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FOREWORD 

The International Atomic Energy Agency and the World Health Organiza-
tion have prepared a series of joint publications on the subject of first aid and 
early treatment of workers involved in accidental radiation exposure. The most 
recent publications is the Diagnosis and Treatment of Incorporated Radio-
nuclides (STI/PUB/411) and a manual on Early Medical Treatment of Radiation 
Injury in Radiation Accidents (Including Sodium Burns) is in preparation. 

One of the important methods for the treatment of incorporated trans-
uranium elements is the use of chelating agents. Because of the vast amount 
of literature available it became necessary that an authoritative and up-to-date 
synthesis of the state of the art be presented to the physicians and health 
physicists who might be confronted with cases of incorporated transuranic 
elements. 

At the request of the IAEA and WHO, Dr. Vladimir Volf, Kernforschungs-
zentrum Karlsruhe, Federal Republic of Germany, prepared the report which 
forms this publication. This report has been reviewed by the late Professor 
A. Catsch, Federal Republic of Germany, and Dr. D.M. Taylor, United Kingdom 
of Great Britain and Northern Ireland, who made a number of comments which 
were taken into consideration in the preparation of this final version. The 
IAEA officer responsible for co-ordinating this work was H.T. Daw of the 
Division of Nuclear Safety and Environmental Protection. 

The two organizations consider that this publication will fill a long-awaited 
need. The views expressed are those of the author and do not necessarily repre-
sent the decisions, the scientific opinion or the set policy of the cosponsoring 
organizations. 
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1. INTRODUCTION 

The increasing production of highly radiotoxic transuranium elements (TU) 
for the peaceful uses of nuclear energy is necessarily associated with an increasing 
possibility of TU incorporation. Therefore, methods and means for decorporation, 
1.e. removal of TU from the body, have become of increasing interest, particularly 
to those who are responsible for the treatment of internally contaminated humans 
as well as to those who are engaged in safety precautions and remedial measures 
concerning populations at risk from the release of TU into the environment. 

Decorporation of TU has been the subject of international symposia [1—5] 
and review articles [6—14], Nevertheless, there are several reasons for preparing 
the present report: recent experiments offer promise of the future development 
of more effective or less dangerous decorporation procedures, while other studies 
indicate undesirable toxic side-effeicts should the present treatment of choice be 
used in an improper therapeutic schedule. Last, but not least, many animal 
experiments represent only a poor model for a physician concerned with the 
removal treatment, because they do not take into account the actual situation 
encountered in practice. Therefore, there is an urgent need for a critical evaluation 
of the animal studies as well as to compile the data on decorporation treatment 
in man. 

The text of this report and some of the tables and figures referring to 
selected data should provide basic information on the decorporation of TU as 
well as an insight into the more general principles, trends and interactions. The 
detailed tables and the more or less exhaustive list of important references should 
enable the reader to make his own conclusions in a minimum of time. 

2. BACKGROUND 

2.1. Incorporation and decorporation of TU 

Decisions about necessary measures for the decorporation of TU are 
decisively influenced by the expected behaviour of TU after they have entered 
the body. The kinetics of incorporated TU are schematically presented in Fig.l. 
From the practical point of view, the main routes of entry of TU into the body 
are inhalation, contamination of puncture wounds, skin abrasions and burns. 
Ingestion is usually of minor importance, but it should be mentioned that a 
considerable fraction of inhaled radioactivity is transferred back into the naso-
pharynx and, subsequently, into the gastrointestinal tract. From the primary 
site of entry a fraction of TU is translocated (absorbed) into blood and deposited 
in body organs, thus giving rise to the systemic body burden. The kinetics of 
absorption, distribution and excretion of a given TU compound depend on its 
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FIG.I. Schematic model of the incorporation, distribution and decorporation of radionuclides. 

physico-chemical state, which, consequently, becomes a factor influencing the 
choice and efficacy of treatment methods and means. Therefore, some specific 
features of the metabolic behaviour of TU will be presented in this report, but 
only in the above context; for further details the reader is referred to ICRP 
Publication 19 [15] and Bair [16]. Similarly, as far as problems of TU radiotoxicity 
are concerned, much valuable information has been summarized in Refs [17—23]. 
For a bibliography on the biology of TU see Thompson [24]. 

From the decorporation point of view, the scheme in Fig. 2 exhibits general 
aspects of decorporation treatment, such as time and route of treatment adminis-
tration as well as its mechanisms of action in relation to the incorporated TU. 
First, it should be stressed that the efficacy of any therapeutic procedure decreases 
with time elapsed between TU incorporation and the beginning of treatment. 
This is because TU are subject to continued translocation within the multi-
compartment system of the body and become less available. It is therefore useful 
to distinguish between the contamination of the route of site and the deposition 
of the absorbed TU in various organs. In the first case every effort should be taken 
to prevent their translocation into the bloodstream and to remove them from the 
outer surface of the site of entry or, if necessary, to induce translocation of TU 
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followed by their increased excretion from the body (local treatment). In the 
second case, after absorption of TU into the blood, an attempt should be made 
to minimize their deposition in the tissues and/or to enhance their release and 
excretion (systemic treatment). It is further useful to differentiate between 
early and late treatments, according to the beginning in relation to the time of 
TU incorporation. Although such classification is somewhat arbitrary and many 
antidotes are used for both early and delayed treatment, the dosage and timing 
may be widely different. Furthermore, a special case of early treatment — first 
aid — is clearly defined, having some characteristic features such as applicability 
by a layman or by any non-specialized physician, often without an exact diagnosis 
and indication. 

The local procedures depend on the route of entry of the TU involved and 
include mechanical and/or chemical cleaning of the local deposit. Since the 
possibility can never be excluded that a fraction of TU has been absorbed from 
the site of entry into the blood, it has always to be decided whether the local 
treatment should not be completed by a proper systemic therapy or not. The 
systemic procedures involve the TU in the blood and in the organs and include 
mainly chemical binding and transport of TU via the natural excretory ways — 
they are also dependent on the route of entry. The systemic treatment also 
includes attempts to enhance the release of TU from the organ of their deposition 
by alteration of physiological processes, thus making TU available for excretion 
or for chemical binding. 

The antidotes for systemic and partly for local decorporation of TU are 
represented by a group of complex-forming substances known as chelating agents. 
Therefore, the present report is mainly concerned with their use, although other 
therapeutic approaches will not be overlooked. 

2.2. Interpretation of experiments in animals 

Since human experience is limited, experiments on other mammalian species 
are desirable for a better understanding of the manifold aspects of TU decorporation. 
The crucial question to be answered is: will the treatment achieve the desired 
beneficial result of TU removal, i.e. prevention of untoward biological effects 
due to deposited TU? The pragmatic approach has been frequently applied of 
equating a reduction in retained body burden of TU with a reduction in the risk 
of late effects. There is a general agreement that this is most probably true for 
predicting the end-effect of first aid and early treatments. However, in the case 
of a delayed decorporation the reduction in late effects need not be proportional 
to the reduction of the TU body burden, since the tissue dose accumulated before 
the start of and during the treatment might be sufficient for the induction of latent 
damage; the shape of radiation dose-effect curves, the induction and vasted doses 
as well as the effect of changing the distribution of radiation in space and time 
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are not well known. Another important point is the potential risk of the decorpo-
ration treatment itself, especially in the case of prolonged administration. Careful 
evaluation of both the possible toxic side-effects of treatment and of the expected 
reduction of harmful effects of incorporated TU in animals is thus an unavoidable 
step in gaining a better insight into the whole complex problem of TU decorporation. 

As in other fields of experimental pharmacology, the question arises of how 
to extrapolate the animal data to man. For this purpose it is useful to divide 
animal experiments into several groups according to their informative significance: 

(a) Removal screening studies designed to achieve maximum effectiveness 
of the antidote: the compound investigated being administered as a single dose 
at the highest tolerable level and the time interval between application of the metal 
and the antidote being short or even both are administered simultaneously. The 
data thus obtained should be used very cautiously for any predictions of the 
effects in man, where similar conditions are hardly to be expected. On the other 
hand, such results represent a sound basis for comparing the effectiveness of 
various chelating agents and selecting those for further investigation. 

(b) Dose- and time-effect investigations enable the efficacy of treatment to 
be determined more exactly. As far as chelating agents are concerned there is a 
general rule that their effectiveness depends markedly on both the chelate dosage 
and the time of treatment! 

The dose effect of a chelating agent diminishes with time after incorporation 
of TU and the effect of the time factor is in turn influenced by the chelate dosage 
as well as by the kinetics of the TU and of the chelate itself arid is thus different 
for various organs. A quantitative comparative evaluation of the effect of 
chelating agents is thus desirable for better predicting the effect in man. Last, 
but not least, the information obtained after administration of single chelate 
doses has to be completed by studying the effect of protracted treatment. 

(c) Treatment schedule experiments simulate conditions to be encountered 
in clinical practice, such a:s prompt or delayed, single or protracted, local or 
systemic treatments, involving also different modes of administration. The amounts 
of chelating agents used should be kept closely to those considered to be safe in 
man when, e.g., comparing the dosing on the base of body weight. Such animal 
data provide valuable information on the possible efficacy of removal therapy in 
man, especially when experiments have been performed on more than one animal 
species and with various TU compounds introduced by various routes of entry. 

(d) Radiotoxicity reduction is the only direct evidence of the desired end-
effect of.radioactivity removal — prevention or diminution of radiation effects. 
For predictions in man it is essential to perform representative studies in several 
mammalian species in order to identify common regularities. Moreover, the 
possibility of a different sensitivity solely in man for particular effects under 
observation must also be taken into account. 

5 



3. CHELATING AGENTS FOR TU 

3.1. Mechanism of action in vivo 

Detailed reviews of the essential concepts of chelation chemistry as well as 
of factors governing the biological behaviour and action of chelating agents were 
prepared by Catsch [25, 26], new developments were reviewed by Catsch and 
Harmuth-Hoene [27], A comprehensive bibliography on metal chelates in 
biological systems was collected by Smith [28], 

Chelating agents are organic compounds, which react with metallic ions to 
form stable complexes, the metal chelates, where the characteristic chemical and 
eventually biological properties of the metal ion are masked. Complexes are co-
ordination compounds, resulting from the reaction of a metal ion with electron 
donor atoms or groups. The co-ordination number of a metal ion is the charac-
teristic maximum number of electron donor (or ligand) atoms which the metal 
ion can accommodate. If the complexing compound, the ligand, possesses two 
or more electron donor atoms, it is called a chelating agent and its complex with 
the metal ion is termed a chelate. Depending on the number n of ligand atoms, 
the chelating agent may be designated as an n-dentate ligand. The electron-pair 
bonds formed between the metal and the ligand are essentially covalent or ionic. 

The binding of a metal ion (M) by a chelating agent (L, for ligand) represents 
an essential prerequisite for metal decorporation. In order to characterize the 
stability of the chelate, let us consider the simplest case of a 1:1 metal-ligand 
chelate. Since metals in the body are bound by various endogenous acceptors (A), 
for example anions such as O H - , POj1" ion exchangers such as bone mineral or 
complexing agents such as amino acids, nucleic acids, or proteins, the mobilization 
of a metal might be considered as a simple ligand exchange: 

AM+ L - A + LM (1) 

The substitution may proceed via the dissociated metal ion: 

AM + L - A + M + L ^ A + ML (2) 

The ligand-exchange reaction might also lead to formation of an intermediary 
ternary complex: 

AM + L ^ AML ^ A + LM (3) 

Relevant factors for the formation of ternary complexes are the steric 
configuration of both ligands and the availability of free co-ordination sites of 
the metal. If the rate at which the ligand exchange reaction takes place is slower 
than the rate of excretion of the chelating agent from the body, metal mobilization 
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will be low even if the stability of the chelates is high. Furthermore, in the case 
of a sufficiently strong endogenous acceptor fixed in the tissue plus a slow ligand-
exchange reaction rate a ternary complex might be formed in situ and the chelated 
metal released only slowly. 

Assuming an equilibrium situation and the body to be a one-compartment 
system, the mobilization effect, as a first approximation, would be directly 
proportional to the ratio of the stability constants K L M / K A M and to the ratio 
of molarities (L+ LM)/(A + AM). 

Actually, however, Eqs (1) to (3) neglect the possible existence of other 
chelate species like LjMj, LHjM, UOH^M, as well as the competition of protons 
(indicated by the distribution coefficient a L ) . Furthermore, there are no chelating 
agents that react exclusively with the particular metal ion to be mobilized, and 
they all possess the same affinity towards other metals (M') including the endogenous 
ones. Thus, the ligand-exchange implies a simultaneous metal exchange: 

LM' + M M' + LM (4) 

The exchange of the metal for endogenous calcium is of greatest practical 
importance, because the concentration of ionic Ca2+ in blood plasma is maintained 
at a relatively high level 1CT3 M) by homeostatic regulation. Thus, taking into 
account the competition of Ca2+ and of protons ( a L ) and assuming that only the 
simple 1:1 metal and Ca chelates are formed, an effective (or conditional) 
stability constant might be defined as follows: 

„ , K MLt L ] t o t 
K m " C ^ K & t C * ] 

where the molar concentration of a chelating agent in the distribution space [L] t o t 

must by far exceed the amount of metal to be mobilized. The expressions 
and K Q | l represent the stoichiometric stability constants of the respective 
chelates. These constants are calculated from the equilibrium ratios of chelated 
to non-chelated metal and calcium ions, respectively ([ML]/[M] [L]; [CaL]/[Ca][L]). 
The competition of endogenous trace metals, such as Zn, Co and Mn, has, because 
of their low concentrations, no consequences for the mobilizing efficacy of a 
therapeutic ligand. The presence of alkali metal ions can also be neglected because 
of their minimal tendency to form stable complexes. 

The conditional stability constant of a 1M:2L chelate is somewhat more 
complicated: 

V M ly-M r T 12 
= ML ML2 *• 'tot 
_ ( a L + ^CaL [Ca2+])2 ( ) 
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However, only with extremely high K j ^ values or a high dosage of chelating 
agents (which would be unrealistic for practical application) could a substantial 
metal removal be expected [27]. 

A realistic possibility for improving decorporation is provided by the 
simultaneous use of two, or more, agents, which are able to form mixed complexes 
or chelates such as: 

AM + L + L' ^ A + MLL' (7) 

In particular, two or more chelating agents will bind a metal ion more firmly than 
a single agent. For example, MLL' is favoured over that of ML or ML' and would 
be, on statistical grounds only, twice as stable as ML2or ML^. Aside from this 
favourable statistical effect, the stability of the mixed complex is often enhanced 
above and beyond the statistical contribution, especially when the ligands are 
dissimilar types [29], 

It should be noted that Eqs (5) and (6) indicate that the effect of a chelating 
agent depends on the stability of the chelate formed as well as on the chelate 
concentration. Thus, the lower efficacy could be theoretically compensated for 
by increasing the dose; in practice, however, there are limitations, such as chelate 
toxicity. Furthermore, the definition of K'M and K ^ does not take into account 
the competing side reactions of the metal ion with endogenous ligands: Actually 
the mobilizing effectiveness of the chelating agents in vivo depends on the ratio 
of the conditional stability constant to the stability of the endogenous complexes 
of the metal to be mobilized. 

The physiological distribution space of a chelating agent is one of the most 
important factors in vivo, since mobilization may proceed either with the 
dissociated free metal ion or by displacement of an endogenous ligand, preceded 
by formation of a ternary complex in situ. In this case the ligand exchange 
reaction presumes a direct contact between both components and, consequently, 
metal mobilization is excluded if the distribution space of the metal to be mobilized 
differs from that of the chelating agent. On the other hand, if the metal and ligand 
have a different distribution space but the metal can cross the boundary separating 
both compartments, the ligand exchange due to disturbed equilibrium may proceed 
in the same manner as if the metal and chelating agent were present in the same 
compartment — distribution space. It is evident that treatment efficacy might be 
improved by changes induced in the distribution pattern of a chelating agent, 
especially by facilitating its intracellular penetrability, as well as by the administra-
tion of two or more chelating agents with different distribution patterns. 

Last, but not least, the concentration of a chelating agent in the distribution 
space is an essential term of the conditional stability constant. This also means 
that the mobilization effect of a chelating agent is proportional to the ratio of 
the velocities of the exchange reaction(s) outlined above and of the rate at which 
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the chelating agent is excreted from the body. In other words, the stability and 
velocity constants are not necessarily correlated with each other and this might 
explain two general phenomena, mentioned in the foregoing section: the 
dependence of the effect of chelating agent on the physico-chemical state of the 
metal as well as on the time after metal incorporation. As to the former, so-called 
equilibrium complexes are formed at fast exchange rates (indicating primarily 
ionic bonds between the metal ion and the ligand), while a sluggish ligand exchange 
occurs if insoluble metal compounds or inclusion complexes (behaving phenome-
nologically like the so-called robust or inert complexes) are involved whose 
behaviour is attributed to essentially covalent bonds. The latter might also occur 
due to the binding of metal ions by endogenous, high molecular weight compounds; 
metal ions are thus withdrawn from equilibrium and become unavailable for 
chelation. Similar in its end-effect is the gradual 'burial' of metal ions in the 
skeleton as a consequence of accretion of newly calcified bone. 

Thus, the usefulness of a chelating agent for metal removal in vivo is 
determined by several factors, which might be summarized as follows: 

(a) The probability of forming the respective metal chelate in vivo, which 
depends mainly on the affinity of the chelating agent for the metal and for 
endogenous metals as well as on the affinity of the metal ion for endogenous 
acceptors; 

(b) The physico-chemical properties and the distribution of the metal or, in 
other words, the fraction of the metal available for chelation; 

(c) The ratio of the attainable concentration of the chelating agent to the 
chelatable metal fraction with respect to the velocity of the exchange 
reaction; 

(d) The metabolic stability of the metal chelate and the rate and degree of its 
excretion; 

(e) The biological behaviour (distribution, excretion) and effects of the 
chelating agent itself. 

3.2. Quantitative evaluation of effect 

In spite of the various factors involved, the effectiveness of a chelating 
agent in vivo can be evaluated by considering merely three main effects, which 
are all reasonably easier to detect in animal experiments: 

(a) Influence on the metabolic behaviour of the metal, especially enhancement 
of its excretion; 

(b) Influence on the toxicity of the metal; in the case of radionuclides this is 
closely related to their removal from the body; 

(c) Toxic side-effects of the chelating agent, especially after administration 
of therapeutic doses. 
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The therapeutic efficacy of chelating agents can be quantitatively evaluated 
by comparing the above parameters in treated and untreated animals and 
estimating the following terms: 

(a) Mobilizing effectiveness of a chelating agent, i.e. induced increase in excretion 
or decrease in retention of a radionuclide, expressed in per cent of control 
(untreated) values; 

(b) Therapeutic effectiveness, i.e. decrease in radiotoxicity of a radionuclide, 
expressed in per cent of control values or as a ratio of toxic effects observed 
with and without treatment; 

(c) Therapeutic index, i.e. ratio of toxic and therapeutic doses of the chelating 
agent — as with other drugs, the higher therapeutic index is the better; 

(d) Two chelating agents A and B can be compared by stating the relative 
potency (p), i.e. the ratio of equally effective doses, as well as by determina-
tion of the relative efficacy, i.e. the ratio of the effects of equimolar doses. 

Figure 3 shows schematically four dose-effect curves (a—d), constructed by 
plotting the decrease in radioactivity retention (mobilizing effectiveness) against 
the chelate dose. The simplest case is assumed, i.e. the two curves are always 
parallel to each other when plotted on a bilogarithmic scale. It is evident that 
the relative potency (RP) does not depend on the slope of the curves compared, 
while the relative efficacy (RE) becomes higher when the slope of the curves 
increases. Thus, there is no doubt that RP values express differences between 
the chelating agents in a more general way. In addition, RP indicates how the 
lower efficacy of a chelate can be compensated by increasing its dose; the latter 
becomes important when a less effective chelating agent possesses a substantially 
lower toxicity than another, more effective one. 

On the other hand, the dependence of RE on the slope of the curves indicates 
quantitatively some trivial, but important facts: 

(1) When the slope of the dose-effect curve is high, it is to be expected that 
only a minor increase in dose of the less effective chelating agent would 
cause a substantial reduction of the difference observed when using 
equimolar amounts; 

(2) When the slope of the dose-effect curve is low, the difference between the 
effectiveness of various chelating agents is less pronounced and can be less 
easier compensated by increasing their dose. 

The practical implications of these findings become evident when bearing 
in mind that a high slope of the dose-effect curves concerns highly effective 
chelating agents and early treatment, whereas a low slope concerns a low binding 
capacity of the chelate for the metal incorporated or a long delay of treatment, 
even when using highly potent chelates. 
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Somewhat more complicated is the relationship of non-parallel dose-effect 
curves, as shown schematically in Fig. 4. A hypothetical case is assumed where 
three chelating agents (a, b, c) are able to reduce radioactivity retention to 10% 
of the pretreatment level, provided they are administered in a ratio of 1:10:100. 
It is evident that both RP and RE values depend on the chelate dose and, further, 
on the slope of the dose-effect curves: when the slope is high the RE values 
change more than the RP ones, while with a low slope the RP values are more 
affected than the RE ones. This suggests that when the dose-effect curves are 
not parallel only a careful evaluation of those sections of the curves that corre-
spond to the therapeutic range of the chelate dose can provide a reasonable base 
for practical implications. In other words, only an exact estimate of the highest 
applicable therapeutic chelate dose allows one to utilize fully the information 
provided by the respective RP and RE values. 

3.3. Pharmacokinetics and toxicology of chelating agents 

This section is a short review of data on the absorption, distribution and 
excretion patterns of several practically important chelating agents as well as on 
their possible metabolic degradation and includes data on acute and chronic 
toxicity. This basic knowledge is necessary, since chelating agents used or 
potentially useful in man have to be carefully characterized like any other drug. 
The information thus obtained serves to estimate the therapeutic index, which 
is of primary importance in the selection and recommendation of chelating agents 
for clinical use. 

3.3.1. Polyaminopolycarboxylie acids 

Among the vast number of chelating agents tested, the group of synthetic 
polyaminopolycarboxylic acids has played hitherto a unique role in experimental 
studies as well as in medical practice: ethylenediaminetetraacetic acid (EDTA) 
was the first to prove useful in mobilizing plutonium and americium and several 
years later the diethylenetriaminepentaacetic acid (DTPA) was introduced. 

HOOC - H 2C CH 2 - COOH 

HOOC - H 2C 
N - CH 2 - CH 2 - N : 

EDTA CH 2 - COOH 

HOOC - H 2 C / C W 2 - COOH 
N — CH 2 - CH 2 - N— CH 2 — CH 2 - N 

I CH 2 
I 

COOH 
DTPA 

HOOC - H 2C CH 2 - COOH 
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TABLE I. STABILITY CONSTANTS FOR DTPA CHELATES WITH 
TRANSURANIC ELEMENTS [28] 

Stability constants for M-DTPA3 

LogK M
 L o S k M 2 

Neptunium 23.6 29.3 

Plutonium 23.4 29.5 

Americium 22.9 

Curium 23.0 

Berkelium 22.8 

Californium 22.6 

a Results may differ because of differences in experimental conditions and in definition of 
K M a n d K M 2 -

The preference given to these compounds is based on their metal mobilizing 
efficiency as well as on the sufficiently high therapeutic index. With all radio-
nuclides tested, DTPA has proved unequivocally to be superior to EDTA in 
removing radionuclides. This is due to the fact that the 8-dentate DTPA chelates 
metals with a co-ordination number > 8 (e.g. lanthanides, actinides) more 
efficiently than the 6-dentate EDTA, whereas the stability of their respective 
Ca chelates (the co-ordination number of Ca being equal to 6) is virtually identical. 
Consequently, the quotient for DTPA is, as a rule, higher than that for 
EDTA; the stability constants for DTPA chelates with TU are presented in Table I. 

Notwithstanding the above, the following discussion of the metabolic and 
toxic properties of DTPA includes also EDTA, because of the close similarity of 
both compounds in this respect and since more human data are available for 
EDTA than for DTPA. For reasons explained later, the medical use of EDTA 
and DTPA in mobilizing radionuclides is restricted to their sodium-calcium salts, 
which dissolve easily in water. 

3.3.1.1. Metabolic behaviour. Absorption of DTPA from the intestinal 
tract is rather poor (3—5%), but is somewhat better from the lungs (20-30%); 
on the other hand, intraperitoneally or intramuscularly injected DTPA is absorbed 
quickly and completely. The bulk of injected DTPA is eliminated from blood 
rather rapidly, in rats with a half-time of 20 to 40 min [30, 31]; it is excreted 
almost quantitatively via the kidneys (Fig. 5 [32]). Since the total plasma 
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FIG.5. Effect of Ca-DTPA on the daily urinary excretion of239Pu citrate in mice [32\ 

clearances of EDTA and DTPA are identical with that of inulin [33], it can be 
assumed that the chelates are excreted by glomerular filtration only. Only 1 —5% 
of injected DTPA are excreted via the faeces. On the other hand, after inhalation 
of DTPA in rats two-thirds to three-fourths of the total chelate inhaled are 
excreted via the intestine. Furthermore, the rate of appearance in urine of inhaled 
DTPA is retarded in comparison with the intravenously injected chelate; the time 
for 50% of the dose to be excreted in the urine is at least doubled after inhalation 
of DTPA [34]. 

Studies with 14C-labelled EDTA and DTPA have indicated a small fraction 
eliminated from blood more slowly with a half-time of 20—40 h [31, 35], but 
later it was demonstrated that this is most likely an artefact caused by radio-
chemical impurities [36]. It seems therefore that neither EDTA nor DTPA is 
subject to metabolic degradation and/or transformation, which would significantly 
influence their therapeutic efficacy as well as their toxicity. 

By extrapolation of the EDTA and DTPA plasma clearance curve to zero 
time, an initial distribution volume can be estimated, amounting to about 20 to 
25% of body weight. Essentially the same value for the distribution space has 
been derived from experiments in which urinary excretion was blocked up tying 
off the kidney vessels [31, 35, 37]. These findings, as well as the negligible 
14C-labelling of the organs, suggest that the distribution volume of EDTA and 
DTPA is identical with extra-cellular water. 

The apparent inability of the chelates to permeate cellular membranes is 
generally ascribed to their negative charges and hydrophylic nature. On the 
other hand, there is some evidence that a part of the DTPA may penetrate 
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intracellularly, at least in the liver: a fraction of 239Pu which appears after treat-
ment with DTPA in the faeces corresponds to the loss of TU from the liver, as 
seen in Fig. 6; with 239Pu, e.g., there is a preferential loss from the parenchymal 
cells [38]. The major route of 239Pu excretion into the intestine is via the bile; 
the excretion is enhanced by DTPA [39—41 ]. 

Although the greater proportion of DTPA itself is excreted from the body 
within a day, the urinary excretion of TU remains elevated for several days (rat) 
or even weeks (man) after termination of DTPA therapy [42, 43]. This sustained 
effect of DTPA suggests at first approximation that a small but still effective 
fraction of the total DTPA is retained by the organism for an extended period. 
However, a model experiment with 144Ce, where Ca-DTPA was injected either 
simultaneously at different, very small doses or at different times before 144Ce, 
did not confirm the assumption that the slowly cleared DTPA fraction is responsi-
ble for the sustained action [44]. Another explanation of this phenomenon could 
be given when assuming a tissue deposit of TU-DTPA chelate, e.g., because of the 
formation of a ternary complex of TU with DTPA and with an endogenous ligand, 
firmly fixed in tissue, from which TU-DTPA is only slowly released. The fact 
that in organ homogenates from DTPA-treated animals the ultrafiltrability of 
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FIG. 7. Ultrafiltrability of139Pu from tissues of rats injected with Ca-DTPA 3 days after 
administration of 239Pu [45]. 

239Pu was markedly increased for several days (Fig. 7 [45]) certainly favours the 
latter hypothesis. 

In man DTPA is also poorly absorbed from the intestine [46], while after 
inhalation more DTPA enters the blood, as indicated by the fact that about 20 to 
30% of the inhaled dose appears in the urine [47, 48]. This figure fairly agrees 
with that fraction of inhaled aerosol, which according to the lung model [15] 
should reach the pulmonary compartment; thus, the retained DTPA fraction 
would be completely absorbed. The maximum concentration of inhaled DTPA 
in blood is obviously reached more slowly than after injection, but the further 
behaviour of inhaled DTPA seems to be identical with that of injected DTPA, 
as indicated in Fig. 8, which compares the respective rates of urinary DTPA 
excretion [47]. Intravenously injected 14C-DTPA appears rapidly and almost 
quantitatively in urine within the first 24 hours [46]. 

3.3.1.2. Toxicity. The acute LD 50% for a single intraperitoneal adminis-
tration of Ca-DTPA equals 12.5 mmol • kg"1 in mice [49], whereas the LD 50% 
of Ca-EDTA amounts to 17.4 mmol • kg - 1 [50]; the 1.4 times higher toxicity of 
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DTPA is statistically significant. As to the toxicity of EDTA in other mammalian 
species the data available at present are not sufficient to determine the exact 
LD 50%, but one gains the impression that it is 2—3 times higher than in mice 
[51, 52], 

For extrapolation of animal data to man, Ca-DTPA doses have been more 
recently expressed as human dose equivalents (1 HD = 30 jumol or about 1 g 
Ca-DTPA per 70 kg of body weight). Thus, the toxicity of injected Ca-DTPA 
was recently evaluated in mice after acute and subacute administration of 6 to 
30 HD. Transient histological changes were detectable in kidney and liver, none 
in the intestine. Since liver appeared to be more sensitive to the acute adminis-
tration of Ca-DTPA than the kidney, the effect of the chelate upon hepatic 
functions was investigated; no changes could be detected in the ability of the 
liver to clear sulphobromophthalein from the blood or in the concentration of 
glutamic-pyruvic aminotransferase in the blood plasma. It should be stressed 
that no histological lesions were observed when the chelate was administered at 
doses within the therapeutic range [53, 54], Also a 44-week treatment of rats 
with a little above 3 HD (100 /umol/kg) involving both Ca-DTPA and Zn-DTPA 
twice weekly did not bring any adverse effects in the treated animals or their 
offspring [55]. 
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T A B L E II. S T O M A C H A N D L U N G L E S I O N S O B S E R V E D IN B E A G L E D O G S A F T E R F I V E D A I L Y I N H A L A T I O N S 
O F Ca-DTPA O R S A L I N E A E R O S O L S [60 ] 

Number of dogs with lesions 

Time post-exposure when lesions observed 
Overall 

1 week 4 weeks 8 weeks 18 weeks incidence 
T a Ca T C T C T C T C 

Stomach 

Hyperplastic lymphoid follicles 3 - - - - - 3/16 0/8 

Lung 

Mild focal inflammation 3 1 3 2 3 1 4 2 13/16 6/8 
Perivasculitis - 1 4 2 4 2 4 2 12/16 7/8 
Focal fibrosis 3 - 2 - 2 2 1 2 9/16 4/8 
Epithelial atypia'3 2 — — — 1 1 2 — 5/16 1/8 

a T = 4 dogs treated with Ca-DTPA; C = 2 dogs treated with saline aerosols, 
k This varied from a mild atypia to metaplasia. 



total Ca-DTF%dose (mmol/ kg) — -

FIG.9. Dose-mortality curves after fractioning the weekly (A) or daily (B) dose of Ca-DTPA [65]. 

The acute toxicity of intratracheally instilled Ca-DTPA in rats was reported 
to be about 3 times that after intraperitoneal injection, but in surviving animals 
the lesions were repaired within 2—4 weeks after administration of the drug was 
discontinued [56]. No death resulted from 4 daily incubations of Ca-DTPA at 
10 HD level; at 16 HD 90% survived; at doses > 16 HD survival was about 50% 
after 3 daily treatments. After inhalation of Ca-DTPA, leading to the absorption 
of 1 to 10 HD no pathology was observed in rats or hamsters, with the exception 
of a transient vesicular emphysema [57]. No pathological effects were observed 
until 2 years after inhalation of Ca-DTPA in rats [58]. 

Further observations of the short-term toxicity of inhaled Ca-DTPA were 
made on dogs which received a little over 4 HD into the lungs assuming that man 
had the same 30% retention of the aerosol [59, 60]. Gross lesions noted at 
necropsy (Table II) occurred in both treated and control dogs, with one exception: 
hyperplasia of the gastric submucosal lymphoid follicles observed in animals 1 week 
following the last exposure. 

The toxicity of repeated doses of Ca-DTPA is markedly influenced by their 
timing. After repeated administration of Ca-DTPA the cumulative LD % in mice 
was found to be markedly higher than in the case of a single dose [61]. This 
indicates that the toxic lesions are partly reversible and the effect of single chelate 
doses therefore non-additive. 

Thus, the mortality in rats is distinctly lower if Ca-DTPA is administered 
intermittently, every second to fourth day [62, 63]. However, protracted 
administration of Ca-DTPA in beagles every 5 hours resulted in a substantially 
increased toxicity, so that even the therapeutic doses (1 HD, or 30 ^tmol • kg - 1) 
proved to be lethal when fractionated [64], 

Also in rats, if the daily dose of Ca-DTPA was given with repeated injections 
in several fractions rather than as a single daily injection, the LD 50% decreased 
by approximately 50%, while if a dose was given in five fractions on five consecu-
tive days, toxicity of Ca-DTPA was markedly reduced (Fig. 9 [65]). When a 
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subcutaneous infusion of Ca-DTPA was protracted over several days, its toxicity 
increased even more than that resulting from fractionation [55]. A similar 
observation was made after continuous infusion of Ca-DTPA in pigs [66], Most 
likely the relatively high toxicity of Ca-DTPA in calves and dogs observed previ-
ously is partly because the chelate was administered by a continuous intravenous 
infusion. It should be noted, however, that even in the case of drastically 
increased Ca-DTPA toxicity, i.e. due to its continuous administration, an inter-
rupted infusion seemed to be followed always by a rapid recovery, both in rats and 
swine [66]. 

Administration of Ca-EDTA or Ca-DTPA, in single or repeated doses, brings 
about substantial histopathological lesions of the kidneys of the nephrotic type 
[63, 67]. Since also in several human cases, where EDTA treatment proved to 
be fatal (to be discussed later), clinical and histological lesions of the kidneys 
were observed, polyamino-polycarboxylic acids were considered nephrotoxic 
agents. However, the failure to find any distinctive impairment of renal functions 
leaves some doubt about the relevance of the morphological kidney findings 
[54, 68, 69]. Furthermore, recent studies on different mammalian species revealed 
severe lesions of the small intestine, mainly degenerative changes of the crypts, 
which are parallelled by an impaired function, so that Ca-EDTA and Ca-DTPA 
should also be considered enterotoxic [64, 70, 71 ]. There is further some evidence 
that Ca-DTPA interferes with haemopoiesis and exerts a clear-cut effect on the 
collagen metabolism [55, 65, 72]. The inhibition of DNA-synthesis seems to be 
more general, since it could be revealed in the kidneys, liver and intestine [73—76] 
and in cultured Chinese hamster cells [77], In the latter, however, there was no 
increase of the chromosome aberration rate due to Ca-DTPA [78]. Acute toxic 
doses of Ca-EDTA and Ca-DTPA induce also a stress-response of the differential 
leukocyte count and raise the glutamate-pyruvate-transaminase activity of the 
serum [69]. 

Considering the reactions responsible for the toxic manifestations mentioned 
above, the most likely explanation is based on the fact that the stability of the 
Ca chelates of EDTA and DTPA is lower by several orders of magnitude than that 
of their chelates with several essential endogenous metals; the exchange of these 
metals against calcium and their mobilization leads to an impairment of metal-
controlled or activated systems such as metalloenzymes [25, 26]. In fact, there 
is an increase in urinary excretion of manganese, and in particular of zinc, 
following injection of Ca chelates of EDTA and DTPA in animals [66, 79—81 ] 
and in man [82, 83]. The higher toxicity of Ca-DTPA as compared with Ca-EDTA 
is parallelled by a higher effect of DTPA on the excretion of these metals [25, 79]. 
There is also a transient depletion of endogenous Mn and Zn pools [80, 84, 85]. 
Figure 10 shows the effect of continuous infusion of Ca—DTPA in miniature 
swine on the concentration of Zn in blood. The dose-related decrease was not 
observed during infusion with Zn-DTPA. No substantial changes in calcium, 
copper, manganese, iron or cobalt blood levels were observed. 
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A practically important argument in favour of the above hypothesis is the 
distinctly lower toxicity of Zn-DTPA, which has been demonstrated for the 
following criteria: lethality [61, 64, 65] (Fig. 11), pathohistological changes 
of kidneys, small intestine and bone marrow [64—66] as well as embryotoxicity 
[86—88]. The Zn-DTPA toxicity does not depend on the treatment schedule and 
rather high doses are well tolerated even if administered several times daily [64] 
or by a continuous infusion [55, 65]. Mortality of irradiated rats was nearly 
doubled when Ca-DTPA was injected, but Zn-DTPA was without effect [89]. 
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Dose (mmol/kg) 
FIG.12. Incorporation of 3H thymidine into the DNA of intestinal crypt cells as a factor of 
the chelate dose [74\ 

FIG.13. Rate of growth of cells treated with DTPA for various periods of time [77]. 
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Furthermore, DNA synthesis was much less impaired by Zn-DTPA than by 
Ca-DTPA in the intestine [74, 75] (Fig. 12), regenerating liver [76] and kidneys [75]. 
The sartie holds for the activity of red cell 5-aminolevulinic acid dehydratase 
[90, 91 ]. In cultured Chinese hamster cells a proliferation-dependent cytotoxicity 
of DTPA was demonstrated: in proliferating cells Zn-DTPA did not produce any 
effect and toxicity of Ca-DTPA (Fig. 13) was ascribed to its interference with the 
metal required for the synthesis of proteins and DNA, while under non-proliferating 
conditions both chelates proved to be toxic. This might be due to a damage to the 
cell membrane as a consequence of the removal of Ca2+ by formation of bimetallic 
chelates [77], 

The markedly lower toxicity of Zn-DTPA does not necessarily imply that 
the removal of Zn is solely responsible for the toxic action of Ca-DTPA. It is at 
least compatible with the assumption that other metal ions are also involved, the 
stability constants of which are higher than that of Ca but lower than that of Zn, 
such as Mn. Thus, after a continuous infusion of Ca-DTPA in rats both zinc and 
manganese concentrations in liver and small intestine decreased. While manganese 
loss was correlated to the dose of Ca-DTPA and to lethality, there was no such 
correlation in the case of zinc loss. This suggests that mobilization of manganese 
is of greater pathogenic relevance than that of zinc [92], Indeed, in rats the overall 
toxicity of continuously administered Ca-DTPA could be only partly compensated 
by supplementation with zinc [66], but not at all by addition of manganese [84], 
Likewise, the impairment of DNA synthesis in regenerating rat liver could be only 
partly reversed by supplementation with manganese or zinc, but completely 
restored by the simultaneous administration of both metals [76]. 

Surprisingly, Mn-DTPA depressed DNA synthesis in the folate stimulated 
kidney to a level similar to that produced by Ca-DTPA, although Zn-DTPA did 
not exert any effect [75]. This cannot be easily explained, since both Mn-DTPA 
and Zn-DTPA have been reported to have a lower general toxicity than 
Ca-DTPA [84], 

It should be stressed that in man no untoward toxic side effects of Ca-DTPA 
have been observed hitherto, even where treatment was sustained over several 
years (see section 6). Even children treated repeatedly by 0.5 to 2 g of Ca-DTPA 
because of iron overload tolerated the drug well [93, 94]. Furthermore, in man 
a temporary zinc depletion develops as a result of Ca-DTPA administration, as 
indicated by enhanced urinary excretion of zinc. In addition, the activity of 
ALAD (5-aminolevulinic acid dehydratase), an erythropoetic enzyme requiring 
zinc, was found to be depressed in blood after Ca-DTPA therapy [91 ]. Another 
observation suggests that the zinc supply is quickly replenished and that any 
partial depletion of zinc stores, if it occurs at all, would be transient. There was 
no decrease in the amount of zinc excreted over a 14-week period which itself 
followed 34 months of prior Ca-DTPA therapy [83]. 

The reluctance sometimes expressed against clinical use of Ca-DTPA is most 
likely based on the few cases where EDTA ( ! ) treatment was fatal and which 
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never involved radionuclide mobilization [25]. Firstly, several hypercalcaemic 
patients were treated with relatively high doses of the substantially more toxic 
Na2-EDTA. Secondly, patients suffering from lead poisoning were treated with 
sometimes exceptionally high doses of Ca-EDTA and a synergistic nephrotoxic 
action of both might have been another important factor. The overwhelming 
majority of patients, partly lead-poisoning cases, have tolerated treatment with 
Ca-EDTA even over long periods of time without suffering from any untoward 
side-effects. 

The metabolism of 65Zn-EDTA and 65Zn-DTPA was studied in 19 patients 
[95], Following injection of 65Zn-DTPA, the uptake of 65Zn in erythrocytes and 
its urinary excretion were higher than those after administration of 65Zn-EDTA. 
Since the stability constant of Zn-DTPA is higher than that of Zn-EDTA, the 
results were unexpected and suggested possible splitting-off of zinc and possible 
long-term side-effects of zinc after administration of Zn-DTPA. However, it 
could be shown in rats, using a double-labelled 65Zn-DTPA' 14C, that the retention 
of 65Zn is mainly due to isotopic exchange, whereas the stable zinc balance remains 
virtually unchanged [96]. Indeed, therapeutic doses of Zn-DTPA are also in man 
well tolerated (see section 6). 

3.3.2. Desferrioxamine 

Desferrioxamine B methane sulphonate (DFOA) is known as a virtually 
selective ligand for iron, but it exhibits also a high effectiveness in the case of 
plutonium. DFOA belongs to the group of sideramines and is a metabolite of 
certain Actinomycetes of the Streptomyces type. It is composed of one molecule 
of acetic acid, two molecules of succinic acid and three molecules of 1-amino-
5-hydroxylaminopentane (Fig. 14). The units comprising DFOA are interlinked 
to form a chain in which there are three hydroxamic acid groups inside and one 
free amine group at the end. In view of its chemical structure, DFOA may be 
thus described as a trihydroxamic acid derivative. When ferric iron or plutonium 
ions come into contact with DFOA, the straight chain envelopes the metal ion 
and a readily water soluble complex is formed that has a low molecular weight 
and high stability; it is excreted via the kidneys. The stoichiometric stability 
constant for DFOA and iron (and probably also for plutonium) is some 1015 times 
higher than the constants for other metallic complexes and, therefore, DFOA does 
not mobilize or enhance the urinary excretion of any important biometals such 
as Ca, Zn, Mn, Co and Cu [97, 98]. This is in contrast with the effect of EDTA 
and DTPA. 

Experimental findings, which led to the assumption that DFOA is distributed 
over the total body water [99], are not unequivocal. About 50% of radioactivity 
excreted following administration of labelled DFOA seems to be that contributed 
in metabolic degradation products [100]. For the mobilization of iron several 
times larger doses are required after oral administration of DFOA to achieve an 
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enhancement of iron urinary excretion comparable to that after injection of 
DFOA (Fig. 15). This indicates a poor intestinal absorption of DFOA. The 
increased faecal iron, observed after DFOA treatment of iron-storage disease, is 
probably due to a marked increase in biliary iron excretion, as was shown in 
rats [102], 

Toxicity of DFOA is (on a molar base) somewhat higher than that of 
Ca-DTPA: its LD100 is 600 mg/kg (or 0.9 mmol/kg) i.v. in the rabbit, and its 
LDS0 520 mg/kg (or 0.8 mmol/kg) i.v. in the rat and over 10 g/kg (or 15 mmol/kg) 
orally in the mouse [101 ]. Occasionally it has been claimed that DFOA is less 
toxic than EDTA or DTPA [ 103], but such comparison applies to the sodium salts 
of EDTA or DTPA, which have never been used for mobilization of radionuclides. 

Acute toxicity of DFOA is essentially due to its effect on the circulatory 
system [104, 105] and is not affected by pretreatment with antihistamines, but 
rather by vasoconstrictor drugs. The mechanism responsible for chronic DFOA 
toxicity is not quite clear. After prolonged administration of DFOA at high 
doses (0.3 mmol " kg - 1 • d~r) irreversible eye lens cataracts and severe gestroenteritis 
were observed in animals [106]. 

In man DFOA became the treatment of choice in iron storage disease, which 
requires a prolonged administration of the drug; the higher the dosage is, the 

25 



1.5 
Fe®2.50mg/kg i.m 

- D F O A 2.1000mg/kg p.o 
DFOA 2»llX)Omg / kg p.o 

2«50mg/kg i.m. 

o 
-2 -1 0 2 3 4 5 6 

f 1 

Days 

FIG. 15. Urinary excretion of iron in rabbits following administration of DFOA [101], 

better are the iron mobilizing results to be expected. Thus, children were adminis-
tered daily 0.4 to 1 g of DFOA [93] or 1 to 3 g of DFOA [94]. Another study 
was done on 16 patients with chronic liver or heamatologic diseases with the 
purpose of finding out the largest dose of DFOA that might be administered daily 
without untoward side-effects [107]. DFOA was administered daily in doses from 
1 to 4 g, which corresponds to about 20 to 90 nmol DFOA/kg of body weight. 
One or two grams of DFOA per day produced no side-effects, with the exception 
of a fall in white blood cell count in a single case on 2 g DFOA/d. Administration 
of 3 to 4 g DFOA/d caused moderate rises of blood urea, creatinine, alkaline 
phosphatase, glutamyl-transpeptidase, serum glutamate oxalacetate and glutamate 
pyruvate transaminases, lactic dehydrogenase as well as a drop in white blood 
cell count. All changes were reversible within one or two weeks after the DFOA 
dosage had been reduced to 1 g daily. The latter indicates a possible explanation 
of signs of liver parenchymal injury in five patients treated with DFOA for 
prolonged periods (total DFOA dose 14 to 178 g), in which an increase in the 
serum transaminases reached its maximum during treatment; also in a model rat 
study the changes were followed for only two weeks after discontinuation of 
DFOA administration [108, 109]. Furthermore, other authors believe that the 
hepatic histological findings show rather a clear-cut advantage in favour of the 
DFOA-treated patients. They even mention that a parallel administration of 
DTPA eventually had to be stopped owing to adverse reactions, DFOA being 
given instead [110]. 

DFOA was administered orally in man (in cases of acute iron intoxication), 
intramuscularly or intravenously, in the latter case also continuously over a 24-
hour period; no untoward effects were observed [111]. One boy received 
between 5 and 8 years of age two injections of 500 mg DFOA (or 0.76 mmol) 
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per day, 6 days per week, with three rest periods of 5 months each. Thereafter, 
when the boy was between 8 and 10 years old, the frequency was decreased to 
one injection per day. During these five years of chelation therapy the patient 
received 490 g of DFOA - and no toxicity from DFOA was observed [112]. 
Until now DFOA has not been tested with respect to removal of plutonium in 
man. A possible increase in the plutonium kidney content observed in animals 
after administration of DFOA, but not after its combination with DTPA (see 
section 4), suggests that also in man the combination of both chelating agents 
should be preferred. 

4. TU REMOVAL STUDIES IN ANIMALS 

Various means hitherto employed to enhance the rate of elimination of TU 
from the mammalian body are arranged in Table III according to the radionuclide 
and the year when the first respective report appeared. Both effective and ineffective, 
local and systemic procedures have been included in order to give an impression of 
the principles and means tested. 

Experimental details will be discussed later in tables arranged according to 
the biological species and mode of treatment administration as well as according 
to the laboratories where the studies were performed. The latter is substantiated 
by the fact that best comparison of the various means tested is possible when con-
sidering results from the same author and laboratory, where the experimental 
conditions can be reasonably assumed to be identical. The tables further illustrate 
the repeatedly demonstrated fact that TU, once chelated, leave the body. In the 
majority of decorporation experiments the reduction of TU content is considered 
as proportional to the reduction achieved in two most important depository organs — 
skeleton and liver. In order to give information on the relative effectiveness of 
treatment, all TU organ retention values in the tables are percentages of the re-
spective controls. Based on these bulk experimental data and further selected 
material, an overview will be made in the following sections on promising methods 
of local and systemic decorporation treatments. 

4.1. Local treatment 

4.1.1. Wound decontamination 

It is obvious that two basic approaches to the removal of the deposited TU 
from a wound, namely surgical excision and chelation, are applicable, depending 
on the expected diffusibility of the TU. For example, plutonium in the form of a 
highly stable complex may diffuse rapidly, but the diffusion of nitrate will be 
limited; if present as metal or as a high-fired oxide, it will remain in the wound. 
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TABLE III. EXPERIMENTAL DECORPORATION OF TRANSURANIC ELEMENTS 

Radionuclide Animal species Procedure Author, date and reference 

Neptunium 

Plutonium 

Rats 

Rats 

Dogs 

Rats 

Rats 

Rats 

Rats 

Rats 

Rats 

Mice 

Rats 

Rats 

Rats 

Rats 

Rats 

Rats 

Rats 

Ca-DTPA 

Sex hormones, diet 

Sodium citrate 

Parathyroid hormone, NH4C1 

Ca/P in diet 

Zirconium citrate 

BAL, cystein 

EDTA 

Condensed phosphates 

Penicillamine 

Ca-DTPA 

Zirconium malate 

BAETA 

TTHA, ACHTA, ACHDPA 

DEETA, EDPA, DCTA 

Dipicolinic acid 

Ca-DTPA plus urethane or 
hydro xyquino line 

Smith, 1963 [113] 

Mahlum, 1971 [114] 

Painter et al., 1946 [115] 

Copp et al., 1946 [116] 

Copp et al., 1947 [117] 

Schubert, 1947 [118] 

Kawinetal . , 1950 [119] 

Foreman, Hamilton, 1951 [120] 

Catsch et al., 1951 [121] 

Tregubenko, 1955 [122] 

Finkel, Czajka, 1958 [123] 

Smith, 1958 [124] 

Katz et al., 1958 [125] 

Fried et al., 1959 [126] 

Ballou, 1962 [127] 

Belyayev, 1962 [129] 

Taylor, Sowby, 1962 [129] 

Smith, 1963 [113] 



TABLE VIII (cont.) 

Radionuclide Animal species Procedure Author, date and reference 

Plutonium (cont.) Mice 

Rats 

Mice 

Rats 

Mice, Rats 

Dogs 

Mice 

Mice 

Rats 

Mice 

Man 

Rats 

Rats 

Rats 

Rats 

Penta-ethyl ester of Ca-DTPA 

TPHA, DTPP, TS 

Desferrioxamine B (DFOA) 

DFOA plus Ca-DTPA 

Drugs altering lung mucus 
secretion and phagocytosis 

Ca-DTPA plus Cortisol 

Various colloids, Cupferron, 
Urotropine, Rivanol 

EDTA plus hexametaphosphates 
or plus diuretics 

a-lipoic acid 

Ca-DTPA plus glucan 

Low iron, high carbonate diet 

Pulmonary lavage 

Zn-DTPA 

Tetracycline 

Streptomycin, prednisolone 

Markley, 1963 [130] 

Belyayev, 1964 [131] 

Rosenthal, Lindenbaum, 1964 [132] 

Smith, 1964 [133] 

Tombropoulos, 1964 [134] 

Atherton et al., 1965 [135] 

Tregubenko, 1966 [136] 

Tregubenko, Semenov, 1966 [137] 

Bair, 1966 [138] 

Rosenthal et al., 1968 [139] 

Campbell et al., 1969 [140] 

Sanders, 1970 [141] 

Kunzle-Lutz et al., 1970 [142, 143] 

Smith, 1971 [144, 145] 

Taylor et al., 1971 [146] 

Koshurnikova et al., 1971 [147] 



TABLE VIII (cont.) 

Radionuclide Animal species Procedure Author, date and reference 

Plutonium (cont.) 

Americium 

Rats 

Rats 

Mice 

Rats 

Rats 

Mice 

Rats 

Rats 

Rats 

Mice 

Mice 

Rats 

Rats 

Ca-DTPA 

Parathyroid hormone plus low 
calcium diet, calcitonin 

Liposome-encapsulated Ca-DTPA 

Diphosphonates 

Ca-DTPA plus sodium citrate 

Iron deficient diet 

Ca-DTPA plus tartrate or 
lactate or pyruvate or dipicolinate, 
DFOA plus citrate, citrate plus 
dipicolinate or chinolinate 

Ca-triethyl-citrate 

Zn-DTPA plus Triton 

Ca-DTPA plus Pyran-copolymer 

Ca-DTPA 

DFOA 

Mixture of aminopolyacetic acids, 
Tetracycline 

Smith, 1972 [148] 

Hollins et al., 1973 [149] 

Rahman et al., 1973 [150] 

Jee et al., 1974 [151] 

Volf, 1974 [152] 

Ragan, Free, 1975 [153] 

Volf, 1975 [154] 

Smith et al., 1976 [155] 

Gruner, Seidel, 1976 [156] 

Lindenbaum et al., 1976 [157] 

Foreman, 1962 [158] 

Parker et al., 1962 [159] 

Taylor, Sowby, 1962 [129] 

Taylor, 1967 [160] 

Belyayev, 1969 [161] 



TABLE VIII (cont.) 

Radionuclide Animal species Procedure Author, date and reference 

Americium (cont.) Rats 

Rats 

Rats 

Rats 

Rats 

Rats 

Mice 

Rats 

Curium 

Californium 

Zn-DTPA 

Parathyroid hormone plus low 
calcium diet, calcitonin 

Liposome-encapsulated Zn-DTPA, 
Zn-DTPAethylester, EGTA, EDDA, 
HEDTA, Zn-DTPA plus DFOA 

Zn-DTPA plus heparin or 
parathyroid extract 

Ca-DTPA, DFOA 

Zn-DTPA 

Ca-DTPA 

Zn-DTPA 

Seidel, Volf, 1972 [162] 

Hollins et al., 1973 [149] 

Stevens et al., 1974 [163] 

Fisher et al., 1974 [164] 

Taylor, 1967 [160] 

Seidel, Volf, 1972 [162] 

Parker et al., 1962 [159] 

Seidel, 1975 [165] 

Einsteinium Rats Ca-DTPA, Zn-DTPA Smith, 1972 [148] 



T A B L E IV. DISTRIBUTION OF D T P A COMPLEXES FOLLOWING I N T R A M U S C U L A R INJECTION TO R A T S 
SACRIFICED O N E D A Y A F T E R C O N T A M I N A T I O N [ 1 6 9 ] 

Percentage of total 
Chelate Percentage of migrated amount i n j e c t e d a m Q u n t 

injected remaining at the 
Bone Liver Muscle Kidney Urine Faeces injection site 

237Np-DTPA 35 3 8 
238Pu-DTPA 0.4 0.1 0.2 
239PU-DTPA 0.1 0.1 0.2 
241Am-DTPA 0.05 0.1 0.05 
242Cm-DTPA 0.05 0.5 0.0 
252Cf-DTPA 0.0 0.1 0.3 

1 50 3 12 

0.3 95 4 0.9 

1.0 98.2 0.4 0.7 

0.4 99.2 0.2 0.0 

0.0 99.4 0.0 0.04 

0.5 98.1 1.0 2.4 



FIG. 16. Effect of local and systemic administration of Ca-DTPA on translocation of 239Pu 
nitrate from a simulated wound in hamster [i 71], 

In the latter case, solely excision is indicated, whilst in the former two cases surgery 
might be combined or even replaced by chelation therapy. 

Until recently, considerable uncertainty existed about the route, dosage and 
rate of administration of the chelating agents in treating contaminated wounds and 
it was even pointed out that the treatment might induce enhanced absorption and 
subsequent deposition of the radionuclide in the body organs [166]. It was, how-
ever, suggested that even if absorption of the TU was enhanced, the systemic burden 
would not increase [167] and even could be substantially lower than without treat-
ment. This view is supported by the fact that TU injected intramuscularly as 
chelates with DTPA are absorbed almost completely and there is a minimal uptake 
of translocated TU by the organs, indicating a high stability of TU-DTPA in vivo 
[152, 168, 169] (Table IV). 

Assuming that the effectiveness of DTPA in removing TU from a simulated 
puncture wound depends primarily on the local molar ratio of DTPA/TU and that 
DTPA excess can much more easily be achieved by local treatment with DTPA, 
a chelate injection directly into or close to the TU deposit should be more effective 
than the systemic treatment. This could indeed be proven experimentally for 
239Pu [152, 168, 170, 171]. Similar results have been reported for removal of 
239Pu by local injection of DFOA [ 160, 154] and for removal of 2S3Es by Zn-DTPA 
[172]. In Fig. 16 the effects of local and systemic administrations of Ca-DTPA in 
hamsters bearing simulated 239Pu-nitrate wounds are compared. The importance 
of ensuring infiltration of the 239Pu deposit by the DTPA is evident from the greater 
consistency in enhancement of 239Pu translocation achieved by the same chelate 
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T A B L E V. COMPARISON OF SYSTEMIC A N D LOCAL CHELATE T R E A T M E N T S OF I N T R A M U S C U L A R 
DEPOSITS OF T R A N S U R A N I U M ELEMENTS IN RATS 

Treatment TU retention 
Radionuclide Chelate Period (% of control) Author, date, 
compound (route D o s e P e r N u m b e r T i m e a f t e r of reference 
(route of of treatment of TU observation Injection Skeleton Liver a n c j laboratory 
entry) entry) (mmol-kg ) treatments injection ^ 

239Pu nitrate DTPA 
(i.m.) (i.p.) 

DTPA 
( L n i . * ) 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

239Pu nitrate DFOA 0.05 
(i.m.) (i.p.) 

DFOA 0.05 
(i.m.*) 

6 h 

6 h 
1,2, 4 , 5 d 

42, 43, 46, 
47, 48 d 

193-197 d 

1, 24 h 

1, 24 h 

0.5,6, 24 h 

0.5, 6 ,24 h 

21 d 

21 d 

63 d 

214 d 

6 d 

6 d 

63 

15 

77 

77 

61 

45 

58 

72 

27 

15 

40 

36 

47 

38 

60 

75 

21 

58 

35 

54 

Taylor, Sowby, 1962 
[129] Sutton 

Taylor, 1967 
[160] Sutton 



TABLE VIII (cont.) 

253Es nitrate Zn-DTPA 0.1 10 
(i.m.) (i.p.) 

Zn-DTPA 0.1 10 
(i.p./i.m.*) 

239Pu nitrate DTPA 
(i.m.) (i.m.*) 

Citrate 
(i.m.*) 

DTPA + 
Citrate 
(i.m.*) 

239 Pu nitrate DTPA 
(i.m.) (i.m.) 

239Pu citrate DTPA 
(i.m.) (i.m.*) 

239Pu nitrate DTPA 
(i.m.) (i.m.*) 

DFOA 
(i.m.*) 
DTPA + 
DFOA 
(i.m.*) 

1.0 1 

1.0 

0 .5+0.5 

0.03 1 

0.03 1 

1.0 1 

1.0 1 

0.5 + 0.5 1 

1 h, 1, 2, 
3, 5 , 7 , 9 , 12, 
15, 17 d 

1 h, 1 ,2 , 3, 5, 
7, 9, 12, 15, 
17 d 

1 h 

1 h 

1 h 

15 min 

15 min 

1 h 

1 h 

1 h 

21 d 27 42 

8 18 

1 d 27 13 

54 917 

17 15 

I d 20 51 

85 53 

I d 27 13 

22 25 

15 11 

4 Smith, 1972 
[172] Richland 

4 

15 Volf, 1974 
[152] Karlsruhe 

988 

17 

42 Volf, 1975 
[168] Karlsruhe 

33 

14 Volf, 1975 
[153] Karlsruhe 

56 

23 



TABLE VIII (cont.) 

Radionuclide 
compound 
(route of 
entry) 

Chelate 
(route 
of 
entry) 

Dose per 
treatment 
(mmol-kg"1) 

Treatment 

Number 
of 
treatments 

Time after 
TU 
injection 

Period 
of 
observation 

TU retention 
(% of control) 

Injection Skeleton 
site 

Author, date, 
reference 

Liver and laboratory 

239 Pu nitrate DTPA 0.5 1 21 d 28 d 89 81 37 
(i.m.) (i.m.*) 

DFOA 0.5 1 21 d 70 95 88 
(i.m.*) 

DTPA + 0.5 + 0.5 1 21 d 77 107 76 
DFOA 
(i.m.*) 

DTPA 0.1 1 1 h 1 d 37 33 37 
(i.m.*) 

DTPA 0.1 1 1 h 82 71 49 
(i.m.) 

239Pu citrate Ca-DTPA ~0.03 1 1,3, 6 d 1 week 70 71 Harrison, David, 1977 
(i.m.) (i.m.*) [171] Harwell 

239Pu nitrate Ca-DTPA ~0.03 1 1, 3, 6 d 1 week 92 69 
(i.m.) (i.m.*) 

239Pu oxide Ca-DTPA ~0.03 1 1, 3, 6 d 1 week 51 61 
(i.m.) (i.m.*) 

Citrate: trisodium citrate, i.m.*: local treatment, i.e. into the leg which was previously injected with TU. 



dose in a larger volume of solution [171], However, using a high-pressure spray-
injector offers no advantage [173]. 

The local effectiveness of Ca-DTPA can be increased by combining it with 
sodium citrate [152] or with DFOA [154]: Up to about 90% of 239Pu, injected 
intramuscularly as nitrate, could be removed by treatment 1 hour after administra-
tion and about 30% of the 239Pu were removed from the simulated wounds even 
when treatment was delayed for as long as 3 weeks after contamination. Several 
other chelate combinations (DTPA plus tartrate, lactate, pyruvate or chinolinate, 
DFOA plus citrate) were less effective than DTPA or DFOA alone or even increased 
deposition of translocated 239Pu in the organs [ 154], The enhanced effect of some 
of the combined chelating agents might be due to formation of mixed ligand com-
plexes of plutonium [174]. 

It might be concluded that DTPA represents a useful means for supporting 
surgical therapy of TU-contaminated wounds. Systemic administration of DTPA 
would mainly reduce the uptake of translocated TU by the organs, whereas local 
chelate treatment with DTPA or with a suitable combination of chelates would be 
able to reduce the wound deposit, provided TU are present in a chelatable form, 
such as TU nitrate. It should be stressed that in large animal species as well as in 
man the chelating agent administered locally would be effective even if admini-
stered at a lower dose than that recommended for the systemic therapy; the local 
chelate injection should, therefore, be supplemented by a systemic one in order 
to ensure chelation of TU possibly absorbed into blood in a non-chelated form. 

The use of DTPA therapy for the oxide form of 239Pu in a contaminated 
wound appears to be of limited value [ 175, 176]. In dogs implanted with air-
oxidized 239Pu the only effect of systemic Ca-DTPA was seen in the kidney, while 
with high-fired 239Pu oxide a reduction of 239Pu in the skeleton was achieved 
comparable to that observed with 239Pu nitrate. On the other hand, an enhance-
ment in 239Pu concentration following Ca-DTPA therapy was seen in the lung and 
thyroid after injection of the oxide forms of 239Pu [ 177]. However, treatment 
of 239Pu-oxide deposits probably depends a lot on the particle size. In rats, the 
locally administered Ca-DTPA was capable of diminishing an intramuscular de-
posit formed by small 239Pu-dioxide particles ( < 4 nm diameter), which appear 
in vivo even more soluble than a 239Pu-nitrate deposit [171] (Table V). 

The rapid translocation of 239Pu from a subcutaneous implantate to the 
proximal lymph node indicates the possibility of removing the latter, i.e. a thera-
peutic lymphadenectomy. However, in comparison with intact dogs, the liver, 
spleen and hepatic lymph node in the lymphadenectomized animals accumulated 
greater burdens of 239Pu (Fig. 17), which probably occurred before the residual 
lymph nodes began to function efficiently. Thus, in principle the therapeutic 
value of a lymphadenectomy for the management of 239Pu-contaminated wounds 
could be improved mainly by chelation therapy and/or excision of the contaminated 
wound to minimize the 239Pu reservoir [177-179] . 
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FIG. I 7. Effect of lymphadenectomy on translocation of implanted ' 
liver (L) and hepatic lymph node (HLN) of dogs [i 77], 

>9Pu oxide into spleen (S), 

4.1.2. Treatment after inhalation 

There are two main approaches — similar to removal of TU from the wound — 
to eliminating the retained radioactivity from the lungs: the mechanical and the 
chemical methods, depending upon the expected diffusibility of TU. 

After inhalation of 'soluble' TU compounds, such as nitrates or citrates, 
chelation therapy is indicated and again a certain parallelism with the wound 
therapy is recalled. Local administration of a chelating agent, i.e. by inhalation, 
should theoretically be more effective than the systemic one, but the difference 
need not always be as pronounced as in the case of a contaminated injury. In the 
lungs the area for absorption is much larger and the blood supply more efficient 
than in the usual small wound so that also the contact between the systemically 
injected chelating agent and inhaled TU becomes easier than after injury. 

Results from pulmonary intubation of 239Pu citrate in rats suggest that the 
effectiveness of Ca-DTPA clearly depends upon the mode and time of its admini-
stration. Aerosol Ca-DTPA reduced the lung deposit of 239Pu up to 10% of the 
controls, whereas intravenous injection had little effect. Aerosolized Ca-DTPA 
was marginally more effective than intravenous Ca-DTPA in reducing the extra-
pulmonary tissue deposit of 239Pu. The effect of Ca-DTPA was less pronounced 
in removing 239Pu from the lungs following its deposition as nitrate, and in the 
case of 239Pu oxide treatment with Ca-DTPA was ineffective [180]. Furthermore, 
239Pu fluoride was not affected by Ca-DTPA [181]. 

38 



Reduction of the systemic TU burden after local treatment of an intra-
muscular or lung deposit is likely to be a combination of chelating some of the 
available TU that has entered the blood as well as of the TU still remaining at 
the site of entry; any TU chelated there will be readily translocated and excreted. 
As to the possible effect of the fraction of DTPA swallowed after its inhalation, 
it was shown that although about 1% of the 239Pu-DTPA chelate was absorbed from 
the intestine, it remained intact afterwards and was excreted via the kidneys [ 182]. 

The importance of the dose, route and time of administration is clearly 
illustrated in Table VI. Inhalation of 0.02 mmol/kg of Ca-DTPA 30 minutes 
before inhalation of 239Pu citrate reduced the lung retention to only 8% of controls 
at 5 days after 239Pu administration. In contrast 0.03 mmol Ca-DTPA/kg ad-
ministered intravenously 30 minutes prior to 239Pu exposure had no effect on 
lung retention and 0.3 mmol/kg administered intravenously at the same time re-
duced the lung burden to only 33% of controls. It can further be seen that the 
efficiency of Ca-DTPA inhalation decreases with time, so that 40 days after 239Pu 
exposure at most 17% of its lung deposit can be removed, which is only marginally 
significant [ 184]. When for up to 80 days Ca-DTPA was inhaled prophylactically 
3 times a week 40 min before each inhalation of 239Pu citrate [188] retention of 
239Pu in the lungs as well as in other organs was reduced by about 10 times. When 
239Pu and DTPA inhalations were interrupted, the release of 239Pu from the organs 
followed the same pattern in control and treated rats, indicating that the prolonged 
prophylactic inhalation of DTPA did not substantially affect the later kinetics of 
239Pu translocation (Fig. 18). 

When 239Pu nitrate was administered intratracheally, Ca-DTPA treatment 
proved to be less effective than in the case of 239Pu citrate; intratracheal chelate 
administration gave only slightly better results than intraperitoneal administration 
[183] (Table VI). Furthermore, inhaled Ca-DTPA administered at several weekly 
intervals, commencing 20 days after 239Pu nitrate inhalation, reduced 239Pu depo-
sition in skeleton and liver by 20%, but was only marginally effective in reducing 
the amount of 239Pu in rat lungs; induction of lung and bone tumours did not 
seem to be affected at all [189-191] , 

Inhaled M1Am nitrate was removed effectively from the rat lungs by repeated 
treatment with Ca-DTPA when starting 1 day after exposure; inhalation or injec-
tion were equally effective [185] (Table VI). 

After inhalation o f 2 4 Vim chloride, which is removed from rat lungs more 
slowly than citrate or nitrate, the treatment by Ca-DTPA 1 or 8 days later reduced 
the lung burden by about 40% of controls. The effectiveness of DTPA depended 
on the route of administration: inhalation of 10 /xmol DTPA produced the same 
effect as 100 and 500 jumol, when administered parenterally and orally, respectively 
[192], 

One month after inhalation of the biologically mobile 2S3Es nitrate by rats, 
when only 9% of the administered dose remained in the lung and 43% was de-
posited in the skeleton, the effect of Ca- or Zn-DTPA was hardly dependent upon 

3 9 



-ti 
o T A B L E VI. COMPARISON OF SYSTEMIC A N D LOCAL CHELATE T R E A T M E N T S A F T E R INHALATION OR 

INGESTION OF T R A N S U R A N I U M ELEMENTS IN RATS 

Treatment TU retention 
Radionuclide 

(route of 
entry) 

Chelate 
(route 
of 
entry) 

Dose per 
treatment 
(mmol-kg"1) 

Number 
of 
treatments 

Time after 
TU 
administration 

Period 
of 
observation 

(% of control) 

Lung Skeleton Liver 

Author, date, 
reference 
and laboratory 

239Pu nitrate DTPA 0.5 1 24 h 4 d 91 48 35 Belyayev, Lemberg, 
(i. trach.) (i-P.) 1964 [183] USSR 

DTPA 0.3 1 24 h 4 d 85 53 23 
(i. trach.) -

DTPA 0.3 6 12 d 27 d 74 52 10 
(i. trach.) 

DTPA 0.3 6 30 d 45 d 76 47 35 
(i.p. + 
i. trach.) 0.5 + 0.3 6 + 6 30 d 45 d 88 59 35 

239Pu citrate DTPA ~0.3 1 30 min before 33 18 _ Lyubachansky, 1965 
(inhaled) (i.v.) ~0.03 1 30 min before 102 83 - [184] USSR 

DTPA ~0.02 1 30 min before 8 18 15 
(inhaled) 

~0.02 1 5 min 22 52 26 

~0.02 1 1 h 20 53 18 

~0.02 1 1 d 51 65 43 

~0.02 1 40 d 83 105 94 



TABLE VIII (cont.) 

241 Am nitrate DTPA ~0.01 
(inhaled) (i.m.) 

DTPA ~0.01 
(inhaled) 

DTPA 0.1 
(i.m.) 

13 

13 

6 

20 

30 

1 d , then 
once a week 

1 d , then 
once a week 

20 d , then 
twice a week 

20 d , then 
twice a week 

20 d , then 
twice a week 

2 5 3ES n i t r a t e C a - D T P A 0 . 0 3 

(i.trach.) (i.p.) 0.1 

Zn-DTPA 0.03 

(i.p.) 0.1 

Ca-DTPA 0.03 
(inhaled) 

Zn-DTPA 0.03 
(inhaled) 

27 d, 

then 3 times 
a week 

27 d, 

then 3 times 
a week 

27 d, 
then 3 times 
a week 

27 d, 
then 3 times 
a week 

90 d 14 2 1 Nenot et al., 1971 
[185] Fontenay-aux-
Roses 90 d 14 3 2 

40 d 37 63 17 

90 d 82 80 25 

124d 23 19 

48 d 110 79 20 Smith, 1976 

48 d 66 65 13 [186] Richland 

48d 122 95 24 

48 d 111 74 16 

4 8 d 109 86 35 

48 d 103 95 30 



TABLE VIII (cont.) 

Treatment TU retention 

Radionuclide 

(route of 
entry) 

Chelate 
(route 
of 
entry) 

Dose per 
treatment 
(mmol-kg-1) 

Number 
of 
treatments 

Time after 
TU 
administration 

Period 
of 
observation 

(% of control) 

Lung Skeleton Liver 

Author, date, 
reference 
and laboratory 

239Pu citrate Ca-DTPA --0 .01 1 45 min 1 week 96 72 48 Stather et al., 1976 
(i. trach.) (i.v.) 3 h 1 week 94 72 62 [180] Harwell 

24 h 1 week 87 80 55 

Ca-DTPA --0 .01 1 45 min 1 week 9 63 41 

(inhaled) 3 h 1 week 15 60 64 

24 h 1 week 19 70 67 

239Pu citrate Ca-DTPA 0.01 1 immediately 1 week 22 39 30 
(i. trach.) (inhaled) 

239Pu nitrate 48 68 45 
(i. trach.) 

239Pu oxide 101 79 100 
(i. trach.) 

239Pu nitrate Anion ( l g ) 1 5—10 min 3 d _ 39 40 Belyayev, 1963 
(oral) exchanger [187] USSR 

(p.os) 



TABLE VIII (cont.) 

Cation ( l g ) 1 5 — 10 min 3 d _ 37 44 
exchanger 1 h 3 d - 89 87 

239Pu citrate Anion (1 g) 1 5 - 10 min 3 d — 12 14 
(oral) exchanger 1 h 3 d - 58 60 

(p. os) 

Ca-DTPA 0.2 1 0.5 h 3 d — 21 9 
(i.v.) 1 h 22 11 

2 h 24 10 
4 h 30 16 

500F 

0 100 200 300 

Days 

FIG.18. Uptake and release of2i9Pu in Ca-DTPA treated (1) and control (2) rats during and 
w after prolonged inhalation (80 d) of239Pu citrate, a = lung, b = skeleton, c = liver [188], 



DAYS AFTER Es A D M I N I S T R A T I O N 

TRIANGLES INDICATE DAYS TREATMENTS GIVEN 

FIG. 19. Effect of DTPA on the excretion of intratracheally administered 2^Es by the rat. 
Combined Ca-DTPA and Zn-DTPA results [186]. 

the route of administration [186] (Table VI). Surprisingly, increased retention of 
253Es was observed in the lungs of treated rats. There were no differences in 253Es 
excretion caused by the cation associated with DTPA, or the mode of delivery; 
the difference due to the dose in a single treatment appeared to diminish with the 
number of treatments (Fig. 19). 

No effective removal method has been available for cases of inhalation of 
insoluble TU compounds until recently. Thus, there was no change in 239Pu-
oxide lung burdens of dogs treated repeatedly by inhalation or injection of Ca-
DTPA [193]; the lung retention could rather be decreased by electro-aerosols [194]. 
Moreover, attempts to influence the physiological cleaning mechanisms of the 
lungs, such as stimulation of phagocytosis and/or the mucous transport, though 
theoretically justified, proved to be little effective in practice, even as adjuvants 
for chelation therapy (for review see Refs [8, 134]). Some of these drugs, such 
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Days after inhalation of 2 3 9 Pu oxide 

FIG.20. Effectiveness of lung lavage performed at various times after inhalation of239Pu by 
baboons [201], 

as Diuril, Diamox, Phenergan and Miltown, even increased the systemic burden 
of 239Pu in comparison with the controls, but when combined with Ca-DTPA the 
translocation of 239Pu to other tissues was reduced [195 — 197], 

Several years ago flushing of the lung with an aqueous solution — lung 
lavage — was demonstrated to be an effective procedure in removing insoluble 
radioactive particles from the lungs [141—143, 198—200]. In studies using baboons 
the effectiveness of lung lavage after inhalation of 239Pu oxide increased when the 
washing sessions were repeated, but fell off when treatment was delayed (Fig. 20). 
An optimum treatment schedule consisting of 10 sequences on days 1, 4, 9 and then 
once a week resulted in a total removal of 47-67% of the 239Pu lung burden 
(Fig. 21). The underlying mechanisms seem to be a direct elimination of 239Pu 
in the rinsing fluid and enhanced lung clearance with a slight increase of the lymph-
node burden (Fig. 22). By the latter up to 30% of the lung burden might be elimi-
nated in addition, so that the overall lavage effect using the above optimum 
schedule might be the removal of 60—90% of the 239Pu lung burden. The survivals 
of treated baboons were compatible with the lung burdens remaining after treatment. 

Similar results have been reported from lung lavage studies in beagle dogs: 
the final lung burden of 239Pu oxide in dogs lavaged with physiological saline was 
67% of the initial alveolar lung burden of 239Pu as compared with 91% for dogs 
treated by systemic Ca-DTPA and 93% for control dogs (Fig. 23). By multiple 
lavage procedures up to 50% of the initial lung burden were removed. The aerosol 
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1 2 3 4 5 6 7 8 9 10 

Number of lavages 

FIG.21. Optimum treatment schedule for lung lavage after inhalation of239Pu in baboons: 
on Days 1, 4, 9 and then once a week \201\ 

production temperature, which determines the solubility of 239Pu oxide, did not 
influence the efficacy of the lavage procedure, but increasing particle size slightly 
decreased the 239Pu fraction removed by lavage. Additional intravenous injections 
of Ca-DTPA decreased the 239Pu activity translocated to the liver and skeleton, 
being increasingly effective with increasing solubility of the aerosol. An in vitro 
solubility test provided a relative index of effectiveness of DTPA; it indicated which 
aerosols were most likely to result in dissolved material, which — after translocation 
into blood — could be prevented by DTPA from deposition in internal organs 
[199, 203, 204] (Fig. 24). 

In summary, the expected mobility of inhaled TU determines the removal 
method of choice. With mobile TU compounds a local chelate therapy, i.e. inhala-
tion of chelating agents, gives promising results in pretreatment or early post-
treatment. As to the possible effect of the fraction of DTPA swallowed after its 
inhalation, it was shown that about 1% of the Pu-DTPA chelate was absorbed from 
the intestine; afterwards it remained intact and was excreted via the kidneys [ 182]. 
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Days after inhalation 

FIG.22. Pulmonary clearance of inhaled 239Pu oxide in baboons treated by lung lavage [201 ]. 
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FIG.23. Retention of inhaled 239Pu oxide by dog lung following treatment with Ca-DTPA or 
lung lavage [202], 
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IN VITRO SOLUBILITY, FRACTION DISSOLVED IN 2 HOURS 

FIG.24. The in vitro solubility of plutonium aerosol in relation to the urinary excretion of 
Plutonium in DTPA-treated dogs [203], 

At later times after inhalation of mobile TU, when considerable fractions of them 
have already been translocated into the liver and skeleton, chelate inhalation 
becomes more and more a systemic treatment, merely reducing TU burdens in 
internal organs. The same is true for the effect to be expected of chelating agents 
administered parenterally, under the conditions above or after inhalation of in-
soluble TU compounds or particles; in the latter case a systemic chelate therapy 
can act only as an adjunct to the most effective local procedure, i.e. lung lavage. 

4.1.3. Preventing intestinal absorption 

The TU ingested, either directly or following an inhalation exposure, are 
usually not absorbed readily. Nevertheless, when larger amounts of TU are in-
volved, the aim of treatment should be the shortening of the TU residence time 
in the gastrointestinal tract by stomach pumping as well as by administration of 
emetics and cathartics. The minimization of enteral absorption of TU should 
not be neglected in view of the exceptional high radiotoxicity of TU and of the 
possibility of TU being present as diffusible compounds. When the amount of 
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sodium citrate is increased from 0.5 to 10.0% in a solution containing 239Pu, the 
intestinal absorption of 239Pu rises almost linearly from 0.06 to 0.4% [17] and 
about two-thirds of 239Pu absorbed as citrate are deposited and retained in the 
liver and bone [ 182], The question of the solubilization of TU in the digestive 
tract requires further investigation, especially for the higher TU such as americium 
or californium; because of their high specific activity the solubilization seems 
potentially greater than that of 239Pu. 

Several ion exchange resins reduced by as much as a factor of 3 and 10, re-
spectively, the intestinal absorption of 239Pu nitrate and 239Pu citrate when they 
were administered early after administration of 239Pu; later their effectiveness 
decreased. Anion and cation exchangers were equally effective. Both interfered 
merely with the intestinal absorption of 239Pu and, therefore, reduced the skeletal 
and liver 239Pu burdens to the same extent. On the other hand, the 239Pu fraction 
already absorbed into blood could be influenced by intravenous injection of Ca-
DTPA, which decreased preferably the liver 239Pu burden. With the exception of 
the earliest time after 239Pu ingestion, better results were achieved with parenteral 
administration of Ca-DTPA than with an oral dose of ion exchangers [187, 205] 
(Table VI). 

Local, i.e. oral, administration of chelating agents after ingestion of TU is 
unreasonable and for the reasons outlined above sometimes even undesirable. 
Unlike the contamination of a wound and lungs, that of the gastrointestinal tract 
is completely cleared even without treatment. 

4.2. Systemic treatment 

Systemic treatment concerns that fraction of TU that was absorbed; it may 
be reasonably postulated that when entering the blood TU are present in a diffusible 
and chelatable form and thus are largely independent of the physico-chemical state 
of the original TU compound contaminating the route of entry. Therefore, under 
otherwise suitable conditions, chelating agents represent in general the most appro-
priate treatment means after TU had been absorbed into blood. 

4.2.1. Screening studies 

At present Ca-DTPA is the most widely used chelate for decorporation of TU 
and, therefore, it serves as a reference substance for testing the relative effective-
ness of various chelating agents in vitro as well as in vivo. Any comparison should 
be based on the observed effect of equimolar and/or equitoxic quantities of various 
substances, rather than of their equal weights. Optimal conditions, i.e. high dose 
and simultaneous or early treatment, are preferred. 

In vitro the chelatability of TU in blood plasma and simulated body fluids 
constitutes a simple model for rapid assessment of the value of potential chelating 
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FIG.25. Influence of chelating agents added to human blood serum in vitro on the binding of 
™Pu with proteins [206], 

agents for TU decorporation as well as for investigation of the influence of various 
factors on the effectiveness of chelate therapy. Thus, it could be stated that DFOA 
increases in vitro the ultrafiltrable fraction of 239Pu from blood plasma at a lower 
molar ratio than Ca-DTPA [132], whereas Ca-TTHA and Ca-DTPA are about 
equally effective and Zn-DTPA is less effective than both [206] (Fig. 25). Ultra-
filtrability of 239Pu in blood serum and in simulated lung fluid is enhanced by 
DTPA, but the effect decreases rapidly with time [207], unless formed blood ele-
ments are present [208]. The chelating effect of Ca-DTPA on 239Pu colloids de-
creases with increasing degree of polymerization [209], 239Pu oxide particles are 
hardly attacked by DTPA, but complexing of 239Pu oxide is facilitated by the 
radiolytic degradation of the oxide and by the length of contact time [210]. 

Several in vitro studies have been performed with blood bearing TU which 
were incorporated in vivo. Thus, Ballou [211] determined early clearance kinetics 
and chelatability of TU in circulating dog blood after different modes of exposure. 
As seen in Fig. 26, up to 80% of the 239Pu in blood was ultrafilterable as long as 
3 hours after injection, when Ca-DTPA had been added. Although under the same 
conditions 2S3Es was more readily chelatable than 239Pu, due to rapid translocation 
only a small fraction of the 253Es dose was available in blood after 3 hours, as 
compared with 239Pu. This clearly indicates the relative importance of TU chelata-
bility as well as of the amount of TU available at a given time for the outcome of 
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FIG.26. Chelatability of 239Pu and 253Es in dog blood. DTPA added to samples withdrawn at 
times indicated [211\ 

treatment. An analogue procedure has been conceived recently to test in vitro 
the relative effectiveness of chelating agents on the elimination of 239Pu using 
homogenates from beagle liver labelled in vivo [212]. 

Experimental results obtained in vitro should be evaluated cautiously because 
they might be subject to methodological artifacts caused, e.g., by the separation 
technique. Furthermore, they neglect an important factor — the possibility of 
metabolic degradation of the chelating agent in vivo. For instance, actinide-protein 
complexes in blood become unstable in vitro in the presence of a moderate con-
centration of citrate ions, which in this respect compare favourably with DTPA [213]. 
In vivo, however, citrate is rapidly metabolized and when infused into rats at a 
non-toxic level it had no effect on circulating 239Pu and even the optimum response, 
at toxic levels of citrate, was inferior to that obtained after Ca-DTPA administra-
tion [155]. A similar observation was made by Dilley [214] with a-lipoic acid, 
another substance that is important in carbohydrate oxidation. The agent was 
found in vitro to be more effective than DTPA in binding plutonium, but it did 
not increase the rate of excretion of 239Pu from rats. Different metabolism of 
citrate might also be the reason why an attempt to use cell cultures as a system 
for the removal of 239Pu failed: two different types of cells showed inconsistent 
behaviour regarding DTPA and citrate; it was different towards DTPA, but not 
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TABLE VII. SYSTEMIC TREATMENT OF INTRAMUSCULARLY INJECTED TRANSURANIUM ELEMENTS 

Radionuclide Chelate 
(route 
of 
entry) 

(route of 
entry) 

Treatment 

Dose per Number Time after 
treatment of TU 
(mmol-kg"1) treatments injection 

Period 
of 
observation 

TU retention 
(% of control) 

Injection 
site 

Skeleton Liver 

Author, date, 
reference 
and laboratory 

241 Am citrate DTPA 
(i.m.) (i.p.) 

252Cf citrate 
(i.m.) 

-0.1 

-0.1 

- 0 . 1 

-0 .1 

4 

10 

4 

10 

2 h, 1 - 3 d 

2 h, 1 - 4 d 
7 - 11 d 

2 h , 1 - 3 d 

2 h, 1 — 4 d 
7 - 11 d 

4 d 

14 d 

4 d 

14 d 

50 

25 

50 

20 

56 

46 

61 
63 

< I 

« 1 

< 1 

« 1 

Parker et al., 1962 
[159] Richland 

239Pu nitrate THa 

(i.m.) (i.p.) 

TH + 
DTPA 
(i.p.) 
DTPA 
(i-P.) 

10.0 mg 

5.0 mg + 
~ 0.5 

~ 0.5 

0 - 4 d 

0 - 4 d 

0 - 4 d 

6 d 111 

48 

47 

123 

12 

109 

13 

11 

Taylor et al., 1971 
[146] Sutton 

242Cm nitrate DTPA 
(i.m.) (i.m.) 

0.1 1, 6, 11, 16 d 20 d 37 30 Nenot et al., 1970 
[217] Fontenay-aux-
Roses 



TABLE VIII (cont.) 

M1Am sulphateDTPA 
(i.m.) (i.m.) 

(i.m.) (i.m.) 

0.1 

M1Am nitrate DTPA 0.1 

13 

13 

1 d , then 
once a week 

1 d , then 
once a week 

M2Cm nitrate DTPA 0.1 
(i.m.) (i.m.) 

8Pu nitrate DTPA 0.1 
(i.m.) (i.m.) 

20 

30 

6 
20 

30 

20 d , then 
twice a week 

l8Pu nitrate DTPA 0.1 
(i.m.) (i.m.) 

5 

15 

1 d , then 
twice a week 

21 d, then 
twice a week 

,2Cf nitrate DTPA 0.1 
(i.m.) (i.m.) 

1 d , then 
twice a week 

5 

9 

90 d 56 7 13 Nenot et al., 1971 
[218, 219] 

30 
Fontenay-aux-Roses 

40 d 89 49 11 Nenot et al., 1972 
[220] 

90 ^ 50 62 4 Fontenay-aux-Roses 

120 d 52 40 2 

40 d 33 72 23 
90 d 27 50 9 

120d 28 37 17 

30 d 13 7 Morin et al., 1972 
[221] 

j20 j 33 J5 Fontenay-aux-Roses 

8 d 50 57 13 Morin et al., 1974 
[222] 

2 5 j ^g 5 Fontenay-aux-Roses 

30 d 21 24 3 



TABLE VIII (cont.) 

Radionuclide Chelate 

(route of < r o u t e 

entry) of 
entry) 

Dose per 
treatment 
(mmol-kg"1) 

Treatment 

Number 
of 
treatments 

Time after 
TU 
injection 

TU retention 
Period (% of control) Author, date 
of reference 
observation Injection Skeleton Liver and laboratory 

site 

252Cf nitrate DTPA 
(i.m.) (i.m.) 
(cont.) 

0.1 17 

5 

9 

17 

27 

1 d , then 
twice a week 

3 d , then 
twice a week 

60 d 20 25 - Morinetal . , 1974 
[222] 

35 j 26 71 26 Fontenay-aux-Roses 

49 d 39 54 10 

77 d 25 42 5 

112d 47 47 5 

Rat experiments with the exception of that performed by Parker et al. [159] who used mice. 

a TH = tetracycline hydrochloride. 



towards citrate [215]. Cell culture work has another potential problem since, 
e.g., the subcellular distribution of 239Pu depends on the type of exposure: liver 
cells exposed in vivo show a lysosomal association of the nuclide, while in those 
exposed in vitro the 239Pu is associated with cell nucleus [216]. 

As to screening tests in vivo, intramuscular injections of TU chelates or 
chelating agents administered into an intramuscular TU deposit offer the advantage 
of achieving a high chelate concentration in the contaminated tissue and thus 
optimizing TU mobilization; induced TU translocation from the injection site 
and change in their retention by the organs serve as indicators of complex forma-
tion and stability in vivo. Furthermore, the intramuscular injection of TU simulates 
a contaminated wound, thus respecting also additional parameters such as TU 
translocation rate and physico-chemical status of translocated TU fraction (see 
Table VII and section 4.1.1). Screening the effect of Ca-DTPA with various TU 
reveals that, with the exception of neptunium, the TU chelates are readily ab-
sorbed and excreted, with only a negligible deposition of TU in the organs [169] 
(Table IV). 

Intravenous injection of TU is the optimum way of obtaining an exclusively 
systemic burden. Therefore, it has been frequently used when investigating the 
chelation effect on the uptake of TU by various organs. Results have been com-
piled in Tables VIII and IX, relating to studies on rats and other mammalian 
species. The superiority of Ca-DTPA and BAETA relative to EDTA among a 
series of polyaminopolycarboxylic acids was clearly demonstrated for plutonium 
[126], Later Ca-DTPA was shown to be superior to BAETA, especially early 
after injection of 239Pu. The difference diminished when treatment was delayed 
or when it was administered repeatedly [128] (Table VIII). Similarly, TTHA 
proved more effective than DTPA when injected early after 239Pu [131]. Further-
more, oral administration of TTHA reduced bone deposition of 239Pu to about 
the same extent as a two-fold lower intraperitoneal dose of Ca-DTPA, indicating 
the potential use of TTHA as an effective oral agent [231]. In spite of this, there 
have been hardly any further studies since, most likely because the effectiveness 
of DTPA and TTHA becomes virtually identical when treatment is delayed. 
Phosphonate derivatives of EDTA (EDPA) and DTPA (DTPP) offered no advantage 
[232], while Ca metaphosphates were ineffective [131]. 

High doses of DFOA seem to remove somewhat less 239Pu than DTPA [132, 
160], whereas low doses of DFOA are substantially more effective in bone and 
liver than DTPA; but DFOA increases the 239Pu in the kidneys [233] and induces 
higher excretion of 239Pu in faeces than DTPA [234]. Combined treatment with 
DTPA plus DFOA produces a partially additive effect, irrespective of whether 
administered as two separate injections [133] or in one syringe [154]. DFOA 
alone has no effect on 241 Am and 244Cm [160], and 242Cm and 2S2Cf [235] and 
virtually no improvement is achieved when DFOA is combined with DTPA for 
removal of the trivalent actinides [235]. 

Text continued on page 72. 
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T A B L E VIII. SYSTEMIC T R E A T M E N T OF I N T R A V E N O U S L Y INJECTED T R A N S U R A N I U M ELEMENTS IN 
RATS (DOSE A N D TIME EFFECT) 

Treatment TU retention 
Radionuclide Chelate Period (% of control) Author, date 

(route of (route Dose per Number Time after of reference 

entry) of treatment of TU observation Skeleton Liver and laboratory entry) 
entry) (mmol-kg"1) treatments injection 

239Pu citrate DTPA 0.75 1 6 h 21 d 20 40 Taylor, Sowby, 1962 
(i.v.) (i.p.) [129] Sutton 

1.5 6 h 12 31 

3.0 6 h 11 27 

7 6 h, 1 - 4 , 21 d 16 32 
7, 14 d 

1.5 3 1, 24, 48 h 10 7 

5 7 - 11 d 46 22 

TTHA 7 - 11 d 28 d 49 28 
(i.p.) 

EDTA 7 - 11 d 99 91 
(i.p.) 

M1Am citrate DTPA 3.0 3 1 h, 21 d 17 0.5 
(i.v.) (i.p.) 7, 14 d 

6 h, 26 0.8 
7, 14 d 

9 7 - 11 d 51 0.1 
14-17 d 



TABLE VIII (cont.) 

241Am citrate 
(i.v.) 
(cont.) 

EDTA 
(i.p.) 

239Pu citrate 
(i.v.) 

^ 'Am citrate 
(i.v.) 

DTPA 
(i.p.) 
DFOA 
(i.p.) 
DFOA 
(i.p.) 

0.05 

0.15 

239Pu nitrate 
(i.v.) 

DTPA 
(i.p.) 

DTPA 
(i-P.) 
DFOA 
(i.p.) 

DTPA 
(i.p.) 
DFOA 
(i.p.) 
DFOA 
(i-P.) 

0.05 

0.15 

14 — 17 d 76 0.2 Taylor, Sowby, 1962 
[129] Sutton 

1 , 5 , 2 4 h 7 d 9 7 Taylor, 1967 
[160] Sutton 

1 , 5 , 2 4 h 10 33 

0 .5 ,22 h 28 d 115 106 

7 - 8 d 87 106 

7 — 8 d 43 12 

0 .5 ,6 , 24 h 21 d 9 36 

0 .5 ,6 ,24 h 37 68 

40 min 28 d 9 17 

40 min 21 47 

24 h 67 68 



TABLE VIII (cont.) 

Radionuclide 

(route of 
entry) 

Chelate 

(route 
of 
entry) 

Dose per 
treatment 
(mmol-kg-1) 

Treatment 

Number 
of 
treatments 

Time after 
TU 
injection 

Period 
of 
observation 

TU retention 
(% of control) 

Skeleton Liver 

Author, date, 
reference 
and laboratory 

239Pu nitrate 
(i.v.) 
(cont.) 

DTPA 
(i.p.) 
DFOA 
(i.p.) 

3 7 - 9 d 

7 — 9 d 

46 

83 

17 

100 

Taylor, 1967 
[160] Sutton 

244Cm nitrate 
(i.v.) 

DFOA 
(i-P.) 

0.05 
0.15 

3 
1 

0.5, 6, 24 h 
24 h or 48 h 

21 d 62 
70 

79 
123 

239Pu nitrate 
(i.v.) 

TH 
(i.p.) 

5.0 mg 5 4 , 3 , 2 , 1, 0 d 
before 

4 d 60 89 Taylor et al., 1971 
[146] Sutton 

241 Am nitrate 
(i.v.) 

111 73 

239Pu nitrate 
(i-v.) 

10.0 mg 1 simultaneously 
5 h 

73 

100 

78 

108 

239Pu citrate 
(i.v.) 

EDTA 
(i.p.) 

0.8 6 6,12,21,22, 
25,26 d 

27 d 72 140 Fried et al., 1959 
[126] Argonne 



TABLE VIII (cont.) 

239Pu citrate DTPA 
(i.v.) (i.p.) 
(cont.) BAETA 0.7 

(i.p.) 

239Pu citrate 
(i.v.) 

(92% ultra-
filtrabie) 
239Pu citrate 

(i.v.) 

(15% ultra-
filtrable) 

DTPA 
(i.p.) 

0.6 

239Pu citrate 
(i.v.) 

EDTA 
(i-P.) 
DTPA 
(i.p.) 
EDTA 
(i.p.) 
DTPA 
(i.p.) 

'1.5 

(25) 

vo 

6 , 1 2 , 2 1 , 2 2 , 63 21 Fried et al., 1959 
25, 26 d [126] Argonne 

77 22 

3 , 6 , 9 d 12 d 54 ~ 1 2 Markley et al., 1964 
[223] Argonne 

53 100 

l h 2 d 70 13 Smith, 1958 
[124] Richland 

1 h 54 30 

38 — 62 d 64 d 81 67 

38 — 62 d 51 13 



TABLE VIII (cont.) 

Radionuclide Chelate Treatment TU retention A u t h d 
Period (% 0 f control) f 

(route of (route Dose per Number Time after of reierence 
entry) of treatment of TU observation Skeleton Liver a n d laboratory 

entry) (mmol-kg"1) treatments injection 

239Pu citrate 
(i.v.) 

239Np citrate 
(i.v.) 

237 Np citrate 
(i.v.) 

BSA 
(i.p.) 
NSA 
(i.p.) 
UM 
(i.p.) 
DTPA 
(i.p.) 

DTPA 
(i.p.) 

DTPA 
(i.p.) 

1.5 1 h 5 d 

1.5 

14 

33 

69 

17 

80 

70 

18 Smith, 1963 
[113] Richland 

26 

135 

3 

40 

40 

239Pu citrate 
(i.v.) 

DTPA 
(i.p.) 
DFOA 
(i.m.) 

DTPA+ 
DFOA 
(i.p.)(i.m.) 

0.5 

0.5 

0.5+0.5 

1, 5, 24 h 5 d Smith, 1964 
[133] Richland 



TABLE VIII (cont.) 

Radionuclide 

(route of 
entry) 

Chelate 

(route 
of 

Dose per 
treatment 

Treatment 

Number 
of 

Time after 
TU 

Period 
of 
observation 

TU retention 
(% of control) 

Skeleton Liver 

Author, date, 
reference 
and laboratory 

entry) (mmol-kg"1) treatments injection 

238Pu citrate Zn-DTPA 1.0 1 1 h 7 d 29 9 Smith, 1972 
(i.v.) (i.p.) [148] Richland 

253Es nitrate Ca-DTPA 1.0 1 1 h 7 d 34 7 Smith, 1972 
(i.v.) or Zn-DTPA [172] Richland 

Zn-DTPA 1.0 6 7,9,11,14, 24 d 77 13 
(i.p.) 16, 18 d 

239Pu citrate DTPA 0.5 1 simultan- 3 d 4 14 Belyayev, 1963 
(i.v.) (i.v.) 

BAETA 
(i.v.) 

eously 

33 ^30 

[128] USSR 

DTPA 1.2 1 2 h 3 d 17 11 
(i.p.) 
BAETA 26 31 
(i.p.) 
DTPA 1 24 h 3 d 67 29 
(i.p.) 



TABLE VIII (cont.) 

Radionuclide Chelate 
Treatment 

Period 
TU retention 
(% of control) Author, date, 

(route of 
entry) 

(route 
of 

Dose per 
treatment 

Number 
of 

Time after 
TU 

of 
observation Skeleton Liver 

reference 
and laboratory 

entry) (mmol-kg"1) treatments injection 

239Pu citrate BAETA 85 41 Belyayev, 1963 
(i.v.) (i.p.) [128] USSR 
(cont.) DTPA 

( i .p) 
BAETA 
(i-P.) 

0.5 12 1 - 13 d 16 d 33 

41 

10 

13 

DTPA 12 3 0 - 4 3 d 45 d 59 19 
(i.p.) 

BAETA 73 30 
(i.p.) 

239Pu citrate DTPA 0.4 1 simultan- 3 d 3 17 Belyayev, 1964 
(i.v.) (i.v.) 

DTPP 
(i.v.) 

TPHA 

eously 

9 

2 

4 

14 

[131] USSR 



TABLE VIII (cont . ) 

M1Am chloride 
( i . p . ) 

TTHA 
( i .v . ) 

DTPA 
( i .p . ) 

DTPP 
( i . p . ) 

TTHA 
( i . p . ) 

DTPA 
( i .p . ) 

TPHA 
( i -P.) 

TTHA 
( i .p . ) 

DTPA 
( i -P.) 

TPHA 
( i .p . ) 

TTHA 
(i-P.) 

DTPA 
( i .p . ) 

BAETA 
( i -P.) 

0.5 

2 h 3 d 16 

18 

2 h 3 d 9 

1—13 d 16 d 34 

36 

40 

3 0 - 4 3 d 4 5 d 61 

72 

71 

24 h 3 d 51 

24 h 78 

1 

10 

18 

3 

9 

7 

4 

14 

24 

16 

28 Belyayev, 1969 
[161] USSR 
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TABLE VIII (cont.) 

Radionuclide Chelate 
Treatment 

Period 
TU retention 
(% of control) Author, date, 

(route of 
entry) 

(route 
of 

Dose per 
treatment 

Number 
of 

Time after 
TU 

of 
observation Skeleton Liver 

reference 
and laboratory 

entry) (mmol-kg"1) treatments injection 

241Am chloride TH 75 mg 10 24 h 100 42 Belyayev, 1969 
(i.p.) (i.p.) [161] USSR 
(cont.) DTPA 

(i-P.) 
0.4 12 1 —13d 16 d 22 4 

DTPA 12 25 -37 d 45 d 63 11 
(i.p.) 

239Pu citrate DTPA 1.0 3 6, 8, 11 d 13 d 73 20 Seidel, Volf, 1972 
(i.v.) (i.p.) 

Zn-DTPA 
(i.p.) 

72 23 

[162] Karlsruhe 

M1Am citrate DTPA 72 8 
(i.v.) (i.p.) 

Zn-DTPA 
(i-P.) 

77 9 



TABLE VIII (cont.) 

242Cm citrate 
(i.v.) 

DTPA 1.0 
(i.p.) 
Zn-DTPA 
(i-P.) 

241Am citrate 
(i.v.) 

Ca-DTPA 0.03 
(i.p.) 

12 

Zn-DTPA 0.03 
(i-P.) 

12 

Ca-DTPA 0.03 
(i-P.) + 

Zn-DTPA 0.03 
(i.p.) 

Ca-DTPA 0.03 
(i.p.) 

Zn-DTPA 0.03 
(i.p.) 

0.1 

11 

24 

24 

24 

CT\ t-n 

62 8 

67 

1.5 min, 
1 d , then 
once a week 

1.5 min, 
1 d , then 
once a week 

1.5 min 

1 d, then 
once a week 

4 d , then 
once a week 

4 d , then 
once a week 

4 d , then 
once a week 

71 d 

71 d 

71 d 

165 d 

165 d 

165 d 

15 

27 

Seidel, 1975 
[165] Karlsruhe 

17 

54 

58 

52 

22 

16 

11 



TABLE VIII (cont.) 

Radionuclide 

(route of 
entry) 

Chelate 

(route 
of 
entry) 

Dose per 
treatment 
(mmol-kg"1) 

Treatment 

Number 
of 
treatments 

Time after 
TU 
injection 

Period 
of 
observation 

TU retention 
(% of control) 

Skeleton Liver 

Author, date, 
reference 
and laboratory 

2S2Cf citrate 
(i.v.) 

Ca-DTPA 
(i.p.) 

0.03 12 1.5 min, 
1 d , then 
once a week 

71 d 6 2 Seidel, 1976 
[224] Karlsruhe 

Zn-DTPA 
(i.p.) 

0.03 12 1.5 min, 
1 d, then 
once a week 

12 4 

Ca-DTPA 
(i.p.) + 

Zn-DTPA 
(i.p.) 

0.03 

0.03 

1 

11 . 

-

1.5 min, 
1 d, then 
once a week 7 3 

Ca-DTPA 
(i-P.) 

0.03 24 4 d , then 
once a week 

165 d 44 20 

Zn-DTPA 
(i-P.) 

0.03 24 4 d, then 
once a week 

50 17 



TABLE VIII (cont.) 

239Pu citrate 
(i.v.) 

Ca-DTPA 0.03 
(i.p.) 

Zn-DTPA 0.03 
(i.p.) o.l 

239Pu citrate 
(i.v.) 

Ca-DTPA 
(i-P.) 
+ 
DFOA 
(i.p.) 

0.03 

0.03 

Ca-DTPA 0.03 
(i.p.) 

Zn-DTPA 0.1 
(s.c.) 

242Cm citrate Ca-DTPA 0.03 
(i.v.) (i.p.) 

Zn-DTPA 
(i-P.) 

4 d, then 172 d 86 
once a week 

89 

70 

43 Gemenetzis, 1976 
[225] Karlsruhe 

47 

36 

1.5 min, 36 d 13 12 Volf, Gemenetzis, 1977 
[2261 Karlsruhe 

I d 6 9 

1.5 min, 6 10 
1 d , then 
once a week 

1.5 min, 18 12 
1 d , then 
once a week 
4 d , then 49 17 
5 times a 
week 

1.5 min 7 d 

I d 8 d 

1.5 min 7 d 

I d 8 d 

21 12 

38 27 

86 52 

85 46 

Takada,Volf,1977 
[227] Karlsruhe 



EDTA ethylenediaminetetraacetic acid 

DTPA diethylenetriaminepentaacetic acid 

TTHA triethylenetetraamine hexaacetic acid 

TPHA tetraethylenepentaamine heptaacetic acid 

DTPP diethylenetriaminepentamethylphosphonic acid 

BAETA bis di(carboxymethyl)amino diethylether 

TH tetracycline hydrochloride 

BSA 1,2-dihydroxybenzene-3,5-disulphonic acid 

NSA l-(l-hydroxy-4 methyl-2-phenylazo)-2-naphtol-4-sulphonic acid 

UM P -methylumbelliferone 

DFOA desferoxamine 8-methane sulphonate 

Substances 1—5 were administered as calcium-sodium chelates, unless stated otherwise. 



TABLE IX. SYSTEMIC TREATMENT OF TRANSURANIUM ELEMENTS IN MICE AND OTHER SPECIES 

Treatment TU retention 
Animal Radionuclide Chelate Period (% of control) Author, date, 

(route of (route Dose per Number Time after of reference snftciss 
entry) of treatment of TU observation Skeleton Liver and laboratory 

entry) (mmol-kg"1) treatments injection 

Mouse 239Pu citrate Ca-DTPA 1.0 18 3 d, then 21 d 44 3 Schubert et al., 1961 
( > 9 0 % ultra- (i.p.) daily [32] Argonne 
filtrable) 
(i.v.) 

239Pu citrate 12 3 d, then 15 d 61 67 
(~65% ultra- daily 
filtrable) 
(i.v.) 

Mouse 239Pu citrate 
(i.v.) 
(90% ultra-
filtrable) 

DFOA 
(i-P-) 

0.5 11 3 - 1 3 d 14 d 71 85 Rosenthal, 
Lindenbaum, 1964 
[132] Argonne 

Mouse 239Pu citrate 
(i-v.) 
(82% ultra-
filtrable) 

DTPA 
(i-P-) 

1.0 

0.6 
0.2 
0.1 
0.02 

12 6 d , then 
once 
every 
3 d 

42 d 50 

56 
50 
63 
77 

6 
10 
12 
25 

Rosenthal et al., 1969 
[228] Argonne 



TABLE VIII (cont.) 

Animal 
species 

Radionuclide 
(route of 
entry) 

Chelate 
(route 
of 
entry) 

Dose per 
treatment 
(mmol-kg"1) 

Treatment 

Number 
of 
treatments 

Time after 
TU 
injection 

Period 
of 
observation 

TU retention 
(% of control) 

Skeleton Liver 

Author, date, 
reference 
and laboratory 

Rat 239Pu citrate 
(i.p.) 

Zn-DTPA 
(i.p.) 

0.1 6 4 ,7 , 11, 18, 
25, 32 d 

39 d 76 40 Volf, Seidel, 1974 
[229] Karlsruhe 

Hamster 0.1 97 49 

Rat 0.01 96 62 

Hamster 0.01 111 93 

Rat M1Am citrate 
(i.p.) 

Zn-DTPA 
(i.p.) 

0.1 63 15 

Hamster 0.1 75 42 

Rat 0.01 75 30 

Hamster 0.01 83 48 



TABLE VIII (cont.) 

Dog M1Am citrate Ca-DTPA 0.03 
(i.v.) (s.c.) 

Zn-DTPA 0.03 
(s.c.) 

7 
(35) 

(35) 

~ 100 
(500) 

2 weeks, 
then 
1 - 5 X daily 

2 weeks, 
then 
1 - 5 X daily 

2 weeks, 
then 
1 - 5 X daily 

Pig 239Pu citrate DTPA ~0 .3 
(i.v.) (Lv.) 

simul-
taneously 

Baboon 241Am citrate Ca-DTPA 0.03 
(i-v.) (i.v.) 

11 

DTPA diethylenetriaminepentaacetic acid (calcium trisodium salt) 
ZnDTPA diethylenetriaminepentaacetic acid (zinc trisodium salt) 
TH tetracycline hydrochloride 

21 d 92 77 Lloyd et al., 1976 
[230] Utah 

114 35 

2 a 28 0 

6 d 10 3 Smith et al., 1968 
[42] Richland 

1.5 months 63 10 Cohen et al., 1974 
[81] New York 



The antibiotic tetracycline has an affinity for calcified regions of bone, which 
could result in the blocking of such areas to the subsequent deposition of TU. 
However, the rapid removal of intravenously injected 239Pu from the plasma in 
tetracycline-treated rats (Table VIII) suggested that reduced deposition of 239Pu 
in bone may be due to the formation of a 239Pu-tetracycline complex that is 
sufficiently stable to be excreted rapidly from the body, probably via the kidneys. 
The absence of any effect of tetracycline on the retention of 241 Am despite a 
more rapid plasma clearance might reflect the low stability of the 241Am-tetracycline 
complex. Tetracycline has no effect when administered after 239Pu and does not 
improve the effectiveness of DTPA when both agents are combined [146], 

The less toxic Zn-DTPA proved during early treatment of rats also substantially 
less effective than Ca-DTPA in removal of 239Pu [144, 145, 233], 241 Am and 252Cf 
[224, 236] as well as 242Cm [227], Furthermore, in dogs injected with 241 Am 
only a ten times higher dose of Zn-DTPA provided as good initial decorporation 
as Ca-DTPA [237], The effectiveness of DTPA as a function of the Ca and Zn 
contents is shown in Fig. 27. Removal of 239Pu from bone is not significantly 
influenced by the choice of metal, while the removal from liver increases with only 
a small addition of Ca almost maximally [145]. The combination of Zn-DTPA 
plus DFOA is less effective in removing 239Pu than that of Ca-DTPA plus DFOA 
[233], The Zn-chelates of DTPA, EGTA, EDDA and HEDTA as well as DFOA were 
all less effective in removing 241 Am than the combination of Zn-DTPA plus DFOA 
[163], 

Interesting are results after incorporation of 238 Pu, having a substantially 
shorter half-life than 239Pu; their specific activity ratio is therefore 1/270. The 
difference in mass affected migration rates and body distribution, especially in 
the skeleton. Early initiated treatment with Ca-DTPA after intramuscular injec-
tion of 238Pu-nitrate reduced by about eight times its amount at the injection site 
and in bone in comparison with controls [221 ] (Table VII). The Ce-DTPA chelate 
was even less effective than Zn-DTPA in removing 238Pu [148], 

The hazard of 237Np is considered to be mainly due to its chemical toxicity 
and this might be one reason why only a few experiments on the decorporation 
of 237Np have been performed. Furthermore, although neptunium (IV) forms a 
very stable chelate with DTPA in vitro [238], after injection of Np-DTPA the 
complex is destroyed and 237Np gets deposited in the tissues [169], so that DTPA 
treatment can be expected to have little efficiency. Indeed, there is a lower effect 
of DTPA with 237>239Np in vivo as compared with plutonium, especially in the 
bone; the DTPA treated rats could, however, be protected from liver and kidney 
damage [113]. A modification of the hepatotoxic action of 237Np can also be 
achieved by certain dietary and hormonal manipulations [114]. 

Results of screening the decorporation effectiveness of chelating agents can 
be summarized as follows: Ca-CTPA was repeatedly demonstrated to be effective 
in removing TU (except neptunium). Under conditions of an early treatment the 
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FIG.27. Comparative effects of zinc and calcium and mixtures thereof on the effectiveness of 
DTPA in removal of 23SPu and 65Zn in rats [145]. 

less toxic Zn-DTPA is less effective than Ca-DTPA, whilst DFOA, TTHA and 
BAETA proved to be superior to Ca-DTPA. The effectiveness of Ca-DTPA can 
be further improved by combining it with other chelating agents, such as DFOA 
or citrate, the latter in local treatment only. Other attempts in this line were 
unsuccessful. With regard to neptunium, the scarce data hitherto available indicate 
that DTPA is less effective than with other TU, due to the low stability of the 
Np-DTPA chelate in vivo. More data and perhaps a better chelating agent are 
needed. 
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FIG.28. Influence of chelate dose and time interval between 241 Am injection and treatment 
(figures of the right-hand side) on the effectiveness of Ca-DTPA [239], 

4.2.2. Dose and time 

It is useful to describe first the effect of single administrations of chelating 
agents. When dose-effect curves are known for optimum time conditions, i.e. for 
treatment early after incorporation of TU, the influence of treatment delay and 
its interference with the chelate dose-effect can be better understood. 

An attempt to quantitate the influence of the factors mentioned above 
during decorporation of 241 Am by Ca-DTPA in the rat was made by Seidel [239]. 
As shown in Fig. 28, linear dose-effect relationships exist for different time inter-
vals between 1.5 min and 64 days after 241 Am injection when retention is plotted 
on a double-logarithmic scale. It is evident that the decrease of chelate efficacy 
with increasing time interval after incorporation o f 2 4 1 Am was found to be more 
pronounced in the bone than in the liver and, further, to be parallelled by a 
corresponding decrease of the slope of the dose-effect curves. In other words, 
the decrease in DTPA effectiveness with time can be compensated by increasing 
the chelate dose. In rat liver an almost equal reduction o f 2 4 1 Am content is 
achieved when injecting 30, 100 and 1000 jumol Ca-DTPAkg -1 after about 
1 minute, 1 hour and 1 day, respectively. 
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FIG.29. Influence of DTPA dose on the 2*2Cm content of rat organs. Chelates were injected 
either 1.5 min or 24 h after 2A2Cm citrate [227], 

It should be pointed out that also the differences in the effectiveness of 
various chelating agents decrease with time after TU incorporation. As shown 
in Fig. 29, the effectiveness of Zn-DTPA on retention of 242Cm is lower under 
the conditions of prompt treatment than that of Ca-DTPA; this holds over the 
whole dose range. Since both curves are parallel, the relative potency (jumol 
Zn-DTPA/jumol Ca-DTPA) can be expressed by a single value for the whole dose 
range; it equals 9.5 and 2.3, respectively, in the skeleton and liver. If, however, 
the chelates are administered 24 hours after the injection of 242Cm, the dose-effect 
curves for Ca-DTPA and Zn-DTPA become identical [227], Results obtained 
under the same experimental conditions with 241 Am and 252Cf [224, 236] closely 
parallel those obtained with 242Cm. 

The dose-effect curves after prompt treatment of 239Pu in rats by Ca-DTPA, 
Zn-DTPA and DFOA [144, 233] indicate a more complicated relationship than 
that involving the trivalent actinides. This is shown for skeleton in Fig. 30. There-
fore, also the relative potency (p) of the chelating agents tested cannot be character-
ized by a single value, but rather by curves. With respect to Zn-DTPA/Ca-DTPA 
and the main organs of 239Pu deposition, the relative potency increases with the 
chelate dose (Fig. 31). The corresponding values of Ca-DTPA/DFOA increase 
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FIG.30. Influence of DTPA and DFOA dose on the retention of239Pu in rats. Chelates were 
injected 1.5 min after 239Pu citrate [233\ 
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FIG.31. Relative effectiveness of Zn-DTPA and Ca-DTPA administered 1.5 min after 239Pu 
citrate in rats (p = ratio of equally effective chelate doses) [233], 
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FIG.32. Relative effectiveness of Ca-DTPA and DFOA administered 1.5 min after 239Pu 
citrate in rats (p = ratio of equally effective chelate doses) [233], 

linearly for the skeleton, but there is a linear decrease for 239Pu in the liver with 
increasing chelate dose (Fig. 32). This suggests that various 239Pu fractions are 
available for chelation with either of the two chelators tested. When treatment 
is delayed, the differences in the effectiveness of various chelates for 239Pu change 
substantially, so that four days after injection of 239Pu citrate into rats the de-
crease of 239Pu retention in bone after Ca-DTPA and Zn-DTPA administration 
can be described by a single curve, whereas DFOA is ineffective. At that time 
the slopes of 239Pu retention curves for liver decrease in the order: Ca-DTPA > 
Zn-DTPA > DFOA [233], 

The relative efficacy of chelating agents can also be expressed in terms of an 
increased removal of a radionuclide, which seems more justified when investigating 
the effect of the time factor; in general, there is a decrease in the removable TU 
fraction with time after incorporation. As shown in Fig. 33, fractions of 239Pu 
removed by injecting Ca-DTPA combined with DFOA at various time intervals 
up to eight days after 239Pu administration yield a two-exponential curve when 
plotted on a semi-logarithmic scale. Thus, a new decorporation parameter can 
be calculated, i.e. the removal half-time of 239Pu, which indicates quantitatively 
the rate of decrease of the chelatable 239Pu organ fraction with time after 239Pu 
administration. 

In summary, even if experiments are performed in one laboratory and in a 
single species, the influence of three factors — dose, time and radionuclide — 
should be carefully evaluated when the effectiveness of several chelating agents 
is compared in vivo. 

It has been well established that incorporated TU are subject to redistribu-
tion within the body. This suggests that protracted treatment is desirable, especially 
when using chelating agents that are rapidly excreted from the organism. One of 
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FIG.33. Chelatability of239Pu as a function of the time interval between injections of239Pu 
citrate and of chelates (DTPA+DFOA) [233\ 

the pilot experiments on prolonged chelate therapy was performed in mice with 
two different forms of 239Pu [32], Ca-DTPA was administered daily, beginning 
three days after injection of 239Pu citrate in an essentially monomeric (ionic) 
state or in a polymeric (colloidal) state. In the course of the study control animals 
excreted about one half of the monomeric 239Pu from the liver, but none from 
the skeleton, while with polymeric 239Pu there was no removal at all. After treat-
ment the retention data show a linear relationship to the total Ca-DTPA dose 
administered, when plotted on a double-logarithmic scale (Fig. 34). This permits 
a quantitative characterization of the constant decrease in overall efficiency of a 
continued treatment with time after 239Pu incorporation as well as the differences 
due to the physico-chemical state of injected 239Pu. The efficiency of DTPA for 
the removal of monomeric 239Pu was substantially higher than that with polymeric 
239Pu, both in the liver and bone. It is evident that for monomeric 239Pu deposited 
in the liver only a short treatment with DTPA was sufficient (90% of the liver 
239Pu deposit was removed by the first three DTPA doses), while for both 239Pu 
forms present in the bones and for polymeric 239 Pu in the liver protracted chelate 
therapy was necessary. Similar results were obtained by Joshima et al. [240]. 
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FIG.34. Decrease of chelate effect on the retention of two forms of Pu during protracted 
administration of Ca-DTPA in mice (experimental data of Ref.[32]) . 
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FIG.35. Retention of 241Am during protracted Zn-DTPA treatment in dogs [241]. 
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TABLE X. CHELATE EFFECTIVENESS A S I N F L U E N C E D BY ANIMAL SPECIES A N D A G E AS WELL A S BY 
THE RADIONUCLIDE A N D R O U T E OF ITS ADMINISTRATION 

Animal Radionuclide Ca-DTPA (i.p.) TU retention (% of control) Author, date and 
species (route of entry) Dose Time after reference 

(mmol-kg"1) TU injection Skeleton Liver Kidneys 

Rat 

Syrian 
hamster 

Chinese 
hamster 

M A m 
ttv.) 

1.0 24 h 63 

75 

77 

11 63 Seidel, 1977 [244] 

36 47 

16 11 

Rat 

Syrian 
hamster 

Chinese 
hamster 

(i-v.) 
1.0 24 h 60 

60 

65 

15 

29 

15 

Rat 
(adult) 

239Pu 1.5 l h 9 5 17 Smith, 1970 [245] 
(i-v.) 



TABLE VIII (cont.) 

Rat 
(weanling) 

Rat 
(1 day old) 

Rat 

Syrian 
hamster 

Rat 

Syrian 
hamster 

Rat 

1 h 

1 h 
1 d 

10 d 

239p u 

(i.v.) 
0.1 

(6 X) 
4 - 3 2 d 

M1Am 
(i.v.) 

0.1 
(6X) 

4 - 3 2 d 

239p u 

(Lv.) 
M A m 
(i.v.) 
252Cf 
(iv.) 

0.03 1.5 d 

6 2 31 

6 18 42 
15 18 48 
38 44 151 

73 33 33 

89 38 32 

59 20 59 

82 46 49 

46 37 47 

72 31 58 

58 23 42 

Smith, 1970 
[245] 

Volf, Seidel (1974) 
[229] 

Seidel, Volf (1975) 
[246] 



TABLE X (cont.) 

Ca-DTPA (i.p.) TU retention (% of control) . ,, . 
Animal Radionuclide Author, d 
snpripc frnntp nf ontrvl D o s e Time after reference specres (route of entry) ^ ^ T U i n j e c t i o n Skeleton Liver Kidneys 

Rat M1Am 0.03 1.5 min 28 9 24 Seidel( 1976) [224] 
(i.v.) 
M1Am 8 6 27 
(i.m.) 



4.2.3. Treatment schedule 

It is generally felt that for prolonged treatment the intermittent low dose 
chelate schedule is desirable in order to minimize the possible toxic side-effects 
from the chelate itself; but only a few experimental data are available that indicate 
in a complex way the minimum chelate dosage as well as the number and optimum 
time intervals between multiple chelate doses required to achieve the maximum 
effect. Satisfactory, but not directly comparable results have been obtained with 
239Pu and 241 Am when repeating injections of DTPA once a week [165, 225], 
twice a week [144, 169, 219], once daily [32, 226], and five times daily [251], 
Even four to five small doses of Ca-DTPA, corresponding to about 0.2 g in man, 
removed all monomeric 239Pu from mice when treatment began 10 minutes after 
injection; when it was delayed for five weeks, an extra 10% of the 239Pu dose 
was excreted in excess [242]. In a limited number of baboons approximately 
15 and 8% of the 241 Am body burden was removed by Ca-DTPA, when treatment 
started 1.5 and 13 months after 241 Am incorporation, respectively. At the earlier 
time interval there was still a considerable fraction of 241 Am present in the liver, 
which could be removed more easily than that in the skeleton. The DTPA ad-
ministration schedule closely resembled that currently used in man [81]. When 
241 Am was administered to rats daily for 200 days followed by treatment with 
Ca-DTPA for another 100 days the skeletal and liver 241 Am burdens decreased 
by 30 and 90% of controls, respectively [243]. In dogs, injected with 241 Am 
2 weeks before prolonged daily treatment with Zn-DTPA was started, the de-
corporation effect was insensitive to the chelate doses tested, but depended rather 
on treatment duration and on the binding o f 2 4 1 Am in the organ [241] (Fig. 35). 

When evaluating the usefulness of decorporation treatment schedules for 
clinical practice, several factors have to be taken into account: 

(a) Animal species and age. TU are retained much longer in the liver of 
hamsters, dogs and some monkey species than in mice and rats. However, as seen 
in Table X, the extent o f 2 4 1 Am removal from the Chinese hamster liver resembles 
more that from the rat liver than that from the Syrian hamster liver. Furthermore, 
DTPA removed quite different amounts of 241 Am from the kidneys, although 
without treatment 241 Am is excreted from the kidneys at a similar rate in all the 
three rodent species [247], Thus, chelate efficacy in various organs may vary 
between the species in a manner that cannot always be predicted by the TU 
retention characteristic alone. 

(b) TU kinetics. As seen in Table X, Ca-DTPA administered early reduces 
retention of TU in the rat bone in the order Pu > Cf > Am, Cm; in other organs 
different removal takes place, although the effective stability constants of DTPA 
chelates with TU are quite similar. The differences observed in vivo seem to be 
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FIG.36. Effectiveness of Ca-DTPA in relation to the route of24lAm nitrate administration in 
rats [218], 

due to the slower plasma clearance of 2S2Cf and especially of 239Pu as compared 
with 2 4 1 Am and 242Cm. However, the relatively large amount of 239Pu remaining 
in the liver indicates the influence of other factors such as endogenous ligands in 
the tissues [246]. 

Changes in chelate efficacy have also to be expected as a result of different 
modes of TU entry into the body, especially during earlier treatment periods, as 
illustrated in Table X. The effect of Ca-DTPA was distinctly greater when 241 Am 
was injected intramuscularly instead of intravenously. The reason seems to be 
the slower translocation kinetics of intramuscular 241 Am enabling the chelator 
to exert its influence for a longer time on that fraction of the radioactivity that 
has not yet been bound within the organs and, consequently, its preventive effect 
is higher than that of intravenous injection [165]. As seen in Fig. 36, muscle and 
lung deposits of 241 Am nitrate in rats decreased by a factor of 3.3 and 7.3, respect-
ively, after three months of treatment with Ca-DTPA, indicating that inhaled 
241 Am is more accessible for chelation. Inhalation of DTPA was somewhat less 
effective than its injection in decontaminating the bone [218], 
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(c) Chelate kinetics. The route and rate of chelate administration should 
be expected to play an important role when it is assumed that the effectiveness 
of chelating agents depends upon the concentration achieved at the site of TU 
deposition as well as upon the time during which an effective chelate concentration 
can be maintained. As to the former, it has already been shown that a local TU 
deposit in a simulated wound or in the lungs can be influenced more by a local 
than a systemic treatment, because a high chelate concentration in the contaminated 
tissue can be achieved. Furthermore, the mode of application of the chelating 
agent may become decisive for the outcome of systemic treatment, insofar as it 
influences the extent of absorption and kinetics of the absorbed chelate fraction, 
thus controlling the effective chelate dose. This has to be taken into account 
when, e.g., comparing the effect of injected and inhaledDTPA. To overcome the 
undesirability and impracticability of frequent injections, an attempt was made 
to use subcutaneous Zn-DTPA implants, which released daily from 0.5 to 41% 
of the implanted amount. When 241 Am citrate was injected intravenously into 
beagles preimplanted with Zn-DTPA, the fraction of the injected 241 Am excreted 
within the first day increased from 9% in the controls to 38 -84% [248], 

The effectiveness of orally administered chelating agents is of particular 
interest since this mode of therapy would be most practicable from the medical 
point of view. The limited gastrointestinal absorption of Ca-DTPA suggests that 
relatively massive oral dosages would be required to obtain effective levels of the 
agent in blood and at the sites of TU deposition; only a few decorporation studies 
of this type have been performed. Figure 37 shows the importance of the mode 
of Ca-DTPA administration. The effectiveness of various injection routes was 
comparable, but the orally administered chelate was much less, although still 
significantly effective [249]. Oral administration of 6 mmol/kg Ca-DTPA or 
Ca-TTHA reduced bone deposition of 239Pu in rats to about the same extent as 
a four-fold lower intraperitoneal dose; ACHTA was less effective. At the lower 
oral dosage level of 2.8 mmol/kg TTHA proved clearly superior to DTPA [ 127, 
231 ]. Treatment of rats with only 0.15 mmol/kg Ca-TTHA given either orally or 
intraperitoneally reduced the retention of 239Pu to approximately the same extent 
(Table XI). Furthermore, the retention of 239Pu and 241 Am could be substantially 
reduced by administering Ca-DTPA or Ca-TTHA in drinking water [251]. 

With regard to the rate of chelate administration, it was shown with prompt 
treatment of 239Pu-contaminated wounds in rats that a 3-hour intravenous infusion 
of Ca-DTPA is somewhat more effective than a single rapid intravenous injection 
and that in the case of highly soluble 239Pu citrate the effect of DTPA increases 
with the dose of the latter [152]. However, even if the treatment of simulated 
puncture wounds containing 239Pu nitrate continued for several days, a continuous 
subcutaneous infusion of Ca- or Zn-DTPA was no more effective than single daily 
injections of the same amount of Ca-DTPA [252, 253] (Fig. 38). Similarly, when 
beagles with rather firmly fixed body burdens of 241 Am were subjected to chelation 
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TABLE XI. COMPARISON OF INJECTION AND ORAL CHELATE TREATMENTS IN RATS 

Treatment TU retention 
Author, date Radionuclide Chelate Period (% of control) Author, date 

(route of (route Dose per Number Time after of reference 

entry) of treatment of TU observation Skeleton Liver and laboratory 

entry) (mmol-kg'1) treatments injection 

239Pu citrate DTPA 1.7 1 1 h 4 d 11 6 Ballou, 1962 
(i.v.) (i.p.) [127] Richland 

ACHTA 1.7 18 8 
(i.p.) 
DTPA 6.0 25 13 
(oral) 

ACHTA 6.0 62 42 
(oral) 

DTPA + 3.0+3.0 30 15 
ACHTA 
(oral) 

DTPA 0.1 1 1 h 5 d 33 18 
(i.p.) 

ACHDPA 0.1 52 36 
(i-P.) 
DTPA 4.0 43 52 
(oral) 

ACHDPA 4.0 61 67 
(oral) 



TABLE XIII (cont.) 

239Pu nitrate 
(i.v.) 

TTHA 
(i.p.) 
TTHA 
(oral) 

0.15 

0.15 

0.5, 24, 
48 h 

28 d 25 

25 

20 

33 

Taylor, 1962 
[250] Sutton 

ACHTA 
ACHDPA 
TTHA 

aminoethoxycyclohexylaminetetraacetic acid (calcium trisodium salt) 
aminoethylcyclohexyldiaminepentaacetic acid 
triethylenetetraamine hexaacetic acid 



I 5 m M / k g D T P A , pH = 7, + Ca G L U C O N A T E 

6.0 m M / k g C a N a 3 D T P A , pH = 7 

6.0 m M / k g D T P A , pH= 7, + Co G L U C O N A T E 

6.0 m M / k g D T P A , + Co G L U C O N A T E 
( IN 1% C A R B O X Y M E T H Y L C E L L U L O S E , pH = 7 ) 

12.0 m M / k g C a N a 3 D T P A , pH = 7 

18.0 m M / k g C 0 N 0 3 D T P A , pH = 5 

I .5 m M / kg C o N a 3 D T P A , pH = 7, i. p. 

1.5 m M / k g D T P A , pH = 7 + Co G L U C O N A T E , i. p 

/ Pu C O N T E N T IN T I S S U E OF T R E A 
V Pu C O N T E N T IN T I S S U E OF C O N T 

T R E A T E D R A T S 
ROL R A T S 

FIG.37. Effect of oral Ca-DTPA on the deposition of plutonium injected one hour earlier [249]. Control value for liver 22% and for bone 68% 
of administered dose. 
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FIG.38. Organ retention of239Pu as a function of the total Zn-DTPA dose and its fractioning in rats treated on Days 5-9 after injection of 
239Pu citrate [235]. 



therapy there was no difference in the effect if the same daily amount of Zn-DTPA 
was fractioned or not: dogs injected once or five times daily excreted in their 
urine 30 and 28% of the administered 241 Am, respectively, during the first week. 
The decorporation efficiency of Ca-DTPA seemed no greater than that of Zn-DTPA 
and, in fact, appeared to be lower. An exact comparison is, however, not possible 
since in two of the three dogs treated with Ca-DTPA five daily fractions, therapy 
had to be discontinued "if they were to survive the treatment". However, con-
tinued daily treatments with Zn-DTPA resulted in the removal of essentially all 
the 241 Am from the liver after one year and about 80% of skeletal 241 Am after 
two years in comparison with only 8 and 5% removed from the liver and skeleton 
of control dogs within two years. Again, fractionation of the daily amount of 
DTPA did not improve its effectiveness: 37 and 34% of administered 241 Am 
were removed from the skeleton of dogs injected with DTPA once or five times 
daily, respectively [230], 

Investigations on the influence of fractionation of the weekly dose of DTPA 
were performed recently on rats with a 239Pu burden [226]. When Zn-DTPA 
was administered only once a week, it was less effective than the same total weekly 
dose divided into two or more fractions. On the other hand, when the number of 
fractions per week decreased and, simultaneously, the total Zn-DTPA dose per 
week increased, an equal decorporation effect was achieved (Fig. 38). With an 
equal number of fractions the effectiveness was greater when larger amounts of 
Zn-DTPA were administered. Thus, the total and the fractionation of the weekly 
rather than of the daily DTPA dose seems most important. 

(d) Interaction between TU and chelating agent. It is generally believed 
that a TU-chelate, once it has formed, is excreted rapidly from the body, mainly 
via the kidneys. However, even after a single injection of DTPA the urinary ex-
cretion of TU remains elevated above control levels, in the course of several days 
and even weeks, in rat and man, respectively. This is due to a slow release of TU 
from depository organs, as shown in Fig. 39 for 241 Am in rats. The decrease of 
241 Am in control and treated animals was parallel only from the end of the sixth day 
after administration o f 2 4 1 Am, which indicates that it took six days after injection 
of Ca-DTPA until maximum cumulative mobilization of 241 Am was obtained [236]. 
Possible reasons for this sustained effect of a chelating agent have been discussed 
in section 3.3.1. 

An increased chelate dose or a protracted treatment are not always parallelled 
by an increased TU removal, since only a limited TU fraction is available for chela-
tion at a given time. This saturation effect thus depends on the time after TU in-
corporation, further on the kind of chelating agent and its dose as well as on the 
organ and TU studied. In general, it is less pronounced early after contamination 
with a highly effective chelator and in organs where a given TU is less firmly bound. 
However, at later times and in organs with a long biological half-time of TU a 
plateau in chelate effectiveness is easily reached, which is also the reason why 
differences in effectiveness of chelating agents diminish. 
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FIG.40. Saturation effect during Ca-DTPA treatment as a function of time. Administration 
of Ca-DTPA started 1.5 min or 4 d after injection of2AlAm citrate and continued once a 
week [165]. 

Comparison of DTPA treatment initiated 1.5 min or 4 days af ter injection 
of wAm citrate into rats (Fig. 40) shows a saturation effect in the skeleton and 
liver af ter 12 and six DTPA doses, respectively; when first DTPA injections are 
delayed, saturation is attained at a higher level of 2 4 1 Am retention than when 
treatment is initiated early. The loss in effect with time cannot be compensated 
for by an increase in the total cumulative dose of DTPA. For prompt treatment 
the efficacy of Zn-DTPA is lower than that of Ca-DTPA; it is, however, sufficient 
to replace the first injection by Ca-DTPA in order to obtain an efficacy equal to 
that of a whole course of Ca-DTPA alone. Delayed t reatment yields identical 
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FIG.41. Saturation effect during Zn-DTPA treatment as a function of radionuclide and organ. 
Chelate administration started 4 d after injection of239Pu or 241Am and continued once a 
week [165, 225], 

results for both DTPA chelates and a dose effect can be observed in the liver only, 
which is in agreement with the data obtained with 238Pu [144, 145], 239Pu and 
242Cm [162], 2s2Cf [224] and 253Es [172], 

Early treatment of incorporated 239Pu citrate proved that a combination of 
Ca-DTPA and DFOA is superior to either of these two chelating agents alone. As 
with 241 Am, the first two chelate injections exerted virtually the same effect as 
prolonged chelate administration; one single injection was, however, substantially 
less effective, even if administered immediately after 239Pu incorporation [226] 
(Table VIII). When delayed but prolonged treatment of incorporated 239Pu was 
performed under identical experimental conditions as those used for 241 Am [225], 
saturation effect was achieved with 12 doses of DTPA, however, with the excep-
tion of 239Pu in the liver. An equal effect was achieved with Ca-DTPA and Zn-
DTPA but, in contrast to 241 Am, the higher dose of Zn-DTPA was more effective 
with 239Pu than the lower one. The fractions of 239Pu removed by DTPA from 
liver and bone were always smaller than those of 241 Am (Fig. 41). 

Last, but not least, one more general aspect should be pointed out. While 
with 24 doses of Zri-DTPA injected at weekly intervals about 70% of the control 
values still remained in the bones six months after injection of 239Pu [225], with 
20 doses of Zn-DTPA injected five times a week only 50% of the control level 
was found in the bones 36 days after 239Pu incorporation [226]. This suggests 
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that an intensive course of chelate therapy is much more efficient in reducing the 
risk of late effects due to 239Pu deposited in the bone. The radiation dose rate 
can be reduced to a greater extent and earlier than with an equal number of doses 
and a higher cumulative amount of DTPA administered at longer time intervals. 

4.2.4. DTPA derivatives and adjuncts 

Although DTPA is an effective chelating agent for preventing the uptake of 
TU by the organs, it is much less effective when TU have been firmly deposited 
in the tissues. This is believed to be due to the inability of DTPA to penetrate 
cellular membranes as well as to the presence of TU in a non-chelatable form 
(e.g. polymeric 239Pu) or at non-accessible sites (TU buried in bones). It has been 
attempted, therefore, to overcome these serious limitations of DTPA in two 
principal ways: 

(a) Synthesizing DTPA derivatives, which could attack intracellular TU 
deposits (Table XII) 

(b) Combining DTPA therapy with other agents or factors which could 
influence the status or organs and tissues with deposited TU (Table XIII). 

Esterification of DTPA has been suggested on the basis that the presence of 
the ester groups would increase the lipid solubility of the DTPA molecule, thus 
allowing it to pass through cell membranes; intracellular hydrolysis would sub-
sequently restore the carboxyl groups as the chelation sites. In mice Ca-DTPA 
ester alone was as effective as Ca-DTPA, both substances combined had a markedly 
better effect on 239Pu in the liver and spleen, but not in the bone [130]. An oil 
emulsion of the Zn-DTPA ester showed little advantage for the decorporation of 
241 Am, except when administered together with aqueous Zn-DTPA; compared 
with Zn-DTPA alone the combination reduced the 241 Am content of the bones 
to a somewhat greater extent, but had no increased effect on the liver [163]. 
Phosphonate derivatives of EDTA and DTPA did not exert higher efficacy than 
their calcium chelates [232], 

Since both plutonium and injected lipid spherules (liposomes) are found in 
the liver intracellularly associated with lysosomes, an attempt was made to im-
prove the effect of Ca-DTPA by its encapsulation into liposomes. The latter are 
vesicles composed of bimolecular layers of lipid separated by an aqueous phase, 
which in this case was a solution of DTPA. A small additional fraction of 239Pu 
was removed from the liver and excreted in urine [ 150]. Furthermore, it was 
shown that liposome encapsulation of DTPA also prolongs its retention in tissue, 
especially in the liver [260, 261]. Therefore, the influence of the time and mode 
of administration as well as of the dose and concentration of the encapsulated 
DTPA were investigated and compared with that of conventional aqueous DTPA 
therapy for the removal of polymeric 239Pu from mice [254], As seen in Table XII, 
all doses of liposomal DTPA were more effective than a ten times higher dose of 
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TABLE XII. ATTEMPTS TO IMPROVE INTRACELLULAR PENETRATION OF DTPA 

Animal 
species 

Radionuclide 
(route of 
entry) 

Chelate 
(route 
of 
entry) 

Dose per 
treatment 
(mmol - kg"1) 

Treatment 

Number 
of 
treatments 

Time after 
TU 
injection 

Period 
of 
observation 

TU retention 
(% of control) 

Skeleton Liver 

Author, date, 
reference 
and laboratory 

Mouse 239Pu citrate DTPA 0.74 11 3—13 d 14 d 71 71 Markley, 1963 
<i.v.) (i.p.) [130] Argonne 

/ 16% ultra -\ 
\filtrable) J 

DTPA- 0.14 92 75 
ester 
(l.p.) 
DTPA + 0.63 + 68 42 
DTPA — 0.14 
ester 
(i.p.) 

Mouse 239Pu citrate Ca-DTPA 1.0-2.0 1 3 d 10 d 83 59 Rosenthal et al.,1975 
(i.v.) (aqueous) [254] Argonne 

/ 35-45% ultra-j (iv.) 
vfiltrable J \ / Ca-DTPA 0.05 1 50 

(liposomal) 0.1 1 50 
0.2 1 60 43 



TABLE XIII (cont.) 

Rat M1Am citrate 
(monomeric) 
(i-P.) 

Zn-DTPA 0.04 
(aqueous) 
(i-P.) 
Zn-DTPA 
(liposomal) 
(i.v.) 

DTPA-ester 
(emulsion) 
(p.os) 

Zn-DTPA ' 
(aqueous) 
(i.p.) 
+ 
DTPA-ester 
(emulsion) 
(p.os) 

Hamster 239Pu nitrate 
(monomeric) 

(i-v.) 

Ca-DTPA ~0 .03 1 
(aqueous) 
(i-v.) 

Ca-DTPA ~0.03 
(liposomal) 
(i-v.) 

vo 

12,20 d 1 month 77 7 Stevens et al., 1974 
[163] Utah 

84 14 

82 22 

63 7 

I d 1 month 69 80 Stather et al., 1976 
[180] Harwell 

71 78 



TABLE XIII (cont.) 

Animal 
species 

Radionuclide 
(route of 
entry) 

Chelate 
(route 
of 
entry) 

Dose per 
treatment 
(mmol-kg'1) 

Treatment 

Number 
of 
treatments 

Time after 
TU 
injection 

Period 
of 
observation 

TU retention 
(% of control) 

Skeleton Liver 

Author, date, 
reference 
and laboratory 

Rat 239Pu nitrate Ca-DTPA ~0.03 1 1 d 1 week 79 69 Stather et al., 1976 
(monomeric) (aqueous) [180] Harwell 
(i.v.) G.v.) 

Ca-DTPA ~0.03 79 76 
(liposomal) 



aqueous DTPA as far as 239Pu in the liver is concerned, but there was no difference 
in bone. Furthermore, attempts to improve the effect of encapsulated DTPA by 
manipulating the surface charge and lipid constituents of the liposomes were 
unsuccessful. Multiple injections continued to give improved removal of 239Pu 
compared with aqueous DTPA, especially in the bones and when given late after 
239Pu administration. The only consistent side-effect was a 1.3 to three-fold 
increase in the spleen weight after injection of liposomes containing DTPA. 

On the other hand, both aqueous Ca-DTPA and liposome-bound Ca-DTPA 
were equally effective in reducing the level of monomeric 239Pu nitrate in hamster 
or rat liver and bone [ 180] (Table XII). Although initial accumulation of Re-
labelled liposomal DTPA was high (18 and 31 % of injected activity in the liver 
of hamsters and rats, respectively), there was a rapid decline of 14C activity within 
only one week after administration. Moreover, liposomal encapsulation of Zn-DTPA 
showed no advantage compared with conventional Zn-DTPA for the removal of 
monomeric 241 Am in rats [ 163]. Several other lipophilic derivatives of EDTA and 
DTPA and ester derivatives of the alcohols equivalent to the aminoalkanes as also 
some naturally occurring lipophilic ferric complexing agents and their analogues 
did not prove effective in removing 239Pu from the liver of the hamster. Only one 
lipophilic chemical, which has been recently synthesized but not mentioned by 
name, appeared to increase the excretion of monomeric 239Pu from the liver, via 
the faeces, about five to ten-fold compared with DTPA alone [262]. 

Thus, the question remains open of whether the assumption is valid that the 
more colloidal the injected 239Pu or the less effective the therapy by conventional, 
aqueous, DTPA the greater the improvement produced by liposomal DTPA in 
removal of 239Pu from the organs [254]. 

Another approach to increase permeation of chelating agents into the cell 
is represented by attempts to synthesize polymeric chelating agents, which might 
themselves be phagocytized and then, if labile, degrade to give a chelating agent 
within the cell. An intravenously injected EDTA-cystein copolymer produced 
no elevation in 239Pu excretion in rats [262]. However, after inhalation of 239Pu, 
which is quickly incorporated in lung macrophages, a microencapsulated system 
for delivery of DTPA to the lung might allow the DTPA to enter the cells and 
release 239Pu not available to conventional decorporation therapy. Thus, an attempt 
was made to incorporate Zn-DTPA into beef serum microcapsules. Despite an in 
vitro retardation of DTPA diffusion due to the presence of albumin, the intra-
tracheally injected albumin microspheroids containing Zn-DTPA showed half of 
the DTPA in urine within two hours after administration, which is the same as for 
unencapsulated Zn-DTPA [263], It remains to test the microspheroid-DTPA system 
after inhalation of TU. 

Because of the affinity of plutonium for the physiologic iron-binding proteins, 
attempts have been made to influence the plutonium behaviour by changing the 
body iron status. When body iron stores were reduced, e.g. by an iron-deficient 

Text continued on page 105. 
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TABLE XIII. EFFECT OF VARIOUS FACTORS AS ADJUNCTS TO DTPA AFTER INJECTION OF PLUTONIUM 

Treatment TU retention 
Animal Radionuclide Chelate Period ( % o f c o n t r o l ) Author, date, 
species (route of (route Dose per Number Time after of reference 

entry) of treatment of TU observation s k e l e t o n Liver and laboratory 
entry) (mmol-kg"1) treatments injection 

Rat 239Pu citrate DTPA 1.5 1 10 min 5 d 8 2 Smith, 1963 
(i.v.) (i-P-) [113] Richland 

UR 1 g 2 2, 1 d 119 58 
(i-P-) before 

Ur+DTPA 1 g + 2 + 1 2 ,1 d 12 2 
(i.p.)(Lp.) 1.5 before 

(DTPA: 1 h 
after) 

UR 1 g 3 1 h, 1, 2 d 95 98 
(i-p.) 
DTPA+UR 1.5 + 1 + 3 1 h, 1, 2 d 13 3 
(i.p-)(i-p.) 1 g (DTPA: 1 h) 

HQ 0.3 1 2 min 45 115 
(i.p.) 
HQ+DTPA 0.3+ 1+1 2 min+1 h 13 20 
(i.p.)(i.p.) 1.5 



TABLE XIII (cont.) 

Rat Pu0 2 DTPA ~2.5 
(i.p.) (i.p.) 

(12% ultra-) 
\filtrable J 

DTPA 
(i-P.) 

DTPA+fasting 
(i-P.) 

DTPA 
(i.p.) 

DTPA+fasting 
(i.p.) 

Mouse 239Pu citrate 
(i.v.) 

/30% ultra-\ 
yfiltrable J 

DTPA 1.0 
(i.p.) 
Glucan 40 mg 
(i.v.) 

DTPA " 1.0 + 
(i.p.)+ 40 mg 
Glucan 
(i.v.) 

DTPA 1.0 
(i-P-) 

simultan- 21 d 12 4 Sanders, Meier, 1973 
eously [255] Richland 

1 h, 4 , 7 d 30 d 16 3 

1 h, 4, 7 d 17 3 
( 1 - 1 0 d 
fasting) 

14,21 d 81 32 

14,21 d 57 110 
(1—10 d 
fasting) 

5 d, then 41 d 51 59 Rosenthal et al., 1968 
once every [139] Argonne 
3 d 150 69 

54 43 

8 9 d 30 62 



TABLE XIII (cont.) 

Animal 
species 

Radionuclide 
(route of 
entry) 

Chelate 
(route 
of 
entry) 

Dose per 
treatment 
(mmol-kg"1) 

Treat ment 

Number 
of 
treatments 

Time after 
TU 
injection 

Period 
of 
observation 

TU retention 
(% of control) 

Skeleton Liver 

Author, date 
reference 
and laboratory 

Mouse 
(cont.) 

239Pu citrate 
(i.v.) 

/30% ultra-] 
\filtrable / 

Glucan 
(i.v.) 
DTPA ~ 
(i-P.) + 
Glucan 
(i.v.) 

40 mg 

1.0 + 
40 mg 

125 

29 

\ 

56 

30 

Rosenthal et al., 
1968 
[139] Argonne 

Mouse 239Pu citrate 
(i.v.) 

/14% ultra-\ 
\filtrable ) 

DTPA 
(i-P-) 
DTPA 
(i.p.) + 
Glucan 
(i-v.) 

0.2 

0.2+20 mg 

3 5 - 7 d 

5 - 7 d 

47 d 51 

58 

67 

45 

Rosenthal et al.,1972 
[256] Argonne 

DTPA 
(i-P.) 

0.2 6 5 - 7 d, 
4 7 - 4 9 d 

90 d 40 58 

DTPA 
(i.p.) + 
Glucan 
(i.v.) 

0.2+20 mg 5 - 7 d, 
4 7 - 4 9 d 

41 28 



TABLE XIII (cont.) 

Dog 239Pu citrate 
(i.v.) 

87% ultraA 
filtrable / 

DTPA 
(i.v.) 

DTPA 
(i.v.) + 
Glucan 
(i.v.) 

- 0 . 2 

~ 0 . 2 + 
15 mg 

24 

24 + 3 

Dog 239Pu nitrate 
I<0.1% ultra-
(filtrable 
\ (i.v.) 

Ca-DTPA 0.2 
(i.v.) 

Glucan 
(i.v.) 

Ca-DTPA 
(i.v.) 
+ 
Glucan 
(i.v.) 

(15 mg) 

0.2 

+ 
(15 mg) 

24 

3 

24 

6 d , then 
twice a 
week 

DTPA as 
above, 
Glucan: 
6 ,34 , 62 d 

90 d 52 

51 

Baxter et al., 1973 
[257] Argonne 

6 d , then 
twice a 
week 

6 ,34 , 
62 d 

6 d , then 
twice a 
week 
6, 34, 
62 d 

3 months 37 91 

206 95 

67 83 

Rosenthal et al.,1975 
[258] Argonne 



TABLE XIII (cont.) 

Animal 
species 

Radionuclide 
(route of 
entry) 

Chelate 
(route 
of 
entry) 

Dose per 
treatment 
(mmol kg"1) 

Treatment 

Number 
of 
treatments 

Time after 
TU 
injection 

TU retention 
P e r i o d (% of control) 
of 
observation s k e l e t o n L i v e r 

Author, date, 
reference 
and laboratory 

Mouse 239Pu nitrate Ca-DTPA 0.25 8 5 d , then 32 d 59 71 Lindenbaum et al., 

/ ( i - V - } \ (i-P-) twice a 1976 
/ 45% ultra-\ week [157] Argonne 
\filtrable J Ca-DTPA 0.25 8 5 d, then 

(i-p.) twice a 
+ + + week 51 36 
Pyran (50 mg) 1 5 d 
(i-v.) 

239Pu nitrate Ca-DTPA 0.25 8 5 d , then 33 d 69 89 
(i.v.) (i-p.) twice a 

/19% ultraA week 
^ftitrable J Pyran (50 mg) 1 5 d 104 94 

(i.v.) 

Ca-DTPA 0.25 8 5 d , then 
(i-P-) twice a 
+ + + week 77 71 
Pyran (50 mg) 1 5 d 
(i.v.) 



TABLE XIII (cont.) 

Mouse 
(cont.) 

239Pu nitrate 
(i.v.) 

/ 8% ultra 
\filtrable ) 

Ca-DTPA 
(i.p.) 

Ca-DTPA 
(i.p.) 
+ 
Glucan 
(i.v.) 

Ca-DTPA 
(i-P.) + 

Pyran 
(i.v.) 

0.25 

0.25 
+ 

(60 mg) 

0.25 
+ 

(70 mg) 

Mouse 239Pu nitrate 
(i-v.) 

/ 35% ultra-\ 
yil trable J 

Ca-DTPA 
(i.p.) 

Pyran 
(i.v.) 

Ca-DTPA 
(i.p.) + 

Pyran 
(i.v.) 

0.25 

(50 mg) 

0.25 
+ 

(50 mg) 

5 d , then 
twice a 
week 

5 d , then 
twice a 
week 
5 - 7 d 

49 d 57 92 

60 

Lindenbaum et al.. 
1976 
[157] Argonne 

5 d, then ' 
twice a 
week 
5 - 7 d 

47 

5 d , then 
twice a 
week 

5 d 

24 d 67 

93 

54 

94 

Guilmette, 
Lindenbaum, 1976 
[259] Argonne 

6 d , then 
twice a 
week 
5 d 

82 29 



TABLE XIII (cont.) 

Animal 
species 

Radionuclide 
(route of 
entry) 

Chelate 
(route 
of 
entry) 

Dose per 
treatment 
(mmol-kg-1) 

Treatment 

Number 
of 
treatments 

Time after 
TU 
injection 

TU retention 
Period o f c o n t r o l ) 

of 
observation s k e i e t o n L i v e r 

Author, date, 
reference 
and laboratory 

Mouse 239Pu nitrate Ca-DTPA 0.25 8 5 d , then 32 d 97 93 Guilmette, 
(cont.) (i.v.) V (i.p.) twice a Lindenbaum, 1976 

/ < 0.3% ultra-) week [259] Argonne 
\filtrable / Ca-DTPA 0.25 8 5 d , then 

(i.p.) twice a 
+ + + week 289 66 
Pyran (50 mg) 1 5 d 
(i.v.) 

Rat 239Pu citrate Zn-DTPA 0.3 4 2 - 5 d 79 20 Gruner, Seidel, 1976 
(i.v.) (s.c.) [156] Karlsruhe 

Triton (750 mg) 1 2 d 117 62 
(i.p.) 
Zn-DTPA 0.3 4 2 - 5 d 6 d 66 26 
(sx.) 
+ + + 
Triton (750 mg) 1 2 d 
(i-P.) 

UR urethane 

HO 8-hydroxyquinoline hydrochloride 

Glucan a yeast cell wall polysaccharide 

Pyran pyran copolymer, condensation product of divinyl ether and maleic anhydride 

Triton non-ionic detergent Triton WR 1339 



diet, organ deposition of injected 239Pu increased, with the exception of 239Pu in 
the liver [153]. In addition, following oral administration of 239Pu the total body 
burden was approximately four-fold greater in iron-deficient mice and there was a 
more rapid translocation of 239Pu from soft tissues to bone. On the other hand, in 
iron-replete mice only the liver 239Pu content increased [264]. Thus, theoretically, 
in iron-deficient individuals it might be possible to saturate serum transferrin with 
iron, in order to prevent some translocation of plutonium to the skeleton with the 
alternative deposition in the liver, where it would be more available for chelation 
therapy. In fact, when iron was injected one hour before or concurrently with 
239Pu citrate, the concentration of 239Pu in the femur decreased, but that in the 
spleen markedly increased in both iron-deficient and normal rats. This suggests 
that 239Pu retention may be related more to plasma iron concentrations than to 
the status of body iron stores. Furthermore, after administration of iron 239Pu 
seemed associated with an iron colloid (taken up by the spleen) rather than with 
transferrin [265, 266], 

Further screening concerns attempts to influence the processes of bone mo-
delling and remodelling and thus to prevent the uptake of TU or to mobilize the 
deposited TU and/or make it more available for chelation. However, retention of 
241 Am in rats increased after administration of parathyroid hormone and was only 
moderately reduced by pretreatment with calcium gluconate; calcitonin was in-
effective. It is noteworthy that, unlike 241 Am, 239Pu could not be influenced at 
all [149], Additionally, the effect on 241 Am of parathyroid extract combined 
with Zn-DTPA treatment was hardly greater than that of Zn-DTPA alone and so 
was the combination of Zn-DTPA with heparin or of injected Zn-DTPA with oral 
ammonium chloride [164, 267, 268], Pretreatment with ethane-1-hydroxy-1, 
1-diphosphate inhibited the uptake of 239Pu in rat bone by up to 30%, probably 
by decreasing the surface uptake of 239Pu, even without inhibiting proper minerali-
zation of the bone [151]. No improvement of the Ca-DTPA effect was achieved 
in dogs pre treated with a massive dose of Cortisol [135]. 

Ca-DTPA was not more effective in removing 238Pu from bone in fasting rats 
than was DTPA in fed animals. This indicates that fasting will not result in solubi-
lization of sufficient bone salts to set free significant amounts of 238Pu in bone 
for chelation with DTPA [255], 

In the liver, where phagocytes represent a significant fraction of the cellular 
population and in which, therefore, also the greatest fraction of 239Pu injected in 
polymeric form is deposited intracellularly, DTPA is relatively ineffective. More-
over, without treatment, monomeric 239Pu undergoes a continual process of 
aggregation, intracellularly, which makes it less available for chelation. Thus, 
the administration of agents that are able to influence phagocytic function in the 
liver and other organs rich in reticuloendothelial elements might there permit 
control of the uptake and retention of plutonium. 

Such reticuloendothelial stimulation may be achieved by glucan, a yeast 
cell-wall polysaccharide [139]. As shown in Table XIII, the effect of glucan was 
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FIG.42, Influence of Ca-DTPA and glucan on urinary excretion of239Pu by dogs injected with 
a highly polymeric 239Pu form [25S], 

additive with that of Ca-DTPA in removal of polymeric 239Pu from mouse liver 
[139, 256], In dogs injected with monomeric 239Pu Ca-DTPA therapy initiated 
six days later removed virtually all hepatic 239Pu and, therefore, adjunct therapy 
with glucan did not result in additional removal of 239Pu [257]. However, in dogs 
injected with polymeric 239Pu an identical Ca-DTPA treatment regimen removed 
only about 10% of the hepatic 239Pu. Glucan alone was virtually ineffective and, . 
further, increased the 239Pu levels in bones and other organs. When DTPA and 
glucan were combined their effect was approximately additive with respect to 
the effects of the two therapies given separately. Furthermore, DTPA apparently 
counteracted the glucan-induced increase in 239Pu levels in other tissues. Faecal 
excretion of 239Pu was changed negligibly by therapy, while the urinary excretion 
of 239Pu was substantially increased by DTPA and even more by the combined 
DTPA and glucan therapy (Fig. 42). 

The toxicity of glucan, however, makes it undesirable for potential human 
use. A systematic search for less hazardous therapeutic agents similar to glucan, 
i.e. capable of adjunct action with DTPA, was made by Lindenbaum et al. [157], 
Of over 20 substances tested the best results in decorporation of polymeric 239Pu 
were obtained with two antiviral, antitumour compounds, the pyran copolymers, 
which are condensation products of divinyl ether and maleic anhydride. Another 
analogue, prepared by condensation of acrylic acid and itaconic acid, was also 
successful. 

Unlike glucan, the pyran copolymers are soluble and have already been used 
on a clinical trial basis in humans. There might be also different mechanisms of 
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action of glucan and pyran. Glucan, without DTPA, seems to disrupt the deposited 
239Pu aggregates in the liver, promoting leakage of 239Pu and its translocation to 
bones. Pyran, without DTPA, causes little or no change of 239Pu in the liver and 
bones, but a substantial increase of 239Pu in the spleen; the latter increases with 
the dose of pyran and is unavailable to the action of DTPA. All this suggests that 
a disaggregation of intracellular hepatic 239Pu does not occur after pyran administra-
tion, which might rather influence the cell-mediated interorgan transport of 239Pu 
aggregates, e.g. by activation of fixed macrophages [259], Anyway, through pyran 
a fraction of liver 239Pu becomes chelatable by DTPA. 

Maximum removal of 239Pu from mouse liver was obtained with a single in-
jection of 10—90 mg/kg of pyran copolymer given as an adjunct to Ca-DTPA five 
days after administration of polymeric 239Pu. The lowest dose produced a minimal 
increase in the splenic burden while inducing a removal of hepatic 239Pu comparable 
with that observed after higher doses of pyran. Post-treatments with pyran at 5, 
12 or 21 days were about equally effective, indicating some latitude in choosing 
the optimum time of its administration. Pretreatment resulted only in an increase 
in the splenic burdens of 239Pu, to between four and six times that of controls 
and almost twice that of mice with a 239Pu burden post-treated with pyran [157]. 

Another agent which might interfere with the action of DTPA is the non-
ionic detergent Triton WR 1339 (polyoxyethylene ether of formaldehyde poly-
mers of octylphenol). The influence of this lysosomotropic agent on liver retention 
of monomeric 241 Am and 239Pu was tested in rats [ 156]. It exerted a greater effect 
on 239Pu than on 241 Am, but was less effective than Zn-DTPA. Their combined 
administration yielded a reduced effect on monomeric 239Pu in the liver, but a 
potentiated effect on 239Pu in bone as compared with Zn-DTPA alone (Table XIII). 

In summary, attempts to increase the intracellular permeation of DTPA by 
preparing DTPA derivatives (such as DTPA esters or DTPA encapsulated in lipo-
somes or albumin) have resulted as yet in a moderate, if any, improvement in 
decorporation efficacy. Substances capable of inducing changes in physiological 
processes in bone (such as diphosphonates) or liver (such as glucan, pyran and 
Triton) could act as adjuncts for DTPA, making TU more available for chelation — 
but so far only scanty information is available. Furthermore, some unfavourable 
aspects, such as the toxicity of DTPA derivatives and adjuncts as well as the 
eventual translocation of TU to other organs following administration of adjuncts, 
should not be overlooked. 

4.2.5. Radiotoxicity reduction 

It seems obvious that decorporation therapy may influence the toxicity of 
TU by reducing the radiation dose to the critical tissue cell populations. However, 
it has been well established that in untreated animals the incidence of tumours 
increases with the amount of deposited TU only to a distinct maximum and then 
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FIG.43. Hypothetical reduction oftransuranic radiotoxicity by decorporation treatment. For 
explanation see text. 

TABLE XIV. EFFECT OF DTPA ON SUBACUTE 239Pu-TOXICITY IN RATS 

Controls Prophylactic 
DTPA inhalation 

Survival (d) 184 470 

Lung dose (rad) 2230 650-950 

Skeletal dose (rad) 374 315 

Pneumosclerosis (%) 

light 9 44 

severe 62 10 

Nephrosclerosis (%) 21 25 

Bone marrow aplasia (%) 21 2 

Ca-DTPA (2.4 mg) was inhaled 30 min before a single 239Pu citrate inhalation, resulting in an 
initial lung burden of ~ 0.5 /LxCi 239Pu/g. 75 control and 60 treated rats. 
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T A B L E XV. T U M O U R I N C I D E N C E IN R A T S T R E A T E D A T V A R I O U S T I M E S A F T E R A D M I N I S T R A T I O N O F 2 3 9 Pu [ 2 7 3 ] 

Group 
Retention of 

Skeleton 

239l'u 

Liver 

Survival 
(d) 

Number 
of 
rats 

Total number of tumours 

Bone Soft tissue 

Percentage of tumour-bearing rats 

Bone Soft tissue 

Inactive controls - - 680 195 0 101 0 38 

Inactive controls _ — 588 59 0 33 0 35 
+ Ca-DTPA 

239Pu controls 100 100 469 62 12 51 19 30 

Ca-DTPA (1 a) 90 50 514 54 15 34 28 20 

(1 month) 50 30 605 61 5 63 8 62 

( I d ) 25 10 594 58 3 42 5 38 



FIG.46. Hypothetical end-effects of decorporation treatment. 

eventually decreases. This is generally ascribed to the fact that two kinds of radia-
tion effect are involved: carcinogenic transformation and cell killing. Therefore, 
it is conceivable that the tumour incidence following decorporation treatment is 
influenced by further factors such as the total amount of incorporated TU, in-
duced changes in their microdistribution and the radiation dose delivered in spite 
of treatment. A diminution of the radiation dose due to decorporation treatment 
could, consequently, lead to a lower or higher tumour incidence or seemingly to 
no effect at all. The relationship between TU removed and tumour incidence 
in a hypothetical case is indicated in Fig. 43. It might be assumed that by an early 
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FIG.47. Effect of Ca-DTPA on the microdistribution of239Pu in rat bone as influenced by the 
beginning of treatment [274]. 

and complete removal of TU also the adverse effects could be completely pre-
vented (end-points of curves a and b). An early, but insufficient removal of TU 
would result in a proportionately less pronounced beneficial effect (after the in-
corporation of relatively small TU amounts — curve a) or could even increase the 
risk, because the TU deposit would be reduced to an extent corresponding to the 
optimum carcinogenic amount (after incorporation of relatively large TU amounts — 
curve b). A delayed treatment would reduce the incidence to a smaller extent than 
the TU deposit (curves c and d), unless the dose delivered to critical tissue up to 
the beginning of and during decorporation was negligible with regard to tumour 
induction. Thus, survival of rats after acute toxic doses of 239Pu could be pro-
longed by EDTA [232], but in mice it was hardly affected by DTPA, although 
the retention of 239Pu decreased depending on its chemical form [269]. 

Table XIV demonstrates that the subacute toxicity of inhaled 239Pu could 
be substantially reduced by pre-inhalation of DTPA [270]. It was further shown 
that streptomycin decreases the degree of 239Pu-induced pneumosclerosis and thus 
increases the lifespan of the experimental animals, while prednisolone decreases 
the frequency of osteosarcomas and leukoses, but malignant lung tumours become 
more frequent and thus no increase of the lifespan is observed [147], Inhalation 
of Ca-DTPA commencing 20 days after 239Pu nitrate inhalation did not influence 
bone and lung tumour incidence in rats [271 ]. 

As shown in Fig. 44, monomeric 239Pu was more carcinogenic in bone than 
an equal concentration of polymeric 239Pu and, similarly, DTPA was more effective 
in decreasing the bone tumour incidence after the uptake of polymeric 239Pu [272]. 
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FIG.48. Microdistribution of wiAm in rat femur 56 d after injection: (A) control, (B) treated 
once a week with Ca-DTPA [275], 

When treatment was delayed, the protective action on bone of DTPA decreased 
substantially [273] (Fig. 45). In the latter respect, it is noteworthy that treatment 
started one month after injection of 239Pu substantially reduced 239Pu retention 
as well as the incidence of osteosarcomas, but substantially increased the number 
of soft tissue tumours (Table XV). Increased survival of the treated animals and 
the delay of the start of treatment might be responsible for this phenomenon. In 
a more general way degenerative tissue changes due to deposited TU have also to 
be taken into account, so that the foreseeable end-effect of decorporation therapy 
may be schematically presented as in Fig. 46. 

It has been pointed out already that changes in the microdistribution pattern 
of TU due to decorporation might contribute to the prevention of radiation late 
effects. As seen in Fig. 47, the local reduction of 239Pu deposits after prompt 
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FIG.49. Structure of the rat femur: (A) inactive control, (B)141Am control, (C)24iAm and Ca-DTPA treatment. The profile on the right 
indicates the deposition of 241 Am [276]. 



therapy corresponds to the reduction in the total bone content of 239Pu, while 
later some of the deposits become hardly available for chelation [274]. Such in-
homogeneous action of DTPA on TU in bone, however, does not necessarily mean 
a reduced beneficial effect — when assuming that TU that are buried and thus 
cannot be removed by chelation therapy are also biologically less or non-active. 
Indeed, the redeposition of 241 Am in newly formed rat bone tissue between the 
zone of heavy initial uptake and the epiphyseal cartilage plate was absent after 
treatment (Fig. 48). Ca-DTPA brought about a continuous reduction in the meta-
physis plus diaphysis from 70% to about 28% of the control values at one and 
eight weeks, respectively. This suggests that TU deposited in rapidly growing bone 
are especially susceptible to chelating agents like DTPA, because of the high bone 
turnover which causes a constant release o f 2 4 1 Am to the circulation [275]. Since 
high amounts o f 2 4 1 Am were injected (30 /uCi/kg), the relatively high dose rates 
due to 241 Am at specific sites of the femur (over 100 rad/d) gave rise to morpho-
logical changes detectable by microradiography. As seen in Fig. 49, the patholo-
gical manifestations — devitalization of the tissue with inhibition of bone resorption 
as well as an abnormal trabeculation in the metaphysis — were markedly less pro-
nounced after treatment with Ca-DTPA [276], Bone remodelling tended to increase 
the non-uniformity of the dose-rate distribution, which also led to enhancement of 
the maximum dose rates in the metaphyseal band; this increase of non-uniformity 
of the dose-rate distribution was even enhanced by DTPA treatment. Thus, the 
question arises of whether DTPA efficacy in removing skeletal TU and in preventing 
the induction of osteosarcomas depends on the rate of the remodelling processes 
in various mammalian species. It is evident that more experimental data are needed 
in order to be able to make predictions on a possible reduction of TU toxicity in 
man under various conditions of decorporation treatment. 

5. PRACTICAL IMPLICATIONS OF ANIMAL DECORPORATION DATA 

5.1. Reduction of TU retention and toxicity 

Most TU decorporation experiments have been performed over more than 
two decades with Ca-DTPA and its pharmacokinetics are now reasonably well 
known. However, some new aspects concerning the various parameters that 
influence the effectiveness of Ca-DTPA removal therapy as well as its toxicity 
have appeared only recently. Since this chelate has become virtually the only 
decorporation treatment of choice for TU in man, the implications of animal 
studies with Ca-DTPA are of special interest. It should be further pointed out 
that some other chelating agents and treatment modalities must also be considered 
for potential use in man. 
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The following general conclusions can be drawn from the experience in 
animals described in the previous chapter concerning their possible usefulness 
in clinical practice: 

(1) The effectiveness of treatment involving a given TU compound in a 
given tissue and time after incorporation is governed by the local ratio chelate/TU. 
In general, the greater the local excess of a chelate over the chelatable TU fraction 
and the longer it can be maintained, the greater the potential TU removal. The 
effective concentrations of TU and chelate are determined by their amounts 
introduced into and their kinetics within the body. 

(2) The most effective chelate dose depends a great deal on the route of 
its administration. In the case of Ca-DTPA intravenous, intraperitoneal, intra-
muscular and subcutaneous injections have proved almost equally effective, while 
inhaled or ingested Ca-DTPA seems to be about 3 and 20 times less effective, 
respectively. Furthermore, a local chelate administration a't the TU deposit can 
be more effective than systemic chelation therapy, especially in the case of 
contaminated wounds and inhalation, which involve chelatable TU compounds. 
Chelate injection into and around simulated wounds as well as a prophylactic 
or early chelate inhalation provided promising treatment results. 

(3) With increasing time after incorporation the TU become less available 
for removal. The loss of treatment effectiveness is less pronounced in soft 
tissues than in the bones and might be partially compensated for by increasing 
the chelate dose. While TU are still present in the blood they can be removed 
almost completely by Ca-DTPA. At early times after incorporation Ca-DTPA is 
substantially more effective than Zn-DTPA, but less effective in removing 
TU than TTHA and, for plutonium, than DFOA. The effectiveness of Ca-DTPA 
for plutonium improves by combining it with DFOA; plutonium does not 
accumulate in the kidneys,as is observed after administration of DFOA alone. 
At later times after incorporation of TU the differences in treatment efficacy 
due to the chelate compound and dose as well as to further time delay become 
less and less pronounced. 

(4) The retention of various TU in bone under otherwise identical treat-
ment conditions is reduced by Ca-DTPA in the order plutonium < californium < 
americium and curium. In other organs a different removal takes place. 

Neptunium is hardly affected by Ca-DTPA.. Removal of a given TU depends, 
under otherwise identical conditions, upon the TU compound and rate of its 
translocation from the site of entry; the chelatability decreases in the order 
citrate > nitrate > oxalate > oxide. With the latter it further depends on 
particle size: if small, treatment efficacy is increased. When TU are translocated 
only slowly, the effective chelate concentration has to be maintained for a 
longer time, e.g. by multiple injections. Results obtained after intravenous 
injection of highly polymeric 239Pu compounds are of little practical relevance, 
since such incorporation is unlikely to be encountered in man. 
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(5) Multiple chelate doses remove more TU from the body than a single 
one, even if treatment starts early. The sustained action of the chelate suggests 
that the intervals between the doses should not be too short (once or twice a 
week); this seems reasonable also in order to allow the body compartment, where 
chelation takes place, to be refilled with TU. Recent data, however, indicate 
that more frequent chelate dosing (3 — 5 times a week) can remove more TU 
than less frequent administration. This difference diminishes when, together 
with decreasing the number of doses, the amount of chelate per dose is 
increased. Because of the saturation effect it seems unreasonable to continue 
with chelate therapy when only a small amount of TU can be removed. However, 
the saturation effect is less pronounced in soft tissues than in bone and even in 
the latter there is a differential TU removal, perhaps just reducing the risk to 
critical cell populations. 

(6) The risk of toxic side-effects due to therapeutic amounts of Ca-DTPA 
(30 /Limol/kg) seems negligible even during a prolonged treatment of normal 
individuals, provided the chelate is administered once a day. However, the 
toxicity increases substantially when the daily Ca-DTPA dose is administered 
in several fractions. Furthermore, because of adverse effects of large amounts of 
Ca-DTPA (more than 1000 and rather more than 4000 ixmol/kg) the chelate is 
contraindicated in severe disorders of kidneys, liver, intestine and blood. 
Pregnancy, or a potential pregnancy, also represents a clear contraindication for 
the use of Ca-DTPA, since it has been shown to be embryotoxic at levels only 
slightly above the therapeutic dosage (for estimates see Ref.[277]). 

(7) None of the limitations for Ca-DTPA are valid when considering the 
toxicity of Zn-DTPA, which has been estimated to be 2.5 and 30 times less 
toxic than Ca-DTPA when a given number of injections and a given daily dosage 
were administered, respectively. Thus, f rom the toxicity point of view, Zn-DTPA 
should replace Ca-DTPA when the latter is contraindicated and also during a 
protracted therapy, when equimolar doses of both chelates remove equal amounts 
of TU. Moreover, Zn-DTPA could be administered in three times higher doses, 
which would be expected to remove more 239Pu. On the other hand, during 
early therapy the advantage of Zn-DTPA is much less pronounced because of its 
lower decorporation efficiency: at least 10 times higher doses are necessary to 
achieve an equal removal of TU than with Ca-DTPA. 

(8) For early treatment of incorporated TU administration of TTHA seems 
promising, especially for oral chelate therapy, but the experimental data are only 
scarce. For early treatment of incorporated plutonium DFOA proved superior 
to DTPA. But, because it induces an increased accumulation of plutonium in 
the kidneys, it should be administered in combination with Ca-DTPA, which 
prevents this untoward side-effect. DFOA is well tolerated even during prolonged 
treatment of children receiving molar doses of DFOA twice as high as those 
usual with Ca-DTPA. DTPA derivatives and adjuncts are theoretically interesting 
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but not yet applicable in practice, not least because most of them are more toxic 
than Ca-DTPA. 

(9) Optimum treatment schedules after incorporation of TU as judged from 
animal data can be characterized as follows: 

(a) For prompt treatment, Ca-DTPA (in the case of plutonium 
combined with DFOA) should be administered as soon as possible 
in single daily doses; later replacement by Zn-DTPA should be 
considered. Rather frequent administration (3 to 5 times a week) 
for a period of several weeks seems most efficient. 

(b) For delayed treatment a prolonged administration of Zn-DTPA 
(more frequently than once a week) in doses about three times 
higher than those usual with Ca-DTPA might render the best 
removal of TU. 

(c) Chelatable TU at the site of entry, such as wounds and possibly 
lung deposits, can be better removed by local rather than by 
systemic chelate treatment, provided Ca-DTPA (in the case of 
plutonium in combination with DFOA or sodium citrate) is used. 
If the local chelate dose is lower than that which would be 
administered systemically per kilogram body weight, it should be 
supplemented by systemic Ca-DTPA injection in order to prevent 
organ deposition of TU translocated into blood in spite of the 
local treatment. 

(d) Non-chelatable local TU deposits have to be treated mechanically: 
surgical wound excision and lung lavage are most effective. While 
the former method is a widely accepted one, the latter procedure 
has been practised on a contaminated man only once; obviously, 
the risk of the lung lavage itself has to be carefully considered. 

(10) Prevention of late effects due to deposited TU can only be expected 
if the radiation dose and dose rate are reduced below the level at which adverse 
effects are induced. This would be the case especially after an efficient early 
decorporation treatment and, perhaps, after a delayed removal of TU from the 
soft tissues, where treatment would be more effective than in the bones. 

5.2. Validity of animal data for man 

Most TU decorporation experiments have been performed with 239Pu in 
rats; it should be stressed that there was no basic discrepancy between the results 
obtained in this and most other mammalian species, including man. Moreover, 
the relative availability of 239Pu and other TU as well as of various TU compounds 
in rats and other mammalian species is similar. Basic knowledge acquired in rats 
could be verified in dogs, pigs and monkeys. 

Of course, great care is needed in extrapolating quantitative animal data 
to man. With regard to the time-factor, the rates of TU and chelate removal from 
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FIG.50. Disappearance of 239Pu from blood plasma in man [278] and rat (author's unpublished 
data). 

blood and organs seem a reasonable base for interspecies comparison. It might 
be postulated that the effectiveness of TU removal is inversely proportional to 
the biological half-time of TU. Indeed, studies on the chelatability and clearance 
of various TU from the blood suggest that those with relatively long retention 
times, e.g. plutonium, provide the greatest margin for delay in treatment, while 
still promising some degree of successful removal. 

It can be seen in Fig.50 that disappearance of 239Pu from plasma in the rat 
is substantially faster than in man, so that the ratio between 239Pu available for 
chelation in human plasma (assuming otherwise comparable binding capacity 
for 239Pu) to that in the rat increases sharply with time after 239Pu incorporation; 
while within the first few hours the ratio is less than 2, after only two days it is 
more than 5 and after three days more than 10. Assuming that removal of 239Pu 
depends in some way upon its fraction present in blood, it can be anticipated 
that the decrease in the efficacy of treatment with time after incorporation will 
be less pronounced in man than in the rat. 

Furthermore, it has been shown that the rate of decrease with time of the 
chelatable 239Pu organ fraction proceeds exponentially, enabling calculation of 
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the removal half-time for 239Pu (Fig.33). For 239Pu in the skeleton the first 
removal half-time actually corresponds to that for 2 3 9Pu in plasma (7 and 8 hours, 
respectively), while for 239Pu in the liver the removal half-time is about twice 
as long. This suggests that a fraction of 239Pu in the liver (but not in the bone) 
is readily available for chelation, soon after deposition at least. This favours the 
above hypothesis, since the biological half-time of 2 3 9Pu in the liver is about 
10 times shorter than that in bone. 

Consequently, the delayed decorporation treatment of 239Pu would be 
substantially less effective in man than in the rat because of substantially longer 
biological half-times for 239Pu in human organs (about 30 and 100 times longer 
than those in the rat skeleton and liver, respectively). As to bone, the remodelling 
processes are certainly much more intensive in rats than in man. Assuming, 
however, that 239Pu in bone which is unavailable for chelation is also less 
biologically active, the actual end-effect of removal therapy — decrease in 
radiation late effects — could well differ less than is indicated above. In liver it 
has been demonstrated in rats and hamsters that 2 3 9Pu can be removed by DTPA 
to an almost equal extent in spite of widely differing biological half-times for 
239Pu. This suggests also that the actual removal of 239Pu from human liver might 
be greater than that expected from the above man/rat biological half-time ratio. 

For the purpose of quantitative interspecies comparison of chelate dose-
effect relationships the effectiveness of equimolar chelate amounts per kilogram 
body weight can well serve as a base. It might then be deduced that more 239Pu 
could be removed if DTPA was administered in higher amounts than usual; this 
would be easily possible when using Zn-DTPA instead of Ca-DTPA, but only as 
far as delayed decorporation is concerned. With 241 Am no chelate dose effect 
was observed during prolonged treatment of rats and dogs, which indicates 
greater availability o f 2 4 1 Am than of 239Pu. 

Since, because of safety precautions, chelate amounts administered in man 
are kept lower than those used in many animal experiments, the human equi-
valent dose of the chelate (HD) has been introduced for Ca-DTPA (1 HD = 
30 jumol Ca-DTPA/kg body weight or 1 g Ca-DTPA/70 kg man) when extrapolat-
ing the effect"of decorporation in animals to man. The same HD has been 
used also for some other chelating agents such as DTOA or Zn-DTPA, mainly 
because their molecular weight does not differ too much from that of Ca-DTPA. 
However, taking into account the fact that twice as high doses of DFOA are 
routinely administered in clinical practice and that Zn-DTPA is several times less 
toxic than Ca-DTPA, the corresponding HD for DFOA and Zn-DTPA might well 
be 60 and 300 jumol/kg, respectively. Thus the question arises whether the 
effect of equitoxic, rather than equimolar chelate doses would be a more correct 
approach for comparing and predicting the effectiveness of various chelating 
agents in removing TU from the respective organs in animals and man. 
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6. TREATMENT EXPERIENCE IN MAN 

6.1. Review of treated cases 

Data on TU decorporation treatment in man have been summarized in 
Table XVI. This contains information on the TU compound involved and its 
route of entry as well as on the treatment choice, schedule and other details. 
The data are arranged chronologically for given laboratories and attention has 
been paid to covering the multitude of publications relating to repeatedly 
described cases. 

First, it can be seen that in spite of the great variety of methods used to 
remove TU from the mammalian body, actually only a few of them have been 
employed in man. In early attempts several human cases were treated with 
zirconium citrate (Cases 5, 8, 37) or with zirconium malate (Cases 6, 7). The 
results were disappointing since there was no increase in excretion of 239Pu and in 
the two cases where zirconium malate was applied a toxic labyrinthitis developed, 
which was ascribed to heat sterilization of the injection solution. As to the 
chelating agents, the first experience with Ca-EDTA was encouraging, since 
treatment increased substantially the urinary excretion of incorporated 2 3 9Pu, 
241 Am and 2 4 2Cm (Cases 1 t o 4; Case 5; Case 18); only in one case of a 
239Pu-contaminated wound treated with both zirconium citrate and Ca-EDTA was 
no effect observed (Case 37). At that time it was estimated that 5 g/d Ca-EDTA, 
given for not more than five days in succession and followed by 2-day rest 
periods, is well within desirable safety limits [329]. 

Soon after Ca-DTPA had been demonstrated to be superior to Ca-EDTA in 
experimental removal of radionuclides it was introduced into clinical practice 
as well and became the chelating agent of choice for decorporation of radio-
nuclides in man. It should be noted that the clinicians prefer to express the 
chelate doses in weight units and the concentrations of their injection solutions 
in per cent, while in most animal experiments the chelate doses have been 
presented in moles and as molar concentration. Thus, 1 g of Ca-DTPA, which 
has been usually considered as the standard human dose, corresponds to 
approximately 30 /imol/kg of body weight for a man weighing 70 kg. As 
mentioned previously, the latter chelate dose has also been used in animal 
experiments and referred to as the human dose equivalent (HD). 

While there is still some hesitation about the question of whether it is useful 
to administer DTPA locally, there is certainly no doubt that the systemic 
administration of Ca-DTPA has become a widely accepted method for decorpora-
tion therapy in man; opinions differ mainly as far as indication, dosage and 
treatment schedule of Ca-DTPA are concerned. Table XVI indicates that a 
considerable number of the cases reported were treated 'preventively', because 
the amount of the highly toxic material involved was uncertain and treatment 
was discontinued after administration of a single or only a few Ca-DTPA doses. 
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TABLE XVI. DECORPORATION OF PLUTONIUM, AMERICIUM AND CURIUM IN MAN 

Radionuclide 

Case(s) Compound Suspected Estimated 
No. mode of entry local deposit 

(nCi) 
Initial Late 

Chelating treatment 

Chelate Dose per Total Tota 
(route of treatment number of dose 
administration) (g) treatments (g) 

Time after 
contamination 

Estimated effect on Remarks 
radionuclide absorbed fraction 
Excretory Body 
multiplication burden 
factor reduction 

Author, date, reference 
and laboratory 

339Pu nitrate Wound 

" ' P u Inhalation 

M l l M 1 A m , Inhalation 
M I C m 
J39Pu nitrate Wound 
etc. 

J39Pu Ingestion 

J39Pu Wound 

239Pu 

23*Pu nitrate -

Inhalation, 
ingestion 

J3»Pu Inhalation 400 

EDTA 
i.v.inf. 
EDTA 
i.v.inf. 
EDTA 
i.v.inf. 
EDTA 
i.v.inf. 

EDTA 
i.v.inf. 
+ Zr citrate 
i.v. 

Zr malate 
i.v.inj. 

Zr malate 
i.v.inj. 

Zr citrate 
i.v.inj. 

EDTA i.v. 
DTPA i.v. 

2.0 

2.5 

1.0 

0.3 

0.0S 

0.0S 

0.6 

0.1-
2.0 

0 . 5 - 1 . 0 

1.0 

32 
(2 X daily) 

~ 8 

(2 X daily) 

16 

(2X daily) 

12 (2 X daily) 

47 
(4 X daily) 
2 

15 

5 

1 - 5 

~ 2 5 

0.6 

1 . 2 -
2.4 

1 - 5 , 8 , 2 7 , 
28 d 

l h - 4 d , 16 
17 d 

0 - 1 8 , 2 1 - 3 1 , 
3 3 - 4 5 , 5 0 - 6 0 d 
75 d 

0.75 early-127 d 

.0.25 0 - 8 d 

0 - 5 d 
(6, 7 d) 

up to 3 h - 8 a 
14 

up to 5 

- 2 5 5 - 7 a 

Urine: >20X 

Urine: slow 
rise only 

Urine: 2 - 1 0 X 

Zr: no effect 

No effect 

Urine: DTPA 
10-12X EDTA 
DTPA i.v. 12X oral 

Urine: 8 - 5 5 X Drop of eff. 
with time 

Foreman et al. (1954, 1963) 
[279, 280] Los Alamos 

Diagnostic 
value (residual 
i.m. deposit) 

Limited 
excision 

Toxic 
labyrinthitis 

Dobson (1956) 
[281] Berkeley 

Graham (1956) [282] 
Windscale 

Norwood(1956) 
[283] Richland 

Norwood(1960) 
[284 ,285] Richland 

Norwood(1962) 
[286] Richland 



TABLE XVI. Cont. 

11 u 9 P u nitrate Wound 860 0.2 DTPA 1.0--3.0 20 28 9 h - 6 d, 5 0 - 5 4 , Urine: 55-70X Sustained effect Norwood(1963) 
i.v.inf. 7 9 - 8 3 , 9 9 - 1 0 3 d faeces: SOX [287]; Swanberg, 

Heule (1964) 
[288] Richland 

12 s 9 P u metal Wound 36 000 200 DTPA 1.0 ~ 7 0 83 1 d - 2 0 weeks Urine: 5 - 3 0 X 4 excisions Baumgartner et al. (1965) 
i.v.inj. 3 0 - 5 0 weeks flush: 40 nCi [289]; Larson et al. (1968) 
s.c.inj. [290] Richland 
flushing 

13 J WPu air- Inhalation 25 DTPA 7 - 7 0 - 2 1 d Urine: Case 2 Heid et al. (1971) 
borne i.v.inj. —10—500X [291] Richland 

14 M9Pu nitrate Wound 1000 0.7 DTPA - 2 0 - 2 0 10 h - 6 d. Urine: - 1 0 0 X - 6 0 % Case 2 Jech et al. (1972) 
i.v.inj. - 6 0 - 1 0 5 d sustained effect [292] Richland 

15 s^Pu nitrate Wound 122 3 DTPA 1.0 ~ 6 0 60 2 - 9 1 , 126—180 d Urine: - 8 0 X - 6 0 % Case 3 
i.v.inj. sustained effect 

16 23*Pu nitrate Wound DTPA - 1 3 - 1 3 - 6 - 6 0 d Urine: 80 -100X 50% Case 4 
i.v.inj. 

17 239Pu oxide Inhalation DTPA ~ 8 - 8 - 2 h - 2 1 d Urine: - 2 - 3 X <10% Case 7 
i.v.inj .inhal. 

18 " ' P u sol. + Wound + 181 37 EDTA 1.0- 4.0 32 4.5 h - 3 0 d No dose effect Employee 1297 Hammond (1959) [293]; 
insol. inhalation i.v. 2 6 2 - 2 7 2 d (exposed 1957) Lagerquist, Hammond (1965) 

DTPA 1.0 12 12 7 a Urine: 15X ~ 2 % [294]; Boss, Mann (1967) 

i.v.inj. [295] Rocky Flats 

19 239Pu sol. + Wound 194 31 EDTA i.v. 1.0- 4.0 32 4.5 h - 3 0 d No dose effect Employee 2817 
insol. (facial) 2 6 9 - 2 7 9 d 

DTPA 1.0 24 24 7 a Urine: 10X - 1 5 % (exposed 1957) 
i.v.inf. 

20 " ' P u Wound 144 000 600 DTPA 1.0 85 75 1 h—IS months Urine: 8000 nCi 4 excisions Putzier et al. (1965) 
i.v.inf. excess [296] Rocky Flats 

Eff. depends on dose 
and schedule 

oral 1.0- 5.0 53 249 (also 2X daily) Urine: up to 10X Lagerquist et al. (1967) 
[297 j; Boss, Mann (1967) 
[295] Rocky Flats 

i.m. inf. 0.3 1 0.3 Urine: - 1 0 X Small local 
effect 



K> TABLE XVI. Cont. 

Case(s) 
No. 

Compound 
Radionuclide 

Suspected 
mode of entry 

Estimated 
local deposit 
(nCi) 
Initial Late 

Chelate 
(route of 
administration) 

Chelating treatment 
Dose per Total 
treatment number of 
(g) treatments 

Total 
dose 
(g) 

Time after 
contamination 

Estimated effect on 
radionuclide absorbed fraction 
Excretory Body 
multiplication burden 
factor reduction 

Remarks Author, date, reference 
and laboratory 

21 ' " P u nitrate Acid burns 310 DTPA 
i.v.inf. 

1.0 11 1 1 1 h - 1 7 d (also 
2X daily) 

Eff. very good Employee 2302 Lagerquist et al. (1965, 1967) 
[298, 299]; Lagerquist, 
Hammond (1965) [294} 
Rocky Flats 

22 339Pu oxide Wound 113 19-37 1.0 10 10 1 h - 1 8 d Eff. inconclusive Removal 
of blood 
Pu 

23 239Pu nitrate Acid burns 300 DTPA 
i.v.inf. 

1.0 27 27 1 h—27 d Urine: two 
excretion half-lives 

- 9 7 % Employee 3890 
skin rash 

Lagerquist et al. (1967) 
[299] Rocky F l a t s 

24 V A m 
oxides 

Inhalation up to 270 DTPA 
i.v.inj. 

1.0 4 - 5 4 - 5 1 - 5 d Urine: Pu/Am 
varying 

low eff. 8 cases Hammond et al. (1968) 
[300] Rocky Flats 

25 *»Pu Wounds 1160 19 DTPA i.v. 2 - 4 ~ 2 - 4 — 7 d Urine: ~ 2 nCi 
excess 

Pu burden 
verified post 
mortem 

Lagerquist et al. (1972) 
[301] Rocky Flats 

26 s » P u oxide Wound 1000 90 DTPA 
i.v.inj. 

0 . 1 - 0 . 2 5 4 0.55 11 h - 4 d Little, if any effect Schofield (1969) 
[302] Windscale 

27 239Pu nitrate Wound 1000 2 DTPA 
i.v.inj./inf. 

0 . 2 5 - 1 . 0 8 3.9 0.5 h—14 d Urine: 3 0 - 4 0 X 

28 M 5Pu metal Wound ~ 5 0 0 0 2 DTPA 
i.v.inj./inf. 

0 . 2 5 - 1 . 0 10 4.3 2 h - 1 4 d Urine: ~20X 29% Case 5 Schofield, Lynn (1973) 
[303] Windscale 

29 

30 

*»Pu nitrate/ 
oxide 

*»Pu nitrate/ 
oxide 

Wound 

Inhalation 

800 150 

< 1 2 

DTPA i.v, 

DTPA 
i.v.inj. 

0 . 2 5 - 1 . 0 

0.25 

4 
? 

0.55 1 - 3 d 

Extended 
therapy 

No effect 

No effect 

Case 6 

Cases 1 - 3 

Hesp, Ledgerwood, (1971) 
[304]; Scholfield, Lynn (1973) 
[303] Windscale 

31 nitrate Inhalation 110 DTPA i.v. 0 . 2 5 - 1 . 0 3 2.25 4 , 2 9 , 50 d 10-15% Case 4 
sustained effcct 

32 239Pu oxalate Wound 4 200 < 1 5 0 0 DTPA 
i.v.inj./inf. 

0 .25 -1 .0 41 12.7 40 min - 16 d, 
7 0 - 9 9 , 126 -135 , 
1 5 9 - 1 6 3 d 

Urine: ~ 0 . 6 nCi 
excess 

28% Howclls et al. (1973) [305]; 
Schofield et al. (1974) [306]; 
Dolphin (1976) [307] Windscale 



TABLE XVI. Cont. 

33 239Pu-M1Am 
oxide 

Inhalation 400 2 DTPA i.v. 1.0 3 5 - 7 d Little, if any effect External 
contamination 

Caldwell (1967, 1972) 
[308,309] ; 
Brodsky et al. (1968) [310]; 

34 239Pu-24lAm 
acid 
solution 

Wound + 
inhalation 

2000 200 DTPA i.v. 1.0 21 21 0 - 6 0 , 7 0 - 1 3 0 d Not evaluated Waldeta l . (1968) 
[311] Pittsburgh 

35 ^ ' A m oxides Inhalation 1800 400 DTPA 
i.v.inj./inf. 

0.5- 1.0 > 1 2 5 > 1 1 0 - 1 0 0 0 - 1 8 0 0 d Urine: 5 - 8 X eff. 
dose-dependent 

No side effect Brodsky et al. (1969) [312]; 
Fasiska et al. (1971) [313] 
Pittsburgh 

36 239Pu-241Am Wound(hand 
amputation) 

DTPA perfusion 
i.v.inj. 

1.0 1 1 8 h Not evaluated Hand reattached 
+ reamputated 

Brodsky et al. (1972) 
[314] Pittsburgh 

37 239Pu nitrate Wound Zr citrate i.v. inf. 
EDTA i.v.inf. 

1.2 
1.0 

1 
15 

1.2 
15 

2,5 h 
3 h - 6 d; 
1 3 1 - 1 3 5 d 
(also 2X daily) 

No effect 
No effect 

Abdominal pain 
and thirst on 
5 - 6 d 

Sanders (1961) [315] 
Savannah River Plant 

38 ' " P u nitrate Wound 900 1 DTPA 
i.v.inf.inhal. 

EDTA 
p.os. 

1.0 

0.3 

— 80 

40 

80 

12 

1 - 8 2 , 3 1 2 - 9 4 3 d 

2 2 - 3 1 d 
(4X daily) 

Urine: 35X eff. 
depends on time 
and schedule 
Eff. inconclusive 

2 excisions Jolly et al. (1972) 
[47] Savannah River Plant 

39 " t n , 
relat.sol. 

Inhalation 14 DTPA 
inhal. 

1.0 8 8 2.5 h—40 d No effect Sanders (1974) 
[316] Savannah River Plant 

40 "'Am, 244Cm 
oxides 

- 4 5 0 DTPA 
i.v.inj.inhal. 

1.0 15 15 0 .50 -101 d Urine: 6X 

41 239Pu nitrate Wound 60 000 2200 DTPA 
i.v.inf. 

1.0 - 2 1 21 1 - 7 , 2 8 - 3 2 , 
6 2 - 6 6 , 8 0 - 8 4 d 

Urine: 30 -300X 2 excisions Lafuma (1963) 
[317] Fontenay-aux-Roses 

42 541 Am soluble inhalation 180-300 DTPA 
inhal. 

" 7 - 8 6 h - 5 0 d No effect 2 cases Jeanmaire, Ballada (1971) 
[318] Fontenay-aux-Roses 

43 

44 

239Pu var. 
compounds 

239Pu var. 
compounds 

DTPA 
i.v.inj. 
DTPA 
i.v.inj. 

1.0-

0 .5-

2.0 

1.0 

42 

26 

49 

14.5 

( 2 - 7 , 16 -21 
weeks) 
( 3 - 1 5 d) 

Urine + faeces 
60X 

Urine + faeces 
80X 

Treatment 
schedule only, 
time after incorp 
not indicated 

Plotnikova, Bajsogolov (1964) 
[319] Moscow 



TABLE XVI. Cont. 

Radionuclide Chelating treatment 

Case(s) 
No. 

Compound Suspected 
mode of entry 

Estimated 
local deposit 
(nCi) 
Initial Late 

Chelate 
(route of 
administration) 

Dose per 
treatment 
<g) 

Total 
number of 
treatments 

Total 
dose 
( l ) 

Time after 
contamination 

Estimated effect on 
radionuclide absorbed fraction 
Excretory Body 
multiplication burden 
factor reduction 

Remarks Author, date, reference 
and laboratory 

45 " ' P u v a r . 
compounds 

DTPA 
i.v.inj. 

0 . 2 5 - 0 . 5 26 7.25 ( 3 - 1 5 d) Urine + faeces 
80X 

46 
insoluble 

Inhalation 9 1 - 1 3 4 DTPA 
i.v.inf. 

1.0 3 0 - 3 2 - 3 0 1-16(1) 
32-37(11) 
- 9 0 - 1 3 5 d(III) 

No effect (1) 
urine: ~2X(I I ) 
urine: 6 -50X(I I I ) 

3 cases, Pluronie 
ineffective 

Anderson et al. (1970) 
[320] Mound Laboratory 

47 139Pu nitrate Inhalation ~ 7 DTPA 
i.v.inj. inhal. 

0 . 5 - 1 . 0 4 2.5 16, 183, 298, 
572 d 

Urine: 10-100X Sustained 
DTPA eff. 

Alderhout, Hunzinger (1971) 
[43] Eurochemie-MOL 

48 239Pu nitrate Inhalation 3 DTPA 
i.v.inj.inhal. 

0.5 2 1 298, 572 d Urine: 10-50X Alderhout(1971) 
[321) Eurochemie-MOL 

49 
relat.sol. 

Inhalation 450 DTPA 
i.v. (+ saline 
lavage) 

1.0 12 12 8 - 2 0 d Urine: 71 nCi 
lavage: 59 nCi 

First lung 
lavage in man 

McClellan et al. (1972) 
[322] Albuquerque 

50 " ' A m 
perchlorate 

Wound 244 0.7 DTPA 
i.v.inj. + flushing 

0.5 2 1 1, 12 d Urine, faeces: —6X 
flush: no effect 

Ohlcnschlagcr (197 1) 
[323] Albuquerque 

51 239Pu nitrate Wound 200 1 DTPA 
i.v.inf., inhal. 
Zn-DTPA 
i.v.inf. 

1 .0-2 .0 

1.0 

6 

1 

9 

1 

1 - 1 1, 83 d, 
375 d 
785 d 

Urine, faeces: 
50 -100X 

4 0 - 6 0 % 
(early) 
2.5% 
(late) 

Wound secretion Ohlenschlager, Schieferdecker 
(1973, 1976) [324, 325]; 
Ohlenschlager (1976) 
[326] Karlsruhe 

52 239Pu oxide Wound 70 0.2 DTPA i.v. 1.0 1 1 1.5 h Eff. improbable Testa, Delle Site (1973) 
[327] Rome 

53 241 Am oxide Inhalation 
(ingestion) 

1 70 DTPA i.v. ~ 1 . 0 > 4 > 4 12a 2 - 4 % Adult Whalen, Davies(1972) 
[328] New York 

54 ? 20 DTPA i.v. ~ I .O > 4 > 4 12a Urine: ~ 8 X 
faeces: "pur ine 

37% Adolescent Cohen et al. (1976) 
[91] New York 



It further appears that decorporation after wound contamination with TU was 
more successful than treatment following inhalation of TU. Evidently, treat-
ments of more soluble TU compounds, such as nitrates and oxalates, were more 
effective than those involving oxides. 

The more or less rigorous restrictions of Ca-DTPA dosing and indications 
are apparently due to local demands and personal views, rather than to commonly 
accepted criteria, with one exception: cases considered as severe were almost 
always treated with Ca-DTPA; first a dose-time schedule was used which was 
considered most efficient and later on the influence of various factors on treat-
ment efficiency was investigated, if at all. 

No serious damage attributable to the toxic action of Ca-DTPA has been 
observed until now in man, although in several cases considerable amounts of the 
chelate were administered for the purpose of decorporation (Table XVI). The 
total intravenous doses of Ca-DTPA were 49 g (Case 43), 60 g (Cases 20 and 15), 
75 g (Case 20), 83 g (Case 12) and > 110 g (Case 35); up to 80 g of Ca-DTPA 
were administered by inhalation (Case 38) and up to 249 g orally (Case 20). 

In a single dose up to 2 — 3 g of Ca-DTPA were given in an intravenous 
infusion (Cases 9, 11, 43, 44, 45, 51); in other cases 1 g of Ca-DTPA was usually 
administered, sometimes twice a day (Cases 20 to 22) or by an intravenous 
infusion of up to 5 h duration (Case 41). 

Last but not least, it should be stressed that Ca-DTPA has been used in the 
treatment of iron storage disease (see section 3.3), when children are injected 
intermittently with Ca-DTPA at doses which (per kilogram body weight) might 
exceed by one order of magnitude the dose recommended for decorporation 
treatment in adults. 

Administration of Zn-DTPA has hitherto been performed only exceptionally. 
No undesirable side-effects were observed after injections of up to 3 g per dose 
(Case 51). No attempts were made to decorporate TU in man by other chelating 
agents such as TTHA or DFOA. 

6.2. Qualitative aspects of decorporation in man 

The effect of Ca-DTPA on a local TU deposit in man was investigated mainly 
after accidental contamination of wounds with TU. It should be stressed that 
surgical excision was always the main therapeutic procedure and local administra-
tion of DTPA, if at all, served as an adjuvant. The effectiveness of flushing a 
239Pu-contaminated wound (Case 12) is illustrated in Fig.5 1. The technique using 
0.1% Na4DTPA was maintained until the rate of 239Pu removal became very 
small and the patient experienced some discomfort; about 10% of 239Pu remain-
ing at the wound site after the fourth excision could thus be removed. Since the 
loss of activity from the wound and' the urinary excretion of 239Pu were about 
four times higher than the amount of 239Pu recovered in flushings, it was assumed 
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51. Effectiveness of flushing a contaminated wound with DTPA solution [290], 
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FIG.52. Wound secretion as a natural means of decontamination [324]. 

that translocation of 239Pu into the body has been stimulated to some extent by 
DTPA, but the 239Pu released was promptly excreted via the kidneys [290]. 

However, as shown in Fig.52, after excision of a wound contaminated with 
239Pu-nitrate the remaining activity decreased rapidly even without flushing; 
this is an indication of 239Pu translocation due to wound secretion and/or absorp-
tion into the blood (Case 51). Similarly, activity was cleared from wounds when 
eschars were removed from healing burns or when tissue nodules formed at the 
wound site were excised (Cases 22, 23). Direct local administration of DTPA in 
the vicinity of a six-months-old 2 3 9Pu deposit mobilized only a.small fraction 
(Case 20). A subcutaneous injection of DTPA at the wound site exerted a 
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TABLE XVII. EFFECT OF LUNG LAVAGE AND SYSTEMIC Ca-DTPA IN 
MAN AFTER ACCIDENTAL INHALATION OF 239Pu AND 241Am OXIDES [322] 

239p u 241 Am 239Pu/241Am 
(nCi) (nCi) 

239Pu/241Am 

Lung lavage 

Right lung 31.3 0.54 58 

Left lung 13.8 0.35 39 

Right lung 13.9 0.27 52 

Total 59.0 1.16 51 

Faeces 15.8 0.36 44 

Urine 71.4 2.02 35 

Total 146.2 3.55 41 

Air filter 42 

similar effect on urinary excretion of 239Pu as intravenous DTPA (Case 12); 
other local DTPA injections in man have not been reported as yet. 

After inhalation of TU there are two possibilities for DTPA administration: 
inhalation or lung lavage. Inhalation had no local effect in man even when 
administered after inhalation of relatively soluble compounds of 2 4 4Cm (Case 39) 
and 241 Am (Case 42). The only decontamination by lung lavage in man was 
performed after inhalation of 239Pu; large volumes of isotonic saline were used 
and Ca-DTPA was merely intravenously injected (Case 49; Table XVII). 

Fundamental knowledge of systemic decorporation based on animal 
experiments has been verified qualitatively in man: 

(1) DTPA increases the urinary excretion of incorporated 239Pu, mainly 
by removing it from blood (Case 21); the peaks of 239Pu excretion in urine 
correspond to those of DTPA (Case 20) (Figs 53, 54). The effect of DTPA is 
sustained, i.e. urinary excretion of 239Pu is enhanced for a substantial time 
after the last administration of DTPA (Case 10, Case 47, Cases 14 to 17, Case 31, 
Cases 53, 54) (Fig.55). The effectiveness of DTPA on urinary excretion of 
239Pu decreases substantially with time after incorporation [286]. 

(2) DTPA also increases the faecal excretion of incorporated TU (Case 50, 
Case 51) (Fig.56), which, at least in delayed treatment, might be due to the 
mobilization of TU from the liver. After a simple chelate injection the enhance-
ment of faecal excretion rate of TU continued for several days. During a 4-week 
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D a y s A f t e r I n c i d e n t 

FIG.53. Plutonium in blood and urine as a function of time after injury [290], 

treatment of incorporated 241 Am with Ca-DTPA excretion of radioactivity in 
faeces reached almost half the total urinary value, or one third of the total amount 
excreted (Cases 53, 54). 

(3) The effect of DTPA on 241Am seems to prevail over that on 239Pu. 
When both are incorporated, 241Am is preferentially excreted in urine (Case 24), 
although the degree may vary between individuals (Case 18). 

(4) In young individuals TU seems to be more easily removable than in 
adults. The decrease in the total 241Am body burden after a course of Ca-DTPA 
therapy was about 37% for an adolescent boy, in contrast to only 2 to 4% in his 
father's body (Cases 53, 54). 

6.3. Quantitative evaluation of human data 

With respect to local TU deposits, repeated external measurements of 
contaminated wounds and lungs allow an estimate of the TU removal, which 
might be completed by a radioactivity assay of wound and lung washings as 
well as of tissue after wound excision. 

With respect to the systemic TU burden, analysis of excreta, providing a 
possibility of assessment the body content of TU, may also give an estimate of 
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FIG.54. Simultaneous urinary excretion of plutonium and DTPA during decorporation 
treatment [296], 

the decorporation efficacy. Urinary data have been used mainly for the quanti-
tative evaluation of chelate effectiveness in man, although a considerable amount 
of radioactivity is eliminated via the faeces. The advantages of analysing urine 
is that it indicates excretion of radioactivity absorbed into the blood, where 
chelation takes place. A faecal analysis is especially valuable in clearance 
estimates of non-absorbable radioactive material from the lungs, which, however, 
is not influenced by chelate therapy. 

The TU fraction excreted in excess is calculated from the difference between 
TU excretion with and without treatment; while the former can be measured 
directly, the latter has to be estimated by evaluating the rates of TU excretion 

131 



pCi / 2 4 h 

• Urine data 

O Faecal data 

| OTPA 

100 - single intake 
0.04 ^jc; 

systemic model 

/ 

10 

single intake 
0.04 /jCi 

X-

1 -

0.1 T" 
10 

T 
100 

Days after incident 
T 
1000 

FIG.55. Sustained effect of Ca-DTPA on urinary excretion of Pu in man. The curves 
indicate excretion expected without treatment [43], 

C3 <_> 
CD a 

10000.0 

1000.0-

100.0-

100-

1 . 0 -

0> 

l i l i J 

— Plutonium excreted 
•—"1 Excretion expected 
— J without treatment 

1A h 

Wlltmi.lm I.II..I...I 

0 20 40 60 80 100 120 

Days after accident 
FIG.56. Daily excretion of plutonium in faeces after Ca-DTPA. Comparison with excretion 
expected without treatment according to Langham or Beach and Dolphin [324]. 

132 



before and after the period of treatment. The methods used in excretion analysis 
have been adequately described elsewhere [330 — 333]. It should be stressed 
that the body burdens estimated from urinary excretion values appear to be 
generally conservative compared with autopsy tissue burdens [301, 334]. 
Assuming that treatment removes preferentially TU just translocated into blood, 
the excess excretion during periods of DTPA treatment can also be used to 
estimate the amount of TU transferred from the site of entry to the body [307], 
Although the possible contribution of TU translocated in excess due to 
mobilization at the site of entry and from the organs cannot be distinguished by 
this method, it furnishes a reasonable estimate of the overall chelatable TU frac-
tion at the time of treatment. 

The decorporation achieved by treatment is usually expressed by an 
excretion enhancement factor indicating how many times the excretion of radio-
activity after treatment exceeded that without treatment. However, the fraction 
of the body burden excreted changes with time after incorporation and depends 
on further factors such as translocation of radioactivity from the site of entry 
and binding in the tissues. This suggests that an equal excretion enhancement 
factor can well relate to various fractions of the radioactive body burden removed. 
Thus, during the first period after incorporating of TU, when they are still 
circulating in blood and even during the second phase of TU clearance from the 
site of entry, a considerable proportion of TU might be prevented by chelation 
treatment from depositing in the liver and skeleton and from getting diverted 
into the urine. On the other hand, a high excretion enhancement factor does 
not indicate a substantial lowering of the TU body burden if only a small 
fraction of the TU is available for chelation due to the presence of largely non-
transportable and non-chelatable TU deposits at the site of entry and/or in the 
body organs. Thus, a dramatic radioactivity peak in the urine after DTPA treat-
ment might amount only to picocurie quantities and fall off very rapidly, 
although the person's body might contain nanocurie quantities [335]. Anyway, 
the rate of increase of urinary TU excretion and its change during treatment are 
valuable indicators of the chelatable TU fraction and thus are factors that have to 
be taken into account also as far as continuation of treatment is concerned. 

Table XVI shows the proportion of the body burden that was estimated, 
by excretion analysis, to be removed from the various human cases. The amounts 
removed range from a few per cent to more than 50% of the translocated TU. 
This indicates that chelation therapy might well support surgical wound excision 
and further serve as an effective treatment in suitable cases after inhalation of TU. 
Furthermore, the excretion analysis allows to characterize several factors which 
influence the outcome of treatment: 

(1) Time factor. It has been well established that the effectiveness of 
a single treatment schedule changes with time after incorporation of TU and that 
the efficacy of each subsequent treatment is influenced by the preceding one. 
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Days A f te r Accident 

FIG.57. Urinary plutonium excretion rates after a contaminated wound, during periods with 
and without DTPA treatment [307\ 

Early after incorporation the urinary excretion rates of 239Pu due to Ca-DTPA 
treatments could be expressed by a sum of two exponentials indicating elimination 
of 239Pu from two different compartments with half-lives of about 1 and 6 days, 
respectively (Case 21, Case 38). From urinary 239Pu excretion data given by 
Alderhout and Hunzinger [43] (Cases 47, 48) a half-life of 9 to 10 d may be 
obtained. 

Repeated courses of Ca-DTPA in a case of a contaminated wound were 
followed by a similar excretion pattern which could be expressed by single 
exponentials with exponents corresponding to a mean half-life of 5 d (Case 28). 
In Fig.57 the lower line represents urinary excretion rates measured in this case 
just before the beginning of each course of Ca-DTPA treatment, the upper line 
is drawn through the 239Pu excretion rates obtained at the end of each of the 
treatment periods. Thus, the decrease in effectiveness of treatment with time 
could be estimated quantitatively. The enhancement ratio for 239Pu excretion 
due to Ca-DTPA treatment, represented by the quotient of values from the two 
lines for a given day, changes from 60 down to 20 after 15 and 150 days, 
respectively, which corresponds to a half-life of about 45 days [307]. 
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FIG. 58. Urinary plutonium after intravenous injection of 100 mg and inhalation of 1 g 
Ca-DTPA [325\ 

With 241 Am, treatment remained effective in the course of nearly two years, 
indicating enough exchangeable 241 Am at any time (Case 35) (Fig.58). This 
indicates that chelate therapy after incorporation of other TU might yield better 
results and be less dependent of time than expected for plutonium. 

(2) DTPA dose effect. Following prompt single Ca-DTPA injections, 
excretion of 239Pu seemed to be independent of the chelate dose within the 
therapeutic range (Cases 43, 44, 45). However, since the higher DTPA doses 
were also administered later, it might well be assumed that the higher dosage of 
DTPA actually compensated for the loss of its effectiveness due to time delay, 
which is especially important under conditions of prompt treatment. Indeed, 
even delayed injection of 0.1 and 1 g Ca-DTPA increased by a factor of 22 and 50, 
respectively, the 239Pu urinary excretion although the higher dose was 
administered later (Case 51) (Fig.58). Similarly, prolonged administration of 
0.5 g Ca-DTPA after incorporation o f 2 4 1 Am resulted in only about 60% of the 
effectiveness obtained with 1 g chelate doses (Case 35) (Fig.59). 

The chelate effect in relation to its dose and administration schedule is 
demonstrated in Table XVIII, indicating annual urinary radioactivity excretion 
for several DTPA schedules during a 3-year treatment of a 238Pu nitrate con-
taminated wound (Case 38). The more frequent DTPA administrations 
enhanced excretion of 238Pu to a greater extent than larger, but less frequent 
DTPA doses and even compensated for the loss of chelate efficacy with time. 
The latter decreased by a factor of 2 after about 900 days with all treatment 
schedules tested, but the most frequent DTPA administrations were twice as 
effective as the less frequent ones. 
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TABLE XVIII. URINARY 239Pu EXCRETION IN MAN AS INFLUENCED BY 
Ca-DTPA TREATMENT SCHEDULE [47] 

DTPA 
treatment 
schedule 1971 

239Pu 
Annual urinary excretion 

(nCi) 

1972 1973 1974 

l g / 7 d 2.54 1.92 1.50 1.27 

1 g/14 d 1.64 1.24 0.97 0.82 

1 g/28 d 0.96 0.72 0.56 0.48 

2 g/28 d a 1.22 0.92 0.72 0.61 

None 0.19 0.13 0.10 0.08 

a Administered on successive days. 

(3) Route and timing of chelate administration. Excretion of 239Pu after 
inhalation of DTPA increases in a similar manner to that observed after injection. 
This has been confirmed tinder prolonged treatment conditions (Case 38). The 
removal rate of 1 g inhaled Ca-DTPA in urine is comparable to that after an 
intravenous administration of 0.1 g Ca-DTPA. On the basis of these therapeutically 
effective chelate doses, delayed treatments administered as an infusion or as 
aerosol increased urinary 239Pu excretion by a factor of 22 and 27, respectively. 
(Case 51). 

Excretion of 239Pu after oral administration of 1 g Ca-DTPA increased less 
than after an equal dose administered intravenously (Case 9), which is due to the 
limited intestinal absorption of DTPA. Anyway, repeated oral treatments with 
5 g Ca-DTPA increased about 10 times the urinary 239Pu (Case 20) (Fig.60), while 
oral Ca-EDTA proved ineffective (Case 38). 

The effect of fractionation of the weekly dose of Ca-DTPA in man can be 
seen in Fig. 61. Excretion of 239Pu during prolonged chelation therapy increased 
more when 1 g Ca-DTPA was divided into three doses per week instead of being 
injected as a single weekly dose (Case 20). It should be noted, however, that 
successive periods of treatment have been compared. In this context it is of 
interest that fractionation of the weekly Ca-DTPA dose enhanced the urinary 
excretion of 239Pu to approximately the same extent as the same total dose 
administered as a single injection per week, but two months earlier. Further-
more, three treatments with 1 g Ca-DTPA per treatment were consistently more 
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FIG.60. Weekly urinary excretion of plutonium in man after intravenous or oral administration 
of Ca-DTPA [297], 

effective than a previous 1 g once per week treatment. This again suggests that 
the loss of chelate effectiveness with time might be partly compensated for by 
administration of more frequent and/or larger chelate of the chelate administered. 

The effect of fractionation of the daily chelate dose in man cannot be 
evaluated because only few data are available. Furthermore, it is probably not 
advisable to consider this type of schedule in view of the now well-established 
increase of Ca-DTPA toxicity observed in animals after dividing the daily dose 
into several fractions. 

(4) Rate of TU translocation from the site of entry. It can be assumed 
that with a slower rate of TU translocation the effect of the time factor on the 
efficacy of the chelate therapy will be less pronounced. Thus, excretion of 
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239Pu translocated from a wound was readily increased by each Ca-DTPA injection 
to approximately the same extent (Case 12) (Fig.62). Furthermore, excretion 
of 239Pu translocated from the lung was increased substantially more when treat-
ment was delayed, which suggests that various chemical forms of 239Pu with 
different rates of transfer into the blood were involved (Case 46) (Fig.63). 

(5) Removal efficacy of Zn-DTPA. After a delayed administration of 1 g 
Zn-DTPA the increase in urinary excretion of 239Pu was comparable to that with 
1 g Ca-DTPA (Case 51) (Fig.64). When the chelates were administered only 
six days after inhalation of 239Pu the urinary excretion increased after administra-
tion of 1 g of Zn-DTPA and Ca-DTPA by a factor of 35 and 67, respectively. 
This indicates that under prompt treatment conditions the removal efficacy of 
Ca-DTPA is superior to that of Zn-DTPA. When Zn-DPTA was injected only 
two hours after inhalation of 239Pu the enhancement factor was estimated to 
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range from 35 to 80 [336]. In a recent case of a severe incorporation of 241Am 
Ca-DTPA was replaced after the first week of treatment by Zn-DTPA, starting 
with 3 g/d and later continuing with daily injections of 1 g Zn-DTPA. Only 
newspaper reports are available at present on this case [337, 338]. 

7. GUIDING PRINCIPLES FOR DECORPORATION OF TU IN MAN 

The whole field of handling human contamination/incorporation accidents 
such as organizational aspects and medical care have been adequately discussed 
elsewhere [5, 7, 89, 291, 339-346] . In this section mainly the medical aspects 
of chelate therapy will be summarized, based on the data collected in previous 
chapters and on a recent round table discussion [5], during which a most instruc-
tive exchange of views took place; quotations from this discussion will be 
referred to by the name of the particular participant only. 

7.1. Evaluation of an incorporation accident 

Radioactive contamination accidents may be recognized at once or only 
after a considerable period of time, depending largely on the type and level of 
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the accident. The potentially high-level ones in most plants would be recognized 
early (Voelz). Also most injuries are noticed immediately because of pain. On 
the other hand, it has been pointed out that inhalation accidents can often go 
unrecognized at least until the end of the shift and sometimes until the next 
urine sample, which may be months after intake (Dolphin). 

As soon as the accident has been reported, it is important first to gain 
information from the persons involved, from their co-workers and the health 
physicist. For a physician the following points are of special interest: 

(a) The time elapsed after the accident 
(b) The total and specific radioactivities involved 
(c) The TU compounds involved and their chelatability 
(d) The localization of TU deposits 
(e) The probability of radiation effects. 

There is no doubt that such basic information can serve as a valuable 
indicator of how serious the accident was. However, it is not generally recognized 
how difficult it is to decide exactly what the situation really is. For instance, 
external decontamination procedures have to be applied before we can even 
begin to think about the wound (Schofield). Furthermore, it is easily under-
stood that an extensive body surface contamination, especially one including 
the face, as well as emotional factors such as excitement and fear lead to over-
estimates rather than to underestimates. In other words, the first information 
will generally indicate the upper limit of risk which, of course, is the necessary 
prerequisite for further decisions. 

Another problem is the assessment of radioactive wound and lung deposits 
as well as of the total body burden [347]. After an accident an early estimate 
is of special importance in order to decide the treatment modality as soon as 
possible. 

Thus, initial wound and lung measurements give a rough idea of local 
TU deposits and, if repeated, on the diffusibility of TU. Simple guides such as 
nasal smear and urine data provide first estimates of the systemic deposition to 
be expected. As a matter of fact, actual case data indicate some correlation 
between early measurements and resultant systemic depositions [348, 349]. 
Similarly, the technique used extensively for the collection of deep cough sputum 
samples for sputum cytology can be used also after inhalation of TU. Results 
are obtained within 6 to 8 hours and give an estimate of the seriousness of 
exposure [350], Last, but not least, the physico-chemical properties of the 
TU involved should be clarified, since the probability of successful chelate therapy 
generally increases with the diffusibility of the TU compound. 
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7.2. Indications for treatment 

In general, indications for chelate therapy depend on the ratio of the amounts 
of TU suspected of being incorporated and on that considered safe. The former 
can be estimated more or less accurately, the latter is indicated in radiation protec-
tion guides, at least with respect to the systemic whole-body burdens. Thus, 
in Los Alamos the "actual practice has been not to treat people within maximum 
permissible limits" (Voelz), while others recommended treatment even if only 
50% of these values are achieved and consider a prophylactic treatment when 
only 10% of the permissible TU body burden was incorporated [343], 

However, it is of ten extremely difficult to even begin to initiate emergency 
treatment until one has a very clear idea of the situation (Schofield). We cannot 
determine the level of contamination initially (Lincoln). Fortunately, in most 
cases relatively small amounts of TU are being incorporated, but we are still 
lacking definite knowledge of the prognosis of localized low-level irradiation over 
a long period. Therefore, soon after incorporation of TU, when treatment 
effectiveness is high, it is advisable to start therapy even in doubtful cases. At 
longer times after incorporation the diagnostic procedures should be given 
preference in order to get a more reasonable basis for the decision whether or 
not treatment is desirable. 

The crucial question, whether the chelate is able to bind and remove a 
given TU compound from the body, cannot be answered because of lack of 
knowledge of the physico-chemical properties of the radioactive containment 
and the strength of its binding by body tissues. Furthermore, most industrial 
exposures involve impure mixtures with various levels of chelatability. In all 
these uncertain cases a diagnostic (and at the same time preventive) chelate dose 
should be administered. Apart f rom the above relative indications for decorpora-
tion treatment, there is ah absolute one: when acute or chronic radiation 
damage from the deposited TU can be expected with a probability approaching 
certainty. 

In view of the decisive role of the time factor in the effectiveness of 
decorporation, the indications can be summarized as follows: 

(a) First aid treatment. The basic principle is the concept of urgency 
(in terms of minutes) and, therefore, treatment is indicated also when incorpora-
tion of TU is only suspected and the nature of the contaminant is not well known. 
Since first aid is given at the site of accident by laymen, the methods used must 
be simple and the substances non-toxic under normal conditions, in order to run 
a minimum risk due to treatment. Thus, flushing of the wound with a chelate 
solution and chelate inhalation instead of injection have been recommended [351 ]. 
If inhalation of DTPA is indicated, then it should be given as soon as possible 
(V.H. Smith). 
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TABLE XIX. METHODS PROBABLY EFFECTIVE FOR REMOVAL OF TU IN MAN 

TU deposit TU compound 
TU fraction to 
be removed 

Treatment method Treatment means 

Local Insoluble Wound 

Lung 

Soluble or unknown Wound 

Lung 

Wound excision 

Lymphadenectomy 

Wound flush 

Lung lavage 

Wound excision 

Wound flush 

Local chelate therapy 

Chelate inhalation 

Surgery 

Surgery 

Saline or DTPA 
(for Pu: plus other chelates) 

Saline or DTPA 
(for Pu: plus other chelates) 

Surgery 

DTPA (for Pu: plus other chelates) 

Ca-DTPA (for Pu: Ca-DTPA plus 
other chelates) 

Ca-DTPA (for Pu: Ca-DTPA plus 
other chelates) 

Systemic Insoluble and Soluble Blood, bone, liver, 
other organs 

Systemic chelate therapy — 
injection, inhalation, 
ingestion(? ) 

Prompt: Ca-DTPA (for Pu: plus 
DFOA) 
Delayed: Zn-DTPA 



(b) Early therapy (in terms of hours to a few days) is indicated especially 
after inhalation or wound contamination with soluble TU compounds. Since 
organ uptake of TU which are translocated from the site of entry into the blood 
should be prevented, there is the risk that a delay in the start of treatment might 
result in a less than maximum effect. For instance, the principle at Windscale 
for this sort of situation is to give DTPA immediately; the processes of 
decontamination are carried out afterwards (Schofield). Thus, also in doubtful 
cases such as incorporation of insoluble TU compounds, which might be 
accompanied by a chelatable TU fraction, prompt initiation of treatment is indi-
cated. However, possible contraindications should be considered very carefully. 

(c) Late therapy can be postponed until the diagnosis has been well 
established. This includes a single diagnostic chelate administration, which 
enables the probable outcome of treatment to be estimated. Since prolonged 
administration of the chelate is desirable, every effort has to be undertaken to 
select the least toxic substance and administration schedule, in order to avoid 
possible untoward side-effects. 

According to the anticipated localization of TU in the body, one has to 
decide between the local and systemic chelate administrations. In most cases 
systemic treatment has been preferred, since there was some fear that a local 
chelate administration might enhance TU absorption into blood and then even 
increase the uptake of TU by the organs [166 ]. However, no such risk exists 
with TU when using DTPA or DFOA. Thus, local chelate therapy is indicated 
as an adjuvant to mechanical procedures, e.g. when further surgical wound 
excision cannot be accomplished without serious hazard to the surrounding 
tissue [293, 306, 352]. 239Pu nitrate is an especially suitable object for local 
chelate therapy: it is quickly buffered when contacting the tissue and colloids 
are formed which slow down the translocation of 239Pu into the blood, but at 
the same time preserve its chela tab ility. 

7.3. Treatment means and schedules 

The realistic treatment possibilities for removing TU from man, based on 
sound clinical and experimental evidence, have been summarized in Table XIX. 
The value and the limitations of the mechanical procedures have already been 
pointed out. While surgical excision of contaminated wounds has been fully 
accepted as a routine method, lung lavage still represents some hazard for the 
person treated: an optimum schedule of a lung lavage treatment would consist 
in repeated sessions (up to 10) for each lung over a course of several weeks after 
inhalation of TU oxides. Regional lymphadenectomy is even more problematic 
because of the danger that some radioactivity could be set free and deposited 
in organs. In any case, this procedure should be supported by an intensive 
systemic chelate therapy. 
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Local chelate administration has become a part of first aid treatment at 
Fontenay-aux-Roses, where TU contaminated wounds are immediately flushed 
with 0.5 g Ca-DTPA in a suitable volume of solution, applied by contaminated 
persons themselves and, similarly, first aid aerosol-generators have been tested 
after inhalation of TU [13, 89, 353], At Richland the TU-contaminated wound 
may be flushed by DTPA solution if the contaminant appears to have been 
soluble or if prudence dictates discontinuation of surgical excision before the 
deposit has been totally removed [342], 

Local chelate injection into the TU deposit early after contamination of a 
wound has not yet been attempted in man. In principle, this approach should 
be most effective with TU nitrates, which are normally only translocated slowly 
and therefore require a prolonged systemic chelate treatment. Even more 
important is the possibility of removing that fraction of the TU wound 
contaminant that is not accessible by surgical excision and by a chelate 
administered systemically. Only a few and small local chelate injections should 
be necessary, such as 1 ml of a 5% Ca-DTPA solution containing a local 
anaesthetic (e.g. Mepivacain) for a small puncture wound. The chelate solution 
should infiltrate the tissue surrounding the wound in a manner similar to that 
practised during local anaesthesia. Together with plutonium, a combination of 
Ca-DTPA with equal amounts of 7% solutions of DFOA or 3% sodium citrate 
would enhance the effect achieved with Ca-DTPA alone. Of course, with such 
small chelate doses the local treatment should be supplemented by a systemic 
one in order to guarantee also an appropriate systemic effect, i.e. removal of 
TU translocated into blood. 

For the systemic decorporation of TU Ca-DTPA had been the only chelate 
of choice until recently. Under prompt treatment conditions after incorporation 
of plutonium, the combination of approximately equimolar amounts of Ca-DTPA 
and DFOA (0.5 to 1 g each, intravenously) would most probably be more 
effective than Ca-DTPA alone. However, such combination treatment has not 
yet been tested in man. 

Under conditions of delayed treatment Zn-DTPA exerts approximately 
the same TU removal effect as Ca-DTPA. Since in animals Zn-DTPA proved to 
be even less toxic than Ca-DTPA, it has been tested now clinically as an alter-
native to Ca-DTPA during a protracted chelate therapy, for administration of 
larger DTPA doses and. for cases where Ca-DTPA is contraindicated. 

Ca-DTPA is preferentially administered intravenously, as injection or short-
term infusion; 1 g is generally considered as a standard human dose to be diluted 
in approximately 20 and 250 ml of physiological saline or 5% glucose for injection 
and infusion, respectively. However, the actual amounts of Ca-DTPA 
administered per dose depend largely on the medical centre involved. At 
Karlsruhe an initial intravenous injection of 0.5 g or an infusion of up to 2.0 g 
Ca-DTPA per day has been practised as early therapy, followed, if considered 
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desirable, by a prolonged intermittent treatment [343, 344]. The practice at 
Windscale is to start with 0.5 g Ca-DTPA by injection rather than by infusion 
and to continue with small doses (0.1 — 0.25 g) [306]. In Moscow administration 
of 0.25 g Ca-DTPA intravenously every 1 — 2 days over a 1 — 2 month period 
was recommended [340], At Fontenay-aux-Roses 1 g Ca-DTPA was given 
12 hours until the wound excision, then 1 g daily for 3 days, followed later by 
0.1 g Ca-DTPA once a week, if necessary [7]. At Los Alamos chelation was 
practised only with EDTA, in the early days before DTPA was known. An 
effective accident prevention programme was set up there and it is further 
believed that no treatment is necessary when TU incorporation does not exceed 
the maximum permissible limits. 

Intramuscular injections of Ca-DTPA have not been used very often, 
because some physicians are afraid of painful reactions at the injection site. 
Therefore, it has been recommended to mix the Ca-DTPA solution with an 
anaesthetic and inject it deeply intragluteally. Others believe that Ca-DTPA is 
well tolerated even intramusculary. 

Inhalation of Ca-DTPA did not yet exceed the extent of clinical tests. 
There appears to be a role for inhaled DTPA because it enables us to treat rapidly 
(V.H. Smith), not the least since it can be administered even by unskilled persons. 
From the patients' point of view it is less traumatic than an injection and there-
fore also more convenient for the treating physician. The effective dose of 
inhaled DTPA is lower than that following injection, but this is partly compen-
sated for by the slower rate of its absorption, which results in maintenance of 
effective DTPA blood concentrations for longer periods. Thus, only 1 g of 
Ca-DTPA has been given by inhalation. There is some concern about the most 
suitable form for the DTPA aerosol; it has been suggested that aerosolized 
microfine Ca-DTPA powder might be damaging to the lung and it has been 
proposed that a nebulized aqueous form of Ca-DTPA is effective (H. Smith). 
Whatever form is used it must be capable of forming soluble complexes that are 
cleared from the lung and the body if inhalation of DTPA is to be advantageous 
as a local treatment after inhalation of chelatable TU compounds. 

Oral administration of DTPA, which would probably be the most convenient 
route of its application, is generally not recommended because of the low 
absorption of DTPA from the intestine. However, prolonged delayed oral 
administration of about 3 to 5 g Zn-DTPA per dose may offer a reasonable 
alternative to an injection of about 0.1 g Ca-DTPA. 

Optimum treatment effect can be achieved only by repeated administration 
of the chelate. Single doses, even when given under optimum conditions, i.e. 
immediately after the accident, cannot suffice because the TU are not translocated 
into blood at once. Based on these assumptions, the following general schedule 
can be recommended: daily treatments while there is a larger reservoir of TU 
feeding into the blood system. When the greater part of the readily translocatable 
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TABLE XX. REGIMEN FOR EXTENDED DTPA THERAPY IN MAN [352] 

Time following 
incorporation 

Ca-DTPA 
Dose Frequency 

First week 

Next 6 weeks 

Next 6 weeks 

After 13 weeks if indicated 

1 g 

No therapy 

1 g 

Daily for 5 days or 1, 2, 
or 3 times/week 

2 or 3 times/week 

3 weeks of therapy, 
2 or 3 times/week alternated 
with periods of 3 weeks of 
no therapy 

TU fraction has been removed, daily treatments are no longer necessary and can 
be replaced even by one weekly administration [297], A similar schedule, which 
was developed at Richland, is shown in Table XX. This takes into account the 
fact that in the course of prompt treatment the first few chelate doses are 
distinctly more effective than the following ones, whereas during late treatment 
this difference is less pronounced. 

As to the chelate dose-effect relationship, it is generally believed that it is 
important only for early chelate administration. However, the animal data, as 
well as scarce human experience, indicate that even during late therapy the 
chelate dose is of significance: increased dosage appearing to compensate for 
the loss of chelate effectiveness with time. Besides, fractionation of the weekly 
chelate dose gives better results than the once-a-week administration. Finally, 
by introduction of Zn-DTPA it is possible to give larger amounts of DTPA. Thus, 
based on the above-mentioned additional assumptions, a somewhat more 
elaborate general treatment schedule can be proposed. Repeated treatments are 
always indicated, because the intervals between two successive chelate administra-
tions depend on the time elapsed since the incorporation of TU and on the 
chelate dose. An early treatment should start with a few daily administrations 
of large chelate amounts and continue with the administration of smaller 
chelate doses at first daily and later at longer intervals. The more frequent 
administration of smaller chelate doses would be at least as effective as the less 
frequent administration of larger amounts of chelate. Early treatment should be 
started with Ca-DTPA, in the case of plutonium eventually in combination with 
DFOA. For a delayed protracted treatment replacement of Ca-DTPA by 
Zn-DTPA is indicated; in the case of a low chelate dose schedule injections 
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might be replaced by inhalation or even oral administration of the chelate. Of 
course, individual treatment schedules for TU decorporation have to be 
established for each case. Continuation of treatment will depend upon several 
factors, one of which being the removal effectiveness as indicated by the rate of 
increase of the urinary TU excretion. 

7.4. Treatment risk/benefit estimates 

Two main aspects have to be taken into account when trying to evaluate 
the end effect of TU removal in man: the risk of the treatment itself and the 
reduction of radiation effects of the incorporated TU. 

As to the risk of untoward side effects of the decorporation treatment 
itself, one has to be extremely cautious, because the persons treated are generally 
more or less healthy and do not suffer acute illness due to the deposited TU. 
The removal therapy should not cause more than mild transient discomfort. 
Therefore, special attention should be paid to possible contraindications for 
chelate treatment. No convincing evidence has been presented so far to show 
that Ca-DTPA is toxic in man (H. Smith). Indeed, most toxic effects of 
Ca-DTPA (damage of kidneys, intestine and blood-forming organs) were observed 
in animals only, with amounts of about 100 times as large as those administered 
to man. However, Ca-DTPA proved embryotoxic in animals at doses only about 
10 times larger than the human therapeutic ones, and Ca-DTPA was even fatal 
when a therapeutic daily dose was divided into five or more fractions. Finally, 
mortality of heavily irradiated animals was enhanced by treatment with 
Ca-DTPA. Thus, the following contraindications for the use of, or the con-
tinuance of the use, of Ca-DTPA in man seem substantiated: 

(a) Pregnancy or potential pregnancy 
(b) Severe disorders of the kidneys, liver, gastrointestinal tract or blood-

forming organs 
(c) Disorders of the kidneys, liver, gastrointestinal tract or blood-forming 

organs developing in the course of Ca-DTPA treatment 
(e) Administration of more than one dose of Ca-DTPA per day. 

The therapeutic index for Zn-DTPA is substantially higher than that of 
Ca-DTPA. Thus, if Zn-DTPA is commonly introduced to treat humans, there 
will probably be no contraindication with the exception of that under (c). DFOA 
as well as sodium citrate have been already used in human medicine and could 
be administered at the usual therapeutic doses; however, experience has not 
been gathered on the biological effect of their combination with Ca-DTPA. 

To assess the need for decorporation therapy, estimates of TU organ 
contents which would represent an acceptable risk of late effects such as cancer 
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are desirable. For plutonium, this was made recently by Dolphin [307], He 
calculated that 0.7, 0.4 and 1 f i d of 239Pu deposited in lung, bone and liver, 
respectively, would probably induce a risk of 0.2% per year of cancer. The risk 
per microcurie deposited in a wound seems considerably lower than for the 
above organs, since the wound site can be kept under observation and if necessary 
treated at an early stage of clinical changes. Furthermore, the age of the person 
concerned must be taken into account, because larger amounts of TU in the body 
might be tolerated by older men relative to the risks involved in therapy. As to 
the latter, the risk of chelation therapy as well as of treatments such as 
pulmonary lavage or amputation has to be considered. 

Reduction of radiation effects due to incorporated TU, may, but need not 
be, proportional to the degree of removal of the TU from the body. The actual 
amount of TU present in the tissue before treatment and the residual amount in 
the tissue during and after treatment are decisive factors for the development of 
late radiation damage. Thus, in order to reduce the radiotoxicity of TU, they 
have to be removed in time and the fraction remaining should not exceed the 
amount of TU considered acceptable from the point of view of the maximum 
permissible TU body burden as well as the induction time for manifestation of 
the injury in relation to the life expectancy. It has been suggested that the 
rationale for treatment is not to lower low body burdens but rather to reserve 
treatment for high-level accidents where there is a probability of long-term risk 
(Voelz). Unfortunately, one has not always enough time to decide if the TU body 
burden is so low that treatment is not indicated, since there is full agreement 
that one should start immediately to remove the activity (Catsch). Last, but not 
least, it is at present impossible to evaluate the end-effect of TU decorporation 
in man since, fortunately, no adverse effects at all from deposited TU have been 
observed in man, even without decorporation therapy [334], 
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CONVERSION TABLE: 
FACTORS FOR CONVERTING SOME OF THE MORE COMMON UNITS 
TO INTERNATIONAL SYSTEM OF UNITS (SI) EQUIVALENTS 
N O T E S : 

(1) S I base units are the metre (m), k i l o g r am (kg), s e cond (s), ampere (A ) , ke lv in ( K ) , candela (cd) and mole (mol ) . 

(21 • indicates S I der ived uni ts and those accepted for use w i th S I ; 

^ indicates addit ional un i ts accepted for use w i th S I for a l imited time. 

{For further information see The International System of Units (SI), 1977 ed., published in English by HMSO, 
London, and National Bureau of Standards, Washington, DC, and International Standards ISO-IOOO and the 
several parts of ISO-31 published by ISO, Geneva, j 

(3) T h e correct abbrev ia t ion for the unit in c o l u m n 1 is g iven in c o l u m n 2. 

(4) -X- indicates conve r s i on factors g iven exact l y ; other factors are g iven r ounded , mo s t l y t o 4 s ign i f icant figures. 

= indicates a de f i n i t i on of an S I der ived un i t : [ ] in c o l u m n 3 + 4 enclose factors g iven for the sake of completeness . 

C o l u m n 1 C o l u m n 2 C o l u m n 3 C o l u m n 4 

Multiply data given in: by: to obtain data in: 

Radiation units 

p- becquerel 1 Bq (has dimensions of s 1) 
disintegrations per second {= dis/s) 1 = 1.00 X 10° Bq * 

C> curie 1 Ci 3.70 X 1010 Bq * 

t> roentgen 1 R = 2.58 X 10"" C/kg] * 

• gray 1 Gy = 1.00 X 10° J/kgJ * 

C> rad t rad = 1.00 X 10'2 Gy * 
s i e v e r t (radiation protection oniy) 1 Sv = 1.00 X 10° J/kg] * 

r e m (radiation protection oniyj 1 rem = 1.00 X 10"2 J/kg] * 

Mass 

• unified atomic mass unit of the mass of 12C) 1 u = 1.660 57 X 10 27 kg, approx 
^ tonne (= metric ton) 1 t = 1.00 X 103 kg) * 

pound mass (avoirdupois) 1 Ibm = 4.536 X 10"' kg 
ounce mass (avoirdupois) 1 ozm = 2.835 X 10' g 
ton (long) (= 2240 Ibm) 1 ton = 1.016 X 103 kg 
ton (short) (= 2000 Ibm) 1 short ton = 9.072 X 102 kg 

Length 

statute mile 1 mile = 1.609 X 10° km 
nautical mile (international) 1 n mile = 1.852 X 10° km - * 

yard 1 yd = 9.144 X 10"' m * 

foot 1 ft = 3.048 X 10"' m * 
inch 1 in = 2.54 X 10' mm * 
mil (= 10~3 in) 1 mil = 2.54 X 10'2 mm * 

Area 

> hectare 1 ha 1.00 X 10" m2] * 

> b a r n (effective cross-section, nuclear physicsj 1 b = 1.00 X 10"28 m 2 | * 

square mile, (statute mile)2 1 mile2 = 2.590 X 10° km2 

acre 1 acre = 4.047 X 103 m2 

square yard 1 yd2 = 8.361 X 10"1 m2 

square foot 1 ft2 = 9.290 X 10~2 m2 

square inch 1 in2 6.452 X 102 mm2 

Volume 

• litre 1 1 or 1 Itr 1.00 X 10"3 m3] * 

cubic yard 1 yd3 = 7.646 X 10~' m3 

cubic foot 1 ft3 = 2.832 X 10"2 m3 

cubic inch 1 in3 
= 1.639 X 10" mm3 

gallon (imperial) 1 gal (UK) = 4.546 X 10"3 m3 

gallon (US liquid) 1 gal (US) = 3.785 X 10*3 m3 

Velocity, acceleration 

foot per second (= fps) 1 ft/s = 3.048 X 10~' m/s * 

foot per minute 1 ft/min = 5.08 X 10"3 m/s * 

1 mile/h 
[4.470 X 10"' m/s 

mile per hour (- mph) 1 mile/h = 
11.609 X 10° km/h 

[> knot (international) 1 knot = 1.852 X 10° km/h * 

free fall, standard, g = 9.807 X 10° m/s2 

foot per second squared 1 ft/s2 = 3.048 X 10"' m/s2 * 

Th is tab le has been p repared by E . R . A . Beck f o r use by t h e D i v i s i o n o f Pub l i ca t ions of the I A E A . Wh i l e every e f f o r t has 
been made t o ensure accuracy , t h e Agencv c a n n o t be he ld respons ib le f o r er rors ar is ing f r o m t h e use of th is table. 



C o l u m n 1 

Multiply data given in: 
C o l u m n 2 C o l u m n 3 C o l u m n 4 

by: to obtain data in: 

Density, volumetric rate 

pound mass per cubic inch 1 lbm/in3 = 2.768 X 10" kg/m3 

pound mass per cubic foot 1 lbm/ft3 
= 1.602 X 10' kg/m3 

cubic feet per second 1 ft3/s = 2.832 X 10"2 m3/s 
cubic feet per minute 1 ft3/min = 4.719 X 10"4 m3/s 

Force 

• newton 1 N 1.00 X 10° mkg-s "21* 
dyne 1 dyn = 1.00 X 10"5 N * 
kilogram force (= kilopond (kpl) 1 kgf = 9.807 X 10° N 
poundal 1 pdl = 1.383 X 10"' N 
pound force (avoirdupois) 1 Ibf = 4.448 X 10° N 
ounce force (avoirdupois) 1 ozf = 2.780 X 10"' N 

Pressure, stress 

^ pascal 1 Pa 1= 1.00 X 10° N/m2] * 
> atmosphere a, standard 1 atm = 1.013 25 X 10s Pa * 
> bar 1 bar = 1.00 X 10s Pa * 

centimetres of mercury (0°C) 1 cmHg = 1.333 X 103 Pa 
dyne per square centimetre 1 dyn/cm2 = 1.00 X 10"' Pa * 
feet of water (4°C) 1 f tH 2 0 = 2.989 X 103 Pa 
inches of mercury (0°C) 1 inHg = 3.386 X 103 Pa 
inches of water (4°C) 1 inH20 = 2.491 X 102 . Pa 
kilogram force per square centimetre 1 kgf/cm2 = 9.807 X 10" Pa 
pound force per square foot 1 ibf/ft2 = 4.788 X 10' Pa 
pound force per square inch (= psi) ^ 1 Ibf/in2 = 6.895 X 103 Pa 
torr (0°C) (= mmHg) 1 torr = 1.333 X 102 Pa 

Energy, work, quantity of heat 

+ joule (=W s) 1 J \= 1.00 X 10° N m ) * 
• electronvolt 1 eV 1 = 1.602 19 X 10" 19 J.approx.] 

British thermal unit (International Table) 1 Btu = 1.055 X 103 J 
calorie (thermochemical) 1 cal = 4.184 X 10° J * 
calorie (International Table) 1 cal it = 4.187 X 10° J 
erg 1 erg = 1.00 X 10~7 J * 

foot-pound force 1 ft-Ibf = 1.356 X 10° J 
kilowatt-hour 1 kW-h = 3.60 X 106 J -X-
kiloton explosive yield (PNE) (= 10'2 g-call 1 kt yield — 4.2 X 10'2 J 

Power, radiant flux 

• watt 1 W [ = 1.00 X 10° J/s] * 
British thermal unit (International Table) per second 1 Btu/s = 1.055 X 103 W 
calorie (International Table) per second 1 cal|T/s = 4.187 X 10° W 
foot-pound force/second 1 ft-Ibf/s = 1.356 X 10° W 
horsepower (electric) 1 hp = 7.46 X 102 W * 

horsepower (metric) (= ps) > ps = 7.355 X 102 W 
horsepower (550 ft • Ibf/s) 1 hp = 7.457 X 102 W 

Temperature 

• temperature in degrees Celsius, t 
where T is the thermodynamic temperature in kelvin 
and T0 is defined as 273.15 K 

degree Fahrenheit 
degree Rankine 
degrees of temperature difference0 

Thermal conductivity 

1 Btu- in/(ft2 • s-°F) 
1 B t u / ( f t s ° F ) 
1 cal(T/(cm-s-°C) 

(International Table Btu) 

(International Table Btu) 

t = T - T0 

-32 
T°R 
ATo 

t (in degrees Celsius) * 
T (in kelvin) * 

AT (= At) * 

= 5.192 X 102 

= 6.231 X 103 

= 4.187 X 102 

W-m"1 K" 
Wm" 1 • K" 
Wm" 1 K" 

atm abs, ata: atmospheres absolute; Ibf/in (g) (= psig): gauge pressure; 
atm (g), atu: atmospheres gauge. Ibf/in2 abs (=psia): absolute pressure. 
The abbreviation for temperature difference, deg (= degK = degC), is no longer acceptable as an St unit. 
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