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DOSAGE DETERMINATION IN THE USE OF RADIOACTIVE ISOTOPES

By LEONIDAS D. MARINELLI®
(From the Physics Department, Memorial Hospital, New York City)

INTRODUCTION

As commonly used, most radioactive isotopes
are ingested or injected in soluble form and sub-
sequently deposited with a greater or lesser de-
gree of selectivity in various cells and organs.
In ‘the event of a single administration, the
number of radioactive atoms present at any par-
ticular site will increase at first (as they are
drawn from the circulation along with their
stable isotopes), it will reach a maximum and,
as the source of supply becomes exhausted, it
will decrease on account of both metabolic turn-
over and radioactive decay. The latter is ac-
companied by the release of ionizing radiation,
the type and emission rate of which is the exclu-
sive characteristic of the radioelement itself.

The direct measurement of radiation released
in this manner in terms of units already estab-
lished in Radiology is beset with numerous diffi-
culties of experimental nature. Nevertheless
when the physical factors of half life and radia-
tion energy, and the physiological factors of
uptake and excretion, are known, it is possible,
in some cases at least, to make satisfactory
estimates of tissue dosage.

The roentgen, as defined by international
agreement, applies only to x- or gamma radia-
tion; it can therefore be used for gamma ray
emitting isotopes but not for radiation due to
primary beta particles. (The roentgen is de-
fined as ‘“‘that quantity of x- or gamma radiation
such that the associated corpuscular emission
per 0.001293 gram of air produces, in air, ions
carrying one e.s.u. of quantity of electricity of
either sign."’)

On the other hand if the energy absorbed per
gram of air per roentgen (~ 83 ergs) is made
the unit of energy absorption for beta rays, it is
possible to establish a comparable basis for beta
ray dosage. To be sure, in going from air to
tissues certain corrections will have to be made
because the energy absorption in tissue per
roentgen exposure of x- and gamma rays depends

10n leave of absence to the Argonne National Labora-
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on both tissue composition and radiation wave-
length, but in practice, for soft tissues, these
corrections are not very large. Hence it is
possible to define an ‘‘equivalent roentgen’' as
“that amount of beta radiation which, under
equilibrium conditions, releases in one gram of
air as much energy as one roentgen of gamma
rays.” Since the accepted symbol for the roent-
gen is “r,” it is convenient to designate the
equivalent roentgen by “e.r.’” (This is essen-
tially the same unit as the “rep” or ‘“roentgen
equivalent physical” of the Plutonium Project.)
In the present paper, formulae expressing the
relationship between radiation dose and isotope
concentrations are presented and their clinical
applications discussed by the use of tables con-

‘taining a considerable amount of pertinent in-

formation. Examples of application of the for-
mulae to specific isotopes and definite problems
will also be given. For the mathematical and
physical aspects of the problem the reader is
referred to the literature (1, 2).

CALCULATIONS

Beta Ray Emitters. When a radioisotope emits only
beta rays, the dose is essentially confined to the regions
containing the material because the range of the beta
particles in tissue is only a few mm. Many organs in
small animals used in experiments dealing with isotopes
emitting high-energy beta rays are not small in comparison
to the range of the beta particles. Proper estimate of the
dose in these instances is, in general, very complicated,
and must be left to the future.?

The total dose D, in equivalent roentgens, due to the com-
plete disintegration of a radioelement biologically stable
and present in a uniform concentration of C microcuries
per gram of tissue is

Dg = KgCe.r. I
where
Kp = 88E4T e.r. per ucd.? per gram; Ia

T is the half life of the isotope in days and Eg the average
energy per disintegration of the beta rays in million electron
volts (Mev).

2 This problem is somewhat similar to the problem of
gamma emitters (vide infra).

3 ycd.—microcuries destroyed, 4.e., microcuries com-
pletely disintegrated in the tissue. :
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Doses per hour and per day are respectively
Dﬁfh}
Dgfa

where fq and fy, are the fractjons of the entire quantity of

dg(hour)
dg(day)

II
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the isotope which disintegrate per hour or per day respec-
tively. Values of T, Ep, Kg and f4 are given in Table I
which refers to beta ray emitters.
and A the atomic weight of the elements given in the first

TABLE I
Physical data pertaining to calculations of radiation dosage resulting from beta rays andfor very soft x-ray radiation

Z is the atomic number

— fa : Maximum
: T Kg . Weight h
Element | Z A diation Half life Eg er.facd. fraction Sg er mcin | Tangein
ement Radiati in days (Mev) L‘;ﬁdm d::rnﬁig;. uc per kg fo_, eram wzv'::::;'
Group A: Eg is known to an accuracy of a few per cent
Na 11 22 {BY vy 1100 0.225 | 22000 6.3-10~* 7.3 197 21
24 |87,y 0.61 0.540 29 0.68 5.1 0.113 6.4
P 15 32 |8, 14.5 0.695 885 0.047 24 .6 8.0
K 19 42 |8,y 0.515 1.395 63 0.74 2.1 0.167 19
Sc 21 46 |8, v 85 1.117 870 0.008 14.3 30 1.0
v 23 48 [BH K, v 16 0.175 245 0.042 9.7 5.9 2.8
Mn 25 52 | K, vy 6.5 0.085 48 0.101 20.6 2.6 2.2
56 | B, v 0.108 0.890 8.5 0.998 11.8 0.046 14
Fe 26 59 (87,7 47 0.120 496 0.015 13.4 21.3 1.5
Co 27 56 | B, v 85 0.655 4900 0.008 2.6 36.6 7.0
60 |8, v 1940 0.099 | 17000 3.6-10~ 16.5 895 0.8
Cu 29 61 |8+ K, 0 0.142 0.433 5.4 0.992 18.7 0.067 5.5
64 |8%,8,K,0 0.53 0.120 5.6 0.73 244 0.26 2.6
As 33 76 |87, v 1.12 1.170 115 0.46 1.9 0.655 15.7
Br 35 82 |8,y 1.5 0.150 20 0.37 13.5 0.95 1.6
In 49 114 (8-, (v) 50 0.940 4150 0.014 1.7 44 9.4
I 53 | 130 |8, v 0.525 0.270 12.4 0.73 11.0 0.53 4.5
131 |87, v 8.0 0.180 127 0.083 9.4 8.1 2.2
RaE 83 | 210 (8,0 4.85 0.330 141 0.133 5.3 7.85 5.2
Group B: Eg is less accurately known than Eg in Group A
C 6 14 {85,0 2.1-10% | 0.05 9.2-10%| 3.3-1077 32 23.5-10¢ 0.24
S 16 35 {B,0 88 0.055 420 0.0079 30 24 0.2
Ca 20 45 |8, (?) 180 0.10 1580 0.0039 16 62 0.8
Sr 38 89 |6,0 55 0.57 2760 0.013 -3 38 7
9 (8,0 9000 0.22 17-10* | 8-105 8 6200 2.2
Y 39 90 (57,0 2.6 0.90 200 0.24 2 18 11
Sb 51 124 |8, v 60 0.66 3480 0.012 24 57 12.3
Au 79 | 198 |87, v 2.7 0.32 76 0.23 5.7 4.1 3.8
Group C: Eg includes the total localized x-radiation following decay by electron capture
Mn 25 54 | K, v 310 0.0054 | = 147 0.0022 340 128
Fe 26 55 | K, v 1500 0.0059 780 4.6-10~¢ | 280 633
Co 27 58 |85 K, v 65 0.035 20 0.012 415 29 1.5
Zn 30 65 |8 K, ~v 250 0.01 180 0.003 185 124 1.2
Group D: Eg consists of part of the radiation released in the decay by electron capture
Y 39 8 |K, v 105 0.005 46 0.007 310 69
In 49 111 | K, v 2.7 0.0058 1.4 0.23 310 2.3 0.01

The values of Kg and Sg are based on uniform and biologically stable concentrations of radioelements distributed in
tissues of linear dimensions large as compared to the range of the beta particles. The sign “0” under the heading
‘“Radiation” indicates the absence of nuclear gamma rays.

Eg is the average energy per disintegration.

Kp = 88EgT is the radiation dose expressed in equivalent roentgens due to beta rays emitted during the complete
disintegration of 1 uc of radioelement per gram of tissue.

Sg =

100
Kg X fa

fa = (1 — e79-693/T) j5 the fraction of the entire quantity of isotope which disintegrates in 24 hours.

is the concentration of radioisotope expressed in uc per kg which will deliver a dose of 0.1 e.r. to

tissue during the first 24 hours of exposure.
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TABLE 1I
Physical data pertaining to calculations of radiation dosage resulting from gamma rays
Ejin Mev )
I fa B
T v K.
Ele- . . at 1 cm A fraction | per
ment | Z | A | Radiation ﬁ%'ﬁ: Annihila- mr/uc-hr ‘:, /‘l‘c%m disintegr.| cm
tion Nuclear gamma radiation r/me-hr per day | X100
radiation
Group A: elements not decaying by electron capture, or x-ray emission following electron capture so soft that it can be
treated like beta radiation and hence making no significant contribution to Iy
Na |11 ] 22|8%, 26500 0.511(2) 1.30? ) 13.2 500 6.3-107 3.2
2418, 14.7 1) 2.76(1) 19.1 0.40 0.68 2.5
K 19| 42|8-, v 12.4 1.51(0.25) 1.95 0.035 0.74 29
Sc [21]| 468, 2040 0.90(1) 1.12(1) 11.4 33.5 0.008 3.2
v 23| 48| B*, k v 384 0.51151.16) 0.98(1) 1.33(1) 16.3 9.0 0.042 3.2
Mn (25| 52|B% K, v 156 0.511(0.7) | 0.736(1) 0.94(1) 1.46(1) 19.5 4.4 0.101 3.2
56|87 v 2.59 1.77(0.3) 2.06(0.2) 9.4 0.035 0.998 2.7
Fe |26 598~ » 1128 1.1(0.5) .3(0.5) 6.55 10.7 0.015 3.0
Co |27] S56|B* v 2040 0.511(2) 0.845(1) 1.26?) 17.95 37.2 0.008 3.2
60| 8-, 46500 1.16(1) 1.32(1) 13.5 900 3.6-1074 3.0
Cu {29 61}8*, ?(. 0 3. 0.511(1.56) 4.8 0.024 0.992 3.4
64]8%*8°,K,0 12.8 | 0.511(0.38) 1.2 0.022 0.73 3.4
As |33]| 76|B8~. v 26.8 0.55(0.37) 1.20(0.12) 1.75(0.01) 2.2 0.083 0.46 3.0
Br |35]| 828, « 36 0.547(1) 0.787(1) 1.35(1) 15.1 0.79 0.37 3.2
Sb |S1|124|8", v 1440 0.6(1) 1.7(0.5) 7.9 16.4 0.012 3.2
130| 8-, v 12.6 0.41650.55) 0.53751) 0.667(1)  0.744(1) 13.05 0.237 0.73 3.4
131|8-, v 192 0.080(.01) 0.363(.8) 0.638(.15) 0.283(.06) 2.37 0.66 0.083 3.0
Au | 79]198}8", 65 0.40(1) 2.4 0.22 0.23 3.4
Group B: elements with x-ray emission following electron capture whose contribution to Iy is not negligible ,
Mn 25| S4| K, v 7450 0.835(1) .0054 l)] 49411 52 0.0022 | 3.2
Fe |26| 55| K, ‘i{ 36000 0.07(2-107%) 0.0059(1) 1 —_ 4.6-1074| 3.2
Co |27] 588 K, v 1560 0.511 é0.3) 0.805(1) 0.0064 (0.85)] 5.74(7] 12.8 0.012 3.3
Zn (30| 65| K, v 6000 0.511(0.03) | 1.14(0.46) 0.008(0.99)] 3.04[5] 26 0.003 3.0
Y 39| 86| K, v 2530 0.908(1) 1.89(1) .0142(1) 1444 3.1] 52.5+4-[10.3] | 0.007 3.2
In |49 |111|K, v 65 0.173(1) 0.247(1) [0.0231(1) 2.3+4(1.4] | 0.22 +[0.13] | 0.23 3.0
The sign “0” under the heading “Radiation’ indicates the absence of nuclear gamma rays. The column headed

“Annihilation radiation’ refers to positron-electron recombination, the column head

iat f “Nuclear gamma radiation” refers
to gamma rays originating in the disintegrated nucleus.

The numbers in parentheses indicate the number of photons

of the particular energy that are released ger disintegration.
In Group B, the numbers in square brackets in to x-ray emission following electron capture and, because of
the short range of the radiation, they should not be used in computing y-ray dosage. In practice, this type of dose

computation is amenable to the simpler formulae used for g-rays (see Group C in Table I).

I, is the exposure in roentgens at 1 cm distance in air from an unfiltered point source of 1 mc, for one hour; or
milli-roentgens per microcurie-hour (see formula IIIa).

Ky = 1.44tl, X 1073 is the number of roentgens, per microcurie destroyed, at 1 cm distance in air from an unfil-
tered point source.

fa = li(fl - ?i;"' ;/ T) is the fraction of the entire quantity of isotope which disintegrates in 24 hours. (T is the half

e in days.
u = true absorption coefficient of the y-radiation in water.

column. The last column gives the ranges in water for the  where

most energetic beta particles of each beta ray spectrum Ky = 1.44tI, X 1073 IIa
for the different isotopes. It should be noted that the The dose delivered in one day is

column for Kg gives immediately the dose in equivalent d,(day) = Dyfa, v

roentgens for each microcurie completely disintegrating
within a gram of tissue.

Gamma Ray Emitters. When a substance is a gamma
ray emitter, the problem of dosage determination is more
complicated. The rays released in a given gram of tissue
produce only a small amount of ionization there; most of
their energy is expended elsewhere along their paths. The
problem becomes somewhat analogous to that of inter-
stitial radium gamma ray dosage, except that instead of
discrete sources one is confronted with extended ones.

At a given point the total dose D, due to gamma rays
emitted by the complete disintegration of a radioelement
biologically stable and present in a uniform concentration
of C microcuries per gram of tissue, is given by

.D-y = K,Cg roentgens

fa having the meaning expressed above. K, expresses the
number of roentgens at 1 cm distance in air due to the
complete disintegration of an unfiltered point source of
1 uc; 1.44 X t is the average life in hours, I, the dose-rate
in roentgens per hour at 1 cm in air from an unfiltered
point source of 1 mc. The quantity g in equation III is
a geometrical factor depending on the location of the given
point, the size and shape of the tissue mass containing
the isotope, and on the absorption coefficient x of the
gamma rays in tissue. The values of I, and K, together
with other pertinent information for gamma ray emitting
radioisotopes are given in Table II.

Safe Tracer Concentration. In the main

111 Tables I and II are self explanatory. Atten-



1274 LEONIDAS D.
tion should be directed to column 9 in Table I,
headed S, which indicates the *‘safe tracer con-
centration,” that is, the number of uc per kg of
tissue weight which will result in a whole tissue
dose of 0.1 r the first day, due to the beta rays
alone. (The gamma ray contribution will be
discussed below.) In the case of a short-lived
element, the dose on succeeding days will quickly
decrease to the vanishing point, while for long-
lived substances it will continue at an appreciable
level for some time. This criterion of “safe
dose’ is decidedly conservative. One might pre-
fer to choose such a level as 1 r in 10 days or
some other value based on a longer period of
time. This might avoid complications due to
various half lives. However, the present famil-
iar idea of safety is based on daily dose; hence
that has been used here. It is not to be assumed
that larger tracer doses should never be adminis-
tered. It is sometimes entirely justifiable to use
considerably higher doses in diagnostic problems.
Distribution of the Radiation in Tissue. The
physical data presented enable the experimenter
to calculate the actual dose delivered to a tissue

TOTAL LNIMAL
" (THEPRETICAL)

____

- TISSUE DOSE
THEORETICAL WHOLE ANIMAL DOSE

TOTAL ANIM.

BLOOD

5 20 25 3l0 DAVS'

Fic. 1. RADIATION DosAGE DUE To THE BETA RAy
AcTiviTy oF P* IN DIFFERENT TISSUES IN MICE
As A FuncrioN oF TIME

The points marked on the right margin are the actual
tissue doses obtained by extrapolation to infinite time.
Theoretical whole animal dose equals Kg times the number
of microcuries administered divided by the total weight
of the animal.

MARINELLI

or individual whenever the isotope concentra-
tion C is known as a function of time. This
depends on the amount of isotope administered,
the species and metabolic state of the test
animal, the mode of administration, the chemical
form under which the radioelement is given, etc.
Physiological information of this nature is
of great importance; the literature shows that
a good deal of animal work has been done on
the relative uptake of various isotopes by dif-
ferent tissues at different times. As an example,
in Figure 1 are shown the relative radiation
doses delivered in different tissues in mice in-
jected intraperitoneally with P* in the form of
Na;HPO,. The animals were sacrificed at vari-
ous times after the administration of the ma-
terial, and the concentration'of P® was deter-
mined for the various tissues and organs. By
adding graphically the daily doses as expressed
by equation II it was possible to calculate the
dose of radiation received by each tissue as a
function of time (3). Similar calculations were
made for the whole body assuming uniform
distribution. The ‘‘theoretical” whole animal
dose* after complete disintegration of the isotope
was taken as 100 per cent, and all other tissue
doses referred to this value. Thus at the end of
three weeks, 64 per cent of the theoretical com-
plete dose had been delivered; but all tissues
tested, except the bone, had received already
practically all their radiation because most P
had disappeared. The liver, for example, had
received about 33 per cent of the theoretical
uniform dose. At that time the bone had re-
ceived 39 per cent; but in the bone the dosage
increased to 48 per cent at the end of 36 days.
No tissue actually attained the theoretical
dose or would have attained it after longer
periods of time because of biological elimination.
From the curves, the actual tissue dosage per
uc of P*2 thus administered in a mouse of 25
grams can now be calculated. The total animal
concentration would be 0.04 uc per gram and the
““theoretical’’ total animal dose Dg = K X 0.04
= 885 X 0.04 = 35.4 er. (Kg from Table I).
The liver, then, at the end of three weeks would
morm‘cal" whole animal dose is meant the dose
Dg which would have been obtained in the animal after
complete disintegration of the isotope on the assumption of

uniform concentration in the animal and of total lack of
biological elimination.
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have received 33 per cent of this value or 12 r;
similarly the bone at 36 days would have had
0.48 X 354 = 17r.

It is recognized that with P® in mice these
determinations are not as accurate as one would
wish because the linear dimensions of most or-
gans are smaller than the range of a consider-
able portion of the beta particles emitted by P,
Similar information in larger animals would
yield more reliable figures. Conversely this type
of calculation would be fairly accurate even in
a small animal, as the mouse, if soft beta ray
emitters (H3, C¥4, S%, etc.) were used.

When working with humans it is not possible
in general to study concentrations throughout
the body and their variations with time by 7n
vivo measurements; the extreme concentration
of iodine in the thyroid is an exception. For
most isotopes information must be obtained from
biopsy and autopsy measurements and hence the
data are meager; moreover they are scattered
through various publications which were often
not prepared with this point in mind. Accord-
ingly it has happened too often that the pub-
lished results lack some essential fact, such as
the actual weight of the individual. It is to be
hoped that more of this information will be
forthcoming. In the meanwhile, it is wise to
adopt a conservative attitude in dealing with
humans whenever physiological information is
lacking. This can be done by assuming that
no biological elimination takes place.

Differential Absorption Ratio. To take into
account the differences in uptake which lead to
differences in dose for the various tissues, it is
convenient to express the concentration in terms
of a ‘‘differential absorption ratio” (D.A.R.).
For any tissue, this is the ratio of concentration
of an isotope in that tissue to the average con-
centration in the body (neglecting excretion).
Thus under the assumption just made if a par-
ticular tissue has a D.A.R. of 1, it receives the
same dose of radiation as the average of the
whole body. On the other hand, if it has a
D.A.R. of 10, it receives ten times as much
radiation as the average.

In calculating the safe doses for tracers, it is
highly desirable to have some idea of the range
of the D.A.R.’s. The safe dose is assumed to
be 0.1 per day for the entire body; if a certain

1275

tissue has a D.A.R. of 10, it would have received
1 r while the rest of the body received 0.1 r.
This might lead to undesirable irradiation of
certain tissues or organs from a dose believed
safe otherwise.

The procedure outlined above needs clarifica-
tion. In general, single tissues and the whole
body have different rates and modes of elimina-
tion; hence the tissue D.A.R. will vary with
time. The question then arises as to the time
at which D.A.R.’s have significance in determina-
tion of tissue dosage. Evidently the D.A.R.
will be too low when taken too soon after the
isotope administration because the concentra-
tions have not yet stabilized. Likewise adoption
of the D.A.R. after several half lives will have
little or no significance because most of the
isotope has disintegrated. One useful index,
whenever the isotope reaches the body tissues
through the circulatory system, could be the
stabilization of the plasma concentration. No
general rule, however, can be given and good
judgment is of paramount importance.

Effective Half Life. In instances of extreme
concentrations as in the case of radioiodine I'*!
administered to humans in the form of KI or
Nal, greater accuracy can be obtained. It will
be noted that the formula I for the dose, Dg,
contains the half life of the element. If the
amount of iodine in the gland decreases both by
decay and by excretion, the effective half life will
be less than the physical. Such effects can be
determined only by actual measurements. In
this particular problem, counts are made at
intervals with a Geiger counter in a fixed position
over the thyroid gland. If there were no excre-
tion of the material from the gland, these counts
should decrease exactly in accordance with the
physical decay curve for the iodine; that is, for
I they should be at half their initial value
after eight days, one-fourth at 16 days, etc.
Actually, they decrease exponentially but more
rapidly, half lives as short as two days having
been encountered in practice. It is evident that
the use of this number instead of 8 in equation I
results in a decrease of 75 per cent in the ad-
ministered dose, an amount which is clinically
significant in therapeutic work. It would be
now possible to calculate from formula I the
dose delivered under normal conditions if the



1276 LEONIDAS D.
initial concentration C were known. This can
be determined either by actual biopsy or
‘“‘guessed” by estimate of the gland weight and
measurements of the radioactive content of the
gland by proper in vivo observations.

It is evident from Table I that the actual
amounts of the safe concentrations in tissue do
not vary very greatly; it must be realized that
the intervals at which they can be repeated do.
A reasonable interval between full tracer doses
of any particular element would be four or five
half lives, unless the material has been shown to
be excreted fairly completely in a shorter period.
If no significant excretion occurs, a tracer of Na
could be repeated within about three days, while
P#® ghould not be repeated in less than about
two months, and Ca® not before two years have
elapsed.

It should be mentioned in this connection that
the safe doses listed here are calculated on the
assumption that the individual is receiving no
radiation from any other source. Extensive
radiographic or fluoroscopic procedures may re-
sult in an appreciable dose of radiation, and such
possibilities must not be overlooked.

TRACER ISOTOPES—EXAMPLES

In order to illustrate the use of the material
presented in this paper sample calculations will
be given for some isotopes commonly used in
tracer experiments and in therapy. These will
be presented in order of the complexity of their
spectra.

Radioactive phosphorus—P%—(Beta particles only)

If the isotope were evenly distributed through-
out the body and no elimination took place the
values of Table I would be directly applicable.
Thus, if 2.4 uc per kg gives a dose of 0.1 e.r., an
initial radiation dose of d e.r. per day will require
a concentration x uc per kg such that

2.4:0.1 = x:d,
namely: .
x = 2.4d/0.1 = 24d uc per kg.
If a total radiation dose Dj (e.r.) is to be given

to a tissue, the concentration in that tissue
should be such that

Ds = KsC
As already mentioned, the most exhaustive

or C = D/885 uc per gram.

MARINELLI

information on the distribution of this isotope in
mice (3) shows that the highest radiation dose is
given to bone, followed in order by spleen, liver,
kidney, muscle and blood. In general, the
limited information on adult humans obtained
for the major part from autopsies of leukemic
patients (4-9), does not contradict the results in
mice, provided that only non-infiltrated tissue
obtained from patients given single doses of P
be taken into consideration. Limited data on
non-irradiated surgical material are also avail-
able (10). The most reliable D.A.R.’s on bone
are of the order of unity though wide variations
are noted not only among individuals but also
among portions of the same bone (5,10). The
absolute value of the D.A.R.’s for human bone
—as in the case of mice—seems to bear no de-
tectable relation to the time elapsed between
administration and assay; this points to a slow
‘“net” elimination of P* from bone.

The highest D.A.R. reported on human mar-
row (7,10) devoid of leukemic imfiltration can
also be taken of the order of unity for the first
few days following P administration. Data on
sternal aspiration (7), however, are decidedly
lower, being much closer to that of blood. The
latter in humans receives ‘“‘apparent” doses of
the order of 20 per cent of the theoretical whole
body dose (11). It seems therefore that doses
of the order of 2.4 uc per kg of body weight can
be safely administered, though they may produce
wholly transitory but definite biological effects,
such as those reported by Low-Beer and Tread-
well (12) for concentrations of 6-9 uc per kg of
body weight.

If P2 is administered intravenously in #n-
soluble form the deposition in the liver and spleen
is likely to be very marked (13). The authors
report 80-89 per cent in the liver (dog and
mouse); if this were to obtain in humans the
D.A.R. would be:

uc in liver

_ _liver weight _ 0.89 X 70 _
DAR. = — Gministered — 17~ 507>

body weight
1.7 kg being the weight of the average human liver (14).

In this case the maximum permissible concentration would
be

2.4/36.7 = 0.066 uc per kg of body weight

or a total tracer dose of 0.066 X 70 = 4.6 uc of P for a
70 kg man,
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Radioactive strontium—Sr3®—(beta particles only)

Work on animals (15) indicates that this iso-
tope is highly concentrated in the bone. Human
material has been reported by Treadwell et al.
(16) following intravenous injections. Their
data point to a maximum D.A.R. in the epi-
physis of bone of 13.2, and an unweighted aver-
age of 8.3 for bone, mostly in young subjects.
A trend of D.AR. change with time is not
apparent. On the basis of this, the tolerance
concentration would be, since Sg=3 uc per kg,

Ss/8.3 = 3/8.3 = 0.4 uc per kg of body weight.

Radioactive calcium—Ca*—(beta particles only)

The relative concentrations of this isotope in
human tissue have not been reported to date.
Work on mice shows that the D.A.R. for Ca in
animal bone is approximately twice that for
Sr (15). Hence, if this ratio holds also for
humans one should expect a D.A.R. of about
8.3 X 2 = 16.6.

It follows from Table I that the tolerance
concentration would be, since Sg=16 uc per kg,

16.0/16.6 =~ 1.0 uc per kg of body weight.

It should be noted that if calcium were deposited
exclusively in the human skeleton and the dis-
tribution were uniform the D.A.R. would be
10(weight of skeleton = 10 per cent of body
weight) ; nevertheless, the most active parts of
the bone concentrate it more and hence the
higher value adopted is not unreasonable.

Radioactive sodium—Na*—(beta and gamma
radiation)

This isotope of sodium, administered orally
or intravenously, is eliminated in very small
amounts during times comparable to its half life.
Since it is distributed rather uniformly through-
out the body (17, 18), computation of beta ray
dosage can be made on the basis of D.A.R. = 1.
The factor Sg of Table I can be applied directly
in the case of small animals where the beta rays
account for most of the radiation dose, the factor
g in the gamma ray formula being very small.
For larger animals and humans, however, the
gamma ray contribution cannot be neglected.
In this case dosage calculations become more
involved.

1277

As pointed out above the contribution of gamma rays
to the daily tissue dose is

dy = C,Kfag roentgens where
C = concentration in uc per gram of tissue
K, = roentgens at 1 cm per ucd
fa = fraction of atoms destroyed in one day
g = geometrical factor which is a function of the size
and shape of the tissue volume and the penetra-
tion of the radiation.

For purposes of calculation one may assume that the
human trunk is a cylinder of radius R = 20 cm and height
2Z = 60 cm, and that C is constant throughout. Under
these conditions the highest dose is delivered at the mid-
point of the axis and g can be expressed with sufficient
approximation (1) as g = 3144140 u where u is the absorp-
tion coefficient of the gamma rays in tissue. For the
gamma rays from sodium (see Table II) the values of u
are 0.0296 and 0.0233 per cm, respectively. An average
p# = 0.025 may be assumed for the present calculation and
hence g = 210.5. Substituting for K, and fa the values
from Table II, one obtains:

dy = 0.40 X 0.68 X 210.5 C = 58.0 C r per day at the
center of the trunk if C is given in uc per gram of tissue.

Similarly (Table I):

dg =29 X 0.68 X C = 19.7 C e.r. per day if C is given
in puc per gram of tissue.

Hence the total dose for the first day is dg4y = 77.7 C.
The total dose Dg,y can be obtained from this figure.
Since 68 per cent of the atoms disintegrate during the first
day, 77.7 C is 68 per cent of the total dose. Hence the
latter is:

Dy = 20 X 717 = 114 Cer.

For the tolerance dose of 0.1 r per day,
0.1
Sg = = 0.0013 uc per gram

or 1.3 uc per kg of body weight.

Radioactive sodium—Na®—(beta and gamma
radiation)

The computation of tolerance dose follows
closely that illustrated for Na?* except for the
numerical values involved. Thus, K, = 500;
fa = 6.3 X 10 g = (314 — 4140 X 0.032)
= 181, since u can be considered to be 0.032 for
the purpose of this approximation.

Hence,

dy = 500 X 6.3 X 10~ X 181 = 57 C at the center of

the trunk and

dg = 22,000 X 6.3 X 10¢ X C=14C
dg4y = 71C e.r. per day if C is in uc per gram of tissue

Dpyy = 11.3 X 10¢ Ceur.

Sgiy = (;—11- = 0.0014 uc per gram = 1.4 uc per kg of tissue

or body weight since C is considered constant
throughout the body.
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This dose (Dgy,) would be delivered over a
period of years if there were no excretion of the
sodium. However, experimentally the material
has a physiological (or effective) half life of the
order of one month or less, in normals and in
individuals with congestive heart failure (19).
In these cases the actual Dgy, is. nearer to
3,000 C. For nephrotics excretion is very much
slower, and the dose of radiation would be cor-
respondingly larger.

These two sodium isotopes offer a good illus-
tration of the point made above regarding the
repetition of tracer doses. Although the doses
of the two isotopes which will give 0.1 e.r. the
first day are essentially the same, the total dose
from this amount of Na? may be repeated much
sooner.

Radioactive potassium—K2—(beta and gamma
radiation) ‘

Under the same assumptions of distribution
and elimination as in the case of Na*,

K, = 0.0348, fs = 0.739 and g = 198

dy = 0.035 X 0.74 X 198 X C = 5.2 C at the center of

the trunk, dg = 63 X 0.74 X C = 46.5C
hence

dgyy = 51.7 X C e.r. per day (C in uc per gram)
b Dgyy =70Ce.r.

and finally

Spiy = % = 1.9 uc per kg of body weight.

Radioactive iodine—I*—(beta and gamma radia-
tion)

The distribution of radioiodine in the body is
characterized by a high and relatively stable dep-
osition in normal thyroid tissue and a low con-
centration in the rest of the body.

Assays in rabbits and rats (20) show that at
various times after administration of iodide,
most known radiosensitive tissues show average
concentrations of the isotope close to that of
blood. Unfortunately no information is avail-
able for the marrow. The concentration in
thyroid tissue, however, is so markedly different
from the rest of the body that the dosage problem
assumes different aspects according to whether
tracer studies or radical therapeutic procedures
are contemplated. Full discussion of the latter
is outside the scope of the present paper (21, 22).
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In the case of tracer studies it is of interest to
calculate the dose to the thyroid itself, since it
is very unlikely that the radiosensitivity of any
other tissue in the body is such as to overcome
the very large thyroid D.A.R. From Table I
the beta ray daily dose is readily calculated.

dg=124X 073X C=91C

For the calculation of D,, from Table II K, = 0.237;
fa = 0.73. The geometrical factor g is very different from
the cases of sodium and potassium in which the whole
body dosage was considered. The usual gland (about
25 grams) can be represented by two separate spheres of
radius equal to only 1.4 cm and, for this calculation, we
may neglect the influence of the radiation from one lobe

In this case g'=‘-l-7-r-(l—:e—-iﬂ~4rR

= 17.6 since uR is very small. It follows that
dy = 0237 X 0.73 X 17.6 = 3.0C

at the center of the lobe. Hence

dgsy = (3.0 + 9.1) C e.r. per day, C being in uc per
gram of thyroid weight.

Dgyy = 16.6 Ce.r.and Sgiy = 0.1/12.1 = 0.0083 uc per
gram of thyroid weight. For a 25 gram thyroid this would
mean 0.0083 X 25 = 0.2 uc of I'®,

on the other.

Radioactive todine—I1'"'—(beta and gamma radi-
ation)
Following the same pattern used for I1%,
dg =127 X 008 X C=10.5C

and dy = 0.66 X 0.083 X 17.6 ~ 1.0 C at the center of
the lobe; hence

dg4y = 11.5C e.r. per day if C is in uc per gram of
thyroid weight.

Dgyy = 139 C e.r. (if there is no elimination).
As to the tolerance dose, Sg.y = 0.1/11.5 = 0.0087 puc per
gram of thyroid; for the whole gland (25 grams) this would
mean 0.22 uc of I3,

These doses, which deliver 0.1 r to the gland
and less than one per thousand of this to the
entire body, are obviously well below the ac-
cepted tolerance dose to the whole body. They
correspond to oral or intravenous administra-
tion of 0.2 to 2 uc per patient (to account for
excretions of 10 to 90 per cent), and are sufficient
for excretion studies as well as for assay of sur-
gical biopsy material. They are, however, in-
sufficient for radioautography with thin tissue
sections, for extended studies of blood concen-
trations and for #n vivo investigations of iodine
retention by thyroid tissue by means of external
detectors except, possibly, when scintillation
counters are used.
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Studies on blood concentration and iz vivo
measurements would require doses of the order
of five to 20 times those calculated (thyroid
doses of 4 to 15 e.r. in about three weeks, if 1'%
is used, taking into account elimination by the
organ, and only .4 to 1.5 e.r. in two days for
[139), Autoradiographic material can be ob-
tained only with minimal concentrations of the
order of several uc per gram of thyroid tissue (23).
It seems therefore that in benign conditions,
doses permitting excretion and tissue assays,
blood concentration and ¢# vivo measurements
can be expected to produce no untoward effects,
since the radiation is limited for a relatively
short time to a very small part of the body
which is not particularly radiosensitive. How-
ever, in the case of radioautographs, when radia-
tion therapy or total thyroidectomy is not con-
templated, every effort should be made to obtain
them with the fastest film and low photographic
density (23).

At this point it is well to consider that when
tracer studies are to be carried out once or a few
times on an individual, for diagnostic purposes,
the physician may legitimately employ doses
considerably in excess of those giving only the
radiation permitted for continuous exposure.
The diagnostic radiologist does not hesitate to
give local exposures of several roentgens, and
to repeat these at need. The justifiable dose
in such cases must be determined by the clinician
responsible for the patient. '

The above examples illustrate the fact that
no general statement can be made regarding the
relative importance of the beta and gamma ray
contributions to dosage. In the first place, the
relative amount of energy emitted in the form
of beta and gamma rays varies from one isotope
to another. Also the geometrical factor g, which
is a function of both penetration of radiation and
size of organ, is likely to vary tremendously with
the problem, as in the cases of sodium and iodine.

MISCELLANEOUS FORMULAE

The weight of one millicurie of carrier free isotope can be
readily calculated by noting that the weight of an atom of
an element of atomic weight A is (A/N) X 10® mg where
N = 6.02 X 10%, Avogadro’s number. Since 1 mc of an
isotope contains 1.44 X T X 3.7 X 107 X 8.64 X 10*atoms
(T in days) it follows that the weight of 1 mc = 1.44 X 3.7
X 107 X 8.64 X 10* X 10* X A X T/6.02 X 10% = 7.65
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X 107 X T X A mg. Values derived from this formula
for the various isotopes are presented in Table I, column 10.

It seems of interest to close this paper with an illustra-
tion of the weights of radioelements necessary to produce
marked radiation effects. This can be done by the follow-
ing considerations. In order to deliver 1 e.r. to a tissue
by means of a beta ray emitting isotope a concentration C
is required such that

C = 1/88E4T uc per gram of tissue.
In terms of weight
C=765X10"12X 102 X A X T/88EST = 8.7 X 101
A/Eg gram per gram of tissue.

As an example, for P2, A = 32; Eg = 0.7 Mev; hence
for a lethal whole body dose of 1,000 r the concentration
requiredis C = 8.7 X 10777 X 32 X 103/0.7 = 3.98 X 1012
gram per gram of body weight (a total of 0.28 ug for a
70 kg man). Since phosphorus constitutes only 1.14 X 102
of the weight of the human body (24) only one atom in
2.85 X 10° atoms of phosphorus need be replaced on the
average to obtain such an effect, on the assumption that no
elimination takes place.

SUMMARY

When radioactive isotopes are employed either
as tracers or in therapy, it is important to be
able to determine the radiation dosage. This
cannot, in general, be measured, but when the
half life, radiation energy, and biological uptake
and excretion are known, it can be calculated.

Since the basic information regarding radia-
tion disintegration schemes and energies is scat-
tered through many journals, it has been con-
sidered desirable to collect pertinent data. Two
extensive tables are presented, for beta and
gamma rays respectively, giving half life, radia-
tion average energy, fraction disintegrating per
day, and specific dosage data, including the safe
tracer concentration, for some 33 isotope ele-
ments.
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