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STELLINGEN

f-:

ï

1. Op een afdeling "Nucleaire Geneeskunde"
wordt er slechts zelden genezen, derhalve
is "Nucleaire Diagnostiek" een betere be-
naming.

2. Radiopharmaca die een goede tumor lokali-
satie tonen zijn niet noodzakelijkerwijs
goede radiopharmaca voor de visualisatie.

3. Polyfosfaat verdient de voorkeur boven
Methyleen difosfonaat (M.D.P.) voor de
vroege opsporing van skeletmetastasen.

k. Het verrichten van de CEA-bepaling dient
beperkt te blijven tot centra, die de
hiervoor benodigde kennis en ervaring be-
schikken.

5. De naam "Carcino Embryonaal Antigeen"
(CEA) wekt valse verwachtingen.

6. De introductie van steeds me&r geavan-
ceerde apparatuur in de Nucleaire Genees-
kunde maakt de kloof tussen arme en rijke
landen steeds groter.

7. De behandeling van de kniegewrichten van
patiënten metrheumatoide arthritis met
behulp van 198Au colloid dient voorafge-
gaan te worden door berekening van het
lekpercentage.

8. Choleseriescintigrafie, gecombineerd met
tijd-activiteitscurven en functionele
beelden, maakt een grote betrouwbaarheid
mogelijk in de differentiatie tussen ob-
structieve en parenchymateuze icterus.



9» Promoting promovendi is a prothesis for
the professorial mind.

10. Voorgaande stelling is te beschouwen als
een promovendus provocatus.

11. Er is vakliteratuur en literatuur, dit
houdt echter niet in dat het één het
andere uitsluit.

Stellingen behorend bij het proefschrift
"Tumour imaging with non specific substances"•
V.B. van der Pompe, Utrecht, 8 december 1978.
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Het is vanzelfsprekend dat dit proefschrift,

zoals gebruikelijk, alleen verwezenlijkt kon

worden door de enthousiaste medewerking van

derden. De discussies met mijn beide promo-

tores Prof.Dr* K.H. Ephraim en Prof.Dr.

R.A.A. Maes waren plezierig en leerzaam. Voor

hun steun mijn hartelijke dank. Bij het expe-

rimentele werk is de medewerking van Mevr.

Y.P.C.M. Swierstra-Leenders onontbeerlijk ge-

weest. Voor het vele typewerk in concept, soms

in kort tijdsbestek, heeft Mej. M.J.M.C.

Busker zorggedragen terwijl in overleg met

Mej. P. de Haan van het Wetenschappelijk

Secretariaat Mej. A. de Jager het gehele manus-

cript zeer zorgvuldig in definitieve versie

getypt heeft. De op ieder ogenblik aanwezige

hulp van Mevr. E.L.A. Vonk-Neele en Mevr.

M. Westerhout-Kersten van de bibliotheek was

onmisbaar en werd zeer gewaardeerd. De ple-

zierige samenwerking met de Heren L. Ries en

H, Vuik van de afdeling Medische Fotografie en

de vakkundige afwerking van het materiaal is

zeer op prijs gesteld. De medewerking van de

collega-stafleden van het R.R.T.X. met name in

de casuïstiek is zeer gewaardeerd alsmede de

inzet van de gehele afdeling Nucleaire Genees-

kunde. De op- en aanmerkingen van Dr. C.J.A.

van den Hamer na lezing van het manuscript

waren waardevol en zijn ter harte genomen.

De lange gesprekken tijdens de voorbereiding

met mijn collega H.S.L.M. Tjen heb ik altijd

zeer op prijs gesteld. Tenslotte een woord van

speciale dank aan mijn opleider en begeleider

Dr. P.H. Cox wiens vertrouwen en enthousiasme

in het werk mij altijd zeer heeft gesterkt.
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CHAPTER 1.

Introduction and problem formulation

1.1: Introduction

In the last decennia the use of radioisotopes

for diagnostic and therapeutic purposes has

grown into a vigorous science. Scintillation

imaging in particular, which provides both

functional and morphological data, has been

intensively developed. The use of radioiso-

topes to detect malignancy dates from about

1936 when 32-P-orthophosphate was used for the

first time. During the last ten years, follow-

ing the introduction of 67-Gallium-citrate,

a tremendous amount of work has been performed

to evaluate and develop "tumour imaging radio-

pharmaceuticals". Although many tumours can be

imaged it is not yet possible to speak about

specific tumour localization. In this respect

all known tumour localizing radiopharmaceu-

ticals have in common that they are non-speci-

fic. This disadvantage, however, does not im-

plicate that tumour imaging radiopharmaceu-

ticals are of no clinical value. As long as

the user remains aware of the non-specificity,

these agents can be helpful in the diagnosis

and follow-up of patients suffering from mal-

ignant disease. The sensitivity of a tumour

imaging procedure depends on the radiopharma-

ceutical employed, the type of tumour, its

size and localization and the effects of

treatment. Modern gamma cameras are extremely

effective imaging devices and further improve-

ments in instrumentation are unlikely to offer

, " • • ' •. ' - ' ' " - , : ' " • ' , « !
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major advances in the way of increasing our

diagnostic efficiency. By obtaining more know-

ledge about the mechanism of uptake and sub-

cellular distribution of the most promising

agents used until now, for instance 67-Gallium-

citrate, it may be possible to achieve better

results in the diagnostic and follow-up inves-

tigations of patients suffering from malignan-

cy. Such information may also lead to the dev-

elopment of more specific radiopharmaceuticals.

1.2: Problem formulation

The most commonly used tumour localizing agents

belong to a group of non-specific substances,

i.e. they do not show a preference for one sort

of tumour only, like chloroquine for melanoma;

they are not potential cell metabolites or sub-

stances which influence cell metabolism; and

they are not immunological substances such as

labelled specific antibodies. These non-speci-

fic substances such as mercuric chloride, in-

dium chloride, and gallium citrate localize to

some extant in normal tissues, but in higher

concentrations in pathological lesions inclu-

ding tumours, inflammatory processes and cer-

tain phases of infarct development. The pro-

blem treated in this thesis regards the common

mechanism - if there is one - of uptake of

these non-specific substances. On the basis of

reports in the literature concerning the mecha-

nism of uptake, subcellular distribution and

clinical performance of various tumour imaging

agents an ionic model has been postulated in

this thesis to explain the biological distri-



bution patterns of tumour imaging radiopharma-

oeuticals with special reference to 67-Gallium-

citrate. By means of in vitro and in vivo in-

vestigations in an animal model this hypothe-

sis had been tested on its applicability to

the tissue distribution of radiopharmaceuticals

in both the normal ami pathological state.

CHAPTER 2.

Tumour imaging radiopharmaceuticals
A literature review

2.1 : P-orthophasphat e
op

In 1936 when P was introduced and found to be

effective in the treatment of myeloprolifera-

tive disorders, much interest arose concerning

its possible therapeutic use in other neoplas-

tic conditions. The affinity of radioactive

orthophosphate for other types of malignancy

proved to be low except in the case of brain

tumours (Erickson et al, 19^8). The concentra-

tion achieved in this tissue was of the same

order as observed in other tissues with a ra-

pid rate of phosphate metabolism similar to

the liver, and therefore, the interest turned

from its use as a therapeutic agent to the

possibility of the diagnostis use as a tumour

localizing agent. This found a limited clini-

cal application in determining the extent of

a brain tumour at operation (Stapleton et al,

1952). The exclusive beta emission of phos-

phorus-32 made its diagnostic application lim-

ited to the detection of superficial lesions
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accessible to the types of detectors used for

beta radiation. Such, methods are complicated

and the degree of spatial resolution which can

be obtained is poor.

• (
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2.2: J I-Nal and J I-iodinated compounds

1 «siJ I-iodide is also one of the earliest known

tumour localizing agents. It is known to loca-

lize in some thyroid carcinomas, particular of

the follicular type, and was first used in the

19^0's for the treatment of inoperable "funct-

ioning" carcinomas of the thyroid (Pochin,

1956), i.e. carcinomas which contained funct-

ioning thyroid tissue. Carcinomas of the thyr-
1 31

oid usually do not concentrate I and there-

fore such tumours can be observed as an area

of defective uptake on a scintigram of the

thyroid. Unfortunately, thyroid scintigraphy
1 31

with I-sodiumiodide is not very helpful in
differentiating benign from malignant lesions

(Fawwaz, 1971; Paterson and McCready, 1975)»

Radioiodine has been widely used as a radio-

active label for many potential tumour local-

izing radiopharmaceuticals. Radioiodinated

human serum albumin (R.I.H.S.A.) is the com-

pound most widely used in man. It is known

that malignant tumours in experimental rats

and mice take up larger amounts of normal

plasma proteins from the circulation than

other tissues do (Mego and McQueen, 1965).

Since malignant tumours have the property of

pinocytosis, this may well account for the

presence of the radioisotope on or within the



neoplastic cell. Finney and co-workers (1964)
1 31

reported that I-labelled albumin concentra-

ted in Walker 256 carcinoma in rats and the

VX 2 carcinoma in rabbits, but felt that this

occurred only after intraarterial perfusions

of the tumour with hydrogen peroxide. They

also studied R.l.H.S.A. uptake in human can-

cers and reported favourable concentration

after peroxide perfusion, but poor concentra-

tion without this perfusion. Later on it was

nevertheless shown that neither hydrogen per-

oxide nor intraarterial administration seemed

to be necessary for the uptake of R.l.H.S.A.

to occur. Scintigraphy using intravenously in-

jected R.l.H.S.A. has been reported in series

of patients (Bonte et al, 1966$ Hisada et al,

1966). Bonte et al (1966) discussed their work

done on experimental rabbits using the V 2

carcinoma and on studies of patients suffering

from malignant disease. They suggested that

the R.l.H.S.A. rapidly dispersed evenly

throughout the bloodpool. After 2k hours, sec-

ondary mechanisms may come into play. There

is a pooling of R.l.H.S.A. in the necrotic

centre of a rapidly growing tumour. Pinocyto-

sis may be the mechanism due to the later loc-

alization of the radiopharmaceutical. The

same group also suggested that concentrations

of tumour imaging agents might be improved by

administering substances capable of increasing

the permeability of the blood vessels of the

tumour. Leakage of plasma proteins may also

account for the positive scans seen in cases

of inflammatory and granulomatous exudates.



Iodinated fibrinogen and gamma globulins

(anti-fibrin antibodies) have been investi-

gated for tumour detection by a number of in-

vestigators (Day et al, 1959» Hiramatsu et al,

1965; Hisada et al, 1968, Takaki, 1967). The

main reason for the use of these compounds is

the deposition of fibrin around malignant hu-

mours and in particular rapidly growing le-

sions. Marrach and co-workers reported in 1969

their results of studies with 131I-labelled

rabbit antibody to human fibrinogen in 137 pa-

tients (Taylor, 1969)» In all cases the pa-

tients were given epsilon amino caproic acid

(EACA) to block fibrinolysis and Lugol solu-

tion to block thyroid uptake of 131I. Correct

localization of the tumour was found in 148

out of 185 known tumour sites (8O9Ó). Sarcomas

and melanomas appeared to be more effectively

localized than carcinomas. The most important

factors contributing to differences in effect-

ive localization were tumour vascularity and

inflammatory response, which lead to different

degrees of fibrinogen concentration and anti-

body binding.

Comparison of the accumulation and biological
131 131

decay curves of I-antibody and I-fibrino-

gen in tumours suggest that the labelled anti-

body is more effectively retained in the tumour

sites. An iodinated analogue of chloroquine

(3-dimethylaminopropylamino-7-iodoquinoline)

has been observed to accumulate in malignant

melanomas in hamsters, probably due to its

affinity for melanine (Beierwaltes et al, 1968).



To obtain a more specific tumour localizing

agent it is desirable to ascertain a physiolo-

gical process or a binding mechanism which is

functional in tumour but largely absent in nor-

mal tissue» One possibility is a reaction be-

tween a tumour associated antigen and specific

antibodies raised against it. The ideal sub-

stance for preferential tumour localization

would be a labelled antibody specific for bin-

ding sites present in the primary tumour of the

patient. Day (1965) reported the localization

of heteroimmune, labelled anti-tumour antibo-

dies in two out of five human brain tumours.

The antibodies used were obtained by adsorp-

tion and elution from poorly characterized

crude tumour fractions. Mach and co-workers

(1974) tested the specific localization of
1 31

I-labelled antibodies against carcino-em-

bryonic antigen (C.E.A.) in heterografts of

human colonic carcinomas growing in nude mice.

In order to demonstrate specificity they tes-ted 1 2'SI-labelled normal goat 7 S globulins
1 31

simultaneously with •* I-labelled goat anti-
CEA antibodies. The concentration of antibo-

dies in the tumour was more than twice that of

normal goat 7 S globulins whilst in normal

tissue the antibodies had lower levels than

the control protein. It was concluded that by

injecting patients with labelled heteroanti-

CEA antibodies it should be possible to visua-

lize CEA containing tumours by scintigraphy.

A potential drawback to this technique is the

relatively large amount of circulating CEA as

well as the presence of small quantities of CEA

in non—malignant tissues, which could lead to



non-specific binding and high background acti-

vity. Hoffer et al (1974) also described the
1 T1use of J I-CEA antibody as a tumour imaging

agent and confirmed the results of Mach et al.

In addition they also compared the tumour loc-

alization of iodinated anti-CEA antibody with

more commonly used tumour imaging agents such

as In-bleomycir.te, In Cl, and 'Ga-citra-
1 T1te. They found that J I-CEA antibody localizes

preferentially in tumours which produce CEA and

suggested that this agent is potentially super-

ior to the other reagents examined* However, a

major deficiency of their CEA-antibody prepara-

tion was the relatively high content of non-

specific IgG. This caused a high bloodpool

background with a slow clearance thus reducing

the usefulness of the preparation for tumour

imaging. An alternative approach is the label-

ling of compounds with aminoacridine groups,

which have been shown to form complexes with

the nucleic acids (Morthland et al, 195^;

Lerman, 196i). Ackerman carried out prelimina-

ry studies using iodoquinacrine labelled with
121 1 T1

J1 or J I. U.V. fluorescence and autoradio-

graphy showed greatly increased concentration

in Walker carcinosarcoma transplanted in rat

lungs compared to normal tissue. Measurement

of the radioactivity by scintillation counting

of tumour and normal lung samples 2 days after

administration of the labelled compound showed

a five fold greater concentration in the tu-

mour (Taylor, 1969). 1 2 5I and 131I-labelled

D.N.A* and R.N.A. precursors have also been

investigated regarding their potential value

as tumour localizing agents. Anghileri and co-
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workers (1977) reported their work on J I -
1 2'Sdeoxyuridine and I-uracil. They found a

much lower accumulation and faster excretion
12*5of ^I-uracil in Novikoff hepatoma bearing

125
Wistar rats in comparison with ^I-deoxyuri-

dine. This excluded the R.N.A. precursor as a

possible tumour localizing agent. In contrast,

^I-deoxyuridine presented an in vivo distri-

bution which makes it suitable for tumour ima-

ging, although the degree of accumulation is
67,lower than that reached with

111

131

Ga-citra+e or
1In-bleomycine. Enhanced incorporation of

I-iododeoxyuridina into tumours can be

achieved by treatment with Clostridium oncoly-

ticum S butyricum (M 55) (Volm et al, 197^,

1977)* After administration of spores of the

anaerobic bacterium to melanoma bearing ham-

sters the incorporation of the agent in tumour

tissue was raised by a factor of 2, whilst no

significant changes in the activity distribu-

tion in other organs could be seen. A great

disadvantage, however, is the fact that most
1 31of the I is gradually released as iodide

which results in a high background activity.

Furthermore this technique has the problem

that the experiments with Clostridia are ren-

dered difficult by the great variability in

the time of germination. Tetracycline. an

antibiotic, labelled with 1 3 1I or " m T c , has

been studied as a tumour localizing agent

(Holman et al, 197^; Chauncey et al, 197^)»

This labelled compound showed in animal stu-

dies tumour-to-blood and tumour-to-muscle

ratios higher than those of Ga-citrate and



readily identified in a limited clinical ser-

ies tumour sites in 14 of 18 patients* How-

ever radioactivity in gastrointestinal and

genitourinary tract precluded accurate tumour

detection within the abdomen. Uptake was dimi-

nished in neoplastic foci previously treated

with either irradiation or chemotherapy. The

compound is non-specific and also localizes in

inflamed and infarcted non—neoplastic tissue

(Kaplan and Adelstein, i9H6)% Studies on te-

tracycline accumulation in tumours, however,

revealed it to be limited to the necrotic or

prenecrotic regions of the tumourf while vi-

able tumour cells appeared to take up tetra-

cyclines in a manner similar to healthy tis-

sues (Tapp et al, 1965). Another disadvantage
1 31

of I-tetracycline is the radiochemical in-

stability in vivo. The lack of concentration

in non-necrotic tumours such that tumours in

an early stage of development (before necrosis

is present) are not visualized, makes the cli-

nical applicability limited (Fawwaz, 1971)•

tit'
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2.3* Radiomercurycompounds

A number of mercurycompounds have been used

for tumour localization but the two most wide-

ly studied are mercuric chloride and chlor-

merodrin. The first radiomercury labelled
203agent was Hg-chlormerodrin, used for brain

scintigraphy (Blau and Bender, 1962). The phy-
203aical characteristics of Hg, a beta and

gamma emitter with energies of respectively

0.21 and 0.279 MeV and a physical half-life of

46 days, make it suitable for clinical use al-

10



though the beta emission and half-life are not

ideal for this purpose.
197,

2OTReplacement of JHg

by ' Hg which has more favourable physical

characteristics reduces the absorded radiation

dose to the critical organ (kidney). In 1966

Sodee, Renner and Di Stefano noticed that
197

Hg-chlormerodrin concentrated in malignant

tissues. They reported an impressive sensiti-

vity particularly in malignant tumours of the

lung, eye, nasopharynx and lymphomas. Signifi-

cant tumour localization was also observed in

a high percentage of patients with tumours of

the pancreas, bowel, bone and breast although

fewer cases of these were investigated. Seve-

ral false positive results were encountered in

the group of patients with lung lesions. These

eventually turned out to be cases of histo-

plasmosis and tuberculosis; a similar locali-

zation has also been observed with other com-

pounds. Chlormerodrin, labelled with radiomer-

cury is unstable in vivo and inorganic mercury

is released. Anghileri (1964) found that 2k

hours after i.v. administration, 55$ of the
2 O 3Hg activity in the kidney and 82# of that

in the urine is present in the ionic form.
1 Q7

Radiomercuric chloride ( HgCl2) also accumu-

lates in malignant tissue to a greater extent

than in normal tissue and the difference in

uptake is sufficient to enable tumours to be

detected by scanning procedures (Wolf and

Fischer, 1965). Isaac and Raynaud (1969) stu-
197died 7 HgCl. as a tumour localizing agent.

Forty-seven patients with cancer were examined

and forty-five showed a positive uptake in the

tumour. The mean uptake ratio, which was de-

ll
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fined as count rate in the pathological area/

countrate in the symmetrical normal area, was

1.68 at 2k hours and 1.91 at kS hours. Of

thirty-nine patients suffering from non-malig-

nant conditions k cases shoved positive up-

take. These k subjects had tuberculous lesions,

3 in the lungs and 1 in a lymph node. In the

other 35 patients the mean uptake ratios were

found to be 1.08 at 2k hours and 1.0*t at k8

hours (Taylor, 1969). Mercury scanning of the

head and neck region has been shown to be

helpful in the differential diagnosis of both

malignant and benign tumours (Artagaveyta,

1970; De Jong, 1972). One serious disadvantage

of radiomercurycompounds is the radiation dose
197to the kidneys. Even in the case of Hg,

this may amount to 5-13 rads (50-130 mGy) when

10(iCi (370 KBq)/kg bodyweight is administered.

However, a more fundamental disadvantage of

radiomercurycompounds is their low uptake com—
67

pared to reagents such as Ga-citrate. Both

appear to accumulate in similar types of les-

ions but the quality of scans obtained, re-

flecting the mean uptake ratio, is higher with
67 197
Ga-citrate than with Hg-chlormerodrin or

chloride (Paterson and McCready, 1975)*

• I
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Radioselenocompounds

Two different selenium compounds have been
75extensively studied. Se—sodium selenite

(Na ' SeO_) is a relatively simple compound

which has shown some preference for malignant

tissue. The uptake of selenite by cells ap-

pears to be dependent upon a supply of metabo-

lic energy (Wright and Bell, 1963) involving

the enzymatic reduction of selenite which is

then incorporated in organic compounds

(McConnell and Roth, 1966). In living tissues

selenium is firmly bound to protein probably

via a seleno-sulphur linkage. In an early cli-

nical study selenite gave a "questionable

positive" scan of a brain abcess; whilst three

out of three chest tumours and two out of two

abdominal tumours were positive (Cavalieri et

al, 1966). It is known that '^Se-selenite,

like all other tumour imaging agents, also

concentrates in inflammatory and other benign

lesions (De R00, 197*0. The most extensively
75studied selenium compound is Se-seleno-

methionine, an aminoacid. In 1965 Herrera et
75al, using Se—selenomethionine to scan the

pancreas in a patient with malignant lymphoma,

noticed that uptake had occurred in an intra-

abdominal mass of lymphosarcoma. This observa-

tion was confirmed by other groups (Spencer et

al, 19675 Jovanovic, 1973)» Jovanovic reported

an overall diagnostic accuracy of 80.2^, i.e.

in malignant lymphoma 90.7$ and 45.6$ for car-

cinomas. In which the overall diagnostic accu-

racy is defined as follows: the sum of the

number of diseased persons with a positive

f'f
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test and the number of non diseased persons

with a negative test over the total number of

persons investigated. Both the inorganic and
75organic Se compounds are non specific.

Furthermore they have the disadvantage of the

long effective half life in the body limiting

the amount of activity which can be adminis-

tered and hence the number of counts available

to provide an image of diagnostic quality

(Silberstein, 1976). Due to the non specifici-

ty and the high uptake in normal liver, intes-

tines and pancreas the diagnostic value for

investigations of abdominal tumours is limited.

ri
•4

•i
i

2* g: Radiolabelled Bleomycin chelates

Bleomycin, a group of basic glycopeptide anti-

biotics isolated from Streptomyces Verticullus,

and employed in chemotherapy of malignancy,

has been labelled with several radionuclides

to produce tumour scanning agents of some

efficacy; Bleomycin as a chelator has clearly

greater affinity for bivalent than trivalent

cations, in the order Cu> Zn>Ni>Co>Fe>Mn>Sr>Ca

(Renault et al, 1973)* When bleomycinchelates

are prepared their tissue affinity and intra-

cellular distribution are clearly altered from

that of the chemotherapeutic agent. More than

twice as much bleomycinchelate has been found

to bind to DNA as compared to the non chelate

(Kono et al, 1973). The first labelled Bleo-
•57mycin was ^'Co-Bleomycin, and in the original

study ten out of ten tumours were visualized

(Nouel et al, 1972). A high concentration of

• 4

57Co-Bleotnycin was found in the kidneys, espe-

14
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cially within the first 72 hr, and in the

bladder, mainly in the first 24 hr. The liver

shoved concentrations of varying intensity»

especially when there xiras more than 0,55e free
57 ++

Co in the injected solution. In the ab-

sence of constipation, the intestines were

free of radioactivity after 48-72 hr. (Rasker

et al, 1975)» Despite the concentration of
57

Co-Bleomycin in normal organs and tissues,

they concluded that the agent was very useful

especially for tumour detection in the thora-

cic region. In 24 patients with benign lesions,
57uptake of Co-Bleomycin was visible on the

scintigram in h patients with cavitating pul-

monary tuberculosis, in 2 with pulmonary in-

fections, in 1 with Caplan lesions of rheuma-

toid arthritis in the lung and in 1 with sinus-

itis ethmoidalis. Rudders and co-workers,

(1976) found an overall accuracy for the detec-

tion of known tumours of 80% (45 out of 56),

while false positive scans occurred in 9$

(4 inflammatory lesions and 1 splenic infarct).

The false negative rate for lesions greater

than 1.5 cm was 9$ (5/56). Because of its phy-

sical half life of 270 days necessitating pro-

longed storage of patients urine and conse-

quent troublesome radiation protection proce-
57dures, Co is not an ideal radioactive label

for clinical use and therefore other radionu-

clides have been investigated. These included

among others Zn- (Taylor and Cottral, 1973)»

" m T c - (Lin et al, 197^)i 67Cu- (Hall and

O'Hara, 1974) and 111In-, The last of these

has probably been the most extensively inves-

15
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tigated. 111In has a suitable half life (67.5

hr) for use in patients and emits two easily

detectable y rays in cascade (171 Kev, 899e

and 247 Kev, 94#)« In-bleomycin has been

shown to provide a higher tumour-to-background

ratio than InCl„, although ionic In ap-

pears in greater concentration in the tumour

studied (Konikowski et al, 1974). Robbins et

al (i973) found the tumour-to-tissue ratios of
111Ih-bleomycin and 111In Cl did not differ

significantly at 48 hours post injection. An

evaluation of In-bleomycin in 357 studies

(293 patients) showed uptake in 8996 of the

malignancies studied. But a 46$ false positive

outcome, however, was noted (Silberstein, 1976).

This agent gave impressive true positive rates

for adenocarcinoma of the gastrointestinal

tract (95$)» melanoma (87$) and carcinoma of

the breast (77$). The true positive rate for

lymphohia (88$) was similar to that of Ga-

citrate and for malignancy of the lung dis-

tinctly less (779̂ ) • As with other tumour loca-

lizing radiopharmaceuticals inflammatory and

neoplastic lesions are not distinguished

(Lilien et al, 1975). "mTc-bleomycin has also

recently been employed in tumour imaging. It

was found to have an overall detection rate of

569e (true positive) (Lin et al, 1974). These

investigators caution that only relatively

large or superficial lesions are visualized

and that high background (from bladder, kidney,

liver, stomach and heart) is a problem. In a

comparative study in 93 cancer patients Tc-

bleomycin detected the tumour in 80$, whereas

16
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^Ga-citrate detected 639e. The "mTc-bleomycin

complex detected all types of tumour better

Shan gallium citrate. For lymphomas, however,

Ga-citrate was definitely superior. Tc-

bleomycin showed 13$ false positive results

and 'Ga~citrate 48$ representing accumulation

in inflammatory disease or benign tumours

(Mori et al, 1975). I** summary one can assume

that 111In-bleomycin appears not to be as sen-

sitive as Co—bleomycin or Tc—bleomycin.

Ionic 'Ga and In, and the bleomycinchela-

tes all have a sensitivity of 60 to 90$ but

are taken up by inflammatory as well as neo—

plastic lesions. In the few comparative stu-
•57dies available, Co-bleomycin seems somewhat

67, and 111In-more sensitive than Ga—citrate,

bleomycin less sensitive than either. The bleo-

mycinchelates are concentrated little if at

all in the bowel and show great promise in fin-

ding gastrointestinal tumours. Nevertheless

bleomycin is not specific for malignancy. In

the published studies unfortunately no control

investigations are available with which to com-

pare the agent being tested. To test a new tu-

mour localizing agent, the best way is to com-

pare it with the best agent currently avail-

able. One should compare these agents in the

same patient. In practice, comparison of two

radiopharmaceuticals with quite long effective

half lives and partly overlapping y-ray ener-

gies, is not always possible within a short

time interval. Therefore well defined animal

studies are more convenient for comparison

purposes.

17
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2.6: Radiolanthanidea and Radioactinides

The lanthanides, or "rare earths" have been

found to concentrate in tumours by Hisada and

Ando (1973). These authors investigated the

behaviour of several radiolanthanide compounds

in rats bearing subcutaneously implanted

Yoshida sarcoma. As a comparison they used

Ga-citrate. Thulium, Ytterbium and Lutetium,

all three in the form of citrate complexes

seemed to be the most promising. Several other

independent investigations have been reported

(Sullivan et al, 1975; Rayudu et al, 1974;

Yano et al, 1974). Much more work needs to be

done to prove that they are more efficient

than the compounds used at present. Ytterbium-

169-citrate was also investigated in patients

with malignancies (Hisada et al, 1974). Thir-

teen out of fifteen malignancies were detected.

They included primary lung cancer, hepatoma,

lymphosarcoma, Ewing's tumour and squamous

cell carcinomas of the head and neck. However,
169

Yb-citrate causes an absorbed radiation

dose of 3.48 rads/mCi (34.8 mGy/37 MBq) to the

skeleton. For comparison a barium enema causes

a total body dose of 3 to 5 rads (30 to 50

mGy). Hayes and co—workers (1974) compared the

radiolanthanides and Ga-citrate in respect

to their tissue and subcellular distribution.

They found that these agents had comparable

tumour localizing ability, a similar subcell-

ular distribution and that they tended to

concentrate at sites of inflammation. This

would suggest that in tumour imaging, the

radiolanthanides do not offer any advantage

over Ga-citrate.

18
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2.7: Bismuth, Copper, Indium and Thallium

Bismuth-206 has not been extensively investi-

gated. The first results gave impressive tu-

mour to non tumour ratios, (Jacobstein and

Quinn, 1973; Matthews and Molinaro, 1963) al-

though the radiation dose to the kidneys

limits the amount that can be administered.

Another important disadvantage is the high

energy of the gamma rays, which hampers a good

collimation. Bi-scintigraphy therefore will

be slightly blurred by septum penetration.

Copper-67 has been compared favourably to
en»

Co-bleomycin. Inflammatory lesions showed 24
67

hours post—injection less uptake of Cu—ci-

trate, than tumours (Raynaud et al, 1973)»

Indium-111 ( In) appears directly under Ga

in group III A of the periodic table. It is

supposed to be transported in the blood by

transferrin and it has been studied for its

tumour detecting capabilities (Konikowski et

al, 1974; Hunter and Riccobono, 1970; Goodwin

et al, 1971; Hayes and Edwards, 1973).

InCl„ is already partly discussed earlier

in this chapter (2.5) with special reference

to In-bleomycin. Only a small amount of

In is excreted in the gut, which is a major

advantage over Ga—citrate. Two clinical

studies have claimed a remarkable sensitivity

of 111In-chloride; 100# (Hunter et al, 1970)

and 70$ (Goodwin et al, 1971). Both groups

noted reduced concentrations in irradiated
areas and agreed on the non-specificity of
111 T_ _._,__„„_ 111

i

In-chloride,

a better brain tumour-seeking

InCl„ was considered to be

agent than

19



In-bleomycin, Ga-citrate and all pertech-

netate compounds, (Konikovsky et al, 197*0»

Comparison of InCl_ and Ga-citrate showed

that InCl_ never excelled Ga-citrate in

its property of tumour localization. The tu-

mour to liver, to spleen, to muscle and to

blood ratios were in all cases superior for

'Ga-citrate (Hayes and Edwards, 1973).

Recently Cox and co-workers (1976) described

the uptake of Thallium-201 chloride in tu-

mours, as a possible pitfall in heart scinti-

graphy. They found a significant uptake of
2O1

T1C1 in a bronchial carcinoma of the left

lung* Post mortem examination confirmed the

presence of a poorly differentiated squamous

cell carcinoma corresponding to the region
with enhanced 201TICl-uptake on the scinti-

gram. They also investigated the uptake

pattern of 201T1C1 in rat rhabdomyosarcoma.

The results confirmed the preferential uptake
201

of T1C1 in myocardium and liver, and clear-

ly demonstrated a significant accumulation of

the radiopharmaceutical in tumour tissue (Cox

et al, 1976). Tonami and Hisada (1977) com-pared 201Tl—chloride as a tumour scanning
67agent to 'Ga-citrate. In 15 patients with un-

201treated carcinoma Tl-chloride scintigraphy

was performed and in 12 of these patients

Ga-citrate was also used. In 11 of 15 cases,

lesions were visualized with 201T1C1, while 9

of 12 tumours were positively delineated by

Ga-citrate. Good results were obtained by
2O1

T1C1 in patients with lung and thyroid
cancer (Tonami and Hisada, 1977). Thallium-201
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chloride, more or less like Gallium 67 citrate,

concentrates in abdominal organs such as liver,

kidneys, stomach and intestine, which is a

problem in the detection of tumours in the ab-
201dominal area. Whether T1C1 concentrates in

benign lesions like other tumour localizing

agents, is not yet known.

I !

" i

-.4r

2.8: Galliumcitrate

The literature which just has been reviewed

shoves that Gallium-67 citrate is the radio-

pharmaceutical most widely studied as a tumour

localizing agent. In the fifties, other iso-

topes of Gallium, particularly Ga en Ga

have been investigated as possible new agents

for the study of normal and neoplastic bone

metabolism (Dudley et al, 1950). When Ga was

similarly screened uptake of this radionuclide

was observed in a group of lymph nodes in a

patient with Hodgkin's disease (Edwards and

Hayes, 1969)» Gallium-67 is a cyclotron pro-

duced radionuclide which is usually prepared

as citrate complex by the addition of 3.8$

sodium citrate. It has a physical half life of

78.1 hours and decays by electron capture with

the most abundant gamma rays of 0.0933 MeV

(68.14$), O.i8it5 MeV (23.21$) and 0.296 MeV

(20.6$). I n 1970 Edwards and Hayes described

their results of gallium scintigraphy in 41

patients. Their overall accuracy was 56.1 per-

cent (23/4i). They found the best results in

reticulum cell sarcoma, lymphoblastoma and

poorly differentiated adenocarcinoma. They

established that gallium localization is

21



greatest in viable tumour, less in fibrotic or

necrotic tumour, and diminished by irradiation

and effective chemotherapy (Edwards and Hayes,

1970). In 1971 Higasi and co-workers found that

in four cases of carcinoma of the stomach three

scintigrams were negative and one case was in-

conclusive. However, the radioactivity in the

neoplastic areas of the resected specimens was

2.0 - 3.2 times greater than in the unaffected

surrounding stomach tissue (Higasi et al,

197i)« Colonic and rectal cancers have also

been investigated from this point of view and

despite negative results, a good concentration

has been measured in tumour tissue in opera-

tive specimens. Therefore, it seems likely
67

that Ga concentrates in many different va-

rieties of malignancy and more consistently

than clinical scanning success rates suggest

(Paterson and McCready, 1975)» Langhammer et

al (1972) summarized the experiences of four

European University Centres (Amsterdam, Berlin,

Giessen and Munich) in visualizing the distri-
67bution of Ga-citrate in 246 patients with

different neoplasms and non-neoplastic disease.
They emphasized striking tumour concentration

67of 'Ga in 62 of 70 patients with bronchial
carcinoma; in seven of eight patients with

thyroid carcinoma; in eight of thirteen pa-

tients with carcinoma of the stomach; in eight

of eleven patients with malignant melanoma and

in fifteen of seventeen patients with metasta-

ses of unknown primary tumours. Furthermore it

was remarkable that there was no dependence of

Ga accumulation on the histological type of
67tumour. They confirmed the usefulness of Ga-
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scanning in detecting malignant disease of the

reticulo—endothelial system, which had been

correctly diagnosed in 6396 of the cases under

investigation (Langhammer et al, 1972).

Silberstein (1976) reviewed the literature on

tumour imaging radiopharmaceuticals. The re-

sults of diagnostic studies employing such

agents should be analysed in terms of sensivi-

ty and, if the population is unselected, for

specificity, defined as follows: (Vecchio,

1966; Silberstein, 1976):

sensitivity =

diseased persons with positive test
x 100

all diseased subjects tested

specificity =

non-diseased persons with negative test

all non-diseased subjects tested
67

Silberstein calculated for Ga a sensitivity
for detecting lung cancer of 93 percent (489

patients) regardless of cell type, including

adenocarcinoma. Varying degrees of accuracy

were obtained in patients with histologically

proven carcinomas, depending on the organ of

origin. For carcinoma of the pancreas he found

a sensitivity of 14 percent, for adenocarcino-

ma of the breast a sensitivity of 67 percent.

The overall sensitivity was 56»2 percent (347

patients). A similar variation is noted with

squamous cell carcinoma. The overall sensiti-

vity in this group was 71*4 percent (120 pa-

tients). In patients with Hodgkin1s disease the
67

sensitivity of 'Ga was 87 percent (439 pa-
67

tients). Ga imaging of lymph nodes is no
substitute for laparotomy in the staging of

lymphomas. However, abnormal intraabdominal or

I
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media»tinal areas in scintigraphy can direct

the attention of the surgeon to certain lymph

nodes he might otherwise overlook. In 167

cases of previously untreated lymphoma (other

than Hodgkin1s disease) approximately 78 per-

cent had one or more positive sites on the

scintigram. Histocytic types, including mixed

cell types, of lymphoma have higher rates of

positive scans than lymphatic types. Overall,

the sensitivity in lymphoma is lower than in

Hodgkin's disease (Greenlaw et al, 197*0*
67

Different groups examined the utility of 6a

scanning in the management of patients with

Hodgkin's disease (Kay and McCready, 1972;

Turner et al, 1972). Both groups found a 79

percent detection rate in foci of active di-

sease. Kay and McCready, in addition, pointed

out that this radiopharmaceutical was useful

in detection of mediastinal disease. Brain
67tumour delineation by Ga-citrate was also

impressive. In metastatic disease the sensi-
67tivity of Ga was 85 percent (11 patients).

In primary brain tumours it was 90 percent

(28 patients). Jones et al (1972) pointed out
67

that 'Ga-citrate scintigraphy is able to pro-

vide additional information, although "IDTc-

pertechnetate is probably the most suitable

agent for routine investigations of suspected

intracranial lesions. One third of the tumours,

in this series were more clearly visualized
67 67

using Ga-citrate and Ga-citrate showed

the very useful advantage that it did not

accumulate in the cranotomy bone flap as

Tc-pertechnetate. The gallium scans there-

fore, can assist in the differentiation of re-
24



i sidual tumour from uptake in the bone flap.
Daring the IAEA-symposium in Monte Carlo

(1972), a number of investigators reported

their work on Ga-citrate scintigraphy

(Haubolt and Aulbert, 1973; McCready et al,

1973J Manfredi et al, 1973; Bueno et al, 1973;

Langhammer et al, 1973; Turner et al, 1973;

Van der Schoot et al, 1973; Kramer et al,

1973; Dvorak and Moritz, 1973). The percentage

of positive scans ranged from 299e (Dvorak, and

Moritz, 1973) in benign lesions to 100#

(Langhammer et al, 1973) in untreated malig-

nancies. Lomas and co-vorkers (1972) investi-

gated more than 60 patients which focal de-

fects on colloid liver scans. They found that

increased specificity was achieved when 6a

scanning was also performed. The physiological

uptake of Ga over the liver makes interpre-
67

tation in this area difficult on Ga scanning

alone, while the two isotopes together helped

to differentiate cancer and abcesses from more,

benign causes of an abnormal liver scan. In

particular, cirrhotic livers, giving "patchy"

colloid scan where doubt existed as to the

possibility of the development of a hepatoma,

could be investigated with 'Ga. A localized

area of high uptake being highly suggestive of

hepatoma. Hamamoto and co-workers (197*0 in-

vestigated the correlation between alpha-foeto-
67

protein, hepatoma and Gallium uptake. They
67

found Ga scintigraphy useful in the differ-

entiation of A.F.P. negative hepatoma from

other A.F.P. negative lesions like cholangi-

omas, cirrhosis and metastasis (Hamamoto et al,

1974). The hope of possessing in 'Ga-citrate
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a truly malignant tumour specific scanning

agent was shattered when reports were publish-

ed showing uptake in a variety of lesions. It
67

has been demonstrated that Ga is taken up by

abcesses in breast (Lander et al, 1971)» ovary

(Symmonds and Tauxe, 1972), and gall bladder

(Lomas and Wagner, 1972). Geloud et al (1973)
67

examined the uptake of Ga in experimental
sterile and infectious abcesses and establish-

ed by autoradiography that radioactivity was

confined largely to the ••inflammatory" cells.

In 26 patients with a variety of non-malignant
67

lung diseases, 8 showed an uptake of Ga in

the lung lesion. In a patient with primary

tuberculosis of the lungs a high uptake of

Ga was found in the enlarged hilar glands

and probably also in an intrapulmonary lymph
67node. The Ga uptake gradually disappeared

during tuberculosis treatment (Van der Schoot,

1972). The cases of tuberculosis which concen-

trate Ga are generally those of "active"

disease, chronic cases on the whole showing no

uptake. Gallium-67 imaging can also be used to

localize urinary tract infections. Hurwitz et

al (1976) studied 73 patients with acute or

chronic pyuria in order to differentiate upper

from lower tract urinary infections. Renal up-

take of 'Ga occurred in pyelonefritis with an

accuracy of 86 percent, with 15 percent false

positive and 13 percent false negative results.

The data suggest that Ga scans may well sup-

plement the long term follow-up of upper tract

infections (Hurwitz et al, 1976). In order to

interprete a Gallium-67 citrate total body

scintigram for the detection of malignancy one

26
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should be aware of the non-specific behaviour

of the radiopharmaceutical as previously des-

cribed and of the variation in its normal dis-

tribution. In 1973 Larson and co-workers, des-

cribed the normal distribution and physiologi-
67cal variations of Ga-citrate. For their

report they reviewed ^00 whole body recti-

linear scans using 35 |! Ci/kg (1.295 MBq/kg)

Ga-citrate. At k8 hour p.i. normal Ga

activity is concentrated in the axial skeleton,

liver, spleen and around the large joints.

Hardly any intestinal activity is seen after

administration of purgatives over the next two
67days after the Ga-citrate injection. Foci of

uptake are often seen in the salivary, lacri-

mal and lactating mammary glands. Accumulation

is also found in the region of the nasopharynx

associated with mucosa. During the first day

after injection, the kidney excretes about 12J6

of the administered dose and contains the

highest concentration of the nuclide. After

this the fecal route of excretion becomes pre-

dominant. About one-third of the isotope is

excreted in the first week and the remaining

two-thirds can be seen in the liver (65e),

spleen (1%), kidney (2$), skeleton (including

marrow) (,2k^>) and other soft tissues ( 3 ^ ) .

Other organs with a relative high concentra-
67tion of Ga-citrate include the adrenals,

bowels and lung. Occasionally, uptake occurs in

the breast, which is particularly prominent

when the breasts are under the physiologic

stimulus of the menarche, cyclic estrogenic

and progeatational agents or pregnancy (Larson

" 1
• i
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\ and Schal1, 1971). The concentratxon of Ga

in the extremities is normally greatest in the

epiphyseal region of the long bones, appearing

in shoulders, elbows and knees. This may be

particularly prominent in children with active

bone growth. There is thus a large variation

in the normal pattern of uptake of Ga-citrate.

This may appear in the absence of disease under

the influence of various physiologic phenomena

such as lactation and puberty. Neoplastic and

inflammatory lesions may cause Gallium uptake

closely resembling these normal patterns

(Larson et al, 1973)» A suspected lesion that

cannot be shown to be a normal variant as des-

cribed previously should be an indication for

further study.
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CHAPTER 3.

Th.e mechanism of uptake and subcellular dis-

tribution of tumour imaging radiopharmaceuti-

cals

3.1s Introduction

The concept of the localization of a radio-

pharmaceutical in a tumour can best be expres-

sed in terms of the altered regional physio-

logy associated with the presence of the tu-

mour. Localization is expected to occur in

other pathological conditions associated with

similar altered regional physiology. Neoplas-

tic lesions, inflammatory processes, and cer-

tain phases of infarct development for example

are characterized by increased permeability of

their capillary beds to macromolecules. This

is largely due to neovascularization and the

large intercapillary pores associated with new

growth of capillaries in these circumstances.

Often total perfusion to such lesions is in-

creased in comparison to surrounding normal

tissue. Thus in all three clinical conditions,

the entry of macromolecules into the inter-

stitial fluid space from the intravascular

space is increased above that seen in normal

tissue (Winchell, 1976). In all three condi-

tions the increased macrophage activity, asso-

ciated with tissue necrosis, may result in

ingestion of the labelled macromolecule by the

macrophage, pinocytosis may result in inges—

tion of the labelled macromolecule by other

cells in the lesion or there may be specific

receptor sites on the cell membrane for the
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macromolecule, which may lead to fixation of

the labelled macromolecule on the cell surface

and possible intracellular translocation of

labelled material. Radio labelled macromole-

cules such as an albumin, fibrinogen, or gamma-

globulins and radionuclides that bind to macro-

molecules exhibit localizing behaviour in tu-

mours , inflammatory lesions and during certain

stages of infarcts. Another mechanism that may

be relevant to the localization of agents in

neoplasms, infarcts, and inflammatory lesions

may be the altered cell permeability found in

many cells of such lesions (Cox and Van der

Pompe, 1975, 1976; Winchell, 1976).

3.2; The mechanism of uptake of a number of

tumour imaging radiopharmaceuticals

The use of J P in the chemical form of ortho-

phosphate in the treatment of polycythemia

vera, chronic myelogenous and lymphatic

leukemia and the lymphomas, was initially

explained in terms of abnormally increased
32incorporation of P-orthophosphate in the

nucleic acids of the rapidly proliferating

neoplastic cells. Rapidly proliferating cells

do incorporate a disproportionate fraction of

circulating phophate in comparison to cells

with lower nucleic acid synthesis rates.
32However, the therapeutic effects of P-phos-

phate on myeloproliferative disorders and also

in widely dissiminated bone metastases from

prostatic carcinoma or breast carcinoma, may

well be due to its incorporation into the bone

apatite cristal surface adjacent to the rapid-
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ly proliferatxng neoplastic cells in the bone

marrow. (See figure 1; Belfer et al, 1975).

Radiations emanating from the surface of bone

spicules, which incorporated the phosphate,

would be expected to affect the hematopoietic

cells, as well as the metastatic cells.

32Figure 1. P conbents in metastatic lesion in

vertebral body of a patient with breast car-

cinoma.

;.l
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Legend:

upper left : section of the vertebral body,

upper right : X-ray of the vertebral body,

lower left : autoradiogram of the section

(upper left) of the vertebral

body,

lower right : •* P contents in nCi (x 37 in Bq)

of the different tissues of the

vertebrum,
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1 31The mechanism of uptake of I-iodide in

thyroid tissue is better understood. A limited

number of tissues possess cell membrane bin-

ding sites for iodide, e.g. cells of the thy-

roid, gastric mucosa and salivary glands. The

incorporation of the iodine molecule into or-

ganic compounds (e.g. monoiodotyrosine, di-

iodotyrosine, T„ and T L ) is well known and

will not be elaborated upon here. Visualiza-

tion of functioning metastases of thyroid

carcinoma is based on these principles.

Radioiodinated human serum albumin (R.I.H.S.A.)

was widely used in man to detect malignant

tumours. Localization is due to edema which is

largely a result of increased perfusion of the

tumour and increased capillary permeability

to macromolecules of the neovascular bed at-

tendant on tumour growth. Bonte et al (1966)

pointed out that since malignant tumours have

the property of enhanced pinocytosis, this

could also play a significant role in the en-

hanced accumulation of R.I.H.S.A. On the other

hand increased cell membrane permeability in

hypoxic tumour cells could cause accumulation

of iodinated human serum albumin as well. As

already described in the previous chapter,

J I-fibrinogen and J I-antifibrin IgG have

also been studied because of the enhanced de-

posits of fibrin in tumour cells compared with

normal cells. But they will also accumulate in

the areas of thrombosis and secondary inflam-

mation associated with rheumatoid arthritis

(Van der Pompe and Cox, 1976; Spar et al,

1975). With the use of anti-fibrin antibodies
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for tumour localization a first step was made

to utilize an immunological approach. The pure

immunologie approach to tumour imaging is

based on the possibility to prepare antibodies

with a high specificity and binding capacity

for tumour membrane antigens and could be very

useful in the diagnosis and therapy of cancer.

With this in mind anti-CEA antibodies have

been labelled with ^ I, The results have al-

ready been summarized in chapter 2. The mecha-

nism of its uptake, like the mechanism of

R.I.H.S.A. uptake is a function of differen-

tial perfusion and capillary permeability of

the tumour in comparison to surrounding normal

tissue. The subcellular distribution depends

on availability of the antigen to combine with

the specific antibody, and the subsequent fate

of the antigen-antibody complex. Until now,

only animal studies have been successful (Mach

et al, 197*0« In humans there are two main

problems in localizing tumours with specific

labelled antibodies. One is the sometimes sub-

stantial concentration of free antigen in cir-

culation, which may form complexes with the

infused antibody. These complexes may either

remain in circulation thus flaming a high

background activity or be phagocytized in the

reticulo-endothelial system. Secondly, it is

likely that despite numerous purification

steps, the labelled material is not only spe-

cific for CEA and contains an amount of anti-

body that will react with normal tissue com-

ponents. Another problem can be sensitization

of the patient to the foreign animal protein,

although in the studies using anti-fibrinogen
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antibodies no such reaction was observed (Spar

et al, 1967)* The use of antibiotics as tumour

seeking radiopharmaceuticals is another pos-

sible approach which has been explored. Bleo-

mycin, an antibiotic with antitumour activity,
has been studied as a possible diagnostic

reagent and has been labelled with different

cations* When bleomycinchelates are prepared

their tissue affinity and intracellular dis-

tribution are clearly altered. More than twice

as much bleomycinchelate has been found bin-

ding to DNA as C-bleomycin (Kono et al,

1973)* Rasker on the other hand concluded that
57there is good correlation between Co-bleomy-

cin and in this respect C-bleomycin-A-

(Rasker et al, 1975)» While, the factors in-

fluencing the initial distribution of radio-

active labelled chemotherapeutic agents should

be the same as those influencing the distribu-

tion of any agent (i.e. perfusion, capillary

permeability, etc.). it is possible that neo-

plastic cells may contain relatively specific

binding sites for the chemotherapeutic agent.

In fact in vitro and in vivo studies suggest

that bleomycin is able to damage DNA. When

bleomycin is used as a chelate for radioactive

metals, however, the situation is even more

complicated. The use of nucleic acid-precur-

sors is yet another approach to the problem of

tumour localization. The lack of known quali-

tative biochemical differences between normal

and tumour cells indicates that only quantita-

tive biochemical differences are suitable

parameters for the development of a tumour

localizing agent. Among these the hyperactive
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mitotic activity and nucleid acid synthesis in

tumours offer the possibility of utilizing

radioactive-labelled DNA and RNA precursors as

scintigraphic agents. The thymidine analoge

5-iododeoxyuridine has been used to evaluate

cell proliferation and tumour growth. Subcel-

lular distribution studies indicate that in

Novikoff hepatoma 46.9 percent of the iodinated
•f O K

( i) - deoxyuridine is in the nucleifraction,

16.956 in the mitochondrial fraction, 8.1% in
the microsomal fraction, and 28, 1$ in the
cytoplastic fluid. On the other hand, in the

same tumour the necrotic tissue accumulates

only half of the radioactivity taken up by

proliferating tissue (Anghileri et al, 1977).

It is often stated that the mechanism of up-
7*5take of Se-selenomethionine may be related

to the high rate of protein synthesis in tu-

mour cells (Ferrucci et al, 1970; Herrera et

al, 1965). The incorporation of '^Se into

protein fractions (trichloroacetic acid in-

soluble fractions) of transplantable mouse

lymphoma has been studied (Spencer et al,

1976). A few minutes after intravenous injec-

tion, the radio label appeared to be bound to

proteins in the tumour and this protein bound

proportion increased steadily with time.

After one hour, hO percent of the Se within

the tumour was fixed to protein. The effect

of Actinomycine D and Puromycin on the uptake
75of Se was then studied. These drugs block

the transcription of RNA from DNA, thus inter-

fering with cellular protein synthesis. A de-

creased amount of the protein fixed label in

the lymphoma cells was observed. Incorporation
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7"Sof Se into protein may contribute to the

tumour uptake and further increased concentra-

tions may result from increased protein syn-

thesis in tumours» On the other hand altered

vascular permeability and neovascularization

within malignant tumours may also be an im-

portant cause of localization of this agent.

3»3« Current views on the mechanism of uptake
67

and subcellular distribution of Ga-citrate,

Before studying the behaviour of a Ga-citra-

te solution) one should first consider the

nature of the injection solution. In 1975»

Waxman and co-workers, studied three different

Gallium citrate preparations in vitro. Using

thin layer chromatographic techniques they

found a striking difference between the Galli-

um-citrate solutions» When citrate was added

to a so—called low citrate content vial, there
was a striking change in the chromatographic

pattern. The R_ value increased dramatically.

Addition of benzylalcohol to the injection

vial had no effect on the Rf value. The in

vitro variations between a low citrate and a

high citrate content indicate a difference in

chemistry which may ultimately affect the in

vivo distribution and localization of the

radiopharmaceutical (Waxman et al, 1975).

Hayes (1965) found that, if "carrier gallium"

was added to a Ga-citrate solution, the dis-
68

tribution of Ga-citrate altered significant-

ly. The uptake in soft tissues decreased,

whilst the uptake in bone and kidneys increased

36



(Hayes, 1965). Bruner et al (1953) investigated

the distribution of gallium-citrate in the rat.

The addition of "carrier^'-gallium lead to a

higher excretion, and to a relatively lower
67

soft tissue uptake of Ga-citrate. "Carrier"-

gallium-citrate would saturate the binding

capacity of specific serum proteins, so that
67the Ga-citrate cannot remain in circulation,

but localizes in the skeleton and kidneys

(Bruner et al, 1953). Further clinical studies

demonstrated that addition of gallium-citrate

was not necessary. If one waited a longer time

(24-48 hours p.i.) the same distribution was

achieved but the relatively high liver and

spleen uptake was a disadvantage. Scandium
67

citrate as a carrier added to a 'Ga-citrate

solution results in a shift in tissue dis-

tribution. There is a faster clearance of
67

Ga-citrate from the soft tissues, except

the kidneys. The uptake of Ga-citrate in

tumour tissue is not affected by Scandium

which results in a more favourable tumour—to—

non tumour ratio (Hayes and Edwards, 1973»

Hayes et al, 1971)• In a study of the transport
67mechanism of Ga-citrate in the blood it was

shown that intravenously injected Ga-citrate

is bound to plasma proteins (Gunasekera et al,

1972). Nearly 70% appears to be loosely asso-

ciated with albumin and globulins. This

fraction could be easily removed by dialysis

or zone electrophoresis. The undialysable

fraction could be dissociated by PO.J . In

this respect 'Ga resembles iron which can be

removed from its binding site in transferrin
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by PO^ ~. In addition to transferrin, a hapto-

globulin peak can also be visualized by

immuno-electrophoretic autoradiography. It is

the mode of uptake of the radionuclide into

the tumour which remains difficult to explain

on a fairly simple basis. Using light and

electronmicroscopic autoradiography,

Swartzendruber, Nelson and Hayes (1971)»

examined the cellular and subcellular distri-

bution of Ga in a variety of tissues in both

leukemie and normal AKR mice. They have shown
67

intracellular Ga present in normal and neo-

plastic tissue 1 to 2 days after i.v. admini-

stration to be localized in lysosome-like

bodies in a variety of cell types. In the

leukemie mice considerable uptake was observed

in the thymus and that it was related to an

increased number of macrophages. Orii (1972)

could not support these results. He indicated

that, in Yoshida sarcoma, little or no Ga

was associated with lysosomes. He also reported

that no accumulation of Ga was observed in

liver lysosomes. Brown et al (i973a)i however,

did find Ga localization in liver lysosomes,

as Haubolt and Aulbert (1973) also reported.

Brown et al (1973b) provided additional eviden-
67

ce concerning the Ga-localization. They

reported on subcellular fractionation.

Enzymatic studies in four different transplant-

ed tumours showed the lysosomal nature of the
67organolles which localized 'Ga. In 1976, the

same group described a quantitative procedure

for the isolation of Ga-binding granules

(G.B.G.) from normal rat liver and Morris
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\f
5123 C hepatoma homogenates by a combination of

rate and isopyknic density gradient zonal

centrifugation. They found another class of

G.B.G., much smaller than the lysosomal G.B.G.

These smaller particles, or microvesicles
67

bind the largest portion of the Ga found in

the hepatoma, whereas in the liver the lyso-

some s are the major binding component (Brown

et al, 1976). At about the same time (1973-

1976) Glickson and co-workers studied the in

vitro 7Ga binding by L 1210 leukemie cells.

The uptake of 'Ga-citrate exhibited a

striking temperature dependence, with respect

to saturation, accumulation within the cell,

and showed partial irreversibility. Cell

fractionation studies indicated distribution

of the radioisotope among various cellular

components, including soluble macromolecular

binders, rather than preferential association

with any specific organelle. (Glickson et al,

1973)» Further they studied the effects of
67buffers and pH on in vitro binding of 'Ga in

the same system. In the limited pH range (6.2 -

7.8) used in this study the tumour uptake in-

creased dramatically with decreasing pH. The

effect of different buffers (as percentage of

inhibition of uptake) showed that EDTA (ethy-

lenediaminetetra-acetate), NTA (nitrilotri-

acetic acid), and citrate were the most potent

inhibitors in respective order. At high buffer

concentrations all the available metal can be

sequestered in complexes unavailable for tumour

localization (Glickson et al, 1974). After the

investigation of low molecular weight agents

-I
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(of which some are serum components) they

studied the influence of human serum on in
67vitro Ga-uptake. Both high and low molecular

weight serum components inhibit cellular up-

take of the isotope. Inhibition by the high

molecular weight serum fraction correlates

closely with the extent of binding of the
67

radionuclide. This inhibition of 'Ga uptake

by serum results from the presence of a number

of inhibition components (Gams et al, 1975)»
67

Others have suggested that Ga uptake may be

related to the rate of cellular proliferation.

Using an ascitic plasmacytoma (J.B.-1) and

normal bone marrow cells in Balb/c strain of

mice, Bichel and Hansen (1972) showed that in

the rapid growth phase of the tumour, there was
67a higher intracellular Ga uptake than in the

plateau of the tumour growth phase. Further-

more, normal mouse bone marrow made hyper-

plastic by prior bleeding of the mice accumul-
67

ated more Ga than hypoplastic marrow cells.
67

However, although Ga uptake may be related

to the rate of cellular proliferation! in the

mouse plasmacytoma and normal mouse marrow,

this cannot be assumed to be the case in other

types of normal or malignant tissues. Hill and
67

Wagner (197*0 argued that Ga uptake is not a

function of the rate of cellular proliferation

per se, since they observed no increase in
67

concentration of Ga in the regenerating

liver during the period 16 to 24 hours after

surgery. Hammersley and co-workers (1975)

performed a more extensive study on this sub-
67

ject. They found the Ga concentration to be
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maximal (four times that of controls) 42 hr

after partial hepatectomy. This was shown to

be related to lysosomal enzyme activity (Aryl

sulfatase) rather than to specific phases of

the cell cycle. In both regenerating and nor-

mal rat livers, Ga uptake was shown to be

reduced when protein synthesis is inhibited

by cycloheximide but is unaffected by inhibi-

tion of DNA synthesis by cytosine arabinoside

(Hammersley et al, 1975)» In conclusion one

might say that, although a tremendous amount

of work on the mechanism of uptake and sub-
67cellular distribution of 'Ga-citrate has been

performed, this mechanism is not yet really

understood. Increased permeability of the

capillary beds due to neovascularization and

the large intercapillary pores associated with

new growth in these circumstances will play an

important role. The true mechanism of uptake
67

of Ga-citrate in the tumour cell, either due

to increased membrane permeability or pinocyt-

osis is not yet understood. The pH of the tu-

mour tissue will probably play a role in the

uptake mechanism. The subcellular distribution

is primarily in the cytoplasma (lysosome-like

organelles; gallium binding granules) and

occurs only to a small extent in the nucleus.
67

The uptake of 'Ga is not a function of the

rate of cellular proliferation per se, it ap-

pears to be related to protein synthesis and

independent of DNA synthesis. Enhanced uptake

is seen after administration of iron, while

inhibition can be observed due to both high

molecular weight and low molecular serum

components.

>
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3.4; An ionic model to explain the distribu-

tion patterns of tumour imaging radiopharma-

ceuticals in normal and pathological tissues.

As has already been discussed the pharmacolo-

gical property which tumour seeking radio-

pharmaceuticals have in common, is their lack

of tumour specificity. As well as tumour loca-

lization they show a significant uptake in

various normal tissues, in inflammatory pro-

cesses, and in certain phases of infarct

development. The tumour imaging radiopharma-

ceuticals which have been discussed can be

roughly classified in four groups:

a. substances with a preference for one sort

of tumour only like iodine for thyroid

tissue, and radioiodinated chloroquine for

melanoma.

b. substances which are potential cell meta-

bolites, such as selenomethionine, and DNA

precursors like iodinated deoxyuridine, or

substances which influence cell metabolism

such as the chemotherapeutic agent Bleo-

mycin.

c. immunological substances such as labelled

specific antibodies, which combine with

certain antigens located on the cell mem-

brane (CEA). This is the so-called immuno-

logical approach of tumour localiz-tion.

The action of iodinated fibrinogen anti-

bodies is also encompassed in this group.

d. non-specific substances such as mercuric-

chloride, indiumchloride, sodiumselenite,

and galliumcitrate, which localize to some

extent in normal tissues, but in higher
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concentrations in pathological lesions in-

cluding tumours and inflammatory processes.

The most commonly used tumour localizing

agents belong to this group.

t •:

It is now perhaps a suitable moment to propose

an alternative model to explain the distri-

bution patterns of the substances belonging to

the latter group which include the most common-

ly used tumour scanning agents. In this model

the uptake in cells is non-specific and related

to cell membrane permeability. Hence in regions

with a good blood supply and active cell meta-

bolism increased uptake of radiopharmaceuticals

will occur compared with inactive tissues.

Such a model also explains the uptake in in-

flammatory and necrotic regions where the cell

membranes are rendered more permeable due to

cell damage and degenerative processes. Let us

now consider some of the evidence to support

such a hypothesis. When tumours showing gallium

uptake are exposed to related substances such

as scandium, or to addition of "carrier"-

gallium, a wash-out of gallium occurs which

suggest the possibility that gallium localiza-

tion is primarily a phenomenon associated with

an ionic equilibrium, which could be determined

by the cell membrane. In this model it is

necessary to assume that the reagent when

introduced into the body remains in an freely

diffusible ionic state. Under these conditions

there will be a higher concentration of reagent

in the extracellular fluid and therefore it

will tend to diffuse along the concentration

gradient into the cell. The electrical gradient
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of the cell will influence this process and

being negative relative to the exterior will

attract or repel ions according to their

charge. The membrane potential at which

equilibrium exists for a given ion can be

calculated from the Nernst equation.

RT
E =-x In

FZ

(Cx out)

(Cx in)
where:

X * X

E s equilibrium potential for ion x.

R = gasconstant

T = absolute temperature

F = Faraday (Number of Coulombs/mol of charge)

Z = Valency of X

C out = concentration of X outside the cell

C in = concentration of X inside the cell.

In effect this formula shows that the ratio of

the concentrations inside and outside the cell

at a given temperature remains constant. For

an ionic substance this means that the cell to

blood ratio will remain constant. In order to

fit into this model it is necessary that rea-

gents show the same distribution patterns in

normal tissues as in tumour cells, and must be

present as anions. In the following chapters

experimental evidence will be presented in

which the validity of this model has been

tested in both in vivo and in vitro. The rhab-

domyosarcoma tumour model was selected because

it is a superficially well vascularized tumour

with a necrotic core thus enabling both types

of tissue to be studied. Furthermore this

rhabdomyosarcoma is a well investigated and

well documentated tumour (T.N.O., Rijswijk,



the Netherlands) (Reinhold, 1965, 1966;

Reinhold and Bree, 1968). In order to study

the uptake related to metabolic activity the

tissue to blood ratios are measured in the rat

thymus* The rat thymus is a lymphoid organ in

which the metabolic activity during the first

three months of life gradually decreases until

the organ degenerates* The decrease of meta-

bolic activity is accompanied by an increase

in organ weight (Martin, 1976)* The tumour

imaging radiopharmaceuticals under study were

compared with a typical anion type compound

such as "mTc-pertechnetate ("mTcO]j). The

results obtained are discussed in chapter 7*

The purpose of the studies was to show that

the uptake pattern in tumour cells, necrotic

tissue, and normal cells is primarily identic-

al. The degree of accumulation in cells can

be explained as a physico-chemical phenomenon

related to cell permeability which is linked

to cell metabolic activity.
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» CHAPTER h.

In vitro studies

4.1: Introduction

In vitro investigations were performed on

several tumour localizing radiopharmaceuticals

which have been classified in chapter 3»** as

non specific compounds. These studies were

carried out to obtain more detailed informa-

tion about the chemical nature of the diffe-

rent products* It is generally accepted that

gallium, indium and mercury are present in

these preparations as cations and it has also

been suggested that the technetium in Tc-

citrate complex (Solcocitran) is present in

the form of a Tc (IV) cation complex (Ectons

et alf 1975; Fawwaz, 1971)» In order to verify

the presence of the radioisotope in the

anionic form, essential for the ionic model

proposed in chapter 3«4., two types of proce-

dure were performed: ion exchange column

chromatography (cation as well as anion) and

electrophoresis on cellulose acetate strips.

4.2: Radiopharmaceuticals tested

4.2.1.: Gallium-67-citrate

Gallium-67-citrate is supplied (New England

Nuclear Corporation, Boston, U.S.A.) in iso-

tonic solution as a sterile, non-pyrogenic

diagnostic radiopharmaceutical for intravenous

administration. Each milliliter of the isoto-

nic solution contains 2 mCi (74 MBq) Ga-67 on

the calibration date, in the form of a complex
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67
formed from 9 ng galliumchloride ( 'GaCl„),

2 mg sodiumcitrate, 6.8 mg sodiumchloride, and

0.9% benzylalcohol (W/v) as preservative. The

acidic solution is neutralized with sodium

hydroxide solution.

4.2.2.: Gallium-67-chloride

Gallium-67-chloride is supplied (New England

Nuclear Corporation, Boston, U.S.A.) as a

carrier free solution in a 0.15 M hydrochloric

acid solution. Each milliliter of the solution

contains 4.5 mCi (166.5 MBq) Ga-67 on the

calibration date.

4.2.3.: Indium-111-chloride

Indium-111-chloride is supplied (Philips

Duphar, Petten, the Netherlands) as a sterile

(autoclaved) carrier free solution in 0.05 -

0.15 N hydrochloric acid. Each milliliter

contains 5 mCi (185 MBq) In-111 on the cali-

bration date.

4.2.4.: Mercuric-197-chloride

Mercuric-197-chloride is supplied (i.R.E., Mol,

Belgium) as a sterile, non-pyrogenic solution

in hydrochloric acid at pH 4.5» Each milliliter

contains 2 mCi (74 MBq) Hg-197 on the calibra-

tion date.

4.2.5.: Technetium-99m-pertechnetate
OQm QQ

Tc-pertechnetate is eluted from a Mo-

° Tc generator (Philips Duphar, Petten, the

Netherlands or New England Nuclear Corporation,
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i Boston, U.S.A.). The eluate is sterile, non-

pyrogenic and contains pertechnetate in iso-

tonic solution (0.9$ sodiumchloride) at pH 7«0»

4.2.6.: Technetium-99m-citrate complex

Solcocitran (Solco Nuclear, Basle, Switzerland)

is supplied as a non radioactive material. The

content of the injection vial (0.015 g sodium-

citrate and 0.002 g stannous chloride) is

lyophilized, sterile and non—pyrogenic. In

order to prepare the labelled citrate complex

1-5 ml sterile pertechnetate solution is

transferred aseptically to the labelling vial.

An equal volume of the protective gas (nitrogen

to ensure stability of the reagents) is with-

drawn in order to equalize the pressure. The

vial is shook well and allowed to stand for

5 minutes. The pH of the final solution is 4.5 o

4.3: Methods of Examination

4.3*1*t Electrophoresis

Electrophoresis was carried out by means of an

Aoetophor Electrophoresis apparatus (Pleuger,

Amsterdam, the Netherlands). The Acetophor was

connected to a power supply (VO-300 Voltage

Stabilized Power Pack; Pleuger) which was able

to deliver any required voltage. The buffer

used was a phosphate buffer pH 7 (0.042 g NaH2

PO^.7H2O + 1.07 S Na2 HP0^.2H20 + 0.46 g NaCl,

dissolved in 100' ml of distilled water) and

the electrophoresis strips used were cellulose

acetate strips (size 18 x 2.5 cm; Oxoid Ltd..

England). The strips were carefully placed on
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the surface of the buffer in order to saturate

them. They were then completely immersed in

the buffer. After the strips were removed from

the buffer they were placed between two smooth

filter papers to remove excess fluid. 300 ml

of buffer was put into each reservoir of the

Acetophor. The strips were carefully fixed in

the cabinet by means of the fixing screws, the

cover was replaced and the power pack was

switched on for 30 minutes. With the current

off the test sample was transferred to the

middle of the strip using a micropipette

(Pressure Lok, Baton Rouge, U.S.A.) with a

sample volume of 10 (ll. The cover plate was

replaced and the current was switched on again.

The running time of the electrophoresis was

between 2 and 6 hours, depending on the radio-

pharmaceutical tested. Autoradiograms of the

cellulose-acetate strips were made to demon-

strate the migration of the ionic substances.

Each strip was placed on an X-ray film (G.A.F.)

and exposed overnight. All tests were perform-

ed in triplicate.

k.3.2.: Ion Exchange Chromatography

For the ion exchange chromatography two resins

were used: an anion and a cation exchange

resin. The anion exchange resin was strongly

basic with quaternary ammonium as active

groups. The mesh size was 14-52 B.S.S.

(Amberlite IRA-400; B.D.H. Chemicals, England)

and the resin was activated by washing with

hydrochloric acid. The cation exchange resin

was strongly acidic with sulfite as active
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groups. The mesh size was 18-52 B.S.S. (Dowex

50W-X8; B.D.H. Chemicals, England). The resin

was activated by washing with a saturated

solution of sodiumchloride. Each resin was

packed in a glass column (size 5 x 0.5 cm).

The sample size of the radiopharmaceuticals

investigated was 0.5 ml and they were tested

undiluted. The mobile phase used was 0.9$

sodiumchloride and the elution was carried out

at atmospheric pressure. All samples were

tested in duplicate.

4.4; Results

4.4.1•: Electrophoresis

The results of the Acetophor electrophoresis

arc shown as autoradiograms in fig. 2 to until

7 inclusive. Xn all cases the voltage used was

60 V and the current 10 m Amp.

67
Figure 2; Autoradiogram of Ga-citrate

electrophoresis.

ORIGIN

I

Figure 2 shows the migration of 10 |il Ga-67

citrate (20 (iCi = 740 KBq). The electrophoresis

time was 2 hours.
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67

Figure 3s Autoradiogram of Ga-chloride

electrophoresis.

ORIGIN

1

Figure 3 shows the migration of 10 fll Ga-67

chloride (45 fiCi = 1.67 MBq). The electro-

phoresis time was k hours.

Figure kz Autoradiogram of In-chloride

electrophoresis.

ORIGIN

J

Figure 4 shows the migration of 10 fil Indium-

111 chloride (50 |iCi = 1.85 MBq). The electro-

phoresis time was 6 hours.
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Figure 5: Autoradiogram of

electrophoresis *

ORIGIN

197Hg-chloride

Figure 5 shows the migration of 10 nl Mercuric-

197 chloride (20 (iCi = 7^0 KBq). The electro-

phoresis time was k hours.

QQm

Figure 6: Autoradiogram of •" Tc-pertechnetate

electrophoresis.

ORIGIN

I

• t *

Figure 6 shows the migrations of 10 (il Techne-

tium-99m-pertechnetate (200 (JCi = 7.4 MBq).

The electrophoresis time was k hours.
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Figure 7» Autoradiogram of °°mTc-citrate

complex electrophoresis.

ORIGIN

J

Figure 7 shows the migration of 10 (il Techne-

tium-99m-citrate complex (200 jiCi = 7.4 MBq).

The electrophoresis time was 2 hours.
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hmk.Z.i Ion Exchange Chromatography

The results of the ion exchange chromatography

are summarized is table 1. All columns were

activated and after sampling the resin was

extensively washed with physiological saline.

Table 1: Results ion exchange chromatography.

Radiopharatsceut ical

Ga-67-citrate

Ga-67-chloride

In-UI-chloride

Hg-197-chloride

Tc-99m-pertechnetate

Tc-99m*citrate complex

sample
size

0.5

0.5

0.5

0.5

0.5

0.5

**
activity

1

2.25

2.5

1

10

10

(37)

(83.25)

(92.5 )

(37)

(370 )

(370 )

amberlite

87.0

96.0

91.7

9't. 8

88.8

99.1

dowex

1.5

18.6

9.0

6.0

3.8

0.0

**in ml. in mCi (MBq).

In table 1 the percentage retained activity

(column k and 5) was obtained by substraction

of the measured activity in the eluate from

the activity of a standard and calculated as

percentage of the standard.

4.5* Discussion

The results obtained with the Acetophor elec-

trophoresis clearly show that all radiopharma-

ceuticals tested migrate to the positive pole,

thus confirming their presence as negatively

charged ions. The fact that Ga-67-chloride

(fig.3) and In-111-chloride (fig.4) both show

some retention of activity at the origin can

be explained by the formation of insoluble

hydroxides which take place at approximately
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pH 6. Such, compounds are only soluble in

strong acids and bases* Ga—67—citrate on the

other hand is not likely to form insoluble

hydroxides because of the very high stability

of the complex. Equilibrium studies showed

the gallium complex to be very strong at

pH's 3.0 through 7«5 (Blanco and Perkinson,

1951)« The results of the ion exchange

chromatography show percentages of retained

activity at the Amberlite IRA 400 from 87.0

to 99«1 percent, thus demonstrating that the

radiopharmaceutical is present primarily in

an anionic form. The results of Dowex 5OW-X8

chromatography serve to verify the negatively

charged state of these compounds; i.e. only

small percentages activity are retained by

the resin.

In conclusion these in vitro studies demon-

strate that contrary to the generally accepted

opinion the radioisotopes in the radiopharma-

ceuticals tested, are all present in the form

of anions i.e. they all migrate to the positi-

ve pole in the electrophoretic studies and at

least 87 percent of the total activity is

retained by an anion exchange resin, whilst

the lack of resorption by a cation exchange

resin provides additional confirmation of

these findings. An explanation for this phe-

omenon i.e. the negatively charged state in-

stead of the expected positively charged state,

can be found by considr Ting the case of mer-

curic chloride injection. Mercuric chloride is

supplied as an acidic solution;, which has been

made isotonic with sodium chloride. In the
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presence of sodium ions a more soluble double

salt sodium mercuric chloride is formed. The

mercury atom is surrounded by four chloride

atoms, where the net charge is negative

(Hg C 1 K ~ ) . Use of this phenomenon has been

made in the preparation of antiseptic solu-

tions for the curing of animal furs. In the

case of gallium and indium chloride it is

highly likely that similar reactions occur

thus forming GaCl7 and InCl7 complexes. It is

known that GaCl7 does exist because 6aCl2 is

the complex Ga+ (GaCl7) (Garton and Powell,

1957)* It is also likely that similar reac-

tions occur in the case of gallium and tech-

netium citrate complexes, where a negatively

charged organometallic complex is formed.
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CHAPTER 5

In vivo studies

i:

5.1: Introduction

In vivo investigations were performed with

several tumour localizing radiopharmaceuticals

which were classified in chapter 3»k as non

specific substances. In order to study this

accumulation in viable as well as in necrotic

tumour tissue the rhabdomyosarcoma tumour

model was selected as being most suitable.

This tumour can be implanted subcutaneously

in rats and grows to form a well vascularized

tumour mass with a necrotic core. Normal liver

and muscle tissue was also studied to compare

the accumulation of the radiopharmaceuticals

with their uptake in pathological tissue.

The uptake of two compounds (gallium-67-citra—

te and mercuric-197-chloride) was also studied

in the rat thymus in order to investigate

whether a relationship existed between the

level of metabolic activity and the observed

concentration levels. In young rats the meta-

bolic activity of the thymus decreases with

age as the weight of the organ increases.

Gallium and mercury accumulation was measured

in animals of varying ages and correlated to

age and organ weight. The liver uptake of

intravenously injected gallium-67-citrate was

also measured in healthy adult rats at two

different time intervals to confirm that there

was no saturation effect at the dose levels

used. An increase in blood concentration re-

sults in a related increase in the intracellu-
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lar uptake. Using gallium as the test substance

the degree of intracellular binding was inves-

tigated in rat livers. By means of an elution

test in perfused rat livers the reversability

of the process was studied.

»*
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5.2: Experimental

5*2.1.: The correlation between the injected

dose and organ uptake of gallium-67-citrate

Gallium—67-citrate was injected intravenously

in groups of Wistar rats at several dose levels

( 10 (.37); 20 (0.74); 50 (1.85); 100 (3.7)

and 200 (7.*0 flCi (MBq) ).

The animals were sacrificed at four and twenty-

four hours post injection and the concentra-

tion in liver, spleen, gastrointestinal tract,

kidneys and blood was measured and expressed

as percentage of the dose per total organ

(blood as percentage of the dose per milli-

liter). The total number of animals per group

was three and their average weight was 200

grams. The results are given in table 2.

Table 2; Organ uptake of gallium-67-citrate

k and 2k hours post injection.

Organ

Dos*

10 (.37) 20 (.74) 50 (1.85) 100 (3.7) 200 (7.4)

Liver

Spleen

G.I.tract

Kidneys

Blood

4
24

4
24

4
24

4
24

4
24

h.

h.

h.

h.

h.

h.

h.

h.

h.

h.

6.

9.

0.

0.

9.
8.

2.

1.

1.

0.

3
5

3
4

5
3

0

9

6
2

10

9

0

0

9
8

1

1

2,

0.

.3

.8

.3

.4

.8

• 5

.7

.8

.0

.1

9
10

0

0

8

7

1

1

2,

0,

.2

.4

.3

.4

.9

• 5

.9

.8

.0

.2

7
10

0

0

10

8

2

2

2,

0,

.8

.4

.2

.5

.2

.5

.0

.0

.0

.2

S

10

0,

0,

10,

7.

2.

2.

1.

0.

.4

.4

.2

.4

.5

.9

3
,0

3
2

Mean from three animals as percentage of

the injected dose per total organ (except

50 (iCi dose, 2k hours p.i., where n = 2).

**In (iCi (MBq).
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In figure 8 the liver uptake in (iCi in the

total organ four and twenty-four hours post

injection is shown at various dose levels.

Figure 8; Correlation between liver uptake

and injected dose for gallium-67-citrate.

t
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* = 24 hours p. i.

y s 0,105 x -0 .082

O=4 hours p.i .

y= 0.083 x +0.096

10 20 50 100

Dose

200

Ci)

The calculated correlation coefficient for

the k hours post injection curve was 0.998

and for the 2k hours post injection curve

0.999» It is evident that an increase in the

intravenously injected dose results in a

raised organ uptake. Within the dose range

studied no saturation effect could be observed.

From the liver to blood ratios at four and

twenty—four hours post injection it can be

observed that this ratio is also, as expected,

independent of the injected dose but that there

is a significant variation in the ratios with

respect to time (see table 3).
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Table 3* liver to blood ratios four and

twenty-four hours post injection for gallium-

67—citrate.
Dose

Time p.i.

k hours

Zk hours

10 (.37) 20 (.7k) 50 (1.85) 100 (3.7) 200 (7.'

0.49

4.20

0.56
4.22

0.55

5.11

0.50

3.89

O.59

4.39

Liver in # of the dose per gram wet tissue

and blood per milliliter. The total number per

experiment is three (except for the 50 JJCi

dose, 2k hours post injection where n = 2).
**In (iCi (MBq).

The rise in liver to blood ratio with respect

to time is explained by a fall in blood con-

centration whilst the liver concentration

remains almost constant (table 1). Gallium-

67—citrate becomes bound in the cell,

presumably to the lysosomes (Brown et al,

1973a; Haubolt and Aulbert, 1973) so that

outward diffusion cannot occur as the blood

level falls. In the experiment described in

chapter 5.2.2. evidence is provided that

gallium-67-citrate is bound in the liver cell

and therefore the liver concentration remains

constant when the blood concentration falls.

In conclusion these experiments clearly show

that the concentration ratio for activity

outside and inside the cell is constant for a

given time. An increase in the injected dose

produces a rise in blood- concentration and

results in a higher organ uptake of -gallium-

67-citrate within the dc-se range which was

studied. No saturation in uptake of gallium

in the organs studied could be observed in

this experiment.

«1
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f 5.2.2.: Elution of gallium-67-citrate from the

liver.

Gallium-67-citrate was injected intravenously

into adult Vistar rats. The liver uptake ex-

pressed as percentage of the injected dose per

gram wet tissue was measured four, twenty-four

and forty-eight hours post injection. Before

the animals were sacrificed at the planned

time intervals the animal was treated in one

of two ways. A canule was placed in the por-

tal vein and another in the inferior vena cava

via the right atrium. The liver was then

either perfused with physiological saline for

approximately 25 minutes or just washed with

saline. The degree of accumulation was then

measured in the treated liver as well as in

the untreated liver. Liver concentrations were

also measured in a third untreated uncannulated

control group. This experiment was performed,

as was stated earlier (chapter 5*2.1.) to

demonstrate that gallium-67-citrate was bound

in the liver cell and confirms the observa-

tions reported by other authors (Brown et al,

1973a, Haubolt and Aulbert, 1973).

The results are shown in table k.

•'I
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Table ti Gallium-67-citrate uptake in treated

"perfused"

liver

0.55 + 0.05 (5) O.kk + 0.07 (5)

(2) 1.56 (2)

(3) 1.W (2)

As percentage of the dose per gram wet

tissue.

Between brackets the number of animals;

where n = 5 the mean and standard deviation

are given; if n <5 only the mean value is

given.

and untreated liver.

k hours p.i•

24 hours p. i .

k8 hours p. i .

*

untreated
liver

O.58 + 0.09 (5)**

1.79

1.58

( 2 )

( 1 )

"washed"
liver

0.55 + 0

1.65

I.69

It can be seen from table k that neither wash-

ing nor perfusion of the liver results in a

significant fall in the intrahepatic gallium-

67-citrate concentration. The slight fall in

liver concentration observed is probably due

to the wash out of the blood content of the

organ. This confirms that gallium-67-citrate

is bound in the liver cell and therefore a

fall in blood concentration results in raising

liver to blood ratios and this explains also

the results given in table 3. The ratio of the

concentrations outside and inside the cell is

therefore influenced by this binding mechanism

which results in a stable concentration in the

liver cell» after a maximal value has been

reached, whilst the concentration outside the

cell falls.

• (
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5*2.3.: Correlation between organ accumulation

(of gallium-67-citrate and mercuric-197-chlo-

ride) and metabolic activity.

For the study of the relationship between the

accumulation and the metabolic activity the

rat thymus was selected. The thymus is a lymph-

oid organ in which in rats during the first

three months of life the metabolic activity

gradually decreases with increasing age

although the organ weight increases. Gallium-

67-citrate and mercuric-197-chloride were in-

jected intravenously in groups of rats aged

from 6 to 11 weeks. Animals were sacrificed 2k

hours and J-k hours post injection for gallium

and mercury respectively. The average thymus

to blood ratio after administration of

gallium-67-citrate to rats aged between 7 and

11 weeks is shown in figure 9» Similar data

for mercuric—197-chloride and rats aged

between 6 and 10 weeks is shown in figure 10.

In both graphs the thymus weight is also

plotted against the age.
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Figure 9 s Gallium-67-citrate accumulation in

rat thymus in relation to organ weight and age,

I 5
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Thymus concentration as percentage of the
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liter.
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Figure 10: Mercuric-197-chloride accumulation

in rat thymus in relation to organ weight and

age.
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It can be seen that there is an increase in

thymus weight during the first 11 weeks of age

which is accompanied by a clear fall in the

thymus to blood ratio measured at the time of

maximal organ concentration. It can be con-

cluded from this data that with increasing age

the decrease in metabolic activity is accom-

panied by a decrease in organ accumulation of

both gallium-67-citrate and mercuric-197-chlo-

ride. From this it can be concluded that the

degree of accumulation is related to the meta-

bolic state of the cell and thus by implica-

tion to the degree of permeability of the cell

membrane.

5.2.4.: Accumulation patterns of gallium-67-

citrate in normal and pathological tissues.

Gallium-67-citrate was injected intravenously

in Wistar rats bearing subcutaneously trans-

planted rhabdomyosarcoma supplied by T.N.O.,

Rijswijk, the Netherlands. The concentration

of the radiopharmaceutical in liver, muscle,

viable tumour tissue, and blood was measured

and expressed as percentage of the injected

dose per gram wet tissue (blood: per milli-

liter) at various time intervals post injec-

tion. The injected dose was 0.1 ml containing

0.2 mCi (7.4 MBq) and was administered via the

tail vein of unanaesthesized animals. The

results are given in table 5.

; • (
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Table 5: Gallium-67-citrate distribution in

rat tissues

Time p.i.

1 h." 4h.' 24 h.' 48 h.

0,90 + 0.34

0.30 + 0.11

1.66 i O.63

4.49 ± 1.21

1.22 i 0.34

0.21 +, 0.07

2.45 ,+ O.67

2.24 i 0.62

1.24 + 0.62

0.06 i 0.04

2.33 i 0.60

0.31 +, 0.24

0.99 i 0.31

0.04 i 0.01

1.67 ± 0.83

0.07 i 0.02

Expressed as percentage of the dose per

gram wet tissue (mean +. standard deviation).

**
n = 5 ***n

The tumour uptake, as measured in this experi-

ment, was only in viable tumour tissue because

the tumour did not yet have a necrotic core at

the time of the experiment. It can be seen

from table 5 that the tumour uptake and the

liver uptake follow a similar pattern.

A maximal uptake is reached approximately 4

hours post injection and the only difference

is the level (as percentage of the dose per

gram wet tissue) of the maximum concentration.

There is no further accumulation after the

maximal uptake is reached so that the maximal

concentration entering the cell could well be

governed by the cell membrane permeability.

This is true for the liver uptake as well as

for the tumour uptake. Both the accumulation

pattern in muscle and the blood concentration

show a fait associated with time. The uptake

measured as percentage of the administered

dose per gram wet tissue is much lower than

the blood concentration which suggests that

the muscle cell membiane is less permeable to

the radiopharmaceuticai investigated.
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Considering the tissue to blood ratios as

shown in table 6, the muscle to blood ratio

shows nevertheless a slight rise*

Table 6: Tissue to blood ratios for gallium-

Time p.i.

67-citrate.

Tissue 1 h. 4 h.' 24 h.** 48 h.**

liver

muscle

tumour

*
n = 5

0.

0.

0.

**
n =

20

07

37

= 4

0

0

1

.55

.09

.09

4.
0.

7.

04

21

59

14

0

23

.19

.57

.90

The fact that the tumour to blood ratio and

the liver to blood ratio show a very strong

rise can be explained by the steep fall in

blood concentration; the tissue concentration

does not decrease after the maximum was

reached whilst the blood level falls (see

table 5). This can be explained by the fact

that the gallium-69-citrate is bound, inside

the cell, presumably to lysosomes. This occurs

to a lesser extent in muscle in which the

lysosotnal activity is less.

5.2.5*: Accumulation patterns of gallium-67-

chloride in normal and pathological tissues*

Gallium-67-chloride was injected intravenous-

ly in Wistar rats bearing subcutaneously trans-

planted rhabdomyosarcoma supplied by T.N.O.,

Rijswijk, the Netherlands. The concentration

of the radiopharmaceutical in liver, muscle,

viable tumour tissue, necrotic tumour tissue,

and blood was measured and expressed as a



percentage of the injected dose per gram wet

tissue (blood per milliliter) at a number of

time intervals post injection. The injected

dose was 0.1 ml, containing 0.5 mCi (18.5 MBq),

and administered via a tail vein of the

unanaesthesized animal. The results are given

in table 7.

Table 7» Gallium-67-chloride distribution in

rat tissues

Tissue

liver

muscle

tumour

-necrosis

blood (ml)

0.

0.

0.

0.

1.

2

54
08

53
25
50

h

+

+

0.

0.

0.

0.

0.

09
02

11

10

15

0.

0.

0.

0.

1.

4

62

09
94
29

21

h

±

Time p.

*•

0

0

0

0

0

.07

.03

.32

.09

.07

i.

0.

0.

1.

0.

0.

12 i

60

07
00

46

57

+

±

ti.

0

0

0

0

0

.10

.03

.13

.15

.10

0.

0.

1.

0.

0.

24

46 +

03 +

04 +.

36 ±
11 +

h.

0'

0.

0.

0.

0.

06

ot
18

08

07

* Expressed as percentage of the dose per gram

wet tissue (mean +_ standard deviation) n = 5»

n = 4.

All the tissues investigated, blood and muscle

excepted show closely related patterns of

accumulation. The concentrations reach a

plateau early in the study. The uptake in

necrotic tissue is slower than in viable tu-

mour tissue and the maximal uptake is lower.

The uptake in muscle tissue on the other hand

shows a very slight fall during time.

Considering the tissue to blood ratios as

shown in table 8 it is evident that the in-

crease in different tissue to blood ratios

can be explained by the decreasing blood con-

centration and is not due to continually in-

creasing tissue concentrations.
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Table 8: Tissue to blood ratios for gallium-

67-chloride.

Tissue

liver

muscle

tumour

-necrosis

2 h.

Time p.i.

k fa. 12 h

vt'-i-

gr?
& •

n = H-.

In muscle the tissue to blood ratio shows a

slight increase which indicates that there is

some intracellular binding. In liver, tumour

and necrotic tumour tissue no elution of the

radiopharmaceutical from the tissue cells was

observed. This can be explained by the fact

that gallium-67-chloride is bound inside the

cell, presumably to lysosomes. This occurs to

a lesser extent in muscle in which the lyso-

somal activity is less.

5.2.6.: Accumulation patterns of indium-111-

chloride in normal and pathological tissues.

Indium—111—chloride was injected intravenously

in Wistar rats bearing subcutaneously trans-

planted rhabdomyosarcoma supplied by T.N.O.,

Rijswijk, the Netherlands. The concentration

of the radiopharmaceutical in liver, muscle,

viable tumour tissue, necrotic tumour tissue,

and blood was measured and expressed as a

percentage of the injected dose, per gram wet

tissue (blood per milliliter) at a number of

time intervals post injection. The dose in-

1
3
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jected was 0.1 ml containing 0.5 mCi (18.5

MBq) and administered via a tail vein of the

unanaesthesized animal. The results are given

in table 9.

Table 9: Indium-111-chloride distribution in

rat tissues ,

Tissue

liver

muscle

tumour

-necrosis

blood (ml)

*

0.

0.

0.

0.

2.

2

73
10

36

29

11

h.

± 0.13
i 0.02

+ 0.13

+ 0.20

£ 0.20

4

0.86

0.09

0.49
0.32

1.46

h,

+

+

+

i

i

Time

0.08

0.02

0.11

0.23

0.14

p.i.

0.

0.

0.

0.

0.

12 h.

72
11

57
36

71

i
±
±

±
i

0.07

0.05
0.10

0.11

0.10

24 h.

0.85

0.09
O.58

0.26

0.33

± 0.25

± 0.03

+ 0.11

£ 0.20

+. 0.08

Expressed as percentage of the dose per gram

wet tissue (mean £ standard deviation), n = 5.

It can be seen that all the tissues investi-

gated, blood excepted, show closely related

patterns of accumulation. The concentration

reached a plateau early in the study. In a

separate experiment where the animals were

sacrificed one hour post injection it was

shown that the liver and muscle uptake had

already reached a maximal uptake (0.73 ± 0.22

and 0.09 +, 0.04 respectively) while the uptake

in viable tumour tissue was still in progress.

The measured blood concentration per milli-

liter was 8.48 £ 2.30 in this experiment. From

this it can be concluded that there is no

difference in uptake pattern in the tissues

investigated. The only difference was the

height of the plateau reached. The fact that

tumour tissue shows a slJ^htly slower uptake

can be explained by the fac- that the blood

supply to the tumour is less than for example
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to the liver. Considering the tissue to blood

ratio as shown in table 10, it is obvious that

the increasing ratios with relation to time

are related to the steep fall in the blood

concentration and not to a further increase

in tissue uptake.

Table 10: Tissue to blood ratios for indium-

111-chloride.

Tissue

Time p.i,

2 h. k h. 12 h. 2k h.

liver

muscle

tumour

-necrosis

n = 5.

0.35

0.05

0.17

0.14

0.59

0.06

0.3^

0.22

1.01

0.15
0.80

0.51

2.58

0.27

1.76

0.79

The tissue to blood ratios calculated fi'om the

separate experiment, one hour post injection,

were for liver 0.09, for muscle 0.01 and for

viable tumour tissue 0.02. These values corre-

spond to values obtained in table 10. It is

evident that there is no elution of the radio-

pharmaoeutical and that it is bound intra-

cellularly. The fact that the accumulation in

necrotic tumour tissue is lower than in viable

tumour cells can be explained by the differ-

ence in blood flow and cell viability. The up-

take in the necrotic core will be related to

diffusion of the pharmaceutical via the extra-

cellular fluid while the increasing tissue to

blood ratio during time may be caused by the

increased macrophage activity associated with

tissue necrosis.
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5.2.7*: Accumulation patterns of mercuric-197-

chloride in normal and pathological tissues.

Mercuric-197-chloride was injected intra-

venously into Wistar rats bearing subcuta-

neously transplanted rhabdomyosarcoma. The

concentration of the radiopharmaceutical in

liver, muscle, viable tumour tissue, necrotic

tumour tissue, and blood was measured and

expressed as percentage of the injected dose

per gram wet tissue (blood per milliliter) at

various time intervals. The injection dose was

0.1 ml containing 0.2 mCi (7*^ MBq) adminis-

tered via the tail vein of the unanaesthesized

animal. The results are given in table 11.

Table 11: Mercuric-197-chloride distribution

in rat tissues .

Tissue

liver

muscle

tumour

-necrosis

blood (ml)

2

0.98

0.07
O.56

0.35
1.03

h

i
±

+

0.09

0.02

0.12**

0.16**

0.18

4

1.17
0.06

0.64

0.35

0.73

h

+

+

Time

0.15

0.02

0.13

0.33
0.17

p.i.

12

0.72

0.04

0.56

0.62

0.33

+

+

+

h.

, 0.

0.

0.

0.

0.

07
01

07
08

06

24

0.86 +

0.04 +

0.60 +

0.54 +

0.21 +

h.

. °'
0.

0.

0.

0.

13
00

09
18

03

Expressed as percentage of the dose per gram

wet tissue (mean £ standard deviation), n = 5«

n = k

It can be seen from table 11 that the pattern

of uptake for mercuric-197-chloride in liver

and tumour tissue is identical. It also can be

seen that the uptake in necrotic tissue is

slower than in viable tumour tissue although

the same maximum concentration is obtained.

The uptake in muscle shows a very slight fall
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during time. Considering the tissue to blood

ratios as shown in table 12 it is evident that

the increase in the different tissue to blood

ratios can be explained by the decreasing

blood concentration and is not due to conti-

nually increasing tissue concentrations.

Table 12: Tissue to blood ratios for mercuric-

197-chloride.

Tissue

liver

muscle

tumour

—necrosis

2

0.

0.

0.

0.

h.

95
07

54
34

4

1.

0.

0.

0.

Time

h.

60

08

88

48

p.i.

12 h.

2.18

0.12

1.77
1.88

24 h.

4.10

0.19

2.85

2.57

There is no elution of the radiopharmaceutical

from the tissue cells as the blood level falls

which indicates a secondary process. The

radiopharmaceutical is bound in the cell thus

causing an increase in the tissue to blood

ratio with time. The fact that there is no

further accumulation after a maximum value is

reached suggests that the maximal concentra-

tion entering the cell may be governed by the

permeability of the cell membrane. In prin-

ciple there will be no difference in behaviour

between normal and pathological tissue except

in the level of the maximal concentrations

reached.
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5*2.8.: Accumulation patterns of technetium-

99m—pertechnetate in normal and pathological

tissues.

Technetium—99m-pertechnetate was intravenous-

ly injected into Wistar rats bearing subcu-

taneously transplanted rhabdomyosarcoma

(T.N.O., Rijswijk, the Netherlands). The con-

centration of the radiopharmaceutical in

liver, muscle, viable tumour tissue, necrotic

tumour tissue, and blood was measured as a

percentage of the injected dose per gram wet

tissue (blood per milliliter) at different

time intervals. The injected dose was 0.1 ml

containing 1 mCi (37 MBq) administered via a

tail vein. The results are given in table 13.

Table 13: Technetium-99ni-pertechnetate dis-

tribution in rat tissues .

Tissue

liver

muscle

tumour

-necrosis

blood (ml)

0.

0.

0.

0.

1.

1

80

16

43
58
20

h,

i
+

±
+

0.18

0.05
0.10

0.14

0.33

2

1.07
0.08

0.37
0.68

0.80

h.

+

+

i
i

Time

0.54

0.04

0.12

0.22

0.41

p.i.

4

0.33
0.06

0.23

0.19
0.45

h.

+ 0.11

i 0.02

i 0.11

+ 0.07
+ 0.18

6

0.29
0.04

0.13

0.15

0.28

h.

+

+

+

i
i

0.08

0.01

0.06

0.05

0.08

Expressed as percentage of the dose per gram

wet tissue (mean +, standard deviation),

n = k.

T1'
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The results given in table 13 show that there

is a very low degree of accumulation of per-

technetate in the tissues. In normal as well

as tumour tissue the concentration which is

quite small, is directly related to the blood

concentration. A decreasing blood concentra-

tion results in a decrease in tissue concen-

tration. The tissues to blood ratios as

summarized in table 14 do not show a rise with

relation to time.

Table 14: Tissue to blood ratios for techne-

tium-99m-pertechnetate.

Tissue

liver

muscle

tumour

-necrosis

1

0.

0.

0.

0.

h.

67

13
36
48

2

1

0

0

0

Time

h.

• 34

.10

.46

.85

p.i.

4 h.

0.73
0.13

0.51
0.42

6 h.

1.04

0.14

0.46

0.54

It can be concluded from table 14 that the

tissue concentration is in equilibrium with

the blood concentration. The mean tissue to

blood ratios calculated from table 14 results

in a liver to blood ratio which is 0.95 ± 0.31

(mean ± standard deviation; n = 4), a muscle

to blood ratio which is 0.13 ± 0.02 (mean +_

standard deviation; n = 4), a tumour to blood

ratio which is 0.45 ± 0.04 (mean £ standard

deviation; n = 4), and a necrotic tissue to

blood ratio which is 0.57 ± 0.19 (mean £ stan-

dard deviation; n = 4). The pattern uptake of

technetium-99m-pe*>technetate does not show
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any significant difference in normal, viable

tumour and necrotic tumour tissue. There is

only a difference in the maximal concentra-

tions of technetium-99m-pertechnetate reached

in the different tissues investigated. Liver

tissue showed the highest accumulation and

muscle tissue the lowest. This difference can

be explained by the difference in blood flow

to the different tissues. There is no observ-

able intracellular binding of pertechnetate.

5.2.9.: Accumulation patterns of technetium-

99m~citrate complex in normal and pathological

t i's sues.

Technetium-99m-citrate complex was intrave-

nously injected into Wistar rats bearing

rhabdomyosarcoma. The concentration of the

radiopharmaceutical in liver, muscle, viable

tumour tissue, necrotic tumour tissue, and

blood was measured as percentage of the in-

jected dose per gram wet tissue (blood per

milliliter) at different time intervals. The

injected dose was 0.1 ml containing 1 mCi

(37 MBq) administered via a tail vein. The

results are given in table 15»

• • *
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Table 15: Technetium-99«n-citrate complex

distribution in normal and pathological

tissues .

Tissue

l iver

muscle

tumour

-necrosis

1

0.16

0.O6

0.19

0.29

h .

±
i
+

+

0.11

0.02

0.08

0.10

2

0.10

0.03

0.09

0.09

h,

+

+

±
±

Time

0.04

0.03

0.03

0.05

p.i.

4

0.07
0.01

0.04

0.08

h .

±

+

±
+

0.01

0.00

0.01

0.02

6

0.07
0.01

o.o4
0.07

h .

+

±
+

0.02

0.00

0.01

0.04

blood (ml) 0.25 ± 0.08 0.09 i 0.02 0.05 + 0.01 0.06 + 0.01

Expressed as percentage of the dose per gram

wet tissue (mean £ standard deviation)

n = 4.

Table 15 shows that all the tissue concentra-

tions investigated show the same pattern i.e.

they follow the blood disappearance curve.

The concentration of technetium-99m-citrate

complex in the cell is very low and directly

related to the blood concentration. An elution

from the cells is seen when the blood concen-

tration falls. If we consider the tissue to

blood ratios as given in table 16 it is clear

that there is an equilibrium between tissue

concentration and blood concentration.

Table 16: Tissue to blood ratio for techne-

tium-99m-citrate complex.

1-

I

Tissue

liver
muscle
tumour
-necrosis

1 h.

0.46
0.24
0.76
1.16

Time

2 h.

1.11
0.33
1.00
1.00

p.i .

4 h.

1.40
0.20
0.80
1 .60

6 h.

1.17
0.17
0.67
1.17
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The mean tissue to blood ratios calculated

from table 16 result in a liver to blood

ratio which is 1.08 ± 0.32 (mean +, standard

deviation; n = 4), a muscle to blood ratio

which is 0.24 +, 0.07 (mean £ standard devia-

tion; n s k)t a tumour to blood ratio which

is 0.81 £ 0.08 (mean _+ standard deviation;

n = k), and a necrotic tissue to blood ratio

which is 1.23 ± 0.26 (mean ± standard devia-

tion; n = k).

The pattern of uptake of technetium-99m-

citrate complex does not demonstrate any-

significant differences between normal and

tumour tissue (viable or necrotic). There is

no evidence of intracellular binding. The

tissue concentration is related to the blood

concentration and is in equilibrium with it.

i
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5*3: A comparison of the accumulation patterns

of the radiopharmaceuticals evaluated.

With the completion of the experiments it is

now possible to compare the uptake patterns of

the different radiopharmaceuticals in both

normal and pathological tissues.

5*3*1<: Viable tumour tissue.

In table 17 a comparison has been made between

the tumour to blood ratios.

Table 17: Tumour to blood ratios of the diffe-

rent radiopharmaceuticals.

Time p.i.

2 h. 1* h. 6 h. 12 h. 2k h. 48 h.Radio-
phannacon.

1 h.

67,G«-citr.

67,Ga-chl.

IllIn-chl.

197,Hg-chl.

0.37 - 1.09

0.35 0.78

0.17 0.34

O.54 0.88

7.59 23.90

1.75 9.45

0.80 1.76

1.70 2.86

" mTc-pert«chn. O.36 0.46 0.51 0.46

99m,Tc-citr. O.76 1.00 0.80 0.67

It can be seen that four radiopharmaceuticals

show a rise in their tumour to blood ratio

whilst the technetium-99m-pertechnetate and

technetium-99m-citrate complexes show a con-

stant value with time where the mean ratios

are 0.45 ± 0,04 and 0.81 ± 0.08 respectively

(mean +_ standard deviation; n = 4).

In figure 11 the concentrations in tumour

tissue are plotted against time for the

different radiopharmaceuticals.

'V i
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Figure 11: Uptake in tumour tissue with time.

O 'Go-citr. (.O)

f 2

'Go-chl. (A)

Hg-chl. (O)
In-chl. (*)

24

tiimp.i. (hours) -

The uptake pattern of technetium-99ni-pertech-

netate and technetium-99m-citrate complex in

tumour tissue is obviously different to the

other four radiopharmaceuticals. There is no

intracellular binding and a constant tumour to

blood ratio can be observed» Both radiopharma-

ceuticals show an equilibrium between the

concentrations inside and outside the cell in

tumour tissue. The rise in tumour to blood

ratio for gallium-67-citrate, gallium-67-chlo-

ride, indium-111-chloride and mercuric-197-

chloride can be explained by the fact that

these compounds become bound in the cell so

that outward diffusion does not occur when the

blood level falls. There is, however, no

further accumulation 2-4 hours post injection

; • ( ,
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(see fig.11) and the pattern of uptake for the

four radiopharmaceuticals is identical. The

maximum concentration in the cell may well be

governed by the cell membrane permeability.

5»3»2.: Necrotic tumour tissue.

In table 18 a comparison has been made between

the necrotic tumour to blood ratios.

Table 18; Necrotic tumour to blood ratios of

the different radiopharmaceuticals.

Time p.i.

Radio»
pharmacon.

67Ga-cltr.

67Oa-chl.

, '"in-chl.

197Hg-chl.

" Tc-pertechn

99mTc-citr.

1 h. 2 h.

-

0.17

0,14

0.34

. 0.48 0.85

1.16 1.00

4 h. 6 h.

-

0.24

0.22

0.48

0.42 0.54

1.60 1.17

12 J».

-

0.80

0.51

1.88

-

24 h

-

3.27

0.79

2.57

-

I •

Three of the five radiopharmaceuticals in-

vestigated show a rise in the necrotic tumour

to blood ratio with time whilst the two tech-

net ium compounds show a constant ratio with

mean values of 0.57 ± 0.19 and 1.23 +_ 0.26

(mean +_ standard deviation; n = 4) for per-

technetate and citrate respectively. In figure

12 the uptake patterns in necrotic tumour

tissue have been plotted for the radiopharma-

ceuticals investigated.
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Figure 12; Uptake in necrotic tumour tissue

with time.

"Hg-chl. (*)

•'Go-ehl. (A)

•A '"ln-chl. (o)
O

"Te-citr.

1 2 12 24

time p.i. (hours) —••

The uptake of the two technetium compounds

shows a difference compared with the other

radiopharmaceuticals. There is no binding

intracellularly. After a maximal concentration

is reached, a steep fall ia concentration

occurs which parallels the blood concentration.

The result is a constant necrotic tissue to

blood ratio. The uptake for the other radio-

pharmaceuticals is identical; after a maximum

value is reached the concentration remains

constant. The result is an increasing tissue

to blood ratio. As for viable tumour tissue

these radiopharmaceuticals become bound so

that outward diffusion does not occur when the

blood level falls. ¥hether this is a result of

increased macrophage activity associated with

tissue necrosis or intracellular binding, by

for instance lysosomes, has not been esta-

blished. The fact, however, that no further

accumulation occurs after a maximal concen-

• i
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tration is reached can be explained by the

cell membrane permeability which governs the

maximal concentrations entering the cell*

5»3«3«! Normal liver tissue

Table 19 shows a comparison between the liver

to blood ratios for the different radiopharma-

ceuticals investigated.

Table 19: Liver to blood ratios of the diffe-

rent radiopharmaceuticals.

Time p.i.

Radio-
pharntacon.

67Ga-citr.

67Ga-chl.

" ' i n - c h l .

I97Hg-chl.

1

0 .

-

-

_

b .

2 0

2

0 .

0 .

0 .

h .

36

35

95

4

0 .

0 .

0 .

1 .

h .

55

51

59

60

6 h.

-

-

-

_

12 h.

-

1.05

1.01

2.18

24 h.

4.04

4.18

2.58

4.10

48

1 4 .

-

-

h .

19

99m,Tc-pertechn. 0.67 1-34 0.73 1«04

99m,'Tc-citr. 0.64 l.il 1.40 1.17

The technetium compounds do not exhibit an

increased liver to blood ratio with time while

the remaining four radiopharmaceuticals do.

The mean ratio for pertechnetate is 0.95 i

0.31 and for citrate 1.08 + 0.32 (mean ± stan-

dard deviation; n = 4). As is shown in figure

13 the increase in the liver to blood ratio is

caused by the decrease in blood concentration

and not by an increase in tissue uptake. The

uptake patterns for gallium-67-citrate,

gallium-67-chloride, indium-111--chloride, and

mercuric-197-chloride are identical.

\ . 4.



Figure 13: Uptake in liver tissue with time.

• "Go-cirr. (•)

Te-citr

1 2 12 24

tiro» p . i . (hours) -

Four hours post injection the radiopharma-

ceuticals show a maximal concentration (except

the technetium compounds) which remains more

or less constant, except for mercuric-197-

chloride which shows a slight fall during the

time. The uptake pattern for the technetium

compounds can be explained by the fact that

there is no binding in the liver cells. There

is an equilibrium between the concentrations

inside and outside the cell which results in

an uptake pattern that follows the blood

concentration and thus results in a constant

liver to blood ratio. The other radiopharma-

ceuticals investigated show intracellular

binding as can be concluded from the uptake

patterns and liver to blood ratios. After the

maximal concentration has been reached hardly

any elution from the cells can be seen* The

maximal concentration in the cell may well be

governed by the cell membrane permeability.
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Again two processes play a role in which the

cell membrane permeability is the primary.

The technetium compounds pass in an ionic

model where the cell membrane permeability

governs the uptake in the liver cell.

5*3*4.: Normal muscle tissue.

Table 20: Muscle to blood ratios of the va-

rious radiopharmaceuticals.

Tim» p . i .

Radio-
pharmacon.

67G*-citr.

67Ga-ehl.

"1I„-chl.

197Hg-chl.

1

0.

h.

.07

2

-

0.

0.

0.

h.

05

05

07

4 h.

0.09

0.07

0.06

0.08

6 h.

-

-

-

_

12 h.

-

0.12

0.15

0.12

24 h.

0.21

0.27

0.27

0.19

48 b

0.57

-

-

"""Tc-pertechn. 0.13 0.10 0.13 0.14

9 9 l BTc-citr. 0.24 0.33 0.20 0.17

Table 20 shows an increasing muscle to blood

ratio in the case of gallium-67-citrate,

gallium-67-chloride, indium-111-chloride, and

mercuric-197-chloride. The muscle to blood

ratios for pertechnetate and citrate complex

are constant and are 0.13 £ 0.02 and 0.24 +,

0.07 respectively (mean ,+ standard deviation;

n s 4. From a comparison of the uptake

patterns of the different radiopharmaceuticals

as shown in figure 14 with those observed in

other tissues it is evident that there is a

difference. (See fig.11 to until fig.13 in-

clusive).
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Figure 1h: Accumulation in muscle in relation

to time»

Go-eitr. (O)
"Hg-ehl. (•)

1 2 4 6
tinwp.i. (hours) —••

The uptake pattern of gallium-67-citrate re-

sembles that of the technetium compounds,

although the slope of the curve after the

maximal concentration is not as steep. This

results in an increasing muscle to blood

ratio, because the blood clearance is more

rapid* The chloride compounds do not show such

an uptake pattern. They reach a maximal con-

centration Z-k hours post injection which does

not change further with time which suggests

that they are bound inside the muscle cell.

The fact that gallium-67-citrate shows a rise

in the muscle to blood ratio can be explained

by intracellular binding to some extent. If

we compare the absolute values of the ratios

Zk hours post injection it can be seen from

table 20 that they are all around 0.2 - 0.3.

The concentration of the radiopharmaceuticals

Zh hours p.i. is also of the same order. The

muscle cell membrane may be more permeable to

gallium-67-citrate than to the chlorides and



for this reason gallium-67-uptake until

approximately 12 hours post injection is

governed by the cell membrane permeability

and the intracellular binding in muscle cells

is less than in other tissues.

5.4: Discussion

The experiments described in this chapter were

performed to test the hypothesis that the up-

take pattern of ionic tumour localizing radio-

pharmaceuticals is primarily a phenomenon

which is related to the cell membrane permea-

bility. Because of the fact that gallium-67-

citrate is the radiopharmaceutical which is

most widely used for tumour imaging special

attention was paid to this compound. The

correlation between size of the injected dose,

which governs the blood concentration, and

organ uptake of gallium-67-citrate was

studied. A good correlation was shown at four

and twenty-four hours post injection with

correlation coefficients of O.998 and 0.999

respectively for the liver uptake. It can be

concluded from this experiment that an in-

crease in blood concentration results in an

increase in organ uptake, the ratio between

the concentration outside and inside the cell

is constant and no saturation effect in organ

uptake could be seen at the dose levels used.

A further conclusion was that, as reported in

the literature (Brown et al, 1973a; Haubold

and Aulbert, 1973)» gallium-67-citrate is

bound in the liver cells thus resulting in an

increasing liver to blood ratio as the blood

ftfl



concentration gradually decreases with time.

A liver to blood ratio of 0.54 _+ 0.04 (mean ±

standard deviation; n = 5) four hours p.i. was

found while the ratio increased to 4.36 ± 0.46

(mean +_ standard deviation; n = 5) twenty-four

hours p.i. irrespective of the intravenously

injected dose* In order to verify the intra-

cellular binding of gallium-67-citrate in the

liver cells an experiment (5.2.2.) was carried

out to investigate the possibility of eluting

the radiopharmaceutical from the liver cell*

The results indicated that neither washing nor

perfusion of the liver resulted in a signifi-

cant fall in the gallium-67-citrate concen-

tration in the liver. The experiments (5.2.3.)

performed with young animals to study the re-

lationship between organ uptake and cell

metabolism were carried out with gallium-67-

citrate and mercuric-197-chloride. A good

correlation was found for both radiopharma-

ceuticals between the metabolic activity of

the rat thymus and the degree of accumulation

of the reagent. The metabolic activity of the

thymus decreases with age whilst its weight

increases until the organ degenerate». In this

experiment the thymus to blood ratio 24 hours

p.i. for gallium-67-citrate and 3-4 hours p.i.

for mercuric-197-chloride decreased with age

whilst the thymus weight increased. Thus a

positive correlation between the organ uptake

and metabolic activity could be observed. In

conclusion it was shown that the degree of

accumulation of gallium-67-citrate and mercu-

ric- 197-chloride in thymus cells can be ex-

90



I
ttf

plained as a physicochemical phenomenon rela-

ted to cell membrane permeability which is

linked to cell metabolic activity* Xn the

final set of experiments (5.2.4. to until

5.2.9« inclusive) the accumulation patterns

of the various radiopharmaceuticals in normal

(liver, muscle) and pathological (viable tu-

mour, neurotic tumour) tissues were investi-

gated. Each experiment performed showed a

similar uptake pattern in normal as well as

in pathological tissue* A maximal concentra-

tion in the tissues was observed 2-4 hours

post injection for gallium-67-citrate ;allium-

67-chloride, indium-111-chloride and mercuric-

197—chloride. This concentration was constant

during time thus resulting in an increasing

tissue to blood ratio as the blood level de-

creased. All four radiopharmaceutic&ls showed

. itracellular binding. The technetium com-

pounds, pertechnetate and citrate complex,

however, showed tissue uptake patterns which

were closely related to the blood concentra-

tion resulting in constant tissue to blood

ratios during time. These two radiopharma-

ceüticals did not show any intracellular

binding. Xn the first group of radiopharma-

ceüticals the uptake pattern in normal and

pathological tissue is governed by two me-

chanisms: primarily the cell membrane per-

meability which is linked to metabolic acti-

vity of the cell and secondly the intracellu-

lar binding of the radiopharmaceutical which

influences the equilibrium between the con-

centration outside and inside the cell. The

second group of two radiopharmaceüticals only

•1



shows uptake patterns which are governed by

the cell membrane permeability. In conclusion

the radiopharmaceuticals investigated show

uptake patterns in which the degree of intra-

cellular accumulation can be explained as a

passive physicochemical phenomenon governed

by the cell membrane permeability. The uptake

pattern in tumour cells, necrotic tissues and

normal cells is basically identical.

• • (



CHAPTER 6

Clinical Implications

6.1; Introduction

In this chapter a limited number of selected

case reports will be presented to demonstrate

how the results of this investigation can be

applied to explain phenomena observed in cli-

nical studies, mostly involving tumour ima-

ging, with ionic substances. In some cases

reference is made to Pharmaceuticals studied
99m„in this thesis like

te and " m "
201,

'Ga-citrate, ^ Tc-citra-

"Tc-pertechnetate, and in another

case ""'TI-chloride is involved. All radio-

pharmaceuticals described in these case re-

ports are used in comprehensive nuclear medi-
67

cal departments. In the case of Ga-citrate,

which is primarily used in the detection of

malignant disease, other applications can be

found in the detection of abscesses or the

management of sarcoidosis. Thallous chloride

on the other hand, for which the main appli-

cation is myocardial scintigraphy to detect

infarcts, may be used in tumour detection. /

This was accidentally discovered during a

routine investigation of the pericardium for

detection of pericardial fluid. As has been

described in chapter two its tumour localizing

capacity was investigated further to study its

potential clinical applications. Brain scinti-

graphy using ° Tc-pertechnetate is a commonly

used diagnostic procedure, based on the fact

that pertechnetate cannot normally pass the

blood brain barrier. Cerebro vascular acci-
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dents, tumours and other processes that damage

the barrier can be visualized due to accumu-

lation of pertechnetate in the blood pool or

oedema which occurs at the site of the lesion.

On the basis of our findings in the investi-

gation of primary brain tumours or of metasta—

tic lesions using pertechnetate scintigraphy

it may be predicted that a false negative

image may be obtained if no oedema is present.

This is the case when the patient is under-

going therapy with anti inflammatory steroids.

Replacement of pertechnetate by a radiopharma—

ceutical which shows a higher tissue to blood

ratio should surmount this problem.

6.2: Case reports

Case 1.

A forty-seven year old male with a bronchus

carcinoma in the left lung was referred for

combined transmission, blood pool and myocard

scintigraphy for the investigation of peri-

carditis carcinomatosa. The scintigrams were

made by a Nuclear Chicago HP gamma camera

using a 140 KeV high resolution collimator.

A 2 mCi (7^ MBq) dose of 201Tl-chloride was

intravenously administered five minutes before

the patient was placed in supine position

under the camera. Subsequently an antero-

posterior transmission scintigram was prepared
erf

using a Co flood field source (Amersham) to

delineate the boundaries of the mediastinum.

Then, with the patient in the same position

and after removal of the source, the myocar-



diutn was visualized by scanning at the energy

level of the mercury X rays (80 KeV) from

thai Hum-201. Finally the heart blood pool

was visualized by an intravenous injection of

5 mCi (185 MBq) Tc-human serum albumin with

the patient still in the same position. By

superimposing the three scintigrams the dis-

tance between the heart and respectively liver

and lungs can be estimated in order to confirm

the presence of pericardial fluid. In this

patient it could be observed that the measured

distances were larger than normal thus con-

firming the presence of pericardial fluid (see

fig.15). Another abnormal finding was observed

on the thallium scintigram (fig.15» lower).

This showed an area in the left lung close to

the left ventricle, on the right side of the

scintigram, with significantly increased

thallium uptake. A few days after the study

the patient died and post mortem examination

confirmed the presence of a poorly differen-

tiated squamous cell carcinoma in the left

lung, in a situation corresponding to the

region with increased activity on the thallium

scintigram. The tumour infiltrated into the

myocardium.

'h- '
4
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Figure 15* Combined transmission, blood pool

and myocard scintigraphy.

Upper left : AP transmission scintigram of

the mediastinum.

Upper right: Heart, lung and liver blood

pool.

Lover : Myocardium, liver and tumour up-

take of 201thallium chloride.



Later on in a pilot study using Vistar rats

bearing subcutaneously implanted rhabdomyo-

sarcoma these clinical observations were

confirmed. Thirty minutes post injection, the

animals were sacrificed and the thallium con-

centration in tumour, liver, skeletal muscle,

myocardium and blood was determined. The re-

sults confirmed the preferential uptake of
201

Tl-chloride in myocardium and liver with

tissue to blood ratica of 60.5 and 14.0

respectively, but also clearly demonstrated a

significant accumulation of activity in the

tumour tissue with a tumour to blood ratio of

8.6. This phenomenon may be explained by the

fact that the thallium is not present in the

form of a cation but as an anion like T1C1. J

and that the uptake is due to an increased

cell membrane permeability to ionic substan-

ces of tumour cells similar to that observed

with other ionic radiopharmaceuticals as has

been shown in this thesis. The behaviour of

thallium chloride as an anionic like material

was confirmed by electrophoresis and ion ex-

change column chromatography; i.e. thallium-

201 migrated to the positive pole and elution

over an Amberlite IRA 400 resin showed more

than 9096 retained activity.



Case 2.

A twenty year old male, born in Yugoslavia,

was admitted to hospital with fever and chest

pain associated with breathing. The X-ray of

the thorax showed polycyclic boundaries in

both hili corresponding to hilar glands. A

liver biopsy confirmed the diagnosis of sar-

coidosis. The patient was treated with

prednisone (25 mg p.d.) and the symptoms

disappeared. After medication had been ter-

ninated at his own request, one year later

the patient complained again from chest pain.

The chest X-ray showed progression of the

hilar glands and the liver biopsy and biopsy

of the glands again confirmed the diagnosis of

active sarcoidosis. Once more the patient was

treated with prednisone at the same dose level

whereupon the symptoms completely disappeared.

Two years later during a control visit to his

physician the chest X ray showed progression

although the patient had no complaints and

was still on a low therapeutic prednisone
67

medication (10 mg p.d.). Ga-citrate scinti--

graphy of the thorax was performed. The

scintigram showed enhanced accumulation of the

radiopharmaceutical in both hili. Subsequently

the prednisone medication was raised to the

therapeutic level of 25 mg daily. Two months

later another scintigram was made. No abnormal
67

accumulation of Ga-citrate could be seen

(see fig.16). The chest X ray did not differ

significantly from the one performed two

months earlier. The E.S.R. and all other

laboratory tests were normal.
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Figure 16: Gallium-67-citrate scintigraphy of

i
t h e chest

J
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Left : Before treatment

Right: After prsdnisone therapy (25 mg daily).

Five months later a control scintigram showed

once again a normal accumulation of the radio-

pharmaceutical and was thus comparable to the

last one performed. The clinical findings at

that time did not show evidence of active

disease. An explanation can be found in the

fact that inflamed hilar glands (hilar lympha-

denopathy) show an enhanced membrane permea-

bility to gallium-67-citrate. The gallium-67-

citrate is intracellularly bound to lysosomes

(or gallium binding granules) thus resulting

in a raised tissue to blood ratio with a

scintigram such as can be seen in fig.16

(left). After an appropriate treatment re-

sulting in a regression of the disease, we

may deduct the cell membrane will be much less



permeable and thus the intracellular binding

will be much less. Therefore the scintigram

will show a reduced accumulation of the radio-

pharmaceutical in the pathological tissues as

observed in fig.16 (right). In this way

gallium-67-scintigraphy can be helpful in the

follow up of patients with sarcoidosis. The

gallium scintigram reflects the degree of

activity of the disease even when other cli-

nical parameters remain constant, whether they

are normal like E.S.R. or abnormal such as the

chest X ray»

Case 3.

A 62 year old female was admitted to the hos-

pital with vertigo. Shortly after admittance

she developed paralysis of the right leg. An

X ray of the skull showed a defect on the left

side in the parieto-occipital region. An

E.E.G. supported this finding. The preliminary

diagnosis was a large space occupying process

located parieto-occipital in the left hemi-

sphere. Echography did not reveal any abnor-

mality but arteriography performed on the left

side confirmed the presence of a large tumour.

There was a good vascularization and the final

diagnosis was a meningioma located in the left

parieto-occipital region (fig.17).
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Figure 17i Carotid arteriogram.

Anterior-posterior view after cumulation of

the left exterior carotid artery.

Brain scintigrams performed with "mTc-per-

technetate showed (see fig.18) pathological

accumulation of activity in the left parieto-

occipital region, but also at the right side

where in the occipital and frontal region

diffuse enhanced activity is observed.
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Figure 18; Brain scintigraphy with " m T c -

pertechnetate.

Upper left : Anterior view

Upper right: Posterior view

Lower left : Right lateral view

Lower right: Left lateral view.

The brain scintigrams indicated pathology on

the left side but also suspicion of lesions on

the right side. A complementary arteriography

was therefore performed on the right side and

demonstrated a richly vascularized parieto-

occipital area which was suspect for patholo-

gy. Shortly after brain surgery was carried

out on the left side. A large hemangio-peri-

cytoma was removed. The patient was given

radiotherapy to the skull postoperatively.
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Until now (3 years later) there are no signs

of recurrence and the patient is free of com-

plaints. This case illustrates the positive

correlation between vascularization and accu-

mulation of pertechnetate. Because of the

local damage to the blood brain barrier the

neovascularization in the tumour could be seen

as an area of enhanced uptake. Formation of

oedema undoubtly plays a significant role in

the visualization process.

Case 4.

A 62 year old male suffering from an inoper-

able bronchial carcinoma presenting as a

Pancoast tumour of the left lung was admitted

to the hospital for treatment. During hospi-

talization the patient was observed to be

suffering from hypercalcemia and was treated

with prednisone at a dose level of 30 mg

daily. The left lung was irradiated with

300 rad (3 Gy) fractional doses resulting in

an accumulated tumour dose of 3000 rad (30 Gy).

During radiotherapy treatment the patient

developed clinical signs of brain metastases.

A brain scintigram with Tc-pertechnetate

was performed (see fig.19).
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Figure 19: Brain scintigram with

pertechnetate.

t*

Right lateral view.

The scintigram showed slightly enhanced

diffuse accumulation of activity in the

temporal and parietal regions. Because of

the fact that the scintigram was performed

three days after the start of the prednisone

medication, the investigation was directly

repeated with the use of 99m,Tc-citrate complex

(Solcocitran , Solco Nuclear, Basle»

Switzerland).



Figure 208 Brain scintigram with ^mTc-citrate

complex.

.••V!

Right lateral view*

The scintigram (fig.20) learns that the

dubious findings on the pertechnetate scinti-

gram became more clearly visible and further-

more there was also enhanced activity visible

in the occipital region (see fig.20, arrows).

On account of the results obtained with the

brain scintigrams and the neurological exami-

nation the patient was treated for brain

metastases with dexamethasone and irradiation.

An explanation for this phenomenon i.e. a

better visualization with Tc-citrate com-

plex can be found considering the localization

of the radiopharmaceuticals. Neovasculariza-

tion and the large intercapillary pores asso-

ciated with new growth of capillaries cause
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oedema. Therapy with anti inflammatory stero-

ids decreases the quantity of oedema. In spite

of the higher uptake (as percent of the dose

per gram wet tissue) of pertechnetate compared

to citrate complex, the tissue to blood ratio

of citrate complex is higher than that of

pertechnetate (see fig.11 and table 17). This

is caused by the faster clearance of citrate

complex from the blood (see table 13 and 15).

A decrease of oedema by the action of anti

inflammatory steroid results thus in a de-

crease of accumulation but the tissue to blood

ratio of citrate complex will be higher

causing a better visualization on the scinti-

gram. Small pathological lesions which are

invisible on the pertechnetate brain scinti-

gram can be visualized on the citrate complex

scintigram. Therefore, when a patient is trea-

ted with anti inflammatory steroids it is

advisable to use citrate complex instead of

pertechnetate for scintigraphy of the brain.

Case 5*

A thirty-eight year old female patient was

admitted for treatment of a well differentia-

ted squamous cell carcinoma of the uterine

cervix. The disease was staged as T .N^JIL.

The patient was treated with intracavitary

radium application and external irradiation.

Almost five years later the patient was hos-

pitalized because of severe headache, nausea

and vomiting. Echography did not show any dis-

placement of the median structures. An E.E.G.

showed an extensive process on the right side*
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The brain scintigrams showed pathological

accumulation in the right tempero-frontal

region. On the right side a small lesion was

seen in the parietal region and occipitally

was also a dubious accumulation visible» The

patient was originally treated with dexa—

methasone at a high therapeutic range and

later on this was decreased to 2.5 mg twice

a day. Subsequently a C.T. scan was performed

which showed an area with abnormal densities

in the right frontal hemisphere (see fig.2i).

Figure 21: Computerized tomography of the

brain*

Compression of the right ventricle and dis-

placement to the left of the median structures

could also be observed. A brain scintigram was
99m

performed with Tc-pertechnetate which con-

firmed the known right tempero-frontal lesion.

Diffuse activity could also be seen in the

parietal region (see fig.22).
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Figure 22: Brain scintigram with ^ m T c -

pertechnetate.

73/2517
040878

Right lateral view.

The patient was still under dexamethasone

treatment. Nineteen days later a control scan

was again performed with Tc-pertechnetate.



Figure 23: Brain seintigraphy with

pertechnetate.

99mT c -

I-

73/2517
230878

Right lateral view.

The scintigram (fig.23) did not differ signi-

ficantly from the one performed earlier. On

the basis of our experience that pertechnetate

could give false negative results in patients

treated with anti inflammatory steroids, it

was decided to repeate the scintigram one day

later with 99mTc-citrate complex^
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Figure 24: Brain scintigram with °°mTc-citrate

complex.

CITR

Right lateral view.

Besides the known lesion in the right tempero-

frontal region, this scintigram (fig.2k)

showed pathological activity in the parieto-

temporal region which could not be observed

on the scintigram performed one day earlier.

This finding suggested another lesion situated

slightly above the already known one. Compared

to the pertechnetate scintigram it was obvious

that the uptake of citrate in the known lesion

was increased. The lesion located frontally

shows a slightly better contrast. Due to the

dexamethasone therapy the quantity of oedema

is reduced resulting in a decreased pertech-

netate accumulation. Tc—citrate complex,

with a better tumour to blood ratio will

therefore result in a better image.
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CHAPTER 7.

Discussion and conclusions

The investigation of the clinical performance

of various radiopharmaceuticals for the detec-

tion of malignant dis.ease has not yet resulted

in the development of a compound which is

tumour specific. In fact all known tumour

imaging radiopharmaceuticals have in common

that they are non specific. The lack of iden-

tifiable biochemical proporties specific to

tumour cells, if any, have made the develop-

ment of a tumour specific radiopharmaceutical

virtually impossible. Changes in regional

physiology associated with the presence of a

tumour are the prime cause of enhanced accu-

mulation of the tumour imaging radiopharma-

ceuticals. Increased permeability of the

capillary bed, due to neovascularization and

the large intercapillary pores associated with

newly formed capillaries, results in the in-

creased accumulation of macromolecules in

tumours. Labelled human serum albumin is an

example where accumulation is primarily based

on this principle. As long as the biological

properties of the albumin molecule are not

significantly altered by labelling, * Inocyto-

sis would not be expected to play a role in

the accumulation of R.I.H.S.A. in association

with a tumour. On the other hand, compared to

Cr labelled albumin, the physiological

behaviour of R.I.H.S.A. is completely diffe-

rent after subcutaneous injection to study the

dynamics of lymph flow (Cox, 1974). Alteration

of the molecule can result in pinocytosis by
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the cell and since malignant tumours have the

property of enhanced pinocytosis this may play

a role in the increased accumulation of iodi-

nated human serum albumin. It is clear that

all tumour imaging radiopharmaceuticals will

accumulate to some extent in regions with neo-

vascularization such as malignant tissue.

Similarly inflammatory processes show the same

phenomena thus resulting in "false positive"

localization. Some radiopharmaceuticals have

be" developed to distinguish marked bio-

chemical differences between tumours and nor-

mal tissues. For instance labelled antibodies

to carcinoembryonic antigen (CEA) show enhan-

ced uptake in CEA producing tumours but the

fact that the tumour must be a CEA producing

one, restricts its use. In chapter 3*1 other

disadvantages have been mentioned. Enhanced

fibrin deposition in tumours results in an

increased accumulation of iodinated antifibrin

antibodies. However, these also accumulate in

areas of thrombosis and secondary inflammation

associated with rheumatoid arthritis. Labelled

cell metabolites show an extra advantage over

these radiopharmaceuticals where localization

in tumours is largely due to neovasculariza-

tion. Compared to normal cells increased cell

metabolism results in a higher accumulation

into the tumour. However, normal cells with a

relatively high metabolic activity also show

an enhanced accumulation of the radiopharma-

ceutical compared to those with a low meta-

bolic rate. When reviewing the radiopharma-

ceuticals in current use for tumour detection



(chapter 2) none was observed to be tumour

specific, although some show a certain degree

of preference. The group of "non specific

substances" mentioned earlier (chapter J.h)

to which special attention has been paid in

this thesis, has also been proved to be non

specific for tumours. The tremendous amount of

work, which has been published on gallium-67-

citrate in particular, has not resulted in an

acceptable explanation of its biological be-

haviour. The fact that all these so called

"non specific substances" show a comparable

qualitative distribution pattern in normal,

inflammatory and tumour tissues suggests that

these radiopharmaceuticals have some proper-

ties in common. The evaluation of the chemical

nature of the complex in the pharmaceutical

preparation as supplied by the manufacturer

resulted in the discovery that all of the

reagents investigated behave as anionic mate-

rial. This anionic behaviour was demonstrated

using different techniques such as electro-

phoresis and ion exchange column chromato-

graphy. An explanation for this anionic struc-

ture can be found in the fact that for in-

stance all the chlorides ( 'Ga-, In- and
197

Hg-chloride) are dissolved in hydrochloric

acid. Therefore there are sufficient chloride

ions available to complex with the metallic

cation. Furthermore these solutions are made

isotonic with physiological saline thus

supplying more chloride and sodium ions. These

last cations are available to balance the an-

ionic complexes. Therefore the radioactive
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ingredient of the solutions may be accurately

be described as Na
197,

'Ga Clj
,2-

Na In
— + 1 9 7 2— **Cl^ , and Na_ Hg Cl^ respectively. In

this way the radioisotope is available as an
anionic complex and not as a simple cation.

As far as the citrates are concerned it is

more difficult to give an explanation for the

anionic structures of the complexes. But it is

highly likely that more than one citrate mole-

cule is involved in the organometallic complex*

finally resulting in a negative charge. In the

case of gallium-67-citrate for instance it can

be calculated that the citrate concentration

is about 10 times higher than the gallium

concentration. The chloride concentration in

the injection vial is 15 times higher than the

citrate concentration but the stability of the

gallium-citrate complex is stronger at the pH

used. Therefore the gallium remains chelated

by the citrate ions instead of by the chloride

ions. As a result the radioisotope is avai-

lable as a negatively charged citrate complex.

When considering the Nernst equation it can be

deducted that the ratio of the concentration

outside and inside the cell at a given tempe-

rature remains constant. This equilibrium is

controlled by the concentration gradient in-

side and the electrical gradient outside the

cell. For freely diffusable substances the

cell to blood ratio will remain constant. In

order to achieve a negative membrane potential

the concentration ratio (C. / C .) must be
XII OUv

smaller than one. At the time of maximal up-

take for each of the studied non technetium

radiophamtaceuticals the tissue to blood ratio
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is smaller than one. This time factor must be

considered because all these radiopharmaceu-

ticals show intracellular binding which in-

fluences the tissue tc blood ratio. The tech-

netium radiopharmaceuticals i.e. 99m,Tc-per-

technetate and Tc-citrate complex, of which

the tissue to blood ratios are constant

because of the fact that there is no intra-

cellular binding, show in all but two experi-

ments a tissue to blood concentration ratio

smaller than one. Tc-citrate complex in

necrotic tumour tissue has a tissue to blood

ratio of 1.23 +, 0.26 and in liver tissue the

ratio is 1.08 +_ 0.32. An explanation for this

behaviour could not be found. As can be seen

from the experimental results described in

chapter 5 the uptake pattern in normal and

pathological tissues is qualitatively the

same. The substances investigated fit into

the ionic model proposed i.e. they are anionic

substances and appear to be freely diffusable

resulting in a constant concentration ratio

outside and inside the cell. Besides this pri-

mary mechanism which is governed by the cell

membrane permeability the four non technetium

compounds show another mechanism in which the

pharmaceutical becomes bound in the cell re-

sulting in a rising tissue to blood ratio

after the maximal uptake has been reached..

The degree of intracellular accumulation can

be explained as a passive physicochemical

phenomenon governed by the cell membrane per-

meability. The uptake pattern in tumour cells,

necrotic tissues and normal cells is basically

identical. The case reports in chapter 6

A
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illustrate the application of this hypothesis

to practical situations. The tumour localizing

capacity of thallous chloride, which was

accidentally discovered, could have been pre-

dicted considering the anionic state of the

radiopharmaceutical. The results obtained with

gallium-67-citrate in the follow up of sar-

coidosis can be explained by the enhanced cell

membrane permeability which is related to the

increased metabolic activity of inflamed cells.

Xn patients under anti inflammatory steroid

therapy it is advisable to replace pertechne-

tate by citrate complex in the investigation

of brain lesions. Thus by using a substance

which enters the tumour cells the decrease in

oedema which results in a lower accumulation

of the pertechnetate is compensated for. Both

radiopharmaceuticals demonstrate a similar

pattern of uptake and pertechnetate even shows

a higher concentration in the lesion due to

accumulation in the oedema. However, because

of the faster clearance of citrate complex

and its intracellular accumulation its capa-

city to visualize is slightly better. From the

experimental work described in this thesis it

can be concluded that:

11*



I 1. All of the radiopharmaceuticals investi-

gated are non specific with respect to tumour

tissue.

2. Contrary to the generally accepted view all

of the radiopharmaceuticals investigated are

present in the anionic form.

3. All of the radiopharmaceuticals investi-

gated show the same pattern of uptake in

tumour cells, necrotic tissue and normal

cells.

4. The degree of intracellular accumulation

can be explained as a passive physicochemical

phenomenon governed by the cell membrane.

5. Gallium-67-citrate is the best tumour ima-

ging pharmaceutical within this group of non

specific substances.

6. Because of the fact that the uptake re-

flects the membrane permeability their appli-

cability must primarily be considered in the

scope of monitoring the patient rather than in

the field of diagnosing malignancy.
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Summary

In chapter one a short introduction concerning

tumour imaging in nuclear medicine is given as

veil as the formulation of the problem treated

in this thesis. A possible common mechanism

which governs the uptake of so called non spe-

cific substances such as gallium-67-citrate,

indium-111-chloride and mercuric-197-chloride

is considered. Xn the literature review in

chapter two the most important tumour imaging

radiopharmaceuticals used until now are des-

cribed together with their clinical signifi-

cance in the diagnosis of malignancy* Phospho-

rus -32 as orthophosphate was introduced in

1936; until the nineteen fifties it had limi-

ted use as a diagnostic reagent. At the moment

it is still used in the treatment of myelo-

proliferative disorders. The use of iodine-131

as iodide in the diagnosis of functioning

metastases of thyroid carcinoma is mentioned.

Radioiodinated compounds such as R.I.H.S.A.,

fibrinogen and antifibrin antibodies, chloro-

quine, anti CEA antibodies, aminoacridine com-

pounds, DNA and RNA precursors and tetracy-

cline are also described. Mercury compounds

such as mercuric chloride and chlormerodrin

which have been used in tumour detection are

mentioned together with the seleno compounds

selenite and selenomethionine. Chelates with

different radioisotopes of the antibiotic

bleomycin which have been proposed as tumour

localizing agents are described. Attention has

been paid to the radiolanthanides, radioacti-

nides, bismuth, copper, indium and thallium as
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far as their tumour imaging capabilities are

concerned. Finally special interest has been

demonstrated to gallium-citrate which is the

most extensively studied radiopharmaceutical

in the field of tumour detection in nuclear

medicine. From this review it was concluded

that all of the Pharmaceuticals described show

tumour localization to some extent but that

they all are non specific. The mechanism of

uptake and subcellular distribution of most of

the radiopharmaceuticals reviewed are discus-

sed in chapter three with special reference to

gallium-citrate. An ionic model to explain the

distribution patterns of a number of these

tumour imaging radiopharmaceuticals in normal

and pathological tissues has been proposed. Xn

this model it is necessary to assume that the

reagent when introduced into the body remains

in a freely diffusible ionic state. Based on

the Hernst equation which governs the membrane

potential the ions must be in the anionic

state and the tissue to blood ratio must re-

main constant at a given temperature. Evidence

for the validity of this model is presented in

chapter h with specific reference to the ionic

state of the reagents concerned. Electropho-

resis and ion exchange chromatography experi-

ments are described which prove the negatively

charged state of the radioisotopes in the in-

vestigated pharmaceutical form. In chapter 5

experimental evidence to support the proposed

model is presented, with reference to the bio-

logic behaviour of the radiopharmaceuticals in

normal and pathological tissues. For the expe-

t-



nH

riments performed to study patterns of uptake

in pathological tissues a rhabdomyosarcoma

tumour was selected. In order to study the up-

take in relation to metabolic activity the

tissue to blood ratios were measured in the

thymus of growing rats. A comparison of the

accumulation patterns of the radiopharmaceuti-

cals investigated* is made in normal as well

as pathological tissues. A limited number of

selected case reports in chapter 6 demonstrate

how the results of the earlier described in-

vestigations can be applied to explain pheno-

mena observed in clinical studies with ionic

substances. The results obtained are discussed

in chapter 7 and the validity of the data with

respect to the proposed model has been inves-

tigated». It could be concluded that the uptake

patterns of the radiopharmaceuticals investi-

gated in both normal and pathological tissues

are primarily identical. The degree of intra-

cellular accumulation can be explained by a

physicochemical phenomenon governed by the

cell membrane permeability.
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Samenvat t ing

In hoofdstuk één wordt een korte inleiding

gegeven betreffende het zichtbaar maken van

tumoren in de nucleaire geneeskunde. Deze

inleiding wordt gevolgd door de probleemstel-

ling die handelt over het gemeenschappelijke

mechanisme - zo dit er is - van opname van

niet specifieke verbindingen zoals gallium-67-

citraat, indium-111-chloride en kwik (ll)-i97-

chloride. In hoofdstuk twee volgt een litera-

tuuroverzicht van de meeste radiofarmaca die

tot nu toe werden gebruikt in de diagnostiek

van kwaadaardige aandoeningen. Zoals het Fos-

for- 32 orthofosfaat waarvan de diagnostische

toepasbaarheid beperkt is en dat therapeutisch

wordt gebruikt bij de behandeling van b.v.

polycythaemie, en het Iodium-131, als iodide

voor het opsporen van functionele metastasen

van het schildkliercarcinoom. Daarnaast wordt

de toepassing van tal van geiodeerde verbin-

dingen als albumine, fibrinogeen en anti-fi-

brine antilichamen, chloroquine, anti CEA-

antilichamen, aminoacridine groepen bevattende

verbindingen, DNA en RNA bouwstenen en tetra-

cycline aangegeven. Evenals de kwikverbinding-

en, mercurochloride en chloormerodrin, die

gebruikt zijn voor tumordetectie en de seleen-

verbindingen seleniet en seleenmethionine.

Ook de chelaten van het antibioticum bleomy-

cine met verschillende radioisotopen worden

besproken» Aan radioactieve verbindingen van

lanthaniden, actiniden, bismut, koper, indium
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en thallium wordt aandacht besteed voor vat be-

treft iroai gedrag als tumorzoekers. Tenslotte

wordt gallium-citraat uitvoerig beschreven.

Dit farmacon is verreweg het meest intensief

bestudeerd als tumorzoekend agens in de nucle-

aire geneeskunde. Uit dit overzicht kan worden

geconcludeerd dat alle beschreven farmaca min

of meer in tumoren worden opgenomen en tevens

dat ze in dit opzicht niet specifiek zijn. In

hoofdstuk drie wordt het opnamemechanisme en

de subcellulaire verdeling van de meeste tu-

morzoekende radiofarmaca omschreven, waarbij

vooral nadruk gelegd is op gallium-citraat.

Een ionogeen model wordt voorgesteld ter ver-

klaring van de verdelingspatronen van een aan-

tal tumorzoekende radiofarmaca in normaal en

pathologisch weefsel. In dit model is het

noodzakelijk dat het reagens, na toediening,

zich gedraagt als vrij, diffundeerbaar ion.

Op grond van de Nernst vergelijking, die de

membraan potentiaal van de cel beschrijft,

moet in dit model het ion negatief geladen

zijn en moet zijn weefsel-bloed ratio constant

blijven bij een gegeven temperatuur. In hoofd-

stuk vier wordt met behulp van elektroforese

en ionen-uitwisselingschromatografie het be-

wijs geleverd dat de onderzochte radiofarmaca

zich in de injectieflesjes in negatief geladen

toestand bevinden. In hoofdstuk vijf wordt een

verklaring gegeven van het opnamemechanisme

van de radiofarmaca in normaal en pathologisch

weefsel* De in dit hoofdstuk beschreven expe-

rimenten voor de bestudering van de opname in

pathologisch weefsel maken gebruik van een

rhabdomyosarcoom tumormodel in de rat. Ten-
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einde de relatie tussen opname en metabole

activiteit te bestuderen is gebruik gemaakt

van de weefsel-bloedratios in de thymus van

jonge ratten. De opnamepatronen van de ver-

schillende radiofarmaca in normaal en patho-

logisch weefsel werden vergeleken. In hoofd-

stuk zes zijn de bevindingen van een beperkt

aantal klinische voorbeelden beschreven en

getoetst aan de gepostuleerde hypothese. In

hoofdstuk zeven volgt tenslotte een discussie

van de verkregen resultaten en de toepasbaar-

heid van het voorgestelde model. Er wordt ge-

concludeerd dat de opnamepatronen van de be-

studeerde farmaca in normaal en pathologisch

weefsel in principe gelijk zijn. De mate van

intracellulaire opname kan worden verklaard

door een physisch-chemisch proces dat bepaald

wordt door de celmembraan.
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