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A knowledge of r ad ia t ion  dosage from rad ioac t ive  substances deposi ted i n  
t h e  body i s  important  bo th  i n  t r a c e r  and i n  therapeut ic  appl icat i .ons of t hese  
substances. In  tracer work, it must be  assured t h a t  t he  r a d i a t i o n  i t s e l f  does not  
in f luence  t h e  phenomena being s tudied,  and, i n  inves t iga t ions  w i t h  human beings, 
it must be  c e r t a i n  t h a t  t h e  r ad ia t ion  administered by the  t r a c e r  i s  n o t  s u f f i c i e n t  
t o  produce damage. 
type  o f  i r r a d i a t i o n .  

I n  therapy t h e  same cons idera t ions  apply as w i t h  any other  

I t  would b e  high1;y des i r ab le  t o  express these  doses i n  roentgens,  bu t  t h e  
roentgen as now def ined  .appl ies  only t o  x- and gamma rays. 
therefore ,  an i n t e r i m  u n i t  i s  t o  be employed, c a l l e d  t h e  equiva len t  roentgen, t h e  
amount of  r a d i a t i o n  which (under proper condi t ions of measurement) produces the  
same amount o f  i o n i z a t i o n  i n  one gram of a i r  as one roentgen of x-rays. (This i s  
e s s e n t i a l l y  t h e  same as t h e  rep.) 
equivalent  roentgen may be  considered as s u b s t a n t i a l l y  t h e  same, and f o r  conven- 
ience  when t h e  sum of be t a  and gamna doses from a p a r t i c u l a r  i so tope  i s  discussed, 
t h e  t o t a l  w i l l  be s t a t e d  i n  roentgens. 

For t h e  present ,  

For c l i n i c a l  purposes t h e  roentgen and the  

For x-rays, dosage measurenents may be made experimentally;  t h i s  i s  a l s o  
t r u e  f o r  c e r t a i n  methods cf  us ing  radium or radon i n  sealed conta ingrs r  
Substances, moreover,dosage t a b l e s  have been cLlculated,  on t h e  b a s i s  of the  
experimentally determined value f o r  t he  r ad ia t ion  a t  1 cm. from a def ined po in t  
source. I n  t h e  case  of radioisotopes wi th in  t h e  body, t he  s i t u a t i o n  i s  q u i t e  
d i f f e r e n t ;  t h e  m a t e r i a l s  a r e  deposi ted w i t h  some degree of s e l e c t i v i t y  throughout 
c e l l s  o r  organsc Eowever, whm t h e  physical f a c t o r s  of ha l f  l i f e  and r ad ia t ion  
energies  a r e  known, toge ther  w i th  Fhysiological  f a c t o r s  of uptake and excret ion,  
it i s  poss ib le  i n  some cases  t o  make s a t i s f a c t o r y  est imates  of t i s s u e  dosage. 

For these 

The mathematical approach t o  the problem i s  q u i t e  d i f f e r e n t  f o r  isotopes 
emi t t ing  only 0 p a r t i c l e s  and f o r  those which also emit T r a y s .  
i n  t i s s u e  of t he  most pene t ra t ing  p p a r t i c l e s  used i n  medical work  i s  1 9  mm f o r  
K-42, and the  average rango f o r  r ad ia t ion  of t h i s  type only a few m m ~  Hence,in 
genera1,P-emitters give up t h e i r  energy i n  the  organ or  t i s s u e  i n  which they are 
deposi tedo The?'.-rays, on t h e  other hand, may be  very penet ra t ing ,  s o  t h a t  most 
of t h e i r  energy i s  removed from the  region i n  which the  i so tope  i s  deposited. 
Q-problem i s  r e l a t i v e l y  s:tmple; t h e  T-problem q u i t e  complex. 

Consider a mass of t i s s u e  l a r g e  i n  comparison 
t o  the  p - p a r t i c l e  range ( i . eo ,  of l i n e a r  dimensions more than a few mm.) having 
2 c e r t a i n  Q-emitt ing i so tope  d i s t r i b u t e d  wi th in  it i n  a concen%ration of 1 u c  per 
gm. o f  t i s sue .  Le t  % p  bo t h e  average 
cnorgy OS t hese  P's, i n  ki3v. Then t h e  t o t a l  energy emitted per  gram per  second - 
37000 x EB x 10001 1.62 x 10l2 ion p a i r s ,  and each ion  
p a i r  requi res  32.2 e l e c t r o n  v o l t s  f o r  i t s  production. 
per  second = 

The maximum range 

The 

p- and p o s i t r o n e m i t t e r s .  

- 1 pc emits 37000 f p n r t i c l o s  per  second. 

One e q u i m l e n t  roentgen 
Hence t h e  equiva len t  roentgens 

- --_I- -_ 
I 1 

The 

f f 4 

- 7 -  - 37000 x E x 11300 

1.62 x 1OI2 x 32,2 
equiva len t  rocntgens per  minute 7 

E P  - - 7.1 x 10 4 

E p  f 4.25 x -7 - 60 x 7.1 x 10 
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If the r ad io i so tope  remeins i n  the t i s s u e s  f o r  t o t z l  deczy, then the  t o t a l  err .  
a r e  found by mul t ip ly ing  t h i s  number by the average l i f e  i n  minutes, (Average 
l i f e  = hal f  l i f e  x 10.4sC3.') 
minutes c:'10.443 x 24 x 60XT t 2080 To Hence the  t o t d  e a .  = 4,25 x 20-5 &? X 
2 0 8 0 ~  t 0,088 E6T, where kb is i n  kev, T i n  days,  and the concent ra t ion  is 1 p C  
P e r  Warno 

Page 2- 

If 9 is half  l i f e  i n  days, then average l i f e  i n  

For o t h e r  concent ra t ions ,  the dose i s  propar t iona l  t o  the yc p e r  

Values of end of T, as m l l  as other u se fu l  i n f m a t i o n ,  are given i n  
Teble 1. 

As an excomple of t h i s ,  consider a 70 kg. man t o  whom has been administered 
4 mc. of P-323 essume t h s t  i t  is uniformly d i s t r i b u t e d  throughout t h e  t i s s u e s  a d  
thEt there i s - n o  exc re t iono  s, : m0 kevt  T = 14.3 days. 

x 0.088 x 700 z: 14*3 t: 50.3.r, 

For any t i m e  i n t e r v a l  less than t o t e 1  decay, t he  dose i s  p ropor t iona l  t o  
the f r a c t i o n  of t h e a z t o m  which have d i s in t eg ra t ed .  
t h e  d i s i n t e g r a t i o n  formula, o r  from- a decay curve, 

This cen be obtained fram 

For d i f f e r e n t  concent ra t ions  i n  d i f f e r e n t  organs, each must be considered 

Consider an i nd iv idua l  who has received 1 mc. of c 0 - 6 ~  in; which 

i t  is  uniformly d i s t r i b u t e d  i n  the  bone, and t h a t  t h e  ske le ton  

separately.  
concentration. 
t he  concentration i n  bone i s  assumed t o  be 20 tines as greet as i n  m y  o the r  t issue.  
Assume a l s o  t h a t  
is  1/10 of the body weight. 
as great as the  remaining 9/10 meens t h e t  the 1/30 must take up approximately 2/3 
of the  e n t i r e  mount .  

I n  g e n e r d ,  one is concerned mainly with t h e  t i s s u e  of greatesU 

For l / i O  of the body t o  heve c? concent ra t ion  20 times 

For Ca-45, Et : 100 Rev; T = 180 days, The e a e  t o  t h e  
IC 0,088 x 180 t 150 

bone =% 
~-r?.y emi t t e r s ,  As i n  the  case  of i n t e r s t i t i a l  radium sources ,  t h e y = s a y  

For radium, i t  has been determined exper- 
dose depends on t h e  d i s t r i b u t i o n  of the mter iP .1  within a given volume and on t h e  
absorption of the r z y s  i n  t h e  t i s s u e .  
~ e n t e l l y  t h c t  a p o i n t  sc)urce a t  a d i s t m c e  of 1 cm., f i l t e r e d  by 0.5 m Pt. g ives  
8.4 r p e r  hour, m d  ell dosege ca l cu la t ions  are based The corresponding 
vzlue c m  be ca l cu la t ed  f o r  each y-ray emitter, on a basis of t h e  nunber end 
energy of the Y-rays emitted p e r  d i s i n t e g r e t i o n ,  and the absorp t ion  and s c a t t e r i n g  
coe f f i c i en t s  of these 
pe r  nc-hr. 
Isotopes;  11 P r a c t i c a l  Considerat ions i n  Therapy and P ro tec t ion ,  h e r i c m  Jour. 
Roentgenology m d  Radium Thsrz.py, Feb. 1948). 
pc 
1,443 x T x 24 x Ty . 
These velues f o r  I y-c destroyed, i n  air, z re  tabulc?ted as Ky, 

throughout the volume, i n s t e a d  of being concentreted a t  a point, ,  the  dosage formula 

' e OF,,, where p is  the  absorp t ion  coe f f i c i en t .  

on t h i s .  

i n  air, Some of these are given i n  Teble  1 as 1, i n  r 
(For  detai ls  of ca l cu la t ion ,  see Dosage Determinations wi th  Radioact ive 

The t 0 t P . l  Yoray dose de l ivered  per  
a t  a d i s t ance  of 1 crnc i n  a i r  would then be I, x average l i f e  i n  hours, Z 

For 1 vo, of course3 i t  would be 0.001 of this or  34.6 IY T. 
(Table I) 

Vhen the m a t e r i c l  i s  deposited i n  t i s s u e ,  i n s t ead  of a i r ,  End d i s t r i b u t e d  

per  pc destroyed becomes - 
DT - KT ;-& 

,a' v 
i n  t i s s u e ,  V the  volume i n  which t h e  ms te r i a l  i s  d i s t r i b u t e d ,  m d  r the d is tance  
t raversed  i n  t i s s u e  by my i nd iv idua l  photon. This  i n t e g r a l  is i n  genera1 too 
complex t o  eva lua te ,  but c e r t a i n  approx imt ions  may be made. 

I l a 9 5 0 1  -2.. 
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It cen be denoted by g (geometrical '  f a c t o r )  and the  dosage ?ormula then becomes 
D y Z  Kyg, 
given approximate values of g f o r  E: s e r i e s  of spheres and cy l inders ,  These are  
reasonably s a t i s f a c t o r y  between 0 , l W  and 3 MEV. 

For P. sphere, g = approximately 4 R (R : r a d i u s ) .  I n  Table I1 a r e  

As an example of dosage d e t e m i n a t i o n  with an i so tope  which emits both 

c 540 kev; T z 0,62 days; X r :  0.40; g = 200 (human trunk) 
a n d r r z y s ,  consider E 70 kg, m a  r;ho has receivzd 1 mo. of Na-24, 

EF 
D g  z 1000 x 540 x. 0 ~ 6 2  x: 0,088 z Oc42 e a .  

T W O  

2 1000 x 0,.4 x 2000 :: 2.14 r r  DT- 7 2 R m O  

I n  the  ccse j u s t  considered t h e y  r a d i a t i o n  i s  considerebly more important 
than t h e p .  - of 1-131 has been deposited.  

On the  o the r  hand, consider a 25-gra-n thyro id  gland, i n  which 1 mc, 

T = 8.0 days; 0,735; g : 17.6 (smalf sphere) EP= *05 kePi 

DptY 

- 1000 x 205 x 8,o x 0.088 z 5800 DP- 'L3 
D r =  1000 x 0,735 x 17.6 :: 520 

-25- 
5800 t 520 : 6320. 

I n  t h i s  aase,  most of th t3r - rey  energy esczpes from t h e  glend, end even from the 
hody, cnd t h e g  p a r t i c l e  dose is  much more s i g n i f i c z n t ,  

t h e  r ad ioac t ive  s u b s t a x e  was deposited i n  a c e r t e i n  o r g m  o r  t i s s u e ,  i t  remained 
the re  u n t i l  t o t a l  decey. 
metabolic processes  the ma te r i e l  is c o n s t m t l y  t r ans fe r r ed  from one p a r t  of t h e  
body t o  m o t h e r ,  o r  eliminated. I f ,  f o r  example, the  r ad io iod ine  content of the 
thyro id  g l m d  i s  proper1,y neasured i n  vivo day by day, i t  n i l 1  be found t o  decrease 
more r e p i d l y  than the 8-day hal f  l i f e  nould p r e d i c t .  
proceeds much more rnp id ly  ir, the f i r s t  fern days than i t  does l a t e r ,  and t h e  only 
Way t o  determine the e f f e c t i v e  r a t e  of disappearance (due  t o  both e l imina t ion  and 
decay) is  by repea ted  measurements. If values found i n  t h i s  m y  f d l  on a s t r a i g h t  
l i n e  when p l o t t e d  on l o g e r i t h i c  paper, i t  i s  appropr ic te  t o  cons ider  En " e f f e c t i v e  
ha l f  l i fe"  due t o  the tcro f z : ; t G r s .  This is  8.n i n d i c a t i c n  t h a t  e l imina t ion  i s  
proceeding a t  i! constelit :':!y,s, or  t h a t  t he re  is a d e f i n i t e  b i c l o s i c a l  he l f  l i f e  
which i s  inflependent of 3 ~ s  .Ir,3jisic:,I half  l i f e ,  

~ k~-,?>z+id hslzL?:L?;? . 
life = %-- p y c i Z T I x i f  L 
Since  the e f f e c t i v e  a ~ 3  p L - j . , i ~ ~ l  hel f  l i v e s  8 r e  known, the b i o l o g i c a l  half  l i f e  
o r  t h e  rate of elimina.tion c?n be ca lcu la ted ,  

E f f e c t i v e  Half Li:& I n  the  foregoing ana lyses  i t  m2.s assumed t h a t  once 

Actue l ly  t h i s  i s  seldom the  cese; due t o  the body's 

I n  some cases  e l imina t ion  

I n  such a c m e  e f f e c t i v e  ha l f  
.\is1 2p.l hc 1.f 1 

-.- ~ ; i a ~ o g i c X T a l ~  Ai:'26 

The e f f e c t  of t h i s  f a s t o r  on dosage m y  be considerable.  I n  the case of 
1-131 anziyzed above, i f  the e f f e c t i v e  h r l f  l i f e  were 6 days, t he  z c t u a l  dose would 
be only  6/8 of t h a t  calculz,ted from the formule; the p p t i e n t  nould a c t u z l l y  have 
received 6/8 x 6320 
measured e f f e c t i v e  h a l f  life w r i e s  from 3 t o  7 deys, i t  i s  ev iden t ly  important t o  
know it. 

l t7 iACr .  Since i n  p r e c t i c e ,  f o r  1-131 i n  thyroid g l m d s ,  the 

-3- 



Quimby: Dosimetry of 1nte:rnally Administered #8diOhative Substances. Page 4. 

S?fe Tracer Dose, Yhen t r a c e r  s t u d i e s  are contemplated, i t  iS important 
t o  know the  dose which will r e s u l t ,  
i a l l y  fo r  normal sub jec t s ,  o r  when the  procedure is  t o  be repeated. 
"permissible  dose" of 0.3 r per week is  f o r  continuous exposure, end mey, of 
course, be exceeded when the  r e s u l t s  a r e  s u f f i c i e n t l y  important,  as is the  Case 
when r ad io log ica l  d iegnos t ic  procedures me cerried out.  
tram- dose" cen be developed by s e t t i n g  up e, formula fo r  t h e  p a r t  of the  t o t a l  
decay which w i l l  have %&en p lace  i n  a week. 
D ( 1  - e-00693 
p e r  kgo, and T the  half  l i f e  i n  days. 
which w i l l  d e l i v e r  O . 3 e r  i n  t he  first week, the  formula becomes 0.3 
(1 - e-7x0*693/T), o r  i f  the  term i n  parentheses  is set z m, S z 

Values f o r  S ,  D ,  and PI, f o r  d i s t r i b u t i o n  of the  isotope throughout the body ere 
l i s t e d  f o r  c e r t c i n  elements i n  Table I. 

This must  be kept  Mithin low l i m i t s ,  espec- 
The S O - C a l k d  

A formula for the  wsafe 

For any time t, the dose i s  d ( t )  Z 
t T  ) e a r r  pe r  pc per gram of t i s s u e ,  where D is the total  dose p e r  P C  

Then if S is  the  concentrat ion i n  p C  per kg 
D S * 

Some Personnel Safety Considerations.  I t  is  f requent ly  des i r ed  to  know the 

Also the  question arises as t o  exposure from bot t les  of SOlUtiOnS, 
exposure t o  personnel f r o m p a t i e n t s  who have reueived therapeut ic  doses of radio-  
isotopes.  
e s p e c i a l l y  k r g e  b o t t l e s  con ta in i rg  24-hour u r ine  specimens. It is  u s u d l y  
poss ib le  t o  fiiezsure these  with mcnitor ing devices of some s o r t ,  but  it is a l s o  Of 
i n t e r e s t  t o  be able t o  make approximate ce lcu la t ions .  I n  these ccses  t h e p  radi- 
e t i o n  i s  not  i m p o r t m t ;  it does no t  escape *om the  p s t i e n t ,  
the  surfece of the  body may be taken as ha l f  t h z t  e t  the  center ,  and celculated on 
t h a t  basis .  T h i s  dose, pe r  hour, would be 1/2 x I per  pc p e r  gm, 

T h e y  r ad ia t ion  a t  

* 
Consider e 70 kg[n p a t i e n t  who has  j u s t  received 100 mc. of I-131 as a 

therapeut ic  dose for  thyroid center. During thc  first few hours there  w i l l  be 
l i t t l e  excre t ion  and l i t t l e  concentrat ion,  and the  mater ia l  mey be considered as 
unif(x*nly d i s t r i b u t e d  throughout t he  body. The dose i n  roentgens p e r  hour 
2.65 x 0.001 x 200 x 100 000 : 2.65 r p a r  hour a t  contact.  (1 om,) 

For shor t  d i s t m c e s  from the  p e t i a n t ,  i t  is reasoneble t o  assume decreese i n  
i n t e n s i t y  eccord i rg  t o  m inverse  first power, r a t h e r  t h a  inverse  square, beceuse 
of the s i z E  of the sourcee On t h i s  basis, at 1 meter the  i n t e n s i t y  would be 26 
mill i-roentgens p e r  hour, T h i s  i s  four  times the  permissible  r a t e  f o r  continuous 
exposure, b u t  it 1 - J i l l  decrease very r a p i d l y  as the  rad io iodine  i s  excreted i n  the  
urine.  Evidect ly  one such p:.tient does n o t  c o n s t i t u t e  a r e a l  hazard i n  a ward, 
but i t  should not be the  p r n c t i c e  t o  group seve ra l  i n  the  same s tage  of therapy. 

*m 

If  the  first 24 hour u r i n e  c o l l e c t i o n  i s  placed i n  a c y l i n d r i c a l  jar 12x18 
cm, contzinicg 2 l i t e r s  of f l u i d ,  c m r y i n g  75 pe r  cent of  the above dose of 1OOmc. 
of 1-131, the  r a t i o  a t  i t s  sur face  is 
2.65 x 0,001 x 100 x 7c,000 z 5 r p e r  hour et  contect.  

2 +? ,000 
Obviously one should not hold such a ja r  more thm ;1 few seconds, i f  a t  211. 
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T B L E  11 

Apgroximate V- lues  of Geometrical &&or Og@ f o r T - r a y  Bsage 
Ca1 cula t ions .  

Spheres 

Cy1 inder s 

Diam- crn. 6 10 16 24 40 
Height-om 10 16 30 40 60 
Vol- cc 283 1:; 60 6000 18000 76000 

g* 455 73 108 135 184 


