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FORE WORD 

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

Center's studies of the 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 i s  directed to paper 1 ,  which reports that the 

,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 2 4 1 ~ m  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 pas sing through the gastrointestinal tract. 

Exposure data for persons whose body burdens of radium have been 

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

in our previous Annual Report (ANL-7 5- 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 is ts  of "pfobable 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 1950'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. This review 

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

1975. 
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CELL SURVIVAL FOLLOWING ALPHA PARTICLE IRRADIATION: CRITICAL SITES 
AND IMPLICATIONS FOR CARCINOGENESIS 

* 
E. L. Lloyd, M. A. Gemmell, C. B. Henning, D. S. Gemmell, 
and B. J . zabranskY* 

In experiments in which mammalian cells were irradiated with 5.6 MeV 
alpha particles from a Tandem Van de Graaff machine we have confirmed the 
finding of others that the mean lethal dose (Do) i s  about 1 0 0  md, but by mea- 
surements of the area of the cell nuclei a s  irradiated we found that this mean 
lethal dose corresponds not to 1 ,  a s  expected, 1-6 but to about 27 alpha 
particles per cell nucleus. (The exact number appears to change slightly with 
cell passage number.) This allows for the possibility that the direct action of 
alpha particles on the nucleus may be the important event in carcinogenesis, 
a theory which was previously difficult to accept i f  a single particle hitting 
the nucleus anywhere was considered to be lethal. 

Evidence i s  presented to implicate the nucleolus a s  a possible critical 
site for the inhibition of reproductive integrity of the cell. 

Introduction 

In an experiment designed to simulate, in vitro, the effects of radia- 
226 

tion from Ra on cells adjacent to bone surfaces in vivo, cells were irradiated 

with a parallel beam of alpha particles from a Tandem Van de Graaff with an 

energy of 5.6 MeV, about the average energy of alpha particles from radium and 

i ts  daughter products. 

The cells chosen for irradiation were a well characterized cell line 
7 

of normal mouse embryo fibroblasts, (C3H 10 T 1/2). Since previous workers 

had found that the mean lethal dose for cells corresponded to a cross section 

for cell killing approximately equivalent to the passage of a single alpha part- 
1-6 

icle through the area of the cell nucleus in projection, the nuclear areas 

of the cells used here were measured prior to the first irradiation experiment, 

and the alpha particle fluences were adjusted to cover a range of fluences 

about a factor of two on either side of this value of one alpha per nuclear area. 

To our great surprise in this preliminary experiment, no significant cell killing 

was detected. However, when the cell thickness was measured in order to 

- 

* 
ANL Physics Division 



determine the energy deposited in the cell layer, the dose in rad turned out to 

be much lower than that reported by others for the mean lethal dose. Details 

of this experiment and those done subsequently with higher doses are reported 

here. 

Methods and Materials 

' Cells and Culture 

The cell line .(I0 T 1/2 ,  clone 8) chosen- for this experiment was kindly 

provided by Dr. Charles Heidelberger (McArdle ~aboratory for Cancer Research, 

University of Wisconsin, Madison) . 
Cells were grown in Eagle's basal medium containing 10% fetal calf 

2 
serum and 1% gentamyein in 7 9  clll Fnlcsi? plastic flaolco, The stock sol1.1tinn.q 

were fed twice weekly and - transferred when semiconfluent. Cells from these. 

flasks were seeded in 1 ml  of medium onto a 2-in-diameter circle in the center 

of a 100-mm-diameter plastic Petri dish for the irradiation experiments. The 

cells were placed in the incubator for 2 hr to ailow them to become firmly at- 

tached before adding 20 ml  of media. Twenty-four to. 48 hr later the cells were 

removed from the incubator for irradiation. Immediately prior to irradiation, the 

media was removed from the cells by tilting the plate and sucking off the fluid 

for 20 sec  with a Pasteur pipette attached lu d vacuum pump. 'lho irradiation , 

times varied from 2 to 25 sec. Immediately after irradiaiion, ,the cells bere 

replenished with medium and placed in the incubator. Within 6 111, Iulluvving 

their radiation, the cells were trypsinized, diluted and plated at a concentra- 
2 

tion to  give about 60 coloniesh5-cm dish to determine .viability. The' 

colonies were counted 10 to 14 days after plating. 

Electron Microscope 'I'echiilque 

Electron microscope studies were made both on cells which were tryp- 

sinized and embedded a s  a pellet and on cells embedded in situ to document 

the appearance of the cells a s  they were irradiated. The cells used for both 

studies were rinsed with 0.1 M caccodylate buffer a t  pH 7 . 3 .  The trypsinized 

cells were placed in 15-ml Falcon plastic centrifuge tubes, centrifuged, 

decanted,. and rinsed again with buffer before fixation. The cells embedded in 



situ were also washed and rinsed before fixation. The fixative used in both 

cases was a 3% solution of glutaraldehyde in 0.1 g caccodylate buffer. The 

technique used for the in situ embedding was essentially the same a s  that 

described by Douglas e t  a l e9  Following fixation, the cells were washed three 

times with 0.2 M buffer and then postfixed for 1 hr with 1% osmium tetroxide 

in  0.1 M caccodylate buffer followed by another buffer rinse. Dehydration was 

carried out using 10-min rinses in  each of a series of ethanols (30%, 50%, and 

75%). Subsequently, the cells were placed for 15 rnin in each of a series of 

graded concentrations of hydroxypropyl methacrylate (HPM) in 100% ethanol 

(7 0%, 90%, and 100%). For the preliminary infiltration, a mixture of HPM and 

Epon-Araldite in a 1:l ratio was used for 1 hr; the final infiltration was carried 

out overnight in 100% Epon-Araldite. The next morning the resin was discarded 

from the Petri dishes, 4 rnl of fresh Epon-Araldite was added, and the dishes 

were placed in a 60 C oven for 24 hr. After the initial polymerization, the 

layer of Epon-Araldite with the embedded cells was peeled off the bottom of 

the dish, and small pieces were trimmed and reimbedded in Beem capsules, in 

both horizontal and vertical orientations. The final polymerizations were made 

in a 60 C oven for 48 hr, for the reimbedded cells,  and for 72 hr for the tryp- 

sinized cells ,  which were transferred from the resin directly to the Beem cap- 

sules. The blocks were trimmed by hand and sectioned on a Huxley ultra- 

microtome using a diamond knife. The sections were mounted on copper grids 

and stained with uranyl acetate (2 hr) followed by a lead citrate counterstain 

(3 min). After drying the cells were viewed and photographed using a Siemens 

Elmiskop type 1A electron microscope. 

Irradiation 

Details of the experimental design for the irradiation are shown in 

Figure 1. The alpha particle energy was 5.6 MeV; fluences were measured 

using a Faraday cage and checked for uniformity and absolute numbers with 

Type A cc track plates, which were placed in the same position a s  the cells 

for irradiation. 
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FIG. 1. --Schematic representation of the experimental arrangement used to - 

irradiate the cells with ct particles from a Tandem Van de Graaff machine. 
(ANL neg. 209-76-248) 
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FIG. 2 .  --An electronrOicrograph illustrating 
the flattened appearance of the mclllse emhryc, 
fibroblasts as they were irradiated on the 
crurfaao of a plaatia Pctrl dish. 
(ANL Neg. 149-7 6-267) 



Results 

The dimensions and the orientation of the cells used in this experiment 

were determined by using both the light microscope and the electron microscope. 

Figure 2 illustrates the "pancake" appearance of the cells a s  seen a t  right 

angles to the beam; Figure 3 shows the rounded appearance of several cells 

a s  they normally appear in suspension. From the measurement of ten nuclei 

FIG. 3.  --An electronmicrograph showing the rounded appearance of cells fixed 
in suspension. The cells were taken from the same culture a s  those seen in 
Figure 2. 



FIG. 4. --A phase 
contrast picture of 
the cells taken 
with the light micro- 
scope a s  they were 
irradiated. 

FIG. 5. --The 
number of cells 
surviving to form 
colonies expre s - 
sed a s  a percentage 
of the number in 
the controls as a 
function of the 
rddidlion dose. 
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similar to those seen in Figure 2 the average thickness of the .nuclei was found 

to be 2 .2  pm. The cytoplasm covering the cell nuclei was often extremely 

thin and rarely exceeded one-quarter of the nuclear thickness. The cross- 

sectional areas of the flat aspect of the nuclei were determined by measuring 50 

cells using the light microscope picture such as  those seen in Figure 4, and 
2 were estimated to average 380 pm (22 pm diameter) with variations of a factor 

of two or more. In the rounded state,  the cross-sectional area was found to 
2 

be about 100 pm . 
Figure 5 shows the cell survival given a s  the number of clones found 

10 to 14 days after irradiation, expressed a s  a percentage of the number of 

the controls. . The amount of radiation i s  expressed both in terms of alpha 

particle fluence and the average dose in rad using an LET value of 85 ke~/pm 1 0  

for 5.6-MeV alpha particles. Since the cell thickness was so small (- 3 pm) 

no correction was made for the loss of energy as  the alpha particles passed 

through the cell layer. Examination of the alpha track plates which were placed 

in the same position a s  the cells confirmed not only the fluence of alpha 

particles in absolute numbers to within l o % ,  but also the uniformity of the beam 

to within 10%. In addition, the tracks seen on the plates showed that the 

alpha tracks passed through the 10-pm thick emulsion a t  right angles to the 

photographic plate, confirming the parallelism of the beam. 

From Figure 5 i t  can be seen that the survival curve can be described 

by a single exponential within the limits of the experiment with a D value 
6' 

(37% sunrival) corresponding to an alpha particle fluence of 7 x 1 0  alphas/cm 
2 

2 
(96 rad). The reciprocal of this value, 14 pm , corresponds to the effective 

cross section for cell killing. Expressed in another way, this says that under 

the conditions of irradiation, 27 alpha particles, on an average, pass through 

the nucleus 'to produce cell killing. The numbers given here refer to a single 

experiment which is one of three which were averaged and reported elsewhere. 
11 

The values appear to depend in an interesting way on the passage number of the 

cell l ines, a finding that will be explored in subsequent experiments. 



Discussion 

The experimental points shown in the survival curve (log scale) @re 

fitted with a straight line in Figure 5. This appears to be the best fit within 

the experimental error of the results. The results are consistent with those ,". 

found by other workers, l2 both in the fact that the survival is described by a 

single exponential and that the D value is approximately the same a s  that 
0 

found by others for alpha particles of similar energy. If we assume linearity, 

then we can determine the effective cross section for cell killing. This value 
2 

(14 ym ) represents about 4% of the cross section of the nucleus. 

Although survival curves alone are insufficient to define the biological 

mechanisms, 5 t  one can consider which mechanisms are consistent with the 

results. In target theory, a straight line survival curve is consistent with a 

single alpha particle hitting a sensitive area whose dimensions are coincident 

with the effective cross-sectional area, provided the energy in each track i s  

sufficient for maximal effect. 

In the experiment described here, the direct field of influence of an 

alpha particle is geometrically well-defined because of the large target area 

presented by the cell to  the parallel beam. It is not possible from these 

results alone to conclude where the sensitive site i s  located, but it has already 
13 

been shown that the nucleus is several orders of rnagnitiiile more sensitive for 

cell killing by alpha particles than is the cytoplasm. Hence, thk most likely 
14 critical sites l ie  within the nucleus. In a recent paper, Datta e t  al.  h a v e  

implicated the region just inside the nuclear.membrane a s  the sensitive site; 

however, i f  this region were left intact and continuous under our conditions of 

irradiation, we might expect the cross-sectional area with our experimental 

design to be the whole nuclear area instead of 4% nf this area whish w~ found, 

It is noteworthy that the cross-sectional area found by Datta e t  ai. for cell 
2 

killing by 5.2-MeV alpha particles from polonium is 15 ym , a value almost 

identical with ours. 

Usually the most prominent structures in the nuclei are undoubtedly the 

nucleoli. The nuclei of the cells studied here contained different numbers of 

nucleoli ranging from about 1 to 7 ,  with an average number of 5. The cross- 



sectional area of all the nucleoli was estimated to be about 15% of the nuclear 

area; however, nucleoli are known to disappear during mitosis. Cells without 
1 4  

nucleoli will not divide; furthermore, the possibility that the nucleoli may 

be the critical site for inhibition of cell division i s  indicated by experiments 

in which uv microbeam irradiation of a single nucleolus (neuroplast of a grass- 

hopper) a t  certain critical times (telophase to mid-prophase) was shown to 

inhibit mitosis permanently, whereas comparable irradiation of the surrounding 
15 

areas of the cell did not. Since the nucleoli are under the control of the 

nucleolar organizer, which a t  least  in plants and some animal cells appears 

to be connected to  chromatin material distributed throughout the nucleolus, a 

hit to only this portion of the nucleoli might be expected to interfere with the 

reproductive integrity of the cells. Although the nucleoli would appear attrac- 

tive a s  the sensitive sites for cell killing, our results are insufficient to rule 

out other possible alternatives, such a s  the irradiation of chromatin material 
16 other than the nucleoli within the cell nucleus, a s  suggested by Dewey et  al. , 

or the production of double stranded breaks in nuclear DNA, which almost 

certainly occurs. 

In the foregoing discussion we have endeavored to explain our results 

on the basis of the target theory because of the consistency of this particular 

theory with an exponential surviva 1 curve; however, a s  cautioned by Lea, ic 
order to justify the target theory, it i s  advisable to irradiate with different 

doses, and i f  possible , with different types of radiation. 

An experiment i s  now in progress using proton beams to irradiate the 

same cells using the same geometry. If the target theory holds, we would 

expect to find that the same number of protons as  alpha particles are required 

for cell killing, provided the energy absorption is sufficient to be maximally 

effective. In this way, we should be able to confirm the area of the target 

which is sensitive for inhibiting mitosis i f  the target theory i s  applicable. 

The fact that the target area for cell killing can no longer be considered 

to be the whole nucleus makes i t  easier to understnad how alpha particles can 

be so effective in producing carcinogenesis in vivo. If the sensitive sites for 

inhibition of cell reproduction and those reponsible for carcinogenic effects 



are different, a s  there is riason to believe,17 then it i s  that differ- 

ent alpha particles acting a t  different si tes are responsible for the different 

effects. Previously the fact that a single alpha particle hitting any part of 

the nucleus was considered to be effective in killing the cell made it difficult 

to explain how a cell could survive to become a cancer cell by the direct 

action of alpha particles on the nucleus. For this reason alternative indirect 

methods for the mechanism of carcinogenic action have been invoked. Work 

currently in progress has shown that the cells used in this study can be trans- 

formed in vitro with alpha particles a s  has previously been shown possible 
18 

using gamma irradiation and different chemical agents, 
17 

In conclusion, evidence i s  presented to suggest 1) that the nucleoli 

may be the important target site for inhibition of cell mitosis, although other 

alternatives cannot be ruled out, and 2) that the large number of alpha particles 

passing through the nucleus necessary for cell killing allows for the distinct 

possibility that the direct action of alpha particles on the nucleus may be the 

important event in carcinogenesis . In particular, this may be true for cells 

flattened against bone surfaces wh.ich are thought to be the cells ,at risk for 

osteosareoma in patients carrying radium or plutonium burdens. 
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ELECTRON MICROSCOPE STUDIES OF VIRUSES IN TUMORS INDUCED BY 2 3 9 ~ u  
IN MICE 

E. L. Lloyd and J. F.  outi it* 

Tumors induced by the intraperitoneal injection of 100 nCi, 30 nCi, and 
10 nCi of 239~u-ci t ra te  into male and female CBA mice were examined with the 
electron microscope for the presence of viruses. The tumors examined included 
14 osteosarcomas , 2 lymphomas, 1 carcinoma, 1 haemangiosarcoma , and 1 
reticulum-cell sarcoma. C-type viruses were positively identified in all the 
tumors examined with the exception of 3. In one of the exceptions, a lymphoma 
in a lymph node, suspicious virus-like particles were observed; in the other 
two, an osteosarcoma and a carcinoma of the lung from the same animal, there 
was no evidence of viral particles. In addition, no viruses cuulcl be detecteel 
in three samples of normal tissue. Despite the presence of virus in tumor and 
not in normal tissue, evidence from ongoing research i s  presented to suggest 
that the virus is merely a passenger. 

~ntroduct'ion . 

The best documented evidence of the hazards of bone-seeking radio- 

nuclides is related to those persons who were. exposed to isotopes of radium. 

However, the bone-seeking element of greatest concern to the public at present 

is plutonium because of its increasing use in the nuclear industry.. Although 

plutonium and radium.both deposit in bone, -their patterns of deposition are dif- 

ferent : 

The work described here was part of an experiment designed to study 

the effects of plutonium and to compare these with effects from radium carried 
1 

out in a similar experiment with CBA and C3H mice. The specific questions 

which this portion of the work was designed to answer were (1) Are viruses present 
239 

in Pu-induced tumors? (2) If so, are these viruses the same a s  those seen 
2 2 6  

in' the Ra-induced tumors? (3) Do the viruses in different histological'types 

of tumor appear to be the same? (4) Does sex affect the viral status? (5) Can 

viruses be seen in normal tissues taken from the same animals? Al l  of these 

questions are, of course, secondary to  the main question, "Is a virus the 

aetiological agent in the production of the tumors? " , 

* 
M RC Radiobiolog y Unit, Harwell , Didcot, Berk s OX1 1 0 RD , England. 



Methods and Materials 
I . . ..Sixty mice (30 males and 30 females) of the CBA strain were injected 

239 intraperitoneally with three different doses of Pu citrate to give 10 mice in 

each dose and sex group. The doses used were 100 nCi, 30 nCi, and 10 nCi. 

In addition, 40 chimeras (20 males and 20 females), CBA T ~ . T ~ / A  mice, were 

injected with the highest dose, 100 nCi of plutonium. Radiation chimeras were 

produced by giving the host mice (CBA T6. T ~ / A )  1000 rad x rays when the mice 

were two months old and restoring the animals with'fetal liver and lymphocytes 

from compatible donors (strain A) and (CBA T6. T6 x A) F respectively. Plutonium 
1 

was injected intraperitoneally one month later when the animals were stabilized. 

When bone tumors occurred in  chimeras they could be typed for origin by pas- 

sage to animals of the host or donor strains and the F hybrid or analyzed for 
1 

the presencc or absence of the marker to determine whether or not the tumors 

originated from host's or donor's cells. A l l  mice were 3 months old a t  the time 

of injection, and were injected on the same day. The animals were maintained . . 

until they either developed a tumor, when they were killed within a few days, 

or died of other causes. Autopsy was performed on a l l  animals. In those that 

were killed with tumors large enough for sampling these tumors were examined 

a t  once by cryostat section and a small portion was assigned for study with ,G 

the electron microscope. 

Electron Microscope Technique 

The samples used for electron microscope studies were fixed in glut- 

araldehyde and postfixed in osmium. Subsequently they were stained with 

uranyl acetate and lead citrate and examined in the Siemens-type 1A electron 

microscope. Details of the method have already been published. 
1 

Results 

Table 1 l ists  the viral status of the tumor tissues that were examined 

from the animals injected with the three different doses. In the osteosarcomas 

taken from the chimeras (CBA ~ 6 .  T6/A) which were injected with 1 0 0  nCi 2 3 9 ~ u  

more viruses were seen than in any of the other tissues exd~r~ined. In 16  out 



239 
Table 1. Viral status of Pu-induced tumors. 

Time of Vim s . . 

ANL appearance present or 
Dose Strain Sex No. Tumcr type Site of tumor (months) absent 

11 1 0 0  nCi Chimeras 'Male T3 7 0 s  te.3 Sacrum + 
CBA L ~ . T ~ / A  . . .Female T3L Haemangio Sacrum 9 + 

s arcome 
T38 Osteo Sacrum 1 2  + 

CBA '; Male T2 9 Lymphoma Lymph node 7 + 
T43.  Osteo R. Illium 1 4  + 

O s t ~ o  . Th. ' vertebra 1 2  + 

+ Female T25 Lymphoma Lymph node 6 - ? 
lb T40 Osteo Ischio Pubis 1 2  + 

T49 Osteo Humarus 1 6  + 

30 nCi CBA '. Male T43 Osteo Lumbar vertebra 5 1 5  + 
T54 Osteo patella l 7 .  + 

Female ~ 5 5 '  Osteo Parosteal, to ' 1 7  + 
hilmeru s 

T64 Osteo Cranium 23  + 
T66 Osteo Sacrum 2 4  + 
T70 Osteo Sacrum 2 5  + 
T714 Osteo Scapula 26  + 

- ~~ 

10nCi CBA Female T47 Reticulum- Liver . 1 5  + 
cell sarcoma 

TE5 Osteo . Rib 
Carcinoma Wng - 



of 19 tumors examined, virus was demonstrably present. Suspicious virus - 
like particles were observed in one other tumor, whlle no virus was observed 

in either of the two tumors examined from animal T85. Figure 1 shows an 

electron micrograph demonstrating the typical C-type particles which were 

observed. The viruses were commonly found either lying with cytoplasmic 

vesicles or budding from endopla smic reticulum as  sociated with degenerate 

cells. No difference could be seen in the morphology or the frequency with 

which viruses were observed In samples taken from different tumor types or 

animals of different sex. The partlcles also appear identical to those which - - - 

were observed in osteosarcomas from the CBA animals injected with 226R, 1 

but different from those taken from the mammary tumors in the C3H animals. 1 

In the present series none of the normal tissue taken from the ribs of 

three of the CBA tumor-bearing animals showed any evidence of virus even 

after an extensive search. 

FIG. 1. --Electron 
micrograph of a 
portlon of tissue 
taken from an osteo- 
sarcoma (T49) show- 
ing viruses lying 
within cytcrplasmic 
vesicles or budding 
from the endoplas- 
m i c  reticulum in a 
degenerate cell 
(x 35,000). 



Discussion 

Although virus was seen in most of the tumor tissue and none was ob- 

served in samples taken from normal bone, this does not allow us to implicate 

the virus as the aetiological agent. The tumor tissue may merely provide a 

favorable environment in which the virus can replicate sufficiently well to  be 

above the threshold of detection by the electron microscope. Three lines of 

evidence from current work in progress indicate that viral action need not be 

involved in tumorigenesis: (1) Animals subjected to a procedure of immunization 

with homogenates of tumor tissue and subsequently injected with 2 2 6 ~ a  develop 

osteosarcoma to about the same extent and in the same time as  unimmunized 

uurrl-z-ols. (2) A single alpha particle directly hittinq the nucleus may be insiif- 
2 

ficient to k i l l  the cell, contrary to what has been previously supposed. Hence, 

the survival of the cell with alteration of i ts  DNA leading to malignancy i s  very 

probable a s  the result of a direct hit on the nucleus, without the intervention 

of a virus. (3) Cells irradiated in culture with alpha particles have been trans- 

formed in the same way, a s  has been shown by other workers using y-irradiation 3 

4 and chemical agents, where no viruses nor viral products could be detected. 
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HAZARD PLOTTING AND ESTIMATES FOR THE TUMOR RATE AND THE TUMOR 
GROWTH TIME FOR RADIOGENIC OSTEOSARCOMAS IN MAN 

Peter G. Groer itnd John H. Marshall 

The tumor rate (hazard rate) and the tumor growth time were estimated 
from a multiply censored sample of observed tumor appearance times in per- 
sons with an initial intake of 2 2  6 ~ a  and 2 8 ~ a  larger than about 2 30 p ~ i / k g  
bone. The tumor appearance times in these individuals appear to be exponen- 
tially distributed and follow, therefore, a straight line i f  plotted against the 
cumulative hazard on linear paper, the hazard paper for an exponential failure 
time distribution. This implies a constant dose independent tumor rate for 
osteosarcoma induction in the limit of large radiation doses . An expression 
for tumor rate from a stochastic model, described earlier in detail, showing 
this behavior., i s  discussed briefly. 

Introduction 

The method of hazard plotting developed to analyze failure for quality 
1 

control purposes is applied to thc problem of estimating tumor rate ( i .e . ,  the 

hazard rate in statistical terminology) and the time of. tumor growth from a 

censored. sample of osteosarcoma appearance times (i. e. , the time 'from the 

first exposure to intake to diagnosis) in humans with initial intakes greater than 

230 p ~ i / k g  skeleton. We chose these cases  because we expected the tumor 

rate to be approximately independent of the initial radium intake and the time 
2 since first intake for large intake levels. In addition, we use analytical 

3-5 procedures which give estimators for the tumor rate and the tumor growth 

time. On linear qraph paper these estimators completely determine a straight 

line, which represents a maximum likelihood fit to the data. A good fit of the 

hazard plot to this straight line verifies the constancy of the tumor rate. By 

proper design of a graph paper, t h i s  method of the hazard plot could be extended 

tn time varying tumor rates. 

The Hazard Plot 

The' hazard plotting method evaluates the tumor rate a t  the times of 

occurrence of the event of interest and not a t  arbitrary predetermined times. 

It uses, therefnre, the maximum information contained in the sample. To 



. . 

obtain a hazard plot one calculates the ratio l/a where a is the number of. 1 1 
cases at risk at  t the first observed tumor appearance time.. The casesin . ' 

1 
which an osteosarcoma has just been diagnosed i s  included in a Then one 

1 ' 
proceeds to the next larger tumor appearance time t and forms l ' /a2,  where 

2 
a i s  the number of cases a t  risk at t i. e . ,  a = a - (case with osteosar- 

2 2 ' 2 1 
. coma a t ' t  + number of cases' censored between t and t ). The' term censored 

1 f 2 
means that the information of interest i s  not available. Reasons. for censoring 

include: death from other cau'ses, lost from the study, and still'alive without . 

tumor at the end of the study period (1 2/3 1/74). One continues in this fashion 

and calculates l/a. for each observed tumor appearance' t After com.pletion 
1, 1' 

of this procedure, one pJ.ots on linear graph paper the pcrii~ts (l/a t ), 1' 1 
(l/al + l /a2,  t2). . . . The first number, the abscissa, i s  the cumulative hazard, 

the second number of each pair, the ordinate, i s  the observed tumor appearance 

time. A hazard plot for the observed tumor appearance and censoring times 

(see Table 1) i s  shown in Figure 1. Since the plotted cumulative hazard 

function i s  reasonably straight, one could fit a straight line through'the data 

points. The slope of this straight line i s  the.tumor rate, the y-intercept for 

x = 0 corresponds to the tumor growth period. However, we chose tn calculate 

these quantities with analytical methods for greater precision. This i s  explained ' 

in the subsequent section. 

Estimation of tho Tumor Rats and the Tull~ul Growch' 'l'iine 

Estimators for the location and the scale parameter of the two parameter 

exponential distribution for single state, Type I1 censoring, were given by 
3 

Epctcin.  ohe en^'^ poir~lad out that for the one parameter exponential distri- 

bution the estimators derived for Type I1 censoring provide approximate esti- 

mators for samples censored by random causes. We arc milking a siluildr ap- 

proximation for the two parameter exponential distribution. The censoring of 

the sample of tumor appearance times considered here can be described as  a 

combination of randomand Type I censoring. The straightness of the hazard 

plot described in the previous section and shown in Figure 1 suggests that 

the sample was taken from an exponential distribution. This i s  also consistent 

with the stochastic model for osteosarcoma induction published in an earlier 

report. 2 

18 , 



Table 1. Observed tumor appearance and censoring times (time of death due 
to causes other than osteosarcomas) after first intake of 226Ra and 228Ra for ' 

individuals with a total intake larger than 230 pCi/kg bone. 

Initial intake Number of cases Censoring time Time of diagnosis 
2 2 6 ~ a  + 2 2 8 ~ a  (and number of after first intake of osteosarcoma 
(pCi/kg bone) osteosarcomas) (yr) after first intake (yr) 

CUMULATIVE HAZARD (O/o) 

FIG. 1. --Hazard .plot for tumor appearance times in individuals with initial 
intake of 2 2 6 ~ a  and 228Ra Larger than about 238 ~ . ~ . ~ i / k g  hone. 



. . This model yielded the following expression for the tumor rate (hazard 

rate) a s  a function of dose: 
-1 

P(t) = 8  ( 1 - ( 1 + ~ D ( t - g ) ) e x ~ ( - ~ D ( t - g ) ) )  , 

- 1 '- 1 8 = tumor rate (yr) if D -- 00 

9 = tumor growth time (yr) (1 

D (t - g) = radiation dose at  time (t - g) to endosteal' cells (rad) 
- 1 

K = mean lethal a-dose for endosteal cells (- 100 rad) 

8 i s  constant. 1ts dependence on cellular and physiological parameters was 

giveri earlier. Expression 1 shows that P(t) reduces to a constant rati  (8-I) 
- 1 

in the limit of large radiation doses (doses much larger than K = 100 rad) . 
3 

The estimators given by Epstein to estimate g and 8 are: 

t = shortest tumor appearance time 
1 

T = total life (i. e,. , person-years at  risk) observed between. the shortest 

tumor appearance time and the end of the study period 

n = numper of individuals in the sample (34) 

r = number of osteosarcomas in the sample (1 1). 

Using the data given in Table 1, one-finds for and.;: 

2 
consistent with the earlier analysis. The bar means that the quantities are 

estimated. This estimate for 8 implies a tumor rate of 1.8% (yr)-' in the limit 

of large radiation doses. Approximate confidence intervals can easily be 

obtained for 8 and g. To determine the confidence interval for 8 one uses 
3 2 

the fact that 2 (r - 1)6/0 i s  distributed as  x (2r - 2).  One finds for the 95% 

confidence interval 

32.6 5 8 5 116.2  . 
For the confidence interval for g, one obtains, using formula 9 in Ref. 3 

1.3 ':g 5 7 .  

The lower bound implies that for an initial intake of 2 2  6 ~ a  and '*Ra larger 

than about 230 p2i/kg bone one can be 95% confident that no osteosarcoma will 



appear before 1.3 yr after first'intake. The cumulative hazard a s  a function of 

time after first intake corresponding to these estimates of g and 8 i s  shown by 

the solid line in Figure 1. 

It i s  interesting to apply the distribution of smallest values to the data 

in Table 1. Since tumor appearance times are exponentially distributed with 
- 1 

parameter 8 , the smallest tumor appearance time in a sample of n = 11 shoild 

be distributed exponentially with an average rate of nom1 (about 1/5) .6 This 

implies that the appearance time of the first tumor, including growth time, 

will be on the average about 1 0  years after first intake in a sample of 11 tumors. 
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VARIANCE OF THE NUMBER OF TUMORS IN A MODEL FOR THE INDUCTION OF 
OSTEOSARCOMA, BY ALPHA RADIATION 

. Peter G. Groer and John H. Marshall 

An earlier report on a model for the induction of osteosarcoma by alpha 
radiation gave differential equations for the mean numbers of normal, trans- 
formed, and malignant cells. In this report we show that for a constant dus'e 
rate the variance of the number of cells at each stage and time is equal to the 
corresponding mean, so the numbers of tumors predicted by the model have a 
Poisson distribution about their mean values. 

Introduction 
1 

In as previous rt3yur.L we developed the following differei~tial equations 

for the mean number of endosteal cells i11 diffet.er~l: sLdLes ra~lgf~lsj fro111 nonl~al 

to malignant: 

The differential equation for the probability distr~ibullur~ P (t) = P 
mlm2m3 000 

of the number of cells in the different states is easily obtained. 

Equation 2 can be used to calculate the differential Eqs. 1 for the mean number 

of cel ls  (first moment) and the differential equations for the different  second 

order moments of the m ' s . 
i 

Derivation of the Variances of m and m 
2 3 

For the second moments one finds the following equations: 



The bar above the m, 's  in Eq.  3 indicates average. The initial conditions for -- 1 
. k  1 Eq. 3 are m.m:  = O.for t=O and (k , l )  = 0,1,2 and ( i , j )  = 1,2,3 .  A l l  coef- 
1 1  

ficients (e.g., X I  OF) appearing in Eq.  3 are assumed to be constant. There- 

fore, all equations for the first and second moments could be solved explicitly. 

However, the calculations for the second moments are tedious. It turned out 

to be more convenient to determine the variances by looking a t  the structure 

of the differential equations. It is well known that the variance 'of m is .  
1 

equal to m , since this i s  just the result for an "immigration-death" process. 
2 

1 
An easy derivation of this result and a useful demonstration of the technique 

used follpws: 
.- 

2 -2 var (m ) 5 m - m 1 1 1 

- 
2 

From -Eq. 4 and m in 3 follows: 
1 

From Eq. 5 and ml .  in Eq.. 1 follows by inspection: 

- 
var (m ) = m . 

1 1 (6) 

Identity 6 implies that m has a ~ o i s s o n  distribution with a mean ii (t). . The .. . 
1 1 

variance of m can h e  found in a' very ,similar manner. From Eq.  4 with m 
2 1 



. - 
2 

replaced by m and m in Eq. 3 follows: 
2 2 
- 

v i r  (m ) + m =   OF; - (A + KF) var (m2) ) + . 
2 2 1 

- -- 
where cov (m m ) = m m - m m To obtain var (m ) from Eq. '7 the covar- 

1 2  1 2  1 2 '  . 2 - 
iance of m and m has to be found. Using m m in Eqs. 3 and 6 

1 2 1 2 .  , ml and m 
2 

one finds: I 

c6v (m m ) = -(A + ~ K F  + aF) cov (m m ) . 
1 2  1 2  (8) 

Together with i t ' s  initial condition Eq. 8 implies cov (m m ) = 0 for al l  t , and 
- 1 2  

var (m ) = m 
2 2 (9) 

follows immediately from ~ q .  7. Equation 9 shows that m2 (t) has a Poisson 

diskibution with mean m (t) .'. For the variance of m one finds the equation: 2 3 

vAr (m3)=2X cov (m m ) + A m  
. 2  3 - 2 ' (1 0) 

2 
again using Eq .  4 and m from Eq. 3. .As for var (m ) ,  the covariance term has 3 2 
to be evaluated. From Eq. 3 and the definition of,cov (m m ) .follows: 

2 3 

'chv (m m ) = -(A + KF) cov (m m ) + OF cov (m m ) . 
2 3 2 . 3  1 3  (1 1) 

For the second term in Eq. ' 11 

holds. This means cov (m, m ) = 0 for a l l  t because of the initial conditions and 1 3  
yields immediately cov (m m ) = 0 for al l  t for the same reason. This result 

2 3 
and Eq'. 1 0  give . ~ 

3 L . - 
The immediate consequence of Eq. 13 and 6 = Am2 is of course var (m I=  6 3 3 3 ' 
Therefore, the number of tumors, m has a Poisson distribution with mean 6 

3' . 3 '  

References 

1. J. H.  Marshall and P. G. Groer, Radiological and Environmental Research 
Division Annual Report, July 1974-June 1975, ANL-75-60; Part 11, 
pp. 1-38. 



2. D. R. Cox and H. D. Miller, The Theory of Stochastic Processes, Methuen 
and Company Ltd . , London, p. 168 (1 9 65). 



LONG-TERM EFFECTS OF RADIUM EXPOSURE IN FEMALE DIAL WORKERS: 
HEMATOCRIT AND BLOOD PRESSURE* 

A. P. Polednak 

Hematocrit and systolic and diastolic blood pressure were analyzed 

in women first  employed a s  radium dial workers in 191 3 to 1929 and in 19 30 

t o  1954. Internal comparisons on these variables were made by dose group, 

using average skeletal dose estimated some years after exposure to  radium. 

External comparisons were made using normative data from the U.S. National 

Health Survey. In women exposed from 1913 to 1929, an apparent long-term 

effect of high-dose radium exposure on hemato'crit was evident. Statistically 

significant results were obtained using univariate and multivariate (multiple 

regression) analyses for women aged 65 to 84. The effect (i. e. , lower hemat- 

ocrit a t  higher doses) appeared to be greatest in the highest dose group, 

especially a t  1000+ rad . It did not, however, involve a higher frequency of 

"low" hematocrit suggestive of anemia. No apparent effect of dose on blood 

pressure was evident in the women exposed in 1913 to 1929. In women exposed 

in 1930 to 1954, dose was a significant predictor of systolic blood pressure 

in 45- to  54-year olds, but not in the 55- to 64-year olds. Analysis of long- 

itudinal data on these  populations will be required. 

* 
Summary of a paper to be published in Environmental Research. 



ADULT HEIGHT AND WEIGHT OF FEMALE RADIUM DIAL PAINTERS, WITH 
ANALYSIS OF RADIATION EFFECT ON GROWTH* 

A. P. Polednak 

The relationship between exposure to internal radiation and adult height 

and weight was considered in a group of 5 56 females who worked a s  radium 

dial painters. These women were first exposed to radium a t  age 1 4  to 29 years, 

and height and weight were measured at  age 46 to 80. Using univariate and 

multivariate (multiple regression) analysis, no significant overall effect of 

age a t  first exposure, or average skeletal dose, on height and weight was 

disclosed. 

The possible effect of radiation on growth was assessed. Skeletal dose 

in rad received from first exposure to age. 2 1  was estimated in a subgroup of 

females who were in the earliest birth cohort (1900 to 1909) and were 1 4  to 17 

and 18 to 2 1  years old a t  first exposure. Height and weight were compared by 
. . 

dose group (0-9, 10-99, and 100+ rad). There was no evidence for an effect 

. of dose on adult height, in agreement with findings on Japanese atomic bomb 

survivors exposed to external radiation at age 1 2  to 17  years. Mean height 

also did not differ between the two age-at-first exposure groups. These find- 

ings support the conclusion that older children may not be susceptible to long- 

term growth effects of exposure to various types of radiation. It i s  pointed out, 
' however, that the present findings refer only to long-term survivors of radium 

exposure. 

' * 
Summary of a paper to be published in Human ~iology. 



David J. Simmons, A. T. Keane, Richard B. Holtzman, and J. H. 
Marshall 

Microscopic and radiological changes in the skeletons of 30 cases of 

radium poisoning (dial painters, chemists, and iatrogenic cases) were studied 

to  determine the correlation with average skeletal dose from 2 2 6 ~ a  and 2 2 8 ~ a .  ' 

The raw data dealing with plugged canals were obtained from published 
1-3 

studies and from. study of the bones of a case  examined a t  ANL? There was' 

no significant correlation with age a t  exposure, age a t  death, or duration of 

radium intake. For 1 4  of the cases exposed predominantly to ' ' $ ~ a  (initial 

bnrly 1111rrle11 inl.l{l 2 2 6 ~ ~ / 2 2 8 ~ r 1  > 41, culllulotive md (CR) and cumulative md-vr 

(CRY) correlated about equally well (r = 0.86 and r = 0.87, respectively, 

P < 0.01). However, when all 30 cases were considered, including 14 cases 
226 

exposed predominantly to 8 ~ a  (' 8 ~ a /  Ra > 1.8) , the correlation coef - 
ficient between plugging and CRY was 0.81 (P < 0.01) , while that with CR 

was only 0.48 (P < 0.01). 

Plugginq varied approximately a s  the square root of either CR or CRY 

within the range of doses observed (1 to 30 krad and 1 0  to  700 krad-yr) . The 
0.56 

expression, %plugs = (CRY) , where CRY is in krad-yr, fitted. the.data to 

within a factor of two in two-thirds of the cases. Plugging due to r ad iu~n  can 

probably not be detected below a CR of 1 krad or a CRY of 1 0  krad-yr because 

the normal incidence is of the order of 1%. Reduced x-ray score for these 30 

cases  also correlated with CRY (r = 0.64, P < 0.01) , but not as  well a s  did 

the plugged canals. 

* 
Summary of a paper published in Health Physics 29, 767-775 (1975), 

'~epartment of Surgery. Division of Orthopedic Surgery, Washington University 
School of Medicine, St. Louis, Mo. 63110. 
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CHROMOSOME ABERRATIONS IN THE PEIUPHERAL LYMPHOCYTES OF THORIUM 
WORKERS WITH LOW BODY BURDENS OF 2 1 2 ~ i  . 

S. F. Hoegerman 

Cytogenetic analysis of 8 thorium workers and 3 controls has not shown 
' 

a significant elevation in the level of chromosome breakage in the workers' 
peripheral lymphocytes. Th i s  finding i s  consistent with an estimate of the 
amount of damage to be expected in these cases ,  based on the level of chromo- 
some breakage observed in Thorotrast cases  with measured 2l2I3i .  burdens. 

Introduction' 

Relatively little i s  known regarding the cytogenetic risk associated with 

industrial exposure to thorium. M i l e  there have been several studies of 

chromosome breakage in patients who received injections of Thorotrast (colloi- , 

1-4 
dal Tho2) for contrast radiography, there has been only one previous study 

of persons with industrial thorium exposure. 

Costa-Ribiero et al.  studied a group of 67 Brazilians who were actively 

working in a monazite processing mil l .  Their results , sumlharized in Table 1 , 

indicate that there i s  an increase in the level of chromosome breakage in the 

subjects who work in the relatively highly contaminated areas of the mill .  

Table 1. Chromosome Breakage in Workers in a Brazilian Monazite Mill 

Mean airborne 212Pb . No. of No. of Dicentrics + Deletions 
level (pCi/l) workers cells rings per per 100 cells 

100 cells 

. '  0 .'go0 30 2679 .0.41 2.58 
0.09,O 9 ' 900 0 2.00 
U,. UU7 28 2430 0.08 0.91 

Costa-Ribiero and coworkers attribute the increase in chromosome 

breakage in the more highly exposed workers to the radiation from 22@Rn and 

i ts  daughters. They argue that the workers' exposure to radionuclides higher 

up the thorium decay chain is negligible since long-lived activity was rarely 

found in their air samples and, when found, was associated with monazite 



particles of such 'a large'size that.they were "not believed t o  be inhaled in 

large quantities, and, even i f  they were, they could not reach the lungs, being 

then eliminated through the esophagus and intestinal tract. " 

The largest series of Thorotrast cases  for which both body burdens and 

chromosome aberration frequencies are known is that of Fischer et  al.' The 

19 patients in this series had an average 'I3i burden in the upper abdominal 

region of 11 8 nCi. The frequency of dicentrics and rings per 100 peripheral 

lymphocytes averages 7.41 * 5.64 per 100 nCi 2 1 2 ~ i  burden. 

The 8 men in the present study were employees of an American thorium' 

processing plant. Five cases  had statistically significant burdens. These 

men began their employment in the industry between 1937 and 1946 and worked 

in it for an average of approximately 32 years. The 3 men whose'burdens are 

not significantly greater than zero began their employment between 1957 and 

196 6 and worked for 'an average of approximately 7 years. 

Materials and Methods 

Peripheral lymphocytes were cultured by a modified Moorehead tech- 
6 

nique. Our current 'procedure is a s  follows: 

Eight to  10 ml of venous blood are drawn into a sterile heparinized 

vacutainer. The red blood cells (RBC' s) are allowed' to' sediment, and 0.6 to  

0.8 rnl of the plasma-1eucocyte.fraction plus a small quantity of RBC's are 

cultured in a sterile tissue culture flask. Each flask contains 0.4 ml medium 

F 10 ,  1.0 ml fetal calf serum (both from Gibco) , 0.1 m l  reagent grade PHA 
i 

(Wellcome-Burroughs) , and 0.1 m l  laboratory reagent grade penicillin- 

streptomycin mixture (Becton-Dickinson) . The prepared medium is filtered 

through a 0.2-pm Nalgene filter prior to  dispensing into the flasks. A mini- ' .  

mum of 4 flasks are initiated for each patient. 

Colcemid (0.3 1~~1,  10 pg/ml) is added to each flask 45 hr after addition 

of the sample. Three hours later, the cel l  suspension is transferred to  a 

centrifuge tube, centrifuged a t  125 g for 15 min, and the pellet is resuspended 

in 5 ml of 0.075 M KC1. After 7 min, the tubes are centrifuged a t  50 g for 

7 min, and the pellet is resuspended in the fixative (3:1 methano1:glacial 



acetic acid). The cells remain in the first fixative for a minimum of 10 min. 

They are then centrifuged (50 q for 1 0  min) and resuspended in fresh fixative. 

Slides are prepared by spreading the cells pn cold, wet slides. . The 

slides are quickly flamed and air dried and are then stained for 5 min in 5% 

Giemsa stain. 

The slides are scanned, and cells with a t  least  46 centromeres are 

scored for aberrations. A l l  cells are scored for both stable and unstable 

chromosome aberrations, chromatid aberrations, and ploidy . To check for 

stable chromosome rearrangements, al l  chromosomes are karyotyped to major 

chromosome group by direct observation through the microscope. 

'One hundred cells were scored for each of the 8 thorium workers and 

each of the 3 adult male controls. Slides were coded and scored without 

knowledge of the workers ' body burdens. 

Results 

The body burdens of the thorium workers, along with data on unstable 

chromosome aberrations, chromatid aberrations, and the frequency of hyper- . 
diploid cells in both thorium workers and controls, are given in Table 2 .  No 

. cells  with translocations of inversions were scored in either worker or control 

slides. An inversion was observed in a cell from case L-4317, but this cell 

was not included in the sample since it contained only 45 chromosomes. 

Two of the thorium workers had stable deleted chromosomes in all of 

their cells that were examined. Case L-0809 has a Y chromosome with a 

deleted long arm. A karyotype of this case  i s  shown in Figure 1. A comparison 

of the G-group chromosomes of this case  with the G-group chromosomes of 

controls i s  shown in Figure 2. 

The second case  (L-1330) has a deletion of the entire short arm of a 

D-group chromosome. A complete karyotype of this case is shown in Figure 3. 

Trypsin-Giemsa banding established that the deleted chromosome i s  a member 

of the number-14 pair. Figure 4 is a banded, partial karyotype of this case.  



Table 2. Cytogenetic Abnormalities in Thorium Workers and Controls 

Chromatid 
Chromosome aberrations aberrations in 

in 100 ce l l s  100 ce l l s  Hyperdiploid 
Case 2 1 2 ~ i  body Dicentrics Rings and Terminal Deletions Gaps ce l l s  in 
No. burdens (nCi) minutes deletions 100 cells 

Thorium L-1167 3.49 * 0.35 0 0 1 0 0 2 
workers L-1101 2.14 * 0.28 0 0 0 0 0 0 

. C 
L-4317 1.49i0.36 1 0 .  0 0 1 . -  2 

Controls 50-016 - 0 0 0 0 1 1 

50-128 - 0 0 0 2 3 0 

50-129 - 0 0 1 0 1 0 

Discussions and Conclusions 

In the absence of quantitative data on the relevant anatomical distribu- 

tion of lymphocytes and on both the anatomical and isotopic distribution of 

radionuclides in the thorium workers, i t  is impossible to calculate the average 

dose received by the cells a t  risk. One can, however, compare the aberration 

level found in our population with that found in Thorotrast-burdened patients 

by Fischer et  al. 1 

The average 212E3i burden of the 5 thorium workers with a statistically 

significant burden i s  1.68 nCi (provisional best estimate pending final calibra- 

tion of the counting equipment). Extrapolating from Fischer's results to the 

thorium workers, we would expect a dicentric plus ring frequency of 

(7e41 * = 0.124 0.095/100 cells 100 
= 0.62 * 0.48/500 cells . 

One dicentric was scored in our sample of 500 cells. The agreement 

between the observed and expected aberration frequency i s  probably fortuitous. 

The expected aberration level may be a highly inaccurate estimate of the amount 

of cytogenetic damage to be anticipated in thorium workers since the majority 

of these men's burdens is probably deposited on pulmonary surfaces and/or in 



FIG. 1.--Karyotype of case L-0809. Note the short Y chromosome. 

controls 

A 4 a  @ 

FIG. 2. --Comparison of the G-group and Y chromosomes of case L-0809 with 
those of controls. The Y chromosomes are shown in the right -most columns. 



FIG. 3. --Karyotype of case L-1330. Note the absence of the short arm on a 
D-group chromosome. 

FIG. 4. --Trypsin-Giemsa banded D-group chromosomes of case L-1330. Note 
that the deleted chromosome is one of the number 1 4  pair. 



tracheobronchial lymph nodes. Thorotrast cases generally have a high percent- 1 
I 

age of their burden deposited in liver and spleen, organs that contain high con- 

centrations of lymphocytes. The average dose to lymphocytes per nCi of 212~i  

may be significantly different in our cases because of differences in the 

1Bi/23 2 ~ h  ratio and differences in the anatomical distribution of 23 2 ~ h  and 

its daughter products. 

It i s  probable that the variant Y chromosome and the deleted chromosome 

14 found in two of the thorium cases were not radiation induced. The length of 1 
the Y chromosome varies between individuals, and variant Y chromosomes of 

unusual size are frequently unaccompanied by phenotypic effect. While the 

deleted chromosome 14 is not a common variant, we can argue that the deletion 

of its short arm would not be expected to have a phenotypic effect. Individuals 

with 45 chromosomes including a D/D or D/G Robertsonian translocation lack 

the short arms of two acrocentric chromosomes and are phenotypically normal. 
7 

The possibility that these atypical chromosomes were radiation induced can- 

not be entirely discounted. Buckton et  al? found two cases with definite 

mo saicism for stable chromosome rearrangements in two of 3 6 Thorotrast cases. 

A suggestion of possible mosaicism was noted for three additional cases. - 

Cytogenetic analysis of other tissues from our patients or from the male pro- 

geny of the patient with the variant chromosome would, therefore, be required 

to establish firmly that their atypical chromosomes were not radiation induced. 
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GROSS DISTRIBUTION OF 2 2 6 ~ a  IN MAN FROM EXTERNAL COUNTING* 

J. Rundo, M. A. Essling, and D. R. Huff 
-- - 

When the first y-ray measurements of a radium patient's body radio- 

activity indicate a content in excess of about 20 nCi of '148i (RaC) , a "7 - 
position scan" i s  made. Measurements are made with two detectors, above 

and below the supine subject, a t  seven equally spaced positions along the 

length. The spacing i s  set at 15% of the subject's height. Such scans have 

been made for 40 different patients, and although the detectors are uncol- 

Limated, a surprising amount of information on the distribution is revealed. 

In general, the distribution could be assigned fairly unambiguously to 

one of four categories. In Category I (18 cases) a clear maximum of activity 

was observed in the lowest third of the body. Category I1 (12 cases) was the 

reverse; the highest counting-rate was observed from the uppermost-third of 

the body. Rough symmetry of activity distribution down the length of the body 

was seen in the other two categories. In Category 111 (7 cases) the counting- 

rate was at a maximum near the middle of the body, while i t  was at  a minimum 

for Category IV (3 cases). There .was considerable variability within any one 

category, and no correlation between body content of radium, or mode of in- 

take, and category. In seven cases -of bone sarcoma-(including four examined 
1 by Miller ) the site of malignancy failed to correspond with the region of 

highest observed activity. ~urthermore, of eleven cases of carcinoma of the 

mastoid (including seven examined by Miller), only three were in Category I1 

(highest activity in or near the head) while six were in Category I; there was 

one case in each of Categories I11 and I V .  . If eleven subjects were chosen. at 

random from our 40 cases, we should expect three cases to be in Category I1 

and five in Category I. Thus the information on the gross distribution of radium 

in the body i s  of no value in predicting the possible site of a malignancy. 

* 
Summary of paper published in The Health Effects of Plutonium and Radium, 
W. S. S. Jee, Ed., The J. W. Press, Salt Lake City, pp. 409-420 (1976). 
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THE MACRODISTRIBUTION OF 2 2 6 ~ a  IN THE SKELETON OF A RADIUM DIAL 
PAINTER* . . 

R. B. Holtzman and D. J.  Simmons f 
- 

The concentrations of 2 2 6 ~ a  were determined in 190 samples of bone 

and in four teeth from a woman (Case 01-183) who had worked for ,mo  years a s  

a radium dial painter, 52. years prior to  her death. The terminal body content 

of 22 6 ~ a  was 200 nCi. The weighted mean concentration of activity in bone 

was 146 * 11 pCi/g ash ,  with a range of 12 to 1000 pCi/g ash. The mean 

level' in cortical bone was 11 6 * 14 pCi/g ash ,  while that in porous bone 

(trabecular and eroded cortex) was 2 2 7  * 25 p ~ i / g  ash.  
226 

The concentrations of the Ra in long bones were fairly constant 

along the shafts and increased greatly toward the ends. The concentration 

patterns were generally symmetrical with respect to right and left sides. The 

patterns in bone from the lower limbs (femur, tibia, and fibula) were similar 

to  each other but differed from those in the upper limbs (humerus and radius). 

For rib the mean concentration of 107 pCi/g ash  was consistent with a uni- 

formly distributed ZOO-nCi skeletal content. The concentrations in the left 

ribs were similar to  those in the right. The levels in the vertebrae (40 .* 1 2  

p ~ i / g  ash) were, in the main, lower than those in the ribs and varied widely 

with, location. 

* 
Summary of a paper presented a t  The Workshop on the Biological Effects and 
'loxicity of 2 3 9 ~ ~  and 22  6 ~ a  a t  Sun Valley, Idaho, October 5-10, 1975, and 
published in  Health Effects of Plutonium and Radium, W. S. S. Tee, Ed. , The 
T. W. Press, Salt Lake City, Utah, pp. 421-436 (1976). 

t ~ r e s e n t  address: Washington University School of Medicine, St. Louis, Mo. 



MICROSCOPIC DISTRIBUTION OF 2 2 6 ~ a  IN THE BONES OF RADIUM CASES: 
A COMPARISON BETWEEN DIFFUSE AND AVERAGE 2 2 6 ~ a  CONCENTRATIONS* 

R. 'A. Schlenker and 7 .  E. Famham 

Diffuse concentration measurements were made with alpha track auto- 

radiography a t  various s i tes  in the skeletons of 10 radium cases .  The ratio 

of the highest to the lowest concentration observed within a skeleton was 

found to  be 2.8 * 1.4. Measurements were made a t  five pairs of contralateral 

s i tes  in one case ,  and bilateral asymmetry was found. Diffuse and average 

concentrations showed similar distribution patterns along the lengths of 

femora from three cases .  Ratios of diffus e-to-uniform concentration, when 

analyzed using the ICRP model of alkaline earth metabolism, indicated'that 

the most representative compact bone remodeling rate for these skeletons was 

in the range 0. to  0.4%/year. 

Abstract of a paper published in The Health Effects of Plutonium and Radium, - 
W. S. S. Jee,  Ed., J. W: Press, Salt Lake City, pp. 437-449 (1976); 



MACRODISTRIBUTION OF PLUTONIUM IN SELECTED BONES FROM AN 
ABNORMAL SKELETON* 

+ 
R. P. Larsen, R. E. Toohey,. and F. H. Ilcewicz 

The burden and macrodistribution of plutonium in the skeletal remains 

of a woman who in 19 45 received 0.3 pCi of plutonium by injection are being 

determined. A t  the time of injection she was suffering from Cushing's syndrome, 

hypertension, nephropathy with uremia, and osteoporosis; she succumbed to 

her illness in 1947 a t  age 19. The plutonium she received was tetravalent and 

in a citrate buffer medium. The subject, referred to in the carly literature a s  

HP-4, has been assigned CHR case  number 40-010. Preliminary results ob- 

tained by using both a xenon-filled proportional counter and radiochemical 

methods to determine plutonium in solutions of dissolved bone ash were re- 

ported previously. 
2 

The results of the radiochemical determinations of plutonium (by alpha 

spectrometric-isotopic dilution) in several bone samples are reported in 

Table 1. The distribution of plutonium down the length of the right tibia has 

been determined. The bone was cut into ten sections of equal lengths, and. 

each section was ashed, 'weighed, dissolved in nitric acid, and analyzed 

radiochemically. The results are given in Table 2 ,  and Figure 1 shows the plu- 

tonium concentration a$ a function of distance from the proximal end. 

As expected for a radionuclide that deposits on bone surfaces, the 

plutonium concentrations in bones that are primarily trabecular are significantly 

higher than those that are primarily cortical. The concentrations in the verte- 

bra and the two portions of bone from the innominate are factors of 34, 26, and 

22, respectively, higher than the. concentration in the humerus midshaft. The 

difference between bones that are primarily trabecular and primarily cortical 

a lso  exists within particular bones. The concentration in the humerus head is 

* 
Summary of paper published in The Health Effects of Plutonium and Radium, 
W. S. S. Jee, Ed., The J. W. Press, Salt Lake City; pp. 315-320 (1976). 

+ 
Deceased . 



. . 
Table 1. Concentration of plutonium in  bone 'samples of 

. .  
c a s e  40-010. 

Bone Plutonium Concentration 
(pCi/g ash)  

First  lumbar vertebra 

-Femur head 

Humerus head 

Humerus mid s haf t 

Innominate 

Innominate 553 * 1 3  

7th rib 320 & 3 
(. i ' d "  

J . . , ... 
Table 2 .  Concentration of plutonium in  the right tibia of c a s e  40-010. 

. I  

Distance from Ash weight Plutonium concentration' 
(9) (pCi/g ash) proximal end (cm) 



a factor of six higher than that in the midshaft, and the concentration in the 

,. - 

proximal end of the tibia i s  a factorof five higher than that in the midshaft. 

80 

60 
c ' 
In 
0 '  

From the data obtained to date, .it appears that the best estimate of. 

total skeletal burden may be obtained from , . the analysis of a rib. The burdens 
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- - 

- 

- 

calculated from the values obtained for the first lumbar vertebra., the .innominate, 

. . 

FIG. 1. - -~istribution of 

the head of femur,, the entire tibia, and the seventh rib are 0.3 8, 0.5 6:, 0.64, 

0.027, and 0.084 pCi, respectively. The estimated burden i s  0.14 pCi.  his 

plutonium in the right tibia' 
of case 40-010. 

.. . 
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MICROSCOPIC DISTRIBUTION OF 2 3 9 ~ u  DEPOSITED IN BONE FROM A 
HUMAN INJECTION CASE * 

R. A. Schlenker, Billie G. Oltman, and Helen T. Cummins 

2 3 9 The distribution of Pu was studied in bone from a woman who 
239 received an intravenous injection of 0.3 pCi PU in 1945 a t  age 18 and who 

died 17 months later with Cushing's syndrome. The average depth a t  which 
239 

Pu was buried by appositional bone growth in trabeculae ranged from 40 

to  60 pm in seven bones. The average for a l l  s i tes  of burial studied was 

52 pm. Surface and volume concentrations in bone which covered buried sur- 
2 faces  in trabeculae ranged between 0.26 and 0.63 pCi/cm and 56 to  160 

3 
pCi/cm , respectively, 'in seven bones. The mean values of the data for the 

2 3 
seven bones were 0.39 pCi/cm and 94 pCi/cm . The volume concentration 

contributes only about 4% of the total terminal dose rate in a layer of cel ls  > .  . *  - .. .... _ .  . 
1 0  ~ r n  thick lining the endosteal surfaces of trabeculae in  the 6th thoracic . ;,.* . ,  .': 

vertebra. In other bones the contribution from bone volume would be even . b , . 

less .  Concentrations on the periosteal, endosteal, and Haversian canal 
2 

surfaces in the shafts  of s ix  long bones ranged between 0.18 and 0.64 p ~ i / c m  , : 7;: 
2 2 

0.14 and 0.31 pCi/cm , and 0.13 and 0.59 pCi/cm , respectively. These . . 
concentrations are considerably l e s s  than those observed on buried surfaces I -  

a t  the same sites. 

* 
Abstract of a paper published in The Health Effects of Plutonium and Radium, 
W. S. S. Jee, Ed., J. W. Press, Salt Lake City, pp, 321-328 (1976). 



* 
COMPARISON OF THE LATE EXCRETION OF 2 2 6 ~ a  AND 2 3 9 ~ u  BY MAN 

J. Rundo and R. B. Holtzman 

Excretion rates of radium (1 2 cases). and plutonium (2 cases) a t  roughly 
3 4 

10 and 10 days after intake are reviewed and compared with each other and 

with the predictions of various models. There are some superficial similarities 

between the excretory patterns of the two elements, but there are more differ- 

ences. At 1000 to 2 000 'days after intake the fraction of the initial dose ex- 
-3 4 

creted daily i s  of the order of 1 0  % for either element; al: 10 days it i s  muah 
- 

lower for radium (order of 10 5%) but u~lcllanrjed or highcr for plutonium. 

On the other hand, the coefficients of elimination (fraction of con- 

temporary body content excreted daily) for the two elements differ by almost 
3 4 

two orders of magnitude a t  1 0  days, but are rather similar at 10 days at about 
- 3 

4 x 10 % per day. This implies an instantaneous biological half-life of 
1 

about 46,years. The ICRP power function-type model for radium provides a 
3 4 

reasonable fit to the data at  both 10 and 1 0  days, whereas the ICRP expo- 
2 4 

nential model for plutonium agrees with the data at 19 days, but overesti- 
3 

mates the coefficient of elimination at 1 0  days by a factor of about two. - 
4 

Among the 11 subjects for' whom there were data. on radium 'at 10 days, there 

was  an order of magnitude difference between the highest and'lowest coefficients 

of elimination. There was no evidence that this was due to a radiation 'effect. 

References 

1. International Commission on Radiological Protection (ICRP) , Publication 
20, Alkaline Earth Metabolism in Adult Man (1972). 

2. International Commission on Radiological Protection (ICRP) , Publication 
19, The Metabolism of C-ompounds of Plutonium and Other Actinides 
(1972). 

* 
Summary of a paper published in The Health Effects of Plutonium and Radium, 
W.S.S. Jee, Ed., The J. W. Press, Salt Lake City, pp. 497-504 (1976). 



VARIABILITY IN THE EXHALATION RATE OF RADON 

* 
J .  Rundo, F. Markun,. J. Y. Sha, and P. Cameron 

% In a day-long study, twenty-eight 10-min samples of breath were col- 
lected from a former radium dial painter and were analyzed for radon. The 
radon exhalation rate showed good short-term reproducibility, but there was a 
dramatic short-lived increase in the first samples collected after lunch and a 
slow but steady .increase during the course of the day. 

.Previous reports from this laboratory have described a series of experi- 

ments designed to study reproducibility of measurements of radioactivity in 
1 vivo. During the course of a week the exhalation rate of radon by two former 

radium dial'painters showed remarkable variability, particularly from morning 

to afternoon. In order to get more information on this variability, which we 

had noticed on isolated occasions with one or two other patients, we made a 
.: I 

day-long study of the exhalation rate of radon by case 03-685, who had par- 

ticipated in the previous week-long series. The subject, a 74-year old wokan 

had worked a s  a radium dial painter for a total of about 15 months' starting in 

192 1. Her estimated content of 2 6 ~ a  was approximately 84 nCi in 1974. She 

entered the underground vault a t  8: 2 0 a.  m. and remained there until 5 : 00 p. m. , 
except for three periods of 4 to 5 min each when she visited the toilet. Fol- 

lowing the gamma-ray measurements in the tilted chair, she sat in the reclin- 

ing chair at 9102 a.m. and collection of the first breath sample was started 

10 min later. A total of twenty-eight 10-min collections was made. In the 

previous studies there appeared to have been a correlation between the exhala- 

tion rate of radon and the pulse. We therefore monitored the pulse contin- 

uously and automatically with a commercial pulse metert, modified in the 

Electronics Division to permit scaling of the pulses and displaying the total 

a t  1 -min intervals. 

* 
Consultant. 

'san-le Pulsemeter, distrihllted hy Medical  system^, Corp. , Great Neck, N.Y. 
-t 



The results are se t  out.in Table 1, and they are presented graphically in 

Figure 1, where points representing the results of consecutive measurements 

(intervals without collection were 5 min or less)  are joined by straight lines. 

The three visits to the toilet are indicated by arrows labelled U ,  and a 20-min 

period when the subject was eating her lunch (still in the -vault) is also identi- 

fied. 'Several facts emerge, of varying degrees of strikingness, and these yill 

be discussed. in order: 

(a) there was a dramatic but short-lived increase in the exhalation 

rate of radon following lunch, 

(b) there was a steady increase in the exhalation rate of radon dur- 

ing the day, 

(c) the changes in posture associated with the first and third visits 

to the toilet had no noticeable effect on the exhalation rate of 

radon, the respiratory minute volume (RMV) or the pulse rate, 

and, 

(d) there was good short-term reproducibility in the measurements 

of the exhalation rate of radon, although the observed variations 

were greater than the statistical errors of counting, which were. 

in the range 1 . 2  to 1.6%. 

The doubling of: the exhalation rate of radon seer1 ii~ the first sample 

collected after lunch confirms what was noted on several occasions in the 
1 

week-long study. The rapid decline of the exhalation rate to "normal values" 

offers a possible reason why.the doubling was not seen every day. The timing 

could have been important. 

The reason for this large but short-lived increase in the exhalation rate 

is not known, but two possibilities may be considered. First, this might have 

been exhalation of radon inyested in the lunch or (especially) drinkir~y wdl;el-. 

However, the subject drank no water. with or after lunch and ,the boiling of 

water to make coffee, which she did hav,e, would have driven off any dissolved 

radon. Ingestion of radon can probably be ruled out as  the source. The alter- 

native possibility is that the excess came from a "reservoir" of radon dissolved 

in the tissues of the abdomen, which was flushed out by the increased blood 



TABLE 1. Results of day-long study of exhalation of radon. 

Average Exhalation rate 
Time of pulse RMV of radon, 

Day min' l . 1 min-I pCi  min-' 

76.4 6.40 
72.7 . 6.25 
71.2' 6.20 
70.6 6.29 
69.9 6.11 
69.9 6.15 
69.3 . 6.12 
68.8 6.49 
69.6 6.02 
70.5 5.89 
Subject out of vault 
70.4 6.26 
70.4 5.79 
subject  eating lunch 
Subject out of vault 
77.2 . 6.31 
75.1 6.98 
73.8 6.84 
70.6 7.35 
68.9 7.27 
69.9 7.19 
69.8 7.45 
72.3 7.76 
Subject out of vault 
71.7 7.03 
70.9 7.00 
71.0 7.12 
71.5 6.88 
7l.7 6.84 
71.4 6.77 
71.5 6.96 
73.3 6.81 
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'FIG. 1 ..--Pulse rate, respiratory minute volume and radon exhalation rate 
plotted against time since. rising (6: 30 a .  m .) . The subject left the underground 
vault briefly on three occasions, identified 'by the arrows ~rlarked U. Note the 
decline in pulse rate in the first 40 min, as  the subject relaxed. 



flow in the abdominal region, associated with the digestive process. It may 

be noteworthy that there i s  a strong correlation between the pulse rate and the 

radon exhalation rate for the first five samples taken after lunch (r = 0.97, 

p < 0.01); the correlation for the other samples, with the exclusion of the first 

hour, i s  also highly significant (r = 0.72, p < 8.01 ). The decrease in the 

pulse rate between 9:12 and 9:58 was probably a consequence of the subject 

relaxing after the start of the breath collections. There was no corresponding 

change in the exhalation rate of radon or the RMV in this time period. 

There is also a neqative correlation between the radon exhalation rates 

for the first five samples collected after lunch and the corresponding values of 

the RMV (r = -0.77), but a positive correlation for all the other samples 

(r = +0.78), with the results for the fifth sample after lunch belonging to both 

populations. The significance of these correlations i s  not fully understood, 

but i t  does seem likely that the short-lived increase in radon exhalation rate 

was associated wit11 Lhe digestive process. 

No such explanation exists for thc slow but ~Leddy increase in the rate 

of exhalation of radon during the whole experimental period from 9 : 15 a. m. to 

4:50 p.m. A straight line can be dmwn through thc data (with the exclusion of 

the first five points after lunch), and a correlation coefficient of +O. 95 was 

derived. However, such a fit i s  prophetically blind because the rate of 

exhalation of radon presumably decreased sometime after 5 p.m. The simplest 

cyclic function is a sinusoidal one, and when such a function was tried, the 

f i t  was apparently bctter than Iur the straight line, but the period was 34 * 5 

hr, somewhat longer than the expected value of 24 hr. The mean value of the 

rate of exhalation of radon for the cycle was 4.3 * 0.1 p ~ i / l .  There is, of 

course, no posteriori reason to suppose that the variations were truly sinus- 

oidal. 

It might be argued that the constraints on movement and pustui-e of the 

subject in the day-long confinement to the recliner created an unnatural situa- 

tion which caused the slow change in the rate of exhalation of radon. However, 

when the results for 82 subjects were normalized and plotted as  a function of 

time of day, there was a significant correlation, despite considerable scatter 



'(r = +O. 30, p 3 0.01). The regression equation predicted that the rate of 

.exhalation of radon would be 44% higher a t  5: 00 p . m. than a t  9:00 a. m. From 

the data in Table 1, the mean rate of exhalation of radon for the last  three ob- 

servations centered a t  4:32 p.m. was 43% higher than the mean for the first 

three observations a t  9:29 a.m. (6.69 pCi/min, compared with 4.68 pCi/min) .. 
The 82  subjects were not constr.ained in a single near-supine position during the 

day, so  the increase observed.for case  03-685 does seem to be real, even i f  

unexplained. . . 

An estimate of the "excess" radon exhaled in the period following lunch 

may be made with the use of one or other of the regression lines (linear or 

sinusoidal). Using the linear f i t ,  we obtained the results in Table 2.  To cal- 

culate the total, each excess value was multiplied by 1 0  (minutes) and allow- 

ance was made for the four intervals of 2 or 3 min each between samples when 

breath was not collected.  The total excess radvu exhaled between 131 1 and 

1410 was then 210 pCi. Unfortunately, we have no. data for the 46-min period 

between the end of lunch and the first sample after lunch. It would have been 

interesting to know how soon after lunch the exhalation rate started to increase 

and how rapidly. 

TABLE 2 .  Excess over "expected" (linear f i t )  of exhalation rate of radon after 
lunch. . . 

Exhalation Rate of Radon, pCi/min 

' Time of 
Collection Observed "Expected " Excess 



The change of posture and small amount of exercise involved in the 

visit to the toilet at 1 2  : 55 can have played no part in the increase. in the 

exhalation rate of radon after lunch, in view of the lack of effect of the two 

similar visits a t  11:25 and 14:55. This is of particular interest in view of the 

known effects of posture on the exhalation rate of radon. 
2 

Finally, it i s  evident from Figure 1 that the short-term variability of 

the exhalation -rate of radon i s  quite small, although greater than the statistical 

i. errors of counting. A quantitative estimate of the coefficient of variation was 

possible by normalization of the observed values with values predicted by the 

sinusoidal f i t  (with the exclusion of the first five values after lunch). The 

standard deviation of the normalized data was 3.6% of the mean value. El im-  

ination of the average statistical error of 1.28% left 3.4% as  the nonstatistical 

error due to all  other sources (sampling of breath, transfer of radon and bio- 

logical variability) . This number is gratifyingly small. ,, .- 
, .:,,. . . 

In conclusion, the results of the day-long study reported here have shed . ,:: 

%; . #, 

new light on the variability of the rate of exhalation of radon from persons with - .  . . 

long-standing burdens of radium. It i s  still not clear when the most representa- *" 

tive value can be obtained, but it is ,obvious that breath should not be sampled 
' 

, ,, 

shortly after a .meal. 
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2 4 1  
AN UNUSUAL CASE OF INTERNAL CONTAMINATION WITH Am 

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

241 
A woman accidentally swallowed two sources of Am 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 
l e s s  than 1% of the total activity of the two sources was found in the fecal 
material after removal of the sources and 2 4 1 ~ m  was detected in the urine until 
the second source had been voided. 

~ntroduction 

A female employee of a local electronics :liir!~?, enga.gecl in. the m ~ n u f ~ c t u r e  

of domestic smoke detectors containing 2 4 1 ~ m .  was referred to us by the 

Nuclear Regulatory Commissionls Compliance Division for investigation of 

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

2 4 1 ~ m  (nominal activity 2.5 pCi) , deposited on a silver disk 2.3 5 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 i t  had been 

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 2 4 1 ~ m  by the Bioassay Group of OHS Division, ANL. 

Body Radioactivity Measurements 

The subject (CHR case  number 3 0-063) came for bady radioactivity me&- 

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

of a substantial amount of 2 4 1 ~ m .  An attempt was made to localize this from 

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

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

in the throat," the scan covered the interval 15 to 80 cm from the vertex. Her 

height was 156 cm.  The prvfile curve, shawl in Figure 1, revealed no 

* 
Occupational Health and Safety Division, ANL. 
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significant excess activity in the pharyngeal region', but two sharp peaks, 

centered a t  about 56 cm and 68 cm 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 the silver foil, and of 

0 2 0  110 6 0  8 0  1 0 0  

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

with a m a s s  attenuation coefficient of 5.49 c m  g for 60-keV gamma rays 

FIG. 1 . --Radioactive profile 
curve (slit-collimated 2 9 -cm 
diameter detector) , showing the 
presence of two sources in the 
abdomen (case 30-063). 

- 
- 

DRY I Y  - 

- 3 
in silvcr of density 10.5 g cm , 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 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 i s  entirely possible for a ratio of 3.7 to be 
241 

observed from a source of Am in vivo i f  it i s  about 6 c m  deep in a 20.4-cm 

- 
- 
- 
- 

" " " '  I I I I I I I I , ,  

thick abdomen, and is not backed by severely attenuating material. In the 

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: 



where 3.16 is the calculated counting-rate ratio for the disk sources, 
-1 

N, is the counting-rate (min ) from the front of the subject, 
I - 1 

N2 
is the counting-rate (min ) from the back of the subject, 

D is the radius of the arc (150 cm), 

d is the half-thickness of the abdomen (10.2 c m ) ,  

P is the measured linear attenuation coefficient of 60-keV y rays 
- 1 

in tissue-equivalent material (0.15 cm ) , 
f is a forward scatter correction (0.7 63), 
fs 
S is the activity of the standard source, and 

- 1 
Ng 

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

150 cm. 

We observed values of 750 * 9'and 203 -+ 5 counts/min for N and N 
1 2 

respectively, S was 9.8 pCi and N was 447 2 counts/min. Inserting. these 3 
and the other values in E q .  1, we obtain 

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 i s  in reasonable agree- 

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

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

ray spectrometry, it was found to contain a substantial amount of 2 4 1 ~ m .  We 

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

A second determination of. body radioactivity was made on day 2 1 .  
241 Am was still present and measurements were again made in arc geometry; 

time did not permit localization measurements. A s  on day 1 4 ,  the counting 
-1 

rate from the front (432 7 min ) was much greater than that from the back 
- 1 (138 -+ 4 min ); the ratiowas 3.1 * 0.1. From E q .  1, weobtain 

This second source was found in feces voided on day 24, no other samples 

having been voided in the interim, and a third examination of body radioactivity 
241A, on day 28 revealed no detectable content of 

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 



FIG. 2, --PP.fnts made from m?liographs.oI fecal sampJes &I plastic hgs  fn- 
side waxed a ~ b d  c&&ms) m&ded 3 6 days @eft) and 24 days arEkm &a 
incident. The &ber disks arB ea.sily sea .  @NL nag, 235-76-21] 

contain a snall  disk of a dense material. Prints  from the radiographs are 

shown i n  Figure 2. In the sample voided on day 16, the disk is seen almost 

i n  plan view, and it presents as an inccmplete c i rc le  with a short straight 

edge. The shadow of the disk in  the sample voided on day 24 is seen as an 

eccentric ellipse. Each disk was isolated from the feces, washed i n  a l i t t le  

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

laminator film 0.04 mm thick. The activities of the two sources were esti- 

mated to be 1.86 5 0.02 pCi (day 16) and 2.36 h U.U2 p.Ci (day 24). The 

water used to wash the sources contained no detectable activity (limit 100 pCi). 

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 feccs , 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 cm g , or both. In retrospect, we can 

* 
Ply-On , available from American Photocopy Co . , Evanston, 111. 
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correct the estimates of body content by the ratio d-- = 0.815, obtain- 

ing 3.8 IJ.C~ and 2.2 pCi for days 14 and 21 ,  respectively. These are in slightly 

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

of Eq. 1 i s  established. 

Excretion Analysis 

Following the subject's visit to ANL on day 14, she was asked to  col- 

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

14 and 31 was received and analyzed for 2 4 1 ~ m ,  a s  was the 550-ml sample 

collected in hospital on day 11. Samples voided from day 23 onwrd contained 
241 no detectable Am ( l imit  n, 1 pCi); the results for thc other samples di-t! s e l  

out in Table 1. Not all samples represented 24-hr excretions. The s~ihject 

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

voided on days 11 (in hospital), 1 6 ,  and 24. At this time, 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 
241 

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

samples voided on days 16 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. 

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 small. A very 

approximate upper l imi 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 unlnary excretion rate on day 24 was equal to the l imi t  of detection 

(0.1 pCi/day) , and that the excretion rate followed Langhamls power function 

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

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

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



, *  241h 
Table 1 .  Urine samples and their contents' of 

Days since Collection 2 4 1 ~  content ' 

intake period, hr of sample, pCi k . 2 ~  - 

11 ? 0.18 • 0.04 

14-15 1 3  0.22 & 0.05 

Table 2 . contents of 241Am in five fecal samples 

Days since 2 4  l ~ r n  content 
intake of sample, pCi t 2a 

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

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

below the limit 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 l i t t le more 2 4 1 ~ m  was lost  from the body 

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



'Gousers of the pajamas worn by the subject when the body radioactivity was 

investigated on day 14. This was attributed to  contamination from the anal 

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

contaminated. 

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

with little delay after+entry into the stomach. 

If the sources of 2 4 1 ~ m  involved in this incident are representative of. 

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

conclusion that can be drawn is 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 time) for 16 days or more. Furthermore, what activity i s  released under t 
these circumstances is s o  inert that there is negligible absorption into the 

blood. This is an important and comforting finding in view 01 the growing 

numbers of smoke detectors available to the general public. 

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

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

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

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

the validity of this approach. 
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MARROW, OVARY, AND BREAST DOSES DELIVERED BY CHR DIAGNOSTIC 
X-RAY PROCEDURES' 

R. A. Schlenker and B. G. Oltman 

Doses to the active marrow, ovaries, and breasts delivered by the 
diagnostic x-ray procedures used in the Center for Human Radiobiology are 
being estimated by measurements in a female RAND0 phantom. Measurements 
are made at the sites of the target tissues by inserting LiF thermoluminescent 
dosimeters into holes drilled in the marrow spaces, at  the positions of the 
ovaries and in the breasts. The dose to the active marrow i s  169 * 17  mrad 
with 1 mm A1 added filtration and 177 * 17 mrad with 3 mm A1 added filtration, 
The ovary dose i s  197 * 26 mrad and 168 * 1 2  mrad for 1 and 3 mm Al, respect- 
ively. Breast dose i s  currently being measured. * 

Introduction 

The medical examination given to patients studied at the Center for 

Human Radiobiology includes a complete diagnostic x-ray survey of the skeleton, 

sinuses, and mastoids. Estimates were made previously of the doses delivered 
1-3 to the active marrow and ovaries. These estimates employed radiation 

exposure data reported by others. In order to improve our estimates we are 

measuring the dose in an anthropomorphic phantom subjected to the same type 

of x-ray examination that a patient receives. We report here the progress .we 

have made in these measurements.. 

In order to make realistic measurements we insert thermoluminescent 

dosimeters into holes which have.been drilled within the marrow spaces, at  

the positions of the ovaries and in the breasts in a female RANDO phantom. t 

Dose measurements are made a t  91 positions scattered throughout the volume 

of active marrow, at 32 positions spread throughout the volume thought to be 

occupied by the ovaries, and a t  40 positions spread throughout the breasts. 

The measurement of breast dose i s  still in progress and the accuracy of the 

dosimeter calibration i s  being checked. 

* 
A preliminary.estimate indicates that the breast dose i s  within a factor of two 
of 75 mrad. 

t. 
Alderson Research Laboratories, Stamford, Connecticut, Product No. RAN-1 10. 



The Phantom 

The phantom has the shape of a lean, well-proportioned female 163 cm 

tall and 54 kg in weight, but i t  lacks arms, and its: legs end at mid-thigh. It 

contains a skeleton embedded' in a "tissue equivalent" medium having a density 
3 4 

of 0.9 85 g/cm and an effective atomic number of 7.30. The lung material 

has the same composition but has been impregnated with air to lower its den- 
3 

sity to 0.3 g/cm . The lungs are expanded to a neutral respiratory volume, 

and the left lung i s  smaller than the right lung to allow for the heart. The 

pharynges, larynx, trachea, and stem bronchi are air filled. Breasts of various 
* 

sizes may be attached to the chest; those used in our study were size C. The 

external dimensions of the skeleton are small compared with the dimensions 

of the phantom, indicating that the donor was shorter and thinner than the fe- 

male form on which the phantom i s  based. The phantom i s  sliced transversely 

into 35 sections to allow access to the body interior. The sections are 2.5 cm 

thick with the exception of the end sections, which are somewhat thicker. 

X-Ray Examination 

The patient and phantom examinations are made with a General Electric 

model DXD-350 x-ray machine. It has a single phase full wave recitified power 

supply; the focal spot i s  2.3 mm and the tube and collimator together have an 

inherent filtration of 2.5 mm Al. .One millimeter A1 additional filtration i s  used 

in all patient examinations a t  present although 3 mm A1 have been used in the 

past. Phantom exposures were made with both 1 mm and 3 mm added filtration 
. . 

so that the effect of different filtrations could be determined. 

The patient examination consists of 35 projections made with a focus- 

to-film distance of 40 in. These .are listed in Table 1 with the kVp and rnAs 

for each. Since the phantom has no arms and has only leg stumps, i t  received 

only 23 exposures a s  indicated in the table. 

A Potter-Bucky grid i s  used with each of the phototimed exposures to 

reduce scattered radiation. ,Mso, a high speed screen and high speed f i lm  

* 
Alderson Research Laboratories, Stamford, Connecticut, Product No. RAN- 



TABLE 1. X-ray Examination Given to Patients a n d  Phantom 

Projection ~ V P  Phantom 

Skul l ,  AP 8 0 Pt ' Yes 

Skul l ,  l a t .  . 

Skul l ,  mod. 
Waters , PA 

Sphenoid,  PA 

. Low's viewaf 
mas to ids ,  r. & l , ,  l a t .  

Stenvers ' view of 
mas to ids ,  r. & 1. , tang.  

Cerv ica l  s p i n e ,  AP 

Cerv ica l  s p i n e , .  l a t .  

C h e s t ,  PA 

C h e s t ,  la t .  

Thoracic s p i n e ,  AP 

y e s  

Yes 

Yes 

Thoracic s p i n e ,  l a t .  7 8 ~t yor, 

L U I I I ~ ~ I .  Y plne , AP 

Lumbar spirie , l a t  . 
Pelv i s ,  AP 

y e s  

Yes 

y e s  . 

Shoulder,  r.  & 1. , AP 4 8 Pt Yes 

Femur, r. & l . ,  AP 

Lower arm, r .  & 1. , AP 

Wris t  and  hand,  r .  & l . ,  AP 

Lowcr l e g ,  r .  & I , ,  AP 

Ankle, r.  6 1 . ,  AP 

Foot ,  r. & l a ,  AP 

Yes 

no' 

no 

I 1 0  

no 

. no 

..k The entry "pt ind ica tes  that  t h e  mAs w a s  controlled by the  phototimer. The mAs 
wil l  vary according to  the posit ion of the  patient  relat ive to  the  phototimer and  
according to t h e  patient  th ickness .  

. . 



* 
are used with automatic processing. 

Marrow and Ovary Dose Measurement 

Extruded rods of LiF measuring 1 x 1 x 6 mmt  are enclosed within 

heat shrinkable plastic tubing and inserted into the marrow space and ovary 

holes. The phantom i s  assembled and positioned on the x-ray table exactly as  

a patient would be. The head i s  detached from the torso for exposure so that 

the' proper angles can be maintained between the head and the x-ray beam. 

Each projection i s  repeated 5 times in rapid succession to insure that the 

luminescence from ,the LiF rods will greatly exceed instrumental background.' 

Before use, the dosimeters are annealed for 1 hr a t  400 C and then for 

24 hr at 85 C. After exposure at least 24  hr are allowed to pass before reading. 

The reader was built in our laboratories. 

The response per rad of absorbed dose in LiF .powder i s  the same for. 
60 5 x rays generated a t  20 to SU kVp as  i t  i s  for Co gamma rays. This suggests 

that the response is  independent of x-ray energy throughout the diagnostic 

range. If so, then 

where L i s  the response, 
D L i ~  

i s  the absorbed dose, and k i s  a proportionality 

factor which i s  independent of energy. 
6 

When the expression for absorbed dose in terms of exposure, XI i s  

substituted into this equation, the result i s  a relationship between exposure 

and response which can be written as follows: 

. . . . .  
where (p /p) i s  the mean mass energy absorptibn coefficient for the x-ray 

en 
beam. The right-hand side of the equation was evaluated empirically over t h e  

* 
Eastman Kodak Co. , Rochester, New York, X-Omatic Regular Intensifying 
Screen, X-Omat R f i l m  XR-5, RP X-Omat. Processor. 

'~arshaw Chemical Co., Cleveland. Ohio, LiF, TLD-100, high sensitivity rods. 



range of kVp used in the x-ray examination. To do this, the beam exposure 
* 

was measured with a calibrated ionization chamber. LiF dosimeters were 

then placed a t  the position of the ionization chamber, and a second exposure 

was made with the same conlrol panel settings. Between 50 and 124 kVp the 

value of X/L was constant with a value of 3.46 * 0.13 mR per unit of response 

when 1 mm added filtration was used. The equation which relates exposure 

to response is thus 

X =  3.46L. 

With the exposure known the absorbed dose in the marrow and ovaries 

can be cornpuked i1 one assumcs that the energy dhsnrptlon ~ue l l l c ien t  of 

gonadal and marrow tissue is equal to that for muscle. Thus, whcn 3.46 L 

i s  substituted for X in the standard equation for absorbed dose in terms of 
6 

exposure, the result obtained is 

( i e n / p  1 muscle 
D = 0.869 marrow or ovary (3.46 L) . 

( pen/p) air (4) 

The quantity 0.869 ( Len/p) muscle/(Een/p) air varies between 0.9 14 and 
7 

0.956 for monoenergetic x rays with energies in the range 15 to 150 keV. ' 
This range includes all  the photon energies encountered in the diagnostic 

x-ray examination. If t he  mid-range value of"0.935 i s  used in the equation, 

then the maximum systematic error in the dose inrroduced by. ustrly a cormstant 

value for this quantity is only 2.2%. Thus, dosimeter response is convelted 

to dose by the following equation: 

D =-3.24L.  marrow or ovary 

Marmw nose 

The mean dose to the active marrow was computed by taking a weighted 

average of the'doses to skeletal regions with known active marrow content. 

* 
Victoreen Instrument Co. , Cleveland, Ohio, Model 5 5 5, Radocon 11, inte- 
grating ratemeter with 0.1 DAS ionization chamber. 



D . 
I - - 

marrow I 

1 C i (Wmarrow i 

where (D ) i s  the dose to the ith region and (W ) i s  the weight of 
marrow i marrow i 

active marrow in the ith region. Active marrow.was assumed to be distributed 

in the manner described by E l l i s .  
8 

The measurement was repeated 3 times for both 1 mm and 3 mm added 

filtration in order to estimate the measurement precision. Re,sults are pre- 

sented in Tables 2 and 3 .  There the integral absorbed doses are given for 3 

subregions of the phantom: the head and neck, the cheat; and the abdomen 

and pelvis. The integral dose values were computed on the assumption of 

1000 g active marrow. The totals and averages can thus be read either in 

units of g rad or in units of mrad. 

Ovary Dose 

. The mean dose to the ovaries was computed by averaging the doses 

accumulated by each dosimeter. The measurements was repeated 3 times for 

both 1 mm and 3 mm added filtration with the following results: 

1 mm: 197 * 26 mrad 

3 mm: 168 * 1 2  mrad . 

Discussion 

Themarrow integral dose to the abdomen and pelvis region is about 3 

times the integral dose to the head and neck region or to.the chest region. 

This occurs because the abdomen and pelvis region contains approximately 

twice a s  much active marrow a s  either of the other regions. In addition, the 

abdomen and pelvis region, because of i ts  greater thickness, produces greater 

attenuation of the x-ray beam, and thus requires more radiation exposure to 

produce a radiograph of acceptable optical density. 

The 1-mm and 3-mm beams produce average doses which are not sig- 

nificantly different from one another either in the marrow spaces or the 

i,:t. 



TABLE 2. Marrow in tegra l  dose  wi th  1 mm A1 added  f i l t ra t ion b a s e d  o n  1000 g 
ac t ive  marrow 

Anatomical 
reg ion 

Dose ,  g rad* 
A B C A v g .  2 S.D. 

2 7 2 7 Head  a n d  neck 3 5 30 * 5 

C h e s t  30 3 2 36 . ' 3 3 *  3 

&domen and pelv is  

Totals  

* Three repl icat ions were made; data  for e a c h  a r e  g iven  in  the columns A,B, a n d  C ,  

TABLE 3. Mar row integral  dose  wi th  3 mm Al . addedf i l t r a t i on  based  o n  1000 g 
ac t ive  marrow 

Dose, g rad4 
A R C 

Head a n d  neck 

C h e s t  

Abdomen a n d  pe lv is  96 1 0 2 ,  98 

Totals 170 196 164 . .  177 * 17 

. . 

* Three repl icat ions were made; data  for  e a c h  a r e  g iven  in  the  colums A, B ,  a n d  C .  



ovaries. Thus, while one would anticipate that the 1-mm beam would produce 

a higher absorbed dose than the 3 -mm beam because of i ts  lower effective 

energy, the variance in the measurements masks any such difference. 
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THE MACRODISTRIBUTION OF 2 2 6 ~ a  IN THE HUMAN SKELETON AS 
DETERMINED IN VITRO BY GAMMA-RAY SPECTROMETRY 

M. A. Essling and D. R. Huff 

A large number of y-ray measurements of 2 2 6 ~ a  in hqman bone has 
been made both at MIT and CHR-ANL. These data are analyzed for correla- 
.tions of the specific activity .ratio of a bone group with other parameters, an 
interlaboratory comparison of the measurements, and an estimate of the errors 
expected when a whole-body content i s  calculated from the 2 2 6 ~ a  detennina-,' 
tion on a partial skeleton. 

In a project begun at the Massachusctt~ Institute nf Technology (MIT) 
226  . 

and continued at  Argonne, Ra in the skeletal remains of persons exposed to 

radium i s  determined by gamma-ray spectroscopy. As described elsewhere in 
1 

this Annual Report, the results of all gamma-ray measurements in vitro made 

at Argonne on 3.04 radium cases .are now stored in two CHRIS computer files. 

With this large data base subject to computer-assisted analysis, it was thought. 

appropriate to do a more extensive study of the distribution 'of radium in bone 
2 

than reported earlier, when only four cases were available for analysis, and 

to compare our results with t k o ~ c  of MIT for t h e  cases measured at both labor- 

atories. Methods and results are presented below. 

22G 
The -- Distribution of Ra in Human Bone 

Method 

To provide a reasonable geometry for gamma-ray cuu~~ling the prcpared 

bones are divided into several small groups before measurerr~cl~~~t, By standarda 

izing the composition of the groups we reduce the number of correerion facluls 

reqi-]ired in the calculation of radium content and are able to clicit additional. 

information about the bones themselves. One such piece of infomatiu~i i s  the 

ratio of the concentration of radioactivity in the bone (which we loosely 

call the spei3.fl.c activity) to the estimated average concentration ("specific 

activity") for the entire skeleton. 

In the earlier investigation we looked fo,r a relationship between the 

specific activity ratio (SAR) and type of bone structure. This information i s  



important to bone modeling studies. We observed that bone with predominantly 

cancellous structure usually had a ratio greater than unity, i. e . ,  i ts specific 

activity was greater than the average for the skeleton, while the ratio. for bone 

of a more compact character had a value less  than unity. 

Currently there is information stored in the computer for 104 radium 

cases measured in vitro, but this includes some cremains and autopsy speci-.  

mens. Imposition of restrictive criteria reduced to 19 the number of cases ap- 

plicable to the investigation of SAR. The five criteria for a suitable sample 

were a s  follows: 1) more than 50% of the entire skeleton, 2) tissue-free bones, 
226 3) standard grouping of bone or bone parts, 4) sufficient Ra content, and 

5) no evidence of leaching. 

The skeleton i s  generally divided into 20 standard groups of bones, 
3 

which have been described previously. However, the composition of groups 

for many cases i s  nonstandard because of incomplete skeletons, use of more . 

bones per group for low-activity cases ,  or work having been done before the 

composition guidelines were establishcd. 

In this study the contents of each group containing long bones or long 

bone parts had to be 95% complete, while for all other groups the minimum 
226 

requirement was 55% complete. The minimum skeletal content of Ra was , 

set  a t  85 nCi to minimize the contribution from the statistical errors of count- 

& ing. The nature ofJhe specific activity ratio makes i t  very sensitive to leach- 

ing of bone mineral by ground water. Consequently, cases with bones exhib- 

iting significant leaching were rejected. Three of the original four cases are 

included in ,the present study. 

Results 

The geometric means of the SAR's for the various groups are shown in 

Figure 1 in order of decreasing SAR. A l l  19 cases are not represented in every 

group. In fact, 3 groupE are represented by only 8 cases. The overall results 

agree with our earlier observations, except for a minor reordering of groups. 

The values of the ratios are slightly lower, probably owing to use of the geo- 

metric mean in the present work; for groups in which the number of cases  ex- 

ceeded 15, the distribution of values tended to be lognormal. The variation 



of SAR within some groups i s  still large, especially where the ratio i s  greater 

than unity. An exception i s  the group containing innominates. A large varia- 

tion~within a group means that the calculation of skeletal content of radium, 

based only on that group, i s  made with less confidence. 

The distribution of radium in the human skeleton may be dependent on 

factors such as  type of exposure, age at first exposure, duration of exposure, 

time elapsed since intake, total amount of radium, and variations in bone 

metabolism within the individual and between individuals. A class-dependent . .. 

4 pattern of ratios among groups was observed at  MIT for 3 classes of individuals, 

based on exposure type (and, coincidentally, on age at exposure and length of 

time during and after intake). In Figure 2 we show the ANL values of the mean 

ratios by groups for four classes of individuals: 5 dial painters, 3 Radithor 

drinkers, 6 laboratory workers, and 5 who received radium injections. Because 

of the small sample size the arithmetic mean i s  used, rather than the geometric 

mean. It i s  difficult to say that there i s  any real difference in pattern between 

classes. 

Conclusions 

The ,present work confirms observations that we reported earlier. 'lhe 

wide variation in specific activity ratios, especially among the cancellous 

bone groups, i s  real and not just the result of a small sampling. More radium 

cases which meet our restrictive criteria would be needed to establish the 

relation between the distribution ,of radium in bone and exposure parameters 

and to determine the significance of the variation of specific activity ratios 

within bone groups . 
Coiiiparison of Results from MIT and ANL 

Methods of preparing and sealing bones or bone groups for y-ray 

measurements at MIT and the results of these measurements have been re- 
4-6 

ported. Saved specimens from some of these cases and m o r e  detailed 

reports from MIT on individual bone groups are now at CHR-ANL. The majority 

of these specimens have been measured by us,  using the method described in 
2 226  

a previous paper, and an interlaboratory comparison of the Ra determinations 
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FIG. 1 . --Geometric mean specific FIG. 2.  --Arithmetic mean specific 
activity ratio, &th standard error, activity ratio, with standard error i f  
for each of the bone groupings. > 0.03, differentiated by 2 2 6 ~ a  ex; 

posure type: o =  dial painter, A= 
drinker, -4P = subject of injections, 
and P = laboratory workers. Bone 
groups are listed in same order a s  in 
Figure 1. 

is presented ili Table 1. Because of the difference between laboratories in 

grouping bones for y-ray measurement, only those 5 groups shown in   able 1 

were suitable for comparison. Samples which were not identical a t  MIT and 

ANL were excluded. The first column under each group gives a direct compari- 
226  

son of the . Ra content reported by the two laboratories. It is evident that 

for the longer bones ANL finds consistently higher levels than MIT. This 

discrepancy can be largely resolved ljy taking into account the methods of 

calculation. The group a t  MIT did not make corrections for differences in 

absorption and geometry between the sample and the 2 2 6 ~ a  standard, but 



226 
Table 1. Comparison of y-Ray Measurements of Ra dn Bone 

Skull .  or  
Bone group Skull + Mandible Humeru:; Radius + U:.na F smur Tibia + Fibula 

Relative Matched Relatirte Matched Relative Matched Relative Matched Relative Matched 
C a s e  No. Ratioa error,' .?;b ratioC Ratioa error, xb ratioC Ratioa error, xb ratioC ~ a t i , ~  error, xb ratioC . ~ a t i o ~  ratioC 

00-006 1 .038 2 .70 1 .048 0.875 5 .44 0.931 0.933 4 .61 1.011 1.040 . 2.79 1 . I 4 3  0.942 2.87 1.027 
00-009 1.045 4.12 1.004 0.938 2.99 1.017 
00-020 0.967 6.31 1.028 1.051 5.71 1.000 0.890 3.03 0.978'  0.957 3 .45 1.023 
01-003 0.870 3.79 0.881 0.981 5.00 1.008 ' 1.026 4.58 . 1.031 0 .833 4.92 0.864 
01-010 0.973 2.67 0.983 ' 0.955 5.76 1.016 i .064  3.76 1.008 
01-011 0.543 5 .73 1.003 ' 0.941 3 .83  ' 0.944 0.914 3 .17 0.973 
01-019 1.079 3.71 1.090 1.184 11.4  1.260 0.966 13.5 0.903 . . ' 0.859 7 .33 0.929 

01-033 
1.022 6.46 1.087 
1 .043  6.:3 1:llO 

01-052 1.014 2 .75  1.024 1 . O O O  7.20 0.947 0.837 2.34 0.908 0.944 5.30 1.013 
01-054 0.964 2.7G 0.974 0.907 10.4 0.965 1.071 4.67 1.017 0.953 3.36 0.962 
01-115 0.946 3 . 1  0.956 1 .015 4.24 1 . iOi  
01-132 , 1 .007 2.85 I .017 6.905 6.19 0.963 0.849 3.30 0.924 
01-145 1.034 2.61 1 ,044  0 .937.  5.55 0.997 1 . O O O  ' 4.00 0.941 0.919 2..61 0.981 
01-388 0.967 2.69 0.977 0.916 5'.:9 0.974 0.950 4.21 0,912 0.952 2.73 0.964 ' 0.873 2.86 0.941 
01-390 1 .005 3.68 . 1.018 1.032 6.20 1.060 1.015 8.08 1.009 0.S8C 5.20 1.017 0.857 6.77. 0.883 

Weighted 
mean 0.976 0.986 0.956 1.00E 1.011 

*S.E. i0 .014  *O.  014 *O. 013 *O.  012 *O. 016 
. . 

a nCi/bone group (measured a t  MIT) 
nCi/bone group (measured a t  ANL) 

b ~ r r o r  used t o  weight ratios ( s e e  text) 

' ~ a t i o  (a)/ correction factor used a t  ANL ( see  text a n e  Table 2) 



assigned an additional 7% error for these uncertainties, while we determined 

a correction factor for each bone group. This factor i s  defined as  

(c~m/nCi) 2 2 6 
I 

Ra source 
226 

and i t  varies with bone group, geometry, and Ra source. Variation in the 

degree of attenuation within bone groups was observed to be small (a 5%) for 

three skeletons of widely differing size; the effects of this variation were 

included in the error of precision of the results. 

When this refinement is not applied to our data, the resulting ratios, 

shown i s  "matched ratio" in column 3 for each group, are no longer significantly 

different from unity. However, i t  still appears that we are counting the longest 

bones (femur, tibia) with a higher efficiency relative to a 2 2 6 ~ a  standard than 

MIT. Any systematic error, such a s  uncertainties in the content of the 2 2 6 ~ a  

standard used a t  each laboratory, would be independent of sample size. 

Column 2 for each group shows the errors of precision determined for 

the ANL measurements. These values were used as  convenient weighting factors 

in determining the mean ratio; the overall error for each ratio i s  not shown, but 

i t  would include the counting and 7% assigned errors from MIT, and a 2% 

systematic error from ANL. 

Typical correction factors used for each bone group are shown in column 

3 of Table 2 .  These vary for bones not sealed in a normal grouping, but they 

are within the same range (0.91 -1.07). Applied to the whole skeleton , these 

factors result in a 5% increase in the 2 2 6 ~ a  content compared to determinations 

in which geometry and absorption corrections have not been made. Thus 

the whole-body contents of 2 2 6 ~ a  determined in vitro and reported by MIT 

seem to  be low by about 5%, which is still  within their assigned error of 7%. 

Estimation of 2 2 6 ~ a  Body Contents from Measurements on Partial Skeletons 

A large number of the bone samples available to us came a s  saved 

specimens from complete, or nearly complete, skeletons which had been pre- 

viously measured a t  MIT. By comparing our y-ray measurements on these 



Table 2.  Correction Factors (ANL) 

Bone Group 

Skull,  mandible 

Cervical vertebrae, 
lumbar vertebrae 

. Thoracic vertebrae 

Sternum, manubrium, xiphoid 

Ribs 
b 

Humefi 
b Radii 

Ulnae 
b 

Tibiae 
L 

~ i b u i a e  L 

Femur 

Femur, cut into 5 parts 

Innominates, hands, feet ,  sacrum, 
scapulae,  c lavicles ,  patellae, 
coccyx, hyoid 

Wely t11t.d lneariC 

Mean % 
skeletal  weight 

Correction 
factora 

%pica1 values 

'1n some c a s e s ,  shafts and ends a re  canned separately; Ilowevel., the elfuctivt: 
fantnrs  rln nnt differ appreniahly frnrn thnsp  for  t h ~  w h n ! ~  h ~ l n ~ s .  

'C (normal correction factor x % skeletal  wt .) 
Z % ~ktl l t i ldl  w L .  

specimens'with results obsained at MIT on comp1el;e s k e l e l u r ~ ~ ,  w e  were able 
226  

to determine how well we could calculate a whole-body content of Ra from 

a partial skele turl. 
226  

We calculate a Ra body content whenever 2 50% of the skeleton i s  

measured. The Bone and Dosimetry Group of GHK prepares. an "estimate of 

missing parts" for all cases,  based on the mean % skeletal weights shown in 

Table 2. From these figures and the specific activities of the available parts, 
2 2 6  

we obtain the total skeletal weight and the amount of Ra missing, assuming 

that the missing bone (part) has the same specific activity a s  a comparable, , 

measured bone. For example, if both ulnae are missing, we can use the specific 

activity of the tibia, which typically i s  similar (Figure I ) ,  to calculate the 

amount of radium expected in the ulna. A 20% error i s  assigned to the estimate 



Table .3. 2 2 6 ~ a  Body Contents Calculated from Measurements on Partial Sbaletons ( 2  50%) 

. MIT Measurements ANL Measurements 
Estimated Estima Led Estimated Estimated 

226 
2 2 6 ~ a  (* s . E . ) ~ '  fraction total Estimated 2 2 6 ~ a  Ra (* 3. E.) fraction total 2 2.6 Ra Estimated 
i n  total  sample of whole skeletal  content * S .  E . ~  i n  total of whole skeletal  content S.  E. . 

C a s e  No. (nCi) skeleton weight (g) (nCi) sample (nCi) s.keletonb weight (g) (nCi) 

Mean k S.E. 0.963 k 0.023 

. . a Counting errors only ( see  text) .  
. - . , 

b ~ s t l m a t e d  by Bone and Dcs imetv  Group. 

C M B ~  correction factor.for whole skeleton ( see  Table 2). 



226 
of Ra missing, giving a maximum uncertainty of - 12% in the skeletal 

content for cases with 80 nCi or more. 

Table 3 shows the 2 2 6 ~ a  skeletal content estimated from partial skele- 

tons by the above method at  ANL compared with that measured on more nearly 

complete skeletons at  MIT. The ratios of results shown in the last column in- 

clude a 5% correction for the difference caused by our use of the absorption 

and geometry factors described above. From Table 1 i t  is  evident that some of 

the largest differences (09-041 and 01-404) arise from the measured values 

rather than the estimates of missing weight. ~ l l e  slariddrd deviation as deter- 

mined from the 13 cases i s  8%, which i s  ciose to the overall error of - 12% 
described above. 

226  
If a case has never been measured for Ra, an estimate of body 

content must be made from the available specimen, no matter how small. If 

25 to 50% of the skeleton i s  present and has representative amounts of both 

compact and cancellous bone, a reasonably accurate estimate can be made 

with the assumption that the measured specific activity of the total sample i s  

the same as  that of the complete skeleton. Comparison with data from MIT 

indicates that when only 25% of the skeleton i s  available, the expected error 

i s  a s  high a's 40%. This decreases to 15% as  the fraction. of skeleton avail- 

.able increases to 50%. When the body content i s  calculated from only one or 

two bone groups, larger errors are probable, since data on specific activity 

ratios indicate standard deviations of 60% or more for some bone groups. 
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METHODS FOR THE ASSAY OF PLUTONIUM IN VIVO: WHAT ARE THE 
ALTERNATIVES ?* 

t J. Rundo, M. G. Strauss, I. S. Sherman, and R. Brenner t 

Methods for the assay of plutonium in the human body (especially in 

lung) are divided into indirect and direct methods. Indirect methods are bio- 

assay and application of Langham's equation for daily urinary excretion as a 

function of time, and the use of the 2 4 1 ~ m  usually present in plutonium as  a 

y-ray (60 keV) tracer. Problems and limitations of these two methods are 

discussed. 

Direct methods are those in which radiation from the plutonium itself 

i s  measured. The current method i s  based on the assay of the characteristic 

L x rays of uranium (- 17 keV). Even after'a'ttenuation by about 5 cm of soft 
239-  tissue, these are still the most intense quanta emitted by Pu, and they 

offer the only possibility for assaying i t  in vivo via i ts  photon emissions. 

The limit of detection i s  still a substantial fraction of the maximum permissible 

lung burden. A study of the feasibility of de,termining plutonium by fluorescence 

K x-ray spectrometry, shows that the method offers no advantage over the 

uranium L x-ray method, .although it  i s  demonstrated that the K x rays of plu-: 

t~nium (absorption edge at 1 2 1 . 7 2  keV) can be excited by the 121.97-keV 
5 7 y rays from Co. 

Three methods involving the induced fission of plutonium are discussed. 

These involve collection and measurement of the exhaled fission product gas 
138 Xe, measurement of prompt fission y rays, and measurement of delayed 

neutrons or the secondary effect of the 2.23-MeV y rays resulting from their 

capture in hydrogen. The second method may be ruled out by the interference 

from y rays resulting from radiative capture of some of the irradiating neutrons 

by hydrogen in the body, but the Mrst and third methods offer a good deal of 

* 
summary of paper presented a t  Workshop on Measurement of Heavy Elements 
In Vivo, Battelle Seattle Science Center, Seattle, Wash. , June 24-25, 1976. 

I Electronics Division. 



specificity. Neutron doses in the region of 0.1 to 1.0 rem would be needed, 

and the methods inight be practical i f  relatively low energy (10 keV) neutrons 

could be used. A great deal of experimental work needs to bedone before the 

feasibility of the method can be determined, and there remains the question of 

the ethics of irradiating personnel with neutrons in order to measure plutonium 

burdens. 



THE USE OF lo3pd AS A CALIBRATI~N SOURCE FOR THE DETERMINATION OF 
2 3 9 ~ ~  IN VIVO , ~ . , 

- .  . . . . 
R. E.  Toohey 

As one component of " mock plutonium ,'" 03pd i s  frequently used a s  a 
calibration source for the determination of 2 3 9 ~ ~ .  some considerations involved 
in its use are discussed; it i s  shown that the plutonium calibration curve de- 
rived from lo3pd agrees well .yith that from 2 3 8 ~ ~ .  

Several questions arise concerning the use of lo3pd as  a calibration 

source for plutonium. Although the energies of the rhodium K and uranium 
a 

L x rays are identical a t  20.2 keV, what i s  the effect of the rhodium K line 
Y P 

a t  22.8 keV? Is a source uniformly distributed in the lung an infinitely thick 

x-ray source'? What are the effects of backscattering? How does one derive 

calibration factors -for plutonium from data obtained from lo3pd? 

We have recently participated in an intercalibration experiment spon- 

sored by the Mound Laboratory of Monsanto Research Corporation, Miamisburg, 
1 Ohio, in which participants in thc earlier "mock Pun experiment verified their 

103 
calibrations for Pd. In addition, answers to the above questions were 

obtained. All  measurements of the rhodium K x rays resulting from the decay of 

lo3pd were made with an 18-cm diameter xenon-methane filled proportional 

counter. The Io3pd sources were al l  in the form of the chloride dissolved in 

HCl. A point source consisted of' 3.4 pCi of activity sealed between two 

pieces of mylar in an aluminum frame. A distributed source was prepared by 

adding about 3 pCi of lo3rd in 10 m l  of solution to Rando lung stock, then 

molding the lung stock in the form of an 11.4-cm diameter cylinder which was 

subsequently sectioned into five slabs 2.5 cm thick. 

The point source was counted under successive layers of tissue- 

equivalent material and the resulting spectra were fitted with gaussian peaks. 

With no absorber present, the I< line contributed 11% of the total coui~ts. 
P 

Because of greater relative absorption of the K line, this contribution increased 
a 

to 23% when the source was counted under 6 cm of absorber. However, the 

energy band of the analyzer can be set just above the K line, since the two 
a 



are nearly resolved, and this technique eliminates 70% of the counts from the 

K line. Thus the latter accounts for 3 to 7% of the x-ray counts observed in 
P 

the Ka band a s  0 to 6 cm of absorber are placed over the source. 

In order to determine i f  the lung represents an infinitely thick source 

of these x rays, the proportional counter was inverted and successive layers 
103 

of the Pd-loaded lung stock were placed directly on the window. The re- 

sults are shown in Figure 1. It i s  apparent that after about 1 2  cm, the count- 

ing rate becomes constant. Thus, since the lungs are some 15 cm thick in an 

average person, a source distributed throughout the lung i s  indeed infinitely 

thick, minimizing the effects of source geometry. 

One mustbe careful when comparing the responses due to x rays from 

point sources and from distributed sources to allow for the effects of back- 

scattering. If the point source i s  electrodeposited on stainless steel,  for 

example, there will be almost no backscattering. If the source i s  distributed 

in or mounted on low-Z material, backscattering becomes important. Figure .~ 

2 shows the ratio of counts observed in the peak with and without backscatter- 

ing material behind the point source, a s  the source is covered with absorber.? 

The contribution of backscattered photons ranges from 8 to  5% and is certainly 

not negligible. 
103 

Finally, if Pd i s  to  be used as  a calibration source for plutonium, 

the calculation of plutonium counts expected from lo3pd counts observed must 

be verified. The following formula is used to  convert rhodium Ka counts/min/ 

unit activity to counts/min/unit activity expected in the uranium L, and L-. 
238 peaks following the a-decay of Pu: 

238 10 3 1 
Pu cpm = Pd cpm x - 

0.72 xC0.0596 x 1.375 x exp(-0.32d) 

where 

0.7 2 is the K abundance per decay of lo3pd 
. CY 

0.0596 + 0.0124 are respectively the L and L abundances per decay 
238 2 P Y 

of Pu 

1.375 i s  the relative efficiency of the proportional counter a t  17.2 keV 

vs. 20.2 keV, 



SOURCE THICKNESS. cm RBSORBER THICKNESS. cm 

FIG. 1.--Determination of infinite FIG. 2.--The effect of backscattering 
source thickness for a distributed material behind the source on the ob- 
source of lo3pd served counting rate in the K, peak 

following lo3pd decay 

RBSORBER THICKNESS. cm IlBSORBER THICKNESS. cm - 

FIG. 3.--Calculated (x) and observed FIG. 4.--The ratio of calculated to 
(0) counting rates for 2 3 8 ~ ~  as a observed counting rates for 2 3 8 ~ ~  as 
function of absorber thickness. The a function of absorber thickness. 
calculated counting rates were de- The apparent trend in the data is 
rived from the observed counting unexplained. 
rates of 103pd 'as described in the 
text. 



0.32 i s  the difference in attenuation coefficients of tissue at the two 

energies, and 

d i s  the thickness of tissue-equivalent absorber over the source. 

Note that because the rhodium K and uranium L lines have the same energy, 
a Y 

efficiency and attenuation corrections are unnecessary for the L line. 
Y 

Figure 3 shows the observed and calculated counting rates for 2 3 8 ~ u  

as  a function of overlying absorber thickness. The ratio of calculated to 

observed counts i s  shown in Figure 4. Although the ratio becomes as  high as  

1.08, the overall agreement i s  adequate within statistical error. Thus it has 
103 been demonstrated that Pd may be successfully used a s  a calibration source 

for the determination of plutonium. 
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RELATIVE ABUNDANCES OY URANIUM L 
~ I P I Y  

CONVERSION X RAYS FOLLOWING 
a-DECAY OF PLUTONIUM 

R. E.  Toohey 
- 

The uranium conversion L x-ray yield per alpha-particle decay of 

plutonium must be known in order to calibrate a detection system for the assay 

of plutonium in vivo. The total L x-ray yields for the various Pu isotopes are 
1 

well known. However, there are four major subgroups of L x rays, and the 

yield of each subgroup must also be determined. In addition, each subgroup 
230 

is cvrnpvsed of several lines. 'l'he uranium E x-ray spectnim frnm a. Pu 

source is  shown in Figure 1. 

The abundances of the subgroups must be known for several reasons: 

(1) the lower energy L and L lines usually do not escape from the body, 
B a 

thus only the L and L subgroups are observed in measurements made in 
2 3'8 P Y 

vivo; (2) Pu, because of i ts  higher specific activity and x-ray yield per cx 

i s  often used to calibrate for 2 3 9 ~ u ;  (3) observation of the differing attenuation 

of the resolved subgroups can offer a method for determining the effective 

depth of material deposited in the body; (4) in an actual contamination incident 

one i s  usually dealing with a mixture of several isotopes;' and (5) new semi- 

conductor detectors capable of resolvim the s u h g m ~ l p s  are now being eval- 

uated for the assay of plutonium in vivo. When the experimental work reported 

here was nearly complete, a paper on this subject was presented at  a scientific 
2 

meeting by a group from Oak Ridge National Laboratory. We are, therefore, 

able to compare our results with those from Oak Ridge. 
238 

Sources' of Pu , 239 240 242 
Pu , Pu , and Pu were RI ectrodep~sited on 

silver disks; each source had an activity of about 1 pCi. The 2 4 2 ~ u  source 
239 

contained 24.5% 2 3 8 ~ u  and 2.5% Pu by x-ray activity, and the contribu- 

tions of these two isotopes were taken into account in the data analysis. 

The other sources were essentially isotopically pure. Each source was placed 

* 
Summary of a paper presented at  the 21st Annual Meeting of the Health 
Physics Society, San Francisco, California, June 2 8-July 2 ,  1976. 



PHOTON ENERGY. keV PHOTON ENERGY. keV 

FIG. I .  --The uranium L x-ray spectrum FIG. 2 .  --The uranium LP subgroup 
from 2 3 8 ~ u  obtained with a Si(Li) from 2 3 8 ~ u .  The experimental points 
detector. are shown by (x) and the gaussian 

peaks and polynomial background f i t -  
ted to the points are shown by dashed 
lines. 

Table 1. The x-ra.y yields obtained in this experiment, compared with those,from 
?a , 

Refs . 2 and 5. The total yields were normalized to those of Ref. 2 . The stand - 
ard deviations are omitted for ease of reading. They are 1 to 2% on the ORNL . , 

and AERE-H data and 5% on the ANL data, owing largely to the difficulties in 
detector calibration mentioned in the text. 

Pu 
ISO TOPE CL (%/a) L : : ~  L 

ci 
L 

P L .  
"Y 

ANL (this work) 

ORNL (Ref. 2) 

AERE-H (Ref. 5) 



2 
2 mm from the face of a 10-mm Si(Li) detector having a 0.127-mm thick 

beryllium window, and the x rays were counted for 1000 min. The spectrum in 

Figure 1 was obtained in this way. Each subgroup was then fitted with over- 

lapping gaussian peaks on a polynomial background. The number of peaks and 

the order of the polynomial were supplied as  input data to the computer code 
3 

FATAL, which then determined the positions, heights, and (constant) resolu- 

tion of the peaks, and the coefficients of the polynomial by the method of 

leas t  squares. An example is shown in Figure 2. The peak areas were obtained 

by integrating the gaussians, and the areas were sl~rnrnerl to give the yield for 

each subgroup. 

The detector wa s calibrated by the standard technique of measurement 
4 

of the conversion x-ray'yield of 2 4 1 ~ m .  The total x-ray yields of the plutonium 

isotopes were normalized to those reported from the Oak Ridge National Labors- 

tory, and the individual yield 01 each subgroup was then calculated. The 

results are presented in Table 1 and compared with the Oak Ridge results and 

a result obtained a t  Harwell. 
5 

The source of 2 4 1 ~ m  used to calibrate the detector was mounted bctween 

thin silver and gold foils, and the silver K x rays and gold L x rays excited by 

the 60-keV y ray of 2 4 1 ~ m  interfered with the analysis. Consequently, our 

results in Table 1 may be revised slightly when the detector haa becn calibrated 
241 

with a source of Am mounted in identical fashion to the plutonium sources. 

Nevertheless, the general agreement of our results with those obtained by 

others i s  satisfactory. 
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PROGRESS REPORT ON THE DEVELOPMENT OF THE FISSION TRACK METHOD 
FOR THE DETERMINATION OF PLUTONIUM IN BIOLOGICAL MATERIALS 

R. P. Larsen and R. ' D. Oldham 

In the development of the fission track method for the determination of 
plutonium, work has been concentrated on the problem of reducing. the amount 
of uranium associated with the plutonium at  the time of neutron irradiation. 
A value of 1.0 *. 0.5 fg plutonium equivalent for the uranium blank has been 
obtained, s o  the lower l i m i t  for the amount of plutonium that can be deter- 
mined in a sample is about 5 fg (0.3 fCi). 

An analytical method is being developed for the determination of 

plutonium in biological materials in which fission track counting i s  the method 

of detection. This method i s  potentially four orders of magnitude more sensi- 

tive than the radiochemical methods. The plutonium is separated from the 
2 

other constituents of the sample, deposited within an area of 2 to 3 mm on a 

polished surface, covered with a 'thin sheet of Lexan, and irradiated with thermal 

neutrons. After the irradiation, the Lexan i s  etched with a potassium hydroxide 

solution, and the number of fission tracks i s  counted by viewing the Lexan at 

a magniiication of 100 X to 200 x. An intensive review of the method was 
1 

given in a previous Annual Report. 

In the development of the fission track method the objective has been 

the  capability of determining with an accuracy of * 25% the urinary excretion 

rates of individuals whose only exposure to  plutonium has been that due to 

fallout. A s  this rate is estimated to be one fg/day (0.06 fCi/day), the hlank 

for the procedure mu'st have a plutonium equivalent (P.E.1 of 0.2 fa or l.ess, 

The blank i s  due to  fission of uranium that i s  associated with the plutonium 

a t  the time of the neutron irradiation. The  P.E,  of 40 fg of natural uranllim i s  

0.2 fg. The sources of uranium are the sample, the surfaces of containment 

vessels ,  the reagents used after the separation procedure to mount the 

plutonium, and contamination from the laboratory atmosphere introduced into 

the system during the mounting operation. A procedure has been devised which 
2 adequately separates the uranium in the sample from the plutonium, a set of 

operating conditions has been established which forestalls introduction of 



uranium from the atmosphere, and it has been demonstrated that the reagents 

being used in the mounting operation are free of uranium. 

An extensive evaluation was made of an electrodeposition technique 

for mounting the plutonium. The solution from the final step in the chemical 

separation procedure is converted to a sulfuric acid medium by fuming; the 

solution is diluted with water and neutralized to a pH of 2.0 with ammonia gas ,  

and the plutonium is electrodeposited. The area of deposition i s  limited to 
2 

about 2 mm by the use of a mask; the operation is carried out in a vessel 

fabricated from Supersil (a high-purity quartz), and the anode in the electro- 

deposition is platinum. The percentage of the plutonium deposited ranged 

from 80 to 90%; the deposition was both uniform, a s  established by the fission 

track distribution in subsequent irradiations, and free of other solids, a s  

established by the high resolution obtained when alpha spectrometric measure- 
238 

ments were made of Pu deposits. + r 

The blank in the electrodeposition technique was determined with re- 
i 

agents that had been individually tested and demonstrated to contain negligible 

amounts'of uranium. Relatively large amounts were evaporated to dryness, the 
* 

residue was irradiated in contact with Lexan, and the fission tracks were 

counted. The plutonium equivalent value for this blank was 2 . 2  1 . 0  fg. 

Because this blank is only a factor of 10 higher than that required for the 

analysis and quite reproducib1.e and because the apparatus is very simple in 

design, i t  appeared that establishing the source of the uranium would not be 

difficult and that very probably a simple modification in the apparatus or pro- 

cedure would solve the problem. A wide variety of experiments was devised 

and carried out for this purpose, but the source of the uranium could not be 

established. A s  repeated electrodepositions from the same solution gave 

blanks of the same magnitude, i t  appeared that uranium was being introduced 

i,nto the system during the operation from either the platinum anode, the walls 

of the cell ,  or the surface of the mask in contact with the solution. The use 

of other platinum for the anode, including a piece that was known to have been 

refined prior to 1940, did not'change the blank. 



Dissolution of uranium from the surface of .the cell (Supersil) or the 

mask (Mylar) and subsequent deposition on the exposed nickel appeared to be 

highly unlikely since both materials had been irradiated in contact with Lexan, 

and the resultant fission track density indicated that the concentration of 

uranium ih each was very low. Nevertheless, an experiment was tried in which . 

protracted contact of the cell with the electrolyte was followed by electrodepo- 

sition. The blank obtained in this experiment was no higher than that obtained 

when the electrodeposition was carried out immediately. 

Failure to resolve the blank problem in the electrodeposition mounting 

technique prompted reevaluation of a 111ountinq technique in which the solvent 

containing the plutonium i s  evaporated. Previous attempts to use this technique 

had resulted in plutonium depositions that were so  localized that the counting 

of fission tracks was precluded. A different approach gave significantly better 

results. The 500 pl of 9 M hydrobromic acid from the las t  ion exchange column 

in the separation procedure is evaporated to about 50 p1 in a Supersil container, 

transferred into a dimple formed on a sheet of Mylar and evaporated to dryness. 

The plutonium i s  dissolved in 10 pl of 0.9 M HBr, the solution i s  drawn into a 

10 pl Epppendorf pipet, and delivered onto the nickel surface in increments of 

about 1 p1. After each increment the solution is evaporated to dryness. The 

evaporation is carried, out a t  60 C and the time required to colr~plete .the transfer 
2 

is about 10 min. The deposition area i s  limited to about 3 mm by a mask. 

(A 2-mm diameter hole is punched.in a 0.1-mm thick sheet of heat-seal Mylar, 

and the sheet i s  sealed to the nickel surface.) .When the transfer i s  completed 

the mask i s  peeled from the surface. Recovery in the entire operation is about 

90%. Within the area outlined by the mask the plutonium i s  not uniformly 

distributed. It concentrates in a band along the periphery. ' However, there 

are no localized areas of high concentration, and i t  is estimated that the 

number of tracks that could be counted without significant loss due to  coinci- 

dences i s  about 3000. This is more than the number required for the analytical 

method. 

The blank for this mounting technique i s  a P. E. of about 1 fg, or about 

a factor of two better than that obtained by electrodeposition. In view of the 



fact that we have been unable to  obtain blanks that are less than this ,  the 

applicability of the fission track method will be  limited to  samples containing 

5 fg or more of plutonium. 
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X-RAY SPECTROMETRIC DETERMINATION OF THORIUM IN BONE AND OTHER 
BIOLOGICAL MATE RIALS , I 

. . 

* 
R. P. Larsen and P. W. Umezis 

An x-ray spectrometric method has been developed for the determination 
of thorium in bone and other biological materials. ~he ' l imi t  of detection a t  the 
95% confidence level is 20  ng. This corresponds to a concentration of 2 ppb 
in a 10-g sample of bone ash. 

. . 

An x-ray spectrometric method with very high sensitivity has been 

developed for the determination of thorium in bone. The bone is asked, r1i.s- 
234 

solved in acid, a known amount of Th (half-life 27 days) activity is added, 

and the thorium is separated from the other sample constituents. Separation 

from phosphate is effected by precipitating about 10% of the calcium a s  the 

oxalate; this carr-ies nearly all  of the thorium. The calcium oxalate i s  dried 

and i s  converted a t  600 C to calcium carbonate, which is then dissolved in 

nitric acid. The solution is passed through a Dowex-1 anion exchange column. 

Thorium i s  strongly adsorbed; calcium and the other cations are washed from 

the column with strong nitric acid. The thorium is eluted with dilute hydro- 

chloric acid and i s  then coprecipitated with 0 .1  mg of ferric hydroxide by the 

addition of ammonium hydroxide. The ferric hydroxide i s  mounted and assayed 

in a secondary source, energy dispersive x-ray spectrometer. The amount of 
234 Th in the mount is a measure of the thorium recovery in the separation 

procedure. It ranges from 70 to 80%. The detection limit i s  2 0 ng , i. e. , 2 to 

3 ppb thorium in bone when the amount of ashed bone taken for analysis is 10  g. 

There appears to be no reason why this method cannot be used for the determin- 

ation of thorium in liver and other soft tissues; the chemical separati nn pr~cedurn 

i s  very specific and there is far less  inorganic material in soft tissues than 

there is in bone. 

*Participant in Undergraduate Research Program, Center for Educational Affairs. 



Rreliminary studies of some former employees of a thorium refinery 

have demonstrated the presence of small amounts of 'thorium in the thorax of 

some of these persons. Calibration of external y-ray counting i s  still in- 

complete, but in a few cases the amounts present appear to be in excess of 

10 mg of thorium, a s  judged from the intensity of the 2.16-MeV y ray. 

, A  study of the distribution of thorium in such persons could provide 

information that would lead to a better understanding of the mechanisms by 

.: which plutonium is translocated from the lungs to other parts of the body. The 

physical properties of thorium and plutonium dioxides are nearly identical, 

and the solution chemistry of thorium is very similar to  that of tetravalent 

plutonium, the oxidation state in vivo. The.deposition sites for very small 

amounts of thorium are the same as  those for plutonium, viz. , the liver and 

the skeleton. 

The sensitivity of the analytical method described above should be 

adequate for these studies. If 10% of the estimated thorium content were 
'. . 

translocated to the liver and skeleton, the concentrations in these tissues 

might be in the ranges of 0.1 to 1 ppm and 0.0 1 to  0.1 ppm, respectively. 



COUNTING CHAMBER FOR ALPHA-SPECTROMET.HC MEASUREMENTS 

* 
R. P. Larsen and R. F. Selman 

A surface barrier detector for the measurement of alpha activity must be 

operated in a chamber under vacuum, and the chamber must have a mechanism 

for positioning reproducibly the mounted activity relative to the detector. For 

nearly all of our determinations of alpha-particle emitting nuclides, the mount 

of the separated nuclide must be placed as  close to the detector a s  possible 

because the amount of radioactivity i s  very small. It i s  highly desirable that 

provisions be made for protecting the face of the detector against contamination 

and/or damage, e. g. , the mount contacting the detector and the inadvertent 

contact with a human finger. It has been our experience that none of the com- 

mercially available chambers a s  received can be depended upon to be vacuum- 

tight (indeed some have had to be reworked by our machinists); the mechanisms 

for positioning the sample are awkward to use and/or unreliable, and there i s  

no,provision in any of the chambers for protecting the detector. 

A chamber that i s  not subject to these operational difficulties and that 

provides nearly fool-proof detector protection has been designed, and several 

of these chambers have been built and have been found to perform very satis- 

factorily. Fiqure 1 i s  a drawinq ~f this chamber whiie Figure 2 shnws fniir nf 

the chambers mounted on a rack and connected to the vacuum manifold. A l l  

parts of'the chamber save the separation ring are fabricated from 6061-T 

aluminum; the separation ring i s  made of 0.030-inch thick nylon sheet. To 

facilitate mounting the detector in the chamber, the length of the pin on the 

BNC vacuum feed-through connector i s  increased slightly. In the mounting 

operation the detector i s  slipped onto the pin. to the point where the detector 

i s  just supported. It i s  then slipped into the chamber until the cover plate 

i s  in contact with the body of the chamber. Just prior to this contact, when 

the distance between the two i s  about 0.5 cm, the detector guard ring contacts 

the separation ring, and as  the cover plate and chamber body are brought into 
- 

* 
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FIG. 1. --Alpha spectrometry chamber. 

FIG. 2 .  --Alpha 
spectrometry system 
showing 4 mounted 
chambers and the 
associated vacuum 
manifold. 
(ANL neg. 149-76-21 



contact, the pin slips into the BNC connector on the detector to complete the 

bias connection. 

To insure reliable grounding of the detector, one end of a flexible, 

insultaed wire is fastened to the cover plate and the other end to the detector. 

The detector end of the wire i s  soldered to the spring-loaded, locking mechan- 

i s m  from a BNC cable connector. Just prior to the operations described in the 

preceding paragraph, the ground wire is connected to the detector. 



A MICROPROCESSOR-ASSISTED CALIBRATION FOR A REMOTE WORKING LEVEL 
MONITOR* t 

+ + + 
W. P. McDowell, D. J. Keefe, P. G. Groer, and R. T. Witek 

-- 

A method of calibrating a Remote Working Level Monitor, an instrument 

designed to measure the working level and the Rn-daughter concentrations in 

the atmosphere; i s  described. The method uses the instrument's control micro- 

processor to calculate the P-efficiencies for RaB and RaC from the counts 

accumulated in the instrument's RaA, Ra(B + C) and RaC' channels. Two inde- 

pendent methods of determining the Rn-daughter concentrations require the 

processor to solve systems of linear equations with several unknowns. No 

assumptions about Rn-daughter equilibrium are necessary . Test results from 

several calibration runs in a uranium mine are presented. 

* 
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COMPUTER STORAGE OF DATA OBTAINED IN THE MEASUREMENT OF RADIUM 
IN VITRO 

M. A. Essling and D. R. Huff 

Data obtained in the measurement of radium in vitro a t  CHR-ANL are 
now entered into two CHRIS files. Currently, file BONES contains information 
pertinent to 9 6 1 groups of bone, representing 104 exhumed or willed cases. 
File SKEL contains summary data for each case. 

I 

Since the establishment of the Center for Human Radiobiology in 1969 ,  

the Body Radioactivity Measurements Group at  Argonne has made qamma-say 

measurements in vitro on 104  radium cases represented by willed bodies, ex- 

humed remains, autopsy samples and cremation ashes. The results of these 

measurements are now collected into two CHRIS (Center for Human Radiobiology 

Information System) files, "BONES" and "SKEL". Al.th.ough the files currently 

contain data from CHR-ANL only, they are structured to accept data from any 

laboratory. 

For gamma -ray measurements , the skeleton i s  generally divided into 

20 groups of standard composition. A group may consist of a single bone, a 

bone part, or a collection of bones or bone parts. File BONES contains inform- 

ation .concerning these groups, including date and place of measurement , 
226 

weight, Ra content, fractional radon retention, specific activity (nCi/g of 

bone), relative specific activity .(specific activity of bone relative to that of 

entire skeleton), ' and associated errors. The composition of many groups i s  

not standard, however, because of incomplete skeletons or low activity, 

determined from a preliminary measurement of the whole sample. To permit 

meaningful comparisons of results, BONES contains the individual identifica- 

tion of each bone in the group and an indication of the fraction of bone present. 

Currently BONES contains data on 961 bone groups representing 104 cases, 

File SKEL contains summary data relating to the available sample, and 

estimates for the entire skeleton, if sufficient sample i s  available. The date, 

place, and method of measurement, general condition of the sample, total 
226  

weight , Ra content, fractional radon retention, * ~ a / '  6 ~ a  activity ratio 



(if determined), an estimate of the fraction of skeleton available for the , 

measurements, and uncertainties are stored. 

,, A code book for each,of the files i s  available. It describes each field 

in detail and explains the various coded representations. 



EXPANSION'~OF . . THE CHR BONE CODE SYSTEM ' .  . . . . 
I .  

J,. E ., Famham and R. A. Schlenker 

This report'describes the coding system used in the Center for Human 
Radiobiology (CHR) to identify individual bones and portions of bones of a 
complete skeletal system. It includes illustrations of various bones and bone 
segments with their respective code numbers. Codes are also presented for 
bone groups and for nonbone materials. 

Introduction 
1 

The bone codinq system used in CHR has been expanded to include 

bone segments and bone groupings. The definitions of the original codes are 

not affected by the expansion except for slight changes in the meanings of 

A0 (skull) and A 1  (mandible). This report describes the latter changes plus 

the additional codes. The original codes are included in the tables and figures. 

Skull, Mandibles, and Innominates -- 
A separate code has been assigned to each individual bone of the skull. 

Codes have been added for the edentulous skull and mandible. Note that A0 

and A1 now identify the skull and mandible complete with al l  available teeth. 

Previously they designated the skull and mandible without implying anything 

about the teeth. 

The individual bones of the innominates have been assigned separate 

codes to augment E6 and E7, the codes for the entire innominates. 

.The new codes for the individual bones have been formed from the codes 

AO, ~ l ' ,  E 6 ,  and E7 by adding a letter followed by a zero to the ends of these 
i' 

codes. Thus, AOAO denotes the occipital bone, E6AO denotes the ilium, etc. 

All  original, altered, or additional codes referring to whole bones may be found 

in Table 1. Figures 1 and 2 associate most whole bone .codes with diagrams 

of the bones . 
The iliac crest i s  normally cut from each innominate for gamma-ray 

radioactivity measurement. The codes E6A3 and E7A3 are assigned to the 

right and left crests; E6DO and E7DO are assigned to the right and left 



TABLE 1.' Codes for whole bones . . . . 

A0 - Skull,  with teeth 
AOZO - Skull,  edentulous 
AOAO - Occipital 
AOBO - Parietal,  1. 
AOCO - Parietal,  r. 
AODO - Frontal 
AOFO - Temporal, 1. 
AOGO - Temporal, r. 
AOHO - Sphenoid 
AOJO - Ethmoid 
AOKO - Nasal ,  1. 
AOLO - N a s a l ,  r.  
AOMO - Maxilla, 1. 
AONO - Maxilla, r .  
AOPO - Palatine, 1. 
AOQO - Palatine, r. 
AORO - Inferior nasa l  concha,  1. 
AOSO - Inferior nasa l  concha,  r. 
AOTO - Vomer 
AOVO - Lacrimal, 1. 
AOWO - Lacrimal, r. 
AOXO - Zyqomatic, 1. 
AOYO - Zygomatic, r. 

- Mandible, with teeth 
- Mandible , edentulous 
- Rt. clavicle 
- Lf. Clavicle 
- Rt. scapula 
- L f . s c a p u l a  , 

- Manubrium 
- Sternum 
- Xipiloid 
- Lf. rib 6 

00 - Rt, rib 1 
B1 - Lf. rib 1 
B2 - Rt. rib 2 
B3 - Lf. r ib '2 
B4 - Rt. rib 3 
B5 - L f , r i b 3  
86 - Rt. rib 4 
67 - T J f . r i b 4  
B8 - Rt. rib 5 
B9 - Lf, rib 5 

CO - R t . r i b 6  
C 1 - Cervical vertebra 1 
C 2 - Cervical vertebra 2 
C3 - Cervical vertebra 3 
C4 - Cervical vertebra 4 
C5 - Cervical vertebra 5' 
.C6 - Cervical vertebra 6 
C7 - Cervical  vertebra 7 
C8  - R t . ; i b 7  
C9 - Lf. rib 7 

DO - Rt. rib 8 
Dl  - Lf. rib 8 
D2 - Rt. rib 9 
D3 - L f . r i b 9  
D4 - Rt. rib 10 
D5 - L f .  r i b 1 0  
D6. - Rt. rib 11 
~7 - L f . r i b l l  
D8 - Rt. rib 12 
D9 - Lf. rib 12 

EO - Rt. humerus 
E 1 - Lf. humerus 
E2 - R t .  radius 
E3 - L f . r a d i u s  
E4 - Rt. ulna 
E5 - L f .  ulna 
E 6  - Rt. innominate 
E6AO - Rt . ilium 
E6BO - Rt. ischium 
E6CO - Rt. pubis 
E7 - Lf. innominate 
E7AO - Lf. ilium 
E ~ B O  - Lf. ischium 
E7CU - Lt'. pubis 
E8 - Rt. patella 
E9 - Lf. Patella 

FO - R t .  scaphoid 
1 - Lf. scaphoid 
F2 - Rt. trapezium 
F3 - Lf. trapezium 
F4 - Rt. Trapezoid 
FS - Lf. trapezoid 

F6 - Rt. capitate 
F7 - Lf. capitate 
F8 -'Rt. hamate 
F9 - Lf. hamate 

GO - Rt . pisiform 
G 1 - Lf . pisiform 
G2 - Rt . triquetral 
G 3  - Lf. triquetral 
G4 - Rt . lunate 
G5 - Lf. lunate 
G6 - Rt. metacarpal 
G7 - Lf. metacarpal 
G8 - Rt. metacarpal 
G9 - Lf. metacarpal 

HO - Rt. metacarpel I11 
H1- Lf. metacarpal I11 . ' 

H2 - Rt. metacarpal IV 
H3 - Lf. metacarpal IV 
H4 - R t  . metacarpal V ' 

H5 - Lf. metacarpal V 
H6 - Rt. prox. phalanx I 
H7- Lf. prox. phalanx I 
H8 - Rt. prox. phalanx I1 
H9- Lf. prox. phalanx I1 

10 - ~t . prox . phalanx 111 
11 - Lf. prox. phalanx 111 
12 - ~ t .  prox. phalanx IV 
I3 - Lf. prox. phalanx IV 
I4 - Rt. prox. phalanx V 
15 - Lf. prox. phalanx V 
I6 - Rt. mid. phalanx I1 
17 - Lf. mid. phalanx I1 
18 - Rt. mid. phalanx 111 
I9 - Lf. mid. phalanx 111 

JO - Rt. mid. phalanx IV 
J1 - Lf. mid. phalaiuc IV 
J2 - Rt. mid. phalanx V 
J3 - Lf. mid. phalanx V 
J4  - Rt. d is ta l  phalanx I1 
J5 - Lf. d i s t a l  phalanx I1 
76 - R t .  d is ta l  phalanx 111 



TABLE 1. ( C o n t .  ) 

- Sacrum - Lf. distal  phalanx I11 
- Rt. distal  phalanx IV 
- Lf. distal  phalanx IV 

- Rt . prox. phalanx I11 
- Lf . prox. phalanx I11 

- Coccyx 
- Rt, 3rd molar, upper 
- Rt. 2nd molar, upper 
- R t .  1st molar,  upper 
- Rt. 2nd premolar, upper 
- Rt. 1st  premolar, upper 
- Rt . canine ,  upper 
- Rt. 2nd incisor,  upper 
- Rt. 1st  incisor,  upper 
- Lf. 1st  incisor,  upper 

- Rt. prox. phalanx IV 
- Lf. prox. phalanx IV 
- Rt. prox. phalanx V 
- Lf. prox. phalanx V 
- Rt. dist .  phalanx I 
- Lf. dist  . phalanx I 
- Rt. mid. phalanx I1 
- Lf . mid. phalanx I1 
- Rt, .mid, phalanx I11 
- Tar, I I I ~ ~ .  plialarlx 111 

- Rt. distal  phalanx V 
- Lf. distal  phalanx V 
- Rt. distal  phalanx I 
- Lf. distal  phalanx I 
- Rt. femur 
- Lf. femur 
- Rt. tibia 
= T . f .  t ih ia  
- Kt, fibuia 
- Lf. fibula - Lf. 21id i n c l s u ~ , ,  uppel 

- Lf. canine ,  upper 
- Lf .  1 s t  prarnoln~, uppor 
- Lf. 2nd premolar, upper 
.- Lf. 1st  molar, upper 
- Lf, 2nd molar, upper 
- Lf. 3rd molar, upwr 
- Rt. 3rd molar, lower 
- Rt . 2 nd molar, lower 
- Rt.. 1st  molar, lower 

- Rt. mid. phalanx IV 
- 1. iilld. phalanx IV 
- Rt. mid. phalanx V 
- Lf. mid. phalanx V 
- Rt. dist .  phalanx I1 
- Lf. dist.  phalanx I1 
- Rt. dist.  phalanx 111 
- Lf. dist .  phalanx I11 
- Rt. d is t .  phalanx IV 
- Lf. d is t .  phalanx IV 

- H t .  calcaneus 
- Lf. calcaneus 
- Rt. talus 
- Lf. talus 
- Rt. navicular 
- Lf. navicular 
- Rt. cuboid 
- Lf. cuboid 
- Rt. metatarsal V 
- Lf. metatarsal V - Rt. 

- Rt. 
- Rt. 
- Rt. 
- Rt. 
- Lf. 
- Lf .  
- Lf. 
- Lf. 
- Lf. 

2nd premolar, lower 
1s t  premolar, lower 
canine ,  lower 
2nd incisor,  lower 
1st  . incisor,  lower 
1st  incisor,  lower 
2nd incisor, lower 
canine ,  lower 
1st  premolar, lower 
2nd premolar, lower 

- Rt. d is t .  phalanx V 
- Lf.  d is t .  phalanx V 
- Thoracic vertebra 1 
- Thoracic vertebra 2 
- Thoracic vertebra 3 

Thomoio vortobra 4 
- Thoracic vertebra 5 
- Thoracic vertebra 6 
- Thoracic vertebra 7 
- Thoracic vertebra 8 

- Rt . medial cuneiform 
- Lf. medial cuneiform 
- Rt. int. cureiform 
- Lf. int.  cuneiform 
- R t .  la t .  cuneiform 
- .Lf. lat .  cuneiform 
- Kt. metatarsal I 
- Lf. metatarsal I 
- Rt. metatarsal I1 
- Lf. mctataroal I1 - Lf. 1st molar, lower 

- Lf. 2nd molar, lower 
- Lf. 3rd molar, lower 
- Hyoid 

- Thoracic vertebra .9 
- Thoracic vertebra 10 
- ~ h o r a c i c  vertebra 11 
- Thoracic vertebra 12 
- Lumbar vertehra 1 
- Lumbar vertebra 2 
- Lumbar vertebra 3 

.- Lumbar vertebra 4 
- Lumbar vertebra 5 

- Rt. metatarsal I11 
- Lf. metatarsal I11 
- Rt. metatarsal IV 
- Lf, metatarsal IV 
- Rt. prox. phalanx I 
- Lf, prox. phalanx I 
- Rt . prox. phalanx I1 
- Lf. prox. phalanx I1 



FIG. 1. --Code numbers for whole hones of the ax ia l  skeleton, the  scapulae,  
and the  pelvis.  



, FIG. 2 .  --Code numbers for whole bones of the appendicular skeleton excluding 
the  scapulae and the  pelvis. . 



innominates minus the crests. . 

Subdivision of the Lonq Bones, Clavicles, Ribs, and Vertebrae 

We conceptually divide the long bones, clavicles, and ribs into five 

parts of equal length. An individual code i s  assigned to any of these parts . ' 

which is .cut  from the bone and used experimentally. The codes are obtained 

by appending AO, BO, DO, or EO to the codes for the whole bones-. A0 denotes' " . 

the most proximal segment, BO denotes the adjacent segment and so  on. As an ' '. .. , :, 

example, the codes for the parts of the right femur, K4, are K4A0, K4B0, K4D0, 

and K4EO. The suffixes F'O and GO denote the ends of the long bones and i ts  
. . 

shaft, respectively. Thus, for the right femur, K4FO denotes the grouping 

K4A0, K4EO. K4GO denotes the grouping K4B0, K4C0, K4DO. 

The vertebrae are thought of as,consisting of two parts. However, two 

types of subdivision are considered: division into right and left halves, or 

into processes and body. For example, Q8AO i s  assigned to the right half of 

the 7th thoracic vertebra, Q8BO i s  the left half. Q8CO i s  the body and Q8DO 

are the processes. Figure 3 illustrates these subdivisions using the right 

femur and the 7th thoracic vertebra a s  examples. 

Bone Segments 

A l l  bone segments which are used experimentally are assigned specific - 

codes. The code is arrived a t  by replacing the rightmost 0 of the whole bone 

code or a bone subdivision,code with a digit between 1 and 9. Thus, segments 

cut from the most proximal 1/5 of the right femur (K4AO) would be numbered 

K4A1, K4A2 , .. . . , K4A9. . . . 

Bone, ' ~ e e t h ,  .. ~ Tissue, and Soil Groupinqs 

Codes have been assigned to groupings of bone, teeth, tissue, and 

soil which have been used regularly in gamma-ray radioactivity measurements.. 

A listing of these special codes can be found in Table 2. 



. , . . 
TABLE 2.  Codes  for bone,  t ee th ,  t i s sue  a n d  s o i l  groupings. 

Cremalns 

Cervical  ver tebrae ,  a l l  
avai lable  bones 

Thoraclc ver tebrae ,  a l l  
Available bones 

Lumbar ver tebrae ,  a l l  
aval lable  bones 

Ribs, l e f t ,  a l l  avai lable  
bones 

Ribs, right a l l  aval lable  
bones 

Rlbs. left  a n d  right,  a l l  
aval lable  bones 

Hand, 1..  al l  avallahln 
b l w s  

Hands , r. , a l l  avai lable  
bones 

Hands. both. a l l  avai lable  
bones 

Feet ,  both, a l l  avai lable  bones 

Innominates , l e s s  c r e s t s  

Innomlnates,  c r e s t s  only 

Pate l lae ,  both 

Ends of , long'bones , one  s lde  

Shafts of long bones ,  one s ide  

Teeth ,  a l l  avai lable  

Mlsc .  bones 

Misc. fragments 

Tnral aval lahlo  r k ~ l o t o n  

s ~ f t  t leeuo 

Perlosteal t l s sue  

Soil. 

Clavioloc 

X4 Foot. r .  , a l l  avai lable  
bones 20 Scapulae 

FIG. 3 .  --Subdivisions of the 
X5 . Foot,  1. , a l l  aval lable  long bones ; clavicles, ribs, bones 

and vertebrae illustrated by' 
the right femur and 7th 
thoracid, vertebra. 
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APPENDIX A. Exposure Data for Radium Patients 

- Table 1 summarizes exposure data collected a s  of 31 December 1975 

"'for 1832 radium cases under study a t  the Center for Human Radiobiology. . I t  

includes all  persons measured for radium since 'the start of the Center in 19 69 

and all  persons for whom we have analysis data from earlier work a t  the Radio- 

activity Center of the Massachusetts Institute of Technology, the New Jersey 

Radium Research Project of the New Jersey Department of Health, and the 

Argonne Radium Studies a t  the Argonne National Laboratory and the Argonne --.. - 

Cancer Research Hospital. 
1 The corresponding table in the 1975 annual report listed 1740 cases ,  

including one unmeasured case  (1 1-09 9) that was inadvertently listed. The 

radium burdens of 86 living persons and 4 exhumed remains were measured for 

the first time in 1975. Three cases not previously listed have been added be- 

cause reports of measurements made in 1960 were located. The 93 new cases 

are identified by a star following the year of measurement.: There were , 

follow-up examinations and burden measurements in 1975 on 69 previously 

listed persons. Changes in basic data for several of the previously listed 

cases are due to review of information on exposure histories and to reassess- 

ment of old measurement data. 

The cases are listed in order of identification number. In column 5 ,  the 

type of exposure to radium (dial painting, medical, etc . )  i.3 indicated by code 

digits, which are defined in Table A l ;  i f  more than one type of exposure occur- 

red, two non-zero digits are given with the more significant exposure indicated 

by the right-hand digit. The eight cases previously assigned to exposure 

type 9 (industrial; filled light pulls) have been reassigned to code 1 (industrial; 

painted dials), and exposure type code 9 has been discontinued. Column 7 ' 

gives the total period (in weeks) from first to las t  exposure. A value of 0 

means that the exposure was a single event or had a duration of less  than one 

week. However, " + O M  means that the duration of exposure is unknown (a single 

exposure or longer) ; in these. cases,  zero duration was used in the calculation 

of the dose. For a dial painter whose first exposure was before the year 1926 

- .  but whose period of exposure extended into 1926 or beyond, .the duration used 



in calculating the dose corresponded to the exposure terminating in 1 9 2 6 .  
2 2 6  The. Ra body burdens given in the table are expressed a s  nanocuries 

(nCi) of 2 2 6 ~ a  present in the year of measurement shown in the preceding 

column. If several measurements over a period of years had been made for a 

given case,  the result (and data) of the las t  measurement of highest available' 

quality i s  given. Under "METHOD + ERR, " the first symbol indicates the type 

of measurement according to the letter code of Table A2. Type A indicates that 

a complete skeletal measurement of bones was made, the letters B, C, . . . , 
G tend to imply increasingly uncertain types of measurement but with wide 

variation in s ize  of error within each category. The digit that follows the 

method letter is the code symbol for an error estima.l:ec.I nn the b a s h  of type of 

measurement, amount of radium found, and examination of the data reported by 

the contributing laboratories. Code definitions for size of error 'are given in 

Table A3, and the errors shown include systematic errors a s  well as  repl.ic=atinn , 

errors. 

The letter L in place of a digit in the error column indicates that the 

result was taken from the New Jersey Radium Research Project records in which 
2 2 6  the measured value of Ra was less  than 4 nCi, their reported lower limit of 

2 2 6  detection. For these cases ,  the value 4 i s  shown in the Ra column, but 

the letter L means that the 90% confidence limits extend from 0 . 0  nCi to an 

upper limit somewhere between 4 and 8 n C i :  Thcrg are 56  of tllcse cclses wil lch  

have the prefix 05 in the case number and one with aaac number 01-222.  A 

"less  than" indication was not used for cases measured a t  the other si tes,  

even thouqh the best: measurement& of small whole-Ludy burdens have a stand- 

ard deviation of 1-2 nCi. Instead, the measured values are given in the table 

when the result was zero or positive, and negative results are shown a s  zeros. 

These limitations sha111.d be kept in mind whcn evaluatlily error limits for very 

small body burdens, 
2 2 8  The entries in column 11 are activity ratios of Ra to 2 2 6 ~ a  a t  the 

2 2 6  time of rneasuremen,t d Ra body content. A value of 5.7 yr for the half-life 

of 2 2  * ~ a  was used in making corrections for radioactive decay. ' The method 

and error designations in column 1 2  are defined in Tables A2 and A3. The letter 



TABLE A l .  Type of Exposure t o  2 2 6 ~ a  or  2 2 8 ~ a  or Both for 
TABLE 1 

Code Number 

1 

2 

4 

5 

6 

7 ': 

8 

Exposure to  radium 

Industrial; painted dials 

Medical; drank Radithor nostrum 

Medical; ingestion 

Medical; injection 

Laboratory; industry or research 

Industrial; miscellaneous work or accidents 

Offspring of a radium case .  

TABLE A2. Principal Types of Measurement of Body Burdens of 2 2 6 ~ a  and 2 2 8 ~ a  for TABLE 1 

Code letter Method Subject or tissue 

Major portions of skeletons or 
cremation ash  

Whole-body gamma-ray and breath radon . In vivo 
(thoron) with spirometer 

Whole-body gamma-ray In vivo 

Breath radon (thoron) with spirometer In vivo 

Whole-body gamma-ray (secondary In vivo 
method), alnne or with a flask sample of 
breath radon 

Radiochemical or direct gamma-ray Bone samples 

Breath radon with flask In vivo 

Ratio of 2 2 8 ~ a  to 2 2 6 ~ a  estimated from . . . .  
results on co1leagl.1e.s and/or measurements . 

of radium materials 

TABLE A 3 .  Error Ranges for 2 2 6 ~ a  Body Burdens and 2 2 8 ~ a / 2 2 6 ~ a  Ratios in TABLE 1 

Code number Standard error(a) 

Probably an upper 1i111it (2) 

Initial ratio of 2 2 8 ~ a  to 2 2 6 ~ a  probably 5 0.20 (2) 

90% confidence limits extend from 0.0 nCi to  an upper limit between 
4 and 8 nCi 

( a ) ~ i t h e r  the re1ativ.e standard error (given in %) or the factor (X ,i ) corresponding to onk 
stavdard error in a log normal distribution. For the latter case ,  the upper and lower 
limits associated with one standard error are  respectively obtained by multiplying and 
dividing the value in TABLE 1 by the factor; and the square of this factor i s  used to 
clbtein t h ~ !  cnrrespnnding limits for two standard errors. 



Z for method means that the ratio for the indicated person was estimated from 

values obtained on a group of persons with similar exposure histories or from 

analysis of samples of the radium material to which the person was exposed. 2 

If no direct measurement of 2 2 8 ~ a  was attempted, only the letter Z and the 
228 

error designation are shown. If measurement of Ra was attempted, the 

method tried i s  indicated by the letter after the error symbol in column 1 2 .  
228 

Ratios obtained by measurements of Ra and 2 2 6 ~ a  are indicated by a letter 

other than Z. In all  cases ,  the error designations in column 1 2  refer to the 

ratios in column 11. Errors for ratios with method codes of Z or F do not include 
2 2 6  

errors in the measured values of Ra body content. 

The last four coluini~s o1 TdLle 1 y l v e  quantities ealculaeed ftom the 

measured body burdens and exposure data shown in the other columns. For 

many cases ,  the number of significant digits shown obviously exceeds the 

number justified by the accuracy of the basic data, and the errors indicated for 

the latter should be applied to the derived quantities. The columns under 
228 

"INPUT" give the amounts of initially acquired 2 2 6 ~ a  and Ra expressed as  
3 

nanocuries per gram of bone (nCi/g), a quantity calculated by applying the 
4 

Norris retention function to values of body burdens usually measured long 

after the initial intake. The cumulative rads, given in the last  two columns for 
226 228 

Ra and Ra separately, refer to the average ionization dose to the 
5 

skeleton -either up to the date of death or, for the livinq subiects. through 

1975. Except for the foetal skeleton (case 01-5791, the results in t h e  l a s t  

, four columns were calculated with standard skeletal masses of 5 kg for women 

and 7 kg for men. 
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TABLE 1 E X ? O S U a E  CATA FOR RADIrJM P A T I E N T S  T3 END O F  1975  
---- ----------- -- 

( I )  ( 2 )  (3)  
----------------------------------------------------------------------------- 

4 (5)  (6)  ( 7 )  ( 8 )  (9 )  . ( l o )  (11)  ( 1  2) ( 1  3) ( 14) . (15)  
YEAR E X P  -[EAR 

(16) 
RP.226 RP.229 HA22E I N P U T  INPUT CIT M CU N 

EXP F I R S T  D U B  .IF RA226 METHOD TO RA226 METHCD RA226 RA228 RADS R A  D S  
C A S E  S E X  BORN ----------------- 
00-001 M 1983 

D I E D  T Y P E  EXP WKS ?lEAS N C I  + E R R  R A T I O  + E R E  N C I / G  RA226 RP.228 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - N c I L s - s - - - - - - - - - - - - - - - - - - - -  
1928. 06 1913  780 1967  13000 F4 0.00700 F  3  145 .10  185.36 2893  8 2 8 6  



TABLE 1 (CONT.) EXPOSURE DATP. FOR RhDIUfl PATIENTS TO END OF 1 9 7 5  
---------------------------------------------------------------------------------------------- 

( 1 ) .  (2)  (3) (4 )  (5) (6 )  ( 7 )  ( 8 )  (10)  (11)  ( 1  2 )  ( 1 3 )  (14)  (15)  ( 1 6 )  
YEAR EXP YEAR (" RA226 RA228 RP.228 INPUT IlU'1UT CIJ ?1 CU lr 

EXP FIRST D U R  OF RA226 METHOD TO RA226 METHOD RA220 i i A  22 8 RADS R A  D S 
CASE SEX B O R N  DIED TYPE EXP g K S  MEAS NCI + ERR RATIO E ~ 2 2 6  ~ 8 2 2 8  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - + - E R R - - - N C Z L G - N C U G - - - - - - - - - - -  
01-021 F 1 8 8 7  1 9 7 3  0 1  1916  104  1 9 6 5  ' 1250  E4 0 .00040 27 7 4 . 5 0  1 0 . 1 8  5 5 3 1  7 6 6  
01-022 F 1900  1 9 5 1  0 1  1917 110 1968  6 0 0  A2 0.0 Z9A 2 9.. 4  0  . 3 0  1 5 4 4  0 .  
01-024 F 1901 1 9 5 6  0 1  1919  156 1 9 4 3  1140  - B2 0.02190 P3 45 .79  1 5 . 3 5  2 5 2 5  1140  
01-025 F 1 8 8 6  . I952  0 5  1924 +O 1951  1200 B2 0 .00250  P 3 5 3 . 0 3  3.54 2 5 0 9  26 2  
01-026 F '  1905  1 9 5 8  0 1  1 9 2 5  156  1950  700 B2 0 .03000 D 5 2 9 . 4 1  17 .34  1 5 3 1  1 2 9 5  



TABLE 1 (CONT.) EXPOSUEE D A T A  FOR R A D I U M  PATIENTS Is3 E N D  OF 1 9 7 5  
----------------------------------------------------------------------------------------------- 

( 1  ( 2 )  (3) ( 4 )  (5)  (6 )  ( 7 )  (E.1 ( 5 )  ( 1 0 ) '  ( 1 1 )  (12 )  ( 1 3 )  ( 1 4) ( 1 5 )  ( 1  6 )  
YEAR EXP YEAF RA226 ZA22f! RA228 INPUT I N P U T  CUM , '  CU fl 

EXP FIRST D U R  OE RA226 METHOD TO RA226 NETH311 RA226 RA228 RADS !?ADS 
C A S E  SEX BORN DIED TYPE EXP VKS MPAS N C I  + E R R  RATIO RA226 R A  2 2 8 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - + - B B 3 - - - N C 5 L G - - - N c L L L - - - - - - - - - - - - - - - - - -  
0 1 - 0 6 3  F 1 9 1 2  0 1  1 9 2 7  2 1 3  1 5 7 2  4 6  B2 0 .00250 2 8 3  2 . 5 9  1 . 1 9  1 6 9  8 9 



TABLE 1  (CONT.) EXPOSURE DRTA.FOR R A D I ' ; I ? I  PATIENTS TO END OF 1 9 7 5  - 
---------------------------------------------------------------------------------------------, 

(1 )  (2 )  (3)  (4 )  (5 )  (6) ( 7 )  ( 8 )  ( 9 )  ( 1 0 )  ( 1 1 )  (12)  ( 1  3) ( 1 4) ( 1 5 )  (1  6 )  
Y E A R  EXP YEAR FA226 BA228 38228  INFrJT INPUT CUM C U E  

EXP FIRST D U R  O F  RA226 METHOD TO 9 x 2 2 6  METKOD RA226 i3A.228 DADS RADS 
CASE SEXBORN DIEDTYPE EXP WKS HEAS NCI + E R R  RATIO RA226 R A  228 -------------------------------------------------2-2BB---NGI/G---NCILG-----------/G/G/G/G/G/G/G 
01-115  F  1908  1944  0 1  1324 3 3 0 1 9 6 3  4 7 2  A1 0.03093 A 1 1 7 . 3 7  5 4 . 3 b  6 4 2  38P3  



TABLE 1  (CONT.) EXPOSURE DATA FOR R A D I U M  PATIENTS TO END OF 1 9 7 5  
-------------------------------------------------------------------------------------- 

( I )  . ( 2 )  (3 )  ( 4 )  (5 )  (6)  , 4 7 1  [f;) ( 9 )  ( 1 0 )  (11 )  ( 1 2 )  ( 1 3 )  ( 14) ( 1 5 )  (16 )  
YEAR 3 X P  YEAR ~ ~ 2 2 6  RA228' Rk22P INPUT I l IPUT CUM C u l l  

EXP FIRST D U R  CF BA226 METHOD TO RA226 METHCD RA226 RA22 8 RADS RADS 
CASE SEX BORN DIED TYPE EXP ?KS PEAS NCI + ERR RATIC + ERE RA226 RA228 ------------------------------------------------------N_cILG---KUG------------------- 
0 1 - 1 5 7  F 1 8 9 4  0 2  1 9 2 5  13 1 9 7 5  4 9  B2 0.0013'3 Z5E 2 . 9 8  1 . 7 9  2  0  5  1 3 4  



TABLE 1 (CONT..) EXPOSURE DATA FOX RADIIJM F A T I E N T S  T O  END O F  1975  
. a 

--------------------------I____-----------------_-_-_-_---__-----_-----______-___-- 

( 1 )  ( 2 )  (3)  (4)  (5 )  (6)  ( 7 )  ( 8 )  (9) (10)  (11)  (1  2) ( 1 3 )  (1 4) (1  5 )  ( 1 6 )  
YEAR EXP YEAR RA226 RA229 RA228 INP'JT INPUT C U ~  C'JM 

EXP F I a S T  D U R  O F  Rk226 METHOD TO BA226 METHOD RA226 d B 2 2  8 RADS RADS 
C A S E  S E X  -------- 
01-194 fi 
01-195 F 
01-196 . PI 
01-197 F 
01-200 F 

D I E D  TYPE -------- 
0 1 

is158 ' 0 6  
0 2 

1 9 6 5  04 
0 1 

0 1 
0 1 
0 1 

1974  06 
0 6 

EX? WKS HEAS N C I  + ERR ---------------- 
1916  676 1972 7 B6 

RAT I 0  .------- 
0.0 
0.0 
0.00540 
0 ..o 
0.08000 

C.02100 
0.C1470 
0.0 
0.0 
0.9 



T A B L E  1 (C311T. ) EXPOSCRF DATE FOR RAD1tI.Y P T I E N T S  TO END OF 1 9 7 5  
------------i----------__-_--------_--_i------------------------------------------- 

( 1 )  ( 2 )  (3)  (4)  , (5 )  (6 )  ( 7 )  4 8 )  (9)  ( 1 0 )  (11 )  ( 1 2:) (1 3 )  ( 1  4) (1  5 )  ( 1  6 )  
YEAR EXP YEAS RA226 RA228 RA2:2b INPUT 1s PUT CUM CUM 

EXP FIRST O U R  OF F.A226 METHOD TO 8 1 5 2 6  METHOD RA226 3922  8 RADS BBDS 
CASE SEX B O R N  DIED TYPE EXP JKS HEAS IiCI + ERR RATIO R A  2 2 6 RA228 ------------------------------------------------------+-H~---N~Z/G--NC&LG----------------- 
0 1 - 2 3 7  F 1 9 0 8  0 1  1 9 2 7  8 1 9 7 5  0 E6 0 .00290  Z 8  B . O O  . 00 0 0 



TABLE 1  (CONT.) EXPOSURE DATA FOR R A D I U N  FATIENTS ,TO END 0.F 1 9 7 5  
------------------------------------------------------------------------------------------------ 

( 1 )  . ( 2 )  (31 ( 4 )  (5 )  (6 )  ( 7 )  48) ( 9 )  (10') ( 1 1 )  ( 1 2 )  ( 1 3 )  ( 1 4 )  ( 1 5 )  (15 )  
YEAR EXP YEAR RA226 9A228 BA228 INPUT INPUT CU M CUM 

EXP FIRST D U R  OF RA226 METHOD TO RA226 METHOD RA226 RA.228. RADS RADS 
C&SE ' SEX BORN DIED TYPE EXP W K S  EEAS NCI + ERR RATIO FA 2 2 6  RP.228 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -+ -ERR-RR-EcILG-- - -ELLG-- - - - - -  
01 -274  F 1 9 0 6  0 1  1 9 2 2  5  3961 5 E3 0 .06200  Z 2B . 2 7  1 .89  1 9  1 4 2  



TABLE 1 ( C O N Y . )  EXPOSUSE C.ATI! FOFt RADIIJN PATIENT3 'Id E N D  OF 1975  
-------------------------_----------------------------------------------------------------- 

( 1 )  . ( 2 )  (3) (4)  (5) i6)  ( 7 )  ( 8 )  (9 )  ( l o )  (11)  (12)  (13)  (14) (15)  
Y E A R  EXP Y E A R  

(16)  
RF.226 Rh228 RA22-3 INPUT INPIIT cu fi CUM 

EXP FIRST D U R  OF Rh226 METHOD TCl RA226 RETHOD RA226 Rh228 RADS RADS 
CRSE SEX BORN DIED TYPE EXP IJIS MYRS NCI + ERE RATIO RF.226 RF.228 ---------------------------------------------------------L-EEZ-NCILG---KUL----------------- 
01-326 F 1896 7973 02  1925  156  1566 100 G4 0.01100 2 5 5.38 7 .  17 354 5  3  9  

01-356 M 1912 1 3 7 3  06 1937 572 1969  2 3  B2 0.0 Z9B .71  - 0 0  3 6 0 
01-357 F 1907 197G 07 1527 408 P9E2 C G6 0 .0  Z 9 . O O  . 00 0 0  
01-358 F 1906 . 07 1,923 1 6 8  11362 C G6 0.05700 Z 2  . G O  . O O  0  0  
01-359 F 1909  01  1925  55 $962 25 B2 0.05600 229 1 .29 6. l i ,  8 8 460 
01-360 E 1911 01  1928  34 1962 0 G6 0.0140.3 2 8 . O O  . O O  0  Q 



TABLE '1 (CONP.) 'EXPOSURE DATA FOR I i P . D I U M  PhTIENTS TO END OF 1575  
------------------------------------------------------------------------------------------- 

(1 ) '  ( 2 )  ( 3 )  (4)  (5 )  i6 )  ( 7 )  ( 3 )  ( 9 )  ( 1 0 )  (11)  (12)  ( 1 4) (1.5) (16)  
3, INPUT Y E A R  EXP YEP.!? RF.226 R2228 RA228 INPUT CU H CU ?1 

EXP FIRST D U R '  OF RA226 METHOD TO RA226 METHOD RA226 RA228 RADS R A D S  
CASE SFX BOEN DIED TYPE EXP gKS MEAS NCI + ERR RATIO RP.226 Rh228 -----------------------------------------------------2-EBB---JCLLG---NcUG------------------ 
01-372 F 1911 0 1  1927 1  1962 7  G6 0.01470 Z 8 . 3 5  .37  2  4 2 8  

01-378 F 1907 0 1  1925  9 4 7 9 7 3  1  B6 C.C0370 Z R B  . d6  .07 9 5 
01-379 F 1909 0 1  , 1926  7 7975 18  B2 C.00281 Z8B 1 . 0 8  1. 17 7  4 8 8  
01-380 F 1910 0 1  19L7 3 9 7 2  0 B6 0 .0  Z 9B . 0'0 . O O  0 9 
01-381 N 1387 32 1927 1  I 9 6 4  5 .G6 0 .01400 Z 5  . 1 9  - 2 3  1 2  1 8  
01-382 P 1300 0 1  1920 320 1963  4 3  G4 0.01000 2 2 2 .33  2.94 1 6 5  2'2 1  



TABLE 1 (CCNT.: EXPOSURF DATA FO9 RBDIU!!. PATIENTS !?O E N D  O F  1 9 7 3  
----------------------------------------------------------------------------------------------- 

( 1 )  ( 2 )  (3)  ( U )  ( 5 )  ( 5 )  4 7 )  ( a )  ( 4 )  ( 1 0 )  (1 1 )  i 1 2 )  ( 1 3 )  ( 14) ( 1 5 )  ( 1 6 )  
YEAR E X P  YEAE RA226 3h22E: FA228 INPUT Ifi2ilT CrJ M CU ?I 

EXP FIRST D U R  OF 5 8 2 2 6  METHOD TO RA225 CETH3E RA226 RA228 RADS RADS 
CASE SEX B O R N  DIED TYPE EXP 3KS ME'AS ---------------------?-B~~---!czL~--&~~----------------- N C I  + EER BAT10 RA226 RA228 
01-409 F 1 9 1 4  06 1930  1 3  1 5 7 5  3 4  B3 0.0 Z9 3 1 . 9 6  . 00 1 2 6  0 

+ O  1 3 6 6  
52 1 3 7 1  

5 2 0  1 3 6 4  
1 5 6  1'165 

5 197Li 

i a o  1964 
1 0 4  1 q 6 5  
209 1.2'65 

9 196E 
204  1C65  



TABLE 1  (CONT.) EXPOSURE-DP..TP. FOR ' R R D T I J R  P8TIENTS TC END OF 1 9 7 5  

( 2 )  ( 3 )  :4) (5) ( 5 )  ( 7 )  ( 8 )  ( 9 )  (1C) ( 1 1 )  ( 1 2 )  ( 1  3)  ( 1 4) 
RE226 RF.228 

( 1 6 )  
Y'EP-R EXP Y ZAR RA228 INPUT INPUT CU ll 

EXP F I R S X U R  O? RA226 HETHCD TO BA226 METHOD ~ A i 2 6 '  H A 2 2 8  FlADS R A  D S  

ZRB . l l  .Ci5 
Z 8 1 1 . 4 8  8. 47 
Z 2 E  . I 2  . 6.9 
Z 9 . 2 0  . O U  
Z9B . 0 6  - 0 0  



TABLE 1  (CCKT. I EXPOSU3E DATA FOR R A C I U M  PATTENT' TO END OP 1 9 7 5  
----------------------------------------------------------------------------------------------- 

( I )  ( 2 )  (3)  ( 4 )  (5 )  (6 )  . ( .7)  ( 8 )  (9) ( 1 0 )  ( 1 1 )  112) ( 1 3 )  (14 )  ( 1 5 )  (16 )  
YEA3 EXP YZAR RP.226 RF.228 EA22'8 INPUT INPUT CU I1 CU N 

EXP F I R S T  D U a  OF Rt.226 METHOD TO RA226 METHOD RA226 H A 2 2 8  RADS ?.ADS 
CASX SEX B O R N  DIED TYPZ EXP W K S  HEA3 NCI + ERR RATTC + ERR RF.226 RP.228 -- ---------------------------------JCILG--KU------------------ 
01-498  F 1 8 9 7  06  1920  1 0 4  1 4 7 5  2  B6 0.0 29 3 . 1 2  . UO 9 0  



TABLE 1 (CONT.) E X P O S U ~ E  DATA FOE! R A D I U P I  PATIENTS TO E N D  OF 1 9 7 5  

( 1 )  ( 2 )  (3)  4 )  (5)  ( 5 )  ( 7 )  (81 ( 9 )  ( 1 0 )  ( 1 " )  ( 1 2 )  ( 1 3 )  ( 1 4) ( 7 6 )  
. . ' YEAR EXP YEAR RP.226 8.4228 RA228 INPiJT INPIIT CJ?l  

EXP F I R S T  D U R  OF FA226 METHOD TQ RA226 METEOD RA226 RA228 RADS RADS 
CASE SEX BORN DTED TYPE EXP WKS BEIS N C I  + ERR RATIO + ERR RP.226 RP.22 8  -----------------------------------------------------NCSLG--JILG-.---------------- 
0 1 - 5 4 8  t l  1 9 1 7  0 2  1 9 3 0  + O  1 9 7 2  5 B3 0 .00200  Z5B - 2 0  - 0 7  1 3  5 



TABLE 1  (CONT.) EX2OSURE EATA FOR RhDIUfl FATIEN'?S T3 ZND OF 19.75 

( 1 )  ( 2 )  ( 3 )  ( 4 )  . ( 5 )  ( 6 )  ( 7 )  ( 8  - . ( 9 )  ( 1 0 )  ( 1 1 )  ( 1 2 )  ( 1 3 )  ' ( 1 4 )  ( 1  5 )  ( 1 6 )  
YEAR EXP YE93 R A 2 2 6  RF.223 . RA228  INFUT INPUT CUW . CUM 

EXP F I R S T  DER 3 F  RA226 METHOD TO RA226 NZTHOD 8 A 2 2 6  RA228 RADS RADS ' 



TABLE 1 (CONT.) EKPOSURE DATE FOR RlDI'JM PATIENTS TO END OF 1975 
----------------------------------------------------------------------------------- 

. ( 2 )  (3) (4) (5)  (6 )  ( 7 )  ( 8 )  ( 9 )  (10)  (11)  ( 1  2) ( 1 3 )  ( 1 4) ( 1 5 )  ( 1 6 )  
YEAS EIP Y EkB RP.226 'RA225 RA228 IXFUT I N P 3 T  C 'J M CU H 

EXP FI3ST D U R  - OF RA226 METHOD TO RA226 METHOD RA226 RAZL 8 E P. DS REDS 
CASE SEX B O R N  DTED TYPE E:3P NKS NEAS NCI + ERR RATIO !?A226 RA228 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -+ -ERP. - - -NCZE-- - -NCILG-- - - - - - - - - - - - -  
01-684 F 1894 1974  0 1  ,1917 1  1 9 7 3  0  G6 0.0 Z 9  . O O  . 00 0  0  
01-688 M 1 8 6 8  1948  0 7  1920 + O  1 9 7 2  0 A6 0.C Z9A . O O  .. 00 0 0  
01-690 M 1 8 7 8  1CI4G 04 1918 + O  1970 21  A1 0.9 Z9P. . 6 0  . 0 0  2  4  0 
01-691 P 1 9 1 3  1974  04 1535 0  1971 0  86 0.0 Z9B . G O  . 00 0  C 
01-692 I! 1 8 8 5  1974  02 1925  +O 1970  30 G6 0 .00680 2 5 1 .24  2 .00 84  . 1 5 Q  



TBRL? I  ((CGNT.)  212OSilflE DATA FOR RADTf!M ?ATTENTS TC END OF 1 4 7 5  

( 1 )  ( 7 )  (3)  ( 7 )  (5)  ( 6 )  (7:  ( 8 )  (9 )  ( 1 0 )  (11 )  ! 12)  ( 1  3 )  (1  4)  ( 1  5) ( ' 6 )  
YZA3 E X ?  YEk-.R . hA226 RA228 RR229 INPUT I N 2 U Y  CUM CUH 

TXP F I R S T  D U B  C F  5 8 2 2 6  E E T H O D  TO ~ a 2 2 5  w z ~ ~ ~ ~  RA226 B A ~ L ~  R A D S  R A D S  
CASE SE'X SORN DIED TYFE E9_0 K K S  M34.5 NCI + E'ER R4TIO , - RA226 SA228 ------------------------------------------------------------~-ZEZ---!CZLG----ECILL-------------------- 
0 3 - 1 1 8  F 1 8 9 8  1 9 5 5  0 5  1 9 3 1  L 1  7933  3 0 3 0  B2 0 .2  Z 9 1 2 1 . 6 0  . 00 5155, 0  



TAELE 1  (CCNT.) EXPOSIJHE DATB FOR RF.DI!J!I PATIENTS TO EHD,OF 1 9 7 5  
----------------------------------------------------------------------------------------------------- 

( 1 )  ( 2 )  (3 )  (4 i  ( 5 )  ( 6 )  :7 )  ( 8 )  ( 9 )  ( 1 0 )  ( 1 1 )  ( 1 2 )  ( 1 3 )  ( 1 4) ( 1 5 )  (16 )  
Y E A R  C X P  YE?-5. IiP.226 RP.228 RP.228 INFUT INPUT CU il CU ?! 

R;YP 'FIEST B U R  OF RA226 METHOD TO RA226 METHOD RA226 BA228 RADS R A  D S 
CASE SEX B O R N  DIED TYPE EXP 9KS MEAS NCI + ER2 RATIO RF.226 RP.228 ---------------------------------------------------------LErrL--NCILL--KUL---------------- 
0.3-223 F 1 8 8 6  1.968 0 5  1 9 2 9  156  1 9 5 1  4200 a 2  0 . 0  Z9 . 00 9 1 8 1  3 16 0 . 7 2  

3 8 6 1  0  
4 0 0 1  0 
I 1  lrc 0 

1 1  9 
1 9 3 4 4  0  

Z9C 
Z 9 
Z 9C 
F2 
2 9 

i 

Z 9C 
Z 9 
Z 9 C  
z 9 c  
ZYC 



TAELE 1 (CONT.) EXPOSURE DP.TA FOR R A D I U M  FATIENTS TC E N D  OF 1 9 7 5  
---------------------------------------------------------------------------L------------ 

(1)  ( 2 )  (3)  '(.4) (5)  (6)  ( 7 )  18) ( 9 )  (10)  (11)  ( 1 2 )  ( 1  3) ( 1  (15)  ( 1 6 ) .  
YEAR EXP XEAR RP.226 kP.225 !?A228 INPUT INPUT CU ?1 CUM . 

EXP ?IRST D U R  OF RA226 METHOD TO 81226  METHOD RA226 R A  22 8  BAD S  RADS 
CESE SEX 3 0 R N  DIEC TYPE EXP W K 3  PEAS NCI + ERF RATIO + ERR ' RA226 RA228 ---------------------------------------------------------hclLc---Nc:uL------------------ 
03-419 F 1906  0 1  1924 238  1962  6 7 9  C2 0 .0  Z9 35 .34  - 0 0  2436  0  
03-420 F 1 9 3 6  12608 0 1  1922  212  1957  1 8  C2 0.0 Z 9  . 8 8  . O O  4  9  0  
03-421 F 1908  0 1  1924 1 1 7 1 9 7 4  5 83  0 .0  Z9C . 3 0  . 00 2  1  C 
03-422 F 1907  06  1 9 2 5  104 1 9 7 5  11  B2 0 .0  Z9C . 6 7  - 0 0  4  5  0  
03-423 F 1907  1 9 7 2  0 1  1 9 2 3  6 4 1  1 9 6 2  5 3 1  C2 0 . 0  Z 9  3 0 . 9 8  . 00 2064 0  



TABLE 1  (CONT.) EXPOSURE CATA FOR R A D I U M  F R T I E N T S  TO END OP 1 9 7 5  
----------------------------------------------------------------------------------------- 

( 1 )  ( 2 !  (3)  ( 4 )  ( 5 )  ( 6 )  ( 7 )  ( 6 )  ( 9 )  ( l o )  . ( I 1 1  ( 1 2 )  ( 1 3 )  . ( 14 )  ( 1  5) 
PEAR EXP YEAR EP.226 RA228 ~ ~ 2 2 8 '  INPUT INPUT CIJ M 

EXP FIRST D U H  OF RA226 METHOD TO RA226 METHOD R A 2 2 6  RA228 R A D 3  
CASE SEX BORN ------- ------- 
03 -454  F 1 9 1 4  

IlIED TYPE EXP BKS MEAS NCI + E R R  RATIO + ERR N,CILG N C I / G  .------------.------------------------------------------ 
0 6  193k. 5 7 2  1 9 5 8  4 8  C2 0.0 Z 9  1 . 7 2  . G O  



TABLE 1  (CONT.): Z>:P$SJFE CBTA FOR RADIrJM PATIENT3 T O  E N D  O F  1 9 7 5  
---------------_-----_----_--__--___-1-1--1~_-_----------------------------------------- 

( 1 )  ( 2 )  (3)  ( 4 )  ( 5 )  ( 6 )  ( 7 )  ( E l  ( 9 )  (10 )  ( 1 1 )  (12 )  ( 1 3 )  (14)  ( 1  5 )  ( 1 6 )  
YEAR EXP Y E A R  RA226 BA228 RA228 INPUT I N P U T  CU M CC! 3 

EXP F I R S T  D U B  OF RA226 METHOD TO RA226 YETHOD RA226 ~ ~ 1 2 8  RADS RADS 
CASE SEX B O R X  3IED TYPE EXP WKS MEAS NCI + ERR R A T I O  RA226 RA228 ------------------------------------------------------r-EEE--NcLLc,--!~LLG--------------------- 
0 3 - 4 8 9  F 1 9 1 1  1 9 6 4  0 1  1 9 2 6  7 3  1 9 5 8  1 2 0  C2 0.C Z 9 5 . 7 3  . 00 326  C 



TABLE 1  (CONT.) 3XPOSURE DATA FOR RADIrJM PATIENTS TO END OF 1 9 7 5  

.( 1 )  ( 2 )  ( 3 )  (4) ( 5 )  ( 6 )  ( 7 )  ( 8 )  ( 9 )  ( 1 0 )  ( 1 1 )  ( 1  2) ( 1  3) ( l a )  ( 1 s ) .  ( 1 6 )  
YEAR EXP YEAR 8F .256  RP.229 AP.228 INPUT If iPiJT CU lY CUM 

EXP F I R S T  DUR OF R A 2 2 6  CETHOD TO RA226  YETHOD RA226  ~ A Z L  6 ? . A l l 3  RADS 



TASLE 1  (CONT. EXPOSURE DATA FOR R A D I B M  FATIEN3 TO ENC OF 1 9 7 5  
----------------------------------------------------------------------------------------- 

( 1 )  ( 2 )  (3)  ( 4 )  (5 )  ( 6 )  ( 7 )  ( 3 )  (3) ( 1 0 )  (11 )  ( 1 2 )  (1  3 )  (1 4) (1 5 )  ( 1 6 )  
YEAR SXP Y3A3 RA226 RA223 R.4228 INPUT i i J  PUT CVM CGM 

EXP FIRST D U R  O? .RA226 METHOD TO RA226 METSOD RA226 FtAi28 R A  DS RADS 
CASE SEX B O R N  DIED TYPE EXP WKS NEBS N C I  + ERR RATIO R A  2  2  6 RA228 ,------------------------------------------------?-134--AC2L5~--.YG&LC--------------- 
0 3 - 5 5 9  F 1 9 0 7  1 9 7 5  0 1  1 9 2 2  21  1 9 5 9  17  C2 0 . 3  Z 9 . 88  . 00 5 3 C 



TABLE 1  (CONT.)  EXPOSURE DATA FOR R A D I U M  PATIENTS TO X N C  OF 1 9 7 5  
------------------------------------------------------------------------------------------- 

( 1 )  ( 2 )  (3) ( $ 1  ( 5 )  (6)  ( 7 )  ( 8 )  ( 9 )  ( 1 0 )  ( 1 1 )  ( 1 2 )  (1  3 )  ( I  4) (1  5 )  ( 1 6 )  
YEAR EXE YEAR RA226 RA228 RA228 INFIJT IiJPU T C U N  . CU?l 

EXP FIRST D U R  OF  FA226 METHOD TO E1P.226 METIIOD RP.226 RA22 8 R A !IS RACS 
CASE SEX B O R N  DIED TYPE EXP WKS MEAS NCI + ERR RATIO + ERR RA 226  3A228 ----------------------------------------------------------NC~LL---N~ILG-------------------- 
03-,596 F  1 9 0 4  0 1  1 9 2 2  8  1 9 7 5  12  B2 0.3 Z9C - 7 3  - 0 0  5 2  0  



T A B L E  1 (COIJT.) XXPOSURE DATP. PCR RF.3I rJM !??iTTS?rTS T 3  E N D  OF 1 9 7 5  
_-______-------__-_-------------------------------------------------_----------~--------------- 

( 1 )  ( 2 ~ 3 )  14) (5). (6 )  ( '1 ( 8 )  (9: ( 1 0 )  ( 1 1 )  (12 )  ( 1 3  ( 14) ( 1 5 )  ( 1 6 )  
YEAR EZP P9A3 RA226 RP.228 RA228 INPUT I N P U T  CU N CU N 

EXF FIXST D U R  IF RA226 METHOD TO RA226 METHOD RA226 A A  22 8 RADS RADS 
+ E3R RF.225 RP.228 CASE SEX BOaN DIED TYPE ExP _P4:AEAS--NCI---+ERR-Rlr.TIO-----------ECZLG---KZG----------------- 

C3-633 F 1 9 0 2  0 1  1 9 2 2  i 8 0  1960*  0 G6 0 . 0  Z9 . O O  . 00 0 0 



TABLE 1  (CURT.,) EXPOSURE CATA FOR R A D I U M  PkTTENTS TO E N D  OF 1 9 7 5  
-----------_----_----------------------------------------------------------------------------------- 

( I )  ( 2 )  (3) ( 4 )  ( 5 )  (6 )  ( 7 )  (e l  ( 9 )  ( 1 0 )  ( 1 1 )  (12 )  ( I  3)  ( 1 4) ( 1 5 )  
YEAR EIP YEAR 

( 1 6 )  
RP.226 RA22R FiP.228 INPUT INPUT CU 9 C!J M -. - 

EXP FIRST D7R OF RA226 VETHOD TO R l 2 2 6  XETROD RA226 ~ ~ 2 2 8  . R A D S '  RADS 



TABLE 1  (CONT.), EXPOSURE DATA FOR RADIfJH PATTENTS TO END OF 1 9 7 5  
-------------------------------------------------------------------------------------- 

( 1  ( 2 )  (3) (ill (51 (6)  ( 7 )  (a) ( 9 )  ( 1 0 )  (1.1) ( 1 2 )  (14 )  ( 1 5 )  ( 1 6 )  
3, I N P U T  Y E A R  E X P  Y S A ~  RA226 RA228 ~ ~ 2 2 6  I N P U T  cu M cn 9 

EXP FIRST DUE Of Rk226 METHOD TO RA22i METHOD 6A226 R A  22 8 R A  D S RADS 
CASE S E X  E O R N  D I E D  T Y P E  E X P  !JKS N E A S  N C I  + E R R  R E T I O  + ERR RA226 ' RA228 ---------------------------------------------------ICI/G---EILG----------------- 
0 3 - 8 1 8  F 1 9 0 2  0 1  1 9 2 7  6 2 1 3 7 5 *  . 4 B3 0 . 0  Z 9 C  . 2 4  . 00 1 6  0  



TABLE 1  (CONT.) 3XPOSURE DlTA FOR RADIrJM PATIENTS TO END OF 1 5 7 5  . 

-----------------------------.--------------------------------------------------------------- 
( 1 ) .  ( 2 )  ( 3 )  ( 3 )  (5 )  ( 6 )  ( 7 )  (81 (9 )  ( 1 0 )  ( 1 1 )  ( 7 2 )  i 1  4) ( 1 5 )  ( 1 6 )  3, I s p g r  YEP.H E X P  YE.AR ~ 8 2 2 6  ~ ( ~ 2 2 8  ~ ~ 2 2 8  I N P U T  cu n cu M 

EXP FIRST D U R  OF RA226 METHOD TO RA226 METHOD RA226 RA228 RADS RA9S 
CASE SEX BOP!{ DIED TYPE EXP Y K S  YEAS NCI + ERR R?!TIO RA226 RA228 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -___-- - - - - - - - - - -2-ERSss-- - - :CLL~-- - - - - - - - - - - - - -s-  
05-043  M 1 8 e 8  1 9 6 0  0 6  1 9 1 9  2 0 8  1 9 6 5  0  F6 0 . 0 0 4 3 0  Z7 P . O O  . 0 0  0  C 
05-044 M 1 8 9 5  1 9 7 5  06  1 9 1 5  468  1 9 7 1  2  B6 0.0 ZqE . 0 9  . 00 7  0  
0 5 - 0 4 5  F 1 8 5 9  1 9 6 0  0 1  1 9 1 7  60  1 5 6 5  5 F4 0 .0  Z9F . 2 8  . O G  1 7  0  
05 -049  F  19C5 0 1  1 9 2 3  1 3  1 4 6 5  6 C3 0.C 2 9C . 3 3  . O G  2  4  0  
0 5 - 0 8 8  F 1 8 8 6  0 1  1 9 1 7  4 1 5 5 9  4 G6 0.0 Z 9  . 2 2  . 00 1 7  0  



TABLE 1  (C0:NT.j 2):POSUBE DATA FOR RA9I!JM TLTIF,WTS TO E N D  OF 1 9 7 3  

(1  ) ( 2 )  (3)  (4) ( 5 )  ( 6 )  (7) (8 )  9 )  ( 1 0 )  ( 1 1 )  ( 1  2)  ( 1 3 )  . (14 )  ( 1 5 )  ( 1 6 )  
YEbR EXP YEAE R.4226 RA228 8 A 2 2 8  INPUT Ii'i2UT CUM CU N 

EXP PIRST D J R  OF R8226 MET.HOD TO a i l 226  YETH3tl RA226 HA228 R A  D C: RADS 

4 CI. 0 . 0  
2 E6 0 . 0 0 3 6 0  
6 G b  0 . 0  

2.0 - G 6  0 .0  
4 CL 0 . 0 0 0 3 0  



TABLE 1 (CONT.) EXPOSIIRE DRTA FOR F:ADIUM PATIENTS TO END OF 1975  
------------------------------------------------------------------------------------------------ 

( 1 )  ( I  (35 (4 )  (5 )  (6)  ( 7 )  (8 )  (3) (10)  (11)  ( 1 2 )  ( 1 3 )  (14)  ( 1  5)  
YEAR EXP YEAR 

( 1 6 )  
RA226 RA228 RA229 INPUT INPUT CU M CU tl 

EXP FIRST D U B  OF ?.A226 METHOD TO 96226 3STHOD RA226 ,98228 F.ADS XA D S 
CASE SEX BORN 3IED TYPE EXP W K S  NEBS NCI + ERR RATIO RP.228 ----------------------------------------------,----2-HPB---NcZLG----KUL--~---1!P-226--------- 
35-215 F 1SE;6 1 9 6 8  0 1  1917 5 2  1969  . 1410 A1 0.00198 B 3 8 6 . 2 9  8 9 . 5 6  5986  6734 
115-237 M 1846  1 9 6 9  06 1920 364 1 9 6 i  4 CL 0.0 Z 9C . 1 5  .CU . 10 r) 

35-246 F 1964 1 9 6 9  06 1911 728  1 9 6 2  4 CL 0 .0  Z9C . 2 3  - 0 0  16 0 
05-251 F 1896 . 0 1  1917 3 4 , 1 9 6 5  1 3  G4 0.0 Z 9 . . 77  .00  5 9 ?, 
35-252 F 1890 0 1  1917 52 1964  4 CL 0 .0  Z 9C . 2 3  . 3 0  18 0 



TABLE 1 (CONT.) EXPOSUEE DATA FOR RA3I'JM PATIENTS TO END OF 1 9 7 5  
-------------------------------------------------------------------------------------------- 

( 1 )  ( 2 )  (3) ( 4 )  (5 )  ( 6 )  ( 7 )  (E.1 ( $ 1  (10 )  ( 1 1 )  ( 1  2)  ( 1 3 )  (1  4 )  (1 5 )  ( 1 6 )  
YEAR EXP YBhF RP.226 RP.228 RA223 I N P U ' T  I N P U T  CU r! CON 

SXP FIRST D U R  O F  RA226 METHOD TO 9P.226 METH3C RA226 RA22 8 RP.DS RADS 
CASE SEX EORN DIED TYPE EXP WKS MEAS N C I  + ERR RATIO R A  226  RA228 -----------------------------------------------------+-E93--JCI/G--NCILG------------/G/G-/G/G 
05-304  F 1 8 9 7  0 1  3921  26 I S 6 2  4 CL 0 . 0 1 1 0 0  Z7C . 2 2  . 3 4  16  2 6 



TABLE 1  (CONT.) EXPOSURE DATA FOR i ? A r ? I U M  FATIENTS TO END O F  1 9 7 5  
_-----_------_--_------------------------------------------------------------------------------- 

( 1 )  ( 2 )  (3)  ( 4 )  ( 5 )  ( 6 )  ( 7 )  ( 8 )  ( 9 )  ( 1 0 )  ( 1 1 )  ( 1 2 )  ( 1  3) (1 4) (1  5) ( 1 5 )  
Y E A R  E X P  YEAR EL226 RA228 RA228 INPUT INPUT CUM CUY 

EXP FIRST D U R  OF 9A226 METHOD TO 8 8 2 2 6  MZTHOD RA226 i?ALL b R A D S '  R P - D S '  
CLSE S E X  BORY DIED TYPE EXP R K S  MEAS - NCI + E R R  RATIO 8 8 2 2 6  Rk228 ---------------------------------------------------?-XQE---NCUL--~CILG---------------- 
0 5 - 4 3 7  F 1 8 8 8  0 7  1 9 2 3  26 1 9 7 1  3 8 3  0 .0  Z9B . 1 8  . 0 0  1 3  0 
05-4.38 F 1 9 0 7  0 1  1 9 2 6  1 9 5 1  4 CL 0.0 Z9C . 2 0  - 0 0  14  0 
95-439 F 1 8 9 8  1 9 7 0  0 1  1916  104  1 9 6 7  200 G6 0.0 Z 9 1 2 . 1 9  . G O  87', 0  
35 -440  F 1 8 9 6  1 9 7 5  0 1  1 9 2 2  1  1 9 7 1  G B6 0.0 Z 9 B  . 00 . 0 0  I> 0 
3 5 - 4 4 2  F 1 8 8 8  0 7  1 9 1 7  6 1 9 6 2  8  G6 0 .0  '79 . 4 h  . ii0 3  5 r; 

05-443  F 1 9 2 2  0 7  1941  5 2 1 9 7 2  3  B6 0 .0  Z9R . 1 4  . . r j O  8 Cl 
05-444  I S 0 9  1 9 6 3  0 6  1 9 1 7  4 3  1 9 6 1  4 CL 0 . 0  Z 9C . 1 6  . 0 0  1 1  0 
35 -446  M 1 8 8 8  1 9 7 1  4 5  1 9 2 5  +O 1964'  4  CL 0 .0  Z9C . 1 5  . 0 0  10  3 
0 5 - 4 4 7  F 1902  0 1  1 9 1 6  9  1 9 7 0  2  B6 G.0 7.99 . 1 3  . O i i  1 0  0  
0 5 - 4 4 8  F 1903'  0 1  1 9 1 6  1  1 9 6 1  4  CL 0 . 9  Z9C . 2 3  .30 c . 1 8  0  



TABLE 1 (.CONT.) EXPOSUSE' DATA FOR RADILYM PBTIENTS 10 END OF 1 9 7 5  
.......................................................................................... 

( 1  ( 2 )  (3)  ( 4 )  ( 5 )  ( 6 )  ( 7 )  (8 )  ( 9 )  ( 1 0 )  ( 1 1 )  ( 1 2 )  ( 1  3 )  ( I  4) ( 1  5 )  ( 1 6 )  
Y E A R  E X P  Y Z A ~  ~ ~ 2 2 6  RA228 ~ ~ 2 2 8  I N P U T  I N P U T  cua c r ~  Y 

EXP FIRST D U R  O ?  RA2Z6 METHOD TO 8A226  METHOD RA226 a822  8 R3DS R P  DS 
CASE SBS B D ~ N  D I E 3  TYPE EXP WKS MEAS NCI + ERR RATIO RA226 RP.228 ---------------------------------------------------------2-EBB--JCILG---NcUG----------------- 
05 -882  P 1 9 1 7  1 9 6 5  0 1  1 9 3 5  4 6 8  1564  1 3  G6 0 . 0  Z 9 . 5 4  . 00 2 4 0 



TABLE 1  (CONT.)  EXPOSURE D A T A  FOE R A D I U M  PATIENTS TO E N D  OF 1975 
-------------------------------------------------------------------------------------------- 

~(1 )  ( 2 )  (3) (4)  (5) (6)  ( 7 )  (81 (9 )  (10)  (11)  ( 1 2 )  ( I  3 )  (1 4 )  ( I  5 )  ( 1 6 )  
Y E A R  EXP Y E 4 R  RA226 !?:.229 RA228 TNP'JT INPUT. CUM CU!? ~. 

EXP FIRST D U R  OF aA226 M E T H O D  TO ~ ~ 2 2 6  M E T H O D  ~ ~ 2 2 6 -  EtA;LL 8 B k D S  RCDS 
RA226 R A  2  2 8  - ~ A S B - - _ S E I - B Q k L - P Z E ~ 2 Y P E E A E - - ~ _ K S S S ~ E ~ S + ~ B - - ~ h T I Q - - - - + - E R R - - - N C I L G - - - K ~ G - - - - - - - - -  

09-015 H 1 8 9 0  1 3 7 2  04 1914 5 2  1960  0  G6 0:3 Z 9  - 0 0  . 00 0  0 
03-019  F 1'903 . 01 1917 1 8  1 9 7 5  0  E6 0.12 Z9E . O O  . O i i  C C 



TABLE 1 (CONT..) EXPGSilRF DATA FGF; !ikDIrJY FILTTENTS TO END OF 1 5 7 5  
------------------------------------------------------------------------------------------------------ 

( 1 )  ( 2 )  ( 3 )  (4 )  (5 )  (6 )  i 7 )  t.8) ( 9 )  ( 1 0 )  (11 )  ( I ? )  ( I  3 )  ( I  4) ( 1 5 )  ( 1  6 )  
YEAR EXP YEAS RA226 RA229 QA228 INPUT I N P U T  . CU f l  CUM 

EXP FIRST EmUR OF R3226 PiETHOD TO RA226 3ETHOD RA226 hA22 8 RADS R-A DS 
C A S E  SEX B O E N  DIED TYPZ EXP F K S  - I4283 N C I  + E R E  R A T I O  + ERR RA226 RA228 . .. ----------------------------------------------------NG,2/G---NCIL(;--------------  
0 9 - 0 7 8  M 1 8 8 3  1 9 6 6  3 6  1 9 1 1  8 3 2  1363  3 B6 0 .0  Z 9 B . I 2  . 00 8 0 



TAB.LE 1  (CONT.) EX?OSUEIE DAZP. FOR R A D I I J M  PkTIENTS T O  END O F  1 9 7 5  

( 1 )  ( 2 )  (3) . ( 4 )  ( 5 )  (6.3 ( 7 )  ( 2 )  ( 9 )  (10 ) .  ( 1  l !  ( 1 % )  ( 1 3 )  ( 14)  ( 1 5 )  , ( 1  6 )  
Y23R EXP YEA? RA226 RP.229 RP.228 INPUT INPUT CU !I CU M 

EX? FIRST D U R  OF RA22h YETHOD TO 2A225 METH3D RA226 RA 22 8 RkDS RADS 
CASE SEX aORN DIED TYPE EXP PKS NEBS NCI - + .  ERR RATIO r !?A226 !?A22 8  -----------------------------------------------------------~-~B--2~ZL~---~~U~----------------- 
10-010  F 1 8 9 5  1 9 7 5  0 5  1930  + O  1 9 7 1  S600 B1 0.C Z9C 472. -25  -06 3 0 3 8 2  3 
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TABLE 1 JC3NT.) EXPOSURE DP.TP. FOR R B D I U N  PATIENTS TO E N D  OF 1975  
--------_-------------------------------_-_----------------------------------------------- 

( 1.) ( 2 )  (3) (4 )  (5)  (6)  ( 7 )  (8 )  (3) (10)  . (11)  ( 1  2) - (13)  ( 1 4 )  (15)  ' (16)  
, Y E A B  EXP Y E A R  RA226 Rk228 RA229 INPUT INPUT CU N CU Y 

EXP FIRST D U B  OF RA226 METHOD TO RA226 METHOD RA226 RA228 RADS RADS 
CASE SEX B O R N  DIED TYPE EX? UKS NEAS N C I  + ERR R A T I O  + ERR RA226 RP.228 -----------------------------------------!cILL--NcuG----------------- 
10-0.96 F 1930 01  1951 832 1972 0 B6 0.C Z9C . O O  . O O  . 0 0 



TABLE 1  (CONT.) EXPOSURE DATP. FOR B k D T r l M  PATIENTS TO END OF 1 9 7 5  
..................................................................................... 

( I )  ( 2 )  (3) ( 3 )  (5 )  (6) ( 7 )  ( 8 )  ( 9 )  ( 1 0 )  ( 1 1 )  (12 )  ( 1 4) ( 1 5 )  ( 1 6 )  
YEAR EXP YEAR RP.226 RA228 RP.229 INFUT INPUT CU M Cr! :I 

EXP FIRST D U R  OF RA226 METHOD T O  EA226 XETHOD RA226' ' He228 RA.DS RADS 
CASE SEX BOZN DIED TYPE EXP WKS H E B S  N C I  + ERR RATIO RA226 .  RA228 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ~ - 8 B E - - - 2 c Z L G - - N G I : L G - - - - - - - - - - - - - - - - - -  
. l o -134  F 1 9 1 3  0 1  1 9 3 2 1 8 7 2 1 9 7 2  1  B6 0 . 0  Z9C . 0 3  . 00 1  0  



TABLE 1 (CONT.) EXPOSURE DATA FOR RADIJM PATIENTS TO E N D  OF 1 9 7 5  
------------------------------------------------------------------------------------------- 

(1) (2) (3)  ( L )  ( 5 ) .  (O (71 (81  ( 9 )  ( 1 0 )  ( 1 1 )  ( 1  2) ( 1  31 ( 14) .. ( 1 5 )  ( ' ' 6 )  
YEAS E X P  Y E A R  ~ ~ 2 2 6  ~ 1 2 2 8  ~ ~ 2 2 6  INPUT I N P U T  cu M CUE! 

EXP FIRST D O R  OF ' RA226 METHOD TO RA22h METHOD RA226 R A  22 8 RADS . ?ADS 



TABLE ' {CONT..)' EXPOSURE DATA FOR R A D I U X  FATIENTS TC .END OF 1 9 7 5  
----------------------------------------- --------------------------------------- 

( 1 )  (2)  (3 )  ( 7 )  . (5 )  ( € 1  ( 7 )  l a )  ( 9 )  (10 )  (11 )  ( 1  2 )  (1  3 )  (1 4) ( 1  5 )  (16 )  
YEAR EXP Y E A R  RA226 RA228 RA228 'INPUT I P PU T CU ?I CU ?I 

EXP FIRST D U R  CF RA226 METHOD TO RA226 METHOD RA226 RA22 8 RADS RADS 
+ ERR RA226 RP.228 . CF.53 SEX B g R N  DLEC TYPE-EXP---WXS_-!_EAS---NcI--LERR--RATIC)--,--------_r!CILG-~LLG------------------- 

10-254  P 1 9 0 5  0 7  1 9 5 3  8 3 2  1 9 7 2  0 ,B6 0 . 0  Z9C . 0 1  . 0 0  0 0 
10-256 F 191 7 .01 1 9 4 0  7 8  1i972, 1 B6 0 .0  Z 99 . 0 5  . G O  3 .  0 
10-257 F 1 9 3 2  0 7  11951 1 0 4  1 9 7 2  0 B6 0 .0  Z 9-C . O  1 . G O  0 0 
10 -258  F 1 9 2 3  0 1  1 9 4 3  26 1 9 7 2  3 B6 0 .0  Z9C . 1.3 . 00 7 0 
1 0 - 2 6 1  F 7922  0 1  1 9 4 0  1 0 4  1 9 7 2  3 B6 0 .0  Z9C . 1 3  . O O  ' 7 0 



TABLE 1 (CONT.) EXPOSURE DATA FOR R A D I O  ?I PATIENTS TO END OF 1 9 7 5  
-------------------------------------------------------------------------------------- 

(1). ( 2 )  ( 3 ) .  (4)  (5) (6) ( 7 )  ( 8 )  (9 )  (1C) (11)  ( 1 2 )  . . ( I 3 1  (1  4) (15)  ( 1 6 )  
YEAR EXP YEAH RA226 RA229 RA228 INPUT INPUT CUP? CUM 

EXP FIRST D U R  OF RB226 FETHOD TO Qk226 METHOD RA226 RA22 8 RADS REDS 
CA.SE SEX BORN DIED TYPE EXP .IJKS MEAS NCI + ERR RATIO + ERR RA225 RA228 -------------------------------------------------------NcIfi----NCZLL---------------- 
10-302 F 1917  07 1933  312 1 9 7 3  0  B6 0 .0  Z 9C - 0 0  - 0 0  0 0 
10-304 F 1926 0  1  1950 364 1973  2  56 0 .0  Z9C . 0 9  '. 00 4  0 
-C-306 F 1907  0 1  1323  4  1 9 7 3  . 4 B3 0 .0  Z 9C . 2 4  . 00 17 C 
7C-307 F 1 8 9 3  1948  05  1930 + O  1974 8 5  A2 0.0 Z9A 3 . 0 4  . 00  1 0 9  0 
16-309 F 1925  0 1  1943  28 1973  2  86  0.C Z 9C .Ob - 0 0  4  0  



TABLE 1 (CONT.) EXPOSUXE:DBTA FOR R A D I I J M  PATIENT3 TO E N D  OF 1 9 7 5  
------------------------------________-__-_-------__--------------------------------------- 

(1  ( 5 )  ( 3 )  ( 4 )  ( 5 )  ( 6 )  ( 7 )  i 8 )  ( 9 )  ( 1 0 )  ( 1 1 )  ( 1 2 )  ( 1 3 )  ( 1 4 )  ( 1 5 )  ( 1 6 ) .  
Y E A R  E X P  Y E A R  RA226 RA228 ~ ~ 2 2 8  I N P U T  I N P U T  . c u  a cu N 

EXP FIRST D U R  ' CF . RA226 METHOD TO RP.226 METHOD RA226 RA228 RADS RADS 

. G O  . 00 

. o o  . 00 . oil 

.. 0 0 . 00 . 00 . 00 . O i l  



TABLE 1- (CONT.) -EZPOSURE DATA FOR R A D I U M  PATIENTS TO END CF 1 9 7 5  
---------------------------------------------------------------------------------------- 

(.I 1 ( 2 )  (3)  ( 4 )  (5 )  (6) ( 7 )  (8)  ( 9 )  (10 )  (111 ( 1  2)  ( 1 3 )  (14)  i 1 5 )  ( 1 6 )  
YEAS E X P  YEA3 RA226 RA228 RA228 INPUT INPUT CIJ IY CU il 

EXP FIZST CUR OF RA226 METHOD TO 3A226 METHOD RA226 R A  22 8 RADS RADS 
C l 3 E  SEX BORN DIED TYPE FXP ' J K S  REB3 N C I  + ERR RATIO RP.226 RA22S -----------------------------------------------------'-BW--NCILL--NcUL----------------- 
10 -442  F  1 9 3 2  0 1  1 9 5 1  8  1 9 7 3  0  B6 0 .0  Z9C - 0 0  - 0 0  0 0 
10-444 F 1 9 2 7  0 1  1 9 4 9  4  1 9 7 3  1  B6 0 .0  Z 9C . 0 2  . O O  1 9 
10-445  F 192U 0 1  1 9 4 3  2  1 9 7 3  2  B6 0 . 3  Z9C . 1 0  . 00 5 C 
10-446  F 1920  0 1  1 9 3 9  3 1 9 7 3  1  B6 0.0 Z 9C . 0 4  . 0 6  2  3 
10-447 F 1 9 2 9  0 1  1 9 4 7  5  1 9 7 3  6  B3 0.0 Z 9C .26  . 0 0  1 2  0 



TABLE 1 (CONT.) EXPOSURE DATA FOR R A D I U M  PRTIZNTS TO E N D  OF 1 9 7 5  
--------------------------------------------------------------------------------------------- 

( 1 )  ( 2 )  (3)  (u) (5 )  (6)  (7) ( 8 )  ( 9 )  ( 1 0 )  ( 1 1 )  ( 1 2 )  . ( 1 3 )  ( 14) ( 1  5 )  ( 1 6 )  
YEAR E X P  l*EAR RF.226 BP.228 RA228 INPUT INPUT CU ri CD PI 

EXP FIRST D U R  OF RA226 HETHCD TO RA226 . METHOD 9A226 RA228 RADS . RADS 
+. ERR RATIO + E R R  ?~CI /G-- -~~~- - - - - - - - - - - - - - - - -  Rfi226 RA228 CASB-SHZ-BBN--QIED-TYPLExE--UAEAS---NCI--------- - - - - - - - - - -  

10-490 P 1 9 2 2  0 1  1 9 4 3  20  1974  8 B2 0 .0  Z9C . 3 6  . O O  1 9  0 

10 -501  P 7928  0 1  1946  1 5  1 9 7 3  2 8 6  0 .0  Z9C . 0 8  . 00 4 0 
. l o -502  F 1 9 2 8  0 1  1 9 4 6  1 3  1 9 7 3  2 B6 0 .0  Z9C . 0 8  . G O  ?I 9 
1 0 - 5 0 5  F 1 9 3 3  0 1  1 9 5 1  3 1 9 7 3  2 B6 0 .0  Z9C - 0 8  . 0 0  4 0 
10-506 F 1 9 2 0  0 7  19G6 4 1 9 7 3  0 B6 0 .0  Z9C .O? . 00 1 3 
10 -510  F 1 9 2 4  . 0 7  1 9 4 2  . .26 1 3 7 3  1 B6 0 .0  Z 9C . 0 6  . 0 0 .  3 0 



TABLE 1 (CONT.) EXPOSURE DATA FOR R A D I r J N  PATTENTS TO E N D  OF 1 9 7 5  
......................................................................................... 

( 1 )  . ( 2 )  (3) ' (4 )  (5)  (6)  ( 7 )  ( 8 ) '  (9 )  ( l o )  (11)  (12)  ( I  3) ( 1 4) (15)  . (16)  
Y E A R  EXP YEAR RP.226 RA228 FA228 INPUT INPUT CU ?I CrJ fl 

EXP FIEST D U R  OF RA226 METHOD TO RA225 METHOD RA226 38 22 8 RADS RADS 
CASE SEX BORN' DIED TYPE EXP WKS MEAS NCI + ERR RP-TI0 + ERR 2A226 . RA228 --------------------------------------------------------NCr/G--XZLG------------------- 
10-566 M 1 9 J 4  02 1930 1 3  1973  3 86 0 .00480 Z5B . 1 2  . l l  R 8 
10-569  F 1 9 2 5  0 1  1946 1 19754: 0 B6 0 .0  Z9C . O O  . 00 0 0 
1,O-570 M 1907 06 1934 780  1 9 7 3  0 86 0.0 Z9C . 0 1 .  . 00 1 0 
10-573 F 1922 0 1  1944 14 1 9 7 3  3 B 3  0 .0  ZSC . 1 2  . 0 0  6' 0 
10-574 ?I 1908  71 1930 2236 1973  7 B2 0.0 Z9C . 1 4  . O O  6. 0 

10-618 F 1323  0 1  1942 130 19754: 0 B6 , 0.0  . Z 9C . 0 1  . 00 1 0 
10-621, 3 1 9 0 5  06 1925  1716  1 9 7 3  1 B6 0 .0  Z9B . 0 3  . 00 1 C 
10-623 ' E l  1917  06 1938 1144  1 9 7 3  1 B6 0 . 0  Z9B - 0 3  . 0 0  1 0 
10-627 R 1911 07 1928  208 1974 4 G6 ' 0--00420 Z 5 . 16  . : 14 10 1 1  
10-630 F 1915 0 1  1937 1 3  1 9 7 3  , 0 86 0.G Z9C 0 i  - 0 0  1 0 



TABLE 1 (CONT.) EXPOSUi3 DATA FOR RADIT!ZI PATIENTS T I  E N D  OF 1 9 7 5  
-------------------------.----------------------------------------------------------- 

( 1 )  ( 2 )  (3 )  [4 )  (5)  ( 5 )  (7) 48: ( 9 )  ( 1 6 )  (11 )  ( 1 2 )  (1  3 )  ( I  4) ( 1 5 )  (16 )  
Y E A R  EXP '7E.lR RA226 RA228 RA228 INPUT INPOT CU PI cu 9 

EXP FIRST D U R  3P RA226 METHOD TO RA226 METHOD RA226 RA228 R A  D S R A  DS 
CASE SEX BORN 'LIED TYPE E:iP W K S  AEBS NCI + ERR RATIO RA226 RA228 - - - - - - - - - - - - - - - - - - - - , - - - - - - - - - - - - - - - + - E R R - - N C I L G - - - K U G - - - - - - - - - - - - -  
10-631  F 1 9 2 9  0 1  1946 2E 1974  0 B6 C.0 . Z9C - 0 0  . 00 0 0 



TABLE 1 (CONT.)  EXPOSURE DATA FOR RADIUM P R T I E N T S  TO END OF 1375 
-------------------------------------------------------------------------.-------- 

1 )  . . ( 2  (3) (4 )  (5) (6) (7) (.a) (9) (10) ('11) (12) (13) (14) (1 5) (1 6)  
YEAR E X P  YEAR ' RA226 EF.228 RA228 I N P U T  I N P U T  CU Fl CU !? 

EXP F I X S T  CUR OF 9,4226 METHOD TO RA226 .METHOD RA226 RA228 '  R A  D S RADS 
C A S E  S E X  BORN. D I E D  T Y P E  EXP WKS HEAS N C I  + ERR P A T I O  + ERR RF.226 PA228 ---------------------------------------------------NCI/G---NCZ;LG---------------- 
1.3-738 N 1923 07 1965 6 1974 3 B 3  0.0 Z9C .95 . 00 1 0 



TABLE 1  (CONT.) EXPOSURE DATA FOR R A D I U R  PLTIENTS TO END OF 1 9 7 5  
-------------------------------------------------------------------------------------- 

(1 )  ( I  (3)  (4 )  (5 )  ( 6 )  ( 7 )  :8) (9 )  ( 1 0 )  (1 1) ( 1  2) ( 1  3 )  (14)  ( 1 5 )  ( 1 6 )  
YEAR EXP tEAR RA226 RA2283 RA228 INPUT INPUT CU M CUM 

EXP FIRST D U R  CF RA2.26 METHOD TO R.4226 METHO3 ~ ~ 2 ' 2 6  R A  22 8  RADS FADS 
C A S E  SEX 30RW DIED TYPE EXP W K S  PEAS NSI + ERR RATIO RA226 RP.228 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  ~+ERR--NCILG--NCLLC; 
10.-916 F 1 9 1 5  0 1  1 9 4 6  2  1974  0 8 6  0 . 0  Z9C . O O  . 00 0 . . 

0 
10-919 P 192'4 .01 1 9 4 3  E 1'974 2  B6 0.0 Z 9C . 0 7  - 0 0  4  0 
10,-9.31 191 1  0 1  1 9 4 6  1 0 4 0  197Q . 5 B2 0 . 0  Z9C . 1 3  . 0 0  5 0  
10 -932  R 1 9 0 3  76  1 9 1 9  2 0 8  1 9 7 4  1 4  B2 0.0 Z9B . 6 3  . 00 4  5  0  
1 0 - 9 3 3  1 9 2 4  0 1  1 9 4 3  3  1 9 7 %  2 B6 0 .0  Z 9C . 0 9  . 'OO 5 0  



TABLE 1  (CCNT.) E X P O S U R E  DATA FOR R A D I U ~  FATIENTS TO ENC OF 1 9 7 5  
........................................................................................... 

( 1 )  1 2 )  (3) (4)  (5) ( 6 )  ( 7 )  ( 8 )  ( 9 )  ( 1 0 )  (11 )  (12 )  ( 1 3 )  ( I  4) (1 5 )  ( 1  6 )  
YEAR EXP YEAR RA226 !?A228 RA228 INPUT INPUT CU?l CUM 

EXP FIRST D U R  OF RE226 METHOD TO R A 2 2 6  METHOD RA226 h A 2 i  8  RRDS RP.DS 
CASE SEX BORN DIED TYPE EXP WKS MEAS NCI + ERR.  RATIO RA226 RA228 ---------------------------------------------+-BAS---NCZG---NCILG------------------- 
13-988  M 1 9 5 2  1 9 7 4  0 7  1 9 7 3  2 2  1 9 7 4  0  B6 0 .0  Z 9C - 0 0  . 0 0  0  0  
13 -989  P 1 9 2 7  0 7  1 9 4 5  5 2  1975*  1  B6 0 . 0  Z9C . 0 2  - 0 0  1  3 
10 -990  F 1 9 2 0  0 7  1 9 4 3  20 1 9 7 4  0  B6 0 .0  Z9C - 0 0  - 0 0  0 0  
10 -991  M 1 9 0 1  0 7  1 9 4 1  1 7 1 6  1 9 7 4  1  .B6 0 . 0  Z SC - 0 2  . 00 1  @ 
1 6 - 9 9 2  F 1 9 1 9  0 1  1942  3 9  1974  C BE 0 .0  Z 9C . Q O  . 0 0  0  0 



TABLE 1  (CONT.)  EXPOSURE DATA FCR RADIUM P A T I E N T S  T O  END O F  1975  
----_-_____________________________I_____________________________-----_----___-- 

( 1 )  ( )  (31 ( 4 )  (5)  (6 )  , (7)  (:9) (9 )  (10)  . (11)  ( 1  2) ( 1 3 )  . ( ? Q )  (15)  (16) 
Y E A R  EX2 YEAR RA226 RA22E, ' R A 2 2 8  I N P U T  INPUT CUM CTJ M - - 

EXP SIRST D U R  O F  RA226 METHOD TO RA225 METHOD RA226 R A 2 L  8 RADS R ADS 



TABLE 1  ( C O N T . )  Z X ? O S ' J R E  D A T A  FOk R A D I U M  F R T I E N T 5  T13 E N D  OF 1975 

(1)  ( 2 )  (31 ( $ 1  (5) (6 )  ( 7 )  (8)  ( 9 )  (10)  (11)  (12)  ( 1 3 )  . (14)  ' . ( 1 5 )  (16)  
YEA2 ZXP Y E A R  R A i 2 6  R P . 2 2 8  ?.A229 Ibi?r:T Ib Pi, :; CU 9 .:I! [.': 

FXP F I R S T  D U R  OF a h 2 2 6  METHOD TO 9 A 2 2 6  3 E T H O D  R b . 2 2 6  EA22 6 EP.DC Rl? DS 
Z X S E  SEX B O R N -  DIED TYPE EXP WKS M E A S  KC1 + E R R  EAT10 N C I / G  R B 2 2 6  R P . 2 Z p  -------------------,------------------------------+-ZE2---NCLL5----~------------------- 
1.2-175 F 1977 0 1  . 1946 39 1975* 1  B6 O.'? Z 9C - 2 2  . OG 1 !? 



TABLE 1 (CONT.) EXJOSLIRE D A T A ,  TOR 9 A C I r J Y  PATIENTS TO X N D  OF 1 9 7 5  
------------_-----------------------------___-_I_-------_--_------I-------------------- 

(,I ( 2 )  (3)  ( 4 )  (5 )  (6) (7) ( 8 )  (9; ( l o )  ( 1 1 )  ( 1  2)  (1  3 )  (1 4) (1  5) ( 1  6 )  
Y E A R  EX2 %EAR RA226 RA22fl BA22E INPUT I N P U T  CUM CUM 

E X P  FIRST D U R  ..IF ~ ~ 2 2 6  M E T H O D  TO ~ 8 2 2 6  H E T H C D  ~ ~ 2 2 6  at122 8 R A D S  R A D S  
.CASE SEX BORN DIED TYPE EXP WKS YEAS C + ERR RATIO + ERR RA225 R8228 --------------------------------------------------------NczLG--6-tsc-rLL---------_------- 
' 12 -460  fl 1 9 2 3  1 7  1 9 4 5  1C92 1975*  Cl B6 0 . 0  Z9E . O O  . 00 C 0 



APPENDIX B. Radium -Induced Maliqnancies 

Measured Persons 

Tables 1 and 2 summarize measured radium cases considered to have 

radium-induced bone sarcomas and paranasal sinus or mastoid carcinomas, 

respectively. The cases are listed in order of skeletal dose, from both 2 2 6 ~ a  

and 2 2 8 ~ a ,  accumulated. to the date of diagnosis of the tumor or to the date of 

death i f  there was no diagnosis before death. Detailed exposure and dosimetric 

data for these cases can be found in Table 1 of Appendix A of this report. 

There are 55 bone sarcoma cases and 27 sinus or mastoid carcinoma 

cases among the 1832 persons whose body burdens of radium have been mea- 

sured. Five persons had both types of tumor (cases 01-179, 03-110, 03-402, 

03-429, and 03-648) so that there are 77 measured persons considered to have 

radium-induced malignancies. There is one more case (01-051) in Table 1 

than appeared in the corresponding table in the 1975 annual report. ' At the' 

time of a ,mid-thigh amputation of the left leg of this case  in 1972, micro- 

scopic examination of tumor tissue from the left distal tibia was interpreted to . .. 

show a plasma cell tumor. (myeloma), but a recent histologic review of the-slides 

of this tumor tissue a t  the Center for Human Radiobiology resulted in a diagnosis 

of osteogenic. sarcoma. No new cases of paranasal sinus or mastoid carcirioma . . 
in a measured person came to our attention in the year 19 75. 

Unmeasured Cases 

Tables 3 and 4 l is t  exposed persons with unknown or uncertain radium 

body content who had probable or confirmed bone sarcomas and probable or 

confirmed paranasal sinus or mastoid carcinomas, respectively. There are 

27 probable or coniirmed bone sdrcoina cclscs and 5 prohahle or confirmed 

sinus ur. mastoid csrainoma cases  among the approximately 1300 radium cases  

with unmeasured body burdens for whom medical data are available. We have 

evidence that 11 of these "unmeasured" persons had early radioactivity mea- 

surements which were interpreted to show a positive indication of radium in 

the body; wurk is in progroEE to estimate lower limits of radium content for 

these cases. 



TABLE 1. Bone Sarcomas in Persons with Known .Radium Body 
Content a s  of 3 1  December 1975.  

-_-_-_--_------------------------------------------- 
C A S E  SEX BORN D I E D  EXPOSED CUM.RADS D I A G N O S E D  _-_---___--------_------------------------------- 

00-003  F 1 8 9 4  1927 1917  4 4 4 4 1  1927  . .  
01 -079  F 1 9 0 1  1943 1920  2 1 1 1 5  1942  
01 -Q32  F 1908 1940  1 9 2 4  1 8 2 4 8  1940  
01-033 F 1998  1 9 3 1  1923  1 8 0 2 3  1930 

1923  1 6 8 2 1  ' 03 -584  F 1 9 0 5  1959 1 9 5 8  



TABLE 1. (Co.ntld) ------------------------------------------------------ 
C k S P  S E X  B O R N  D I E D  E X P O S E D  C U H . R A D S  D I A G N O S E D  ------------------------------------------------------ 

. . . 03-212 F 1 9 0 2 .  1 9 5 1  ,1927 2 4 1 2  1 9 5 1  
03 -210  M 1906  1958  1926  2 3 9 6  1956 
01-268 F 1 9 0 1  1968 1917 2249 ' 1959 
03-209 M 1 8 9 u  1960  1 9 2 5  1 6 9 8  1958 
03-216 F 1 9 0 7  1 9 6 1  1922  1 6 0 6  1959 

TABLE 2. Carcinomas of the Paranasal Sinuses and Mastoid Air 
Cel ls  in Persons with Known Radium Body Content a s  
of 31 December 1975. ----------------------------------------------------- 

C A S E  S E X  B O R N  D I E D  EXPOSED C U M . R A D S  D I A G N O S E D  ------------------------------------------------------ 
0 1 - 1 4 5  F 190r) 1957 1918  2 5 7 0 1  1957  
01-008 F 1 9 0 0  1958 1917 22309 1 9 5 8  
01 -149  F c  1 8 8 9  1959 1 9 1 9  2 0 0 6 7  1958 
03-648 F 1 9 0 3  1956 1922  1 6 4 5 5  1955 
03-232 F 1 8 9 8  1957 1 9 1 7  1 4 7 3  6  1956 

A Carcinoma of Caco 03-417 appar!ntly a rose  in R. gingiva 
- 4 

(posterior maxilla). 



Table 3. Probable or Confirmed Bone Sarcomas in Exposed Persons? 

. . 
with Unknown or Uncertain Radium Body Content. 

Case  Sex Born Died Exposed Diagnosed 

t All were dial painters, except Cases  01-387 (iatrogenic, i. v. and oral), 
01-465 (drank Radithor), and 09-087 (chemist). 



  able 4. Probable or Confirmed Carcinomas of the Paranasal Sinuses and 
. Mastoid Air Cells in Exposed Personstwith Unknown or Uncertain 

. . Radium Body Content. 

Case Sex Born Died Exposed Diagnosed 

01-587 F 1894 1943 1919 1943 

a .  Death Certificate l i s t s  paranasal sinus carcinoma a s  cause of death; 
diagnoses from histology of biopsy t issue were myosarcoma or liposarcoma 
of the maxillary antrum. 

All were dial painters. 
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