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Abstract An analysis is presented of solid cancer incidence during 11 years of follow-up (1991–2001) of
Chernobyl emergency workers residing in Russia. The
analysis is based on data from the cohort of male
emergency workers from 6 regions in Russia including
55,718 persons with documented external radiation doses
in the range of 0.001–0.3 Gy who worked within the
30 -km zone in 1986–1987. The mean age at exposure for
these persons was 34.8 years and the mean external
radiation dose 0.13 Gy. In the cohort 1,370 cases of solid
cancer were diagnosed and 3 follow-up periods were
considered: 1991–1995, 1996–2001 and 1991–2001. The
second follow-up period was chosen to allow for a
minimum latency period of 10 years being characteristic
of solid cancers. For risk assessment two control groups
have been introduced, the first ‘external’ one representing
incidence rates for corresponding ages in Russia in
general, the second ‘internal’ one consisting of emergency workers. The risk estimates were based on spontaneous
incidence rates of solid cancer. The estimated standardized incidence ratio (SIR) is in good agreement (95% CI)
with that of the control. The values of excess relative risk
per unit dose (ERR/Gy) for solid malignant neoplasms
have been estimated to be 0.33 (95% CI: 0.39, 1.22)
(internal control) for the follow-up period 1991–2001 and
0.19 (95% CI: 0.66, 1.27) for 1996–2001.
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Introduction
It is important to study the health status of the Chernobyl
emergency workers, because cancer incidence rates
among emergency workers should be compared with
those of the general population and it is necessary to
examine the dependence of incidence rates and relatively
low radiation doses in the cohort (the mean external
gamma radiation dose to emergency workers was 0.1 Gy).
The dose-response relationship of cancer incidence
was studied for the Japanese atomic bomb survivors [1],
the derived estimates of radiation risks, however, pertained to relatively high doses and dose rates and in this
context the cohort of emergency workers (with an average
dose of 0.1 Gy) can serve as an additional source of
information on the relationship between low radiation
doses (up to 0.3 Gy) and solid cancer incidence rates.
For a better understanding of cancer incidence and
cancer mortality in the low dose range, studies of workers
from the nuclear industry are of particular interest. For
these cohorts fairly accurate medical and dosimetric data
are available, since nuclear workers are normally under
enhanced health monitoring and have individual dose
records. To assess the dose-response relationship in the
range of low doses and low dose rates, several large-scale
studies of cancer incidence among nuclear workers were
performed in the UK, Canada, USA, and in other
developed countries and the data of existing radiationepidemiological registries were used [2, 3, 4, 5, 6, 7, 8, 9].
In most of these studies the dependence of mortality
(including cancer mortality) on radiation dose was examined. Cancer morbidity and cancer mortality are closely
interrelated due to the high lethality of cancer diseases,
the dose-response relationship for cancer mortality can,
therefore, also be considered characteristic for cancer
morbidity.
Any conclusions drawn from the results of such studies
regarding radiation risks are rather conflicting (see also
Discussion section) and there is evidence for the complexity of the problem when taking into account the
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significant amount of information required for an adequate statistical power of the study.
Several similar studies have been conducted in Russia
[10, 11, 12, 13, 14]. Specifically, some issues of nuclear
workers were discussed [10, 12] and the mortality of
emergency workers is the subject of [11]. These studies
show that cancer incidence has a positive trend as a
function of radiation dose.
The analysis of cancer incidence among emergency
workers produced some initial results that were presented
in 1998 [15]. This study is based on the data of the
Russian National Medical and Dosimetric Registry
(RNMDR) [16] accumulated in the years 1986–1995.
The value ERR1 Sv was estimated to be above zero for
three classes of diseases (all solid cancers, malignant
neoplasms of digestive and respiratory organs). A statistically significant excess of ERR1 Sv above zero was found
only for the classes ‘all solid cancers’ and ‘malignant
neoplasms of digestive organs’.
The present study is a continuation of the research on
cancer incidence among emergency workers. Between
1995 and 2001 the distribution of cancer cases changed
significantly: the number of cancer cases registered in this
period and diagnosed earlier increased, diagnoses were
refined and dates of diagnosis were determined more
accurately.
One group selected for the analysis consisted of
emergency workers who worked in the 30 -km zone in
1986–1987. These workers received, on average, higher
doses than those involved in recovery operations in 1988–
1990 and have been subject to annual health examinations, while medical check-ups for other emergency
workers are done once every 2 years.
The data used in the study are from medical and
dosimetric types for males from six territorial-economic
regions of Russia (North-West, Volgo-Vyatsky, Povolzhsky, Central-Chernozemny, North-Caucasus and
Urals), because data supplied from these regions are
more accurate and reliable.
Comparisons were carried out between cancer incidence in the emergency workers cohort and the general
population of Russia, and special attention is given to
dose dependences.

Materials and methods

increased from 1986 to 1991 and stabilized in the following years.
Such changes in SIR are probably explained by varying completeness of the data on cases and other members of the cohort that were
submitted in the initial period.
To minimize the possibility that the cohort included emergency
workers with existing spontaneous cancer diseases, the time at risk
was calculated starting from 2 years after registration. For instance,
the time at risk for an emergency worker registered in 1986 has
been calculated starting from the beginning of the follow-up period,
i.e. 1991. The time at risk for an emergency worker registered in
1992 has been calculated starting from 1994, both for cases and
other members of the cohort.
The total cohort included 55,718 persons (as of 31.12.2001), i.e.
emergency workers who have been subjected to medical examinations at least once in the considered period (between 1991 and
2001) and for whom data are available on birth date, registration
date, documented dose, date of arrival in and departure from the
zone of recovery operations.
Three follow-up periods were considered: 1991–1995, 1996–
2001 and 1991–2001. The second follow-up period was chosen to
allow for a minimum latency of 10 years which is characteristic for
solid cancers.
The number of follow-up person-years in 1991–2001 in this
cohort was 509,141. A total of 1,370 solid cancer cases were
detected in the period under study.
The time at risk for each emergency worker was determined as
the time between the date of registration plus a lag of 2 years and
the date of latest examination (or date of cancer diagnosis).
Table 1 shows the distribution of cancer incidence for the
studied cohort and Table 2 shows the main dosimetric characteristics for the emergency workers.
In the present work, the term ‘dose’ is understood as a
documented external radiation dose for an emergency worker. The
analysis of dose-response relationship is focused on emergency
workers with doses between 1 and 300 mGy.
For the method of radiation dose measurement, the dosimetric
data for the studied cohort can be divided into three major groups:
1. Exposure or absorbed dose recorded by individual dosimeters.
All emergency workers who worked in the exclusion zone from
July 1986 onwards had individual thermoluminescence (TLD)
or film dosimeters [16]. A total of 47,451 emergency workers
(or 85% of the cohort under study) were covered by individual
dosimetric monitoring.
2. Group dose recording assigned to members of the group
working in the zone, based on the reading of an individual
dosimeter carried by one member of the group.
3. Imputed dose estimation from the mean dose rate in the
workplace and duration of stay of that group.
Methods 2 and 3 were used only until June 1986 when
dosimeters were in short supply. Figure 1 shows the distribution of
emergency workers by radiation dose. As follows from Fig. 1, the
distributions for cancer cases and other members of the cohort are
very close, which actually means no effect of dose on cancer
incidence.

General description of the cohort

Statistical methods

The cohort under study has the same dosimetric and demographic
characteristics as the general cohort of emergency workers (as of
31.12.2001, the whole cohort registered in the RNMDR included a
total of 183,867 male emergency workers). The performed analysis
encompasses only males who comprise the overwhelming majority
of the cohort (more than 95%).
It should be pointed out that the data to be entered into the
registry for a specific period can be added during 1 or 2 years
thereafter. For this reason, the last year taken for our study was
2001. Based on the analysis of the dynamics of the standardized
cancer incidence ratio since 1986, the year 1991 was chosen as the
starting point of the period under consideration, because the SIR

Risk assessment was performed with the software AMFIT [17]
where the cross-tabulation of cases and person-years has dose
categories with cut-off points of 1, 50, 95, 125, 175, 210, 300 mGy,
along with 5-year intervals of attained ages and 1-year intervals of
calendar time. Dose groups were selected to be such that cut-off
points did not fall on the limiting (permissible) dose values.
According to national regulations the maximum allowable dose in
1986 was 0.25 Gy, in 1987 the dose limit was lowered to 0.1 Gy.
The analysis was based on a general excess relative risk model.
The model can be stated formally as:
lða; bÞ  ð1 þ rðd Þ  eðt; aÞÞ

ð1Þ
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Table 1 Structure of solid cancer incidence among emergency
workers (follow-up period 1991–2001)
Subcategory

ICD-10
[18]

Cases

Lip
Base of tongue
Other and unspecified parts of tongue
Gum
Floor of mouth
Palate
Other and unspecified parts of mouth
Parotid gland
Other and unspecified major salivary glands
Tonsil
Oropharynx
Nasopharynx
Hippopharynx
Other and ill-defined sites of lip, oral
cavity and pharynx
Esophagus
Stomach
Small intestine
Colon
Rectosigmoid junction
Rectum
Anus and anal canal
Liver and intrahepatic bile ducts
Gall bladder
Other and unspecified parts of biliary tract
Pancreas
Other and ill-defined digestive organs
Nasal cavity and middle ear
Accessory sinuses
Larynx
Trachea
Bronchus and lung
Thymus
Heart, mediastinum and pleura
Other and ill-defined sites within respiratory
system and intrathoracic organs
Bones, joints and articular cartilage
Bones, joints and articular cartilage of
other and unspecified sites
Melanoma
Skin
Mesothelioma
Sarcoma
Peripheral nerves and autonomic nervous
system
Retroperitoneum and peritoneum
Connective subcutaneous and other soft
issues
Breast
Penis
Prostate gland
Testis
Other and specified male genital organs
Kidney
Renal pelvis
Bladder
Other and specified urinary organs
Eye and adnexa
Meninges
Brain
Spinal cord, cranial nerves and other
parts of nervous system
Thyroid gland
Adrenal gland
Other endocrine gland and related
structures
Other and ill-defined sites
Unknown primary sites

C00
C01
C02
C03
C04
C05
C06
C07
C08
C09
C10
C11
C13
C14

47
9
20
1
12
7
8
4
4
3
5
2
6
11

C15
C16
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C30
C31
C32
C33
C34
C37
C38
C39

30
164
2
34
3
35
5
20
2
7
47
2
1
3
69
3
312
1
7
2

C40
C41

4
7

C43
C44
C45
C46
C47

20
94
5
3
1

C48
C49

2
14

C50
C60
C61
C62
C63
C64
C65
C67
C68
C69
C70
C71
C72

2
3
13
9
2
54
1
37
18
8
1
41
3

C73
C74
C75

43
3
3

C76
C80

5
86

Fig. 1 Distribution of emergency workers by dose
where l is the baseline cancer incidence, r is the dose-response
function, and the function e describes the dose-effect modification.
The baseline rates were modeled as a function of attained age and
year of birth. Year of birth was included to allow for time trends in
the baseline rates. The effect modifiers included the covariates, as
well as time since exposure and age at exposure. The linear doseresponse function is written as:
rðd Þ ¼ ERR1Gy  d
In this equation ERR1 Gy is the excess relative risk per Gy, and d
is the external dose (Gy).
The risk estimates were made using the external (the general
spontaneous rate in Russia in 1991–1997 obtained from official
statistics) and internal control groups (spontaneous cancer incidence among emergency workers with zero doses).
In calculations with the external control group the risk model
takes the form:
lR ða; tÞ  SIRu  ð1 þ rðd Þ  eðt; aÞÞ

ð2Þ

R

in which l (a,t) is the spontaneous cancer incidence rate in Russia
corresponding to the attained age a and calendar time t; SIRu is the
coefficient accounting for the difference between the spontaneous
incidence in the emergency workers cohort and the general
population of corresponding ages in the time period considered.
In the model used this coefficient is equal to the standardized
incidence ratio (SIR) for unexposed members of the cohort. The
variation of the coefficient SIRu from unity may be explained by
completeness and reliability of incidence data in the registry, or
possibly ‘the healthy workers effect’ resulting from additional
medical check-ups for emergency workers before going to work in
the zone. The selected risk model has the advantage of estimating
both the dose-response and the difference in spontaneous cancer
incidence in the followed up cohort and the reference Russian
population.
When risk coefficients were estimated using the internal
control, data were stratified by attained age and calendar time.

Results
Figure 2 shows the dependence of SIR on time (1991–
2001) and as can be seen, the value of SIR is in agreement
with the control within statistical errors.
Tables 3, 4, and 5 include the results of estimating the
radiation risk coefficients for cancer by the dose groups as
a function of the follow-up period. The risk coefficients
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Table 2 Key characteristics for emergency workers as a function of working time in the 30 -km zone
Working time

Population
(cases)

Mean attained
age (years)

Mean dose
(mGy)a

Mean duration
of stay (days)a

Mean dose rate
(mGy/day)a

1986
1987
1986–1987

27,236 (721)
28,484 (649)
55,720 (1370)

48.5
48.5
48.5

164.3
93.6
130.1

76.6
85.0
80.6

3.49
1.65
2.54

a

Person-year weighted averages.

Table 3 Key characteristics of
the cohort under study by dose
groups (follow-up period 1991–
1995)

Mean dose
(mGy)

Observed

Person-years

Expected

SIR (95% CI)

RR (95% CI)

21.2
79.0
102.1
152.5
193.7
232.8

80
105
111
64
124
113

43,142
65,719
51,131
26,699
43,972
56,007

82
123
97
62
98
118

0.98
0.86
1.15
1.04
1.27
0.96

1.0
0.87
1.17
1.30
1.52
1.09

(0.78,
(0.70,
(0.95,
(0.80,
(1.05,
(0.80,

1.21)
1.03)
1.38)
1.31)
1.50)
1.15)

(0.65,
(0.88,
(0.93,
(1.15,
(0.82,

1.15)
1.56)
1.79)
2.02)
1.45)

SIR value for the follow-up period 1991–1995 is 1.03 (0.95, 1.12, 95% CI, control, Russia).
SIR value for unexposed emergency workers 0.94 (0.78, 1.12, 95% CI).
ERR1 Gy=0.76 (0.42, 2.41, 95% CI) internal control (stratification by time and attained age).
ERR1 Gy=0.69 (0.47, 2.28, 95% CI) external control.

Table 4 Key characteristics of
the cohort under study by dose
groups (follow-up period 1996–
2001)

Mean dose
(mGy)

Observed

Person-years

Expected

SIR (95% CI)

RR (95% CI)

21.1
78.9
102.1
152.4
193.7
233.3

120
191
143
103
142
181

42,105
61,234
48,384
25,111
40,570
53,048

135
203
161
96
152
188

0.94
0.94
0.88
1.07
0.94
0.96

1.0
1.03
0.98
1.35
1.15
1.12

(0.79,
(0.81,
(0.75,
(0.88,
(0.79,
(0.83,

1.12)
1.08)
1.04)
1.29)
1.10)
1.11)

(0.82,
(0.77,
(1.04,
(0.91,
(0.90,

1.28)
1.24)
1.75)
1.46)
1.41)

SIR value for the follow-up period 1996–2001 is 0.95 (0.89, 1.01, 95% CI, control, Russia).
SIR value for unexposed emergency workers 0.92 (0.80, 1.06, 95% CI).
ERR1 Gy=0.20 (0.66, 1.30 95% CI) internal control (stratification by time and attained age).
ERR1 Gy=0.19 (0.66, 1.27 95% CI) external control.

Fig. 2 Dependence of SIR on time (1991–2001)

obtained using external and internal controls are practically identical. It can be seen from the presented results
that radiation risks for all cancers are positively correlated, but not statistically significant.

The values of relative risk exceed unity in dose groups
4, 5, and 6, the excess was statically significant in groups
4 and 5 (see Table 5).
To verify the statistical significance of risk coefficients, all data in these groups were divided into two
groups regarding absorbed dose: i) 1–150 mSv, and ii)
150–300 mSv. Results of the calculations are presented in
Table 6 and, as can be seen, the value of excess relative
risk per 1 Gy (ERR1 Gy) is positive, but not statistically
significant.
Table 7 contains estimates of ERR1 Gy for major
subcategories (sites) of malignant neoplasms. The maximum values of ERR1 Gy were obtained for digestive
organs, male genital organs, mesothelial and soft tissues.
It should be kept in mind, however, that for the last two
sites the number of cases is quite limited. The value of
excess relative risk per unit dose for all subcategories of
malignant neoplasms is not statistically significant. As
can be seen from Table 7, malignant neoplasms of
respiratory organs represent the major number of cases. It
should be stressed that risk estimates for this cancer site
did not consider any confounding factor, such as smoking.
Unfortunately, there are no data on this harmful habit in

39
Table 5 Key characteristics of
the cohort under study by dose
groups (follow-up period 1991–
2001)

Mean dose
(mGy)

Observed

Person-years

Expected

SIR (95% CI)

RR (95% CI)

21.1
78.9
102.1
152.5
193.7
233.1

195
274
234
151
243
273

77,781
115,984
90,924
47,311
77,230
99,653

196
294
233
142
225
275

0.99
0.93
1.00
1.06
1.08
0.99

1.0
0.94
1.03
1.27
1.25
1.09

(0.86,
(0.83,
(0.82,
(0.90,
(0.95,
(0.88,

1.14)
1.04)
1.13)
1.24)
1.22)
1.11)

(0.78,
(0.85,
(1.03,
(1.04,
(0.91,

1.13)
1.24)
1.57)
1.52)
1.31)

SIR value for the follow-up period 1991–2001 is 1.00 (0.95, 1.06 95% CI, control, Russia)
SIR value for unexposed emergency workers 0.96 (0.85, 1.07 95% CI).
ERR1 Gy=0.34 (0.39, 1.22 95% CI) internal control (stratification by time and attained age).
ERR1 Gy=0.34 (0.39, 1.24 95% CI) external control.

Table 6 Key characteristics of
the cohort under study by dose
groups (follow-up period 1991–
2001)

Mean dose
(mGy)

Observed

Person-years

Expected

SIR (95% CI)

RR (95% CI)

7.4
207.9

749
621

301,580
207,304

777
591

0.96 (0.90, 1.03)
1.05 (0.97, 1.14)

1.0
1.21 (1.08, 1.34)

ERR1 Gy=0.70 (0.16, 1.80, 95% CI) internal control (stratification by time and attained age).
ERR1 Gy=0.72 (0.16, 1.84, 95% CI) external control.

Table 7 Estimates of radiation
risk for selected cancer localization subcategories (follow-up
period 1991–2001, internal
control)

Subcategory of neoplasms

Code ICD-10
[18]

Lip, oral cavity and pharynx
Digestive organs
Respiratory system and intrathoracic organs
Melanoma and other cancers of the skin
Mesothelial and soft tissue
Male genital organs
Urinary tract
Eye, brain and other parts of central nervous
system
Thyroid and other endocrine glands
Unknown sites
All solid cancers

C00–C14
C15–C26
C30–C39
C43–C44
C45–C49
C60–C63
C64–C68
C69–C72

129
350
396
32
16
26
92
50

0.25 (1.68, 3.97)
1.21 (0.38, 3.66)
0.4 (0.8, 2.3)
<0
1.7 (2.9, 92.7)
4.9 (2.03, 774.2)
0.3 (1.91, 5.22)
0.3 (2.43, 8.62)

C73–C75
C80
C00–C80

47
75
1,370

<0
<0
0.33 (0.39, 1.22)

the RNMDR and it can, therefore, not be taken into
consideration.

Discussion
The present work is a logical extension of the study of
cancer incidence among emergency workers conducted in
Russia [15]. The issue of cancer incidence or mortality
continues to be of importance because emergency workers, on average, received higher radiation doses than the
general population of the affected areas. The value
ERR1 Sv was estimated to be above zero for three classes
of diseases, i.e. all solid cancers, malignant neoplasms of
digestive and respiratory organs, respectively (see [15]).
The statistically significant excess of ERR1 Gy above zero
was found only for the two classes ‘all solid cancers’ and
‘digestive organs’. The values of risk coefficients derived
in this study are much lower than those presented in [15].
ERR1 Gy was 1.13 (0.14, 2.13, 95% CI) for all solid
cancers and 2.41 (0.10, 4.71, 95% CI) for digestive
organs. As shown by the analysis of data since 1986, the

Cases

ERR per 1 Gy (95% CI)

risks were highest in the first 5 years after the Chernobyl
accident. This can hardly be due to the effect of exposure
during this time period and is most probably explained by
the way information was compiled in the database in the
first years of the registry, which goes beyond the scope of
the present paper.
When comparing the results of the present study with
the estimates reported in [15], it is evident that the
radiation risk of cancer decreases with time, that means
we are comparing a value of 1.13 for the period 1986–
1995 with corresponding values of 0.76 for the period
1991–1995 and 0.2 for 1996–2001 (this study). The
reasons for such time variations in risk are actually
unknown and need to be investigated separately. Several
hypotheses can be suggested. First, there might be a bias
in estimates due to the short follow-up period after
exposure and due to a possible effect of latent spontaneous incidence on the risk estimates. In this respect, the
results obtained for 1996 through 2001 are bound to be
more reliable. The changes in risk may also have
something to do with the heterogeneity of the population
(people having different radiosensitivity and states of
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Table 8 Results of estimating radiation risks of cancer mortality among nuclear workers
Study

UK
Sellafield [21]
Atomic Energy Authority [22]
Atomic Weapons Establishment [23]
National registry of radiological workers [4]
Pooled analysis [7]
USA
Hanford (1993) [26]
Facilities X-10, Y-12 in Oak Ridge [24]
NPP in Oak Ridge [25]
Pooled analysis [2]
Canada
Atomic Energy of Canada Ltd [8]
International studies
Combined analysis [6]
Russia
IPPE [12]
”Mayak” plant [10]
Emergency workers (present study)
a

Cohort

Mean dose

Excess relative risk per Sv (p-value)

(persons)

(mSv)

All cancers

14,282
39,718
22,552
124,473
75,006

128
40
8
30
56

44,154
28,347
8,318
44,943

23
10
17
27

8,977

15

96,673

40

5,644
21,500
65,905

70
800
107

0.1 (90% CI 0.4, 0.8)
0.8 (95% CI 1.0, 3.1)
7.6 (95% CI 0.4, 15)
0.09 (90% CI 0.28, 0.52)
0.03 (95% CI 0.5, 0.7)
0.1 (90% CI <0, 0.8)
1.45 (95% CI 0.15, 3.5)
3.3 (95% CI 0.9, 5.7)
0.0 (90% CI <0, 0.8)
0.36 (90% CI 0.46, 2.45)
0.07 (90% CI 0.4, 0.3)
0.91 (95% CI 2.75, 4.61)
0.08 (p<0.001)
0.19 (95% CI 0.66, 1.27)

Leukemia
14 (90% CI 1.9, 75)
4.2 (95% CI 5.7, 2.6)
NRa
2.55 (90% CI 0.03, 7.2)
4.2 (95% CI 0.4, 13.0)
1.1 (90% CI <0, 1.9)
<0 (95% CI <0, 6.5)
6.9 (95% CI 15, 28)
1.0 (90% CI <0, 2.2)
19 (90% CI 0.14, 113)
2.2 (90% CI 0.1, 5.7)
NRa
7.0 (p<0.001)
NRa

NR Not reported

health). The heterogeneity tends to decrease with time due
to the death of weak cohort members and, thus, an
increasing health level in the cohort. This can be
illustrated by the mortality peak in Russia in 1994–1995
resulting from social and economic problems at that time
[11] and a decrease in mortality in later years. It should be
pointed out that a mortality peak was detected among
males of 40–45 years of age, which was the age of
emergency workers during those years. A similar effect
was probably observed in the LSS cohort and it was partly
responsible for the increased life expectancy among the
surviving members of the cohort. On the other hand, the
results of radio-epidemiological studies available in the
literature pertain to a latency time of 10 years after
exposure.
It cannot be ruled out that risk estimates are influenced
by the heterogeneity of the emergency workers’ cohort
with varying social status. For example, improved registration levels among emergency workers belonging to
government officials and highly qualified personnel
characterized by enhanced health monitoring can lead to
reassessment of risk. The mean doses for these categories
of emergency workers are generally not very high: up to
0.1 Gy and an increase in registration level in the low
dose range will result in a larger angle of the linear doseresponse relationship.
Another important aspect of the conducted risk analysis has to be emphasized: the influence of uncertainty in
radiation doses on radiation risk estimates. As indicated in
the ‘Materials and methods’ section, three different
methods were used for the determination of doses. The
majority of doses (about 85%) were measured using
individual dosimeters, the rest included group dose
determinations or imputed doses. The proportion of the
least accurate imputed doses, as shown by the survey of
700 emergency workers from the Kaluga Oblast within

the Registry, is about 5% [19]. The uncertainty associated
with dose estimations according to [19] could be as high
as 50% at maximum when using the first method of
measurements, 300% with the second method and 500%
with the third. The source of error in the first case could
have been an improper way of carrying a dosimeter
(intended overexposure or underexposure). With the
second method, errors could be due to significant gradients of dose rates at working sites, whereas for the third
method errors might be associated with inaccurate information on time and place of operations plus uncertainty in
dose rate. However, it is believed that doses have no
systematic bias towards overestimation, as both physical
and biological methods of dose determination give about
the same mean doses.
The above statement is confirmed by the estimates of
radiation risk for emergency workers with individual
dosimetry (working in the exclusion zone from July
1986). The value of ERR per Gy for these emergency
workers is estimated to be 0.24 (0.7; 1.4) which is close
to the value of 0.20 derived for the whole cohort: in other
words there seems to be no bias in risk estimate.
The values of radiation risk coefficients calculated for
the period of 1991–2001 agree with the LSS cohort
studies [20] where the value of ERR per 1 Gy is
0.39€0.20 for radiogenic solid cancers for males exposed
at the age of 30 years and having received doses of 100–
200 mSv. The derived results are in qualitative agreement
with the results of an analysis on dose-relationship of
mortality due to malignant neoplasms in nuclear workers
(Table 8), furthermore, the positive trend of cancer
mortality as a function of dose has been revealed in most
of the studies.
Thus, the results of the study lead us to conclude that
there is a positive, yet statistically insignificant excess
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relative risk of radiogenic solid cancers in the cohort of
emergency workers.
Given the derived risk estimates and the low doses, the
number of radiation-induced cancers will be insignificant.
Even with the maximum estimate of excess relative risk
for all solid cancers (with the upper bound of 95% CI
equal to 1.22 Gy1) from Table 5, the attributable risk of
radiogenic cancers will be 10% (with a mean dose of
0.1 Gy), which corresponds to 25 radiation-induced
cancers among 100,000 emergency workers per year
and with the spontaneous incidence rate being 196105/
8104=250 per 100,000 persons (Table 3, first line).
It is the authors’ opinion that risk coefficients can be
estimated using the relative age distribution of spontaneous cancer incidence normalized to national rates (external control). In our study the risk coefficients estimated
with external and internal controls have been shown to be
close. The proposed approach, in our view, could be
particularly advantageous for consideration of rare cancer
sites when the accuracy of determination of spontaneous
cancer incidence is not high.

Conclusions
1. For the considered dose interval (1–300 mSv) and for
the period 1991–2001, the spontaneous incidence rate
of solid cancer among emergency workers agrees,
within confidence intervals, with that for the general
Russian population.
2. The values of the excess relative risk per unit dose
(ERR/Gy) for malignant neoplasms are estimated to be
0.34 (0.39, 1.22, 95% CI) for the follow-up period
1991–2001 and 0.20 (0.66, 1.30, 95% CI) for the
follow-up period 1996–2000, respectively.
3. The presented estimates of radiation risk should be
treated as preliminary because the follow-up period is
rather short and the number of cases considered in the
analysis is relatively small.
4. The values of the excess relative risk per unit dose
have been found to be positive, even though not
statistically significant and, therefore, the question of
dose-dependence of cancer incidence among emergency workers remains open and requires further investigation.
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