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Abstract
Radiation effects on mortality from solid cancers other than lung, liver, and bone cancer in

the Mayak worker cohort: 1948–2008. The cohort of Mayak Production Association (PA)

workers in Russia offers a unique opportunity to study the effects of prolonged low dose

rate external gamma exposures and exposure to plutonium in a working age population.

We examined radiation effects on the risk of mortality from solid cancers excluding sites of

primary plutonium deposition (lung, liver, and bone surface) among 25,757 workers who

were first employed in 1948–1982. During the period 1948–2008, there were 1,825 deaths

from cancers other than lung, liver and bone. Using colon dose as a representative external

dose, a linear dose response model described the data well. The excess relative risk per

Gray for external gamma exposure was 0.16 (95% CI: 0.07 – 0.26) when unadjusted for plu-

tonium exposure and 0.12 (95% CI 0.03 – 0.21) when adjusted for plutonium dose and mon-

itoring status. There was no significant effect modification by sex or attained age. Plutonium

exposure was not significantly associated with the group of cancers analyzed after adjusting

for monitoring status. Site-specific risks were uncertainly estimated but positive for 13 of the

15 sites evaluated with a statistically significant estimate only for esophageal cancer. Com-

parison with estimates based on the acute exposures in atomic bomb survivors suggests

that the excess relative risk per Gray for prolonged external exposure in Mayak workers

may be lower than that for acute exposure but, given the uncertainties, the possibility of

equal effects cannot be dismissed.

PLOS ONE | DOI:10.1371/journal.pone.0117784 February 26, 2015 1 / 20

OPEN ACCESS

Citation: Sokolnikov M, Preston D, Gilbert E,
Schonfeld S, Koshurnikova N (2015) Radiation
Effects on Mortality from Solid Cancers Other than
Lung, Liver, and Bone Cancer in the Mayak Worker
Cohort: 1948–2008. PLoS ONE 10(2): e0117784.
doi:10.1371/journal.pone.0117784

Academic Editor: Suminori Akiba, Kagoshima
University Graduate School of Medical and Dental
Sciences, JAPAN

Received: June 20, 2014

Accepted: December 31, 2014

Published: February 26, 2015

Copyright: This is an open access article, free of all
copyright, and may be freely reproduced, distributed,
transmitted, modified, built upon, or otherwise used
by anyone for any lawful purpose. The work is made
available under the Creative Commons CC0 public
domain dedication.

Data Availability Statement: The detailed individual
data used as the basis for the analyses in this paper
are the property of the Mayak Production Association
and the Southern Urals Biophysics Institute (SUBI).
Access to this detailed individual follow-up, work
history, and dose data are restricted for both legal
and ethical (privacy) concerns. However, as
described in the text, the analyses in this report were
based on a highly stratified cross tabulation of the
disease rates (cases and person-years). The
supplementary material includes a log file that

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0117784&domain=pdf
https://creativecommons.org/publicdomain/zero/1.0/


Introduction
The Mayak Production Association (Mayak PA) in Ozyorsk, Russia, Chelyabinsk oblast, which
began operation in 1948 in order to provide plutonium for the nascent Soviet nuclear weapons
program, was the first Russian nuclear cycle enterprise. Mayak PA includes a reactor complex,
radiochemical and plutonium production plants, and a number of auxiliary departments. Par-
ticularly during early years when the technology was still under development, Mayak workers
in the main plants (reactor, radiochemical, and plutonium production) could receive substan-
tial radiation exposures from external gamma-radiation and alpha-particles from incorporated
plutonium (primarily 239Pu).

In the 1980’s and 90’s researchers at what is now called the Southern Urals Biophysics Insti-
tute (SUBI) established and began active follow-up of a Mayak Workers Cohort (MWC) that
included all men and women who had ever worked in one of the main (reactor, radiochemical
and plutonium production) plants or either of two auxiliary departments (water treatment and
mechanical repair plants). As the cohort was created, efforts to develop individual external and
internal dose estimates for the cohort members began. With almost 60 years of follow-up and
individual dose estimates, the MWC provides a unique opportunity to study the effects of both
internal Pu and prolonged low dose rate external gamma exposures in a working age popula-
tion of men and women. The cohort has been used to describe radiation effects on cancer risks
including studies of internal and external dose on cancer at the sites of primary Pu deposition
(lung, liver, and bone surface) [1–4] and other solid cancer sites and leukemia [5,6] as well as
some non-cancer health effects [7–9]. In this paper we consider radiation effects on the risk of
solid cancer mortality at sites other than lung, liver, or bone surface since these three sites re-
ceive substantial doses from incorporated Pu while for other sites it is known that there is little
or no internal exposure arising from Pu [10–12]. Results reported in this paper include 10
more years of follow-up than were used in the previous published analyses of these outcomes
[5] and make use of improved internal and external dose estimates computed using the Mayak
Worker Dosimetry System developed in 2008 (MWDS-2008) [10]. A paper on lung cancer
risks, with a special emphasis on the effects of Pu exposure, has recently been published [13].
Papers on radiation effects on mortality rates for liver cancer, bone cancer, and leukemia and
other hematopoietic malignancies in the cohort based on MWDS-2008 individual dose esti-
mates and the current follow-up are being prepared separately.

Materials and Methods

Cohort definition
The MWC was defined in terms of occupational history obtained from Mayak personnel de-
partment records. The cohort includes all workers who started their employment in the period
1948–1982 at any one of the three main Mayak PA plants or at either the mechanical repair or
water treatment plants. The MWC includes 25,757 people of whom about 25% are women.

Occupational radiation exposure
Workers at the five facilities differed in terms of their (potential) exposures. Within any of the
facilities exposures and doses have decreased markedly over time. Although they have higher
average doses than those in many other cohorts with occupational radiation exposures [14],
workers employed in the auxiliary plants had almost no potential for plutonium intake and
much less potential for external exposure that cohort members who worked in one or more of
the main plants. Reactor workers had greater potential for external exposure with no risk of Pu
exposure. Radiochemical and plutonium production plant workers could receive external
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exposures and had the potential for plutonium intake. Within these plants the potential for
plutonium intake decreased over time and the nature of the exposure depends on the technolo-
gy in use and the types of Pu compounds at specific work places. Thus, for descriptive purposes
we have subdivided the workplaces within the Pu production plant into three groups which
are, in order of increasing potential for Pu exposure and dose: auxiliary departments; depart-
ments that we call “Main 2” where workers dealt primarily with Pu compounds of high trans-
portability, and departments which we call “Main 1” where workers dealt primarily with Pu
compounds of low transportability. For additional details concerning lung clearance of “low”
and “high” transportability Pu compounds see [15–18]. Over the course of their careers, work-
ers could work at more than one Mayak facility. For descriptive purposes we have classified
workers according to their “primary workplace” defined as the plant/workplace in which a
worker had the highest potential for Pu exposure throughout his/her occupational history until
the beginning of 1983 (Table 1).

Follow-up
The methods of follow-up in MWC are described elsewhere [5,19]. The current analyses utilize
follow-up through 2008. Follow-up starts at the time of first employment in an eligible plant
and continues through the date of loss to follow-up, death, migration or censoring (as

Table 1. General description of the Mayak Worker Cohort (MWC) by gender, workplace and period of first hire.

Workers Exposure charachteristics Follow-up

External
exposure

Plutonium Deaths Unknown
cause (%)

Lost to
follow-up
(%)††

Lost to follow-up
before 2004
(%)††Mean external

dose† (mGy)
Monitored
for Pu

Mean liver
dose† (mGy)

Total 25,757 354 7,059 266 12,438 0.6% 22.9% 4.9%

Sex

Males 19,395 366 4,937 207 9,916 0.7% 22.9% 5.1%

Females 6,362 317 2,122 403 2,522 0.2% 22.9% 4.2%

Primary work place

Auxiliary departments 3,384 76 55 16 1,386 0.9% 26.7% 5.9%

Reactor 5,416 334 307 41 2,700 0.7% 21.5% 4.7%

Radiochemical 9,194 601 3,683 203 4,586 0.6% 23.5% 5.4%

Plutonium Auxiliary 3,505 114 1,130 162 1,574 0.4% 23.2% 5.5%

Plutonium Main 2 (High
Transportability)

1,994 155 920 103 952 0.2% 16.1% 1.8%

Plutonium Main 1 (Low
Transportability)

2,264 359 964 870 1,240 0.7% 23.5% 3.7%

Period of hire

1948–53 9,213 690 2,181 685 5,968 0.2% 25.4% 8.4%

1954–58 4,221 349 1,228 168 2,207 0.6% 27.9% 5.1%

1959–63 4,378 162 1,256 91 2,128 1.0% 28.0% 3.9%

1964–72 3,675 88 1,209 35 1,352 1.8% 16.8% 1.5%

1973–82 4,270 59 1,185 15 783 1.2% 12.3% 1.1%

† 5-year lagged cumulative colon dose at end of follow-up. External dose means include those with zero external exposure. Internal dose means are

based on workers with urine bioassay-based dose estimates only.

†† Percentage of total number of workers.

doi:10.1371/journal.pone.0117784.t001
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discussed below), or December 31, 2008, whichever occurred first. Cohort members who no
longer live in Ozyorsk are considered to be migrants as of the date they moved from the city.
Prior to 2004 it was possible to ascertain vital status and cause of death for most migrants but
over the past 10 years privacy regulations have made it difficult to determine their vital status
or cause of death. Therefore, all cohort members who had migrated and not died prior to Janu-
ary 1, 2004 are censored on December 31, 2003 and all cohort members migrating after this
date are treated as lost-to follow-up as of their migration date. Cohort members not known to
have migrated or died but whose date of last known vital status is prior to the December 31,
2008 are also treated as lost to follow-up after date of last known status. About 23% (5,893) of
the cohort members are currently lost to follow-up including 4,497 migrants for whom follow-
up was censored at the end of 2003, 132 who migrated in the period 2004–2008, and 1,264
people who were lost to follow-up before 2004 (Table 1).

Ascertainment of vital status and registration of cause of death
SUBI staff engaged in active follow-up of vital status and cause of death for the cohort. Prior to
2004 regional address bureaus that record information about addresses and migration of all
Russian citizens served as the primary source of information on current vital status and migra-
tion. As noted above, since 2004 we have not had routine access to address bureau information
outside the city of Ozyorsk. However, it has remained possible to obtain virtually complete in-
formation on current vital status and cause of death information for cohort members who die
or continue to reside in Ozyorsk as well as date of migration from Ozyorsk.

Among 12,438 deaths in the cohort members who were not lost to follow-up, underlying
cause of death was determined from death certificates held at the Office of Civil Registry/Vital
Statistics (ZAGS) for 57% of the deaths, from autopsy data for 21% of the deaths, from forensic
autopsies for 12% of the deaths, and from relatives (often based on death certificates) for about
9% of the deaths (primarily for migrants). Cause of death was unknown for less than 1% of the
deaths. Cause of death was coded using International Classification of Disease, Ninth Revision
(ICD9) [20] and grouped into broader categories defined on the basis of the cause of death
recodes (available at http://seer.cancer.gov/codrecode/) defined by the Surveillance, Epidemiol-
ogy, and End Results (SEER) program of the US National Cancer Institute.

Dosimetry
The current analyses are based on the 2008 version of the Mayak Worker dosimetry system
(MWDS-2008). MWDS-2008 provides estimates of doses to specific organs from external
sources for all workers based on either annual individual badge readings measurements (mea-
sured badge reading) or badge dose estimates based on modeled badge dose readings taking
into account individual work histories (reconstructed badge reading). While 80% of the annual
badge dose estimates are based on measured badge readings, 70% of the cohort members have
at least one year in which dose estimates were based on reconstructed badge readings.

About 15% of the workers were reported to have had some occupational exposure to neu-
trons. The MWDS20008 system provides limited information on neutron doses. These dose es-
timates were not used in the current analyses. Future revisions of the dosimetry will include
more complete information on neutron doses.

A small proportion of workers received acute exposures as a consequence of accidents or
special incidents. While doses from such events account for much of the dose for some individ-
ual cohort members, they account for only a small fraction of the population dose. External
gamma doses resulting from such exposures are accounted for by MWDS2008 and hence in
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the doses used in these analyses, but no additional efforts were made to allow for separating the
effect of acute and chronic exposures.

Given an (measured or reconstructed) annual badge dose reading, annual personal dose
equivalent Hp(10) and estimates of equivalent dose resulted from external gamma-exposure
for 13 organs were computed using methods similar to those developed for the 2005 Mayak
worker dosimetry system (MWDS-2005) described in [21]. These computations involve stan-
dardization of the adjustment for various exposure scenarios based on workplace and occupa-
tion, adjustment for non-routine exposures, corrections for the effects of high energy beta
exposures on badge dose readings, and scenario-specific conversion from badge reading to the
doses of interest. External dose estimates based on the MWDS-2008 differ from those in
MWDS-2005 due to the development of additional exposure scenarios (including scenarios for
water treatment and mechanical repair plant workers for whom doses were not computed
previously).

The primary analyses of all solid cancers other than lung, liver, and bone as a group were
carried out using the estimated colon dose resulting from exposure to external gamma-irradia-
tion as a representative organ dose. Colon dose is similar to the doses to most internal organs.
In addition, since colon dose is used for analyses of all solid cancers in the life span study co-
hort of atomic bomb survivors [22,23], its use in these analyses facilitates comparison of the ex-
ternal dose risk estimates in the Mayak workers with those seen in atomic bomb survivors.
Furthermore, external colon doses in this cohort are similar to doses received by other gastro-
intestinal organs and after exclusion of lung, liver and bone cancers, gastrointestinal cancers
contributed about 50% of cancer deaths analyzed.

The cancers of interest in these analyses occurred in organs that are likely to have received
little if any dose as a consequence of internal exposures arising from the inhalation or ingestion
of plutonium or other alpha-emitting radionuclides, such as 241Am or 238Pu. Although we cur-
rently think that there is little potential for internal exposures other than 239Pu, future improve-
ments of the dosimetry should provide more information on internal exposures arising from
other radionuclides. In many of the analyses presented below we adjusted for possible effects of
internal exposure on the external dose risk estimates. These adjustments were based on indi-
vidual urine-bioassay-based time-dependent estimates of lagged cumulative liver dose arising
from plutonium exposure when available and period- and workplace-specific categories of
workers’ potential plutonium exposure for periods prior to monitoring. Monitoring data and
hence internal dose estimates are available for about 40% of the radiochemical and plutonium
plant workers. The MWDS-2008 systemic Pu biokinetic model [12] assumes that internal
doses to the organs of interest for this report are essentially proportional to, but much orders of
magnitude smaller than the dose to the liver.

Some details concerning the MWDS-2008 internal dose estimates are given in [13]. Briefly,
mathematical models were developed to use the available bioassay data to produce annual ac-
tivity and dose estimates for the lung, liver and bone surface. These methods make use of infor-
mation on individual occupational histories, workplace-specific data on the physiochemical
form of the plutonium aerosols in various workplaces, body mass, and smoking status. Infor-
mation on smoking status was obtained from polyclinic medical records archived at SUBI. As
described in the discussion of statistical methods, when bioassay-based internal dose estimates
were not available the internal exposure adjustment was based on plutonium surrogate catego-
ries. These categories, which depend on time period and workplace, are described in Table 2.
This is the same definition used in recent papers on lung, liver, and bone cancer risks in the co-
hort [3,13].

In order to assess the impact of the change in dosimetry we present results of some analyses
based on the external “dose” estimates used in our previous analysis of these data [5]. External
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dose estimates used in [5] were actually film badge readings transcribed fromMayak records
by staff of the SUBI Laboratory of Epidemiology. These archive film badge readings, known as
MWDS-2000, were used without adjustment for badge characteristics, workplace conditions,
or the effect of changes in the units in which the doses were originally recorded, Roentgen (R)
from 1948–1973 and rem from 1974 through the end of 1997. MWDS-2000 did not include
any plutonium dose estimates, internal exposure adjustments in [5] were based on plutonium
body burden estimates, a poor surrogate for dose from plutonium.

Organization of data for analysis
For the primary analyses the data were structured as tables of person-years and case counts.
These tables were stratified on sex, period of hire (1948–52,1953–57,1958–62,1963–72,1973–
82), birth cohort (pre-1938, 1939–1942, 1943–1952, and 1953–1965), smoking status (ever,
never, unknown), and plant. The table also included stratification on the time dependent vari-
ables attained age (5-year categories from ages 10 to 84 and 85 or more), calendar year(1948–
49, five year categories form 1950 to 2003, 2004–07, and 2008), duration of follow-up (with
cutpoints at 2, 5, 10, and 15 years), migration from Ozyorsk (resident, migrant), plutonium
monitoring status (monitored, unmonitored) and time since monitoring (unmonitored, 0–1
years since monitored, 2 or more years since monitored), 5-year-lagged cumulative internal
(liver) and external doses (colon) with a zero-dose category and non-zero-dose categories with
boundaries at 10, 25,40,100,150,250, 500, 1000, 1500, 2000, 3000, and, for internal dose, 5000
mGy, and plutonium surrogate categories (6 categories defined by work history and time peri-
od). Each cell includes information on the number of person years at risk, the number of cases
for each outcome of interest, person-year weighted average values of age, calendar time, exter-
nal and internal dose and other continuous variables of interest. Because of indications that
some workers were monitored for plutonium exposure as a result of suspected disease, workers
were classified as unmonitored until two years after the first plutonium monitoring date.

Table 2. Definition and selected characteristics of plutonium exposure surrogate categories.

Category Definition People Monitored for Pu exposure
(%)

Mean Dose†

Workplace Period of
hire

External colon
(mGy)

Internal liver
(mGy)

0 Reactor complex or Auxiliary
plants

1948–1982 9,293 3.3% 222 43

1 Radiochemical or any Plutonium 1964–1982 4,891 49.4% 77 26

2 Radiochemical or Plutonium
auxiliary

1954–1963 5,931 39.9% 324 105

or Plutonium Main 2 1959–1963

3 Radiochemical or Plutonium
auxiliary

1948–1953 5,329 35.5% 810 419

or Plutonium Main 2 1950–1958

or Plutonium Main 1 1959–1963

4 Plutonium Main 2 1948–1949 740 36.4% 319 476

or Plutonium Main 1 1954–1958

5 Plutonium Main 1 1948–1953 573 37.0% 914 3,170

Total 25,757 27.4 354 460

† 5-year lagged cumulative dose at end of follow-up. Internal dose means based on workers with urine bioassay-based dose estimates.

doi:10.1371/journal.pone.0117784.t002
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For the most analyses, doses were lagged for five years, but we also created tables with alter-
native lags (2, 10, 15, and 20 years) to explore heterogeneity in the dose-response estimates.
Analyses of cancers at specific sites were based on person-year tables that were stratified on ex-
ternal dose to the most relevant organ. Person year tables were created using the DATAB mod-
ule of Epicure [24].

Statistical Methods
Analyses were carried out using Poisson regression methods for generalized risk models imple-
mented with the AMFIT module of Epicure [24]. Radiation effects on cause specific death rates
were modeled using excess relative risk (ERR) models of the form λ0(s,a,x)[1+ERR]. In this
model λ0(s,a,x) describes the baseline rates in terms of age (a), sex (s) and other factors includ-
ing birth cohort trend, and smoking status (ever, never, unknown by sex). In some analyses, a
time-dependent indicator of plutonium monitoring status was included in the baseline rate
model when estimating or adjusting for internal exposure effects. As noted above, there were
indications that some people were selected for monitoring as a result of their health status. This
factor is only relevant and thus only included in models that adjusted for internal dose or plu-
tonium-surrogate-category effects. Baseline rate models in the site-specific analyses always in-
cluded attained age and sex effects with other variables when there were indications of
significant effects.

The ERR was typically described as the sum of three components:

ERR ¼ ERRext þ ImonERRint þ IunmonERRpusur ð1Þ

where ERRext and ERRint describe, respectively, the effects of external and internal dose and
ERRpusur describes the (possibly sex-dependent) excess relative risks associated with plutonium
surrogate categories. Imon and Iunmon are time-dependent 0/1 indicators of whether or not people
are considered to have been monitored for plutonium exposure (by definition Imon = 1 - Iunmon).

The ERR function describes the magnitude of the radiation-associated excess risk relative to
the baseline as a function of external and internal dose and, possibly, other factors such as sex,
age at exposure and time since exposure. Most analyses described in this report involve a sim-
ple linear ERR model for the external dose effects but we also used some non-linear dose re-
sponse models. These models included a linear-quadratic and pure-quadratic dose response
models (β1d+β2d

2 and β2d
2, respectively), a linear cell-killing model in which the dose response

could flatten at high dose (β1de
-β2d), and a linear-threshold model (β1(d-c)

+ where (d-c)+ is 0 if
dose is less than the threshold value (c) and d-c for larger doses.

Attained age effects on the radiation ERR were analyzed using a model of the form βdeαlog(age) =
βdaα in which the variation in the ERR is proportional to attained age to the power α. In order to
examine time-since- or age-at-exposure effects on the external dose ERR we considered models of

the form ERRext ¼
X

i

bidðpiÞ where d(pi) is the dose accumulated in a particular period of inter-

est. These analyses made use of specially constructed person-year tables. For time-since-exposure,
the categories are defined in terms of years prior to the age at risk, for example the dose accumulat-
ed 2 to 4 years prior to the time at risk, 5 to 9 years, 10 to 14 years and so on. For age at exposure
effects, the categories are defined in terms of the ages at which the dose was received, for example,
prior to age 20, between 20 and 29, and so on.

Parameter estimates were obtained using maximum likelihood methods [25]. Hypothesis
tests were carried out using likelihood ratio tests and confidence intervals (CI) were based
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directly on differences in the profile log-likelihood function [25]. The reported significance lev-
els are based on two-sided tests.

Results
Table 1 provides information about exposure characteristics and current follow-up status strat-
ified by sex, primary workplace, and period of hire. Table 3 provides more detail on the distri-
bution of workers and mean doses by sex, period of hire, and primary workplace. External
doses were generally similar for males and females but varied substantially by period of hire
and primary workplace. There were 12,438 deaths, including 2,980 cancer deaths (662 in
women) during 950,896 years of follow-up. There were a total of 1,825 solid cancers other than
lung, liver and bone.

Background mortality for solid cancers other than lung, liver and bone as
a group
For the combination of all solid cancers other than lung, liver and bone, the increase in the
baseline was roughly proportional to attained age to the fifth power but with a slightly less
rapid increase for women than for men. Although the sex-difference in the baseline rates de-
pends somewhat on age (with women having slightly higher rates prior to about age 60 and
much lower rates later in life), on average age-specific baseline rates for women were about

Table 3. Number of workers and mean doses by sex, period of hire and primary plant.

Period of Hire

1948–53 1954–58 1959–63 1964–72 1973–82

People Ext.
dose†

Int.
dose‡

People Ext.
dose

Int.
dose

People Ext.
dose

Int.
dose

People Ext.
dose

Int.
dose

People Ext.
dose

Int.
dose

Auxilary plants

Male 523 171 115 310 97 32 440 56 4 717 55 15 719 36 5

Female 184 146 — 47 50 — 114 70 7 183 37 1 147 27 4

Reactor complex

Male 1,768 621 47 575 360 34 643 239 40 481 179 70 771 99 6

Female 676 226 83 151 105 28 70 70 24 78 69 14 203 50 9

Radiochemical plant

Male 2,333 1,196 532 1,682 519 126 1,229 278 88 683 152 35 916 82 25

Female 1,327 867 332 272 442 94 233 144 39 187 104 31 332 62 12

Plutonium auxiliary departments

Male 666 279 253 209 150 62 431 47 75 468 34 33 454 21 7

Female 531 214 713 100 84 227 202 23 128 184 12 27 260 22 11

Plutonium high transportability departments (Main 2)

Male 353 379 288 287 133 141 414 97 82 274 90 25 262 54 10

Female 112 315 286 45 152 234 71 62 41 93 63 31 83 63 8

Plutonium low transportability departments (Main 1)

Male 453 792 1,477 457 270 376 492 141 165 297 50 55 88 46 15

Female 287 766 3,736 86 202 368 39 106 95 30 22 47 35 21 15

† Mean 5-year lagged cumulative colon dose at end of follow-up, mGy

‡ Mean 5-year lagged cumulative internal liver dose in mGy at end of follow-up for workers with urine bioassay-based internal dose estimates

— No workers monitored for plutonium exposure.

doi:10.1371/journal.pone.0117784.t003
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80% (95% CI 70% to 94%, P = 0.006) of those for men. The plots in Fig. 1 illustrate the age-de-
pendence and sex-ratio of the baseline rates for never smokers. Baseline rates for ever-smokers
for this group of solid cancers were estimated to be about 50% greater than those for never-smok-
ers (95% CI 34% to 74%, P< 0.001). There was no indication of a significant sex-difference in
the smoking effect (P> 0.5). As reported earlier, background cancer mortality after migration
was about 15% lower than mortality while residing in Ozyorsk [5].

Radiation risk estimates
External dose. Using a linear dose response model with adjustment for internal Pu exposure
and Pu monitoring status we found a statistically significant (P = 0.01) external dose response
for colon dose for solid cancers in organs other than lung, liver and bone. The ERR was esti-
mated as 0.12 per Gy (95% CI 0.03 to 0.21). With this model we estimated that about 97 of the
1,825 deaths from these cancers were associated with the external exposure. The ERR per Gy
for external dose slightly increased to 0.13 (95% CI 0.05–0.23) when adjusting for Pu exposure
but not monitoring status. Without any adjustment for internal exposure or plutonium

Fig 1. Non-smoker baseline cancer mortality rates and their sex ratio.Non-smoker baseline rates for mortality from solid cancers in organs other than
lung, liver, bone or connective tissue in the Mayak worker cohort (upper panel) with age-specific sex ratios (lower panel).

doi:10.1371/journal.pone.0117784.g001
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monitoring status, the external dose ERR/Gy estimate increased to 0.16 (95% CI 0.07 to 0.26,
P< 0.001) and the estimated number of external-exposure-associated cases was 128. The dis-
tributions of the estimated numbers of background and excess cases over dose categories with
and without adjustment for internal exposure effects are given in Table 4. Fig. 2 Illustrates the
fitted dose response together with dose-category–specific ERR estimates and a non-parametric
smoothed fit based on these estimates.

Consideration of linear-quadratic or models with cell-killing effects at higher doses did not
provide any indication of significant non-linearity in the dose response with P> 0.5 for any of
the models considered) (Table 5). While the maximum likelihood estimate of a threshold is
about 0.2 Gy (95% CI: 0 to 1.3), the profile likelihood was virtually constant for thresholds be-
tween 0 and 0.75 Gy.

There was no evidence that the linear dose-response effect for external exposure differed by
sex (P> 0.5) or migration status (P> 0.5). The best estimate of the female to male ERR sex
ratio was 1.0 with a 95% CI of -0.13 to 1.6 (P> 0.5). The negative lower bound arises because
the ERR for women was not significantly greater than 0. There was no indication of significant
variability in the ERR with attained age. In particular, when the ERR was allowed to vary in
proportion to attained age to a power, the best estimate of the power was -0.11 (which implies
that the risk was nearly constant) with a 95% confidence interval ranging from -3.1 to 4.0
(P>0.5). There was no evidence of significant heterogeneity in the ERR for doses received 5 to
9, 10 to 14, 15 to 19, or 20+ years prior to death (P> 0.5, Table 5). Also, while there was no in-
dication of significantly elevated risks associated with doses received 2 to 4 years prior to death
(ERR/Sv 0.15, 95% CI< -0.2 to 1.4, P> 0.5), the risk in this window was similar to the ERR of
0.16 for doses received 5 or more years prior to death. Analyses of variation in the ERR with
the age at which doses were received provided no evidence that this variable modified risks
(P> 0.5) (Table 5). Inferences about external dose effect modification were similar when risks
were adjusted for internal exposure.

Table 4. Observed and fitted solid cancer deaths excluding lung, liver, bone, and connective tissue cancer deaths by external dose category
with and without adjustment for internal exposure.

External colon dose (Gy) Person year Deaths Internal-exposure adjusted † Unadjusted ‡

Background Exposure-
associated

Background External dose associated

External Internal

<0.01 277,422 246 219.6 0.04 0.2 222.6 0.1

-0.05 140,927 168 200.9 0.7 0.2 200.6 0.9

-0.10 98,648 213 174.6 1.5 0.5 172.9 2.0

-0.2 106,818 216 226.9 3.8 0.7 225.5 5.2

-0.5 141,808 342 348.4 13.1 1.9 344.3 17.7

-1 93,270 282 252.2 20.7 2.2 250.2 28.0

-2 72,944 271 228.4 37.4 4.3 220.1 48.9

-3 15,146 63 50.7 13.8 1.8 47.4 17.5

3+ 3,913 24 13.7 5.8 1.0 13.3 7.7

Total 950,894 1,825 1,715.4 96.9 12.7 1,697.1 127.9

† The baseline risk model includes an adjustment for the time-dependent Pu monitoring status and the excess relative risk includes internal dose and

surrogate category effects for monitored and unmonitored workers, respectively.

‡ The baseline risk model does not include a Pu monitoring effect and there are no internal dose or surrogate effects in the ERR.

doi:10.1371/journal.pone.0117784.t004
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Internal Exposure effects for solid cancers other than lung, liver, and bone. Risk in-
creased with increasing internal dose to the liver (P< 0.006) in a model that used data for the
full cohort with plutonium surrogate-category adjustments. However, when baseline rates were
adjusted for monitoring status age-specific death rates were 16% higher (95% CI 11% to 39%, P<

0.001) for monitored than for unmonitored workers. Furthermore, after making this adjustment,
the estimated plutonium ERR per unit liver dose was less than half that in the unadjusted analysis
and was no longer statistically significant (P = 0.14). In view of the elevated baseline rates for
monitored workers with plutoniummonitoring data and since adjustment for monitoring status
had such a marked effect on the estimated plutonium dose response parameter and its statistical
significance, we focus on external dose effect estimates and our site-specific analyses of cancers
other than lung, liver, and bone were unadjusted for internal exposure.

Fig 2. External exposure dose response for solid cancers other than lung liver and bone. A) External exposure dose response function for solid
cancers at sites of than lung, live, bone, or connective tissue. B) The same plot for doses below 1.5 Gy. The solid line is the fitted linear dose response, the
points are ERR estimates in dose categories. The thick dashed line is a non-parametric smooth fit to the categorical estimates while the thin dashed lines
indicate plus or minus one standard error from the smoothed curve. The models used in this analysis included no adjustment for plutonium exposure.

doi:10.1371/journal.pone.0117784.g002

Table 5. External dose effect estimates from selected excess relative risk (ERR) models for solid
cancers other than lung, liver, and bone cancers.

Model/Parameter description Estimate (95% CI*)

5-year lagged cumulative dose time-constant ERR

Linear dose response
Adjusted for internal exposure (ERR/Gy) 0.12 (0.03 to 0.21)

No internal exposure adjustment (ERR/Gy) 0.16 (0.07 to 0.26)

Linear-Quadratic dose response† (P > 0.5)

Linear (ERR/Gy) 0.10 (-0.09 to 0.30)

Quadratic (per Gy2) 0.03 (-0.05 to 0.11)

Linear- dose response with cell killing† (P > 0.5)

Linear (ERR/Gy) 0.11 (-0.05 to 0.30)

Cell-Killing 0.02 (-0.05 to 0.08)

Time Since Exposure windows† (Phet* > 0.5)

Years since dose received ERR/Gy

5–9 0.44 (<0 to 1.5)

10–14 -0.08 (<-0.2 to 0.56)

15–19 0.15 (<0 to 0.62)

20 ++ 0.16 (0.07 to 0.27)

Age at exposure windows† (Phet> 0.5)

Ages (years) dose received ERR/Gy

< 25 0.14 (-0.005 to 0.30)

25–29 0.28 (0.08 to 0.51)

30–39 0.06 (0.004 to 0.25)

40–49 0.15 (-0.09 to 0.47)

50+ 0.06 (<-0.1 to 1.1)

* 95% confidence interval

† Estimates made without adjustment for internal exposure. P-values are for likelihood ratio tests

comparing model shown to linear time constant ERR model in lagged 5 cumulative dose. Phet refers to the

P-value for a test for heterogeneity of risk estimates over categories of a variable of interest.

doi:10.1371/journal.pone.0117784.t005
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Site-specific risk estimates. Table 6 summarizes the distribution of deaths by site and sex
for the cancers of interest for this paper as well as for solid cancers at sites of primary plutoni-
um deposition (lung, liver, and bone) and for leukemia and other lympho-hematopoietic ma-
lignancies. Among men, lung (33%) and stomach (16%) were the most common cancer sites
while breast (16%), lung (12%), and stomach (12%) were the most common sites
among women.

In analyses of site-specific cancers, baseline rates were adjusted for sex, age and smoking.
For those sites with small numbers of deaths among women (bladder and larynx) analyses
were limited to men and deaths from these cancers among women were included in the re-
mainder group. The primary results, which are presented in Table 7, were based on analyses
that used the relevant organ dose estimates without adjustment for plutonium exposure effects.
We also carried out site-specific analyses with adjustment for plutonium exposure with results
available online. There was no indication that adjustment for plutonium effects greatly modi-
fied the external exposure results shown in Table 7.

Although the point estimates of the external exposure ERR per Gy for all sites except blad-
der and brain were positive, a statistically significant (P< 0.001) external dose effect was ob-
served only for esophagus (ERR per Gy 1.3 with a 95% CI of 0.36 to 3.3). The total number of
fitted external radiation-exposure-associated cases was virtually identical to that seen for

Table 6. Cancer cases by sex and site.

Type of cancer Men Women Total

Tissues with limited plutonium deposition

Stomach 374 78 452

Colon 110 46 156

Rectum 103 43 146

Pancreas 103 25 128

Breast 107 107

Prostate 80 80

Kidney 61 17 78

Melanoma 23 15 38

Larynx 66 2 68

Esophagus 58 8 66

Brain & central nervous system 58 8 66

Bladder 62 1 63

Ovary 43 43

Uterus 36 36

Other solid cancer 236 65 301

Group total 1334 491 1825

Tissues with major plutonium deposition

Lung 760 81 841

Liver 61 30 91

Bone and soft tissue 28 14 42

Group total 849 125 974

Lympho-hematopoietic malignancies

Leukemia 82 28 110

Other lympho-hematopoietic 53 18 71

Lympho-hematopoietic total 135 46 181

Total 2318 662 2980

doi:10.1371/journal.pone.0117784.t006
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analyses of the combined category of all solid cancers other than lung, liver and bone based on
colon dose (127)

Film badge doses. Previously we reported analyses based on film badge doses adjusted for
internal exposure using a combination of estimated plutonium body burden for monitored
workers and plutonium surrogate categories for unmonitored workers [5]. The linear ERR/Gy
estimate in [5], which was adjusted for Pu exposure, was 0.08 (95% CI 0.03 to 0.21). However
there was some indication of downward curvature in the dose response and the low dose slope
in a linear quadratic model fit to the earlier data was 0.21 (95% CI 0.06 to 0.37). Current analy-
ses differ from [5] in terms of the extended follow-up (through the end of 2008 instead of the
end of 1997 in [5]), use of improved external and Pu doses (MWDS-2008) and adjustment for
smoking status in the background rates. To compare risk estimates obtained from the different
dosimetry systems we repeated the calculations above using film badge external doses instead
of colon dose estimates. Using the same follow-up (through the end of 2008), estimates of risk
related to film badge dose followed the same pattern as risk estimates based on colon dose.
ERR per Gy for external film badge dose was lower (0.08, 95% CI 0.03–0.14) than the ERR esti-
mate calculated using colon dose (0.16, 95% CI 0.07–0.26), which would be expected since
colon dose estimates are lower than film badge doses. The overall mean colon dose in this co-
hort was 354 mGy (Table 1), the overall mean film badge dose is 510 mGy. The linear-quadrat-
ic model yielded similar results using the film badge doses with a linear coefficient of 0.12 and
curvature coefficient of -0.02 (see Table 5 for comparison). However when follow-up was re-
stricted to the end of 1997 the risk coefficients were much closer to those observed in previous

Table 7. Site-specific excess relative risk per Gy estimates‡ and number of external exposure associated cases.

Site Deaths Dose Linear risk estimate Radiation-associated cases

ERR 95% CI P

Colon 156 Colon 0.21 -0.06–0.62 0.13 14.1

Esophagus 66 Esophagus 1.26 0.36–3.27 < 0.001 24.7

Stomach 452 Stomach 0.12 -0.03–0.31 0.06 25.8

Rectum 146 Rectum 0.18 -0.09–0.63 0.18 11.7

Pancreas 128 Pancreas 0.18 -0.09–0.64 0.18 11.6

Bladder* 62 Bladder -0.02 <-0–0.45 >0.5 -0.8

Kidney 78 Kidney 0.08 <-0.1–0.69 > 0.5 2.8

Melanoma 38 Hp(10) -0.00 <-0.1–0.77 > 0.5 0.0

Brain 66 Brain < 0 < -0.1 0.32 0.50 -3.2

Larynx* 66 Larynx 0.12 <0–0.68 >0.5 4.7

Prostate 80 Prostate 0.11 <0–0.63 >0.5 5.0

Breast 107 Breast 0.16 -0.09–0.57 >0.5 7.3

Ovary 43 Ovary 0.19 <0–1.23 > 0.5 2.7

Uterus 36 Uterus 0.42 <0–1.66 0.23 4.4

Remainder 301 Colon 0.09 -0.05–0.30 0.24 16.7

Total excluding lung, liver bone 1825 Site-specific organ doses 127.5

Colon 0.16 0.07–0.26 < 0.001 127.2

Film badge 0.08 0.03–0.14 <0.01 98.2

‡ The risk estimates in this table were not adjusted for plutonium exposure since, as noted in the text, there is no evidence of significant effects of

plutonium for all of these cancers as a group or for any specific type of cancer considered here.

* Analyses were limited to cases seen in men with cases among women (1 bladder cancer and 2 laryngeal cancers) included in the remainder.

doi:10.1371/journal.pone.0117784.t007
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analyses with a linear-quadratic model providing a somewhat improved fit to the data
(P<0.08).

Discussion
There is considerable interest in the effects of prolonged, low-dose-rate occupational radiation
exposures on the risks of cancer and other diseases. With high-quality, long-term follow-up
and the relatively large doses received by many workers, the Mayak worker cohort is a major
source of information on such risks. Because many cohort members received significant expo-
sures resulting from inhalation of plutonium aerosols, the analyses presented here have focused
on dose effects for solid cancers in tissues other than those that are the primary sites for pluto-
nium deposition (i.e., lung, liver, and bone), which were considered in earlier papers [3,13].

We found a clear statistically significant increase in the risk of all solid cancers other than
lung, liver, and bone with increasing external occupational gamma dose. Risks for this group of
solid cancers were estimated to be increased by about 16% per Gy of external gamma dose
(95% CI 7% to 26%) without adjustment for Pu exposure and 12% per Gy (95% CI 3% to 21%)
with such adjustment. Largely because of the small number of cases for specific cancer types,
this study has limited power to detect statistically significant increased risks at specific sites. It
should be noted however, that point estimates of the radiation effect were positive for all but
two (bladder and brain/CNS tumors) of the 15 sites and groups of sites considered here.

These analyses update earlier results for the cohort [5] by adding 10 additional years of fol-
low-up, extending the cohort under study to include workers hired in 1973–1982. They also
make use of newly developed organ dose estimates (in place of the film badge dose readings)
and of improved information on internal Pu exposure. The primary reason for differences in
the risk estimates from the current and earlier analyses is the shift from film badge readings to
colon dose estimates. This change resulted in increased risk estimates and reduced evidence for
non-linearity in the dose response.

Risk estimates from the Life Span Study (LSS) of Japanese atomic bomb survivors have long
been the primary source of the cancer risk estimates that are used as the basis for recom-
mended radiation protection standards [26,27]. One of the most important issues in radiation
protection concerns the applicability of risk estimates derived from acute high dose rate expo-
sure to atomic bomb radiation to the prolonged low-dose rate exposures that are of primary
concern in most occupational and environmental exposure scenarios. Because of the magni-
tude of the doses, the Mayak worker cohort is one of the most informative occupational cohorts
for characterization of the effects of prolonged, low dose-rate radiation exposure on cancer
risks. Table 8 presents risk estimates, mean doses, and other information from our current
analyses along with similar information from the LSS [28], the 15-country nuclear worker
study [29], the United Kingdom’s National Registry of Radiation Workers [30] and the Techa
River cohort [31]. The LSS risk estimates were based on analyses of publicly available data ob-
tained from RERF (http://www.rerf.jp/library/dl_e/lss13.html) and were restricted to survivors
who were between 20 and 60 years of age at the time of exposure with deaths limited to those
from solid cancers other than lung, liver, bone and connective tissue. In order to account for
the marked difference in the sex distribution of the two cohorts (75% of Mayak workers were
men while men constitute only 33% of the working age LSS members), we estimated a gender-
averaged risk in the LSS with weights of 0.75 for men and 0.25 for women.

Among the studies included in Table 8, the Mayak worker cohort has the smallest risk esti-
mates and is the only study for which the estimated ERR is less than that seen in the LSS. In
view of the uncertainties for the risk estimates shown in the table, there is no compelling evi-
dence that the external dose effects in the Mayak worker cohort differ from those seen in the
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other studies. A simple test for heterogeneity gives p-value of 0.11 between Mayak and the A-
bomb results.

Recently, Hunter et al. (6) evaluated cancer incidence in the Mayak worker cohort. Their
analyses included 1,447 incident cases of solid cancers other than lung, liver, and bone that
were diagnosed in Ozyorsk in the period 1948–2004. Using a statistical approach that was simi-
lar to ours, the estimated ERR/Gy was 0.07 (95% CI: 0.01to 0.15) without adjustment for Pu ex-
posure, and slightly lower when such adjustment was added. This estimate is smaller than our
mortality-based estimates partly because it was based on Hp(10) (equivalent dose at a tissue
depth of 10 mm beneath a dosimeter) instead of colon dose. When we repeated our analyses
usingHp(10) (see S1 Table provided in Supplementary material), our estimate of 0.16, based
on colon dose and unadjusted for Pu exposure, was reduced to 0.12 (95% CI: 0.05 to 0.20), clos-
er to but still larger than the estimate in (6). Differences in the estimates based on incidence
and mortality are likely explained primarily by the differences in the group of cancers analyzed.
The 1,447 cancer cases evaluated in [6] included cancer cases that had not resulted in death
and thus were not included in our analyses. The 1,825 deaths in our analyses included cancer
deaths occurring in migrants, in the period 2005–2008, and in auxiliary plant workers, none of
which would have been included in [6] unless the cancer was diagnosed in Ozyorsk before the
end of 2004.

Table 8. Excess relative risk (ERR) estimates from the A-bomb survivors and from selected studies of persons exposed to protracted low-LET
external ionizing radiation.

Study population Mean
dose

Outcome Deaths ERR Per Gy(Sv)

Est. 90% CI†

Mayak nuclear workers 354 Solid cancers except lung, liver,
and bone

Men: 1,334 0.15 (0.06–
0.27)

Women: 491 0.17 (0.02–
0.35)

Total: 1,825 0.16 (0.08–
0.24)

A-bomb survivors exposed between 20 and 60 [28] 109 Solid cancers except lung, liver,
and bone

Men: 2,278 0.30 (0.10–
0.54)

Women: 3,088 0.52 (0.32–
0.74)

Total: 5,366 0.35†† (0.19–
0.55)

Nuclear workers in 15 countries [29]§§ 19 All except leukemia, lung, and
pleura

3,390‡ 0.44 (-0.30–
1.4)

United Kingdom National Registry for Radiation Workers
(NRRW) [30]

25 All except leukemia, lung, and
pleura

5,118‡ 0.32 (0.02–
0.67)

Techa River Cohort [31] 35 All except leukemia 2,303 0.61** (0.13–1.2)

* Doses are external colon dose in mGy for Mayak workers, weighted colon dose in mGy for the atomic bomb survivors, Hp(10) in mSv for the 15-country

and NRRW studies.(Hp(10) is the equivalent dose at a tissue depth of 10 mm beneath a dosimeter); stomach dose in mGy for the Techa river cohort

† 90% confidence intervals used for comparison with published results in the 15-country and NRRW studies

†† weighted average with weights of 0.75 for men and 0.25 for women to reflect the sex ratio in the Mayak worker cohort

‡ These populations are predominantly male

§ The estimate presented here is based on the 15-country study results withwith the Canadian data excluded ([29], page 405).). This estimate was used

because of concerns about the Canadian data usedused in that study. This concerns have beenbeen supported by the recently published re-analysis of

the Canadian workerworker data given in [34]. The ERR/SvSv estimate for using all of the 15-country data is 0.59 (95% CI <0 to 1.5, [29], page 403).

** There was no evidence that risk differed by sex in this cohort.

doi:10.1371/journal.pone.0117784.t008
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Our analyses are subject to limitations caused by using information on cause of death from
death certificates and autopsy findings. Although this information was obtained primarily
from death certificates, autopsy findings were used when available and for 9% of the deaths the
cause was coded based on information obtained from relatives. The agreement between death-
certificate and autopsy-based cause of death information for Ozyorsk residents was examined
in [19] and found to be quite good, but some misclassification can’t be ruled out. Another limi-
tation is the loss of power resulting from our inability to follow migrants in the last 10 years
due to privacy protection issues. In addition, despite the large overall number of solid cancer
deaths, estimates of site-specific cancer risks are imprecise [32]. Estimation of solid cancer risk
resulting from prolonged occupational external gamma-exposure is complicated by the fact
that radiochemical and Pu production plant workers were potentially exposed to Pu-contain-
ing aerosols. We have provided external dose risk estimates that are adjusted for Pu exposure,
but this adjustment is limited by several factors: 1) only about 40% of the workers with poten-
tial for Pu exposure have urine-bioassay data; 2) routine monitoring did not begin until many
years after the largest exposures and appears to have depended on health status; 3) Pu dose esti-
mation from bioassay data is complicated and the resulting estimates have large uncertainties;
and 4) the Pu-exposure-potential categories used prior to bioassay-based dose estimates impre-
cisely characterize Pu exposures [10–12,21,33]. The uncertainties and limitations of the Pu
dose and surrogate categories could result in some bias in the external dose estimates.

Because of the above difficulties, we have given only limited attention to risks from Pu expo-
sure. We note, however, that while there was some evidence of a Pu dose effect on the risk of
solid cancers other than lung, liver, and bone, further analyses suggested that this effect may
have been largely the result of factors related to the selection of subjects for Pu monitoring. In
addition, given the very small internal doses to organs other than lung, liver and bone, statisti-
cal power for detecting risks from these doses is limited. Another difficulty is that the Pu expo-
sure-response relationship might be biased by misclassified cancers of the lung, liver, or bone.

The strengths of this study include the high quality follow-up of Ozyorsk residents through-
out the study period and of migrants prior to 2004 as well as the availability of individually-
measured external radiation doses and detailed occupational histories. The dose range resulting
from the prolonged occupational exposures of the Mayak workers is broader and the mean
doses higher than in other worker cohorts.

There is currently little information on factors such as smoking and alcohol consumption
that could affect the baseline rates and could be confounded with radiation dose. We were able
to adjust the baseline rates for smoking status (ever, never, unknown) and found that this had
little effect on the radiation risk estimates. Unfortunately, although efforts are being made to
extract improved information on alcohol consumption from medical records for individual
workers, the alcohol consumption data available at this time is rather crude and not adequate
for use in the risk modeling.

While there is considerable interest in site-specific cancer risk estimates from the Mayak
worker cohort, because of the relatively small number of cancers for specific sites, the power to
detect radiation-associated site-specific risks is limited. In the current analyses, the only site
with a significant effect was esophageal cancer. The ERR/Gy estimate for this site was the larg-
est of all sites considered and is about twice the incidence ERR estimate seen in the atomic
bomb survivors [22,23]. This may be a chance finding or it could reflect effect modification or
confounding by some unmeasured risk factor. One possibility is alcohol consumption, which is
a well-known risk factor for cancer of the esophagus. However, it seems unlikely that con-
founding with alcohol would greatly distort the radiation risk estimate since the limited data
on alcohol consumption data suggest that there is little correlation between alcohol consump-
tion and radiation dose. Since alcohol consumption levels are much greater in Russia than in
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Japan, the difference between the Russian and Japanese radiation ERR estimates could arise if
there is a large super-multiplicative interaction between radiation and alcohol. At present it is
impossible to judge if this is the explanation for the difference that was seen, but as more infor-
mation on alcohol consumption becomes available, it may be possible to learn more about the
joint effect of radiation and alcohol consumption.

Due to privacy protections and other issues, cohort follow-up is becoming increasingly diffi-
cult. As noted earlier, since 2004 it has not been possible to obtain vital status and cause of
death information for migrants and as a result these people are treated as lost to follow-up
from 2004 for survivor cohort members who migrated before that date and the migration date
for more recent migrants. This reduces the power of the study especially in later years. The rel-
atively large proportion (about 9%) of deaths for which the cause was determined from sources
other than a death certificate or autopsy report is also a limitation. However, some (as yet infor-
mal) comparison of the reports from close relatives as the cause of death compared to the
death-certificate- or autopsy-based causes of death suggest that these reports are reasonably ac-
curate at the level of detail used in these analyses.

The results of these analyses of the Mayak worker cohort clearly demonstrate increased can-
cer risks following prolonged low dose rate radiation exposure. While the ERR point estimate
in this study is about half of that seen in a comparable subset of the atomic bomb survivors the
uncertainties in these estimates are such that one may not rule out equal effects of acute and
prolonged exposures. Further analyses of the Mayak worker cohort with additional follow-up,
improved dose estimates, and more information on non-radiation risk factors will result in im-
proved characterization of the effects low-dose rate prolonged exposures.
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