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Workers at the Mayak nuclear facility in the Russian Federation
offer the only adequate human data for evaluating cancer risks
from exposure to plutonium. Risks of mortality from cancers of
the lung, liver and bone, the organs receiving the largest doses
from plutonium, were evaluated in a cohort of 17,740 workers ini-
tially hired 1948-1972 using, for the first time, recently improved
individual organ dose estimates. Excess relative risk (ERR) models
were used to evaluate risks as functions of internal (plutonium)
dose, external (primarily gamma) dose, gender, attained age and
smoking. By December 31, 2003, 681 lung cancer deaths, 75 liver
cancer deaths and 30 bone cancer deaths had occurred. Of these
786 deaths, 239 (30%) were attributed to plutonium exposure. Sig-
nificant plutonium dose-response relationships (p < 0.001) were
observed for all 3 endpoints, with lung and liver cancer risks rea-
sonably described by linear functions. At attained age 60, the
ERRs per Gy for lung cancer were 7.1 for males and 15 for
females; the averaged-attained age ERRs for liver cancer were 2.6
and 29 for males and females, respectively; those for bone cancer
were 0.76 and 3.4. This study is the first to present and compare
dose-response analyses for cancers of all 3 organs. The unique
Mayak cohort with its high exposures and well characterized
doses has allowed quantification of the plutonium dose-response
for lung, liver and bone cancer risks based on direct human data.
These results will play an important role in plutonium risk
assessment.
Published 2008 Wiley-Liss, Inc. This article is a US Government
work and, as such, is in the public domain in the United States of
America.
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Plutonium exposure has engendered considerable public inter-
est, and is of concern because of occupational exposure in pluto-
nium production, nuclear fuel reprocessing and clean-up opera-
tions and because of potential exposure to the general public from
reactor accidents, nuclear wastes and space accidents. Human data
on plutonium exposure are limited to epidemiologic studies of
workers in the nuclear industry. Because of the small number of
workers and the low levels of exposure, studies of workers in the
United States and the United Kingdom have very limited potential
for detecting and quantifying risks. During the early period of
operations (1948–1958), workers at the Mayak nuclear facility in
the Chelyabinsk region of the Russian Federation were exposed to
inhaled plutonium at levels much higher than workers in other
countries.1 Study of these workers provides a unique opportunity
to evaluate the human health effects of plutonium exposure.

Because intact skin serves as an effective barrier to the alpha
particles emitted by plutonium, plutonium is a biological hazard
only if it is taken into the body. Experimental studies in dogs and
rats, supplemented by autopsy studies in humans, have shown that
inhalation is the route of exposure of greatest concern, that pluto-
nium concentrates in the liver and skeleton and that the lung, liver
and bone receive the largest doses from inhaled plutonium.2,3

Plutonium is retained in the body with a long biological half-life,
and can continue to deliver dose to adjacent tissues over a long
period of time.

Because direct epidemiologic data are limited, quantitative esti-
mates of cancer risks from exposure to plutonium have been

inferred either from studies of persons exposed to other alpha-
emitting radionuclides (e.g., radon and radium) or from studies of
Japanese A-bomb survivors exposed primarily to gamma radia-
tion.4 Because alpha particles have been demonstrated in experi-
mental studies to cause more biological damage than gamma rays,
it is necessary to apply a weighting factor to use the latter data.5

There is considerable uncertainty in whether these approaches are
appropriate.

The Mayak cohort is the only study with reasonable statistical
power for direct evaluation of the plutonium dose-response in
humans and how it might be modified by gender and age. As a
result of an extensive collaborative Russian and US dosimetry
program, improved individual organ doses from both exposures
to plutonium and to predominantly external gamma rays have
recently become available for Mayak workers. Although previous
analyses have linked lung, liver and bone cancer risks to pluto-
nium exposure in Mayak workers,6–13 the current paper is the first
to use these improved dose estimates to quantify risks including
evaluation of the shape of the dose-response and modification of
risk by gender, attained age, age at hire and time since exposure. It
is also the first to analyze risks of lung, liver and bone cancer in
parallel, thus allowing comparison of patterns of risks for the three
cancer sites.

Material and methods

This record-based epidemiological study required no contact
with the cohort members. The project was reviewed and approved
by the Institutional Review Boards of the Southern Urals Bio-
physics Institute and the Radiation Effects Research Foundation.

The study population and follow-up

The Mayak worker cohort and methods of follow-up have been
described in detail elsewhere.1,9,14 The main plants of the Mayak
nuclear facility, which began operations in 1948, include nuclear
reactors, a radiochemical plant and a plutonium production facil-
ity, but only workers in the latter 2 facilities have potential for
plutonium exposure. New doses have been estimated for 18,821
workers hired in the main plants 1948–1972 and vital status is
known for 93% of these workers; the current analyses are based
on 17,740 workers who were followed for at least 5 years
(excluding 219 workers who died and 862 workers who were lost
to follow-up in the first 5 years). By December 31, 2003, 8,839 of
the 17,740 workers had died and cause of death was known for
8,407 (96%) of these deaths. About 25% of the cohort is female.
Smoking data (used in lung cancer analyses) were obtained from
medical records and were available for 89% of males and 84%

Grant sponsor: U.S. Department of Energy under the auspices of the
Joint Coordinating Committee for Radiation Effects Research. Grant spon-
sor: U.S. National Cancer Institute; Grant number: N01-CP-41003-13.
*Correspondence to: National Cancer Institute, Executive Plaza South,

Room 7050, Bethesda, MD 20892, USA. Fax:1301-402-0207.
E-mail: gilberte@mail.nih.gov
Received 29 August 2007; Accepted after revision 22 February 2008
DOI 10.1002/ijc.23581
Published online 4 June 2008 in Wiley InterScience (www.interscience.

wiley.com).

Int. J. Cancer: 123, 905–911 (2008)
' 2008 Wiley-Liss, Inc.

Publication of the International Union Against Cancer



of females with 75% of males and 4.2% of females reporting
smoking.

Dosimetry

Analyses in this paper are based on recently improved individ-
ual annual external and internal doses to several organs of the
body, including lung, liver and bone surfaces.15 Doses of external
gamma-radiation were based primarily on film badge dosimeter
readings with adjustments to correct for deficiencies in dosimeters
(especially those used in early years) and to convert the originally
recorded doses to organ doses.16 For the 15% of workers without
film badge readings, external doses were reconstructed from
detailed work histories.15 Repeat analyses excluding the 15% of
workers with reconstructed doses did not substantially modify
results.

Estimates of doses from plutonium (internal dose) are based on
plutonium levels measured in urine and mathematical models of
the behavior of plutonium in the body developed from measure-
ments of plutonium alpha activity in urine and in body tissues at
autopsy. In addition, workers’ occupational histories, the physio-
chemical form of the plutonium aerosols, and whether or not
workers smoked were taken into account.17,18 Methods used to
develop the recently improved estimates were comparable for all
exposure periods. Routine urine monitoring did not begin until
about 1970, and thus plutonium dose estimates are available for
only 40% of workers potentially exposed to plutonium. To make it
possible to use the full cohort for the purposes of evaluating
baseline risks and the effects of external exposure, a categorical
surrogate index of plutonium exposure was developed from occu-
pational history data, including work locations, starting dates,
measured body burden values and expert knowledge of working
conditions at various times in the different facilities.14

Statistical methods

Lung and liver cancer analyses were based on cancers that were
indicated as the underlying cause of death. Bone cancer analyses
included, in addition, 3 deaths indicated as a contributing cause
and 7 deaths with soft tissue cancer that occurred in tissue very
close to the bone (2 angiosarcomas, 2 fibrosarcomas and 3 syno-
vial sarcomas), similar to the approach in Koshurnikova et al.13

As in previous Mayak worker studies,9,14 analyses were based
on Poisson regression methods, and were implemented with the
AMFIT module of the software package EPICURE.19 The follow-
up period began 5 years after the date of employment in one of the
main plants and ended on date of death, date lost to follow-up, or
December 31, 2003, whichever occurred first. Separate person-
year tables were created for lung, liver and bone cancer analyses.
Analyses were based on dose received 5 or more years before the
time at risk. Categories for lagged cumulative external and inter-
nal doses were a zero dose category and 14 other categories with
boundaries of 0.2, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6 and 10
Gy. Additional categories with boundaries of 20 and 50 Gy were
added for bone surface doses, and with boundaries of 0.05, 0.1,
0.3, and 0.4 Gy for low dose lung cancer analyses. For all analy-
ses, unmonitored person-years were classified according to the
surrogate. Because of indications that some workers were moni-
tored for plutonium as a result of suspected diseases, person-years
were classified as unmonitored until 2 years following the initial
monitoring date.

Analyses were based on excess relative risk (ERR) models
where the age-specific risk or hazard is given by

Baseline risk ½1þ ERR�
The logarithm of the baseline risk was modeled as a sex-specific

linear-quadratic function of log(attained age), gender, birth cohort
(4 categories with cut points of 1915, 1925 and 1935 for lung can-
cer; 2 categories with a cut point of 1930 for liver cancer, not
included for bone cancer). For lung cancer, calendar period

(1948–1972, 1973-2003) and sex-specific smoking status (non-
smoker, smoker and unknown smoking status) were also included.
These models for the baseline risk were chosen after exploration
of several alternative functions, including finer categories and con-
tinuous variables for birth cohort and calendar year, and stratifica-
tion on age, gender, and birth cohort or age, gender and calendar
period.

The total ERR was expressed as the sum of the excess risks for
plutonium dose, external dose and plutonium surrogate categories
for periods when plutonium dose could not be estimated. Most
analyses were repeated with restriction to person-years where plu-
tonium doses could be estimated with generally similar results.

The ERR for plutonium dose (ERRplu)was expressed as
follows.

ERRplu ¼ b dpluexp½g1sþ g2lnðaÞ þ g3axplu�

where dplu denotes plutonium dose, s is gender, a is attained age,
axplu is the age at first plutonium dose and b, gi are parameters to
be estimated; b is referred to as the ERR per Gy. In addition to the
linear dose-response function in the above Equation, linear-quad-
ratic and categorical functions were evaluated. Tests were con-
ducted to indicate the need for each of the variables s, ln(a), and
axplu. Final models were more selective as described in the Results
section. Analogous expressions were used for the ERRs for exter-
nal dose and the plutonium surrogate (with parameters hj substi-
tuted for b dplu, where hj indexes plutonium surrogate categories).

In all cases, parameter estimates were computed with maximum
likelihood methods. Hypothesis tests and confidence intervals
were based on likelihood ratio tests and direct evaluation of the
profile likelihood. Two-sided p-values are used throughout and are
referred to as significant if they are <0.05.

In addition to parameter estimates, we present estimates of the
expected and excess cases, with the excess apportioned between
plutonium and external exposures derived from the fitted models.
These are calculated as described by Shilnikova et al.14

Results

Of the 17,740 workers included in this study, plutonium doses
could be estimated for 9,496 workers; 5,572 workers (59%) had
positive plutonium doses, whereas 3,924 workers (41%) worked
in the reactors with little potential for plutonium exposure (Table
I). The mean plutonium doses to the lung, liver and bone surfaces
were respectively 0.19, 0.27 and 0.98 Gy among workers with
positive plutonium doses. The mean external doses to these organs
were respectively 0.53, 0.53 and 0.57 Gy among all workers. An
additional 8,244 workers had potential for plutonium exposure but
were unmonitored. Of those with positive plutonium doses, 30%
were female, 53% received their first such dose before 1959, 39%
received their first dose before age 25, 52% worked in the radio-
chemical plant and 43% worked in the plutonium plant. In contrast
to nuclear workers in other countries, females as well as male
received substantial doses; in fact, mean plutonium doses were
higher for females than males. Mean doses were highest for per-
sons first exposed in the early calendar years, and were especially
high for workers employed in the Main-1 department of the pluto-
nium plant. There were 786 deaths from lung (681), liver (75) and
bone (30) cancer.

Among workers whose plutonium doses could be estimated,
354 workers died of lung cancer, 40 of liver cancer and 11 of
bone cancer (Table II). Increases in risk with increasing dose
were observed for both lung and liver cancer. Elevated risks for
bone cancer were observed only in the 101 Gy category.
All 3 endpoints exhibited significant dose-response relationships
(p < 0.001).

For lung cancer, baseline rates for male smokers were 9.4 (95%
CI: 6.2215) times than those for nonsmokers; for males with
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unknown smoking status, this relative risk was 4.7 (95% CI:
2.728.3). For females, these relative risks were respectively 4.7
(95% CI 5 2.129.1) and 1.4 (95% CI 5 0.622.6). The lower rel-
ative risks for females are likely due to females having smoked
lower amounts of tobacco than males. The baseline risk for non-
smoking males was about 1.5 (95% CI 5 0.822.6) times that for
nonsmoking females.

The lung cancer ERR per Gy for females was 2.1 (95% CI 5
1.024.3) times that for males (Table III). The ERR declined with
both attained age (p 5 0.002) and age at first plutonium dose (p 5
0.025) when the 2 variables were evaluated separately. With both
variables in the model, attained age remained statistically signifi-

cant (p 5 0.006) while age at first plutonium dose was of border-
line statistical significance (p 5 0.079). Lung cancer risks were
well described by a linear dose response (Fig. 1), and a linear-
quadratic function did not significantly improve the fit over a lin-
ear one (p > 0.5), A significant dose-response was observed when
analyses were restricted to doses less than 0.3 Gy (p 5 0.007), but
not when restricted to doses less than 0.2 Gy (p 5 0.47). Repeat
analyses without adjustment for smoking yielded similar results
(ERR per Gy for males at attained age 60 5 6.5; 95% CI 5
4.429.2) although, without the smoking adjustment, there was lit-
tle evidence of a decline in the ERR with increasing age at first
plutonium dose (p 5 0.30).

TABLE I – NUMBER OF MAYAK WORKERS (PERCENT IN PARENTHESES) BY PLUTONIUM MONITORING STATUS, GENDER,
YEAR OF FIRST PLUTONIUM DOSE, AGE OF FIRST PLUTONIUM DOSE, EXTERNAL DOSE AND PLANT

All workers1
No plutonium

dose2
Positive plutonium

dose and
monitored3

Mean plutonium dose among those
with positive doses (Gy)4 Potential for plutonium

dose, not monitored5

Lung Liver Bone surfaces

Total 17,740 (100) 3,924 (100) 5,572 (100) 0.19 0.27 0.98 8,244 (100)
By gender

Males 13,228 (75) 3,051 (78) 3,874 (70) 0.14 0.22 0.76 6,303 (76)
Females 4,512 (25) 873 (22) 1,698 (30) 0.29 0.38 1.47 1,941 (24)

By year of first plutonium dose6

1948–1953 7,553 (43) 2,080 (53) 1,872 (34) 0.40 0.62 2.23 3,601 (44)
1954–1958 3,612 (20) 678 (17) 1,092 (20) 0.15 0.17 0.68 1,842 (22)
1959–1963 3,579 (20) 653 (17) 1,133 (20) 0.07 0.09 0.29 1,793 (22)
1964–1972 2,996 (17) 513 (13) 1,475 (26) 0.03 0.03 0.13 1,008 (12)

By age of first plutonium dose7

15–19 4,950 (28) 933 (24) 1,353 (24) 0.09 0.15 0.56 2,664 (32)
20–24 6,273 (35) 1,590 (41) 1,907 (34) 0.22 0.37 1.32 2,776 (34)
25–29 2,860 (16) 707 (18) 996 (18) 0.22 0.29 1.07 1,157 (14)
301 3,657 (21) 694 (18) 1,316 (24) 0.21 0.23 0.84 1,647 (20)

By external dose to the lung4

0.0 Gy 1,761 (10) 248 (6.3) 400 (7.2) 0.06 0.07 0.27 1,113 (14)
<0.1 Gy 4,750 (27) 1,096 (28) 1,340 (24) 0.08 0.09 0.27 2,314 (28)
0.1–1 Gy 8,117 (46) 2,336 (60) 2,423 (43) 0.26 0.33 1.14 3,358 (41)
11 Gy 3,112 (18) 244 (6.2) 1,409 (25) 0.20 0.40 1.56 1,459 (18)

By plant8

Reactor 4,181 (24) 3,923 (100) 231 (4.1) 0.03 0.04 0.13 279 (0.3)
Radiochemical 7,365 (42) 1 (0.0) 2,921 (52) 0.06 0.18 0.68 4,443 (54)
Pu-Auxilliary 2,547 (14) 0 834 (15) 0.11 0.13 0.49 1,713 (21)
Pu-Main 2 1,503 (8.5) 0 647 (12) 0.13 0.10 0.29 856 (10)
Pu-Main 1 2,144 (12) 0 939 (17) 0.72 0.85 3.01 1,205 (15)

Gy, gray. Mean plutonium doses to the lung, liver and bone surface by gender, year of first plutonium dose, age of first plutonium dose, exter-
nal dose and plant.

1Employed in the main plants in the period 1948-1972 and followed for at least 5 years.–2Worked only in the reactors and were not monitored
for plutonium 2 or more years before end of follow-up.–3Primarily radiochemical and plutonium plant workers but includes 231 workers who
worked only in the reactors.–4Cumulative dose up to 5-years before the end of follow-up.–5Worked in the radiochemical or plutonium plants
and were not monitored for plutonium 2 or more years before end of follow-up.–6Year of hire for those with no plutonium dose or not monitored
for plutonium dose.–7Age at hire for those with no plutonium dose or not monitored for plutonium dose.–8Classified by the ‘‘most dangerous’’
(in the order given) plant prior to 1973.–9Employed in radiochemical or plutonium plants 1973 or later and not monitored for plutonium.

TABLE II – NUMBERS OF PERSON-YEARS, DEATHS, AND RELATIVE RISKS (WITH 95% CI) FOR LUNG, LIVER, AND BONE CANCER
MORTALITY BY CATEGORIES OF PLUTONIUM DOSE TO THE CANCER SITE1

Plutonium
organ dose
(Gy)

Lung cancer Liver cancer Bone cancer

Person-years Lung
cancers

Relative
risk (95% CI)

Person-years Liver
cancers

Relative risk
(95% CI)

Person-years Bone
cancers

Relative risk
(95% CI)

02 144,023 139 1.0 144,022 14 1.0 144,023 5 1.0
>0–0.1 67,980 111 0.98 (<1–1.3) 59,754 9 1.033 (<1–1.8) 34,209 1

0.9
6
(<1–4.3)

0.1–0.2 6,928 16 1.4 (<1–2.4) 10,319 0 14,406 0
0.2–0.3 2,864 14 3.3 (1.7–5.8) 4,306 1

1.5
4

(<1–3.2)
7,725 0

0.3–0.5 2,472 14 4.5 (2.4–7.7) 3,656 1 8,599 2
0.5–1.0 1,972 15 6.4 (3.5–11) 3,078 0 8,643 0
1.0–2.0 1,129 16 15 (8.1–25) 1,831 2

4.05 (1.2–13)
5,171 0

0.0
7
(0.0–8.7)2.0–3.0 450 8 18 (8.3–35) 599 1 1,839 0

3.0–5.0 342 7 17 (7.1–35) 518 3 16 (3.3–58) 1,674 0
5.0–10.0 273 6 27 (10–58) 400 7 43 (12–134) 1,163 0 0.0 (0.0–61)
10.01 183 8 186 (69–466) 133 2 36 (4.5–196) 1,164 3 82 (17–338)
Total 228,616 354 228,616 40 228,616 11

Gy, gray; CI, confidence interval.
1Includes only person-years and cancers for which plutonium doses can be estimated.–2Referent group.–3For dose category >0–0.2 Gy.–4For

dose category 0.2–1.0 Gy.–5For dose category 1.0–3.0 Gy.–6For dose category >0–1.0 Gy.–7For dose category 1.0–5.0 Gy.
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For liver cancer, baseline rates for males were 4.3 (95% CI 5
1.8-12) times those for females. The ERR per Gy for females was
11.2 (95% CI 5 2.7259) times that for males, but did not depend
on attained age (p > 0.5) or age at first plutonium dose (p 5 0.41).
Liver cancer risks were described reasonably well by a linear dose
response (Fig. 2), and a linear-quadratic function did not signifi-
cantly improve the fit over a linear one (p 5 0.30). A significant
dose-response was observed when analyses were restricted to
doses less than 3.5 Gy (p 5 0.020), but not when restricted to
doses less than 3 Gy (p5 0.098).

For bone cancer, baseline rates for males were 1.5 (95% CI:
0.4126.9) times those for females. The evidence for a bone cancer
dose-response rests on 3 deaths with doses exceeding 10 Gy: 1
male death with a dose of 18 Gy and 2 female deaths with doses
of 31 and 69 Gy. The ERR per Gy did not differ significantly by
gender (p 5 0.26) and was 1.6 (95% CI: 0.326.8) for the com-
bined sexes. The ERR declined with attained age (p 5 0.011); in
fact, evidence for dose-response was found only for attained ages
under 55. The ERR was not significantly modified by age at first
plutonium dose. There was no evidence (p > 0.5) of dose-response
when analyses were restricted to doses less than 10 Gy (ERR per

Gy 5 20.10, 95%CI 5 <022.0). In a model with attained age
included as a modifying variable, a linear-quadratic model
improved the fit over a linear one but this improvement was not
statistically significant (p 5 0.10); a pure quadratic model fitted
the data as well as the linear-quadratic model (p > 0.5).

There was no evidence that the ERR per Gy for lung, liver or
bone cancer varied significantly among the 4 categories for first
year of plutonium dose (1948–1953, 1954–1958, 1959–1963,
1964–1972). However, the lower doses and younger ages observed
in the later periods limited the statistical power to detect differen-
ces. For lung cancer, significant dose response-relationships were
found for all but the latest period; for liver cancer, significant
dose-response relationships were found for only the first 2 periods;
whereas for bone cancer, a significant dose response was found
only for the 1948–1953 period.

Among workers whose plutonium doses could not be estimated,
RR for categories of the plutonium surrogate were estimated (data
not shown). For lung cancer, the RR increased consistently with
increasing surrogate category. The RRs for the highest category,
which consisted of those who worked in the most dangerous
department of the plutonium plant in the period 1948-1953, were

TABLE III – EXCESS RELATIVE RISK (ERR) PER GY FOR PLUTONIUM DOSE BY GENDER, ATTAINED AGE AND AGE AT FIRST PLUTONIUM DOSE

Lung Liver Bone

No. of
deaths1

ERR per Gy
(95% CI)

No. of
deaths1

ERR per Gy
(95% CI)

No. of
deaths1

ERR per Gy
(95% CI)

By gender2

Males 191 7.1 (4.9–10) 14 2.6 (0.7–6.9) 4 0.76 (<0–5.2)
Females 24 15 (7.6–29) 12 29 (9.8–95) 2 3.4 (0.4–20)

p for difference 0.047 <0.001 0.26
By attained age3

<55 years 33 10.7 (5.4–20) 6 4.4 (0.8–16) 5 9.2 (2.0–34)
55–64 years 79 6.8 (4.2–10) 9 1.8 (0.3–6.3) 0

20.015 (<0–1.3)65–74 years 83 3.7 (1.9–6.3) 8 1.8 (0.3–6.7) 1
751 years 20 4.1 (0.9–10) 3 7.5 (1.0–34) 0

p trend4 0.002 >0.5 0.011
By age at first plutonium dose3

<20 years 25 10.7 (4.5–20) 4 6.0 (0.6–28) 2 5.7 (0.3–28)
20–24 years 95 8.0 (5.1–12) 12 2.6 (0.6–7.8) 4

1.16 (0.1–5.3)25–30 years 42 4.9 (2.3–8.9) 3 0.5 (<0–4.2) 0
301 years 53 3.4 (1.8–5.9) 7 2.9 (0.6–9.3) 0

p trend4 0.025 0.41 0.22

Gy5 gray; CI 5 confidence interval.
1Number of deaths with positive plutonium doses. –2For lung cancer, ERR estimates are for attained age 60 (based on a model that included

attained age). For liver and bone cancers, ERR estimates are for all attained ages.–3For lung and liver cancers, ERR estimates are for males
(based on a model that included gender). For bone cancer, ERR estimates are for both genders. –4Based on trend over 5-year categories.–5For
attained age category 55+ years.–6For age category 20+ years.

FIGURE 1 – Excess relative risk (with 95% CI) of lung cancer by
categories of plutonium dose to the lung. Shown for males at age 60.
Estimated linear function also shown.

FIGURE 2 – Excess relative risk (with 95% CI) of liver cancer by
categories of plutonium dose to the liver. Shown for males (all ages).
Estimated linear function also shown.
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3.7 (95% CI 5 2.425.4; 37 deaths) for males and 18 (95% CI 5
8.3235; 15 deaths) for females. For liver and bone cancers, ele-
vated risks that approached statistical significance were observed
only in the highest category. For liver cancer, the RRs were 3.2
(95% CI 5 0.328.7; 4 deaths) for males and 30 (95% CI 5
9.42105; 7 deaths) for females, while for bone cancer the RRs
were 9.6 (95% CI 5 1.3247; 2 deaths) for males and 31 (95% CI
5 7.02136; 4 deaths) for females.

The ERR per Gy for external dose was 0.19 (95% CI 5
0.0520.39; p 5 0.006) for lung cancer, 0.21 (95% CI 5 <021.0;
p 5 0.34) for liver cancer and 0.35 (95% CI 5 <024.4; p > 0.5)
for bone cancer with no evidence of statistically significant modi-
fication by gender, attained age or age at first external dose for any
of the endpoints. The ERR per Gy for lung cancer remained sig-
nificantly elevated when analyses were restricted to data where
plutonium doses could be estimated (ERR/Gy 5 0.21; 95% CI:
0.0220.49; p 5 0.026).

Table IV shows the numbers of excess deaths attributable to
plutonium and external dose. For lung and liver cancer, these are
based on the linear models shown at the top of Table III. For bone
cancer, they are based on a pure quadratic function with modifica-
tion by attained age. Overall, 239 (30%) of the 786 lung, liver and
bone cancers could be attributed to plutonium exposure, whereas
about 68 (8.6%) such deaths could be attributed to external expo-
sure. Of the 239 plutonium excess deaths, 112 occurred in workers
with positive plutonium doses, whereas 127 occurred in workers
whose plutonium doses could not be estimated. Lung cancer con-
tributed the largest numbers of plutonium excess deaths (199), but
the percentage of deaths attributed to plutonium exposure was
highest for bone cancer (47%).

Discussion

The Mayak worker study provides the only direct evidence that
internal plutonium exposure increases cancer risks in humans. On
the basis of individual improved plutonium organ dose estimates,

lung and liver cancer risks increased in a dose-dependent fashion
with the dose-response relationships reasonably described by lin-
ear functions. Bone cancer risk also showed a significant dose-
response, but elevated risks were observed only for those with plu-
tonium doses exceeding 10 Gy. For all 3 endpoints, the ERR per
Gy for plutonium dose was higher for females than males; for
lung and liver cancer, this finding may reflect higher baseline risks
for males because of their greater smoking and alcohol consump-
tion. For lung and bone cancer, the ERR declined with attained
age, and for lung cancer, it also declined with age at first pluto-
nium dose. In addition to the dose-response relationships, those
who worked in the most dangerous department of the plutonium
plant prior to 1954 but were not monitored for plutonium exposure
exhibited significant excess risks for all 3 endpoints with higher
relative risks for females than males.

For lung cancer, the use of improved dose estimates and adjust-
ment for smoking strengthens our previous results.9 The estimated
ERR per Gy for plutonium dose at attained age 60 in this paper was
slightly higher for males (7.1; 95% CI 5 4.9-10.1 when compared
to 4.7; 95% CI 5 3.3-6.7 reported earlier) and slightly lower for
females (15.1; 95% CI 5 7.6-21 when compared to 19; 95% CI 5
9.5-39). Modification by attained age was also similar to earlier
results. Unlike our previous paper, we found evidence that the ERR
per Gy declined with age at first plutonium dose, a difference that
appears to come about because of the adjustment for smoking. In
contrast to previous findings, a significant dose-response for exter-
nal dose was found even when analyses were restricted to data
where plutonium doses could be estimated, thus making it less
likely that this relationship is the result of confounding by pluto-
nium exposure. Other evaluations of lung cancer risks in Mayak
workers6-8,10 were based on preliminary dose estimates, less exten-
sive follow-up, and, in most cases, did not include females or inves-
tigate modification of risk by gender and attained age. For radiation
protection purposes, estimates of the relative biological effective-
ness of plutonium dose relative to external gamma dose are of inter-
est, and such estimates will be given attention in future papers.

TABLE IV – OBSERVED AND PREDICTED DEATHS FROM LUNG, LIVER, AND BONE CANCER, AND ESTIMATED
EXCESS DEATHS ASSOCIATED WITH PLUTONIUM AND EXTERNAL EXPOSURE

Observed
Predicted
by model

Background1
Excess

Plutonium exposure External exposure

Lung2

Plutonium alpha dose
Estimated as zero3 139 124.3 114.0 (92) 0.0 (0.0) 10.3 (8.3)
Estimated as positive4 215 222.2 107.9 (49) 91.9 (41) 22.3 (10)
Could not be estimated5 327 334.5 201.9 (60) 106.8 (32) 25.8 (7.7)

Total 681 681 423.9 (62) 198.7 (29) 58.4 (8.6)
Liver6

Plutonium alpha dose
Estimated as zero3 14 12.5 11.5 (92) 0.0 (0.0) 1.1 (8.5)
Estimated as positive4 26 28.2 8.9 (32) 17.2 (61) 2.1 (7.4)
Could not be estimated5 35 34.3 21.9 (64) 9.3 (27) 3.1 (9.0)

Total 75 75 42.3 (56) 26.5 (35) 6.3 (8.3)
Bone7

Plutonium alpha dose
Estimated as zero3 5 3.8 3.2 (83) 0.0 (0.0) 0.6 (17)
Estimated as positive4 6 6.7 2.8 (42) 3.0 (44) 0.9 (14)
Could not be estimated5 19 19.6 7.0 (36) 11.1 (56) 1.5 (7.6)

Total 30 30 13.0 (43) 14.0 (47) 3.0 (10)
Lung, liver and bone
Plutonium alpha dose

Estimated as zero3 158 140.7 128.6 (91) 0.0 (0.0) 12.0 (8.5)
Estimated as positive4 247 257.0 119.6 (47) 112.1 (44) 25.4 (9.9)
Could not be estimated5 381 388.3 230.9 (60) 127.1 (33) 30.4 (7.8)

Total 786 786 479.1 (61) 239.2 (30) 67.7 (8.6)

Percentages are given in parentheses.
1Deaths that would have occurred in the absence of external or plutonium radiation exposure.–2Esti-

mated from linear model with modification by gender and attained age.–3Primarily persons who worked
only in reactor or auxiliary plants.–4Primarily persons who worked in the radiochemical or plutonium
plant and were monitored for plutonium.–5Worked in radiochemical or plutonium plant and not moni-
tored for plutonium.–6Estimated from linear model with modification by gender.–7Estimated from pure
quadratic model with modification by attained age.
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Earlier evaluation of liver11 and bone13 cancer mortality risks in
Mayak workers established associations with plutonium exposure,
but dose-response relationships were not evaluated. A case control
study of liver cancer risks in Mayak workers was recently con-
ducted and included 44 morphologically confirmed deaths from
liver cancer and 111 matched controls.12 The study linked liver
cancer risk to plutonium exposure and alcohol consumption, but
did not use the improved dose estimates and did not evaluate alter-
native dose-response functions or modification of the dose
response by gender and age.

Studies of other plutonium workers3,20–25 provide little evi-
dence of exposure-related lung cancer risk although plutonium
exposure-response relationships were suggested in selected sub-
groups.24,25 There was a single death from liver cancer in a pluto-
nium worker at Hanford and a single death from bone cancer in a
plutonium worker at Los Alamos, but no additional deaths from
these cancers in either US or UK plutonium workers. The low
doses these workers received undoubtedly limit the statistical
power of these studies. For example, the mean lung dose among
plutonium exposed workers in the UK was about 0.01 Gy23

compared to 0.19 Gy in monitored Mayak workers. In the case-
control study of workers at the Rocky Flats plant,25 only about 5%
of subjects (8 cases and 40 controls) had estimated internal lung
doses (including dose from plutonium and other radionuclides)
exceeding 0.047 Gy. The maximum body burden among all US
workers was 3.2 kBq22 (organ dose estimates are not available);
more than 400 Mayak workers had plutonium body burdens that
exceeded this.

Lung, liver and bone cancer risks have been linked with expo-
sure to alpha-emitters other than plutonium. Clear exposure-
response relationships have been demonstrated for lung cancer in
numerous studies of underground miners exposed to radon,26,27

and for bone cancer in patients who received injections of ra-
dium28 and radium dial painters.29 Excess liver cancer has been
observed in several studies of thorotrast-exposed patients.2,30 In
addition, lung and liver cancer risks have been clearly linked with
external exposure in studies of A-bomb survivors31 while bone
cancer has been linked with high dose external exposure in child-
hood cancer survivor studies.30 Finally, experimental studies in
dogs and rats exposed to plutonium provide strong evidence of
dose-related risks of lung, liver and bone cancers.2,32

A major reason for studying Mayak workers is to allow estima-
tion of risks from plutonium exposure in other populations, espe-
cially in persons exposed at low doses, a task that requires infor-
mation on the dose-response relationship and also on modification
of risk by gender and age. For lung cancer, the Mayak data as well
as data on other alpha emitters such as radon26,27 support the use
of linear extrapolation, and modifying effects are reasonably well
quantified. For bone cancer and, to a lesser extent, liver cancer,
sparse data limit conclusions that can be drawn. Although liver
cancer risks could reasonably be described by linear functions,
there was no direct evidence of risk at doses below about 3 Gy.
For bone cancer, there were only 6 deaths with positive plutonium
doses and only 5 with doses of 0. Although this was sufficient to

establish a dose-response, it was not possible to reliably evalu-
ate the shape of the dose-response or the modifying effects of
gender and age. For all three cancer endpoints, the lack of
plutonium monitoring data for a large proportion of workers
potentially exposed to plutonium clearly reduces the power of
analyses.

Although there is a clear evidence of dose-response relations
for lung, liver and bone cancer mortality, our quantitative esti-
mates are subject to potential bias from several sources. First, data
on life-style factors and other occupational exposures were lim-
ited. Although lung cancer analyses in this paper were adjusted for
smoking, data on smoking were limited to a mostly self-reported
‘‘Yes/No’’ assessment and were not available for 12% of the work-
ers. Nevertheless, a clear gradient in the relative risks for the three
smoking categories (no/unknown/yes) was observed in both males
and females. Furthermore, the smoking adjustment did not greatly
modify lung cancer results suggesting that smoking is not an im-
portant confounder in this study. Alcohol consumption is an im-
portant risk factor for liver cancer and likely contributes strongly
to the gender difference in baseline risks. In addition, some work-
ers may have received other occupational exposures either at
Mayak or before employment at Mayak. However, these expo-
sures would be confounders only if they were related to plutonium
dose.

Another potential source of bias relates to the reliability of
health endpoint data. Vital status was known for 93% of the
cohort, and cause of death was known for 96% of deceased work-
ers. In a small study comparing cause of death from autopsy data
with that from death certificates, confirmation rates and detection
rates for lung, liver and bone cancers ranged from 81% to 100%.1

These findings compare favorably with a study of deaths in Japa-
nese atomic bomb survivors, where the confirmation and detection
rates for all neoplasms combined were 91% and 76% respectively,
with substantially lower rates for liver cancer (35 and 55% respec-
tively).33 Nevertheless, some cancers indicated as the cause of
death, especially liver cancers, could represent metastasis from
primary cancers of other organs. This misclassification could lead
to underestimation of the ERR.

Analyses in this paper were based on improved plutonium and
external organ dose estimates. Nevertheless, estimating internal
organ doses from plutonium and their pattern over time is subject
to many uncertainties including imprecision in urine measure-
ments, uncertainties in when plutonium exposure occurred and the
form of the plutonium, uncertainties in the biokinetic models and
parameter values used to estimate deposition and clearance in
organs of the body, and the fact that models can only approximate
the behavior of plutonium in a given individual. Current estimates
use different models for smokers and nonsmokers, but could not
take account of detailed smoking histories, and smoking data were
not available for all workers. The Mayak data provide the first
direct estimates of cancer risks from plutonium. It is expected that
future plutonium risk assessments will make strong use of these
data along with data from other sources including data on persons
exposed to other alpha-emitters.
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