
ever, did not p v i d e  clear cut instances of 
poisoning w i t h  r;iiliunr itlone, since the 
Iuni inous piiin t con tainet t m ixtures o f  ni eso- 
thoriiiiii <Ri\'tn), r;utitrtIiorium (I*li'ym), ;inti 
riittiuiii 2 2 0 .  I3ec;iuse o f  the relotively short 
h;ilf-lives of iiicsotlroriwii (6.7 yeiirs) ;in11 
r;rttiothoriiini ( I A) yenrsl ;ind the conrplex- 
itv of their itec;\y scticiires, it hila Been dit%- 
cu l t  to otwih p n ~ f  of their original prcr 
portions suficient to  ;ISSCSS their contribu- 
tions to the total biologii*;il tiamage pnr 
tluced .? 

Since r;idiwir w;is regarded iis ii useful 
theriipeutic agent until ; \ h i t  twenty  yeiirs 
;two, it is still pcasiIh t o  tind signiticiint 
nwrbers of ptrtq~lc who were given r ; I c 1' 11111i 

ordly or intr;~venously. I t  is gentridly ;is- 
suiired that the Kit'% given these people 
wiis reliitively free from niesotlioriiinr rind 
riiitiot horium con t;itii in;\ tion. 

1 liere exist only ;I few scnttercti observ;i- 
tions which pertain to the qitiintit;\tive 
metabolism of rildiut11 in Iiutirilns. These 
have been sum1ii;irized by Silherstein40 and 
by .dub rt af.' Although it is possihk totiit\. 
to tind persons with ;qiprecialole riidi\lni 
burdens, there is iisu;illy no meilns of de- 
termining the origin;il dosi\gc, and other 
circumstances siirniiinding the ;idministra- 
tion often rem;iin ohscurc. 'I'hercfore, it is 
espcci;\lly signiticiint wlicn ;I g n q ~  of sub- 
jects with ;i known Iristory of r;idiiim ;id- 
ministr;ition is found. 

In I 31, P selei*ted g n ~ i p  of patients in 
the E: P gin Stiite Hospit;il, Elwin, Illinois, 
mostly dementi;\ praecox cnses, were each 
given multiple intr;ivenous injections of 
radium chloride ( I O  niicmgranrs radium 
element per dose) ;it weekly intervals over 
periods ranging fnwir t w o  to six months. 
This study, reyorted by Schlmtlt, Ncrancy 
and hlorris:' is ;rlniost unique in that the 
dosages were recorded anti the piitients 
were mensurclt for riitiiuiii retention on two 

.. 
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I \ A S I S  POK L t E A S \ I K I . L l l N ' I '  
OF KE'I 'AINEI)  K:\L)lllht 

H;diwrr ::h is ;I n:ituriilly r;idio;ictive 
clctircnt with ;i hidt-lite o f  I , 020  yeiirs. In- 
spection of its dcciiy piittcrn slitnvs that in  
tlisintcyrnting it  is convcrtnl to r;itlon, ;I 
rirdionctivc d i l e  girs, hilvitig ;I h i t l f - l i k  of 
,?.815 duys. Hiidon is prtmluccd hy r;idioiic- 
rive deciry o f  its piircnt at  ;in essentidly 
mnstimt rrite of  2.097X IO - I t  curies pcr sec- 
ond per m i l ~ m ~ r i ~ t i l  of r'i b t I' iunr. 

Since the noble gi\ses rimnot p;wticiptc 
in chemicul mirctions, ir t*i)lrsicleri\ble friic- 
tion of the rirtlon is reniovd frtm the site 
o f  production (bone) by tlre processes ai 
diHusion unci ciissolution in body fluitis. The 
work of Tobias rt uf,,u Bchnke irnd \\'ill- 
mon,' und Lmgc nnd E : v ; d R  indicates 
thmt minor lovses of rntlon from the M y  
probuhly occur by wily of tlic skin and in- 
tcstinul trilct. Pructically ill1 of the radon 
climiniition from the body is b y  way of the 
lunps and, with p m p r  instrumentation, 
this rndon may readily be meiisuttd in the 
expired uir. Thus, with itny constant set of 
respiratory conditions mnintitind for a 
rufficient time, each 1 . 0 9 7 ~  curies 
exhaled per second represents the contribu- 
tion of I microgram of rndium. The  accur- 
acy obtainable in estimating the quantity 
of radium thut  contributes to expired radon 
is limited almost entirely b the ability of 

obtain specimens repmentative of the rate 
of exhalution of radon nveragd over pe- 
riods of time lurgc compared to im half-life. 

the method of collection o r expired air to 

I)ISl'tISSION O F .  K:\ltl ,Y \\'(IRK 
O F  S l ' H l . \ ~ N I Y l '  t ' l  , I / .  

T h e  t i d y  ,lctL.rirrinutiiwis of r-1 , I 1' iuiii rc- 
tention in the F.lgin ttospit:il patients w c w  
mtitlc iisiirg tlic Iwst tcclitiiqucs ii~d cquip- 
nicnt i\vi\ilitble in I 0.1 I I :. 'I'lrcsc 11ir~is- 
iirenients o f  cxpirctl riihir ;inti cstcrn;ill\ 
detectiible gitliII11it riiys itre desi-rilwl i n  
the original pirpcr of Sclrlunrlt, Ncrancy 
and h1orris.J' Since ;ipprt~xini:itdy t w o r t \  
yews have cli\psctt between the c ;dy  work 
of these iluthom ;ind the recent iiiciisurc- 
ments rqwrtctl herein, it is well t o  cx- 
iimine the uv;iiliible inforiirarion to detcr- 
mine the deprce of ovcr-all consistency ;rnd 
mliubility. I t  nriiy be stirtnl i r t  the ol i tSCt  
that the iiuthors huvc concludnl ttriit tlrc 
early work of Schlunctt et 11. wits czwcnti;illy 
accurate, although it hits been impssiblc 
to determine the error involvctl in individ- 
ual measurements. In this evitluiition, it 
should be indici\td, mnsitteroblc weight 
has been plarcti on Schlundt's reputittiolr 
among his ussociates its iln extrenrcly tlror- 
ough, cnreful worker with wide experience 
in working with rndium. The following 
items appeur to be worthy o f  individual 
consideration : 

I .  Was the origin;rl tneirsurement of 





notat  that  the radiiini content of  these 
;inipoiiles W;IS c-lose to (1 pgni. in every c:isc. 

1 lie ;mipules were then opened ;inti the 
solutions withdr;iwn, wi th  scp;ir;ite 2 nil. 
Itieiil syringes t i t t d  ,with 13-11 No. 22 I 
inch needles, using techniques calculated 
to duplicntc hospit;d methtuls and not to 
deliver quantit;rtively. 'The syringes were 
emptied into new Pyrex ;inipoiiles which 
were then senlat off ;is were the oriyinnl 
empty ;impoules. 'l'he syringes irnd needles 
were plncrcl directly into yl:iss tubes which 
were then sc;ilai. .After ;in itppmpri;ite pe- 
rim1 to nllow r;idon equilibration the radium 
contents of  the three p;im were measured 
t i s  hcfore. 'The results (T:ible I) indic;ite 
tililt, wi th  one exception, ;ifter twenty-five 
years the radium salt was essenti;illy 1pi;in- 
titativcly in solution ;inti that UC; pm rvnt 
of  the tot:il r;idiuni W;IS delivered fmni the 
syringe. 

Since the qu;mtities o f  r:idiiini in these 
;impodes were on ly  cp per cent of the 
st;itat content, it was p;irticul;irly i m p r -  
rant to dcterniine whether this discrepancy 
could be attributed to the dec;iy of ;in ini- 
tial mesothorium contnminnnt. The ;issay 
o f  residu;il mcsothoriuni in two of  these 
;inipwlcs (Ttible I )  was ;iccomplished 
thmuyh the kiniiness of Dr. C. E:. Miller 
and hlr. H. E:. H o w h d ,  of the H;idioloyi- 
cid Physics Division of this I .;iboratory, 
who have devisat ;in ingenious methoti of 
determining hIsTli in the presence of large 
amounts of Ha by me:isiiriny the delayai 
roinciiiences of the ThC 8 pnrticle and the 
ThC' a particle. This methmi will be pub- 
lished in detail elsewhere. The results of the 
nie;isuremcnts indicntd that, in 195.3, the 
hls'i'h content wiis no  more thiin 0.05 per 
cent, ;i value which is so near the present 
liniitiny sensitivity of the instrument that 
it should only be reg;inlat ;is i\n upper 
limit. 

The half-life of mesothorium (6.7 yenrs) 
is such that ;L given quantity of hlsTh will 
be reduceti to 7.5 per cent of its initid v ; h c  
in twenty-tivc yenn. Therefore, the initinl 
hls'rh contnmin:rtion in these ;impoulcs 
mulit not have cxcemtrcl 0.66 Dcr rent. :i 

.. 
negliMilh qu:intity. 

b'iirtlier evit1enl.e of the ;ihscncc of hlit ' l i  
c.ciiitaiiiin;itioii in the r;idiiini prcp;ir:itioiis 
~tscd  in  the F.lgin t lospiral study is supplied 
by the fact thst e;irlicr piihlic;itions L y  
Schliindr ~ I / . ~ J  ctcsl*rihcd tlic detection ot' 
thoron, ;in isotope o f  l h  pr(d1iceti through 
decay o f  hli l 'h,  i n  the c s p i r d  ;iir nf pcr- 
sons contnining hls'l'li. Since the ;ippiirii- 
tus was essentially the s m i e  i n  hoth strdics 
i t  is pmbi\hle that the prcsenc*c oi siyniti- 
w i t  q1i;intities o f  btsl'li :ind its tiaughtcrs 
would hnve heen clctcctcd in tlic F.lgin stu-  
dy. 

.Another such iniiic;ition is tlr;it ship 
nients of rd i i i i i  froni the 1'. S. I<;rtliiiiii 
C'oqxmtion to ret;iil ciutlcts, including the 
Chicago vendor of interest liere, \wrr :it*- 

conipnia i  by ;I certiticate wiiic*h s t i i t d ,  
T h e  g;uiim;i r;iiti;ition irciiii tliK prrp:ir;i- 
tion is due entirely to r;diiiiii ;inti its tlcriv- 
:\rives ;ind not to ii~esothori~ini or  ;in? of its 
disintegration pndiicts. 

A s  iiicntionat i1lbovc, it hns Iwen inrpbs- 
sible to dcterniine the ermr in individu;il 
i1etcrtiiin;rtions which ni;iy 1i;ive been pres- 
ent in the early work o f  Schlundt, Ncr;incy 
;ind h l o r r i ~ . ~ ~  However, cert;iin observ;i- 
tions which iniiic;ite the results w r e  yen- 
ernlly correct ;ire presented in the follow- 
ing text. A s  st;iteit in their origiii:rl p;iper, 
the calibriition of the \Yulf-Hcss cler*tmtii- 
eter used ior tlctcrnrining the nonemi- 
niiting r;idiuni irnctioii \viis Ixised u p i i  
the results o f  I vcs, Kno\vles ;inti I3ritten': 
w h o  u s e d  ;i iiuplic;itc instruiiicnt. 1 lirsc 
;iuthors, i n  ;iilditi& to working ;iy;iinst 
known ractiiiiii sources, checked their 
cn1ibr;ition ag;iinst r d o n  seeds iiiipl;in tcd 
in ;i cadaver in pmpr t ion  to skeletal iiiass. 
They dso iliilde observiitions of the r;itc of  
fall of their electnmicter 6her prtduced 
ridiuni sourc-es ;it tiscli dist;iiiccs ;ind tle- 
terminctt that :i r;itliiiiii source pl;icril 
3 7 4  cni. fnmi the iiistriiiiient ~ ~ ~ ~ d i i i ~ t l  the 
same reuling ;is ;in cqiiiv;ilent ;iiiiount of 
radium distributed in  ;I c;itl;ivcr under their 
conditions of iiie;isurenicnt. Srhlundt, Nr- 
rnncy ;init hlorris repxtcd thest mxtsiirr- 

I. 

.. 

r - - -  , mcnts  of sources us'ing their o w n  instru- 
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urenicnts the avernge percentnye of the 
ret;iincxI r;idiiiiii :ippenring ;IS expired 
r;illon \V;IS $8 per rent nnd six iiionths later 
W;IS $+ per cent. 1 he tiieasurenients tnnde 
by the present ;iuthors showed this value 
t o  Ire ahout 70 px cent after twenty ye;irs. 
Since ;dl espericnce,'" ;IS well ;is iinyuh- 
Iished cI;it:i (rib i)tfrtiI of the present ;IU- 
tliors ol)t;iineti froiii dogs in which this 
f;ictor w;is speciticnlly stwlial, shows th;it 
the 1ii;isitiiiiiii perccnt;ige esh;il;itioti of 
r;itlon occurs at thc endiest times after in- 
jection ;ind tiel-re;ises there;ijter, it f ~ ~ l l o ~ ~ s  
th;it the e;irly v;iliies of Schlundt s h o d t t  
have been in excess oi later w h m ,  ;IS is 
lwrne out Iry the coiirl)ine.tl ilntii conipileli 
in T;i& 11. 

This review of the e d y  work with  the 
F.lgin Hospitnl patients reveals no reason 
to suspect any major source nf error. 
F.x;iminntions of rndiwii ;impoules pre- 
p;ireil for injection dmut 192s indicate that 
i n  the Elgin study ;tbout 4 per cent oi the 
intended 1los;rge may hnve been lost in the 
syringe ;inti ;impoule :ind that the ;ictu;il 
rndiuiii contents o f  the ampoules m;iy have 
lreen nloout I O  per cent Inwet than the in- 
tentied ;iiiioiin t. However, these tindings 
can Ioe rcg;irited ;is little inore thnn indica- 
tions ;ind in view of lack of iiiore tiet;iilcli 
infomiation ;ihoiit the early work, no cor- 
rection for these possibilities has h e n  
;tpplied. 

.. 

XlKASURESlENTS IN THE C'UKREN'I' S'I'Ul>Y 

In :in e t h t  tn reduce sampling etmm 
c;iused hy vari:itions in respiratory ;ictiv- 
i ty ,  in the detcrinin;ition o f  expired r:ilion, :I 
niethcd was cievised in which ;dl the r;idon 
expired in ;I period oi  twenty niitrutes W;IS 

q\i;intitstively ;idsorbed ;it low tempera- 
ture on ;ictivated coconut ch;irconl. This 
technique ;itfords rel;itively I;irgc quantities 
of r:idon so that  instritment;il sensitivity 
is not ;I \mhleii i  ; i t i d  pmiiits t i w i  . surenicnts 
o f  the tot:il volwiie of gas espircd Juring 
the snnipling. The ;lver;ige iiiinute volume 
tietcrniitirct in 5 7  p;itients was 7.5 liters per 
minute which is 111 e s c e h t  ;igreenient with 
the value :issuiiieit hy Schliintit tat CJI. 

I 1 3 3 5 1 1  
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I . 1  1 ..I 

- _  _--- 
1)iual Ieniur 
I'nimmal tibia 
I)imtal tibia 
Fiwt Inmra 
Ifniinial 6hula 
Calcaneus 

--- 

3.4  2 . 8  

Fibula 
'Sihia .I I .I 

(R.W.) 

0.6 

I n  viva nicuummrnt in IY(I hy Auh, E v a ~ ,  Hempkmann and hhrcland.' 

The ndsorbni radon wns removed from 
the chrirconl by heciting and flushed into 
one o f  it tfud set of ionization chambers, 
runnectcd to ;t Lindemtin-Ryenon elec- 
trometer (Fidlil's dnign-purchased- from 
the Cambridge Instrument Co., Grand 
Centrnl Terminal, N. Y.). The instrument 
h i d  been previously calibrated against 
radon from radium solutions furnished by 
the National Bureau of Standards. The  
standard deviation of repeated determina- 
tions of expired radon on single patienta is 
estimated as f 14 per cent." 

The nonexhaled radon was measured to 
an accuracy of about IO per cent through 
its gamma-ray miaaion using a calibrated, 
thallium activated, sodium iodide, c r y d  
scintillation counter.n 

RESULTS ANI )  DISCUSSION 

The 19 patients who were still ;tpii;lble 
of the original 32-injected by Schlundt, r: 
af. were-r&easured for radium content in 
Muy, 1951, and q a i n  in July, 1 9 ~ 3 .  This 
waa 235 months, and 261 months respec- 
tively, on an average, nfter the last injec- 
tion received by the patients in  1931. T h e  
meluunments were made in the Veterans 
Building of the Elgin State Hospital uring 
the methods just mentioned. The results 
arc presented in Table 11 along with the 
earlier data  obtained by Schlundt et a/?* 
For convenience of the reader the code 
le t tvr  referring to the patienta have been 
ntained exactly ns in the original manu- 

M,mt of the patients were cooperative 
8Cript Of  X933. 

I 1 3 3 5 1 3  
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TIME AFTER INJECTION (DAYS) 

Reductions in respiratory activity woiild 
presuiii;ihl y c;\iise the c i p p s i  re response. 

Since the "power function" can be used 
to describe over-;rll r;diiini niet;ibolism in 
:tnimnls, ;in ;ittrnipt was m;itlr. to treat the 
h t a  fnrm huin;ins in the siiiiie i;ishion. 
This trc:itnient is presented with the renli- 
zntion that  the ftrnction nxiy h;ive no per- 
ticul;ir signitic;inw insof;rr ;IS the prrcirr 
eliicidation of nict;iIiolic lreluvior is con- 
cerncd. Such niiglit lie lictter expressed ;IS 
the sun1 of ;t Inrgc niiiiilrcr o f  expinentiids 
;tnd, indetd, the h t ; i  iii;iy Ire fittrvl Ly such 
;I iorni. However, our iiidrility to h l  with 
the expnenti;il toriii, Iroth froni tlie st;inll- 
p i n t  of Iit1.k t r f  inforni:ition ;inti ttic 
coiii pu t ;I tion ; \ I  ditliciil t ics ciici r u  11 t cret l i 11 

1 1 3 3 5 1 5  
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T~n1. t  V 
CONSTANTS O F  THE R E T E N T I O N  FUNCTION OF R A 1 ) I I ' M  I N  I 4 l f M A N S  

I 
Single tlosc approximation Contintioris injrction appmximarion 

- I____ -.-_____ No. of 
injections 11 A b 

Patient 

Gan~aic mean and wociated pr cent error. 
t Arirhnmic mean and u o c i a d  r t a n d d  m r .  
$ Further approximatiom did not eive a better fit than dmady obtained wing the cnnrtanh lmni the iingie dose appmrimation. 

empirically analyzing such a mathematicril 
model, caused us to resort to the "power 
function" representation which describes 
well the available information, requires 
simple mnthmatical  manipulations, and 
allows the estimation of simple statistics. 

The  method of injection to which the 
Elgin group was subjected differed some- 
what hwn that  used in the animal experi- 

,A ments. The Elgin patients received mui- 
>:'ti k equal dosages a t  weekly intervals 

w 1 ueu the animals were given single in- 
jcctions. However, the information derived 
from experimental animals allows the 
Oonstanta amiated with the retention 
pttcm in humans resulting from a single 
~ t r a v c n o u ~  injection of radium to be 
determined, pmvided the following as- 
mamptionr arc made: 

(I) Each doac LJ handled in like meta- 
boiic frbhion. 

(a) Neither a single dose nor any com- 
bination of doam h a  an effect on the 
metabohm of other doses. 
The retention function associated 
witit each injection is independently 
'0uctibai by the relationship: 

(1) 

R,* ir retention at t unim of 

? 

time after injection, q is the quantity 
injected, .I is ;i' constant which is 
q u a l  to the fraction of '7 retained 
when t is equal to I ,  ;inti I is ;I neyit- 
tive constant. 

Following these assumptions, if ) I  re- 
peated doses, qi, are given a t  times ti 
( i =  I ,  2, 3, . - , n) then the retention, 
R,', a t  some time r-r.+AtL I will be: 

i-l 

When all values of qi arc q u a l  to q, ex- 
pression (2) simplifies to 

9 

1-1 

Equation (3) gives the retention at ;my 
t h e  t=tm+At&x after n q u a l  doses in- 
jected at times ti and describes exactly the 
retention of radium in the Elgin patients 
under the above assumptions. For pur- 
poses of comparison retention is usually 
exprcased as a fraction, R,, of the total in- 
jected dose. The equivalent expression is 
immediately obtained by dividing (3) by 
"9. 

(4) 
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t iowever, 1)ec;iirse o f  the compiit;itionnl 
ctitticulties iissociateci witti expressions (,l), I o I 1 
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I.]), ;inti (41, the estimiition of the reten- 
tion const;ints, ..I and I ,  the use of these 
cqu;itions i s  inipr;ictic;il. 

Gr;ipliic exiirt1in;ition o f  the vehiivior of 
F.qiintion (4) demonstrates that after some 
period o f  tinie, depending upon the value 
of I, following the u th  injection, the con- 
tribution from ench eqii;il injection to the 
total retention will be very nearly the same. 
Inspection of the ci;it;i indicated that thc 
most pmhhle value of b lily between -0.6 
;inti -0.4. Using these two values of I and 
wi th  11 equal to 18 (the average number of 
injections per patient) the behavior of K, 
in Equation (4) with respect to time was 
determind graphically. This indicated that  
by IOO to 200 days after the last of eighteen 
consecutive weekly injections the frnc- 
tional retention pattern is essentially that 
arising from the single injection of n quiin- 
titv nq given a t  time r-0. Thereafter R ,  
may be closely approxim;ited ;is 

R: -AI'. ( 5 )  

Since the majority of Schlundt's meas- 
urements were made later than IOO days 
after the last injection, the "single dose 
approximation" (Eq. 5) wn's applied to the 
analysis of  the multiple dose data, using 
the method of Ieast squares on the log 
transforms of both R, and t (in days) to 
estimate the constants (A and b) of the re- 
tention function. From t h e  Elgin group, 8 
patients were selected for whom three con- 
sistent (l8>h>h, 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 
(rr- 18, b- -0.53 and A-0.58). 

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 acrica of 
diacrete injections and the retention that 
would be measured if the aame amount of 

a 

FIG. .I. Retention -of radium in Elgin Hospital pa- 

-- Sin& dose approximation KI'=o.58t-.U 
Summation of multiple injections 

TIWE AFTER FIRST INJECTION (DAY9 
- 

tients. 

Eq. (4) using average constants erti- 
mated by the "single dore appmxima- 
tion." 

- - - Continuous injection 

RF'I-  ( I  - I 8 X7)-Wr. 
18x7 sl'x' o 

This continuma injection function ia 
plotted with an adjurhnent in the time 
rn le  which placer the timer of the d k  
Crete injection8 at the meanr of the 
equivalent continuour injection period% 

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

Where A and b arc constants of t h e  reten- 
tion hnction Mowing a single injection, 
r is the dummy integration variable with 
T being the total time of continuous injec- 
tion (equivalent tu the number of discrete 
injectionr timea the intvval between in- 

i 1 3 3 5 1 1  
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TIME AFTER ADMINISTRATION (DAYS) 

I;IC;. 4. T h e  1inc.a rcprrscntinp the cwfficicnt of 
clitilitiation (ir:rcticin (it' Iwnly Ircirdcn cxcrcttd per 
,l;iv\ ;inti t h r  irartitin 01' the i n j r r tn l  dose excreted 
I y r  t h y  a rc  derived directly from the cquation of 
rrrcnticin ( 7 ) .  'I'hcx plots :ire comlwct l  with cxirt- 
i n r  t h t a .  
Hrtcntion (ir;iction of injrctetl t l c n c )  

-- Current stutly -;ivcr;iNe of F.lgin p t i c n t s :  
K,=o.Qf-." 

A Ctirrrnt  stiitly --early mc:isurcmcnt refers 
to C;isc V I I  of Ih rkc r  :ind Schiuntlr' 

v Current  study-C;isc I I I  of Hnrkcr :inti 
Schlu ncl t '  

x H;irkcr :ind Schliinclt ( o r d  and  intrnvc- 
noli s) a 

+ Stevens (intr:ivcnorisP 
I ( k t t l c r  ant1 Norris (or;iI)lO 

Ctwtlicicnt of climinntion (fr;iction of lwntv Iwrclcn 
c x c m t d  per tiny) 

4 Current  stuitics--;ill suhjccts 
Schliindt and  1;:iiIl:i (dial p in tc rs )"  

V h l i ,  E w n s .  (Li1l:ighcr ;ind Tihlwts (in- 
t r a v e n o i ~ s ~ ~  

A ..\ulj, F.vans, (;dl:iKher ;mtl T i l h c t s  ( t i id 
pnintcr)' 
A r i l t ,  F.v;ins, (;iillaghrr :mtl l ' i lhets (HaCl, 
in ha I:I tion) 1 

Viiirics c;llcril;itctl followinK Evans' ;is- 
sumption of w r y  representing 5 5  per cent  
of'thc total in the  first ant1 last instances. 

jections) in the same units ;is f ,  ;mil 
C=rrq 'f is  the r;ite c,i injection. H y  ;I 
method o f  successive Ic;ist squ;ires :\\I- 
proxini;rtions, const;iiits ../ and b can Iw 
estini;itcd. This i i icdcl ~* i in  be gener;illy 
applird under tlie ;issuiiiptions nintlc ;iI)ovc 
and will  give iinbi;ised rcsults ;it ;dl tinics 
over its interv;il o f  dctitiition: wlierc;is, the 

single dose ;ipi~roxiiii;ition" will incluilc ;I 

bias unless tlic titiies ;it wliicli retention 
me;isurcments ;ire ni;iilc ;ire sever;iI i i iontlis 
renioved iron1 the tinic o f  the I;ist injec- 
tion. Tliis niethoil gives cstini;ites tri . I  ;intl 

h th;it ;ire i n  close ;igrcciiieiit w i t h  those o l ~  
t;iinctl using the "single dose ;ipprosiiii;i- 
tion" niethod ;in11 i n  c;ises oi rcpc;itcil or 
continuous ;idiiiinistr;itic,n provic-lcs ;I more 
tr;tc t ;il)le 111 ;it heni ;it i c x l  s y s teiii oi c;iltwl;i- 
tion. 'I'hc constants i o t d  using this ;ip 
pro;ich are conip:irctl in 'I';iIrlct. ; int i  i n  
Figure -1 with those oi)t;iincit by the ;iltcr- 
n;i rive m e  tliod. 'I'he conip;i t i ldi  t y I)e tween 
individii;il retcn tion v;iIucs ;ind the eriipiri- 
cnlly derived retention function using the 
continuous injection ;ipl"oxin';itioii was 
found, I)! L'hi-squ:ire, to Ire exceptionally 

1 t m;iy be noted that the two functions 
are plotted in 1;igw-c .; for eighteen weekly 
injections, which is the ;iver;igc nuiii1)er 
given the H patients, the d;it;i from whoiii 

are used in the previous iii;itlieiii;itii.;il 
an;ilyses. T h e  :iver;ige nuni tw of injections 
for all the Elgin patients is 19.8 ;ind since 
the curve isonly slightly displaced by some- 
whit incrmsing or decrc;tsing this nuiiiber 
i t  is permissii)le to plot ;ill tlie ;iv;iil;ible 
retention d;rtn froni tlic F.Igin group on 
this graph using lI1- ;is being equivalent to 
I. for each p;iticnt. 'I'his is clone (1;ig. .;) 

a .  ' 

goo11 (0.80 < I' <o.cp). 
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using the t i i i i  sciietliile origin;ill y p I 1 -  

lislicd.27 
'I*hc ~ ~ i n ~ t ; i t i t ~  Jerivcii trom the two 

irictlioils ot iii;itlieiiiiitic.;iI analysis itre 
;iverayeil to give ;i hest estini;ite ot the re- 
tention pittern ot  r;diuni in huninns :is a 
function ot tiiiie i n  il;tys ;iiter ;I single in- 
tr;iveiious injection. 

K,=o.cJ . 8 =  I> I .  ( i l  

1 he use o f  the power function has the 
;iilv;mt;ige th;itl given either the eqwtion of  
retention vs. time or  trnction injected dose 
exrreteil per tI;iy vs. time the other nxiy be 
readily derived. I II the inst;mce of these 
il;it;i on Iiumntis, where the retention line 
1x1s lwen derivetl experiment;dly, the eqii;i- 
t ion i ) f  rl ie line detining the tr;iction o f  the 
injected dose excreted per i h y  ;IS ;I function 

e .  

1'3- 

ticnt 

Per 
ccn t 

in fcccs 

ot time m:iy \)e obtained h y  ititkrentiating 
the equ;ition oi retention (5) which gives 

o r  substituting the ;ippropti;ite const;ints 
froni E:qu;ition (7). 

,. 1 he retention ;ind excretion functions ;ire 

dr;iwn in Viyiire .+ according t o  ).:quiltions 
(7) :ind (9) respectively ;ilony with pre- 
vioiisIy pubIished &ita tor comparison.' ( I t  
p;\rticulnr interest are the ;wtu;il excretion 
th tn  from the F.lgin patients (see 'Tnblr v i l  
which are shown to bc in g(x)tI ;rgreernent 
with the prediction. 1);it;i from the ;in;ilysi> 
of exrretn of pit ients  other thnn the Hgin 
group have shown that  no more than -1 per 
cent of the total radium excreted in long 
st;indiny rases is elimin;ited via the urini 
(seel'able V I I ) .  This  tintling is subst;inti;ill\ 
the same ;is that  reported h y  .+lib rt 01.' ;in& 
b y  Hajewsky :inti hluth." 'Therefore, onl! 
fec;il specimens of the F.lyin patients wen 
;m;i I ymi.  

I t  should Iw notel that dchnuuh p.quatinn (14) ir d d v  rat 
equation. I I  cannot Iw uinl  to culcularc excretion in any a m  
,lay at rim- rlmc tu the tinir #It' ailminintratinn. 'Thin shniild I 
done Iiv inregrarion of (9). nanicly hy uaing (;). 

I I 3 3 5 1 9  



'l'hc cocficicnt o f  elimiixitioii (fr;rctioii ot' 
the totiil Iitrly riitliiinI excreted per tI;iy) 
11iiiY Ire c i i l~ i i l i i t~ t l  1 ) ~  dividiiiu I~,qii;ition 
(H) I)! F.11iiiititiii ( 5 ) .  

J R ,  
111 IAit' I b 
. . ... . - - -0 .52r  1. ( I O )  
h'c  .it' I 

h'rwii the wily this equ;ition is tlcrivctl, tlic 
slo\rc o f  the c.orrcs\r)iitliiig line is ;ilw;iys - \ 
reg;irtllcss o f  the slolic ot' the retention line, 
the only  v;rriiitioli I)ciiig i n  tlic intcrcrpt. 
I Iris line is i i h i  tlrii\vl\ in 1;igiire ,+ iinll 
wrrcspinrliiig datu tlerivcll frciiir otlicr 
workers iirc plot ted for t*onip;itison. (hie 
W i l l  lltitc thilt gcMili i\WrCCIllCl\t is ;ilSci Oli- 
triincd in this CiisF. 'I'lrc i h t i r  o f  .4uli ct ,de' 
obtained from i\ 111iiII who hi i t l  inli;iletl ii 

y\rantity of tiidiii11\ clrlciritlc ;\lso follo\v this 
p;i t t ern closely, indicit t ing t hi\ t in hi I;\ ricin 
oi it soliililc scilt is followctl b y  r;ipid s c h -  
tioii i t d  rcmovul fnbtli  the I\llig its oppiscxI 
to the behavior noted liy M;winelli rr ti/." 

ftillowinM inhihtiotl of inaoliible rtitliiiiii 

I f  ;r person receives uniform daily injet*- 
tions or cxmtiniious i\dniinistrntion of 
mdium chloride over n period of tiiiie, t i i t  
rndiunr burden i\t irny time t in dirys while 
treatment is cmntinuing miry be cnlculutnl. 
For this purpose Equation (7) is multiplied 
by its differential element, dc, und inte- 
grated from one to r. 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 g i v a  

- - -  

. .  

SUI f i b  t e. 

R,-C[I,I1(F"-l)+O.~~) rZ1. (11) 

This function would be particularly urc- 
ful if aFplicable to rituations where the 

ts an approximately conatant 
rubject amount lnF o radium daily, as ir the CMC with 
the naturally occumng radium content of 
W and water, Although it ir o r d i n d l y  
conridered that the retention of o d l y  
odminirnred radium is less than with in- 
travenoui injection, there ia little or no 
direct i n k m a t i o n  to rubrtrntiate this 
belief in the CMC of humans. On the con- 
trary, i t  may be rcen by reference to Figure 
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illustr:rte the rlisporportionation of the two 
fr;rctions tis ;I function of time. 

Since the y-ray fraction in dogs was 
found to continue 11s R straight line func- 
tion with time on the loy-log plot while the 
expired Hn fraction did not, it is reasonable 
to ussume that the same situation exists 
with respect to the human data. Therefore 
the quirt ion of the ?-ray fraction has been 
derived using the "single dose approxima- 
tion" method described earlier. Because of 
the small negative slope which exists in this 
case, the error in the measurements taken 
close to the last injection is amall and the 
equation of the y-ray fraction following a 
single intravenous injection ia closely ap- 
proximated as 

r, - 0.01 If-". (1%) 

The  fractional retention appearing as  
expired Hn after a single injection of 
radium, as indicated in Figure 5, is the dif- 
ference between the single dose total reten- 
tion and y-ray functions 

In  order to best describe the results of 
m e n s u m e n t r  of the expired Rn fraction 
following multi le dosea of radium in the 

proximation method has been uscd-Again 
the average number of injections (eighteen) 
has been used as n for all subjcctr. Using 
the continuoua injection approximation, 
the fraction of the injected dose meuured 
as expired radon may be calculated u 

Elgin patients t K e continuous injection a p  
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.. I lie l)cli;ivior o f  this fi i t rc*t iot i  w i th  tiiiic 
;\fret tlic end of tlic injection pried is 
sliown gr;ipliii*;illy i n  b'igiirc I ;ilotig w i t h  
tlic ;ictii;il iii(';isiircIiiciits, 

I Iris i*ontitiiiitrg tlitfcrencc i i i  I)cli;ivicir 
of tlicsc two ir;iutions suggests tli;it ltii 
ni;iy be iiiet;il)oli~cd in ;it 1c;ist t w o  dis- 
tinctly ditfcrent ~.(iiiill;trtiiictits ;it consider- 
a b l y  clitfcrcnt r;itcs. I t  is o f  interest to 
s\jcl*\lliitc 0 1 1  tlic Iwssiblc rc\;itiotisliip he- 
tweet1 tlic wire  slowly tnctiil)olir.itig y-riiy 
w i i i p w c t i t  ;imI the highly loi-;iiiml ;ire;is 
of high Ita ninccntratioir ("hot spots") 
which 1i;ivc licen detiionstr;itcil i n  the I)otres 
of long-st;intlinp t-;ises,'-1?.2% 'l'liii t the "lit)t 
spots'' ;ire niiiinly rcspinsildc for tlic y-wy 
frxtion is strrmgly sitggestt-d siri1.c they 
t i i i is t  ;ilso of iwccssity lie nict;il)oli/.ed ;it ; in  
extremely I t iw  r;ite or tlicir iilentity woiilil 
bc lost. I lowever, there exists no otlier evi- 
tlencc wlricli rcliitcs to this hypdresis. 

lnspcctioii cii l';ilde 1 1  t1etnoiistr;ttcs tli;it, 
in these long-st;iniliny cirscs o f  r;diittii poi- 
soning, ;in ;i\*cr;iyc of 70 per cent of the 
ridon pmdticed in the Imty is exh;tlctl. .VI 
values necessary to these calciil;itions were 
measured directly. 'I'his \miil\lrt of 70 per 
cent radon exh;ileil is considcr;rl)ly iii cxcess 
of thirt of 4s per cent r ep r t ed  hy );.v:insy 
nnt{ presen tly widrl y ;rccepted ;is ii biisis 
for estiiiitition of r;itliuni Imly  1)urdens. 
Hvnns c i i l ~ i l l ~ i t ~ t l  tot;il r;idon expired on the 
bnsis of &in :issumctt respir;rtory ininure 
volume iind the radon content of I liter o f  
expiml air. I t  scenrs thnt Kvans' use of ;in 
Itauumcti lmsithing rate o f  5 liters tiiin. for 
1\11 pn t i end  is  li\wel\. rcspmsihlc for this 
cliscrepuncy. In the work rclwrted here ;I 
totlil of 1611 twenty tiiinitte breath collec- 
tions were niudc froni 10 nicn cind 38 wo- 
men under m t i n g  contiitions. The resulting 
nvercrge vitluc of 7.5 litcrsjnrin. is sutiicicnt 
to accoiint for the i i hve  difference in ex- 
pired radon percenttiyes. The wide tleviu- 
tion amiind the tivetage of 7.5 I,'min. (4.0 
to 13.3 I/min.) encountercd in merisure- 

.. 

me& o f  minute volumes shows the in- positively intrtwlitc*rul ;is ;I f;ictor. *Islie tl;it;i 
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