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Abstract

This paper describes the results of epidemiological analysis of a cohort of nuclear workers hired at the main facilities of
“Mayak” Production Association located in the city of Ozyorsk in Southern Urals of the Russian Federation. Previous
malignancy as a risk factor for second cancer in a cohort of 22,373 workers occupationally exposed to ionizing radiation
has been analyzed in a retrospective study with more than 60 years of follow-up. Information on main radiation and non-
radiation risk factors (attained age, sex, tobacco smoking), as well as the dose of exposure to occupational ionizing radiation
has been obtained for the analysis using the data from cancer register as well as other main population registries created in
Epidemiological Laboratory of Southern Urals Biophysics Institute. Poisson’s regression realized in the “Amfit” module of
“Epicure” statistical package has been applied for risk analysis. Excess relative risk per 1 Gy of absorbed dose of external
gamma radiation and internal alpha radiation has been calculated using linear model. Among the 2,471 cancer cases
accumulated in the study cohort to the end of follow-up 6.4% of second cancer cases have been diagnosed among workers
occupationally exposed to protracted external gamma- and internal alpha radiation. The relative risk of second cancer
(except for non-melanoma skin cancer) among nuclear workers with previously diagnosed cancer was about 4 times higher
after a decade compared with those cancer patients who had single cancer only. The results showed that previous
malignancy along with main non-radiation factors is statistically significant carcinogenic risk factor among nuclear workers
exposed to protracted occupational radiation.
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1. Introduction

Malignant Neoplasms (MN) is one of the major problems in a global health care system today, as one of the most
potentially life-threatening conditions. Each year in Russia about 190,000 people diagnosed with cancer become disabled
(309% of them with a severe disability), and the proportion of new cancer cases among the patients with a severe disability
is more than 41% [1]. Spending on medical insurance in regard to the high cost of treatment and rehabilitation of cancer
patients requires taking measures primarily aimed at cancer prevention. On the other hand, growing healthcare quality
resulted in the increase in survival of cancer patients. According to the National Cancer Institute of the United States,
the 5-year survival for all malignancies in the last decade increased from 50 to 66% in adults and the 10-year survival
rate has reached 59%. At the same time, those survival advances have been offset by the long-term effects of cancer and
its treatment, particularly second MN. The probability of subsequent malignant tumors development among the patients
already diagnosed with cancer is 1.14 times higher than in the general population [2], particularly among those patients
who had received anti-cancer therapy [3].
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The main goal of cancer prevention programs worldwide is to control potential risk factors, including lonizing
Radiation (IR) and MN itself as probable carcinogens. Epidemiological analysis of cancer survivors remains the unique
approach in assessing their role in carcinogenesis and provides the scientific basis for cancer prevention measures.
Epidemiological studies are highly important in populations occupationally exposed to IR, such as nuclear workers,
where the risk of cancer is higher than in general population [4]. However, as usual practice, only the first cases of cancer
are used for the epidemiological analysis (i.e. date of the first diagnosis of cancer is the date of end of the follow-up) [5],
despite the fact that the second cancer may occur after the first malignancy. The purpose of the study was to evaluate the
influence of previous cancer on developing second primary malignancy in a cohort of nuclear workers exposed to IR as
an additional risk factor.

2. Materials and Methods
2.1. Materials

A retrospective cohort study has been conducted using the Mayak Worker Cohort (MWC) data — the cohort of nuclear
workers of the "Mayak" Production Association (MPA), located in the Southern Urals of Russia 10 km far from the city
of Ozyorsk. The cohort includes 22,373 individuals over the age of 18 hired on reactor, radiochemical or plutonium
production facility of MPA in the period from 1948 to 1972.

The follow-up period started from the date of first employment of a worker to a main MPA facility and ended on the
date of the last diagnosis of malignancy, or the date of death, or migration date (i.e. leaving the place of residence without
any further information), or the date of the end of the follow-up period (December, 31, 2016), whichever the earliest.
The procedure for collection and verification of data, stating the vital status as well as collecting the medical information
including tobacco smoking for the workers was described in details in Koshurnikova et al. (1999) study [6].

The main source of medical information was local Cancer Register, created in the epidemiology laboratory of
Southern Urals Biophysics Institute. Cancer Register is the population-based registry which contains information on
13,899 cancer cases diagnosed through the period from 1948 to 2016 among Ozyorsk population of all ages. The Cancer
Register contains information on the date of cancer detection, diagnosis of MN, stage of malignant process and the
histological data, as well as additional information. The cases of the second primary MN have been determined according
to Warren Gates (1932) criteria for a diagnosis of Multiple Primary Malignancies (MPM):

(a) Each tumor should present a definite picture of malignancy;
(b) Each tumor should be histologically distinct;
(c) The possibility that one MN is metastasis of the other must be excluded.

The second source of information for vital status assessment was the “Child Register” contained information on the
vital status and the cause of death for 92,751 persons who came to Ozyorsk at the age under 15 or were born in Ozyorsk
in the period through 1946 to 1984. An additional information on the vital status of the cohort members has been obtained
from the “CT Register” which contains information on 26,626 computed tomography examinations during the period
from 1993 to 2020. The detailed information on this data source can be found in the Fomin and Osipov (2019) study [7].
The main dosimetric characteristics of the Mayak personnel using the Mayak worker dosimetry system (MWDS) “Dose-
2008” were given in Romanov et al. (2002) work [8]. The cumulative individual absorbed dose of external gamma
radiation (y) and internal alpha radiation (o) from MWDS has been used for the analysis. The flow chart of the study
describing main sources of information and the process of data binding is presented in Figure 1.

/

Figure 1. The flow chart of the study
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2.2. Statistical Modelling

Piece-wise Poisson’s exponential regression implemented in “Amfit” module of “Epicure” statistical package [9] has
been used for statistical modelling. Product additive excess model has been tested for linearity using maximum likelihood
method. The general model of cancer incidence (A) with "background" (Ag) and "excess" (ERR) components is given in
Equation 1:

A =2 % (1 + ERR) (1)

Multiplicative background risk model depending on main non-radiation risk factors such as sex (m = male, f =
female), age attained to the date of the first malignancy (age), birth cohort which describes the changes in cancer
incidence in the cohort over decades (bcoh) and tobacco smoking (smk) was created with the assumption that previous
cancer increases the risk of second primary cancer (Equation 2):

age

2
" ] X sex + In [%] X sex + smk X sex + bcoh + pc) )

Ao = exp (m+f+ln[

The data on tobacco smoking has been categorized (variable “smk”). This parameter was defined as “0” for never
smoked, “1” for those who had ever been a smoker and “2” for those who had no information on smoking. The variable
describing birth cohort (“bcoh”) has been defined as “0” for workers hired on MPA before 1953 (the early period of
MPA operation), “1” for those hired between 1953 and 1957, “2” for workers hired between 1957 and 1963, and “3” for
workers hired between 1963 and 1972 that reflected changes in cancer incidence due to calendar time. The data on
previous malignancy has been described with “pc” variable which indicates the presence of previous cancer diagnosed
before the date of last solid cancer diagnosis with 2, 5 and 10-year lag.

3. Results
3.1. Vital Status

The study cohort included 22,373 nuclear workers (16,686 males and 5,687 females) hired at the main facilities of
MPA (reactor, radiochemical and plutonium production) in the period since 1948 to 1972. 58.4 % of the cohort members
were Ozyorsk residents until the end of the follow-up. For 41.2 % of the cohort members the date of migration (i.e.
leaving the place of residence in Ozyorsk) was the date of end of the follow-up. For a small percentage (0.3%) of workers
the last known date was the date of last operation at MPA. Detailed information on the vital status of the workers by sex
is presented in Table 1.

Table 1. Vital status of workers in MWC by sex as of December, 31, 2016

Vital status Male (%) Female (%0) Both sex (%)
Alive 36.6 48.3 39.6
Dead 58.0 46.9 55.2
Lost 54 4.8 52
Total 100.0 100.0 100.0

More than 50% of the cohort members had died to the end of the follow-up, and 5.2% of persons were lost to the
follow-up. In present study 94.8% of the cohort members with known vital status have been used for the analysis.
3.2. Cancer Incidence in the Study Cohort

2,471 cases of MN had been accumulated in the study cohort to the end of the follow-up. The distribution of the
cohort members by the total number of cancer cases per person (including non-melanoma skin cancer, NMSC) as of
December, 31, 2016 in the study cohort by sex is shown in Table 2.

Table 2. The number of MN in the study cohort

Number of MN Male (%) Female (%0) Both sex (%)
1 1,671 (93.6) 642 (93.7) 2,313 (93.6)
2 104 (5.8) 42 (6.1) 146 (5.9)
3 9(0.5) 0(0.0) 9(0.4)
4 1(0.1) 1(0.1) 2 (0.08)
5 1(0.1) 0(0.0) 1(0.04)
Total 1,786 685 2,471
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Male to female ratio among workers diagnosed with cancer was 2.6 (while male to female ratio in the whole cohort
was 2.9). Among all 2,471 cancer patients in the study cohort 93.6% of patients had a single MN diagnosed during the

follow-up period, with the proportion of multiple primary solid cancers of 6.4%.

Among 158 cancer patients with the second malignancy 146 persons (92.4%) had two malignant neoplasms diagnosed
in the period from 1948 to 2016, and 7.6% of workers had several malignant tumors (up to 5 MN per person), mostly
due to non-melanoma skin cancer (27%). Since basal cell carcinomas (i.e. NMSC) have a tendency to recur, causing
multiple registration of one malignancy, a common practice is to exclude NMSC from analysis. Except for NMSC, the
total number of cancer cases in the study cohort to the end of the follow-up was 116 with 94% of solid tumours. The

distribution of the first and second MN except for NMSC by age attained is shown on Figure 2.
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The mean age attained to the date of the 1%t malignancy was 57.1 years (95% Cl: 54.9; 59.3), with median of 59 years.
The first cancer cases in the cohort were diagnosed at the age after 21 years, while the second cases of solid cancer
started to appear after the age of 40 years, with mean age attained to the date of second MN of 67.5 years (95% CI: 65.9;
69.1). Mean period between the 1%t and 2" malignancy was 10.4 years (max 45 years) with 70.8% of second solid cancer
cases diagnosed within 5 years from 1% cancer. The structure of the 1% and the 2" malignancy by 1ICD-9 classification

Figure 2. The distribution of 15t and 2" MN by age attained (excluding NMSC)

and 2" to 1% ratio is shown in Table 3.

Table 3. Cancer incidence in the study cohort by 1CD-9 groups

1CD-9 code

Localization

1%t malignancy ,%

2" malignancy,%

2n/1%t ratio

140-149
150-159
160-165
162
170-175*
174
180-189
185
190-199
200-203
204-208

Lips, oral cavity and pharynx
Abdominal
Respiratory
Lung
Bone, skin, connecting tissue and breast
Breast
Urogenital
Prostate
CNS, thyroid and other
Lymphoma

Leukemia

11.2
21.6
25.0
21.6
17.2
11.2
17.2
2.6
4.3
2.6
0.9

5.2
31.0
24.1
224

9.5

6.0
241

7.8

0

0.9

5.2

0.46
1.44
0.97
1.04
0.55
0.54
1.40
3.0
0.0
0.33
6.0

*except for NMSC
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The most common cancer localization among the 2" solid malignancies was lung cancer (22.4%). Stomach and
prostate cancer (equally 7.8%), breast cancer (6%), colorectal cancer (13.8%), and kidney cancer (7.6%) were the rest
of sites which exceeded 5% of all second cancer cases accumulated in the study cohort to the end of follow-up. The “2™
to 15 ratio shows that some cancers more often appear as a second malignancy. The most common sites for the 2"
cancer are leukemia, prostate cancer and gastrointestinal cancers.

3.3. Risk Analysis

Results of the relative risk (RR) analysis of influence of a previous malignancy with 0, 2 and 5 years between previous
and second solid cancer, adjusted for sex, age attained and smoking in the model of excess relative risk (ERR) using
cumulative external dose of gamma radiation (y) and cumulative dose of internal alpha radiation (o) are shown in Table
4.

Table 4. RR estimates depending on lag period and ERR/Gy for external gamma radiation (ERRy) and internal alpha radiation (ERRa)

Lag period RR (95% CI) ERR, (95% CI) ERR, (95% CI)

Overall RR 3.9(3.6;4.5) 0.08 (-0.05; 0.18) 0.08 (-0.03; 0.19)
2 years 4.2 (3.6;4.7) 0.09 (-0.03; 0.17) 0.09 (-0.02; 0.2)
5 years 4.6 (3.9;5.3) 0.09 (-0.002; 0.2) 0.09 (0.0004; 0.18)
10 years 6.9 (4.8;9.7) 0.1 (-0.02;0.21) 0.1 (0.003;0.19)

As shown in Table 4, overall risk ratio of the second solid cancer diagnosed years after the previous malignancy made
3.9 compared to the workers with a single MN. The results indicate that background incidence in the study cohort in the
presence of previous cancer will be 4 times higher compared to those who have a single cancer diagnosed during the
follow-up. Along with that, for male smokers who had previous cancer the baseline cancer incidence was 1.4 (95% CI:
1.19; 1.66) in comparison to those who have never been smokers, along with no significant increase for female smokers
(1.3,95% CI: 0.75; 2.2). RR increased with the time between previous and the second solid cancer with increasing ERR
per 1 Gy of absorbed dose of external gamma radiation and internal alpha radiation, which corresponds to the results of
Osipov and Sokolnikov (2014) [10]. The impact of other non-radiation factors such as birth cohort (p<0.0005) has been
also found significant.

4. Discussion

These findings indicate a significant correlation between a previous malignancy and the second solid cancer
development in a cohort of nuclear workers exposed to protracted external gamma- and internal alpha occupational
radiation. Based on this result, there is a possibility that, being previously diagnosed with cancer, nuclear workers have
an increased risk of development of the second malignancy decades after. According to that, one may come to a
conclusion that a previous malignancy may play an etiological role in the development of the second cancer. However,
it is unclear whether this is a consequence of (1) direct carcinogenic effect of a previous malignant tumor, or (2) result
of cancer treatment process, related to diagnostic radiation exposure, radiotherapy and chemotherapy (CRT), as known
possible carcinogens [11].

Among the mentioned above, CRT seems to confer higher risks for solid cancer after a primary cancer, though the
risks appear to be lower in patients exposed to radiotherapy at older ages. Thus, we cannot reject completely either the
first or the second assumption. Moreover, mutual influence of these conditions is likely. Besides, in this study we did
not analyze the effects of separate cancer sites (for instance, the lung cancer, which is probably affected by occupational
exposure to internal alpha-radiation; leukemia, and sex-depended MN — prostate and breast cancer) due to small number
of cases. Thus, we cannot assert whether each type of malignancy plays equal role in the excess number of cases among
persons having second MN. However, we used “2" to 15 malignancy ratio to show that leukemia (6.0) and prostate
cancer (3.0) have more frequently appeared after the first cancer compared to the rest of the second MN (for instance,
lung cancer was relatively rare consequence of previous malignancy). Increased “2™ to 1% ratio for leukemia as a
second cancer in this study supports the notion that leukemia can also be promoted by conditions related to cancer
treatment process [12]. Regarding prostate cancer, this assumption is consistent with the latest studies on the risk
assessment of prostate cancer after radiation therapy [13]. 51% of the first cancers followed by prostate cancer during
the decade of follow-up study [14] that might suggest that this localization is more sensitive to the influence of factors
associated with the presence of a previous cancer, including diagnostic and therapeutic exposure, what is the point of
interest for further research.

Although radiotherapy probably plays essential role in development of subsequent malignancy, the data on the
patient’s dose from radiotherapy were not available in this study. This can serve as a source 0of uncertainty in radiation
risk assessment, since the dose received by a patient during radiotherapy can be quite high compared to diagnostic or
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occupational radiation. Moreover, the dose from radiotherapy can vary greatly depending on localization of a malignant
process. It is undoubtedly, that in future research work on the assessment of radiation risk, it is necessary to take into
account the influence of all factors in order for the estimates obtained to be valid.

According to (Murphy, 2018) ¥4 of cancer patients in the U.S. population aged after 65 years and more than 10% of
younger adults newly diagnosed with cancer have a previous cancer; the prevalence of prior cancer ranged from 3.5%
to 36.9% differed by incident cancer type [15]. In a recent study of Japanese cancer register (Sato, 2020) in a cohort of
275,895 patients [16] there was a higher prevalence of the second cancers (7.9%), compared to 6.4% in our study cohort,
that may indicate population differences other than age and sex, apparently related to different diagnostics and treatment,
and other factors such as survival period.

Since mean period between the 1% and the 2" malignant tumors in our study reached 10 years (with maximum of 45
years), there is a reason to treat the second malignant tumors as a multiple primary malignancy (MPM) with independent
growth. However, taking into account the long latency period for several types of tumors, it cannot be ruled out whether
those observed second cancers are synchronous (up to 6 months between the onsets) or metachronous (more than 6
months after the first MN), since the exact date of the onset of the subsequent tumor cannot be established by the existing
diagnostic methods.

In addition to the mentioned above, in this study the reverse causation (i.e. confounding by indication) cannot be
neglected, since the cancer patients were observed more carefully compared to non-cancer patients (this phenomenon
has also been described by Boice (2015) [17], as well as in our previous work focused on low dose from diagnostic
exposure among nuclear workers [18]. Nevertheless, in case of repeated diagnostic exposure of cancer patients it makes
sense to use algorithms for reducing the radiation dose, especially in patients undergoing anticancer treatment [19].
Currently, such protocols are already in use in our healthcare system. Perhaps this is one of the reasons for the lack of
influence of the number of diagnostic procedures on occurrence of subsequent cancers, as it shown in Osipov et al.
(2020) [20]. However, this issue requires further consideration because of relatively short follow-up period reported.

Finally, the cohort of MPA workers has its own features that determine the unique nature of the study. First, the state
of health of the workers was better at the moment of employment at nuclear facilities of MPA [4]. On the other hand,
occupational exposure to IR was an additional carcinogenic risk factor which can influence the prevalence of the second
primary MN in the study cohort. Another peculiarity of this research is the age distribution with zero cases under 18 due
to occupational reasons. These factors impose certain restrictions on comparing the results with other similar studies.

5. Conclusion

The results of the study showed that, along with known radiation risk modifiers in a cohort of nuclear professionals
such as sex, attained age and tobacco smoking, the presence of a previous cancer is also a significant non-radiation risk
factor that should be considered in epidemiological research study. Although the etiological role of previous cancer in
the development of the second primary malignant neoplasm remains unclear, the inclusion of this factor into the model
of background cancer incidence will make it possible to assess the radiation risk without limitations caused by using the
first cancer cases only. As for the radiation safety of cancer patients undergoing medical diagnostic exposure to ionizing
radiation such as CT and PET/CT, the attending physician and radiologist should be careful when prescribing such
diagnostic procedures to prevent the possible risk of development of subsequent cancers. Radiologists and physicians
should also integrate age, sex, smoking status, projected life expectancy when deciding upon diagnostic radiation
procedures. Further evidence-based guidelines are needed for early detection and treatment of the second malignancies
in the group of cancer patients occupationally exposed to ionizing radiation. Elaboration of additional radiation
protection measures will help to reduce possible late carcinogenic effects of the first malignancy.
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