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The Medical Applications of Radioactive Tracers
J0S. G. HAMILTON, M.D.
Division of Mcdical Physics, Department
of Physics; Divisions of Medicine and

Radiology, Medical School; University
of California at Berkeley

.atid San Francisco
California

More than a decade has passed since the first biological tracer
appilication of artificial radioactivity by Hevesy in 1935, who used radio-
phosphorus to study the distribution of tﬁis element in the rat (l). Since
thet time, several hundred papers and reports have appeared which describe the
use of radioactive tracers in the biological and medical sciences. These
efforts have been devoted to the study of mebabolism of organisms ranging in
complexity from viruses to man and embracing the more important members of
the pl;nt and animal kingdoms. A iarge shafe of the earlier work with radio-
active téacers was directed toward the exploration of the potentialities of
thié new and powerful research tool. These exercises of methodology, which
have been described elsewhere in considerable detail (2), Were the essentiai
prelude to the effective application of the artificial radioactive elements
to extending our knowledge of the nature of life processes.

World yJar II appeared at almost a midpoint in the brief chronology,
+to0 date, in this new field of research. Its influence pad the usual disruptive
effect which reduced to a considerable degree all work in fundamental investiga-
tion. The retardation of progress in this field during the interval of the war
was counterbalanced by the most significant technological development of modern
history~-the release of atomic energy. The impact of this 20th century version
of “Pandora's Box" upon the biological and medical applications of artificial

radioactivity has produced several situations which most certainly will alter
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the predictable pattern that this new field of research may assume in the
immediate future. It is of interest to touch upon these briefly before des-
eribing in somewhat greater detail a number of the more representative uses of
radioactive tracers in medicine.

The first, and probably the most significant of the factors, has
been the discovery of the chain reacting uranium pile. This device can pro-
duce continuously a tremendous intensity of neubrons which in turn may be em-
ployed to prepare amlmost limitless quantities of a large nunber of radioactive
isotopes. Included among the radioactive materials that can be produced by
neutron irradiation from the pile, are the radioactive isotopes of a large
proportion of the elemenis that are known to be esseuntial to life, namely,
hydrogen, carbon, sodium, phosphorus,” sulfur, chlorine, potassium, calcium,
iron, cobal®, copper, zinc, and iodine. Second, the release of nuclear energy
is associated with the formation of incredible quantities of a large series
of radio-elements called the fission products, as well as considerable amounts of
several radiocactive heavy elements, notably, neptunium and plubonium. The
adequate protection of workers who come in contact with these materials in the
peaceful applications of atomic energy has presented a number of new and unique
problems in the field of industrial medicine. The grim significance of the
atomic bomb and radiocactive warfare does not require further emphasis--the un-
pleasant possibilities are all too clear. Third, the wartime developments in
nuclear energy demanded a rapid extension of training of workers in all of the
fields of applied nuclear physics, including those in the biological sciences
and medicine. TFourth, this interval has seen a rapid and extensive development
in meny of the practical technics for the use of artificial radio-elements,
which includes the ready availability of reliable devices for the detection

and measurement of radioaectivity, equipment for the protection of people
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working in this field, special films and emulsions for radioautography, and
many o%her technological advances too numerous to mention in this brief re=
port. Over and above the factors enumerated, there is a widespread and intense
public interest in the many aspects of atomic energy and, in particular, its
applications to the advancement’of knowledge in medical sciences., It can be
readily appreciated that the avallability of almost 1imitleés supplies of radio-

active tracers, the rapid increase in the number of scientific workers trained

in this new field, the new medical problems presentéd by the btoxicological Tactors

ariging from the release of atomic energy, and the widespread public interest
that is manifested both by moral and material support, most certainly has a
profound accelerating effect upon the future developments in this particular
field of applied nuclear physics.

An attempt will be made in this report to review a number of the
appiications of radioactive tracers to medicine. It is hoped that the studies
discussed in this paper may serve to bring together some of the representative
investigations that have been done o date in this new field and, at the same
time, to illustrate some of the potentialities these agents possess to further
medical research in the future. Obviously, it is not possible to make a pre~
cise disassociation of its applicabions to medicine from its manifeold uses in
the related biological sciences. However, it is convenient at the present time
tQ divide certain phases of this new field, which are predominate in the domain
of medical research, into four major Eategoriéi. First, investigations in the ™
field of normal and abnormal human physiology and biochemistry. wo;k in this
category has included, primarily, investigation of the mineral metabolism of
a number of elements in human subjects, metabolism of the noble gases in man,
and related s?udies. Second, the use of tracer technié§ for the search of

either radio~elements or compounds will be accumulated in pathological
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structures and thus act as radio-thebrapelitic bgdrtsd: Tﬁifd; %ﬁe iuse of
radiocactive tracers as diagnostic aids in clinical medicine; Fburth; the
employment of tracers as an aid to the investigation of toxicology of
radioactive elements. This last division has been derived from the netessity
of securing adequate information concerning the metabolic and biological
properties of a large number of radioactive substances which arise from the .

=

release of nuclear energye. 3

Studies in Human Physiology and Biochemistry

A number of the earliest radioactive tracer studies were done

" with human subjects. These included a series of determinations of the rates

of absorption of sodium, potassium, chlorine, bromine, and iodine following
the oral ingestion of solutions containing radipactive isotopes of these
Tive elements'(s). The apéearance and increase of radioactivity of the hand,
which grasped a counter tube within a thick lgad sﬁield, was employed as

the index of measurement of the absorption of these five radio-clements from
the digestive tract. This procedure, which is commonly defined as the ™in
vivo" radioactive tracer technic, revealed that the sodium ion and the three
halogen ions werc rapidly absorbed at similar rates. Their first appearance
in the hand was noted within a very fcew minutes after ingestion and_an
apparent equilibrium was established within two hours, which suggested tha$
abgorption from the digestive tract was completed at the end of this inberval.
Labelled potassium was observed rrot only to appear sevgral minutes later in
the hand than the other four elements, but an interval of nearly five hours
was required before the steady incrcase of radioactivity in the hand leveled

offy In anobher series of experiments, the excreticn, and distribution of
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. sodium in body fluids, was made following the intravenous ahd inbraduodenal
administrations of radio-sodium in three leukemia patients (4). The excre=
tion was observed to be almost exclusively by way of thg kidney and took
place at a rate of from 2% to 6% per.day of the administecred dose of radio~
"sodium. Thesc early studies were largely exercises in methodology but

they helped to demonstrate the possibilities of radioactiveltracers as a
noew research tool.

Radio~sodium has been employed to determine the volume of extra
cellular fluid in normal human subjects (5). This was accomplished by simply
administering a known quantity of radio-sodium as sodium chloride by intraven-
ous injection and observing the equilibrium concentration in the blood plasma.
The values obtained by this procedurc were compared with similar determina-
tions made at the same time with thiocyanate., The investigators point oub
that a correction of approximately 20% must be applied to the radio-sodium
determinations, sineo one-fifth of the total exchangeable sodium in the body
is presumably bound into the mineral structure of the skeleton. After applying
this correction, and making allowance for the small fraction of radio-sodium
excreted during the experiments, they obtained an average value of 21.1%
of the total body weight for the extra cellular sodium space. The correspond-
ing values obtained by the use of thiocyanate were 2%,5% of the body weight.
Although the results obssrved using these twe procedures are very similar, it
would appear that labelled scdium is to be preferred, since it is a normal
constituent in the body.

Another use of labelled sodium has been in the study of the comparative
ohysiology of the placental transfer in a number of different animals,
including man (6), (7). A correlation was made of the variations of the rates
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of sodium transfer per unit weight of placenta as a function of the morphological
structire of this organ at different intervals of gestation. A summary of the
transfer rates at the middle of nine-tenths of term for seven animal species is
shown in Table I. The rate of transfer, expressed as milligram of sodium trans-
ferred per hour per gram of placenta, is characteristic for each of the four
morphologlcal types studied. The rate of transfer is apparently a function of
the number of cellular layers between the maternal and fetal circulation. The
sodium transfer rate per unit weight of placenta is also apparently influenced
by the duration of gestation. The value increases steadily throughout pregnacy.
This phenomena is characeristic of all the animel species studied with the ex-
ception of the pig, which showed a continuwed increase of transfer rate during the
last tenth of pregnancy. It is suggested that this decrease in transfer rate,
except for the pig, is related to the thinning of the chorionic and uterine
cellular layers as term is approached.

An interesting observation concerning absorption from the vagina in nor-
mal human subjects and in post partum patients has been made with radio-sodium (8).
A small but detectable absorption occurred through the vagina in normal subjects,
which ranged from .05% to .1% of the administered dose at the end of two hours.
At a similar time interval, from .88% to 9% of the labelled sodium was absorbed
from the vagina in a group of post partum patients. The implications of these
studies are obvious in suggesting that great caution be exercised in the introduc-
tion of toxic materials in the vagina when there has been trauma to this organ
and the cervix.

The absorption of sodium through the intact skin has been apparently
demonstrated (9). Labelled scdium, as sodium chloride, was incorpcrated into

several different ointment bases which were then applied by thorough rubbing to
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the inher surface of the upper arm! Absofption was determinéd by placing the
hand of the opposite arm uﬁon an adGQuatel§ shielde@ countgr thbe and observing
the presence of radioactivity at that point duriﬁg 4he experiment. The presence
of radio-sodium in the urine was also demonstrated, thus indicating that a detect-
able degree of absorption of sodium presumably took place through the intact

skin. Unfortu%ately, no quantitative data weregiven, but it is clear that experi-
ments of this character are worthy of far more attention than they have received
up to the present time.

An investigation of the exchange of radio-potassium with the potassium
of the body in man and laboratory animals has been made by several groups of
workers (10), (11). These studies indicate that potassium, which is primarily
an intracellular constituent of the tissues, attains an equilibrium in the body
guite slowly as compared to sodiunm.

During the war, the radiocactive isotopes of the noble gases and nitrogen
were employed to attack the problem of decompression sickness (12). The "in vivo®
technic was used during and following the inhalation of these radioactive gases
with a large number of human subjects in a series of attempts to evaluate the
various factors that may be responsible for occurrence of the "bends” at high
altitudes., Counters, suitably shielded with lead, were placed over different
portions of the body to measure the rates of change of content of these radio-
active gases in the tissues following their inhalations by the subjects. The
resultg of these very exteqsive and detailed studies indicabte that the limiting
factor of inert gas exchange in the body is apparently the blood-tissue perfusion
rates of the different organs and not the diffusion and trans-cappillaric per-~
meability to the labelled gas. The rate of release of an inert gas from the

different tissues is, of course, influenced by its solubility in the particular
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organ. But for a given amount of inert gas dissolved in a certain tissue, the
primary factor governing its release will be the rate of blood flow passing
into that tissue and not the dif;hsioﬁ coeffiéééht of the gas.

The short lived radiocactive carbon, 6li with a half life of 20.5 minutes,
has been employed to investigate the métabolism of carbon monoxide in man (13).
The labelled carbon monoxide was inhaléd by normal human subjects and the pre-
gsence of radioactive carbon dioxide was sought in an effort to ascertain if
the inhaled carbon monoxide was oxidized in the body to form carbon dioxide. The
results of these experiments indicated that less than .1% of the inhaled carbon
monoxide that entered the blood stream was converted to carbon dioxide in the
course of the experiments, which extended for an interval of opproximately an
hour with each subject. Longer time intervals could not be employed due to the
relatively short half life of ¢il, 1In addition, the rate of excretion of the
radioactive carbon monoxide was followed while the subjects breathed pure oxygen
and it was observed that the labelled carbon monoxide was excroted from the lungs
at an apparently exponential rate with a half time of approximately sixty-six
minutes. Later studies (14), in which the excretion of labelled earbon monoxide
was followed with the subjects breathing air, indicated a half time of elimina=
tion of three hours. These differences in rates are presumably related to the
effect of tho variation of the partial pressure of oxygen in the lungs following
the inhalation of pure oxygen as compared to air.

Radio-iodine has been employed for extensive studies of the metabolism
of iodine in normal human subjects, as well as paticnts with different types
of thyroid diseases. In the earlier experiments of radio-iodine (15), it was
shown that the rate of excrction of the labelled iodine containing fourteen
milligrams of iodine as sodium iodide, was similar for normal subjects and

patients with endemic goiter and hyperthyroidism. IFxeretion was rapid and took
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biaée almost entifely by way of the kidneysi ﬁeariy 80% ﬁas eliminated
during the first 48 Hourss @ﬁé fa%é of,excrétioﬁ of iabéiled godiheXWas
obgexrved to be psébeptibly d1idwer in pétieﬁks with bponééhebus myxogdetia
Later, a series of studies was made of the uptake by the thyroid of radio-
iodine following +the oral adminiétration of labelled iodide ion by placing

a counter tube over the isthmus of the gland in situ (16 (7). This %in
vivo" technic made it possible to observe éuantitatively the accumulation
of radio-iodine in the thyroid in normal subjects, as well as pationts

with different types of thyroid disorders. The uptake by the gland was
followed for five days in the normal controls and patients with hyperthyroid~
ism without goiter, hypothyroidism with goiter, end endemic goiter. Care
was token to insure that none of the normal subjects and patients had re-
ceived any iodine containing drugs for at least two months before the radio-
jiodine studies. Two series of experiments were conducted. In the first
group, the radio-iodine for each subject was diluted with 14 milligrams

of iodine as sodium iodide, and in the second series, the radio-iodine
given to ‘each individual contained less then .1 micrograms of iodine. Thus
it was possible to observe vhat may be defined as the exogenous and
endogenous iodine metabolism of the thyroid in a variety of clinical states.
Fortunately, it was possible in many instances to use the same subjects

and patients in both series of experiments. Under these circumstances,

the .l microgram test dose. was given first. Uhen the test dose of 14
milligrams of labelled iodine was used, the uptake of the normal controls
and the patients with endemic goiter roached a2 maximum level at 48 hours
with no perceptible loss from the thyreoid during the following three days

of the experiment. The upbtake averasged 3.5% ond 10% respectively of the
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administered radio-iodine. The accumulation of labelled iodine by the
thyroids of the patients with hypothyroidiém without goiter was observed

to be less than .08%., HHe radiowicaife dpéake by tho thyroilis of the
patients with hyperthyroidism assumed a most unexpected pattern. The
maximum accumulation by the gland was attained within three hours to

reach an aversge value of 14% and then declined repidly during the next

12 hours to6 approximatcly onc third of the peck level of uptake. This
effect was consistent for each of the ten patients studied. A similar type
of uptake curve vias observed in two patients with goiter and hypothyroidism.
It is apparent that in these two very dissimilar clinical states, the thyroid
cells have an abnormally high degree of affinity for iodine but the
mechanism for the retention of recently deposited iodine has been altered.
The negligible accumulation of the labelled iodine by the thyroids in the
patients with hypothyroidism without goiter may be explained by the fact
that the gland did not possoess the ability to synthesize the thyroid
hormone in appreciable quantities. shen the studies were repected with the
test dose of radio-~iodine containing less than .1 micrograms of iodine, ths
uptake patterns were quite different. The radio-iodine accumulation by the
thyroids of the normal controls and patients with endemic goiter ranged
from 20% to 25% at the end of 24 hours. The radio-iodine uptake of the
patients with hyperthyroidism and hypothyroidism with goiter varied from
60% to 80% at the end of the same time interval., Moreover, in these two
c¢linical thyroid states, the rates of uptake were very rapid. Approximately
50% of the administered radio-iodine was deposited in the gland within three
hourg, The rapid end marked loss of labelled iodine from the thyroids of
these two types of goiter, which was observed with the 14 milligrams test

27
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dose experiments, did not take place in this series of studies in which
the total iodine administered to each subject was less than .1 micrograms.
The thyroids of the patients with hypothyroidism without goiter
accumulated an appreciable fraction of the .1 mierogram test dose. The
range of radio-iodinc deposition in the thyroids of these petients varied
from .2% to 2.5%. This observation suggests that the capacity of the
thyroid tissue of these individuals to accumulate iodine was not completely
lost, although the amount of hormone produced was apparently very small
judging from the elinical degree of hypothyroidism noted in these
individuals. Radio-iodine studies in normel human subjects and a large
series of patients with hyperthyroidism have been done by other groups of
investigators (18) (19)., In these studies, the quantity of inert iodine
added varied from 100 micrograms to 5 milligrams fpr each patient. The
total thyroid uptake of the labelled iodine varicd somewhat both with the
degrec of clinical severity of the disease, and with the amount of inert
iodine carrier added. '

The efficacy of whole blood transfusion in augmenting the red blood
count volume, as well as the survival of the transfused cells, cannot
be readily determined by ordinary procedures. Such methods have included
red cell couynts, hemoglobin and hematoerit determinations, circulatory red
cell and plasma volume measurements, and agglutination methods for following
the fate of transfused cells. The application of radio-iron to label
erythrocytes for the purpose of determining red cell volumes and the post-
transfusion survival of human red cells demonstrated the practical use-
fulness of this agent (20) (21) (22) (23) (24) (25).

If radio-iron in a soluble form as, for example, ferric

/2.7
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ammonium citrate, is administered parcnterally, almost all of the labelled
iron is removed from the plasma and deposited in the body iron stores.

~Tho formation of er&throcytes is associated with the syntﬂesis of hemo~
globin which, in turn, will contain a significant proportion of the labelled -
iron atoms that were previously administered. Thus these red cells will

be radioactive due to the presence of radio~iron in the recently synthesized
hemoglobin of these ncwly developed ery?hrocytes. Since, presumably, hemo-
globin does not escape from normal red cells and the iron in this
hemoglobin does not exchange with the other iron atoms of the body, it

is possible to label erybthrocytes and deteet their presence in the blood
stream. Vhen fhese cells are destroyed, the radio-iron will be released to

the body iron stores and a portion of this labelled iron will appear in
the hemoglobin of the erythrocytes being formed at that time., These

investigators gave radio-iron to human subjects for the purpose of
preparing labelled rcd cells. These radioactive erythrocytes were then
cmployed initially to determine the values for the red cell volume of the
blood. Later, they extended this labelling technic to investigate the
post-transfusion survival of preserved humen erythrocytes stored as whole
blood, or in rcsuspension, after removal of the plasma. A "double
labelling" technic was used which employed the fifty-seven dey Fe5? and the
five year Fe9O, The recipients pretrdnsfusion red cell volume was
determined by a small infusion of erythrocyies from a donor with labelled
red cells who had previously rcceived Fe99, Traﬁsfusions of whole blood
and re-suspended red cells were then gi%e, the donor cells being labelled
with Fess. Since the radiction characterist;cs of these two iron isotopes
diffor, it was possible to distinguish between the smell amount of cells

labelled with Fe59 that was given to determine the pretransfusion red cell

3.7
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volume, from the erythrocytes admihistered in the experimental transfusion
and which contdineé Fesss This procedure fiade if feasible to study the
"in vivo" survival of tfansfused red colls diier several diffefen%
circunstances. The preservative action was studied of a number of
difforent solutions added to both whole blood and to separated red cells,
Whole blood, which was drawn into an acid citrate-dextrose solution,
maintained wsatisfactory transfusion properties during a storage period of
21 days with a 70% viability of the transfused cells at the end of this
intorvel. When the erythrocytes were separated from blood drawn inté
this solution and stored without dilutent, satisfactory transfusion
properties were maintained after o storage period for the same period of
time., An investigction of the optimal range of temperature during
storage revealed that values between four degroes Centigrade and ten
degrees Centigrﬁde were the most satisfactory. Moréover, the rate of
deterioration resulting from storoge outside this optimal range was not
retarded by subsequent storage at from four degrees Centigrade to six
degrees Centigradc, In the course of these studies it was found that
non~viable erythrocytes are rapidly removed from the blood streams. The
majority disappear during the first two hours after the transfusion.
Approximately 70% of the radio-iron released by the destruction in the
body of these cells was quite rapidly incorporated into newly formed

erythrocytes.
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The Applications of Radioactive Tracers as Diagnostic Aids.

Two Very interesting procedurcs have been developed which
employed radioactive elements as tracers for thce purpose of evaluating the
chafacter and degree of several pathological states. Both make use of the
"in vivo" technic and appear to possess considerable practical value
as well as being relatively simple to execute. The first of these
diagnostic tests is the use of radio-sodium as a tracer in the study
of peripheral vascular diseases (26). A solution of isobtonic saline
containing 100 microcuries of radioésodium is injected into the vein
of the ante cubital fossa and the rate of appearancce of the labelled
sodium in the extremity is mecasured by placing a shielded counter tube
‘against the foot. The increase in cougting rate is determined as more
and more of the injected radio-sodium is carried to the extremity.

This incrcase is the resuit of\thé interchange of labelled sodium be-
tween the blood and the extra celiuldr fluids of the foot: The radio-
activity of the foot will rise until equilibrium is established, at
which time the pumber of radio-sodium atoms leaving the blood vessels
is equalled by the number returning to the circulation from the
extravascular fluids in the foot. The manner in which the equilibriﬁm
is established depends upon the rate that the labelled atoms are delivered
to the extremity and the relation between the volumes of blood and
extravascular fluid in the tissue that the counter tube can "seev.

If frequent determinations are taken over a period of an hour or so
and the results plotted, a smooth curve is obtained which becomes flat

as equilibrium is approached. In normal subjects, the curve begins to

R,
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level off in thirty to forty minutes. Tho ﬁaéofity of patients with _..
peripheral vascular disorders demongtrate équ&librium.curvés which are
lower and level off morc gradually. This procedurs can be just as
readily applied to measure oduilibrium curves for other regions of the
lower extremities, such as the calf, popliteal space; etc. Moreover,

a comparison of the activities of the corresponding levels of -the two
logs is frequently uscful for eétimating the relative extent of the
discase process., This method is not only of value to demonstrate the
relative degrec of increase of vascular function as the result of
therapeutic procedures, but also is of great gssistance in making the
decision for the site of amputation when surgery becomes necessary.

More than two hundred patients with nineteen different types of peri-
pheral vascular disorders have been studied by this technic. The data
obtainecd is stated to have provided information of sufficicnt reliabi}ity
to permit a number of amputations at more distal lcvels than would have
becen done otherwise, using the more conventional criterion of circulatory
officiency. Another diagnostic procedurc of possibly considerable practical
value has been the measurement of radio-phosphorus taken up by breast
tumors in situ (27). It was observed in a series of twenty-five patients
with breast tumors, that folloﬁing the intravenous administration of from
300 to 500 microcuries of radio—pﬁosphorus, that there was an appreciable
inerease in radiocactivity over the surfaces of the tumor in situ when the
neoplasms werc of malignant character. The radiocactivity noted over the
gsurface - of benign tumors was not significantly different from the values
observed at e;rresponding rogions over tho surface of the normal breast.

The basis of this technic is the fact that malignant tissue, due to its

/W37
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rapid rate of growth, will accumulate more of the labelled phosphorus

which makes tho presence of the tumor known by the inereased degrec of
radioactivity in its immediate vicinity. A serious limitation is imposed
upon the use of radio-phosphorus for this procedure because there arc no
gamma rays emitted and the beta particles have a range of about 1 contimeter
in the tissuc. For this rcason, the mothod is restricted to the study

of relatively superficial ncoplasms when radio-phosphorus is uscd. The
application of a radioactive element cmitting gamma rays, end which will
solectively accumulate in malignant tissue, would groatly extend the
potential usefulncss of this interesting technic.

The Use of Radioactivo Tracers as a Prolude to Therapeutic Applications

of the Radio-cloments.

The thorapeutic applications of tho artificial radio-
olomonts arc based upon the fact that certain radioactive materials
will solcctively localize in pathological structures, thus subjecting
such tissues to a greater degree of irradiation thon to the surrounding
normal area. It is of interest to roview somec of thé tracer studics
which have led to the actual therapeutic utilization of artificial radio-
activity and to describe experiments now in progress which may have
significant therapcutic potontialities in the future.

Radio-phosphorus was shown, in the very earliest tracer
‘studics, to accumulato to a considerable degree in tho skeleton and the
more motcbolically active soft tissues, notably, liver, stomaeh, and
smoll intostines; heart, spleen, lymph nodes, and kidneys (28)(29)(30).

Morcover, it was observed that malignant tissue demonstrated to a marked

27
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degrec the selective accwmlation of labelled phosphorus follawing its
administration as di-sodium phosphate. Significant information has been
obtained from studies of this character with regard to the aceumulation
and rcotention of labelled phosphorus in normal and tumor tissue.

Apparently tho degree of uptake by the different tissues is related to
threc factors: first, the total phosphorus content of the tissue;

second, its rate of turnover in the tissue; and third, the laying down

of new tissue. The relatively large accumulation of administered radio-
vhosphorus in the bons, which is composed chiefly of caleium and phosphorus,
is an example of the first factor. An illustration of the sccond factor is
the effcet of the rate of turnover of phosphorus in tissue upon the uptoke
of a single dose of labclled phosphorus. An example of this phenomena is
thé marked difference obscrved under these conditions of the accumulation
of radio-phosphorus in the liver and in the brain. The total content of
phosphorus in these two tissues is similar, but the uptake of labelled
pﬁosphorus varics considerably. The relatively low uptcks in brain tissue
indicates a much slower rate of phosphorus metabolism than such tissucs

as liver, kidnoy, spleen, small intestine, c¢tc. Since in adult animals,
the total phosphorus content of such tissues remains constant with
relatively narrow-limits, tht presence - of a high propertion of labelled
phosphorus in gn organ, such as the liver, suggests.that the rate of
turnover of phosphorus atoms between the cells of the liver and the blbod
stream is considerably morc rapid than in the brain tissue. In other
words, it would appear that an atom of phosphorus, wheother it be rodio-
active or stable, remains within a cortical nouron for a much longer

interval of time than in a hepatic cell, Many investigators have
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demonstrated that the labelled phosphorus %aken ihﬁo fhe different tissues
is bound in firm orgeanic combination. Therefore, the varying rates of
phosphorus turnover apparently are a manifestation of the different speeds
with which the c2lls of the body build up and break down the complex
organic phosphorus compounds that make up their internal structure. The
third factor which influences the degree of uptakc of phosphorus is the
rate of growth and development of new tissue. This is illustrabted by

the reletively high degree of accumulation of radio-phosphorus that

takes place in tumor tissues in animels, end has also been demonstrated
in studics with human subjects with neoplasms (31) (32).

A comparison of tho phosphorus metabolism in normcl and
loukemic mice demonstrated a marked incréase of labelled phosphorus uptake
by the leukemic lymph nodes, spleens, and livers (33) (34) (35). The
total phosphorus content of the normal and leukomic tissues did not differ
appreciably. No significant variation in the uptake of radio-phosphorus
by the skeleton was noted betwoen the normal and leukemic mice. It was
suggested that any veriations in phosphorus uptake in the marrow of the
leukemic animals werc maskod by the relatively lerge quantities of radio-
phosphorus laid down in the bone in both groups of animals. The greater
accumulation of radio-phosphorus in the leukemic orgams, although the
total phosphorus content was similar to that of the normal tissues, was
interpretod as an indication of the rapid laying down of new tissues as
well as of an increesed motabolie activity of the pre-cxisting leukemic
cclls. A comparison was also made of the distribution of radio-phosphorus
in the acid =oluble, phospholipid, and nuclcoprobtein fraction of the

tissucs of normal and loukemic enimals. The nucleoprotein fraction from
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the leukenic tissues containod frah %ﬁredléb ten timos the concentration
of rédio-phosphorus that wes obscrved it fho bbffegpondiﬁg organs of the
normal animalg and this offect persisted for intervals ranging up to more
than onc woek. These results were interproted as indicating that
nucleoprotoins were synthesized from the assimilated labellcd inorganic
phosphorus at a morc rapid rate by tho leukemic cclls than by the normal
tissues.

The rolc of phosphorus in metabolism of normal and malignant
tissues has becn explored by studying tho distribution of labelled
phosphorus in the separated cytoplosms and nuclei of cells (36) {37).
These studios made it possible to obscrve the relative uptake of
administerod inorganic radio-phosphorus in the nuclei and cytoplasms of
malignant cells in animal tumors, such as lymphoma, sarcoma 180, carcinoma
256, as well as in normal tissues. Thesc cxperiments rovealed not only
the nuclei of the malignant cclls cccumulate morc of the labelled phosphorus
than those of the normal cclls, but also the reclative proportion of the
radio-phosphorus in the nuclei, as comparcd to that in tho cytoplasm, was
much greator in'thc neoplastic than in the normal cells. This metabolic
pattern of phosphorus in malignant coclls was not rostricted to neoplastic
tissues but was found aswell in rapidly multiplying normal cclls. A
comparison of uptako of labelled phosphorus in thc nuclei of malignant
cells and of rapidly regenerating liver cells in animals, from whom a large
part of fho liver had beon previously removed, revealed that the radio-
phosphorus uptake by the nuclei by those two very difforent types of cells
was cessentially the same. The investiéators concluded from thecse

observations thet the variations in phosphorus mectabolism of nuclci are
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dependent, af ledst i; pa%%; upoh the pats of ceil Hbiltiplication and are
not a peculiarity of malignancy per se. It h#8 been estimated from fhe
observed rate of radio-phosphorus uptake by the nuclei of th¢ lymphoma
that an average of 52 héurs was required for the formation of a new
lymphoma nucleus. This value is in close agreement with tho observed rate
of thc growth of the tumor. Moreover, it has been calculated from these
data that in o lymphoma nuclous approximately 3 x 104 molecules of
tetranuclecotide are synthesized per second.

The bones of animels contain large quantities of both calcium
and phosphorus. TUnlike phosphorus, the calcium content of the soft tissue
is relatively small. Early tracer studies with radio-calcium (38), showed
that it was almost cxclusively stored in the bones and that only small
traces were deposited in the soft tissues. This solective localization of
radio~calcium suggested that it might be of therapeutic value in the
treatment of malignant bone tumors. The very long half life of calcium
(180 days) and the small amounts that are available have precluded its
trial as a tporapeuﬁic agent. It was predicted and subsequently
demonstrated that the metabolism of strontium, which is in the same group
in the periodic table of elements, is very similar to that of calcium (39).
The radiocactive propertiss of the radio-strontium isotopc employed are far
superior to the characteristics of radio-czlcium in that it has a half life
of 55 days and, furthcrmore, if can be preparced in large amounts. ILaber
studies with patients with several types of malignant bonc tumors showed

that the accumulation of radio-strontium in the neoplaém.was comparable to
the concentration in the adjacent uninvolved bone and occasionally was

considerably grecater (40). The very low concentration in the soft tissues
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of the animal experiments was also notéd in the human experiments. However,
tho degrco of selective id&aliZz%iOn in the tumor tissue, as reported in
these oxperiments, édbs not appear sufficiently great to produce an
adequate degroe of destructive action upon thoe neoplasms without producing
ipreversible damage to the bone marrow from the large amounts of radio-
strontium that are accumulated in normal bone. It would appear that
further study of the seleetive accumulation of radio-strontiuﬁ in bone
tumors is warranted in view of the results of the experiments notcd abovae.
The tracer studics with radio-iodine, described earlier in
this paper, demonstrated that the thyroids of patients with thyrotoxicosis
accumulate and retain a large proportion of this administered radio-
element, particularly when the labelled iodine is not diluted with large
quantities of non-radieactive iodine. In addition to the various
experiments deseribed earlicr, another series of studics was made with
radio~iodinc in man which show further the_desirable potentialities of
radio~iodine in the treatment of hyperthyroidism. Thesc studies comprised
an investigation of the histological distribution of radio~iodine in thyroid
tissue by means of tho radioautographic technic (41) (42). Thin sections
of radioactive thyroid tissuc werc placed against photographic films.
After a suitcble interval of exposurc, the films were removed and developed
end the scetions stained, The histological structure of cach section
and its corresponding radioautograph were comparsd under & microscope.
Tho arcas of darkcning represcnted the regions in the sections in which
the greatest accumulotion of radio-iodine had taken place, Characteristic
patterns of distribution were notcd for normal znd pathological tissue

of different types. With both the normal and pathological specimens,
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it was consistently noted that-the greatest accumulation of radio-~-iodine took
place in the arcas whery there Wad evidehed of increased metabolic
activity of the gland. This was particularly striking in sections

obtained from thyrotoxic goiter. The therapcutic significanee of this

finding is that the area of hyperplasié, to which presumably the
excessivoe claboration of the thyroid hormone is mainly referable, would
be subjeceted to the greatest degree of irradiation fromn the beta rays

of the accumulated radio-iodinec. The selective irradiation of these
hyperplastic areas can thus be expected to produce a relatively greater
depression of the hyperplastic porbtion of the gland as compared to more
normally functioning regions. Thus the therapeutic action of radio-iodine
in thyrotozicosis is presumably based on the high degree of accumulation
of this radio-element by the gland 2s a whole and the additional

factor of seleetive localization that apparently tckes place within

the thyroid tissue itsclf,

The first radloactive tracer studics to be done in patients
with carcinoma of the thyroid were quite discourtging since the uptake of the
labclled iodine was observed to be extremely small (2) (16). However
only four patients werc studied in these experiments. Morcover, a test
dosc of radio-~iodine containing 14 milligrams of iodinc was employed, which
may have flooded the malignzont tissue to such a degree with stable
jodine thot whatover uptcke that might have taken place with the .1 micro-
gram test dosc was reduced to tho vanishing point. The first positive
cvidonce of & significant degroe of deposition of radio-iodine by a thyroid
carcinoma was observed in a paticnt who héd onc distant motastasis which

possesscd a considerable degree of differentiation (43) (44). The tracer
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dose of radio~iodine ocmployed apparcntly contained very little non-
rodiosctive iodinc and tho motastasis accumulated approximately 6% of the
adminisbored rsdio-iodine. It is of interest to note that following the
administration of 10 millicuries of a mixturc of thc 13 hour and the 8

7180 4pq 7151

day rodio-iodine ( the metastasis lost its capoeity to take
up radio-iodinc scveral wecks later. Aftor several months had elapsed
following the administration of the therapoutic quantity of radio-lodine,
tho metastasis had regained its capacity to accumulete and retain this
radio~clement. This work was confirmed in enother series of experiments
in which five patients with thyroid carcinoma were observed to accumulate
significant quaontitios of rodio-iodine in the malignent lesions (45) (46).
Ono of thase pationts is of particular interest since there had been a
total thyroidectomy fifteen years ecrlier, but subsequontly a severe
thyrotoxicosis doveloped from the motastasis which apparently contained
large amounts of functional‘thyroid tissue. The trocor studices done with
,this patient indicated that approximately 50% of the labelled iodine was
accumulatod by tho metastasis which was estimated to weigh at lcast 300
grams. Biopsy was obtaincd from a metastasis from one of the ribs and
radioautographs proparcd. These revealod a considerable degree of
deposition of radio-iodine in the vieble portions of thé tumor tissuc.

The tumor itsclf apparently was gquitc well differentiated. This inference
was based upon the faet that the metcastasis was capable of synthesizing
the thyroid hormoae in oxcessive amounts and the pathological evaluation
of tho biopsy spocimcn which was stated to be a metastatic adeno-~carcinoma

of the differontiated small follicle type. Thefapy with radio-iodine

produced a definite and prolonged clinical improvement with a romission
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of the signsvand symptoms of thyrotoxicosis. Concurrently, with the
clinical improvement of the patient, the quantity of radio-iodine
accunmulatod by the metastasis in subsequent tracer studics was found to

be sharply reduced., It is quite likely that highly de-differentiated
thyroid tissue may have a very limited capacity to accumulate radio-iodine
but’ on appraisal of this situation most obviously awaits more cxtensive
studies on a larger group of patients sufferiqg from this type of
neoplastic diseaso.

It has been demonstrated that clement 85, recently named
astatino, is accumulatod and rectoined by thé thyroid in animals and mon
to almost the scme degroe that has beon observed with radio-iodino (47)
(2). This clement doecs not exist in a stable form in naturc but can be
prepared by the alpha particle transmutation of bismuth in the cyclotron.
The only isotope known to dato of this clement is radioactivo. This
isotope has a half life of 7.5 hours and decays by the emission of six

million cloctron volt alpha particles. The combination of short half life

and alphe particle radicactivity might concoivably meke this substanco more

valuable in tho therapy of hymerthyroidism. The basis for the suggestion
is predicetoed upon the possibility that astatine may show the same dsgres
of solective localization within the hyperplastic arca of thyroid tiséue
that has been obscrved by radio-iodine. Should this be the case with
agtatine, suéh hyperplastic arcas would be subjccted to very intense and
highly localized radiation duc to the short range of alpha parbicles in
tho tissuc and their propertf of producing o very dense ionization.

It has becen known for many yoars that colloidal substances,

such as India ink, are deposited and rotained for 2 long period in the
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liver and splcen following intravenous administration. An intcresting
sories of étudies has been made of the deposition in the liver and spleen
of radioactive fincly divided chromic phosphate (48). Chromic phosphate
was proparcd from radioactive phosphorus and ground into a fine powder
in which the particlc size was approximately onc micron in dicmecter.
Susponsions of this material were administered by intravenous injection
to mice and dogs ond the uptcie and retention of various orgens of the
body followed for intecrvals of timc ranging up to a year. Over 90% of
thoe administercd suspension was found in the liver ond spleen and the
remainder boing distributed more or less uniformly throughout the other
tisgucs. The per gram concentration of this radiocactive suspension was
twenty to ono hundred times greator in these.two organs than in any of
the other structurcs. It is of interest to note in passing that the
concentration in the lymph nodes and bonc marrow was at the same low
levol that was oncountﬁrcd in all other tissuss except for the liver and
spleen, By using larger quentitics of radioactivity, it is obvious that
tho liver and spleen could be subjected to sclective irradiation., A
similar type of solective accumulation has also been observed with
radioactive dyes (49) (50} (51). In addition to the accumulation in
livoer and spleon, an incroascd deposition was nobted in both inflamatory
lesions and oxporimental animal tumors. Mors recently, further
investigatiors have bgen made in this general direction, cmploying
colloids cf radic-zirconium and radio-ybtrium {50). In these studies,
hydrated colloids of zirconium oxide and yttrium hydroxide were cmployed.
By tho addition of lactate to the zirconium and citrate to ybttrium in

varying proportions, it was found possible to preparc colloids of which
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the estimated particle size could be made to rahge from approximately

1 micron down to .0l microns. With bofh édbstahﬁeé; vwhen the colloidal
particle size was in the range of 1 micron, approximately 90% was
deposited in the liver and spleen and thus showed no significant variation
from the results cited dabove employing the suspension of finely powdered
chromic phospate. However, in the adhinistration of radio-zirconium and
radio~-yttrium colloids in which the particle size was of the order of .Oi
microns, a marked difference of behavior in the animal body was noted. In
the first place, the very rapid disappearance of the injected material from
the blood stream that occured with the coarser colloids and the chromic
phosphate, did not take place. Secondly, the distribution in the tissues
was quite different in that the accumulation in the liver and spleen was
approximately 45% and a similar quantity was taken up by the skeleton.
Further investigation showeg\that most of the active material present in
the skeleton was deposited in the bone marrow. This accumulation by the
marrow was from seven to ten times greater per gram wet weight than the
deposition in the mineral structure of the bone itself. The uptake in

the other tissues of the body following the intravenous administration of
these finely divided colloids was very low andycomparable to the results
noted from the chromic phosphate and the coarser colloids of radio-
zirconium and radio-yttrium.

An investigation of the accﬁmulation of colloidal manganese
dioxide has been made following the inbtravencus administration of this
material to human patients (53) (54). The material was dispersed in a
colloidal sol using gelatine as the supporting ¢olloid. The particle

size was not stated, but from the description of the procedure employed,
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it would appear that the dimension were ﬁrbﬁgbly in éﬁe range of ;l to

1 micron in diameter, By use of the "in Vi&da dounting technic, it was
possible to detect the presence of the accumulated manganese by the emitted
gamma rays. 1t was demonstrated that there was an appreciably greater
émount of radioactivity over the region of the liver than in any other area
of the body. The data presented are not sufficiently precise to permit a
quantitative evaluation of the accumulation in the liver as compared to

the other structures of the body. In all of -these expsriments with
radioactive colloids, it is obvious that the controlling factor is not
primarily the radio-element, but rather the size and nature of the colloid
employed. A large number of the 96 elements can be incorporateg into
various types of relatively stable colloids. Thus, should radioactive
colloids show promise as therapeutic agents, there is a wide choice of

different radioactive isotopes which may be used with regards to half life,

as well as the character and energy of radiations.

The Toxicological Application of Radioactive Tracers o Ifedicine

The recent advances in nuclear physices have culminated in the
successful release of atomic energy. The phenomena of fission of uranium
and plutonium, which is the only known artificial procedure to date that
can unlock nuclear energy on a large scale, is associlated with production
of 34 elements which are radiocactive. There are nearly 200 radioactive
isotopes of these elements which are defined as the fission products, and
they possess half lives ranging from seconds to millions of years (55).
Concurrently, with the release of nuclear energy, there is the production
of these fission products as well as neptunium and plutonium, which are

also radioactive. The wartime developments in this field have resulted
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in the production of fission products in the range of hundred of
megacuries and, at the séme time, kilogram quantities of plutonium. The
creation of such immense quantities of radioactive substances presented a
serious toxicologieal problem to the health division of the Plutonium
Project, for it was their responsibility to prevent any of the workers
from being poisoned by these agents. One of the first steps to avoid
medical hazards of a large number of these most unpleasant substances,

wag the determination of their fate in the body. This was achieved by a
long series of animal studies which were conducted at various laboratories
of the Atomic Energy projects. The assimilation, distribution, retention,
and excretion of the major memﬁers of the fission products scries (56},

ags well as neptunium and .plutonium (57), were done using laboratory
animals., In addition to investigating the metabolic properties of this
group of substances, similar studies were mede of the behavior of thorium,
protoactinium, uranium, americium and curium (58) (59) (60) (61). Since
these elements are also radioactive, they have been of concern to the
Atomic Energy program. Spacc does not permit a detailed recapitulation
of the immense amount of work done in this field, however, it is possible
to summarize some of the high points of a number of investigations. Only
five of thé fission products studied are absorbed from the digestive tract
to a significant degree, notably, strontium, barium, tellurium, iodine, and
cesium. Xenon is rapidly absorbed through the lungs following inhalation
and is as rapidly eiiminated from the lungs. Strontiuvm and barium are
deposited and retained to a high degree by the skeleton. Iodine, as
indicated earlier, is accumulated and rotained by the thyroid. Tellurium

shows some accumulation in the kidnoys and blood, with a rather rapid rate
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of release from these tissues. Cesium is distributed quite uniformly
throughout all the tissues with the greatest accumulation occurring in the
muscle and it is quite promptly excreted. The pattern of distribution of
strohtium, barium, tellurium, iodiné, and cesium, following absorption
from the digestive tract, is indistinguishable from a metabolism after
parenteral administration. Ruthepium, which is a fission product, is pot
absorbed from the digestive tract and is quite rapidly eliminated folloWwing
parenteral administration. No very striking degree of selective localization
of this radio-element was noted in any of the tissues. The remainder of the
fission products studied, which ineclude yttrium, lanthanum, cerium,
praseodymium, element 61, zireconium, and columbium, are not absorbed from
the digestive tract and show to an appreciable degree a high level of
accumulation and prol&nged retention in the skeleton. Thorium, actinium,
protoactinium, plutonium, americium, and curium liﬁewise are not absorbed
frém the digestive tract and demonstraté a high uptake and marked rctention
in the bone. Radioautographic investigation of the histological
distribution of a number of the fission products in heavy elements that

arc stored in the skeleton presented several unexpected Tindings (62) (63).
As might be cxpected, strontium is distributed primarily in the mineral
structure of the skeleton, since its clinieal and biological properties

are closely related to those of calcium. The other members of the fission
product and heavy element series, which include ybttrium, zirconium, cerium,
thorium, plutonium, énd—americium, that were studied by this technic,

show a very different type of histological distribution in the bone
structure. These substances have been found to be deposited to quite a

limited degree in the mineral structure of the bone in contrast to
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strontium? but rather, they were selectively écbumuléted in the region
of the periosteum, cndosteum, and the superficial surfaces of the
trabcculae. Evidence has been accumulated to suggest these substances
are laid down in the osteoid matrix. Some accumulation of a very
spotty character occurs in the cortex with cerium and americium.
Apparently thesc substances aye deposited in the region of the small

blood vessels of the diaphysis.

This series of fission products and heavy elcments differ

from strontium, as well as calcium, in another very interesting respect.
Various agents, such as age, prolonged lactation, dietary deficiency,
ammonium chloride, the parathyroid hormone, rickcts, and seurvy,

which arc known to produce significant disturbances of calcium metabol-

ism in the skcleton and have been shown to alter the pattorn of strontium

metabolism in the bone, have little or no effecet upon the deposition,

retontion, and localization of these other fission products that accumu-

late in this organ (62) (64). The failure of the procedures noted
above to influence the metabolism in bonc of certain fisgsion prbducts
and the heavy olemonts has been obscrved with yttrium, zirconium,
éerium, and plutonium, It is probable that most of the other members
of those two groups of clemonts, which show such a high affinity

for the skeleton, will behave in a comparable manner. It can be
appreciated from this rather unique behavior that many of the fission
products and 21l of the heavy clements studied present a pobential
hazard if they gain entry into the body. This situgtion was consider-
ably aggravated by the fact that a large4proportion of the material

3/
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stored in the skeleton is laid down immediéﬁei& ddjacent to the very

radio~sensitve bone marrow.
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The variation of sodium transfer rates for the four principle
morphological. typcs of placcnts expressed as milligrams of
sodium transferred per hour per gram of placenta at the middle

of the 9/10th of pregnancy.

Morphological Type

Ccll Layer

Animal Transfer Rate

Men 4,5 Hemochorial 3
Rat 8.3 Hemochorial 3
Rabbit 6.8 Hemochorial 3
Guinea pig 6.1 Hemochorial 3
Cat .69 Endothelialchorial 4
Goat 41 Syndesmochorial 5
Pig .026 Epitheliochorial 6
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