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STUDIES OIF THE METABOLISM OF RADIUM IN MAN

By WILLIAM 1) NORRIS, THOMAS W, SPECRKMAN, and PHILIP I, GUSTAFSON
Dicicion of Rislogical amd Medical Research, Argonne Nutional { uboravorv
LEMONT, FLLINOIS

INTRODUCTION
SINCE the advent of nuclear reactors,
the cver increasing use of radioactive
isotopes has demonstrated  the practical
necessity tor a clear understanding ot the
metabolism of the various elements in man,
Such information is essential to the estab-
lishment of realistic values for permissible
concentrations of radioactive clements de-
postted in the body as well as to provide a
basis tor therapeutic removal, The long-
hived radioclements that deposit in bone
present a particularly  dithcult problem,
since they have thus tfar proved refractory
to cttorts to accelerate their narmal low
rate ol exeretion,

|

Following the ecarly  observations  of
Blum,* Hotman,® and Martdand® in 1924

and 1925, who showed that internally de-

posited radium and mesothorium: produce

severe necroses, there have heen several re-

ports of the clinical course of radium poi-

soning, >t nmanwal e Radium has been
shown to be retained tenaciously by bonet
in which irs distribution remains highly

heterogencous during the entire lifetime of

the host. 222 [t is excreted so slowly that its
presence in the body may be readily de-
tected many vears after a significant inirial
exposure. Experiences with radium poison.
ing i man during the lase thirey yvears pro-
vide the only good information on the long
term cffects of radioactive elements de-
posited in the human skeleton and conse-
quently form the primary basis for the

estimantion of tolerable concentrations of

bone-seeking isotopes in general,

The earliest cases of radium poisoning
were observed among emplovees of the
lummous dial painting industry,” where the
now long-outmaded practice of tipping the
brush in the mouth was responsible for the

ingestion of dangerous quantities of radio-

active paint. This source of patients, how-

ever, did not provide clear cut instances of
poisoning with radium alone, since the
luminous paint contained mixtures of meso-
thorium (Ra2*), radiothorium (Th?*), and
radium 226, Because of the relatively short
half-lives of mesothorium (6.7 vears) and
radiotharium (1.9 vears) and the complex-
ity of their decay schemes, it has been difi-
cult to abtain proot of their original pro-
portions suthicient to assess their contribu-
tions to the total biological damage pro-
duced.?

Since radium was regarded as a yseful
therapeutic agent until about twenty years
ago, 1t is still possible to find significant
numbers of people who were given radium
orally or intravenously. It is generally as-
sumed that the Ra®** given these people
was relatively free from mesothorium and
radiothorium contamination,

There exist only a few scatrered abserva-
tions which pertain to the quantitative
metabolism of radium in humans. These
have been summarized by Silberstein®® and
by Aub ez a/.? Although it is possible today
to find persons with appreciable radium
burdens, there is usually no means of de-
termining the original dosage, and other
circumstances surrounding the administra-
tion often remain obscure. Therefore, it is
especially signiticant when a group of sub-
jects with a known history of radium ad-
ministration is tound.

In 1931, a selected group of patients in
the Elgin State Hospital, Elgin, Illinois,
mostly dementia praecox cases, were each
given multiple intravenous injections of
radium chloride (10 micrograms radium
clement per dose) at weekly intervals over
periods ranging from two to six months.
This seudy, repurted by Schiundt, Nerancy
and Morris,* is almost unique in that the
dosages were recorded and the patients
were measured for radium retention on two
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separate occasions within the first vear,
Nineteen of the original 32 patients were
located in 1981 and studied for clinieal
sviproms and for radinm content, In addi-
tion, several other persons who had received
radium injections have been located i the
Chicago area and likewise studied. This
report deals with the resules of these physi-
cal determinations and attempts to draw
conclusions concerning the long term metab-
olism of radium in humans. The resules of
clintcal studies of these patients will be
described in another article™

BAXIN FOR MEASUREMENT
OF RETAINED RADIUM

Radium 226 is a naturally radioactive
clement with a halt-life of 1,620 vears. In-
spection of its decay pattern shows that in
disintegrating it is converted to radon, a
radioactive noble gas, having a half-life of
3.825 davs. Radon is produced by radioac-
tive decay of its parent at an essentially
constant rate of 2.097 X 10 "' curies per sec-
ond per microgrum of radium,

Since the noble gases ciannot participate
in chemical reactions, a considerable trac-
tion of the radon is removed from the site
of production (bone) by the processes of
ditfusion and dissolution in body fuids. The
work of Tobins ez a/.,® Behnke and Will-
mon,' and Lange and Evans indicates
that minor losses of radon from the body
probably occur by way of the skin and in-
testinal tract. Practically all of the radon
climination from the body is by way of the
lungs and, with proper instrumentation,
this radon may readily be measured in the
expired air. Thus, with any constant set of
respiratory conditions maintained for a
sufficient time, each 2.097X10-'* curies
exhaled per second represents the contribu-
tion of 1 microgram of radium. The accur-
acy obtainable in estimating the quantity
of radium that contributes to expired radon
is limited almost entirely by the ability of
the method of collection ot expired air to
obtain specimens representative of the rate
of exhalation of radon averaged over
riods of time lurge compared to its half-life.

Unpublished work of the authors, i dogs
injected with radium, shows that bath che
concentration of radon in o the  expired
breath and the quantity expired per unit
time may he altered appreciably by changes
in respiratory activiey, Thus, in practice,
the deviations in individual determinations
of radium, as represented by expired radon,
may be considerable,

The traction of radon retined in the
bady decays radioactively through several
successive, shore-lived, radioactive daugh-
ters, This decay process s accompanied by
the emission of gamma ravs which, by ap-
propriite imstrumentation, may be meas-
ured externally to the bady,

The total radium content ot a living sub-
ject, therefore, is determined as the sum
of these two completely independent meas-
urements.

DISCUSSION OF. EARLY WORK
OF SCHLUNDT ¢f al,

The early determinations of radium re-
tention in the Elgin Hospital patients were
mude using the best techniques and equip-
ment available in 1931 1932 These meas-
urements of expired radon and externally
detectable gaumma rays are described in
the original paper of Schlunde, Neraney
and Morris.? Since approximately twenty
vears have elupsed between the early work
of these authors and the recent measure-
ments reported herein, it is well ro ex-
amine the available information to deter-
mine the degree of over-all consistency and
relinbility, It may be stated at the outset
that the authors have concluded that the
early work of Schlundt ¢ a/. was essentially
accurate, although it has been impossible
to determine the error involved in individ-
ual measurements. In this evaluation, it
should be indicated, considerable weight
has been placed on Schlundt’s reputation
among his associates as an extremely thor-
ough, careful worker with wide experience
in working with radium. The following
items appear to be worthy of individual
consideration:

1. Was the original measurement of
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o Did the patient receive the full con.
tent of the ampoule or was a signifi-
cant percentage lost by adsorption
onto the glass surtaces of the ampoule
and syringe?

A Were the radium preparations con-
taminated with mesathorium?

4 What degree of accuracy was attained
in measurements ot retained radium
using the two complementary tech-
niques tor determination of retained
and exhaled radon?

These questions will be covered separately.

IF'rom the hles of the late H. L Barker,

a vice-president of the United States Radi-
um Corporation, it was ascertained that
the radium used for the Elgin Hospical pa.
tients was supplicd by the UL S, Radium
Corporation through an identified Chicago
outlet, This radium was supplied in sealed
glass ampoules, cach of which was labelled
to contatn 1o micrograms of radium ele-
ment (as the chloride) in 2 milliliters of
sterile isotonic NaCl solution, Through the
Kindness of Dr. M. Williams of the Mavo
Clinic and Mr. G, Ferlazzo of Memorial
Haospital, New York City, 1t was possible
to obtain seven such ampoules (onginally
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Frio 1o Ampoude of RaCly originally prepared abwout
1928 for ntravenous injection, Laliel on ampoule
wits sichded by the authors,

prepared by the UL S, Radium Corporation)
which had been retained unopened for
about twentyv-ive vears (Fig. 1), These
ampoules were measured (without being
opened) for radium content in a pressur-
tzed, gamma-ray iontzation chamber which
had been calibrated against National Bur-
cau of Standards radium preparations. The
results are presented in Table 1. Te will be

Tanmuk |

MEASUREMENTS 0F RaCly AMPOULKS PREPARED FOR INTRAVENOUS ADMINISTRATION ABOUT 1428

Total R | ’er Cent of Measured Ampoule Content
Ampoule (f"" a : MaTh, 1953°*
(No.) untent Retained in Retained in Delivered (per cent)
(ugm.) ampoule syringe from syringe
MCay 9.0 1.9 2.62 9§.2 '
MC-s LR 27.41 4.04 66,012 o5t .03
Mt 9.00 O 44 2.22 97 44 " .08%.03
MH.2 8.9y 1.00 .86 95.13
- MH-; 185t t.08 d.14 93.94
Ml 9.00 1.11 3.7 9h.00
Mii-s LI | 1.68 1.89 yh.o3
Average 8.93 1.31% 2.87¢ 96.06%
wcMsTh
* Per cent MaTh is cakculated as %100,
#cMaTh +ucRa

1 20 pym. ampoule—treated as two 10 sgm. ampoules in averaging.

$ Mo not figured in averages.
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noted that the radium content of these
ampoules was close to g ygm. in every case.

The ampoules were then opened and the
solutions withdrawn, with separate 2 ml
[deal syringes fitted ,with B-1D No. 22 1
inch needles, using techniques calculated
to duplicate hospital methods and not to
deliver quantitatively. The syringes were
emptied into new Pyrex ampoules which
were then sealed off as were the original
empty ampoules. The syringes and needles
were placed directly into glass tubes which
were then sealed. After an appropriate pe-
riod to allow radon equilibration the radium
contents of the three parts were measured
as before. The results (Table 1) indicate
that, with one exception, after twentv-five
vears the radium salt was essentially quan-
titatively in solution and that 96 per cent
of the total radium was delivered from the
syringe.

Since the quantities of radium in these
ampoules were only 9o per cent of the
stated content, it was particularly impor-
tant to determine whether this discrepancy
could be attributed to the decay of an ini-
tial mesothorium contaminant. The assay
ot residual mesothorium in two of these
ampoules (Table 1) was accomplished
through the kindness ot Dr. C, E. Miller
and Mr. R. E. Rowland, of the Radiologi-
cal Physics Division of this Laboratory,
who have devised an ingenious method of
determining MsTh in the presence of large
amounts of Ra by measuring the delayed
coincidences of the ThC g particle and the
ThC' a particle. This method will be pub-
lished in detail elsewhere. The results of the
measurements indicated that, in 1953, the
MsTh content was no more than 0.0 per
cent, a value which is so near the present
limiting sensitivity of the instrument that
it should only be regarded as an upper
limit,

The half-life of mesothorium (6.7 vears)
is such that a given quantity of MsTh will
be reduced to 7.¢ per cent of its initial value
in twenty-five vears. Therefore, the inirial
MsTh contamination in these ampoules
could not have exceeded 0.66 per cent, a

negligible quantity.

Further evidence of the absence of MsTh
contamination in the radium preparations
used in the Flgin Hospital study is supplied
by the fact that earlier publications by
Schlundt ez al® described the detection of
thoron, an isotope of Rn produced through
decay of MsTh, in the expired air of per-
sons containing MsTh. Since the appara-
tus was essentially the same in both studies
it is probable that the presence of signifi-
cant quantities of MsTh and its daughters
would have been detected in the Elgin stu-
dy.

Another such indivation is that ship-
ments of radium from the U, S, Radium
Corporation to retail outlets, including the
Chicago vendor of interest here, were ac-
companied by a certificate which stated,
“The gamma radiation from this prepara-
tion is due entirely to radium and its deriv-
atives and not to mesothorium or any of its
disintegration products.”

As mentioned above, it has been impos-
sible to determine the error in individual
determinations which may have been pres-
ent in the early work ot Schlunde, Nerancy
and Morrisd However, certiun observa-
tions which indicate the results were gen-
erally correct are presented in the tollow-
ing text. As stated in their original paper,
the calibration of the Wult-Hess clectrom-
cter used for determining the nonema-
niating radium  fraction was based upon
the results of Ives, Knowles and Britten'
who used a duplicate instrument. These
authors, in addition to warking against
known radium sources, checked thetr
calibration against radon seeds implanted
in a cadaver in proportion to skeletal mass.
They also made observations of the rate of
fall of their electrometer iber praduced by
radium sources at fixed distancey and de-
termined that a radium source placed
37-4 cm. from the instrument produced the
same reading as an equivalent amount of
radium distributed in i cadaver under their
conditions of measurement. Schlundt, Ne-
rancy and Morris repeated these measure-
ments of sources using their own instru-
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ment and determined the ratio of sensitiv-
ity of their instrument to that of Ives e al.
to be 1.9, Their calibration consecant ot
180X 10 *div see microgram Rain the pa-
tent iy to be compared to 131X 10 * ob-
tained by Ives and to 887X 10 % reported
by Schlunde, Barker and Flinn in 1929
The latter value was obtained from pose-
mortem  measurements of the body of a
womin who had worked as a dial panter.
This value was nor used by Schlunde in the
Elgin study presumably because of the high
probability of enough mesothorium in the
cadaver to invalidate the result with re-
spect to radium. As @ commentary on the
deternunation, it may be pointed out that
at the time of the early measurements,
nonexhaled radon  represented o rather
small fraction of the total radium and
therefore relatively large errors would have
been of small significance in the final value
for total radium content.

The greater part of the total radon in
Schiundt's measurements was tound in the
expired air. This exhaled radon was meas-
ured using a Lind electrometer with joniza-
tion chambers calibrated directly against
radon from known radium solutions.

The largest source of error probably
arose from the use of an assumed average
respiratory volume of 7.¢ liters per minute
for all patients. Thus a concentration of
2097 X 107X 60, 7.6 = 168X 1071 C Rn’
liter was taken to represent 1.0 ugm. of Ra
element in the patient. [t is apparent that
the actual mean radon concentration will
be mversely proportional to the true mi-
nute volume. However, it is noteworthy
that the average minute volume assumed
in this early work is identical with the
average measured in all patients in the
current study. Furthermore, the spread in
retention for the group was no greater in
Schlundt’s measurements than obtained by
us after twenty vears.

It should also be noted that the ratio of
expired to nonexpired radon in Schlundt’s
measurements was quite constant at eich
of the two intervals where determinations
were made. At the time of the first meas-

urements the average percentage of the
retained radium  appearing as expired
radon was 88 per cent and six months later
was 84 per cent. The measurements made
by the present authors showed this value
to be about 50 per cent after twentv vears.
Since all experience,* as well as unpub-
lished data (eide fnfra) of the present au-
thors obtained from dogs in which this
factor was specifically studied, shows that
the maximum percentage exhalation of
radon occurs at the earliest times after in-
jection and decreases thereafter, it follows
that the early values of Schlunde should
have been in excess of later values, as is
borne out by the combined data compiled
in Table 11

This review of the early work with the
Flgin Hospital patients reveals no reason
to suspect any major source of error.
Examinations of radium ampoules pre-
pared for injection about 1928 indicate that
in the Eluin study about 4 per cent of the
intended dosage may have been lost in the
svringe and ampoule and that the actual
radium contents of the ampoules may have
been about 10 per cent lower than the in-
tended amount. However, these findings
can be regarded as little more than indica-
tions and in view of lack of more detailed
information about the early work, no cor-
rection for these possibilities has been
applied.

MEASUREMENTS IN THE CURRENT STUDY

In an eftort to reduce sampling errors
caused by variations in respiratory activ-
ity, in the determination of expired radon, a
method was devised in which all the radon
expired in a period of twenty minutes was
quantitatively adsorbed at low tempera-
ture on activited coconut charcoal. This
technique atfords relatively large quantities
of radon so that instrumental sensitiviey
is not & problenm and permits measurements
of the total volume of gas expired during
the sampling. The average minute volume
determined in g patients was 7.¢ liters per
minute which is tn excellent agreement with
the value assumed by Schlundt s al.
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Tastr 111

COMPARINON OF RODY RADIUM CONTENT ESTIMATED FROM CONUENTRATIONN
IN BONE AND FROM £ 0100 MEASUREMENTS

; ! . | Racon- |
| ! R Fatunated; tent
\ Bady  Panmated Wi bone ':n"‘::‘" ) Ka cuntent | Ra con- extic ‘ Sonrce of bone
1 M‘um "owt, wt, shele. ‘ spesinen, men. | ol apevimen | tent ot mnted specimen
Nu. hy. ton, hy. K, "““':“ ' um o g »krlﬂun. in vive E
. ) s, | N
' | - i ——— - [,
oy Vo | [ | 1o o1 ‘ h.R2 4.0 % <. 1 Fragments from acetabu-
MO ! | & ! ; lum und head of femur
Ra injevtiona : | i ‘ |
- . . - — .
12 Loty I T o8 l 4-93 .\I!ull i -
(M.KD l | AN g 1.ogh DintalRbula
Ra injectione 1y o0 1.14 'l'nnlll lumn. (tumorous)
l a3k vt - ‘ PProvimal tibia
‘ Wy | ool &3 Ankle bones
} i 371.} .ot 1.30 [ 1.2 -
b i } o e —— . e — 1 — ——— [ -— e — ey
7). ¥} i <. [ } o4l -.of Foot bunes-
Nee alny Uase 44 Wy g J130 LYY \_enel\ne
el 2 ) ‘. 104.8 NYU) ALK ?gmur
Drank Ra water l 150. 3 oel 1.9 Rila
\ 613 IR T ¢ .%o RE 10.¢* =
- —_ Dol e e | — o — [ ——
Wl <y “ 5.7 TR o3k LT Dintal femur
. 9.6 obg 8.17 Proximal tibia
Dial painter 40. 1 .01l §.at Distal tibia
19.¢ K111 §.08 Fout hones
1. 017 457 Proximal fibula
h.9 .03§ 444 Calcaneus
99.7 L1kt 6.04 1.4 3R
kIR s 44 72.0 010 [ ) Fibula
(R.W)) 107.4 .ole 1.39 Tibia
il painter ’ 179.4 024 1.3¢ 0.6 1.3

® In vivo measurement in 1941 by Aub, Evans, Hemplemann and Martland?

The adsorbed radon was removed from
the charcorl by heating and flushed into
one of a dual set of ionization chambers,
connected to a Lindeman-Ryerson elec-
trometer (Fuilla's design—purchased-from
the Cambridge Instrument Co., Grand
Central Terminal, N. Y.). The instrument
had been previously calibrated against
radon from radium solutions furnished by
the National Bureau of Standarda. The
standard deviation of repeated determina-
tions of expired radon on single patients is
estimated as 14 per cent,%

The nonexhaled radon was measured to
an accuracy of about 10 per cent through
its gamma-ray emission using a calibrated,
thallium activated, sodium iodide, crystal
scintillation counter.®

RESULTS AND DISCUSSION

The 19 patients who were still available
of the original 32 injected by Schlunds, o
al. were remeasured for radium content in
Muay, 1961, and again in July, 1953. This
was 235 months, and 261 months respec-
tively, on an average, after the last injec-
tion received by the pnnents in 1931. The
measurements were made in the Veterans
Building of the Elgin State Hospital using
the methods just mentioned. The results
are presented in Table 11 along with the
earlier data obtained by Schlundt e &l
For convenience of the reader the code
letters referring to the patients have been
retained exactly as in the original manu-
script of 1933.

Most of the patients were cooperative
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TanLe IV
MEANUREMENTS OF SMALL SAMPLES OF RONE FROM PATIENE 112 ILLUSEFRATING
NONUNIVORMITY OF RADIUM CONCENTRATION

[

Sample © Wet weighe, R content Concenteation, N . - I
Na, ! wm. Iopgm. X104 ugmu X 10 4 gm. Nources ub sample
I -

(e [ BYR! ‘ V124 l 1.1 Trabecular bone from head uf hunerus

QAL J132 1 J1gR 1.¢ i Cortex of fibula

~Ci LOR~ ! 30 1.0 - Cortical bone from tibia

1 JIRg J Ly 1.0 r Endosteal surface of femoral cortex

sCt J124 J Y 0 " Cortical bone from proxinad end of
j © humerus

=1.3 L1618 ‘ L4uR i1 Trabecular bone  trom distal end of
‘ tibia

§Ch .07¢ | L4230 | ¢.h Superior segment of head of humeras

nR 423 ‘ 1.410 §.7 Parietal bone of skull

- Ry l JATR 6.~ ; Trabecubie bone from head of femur

gAR LOR2 | == 0.8 Cortex of Abula

) 407 i ERTY 0. Parictal bone of skull

Rl2 .120 f 1.202 10.0 Cortex of right femur

%16 .ORR , 1.0¢0 ; 12.0 Cortical bone near head of femar

and free from apprehension during the
collection of expired radon, With the excep-
tion of patient (O) who was combative,
these people were generally unconcerned
with the procedures and appeared to be-
have as well as or often hetter than normal
patients. The error of the combined esei-
mates, that iz the error in the estimate of
the total radium burden, probably does
not exceed + 20 per cent,

Since radium is contained almost gquan-
titatively in the skeleton, these estimates
of crrors could be substantiated by measure-
ments of bone specimens obtained from
other cases of radium poisoning where in
rivo measurements were maude prior to sur-
gery or autopsy. The tresh samples, sealed
in glass tubes to prevent loss of radon, were
measurad in o pressurized  gamma-ray
wonization chamber. The concentration of
radium per gram of fresh bone was mul-
tiplied by the estimated total skeletal
weight (tatal skeletal weight was estimated
as 10 per cent of the body weight'®) to ob-
tain the total radium burden, Although it
is known that the radium concentration in
bone s not uniform,'** the use of large
specimens of bone, as was ordinaniy the
case here, should give reasonably valid re-

sults, The data given in Table 11 show
good agreement beeween radium burdens
estimated from autopsy specimens and o
vive measurements, The lack of agreement
between the results obtained trom autopsy
samples and the in vizo results reported by
Aub ez al2 in Patiene 118 may be due to the
fact that twelve vears have elapsed sinee
the in vive determination,

Further evidence of the nonuniform
distribution of radium in bone is given
in Table tv which shows radium concen-
trations tound, using the radon emanation
method, in a number of small portions of
bone taken from Patient 112 (MUK,
Areas of high and low concentration were
selected using radioautographs ot slabs of
the bone® as a guide. The 1o-told range of
concentriation  observed is  substantially
the same as that found by Dudley (see ref.
3) using densitometric measurements ol
radioautographs.

Norris and  Fyvans™ and Norris and
Nisteleski™ have shown that the retention
and excretion of the alkaline carths, in-
cluding radium, in rats and mice can be
adequately represented as “power tunc-
tions™ (which plor as seraight lines on log-
log paper). Later, Hursh? demonstrated
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that excretion of radium from the dog could
also be described in this fashion. Unpub-
lished data of the authors, obtained from 2
adult dogs injected with radium, carrobo-
rate this finding of Hursh and also supply
mformation pertaining to the behavior of
radium fractions contributing to exhaled
radon and to retained radon as tunctions
of time after injectione-Lhese data are pre-
sented graphically in Figuyg 2 in order to
allow comparisons with theShuman data
and to substantiate the applicability ot
the methad of mathematical analysis. As
will be brought out in more detail later, if
the rate of excretion with time is a power
function having a slope, 4, then the rate o
change of retention may be caleulated as
power function with a slope, 241, Tt will
be noted that the retention measured in the
one dog which was sacrificed (at 63 days)
agrees with the prediction from excretion
measurements.

The observed vilues of measurements of
gammaeray activity of these dogs have
been corrected to an equilibrium value dur-
ing the first thirty davs after injection ot
de-emanated radium on the assumption
that the state of the radium parent is such
that the growth of Rn follows the theoret-
ical pattern. The results  demonstrate
that the rate of decrease of the y-emitting
fraction as measured is far less than thae
of total retention. This convergence of the
curves of total retention and the gamma-
emitting fraction demonstrates that the
expired radon fraction, which is the dif-
ference between the two, is decreasing
with time,

Measurements of expired radon in gen-
eral tended to exceed the prediction of the
quantity of radium which contributes to
this measurement. However, this was not
surprising since the dogs hyperventilated
themselves appreciably during the collec-
tion of the samples. Serial sampling of ex-
pired radon as a tuncrion of respiratory ac-
tivity  under anesthesia  indicated  that
hyperventilation causes the quantity of Rn
exhaled per minute to increase while the
concentration of Rn per liter decreases.
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Fra, 2. Radium metabolism in intravenously in.
jeeted dogs, @ = Measurements of total radium
excreted per day K=o~ % V= Total reten.
tion measurad in sacrticed dog. The curve of

total retention va. time 18 Jderived from excretion
data Ry=okor™ %,

Determinations of retained radium in the living

animal:

. O Measured as y-rays,

3. A Measured as expired Rn. The line
drawn to represent the fraction appear.
ing as expired Rn 2o, time was derived
as the ditference between the curves of
tutal retention and the y-ray fraction,

Reductions in respiratory activity would
presumably cause the opposite response.
Since the “power function” can be used
to describe over-all radium metabolism in
animals, an attempt was made to treat the
data from humans in the same fashion.
This treatment is presented with the reali-
zation that the function may have no par-
ticular significance insofar as the precise
elucidation of metabolic behavior is con-
cerned. Such might be better expressed as
the sum of a large number of exponentials
and, indeed, the data may be fitted by such
a form. However, our inability to deal with
the exponential form, both from the stand-
point of lack of information and the
computational ditficulties encountered in
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e V

CONSTANTS OF THE RETENTION FUNCTION OF RADIUM IN HUMANS

Single duse approximation

May, 1ygg

! . . L
| Continuous injection approximation

Patient  No. of —— —i —— —_—
injections A b A
A 18 .ui — .41 4113 - .413
B 15 2.284 —-.73 2,183 —-.74
C 15 .617 —.61 L6171 —.0t
1 18 642 - .48 718 — .48
J 20 L7856 —.87 .676 —.57
0 26 532 —.56 434 —.59
P 28 .104 — .26 .07k —.23
T 1 <798 —.50 .523 — .40
"Average 18 .§77 12390 —.s3% .08t .5121 380 .§2t .05s¢
® Geometric mean and associated per cent error.
t Arichmetic mean and aseociated standard error.
$ Further approximations did not give a better fit than aiready obtained using the ¢ ta from the singie duse spproximation.

empirically analyzing such a mathematical

model, caused us to resort to the

“power

function” representation which describes
well the available information, requires
simple mathematical manipulations, and
allows the estimation of sample statistics.
- The method of injection to which the
Elgin group was subjected differed some-
- what from that used in the animal experi-

, ',! ments. The Elgin patients received mul-

le equal dosages at weekly intervals
whereas the animals were given single in-
)ect:om. However, the information derived

. from experimental animals allows the
. constants associated with the retention

~ pattern in humans resulting from a single
. intravenous injection of radium to be
determined, provided the following as-

sumptions are made:

(1) Each dose is handled in like meta-

" bolic fashion.

(2) Neither a single dose nor any com-

- bination of doses has an effect on the

. . metabolism of other doses.
- (3) The retention function associated

-with each injection is independently
aucnbed by the relationship:

time after i mJecnon g 1s the quantity
injected, .7 is a constant which is
equal to the fraction of ¢ retained
when ¢ 1s equal to 1, and 4is a nega-

tive constant.

Following these assumptions, if » re-
peated doses, ¢;, are given at times 4,
(f=1, 2, 3, - -, n) then the retention,

*, at some time #=¢,+4221 will be:

R*= A Z gt =18
sl

(2

When all values of ¢ are equal to ¢, ex-
pression (2) simplifies to

R*=Ag i (t=1)%

fml

(3)

Equation (3) gives the retention at any -
time ¢=¢,+4s21 after n equal doses in-
jected at times ¢ and describes exactly the
retention of radium in the Elgin patients
under the above assumptions. For pur-
poses of comparison retention is usunlly
expressed as a fraction, R,, of the total in-
jected dose. The equivalent expression is

ng.

Rc-i i (=2
L =

immediately obtained by dividing (3) by

4)
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However, because of the computational
Jdithculties associated with expressions (2),
(3), and (4), the estimation of the reten-
rion constants, .7 and 4, by the use of these
equations is impractical, )

Graphic examination of the vehavior of
Fquation (4) demonstrates that after some
period of time, depending upon the value
of 4, following the mth injection, the con-
tribution from each equal injection to the
total retention will be very nearly the same.
Inspection of the data indicated that the
most probable value of 4 lay between —0.6
and —o.4. Using these two values of 4 and
with » equal to 18 (the average number of
injections per patient) the behavior of R,
in Equation (4) with respect to time was
determined graphically. This indicated that
by 100 to 200 days after the last of eighteen
consecutive weekly injections the frac-
tional retention pattern is essentially that
arising from the single injection of & quan-
tity nq given at time ¢=0. Thereafter R,
may be closely approximated as

Ri = AP (s

Since the majority of Schlundt’s meas-
urements were made later than 100 days
after the last injection, the “single dose
approximation’ (Eq. §) was applied to the
analysis of the multiple dose data, using
the method of least squares on the log
transforms of both R, and ¢ (in days) to
estimate the constants (4 and 5) of the re-
tention function. From the Elgin group, 8
patients were selected for whom three con-
sistent (,3> 0 >4, R,>R,>R,) measure-
ments of retention were available, and the
individual retention constants determined
(Table v). Figure 3 illustrates graphically
the behavior of Equation (4) using the
mean values obtained for these constants
(=18, bm —0.53 and A =o0.58),

Where the interval between successive
injections is small relative to the interval
from the last injection to the time of meas-
urement, the discrepancy between the re-
tention measured following a series of
discrete injections and the retention that
would be measured if the same amount of

Studies of the Metabolism of Radium in Man 795

0.l

oo

. Addd,

A aaaal s aasant
1 0 - 1ot “10? 0*

0,004

RETENTION (FRACTION OF INJECTED DOSE)

_ TIME AFTER FIRST INJECTION (DAYS)
FiG. 3. Retention of radium in Elgin Hospital pa-
tients. : -

— ~  Single dose approximation R,’ =0.58~%
Summation of multiple injections

S8 -
RY'= B =7(i—nF
1 [5d] -

Eq. (4) using average constants esti-
mated by the “single dose approxima-
tion.”
- = - Continuous injection
-Sl 18X?
R"II - ——

18X,

This continuous injection function is
plotted with an adjustment in the time
scaie which places the times of the dis-
crete injections at the means of the
equivalent continuous injection periods.

(¢1—18X7)~dr,

material were administered at a uniform
rate-over the same period of time be-
comes negligibly small. Thus, the reten-
tion constants can also be estimated using
the continuous injection model:

AC T
R‘”'--&—T_I: (l-'f).df ‘aT

-1
T(s41)

Where A and & are constants of the reten-
tion function following a single injection,
r is the dummy integration variable with
T being the total time of continuous injec-
tion (equivalent to the number of discrete
injections times the interval between in-

pr-e-m] (8
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Ft. 4. The lines representing the coefficient of
climination (fraction of body burden excreted per
dav) and the fraction of the injected dose excreted
per day are derived directly from the equation of
retention (7)., These plots are compared with exise-
ing data.

Retention (fraction of injected dose)

-— Current study —average of Flgin patients:
Rymo. g4

Current study —cearly measurement refers
to Case vit of Barker and Schiund®
Current study—Case 1 of Barker and
Schiunde®

Barker and Schlundet (oral and intrave-
nous)?

Stevens (intravenous)é?

Gettler and Norris (oral)t®

Coefficient of elimination (fraction of bady burden
excreted per day)

Current studies—all subjects

Schlundt and Failla (dial painters)®

Aub, Evans, Gallagher and Tibbets (in-
travenous)!

Aub, Evans, Gallagher and Tibbets (dial
painter)!

Aub, Fvans, Gallagher and Tibbets (RaCly
inhalation)!

Values calculated following Evans' as-
sumption of y-ray representing §§ per cent
of the total in the first and last instances.

-+ X < >

e > 4l

W. P. Norris, T. W. Speckman and P. F. Gustatson Mav, 19¢¢

jections) in the same units as 4, and
C=ng T is the rate of injection. By a
method of successive least squares ap-
proximations, constants .7 and 4 can be
estimated. This model can be generally
apphied under the assumptions made above
and will give unbiased results at all times
over its interval of definition; whereas, the
“single dose approximation” will include a
bias unless the times at which retention
measurements iire made are several months
removed from the time of the last injec-
tion, This method gives estimates of .f and
b that are in close agreement with those ob-
tained using the “single dose approxima-
tion” method and n cases of repeated or
continuous sdministration provides a more
tractable mathematical svstem of caleula-
tion. The constants found using this ap-
proach are compared in Table— and in
Figure 3 with those obtained by the alter-
native method. The compatibility between
individual retention values and the empiri-
cally derived retention function using the
continuous injection approximation was
found, by Chi-square, to be exceptionally
good (0.80 <P <o.g0).

[t may be noted that the two functions
are plotted in Figure 3 for eighteen weekly
injections, which is the average number
given the 8 patients, the data from whom
are used in the previous mathematical
analyses. The average number of injections
for all the Elgin patients is 19.8 and since
the curve isonly slightly displaced by some-
what increasing or decreasing this number
it 1s permissible to plot all the available
retention data from the Flgin group on
this graph using 7,4 as being equivalent to
t. for each patient. This is done (Fig. 3)

Intermediate points determined by sub.
tracting measured excretion values from
retention at period 1.

{1 Craver and Schiundt?

Excretion (fraction of injected dose per day)

¢ Current studies—all subjects

A Seil, Viol and Gordon (intravenous)®®

YV Seil, Viol and Gordon (orah*

O Rajewsky and Muth (inhalation RaCly)®
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Tanee VI

RATE OF EXCRETION AND COEFFICIENT OF ELIMINATION OF RADIUM IN HUMANS

| { \ .
Fraction . [raction N
( Dy f 1 Ra ‘ Fxcreta ‘ Ru excreted ‘ injecterl dose | Ra bunden ‘" f"“
’ ‘ o Dateo | collection  per day, | injected
Date Daoe, ! Pl ’ wreted 1 excreted
Patient . © mewsures | burden, L0l i Ko exe ! D dose
mjevted - ment | sgm. vah L owm pee day | per day retaimed
! ‘l | days Xl Xio? l
' ! —— ——}
e (A 14t Coaca | July, a9sy vto 100 ‘ b0 .4 | 4.0 i 1.6 { -
| oL 100 Julyy sy el o¥ o ! 6.6 l 4.3 J& 2
SN IR wo ‘ July, 1983 | .yl 1.0 ! te. 7 , 3.3 l ;‘o K]
€ IN it K Jubv, r9ci | 1o R I 1400 REC ! 2( l .
20N 1y 3 "ose L Jaly, 1953, oy 1o 18.< 1.0 ! X
= e ol o | July, 1gex | o.cd Jo | 487 <4 ' u .
ot y1- 350 | Sept., 1951 . 0.40 . | — ‘ - ‘ — 0.10
oy cams C o Apml, ayey 8.8 wo | g | - I
woat 2 a0 L June, 9 o0 6.0 2448 : ~4 10 b
VIl cao g - | Feb., 1948 | 1.1 1o T 8 i ‘6.0
(e 1y - l June, 1gg1 1 o 1.0 : bt ) g.i

® Case i, Barker and Schlunde?
1 Case vit, Barker and Schlunde ?

asing the time schedule originally pub-
lished

The constants derived from the two
methods  of mathematical  analvsis  are
averaged to give a best estimate of the re-
tention pattern of radium in humans as
function of time in davs atter a single in-
travenous injection,

Ri=o.q4t ** >0, 7)

The use of the power function has the
advantage that, given either the equation of
retention vs. time or traction injected dose
excreted per day vs. time the other may be
readily derived. In the instance of these
Jata on humans, where the retention line
has been derived experimentally, the equa-
tion of the line defining the fraction of the
injected dose excreted per day as a function

Tante VII

PARTITION OF EXCRETED RADIU'M BETWEEN
URINE AND FECES IN HUMANS

Collee- | gm. R.x d.n X 107" ‘
Pa | tion - - \ P;r:
tient iinterval,! y, . T ce
Ulrine Feces Total | in feces
davs ‘
o3 |ogt 0og.c g3 BB | oB.6
104 | O 3.8 pEY] 134.8 1 Ry
111 1 1.8 172 i75.% l y37.8
116 3o s =1 s2.7 | 973

of time may be obtained by differentiating
the equation of retention () which gives

JR
L= At (8)
dt

or substituting the appropriate constants
from Equation (7).

dR,
—— = —0,28¢ ¥ 1>, (v)
de

The retention and excretion functions are
drawn in Figure 4 according to Kquations
(7) and (9) respectively along with pre-
viously published data for comparison.® Ot
particular interest are the actual excretion
data from the Elgin patients (see Table vi)
which are shown to be in good agreement
with the prediction. Data trom the analysis
of excreta of patients other than the Fluin
group have shown that no more than 3 per
cent of the total radium excreted in long.
standing cases is eliminated via the urind
(see Table vi1). This finding is substantially
the same as that reported by Aub ez al.! an
by Rajewsky and Muth.® Therefore, onl
fecal specimens of the Elgin patients wer
analyvzed.

® 1t shouki be noted that although Fyuation (4} is a daily rac
equation, it cannot be used to calculate excrenon in any on
day at times close ta the time of adniniatration, This should 1
done by integration of {g), namely by uaing (7).
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The coetficient of elimination (fraction of
the total body radium excreted per dav)
may be caleulated by dividing Fquation
(R) by Fquation (5).

‘IR‘

Wt R /o

P ,~-—o.§2l ' (o)
‘ -

From the way this equation is derived, the
slope of the corresponding hine s always —1
regardless of the slope of the retention line,
the only vartation being in the intercept.
This line i3 also deawn in Figure 4 and
corresponding  data derived  trom  other
workers are plotted for comparison. One
will note that good agreement is also ob-
tained in this case, The data of Aub el
obtained from a man who had inhaled 2
quantity of radium chloride also follow this
pattern closely, indicating that inhalation
of u soluble salt is followed by rapid solu-
tion and removal from the lung as opposed
to the behavior noted by Marinelli 7 a/®
following inhalation of insoluble radium
sulfate.

If a person receives uniform daily injec-
tions or continuous administration of
radium chloride over a periad of time, the
radium burden at any time 7 in duys while
treatment is continuing may be calculated.
For this purpose Equation (7) is multiplied
by its differential element, df, and inte-
grated from one to £ To this the fractional
retention at the end of one day must be
added and the entire function multiplied
by the daily dosage, C, which gives

Ri=Cli1a(r®—=1)+o.54] 131, (1)

This function would be particularly use-
ful if applicable to situations where the
subject ingests an approximately constant
amount of radium daily, as is the case with
the naturally occurring radium content of
food and water. Although it is ordinarily
considered that the retention of orally
administered radium is less than with in-
travenous injection, there is little or no
direct information to substantiate this
belief in the case of humans. On the con-
trary, it may be seen by reference to Figure

4 that data obtained following oral admin.
stration as well as the single case of inhala.
tion of soluble radium salts follow the pae.
tern tound for intravenous admimstration,
The work of Hursh and Gates" Hursh®™
and  Shandley® indicates that with an
estimated Jdatly radium dosage intood and
water of 1,0X10 ¥ g @ human retans
X 1o gm. Ra at the end of sixey.
seven vears. Substituting these values tor
¢ and for 2 in Equation (11) one obtains a
value of 143X 10 ' gm. Ra which is in
surprisingly good agreement with Hursh's
results when all the uncertinties are con.
sidered, Untortunately, this is the only in.
stance where both the datly radiim dosage
from natural sources and the radium con.
tent of comparable unexposed individuals
is known. However, the agreement ob.
tained in the above comparison suggests
that such ingested radium iy metabolized
to the same extent as with mtravenous in-
jection, :

From the preceding discussion it s ap-
parent that any concept of a weil defined
“biologic halt-time™ ot radium in bone s
untenable. Schlundt, Neraney and Mor.
ris? and later Hoecker approximated
constants for radium excretion in the Elgin
patients on the assumption that the func.
tion was of the form of a single exponential,
Hoecker also pointed out the possibilities of
better describing the data with the power
function. Aub et a/.? have also attempted to
describe radium retention in humans as a
single exponential function. [t seems evi-
dent that this technique will allow ap.
proximations only over limited periods of
time.

If the equivalent Ra values represented
by y-ray activity and expired radon in the

gin patients are viewed separately, it is
noted that the rate of decrense of the y-ray
fraction with time is considerably less than
that of either expired radon or total reten-
tion. This is qualitatively identical to the
pattern described above in dogs. However,
man appears to retain a smaller part of the
injected dose in the y-ray fraction and to
lose it somewhat more rapidly. The data
are plotted in Figure § and serve to further
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illustrate the disporportionation of the two
fractions ns a function of time.

Since the y-ray fraction in dogs was
found to continue us a straight line func-
tion with time on the log-log plot while the
expired Rn fraction did nat, it is rensonable
to assume that the same situation exists
with respect to the human data. Therefore
the equation of the y-ray fraction has been
derived using the ‘'single dose approxima-
tion” method described earlier. Because of
the amall negative slope which exists in this
case, the error in the measurements taken
close to the last injection is small and the
equation of the vy-ray fraction following a

singl; intravenous injection is closely ap-
proximated as

Yi=0.021/M, (12)

('.ﬂl - (l . |1(‘).1Ill
R9. 7!

The fractional retention appearing as
expired Rn after a single injection of
radium, as indicated in Figure §, is the dif-
ference between the single dose total reten-
tion and y-ray functions

Rnymo.s4—*~0.0211, (13

In order to best describe the results of
measurements of the expired Rn fraction
following multiple doses of radium in the
Elgin patients the continuous injection a
proximation method has been used. Again
the average number of injections (eighteen)
has been used as » for all subjects. Using
the continuous injection approximation,
the fraction of the injected dose measured
as expired radon may be calculated as
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Ruy=

The behavior of this function with time
after the end of the injection period s
shown graphically in Figure ¢ along with
the actual measurements,

This continuing difference in behavior
of these two fractions suggests that Ra
may be metabolized in at least two dis-
tinctly ditferent compartments at consider-
ably different rates. It is of interest to
speculate on the possible relationship be-
tween the more slowly metabolizing y-ray
component and the highly {ocalized areas
of high Ra concentration (“hot spots™)
which have been demonstrated in the bones
of long-standing cases.?'*# That the “hot
spots’ are mainly responsible tor the y-ray
fraction is strongly suggested since they
must also of necessity be metabolized at an
extremely low rate or their identity would
be lost. However, there exists no other evi-
dence which relates to this hypothesis,

Inspection of Table 11 demonstrates that,
in these long-standing cases of radium poi-
soning, an average of 70 per cent ot the
radon produced in the body is exhaled. All
values necessary to these calculations were
measured directly. This value of 70 per
cent radon exhaled is considerably in excess
of that of 45 per vent reported by Evans®
and presently widely accepted as a basis
for estimation of radium body burdens.
Evans calculated total radon expired on the
basis of an assumed respiratory minute
volume and the radon content of 1 liter of
expired air. It scems that Evans’ use of an
assumed breathing rate of § liters min, tor
all patients® is largely responsible for this
discrepuncy. In the work reported here o
total of 169 twenty minute breath collec-
tions were made from 19 men and 38 wo-
men under resting conditions. The resuiting
average value of 7.5 liters/min. is sufficient
to account for the above difference in ex-
pired radon percentages. The wide devia-
tion around the average of 7.¢ I’ min. (4.0
to 13.2 I/min.) encountered in measure-
ments of minute volumes shows the in-

Laxt At
o.;q.f (/—r) h’,[r—O.U:lf U._.r) S fr

18X7

(19)

advisability of using such an average value
for accurate caleulation of expired radon in
individual cases,

The reparted presence of MsTh, in many
of Faans' carly cases, may also luive cone
tributed to a lowered value tor the fraction
of radon expired. The short halt-lite (¢4.3
sec) of thoron prevents its expiration to
the same extent as radon and, in addition,
there 18 more gamma radiition assoctated
with 1 ac, of MsTh, than with 1uc, of Ra,
The magnitude of these possible diserep-
ancies has been discussed in” deeail by
Fvans.?

SUMMARY AND CONCLUSNHIN

The concepr of a well detined biological
half-time of radium in bone is inconsistent
with the long term data presented and an
alternative is offered. Previously published
mtormation, 313 which shows thae the re-
tention and excretion of radium in animals
may be represented as power tunctions, has
been extended to the analysis of compa-
rable studies in humans, The data presented
are compatible with this form as are existing
data in the literature, The use of the power
function enables the derivation of the equa-
tion of retention from that of the excretion
function or vice versa,

Where persons are exposed to soluble
radium salts at o more or less constant
level over an extended periad of thme, the
application of the power tunction may be
extended to predice radium burdens with
time or to estimate the retention pattern
following cessation of exposure,

There is substantial agreement among
students of the subject that the presence
of 0.1 pgm. of radium “fixed,” that is, not
being rapidly excreted, in the bady has not
been observed to be accompanied by
deleterious effects, and theretore this quan-
tity is currently defined as the permissible
burden for man.*® However, the relation-
ship of radium burden to time has not been
positively introduced as a tactor. The data
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presented indicate that the proper plice-
ment of the time of exposure in chrono-
fogical fime 1s of great importanee in the
prognosts af @ given case. Since methods
e available to determine both total
cacium burden and  daily  excretion ot
i, it is now possible to use the daily
coctficient of climination as an index ot
clapsed  thue since exposure ta 3 single
cquivalent dose of radium  provided, of
course, that soluble salts are known to have
heen involved and that allowance is made
tor the possibility of very recent exposures.
Thus it is possible to estimate more cer-
tainty the course to be taken with regard to
a specific individual,

The retention of intravenously injected
vidium in the human has been measured
ax 0.6 per cent of the original dose atrer
twenty-two vears. In this group of patients
there was o noticeable effect of age or sex
an the pattern observed; however, the
wroup was largely composed  of - young,
adult femades and the numbers of males
and okd adules were so small as to make the
observation incanclusive,

The behavior of the expired and retained
vadon  fractions  with  time  have  been
studicd and deseribed and the possible rela-
tionship of the retained radon {raction to
“hor spots' is discussed,

The data include measurcments of rate
af radium excretion, concentrations in bone
and comparisons of estimates of body radi-
um burdens from i tito determinations
and from measurements of autopsy or bi-
OPSY SPECIMens.

An average of 70 per cent of the total
radon produced in long-standing cases ol
riium retention i3 exhaled,
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