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TABLE 1 I
MONITORED POPLZLATION OF HANFORD WORKERS B
Certified Deaths of Male and Female Workers, 1944-1972
- . ;

External P.adia:i:ion | ‘ o .’
T Exposed - Exposed ' Average Doses
Deaths Cases = Workers Total Dose Workers =~ (1) £2)
No. Fo.  Centirads. . .' 3 . Centirads

-

Males: : =y
Cancers . * 670 441 90,514 - 65.8 - .205° 135
Non-Cancers ' 2,851 1,739 291,123 T 61.0 . - -167 | 1n2
‘ 17 S R

4

211 Causes 3,521 2480 381,637 . 6l.8 " 175 158

Terales: - et . 3-.:‘_. S . - s .’
. cancers 11 32 4,430 288 7 138 . g0
'; Ty oY S . ot i

© Mon-Cancers  _ 251 " 78 5,285 - 30.3 70 a
|

A1l Causes 162 108 - 9,715  29.8 CLIN P
1 S . , Do o ‘

ot
P o
N B
} g
I - R I
: - s -
‘ - : i
[ - ! L
; ; s . . L TR
. . . e
| . .
. PO

| . . .
€1} = radiation doses of exposed workers

-

(2) = radiation doses of 21l workers
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‘ . ' ‘ TABLE .2
ANSUAL RADIATION DOSZS OF EXPOSED MALE CANCERS (CASES) ..
&nd BON-CANCERS (CONTROLS) - .
(i) Calerdax Years of Badge Readings

, " Buzher nverage (1)
A - Positive Readings Radiat:.on Doses
Calendar Yrs. Cases Controls . ,Cases Controls
: = . - Centirads -

1944-1945 | '237 %01 22.0-. 21.4 1
19¢6-1947 333 1,268 L ':1:{.0'- EERY L2
. ;'.__;1948-1949 T 325 1,189 "1::‘._'.,'_‘8-“." _.“-."."‘3-4'
2950-1951 o3 1,306t oexals :.12-8 o
1952-1953 304 1,219 22,1 L20,2
1954-1955 283 1,009 28.5 23.0 - .
2956-1557 185 s68 421 aLs - 2
) © 21958-1955 - .183 - 523" " 539" 51.8 2 -
1960-1961 203 660 - 53.6 - 46.1° . 2o
 1962-1963 . 227 788 a7.3 432 2 -
. 1964-2965 184 599 63,5 . 60.6 B |
. 1966-1967 - 130 396 883 42,8 2.
'i;..ff;":»1958~1969 g 8 223 f0.2 ° 42.4 1
;1970—1972, L 32 76 365 177 2 ;o
Cworats . 3,027 10,388 3.8 3.8 1B 3
o . - i

4 S
? { ) Average dose per exposed worker standardizead for numher of exposud
' workers 1n each vear. : o

(2) Nunber of yeazs with hichar rates for cases than controls or vi::é:«,v_é

j’ 1007697
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AXNUAL RADIATION DOSES OF EXPOSED PALE CRYNCERS (CASES)
and NON-CANCERS {CONTROLS)
(iii) Bmployzent Years of Badge Reachngs

‘ . - Number of ' tAVEJ-'aSB 1) Bz.gh (ZJ |
o ' Positive Readings Radiation Doses Risk Years .5; '
Employment Years Cases Controls Cases Controls - Cases c°-z-_:~°1$;-j

463 1,786 20.8 . 225 - .

B
N w

475 1,747 234 16.8 2
| 368 1,294 1.8 172
=7 s 1,36 22.5 . 24 -
=9 7 293 egs 344 - 28,3

® *® A N o

10 - 12 .' 232 811  £2.0 - 33.2 .
22 - 13 186 528 4m6  4aus
14 - 15 . - 171 524 s5.2 . 47.8
16 - 17 : 17 541 a7.3 459
18 - 19 R e 461 468 - 42.9
20421 . 103 200 so.g - s3s
- 22-23 73 160 401 37
124 - 25 S s 2i6 s .
“26 -28 | 14 22 14.32 _ 16.1

NN MR R N e N,y

TOTALS 3,027 10,388 347 3;1.7 18 1

Wy A . - - SR
1) See footnotes to table 2 , T SR B
2)) : - | {

Ca bl
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T

ANNUAL RADIATION DOSTS OF EXPOSED MALE CANCERS (cas.r.51
- ans %ON-CANCERS (CONTROLS) | _
: i o {iv} Yea:s Baforas Death of the Badge Readings
: Nu=yar of _ '. Ave:lrage. N ngh - d)
- Positive Resadings Radiation Dose - Risk Year:.; 4
Cases Controls Cases Controls Cases Coniiol:
- Centirads S
© 155 675  27.1  27.9 1 1
264  .85¢ 42,0 35.4 - -2 - -
273 . 975. .30.8 ° 42.4 1
305 1,015 ,'_‘}-_::17.:0 K 39.5 Bl
310 1,022 ~,_:f.35.'7_ 318 - 2z -
283 933 33.4 281 2 . -
244 868  :35.0 25.5 * . 2 -
- 14 -15 257 863 29.0 . 222 . .2 L
16 - 17 239 861  27.2 21.3 2 -
18 ~ 19 220 724  21.3 18.1 . "2 -
20 - 21 186 592, 12.9° 141 - o2
22 - 23 143 481 150 ‘157 - | 2
24 ~ 25 111 - 353 18.5 - 16.9 B SR 18
- 26 - 28 56 172 - 125 21.8 -3
: TOTALS 3,027 10,388 ";7.7 25.8 1 12
Ly e N
W ) See footnotes to itable 2 i
; e : '
10071699 o



TAZLE &

#WUAL RADIATION DOSES oOF EXPOSED MALE: CAMCERS (Caszs)
and XON-CANCERS {(CONTROLS!
{ii) Rge at the Tine of the Badca Rzadings (excluéing ex

.. P
IZ05UTRS yitkmia

-3

5 vaarz of deann

Number gf  hverage (1 Eigh (3
Pasitive Readings Radiation Doses Risk ¥ears
Ege2 in Years Cases Coatrals Cases Controls . Cases Cozt:oLQ
: ' Centirads
20 - 2; 11 22 T 28.6 -:313.6 0 g 1
23 - 23 .21 95 ©31.8 - o215 4 2
26 - 2: 55 17 S 23 26z . 3,
25 - 32 T 272 2.1 300 3
32 ~ 32 111 215 4.4 . 30.¢ - 3
35 - 37 150 535 18,5 238 1 2
38 - 2t 16c  gos 205.7 21.3 - 1
41 — 43 22? 6553 25.7 24.7 2 ‘1
44 - 43 234 742 " 28.¢ 26.4 2 1
27 ~ 4% 253 777 37.¢ 31.¢ : -
5¢ - 52 28 B7¢ 32,4 30.7 3 -
53 - 55 253 93¢ 34.:3 25.¢ 3 -
56 -~ 58 233 853 30.7 25,3 2 2
55 ~ §- 19¢ 70€ 28.:3 24.7 3 -
62 - 6: 16¢ 527 35,2 23.9 3 -
TOTALS 2,248 §,21¢ 26.2 25.3 2 17
(1);
) sez footnotes to teble 2

(2);
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CERTITIED CATSES OF DEATH
EXPOSED WORRKXEZRS AND RADIATION DOSES

" Other Causes

gales
211 Causes of Death =~
genales

Cojp0110t

| (1) S=e footnote to table 1.

TABLE

Cases .~

Nos.

_ 680
1,839
192
139

T . 450

221

28
83
' 124

‘585

72

3.521

. Je2

6

_ 65.5_ . 204

Exposed- - " Radiation Doses
Workexs = (1) {2)
S * Centirads

624 .. 188

m

59.9 190

60.5 ~ .0 192.- . -
62.0 136 - 88
‘289 - 21 .ex .
300 .. 183 33
29.8.° .. 100 - 30
3.1 . | 40 . 12

62.0 . 175 103

29.8- . 80 27

e - a2 13

5
wod
‘Ht

M




TABLE 7

CAMCER DEATHS - l,‘_.._-“HAI.E‘. WORKERS - EXPOSED WORXERS and

RADIATION DOSES BY CANCER CELL TYPES o

L. - - Exposed CAveracu fﬁ‘
~ Cell Types (ICD YMos.) . Deaths Vorkers . Radiation Esad
: e ) : . UO. . . . o :

Targe Intestine (151) . 61 80.3
_ Pancreas _(157) T 49 . 63.3 - 418
Solid Tumors = "iﬁigis'"‘_’-“'(lso-a) g 192 L6z . 208
© (240-199) R R

J:i&ney {189) . 2L | 66.7 <81
Brain’ (191) - . . 18 - 6o 360

Residue .7 268 - 60.0 . 9

Mysloma (203) 1 8.8 e | s

TES Neoplasms Myeloid Leukemia (205) 11 54.5 223 123
(200-205) - - -

Lyrmohatic neoplasms (200-); : Heo b
" 204) 33 . ° s81.8 148 2

Residue (202;206~9) 9 €6.7 33 22

{1} Ses fodtnote to Table )

1001702 | S



S

CCHULATIVE RADIATION Dos:zs 0F MALES AT STATED INTERVALS BEFQRT pzy~—

{1} x0

Many Caalazive Radia

(1

Yeax All Non-Capcer
22fore Death Deatas
2€ c3a2
2< 15.8
24 19.4
22 22.4
2c 25.2
1g 2%.¢
leg 35.2

14 .z
z 8.2
dc 56.¢
3 67.2
5 80.¢C

L3 I N
(5]

G (0
c n
s '
v m

'
ey

(s l0&.¢
:f-
ltoher of Deaths 2,85

~.

{1} staancara Sroup. = -~

Pl

10011703

Cardiovascaiax
Diseases Accicepes
co34 gl
T15.3 . 7.3
1704 , 10.%
- 20.6 . 1.3
22.7 20.0
2709 23.5
24.8 32.3
- 4.3 7.1
T 48,8 £4.3
57.2 . S4.8
-—68.¢c - 64.4
8l.e . oge,
S4.¢ 91.0
104.¢ " lo0.5
110.5 161,24
1,83% 450

tion Dose ip Centirasds

Othex
Canses

3.2

19.2

.. 28.2

29.2
30.7
35.% .
382
£3.2
£7.8s
© 55,3 -

. 582
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THR3LI %

CUMULATIVE RADIATION DOSES o7 MALES AT STATED INTERVALS BZTOZ2S pEaZ=z

-3 hai AR
&, NNt en

o)

s
-4

(73]

-
e

Mean Cunulative Radiation Dose in Caa:iraéan

a1l }
Years Belore Death Cancers Solid Tumors REZS Naodlasas
28 | 1.9 2.2 0.7
28 . 12.5 ‘ 11l.5% 24.6
24' ) 1809 . 19.3 1403
22 22.7 T 22,7 23.1
20 23,2 24 .5 33.0
1e e . 34.0 32.3 52.2
& Q4.3 40,6 ‘ §3.9 »
14 54.3 ¢ 49.2 '103.2 ¥
1z 65.0 * s8.8 + 126.0 w»
1o 76.7 ® . 69.1 154.0 *=»
4 90.4 . 8Ll.7 175.4 *»
¢ ©104.2 ‘ . e®s5.¢ 194.5 *
4 lls.¢6 107.7 200.9 *
2 129.0 119.¢ 215.2 *
0 . 134.4 ©125.0 223.1 *
Nunber of Deatns 670 . 606 €+

(1) Figures in italics {underlined) significantly different froa the staxdard
groud (see Tahle @

Levels of significance P < 0.0¢
*n ? < 0.0
*tAr p < 0.00.

+ radiation dose that conmpared nmost unfavourably with the standarzd éoss.

1001104
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COULATIVE PADIATION DO3ZS OF MALZS &7 STAEW INTERVALS BEFOS ZATS

rs pIDE IDLTINIMS
! d

o - S R ¢ -

Hean Croulative Radiazion Doses ir Centirzals (L

Al Myeloid Lycphatiz aci
Years Beloxe RES Neodlasus Neoplasms Reticular MNeoplasts
Deat: (200—-209) (203; 2053 (200-2; 204: 2085
28 . c.7 1.C | 0.0
28 l 245.8 3.¢ 57.0+
24 143 | 4.2 26.4
22 23.1 19.C ' 25.7
2¢ | 33.0 37.8 23.1
18 . 52.2 s3.1 st
e 83.0v 121 .€w*r 50.5
14 1035. 2% 180.5%** 54.0
12 125.0%* 231, 1va> 6€0.7
10 154.0%+ 310.2%** | 63.4
: 173.4** 401, 4¥¥»s 62.2
€ 194.5* 446 9%~ 65.0
4 . 200.9* 438, 5% 72.9
2 ‘ 215.2* 468, 14w+ 90.3
o 223.1* . 469.2%%* 100.1
tbher of Deaths 64 22 42

(1) See footnotes to Table €,
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CTHULATIVE RADIATION DOSZS OF

h’
b

'2) s
-~ Sl

MALZS

e R T -
EOEIAZVS

AT STATED INTERVALS BEFORE DEATI

Mean Croulative Radiation Doses in Centizads Y

7eaxrs Before 2ES Neodiasns
Death (200-209)
28 0.7
26 24.6
24 14.3
2 23.1
20 33.0
18 s2.2¢
16 83.0+*
14 105.2%*
12 125.0**
10 154.0**+
8 175.4%*
. - 194.5*
4 200.9¢
2 215.2*
0 223.1*

itsber of Deaths

(1) tee ‘ontnotes 4o Table

100117060

a.

Myeloid
Jeoplasms
{203; 205)

1.0
2.0
4.2
19.0
37.6
53.1
—1_2}_:—6.4’#
180, 5*%*
2—3_,]__;;-]__-. L2 2

310.2%%*

40L1.4A%np

446.9%**
438, S5***
468, 1%**

469, 2%

ymphatic and
Reticular Neoplascs

(200~2;

204;

0.0
57.0+
26.4
26.7
29.1
51.1

£0.5

42

206-3)

Vl}



‘Years Beloxe
beat:

Nuzber of Deaths

/&

Rl e R e 2] R e TtE  manem -
L NI iR R LR N W) - ety et St S

Mean Ceenlative Radiation Dose in Cenctirass

Iy Breast Otner G.T.
Non~Cancar Cancer ‘Cancers

Daaizs (174) (180-189, Otaer Canzers
3.4 27.0¢ . 0.C . 6.0
6.4 25.7¢ 0.C. _ 0.0
6.0 24.3v+ 0.¢ . 4.9
7.5 19.2 0.C C 2.5
8.5 : 13.7 0.6 - 7.6
10.3 12.9 0.4 "10-8
11.4 12.4 .7 0.8 © 1.
13.7 16.5 o 13.1 . 17.9
16.3 22,7 16.1 23.9+
17.8 | 40.6 15.4 26.3
19.8 52.6 . 15.0 27.3
20.6 60.0 13.3 32.9
21;7 61.0 - 14.8 35.3
22.3 61.¢ 16.9 33.7

252 2¢ 2¢ 57

(1) Szandazd group. Figuzes iz italics (underlined) were significantir Giffera=-

tron standard.

- Tn2 radiation cose tha: ccopaved cost unfavourably with tne standan3 Soss.

Fo01101
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(1
(2.

B
o
J
p

'.l

, [3
<
(1}
1Y)
1
n

-
CUMULATIVE

- -

- e

RADI

RLL RIS NZQ2LASMS AND

~3
[N

4
L

AT T
- Wt

Palatalil XN

SOLIL TUMORS WITHE HIGE

DO3Z5 FOR MEN AT

STATEL AGE:

RADIATION DC3SZ3

Mearn Cumulzative Radiaczior Doses in Centirads

Deatns

g.C
13.¢
31.4

- 37.%

43.5
52.2
57.9
56.9
59.0
63.7
74.0
8l.4
83.7

Nonm—=lance:s

(1L

Staniaxd grous (see Fig, 5

large inteszine, pancreas, Kidney, brain

1001108

2., R332 heoplLasnms

32.0
38.0
37.1
45.4
68.1
88.0
143.5
202.2
244.4
180.5
328.0
525.2
566.1

-3
o
-
.

[

.8
trn
.

a8

-

+

+ + o+

+

51x Solid Tumoxs'”

values —> oz, ?f/{u T values
1] R -

.3
0.%
0.2
0.2
0.4
0.4
0.5
0.3
0.3
0.7

*x

* Rk

E X 3

xReX

39,3
40.2
41.2
40.3
39.0
41.0
43.1
51.3
62.6
86.0

110.4
136.5
170.3
130.0
126.9
137.8

78.5

98.0

97.7

and lung (see Tablie 7,

+

+ + + + +

+

+

0.6
0.7
0.3
0.3
1.5
2.1 *
2.7 *
3.6 **
2.1 *
1.9
2.5 *
0.8
2.7 *

2.8 b




(1
(2

RTIVE RADI:

=
L. PZE NZQP2LASMS AND SOLIC

non=Cancer

Deatns

8.0
13.4
31.4
37.¢
43.5
52.2
57.9
56.9
59.0
63.7
74.0
8l.4

(1

Scaniaré grouz (see Fiz. 5

Y

- -l

o & et g

zkive Radiazior Doses

o e

DO3EZ5 FOR MEN AT STATEL AGES

TUMQORS WITE RIGE RADIATION DQ3Z3

ir. Centirads

F_. BZZ Neoplasms S13 S0Llid Tumass T
T values — 1., & o pame values
0.0 =« C.3 35,3 + 2.3 *
1L.3 = 0.1 46.2 <+ 2.1 *
23.¢8 =~ 0.2 41.2 + 0.¢%
36.e « 0.1 40.3 + 0.1
32.¢0 - 0.4 39.0 - 0.3
38.0 - 0.4 41.0 - 0.%
37.1 - 0.5 43.1 - 0.7
45.4 - 0.3 51.3 - 0.3
68.1 + 0.3 62.6 + 0.3
88.0 + 0.7 86.0 + 1.5
143.5 + 1.5 110.4 + 2.1 *
202.2 + 2,1 * 136.5 + 2.7 *
244.4 + 2.5 * 170.3 + 3.6 *»
180.5 + l;E 130.0 + 2.1 °
328.0 + 3.7 ** 126.9 + 1.9
523.2 + 6.3 *¥* 137.8 + 2.5 *
566.1 + 7,9 wwr 78.5 + 0.%
702,11 4+ 9.9 wxx 98.0 <+ 2.7 *
4.3 + 0.1 97.7 + 2.8 *

large instestine, pancs-sas, kidney, brain and lung {(see Table 7,

10011019
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TEBLE 13 /6 ]

| i

ESTIMATED DOUBLIHG DUSES AND LATEHT PERICD FOR CANCERS IT:
DEFINITE RADIATION ASSCCIATIONS | ;—

. (1)
TAZHOSTIC - Estrares , Frorcatica Remrss

Cozeorizs - S=x Ioumias Dc: Larent Perior E B
© InRaps . Yers Z Z

3 Pl oS L e an s s av il

mombzosss  F0 0 18- 28 S8 330E)  13.03%)
s Gam O F 28-77 2 o m3 - @5
mems B 50-75 1. 73 . 53

e B 81-1WE B 28 - 19

P

1) Basel oa pre-2eath yea~s sbowing exceptionally high ‘differances
betwean tae ohserved a2nd exdacteld radiation doses and bavipg at

- least 20--individuals (sae taxt).
A)  Proportior of cancer éeatbsin the study population
()
3) Froportion in the 2¢e zdizsted death rates for U.S. wnites (1950-67)

oY Vidky ’nt"m"_o‘-uﬂ
¢

* Propoxrtion af RIS neoplasos,
’ . M,T’.«.' i 1O, Tt b 1T

P 1L — - ' : 2 -
- Lo e L ol PRV * - RE - : .
: PO L R4 A Yrmnrd . = o m Tw LN N WL - SN
P R TS s ah oy S LI SR v ded g
O, e > - .- - .
-~ HE dr o, y e v, . Y -
T Rl Oy e A Dl L ke aar KO
T~ - -— et e ’
3 . LT R R e (O, B )
i (g ety AT,
[E SV N L



STRNDARDIZZE 1ORTALITY RATIOS FOR CAN

—--P:.—-

DEFIRITZ RADIATION ASSOC

TXNFIZTED ANT LITIMATED G
. /"
CancERS WiTH DeEpin:z
RaDiaTION ASSOCIATIONS SEx
MysLo1p NeorLasMs k

BrzasT (ancsr - F
PaNCREAS .

“luns | | .

{1} Expected bpased or Natiozzl Statistics

Estinated based oa radiation doses of

1001711

=D

iy

BT

/7

S Wit

[

NPT
S.i’inP\St ' \
EXPECTED ESTIMAT

175 .

314

7

"

17c
N
11k

107

Hanford workers (ses Tax:)




PADIATION-INDUCSD CASIS 35 PROPORTIONS OF VARIOUS CAUSIS OF [IRTE

. Estipated
Diagnostic All Cases Radioganic Cancers
Czategories Exposec Not Exposed R1l Cases)EBxposad Cases

Dos. Nos. ‘ Nos. %
Mzlies

rveloid Nzoplaszs 13 n §.% 6.3
Tanczeatic Tumors ki 1t (R 6.7
Llung Cancer 1i2¢ 63 2.1 S.4

211 RES Neoplasms - 48 , le 10.€ 22..
All Cancers 4481 225 23

A1l Deatns ' 2,17¢ 1,342 23.3 1.l

Femalies:

Breas® Cancer

~1
X,
7
s
w

83.2

ALl Cancers 3z 78 4.2 1.2

i 2. Deain: 16z ‘ 2

wm
S
o=
.

t1
t-1
.

L34}

TOTALS c,2¢" 1.5%¢ 2.7 e

i 10071712 | .




PADIATION-INDUCZID CASIS 2

Diagnostis

Categories

J2.Les5.

Mveloil Neonlasms

All RES Neoplasms
A1l Cancers

211 Deaths

Females:
Breast Cancer
L1l Cancers

212 Deatns

TOTALS

10017113

’

Al

Exoosed

NOs.

10¢

2,28"

1 Cases:s
Not Exposed
"~ Nos.

225

1,342

75

254

1.59¢

/&

VARIOUS CAUSTS OF LZxT:
Estimatel

Radiog2nic Cangers
21l Cases!/Exzos2< Ca2ses

Nos. &
£.Z €Z.2
€. 1.7

i
.

Ars
o0
o)
]

fat

R.2 1z..
4.2 3.5
27.° 1.2
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Hethodology

In the source data the stimulus (i.e., radiation dose)
was continuously variable and the observed response (i.e.,
tne daveloosnent of a cancer, was & strictly an "all or
nothing" or binary respoase. Furthermore, the most plausible
alterrzzive tc the nuil hypothesis of low ievel rasiatior
naving no carcinogenic effects, iz that the dose-response
relationsniv is eitner linear or at leas:t monotonically
ingreasing. Tnereiore, the mos: appropriarce statistica.
mocel was tne 10gistic or log-linear one which states that the
logariinm ¢f tne probdabilicy of developlne & cance:r is linearliy

. s - C oL g . 2
releted te tne radiatior dose over & suitable range of dose

Unéer the eassuzmptions of this model the mos:t powerful
2 the null hvootnesis was the permutation test of the

Giffersnce ¢I tnhe rear dosses batween persons developing cances
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r = Size o0 sup-population davelopint cancer

I = Average value o radiation 4ogs in wnois

pooulaziorn

~ = Average vaiue oI radiation dose 1in
sup~population developing cancer

€ = hverage vaiue of sguared Qose 1 Wnolie

poxulatior,,
. o 2 . ' .. . N wi
Tner., the estimate ¢ variance in whole population {Vi= (E:IT(S‘“ R
and t = {z=R)//V,: - . wnere this statistic is approximately

Y — - -
4 K
istrinuted as & & statistic witn (n-l) degrees

I

freedon fcr

O

testing the null hypothesis.

-

Iz If tne null nypotheis is rejected -~ as & resulc of =

exceeding a gritical value ci approximately 2.0 - & quantitativ

n

- estimate of radiation sensitivizy is reguired and can be obtained
in the foilowing way: Let D equal the guantity of radiatior
which is just sufficient to increase the risk of cancer deatr

to double its normal value (doubling dose). Then tne expactead

value of r = §_$_§§% By solving this equation with tne

observed value of r one can obtain an estimate of D for any

cancer with definite radiation associationsz.
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cumulated uz tvo & given 2ge (or pre-death peried,, one snould be
able to recognize (by the t values) both the age of maxicux
sensitivity to cancer induction and the commonest intervac
between initiation and death. This second application of the
formulas {which is needed to measure cancer latent periods) is
subject to a slight bias due to‘different cancers having

éiffering mean ages at dzath but, in practice, this is unlikely

to an important source oi erro:.
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