
20. METABOLIC MODELS FOR ESTIMATION OF INTERNAL RADIATION 
‘7 q “T 

EXPOSURE R E C E I V E D  BY HUMAN S U B J E C T S  FROM THE 1.. ... ‘ 9 13 9 

INHALATION OF NOBLE GASES 

S. R .  Bernard and W .  S .  Snyderl 

The purpose o f  t h i s  paper i s  t o  present and develop metabolic 

models needed for estimation o f  dose equivalent from exposure t o  noble 

gases. Human subjects may inhale l o w  l eve ls  o f  radioactive noble  

gases released t o  the atmosphere by nuclear reactors  o r  fuel 

reprocessing plants e i t h e r  on a regular basis o r  a f t e r  an accidental 

re1 ease. A1 so, medical s tudies  u s i n g  radioactive nobl e gases are 

employed t o  obtain data on ventilation and perfusion o f  the lungs.2 

Estirnatss of radiation dose t o  human t i ssue  a re  sometimes based on the 

equilibrium levels  predicted from the Ostwald absorption coeff ic ient  

( r a t i o  of  concentration (mass per u n i t  volume) of-gas i n  the t i s sue  o r  

f l u i d  t o  the concentration i n  a i r ) 3 .  T h i s  amounts t o  assuming an 

equilibrium between the gas present i n  the atmosphere and t h a t  present 

i n  t i s sue .  Such an estimate may be valid f o r  long-lived radioactive 

gases, b u t  does n o t  appear adequate for short-lived radioactive gases. 

I t  i s  f o r  t h i s  reason t h a t  a metabolic model i s  needed. 

In 1950, Harley 9 c . 4  published data on the exhalation. o f  

222Rn by a human subject (ac tua l ly  more than one, b u t  adequate data are  

available on only one subject)  who inhaled 2 2 2 ~ ~  a t  a concentration 

of 7 x 10”O C i / t  f o r  8% hours .  Data on the r a t e  of exhalation i n  

pCi /min  were measured o u t  t o  76 hours after the exposure ceased (see 
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Fig.  20.1).  

data: 

The authors f i t  a five-term exponential equation t o  these 

-1.818t + 32ae -0.155t + 7ie  -0.0168t 
Rate o f  exhalation = 3210e 

(1 1 
-0-00342t + 4.ae -0.00063t pCi/min, + 25e 

t i n  minutes. This equation i s  not corrected f o r  radioactive decay 

b u t  the value of the decay constant i s  X r  = 0.00013 m i n - l .  

T h i s  equation has been converted t o  the equation f o r  a s ing le  

intake via  inhalation by the following procedure. Let R S  ( t )  denote 

the fract ional  retention in the body a t  time t (min) following a 

single intake by inhalation and assume 

5 
- P i t  

R S ( t )  = bie 

i = l  

where 

b i =  1 
i 

and 

= xr  + li min-1, "i 

i .e . ,  the i s  the i t h  effect ive elimination constant and the 'i is 

the constant for removal o r  t r ans fe r  from the compartment. For an 

intake r a t e  of IpCi/min, the intake i n  a period d . r  is  1d.r p C i .  In 

the case of continuous exposure a t  a constant leve l ,  the retention i s  

p i  

t 
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I f  exposure o f  the t i s sue  t o  the gas continues f o r  a period of E ( m i n )  

and then ceases, the retention a t  a time t ( m i n )  following the 

cessation o f  exposure i s  given by 

The der ivat ive w i t h  respect t o  t ,  assuming t '0, i s  

The term involving X r  corresponds t o  radioactive decay. T h u s  the 

biological elimination which i s  here assumed equal t o  the exhalation 

i s  g i v e n  by 

Rate o f  exhalation = 

T h i s  equation can be compared t o  the experimental equation o f  Harley 

-- e t  a l .  and the values o f  each X i  can be ident i f ied  by inspection. 

The expression (1 - e -"iE ) can be computed and the values o f  each bi 

can then be obtained. The retention equation f o r  the to t a l  body f o r  

the case o f  a s ing le  intake via inhalation i s  found t o  be 

-0.155t + R S ( t )  = 0.874e-1.818t -k 0.0913e 

-0.00342t + 0.0198e -0.01686t + 0.00863e 

-0.00063t 0.00612e 

t 
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( t  i n  min), w i thou t  c o r r e c t i o n  f o r  r a d i o l o g i c a l  decay ( 1,. 

min -' f o r  222 R n ) .  

= 0.00913 

T h i s  equa t ion ,  c o r r e c t e d  f o r  r a d i o a c t i v e  decay, f o r  r e t e n t i o n  was 
5 then analyzed w i t h  the MAMX code descr ibed  by Bernard t o  ob ta in  

r a t e  t r a n s f e r  c o n s t a n t s  X i  f o r  a five-compartment mammillary model 

taken t o  represent the d i s t r i b u t i o n  of Rn i n  the body. In this l a s t  

reference the fo l lowing  equa t ions  were solved f o r  xij and xji u s i n g  

- i=l ,  . .5, 
j=2, . . .5. (9) 

2 x j l  x xlj - h i  b i  - 111 - x i ,  
I j  

i = l  

The b i o l o g i c a l  e l i m i n a t i o n  constants ( A i  ) i n  u n i t s  ofmin-'are 

obtained from Equation (7 ) .  This  model t o g e t h e r  w i t h  the symbol f o r  

the r a t e  t r a n s f e r  c o n s t a n t s  between compartments appears  i n  Fig. 20.2. 

The va lues  o f  bi, x i  , x i j  , and C ji a r e  l i s t e d  i n  Table 20.1 and 

20.la. The time i n t e g r a l s  o f  the a c t i v i t i e s  i n  the var ious  

compartments, r i ,  appear  i n  Table 20.lb. 

This  equa t ion ,  when converted back t o  the case o f  continuous 

intake o f  7 x 10 - l o  C i / l  f o r  a per iod  o f  8% hours exposure and for an 

i n h a l a t i o n  r a t e  o f  5 umin, will recover  the equa t ion  o f  Harley -- e t  a l .  

w i t h i n  Q4% f o r  e x h a l a t i o n  a f t e r  c e s s a t i o n  o f  exposure.  

For dosimetry,  the compartments must be i d e n t i f i e d  w i t h  the 

tissues o f  the body. The d a t a  o f  Nussbaum6 on t h e  d i s t r i b u t i o n  of 
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Fig. 20.2 I MAMMILLARY MODEL FOR RADON 
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j i  1 2 3 4 
1 1.910-06 1.77D-05 2.06D-04 8.83D-03 

2 6.10D-03 -6.240-05 -1.251)-04 -5.61D-04 

3 9.43D-06 8.62D-03 -2.140-04 -8.10D-04 

4 3.700-06 4.130-05 1.970-02 -2.060-03 

5 1.620-06 1.52D-05 1.930-04 8.590-02 

5 
9.910-01 

-5.36D-03 

-7.600-03 

-1.77D-02 

-8.61D-02 



TABLE 20.lb.  TIME INTEGRALS ( r i )  OF RETENTION IN 

THE i th COMPARTMENT OUT TO 50 YEARS 

r l  = 0.622 r2 = 9.65 r3  = 2.51 r4 = 1.16 r5 = 0.523 
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a c t i v i t y  i n  r a t s  are used here. The r a t s  were permitted t o  i n h a l e  222 Rn 

f o r  periods r a n g i n g  from t h i r t y  minutes up t o  48 hours. Samples of 

t i s sues  and organs were obtained and analyzed for Rn concentrations. 

(Ne defer  discussion of the loss  of  Rn from the t i s sue  sample by 

diffusion and escape t o  the atmosphere unt i l  l a t e r  i n  this report . )  

In general, i t  was f o u n d  t h a t  f a t s  (such as omental f a t )  contained 

Q, 5 K i / c c  i f  the inhaled a i r  was a t  a level o f  1 pCi/cc a i r ,  while 

f o r  other non f a t t y  t i s sues  the Ostwald coeff ic ient  concentrated 222 Rn 

a t  values down t o  d/30 of this  value. Nussbaum l i s t s  the data f o r  

r a t s  and a l so  some -- i n  v i t r o  data on f a t  and blood and extrapolates 

these t o  organs and t o t a l  body on the basis of the percentages o f  

organs and t issues which a re  f a t  and non-fat. These data a re  shown i n  

Tables 20.2 and 20.3. 

By the single intake model f o r  retention of 222Rn, one obtains 

by integration the time in t eg ra l s  of ac t iv i ty  for each compartment. 

These are  indicated by r i  for  compartment i and are  l i s t e d  i n  Table 

20.l .b.  These values indicate  the equilibrium levels  w h i c h  would be 

reached i f  a person were continuously breathing atmospheric 222Rn a t  

a level o f  1 pCi/cc. I t  will be recalled t h a t  the basic data on 

which Equation 7 i s  based a re  f o r  an individual breathing 5 L of a i r  

per minute and t h u s  the levels would be i n  terms of pCi /kg ,  taking the 

density of the t o t a l  body as  e s sen t i a l ly  1. 

The ac t iv i ty  i n  the compartments must now be assigned t o  various 

t i s sues  and organs  o f  the body t o  make a dose calculation possible. 

The data on dis t r ibut ion of a c t i v i t y  a t  equilibrium are  taken from 

Nussbaurn6 and,  ignor ing  minor differences,  may be grouped i n t o  three 
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Tab1 e 20.2 I Calculation of the Whole Body Solubility 
Coefficient of Radon in the f i t .  I 

Product % of Whole Radon Solubility 
Body Wt. (90) Coefficient a' a' X 96 Body Wt. Tissue 

Depot Fat 
Muscle 
Livzr 

Heart 

Kidney 
Test is 

Brain 

Blood 

7 -08 

45 S O  
4.15 

0.289 
0.76 
0.94 

0.5 50 
4.95 

4.83 
0.154 

0.306 
0.22 1 

0.285 
0.184 

0.309 

0.405 
Skin 

Non-fat 16.88 0.1 5" 
Fat 1.22 4.83 

Supportive 
Non-fat 7.38 0.15* 
Fat 0.30 4.83 

Balance 10.1 

100 

0.30** 

34.20 

7.01 
1.27 
0.064 

0.22 

0.17 

0.18 

2.01 

L4; 

2.53 
5.41 

1.11 
1.45 

3.03 

58.65 

Whole Body Solubility Coefficient: 0.59 

1 
*Solubility estimated to be approximately equivalent to that in 

+*Solubility estimated to be equal to or low; than the weighted 
- physiological saline. 

mean value in heart, kidney, brain and liver; Le. 0.303. 

. 
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Ta bl e 20.3 1 Nussbaum's Calculation of the Whole Body Solubility 
Coefficient of Radon in Man 

% of Whole Radon Solubility Product 
Body Wt. (9) Coefficient a' a' X 76 Body IVt. Tissue 

Muscle 
Skin (2000gm) and 
Subcutaneous Tissue 

Fat 
Skeleton (less Marrow) 
Red Marrow 
Yellow Marrow 
Blood 
GJ. Tract 

Liver 

Brain 
Lung (2) 
Lymphoid Tissue 
Kidneys (2) 
Heart 
Spleen 
Urinary Bladder 
Testes (2) i 

Balance 
Total Body 

_ .  

43 

8 -7 

14 

10 

2.1 
2.1 

7.7 

2.9 

2.4 

2.1 

1 -4 

1 .o 
0.43 

0.43 

0.2 1 
0.2 ! 
0.057 

1.263 

100.0 

0.154 

0.154 

4.83 

0.154 

0.43 
4.83 

0.43 
0.303* 
0.306 
0.309 
0.303* 
0.303* 
0.285 

0.22 1 

0.303* 
0.1 54 

0.184 

0.303* - 

6-62 

1.30 

67.62 

I S O  

0.90 

10.14 
3.31 

0.88 

0.73 

0.65 

0.42 

0.30 
0.12 

0.10 

0.06 
0.03 
0.01 

0.38 

95.07 

* 

- 

*Solubility is assumed to be approximately equal to the weighted mean of the values 
in heart, kidney, and brain. 

. 
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groups ;  separable f a t ,  comprising 'L12.5 kg; bone, hear t ,  muscle, 

skin, t e s t e s ,  and urinary bladder which together comprise 40 kg; 

and the other organs which comprise the remaininq 17.5 kg o f  Reference 

Man. On the bas i s  o f  Nussbaum's d a t a ,  Ostwald coeff ic ients  o f  % 5 

for  f a t ,  ~ 0 . 1 5  for  the group containing bone, muscle, e tc . ,  and -0.4 

for  the remaining organs i s  suggested. 

On t h i s  basis,  the assignments t o  the compartments of these three 

groups o f  t issues  are 
5 

i=l  

where L ;  i s  %5, ~ 0 . 4 ,  %0.15 for the three groups o f  t issues .  I t  

will quickly become apparent t ha t  the equations cannot be rigorously 
J 

3 solved since c lij = 1 i = 1,2,3,4,5, (12)  
j=1 

and this requires by addition o f  a l l  the equations t h a t  

J 

5 x xCri lij = 72.275 zxLjWj = 75.5. 

j=l 
i=1 j=1 

The discrepancy i s  only o f  the order of 4% and this seems acceptable 

i n  view of the widely d i f fe ren t  sources of the data. To avoid  

accumulation of e r rors ,  we reduce the r i g h t  members by a factor  of 

1/1.044. Thus, the equations t o  be solved are  the following: 
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I f  the equations can be solved, the t h i r d  equation i s  automatically 

3 met since 

j=l 

One cannot hope f o r  a unique solution since there a re  f a r  too 

many unknowns. However, there is some guidance i n  the choice of 

values which r e f l ec t  some fac ts  concerning the dis t r ibut ion.  For 

example, f a t  i s  known t o  have a h i g h  Ostwald coeff ic ient  and  i t  is 

apparent from inspection t h a t  112mus t  be f a i r l y  close to  1. T h i s  

Suggests Similarly, a few t r i a l s  suggest t ha t  

t i 3  i s  f a i r l y  large and  consequently a suggested s e t  of values L13 

= 0.6, Z 2 3 =  1 3 3  = 0.2 seem acceptable. The remaining values are 

= 1, e 2 2  = 1 3 2  = 0. 

found by t r i a l  

set  o f  values for 

The above i s  

probably others 

and e r ror  b u t  a re  by no means un ique .  

the L i j  are  given i n  Table 20.7. 

only one choice for the L i j  values. There a re  

which can be obtained by i t e r a t ive ly  seeking other 

The completed 

sets of values. In this report ,  use will be made o f  the values 

derived above. How closely does this model determine the ac t iv i ty  i n  

the body a t  equilibrium? 

For the case of  equilibrium fo r  inhalation of 1 vCi/cc a i r ,  the 

to ta l  ac t iv i ty  is  given by 

R*(d dT % 
= 2.8 vCi/grn. (16) 1vCi 2 x 107 cc/da 

cc 1440 min/da 7 x i o4  gms 
J O  

In Equation 9 we are  assuming 1 vCi/cm3 as the concentration i n  a i r ,  

2 x l o 7  cc of a i r  breathed per day, and 7 x 10 grams i n  the total  



TABLE 20.7 

P 
2 3 4 5 1 

FRACTIONS OF COMPARTMENTS ASSIGNED 

TO THE TISSUE GROUPS 

! 
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mass of the body. times 

higher t h a n  Nussbaum predicts for man (Table 20.3). Reasons for  the 

overestimates were sought, and i t  i s  believed the minute  volume of a i r  

breathed by Reference Man 

The value obtained from Equation (16) i s  % 3 

* cc i4 14 x l o3  cc/min 
1.44 x l o 3  m i n  

and used i n  obtaining Equation 9 may be par t ly  responsible for  the 

increase. breathing ra te  of  the human subject i n  the experiment 

of  Harley -- e t  a l .  was 5 x 103 cc/min. In addition, there may be 

some i n d i v i d u a l  variation and possibly some species differences 

between the Ostwald coeff ic ients  of a t i s sue  i n  a r a t  and i n  man. 

T h i s  discrepancy by a factor of  2.8 is well w i t h i n  the range o f  

v a r i a t i m  usually found i n  biological experiments. T h i s  possible 

overestimate o f  uptake and retention i s  accepted here because no 

biological data are  known t o  the authors which m i g h t  resolve the 

question and also because the model will be used principally t o  

estimate retention o f  short-lived radionuclides and this may introduce 

The 

another uncertainty i n  t ha t  not only the a c t i v i t i e s  i n  the various 

t issues ,  b u t  also the time scale  for t h e i r  r a t e  o f  b u i l d - u p  and 

removal a re  involved. T h i s  model u s i n g  the breathing r a t e  for  

reference man will now be extended t o  other i n e r t  gases, namely, Xe, 

Kr, and Ar. 

In the case o f  Xe, there are human data on concentration i n  f a t  

and blood and plasma, b u t  experimental data on t i s sue  dis t r ibut ion 

have not been found (Snyder e t  a1 . 7). The same is  t rue of data on Kr; 
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Ostwald coefficients f o r  blood and oi ls  and f a t s  a r e  avai lable  (Snyder 

-- e t  a l . )  . I n  the case of Ar, the only data seems t o  be those obtained 

in lab studies by the chemists on uptake by water and ol ive o i l  

(Lawrence - -  e t  a l .  8 ).  Lawrence has chosen, from the reference ci ted,  

values of the Ostwald coeff ic ients  and plotted them versus the 

molecular weight o f  the gas  atoms and a version o f  this g r a p h  i s  seen 

i n  Fig.  20.3. As can be noted, the Ostwald coef f ic ien t  fo r  f a t  

decreases more s teeply w i t h  decrease i n  atomic weight than do the 

values for water or plasma. T h i s  has been known by chemists f o r  many 

years,  and they expressed i t  i n  terms of the r a t i o  of Ostwald 

coefficients in o i l  t o  t ha t  i n  water which they cal led the o i l  t o  

water parti t ion coeff ic ients  (Lawrence - e t  al-.). How should the 

mammillary model be modified t o  incorporate this e f fec t?  

Integration of Equation 6 indicates the equilibrium level o f  the 

gas in the total  compartment system will decrease ( i n  t ha t  the 

equilibrium level i s  given by the time integral  out t o  50 years) i n  

inverse proportion to  the elimination r a t e  constants. Thus ,  i f  a l l  

the elimination constants a re  increased by a fac tor  of 10, the 

concentration i n  the to ta l  body will decrease by a fac tor  of 10. 

Actually the eliminati-on' r a t e  constants o f  a l l  exponentials will be 

mu1 t i p 7  ied by the fac tor  CLX,/LRn)non-fat , necessary t o  account for  

the value for  non-fat t issues .  The coefficients o f  the two longer- 

termed exponentials (which largely represent f a t )  a r e  mu1 tip1 ied by 

the factor 
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Plot o f  L ( the Ostwald solubility coefficient) for 
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molecular weight of the noble gas.  
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The differences between these old and new coefficients i s  added t o  the 

coef f ic ien t  o f  the shortest  term exponential. T h i s  is necessary i n  

order t h a t  the sum o f  the coef f ic ien ts  adds t o  unity. For example, 

the r a t i o  of L for  Xe i n  non-fat t i s sue  to  t h a t  for  Rn i n  non-fat 

tissue i s  Q - l5 ~r 2. So the elimination ra te  constants fo r  Rn a r e  

multiplied by a factor o f  2 .  For the f a t t y  t i s sue ,  the value of L for  

Rn i s  Q 5 while for  Xe i t  i s  5 2 or a decrease by a factor  of 5 2.5 

= 5/2. T h u s ,  t o  decrease the coef f ic ien ts  of the two long-term 

exponentials i n  the Rn retention equation, the factor  is 2/2.5 = 0.8. 

So, the two coefficients of the long-term exponentials of 0.005 and 

0.009 a re  multiplied by 0.8 t o  obtain 0.004 and 0.0072 and the 

difference (.005 - .004 and .009 - .0072) and these are added t o  the 

coeff ic ient  o f  the shortest  tern exponential whose value i s  0.874, 

t h u s  producing % 0.877. The general procedure i s  t o  get  the r a t i o  of  

the Ostwald  coefficient for  the f a t t y  t i s sues ,  divide tha t  r a t i o  by 

the r a t i o  of the Ostwald coef f ic ien t  f o r  the non-fatty t i s sues ,  

decrease the coefficients of the two long term exponentials by this 

l a t t e r  f ac to r  and place the difference i n  the coefficient o f  the 

shor tes t  term exponential. The  above procedure is  used t o  obtain 

retent ion equations for  the other noble gases, Xe, Kr, and Ar. 

0.08 - 

Tables 20.4, 20.5, and 20.6 present the parameters of  the to ta l  

body re tent ion equations and the A i j  f o r  the mammillary model for Xe, 

Kr, and Ar, respectively, as obtained from the Rn equation f o r  to ta l  

body retention. Tables 20.4a, 20.5a, and 20.6a present the 

coeff ic ients  of the exponential terms C j i  for the compartments o f  the 

mammillary model for Xe, Kr, and Ar a s  obtained from the MAHX code. 
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TABLE 20.4a. C j i  MATRIX FOR Xe RETENTION IN MAN 



TABLE 20.5a. Cji MATRIX FOR Kr RETENTION I N  MAN 

4.62D-07 5.47D-06 2.08D-04 8.791)-03 9.911)-01 
1.50D-03 -4.76D-06 -3.091)-05 -1.38D-04 -1.33D-03 
7.16D-07 2.881)-03 -6.641)-05 -2.51D-04 -2.37D-03 
8.89D-07 1.26D-05 1.99D-02 -2.05D-03 -1.77D-02 
3.91D-07 4.7OD-06 1.94D-04 8.56D-02 -8.59D-02 



TABLE 20.6a. Cji MATRIX FOR Ar RETENTION IN MAN 

2.4613-07 3.03D-06 2.12D-04 8.771)-03 9.91D-01 
7.98D-04 -1.410-06 -1.6813-05 -7.36D-05 -7.07D-04 
2.12D-07 1.49D-03 -3.77D-05 -1.390-04 -1.310-03 
4.83D-07 7.16D-06 2.01D-02 -2.091)-03 -1.81D-02 
2.07D-07 2.60D-06 1.98D-04 8.55D-02 -8.57D-02 
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The values of  t i j  i n  the three groups o f  t issues  mentioned i n  the 

preceding are shown f o r  Rn in Table 20.7. The equations f o r  Xe, Kr, 

and Ar i n  the three groups o f  t issues  are not given b u t  may be 

estimated similarly t o  the procedure which can be used t o  obtain the 

equations for Rn i n  the three t i s sue  groups. T h u s ,  a metabolic model 

i s  now available for  internal dose estimation for a s ingle  intake,  via 

inhalation of the radionuclides o f  Rn,  Xe, Kr, and Ar. Needless to  

say, i t  must be remembered, only a limited amount of data has been 

found t o  generate these models. They need t o  be tes ted against  

experimental d a t a  on man. No use of the diffusion coef f ic ien t  fo r  

each o f  the noble gases has been made and this might be a drawback for  

the above models. Further thaoretical  studies need t o  be carr ied out 

coupled w i t h  an experimental program t o  provide be t te r  metabolic 

models f o r  internal dose estimation. 

The errors i n  the experimental data of Nussbaum and the e f f e c t  of 

the breathing rate  on clearance of inert gas from the body need t o  be 

discussed. As regards the Rn data on r a t s ,  Nussbaum did perform an 

experiment t o  estimate loss of Rn from the t issues .  He estimates tha t  

on standing i n  the atmosphere fo r  a period of 4% hours, not more than 

~ 3 %  of the Rn was lo s t  from the dissected t issues.  He is careful t o  

p o i n t  out that  his estimates of L are  probably underestimates ra ther  

t h a n  overestimates for  various reasons (Nussbaum) . As regards the 

e f f ec t  of breathing r a t e  on Rn clearance and b u i l d u p  i n  the human 

body, the equilibrium level i s  probably not affected. B u t  the r a t e  of 

attainment o f  equilibrium and loss probably i s  slower f o r  a slow 

breathing ra te  and h ighe r  f o r  a h i g h  breathing r a t e .  How the 

6 
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exhalation ra te  curve given by Harley e t  a1.4 for  a breathing r a t e  of 

5 Urnin would  be shifted t o  a d i f fe ren t  r a t e  needs t o  be tes ted on man 

and the e f f ec t  on the deconvolution process needs to  be checked. 
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