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Abstract Incidence and mortality from cerebrovascular
diseases (CVD) (430-438 ICD-9 codes) have been studied
in a cohort of 18,763 workers first employed at the Mayak
Production Association (Mayak PA) in 1948-1972 and
followed up to the end of 2005. Some of the workers were
exposed to external gamma-rays only while others were
exposed to a mixture of external gamma-rays and internal
alpha-particle radiation due to incorporated **°Pu. After
adjusting for non-radiation factors, there were significantly
increasing trends in CVD incidence with total absorbed
dose from external gamma-rays and total absorbed dose to
liver from internal alpha radiation. The CVD incidence was
statistically significantly higher among workers with total
absorbed external gamma-ray doses greater than 0.20 Gy
compared to those exposed to lower doses; the data were
consistent with a linear trend in risk with external dose.
The CVD incidence was statistically significantly higher
among workers with total absorbed internal alpha-radiation
doses to liver from incorporated **°Pu greater than
0.025 Gy compared to those exposed to lower doses. There
was no statistically significant trend in CVD mortality risk
with either external gamma-ray dose or internal alpha-
radiation dose to liver. The risk estimates obtained are
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generally compatible with those from other large occupa-
tional studies, although the incidence data point to higher
risk estimates compared to those from the Japanese
A-bomb survivors. Further studies of the unique cohort of
Mayak workers chronically exposed to external and inter-
nal radiation will allow improving the reliability and val-
idating the radiation safety standards for occupational and
public exposure.

Introduction

The emergence of evidence for a statistically significant
trend in mortality from cerebrovascular disease (CVD) in
the Life Span Study (LSS) of Japanese Atomic Bomb
survivors (Preston et al. 2003) has prompted a search for
supporting evidence in other exposed populations. In par-
ticular, evidence has been sought to clarify the extent to
which the risk per unit dose seen in the LSS following
acute high-dose exposure to external radiation of low linear
energy transfer (LET) also applies to chronic or fraction-
ated exposure and whether the risk (per unit dose) is similar
for low-dose exposures. It is also very important to gather
information on CVD risks after internal exposure (for
example, to alpha-particle emitters such as **’Pu) because
the LSS did not provide any information on such risks and
because many workers have received and continue to
receive such exposures.

In response to this need for more information, CVD
incidence and mortality were investigated in a cohort of
Mayak Production Association (PA) workers. The first
analysis (Azizova et al. 2010) of the cohort of 12,210
workers first employed at one of the main Mayak plants
during 1948-1958 and followed up through the end of 2000
found a statistically significant increasing trend in CVD
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incidence, but not mortality, with both total external
gamma-ray dose and internal liver dose from alpha-particle
radiation due to incorporated **°Pu. It was found that while
the CVD incidence trend with external doses appeared to
be broadly consistent with a linear dose response, the CVD
incidence trend with internal doses appeared to show some
degree of non-linearity. However, interpretation of these
results was difficult due to large uncertainties in the risks at
low doses and because the trend estimates in CVD inci-
dence with internal liver dose varied between men and
women and also between workers at the radiochemical
plant and the plutonium production plant.

This paper presents the second analysis of CVD inci-
dence and mortality risks in the expanded cohort of Mayak
workers with additional 6,553 workers first employed
during 1959-1972 and exposed to lower external and/or
internal doses and with follow-up extended by 5 years
through the end of 2005.

Materials and methods

The study cohort includes all workers first employed at one
of the main Mayak plants (reactors, radiochemical or plu-
tonium production plants) during 1948—-1972, regardless of
gender, age, nationality, occupation, and other character-
istics. Workers, who used to work at more than one plant,
were included in the cohort only once. Workers who were
involved in radiation incidents/accidents with single
gamma-neutron exposure at high dose rates and who
developed acute radiation syndrome, as well as workers
exposed to other radionuclides, were excluded from the
study cohort. The methods of identifying the cohort of
Mayak workers have been described previously (Koshur-
nikova et al. 1999; Azizova et al. 2008).

The cohort includes 18,763 individuals, of whom 4,744
(25.3%) are women. More than half (65%) of these workers
were first employed during the first 10 years of operations
at the Mayak PA (1948-1958). For the overwhelming
majority (88%) of workers, only one of the main plants was
the permanent workplace. The mean duration of work at
the main plants was 13-15 years. About 82% of workers
started their employment at ages less than 30 years. The
male and female workers started their work at the Mayak
PA at a mean (41 standard deviation, SD) age of
24.4 + 7.2 years and 26.5 &+ 7.6 years, respectively.

Work histories and dose estimates from the dosimetry
system “Doses-2005” established in the framework of
Russian—American project on radiation health effects
research (Fountos and Rabovsky 2007; Vasilenko et al.
2007a, b) were used in the present study.

The analysis of CVD incidence and mortality accounted
for different types of exposures, i.e., workers at the reactors
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were exposed to external gamma-rays, whereas workers at
the radiochemical and plutonium production plants, in
addition to external gamma-rays, could be exposed to
internal alpha radiation from incorporated **°Pu.

It should be noted that individual dosimetric monitoring
of external exposure was performed at Mayak PA from the
beginning of operations there. Regular monitoring of
internal exposure among those who might have been
exposed to *’Pu began later during the 1960s (Vasilenko
et al. 2007a, b). Results of individual monitoring of
external and internal exposure were recorded in individual
dosimetric cards and journals. The data contained in these
documents formed the basis for the establishment of the
dosimetric database for Mayak PA workers.

Individual annual doses from external gamma-rays are
available for all workers in the study cohort. The mean
(£SD) total dose from external gamma-rays for the whole
period of employment was 0.66 £+ 0.84 Gy (95% percen-
tile of 2.53 Gy) for men and 0.52 £ 0.69 Gy (95% per-
centile of 1.98 Gy) for women; the mean annual doses
from external gamma-rays were 0.08 + 0.14 Gy (95%
percentile of 0.33 Gy) and 0.07 £ 0.12 Gy (95% percen-
tile of 0.31 Gy), respectively. Over half (62.2%) of workers
were exposed to external gamma-rays with total dose less
than 0.5 Gy, while 22.1% of workers were exposed with
total dose greater than 1 Gy. Annual external gamma-ray
doses varied over time and tended to be highest during
1949-1953 (see Fig. 1 from Vasilenko et al. 2007a).

23%Pu body burden was measured only in 33% workers
(30.0% workers first employed before 1958 and 38.5%
workers first employed in 1959-1972). Among those who
were monitored, the mean (£SD) **°Pu body burden was
1.53 £ 6.00 kBq (95% percentile of 5.49 kBq) for men and
2.94 £ 19.41 kBq (95% percentile of 5.36 kBq) for women.
As in the first analysis, the absorbed dose to liver was used as
a surrogate of the dose to muscles, which is likely to be
similar to the dose to blood vessels and the chambers of the
heart. Although doses to liver and muscles would differ, they
should be highly correlated with each other. Thus, the liver
dose was used to look for dose-response relationship
between alpha-radiation exposure to incorporated ***Pu and
CVD risk. Among those who were monitored, the total
absorbed dose (+SD) to liver from internal alpha radiation
was 0.26 = 0.90 Gy (95% percentile of 1.01 Gy) for men
and 0.56 &+ 3.75 Gy (95% percentile of 1.33 Gy) for
women. Over half (65.8%) of workers monitored were
exposed to internal alpha radiation that resulted in a total
absorbed dose to liver of less than 0.1 Gy.

Vital status as of December 31, 2005, was known for
94.4% of cohort members; of them, 56.6% were known to
have died and 43.4% were known to be alive. For indi-
viduals who continued to be residents of Ozyorsk, vital
status was known for all but four persons (99.96%). About
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46% of cohort members migrated from Ozyorsk as of
December 31, 2005. The mean (£SD) age of workers
known to be alive at the end of 2005 was 67.1 &+ 7.8 years
for men and 73.8 4 6.9 years for women. The mean
(£SD) age of workers at death was 60.3 £ 13.3 years for
men and 68.0 £ 12.3 years for women.

The information on disease incidence for the whole
period of residence in Ozyorsk up to the end of follow-up
was collected for 95.0% of workers in the study cohort.
The primary data could not be found for 5.0% of workers
only due to the loss of medical records. The cause of death
was known for 95.7% of cohort members (99.2% of Ozy-
orsk residents and 91.3% of migrants).

All diseases and causes of death were coded according
to International Classification of Diseases, Revision 9
(ICD-9) (Guide to International statistical classification of
diseases, traumas and causes of death 1980). Among the
information sources on incidence, there were archived and
current medical cards, and case histories, as described
earlier (Azizova et al. 2008). The main sources of infor-
mation on the date and cause of death for Ozyorsk residents
and migrants were different. The main sources of infor-
mation on the date and cause of death for the city residents
were medical cards, case histories, emergency ambulance
registration journals, post-mortem examination protocols,
forensic medical examination journals, medical certificate
of death, and death records at the Civil Registration Office
(Azizova et al. 2008). The information on vital status, date,
and cause of death for migrants was provided by the SUBI
Laboratory of Epidemiology from the constantly main-
tained Medical Dosimetry Registry of Mayak workers; the
information retrieval and collection procedures were
described elsewhere (Koshurnikova et al. 1999).

The information on various non-radiation factors such as
smoking (91.5%), alcohol consumption (86.5%), blood
pressure (95.2%), body mass index (79.6%), which can
play an important role in CVD, was collected for the study
cohort. The primary dosimetry and medical data collected
were entered into the “Clinic” Medical Dosimetry Data-
base (Azizova et al. 2008).

The effects studied were both incidence and mortality
from CVD (ICD-9 codes: 430-438). The follow-up period
started from the date of first employment at one of the main
Mayak PA plants and continued until the earliest of:

e date of the first diagnosis of CVD (for the incidence
analysis); date of death; or December 31, 2005, for
those known to be alive at that time;

e date of departure from Ozyorsk or the date of “last
medical information” for those with unknown vital
status.

The current analyses of the expanded cohort of workers
first employed at one of the main facilities during

1948-1972 was performed similar to our previous study of
workers employed during the first 10 years of operations at
the Mayak PA (Azizova et al. 2010) using the AMFIT
module of EPICURE (Preston et al. 1993). All comparisons
were performed within the study cohort of Mayak workers.

The analyses involved calculating relative risks (RRs)
for categories of factors with adjustments for other vari-
ables, the 95% confidence intervals (CI) for the RRs, and p-
values from tests of statistical significance were obtained
via likelihood-based methods. Attention was initially
directed to the analyses of risks from non-radiation factors,
following which radiation factors were analyzed with
adjustment through stratification for non-radiation factors.

In addition to the categorical analyses, the excess rela-
tive risk (ERR) (i.e., the relative risk minus 1) was modeled
by a linear trend with external or internal dose with
adjustment through stratification for non-radiation factors
using Poisson regression methods.

In the main analyses, adjustment was made for gender,
attained age (<20, 20-25, ..., 80-85, >85 years), calendar
period  (1948-1950, 1951-1955, 1956-1960, ...,
2001-2005), period of first employment at the main plant
(1948-1953,  1954-1958, 1959-1963, 1964-1968,
1969-1972), plant (reactors, radiochemical or plutonium
production),1 smoking (ever-smoker, never-smoker,
unknown),2 and alcohol consumption (ever-drinker, never-
drinker, unknown).?

Sensitivity analyses were conducted to examine the
impact of:

e introducing additional non-radiation factors for which
adjustment was made in the analyses of radiation
factors (hypertension® [without, with, unknown], body
mass index’ [<norm, norm, >norm, unknown], dura-
tion of work [<1, 1-5, 5-10, 10-20, 20-30,
>30 years]);

e adjusting for internal dose in the analyses of external
dose and vice versa;

e using various lag-periods (0, 5, 10, 15, and 20 years)
for external and internal doses.

' The category of ‘plutonium production plant’ includes workers,
who have ever worked at the plutonium production plant; the category
of ‘radiochemical plant’ includes those, who have worked at the
radiochemical plant, but never at the plutonium production plant; the
category of ‘reactors’ includes workers, who have worked at the
reactors, but never at the other two plants.

2 The ‘never smokers’ are workers, who have claimed to be never
smokers at several medical examinations.

3 The ‘never drinkers’ are workers, who have claimed to be never
drinkers at several medical examinations.

* The ‘hypertension’ is a condition in which the arterial blood
pressure is over 140/90 mm hg.

> The ‘normal body mass index’ is equal to 18.5-24.99 kg/mz.
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Furthermore, examination was made of how radiation
risks might vary by gender, between Mayak PA main
plants, and by attained age. p-values for interaction anal-
yses were calculated using likelihood-based methods.

Two approaches were used for lagging external and
internal doses. The main approach implied that the first
x years following the start of radiation work were omitted
when lagging external/internal doses by x years (delayed
entry) as in studies of other cohorts of radiation workers
such as the UK National Registry for Radiation Workers
(Muirhead et al. 2009). This reduces the impact of possible
differences in mortality and incidence between the periods
shortly after starting radiation work and subsequently
associated the selection of persons into work. The second
approach implied that person-years were calculated from
the start of radiation work, while the first x years following
the start of work were assigned to the zero-dose category
when lagging external/internal doses by x years.

To allow for the possibility that radiation might affect
circulatory disease risk by modifying levels of blood
pressure (Ivanov et al. 2001; Preston et al. 2003) and body
mass index (Telnov 1985), the level of these factors at the
time of pre-employment medical examination was con-
sidered in order to avoid systematic errors that might arise
through adjusting for values of these factors at later times.
In contrast, smoking and alcohol consumption were clas-
sified at the time of last information (for the mortality
analysis) or at the time of last information prior to the first
diagnosis of circulatory disease (for the incidence
analysis).

The risk analysis with regard to internal exposure was
restricted to workers monitored for potential intake of
23%py. The incidence analysis was restricted to the period
of workers’ residence in Ozyorsk, because the information
on incidence and non-radiation factors was missing for
migrants after their departure from Ozyorsk.

This record-based epidemiological study did not require
any contact with the cohort members. The project was
reviewed and approved by the Institutional Review Board
of the Southern Urals Biophysics Institute (SUBI).

Results

As of December 31, 2005, there were 7,326 cases of CVD
registered in the study cohort during 336,738 person-years
of follow-up, and 1,495 deaths from CVD during 717,459
person-years. The major contribution (98.0%) to CVD
incidence was made by chronic forms (ICD-9 codes: 433,
437, 438). The main contribution (62.2% in the whole
cohort and 81.9% in Ozyorsk residents) to mortality from
CVD was made by acute forms (ICD-9 codes: 430, 431,
432, 434, 435, 436).
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Non-radiation factors

It is known that various non-radiation factors, such as
gender, age, smoking, hypertension, excess body mass, can
play a significant role in the development of CVD. These
risk factors were re-examined for the expanded cohort, and
the results were generally consistent with those of the first
analysis (see supplementary Table S1 on the web-site);
only the notable differences are reported here.

As expected, rates of incidence and mortality from CVD
were significantly lower among women versus men and
increased with age among both men and women. CVD
incidence was significantly lower among workers first
employed at the one of the main Mayak PA plant after
1953 compared to those employed in 1948—-1953, both for
men and for women. However, CVD incidence did not
vary greater between post-1953 cohorts. The CVD mor-
tality analysis showed that it was only significantly higher
among workers first employed in 1959-1963 compared to
those employed before 1953 for both sexes.

The CVD incidence was statistically significantly higher
among both men and women at the radiochemical and
plutonium production plants as compared to those at the
reactors. However, there were no statistically significant
differences in mortality from CVD in the study cohort with
regard to plant. There were no statistically significant dif-
ferences in CVD incidence according to the age at starting
employment whereas CVD mortality increased with
increasing age at starting employment.

As expected, in view of the possible loss to follow-up
among migrants, mortality from CVD was significantly
lower among those who left Ozyorsk compared to the city
residents.

Smoking among men was statistically significantly
associated with increased CVD incidence and mortality,
whereas there was no such evidence for women. However,
the numbers of CVD cases and deaths among female
smokers was relatively small compared to the numbers
among female never-smokers, reflecting the low preva-
lence of smoking among women (4.1%), whereas most
(71.6%) of the men were smokers. There were no statisti-
cally significant differences in CVD incidence and mor-
tality between never-drinkers and current or ex-drinkers for
both women and men (the portion of never-drinkers was
5.8% among men and 54.9% among women).

CVD incidence and mortality among men was statisti-
cally significantly higher for those who had hypertension at
the pre-employment medical examination compared to those
who did not have this condition at that time. For women, a
similar pattern was observed, but the differences were not
statistically significant. CVD mortality was statistically
significantly higher for female workers who had increased
body mass at the pre-employment medical examination
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compared to those who had normal body mass. In contrast,
there were no statistically significant differences in relation
to body mass in incidence and mortality from CVD for men
and CVD incidence for women.

Radiation factors
External exposure

RRs of incidence and mortality from CVD by categories of
total absorbed dose from external gamma-rays (<0.2 Gy,
0.2-0.5 Gy, 0.5-1.0 Gy, >1.0 Gy) along with estimates of
ERR/Gy based on a linear model are given in Tables 1 and 2.

Categorical analysis revealed that CVD incidence was
statistically significantly increased for workers with total
dose from external gamma-rays greater than 0.2 Gy com-
pared to those exposed to lower doses (Table 1). The
findings depended neither on the lag-period (0, 5, 10, 15,
20 years) nor on additional adjustments for other non-
radiation factors (hypertension, body mass index, duration
of employment). The marginal evidence of existing dif-
ferences with external dose remained even after adjustment
for internal dose, as well as in analyses of CVD incidence
with regard to plant and gender.

There was a significantly increasing trend in CVD inci-
dence with external gamma-rays dose (Fig. 1). Table 1
shows that adjustment for hypertension, body mass index,
duration of employment, and internal dose as well as
restriction to workers at different plants did not affect much
estimates of ERR/Gy. ERR/Gy was statistically significantly
higher for women as compared to men (p-value = 0.015 for
interaction effect), although it was statistically significantly
raised among both men and women. There was no evidence
of variation in the ERR/Gy by attained age. No significant
effect modification was observed by smoking and alcohol
consumptions. Exclusion of the first years of follow-up did
not affect the incidence findings.

In the CVD mortality analyses (Table 2), for none of the
total dose categories were the risks statistically signifi-
cantly different from the baseline category (less than
0.2 Gy) and neither the addition of extra adjusting factors
nor the use of restricted datasets altered this result. The
estimates of ERR/Gy were all consistent with no excess
risk. The findings were generally too imprecise to judge
whether the relative risks varied by attained age, although
there was some borderline evidence that the ERR/Gy for
CVD mortality in relation to external dose decreased log-
linearly with increasing attained age (Table 2).

Internal exposure

RRs of incidence and mortality from CVD by categories of
total absorbed dose to liver from internal alpha radiation

(<0.025 Gy, 0.025-0.10 Gy, 0.10-0.50 Gy, >0.5 Gy)
along with estimates of ERR/Gy based on a linear model
are given in Tables 3 and 4.

Categorical analyses revealed that CVD incidence was
statistically significantly higher among workers with total
internal alpha-radiation liver dose greater than 0.025 Gy
compared to those with lower dose regardless of adjust-
ment for other non-radiation factors (Table 3). Analyses
incorporating different lag-periods, adjustment for external
exposure, exclusion of the first years of follow-up, exclu-
sion adjustment for smoking and alcohol consumption, or
analysis by gender or plant had only a marginal effect on
the results.

There was a statistically significant increasing trend in
CVD incidence with total liver dose from internal alpha
radiation (Fig. 2). Similar to our previous study (Azizova
et al. 2010), ERR/Gy for CVD incidence increased with
lag-period, excluding the early years of follow-up did not
have a notable influence on the findings of the lagged
analyses. Adjustment for body mass index, duration of
employment, and external dose as well as exclusion of
adjustment for smoking and alcohol consumption did not
affect much estimates of ERR/Gy though ERR/Gy was
slightly higher after adjustment for hypertension.

The revealed trend in CVD incidence with internal dose
related largely to attained age of 50-59 years though
variations of ERR/Gy by categories of attained age were
statistically insignificant. The evidence for this trend rela-
ted primarily to men than women (p-value <0.001 for
interaction effect) and workers of the radiochemical plant
rather than plutonium workers (p-value = 0.001 for inter-
action effect).

There were no statistically significant differences in RRs
from CVD mortality by categories of total liver dose from
internal alpha-particle radiation nor was the trend (ERR/
Gy) significantly different from zero (Table 4). The anal-
yses incorporating different lag-periods or additional
adjustments for other non-radiation factors did not affect
the results. No significant effect modification was observed
by smoking and alcohol consumptions. There was no sig-
nificant impact on the categorical or trend analyses of
restriction of follow-up to Ozyorsk or adjustment for
external dose nor was there significant variation by plant or
gender. There was insufficient data for a reliable analysis
by attained age.

Discussion
Medical and biological effects of occupational exposure at
Mayak PA have been little known to the world scientific

community and not accounted for in the development of
radiation safety standards and radiation protection
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Fig. 1 CVD incidence in 5 1
relation to total absorbed dose
from external gamma-rays.
ERR/Gy = 0.413 (95% CI
0.324, 0.502) based on 0 year
lag. CI confidence interval
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guidelines. Follow-up of the Mayak worker cohort offers a
unique opportunity to assess effects of chronic radiation
exposure with both high and low dose rate in humans. The
regular medical follow-up, epidemiological, and dosimetry
studies of the Mayak workers cohort have been performed
for almost 60 years. Major advantages of the cohort
include the following: (a) the long-term follow-up (more
than 60 years until now); (b) large size of the study cohort,
which is being extended now to include additional workers
both employed at the auxiliary plant and at later times; (c) a
wide range of individually measured external and internal
doses (maximum total dose up to 9 Gy); (d) heterogeneity
by gender, age, ethnicity, and initial health status;
(e) almost complete information on health effects and vital
status (~90%); (f) existing data on non-radiation factors
such as smoking, alcohol consumption, hypertension,
excess body mass.

The second (current) analysis of CVD incidence and
mortality was performed similar to the first analysis of the
cohort of workers first employed at the Mayak PA in
1948-1958 (Azizova et al. 2010) though it included
workers employed after 1958 and thus exposed to lower
doses. This study had high statistical power to detect trends
in CVD incidence and mortality risks with external and
internal doses. The follow-up was almost complete for the
period of residence in Ozyorsk. The extension of the fol-
low-up by 5 years from 2000 to 2005 has increased the
number of cases and deaths from CVD by more than 1.6
times, as well as the corresponding number of person-years
of follow-up compared with our previous analysis. The
quality control checks confirmed that the primary data used
in the present analysis were highly complete and accurate.
External doses were available for all the cohort members,

@ Springer

while internal doses were only provided for a part of
workers; therefore, the internal exposure analysis was
restricted to workers monitored for plutonium body burden.

The present study demonstrated a statistically significant
effect of non-radiation factors such as gender, age, smok-
ing, hypertension, body mass index on CVD incidence and
mortality, which is consistent with the findings of our first
analysis and other studies on nuclear workers. The present
study—unlike many others (Donahue et al. 1986; Hillbom
and Kaste 1983; Kanareikin et al. 1987), including analyses
of incidence and mortality from ischemic heart disease in
the same cohort (Azizova et al. 2011)—revealed no effect
of alcohol consumption on either incidence or mortality
from CVD.

Of notice was that the later a worker has been employed
at the Mayak PA, the lower risk of both CVD incidence and
mortality was. The most unfavorable radiation environment
was observed during the first 10 years of the Mayak PA
operation, when workers were exposed to higher doses
(Koshurnikova et al. 1999).

The extension of the study cohort and follow-up per-
iod increased statistical power of the study, especially in
the range of lower doses, compared with our first anal-
ysis. In particular, the present analysis demonstrated
statistically significantly increased risk of CVD incidence
for workers with total external gamma-rays dose greater
than 0.2 Gy compared to those with lower doses. How-
ever, the evidence of increased risk for workers with
doses of 0.2-0.5 Gy was marginal when using different
lag-periods and adjustments for body mass index or
internal dose. Trend estimates for CVD incidence with
external exposure were consistent with a linear model
and were statistically significantly above zero for both
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Fig. 2 CVD incidence in
relation to total absorbed dose to
liver from internal alpha-
particle radiation. ERR/

Gy = 0.095 (95% CI 0.035,
0.154) based on 0 year lag. CI
confidence interval

Relative risk
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Total absorbed dose to liver from internal alpha particles (Gy)

men and women as well as for workers at different
plants.

Among those monitored for 23%py body burden, statis-
tically significantly increased risk of CVD incidence was
found for workers with total absorbed dose to liver from
internal alpha radiation greater than 0.025 Gy compared to
those with lower doses. However, the evidence of increased
risk for workers with doses of 0.025-0.1 Gy tended to be
marginal when using different lag-periods or adjustment
for external dose. However, in contrast to the external
exposure findings, evidence for a trend in CVD incidence
with internal doses related largely to men rather than
women and to workers at the radiochemical plant rather
than at the plutonium plant, even though these latter groups
have comparable levels of exposure. It was clear that the
non-linearity in the CVD incidence with internal dose seen
in the first analysis was still present (Fig. 2), and this will
be investigated further in a separate paper.

The evidence for associations with radiation in the
present study relates mainly to CVD incidence rather than
mortality, which is consistent with the first analysis of the
earlier workers (Azizova et al. 2010), and the estimates of
trends with either external or internal dose for CVD mor-
tality are lower than those for CVD incidence. In our view,
these apparent differences are due to the low statistical
power of analyses of CVD mortality reflecting the rela-
tively low numbers of deaths. In contrast, the analyses of
CVD incidence are based on considerably larger numbers
of cases and hence have much greater statistical precision.
That said, the possibility of differences in radiation risk
between CVD incidence and mortality cannot be ruled out.
Of potential concern is whether this finding might reflect

m Categorical results
— =Linear trend Lower 95% ClI

Linear trend
— = Llinear trend Upper 95%ClI

surveillance bias, which could arise if greater efforts had
been made to detect these mostly non-fatal cases of CVD
among workers with the highest radiation exposures.
However, medical follow-up for every member of the
cohort was conducted on a regular basis according to a
specially developed standard program. All the workers
were examined uniformly irrespective of their exposures.
Figure 3 (see also supplementary Table S2 on the web-
site) compares risk estimates of CVD incidence and mor-
tality from the external exposure obtained in the studies of
Mayak workers with estimates obtained in other studies.
There is a considerable variation between the risk estimates
from these different studies, although confidence intervals
generally overlap. The extension of the Mayak worker
cohort and follow-up period has increased the precision of
estimated trends in risk with external dose, and the central
estimates of ERR/Gy both for CVD incidence and mor-
tality are similar to those from the first study of earlier
workers (Azizova et al. 2010). The ERR/Gy estimate for
the CVD incidence in the expanded Mayak worker cohort
is higher than that for the Japanese A-bomb survivors
(Yamada et al. 2004) though it is consistent with the esti-
mate obtained from the study of Chernobyl cleanup
workers (Ivanov et al. 2006). The ERR/Gy estimate for
CVD mortality in the expanded Mayak worker cohort is
consistent with that for A-bomb survivors (Shimizu et al.
2010) though it is lower than estimates in the 15-countries
study (Vrijheid et al. 2007) and in the cohort of British
Nuclear Fuels plc (BNFL) workers (McGeoghegan et al.
2008). The latter two estimates, though statistically insig-
nificant, are consistent with the estimate of CVD incidence
in the expanded Mayak worker cohort. The central
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Fig. 3 Comparison of risk
estimates (ERR/Gy) of CVD
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operations workers,
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estimates of ERR/Gy for CVD mortality in studies of the
National Registry for Radiation Workers (NRRW) in the
UK (Muirhead et al. 2009) and uranium miners in Germany
(Kreuzer et al. 2006) did not significantly differ from zero,
but they are close to those obtained from the present study,
and their confidence intervals also includes the results
obtained in the present analysis for CVD incidence.

The ERR estimates obtained in this analysis of Mayak
workers in relation to the internal alpha-particle radiation
are also consistent with the results of the first analysis
(Azizova et al. 2010). For the current analysis, liver dose
has been used as a surrogate for the dose to muscle, which
is likely to be similar to the dose to blood vessels and the
chambers of the heart. Furthermore, the liver and muscle
doses should be highly correlated with each other. How-
ever, there is uncertainty about which tissue or organ dose
is appropriate for this type of analysis. A new dosimetry
system for Mayak workers has been recently introduced
and it is planned to examine what impact this may have on
analyses of circulatory disease. At the moment, compari-
sons with other studies in relation to internal exposure are
not possible because there is no information on risk esti-
mates of incidence and mortality from CVD in other
cohorts internally exposed to alpha-particle radiation due to
incorporated **’Pu. It should be noted that whereas total
absorbed dose to liver from incorporated plutonium

@ Springer

exceeds dose to blood vessels, ERR/Gy estimated in the
present study using dose to liver would be lower than that
obtained using internal dose to blood vessels.

Conclusion

The present analysis demonstrates a statistically significant
dependence of incidence and mortality from CVD in the
study cohort on non-radiation factors such as gender, age,
calendar period, smoking, hypertension, body mass index.
There are increasing trends in CVD incidence with total
dose from external gamma-rays and total absorbed dose to
liver from internal alpha radiation after having adjusted for
non-radiation factors. CVD incidence is significantly
higher among workers exposed to external gamma-rays in
total dose greater than 0.2 Gy compared to those with
lower doses; the obtained results are consistent with a
linear trend in risk with external dose. Incidence of CVD is
significantly higher among workers with total absorbed
dose to liver >0.025 Gy from internal alpha radiation due
to incorporated ***Pu compared to those with lower doses.
An increasing trend in CVD incidence with internal dose is
found primarily for workers at the radiochemical plant,
while an increasing trend with external dose is observed for
workers at each plant, and the findings are statistically
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consistent. There is no statistically significant trend in
mortality from CVD either with external or internal dose;
neither risk differed between categories of external and
internal doses. The risk estimates obtained from the anal-
yses of CVD incidence and mortality in relation to external
gamma-rays in the cohort of Mayak worker are generally
compatible with those from other large occupational stud-
ies. However, a higher risk estimate of CVD incidence is
obtained in the cohort of Mayak workers in comparison
with A-bomb survivors.

Various sources of ionizing radiation that contribute to
human exposure (e.g., background, medical, technogenic,
and occupational exposures) have become an integral part
of the developed industrialized society. In addition, the
threat of nuclear terrorism persists. The existing system of
radiation protection based on recommendations made by
the International Commission on Radiological Protection
(ICRP) is generally credible. However, issues that have not
been previously accounted for in development of radiation
safety standards arised recently such as, for example,
uncertainties in assessment of biological effects and risks
of chronic exposure to low doses and low dose rates, risk
assessment of non-cancer effects. Thus, on the one hand,
the potential health risks associated with protracted expo-
sure to low doses and low dose rates could be underesti-
mated and therefore under-regulated. On the other hand, an
obvious drawback of the radiation protection system for
low doses and low dose rates is that it is underpinned
mainly by the epidemiological evidence related to acute
exposure. At the same time, there are more and more
evidences that radiation risk of chronic exposure to low
doses does not differ much from that of acute exposure. In
addition, health risk estimates have been so far based only
on cancer risk in the exposed cohorts and genetic effects in
the offspring, excluding risks of non-cancer effects. Further
studies of the unique cohort of Mayak workers chronically
exposed to external and internal radiation will allow
improving the reliability and validating the radiation safety
standards for occupational and public exposure.
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