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THE APPEARANCE TIMES OF RADIUM-INDUCED MALIGNANCIES

R. E. Rowland, A. T. Keane, and P. M. Failla

The appearance time of tumors after initial acquisition of radium has
been examined as a function of the initial quantity of radium acquired. It
is evident that the median appearance time of the sarcomas increase with
decreasing initial dose, whereas no such change in appearance time with
initial dose is evident for the carcinomas. The median appearance time for
carcinomas is significantly greater than that for sarcomas. -

It is the purpose of this report to examine the times after the first
exposure to radium that the radiation-induced malignancies have appeared. !
Of particular interest is the question, "Is there a change in the latent period "’
with the magnitude of the radiation insult?" .

We have chosen for this study to divide the population of cases

which have developed méiignancies considered to be radiation induced into

groups based on the quantity of radium initially acquired. The calculation
of this parameter is described in another report within this volume. (1)

The average skeletal dose and the body burden are time-dependent
variables, whereas the initial activity acquired is not. It is an advantage, ~~’;‘
of course, when examining a time distribution of events, to utilize a time- -?
independent measure of the radiation insult. In a sense, dividing our cases R
up in this manner gives a distribution somewhat analogous to the structure
of laboratory animal experiments, where a number of dose levels are set up
according to the amount of injected radioactivity, and the results may be A
compared between dose levels.

Table 1 shows the breakdown of the radium cases with malignancies
into five groups, tabulates the number of malignancies in each group, gives r
the time of first tumor diagnosis, and gives the median tumor appearance
times. The actual appearance times for each of the 71 malignancies is -""
shown in Figure 1. 2

Two features are immediately apparent from this analysis of tumor

appearance times. First, the median appearance time for sarcoma in-

duction increases with decreasing initial dose. Second, the carcinomas,

0GO003 i
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TABLE 1.

Tumor Appearance Time as a Function of Initial Radium Concentration

Initial radium . )
concentration Sarcomas
range in nCi/g

Carcinomas-

Median tumor

Yrs to 1st induction period

Median tumor
Yrs to lst induction period

No. diagnosis (yrs) No. diagnosis (yrs)
> 250 10 7 19 5 33 39
125 - 250 12 7 ' 24 1 19 19
62.5 - 125 10 9 27 9 26 34
31.25 - 62.5 13 12 30 3 30 38
< 31.25 6 27 34.5 2 34 35
Total 51 30 20 35

TIME FROM FIRST EXPOSURE TO RADIUM
TO DIAGNOSIS OF A RADIUM-INDUCED TUMOR

0 sarcoma
2 cARCINOMA
>250 nCi/g
nn B o0 nn D_KU._E_E____

125-250 nCi/g

o on neffl on onn

62.5-125nCi/g

31.25-62.5nCi/g

nmnnr&%mz_

<31.25 nCi/g

ﬂj[lm_g] L
20 30 40

TIME IN YEARS

T T
{¢] 50

FIG. 1.--The time in years
between initial acquisition

of radium and the diagnosis
of a radiation-~induced malig-
nancy is shown for each of
the 71 tumors in the current
radium population, plotted as
a function of the initial quan-
tity of radium acquired.
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which definitely appear at later times than the sarcomas, indicate no such
change in appearance time with dose.
The earliest tumor appearance times are 7 years for sarcomas and i
19 years for carcinomas. The median appearance time for all sarcomas, 3
regardless of dose level, is 30 years, and for the carcinomas, 35 years.
Both types of malignancy have been diagnosed as late as 52 years after

first exposure to radium. o

Reference

1. Stehney, A. F. A Time-Invariant Dose Parameter for Radium Cases. -
This report.
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1 EXPOSURE DATA FOR RADIUM PATIENTS AS OF 1969

{ FIRST

LAST INPUT ,BONE CUMULATIVE
: SEX BORN OIFC EXPOSED MEASURED NANOCURIE/G RADS

931 M 1883 1928 1913 1967 329.787  11200.00
)2 F 1896 1922 1917 1966 260 .638 3680.00
13 F 1894 1927 1917 1966 888.297 44400.00
3 AL F 1900 1931 1917 1963 325.797 11500.00
E o5 F 1901 1939 1917 1963 117.819 6640.00
pL.) F 1903 193C 1918 1969 222.712 11800.00
37 F 1903 1935 1919 1963 32.952 5160.00
N9 F 1899 1928 1921 1968 98.271 2490.00
- 20 M 1888 1925 1912 1969 40.558 120C.00
27 F 1902 1942 1918 1969 156.914 6980.00
28 F 1902 1933 1917 1969 3647.074 11800.00
N F 1878 1949 1922 1945 933.510 43200.00
02 F 1906 1939 1922 1960 636 .968 22300.00
23 M 1888 1956 1925 1967 428.191 20800.00
34 F 1869 1953 1918 1941 426.861 23300.0C
5 M 1877 1939 1927 1939 321.808 16800.00
26 F 1899 1938 1919 1968 184.840 8530.00
07 F 1886 1949 1926 1967 147.606 6140.00
cs F 1900 1958 1917 1960 363.031 22300.00
J9 F 1898 1945 1918 1960 307.180 14700.00
10 M 1882 1956 1926 1967 172.872 8570.00
11 F 1872 1937 1919 1967 158.244 5380.00
12 F 1867 1956 1922 1942 207.446 11100.00
14 F 1901 1949 1916 1968 1264.734 6790.00

15 M 1888 1967 1917 1935 4.335 281.0C
16 F 1891 1966 1921 1968 174,202 12C00.0C
17 F 1883 1926 - 1967 104.787 7040.00
18 M 1889 1958 1911 1950 26,329 1110.00
19 F 1903 1936 1922 1965 36.436 2070.00
20 F 1905 1956 1923 1950 66.090 3480.00
21 F 1887 1916 1965 84.574 6030.00
22 F 1900 1951 1917 1968 ‘29 .388 1540.00
24 F 1901 1956 1919 1943 61.170 3680.00
+ 25 F 1886 1952 1924 1951 56.515 2710, 00
2¢ F 1905 1958 1925 1950 46 .675 2830.00
27 M 1889 1957 1912 1960 17.819 973,00
28 M 1883 1965 1914 1953 9.800 702.00
29 M 1876 1958 1902 1950 12.752 948.00
20 M 1882 1952 193¢ 1950 0.448 14.90
31 F 1906 1934 1925 1963 122.739 6330.00
32 F 1908 1940 1924 1968 292.552 18200.00
33 F 1908 1931 1923 1963 414.893 167€0.00
34 F 1913 1929 1965 0.728 48.30
35 F 1901 1920 1958 1.046 77.90

37 F 1908 1928 1959 < 1.0
38 F 1910 1927 1950 0.408 . 26.00
39 F 1913 1934 1959 0.222 13.00
0 F 1907 1929 1923 1963 599.733 2260C.00
41 F 19¢C9 1927 1959 0.37p 25.60
43 F 1912 1927 1958 0.829 56.50
v
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TABLF 1

_CASE___

01-044
01-045
N1 -046
01-047
01-048
01-049
c1-050
01-051
01-052
Cl-054
01-055
01-056
01-057
01-059
C1-063
01-06¢
01-069
€i-070
01-071
01-072
01-073
01-074
01-07S
01-078
oY-nN19
01-030
.01-08B1
01-082
01-0834
01-085
C1-086
01-087
01-0¢0
01-091
01-062
01-093
01-054
01-0s5

! 01-096

01-097
01-099
Ci-1¢0
Ci-101
C1-10%
C1-10%
01-119
01-111
01-112
01-113
Cl=-11%.

(CONTINUED)

1‘\‘ﬂ‘“ﬂ'ﬂ“‘h'ﬂﬂ‘ﬂﬂﬂﬂﬂﬂ‘ﬂﬂ‘ﬂ‘ﬂ“‘ﬂ‘ﬂﬂ'ﬂ'ﬂ‘nﬂ'ﬂﬂ'ﬂ‘ﬂﬂ'ﬂ’ﬂ‘ﬂ tTTHTMT IR TN

. SFX__BORN

1904
1889
1903
1896
1900
1903
1911
1904
1910
1909
1907
1904
1908
1904
1912
1904
1905
1910
1908
1900
1900
1909
1902
19C9
1901
1902
1907
1902
1904
1913
1907
1905
1910
1909
1906
1904
1891
1907
1909
1905
1905
1904
1905
1898
1902
1909
1910
1908
1912
1908

_ DIED

1943
1937

1930
1937

1931

1967

1967
1969
1943
1935

1966

1966

1945
1967

1945

1955

1944

FIRST

_EXPOSED  MEASURED NANOCURIE/G

1924
1922
1920
1920
1920
1920
1925
1923
1924
1924
1925
1920
1924
1920
1927
1925
1922
1927
1927
1921
1921
1927
1922 -
1925
1920
1921
1923
1919
1923
1927
1925
1921
1927
1927
1922
1926
- 1921
1922
1927
1921
1924
1924
1924
1921
1924
1925
1927
1924
1928
1924

vi

LAST

1959
1959
1963
1962
1957
1960
1959
1957
1965
1965
1959
1965
1963
1964
1967
1958
1959
1958
1958
1954
1966
1959
1959

1958

1960
1968
1959
1963
1966
1958
1959
1964
1958
1959
1959

1959

1964
1959
1960

1963

1963
1957
1959
1963
1959
1958
1958
1960
1959

- 1963

6391

INPUT, BONE CUMULATIVE
RADS

1.311 G6.3C

< 1.0

167.553 11300.00
31.515 2330.00
53.058 3920.00
363.031 24200.00
0.885 64,80
57.579 4240.00
200.797 6900.00
352.393 20300.00
1.688 123.00
48,537 358C.0C
640,957 26400.00
T1.27¢ 5240.00
5.093 329.00
0.775 57.2C
0.885 59.90

‘ < 1.0
27.526 2C20.00
41.223 3050.00
0.738 50.10
2,007 148.00
1.075 74 .90
307.180 21300.00
36.037 2650.00
- 24619 193.00
223.404 137€0.00
13.962 1020.00
0.537 36.40

< 1.0

255,319 18700.00
0.781 52.70

< 1.0

0.828 61.30
0.485 34.00
4,906 361.00
3.803 282.00
2,101 137.00
44.015 3250.00
44,547 3C€10.00
13.297 T 977.00

< 1.0

178.191 12500.C0
2.978 218.00
0.938 65.20
0.183 12.5¢C
22,074 1550.00
0.264 17.80
71.808 4530.0C
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TARLF 1 (CONTINUED)
FIRST LAST INPUT, BONE CUMUL AT IVE
CASE SEX BNRN DIEC EXPOSED MEASURED NANOCURIE /G RADS
01-11¢ F 1899  19¢5 1920 1955 80.585 5860.00
01-118 F 1909 1923 1959 < 1.0
€1-11¢ F 1899 1920 1958 2.632 196.00
01-120 F 1910 1925 1959 1.074 74.70
01-122 F 1912 1927 1965 1.026 69.80
n1-123 F 1889 1923 1959 0.373 27.60°
01-124 F 1909 1927 1967 5.066 338,00
01-125 F 1911 1927 1959 0.190 13.00!
01-12¢ F 1963 196§ 1922 1960 66.223 4870.00.
n1-127 € 1908 1927 1959 o < 1.0 |
01-128 F 1910 1927 1959 0.190 13.00;
01-130 F 1909 1926 1964 1.079 72.90
01-132 F 1908 1944 1923 1966 351,063 23600.00!
71-133 F 1910 1926 1958 1.462 102.00:
N1-136 F 1907 1923 1967 20.345 1490.00;
01-137 F 1901 1923 1958 < 1.0 f
01-138 F 1883 1963 1918 1959 0.547 35.30;
01-139 M 1881 1964 1928 1962 77.792 4920.00
01-140 F 1900 1919 1959 0.214 14.70;
01-141 M 1886 1928 1962 0.913 60.40
01-142 F 1899 1922 1959 1.622 116.0
01-143 F 1904 1921 1959 0.105 7.04
01-144 F 1897 1922 1968 41.755 2760.04
01-145 F 1900 1957 1918 1966 418.882 257€0.00
01-146 F 1881 1967 1927 1966 9.640 644,00
01-147 F 1902 1917 1965 3,085 218.00
01-148 F 1907 1936 1958 1.449 70.7¢
01-149 F 1888 1959 1919 1969 287.233 20200 .00;
01-150 F 1881 1930 1967 " 0.154 8.81
Cl1-151 F 190€5 1927 1959 2.154 131.00
01-152 F 1904 1920 1959 < 1.03
01-153 M 1890 1964 1920 1963 11.103 654,00
01-15¢ M 1896 1923 1959 | < 1.0}
01-156¢ F 1900 19%9 1918 1959 2.154 127.00
01-157 F 1894 1925° 1968 3,789 257.0¢
01-158 F 1901 1922 1959 0.051 3,40
01-159 F 1915 1933 1959 0.080 %e2]
01-160 F 1873 1965 1925 959 14.627 $93.0¢
Nl-161 F 1896 1918 1959 0.054 3.33
01-162 M 1898 1966 1920 1959 3,446 214.0(
01-163 F 1903 1920 1959 0.925 67.20
N1-164 F 1900 1918 1959 0.490 34.20
01-165 F 1904 1922 1959 1,409 94,2
01-16¢ F 1897 1916 1959 < 1.0}
01-148 F 1895 1919 1966 0.055 3.6
M-169 F 1918 1936 1959 < 1.0}
C1-170 M 1893 1966 1940 1959 0.105 4.7%
01-171 M 1895 1914 1958 60.90% . 4470.0
61-172 F 1898 1968 1916 1961 136.968 9630.0
01-173 M 1881 1959 1917 1959 2.247 110.0@
vii §
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g TABLE 1 (CONTINUED)
IE FIRST LAST INPUT,BONE CUMULATIVE
3 CASE SEX BORN DIED EXPOSED MEASURED NANOCURIE/G RADS
¥ 01-175 F 1900 1966 1927 1965 158.244 10400.00C
! 01-176 F 1893 1917 1959 1.835 129.00
o 01-177 M 1915 1936 1959 1.515 77.20
0; '01-178 M 1939 1958 1958 < 1.0
0 01-179 F 1890 1966 . 1924 . 1959 100.132 6120.00
o 01-180 F 1900 1918 1959 . 0.109 7.62
0! 01-181 M 1913 1963 1940 1959 . 5.571 225.00
'0 01-182 M 1902 1959 1936 1959 0.289 14 .80
104 01-183 F 1900 1969 1915 1965 14.760 1060.00
) 01-184 M 1886 1922 1968 1.994 132,00
)0! ' 01-185 M 1881 1962 1912 1959 1.688 116.00
10 01-186 M 1925 1943 1959 0.631 25.60
0 01-187 M 1917 1943 1959 0.984 43,60
0 01-188 F 1886 1933 1959 0.172 9.63
30 01-189 M 1921 1958 1958 _ < 1.0
0 01-190 F 1928 1958 1958 < 1.0
30 01-191 M 1897 1966 113 1959 0.164 11.70
00| 01-192 F 1902 1962 1925 1959 1.781 102.00
70 01-163 F 1886 1960 1917 1959 2.500 153.00
40 01-194 M 1898 © 1916 1959 < 1.0
() 01-195 F 1893 1958 1912 1959 0.054 3.32
04 01-196 M 1907 1929 1969 © 5,106 342,00
00 01-197 F 1883 1965 1916 1958 0.888 60,50
09 01-198 F 1888 1913 1959 12.539 943,00
.04 01-200 ¢ 1910 ' 1925 1959 < 1.0
.0 01-201 F 1911 1925 1959 2.872 ‘ 200.00
.74 01-203 F 1908 1923 1959 ‘ < 1.0
.00 01-204 F 1901 1917 1959 0.276 19.60
.81 €1-205 M 1921 1951 1967 0.377 13.30
.00, 061-206 M 1896 1518 1959 0.312 21.80
03 01-207 F 1909 1967 1927 1959 0.378 25.50
.00 C1-208 M 1901 1939 1967 24.335 891.00
<0} 01-209 F 1908 1926 1959 0.723 50.60
<00 01-210 M 1878 1918 1959 0.279 ~ 14.10
.00 01-214 M 1890 1965 1915 1959 2.765 159.00
Y 01-215 F 1898 1925 1959 < 1.0
e27 01-216 F 1903 1963 1924 1959 < 1.0
.+ 00 01-217 M 1894 : 1914 1959 0.200 14 .40
o8 01-218 M 1924 1950 1963 0.083 3.02
.o 00 01-219 F 1910 1927 1959 0.094 6,46
"o 20 01-220 F 1907 1924 1959 0.590 . 43,20
re 20 01-221 M 1892 1916 © 1967 0.414 27.90
e 20 01-223 F 1912 1927 1963 A < 1.0
1.0} 01-225 F 1906 1931 1959 < 1.0
3067 C1-226 F 1915 1927 1959 < 1.0
1.0 . 01-227 F 1908 1950 1959 0.049 1.85
2075 01-228 F 1906 1926 1959 0.363 - 25.40
0.0 01-229 F 1903 1923 1959 3.018 223.00
0.0¢ 01-230 F 1913 1927 1959 < 1.0
£ 1910 1930 1959 < 1.0

0.0 01-231

viii
GoOCY




TABLE 1
CASE

c1-232
01-233
01-234
01-235
01-236
01-237
01-238
01-239
01-240
01-243
01244
01-245
01-246
01-247
01-248
01-249
c1-25¢C
01-251
01-252
C1-253
01-254
01-265
01-2¢¢
01-2%7
ni-258
01-2%9
01-260
01-261
01-262
01-263
01-264
01-265
01-266
01-267
01-268
01-269
01-270
o1-271
Cl1-272
01-273
01-274
01-275
01-276
c1-277
01-278
01-279
c1-280
c1-282
01-2183
n1-284

ZHENEMAMNZZANAITAMNETNNTAN Z N M AN TN EZEZIANTMMAEZZZENZ AN EENNNAANATN

(CONTINUED)

SEX

BORN

1908
1912
19113
1908
1510

1907

1896
1901
1910
1874
1901

"~ 1920

1885
1901
1903
1928
1894
1890
1898
1898
1910
1920
1920
1885
1903
1910
1891
1909
1895
1897
1906
1902
1904
1904
1901

- 1911

1922
1898
1888
1907
1906
1930
1930
1909
1904
1901
1905
1893
1895
1R92

DIED

1967

1958

19€9

1966

1964

1962

1961
1969

1967
1961

1968

1963

FIRST

LASY

6391

INPUT, BONE

EXPOSED MEASURED NANCOCURIE/G

1926
1927
1927
1925
1927
1927
1920
1917
1927
1905
1927
1957
1915
1923
1917
1928
1916
1912
1917
1916
1927
1942
1949
1941
1923
1927
1918
1927
1918
1917
1944
1919
1923
1926
1917
1932
1943
1917
1956
1924
1922
1959
1945
1925
1925
1928
1926
1916
1918
1943

1959

1959
1959
1959
1965
1959
1959
1957
1958
1958
1962
1959
1967
1968
1959
1967
1959
1959
1968
1959
1965
1959
1959
1959
1959
1959
1959
1959

1959

1960
1964
1959
1959
1966
1967
1959
1959
1969
1959
1959
1961
1959
1959
1962
1959
1966
1959
1967
1959
1959

ix -

0.171

0.296
0.105

0.543
52,792
0.091
0.636

0.261
0.184

2,220
0.300

2.061
1.875
2.220

0.068
0.232"

0.328
0.404
0.817

0.603
0.759
1.808
1.848
0.377
2.406
31.117
0.343

0.543
0.699
2.154
1.23¢
1.742
2.074

0.163
0.073

GGO0L

CUMULATIVE

RADS

< 1.0 |

11.50
< 1.0
21.70
.22
< 1.0
40 .40
3280.00
6.25
43,40

< 1.0
7.19
13.40

< 1.0
153.00
21.50

< 1.0
147.00
130.00
147.00
< 1.0

3.12
8432
< 1.0
18.10 ¢
23.30 ¢
50.80 ¢
< 1.0 ¢
42.20 -
544,16 !
58.80 ¢
138,00
27.40:
148.00
2300.00
19.30
< 1.0 i}
< 1.0
15.00;
]

-
L2l s LA

2 52355 ShaALE B W D 2er'h b

51.50
160.00
< 1.0 ;
41,10 ;
< 1.0
111.00;
< 100 q
< 1.0 :
146.00:

11.404

2ebb’
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TABLE 1

CASE

01-3¢1
C1-362
N1-363
Cl-364
01-365
D1-267
cl-368
01-369
31-370
c1-37
01-372
01-373
£L1-374
M=376
C1-377
01-378
N =-3re
C1-38¢
N1-3P]
J1-382
01-203
J1-384
N1-385
f1-386
J1-388
71-389
01=39C
J1-301
M1-362
01-303
21-394
01=-365
1 -306
J1=-207
"=-398
21-399
C1=400
21-4r}
91-402
Ci-402
1=404
J1=4P5
"M=40¢
=607
M=b08
b3 BT
N=410
21=-611
N<-412
N-46113

(CONTINUED)

M EE N T AL E N E T AN ENEAE N A EE AN A ANAANAZTAANAAAAAAANZIAANT

SEX BNRN

1907
1906
1888
1911

1901
1899
1925
1908
1904
1912
1911
1911

1910
1907
1915
1907
1909
1910
1887
1990
1907
1905
1906
1904
1873
1910
1887
1914
1913
1937
1944
1945
1947
1950
1951
1953
1903
1910
1n98
1912
1875
1885
1902
1912
1018
1914
1920
1915
1915
1901

OIED

1944
1930
1931

1945
1957

FIRSY

1924
1923
1918
1927
1924
1920
1947
1923
1927
1928
1927
1927
1927
1927
1929
1925
1926
1927
1927
1920
1923
1923
1924
1927
1928
1923
1925
1950
1950
1950
1950
19%0
1950
1950
1951
1953
1961
1961
1920
1925
1912
1912
1916
1930
1934
1930
1940
1935
1929
1924

LASTY

1962
- 1962

1962
1964
1962
1962
19%6.
1962
1962
1962
1962
1962
1962
1963

- 1962

1968
1964
1963
1964
1963
1963
1963
1963
1963
1965
1963
1969
1964
1964
1964
1964
1964
1964
1964
1964
1944
1964
1964
1963
1964
1965
1945
1963
1962
1966
1963
1966

1963

1963
1964

xi

4 INPUT, BONE
EXPOSED MEASURED NANOCURIE/G

3.750
0.461
3.430
2.180
20.744

0.720
0.163
1.23%
0.203

0.376
3.550

0.420

5.265

24433

1.781
0.929
167.5%3
211.43¢
339.09%

G.034
0.071
0.09%
0.0%0

0.051

17.287
49.202
3.577
0.735
1.240
0.887
1.901
2.140
0.4M3
0.071
3,5%0

6391

CUMULAT]VE

RADS

< 1e0 -

< 1.0
279.00
29.50
2%1.00
161.00
830.00
< 1.0
< 1.0
< 1.0
49.30
10.90
84.60
13.90
-€ 10
26.30
246,00
< 1.0
29.00
373.00
179.00
< 1.0
131.00
63.30
8440.00
9510.00
7710.00
< 1.0
< 1.0
1.06
2.18
2.90
1.56
1.0
1.56
1.0
1.0
1.0
< 1.0
1280.00
1660.00
204,00
51.10
67.80
45.30
112.00
1€0.00
22.40
4,79
260.0C
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TABLE 1 (CONTINUEOD)
FIRSY LASY INPUT , BONE CUMULAT JVE
CASF SEX BORN DIEC EXPOSED MEASURED NANOCURIE/G RADS
Cl=414 F 1897 1931 1963 0.216 11.30
0l-415 ™ 1898 1921 1964 < 1.0
Cl-416 F 1908 1924 1963 3.178 234.CC
Cl-417 F 1907 1923 196) : . € 1.0
Cl-41% M 1900 ' 1919 1963 0.240 16.40
Cl=419 mn 189% 19695 1916 1963 0.368 24.20
Cl1-429 F 1903 1967 1920 1963 0.111 7.33
01-421 F 1888 1919 1963 0. 460 32.20
Cl=423 M 1897 1919 1963 1.023 ) 608.40
01=-424 F 1892 1924 1964 1%.1%9 977.00
01-42% 1933 1961 1964 < 1.0
Cl=426 F 1930 1961 1964 0.0%4 1.11
- 01-427 F 1960 1961 1964 ' 0.054 1.11
C1-420 F 19597 1961 1964 < 1.0
01-429 F 1887 1922 1969 0.430 28.30
01-430 N 19880 1969 1930 1966 4.13% 285.00
Ci-oN F 190! 1922 1967 51.720 3400.00
0l1-432 N 18903 1915 1964 0.690 47.00
0le434 M 1880 1932 1927 1969 183.5%10 4120.00
01-438% F 1907 1929 1964 1.998 112.00
0l1-436 F 189% 1927 19¢4 0.740 49.40
01-437 F 1910 1931 1965 0.048 2.78
01-438 m 1867 194C 192% 1963 94,414 4740.00
01-439 F 1880 1943 1922 1963 19.201 ' 971.00
Cl1-440 F 1908 : 1924 1963 ) < 1.0
Cl-446 F 1907 1929 1964 < 1.0
01 =447 F 1909 1929 1963 0.3%7 2%.00
01-448 ¥ 1907 1923 1964 3.0M 215.00
01-449 F 1899 1922 . 1963 3.29%7 241.00
01=-430 n 1877 19% 1912 1966 < 1.0
Cl-4%¢ n 1878 1948 1928 1963 8.297 $29.00
N01-4%57 F 1904 1920 1964 0.450 30.40
01-4%8 F 10892 1937 1964 1.312 ' 36.00
Cl=4%9 n 1487 1921 1964 . 0398 26.60
01-460 M 1880 1987 1912 1964 ‘ < 1.0
C1-461 " 1916 1930 1964 0.319 18.60
O1-466 F 1902 1946 1920 1963 < 1.0
01-468 ¢ 1910 1927 1969 < 1.0
C1=468 N 1894 1918 1969 0.167 11.60
01-470 F 1912 1927 1963 < 1.0
01=-472 F 10896 1919 1965 0.400 27.10
01-474 F 1904 1921 - 196% : < 1.0
01-47% F 1902 1929 19693 0.0648 44.00
Cl=476 F 1909 1927 19693 < 1.0
01-477 F 1997 1928 1963 108,043 7370.00
C1-478 F 1914 1938 1963 < 1.0
C1-479 F 1912 1927 1969 0.319 21.80
01=-480 F 1913 1927 1969 3,949 243.00
01-481 F 1909 1927 19693 < 1.0
Ol=482 F 1912 1927 1963 < 1.0
xif
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BLF 1 (CONTINUED)

FIRST LASY INPUT,AONE CUMULATIVE
6SE SFX MORN  CIEC  FXPOSED MEASURED NANOCURIE/G RADS
~4%3 #1907 1923 1965 3.0M 226.00
486 F 1990 1926 196% < 1.0
-425 #1870 1931 1911 1965 < 1.0
-4pe  F 1907 1923 1965 $S.757 425.00
-4f7 ¢ 1911 1927 1963 < 1.0
-4%¢ ¢ 1910 1926 1963 22.872 1360.00
-490 F  190M 1924 1965 € 1.0
-491 F 1922 1966 1943 1963 0.202 6.69
-492 F - 1900 1921 1963 0.093% 3.3%8
-493) = 1902 1927 1963 0.164 T.06
-49¢ »  19C6 1968 1926 1966 A < 1.9
=495 F 1909 1924 1965 ‘ < 1.0
496 F  191A 1934 1966 0.142 ' 7.6)
-497 F 1902 ' 1921 1966 6.759 301.00
-4%8 6 1897 1920 1965 < 1.0 -
-%01 w1867 1937 1926 1966 82.712 32350.00
=503 ™ 1936 193¢ 1966 < 1.0
-5re  F 1913 1927 1967 S < 1.0
-5 F 19¢C2 1927 1966 0.966 66.10
=306 F 1097 1923 1966 0.393 25.70
-S07 F 1909 1927 1967 $.970 407.00
-%08 F 1906 1944 1964 1.176 51.20
=309 F 1943 1942 - 1967 < 1.0
=310 ¢ 1867 1927 1966 4,042 276.0C
-811 F 1908 1927 1966 < 1.0
-814 F 1904 1926 1966 0.378 24.60
=315 F 1886 1940 1966 0.172 .39
-%164 F 1907 1927 1967 0.761 $2.00
=518 m 192 ' 1949 - 1966 0.372 14.20
=516 » 1919 1937 1967 0.413 20.20
-320 F 1882 1969 1930 1967 50,263 . 3200.00
=821 = 1910 1942 1967 0.689 29.30
=822 = 1903 1942 1966 2.913 "~ 96.90
=823 =n 1917 1942 1968 0.868 37.30
-57% » 1923 1943 1968 0.50) 22.20
=526 » 1921 1945 1968 0-747 31.80
-529 ® 1920 1943 1960 - ¢ 1.0
-%3C = 1920 1943 1968 1.942 67.90
-831 » 1918 1941 1968 0.232 10.00
-5% n 191¢ 1943 1968 0.484 20.30
-837 » 1917 1944 1968 1.673 69.00
-340 » 1800 1940 1968 ‘ < 1.0
%3 ® 1920 1943 1968 0.710 31.20
-544 F 1879 199 1928 1964 6.143 336.00
-5646 F 1897 1914 1967 < 1.0
-540 n 1917 - 1930 1967 0.9 37.30
=452 ®n 1907 1936 1967 0.666 34,40
-5y F 1910 1948 1967 < 1.0
~-8%4 F 1928 1052 1967 7.00% 184.00
-8%8 f  189% 1921 1968 1.081 80.40

xiig




TABLE 1 (CONTINUED)
FIRST LAST INPUT,BONE  CUNULATIVE
CASF SEXx BOAN DIEC  EXPOSED MEASURED NANOCURIE/G RADS
€1-9%¢ F 1910 1927 1967 < 1.0
01-587 F 1910 1925 1967 1.742 122.00
c1-558 M 1913 1927 1968 40.1%9 2990.00
01-565 F 1892 1957 1923 1968 191.489 9860.00
Cl=3A7 " 1884 1949 1928 1968 68,4084 412C.CC
01-569 M 1908 1920 1927 1968 17.021 112.00
01-870 F 1908 192¢ 1968 0.537 32.30
91-871 F 1911 ~ 1928 1968 0.098 6.63
01-873 F 1892 1945 1916 1968 83.909 4950.00
01-574 ¥ 1885 1937 1924 1968 57,067 1610.00
C1-378 ® 1910 1945 1967 0.039 1.26
N1-87¢ F 1930 194¢ 1968 5.212 169.00
01-578 F 1906 1930 1926 1968 32,047 4%2.0C
01-876 ¢ 1928 1928 1928 1960 < 1.0
01-58C F 1994 1918 1968 0.301 21.00
01-S81 1919 1946 1968 0.280. 11.5¢C
01-%82 ¢ 1393 1917 1968 0.183 13.00
01-883 ¥ . 1890 1969 1918 1968 | < 1.0
01-%04 F 1908 1926 1968 0.537 32.30
01-%88 F 1906 19¢S 1928 1968 < 1.0
01-%06 £ 1879 1924 1968 7.393 476 .00
N}1-588 F 1908 1929 1968 0.263 15.50
C1-589 ® 1907 1927 1966 0.073 4.47
01-%9C » 1929 1929 1968 ~ < 1.0
M-%91 F 1891 1918 1968 < 1.0
01-%592 F 1972 1917 1968 < 1.0
01-804 » 1927 1962 1966 < 1.0
N1-50S F 1847 1917 1969 14.760 110620.00
C1-367 £ 1923 1940 1969 ~ < 1.0
01-89F » 1869 1933 1941 1952 7.127 223.00
01-%599 ¢ 1909 1927 1968 0.783 $2.1¢
C1-6€1 ¢ 1902 1919 1969 < 1.0
C1-6C2 F 1804 1015 1968 0.413 28.00
0l1-604 F 1896 1914 19698 0.251 10.49
01-609 ¢ 1906 1927 1968 0.386 23.6C
n1-61C N 1904 1919 1968 0.420 28.3¢
01-615 F 1909 1927 1969 < 1.0
Cl-621 F 1008 1924 1969 s.39¢ 397.0C
c1-62% F 1911 1927 1969 0.309 - 17.70
01-626 F 1932 1932 1968 0.501 30.9¢
01-628 F 1908 1925 1969 2.087 132.9¢
€162 £ 1202 1926 1969 0,654 39,3¢
01-p4C ¢  torp 1924 1969 1.954 125.0¢C
Cl-+%7 F 1912 1920 1969 0.601 36, 3¢
f3-10] £ 10C8 1931 1963 75.930 4370.00
03-162 » 19rfs 1931 1964 23,537 135¢.0¢
PI-103 £ 1868 1952 1931 191 15.6824 620.00
€3-106 F 1880 1941 103} 1931 79.401 1977.54
03-10% % 1903 1957 193] 1951 69.813 3140.0C
€¥-1Ce ¢ 1A70 1093 131 1932 26,198 1062.99
xiv §
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\BLE 1 (CNNTINUED)
-ASF SEX AORN CiEC
3-107 " F - 1884 19°%7
}-108 F 1876 1941
3-109 F 19C4 19%7
3-110 F 1899 1967
3-111 F 1909

3-112 F 1899 1968
3-113 F 1914 1946
3-114 F 1901 1968
3-115 F 1908 ~
3-116 F 1908

=117 = 1898 1957
3-118 F 1898 1955
3-119 F 1880 1960
3-120 F 1879 1937
3-121 F 1909

3-122 " 1908 1942
3-123 n 1914 1937
3-124 L) 1910 1942
3-12% F 1913

3-126 F 1910 19695
3=-127 F 1908

3~17% » 1906

3-139 =~ 1908

3-161 » 1906 1963
3-201 F 19¢€9 1963
y-202 L) 184S

3-203 F 1903

3~-204 F 1598

3-20% F 190n

3-2C¢ ] 1914

3-207 F 1879

3208 M 1803 19¢0
3-210 L 1906 1958
3-211 L 1890

3=-212 F 1902 1951
3=213% F 1892 1053
3=-214 F 1965 1966
3=21% n 1896

I=21¢ F 1907 1961
3-217 " 1012

3-218 " 1865

3=21¢ £ 1899

3=220 " 1920

3-221 " 1909 1963
3-222 " 1872 1980
'3-229 F 1886 1968
32724 N 1A70 196%
3=226 ”» 1922 -
'3=226 N 1874 1993
13«227 F 1878 1952

FIRST

1931
1931
1931
1931
1931
1931
1931
1931
1931
1931
1931
1931
1931
1931
1931
1931
1931
1931
1931
1931
1931
1931
1933
1933
1922
192%
1933
1922
1928
1936
1922
1929%
1926
1923
1827
1925
19235
1929
1922
1921
1923
1919
1928
1924
1922
1929
1922
1929
1934
1930

LASY

1932 0

1932
1953
1964
1963
1960
1932
1964
1964
1964
19%3
1953
1959
1932
1964
1931
1931
1931
1963
1965
1962
1964
1963
1962
1962
1960
19%9
1860
1968
1964
1960
1951
19358
+960
19851
19%2
1964
1961
1961
1963
19%9
1992
1964
19%7
1951
1951
1951
1964
1951
1982

xv

INPUT ,BONE
EXPOSED HMEASURED NANOCURIE/G

13.696
24,867
28,324
43,484
271.276
8.763%
48.00%
33.776
78.191
43,218
121.542
46,673
39.228
21.143
12.380
$52.792
8.0035
35.106
646,49
26.728
37.101
14.494
31.382
160.904
94.148
3.630
1.107

- 15824
95.877

37.%500 -

26,994
48.537
0.372
55.053
289,893
76 .462
132.978
28,324
18.218
0.639
2.792
$.252
21.679%
73.271
160,904
164.893
1.082
261 .968
34.179%

20,598

6391

CUPULATIVE
RADS

92951 -

338.00
1120.00
1570.00
2500.0C

15300.00

277,00
2720.00
1940.00
4500.00
1940.00
5160.00
2250.00

711.00
1220.00

326.86

962.00

211.12
2020.00
34%0.00
1530.0C
2140.00

802.00
1360.C0
9740.00
980,00

. 203.00
73.40
955.0C
5050.00
2340.00
1320.00
2530.CC
24,10
2400.00
144C0.0C
4670.00
8440.00
1660.00
1230.00
40.60

186.00

318.0C
1270.00
3021.43
934C.0C
8930.00

64.60
9%90.0C
138C.CC




6391

TARLE 1 (CONTINUEC)
FIRST LAST INPUT , BONE CUMUL AT IVE
CASF SEX BORN DIEC EXPOSED MEASURED NANOCURIE/G RADS
03=228 - M - 1899 = - 1927 " 1951 166.223 710200.00
03-2130 F 1899 1927 1965 28.989 1780.00
€3-231 ¢ 1883 : 1939 1952 1.293 89.6C
03-272 F 1898 1957 1917 1956 251.329 15000.00
03-233 F 1879 1948 1922 1947 170.212 7660.00
C3-234 F 1890 1965 1915 1965 55.984 3860.00
03-23S F 1900 1968 1928 1965 67.021 4000.00
03-236 F 1880 1961 1926 1951 21.143 1160.00
03-227 F 1890 1923 1961 0.154 9.9C
03-23¢ M 18R83 1957 1926 1951 421.542 21300.00
03-239 F 1824 1953 1925 1951 489.361 23200.00
03-401 F 1900 1963 19212 1960 117.420 6500, 00
03-4C2 F 1905 1923 1965 96 .675 6220.00
03-403 F 1915 1964 1935 1957 0.281 12.30
C3-404 F 1897 1923 1966 45.478 2910.00
03-405% F 1904 1924 1962 32.446 2060.00
03-406 F 1914 1935 1957 0.944 73.00
C3-407 F 1905 1961 1923 1958 69.148 3880.00
03-408 F 1908 1959 1924 1957 7.739 417.00
03-409 F 1924 1942 1957 1.369 62.8C
03-410 F 1899 1923 1957 2.938 189.00
03-411 F 1899 1931 1957 < 1.0
03-412 F 1894 1922 1965 11,728 763.00
03-413 F 1917 1938 1957 0.139 6.85
03-414 F 1921 1946 1957 0.156 5.52
03-415% F. 1911 1930 1957 0.547 27.90
C3-416 F 1907 1924 1966 66 .090 4220.00
03-417 F 1909 19¢6 1924 1964 33.111 2020.00
03-418 F 1898 1926 1957 0.296 16.80
03-419 F 1906 1924 1962 35.239 2240.00
03-420 F 1906 1960 1922 1957 0.881 49.10
03-421 F 1908 1924 1957 0.577 36.60
03-422 F 1907 1925 1957 1.382 87.40
03-423 F 1907 1923 1962 30.984 1980.00
03-424 F 19053 1923 1957 17.686 1130.00
03-425 F 1916 1935 1957 0.521 26.60
03-426 F 1906 1924 1957 10.611 673.00
03-427 F 1906 1923% 1962 1.449 91.10
03-428 F 1908 1925 1962 30.718 1940.00
03-429 F 1908 1923 1966 102.127 6530.C0
03-430 F 1922 1940 1957 0.208 9.18
03-431 F 1901 1922 1963 69.813 450,00
03-432 F 1902 1924 1957 2.167 138.00
33-433 F 1904 1924 . 1964 56.250 3570.00
03=-434 F 1920 1941 1960 0.533 24.50
£3-435 F 1912 1935 1957 0.271 14.30
)3-436 F 1910 1926 1957 1.053 59.70
13-437 F 1906 1926 1957 2.%93 160,00
)3-432 F 1908 1925 1957 <1.0
)3-439 F 1906 1925 1957 < 1.0
xvi
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6391

LE 1 (CONTINUED)

FIRST LAST INPUT, BONE CUMULATIVE
SE SEX BNRN DIED EXPOSED MEASURED NANOCURIE/G RADS
- 440 F 1908 1925 1957 < 1.0
441 F 1905 1925 1957 2.672 169.00
642 F 1904 , 1924 1957 0.635 40.90
643 F 1914 1935 1958 < 1.0
444 F 1907 : 1925 1962 0.825 52.00
445 F 1905 1922 1966 75.930 4890.00C
446 F 1903 1922 1966 4,880 315.00
%47 F 1906 1924 1958 0.C99 6.4C
%48 F 1903 1924 1958 " 1240 79.70
%49 F 1905 1922 1964 61,436 3960.00
*»S0 F 1910 1924 1958 0.993 63.80
51 F 1922 1940 1958 0.147 . 632
*S2 F 1908 1925 1966 1.196 75.50
»53 F 1912 1925 1958 < 1.0
+54 F 1914 - 1934 1958 1.715 84.10
'S F 1906 1922 1958 46 ,01% 2890.00
156 F 1921 - 1965 1943 1958 0.896 32.00
+57 F 1915 ~ 1933 1958 0.150 7.57
'S8 F 192S 1946 1953 0.316 10.80
+59 F 1906 1924 1965 48.005 3070.00
60 F 1905 1923 1958 0.60% 39.40
161 F 1896 1922 1958 0.307 20.30
162 F 1906 1922 1962 17.287 1120.00
162 F 1918 1966 1942 1953 0.531 17.60
64 F 1907 1923 1958 < 1.0
.65 F 1908 1925 1958 0.097 6.20
66 F 1904 1924 1958 0.198 12.80
67 F 1911 1926 . 1958 0.672 39.%0
68 F 1908 1926 1958 1.369 84.20
69 F 1903 - 192% 1958 0.488 30,80
70 . F 1926 1942 1958 0.708 30.90
Al F 1908 1926 1958 0.618 38.10
72 F 1922 1961 1958 0.352 15,70
73 F 1904 1965 1923 1962 61.436 3710.00
% F 1909 1925 1958 ' 0.928 $8.70
5 F 1903 1962 1921 1958 < 1.0
) 76 F 1895 1927 1958 < 1.0
71 F 1899 1925 1959 0.546 34.60
78 F 1907 1924 1958 0.248 16.00
79 F 1908 1924 1958 3.856 250.0C
80 F 1909 1924 1958 < 1.0
81 F 1922 19461 1958 0.577 24.30
A2 F 1927 1944 1958 _ < 1.0
82 F 1901 1922 - 1959 < 1.0
84 £ 1988 1966 1919 1962 89.494 $810.00
8s F 1909 ’ 1929 1958 < 1.0
R¢ F 1909 1925 1966 14.49% ~ 917.00
87 F 1907 1964 1924 1953 17.952 1¢50.0C
R F 1907 1922 19514 8.683 573.00
RQ F 1911 1964 1926 1958 5.718 326.00
xvii
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6391

TARLE 1 (CONTINUED)

, FIRST LAST INPUT,BONE CUMULATIVE
~ CASE SEX RORN - CIEC  EXPNSED MFASURED NANOCURIE/G RADS
' 03=49) M 1904 1925 1958 0.986 61.00
| 03~409: F 1908 1924 1959 2.832 182.00
- C3-4G? F 1928 1946 1959 © 0l.128 4.91
: 03-4983 F 18913 1920 1959 0.364 24.20
» C3-49 F 1902 1925 1959 0.198 12.40
' 03-49% F 1910 1923 1959 . < 1.0°
03-49¢. F 1907 1923 1959 0.154 10.00
; €3-497 F 1903 . 1923 1959 0.819 53.50
! C3-49¢ F 1905 1923 1959 ~ 0.126 7.07
03-699 F 1906 1924 19%4 19.945% 1360.00
03-50C F 1901 1959 1922 1959 < 1.0
03-501 F 1912 1928 1959 0.331 20.10
€3-502 F 1887 1964 1918 1959 9.148 585.0C
€3-502 F 1894 19640 1922 1959 6396 362,00
03-504 F 1905 1922 1959 1.139 75.20
€3-5¢5 F 1907 1923 1965 Ge321 6C5.00
€c3-806 F 1917 1935 1959 0.622 30.30
03-507 F 1907 1962 1923 1959 0.614 36.00
c3-5Ce F 1905 . 1923 1959 0.511 33.40
03-509 F 1910 1936 1959 2.140 85.00
03=-510 F 1907 1923 1962 38.563 2500. 00
03-511 F 1910 1946 1959 0.155 - 5426
" 03-512- F 1906 1925 1959 0.545 34.50
¢3-513 F 1908 1925 1966 5.345 337.0C
03-S14 F 1909 192°¢ 1959 1.283 80.90
i 03-515 F 1908 1925 1959 0.542 34.20
03-516 F 1911 1925 1959 0.888 56.00
03-517 F 1922 1943 © 1959 0.122 5.19
03-518 F 1921 1940 1959 0.347 15.10
03-519 F 1903 1924 1959 4,946 318.00
03-520 F 1907 1925 1966 . 54771 364.00
03-521 F 1907 1961 1925 1959 . 0.494 27.40
03-522 F 1898 1921 1964 7.819 522.00
03-%23 F 1900 1923 1959 1.174 76.40
C3-524 F 1903 1925 1959 3.311 208.00
4 03-525 F 1911 1931 1959 0.409 17.40
: 03-526 F 1896 1925 1959 < 1.0
C3¥-527 F 1909 1926 1959 0.240 14,70
03-528 F 1904 1922 1959 82.313 5300.00
03-529 F 1903 1921 1966 7.207 477.0C
03-530 F 1907 1965 1923 1963 25.398 1540.00
N3-831 F 1906 1925 1959 2.021 128.00
03-532 € 1910 1926 1959 4.614 280.0C
03-533 F 1908 1925 1959 0.789 49 .80
N3-%534 F 1910 1925 1959 0.147 9.33
€3-535 F 1907 1922 1964 12.579 831.00
03-536 F 1910 1925 1959 1.742 110.00
03-%37 F 1900 1916 1959 < 1.0
03-538 F 1909 1927 1959 2.938 180.00
; 02-539 F 1900 1923 1959 0.765 49.90
xviii
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6391
TARLE 1 (CONTINUED)

oE ‘ FIRST LAST INPUT, BONE  CUMULAY
< CASE  SEX RORN  DIED EXPOSED MEASURED NANOCURIE/G RA
3 I

2 b e3-sac F 1905 1923 1966 111.835 7150.
0 n3-541 F 1913 1936 1959 _ <1.
" 03-542 F 1904 1922 1959 1.555 103,
0 03-543 F 1918 1946 1959 < 1.
. 03-544 F 1906 1922 1959 0.259 17.
A 03-545 F 1898 1920 1959 < 1.
0 03-56¢ F 1903 1925 1959 4.694 296,
i 0N3-547 F 1907 1962 1923 1959 0.958 55,
03-548 F 1906 1922 1959 9.853 652,

03-545 £ 1910 1925 1959 3.018 190,

03-550 F 1900 1917 1959 0.712 49,

03-551 F 1903 1922 1967 65.558 4220.

03-552 F - 1904 1924 1959 8.058 512.

A3-563 F 1904 1924 1959 1.311 84,

€3-554 F 1899 1924 1961 102 .526 6510.

03-555 F 1913 1928 1959 0.513 30.

03-556 F 1911 1928 1959 0.327 1s.

03-557 F 1910 1925 1959 < 1.

03-558 F 1906 1923 1959 15.957 1140,

03-559 F 1907 1922 1959 0.881 58.

03-561 F 1909 1924 1959 3.377 218,

i 03-562 F 1909 1930 1959 0.384 21,
| 1o C3-563 F 1909 1924 1959 0.756 48,
: E nN3-566 F 1906 1923 1959 0.511 33,
B 03-565 F 1913 1930 1959 0.793 41,
0 03-566 F 1910 1930 1959 <1
o 03-567 F 1900 1922 1959 2.300 151,
1o €3-568 F 1905 1922 1959 6.063 390
o 03-569 F 1901 1922 1959 7.273 468,
o 03-570 F 1908 . 1925 1959 < 1.
0 03-571 F 1909 1925 1966 60 .505 3810.
o 03-572 F 1906 1925 1959 4.242 268.
0 03-573 F 1900 1925 199 1.382 87,
o 03-574 F 1904 1920 1959 : < 1.
0 03-575 F 1913 1931 1959 < 1.
n3-576 F 1909 1925 1959 0.345 21.

03-577° £ 1903 1921 1959 6.215 279.

02-578 F 1909 1925 1959 0.841 53,

€3-579 F 190§ 1922 1959 1.555 103

03-580 F 1904 1923 1959 0.102 6.

03-581 F 1904 1922 1959 0.675 44,

03-583 M 1893 1962 1920 1959 2.367 188.

N3-584 F - 1905 1956 19213 1959 307.180 17100.

03-585 F 1894 1918 1966 4,281 250.

03-586 F  19CA 1968 1926 1967 48 .803 2970.

03-587 F 1906 1925 1959 0.643 40.

03-588 F 1901 1927 1962 16,622 1¢70.

03-586 F 1906 1924 1959 3.882 249.

n3-590 F 1900 1922 1965 5.824 385,

€3-561 F 1907 1926 1959 0.700 31,

xix
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6391

YABLE 1 (CONTINUED)

FIRST LAST INPUT,BONE CUMULATIVE

CASE SEX RORN CIFC EXPOSED MEASURED NANGCURIE/G RADS
03-592 F 1905 1922 1666 6.981 462.00
03-593 F 1905 1922 1959 0.882 58.5C
C3-594 F 1905 1922 1959 : 2.114 139.00
03-595 F 1902 1928 1959 : < 1.0
N3-596 F 1904 1922 1959 0.468 30.9C
03-597 F 1903 1925 1959 7.606 479.00
03-598 M 1891 1933 1959 < 1.0
03-599 F 1906 1922 1959 0.466 30.8C
03-600C F 1902 1926 1960 < 1.0
03-601 F 1893 1925 1960 0.300 19.00
C3-602 F 1899 1925 1960 0.150 9.48
03-603 F 1888 1924 1960 < 1.0
€3-604 F 1899 1916 1960 0.541 36.80
C3-6CS F 1900 1923 1960 0.154 9.90
03-606 F 1905 1924 1952 0.449 28.90
03-607 F 1906 ' 1922 1960 10.186 672.0C

- 03-608 F 1901 1919 1960 ' 1.029 70.10
03-609 F 1898 1923 1960 : < 1.0
03-610 F 1917 1935 1960 0.332 17.50
03-611 F 19C2 1916 1960 0.166 11.60
03-612 F 1892 . 1918 1960 26.994% 1830.00
03-613 F 1905 1925 1960 0.401 25.30
03-614 F 1909 1924 1960 6.968 445.00
03-615 F 1905 1923 1960 1.178 75.90
03-617 F 1902 1951 1921 1951 555.851 26000.00
03-618 F 1893 1920 1960 0.538 36.50
03-619 F 1903 1962 1922 1862 84.973 5C4C.CO
03-62C F 1923 1942 1960 0.570 25.10
03-621 F 1916 1942 1960 0.436 19.20

- 03-622 F 1906 1924 1960 - €< 1.0
03-623 F 1906 1924 1963 0.748 48.20
03-624 F 1905 1959 1923 1959 51.329 2860.00
03-625 F 1906 1924 1960 < 1.0
03-626 F 1906 1924 1960 14.893 957.00
03-627 F 1905 1966 1924 1960 3.643 220.00
03-628 F 1905 1921 1962 <1l.0
03-629 F 1904 1922 1960 4.587 304.00
03-63C F 1906 : 1924 1960 < 1.0
03-634 F 1906 1924 1960 0.718 46.20
03-635 F 1906 1924 1960 3.696 _ 238.00
03-636 F 1906 1924 1960 0.718 46.20
03-637 F 1906 1024 1960 2.965 191.00
03-638 F . 1906 1924 1960 0.718 46.20
03-639 F 1907 1925 1960 5.066 319.00
03-640 F 1902 : ..1924 1960 0.253 16.20
03-641 F 1904 ’ 1922 1960 1.529 101.00
03-642 F 1906 1922 1959 2.606 172.00
03-643 F 1906 1924 1960 2.167 138.00
03-645 F 1906 1924 1959 2.792 178.00
03-647 F 1908 1925 1960 2925 186.00

xX
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TABLF 1

CASE

03-64R

C3-649
03-671
N3-672
03-6173
03-674
03-676
N3-677
03-678
€3-679
03-681
03-632
C3-683
03-684

03-685 .

03-686
03-687
c3-688
03-689
03-690
C3-692
03-693
€3-695
03~-696
03-697
N3-T26
03-727
03-729
€3-73¢C
03-778
03-784
C3-801
03-828
03-836
C5-001
05-007
05-014
05-017
05-025
05-029
nNs-040
05-C44
05-089
N5-094
¢s5-1C0
n5-118
05-119
€5-121
05-127
05-138

(CONTINUED)

SEX

M EZN NN AN EZAT AN A NAINANZANTAANANETIANAANAANNIAANNTEIANTININTI N

BORN

1903

1906

1906

1905
1906
1908
1906
1906
1906
1910
1906
1907
1906
1907
1902
1904

. 1900

1918
1903
1909
1887
1920
1921
1932
1899
1902
1906
1927
1894
1898
1906
1900
1915
1908
1900
1896
1900
1894
1892
1899
1899
1865
1900
1927
1907
1901
1905
1906
1893
1917

DIEC

1956

1954
1953

1965

1967

FIRST

EXPOSED MEASURED

1922
1924
1922

- 1924

1924
1925
1924
1924
1924
1929
1922
1925
1923
1927
1921
1922
1925
1936
1923
1924
1920
1942
1942
1950

1924

1922
1922
1941
1923
1922
1924
1924
1950
1924
1919
1920
1916
1919
1917
1917
1918
1915
1916
1945
1919
1917
1924

1921

1918
11941

LAST

1955

1954
1952

1960

1960
1960
1963
1961
1961
1961
1962
1962
1961
1961
- 1966
1964
1961
1961
1961
1958
1961
1952
1962
1963
1967
1968
1966
1952
1961
1668
1954
1965
1959
1967
1967
1967
1968
1968
1967
1968
1967
1968
1967
1968
1968
1967
1966
1967
1967
1968

xxd
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INPUT,BONE
NANOCURIE/G

449.468
56 .382
211,436
0.718
2.965
0.452
~-  30.824
12.367
8.617
2.739
0.757

2.978
7.606
1.515
2.593
0.481
6.715
15.691
0.235
0.176

10.132
32.712
13.563
1.462
0.263
3.164
34,973

5.359
3.523
15.425
1.808
6.422
1.324
0.658
0.511
0.731
0.200
0.631
1.204
2.805
2.194
0.760
0.216

CO0<8L

CUMULATIVE

25300. 00

g
3
=
el

*
it

RADS|

2730.00
11500.00
46.20
191.00
28.50
585C. 00
750.00
555,00
163.00
50.20

< 1.0%
< 1.0} -

207.0¢
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TARLE 1 (CONTINUED)

; FIRST LAST INPUT,BONE  CUMULATIVE
’zd CASE SEX ROPN  CIEC  EXPOSED MEASURED NANOCURIE/G RADS
\DS '

¥ 05-146 M 1897 01920 1968 0.082 5.41

05-199 . F 1901 1917 1967 < 1.0
es-201 F 1919 1941 1967 0.496 22.30
05-215 F 1887 1968 1917 1969 175.531 12700.00
05-251 F 1896 1917 1965 0.771 54,40
c5-278 F 1893 1965 1917 1965 2.606 174.00
c5-279 F 1896 1917 1969 - < 1.0
05-286 F 1899 1919 1967 15.292 1670.00
€5-291 F 1902 1920 1968 0.674 49.00
05-307 F 1920 1944 1967 0.438 19.00
05-321 F 1899 1916 1966 2.021 147.00
05-351 F 1892 1917 1968 1.609 115.00
05-372 F 1888 1916 1968 0.860 60.90
€5-377 F 1895 1916 1969 < 1.0
05-383 F 1901 1920 1968 64569 456 .00
05-401 M 1898 1917 1968 1.382 100.00
05-413 F 1900 1916 1967 2.513 179.00
05-439 F 1898 1916 1967 12.167 861.00
05-466 M 189S 1917 1968 9.219 15.50
05-528 F 1892 1917 1967 < 1.0
05-541 F 1918 1937 1966 0.397 19.70
05-631 F 1897 1917 1965 1.781 126.00
05-742 F 1898 1916 1969 < 1.0
05-751 F 1901 1933 1920 = 1969 < 1.0
05-818 F 1901 1969 1918 1967 1.502 104.00
05-880 F 1921 1940 1969 < 1.0
05-885 F 1917 1939 1969 < 1.0
05-892 F 1904 1917 1968 4.295 304.00
05-897 F 1899 1968 1917 1968 90.824 6360.00
05-905 F 1916 1937 1969 1.222 61.20
05-912 M 1877 1951 1918 1969 < 1.0
05-942 M 1901 1918 1968 < 1.0
05-994 F 1886 1922 1967 1.196 85.3¢
05-998 F 1902 1918 1968 0.789 55.20
09-001 F 1901 1917 1959 0.773 54.50
€9-002 F 1902 1917 1959 1.555 110.00
09-003 M 1892 1963 1914 1959 15.691 989.00
09-006¢ F 1890 1961 1912 1960 31.2%0 2€10.00
09-006 F 1898 1917 1963 0.057 4.06
09-007 F 1901 1965 1917 1960 1.835 121.00
n9-008 F 1900 1917 1960 1.123 19.50
€9-009 F 1893 1915 1960 0.114 8.21
09-016 F~ 1897 1514 1960 0.582 42.80
09-013 F 1900 1917 1960 0.224 15.90
09-015 M 1890 1914 1960 < 1.0
09-019 F 1903 1917 1960 < 1.0
€9-02¢ F 1897 1917 1963 0.057 3.97
09-026 M 1873 1960 1915 1960 < 1.0
09-026 F 1902 1917 1960 2.127 150.0C
09-028 F 1897 1917 1960 3.563 250.00
xxi
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TARLE 1

CASF

09-n29
09-031
€9-032
N9-03A4
C9-041
00=-N43
09-046
09-081
00-082
09-rs3
09-057
09-0%8
€9-059
- 09=N60
09-062
Co9-064
N9-065
09-066
09-070
09-071
€9-07?
09-073
09-074

- C9=0TS

09-076
€9-077
€9-078
09-C79
09-080
09=-0R?2
N9-083
€9-094
co-0a6
09-088
09-08S
09-009n

09-095

99-096 -

nS-097
C9-068
.09=00Q9
¢9-10C
09-101
No-102
ce-1M3
00~-104
Co-105
co-1Cé6
co-107

EEZTE I EE T EZEEERENIENMAENAATANANMIAMERARTANRIATAN

(CONTINUED)

SFX

ZEEZEETXTEETEZETXTEE

1901

BORN

1897
1902
1903
1889
1898
1902
1900
1899
1874

1890

1899
1903
1899
1901
1891
1887

1899

1875
1897
1893
1986
1892
1893
1882
1894
1883
1891
1896
1892
1889
18AR8
1895
1900
1890
18498

1294
1892
1996
1902

1898

1288
1884
1892
189S
1880
18R6
1901
1897

Clec

1962

19649

1952

1966

1987

1963

1967
1966

1968

1964
1027

1964
1951

1928

FIRST

1917
1913
1918
1919
1914
1917
1917
1917
191¢
1919
1917
1917
1917
1917
1918
1916
1915
1917
1913
1917
1917
1916
1920
1913
1913
1924
1911
1916
1919
1916
19195
1912
1921
1922
1918
1913

1918
1919
1916
1921
1913
1918
1920
1915
1918
1906
1912
1922
1913

LASTY

1960

1960
1960
1960
1965
1960
1960
1960
1960
1960
1960
1960
1960
1960
1960
1960
1960
1960
1960
1960
1960
1962
1962
1963
1964
1962
1963
1962
1962
1962
1962
1963
1963
1959
19%9

1963

1963
1963
1963
1963
1963
1963
1963
1964
196%
1968
1966
1965
1963

xxiii

INPUY ,BONE
EXPOSED MEASURED NANCCURIE/G

6391 | %

16.223
9.109

4.13%
0.280
0.55%
2,779
1.131
3.178

0.223
0.056
1.901
0.386

0.0%7
0.336
0.123%

0.333

0.712
0.039
0.466
0.069
0.121

0.192
0.404
0.210
5.957

0.848
2579

0.273
0.369%
0.333
0.5647
0.042
0.358
0.239
5.492
0.040
. 1928
27.127

0.043

0.898

i
3
&
4
%

CUMULAT]VE!
RADS

57.70:
1150.00:
633.00°
< 1.0
229.00
19.80 ¢
38,80
194.00%
80.60
210.00:
< 1.0 &
15.80:
3,983
133,004
26480 it
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TABLE 1 (CONTINUED!?

. FiasT LASY INPUT, BOINE CUMULATIVE
CASE SFX 9NeN NIEC EXPNSED MFASURFU NANOCURIE/G RACS
"¢go-1C8 189y 1918 1965 . S % 2 W 12.30 - -
09=-1Nn9 » 189% 1914 1949 0.174 12.60
" 09=110 " 1900 1914 196% 0.305% 22.30
n9-111 m“ 1874 1944 1913 1967 < 1.0
09-112 " 1898 1940 1966 2.387 1064.00
co-119 " 1894 1920 1953 0.694 47.00
xxiv




63901 -

TABLE 2. Summary of Exposure Histories and Body Burdens of Radioactivity
for 49 Dial Painters Examined May 1970-30 June 1971.

Year ' Yrs after | Age at
of Exposure: date Estimated first first
Case No. Sex Dbirth and duration Ra{uCt) exposure exposure
05-014 F 1900 1516-1920 0.1} LY ] ‘16
4y ’
05-001 ¥ 1900 1919 0.061 Sl 19
1 yr ‘
05-~040 F 1899 19i7-1918 : 0.010 S4 18
05-094 - F 1927 194$ 0.009 26 18
1l yr :
0s-121 F 1906 1921-1922 0.009 49 18
6 mo internittently _
01-090 F 1910 1927-1929 0.008 . 4«“ 17
~ 11/ yr . |
01-074 F 1909 1927-1928 0.007? 4" 18
12 mo '
01-07S F 1902 1922-1923 - 0.007 49 20
12 mo
01-078 F 1909 1925-1926 : 0.006 46 16
: 10 mo ’,
01-110 'F 1909 1925-1927 0.006 46 16
. , 19 mo
0sS-3C6 F 1903 ~1921-1924 - 0.006 49 18
. =3y
01-137 F 1901 1923-1936 0.00S 48 - 22
01-71§ F 1907 1927 0.00S 443 20
1 mo ‘
01-289 F 1899 1919-1921 0.004 $2 20
19 mo
01-728 F 1912 1927 0.004 Lk 15
' 6 wk
01-070 F 1910 1927-1928 0.003 & 17
I mo
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TABLE 2. (contd.)

Year - Yrs after Age at
of Exposure: date Estimated first . first
Case No. Sex birth and duration Ra (uC1) exposure exposure
01-180 F 1900 1918 0.00) S3 18
6 mo : :
01-294 F 1912 1927-1928 0.0013 44 18
lyr
01-03?7 12 1908 1928 0.002 4] 20
6 mo
01-069 F 1905 1922-1924 0.002 48 17
1=-1/2 yr :
01-091 F 1907 1927-1933 0.062 44 20
intermittently
01-092 F 1906 1922 0.002 49 16
' .6 mo '
01-111 F 1910 1927 0.002 4 17
4 mo
01-127 F 1908 1927 0.002 44 19
2 mo
01-290 F 1906 1920-1924 0.002 sl 14
S summers
01-43S r 1907 1928 0.002 46 18
1 mo ‘
05-322 M 1900 1917-1922 0.002 s4 17
05-447 F 1902 1916 0.002 sS4 14
2 mo
10-018 F 1920 19%2-1960 0.002 19 32
8yr
01-041 F 1909 1927 0.001 4“4 18
6 mo
01-237 F 1908 1927 0.001 - 44 19
2 mo
01-2%4 F 1910 1927 0.001 44 17
2 wk
xxvi
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TABLE 2. (contd.)

v ry WHE oI

Year Yrs after Age at
of Exposure: date Estimated first first
_ Cease No. Sex birth and duration = Ra(uCl)  exposure exposure
01-280 F 1905 1926 0.001 45 21
1 mo ‘
05-002 F 1903 1917-1918 0.001 S4 14
2 summers )
05-01S F 1891 1916-1918 0.001 54 25
16 mo
01-035 F 1901 1920 0.000 sl 19
' 3 mo
01-125 F 1911 1927 0.000 44 16
6 wk
01-143 F 1904 1921-1922 0.000 49 17
2 summers ’
01-599 F 1909 1927 0.000 43 18
2 mo
05-407 F 1898 1916 0.000 54 18
2 mo
05-440 F 1896 ~1922-1923 0.000 49 26
<1 wk
01-123 F 1889 1923 -0.001 47 34
3-4 mo
05-126 F 1889 1921-1923 -0.001 49 32 f
intermittently ;
01-093 F 1904 1926 0.00 45 22
~2 mo %
01-169 F 1918 1936-1938 0.00 35 18 1
1 yr total g
01-240 F 1910 ~132% 0.00 46 15
1 mo %
01-25S F 1920 1942-1943 0.00 29 22 3
12 mo 1
01-478 F 1901 1929 0.00 42 28 4
3 wk g
- i
01-482 F- 1912 1927 0.00 “ 15 —fi
1 mo i

AAKVLL
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TABLE 3. Summary of Exposure Histories and Body Burdens of Radioactivity

for 35 Individuals, Other than Dial Painters, Examined May 1970- i
30 June 1971. o S :
Year . Yrs after Age at
of Exposure: type, Estimated first first ‘.
Case No. Sex birth date, duration Ra (uCi) exposure exposure
01-431 F 1901 Ra injection 0.765 49 21
~ 300 pg RaCly 4
1922-1923
01-588 M 1913 Drank Radithor 0.33 43 14
~ 64-128 bottles
~ 1927-1929 .
01-196 M 1907 Drank Radithor 0.11 40 23
, ~ 1930
05-383 F 1901 Ra plant, Sec'y 0.072 S3 16
and lab worker
1917-1920
01-336 M 1899 Ra chemist 0.051 . 28 46
1945-1966
01-409 F 1914 Ra contam. home 0.034 57 0
1914-1942
Ra lab worker ~.1930 ,
01-410 F 1920 Ra contam. home 0.033 31 20
Ra lab worker 1940~
, 1943
01-157 F 1894 Drank Radithor. 0.032 45 31
~ 90 bottles
g ~ 1925
09-088 M 1900 Ra chemist n.018 49 22
1922-1928
£ 01-408 F 1918 Ra contam. home 0.015 ~ 83 0
1918-1945
1 intermit. lab worker
: 1934-1942
09-106 M 1901 Ra chemist 0.008 52 18
3 1919-1921
3yr
xxﬁll
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TABLE 3. (contd.)

L Jgiiia

prodbd

Year 3 Yrs after Age at
ST - ~of - Exposure: type - Estimated- first - - - first-
Case No. Sex birth date, duration Ra (uCi) exposure exposure
01-247 M 1901 Ra chemist 0.007 48 22
1923-1926
Rn chemist 3 mo
1926, 1930-1937
05-353 M 1900 Shipper, Ra plant 0.006 56 15
~ summer 1915
09-082 M 1892 Ra chemist 0.006 5S 24
1916-1917
1919-1922
01-307 M 1930 Ra chemist 0.005 14 27
1957-1961
05-401 M 1898 Supervisor of dial 0.005 54 19
painters 3 yr
1917-1920
05-387 M 1902 Ra chemist 1918 0.004 53 16
' '1-2 mo .
05-197 M 1898 Machinist Ra plant 0.003 52 21
) 1919, 3-4 mo
05-369 F 1901 Dial inspector 0.003 51 15
' 1919 6 mo
01-310 F 1928 Mother was former 0.002 - --
dial painter, Case
‘ 01~-051
01-414  F 1897 Ra physicist 0.002 40 34
1931-1942
01-493 M 1893 Rn pumper 0.002 44 34
1927-1962
01-691 F 1913 Father was Radithor 0.002 - -
drinker Case 01-690
05-409 F 1900 Ra plant sec'y.8 mo 0.002 53 18
1918-1919
10-009 M 1889 MsTh chemist 0.002 54 28
1917-1928 ’
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~ _TABE:3. (contd.)
Year Yrs after Age at
of Exposure: type, Estimated = first first
(iase No. Sex birth date, duration Ra (uCi) exposure exposure
J1-171 M 1897 MsTh chemist 0.001 53 21
1918, 1 yr
01-42) F 1897 Ra lab worker 0.001 49 25
1922-1926
05-450 F 19C3 Ra plant worker 0.001 53 15
1918-1920
01-626 F 1932 Mother was former 0.000 - --
A dial painter, Case ‘
00-027
05-181 F 1901 Ra packer 0.000 . 52 17
' 1918, 1 mo
01-617 M 1922 Mother was former -0.001 49 0
dia!l painter, Case
01-014
06-501 F 1897 No exposure, -0.001 - --
' control
05-272 M 1895 Ra chemist -0.002 52 23
1918-1918 |
05-161 M 1901 Ra chemist 0.00 53 17
‘ summer 1918
09-09S M 1894 Ra chemist 0.00 53 24
1918-1926
30EX
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A TIME-INVARIANT DOSE PARAMETER FOR RADIUM CASES

A. F. Stehney

- The suitability ¢ .. 2, dose rate, and time parameters 'for—studie :
of radium-burdened humans is examined. A time-invariant dose parametery
is shown to be necessary for determining the time dependence of radiatioq
effects. and the amount of initially acquired radioactivity per unit skeleta
mass (nCi/qg bone) is suggested as appropriate for this purpose. E

The cumulative rad (CR) dose variablem

has been used frequently

for empirical compariscns of biologica: effect and radiation dose to the

226

skeleton for radium-burdened humans. Exposure from both a and

1_
k!
220

are combined by summing the energy deposition of the radium isotopes and

their decay products, and detailed procedures have been developed for

3&

However. it is necessary to specify the time to which cumu-

taking into account biological retention and radioactive decay of the varl
nuclides. (2)
lative rads are to be calculated because, as for all intemally deposited ° f
nuclides of appreciable half-life, the integrated dose increases with dmé
This dependence on time causes the CR variable to be quite 1nappropr1ate .
for studies of the time dependence of radiation effects. ;'

The need for a time-invariant dose parameter is readily lllustratea
m the important case of the evaluation of life~-shortening as a function of

(3.4)

radiation exposure. For simplicity, we consider the situation when

the “experiment” is completed, i.e., all the subjects have died and are
grouped into cohorts on the basis of CR calculated to death. For cohorts
defined by narrow ranges of CR, each subject may have entered his partl
ular cohort at death or only shortly before, spending much of the time af '“ﬂ
intake in cohorts of lesser dose. Thus, the time of death after intake for '
an individual in a particular cohort would merely indicate the length of

time required to accumulate the dose characterizing the cohort. It would

b

Ry

not be a measure of his survival time in that dose range, because a true
measure of the probability of an event as a function of time cannot be ob-
tained unless the event may occur at any time in the entire interval under]

!

3 -\ NIRRT b Ea b 0l
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consideration. This requirement may be partially satisfied when subjects
are grouped into wide ranges of CR, @) but a more logical procedure is to
employ a dose parameter which does not vary with time.

As one possibility, cumulative rads calculated to some fixed time
after intake of radium might be used as a time-invariant dose parameter.
Examinatio;'x of the CR values at various times after acquisition, (5) shows
that the number of cumulative rads produced by equal amounts (uCi) of
226Ra and 228Ra are almost identical at t = 57 years (cf. below), so this
is a logical (and convenient) choice for the fixed time. Cumulative rads
calculated at t = 57 years have been dubbed "cum rads 57," or "CR57."

The chief disadvantage of CR57 is that a false inference as to the actual
dose may be drawn. It does provide a relative measure of the actual amount
of initially acquired radioactivity, but the only significance of CR57 as an
ionization dose is as an approximation to the number of cumul: ‘ive rads
which would be attained by a subject surviving a long time after injection.
Thus, it seems advisable to abandon the "cumulative rads" nomenclature

in referring to a time-invariant parameter.

In the absence of a model relating effect, time, dose, and dose rate,
choice of a "best" dose parameter for work with internal emitters can
hardly be made.(s.'n The issue is avoided in animal experiments by group-
ing according to nuclide and the amourt of radioactivity injected per unit
mass of the animal. We propose to adopt a similar approach by using in-
jected radioactivity per unit skeletal mass as the time-invariant parameter
for the human radium cases.. Since direct measurements of these quantities
are not available for most of the cases in this retrospective study, the
amount of radioactivity injected must be deduced from body burdens mea-

sured long after intake and nominal skeletal masses (standard man) will be

*By “injected" radium we mean the amount of radium (uCi) which enters the
blood stream by direct injection or by absorption from the gut or other body
cavities (e.g., lung) external to the "body." This is the same as is meant
by “"initially acquired," and the two phrases will be used interchangeably
in this paper.
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_able amounts of both nuclides were acquired. Similar uncertainties are

2391 - -

employed. Furthermore, it will be assumed that 226Ra and 228Ra are

equivalent in biological effect on a uCi basis for cases in which compar

idabots: & iei Vv b o R

encountered with the CR varlable.

Calculation of Initially Acquired Radium from CR Values

Direct calculation of the amount of radioactivity injected may be :

done by measurement of 226R and eRa at some time, t, after lnjection}-

and correction fdr excretion and radioactive decay to t=0. This requires%
knowledge of the excretion function for radium, and the calculation is dif-
ficult for those cases in which intake of 28Ra took place over an extendg
period of time. These difficulties have been considered in detail in cal-%
culations of the CR variable which are obtained by measurement of body 5
radium and application of existing computer programs from which the CR§

(8) ;

values are output. Thus, a convenient method of calculating original i

injected dose for each subject is to use the following relationships:

bR it cy
o~

226 . ‘ 3

Ra) at't for the subject :

uCt injected 226Ra - 2;JGR( Ra) at't for tl';ezssub ect d

CR("“"Ra) att, per uCi “" "Ra att=0

228 CR(ZZBR )_at t for the subject j

uCi injected = TR a) at tjor 575 s .
CR("""Ra) att, per uCi =~ "Ra att=0

‘ PO NARIL g Y

A further simplification may be obtained by noting that CR value
increase very little for 228Ra at times greater than thirty years after acquf
sition. It happens that for men at t=57 years, the number of cumulativeﬂ
rads per uCi injected is 10.73 for 226Ra and 10.75 for ‘28Ra. Thesa are

the values obtained from the total alpha-particle energy dissipated in bon

averaged over a skeletal mass taken to be 7000 g for men, Then, regardll

of the original ratio of 228Pa to 226Ra, we have for male subjects:

uCi injected 226Ra + uC1 injected 228Ra = ER57 p
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where CR 57 denotes the sum of the CR contributions of 226Ra and 228Ra

at 57 years after injection. For female subjects (5000 g nominal skeletal

mass), the corresponding result is

uCi injected 226Ra + uCt injected 228Ra CRSZ

The value of 15.04 in the denominator of Ea. (2) is the number of cumulative
rads for women at t=57 years per uCli of 226Ra or 228Ra: this differs from
the value for men only by reason of the smaller skeletal mass assumed for

women in calculating CR. It should be emphasized that the use of CR values

in calculating injected raZioactivity as above is merely a convenience. The

amount of injected radioactivity calculated by Eq. (1) or (2) is independent
of the skeletal mass chosen for calculaiion of CR, because both CR and CR
per uCi are inversely proportional to skeletal mass.

Proceeding to a basis of injected radioactivity per unit mass, we

divide uCi injected by the mass, or skeletal mass, of the subject. Thus,
for men we have

_CRS7
10.74 x mass’

(uCi injected 226Ra + uCi injected 228Ra) perg =

and for women the denominator on the right-hand side is 15.04 xmass. In
general, the actual masses or skeletal masses of the subjects at injection
are unknown, so we use nominal skeletal masses of 7000 g for men and
5000 g for women, as was assumed for calculating cumulative rads. Since
10.74x7000 and 15.04x 5000 are both equal to 75200 ,. we obtain an
equation applicable to both men and women:

(nCi injected 226Ra +nCi injected 228Ra) per g bone = _C;;_S; (3)
For intake over an extended period of time, T, cumulative rads are P

calculated as though radiocactivity were acquired at a constant rate (total

acquired radium divided by T) during T. Since CR values increase almost

G D024




~values calculated at 57 years after the start or end of the period.
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linearly with time in the region of 57 years after injection, calculation of _
CR at t =57 years after the mid-time of the intake period will provide values

of the injection dose more akin to values for single injection than would CR . -

Other Time-Invariant Dose Parameters
Partly for conparison with the maximum permissible leve: for radium

which is set at a body burden of 0.1 uCi 226Ra‘ Evans(z‘s) has defined a

pure radium equivalent (PRE) to take into account the presence of both

226Ra and 228Ra. PRE(CR) is the amount of resicual 226Ra which would be

present at time, t, if the sum of the CR contributions of 226 a and 228R ‘

to that time had been produced by >~ Ra alone. it is by no means a time-
invariant parameter, as may be seen from the formula for calculauon( ) 4
which is readily put into the following form:

PRE(CR) = uC1 2?®Ra at t+uC1 2%%a att - €*2228% . (M/R) at e,
where | 4
(M/R) at t = __L_Ré)_at_t_._a_uﬁ ®Ra at t=0 y

CR(ZZGRa) att, per pCi zsRa at t=0

Since residual 226Ra'- residual 228Ra corrected for x:adioacuvity decay, and e |
M/R all decrease with time, the strong time dependence of PRE is evident. , .
Of course, one may define a PRE 57 at t=57 years, much as CR57 was de-
fined; then, since M/R at 57 years is equal to unity, | - R/

226

PRES7 = uCt 22%Ra (57) = uc1 22%pa (57) « o™*22857

Thus, PRE 57 wovld be the residual amount of 226Ra and 228Ra (corrected " .
for radiocactive decay) at 57 years. It is an imaginary quantity, but, like
CRS7, it provides a relative measure of injected 226Ra + 228 a. a '

Another dose parameter of special interest is the estimated maximum

burden (EMB) which has been used by Miller, Finkel, and Hasterlik in work

Go0G23
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with subjects having body burdens of 22683.(7) For a given total amount

of injected radium, the EMB depends on the length of time during which in-.
~ . take occurs—largest for a single injection, smaller for intake over an ex-
E ‘tended period of time. Obviously, this parameter is invariant with time
after end of injectior. and provides a measure of the maximum dose rate.
| However, it is subject to the experimental difficulty that while the period
‘ during which intake of radium could b_a&e_ occurred may be known quite
5. - well (e.g.., from work dates in the radium industry), the period during

; which intake did occur is much less certain. Thus the calculated EMB for
' an individual may be much more in error relative to the true value than is -
the calculated total amount of intake relative to the actual amount of in-
3 take.

Discussion

Since ionization dose increases with time of exposure to lon'g-uved
A intemal radioactivity, it is apparent that the time dependence observed for
. a biological effect in a cohort based on initial radium burden may also be
| ‘ interpreted as a dose dependence. Such ambiguity is unaviodable bacause
of the interdependence of time, integrated fonization dose, and initial
amount of radium (dose rate) . If any of the three is chosen as a basis for
, ' a cohort, then the effect of the other two cannot be studied independently
of each other. For example, if a cohort were based on time after acquisition,
a dose effect within the cohort could also be interpreted as a dose-rate
- effect. '
One may then ask whether there is anything fundamental about
dividing patients into groups according to the‘amount of injected radium,
instead of integrated dos‘e}. for studies of time effects. Apparently there
' is. A clue may be found by noting that the dose rate fixes the time at which
an integrated dose is attained; it does not occur to us to say that the time
after mjecuon at which an individual attains a given dose controls his dose
rate from internal radium. The fact is that the amount of injected radio-
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activity is an intrinsic property of the individual, whereas time and accumu- 3

lated dose subsequent to injection can have an‘y positive value within the
limitations of the lifetimes of the indjvidua! and of the radioactive species.
_ Of course, it is proper (and desirable) to compare biological effects

with any one of the radlauon parameters. We then recognize that the other 3

two parameters may vary widely in each cohort, so long as the combination

" for each individual fits the cohort. If the comparison is with injected radio-

activity, we can go a step further and examine the time (or dose) distribu~
tion of biological effects for a given amount of injected radicactivity.
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