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Summary The mortality of all 14 319 workers employed at the Sellafield plant of British Nuclear Fuels between 1947 and 1975 was studied
up to the end of 1992, and cancer incidence was examined from 1971 to 1986, in relation to their exposures to plutonium and to external
radiation. The cancer mortality rate was 5% lower than that of England and Wales and 3% less than that of Cumbria. The significant excesses
of deaths from cancer of the pleura and thyroid found in an earlier study persist with further follow-up (14 observed, 4.0 expected for pleura;
6 observed, 2.2 expected for thyroid). All of the deaths from pleural cancer were among radiation workers. For neither site was there a
significant association between the risk of the cancer and accumulated radiation dose. There were significant deficits of deaths from cancers
of mouth and pharynx, liver and gall bladder, and larynx and leukaemia when compared with the national rates. Among all radiation workers,
there was a significant positive association between accumulated external radiation dose and mortality from cancers of ill-defined and
secondary sites (10-year lag, P = 0.04), leukaemia (no lag, P = 0.03; 2-year lag, P = 0.05), multiple myeloma (20-year lag, P = 0.02), all
lymphatic and haematopoietic cancers (20-year lag, P = 0.03) and all causes of death combined (20-year lag, P = 0.008). Among plutonium
workers, there were significant excesses of deaths from cancer of the breast (6 observed, 2.6 expected) and ill-defined and secondary
cancers (29 observed, 20.1 expected). No significant positive trends were observed between the risk of deaths from cancers of any specific
site, or all cancers combined, and cumulative plutonium and external radiation doses. For no cancer site was there a significant excess of
cancer registrations compared with rates for England and Wales. Analysis of trends in cancer incidence showed significant increases in risk
with cumulative plutonium plus external radiation doses for all lymphatic and haematopoietic neoplasms for 0-, 10- and 20-year lag periods.
Taken as a whole, our findings do not suggest that workers at Sellafield who have been exposed to plutonium are at an overall significantly
increased risk of cancer compared with other radiation workers.
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Table 1 Study population at 1 January 1993

Men (%) Women (%) Total (%)

Total number of workers 11 679 (100.0) 2689 (100.0) 14 385 (100.0)
No. for whom date of birth not known 44 (0.4) 5 (0.2) 66a (0.5)

No. eligible for analysis 11 635 (99.6) 2684 (99.8) 14 319 (99.5)
Alive 1 January 1993 7 800 (66.8) 2137 (79.5) 9937 (69.1)
Died before 1993 3411 (29.2) 445 (16.5) 3854 (26.8)
Emigrated 401 (3.4) 90 (3.3) 491 (3.4)
Untraced 23 (0.2) 12 (0.5) 35 (0.2)

Total years of follow-up 332 532.4 82 899.3 415 431.6
Average duration of follow-up (years) 28.6 30.9 29.0

aIncludes 17 of unknown sex.

Table 2 Estimated cumulative collective radiation doses from external
radiation and from plutonium exposure

External radiation

Total cumulative dose (mSv)

All radiation workers (n = 10 382) 1 352 326
All plutonium workers (n = 5203) 1 023 534
Plutonium workers with plutonium dose 958 868

assessed (n = 4609)

Plutonium exposure

Cumulative organ dose (mSv)b

Organ ‘W’ ‘Y’

Bone surfaces 3 282 100
Lungs 44 576 896 177
Red bone marrow 265 635
Small intestinesa 8047 8052
Lower large intestinesa 8107 8232
Upper large intestinesa 8063 8099
Stomacha 8045 8047
Liver 420 872
Soft tissues 8045
Testes 39 685
‘Effective’ whole body (see text) 219 099 355 369

aThe major contribution to the dose to these organs is composed of the
estimated ‘soft tissues’ dose. bDifferent organ doses assessed according to
the assumed solubility class (‘W’ or ‘Y’) of plutonium compounds to which
there was exposure (see text).
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Figure 1 Numbers of plutonium workers employed by year and average
annual uptakes of 241Pu and plutonium alpha among workers for whom
assessments were made. °, average plutonium alpha, +, average 241Pu;
–, no. of plutonium workers

80

60

40

20

0
1000 4000 8000 12 000

Cumulative plutonium alpha uptake (Bq)

N
o.

 p
lu

to
ni

um
 w

or
ke

rs
 p

er
 5

00
 B

q 
in

te
rv

al

N
o.

 p
lu

to
ni

um
 w

or
ke

rs
 p

er
 5

0 
B

q 
in

te
rv

al

1500

1000

500

0

Cumulative plutonium alpha uptake (Bq)

0 250 500 750 1000

A

100

75

0
48 000 200 0008000

Cumulative 241Pu uptake (Bq)

N
o.

 p
lu

to
ni

um
 w

or
ke

rs
 p

er
 1

0 
00

0 
B

q 
in

te
rv

al

N
o.

 p
lu

to
ni

um
 w

or
ke

rs
 p

er
 5

00
 B

q 
in

te
rv

al
2000

1000

500

0

Cumulative 241plutonium uptake (Bq)

0 2000 4000 6000 8000

B

1500

400 000

25

50

Figure 2 Cumulative estimated uptakes of (A) plutonium alpha and (B)
241Pu among plutonium workers for whom uptakes were estimated
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Table 3 Standardized mortality ratios (SMRs) for all causes of death and all cancers among plutonium workers, other radiation workers and all workers,
comparing rates with those for England and Wales (E&W) and Cumbria

All cancers Causes other than cancer All causes

Group of No. of SMR SMR No. of SMR SMR No. of SMR SMR
workers deaths E&W Cumbria deaths E&W Cumbria deaths E&W Cumbria

Radiation 738 96 97 1944 97 89*** 2682 97* 91***
Plutonium 384 100 101 961 97 90*** 1345 98 92**
Other radiation 354 92 93 983 97 89*** 1337 96 90***

Non-radiation 299 93 96 873 102 94* 1172 100 94*

All 1037 95* 97 2817 99 91** 3854 98 92***

*P < 0.05; **P < 0.01; ***P < 0.001.
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Table 4 Observed and expected numbers of deaths from cancers of specific site
comparing radiation workers with non-radiation workers and plutonium workers to

Cancer site Plutonium workers Other radiation
workers(ICD code – eighth revision)

Obs Exp SMR Obs Exp SMR
E&W E&W E&W E&W

Lip (140) 0 0.14 0 1 0.15 680
Tongue (141) 1 1.29 77 2 1.28 156
Mouth and pharynx (143–149) 0 3.97 0 3 3.91 77
Oesophagus (150) 16 13.35 120 14 12.74 110
Stomach (151) 33 34.43 96 45 34.71 130
Small intestines (152) 2 0.76 263 0 0.77 0
Colon (153) 25 24.52 102 27 24.64 110
Rectum (154) 17 16.91 101 15 16.83 89
Liver and gall bladder 1 5.17 19** 1 5.08 20**

(155–156)
Pancreas (157) 17 16.32 104 15 16.07 93
Larynx (161) 3 3.65 82 0 3.55 0
Lung (162) 133 145.78 91 113 141.09 80**
Pleura (163.0) 8 1.70 471*** 6 1.54 390*
Bone (170) 0 1.10 0 1 1.23 81
Connective tissue (171) 0 1.31 0 3 1.33 226
Melanoma (172) 1 2.74 36 4 2.84 141
Breast (174) 6 2.55 236* 2 5.92 34*
Uterus (180–182) 0 0.55 0 2 1.48 135
Ovary (183) 1 0.63 158 1 1.65 60
Other female genital (184) 0 0.04 0 0 0.11 0
Prostate (185) 22 21.36 103 22 20.62 107
Testis (186) 2 1.39 144 2 1.62 123
Other male genital (172.5, 187) 0 0.58 0 0 0.58 0
Bladder (188) 17 13.86 123 12 13.58 88
Kidney (189) 5 7.28 69 8 7.07 113
Brain and CNS (191–192) 10 10.46 96 8 10.57 76
Thyroid (193) 1 0.67 150 3 0.70 429*
Ill-defined and secondary 29 20.13 144* 16 19.52 82

(195–199)
Non-Hodgkin’s lymphoma 12 8.18 147 8 8.13 98

(200, 202)
Hodgkin’s disease (201) 4 2.95 136 1 3.28 30*
Multiple myeloma (203) 5 4.63 108 3 4.49 67
Leukaemia (204–208) 7 9.86 71 9 10.17 88
Other neoplasms 6 7.82 77 7 6.79 103

(140–209 excluding above)

All neoplasms 384 385.10 100 354 384.04 92

Person–years at risk 134 817.2 154 552.5

*P < 0.05; **P < 0.01; ***P < 0.001.
Organ doses
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s among plutonium, other radiation and non-radiation workers and rate ratios
 other radiation workers

Rate ratio Non-radiation Rate ratio All workers
workers(plutonium vs.

Obs Exp SMR

(rad. vs

Obs Exp SMR SMR
other rad.)

E&W E&W

non-rad)

E&W E&W Cumbria

0.00 0 0.12 0 ∞ 1 0.40 247
0.47 0 0.94 0 ∞ 3 3.52 85
0.00 3 2.88 104 0.24 6 10.76 56*
0.96 8 9.05 88 1.92 38 35.15 108 104
0.72 32 27.48 116 0.93 110 96.66 114 103
∞ 0 0.62 0 ∞ 2 2.15 93
0.89 20 22.68 88 0.92 72 71.86 100 92
1.11 20 13.70 146 0.62 52 47.45 110 111
0.85 2 4.14 48 0.34 4 14.40 28***

1.00 12 12.92 93 1.13 44 45.32 97 88
∞ 2 2.34 86 0.74 5 9.54 52*
1.12 92 94.37 97 0.98 338 381.35 89* 96
1.15 0 0.76 0 ∞* 14 3.99 351***
0.00 1 1.02 98 1.12 2 3.34 60
0.00 0 1.02 0 ∞ 3 3.66 82
0.24 3 2.28 131 0.65 8 7.87 102
7.66** 21 28.35 74 1.35 29 36.83 79 97
0.00 9 8.28 109 1.46 11 10.32 107 111
2.18 7 8.93 78 1.92 9 11.22 80 88
– 1 0.74 134 – 1 0.89 112
0.95 7 13.32 53* 2.21* 51 55.30 92 95
1.51 1 0.73 138 1.32 5 3.74 134
– 0 0.34 0 – 0 1.50 0
1.25 10 9.93 101 0.88 39 37.37 104 108
0.56 2 4.85 41* 2.71 15 19.21 78 73
1.35 6 7.39 81 0.87 24 28.44 84
0.28 2 0.79 253 2.45 6 2.16 278*
1.90* 23 16.13 143 0.96 68 55.78 122

1.39 2 6.00 33* 2.83 22 22.32 99

3.71 3 2.28 132 0.54 8 8.50 94
1.67 3 3.59 84 0.88 11 12.71 87
0.79 4 8.10 49* 1.27 20 28.14 71* 75
0.92 3 5.38 56 1.86 16 19.06 84

1.05 299 321.45 93 1.06 10371090.91 95* 97

126 061.9 415 431.6
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Table 5 Observed and expected numbers of deaths from causes other than cancers among plutonium, other radiation and non-radiation workers and rate
ratios comparing radiation workers with non-radiation workers and plutonium workers with other radiation workers

Cause of death Plutonium workers Other radiation Rate ratio Non-radiation Rate ratio All workers
workers workers(ICD code – eighth revision)

Obs Exp SMR Obs Exp SMR

(plutonium vs.

Obs Exp SMR

(rad. vs

Obs Exp SMR SMR
E&W E&W E&W E&W

other rad.)

E&W E&W

non-rad)

E&W E&W Cumbria

Infectious and parasitic 5 10.75 47* 8 12.20 66 0.63 11 13.07 84 0.63 24 36.07 67* 102
(001–136)

Tuberculosis (100–199) 0 6.54 0 2 7.60 26** 0.00 9 8.77 103 0.18* 11 22.94 48** 59*
Benign and unspecified neoplasms 2 4.00 49 5 4.04 118 0.38 4 3.92 102 0.37 11 12.21 90

(210–239)
Endocrine, nutrition and metabolic 13 15.32 85 10 15.56 64 1.42 12 14.46 83 0.72 35 45.35 77

disorders and immunity
disorders (240–279)

Diabetes (250) 10 11.82 85 8 11.90 67 1.24 9 10.88 83 0.70 27 34.61 78 72*
Diseases of blood and 1 2.23 45 3 2.44 123 0.34 4 2.76 145 0.43 8 7.43 108

blood-forming organs (280–289)
Aplastic anaemia (284) 0 0.54 0 1 0.57 175 0.00 2 0.55 366 0.60 3 1.65 181
Other anaemias (280–283, 285) 1 0.96 104 1 1.11 90 0.90 1 1.51 66 0.64 3 3.58 84
Other blood disorders (286–289) 0 0.74 0 1 0.78 128 0.00 1 0.71 140 0.17 2 2.23 90
Mental disorders (290–315) 10 7.23 138 7 7.73 91 1.37 11 8.55 129 0.63 28 23.51 119
Diseases of the nervous and 11 19.25 57* 18 20.09 90 0.59 11 17.59 63* 1.18 40 56.95 70**

sense organs (320–389)
Epilepsy (345) 0 2.47 0 0 2.81 0 – 0 2.08 0 – 0 5.28 0
Multiple sclerosis (340) 2 2.77 72 5 2.96 169 0.36 0 2.94 0 ∞ 7 8.68 81
Disease of circulatory system 723 656.90 110** 690 658.70 105 1.05 576 542.18 106 1.01 19891858.19 107** 94**

(390–458)
Ischaemic heart disease 498 451.47 110* 485 442.96 109* 1.01 371 322.98 115** 0.96 13541217.67 111*** 97

(410–414)
Cerebrovascular diseases 137 108.21 127** 117 114.11 103 1.27* 111 119.51 93 1.28* 365 341.91 107 89*

(430–438)
Diseases of respiratory system 99 142.33 70*** 111 150.24 74*** 0.88 121 138.23 88 0.78* 331 430.93 77*** 82***

(460–519)
Influenza (470–474) 4 2.83 141 4 3.39 118 1.07 3 3.78 79 1.38 11 10.01 110 98
Pneumonia (480–486) 26 44.22 59** 46 48.89 94 0.61* 45 54.26 83 0.75 117 147.41 79** 96
Bronchitis (460–466, 490–493) 42 59.01 71** 42 62.47 67** 0.93 45 52.64 85 0.78 129 174.18 74*** 74***
Diseases of digestive system 23 36.79 63** 40 38.10 105 0.60* 26 34.16 76 1.36 89 109.09 82*

(520–577)
Peptic ulcer (531–534) 10 10.84 92 10 11.36 88 1.07 4 10.03 40 1.85 24 32.25 74 68*
Cirrhosis (571) 3 8.68 35** 8 8.58 93 0.34 4 6.13 65 0.75 15 23.40 64 64*
Diseases of genitourinary system 18 15.32 117 14 16.84 83 1.33 13 17.15 76 1.12 45 49.33 91

(580–629)
Prostatic hyperplasia (600) 6 2.06 291* 2 2.37 84 2.72 2 2.36 85 1.52 100 6.79 147 130
Diseases of pregnancy 0 0.06 0 0 0.16 0 – 3 0.82 368 0.00 3 1.04 288

(630–678)
Symptoms, signs and ill-defined 1 1.76 57 4 2.04 196 0.27 8 2.67 299* 0.20* 13 6.47 201*

conditions (780–796)
Accidents and violence (800–999) 51 67.12 76* 64 75.25 85 0.89 66 50.70 130* 0.60** 181 193.21 94 91
All causes other than cancer 961 987.24 97 983 1012.44 97 0.98 873 856.00 102 0.92 28172856.67 99 91

*P < 0.05; **P < 0.01; ***P < 0.001.
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Table 6 Deaths from selected cancers among radiation workers by cumulative external radiation dose (adjusted for age, sex and calendar period). Figures in
parentheses are expected distribution of deaths assuming no relation between dose and cancer risk. Data in the body of the table are for analyses including no
lag period

Cancer site Total z-statistica by lag of
(ICD code – eighth deaths radiation dose
revision) External radiation dose monitored (mSv) (years)

<10 10–19 20–49 50–99 100–199 200–399 400+ 0 10 20

Oesophagus (150) 3 (4.0) 0 (2.6) 5 (5.7) 9 (4.7) 1 (4.6) 7 (4.5) 5 (3.9) 30 1.04 0.82 0.32
Stomach (151) 14 (12.6) 8 (6.9) 14 (14.2) 12 (12.8) 8 (11.9) 11 (10.8) 11 (8.8) 78 0.48 0.22 –0.51
Colon (153) 11 (8.4) 6 (4.4) 5 (9.3) 10 (8.3) 8 (7.8) 8 (7.5) 4 (6.3) 52 –0.91 –0.48 –0.73
Rectum (154) 4 (5.7) 2 (2.5) 5 (5.4) 4 (4.9) 6 (4.9) 6 (4.5) 5 (4.1) 32 0.99 1.27 0.98
Pancreas (157) 5 (4.4) 4 (3.0) 4 (5.8) 6 (4.5) 3 (4.8) 4 (5.0) 6 (4.5) 32 0.38 0.56 1.57
Lung (162) 39 (39.2) 19 (21.5) 51 (44.0) 38 (37.4) 36 (36.3) 42 (37.0) 21 (30.4) 246 –1.43 –0.78 –1.27
Pleura (163.0) 2 (1.8) 1 (1.3) 1 (2.4) 1 (2.0) 3 (2.1) 5 (2.3) 1 (2.1) 14 0.14 0.28 –0.60
Melanoma (172) 0 (1.0) 1 (0.5) 1 (0.9) 1 (0.8) 2 (0.8) 0 (0.7) 0 (0.5) 5 –0.72 –0.60 –0.33
Breast (174) 3 (4.2) 1 (1.4) 1 (1.6) 3 (0.5) 0 (0.3) 0 (0.0) 0 (0.0) 8 1.00 0.73 1.48
Prostate (185) 5 (7.0) 3 (3.6) 9 (7.7) 8 (6.5) 8 (6.2) 8 (6.9) 3 (6.2) 44 –0.98 –0.77 0.02
Bladder (188) 3 (3.8) 5 (2.3) 5 (4.8) 2 (4.2) 4 (4.5) 6 (5.2) 4 (4.4) 29 –0.16 0.31 –0.70
Kidney (189.0) 1 (1.7) 2 (1.1) 1 (2.4) 7 (1.9) 1 (2.0) 1 (2.2) 0 (1.8) 13 –1.76b –1.68b –1.56b

Brain and CNS (191–192) 1 (3.2) 3 (2.0) 5 (3.6) 4 (2.5) 2 (2.6) 2 (2.3) 1 (1.7) 18 –0.62 –0.48 0.15
III-defined and secondary 5 (7.7) 6 (4.4) 7 (8.6) 4 (6.7) 9 (6.2) 8 (6.2) 6 (5.2) 45 0.94 1.72* 1.34

(195–199)
Non-Hodgkin’s lymphoma 5 (2.8) 2 (1.9) 3 (3.5) 1 (3.0) 5 (3.1) 1 (3.0) 3 (2.7) 20 –0.30 –0.04 0.74

(200, 202)
Hodgkin’s disease (201) 1 (0.8) 1 (0.6) 1 (1.0) 0 (0.9) 2 (0.7) 0 (0.6) 0 (0.4) 5 –0.80 –0.37 0.49
Multiple myeloma (203) 0 (1.3) 0 (0.8) 2 (1.5) 3 (1.2) 1 (1.1) 0 (1.1) 2 (1.0) 8 0.80 1.44 2.53b

Leukaemia (204–208) 4 (2.8) 1 (1.7) 1 (3.1) 2 (2.5) 2 (2.4) 2 (2.0) 4 (1.5) 16 2.03b 0.44 0.64
2 year lag = 1.73b

Leukaemia (excluding 2 (2.3) 1 (1.3) 1 (2.5) 1 (2.0) 2 (2.1) 2 (1.6) 4 (1.2) 13 2.77b 1.00 1.36
chronic lymphatic) (204.0, 2 year lag = 2.43b

204.2–208.9)

All lymphatic and 10 (7.8) 4 (5.1) 7 (9.3) 7 (7.7) 10 (7.5) 3 (6.9) 9 (5.7) 50 0.88 0.63 1.94*
haematopoietic (200–209)

All neoplasms (140–209) 117 71 130 119 106 116 79 738 –0.76 0.07 –0.10
(121.7) (66.3) (134.1) (111.1) (107.7) (107.4) (89.7)

All causes of death 464 248 470 417 375 413 295 2682 –0.20 1.37 2.42**
(447.6) (242.3) (497.7) (414.2) (391.2) (380.6) (308.4)

Person–years at risk 67 518 35 473 59 731 42 901 38 275 28 808 16 664 289 370

aAbsolute values of the z-statistic corresponding (approximately) to P-values 0.05, 0.01 and 0.001 are 1.64, 2.33 and 3.09 respectively. bP-values computed by
simulation: kidney (0-year lag = 0.027; 10-year lag = 0.030; 20-year lag = 0.039), myeloma (20-year lag = 0.017), leukaemia (0-year lag = 0.027; 2-year lag =
0.050), leukaemia excluding CLL (0-year lag = 0.006; 2-year lag = 0.015). *P < 0.05; **P < 0.01.
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Table 7 Deaths from selected cancers among plutonium workers by cumulative organ-specific plutonium dose plus external radiation dose, assuming yearly
(Y) clearance (adjusted for age, sex and calendar period). Figures in parentheses are expected distribution of deaths assuming no relation between dose and
cancer risk. Data in the body of the table are for analyses including no lag period

Cancer site Total Z-statistica by lag of
(ICD code – 8th revision) Plutonium dose plus external dose (mSv) deaths radiation dose (years)

< 10 10–19 20–49 50–99 100–199 200–399 400+ 0 10 20

Stomach (151) 1 (1.0) 1 (0.8) 4 (2.9) 2 (4.0) 4 (5.6) 6 (5.8) 8 (6.0) 26 0.92 0.78 0.13
Colonb (153) 1 (0.9) 0 (0.5) 2 (2.1) 3 (2.3) 5 (3.4) 3 (3.5) 2 (3.4) 16 –0.85 –0.48 0.14
Pancreasc (157) 0 (0.4) 1 (0.5) 1 (2.0) 3 (1.8) 2 (2.9) 4 (4.0) 5 (4.3) 16 0.36 0.17 1.35
Lung (162) 0 (0.7) 1 (1.1) 3 (3.4) 7 (6.0) 10 (12.9) 29 (22.9) 55 (58.0) 105 –0.30 –0.11 –0.59
Pleurac (163) 0 (0.1) 0 (0.2) 0 (0.8) 1 (0.9) 2 (1.3) 3 (1.8) 1 (1.9) 7 –0.21 0.03 –0.86
Breastc (174) 2 (0.4) 0 (0.6) 1 (2.7) 2 (0.9) 0 (0.3) 0 (0.1) 0 (0.0) 5 –0.55 –0.12 0.59
Prostatec (185) 0 (0.4) 0 (0.4) 3 (1.8) 4 (2.2) 3 (3.1) 3 (3.9) 3 (4.3) 16 –1.02 –0.75 –0.62
Bladderc (188) 0 (0.2) 1 (0.2) 1 (1.0) 0 (1.4) 2 (1.9) 3 (2.6) 3 (2.6) 10 0.41 0.88 –0.73
Brain and CNSc (191–192) 0 (0.4) 0 (0.4) 1 (1.2) 3 (1.2) 1 (1.6) 1 (1.8) 2 (1.3) 8 0.39 0.12 1.16
Ill-defined and secondaryc 2 (1.2) 1 (0.8) 0 (2.9) 2 (2.8) 6 (4.1) 6 (4.4) 4 (4.8) 21 0.11 0.47 –0.12

(195–199)
Non-Hodgkin’s lymphomac 2 (0.3) 0 (0.4) 2 (1.4) 1 (1.5) 2 (2.1) 2 (2.6) 2 (2.6) 11 –0.82 –0.49 –0.12

(200, 202)
Leukaemiad (204–208) 0 (0.1) 0 (0.2) 0 (0.6) 1 (0.8) 1 (1.5) 2 (1.8) 3 (2.0) 7 1.11 –0.07 0.30

2-year lag 1.25
Leukaemiad (excluding chronic 0 (0.1) 0 (0.2) 0 (0.4) 1 (0.6) 0 (1.2) 2 (1.6) 3 (1.8) 6 1.31 –0.02 0.37

lymphatic) (204.0, 202.2–208.9) 2-year lag 1.44

All malignant neoplasmse 6 (5.3) 9 (4.4) 16 (19.2) 25 (28.2) 55 (53.5) 103 (85.4) 86 (104.0) 300 –1.72* –1.33 –1.02

aAbsolute values of the z-statistic corresponding (approximately) to P-values 0.05, 0.01 and 0.001 are 1.64, 2.33 and 3.09 respectively. bTrend calculated using
lower large intestine dose. cTrend calculated using soft tissue dose. dTrend calculated using red bone marrow dose. eTrend calculated using estimated ‘effective’
whole body dose (see text). *P < 0.05
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Table 8 Observed and expected numbers of cancer registrations from cancer-specific sites among plutonium and other radiation workers and rate ratios
comparing plutonium workers with other radiation workers

Cancer site Plutonium workers Other radiation workers Rate ratio
(ICD code – eighth revision)

Obs Exp SRR Obs Exp SRR
(Plutonium vs

E&W E&W E&W E&W
other rad.)

Lip (140) 2 0.88 227 0 0.79 0 ∞
Tongue (141) 2 1.20 166 3 1.08 278 0.55
Mouth and pharynx (143–149) 0 3.86 0 3 3.47 87 0.00
Oesophagus (150) 11 6.84 161 11 6.17 178 0.86
Stomach (151) 17 20.95 81 17 19.03 89 0.82
Small intestines (152) 2 0.60 334 0 0.54 0 ∞
Colon (153) 19 18.59 102 20 17.37 115 0.84
Rectum (154) 18 15.62 115 14 14.26 98 1.23
Liver and gall bladder (155–156) 0 3.13 0 0 2.87 0 –
Pancreas (157) 11 8.85 124 6 8.08 74 1.43
Larynx (161) 3 5.26 57 3 4.60 65 0.92
Lung (162) 81 85.53 95 59 76.01 78* 1.18
Pleura (163.0) 1 1.15 87 3 1.00 299 0.26
Bone (170) 0 0.66 0 1 0.60 166 0.00
Connective tissue (171) 2 1.47 136 4 1.37 292 0.46
Melanoma (172) 1 2.96 34 4 2.95 136 0.29
Breast (174) 4 3.32 121 4 6.84 58 3.81
Uterus (180–182) 0 1.00 0 2 2.34 86 0.00
Ovary (183) 1 0.50 200 2 1.16 172 1.46
Other female genital (184) 0 0.04 0 0 0.10 0 –
Prostate (185) 16 18.36 87 15 17.01 88 1.00
Testis (186) 1 2.91 34 4 2.69 149 0.21
Other male genital (172.5, 187) 0 0.98 0 0 0.87 0 –
Bladder (188) 16 19.27 83 13 17.32 75 1.07
Kidney (189) 3 5.39 56 3 4.83 62 0.93
Brain and CNS (191–192) 6 6.11 98 4 5.54 72 1.35
Thyroid (193) 0 0.80 0 3 0.81 371* 0.00
III-defined and secondary (195–199) 17 13.28 128 17 12.20 139 0.90
Non-Hodgkin’s lymphoma (200, 202) 5 6.76 74 2 6.22 32* 2.08
Hodgkin’s disease (201) 6 2.76 217 3 2.57 117 1.65
Multiple myeloma (203) 3 3.18 94 1 2.90 34 3.01
Leukaemia (204–208) 3 7.51 40* 10 6.93 144 0.31*
Leukaemia excluding CLL (204.0, 204.2–208.9) 3 5.20 58 6 4.81 125 0.50
Other neoplasms (140–209 excluding above) 3 6.55 46 4 6.08 66 0.61

All neoplasms (excluding skin) 254 276.3 92 235 256.6 92 0.99

Person–years at risk 69 472.1 66 629.9

*P < 0.05; **P < 0.01; ***P < 0.001.
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Table 9 Cancer registrations among plutonium workers by cumulative organ-specific plutonium dose plus external radiation dose, assuming yearly (Y)
clearance (adjusted for age, sex and calendar period). Figures in parentheses are expected distribution of cancer registrations assuming no relation between
dose and cancer risk. Data in the body of the table are for analyses including no lag period

Cancer site Total cancer Z-statistica by lag of
(ICD code – 8th revision) Plutonium dose plus external dose (mSv) registrations radiation dose (years)

<10 10–19 20–49 50–99 100–199 200–399 400+ 0 10 20

Stomach (151) 1 (0.6) 1 (0.4) 1 (1.6) 2 (2.0) 3 (3.1) 4 (3.1) 2 (3.2) 14 –0.62 –0.84 –1.58
Colon (153)c 0 (0.6) 0 (0.4) 1 (1.8) 3 (2.1) 2 (2.8) 4 (3.3) 4 (3.1) 14 0.90 1.23 1.20
Pancreasd (157) 0 (0.3) 1 (0.3) 0 (1.2) 3 (1.2) 0 (1.8) 2 (2.7) 4 (2.6) 10 0.74 0.42 0.63
Lung (162) 0 (0.5) 1 (0.8) 3 (2.4) 4 (4.0) 4 (8.5) 17 (15.5) 41 (38.4) 70 0.76 0.69 0.08
Prostated (185) 0 (0.4) 0 (0.3) 1 (1.1) 4 (1.5) 2 (2.3) 2 (2.8) 2 (2.8) 11 –0.78 –0.32 –0.95
Bladderd (188) 0 (0.3) 1 (0.4) 0 (1.2) 0 (1.6) 2 (2.0) 5 (2.9) 3 (2.6) 11 0.96 0.22 –0.99
Brain and CNSd (191–192) 0 (0.3) 0 (0.3) 1 (0.8) 2 (0.7) 0 (1.1) 0 (1.0) 2 (0.8) 5 0.85 –0.20 0.51
Ill-defined and secondaryd 2 (1.3) 0 (0.7) 0 (1.8) 2 (2.0) 6 (2.7) 2 (2.3) 1 (2.2) 13 –0.59 0.07 –0.40

(195–199)
All lymphatic and 1 (1.4) 0 (0.6) 3 (1.5) 1 (1.7) 0 (2.6) 3 (3.4) 7 (3.8) 15 1.95b 1.74b 3.78b

haematopoietice (200–209)

aAbsolute values of the z-statistic corresponding (approximately) to P-values 0.05, 0.01 and 0.001 are 1.64, 2.33 and 3.09 respectively. bP-values computed by
simulation: all lymphatic and haematopoietic neoplasms (0-year lag = 0.024; 10-year lag = 0.046; 20-year lag <0.001). cTrends were calculated using lower
large intestine dose. dTrends were calculated using soft tissue dose. eTrends were calculated using red bone marrow dose.
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