of 99Tcm(V) DMS as a tumour-imaging agent. 
Also, the superior physical properties of 99Tcm , which gave better images 
within two hours after injection (48—72 hours are needed for 67Ga), together 
with the easy method and the low cost justify its use. The 99Tcm(V) DMS is 
also suitable for SPECT studies.

Little is known about the mechanism of 99Tcm(V) DMS accumulation in 
various tumours. It has been reported that 99Tcm DMS, which has been widely 
used as a renal scanning agent, is considered to have a trivalent technetium 
core [3]; however, 99Tcm(V) DMS, prepared with low SnCl2 concentrations 
and at neutral pH, is considered to have a pentavalent technetium core. The 
structural similarity of 99Tcm(V) DMS (TcOl- ) with PO |_ may be of relevance 
to the 99Tcm(V) DMS accumulation in tumour tissues. The positive characteristics 
for in vitro tumour uptake which TcO |_ has in common with phosphorus ions 
may contribute, in some part, to the high uptake of 99Tcm(V) DMS in most 
bone lesions, including benign bone tumours. Some publications suggest the 
binding of 67Ga to human transferrin as a basis for tumour uptake. However, 
preliminary studies performed with malignant cells showed a transferrin-
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independent mechanism for 99Tcm(V) DMS. A tumour uptake mechanism 
different from that of 67Ga could also be shown in the present studies.

Further investigations of the clinical usefulness of 99Tcm(V) DMS and its 
mechanism of localization are needed. However, the present studies provide a 
good basis for its clinical application as a tumour-imaging agent, mainly for head 
and neck squamous cell carcinomas, medullary thyroid cancers and soft-tissue 
tumours.
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Abstract

LABELLING OF CASTOR OIL FOR MYOCARDIAL STUDIES.
The labelling of castor oil, hydrolysed castor oil and oleic acid was investigated by the 

iodine monochloride and chloramine-T methods. The effect of the iodinating agent and the 
concentration of castor oil on the labelling yield was studied. A comparative pharmacological 
study with analog aliphatic fatty acids was carried out. Castor oil labelled with iodine mono
chloride concentrated in the heart and liver in good proportion, better than other natural 
fatty acids and nearly equal to analog aliphatic fatty acids. An infra-red study showed that 
the OH group of the ricinoleic acid apparently protects the n5I added on the double bond, 
with minor changes in biochemical properties and better uptake by the heart muscle. .

1. INTRODUCTION

Free fatty acids represent the major energy source of myocardial tissue [1]. 
Long-chain aliphatic fatty acids labelled with radiohalogens behave in the 
same way as l-11 С palmitic acid. In an attempt to use a natural long-chain aliphatic 
fat, we labelled castor oil, which may have the prerequisites of a good imaging 
radiopharmaceutical. Castor oil is the triglyceride of several fatty acids, i.e. 
ricinoleic acid (87%), oleic acid (7%), linoleic acid (3%), palmitic acid (2%) 
and stearic acid ( 1%) [2].

Labelling was carried out with 12SI by the iodine monochloride (ICI) and 
chloramine-T (CAT) methods in organic solvents. The optimum concentrations 
of the iodinating agent as well as of castor oil in a certain time interval were 
determined. Ricinoleic acid, which is a C-18 acid with a mid-chain hydroxyl 
group without conjugated unsaturation, has good physical properties besides its

211
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potential for wide medical application [3]. Animal tests with mice were carried 
out to study the time course of radioactivity distribution of the labelled castor 
oil in different organs. A comparative in vivo biological distribution study of the 
different labelled fatty acids was carried out.

2. MATERIALS AND METHODS

Colourless castor oil (United States Pharmacopoeia, Fisher Laboratory 
Chemicals) was dissolved in an organic solvent, and labelling was performed by 
adding *IC1 on the double bond

Cl H

R -C H -C H 2 -C H  =  C H -R  R -C H -C H 2 - C - C - R
I I I I
OH OH H *1

In another method, CAT was dissolved in acetone and added to a dried solution 
of iodine-125, containing the castor oil dissolved in the same or a different 
solvent. The mechanism of this reaction was through the release of *I2 by CAT 
and the addition of *I2 on the double bond [4].

CH3-  < 3 )  - S 0 2NHC1 + 2*Г  -» CH3-  < o ) - S 0 2NH+ + СГ + *I2

For a comparative study, castor oil was hydrolysed [5] and the hydrolysed free 
fatty acid was labelled with *IC1. The labelling technique used in this study 
was similar to that of Robinson and Lee [6], with certain modifications.

2.1. Preparation of iodine monochloride (*IC1)

Usually, labelled *IC1 is prepared by formation of *I2 in an organic solvent 
and dropwise addition of Cl2, dissolved in the same solvent, until discoloration 
of the *I2 solution takes place. We have improved this technique by using the 
method of in situ formation [7]. A ratio of 21" to 1I03 in a saturated solution 
of NaCl and HCI was chosen and an organic solvent was used. Once the 
*IC1 was formed

2Г  + 6H+ + IO¡ + ЗСГ -*■ 3IC1 + 3H20

in the organic layer, it was separated and passed quickly through a dehydrating 
column filled with a 3:7 mixture of Sephadex G-25 and glass beads to prevent 
hydrolysis of the *IC1.
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2.2. Distribution coefficients of *IC1 in different solvents

In order to minimize the loss of the radioiodine introduced in the *IC1 
moiety, we investigated the distribution coefficients of *IC1 for different organic 
extractants and aqueous solutions. The water dissolved in the solvent was dried 
immediately to prevent hydrolysis of *IC1.

2.3. Labelling of castor oil (CO) and
hydrolysed castor oil (HCO) with *IC1

Labelling of castor oil was done in a separatory funnel, containing 1.125 mL 
K I03 (2 mg/mL), 0.375 mL KI (1 mg/mL) and 0.20-0 .25 mL Na125I (s5 0  /zCi)1. 
Then, 0.5 mL of a saturated solution of NaCl and 2.7 mL of organic solvent 
were added. The solution was shaken and 0.25 mL of IN HCI added; then the 
solution was again shaken until the colour of *IC1 developed. *10 was quickly 
separated and passed on to a dehydrating column. The concentration of the 
iodinating agent determined volumetrically was equivalent to 1 дто1 *IC1. The 
organic solvent containing the *IC1 was added to 30 mg CO in 2 mL of the 
same solvent and the mixture was refluxed for several hours. Samples of 
0.2 mL were removed after several time intervals and shaken with 0.02 mL 
Na2S20 3/KI solution (5 mg/mL) to stop the reaction, then the solution was 
passed through a small dehydrating column. The radiochemical yield was 
estimated by instant thin-layer chromatography (I-TLC) with cellulose using 
heptane:diethyl ether:acetic acid (320:80:1) as eluent; the Rf values of 
labelled CO and HCO were 0.85—0.95, and the Rf value of 125I was 0.00—0.01.

2.4. Labelling of castor oil with chloramine-T

An amount of 0.20—0.25 mL Na125I (50 /¿Ci) was vacuum dried in a round- 
bottom flask. The amount of CO dissolved in the organic solvent and the 
necessary amount of CAT dissolved in acetone were mixed and the reaction was 
carried out under reflux. At different time intervals, 20 pL of the reaction 
mixture were removed and developed chromatographically. Unfortunately, 
labelling CO with CAT did not give a product with a single component. The 
activity was divided (50:50) between labelled CO with Rf = 0.95 and labelled 
CAT with Rf = 0.00; by repeated passing through anionic resin the yield of 
labelled CO increased, while that of CAT decreased, but the final product was 
radiochemically impure.

1 1 Ci = 37 GBq.
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2.5. Quality controls

2.5.1. Quality control with I-TLC

After completion of the labelling reaction, the solvent was evaporated under 
vacuum. The residue was dissolved in 0.5 mL ethanol/Tween 80 (50:50) and 
then diluted with 1.5 mL normal saline. To remove free radioiodide, the mixture 
was passed through a column containing one gram of anionic resin (Cl-form).
The complete removal of free radioiodine was confirmed by repeated I-TLC, 
using the chromatographic eluent.

2.5.2. Quality control with HPLC analysis

A Varian-5000 liquid chromatograph was used with an analytical column 
micro-pack MCH-5 (30 cm X 40 mm) and a refractive index detector, with a 
flow rate of 1.5 mL/min of an eluent (tetrahydrofuran:acetonitrile:water,
45:45:10, was used). Before the analytical procedure, 10 /xL of inactive substrate 
was injected into the column to identify the retention time of the compounds. 
Then, 10 mL of the labelled compound was injected into the column. The radio
activity in another 10 ßL of the labelled product was determined by a 5500 Beck
mann gamma counter. The retention time of the inactive compounds before 
and after labelling was 3.15 min for CO and its labelled products, and the 
retention time for HCO was 2.7 min, i.e. the final labelled compound exhibited 
no degradation during labelling.

2.6. Animal experiments

The radioiodinated compounds (0.1 mL =  10 ptCi) were injected intra
venously into the tail vein of female Swiss Webster albino mice. Groups of three 
mice were used for each time interval. The animals were anaesthetized with 
chloroform and the blood was withdrawn by heart puncture. The animals were 
then killed and the organs isolated, washed with saline and dried by putting on 
filter paper. The 125I radioactivity in the weighed organs was counted using a 
Beckmann gamma counter. The radioactivity uptake was expressed as percentage 
of injected dose per gram body weight.

3. RESULTS AND DISCUSSION

3.1. Parameters of the labelling reaction

Inert solvents, immiscible with water, of different boiling points were used 
as reaction media for labelling with *IC1. Acetone and methyl ethyl ketone (MEK)
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TIME (mini

FIG. I. Labelling yield with different solvents, constant *ICl (1 pmol) and 30 mg castor oil:
A -  benzene in benzene at 80°С; В -  petroleum ether in petroleum ether at 6 0 -8 0 °C;
С -  benzene in Mnpk at 90—92° C: D -  M npk in Mnpk at 102°C.

were discarded because of their miscibility with water. From Fig. 1 it can be 
seen that labelling with *IC1 slightly increases with the increase in temperature.
A mixed pair of solvents (benzene/methyl n-propyl ketone (Mnpk)) gives the 
most adequate yield, due to the high distribution coefficient of *IC1 in Mnpk.
The results given in Table I show that the best solvent is Mnpk, with a distribution 
coefficient of about 20. From Fig. 1 it can be seen that fast addition of *IC1 
to the alkene residue occurs at the beginning of the reaction; then, a plateau 
with constant labelling is obtained.

The effect of *IC1 concentration at constant CO concentration (30 mg) 
within 2 h reaction time in benzene was studied. The maximum yield was 
obtained at 1 pmol *IC1 (Fig.2); 30 mg CO during 2 h refluxing time at 
1 ¿imol *IC1 in 4 mL benzene gave an optimum yield of 82%. The radio
chemical purity was greater than 95%, as determined by I-TLC with the 
chromatographic eluent.

For a lower concentration of CO, a longer reaction time is needed (Fig.3).
An infra-red study of natural and labelled CO revealed that partial addition of 
*IC1 to the alkene residue results in a more pronounced peak for the OH group; 
this indicates that the OH group is stable, with no possibility of exchange 
with radioiodide (Fig.4), and that it protects the alkene group; the С =  С 

■double bond disappears.
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FIG. 2. E ffect o f  iodinating agent on labelling.
Variation o f  *ICl in benzene with 30 mg castor oil; reaction time 120 min.

FIG.3. E ffect o f  castor oil concentration on labelling (1 \imol *ICl in benzene during 
120 min reaction time).
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FIG.4. Infra-red spectrum o f  unlabelled castor oil (a) and castor oil labelled with *ICl (b).

TABLE II. ACTIVITY DISTRIBUTION DATA FOR 125I FATTY ACIDS 
IN MICE AFTER INTRAVENOUS INJECTION

Time
(min)

Compounds Blood Heart Liver Kidneys

CO + I2SIC1
10.30
(10-11 .9 )

6.36
(3 .3-9 .47)

4.45 
(4 .1 -4 .8 )

5.83
(5.7—5.9)

HCO + 125 ICI
11.67
(8 .3-13 .4)

6.86
(5 .6 -8 .3 )

16.20
(12.1-18.3)

9.93
(8 .5-11 .1)

5
Oleic acid + 125ICI

9.83
(8 .6-11 .4)

5.92
(4 .7 -8 .1 )

8.39
(6.0- 12.1)

7.73
(5 .6-10 .6)

17-Br-heptadecanoic 
acid (HDA) + Na125I

9.3
(9 .04-9 .56)

6.1
(5 .5 -6 .7 )

9.6
(7 .1-12 .1)

5.05
(4 .93-5 .16)

CO + I2SIC1
10.66
(5 .9 -17 .2)

9.46
(7 .5-10 .6)

8.4
(6 .6—9.9)

4.2
(2.7—5.0)

HCO + 125IC1
7.2
(5.6- 8.6)

5.6
(5 .1 -6 .2 )

10.1
(7 .9 -13 .0)

7.63
(5 .9-10 .1)

10
Oleic acid + 12SIC1

5.7
(5.0—6.8)

3.48
(3 .1 -4 .2 )

5.93
(5 .3 -6 .9 )

5.3
(4 .2-6 .9)

17-Br-HDA
9.52
(7 .59-11 .5)

6.96
(6 .82-7 .4)

12.64
(10.77-14.5)

5.81
(5 .8-5 .82)
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TABLE II.(cont.)

Time
(min)

Compounds Blood Heart Liver Kidneys

CO + 125IC1
7.0
(5 .8 -8 .1 )

9.46
(7 .1-13 .9)

5.73
(3 .3 -7 .7 )

5.5
(4 .9 -6 .3 )

HCO + 125IC1
5.49
(4.8—7.4)

4.17
(3 .5-5 .1)

7.88
(6.2 -9 .8)

5.7
(4 .5—7.1)

20
Oleic acid + 12SIC1

4.71
(4 .4 -5 .0 )

2.69
(2.4—3.0)

4.39
(4 -5 .1 )

3.57
(3 .5 -3 .6 )

17-Br-HDA
6.01
(4.5—6.4)

3.57
(2.3—4.6)

7.5
(4 .5 -9 .1 )

3.78
(2 .2 -5 .0 )

CO + 125IC1
5.83
(4 .5 -7 .8)

9.30
(4 .7-12 .9)

7.1
(5 .9 -8 .8 )

4.86
(3 .3 -6 .0 )

' HCO + 125IC1
5.1
(4 .2 -6 .2 )

3.7
(3.3—4.3)

8.13
(7 .2 -8 .7 )

4.9
(4 .3 -5 .7 )

40
Oleic acid + I25IC1

3.84
(3 .7 -4 .0 )

2.45
(2 .4 -2 .5 )

4.04
(3.6—4.6)

3.44
(3 .1 -3 .6 )

17-Br-HDA
4.3
(3 .5 -4 .7 )

3.75
(3 .5-4 .06)

7.53
(6.4—8.4)

3.87
(3 .3 -4 .1 )

CO + 125IC1
2.23
(1 .5 -2 .7 )

2.7
(1.7—3.3)

2.4.
(1 .4 -3 .4 )

2.2
(1 .4 -3 .0 )

HCO + 125IC1
2.09
(1 .7 -2 .7 )

1.29
(0 .9 -1 .7 )

2.88
(1 .04-4 .3 )

1.68 
( 1.2- 2.1)

90
Oleic acid + 125IC1

2.09
(1 .7 -2 .7 )

1.64
(1 .5-1 .9)

2.3
(2.0—2.7)

1.79
(1 .7-1 .99)

17-Br-HDA
3.5
(3.1—4.1)

2.98
(2 .67-3 .46)

4.94
(2 .76-6 .19)

3.45
(3 .3—3.9)

3.2. Tissue distribution results

Tables II and III show a high myocardial uptake for the 12sI-labelled castor 
oil; there was a steady uptake by the heart (Fig.5) and then an abrupt decrease 
from 9.30% at 40 min to 2.70% at 90 min, contrary to the behaviour o f the other 
compounds tested. The heart-to-blood ratio at 5 min was highest for castor oil and 
17-Br-HDA; the latter had a slightly higher ratio (0.66) than castor oil (0.61) 
(Table III).
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TABLE III. HEART-TO-BLOOD RATIOS AT 
5 MINUTES AFTER INJECTION

Labelled compound Heart/blood ratio

Castor oil + 12SIC1 0.61

Hydrolysed castor oil + 12S1C1 0.58

Oleic acid + 1251 Cl 0.60

17-Br-heptadecanoic acid 0.66

TIME Imin)

FIG.5. Myocardial activity o f  iodofatty acids versus time. Each data point is for three animals.
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In this investigation we compared labelled CO, HCO, oleic acid and 
17-Br-heptadecanoic acid. Castor oil gave the highest labelling yield (between 
82 and 86%). The uptake of labelled CO by the heart muscle is slightly better 
than the uptake of analog free fatty acids. This may be due to the excellent 
physical properties of castor oil. For hydrolysed castor oil the uptake was 
lower, probably because of partial dissolution of fatty acid components 
during hydrolysis.

4. CONCLUSIONS
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Abstract

SOLVENT EXTRACTION TECHNOLOGY OF 99Mo-99Tcm GENERATOR SYSTEM:. 
PERFORMANCE CHARACTERISTICS.

The performance characteristics of an indigenously developed (and manually performed) 
solvent extraction technology (SET) for the preparation of N a99Tcm O4 are described in terms 
of the process actually employed, the product parameters obtained and the radiation dose 
received by the system operators. The technology gave a product of high purity and yield.
The radiation dose was decreased by semi-automatizing the process assembly. The SET has 
been successfully employed during the last 12 years for preparing injectable N a99Tcm 04 
and a variety of other 99Tcm-based radiopharmaceuticals for in vivo imaging of organ systems: 
Although the SET is an involved technique, it is a cheap alternative method for the preparation 
of N a99Tcm O 4.

1. INTRODUCTION

In industrialized countries, the solvent extraction technology (SET) is seldom 
routinely employed as a standard procedure for the separation and purification 
of 99Tcm (from 99Mo). At the Radiation Medicine Centre of Bhabha Atomic 
Research Centre (the largest single user of 99Tcm in India), this technology has been 
used since 1972 for obtaining Na99Tcm0 4 of medicinal purity. Molybdenum-99 of 
low specific activity has been used for this purpose; it has been obtained by 
neutron irradiation of naturally occurring 98 Mo in a relatively low-neutro.n-flux 
(«  1013 n cm -2 s ' 1) research reactor. This paper summarizes the performance 
characteristics of the indigenously developed and manually performed SET for the 
preparation of Na 99Tcm 0 4 [ 1 ] from a user’s point of view.

2. MATERIALS AND METHODS

Sodium molybdate (99Mo), dissolved in 4—5 mol NaOH and supplied in 
¡100—200 mCi1 lots in sealed glass vials, was obtained from the Radiopharma-

1 1 Ci = 37 GBq.
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ceuticals Division, BARC, Bombay. Molybdenum-99 had a specific activity of 
between 10.0 and 300.0 mCi/g and a radioactivity concentration of 2 .5-39.0  
mCi/mL (on the first day of use). The Na " T c m 0 4 was separated and repurified 
with 2-butanone (methyl ethyl ketone -  MEK) as the organic solvent extractant 
in a lead-shielded (3.0 cm thick) glass extraction assembly [1]. The sequence of 
operations involved in the preparation of N a "T c m0 4 as outlined in Ref.[l] 
was generally followed. The separated Na " T c m0 4 in MEK was also passed 
through a column of short length (1.5 cm height, 1.5 cm dia) of basic alumina.
The column was washed with MEK and the eluates were collected in an Erlenmeyer 
flask. The MEK was then completely evaporated over a thermostatically 
controlled hot plate, and the flask was cooled and leached with physiological 
saline. The N a "T cm0 4 in saline was filtered through a sterile membrane 
(0.22 м т) filter to yield sterile Na " T c m0 4 suitable for intravenous injection. 
These operations were performed once a day.

The radiochemical processes were carried out in a lead-shielded (0.6 cm at 
the sides; 5.0 cm thick, 30.0 cm high interlocking bricks in front) and well- 
exhausted fume cupboard. The radiopharmacy operations were carried out in a 
separate, adjacent, adequately shielded (table top shield of lead and lead-glass) 
clean enclosure to avoid cross-contamination. The various assemblies were placed 
in their respective areas before the start of ‘ho t’ operations. Operator convenience 
and safety during manual operations were not jeopardized. Sufficient space was 
also provided to separate the operator from the ‘hot’ sources. In previous years, 
amounts of about 100—150 mCi (99Mo + " T c m) were daily (manually) handled 
in the hospital radiopharmacy. After mid-1977 the activity levels were raised and 
300—475 mCi amounts were handled every day. Additional radiation safeguards 
were therefore provided by way of lead-shielded assemblies, a variety of remotely 
controlled/operated equipment and a few semi-automatic devices [2].

The radiochemical assays were performed by paper chromatography 
(Whatman Grade 1, ascending) in methanol ¡water (85:15) and physiological saline 
systems. The undiluted ‘ho t’ solutions were applied onto the paper strips using 
thin capillary tubes. The papers were then air dried and developed in the 
respective solvent systems. They were removed, dried, allowed to decay (for 
4 -8  half-lives of " T c m, i.e. until the activity level of the original solution was 
about 100 MCi/mL), cut into 5 mm strips and counted in a well-type gamma 
scintillation counter. Radiobiological assays were carried out with animals. Rats 
(Wistar strain) were injected with 40 /iCi/0.4 mL of Na " T c m 0 2 solution 
(400 mCí/0.4 mL for rats sacrificed at 18 and 24 h after injection). After injection, 
each rat was housed in a small, separate cage. The animals were serially sacrificed 
at different times after injection by cardiectomy ; 30 s before sacrifice, 4 -1 0  g 
blood was extracted per animal under ether anaesthesia. The organs were excised 
and counted in a gamma counter.
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The manually performed SET is the sole method employed in India for the 
preparation of Na " T c m04- We have used this technology for over a decade. 
There may be some operational constraints in the application of this technology, 
especially as practised within hospital radiopharmacies (which are sometimes ill 
equipped or insufficiently staffed). These constraints are related mainly to purity, 
yield, radiation dose, personnel exposure and radiation safety. Since the entire 
process is manually handled, there could be an operator bias. This could vary 
from operator to operator and may affect the yield and purity of the product.
We have been able to overcome many of these constraints over the past few years. 
This has been achieved by introducing additional purification procedures, 
redesigning the process assembly to attenuate the radiation field/dose and 
augmenting safeguards. Proper training and motivation of personnel also helped 
to overcome some of the operational constraints and resulted in good product 
yields and product purity, with minimum radiation burden to the operator.

The performance characteristics of any technology can be adequately 
described in terms of product yield and purity, occupational hazards (radiation 
dose) and cost factors. These parameters depend on the actual process adopted 
in the technology. The characteristics of the SET as practised in a hospital 
radiopharmacy were studied from a user’s point of view.

3.1. The process

Figure 1 shows a diagram of the semi-automatic process assembly used at 
our Centre. The very ‘hot’ operations were performed using semi-automatic, or 
remotely controlled/operated, or lead-shielded assemblies [2]. The transfer of 
the "M o + " T c m solutions into the extractor and the mixing of the aqueous/ 
alkaline phase with the organic phase were carried out using a powered and 
remotely controlled low-vacuum cum pressure pump (Millipore Corp. Bedford, 
MA), connected to the extractor by a long flexible tubing through a three-way 
stopcock. The three-way stopcock was placed outside the fume cupboard lead 
wall and away from the extractor. The two phases were separated by remotely 
operating the teflon stopcock attached to long-handled swab forceps from behind 
a lead screen. (The interphase was observed through a 10.0 cm thick lead-glass). 
The "M o solution (depleted of " T c m) was removed into a "M o source receiver 
( 100 mL vial) through a pre-positioned delivery tube. The vial was placed behind 
the extractor in a 5.0 cm thick lead pot with a lead shield on top. (This "M o 
source was used on subsequent days to extract " T c m.) The Na " T c m0 4 in MEK 
was either directly drained onto the top of an alumina column (purification 
system) placed beneath one of the outlets of the teflon stopcock, or collected in 
lead-shielded beakers and transferred onto the top of the alumina column placed 
elsewhere in the fume cupboard. (The column was shielded with a small portable

3. RESULTS AND DISCUSSION
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SOLVENT EXTRACTION AND PURIFICATION ASSEMBLY

FIG.l. Semi-automatic process assembly used at the Radiation Medicine Centre for the 
preparation o f  Na 99Tcm O4.
1 -  Broken lines represent lead shielding, 2 -  glass solvent extractor, 3 -  99Mo inlet tube,
4 — MEK inlet, 5 -  lead wall, 6 -  three-way stopcock, 7 -  low-vacuum cum pressure pump,
8 -  trap, 9 -  thick lead-glass, 10 -  lead screen, 11 -  swab forceps with ratchet lock,
12 -  delivery tube, 13 -  99Mo receiver, 14 -  N a99Tcm O^ inMEK, 15 -  hot plate, 16 -  evaporation 
o f  MEK, 17 -  mirror, lb  -  detachable steel frame, 19 -  screw-drive arrangement, 20 -  annular 
lead-shielded holder, 21 — tripod stand, 22 -  sterile syringe with plunger, 23 -  sterile container vial.

lead screen.) The Na " T c m0 4 in MEK was eluted under gravity or by applying 
gentle suction and collected in a shielded Erlenmeyer flask. The column was 
washed with a small amount of MEK to remove any adsorbed Na " T c m0 4. The 
flask was then placed on a hot plate by using long-handled devices (griptongs, 
niptongs) and the solvent was evaporated (without overheating the contents) 
behind a lead screen. (The operations were observed in a mirror placed at the far 
end of the fume cupboard or through thick lead-glass.) The dry Na " T c m0 4 was 
leached with saline and transferred to the rädiopharmacy enclosure in a lead- 
shielded device. It was subsequently filtered through a sterile membrane 
(0.22 /um) assembly (appropriately shielded and remotely operated [2]) into an
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empty sterile pyrogen-free vial. (Membrane filtration served for purification and 
sterilization and was preferred to steam sterilization since it saves time.) At the 
end of filtration the vial was removed and assayed for " T c m. The time taken to 
complete these operations was 3 0 -45  min.

3.2. The product

The injectable Na " T c m0 4 obtained by the above process was a clear 
colourless solution with a neutral pH; it was sterile and isotonic. The yield and 
purity of the product depended to a large extent on the operator’s expertise to 
properly carry out the sequence of operations. The following steps were necessary 
to ensure good yield and purity of the product: Quantitative transfers, proper 
mixing and separation of the two phases, scrubbing N a "T c m0 4 in MEK with 
5 mol NaOH (to remove traces of "M o), passing " T c m0 4 in MEK through an 
alumina column of short length (an essential step required to exclude alkalinity 
and traces of other chemical impurities including "M o), rewashing the alumina 
column with a small amount of MEK (to elute any adsorbed Na " T c m0 4), 
avoiding overheating of Na " T c m0 4 after removal of MEK, and passing Na " T c m0 4 
in saline through a-0.22 jum membrane filter (to remove traces of colloidal matter, 
if any).

(a) Consistency and reliability: The SET has been routinely used at our 
Centre for the last 12 years to prepare injectable Na " T c m0 4, with good results.
The procedure adopted has resulted in a consistent and reliable product as 
regards yield and purity. Amounts of about 400-800  mCi of ("M o + 99Tcm) were 
used for repeatedly extracting Na "T cm0 4 (one extraction per day) for a period 
of one week. In 1983, amounts of about 75 Ci of N a "T c m0 4 were solvent 
extracted and processed for use.

(b) Period o f use: A batch was generally used for a period of one week. 
However, on a few occasions we have extended the use of the "M o source up to
21 d (about eight half-lives of "M o) without any loss of purity or yield, or any 
abnormal biological behaviour of the labelled products. The solvent-extracted 
N a "T c m0 4 was either used as injectable/oral N a99Tcm0 4 or formulated into 
other " T c m-radiopharmaceuticals (e.g. " T c m-phytate or " T c m-sulphur colloid 
towards the end of this period).

(c) Purity: The levels of "M o in the final product were below the per
missible levels [1,3]. The levels of other long-lived gamma contaminants, such as 
60Co, 131I, 134Cs and 137Cs, were estimated to be 10“4 to 10-8 relative to " T c m.
The levels of alpha contaminants [4,5], such as (239Pu + 240Pu), estimated by 
alpha spectrometry, were found to be 1.8 X 10~n  to 10-13 relative to " T c m [6 ].

The radiochemical purity of the product as determined by paper chroma
tography during the various operations is given in Table I. The radiochemical 
purity of the injectable product was >97%; sometimes it had a colloidal content
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TABLE I. PAPER CHROMATOGRAPHIC ASSAY OF SOLVENT-EXTRACTED 
Na " T c m O4 DURING THE VARIOUS OPERATIONS

Rf region

99Tcm species in MEK 99Tcm species in saline, 
before membrane 

(0.22 /яп) filtration

99Tcm species in saline, 
after membrane 

(0.22 /Urn) filtration

85% MeOH 
(%)

Saline
(%)

85% MeOH 
(%)

Saline
(%)

85% MeOH 
(%)

Saline
(%)

0.0 0.1 0.1 0.6 1.0 0.3 0.37

0.47-0 .59 99.1 - 96.8 - 96.8 -

0 .61-0 .74 - 99.1 - 96.6 - 96.9

0 .84-1 .0 0.06 0.11 1.12 0.95 1.08 0.97

of 0.3%. Table II gives the biological assay of the product after intravenous 
injection into rats. The assay could also be used as an index of purity. Both the 
chromatographic patterns and the uptake values in various tissues compared 
favourably with Na " T c m0 4 eluted with column chromatographic type generator 
systems for "M o -"T cm.

(d) Yield: The yield generally obtained was in the range of 75—88% with 
respect to 99Tcm. Lower yields were sometimes obtained because of retention 
of " T c m0 4 on the alumina column (rectified by rewashing the column with 
MEK or by using a suitable grade of alumina) or in the Erlenmeyer flask (improper 
leaching with saline). In a few instances, however, the lower yield was due to
the presence of unleachable colloidal matter, caused either by overheating or the 
presence of other impurities.

(e) Application: The product so obtained was directly used as injectable 
(sometimes as orally applied) preparation for imaging the thyroid and brain 
(pathology). It was also used for formulating a variety of " T c m-based radio
pharmaceuticals without any pretreatment (i.e. purging with nitrogen gas to 
remove oxidants [7]).

Some of the " T c m-radiopharmaceuticals (parenterals) formulated and used 
in patients were the following:

— R.E. agents: " T c m-phytate, " T c ra-sulphur colloid, " T c m-Sb2S3 colloid;
— Bone agents: " T c m-pyrophosphate, " T c m-HEDP, " T c m-EDTMP, 

" T c m-MDP;
— Renal agents: " T c m-DTPA, " T c m-citrate, " T c m-glucoheptonate;
— Hepatobiliary agents: " T c m-pyridoxylidene glutamate, " T c m-LIDA or 

" T c m-HIDA, " T c m-p-butyl-HIDA, 99Tcm-diethyl-HIDA, " T c m-diisopropyl 
HID A;
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— Lung perfusion agents: " T c m-MAA, " T c m-HSA microspheres;
— Aerosol agents: N a "T c m0 4, 99Tcm-phytate, 99Tcm-glucoheptonate,

" T c m-MDP;
— " T c m-labelled blood components.

3.3. Radiation dose

The manual operation of the SET (requiring handling of large amounts of 
"M o + " T c m as open sources) resulted in some occupational exposure of personnel. 
The annual whole-body dose (chest) and wrist doses per operator during the 
early years (processing 100—150 mCi amounts of "M o + " T c m per day) were 
about 800 mrem and about 4500 mrem, respectively. These doses were reduced 
to about 250 mrem and about 650 mrem, respectively, in 1983 (while processing 
300—475 mCi amounts per day). The latter doses were far below the maximum 
permissible levels. The radiation dose was decreased over the years by deliberately 
employing and/or augmenting radiation safety and protection measures. Generally, 
2—4 persons were rotated in the solvent extraction processing and formulating 
operations. These operations were performed only once a day. The doses 

. received by these persons were comparable to those received by personnel 
operating column chromatographic systems and resulted mainly from radio
pharmacy operations, i.e. formulation of injections [2]. The finger-tip dose per 
operation was about 50—100 mR (with the use of latex rubber surgical gloves) 
and was further reduced to 3—10 mR with the use of (slightly uncomfortable) 
flexible lead-lined rubber gloves.

3.4. Other performance characteristics

(a) Low yields (50—70%) were obtained on some occasions. These were 
found to be associated with increased amounts of unleachable (with saline) 
" T c m-species, probably a colloidal species ( " T c m0 2 ?; Rf = 0.0 by paper 
chromatography). The unleachable fraction could be leached out by boiling the 
residue in the flask with diluted H20 2. The treated product was generally un
suitable for labelling various Sn(II) ligand ‘kits’ with " T c m unless the product 
was purged of oxidants. It was generally administered as an oral preparation.

(b) On a few rare occasions, we experienced the phenomenon of ‘tired 
moly’ ("M o). This was associated with poor yields (<35%). The ‘tired moly’ 
could be ‘reactivated’ by treating the (99Mo + " T c m) solutions in the extractor 
with traces of oxidants (such as К2СГО4) [8 ].

(c) The in vivo behaviour of 99Tcm used in radiodiagnostics, prepared with 
solvent-extracted Na 99Tcm 0 4, compared favourably with that of similar products 
formulated with Na 99Tcm0 4 eluted by column chromatography. On a few rare 
occasions, 99Tcm- phytate formulated with solvent-extracted Na 99Tcm0 4 was
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found to be localized, to a very small extent, in the gall bladder in addition to 
the target (RES) tissues. It was found that this anomaly was not caused by the 
presence of traces of MEK or aldol condensation products -  the latter supposedly 
formed through the action of radiation on residual MEK under alkaline con
ditions [9,10]. The deliberate addition of 0.5% MEK (five times normal levels 
[3]) to Na " T c m0 4, used in the preparation of 99Tcm-phytate, failed to trace 
this anomaly in animals. Similarly, there was no change in biological behaviour 
of 99Tcm-phytate in animals even when the Na " T c m0 4 used in the formulation 
of 99Tcm-phytate was obtained from 99Mo solutions containing intentionally 
added MEK (which was stored over 99Mo for more than 7 days to simulate 
residual MEK-derived compounds).

The SET for the preparation of Na 99Tcm0 4 has received only limited 
attention in the past [1, 10-19]. There are a few reports on the characteristics 
of some of these systems [10, 15, 19]. Despite its advantages (high yield, purity 
and radioactive concentration) the SET has not gained wide acceptance nor 
sustained commercial interest [20]. At present, there are hardly any commercial 
suppliers of fully automatic SET equipment. This is due to some of the short
comings of the SET (i.e. cumbersome procedures of the manual method, handling 
of open sources, greater possibility of radiation hazard, operator bias, requirement 
of trained and motivated personnel to operate the system, long time required for 
operation, etc.), especially as practised in a hospital radiopharmacy environment. 
These shortcomings have to be viewed against the advantages (ease, simplicity 
and efficacy) of the column chromatographic type of 99Mo-99Tcm systems. Despite 
its shortcomings, we have employed the SET because our possibilities are limited. 
The technology used at our Centre differed to some extent from the procedure 
described above. Molybdenum-99 of low specific activity (obtained by neutron 
irradiation of natural 98Mo in a relatively low-power research reactor) was 
employed to solvent extract Na 99Tcm0 4 by a manual process in an indigenously 
designed extractor. Despite the limitations of the technique, the process resulted 
in a pure product with high yield. The radiation dose was controlled by using a 
semi-automatic process assembly.

The SET is a good, cheap, versatile, non-polluting and safe alternative 
method for preparing Na 99Tcm 0 4 of high purity and yield. It can provide high 
radioactive concentrations of Na 99Tcm0 4 solutions suitable for bolus studies. 
However, the SET is an involved method and requires a relatively long time and 
experimental dexterity. Besides, it is necessary for persons performing the required 
operations to have sufficient knowledge of radiochemistry, radiation protection, 
health physics and pharmacology in order to be able to follow the guidelines of 
good manufacturing practices and to apply the ALARA dose limitation concept.
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Abstract

MYOCARDIAL IMAGING AGENTS LABELLED WITH TECHNETIUM-99m.
The radiopharmacological and biological properties of hitherto known myocardial 

agents labelled with 99Tcm are compared and evaluated. The myocardial uptake of cationic
99Tcm complexes is not limited to very special chemical structures, but is correlated with 
the reactivity of the particular compound. The compound accumulation is unspecific and 
occurs in the heart muscle as well as in other well-perfused organs and tissues. Most of the 
compounds are distributed in the different organs according to the degree of their perfusion. 
The maximal uptake in non-excretory organs is accomplished within the first passages 
after injection. The Tc(I) compounds are washed out very slowly, which indicates the presence 
of an unspecific trapping mechanism. The Tc(III) complexes are washed out within a few 
hours, resulting in a steady-state distribution between the organ and the blood. With regard 
to excretion, the various compounds show individual properties. Besides generally active 
factors, such as lipophilicity, particular reactions in the kidney and liver can be assumed.
From a comparison of the biokinetics of different organs, the potential diagnostic applications 
of the compounds are evaluated.

1. INTRODUCTION

A t the end o f 1981, Deutsch et al. [ 1 ] from the Cincinnati University reported 
on the significant myocardial uptake o f  several technetium  complexes with 
dialkylarsinobenzene ligands. The parent compound o f this series was synthesized 
and characterized by Fergusson and Nyholm [2] more than tw enty years ago.
Since 201 Tl, the currently used myocardial agent, is expensive and not ideal 
regarding radiation characteristics and availability, general interest has focused

235
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TABLE I. HEART/ORGAN RATIOS IN PER CENT OF THE INJECTED DOSE 
PER GRAM ORGAN (TISSUE) (%D/g) OF SEVERAL MYOCARDIAL AGENTS 
LABELLED WITH " T c m : COMPARISON WITH 201 TI

Myocardial agent Blood Liver Lungs

Tc(1II)DIARS2C12+ 6.8 0.5 rat 30 min

Tc(II1)DIARS2 Br2 6.3 0.55

Tc(III)DMPE2C12+ 34 1.4 1.7

Tc(l)DMPE3+ 24 1.1

Те (I) DEPEä 25 0.66 mouse

Tc(I) (t-butyl-NC)6+ 17 0.9

Tc(l)TMP6+ 39 10 rabbit
201 'j'j + 30 1.4 1.0 rat 20 min

DIARS
DMPE
DEPE
t-butyl-NC
TMP

1.2 bis (dimethylarsino) benzene
1.2 bis (dimethylphosphino) ethane
1.2 bis (diethylphosphino) ethane 
tertiary butylisocyanide 
trimethylphosphite

increasingly on the synthesis and evaluation o f further m yotropic technetium 
compounds.

Considerable progress has been achieved in the last few years. According 
to  organ distribution studies in rats, rabbits, mice and dogs, most o f the novel 
compounds proved to  be comparable with 201 TI in their biodistribution, 
particularly regarding heart uptake and heart/blood ratios (see Table I). However, 
heart delineation with the most promising compound, 99Tcm DMPE2Cl£, was 
less convincing than expected [3].

Certainly, the ideal agent has not yet been found. However, after a three- 
year period o f work in several groups [1 ,3 —13] (we are mainly interested in 
the radiopharmaceutical and biological evaluation of the agents treated in 
Refs [ 11 — 13]), it seems useful to  make a systematic comparison o f the results 
obtained. This is somewhat difficult because the majority o f the more recent 
results are available only as conference abstracts and therefore the inform ation is 
incomplete.

2. CHEMICAL NATURE OF COMPLEXES AND HEART UPTAKE

First, the dependence o f the heart uptake (mainly in rats and mice) on the 
chemical structure o f the different complex cations should be considered. The
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F1G.1. Chemical structures and. important biological data (maximal heart uptake in rats or 
dogs at 10 min after injection if no other time is indicated) of 99 Tcm-labelled myocardial 
imaging agents and of some organo cations for comparison (Tc(V) complexes).
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FIG.2. Chemical structures and important biological data of 99 Tcm-labelled myocardial 
imaging agents (Tc(III) and Tc(I) complexes).

development o f  these agents is based on the hypothesis o f Deutsch et al. [ 1 ] 
that unipositive lipophilic compounds might be promising candidates for heart 
delineation. This was concluded from the well-known fact that manifold 
heart-affine and heart-active substances belong to  this group, for instance 
alkaline cations, thallium, alkylammonium ions, and beta blockers which are 
cations at the pH o f blood.

The list o f cationic technetium  compounds investigated so far (Figs 1,2) 
shows that many o f them, but no t all, possess the desired property o f heart 
accumulation. By comparing the molecular structures o f these compounds, 
the following observations can be made:

(a) All Tc(III) and Tc(I) unipositive complexes are heart affine to  a certain 
extent, despite rather drastic chemical differences. These include the 
replacement o f methyl (by ethyl groups, arsene and halogen donor atoms) 
and — for some new heart agents such as alkylarylphosphonium and 
alkylarylarsonium ions -  even the replacement of the central atom  in 
a cationic molecule.
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%  D/g

FIG.3. Heart clearance ofTc(I)DMPE$ and Те (III)DMPE2Cl2 in the rat.

(b) On the o ther hand, for the Tc(V) cations the very slight variation of
the molecule when the phosphorus atoms in T c 0 2DMPE2 Cl£ are replaced 
by nitrogen drastically reduces the moderate heart uptake o f the 
compound (T c 0 2 DMAE+) to  negligibly small values.

Obviously, myocardial uptake o f technetium  cations is not a phenomenon 
which is connected with stereochemical fitting w ith a specific receptor in the 
heart, but it depends probably on the reactivity o f  the compounds. Only the 
more reactive Tc(I) and Tc(III) complexes accumulate significantly in the 
heart. The inert T c 0 2DMAE£ is completely ineffective.

The compounds differ not only with regard to  heart uptake but also with 
regard to  their distribution in many other organs. Therefore, their discussion 
should no t be restricted to  biokinetics o f the heart, but should include the 
liver, kidney and blood biokinetics.

3. BIOKINETICS OF THE ORGANS

3.1. Heart

Both Tc(I) and Tc(III) affine cationic complexes are removed very fast 
from the blood stream. The maximal uptake is achieved within seconds, i.e. 
in the first few passes. Differences between Tc(I) and Tc(III) appear in the  
post-maximum phase. The Tc(III) complexes investigated are washed out 
m oderately fast (Fig.3) in vivo as well as in isolated perfused hearts (Fig.4).
The Tc(I) compounds, however, remain in the heart for a much longer period. 
Within the usual range o f 1—2 hours for biokinetic studies w ith " T c m agents,
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FIG.4. Heart clearance of TcfllljDMPE^Clj  in isolated perfused rat hearts.

hardly any decrease o f the accumulated activity can be seen. Obviously, this 
striking difference, Which has been found for all Tc(I) and Tc(III) myocardial 
agents hitherto  investigated, does not depend on structural peculiarities o f  the 
ligand or complex but on the oxidation state.

The Tc(I) compounds are trapped within the heart, whereas the Tc(III) 
agents diffuse back into the blood stream according to  their decreasing 
concentration in the blood upon dilution by the circulation. As dem onstrated 
in our laboratory with isolated perfused rat hearts using TcDMPE2Cl2, the 
uptake mechanism is no t restricted to  viable heart tissue. A fter anoxia for 
more than 1 .5 h, which is equivalent to  complete breakdown o f the cell 
metabolism and heavy impairment o f the cell membranes, at least half o f the 
original radioactivity was taken up and washed ou t afterwards, similar to  the 
process in the living organ.

The consequences o f  the different heart kinetics o f  Tc(I) and Tc(III) 
cations with regard to  possible diagnostic values are discussed in Section 5.

3.2. Kidneys

The compounds considered are predom inantly excreted via the hepato
biliary pathway. Nevertheless, the kidneys show a significant radioactivity uptake.

When comparing Tc(I) and Tc(III) compounds, we observe biokinetics 
analogous to  those o f the heart. The initial organ uptake ratios in the kidneys 
and in the heart are in the range o f 4 —8, which is equal to  the ratio o f  kidney/ 
heart perfusion (Table II). From  this we conclude that the accumulation in 
these two organs is mainly determ ined by their degree o f perfusion. This means 
that the agents are no t specific w ith regard to  heart muscle cells nor with 
regard to  any muscle cells. The agents are generally distributed in all tissues,
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TABLE II. ORGAN DISTRIBUTION OF MYOCARDIAL AGENTS 
LABELLED WITH " T c m

Myocardial agent Liver Kidney Heart L:K:H

Tc(III)DMPE2Cl2 10 min 8-13 7-9 1.2-2.1 6.2:4.2:1
rat 120 min 5.4-9 3.2-4.4 0.3—0.5 18:8.8:1

Tc(IlI) DIARS2C12 10 min 17-28 2.2-8.1

00ó1СПó

35:3.8:1
rat 60 min 7-16 1.3—1.8 0.2-0.3 41:7.6:1

Tc(I)DMPE3 10 min 18-30 8-11.5 1.1-1.8 17:6.5:1
rat 120 min 7.8-13 8-11.4 0 1 OJ 11:9.9:1

Tc(I) (t-butyl-NC)6 5 min 32 8.4 1.2-2.3 26:7:1
mouse 120 min 35 5.6 1.2 29:4.7:1

corresponding to  their perfusion, except when they are blocked by highly 
specific membranes, e.g. the brain (blood/brain barrier).

3.3. Liver

The liver uptake is essentially determined by the lipophilicity o f the com
pounds. This is also reflected in the organ uptake ratios for this organ. In the 
least lipophilic com pound, TcDMPE2Cl2, the liver/heart and liver/kidney 
ratios correspond to  the ratios o f  organ perfusion, indicating that no preferential 
liver uptake mechanism operates. However, with the more lipophilic compounds 
the liver uptake is greatly enhanced.

About 20—30 minutes after injection, the liver activity approaches steady- 
state conditions in most cases, which is dem onstrated by the flat liver/blood 
curves (Fig.5). Exceptions are the Tc hexakis(t-butylisocyanide)+ and the 
Tc hexakis(trim ethylphosphite)+complexes. If  the published biodistribution 
values o f the isocyanide complex in mice can be regarded as representative, 
the substance remains in the liver for a longer period; its elimination is blocked.
On the o ther hand, TcTMPj is distinguished by extraordinarily rapid liver clearance.

We conclude that most o f  the compounds are eliminated via the hepato
biliary pathway, either by passive diffusion o f the unaltered agent or after 
metabolization into diffusible species. The last seems to  be more probable with 
regard to  the steady-state concentration in the liver. This is supported by an 
analysis o f the bile after injection o f TcDMPE2Cl2 in rats. We found an im portant 
fraction o f the radioactivity in the oxidized T c 0 2 DMPE2 form (Fig.6).

The compound Tc hexakis(t-butylisocyanide)+ is either irreversibly 
trapped in the liver or metabolically transformed into non-diffusible species.
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FIG.5. Liver/blood ratios of heart-imaging 99 Tcm complexes.

TcfllD

Л  " .
c a th o d e  s ta r t  anode

FIG. 6. Metabolization products o f K Tcm (III) DMPE2 C¡2 in the urine and bile of the rat 
(electrophoresis 120 min p.i.).
Upper curve: Electropherogram of the agent injected (Tc(III)DMPE2 Cl2).
Middle curve: Electropherogram of the urine with Tc(V)02DMPE2 and Tc(III)DMPE2Clj .  

Lower curve: Electropherogram of the bile with Tc(V)OiDMPE%, Tc(III)DMPEt Cl2 and 
unidentified neutral and anionic products.
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The extraordinarily rapid elimination o f TcTMP£ could be due to  a cleaving 
o f m ethyl ester bonds by liver hydrolases — a process for which it is known 
that the free ligand is the reason for the toxicity o f  the compound (Fig.7).
In such a process, neutral or anionic metabolites are expected, which should 
pass the  liver as quickly as the HIDA and Schiff base complexes.

3.4. Blood

The blood is not merely the vehicle for the compounds considered, but an 
organ which interacts with them  in different specific ways.

For the lipophilic arsine complexes, very fast uptake o f a significant part 
into the red blood cells was observed. The less lipophilic compounds are more 
prevalent in the plasma, but the differences are small compared with the 
differences in octanol/saline distribution coefficients. With the DMPE complexes, 
no significant red blood cell uptake was found for the less lipophilic TcDMPE2Cl2, 
but rather a high value (about 20%) for the hydrophilic T c 0 2 DMPE2. There
fore, the red cell uptake is no t merely dependent on the lipophilicity. Sands 
et al. [14] reported on TcDMPE2C12 diffusion into the red blood cells in the 
presence o f o ther m yotropic cations or cardiac drugs, such as oubaine. The 
influx o f the complex did not stimulate the sodium efflux from the cytoplasm 
as potassium does. Oubaine was ineffective with regard to  inhibition o f 
complex uptake. As shown by these experiments, an uptake mechanism with 
participation of the Na+/K +-ATP-ase system can be excluded.

In the plasma, binding to  different proteins occurs. For the DMPE com
plexes, binding to  hum an serum albumin ranges from 15% for the hydrophilic 
T c 0 2 DMPE2 to  55% for the less lipophilic TcDMPE2Cl2 and to  98% for 
TCDMPE3. The protein/agent complexes are very labile; they undergo dis
sociation upon electrophoresis. For organ uptake, this property seems to  be of 
less importance. More interesting is the binding to  further protein components, 
such as the globulins or lipoproteins, because they could be responsible for 
species specificity. However, before considering this possibility, the question 
had to  be answered whether this specificity refers to  species differences in the 
heart muscle or to  species differences in the blood composition. The problem
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FIG. 8. Heart uptake pattern of 99 Tcm (III) DMPE2 C lt Tc(I)DMPE¡ and 
Tcfl) (t-butylisocyanide)I in rabbits and guinea-pigs (upper row) and in isolated perfused 
beating hearts of these animals (lower row) upon addition of rabbit (rab), human (h) and 
guinea-pig (Gp) blood.

was decided by experiments w ith isolated perfused hearts by which the 
influence o f  myocardial cells and blood constituents could be evaluated separately.

According to  present knowledge, rats, mice, rabbits and dogs are considered 
less sensitive species. (Sensitive species are guinea-pigs, pigs, cats, monkeys 
and men.) The less sensitive species generally accumulate DMPE compounds 
in the heart. In the sensitive species guinea-pigs, minipigs and cats, heart 
uptake does no t necessarily occur with an agent which works in the less 
sensitive group. The behaviour o f primates including human beings is not 
completely known because o f  limited experimental data, but probably humans 
must be assigned to  the sensitive group.

In order to  differentiate between the possible factors o f species dependence, 
Pendleton et al. [ 10] used the hearts o f the less sensitive rabbit and the sensitive 
guinea-pig (Fig.8), which were perfused by oxigenized Ringer solution with 
or w ithout addition o f blood o f the species investigated. Both hearts accumulated 
" T c m DMPE2Cl2, " T c m DMPE3 and 99Tcm (t-butylisocyanide)£ from the 
Ringer solution. On the o ther hand, 99TcmDMPE2 Cl2 was not taken up in vivo 
by the heart o f the guinea-pig. Co-injection o f rabbit blood did no t significantly 
change the uptake o f  the agent in both hearts, but co-injection o f  guinea-pig blood 
and human blood diminished the uptake of the agent in rabbit and guinea-pig hearts.

It can be concluded that the essential influencing factor is a com ponent 
in the blood serum o f the sensitive species; its nature is unknow n so far.

3.5. Miscellaneous organs

The biodistribution o f the myocardial agents labelled with 99Tcm is not 
organ specific. The whole-body distribution o f the TcDMPE complexes studied 
by whole-body autoradiography (Fig.9) shows that, besides the heart, liver 
and kidneys, many other organs and tissues, including different glands, the
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FIG. 9. Whole-body autoradiographs of the distribution of 99 Tc'71 (IIIjDMPEi Cl2, 
99Tcm(I)DMPEl and TIMP (triphenyl-(u Сj-methy l) phosphonium* in the rat 
(10 min after injection).

mucosa o f the stomach and intestine as well as the periost o f the backbone, 
significantly accumulate radioactivity. Interestingly, we observed a similar 
distribution pattern  for the triphenylm ethylphosphonium  cation.

These results further support the conclusion that heart uptake o f the agents 
is no t caused by any specific cell function o f this organ but is connected with 
a general non-specific cellular property.

4. TOXICITY

Possibly harmful toxic effects o f the technetium  complexes can be neglected 
because o f the high radioactivity concentration and the high dilution o f the
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FIG.10. Heart/blood ratios (%D/gj of several myocardial agents labelled with 99 Tcm: 
comparison ofTc(I) and Tc(III) compounds.

material. However, toxicological problems arise with the free uncomplexed 
ligand which is present in the injection solution. Phosphines, arsines, esters o f 
phosphoric acid, and isocyanides are all highly toxic materials.

According to  Sodd et al. [15], the LD50 value o f DMPE is in the range o f 
18—47 mg/kg for rats. We found even lower LDS0 values o f 8.1 mg/kg for 
male rats and 8.9 mg/kg for female rats. Kit formulations reported by several 
authors contained 5 -2 0  mg o f the compound, which corresponds to  0 .008—0.033 
o f LD50 values. This is safe w ith respect to  acute toxic effects, but significantly 
above the recommended value o f 0.005 LD50 for radiopharmaceuticals.

The agent DMPE produces probably irreversible haemolysis already with 
sublethal doses, which indicates a damage of the cell membranes. A t present, 
it is unknown which kind o f effects the agent produces in the storage organs. 
Therefore, the am ount o f the free ligand in the injection solution should be 
minimized.

5. CONCLUSIONS

The various novel myocardial agents labelled with 99Tcm can be divided 
into two groups, which are distinguished by a different biological behaviour.

Group 1

Tc(I) cations are trapped in the heart and other organs and remain there for 
a longer period. The heart/blood ratios (Fig. 10, broken lines) increase steadily, 
according to  the blood clearance o f  the compounds. The transition from the
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FIG.11. Compartment models of Tc(III) (upper) and TC(I) (lower) biokinetics.

blood com partm ent to  the storage organs (Fig. 11 ) takes place essentially in 
the direction o f blood to  organ; the wash-out is negligible.

Such a type o f biodistribution might be used for a satisfactory delineation 
o f the heart in vivo if the high liver uptake could be reduced. According to 
Robbins and Adams [ 16] the new compound TcTMP£ may be suitable for 
this purpose.

Since the maximum uptake o f  all technetium  heart agents is accomplished 
within the first passes through the heart, such agents are expected to  be capable 
o f  morphologically imaging the perfusion state at the m om ent o f  injection, 
thus also indicating persistent ischaemia. However, because o f the negligible 
wash-out o f  such agents the delineation o f  regions w ith transient ischaemia 
would require two injections, one at rest and the o ther under pharmacological 
or physical stress.

Group 2

The accumulation of the Tc(III) compounds is transient in all organs 
investigated (Fig. 10). This is indicated by the steady-state organ/blood ratios
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FIG.12. Kidney /blood ratios (%D/g¡ ofTc(I) and Tc(III) complexes.

dem onstrated for the kidneys in Fig. 12. The wash-out kinetics are expected 
to  be dependent on the regional perfusion. The flow o f the agents between 
blood and organs occurs in both  directions. Therefore, functional inform ation 
should be available from such images in the wash-out phase.

A serious problem  is the above-mentioned species dependence which 
resulted in only faint myocardial scintigrams. These scintigrams are difficult 
to  evaluate by using conventional m ethods as applied to  201 TI images. Perhaps 
more sophisticated data processing could improve this situation. This was 
dem onstrated with minipigs in our laboratory by scintigraphy and subtraction 
o f the liver activity 20 minutes after injection o f  TcDMPE2 Cl£, which resulted 
in good images o f  the myocardium, comparable with those obtained w ith 201 TI. 
The delineation o f  the myocardium o f the minipig (which belongs to  the 
sensitive species) was tried w ithout success previously [3].

A nother approach to  the use o f myocardial technetium  agents should be 
m entioned briefly. A t the Third World Congress o f Nuclear Medicine and 
Biology in Paris in 1982, Yokoyama et al. [17] reported on bifunctional agents 
with thiosemicarbazone residues which produce technetium  complexes that 
are capable o f delineating the myocardium o f small animals under special 
conditions.

To summarize, at present the question as to  which com pound will finally 
enter the clinical stage remains open. Much effort is still necessary to 
synthesize new ligands and complexes, together w ith extended studies on 
pharmacology and clinical evaluation.
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Abstract

RECENT PROGRESS IN THE DEVELOPMENT OF BIFUNCTIONAL RADIOPHARMA
CEUTICALS.

The development of radiopharmaceuticals (RPs) is evolving from agents for anatomical 
imaging to those offering physiological, pharmacological or biochemical information. The 
demand for more biospecific RPs led to the generation of bifunctional RPs, namely those 
containing a biologically active molecule together with a chelating group, with the ability to 
bind metallic radionuclides. Research has centred on the development of bifunctional RPs 
for labelling of macromolecules, such as monoclonal antibodies, enzymes and human serum 
albumin. In this respect, the bifunctional chelating agent (BCA), defined as a macromolecule- 
labelling agent, has an important place. Among the various BCAs reported, diethylene triamine 
pentaacetic acid (DTPA) and deferoxamine (DF) are becoming the agents of choice for 
labelling macromolecules with in In and 67Ga or 68Ga. Recently, in the author’s laboratory, 
various "T c m bifunctional RPs have been designed, involving not only macromolecules but 
also small biomolecules such as glucose, fatty acids and various amino derivatives. One of 
the important structural properties of these drugs is the presence of a small chelating group; 
di-thiosemicarbazone was selected, since it offered the most compact 99Tcm chelating 
structure, which does not interfere with the biospecificity of the labelled molecule. The 
paper outlines particularly the conceptual guidelines derived from publications on bifunctional 
RPs. The necessary criteria for the selection and design of new bifunctional RPs, the coupling 
reaction, as well as the basis for a satisfactory biological integrity of biomolecules are discussed.

1. INTRODUCTION

The development o f radiopharmaceuticals (RPs) is evolving from agents for 
pure anatomical imaging to  agents offering additional physiological, pharma
cological or biochemical data for obtaining a more organ-specific or disease- 
specific inform ation. The wide use o f  " T c m , 67Ga or 68Ga and n , Inm or 113Inm , 
or o ther metallic radionuclides is due to  their nuclear properties and their easy 
availability. Moreover, another characteristic of metallic radionuclides is their 
very simple and fast incorporation into a molecule, primarily by the form ation of 
a m etal co-ordination bond, so that RPs can be produced easily; they are
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inexpensive and readily available in any nuclear medicine facility. Thus, today, 
the demand for biospecific RPs constitutes a great challenge to  radiopharmaceutical 
chemists working on the design of inorganic RPs, i.e. biologically active molecules 
labelled with metallic radionuclides.

On the other hand, the direct labelling of biologically active molecules with 
metallic radionuclides faces two major problems: (a) the functional groups 
inherent in the biologically active proteins are generally used for the binding of 
metallic radionuclides, and (b) in many cases the binding strength of metallic 
radionuclides is insufficient to  remain stable in vivo [ 1 ].

Recently, a great num ber o f publications have dealt with bifunctional RPs.
In principle, they were developed to  contain a biologically active molecule, 
together with a chelating group for binding the metallic radionuclide, and which 
do not affect the biospecificity of the molecule attached.

Major research work has concentrated on the development o f bifunctional 
RPs containing macromolecules, such as monoclonal antibodies, enzymes and 
hum an serum protein. In  this regard, the bifunctional chelating agent (BCA) has 
an im portant place. The BCA can be defined as a macromolecule-labelling agent; 
it carries a chelating molecule on one side and on the other side a functional 
group capable o f forming a covalent bond with macromolecules. Consequently, 
through a labelling reaction o f a pre-coupled macromolecule/BCA conjugate with 
the metallic radionuclide, a bifunctional RP can be easily prepared.

Lately, new aspects o f bifunctional RPs, related to  small biomolecules used 
as the m other compound skeleton of a bifunctional RP, have attracted great 
interest.

This paper discusses recent progress in work on two aspects o f bifunctional 
RPs, carried ou t by various researchers as well as by the author’s laboratory.

2. MACROMOLECULES LABELLED WITH METALLIC RADIONUCLIDES

2.1. Macromolecules labelled with i n In and 113ln m

Research on 111 In- and 1 13Inm -labelled macromolecules is certainly most 
common, compared with 67Ga-, 68Ga- or " T c m-labelled macromolecules. Most 
o f the publications to be discussed are related to  m In.

Both indium and gallium are usually found in the +3 oxidation state and 
have a great tendency to  hydrolyse, at the pH (physiological pH) used in the 
preparation o f RPs. Also, both  metals form strong complexes with the plasma 
protein, transferrin (Tf); however, for weak or unstable In- or Ga-labelled RPs, 
a com petition reaction will take place.

Work on 111 In-labelled macromolecules has been carried out mostly with 
EDTA or DTPA chelating groups containing a BCA; however, a few studies 
using o ther In-binding compounds like apo-transferrin [2] have also been reported.
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TABLE I. STABILITY CONSTANTS (log k) FOR INDIUM AND 
GALLIUM COMPLEXES

EDTA DTPA Transferrin (Ki)

In3+ 25.6a 28.4a 30.3b

Ga3+ 20.5a 23.0a 19.5°

a SILLEN, L.G., MARTELL, A.E., Stability constants of metal-ion 
complexes, Chemical Society, London (1971). 

b WELCH, M.J., WELCH, T.J., in Radiopharmaceuticals, Society of Nuclear 
Medicine Inc., New York (1975).

0 HARRIS, W.R., PECORARO, V.L., Biochem. 22(1981) 292.

EDTA and DTPA form very stable chelates with In as well as Ga. Labelled human 
serum albumin (HSA), with a BCA that contains a DTPA analogue, has shown 
high stability in in-vitro and in-vivo experiments, with slow transfer to  T f [3 -5 ]. 
The stability constants of In and Ga with EDTA, DTPA and T f are presented in 
Table I.

In  i n In-labelled macromolecules DTPA and EDTA are conjugated through 
a covalent bond to  macromolecules. The obtained conjugate, prepared before
hand, can then be labelled easily with-the triv a len t111 In ion.

The conjugation methods employing BCAs m ost frequently used at present 
are summarized in Figs 1 and 2. Method a (F ig .l) uses diverse synthesized EDTA 
analogues containing amino [6 ], diazo [6 ], carboxyl [7] or bromoacetamide [8 ] 
as functional groups for the coupling to  macro molecule s. An EDTA derivative 
with a diazo group was the first to  be coupled to  HSA or fibrinogen [6 ]. Later, 
derivatives containing carboxyl or bromoacetamide have yielded stable HSA or 
bleomycin conjugates. The m In-labelled products have shown excellent 
characteristics in vitro and in vivo. A clinical trial carried out with 110 cancer 
patients indicated the usefulness o f  this BCA chelate of bleomycin, made available 
as n i In-BLEDTA [9].

Methods b and с (Fig.2) use unmodified DTPA as BCA. Thus, as seen in 
Fig.2, not all of the carboxyl groups o f DTPA are needed for the chelation with 
metal, and the free carboxyl group can be used for covalent coupling to  a protein 
amino group.

M ethod b was first reported by Krejcarek and Tucker [10] who used a 
reagent common in peptide synthesis (isobutylchloroform ate); the  resulting 
mixed carboxycarbonyl anhydride o f DTPA was used for the coupling to  protein 
via the form ation o f amide bonding.

Method c, which uses, instead o f a coupling reagent, a cyclic anhydride of 
DTPA pre-synthesized through the two carboxyl groups of DTPA, provides a highly
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Method a

EDTA-X + Macromolecule ---------------------

EDTA-X-Macromo1ecu1e

EDTA-X :
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FIG.l. Coupling reaction of EDTA with macromolecule.
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FIG.2. Coupling reaction o f  DTPA with macromolecule.
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FIG.3. Structures of de feroxamine and its gallium chelate.

reactive agent, with the ability for a direct coupling reaction with m acrom ole
cules. This cyclic anhydride was first prepared by Eckelman e t al. [11]; the 
macromolecule conjugation reaction was performed by Hnatowich e t al. [12].

The reagents for m ethod b and the DTPA derivative o f m ethod с are 
commercially available and easily applicable. In fact, in the last few years, 
numerous studies on 1 “ In-labelled monoclonal antibodies using these m ethods 
have been reported.

2.2. Macromolecules labelled with 67Ga and 68Ga

The reaction o f  macromolecules with 67Ga or 68Ga has been carried out 
with a BCA using DTPA, as reported in Section 2.1, or with deferoxamine.

Gallium -68  is a generator-produced positron-emitting radionuclide and its 
great potential for labelling o f macromolecules will grow with the development 
o f equipm ent for positron computerized tomography. The form ation of very 
stable 68Ga-labelled HSA and albumin microspheres has been reported [5].

The use of deferoxamine (DF) as a BCA for labelling macromolecules with 
67Ga has been developed in our laboratory [13]. Since DF is a commercially 
available pharmaceutical, its ready applicability is evident. As shown in Fig.3, 
the presence o f three hydroxam ate groups leads to  the form ation o f a neutral and 
very stable chelate. Also, since DF has a free terminal amino group in its molecule, 
it is suitable for the coupling reaction w ith macromolecules. On the o ther hand, it 
is well known that the binding o f Ga-DF is stronger than tha t of Ga-Tf or Ga- 
lactoferrin [14].
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In the development o f this new procedure for labelling macromolecules 
with 67Ga, studies with a model protein HSA were first carried out. The labelling 
o f fibrinogen [15], urokinase [16] and monoclonal antibodies [17] has been 
successfully pursued and a very stable labelled macromolecule was obtained, as 
indicated by in-vitro and in-vivo data [13].

The data collected indicated not only the procurem ent o f stable labelled 
biomolecules bu t also that the biological activity o f the parent molecule has been 
preserved. Thus, although the applicability o f DF as a BCA for labelling bio
molecules has been established only at the animal level, the legal procedure for 
obtaining permission for human use is under way. For the coupling of DF to a 
macromolecule, a simple two-step glutaraldehyde m ethod has been used [18].

2.3. Macromolecules labelled with " T c m

Unlike the reported m ethods o f macromolecule labelling with i n In, 67Ga 
and 68Ga, m ost published labelling m ethods with " T c m use direct labelling. This 
procedure yields relatively stable " T c m -labelled molecules. In fact, " T c m -HSA 
labelled with this procedure is being widely used in clinical studies.

Nevertheless, the labelling of o ther proteins with 99Tcm yields rather 
unstable compounds. Thus, the development o f a BCA for a " T c m -labelled 
biomolecule with superior characteristics has been attracting the interest of 
various research groups. Being aware of the stable binding o f Tc to  DTPA, 
various workers have attem pted to  use DTPA as a BCA for labelling macromole
cules with " T c m . Recently, published work on a cardiac myosin antibody 
and fibrinogen has attracted some interest [19].

In our search for a BCA with higher affinity and better selectivity and stability 
when used with " T c m , a di-thiosemicarbazone (DTS) containing BCA was selected 
as an attractive chelating group for " T c m ; consequently, p-carboxyethylphenyl- 
glyoxal-di(N-methylthiosemicarbazone) (CE-DTS) (Fig.4) was synthesized [20].

Previously, work on kethoxal-di(thiosemicarbazone) (KTS) indicated very 
interesting characteristics o f the technetium-labelled KTS, this being a non
charged chelate w ith good applicability in the imaging of the hepatobiliary system 
[21 ]. As shown in Fig.4, tw o Schiff bases and two thiol groups o f CE-DTS are

HC = N SH 
4 N = C.

"  NHCHj

FIG.4. Structure of CE-DTS.
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involved in the co-ordination o f  the metal ion, forming conjugated double-bonded 
ring systems which lead to the form ation o f a compact 1 : 1  ligand: metal complex. 
The oxidation state o f " T c m in this molecule was first considered as being in the 
tetravalent state. Recent work of Davison and Jones [22] on ligands containing 
sulphur and nitrogen has indicated the form ation of a strong chelate in the 
presence of pentavalent Tc; our own latest data also indicate a greater possibility 
of co-ordination when Tc is in a pentavalent state.

The applicability o f the newly synthesized BCA, CE-DTS, has been tested 
first using HSA as a model protein. An efficient coupling of a stable compound, 
HSA-CE-DTS, has been achieved in the presence of diphenylphosphorylazide 
(DPPA) — a reagent often used in peptide synthesis -  via the anhydride m ethod.

The labelling reaction with " T c m was readily carried out a t a rather low pH 
of 4, in the presence o f a minute am ount o f stannous chloride. Further studies 
are still needed, bu t the labelled conjugate obtained has shown better characteristics 
than the directly labelled " T c m-HSA, with a behaviour in vivo comparable with 
that o f  the radioiodinated 131I-HSA [20]. A t present, work on labelling monoclonal 
antibodies is in progress, together with the improvement of labelling conditions.

2.4. Incompatibilities found in macromolecules
labelled with metallic radionuclides

As m entioned above, for labelling macromolecules with a BCA a certain 
tendency to  select the following BCAs has been observed: DTPA for labelling 
with m In , DF for labelling with 67Ga or 68Ga, and CE-DTS, developed in our 
laboratory, appears suitable for labelling with " T c m .

Since each o f the labelled macromolecules has displayed good stability, 
these m ethods appear promising; however, for the establishment of a general 
methodology, many problems still remain unsolved. Some aspects related to 
BCA selection, and some m ethods of coupling and labelling reactions are 
reviewed and discussed below.

2.4.1. Selection o f  BCA

The good stability o f m In-DTPA, 61Ga-DF or 68Ga-DF, and " T c m-CE-DTS 
has been detected and reported. However, the relative reactivity with metal ions 
o f the surrounding medium and the biofluids is an additional aspect to  be 
considered.

In our search, one o f the reasons for selecting DF or CE-DTS has been the 
low reactivity of those chelating agents with surrounding metals, especially with 
the very abundant Ca2+ ion. In spite o f a lack of data on the incompatibility 
effect, the reactivity o f the Ca ion with DTPA or EDTA is well known, and the 
macromolecules of interest are closely related with Ca2+-dependent enzymatic 
reactions or receptor binding reactions.
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On the other hand, as for the macromolecule conjugate of DF, the labelling 
with 67Ga has been hindered by the great content o f carrier (either 
Fe3+ or Ga3+). The strong binding of Fe3+ with DF is well known. Regarding 
the generator-produced 68Ga, the carrier is no t a relevant issue.

2.4.2. Coupling reagent and reaction condition

The selection o f a coupling reagent and of the reaction condition depends 
no t only on the easiness, rapidity and yield of the coupling reaction or the 
purity of the labelled com pound bu t also on the degree of the preserved biological 
activity.

As an example, the above-mentioned coupling reaction of DTPA with macro
molecules, i.e. the carboxycarbonyl mixed anhydride or the cyclic anhydride 
m ethod, has gained acceptance among users because of the easy availability of 
DTPA and the simple procedure involved. For the cyclic anhydride m ethod, a 
fast reaction has been emphasized [ 1 2 ].

In those coupling reactions, a non-specific amide bonding form ation with the 
amino group of the protein is involved. However, the chemical modification of 
the amino group o f the protein being coupled, inducing some effect on the bio
logical activity, is unavoidable. In this regard, as shown in F ig .l , for each of the 
EDTA derivatives the selection of the functional group depends on the available 
binding site o f the macromolecule of interest. A more specific DTPA-containing 
BCA, involving amidination through the amino group present in the lysine, has 
been reported; it has a higher specificity, but the BCA is of limited availability [4].

For the coupling reaction of DF with macromolecules, the glutaraldehyde 
m ethod has been used in our laboratory. Glutaraldehyde reacts non-selectively 
with the amino group. Also, this reagent has been reported to  cause the poly
merization o f the macromolecule [23]. However, since this is a simple, easy and 
mild reaction, upon a well-balanced analysis it was concluded to  be the method 
o f choice for DF. In order to  reduce the m entioned polymerization of the protein, 
a two-step procedure has been adopted w ith good success [13].

A few reports on the coupling effects o f biomolecules have been published, 
with regard to  substrate-specific biomolecules (work on monoclonal antibodies 
or enzymes), bu t further work demonstrating the preserved specificity o f the 
biomolecule is needed and is o f great importance.

2.4.3. Binding num ber o f  BCA molecules

Increasing the num ber o f BCA molecules attached per molecule will naturally 
increase the specific activity and consequently lower the necessary number of 
macromolecules. This has been a field of great interest in nuclear medicine, 
namely regarding the am ount of antibody to  be injected so as to  be within an 
immunological safety margin.
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Experimental data have indicated the great effect of an increased number of 
BCA molecules on the dénaturation of the macromolecules. In  our work of 
coupling a thyroglobulin monoclonal antibody to  a CE-DTS molecule, an im m uno
reactivity assay has been performed and the results indicate a correlation between 
immunoreactivity and the num ber of BCA molecules attached; only at a low 
molar ratio o f BCA:protein does the immunoreactivity equal the standard curve. 
An increase o f the num ber o f CE-DTS-bound molecules decreases the im muno
reactivity [24].

In work on 67Ga labelling o f fibrinogen with DF, the lim itation o f the 
available specific activity o f the radionuclide (67Ga) induced a search for a more 
specific coupling agent. A larger num ber o f DF molecules per molecule of protein 
was coupled to  agents known as dialdehyde starch (DAS) and polyacrolein (PA) 
[25]. These ‘spacers’ are water-soluble polymers containing many aldehyde groups 
and are capable o f reacting with amino groups of DF as well as fibrinogen. Thus, 
the fibrinogen-DAS-DF or fibrinogen-PA-DF obtained with the controlled 
coupling reaction had larger numbers of chelating sites w ithout impairing the 
physiological activity of fibrinogen, the parent molecule. Drug design on this 
basis is being carried out no t only in the field o f RPs but also for anticancer 
drugs. Work is being performed on coupling o f anticancer drugs w ith variable 
m olar ratios to  monoclonal antibodies. Recently it has been found that, 
depending upon the use of a new specific coupling agent, the resulting macro
m olecule/anticancer drug bond can suffer an enzym atic cleavage at the target 
site [26]. Most probably, the application o f a similar approach to  the development 
of bifunctional RPs will constitute a new tool for increasing the radionuclide 
retention in the target tissue or for accelerating the blood clearance and 
consequently increasing the target/non-target ratio.

A nother aspect related to  the dénaturation o f protein with an increased 
num ber o f BCA attachm ents is the exploitation of this process as a tool for 
accelerating blood clearance [ 1 ]. In  nuclear medicine, it is essential tha t a RP has 
arelatively high target tissue/non-target tissue distribution ratio. Moreover, if a short
lived radionuclide, such as 99Tcm or 68Ga, is used, this ratio should be attained 
within a short time interval. Thus, since with macromolecules a higher degree of 
dénaturation induces an increased metabolism (accelerated blood clearance), a 
good balance between the degree of coupling (which is dénaturation related) and 
the degree o f preserved biological activity o f the native molecule will be decisive 
for the selection o f the proper num ber o f BCAs coupled. This will consequently 
lead to  the desired target tissue/non-target tissue ratio distribution, an achieve
ment which should become empirically controllable.

2.4.4. Labelling reaction

An ideal approach for labelling BCA-conjugated macromolecules with 
metallic radionuclides is the co-ordination o f the metal ion with the chelating
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group o f the BCA at a 1:1 metal: ligand molar ratio, related to  the form ation o f 
a mononuclear complex.

Regarding the EDTA, DTPA and DF conjugates, the labelling with m In or 
67Ga or 68Ga involves a quantitative reaction. No reduction is necessary and few 
problems have arisen. However, the labelling reaction with " T c m is very 
complicated, and even in a very simple labelling reaction a great num ber of 
chemical factors should be taken into consideration.

Recently work on myocardium or brain RPs has indicated the great necessity 
to  develop m ononuclear technetium  complexes. Therefore, a better defined 
chelate structure or " T c m co-ordination state is becoming a subject o f interest.

In our departm ent, the procurem ent o f a mononuclear Tc complex with 
penicillamine has been achieved. Being aware of the co-ordination chemistry of 
neighbouring metals, the data collected indicate that the ligand concentration, 
the reducing agent concentration and the pH are the parameters which govern the 
form ation of m ononuclear, dinuclear or polynuclear complexes [27]. On the 
basis o f this work on mononuclear Tc complex form ation, labelling w ith " T c m 
of a CE-DTS conjugate of HSA or a monoclonal antibody has been attained.

The form ation o f a stable labelled conjugate was previously considered to  
be due to  complex form ation between " T c m and the chelating group of the 
BCA; however, a parallel reaction o f " T c m with the abundant amino acid 
residues of the protein has been detected. A similar finding for the reaction o f 
monoclonal antibodies coupled with DTPA has also been reported [28]. This 
is still one o f  the im portant problems in connection with the development of 
" T c m-labelled macromolecules.

3. LABELLING OF SMALL MOLECULES WITH METALLIC RADIONUCLIDES
" T c m -labelled bifunctional chelates

Compared w ith the achievements in the labelling of macromolecules with 
BCAs, research on labelling o f small biomolecules based on the ‘bifunctional 
radiopharmaceutical chelates’ (BF chelates) is still a t a very early stage. Only 
work with " T c m -labelled BF chelates has been published and the most recent 
progress in this field will be presented.

3.1. Amino polycarboxylate chelates

The first BF chelate has been reported in the work on hepatobiliary 
iminodiacetic acid (HIDA) by Loberg et al. [29]. The use of " T c m HIDA as a 
hepatobiliary RP o f recognized clinical value is well known. The basis o f this 
BF chelate is a molecule of lidocaine, a myocardial anti-arrhythmic drug, 
containing an iminodiacetic acid (IDA) molecule as the chelating site. The 
distribution o f  the labelled compound did no t show the characteristics of the
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m other com pound bu t the characteristics o f a hepatobiliary agent. This work 
has stim ulated the synthesis o f a great number o f  HIDA derivatives.

From this finding, our attention has focused on the structure o f the 
technetium  chelating group IDA [30]. This part o f the HIDA molecule was 
considered to  participate in biliary excretion. On this basis, a new BF chelate 
containing tw o IDA molecules attached to  a phthalein, was designed, as shown 
in Fig.5. The chemical structure o f HIDA is shown for reference.

The com pound 3,3-bis(N, N-di(carboxymethyl)-aminomethyl-o-cresolphthalein 
(PC), contains the structure o f phthalein which is the skeleton found in BSP, a 
well-known drug used as hepatobiliary agent. The labelled " T c m -PC showed the 
same high biliary excretion as tha t found for " T c m-HIDA, and, as with BSP, a 
strong binding w ith carrier protein Y, ligandin. This phenom enon was very 
specific and was no t observed for HIDA or its derivatives.

Unrelated to  this work on hepatobiliary RPs, a synthesis o f fatty  acid 
analogues, containing IDA or DTPA as chelating agent, has been carried out. 
However, with the labelled compound no interesting data for animal bio
distribution were found [31].
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FIG.6. Structure of glucose-DTS and biodistribution of its 99Г с т  complex in a rabbit.

3.2. DTS derivatives

As m entioned above, considering the ideal characteristics o f the DTS 
molecule generating the form ation of stable, non-charged and compact chelates, 
various small biomolecules, such as glucose, fatty  acids and phenethylamines, 
have been estimated to  be applicable as m other compounds for the design of 
new BF chelates. At the first stage o f this research, which is carried out at our 
laboratory, synthesis as well as labelling o f a great num ber of new ligands have 
occupied our main attention, bu t work related to  the biological activity is still 
at a. very early stage. However, since the biodistribution of some o f these new 
labelled compounds is very interesting, some aspects o f this research still under 
progress will be discussed.

Figure 6 shows the structure o f glucose-DTS and the 99Tcm -labelled 
glucose-DTS scintigram obtained for rabbits [32]. Within a short post-injection 
interval, a high biodistribution in the brain appeared. In this molecule, a 
thiosemicarbazide molecule occupies the position of C-l and therefore a loss 
o f  metabolic activity can be assumed. The 99Tcm -chelate formed has a certain 
lipophilic character and the brain distribution may be attributed to  this pheno
menon.

Further, fatty  acid DTS has been synthesized and the biodistribution of its 
99Tcm -chelate in mice studied [20]. High myocardial retention has been observed. 
The structure of this fa tty  acid DTS is like th a t o f CE-DTS (Fig.4); instead o f a 
propionic acid substituted at the p-position o f the phenyl group of CE-DTS, a 
long alkanoic acid chain is present. This structure resembles that o f omega- 
substituted halo-phenyl fatty  acids.
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Figure 7 shows the introduction of a DTS in the p-position of phenethylamine 
(PA). This PA-DTS and various other derivatives are obtained by dim ethylation or 
trim ethylation o f the amino group derived on the form ation of dimethylamino 
and trim ethylam ino DTS (DPA-DTS, TPA-DTS) [33, 34]. The myocardial 
scintigraphic image registered with DPA-DTS for a rabbit is also shown in Fig.7.

Reports on radioiodinated phenylalkylamines led to  the design of PA-DTS, 
DPA-DTS and TPA-DTS. In mice biodistribution studies, each o f the " T c m - 
labelled compounds accumulated in the myocardium. Thus, the functional group 
o f the BF chelate w ith myocardial affinity was clearly represented.

Research on BF chelates is certainly in a very preliminary stage. Nevertheless, 
as expected, the collected data have substantiated the basic principle used in the 
design of bifunctional RPs; and the excellence of the DTS chelating group as part 
o f BF chelates has been proven.

3.3. Non-charged 99Tcm chelates

Together with DTS chelates, other BF chelates, containing " T c m chelates 
o f non-charged and com pact characteristics, are under development in connection 
with brain studies. The most representative compounds, amine-oxine [35] and 
bis-aminoethanethiol [36], are shown in Fig.8 . The chelating group can be used 
as part o f a BCA for labelling of macromolecules or as part o f BF chelates.for 
labelling small biomolecules.

In the BF chelates reported (amine-oxine and bis-aminoethanethiol) as well 
as in DTS, the co-ordination environment of the whole molecule is the same, but 
the co-ordinating groups are different from each other. Thus, w ith the progress 
o f research on BF chelates, more distinctive " T c m bifunctional RPs will be made 
available.
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4. CONCLUSIONS

Although there are many problems still to  be solved, research on the 
development o f bifunctional RPs is progressing.

In the future, work related not only to  the widely used radionuclides in 
nuclear medicine, such as 1 1 'In , 67Ga or 68Ga and " T c m , but also to  various 
other radionuclides may stimulate further progress on bifunctional RPs. More 
aggressive research is needed in this field in order to  exploit the good properties 
o f bifunctional RPs.

If  some speculation is allowed, the ideal bifunctional RP will be that 
containing a chelating group with the lowest steric effect on the molecule, so 
as not to  interfere with the biospecificity of the labelled molecule. Copper, for 
instance, generates a great num ber of stable complexes with the most compact 
square planar structures, so any exploitation of copper radionuclides will be 
advantageous. In fact, some data have been obtained with a 64Cu-labelled fatty  
acid DTS and the results obtained indicate the form ation of a stable and compact 
chelate -  good evidence for the desirable characteristics of bifunctional RPs. 
Also, since the binding with copper is strong, the design o f a more target-specific 
drug is plausible.

Positron-emitting 62Cu, which is a generator-produced radionuclide, may 
become commercially available in the near future [37], so bifunctional RPs o f 
62Cu will be promising.

Many other points o f  interest can be considered for the development of 
bifunctional RPs; one very remarkable property o f metallic radionuclides is the 
very fast reaction rate o f the metal co-ordination reaction. This points to  the 
importance o f further research on radiopharmaceuticals.

Radiopharmaceuticals are m eant to  be easily and rapidly prepared and, upon 
administration, to  be able to  reach a high target/non-target ratio w ithin a short 
time. I t  is hoped that the time will come soon when the achievement o f a very 
fast reaction rate is realized as being o f primary importance for the development 
o f metallic bifunctional radiopharmaceuticals to  be used in functional diagnosis.
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PREPARACION DE DERIVADOS 
DEL ACIDO IMINODIACETICO-99Tcm 
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Abstraer-Resumen

PREPARATION OF 99Tcm-IMINODIACETIC ACID DERIVATIVES BY ELECTROLYTIC 
LABELLING.

A study is made of the 99Tcm labelling of iminodiacetic acid derivatives (diethyl-IDA, 
diisopropyl-IDA, p-butyl-IDA and trimethylbromo-IDA) by electrolysis. The electrolysis 
was performed in penicillin-type bottles with electrodes in the form of tin rods 0.1 mm2 in 
cross-section and using a battery-powered circuit including a rheostat and an amperemeter 
connected in series. The different reaction mixtures consisted of 1—2 mL of aqueous solu
tion containing 5—20 mg/mL of the respective IDA derivative and 74—740 MBq of 99Tcm04 
at pH = 5.5—6.0. A total charge varying from 0.015 to 0.900 С was passed through the 
solution, accompanied by gentle stirring. The preparation was subsequently sterilized by 
filtration. The labelling yields as a function of time and the in vitro stability (at ambient 
temperature) of the respective labelled molecules were evaluated by physico-chemical pro
cedures and from biological distribution in laboratory animals. The results obtained showed 
that a charge of 0.060—0.120 С was in all cases sufficient to achieve labelling yields exceeding 
96%, with less than 2% reduced hydrolysed 99Tcm, for post-labelling times longer than 
15 min. The biological behaviour in rats lay within the statistical values established for the 
corresponding derivatives labelled by reduction with SnCl2 . The in vitro labelling stability 
was longer than 6 h for all the derivatives. It is concluded that electrolysis is an alternative 
method of labelling IDA derivatives and provides radiopharmaceuticals of a quality comparable 
to that obtained with reagent kits using SnCl2 as the reducing agent.

PREPARACION DE DERIVADOS DEL ACIDO IMINODIACETICO-99Tcm POR 
MARC-ADO ELECTROLITICO.

Se estudió la marcación con 99Tcm de derivados del ácido iminodiacético (dietil-IDA, 
diisopropil-IDA, p-butil-IDA y trimetilbromo-IDA) por vía electrolítica. Mediante un circuito 
alimentado por baterías, con un reóstato y un amperímetro en serie, se efectuó la electrólisis 
en frascos tipo penicilina, empleándose como electrodos barras de estaño de 0,1 mm2 de 
sección. Las distintas mezclas de reacción estuvieron constituidas por 1—2 mL de solución 
acuosa conteniendo de 5 -2 0  mg/mL del correspondiente derivado de IDA y 74—740 MBq 
de 99TcmO í, a pH 5,5—6,0. Se pasó a través de la solución un total de carga que varió entre 
0,015 y 0,900 C, efectuándose simultáneamente suave agitación. Posteriormente la prepara
ción se esterilizó por filtración. Los rendimientos de marcación en función del tiempo y la

* Parcialmente auspiciado por el OIEA, Contr. №  3337/RB.
** Experto del OIEA.
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estabilidad in vitro (a temperatura ambiente) de las correspondientes moléculas marcadas se 
evaluaron por procedimientos fisicoquímicos y por distribución biológica en animales de 
laboratorio. Los resultados obtenidos revelaron que es suficiente una cantidad de carga de 
0,060—0,120 С para lograr en todos los casos rendimientos de marcado superiores al 96%, 
con menos del 2% de 99Tcm-reducido-hidrolizado, para tiempos de post-marcación de más 
de 15 min. El comportamiento biológico en ratones estuvo comprendido dentro de los 
valores estadísticos establecidos para los correspondientes derivados marcados por reducción 
con SnCl2. La estabilidad de marcado in vitro fue para todos los derivados superior a 6 h.
Se concluye que el método electrolítico constituye una vía alternativa de marcación de los 
derivados de IDA, brindando radiofármacos de calidad comparable a los resultantes de la 
utilización de juegos de reactivos con SnClj como agente reductor.

1. INTRODUCCION

A partir de los trabajos iniciales de Harvey y Loberg [1 ,2] sobre el 
99Tcm-2,6-dimetil-IDA ( " T c m-HIDA) se ha ensayado una gran variedad de 
derivados del ácido iminodiacético buscando mejorar sus propiedades para 
estudios de funcionalidad hepatobiliar (buena extracción hepática, escasa 
eliminación renal y rápido tránsito a través de las células poligonales del hígado 
hacia el intestino).

El dietil-IDA, diisopropil-IDA, p-n-butil-IDA y, más recientem ente, el 
trimetilbromo-IDA han sido reportados como los más ventajosos desde el punto 
de vista clínico [3 -6 ].

Su marcación, así como la de la m ayoría de los juegos de reactivos para 
marcado con 99Tcm , requiere la reducción del " T c m 0 4 , siendo el agente 
reductor de uso corriente el ión estannoso, el que se incluye en las formulaciones 
principalmente bajo forma de SnCl2 .

Alternativamente, la utilización del m étodo electrolítico ha demostrado 
su eficacia para la marcación con 99Tcm de diferentes compuestos [7 — 14].

En función de lo anteriorm ente expuesto, se investigó la preparación de 
derivados de IDA marcados con 99Tcm por vía electrolítica, utilizando electrodos 
de Sn. Ello ofrecería la ventaja de estarse liberando el agente reductor in situ, 
evitándose los problemas de oxidación e hidrólisis existentes en su utilización 
bajo forma de sales estannosas. Paralelamente se lograría un producto final con 
menor contenido de estaño.

2. PARTE EXPERIMENTAL

Utilizándose un circuito simple alimentado por baterías, con un reóstato y 
un am perím etro de rango variable en serie, se efectuó la electrólisis de diferentes 
soluciones en frascos tipo penicilina, empleándose como electrodos dos finas
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barras de estaño (de aproximadamente 0 ,1  mm2 de sección y pureza mayor al 
99%) que se introdujeron en el recipiente a través del tapón de goma.

Se investigó el marcado de: o-dietil-IDA (EIDA), o-diisopropil-IDA 
(DISIDA), p-n-butil-IDA (BIDA) y 2,4,6-trimetil-3 Br-IDA (MEBROFENIN).

Las mezclas de reacción estudiadas estuvieron constituidas por 0,5 a 1,0 mL 
de solución acuosa conteniendo de 10 a 40 mg/mL del correspondiente derivado 
de IDA a pH 5,5—6,0, a la que se adicionó 0,5 a 1,0 mL de solución de " T c m04  
obtenido de generador, con bajo contenido de " T c . El rango de actividad 
empleado fue de 74 a 740 MBq.

Se utilizaron intensidades de corriente comprendidas entre 0,5 y 3,0 mA, 
con tiempos de electrólisis de 30 s a 5 min, cubriéndose un rango de carga total 
aplicada de 0,015 a 0,900 C.

Durante la electrólisis se efectuó suave agitación de la solución en forma 
manual o por ultrasonido, la que se continuó por 2 min finalizado el pasaje de 
corriente.

Las preparaciones se esterilizaron por filtración a través de membranas de 
microporo tipo nitrato de celulosa.

Los rendimientos de marcación en función del tiempo y la estabilidad 
in vitro (a tem peratura ambiente) de las correspondientes moléculas marcadas 
se evaluaron por procedimientos fisicoquímicos convencionales y por distribución 
biológica.

Los m étodos fisicoquímicos fueron: crom atografía ascendente en papel 
y /o  capa fina con diferentes solventes según el derivado de IDA estudiado 
(Cuadro I) y electroforesis sobre papel Whatman №  1 con buffer fosfato
0,05 M, pH 6 ,8 , 200 V y un tiem po de desarrollo de 60 min.

El com portam iento biológico fue estudiado por administración intravenosa 
en ratones de laboratorio, sacrificio del animal por desnucamiento a tiempos 
prefijados y determinación del porcentaje de dosis en los diferentes órganos.
Los resultados fueron comparados con los patrones de distribución establecidos 
para los correspondientes derivados marcados por el m étodo de reducción con 
SnClj [15,16].

3. RESULTADOS Y DISCUSION

Los porcentajes obtenidos de " T c m 04  libre (a los 30 min de la marcación) 
para los distintos derivados de IDA, en función de la carga total aplicada, se 
resumen en el Cuadro II.

De su análisis surge que, para cargas mayores o iguales a 0,030 C, el por
centaje de esta impureza es m enor al 5% (siendo m enor del 2% ya para 0,060 C). 
Dicho valor se encuentra increm entado para cargas de 0,015 C, lo que en el caso 
particular del EIDA y DISIDA invalidaría su utilización por superar los lím ites 
de aceptación establecidos en nuestro Centro.
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CUADRO I. VALORES DE R f DEL " T c m Y DE LOS DERIVADOS DE 
IDA MARCADOS

Molécula marcada Whatman 
SG-81 
NaCl 26%

Sistemas cromatográficos

Whatman № 1 Whatman 
tratado3 GF/A*5 
2-butanona metanol 85%

Whatman 
GF/Ab 
NaCl 0.9%

EIDA 0,0C 0,0 0,9-1,0 0,9-1,0
DISIDA 0,0C 0,9-1,0

BIDA o,oc 0,0 0,9-1,0 0,9-1,0
MEBROFENIN 0,0C 0,0 0,9-1,0

"T cmOi 0,7 0,9-1,0 0,9-1,0 0,9-1,0

99Tcm-reducido- 0,0 0,0 0,0 0,0
hidrolizado

a Inmersión en buffer bicarbonato 0,3 M, pH 9,0 y posterior tratamiento en estufa a 85°C 
durante 45 min. 

k ó ITLC-SG de Gelman.
c Arrastre del orden del 10% hasta Rf 0,3 como máximo.

CUADRO II. " T c m0 4" LIBRE (%) EN FUNCION DE LA CARGA TOTAL 
APLICADA4

Molécula marcada 0,900 0,450
Carga aplicada (C) 

0,120 0,060 0,030 0,015

EIDA b 1,0 ±0,7 1,1 ± 0,6 1,8 ± 0,6 2,8 ± 0,7 13,6 ± 1,3
DISIDA b 0,8 ± 0,2 1,9 ± 0,2 1,9 ± 0,4 4,0 ± 0,8 7,9 ± 2,6
BIDA b 0,7 ± 0,1 1,5 ±0,4 1,3 ± 0,4 1,0 ±0,4 3,2 ± 2,0
MEBROFENIN b 0,7 ±0,5 1,1 ±0,6 1,3 ± 0,2 1,3 ±0,5 3,1 ± 1,7

a Cada valor representa el promedio de por lo menos 4 muestras controladas por métodos 
fisicoquímicos a 30 min post-marcación ± 1 desviación standard, 

k No detectable.

Paralelamente, para cargas mayores o iguales a 0,450 C, los resultados de 
" T c m-reducido-hidrolizado alcanzaron valores del 5%, superando en algunos 
casos el 10%. Se constató además la aparición de una opalescencia blanca en el 
producto final, debida aparentem ente a la hidrólisis del Sn(II) liberado electro
químicamente. Ello lleva a una disminución en el rendim iento total de marcado,
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por aum entar la fracción de " T c m reducido que no pasa a form ar parte del 
compuesto correspondiente. Similares observaciones ya han sido señaladas por 
otros autores [11 — 13]. Para cargas menores o iguales a 0,120 С no surgieron 
estos inconvenientes, obteniéndose marcados con porcentajes menores al 2% 
de " T c m-reducido-hidrolizado.

En función de los resultados anteriorm ente expuestos, se estimó que el 
rango de carga de 0,120—0,030 С sería el adecuado para la continuación de las 
investigaciones.

En estas condiciones el com portam iento biológico en ratones estuvo 
comprendido dentro de los valores estadísticos establecidos para los corres
pondientes derivados marcados por reducción con SnCl2 .

A tiempos post-marcado aún mayores de 6 h se verifica que no existe 
variación respecto a los valores iniciales en lo que se refiere a pureza radioquímica.

Los controles cromatográficos efectuados dentro de los 5 min post
electrólisis revelaron niveles de impurezas radioquímicas superiores al 10 %.
Este porcentaje disminuye con tiempos mayores, alcanzando su valor mínimo 
entre los 15 y 30 min. Dentro de este lapso de tiem po, en caso de verificarse 
un increm ento de la calidad del producto en relación a su pureza radioquímica, 
éste no supera el 2%. De ello se infiere que para efectuar el proceso de esteriliza
ción de estas moléculas marcadas y para su utilización se requiere que trans
curran por lo menos 15 min, tiem po que concuerda con el indicado para la 
administración de estos radiofármacos cuando se marcan por reducción con 
SnCl2 .

4. CONCLUSIONES

Las investigaciones desarrolladas perm itieron arribar a las siguientes 
conclusiones:

— se demostró la utilidad del m étodo electrolítico en la obtención de 
derivados del ácido iminodiacético marcados con " T c m ;

— se logró por esta vía una forma simple, rápida y económica de prepara
ción de estos radiofármacos con un bajo contenido de estaño y un 
rendim iento de marcado superior al 96%;

— su utilización permite aum entar sensiblemente la vida útil de los juegos de 
reactivos por no estar el ión estannoso incluido en sus formulaciones;

— los radiofármacos que se obtienen son de calidad comparable a los 
resultantes de la utilización de juegos de reactivos con SnCl2 como agente 
reductor. Futuros ensayos clínicos confirm arían eventualmente dicha 
afirmación.
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Abstract-Resumen

LABELLING OF 99Tcm-SUCRALPHATE AND ITS EVALUATION IN THE DETECTION 
OF GASTRODUODENAL ULCER.

The basic aluminium sucrose sulphate complex (Sucralphate), a drug used in the 
treatment of gastroduodenal ulcer, was labelled with 99Tcm by mixing a suspension of the 
reagent in 0.1 N HCI with HSA, fibrinogen or DTPA labelled with 99Tcm or by lyophilizing 
a suspension containing Sucralphate-HSA-SnCl2 , Sucralphate-fibrinogen-SnCl2 , Sucralphate- 
DTPA-SnClj or Sucralphate-SnCl2, which was reconstituted with a saline solution of 
99ТсшОч. The radiochemical purity and in vitro stability of labelling were determined by 
centrifuging. The in vivo affinity of the radiopharmaceutical for the ulcerated zone was 
studied as a function of the binding agent used in normal and ulcerated rats and the scinti
graphic image was evaluated in normal and ulcerated rabbits. Ulcers were induced in rats and 
rabbits, to which acetylsalicylic acid (600 mg/kg body weight) was administered orally through 
a stomach probe. The animals had earlier been anaesthetized and kept in a fasting state. The 
radiopharmaceutical was also administered orally through a stomach probe and the rats and 
rabbits were sacrificed three hours later. It was established that 99Tcm -Sucralphate adhered 
strongly to the ulcerated gastric mucosa. The scintigraphic image showed slow gastric 
clearance of the residual pharmaceutical present in the stomach, making interpretation 
doubtful in some cases. This could possibly be resolved by in situ labelling of the cold drug 
which had adhered earlier to the ulcerated zone. Preliminary studies with patients indicate 
that the normal cases can be easily separated; the ulcerous foci can be detected in some 
patients and darkened images can be obtained for other patients because of the slow gastric 
clearance. It can be concluded that 99Tcm-Sucralphate is a potential radiopharmaceutical 
for the diagnosis of gastroduodenal ulcer and offers significant advantages over the currently 
used radiological and endoscopic techniques.

MARCACION DE 99Tcm-SUCRALFATO Y SU EVALUACION EN LA DETECCION DE 
ULCERA GASTRODUODENAL.

El complejo básico de aluminio sucrosa sulfato (Sucralfato), droga utilizada en el trata
miento de la úlcera gastroduodenal, se marcó con 99Tcm mezclando una suspensión del 
reactivo en HC1 0,1 N con HSA, fibrinógeno o DTPA marcado con 99Tcm, o liofilizando una

273



274 GIL et al.

suspension que contiene Sucralfato-HSA-SnCl2, Sucralfato-fibrinôgeno-SnCl2, Sucralfato- 
DTPA-SnClj о Sucralfato-SnClî, la cual se reconstituye con solución salina de 99TcmC>4 .
La pureza radioquímica y la estabilidad in vitro de la marcación se determinó por centrifuga
ción. La afinidad in vivo del radiofármaco a la zona ulcerada, en función del agente de unión 
utilizado, se estudió en ratas normales y ulceradas y la evaluación de la imagen cintigráfica 
se realizó en conejos normales y ulcerados. La úlcera se indujo en ratas y conejos, a los cuales 
se administró ácido acetilsalicílico (600 mg/kg de peso), por vía oral a través de sonda gástrica. 
Los animales fueron previamente anestesiados y mantenidos en ayuno de alimento. El radio- 
fármaco se administró por vía oral a través de sonda gástrica y se sacrificaron las ratas y los 
conejos tres horas después, comprobándose la fuerte adhesión del 99Tcm-Sucralfato a la 
mucosa gástrica ulcerada. La imagen cintigráfica mostró un lento vaciamiento gástrico del 
radiofármaco residual presente en el estómago, lo que hace dudosa la interpretación en algunos 
casos. Esto posiblemente podría solucionarse por marcación in situ de la droga fría previa
mente adherida a la zona ulcerada. Estudios preliminares realizados en pacientes permiten 
separar fácilmente los casos normales, detectar focos ulcerosos en algunos y, en otros, obten
ción de imagen ensombrecida debida al lento vaciamiento gástrico. Podemos concluir que el 
99Tcm-Sucralfato permite disponer de un radiofármaco potencial para el diagnóstico de 
úlcera gastroduodenal, método que presenta ventajas significativas frente a las técnicas 
radiológica y endoscópica utilizadas actualmente.

1. INTRODUCCION

El Sucralfato es un complejo básico de aluminio sucrosa sulfato que 
presenta actividad antiulcerosa y antipeptídica [ 1 ], hecho por el cual ha sido 
utilizado en tratam iento de úlceras gastroduodenales, administrándolo por 
vía oral [2 ,3].

La droga se une selectivamente a las áreas ulceradas y erosivas, debido 
principalmente a la fuerte acción electrostática entre el Sucralfato y proteínas 
(como albúmina (HSA) y fibrinógeno (Fib)) presentes en alta concentración en 
las lesiones de la mucosa gastroduodenal [4—6], formando una costra blanca 
viscosa que actúa como barrera protectora frente a la acción de sustancias 
nocivas presentes en el lecho estomacal [6 ]. Los mecanismos de acción de esta 
droga han sido estudiados utilizando técnicas radioquímicas [7].

La marcación radioisotópica, con " T c m , de agentes terapéuticos que se 
adhieren selectivamente a la zona ulcerada de la mucosa gastroduodenal [8 ,9 ] 
representan un gran aporte para la clínica diagnóstica.

2. MATERIALES Y METODOS

2.1. Marcación d e l99 Tcm -Sucralfato

Se realizó m ediante dos técnicas:

a) Mezclando a tem peratura ambiente una suspensión de Sucralfato en
3,0 mL de HC1 0,1 N (pH 4,0) con 1 mL de HSA, fibrinógeno o DTPA
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CUADRO I. JUEGOS DE REACTIVOS LIOFILIZADOS

Sucralfato 
(en g)

HSA 
(en mg)

Fib
(en mg)

DTPA 
(en mg)

SnClj X 2 H20  
(en mg)

1 10 - 0,05

1 - 5 - 0,05

1 - - 0,25 0,05

1 - - - 0,025-1

marcado con " T c m . La " T c m-HSA contiene 10 mg de HSA/50 /igSnCl2 
porm L , el " T c m-Fib contiene 5 mg de fibrinógeno disuelto en buffer 
fosfato 0,1 M pH 7,4/50 jug SnCl2 po rm L  y el " T c m-DTPA contiene 
250 Mg DTPA/50 pg  SnCl2 porm L . El pH de marcación en todos los 
casos es 4,0 debido a la fuerte acción reguladora del Sucralfato.

b) Juegos de reactivos liofilizados. Se prepararon suspensiones, cuyo contenido 
se describe en el Cuadro I, las cuales se liofilizaron durante 24 horas. El 
liofilizado se reconstituye con 3—5 mL de solución salina de " T c m 04  , 
se agita fuertem ente (vortex) y se m antiene a tem peratura ambiente 
durante 15 minutos.

2.2. Pureza radioquímica

La eficiencia de marcación se determinó por centrifugación, midiendo la 
actividad en el precipitado y sobrenadante en cámara de ionización; la suma de 
ambas representa el 100%. La estabilidad de la marcación se estudió lavando 
sucesivamente el precipitado con agua destilada y centrifugación.

2.3. Estudios en animales

2.3.1. Ratas

Se realizaron estudios de afinidad del radiofármaco en ratas normales 
mantenidas en ayuno de alimento y agua a disposición durante 48 horas y en 
ratas a las cuales se indujo úlcera, administrándoles después de 24 horas de 
ayuno 600 mg de ácido acetilsalicílico (AAS) por kg de peso, por vía oral a 
través de sonda gástrica. Después de 24 horas se les administró 50 ptCi ( 1,85 MBq) 
del radiofármaco por vía oral. Las ratas testigos normales y las tratadas se 
sacrificaron 3 horas post-administración del " T c m-Sucralfato. Se disecó el 
estómago, el cual se lavó vigorosamente con agua, se inspeccionó visualmente 
y se determ inó la actividad por gramo de estómago.
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Se realizaron estudios cintigráficos en conejos normales y ulcerados. Los 
conejos se mantuvieron en ayuno de alimento y agua ad libitum durante 69 horas. 
La úlcera se indujo administrando dos dosis de 600 mg de AAS por kg de peso, 
por vía oral a través de sonda gástrica, 57 y 10 horas antes de administrar el 
radiofármaco. A ambos grupos de conejos se les administró aproximadamente 
1,5 mCi (55 MBq) de " T c m-HSA-Sucralfato, por vía oral a través de sonda 
gástrica y se tom aron imágenes secuenciales en gamma-cámara durante 3 horas. 
Los animales se sacrificaron, se disecó el estómago, se incidió por la curvatura 
menor, se lavó vigorosamente con agua, se inspeccionó visualmente y se expuso 
la pared interna bajo la gamma-cámara. Posteriormente se comprobó la 
existencia de úlcera m ediante estudio histopatológico.-

2.4. Estudios en pacientes

Se realizaron estudios preliminares en pacientes con sintomatología 
ulcerosa, administrando el " T c m-Sucralfato-HSA por vía oral previo ayuno de 
12 horas y se obtuvieron imágenes decúbito-dorsal y de pie a los 30, 60 y 
180 min post-administración.

2.3.2. Conejos

3. RESULTADOS

La marcación del Sucralfato con " T c ra puede realizarse utilizando sola
mente SnCl2 como agente reductor del pectecneciato, o una proteína como 
HSA o Fib, o un agente quelante como DTPA marcados con " T c m . También 
es posible marcarlo utilizando una suspensión liofilizada que contiene una 
mezcla de los reactivos, la cual se resuspende con solución salina de " T c m0 4 .
El rendim iento de marcación es m ayor del 97% en todos los casos y su estabilidad 
sobrepasa las ocho horas. Los juegos de reactivos almacenados al vacío son 
estables por más de 10 meses. La inspección visual y los estudios histopatológicos 
de los estómagos de los animales tratados con AAS muestran una gastritis 
generalizada de la mucosa gástrica en el caso de las ratas. Utilizando dos dosis 
de AAS se com probó histológicamente la existencia de úlcera en los conejos 
tratados y la fuerte adhesión selectiva d e l99Tcm-Sucralfato al foco ulceroso, 
formando una costra blanca difícil de separar incluso después de lavar fuerte
mente con agua.

Los estudios realizados en ratas demuestran un vaciamiento gástrico mayor 
en las ratas normales que en las tratadas con AAS, siendo la actividad/g de 
estómago dañado frente a testigos normales en orden decreciente respecto al 
agente, de unión utilizado H SA > F ib>S nC l2>D TPA  (Cuadro II). Los estudios 
cintigráficos realizados en conejos no tratados con AAS m ostraron un vacia-
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CUADRO II. AFINIDAD DEL 99 Tcm -SUCRALFATO AL EPITELIO 
ESTOMACAL

Radiofármaco Relación estómagos dañados/normalesa

99 Tcm -Sucralfato-HSA 5,69

99 T cm -Sucralfato-SnCl2 2,71

99 Tcm-Sucralfato-Fib 2,28

99 Tcm -Sucralf ato-DTPAb 1,03

a 5 ratas por grupo.
k Se administró 30 min posterior al Sucralfato frío.

m iento gástrico normal, no se detectaron zonas de actividad focal y el contenido 
del estómago disecado se deslizó fácilmente al lavar con agua, quedando la 
mucosa gástrica com pletam ente limpia y de color rosado normal en toda su 
extensión. Al exponer el estómago abierto bajo la gamma-cámara no se detectó 
actividad en la pared estomacal. Los conejos ulcerados m ostraron lento vacia
m iento gástrico, lo que hace difícil la obtención de imágenes tempranas.

Los conejos se sacrificaron, se disecó el estómago y se abrió a través de la 
curvatura m enor descartando el bolo alimenticio sólido. Visualmente se 
com probó la fuerte adhesión del 99Tcm-Sucralfato (pasta blanca) al foco 
ulceroso, en forma de costra que no se desprende al lavar fuertem ente con agua.
Al exponer la pared estomacal nuevamente bajo la gamma-cámara, la imagen 
obtenida muestra zonas focales de actividad (F ig .l) que correspondían a la 
zona ulcerada, comprobada por estudio histopatológico. Estudios preliminares 
realizados en pacientes m uestran que el m étodo es capaz de separar los pacientes 
normales que no necesitan estudio endoscópico; sin embargo pacientes porta
dores de úlcera gástrica presentan captación focal de actividad en algunos casos 
mientras que en otros su detección es dudosa debido al lento vaciamiento gástrico.

4. DISCUSION

Los m étodos actuales de diagnóstico de la úlcera gastroduodenal son la 
radiología y la endoscopía, que aunque son capaces de manejar el problema en 
form a satisfactoria, su sensibilidad depende en parte del tamaño, posición y 
deformación del estómago y duodeno.

La fuerte afinidad del 99Tcm-Sucralfato al foco ulceroso comprobada 
experimentalmente ofrece un radiofármaco potencial para el diagnóstico y 
seguimiento de úlcera gastroduodenal, técnica radioisotópica que podría ser
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FIG.l. Imágenes cintigráficas secuenciales de un conejo ulcerado. Las tomas IX y  X  
muestran puntos focales de actividad (a, b,c y d) que no desaparecen después de lavar 
fuertemente con agua la mucosa gástrica.
I, I I y III: Conejo en posición supina, post-administración radiofármaco, 130, 140 y 
145 min respectivamente.
IV y V: Imagen a los 147 min después de la ingestión de 30 cm3 de agua, en posiciónes supina 
y lateral izquierdo respectivamente.
VIy VII: Estómago disecado a los 155 min, con contenido alimenticio.
VIII: Estómago sin contenido alimenticio.
IX: Estómago lavado suavemente.
X: Estómago lavado vigorosamente.

considerada como alternativa para el estudio de pacientes con síndrome 
ulceroso. El lento vaciamiento gástrico mostrado en los conejos ulcerados no 
permite imágenes tem pranas claras, debido al radiofármaco residual presente 
en el bolo alimenticio. Esto nos lleva a buscar un mecanismo apropiado para 
prevenir el exceso de " T c m-Sucralfato, bajando la dosis de Sucralfato/mCi o 
mediante marcación in situ del reactivo frío adherido a la pared estomacal [ 1 0 ].

La marcación de Sucralfato indistintam ente mezclando una suspensión del 
reactivo con HSA, Fib o DTPA marcado con " T c m o utilizando un juego de 
reactivos liofilizado, el cual se reconstituye con solución salina de " T c m0 4 , 
sugiere la posibilidad de marcación in vivo, administrando primero, por vía oral, 
Sucralfato frío y después de un período conveniente (eliminación exceso de 
Sucralfato) el agente de unión marcado con " T c m , o bien administrando por
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via oral el liofilizado reconstituido con agua y más tarde solución salina de 
" T c m 04  por vía oral o endovenosa.

Podemos concluir que el " T c m-Sucralfato es buen agente para la obtención 
de imagen cintigráfica de úlcera gastroduodenal y representa una técnica 
diagnóstica simple, segura y de alto rendim iento para seleccionar aquellos 
pacientes que necesitan de un estudio radiológico y endoscópico, siendo nece
sario aum entar la sensibilidad de la técnica utilizando m étodos que eliminen la 
presencia de " T c m-Sucralfato residual.
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Abstract

ACCUMULATION IN TUMOURS OF 99 Tcm-LABELLED SULPHUR-CONTAINING 
AMINO ACIDS AND SUGARS.

For the development of new tumour-detecting agents, the authors investigated the 
radioactivity distribution of some 99 Tcm-labelled sulphur-containing amino acids and sugars 
in tumours and organs of mice with tumours (Ehrlich solid tumour, human lung tumour, 
human stomach tumour) by gamma camera imaging and radioactivity determination. Among 
the 99 Tcm-labelled compounds tested, 99 Tcm-labelled DL-homocysteine was found to be the 
most promising compound as a tumour-imaging agent for the following reasons: (1) this 
compound was accumulated highly in tumours within a short time and excreted rapidly from the 
liver, and (2) the uptake in tumours was higher than that in abscesses.

Gallium-67 citrate is currently used as a tum our-detecting agent. However, 
it has some disadvantages: (1) a long time of waiting (24—72 h) after injection 
is required for tum our imaging, and (2 ) it accumulates highly ini abscesses or 
inflammations. In order to  develop new tumour-imaging agents, we investigated 
the accum ulation in tum ours o f 99 Tcm-labelled products from sulphur-containing 
amino acids and sugars by gamma camera imaging and radioactivity determination.

SULPHUR-CONTAINING AMINO ACIDS LABELLED WITH 99Tcm

For various radioactive amino acids, such as n C-labelled 1-aminocyclopentane 
carboxylic acid [1 ,2 ] , 1-aminocyclobutane carboxylic acid [3] and a-aminoiso- 
butyric acid [4], 14C-labelled D-amino acids [5, 6 ] and 99Tcm -labelled ethylene- 
diamine-N,N-diacetic acid [7], high radioactivity accumulation in some tum ours has
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B— L

i l ' " '

t  V  4
FIG.l. Gamma camera imaging pictures of 99 Tcm-DL-homocysteine in mice with Ehrlich 
solid tumour.
В -  bladder, К -  kidney, T -  tumour. Injection dose: 150 ßCi per mouse1.

been reported. We have recently reported the accumulation in tum ours of some 
99 Tcm-labelled sulphur-containing amino acids, namely L-cysteine, S-carbamyl- 
L-cysteine, and DL-homocy steine (Homocys) [8 ]. These labelled amino acids 
showed a fairly high distribution in Ehrlich mouse solid tum our in a short time 
after injection (within 60 min) and were rapidly excreted into the bladder via the 
kidneys. The uptake in the pancreas was very low compared with the high uptake 
of radioactive D or L amino acids. The radioactivity of 99Tcm-Homocys was cleared 
more rapidly from the liver than that of the other labelled amino acids. There
fore, among the labelled amino acids tested, 99 Tcm-Homocys was found to  be 
most promising as a tumour-imaging agent (F ig .l). Furtherm ore, we studied 
the biodistribution of 99 Tcm -Homocys in the tum ours of nude mice transplanted 
either with human lung tum our or human stomach tum our. These two kinds of 
hum an tum our in nude mice were also easily detectable in a relatively short time 
(90—240 min for lung tum our and 10—120 min for stomach tum our) by gamma 
camera imaging after injection of 99Tcm -Homocys (Fig.2). The general distribution 
pattern in the tissues was roughly similar to  that in mice w ith Ehrlich solid tum our.

1 1 Ci = 37 G Bq.
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1 h after 
injection

3 h after 
injection

Tumour
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Pancreas

Liver
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Percentage o f dose per gram wet weight

FIG.3. Radioactivity distribution of 99 Tcm-DL-homocysteine in abscesses and organs of mice 
with experimentally produced abscesses.
(a) Four days after turpentine oil injection, (b) six days after turpentine oil injection,
(c) eight days after turpentine oil injection.
The radioactivity distribution in tumours was obtained from mice with Ehrlich solid tumour.

( a )  ( b )

X103 PEAK 1 PEAK 2 X102

FRACTION NUMBER

FIG.4. Elution patterns of 99 Tcm-labelled compounds in blood (a), and in Ehrlich solid 
tumour (b), obtained by Sephadex G-50 gel filtration after injection o f" T c m-DL-homocysteine. 
...... 10 min after injection,--------- 30 min after injection,--------- 60 min after injection.
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FIG.5. Radioactivity distribution of Tcm -labelled compounds in peak 1 (al and peak 2 (b) 
ofFig.4(a) in tumours and organs of mice with Ehrlich solid tumour. 
i = i  30 min after injection, 60 min after injection.

Hisada and Hiraki [9] were the first to  report the high uptake o f 67Ga-citrate 
in abscesses. The radioactivity localization of " T c m-Homocys in abscesses, 
experimentally produced by turpentine oil injection into the left inguinal region 
o f mice, was also assayed by radioactivity determ ination (Fig.3). The labelled 
compound accumulated less in abscesses than in Ehrlich solid tumours, unlike 
67Ga-citrate which has a high affinity to  abscesses rather than to  tum ours [ 10 ].

The molecular weight o f  " T c m-Homocys was determ ined as approximately 
2000—3000 by elution patterns of Sephadex G-15 and G-25 gel filtration, indicating 
its polymeric nature (as in the case o f a 99 Tcm-labelled product o f penicillamine 
[11]). In order to  study the characteristics o f 99Tcm-Homocys uptake in tumours, 
the chemical form o f the labelled com pound in blood and tum our after injection 
was investigated by Sephadex G-50 gel filtration. As shown in Fig.4(a), the plasma 
elution patterns exhibit tw o peaks: peak 1 for the complex with plasma 
protein, which was eluted in the void volume, and peak 2 is for 99Tcm-Homocys 
itself. Peak 1 shows the increase with time, within 60 min after injection. The 
pattern  of 105 000 g supernatant prepared from Ehrlich solid tum our cells also 
shows two peaks, similar to  those for blood (Fig.4(b)). By SDS-polyacrylamide 
gel electrophoresis it was found tha t the labelled complex was bound to  the protein 
with the same m obility in the blood and in the tum our. The radioactivity distribution 
o f this labelled complex separated from blood , in tum ours and organs o f mice with 
Ehrlich solid tum our, was almost similar to  that o f 99Tcm -Homocys (Fig.5). These 
results suggest tha t 99Tcm-Homocys is taken up by the tum our in two chemical 
forms. The nature o f  the complex is under investigation.
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FIG.6. Gamma camera imaging pictures of 99 Tcm -labelled glutathione accumulated in organs 
and tumours of mice with Ehrlich solid tumour.
В -  bladder, К -  kidney, T -  tumour. Injection dose: 200 ßCi per mouse.

Among the o ther sulphur-containing amino acids tested, 99 Tcm-labelled 
glutathione was concentrated in Ehrlich solid tum ours in a very short time (within 
about 10  min), but the extent o f accumulation was smaller than that for 99Tcm- 
Homocys (Fig.6).

SULPHUR-CONTAINING SUGARS LABELLED WITH 99Tcm

Atkins et al. [12] reported the highest pancreatic uptake and pancreas-to-liver 
ratios yet obtained with experimental pancreatic tracers, using 203 Pb-labelled 
1-thioglucose. Markoe et al. [13] were unable to  dem onstrate pancreatic specificity 
o f 99Tcm-labelled 1-thioglucose or 5-thioglucose, bu t labelled 5-thioglucose appeared 
to show potential for discrimination between pancreas tum our tissue and normal 
pancreatic tissue. These authors also described the high uptake o f 35S-labelled 
5-thioglucose in pancreatic tumours.

We have investigated the biodistribution of some 99 Tcm-labelled sulphur- 
containing sugars (1-thioglucose, 1-thiogalactose, 5-thioglucose) in mice with
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FIG. 7. Gamma camera imaging pictures of 99 Tcm -labelled sulphur-containing hexoses in 
mice with Ehrlich solid tumour.
В — bladder, К  — kidney, T -  tumour.
Injection dose: 99 Tcm-l-thioglucose: 400 ßCi per mouse; 99 Tcm -1-thiogalactose: 900 pCi 
per mouse, 99 Tcm -5-thioglucose: 500 ¡id  per mouse.
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Ehrlich solid tum our. The three hexoses gave the single labelled products in 
more than 80% yield by thin-layer chromatography. However, the gel filtration 
patterns on Sephadex G-15 or G-25 indicated that the tw o hexoses consisted 
o f molecules o f different size, except for the labelled 5-thioglucose. Thus, the 
injected 1 -thioglucose and 1 -thiogalactose were a m ixture o f different molecular 
sizes. The 99 Tcm-labelled sugars were taken up in Ehrlich solid tum ours in a 
short time, although the extent o f accumulation was smaller than tha t for 
" T c m-Hornocys; the labelled sugars were excreted rapidly into the intestine 
via the liver and bile duct, and into the bladder via the kidneys (Figs 7 and 8).
These results suggest the usefulness of 99 Tcm-labelled sulphur-containing sugars 
as hepatobiliary agents, although the relatively high uptake in the kidneys 
remains a problem.

From  these results, we have arrived at the following conclusions:

(1) From  a group o f tested 99 Tcm -labelled sulphur-containing amino acids 
and sugars, 99Tcm-Homocys seems to  give a more distinguishable imaging 
picture within a shorter time than 67Ga-citrate, indicating a smaller 
radiation hazard for 99Tcm-Homocys.

(2) A nother advantage o f 99Tcm-Homocys is the relatively low uptake in abscesses 
compared with that o f 67Ga-citrate.

(3) Tumours of the pancreas may be detected by 99Tcm-Homocys, because its 
pancreas uptake is very low compared with the high uptake o f radioactive 
D or L amino acids.

(4) Our observations also suggest that many 99 Tcm-labelled compounds, indepen
dently o f their chemical nature, are taken up by tum our cells through 
membrane transport mechanisms, including pinocytosis or endocytosis.
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Abstract

ROUTINE PRODUCTION OF HnCN, [UC]1-AMINOCYCLOPENTANECARBOXYLIC ACID 
AND 2-DEOX Y-D-[ 1 -11C] GLUCOSE.

The production of Hn CN using the 14N(p,a)u C reaction was studied. The ''CH* produced 
reacts over a platinum catalyst at 870°C with ammonia from a 3M ammonia solution to yield 
HUCN. The paper describes a setup for the remotely controlled production of [n C]l-amino- 
cyclopentanecarboxylic acid, starting from H11 CN and giving a good yield. The compound 
2-deoxy-D-[l-u C] glucose is synthesized by reaction of Hn CN with l-deoxy-2,3:4,5 di-0- 
isopropylidene-l-iodo-D-arabinitol. The [u C]nitrile is purified before reduction with Raney 
alloy in formic acid.

1. INTRODUCTION

The compound [n C]l-am inocyclopentanecarboxylic acid ( n C-ACPC) is used 
to study the metabolism of tum ours by positron emission tomography. Regional 
brain glucose metabolism can be studied with 2-deoxy-D-[l-n C] glucose ( n C-2DG). 
Both radiopharmaceuticals are produced starting from H n CN.

The production of n C-ACPC, starting from H n CN, was described by Hayes 
et al. [1,2]. To produce n C (t 1/2 = 20.4 min), these authors used the u B (p,n)n C 
reaction. Irradiation of B20 3 yields n C 0 2 and 11 CO, which are converted to 
n CH4 by reduction with hydrogen over a nickel catalyst and further to  H n CN by 
reaction over a platinum catalyst. A more convenient m ethod to  produce H n CN 
was described by Christman et al. [3]. Proton irradiation o f a m ixture of nitrogen 
and hydrogen yields UCH4, which is converted to  H n CN by reaction with 
ammonia, produced radiolytically from the target gas. Under our irradiation con
ditions, insufficient ammonia is produced in the target gas holder. The target gas 
is therefore led through an ammonia solution which is placed before the furnace 
with a platinum  catalyst. The present paper describes a simple setup for the pro
duction o f H n CN and a reliable rem otely controlled system for the production 
of n C-ACPC by a conventional Bücherer-Strecker synthesis (Fig. 1).

293
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FIG.2. Synthesis of 11C-2DG.

The synthesis o f n C-2DG (Fig.2), described by Mac Gregor et al. [4], centres 
around the nucleophilic substitution o f the [n C] cyanide ion on a 2 ,3 :4 ,5-di-0- 
isopropylidene-D-arabinitol derived substrate (1), giving the corresponding [n C] 
nitrile (2). Partial reduction o f  the nitrile to  the imine, followed by hydrolysis to  
the aldehyde and removal o f the isopropylidene protective groups, yields n C-2DG
(3). Reduction/hydrolysis o f the nitrile with Raney alloy (Ni/Al) in formic acid 
is a convenient m ethod for conversion to  the aldehyde, since no strict stoichio
metric or anhydrous conditions are required and since the isopropylidene groups 
are cleaved simultaneously. The m ethod is, however, not suited for the conversion 
o f crude [UC] nitrile (2 ) obtained from the iodide ( la ) , since by-products poison 
the alloy. Compound ( lb ) , the starting product most often used, is a reactive 
substrate for displacement by cyanide, bu t it needs to  be prepared shortly before
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FIG.3. System for the production of Hn CN.
1 -  solenoid valve, 2 -  pressure regulator, 3 -  GM tube with lead shielding, 4 -  needle valve, 
5 -  flow meter, 6 -1 0 0  mL of 3M ammonia, 7 -  IS g of 0.2 mm Pt wire in quartz tube 
(5 mm o.d.j, 8 — tube furnace (870°C), 9 -  conical flask with 1 mL water.

use since it is sensitive to  hydrolysis. We use the iodide ( la )  as starting product 
and purify the [n C] nitrile (2) before reduction with Raney alloy in formic acid. 
The iodide ( 1 a) is stable, so it can be prepared on a large scale and stocked 
indefinitely. The experimental setup for n C-2DG is combined with the same 
H n CN production setup as the one for UC-ACPC.

2. EXPERIMENTAL

2.1. Production of H n CN

The target gas holder is a water-cooled aluminium cylinder, 40 cm long and 
with an internal diameter o f 6 cm. The titanium  inlet foil (thickness 0.1 mm) is 
cooled by a helium stream in a closed circuit. The target gas is a m ixture o f 94.5% 
nitrogen and 5.5% hydrogen (A60/N60, liquid air) at a pressure o f 10 bar [5].

The target gas is irradiated for 40 min with 18 MeV protons from the CGR- 
MeV 520 cyclotron at a beam intensity of 25 ßA . After irradiation, the target gas 
is.released at a flow rate of 1 L/min through the H n CN production system placed 
in a ho t cell (Fig.3). As soon as the pressure has decreased to  2 bar, nitrogen is 
added to  the target holder in order to  keep the flow rate constant at 1 L/min and 
to  sweep most of the n CH4 out o f the target gas holder. The gas stream is bubbled 
through a 3M ammonia solution and sent over 15 g o f platinum wire heated at 
870°C. Finally, H n CN is trapped in 1 mL water.

2.2. Synthesis and purification of
[1 1C] 1 -aminocyclopentanecarboxylic acid

Figure 4 shows the synthesis system for n C-ACPC. Before the start o f the 
synthesis, 8.2 mg potassium cyanide (0.125 mmol), 6.7 mg ammonium chloride,
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F I G . 4 .  S y n t h e s i s  a n d  p u r i f i c a t i o n  s y s t e m  f o r  n C - A C P C .

1 -  F i v e - w a y  v a lv e  w i t h  d r i v e r ,  2  -  H P L C  s a m p l e  i n j e c t o r  v a lv e  w i t h  m o t o r ,  3 - 1  m L  o f  

6 . 2 5 M  N a O H  in  c o n i c a l  v i a l ,  4 - 2  m L  w a t e r  i n  c o n i c a l  v i a l ,  5  -  s t a i n l e s s - s t e e l  r e a c t i o n  v e s s e l  

( v o l u m e  3  m L j ,  6 - m o t o r i z e d  p l u n g e r , 7 - t e m p e r a t u r e - r e g u l a t e d  b a t h  w i t h  W o o d ’s  a l l o y  

( 1 8 5 ° C j ,  8  -  w a t e r  b a t h ,  9  -  A G 1 - X 2  c o l u m n  ( 1 0 0 - 2 0 0  m e s h ,  0 . 8 X  1 5  c m ) ,  1 0  -  G M  t u b e  

w i t h  l e a d  s h i e l d i n g ,  1 1  -  p e r i s t a l t i c  p u m p ,  1 2  -  t h r e e - w a y  s l i d e r  v a lv e  w i t h  p n e u m a t i c  a c t u a t o r ,  

1 3  -  A G 5 0 W - X 2  c o l u m n  ( 5 0 - 1 0 0  m e s h ,  1 . 5  c m X 5  c m ) ,  1 4  -  2 0  m L  p i p e t t e ,  1 5  -  m i l l i p o r e  

f i l t e r ,  1 6  -  v i a l  in  l e a d  c o n t a i n e r ,  1 7  -  s t a i n l e s s - s t e e l  t u b i n g  ( 1 . 3  m m  i . d . j ,  1 8  — s t a i n l e s s - s t e e l  

t u b e  f i t t i n g ,  1 9  -  c o n i c a l  s t a i n l e s s - s t e e l  v e s s e l ,  2 0  -  t u b e  f i t t i n g s .

72 mg ammonium carbonate and 33.3 mg cyclopentanone [ 1 ] are brought into 
the reaction vessel (5). One millilitre of water containing the Hn CN is added via 
valves 1 and 2; valve 2 is closed, and the vessel is heated for 10 min at 185°C by 
immersion in a bath (7) with Woods alloy. After cooling in a water bath (8), 1 mL 
of 6.25M sodium hydroxide is added (from 3) and the vessel is again heated for
10 min at 185°C. The reaction vessel is moved from the metal bath to the water 
bath and vice versa, with two electrically driven plungers (Stafa Control System, 
type push-pull A1H30), one for vertical movement and one for horizontal move
ment. The stainless-steel pressure vessel is shown in detail in Fig.4. To minimize 
the volume o f the part not immersed in the heating bath, the vessel is equipped 
with stainless-steel tubing of 1.3 mm i.d. and is connected to a valve with a small 
dead volume (2).

The reaction mixture is cooled and loaded onto an anion exchange column in 
hydroxide form (9) using a plunger (6). The reaction vessel is rinsed with 2 mL water 
(from 4). Non-ionic and cationic impurities are removed by washing with 40 mL 
of distilled water (peristaltic pump 11a); n C-ACPC is eluted with 1M hydrochloric 
acid and loaded onto a cation exchange column in hydrogen form (13). Anionic 
impurities are removed by washing with 70 mL water (peristaltic pump 1 lb) and 
the n C-ACPC is eluted with 0 .15M sodium hydroxide.

The flow rate during the purification process is 10 mL/min. Geiger-Müller 
tubes ( 10), coupled to a rate meter and a recorder, are used to monitor the
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F I G . 5 .  S y n t h e s i s  a n d  p u r i f i c a t i o n  s y s t e m  f o r  n C - 2 D G .

A  -  2 5 0  дL  9 M H 2 S O A,  В  - P 2 0 5 t r a p ,  С  -  r e a c t i o n  m i x t u r e ,  D  -  H P L C  i n j e c t i o n  v a lv e ,

E  — p h o s p h a t e  b u f f e r ,  F  — c o l u m n  R S i L  C - 1 8 H L  ( 1 0  p m ) ,  G  -  0 . 5  m L  H C O O H  +  1 5 0  m g  N i / A l ,  

H -  g l a s s  w o o l ,  I  -  c o l u m n  A G  5 0 W - X 8 / H * ,  J  - 1 0  m L  f l a s k ,  К  - c o l u m n  A G 1 - X 2 / P 0 l ~ ,

L  -  c o l u m n  A G 1 - X 2 / 0 H ~ ,  M  -  2  m L  p i p e t t e ,  N  - m i l l i p o r e  f i l t e r  ( 0 . 2 2  ß m j ,  О  -  l e a d  s h i e l d i n g .

purification process. A record of the rate meter output makes it possible to 
control that the columns have been thoroughly washed and helps to minimize 
the collected fractions.

Twenty millilitres o f the UC-ACPC solution are sucked into a pipette (14) 
and are pumped (peristaltic pump 11 c) through a millipore filter (15) into a 
sterilized vial (16) containing 1.2 mL o f 1M hydrochloric acid and 200 mg of 
disodium hydrogen phosphate. A sterile, neutral and isotonic solution is thus 
obtained.

The whole procedure, including the production o f Hn CN and the purification 
of UC-ACPC, is remotely controlled from a panel mounted at the outside o f the 
hot cell and takes 70 min.

2.3. Synthesis and purification of 2-deoxy-D-[l-u C] glucose

The experimental setup for the production of n C-2DG is shown in Fig.5.
The Hn CN is trapped in 1 mL water containing 2 /imol NaCN carrier. This 

solution is added to concentrated sulphuric acid to liberate Hn CN, which is swept 
by nitrogen gas at a flow rate o f  90 mL/min over a P20 5 trap into a dimethyl- 
formamide-dimethylsulphoxide (50:50) mixture containing 5 jumol sodium 
hydroxide, 7 pmol sodium cyanide and 50 pmol iodide ( la  in Fig.l).

The solution is heated in the bath at 100°C for 4 min. The flask is raised 
from the bath and the reaction mixture, followed by 0.3 mL o f 0.1 M phosphate 
buffer (pH = 5.3), is transferred to a 2 mL vial connected to the waste outlet of 
the HPLC sample injection valve. The diluted reaction mixture is pumped into the
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sample loop and injected into the HPLC column [6]. AC-18 reversed-phase 
column with water/n-propanol (75:25) as eluent is used. The n C-nitrile in 1.5 mL 
eluent is stirred with Ni/Al alloy and 0.5 mL formic acid at 100°C for 10 min.

The excess alloy is filtered o ff by passing the reaction mixture over a glass- 
wool filter, and l l C-2DG is purified by means of three consecutive ion exchange 
columns. Cationic solutes (Al3+ and labelled amine from overreduction o f the 
nitrile) are absorbed on AG50W-X8 resin in the H+ form, as described by Mac Gregor 
et al. [4]. Formic acid is removed from the solution using an AG1-X2 column in 
(P 04)3~form. According to the ‘site sharing’ principle, formic acid is absorbed 
without release o f any anionic material from the column. Deoxyglucose passes 
unabsorbed and is concentrated on a small AG1-X2 column in OH-form which is 
rinsed extensively with water to remove all non-acidic material before elution 
with 0.6M hydrogen chloride. A 2 mL fraction containing the labelled compound 
is collected in 1 mL of 0.6M sodium hydroxide and 5 mL phosphate buffer and 
yields a neutral, isotonic solution (8 mL) of n C-2DG, ready for injection.

3. RESULTS AND DISCUSSION

3.1. Production of Hn CN

By radio gas chromatography on a Porapak Q column (length 2 m, i.d.
2.1 mm, mesh size 8 0 -1 0 0 , temperature 46°C, helium flow 12 mL/min), no 
radioactive gases other than 13N2 and n CH4 were detected in the target gas.

The conversion o f n CH4 into HUCN was studied as a function o f furnace 
temperature and ammonia concentration. The gas was passed through the target 
holder at a constant flow rate (1 L/min) and was irradiated at 0.2 ¿iA. After a 
sufficient equilibration time, a gas flow with a constant n CH4 activity was 
obtained. The gas was sent through the Hn CN production system (Fig.3), with 
the conical flask (9) replaced by a wash bottle with 100 mL of 1M sodium 
hydroxide to trap Hn CN quantitatively. Samples (20 mL) of the gas were 
taken almost simultaneously, after the wash bottle and through a septum at the 
output o f the flow meter (5). The ratio o f the n C activity in one sample to the 
activity in the next sample gives the fraction o f unreacted n CH4. From this, 
the yield o f the chemical reaction ( n CH4 -*■ Hn CN) can be deduced. Figure 6 
gives the yield as a function o f the furnace temperature and Fig.7 gives the yield 
as a function of the ammonia concentration in the wash bottle (6 in Fig.3). For 
an ammonia concentration of 3M and a furnace temperature o f 870°C, the yield 
is 82%.

The efficiency o f trapping o f Hn CN in 1 mL water is 80%, as shown by 
comparison with the Hn CN activity trapped in 100 mL o f 1M sodium hydroxide.
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F I G .  6 . Y i e l d  o f  t h e  c o n v e r s i o n  o f  l l C H A t o  H n C N  a s  a  f u n c t i o n  o f  t h e  f u r n a c e  t e m p e r a t u r e .  

T h e  a m m o n i a  c o n c e n t r a t i o n  in  t h e  w a s h  b o t t l e  w a s  3 M .

F I G .  7 . Y i e l d  o f  t h e  c o n v e r s i o n  o f 11 Ctf« t o  H n C N  a s  a  f u n c t i o n  o f  t h e  a m m o n i a  c o n c e n t r a t i o n .  

T h e  f u r n a c e  t e m p e r a t u r e  w a s  8 7 0 ° C .
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In practice, 10 min after irradiation (irradiation time 40 min, intensity 
25 pA), 1.8 ±0.1 Ci (2.5 Ci at EOB) 1 o f Hn CN is available for further synthesis. 
This corresponds to 140 mCi//uA at EOB (saturation) — a definite improvement 
compared with the 80 mCi/¿uA reported by Christman et al. [3].

3.2. Production of 11 С-АСРС

Starting from 1.8 Ci o f HUCN, a routine production yields 140 ± 10 mCi 
o f n C-ACPC. The synthesis and purification requires 60 min and the yield o f the 
reaction is about 60%; 90% of the product is contained in a 20 mL fraction.

The purity of the product was verified by thin-layer chromatography on 
silica gel. Photometric determination o f ACPC in the final solution, using nin- 
hydrin reagent, gave 0.075 + 0.004 mmol. This corresponds to a yield of 60 ± 3%, 
on the basis o f the amount of potassium cyanide added before the synthesis, 
and is in good agreement with the yield deduced from the 11С activity measure
ments. The yield is significantly higher than the 40% reported by Hayes et al. [ 1,2], 
possibly because o f the more effective design o f the reaction vessel.

Much attention was given to potential contamination of the final product 
with cyanide ion. The purification system was tested by means of an unreacted 
starting solution containing HUCN. The 11С activity in the final solution was 
less than 1/25000 of the initial value. Starting from 8.2 mg potassium cyanide, 
at most 0.13 /zg cyanide ion is present in the final preparation. Controls were 
carried out by means of spectrophotometry using the pyridine-pyrazolon method. 
The cyanide concentration was always below the detection limit o f 0.005 /ug/mL, 
corresponding to less than 0.1 Mg in the final solution.

3.3. Production of 2-deoxy-D-[l-!1C] glucose

The total synthesis, including the production o f [n C] hydrogen cyanide and 
its purification, takes 60—65 min. The overall yield, based on the 11С activity 
trapped in the starting solution for the displacement reaction by cyanide, is 
about 80%. In a typical run (30 min irradiation time, 25 pA  intensity), 1.25 Ci 
o f [n C] sodium cyanide are available for reaction 15 min after EOB. From this, 
25—30 mCi o f n C-2DG are obtained 4 5 —50 min later.

1 1 Ci = 37 GBq.
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Abstract

FAST QUANTITATIVE LABELLING OF N-ISOPROPYL-PARA-IODO-AMPHETAMINE 
(IAMP) WITH 123I IN THE PRESENCE OF Cu(I) AND ASCORBIC ACID, ALLOWING 
KIT-FORM PREPARATION.

The presence o f Cu (II) in the isotopic exchange reaction for the  labelling o f N-isopropyl- 
para-iodo-am phetam ine with 123I is proven to cause radioiodinated as well as cold side-products. 
The use o f Cu(I) for prom oting the nucleophilic isotopic exchange in the presence of an excess 
o f reductan t, such as Sn(II) or ascorbic acid, allows an alm ost quantitative yield to  be obtained 
w ithin 20 m inutes. The reaction is assumed to  proceed through an organo-copper complex 
favouring the exchange of the radioiodide. The labelling procedure is suitable to  be adapted 
as a kit-form  preparation.

1. INTRODUCTION

Until now, Cu(II) salts have been propagated as suitable catalysts for the 
nucleophilic isotopic exchange reactions o f aryl-bound iodine, such as in the 
radioiodination reaction o f N-isopropyl-para-iodo-amphetamine (IAMP) [1—3]. 
The role o f Cu(II) in this type o f reaction has never been clearly explained and 
remains rather doubtful. We have proven that the presence of Cu(II) causes the 
formation o f both radioiodinated and unlabelled side-products as well as 
radioiodide.

This paper shows that the nucleophilic exchange reaction assisted by Cu(I) 
in the presence of an excess of reductant during the complete reaction course 
allows an almost quantitative labelling yield to be obtained within a short reaction 
time, without the formation o f radiolabelled or cold side-products.
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2.1. Labelling procedures

2.1.1. Use o fS n (I I )  as reductant

An amount of 1 mg o f IAMP.HCl (supplied by Dr. Carlsen, Ris0 National 
Laboratory, Denmark), 100 pL  H20 , and 50 pL  CuS04 in acetic acid (96%) 
solution (2.6 jiimol Cu(II)/mL) were mixed with 2 mg SnS04 (9.26 /rniol Sn(II)) 
in a mini-vial with a conical cavity. A micropellet (0.4 mg) o f metallic tin and 
1 0 -5 0  pL  123I~ solution (IRE, Fleurus, Belgium; specific activity 0.5 mCi/^L;
123I was obtained by the 127I(p, 5n) 123I reaction) were added.1 The septum-closed 
vial was heated to 170°C in a Silli-Therm heating module (Pierce Chemicals) for 
20 min. All reagents were Merck p.a. grade.

2.1.2. Use o f  ascorbic acid as reductant

An amount o f 1 mg IAMP.HCl, 100 pL  H20 , 50 pL  CuS04 in acetic acid 
solution, and 2 mg ascorbic acid were mixed in a mini-vial and 10—50 pL  123Г  
solution added. The septum-closed vial was heated to 170°C in the heating 
module for 15 min.

2. EXPERIMENTAL

2.2. HPLC separation

The HPLC system consisted of a Waters setup (U6K injector, M 6000 A pump, 
Lambda Max 480 UV detector) coupled to a gamma scintillation detector unit 
(3 in Na(Tl) Ortec crystal and Ortec electronics) and two HP 3380 A integrators. 
Chromatography was carried out on a 16 mm X 250 mm Chrompack Lichrosorb 
lO/u-RP-18 column for preparative work and on a 4 mm X 250 mm Merck 
Lichrosorb 7jU-RP-18 column for reaction control using acetonitrile/H20/M eOH// 
trimethylamine/HOAC-20/20/60//0.07/0.1 as eluent.

2.3. Simplified quality control

A microdrop of the reaction mixture, made alkaline with a 0.1M NaOH 
solution, was passed through an RP-18 Sep-Рак cartridge. The 123IAMP was 
adsorbed on the chromatographic phase while the 123I_ was eluted with 2 mL 
water. In successful preparations, more than 98% of the activity remained on 
the cartridge.

1 1 Ci =  37 GBq.
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F I G . l .  H P L C  a n a l y s i s  o f  a  r e a c t i o n  m i x t u r e  w h e n  u s i n g  C u ( I I )  i n  t h e  a b s e n c e  o f  a  r e d u c t a n t .  

L e f t  t r a c e :  U V  d e t e c t i o n ,  r i g h t  t r a c e :  r a d i o c h r o m a t o g r a m .

3. RESULTS

3.1. Influence o f the chemical purity of the radioiodide

The experiments showed that the labelling yield of IAMP depends on the 
chemical purity of the radioiodide. With some batches o f 123I”, a steady labelling 
yield of not more than 96% could be reached when only ascorbic acid was present 
as reductant (the labelling yield is expressed as the activity ratio 123IAMP/123I~ +  
Ш1АМР). This is due to the presence o f entities with a higher oxidation state than 
iodide, such as 123IO¡ and 123IC>4, which are not reduced by ascorbic acid and thus 
cannot be involved in the exchange reaction. The addition o f Sn(II) in acetic 
acid to the initial radioiodide solution reduced 1J3IO¡ and 123IC>4 to the iodide 
state and thus made it available for the reaction.

3.2. Use of Cu(II) as a ‘catalyst’

When Cu(II) was used as a ‘catalyst’ in the presence o f an acetate buffer or 
acetic acid [1—3], HPLC analysis (F ig .l) showed the formation o f radioactive as 
well as cold side-products.
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TABLE I. LABELLING OF IAMP WITH Cu(I) IN THE 
PRESENCE OF DIFFERENT TYPES OF REDUCTANT

R eductant Labelling yield a 
(%)

1. Sn(II) + Sn(0)

2 mg + 0 90.9 ± 5.0

2 mg +  0.4 mg pellet 99.1 ± 0.6

2 mg + 0 .6  mg pellet 90.7 ± 1.6

2 mg + 1 .0  mg pellet 80.6 (1 exp.)

2 mg +  0.4 mg powder 84.4 (1 exp.)

2 mg + 0 .7  mg powder 15.0 (1 exp.)

2. Ascorbic acid

2 mg 99.9 + 0.1

L abelling  c o n d itio n s : 1 m g IA M P +  0.1 /im o l C u (II)  +  re d u c ta n t 
R ea c tio n  te m p .: 170°C  
R ea c tio n  tim e: 30 m in .

a M ean o f  five ex p e rim e n ts , un less n o te d  o the rw ise .

In the absence of Cu(II), unreproducible and low labelling yields were 
obtained, but no formation of radioactive and unlabelled side-products was 
observed.

3.3. Use of Cu(I) in the absence of a reductant

The initial use of Cu(I) salts in acetic acid, even in a N2 atmosphere, resulted 
in the formation o f some identical side-products, and the labelling yield did not 
exceed 50—60%. When the described labelling conditions were applied, but with 
an amount of reductant stoichiometric to the Cu(II) and without purging the 
0 2 present in the vial, formation of side-products in the course of the reaction 
was observed. This was due to the formation o f Cu(II) during the reaction, which 
in this case could not be reduced by an excess o f reductant.

3.4. Use of Cu(I) in the presence of an excess o f reductant

Table I summarizes the results obtained with different types of reductant; 
Cu(I) was generated in situ by adding the Cu(II) salt to an excess o f reductant.
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tim e iminl

F I G . 2 .  L a b e l l i n g  k i n e t i c s  i n  t h e  p r e s e n c e  o f  C u ( I )  a n d  a s c o r b i c  a c i d .  R e a c t i o n  t e m p e r a t u r e  1 7 ( f  G .

3.4.1. Use o f  Sn(II) as reductant

Initially, SnCl2 was used, but in a limited amount since this salt introduces 
too many chloride ions which then compete in the exchange reaction. The 
labelling yields always exceeded 85% but were not reproducible. Therefore, 
SnS04 was preferred for further experiments, which brought higher (±95%) but 
still not quantitative yields. In the presence o f a micropellet o f metallic tin the 
labelling yields reached more than 99%, but they were strongly dependent on 
the available contact surface o f metallic tin. This was demonstrated by experi
ments using tin powder, which resulted in a decreased labelling yield due to 
poisoning o f the reaction (Table I). The use o f Sn(II) in the absence of Cu(I) 
did not yield any labelled product.

3.4.2. Use o f  ascorbic acid as reductant

Figure 2 shows the labelling kinetics at a reaction temperature of 170°C, 
with ascorbic acid as reductant. Table II and Fig.2 show that an almost
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TABLE II. INFLUENCE OF THE AMOUNT 
OF IAMP ON THE LABELLING YIELD

IAMP Labelling yield3 

(%)

1.0 > 99 .9

0.5 > 99 .9

0.3 > 99 .9

0.2 > 99 .9

0.1 > 9 9 .9

0.05 > 99 .9

0.03 90.3

L abelling  co n d itio n s : 2 m g ascorb ic acid +  0.1 jumol C u (II)  +  IAM P 
R eac tion  te m p .: 170°C  
R ea c tio n  tim e: 2 0  m in .

a M ean o f  th re e  ex p e rim en ts .

quantitative labelling (>99%) can be obtained within 20 min with an amount 
of IAMP.HCl as low as 0.05 mg. With this low amount, a specific activity of 
400 mCi/mg IAMP was obtained for an initial 123I" activity of 20 mCi. Neither 
radioactive nor cold side-products were observed.

3.4.3. Use o f  citric acid or galactose as reducían t

When citric acid or galactose were used as reductant, labelling yields of  
97% were obtained, but the HPLC chromatograms showed in both cases a cold 
side-product which was eluted very near the IAMP peak.

3.5. Sequence of addition o f reactants

When radioiodide was added to the Cu(I) reductant mixture before IAMP 
addition, low labelling yields were obtained (<2% for the Cu(I)/Sn(II) couple, 
<90% for the Cu(I)/ascorbic acid mixture). For both kinds o f reductant the 
best results were obtained when IAMP was added first, followed by the Cu(II) 
salt and the reductant.

3.6. Kit-form preparation

Since the labelling procedure using ascorbic acid takes place in a quantitative 
way without formation o f side-products, this method can easily be converted
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into a kit-form preparation. For this purpose, the content o f the reaction vial 
is sucked into a syringe containing 1.7 mL of a NaHC03 solution. The isotonic 
solution obtained is sterilized through a 0.22 ßm filter.

4. DISCUSSION

Up to now, Cu(II) salts have been used generally as catalysts for the isotopic 
nucleophilic exchange of aryl-bound iodine, but their role has never been clearly 
explained.

It has been shown that Cu(II) as well as Cu(I) used in the absence of an 
excess of reductant cause the formation of radioiodinated and unlabelled side- 
products as well as radioiodide. The latter is due to the fact that Cu(I) is not 
stable in the reaction solvent and forms Cu(II) by dismutation.

The negative effect o f Cu(II) is supposed to be due to the increased oxidation 
potential o f Cu(II) in ther presence o f 123I", yielding Cu123I and 123I2.

The excess of reductant used in the described labelling methods [4, 5] 
ensures that Cu(I) is present during the complete reaction course and thus prevents 
the formation o f Cu(II).

Two types o f reaction mechanism for the role o f Cu(I) in the nucleophilic 
halogen substitution of aryl groups are described in the literature [5, 6], namely 
one based on the direct interaction of Cul:

Arl +  Cu123I -► Ar123I + Cu+ +  Г  (a)

and the other proceeding by an aryl-copper complex:О
Arl + Cu+ Ar! I + 123I" -► Ar 123I + Cu+ + Г  (b)\ I / '

(1) (2) (3)

where, according to Cohen et al. [7], compound (2) can be represented by 
Ar-Cu-I.

It was shown that low labelling yields are obtained when the radioiodide is 
added to the Cu(I) reductant mixture before IAMP. This is certainly due to the 
formation o f less soluble Cu123I in the reaction mixture. On the other hand, it 
was shown that when IAMP and Cu(I) are mixed first, quantitative labelling is 
achieved. We assume that this reaction occurs through an organo-copper complex 
as represented by Eq.(b).

The initial С-I bond and ring interaction in compound (1 ) is supposed to be 
dislocated by the d-electron cloud of Cu(I), leading to the organo-copper 
compound (2). Here, copper should have a higher oxidation state.
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The excess of reductant can now led to the weakening of the intra-complex 
bonds in compound (2), thus favouring the radioiodide exchange which results 
in the formation of radioiodinated aryl (3).

5. CONCLUSIONS

Efficient HPLC analysis has shown that when Cu(II) salts are used without 
an excess o f reductant, the reaction mixture obtained contains radioiodinated 
as well as unlabelled side-products. This lowers the labelling yield considerably.
On the other hand, when Cu(I) is used with an excess o f reductant, such as Sn(II) 
or ascorbic acid, fast quantitative labelling is obtained. The nucleophilic isotopic 
exchange under the described reaction conditions is assumed to take place through 
the formation o f an organo-copper complex, whereby Cu(I) plays an active role 
in the reaction mechanism rather than being a catalyst in the pure sense. This 
assumption is supported by the fact that the labelling yield depends on the 
sequence o f addition o f the reactants.

The labelling procedure using ascorbic acid as reductant is suitable to be 
adapted as a kit-form preparation.
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Abstract
t

SYNTHESIS AND BIOMEDICAL STUDIES O F 7sBr (or 77Br)-BROMPERIDOL.
Brom peridol labelled w ith 75Br or 77Br w ithout carrier was prepared by the Sandm eyer 

reaction and its usefulness as a ligand for dopam ine receptor imaging was evaluated. The 
synthesis proved to  be simple and efficient, giving a labelled neuroleptic o f high radiochem ical 
purity , w ith a relatively high radiochem ical yield and a high specific activity. B iodistribution 
studies with ra ts showed th a t 75Br ( 77Br)-brom peridol accum ulated in th e  striatum , w ith a 
striatum -to-cerebral cortex ratio increasing w ith tim e; a considerably high level was reached 
tw o hours a fte r intravenous injection. However, this ratio  was lower than  th a t for 
18F-spiroperidol, probably due to  some non-specific binding in the brain tissue.

1. INTRODUCTION

For a number o f neurological diseases it is assumed that receptors for various 
neurotransmitters play an important role. Dopamine receptors (Parkinson’s 
disease) or cholinergic receptors (Huntington’s disease) are well-known examples.

In nuclear medicine, it has recently become feasible to visualize the neuro
transmitter/receptor interaction taking place in vivo, using radio-ligands, such as 
agonists or antagonists or false transmitters labelled with positron emitters, n C, 
18F or 7SBr. Garnett et al. [1] and Wagner et al. [2] have reported on positron 
emission tomographic images o f human brain dopamine receptors visualized with 
18F-fluoro-dopa [1] and n C-methyl-spiroperidol [2]. Both radio-ligands accumu
lated in the caudate nucleus and gave clear images. Thus, positron emission 
tomography (PET) could cast light on in vivo neurotransmitter/receptor inter
action, the functions o f receptors, and the unknown causation o f neurological 
diseases.
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We report on a possible approach to a visualization o f dopamine receptors 
in the brain with 75Br(77Br)-bromperidol. Bromperidol is one of the butyro- 
phenone neuroleptics which act as antagonists o f dopamine. Since this neuroleptic 
has been reported to have high affinity and specificity for dopamine receptors [3], 
it seemed reasonable to choose the drug as a ligand for dopamine receptor 
visualization.

Vincent et al. [4] have reported on 82Br-bromperidol. However, it would 
not be practical to use the 82Br label for visualizing the human brain since it is 
a relatively long-lived (half-life 35 h) /rem itter and is usually obtained at low 
specific activity.

Bromine-75 is a positron emitter with a half-life o f 98 minutes, and is 
available as bromide without carrier, such as Cu75Br. These characteristics of 
the nuclide make it suitable for PET. In the following, the preparation and bio
medical evaluation o f 75Br-bromperidol are discussed.

2. MATERIALS AND METHODS

2.1. Production o f 75Br and 77Br

The radionuclides75Br and 77Br were produced via the reactions 
7SAs (3He, 3n) 75Br and 7sAs (a, 2n) 77Br on a GaAs target. The two radionuclides 
were obtained as CuBr* sublimate without carrier (Br* is 75Br or 77Br) by radio
frequency heating of the target with copper.

2.2. Preparation o f 7sBr(77Br)-bromperidol

The 7SBr(77Br)-bromperidol was synthesized from 4-[4-hydroxy-4-(4-amino- 
phenyl)piperidinyl]-l-(4-fluorophenyl)butanone (aminoperidol) via the Sandmeyer 
reaction (Fig.l); 3 mg (7 /nmol) o f aminoperidol dissolved in IN H2S 0 4 was 
diazotized at 0°C with an equivalent amount of NaN02. To the diazonium 
solution was added CuBr* dissolved in H20 . The solution was slowly warmed to 
80°С in 10 min. Then the reaction mixture was cooled and the pH raised to 
10—11 with 8N NH4 OH. The product was extracted with CHC13 and after 
evaporation o f the solvent submitted to chromatographic separation on an alumina 
column with CHC13 eluent. The fractions containing 75Br(77Br)-bromperidol 
were collected and the solvent was evaporated. Then the final purification was 
carried out by HPLC with а С-18 reversed-phase column. As eluent,
CH3OH/O.O8N NH4OH (9 5 :5) was used, and the eluate was monitored with 
a UV spectrometer and a Nal scintillation counter. The eluate containing 
75Br(77Br)-bromperidol was collected in a vial and the solvent was evaporated 
under nitrogen. For injection, 75Br(77Br)-bromperidol was dissolved in physio-
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NH,

H2s o 4

NaNOo

N̂ HSÔ

Cu*Br

Q cch, W

F I G .  1 .  S y n t h e s i s  o f  l s B r ( n lB r ) - b r o m p e r i d o l  v ia  t h e  S a n d m e y e r  r e a c t i o n .

logical saline the pH value of which had been previously adjusted to 4 .0 -4 .5  with
0.01 N HCI.

Thin-layer chromatography on normal and reversed phases was used to check 
the radiochemical purity o f the product.

2.3. Animal studies

Rats and mice were injected intravenously into the tail vein with 7SBr(77Br)- 
bromperidol and biomedical studies including autoradiography were carried out.

2.3.1. Bio distribution studies

Mice weighing 20—25 g were used. After injection with 75Br(77Br)- 
bromperidol, the mice were sacrificed at various times and the tissues were 
dissected, weighed and counted.

For assessing the carrier effect, 7SBr(77Br)-bromperidol was diluted with 
various amounts o f unlabelled bromperidol. The labelled and unlabelled 
bromperidols were administered to the mice simultaneously.
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FIG.2. Separation o f 75BrCBr)-brompendol from by-products by HPLC ( --------- radioactivity,
----------  UV absorption). The peak с which was eluted with high radioactivity was determined
to be labelled bromperidol by the retention time of the authentic bromperidol.

2.3.2. A u toradiography

Rats weighing 1 0 0 -2 0 0  g were used. The animals were decapitated 
40—120 min after injection and the brains were quickly removed and frozen in 
a dry-ice/acetone bath. Vertical brain slices o f about 1 mm were made with a 
sharp blade. The slices were placed on ultra-sensitive X-ray films and the exposure 
was continued in a dark room for a period o f twice or three times the half-life 
of the nuclide.

For displacement studies, 650—700 ßg of unlabelled bromperidol per 
kilogram body weight was administered one hour after injection with 
75Br(77Br)-bromperidol. Decapitation o f the animals followed 30—45 min later.

The accumulation of 75Br(77Br) in specific areas in the brain was measured 
with a densitometer.

3. RESULTS

3.1. Radiobromination

The radiochemical yield of the labelled bromperidol produced through the 
Sandmeyer reaction was 20-63%  (average o f five runs: 41 ± 16%). The values
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Distribution (percentage of dose per gram)

20 min 30 min 42 min 60 min

Brain 9.7 ± 0 .2 9.5 ± 1.0 7.1 ± 0.2 6.7 ± 0.1

Lung 37.3 ± 4 .3 25.8 ± 1.0 14.4 ± 3.0 12.0 ± 0.2

Liver 19.9 ±1 .1 23.0 ± 5 .0 22.6 ± 4 .3 20.3 ± 3 .4

Kidney 15.8 ± 2 .2 13.8 ± 0 .2 12.4 ±3 .1 8.7 ± 0.4

Stomach 4.3 ±1 .1 3.9 ±0 .1 3.6 ± 1.1 3.0 ± 0.8

Blood 0.36 ±0 .03 0.31 ± 0 .0 8 0.21 ± 0 .0 4 0.17 ± 0 .0 3

Two mice were sacrificed per checking time.

for radiochemical purity, checked after extraction with CHC13, after chromato
graphic separation with an alumina column and after separation by HPLC, were 
89±1%, 96±3% and 99±1%, respectively. The HPLC analysis revealed that a 
couple of ‘cold’ by-products coexisted with ‘hot’ bromperidol even after the 
separation procedure with the alumina column (Fig.2).

The specific activity obtained from the UV absorption and the radioactivity 
was 3.6—6.5 mCi 77Br/mg (1.5—2.7 mCi 77Br/jumol) at the injection time.1 
The total time required for the preparation o f 7SBr(77Br)-bromperidoI, including 
purification, was 45 min: the Sandmeyer reaction took 10 min, extraction 
including evaporation o f the solvent 10 min, chromatography on alumina 
15 min, and the final HPLC separation 10 min.

3.2. Biomedical studies

The biodistribution with time of 77Br-bromperidol is shown in Table I. The 
labelled drug was cleared fast from the blood and distributed in various organs.
In the lung and liver, which are the major metabolic sites, approximately 40—50% 
of the injected dose was taken up.

The apparent initial uptake by the brain was about 9% of the dose per gram 
tissue, or 4% of the dose for the whole tissue, and the radioactivity decreased 
gradually with time. However, taking the blood radioactivity level into account, 
the brain-to-blood ratio increased, as shown in Fig.3.

The brain uptake o f 7s Br(77Br)-bromperidol was considerably affected by 
unlabelled bromperidol (Fig.4). When unlabelled bromperidol was added, an 
exponential drop in brain uptake o f  the ‘hot’ bromperidol resulted.

1 1 Ci = 37 GBq.



316 SUEHIRO et al.

FIG.3. Time course o f change in brain-to-blood ratio after injection o f 11 Br-bromperidol.

FIG.4. Carrier effect on brain uptake of lsBr(nlBr)-bromperidol. When unlabelled brom
peridol was added, the brain uptake decreased exponentially.

The distribution o f 77Br-bromperidol in rat brain is shown in Fig.5. The two 
autoradiographs which were taken 45 min and 2 h after administration, respectively, 
show that the distribution changed considerably with time. At 45 minutes, the 
structure was clearer and a high accumulation o f radioactivity was found in the 
cerebral cortex and striatum (striatum/cortex «  1) (Fig.5(a)). At 2 hours after 
injection, the labelled-neuroleptic was localized in the striatum, with a relatively 
high ‘background’ radioactivity level which was uniformly distributed. The 
striatum-to-‘background’ ratio or striatum-to-cerebral cortex ratio measured 
with a densitometer was 1.6.

With an excess amount o f unlabelled bromperidol, 77Br-bromperidol in 
the striatum was displaced, resulting in a uniform distribution of the radioactivity 
in the brain.



IAEA-CN-4S/S6 317

ш

(а)

FIG. 5. Autoradiographs of rat brains made fa) 45 min after injection o f Br-bromperidol 
without carrier, and (b) 2 h after injection.

4. DISCUSSION

Our results have demonstrated the following:

(a) The 75Br(77Br)-bromperidol without carrier could be synthesized via a simple 
one-step Sandmeyer reaction with fairly good radiochemical yield;

(b) The striatum which is rich in dopamine receptors could be visualized with 
the radiobrominated bromperidol.
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The Sandmeyer reaction is one of the best methods for radiobromination 
of such compounds as ligands which are used for imaging specific receptors.
The reasons for this are as follows: (1) The reaction is fast and simple and gives 
a good radiochemical yield; (2) a specific position in a molecule can be brominated 
(this is not the case when the Br2 method is used); and (3) when a radiobromide 
without carrier is used, labelled compounds with high specific activity can be 
produced.

Vincent et al. [4] also used the Sandmeyer reaction with a modification for 
their 82Br-bromperidol synthesis. Their method has the following disadvantages:
(1) A time-consuming (> 4  h) conversion procedure (K82Br -»■ Cu82Br) is required;
(2) the radiochemical yield is relatively low; and (3) because of the low specific 
activity of 82Br, the product has also a relatively low specific activity. By our 
method, however, which starts radiobromination by using Cu75Br or Cu77Br 
without carrier, 75Br(77Br)-bromperidol is produced simply by letting the 
diazotized aminoperidol react with Cu75Br (or 77Br); this gives a higher radio
chemical yield in a shorter reaction time and a higher specific activity. Since the 
most suitable radiobromine species for PET imaging i s 75 Br (half-life 98 min), it
is noteworthy that radiobromination can be carried out rapidly, easily and 
efficiently by the Sandmeyer reaction.

One of the major by-products o f the reaction is 4-[4-hydroxy-4-(hydroxyphenyl) 
piperidinyl]-l-(4-fluorophenyl) butanone (hydroxyperidol). Because o f the 
similarity in the chemical structure, this product would possibly interfere with the 
labelled bromperidol at the receptor sites if it were administered with 7SBr (77Br)- 
bromperidol. Therefore, a complete separation of this product is desirable.
The additional chromatographic separation on a C-18 reversed-phase column 
following a similar procedure with alumina was demonstrated to be useful (Fig.2).

Biodistribution studies showed a fast and high uptake o f the labelled 
bromperidol by the brain, giving a high brain-to-blood ratio (Fig.3), which 
would be a positive factor in the use of 7SBr-bromperidol for PET imaging.

Autoradiographs o f rat brain demonstrated a considerably high accumulation 
of the labelled bromperidol in a dopaminergic receptor-rich area, the striatum 
(Fig.5(b)). However, the striatum-to-cerebral cortex ratio was lower than that 
obtained with 18F-spiroperidol, which was reported by Welch et al. [5] ; 
18F-spiroperidol achieved a striatum-to-cerebral cortex ratio o f 3.7 and a striatum- 
to-cerebellum ratio o f 10.7 two hours after injection. Thus, the use of 
18F-spiroperidol would appear to be more advantageous than that o f 75Br-brom- 
peridol for receptor imaging. Nevertheless, taking the rather poor radiochemical 
yield (about 2%) o f the 18F-spiroperidol production [6] into account, the use of 
7SBr-bromperidol is more practical when human brain receptor imaging is attempted.

The autoradiographs also showed that the distribution of the labelled 
bromperidol in the brain changed with time after injection. The distribution 
45 min after injection appeared to be parallel with the values o f  the blood flow 
map, whereas the autoradiograph obtained two hours after administration very
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likely represents the metabolic or acting sites of the drug. This means that for 
clear visualization o f the receptor, a considerably long time after injection would 
be required. The same was also reported to be the case for 18F-spiroperidol [5]. 
These observations suggest that for receptor imaging, labelling with a relatively 
long-lived positron emitter, such as 18F or 75Br, would be more practical than 
the use of n C or 13N.

The incorporation of 75Br(77Br)-bromperidol into brain areas with low 
levels o f dopamine receptor, such as the cerebral cortex, would probably be the 
result o f non-specific binding o f the drug or its metabolites to some cell compo
nents. Since bromperidol has high specificity for dopamine receptors, the 
possibility of interaction o f the drug with serotonine, histamine or a-adrenergic 
receptors can be ruled out.

It can be concluded that further studies o f the use o f 75Br-bromperidol are 
well justified because o f  its ease o f  preparation, its suitable half-life and its 
relatively high accumulation in the striatum.
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Abstract

E N ZY M A TIC  SYNTHESIS OF 13N -0-N ICO TINAM IDE A D E N IN E D IN U C LEO TID E.
Nitrogen-13-labelled /3-nicotinamide adenine dinucleotide ( 13N-NAD) is an interesting 

new compound for positron emission tomography. A semi-automatic production method is 
developed that yields a solution of 13N-NAD of radiopharmaceutical quality, suitable for 
human intravenous administration. The 13N-NAD is prepared enzymatically in one step from 
cyclotron-produced 13N H 3 and nicotinic acid adenine dinucleotide (deamido-NAD). The 
enzyme NAD synthetase (E.C. 6.3.1.5), catalysing this reaction, is extracted and purified 
from Escherichia coli. The purified enzyme is immobilized by glutaraldehyde coupling to 
7-aminopropylsilane-coated porous glass beads. The enzyme-loaded glass beads are packed 
in a column. The kinetic properties of the column are optimized. For synthetizing 13N-NAD, 
the mixture of co-factors and substrates, containing 13N H 3, is pumped over the enzyme column. 
The unreacted 13N H 3 is separated from I 3N-NAD by on-line passage over a cation exchanger. 
After passing over a millipore filter, a sterile solution o f radiochemically pure 13N-NAD is 
obtained, containing 70 mCi in 10 mL. The total synthesis time is 10 minutes. The specific 
activity is about 120 mCi/^mol at EOB. Quality control includes sterility and pyrogen tests, 
HPLC and HPTLC analysis.

1. INTRODUCTION

Nitrogen-13-labelled /З-nicotinamide adenine dinucleotide (13N-NAD) is a new 
tracer molecule designed for positron emission tomography. The molecule will 
be o f great biochemical and medical interest, since it serves as a co-factor in 
numerous enzyme systems.

The position o f the label is at the amide function o f the nicotinamide part 
of the molecule (Fig.l).

The 13N-NAD can be prepared easily from 13NH3 and nicotinic acid adenine 
dinucleotide (deamido-NAD) by a one-step enzymatic reaction (Fig.2).
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FIG.2. E nzym atic  reaction.
A T P  ~  adenosine triphosphate; AM P  =  adenosine monophosphate.

2. METHODS

2.1. Production of 13N-NAD

The setup for the 13N-NAD synthesis is shown in Fig.3. Nitrogen-13-ammonia 
was produced by irradiation of water, as described by Siegers et al. [1]. The 
distilled 13NH3 was trapped in 3 mL of 20 mmol HCI solution. Subsequently,
2 mL o f a substrate mixture in tris-HCl buffer o f pH 8.7 was added to the 13NH4C1 
solution. The total volume of 5 mL contained lO.^mol deamido-NAD, 10 /zmol 
ATP, 50 /imol MgCl2 and 100 /¿mol KC1 in 125 mmol tris-HCl buffer at pH 8.5.
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This mixture was sucked into a 5 mL loop by a peristaltic pump (pump 1 in Fig.3). 
Subsequently, another peristaltic pump (pump 2 in Fig.3) transferred the loop 
content to the enzyme reactor at a flow rate o f 2 inL/min.

The enzyme column (7 cm X 1.66 cm), containing 5 g glass beads with 
1.8 units o f NAD synthetase, was kept at 37°C in a water bath; previously it has 
been washed with a solution of 10 mmol MgCl2 and 125 mmol tris-HCl buffer 
at pH 8.5. After passage over the enzyme column, traces of unreacted 13NH3 
were trapped on a cation exchanger (AG 50WX8). The radiochemically pure 
13N-NAD solution was pumped over a bacterial filter (0.22 pm )  and collected in 
a sterile flask.

2.2. Preparation o f enzyme reactor

2.2.1. Source o f  enzym e

We isolated the NAD synthetase from Escherichia coli (ATCC 25922). The 
method described by Spencer and Preiss [2] was not satisfactory for our needs.
We developed a new purification procedure that will be published elsewhere.

2.2.2. Immobilization

The purified NAD synthetase was covalently linked by glutaraldehyde 
coupling to 7 -aminopropylsilane-coated controlled pore glass (CPG 500®/80—
120 mesh) [3, 4].

The enzyme-loaded glass beads were packed into a glass column. The 
kinetic parameters of this column were investigated and optimized. The column 
was stored in tris-HCl buffer, 0.1 mol, pH 7.5, at 4°C.
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TABLE I. HPLC CONDITIONS

Stationary phase 

Column dimensions

RSil C l 8 HL, 5 цт  

8 cm X 0.46 cm

0.25 m m ol cetyltrim ethylam m onium  brom ide in a m ixture of 
potassium  phosphate buffer (10 m mol, pH 6.5)/m ethanol: 80/20

1 m L/m in

am bient

wavelength: 260 mm, sensitivity: 0.32 AUFS

Eluent

Flow rate 

Tem perature 

UV detection

R adioactivity detection: N al(Tl) detector

Injection volume 50 (¿L

3. RESULTS AND DISCUSSION

3.1. Radiochemical purity and specific activity

The radiochemical purity o f the 13N-labelled NAD solution was determined
by HPLC with double detection: a Nal(Tl) detector for measuring the annihi
lation radiation and a UV detector for carrier detection. The Nal(Tl) detector
was placed in a lead shield between the column and the UV detector. The 
parameters o f the HPLC system are given in Table I.

The radiochromatogram (Fig.4) shows only one radioactive peak. The 
retention time o f this peak agrees perfectly with that of carrier NAD. The UV 
record (Fig.4) shows also the peak of adenosine monophosphate (AMP), the 
breakdown product of ATP. The other components of the reaction mixture, 
deamido-NAD and ATP, were very strongly retained and are not shown on the 
chromatogram.

In addition to HPLC analysis, the eluate o f the enzyme reactor was sub
mitted to HPTLC for identifying the reaction products. The remission scan of 
the thin-layer plate is shown in Fig.5.

The specific activity was determined by two independent methods:

(a) Enzymatically: The carrier NAD was reduced to NADH with alcohol 
dehydrogenase (E.C. 1.1.1.1 ) in the presence of alcohol at pH 9. The 
extinction o f NADH was measured at 340 nm. The concentration of  
NADH was calculated using the molar extinction coefficient o f NADH 
(6.22 mL-cm" 1 • /хтоГ 1).

(b) By HPLC: Standard concentrations of NAD were chromatographed under 
the conditions given in Table I. The NAD carrier amount was calculated 
using a calibration curve obtained with the least-squares method.
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NAD

F I G . 4 .  R a d i o c h r o m a t o g r a p h y  b y  H P L C .

Both methods were in agreement within 5%. A carrier amount of
1.2 /nmol was calculated.

With a yield of 70 mCi o f 13N-NAD at EOB 4- 10 min, the specific activity 
was 120 mCi/pmol at EOB.1

3.2. Pharmaceutical quality

The 13N-NAD solution was submitted to sterility and pyrogen tests according 
to the prescriptions of the Belgian Pharmacopoeia [5].

3.3. Comparison of immobilization techniques

Different coupling methods were tried to immobilize the NAD synthetase.
All experiments were carried out on controlled pore glass. Glass is preferred 
over other support materials for its rigidity, high mechanical stability and micro
biological inertness. Different pore sizes, silanes, spacer arms and active groups

1 1 Ci = 3 7  GBq.
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F I G . 5 .  H P T L C  i d e n t i f i c a t i o n  o f  r e a c t i o n  p r o d u c t s .

P l a t e :  S i l i c a  g e l  6 0  F  2 5 4  ( M e r c k ) ;  e l u e n t :  e t h y l e n e  g l y c o l  m o n o e t h y l  e t h e r  3 8 % ;  

i s o a m y l  a l c o h o l  1 6 % ;  o c t y l  a l c o h o l  5 . 4 % ;  a m m o n i a  { 1 3 N  s o l u t i o n )  1 1 . 2 % ;  w a t e r  2 9 . 4 % .  

R e m i s s i o n  s c a n , X = 2 6 0  n m .

were tested. For comparing the different immobilizations, the percentage of 
bound and active enzyme is the most important parameter. The results are 
summarized in Table II. The method o f choice is the glutaraldehyde coupling 
on 7 -aminopropylsilane-coated controlled pore glass with 500 Â pores.

3.4. Optimization o f the enzyme reactor

The minimum amount o f immobilized NAD synthetase needed for a 
sufficient conversion o f 2 /¿mol ammonia, which is about twice the carrier amount 
produced by the irradiation, was determined. In Fig.6, the percentage of ammonia 
converted to NAD is plotted versus column length and number of units in the 
column. The co-factors were added in such excess that they had no influence on 
the reaction velocity, except for deamido-NAD, o f which an amount of 5 /imol 
was used in each experiment. Figure 6 shows that 90% yield is achieved with 
only two units NAD synthetase in the column.
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F I G . 6 .  Y i e l d  o f  e n z y m a t i c  r e a c t i o n  v e r s u s  a m o u n t  o f  i m m o b i l i z e d  e n z y m e  i n  t h e  c o l u m n .  

C o l u m n  d i a m e t e r  1 0 . 7  m m ,  f l o w  r a t e  1 . 5  m L / m i n .  D e a m i d o - N A D  5  p m o l ,  N H 3 2  p m o l ,  

A T P  1 0  p m o l ,  K C l  1 0 0  p m o l ,  M g C l 2 1 0  m m o l ,  t r i s - H C l  b u f f e r  1 2 5  m m o l ,  p H  8 . 5 .

F I G .  7 . Y i e l d  o f  e n z y m a t i c  r e a c t i o n  v e r s u s  i n t e r n a l  d i a m e t e r  o f  t h e  c o l u m n .  F l o w  r a t e  

1 . 5  m L / m i n ,  a m o u n t  o f  i m m o b i l i z e d  e n z y m e  1 . 8  u n i t s  ( 4 . 3  g  g l a s s ) .  D e a m i d o - N A D  5  p m o l ,  

N H 3 2  p m o l ,  A T P  1 0  p m o l ,  K C l  1 0 0  p m o l ,  M g C l 2 1 0  m m o l ,  t r i s - H C l  b u f f e r  1 2 5  m m o l ,  p H  8 . 5 .
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F I G . 8 .  Y i e l d  o f  e n z y m a t i c  r e a c t i o n  a n d  r a d i o a c t i v i t y  a m o u n t  a s  a  f u n c t i o n  o f  f l o w  r a t e .

( l j  R a d i o a c t i v i t y  a m o u n t ,  ( 2  j  y i e l d  o f  e n z y m a t i c  r e a c t i o n ,  ( 3 )  r a d i o a c t i v i t y  a m o u n t  t i m e s  

y i e l d  o f  e n z y m a t i c  r e a c t i o n .

The geometry o f the enzyme column was also investigated. The same amount 
o f immobilized enzyme was packed into columns o f increasing diameter. The 
length was accordingly shortened to have an equal column volume (Fig.7). Using 
the same volumetric flow rate in all experiments, the enzymatic yield increased 
with increasing diameter up to about 17 mm. This is explained by the linear flow 
rate, which is slower in the broader columns, allowing a longer diffusion time.
The lower conversion rate obtained with columns having an internal diameter 
of more than 20 mm is probably due to an unequal flow stream pattern.

A very important parameter to be optimized is the flow rate. Two parameters 
have to be considered: yield o f the enzymatic reaction and radioactivity amount 
(Fig.8). The optimal flow is found by multiplying these two limiting factors. In 
the example shown in Fig.8, where a column o f only 1.3 units was used, the 
optimal flow is 2 mL/min, corresponding to an ammonia conversion of 60%.
At this flow rate, the synthesis o f 13N-NAD takes 10 min or one half-life. In later 
experiments, 90% conversion was obtained at a flow rate o f 2 mL/min with a 
column containing 1.8 units NAD synthetase.
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Abstract

PREPARATION OF TRITIA TED D-ALDOHEXOSES OF HIGH SPECIFIC ACTIVITY.
Five im portan t D-aldohexoses o f high specific activity and good quality  have been 

prepared. The com pounds D-(1-3H) glucose and D-(6-3H) glucose were obtained by organic 
synthesis in  w hich NaBT4) prepared by isotopic exchange, was used to reduce D-glucono-6- 
lactone or l,2-0-isopropylidene-D -glucurono-7-lactone, respectively. The D-(1-3H )galactose, 
D-(1-3H) mannose and 2-deoxy-D -(l-3H) glucose were prepared by catalytic exchange in 
solution with tritium  gas. The specific activity of the products is 12—23 Ci/m m ol 
(4 4 4 —851 GBq/m m ol). A simple m ethod, paper chrom atography, was used to  purify these 
D-aldohexoses. The radiochem ical purity  o f each product is over 99%. The d istribution 
of tritium  in the m olecules prepared by isotopic exchange was shown by 3H NMR to  be in 
the 1-position (aldehyde group).

1. INTRODUCTION

Tritiated D-glucose, D-galactose and D-mannose are important tracers for in 
vivo studies of the carbohydrate metabolism as well as the physiological functions 
of cell membranes and glycoprotein. Tritiated 2-deoxy-D-glucose is a new tracer, 
to be used for investigating the physiological functions of specific locations in the 
brain. Like D-glucose, 2-deoxy-D-glucose can be taken up into a stimulating 
location in the brain, but it cannot be metabolized. Therefore, the tritiated 
2-deoxy-D-glucose is kept at this location in the brain where its evolution can be 
followed according to a measurable physical action.

The specifically tritiated D-aldohexoses can be prepared from the corresponding 
carbonyl compounds [1 ,2 ] , using NaBT4 as a reducing agent. The impurities 
containing anions and cations were removed by ion exchange resins.

We used a small sealed reactive vessel for the preparation of D-(1-3H) glucose 
or D-(6-3H) glucose of high specific activity in microquantities, and we used paper 
chromatography for purification of the products.

According to Evans et al. [3], the method of catalytic exchange in solution 
with tritium gas could be used to prepare reducing sugars labelled with tritium
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atoms located at the 1-position (aldehyde group). We used deuterium gas instead 
of tritium gas. It was found that using 50% aqueous ethanol as solvent was better 
than using phosphate buffer at pH 7 or 8. The specific activity o f tritiated 
D-galactose, D-mannose and 2-deoxy-D-glucose is 20—23 Ci/mmol.1

2. EXPERIMENTAL

2.1. Synthesis of tritiated D-glucose

2.1.1. D-(1-3H)glucose

A small vessel, containing 30 mg D-glucono-ô-lactone and 1 mL acidic aqueous 
solution, was immersed in ice-water; after adding 5.3 mg (4.2 Ci) NaBT4, the 
vessel was immediately closed with a stopper. Then the reactant was stirred at
0—2°C for 30 min. After reaction, the labile tritium and the inorganic salt were 
removed. The crude product was purified by preparative silica gel loaded paper2 
pretreated with borate buffer of pH 8. The product was cut from the chromato
gram and extracted with 50% aqueous ethanol solution. The recovery of 
D -(l-3H)glucose was 8.9 mg, containing 600 mCi. The specific activity was
12 Ci/mmol.

2.1.2. D -(6-3H)glucose

(a) Preparation of isopropylidene-D-glucurono-7 -lactone

D-glucuronic acid was put into a 250 cm3 cylinder flask containing 150 mL 
absolute acetone and 1 mL conc. H2S 0 4. The flask was sealed with a stopper and 
the reactant was stirred at room temperature for 8 h. Then, NaHC03 was added 
in order to neutralize the residual acid. The precipitated BaC03 was removed and 
the filtrate was evaporated to dryness. The crude product was purified by 
recrystallization in water and then in benzene. A white-needle crystal (8.4 g) 
was obtained (m.p. 121 —122°C).

(b) Preparation o f D -(6-3H)glucose

An amount o f  3 mg (3.6 Ci) NaBT4 was put into a small vessel, containing 
41.4 mg 1,2-O-isopropylidene-D-glucurono^y-lactone and 1 mL water, and then 
the vessel was closed immediately with a stopper. The vessel was kept at room 
temperature for four hours. At the end o f the reaction, 0.1 mL 6N H2S 0 4 was

1 1 Ci = 37 GBq.
2 200 g/m 2, containing 2 0 —22% SÍO2 (prepared at authors’ institu te).
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TABLE I. REACTANTS AND RESULTS OF THE CATALYTIC EXCHANGE 
METHOD

Labelled com pounds
Reactants Product

A ldohexose Catalyst Solvent Yield Specific activity

D-(1-3H) galactose 16.6 mg 71.0 mg 1 mL 3.8 mg 23 Ci/m m ol

D-(1-3H) mannose 9.3 mg 55.7 mg ■ 1 mL 4.2 mg 20 Ci/m m ol

2-deoxy-D-( l-3H)-glucose 8.4 mg 42.5 mg 1 mL 5.2 mg 20 Ci/m m ol

added, and the reactant was heated at 100°C for 1 h to hydrolyse the protective 
group. The residual acid was neutralized with BaC03 and the precipitated 
BaS04 was isolated. The aqueous extract was evaporated to dryness under 
vacuum (three times) to remove labile tritium. Then the crude product was 
purified by preparative paper chromatography. The recovery o f D-(6-3H)glucose 
was 1.55 mg, containing 163 mCi. The specific activity was 19 Ci/mmol.

2.2. Preparation o f tritiated D-aldohexoses
by catalytic exchange in solution with tritium gas

Aqueous ethanol (50%) and the catalyst Pd0/B aS04 (5%) were put into a 
small vessel containing the D-aldohexose to be labelled. The vessel was connected 
with a tritium labelling vacuum system through which about 10 Ci tritium gas 
was conducted, and the reactant was stirred at room temperature for 1.5 h.
At the end of the reaction, the residual tritium gas was recovered in a vessel 
containing uranium powder. Then the catalyst and labile tritium were removed. 
The product and side-products were separated by paper chromatography using 
silica gel loaded paper pretreated with borate buffer of pH 8. The results are 
shown in Table I.

2.3. Analysis of tritiated D-aldohexoses

2.3.1. Micro-determination o f  D-aldohexoses

The an throne calorimetric method [4] was used to determine the quantity 
of D-glucose, D-galactose and D-mannose (0—50 pig).

The triphenyltetrazolium chloride calorimetric method [5] was used to 
determine the quantity o f  2-deoxy-D-glucose (0—40 jug).
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TABLE II. CHROMATOGRAPHIC SEPARATION CONDITIONS OF 
D-ALDOHEXOSES

D-aldohexose
Chrom atographic
paper

Developing solvents

D-(6-3H) glucose I (1) (2) (3)

D-(1-3H) glucose II (4) (5)

D-(1-3H) galactose II (6) (7) (8)

D -(l-3H )m annose II (3) (4)

2-deoxy-D -(l-3H) glucose II (7) (8) (9)

C h r o m a t o g r a p h i c  p a p e r :

I. X in H u a N o .l  (equivalent to  W hatm an N o .1).
II. Silica gel loaded paper pre treated  w ith borate buffer, pH 8, 100 g/m 2, 

containing 2 0 -2 2 %  S i0 2 (prepared at au thors’ institu te).

D e v e l o p i n g  s o l v e n t s :

(1) n-butanol/acetic  acid/w ater (5 /3 /2 )
(2) n -bu tanol/ethanol/w ater (10 /3 /5 )
(3) n -bu tanol/pyrid ine/w ater ( 10 /3 /3 )
(4) n-bu tanol/ethy l acetate/pyrid ine/w ater (2 /3 /3 /2 )
(5) n -bu tanol/pyrid ine/w ater (8 /4 /3 )
(6) acetonitrile/0 .1N  am m onium  acetate (6 /4)
(7) n -butanol/m ethyl e thyl ketone/w ater/m ethanol (5 /2 /2 /1)
(8) ethyl aceta te/pyrid ine/w ater/m ethanol (1 2 /5 /4 /1 )
(9) iso-propanol/to luene/ethyl acetate/w ater (1 0 /2 /5 /2 .5 ).

2.3.2. Determination o f  radiochemical purity

Paper chromatography or silica gel loaded paper chromatography [6], 
combined with scanning with a 2tt windowless gas flow proportional counter [7], 
was applied to determine the radiochemical purity. Two or three developing 
solvents were used to check each tritiated D-aldohexose. The radiochemical purity 
of each product was over 99%. The chromatographic separation conditions of 
D-aldohexoses are shown in Table II.

2.3.3. Tritium distribution in molecules [8, 9]

The products prepared by catalytic exchange in solution with tritium gas 
were analysed by 3H NMR (100 MHz, FX-100) to determine the tritium distribu
tion in the molecules. It was shown that all tritium atoms are located at the
1-position (aldehyde group). The data are given in Table III.
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(a) For an examination o f the optimum conditions for preparing tritiated 
D-aldohexose by catalytic exchange in solution with tritium gas, we used deuterium 
gas instead o f tritium gas. From mass spectrometric, nuclear magnetic resonance 
and paper chromatographic analyses, it was shown that using 50% aqueous 
ethanol as solvent was better than using phosphate buffer o f pH 7 or 8. With
this method, a higher deuterium incorporation was achieved (58% compared with 
32—40%) and there were fewer side-products so that purification o f the product 
was easier.

(b) According to the reaction mechanism, side-products may be formed in 
these reactions (except that o f D-(6-3H)glucose), since the aldehyde in a molecule 
can be reduced easily, forming sugar alcohol, such as sorbitol, dulcitol and mannitol. 
In general, it is difficult to separate sugar from its sugar alcohol by paper 
chromatography and thin-layer chromatography. According to the principle that
a borate complex can be formed through the reaction o f cis-glycol and boric

I_Ç_Q
ion, such as ^ q /BO H , we used the silica gel loaded paper pretreated with

I
borate buffer (pH 8) for separating D-aldohexose and its sugar alcohol; the result 
was satisfactory.

(c) The products were all stored in 50% aqueous ethanol at -20°C . During 
storage for about two years the stability of the products was satisfactory. We checked 
the radiochemical purity of these tritiated D-aldohexoses regularly by paper 
radiochromatography and did not detect any impurities.

3. DISCUSSION AND CONCLUSIONS
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SYNTHESIS AND IN VITRO EVALUATION 
OF METYRAPONE DERIVATIVES 
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Abstract

SYNTHESIS AND IN VITRO EVALUATION O F METYRAPONE DERIVATIVES AS 
POTENTIAL INHIBITORS OF 11/3-HYDROXYLASE ACTIVITY.

R eceptor imaging offers a biochem ical approach to  the m easurem ent o f regional organ 
function  by using ligands labelled with gamma- or positron-em itting radionuclides. M etyrapone 
is know n to inhibit 11/З-hydroxylation of deoxycorticosterone (DOC) in the adrenal cortex  by 
binding to  the  m itochondrial P-450 enzym e system. The in troduction  of a radionuclide into 
m etyrapone requires several synthetic  interm ediates. The halogénation of ring В produced 
4 '-brom o-m etyrapone as a precursor for labelling with 1311 ( 123I). Radiolabelling was perform ed 
in the m elt using carrier-free 1311 (123I) iodide for the isotopic exchange reaction. The evaluation 
of enzym e binding is based on the form ation of 14C-corticosterone from  14C-DOC, using a crude 
preparation  of adrenocortical m itochondria. From  kinetic studies, the Michaelis-Menten constant 
was determ ined as 12.5 /im ol/L . The inhib itory  effect o f m etyrapone and 4 '-brom o-m etyrapone 
was compared. B oth substances are com petitive inhibitors o f the 11/З-hydroxylase system, with 
inhibition constants o f K¡ = 0.39 ± 0.14 pm ol/L  fo r m etyrapone and K¡ = 0.86 ± 0.14 ittnol/L  
for 4’-brom o-m etyrapone.

Certain adrenal disorders, such as nodular hyperplasia and Cushing’s syndrome, 
are associated with an increased production o f corticosterone in the adrenal cortex 
caused by elevated enzyme activity. It has been shown that the 11/3-hydroxylase 
system, catalysing the reaction, is located in the inner membrane of the adreno
cortical mitochondria and in liver microsomes [1 ]. Because o f its ability to inhibit 
11/3-hydroxylation and thus the formation of corticosterone from deoxycorti
costerone (DOC), labelled metyrapone could serve as an indicator of receptor sites.

On the basis of this information, we have synthesized 4'-bromo-metyrapone 
as a precursor for labelling with single-photon- or positron-emitting radionuclides. 
Here we report on the synthesis and in vitro evaluation of 4'-bromo-metyrapone.

Metyrapone (2-methyl-l, 2-(3-pyridinyl)-l-propanone) contains two pyridine 
rings, which are resistant to direct halogénation. However, N-oxidation has been 
used to introduce a number o f functional groups. Using m-chloro-perbenzoic 
acid under specified conditions, we have obtained N-oxidation of ring В exclusively.

337



338 ZOLLE et al.

9 ÇH3 t! 1 ) Oxidation with Perocid

C— C—r ^ ^ 2)Nitrotion_______
! ^ 3) Substitution with Вт
CH 4) Reduction of N-oxide 

B

U -bromo-metyraponeMetyrapone

F I G .  1 .  S y n t h e t i c  s c h e m e  f o r  t h e  p r e p a r a t i o n  o f  4 ' - b r o m o - m e t y r a p o n e .

1
V

F I G . 2 .  D e p e n d e n c e  o f  t h e  r e a c t i o n  r a t e  o n  s u b s t r a t e  c o n c e n t r a t i o n .  D e t e r m i n a t i o n  o f  t h e  

M i c h a e l i s - M e n t e n  c o n s t a n t .

Nitration with fumic nitric acid and sulphuric acid produced the 4'-nitro-derivative 
(51%). Halogénation with acetylbromide and subsequent reduction with Raney 
nickel/H2 gave 4'-bromo-metyrapone with 52% yield [2]. The synthetic scheme 
is shown in Fig. 1. The synthetic intermediates were characterized by elemental 
analysis, melting point, NMR and TLC.

The isotopic exchange with 123I ( 131I) in the melt at 168°C proceeded with 
an overall radiochemical yield of 50-60%  of 4'-iodo-123(131)-metyrapone [3].

Biochemical studies were performed with mitochondria isolated from beef 
adrenals, according to the procedure of Satre et al. [4]. Protein content and 
cytochrom-c oxidase activity were used to characterize each preparation.
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1
V

F I G . 3 .  C o m p a r i s o n  o f  t h e  i n h i b i t o r y  e f f e c t  b e t w e e n  m e t y r a p o n e  a n d  4 ' - b r o m o - m e t y r a p o n e  

e x p r e s s e d  a c c o r d i n g  t o  D i x o n  [5].

The 14C-DOC (New England Nuclear, 58.5 mCi/mmol) 1 was used as substrate 
for studying the 1 lj3-hydrôxylation process. The method is based on the dis
appearance of the substrate and the formation o f 14C-corticosterone. The two 
radioactive components were separated on TLC in benzene: diethyl ether: methanol 
and expressed as a percentage of the recovered disintegrations per minute. The 
recovery was 109.8 ± 3.8%.

Initial rate measurements were performed using substrate concentrations 
of between 2.83 and 283 jumol/L to determine the kinetic parameters of the 
enzyme reaction. From a linear plot o f the data, the Michaelis constant was 
calculated as 12.5 ¿imol/L (Fig.2). Linear regression analysis o f the data showed 
a correlation coefficient of r = 0.9987.

With this system, the inhibitory effect o f metyrapone and its 4'-bromo- 
derivative was evaluated. All data represent kinetic studies at room temperature, 
with varying concentrations of both the inhibitors and the radioactive substrate, 
measured at specified incubation times (1 — 120 min).

Figure 3 shows a comparison o f the inhibitory effect obtained with metyra
pone and 4'-bromo-metyrapone, using final concentrations of 3 X 10-7 to
3 X 10~5 mol/L and 13.6 jumol/L o f substrate.

1 1 Ci = 37 GBq.
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1

F I G . 4 .  R a t e  e q u a t i o n  f o r  e n z y m e  i n h i b i t i o n ,  e x p r e s s e d  a c c o r d i n g  t o  L i n e w e a v e r  a n d  B u r k ;  

( a )  m e t y r a p o n e , ( b )  4 ' - b r o m o - m e t y r a p o n e .

For the determination o f K¡-values, the inhibition was measured at three 
different substrate concentrations. The experimental data were analysed by two 
methods, as shown in Figs 4 and 5. From the linear double reciprocal plot of 1 /v 
versus 1/s, according to Lineweaver-Burk, it is apparent that the inhibition is 
competitive (Fig.4(a,b)).

For the calculation of K¡-values, we have chosen the graphical representation 
described in Ref. [6] (Fig. 5(a,b)). From these plots we have calculated
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S

V

F I G . 5 .  C o m p e t i t i v e  i n h i b i t i o n  e x p r e s s e d  a c c o r d i n g  t o  E a d i e  a n d  H o f s t e e ;  

( a )  b e t y r a p o n e ,  ( b )  4 ' - b r o m o - m e t y r a p o n e .

K¡ = 0.39 ± 0.14 jumol/L for metyrapone and 0.86 ± 0.14 ¿miol/L for 4'-bromo- 
metyrapone.

Our results verify the inhibitory effect of metyrapone and a partial loss of 
inhibitory potency when ring В is substituted with halogen. However, since 4 -bromo- 
metyrapone is still an effective inhibitor of 1 lj3-hydroxylation, the introduction 
of halogen into ring В appears a useful approach to radiolabelling.
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Abstract

QUALITY CONTROL FOR RADIOIMMUNOASSAY.
Q uality contro l is one of the  m ost im portan t aspects o f radioim m unoassay m easurements. 

Such m onitoring m akes it possible to  identify  and contro l sources o f variability and thus to 
improve assay reliability. The m ethods described in this paper include: (a) simple statistical 
characterization o f the shape of, and errors in, the  dose-response curves; (b) pooling of infor
m ation regarding the  shape and errors in dose-response curves for several consecutive assays;
(c) prediction o f the ‘precision profile’, i.e. the  predicted within-assay percentage o f the  coefficient 
o f variation as a function  of ‘dose’ o r concentration  of an unknow n sample; (d) comparison 
of the predicted error w ith the observed w ithin- and between-assay variabilities for a series 
of quality contro l samples; and (e) comparison w ith the expected or desired level o f precision.
A typical exam ple (fo r a cortisol assay) is exam ined fo r illustrative purposes.

Introduction

In this paper, we will restrict our discussion to some 
selected aspects of quality control (QC) of radioimmunoassay 
(RIA) measurements. Several recent reviews of the mathematical 
theory [1-6] and statistical aspects [7-14] of RIA and radio
receptor assays are available. QC should be an integral part 
of all assays in all laboratories. It enables one to objec
tively evaluate the precision and reproducibility of the 
assay, as well as to isolate and eliminate possible sources of 
errors. Although the statistical methods involved in QC are
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almost identical for all types of assays, we will restrict our 
discussion to RIA and related procedures.

QC can be regarded as analysis of variance (ANOVA) 
for examining the degree of variation within assays, 
between assays, between laboratories, between methods, between 
reagents, between technicians, etc. Analysis of between- 
laboratories and other variations have been described in detail 
elsewhere [9,13]. A brief outline of QC for RIA is as follows:

(a) Accumulate at least 20 or more standard curves for each 
assay;

(b) Utilizing a statistically valid curve-fitting method with 
an appropriate model and weighting function, estimate the 
parameters of the model and obtain relevant statistics for 
the curves individually;

(c) Pool the statistical information from the series of curves 
and compute additional statistical criteria regarding 
assay stability;

(d) Analyze a reasonable number of QC samples in replicates 
(at least in duplicates, preferably more) in several 
successive assays and calculate the within- and between- 
assay components of variance;

(e) Compare the current assay with the performance in 
previous assays (>20) by valid statistical criteria;

(f) If the current assay seems to be acceptable within reason
able limits based on previous assays, update the QC data 
file by including it and deleting the oldest one from the 
file;

(g) Graphically display the results in some meaningful coordi
nate systems, e.g. a precision profile such as percent 
coefficient of variation (%CV) vs log (concentration), 
etc;

(h) Following up any diagnostic messages generated by the 
analysis, look for potential or plausible problems in the 
assay.

Statistical Principles and Methods

Prior to performing QC analysis, each standard curve 
has to be analyzed statistically. This analysis is based on 
some appropriate mathematical models. Mathematical models of 
RIA can be described on the basis of physical chemical 
mechanisms of reactions for RIAs or on approximate or 
empirical methods, described below.

There are several inherent problems in the use of 
"exact" mass-action law models. Human guesswork (to obtain 
initial estimates) and interaction during the curve fitting may
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be necessary if such models are nonlinear in the parameters, 
which is usually the case. As a result, automated routine data 
processing may not be practical. Also, for some RIAs, these 
physical chemical principles may not have been investigated 
yet. As a result, there are no adequate mechanistic models to 
describe them. Model investigation based on statistically 
valid criteria is possible in many cases, e.g. using a 
computer program developed by Munson and Rodbard [15]. How
ever, for automated data processing, these techniques are not 
practical.

If the sole purpose of such curve-fitting is to 
investigate the dose-response curves and quality control of 
RIA, it is more practical to use some empirical function to 
describe the mechanism under consideration. The four-parameter 
logistic function [16] is such an empirical function which can 
describe most types of dose-response curves for RIAs, with 
relative ease in curve-fitting. This enables the logistic 
function to be a prime candidate for automated data processing 
in RIA and related types of assays. For alternative empirical 
models, see Rodbard [17]. According to the four-parameter 
logistic model, a dose-response curve is described by:

y = ---* - d + d (1)
1 + (x/c)b

The four parameters a, b, с and d can be identified with B0 
(expected response at zero dose), - (slope) of the logit-log
representation of the dose-response curve, EDso (x-value when у 
= [a+d]/2) and non-specific binding (response at infinite
dose), respectively.

The four parameters a, b, с and d of Equation (1) can 
be estimated either by maximum likelihood or by nonlinear least- 
squares regression methods. The latter approach is used here.
Since dose-response curves often have nonuniformity of vari
ance, appropriate weighting of the observations is often
essential for optimal parameter estimation [17,18]. The power 
function model

<Лу) = a0yJ ( 2 )

usually provides an excellent description of the variance of 
observed counts. The weight assigned to each observation is 
simply inversely proportional to the predicted variance, or

W (y) = 1/<Лу) (3)
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The parameters a0 and J of Equation (2) can be easily calcu
lated by nonlinear regression or by simple linear regression 
on the transformed model

log [ö2(y)] = log a0 + j log y (4)

In practice, both a0 and J are close to one in many assays 
(indicating Poisson-like nature of error in the response vari
able y), and can often be set equal to one for those assays. 
Rodbard et al. have developed several computer programs, e.g. 
SIGMOID [19], which perform all the necessary computations for 
this phase of the analysis.

Once the four parameters a, b, с and d of the logis
tic function, and a0, J and the residual variance (s02) have
been estimated from each of 20 or more dose-response curves, 
they are entered into a QC file. The means, standard devia
tions (S.D.), and %CVs are calculated for each of the parame
ters and the results from the current assay are then compared 
with the pooled estimates from the QC file by Student's t-test. 
If the %CVs stay within certain reasonable limits, they are 
given scores based on their magnitudes. This scoring will
depend on several factors, such as the type of assay, the 
nature of the clinical application, personal experience with 
the particular assay, etc. Since the residual variance, s02, 
is subject to a non-normal distribution with non-uniformity of 
variance, it is preferable to compare s0 , i.e. the root mean 
square (RMS) error of the current assay, with the pooled
estimate of s0 from the QC file.

In the second step of the analysis, the values of a,
b, c, d, s0 , and a0 and J from the current RIA are then com
bined with the previously pooled QC data, to obtain updated 
estimates of the mean, S.D. and %CV for_ each of the para- 
meters. With the pooled estimates of a, b, с and d, the 
expected values of у (counts) for given values of B/B0 are cal
culated. One then calculates the expected values of x:

x = с [(I - y)/(y - d)]1/B (5)

о2 (x) is now calculated analytically as follows:

o2(x) = (ô02 a0 y5)/1 slope|2 (6)

where "slope" is the slope of the logistic function written
and rearranged as:
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I s 1 ope I = Idy/dx| = |b (a-у) (y-d)/[x (a-d)]| (7)

The S.D. and %CV of x (mean of replicates) are easily calcula
ted from Equation (6):

S.D. (x) = x li-dKäpip2 yj/r) % (8)

|b| (ä-у)(y-d)

and

%CV (x) = 100 * 1ä-dI(a0s0 у /г) (9)

lb I (i-у)(у-d)

(for a < y < d)

where r = number of replicates.

To calculate the minimum %CV (x), one differentiates 
Equation (9) with respect to x and equates the resulting quan
tity to zero to solve for ymin:

(2-JHa+d) + Г(2-J)a(i+d)2 H  i d j (4-5)1 % (10)
ymin _

2(4-J) rA 

(for J î 4)

The corresponding x is calculated by inserting the value of 
ymin int0 Equation (5). The minimum %CV (x) is calculated by 
inserting ym-jn from Equation (10) into Equation (9).

Finally, a working or acceptable range can be defined 
as the range of concentration, such that the %CV/replicates is 
equal to 1.5 * %CV(x)m-¡n . The factor 1.5 is arbitrary, and may 
need to be modified, depending on the assay and the value of 
* CVm-jn .

Computational Steps

One should perform the following steps, in conjunction 
with a suitable computer program:

1. Input the assay type, assay name, assay volume, total 
number of RIA curves and number of replicates;

2. Input a, b, c, d, a0 , J and s02 for the previous assays 
into the QC file;
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3. Input the potency estimates for the QC samples from each 
of the assays;

4. Print the assay type, assay name, assay volume, and number 
of curves pooled;

5. Print the individual values for a, b, c, d, a0 , J and s02;

6. Compute the mean, S.D. and %CV for a, b, c, d, a0 , J, s02 
and s0 from the previous assays in the QC file;

7. Compute the t-statistics and their two-tailed probabili
ties to compare the values in Step 6 with the current 
values. (Since the direction of the difference in each 
case is not known a priori, use a two-tailed test.)

8. Print the mean, S.D. and %CV from Step 6, along with the 
current values for the same parameters as well as results 
and interpretations of the t-tests;

9. Include the parameters from the current analysis in the
QC file and recompute the mean, S.D. and %CV for a, b, c, 
d, a0 , J, s02 and s0 as in Step 6. Evaluate the magni
tudes of the %CVs on a scoring basis or by some other
means as described in the Discussion;

10. Print the pooled results (including the current assay) 
such as the mean, S.D., %CV and diagnostics in a table;

11. Compute the minimum %CV for duplicates and the corres
ponding values of x and y using Equations (9-13). Compute
1.5 * minimum %CV and its corresponding x-values as the 
working or acceptable range;

12. Print results of Step 11, and provide verbal interpreta
tion based on a scoring system;

13. Compute the x-values (or concentrations = x/volume),
%(B/B0), S.D. and %CV of x for the entire dose range
spaced on some meaningful basis;

14. Print the results from Step 13 in a table;
15. Compute the between- and within-assay %CVs of the QC 

samples using Equations (Al) and (A2) of the Appendix and 
print them;

16. Plot the predicted %CV of x against log(concentration) as 
a continuous curve (from Step 14) and superimpose the 
observed within- and between-assay %CVs (from Step 15) as 
points ;

17. If evaluation of the diagnostics is satisfactory, update 
the QC file by deleting the first curve and including the 
current curve.

Example

We will use data from a cortisol RIA performed at 
Hazleton Biotechnologies Corp. Radioimmunoassay Laboratory. 
The QC file in this case consisted of 20 assays, all in 
duplicates.
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Assay No. a b с d a0 J So So(RMS)

1 6 384 0.992 335 238 1 1 5.890 2.427

20 3 842 1.096 368 216 1 1 3.804 1.950

Mean 5 456.5 1.05 337.2 262.8 1.00 1.00 3.87 1.92

S.D. 696.0 0.04 21.17 54.82 0.00 0.00 1.73 0.44

%cv 12.76 4.10 6.28 20.86 0.00 0.00 44.82 22.67

Current assay 10 000.0 1.00 250.0 200.0 1.00 1.00 2.00 1.41

t 6.53 1.14 4.12 1.15 4.41

P 0.00 0.27 0.00 0.27 0.00

Conclusion * * NS ** NS * *

* = significant at 5% level; ** = significant at 1% level.

All assays were first analyzed by the program SIGMOID 
[17]. The four parameters of the logistic function, a, b, c,
d, and the residual variance, s02, were saved in the QC file. 
From our experience with the cortisol assay, the values of the 
weighting parameters (a0 and J) were consistently close to 1 
and thus they were fixed at 1 for simplicity. Table 1 displays 
part of the QC file, along with the basic statistics from the 
above file as well as the values from the most recent assay. 
Results from the most recent analysis are further compared 
with the results from the QC file using Student's t-test. 
As noted above, the RMS error (s0) was used for the t-test
instead of the residual variance (s02).

Table 2 shows the results of the evaluation of the 
assay system when the current assay is pooled with the assays 
from the QC file.

From this assay system, we compute that the minimum 
%CV for duplicates is 4.9% (rated as outstanding), which occurs 
when y = counts = 2201 and x/volume = 11.6. For this case,
1.5 * minimum %CV = 7.42, and the corresponding working range 
is 2.9 to 50.4. Based on our previous experience with the 
cortisol assay system, the arbitrary scoring system shown in 
Table 3 seemed reasonable, appropriate and useful.

The nonspecific binding (d) for most RIAs is subject 
to a large %CV. As a result, the scoring system used for d is
more liberal than for a, b or c. When a0 and J are not fixed
at a particular value, their %CVs can often be scored as in d 
in Table 3, i.e. wide fluctuations are expected. The %CVs of 
a0 and J will depend on the assay design, number of points, and
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TABLE 2. RESULTS OF THE POOLED ANALYSIS 
(current assay included)

Param eter Mean S.D. % cv Stability

a 5 672.9 1 201.3 21.2 Warning

b 1.0 0.0 4.1 Excellent

с 333.0 28.1 8.4 Good

d 259.8 55.2 21.2 Good

So 3.8 1.7 46.0

So 1.9 0.4 23.1 Excellent

a O 1.0 0.0 0.0 Constant

J 1.0 0.0 0.0 Constant

number of replicates on the standard curve, and whether or not
data from the unknown samples were also used to estimate a0 and 
J. s0 (RMS) generally has an even larger %CV than d and, as a 
result, has its own scoring system. %CV(x)mi n is evaluated 
keeping in mind the intended clinical or research application 
of the assay results.

Figure 1 shows the predicted precision profile of a 
cortisol assay (continuous curve) with the observed within- 
and between-assay %CVs superimposed as points. The close 
agreement of the observed within-assay points with the 
predicted precision profile indicates that both methods are 
giving consistent results, and that the assay system shows 
excellent precision.

Discussion

We have presented steps of a simple conceptual 
approach and computer algorithm to perform an adequate quality 
control analysis of RIA dose-respanse curves. The methods 
described can be easily implemented on personal computers. 
They could even be easily performed on any hand-held calcula
tors; but for routine use and to avoid data entry errors, these 
methods should be implemented on computers, and fully integra
ted with regular RIA data processing programs such as SIGMOID 
[ 1 4 , 1 9 ] .

The precision profile (Figure 1) is helpful in select
ing a working range for the assay. The low-dose and high-dose
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TABLE 3. SCORING SYSTEM OF %CVs USED IN THE CORTISOL EXAMPLE

Param eter M agnitude Score

%CV of <  5 Excellent
a, b, с <  10 Good

<  15 OK

<  25 Warning

<  50 Poor

>  50 Censored

%CV (d) <  15 Excellent

<  25 Good

<  50 OK

<  75 Warning

< 1 0 0 Poor

> 1 0 0 Censored

%CV (s0 ) <  25 Excellent

<  50 Good

<  75 OK

< 1 0 0 Check

> 1 0 0 Excessive

%C V « min <  5 Outstanding

<  7.5 Excellent

<  10 Good

<  15 Marginal

<  25 Poor

<  50 Bad

>  50 Reject

extremes of the precision profile should be avoided for assay 
purposes because they correspond to an unacceptably high %CV 
for the unknown. The approximately flat central region of the 
%CV vs log(concentration) curve provides the working range for 
any given assay. Samples above the upper acceptance region 
should be diluted and reanalyzed. If the concentration of the
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CORTISOL (f,g ld l)

F I G . l .  P r e c i s i o n  p r o f i l e  f o r  t h e  c o r t i s o l  a s s a y .

T h e  c u r v e  i n d i c a t e s  t h e  p r e d i c t e d  % C V s ;

• - o b s e r v e d  w i t h i n - a s s a y  % C V ;  о  - b e t w e e n - a s s a y  % C V .  

N o r m a l  r a n g e s  f o r  m o r n i n g  a n d  a f t e r n o o n  c o r t i s o l  a r e  i n d i c a t e d .

unknown falls below the working range, one has several possible 
options:

(a) Concentrate the sample (e.g. by extraction);
(b) Reassay with a larger serum volume;
(c) Use a higher number of replicates; or
(d) Attempt to improve the sensitivity or the precision of

the assay.

The within-assay %CV can generally be reduced by 
increasing the number of replicates. However, use of many
replicates will have a relatively small effect on reduction of
the between-assay %CV. To reduce between-assay %CV, the
experimenter must optimize the performance of all extraction, 
chromatography, counting and other steps involved in the 
assay.

The scoring systems used in our cortisol example are 
quite arbitrary. As mentioned above, they are based on this 
particular assay in one particular laboratory. However, they 
should provide some guidelines for other assays in other
laboratories. A set of less subjective criteria can be con
structed by plotting the cumulative frequency distributions of 
the %CVs of a, b, c, d, a0, J and Sq and using specified per
centiles of these frequency distributions for scoring as in 
school grading systems. It is also possible to devise a
priori criteria based on the requirements for the clinical 
application of the assay, e.g. a %CV of 5% or less for a 
given dose or for a given (e.g. 10-fold) range of doses.
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Reproducibility or precision of an assay system does 
not imply accuracy, specificity or validity of the assay 
system. However, it may provide some clues to enable one to 
improve the assay.

Ideally, the observed and predicted errors should 
agree well (within their own "sampling" errors). The between- 
assay error should be only slightly larger than the within- 
assay error.

If the QC analysis is based on 20 assays in dupli
cates, then the observed %CV is subject to a relative error of 
about 15%. In that case, a relative discrepancy of more than 
+25% is suggestive of disagreement between the observed and 
expected errors. One should also calculate the mean ratio
(observed %CV/expected %CV). On the average, this ratio should 
not be statistically significantly different from unity by a 
two-tailed t-test.

The observed and predicted %CVs are subject to differ
ent sources of error. A discrepancy between them may help
find the cause of the difficulty.

If the observed within-assay error is less than the 
predicted error, this suggests one or more of the following
situations :

(a) Excessive care given to the QC samples;
(b) Possible improved stability and precision of QC samples

due to the presence of serum or plasma, in contrast to
the standards which may consist of purified material in
buffer;

(c) Possible use of an inappropriate model to describe the 
dose-response curve, resulting in significant lack of fit 
and a biased estimate of the RMS. An example would be 
the use of a linear logit-log model if indeed the 
logit-log plot were nonlinear.

If the observed within-assay error is appreciably 
larger than the predicted error, one should consider the 
foil owing:

(a) Excessive care may have been given to the standards;
(b) The presence of serum or plasma may have resulted in 

increased variability.

If the predicted and observed within-assay errors 
(Figure 1) are in good agreement, and within the range desired 
or expected for the particular assay, one can have a high 
degree of confidence in the precision of the assay.
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Because the observed and predicted errors are based 
on different data and assumptions, they are complementary. 
The observed error, based on QC samples, requires fewer 
assumptions but gives estimates of %CV for only a few (e.g. 2
or 3) dose levels. On the other hand, the predicted error 
requires no additional expense in materials, reagents or 
work, and has the advantage of predicting the %error for any 
dose level. However, it is subject to several assumptions,
e.g. that the standards and unknowns are subject to the same 
errors; that an appropriate empirical model and weighting 
function are used to fit the dose-response curve, and that the 
assay system is "stable".

Even though the present analysis uses the empirical 
parameters of the four-parameter logistic function, it is 
equally applicable to other models to describe the dose- 
response curve. The methods described are also applicable to 
several types of assays other than RIA.

(Computer programs in FORTRAN IV and Tektronix BASIC 
can be obtained upon request from the first author. We thank 
Terry Horner for her assistance in the preparation of this 
manuscript and Norman Beaudry for providing the experimental 
facility for this study.)

Appendix

The unbiased estimators of the variance components 
using the random effect ANOVA model with unequal numbers of 
replicates (Model II) [20] are:

a2 (within) = [ ? ? X 2 i j  - Ç(T2j/rj)]/(?rj - n) (Al)
J 1 J J

and

a2 (between) = [E(Tj2/rj) - Ex j??rj]/(n-l) - a2 (within)/r‘

where
1Г = (Er-i - Er? / Е п ) / ( п - 1 )  

j J J J

(= r if all assays have r replicates)

where i replicate number index

j assay number index

xij = replicate i of assay j

TJ - sum of all x's in assay j

rj = number of replicates in assay j

n = number of assays.
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Abstract

A GENERAL METHOD FOR THE PRODUCTION OF 125I-LABELLED LOW-MOLECULAR- 
WEIGHT TRACERS FOR RADIOIMMUNOASSAY,

A general method is described for the separation of low-molecular-weight 125I-labelled 
tracers from a chloramine-T labelling mixture, containing the starting material, the tracer, 
labelled by-products, free radioiodine and reagents used in the labelling procedure. Small 
molecules like tyrosine, thyronine and steroids as well as their tyrosine methyl ester conjugates 
are adsorbed on Sephadex LH-20 dextran gel. The introduction of iodine atoms increases the 
elution volume and the distribution coefficient in proportion to the number of iodine atoms 
per molecule. Organic solvents like ethanol are also adsorbed on dextran gel, which results 
in desorption of the starting material or its iodine-substituted derivatives. The elution order 
follows the number of iodine substituents per molecule, i.e. unsubstituted starting material, 
mono-, di-, tri- and tetra-substituted molecules. Using a water/ethanol binary eluent in which 
water can be considered as inert diluent, the elution is governed by the ethanol concentration. 
The finding that the logarithm of the distribution coefficient of the solutes is linearly 
correlated with the logarithm of the ethanol concentration permits an optimization of the 
separation.

1. INTRODUCTION

In the past decade, low-molecular-weight tritium-labelled tracers have been 
gradually replaced by 125I-labelled tracers. Tyrosine and thyronine were labelled 
from the outset with 12SI as they represent the only group of biologically active 
compounds which originally contain one or more iodine atoms. It has also been 
found that small molecules, like steroids and prostaglandins, which do not 
contain phenolic hydroxyl (which would enable aromatic electrophilic sub
stitution of iodine), can be labelled with 125I when a prosthetic group like 
tyrosine methyl ester (TME) is coupled to them.

The 125I-labelled tracers have to meet the following requirements: (a) high 
specific activity, (b) high chemical and radiochemical purity, and (c) long 
shelf-life.

359
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The quality of the tracer depends on both the labelling procedure and the 
separation method applied for purifying the tracer.

A great many radioiodination methods, such as the chloramine-T, enzymatic, 
electrolytic and iodogen methods, are available. Their common feature is that 
all of them convert radioiodine to electrophilic reagents (e.g. I+, H2OI+) which 
may attack the positions 3 and/or 5 of tyrosines or the positions 3' and/or 5' 
of thyronines. At these positions, both aromatic electrophilic substitution and 
isotopic exchange may take place. For the production of a tracer of high and 
controlled specific activity, only the substitution reaction can be taken into 
account. In this case, when carrier-free 125I is used in the labelling procedure, 
the specific activity of the tracer approaches 2180 Ci/mmol (81 TBq/mmol).
This specific activity can be achieved via isotopic exchange only if the amount 
of the compound to be labelled is infinitesimally small as compared with the 
amount of radioiodine. Since this condition cannot be fulfilled, the specific 
activity varies within a wide range, governed by the stoichiometry and, in 
addition, by the reaction conditions.

After quenching the labelling reaction, the reaction mixture contains the 
starting material, the tracer, labelled by-products, free radioiodine and reagents 
used in the labelling procedure.

The strategy of tracer purification depends on whether the tracer contains
(a) one radioiodine atom at position 3 or 3', or (b) one iodine atom at position
3 or 3' and one radioiodine atom at position 5 or 5'.

(a) Besides 3-iodotyrosine, all steroids and prostaglandins to which the 
TME prosthetic group is coupled belong to the first group, in which 3-radioiodo-

FIG. 1. Production o f  n sI-T4 from  T3.
Left: 3,3', 5-triiodo-L-thyronine (T3); right: single-and double-labelled thyroxine formed 
via aromatic electrophilic substitution and isotopic exchange, and single-labelled 3,3 , 5-triiodo- 
L-thyronine formed via isotopic exchange.
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tyrosine or 3,5-diradioiodotyrosine or TME derivatives are simultaneously 
formed from the starting material. Since the 3,5-diiodo-TME conjugates usually 
lack immunoreactivity, these are to be considered as labelled by-products and 
only 3-radioiodo-TME conjugates can be used as tracers. On the other hand, 
the antibody raised against the TME conjugates cross-reacts with the starting 
material. The formation of the double-labelled (i.e. 3,5-diradioiodo) TME 
derivative can be suppressed when the starting material is used in great excess 
compared with radioiodine; however, in this case the excess of the starting 
material drastically decreases the specific activity of the tracer. When no excess 
of starting material is used, tracer purification must focus on the separation of 
the tracer and the double-labelled by-product. With an excess of starting 
material, complete separation of the tracer from the starting material can 
be achieved.

(b) When the analyte in the radioimmunoassay contains two iodine atoms 
at 0,0' positions relative to the phenolic hydroxyl group (e.g. 3,5t2, 3', 5'T2, 
гТЗ, T4), three labelled products are formed from the starting material. This 
is illustrated in Fig. 1, which shows the production of 125I-T4 from T3.

Of the components in Fig.l, the low-specific-activity 12SI-T3 formed via 
isotopic exchange and the starting material T3 cannot be separated from each 
other, as is also the case for single- and double-labelled T4. Increasing the 
amount of T3 compared with 12SI, the formation of the double-labelled T4 can 
be suppressed [1]. Thus the labelling mixture will contain low-specific-activity 
125I-T3 and high-specific-activity, single-labelled T4, which can easily be separated.

Many purification procedures have been used for separating 12sI-labelled 
low-molecular-weight tracers, for instance paper chromatography, thin-layer 
chromatography, ion-exchange chromatography, adsorption chromatography 
and high-pressure liquid chromatography. However, for large-scale production 
and high activities, only column chromatography seems to be the proper 
separation method. If the chromatography aims at preparative separation of 
the 125I-labelled tracer, only the resolution related to two-band pairs, i.e. those 
of the tracer and the adjacent bands, is of major concern. To reconcile the 
adverse requirements of high purity and high radioactive concentration of the 
tracer (i.e. minimum band broadening), the optimum resolution of the separation 
has to be adjusted. This can be achieved only when the elution of the tracer, 
the starting material and the labelled by-products can be adjusted to the 
optimum value by choosing the proper eluent strength. This is usually achieved 
by trial and error, using binary or ternary systems. However, considerable 
preliminary investigations are necessary for this and exact adjustment of the 
eluent strength is not possible.

We aim at demonstrating that the separation of the tracer can be performed 
with a water/organic solvent binary eluent, the strength of which can be adjusted 
to any required value by varying the concentration of the organic solvent.
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2. MATERIALS AND METHOD

The tritium-labelled progesterone (P), testosterone (T) and estriol (E3) 
used are products of Amersham. The 125I-labelled compounds were produced 
with the chloramine-T method [2] from the following starting materials:

— L-tyrosine (tO)
— 3-iodo-L-tyrosine ( t l)
— 3,5-diiodotyrosine (t2)
— L-thyronine (TO)
— З'-iodo-L-thyronine (3'T1)
— 3 ,3 '-diiodo-L-thyronine (3,3'T2)
— 3,3', 5-triiodo-L-thyronine (T3)
— 3,3', 5'-triiodo-L-thyronine (rT3)
— 3,3', 5,5'-tetraiodo-L-thyronine (thyroxine) (T4)
— estriol (E3)
— progesterone-11-succinyl-tyrosine methyl ester (PTME)
— testosterone-3-/O-carboxymethyl/oxime tyrosine methyl ester (TTME)
— estriol-6-/0-carboxymethyl/oxime tyrosine methyl ester (ETME).

The apparatus and adsorbent used are described in Refs [3, 4]. An SR/50 
Pharmacia chromatographic column, equipped with a thermostat jacket (i.d.
10 mm), was filled with Sephadex LH-20 dextran gel swollen in citrate buffer 
(pH 4) before being packed into the column. With a peristaltic pump the 
effluent was passed through the column over a Nal-Tl scintillation crystal and 
the count rate was monitored by a rate meter and registered by an x-y plotter. 
The chloramine-T labelling mixture (0.1 —0.4 mL) was placed on top of the 
column and was allowed to soak in. After adsorption equilibrium had been 
attained (1 0 -2 0  min) the elution was started with a flow rate of 2 2 -2 4  mL/h. 
The pH of the eluent was adjusted to the required value with citrate buffer. 
The temperature of the column was kept at 25°C with an ultrathermostat 
connected to the jacket of the column.

The distribution coefficient of the 3H- and 125I-labelled compounds was 
calculated according to

where Ve, V0 and W stand for the elution volume, the dead volume and the 
weight of the adsorbent, respectively. It should be noted that the 3H-labelled 
compounds were chromatographed only to demonstrate how the starting 
material can be separated from its 125I-labelled derivative.
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Previous findings have been used in the present work, namely the fact that 
phenols, phenol derivatives and iodine-substituted phenol derivatives, such as 
organic solvents, e.g. methanol and ethanol tetrahydrofuran, are reversibly 
adsorbed on Sephadex LH-20 dextran gel [5, 6]. In an organic solvent/water 
binary eluent, water can be considered as an inert diluent which does not 
contribute to the eluent strength. Thus the eluent strength depends only on the 
concentration of the organic solvent (e.g. ethanol) according to

log к = log k0 ~ n log x (2)

where к stands for the distribution coefficient defined by Eq.(l) and x stands 
for the ethanol concentration expressed in mole fraction; k0 and n are constants 
for a given solute. From Eq.(2) it turns out that the distribution coefficient 
of the starting material, the tracer and the labelled by-products can be adjusted 
to an optimum value by choosing the proper ethanol concentration of the eluent.

к

3. RESULTS AND DISCUSSION

FIG.2. Plot o f  log к versus log x  for L-tyrosine (tO), 3-iodo-L-tyrosine ( t l)  
and 3,5-diiodotyrosine (t2) (eluent: water/ethanol, pH 4).
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FIG.3. Plot o f  log к versus log x for iodothyronines (eluent: water ¡ethanol, pH 4).

3.1. Separation of iodotyrosines and iodothyronines

Figure 2 shows a plot of к versus x for tO, t l  and t2, on a log-log scale.
The three plots clearly indicate that the introduction of one or two iodine 
atoms in the tyrosine molecule drastically increases the elution volume and also 
the distribution coefficient. Since the log к versus log x plots spread fanwise, 
the selectivity of the separation of tO-tl or tl-t2  increases with decreasing 
ethanol concentration.

Figure 3 shows a plot of log к versus log x for iodothyronines. The plots 
are linear and the absolute value of the slope increases with increasing number of 
iodine substituents per molecule. The fanwise spread of the plots (as in Fig.2 
for tO, 11 and t2) makes it possible to increase the selectivity of the separation 
of T1-T2-T3-T4 by lowering the ethanol concentration. T3 and rT3, which 
contain three iodine atoms per molecule, behave identically, which indicates 
that iodine substituents in the inner and outer (phenolic) ring contribute to the 
same extent to the adsorption affinity of iodothyronines.

The purification of 12SI-labelled iodotyrosines or iodothyronines is 
preferably started with a dilute water/ethanol eluent which elutes the free radio
iodine, the starting material and the labelled by-products which contain less
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FIG.4. Elution pattern o f  the chloramine-T labelling mixture (starting material: T3, eluent: 
water/ethanol, pH  4).

к

100 ■

1 0 -

0.1 1.0 x

FIG.5. Plot o f  log к versus log x for  3 H-progesterone (•), 3H-testosterone (x) and 3H-estriol (o) 
(eluent: water ¡ethanol, pH  4).
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к

FIG. 6. Plot o f  log к versus log x  for ЪН-РТМЕ 
and 12SI-PTME (eluent: water/ethanol, pH 4).

iodine substituent per molecule than the tracer. The tracer can also be eluted 
with a more concentrated eluent. As illustrated in Fig.4 for 125I-T4, with a 
stepwise elution the radioactive concentration of the tracer can be drastically 
increased. In addition, the increased ethanol concentration of the eluent 
increases also the shelf-life [7].

3.2. Separation of 12SI steroid/TME conjugates

It has been known for some time that steroids can be separated on a 
Sephadex LH-20 column using binary or ternary organic eluents [8]. However, 
no attempt has been made to establish a general relationship between the 
distribution coefficient and the eluent composition.

We have investigated the steroids and found a linear correlation of log к 
versus log x. The only exception is progesterone for which a deviation from 
linearity was observed for diluted eluents. The log к versus log x plots of 
steroids are presented in Fig.5.

A similar deviation from linearity was observed for progesterone-11- 
succinyl-TME and progesterone-1 l-succinyl-125I-TME, as illustrated in Fig.6 .
The log к versus log x plots show that with decreasing ethanol concentration the 
selectivity of the separation increases considerably.
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FIG. 7. Plot o f  log к  versus log x  for ЪН-ЕТМЕ, 
12SI-ETME and nsI-E3 (eluent: water/ethanol, pH 4).

For strongly adsorbed steroids like estriol, for its carboxymethyl/oxime 
TME derivative as well as for the 125I-labelled derivative of the latter the log к 
versus log x plots are linear and parallel (Fig.7). The elution order is estriol, 
estriol-6-/0-carboxymethyl/oxime-TME and estriol-6-/0-carboxymethyl-12SI-TME. 
Surprisingly, the carboxymethyl oxime TME side-chain does not affect the 
retention of estriol, but the introduction of the 125I atom into the TME residue 
at position 3 remarkably increases the distribution coefficient.

Estriol-like 17j3-estradiol and estrone, which contain an aromatic A-ring, 
can be labelled directly with 12SI at positions 2 and/or 4; however, ring-labelled 
steroids usually show reduced or no binding ability to the antiserum [9]. Since 
the simultaneous labelling of estriol-6-/0-carboxymethyl/oxime-TME at 
positions 2 or 4 in the А-ring and at positions 3 or 5 in the TME cannot be 
precluded, the chromatographic behaviour of 2- or 4-iodo-estriol was also 
investigated (see Fig.7). The amount of 12SI in the labelling mixture was 
substoichiometric as compared with that of estriol and thus the formation of 
2,4-diiodo-estriol should not be taken into account.

As expected, the A-ring-labelled estriol showed less than 1% binding to 
excess antiserum raised against estriol-6-/0-carboxymethyl/oxime-BSA, whereas 
the binding of estriol-6-/0-carboxymethyl/oxime-125I-TME to the same antiserum 
surprisingly exceeded 90%.
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Assuming th a t1251 can be incorporated via aromatic electrophilic 
substitution into both the А-ring and the TME residue, it could be anticipated 
that the 125I-labelled estriol-6-/0-carboxymethyl/oxime-TME tracer consists 
of a mixture of А-ring- and TME-labelled derivatives of which only the latter 
is bound to the antibody. Consequently, the maximum binding would be 50%, 
provided that the rates of the substitution reaction in the А-ring and in the 
phenolic group of TME do not differ significantly. The high binding of the 
125I-estriol-6-/0-carboxymethyl/oxime-TME to the antiserum indicates that 
only a TME-labelled derivative is formed. The fact that no A-ring-labelled 
derivative has been formed can be explained either by steric hindrance or by 
the low reaction rate.

4. CONCLUSIONS

It was found that the components of the chloramine-T labelling mixture, 
i.e. starting material, tracer, labelled by-products and free radioiodine, can be 
separated with a water/ethanol binary eluent and with Sephadex LH-20 dextran 
gel as adsorbent. The elution volume and the distribution coefficient can be 
adjusted to an optimum value by adjusting the ethanol concentration. Thus 
a tailor-made separation of the tracer can be achieved.
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Abstract

IODINE-125-LABELLED SYNEPHRINE FOR METANEPHRINE RADIOIMMUNOASSAY.
A sensitive and specific radioimmunoassay for metanephrme was developed, using 125I- 

labelled synephrine. Mono-iodosynephrine labelled with chloramine-T was found to  be stable, 
but di-iodosynephrine was unstable and free 12SI was released from the labelled synephrine 
with time after labelling. The stability study indicates that the degradation of di-iodosynephrine 
takes place by direct release of 125I when it decays and not by conversion to mono- 
iodosynephrine. The affinity constant of synephrine to  anti-metanephrine antiserum was 
1.93 X 108 L/mol, which is significantly lower than that of metanephrine (1.1 X 1010L/mol). 
However, the affinity constant of synephrine increased by labelling with 12SI to
1.32 X 1010 L/mol, which is equivalent to that of metanephrine. This result indicates that 
mono-iodosynephrine can be useful as a tracer for metanephrine radioimmunoassay. With 
specific antisera and 125I-labelled mono-iodosynephrine, both serum and urinary metanephrine 
were measured. The normal values of metanephrine were 40.3 ± 25.8 pg/mL for serum and 
12.5 ± 6.7 Mg/day for urinary metanephrine excretion. Elevated metanephrine values were 
observed in serum and urine of patients with phaeochromocytoma.

1. INTRODUCTION

The measurement of serum or urinary metanephrine can be used for the 
diagnosis of phaeochromocytoma and may be useful for the screening of hyper
tensive patients. Spectrophotometric, fluorimetric, gas chromatographic and 
high-performance liquid chromatographic methods have been used to measure 
catecholamines, but these techniques involve chemical extractions and pose 
various problems related to compounds, derivatives or sensitive detector 
instability [1—4].

As an alternative to these methods, we have developed a sensitive and 
specific radioimmunoassay (RIA) method for metanephrine, using 125I-labelled 
synephrine. Hydrogen-3-labelled metanephrine has been used for urinary 
metanephrine RIA, but serum levels of metanephrine cannot be measured 
because of its low specific activity [5]. Labelling with 12SI has been proposed 
for increasing the specific activity of the tracer, but metanephrine cannot be 
labelled directly with 125I. However, synephrine, one of the p-hydroxyphenethyl- 
amines, can be labelled with 12SI and is considered a possible metanephrine RIA

369
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tracer by utilizing the cross-reactivity of anti-metanephrine antiserum to 
synephrine.

This paper describes the characteristics of 12SI-labelled synephrine regarding 
its reactivity with anti-metanephrine antiserum and the use of the labelled 
synephrine for developing metanephrine RIA.

2. MATERIALS AND METHODS

2.1. Iodination

One microgram of synephrine (Sigma Chemical Co.) in 0.025 mL of 0.5M 
phosphate buffer, pH 7.4, was mixed with 1.5 mCi of Na125I (Radiochemical 
Centre, Amersham, United Kingdom).1 Then, 25 /iL of chloramine-T solution 
(1 mg/mL in distilled water) was added and the mixture was left to react for 
30 s. One hundred microlitres of sodium metabisulphite solution (1 mg/mL in 
distilled water) was added to the reaction mixture, and 25 juL of KI solution 
(50 mg/mL in distilled water) was added before purification.

2.2. Purification of 125I-labelled synephrine

A carboxy methyl (CM) cellulose column (1.3 cm X 3 cm) was used for 
purification of 125I-labelled synephrine. The reaction mixture was applied to 
the CM cellulose column and eluted with distilled water and 0 .IN HCI. Each 
fraction was diluted with 0.01M phosphate buffer, pH 7.4, containing 0.1% 
bovine serum albumin (BSA) and 0.1% NaN3, for further analysis and for RIA.

2.3. Preparation of anti-metanephrine antiserum

Metanephrine was conjugated with BSA by a mannich reaction according to 
the method of Grota and Brown [6]. Antisera to metanephrine were raised in 
female New Zealand white rabbits by intradermally injecting 100 ng metanephrine 
conjugate suspended in complete Freund’s adjuvant at monthly intervals. 
Metanephrine antisera of lot No.INM-3 with a final dilution of 1500 and lot 
No. MBP-3 with a final dilution of 15 000 were used in the experiments.

2.4. Radioimmunoassay

One hundred microlitres of metanephrine standard, 125I-synephrine and 
anti-metanephrine antibody solutions were mixed in a test tube (12 mm X 75 mm) 
and incubated for 1 h at 2—8°C (or 24 h at 2—8°C). Then, 100 juL of anti-rabbit

1 1 Ci =  37 GBq.
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IgG antibody solution was added and the mixture incubated for 1 h. After 
centrifugation at 3000 rev/min for 30 min, the radioactivity values of the 
precipitates were counted with a gamma counter. The specificity of anti- 
metanephrine antibody was determined by the method of Abraham [7].

2.5. Affinity constants

The affinity constants of labelled and unlabelled tracer were calculated as 
reported in Ref.[8 ]. When the affinity constant for the labelled tracer is assumed 
to be homogeneous, regardless of its specific activity, the following equilibrium- 
state equations are valid:

T,  [AgAb] (1)
[Ag] [Ab]

К* = 1A8*Abl (2)
[Ag*] [Ab]

Ta = [Ag] + [AgAb] (3)

Та* = [Ag*] + [Ag*Ab] (4)

Tb = [Ab] + [Ag*Ab] + [AgAb] (5)

[Ag*Ab]
Та*

(6)

where К is the affinity constant for the reaction between unlabelled ligand and 
antibody, K* is the affinity constant for the reaction between labelled ligand and 
antibody, Та is total concentration of the unlabelled ligand, Та* is total concen
tration of the labelled ligand, Tb is total antibody site concentration, b is bound/ 
total of labelled ligand, [Ag] is free unlabelled ligand concentration, [Ag*] is free 
labelled ligand concentration, [Ab] is free antibody site concentration,
[AgAb] is unlabelled bound concentration and [Ag*Ab] is labelled bound con
centration.

These equations can be solved as follows:

1- b
K*Tb-K*bTa*

Kb + K * (l-b )
(7)
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This gives a linear relationship between b /( l—b) and ЬТа* + ЬТаКДКЬ + K * (l-b )],
with a slope equal to —K*, and the ordinate and abscissa intercept of K*Tb and
Tb, respectively. If ф is expressed as

bTaK
ф = ЬТа* + --------------------  (8)

Kb + K * (l-b )

the concentration of labelled ligand can be replaced by its specific activity 
equivalent as follows:

ta* = ßTa* (9)

where ta* is the total concentration of labelled ligand counts (counts/min-L_1) 
and ß is the specific activity (counts/rnin- т о Г 1).

Substitution of Eq.(9) in Eq.(8) results in

Ta 1 I  / K * \  1 -b  
ß ф - Ыa * ~ ß  + K \ ß  )  b (10)

When Ta/{ (Зф—bta*} is plotted on the у-axis and (K */ß)(l-b )/b  on the x-axis, 
a plot of the experimental values should form a straight line with a slope of 
1/K and a у-intercept of l/ß. The values of K*/ß and ßф can be obtained from 
the slope and the x-axis values by the following equation:

b (  K * \ ,
—  b ,a - t  ( 11,

3. RESULTS AND DISCUSSION

3.1. Iodination

Synephrine was labelled with 125I by the chloramine-T method and purified 
with CM cellulose. The elution profile of the reaction mixture of 12SI-labelled 
synephrine is shown in Fig. 1. First, free iodine was eluted and then mono- and 
di-iodosynephrine. Figure 2 shows the paper chromatography of the reaction 
mixture. Mono- and di-iodosynephrine could be separated by paper chromatography 
with a solvent of ethyl acetate : acetic acid : H20  (5 : 1.5 : 3).

3.2. Molar ratio of Nal to synephrine

Iodination of synephrine was performed by varying the molar ratio of Nal 
to synephrine from 0.05 to 1.8. The production of di-iodosynephrine increased
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I—  H20 H----------0 .1N HCI

Fraction No.

FIG .l. Elution profile o f  nsI-labelled synephrine with CM cellulose. The column was eluted 
with distilled water, followed by 0.IN  HCI. The first peak (No.3 fraction), second peak 
(No.22 fraction) and third peak (No. 26 fraction) indicate free iodine, mono-iodosynephrine 
and di-iodosynephrine, respectively.

(a) (b)

Mono

_  *1 0 a

( cm )

FIG.2. Paper chromatography o f  12SI-labelled synephrine on Whatman N o .l paper, with 
ethyl acetate : acetic acid : НгО (5 :1.5 :3 ) as solvent. R f values o f  mono-iodosynephrine (a) 
and di-iodosynephrine (b) are 0.43 and 0.62, the R f value for free iodine is 0.05.
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Na125l (mol)/synephrine (mol)

FIG.3a. Production o f  mono- and di-iodosynephrine by varying the molar ratio o f  N al to 
synephrine in the reaction mixture.
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Molar ratio (Na12B'l/synep1irine)

FIG.3b. Autoradiography o f  mono- and di-iodosynephrine by varying the molar ratio o fN a l  
to synephrine after separation with thin-layer chromatography on silica gel, with ethyl 
acetate : acetic acid:: H20  (5 :2  :4 ) as solvent.

di-iodo form  
(Rf : 0.41 ) 

mono-iodo form  
(Rf :0.34)
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FIG.4. E ffect o f  reaction time on production o f  mono- and di-iodosynephrine. The molar 
ratio o f  N al to synephrine was 0.15; each product was determined by paper chromatography.

according to the increasing molar ratio of Nal/synephrine, as shown in Fig.3a.
The same sample was also checked by thin-layer chromatography on silica gel, 
followed by autoradiography. As shown in Fig.3b, a change from mono- 
iodosynephrine to di-iodosynephrine was observed with the increase of the molar 
ratio. This result indicates that a molar ratio of 0.1—0.15 would be appropriate 
for the production of mono-iodosynephrine.

3.3. Reaction time for iodination

The production of mono- and di-iodosynephrine was determined by paper 
chromatography, varying the reaction time from 30 s to 240 min. After 30 s 
reaction, the labelling yield was found to be more than 99%, of which 90% was 
mono-iodosynephrine and 9% was di-iodosynephrine. Di-iodosynephrine increased 
with increasing reaction time and reached 75% after 240 min, as shown in Fig.4.
In this experiment, iodination was performed under excess synephrine, with a 
molar ratio for Nal/synephrine of 0.15. This indicates that di-iodosynephrine can 
be obtained by reacting longer, even if the molar ratio of Nal/synephrine is less 
than 1.0. At present, we have no definite explanation of the mechanism of the 
conversion of mono-iodosynephrine to di-iodosynephrine in the presence of 
chloramine-T. The fact that two molecules of mono-iodosynephrine convert 
to one molecule of di-iodosynephrine points to the labile state of mono- 
iodosynephrine in the presence of chloramine-T. Further, the reactivity with the 
iodine atom of the labile state of mono-iodosynephrine is considered to be much 
higher than that of synephrine. A similar phenomenon was also observed in 
125I-labelling of thyronines by Kachupilla and Yalow [9]. They showed that 
when T 3 is iodinated from T2, the yield of T4 is much higher than that of T3.
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FIG.5. Stability o f  mono-iodosynephrine (a) and di-iodosynephrine (b) after labelling. Mono- 
iodosynephrine fa), di-iodosynephrine (X) and free iodide (A) were determined by paper 
chromatography, and the bound percentage at the О-point (°) was determined by RIA.

3.4. Stability of mono- and di-iodosynephrine

A stability study of mono- and di-iodosynephrine was performed by paper 
chromatography and RIA. Mono-iodosynephrine was found to be stable and 
had a consistent zero-point binding (determined by RIA) of up to 5 weeks, as 
shown in Fig. 5 (a). However, di-iodosynephrine was unstable and zero-point 
binding decreased with time, as shown in Fig.5(b). The degradation of di- 
iodosynephrine is mainly due to the direct release of free 125I and not to the 
conversion to mono-iodosynephrine. The degradation rate of di-iodosynephrine 
by release of 12SI agrees with the decay of the 125I atom. The results of the 
stability study lead to the conclusion that the degradation of di-iodosynephrine 
takes place by direct release of 125I when it decays, which results in an extreme 
change of the electron density in the phenol ring. Kachupilla and Yalow [9] 
also pointed out that the decay of radioiodothyronine with two 125I atoms in 
the outer ring results in the release of one 125I atom as iodide and the decay of 
the other 125I atom.

3.5. Reactivity of labelled and unlabelled synephrine
with anti-metanephrine antiserum

In order to calculate the affinity constant of labelled and unlabelled 
synephrine, a Scatchard plot for labelled synephrine was drawn according to 
Eq.( 11); K*/j3 was calculated from the slope. Then, another dose-response curve
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b ta *  (X 10®  c o u n ts /m in 'L - ^) K * /0  ( 1 -b ) /b  (X 10 ‘ ® L /c o u n ts -m in '^ )

FIG.6. (a) Scatchard plot for lot MBP-3 antiserum with nsI-labelled mono-iodosynephrine. 
(b) Plot o f  Та/\$ф  - bta*\ versus K * lß ( l-b ) lb  for metanephrine assay according to 
Eq.(lO), showing a straight line with the slope o f  1/K.

TABLE I. AFFINITY CONSTANT OF METANEPHRINE, 
SYNEPHRINE AND 125I-LABELLED SYNEPHRINE TO 
ANTI-METANEPHRINE ANTISERUM

Affinity constant (L/mol)

Metanephrine 1.10X 1010
Synephrine 1.93 X 108
Mono-iodosynephrine 1.32 X 1010
Di-iodosynephrine 1.29 X lO10

was obtained for various amounts of metanephrine or synephrine standard (Та) 
and a fixed amount of labelled synephrine (ta*) with antiserum. The /30 was 
read as the abscissa of Fig.6(a) from b / ( l - b )  of the dose-response curve. The 
plot for Т а/{/30— bta*} versus K */0(l—b)/b according to Eq.(lO) gave a good 
linearity with the slope of 1/K, as shown in Fig.6(b). The affinity constant of 
metanephrine to anti-metanephrine antiserum was 1.10 X 1010 L/mol. The 
affinity constant of synephrine to anti-metanephrine antiserum was 
1.93 X 108 L/mol, which was approximately 60 times lower than that of 
metanephrine. On the other hand, the affinity constant of synephrine was
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Cross-reactivity (%)
N ß 3 4 Compounds ~ ¡ ^

ß N
3 T. ..

СНз ОН СНзО ОН Metanephrine 100 ю о
СНз ОН Н ОН Synephrine 7.3 2.4

h H СНз ОН ОН ОН Epinephrine 0.15 0.19
Н ОН СНзО ОН Normetanephrine 0.06 1.40
Н ОН ОН ОН Norepinephrine 0.002 0.021
Н ОН Н ОН Octopamine 0.001 0.020
Н н СНзО ОН Methoxytyramine <  0.0008 0.0962

FIG. 7. Specificity o f  anti-metanephrine antisera.

significantly increased by iodination, as shown in Table I. There was no significant 
difference between mono- and di-iodosynephrine in their affinity to anti- 
metanephrine antiserum. The affinity constant for both mono- and di- 
iodosynephrine was approximately 70 times higher than that for unlabelled 
synephrine and 20% higher than that for metanephrine.

In this study of the preparation of immunogen, metanephrine was con
jugated to BSA through a mannich reaction. This reaction is an electrophilic 
substitution and results in a lower electron density in the phenol ring after 
conjugation. On the other hand, synephrine has an excess of electrons in the 
7r-orbitals in the phenol ring and is very susceptible to electrophilic substitution. 
Therefore, the electron density of synephrine is quite different from that of 
metanephrine, and the affinity of synephrine, which is 60 times lower than 
that of metanephrine, is reasonable. Once synephrine reacts with iodine to 
replace hydrogen in the position ortho to the hydroxyl group, a state of electron 
density similar to that of metanephrine will be formed, and then an affinity 
level equivalent to that of metanephrine will be regained. Grota and Brown [6 ] 
also observed the increased binding to p-tyramine antibody of 3-methoxy 
tyramine relative to p-tyramine and assumed that it was caused by méthylation 
or méthoxylation of the position ortho to the phenol of the hapten and 
by coupling to carrier protein via the terminal amino group. This phenomenon 
may explain the increased affinity of synephrine when it is iodinated. Con
sequently, it was found that nsI-labelled synephrine can be useful as a tracer 
for metanephrine RIA.

3.6. Cross-reactivity

The cross-reactivity of various compounds relative to metanephrine was 
determined with 12SI-synephrine and is shown in Fig.7. The relative cross
reactivity was calculated by dividing the concentration of metanephrine at 
50% inhibition by the concentration of cross-reacting compounds at 50% inhibition 
The cross-reactivity of lots INM-3 and MBP-3 with synephrine was 7.3% and 2.4%, 
respectively; no apparent cross-reactivity with the other compounds was observed.
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FIG.8. Metanephrine RIA procedure and typical standard curve.
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FIG.9. Serum and urinary metanephrine levels fo r normal persons and persons with essential 
hypertension (E.H.j and phaeochrom ocytom a, measured by  R IA.
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With these specific antisera and 125I-synephrine, a simple, direct and sensitive 
RIA for serum and urinary metanephrine was developed. The assay procedure 
and the typical standard curve are shown in Fig.8. The sensitivity of the assay 
was 20 pg/mL. The recoveries of metanephrine, added at two levels (250 pg/mL 
and 500 pg/mL) to ten serum samples and ten urine samples, were 96.7% and 
108% in serum and 94.8% and 103% in urine, respectively.

The values of serum metanephrine for healthy persons were 40.3 ± 25.8 pg/mL. 
The values of 24 h urinary metanephrine excretion for 24 healthy persons were 
12.5 ± 6.7 jug/day, as shown in Fig.9. The serum metanephrine values for 
7 patients with phaeochromocytoma were 210—628 pg/mL and the urinary 
metanephrine values for 9 patients with phaeochromocytoma were 8.7—302 pg/day, 
which is significantly higher than normal. However, no significant difference in 
serum metanephrine and urinary metanephrine values between patients with 
essential hypertension and healthy persons was observed. These results indicate 
that the RIA procedure described here can be useful for the diagnosis of 
phaeochromocytoma.
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Abstract

REGULATORY ASPECTS OF RADIOPHARMACEUTICALS.
Regulatory systems in the field of radiopharmaceuticals have two main purposes: efficacy 

and safety. Efficacy expresses the quality of the diagnostic and therapeutic process for the 
patient. Safety involves the patient, the staff, and the environment. The world situation 
regarding regulations for radiopharmaceuticals is reviewed on the basis of a survey in WHO 
Member States. The main content of such regulations is discussed. The special properties of 
radiopharmaceuticals compared with ordinary drugs may call for modified regulations. Several 
countries are preparing such regulations. Close co-operation and good understanding among 
scientists working in hospital research, industry and regulatory bodies will be of great importance 
for the fast and safe introduction of new radiopharmaceuticals for the benefit of the patient. 
Before introducing new legislation in this field, a radiopharmaceutical expert should analyse 
the situation in the country and the relationship to the existing regulations. It is expected that 
the most important factor in promoting the fast introduction of new, safe and effective radio
pharmaceuticals will be the training of people working within the regulatory bodies. It is 
foreseen that the IAEA and the WHO will have an important role to play by providing expert 
advice and training in this area.

1. INTRODUCTION

Regulatory systems in the field of radiopharmaceuticals have two main 
purposes: efficacy and safety. Efficacy expresses the quality of the diagnostic 
and therapeutic process for the patient. Safety involves the patient, the staff, 
and the environment.

Drug control has been developed over hundreds of years. Radiation protection 
has been developed first in relation to the use of X-rays and later — in the ’fifties 
and ’sixties — with regard to the introduction of reactor-produced radioactive 
material. Promoted by international organizations (IAEA, ICRP, ILO and WHO), 
many countries introduced regulations for the protection of the persons involved. 
The protection of the patient was also to some extent considered; at present it 
is being updated [ 1].

* WHO Collaborating Centre for Nuclear Medicine (Radiopharmaceuticals).
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Considering the safety of patients or of staff members, there are different 
approaches to the problem. For patients, a benefit/risk evaluation has been made 
regarding both radiation protection and drug safety. For the safety of staff 
members, the maximum permissible limit has largely been replaced by the ALARA 
(as low as reasonably achievable) principle [2]. Regulations on radiopharma
ceuticals must take both aspects into account.

Regulations for radiation protection were introduced in most countries in 
the ’sixties. This review deals mainly with those aspects directly related to radio
pharmaceuticals and the development of new products.

The 1973 IAEA/WHO Symposium on Radiopharmaceuticals and Labelled 
Compounds [3] discussed also regulatory aspects and concluded that the exchange 
of information and experience relating to the organization and regulation of 
radiopharmaceutical services within the Member States should be promoted with 
a view to establishing internationally accepted guidelines. It was also considered 
important to identify the classes of professional persons needed at all levels in 
the preparation of radiopharmaceuticals within the Member States, and to provide 
appropriate training.

These recommendations were urged by concern about the lack of qualified 
scientists in the radiopharmaceutical field, the lack of quality standards for the 
new generation of " T c m radiopharmaceuticals and the need for guidance 
to good practices in radiopharmacy. There was also concern because only few 
legal restrictions or guidelines for the development and use of new radiopharma
ceuticals existed.

Since the 1973 Symposium, the development of new types of radiopharma
ceuticals has stressed the importance of a flexible legal system. This may be 
illustrated by a few examples, namely direct infusion radionuclide generators 
(81Krm, 195Aum), 111 In-labelled cells such as leucocytes and thrombocytes, and 
1311- and 111 In-labelled monoclonal antibodies for diagnostic or therapeutic use.

Since 1973, there has also been a considerable development of the types of 
radiopharmaceuticals which existed at that time. Generators of " T c m have 
become much more reliable and other systems for " T c m preparation, such as 
solvent extraction, have been improved. Preparation kits for " T c m are now almost 
all one-step kits and are much more reliable than ten years ago. One can see a 
development towards patient-ready products, but generally the products are still 
individually dispensed.

2. REGULATIONS IN WHO MEMBER STATES

The present scientific literature does not give any information about the 
world situation regarding regulatory aspects of radiopharmaceuticals. Information 
on published regulations may be found in Ref.[4]. In order to obtain up-to-date 
information, a questionnaire was sent to all WHO Member States outside Europe
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TABLE I. REPLIES TO QUESTIONNAIRE ABOUT REGULATIONS ON 
RADIOPHARMACEUTICALS

Number of 
countries

Number of 
replies

Number of 
countries not using 
radiopharmaceuticals

Africa 50 8 4

Asia 40 15 4

Australia/New Zealand 6 5 2
North and South America 29 10 0

Total 125 38 10

TABLE II. TYPES OF REGULATIONS COVERING 
RADIOPHARMACEUTICALS

No
regulations

Special
regulations

Drug
regulations

Radiation protection 
regulations

Africa 6 0 0 1
Asia 4 1 4 8
Australia/New Zealand 2 0 3 1
North and South America 4 1 4 3

Total 16 2 11 13

and to a few European countries that had not participated in a survey made for 
Europe in 1982/83. These countries were asked to provide information on the 
drug control aspects related to radiopharmaceuticals. Replies were received from 
about 30%, as can be seen from Table I. Ten countries out of the 38 that replied 
reported that they did not use radiopharmaceuticals. The results given in Table II 
show that more than half of the remaining countries did not have any regulations 
on radiopharmaceuticals. In several countries, radiopharmaceuticals were covered 
by drug regulations, radiation protection legislation, or both. Two countries had 
special regulations for radiopharmaceuticals. It was interesting to note that five 
countries asked for assistance in preparing new regulations.
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For comparison, the results from a survey made in 1982/83 in Europe may 
be of interest [5]. Information was obtained from 23 European countries on the 
requirements for licensing of radiopharmaceuticals. Six countries had special 
regulations for radiopharmaceuticals. In nine countries, radiopharmaceuticals 
were covered by traditional drug regulations, and eight countries had no regulations 
related to licensing of radiopharmaceuticals. Six countries were preparing new 
special regulations for radiopharmaceuticals, which means that more than half of 
the European countries had recognized the need to treat this group of drugs and 
‘over the counter’ drugs in a different way. About one third of the countries 
found that they had sufficiently flexible drug regulations to include the licensing 
of radiopharmaceuticals. These surveys illustrate the great interest of the health 
authorities to deal with this subject.

World wide, the replies were limited, which of course may be related to the 
very restricted use of radiopharmaceuticals in many parts of the world. This 
situation is expected to change in the coming years. The use of nuclear medicine 
will increase and relevant methods will be introduced in many more countries.
For many countries this will make it possible to introduce sensible legislation 
before problems arise. This opportunity may also lead to regulations that promote 
the relevant use of radiopharmaceuticals in countries where their use is still 
restricted. However, it is generally accepted that both the safe use and handling 
of radioactive material and the safety and efficacy of drugs should be the subject 
of regulatory procedures. Regulations may also be needed to protect the 
scientists working in a domain where the topic of safety often attracts public 
attention and radiopharmaceuticals may be related to thalidomide and radio
activity to nuclear bombs, even if this is unfounded. International organizations 
such as the WHO and the IAEA have a responsibility regarding public education 
and regulations when promoting nuclear medicine.

3. REGULATORY METHODS

Regulatory systems for drugs include the licensing of products, licensing of 
production facilities, authorization of persons, and rules for specific procedures 
and working methods. Such regulations are often expanded by a set of notes for 
general guidance, such as a code of practice, which does not have direct legal 
power but which must be followed by the profession. The advantage of such 
general notes is that technical details can be given in a more informal and practical 
way than in a legal text which has to be worded in a formal way according to 
legal practice.

The areas that may have to be regulated are the following:

-  production (manufacture on an industrial scale)
-  distribution, including transportation
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-  dispensing in centralized radiopharmacies
-  dispensing in hospitals
-  clinical use of radiopharmaceuticais for diagnosis and therapy
-  clinical trials of new radiopharmaceuticais.

Most of the problems connected with radiopharmaceuticais are parallel 
to those in connection with non-radioactive drugs; however, radiation adds a 
new dimension.

Regulatory methods must be based on standards, and those commonly used 
are standards or specifications for products. Such specifications for radiopharma
ceuticais will include all the well-known parameters, such as radionuclidic purity, 
radiochemical purity, specific activity, physical/chemical properties and purity, 
and requirements of sterility or freedom from pyrogens.

A pharmacopoeia monograph is the traditional form for the publication of 
product standards and many existing pharmacopoeias also have standards for 
radiopharmaceuticais (the International Pharmacopoeia, the United States 
Pharmacopoeia and the European Pharmacopoeia are examples of international 
and national pharmacopoeias). However, they cover only a limited number of 
products and often it takes a long time for a product to be included.

In modern drug control, standards for new products are first set by the 
registration procedure in which the authority approves the specification provided 
by the manufacturer in his application. A number of countries accept drugs 
registered in other countries; this is the case in some European countries, but 
not for radiopharmaceuticais [6].

Related to drug manufacturing is the approval of the manufacturing facilities. 
The requirements for such facilities may be laid down in a law [7], but in most 
cases they are part of directions on good manufacturing practice (GMP) or good 
radiopharmacy practice (GRP) [8] which are interpreted in the individual cases 
according to the results of inspection. In order to facilitate international trade, 
a convention has been signed by a number of countries. Reports on inspections 
of drug manufacturing facilities are exchanged between the countries which are 
parties to this convention [9]. This of course requires more formalized GMP rules, 
such as are described in Ref.[10].

Another keystone is usually the authorization of professionals. Medical 
doctors, pharmacists and so on are authorized when they can document that they 
have passed certain examinations. Detailed training in work with radioactivity 
is still not part of the basic education in most countries (and may never be), as 
it is considered part of a specialized education. A special authorization for 
physicians to administer radiopharmaceuticais to patients may therefore be 
required. Special procedures, such as clinical trials of new products, may require 
a special authorization. Such an authorization may be limited to a certain product. 
In some countries, such products are called investigational new drugs [11].
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Sometimes it is found necessary to introduce rules for certain types of 
procedures. The transportation of radioactive material is such an example. The 
IAEA [12] took this up on an international scale and, fortunately, most of the 
international transport organizations for sea, railway and air transport accept 
these recommendations, which also form the basis of many national regulations.

Another part of the regulatory system is the proof of compliance. Most 
authorities have a system which includes testing of product samples and inspection 
of premises. On the basis of these tests and reports from hospitals and other 
users regarding drug defects and adverse reactions, a surveillance programme can 
give a total quality assessment [13].

When separate regulations on drugs and on radiation protection exist, these 
domains are often treated by different regulatory bodies. These bodies may be 
within the general health authority, but often they are separated so that radiation 
protection questions are handled by a completely different authority, such as an 
atomic energy organization. In the past, this has led to problems regarding the 
development and introduction of new radiopharmaceuticals.

4. RADIOPHARMACEUTICALS AND REGULATIONS

4.1. Properties of radiopharmaceuticals

When we ask how well radiopharmaceuticals fit into normal drug quality 
control systems, it can be said that in many respects there are no problems. The 
objective of drug control systems is of course the same for radioactive and non
radioactive drugs. However, radiopharmaceuticals have special properties that make 
modifications necessary and appropriate.

Radiopharmaceuticals are mainly used for diagnostic purposes, in which case 
they will be administered to the individual patient only a few times during a life
time. Many radiopharmaceuticals will show no measurable pharmaco-dynamic 
effect, as the amount of chemical substance involved is extremely small. Radio
pharmaceuticals are normally administered by physicians in hospitals and are 
never left to the patient for self-medication. The documentation proving the 
safety and efficacy of radiopharmaceuticals must, besides giving general data as 
for other drugs, include information about radiation hygiene in relation to both 
patients and staff members. Hereby an extra dimension is added in evaluating risk 
versus benefit, namely the radiation dose which follows the administration of a 
radiopharmaceutical. However, in contrast to evaluating side-effects of normal 
drugs, this radiation risk can be measured with a common unit, making it possible 
to compare different radiopharmaceuticals. Thus, for safety evaluations of 
radiopharmaceuticals a radiation hygiene expert is required besides radiopharma
ceutical and medical experts.



IAEA-CN-45/111 389

For generators and preparation kits, special information is needed about 
their use in hospitals. Stability data should be given for kits and generators as 
well as for the final labelled product — the radiopharmaceutical. Because of 
radiation risks, special packaging and marking are required for radiopharmaceuticals.

The short half-life, the production system and the requirements for handling 
radioactivity make it necessary to distribute radiopharmaceuticals in a special 
way. The radiation emitted allows non-destructive testing of the identity and 
quality of each individual radiopharmaceutical dose. However, it is not possible 
to make all conventional quality control tests before the product is released for 
use because of the short half-life and the limited stability of many radiopharma
ceuticals.

The evaluation of the clinical value of a radiopharmaceutical may be even 
more complicated than the evaluation of a therapeutic drug. The radiopharma
ceutical is only a small element of a diagnostic system for which a suitable 
reference method is not always available.

Many international and national bodies now recommend a hospital quality 
assurance programme for the whole system, namely nuclear medicine diagnosis, 
which will also include radiopharmaceuticals [14]. Much emphasis has also been 
put on the principle first introduced in radiation hygiene: optimalization. 
International co-operation in the development, comparison and testing of quality 
assurance programmes has proved very important.

4.2. Problems that may be encountered in the introduction of legislation
for radiopharmaceuticals

From the experience gained since the planning and introduction of legislation 
for radiopharmaceuticals, a few points may be of general value [15].

In the beginning, very little documentation was available on the safety and 
efficacy of products that had been in use for several years. The problem was not 
that documents did not exist, but that nobody had collected the material in a 
systematic way. Since then, the situation has greatly changed, but even now the 
systematic development of new radiopharmaceuticals is a rare case, although it 
should be obvious that the clinical pharmacological principles and practice involved 
in the development of ordinary drugs could be adopted profitably in the evaluation 
of radiopharmaceuticals. It has been very difficult to get manufacturers to collect 
and present their material so as to fulfil the purpose of documentation of safety 
and efficacy [1.6].

Another area where problems have been obvious is the handling of radio
pharmaceuticals in hospitals. The nature of the radioactive substances used in 
medicine, particularly the short physical half-lives and the need for labelling 
samples from patients, requires that part of the production process of radio
pharmaceuticals takes place in hospitals. The industrial production requires labo
ratory facilities designed to protect the working staff against radiation and to
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protect the product against contamination with microorganisms or other foreign 
substances. The traditional requirements of pharmacy and the need of radiation 
protection may lead to conflicts. At the same time, the traditional pharmaceutical 
techniques, which are designed for the production of large batches of sterile 
products to be used over a long period of time, may have an ‘overkilling’ effect 
in the case of a simple closed-procedure preparation of a " T c m-labelled product 
to be used within the next few hours. It is obvious that, although scientific 
evidence has become more extensive in recent years, there is still a need for a 
more profound scientific knowledge of the relationships between environmental 
conditions and product quality as a basis for requirements that are less stringent 
than those based on pharmaceutical tradition [8, 17, 18].

A third type of problems is connected with the transportation of radioactive 
material. Regulations in this field have existed for many years, partly because of 
the very good work done by the IAEA. The regulations seem to be sensible 
enough, but they were not always strictly followed. Thus, a few years ago, people 
in the transport sector lost their confidence in the system and stopped air 
transport of radioactive material on passenger flights. Fortunately, a solution 
was found, but this case illustrates how sensitive an area this is and how important 
it is that a high ethical standard is held up by all involved. It is impossible to 
control everything in detail and it is therefore necessary that those involved can 
be relied upon.

A fourth point, which is often discussed among radiopharmacists, is where 
in the system is quality control most cost-effective. A very large part of nuclear 
medicine procedures today is based on radiopharmaceuticais prepared from 
" T c m generators and preparation kits. Modern generators and kits are in general 
considered to be effective and simple to operate. They are supposed to give 
products of adequate quality. Generators and kits may have different origins, 
which raises the problem of compatibility. Two different manufacturers may be 
involved in the final product besides the radiopharmacist or technician in the 
hospital who does the final steps of preparation. From this follows the problem 
of divided responsibility and the question to what extent quality control pro
grammes must be part of good radiopharmacy practice in hospitals. In view of 
the increasing awareness of quality requirements and the responsibilities for 
quality assurance, it is certain that in future more economic resources will be 
used both by manufacturers and hospitals. It is therefore relevant to establish 
where in the system this will be most cost-effective [15].

5. PROPOSALS FOR ELEMENTS OF LEGISLATION ON
RADIOPHARMACEUTICALS

5.1. Definitions

Radiopharmaceuticais are defined as radioactive material, to be given to 
patients for the purpose of diagnosis or therapy. Radioactive preparations which
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are given to patients or other persons for the purpose of research should also be 
termed radiopharmaceuticals.

Excluded from drug legislation could be naturally occurring radioactive 
materials if the activity content is not higher than that present in nature (for 
instance potassium-40), and sealed sources if used for external radiation therapy.

It is general experience that it is useful to treat semi-manufactured products, 
such as generators and preparation kits, as belonging to the group of radio
pharmaceuticals so that these products may be licensed in the same way as ready- 
for-use radiopharmaceuticals.

5.2. Regulatory system

The regulatory system should comprise the following:

-  setting of standards
-  licensing of production methods and/or facilities
-  licensing of hospital preparations
-  licensing of distributors
-  licensing of centralized radiopharmacy
-  official control and inspection
-  licensing or reporting of clinical trials.

The regulation of radiation protection is anticipated, including licensing of 
physicians for administration of radioactive material.

Setting of standards and licensing of products may be by the same procedure. 
However, experience has shown that the entry of new products in a pharmacopoeia 
is a useful way of laying down the quality levels required. Also needed is a 
flexible system for new radiopharmaceuticals for which individual specifications 
may have to be set. In some countries the procedure for ‘investigational new 
drugs’ [ 11] takes care of this; in other countries this is done on an individual basis 
by the official control institute.

When licensing industrial and hospital facilities, it is important to correlate 
this task with the work of the regulatory authorities for radiation protection in 
order not to  have two agencies putting up conflicting requirements.

The official control may be organized in many different ways, but it is very 
important that an overall surveillance programme be established. This may consist 
of decentralized or centralized analytical control, inspection and reporting systems 
for adverse reactions and drug defects [20]. A central evaluation of the results 
is indispensable.

Within the framework of this review, it is not possible to go into details for 
the individual types of regulations, but it might be useful for international 
organizations such as the WHO and the IAEA to consider to set up a model.
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Implementation of regulations is as important as the regulatory structure 
itself. Close co-operation and good understanding among scientists working in 
hospital research, industry and regulatory bodies will be of great importance for 
the fast and safe introduction of new radiopharmaceuticals for the benefit of 
the patient. Before introducing new legislation in this field, a radiopharmaceutical 
expert should analyse the situation in the country and the relationship to the 
existing regulations.

In recent years, many countries have tried to find ways to evaluate a new 
technology before it is introduced into general use in order to make sure that the 
benefits of this technology will outweigh the overall cost to the society. This is a 
political problem, and the cost will depend very much on the safety and quality 
levels required. Scientific information based on research should be the basis for 
such decisions.

It is expected that the most important factor in promoting the fast 
introduction of new, safe and effective radiopharmaceuticals will be the training 
of people working within the regulatory bodies. It is foreseen that the IAEA and 
the WHO will have an important role to play by providing expert advice and 
training in this area.

6. CONCLUSIONS

By tradition, radiation protection has been heavily regulated. The attitude 
towards regulation may be negative, in that it is viewed as preventing people from 
doing what they like. However, apart from the added safety, regulation may also 
improve efficacy. A few examples will illustrate this. Quality assurance has 
certainly added very much to the quality of the work carried out and thereby 
to the results. The establishment of control through services is another positive 
approach. In a country with no local production, an isotope pharmacy where 
quality control can be established will provide radiopharmaceuticals and will also 
be a centre for information [20]. It is very important that the personnel of 
regulatory authorities have a thorough knowledge of radiopharmaceuticals 
before they begin their work. They should therefore become directly involved 
in radiopharmaceutical production, preferably by starting in a laboratory. It is 
essential that regulations are not introduced because of complaints or accidents, 
but are established before they are needed. They should, as far as possible, form 
the frame within which scientists, with high ethical standards, have the freedom 
to do their work. It should be pointed out that training may often give better 
results than restrictive regulations. Decisions on individual treatments should 
never be left to administrators, but should be the responsibility of the physician. 
Regulations should therefore clearly specify the responsibility of the different

5.3. Implementation of regulations
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groups. The physicians must also try to understand the problems of the regulatory 
people. They do their job as well as they can, but if they are not convinced that 
everybody involved acts conscientiously, with the aim of achieving the best 
diagnosis and therapy for the patient, they may be urged to enforce stricter rules. 
A talented and well-trained administrator may be of help to the clinician if 
sufficient confidence has been established between them.

For a country which has not yet used radiopharmaceuticais or which does 
not have any regulations to ensure the safety and efficacy of radiopharmaceuticais, 
the first steps to take are the following:

(a) To let an expert analyse the aims and needs in this country
(b) To have people trained in subjects connected with the supply of 

radiopharmaceuticais and their handling and appropriate control.
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Abstract

RADIOPHARMACEUTICALS FOR ROUTINE CLINICAL USE IN DEVELOPED COUNTRIES.
The paper outlines the status of radiopharmaceuticals routinely used in clinical studies in 

developed countries. Four clinical areas are covered: (1) cardiovascular studies, (2) bone 
imaging, (3) hepatobiliary studies and (4) abscess imaging. The paper discusses 99Tcm-labelled 
red cells, ^ T l  and its potential replacement by 99Tcm agents, new 99Tcm diphosphonates, new 
99Tcm hepatobiliary agents and current methods for leukocyte labelling. New radiopharma
ceuticals still under development are also included where appropriate.

1. RADIOPHARMACEUTICALS FOR CARDIOVASCULAR STUDIES

1.1. Cardiovascular performance (blood pool imaging)

The radionuclide angiocardiogram routinely performed in nuclear medicine 
laboratories is a non-invasive study for the diagnosis and assessment of known 
or suspected heart disease. It provides quantitative indices of global and regional 
functions of the heart. In gated cardiac blood pool studies, the radiotracer must 
remain within the intravascular space at a relatively-constant concentration 
during the study. Initially, "T cm human serum albumin was used [1]. Currently, 
however, "T cm-labelled autologous red blood cells are the agents of choice 
because red cells have a smaller whole-body distribution than albumin. Red cells 
can be labelled with "T cm using either in vivo or in vitro techniques.

1.1.1. In vivo labelling o f red cells

Pavel et al. [2] first introduced in vivo labelling of red cells and obtained 
good labelling efficiency. Their method consisted of injecting the patient with

395
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non-radioactive stannous pyrophosphate (10—15 g Sn per kilogram body weight) 
and injecting "T cm-pertechnetate 2 0 -30  minutes later. On the average, the 
labelling efficiency ranged from 80 to 85% of injected pertechnetate activity. 
Later, other workers obtained similar results by using other stannous compounds 
(Sn-DTPA, Sn-MDP, Sn-CITRATE, etc.) [3, 4, 5]. In a recent study, Popescu 
et al. [6] compared three stannous preparations for in vivo red cell labelling of 
rats:

-  high-tin-content Sn-DTPA (DTPA/SnCl2, ratio 6.7)
-  low-tin-content DTPA (DTPA/SnCl2, ratio 24)
-  tin pyrophosphate (PyP/SnCl2, ratio 5).

Their results indicated that the tin-to-chelate ratio is a very important factor in 
the sufficient pretinning of the cells before pertechnetate injection. The DTPA 
preparation with a high DTPA/tin ratio showed poor labelling, whereas the 
high-tin-content Sn-DTPA and Sn-PyP gave relatively better results. In clinical 
studies, Sn-DTPA (high tin content) pretinning of red cells and subsequent 
injection of pertechnetate resulted in 85% labelling efficiency, similar to that 
reported for Sn-pyrophosphate preparations. Also, in 25 clinical studies,
Popescu et al. [6] compared the left ventricle ejection fractions determined by 
using in vivo labelled red cells with those measured by X-ray contrast angio
graphy. A good correlation between these studies was obtained (r = 0.98).
This result is remarkable because in their methods the red cell labelling efficiency 
was only 85% of the injected pertechnetate. Apparently, the unbound "T cm 
either leaves the blood pool while the imaging studies are being made or it is not a 
significant factor in interfering with the measurements of the ejection fraction.

1.1.2. In vitro labelling of red cells

The one major drawback of in vivo red cell labelling is that occasionally the 
labelling method does not work and it is very difficult to predict when this will 
happen. Because of this uncertainty, in vitro labelling of red cells seems to be 
a better method, which is to be preferred because the labelling efficiency can 
be determined before the labelled cells are injected into the patient.

In a recent review, Srivatsava and Chervu [7] summarize the in vitro labelling 
of red cells. In a most recent work, Mock and Wellman [8] presented a new 
‘kit’ for in vitro red cell labelling using stannous ions in HCI without a chelating 
agent for pretinning of red cells. Other workers [9, 10, 11] used a combination 
of in vivo pretinning of red cells and in vitro labelling with "T cm pertechnetate. 
This method can be considered basically an in vitro labelling method. All three 
methods (in vitro, in vivo and in vivo/in vitro) require two intravenous punctures 
for labelling and/or injecting the cells. In our laboratory, an ‘in vitro’ labelling 
method is routinely used which is similar to that described by Srivatsava and 
Chervu [7], and excellent labelling efficiency (95—98%) is obtained consistently.
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The availability of a good red cell label prompted the use of "T cm-labelled 
red cells in other clinical studies. Armass et al. [ 11 ] used heat-denatured red cells 
for spleen imaging and Winzelberg et al. [10] used labelled red cells for diagnosing 
gastro-intestinal bleeding.

1.2. Myocardial perfusion imaging agents

Thallium-201 is exclusively used for myocardial perfusion scintigraphy.
This study has become a clinically very important technique for the non-invasive 
detection and evaluation of both acute and chronic artery diseases. This radio
nuclide is used particularly in the assessment of coronary blood supply, the 
detection of transient ischaemia and the identification of viable and non-viable 
myocardial tissue.

A variety of radionuclides have been used in the past to evaluate myocardial 
blood flow in humans. These include the potassium radionuclides 42K and 43K, 
the rubidium isotopes 81Rb, 84Rb and 86Rb, the caesium radionuclides 131Cs and 
129Cs, and the thallium isotopes 199T1 and 201T1. In addition, cationic 13N-ammonium 
was also investigated; however, thallium-201, first proposed by Lebowitz et al. [12], 
has become the agent of choice for myocardial perfusion imaging studies.

Thallium-201 is produced in a cyclotron and may contain 203Pb and 202T1 
as impurities. This radionuclide has a half-life of 73 hours, decays by electron 
capture to mercury-201 and emits mercury К X-rays of 69—83 keV (94%), and 
gamma rays of 167 keV (10%) and 135 keV (3%) [13]. The gamma emissions 
of 167 and 135 keV are generally not used for imaging because of their low 
abundance. Thallium-201, as a monovalent, cationic, hydrated thallium ion, has 
an ionic radius between those of potassium and rubidium cations. Hence, 
thallium behaves as a potassium analogue in the myocardial transport mechanisms. 
For patient studies, between 1.5 and 2.0 mCi1 of 201T1 is intravenously adminis
tered and only 3-4%  of the injected dose localizes in the myocardium.

While 201T1 is the widely used radiopharmaceutical for myocardial perfusion 
imaging, it is not an ideal agent. Its detectable photons are of low energy 
(69—83 keV) and undergo extensive tissue attenuation before external detection. 
Moreover, the gamma-ray energies are not ideal for scintillation imaging. Added 
to this problem are the half-life of 201T1 (73 h), the low dose used (1 .5 -2  mCi) 
and the low heart uptake (3—4%). Because of these disadvantages, new "T cm 
agents are being developed with the aim of using them instead of 201T1.

In the past few years, several new 99Tcm-labelled agents have been proposed, 
including dimethyl phosphono ethane (DMPE) [14, 15],t-butyl isonitrile [15] 
and trimethyl phosphite (TMP) [16]. The structural formulae of these parent 
compounds are shown in Fig. 1. A brief outline of the current status of these 
agents follows.

1 1 Ci =  37 GBq.
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FIG .l. Technetium-99m myocardial agents.

The "T cm-(DMPE)Cl2 is prepared [14] by heating in a sealed vial an aqueous 
ethanol solution of HCI, NaCl and "T c m04 and an excess of the DMPE ligand.
This mixture is neutralized with NaOH and purified on a Sephadex SP C-25 
cation exchange column.

The "Tc^CD M PE)^ complex can be prepared [15] by heating 3 mL of 
pertechnetate with 150 L of DMPE and 75 L of 1M NaOH in a borosilicate glass 
vial for 60 min at 150°C. Phosphonic acid is added to lower the pH to 6—8.
The labelling yield is about 95% and no further purification is necessary.

These compounds showed excellent myocardial localization in several animal 
species. In clinical studies, " Т с ш - ( О М Р Е ) з 1 heart images were clearly of superior 
quality compared with "T cm -dichloro-DMPE images, but the "T cm-(DMPE)31 
images were of inferior quality compared with 201T1 images in the same patient. In 
summary, the "T cm-DMPE agents are not adequate for use in human cardiac 
imaging studies.

The "T cm-labelled tertiary butyl isonitrile is prepared [16] by heating 
pertechnetate and isonitrile in aqueous media. Alternatively, sodium-dithinite- 
like reducing reagents could be used for reducing the pertechnetate and complexing 
the butyl isonitrile. In a recent report, Pendleton et al. [17] described the 
pharmacological characters of this new agent. This complex produced good to 
excellent heart images for rats, rabbits, cats, dogs, guinea pigs, pigs and baboons. 
The heart uptake ranged from 1.3 to 2.2% of the injected dose. In all species 
there was significant lung activity, which cleared one hour after injection. Clinical 
trials of these compounds are said to be in progress.

Another new 99Tcm myocardial imaging agent, 99Tcm-(TMP)+, was recently 
reported [18, 19]. The preparation of this complex required a water-free environ
ment. The "T cm -pertechnetate solution was dried in a vial and the required 
trimethyl phosphite was added in methanol; the mixture was heated in a boiling 
water bath for 30—60 min under oxygen-free conditions. The resulting mixture 
was then evaporated to dryness in order to remove excess unreacted phosphite,
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and the dry "T cm complex was dissolved in saline. On intravenous injection into 
experimental animals, these compounds localized in the myocardium of rats, cats, 
pigs, rabbits and dogs. The heart uptake was between 1.5 and 3.0% of the injected 
dose, which is comparable to the uptake of 201T1. Unlike the isonitrile complex 
described above, "T cm-(TMP)51 did not localize in the lungs; this may be con
sidered an advantage over the isonitrile complex. Only clinical trials can determine 
whether these new "T cm complexes will be useful in clinical practice.

1.3. Iodinated fatty acids for myocardial metabolism studies

Free fatty acids (FFA) are used by the heart as a source of energy. These 
fatty acids are reversibly bound to serum albumin and stored in peripheral tissues. 
When in circulation, the fatty acids are extracted by the myocardium via selective 
anatomic channels, either by a passive diffusion mechanism or by a saturable FFA 
binding process between albumin in blood and the myocardial cell. Once the 
FFA are in the myocardial cell, they are metabolized by the /З-oxidation process. 
The metabolic process can be measured by injecting radioactively labelled FFA.

Of the three iodine radionuclides available, 123I is the most suitable for 
imaging studies. The 123I-labelled heptadecanoic acid is one of the currently used 
fatty acids and provides high-contrast myocardial images [20, 21]. However, this 
agent showed relatively rapid myocardial washout and in vivo deiodination. 
Because of these problems, 123I-labelled iodophenyl pentadecanoic acid was pre
pared [22] (see Fig.2). The important feature of the phenyl group in the terminal 
position of the fatty acid is the release of 123I-iodobenzoic acid which is due to 
beta oxidation of the fatty acid. In terminally iodinated aliphatic fatty acids, 
123I-iodide is released from the heart. The iodobenzoic acid is rapidly cleared 
from the blood, thus lowering the unwanted background activity. In comparison, 
the iodide ion lingers in the blood pool longer than the iodobenzoic acid.
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For these reasons, iodophenyl fatty acids are the preferred agents for myo
cardial imaging (metabolism) studies. A good labelling method for iodinating 
iodophenyl fatty acids is described by Eisenhut [22]. It must be pointed out 
that clinical studies of iodo fatty acids are performed much more in Europe than 
in the USA.

1.4. Infarct localization in the heart

The most useful agent for positive imaging of myocardial infarcts is "T cm- 
pyrophosphate, which was first reported by Bonté et al. [23]. The uptake of 
pyrophosphate is related to the increased calcium influx into irreversibly damaged 
myocardial cells. Possibly, these calcium ions form amorphous calcium 
phosphate or hydroxyl apatite. Positive cardiac images are usually obtained 
6—16 hours post infarction. The optimum imaging time is from 1 to 3 days after 
infarction.

Other bone imaging agents do not possess the excellent properties of 
"T cm-pyrophosphate for infarct localization, with the possible exception of 
"T cm-imidodiphosphonate. In experimental studies and clinical comparisons 
[24, 25], "T cm-imidodiphosphonate showed excellent concentration in myo
cardial infarcts.

2. BONE IMAGING AGENTS

The use of phosphorus-based "T cm agents has made skeletal scintigraphy 
one of the most useful diagnostic tests in nuclear medicine. Since the introduction 
of "T cm phosphate compounds in 1971, a wide variety of new agents have been 
proposed [26, 27, 28]. Some of these agents have been discussed at the IAEA 
Symposium in 1980 [29]. Recently, six of the new diphosphonates have been 
compared in an experimental study with rabbits [30]. Currently, there are three 
"T cm-labelled diphosphonates in routine clinical use in industrialized countries. 
The chemical formulas of these diphosphonates are shown in Fig.3. Recently, 
Pauwels et al. [31] compared "T cm-labelled MDP, HMDP and DPD in 20 patients, 
with 10 patients each for a comparison of HMDP and DPD with MDP. All studies 
were performed by using a rigidly controlled protocol. The quantitative analysis 
included ratios of normal bone to soft tissue, lesion to soft tissue and lesion to 
normal bone. A statistical evaluation of these data showed that the ratio of lesion 
to normal bone was highest for MDP. All other ratios were similar for all three 
compounds. Pauwels et al. [31] concluded that "T cm-HMDP and "T cm-DPD 
do not possess clinical advantages over the traditionally used "T cm-MDP. This 
clinical study confirms earlier similar findings obtained in experimental animals 
with induced bone lesions [30]. The "T cm-HMDP and "T cm-DPD have a high 
absolute uptake in normal bone [32, 33]. Higher normal bone uptake does not
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result in higher ratios of lesion to normal bone. Thus, higher uptake in normal 
bone may not improve the detectability of focal skeletal lesions. An ideal bone 
imaging agent should have: ( 1) fast blood clearance, (2) high lesion uptake,
(3) low soft-tissue concentration, and (4) minimal uptake in normal bone. At the 
present time, such an agent does not exist. However, an attempt was made 
recently to develop such an agent. The "T cm-DMAD (Fig.3) was evaluated in 
experimental animals [30] and in patients [34]. In the experimental study, DMAD 
was the only agent with a lesion/normal bone ratio significantly higher than that 
of MDP. This high ratio was due to the low concentration of DMAD in normal 
bone and not to its high lesion concentration. In a clinical ‘crossover’ comparison 
of MDP and DMAD in five healthy volunteers and 28 patients, the normal bone 
uptake was less for DMAD, but the lesion/normal bone ratio of DMAD was 
significantly higher. In 28 patients, ten lesions were detected with DMAD but 
not with MDP, whereas 71 lesions were detected with both agents. The "T cm- 
DMAD showed poor visualization of normal skeleton, particularly in large or 
elderly patients; it will probably not be a general-purpose agent for routine 
clinical use. At the present time, "T cm-MDP seems to be the overall preferred 
skeletal imaging agent.

3. RADIOPHARMACEUTICALS FOR HEPATOBILIARY STUDIES

In recent years, hepatobiliary scintigraphy using "T cm-labelled IDA 
derivatives has become a valuable tool in the diagnosis of hepatobiliary disorders,
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such as suspected acute cholecystitis. This procedure also provides useful 
information for the evaluation of post-surgical patients, including post
cholecystectomy. This scintigraphic test also provides valuable information for 
patients with jaundice, suspected biliary leakage and cholestasis, and for the 
further delineation of cold lesions identified by "T cm colloid studies of the 
liver [35].
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The recent generation of "T cm-labelled hepatobiliary agents was inspired 
by Loberg et al. [36] who introduced the first IDA-based hepatobiliary agent.
This agent proved to be superior with respect to previous "T cm hepatobiliary 
agents [37]. Since then, a variety of new "T cm agents have been prepared by 
several workers. Chervu et al. [38] summarize these developments. The most 
commonly available agents are shown in Fig.4a. The compound 2,3,5-trimethyl 
derivative is not yet available in the USA. A variety of clinical comparative 
studies have been performed for these agents. Weissman and Freeman [35] 
summarize the results of these comparisons in a recent monograph.

Of all the IDA agents currently available, both 99Tcm-diisopropyl HIDA and 
"T cm-diethyl HIDA seem to be superior. In individuals with normal serum 
bilirubin levels, there is no significant difference between the above two agents 
in urinary excretion. However, the diisopropyl compound occasionally proved 
more effective in visualizing the biliary tract when the serum bilirubin levels 
were higher. An advantage of the diisopropyl agent over the diethyl agent is 
its lower renal excretion in cases of decreased hepatoçyte function, as with 
hyperbilirubinaemia [35].

The newest agent, "T cm-broinotrimethyl HIDA, seems to have a high 
specificity for the hepatocyte, combined with rapid clearance from the liver.
The major difference between this agent and others is in renal excretion. Of all 
HIDA derivatives, bromotrimethyl HIDA is least excreted in the urine of normal 
patients. The introduction of a halogen on the phenyl ring of the HIDA 
derivative definitely increased its desirable biological behaviour. Following 
this development, Subramanian et al. [39] synthesized iodine-substituted analogs 
of dimethyl, diethyl and trimethyl HIDAs and evaluated them in experimental 
animals (Fig.4b). Their data indicate that heavy halogen substitution on the 
aromatic ring of these compounds considerably reduces the urinary excretion 
and increases their specificity over that of unsubstituted compounds (see Table I). 
For example, with the iodinated 2,6-diethyl derivative, the urinary excretion 
decreased from 7.2% to 1.4%. The iodotrimethyl compound showed the least 
urinary excretion — slightly lower than that of the bromine-substituted derivative. 
This new ‘third generation’ of halogenated derivatives will probably become 
the agents of choice for hèpatobiliary scintigraphy in the clinic. However, we 
must wait for a clinical evaluation of these new agents before any conclusion 
as to their superiority can be reached.

The "T cm-labelled hepatobiliary agents are not necessarily limited to the 
HIDA derivatives. Hunt et al. [40] prepared and evaluated several "T cm- 
benzimidazoloyl IDA derivatives in experimental animals. Their halogen- 
substituted compounds showed excellent hepatocyte concentration with low 
urinary excretion. The clinical use of these compounds is not well known.
Kato and Hazue [41] published comprehensive results on the preparation and 
evaluation of "T cm-labelled pyridoxilidene aminates as hepatobiliary agents.
Their pyridoxilidene tryptophan derivative [42] proved to be an excellent
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FIG.5. Leukocyte labelling agents.

hepatobiliary agent, with fast liver clearance and minimal urinary clearance. 
However, the use of these agents seems to be limited to Japan.

4. LABELLED LEUKOCYTES FOR ABSCESS IMAGING

Imaging studies with radiolabelled leukocytes provide definite advantages 
over other diagnostic methods for whole-body screening of abscesses and other 
infective and inflammatory processes in patients with fevers of unknown origin. 
The widely used radiopharmaceutical for leukocyte labelling is m In-oxine [43]. 
Recently, n i In chelated with both tropolone and 2-mercaptopyridine N-oxide 
has found use in leukocyte labelling [44, 45,46]. The structural formulas of 
these agents are shown in Fig.5. The advantage of tropolone and 
2-mercaptopyridine N-oxide over oxine seems to be that they give high labelling 
yields for cells in plasma. Usually, m In-oxine does not label leukocytes in the 
presence of plasma to any appreciable degree.

The radioactive agents useful for labelling leukocytes are non-selective and 
often label other cells present in the labelling medium. It is therefore necessary 
to isolate the leukocyte of interest from other cells by a suitable method while 
preserving cell viability. Several methods are available for leukocyte separation 
from whole blood and these are summarized in a recent publication [47].
Also, two recent issues of Seminars in Nuclear Medicine [48] have been devoted 
to cell labelling and its application in nuclear medicine.

4.1. Leukocyte separation and labelling

Since there are many different methods for leukocyte separation from whole 
blood, the method used in our institution is briefly summarized here.
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Thirty-six millilitres of fresh blood is drawn into a 60 mL syringe containing
4 mL of ACD solution; 7 mL of Volex solution (hydroxyethyl starch, 6%) is 
added and the blood is gently mixed. After gravity settling of the red cells for 
one hour, with the syringe in vertical (needle up) position, the cell-rich plasma 
is expelled through a butterfly infusion set into a 30 mL sterile, capped and 
vented plastic tube. The tube is spun at 450 G for 5 min and all plasma is removed 
with a spinal needle. If u l In-tropolone is used for labelling, 0.5 mL plasma is 
left in the cells. For m In-oxine labelling, all plasma is removed and the cells are 
suspended in a small volume of saline. A strictly aseptic technique must be used 
for all these manipulations.

4.1.1. Preparation o f inIn-oxine

The m In-oxine is generally available in Europe from commercial sources, 
but in the USA only to a limited extent. However, this agent can be prepared 
in clinics if good-quality n i In is available.

In a sterile syringe, 50 jug oxine sulphate (8-hydroxyquinoline sulphate) 
in 0.5 mL water is mixed with 0.5 mL u l InCl3 (0.5 mCi) in 0.05M HCI (using 
a teflon catheter for withdrawing indium) and 0.5—0.7 mL 0.2M sodium acetate 
buffer, pH 7.0, is withdrawn. The mixture in the syringe is well shaken to form 
the In-oxine complex. The entire content is then added to the cell suspension 
in saline and incubated for 15 min at room temperature. A labelling efficiency 
of 93-96%  is obtained on a routine basis.

4.1.2. Preparation o f 111In-tropolone

One half millicurie of high-specific-activity in InCl3 (5 mCi/100 juL) in
0.03M HCI is added in a minute volume to 50—100 ¿tL tropolone (50 ßg) in 
Hepes/saline buffer in a sterile vacutainer tube. The mixture is then added to 
the resuspended cells (in <0.5 mL plasma) and is incubated for 15—20 min 
with gentle agitation. The labelling yield is around 90% and can be improved if 
the labelling is done in a smaller volume. Usually, 108 leukocytes are labelled 
in a volume of 0.5—1 mL. No further processing is needed. The cells can be 
injected into the patient after mixing with 5 mL of plasma supernatant. When 
in In-oxine is used, under identical conditions (with 0.5 mL plasma), only 
30—40% labelling efficiency is obtained.

Attempts have been made to label leukocytes with "T cm. Uchida et al. [49] 
labelled leukocytes with "T cm-pyrophosphate for clinical imaging, but there 
were problems of elution of the label and diffuse abdominal activity. Other 
investigators also tried to use pyrophosphate as a chelate for "T cm and attempted 
to  label leukocytes, but they obtained no useful results [50,51]. In our laboratory 
we tried to use "T cm-oxine [29] for leukocyte labelling. Labelling of neutrophils
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and macrophages by phagocytosis of radioactive colloidal particles has been tried 
by many investigators [52]. These radioactive particles included "T cm sulphur 
colloid and "T cm tin colloid [53]. The latest "T cm compound used for 
leukocyte labelling is "T cm-MDP [54].

To sum up, "T cm-labelling of leukocytes for clinical use is not a routine 
method. The challenge of developing a better "T cm agent for leukocyte labelling, 
comparable to u l In-oxine or tropolone, has still not been met. At present, we 
do have an excellent method for labelling leukocytes with l u In-oxine or m In- 
tropolone, and this new radiopharmaceutical is in routine clinical use in many 
countries, especially in Europe [55].

5. SUMMARY AND CONCLUSIONS

In this paper, only four important groups of radiopharmaceuticals routinely 
used for clinical diagnosis in industrialized countries were discussed. Other 
radiopharmaceuticals as well as most of the short-lived radionuclides produced 
from accelerators and the radiopharmaceuticals using these were not discussed 
because they are not routinely used in clinical nuclear medicine. These agents 
are very valuable in clinical research. For routine clinical use of radiopharma
ceuticals, all new "T cm-labelled compounds can be made available in developing 
countries without much difficulty.

The increased availability of "T cm in developing countries has greatly 
reduced the differences which used to exist between developed and developing 
countries in the number and quality of radiopharmaceuticals used in clinical 
nuclear medicine. The radiopharmaceuticals not widely available in developing 
countries are those based on 111 In, 67Ga and 201T1; these nuclides are produced 
from accelerators. However, the instrumentation needed for these radionuclides 
is already available in these countries. Considering the quantity and quality of 
research work being conducted all over the world, it is safe to conclude that 
"T cm-based radiopharmaceuticals will eventually replace the above three nuclides 
in a majority of clinical applications. These new research developments in 
" T c m chemistry should also help the developing countries to provide better 
radiopharmaceuticals for routine use in nuclear medicine.

REFERENCES

[1] McAFEE, J.G., SUBRAMANIAN, G., “Radioactive agents for imaging”, Clinical Radio
nuclide Imaging, 3rd edn, Ch.3 (FREEMAN, L., Ed.), Gruñe and Stratton, New York 
(1984) 55.

[2] PAVEL, D.G., ZIMMER, A.M., PATTERSON, V.N., In vivo labeling of red blood cells 
with Tc-99m: A new approach to blood pool visualization, J. Nucl. Med. 18 (1977) 305.



408 SUBRAM ANIAN

[3] JONES, A.G., DAVIS, M.A., UTEN, R.F., et al., Comparison of four stannous compounds 
for in vivo red cell labeling with 99Tcm, Nuklearmedizin, Suppl. 16 (1978) 171.

[4] КАТО, M., In vivo labeling of red cells with 99Tcm with stannous pyridoxylideneaminates, 
J. Nucl. Med. 20(1979) 1071.

[5] PAETEL, M.C., PARAB, P.B., SAMUEL, A.M., et al., Labeling of red blood cells with 
99Tcm after oral administration of SnCl2, J. Nucl. Med. 20 (1979) 877.

[6] POPESCU, H.I., LESSEM, J., ERJAVEC, M., et al„ In vivo labeling of RBC with 99mTc 
for blood pool imaging using different stannous radiopharmaceuticals, Eur. J. Nucl. Med. 
9(1984) 295.

[7] SRIVATSAVA, S.C., CHERVU, L.R., Radionuclide-labeled red blood cells: Current 
status and future prospects, Semin. Nucl. Med. 14 (1984) 66.

[8] MOCK, B.H., WELLMAN, H.N., Stoichiometric Tc-99m RBC labeling using stable kit 
solutions of stannous chloride and EDTA, J. Nucl. Med. 25 (1984) 881.

[9] BAUER, R., HALUSZCZYNSKI, I., LANGHAMMER, H., et al., In vivo/in vitro labeling
of red blood cells with 99Tcm, Eur. J. Nucl. Med. 8 (1983) 218.

[10] WINZELBERG, G.C., McKUSICK, K.A., FROELICH, J.W., et al„ Detection of gastro
intestinal bleeding with 99Tcm-labeled red blood cells, Semin. Nucl. Med. 12 (1979) 139.

[11]' ARMASS, R.R., THAKUR, M.L., GOTTSCHALK, A., A simplified method of spleen
imaging with 99Tcm-labeled erythrocytes, Radiology 132 (1979) 215.

[12] LEBOWITZ, E„ GREENE, M.V., BRADLEY-MOORE, P., et al., Tl-201 for medical use,
J. Nucl. Med. 14(1973)421.

[13] LEBOWITZ, E„ GREENE, M.V., FAIRCHILD, R., et al„ Tl-201 for medical use I,
J. Nucl. Med. 16(1975) 151.

[14] GERSON, M.C., DEUTSCH, E.A., NIEHIYAMA, H., et al„ Myocardial perfusion imaging 
with 99mTc DMPE in man, Eur. J. Nucl. Med. 8 (1983) 371.

[15] GERSON, M.C., DEUTSCH, E.A., LIBSON, K.F., et al., Myocardial scintigraphy with 
" mTc-tris-DMPE in man, Eur. J. Nucl. Med. 9 (1984) 403.

[16] JONES, A.G., DAVISON, A., ABRAMS, M.J., et al., Investigations of a new class of 
technetium cations (Abstract), J. Nucl. Med. 23 (1982) P16.

[17] PENDLETON, D.B., DELANO, M.L., SANDS, H., et al., Pharmacological characterization 
of 99Tcm-(CN-t butyl)ö. A potential heart agent (Abstract), J. Nucl. Med. 25 (1984) P15.

[18] DEAN, R.T., ADAMS, M.D., MILLER, F.W., et al., Synthesis, characterization and 
identification of the hexakis (trimethyl phosphite) [Tc-99m] Technetium I cation 
(Abstract), J. Nucl. Med. 25 (1984) P15.

[19] ROBBINS, M.S., ADAMS, M.D., Myocardial kinetics of hexakis (trimethyl phosphite) 
Technetium-99m (Abstract), J. Nucl. Med. 25 (1984) P15.

[20] FEINENDEGEN, L.E., VYSKA, K., FREUNDLIEB, W., et al., Noninvasive analysis of 
metabolic reaction in body tissues; the case of myocardial fatty acids, Eur. J. Nucl. Med. 
6(1981) 191.

[21] FREUNDLIEB, W., HOCK, A., VYSKA, K., et al., Myocardial imaging and metabolic 
studies with 17-123I-iodoheptadecanoic acid, J. Nucl. Med. 21 (1980) 1043.

[22] EISENHUT, M., Simple labeling of w-phenyl fatty acids by iodine isotope exchange,
Int. J. Appl. Radiat. Isot. 33 (1982) 499.

[23] BONTE, F.J., PARKEY, R.W., GRAHAM, K.D., et al., A new method for radionuclide 
imaging of myocardial infarcts, Radiology 110 (1974) 473.

[24] GROSSMAN, Z.E., FOSTER, A.B., McAFEE, J.G., et al., Myocardial uptake of six 
99Tcm-tagged pharmaceuticals and 8SSr after vasopression induced necrosis, J. Nucl. Med. 
18(1977) 51.

[25] JOSEPH, S.P., ELL, P., ROSS, P., et al., Technetium 99m-imidodiphosphonate:
A superior radiopharmaceutical for in vivo positive myocardial infarct imaging.
II. Clinical data, Br. Heart J. 40 (1978) 234.



IAEA-CN-45/109 409

[26] SUBRAMANIAN, G., McAFEE, J.G., BLAIR, R.J., THOMAS, F.D., “Radiopharmaceuticals 
for bone and bone marrow imaging. A review”, Medical Radionuclide Imaging (Proc.
Symp. Los Angeles, 1976), Vol.2, IAEA, Vienna (1977) 83.

[27] UNTERSPANN, S., Experimental examinations of the suitability of organoaminomethane 
bis phosphonic acids for bone scintigraphy by means of Tc-99m in animals, Eur. J. Nucl. 
Med. 1 (1976) 151.

[28] WANT, T.S.T., MOJDEHI, G.E., FAWAAZ, E.A., et al., A study of the relationship 
between chemical structure and bone localization of Tc-99m-Sn diphosphonic acid,
J. Nucl. Med. 20(1979) 1066.

[29] SUBRAMANIAN, G., McAFEE, J.G., “New developments in radiopharmaceuticals for 
imaging. A review”, Medical Radionuclide Imaging 1980 (Proc. Symp. Heidelberg, 1980), 
V ol.l, IAEA, Vienna (1981) 429.

[30] SUBRAMANIAN, G., McAFEE, J.G., THOMAS, F.D., et al., New diphosphonate 
compounds for skeletal imaging: Comparison with methylene diphosphonate, Radiology 
18(1983)479 .

[31] PAUWELS, E.K.J., BLOM, J., CAMPS, J.A.J., et al., A comparison between the"diagnostic 
efficacy of 99Tcm-DPD and 99Tcm for the detection of bone métastasés, Eur. J. Nucl. Med. 
8(1983) 118.

[32] KHEDAR, N., ARNOLD, N.S., MILO, T., et al., Qualitative and quantitative digital 
comparison of Tc-99m HMDP and MDP (Abstract), J. Nucl. Med. 20 (1979) 655.

[33] BUEL, V., KLEINHANS, E., ZORN-BOPP, E., et al., A comparison of bone imaging with 
Tc-99m DPD and Tc-99m MDP, J. Nucl. Med. 23 (1982) 214.

[34] ROSENTHAL, L„ STERN, J., ARZOUMANIAN, A., A clinical comparison of MDP and 
DMAD, Clin. Nucl. Med. 7 (1982) 403.

[35] WEISSMAN, H.S., FREEMAN, L., “The biliary tract”, Clinical Radionuclide Imaging,
Ch.12 (FREEMAN, L., Ed.), Gruñe and Stratton, New York (1984) 879.

[36] LOBERG, M.D., COOPER, M., HARVEY, E., et al., Development of new radiopharma- 
ceuticals based on N-substitution of iminodiacetic acid, J. Nucl. Med. 17 (1976) 633.

[37] McAFEE, J.G., SUBRAMANIAN, G., “Radioactive agents for imaging”, Clinical 
Radionuclide Imaging, Ch. 3 (FREEMAN, L., Ed.), Gruñe and Stratton, New York 
(1984) 55.

[38] CHERVU, L.R., NUNN, A.D., LOBERG, M.D., Radiopharmaceuticals for hepatobiliary 
imaging, Semin. Nucl. Med. 12 (1982) 5.

[39] SUBRAMANIAN, G., SCHNEIDER, R.F., McAFEE, J.G., Synthesis and evaluation of 
new Tc-99m labeled iodine substituted acetanilido iminodiacetates, J. Labelled Compd. 
Radiopharm. 19 (1982) 1463.

[40] HUNT, F.C., WILSON, J.G., MADDALENA, D.J., “Benzimidazolyl methyl iminodiacetic 
acids — New bifunctional chelators of technetium for hepatobiliary scintigraphy”, 
Radiopharmaceuticals (Proc. 2nd Symp. Seattle, 1979), Society of Nuclear Medicine,
New York (1979).

[41] KATO, M., HAZUE, M., 99Tcm (Sn) pyridoxilideneaminates: Preparation and biological 
evaluation, J. Nucl. Med. 17 (1978) 397.

[42] КАТО, M., 99Tcm (Sn) pyridoxilidene tryptophan.. A potential hepatobiliary radio
pharmaceutical of rapid hepatobiliary transport and low urinary excretion, Jpn. Soc.
Nucl. Med. 17 (1980) 575.

[43] McAFEE, J.G., THAKUR, M., Survey of radioactive agents for in vitro labelling of 
phagocytic leukocytes I. Soluble agents, J. Nucl. Mèd. 17 (1976) 480.

[44] DEW ANJEE, M.K., RAO, S.A., DIDSHEIM, P., et al., Indium-111 tropolone: A new high 
affinity platelet label preparation and evaluation of labeling parameters, J. Nucl. Med. 
22(1981) 981.



410 SUBRAMANIAN

[45] THAKUR, M.L., BARRY, M.J., Preparation and evaluation of a new indium-11 agent 
for efficient labeling of human platelets in plasma, J. Labelled Compd. Radiopharm. 
19(1982) 1410.

[46] PETERS, M.A., SAVERYMUTHU, S.H., REAVY, H.J., et al., Imaging inflammation 
with ln In troponalate labeled leukocytes, J. Nucl. Med. 24 (1983) 39.

[47] McAFEE, J.G., SUBRAMANIAN, G.( GAGNE, G., Techniques of leukocyte harvesting 
and labeling: Problems and perspectives. Semin. Nucl. Med. 14 (1984) 83.

[48] Seminars in Nuclear Medicine (FREEMAN and BLAUFOX, Eds), Cell Labeling, Parts I, II, 
Vol. 19, Nos 3, 4, Grune and Stratton, New York (1984).

[49] UCHIDA, T., NEMOTO, T., YUI, T., et al., Use of technetium-99m as a radioactive 
label to study migratory patterns of leukocytes, J. Nucl. Med. 20 (1979) 1197.

[50] LINHART-COLAS, N„ BARBU, M., GONGERT, M.A., et al., Five leukocyte labeling 
techniques: A comparative in vitro study, Br. J. Haematol. S3 (1983) 31.

[51] FARID, N.A., WHITE, S.M., HECK, L., et al., Tc-99m labeled leukocytes: Preparations 
and use in identification of abscess and tissue rejection, Radiology 148 (1983) 827.

[52] McAFEE, J.G., THAKUR, M.L., Survey of radioactive agents for in vitro labeling of 
phagocytic leukocytes II. Particles, J. Nucl. Med. 17 (1976) 488.

[53] ITANNA, R., BRAUN, T., LAVENDEL, A., et al., Radiochemistry and biostability of 
autologous leucocytes labeled with 991,1 Тс-stannous colloid in whole blood, Eur. J. Nucl. 
Med. 9 (1984) 216.

[54] KELBAEK, H., FOGH, J., ELMGREEN, J., In vitro labeling of human polymorpho
nuclear leukocytes with 99mTc, Eur. J. Nucl. Med. 9 (1984) 366.

[55] LAVE, A., HEINKEN, V., SCHULZ-HEINKEN, N„ et al., Leucocyte scanning: 
Preparation and labeling of leucocytes with m In-oxine and its clinical application,
Eur. J. Nucl. Med. 9 (1984) 17.



IAEA-CN-45/1Í0

Memoria Encargada 

USO CLINICO RUTINARIO DE RADIOFARMACOS 
EN PAISES EN DESARROLLO LATINOAMERICANOS

A.E. MITTA
Comisión Nacional de Energía Atómica,
Buenos Aires, Argentina

Abstract-Resumen

ROUTINE CLINICAL USE OF RADIOPHARMACEUTICALS IN LATIN AMERICAN 
DEVELOPING COUNTRIES.

The paper describes the routine clinical use of radiopharmaceuticals in the developing 
countries of Latin America made possible by: (1) the International Atomic Energy Agency 
(IAEA), which sent experts and equipment to  many countries and made a substantial 
bibliographic contribution on the subject; (2) the Latin American Association o f Societies 
of Nuclear Biology and Medicine (ALASBIMN), which fostered the exchange of data on 
techniques of radiopharmaceutical preparation and quality control by providing materials 
for tests, etc., and by publishing quality control manuals in some countries, finally in 1982 
producing the Manual of Radiopharmaceutical Quality Control, in collaboration with the 
Inter-American Nuclear Energy Commission (CIEN) and published by the Organization of 
American States (OAS); (3) the countries themselves under agreements between their atomic 
energy commissions; (4) radiopharmacy courses organized by universities, either alone or in 
collaboration with the IAEA, WHO, etc.; (5) professional workers who established radio
pharmaceutical services at private centres. Finally, the societies of nuclear medicine and 
biology in each country, the World Federation of Nuclear Medicine and Biology, the 
ALASBIMN, the IAEA, etc. organized symposia and meetings which afforded opportunities 
to professionals of these countries to receive and exchange information, since in Latin 
America, given its language and human characteristics, the problems are similar. The countries 
referred to are Argentina, Brazil, Mexico, Uruguay, Bolivia, Paraguay, Chile, Peru, Ecuador, 
Colombia, Venezuela, Costa Rica, Guatemala, Puerto Rico, El Salvador and Panama; little 
is known about Honduras, Nicaragua, the Dominican Republic and Cuba.

USO CLINICO RUTINARIO DE RADIOFARMACOS EN PAISES EN DESARROLLO 
LATINOAMERICANOS.

Se trata aquí del uso clínico rutinario de los radiofármacos en países en desarrollo 
de Latinoamérica, donde se hizo gracias al aporte de: 1) el OIEA (Organismo Internacional 
de Energía Atómica), que facilitó el envío de expertos y ayuda material en equipos a muchos 
países, como también un gran aporte bibliográfico sobre el tema; 2) la ALASBIMN 
(Asociación Latinoamericana de Sociedades de Biología y Medicina Nuclear), que mantuvo 
intercambio de información sobre técnicas de preparación y control de radiofármacos enviando 
materiales para ensayos, etc., habiéndose en algunos países publicado manuales de controles, 
para finalmente en 1982 hacer el Manual de Controles Radiofarmacéuticos en colaboración 
ALASBIMN-CIEN (Comisión Interamericana de Energía Nuclear) que editó la OEA (Organismo 
de Estados Americanos); 3) los propios países por convenios entre sus comisiones de energía 
atómica; 4) cursos universitarios sobre radiofarmacia a través de universidades, algunas veces
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por sí mismas y otras con el apoyo del OIEA, la OMS (Organización Mundial de la Salud), etc.; 
5) profesionales que han instalado la radiofarmacia en centros privados. Finalmente las 
sociedades de biología y medicina nuclear de cada país, la Federación Mundial de Medicina 
y Biología Nuclear, la ALASBIMN, el OIEA, etc. organizaron simposios y congresos que 
permitieron a profesionales de esos países informarse e intercambiar conocimientos, ya que 
en Latinoamérica, por su idioma y por sus características humanas, los problemas son 
similares. Los países a que se hace referencia son: Argentina, Brasil, México, Uruguay,
Bolivia, Paraguay, Chile, Perú, Ecuador, Colombia, Venezuela, Costa Rica, Guatemala,
Puerto Rico, El Salvador y Panamá; es poco lo que se sabe de Honduras, Nicaragua,
República Dominicana y Cuba.

1. INTRODUCCION

El análisis que se hace a continuación del estado del uso clínico rutinario 
de los radiofármacos en los países en desarrollo latinoamericanos se basa en mi 
experiencia adquirida en este terreno durante 25 años en Latinoamérica (donde 
existe un intercambio de información a través del Comité de Radiofarmacia de la 
Asociación Latinoamericana de Sociedades de Biología y Medicina Nuclear 
(ALASBIMN)), en el apoyo que el OIEA presta a los países interesados, así como 
en el esfuerzo de los propios países, a muchos de los cuales he concurrido como 
experto en diversas ocasiones para el desarrollo de la radiofarmacia.

Los países que nos mantenemos en contacto son: Argentina, Brasil, México, 
Uruguay, Bolivia, Paraguay, Chile, Perú, Ecuador, Colombia, Venezuela, Costa 
Rica, Guatemala, Puerto Rico, Salvador y Panamá; es poco lo que sabemos de 
Honduras, Nicaragua, Cuba y República Dominicana.

2. ARGENTINA

En Argentina, la clínica rutinaria de radiofármacos se hace a través de la 
compra de juegos de reactivos para marcación con 113Inm o " T c m a la CNEA 
(Comisión Nacional de Energía Atómica), que además fabrica generadores de 
"M o /"T c m y 113Sn/113Inm, importando el estaño y molibdeno de fisión de 
países como: Canadá, EEUU, Alemania y Bélgica, o bien importando genera
dores de " M o /" T c m del tipo húmedo o seco.

La CNEA prepara además otros radionucleidos y radiofármacos del 1311, 
51Cr, etc. El consumo de 201T1 y 67Ga ha crecido, ya que el país dispone de más 
de 90 cámaras gamma, por ello se está estudiando la posibilidad de instalar un 
ciclotrón de producción y un ciclotrón de uso biomédico que produciría 11C,
18F, lsO y 13N.

En Argentina también se hace radiofarmacia de hospitales. Se inició en 
1963 en el CMN (Centro de Medicina Nuclear) del Hospital Escuela José de 
San Martín según un convenio entre la UBA (Universidad de Buenos Aires) y
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CUADRO I. RADIOFARMACOS DEL 99Tcm
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Organo Radiofármacos

Cerebro Pertecnetato de sodio 
Glucoheptonato de calcio 
Gluconato de calcio
DTPA Na3Ca (sal de sodio/calcio del ácido 
dietilidentriaminopentaacético)

Riñones Glucoheptonato de calcio 
Gluconato de calcio 
ADMS (ácido dimercaptosuccínico) 
DTPA Na3Ca

Hígado, bazo y M. ósea Azufre coloidal 
Fitato de sodio/calcio

Vesícula y vías biliares DISIDA (2,6 diisopropil-IDA)
Mebrofenin (3 bromo-2,4,6-trimetil-IDA)

Oseo HEDSP (hidroxietilidendisodiofosfonato) 
MDP (metilendifosfonato)
IDP (iminodifosfonato)
APD (aminopropilidendifosfonato) 
Pirofosfato

Pulmones, MAA (macroagregados de albúmina)
linfocentellografía DextranoX500 

Sulfuro de antimonio

Pool sanguíneo Marcación glóbulos rojos in vivo e in vitro

la CNEA. Años después, en especial a partir de 1976, se extendió a otros 
hospitales del país y hoy día se hace radiofarmacia de hospital en alrededor de 
10 hospitales. En este momento se encara la radiofarmacia centralizada, esto 
es preparar en un centro y distribuir a hospitales vecinos.

Al igual que otros países latinoamericanos, en el interior del país aún 
existen lugares que utilizan el u 3Inm, pero el " T c m ha crecido en su consumo, 
mientras el uso del 113Inm casi ha desaparecido. Los radiofármacos del " T c m 
(Cuadro I) que se preparan en Argentina son los mismos en general que en las 
otras áreas latinoamericanas.

Las drogas que se utilizan para preparar estos juegos de reactivos son en 
general importadas y fáciles de conseguir; no así por ejemplo los HID AS 
(derivados del iminodiacético) y, por ello, desde hace unos años, hemos 
encarado en un plan coordinado establecido por el OIEA (Contrato 3338/RB) 
la preparación de diversos compuestos: dimetil-IDA, dietil-IDA, diisopropil-IDA, 
p-butil-IDA, etc. utilizando la técnica descrita por Harvey et al. f 1 ] y modificada
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por nosotros [2 ] lo que nos ha permitido mejorar el rendimiento de reacción 
de una de las etapas de preparación del 70-75%  al 90-95%. Los métodos por 
nosotros desarrollados han sido enviados a los países interesados y fueron 
presentados al 3o Simposio Internacional sobre Química de Radiofármacos en 
Julich, Alemania, en 1982, y publicados en el Journal of Labelled Compounds and 
Radiopharmaceuticals ese mismo año.

En Kyoto (Japón) presentamos utilizando la nueva técnica la preparación 
del mebrofenin (3 bromo-2,4,6-trimetilfenilcarbamoilmetiliminodiacético) que 
ya se usa regularmente en algunos hospitales de Argentina y la preparación de 
tres nuevos derivados no publicados aún en la literatura: 2,6 diisopropilfenil- 
carbamoiletiliminodiacético y el p-butilfenil-carbamoiletiliminodiacético. Estos 
compuestos ensayados en humanos no fueron superiores a los ya conocidos y 
un tercero,4n-butilfenilcarbamoiletilidemminodiacético, que ensayado en 
animales luego de marcar con " T c m se descompone, al igual que otros derivados 
a los que se agrandó la cadena entre el grupo carbonilo e imino.

También se ha encarado la síntesis de distintos difosfonatos.

2.1. Farmacopeas — manuales de controles radiofarmacéuticos

En Argentina se publicó en 1982 un Suplemento de la Farmacopea Nacional 
Argentina, 6o Edición de 1978, que contiene un capítulo de Radiactividad, otro 
de Radionucleidos y un tercero de Radioesterilización. Contiene 14 radio- 
nucleidos y 32 radiofármacos. Se ha creado una Comisión Permanente para el 
estudio de nuevos radionucleidos y radiofármacos que se deseen incluir en los 
próximos años. Esta Comisión se ha integrado con médicos nucleares, químicos, 
bioquímicos, farmacéuticos, etc.

Anteriormente, en 1980, a través del Comité de Radiofarmacia de la 
Asociación Argentina de Biología y Medicina Nuclear y contando con el 
auspicio de la ALASBIMN y la CNEA, se publicó el Manual de Controles 
Radiofarmacéuticos que fué presentado al 2° Congreso de Asia y Oceania de 
Biología y Medicina Nuclear a fines de 1980, en español e inglés.

En 1982, en común con ALASBIMN y CIEN (Comisión Interamericana 
de Energía Nuclear), la OEA (Organización de Estados Americanos) publicó 
en español un Manual de Controles Radiofarmacéuticos que fué distribuido en 
Latinoamérica y utilizado sobre todo en aquellos países que no tienen radio
nucleidos y radiofármacos en su farmacopea. Cuando los radionucleidos y 
radiofármacos entran en las farmacopeas son éstas las que deben seguirse; sin 
embargo hay muchos radionucleidos y radiofármacos que aún no han sido 
aceptados por las farmacopeas, en cuyo caso se pueden controlar con los 
manuales.

Hay países que no teniendo farmacopeas han hecho sus propios manuales, 
por ejemplo Chile, Uruguay, Perú, etc. El Manual de Controles Radiofarma
céuticos de ALASBIMN-CIEN es hoy día utilizado en muchos países latino
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americanos. Brasil tiene en su farmacopea algunos radionucleidos y radiofármacos 
y está por introducir otros.

2.2. Enseñanza de la radiofarmacia

La radiofarmacia en Argentina se da como curso de Post-Grado en la 
Universidad de Buenos Aires; oficialmente, desde 1976, en la Facultad de 
Ciencias Exactas y Naturales (FCEN) con participación de químicos, bio
químicos y biólogos y en 1979—1980, con el auspicio de la Academia Nacional 
de Farmacia y Bioquímica. A partir de 1981 estos cursos se dan en la FCEN 
y en el Centro de Medicina Nuclear del Hospital Escuela José de San Martín.
El curso dura dos meses y se dan fundamentos de radioquímica, métodos de 
preparación y control, farmacología, etc. Se ha editado un Manual de Prácticas 
de Radiofarmacia en 1982 y una segunda edición en 1983 que contiene lo 
necesario para montar un laboratorio, preparar y controlar algunos radio- 
fármacos del 1311, 113Inm, " T c m, etc.

3. BRASIL

El Instituto de Pesquisas Energéticas Nucleares (IPEN), dependiente de la 
Comisión Nacional de Energía Nuclear, prepara juegos de reactivos de " T c m 
y H3jnm ■ ia producción de generadores de "M o /"T c m ha crecido utilizando 
"M o de fisión importado, y abastecen en estos momentos gran parte del mercado. 
Dos ciclotrones de Ciclotron Corporation CV 28 de los EE UU se han instalado, 
uno en San Pablo y el otro en la Ciudad Universitaria de Río de Janeiro.

Una firma comercial se ha instalado en Río de Janeiro donde producen 
generadores de " M o /" T c m, utilizando "M o de fisión importado y exportando 
algunos a países vecinos. Respecto de la radiofarmacia de hospital en Porto 
Alegre, Río de Janeiro, San Pablo, Belo Horizonte, etc., hay hospitales y centros 
privados que hacen sus juegos de reactivos. En San Pablo se hizo la síntesis de 
los derivados del ácido iminodiacético. En cuanto a la enseñanza, el primer 
curso de Radiofarmacia se dió en la Cátedra de Biofísica del Instituto de 
Biociencias (UFRGS) en 1965.1 En Belo Horizonte, en la Facultad de Farmacia 
(UFMG), se dió el primer curso en 1978, pero no se dieron con regularidad.

En 1984, en el Instituto de Biociencias, se dió un Curso de Radiofarmacia 
para profesionales con experiencia previa en el tema que duró tres días con 
nueve horas diarias.

En otros países,como Paraguay, Bolivia, Ecuador, Colombia y Guatemala, 
no existen cursos regulares de Radiofarmacia, pero se han organizado a nivel

1 Estos cursos se repitieron en 1975, 1976 y 1977.
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de las Comisiones Atómicas, con la participación de las universidades y el apoyo 
del OIEA.

4. MEXICO

En el Instituto Nacional de Investigaciones Nucleares se preparan regular
mente juegos de reactivos para marcar con " T c m. Aquí también se sintetizan 
los derivados de ácido iminodiacético y el HEDSP (hidroxietilidendisodio- 
difosfonato). Utilizando "M o producido por fisión importado se producen 
generadores de "M o /" T c m por el método seco. En varios hospitales de México 
se preparan juegos de reactivos y radiofármacos del " T c m. La Universidad 
Nacional Autónoma de México, en la licenciatura de farmacia, enseña la materia 
radiofarmacia.

5. URUGUAY

Los juegos de reactivos son preparados por el Centro de Investigaciones 
Nucleares; ello no obstante el Hospital de Clínicas de Montevideo se hace sus 
juegos de reactivos de 99Tcm en el propio hospital. En la Facultad de Química 
de la Universidad Nacional del Uruguay se dictó en 1983 un Curso Regional 
sobre Preparación y Control de Radiofármacos que contó con el auspicio del 
OIEA. También existen algunos centros privados que preparan sus juegos de 
reactivos.

6. BOLIVIA

Desde 1968 se vienen preparando en Bolivia, en el Centro de Medicina 
Nuclear del Hospital de Clínicas de La Paz, primeramente radiofármacos del 
1311 y posteriormente juegos de reactivos de 113Inm y 99Tcm. En Cochabamba 
se han preparado algunos compuestos de 1311 y en Sucre se ha comenzado a 
hacer algunos radiofármacos d e l1311 y 99Tcm. En la Facultad de Farmacia y 
Bioquímica de La Paz se han dictado algunos cursos de radiofarmacia.

7. PARAGUAY

En Paraguay se han usado durante varios años radionucleidos y juegos de 
reactivos importados de la Argentina y Brasil y eventualmente de los EE UU. 
Desde hace dos años se ha instalado en el Instituto de Ciencias de la Salud una 
cámara gamma, y un bioquímico enviado por el OIEA a Argentina ha comenzado
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a preparar algunos juegos de reactivos marcados con " T c m . No hay enseñanza 
de radiofarmacia en la universidad, pero sí existe una Cátedra de Radiobiología 
y se han dado algunos cursos de radiofarmacia.

8. CHILE

Desde 1972, la División de Radisótopos del Centro Nuclear “La Reina” 
prepara 1311 ,51Cr, " T c m, etc., como también juegos de reactivos de U3Inm 
y 99y cm además de algunos radiofármacos d e l1311. Una firma privada ha 
comenzado la preparación de juegos de reactivos de " T c m e 113Inm, así como 
la venta de " T c m . También se ha realizado la síntesis de diversos derivados del 
ácido iminodiacético.

9. PERU

A partir de 1976, el Instituto Peruano de Energía Nuclear (IPEN) empezó 
la producción de juegos de reactivos de 113Inm y " T c m. Desde hace tiempo el 
IPEN está instalando un centro nuclear contando con la colaboración de la 
CNEA.

En los laboratorios de dicho centro se está estudiando la preparación de 
derivados del ácido iminodiacético, y no hay noticias de que se haga radio- 
farmacia hospitalaria.

10. ECUADOR

En Ecuador, es intención de la Comisión Ecuatoriana de Energía Nuclear 
la preparación de juegos de reactivos para u 3Inm y " T c m como también 
fraccionar el 1311. En el Hospital Militar se preparan y controlan algunos juegos 
de reactivos de " T c m, pero en general se utilizan generadores de " M o /" T c m 
y juegos de reactivos importados.

11. COLOMBIA

El Instituto de Asuntos Nucleares (IAN) de Colombia prepara algunos 
juegos de reactivos de 113Inm y " T c m. Desde 1980, el Centro de Medicina 
Nuclear del Hospital Militar Central prepara y controla los juegos de reactivos 
del " T c m. En el interior del país se ha comenzado la radiofarmacia de hospital. 
Se intenta a través de la ayuda técnica del OIEA organizar cursos de capacita
ción en Biología y Medicina Nuclear en el IAN.
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12. VENEZUELA

En Venezuela hay 40 cámaras gamma, pero aún no se producen localmente 
radionucleidos; sólo algunos centros privados hacen sus juegos de reactivos 
para " T c m e 113Inm. Hay quién vende " T c m fraccionado. El Hospital 
Universitario de Mérida y el Hospital Coromoto en Maracaibo fabrican sus 
juegos de reactivos. El Instituto Venezolano de Investigaciones Científicas 
(IVIC) tiene un proyecto para fabricar generadores de "M o /"T c m con "M o 
importado. No hay enseñanza de radiofarmacia en las universidades.

13. COSTARICA

En San José de Costa Rica, el Hospital de San Juan de Dios ha instalado 
junto al Centro de Medicina Nuclear un Laboratorio de Radiofarmacia en 1982, 
donde se preparan los juegos de reactivos y marcan con " T c m . Este laboratorio, 
que cubre las necesidades del hospital, podría abastecer a los otros hospitales 
que se encuentran a corta distancia (Hospital México y Hospital Calderón 
Guardia).

14. GUATEMALA

En Guatemala, la Dirección General de Energía Nuclear ha instalado en 
1984 en el Hospital Gral. San Juan de Dios un Laboratorio de Radiofarmacia 
que cuenta con los equipos necesarios para abastecer las necesidades del hospital, 
como también al otro hospital: Hospital Roosevelt que se encuentra en la misma 
ciudad. Se preparan juegos de reactivos para marcar con " T c m.

15. PANAMA

Actualmente se cuenta con 2 cámaras gamma, pero existe la posibilidad 
de adquirir otras dos: una para el Hospital Santo Tomás y otra para la Caja de 
Seguro Social. Tanto los generadores como los reactivos se importan.

16. PUERTO RICO -  EL SALVADOR

La posición de Puerto Rico no ha cambiado en estos últimos años. Se 
importa la totalidad de los radionucleidos, siendo los generadores de " M o /" T c m 
los más utilizados juntamente con los juegos de reactivos, que también se 
importan. Lo mismo ocurre con El Salvador.
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Abstract

KINETIC STUDIES WITH RADIOPHARMACEUTICALS.
The kinetics of metabolic and pharmacological processes can ideally be studied using 

non-invasive methods, o f which the use of radionuclides is by far the most sensitive. Methods 
and techniques for such studies are being presented, including the constraints imposed by 
physical detection of radioactivity and current computational procedures. Some of the areas 
where kinetic studies using radiopharmaceuticals have proven to be of both scientific and 
clinical interest are encountered in the study of bone scanning agents and in the study of drug 
distribution and metabolism. Selected examples o f such studies are discussed and reviewed. 
Finally, the radiopharmaceuticals themselves are subject to the kinetics o f physiology and 
biochemistry, and an understanding of their pharmacokinetics may enhance their usefulness 
as imaging agents. Kinetic studies constitute a major contribution that nuclear medicine pro
cedures can provide, and it is suggested that the future of nuclear medicine (and, hence, that of 
radiopharmaceuticals) is more likely to be in dynamic and kinetic function studies than in 
morphologically oriented static imaging.

IN TR O D U C TIO N

R adiopharm aceuticals have been used fo r dynam ic studies ever since the  
early days o f nuclear m edicine, w here  the em phasis w as on the study of 
physiological functions. Examples of classical studies include the  
m easurem ent of blood flow  in th e  brain [1], in the heart [2, 3], in the liver 
[4], and fo r renal function [5], or fo r m etabolic  processes, such as 

ferrokinetics [6, 7, 8]. M ost o f such studies developed at a tim e w hen  
nuclear m edic ine cam eras or scanners did not have o n -lin e  com putational 
capabilities, a recent d eve lop m ent spurred prim arily  by the needs of 
nuclear cardiology. The dynam ic studies perform ed fo llow ing  
adm in istration  of 201TI are exce llent exam ples o f how  physiological 
functions can be assessed by nuclear m edic ine procedures; sum m aries of

423
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such dynam ic studies can be found in papers by Hecht et al. [9], and 
Pfisterer e t al. [10]. Such procedures are, how ever, outside the scope of 
th is discussion, inasm uch as they focused on physiological functions and 
in general required that the radiopharm aceutical injected be invariant (e.g., 
does not undergo any b iotransform ation). The present paper d irects its 
em phasis to  those studies involving radiopharm aceuticais in w hich  
b iotransform ation  of the injected radioactive m ateria l is central to  the  
inform ation  th a t w e are trying to  collect. Thus, the focus w ill be on those  
kinetic studies w hich make use of radiolabelled agents that can be 
detected  n on -invas ive ly  and th a t w ill a llow  the study of m etabolic  and 
pharm acological processes w ith in  the human body.

Because th e  em phasis is on m easuring products or ra ther changes in the  
concentra tions of products, w e m ust also discuss tw o  prim ary issues th a t 
w ill d eterm ine w he ther (and to  w hat extent) n o n -in vas ive  studies of body  
chem istry are feasible: w hat is the relation o f the m easured activ ity  to  the  
concentration  of radiolabelled product(s) present, and w hat com putational 
techniques do w e have th a t w ill allow  us to  analyze such data, including  
param eter estim ation  and com partm enta l analysis?

PHYSICAL CONSTRAINTS ON KINETIC STUDIES

It is w ell known that, in general, to  obtain a quantitative es tim ate  of the  
radionuclide concentra tion  in vivo, it is necessary to  use the m etho d olo gy  
of em ission com puted  tom ography (ECT), w hich is based on co llecting  
projection data from  a large num ber of angles around the body. In 
addition, evaluation of kinetics requires dynam ic ECT w hich im poses tw o  
m ajor lim itations v is -à -v is  count statistics and the speed at w hich angular 
sam pling can be perform ed.

By virtue of its high sensitiv ity  and stationary d etec tor configuration, the  
technique of positron em ission tom ography (PET) is w ell suited to  the  
study of radiopharm acokinetics, as docum ented extensively in the w ork  of 
Phelps, Kuhl, et al., using 18F -2 -flu o ro d eo xyg lu co se  [11, 12, 13, 14]. 
How ever, the availab ility  of the sh o rt-lived  positron em itte rs  rem ains  
problem atic, the radiation dose is high, m any studies require longer tim es  
than the physiological positron em itters  allow, and in m any instances (as, 
fo r exam ple, in th e  case of cisplatin discussed below ), only 's in g le -p h o to n ' 
em itters  can be iised . A lthough highly sensitive s ingle-photon  im agers are  
under d eve lopm ent [15], a rotating gam m a cam era w ith  a lead co llim a tor  
is the im aging instrum ent m ost w idely used at th is tim e.

To gain an insight into the quantitative  aspects of im aging w ith  a gam m a  
cam era, and to  set boundary conditions on constraints th a t w ould  be 
im posed on kinetic analysis, w e perform ed a series o f experim ents w ith  a 
tes t object containing  various com partm ents. The d im ensions o f th e  tes t 
object w ere chosen to  conform  to those of a rat. The te s t object
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com prised a "liver" co m p artm ent (hereafte r referred  to as ROI—1 ) of 
dim ensions 8 cm x 5 cm x 3 cm, tw o  "kidney" com partm ents (R O I-2  and 
3), each 2 cm x 1 cm  x 1 cm , and a background region. Because of the  
lim ited sensitiv ity  and tem po ra l resolution of a gam m a cam era, 
experim ents w ere  not confined to  ECT but m any s in g le -v ie w  im ages w ere  
collected  and a m etho d olo gy developed to extract m axim al in form ation  
fro m  these studies.

In the first experim ent, data w ere  obtained fro m  a single p ro jection  view , 
or from  tw o  orthogonal pro jections, w ith  d iffe ren t (but known) static  
radionuclide concentra tions w ith in  the com partm ents . Assum ing a priori 
inform ation regard ing the shape and location of each co m p artm ent, a 
correction schem e was developed to com pensate fo r a ttenu atio n  of 
radiation w ithin the object, to  rem ove contributions from  background, and 
to  deconvolve the system  point spread function  from  the m easured  
dim ensions. M o no ton ie  calibration  curves could then be p lotted to  re late  
th e  m easured counts to  the true activ ity  concentra tion  in a given ROI. The 
activ ity  w ith in R O I-1 could be determ ined  to  an accuracy o f ± 5%  under 
these conditions. The activ ities w ith in  R O I-2  and 3 could be quantified  
only if their vo lum e w ere  assum ed to  be known, and an accuracy of ± 
10%  could then be obtained.

The second series of experim ents involved a rotation o f the o b jec t in 
front of the gam m a cam era in steps o f 1 0 °  around 3 6 0 °  under the  
assum ption that the activ ity w ith in  a ROI rem ained constant, except fo r its 
radioactive decay, during the entire m easurem ent. Studies w ere  conducted  
fo r several activ ity  concentra tion  values in each co m p artm ent. 
A pproxim ately 1 m illion counts w ere  co llected  a t each ang le o f view , and 
a filtered  b ack-pro jection  techn ique w ith  attenuation  correction  [16] w as  
used to reconstruct cross-sectio na l im ages. The reconstructed values of 
RO I-1 show  less than a 10% rms error a fte r attenuation correction . R O I-2  
and 3 can be quantified only if th e ir vo lum e is known (since it is less than  
the volum e resolution of our gam m a cam era). If the volum e w ere  known  
by another m ethod, quantification to  about 2 0 -3 0 %  rms erro r appears to  
be plausible w ith in  R O I-2  and 3.

Having thus defined the constra ints and the lim itations o f static studies, 
w e initiated an analysis of a dynam ic system . Using a perista ltic  pum p, 
activ ity  was first infused into the th ree ROI's (phase 1) and then w ashed  
out (phase 2). Im ages w ere co llected  at 9 0 -se co n d  intervals fo r a to ta l of 
30 m inutes during phase 1 and fo r 60 m inutes during phase 2. The count 
rate from  the tes t object w as about 1000 counts/s. An independent 
m easurem ent o f the a c tiv ity /c m 3 w as sim ultaneously p erfo rm ed  by an 
external calibration loop. The correction  procedure described ea rlie r w as  
used to es tim ate  kinetics in each co m p artm ent. These m easurem ents w ere  
restric ted to  s in g le -v ie w  im aging. The results show  an rm s fluc tua tio n  of 
about 15% betw een  the estim ated  activ ity  in R O I-1 and th e  ca libration
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loop as a function o f tim e, and an rm s error of about 30%  b etw een  R O I-2  
and 3 com pared to the calibration loop.

These studies indicate that if there is m inim al overlap betw een  ROIs, and 
if the shape and the location o f these ROIs can be determ ined  by o ther  
m eans, then s in g le -v ie w  im aging could be used to quantify kinetics w ith  a 
tem pora l resolution of approxim ately 1 m inute, and an accuracy of 15%  
could be attained fo r regions w hose dim ensions are 2 -3  tim es larger than  
the system  p o in t-sp read  function. Sm aller regions could produce a 
proportionally  h igher error. In the general case w here  shape and location  
o f the ROI is unknown an d /o r there is a high degree of overlap b etw een  
various regions, SPECT could produce sim ilar quantitative accuracy but at 
the expense of tem pora l resolution in d irect proportion to  count statistics  
and angular sam pling [17].

MATHEMATICAL AND COMPUTATIONAL TECHNIQUES

An im portant com ponent in radiopharm acokinetic  studies (see below ) 
involves testing  the proposed kinetic m odels fo r structural identifiab ility , to  
d eterm ine w hether it is theo retica lly  possible to  uniquely es tim ate  m odel 
param eters given th e  experim ental design (i.e. m odel inputs and outputs). 
Using system  theory, an algorithm  has been developed to  tes t linear 
radiopharm acokinetic m odels fo r structural identifiab ility. In short, the  
procedure a ttem p ts  to  determ ine if the param eters  of th e  proposed  
dynam ical m odel can be expressed as unique functions o f known  
identifiab le invariants. A program  w hich im p lem ents th is identifiab ility  
algorithm  has been w ritten  [18] using the sym bolic program m ing language  
REDUCE. This program  has proven invaluable in our work, especially  in 
m odel fo rm ulation  and experim ental design.

Once the structural identifiab ility of a m odel has been assured and the  
associated experim ent perform ed, it is usually necessary to  es tim ate  som e  
or all of the m odel's param eters from  the experim ental data. In th is regard, 
the early w ork in our laboratory has been carried out using the ADAPT  
package: a set of in teractive program s fo r sim ulation, experim ent design, 
and p aram eter estim ation involving pharm acokinetic system s [19]. W hile  
the param eter estim ation program  in this package is re liable and easy to  
use, it m ay result in long com putation  tim es fo r "large m odels", because a 
num erical d ifferentia l equation solver is used to  s im ulate the dynam ical 
system . Therefore, a robust and e ffic ient com putational procedure has 
been developed fo r sim ulating the linear dynam ical d ifferen tia l equation  
m odels w hich arise in radiopharm acokinetic studies. The procedure, w hich  
uses W ard's m ethod [20] to  approxim ate the system  m atrix exponential, 
has reduced the com putation tim es required to  perform  m odel p aram eter 
estim ations by a fac tor of 50 in several im portan t cases. Currently, effo rts  
are under w ay to  develop recursive estim ation  procedures w hich m ay be
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b etter suited fo r estim ation  problem s involving n o n -in vas ive ly  co llected  
concentration  data.

RADIOPHARMACOKINETICS: THE STUDY OF THE KINETICS OF DRUGS

W hen a foreign com pound is introduced into the hum an body it becom es  
subject to  a series of effects  that w ill influence its ab ility to  co n centra te  
and to  act at its desired ta rg e t site, and such effects  are likely to  d iffer  
from  patient to  patient. Thus, th e  study o f the kinetics of drug absorption, 
distribution, m etabolism  and excretion has becom e an area o f m ajor 
concern in clinical pharm acology and therapeutics, and has given birth to  
the discipline of pharm acokinetics, w ho se aim  is to  d eterm ine  and evaluate  
the above processes as part of assessing an optim al drug reg im en  fo r an 
individual patient. Classical pharm acokinetics, as review ed  and 
docum ented  in m any publications [21, 22, 23], is lim ited in th a t it only  
m easures drugs and their m etabolites in accessible body fluids and tissues  
such as blood, urine, saliva, inasm uch as internal organs and tissues are  
unavailable fo r serial sam pling. It becam e obvious to  us som e years ago  
that radiolabelling drugs w ould  open up a w ho le  new  dim ension  in 
studying drugs in vivo by allow irtg n o n -in vas ive  m easurem ents of drug  
levels at any desired organ site. The m ajor lim ita tion  o f such studies, 
how ever, w as th a t rad ioactiv ity  detects  a single atom , independently  of its 
chem ical environm ent, and that the outputs generated  are a sum of all 
products (drug and m etabolites) present at th a t organ site. W e suggested  
som e years ago th a t such a problem  m ight be solvable if it w ould  be 
approached using system s theory: a b iological system  is considered in its 
to ta lity  as a system  of several co m p artm ents  w hich can be re la ted  by 
clearly defined m athem atical equations. W e have suggested th e  term  
radiopharm acokinetics fo r such an approach and developed the fo llo w in g  
stepw ise procedures fo r carrying out a radiopharm acokinetic  study o f a 
drug:

1. The m etabolism  o f the drug m ust be known, or it m ust be 
determ ined.

2. A m u lticom partm enta l m odel to  represent the drug's  
absorption, d istribution, m etabolism  and excretion is 
form ulated . (A com partm ent is defined uniquely as a single  
chem ical en tity  in a single anatom ical location. In practice, it 
m ay be necessary to  effect som e sum m ation  of both  
m etabolites and tissues into sum m ation com partm ents).

3. A structural identifiab ility  analysis is carried out [18], to  
d eterm ine w h e th e r the proposed m odel is really  identifiab le  
given the outputs th a t w ill be m easured and th e  num ber and
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nature of the com partm ents present in the m odel th a t are not 
directly m easurable. Any proposed m odel that is not 
structurally identifiab le  m ust be re form ulated  until it reaches  
such identifiability.

4. Data can now  be co llected  from  those outputs required by the  
identifiab le m odel defined above, and such data m ust m eet the  
statistical and physical constraints previously discussed.

5. P aram eter es tim ation  is carried out using one of the  
com putational packages adapted or developed for 
radiopharm acokinetics.

6. The estim ated  m odel is appropriately validated by determ iniog  
to  w hat extent it w ill predict the drug's b iod istribution  in a 
differen t set of experim ents.

It is appropriate, at th is tim e, to  discuss the present approach to  
m odelling. In classical m odelling, neither a co m p artm ent nor the  
estim ated  param eters represent a specific biological entity  (e.g. an organ, 
a volum e, b lo o d -flo w , etc). In physiological m odelling  [24], each state and  
p aram eter is explicitly defined. Such physiological m odels require "a priori" 
know ledge of param eters, such as blood flow , volum e, c learance rate, etc. 
The approach w e present here is interm ediate: co m p artm ents  have a 
specific b iological significance, but w e do not dem and a priori know ledge  
of any param eters w hich are estim ated from  the experim enta l data. 
Inasm uch as the la tter tw o  approaches are both physiologically oriented , it 
is obvious that they should, u ltim ately, converge. This has been  
docum ented  by us [25] in a th ree -co m p artm en t m odel. The current 
approach allow s the full use of the experim ental m ethods of nuclear 
medicine; its application to  specific studies will be docum ented  below .

One fu rther consideration o f the radiopharm acokinetic approach is th a t it 
considers the body as a system  w hose parts m ay be functionally  and 
dynam ically related. Perturbations in any organ or function m ay thus be 
capable of affecting  the levels o f radioactive m ateria ls  available to  those  
organs or tissues th a t are under study, and the system  m ust th ere fo re  be 
understood in its entirety . As an exam ple, renal an d /o r hepatic clearance  
are usually am ong the m ajo r factors determ ining the blood levels o f a 
drug, and th ey  m ust be assessed in a particular patient to  d eterm ine  how  
th ey  will affect, at that stage o f his disease, drug availab ility. In those  
cases w here blood levels can be treated  as a known input function, 
m easurem ents lim ited to  a single organ can be treated  as a (sub)system  
and fully analyzed. For the m ore general case, and especially fo r the future  
d evelopm ent of contro l s trategies to  obtain desired drug levels at the  
targeted  organs, it w ill be necessary to  have adequate  know ledge of the  
to ta l system .
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The above outline of the radiopharm acokinetic  procedure can perhaps  
best be docum ented  by review ing  how  this m ethod has been applied to a 
specific drug. C isplatin, a drug w hose first pharm acokinetic  analysis w e  
presented at the previous IAEA Sym posium  on Radiopharm aceuticais [26], 
has been one of the m odel drugs used in the d eve lop m ent of 
radiopharm acokinetics. Experim ents using the extracorporeal blood loop in 
rats [27] suggested that a th ree -co m p artm en ta l m odel w ith  a very rapidly  
clearing com ponent w as consistent w ith  the observed data. How ever, 
because this m odel did not re flect the chem ical nature of the platinum  
com pounds present in the body (and hence, the levels of the toxic  
com ponent at various organ levels), it appeared th a t a h ig h er-d im en sio na l 
system  w as necessary to  represent the kinetics o f radio labelled  cisplatin. 
Inasm uch as cisplatin present in plasm a becom es rapidly bound to  plasm a  
proteins [28, 29, 30, 31], it appeared that a five -d im e n s io n a l m odel m ight 
be a realistic reflection o f the observable d istribution of cisplatin  in vivo  
[32]. H ow ever, w e determ ined  that such a m odel w as n o n -id en tifiab le , and 
furtherm ore, it w as unable to  fit the observed results. On the basis o f our 
understanding o f the b iochem istry  of cisplatin w e then fo rm u lated  a first 
s e ve n -s ta te  s in g le -in p u t f iv e -o u tp u t linear t im e -in v a ria n t closed system  
[32], w hich w as fully contro llab le, observable and structurally  identifiab le . 
The param eters o f this m odel w ere  estim ated  and found to p red ict the  
observed data of cisplatin blood levels in patients. How ever, because this  
m odel had tissue "traps", it still did not appear to  be physiologically  likely, 
and it w as reform ulated  as an 11 -p a ra m ete r m odel [33]. This m odel was  
fu lly  consistent w ith  the data availab le through 1983. By th a t tim e, w e had 
upgraded our abilities to  analyze n on -invas ive  data to  the point w here  it is 
now  possible to  conduct a full rad iopharm acokinetic analysis of a single  
anim al (or hum an) [25] system  using n on -invas ive  techniques. W ith  m ore  
precise m easurem ents, the data no longer fitted  th e  se ve n -c o m p a rtm e n t  
m odel, and an e ig h t-c o m p a rtm e n t m odel w as fo rm u lated  [34]. It did 
provide a m uch b ette r fit o f the single anim al data, and, w ha t is m ore, the  
param eters estim ated  using this m odel, w hen used to  predict the kinetics  
of cisplatin fo llow ing  a 30 m inute infusion, agreed very w ell w ith  the  
observed data.

Thus, m odel d eve lopm ent is a continuous process. Inasm uch as a m odel 
is a sim plification of the bio logical system , it is necessary, by using a 
validated  series o f trials and errors, to  identify the sim plest m odel th a t is 
able to  provide a m eaningful prediction of the drug's behaviour.

PHARMACOKINETICS OF RADIOPHARMACEUTICALS

Inasm uch as nuclear m edicine m easures the tim e -d e p e n d e n t d istribution  
of radioactive m ateria ls (radiopharm aceuticais) in b iological system s, it is 
both possible and desirable to  apply the concepts o f pharm acokinetics to  
radiopharm aceuticais . The u ltim ate  goal o f such studies is to  gain a b e tte r
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understanding of the principles that govern this t im e -d e p e n d e n t  
distribution of radiopharm aceuticals, so that w e m ight determ ine both the  
m ost desirable radiopharm aceutical fo r a given procedure and th e  optim al 
im aging tim e and m ode of adm inistration fo r a particu lar diagnosis and a 
specific patient. The tw o  approaches th a t have been used involve e ith er a 
com partm enta l (m odel dependent) analysis or a noncom partm ental (m odel 
independent) analysis [35]. In the second m ethod, counts are p lo tted  vs. 
tim e  fo r blood and organs, and the data can be analyzed by a variety  of 
m ethods: by com paring the re lative rates of profiles, by an individual tim e  
analysis, by determ ining  the h a lf-life , by m easuring the area under the  
curve, or by m ore sophisticated techniques, such as the estim ation  o f fo ur  
param eters: slope, height, area and m o m ent (SHAM), of clearance, m ean  
transit tim e or m ean sojourn tim e. In recent years it has becom e possible  
to  fo rm ulate  m athem atical m odels to  describe com plex b io logical 
dynam ics. Such m odels are m ade up of com partm ents or pools w hich are  
kinetically hom ogeneous and m athem atically  d istinct. Examples of such 
m odels have been given above.

Let us review , as an exam ple, the pharm acokinetics of bone scanning  
agents, w here both noncom partm ental and com partm enta l analysis has 
been used to describe th e ir behaviour. W ang et al. [36] studied the  
re lationship  betw een  chem ical structure and bone localization o f five  
99T c m-d ip h osph on ic  acids using the individual tim e  analysis m ethod o f the  
fe m u r to  blood, to  liver and to  m uscle ratios at tw o  hours post IV 
in jection. They concluded that w hile ethylidene diphosphonic acid exhib ited  
the h ighest fe m u r/liv e r ratio, its blood level did not d iffer significantly fro m  
that of m ethy lene diphosphonate. Rosenthall and Kaye [37] failed to  d e tec t 
any significant d ifference betw een various patient groups and the contro l 
group when using the accum ulation fac tor m ethod betw een  1.25 and 7.5 
m inutes p o s t-in jec tio n , w ith  the exception of patients w ith  osteom alacia . 
Krishnam urthy et al. [38] found that a lthough 99Tcm-p yro p ho sp h ate  is 
excreted at a re latively fas ter rate during the first hour than d iphosphate  
or polyphosphate, such differences disappeared a fte r 4 hours. The blood  
activ ity  during th is tim e  fitted  a b iexponential curve, w ith  h a lf-live s  of 13.6 
to  30.0 m inutes fo r the first phase, and 168 to  512 m inutes fo r the second, 
slow er phase.

Of considerable in teres t is the w ork of Charkes. In an earlier paper 
[39] he proposed a five -c o m p a rtm en t m odel fo r F" kinetics in hum ans. His 
m odel included the blood, the bone-ECF, bone, n o n -b o n e-E C F  and tubu lar  
urine com partm ents (w here ÉCF stands fo r extracellu lar fluid). He used the  
SAAM program  [40] and found th a t his model agreed  w ell w ith  the  
observed data. Charkes then tested  th is m odel in rats [41 ] and concluded  
that the physiological m odel he proposed appeared to  result in the best fit 
of his data. M ore recent w ork by Charkes [42] proposed a s e v e n -  
com partm ent m odel w hich satisfactorily  accounted fo r th e  tracer
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distribution fo llow ing  in tra -a rte ria l injection. This se ve n -c o m p a rtm e n t 
m odel appears to  re flect blood flo w  alterations and has been proposed as 
a possible m odel to  study bone scan abnorm alities in a variety of disease  
states. Such results suggest th a t com prehensive radiopharm acokinetic  
analysis o f radiopharm aceuticals is possible and m ay perhaps o ffer a 
useful clinical too l fo r the study o f disease states.

CONCLUSION

M odern developm ents of n on -in vas ive  studies have reached th e  stage  
w here it is possible to  access the in form ation  content available w hen the  
dynam ics of such studies are m easured. To do so, w e m ust be able to  
convert activ ity  in form ation  into concentra tions and to  analyze th e  data  
obtained in a reasonable m anner. S om e of the m ethods availab le have  
been presented, fo llow ed  by selected exam ples w here kinetic studies have  
been applied to pharm acolog ical and radiopharm aceutical problem s. Thus, 
it is possible to  study the organ pharm acokinetics of drugs, making  
thereby availab le in form ation  on drug distribution and activ ity  h itherto  
inaccessible. W e are also beginning to  understand som e of the dynam ic  
factors th a t affect th e  distribution of rad iopharm aceuticals u tilized fo r  
im aging studies. In conclusion, kinetic analyses can enhance and add new  
dim ensions to  the n on -in vas ive  studies of body chem istry  th a t nuclear 
m edicine techniques have m ade possible.
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Abstract

SYNTHESIS AND BIODISTRIBUTION OF 75 Se-DINONYL-DISELENIDE.
Selenium-75-labelled dinonyl-diselenide, C9H19 7SSeSeC9H19, was synthesized and identified. 

It was injected into white rats in order to observe the selenium distribution in the tissues using 
inorganic 75 Se02 as the control agent. The sequence order of the 7S Se-dinonyl-diselenide uptake 
by tissues was: pancreas, muscles, stomach, liver, kidneys, spleen, blood, lungs, heart, brain, 
eyes. A very high accumulation of 75 Se-dinonyl-diselenide in the pancreas was observed, similar 
to that of the pancreatic imaging agent 75 Se-methionine. Furthermore, the enzymatic activity 
of glutathione peroxidase in the case of organic diselenide injection was higher than that measured 
for selenite. Selenium of dinonyl-diselenide was more effective and retainable in the process of 
converting itself to selenium-containing enzyme via the metabolic reactions. It may be advisable 
to replace inorganic sodium selenite by organic selenium compounds. Sodium selenite has been 
widely used in the prevention of the Keshan disease in China.

1. INTRODUCTION

In recent years, the essential element selenium has been found to be 
exceedingly beneficial in the mammalian metabolism [ 1 ] . Selenium has been 
shown to be a potent anticarcinogen for a variety o f cancers and an effective 
preventive of the Keshan disease, which is a severe form o f myocardiosis in 
China [2]. Selenium can also be used as a detoxifying agent for metal pollution 
and for many other purposes.

Schwarz et al. [3] studied the biological potency of a series of symmetrical 
straight-chain compounds against dietary liver necrosis, namely dialkyl selenide, 
R-Se-R, and dialkyl-diselenide, R-Se-Se-R. They found that the chain lengths 
C9 and Си had optimal activities and that the diselenides were remarkably 
effective.
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We have synthesized 75 Se-labelled dinonyl-diselenide, C9 H19 75 SeSeC9H19, 
and observed its biodistribution in rats. Also, we have determined the enzymatic 
activity of the selenium-containing enzyme glutathione peroxidase in rat blood, 
using 75 Se-selenite as the control agent.

2. EXPERIMENTAL

2.1. Materials

All reagents were purchased from the Beijing Chemicals Co. and the Shanghai 
Chemicals factory. Most of the reagents were of analytical grade; n-C9H19Br 
and Triton X-100 were of chemically pure grade; glutathione reduced and bovine 
serum albumin were of biochemical grade. The radioisotope 75 Se (S e02 ) was 
obtained from the Institute of Atomic Energy in Beijing.

The radioactivity was measured with a domestic model FH 408 auto-scaler 
connected to a well-type Nal(Tl) gamma-ray scintillation detector. The spectro
photometer model 721 and the infra-red spectrometer Perkin-Elmer 683 were 
used in chemical analysis.

2.2. Synthesis o f 75 Se-dinonyl-diselenide

Stover and Williams [4] synthesized dinonyl-diselenide first in 1948. We 
have synthesized this 75 Se-labelled compound with the method used by Fredga [5] 
in synthesizing diamino-dialkyl-diselenide; this method is briefly described 
below.

Red elemental 75 Se was prepared by reduction o f 75 S e02 . A Rongalit mixture 
(NaHS03 + HCHO) and a NaOH solution were added to red 75 Se, followed by 
reflux o f the solution under nitrogen atmosphere; n-C9 H 19 Br was then added in 
drops to the Na275Se solution formed, and the reflux under nitrogen was 
continued for about 30 hours until the dark brown colour o f the solution changed 
to orange. The crude orange oil product was purified by extractions with petro
leum ether (three times). The yield of the final yellow oil product was about 20%.

The specific activity o f  the labelled compound was 0.5 Ci/g Se .* The radio
chemical purity was assayed as 98.3% by paper chromatography developed with 
petroleum ether. The refractive index, ПрЬ5= 1.5179, was close to the literature 
value o f n^ = 1.5092. The infra-red spectrum showed a Se-Se bond and a long 
carbon chain structure.

After converting the organic selenium to inorganic Se(IV), through digestion 
of the sample by a H2S04-HC104-Na2Mo0 4 solution, selenium was chemically 
analysed with the spectrophotometric method, using 3,3'-diaminobenzidine as a

1 1 Ci = 37 GBq.
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chelating agent. The selenium content determined was 37.65% -  close to the 
calculated value of 38.27%. The elemental analysis value o f the carbon content 
was 52.65% -  consistent with the calculated value o f 52.42%.

2.3. Distribution and enzymatic activity studies

2.3.1. Tissue distribution study

For injections,75 Se-dinonyl-diselenide, alcohol, 4% bovine serum albumin 
and Triton X-100 were mixed and subsequently shaken to obtain a homogeneous 
emulsion. Aliquots o f 0.1 mL o f the emulsion, with a safe dose o f selenium 
(5—10 g per kilogram body weight) were injected into the abdominal cavity of 
white female rats weighing 1 8 0 -2 0 0  g.

The rats were killed by decapitation at different times after radiopharma
ceutical injection and the blood was collected. The pancreas, liver, lungs, stomach, 
kidneys, heart, spleen, brain, muscles and eyes were removed, rinsed carefully with 
distilled water, blotted dry and weighed; then the radioactivity was counted.

Control agents of inorganic 75 Se-selenite solution were also injected in other 
rats and the distribution in the tissues was examined in an analogous way.

2.3.2. Glutathione peroxidase activity study

Ten rats, divided into two groups o f  five, were injected daily with 75Se-dinonyl 
diselenide and 7S Se-selenite, respectively. Blood samples were taken through a 
tail vein on the third, sixth, tenth and thirteenth days and one week after the 
13 daily injections.

The activities o f glutathione peroxidase in the blood were determined by 
measuring the concentration changes o f the substrate glutathione with 5,5'-dithiobis 
(2-dinitrobenzoic acid) as a colorimetric analysis reagent.

3. RESULTS AND DISCUSSION

3.1. Tissue distribution

The data were expressed as the differential absorption ratio (DAR) of the 
tissues, in order to take account o f the body weight. The DAR is defined as:

observed activity (counts/min) per weight of tissue (g) 

total injected activity (counts/min) per weight of rat (g)

The tissue distributions o f 75 Se-dinonyl-diselenide and 75 Se-selenite are 
summarized in Tables I and II. Each value was taken as the mean for a group of 
at least three rats.
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The sequence order o f 75 Se-dinonyl-diselenide uptake by the tissues was: 
pancreas, muscles, stomach, liver, kidneys, spleen, blood, lungs, heart, brain, 
eyes. The sequence order o f 7S Se-selenite uptake was: liver, kidneys, blood, 
lungs, pancreas, spleen, stomach, heart, muscles, brain, eyes; this is consistent 
with the study reported by Schoental [6].

The pancreas had a remarkably significant uptake o f 75 Se-dinonyl-diselenide. 
Thirty minutes after administration, the accumulation in the pancreas reached a 
sharp maximum: the pancreas-to-blood ratio was as high as 38.3; this is close to 
the ratio obtained with the pancreatic imaging agent 75 Se-methionine. Because 
of the easier synthesis method o f 75 Se-dinonyl-diselenide, it would be reasonable 
to regard it as an alternative pancreatic imaging agent. However, the low 
pancreas-to-liver ratio (which is similar to that o f  75 Se-methionine) may restrict 
its usefulness as a pancreatic imaging agent.

When the uptakes o f organic diselenide and inorganic selenite were compared, 
no very prominent differences were observed, except for the high accumulation 
of diselenide in the pancreas and the high accumulation of selenite in the liver and 
kidneys. Somewhat higher uptakes of diselenide by the muscles, stomach and 
spleen were found.

3.2. Glutathione peroxidase activity

The enzymatic activity units of the selenium-containing enzyme glutathione 
peroxidase, determined after injections of organic and inorganic selenium at 
different days, are listed in Table III. It is obvious that the enzymatic activities 
obtained with diselenide were higher than those obtained with selenite. This 
difference between the two activities increased gradually with time. Apparently, 
the selenium component o f dinonyl-diselenide was more effective and retainable 
than selenium in selenite in the process o f  converting itself to the selenium- 
containing enzyme via the metabolic reactions.

Therefore, we consider that an organic selenium compound, such as 
dinonyl-diselenide, is more effective than the inorganic sodium selenite which is 
widely used in China in the prevention and therapy of the Keshan disease [2] 
and the Kashi-Beck disease [7].
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Abstract

MYOCARDIAL METABOLISM STUDIED WITH IODINE-123 HEXADECENOIC ACID.
The labelling of 16-iodo-9-hexadecenoic acid is obtained by iodide exchange. This reaction, 

performed in an anhydrous medium, leads to 123I-9-hexadecenoic acid (IHA) with a 98% yield. 
IHA is injected at the entrance of the coronary artery of an isolated rat heart, perfused using 
the Langendorff technique with Krebs Henseleit medium containing glucose (11 mmol) or no 
glucose and insulin (10 IU/L). The radioactivity curve of the external detection time shows a 
spike, followed by a multi-exponentially decreasing phase. The maximal myocardial uptake is the 
same for all groups of experiments. However, the radioactivity after the spike, measured during 
30 minutes, is significantly higher when the perfusion medium contains glucose. The myo
cardial radioactivity distribution shows that the radioactivity of the organic phase is always higher 
when glucose is present in the perfusion medium than when no exogenous substrate is used. 
Furthermore, an analysis of organic phase cellular and subcellular lipids shows that the radioactivities 
of triglycerides (TG) and phospholipids (PL) are respectively three and two times higher with a 
substrate. Part of the radioactivity is in the mitochondria, 75% of it being in the organic phase, 
mostly in the polar lipids. These results demonstrate that (1) IHA is partly stored in TG (and 
PL) and this storage is enhanced in the presence of glucose; (2) some of the IHA goes into the 
mitochondria where it is metabolized; (3) the presence of an iodine atom in the co-position does 
not seem to modify fatty acid (FA) metabolism; and (4) the external detection of the myo
cardial radioactivity time-course indicates FA metabolism modifications. A four-compartment 
model is proposed in order to obtain, from the external detection curve, a quantitative 
assessment of IHA distribution between storage and oxidation.
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1. INTRODUCTION

Among all the metabolic pathways leading to ATP production in the myo
cardial cell, the preferential utilization of fatty acids (FA) as a substrate is well 
established. Therefore, labelling FA with a gamma-emitting radionuclide should 
allow an external study o f cardiac metabolism. Having improved the labelling 
efficiency, an extensive study o f various forms of FA uptake, according to chain 
length, molecule saturation and nature and position o f the label, led us to choose 
123I-iodo-9-hexadecenoic acid (IHA). An intravenous injection of this radiopharma
ceutical product into dog or man gives good scintigraphic images, and the time/ 
radioactivity curve reaches a maximum a few minutes after injection (p.i.) and 
then decreases in a multi-exponential way. In order to analyse this external 
detection curve, we need to know the intramyocardial and intracellular fate of 
the injected halofatty acid. We report our studies on IHA intramyocardial 
incorporation and utilization by isolated rat hearts and we propose a mathematical 
model for the interpretation of the entire course of the external detection curve.

The experimental model applied to isolated hearts presents a double advantage: 
many parameters that cannot be monitored during in vivo studies can be precisely 
controlled, and only the myocardial radioactivity is externally detected, without 
background contamination. This model has been adapted to external detection, 
which enables us to demonstrate the influence o f substrate concentration in the 
perfusion medium on IHA utilization by the isolated perfused myocardium; in 
the decreasing phase, the myocardial radioactivity is higher if the exogenous 
glucose concentration is higher. In order to determine the origin o f this myocar
dial radioactivity, which is connected with the metabolic fate of the injected IHA, 
we have performed a radiochromatographic analysis o f all labelled metabolites 
in the whole heart and then a subcellular distribution study o f the labelled lipids 
after separation of the mitochondrial and cytoplasmic fractions.

2. RADIOCHEMICAL ASSAY OF CARDIAC RADIOACTIVITY

We used perfused rat hearts (Langendorff technique) in an open system 
with a constant flow. An IHA bolus was injected directly at the entrance of 
the coronary arteries. At various time intervals, between 30 s and 10 min p.i., 
cardiac lipids were extracted and the radioactivity was determined in the lipid 
and hydrophilic fractions as well as in the various organic phases.

2.1. Analysis of cardiac radioactivity (Table I)

Whatever the glucose concentration in the perfusion medium, maximal 
cardiac radioactivity (14% of injected radioactivity) appears already in the first 
minute, and most o f this radioactivity is in the aqueous phase in iodides and
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hydrophilic iodinated derivatives. The presence o f  glucose ( 11 mmol) in the 
perfusion medium does not modify in a significant way the IHA uptake; however, 
already in the fifth minute, cardiac radioactivity is statistically higher. This 
increase is due to the radioactivity in the organic phase being always higher.

These results for isolated rat hearts receiving an IHA bolus demonstrate th-at

— the production o f iodide and/or hydrophilic labelled catabolites is very 
rapid, which indicates either a rapid metabolism or an early deiodination;

— the presence o f an exogenous substrate decreases the catabolism of the 
injected FA.

This finding is supported by the results o f coronary effluent analysis. In fact, a 
radioactivity decrease o f the effluent organic phase indicates the passage o f  the 
labelled bolus through the coronary network, the bolus being continuously-pushed 
by the perfusion flow rate. When the vascular IHA content is cleared, an elimi
nation o f the labelled hydrophilic component takes place, which is stronger if  the 
glucose concentration in the perfusion medium is lower.

2.2. Radioactivity o f myocardial organic components

Without glucose, the radioactivity found in free fatty acids (FFA) decreases 
rapidly, representing only 2% of the cardiac radioactivity at 150 s p.i.

In the TG fraction, the radioactivity stays low (<10%). However, the ratio 
of labelled TG increases slightly until the tenth minute. Maximal radioactivity is 
found in more polar lipids: acylcarnitine, acyl-coenzyme A and phospholipids.

With glucose in the perfusion medium, the FFA radioactivity is only slightly 
higher than in the case o f no substrate. However, the radioactivity o f TG and polar 
lipids is much higher (two times in polar lipids, and three times in TG). Furthermore, 
in these two organic fractions, the radioactivity stays stable from the second 
minute after injection.

All these results tend to prove that:

— as soon as IHA enters the cell, it does not stay free, but is incorporated 
into more polar lipids as well as into TG;

— the presence o f glucose enhances IHA esterification to TG and PL.

3. SUBCELLULAR DISTRIBUTION OF IHA (Table II)

The mitochondrial organic phase includes most o f  the measured radioactivity 
(61—76%). In the cytoplasmic fraction, there is an accumulation o f hydrophilic 
iodinated derivatives (the aqueous phase representing 73-80%  o f the radio
activity). Polar lipids are predominant in the mitochondria (32-44% ), whereas 
labelled FFA and TG are well represented elsewhere in the cell.
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With glucose ( 11 mmol) in the perfusion medium, the radioactivity in the 
cytoplasmic aqueous phase is decreased. The labelled polar lipid ratio decreases 
in the mitochondrial fraction (-28% ), whereas the radioactivity is raised in the 
TG (+140%) and in the FFA (+75%) o f the other parts o f the cell.

These results demonstrate that:

_  without an early deiodination, IHA can enter the mitochondria, where it is 
metabolized to polar lipids; in the cytoplasm, labelled neutral lipids are 
clearly predominant;

— the presence of glucose enhances the storage of IHA in the cytoplasm and 
reduces its passage into the mitochondria and therefore its utilization via 
oxidation.

4. COMPARATIVE STUDY OF INTRACELLULAR DISTRIBUTION 
BETWEEN IHA AND l-14 С PALMITIC ACID

When the heart is perfused without substrate, 9 0s after injection o f palmitic 
acid or IHA, 83-85%  of myocardial radioactivity is in the hydrophilic fraction. 
Estérification to glycerides appears to be easier with saturated FA than with 
mono-unsaturated iodinated FA.

When glucose is present in the perfusion medium, the aqueous phase 
radioactivity decreases more markedly with palmitic acid (—28%) than with IHA 
(—16%). Glyceride labelling is higher in the presence of glucose, but esterification 
is higher with palmitate (35%) than with IHA (13%). On the other hand, the 
ratio o f labelled polar lipids increases in a significant way with halofatty acid 
(+80%), whereas it is unchanged with palmitic acid.

From these results, the following can be assumed:

-  for IHA and palmitic acid, the production o f labelled hydrophilic derivatives 
is similar and very rapid;

-  palmitic acid is preferentially esterified to TG, whereas IHA is incorporated 
mostly into PL;

-  the presence o f glucose leads to a decreased oxidation o f the two FA types 
and enhances their storage in the cytoplasm.

5. MATHEMATICAL MODEL OF FA MYOCARDIAL METABOLISM IN 
ISOLATED RAT HEARTS

The proposed model is compartmental, with four compartments (F ig.l). 
The turnover rates are k 10, k21, k31, k03. The clearance of storage, oxidation
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FIG.l. Mathematical model o f  FA myocardial metabolism.

and degradation products is supposed to be irreversible during the detection 
time. The mathematical equation o f the external detection curve is:

q(t) = q0 (t) + qj (t) + q2 (t) + q3 (t) 

where

q i(t)  = k10q0(t)*e-<k°‘ +k« +k«>t

q2(t) = k21q i(t)*  Г (t)

q3(t) = k31q i(t)*  e 'ko3t

q0 (t) represents the injection function, * is the symbol o f the convolution product 
and T(t) is a step function; q0 (t) is comparable with a mono-exponential curve. 
This model has been applied to the external detection curve. Statistical analysis 
(Student’s t test) o f the turnover rate means demonstrates a significant increase of 
k2i(p  <  0.001) and a significant decrease o f k31(p <  0.001) in the presence of 
glucose, whereas k 10 and k03 are not modified in a significant way. With glucose, 
there is an important increase of the storage pathway (k21 ) and a decrease o f the 
oxidation pathway (k31) (Table III).

These results corroborate those from cellular analysis. Therefore, the model 
makes it possible to foresee the radioactivity time-course in the four compart
ments of the system.



TABLE III. INFLUENCE OF GLUCOSE ON THE TURNOVER RATES
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kio
(m in '1)

k2i
(min-1 )

1̂31
(m in-1 )

коз
(min-1 )

Glucose (0 mmol) 
+ insulin

1.728 ±0.412 0.639 ± 0.206 3.246 ± 0.610 0.215 ±0.007

Glucose (11 mmol) 
+ insulin

1.402 ±0.331 1.457 ± 0.386 1.507 ± 0.754 0.202 ±0.015

Glucose (0 mmol) 1.652 ±0.363 0.527 ± 0.258 3.295 ± 0.548 0.195 ± 0.020

Glucose (11 mmol) 1.446 ± 0.570 0.937 ± 0.176 2.000 ± 0.402 0.175 ± 0.027

6. CONCLUSIONS

Our results from the radiochromatographic analysis o f labelled constituents
and their subcellular distribution demonstrate the following:

(a) IHA is well taken up by the perfused heart during a single passage through 
the coronary network.

(b) IHA does not stay free in the myocardium, but rapidly undergoes oxidation 
to water-soluble substances as well as esterification to TG and PL.

(c) The distribution of IHA between oxidation and storage depends on the 
availability of exogenous substrates, as the presence of glucose enhances its 
storage and reduces its degradation.

(d) Early deiodination is not concomitant with IHA entrance into the cytoplasm, 
because, after 90 s, halofatty acid is found in the mitochondria where it is 
oxidized to hydrophilic iodinated metabolites, which then return to the 
cytoplasm.

(e) The presence o f an iodine bound in the co-position does not modify FA 
metabolism, as the uptake and metabolic use of FA are similar to those of 
palmitic acid.

(f) An analysis o f the external detection curve using a mathematical model leads 
to the same results as those from intracellular analysis. Thus, our model
is a most interesting tool for the study of various drugs influencing cardiac 
metabolism. This mathematical model is being adapted for human clinical use.
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Abstract

NON-INVASIVE ESTIMATION OF BOUND AND MOBILE PLATINUM COMPOUNDS 
IN THE KIDNEYS.

Nephrotoxicity remains the key limitation in the use of cisplatin. Although several 
strategies are in use to limit this serious side effect, none is fully satisfactory. Classical 
pharmacokinetic studies of cisplatin have been based on blood and urine samples. As 
nephrotoxicity plays a significant role in the design of the therapeutic strategy, the kidneys 
should be considered as a separate state in any model formulated for ultimate control 
purposes. Previous studies of organ pharmacokinetics have relied on population measure
ments. The authors have developed an organ compartmental model from individual animal 
data obtained non-invasively. The eight-compartment model used to represent the distribution 
of cisplatin considers free and bound platinum in plasma, platinum in the erythrocytes, mobile 
and bound platinum in the kidneys, mobile and bound platinum in the tissues and platinum 
in the urine. Data were collected from experiments with female rats under anaesthesia after 
intravenous administration of 195Ptm-cisplatin, from both arterial and bladder samples, and 
from multiple frames obtained with an Anger camera interfaced to a microcomputer. The 
model was estimated from individual data obtained after injection of a bolus of cisplatin 
(six animals). In general, the estimated model captured the kinetics of the data. The 
developed model was validated by using it to predict data obtained from forcing the system 
with a different input function, an intravenous infusion o f  half an hour’s duration (three 
animals). The results of this work show that it is possible to study non-invasively the kinetics 
in organs not readily accessible to direct measurements in an individual, rather than relying 
on invasive measurements performed on a population. This study was documented by 
analysing the distribution of cisplatin as an eight-compartment model that included the 
kidneys as two separate states (mobile and bound).
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Cisplatin (C is-d iam m inedich lorop la tinum  II) is a cancer ch em oth erap eu tic  
agent that has had a m ajor im pact on the tre a tm e n t of advanced tes ticu lar  
cancer. It is also currently being used in the tre a tm e n t o f ovarian, head  
and neck, bladder, lung, cervical and o ther cancers [1, 2, 3, 4]. 
Nephrotoxicity, cisplatin's m ajor toxicity  [51, lim its the dose th a t the patient 
can receive and thereby lim its the therapeutic  usefulness of th e  drug. 
Classical pharm acokinetic studies [6, 7, 8, 9, 10] of cisplatin have been  
based on blood and urine levels. As nephrotoxicity  plays a s ignificant role  
in the design o f the therapeutical strategy, the kidneys should be 
considered as a separate state in any m odel fo rm ulated  fo r u ltim ate  
control purposes. A pharm acokinetic m odel w here the organs of in te res t 
are included as separate states in the m odel (radiopharm acokinetic  m odel) 
m ight be used fo r the design of the therapeutical s trategy at the organ  
level. An organ com partm enta l m odel fo r cisplatin  that included the  
kidneys as a separate state w as developed by M anaka and W olf [11, 12]. 
The kidneys w ere sam pled invasively, by m easuring the extracted  kidneys  
of sacrificed rats at d ifferen t tim es. M easuring th e  am ount of th e  drug 
and its m etabolites  w ith this invasive procedure yields only one data point 
per animal studied and cannot estim ate individual kinetics. Since 
significant in tersub ject variab ility  exists in th e  kinetics o f cisplatin  [10], to  
be clinically useful, any m odel describing cisplatin 's kinetics m ust be 
individualized.

Experim ental and analytical procedures w ere im p lem ented  in th is work:
1) to  develop an organ com partm enta l m odel, w ith  the kidneys included as 
a separate state, from  individual animal data obta ined non-invas ive ly , and
2) to  validate th e  developed m odel by using it to  predict data obta ined  
from  forcing the system  w ith  a d ifferen t input function.

METHODS

In order to  m odel the kinetics of cisplatin using data obta ined fro m  a 
single animal, a rat preparation that allow ed easy access to  th e  vascular 
space and urine bladder w as devised. Fem ale S p rag u e -D a w le y  rats w ere  
subm itted to  surgery 2 -4  days before the experim ent and the le ft carotid  
artery and right jugu lar vein w ere  cannulated as described by G ellai and 
Valtin [13]. S urgery and experim ents w ere  perform ed under gaseous  
anaesthesia.

Experimental Protocols

Bolus experim ent -  The b ladder w as cannulated using the techn ique  
described by Cohen and O liver [14]. The rat w as next placed under the  
Anger cam era (Pho G am m a HP) w ith  its back touching  the paralle l hole

INTRODUCTION
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collim ator. A t tim e  0, a bolus o f 195mP t-c isp la tin  w as in jected at a dose  
ranging fro m  2.1 to  4.6 m g /kg  (activ ities  ranged fro m  156 to  520 p C i/m g )1 
into the jugu lar vein. A rteria l blood w as sam pled in duplicate  (25 pL), then  
centrifuged, and bound 195mpt and free 195mpt in plasm a w ere  separated  
by paper ch rom atography as described by Cole [15]. M u ltip le  fram es w ere  
acquired w ith  a m icrocom puter (Apple II Plus) interfaced  to  th e  A nger  
cam era [16]. M easurem ents w ere perform ed fo r e ight hours. A t th e  end 
of the experim ent the anim al w as sacrificed w ith  a lethal dose of 
pentobarbital. W ith ou t moving the anim al, the kidneys w ere  ex tracted  and 
a background im age w as taken. The rem oval of the kidneys and the  
subsequent counting of the activ ity  w ere  required to  obtain fu lly  corrected  
data. C oncentrations of Pt in the red blood cells, Pt bound in p lasm a, and 
Pt free in plasm a, urine sam ples and extracted kidneys w ere m easured  
w ith  a Beckmann Biogam m a counter. Six rats w ere  studied using the  
above protocol.

Infusion experim ent -  In this experim ent the drug w as adm in istered  at a 
dose of 2.1 m g /kg  o f 195mP t-c isp la tin  through the venous line as an 
infusion o f 30 min duration. S im ilar m easurem ents as in th e  bolus  
experim ents w ere  perform ed fo r e ight hours. Three  rats w ere  studied  
using the above p ro toco l.

M e a s u re m e n ts

Y 1 -  Bound P t in p lasm a

B.P.(CPM /pL) xB .V.(yL) x 100(% ) Y ---------------------------------
1 S td .(C P M /p L )x l.V .(p L )

w here CPM represents counts per m inute, B.P. bound Pt in plasm a, S td . 
slope of the standard curve, I.V. in jected vo lum e and B.V. blood vo lum e.

Y2 -  T o ta l P t in b lo o d

[B .P.+F.P .+R .B .C .](CPM /pL)xB .V .(pL)x100(% )Y =---------------------------------------------------------- -----
S td .(C P M /p L )x l.V .(p L ) 

w here F.P. represents free Pt in plasm a and R.B.C. Pt in red blood cells.

Y6 -  P t in red  b lo o d  ce lls

R .B .C .(C P M /pL)xB .V .(pL )x100(% )
Y =------------------------------------------------

b S td .(C P M /p L )x l.V .(p L )

1 1 Ci = 37 GBq. •
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Y3 -  Total Pt in the kidneys

KR O I(CPM )xL.K .(CPM )x2(kidneys)x100(% ) Y ----------------------------------------------------------
3 LFK R O I(C P M )xS td .(C P M /pL)xl.V .(uL)

w here KROI represents the CPM o f the le ft kidney region of in te res t (ROI) 
m inus the background ROI, LFKROI represents the CPM fro m  KROI 
obtained from  the last acquired fram e and L.K. th e  CPM of th e  extracted  
left kidney. The left kidney w as chosen as th e  kidney ROI because it had 
less overlap w ith  th e  liver than did the right kidney. The background ROI 
w as taken in th e  abdom inal region, and its CPM in the last fram e  
corresponded to  the CPM of the left kidney ROI in the fram e acquired a fte r  

the kidneys w ere  rem oved.

Yg -  Cumulative amount of Pt in the urine

Cum ulative am ount of Pt in the urine(C PM )x100(% )Y ------------------------------------------------------------------------------
5 S td .(C P M /uL)x l.V .(uL)

Y. -  Amount of Pt in the tissues4

Y 4= 100 (% ) -  tY 2 + Y 3 + Yg] (%)

Data analysis

The organ com partm enta l m odel postulated in this w ork is show n in 
Figure 1. This m odel was tested  fo r structural identifiab ility  using the  
program  package developed by M anaka e t al. [171. This m odel w as fitted  
to  the data using a nonlinear least-squares es tim ation  program . The new  
linear estim ation  program  in the ADAPT package [18] w as used fo r th is  
purpose. This program , IDL, sim ulates the m odel by using W ard's  
algorithm  to calcu late the exponential m atrix  o f the system  and is 
significantly m ore e ffic ient than using the num erical d ifferential equation  
solver in th e  program  ID. T he data w e re  w eigh ed  in the estim ation  
procedure by the inverse o f the variance o f th e  additive m easurem ent 
error. The standard deviation o f this error, fo r each output, w as assum ed  
to  be proportional to  the square root o f th e  observation, since th e  erro r  
associated w ith  th is typ e  o f m easurem ent is assum ed to  be Poisson. The  
variance fo r the predicted response to  an intravenous infusion w as  
approxim ated using linearized asym ptotic  statistics.

RESULTS

All nine param eters  of the m odel illustrated in Figure 1 w ere  estim ated  
fo r each o f the six bolus experim ents. The es tim ated  param eters fo r each
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FIG.l. Eight-compartment model used in this study.
Cisplatin is administered into compartment 1.
The outputs are as follows: (1) Yi = X2, (2) Y2 = Xi + X2 + X8, (3) У з= Х з+ Х б , 
(41 Y4= X 4 + X 7, (5) Y5 = X5, (6) Ye= Xe, where X¡ represents the amount o f  Pt 
in compartment i.

experim ent are shown in Table 1. The corresponding  m odel fits  fo r Y 2 to  
Y 5 fo r one of the anim als studied are displayed in Figures 2 to  5. In 
general, the es tim ated  m odel captured the kinetics o f th e  data. In an e ffo rt 
to  better validate the m odel developed above, a second set o f experim ents  
w as perform ed, w hich involved delivering cisplatin  to  th e  anim al using a 
differen t type o f input. An infusion w as chosen fo r th is purpose. The  
m ean p aram eter w as calculated from  the six p ara m e ter vecto rs  es tim ated  
from  the bolus experim ents (see Table 1). The standard devia tion  o f the  
system  response to  th e  infusion rate was com puted  fo r the tim es  a t w hich  
the data w as acquired. The predicted response of th e  system  fo r the  
mean param eter ve c to r fo r one o f th e  anim als studied is p lo tted  w ith  the  
data fo r Y 3 and Y s in Figures 6 and 7. The calcu lated  standard deviations  
are denoted by vertical bars. From the m odel illustrated  in Figure 1 the  
estim ated tim e course o f the am ount o f Pt m obile  (X 3) and bound (X 6)



TABLE 1. ESTIMATED PARAMETER SETS FROM THE BOLUS EXPERIMENTS
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p
(h-1) #1 #2

Bolus experiments 
#3  #4 #5 #6

Mean
( h '1)

C.V.a
(%)

K14 7.480 4.252 2.176 4.839 1.593 9.360 4.950 60.8

K21 0.2664 0.2856 0.2433 0.2714 0.3065 0.2885 0.2770 7.8

K?1 8.203 7.525 4.600 5.719 5.554 6.023 6.271 21.4

K,2 0.1175 0.1223 0.1463 0.1078 0.2385 0.1077 0.1400 35.9

К6з 0.3929 0.5689 0.5345 0.7755 0.5152 0.6723 0.5766 23.0

K41 84.99 38.04 24.12 34.27 25.16 72.95 46.59 55.6

K-,4 0.8782 1.012 0.5608 1.332 0.4230 0.9707 0.8628 38.1

K53 10.72 10.31 7.357 12.37 13.21 16.70 11.78 26.7

K8l 0.4839 0.3426 0.3076 0.3656 0.3825 0.4373 0.3866 16.6

a C.V.: coefficient of variation.

TIME (h)

FIG.2. Simulated and observed data for from  bolus experiment #2.

com pounds in the kidneys fo r one o f the anim als studied w as obtained  
(Figure 8). Thus it appears possible to  use th is approach to  estim ate , in 
an individual, identifiab le com pounds not readily accessib le to  direct 
m easurem ents.

SUMMARY AND FUTURE DIRECTIONS

The results presented here show  th a t it is possible to  es tim ate  an 
o rg an -ph arm aco kinetic  (radiopharm acokinetic) m odel from  data obta ined
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TIME (h)

FIG.3. Simulated and observed data for  Уэ from  bolus experiment #2.

FIG.4. Simulated and observed data fo r  У4 from  bolus experim ent #2.
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TIME (hl

FIG.5. Simulated and observed data for Ys from bolus experiment #2.

TIME (h)

FIG. 6. Predicted and observed data for  
(Infusion started at 0.57 h and finished at 1.10 h.)

n on-invasive ly  from  a single anim al. This study w as docum en ted  using an 
organ com partm enta l m odel o f cisplatin th a t included the kidneys as tw o  
separate states and by m easuring the am ount o f Pt in th e  kidneys n o n -  
invasively. The m easurem ents perform ed w ere  lim ited  to  a period o f e ight 
hours. A lthough at the end o f this period an invasive m easurem ent th a t 
required the destruction of the system  under study w as necessary, it is 
desirable that the n o n -in vas ive  m easurem ents be extended to  a longer  
tim e period, w ith o ut th e  need o f sacrificing th e  anim al, by perfo rm ing
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TIME (h)

FIG. 1. Predicted and observed data for Y5. (Same experiment as in Fig. 6.)

TIME (h)

FIG.8. Simulated amount o f  platinum in the kidneys from bolus experiment #1.
Solid line: total Pt, broken line: bound Pt, dotted line: mobile Pt.

s in g le -p h o to n  em ission co m p u ter to m o grap hy m easurem ents . This 
approach w ill also a llow  th e  extension o f this type o f approach to  the  
study o f patients being trea ted  w ith  cisplatin.
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LE 123I 16 a IODO-ESTRADIOL 17 ß
Un agent de détection in vivo 
des tumeurs mammaires hormono-dépendantes
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Orléans, France

Abstract-Resumen

123I-LABELLED 16 a  IODO-OESTRADIOL 17 (3: AN AGENT FOR IN VIVO DETECTION 
OF HORMONE-DEPENDENT MAMMARY TUMOURS.

The discovery of a relationship between the response of certain mammary tumours to 
hormone therapy and the presence of oestradiol receptors in those tumours led to an intensified 
search for radiotracers capable of simulating oestradiol and of undergoing specific fixation on its 
receptors. Of the possible molecules, 1 6 a  iodo-oestradiol 17 ß displays the characteristics of 
a good potential tracer; it has been labelled with 123I having a specific activity above 
1000 Ci/mmol and a purity higher than 95%. Its affinity for oestradiol receptors has been 
measured and its in vivo distribution compared with that obtained with 125I-labelling. By means 
of this tracer it has been possible to image a mammary tumour in the rat.

LE Ш1 16 a  IODO-ESTRADIOL 17 (3: UN AGENT DE DETECTION IN VIVO DES 
TUMEURS MAMMAIRES HORMONO-DEPENDANTES.

La mise en évidence de la relation entre la réponse à une hormono-thérapie de certaines 
tumeurs mammaires et la présence dans ces tumeurs de récepteurs d’estradiol a stimulé la 
recherche de radiotraceurs susceptibles de simuler l’estradiol et de se fixer spécifiquement sur 
ses récepteurs. Parmi les molécules envisageables, le 16 a  iodo-estradiol 17 ß présente les 
caractéristiques d’un bon traceur potentiel et il a été marqué à l’iode 123 avec une activité 
spécifique supérieure à 1000 Ci/mmol et une pureté supérieure à 95%. Son affinité pour les 
récepteurs d’estradiol a été mesurée et sa distribution in vivo comparée à celle obtenue avec 
son homologue marqué à l’iode 125. Les qualités de ce traceur ont permis la visualisation 
d’une tumeur mammaire chez le rat.

1. INTRODUCTION

La possibilité théorique qu’offrent les radiotraceurs de déterminer in vivo la 
présence de sites récepteurs de molécules spécifiques, de détecter leur apparition 
et leur variation de concentration [ 1 ] suscite un intérêt grandissant, notamment 
dans le domaine des récepteurs d’estrogène. L’évaluation de la présence de 
récepteurs d’estradiol, qui caractérise l’hormono-dépendance de certaines tumeurs
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mammaires, est un élément déterminant dans l’élaboration d’un pronostic et le 
choix d’un traitement thérapeutique de ce type de tumeurs [2, 3], et la détection 
in vivo de ces récepteurs remplacerait avantageusement les dosages in vivo qui, 
s’ils sont pratiqués couramment, ne peuvent être effectués qu’après intervention 
chirugicale.

Plusieurs composés remarquables par leur activité estrogénique et leur affinité 
pour les récepteurs d’estradiol [4—6] ont été pressentis pour servir de support à 
un radioligand compatible avec une détection par une gamma-caméra. Compte 
tenu de la faible concentration tissulaire en récepteurs (50 pmol/g de tissu) des 
tumeurs hormono-dépendantes, ces dérivés doivent répondre à des critères de 
qualité très sévères pour faire de bons traceurs:
— une très grande affinité pour les récepteurs de Г estradiol;
— une spécificité de leur liaison avec les récepteurs;
— des facteurs cinétiques et métaboliques favorables;
— en outre, ils doivent pouvoir être préparés avec une haute activité spécifique 

pour éviter la saturation des sites récepteurs.
Des tests de qualité effectués in vivo sur des analogues de l’estradiol ont 

permis de sélectionner quelques dérivés prometteurs, dont certains, le 16 abromo- 
estradiol 17 ß et le 1 6 a  bromo-estrone, ont déjà été testés comme traceurs [7 ,8 ].

Parmi les dérivés présentant les traits caractéristiques d’un bon traceur, le 
16 a  iodo-estradiol 17 ß (IE2) apparaît en très bonne position. Il a déjà été 
marqué à l’iode 125 [4, 9] et nous l’avons marqué à l’iode 123, un radio-élément 
adapté à la détection externe par une gamma-caméra. Le but de ce travail a été 
de vérifier ses qualités de traceur et d’évaluer les possibilités de son application à 
la détection des récepteurs de Pestradiol.

2. MATERIEL ET METHODES

2.1. Synthèse du 123116 a  iodo-estradiol 17 ß

L’iode 123 est produit par la réduction 124T e(p,2n)123I sous forme d’extrait 
sec en milieu chlorure de sodium par le Centre d’études nucléaires de Saclay. 
L’iodure de sodium 123INa en est extrait par 2 à 3 mL d’acétone, et évaporé à 
sec sous courant d’azote, dans un flacon à fond conique de 300 ßL. On le fait 
alors réagir avec le 16 ß bromo-estradiol 17 ß suivant le procédé d’échange du 
brome par l’iode décrit par Hochberg [4, 9], pendant une nuit. Le 16 a  iodo- 
estradiol est extrait du milieu réactionnel et purifié rapidement sur une colonne 
de Chromatographie liquide haute pression comme décrit dans une précédente 
publication [10], pour donner un produit radiochimiquement pur à plus de 95%. 
On obtient ainsi 0,5 à 3 mCi1 de (123I)IE2 prêt à injecter, ce qui correspond à un

1 1 Ci =  37 GBq.
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rendement de marquage variant entre 5 et 30%. L’activité spécifique du produit 
final est mesurée sur des récepteurs de l’estradiol le jour suivant.

2.2. Mesure de la constante d’affinité pour les récepteurs cytosoliques d’utérus
de rate impubère

2.2.1. Prélèvement des tissus e t organes

Les tissus et organes sont prélevés sur les rates après une inhalation mortelle 
de chloroforme. Après une rapide dissection (moins de 10 minutes), les organes 
sont plongés et conservés dans l’azote liquide. Le dosage des récepteurs dans ces 
tissus est effectué dans le mois qui suit.

2.2.2. Dosage des récepteurs

Nous avons utilisé la méthode de Wittliff et Savlov [11], modifée comme 
suit: les échantillons (un pool d’utérus de rates impubères) sont réduits en poudre 
à basse température ( moins de —50°) par un broyeur de fabrication locale sous 
un courant de vapeur d’azote liquide. Les tissus broyés sont transférés dans un 
milieu tampon pH 7,4 0,01 M Tris HC1 0,05 millimolaire en dithiotreitol et 
1,5 millimolaire en EDTA (tampon A), et homogénéisés trois fois par un Ultra 
Turrax à 10000 tours par minute. Après centrifugation à 105 000 G, à 4°C 
pendant une heure, on laisse incuber le surnageant (le cytosol) pendant 21 heures 
à 4*t avec des quantités croissantes de 17 ß 3-H estradiol (85 Ci/mol, 0,187 nM 
à 6 nM) ou de (123I)IE2.

La liaison spécifique est déterminée sur des échantillons mis à incuber avec 
un large excès de diéthyl-stilbestrol (100 fois la concentration d’estradiol marqué).

Une suspension de 1 mL de charbon-dextran (0,5% NORIT A, 0,05% dextran 
T 70 dans le tampon A plus 40 mM de molybdate de sodium et 0,28% de gélatine) 
est ajoutée pour piéger les stéroïdes libres. Après une brève agitation, on laisse 
reposer les tubes 15 minutes à O't. On les centrifuge ensuite à 35 000 G, à 
4*C pendant 15 minutes, et on transfère le surnageant dans des tubes de comptage 
contenant 5 mL de scintillant (scintillant 99 TM Packard). La radioactivité des 
échantillons est mesurée avec un compteur dans un spectromètre gamma ayant 
une efficacité de 65% pour le tritium.

Les constantes d’affinité du 17 ß estradiol et du (123I)IE2 sont déterminées 
par une analyse de Scatchard corrigée selon la méthode de Rosenthal [12], les 
coefficients de régression linéaire étant obtenus par la méthode des moindres 
carrés. On en déduit également l’activité spécifique de (123I)IE2.

2.3. Liaison spécifique sur les organes cibles après injection de (123I)IE2

Vingt rates impubères Wistar âgées de 4 semaines (C. SEAL, CNRS Orléans) 
ont été séparées en 2 groupes A et B. Chaque animal, anesthésié par de l’éther,



464 GROS et al.

a reçu 5 pCi de (123I) IE2 par voie intraveineuse dans la veine jugulaire. Les animaux 
du groupe B ont reçu en outre, par co-injection, 10 pg d’estradiol pour saturer les 
sites récepteurs.

Deux heures après l’injection, les animaux ont été sacrifiés et leur sang prélevé 
par ponction cardiaque. La radioactivité de l’utérus et des muscles de la cuisse, 
prélevés et pesés, a alors été mesurée dans un compteur gamma et ramenée à 1 g 
de tissu.

2.4. Images d’utérus de rate et de tumeur mammaire spontanée

Les images scintigraphiques ont été obtenues avec une gamma-caméra (CGR, 
Paris), équipée d’un collimateur pin-hole, une heure après injection du traceur.

Cinq rates ont été injectées suivant la méthode décrite plus haut avec 
100 juCi de (123I)IE2:
— deux rates Wistar (RI et R2) impubères et âgées de 4 semaines, R2 recevant 

en addition 10 pg de 17j3 estradiol;
— trois rates Lewis (R3, R4, R5) âgées de 7 à 11 mois et ayant développé spontané

ment un adénocarcinome mammaire.
Une heure après injection, les animaux ont été sacrifiés et l’utérus des rates 

RI et R2 prélevé pour faire une image scintigraphique. Chez les rates R3, R4 
et R5, c’est la tumeur qui a été prélevée, une partie en a été conservée (environ 
300 mg) pour des dosages de récepteur, le reste a servi à faire une image 
scintigraphique.

3. RESULTATS

Le marquage du 16 a  iodo-estradiol à l’iode 123 a nécessité quelques 
modifications du procédé décrit par Hochberg, compte tenu du fait que le 
radiochimique est délivré sous une autre forme que l’iode 125 et que sa période 
radioactive est beaucoup plus courte. Ces modifications ont porté essentielle
ment sur la purification du produit final qui se fait par Chromatographie liquide 
haute pression et qui diminue considérablement les volumes et les temps d’élution. 
La séparation complète est faite en moins de trois heures. Le rendement de la 
réaction est beaucoup plus faible que ne le laissaient espérer les résultats de 
Hochberg (5 à 30% au lieu de 60%) [4]. Nous avons mis ces piètres rendements 
sur le compte du chlorure de sodium qu’on ne peut éliminer complètement lors 
de l’extraction du 123I Na et qui masque probablement une partie des réactifs. Le 
produit séparé est néanmoins très pur. En Chromatographie, il présente un seul 
pic radioactif et un seul pic de masse qu’il n’est pas toujours possible de détecter 
en UV à 254 nm. C’est là un gage d’une bonne activité spécifique. Cette activité 
spécifique a été mesurée sur des échantillons de récepteurs de concentrations 
préalablement déterminées par le 17/3 3H estradiol. Ramenée à l’heure d’injection, 
elle varie suivant les préparations entre 900 et 3000 Ci/mmol.
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f m o l /m g  p r o t .

FIG .l. Ces deux graphiques de Scatchard m ontrent la similarité des affinités de l ’estradiol 
IE2) et du 16 a iodo-estradiol pour les récepteurs cytosoliques d ’utérus de rates. Ils ont servi 
à déterminer l ’activité spécifique de ( i23I) IE2.

L’analyse de Scatchard de la liaison du (123I)IE2 et du 17ß 3H estradiol 
(3H-E2),nous a permis en outre de mesurer et de comparer la constante d’affinité 
de chacun de ces dérivés marqués (fig. 1 ). Ces constantes sont similaires, avec un 
léger avantage pour l’iodo-estradiol, et confirment les résultats obtenus avec le 
(12SI)IE2 sur des utérus de veau [9].

L’étape suivante a consisté à vérifier in vivo que le (123I) IE2 se 
fixait spécifiquement sur les tissus cibles (l’utérus), en comparant le taux 
de fixation du radiotraceur dans l’utérus à son taux de fixation dans 
le sang ou dans le muscle, chez deux populations de rates (groupe A et B) ayant 
reçu chacune 5 juCi de ( 123I)IE2, le groupe B ayant reçu en addition 10 /ug de 
17/3 estradiol. Les valeurs de ces rapports du taux de fixation dans l’utérus au 
taux de fixation dans le sang (U/S) ou le muscle (U/M) ont été représentées à la 
figure 2 pour chacun des deux groupes.

L’effondrement des rapports U/S (1,45 ± 0,29) et U/M (3,31 ± 0,86) dans le 
groupe B (U/S = 15,71 ± 5,43 et U/M = 27,78 ± 8 ,9 3  dans le groupe A) montre 
sans équivoque la saturation des sites récepteurs de l’estradiol dans l’utérus, d’où 
l’absence de fixation du dérivé iodé. Ces résultats sont en parfait accord avec les 
mesures faites avec le (125I)IE2 [13, 14].

Les rapports U/S et U/M du groupe A sont très importants et laissent envisager 
la possibilité d’une détection externe des tissus riches en récepteurs de Testradiol.
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FIG.2. Moyennes des supports des taux de fixation de (пг1) IE2 dans l ’utérus aux taux de 
fixation dans le sang (U/S) ou dans le muscle (U/M), 2 heures après injection de 5 ¡iCi de 
( l23I) IE2 (groupe A ) ou co-injection de 5 ßCide (пг1) IE2 et 10 ¡Jg d 'estradiol (groupe B). Les 
barres verticales représentent l ’écart standard. L ’effondrement des rapports U/S et U/M dans le 
groupe B, dû à la saturation des sites récepteurs de l'estradiol dans l ’utérus, démontre la 
compétition de IE2 e t de l ’estradiol pour les mêmes sites.

Nous avons injecté 100 pCi de (123I)IE2 à deux rates impubères RI et R2, R2 
recevant en addition 10 jug d’estradiol, pour faire des images scintigraphiques, et 
nous avons suivi l’évolution du traceur sur le corps entier pendant une heure 
après l’injection. Dans les deux cas, le traceur s’est comporté de la même façon, 
se concentrant dans le foie où le maximum est atteint 10 minutes après l’injection, 
puis diffusant dans l’intestin comme le montre la figure ЗА.

Une heure après l’injection, aucun foyer de fixation n’est apparu au niveau 
de l’utérus. Les animaux ont alors été sacrifiés et leur utérus prélevé et placé sous 
la gamma-caméra. L’utérus de la rate RI ne contenait pas assez de radioactivité 
pour donner une image dans les mêmes conditions. L’impossibilité de détection 
externe de l ’utérus n’est pas due à un manque de fixation du traceur sur les sites 
récepteurs de l’estradiol, mais probablement à la diffusion du photon de 159 kev 
dans la cavité abdominale et surtout à la trop faible masse de l’utérus comparée à 
celle des tissus qui l’entourent et dont la concentration en traceur, quoique faible, 
arrive à constituer un bruit de fond énorme.
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FIG.3. L 'image A est une vue antérieure d ’une rate impubère, réalisée une heure après injection 
de 100 ßCi de (12г1) IE2. La plus grande partie de l ’activité se concentre dans la région supérieure 
de l ’abdomen et aucun foyer de fixation n ’apparaît dans la région de l ’utérus. Celui-ci n ’a pu 
être visualisé qu'après prélèvement (image C).

Nous avons aussi testé notre produit chez trois rates Lewis (R3, R4 et R5) 
âgées de 7 à 11 mois et porteuses d’une tumeur mammaire spontanée, en leur 
injectant 100 ß d  de (123I)IE2 dans les mêmes conditions que pour RI.

Le traceur radioactif, chez ces animaux, s’est comporté comme chez les rates 
RI et R2. Cependant, chez la rate R3, on a pu observer, une heure après injection, 
une fixation dans une partie de l’abdomen correspondant à la localisation de la 
tumeur (fig.4A). Après sacrifice de la rate, la plus grosse partie de la tumeur a 
été replacée sous la caméra dans les conditions de géométrie les plus proches 
possible de celles où elle se trouvait précédement, pour une nouvelle image 
scintigraphique de même durée (fig.4C). L’étude des zones d’intérêt faites sur 
ces deux images montre que la concentration radioactive observée sur la tumeur 
isolée est compatible avec la concentration radioactive observée sur le foyer de 
fixation de la figure 4A, déduction faite du bruit de fond dû aux tissus 
environnants.

Les dosages de récepteurs effectués sur les morceaux de tumeur après 
décroissance de l’iode 123 se sont révélés positifs chez la rate R3 (167 fmol/mg de 
protéine) et négatifs (inférieurs à 10 fmol/mg de protéine) chez les deux autres.
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B

FIG.4. Images scintigraphiques (temps d ’acquisition: 5 min) de l ’abdomen inférieur d ’une 
rate porteuse d ’un adénocarcinome mammaire spontané (A) et de la tumeur isolée (C), une 
heure après injection de 100 ßCi de (123I) IE2. La radioactivité mesurée sur la tumeur isolée 
correspond à la radioactivité mesurée sur le foyer de fixation de la figure 4A, déduction faite 
de la radioactivité des tissus environnants.

4. DISCUSSION

Le 16 a  iodo-estradiol 17 ß  présente des qualités qui en font l’un de meilleurs 
traceurs potentiels des récepteurs de l’estradiol, comme l’ont déjà démontré les 
études faites avec son dérivé marqué à l’iode 125. Son marquage à l’iode 123 peut 
être réalisé dans des délais compatibles avec la période radioactive de cet isotope, 
et la très haute activité spécifique du composé obtenue (> 1000  Ci/mmol) 
permet de reproduire les résultats observés avec le dérivé marqué à l’iode 125.

• La possibilité de détecter in vivo chez l’homme des tumeurs hormono- 
dépendantes avec le 16 a ( 77Br) bromo-estradiol 17 ß  [14], dont les caractéristiques 
sont similaires à celle du 16 a  iodo-estradiol 17 ß, a été déjà été démontrée [7]. 
L’utilisation de l’iode 123, l’un des radioéléments les plus aptes à la détection par
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une gamma-caméra et l’un des plus favorables par sa dosimétrie, permet l ’obtention 
d’images scintigraphiques de meilleure qualité que celles obtenues avec le 
brome 77 et laisse entrevoir des applications cliniques prometteuses du 
(123I)IE2. L’échec de la tentative de visualisation de l’utérus, qui est pourtant 
l’un des tissus les plus riches en récepteurs d’estradiol, montre que le domaine 
d’utilisation de ce traceur est limité. Néamoins il permet de détecter des tissus 
plus compacts et plus volumineux que l’utérus et il nous laisse espérer la 
possibilité de déterminer in vivo, chez l’homme, le caractère d’hormono-dépendance 
de tumeurs mammaires. Une étude menée chez des rats porteurs de tumeurs 
hormono-dépendantes induites devrait permettre d’établir plus précisément son 
domaine d’utilisation.

D’autres dérivés de l’estradiol ont été décrits récemment: le E-l 7 a  
iodovinyl-estradiol [15], dont les performances semblent similaires à celle du 
16 a  IE2, mais qui peut être marqué plus facilement, et surtout le E-17 a  
iodovinyl 11 ß méthoxy-estradiol [16], dont les caractéristiques offrent des 
perspectives particulièrement attrayantes pour la détection des sites récepteurs 
de l’estradiol.
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Abstract

PREPARATION AND BIODISTRIBUTION OF 67Ga-LABELLED FIBRINOGEN CONJUGATED 
WITH A WATER-SOLUBLE POLYMER CONTAINING DEFEROXAMINE: A POTENTIAL 
THROMBUS IMAGING AGENT.

A cluster (functional polymer) method was developed for introducing a large number of 
chelating groups on a protein. Dialdehyde starch (DAS) was chosen as the functional polymer, 
and a large number of deferoxamine (DFO) molecules were coupled with fibrinogen through 
DAS. The clottability and the distribution pattern o f the 67Ga-fibrinogen-{DAS-DFO) conjugate 
in rats were found to remain unchanged when the conjugation level (cluster/fibrinogen) was 
below 1.0. However, for a conjugation level o f 1.3, a lowering of the clottability and a remarkably 
high liver uptake were observed. The optimum range of the conjugation level was found to be 
0.65—1.0. The specific activity o f the 6?Ga-fibrinogen-(DAS-DFO) conjugate (conjugation 
level ,0.9, DFO/fibrinogen ratio 9.1) was 13 times as high as that of 67Ga-fibrinogen-DFO. The 
thrombus induced in the femoral vein o f a rabbit was clearly visualized as a hot spot six hours 
after the administration of 67Ga-fibrinogen-(DAS-DFO).
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In the last few years, the bifunctional protein labelling techniques have been 
investigated in order to find out whether they can replace conventional iodination, 
since some metallic radionuclides have favourable physical characteristics as radio
pharmaceuticals for in vivo imaging [1—4].

In our investigation of 67 Ga-labelled fibrinogen, using deferoxamine (DFO) 
as a bifunctional chelate, the bifunctionally labelled protein showed high stability 
in vitro and excellent physiological characteristics in vivo. The specific activity of  
this conjugate, however, was far from satisfactory; we found that non-radioactive 
metallic impurities, such as Fe3+, in the 67 Ga solution block the chelation sites 
(i.e. DFOs) o f fibrinogen and thus strongly deteriorate the specific activity. One 
approach to overcome this problem is to increase the number of bifunctional 
chelates on protein, but the introduction o f a large number o f bifunctional 
chelates results in denaturalization o f the protein. With this method, therefore, 
it is difficult to produce 67 Ga-fibrinogen o f high specific activity, suitable for 
diagnostic use, without denaturalization.

In a new approach to this problem, we tried to link a few spacer functional 
polymer molecules containing a large number o f bifunctional chelates to the protein 
in order to increase the number of chelation sites on the protein, as illustrated 
in Fig. 1. First, a large number o f bifunctional chelates are bound to the functional 
polymer, and then this novel polymer is coupled to a protein. Thus, the final 
conjugated protein possesses a large number o f chelation sites without being 
denaturalized. For this new protein labelling method we use dialdehyde starch 
(DAS) (Fig.2) as the functional polymer.

1. INTRODUCTION

2. MATERIALS AND METHODS

The amount o f  aldehyde groups in DAS was determined by a modified 
method o f Willstatter and Schudel [5], and the aldehyde content was obtained 
as 0.65 m m ol/100 mg. The molecular weight o f the DAS used was around 7000, 
determined by HPLC analysis using a TSK-3000SW column.

2.1. Coupling of DFO to human fibrinogen through DAS

The lyophilized human fibrinogen (Green Cross Corporation, Osaka, Japan) 
(antigen-free HBS) was dissolved and diluted as follows: 50 mL of sterile and 
pyrogen-free water was added to a 1 g fibrinogen vial containing 1600 mg glucose 
and 588 mg trisodium citrate as stabilizers; then 50 mL o f 0.01M phosphate/0.14M 
NaCl buffer (PBS buffer, pH 7.4) was added to adjust the fibrinogen concentration 
to 10 mg/mL. This solution (original fibrinogen solution) was used for coupling.



I AEA-CN-45 /51 473

Functional polymer (Spacer) 

Bifunctional chelating agent

Cluster

Bioactive protein

i) Clustered protein

Radioactive metal ion

"N Labelled protein 
-Sn

FIG.l. Labelling o f  protein, using functional polymer as a spacer.

FIG.2. Structure o f  dialdehyde starch.

Deferoxamine mesylate powder (320 mg Desferal, CIBA Pharmaceutical Co., 
Summit, NJ, USA) was directly added to 5 mL o f O'. 01M PBS buffer containing 
100 mg DAS; then, 68.4 ßL  triethylamine was added and the mixture was stirred 

. for 20 min at 10— 15°C. An appropriate volume o f this reaction mixture was 
added to the original fibrinogen solution and the resultant mixture kept at 
1 0 -1 5°C. After 2 h stirring o f this mixture, 12 mg sodium borohydride was 
added and the reaction was allowed to proceed at 10—15°C for another hour.

The DFO-coupled fibrinogen (fibrinogen-(DAS-DFO) conjugate) was purified 
as follows: The reaction mixture was dialysed using 0.01M glucose/0.022M tri
sodium citrate (GLC solution) at 0 -4 °C  for 48 h. After the dialysis, the mixture 
was subjected to column chromatography on Sephacryl S-200 (4 cm X 75 cm) 
and Sepharose CL-6B (4 cm X 100 cm), with the GLC solution as the eluting 
medium. The protein concentration was measured by ultraviolet absorbance 
at 280 nm (e = 5.44 X 10s ). The resulting fibrinogen-(DAS-DFO) conjugate was 
dispensed into vials (3 mg conjugate per vial) and lyophilized.
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FIG.3. Elution profile o f 61Ga-labelled crude reaction mixture on a TSK-3000SW column, 
for the evaluation o f  the conjugation level.

2.2. Coupling of DFO to human fibrinogen using glutaraldehyde

The DFO-coupled fibrinogen (fibrinogen-DFO conjugate) was prepared as 
described in Ref. [3]. DFO (32 mg) was dissolved in 2 mL o f 0.01M PBS buffer; 
0.17 mL glutaraldehyde (2% solution) was added and the mixture stirred for 
15 min at room temperature. The reaction mixture was mixed with 40 mL o f  
original fibrinogen solution (400 mg) and the resultant mixture stirred for 45 min 
at 1 0 -1 5°C. Then sodium borohydride (1.4 mg) was added and the reaction was 
allowed to proceed at 10—15°C for 1 h. The fibrinogen-DFO conjugate was 
purified as mentioned above.

2.3. Determination o f conjugation level of fibrinogen-(DAS-DFO) conjugate

The conjugation level, i.e. the DAS-DFO polymer (cluster)/fibrinogen molar 
ratio, was determined as follows: The crude reaction mixture was mixed with 
67Ga-citrate and the resultant mixture analysed by HPLC using a TSK-3000SW 
column, as shown in Fig.3. In this system, the DFO/cluster ratio could be 
calculated from the radioactivity peaks o f  free DFO and DFO-coupled DAS 
(cluster). The number o f DFO molecules on fibrinogen was determined by 
measuring the maximum absorption o f the Fe-DFO complex (420 nm) [6], and 
then the conjugation level was calculated from the DFO/cluster and DFO/fibrinogen 
values.

2.4. Labelling procedure

The labelling of the fibrinogen-(DAS-DFO) and fibrinogen-DFO conjugates 
with 67 Ga was performed by direct addition o f 67Ga-citrate solution (Nihon
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O r i g i n

FIG.4. Electrophoretic pattern o f  the Ga-fibrinogen-(DAS-DFO) conjugate. The arrow 
indicates the position o f 61Ga-citrate in the final 67Ga-labelled solution.

Medi-Physics Co., Takarazuka, Japan) to the lyophilized kit. The 67 Ga-labelled 
fibrinogen-(DAS-DFO) thus obtained needs no further purification and can be 
directly administered to animals. The labelling efficiency was measured by 
cellulose-acetate electrophoresis. A constant current (10 mA/cm) was applied 
for 15 min in 0.05M barbital buffer (pH 8.6). The typical electrophoretic 
pattern o f the 67 Ga-fibrinogen-(DAS-DFO) conjugate is shown in Fig.4.

2.5. Clottability test

The clottability o f 67 Ga-fibrinogen-(DAS-DFO) was determined by a procedure 
similar to that described by Regoeczi [7]. In a vial, 67Ga-fibrinogen-(DAS-DFO)
(3 mg) was diluted to 1.0 mg/mL with a 0.12M NaCl/0.05M e-amino capric acid 
solution, and 0.6 mL thrombin solution (25 units/mL) was added at room 
temperature. After cooling of the mixture in an ice bath for 2 h, the clot was 
removed from the solution with a copper wire. A solution o f a IN NaOH/5% urea 
mixture was used for the dissolution of the clot. The dissolved clot and the 
remaining supernatant were assayed for radioactivity.

2.6. In vivo studies with normal rats

Sprague-Dawley female rats (200—230 g) were injected intravenously with
0.2 mL 67Ga-fibrinogen-(DAS-DFO). At various time intervals, the animals were
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FIG.5. Relationship between DFO concentration and labelling efficiency on the formation 
o f  the 61Ga-DFO complex.

killed by blood drainage through the aorta with a heparinized syringe, and the 
isolated organs were collected in plastic cups and counted on a scintillation counter.

2.7. Thrombus uptake test

A thrombus was induced by the formalin application method [8]. One 
femoral vein o f a rabbit (2 —3 kg) was exposed under ether anaesthesia; 35% 
formalin was carefully applied on the outer surface of the vein and then the wound 
was closed. Then, 1 mCi o f 67Ga-fibrinogen-(DAS-DFO) was administered through 
an ear vein, one hour after thrombus induction.1

3. RESULTS

For the determination of the minimum DFO concentration necessary to 
achieve 100% labelling efficiency with 67 Ga, the labelling efficiencies were 
plotted against DFO concentration on the formation o f the 67Ga-DFO complex, as 
shown in Fig.5. The required ratio for DFO to 67Ga (DFO/67Ga) can be

1 1 Ci = 37 GBq.
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FIG. 6. Relationship between conjugation level and labelling efficiency 30 min after labelling; 
conjugate: 3 mg, 61 Ga-citrate: 2 mCi.

determined by extrapolation of the line to 100% labelling efficiency. When 67Ga- 
chloride was used for labelling, it was found that the DFO/67Ga ratio should 
exceed 700 in order to obtain a labelling efficiency o f almost 100% 30 min after 
labelling. When 67Ga-citrate was used for labelling, a DFO/67Ga ratio o f 3000 was 
required. In both cases, a large excess o f DFO/67 Ga was indispensable for 
achieving 100% labelling efficiency. These results indicate the possible competitive 
blockage o f DFO by non-radioactive metal impurities, such as ferric ion, in the 
67Ga solution.

The labelling efficiency o f various 67Ga-fibrinogen-(DAS-DFO) conjugates 
was plotted against the DFO/fibrinogen ratio and the conjugation level, as shown 
in Fig.6. When 2 mCi o f 67Ga-citrate was used for labelling, DFO/fibrinogen 
had to be higher than 8 in order to obtain over 95% labelling efficiency 30 min 
after labelling in the presence o f 3 mg fibrinogen and about 30 mg L-sodium 
ascorbate. Here the conjugation level o f  fibrinogen-(DAS-DFO) was 0.65 and 
one DAS had eight DFO groups.

Figure 7 shows the in vivo distribution pattern o f various67 Ga-fibrinogen- 
(DAS-DFO) conjugates in rats. The relationship between the conjugation level of  
fibrinogen-(DAS-DFO) and the clottability is shown in Fig.8. The in vivo distri
bution pattern in rats and the clottability o f the 67Ga-fibrinogen-(DAS-DFO) con
jugate were found to remain unchanged when the conjugation level was less than 
1.0. However, a lowering o f  the clottability and a remarkably high liver uptake 
were observed for a conjugation level o f 1.3. These data suggest that a lowering 
of the bioactivity o f 67Ga-fibrinogen-(DAS-DFO) conjugate occurs with a con
jugation level higher than 1.0.
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FIG.8. Clottability o f  various 61 Ga-fibrinogen-(DAS-DFO) conjugates in rats.

As shown in Fig.9, the specific activity o f 67 Ga-fibrinogen-(DAS-DFO) (con
jugation level 0.9, DFO/fibrinogen 9.1) was 13 times as high as that o f 67Ga- 
fibrinogen-DFO 30 min after labelling. Furthermore, the specific activity increased 
with the addition o f sodium ascorbate since L-sodium ascorbate reduces Fe3+ to 
Fe2+, which does not form a DFO complex.
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FIG. 9. Relationship between labelling efficiency and 61 Ga activity 30 min after labelling; 
conjugation level: 0.9; DFO/fibrinogen: 9.1.

T i m e  a f t e r  i . v .  a d m i n i s t r a t i o n  ( h )

FIG.10. Blood clearance o f 61Ga-fibrinogen-(DAS-DFO) in normal rats; conjugation level: 0.9, 
DFO/fibrinogen: 9.1.

The distribution pattern o f 67Ga-fibrinogen-(DAS-DFO) (conjugation level 0.9) 
in rats as a function o f time is shown in Figs 10 and 11. The blood clearance 
of radioactivity can be fitted by a two-phase exponential curve. The half-life for 
the first phase is about 4 h and that for the second phase is about 17 h. The liver 
radioactivity increased gradually, approaching 35% of the total injected dose 24 h 
after administration; after that, it remained constant until 48 h. The radioactivity 
in the small and large intestine was about 3% throughout the 48 h period.
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FIG.11. Biodistribution o f  67Ga-fibrinogen-(DAS-DFO) in normal rats; conjugation level: 0.9, 
DFO/fibrinogen: 9.1.

The 67 Ga-fibrinogen-(DAS-DFO) (conjugation level 0.9) was also administered 
to rabbits 1 h after thrombus induction, and the scintillation images are shown in 
Fig. 12. The cardiac blood pool was seen until 24 h after administration, reflecting 
a high blood radioactivity retention. The ratio between radioactivity in the 
thrombus and background radioactivity increased gradually with time after 
administration. The thrombus-to-blood ratio per unit weight was satisfactorily 
high (about 7, 24 h after administration).

4. DISCUSSION

In order to increase the number o f DFO molecules in coupled fibrinogen, 
we have introduced the cluster method (illustrated in F ig.l). DAS was 
chosen as the functional polymer for preparing a fibrinogen conjugate because 
DAS contains many aldehyde groups that can be coupled to the amino group of 
DFO and fibrinogen; also, DAS. was expected to have low toxicity. The coupling 
reaction could be accomplished under mild conditions in an aqueous solution and 
it was confirmed that more than ten DFO molecules can be coupled to fibrinogen 
through DAS.

The optimum range of the conjugation level was found to be 0 .65—1.0 
according to the results o f the rat distribution pattern and the clottability (Figs 7 
and 8). The 67Ga-fibrinogen-(DAS-DFO) conjugate (conjugation level 0.9, 
DFO/fibrinogen ratio 9.1) showed a high clottability and a high blood level, 
comparable to those obtained with radioiodinated fibrinogen [9]. In the imaging 
studies, the thrombus was clearly visualized as a hot spot 6 h after administration. 
These findings indicate that our 67 Ga-fibrinogen-(DAS-DFO) conjugate could be
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FIG.12. Scintillation camera images o f  the thrombus in the femoral vein o f  a rabbit, obtained 
1 h and 6 h after the administration o f 61Ga-fibrinogen-(DAS-DFO).

satisfactorily trapped by fresh thrombi. The bioactivity o f  fibrinogen was found 
to remain unchanged, even when the water-soluble polymer (DAS-DFO) was intro
duced. These results indicate that our cluster method enables the introduction of 
about ten DFO molecules on one fibrinogen molecule through DAS without losing 
any bioactivity.

The above findings of our current investigation suggest that 67Ga-fibrinogen- 
(DAS-DFO) is a promising clinical diagnostic agent for the detection o f thrombi. 
The cluster method is an excellent technique for the labelling o f  biologically 
active macromolecules with metal radionuclides.
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Abstract

BINDING OF GALLIUM-67 TO GLOMERULAR BASEMENT MEMBRANE.
To verify their hypothesis that heparan sulphate, an acid mucopolysaccharide, may play 

an important role for 67Ga accumulation in tumour or inflammatory tissue, the authors investi
gated the in vitro binding of 67Ga to pig glomerular basement membrane (GBM). The cellulose 
acetate electrophoretic pattern of acid mucopolysaccharides isolated from pig kidney GBM 
showed that the GBM contained predominantly heparan sulphate and a small amount of 
chondroitin sulphate B. The extent of 67Ga binding to the GBM reached a plateau (about 60% 
of the added dose) 30—60 min after the start of incubation. The extent of 67Ga binding was 
significantly decreased by treatments with heparitinase, nitrous acid, trypsin or papain. The 
extent of binding was, however, unaffected by chondroitinase ABC. These results provide 
further evidence that heparan sulphate plays an important role as a receptor for gallium in 
various tissues, including tumour cells and inflammatory lesions.

1. INTRODUCTION

Gallium-67 citrate has been widely used as a radioactive diagnostic agent 
for imaging various tumours and inflammatory lesions, but the mechanism of its 
accumulation is not well understood. Our previous attempts to elucidate this 
mechanism in a variety o f organic disease models [1 -5 ]  led us to consider that 
heparan sulphate (HS), a kind of acid mucopolysaccharide (AMPS), influences 
67Ga accumulation in tumour tissues and inflammatory lesions. It is well known 
that a large amount o f HS is present in the kidney, particularly in the renal 
glomerular basement membrane (GBM), which controls the permeation of various 
ions, anionic proteins, etc. [6 -8 ] .
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In this study, we investigate 67Ga binding to pig kidney GBM in vitro, in 
connection with HS.

2. MATERIALS AND METHODS

2.1. Isolation of pig kidney GBM

The GBM was isolated using the method of Krakower and Greenspon [9] 
with a slight modification. The pig kidney cortex was cut into small pieces and 
squeezed through a 150 mesh metal sieve. The sieve was then washed with 
approximately 5 mL o f cold isotonic saline, which was collected directly in a 
50 mL centrifuge tube. Cold isotonic saline (30 mL) was added to the centrifuge 
tube, and the suspension was stirred thoroughly and then centrifuged for 75 s at 
120 g. The supernatant fluid was discarded, and the infranate was resuspended 
in 30 mL saline and centrifuged as above. This procedure was repeated until the 
supernatant fluid was clear; approximately five centrifugations were required.
The GBM was prepared by ultrasonification of the glomerular isolates with a 
Branson sonifer (model 200) set at a power output of 40 W for 8 min. The 
sonificated material was then transferred to a 50 mL centrifuge tube and spun 
for 10 min at 1000 g. The supernatant fluid was decanted, and the infranate 
was resuspended in 0.9% NaCl and used as the GBM fraction for 67Ga binding 
experiments.

2.2. Binding o f 67Ga to the GBM

The GBM fraction ( 10 mg of freeze-dried material) was suspended in 1 mL 
of 0.9% NaCl and incubated with 0.1 ;uCi of 67Ga at 37°C for 15, 30, 60 or 
120 min.1 The suspension was centrifuged and the sediment was washed twice 
with 1 mL o f 0.9% NaCl. Then the radioactivity in the sediment was counted 
with a liquid scintillation counter (Aloka LSC-903).

2.3. Various treatments of the GBM

The GBM fraction (about 10 mg of freeze-dried material), suspended in 1 mL 
of 0.9% NaCl, was pre-incubated with one unit o f chondroitinase ABC at 37°C for 
30 min, one unit o f heparitinase at 43°C for 2 h, 1 mL nitrous acid (18%
N aN 02 : AcOH : H20  = 1 : 1 : 8) at room temperature for 80 min, or trypsin 
(0.01%) or papain (0.01%) at 37°C for 3 min. After pre-incubation, each sample 
was washed with 5 mL o f 0.9% NaCl and centrifuged at 1000 g for 10 min. The 
supernatant fluid was decanted; then the sediment was resuspended in cold

1 1 Ci = 37 GBq.



IAEA-CN-45/64 485

о
<H
z
Ш
o
QC
Ш
Û_
O
Z
Q
Z

TIME A FT ER  INCUBATION (min)

FIG.L Time course o f  Ga binding to pig kidney GBM.

0.9% NaCl solution and incubated with 0.1 pCi o f 67Ga at 37°C for 30 min. The 
reaction mixture was centrifuged, the sediment was washed twice with 1 mL of
0.9% NaCl, and the radioactivity in the sediment was counted.

2.4. Electrophoresis

The AMPS fractions (each containing 30 jug o f AMPS as uronate) isolated 
from the GBM were incubated with one unit o f chondroitinase ABC at 37°C  
for 30 min, one unit of heparitinase at 37°C for 2 h, or 0.1 mL nitrous acid 
(18% N aN 02 : AcOH : H20  = 1 : 1 : 8) at room temperature for 80 min. Then, 
aliquots o f 5 pL  were applied to 2 cm X 6 cm cellulose acetate strips, and electro
phoresis was performed under a constant current (0.6 mA/cm) in 0.2 mol calcium 
acetate buffer (pH 7.0). After electrophoresis, the strips were stained with 0.5% 
toluidine blue for 5 min and subsequently destained with 1% acetic acid. The 
spots were compared with those of the AMPS standard.

3. RESULTS

3.1. Binding o f 67Ga to the GBM

Binding o f 67Ga to the GBM fraction was apparent within 5 min after the 
start o f incubation, and the binding percentage of 67Ga approached a plateau 
level (about 60%) after 30 min (Fig. 1).

3.2. Effect of various GBM treatments on 67Ga binding

As shown in Table I, the extent o f 67Ga binding to untreated GBM was 
58.6%. The extent of 67Ga binding was significantly decreased by treatments
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TABLE I. EFFECT OF VARIOUS TREATMENTS ON THE EXTENT OF 67Ga 
BINDING TO PIG GBM

Treatment
Binding percentage 

(%)
Relative value 

(%)

None 58.6 100

Chondroitinase ABC 50.6 86

Heparitinase 26.4 45

Nitrous acid 25.5 44

Trypsin (0.01% wt/vol) 34.6 59

Papain (0.01% wt/vol) 40.4 69

with heparitinase (45% of the untreated GBM), nitrous acid (44%), trypsin (59%) 
or papain (69%). The extent of binding was, however, little affected by treatment 
with chondroitinase ABC.

3.3. Electrophoretic pattern

The electrophoretic patterns of AMPS isolated from the GBM are shown in 
Fig. 2. AMPS isolated from pig kidney GBM contained predominantly HS and 
only a small amount o f chondroitin sulphate B. When the sample was treated 
with chondroitinase ABC, the major spot (HS) was not affected, but the minor 
spot (chondroitin sulphate B) disappeared. When the sample was digested with 
heparitinase or nitrous acid, the major spot (HS) disappeared.

4. DISCUSSION

In Refs [1—5] it is shown that HS, a kind o f AMPS, has a high affinity for 
gallium ions, and it is suggested that HS plays an important role in gallium uptake 
into various tissues, including tumour cells and inflammatory lesions. The presence 
of HS in the renal GBM is well known. Kanwar and Farquhar [10, 11] showed 
that anionic sites in the renal GBM consist of HS and suggested that HS participates 
in the creation o f the glomerular basement barrier because of its high negative 
charge.

In this study, we investigated in vitro 67Ga binding to pig kidney GBM in 
connection with HS. As shown in Table I, the extent of 67Ga binding to the 
GBM was unáffected by treatment with chondroitinase ABC. However, the 
extent of binding was significantly decreased by the HS-degrading enzyme
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FIG.2. Cellulose acetate strip electrophoresis o f  AMPS isolated from pig GBM.
HE -  heparin; Ch A -  chondroitin sulphate A; Ch В -  chondroitin sulphate B; HS -  heparan 
sulphate; 1 ,2 : standard AMPS; 3: AMPS isolated from  pig GBM; 4: chondroitinase ABC  
treatment; 5: nitrous acid treatment; 6: heparitinase treatment.

heparitinase or the HS-oxidizing agent nitrous acid. Moreover, the extent of 
binding was also decreased by treatment with a solubilizing agent (trypsin or 
papain). In electrophoresis, HS isolated from pig kidney GBM was unaffected 
by chondroitinase ABC but disappeared after treatment with heparitinase or 
nitrous acid. Endogenous HS bound to various membrane surfaces can be displaced 
easily by a mild treatment with a solubilizing agent, such as trypsin or papain [12]. 
It can be concluded that the inhibitory effects on 67Ga binding to the GBM may 
be due to the release o f HS from the GBM surface by these treatments.

We conclude that HS bound to the GBM plays an important role as a 
receptor for gallium. Furthermore, these results strongly support our earlier 
proposal that HS participates in 67Ga accumulation in tumour cells and 
inflammatory lesions.
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Abstract

CLINICAL APPLICATIONS OF BRAIN SPECT WITH N-ISOPROPYL-n3I-p- 
IODOAMPHETAMINE.

Single-photon emission computed tomography (SPECT) with N-isopropyl-123I-p- 
iodoamphetamine (IAMP-I-123) was used for 250 patients suffering from brain disorders, 
comprising brain tumours (36), normal-pressure hydrocephalus (NPH) (23), cerebrovascular 
pathologies (127) and partial epilepsy (64). Brain tumours were found to be hypoactive, 
whatever the grade and nature. Frontal hypoactivity was found in NPH patients, and 
IAMP-I-123 perfusion was improved after cerebral spinal fluid (CSF) lumbar drainage, 
giving a good predictive criterion of clinical outcome after CSF diversion. For cerebro
vascular disorders, it was possible to obtain with IAMP-I-123 SPECT larger pictures of 
hypoactive areas than the pictures of hypodense lesions obtained with X-ray CT scans; 
other hypoactive areas that could not be observed with CT were also delineated by 
IAMP-I-123 SPECT. The hypoactive areas found in constituted infarctions can present 
two types o f kinetics — those which are ‘persistent’ (still present on delayed scans performed 
5 h after IAMP-I-123 injection) and those which disappear with time, thereby suggesting 
hypofunctional parenchyma without tissue impairment. IAMP-I-123 SPECT was proved to

489



490 MORETTI et al.

be useful in assessing ischaemia, especially in reversible ischaemia patients, by defining 
the affected arterial territory and guiding complementary artériographie exploration in view 
of surgical procedures. IAMP-I-123 SPECT was able to accurately delineate the affected 
parenchymal areas. It could also be of help in the follow-up of the efficiency of drug 
therapy and surgery, and it can be regarded as a good predictive criterion for stroke rehabilita
tion. The results obtained with IAMP-I-123 indicate that the lesional and epileptogenic areas 
in epileptic patients are hypoactive. The localization of these territories by IAMP-I-123 SPECT 
correlates well with other, more accurate, neuroradiological and stereotactic techniques.

1. INTRODUCTION

Many brain diseases are characterized by changes in regional perfusion and 
metabolic patterns, without involving blood/brain barrier (BBB) abnormalities 
in the early stages. Single-photon emission computed tomography (SPECT) has 
been used for several years, but the absence o f suitable radiopharmaceuticals for 
physiological imaging has delayed the development o f the technology. From the 
different agents that freely cross the BBB, we chose the indicator N-isopropyl- 
123I-p-iodoamphetamine (IAMP-I-123), for which Winchell et al. [1] demonstrated 
a maximum brain uptake, a long brain retention and a high brain-to-blood ratio. 
Kuhl et al. [2] showed that the regional cerebral blood flow (rCBF) traced by 
IAMP-I-123 intravenously injected into dogs correlated significantly with the 
rCBF determined by microsphere embolization in tissue samples.

Despite high retention in the lungs during the first pass o f IAMP-I-123, brain 
radioactivity increases in patients rather slowly, reaching a plateau value of approxi
mately 6% of the injected radioactivity after 30 min. This value remains constant 
for several hours, as demonstrated with several healthy persons [3 -5 ] . For patients, 
the results obtained with IAMP-I-123 correlate well with the rCBF [2, 3] during 
the first 1 0 -1 5  min. Afterwards, a ‘redistribution’ begins slowly, leading to a 
different pattern [6] on delayed images and suggesting a metabolic activity of the 
brain and a different turnover o f IAMP-I-123 related to structure and tissue 
integrity. Our results were obtained with SPECT, performed between 20 and 
60 min after injection (except for 25 brain ischaemic patients who were explored 
for 5 hours).

With a kit developed by one o f us [7], our group investigated the potential 
of using IAMP-I-123 to study regional brain perfusion for patients with tumours, 
normal-pressure hydrocephalus (NPH), cerebral ischaemia and partial epilepsy. 
Some o f these patients were treated for comparison with the 133Xe inhalation 
technique and the C1S0 2 and 15 0 2 continuous inhalation method accomplished 
by positron emission tomography (PET).
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2.1. Preparation of LAMP-J-123

IAMP-I-123 was prepared by an exchange reaction according to Waneck’s 
method and using a commercial kit (ORIS, France) [7]. Purity control was made 
by silica gel chromatography and the labelling yield was 98.23 ± 0.86% (n: 25 ±SD). 
An amount of 2 - 7  mCi (74 -  259 MBq) o f IAMP-I-123 per 10 mg o f IAMP was 
injected into patients, depending on the type o f device used.

Most o f  our studies were performed using iodine produced by the 
124Te(p, 2n)i23I reaction and containing less than 4% of 124I as impurity (even 
this small quantity is known to affect spatial resolution).

2.2. Tomographic devices

Two SPECT systems were used -  the detector array system and the rotating 
gamma camera.

The detector array system provides only transverse slices, but its major 
advantage is its high sensitivity. We used the ТОМОМATIC 641 commercial 
machine, a fast-rotating, four-faced digital system containing four banks of 
16 Nal crystals [8]. Accumulating for 5 min after multiple rotation, the counting 
rate per slice was 300 000 counts. After reconstruction, the spatial resolution 
in the plane was 1.7 cm (FWHM).

The rotating gamma camera has the advantage o f being a large-area detector 
and images the entire brain, which can be studied after reconstruction on complete 
sets o f parallel sections in the transverse, sagittal and frontal planes. The major 
drawback of the camera is its low sensitivity, which makes higher doses o f tracer 
necessary [9 ]. Three different rotating cameras were used in this study, one 
General Electric camera (GE 400), connected to a SIMIS 32 , and two Gamma- 
tomes3, one o f which was connected to an IMAC computer and the other to a 
SIMIS 3. The data were accumulated by the rotating cameras, beginning 20 min 
after intravenous injection into patients who had their eyes closed and their ears 
plugged. Such an accumulation o f data for 40 min and for 64 angles provided 
three to five million counts. The filtered back-projection (FBP) method was used 
for image reconstruction. In some cases, the slices were rotated in order to be 
parallel to the orbitomeatal line. Attenuation corrections were sometimes imple
mented by the Chang method [10] or a regularizing iterative method [11].

2. MATERIALS AND METHODS

1 Produced by Medimatic Inc., Gersonsvej 7, 2900 Hellerup, Denmark.
2 Produced by Sopha Medical, Av. de Scandinavie, В.P. 81, 92940 Les Ulis, France.
3 Produced by CGR, Rue de la minière, В.P .34, 78530 Bue, France.
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The rCBF was determined as follows:

— with the TOMOMATIC 64, by taking four pictures of 1 min duration 
during and after inhalation of 133Xe (10 mCi/L)

— using a single-slice system from ORTEC, C1S0 2 and CMR150 2 values were 
obtained by the 0 2 inhalation method.

3. GROUPS OF PATIENTS USED FOR THE EXPERIMENT

IAMP-I-123 was evaluated in 250 patients with various neurologic diseases. 
They fell into four groups, as described below.

(a) Tumour group: 36 patients with primary tumours o f different nature 
and grades and secondary tumours were investigated and the results compared 
with CT scans and " T cm scintigraphy.

(b) Normal-pressure hydrocephalus group: 23 patients (13 females and
10 males, mean age 70 years) with a previous CT diagnosis o f ventricular dilatation 
and a clinical Hakim-Adams syndrome.

(c) Cerebro-vascular group: This group o f 127 patients was constituted 
mainly by 100 patients with strokes associated or not with occlusive or stenotic 
diseases o f the carotid arteries; for 25 patients, iterative IAMP-I-123 acquisitions 
were performed at three different times with TOMOMATIC 64: 3—10 min 
(IAMP 10), 1—2 h (IAMP 2) and 4—5 h (IAMP 5). For 11 patients, the rCBF was 
measured also by C150 2 and CMR1S0 2 using PET. The same head position 
was used for SPECT, PET and CT, so that the tomographic slices could be parallel 
to the canthomeatal line. For a quantitative comparison of our results, the evolu
tion o f  each parameter was expressed in percentage o f contralateral value. A CT 
scan was performed for each patient, for comparison.

Out o f 27 patients suffering from reversible ischaemia, 14 had a prolonged 
regressive ischaemic neurological deficit (PRIND) and 13 had a transient ischaemic 
attack (TIA). For 23 patients out o f 27 (12 PRIND and 11 TIA) a CT scan was 
made 1—38 days after the onset of clinical symptoms, and for all patients a 
SPECT was performed, 3—45 days after the beginning o f neurological deficit.
In this subgroup were 21 males (mean age 57.6 ± 9.9 years) and 6 females (mean 
age 60.7 ± 15 years).

(d) Partial epilepsy group: 64 patients suffering severely from partial 
epilepsy, either complex or not (where clinical symptomatology existed, EEG 
and stereotactic EEG (SEEG) showed a focal origin in the cerebral cortex) and 
insensitive to medical treatment, were investigated with the prospect o f surgical 
treatment. Additionally to EEG and SEEG, these patients underwent several 
investigations, including CT, radiological examinations (angiography,
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ventriculography) and IAMP-I-123 SPECT. The SEEG has always been considered 
as ‘the golden standard’ in terms o f localization o f the epileptic foci.

Of these 64 cases, only 51 were totally explored, which means that they 
underwent at least CT, SEEG and SPECT. Aetiology: post-infectious (4), post- 
traumatic (9), perinatal hypoxia (7), miscellaneous (16) and unknown (15).

4. RESULTS

4.1. Brain tumours

Brain tumours were detected very easily by the absence of radioactivity 
in the tumour in all but two equivocal cases (low-grade astrocytomas), irrespective 
o f grade and BBB permeability as assessed by " T cm and positive contrast CT 
scans [12, 13]. The sensitivity o f  IAMP-I-123 was 89%, that o f CT was 100% 
and that of planar " T c m scintigraphy was only 42% (this bad score was due to 
a large number o f low-grade astrocytomas negative on the " T cm scans).
IAMP-I-123 SPECT was not the best method, but it made possible the deter
mination o f the extent of tumoural lesions on deep structures, such as the 
thalamic nuclei or the basal ganglia. These were well delineated on the frontal 
and sagittal slices, thus facilitating the spotting o f stereotactic biopsies.

4.2. Normal-pressure hydrocephalus

Patients suffering from NPH have a Hakim-Adams [14] syndrome with 
clinical features comprising stance and gait disorders [15], urinary incontinence, 
aboulia, and dementia in conjunction with cerebral ventricular enlargement [16].
At present, the overall improvement rate after cerebral spinal fluid (CSF) diversion 
is only 60%. Many diagnostic investigations have been proposed in order to help 
the selection o f patients who might benefit from ventricular shunting. This 
selection is important, considering the high complication rate o f surgery (10-44% ) 
[17]. Computed tomography (CT), radionuclide and contrast agent cisterno
graphies [18], measurement of intracranial pressure, infusion tests [19], con
ductance o f CSF outflow [20], metabolic determinations [21] and CBF 
measurements [22—25] have been applied with.only relative success. IAMP-I-123 
SPECT was used to identify one kind o f characteristic abnormality of IAMP-I-123 
uptake, and to find out whether the lowering o f CSF pressure by lumbar puncture 
drainage would influence the image pattern and would be predictive o f the clinical 
outcome after CSF shunting, as well as being discriminative as a differential 
diagnosis for demented people.

All our patients had gait disorders, 69% had dementia and 74% had urine 
incontinence. An aetiology, namely subarachnoid haemorrhage or head trauma 
or meningitis, was found for 26% of the cases. Of the other patients with unknown
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aetiologies, 58% had arterial hypertension. Hydrocephalus was always a CT dis
covery; 91% of the patients had an Evan’s ratio higher than 0.30. IAMP-I-123 was 
injected twice -  a few days before and just after CSF lumbar drainage (mean 
volume 37.6 mL). The patients who fulfilled the criteria o f clinical improvement 
after CSF drainage were treated with a shunt (8 out o f 23); additionally, three 
patients for whom their families had requested a shunt were also treated. The mean 
Evan’s ratio, the number o f dilatated ventricles, the presence o f large cortical sulci 
and gamma cisternography patterns were not discriminative. Cortical perfusion, 
assessed by IAMP-I-123 SPECT, was decreased in the fronto-parietal area in 86% 
of our patients and in the bilateral frontal areas in 61%. Seven out of eight patients 
(sensitivity 87%) demonstrated a good improvement of IAMP-I-123 perfusion 
after drainage, followed by an improved outcome after shunting at least 3 months 
after surgery. Four patients without any perfusion improvement did not improve 
after shunting (specificity 100%). These perfusion findings were not always 
correlated with clinical observations after drainage; for instance, we found that 
for two mismatches, IAMP-I-123 was clearly predictive compared with the 
erroneous clinical findings. Only one case was a partial failure for IAMP-I-123, the 
presumed reason being an insufficient volume o f drainage (10 mL). This study 
is in accordance with blood flow measurements made by several authors who 
gave examples o f increasing blood flow after CSF removal [22—25]; however, 
two other groups [26, 27] come to different conclusions.

These results are encouraging regarding the use of IAMP-I-123 SPECT as 
a method for exploring the cortical integrity of NPH patients and as a predictive 
test for CSF diversion.

4.3. Cerebro-vascular disorders

Constituted infarcts were clearly visible on SPECT images as well as on CT 
scans, but the SPECT images were generally larger (80%); other hypoactive areas, 
not seen on CT scans, were observed on IAMP-I-123 SPECT imaging [28].
Frequently (50%) a crossed cerebellar diaschisis was noted [29]. As the signifi
cance of this discrepancy was not clear, we investigated 25 patients with a fast- 
rotating system (TOMOMATIC) in order to compare the rCBF using 133Xe and 
the modifications o f the IAMP-I-123 SPECT patterns with the course o f time [30]. 
For 11 patients we applied PET evaluation with 1S0 2 and C1S0 2- This study gave 
information of two kinds, as discussed below.

4.3.1. Correlation between IAMP-I-123 brain activity and rCBF

The rCBF (133Xe) measurements were compared with sequential IAMP-I-123 
acquisitions. For the tenth-minute and second-hour acquisitions, there was a good 
correlation with rCBF: 0.89 and 0.87, respectively, for 25 patients. For the fifth- 
hour acquisition, the correlation value decreased to 0.77. We may therefore
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FIG. 1. Infarct with persistent IAMP-I-123 hypofixation; the 133Xe and. IAMP-1-123 SPECT 
images shown here were obtained at OM +  60 mm. On the Xe SPECT image (left side) the 
cortical and subcortical CBF is decreased by 50% in the right frontal area compared with the 
contralateral area. On the IAMP-I-123 SPECT images, the IAMP-I-123 fixation in the right 
frontal area is low at 10 min, and still low at 2 and 5 h. The Д SPECT values are: -43% , 
—42% and -45%  at 10 min, 2 h and 5 h, respectively.

conclude that IAMP-I-123 acquisitions during the first ten minutes closely reflect 
the rCBF, whereas delayed acquisitions do not solely reflect the rCBF [31 ]. For 
delayed SPECT images, notably beyond the second hour after IAMP-I-123 injec
tion, the significance is not quite clear yet.

4.3.2. IAMP-I-123 kinetics in hypoactive areas and comparison with 
CBF and CM R02 values

For a group o f 25 patients, two types o f IAMP-I-123 kinetics were observed. 
In the first type, the initial hypofixation persisted practically unchanged at 2 and 
5 hours (F ig.l). In the second type, the initial hypofixation vanished with the 
course o f  time, leading to an almost normal pattern at 5 hours (Fig.2). In the 
first type, called ‘persistent’ hypofixation, a fairly good correspondence was 
observed between IAMP-I-123 defects and CT hypodense areas. In this group of  
patients (n =  7) the mean values o f hypoactive areas compared with the contra
lateral brain cortex were: Д IAMP (10 min): — 32%, Д IAMP (2 h): —30%, and 
Д IAMP (5 h): -31% , with corresponding values o f rCBF ( 133Xe) of -45% , 
rCBF (C1S0 2) o f —46%, and CMR02 o f —49%. In the second group (n =  4), 
an improving relative uptake o f  IAMP-I-123 in ischaemic areas was found, with 
а Д IAMP ( 10 min) of -23% , Д IAMP (2 h) o f -13%  and Д IAMP (5 h) o f -7%. 
Corresponding areas were -25%  with Д CBF (133Xe), -28%  with Д CBF (C1S0 2) 
and —27% with CMR02. According to these results, therefore, a vanishing hypo
active area had a poor correspondence with CT lesion size, with CBF and CMR02 
only moderately decreased. These results suggest an infarcted lesion with ‘per
sistent’ hypofixation and the presence o f an ischaemic territory which is perhaps 
reversible when the hypofixation is improved [32—35]. In the TIA group explored
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FIG.2. Infarct with improving IAMP-I-123 hypofixation; for disposition and level o f  images, 
see Fig.l. On the Xe SPECT image (left side) the CBF o f  a large right sylvian area is decreased 
by 32% compared with the contralateral area. On the IAMP-I-123 SPECT images, the 
IAMP-I-123 fixation is low at 10 min and improves at 2 h; at 5 h it is close to normal values. 
The A SPECT values are: -30% , -20%  and -10%  at 10 min, 2 h and 5 h, respectively, i.e. 
they improve with time.

(13 patients), the CT scan was always normal, whereas SPECT demonstrated hypo
active brain areas in all patients. At least one hypoactive brain area fitted well 
with the neurological deficit in 11 out o f 13 cases. In two patients, the hypoactive 
areas were bilateral and symmetric, and localized in vascular functional territories. 
Additional cerebral defects were observed in 7 out of 11 patients, but no cere
bellar diaschisis.

In the PRIND group explored (14 patients), the CT scan was abnormal in 
7 out of 12 cases, whereas SPECT demonstrated hypoactive brain areas in 13 out 
of 14 cases. Crossed cerebellar diaschisis was present in 30%. Whenever the CT 
scan demonstrated a hypodense lesion, IAMP-I-123 SPECT delineated a hypoactive 
brain cortical area in the same location. Five of these patients had a hypodense 
capsular lesion on the CT scan, and IAMP-I-123 SPECT showed a cortical hypo- 
activity correlating with this capsular abnormality. In all cases, the SPECT 
lesions fitted well with the neurological deficits. For this reversible ischaemia 
syndrome, the results indicate that the ‘regional ischaemia’ assessed by IAMP-I-123 
lasts several weeks after the onset of neurological deficit. This haemodynamic 
hypothesis may be extended to patients with severe stenosis or occlusion of internal 
carotid arteries without clinical manifestations but with hypoactive areas shown by 
SPECT.

On the other hand, the pattern discrepancy between early and delayed 
IAMP-I-123 SPECT images for some patients may indicate that IAMP-I-123 
activity depends on local factors, such as pH, BBB permeability and metabolic 
capacity. This hypothesis is supported by the long-lasting abnormalities shown 
by SPECT which are due to cellular impairment.
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TABLE I. RESULTS OF SPECT FOR EPILEPTIC PATIENTS

Number 
of patients

CT
scans

IAMP-I-123
SPECT

IAMP-I-123 SPECT 
uninterpretable

Wrong
localization

31a + +

6 - +

1 + —
5 + X

1
5 - X

2 _ +
2 X

a Two CT scans had a minus value at the first examination.

In cerebro-vascular diseases, IAMP-I-123 SPECT establishes a functional 
evaluation of the cerebral parenchyma. This exploration may be useful to:

— assess ischaemic disease;
— delineate with accuracy the suffering parenchymal areas;
— define the affected arterial territory;
— spot low-flow areas around strokes, helping to establish the prognosis o f  

stroke rehabilitation;
— guide complementary artériographie exploration in view o f surgical 

endarteriectomy or external/internal bypass;
— follow the efficiency o f drug therapy and surgery, especially in asympto

matic bilateral internal carotid occlusion.

4.4. Partial epilepsy

Table I summarizes the results obtained for epileptic patients. In 31 cases, 
CT and IAMP-I-123 SPECT scans gave identical results in terms o f localization, 
although two CT scans were first interpreted as normal and were considered as 
positive only after a second interpretation. Six patients had a normal CT scan 
(without and with injection o f contrast media), but a positive SPECT 
(Fig.3). One patient had a positive CT scan and a negative SPECT; five other 
patients with a positive CT scan had an IAMP-I-123 examination which was 
considered to be uninterpretable. For one other patient, both the CT and 
IAMP-I-123 examinations were considered to be negative, but five other patients
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FIG.3. Parieto temporal hypoactivity detected by IAMP-I-123 SPECT during the interictal 
phase. The CT scan was normal.

with normal CT scans were again considered to have an uninterpretable SPECT 
examination. Two other patients had a negative CT scan, but a positive IAMP-I-123 
SPECT interpretation; however, the localizations did not match the SEEG. For 
the last two cases, it is hard to say whether the SEEG can really be considered 
as the ‘golden standard’ or whether a malpositioning of the patient led to a wrong 
localization o f anatomical territories on some slices.
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The ten cases with an ‘uninterpretable’ SPECT had all a very low uptake of 
IAMP-I-123 in the brain. It seems that this was due to the amount o f anti
epileptic drugs taken by those patients.

A resolution improvement (by more than 1 cm) can be achieved by improving 
the performance o f  SPECT by means o f specially designed collimators, slant hole 
collimators, and 180° rotation (from the forehead to the nape of the neck), thus 
reducing the rotation radius from 25 cm to less than 15 cm. IAMP-I-123 SPECT 
can now be considered as one o f the most powerful tools for investigating 
epilepsy [3 6 -3 8 ] .

5. DISCUSSION

Our results stressed some o f the clinical applications o f IAMP-I-123 SPECT 
in exploring brain diseases. However, this investigation is still imperfect, despite 
careful and frequent quality control o f the device and a complete immobilization 
of the head, especially for long-time acquisitions (40 min for rotating gamma 
cameras). It is necessary to place the head in the orbitomeatal position or to be 
able to rotate the slices by software in order to be sure of the anatomical localiza
tion o f the slices, enabling a comparison with CT scans. Poor spatial resolution, 
the presence of scattered radiation and attenuation problems impede the attain
ment o f the true radioactivity distribution within the reconstructed brain volume 
[39]. Despite these drawbacks, some clinical applications of IAMP-I-123 SPECT 
provide data which cannot be obtained with other routine techniques.
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Abstract

IMAGING NEURORECEPTORS IN THE HUMAN BRAIN IN HEALTH AND DISEASE.
For nearly a century it has been known that chemical activity accompanies mental 

activity, but only recently has it been possible to  begin to examine its exact nature. Positron- 
emitting radioactive tracers have made it possible to study the chemistry of the human brain in 
health and disease, using chiefly cyclotron-produced radionuclides, carbon-11, fluorine-18 
and oxygen-15. It is now well established that measurable increases in regional cerebral blood 
flow, and glucose and oxygen metabolism accompany the mental functions of perception, 
cognition, emotion and motion. On 25 May 1983 the first imaging of a neuroreceptor in the 
human brain was accomplished with carbon-11 N-methyl spiperone, a ligand that binds 
preferentially to  dopamine-2 receptors, 80% of which are located in the caudate nucleus and 
putamen. Quantitative imaging of serotonin-2, opiate, benzodiazapine and muscarinic cholinergic 
receptors has subsequently been accomplished. In studies of normal men and women, it 
has been found that dopamine and serotonin receptor activity decreases dramatically with age, 
such a decrease being more pronounced in men than in women and greater in the case of 
dopamine-2 receptors than in serotonin-2 receptors. Preliminary studies of patients with 
neuropsychiatrie disorders suggest that dopamine-2 receptor activity is diminished in the 
caudate nucleus of patients with Huntington’s disease. Positron tomography permits a 
quantitative assay of picomolar quantities of neuroreceptors within the living human brain. 
Studies of patients with Parkinson’s disease, Alzheimer’s disease, depression, anxiety, 
schizophrenia, acute and chronic pain states and drug addiction are now in progress.

1. INTRODUCTION

The growth of any scientific field is based on a paradigm or set of ideas that the 
community of scientists accepts. The unifying principle of nuclear medicine is the 
tracer principle applied to the study of human disease. Nineteen-hundred and sixty-

* This work was supported in part by grant No. NS 15080, awarded by National 
Institutes of Health.
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three was a landmark year, in which technetium-99 m and the Anger camera 
combined to move the field from its latent stage into a second stage characterized 
by exponential growth within the framework of the paradigm. The third stage, 
characterized by gradually declining growth, began in 1973. Faced with competing 
advances, such as in computed tomography and ultrasonography, workers in nuclear 
medicine began to search for greener pastures or to pursue narrow subspecialities. 
Research became characterized by refinements o f existing techniques.

In 1983, nuclear medicine experienced what could be a profound change. A 
new paradigm was born when it was demonstrated that, despite their extremely 
low chemical concentrations (in the picomolar range), it was possible to image 
and quantify the distribution of receptors in the human body. Thus, nuclear 
medicine was able to move beyond physiology into biochemistry and 
pharmacology.

Fundamental to the science o f pharmacology is the concept that many 
drugs and endogenous substances, such as neurotransmitters, react with specific 
macromolecules that mediate their pharmacologic actions. Such receptors are 
usually identified in the study of excised tissues, cells or cell membranes, or in 
autoradiographic studies with animals. The first imaging and quantification o f a 
neuroreceptor in a living human being was performed on 25 May 1983 and reported 
in the September 1983 issue of Science. The study involved the development 
and use of carbon-11 N-methyl spiperone (NMSP), a drug with a high affinity 
for dopamine receptors. Since then, studies o f dopamine and serotonin 
receptors have been carried out in over 100 normal persons or patients with 
various neuropsychiatrie disorders. Exactly one year later, the first imaging of 
opiate receptors in a living human being was performed [1 ].

2. CARBON-11 METHYL SPIPERONE

In vitro binding studies indicate that NMSP has a high àffinity for 
dopamine-2 receptors and an approximately fivefold less affinity for serotonin-2 
receptors. In the human brain, dopamine-2 receptors are most plentiful in the 
caudate and putamen while serotonin-2 receptors are greater in number in 
cerebral cortical areas.

In vivo drug competition studies with rodents revealed that 90% of the 
accumulated n C-NMSP in the striatum was bound to dopamine-2 receptors, while 
the majority o f the binding in the frontal cortex was to serotonin-2 receptors.
The non-specific binding is estimated by the level observed in the cerebellum. In 
in vivo PET studies with baboons, specific UC-NMSP binding in the caudate was 
blocked by competition with excess unlabelled spiperone. The n C-NMSP 
accumulation in basal ganglia, when corrected for non-specific binding, reflects 
binding to dopamine-2 receptors, while the majority of accumulation in cerebral 
cortical areas reflects binding to serotonin-2 receptors.
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3. EFFECTS OF AGE AND SEX ON DOPAMINE AND SEROTONIN 
RECEPTORS

The 22 male and 22 female volunteers, ranging in age from 19 to 73 years, 
and from 19 to 67 years, respectively (males: mean age 39 ± 17 years; 
females: mean age 36 ± 14 years (± 1 standard deviation)), were found to be 
healthy by medical, neurological and neuropsychological tests. CT scans were 
taken of each subject to identify planes which contained the basal ganglia.
Subjects were injected with n C-NMSP (dose range: 0 .2 -2 .9  pg per kilogram body 
weight), which was synthesized by the N-alkylation of spiperone with n C-methyl 
iodide. Multiple, serial PET scans were obtained over a two-hour imaging time 
after injection. The distribution of tracer in the brain within the first few 
minutes after injection is determined principally by regional blood flow. 
Dopamine-2 receptor binding density was estimated by the ratio of the 
caudate to the cerebellar (Ca/Cb) mean counts per pixel (computer matrix 
picture element) and the putamen to the cerebellar (Pu/Cb) mean counts 
per pixel. Serotonin-2 receptor binding was estimated by frontal cortex to 
cerebellar ratios.

After injection, the accumulation of UC-NMSP within the caudate and 
putamen — areas rich in dopamine-2 receptors — increased progressively with 
time, while binding in the cerebellum — which contains few or no dopamine-2 
receptors — decreased steadily after its initial accumulation related to regional 
blood flow. Binding in the frontal, temporal, parietal and occipital cortex 
decreased at an intermediate rate, reflecting primarily serotonin-2 receptor binding 
and decreasing non-specific binding (F ig.l). The ratio of Ca/Cb increased linearly 
with time (Fig.2). The slope o f this line reflects the rate (sometimes referred to as 
k3) of NMSP binding to the dopamine-2 receptor from the exchangeable tissue 
pool (including non-specifically bound NMSP).

A plot of Ca/Cb versus age revealed a striking decline in dopamine-2 
receptor binding with age. In males, the data were best fitted by an exponential 
function (Ca/Cb = 2.31 + 6.6 exp(—0.06 age); R = 0.86). There was a 46% decline 
in the fitted function over the age range (19—73 years) examined (Figs 3, 4).
There was a similar decline (43%) with age in the putamen (Pu/Cb = 2.4 + 6.37 
exp(—0.065 age); R = 0.81) — another region with high levels o f dopamine-2 
receptors (not shown). In the 22 women there was a somewhat smaller (25%) 
decrease in receptor binding with age (19—67 years) in the caudate 
(Ca/Cb = 3.97 -  0.0185 age; R = 0.58; Fig.3) and putamen (R = 0.6). As 
mentioned above, a plot o f Ca/Cb against time was a straight line for any subject 
(Fig.2). When the slopes of the lines were plotted against age for males, an 
exponential decline was observed.

In the frontal cortex -  a region containing primarily serotonin-2 receptors -  
there was also a significant drop in receptor binding with age. A plot o f the ratio 
of frontal cortex to cerebellum (an estimate of serotonin-2 receptors) against age
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FIG.2. Ratio o f  caudate!cerebellar activity as a function o f  time after intravenous injection o f  
n C-NMSP. The caudate activity represents specific binding o f  the n C-NMSP to dopamine-2 
receptors, while fhe cerebellar activity represents non-specific binding. The slope o f  the line 
reflects the net binding o f  the tracer to dopamine-2 receptors.
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FIG.4. Decrease in dopamine-2 receptor activity as a function o f  age in normal women. (In 
men the decrease was best fitted  by an exponential function; in women, the decrease was linear).



508 WAGNER et al.

w.
О

Е
3

О Ф
-Q

С ф

о ф
LL О

Maies

O 10 20 30 40  50  60  70 80

Age (years)
FIG.5. Decrease in serotonin-2 receptor activity (frontal cortex/cerebellar activity) in normal 
men as a function o f  age.

revealed a decline with age in males (ratio = 1.35 + 1.75 exp (-0 .053  age);
R = 0.7), (Fig.5). Again, there was a smaller decline in females 
(ratio = 1.86 -  0.0066 age; R = 0.4).

In vitro studies with both animal and human tissues at autopsy have revealed 
a decline in Bmax o f dopamine-2 receptors with age, with no change in Kq . A 
decline in cerebral blood flow alone does not seem to be adequate to explain the 
findings, since the decline of blood flow with age is much less than the decline 
in receptor binding. With NMSP, the distribution during the initial 0—6 min 
after injection is predominantly determined by the blood flow. There was no 
significant decline in the caudate/cerebellar ratio (approximately 1) obtained 
from the 0—6 min scans as a function of age in either men or women. The data 
indicate that there is no fall in early (0—6 min) caudate/cerebellar ratios with age 
(p >  0.05) for either sex. In addition, the ratio of the caudate counts (0—6 min) 
to the integral o f the blood radioactivity, and the ratio of the cerebellum counts 
to the integral o f the blood radioactivity did not fall with age for either sex. All 
CT scans o f normal volunteers were reviewed in order to assess whether the caudate 
nucleus or putamen decreased in size with age. The CT scans did not reveal any 
trend for a decrease in size and therefore the decline in the ratios is not due mainly 
to changes in partial volume effects. Cerebral glucose metabolism, also measured 
by PET, has been found by most investigators either not to decrease or to drop 
only at very slow rates with age.

Other studies have revealed age-related decreases in various other dopaminergic 
parameters [2—9]. Cell bodies in the substantia nigra and putamen decrease in 
number and size with age. There is also an age-related decrease in the levels of



IAEA-CN-45/19 509

FIG.6. Images o f  n C-NMSP distribution at three levels o f  the brain o f  a normal person at the 
times indicated after intravenous injection. The 0 -6  min images reflect the distribution o f  
blood flow; the 5 8 -7 3  min images represent the distribution o f  dopamine-2 and serotonin-2 
receptors.

neurotransmitter as well as in the levels of synthesizing enzymes in the caudate, 
putamen and nucleus accumbents. These regions have high concentrations of 
dopaminergic nerve terminals and receptors.

Figures 6 and 7 are typical images, obtained at three different levels, o f the 
brain of a normal person (Fig.6) and the brain of a patient with a stroke involving 
the left middle cerebral artery (Fig.7).

4. OPIATE RECEPTORS

Imaging of opiate receptors was accomplished by developing 4-carbo- 
methoxy-fentanyl, also called carfentanil. This compound is an extremely potent 
agonist o f the opiate receptor — over 7000 times more potent than morphine. The 
synthesis time was 35 min from the end of bombardment in the cyclotron. The 
average specific radioactivity in ten consecutive syntheses was 1145 mCi/Aimol
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FIG. 7. Images o f  C-NMSP distribution at the times indicated, in a patient with a stroke 
involving the left middle cerebral artery distribution.

at the end of synthesis.1 This corresponds to an average specific radioactivity at 
the end o f bombardment of 3270 mCi//imol.

Carfentanil binds chiefly to д-receptors that are involved in pain perception. 
The subtype specificity o f carfentanil was ascertained by measuring its effect on 
receptor binding of 3H-dihydromorphine, a д-selective ligand, as well as other 
ligands that have relatively high specificity for 5- and к-receptors. The calculated 
affinity constants (K¡) of carfentanil for ¡x-, 5- and /с-opiate receptors at 37°C 
are 0.051, 4.7 and 13 nmol, respectively. When n C-carfentanil was administered 
to intact mice, the thalamus and corpus striatum, which are rich in opiate receptors, 
bound five times higher concentrations of n C-carfentanil than did the cerebellum.
In baboon studies, the highest concentrations of radioactivity were found in the 
thalamus and caudate nucleus, with intermediate concentrations in the frontal 
cerebral cortex and a negligible concentration in the cerebellum. Pretreatment 
with naloxone resulted in a markedly reduced accumulation o f the tracer in the 
thalamus, caudate nucleus and cerebral cortex, but not in the cerebellum or 
soft tissues.

1 1 Ci = 37 GBq.
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FIG.8. Images o f  the distribution o f  liC-carfentanil in the brain o f  a normal person, at the 
times indicated after intravenous injection o f  the tracer. The upper row is from  the initial 
study with carfentanil alone; the lower row represents the distribution o f  a second dose o f  
ilC-carfentanil injected 5 min after a blocking dose o f  naloxone. The initial images reflect 
predominantly blood flow; the later images reflect the binding o f  the tracer to opiate receptors.

On 25 May 1984 — exactly one year after the first images of dopamine 
receptors in the living human brain had been obtained -  n C-carfentanil was 
administered alone and following naloxone (1 mg per kilogram body weight 
intravenously to one o f us [HNW]). Images were obtained from 0 to 3 min,
10 to 25 min and 30 to 60 min after injection (Fig.8). The last image showed that 
radioactivity was most highly concentrated in the medial thalamus, with 
substantially lesser levels in the lateral thalamus. The caudate nucleus and putamen 
displayed a similar high level o f radioactivity. The frontal and temporal-parietal 
cerebral cortex had somewhat less radioactivity, but substantially more than 
the occipital cortex. A high level of tracer accumulation was also observed in the 
pituitary region and temporal lobes o f the cerebral cortex, while the cerebellum 
had much lower levels o f radioactivity. The post-central gyrus also seemed to 
accumulate low quantities o f the tracer. The initial ( 0 - 3  min) image obtained 
after the blocking dose o f naloxone revealed a distribution o f tracer activity that 
corresponded to the known distribution o f regional blood flow. The subsequent 
images indicated that the tracer uptake by opiate receptors was essentially 
eliminated by the prior administration o f naloxone.
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Opiate receptor activity can now be measured in conditions such as depression, 
mania, Parkinson’s disease, schizophrenia, senile dementia and pain states, and 
for persons suffering from opiate addiction.
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Abstract

QUALITY CONTROL OF RADIOIMMUNOASSAY IN JAPAN.
Since 1978, the Radioisotope In Vitro Test Committee of the Japan Radioisotope 

Association has carried out external quality control surveys for RIA of various radio
pharmaceuticais. The surveys included more than 250 institutes. The scattering of the analysis 
assay values was considerably reduced year by year. The reduction in both between-kit 
variation and within-kit variation was typically demonstrated by insulin RIA. Five 
institutes were asked to measure quality control samples with six different commercially 
available kits, using both kit standards and common standards provided by the 
Japan Radioisotope Association. It was shown that the between-kit variation was considerably 
reduced when the common standards were used. The factors contributing to within-kit 
variation were also investigated. Lyophilized specimens containing two different concentrations 
of the samples were sent to the participating laboratories. The precision profiles obtained for 
the individual assays were used as an indication of the quality of the assay. When the reported 
assay values were analysed by an analysis of variance, the treatm ent mean-square values due to 
differences in the kit preparation significantly exceeded the error mean-square values due to 
within-kit variation. Since the observed within-kit variation was of almost the same magnitude 
as that expected from a combination of within-assay and between-assay variation, the skill of 
the users seemed to  be adequate and it was probably the accuracy and precision of the kits 
which had the greatest impact on assay variation. From these results, it was concluded that 
the precision o f the assay kits should be improved, and it was proposed to estabUsh and distribute 
international standards to  be used in radioisotope in vitro tests.

The paper describes the results o f the quality control o f radioimmunoassay 
carried out by the Radioisotope In Vitro Test Committee of the Japan Radio
isotope Association since 1978 and also some o f the investigational studies.

Table I gives the number o f surveys, the year, and the number and names of 
the items. Our control surveys started in 1978 with five items, and in 1983 
21 items were included. In all surveys, insulin, TSH1 and thyroxine were included. 
The surveys were nation wide and more than 250 institutes were included every 
year. In the first and second surveys, serum samples o f high and low or normal 
concentrations were sent to the users and the results obtained from them were

1 Thyroid Stimulating Hormone.
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TABLE I. NATION-WIDE CONTROL SURVEY OF 
RADIOISOTOPE IN VITRO TESTS, HELD BY THE 
JAPAN RADIOISOTOPE ASSOCIATION

No. i 2 3 4 5
Y ear 1978 1979 1980 1982 1983

No.
Items 5 6 8 10 21

Insulin Insulin Insulin Insulin Insulin

T S H T S H T S H T S H T S H
T 4 (c  C PBA) T 4 (s  C P B A ) T4 T4 T ,

(Л T 3 T3 C ortisol T3 T3 P T H
E A F P GH Digoxin L H T3-upt. C-peptide
(D
+ j C E A G astrin

IgE
ß2-MG

F S H
P R L

IgE
A F P
C E A

C ortisol Glucagon 
Aldosterone /?ä-M G  
G H F e rritin  

A C T H  C E A  
P R L  A F P  
L H  P A P  
F S H  Elastase-I

analysed statistically. Because o f the large scattering of the assay values, from 
the third control survey the quality o f the individual assays was examined by 
precision profiles derived from the RIA data processing program described by 
Faden and Rodbard [1 ]. Since commercially available RIA kits were used by 
almost all participating laboratories, the precision profiles of the individual assays 
were examined and compared with those obtained from kit manufacturers. In 
this way, it was possible to compare directly the skill o f the users with that of 
the manufacturers. At the same time, two samples o f appropriate concentrations 
were chosen according to the characteristics o f the assay systems. The following 
investigations were performed:

(a) The quality control samples A and В were assayed and the results noted, 
together with the raw counting data including the standard curves.

(b) The counting data were analysed by a RIA data processing program.
(c) The between-kit, within-kit, between-assay and within-assay variations were 

calculated and expressed in terms of coefficients o f variation (CV%).
(d) The curve fitting, the precision of the individual assays, and the precision and 

accuracy of the kits were examined. The within-assay and between-assay 
variations, together with the ‘component of between-assay’ variation, were 
calculated and expressed in terms of CVs. With this approach, it was possible 
to examine whether the factor responsible for data scatter was the curve 
fitting, the precision o f the individual assays, the precision of the kits or
the accuracy of the kits.
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FIG.l. Change o f  the component o f  between-kit variation (CV%) in the assay o f  insulin, 
TSH and thyroxine.

1978 1979 1980 1982

FIG.2. Change o f  the within-kit variation (CV%) in the assay o f  insulin, TSH and thyroxine. 
The figures in brackets give the concentrations o f  the analysed material fo r quality control.
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FIG.3. Results o f  insulin radioimmunoassay.

The scatter o f the assay values of the analysed material was reduced 
considerably year by year. The major cause of the reduced scatter was the 
decrease in both between-kit variation and within-kit variation. The between-kit 
variation of insulin RIA was 30% in 1978, 25% in 1979, 21% in 1980 and 27% in 
1982 (F ig.l). When the standards o f  all kits were adjusted to the WHO reference 
standards (1983), this variation was only 5.3%. The within-kit variation for insulin 
RIA was 34% in 1978, 21% in 1979, 13% in 1980 and 22% in 1982 (Fig.2).

Figure 3 shows results obtained for insulin RIA, indicating a large kit-to-kit 
variation.

Table II summarizes the results obtained by various laboratories for insulin 
RIA o f six different commercially available kits. The assay values for sample A 
obtained by the various laboratories ranged from 41.0 (kit d) to 66.5 (kit a) and 
those for sample В ranged from 12.0 (kit e) to 26.2 (kit f) milli international units 
per litre (mlU/L). These values were obtained from standard curves manually 
drawn by the participating laboratories. When the predicted CVs o f laboratory 
users and kit manufacturers were compared (the predicted CVs reported by kit 
manufacturers are given in parentheses in Table II), there was no statistically 
significant difference between the two values. The fact that the predicted CVs of 
the users were the same as those o f the kit manufacturers was confirmed by RIA
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TABLE II. RESULTS OF INSULIN RADIOIMMUNOASSAY OF SIX 
DIFFERENT KITS.

Kits
Number of 
institutes

Values
obtained from 
institutes

Values obtained from 
data-processing program

A В A CVA% В CVB%

(a) Insulin RIA- 
Dainabot

110 66.5 17.1 67.6 5.8(5) 17.6 8.9(8)

(b) IRI-Pharmacia
Shionogi

43 43.0 15.1 42.6 9.4(8) 14.8 18.2(12)

(c) Insulin-Eiken 34 52.7 16.3 52.8 6.1(3) 16.3 10.6(6)

(d) IRI-Pharmacia
Daiichi 23 41.0 14.6 40.9 8.8(5) 14.7 13.7(6)

(e) Insulin-RCC 5 41.1 12.0 43.0 11.2(9) 11.0 26.4(20)

(f) Insulin-CIS 3 57.3 26.2 58.5 6.6(4) 26.6 7.7(5)

TABLE III. RESULTS OF THE MEASUREMENT OF THE QUALITY- 
CONTROL SPECIMEN BY KIT STANDARDS ( MODE A) AND COMMON 
STANDARDS (MODE В )

Name of kit Mode
Assay values (jUlU/mL), found by five institutes3

1 2 3 4 5

(a) Insulin RIA- A 82.6 ( 5%) 74.0 ( 9%) 65.9 ( 9%) 96.5 ( 5%) 97.8(5%)
Dainabot В 46.3 ( 4%) 40.5 ( 4%) 36.2(10%) 48.2(10%) 42.8 (8%)

(b) IRI-Pharmacia A 39.2(16%) 45.1 (12%) 55.7(16%) - 71.4 (4%)
Shionogi В 54.1 ( 7%) 43.4 ( 9%) 48.7 ( 9%) - 52.0(6%)

( 0 Insulin-Eiken A 49.8 ( 7%) 53.2(10%) 49.5(12%) - -

В 47.8(12%) 49.5(12%) 53.3(11%) - -  ■

(d) IRI-Pharmacia A 53.9 ( 4%) 53.5 ( 6%) 61.4 ( 6%) 54.2 ( 5%) -

Daiichi В 48.2 ( 6 % ) 45.4 ( 9%) 47.6 ( 9%) 50.2(16%) -

(e) Insulin-RCC A 49.8 ( 7%) 74.6 ( 8%) 63.5 ( 9%) - -

В 52.7(17%) 54.6(11%) 46.7(12%) - -

(f) Insulin-CIS A 42.8(21%) 52.6(20%) 41.1(25%) - -

В 48.2 ( 5%) 49.9(10%) 48.8(10%) — —

a In parentheses: CV in per cent, obtained from precision profiles.
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TABLE IV. RESULTS OF THE ANALYSIS 
OF VARIANCE FOR MODES A AND В 
(in CV%)

Variation Mode A Mode В

Between kits 23.0% 6.2%

Within kits 18.2% 7.6%

P <0.01 not significant

o f seven other items, namely thyroxine, TSH, cortisol, digoxin, gastrin, beta-2 
miCroglobulin and IgE [2]. Regarding the assay values for samples A and B, the 
treatment mean-square values significantly exceeded the error mean-square values 
from which the within-kit variation was derived. This indicates that the varia
tion due to kit difference is statistically significant.

The observed between-kit variation may have resulted from differences in 
standards, differences in the nature of the iodinated antigen or differences in the 
characteristics o f  the antibodies. In order to detect the most important contributing 
factor and to minimize it, samples consisting of the common standards and the 
quality-control specimen were distributed to the participating institutes performing 
insulin RIA routinely [3].

Normal human serum was passed through an anti-insulin antibody-coupled 
agarose (Sepharose) column to obtain insulin-free human serum. To this 
normal human insulin-free serum, a standard amount o f insulin in terms o f the 
WHO standards was added so as to give graded concentrations ranging from 0 to 
320 MlU/mL. The quality-control specimen was prepared in a similar way, with 
a concentration o f 50 дШ /mL.

The standards and the quality-control specimen were delivered frozen to the 
participating institutes, without disclosing the identity of the samples, and the 
institutes were asked to measure all samples with one o f  the commercially available 
kits routinely used by them. The institutes were asked to report for all samples 
not only the assay values but also their raw counting data and those for the 
various kit standards. The data were analysed with the data-processing program 
described in Ref. [ 1 ] in two different ways: by measuring the quality-control 
specimen using the kit standards (mode A), and by measuring the quality-control 
specimen using the distributed common standards and ignoring the kit standards 
(mode B).

Table III summarizes the assay data for the quality-control specimen measured 
using either the kit standards or the common standards distributed by us. The 
values ranged from 41.1 ptIU/mL (institute 3, using kit f) to 97.8 f/IU/mL
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Roche

FIG.4. Measurement o f  two samples (A and B) by various CEA assay kits.

(institute 5, using kit a) when determined with the kit standards (mode A). When 
the same specimen was measured using the common standards (mode B), the 
values ranged from 36.2 дШ/mL (institute 3, using kit a) to 54.6 /xIU/mL 
(institute 2, using kit e). The range o f values determined with the common 
standards was narrower than that determined with the kit standards.

Table IV summarizes the results o f the analysis o f  variance. The between-kit 
variation measured with the kit standards (mode A) was 23.0 CV% and the within-kit 
variation measured with the kit standards was 18.2 CV%. The mean-square value 
for the treatment term from which the component o f  between-kit variation was 
derived significantly (P <  0.01) exceeded the error term from which the within-kit 
variation was derived. The between-kit variation measured with the common 
standards (mode B) was 6.2 CV% and the within-kit variation measured with the 
common standards was 7.6 CV%.

The mean-square value for the treatment term was not significantly different 
from that for the error term. Thus, the common standards significantly 
decreased the between-kit variation. Moreover, the common standards improved 
the precision o f the assay for some o f the kits. The endogenous CV obtained from 
the precision profiles of kits b and f  was lower when determined with the common 
standards than when determined with the kit standards. In contrast, the endogenous 
CV obtained from the precision profile o f  kit e was lower when determined with 
the kit standards than when determined with the common standards.
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The present results make it clear that the common standards were effective in 
reducing the between-kit variation to some extent. For example, variations in the 
assay results for gastrin according to the kit were often experienced. Our 
unpublished observations disclosed that the major cause o f the variations was the 
difference in the concentration o f the standards. The same may be true o f kits 
for the assay of thyrotropin, thyroxine and cortisol, for which the between-kit 
variation exceeds the within-kit variation. In fact, it was shown by Wood et al. [4] 
that the variations o f thyroxine and triiodothyronine assays became smaller 
when the common standards were used.

These results emphasize the importance o f establishing international 
standards for the radioimmunoassay kits that are commercially available in many 
countries. It should also be stressed that the difference in the skills of the users 
in the participating institutes is not the major source o f the variation; we consider 
this fact to be one of the most important findings of the present report.

Another example o f between-kit variation is shown in Fig.4 for the assay 
of carcinoembryonic antigen (CEA). As the assay o f tumour markers increases 
year by year, this variation is quite important. Although CEA is known to be 
heterogeneous, some improvement should be indicated because the variation is 
too large. Our unpublished data suggest that the variation becomes smaller when 
a common standard is employed (four concentrations o f a quality-control serum 
were used for CEA check by the Scientific Lab., USA).

In summary, the experience from 5 years of quality-control surveys by the 
Japan Radioisotope Association was briefly described. Following each survey, an 
improvement o f both between-kit and within-kit variation was observed in many 
assays. The large variation o f the estimated values was shown to be mainly due to 
between-kit variation. As found from data analysis, the skill of the users is adequate; 
the precision and accuracy o f the kits should be improved in order to reduce the 
variation. The use o f  common standards was shown to improve the between-kit 
variation. These results lead us to stress the necessity o f establishing and 
distributing international standards so as to enable a proper determination by 
radioisotope in vitro tests.
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M. HO, Y. SASAKI 
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and
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Tokyo,Japan

Abstract

RADIOPHARMACEUTICALS: THEIR PRESENT USE AND NEW DEVELOPMENTS 
IN JAPAN.

The present state of routine nuclear medicine practice is reported, mainly on the 
basis of a nation-wide survey performed by the Japan Radioisotope Association. It is 
estimated that 6000 in vivo examinations and 123 000 in vitro tests are performed per day 
in Japan. The most frequently performed in vivo examinations are liver scintigrams, and the 
most frequently performed in vitro tests are for carcino embryonic antigen. The 99Tcm is 
used for 64% of the in vivo examinations. The total amount spent for the purchase of radio
isotopes for medical use in 1983 was US $167 million. The studies conducted by the multi- 
institutional and multi-disciplinary Research Group on the Development of Diagnostic 
Pharmaceuticals for Nuclear Medicine are dicussed. The research includes labelled antibodies, 
and single-photon and positron labelled tracers for the detection of tumours, acute myocardial 
infarction and thrombosis, as well as positron emission tomography for the visualization of 
neuroreceptors.

1. INTRODUCTION

The use o f  radioisotopes in Japan has significantly increased in the past decade 
(Table I). Of the 41.8 billion yen (US $ 167 million) spent for the purchase of  
radioisotopes in 1983, 90% was for radioisotopes for clinical use, which can be 
divided into in vivo use (11.3 billion yen) and in vitro use (26.2 billion yen). The 
purpose o f this paper is twofold: (1) to report on the present state o f routine 
nuclear medicine practice, with emphasis on the use o f radiopharmaceuticais 
(mainly based on a nation-wide survey performed by a committee1 o f the Japan

1 Subcommittee on Coding of the Nuclear Medicine, Medical and Pharmaceutical 
Committee (Japan Radioisotope Association).
Chairman: K. Kinoshita; Co-chairman: Y. Sasaki. Members: M. Iio, T. Iinuma, M. Irie,
G. Uchiyartia, S. Okano, Y. Kashida, A.Kudo, I. Kuramitsu, H. Takino, K. Hisada, K. Machida, 
T. Matsumoto, H. Yasukouchi, T. Yamazaki.
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Radioisotope Association in 1982), and (2) to introduce activities for the develop
ment o f new radiopharmaceuticais for future use (conducted since 1980 by a 
research group2); these activities have been promoted by a grant of the Ministry 
o f Health and Welfare.

2. PRESENT STATUS OF ROUTINE NUCLEAR MEDICINE PRACTICE

2.1. The role o f the Japan Radioisotope Association

The Japan Radioisotope Association is a non-profit-making organization 
founded in 1951 with the purpose o f facilitating the use o f radioisotopes. All 
radioisotopes are supplied to users through this Association, which also collects 
and disposes contaminated wastes. Training courses for the safe handling o f  radio
isotopes are constantly organized and given by the Association.

The Association monitors the amount o f radioisotopes used for medical 
purposes. In the past nine years, the use o f radioisotopes for in vivo and in vitro 
nuclear medicine has increased 5.7 and 9.5 times, respectively (Table I).

The increase in the supply o f radioisotopes indicates the increase in the 
number of examinations; however, the precise number of nuclear medicine 
examinations performed is not known.

The Subcommittee on Coding, upon request o f the Ministry o f  Health and 
Welfare, took part in the translation o f the International Classification o f Proce
dures in Medicine (ICPM) published by WHO. The trial use o f the Classification 
for the assessment o f an ICPM code was then planned. The Subcommittee took 
this opportunity to perform a nation-wide survey o f  nuclear medicine practice in 
Japan.

2.2. Nuclear medicine facilities

Questionnaires were sent to all institutes practising nuclear medicine. They 
were requested to report on the number o f examinations performed during the 
period o f 1—30 June 1982, the radiopharmaceuticais used and the average dose 
for the examinations. The nuclear medicine procedures were itemized according 
to the ICPM code.

These questionnaires were sent to 1197 nuclear medicine facilities, including 
866 that make in vivo examinations and 937 that perform in vitro tests. The 
facilities can be categorized as university hospitals (105), national hospitals (148),

2 Research Group for the Development of Diagnostic Pharmaceuticals for Nuclear Medicine. 
Chairman: M. Iio. Members: M. Kojima, K. Torizuka, H. Yokoyama, S. Nishi, S. Yamaoka,
S. Nagataki, K. Matsuura, Y. Miyachi, Y. Sasaki, Y. Shishiba, K. Kusakabe, M. Suehiro,
M. Saegusa, T. Yamazaki, K. Taniguchi, I. Kaetsu, G. Irie.
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TABLE II. FREQUENCY OF IN VIVO EXAMINATIONS USING 
DIFFERENT RADIONUCLIDES

Radionuclides Number of examinations per year Percentage

51 Cr 2 430 0.2

S7Co, S8Co 670 0.0

s9Fe 1 930 0.1

67Ga 120 860 8.0

75 Se 17 350 1.2

00

4 720 0.3

" T c m 974 060 64.6

m In 9 030 0.6
123 j 78 360 5.2
131 j 204 180 13.5

133Xe 18 810 1.3

198 Au 9 970 0.7
201 j j 64 210 4.3

Others 620 0.05

Total 1 507 200 100.0

public hospitals (295), private hospitals (553) and private assay laboratories (96). 
Eighty-two per cent o f the institutes responded. These institutes purchased 94.5% 
of the radioisotopes supplied during the period o f investigation.

2.3. Total number o f examinations

During June 1982, 115 870 in vivo nuclear medicine procedures were per
formed in 766 facilities, representing 86.6% of all in vivo institutes. “Static 
imaging using radioisotopes, distribution studies and scanning” (ICPM code 3 -5 2 )  
was the most frequently performed procedure (69.2%). A little more than 
2 400 000 in vitro tests were performed during June 1982 in 790 institutes, 
representing 84.3% of all in vitro facilities. “RIA of substances other than 
hormones” (ICPM code 3—56) and “RIA o f hormones” (ICPM code 3 —55) 
cover 53.2% and 39.4%, respectively.
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2.4. Frequency o f in vivo examinations

Liver scintigrams were performed most frequently (23.8% of all in vivo 
procedures). Bone scintigrams (11.1%), thyroid scintigrams (8.0%), tumour 
scans (7.9%) and thyroidal uptake tests (6.5%) followed. The next five tests 
were renograms (5.8%), myocardial scintigrams (3.2%), renal scans (3.0%), 
radionuclide angiocardiography (2.4%) and lung perfusion scintigrams (2.3%).

Of these procedures, 35% were performed in private hospitals, 30.4% in 
university hospitals, 23.2% in public hospitals and 11.4% in national hospitals.

2.5. Radionuclides used for in vivo examinations

The most frequently used radionuclide for in vivo examinations was " T c m, 
constituting 64.6% of all tests performed (Table II). Other radionuclides freqüently 
used were 1311 (13.3%), 67Ga (8.1%), 123I (5.3%), 201 TI (4.3%).

For thyroidal scintigrams,1311, 123I and " T c m were used almost evenly:
131I (36.8%), 123I (29.7%) and " T c m (26.5%); 201T1 was used for 5.7%. Thyroidal 
uptake tests were mainly studied with 1311, but 1231 (36.2%) and " T c m (6.6%) 
were also used for this purpose.

Most o f  the myocardial scintigrams were performed with 201 TI. The " T c m 
pyrophosphate was used in only 5% of the studies. This reflects a situation 
peculiar to Japan, in that the use o f radioisotopes is essentially limited to licensed 
areas and is not permitted in emergency rooms, coronary care units, intensive care 
units and regular wards. For lung ventilation studies,81 Krm was used for 53% of  
the examinations, and 133 Xe was used for 47%.

2.6. Frequency of in vitro examinations

Of the in vitro tests, the most frequently performed RIA was for carcino 
embryonic antigen (CEA) (11.8%), followed by RIA for insulin (9.0%); hepatitis
В surface antigen (8.3%); alpha feto protein (7.4%); and T4 , thyroid stimulating
hormone, hepatitis В surface antibody, T3 , beta 2 microglobulin (B2 MG) and 
immunoglobulin E (7.4%), in this order.

Of the in vitro tests, 63.5% were performed in commercial assay laboratories. 
The rest was done in private hospitals (15.8%), university hospitals (10.0%), 
public hospitals (7.1), and national hospitals (3.6%).

2.7. Estimated number o f nuclear medicine procedures

On the basis of the above figures, it is estimated that 1 500 000 in vivo 
procedures are performed per year in Japan, i.e. 6000 per day.

The estimated number o f in vivo examinations per day is shown in Table III. 
The frequency o f liver scintigrams is the highest, i.e. 364 800 per year, followed
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Number o f examinations per year: 1 500 000
Number o f examinations per day: 6 000

TABLE III. ESTIMATED NUMBER OF IN VIVO EXAMINATIONS

Number of major examinations per day

Cases Radioisotopes mCi

Liver scintigram 1 450 " T c m 6 200

Bone scintigrams 680 " T c m 12 200

Tumour scintigrams 460 67 Ga 1 200

Thyroid scintigrams 510 Ш 1 18
123 j 24

¡8 H о 600

Myocardial scintigrams 195 201 yj 425

" T c 290

by bone scintigrams (170 000), thyroidal scans (126 800) and tumour imaging 
(118 500).

It is estimated that one person out o f 80 undergoes an in vivo nuclear 
medicine examination per year.

The amounts of radionuclides used per day for these examinations were 
estimated as follows: 6800 mCi o f " T c m for liver scans, 12800 mCi o f " T c m 
for bone imaging, 915 mCi o f 67 Ga citrate for tumour scintigrams and 450 mCi 
o f 201 Tl for myocardial imaging. The daily averages for thyroidal scintigrams 
are: 15 mCi o f  131I, 25 mCi o f 123I and 625 mCi of " T c m. 3

The estimated number o f in vitro tests performed per year is 30 750 000, i.e.
123 000 in vitro tests per day. It is calculated that one person out o f  four has to 
undergo an in vitro nuclear medicine test per year.

Among the frequently performed in vitro tests are CEA (17 000 per day), 
insulin (14 000), hepatitis В surface antigen (12 000), alpha feto protein (AFP)
(11 000) and T4 (9000).

2.8. Instrumentation for in vivo nuclear medicine

Scintillation cameras are used mainly for imaging procedures. The number of 
gamma cameras has increased ten times in the past ten years.

3 1 Ci = 37 GBq.



IAEA-CN-4S/74 527

By the end o f March 1984, a total o f  1205 scintillation cameras had been 
installed in Japan. Of these, 182 can be used for single-photon emission CT by 
rotating the camera head. In addition, eight ring-type SPECT systems are being 
used. About 600 data processing systems are attached to scintillation cameras. 
Eight PET systems are already installed, and three more are planned to be 
purchased.

Concerning the manpower in nuclear medicine, the Japanese Society of  
Nuclear Medicine has about 3000 members and the Japanese Society o f Nuclear 
Technology has about 1000 members.

3. NEW TRENDS OF RADIOPHARMACEUTICALS

3.1. Activities of the Research Group for the Development o f Diagnostic
Pharmaceuticals for Nuclear Medicine

In spite of the ever growing nuclear medicine practice and research in the 
past decades in Japan, there has been concern regarding the slow progress o f the 
radiopharmaceutical science; in particular, few original contributions in this field 
have been made. Therefore, the need to promote the radiopharmaceutical 
science has been stressed.

The work o f the Research Group for the Development o f Diagnostic Pharma
ceuticals for Nuclear Medicine started in 1980. The outstanding feature o f  this 
group is its aim for collaboration, not only at a multi-institutional but also at a 
multi-disciplinary level. The research group includes active researchers from 13 
institutions all over Japan and consists o f nuclear medicine physicians, internists, 
radiologists, as well as basic medicine scientists in the field of pharmacy, pharma
cology, biochemistry and immunology, and also researchers from leading radio
pharmaceutical industries. The group has been supported by a grant of the 
Ministry o f Health and Welfare.

The research group selected three directions which appear to be very 
important for future applications o f  nuclear medicine: ( 1 ) Radioimmunodetection 
o f malignant tumours and acute myocardial infarction using labelled antibodies 
to tumour antigens and myosin. (2) Design of new diagnostic radiopharmaceuticals 
through development of bifunctional chelates labelled with single-photon-emitting 
radionuclides. (3) Visualization o f neuroreceptors using positron emission tomo
graphy (PET). Various research programmes have been performed along these 
guidelines.

3.2. Application o f labelled antibodies for diagnosis and treatment

Research on a 131I-labelled anti-AFP monoclonal antibody for the detection 
o f hepatoma and research on anti-CEA antibodies for other types o f cancer
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was reported by S. Nishi (paper IAEA-CN-45/103, these Proceedings).
Monoclonal human chorionic gonadotropin antibodies were successfully used for 
the detection of lung cancer by Y. Miyachi et al. (paper IAEA-CN-45/62, these 
Proceedings). The use of labelled monoclonal antimelanoma antibodies for diagnosis 
and treatment o f cancer has been studied with animal models by T. Yamazaki,
K. Mutsuura and their groups. Y. Yazaki has developed radioimmunoassay of 
myosin in sera, which has proved useful for the early diagnosis o f acute myocardial 
infarction. He also applied the antimyosin monoclonal antibody for the visualization 
of the infarcted myocardium. S. Nagataki and his group used anti-thyroglobulin for 
the detection o f papillary carcinoma o f the thyroid implanted in nude mice.

3.3. Development of radiopharmaceuticals labelled with single-photon 
radionuclides

Extensive research on bifunctional chelates labelled with " T c m was reported 
by A. Yokoyama (paper IAEA-CN-45/106, these Proceedings). K. Suzuki reported 
on the detection o f experimentally induced thrombus using 67Ga-DFO-fibrinogen.
A. Yokoyama and his group synthesized 1311-MIBG (metaiodobenzylguanidine);
S. Nagataki and his group applied it for visualizing human phaeochromocytoma 
and neuroblastoma.

3.4. Positron emission tracers

M. Suehiro et al. (paper IAEA-CN-45/56, these Proceedings) reported on the 
synthesis o f 7SB r(77Br) bromperidol. In addition, u C-dimethylphenylamine 
(DMPE), n C-glucose, n C-manose, 18F-diazepam, 18F-purine and their derivatives 
were synthesized. Their pharmacokinetics and biodistribution were studied with 
animal models.
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GESTION NATIONALE DES DECHETS 
ENGENDRES PAR LES UTILISATEURS DE 
RADIOPHARMACEUTIQUES ET COMPOSES MARQUES

Y. MARQUE, Ph. KISSEL
Agence nationale pour la gestion des déchets radioactifs,
Commissariat à l’énergie atomique,
Paris, France

Les utilisateurs de radiopharmaceutiques et composés marqués appartiennent 
à la catégorie des petits producteurs de déchets radioactifs qui sont, en France, 
au nombre de 250 environ et émettent annuellement un millier de demandes 
d’enlèvement pour un volume total de l’ordre de 1000 m3.

La réglementation française fixe les niveaux d’activité au-delà desquels les 
déchets produits sont dits radioactifs et ne peuvent être évacués directement dans 
le milieu environnant ou avec les ordures conventionnelles.

L’élimination de ces déchets est placée sous le contrôle du Service central de 
protection contre les rayonnements ionisants (SCPRI) du Ministère de la santé qui 
a désigné l’Agence nationale pour la gestion des déchets radioactifs (ANDRA) 
comme organisme chargé des enlèvements à l’échelle nationale.

Leur gestion s’est traduite par une organisation de leur prise en charge corres
pondant à un service très complet: les prestations fournies par l’ANDRA vont en 
effet de la collecte des déchets dans les différents établissements à leur regroupe
ment sur des aires de transit en vue de la constitution de lots qui sont ensuite 
transportés par chargements complets vers les installations de traitement ou de 
stockage.

Cette gestion prend en compte les caractéristiques spécifiques du problème 
qui sont:

— pour ce qui concerne les déchets proprement dits, la faible quantité de déchets 
par unité de production, la faible ou très faible activité et la proportion non 
négligeable de radionucléides à période courte, la grande diversité dans les 
natures physicochimiques (solides non putrescibles, solides putrescibles, liquides 
aqueux et organiques, mélanges solides-liquides), et la présence fréquente de 
risques associés (corrosion, inflammabilité, toxiques d’origine biologique);

-  pour ce qui concerne les producteurs eux-mêmes, la grande dispersion géo
graphique sur l’ensemble du territoire, l ’absence quasi générale de moyens 
propres de prétraitement, traitement et conditionnement, et les faibles capacités 
d’entreposage.
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FIG.l. Scenarios d ’élimination.

Les différents scénarios d’élimination sont représentés sur la figure 1.
Les modes d’élimination retenus répondent au double souci de garantir la 

sécurité du public et des opérateurs et d’assurer un service de qualité à un coût 
acceptable.

Ceci implique en particulier des directives précises diffusées aux producteurs 
pour la présentation des déchets à l’enlèvement (classification, emballage) et une 
procédure adaptée au suivi des opérations.
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N-ISOPROPYL-123I-p-IODO AMPHETAMINE
A kit for brain imaging

M. BOURDOISEAU*, J.R. RAPIN**, J.L. MORETTI***, 
L. DELMON***, P. MOINGEON***, H. CAMPOS***,
B.L. HOLMAN+, G. DESPLANCHES*, S. COORNAERT*

Office des rayonnements ionisants,
CEA, Centre d’études nucléaires de Saclay,
Gif-sur-Yvette, France

Neurophysiology,
Centre Hospitalier Universitaire, Saint Antoine,
Paris, France

Experimental Biophysics Laboratory,
Hôpital Henri-Mondor,
Créteil, France

Department of Physiology,
Harvard Medical School,
Brigham, Utah, 
and
Women’s Hospital,
Boston, Massachusetts,
United States o f America

IAEA-CN-45/5P

A method for labelling iodoamphetamine (IAMP) with iodine-123 in a kit 
form is proposed; it is based on Waneck’s isotopic exchange in the presence of 
copper sulphate. The choice o f  IAMP was determined by the excellent diffusibility 
of the component through the brain/blood barrier as well as its brain extraction 
rate and retention time, which are both optimal for tomographic gamma imaging.

The different parameters conditioning the kit are tested and the final radio
active product is obtained through a few steps, which are very easy to perform: 
the labelling buffer is withdrawn from the ampoule and added to the lyophilized 
mixture of IAMP and copper sulphate. This reconstituted compound is 
introduced into the radioactive solution vial and the mixture is heated to dryness 
for 40 min at 130°C. Finally, the dry radioactive product obtained is dissolved 
with 4 .5%o sodium chloride, and 123I-IAMP is ready for injection.

The toxicity of IAMP has been tested on mice and the IAMP biodistribution 
in rats has been compared with the non-isopropyl amphetamine (AMP) biodistribu
tion. The more active parts o f  the brain were found to be the cortex, stratum and
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hippocampus, although the ratio o f grey matter/white matter decreased during 
the first hour after injection. The effects o f anaesthesia on the mean brain 
uptake and organ distribution were found to be critical.

In vitro studies have also been performed on the repartition o f  radioactive 
IAMP and AMP in human red cells and plasma; the radioactivity was bound 
mostly to serum albumin and less to alpha glycoproteic acid.

Despite an early high uptake in the lungs, 123I-IAMP prepared with the kit 
showed a high brain affinity, related to the blood flow, and would be an 
appropriate agent for human brain perfusion imaging.

IAEA-CN-45/S5P

NEW PLATELET-SPECIFIC LABELLING AGENTS 
Sympathomimetic monoamines

Y. OHMOMO, A. YOKOYAMA, K. KAWAI,
K. HORIUCHI, H. SAJI, K. TORIZUKA 
Faculty of Pharmaceutical Sciences,
Kyoto University, Kyoto

C. TANAKA 
College of Pharmacy,
Osaka University, Osaka

Japan

The exploitation o f some well-known monoamines which are specifically 
transported and accumulated in platelets has been considered of interest in a search 
for labelling agents that are more platelet specific than n iIn oxine. Among the 
various sympathomimetic monoamines, metaraminol and p-hydroxynorephedrine, 
with a low toxicity, are known to be actively incorporated and accumulated by 
platelets. Also, their structure is favourable for radioiodination; therefore, 
labelled metaraminol (I) and p-hydroxynorephedrine (II) were prepared with 
carrier-free 12SI, using the chloramine-T method, which was followed by purifica
tion through an Amberlite CG-400 column. A high labelling yield (91 —98%) was 
obtained, with a radiochemical purity greater than 99%, so that a specific radio
activity in both ligands o f up to 1000 Ci/mmol was reached.1 Their potential 
as new platelet labelling agents was tested with platelets obtained from healthy 
rabbits. Platelet labelling with agent I or agent II was performed in platelet-rich 
plasma upon incubation at 37°C for 5 - 6 0  min. With agent I, a maximum yield,

1 1 Ci =  37 GBq.
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reaching a plateau at 45%, was obtained within 10 min, while agent II reached a 
higher uptake at an earlier stage, but its radioactivity gradually declined with 
incubation time. The phenolic hydroxyl group position had a great influence on 
retention, with the meta-position being favourable. Thus, 125I-labelled 
metaraminol (I) was estimated as the agent of choice for the following studies.

Considering the importance of having fewer steps for the use of the agents 
in clinical studies, platelet labelling in the whole blood was assayed. Agent I was 
directly added to blood collected in acid citrate dextrose (ACD) and incubated 
at 37°C for 10— 120 min. As much as 35 —40% of the radioactivity was found in 
the platelets, and 8 —12% in the red and white blood cells. This specific accumula
tion in platelets — notwithstanding their small cell volume compared with red and 
white cells — provided a good basis for considering the uptake of agent I by 
platelets against the concentration gradient as being related to the presence of 
active transport together with passive diffusion. For the determination of the 
effect o f radiolabelling on the cellular functions o f labelled platelets, the aggrega
tion activity was assayed with adenosine diphosphate (ADP). No significant 
effect o f radiolabelling was observed. The agent 123I-metaraminol, used for 
labelling o f  platelets, appears promising for thrombus detection by single-photon 
emission computed tomography.

IAEA-CN-45/59P

USE OF QUANTITATIVE DIGITAL AUTORADIOGRAPHY 
IN RADIOPHARMACEUTICAL RESEARCH

Y. YONEKURA, K. YAMAMOTO, K. MINATO,
M. SENDA, K. TORIZUKA
Department of Radiology and Nuclear Medicine,
Kyoto University School of Medicine,
Kyoto, Japan

P. SOM, S.C. SRIVASTAVA, A.B. BRILL 
Medical Department,
Brookhaven National Laboratory,
Upton, New York,
United States o f America

Many new radiopharmaceuticals have been developed for gamma camera 
imaging and positron computed tomography. A technique for evaluating the 
biodistribution o f these tracers with high spatial resolution is required. We have
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developed a method of quantitative digital autoradiography using a film analysis 
system with a TV camera. The system and the applications o f this technique in 
radiopharmaceutical research are summarized as follows.

For the validation o f the method, the results o f quantitative digital auto
radiography of an animal have been compared with the data obtained by a 
standard tissue counting technique applied to the same animal. The animals, 
which had been given the labelled compound, were sacrificed and frozen. Sections 
(20 д т  thick) were prepared by a cryomicrotome. These sections were placed on 
X-ray films for two weeks, with graded standards. Small samples were also taken 
from organs (liver, myocardium and blood) o f the same animals for tissue counting 
after sectioning. The average radioactivities in these organs, obtained from the 
quantitated autoradiograms, were compared with the tissue counting data. The 
comparison between the quantitative autoradiographic measurements and the 
standard tissue counting data for the same animals revealed excellent correlations, 
both with 14C and 125I compounds.

In addition to the autoradiograms with a single tracer, double-tracer experi
ments, utilizing the difference o f physical half-life, were carried out in order to 
compare the distribution of two tracers in the same animal; this permitted a 
quantitative evaluation of tracer accumulation in normal and diseased animals to 
be made.

It is concluded that digital autoradiography can provide detailed quantitative 
information regarding the biodistribution o f tracers. This method will play an 
important role in the development of radiopharmaceuticals.

IAEA-CN-45/41P 

ANALYSIS OF
PROTEIN-BASED RADIOPHARMACEUTICALS USING 
HIGH-RESOLUTION ELECTROPHORETIC TECHNIQUES*

Gy.A. JÁNOKI, L. KÖRÖSI, B. SPETT, G. KLIVÉNYI 
Department of Applied Radioisotopes,
Frédéric Joliot-Curie National Research Institute 

for Radiobiology and Radiohygiene,
Budapest, Hungary

Biologically significant proteins labelled with various radioisotopes can be 
used in different ways in nuclear medical diagnosis. The routine techniques (TLC, 
PCT) used for assessing the radiochemical purity o f  " T cm-labelled proteins (HSA,

* Supported by the Scientific Research Council, Ministry of Health, Budapest, Hungary.
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FIG.1. Electrophoretic patterns and radioactivity distribution o f 99Tcm-HSA in polyacrylamide 
gel. Radioactivity recovered in bound protein: monomers 37%, dimers 27%, trimers 13%, 
polymers 20%.

fibrinogen) do not satisfactorily predict the in vivo behaviour o f these products 
(PETTIT, W.A., et al., J. Nucl. Med. 19 (1979) 387. MILLAR, M.A., et al., Eur.
J. Nucl. Med. 4 (1979) 91. JÁNOKI, Gy .A., et al., Eur. J. Nucl. Med. 4 (1979) 
150). In our experiments we studied the applicability of polyacrylamide gel 
electrophoresis (PAGE) in the quality control o f labelled protein preparations.

The samples tested were the commercially available " T cm-labelled human 
serum albumin kits (ten different products), 125I-HSA, the " T cm-fibrinogen kit 
and 125I-fibrinogen. For testing, we used TLC and paper chromatography as well 
as polyacrylamide gel electrophoresis. The analyses were made simultaneously, 
using the same samples. The samples (40 juL), containing 40 ng o f HSA, were 
applied to 7.5% gel and 0.2 mol phosphate buffer o f pH 7.2. Electrophoresis 
was carried out with 4 mA per column, at 4°C for 24 h. Testing of the labelled 
fibrinogen samples was performed with SDS polyacrylamide gel electrophoresis 
(WEBER, K., et al., J. Biol. Chem. 244 (1969) 4406). Each sample was tested 
simultaneously on two gels; one gel was stained, destained and scanned; the other
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FIG.2. Electrophoretic patterns and radioactivity distribution o f  99Гс1" -fibrinogen in SDS 
polyacrylamide gel. Radioactivity recovered in A a, Bj3,y chains: about 60%.

gel was frozen, sliced into 2 mm sections and counted in order to determine the 
radioactivity distribution. Isotopic clottability was determined with the method 
of Regoeczi (REGOECZI, E., Br. J. Haematol. 20 (1971) 649). The biodistribution 
of various labelled HSA samples was studied in dogs, and labelled fibrinogens 
were studied in rabbits.

The results o f TLC and PCT tests showed that the HSA-bound radioactivity 
was more than 95%. Polyacrylamide gel electrophoresis showed that the 
‘single peak’ obtained with TLC and PCT contained two to five labelled protein 
components. The method is suitable to determine the radioactivity distribution 
of different components (monomers, dimers, trimers, polymers, etc.) (F ig.l).
Blood clearance examinations with dogs showed that different "T cm-HSA prep
arations were cleared from the circulation more rapidly than the iodine-labelled 
HSA, especially in preparations with a high rate of labelled dimers, trimers and 
polymers.

The clottable radioactivity o f the labelled fibrinogen samples ranged between 
60 and 92%. The results o f SDS polyacrylamide gel electrophoresis examinations 
showed the radioactivity distribution in the A a, B/3 and у  chains o f fibrinogen and * 
indicated that a significant amount o f radioactivity was bound to other proteins 
(Fig.2). The radioactivity rate o f these chains was different for fibrinogens
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received from different sources. In spite o f the high labelling yield and in vitro 
clottability, in most o f the cases a fast disappearance of the radioactivity from the 
blood and an extremely low radioactivity in the artificially induced clot were 
found.

For " T cm-labelled protein compounds, the unbound and colloid type impuri
ties and the differently labelled protein components (dimers, trimers, polymers) 
have an effect on the normal biological distribution. Their presence causes high 
non-target activity. Polyacrylamide gel electrophoresis can be used for the detec
tion of the labelled protein impurities. This technique may be useful for the 
selection of proteins of different origin before labelling, in order to use materials 
containing the less contaminating proteins, which have a significantly lower binding 
capacity than the monomeric form (NAOMI, I.N., Int. J. Pharm. 2 (1981) 335).
On the basis o f experimental results, we can say that the PAGE technique, applied 
under highly standardized circumstances, provides accurate and reproducible 
information on the composition and radioactivity distribution of the various 
labelled proteins. This technique may be of help in clinical investigations, 
particularly in finding an explanation for radioactivity detected at unexpected 
sites, when commercial and developmental radiopharmaceuticals are applied.

IAEA-ÇN-45/24P

ESTUDIOS PRELIMINARES DE ESTABILIDAD 
DEL TRIMETILBROMO-IDA-"Tcm *

E.S. VERDERA, A.S. LEON, E. LEON,
S. LANZZERI
Centro de Investigaciones Nucleares,
Montevideo, Uruguay

A.E. MITTA
Comisión Nacional de Energía Atómica,
Buenos Aires, Argentina

El presente trabajo describe las investigaciones desarrolladas en relación al 
estudio de la estabilidad in vitro e in vivo del juego de reactivos del ácido 
3-bromo-2,4,6-trimetilfenilcarbamoilmetiliminodiacético (mebrofenin) en solución 
y de la molécula marcada con " T cm .

Se determinó: vida útil de los juegos de reactivos, estabilidad in vitro de la 
molécula marcada, cinética de distribución y eliminación, y comportamiento de 
productos de excreción.

* Este trabajo fue auspiciado por el OIEA, Cont. N°3337/RB.
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Los resultados de controles fisicoquímicos y biológicos indicaron que la 
estabilidad de almacenamiento de la formulación (a 4°C) no es superior a 48 horas, 
mientras que la estabilidad in vitro de la molécula marcada es mayor a 4 horas.

La estimación de la estabilidad del complejo fue determinada en base a la 
reacción de intercambio entre el " T cm-mebrofenin y el DTPA. Resultados de 
controles cromatográficos, electroforéticos y por gel permeación mostraron que 
el complejo es estable aun frente a concentraciones 5 veces mayores de DTPA 
por tiempos de hasta 24 horas a temperatura ambiente y a 37°C.

La cinética de distribución y eliminación de la molécula marcada, en animales, 
fue confirmada por imágenes centellográficas secuenciales obtenidas en humanos.

Se llevaron a cabo un estudio de los productos de excreción a nivel biliar y 
urinario del modelo animal así como análisis de orina de perro cateterizado y de 
voluntarios normales.

IAEA-CN-45/25P

GARANTIA DE CALIDAD EN RADIOFARMACIA
Estudio comparativo de m étodos de control 
fisicoquímicos y  biológicos*

E.S. VERDERA, A.S. LEON, A.M. ROBLES 
Centro de Investigaciones Nucleares,
Montevideo, Uruguay

El presente trabajo pretende demostrar la validez de diferentes métodos de 
control de juegos de reactivos para marcado con " T cra, a nivel de un centro de 
producción.

Los precursores inactivos testados fueron: pirofosfato-Sn, HEDSP-Sn,
MDP-Sn, glucoheptonato-Sn, gluconato-Sn, DTPA-Sn, fitato-Sn, azufre coloidal, 
MAA-Sn, y derivados del ácido iminodiacético-Sn.

Sus composiciones fueron optimizadas en una investigación previa, siendo la 
característica común a todas ellas la de constituir formulaciones en solución.

Los procedimientos estudiados comprendieron controles físicos, fisico
químicos y biológicos.

La metodología de trabajo abarcó la:

-  optimización de los diferentes parámetros que inciden en la realización de cada 
uno de los controles

* Parte de este trabajo fue auspiciado por el OIEA, Contrato №  2334/RB.
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— aplicación simultánea de diferentes procedimientos de control a un mismo 
marcado

— selección del o los sistemas necesarios y suficientes para la liberación de cada 
producto desde el punto de vista radiofarmacéutico

— relevamiento de datos clínicos resultantes de la utilización de juegos de 
reactivos de partidas debidamente identificadas.

Los resultados obtenidos permiten concluir que el control de tamaño de 
partículas y la determinación de pureza radioquímica por métodos fisicoquímicos 
no son suficientes para el establecimiento de garantía de calidad en un centro de 
producción en lo que a estas características se refiere.

Por tanto se establece que es necesario realizar como mínimo dos 
procedimientos de control radiofarmacéutico, de los cuales uno debe ser el de 
distribución biológica.

La correlación de datos de laboratorio con datos clínicos permitió establecer 
y validar límites de control para la liberación de los diferentes juegos de reactivos 
producidos en el Centro de Investigaciones Nucleares.

IAEA-CN-45/29P

MARCACION DE 99Tcm-DEFEROXAMINA (DF)
EN LA DETECCION DE ACUMULOS DE HIERRO

M.C. GIL, N. GODOY, P. MENA 
Comisión Chilena de Energía Nuclear

G. LOBO
Hospital San Juan de Dios 

Santiago, Chile

La deferoxamina, agente quelante de iones metálicos trivalentes, se marcó 
con " T cm con el fin de obtener un radiofármaco que permita la detección de 
acúmulos de hierro en el organismo.

Enfermedades como la hemocromatosis y el síndrome de Hallervorden-Spatz 
presentan depósitos patológicos de hierro en los tejidos y han sido diagnosticadas 
utilizando 59 Fe.

Las condiciones de marcación de 99Tcm-DF se determinaron en solución 
acuosa y posteriormente se formuló un juego de reactivos liofilizado, el cual 
contiene 40 mg de DF y 0,5 mg de SnCl2 ■ 2 H20  y se reconstituye con 4 mL de 
99TcmO ;, pH de marcación 4,5. La pureza radioquímica determinada por croma
tografía en capa fina (ITLC-SG) y metiletilcetona fue mayor del 97%.
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Estudios de distribución biológica en ratones, a los cuales se les inyectó una 
solución saturada de FeCl3 en el muslo derecho, mostraron una rápida eliminación 
del radiofármaco a través de la orina y una relación de actividad muslo derecho/ 
muslo izquierdo de 2,33 a la hora de inyectada la " T cm-DF.

La evaluación cintigráfica se realizó en conejos, a los cuales se les inoculó una 
solución saturada de FeCl3 en el muslo derecho. La " T cm-DF (1 mCi =  37 MBq) 
se inyectó consecutivamente en la vena marginal de la oreja y se tomaron imágenes 
secuenciales; a las 2 horas se observó actividad en el muslo tratado con hierro.

Estudios histopatológicos del muslo inoculado con FeCl3 mostraron depósitos 
de hierro extra e intracelulares, no observándose inflamación ni otras alteraciones 
microscópicas.

IAEA-CN-45/70P

LABELLING OF LONG-CHAIN FATTY ACIDS BY 
NON-ISOTOPIC NUCLEOPHILIC HALOGEN EXCHANGE

E. HALLABA, A. AL-SUHYBANI, F.S. ZAKI 
Department of Chemistry, College o f Science,
King Saud University,
Riyadh, Saudi Arabia

Radiolabelled long-chain fatty acids have important applications in nuclear 
medicine for the diagnosis of heart diseases and can be used to delineate regions 
of abnormal fatty acid metabolism within the myocardium. The w-123I-heptadecanoic 
acid showed a pharmacokinetic and biochemical behaviour that was almost identical 
with that o f  l -u C-palmitic acid.

Non-isotopic 123I-for-bromine exchange is suitable for the routine preparation 
of these w-labelled halogen fatty acids. This can be performed in acetone solution, 
or in the melt, or in I*-for-Br exchange in homogeneous aprotic solutions using 
phase transfer catalysts as solubilizing agents o f the iodide ion.

In acetone solution under reflux the reaction is rather slow and more than 
2 h are needed to reach saturation. With 123I (T | =  13.3 h), such long reaction 
times are not acceptable. A considerably faster iodination can be achieved in the 
melt. A radiochemical yield of 17-123I-heptadecanoic acid of up to 80% is 
obtained within 5 min when the melt is kept at 150°C. Difficulties with the melt 
are encountered when the starting 1231 solution contains a significant amount of  
NaCl from the iodide target; this has to be lyophilized in order to obtain good 
yields.
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For the 123I-for-Br exchange, good yields can also be obtained in aprotic 
solvents by using phase transfer catalysts under reflux conditions. The reaction 
time can be reduced to 10 min without major losses in yield (80% yield).

A comparative study of I*-for-Br exchange was carried out in acetone and 
benzene (aprotic solvents) in a closed system at high temperatures (max. 100°C).
For both media, the reaction time was considerably reduced (to several minutes). 
When an aprotic solvent is used, a transfer catalyst is ultimately needed for 
complete dissolution of the dried radioactive Nal* in order to obtain the same 
level o f  radioactivity o f  the final product as in acetone. The exchange reaction 
must be carried out in dry Nal*, since with aqueous Nal* a very low labelling 
yield is obtained, probably because of hydrolytic effects.

The 17-Br-heptadecanoic acid (17-Br-HDA) as well as the other fatty acids 
were supplied by Emka Chemie. Quaternary ammonium and sulphonate salts 
were obtained from Fluka AG (Switzerland). Carrier-free Na125I (supplied by 
Amersham, United Kingdom) was convenient to use because of its long shelf-life 
and the less hazardous radiation.

In a Pyrex ampoule (1 cm dia., 10 cm long, with an obstruction at its end), 
1 0 -2 0  juCi aqueous Na125I were dried by evaporation in a vacuum line.1 Then,
2 mL benzene or another solvent, containing 2 mg 17-Br-HDA (concentration 
2.87 X 10'3 mol/L) were introduced. The solution was frozen in liquid nitrogen 
and the glass ampoule was welded at its obstruction. Several ampoules were 
prepared and put in a thermostat at constant temperature. At certain intervals, 
one ampoule was removed and opened, and 50 juL o f a solution o f Na2S20 3 and 
Nal (5 mg of each in 1 mL) were added to stop the reaction with aprotic solvent. 
The reaction mixture was passed through a Sephadex G 25 column for drying.
The solvent was then evaporated in vacuum and the residue dissolved in 2 mL 
eluent for final separation. Two aliquots o f 20 juL were taken from the reaction 
mixture; one was used for determining the total radioactivity, while the other 
was used for HPLC to determine the labelled fraction. The quality o f the product 
was studied by HPLC; the labelling yields were determined by instant TLC 
(cellulose), using an acetonitrile:acetic acid (9 9 :1 ) mixture as a developing solvent, 
and by reversed-phase HPLC (Clg column), using the same eluent with a flow rate 
of 1.5 mL/min and a retention time o f 4.15 min for the inactive substrate and the 
labelled compound.

We have carried out a comparative study of I*-for-Br exchange for 17-Br-HDA, 
under reflux and closed conditions, in acetone solvent and in benzene as aprotic 
solvent. In acetone or in benzene, using aqueous Nal*, the labelling yield fell to 
very low values (nearly 5 — 10%). This is due to hydrolysis o f the iodinating agent 
or the labelled product.

Dry Nal* and dry solvent must be used in order to obtain good yields. HPLC 
solvents are preferred. Total dissolution o f the dry Nal* by the solvent is then a

1 1 Ci = 37 GBq.
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necessity, since otherwise a low-activity product is obtained. Benzene and toluene 
as aprotic solvents at high temperatures dissolve partially the dried Nal*.

A better approach is the application of phase transfer catalysts as ammonium 
salts; these are soluble in aprotic solvents and can serve as counter-ions for the 
iodide ions, thus giving rise to complex salts, which are a source o f highly nucleo
philic halide ions in homogeneous solution. When the temperature is raised from 
the boiling point o f the solvents to 100°C, the reaction time is reduced to about 
10 min and labelling yields higher than 97% are obtained. The labelling yield 
does not depend on the concentration o f the catalyst as long as a minimum amount 
of 50 jug is employed. Thus, only a small amount of catalyst is necessary for the 
dissolution of iodide ions in benzene. Applying the method o f McKay (Nature 
(London) 142 (1938) 997), the rate constants have been determined at different 
temperatures.

When a closed system is used for the exchange reaction, not only is the 
reaction time reduced from 120 to 10 min but also the activation energy is 
decreased from 117 to 88 kJ/mol (in the presence of catalysts to 60 kJ/mol).

We arrived at two methods o f preparing labelled 17-Br-HDA in a very short 
time. The labelled final product does not need further purification, since the 
labelling yield exceeds 97%. For one method we used acetone as reaction medium 
and dried Nal* in a closed ampoule at 100°C. For the other method we used 
benzene as aprotic solvent and 50 pg of an onium catalyst; with this method, we 
obtained the same yield as with the first method in an even shorter time. In this 
case the catalyst was removed during purification on the HPLC column.

IAEA-CN-45/71P

HIGH-PRESSURE LIQUID CHROMATOGRAPHIC ASSAY OF 
TECHNETIUM IN SOLUTIONS OF SODIUM PERTECHNETATE

K.J. FARRINGTON
Lucas Heights Research Laboratories,
Australian Atomic Energy Commission,
Sutherland, NSW, Australia

A high-pressure liquid chromatographic (HPLC) assay o f technetium was 
developed in order to investigate the characteristics of pertechnetate solutions 
produced at the Australian Atomic Energy Commission and intended for use in 
quality control. Waters chromatographic equipment was used, including a C-18 
radial PAK column and a radial compression module. The solvent was tetrabutyl 
ammonium phosphate in water/methanol.
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In a study by Maddalena et al. (MADDALENA, D., DRUCE, M., 
FARRINGTON, K., SNOWDEN, G., in Proc. 15th Ann. Sei. Mtg Australian and 
New Zealand Nuclear Medicine Society, Adelaide, 1984), using a gluconate/ 
stannous kit, there was agreement between the levels of technetium known to 
adversely affect red blood cell labelling and those found by HPLC assay and by 
scintillation counting o f decayed samples o f non-fission-derived pertechnetate. 
However, scintillation counting o f decayed samples of fission-derived pertechnetate 
gave high values for technetium that were not in agreement with the other assay 
methods. It was shown that ready-to-inject pertechnetate, with up to 24 h decay 
before use, is not suitable for use with sensitive reagent kits.

The HPLC assay was used to examine decayed pertechnetate solutions 
obtained from chromatographic generators and from the MEK extraction process. 
For series o f elutions from chromatographic generators, the HPLC assay gave 
" T c/" T cm values that were in agreement with theoretical values computed by 
the method o f Hetherington (HETHERINGTON, E.L.R., Int. J. Appl. Radiat.
Isot. 34 (1983) 1638). Pertechnetate solutions from the MEK process were 
assayed by HPLC, but theoretical values were not computed because o f the low 
and variable efficiency of the system. Improved production procedures leading 
to lower levels o f " T c were confirmed by HPLC assay.

Levels o f 62—1758 ng " T c per 1 GBq " T cm were found in ready-to-inject 
pertechnetate from the MEK process. These results are in the range o f values 
reported by Bonnyman (BONNYMAN, J., Int. J. Appl. Radiat. Isot. 34 (1983)
901). The study also confirmed many o f the findings reported by him, as well as 
those of Domel et al. (DOMEL, R., MADDALENA, D.J., MOORE, P.W., in 
Proc. 13th Ann. Sei. Mtg Australian and New Zealand Nuclear Medicine Society, 
Melbourne, 1982), Moore (MOORE, P.W., Australian Atomic Energy Commission 
Research Establishment, Lucas Heights, Rep. AAEC/E-565 (1983)) and Mohammad 
(MOHAMMAD, R., MSc Thesis, Sydney University, 1982). The HPLC assay is 
clearly a valuable analytical and investigational method for estimating nanogram 
quantities o f technetium.
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PREPARATION OF TRITIATED COMPOUNDS 
FOR RIA PROCEDURES

Zili GUO, Guozhong TANG, Zicheng YANG, Ruoling HUA 
Institute of Nuclear Research,
Academia Sinica,
Beijing, China

A tritium labelling reaction system has been developed by which samples of 
2 mg or less can be labelled. Tritium labelling reactions, such as catalytic 
dehalogenation, catalytic reduction with T2 gas and catalysed isotopic exchange 
reactions, have been carried out, with T2 activities ranging from a few curies to 
hundreds of curies. Some tritium-labelled compounds have been synthesized 
(the first radiochemicals produced in China) in order to meet the requirements 
of research work and for use in RIA procedures. The representative compounds 
are as follows:

(1) Seven tritiated steroids, including l,2 ,-3H-testosterone, l,2-3H-cortisol, 
6,7-3H-corticosterone, 6,7-3H-estradiol, 1,2,6,7-3H-progesterone, were prepared 
by catalytic reduction of dehydrogenated precursors with tritium gas. Palladium- 
carbon (5%) was used as catalyst and dioxane as solvent. Since reductions of 
unsaturated precursors often result in mixtures of the partially and completely 
reduced products, the products must be separated and purified by thin-layer or 
paper chromatography. The specific activity of these purified products was 
between 25 and 85 Ci/mmol.1 Their radiochemical purity was over 95%. They 
have been used nation wide for RIA and in biological and medical research. 
Recently, tritium nuclear magnetic resonance spectroscopy was used for determin
ing the positions and stereo-specificity o f tritium atoms in labelled steroids.

(2) S-adenosyl-L-(methyl-3H)-methionine was prepared ( 1 0 -  15% yield) 
from L-(methyl-3H)-methionine by using a methionine-activating enzyme obtained 
from fresh rabbit liver. The product o f high purity, with a specific activity of
12 Ci/mmol, was used in a sensitive radioenzymatic assay for norepinephrine in 
tissues and plasma. L-(methyl-3H)-methionine was synthesized by tritiated sodium 
borohydride, which was obtained by the isotopic exchange reaction, reduction of 
formaldehyde. This was followed by iodination, giving an 80% yield o f tritiated 
methyl iodide. Direct alkylation o f the L-homocysteine anion, generated with 
sodium/liquid ammonia reduction of L-methionine by methyl-T iodide, gave

IAEA-CN-45/37P

1 1 Ci =  37 GBq.
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L-(methyl-3H)-methionine with a specific activity of 12.5 Ci/mmol and a radio
chemical purity o f over 95%. Mass-spectrum and NMR spectroscopy of deuterated 
methionine, prepared from deuterated methyl iodide by the same method, showed 
that the deuterium content of the S-methyl group was the same as that o f methyl 
iodide, and methionine specifically labelled in the methyl group was obtained.

(3) Catalytic exchange labelling of gossypol with tritium : Gossypol 
(8,8'-dicarboxaldehyde-l,r,6,6',7,7'-hexahydroxy-5,5'-diisopropyl-3,3'- 
dimethyl-2,2'-binaphthalene) is a constituent of cotton seed. Its antifertilizinic 
action for males attracted the attention o f Chinese scientists. For a study of the 
properties of gossypol, a sample o f radioactive material was needed in in vitro 
experiments. Tritiated gossypol was obtained by catalysed isotopic exchange in 
ethyl acetate solution with T2 gas in the presence of Pd0/B aS04. The specific 
activity of the tritiated material, purified by silicon gel-loaded paper chroma
tography, was 2.2 Ci/mmol, with a radiochemical purity of over 95%. The product 
was used in radioreceptor analysis. It has been reported that there is a specific 
protein which binds gossypol, namely the receptor in the mitochondria of 
testicular cells o f mice.

IAEA-CN-4S/42P

RADIOIMMUNOASSAY APPLICATION OF 
125I-HPL (HUMAN PLACENTAL LACTOGEN) 
PREPARED WITH DIFFERENT LABELLING TECHNIQUES*

K. MOHARI, L.T. KOCSÁR, Gy.A. JÁNOKI 
Department of Applied Radioisotopes,
Frédéric Joliot-Curie National Research Institute 

for Radiobiology and Radiohygiene,
Budapest, Hungary

Recently, the chloramine-T, iodogen® and lactoperoxidase methods have 
been used for the preparation o f the 12SI-labelled human placental lactogen (HPL) 
tracer which has been applied in RIA. During immunologic reactions, the labelled 
antigen shows significant alteration in non-specific binding and in the HPL values 
of sera o f  the same HPL concentration. The aim of this study is to find an answer 
to the question o f whether the binding properties to a specific antibody of the 
labelled antigen ( 12SI-HPL), prepared by different labelling techniques, change and,

* Supported in part by the Scientific Research Council, Ministry of Health, 
Budapest, Hungary.
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TABLE I. NON-SPECIFIC BINDING VALUES OF 125I-HPL PREPARED BY 
DIFFERENT METHODS

Fractions
(mL) Non-specific binding (%)

Chloramine-T Iodogen ® Lactoperoxidase

1 -5 _ _ _

6 19.18 13.36 11.3
7 15.9 13.2 10.6
8 14.6 11.11 8.4
9 15.86 11.2 5.9

10 15.6 10.9 4.8
I I a 15.72 11.2 4.7

a Used in the assays.

if  this is the case, what is the effect on the accuracy and reproducibility o f the 
assays. A series of assays were performed simultaneously with the application of 
the differently labelled antigens.

H ormone (HPL) labelling: 10 jug hormone were labelled with 37 MBq of 
125I, using 5 pg chloramine-T, 25 pg iodogen® and 5 pg lactoperoxidase. In each 
experiment, the labelling conditions and the material used were the same.
Before the assay, the labelled antigen was purified on a Sephadex G-50 (1 cm X 35 cm) 
column and eluted with 0.05 mol phosphate buffer o f pH 7.4. The collected 
fractions were tested in order to determine non-specific binding. Polyacrylamide 
gel electrophoresis (PAGE) was performed for determining the composition of 
the different tracers, using 7.5% gel and 0.2 mol phosphate buffer o f pH 8.3. The 
electrophoresis was carried out at 150 V and 12 mA per gel, for 3.5 h at 4°C.

Results. The labelling yield o f HPL ranged between 70 and 90% with the 
three methods used. The non-specific binding (NSB) values o f the various 
fractions o f 12SI-HPL are given in Table I. The highest values were found with the 
tracer prepared by chloramine-T, followed by the tracer prepared by iodogen®.

The results o f the assays showed significant differences in non-specific binding 
of the tracer, in the binding percentage of standards, in the HPL value o f the 
samples, and in the value of the variation coefficient of the tracers produced by 
the chloramine-T, iodogen® and lactoperoxidase methods (Table II).
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TABLE II. HPL STANDARDS AND HPL CONCENTRATION OF UNKNOWN 
SAMPLES USING TRACERS PREPARED BY DIFFERENT LABELLING 
METHODS

Labelling method3

Chloramine T Iodogen ® Lactoperoxidase

Max. activity (counts/min) 36 542 36 824 36 680

NSB (%) 15.05 ±12.81 10.00± 9.19 6.68 ±3.5

B0 (%) 66.32 ± 9.63 72.30± 11.87 62.71 ±2.7

Standard 1 (%) 94.33 ±11.65 93.97± 9.36 98.08 ±3.0

Standard 2 (%) 85.23 ±10.36 88.91 ± 8.46 86.15 ±2.25

Standard 3 (%) 64.26 ± 8.18 66.67 ± 7.65 64.06 ± 1.85

Standard 4 (%) 49.21 ± 9.06 45.82± 7.85 37.68 ±2.84

Standard 5 (%) 30.77 ± 10.54 26.99 ± 8.63 20.25 ±2.93

2.5 Mg/mL HPL 2.0 ± 10.60 1.8 ±11.86 2.4 ±2.08

7.4 Mg/mL HPL 6.4 ± 8.86 6.6 ± 7.96 7.2 ±1.96

16 Mg/mL HPL 15.5 ±10.72 13.75 ± 9.86 15.9 ±0.89

Sample 1 (Mg/mL) 5.2 ± 8.16 5.8 ± 7.16 6.15 ± 1.08
Sample 2 (Mg/mL) 9.7 ±13.5 14.16 ±11.88 11.0 ±2.17

Sample 3 (Mg/mL) 4.3 ± 6.52 5.3 ± 5.48 8.8 ±2.63

Sample 4 (Mg/mL) 1.25 ±11.7 1.7 ±12.09 1.55 ± 2.95
Sample 5 (Mg/mL) 6.6 ± 7.22 7.4 ± 9.61 9.8 ±1.89
Sample 6 (Mg/mL) 4.45 ± 5.42 4.6 ± 7.54 5.4 ±1.03
Sample 7 (Mg/mL) 6.6 ± 8.16 7.4 ±11.34 8.1 ±2.07
Sample 8 (Mg/mL) 7.8 ± 10.42 8.3 ±12.61 9.1 ±1.65

a ± coefficient of variation.

The results o f PAGE showed that the radioactivity distributions o f the 
tracers prepared by chloramine-T and iodogen® were heterogeneous and contained 
significant amounts o f aggregate. The composition o f labelled HPL prepared with 
lactoperoxidase indicated various fractions o f higher molecular weight. In separate 
experiments it was found that lactoperoxidase itself became radioiodinated.

Conclusions: From the above experimental results, it was obvious that the 
12SI-HPL prepared by enzymatic methods showed the least change o f its immuno
logical properties (this was confirmed by results obtained with other polypeptide 
hormones, e.g. prolactin). The tracer prepared by this technique proved to be very 
useful in RIA; well-reproducible results of high accuracy were obtained.
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SPECIFIC ANTISERA FOR
RADIOIMMUNOASSAY OF ESTRIOL 3-SULPHATE

T. TANAKA, N. SUGURO, A. KUBODERA 
Faculty o f Pharmaceutical Sciences,
Science University of Tokyo,
Tokyo, Japan

Estriol 3-sulphate has been shown to be a major metabolite of estriol in the 
foetus. Accordingly, it was attempted to develop a direct radioimmunoassay for 
estriol 3-sulphate. The preparation of anti-estriol 3-sulphate antisera is described 
below.

The preparation of the novel antigen for the production of anti-estriol 
3-sulphate antisera was started with 6-oxoestriol-3,16 ,17-triacetate. Upon treat
ment with KHCO3, the acetoxyl groups were partly hydrolysed and 
6-oxoestriol-16,17-diacetate was obtained. When the diacetate was treated with 
O-carboxymethoxylamine and with chlorosulphonic acid, the estriol 3-sulphate 
was obtained. This compound was linked to bovine serum albumin (BSA) using 
carbodiimide reagent under mild conditions. The spectra o f hapten-BSA conjugate 
and BSA, applying colour reaction, demonstrated that a sufficient number of 
hapten molecules were attached to BSA.

The radioactive ligand [3H]-estriol 3-sulphate was synthesized by the reaction 
o f sulphotransferase from a guinea-pig liver. Three guinea-pigs yielded antisera, 
exhibiting a binding activity to estriol 3-sulphate three months after primary 
immunization.

The linearity o f the Scatchard plot indicated that the antisera contained a 
single type of binding site for estriol 3-sulphate, with an association constant of 
4.7 X 109 mol"1. A standard curve was constructed using a 1:2000 dilution of 
the antiserum. The accuracy o f this assay was examined with various amounts 
of authentic estriol 3-sulphate, ranging from 10 to 1000 pg. The determination of 
each sample gave satisfactory results.

The specificity o f the antiserum was established by testing that the antisera 
were highly specific for estriol 3-sulphate. Even estrone sulphate and estradiol 
3-sulphate cross-reacted only slightly (<  0.43%) and all other steroids, except 
cholesterol sulphate (0.22%) and estriol 3-glucuronide (0.11%), showed no 
cross-reactions.

It is concluded that, in order to obtain highly specific antisera, the steroid 
hapten should be bound to the carrier protein with the intact sulphate through 
the C-6 position, remote from particular functional groups in the steroid molecule. 
The antisera raised against antigens which were linked to functional groups at 
positions C-3 and C -l7 had a low specificity.
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GALLIUM-67 UPTAKE IN INFLAMMATORY LESIONS
Relation between the e ffect o f  
anti-inflammatory drugs and 67Ga uptake

Y. OHKUBO, H. KOHNO, T. SUZUKI 
Department of Radiopharmacy,
Tohoku College of Pharmacy,
Sendai

A. KUBODERA 
Department o f RadiopharmUcy,
Science University o f Tokyo,
Tokyo

Japan

Gallium-67 has been used as a diagnostic agent for various tumours and 
inflammatory lesions. There are many reports on 67Ga accumulation in inflamma
tory lesions produced by various inflammatory agents. It is possible to show the 
processes and/or stages o f inflammation by the 67Ga uptake pattern in the 
inflammatory lesions. In this study, it was attempted to establish an experimental 
system for evaluating the effect o f anti-inflammatory drugs on the pattern of 
67Ga accumulation in the inflammatory lesions.

The animals used in this experiment were male Wistar rats. Turpentine oil 
was used as inflammatory agent. Paper pellets dipped in turpentine oil were 
implanted into the subcutaneous tissues o f  the abdominal wall o f each animal. 
Dexamethasone (DEX) and indomethacine (IM) were used as steroidal and non
steroidal anti-inflammatory drugs, respectively.

The weight of the granuloma induced by turpentine oil increased gradually 
and reached a maximum four or five days after administration. The pattern of  
67 Ga uptake was closely similar to that o f the change of granuloma weight. This 
result showed that the stage o f inflammation can be indicated by the pattern of
67 Ga uptake. As compared with controls, DEX inhibited the increase of  
granuloma weight, whereas IM enhanced it a little. Gallium-67 uptake was 
elevated by administration of DEX, but remarkably inhibited by IM, as compared 
with controls. It was shown that the differences o f the effects of DEX and IM 
on the inflammatory lesions were indicated by the differences in the 67Ga uptake 
pattern.

IAEA-CN-45/66Р
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TUMOUR AND LIVER UPTAKE MODELS OF 67Ga CITRATE

A. ANDO, I. ANDO, S. SANADA, T. HIRAKI, K. HISADA 
Kanazawa University,
Kanazawa, Japan

An outline of tumour and liver uptake models using 67 Ga is given in order 
to evaluate their pertinent application in clinical practice. After the administration 
o f 67Ga citrate, 67Ga concentrates with time in lysosomes o f the cytoplasm of 
liver cells. The lysosomal role in the accumulation of 67Ga in liver cells is 
weakened upon transformation of the liver cells to malignant tumour cells. In 
malignant tumours (except hepatoma) the lysosome does not play a major role 
in the tumour concentration of 67Ga.

The 67 Ga is bound to acid mucopolysaccharides (keratanpolysulphate, etc.) 
in both tumour and liver. Large amounts o f 67 Ga are transported with the acid 
mucopolysaccharides into lysosomes of liver cells and hepatoma cells. For 
malignant tumour cells (except hepatoma) the effect is much smaller, with the 
acid mucopolysaccharides transporting very little 67 Ga into lysosomes.

The 67Ga is concentrated in viable tumour tissue within the malignant tissue, 
but hardly at all in necrotic tumour tissue. Also, it is highly concentrated in 
inflammatory infiltrations around tumour cells. Large amounts of 67Ga are found 
in the liver, but very little in connective tissue associated with the liver.

In clinical tumour scanning with 57 Ga citrate, attention should be paid to 
the extent of necrotic tumour tissue and the degree o f inflammatory infiltration 
around the tumour.

IAEA-CN-45/52P
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STANDARDIZATION AND IMAGING 
OF RABBIT THROMBOSIS MODELS 
WITH 67 Ga-FIB RINOGEN-DAS-DFO*

T. SUZUKI
Shiga Medical School, Ohtsu

K. TORIZUKA, Y. OHMOMO, K. HORIUCHI, A. YOKOYAMA 
Kyoto University, Kyoto

K. TAKAHASHI, N. UEDA, M. HAZUE 
Nihon Medi-Physics Co. Ltd, Takarazuka

Japan

The purpose of this study is to standardize arterial and venous thrombosis 
models for rabbits, using 67Ga-fibrinogen-DAS-DFO, and to evaluate the efficacy 
of this agent in the diagnosis o f thrombosis.

Arterial thrombosis was induced by perivascular application o f a silver 
nitrate solution on the surgically isolated femoral artery of rabbits; venous 
thrombosis was induced by perivascular application of formalin on the femoral 
vein o f rabbits. One hour after thrombus formation, the fresh thrombus showed 
excessive accumulation ( ‘hot-spot formation’) o f 67Ga-fibrinogen-DAS-DFO on 
arterial and venous thrombi on scintigraphic images, 6 h after venous injection 
of 67Ga-fibrinogen-DAS-DFO. The radioactivity ratio of the arterial thrombus 
to the blood was 6.92 ± 0.27; the radioactivity ratio o f the venous thrombus to 
the blood was 6.89 ± 0.61. The 1-day-old arterial and venous thrombi showed 
increased accumulation, but for 2-day-old arterial and venous thrombi no 
significant accumulation was seen on the scintigraphic images. The radioactivity 
ratios o f 1-day-old and 2-day-old arterial and venous thrombi were lower than 
those of fresh thrombi.

The 67Ga-fibrinogen-DAS-DFO-could detect fresh and 1-day-old thrombi, 
but it could not detect 2-day-old thrombi. Thrombus formation was recognized 
in all treated femoral arteries and veins.

These techniques are simple, and the thrombosis models should be used to 
evaluate the efficacy of thrombus imaging agents and the effect o f anti-thrombotic 
agents in vivo.

IAEA-CN-45/54P

* Supported by a grant from the Japanese Ministry of Welfare.
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RADIOIMMUNOASSAY OF Pinellia ternata LECTIN

J.R. KIM, K.B. PARK, O.D. AWH 
Korea Advanced Energy Research Institute,
Seoul, Republic o f Korea

Pinellia ternata is a popular native cough remedy in Korea, and its lectin is 
known not only to have a haemagglutination activity for rabbit erythrocytes but 
also to be a potential anti-cancer drug.

Radioimmunoassay (RIA) o f this biologically active material in serum as 
well as in root extracts has been performed in this study. The purified Pinellia 
ternata lectin (PTL) was labelled with 1251, using chloramine-T, and the labelled 
product was purified by Sephadex gel column chromatography. The PTL-1251, 
an anti-PTL rabbit serum and a second antibody were used.

Steep standard depression lines were obtained on logit-log plots, for PTL-125I, 
either in diluent buffer containing bovine gamma globulin or in human serum.
The results for the standard preparations and the samples were similar. The 
recovery of the standard added to serum varied between 94 and 110%. The total 
assay time was less than 48 h, with an intra-assay and inter-assay coefficient of 
variation of less than 12%. The PTL content in dried Pinellia ternata roots, 
determined by RIA, was 3 wt%. RIA further indicated that more than 40% of 
the intravenously injected PTL in rabbits remained in the serum one hour after 
administration, suggesting that the haemagglutination activity of PTL shown 
in vitro is not well retained in vivo.

IAEA-CN-4S/48P

IN VITRO BINDING OF INDIUM TO TRANSFERRIN

I.K. WILSON, J.F. HARWIG, W. WOLF 
Radiopharmacy Program,
School of Pharmacy,
University o f Southern California,
Los Angeles, California,
United States o f America

Indium radionuclides — either m In or 113Inm (or even 114Inm, for animal 
studies) — are o f great interest per se and also when they are attached to macro
molecules through a bifunctional chelate (SUNDBERG, M.W., MEARES, C.F.,
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GOODWIN, D. A., Selective binding o f metal ions to macromolecules using 
bifunctional analogs of EDTA, J. Med. Chem. 17 12 (1974) 1304—7).
Transferrin is a blood protein that is a strong natural chelator, and because it 
may sequester the radiometal from a radiopharmaceutical, an in vitro study of 
the binding o f indium to transferrin has been conducted in order to evaluate 
what considerations need to be taken into account when administering an indium- 
labelled radiopharmaceutical.

The binding o f indium to transferrin has been investigated for determining:

— the number o f indium binding sites per transferrin molecule
-  the effect o f the concentration of the carrier ligand
— the effect of transferrin concentration on indium binding
-  the equivalence (or lack) of indium binding sites in acidic media.

Transferrin/metal complexes have been studied extensively and have been 
shown to be ternary in nature (AISEN, P., AASA, R., REDFIELD, A.G., The 
chromium, manganese and cobalt complexes o f transferrin, J. Biol. Chem. 244  
(1969) 4 6 2 8 -3 3 . SCHLABACH, M.R., BATES, G.W., The synergistic binding 
of anions and Fe3+ by transferrin, J. Biol. Chem. 250 (1975) 2181 —88). In 
addition to transferrin and the metal, the presence o f  an anion, the counter-ion, 
is required for complex formation. In physiological systems, the bicarbonate 
ion serves as the preferred counter-ion. Although a number o f anionic ligands 
may be used as metal carriers, such anions may or may not act as substitute 
counter-ions.

Binding was studied either chromatographically or spectrophotometrically. 
Gel filtration chromatography was performed on Biogel P-30 columns, using
0.05M sodium bicarbonate (pH 7.4) as the eluent. Nitrilotriacetic acid (NTA) 
was used initially as the carrier ligand. Using an initial ratio of indium/transferrin 
(In/Tr) o f 0.5, and an NT A/In ratio o f 20, binding occurred rapidly, followed by 
a slow release o f indium from the protein-associated state, while at an NTA/In 
ratio o f 2, all the indium remained protein bound. When the In/Tr ratio was 
increased to 1, again the tightest binding of indium to the protein occurred when 
an NTA/In ratio o f 2.0 was used. At NTA/In ratios o f 10 and 20, indium again 
associated rapidly, followed by a slow dissociation. Other combinations were 
also investigated, and all indium present in the medium was totally and strongly 
bound when an In/Tr ratio o f 1.8 and an NTA/In ratio of 2 .0  were used. Other 
investigators have since confirmed our initial observation (WILSON, I.K., In-vitro 
binding o f indium to transferrin, Thesis for MS in pharmaceutical sciences, 
University of Southern California, 1982) on the destabilization o f transferrin metal 
complexes by excess NTA in the incubation medium (PECORARO, V.L.,
HARRIS, W.R., CARRANO, C.J., et al., Siderophilin metal coordination. 
Difference ultraviolet spectroscopy of di-, tri-, and tetravalent metal ions with 
ethylene-bis [(o-hydroxyphenyl) glycine], Biochemistry 20 24 (1 9 8 1 ) 7 0 3 3 -3 9 ).
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Similar results were obtained when using citrate as the anionic metal carrier, 
although the citrate-to-indium ratio required for prevention of metal binding to 
the protein was much higher than that required for a destabilization of the complex. 
For an In/Tr ratio of 2, all o f the indium was tightly bound when the In/citrate 
ratio was 5/1, but at 50/1 and higher In/citrate ratios, significant proportions of 
the metal remained unbound.

The number of indium binding sites on transferrin was also determined with 
ultraviolet difference spectrophotometry. The In/Tr complex exhibits a large 
absorption peak at 243 nm and a smaller one at 293 nm. A plot o f the absorbance 
at 243 nm showed a plateau when In/Tr reached a ratio o f 2, suggesting that there 
are two indium binding sites on the protein. The effect o f transferrin concentra
tion on indium was also investigated. The uptake o f indium by transferrin increased 
linearly with transferrin concentration, up to 2.5 mg transferrin per millilitre, and 
did not change as the transferrin concentration was increased. At the In/citrate 
concentration used, a transferrin concentration of 2.5 mg/mL was the minimum 
needed to bind all the metal presented.

All the studies mentioned were conducted at or near the physiological pH. 
Stable complexes were formed at pH 7.4, but such complexes suffered a loss of 
indium when the solutions were acidified. At pH 5.5, only 50% of the metal was 
bound. This finding suggests that the indium binding sites are inequivalent in their 
affinity for indium in acidic media, which is in good agreement with the study of 
Lestas (LESTAS, A.N., The effect o f pH upon human transferrin: Selective 
labelling o f the two iron-binding sites, Br. J. Haematol. 32 (1976) 341—50) on 
the properties o f the Fe/Tr complex, and the study o f Vallabhajosula et al. on 
Ga/Tr (VALLABHAJOSULA, S., HARWIG, J.F., WOLF, W., Radiogallium 
localization in tumors I. Blood binding and the role o f transferrin, J. Nucl. Med.
21 (1980) 6 5 0 -5 6 ).

In conclusion, these studies have shown that there is a maximum of two 
indium-binding sites on transferrin. The studies have also shown that at high 
concentrations of the carrier ligand (which is not a counter-ion) the binding of  
indium decreases significantly. It was also documented that the two binding sites 
for indium are affected differently in acidic media, with one site losing indium 
preferentially as the acidity of the medium increases.
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SYNTHESIS OF HIGH-SPECIFIC-ACTIVITY 
(FORMYL-14C) GOSSYPOL-ACETIC ACID

Shuhao TIAN, Guiying SHEN 
Institute o f Radiomedicine,
Chinese Academy of Medical Science, 
Jianyang, Sichuan,
China

IAEA-CN-45/35P

Gossypol (8,8'-dicarboxaldehyde-l,l',6,6',7,7'-hexahydroxy-5,5'- 
diisopropyl-3,3'-dimethyl-2,2'-binaphthalene) may be used as an effective agent 
for the regulation of male fertility. In order to fully study its action mechanism 
and its metabolism, at least 10 mCi o f 14C-labelled gossypol with a specific 
activity o f up to 3 mCi/mmol were required.1 To our knowledge, the previously 
reported syntheses of 14C-labelled gossypol could not obtain such a high specific 
activity. We report here an improved high-yield synthesis o f (formyl-14C)gossypol- 
acetic acid with a specific activity much higher than that reported previously.
The synthetic scheme is as follows:

H14COONa + 2C6HsNHSOjNHC6Hs Hl4C l  ---------------- ►
/  NHC6HS apogossypol 

*NC6HS

(I)

NC6HS NC6HS
4CH OH HO I4CH 14CHO OH HO l4CHO

HO /VS ---------------- Л Л г О Н  и яп H O f Y l -----------------f Y X o H

но \ л у - сн э CH3 W OH^ ï r HOw CHî сн з \ л / о н 'НОЛс 
CH CH 3 CH CH/ 4  /  \ /  \  /  \

CH3 CH3 CH3 CH3 CH3 CH3 CH3 CH3

(II) (III)

N,N'-Diphenyl ( 14C) formamidine (I) was prepared using essentially the same 
method as that described by Kirsanov and Egorova (Zh. Obshch. Khim. 22 (1952) 
1612) for the unlabelled compound, the only exception being the choice o f sodium 
( 14C) formate as the starting material. A portion o f compound I (0.8337 g, 
yield 88.5%, m.p. 137°C) was obtained from sodium ( 14C) formate (0.3228 g, 
4.7891 mmol, 62.32 mCi).

1 1 Ci =  37 GBq.
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(Formyl-14C) gossypol-acetic acid (compound III) was synthesized from 
compound I via N,N'-dianilino (methylene-14C) gossypol (compound II) using the 
method o f Lyman et al. (LYMAN, C.M., et al., J. Am. Oil Chem. Soc. 46 (1969) 
100), with a slight modification in the working procedure. Compound I 
(0.8337 g, 4.2394 mmol) was mixed with freshly prepared apogossypol (1.0397 g, 
2.2441 mmol) in a test tube and then covered with an additional portion of 
inactive compound I (0.3592 g, 2.0135 mmol). The mixture was heated in a 
nitrogen atmosphere of 9 0 —120 mmHg at 170— 175°C for 4 h, and then isolated 
to give a yellow solid o f compound II (0.7375 g, yield 35.3%, m.p. 233 —235°C). 
The addition of inactive compound II (0.2615 g) to the mother liquor and 
recrystallization gave another portion of compound II (0.2612 g), with lower 
specific activity. The combined compound II (0.9996 g) was hydrolysed to give 
compound III (0.5290 g, 14.3156 mCi, m.p. 183 —184°C, specific activity 
16.658 mCi/mmol, radiochemical purity 99%). Fortification o f the mother 
liquor with an additional 0.5 g amount of unlabelled compound III resulted in a 
second batch of compound III (0.4920 g, 2.358 mCi, m.p. 182 — 183°C, specific 
activity 2.95 mCi/mmol, radiochemical purity 98%). With the two batches of 
compound III, the total radiochemical yield was 16.674 mCi, or 26.76%, 
calculated from sodium ( 14C) formate.

A feature of the present method is that it can be adapted for the preparation 
of a compound III of even higher specific activity, since the preparation of 
compound I may be conducted on a much smaller scale, without isotopic dilution 
of the precursor, as required by other methods.

IAEA-CN-45/76P

FLUOROPHORE AND 125I-LABELLED THYROXINE 
AND THEIR USE IN SOLID-PHASE IMMUNOASSAYS

R.S. KAMEL, F.M. KARIM, M.K. ABDUL-MAJID, F.J. DHAHIR 
Immunoassay Research and Development Unit,
Radioisotope Production Department,
Nuclear Research Centre,
Baghdad, Iraq

Two techniques for the labelling of thyroxine (T4) are described, involving 
the reaction o f fluorescein isothiocyanate with thyroxine by the modified method 
of Smith (SMITH, D.S., FEBS (Fed. Eur. Biochem Soc.) Lett. 77 (1977) 25).
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Thyroxine (200 mg) and fluorescein isothiocyanate (FITC) (100 mg) were stirred 
in 15 mL o f a mixture of pyridine/water/triethylamine (9 :1 .5  :0.1) for 1 h. The 
product was precipitated by adding 100 mL 0.2M ammonium acetate, pH 4.0.
The precipitate was separated by centrifugation and the supernatant was aspirated 
and washed twice with distilled water. The precipitate was then dissolved in 
methanol. Aliquots o f the solution were applied to a preparative silica thin-layer 
chromatography plate. The plate was developed in a chloroform/aceton/acetic 
acid (7 :2 :1 )  mixture. Two fluorescent bands developed; the major one 
(Rf = 0.43) was removed, extracted into methanol and evaporated under nitrogen 
to yield the product.

A T4 tracer o f high specific activity was prepared by iodination of triiodo
thyronine as starting material. By increasing the time of chloramine-T iodination 
at optimum pH (pH 7.0), a high yield was achieved after purification on a 
Sephadex G25 superfine column (10 cm X 1 cm), eluted by bicarbonate buffer, 
pH 10.0.

Specific T4 antisera were raised in rabbits by immunization with thyroxine 
conjugated to succinylated bovine serum albumin and covalently linked to 
cellulose particles by the cyanogen bromide activation method.

Non-isotopic immunoassay for thyroxine was developed. The simple fluoro- 
immunoassay procedure is as follows: 100 pL  standard or sample, 500 pL  FITC-T4 
tracer (diluted in vernol buffer containing 1 mg/mL ANS) and 500 juL o f solid- 
phase T4 antibody were pipetted into each tube. The components were vortex 
mixed and incubated for 60 min. At the end o f the incubation period and after 
centrifugation, the supernatants were aspirated and 1.5 mL eluent buffer 
(methanol/bicarbonate buffer, 9 :1 ) was added to each tube and the components 
were vortex mixed again. The solid-phase particles were sedimented by centrifuga
tion; then the assay tube was placed directly into the fluorometer to measure 
the fluorescence o f the supemate containing the eluted FITC-T4.

With a 125I-T4 tracer, a simple, precise and accurate radioimmunoassay for 
thyroxine was developed. The assay procedure was as follows: 25 juL standard 
or sample, 500 pL  12SI-T4 tracer and 500 juL o f the solid-phase T4 antibody 
were pipetted into each tube. The components were incubated for 60 min at 
room temperature and separated for 10 min by centrifugation; unbound tracer 
on supernatants was aspirated from all tubes, the precipitates were counted and a 
standard curve was constructed. Between-assay precision, estimated by measure
ments o f individual patient serum samples on ten different working days, gave 
mean results of 4.13, 9.39 and 19.6 pg per 100 mL T4, with coefficients of  
variation of 10.6, 10.9 and 11.2, respectively.

Within-assay variation, estimated by measuring three serum samples 20 times, 
gave mean assay results of 16.8, 9.33 and 5.27 pg per 100 mL T4, with coefficients 
of variation of 6.8, 6.05 and 8.02, respectively.

Patient Serum samples were obtained from independent laboratories where 
they had been assayed with an established RIA kit obtained from Amersham
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Radiochemical Centre for measurement of T4. The results obtained correlated 
very closely with our assay (r =  0.968).

In conclusion, it can be said that the non-isotopic and isotopic immunoassay 
methods developed are simple, precise and suitable for routine clinical monitoring 
of thyroxine in patient serum or plasma.
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