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FOREWORD 

The papers in this report deal with several different aspects of the  

Center's studies of t h e  effects of internally deposited radionuclides in humans: 

experimental and theoretical research on the induction of tumors by alpha- 

particle irradiation (papers 1-4); medical effects (papers 5-8); metabolism and 

dosimetry (papers 9-17) ; methods for the determination of radioactivity (papers 

18-25); and processing of data (papers 26-27). 

The reader's attention is directed to paper 1 , which reports that t h e  

mean lethal dose for mammalian cells corresponded to about 27 alpha particles 

per cell nucleus when cultured cells were irradiated with 5.6 MeV alpha part- 

icles. This finding casts  doubt on the common supposition that a single alpha 

particle through the nucleus i s  sufficient to k i l l  a cell in situ. Also of special 

interest i s  the report on a case of internal contamination with 241Am plated on 

silver for use in smoke detectors (paper 16) .  Two disks, accidentally swal- 

lowed in the  same incident, were found to  have lost less  than 1% of the 

americium in passing through the gastrointestinal tract. 

Exposure data for persons whose body burdens of radium have been 

As was the case  measured are given in Appendix A a t  the back of th i s  report. 

in our previous Annual Report (ANL-75-60 , Part 11), tumor cases considered 

to have radium-induced malignancies are listed in Appendix B for persons 

whose body burdens of radium have been measured: bone sarcomas in Table 1 

and carcinomas of the paranasal sinuses and mastoid air cells in Table 2 .  

To these we have now added l ists of "probable or confirmed" malignancies of 

the same types in  persons known to have been exposed to radium, but whose 

body burdens have not been determined (Appendix B, Tables 3 and 4) .  These 

are mostly persons who died before population studies of radium-exposed per- 

sons were initiated in the 1 9 5 0 ' s .  The cases of suspected radium-induced 

malignancy were identified by careful review of case histories for any indica- 

tion of bone sarcoma or carcinoma of the sinuses or mastoids. T h i s  review 

included all  persons for whom any medical data were available at  the end of 

1975. 

i 



TABLE OF CONTENTS 

Center for Human Radiobiology 

Foreword 

1. C e l l  Survival Following Alpha Part ic le  Irradiation: Critical 
Sites and  Implicat ions for Carc inogenes is  

E. L. LLOYD, M. A. GEMMELL, C. B. HENNING, 
D. S. GEMMELL, AND B. J. ZABRANSKY 

2 .  Electron Microscope  Studies  of Viruses in Tumors Induced by  
z39Pu in Mice  

E. L. LLOYD AND J. F. LOUTIT 

3 .  Hazard Plotting and Est imates  for the Tumor Rate and t h e  Tumor 
Growth Time for Radiogenic Osteosarcomas  in Man 

PETER G. GROER AND JOHN H. MARSHALL 

4. Variance of the Number of Tumors in a Model  for  t h e  Induction 
of Osteosarcoma by  Alpha Radiation 

PETER G. GROERAND JOHN H. MARSHALL 

5. Long-Term Effects of Radium Exposure in Female Dia l  Workers: 
Hematocrit  a n d  Blood Pres sure 

A. P. POLEDNAK 

6. Adult Height  and Weight of Female Radium Dia l  Pa in te rs ,  with 
Analysis of Radiation Effect on Growth 

A. P. POLEDNAK 

7. Plugged Havers ian  Canals and  S k e l e t a l  Dose  in Radium Cases 
DAVID J. SIMMONS, A. T. KEANE, RICHARD B. 
HOLTZMAN, AND J. H. MARSHALL 

8. Chromosome Aberrations in the Peripheral  L m hocytes of 
Thorium Workers with Low Body Burdens of slfBi 

S. F.  HOEGERMAN 

9. Gross Distr ibut ion of 226Ra in Man from External Counting 
J. RUNDO, M. A. ESSLING, AND D. R. HUFF 

1 0 .  The .Macrodistribution of 226Ra in t h e  Skeleton of a Radium 
Dial  Painter  

R. B. HOLTZMAN AND D. J. SIMMONS 

1 

1 2  

17 

22  

26 

27 

28 

30 

38 

40 



11. Microscopic  Distr ibut ion of 226Ra in the Bones of Radium 
Cases: A Comparison between Dif fuse  and Average 226Ra 

4 1  

Concentrations 
R. A. SCHLENKERANDJ. E. FARNHAM 

1 2 .  Macrodis t r ibut ion of Plutonium in Se lec t ed  Bones from an 42 
Abnormal Skele ton  

R. P. LARSEN, R. E. TOOHEY, AND F. H. ILCEWICZ 

13.  Microscopic  Distr ibut ion of 239Pu Depos i ted  in Bone from a 45 
Human Injection Case 

R. A. SCHLENKER, BILLIE G. OLTMAN, AND 
HELEN T. CUMMINS 

46 14. Comparison of the L a t e  Excretion of 2 2 6 R a  and 239Pu by Man 
J. RUNDO AND R. B. HOLTZMAN 

1 5  . Variability in the Exhalation Rate of Radon 47 
J. RUNDO, F. MARKUN, J.  Y. SHA, ANDP.  CAMERON 

n 1" 

16 .  An Unusual  Case of Internal Contaminat ion with "'Am 
J. RUNDO, M. ESSLING, D. R. HUFF, AND 

54 

W. D. FAIRMAN 

X-Ray Procedures  
R. A. SCHLENKERAND B. G. OLTMAN 

18. The Macrodis t r ibut ion of 226Ra in the Human Skeleton as 7 i  
Determined In Vitro by Gamma-Ray Spectrometry 

M. A. ESSLING AND D. R. HUFF 

a 19.  Methods fo r  the Assay of Plutonium In Vivo: What Are The 
Alternatives ? 

J. RUNDO, M. G.  STRAUSS, I. S. SHERMAN, AND 
R. BRENNER 

20. The Use of Io3Pd as a Calibration Source  for the Determination e 
of 2 3 9 ~ ~  In vivo 

R. E. TOOHEY 

E 2 1  . Relative Abundances of Uranium L 
Following a -Decay  of Plutonium 

Conversion X Rays 
a , P , y  

R. E. TOOHEY 

iv 



22. Progress Report on  t h e  Development  of t h e  F i s s ion  Track 
Method for the Determination of Plutonium in Biological 
Mater ia l s  

R. P. LARSEN AND R. D. OLDHAM 

2 3 .  X-Ray Spectrometric Determination of Thorium in Bone and 
Other Biological Mater ia l s  

R. P. LARSEN AND P. W. URNEZIS 

24 . Counting Chamber for Alpha-Spectrometric Measurements  
R. P. LARSENAND R. F. SELMAN 

25. A Microprocessor-Assis ted Cal ibrat ion for a Remote Working 
Level Monitor 

W. P. McDOWELL, D. 1. KEEFE, P. G. GROER, AND 
R. T. WITEK 

26. Computer Storage of Da ta  Obta ined  in  t h e  Measurement  of 
Radium In Vi t ro  

M. A. ESSLING AND D. R. HUFF 

27. Expansion of the CHR Bone Code  Sys tem 
J. E. FARNHAM AND R. A. SCHLENKER 

Appendix A 

Appendix B 

Publ icat ions 

V 

90 

94 

96 

99 

Z O O  

102 

109 

167 

172 



AN UNUSUAL CASE OF INTERNAL CONTAMINATION WITH 241Am 
* 

J. Rundo, M. Essling, D. R. Huff, and W. D. Fairman 

A woman accidentally swallowed two sources of 241Am of the  type used 
in domestic smoke detectors; the nominal activity of each source was 2 . 5  pCi, 
and they were not voided until the 16th and 24th days after intake. A little 
less than 1% of the total activity of the two sources was found in the fecal 
material after removal of the sources and '*'Am was detected in the urine until 
the second source had been voided. 

Introduction 

A female employee of a local electronics firm engaged in the manufacture 
2 4 1  of domestic smoke detectors containing 

Nuclear Regulatory Commission's Compliance Division for investigation of 

possible radioactive content. She was thought to have swallowed a source of 

241Am (nominal activity 2.5 pCi), deposited on a silver d i s k  2.35 mm in dia- 

meter and 0.2 mm thick, and coated with a very thin layer of gold. Radiographs 

of the abdominal region 11 days after the putative intake had failed to reveal 

the presence of such a radiopaque object, and it was thought that it had been 

Am, was referred to u s  by the 

voided in the feces. Our help was requested in order to confirm this  belief. 

Urine and feces collected a t  a local hospital on day 11 were sent to ANL for 

assay of 241Am by the Bioassay Group of OHS Division, ANL. 

Body Radioactivity Measurements 

The subject (CHR case number 30-063) came for body radioactivity mea- 

surement on day 14 .  A measurement in the tilted chair revealed the presence 

of a substantial amount of Am. An attempt was made to localize this  from 

a longitudinal profile scan taken with a 1 - c m  wide slit-collimated detector. 

Because the subject complained of having had a sensation of "something stuck 

in the throat, 'I the scan covered the interval 1 5  to 80 c m  from the vertex. Her 

height was 156 cm. The profile curve, shown in Figure 1, revealed no 

2 4 1  

* 
Occupational Health and Safety Division, ANL. 
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FIG. 1. --Radioactive profile 
curve (slit-collimated 29-cm 
diameter detector) , showing the 
presence of two sources in the 
abdomen (case 30-063). 

OISTANCE FROM VERTEX. cm 

significant excess activity in the pharyngeal region, but two sharp peaks, 

centered a t  about 56 c m  and 68 c m  from the vertex, demonstrated the presence 

of two sources in the abdomen. 

Measurements were also made in arc geometry, to establish the total 

content. The interpretation of the counting data posed an unusual problem 

because of the attenuation of the 60-keV gamma rays in t h e  silver foil, and of 

the impossibility of knowing the direction (s) that the sources were facing. Thus , 
2 -1 

with a mass attenuation coefficient of 5.49 c m  g 

in silver of density 10 .5  g c m  , the intensity of the photons from the gold- 

coated side (attenuation ignored) should be 3.16 times the intensity from the 

other side (silver thickness 0.02 cm).  The observed ratio of the counting 

rates from front and back of the  subject in the 1.5-m arc was 3.7 f 0.1; this 

suggested that both sources were facing in the same direction, i.e., gold- 

coated side forward, since the higher counting rate was observed from the front 

of the subject. However, it is entirely possible for a ratio of 3.7 to be 

observed from a source of 

th ick  abdomen, and is - not backed by severely attenuating material. 

absence of other information, we assumed that the  sources were both close to 

the midplane of the abdomen. In making the calculation of the content, R, 

we used the following equation: 

for 60-keV gamma rays 
-3  

2 41 Am in vivo i f  it is about 6 c m  deep in a 20.4-cm 

In the 

(1 1 R =  4 3 . 1 6  N N x (y)' D - d  x ePd S 
1 2  

0 0 1 9 2 1 3  55 



where 3.16 is the calculated counting-rate ratio for the disk sources, 

is the counting-rate (min-l) from the front of the subject, 

is the counting-rate (min ) from the back of the subject, 

is the radius of the arc (150 cm) , 
is the half-thickness of the abdomen (10.2 c m )  , 
is the measured linear attenuation coefficient of 60-keV y rays 

N1 
N2 
D 

d 

p 

-1 

-1 in tissue-equivalent material (0.15 c m  ) , 
is a forward scatter correction (0.763) ,  fs f 

S i s  the activity of the standard source, and 

N3 
-1 is the counting-rate (min ) from the standard source counted a t  

150  c m .  

2 We observed values of 750 f 9 and 203 5 counts/min for N and N 
1 

respectively, S was 9.8 pCi and N3 was 4472 counts/min. Inserting these 

and the other values in Eq.  1, we obtain 

R =  4.65 pCi . 
The factor of 3.16 enters the equation for R to correct the counting rate for 

attenuation in the silver. The value of 4.65 pCi for R is in reasonable agree- 

ment with the expected value of 5.0 pCi for two sources. 

ray spectrometry, it was found to contain a substantial amount of 241Am. We 

shall discuss the examination of this and of a subsequent sample below, 

2 4 1  

t i m e  did not permit localization measurements, A s  on day 1 4 ,  the counting 

rate from the front (432 ) was much greater than that from the back 

(138 f 4 min ); the ratio was 3.1 f 0.1.  From E q .  1, we obtain 

On day 1 6 ,  a fecal sample was voided and when examined by gamma- 

A second determination of body radioactivity was made on day 21.  

Am was still present and measurements were again made in arc geometry; 

-1 7 min 
-1 

R =  2.72 pCi . 
This second source was found in feces voided on day 2 4 ,  no other samples 

having been voided in the interim, and a third examination of body radioactivity 

on day 28 revealed no detectable content of 241 
Am. 

The two fecal samples were radiographed for us  by the Non-Destructive 

Testing Group of the Quality Assurance Division (ANL), and each was seen to  

00 t 9 2 1 4  56 



FIG. 2 .  --Prints made from radiographs of fecal samples (in plastic bags in- 
side waxed cardboard cartons) voided 1 6  days (left) and 2 4  days after the 
incident. The silver disks are easily seen. (ANL nsg. 235-76-21) 

contain a snall d i s k  of a dense material. P r i n t s  from t h e  radiographs are 
shown i n  Figure 2 .  In  t h e  sample voided on day 16, t h e  d i s k  is s e e n  almost 
i n  plan view, and it p resen t s  as an incomplete circle with a s h o r t  s t r a i g h t  
edge. 

e c c e n t r i c  ellipse. Each d i s k  was i s o l a t e d  from t h e  f e c e s ,  washed i n  a l i t t l e  

water, dried and mounted in a cardboard slide mount between two sheets of 

laminator f i l m  0 . 0 4  mm thick. The activities of the two sources were esti- 

mated to be 1 .86  * 0.02 pCi (day 1 6 )  and 2.36 f 0 .02  pCi (day 24) .  The 

water used to wash the sources contained no detectable activity ( l imit  1 0 0  pCi). 

The shadow of t h e  d i s k  i n  t h e  sample voided on day 24 is seen as an 

* 

Apparently Eq.  1 gave overestimates of the contents of the subject on 

both occasions, and the principal reason for this is the use of the calculated 

ratio, 3.16, of the  counting rates from the two sides of the sources. After 

isolation from the feces, this ratio was determined to be 2 . 1 ,  indicating that 

the silver foil may have been thinner than 0.2 mm, or that the mass attenuation 
2 -1 coefficient was smaller than 5.49 c m  g , or both. In retrospect, we can 

* 
Ply-On, available from American Photocopy Co., Evanston, Ill. 

00 I 9 2 1 5  
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correct the estimates of body content by the ratio d 7  = 0.815, obtain- 

ing 3.8 pCi and 2 . 2  pCi for days 14 and 2 1  , respectively. These are in slightly 

better agreement with the known activities of the  two sources, and the validity 

of Eq. 1 is established. 

Excretion Analysis 

Following the subject's visit to ANL on day 1 4 ,  she was asked to col- 

2 41  
lect and submit all urine and feces voided. Most urine voided between days 

1 4  and 31 was received and analyzed for Am, as was the 550-ml sample 

collected in hospital on day 11. Samples voided from day 23 onward contained 

no detectable 241Am (l imit  0 .1  pCi); the results for the other samples are set 

out in Table 1. Not all samples represented 24-hr excretions. The subject 

voided feces rather infrequently (usually about once a week). Samples were 

voided on days 11 (in hospital), 1 6 ,  and 24. A t  this t i m e ,  she was treated 

with cathartics which caused diarrhea for several days, and she did not col- 

lect these samples. Two other fecal samples voided on days 30 and 31 were 

received. The results of the analyses for Am are set out in Table 2 .  The 

samples voided on days 1 6  and 24 were the ones which contained the active 

disks, and the amounts of activity reported in Table 2 were found in the feces 

after removal of the disks. The total activity recovered in feces, 34.7 nCi, 

amounted to about 0.8% of the activity on the two disks (4.22 pCi). A little 

more may have been voided during the period of diarrhea. 

241 

The presence of detectable 241Am in the urine until day 23 proved that 

there was some entry into blood, but the fall below the l imi t  of detection on 

day 24 showed that the systemic content must have been very sma l l .  A very 

approximate upper l i m i t  for the intake to the blood can be calculated if  we 

make the pessimistic assumptions that the activity entered the blood on day 1, 

that the  urinary excretion rate on day 24 was equal to the l i m i t  of detection 

(0.1 pCi/day) , and that the excretion rate followed Langham's power function 

equation for plutonium. With these assumptions, a value of 525 pCi is cal- 

culated, and this must be an extreme upper l imi t .  It is negligible from the 

point of view of radiological protection. It is obvious from the results in 

58 
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241m Table 1. Urine samples and their contents of 

Days since Collection 2 4 1 ~  content 
intake period, hr of sample, pCi f 2u 

11 ? 0.18 f 0.04 

14-15 1 3  0.22 f 0.05 

15-16 24 0.22 f 0.04 

16-17 24 1 .3  f 0.2 

17-18 24 0 .31  f 0.06 

20-21 19  co.1 
21-22 21.5 0.35 f 0.06 

22-23 24 0.23 i 0.04 

241 Table 2 .  Contents of Am in  five fecal samples 

Days since ' ~ r n  content 
intake of sample, pCi t Z U  

11 

16 

2 4  

30 

31 

194 f 32 

17 ,700  f 2900 

16 ,800  f 2800 

3 . 8  

50.9 

Table 1 that the urinary excretion of 241Am was being supported by the con- 

tinued presence of the second source in the gastrointestinal tract, and it fell 

below the l imi t  of detection in the 24-hr sample excreted just before the source 

was voided in the feces. The actual initial systemic burden must therefore 

have been much lower than 525 pCi. 

Finally, it may be noted that a little more 241Am was lost from the body 

than was accounted for in the feces, because about 2 nCi were found in the 

00 I 9 2 7 1  59 



trousers of the pajamas worn by the subject when the body radioactivity was 

investigated on day 14. 

region, and other clothing worn between days 11 and 24  may have been similarly 

contaminated. 

This was attributed to contamination from the anal 

Conclusions 

A most unusual feature of this case  was the long delay between intake 

and voiding of the sources . They were not in the abdomen on day 11 (radio- 

graphic evidence) but they were there three days later (Figure 1). It was sug- 

gested by a consulting physician that they may have been trapped in the 

vallecula or the pyriform sinus, or elsewhere in the pharynx. This would ac- 

count for the holdup and for the reported discomfort in the throat. We can only 

speculate on whether the sources left the pharyngeal region together or sepa- 

rately. 

with little delay after entry into the stomach. 

In any event, it seems that the first source was voided in the feces 

If the sources of 241Am involved in this incident are representative of 

those incorporated in the domestic smoke detectors, then the most important 

conclusion that can be drawn i s  that they are remarkably secure. Apparently 

they lose very little (less than 1% in  the present case) of their radioactive 

content when exposed to body fluids (although not necessarily gastric juices  

all the t ime)  for 1 6  days or more. Furthermore, what activity is released under 

these circumstances is so inert that there is negligible absorption into the 

blood. This is an important and comforting finding in view of the growing 

numbers of smoke detectors available to the general public. 

Another important conclusion, but in a different context, is the valida- 

tion of E q .  1 for the calculation of the body content. A slightly different 

version of the  equation is used to calculate the body content of radium 

daughters, and this was the first opportunity we have had to determine directly 

the validity of this  approach. 

Acknowledqement s 

We thank Robert L. Irwin and Joseph W. Lucas of the  Quality Assurance 

Division for making the radiographs of the fecal samples. Fred S. Iwami, 



Theresa L. McFal l ,  and Jean J. Robinson of the Occupational Health and 

Safety Division made the measurements of 241Am in the excreta. 

0 0 1  9 2 - 1 9  61 


