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SUMMARY 

The effective half-life of radium-226, calculated from RaC 

retention, has been found to be approximately 11 years. It is 

believed that this value, which is shorter than the half-life 

proposed by others, might be due to a natural aging effect 

such as osteoporosis which results in increased bone resorption. 

No difference is apparent between the exponential and power 

function retention models. 

A possible correlation between a respiratory parameter, 

minute volume (liters/min), and radon retention has been found. 

It is believed that this variation might explain short-term 

fluctuations in radon retention measurements. Additional 

data is needed to confirm this observation. 

A study has been made of the distribution of Ra-226, 

Ra-228, Pb-210 and Th-228 in bone and soft tissue of two 

radium dial painters. "JThe data are presented in a separate 

section of this report, available on microfilm from the AEC 

(NYO-3086-5) . The resulj'ts of this study showed the usual 

heterogeneous deposition pattern for radium in the skeleton. 

The average skeletal Pb-210 to Ra-226 ratios demonstrate 

that lead and radium have equal biological half-lives. The 

variation in the ratio were site dependent. Ends of long 

bone and rib has high ratio values, while the ends of long 

bones and vertebra had low ratios. In long bone, low ratios 
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were associated w.ith high Ra-226 concentrations. The cause 

of the ratio variations cannot be proven unequivocably, but 

is believed to be due to variations in the radon retention 

factor. 

The Th--228 to Ra-228 ratios were also measured. These 

ratios vary considerably, but in a random manner. The cause 

of the variation is believed to be Th-228 translocation. The 

average skeletal ratio of Th-228 to Ra-228 offers a second 

method of estimating radium biological half-life over the 

last 5-10 years of life. This value is 10.4 years. The 

analysis of beagle bone obtained from an -animal injected 

with Ra-228 indicated a similar ratio pattern, with large, 

random variations being observed. The radium biological 

half-life, as calculated from the data, is 16 years. 

The analysis of tissues from an individual with a 

50 year old radium burden indicated that 0.05% of the 

Ra-226 and 0.65% of the, Pb-210 in the body is found in soft 

tissue. The aorta contained the most Ra-226 and Pb-210 of 
1 

all soft tissued analyzed with the thyroid being the second 

highest, / 

Analytical procedures were developed for the deter

mination of normal concentrations of thorium in bone ash, 

and for the determination of stable lead in bone ash. The 

normal level of natural thorium in human bone Is apparently 
i 
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0,01 g/gm ash, A sequential procedure for the determination 

of Pb-210, Th-228, thorium, Ra=228 and Ra-226 in a single 

sample of plant or bone ash was also developed. 

A study has been undertaken to refine the estimation of 

the dose received from the inhalation of thoron and its 

daughters. Estimation of the dose is complicated by the 

fact that the thoron daughters, 10,6 hour Pb-210 and 60.5 

minute Bi-212 have half-lives sufficiently long to permit 

their entry into the circulation and deposition in various 

tissues. Analysis of tissue obtained from rats exposed to 

thoron, essentially free of daughters, in" one case, and in 

the presence of daughter for the second case, indicate that 

the lungs have the highest specific activity of Pb-212 and 

Bi-212 immediately following exposure. These are followed 

in order by the trachea and bronchi, kidneys, red cells, 

and liver. The specific activity of all other organs is 
\ 

less than 10% of that oi lung. This is true for both cases 
I 

and no remarkable differences in distribution are found for 

the two cases. | 
/ 
/ 

Since, of all the /soft tissues obtained from a deceased 

radium dial painter, the aorta had the highest concentrations 

of both Ra-226 and Pb-210, a survay of the literatur concerned 

with the uptake of polyvalent cations by the aorta has been 

made, and consideration given to the radiobiological impHcations 

of the known facts, as they pertain to radium cases. 
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^̂  PART I 

Estimates of Total Body Radium in the 

New Jersey Dial Painters 

H. Peterson, N. Cohen, H.W. Berk 

Method of Whole Body Counting 

In previous progress reports (1962 and 1965) the technique 

used to determine the breath radon estimates has been reviewed. 

This section will describe the procedures employed in the whole 

body gamma spectrometric analysis. 

Figure (la) illustrates the gamma ray spectrum of a 

normal individual measured with a 8" x 4" sodium iodide (Tl) 

detector and an energy calibration of 12 keV/channel. This 

represents the energy region 0 - 3 MeV when 255 channels are 

employed. The peak in channel 120 is due to the 1.46 MeV 
40 

photon from K which occurs naturally in potassium with a 

40 specific activity of 829 pCi K per gram of potassium. The 

137 
other prominent photopeak is due to Cs (0.661 MeV ) which 

is present due to fallout from nuclear weapons testing. In 

order to avoid interferences from these nuclides and from 

variations in their concentration from subject to subject 

only the energy region above 1.60 MeV is used for study. 

Figure (lie) is the gamma spectra of a 1.0 |xCi source of 

226 
Ra taken under the same conditions as Figure (la). The 

prominent photopeak in the region above 1.60 MeV is due to 

1-1 
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214 
the 1.76 MeV gamma of Bi(RaC). Since this nuclide is a 

222 
daughter of the 3.83 day Rn it represents only the 

226 fraction of the Ra body burden due to retained radon. 

For most of our cases this fraction is approximately 0.33 

(see Section2). The region containing this photopeak extends 

from channels 140 (1.68 MeV) to 159 (1.91 MeV) and is 

identified in Figure (Ic) as the RaC region. Radium-228 

(Mesothorium) is determined by measuring the 2.61 MeV gamma 

208 
of its daughter Tl (ThC"). The intervening radon isotope, 

220 
Rh (Thoron), has a half life of 56 seconds and therefore 

is presumed to decay entirely in the body. 

Thallium-208, in equilibrium with Thorium-232, is used 

as a standard for the mesothorium estimation. Due to its 

228 
short (5.7 yr) half life Ra is not used as a standard, 

thus eliminating decay corrections. A correction is made, 

208 
however, to take into account the equilibrium ratio of Tl 

to ^^°Ra. This is 0.5 for Ra in equilibrium, whereas it 

232 232 
is 0.33 for Th . The gamma ray spectrum of Th is 

shown in Figure (Id); the region encompassing the 2.61 MeV 

208 
peak of Tl (channels 206-229, 2.47-2.74 MeV) is indicated, 

Figure (lb) is the gamma spectrum of case #5025 who 

226 
has an estimated body burden of 0.085 ,̂Ci Ra. 

The principal decay products of importance in the two 

232 228 228 
chains are: Th , Ra 5.7 yr. , Th 1.9 yr. , 

208 228 228 208 
Th 3.1 min., Ra 5.7 yr., Th 1.9 yr., Tl 3.1 min, 
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If the thorium chain is in equilibrium, the activity 

of any daughter equals that of the parent (secular equilibrium) 

and A(232Th) = A(228Ra) = A(228Th) = 3 A(^°^T1). The factor 
208 

of 3 is due to a branch in the decay chain such that the Tl 
yield is 33%. 

228 
Under these conditions in the Ra chain, however, 

208 
transient equilibrium exists, therefore 3 A( Tl) = 
AC228Th) - X 228Th AC^^SRa) -l.SAC^^S^). 

Therefore, A( Tl) / A( Ra) = 1.5. However, it does 

A( Tl) / A( Th) 

228 998 

not necessarily follow that the ratio of Th to Ra in 

the body is equal to 1.5, since this ratio: is a function of 

the pertinent effective half lives. Petrow has measured the 
228 228 . 

ratio of Th to Ra in a skeleton and found it to be 

2.08, which reflects the fact that radium has a shorter 

biological half life than thorium (14) . Since this ratio may 

vary from case to case, this is a possible source of error in 
228 I 

any Ra measurement. 
/ 

The counting rate in the RaC and MsTh regions may be 

represented by 

^RaC = ^RaC + %aC + "̂ Rac (1) 

and ^MsTh = Msth + MsTh + "̂ MsTh (2) 
S 

where RaC = gross count rate in RaC region. 
g 
RaC = background count rate in RaC region. 
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R 226 
RaC = count rate in RaC region due to Ra and 

its daughters. 
T 228 
RaC = count rate in the RaC region due to Ra 

and its daughters. 
g 
MsTh = gross count rate in Msth region. 
MsTh = background count rate in MsTh region. 
R 226 
MsTh - count rate in the MsTh region due to Ra. 
T 228 
MsTh = count rate in the MsTh region due to Ra 

and its daughters. 

An estimate of B can be made by determining the counting 

rate obtained under the same conditions but without the 

subject present. Because of variations in the cosmic ray 

intensity and in the radon-220 and radon-222 levels in the 

counting room and surrounding area as well as changes in the 

calibration (gain drift, etc.) the background measurement is 

made either immediately before or after the measurement of 

the subject. 

The estimation of R and T is somewhat more difficult. 

As can be seen from Figures (Ic) and (Id) there are counts 

contributed to the RaC region from thorium daughters and counts 

contributed to the MsTh region from radium-226 daughters. The 

most accurate method of determining these contributions would 

be to employ phantoms having the same anthropometric character

istics as the subject and containing known amounts of radium 

and thorium. In practice, however, this would be unsatis

factory for the following reasons: 
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1.) A large number of different sized phantoms would be 

required to simulate the variety of body sizes encountered 

in the subjects. 

2.) Homogeneous phantoms generally contain aqueous solutions 

of the standards. The possibility of contamination from 

leakage as well as the difficulty of handling large phantoms 

limits their desirability. Also the deposition of radium in 

the skeleton is heterogeneous, but not reproducibily so. 

3.) Leakage of radon would affect the concentration of Bi 

in the phantom and result in the overestimation of the body 

burden. 

The standards are in the form of sealed sources and are 

counted in the crook of the chair (see Figure 2). From these 

measurements the contribution to each region is determined. 

These factors are evaluated for each run and are approximately, 

159 
^ thorium 

a = 140 =0.23 
229 
^ thorium 
206 

229 
5^ radium 
206 , ^ 0.028 
159/ 
m^ radium 
140 

Differences between the Compton scattering contributions 

in the standard and the subject are assumed to be second order 
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effects 

Using these contribution factors equations 1 and 2 become 

'̂naC = ^RaC ~ RaC = RaC + ^ "̂ MsTh (3) 
N S -B bR T 
MsTh = MsTh MsTh = RaC + MsTh, (4) 

N N where RaC and MsTh are the net counting rates in the two 

regions. 

T R 
These equations can be solved for MsTh and RaC giving 

. ^RaC = % a C - ^^MsTh (5) 
1 - ab 

T N / N ^ aN \ 
^MsTh = MsTh - hi RaC - MsTh 1 S (6) 

1 - ab / 

N 
If MsTh is negative, it is set equal to zero so as not 

to overestimate the radium counting rate. 

The difference in the counting efficiency (geometry) 

between a point source and a human subject is compensated for 

by means of a chair factor. The chair factor is defined as 

f = Counting rate per unit known activity in a person (7) 
Counting rate per unit activity of a standard source 

and was found to be 1.2 by measuring 5 individuals having 

226 
known Ra burdens. 

The body burdens of RaC and Mesothorium are given by 

^^RaC =• ^RaC ^Ra 
f N+ (8) 

RaC 
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BB T A 
and MsTh = MsTh Th (9) 

f (1.5) N+ 
MsTh 

Where Ra = activity of radium standard 

Th = activity of thorium standard 

f = chair factor = 1.2 

1.5 = equilibrium correction factor (see pp^ 2.-2 1-3) 
N+ 
RaC = net RaC counting rate of radium standard 

N+ 
MsTh = net MsTh counting rate of thorium standard 

These calculations have been programmed for a Control Data 

160-A computer in the program "BURDEN", which computes in addition 

to the estimates, the variance due to counting statistics and 

the MSA* (minimum significant amount) for each run. 

Appendix JL contains a listing of "BURDEN" and a S9.mple 

output page. 

Reproducibility of Whole Body Data 

An additional study (6) of the reproducibility of whole 

body counter measurements was performed using four subjects 

having body burdens ranging from 0.003 to 0.083 ixCi RaC. The 

body burdens were determined by two separate techniques: 

The "Burden" program with a radium point source standard which 

*The MSA is the minimum amount of measured radioactivity of 

which it can be stated that, at the 0.10 level of significance, 

this measured activity is above background. 
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is used routinely for Ra body burden determinations; and 

the integral stripping technique of Hallden and Harley (5). 

The variability of these two techniques, expressed as % 

standard error / estimated body burden of RaC, are plotted 

in Figure 3. The data reported in the 1965 report on two 

cs.ses measured in 1962 at the New York City Facility are also 

plotted. The curve is the estimated percent standard deviation 

computed from counting statistics for individual measurements 

verses body burden RaC The standard deviation used is the 

value currently reported as the error in the RaC measurements. 

It has been found that the variation in repeated measurements 

of an individual is less than the error predicted from 

counting statistics for most of the cases studied. 

Breath Radon Measurement 

The breath radon values obtained thus far in 1966 are 

the second series of measurements made on the group of dial 

painters studied in 1965. 

The procedures for performing the radon measurements 

have remained essentially the same as previously described 

in the 1965 Annual Report (3). The only two modifications 

in procedure involved subject positioning during collection 

and a change in the gamma count summation region. 

Since it is likely that zhe retained fractional radon 

is in some way related to the short term variation of the 

1-8 
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respiratory pattern, every effort was taken to remove all 

emotional and physiological discomforts. Subjects were 

allowed to recline in a chaise lounge during sample collection, 

thereby providing a relaxed atmosphere and achieving a more 

reproducible breathing pattern. In addition, this procedure 

makes collection of larger samples more feasible, providing 

for better counting statistics. 

In the 1965 annual report (3) two different counting 

procedures for the estimation of radon were described. One 

method involves gamma counting of a charcoal sample containing 

adsorbed radon. As originally described, only events occurring 
214 

in the Bi region were measured. In order to increase 

sensitivity and to minimize errors due to gain shift, summation 

is now performed over the energy continuum, 0.22-2.56 MeV. 

This results in a new MSA (minimium significant activity) (1) 

of 1.30 pCi for radon. 

The second method is essentially that developed by Lucas 

and consists of desorbing the radon and collecting the gas 

in a scintillation bottle, and alpha counting radon and its 

other emitting daughters. This technique is considerably 

more sensitive than gamma counting and the MSA is 0.016 pCi 

of radon. 

Based on a 100 liter breath sample from an individual with 

an average minute volume of 7.5 L/min, the minimum significant 

1-S 



body burdens corresponding to the above MSA values are 1.18 

nCi and 14.5 pCi, assuming the fractional radon retention is 

0.3C. Since the chance of procedural error is less likely by 

the direct gamma counting technique, and the method is rapid, 

it is used for those cases where the body burden is high enough 

to allow for acceptable counting statistics* (See figure 4) 

The results of 27 breath radon measurements made during 

the past two years are listed in Table 1. If the effective 

226 half life of Ra is assumed to be 11 years, a decrease of 

approximately 6% in the 1965 body burdens would be expected. 

A change of this magnitude, however, would be masked by differ

ences due to other factors contributing to the overall experi

mental error. 

Fractional expired radon vs body burden for both 1965 

and 1966 measurements is plotted in Figure 5. No significant 

correlation between body burden and the radon loss rate is 

evident. If the standard deviation of the outgassed radon 

values due to counting statistics is plotted against body 

burden, (Figure 60, it is obvious that the distribution in 

Figure 5 is a function of the associated counting error. The 

plot of percent counting error vs body burden (Figure 7 ) , 

illustrates the statistical degree of uncertainty in the 

outgassed radon value as a function of body burden. 

There appears, in the data accumulated to date, to be 
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radium was computed based on whole body measurements of the 

RaC daughter made in this labors- from 1960 to 1965. 

Re-analysis of 11 cases selected in 1965 with the 

226 

addition of data obtained in 1966 gave the Ra effective 

half-life estimates shown in Table III. The statistical 

techniques used for obtaining the pooled regression estimate 

are described in appendix :i. The value thus obtained of 

the effective half-life of radium for these 11 cases was 

15.7 1 2.4 years in 1965 and 14.73 1 2.31 years when the 

1966 data were included. If the data are normalized to 

percentages of the initial measurement (taken as 100%) , and -^(^i-

are combined and fitted by least squares technique, the 

estimate of the effective half-life of radium is- 14.2 i 

3.08 years when the 1966 data are added. Based on pooled 

regression analysis of 21 cases having body burdens greater 

than MSA (0.002 |xCi RaC) an effective half-life of 11.1 t 
1.9 years was reported in 1965. 

If more stringent conditions are imposed upon the 

selection of data by choosing only cases where the observations 

have been made over a period greater than three years, 

having more than two measurements, and having body burdens 

greater than 0,01 M-Ci RaC; only six cases would be included 

(5014, 5025, 5215, 5281, 5284, 5917) and a pooled half-life 

of 11.32 + 0,94 years is obtained. These six cases represent 

42 points. 
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On the other hand, if all cases having a body burden 

greater than MSA (0.002 jxCi RaC) (1) are used, a value of 

10.71 _ 2.58 years results. This, study includes 124 points 

(30 cases). These data are given in Table IV. 

The variation of the half-life estimate with RaC body 

burden is shown in Figure 10. No general trend is evident 

but it should be noted that the negative values are all for 

cases having a 1960 estimate body burden of less than 0,01 

p,Ci RaC, Most of the half-life estimates in the region above 

0,01 p,Ci that are less than 5 years are from cases represented 

by only a few points. 

The pooled half-life estimate of 10,7 _ 2.58 years, 

although considerably lower than the 45 years presently 

assumed for radium, is in excellant agreement with a value 

of 10.4 years calculated by Petrow (14) for Ra in bone 

(case 5281) from the ^^^Th/^^^Ra ratio. The reason for this 

rapid elimination is not known, but it should be noted that 

our population is an aged one (mean age 66.6 years) and all 

measurements made were made in the past 6 years. Hence, this 

relative short half-life may be due to an aging effect such 

as osteoporosis. 

Due to an error in the 1965 report the power function 

model for radium elimination waserroneously thought to be 

inapplicable to our data. We now find that this conclusion 
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was based on a numerical miscalculation and that the power 

function does in fact yield estimates of elimination rates 

that are consistant with our data. 

The power function retention model is 
_b 

.R (t) = a t 

where a = R (1); then at some time later, x, let 

R (t + x) = i- R (t) , therefore J a t -t> = a (t + x)"^, 

and X should then be the apparent half-life. 

then -bln(t)= ln2 -bin (t + x) 

b (In (t + x) -In (t)) = In 2 
b (In t + x ) = In 2 

t 

In (1 + x) = 1 In 2 
t b 

1 .- X = 2 1/^ 
t 

therefore x = t (2 - 1) (For the derviation used last 
-1 / • ^ 

year the 1 was assumed to be small compared with 2 .) 

The principal error in the previous analysis was that 

the value of b (0.1518) was determined by employing the data 

of initial measurement as the initial date of exposure. Although 

this assumption is inconsequential when employing an exponential 

model it does lead to serious error when applied to the power 

function. The mean time of exposure is now used and is taken 

as the midpoint of the period of active exposure to radium. 

These data were obtained from the Radium Research Project files 

and are listed in Table V. When the analysis is redone using 
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this initial point a value of b of 2.78 results. Then 

X =43.1 (1.274 - 1) =11.8 years considerably more 

in agreement with the exponential values of 10.7 and 11.2 

years than the value of 4140 years that would be obtained if 

b = 0.1518. Norris (12) has reported a more rigorous 

derivation of an apparent half-life based on setting the 

slopes of the two equations obtained after logarithmic trans

form equal to one another: 

1 d R (t) = - b from the power function and 
R (t) dt t 

1 d R (t) = - X = -0.693 if the exponential is used; 
R (t) dt T-,̂/2 

then T]̂ /2 apparent = 0.693 t . 
b 

With t = 43.1 years and b = 2.78 this gives an apparent 

half-life of 10.78 years, in excellent agreement with the 

exponential values. Although radium retention in aged sub

jects can be described by a power function this function is 

quite different than that reported by Norris (11). 

The fact that RaC and not ^^^Ra is being measured 

produces a bias in the effective half-life estimate only if 

the fraction of retained radon is changing with time. Since 

the RaC produced in the body is directly proportional to this 

quantity: 

RaC = (fractional Rn retention) (226^^)^ then 

if the radon retention is changing with time the true bio-

226 
logical half-life of Ra will be different than that inferred 
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from the RaC measurements. 

If the equation describing increasing radon retention 

reported by Miller and Finkel (10) is used with the value 

we report for the power function exponent, the effective half-

life of radium would be 10.1 years, in good agreement with 

the reported values. 

One might expect the short term changes in radon 

retention described in the second section of this report to 

have an effect upon the measured half-life. However, if the 

changes in radon retention are related to the minute volume 

then one might assume that they are either, random or produce 

a bias in one direction. In either of these cases the effects 

should be negligible when a large number of cases are used 

to compute the pooled slope, however they might contribute 

to the variability of the estimates obtained from individual 

cases. 

Appendix I - Statistical Techniques 

In testing the applicability of the exponential function 

the regression model is B(t) = B e -̂  where TE, the (1) 

effective half-life is Tj; = In 2 . This can be transformed 
~^E 

into the linear equation 
Y = a + bx (2) 

letting Y = In A(t) 
a = In AQ 
X = t 

and b = -^„ 

1-16 



For the power function the regression model is 

A(t) = qt"^ (3) 

which can also be transformed into equation (2) with the follow

ing change of parameters. 

Y = In A(t) 
a = In q 
X = In t 
b = -p 

The parameters obtained are therefore those which give 

the best fit to equation 2 in the log - log plane and not to 

equation 3. It has been shown (9) that these parameters can 

be difierent than those obtained from iterative calculations 

based on equation 3 directly. However, most of the-studies 

in the literature use the log - log transformation. 

Keeping in mind the different transformations employed 

to obtain the linear equation the remaining techniques are 

the same for both cases. 

If there are k cases having nĵ  points each then the 

estimate of the individual slope for each case is given by 

(4) 

^ x. ^Lm y-i 

Where Ŝ ,, = ̂  ""ij-̂ îj - j = 1 J j = 1 J (5) xy 

^ i 

^ j = l 

SI xy 
SI 

X X 

X. . y . . 
/ 

n. 

2 (i^ X 1 
and Sjx = £^ îj -^'jzL—fii/ (6) 

J = 1 n. 
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The standard error of this estimate is 

S.E. ( bj_) = s^ / -/ si X X (7) 

where Si, is the mean square due to error. 

1 
n, - 2 

^yy - ^i xy 

Sxx 

and S. 
yy 

yi. 
^i 

\ j 
n. 
1 

(8) 

(9) 

The pooled slope, b, is estimated assuming parallel lines 

and is given by reference 2; 

b = 
i 

'xy 

Sxx 

(10) 

The standard error of this estimate is given by 

S.E.(b) 

^^ i 
S+ / "^ ^^ XX 

i = 1 
(11) 

where S is given by 

-- 1 yy 

i = 

-

i ° i 

i = l 

- 2k 

^ S x y ; 

^xx (12) 
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AFFiMNUXA IX COx̂ iPUTER PROGRAM FOR RaC & MsTh DETERMINATiOJNS 

C BURDEN I! - PROGRAH FOR RAOIUH ANtfTHORlUH BODY BURDEN CALCULAT^IONS 
C DEVELOPED BY H, PETERSON' AND H. BERK, NYU HEDICAL CENTER* 
C I.VSTITUTE OF CWVIRONHENTAL MEDICINE^ 
c .IOD:-:CO OCTO^ZR lansss BV i-̂ pfTEKc;*.' KUQ G.LAURER TO INCLUDE 
c . ?., .CTERKIN'.':Q .s Âjo CORRECTION GF . TOCEOURAL ERROR 
C /A -^ ! R E A D . .£W C E R I E S STr-^.TNG WITH G^^CKGROUHD ^ _ 

'%> = 2 READ NEW SAt-.PLE CARO . _ __ I __ 
COriMO^ CKI>- _ _ __ 
CI . 'Z -SION . CD:25e) fRADSC25s)?TH0RSC25G>9SAnC25'"s)»-TLfLE{ I I ) 
DIMZiN.SIOi\ ASN/ 'MESO) 

2 
!C 

1 1 

\2 
3 

4 

200 

C " 

20 
C 
c _ 

__ 25 

J 50 

151 

U O 

^ E A D i0i>T BsCTITi EC J}fje! f 5 : : 
."CsrAT( F6. . , : iA6 3 
PRl .T T.,35( T-"LEC a :? Ĵ '? 9 H ) 
FGRi'.AT* .hi s Fo » 1 .g,« > AS < 
READ f ?s>( B K G O C I )5 Io| ,?55 ) 
F O R iAT( iOFGcO > 
RE>iD lOtir.PjC TITLEC J5fJ~f p f J } 
PRI..T SCfT.'^^^^JTlTLEC J)sJ«! ;. s 5 
READ i29£ "MDS{ I )9l«i s255) 
READ (G TMT?( TITLEC J)?J=»i p H ) 
PRI-.T S0sTriT?CT!TLE{ J55J«»I»I 1 J 
READ |2»( THORSC I JslBt ?255) 
RARRA = OeO 
RAR7M =0.0 
FiRSK » O B O 
V1-1 (\ R A 5- & o 0 

THR3i< = 0*0 
THRVrt = OsO 
THOf'.UM REGICN AT 12 KEV/CHAMNEL « CHANNELS 206-229(2.59 MEV TO 
2.75 >,£V5 ENCOMPASSING THE 2.SI MEV PEAK OF THORIUM O'j' TL-208 ). 

DO 20 I'=2GS»229 
THRR = T. PRA * RADSC I ) 
THRTH = ThRTH * THORSC I ) 
ThRBK = THRBK •»• RKGDC I ) 
RAOIUM REGION AT 12 KEV/CHAMNEL =»'CHAN^!ELS I40-I59(r.68 MEV TO 
USi MEV) E:^iCOM?ASSING THE I.7S MEV PEA.< OF RAC(BI-2I4). 
00 25 I=»!40/ s59 
RARTH == RARTH + THORSC I ) 
RARRA == RARRA * RADSC I ) 
RAR5K « RAr.3K * BKGOC I ) 
MSACSIGMIN) PROCEDURE "FROM B . A L T S C H U L E R S B.PXSTERVACK»'HEALTH 
PHYSICSsfS»2S3» J963. 
C A L L S I G M I N (RAR3K > , "" 
RMIN == CMIN ( 
CALL SIGMIN (THRBKJ 
T H M I N = CMIN / 
PRINT 150 J 
FORMATCIH0925XMIHBACKGROUNO H5X»16HRADIUM STANDARD »15X»17HTH0RI 
lUM STANDARD > 
PRINT 151JRARBK9RARRA9RARTK 
FORMATC JHOJ!3H SUM J«0-|59 9I2X§F8.0»21X»F8.0>21X»F8.0 ) 
RARBK = RARBK/T^a 
RARRA = RARRA/TMR 
RARTH « RARTH/TMT 
"̂ SI.iT U0.R.-RBK!>R."*RRA,'-R M 
FOR. sTCIHOslSH COUNTS/w . wUTE » ! 2X sFSe 3? 20X sF9«3»20X'»F9<.3') 
:R, -' ' -^ ^ \^BK/TMB 
Z'^- ""FC AOSFCCP;'"^A/TMR) * ERAR^'t 3) 

RnU, ^ , ' ^.% 

R^r.'.H - r. . ARBK 
PRINT JS2»R*--^'-'"ARRAS'':.- " S R A R T H J E R A R T H 
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152 FORMATC IH ,?0H NET COUNTS/MINUTE .7X,F9.3»9X»F9.2»3H+- »F9.2»|4X*F 
I3.2»3H*- SF9.2 ) _ __ 
PRINT |53f THRBKsTHRRAsTHRTH ' - - _-

153 FORMATC 
"HRBK c 
ETHRBK 
Tr.PTH » 
THRRA » 

154 

143 

144 

145 
I 
6 
5 
14 

174 
175 

IHOsI3H SUM 
THRBK/TSiS 

m THRBK/TMB 
THRTH/TMT 
TSRRA/TKR 

. 3 - 2 2 9 9 i 2 X » F 8 . 0 » 2 ! X , F 8 . 0 » 2 I X » F 8 . 0 ) 

>FTHRBK >) 
* ETHRBK)) 

ETriRRA = SQRTFCABSF(C THRRA/THR ) 
ETHRTH =. SQRTFC ASSFCC THRTH/TMT) 
PRINT 1 4 : " , R B K ? T H R R A ^ T H R T H __ 
THRTH « T H R T . ^ - T H R 3 K 
TKRRA "̂  T"HRRA-THRBK _ '_ ^2 
PRINT i 5 : . T H R B ' C f V ; 1 R R A P E T H R R A ; ' ^ - ' R T H : Z T H R T H 
A = CONTRIBUTION OF THORIUM CC'.PTON GAMMA PHOTONS TO RADIUM REGION 
A « RARTH/T.JRTH 
E A '- A»SQRTFC C ERARTH/RARTH )«*2 • C ETHRTH/THRTH )e»2 ) _ 
B= CONTRIBUTION OF HIGHEl R A O I U M P E A K S TO THORIUM REGION. 
B = THRRA/RARRA _ 
£Z a B»SQRTFC ( E T H R R A / T H R R A 5««»2 *_ ( E R A R R A / R A R R A _ ) _ J » « 2 ^ ~ ) " J ^ 

Q=I.O-(A*B) ' " 
PRINT I 54iJA9EA J B S E B J Q 
FORKATC IH0»5H A ^ J F 9 . 4 ? 3 H * -

i-A*B B »F9.4 ///) _ 
155 _ _" 
I 4 3 9 R M ! N > T H M : N ' 
MINi;- , .^ . , S r C H F I C A N T COUNT 
C 1H0?7H H3C M 5 X ? F 8 . 3 9 4 4 X > F 8 ' ' . 3 ) ' 

RMIN/TM3 
» THMIN/T?1c 
J 4 4 J R M ! N 9 T H M I N 

S I G N I F I C A N T 
9 is: 

, :.lOH 
PRINT 
PRINT 
hSC = 
FORhA 
.V t-', I N 

THMIN 
PRINT 
MSCR = .INIMIUM 
FORMATC iH0»7H KSCR 

»F9.4» I O X J S H B - iF9.4f3H*- »F9.4»lO 

: sF8 
COUNTING RATE^ 
,3944X»F3.3 ) 

AM!N e RKIN/ ( ( I .O-C A»B ) X j « 2«i-RARRA ) ) 
BMIN « C Thr!IN»0.72 )/( I .8*THRTH ) " _ 
MSA » MINIMIUM SIGNIFICANT AMOUNJ _ ~ ' '_' 
PRINT l45yAMINj8MIN _^ __ 
FORMATC M 0 9 7 H HSA » I 3X >F8» 5» 3H "UC » 40X »F8. 5f 3H UC ///) __ 
READ 6»KA _ _ 1 
FORMATC 18) " " - - - - - - ^ 
READ UyTr-IS^CASEsiCANAMEC J )»J«I »8)»IM9lD»IY»RUN '_ _ 
FORMATC F S . I 9 9ASi> 3 2 29 A6 ) ^1 _ 1 _ ' _ I 
I F C T M 3 - T M S ) 1 7 4 9 3 0 8 9 1 7 4 ' ] ' 
PRINT 175 _ " __ 
FORMATC IH0?75H MSA NOT VALID FOR RUN. DIFFERENT COUNTING'TIME USED / /// ) 

30 1 
16 

201 

I FOR PATIENT AND B K G D . 
AMIN » 0.0 ' 
BMIN » 0.0 " - - - -
PRINT I6»TMS»CASE»( ANAME(~J)»J»»|V8 )»rM»ID»IY»RUN " " 
FORMATC IH0»F6. I H 2 H NJRRP CASE » ' A 6 » 5 X » 8 A 6 » 8 H _RyN ON »I2»3H / »I2»3 
IH / » I 2 » 4 X J 8 H RON »A6_)_ ~- " 
READ I2»C SAMC I )el»r9255) _ 
THRSAM s 0.0 
RARSAM « 0.0 \_ ' ' 
DO 30 I «« i40v 159 
RARSAM «= RAKG^...*CAMC 
DO 35 I=206»223 
T-,RSAM « T'rZZ F, * 

30 

" 35 
.' 155 

155 FG" ;AT^ 'HO 
I I40-S5S i. 
PRINT 156?* 

I ) 

Mf ) 

'̂\DIUM REGICM J30XJ!SH THORIUM "REGI ON /25XJ 9 H 
'"w*.^ > 

,N'3AM 
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155 FORMATC |H0»I4H TOTAL COUNTS » 6X»F9,0»39x»F9.0 ) 
RARSAM =• RARSAM/TMS . 
THRSAM = THRSAM/TMS _ \ \ 
.PRINT I 469RARSAMsTHRSAM 

146 FORMATC IH »I2HC0UNTS/MIN 5MX3F9* 3»39XJF9.3 ) _ 
- ERASAK = SORTFC ABSFC C RARSArt/TMS )-!.FRAREK } ) 
•cTHSAM = SQRTFC ABSFC ( THRSAM/TMS ) •»• ETHRBK ) > '__2^ 
RARSAM = RARSAM-DAR8K ___ __] 
THRSAM -~ THRSAM-THRBK ^ .."_." Z. 
PRINT 157»RARSAM5ERASAM?TKR3AM»ETHSAM 

^157 FORMATS !H H 3H NET COUNTS .» ̂v̂; J FC. 38 3H + - f F8.'3 » 27X »F8. 3» 3H + - tF8.3 
. . S) __ . 

E .B = CAo3 )«SrRTF:(EA/A )»o2 * CE3/B )6«2 ) _ 
I F( THRSAM) l"j»S70?i7i 

J 70 TIRA = RARSAri '_ _" _" 
E2RA « ERASAM • __ _ ,_ ^ 
GO TO 'l72 ^ _ "" 

. _ I 7 L T I R A = RARSAH-C A»THRSAM ) "~ 2" __ 
_ EiRA = ( A<'THRSAM )oSQRTF( ( EA/A)«*2 + (ETHSAM /THRSAM )*«2) 

E2RA » S-̂ 'CTFC C ERASAH )0»2 + CE5RA)«»2 ) _ 
'._IJ2, T2RA a 7 . V\/C I .2-C AoB ) ) _. .,. '_ " 
' __ TRA = T2RA/C i »2«RARRA ) _ __ " 
P _'_'ACTIVITY OF RADIUM STANDARD = i.O UC' "_ __ ' 
C 1.2 = CHAIR FACTOR » RATIO OF ACTIVITY IN BODY TO SAME ACTIVITY A 
p" POINT SOURCE DUE TO BETTER BODY CRYSTAL GEOMETRIC RELATION, 

ERA = ABSFC TRA )»SQRTFCC E2RA/TIRA )eo2 + ( EA8/( A«B ) )»«2 + ( ERARRA/RARRA )»o 
_ "__l 2 > ' ^ 

__T ITH » THRSAM~C 3&T2RA ) __: 
__"__'__ TTH = C T 1 T ^ H » 0 M 7 2 ) / ( U C O T H R T H ) " ' 1 _ _ 

M \ ' _ J 0.72 = ACTIVITY IN UC OF THORIUM STANDARD. " _ 
CJ_" 1.8 = U 2 CHAIR FACTOR « U5CRATI0 OF TL-208" Y IELO' FROM jrH^232_ 
Z__2 STANDARD TQ THE TL-20S YIELD FRoM RA-228 IN PATIENT ___' ~__ 
„J:1 EOTH » ABsFC B*T2RA )*SQRTFC( EB/B )6a2 "+ ( E2RA/f2RA )»»2 X „_"" _ 
" EiTH = SQRTFC C ETHSAM )an»2 * (E0TH)*«2) " ' "__ 
J ETH = ABSF( TTH)«SQRTF(( EITH/TITH)»*2 +' ('ETHRTH/fHRTH")»»2T" 

~_ "PRINT 100 _ " " _ _ J Zl " "" 
__IOO'FORMAT( IH0H9XS33H BODY'BURDEN ' M I C R O C U R X E S J UCJ \___i _ \ 
__ PRINT 50»TRAi»ERA _ 1_^1_1.__ " " _ 
1__ 50 FORMATC IH0»28H RADIUM "c BODY BURDEN ~ "»_»F12_.6JL4H_*-_»F"| 2.6 )_J 

PRINT SIPTTHSETH ___ I _ I _ _ 
_ sT FORMATC IH0»28H M E S O THORIUM BODY BURDEN " »>I2.6»4H •'- »Fr2.6) 

IFCTRA-AMIN) 160 9 I 60M 62 _ 1 "̂ _J "" ' 2 \ 
__I60 PRINT i S i __ __" _ " 

[̂  161 FORMATC 1H0»22H RADIUM C BODY BURDEN »5X»3H • 9r4X»3HMSA ) _̂ 
_ 162 I F C T T H - B M I N ) I 6 3 H 5 3 » I 6 5 ' ' '_ __' "" "_ ! _ _ _ 
^163 PRINT 164 _ ' - ' Y ^ ~ -- " -j 
_I64 FORMATC IHOs 28H MESO THORIUM BODY BURDEN • »I4X9 3HM"SA ) \ 
]_I55 Go To C29l )»KA ' 

END 
JLlSUBROUTINE SIGMINC^SJ_ 

COMMON CMIN ^ 
I1_I1-SQ » SQRTFC 2.0»S) \ 
_________ S A = 8.0«S 
' SB «= SQRTFC SA 5 ' " " 

" SC = 4.Cs»S ""_ __ _2 ' ^ ^̂  " 
' ALPHA = I 923! 3 ~ ' " "' ' '__ 
^ ' ' CHIN .a"AL?H., : CC»C"SQRJFC'8 «0 •( ALPHAoo3 )/S'A ) • (ALPHA/SB))) 

"RETURN • ' " " "'" ' ""' - ' 
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SAMPLE OUTPUT PAGE'-FROM-.BURDEN 

30.0 BACKGROUND RUN 1443 10/7/65 
15.0 RADIUM__226 L«0_UC RUN I 445__L0/^/65 
15.0 THORIUM 232 0.72 UC RUN 1444 10/7/65 

BACKGROUND RADIUM STANDARD 

SUM 140-159 939, 15738. 

COUNTS/MINUTE 
NET COUNTS/MINUTE » 

31.300 
31.300 IOI7.90-*-~ 

1049.200 
8.42 

THORIUM STANDARD 

3518.' 

234 .533 
_ZQijL23+:i. JUQA. 

SUM 2 0 6 - 2 2 9 6 8 0 . 6 5 4 . 

COUNTS/MINUTE 22.666 43.600 
NET COUNTS/MINUTE » 22.666 20.93+- l«9| 

J 3253. 

882.866_ 
860.I9+-

A = .2362+- .0051 B = .0205+- 0018 |-A*B = » .9951 

7.72 

RADIUM REGION 
140-159 

MSC 56.366 

MSCR 1.878 

MSA .00154 UC 

. 

30.0 NJRRP CASE 5001 f "' „ ~!l 

, RADIUM REGION 
"̂  140-159 

TOTAL COUNTS 1856. 
OUNTS/MIN SI.86S 

THO-^IUM REGION 
206-229 

48.091 

1 .603 
1 

.00074 UC 

RUN ON 

THORIUM REGION 
206-229 

639. 
21.300 

10 /_ 7 / B5 

CM 
CO 
1 

RUN 

NET COUNTS 30.566+- 1.762 

BODY BURDEN MICR0CUR~IES ( UC ) 

-I.366+- I .210 

RADIUM C BODY BURDEN 025146 +- .002789 

-.000929 .0005^3 

MsU^ 



TABLE I 

RADIUM DIAL PAINTER BODY BURDEN MEASUREMENTS 1965 - 1966 

CASS 
NUMB^-^ 

5021 
5284 
5014 
5551 
58 18 
54 13 
532 1 
5040 
5121 
5358 
5251 
5001 
5025 
5358 
5121 
5040 
5321 
5025 
5413 
58 18 
5215 
555 1 
5014 
5021 
5284 
51 19 
5917 

AVERAGE 

DATE 

3/15/65 
3/10/65 
4 14/65 
4/28/65 
6/02 65 
5/11 65 
5 19/65 
7 13/65 
5 18/65 
5 04/65 
9 29/65 
10/07/65 
1 l/09 65 
6 23/66 
6 15/66 
6 10/66 
6 07/66 
6/01 66 
5/26 66 
5/11 66 
4/06 66 
4 01/66 
3 31/66 
3/25/66 
3/23/66 
6 28/66 
8/10/66 

O.G.F, e 

226Ra 
Expired 

.0134+-

.1472+-

.0895+-

.0147+-

.0132+-

.0I08+-

.0147+-
o0077+-
.0066+-
.2513+-
.0315+-
.0430+-
.0492+-
.2040+-
.0085+-
.0080+-
.0183+-
.0503+-
.0090+-
.0193+-

1.1209+-
»0I75+-
.0819+-
.0137+-
.1510+-
.0277+-
,0416+-

.662967 

Yielding 
Rn( c) 

.0026 

.0031 

.0094 
• 0061 
.0037 
•008o 
•0026 
• 0012 
• 0027 
.0175/ 
• 0028 
.0024 
• 0009 
.0028 
.0001 
.0002 
.001 1 
.0015 
.001 1 
.0012 
.0069 
.0017 
.0012 
.0014 
.0017 
.0026 
.0004 

RaCCMCl BY 
WHOLE BODY 

COUNTING 
.0036+-
.0886+-
.0569+-
.0079+-
.0101+- , 
•0036+-
.0089+-
.0056+-
.0035+-
.0868+-
.0156+-
.0251+-
.0355+-
.0772+-
.0041+-
.0053+-
.0131+-
.0330+-
.0048+-
.0101+-
.4280+-
.0067+-
.0459+-
.0022+-
.0862+-
.0051+-
.0412+-

+- 0.082656 

.0009 

.0018 

.0034 

.001 1 

.0012 
• 0007 
• 0008 
.0012 
.0007 
.0074 
.0014 
.0010 
.0034 
.0047 
.0018 
.0019 
.0020 
.0029 
.0018 
.0020 
.0289 
.0016 
.0036 
.0015 
.0060 
.0018 
.0035 

TOTAL 
BL^OEN 

.0170+-

.2358+-

. I454 + -

.0226+-

.0233+-

.0144+-

.023S+-

.0133+-

.0101+-

.3381+-

.0471+-

.0681+-

.0847+-

.2812+-

.0126+-

.0133+-

.0314+-

.0833+-

.01 38 + -

.02"<4 + -
1.5489+-
.0242+-
.I278+-
.0159+-
.2372+-
.0328+-
.0828+-

BODY 
( c) 

'.00 27 
.0035 
.0099 
.0061 
.0038 
.0080 
• 0027 
•00l6 
.0027 
•0l90 
.0031 
.0025 
.0035 
.0054 
.0018 
.0019 
.0022 
.0032 
.0021 
.0023 
.0297 
.0023 
.0037 
.0020 
.0062 
.0031 
.0035 

FRACTIONAL 1 MINUTE 

RADON EXPIRED j VOLUME 

.7882+-

.6242+-

.61I3+-

.6504+-
,5665+-
.7500+-
.6228+-
.5789+-
.6534+-
.7432+-
.6687+-
,6314+-
.5808+-
.7254+-
.6746+-
.6015+-
.5828+-
.6033+-
.6521+-
.6564+-
.7236+-
.7231+-
.6408+-
.86t6+-
.6365+-
.8445+-
.5024+-

1 
.1991 1 10.35 
.0162 6.44 
.0765 i 8.u9 
.3235 7.26 
.1848 1 7.15 
.6954 j 8.55 
.1314 5.37 
.||66 ' 6.54 
.3225 7.0b 
.0665 V 1 1 • 10 
.0742 8.25 
.0426 7.10 
.0263 6.50 
.0172 9.10 
.0968 7.24 
.0877 ; 6.86 
.0549 6.12 
.0297 7.00 
.1276 7.30 
.0661 , 7.70 
.0145 7.78 
.0990 M.40 
.0212 6.26 
.1418 1 8,96 
.0182 5.47 
.1136 1 8.39 
.0219 3.82 

Error reported as is based on counting statistics only. 



TABLE II 

COMPARISON OF MODELS FOR RADON RETENTION 

Test 
Subject 

% Retention 
(t in days) 

Predicted Radon Retention Reference 
% 

29 yrs 35 yrs 46 yrs, 

Mice 
^ ^ .0.1804 
5.8 t 

30.9 31.8 33.2 10 

Dogs 

Mice 

5.7 t 0.20 

5.16 t 
0.208 

36.2 37.8 

36.1 37.9 

40,0 

39.5 

8 

Mice 4.95 t 
0.224 

39.3 41.0 43.9 

Dogs(RaC) 3.89 t 
Humans(Ra) 

0.24 35.9 37.9 40.8 11,16 

Humans Measured(8 cases) 31.2 10 

'Humans Measured(6 cases) 34.4 10 

Humans 

Humans 

Measured(2 cases) 26.5 

Measured(28 cases) — 33.7 

This report 

This report 
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TABLE III 

COMPARISON OF 1965 AND 1966 EFFECTIVE HALF LIFE ESTIMATES 

1965 1966 
Case # 

5001 

5014 

5025 

509v6 

5251 

5278 

5281 

:" 5284 

5818 

5917 

5962 

Pooled 

No 

Mean 

.Points 

4 

5 

7 

2 

2 

2 

4 

6 

2 

4 

2 

38 

Estimated Ti 
(years) ^ 

-37.73 

25.19 

18.88 

14.03 

-5.55 

10.16 

18.71 

6.80 

-4.15 

10.74 

7.46 

_+ 

+ 

+ 

+ 

_+ 

+ 

+ 

+ 

+ 

+ 

+ 

74.57 

11.92 

5.97 

0.31 

0.046* 

0.052* 

15.73 

1.57 

0.011 

2.39 

0.020* 

15.7 + 2.4 

No.Points 

6 

7 

11 

2 

4 

2 

4 

9 

4 

5 

2 

56 

Estimated Ti 
(years) 

+ 19.91 

13.60 

12.50 

14.03 

- 9.12 

10.16 

18,71 

8.61 

- 40.0 

+ 

+ 

+ 

+ 

+ 

+ 

_+ 

+ 

+ 

2 

22.14*' 

3.78 

1.92 

0.31* 

6.17 

0.052* 

15.73 

1.40 
*** 

120 

9.04 + 0.89 

7.46 

14.73 

+ 

+ 

0.020* 

2.31 

Notes: 

* Underestimate of standard error when only two points are used. 

** Negative half life reported in 1965 is mainly due to 1 point 
which is out of line. 

*** Large value due to very small change in body burden from 1965 
to 1966. 
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- TABLE IV 

C:OM?ARISON OF HALF LIVES RESULTING FROM AN EXPONENTIAL MODEL AND 

THE APPARENT HALF LIFE PREDICTED BY FITTING A POWER FUNCTION TO 

THE DATA 

Case # Number of Points T^ Exponential '̂ ano Power Funct. 
^ (years) (years) 

5001 

5014 

5021 

5025 

5040 

' 5089 

:" 5096 

5102 

5118 

5119 

5121 

5153 

5184 

5215 

5251 

5257 

5278 

5281 

^ 8 4 

6 

7 

6 

11 

4 

2 

2 

2 

2 

4 

5 

6 

3 

5 

4 

2 

2 

4 

9 

19.91 

13.60 

3,86 

12.50 

-81.35 

-8.36 

14.03 

5.95 

1.42 

13.58 

43.69 

4.91 

4.10 

15.37 

-9.12 

0.77 

10.16 

18.71 

8.61 

Continued 

+ 

+ 

_+ 

+ 

_+ 

+ 

+ 

+ 

+ 

+ 

+ 

_+ 

+ 

+ 

+ 

+ 

_+ 

+ 

+ 

22.12 

3.78 

1.19 

1.92 

748 

0.54 

0.17 

0.12 

0.02 

17.97 

178 

3.09 

0.62 

0.68 

6.17 

0.011 

0.052 

15.73 

1.40 

20.32 

13.64 

3.91 

12.55 

-97.06 

-8.34 

14.05 

5.93 

1.41 

13.50 

39.82 

4,93 

4.15 

15.15 

-9.38 

0.77 

10.17 

18.54 

8.61 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

23.03 

3,88 

1.24 

1.96 

1042 

0.61 

0.51 

0.38 

0.07 

17.64 

147 

3.15 

0.58 

0.61 

6.56 

0.016 

0.15 

15.32 

1.38 
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TABLE IV (Contd.) 

Number of Points Tl Exponential '̂ app Power Funct 
(years) (years) 

5307 2 6.52+0.04 6 . 5 5 + 0 . 0 3 

5321 5 -:". 91 + 15.39 -13.49 + 16.75 

5358 2 6.66+0.07 6.66+0.16 

5369 3 7.28+19.24 7.51+20.38 

5413 4 3.84 + 2.22 , 3 . 8 8 + 2 , 2 4 

5541 3 0 . 4 6 + 0 . 4 7 0 , 4 7 + 0 , 4 8 

5551 4 23.82 + 17.0 24.32 + 17.63 

5631 4 31.72 + 125 30.95 + 119 

5818 4 -40.0 + 120 -39.13 + 114 

5917 5 9.04 + 0.89 • 8.96+0.93 

5962 2 7.46 + 0.02 7.46 + 0.10 

Pooled Mean 124 10.71 + 2.58 10.40 + 2.32 
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TABLE V 

EXPOSURE HISTORY OF CASES STUDIED 

Case ft 

5001 

5014 

5021 

5025 

5040 

5089 

5096 

"5102 

.5118 

5119 

5121 

5153 

5184 

5215 

5251 

5257 

5278 

5281 

5284 

5307 

^ 2 1 

..53 53 

5369 

Initial 
Exposure 

Year 

1917 

1916 

1917 

1917 

1917 

1917 

1918 

1916 

1917 

1924 

1921 

1923 

1922 

1917 

1917 

1932 

1917 

1916 

1917 

1944 

1916 

1923 

1919 

Duration 
(years) 

2.92 

3.00 

0.33 

1.83 

1,00 

0.500 

0.50 

6.00 

1,333 

3,17 

0.67 

2,50 

3.00 

1.50 

8.25 

23.33 

1.00 

2.92 

1.50 

1.33 

0.25 

28.33 

0.50 

Zero Time 
for 

Calculation 

1918.5 

1917.5 

1917.2 

1917.92 

1917.50 

1917.25 

1918.25 

1919.60 

1917.67 

1925.58 

1921.33 

1924.25 

1923.50 

1917.75 

1921.12 

1943.67 

1917.50 

1917,46 

1917,75 

1944.67 

1916.12 

1937.16 

1919,25 

Years Elapsed 
to 1963 

45.97 

46.00 

47,34 

46.12 

46.80 

46.55 

43.49 

42,24 

44,18 

38.10 

42.49 

39,29 

39,74 

45.13 

42.40 

17,23 

45.62 

44.80 

45.95 

18.30 

48.13 

28.75 

44.24 
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TABLE V cont 

5413 

5541 

5551 

5631 

5818 

5917 

5962 

1916 

1937 

1918 

1917 

1916 

1918 

1932 

1.00 

7.00 

0.75 

0.42 

2,00 

• 0,75 

1,83 

1916,50 

1940,50 

1918,38 

1917,21 

1917.00 

1918.38 

1932.92 

48,05 

24,40 

46,42 

46.12 

48.00 

45.52 

31.02 

mean 43.13 
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PART II 

A Study of the Distribution of Ra-226, Ra-228 

Pb-210 and Th-228 in Bone and Soft Tissue 

of Radium Dial Painters 

Henry G. Petrow 

This section is reported here in summary only. The full 

report (147 pages), which constitutes the doctoral disertation 

submitted by the author in partial fulfillment of the require

ments for the degree of Doctor of Philosophy, is on file with 

the Division of Biology and Medicine, and is available from 

the AEC in microfilm form (lSIYO-3086-5) . 

Summary 

Bone an̂ . soft tissue samples from two radium dial 

painters, who died approximately 50 years after being exposed 

to Ra-226 and Ra-228, were analyzed for Pb-210 and Ra-226, and 

in the case of bone tissue, for Ra-228 and Th-228 as well. 

In addition bone obtained from a beagle injected with pure 

Ra-228 was analyzed for Ra-228 and Th-228. The purpose of 

the study was to determine what fraction of an old Ra-226 

burden resided in soft tissue, and through measurement of 

Pb-210 to Ra-226 and Th-228 to Ra-228 ratios, to determine 

the metabolic behavior of Pb-210 and Th-228 relative to their 

radium parents; to determine if possible, the relationships 

of Rn-222 retention factors to the locus of Ra-226 deposition; 

2-1 . 



to determine the maximum amount of radium, lead, and thorium 

translocation in the skeleton; to estimate the biological 

half-life of radium through measurement of the Th-228 to Ra-228 

ratio; and to assess the dosimetric significance of the findings. 

The soft tissue study for one of the two dial painters 

indicated that 0.05% of the Ra-226 and 0.65% of the Pb-210 

present at death were in soft tissue. The largest con

centrations of both of these radionuclides were in the aorta 

and the thyroid. The dose to both of these organs was low 

provided their radioactivity content maintained a constant 

relationship to the skeletal burden throughout exposure 

and subsequent life. The possibility exists, however, that 

during exposure, where radium blood levels were undoubtedly 

high, the dose to both the thyroid and the aorta was high. 

The average skeletal ratio of Pb-210 to Ra-226 for both 

dial painters indicates that these two radionuclides are 

eliminated from the skeleton with the same biological half-

life. The analysis of excreta obtained from one of the dial 

painters supports this hypothesis. 

The variability of the Pb-210 to Ra-226 ratio from site 

to site in the skeleton follows a distinct, reproducible 

pattern. For a given bone, the magnitude of the ratio is 

correlated with the Ra-226 concentration, with low ratios 
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being found in the region of high radium concentrations. 

For long bones, the identical correlation was found with 

respect to ratio value and locus of radium deposition. Low 

ratios were found in the end pieces of long bone, and high 

ratios in the shaft. Low ratios were found in vertebra and 

high ratios in rib. 

Two mechanisms have been suggested to explain the 

variability in the Pb-210 to Ra-226 ratios. Translocation, 

as the result of radium and lead resorption followed by 

partial redeposition of the resorbed material is one pos

sibility. If translocation is the sole cause of ratio 

variability, then the pattern of redeposition must be 

selective. That is, the redeposition of Pb-210 must proceed 

preferentially, relative to radium, in the shafts of long 

bones and in rib. The maximum amount of resorbed radium or 

lead redeposition is 4% of the terminal body burden. If 

both radionuclides are redeposited to the same extent, then 

2% of the terminal body burden of Ra-226 and Pb-210 was 

redeposited. 

An alternative hypothesis that could explain ratio 

variability is differences in Rn-222 retention factors. For 

long bones, this hypothesis is supported by our current 

knowledge of long bone structure and the mechanism of Rn-222 

escape from bone, in that one could expect greater Rn-222 
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retention in the shaft, relative to the end pieces, and hence, 

ratios should be higher in the shaft than in the ends. This 

is the pattern of ratio variability found in long bone. Animal 

data, to some extent, corrobrate these findings. The reasons 

for high ratios in rib and low ratios in vertebra are not 

clear, but may result from differences in bone crystal size, 

or amorphous mineral content. If Rn-222 retention is the 

cause of ratio differences, as a consequence of the fact that 

Pb-210 and Ra-226 have equal biological half-lives, Rn-222 

retention factors can be calculated for each ratio. The 

range of ratios was such for the two cases, that Rn-222 

retention varied from 20% to 57%, if ratio differences are 

ascribed solely to differences in Rn-222 retention. 

The study of Th-228 to Ra-228 ratios in the bone of one 

of the dial painters and in the beagle's bone indicated that 

this ratio was variable as was that of the Pb-210 to Ra-226 

ratio, without, however, showing any discernible pattern. 

It is suggested that Th-228 translocation was the cause of 

the variability, and that 27% of the Th-228 translocated for 

the dial painter and 10% for the beagle. The average skeletal 

ratio of Th-228 to Ra-228 allows the calculation of the Ra-228 

biological half-life, assuming that the effective half-life 

of Th-228 is equal to its physical half-life. The calculated 

Ra-228 biological half-life was 10.4 years for the dial 

painter and 16 years for the beagle. 
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Using the findings of the study, it is estimated that 

both dial painters had equal burdens of Ra-226 and Ra-228 

after exposure. The alpha dose received from each chain 

was nearly identical after 50 years. About 5% of the alpha 

dose from the Ra-226 chain was received from Po-210, the 

alpha emitting daughter of Pb-210. 
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PART III 

Spectrophotometric Determination of Thorium in Bone Ash 

Using Arsenazo III* 

Henry G. Petrow and Clifford D. Strehlow 

Arsenazo III forms with thorium a colored complex of 

great intensity (1). Under suitable conditions, as little 

as O.ljig of thorium can be detected. Many other elements, 

such as iron, zirconium, the rare earths and uranium also 

form-Arsenazo III complexes which have spectra similar to 

that found with thorium, with rather a broad, intense absorp

tion band in the region of 660 mji. In many cases, however, 

thorium can be measured with Arsenazo III, without separation, 

through use of suitable masking agents, and through acidity 

control, whereby interference from many elements can be 

greatly reduced, or even eliminated (2). Such is not the 

case when analyzing bone ash. The published data concerning 

thorium in bone are meager but Edgington, using neutron 

activation analysis, estimated the thorium content of bone 

ash to be 0.006 ppm (3).' If this value is correct, or even 

approximately correct, at least 50 grams of ash would be a 

desirable sample size. It is not possible to determine 

thorium with Arsenazo III in the presence of such gross 

*Submitted for publication in Analytical Chemistry. 
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amounts of calcium and phosphate, and a preliminary separation 

is necessary. 

Many excellent solvent extration and ion exchange 

methods for the purification of thorium fail when applied to 

bone ash, due to the high concentration of phosphate ion 

encountered. Tributylphosphate, theonyltrifluoroacetone, and 

mesityl oxide were found to be totally ineffective even at 

moderate phosphate concentrations, despite the fact that the 

solutions of bone ash were heavily salted v/ith nitrates. Anion 

exchange from a 7 M nitric acid also failed. Petrow, Sohn 

and Allen (4) described a method, employing a primary amine 

as the thorium extractant, which is quite effective, even at 

high phosphate concentrations. Unfortunately, a sulfuric acid 

solution is required, which is quite incompatible with bone 

ash, due to the low solubility of calcium sulfate. Petrow, 

Cover, Schiessle and Parsons employed di-(2-ethylhexyl) phos

phoric acid (EHPA) as a thorium extractant when analyzing 

bone ash for thorium-228 (5). In this method, thorium is 

extracted nearly quantitatively from 50 grams of dissolved 

bone ash. However, thorium was never stripped from the 

EHPA in this method because it was not necessary. Despite 

the fact that it is extremely difficult to remove thorium 

from EHPA, it was decided to work with this solvent because 

it can be used to separate thorium from large amounts of 

dissolved bone ash, and the separation is rapid and quanti

tative. The primary problem, then, was to develop a simple 
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method oX removing thorium from EHPA, prior to the spectro

photometric determination. 

In the procedure to be described, thorium is extracted 

from bone ash, dissolved in nitric acid, using 1.5 M EHPA 

in n-heptane. After the solvent is washed with dilute nitric 

acid and diluted with toluene, it is partially neutralized 

with aqueous sodium hydroxide and thorium stripped from the 

solvent with ammonium carbonate solution. This solution is 

acidified with nitric acid, and thorium extracted into a 

quaternary ammonium nitrate, Aliquat 336 nitrate. Thorium is 

next stripped from the amine with concentrated hydrochloric 

acid. After evaporation of the hydrochloric acid solution to 

a small volume, dissolved and entrained solvent is destroyed 

with perchloric acid-nitric acid, and the thorium concentra

tion determined spectrophotometrically using Arsenazo III. 

Procedure 

Apparatus. Beckman Instruments Model DB Spectrophoto

meter equipped with 40 mm cells. 

Reagents. 1.5 M di-(2-ethylhexyl) phosphoric acid (EHPA) 

in n-heptane. Dilute pure EHPA with an equal volume of n-heptane 

and wash the solution with an equal volume of 4 M nitric acid. 

Discard the nitric acid wash solution, and wash the solvent 

with half the volume of 4.0 M sodium hydroxide. A precipitate 

of ferric hydroxide will form, largely suspended in the aqueous 
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phase. Draw off the aqueous phase and discard. Wash the 

solvent twice, for one minute, with an equal volume of saturated 

ammonium carbonate solution, and discard the wash solutions. 

Finally, wash the solvent, for 1 minute, with an equal volume 

of 4 M nitric acid and tben twice with an equal volume of water. 

The resulting solvent will be 1.5 M in EHPA and free of thorium. 

EHPA can be purchased from the Union Carbide Chemical Corp. 

Aliquat 336 nitrate, methyltricaprylamraonium nitrate, 30 

volume % in toluene. Prepare a 30 volume % solution of Aliquat 

336 chloride in toluene. Wash the solvent twice with an equal 

volume of 5 M nitric acid, and once with an equal volume of 

water, to prepare the nitrate salt. Aliquat 336 can be pur-

chased from the General Mills Chemical Corp. 

Arsenazo III (2,2- [̂ (1,8 - dihydroxy-3, 6-disulfo-2, 

7-napthylene) bis (azo)]j dibenzenearsonic acid, disodium 

salt). J.T. Baker Chemical Co. 0.05% (wt/vol) in water. 

Sodium hexametaphosphate C.P. 0.1% (wt/vol) in water. 

The commercial water conditioner, "Calgon", made up to the 

same strength, may also be used. This reagent is stable for 

three days. 

Saturated oxalic acid solution, C.P. 

Procedure. Ash a weighed portion of bone in a muffle 

furnace at 750°C for 10 to 15 hours, to yield a white ash. 

Weigh the ash to determine the ash content of the sample. 
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Place a weighed portion of pulverized ash, not to exceed 

50 grams, in a beaker and add 1.5 ml of nitric acid per gram 

of ash. Add 4.5 ml of water per gram of ash and heat until 

the ash d-- solves. Cool the solution to room temperature and 

ther transfer it to a separatory funnel containing 100 ml of 

EHPA. Extract for two minutes to remove thorium, and discard 

the aqueous phase. Wash the EHPA 3 times, for 1 minute, with 

50 ml portions of 1.5 M nitric acid. If it is desired to also 

analyze for thorium-228, note the time of the last wash and 

set aside the sample for in-growth of thorium-228 daughters. 

Determine the Th-228 content of the sample according to the 

procedure of Petrow et aĴ . (5) . After the removal of thorium-

228 daughters, ̂ r if thorium-22S is not to be determined, 

following the last nitric acid wash step, add 75 ml of toluene 

and 35 ml of 4.0 M sodium hydroxide to the EHPA and shake the 

mixture for 1 minute. A single clear phase should result. 

Strip the thorium from the solvent by contacting the neu

tralized EHPA twice, for two minutes,_with 60 ml portions of 

2.5 M ammonium carbonate solution. Add the two stripping 

solutions directly to a separatory funnel containing 50 ml 

of concentrated nitric acid, swirling the funnel gently to 

release the liberated carbon dioxide. Add 75 ml of Aliquat 

336 and extract for two minutes. Discard the aqueous phase. 

Wash the solvent once with 40 ml of 5 M nitric acid. Strip 

the thorium from the solvent by contacting it three times, 

for one minute, with 30 ml portions of hydrochloric acid. 
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Combine the hydrochloric acid strip solutions in a beaker 

and evaporate the solution to a volume of 5 ml. Add 10 ml 

of nitric acid and 3 ml of 70% perchloric acid. Cover the 

beaker with a ribbed watch glass and evaporate the solution 

until dense fumes of perchloric acid are observed. Continue 

heating until the volume is approximately 1 ml, not to dryness. 

Cool the solution, and wash the sample into a 10 ml • 

volumetric flask, containing 1 ml of Arsenazo III solution, 

with 5 ml of hydrochloric acid, 1 ml of saturated oxalic acid, 

and sufficient water to dilute to volume. The amount of 

thorium measured should not exceed 3-4 |j,g. Measure the 

absorbance in a 40 mm cell at 660 m\i against a reference 
I* 

solution made up of Arsenazo III, hydrochloric acid, saturated 

oxalic acid, and perchloric acid in the same proportions used 

in making up the sample. After the reading, add 1 drop of the 

sodium hexametaphosphate (or "Calgon") solution to the sample 

cell and to the reference cell, shake both cells to insure 

mixing, and after two minutes, read the absorbance again to 

determine the blank. Determine the thorium content from a 

calibration curve, using the difference between the two readings 

as the absorbance due to thorium. The color is stable for at 

least 2 hours. Beer's Law is obeyed for samples containing up to 

4 îg of thorium. The molar extinction coefficient, as determined 

in this laboratory is 120,000. 

Discussion 
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The recovery of thorium is very nearly quantitative. For 

a 50 gram sample of bone ash, prepared as described, the 

extraction coefficient of thorium into 1.5 M EHPA is 2,000. 

The thorium extraction can be calculated therefore, to be 

99.8% for a 50 gram sample of ash. The stripping procedure 

is equally effective. No measurable amount of thorium is 

lost in the extraction with Aliquat 336. Finally, the thorium 

is quantitatively stripped from Aliquat 336 with hydrochloric 

acid. 

The combination of extraction with EHPA, Aliquat 336 

nitrate, and hydrochloric acid stripping of thorium from Aliquat 

336 results in a procedure which is highly specific for thorium'. 

There are no knswn interfering substances. There is a blank 

correction which must be made, and which is variable. This 

blank does not result from thorium introduced by the reagents 

employed, and is not due to thorium. It is apparently due to 

absorbing materials leached from glass during the evaporation 

of /.ydrochloric acid. The absorbance of the blank is variable, 

being as low as zero and as large as 0.08. A fortunate charac

teristic of the blank, whatever its origin, is that its color 

is not bleached by sodium hexametaphosphate whereas the 

thorium - Arsenazo III color is. Therefore the absorbance 

difference before and after bleaching is a reliable measure 

of the thorium concentration. 

On certain occasions the thorium color was observed to 
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fade rapidly. This was found to be the result of traces of 

nitric acid still present in the sample. It is very important 

that the final perchloric acid solution be heated long enough 

to volatilize all the nitric acid. If this is done, as 

described, bleaching is not observed. 

One last precaution is that under no circumstances should 

the sample be taken to dryness. If this happens, a refractory 

thorium oxide product is formed which is difficult to re-

dissolve. Should this happen, add 3 ml of perchloric acid, 

3 ml of nitric acid and one drop of 27 M hydrofluoric acid 

and evaporate the solution to a final volume of 1 ml. 

It is difficult to define the ultimate sensitivity of this 

method, due to the variability in blank. On the average, 

however, the blank has a value of 0.04 absorbance units. Since 

0.1 la g of thorium produces an absorbance of 0.02 units it is 

possible to detect in most circumstances, this small amount of 

thorium. In general, however, one should try to analyze a 

sample sufficiently large to yield at least 0.3 p,g of thorium. 

It would follow from this, then, that if the thorium content 

of bone ash is less than 0.006 ppm, more than 50 grams of ash 

should be treated. This is simply accomplished by adjusting 

the volume of nitric acid and water used to dissolve the 

bone ash proportionately. Using a single 100 ml portion 

of EHPA, the dissolved ash is divided into as many as 300 

ml portions as necessary, and each portion extracted separately. 
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Having done this, the procedure is then continued as described. 

In this manner, as much as 450 grams of bone ash have been 

analyzed. Since the only reagent volumes that are increased 

are those used to dissolve the ash, namely nitric acid and 

water, and since neither nitric acid or distilled water con

tain any discernible amounts of thorium, increasing the sample 

size does not increase the magnitude of the blank. 

It was mentioned in the body of the procedure that it is 

possible to determine thorium-228 as well as thorium, using the 

procedure of Petrow et &1. (5). This can be done without 

adverse effect on the determination of thorium but does entail 

a waiting period of two to twenty days to permit in-growth 

of thorium-228 daughters. The disadvantage in determining 

thorium-228 also, is that there is a delay before thorium 

can be determined. 

Results 

Thorium recovery for the procedure was found to be nearly 

quantitative. This was determined by analyzing bone ash 

containing thorium-234 tracer, and by adding known amounts 

of thorium, varying from 1.55 |j,g to 15.55 |j,g to dissolved 

steer bone ash. Typical results are presented in Table I 

for the analysis of 50 gram samples of steer bone ash. 

As can be seen from the date in Table I, thorium 

recoveries are excellent, averaging 98%. 
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Table I 

Analysis of 50 gram Samples of Steer Bone Ash 

Containing Added Thorium 

[IS Th 

Added Total Found % Added Th Found 

0 0.28 

1.55 1.77 96.1 

6.22 6.43 98.9 

15.55 15.55 98.2 

In Table 2 are presented results of the analysis of 

steer bone ash samples of varying size. Thorium-228 was 

also determined. 

Table 2 

Analysis of Steer Bone Ash 

Sample 

1 

2 

3 

4 

5 

Sample Weight, 

.50 

50 

50 

50 

450 

gms. Th, (Ig/gm 

0.013 

0.012 

0.012 

0.017 

0.0124 

Ash 
Th-228 

DPM/gm Ash 

0,36 

0.33 

0.36 

0.36 

0.34 
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Finally in Table 3 are presented data for the analysis 

of normal human bone. The sample analyzed was a composite 

vertebra sample collected from a large number of humans who 

died accidentally. The ash was provided by the Health and 

Safety Laboratory (HASL) of the United States Atomic Energy 

Commission. The individuals concerned were largely adults. 

Once again, thorium-228 was also determined. 

Table 3 

Analysis of Normal Human Bone Ash 

for Thorium and Th-228 

Sample 

1 

2 

3 

4 

Sample Wei 

50 

50 

50 

450 

•ght. gms. Th, [i g/gm 

0.010 

0.009 

0.006 

0.0097 

Ash 
Th-228 

DPM/gm Ash 

0.025 

0.023 

0,019 

0,018 

It would appear from these data that the thorium content 

of normal human bone is about 1.01 |jg/gm ash. One result. 

Sample 3, gave a value somewhat lower than the other three 

samples. We do not know the reason for this but feel that an 

error is involved since the entire 600 grams of sample were 

dissolved in a single step, and aliquots of the dissolved sample 

taken for analysis. 
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PART IV 

The Determination of Lead in Bone Ash By A,tomic 

Absorption Spectrophotometry * 

Henry G. Petrow and Clifford D. Strehlow 

The determination of lead in a solution of bone ash 

by atomic absorption spectrophotometry presents certain 

difficulties. The high concentration of dissolved ash 

necessary to put the metal concentration in a workable range 

results in frequent clogging of the burner system, a per

sistent contamination of the flame with calcium, which is 

objectionable if the instrument is being used for the 

analysis of calcium, and decreased lead sensitivity because 

of the presence of gross amounts of phosphate. A procedure 

whereby lead could be quantitatively extracted from a con

centrated solution of dissolved bone ash prior to its deter

mination, and the lead determined directly in the solvent, 

would therefore be desirable. 

The extraction system, ammonium pyrrolidine dithio-

carbamate - methyl isobutylketone (APDC/MIBK), favored by 

many workers in atomic absorption spectrophotometry, is 

useless when working with bone ash. In the pH range, 2.2-2.8, 

considered to be optimum for the extraction of lead by 

APDC/MIBK, calcium phosphate precipitates, and will not 

redissolve, except in very dilute solutions. Dithizone 

•Submitted for publication in Analytical Chemistry. 
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extraction requires an even higher pH, and cannot be used. 

Petrow and Cover describe a method for the quantitative 

extraction of lead from bone ash dissolved in hydrobromic 

acid (1). The extractant is a toluene solution of a 

quaternary ammonium bromide, Aliquat 336 bromide. Neither 

phosphate nor calcium is co-extracted, the extraction is 

unhampered by the precipitation of calcium phosphate, and 

the separation is simple and rapid. 

In the procedure to be described, the sample of bone 

is ashed first at 600°C, for 10-15 hours, followed by 1-2 

hours of ashing at 750°C. A weighed portion of the ash 

is dissolved in hydrobromic acid, and lead extracted into 

the amine. The lead is determined in the solvent using the 

213 mjj, lead line. 

Experimental 

Apparatus. Beckman Instruments Model DB Spectrophoto

meter, equipped with atomic absorption accessory, laminar 

flow burner and recorder. 

Reagents. Aliquat^336 bromide, methyltricaprylammonium 

bromide, 15 volume % in toluene. This reagent is prepared 

by dissolving the appropriate amount of Aliquat 336 in toluene, 

and washing the solution twice with an equal volume of 

1.5 M hydrobromic acid. Aliquat 336 can be purchased from 
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the General Mills Chemical Co. 

Standard lead solution, 10 ppm in 15% Aliquat 336. 

Extract a solution containing 10 ppm of lead in 0.5 M hydro

bromic acid for one minute with an equal volume of 15% 

Aliquat 336. Discard the aqueous, phase, wash the solvent 

once with an equal volume of 0.5 M hydrobromic acid, and 

store the solvent in a tightly stoppered glass bottle. 

Standardscontaining lower concentrations of lead can be 

prepared by diluting the 10 ppm stock solution with the 

appropriate volume of 15% Aliquat 336. 

Procedure. Ash the bone in a sili<:a boat at 500*̂  -

600°C for 10-15 hours, and then at 750°C for 1-2 hours, or 

until a carbon free ash is obtained. 

Place lOv grams of ash in a beaker, add 23 ml of 

hydrobromic acid, and dilute to 100 ml with water. Heat 

the solution until the ash dissolves, and allow the solution 

to cool to room temperature. If smaller amounts of ash are 

used, reduce the volume of hydrobromic acid proportionately. 

Do not use samples larger than 10 grams. 

Extract the solution of bone ash for one minute with 

25 ml of Aliquat 336. Discard the aqueous phase and wash 

the solvent once with 25 ml of 0.5 M hydrobromic acid. 

Determine the lead in the Aliquat 336 at 217 m^ by 
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comparison with known standards, zeroing the instrument 

with Aliquat 336. If the solution contains more than 10 ppm 

lead, use the less sensitive line at 283 m|j,, or dilute the 

sample with Aliquat 336. 

The following conditions were used for the measure

ment at 217 mp,: air - 25 p.s.i.; acetylene - 1.25 p.s.i.; 

lampcurrent - 13 ma.; slit width - 0.40mm; height above top 

of burner - 0.7 in.; pre-heater condition - hot. The 

sensitivity for lead under these conditions for 1% absorp

tion is 0.09 ppm. 

Discussion 

The usual practice, when analyzing bone for lead, 

is to never permit the ashing temperature to exceed 600 C. 

If raw bone is exposed to temperatures in excess of about 

625°C, there is a measurable loss of lead, while at 800°C, 

lead loss is nearly quantitative. However, if most of the 

organic material is first destroyed by ignition at 600°C, 

the remaining traces of carbon can be destroyed at 750°C, 

without loss of lead. Presumably, the role of organic matter 

in fostering the loss'of lead at temperatures above 600 C is 

the reduction of lead to the elemental state, followed by 

the volatilization of lead metal. The advantage in increasing 

the temperature to 750°C once the bulk of the organic material 
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has been destroyed, is that it is difficult to destroy the 

last traces of carbon at 600 C while at 750°C, the oxidation 

of carbon proceeds rapidly. 

For 15% Aliquat 336, the lead extraction coefficient 

is 800 from 0.1M hydrobromic acid, and increases with 

increasing hydrobromic acid concentration to a maximum 

of 1200 from 0.5M hydrobromic acid. The extraction co

efficient then decreases with increasing concentration of 

hydrobromic acid and is about 0.05 from 9M hydrobromic acid. 

For the conditions described, when analyzing 10 grams of 

ash, the extraction coefficient is 250. Smaller samples 

of ash give higher extraction coefficients, not because 

of calcium or phosphate interference, since the presence 

of these two ions does not affect lead extractability, 

but because lower concentrations of bromide are possible 

when treating smaller samples. 

Several other metals are quantitatively retained 

by the solvent using the condition described including 

zinc, mercury (II), bismuth, silver, and tin (IV). Pre

sumably the solvent fraction could be used for the deter-

mination of these elements also, provided the amounts in 

bone are sufficient to permit their detection. 

The sensitivity for lead in Aliquat 336 is about 

one-half that found for aqueous solutions. In addition,-
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there is less noise when using aqueous solutions. Therefore, 

for increased sensitivity, and somewhat greater accuracy 

and precision, strip the lead from the solvent with two 

10 'Til portions of hydrochloric acid. Evaporate the stripping 

solution to 1-2 ml and dilute to 25 ml v̂ith water. Deter

mine the lead at 213 mp. using 17.5 p.s.i. of air, 5.5 p.s.i. 

of acetylene, and a slit width of 0 50 mm. 

Results 

To test the procedure, ten 10 gram samples of steer 

bone ash were analyzed. The average lead concentration 

found was 2.7 ^ 0.1 ^^ per gram of ash. .Next, 40 |j,g of 

lead were added to the raffinate from each sample, and 

the solutions re-extracted with Aliquat 336. The average 

lead recovery from the spiked samples was 98.5 percent. 

Finally, various portions of human bone, obtained 

at autopsy from a single individual, were analyzed. The 

results are presented in Table I. 

The time for analysis, exclusive of ashing, is 

approximately 15 minutes. The accuracy is such, that in 

normal bone, results within _ 5 percent of the true value 

are easily obtainable. As little as 0.5 ppm lead in bone 

can be detected. There are no known interferring substances. 
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Table I 
Analysis of Human Bone For Lead 

Sample [ig Pb/g Ash 

Radius, shaft 87 
Tibia, shaft piece 1 98 
Tibia, shaft piece 2 92 
Femur, shaft 77 
Femur, er.d piece 1 106 
Femur, end piece 2 131 
Femur, end piece 3 154 
Vertebra 132 
Rib 120 
Calvarium (replicate results) 88 

85 
82 
91 

Average 8 7 + 4 

Literature Cited 

(I) Petrow, H.G, and A. Cover; Anal. Chem 37, 1659 (1965) 
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PART V 

Sequential Analysis of "̂ -"-̂ Pb, Th, Thorium, Ra, and 

226 
Ra in a Single Samples of Bone Ash or Plant Ash* 

Henry G, Petrow and Clifford D. Strehlow 

It is frequently the case that it is necessary to 

determine more than one radionuclide in a single sample. 

Such was the case when analyzing tissue obtained from radium 
210 228 228 226 

dial painters, where Pb, Th, Ra, and Ra had to 

be determined in each sample. Therefore, a procedure was 

developed to accomplish this. Subsequently, the procedure 

was modified to include the determination of thorium also. 

Procedure 

Apparatus, Beckman Instruments Model DB Spectrophoto

meter equipped with 40 mm cells. 

Tracerlab Omniguard Low Background Beta Counter 

Nuclear Measurements Corp, Model PCC - 10A Proportional 

Counter. 

Reagents. 1.5 M di (2-ethylhexyl) phosphoric acid (EHPA) 

in n-heptane. Dilure pure EHPA with an equal volume of 

n-heptane, and wash the solution with an equal volume of 4 M 

nitric acid. Next, wash the solvent for two minutes with 

500 ml of 4 M sodium hydroxide. Draw off the aqueous phase 

which will contain suspended ferric hydroxide. Wash the 

solvent twice, for one minute, with an equal volume of 
•Presented at the Eleventh Annual Meeting of the Health Physics 
Society, Houston, Texas, June 27-30, 1966. 
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saturated ammonium carbonate solution, and discard the wash 

solution. Finally wash the solvent, for one minute, with an 

equal volume of 4 M nitric acid and then"twice with an equal 

volume of water. EHPA can be purchased from the Union Carbide 

Chemical Co. 

Aliqi.at 336 nitrate, methyltricaprylammonium nitrate 

30 volume percent in toluene. Prepare a 30 volume % 

solution of Aliquat 336 chloride in toluene. Wash the solution 

twice with an equal volume of 5 M nitric acid, and once with 

an equal volume of water. Aliquat 336 can be purchased from 

the General Mills Chemical Co. 

Arsenezo III (2,2' I (1,8 - dihydroxy - 3, 6 - disulfo-

2, 7 - napthylene) bis (azo) dibensenearsonic acid. 

disodium salt), 0,05% (wt/vol) in water. J.T. Baker Co, 

Sodium hexametaphosphate, 0.1% (wt/vol) in water. The 

commercial water conditioner, "Calgon", made up to the same 

strength, may also be used. This reagent is stable for three 

days. 

Saturated oxalic acid solution. 

Lead Nitrate, 0.5M 

Lead Nitrate, O.IM 

Aliquat 336 bromide, 30 volume % in toluene. Prepare 

a 30 volume % solution of Aliquat 336 chloride in toluene. 

Wash the solvent twice, for one minute, with an equal volume 
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of 1.5M hydrobromic acid, and twice with an equal volume of 

water. 

Bone: Ash the bone for 10-15 hours at 600°C, and for 

1-2 hours at 750°C, to yield a white ash. Place 50 grams of 

ash in a beaker and add 65 ml. of nitric acid and 200 ml of 

water. Heat until the ash dissolves. Cool the solution to 

room temperature and add 15 ml of hydrobromic acid and 1 ml 

of 0,10M lead nitrate. Extract the lead with 50 ml of Aliquat 

336 bromide, for one minute. Draw off the raffinate, and 

save for the analysis of thorium and radium. Wash the solvent 

three times, for one minute, with 25 ml portions of O.IM 

hydrobromic acid. Add the wash solution to the raffinate. 

210 Continue with the Pb analysis, as described in (1). 

Extract the raffinate for 2 minutes with 100 ml of 

EHPA. Draw off the raffinate into a 4 liter beaker. Wash 

the solvent 3 times with 50 ml portion of 1,5M nitric acid. 

Add the first wash solution to the raffinate, and discard 

228 
the latter two. Proceed with the analysis of •̂ '̂ "Th as 

228 
described in (2), After the determination of Th, determine 
thorium as described in,Part III of this section. 

Heat the raffinate on a hot plate and evaporate the 

solution to a volume of 100 ml. Dilute the solution to a 

volume of 3500 ml, with water. Add 20 ml. of 0.5M lead 

nitrate and mix the solution well. If a precipitate of lead 
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phosphate forms, add nitric acid slowly until the precip

itate just dissolves (pHl) . V.̂ hile stir.xng, add 90 ml. 

of 9M HgSO to precipitate lead sulfate. Allow the precip

itate of lead sulfate to settle and decant the aqueous phase 

immediately, otherwise calcium sulfate will also precipitate 

after about 30 minutes. 

Transfer the precipitate to a centrifuge tube, and 

wash it once with 40 ml of water. Add 35 ml of saturated 

ammonium carbonate solution to metathesize lead sulfate to 

lead carbonate. Stir the solution periodically over a 

period of 10 minutes, centrifuge, and discard the supernate. 

Repeat the metathesis with saturated ammonium carbonate 

solution, centrifuge, and discard the supernate. Wash the 

precipitate once with 40 ml. of wacer, centrifuge and 

discard the wash solution. Add 5 ml of 5M nitric acid, and 

scir the solution until effervescence ceases. Add 25 ml 

of yellow fuming nitric acid to precipitate lead nitrate. 

Centrifuge the precipitate and discard the supernate. 

Was the precipitate into a separation funnel containing 

50 ml of Aliquat 336 bromide with 30 ml of water. Extract 

for one minute and draw off the supernate into a beaker. 

Wash the solvent with 25 ml of O.IM hydrobromic acid. Add 

the wash solution to the beaker and discard the solvent. 
228 

Evaporate the solution to dryness and analyze for Ra as 

described in (2) . After the determination of '̂  °Ra determine 

Ra according 
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to (3), or the suitable method. 

If less than 50 grams of bone ash are analyzed, reduce 

the volume of nitric acid and water used to dissolve the ash, 

the volume of hydrobromic acid added to the solution, the 

210 volume of Aliquat 336 used to extract Pb, and the volume 

of hydrochloric acid used to strip the lead from the solvent 

proportionately. Also, with regard to the precipitation of 

lead sulfate following the extraction of thorium, reduce the 

volume of dilution water, the volume of 0.5M lead nitrate 

added, and the volume of 9M sulfuric acid used for measuring 

lead sulfate proportionately, except never use less than one 

liter of solution and less than 5 ml of 0.5M lead nitrate. 

228 

Because of the low concentration of thorium and Ra 

in normal bone, relative to their limits of detection, it 

may be necessary to analyze more than 50 grams of ash. In 

this case, dissolve the sample as described, increasing the 

quantity of nitric acid, water, and hydrobromic acid propor

tionately. Divide the solution into fractions containing 

50 grams of dissolved ash. Analyze one or more of the 
210 fractions for Pb as has been described. Extract all the 

fractions with a single 100 ml portion of EHPA, treating 

the fractions successively, and continue the thorium 

analysis as described. In this way, as much as 500 grams 

of ash can be analyzed without increasing the volume of 
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EHPA required. After the extraction of thorium, treat each 

50 grams fraction separately, but after the lead has been 

separated from the radium, combine all the radium fractions 

and treat as a single sample. 

Plant Ash: Ash the sample at 500 - 600°C for 24 hours. 

Place the ash, not to exceed 20 grams in a beaker, and add 

1 ml of 0.1 lead nitrate. Add 75 ml of hydrobromic acid and 

evaporate the solution to a volume of 25 - 30 ml. Dilute 

the solution to 300 ml, filter if necessary, and transfer 

any residue to a platinium crucible. Add 5 ml of perchloric 

acid and one ml of hydrofluoric acid, and evaporate to 

dryness. Take up the residue in 5 ml of hydrobromic acid, 

210 
and add the solution to the filtrate. Analyze for Pb, 
228 ^ Th, and thorium as already described. After the thorium 

extraction add 50 ml of nitric acid and evaporate the 

solution to near dryness. Dilute to one liter with water, 

add. 5 ml of 0.5 M lead nitrate, and precipitate lead sulfate 

with 30 ml of 9M sulfuric acid. Collect the precipitate of 

29R 226 lead sulfate and analyze for °Ra and Ra as previously 

descirbed. 

Results 

In Table I are presented results for the analysis of 

steer bone ash for the five nuclides. 
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Table I 

Analysis of Steer Bone Ash 

Samples Th, (xg/gm Th - 228 Ra - 228 Ra - 226 Pb - 210 
DPM/gm 

1 

2 

3 

4 

5* 

0.013 

0.012 

0.012 

0.017 

0.0124 

0.36 

0.33 

0.36 

0.36 

0.34 

0.74 

0.79 

0.75 

0.78 

0.68 

0.88 

0.81 

0.79 

5.0 

5.3 

5.5 

5.0 

•Samples 1 - 4 weighed 50 grams. Sample 5 weighed 450 

grams and was analyzed for thorium and Th - 228 only. 

In Table II are presented the analyses of a composite 

sample of normal human bone ash. This sample provided by the 

New York Health and Safety Laboratory, United States Atomic 

Energy Commission, represents bone collected from several 

hundred adults. Each sample analyzed weighed 50 grams, and the 

total sample weighed 600 grams. 

In Table III, are presented the analyses of plant ash 

obtained in the Morro de Ferro region of Brazil, a region 

that is high in natural radioactivity. 

Finally in Table IV, are presented results from the 

analysis of 98% Brazilian Monazite concentrate. The sample 

was fused in sodium carbonate, and then dissolved in hydrobromic 

acid. 
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Table II 

Analysis of Human Bone Ash Composite 

Sample Th-Na t , jig/gm Th-228 Ra-228 
DPM/gm 

Ra-226 Pb-210 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
4-12 Th Comp 

0.010 
0,009 
0.006 
0.0097 

osite 
0.0091 

1-6 Ra Composite 
7-12 r:a Comp 

Sample 

Humus #1 

Plant #2 

Plant #35 

Plant #36 

Plant #45 

osite 

Analyj aiS O 

Th.ug/gm 

2767 (681)* 

17 (4 

30 (7 

17 (4 

7.8 

.2) 

.4) 

.2) 

(1.9) 
/ 

0.025 
0.023 
0.019 

0.018 
0. 
0. 

Table III 

016 
012 

f Brazilian Plant 

228Th 

894 

64 

376 

590 

32 

228Ra 

821 

67 

418 

776 

< 50 

Ash 

226 

0. 
0. 

Ra 
DPM/gm 

33 

3. 

60 

106 

14 

7 

021 
027 

0.145 
0.149 
0.144 
0.148 
0.144 
0.159 
0.141 
0.144 
0.134 
0.144 
0.140 
0.140 

210pb 

97 

126 

320 

273 

175 

• Figure in parentheses are D.P.M. equivalent thorium 

concentrations. 
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Table IV 

Analysis of 98% Brazilian Monazite Concentrate 

Sample 

1 

2 

3 

4 

Average 

Th-Nat % 

6.27 

6.22 

6.23 

6.23 

6.24^ 

Th-228 

15,500 

15,800 

16,200 

15,900 

15,850 

Ra-228 
DPM/gm 

15,200 

15,400 

l':,700 

15,800 

15,275 

Ra-226 

1240 

1360 

1315 

1220 

1284 

Pb-210 

1172 

1181 

1161 

1180 

1174 

•Th-Nat content equivalent to 15,350 D.P.M./Gram 
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PART VI 

The Distribution of Thoron Daughters in 

Rats following Inhalation^ 

Robert T. Drew 

The Morro do Ferro is a mountain in Brazil where the 

natural radiation levels measured one meter above the ground 

range from 0.1 to 3.2 mr/hr. In previous reports it has been 

shown that the rodents living on this mountain receive their 

most significant dose as a result of inhalation of thoron and 

its daughters. Field investigations indicated that the thoron 

concentrations in the burrows used by rats vary from near 

normal to levels of about 0.1 |xCi/l. The dose to the lung 

tissues from these concentrations of thoron has been estimated 
q 4 

to lie between 3 x 10*̂  and 3 x 10 rem/year. 

The two greatest uncertainties in the above dose esti-

212 212 

mates are the concentrations of Pb and Bi in the burrows 

and the fate of the Pb and Bi once it enters the body, either 

by direct inhalation or from the decay of inhaled thoron. 

Additional field investigations are underway at this time to 
212 212 determine the Pb and / Bi concentrations associated with 

various levels of thoron in the rat burrows. 

In order to obtain information about the behavior of 

212 212 
inhaled Pb and Bi, a set of laboratory experiments has 
•This portion of the report was presented in June 1966 at the 
11th Annual meeting of the Health Physics Society, Houston, Texas 
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been devised. These consist of preparing a thoron emanating 

228 

source from Th and allowing Wistar rats to inhale the 

thoron under a number of conditions. After exposures for 

various periods of time, the animals are sacrificed and the 
212 212 -̂ P̂b and Bi content of their tissues are determined by 
gamma spectrometry. 

PreTjaration of a Thoron Emanating Source 

A thoron emanating source was prepared by adding approxi-

22S 

mately 5|j,Ci of pure -̂̂ T̂h in 0.01 molar HgSO^ to an iron oxide 

(Fe203) colloid containing particles approximately 15 m|jL in 

size. This was allowed to dry overnight at room temperature 
224 

in a 25 ml Teflon beaker. - After a suitable time for Ra 

ingrowth, the beaker was found to emanate about 80% of the 

thoron. This source was used in all experiments. Preliminary Experiments 

A lucite cylinder, 6" in diameter and 12" long, closed 

at both ends with lucite plates, was used as the exposure 

chamber. (Fig. 1) This was partitioned about 2" from one end 

with wire mesh and a wire mesh grid, 4" wide, was placed in 

the bottom of the cylinder. The thoron emanating source was 

placed in the small section of the chamber and a rat was placed 

in the large section. The bottom of the chamber was covered 

with anhydrous soda lime to absorb CO2. As the chamber was 

air tight, the vacuum caused by CO2 absorbtion produced an in-
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flow of oxygen through a water valve. In this manner, a rat 

could remain in the chamber for up to 24 hours without asphyxi

ation. 

A small fr.n was installed in the chamber to circulate 

the air and assure uniform distribution of thoron. The thoron 

concentration was-, measured by drawing a sample of air into 

a Lucas type scintillation flask and counting the scintillations 

from the flask for 12 seconds every ^ minute. The count rate 

was plotted against time on semilogarithmic paper and the count 

rate at time zero determined by extrapolation. 

Using this chamber, a male Wistar rat was exposed for 24 

hours to a thoron atmosphere of about 1 |j,Ci/l. Immediately 

after the exposure, the animal was anesthetized with avertin, 

the thoracic cavity was opened, and the descending aorta exposed, 

The rat was then exsanguinated using a heparin coated 15 cc 

syringe and a #19 needle inserted into the descending aorta. 

After collecting the blood, the remaining organs of interest 

(Tab 1) were collected and weighed. After waiting 3 hours 

212 for Bi to grow into equilibrium, the organs were analyzed 

212 for Pb with a 4" Nal (Tl) well crystal and a multichannel 
208 

analyzer using the 2.62 Mev H peak. The results are shown 

21 2 
in Table 1 where it is seen that most of the Pb is in the 

lungs, G I Tract, kidneys and the liver. 

This experiment involved both inhalation and ingestion, 
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since the animal was unrestrained. It could, and did, wash 

himself frequently and in this fashion it could ingest thoron 

daughters which plated out on his fur. 

To avoid ingestion, an animal was restrained in a 2 J 

inch I.D. Lucite tube having a funnel on one end. The animal's 

nose protruded through the funnel and he was held in place by 

an adjustable plug. The animal was exposed for 2 hours and 

then immediately sacrificed according to the procedure mentioned 

above. A second animal was exposed in the same way but was 

not sacrificed until 4 hours after exposure. The results of 

these two exposures are shown in Table 2. It is seen that, 

initially, the lungs and trachea have the highest concentrations, 

followed by the G I tract, kidneys, blood cells and liver. 

After 4 hours, the lungs have lost much of their activity 

and the activity seems to be lower in the GI tract. The 

specific activity of the kidneys, red blood cells and bones 

has increased. 

During the above experiments, it was necessary to use 

long counting times and even then, statistical errors were 

quite large. In addition, each of•the above experiments 

represented only one animal. Since no effort was made to 

remove the thoron daughters from the atmosphere, the animals 

were exposed to both thoron and daughters. It is possible 

that daughters, formed in the body as a result of thoron decay, 
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may act differently, metabolically than thoron daughters 

which are inhaled as ions or attached to dust particles. 

Pure Thoron Inhalation 

In order to minimize counting times and inhalation of 

daughters, a second inhalation chamber was constructed of 

lucite. This chamber, shown in Figure 2, consisted of an 

air tight box housing the thoron emanating source, a fan and 

soda lime for COg absorption. One side was machined to fit 

an aluminum funnel attac'r'::;d to a 2 J inch cylinder. The 

inside of the funnel penetrated into the chamber and 2 metal 

rings were concentrically imbedded into the lucite around 

the end of the funnel. These rings served as an electrostatic 

precipitator which collected thoron daughters in the atmosphere 

just before the air was inhaled. 

A rat was place in the lucite tube (Fig. 3) so that his 

nose was just visible at the small end. The tube was capped 

and all joints were sealed with silicone grease. In this 

fashion, rats were exposed to nearly daughter free thoron at 

a concentration of 6.7|j,Ci/l for 2 hours. After exposure, the 

animals were sacrificed, disected and the organs were counted 

21 2 for Pb with the Na I (TI) crystal and a multichannel analyzer 

208 
using the 2.62 Mev Tl peak. 

Five animals were exposed under the above conditions and 
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2"' 2 
the results of the "̂ "Pb distribution are shown in Table 3. 

The error reported is KT'based on the mean of 5 animals. Under 

these conditions, it is seen that the lungs have the highest 

specific activity followed by the trachea, kidneys and the red 

blood cells. 

Next, a series of 5 animals was exposed to exactly the 

same conditions except that the electroprecipitator was not 

212 212 
used and the rats could inhale Pb and Bi as well as 

thoron. In this case, the organs were counted as soon as 

possible after sacrifice so as to obtain information about 

212 212 
the Bi distribution as well as the Pb distribution. The 

organs were counted in a 4" Nal (Tl) well crystal, as before. 

A Fortran program was written for the CDC 620-A Computer, 

212 212 
to analyze the spectra for Pb and Bi using the 239 keV 

212 
peak of Pb and the entire spectrum from 450 to 2750 keV for 
21 2 

Bi. In this manner, with appropriate corrections for decay 
212 212 212 

and buildup of Bi, both Pb and Bi could be determined 

at the time of sacrifice. 

212 The tissue content of Pb following exposure to thoron 

and daughters are shown in Table 4. The same distribution 

pattern seen earlier is apparent but the specific activities 

are somewhat higher. There does not seem to be a remarkable 

difference in the Pb distribution for the two studies. However, 

further data are desirable. 
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During the course of this 5 rat series, it was found that 

some of the animals could not be kept alive for the required 

2 hours. They became excited in the lucite tube and continuously 

tried to escape. After having had this difficulty with the 

first two animals, the remaining 3 were tranquilized with 

Thorazine, using 2.5 mg Thorazine/100 gms, The tranquilized 

animals remained quiet throughout the exposure. 

For most organs, the tranquilizer had no effect on the 

specific activity. However, in the GI tract, there was a noti-

cible decrease in the specific activity in the tranquilized 

animals as shown in Table 5. Investigations are underway to 

determine whether this is a direct effect of the Thorazine. 

If no daughters are present at the start of the exposure, 
212 212 

the Pb and Bi will grow in during the exposure. After 2 
212 212 hours the Bi/ Pb ratio will be 0.47. In the series of 

212 212 

animals exposed to thoron and daughters, the Bi/ Pb ratio 

was measured. The results are shown in Table 6. The counting 

errors for these measurements are high, unless the samples are 

counted immediately after sacrifice, because the half life of 

the -̂̂ B̂i is only 60.5 m. Most of "the organs have a ratio 

which is within 2 CT of the theoretical ration. However, the 
21 2 

Bi does appear to be very high in the plasma. 

Summary 

This study was undertaken primarily to refine the 
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estimates of the dose received from thoron inhalation by 

indigenous rodents on the Morro do Ferro, Brazil. However, 

the data are also relevant to the dose received by other 

species exposed to thoi"on, including man. 

Estimation of the dose received from inhales thoron 

212 
and its daughters is complicated by the fact that Pb 

91 9 

(10.6 hour), and "̂  Bi (60.5 minute), have half-lives that 

are so long as to permit sufficient metabolic translocation 

to affect the dose received by various tissues. The specific 
212 

purpose of this study is to determine the Pb distribution 

and the '^^•^Ph/ B± ratio in the various organs of the rat 

following inhalation of thoron and its daughters. 

One group of female Wistar white rats was exposed to 

approximately 6.7 [xCi/1 of thoron for two hours in such a 

way as to minimize the presence of daughter products. A 
second group was exposed to thoron and daughters. The animals 

212 
were sacrificed immediately following exposure and the Pb 

21 9 and -̂̂ "̂ Bi content of the various organs was determined by 

gamma spectrometry. 

The results show that in both cases, the lungs have the 

highest specific activity immediately following exposure. 

These are followed in order by the trachea and bronchi, kidneys, 

red cells, and liver. The specific activity of all other 

organs is less than 10% of that of the lung. No remarkable 
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differences in distribution are found when animals are 

exposed with and without thoron daughters but further data 

are necessary. 

These studies are intended to permit more accurate dose 

estimates from inhalation of thoron and its daughters by 

1) determining lead distribution in the body after inhalation, 

2) demonstrating any differences in deposition and trans

location resulting from differences in the physical properties 

212 
of the inhaled Pb, and 3) determining the site of the 
212„. , 

Bi decay. 
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TABLE I 

219 
Pb *" Distribution After 24 Hour Inhalation 

( 1 animal, unrestrained ) 

Specific Activity 
pCi/gm (wet) 

Organs 

9000 - 10000 

3500 - 5000 

250 - 550 

<100 

Lungs, Stomach and 
Esophagus 

Ileum, Kidneys, Trachea 
and Bronchi 

Liver, Bone Spleen, 
Thymus, Pancreas and 
Heart 

Testes, Fat and Muscle 

Thoron Cone, '1 nCi/ml 



TABLE II 

ORGAN SAC. IMMEDIATELY 
Pc/gm Ts 

SAC. 4 HRS. LATER 
Pc/gm Ts 

Lung-

Trachea 

Kidneys 

Blood Cells 

Liver 

Bone 

4300 

1000 

250 

90 

60 

50 

1300 

270 

330 

120 

40 

70 

Tongue 

Esophagus 

Stomach 

Intestine 

360 

240 

230 

90 

130 

80 

240 

130 



TABLE III 
212 Pb Distribution After 2 Hour Inhalation 

of Daughter Free Thoron 

( 5 animals ) 

Specific Activity 
pCi/gm at T sac. 

2580 

1080 

844 

444 

150 

100 

50 

+ 

+ 

+ 

+ 

-

-

+ 

190 

150 

73 

66 

200 

150 

100 

8 

Organs 

Lung 

Trachea 85 Bronchi 

Kidneys 

Red Cells 

Liver, Spleen & Pancreas 
Heart, Skin 

Thyroid, Fat, Bone 

Ovaries & Uterus, Muscle 

Plasma 

Thoron Cone. 7 nCi/ml 



TABLE IV 
212 

Pb Distributon After 2 Hour Inhalation 

of Thoron and Daughters 

( 5 animals ) 

Specific Activity 
pCi/gm at T sac 

3670 

1690 

688 

426 

227 

180 

100 

50 

12 

+ 

+ 

+ 

+ 

+ 

-

-

-

+ 

400 

270 

74 

39 

26 

190 

150 

100 

3 

Organ 

Lung 

Trachea 8c Bronchi 

Kidneys 

Red Cells 

Liver 

Spleen 8s Pancreas, Heart 
Skin 

Thyroid, Fat, Bone 

Ovaries 8s Uterous, Muscle 

Plasma 

/ 



TABLE V 
212 

Gastrointestinal Pb Distribution 

( contents included ) 

Tongue 

Esophagus 

Stomach 

Ileum 

Caecum 8s 
Bowel 

pptr. 

286 

853 

178 

223 

88 

on 

(5) 

+ 

+ 

+ 

+ 

+ 

101 

126 

129 

58 

19 

pptr. 

no tran, (2) 

459 1 69 

3280 t 

604 t 

384 Z 

TABLE 

110 

128 

214 

65 

VI 

+ 

off 

21 

tran. (3) 

180 t 136 

351 ;J; 290 

50 + 22 

149 t 15 

212 212 
Bi /Pb Ratio (pptr. off) 

Lung 

Trachea Ss Bron, 

Kidneys 

Blood Cells 

Liver 

Muscle 

Plasma 

0.61 + 0.04 

0.68 t 0.25 

0.71 Z 0.13 

0.55 +0.19 

0.55 1 0.15 

0.65 :!: 0.10 

3.09 1 0.97 



FIGURE 1 

Schematic Frawing of Large Exposure Chamber 
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FIGURE 2 

Small Exposure Chamber 

i 



^
* 

•
• 

„
,r

, 
_ 



FIGURE 3 

A Rat Being Exposed to Thoron 



PART VII 

Discussion of Possible Mechanisms Involved in the Apparent 

99fi 91 n 
Concentration of Ra and Pb in 

Aorta and Thyroid 

Norman Cohen 

Introduction 

The Ra and Pb content of various soft tissues from two former 

radium dial painters has been measured to determine what portion of the 

total body burden is found in soft tissues of individuals with old burdens, 

what organs concentrate radium and, finally, whether the soft tissue dose 

is significant relative to the skeletal dose (l)'i The dosimetric sig

nificance of these findings is discussed in Chapter II. In addition 

the biochemical mechanism responsible for concentration of these nuclides 

and the associated radiobiological implications will be discussed. 

Experimental Results 

In Table I are presented the data for 33 soft tissue samples from 

N.J. Case No. 5281 (estimated body burden at death = 0.6 \ic) and 5 soft 

tissue samples from N.J. Case No. 5278 (estimated body burden at death 
ppc on n 

= 0.051-1. c). The important organs, as regards both Ra and Pb 

concentrations are the aorta and thyroid. 
226 

In Case No. 5281, the Ra concentration of the aorta was at 

least 8 times as great as the next highest value obtained, excluding the 

thyroid. The aortic tissue is more than 43 times the average of the 

sofr tissues other than thyroid. 
22S 

In Case No. 5278, the Ra in the aorta was more than 18 times 
226 

the average Ra content of the soft tissues and at least 9 times as 
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Table I 

The analysis of Soft Tissues From Case 5281 and Case 5278 for 

Pb-210 and Ra-226 

Organ Ra-226 pc/wet gram Pb-210 

5281 Lung, Left 
Right Kidney 
Brain 
Liver 
Lung, Right 
Colon 
Left Adrenal 
Breast,Left 8s 
Right Adrenal 
Stomach 
Duodenum 
Brain 
Urinary Bladde 

Rt. 

r 
Uterus and Adnexa 
Finger Tissue, left 

ring and middle 
Femc^-al Lymph 
Pancreas 
Spleen 
Heart 
Pituitary 
Rector Sigmoid 
Vagina 
Illeum 
Esophagus 
*Thyroid 
Diaphragm 
Larynx 
Gall Bladder 
Appendix 
Jej unum 

*Aorta 
Tracheal Lymph 
Liver 

5278 Uterus 
Left Kidney 
Right Kidney 
Heart 
*Aor-ca 

Nodes 

Nodes 

0.037 ± 0.004 
0.011 + 0.001 
0.027 + 0.002 
0.002 + 0.001 
0.008 + 0.003 
0.003 + 0.007 
0.053 + 0,004 
Not Detectable 
0.017 + 0.003 
0.006 + 0.002 
0.010 + 0.006 
0.009 + 0.001 
0.003 + 0,001 
0,004 + 0.001 

0.030 + 0.002 
Not Detectable 
0.009 + 0.001 
0.044 4- 0.003 
0.011 + 0.001 
Not Detectable 
0,018 + 0.004 
Not Detectable 
Not Detectable 
Not Detectable 
0.110 + 0.005 
Not Detectable 
Not Detectable 
Not Detectable 
Not Detectable 
Not Detectable 
0.430 + 0.020 
/Not Detectable 
Not Detectable 

0.003 + 0.000 
0.004 + 0.000 
0,010 + 0.000 
0.003 + 0.000 
0.089 + 0.008 

0.044 
0.031 
0.030 
0.076 
0.056 
0.008 
0,050 
0,011 
0,046 
0,029 
0,035 
0,022 
0,009 
0.020 

± 0 ^ 
± 0 
± 0 
± 0 
± 0 
± 0 
± 0 
± 0 
± 0 
± 0 
± 0 
± 0 
± 0 
+ 0, 

(304 
003 
001 
010 
020 
004 
010 
005 
015 
015 
035 
007 
005 
003 

0.050 + 0.005 
Not Detectable 
0.010 + 0.010 
0.024 + 0,012 
0.073 + 0,003 
Not Detectable 
0.003 + 0,003 
Not Detectable 
Not Detectable 
Not Detectable 
0.180 ± 0.020 
0.600 -f_0.100 
Not Detectable 
Not Detectable 
Not Detectable 
Not Detectable 
1.010 + 0.050 
0.070 ± 0.020 
0.080 ± 0.010 

0.004 ± 0.000 
0.012 ± 0.001 
0,009 + 0.000 
0.012 + 0.001 
1.01 + 0.050 
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great as the next highest soft tissue measured. 
225 

The concentration of Ra obtained for thyroid tissue in Case No. 

5281 was 11 times greater than the average but still 4 times smaller 

than the concentration in the aorta. Thyroid tissue for Case No. 5278 

was not available for analysis. f 
210 The concentration of Pb in the aorta of Case No. 5281 was about 

210 39 times as great as the average Pb concentration excluding values 

for the thyroid, (approximately 7 times greater than the average) and 

the diaphragm, (approximately 23 times greater than the average). 

Van Middlesworth (11) reported that some cattle thyroids contained 

sufficiently high concentrations of Ra and Ra to be detectable 

by gamma spectrometry. Workers at MIT have confirmed this estimate 
225 228 

that as much as 50pc each of Ra and Ra are 'present in some cattle 

thyroids. Tipron (6) has shown concentrations of lead, calcium, barium, 

and strontium in the thyroid and aorta which are higher than most other 

soft tissues in the body. 

In the case of the aorta, the anomanously high lead and radium 

values may be explained by cationic binding by mucopolysaccharides. 

Bunting and Bunting (1953) (2) showed that arterial connective tissue 

consists chiefly of collagen, elastin and mucopolysaccharides (chon-

droitin sulfate and hyaluronic acid). Both elastin and mucopolysaccharides 

might be suspected as binding agents on the basis of histologic distri-

bution: however, biological considerations (3) favor the mucopoly

saccharides as the potential cation binding agent. The mucopolysaccharide 

molecule is a polyanion containing multiple carboxyl and sulfate radicals. 

Rothstein in 1957 (4)'was the first to propose that the mucopolysaccharides 

in vivo behave as ion exchanges, that is, the binding is mainly electro-
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static, of a type not depending on the specific properties of the anionic 

groups. In the chondroitin polysulfates the binding is shared equally 

by weakly acidic carboxyl groups and strongly acidic o-sulfate ester 

groups. It has also been shown (5) that different cations exhibit varying 

degrees of affinity for the acid mucopolysaccharides. This further sup

ports the idea that, in general the reactions are of the ion exchange 

type with nonspecific electrostatic binding, rather than of the more 

specific chelate type. 

The common order of affinity for some of the alkaline earths has 

been given (5) as Mg"*" < Ca"*" < Sr"*"̂  'sBa"''̂ . It has been demonstrated 

that calcium ion has an essential role in the concentration of arterial 

smooth muscle. The studies of both Waugh (7) and Bohr (8) indicate that 

calcium is a vital link in the coupling of excitation and contraction in 

vascular muscle. It also appears to have an effect on membrane excit

ability in arterial muscle (8). 

Lamberts and Van Andel (9) have demonstrated the high bivalent 

cation affinity by the inner arterial intima membrane using barium and 

strontium. One hundred rats, each subcutaneously injected with 30 (ic 

of -̂  BaSO. and 30 [j, c SrSO. were measured for bone, aortic wall, skin 

and lung activity at various times up to 15 weeks after injection. Their 

data clearly indicate specific soft tissue deposition for the aortic wall. 

After 14 weeks this tissue on a per gram basis represented 43% of the 

barium activity present per gram of bone tissue. For strontium the 

maximum occurred after 7 weeks when the aortic wall represented 1.25% 

of the activity present per gram of bone. The difference in aortic 

concentration of barium and strontium may be due to the ion exchange 
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order of affinity previously noted. The barium deposition displayed 

periodicity which will be discussed in the next section. 

Tr'om the foregoing evidence it appears quite reasonable that 

radium, a bivalent element of the alkaline earth series, should like

wise deposit on the aortic wall. In fact, considering the common 

cation exchange affinity for the alkaline earths, the chondroitin 

sulfates should have even greater affinity for radium than for barium. 

Lead has also been shown to be present in the normal aorta in 

concentrations exceeding that for most other soft tissues in the body. 

It is probable that the same biochemical ion exchange mechanism is 

responsible for this specific site deposition. In fact Schroeder (10) 

et. al. has demonstrated a rather large increase in lead concentration 

with age in the normal human aorta. This is not surprising in the light 

of the fact that the mucopolysaccharide concentration of the human 

aorta also increases with age. 

There is less information presently available to explain the 

226 210 rather high Ra and Pb concentrations found in the thyroid gland. 

At present it is not known whether or not mucopolysaccharides are 

present in the thyroid. 

Radiobiological Implications 

The high sensitivity of mucopolysaccharides to X-rays has been 

demonstrated by both Lamberts and deBoer (12) and Brinkman et.al. 

(13) in several ways; the immediate drop of the injection pressure 

in mucoid and connective tissue, viscosity changes in fresh synovial 

fluid and the increased permeability of the connective membranes. 
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Viscosiry changes in synovial fluid, (which contains a large proportion 

of mucopolysaccharides), is explained by an irradiation depolymerization 

mechanism of the chondroitin sulfates. The hypothesis thus emerges that 

the periodic type of Ba noted previously is a consequence of the 

radiation reaching a value sufficient for destruction of deposition 

factors and its elimination from the wall tissue, (9). The effect 

of the increased permeability as a result of depolymerization may result 

in degenerative changes in the mucopolysaccharide matrix leading to 

infiltration of plasma lipoprotein complexes into the membrane wall. 

Infiltration of fat in the intimal and medial layers of the arterial 

wall causes deposition of fat charged macrophages which may lead to 

the formation of atheromatous plaques (12). Lindsay, et. al. (1962) 

(14) irradiated the abdominal part of the aorta in dogs and found 

atherosclerosis in the irradiated vessel in 2 to 48 weeks which could 

not be distinguished from the "natural" process. Likewise Lamberts 

and deBoer (12) have described the development of atheromatosis in the 

carotid artery of hypercholeserolaemic rabbits within a few weeks after 

X-irradiation of 500-3000r. 

From these observations it is evident that elastic arteries do 

show extensive changes a short time after irradiation with doses of 

X-rays on the order of 500r. Under hypercholesterolaemic conditions 

these changes are easily demonstrable by the penetration of fat into 

the wall and the deposition of lipophages on the intima. The mechanism 

by which these lesions develop might be explained as follows: the 

formation and destruction of elastic and reticular fibers, a continuous 

process, is closely related to an intact mucopolysaccharide matrix. 
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Changes in this matrix e.g. depolymerization by X-irradiation, will cause 

changes in the formation of these fibers, leading up to an impairment of 

the filter barrier function of the arterial wall. This becomes evident 

by the changes in elastic fibers and fat infiltration into the wall 

(12). 

It is interesting to note that a very large number of the radium 

dial painters examined at autopsy showed evidence of sclerotic lesions 

in the arteries (15). Since arterial sclerosis is so common among the 

aged as almost to be considered "normal", there can be little said 

concerning this observation.. Further experimental and epidemiologic 

evidence is necessary, including comparison with a control group, before 

any statement can be made concerning causal effects. 

The dose received by the aortic linings are currently being con

sidered. It is clear that most of the dose received by these cases 

was early in life when the radium was freshly injected and relatively 

labile. It may be necessary to resort to animal experiments to obtain 

information about the dose to the aorta from freshly ingested radium. 
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